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Paul Sabatier”, Toulouse and the “Institut National des Sciences Appliquées”, Toulouse.

Editors: Fabienne Duc, Rachel Graziotti and Duncan Maude





TABLE OF CONTENTS

Preface 1

Carbon Allotropes 3

Investigation of the dynamic alignment of single walled carbon nanotubes in pulsed high magnetic fields . . 5

Charge transport mechanisms in arrays of multi-walled carbon nanotubes . . . . . . . . . . . . . . . . . . 6

Propagative Landau states and Fermi level pinning in carbon nanotubes . . . . . . . . . . . . . . . . . . . 7

Aharonov-Bohm modulation of the high energy subbands in carbon nanotubes . . . . . . . . . . . . . . . . 8

Edge fingerprints and magneto-conductance in graphene nanoribbons . . . . . . . . . . . . . . . . . . . . 9

Using Landau quantization to suppress Auger scattering in graphene . . . . . . . . . . . . . . . . . . . . . 10

Observation of the half-integer quantum Hall effect in epitaxial graphene . . . . . . . . . . . . . . . . . . . 11

Integer quantum Hall effect in epitaxial graphene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

Improving graphene’s cleanliness for high field magneto-transport . . . . . . . . . . . . . . . . . . . . . . 13

Metal-insulator transition for filling factor ν =−2 to ν = 0 in graphene . . . . . . . . . . . . . . . . . . . 14

How perfect can graphene be? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

Effect of a magnetic field on the two-phonon Raman scattering in graphene . . . . . . . . . . . . . . . . . 16

Tuning the electron-phonon coupling in graphene with magnetic fields . . . . . . . . . . . . . . . . . . . . 17

Thermal conductivity of graphene in Corbino membrane geometry . . . . . . . . . . . . . . . . . . . . . . 18

Electric field doping of few-layer graphene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

Low temperature magneto-transport in natural graphite . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

Magnetotransport to extract the spin gap for charged excitations in graphite . . . . . . . . . . . . . . . . . 21

Magneto-transmission spectroscopy of graphite in high magnetic fields . . . . . . . . . . . . . . . . . . . . 22

Graphite from the viewpoint of Landau level spectroscopy: An effective graphene bilayer and monolayer . . 23

Magneto-transmission of multi-layer epitaxial graphene and bulk graphite: A comparison . . . . . . . . . . 24

Two-Dimensional Electron Gas 25

The surprisingly fragile quantum Hall ferromagnet at filling factor ν = 1 . . . . . . . . . . . . . . . . . . . 27

Dispersive line shape of the resistively detected NMR on either side of filling factor ν = 1 . . . . . . . . . . 28

Spin splitting enhancement of fully populated Landau levels . . . . . . . . . . . . . . . . . . . . . . . . . 29

Spin polarisation of a disordered GaAs 2D electron gas in a strong in-plane magnetic field . . . . . . . . . 30

High-order fractional microwave induced resistance oscillations . . . . . . . . . . . . . . . . . . . . . . . 31

Crossover between distinct mechanisms of microwave photoconductivity in double quantum wells . . . . . 32

Emergent fractional quantum Hall effect in a triple quantum well . . . . . . . . . . . . . . . . . . . . . . . 33

Reentrant fractional quantum Hall states in a triple quantum well . . . . . . . . . . . . . . . . . . . . . . . 34

Magneto-intersubband oscillations in multilayer electron systems . . . . . . . . . . . . . . . . . . . . . . . 35



Interference of fractional microwave induced resistance oscillations with magneto-intersubband oscillations
in a bilayer system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

Microwave photoconductivity in multilayer systems: triple quantum wells . . . . . . . . . . . . . . . . . . 37

Hole cyclotron resonance in a two-dimensional semimetal . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

Electron-Phonon Interactions in a single modulation doped Ga0.24In0.76As/InP Quantum Well . . . . . . . . 39

Temperature effect on Coulomb pseudogap in electron tunneling between Landau-quantized two-
dimensional gases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

Semiconductors and Nanostructures 41

On the trigonal field acting at the Cr3+ (2E states) in Ruby . . . . . . . . . . . . . . . . . . . . . . . . . . 43

Mobility spectrum analysis in InN:Mg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

Cyclotron effective mass measurements in Indium Nitride . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

Oscillatory magneto-absorption under pressure in Indium Selenide . . . . . . . . . . . . . . . . . . . . . . 46

Magnetoresistance in β-FeSi2 on n-type Si substrates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

Two-dimensional weak localization in polycrystalline granular SnO2 films . . . . . . . . . . . . . . . . . . 48

Magnetoresistance mobility extraction in FinFET triple gate devices . . . . . . . . . . . . . . . . . . . . . 49

Spin polarization of carriers in a GaAs/GaAlAs resonant tunneling diode . . . . . . . . . . . . . . . . . . . 50

Spectroscopy and optical manipulation of a single Mn spin in a CdTe-based quantum dot in high magnetic
field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

InP/GaP self-assembled quantum dots under extreme conditions . . . . . . . . . . . . . . . . . . . . . . . 52

Metals, Superconductors and Strongly Correlated Systems 53

Thermo-electric study of Fermi surface reconstruction in YBa2Cu3Oy . . . . . . . . . . . . . . . . . . . . 55

Anomalous criticality in high-Tc cuprates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

Magnetic field dependence of the superconducting energy gap in Bi2Sr2CaCu2O8+δ . . . . . . . . . . . . . 57

Magnetoresistance anisotropy and AMRO in the electron doped superconducting cuprate Nd2−xCexCuO4 . 58

Transport measurements of Hc2 and its anisotropy in FeSe1−xTex single crystals . . . . . . . . . . . . . . . 59

Coexistence of magnetic order and superconductivity in iron pnictides . . . . . . . . . . . . . . . . . . . . 60

High-field metamagnetism in the antiferromagnet CeRh2Si2 . . . . . . . . . . . . . . . . . . . . . . . . . 61

Field Evolution of Coexisting Superconducting and Magnetic Orders in CeCoIn5 . . . . . . . . . . . . . . 62

Fermi surface study of the hidden order state in URu2Si2 . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

High field resistivity measurements on single crystalline UPt2Si2 . . . . . . . . . . . . . . . . . . . . . . . 64

Evolution of the Fermi surface of BaFe2(As1−xPx)2 on entering the superconducting dome . . . . . . . . . 65

Angular dependence of the Nernst effect in elemental bismuth . . . . . . . . . . . . . . . . . . . . . . . . 66

Magnetic field-induced electronic instability in bismuth . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

Magnetic oscillations in a linear chain of compensated orbits . . . . . . . . . . . . . . . . . . . . . . . . . 68



Coexistence of closed orbit and quantum interferometer with the same cross section in the organic metal
β”-(BEDT-TTF)4(H3O)[Fe(C2O4)3]·C6H4Cl2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

Metal-non-metal transition in the charge transfer salt (BEDT-TTF)8[Hg4Br12(C6H5Br)2] . . . . . . . . . . 70

Magnetic torque experiments on the magnetic-field-induced organic superconductor λ-(BETS)2FeCl4 . . . 71

Temperature and magnetic field dependence of domain wall width and period of Condon domain structure
in Ag . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

Intrinsic diamagnetic length scales of Condon domain phase in Be . . . . . . . . . . . . . . . . . . . . . . 73

Magnetic Systems 75

Y b3+→ Er3+ up-conversion luminescence under high pressure and pulsed magnetic fields . . . . . . . . . 77

Nd3+ crystal-field studies of weakly doped Nd1−xCaxMnO3 . . . . . . . . . . . . . . . . . . . . . . . . . 78

Magnetotransport in a disordered Zn1-xMnxGeAs2 alloy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

Anomalous Hall effect in (Ge,Mn)Te-(Sn,Mn)Te spin-glasslike crystals . . . . . . . . . . . . . . . . . . . 80

High field torque magnetometry on a molecular Dysprosium triangle . . . . . . . . . . . . . . . . . . . . . 81

NMR evidence for long zero-quantum coherence in antiferromagnetic molecular wheels NaFe6 and LiFe6 . 82

Nuclear magnetic resonance determination of spin-superlattice structure of magnetization plateaus in
SrCu2(BO3)2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

Magnetic structure of the half magnetization plateau phase in CdCr2O4 . . . . . . . . . . . . . . . . . . . . 84

Structural analysis with pulse-length exposures up to 30 Tesla at ID06, ESRF . . . . . . . . . . . . . . . . 85

Magnetization at low temperatures and high magnetic fields on LuFe2O4 . . . . . . . . . . . . . . . . . . . 86

Enhancement magnetic moment in the single phase nanostructure Gd3Fe5O12 . . . . . . . . . . . . . . . . 87

Effect of the M/Co substitution on magnetocrystalline anisotropy and magnetization in SmCo5−xMx com-
pounds (M=Ga; Al) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

Investigation of the intrinsic magnetic properties of the ThCo4B compound . . . . . . . . . . . . . . . . . 89

Magnetic properties of Y0.7 Er0.3Fe2 (H, D)4.2 compounds up to 35 T . . . . . . . . . . . . . . . . . . . . 90

Field-induced transitions in RECo0.50Mn0.50O3 (RE = Dy, Eu) . . . . . . . . . . . . . . . . . . . . . . . . 91

High magnetic field study in chromium-based Mn1−xCdxCr2S4 thiospinels . . . . . . . . . . . . . . . . . . 92

Magnetic properties of ErCoxMn1−xO3 perovskites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

Ferromagnetic domains in nanosized erbium perovskites . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

Biology, Chemistry and Soft Matter 95

Concerted spin crossover and symmetry breaking yield three thermally- and one light-induced crystallo-
graphic phases of a novel molecular material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

Magnetostructural correlations in Tetrairon(III) single-molecule magnets . . . . . . . . . . . . . . . . . . . 98

Applied Superconductivity 99

Magnetic field behaviour of ex-situ processed MgB2 multifilamentary wires . . . . . . . . . . . . . . . . . 101

Superconductivity of C and TiC doped multi-filamentary MgB2 wires . . . . . . . . . . . . . . . . . . . . 102



Phthalocyanine doping to improve critical current densities in MgB2 tapes . . . . . . . . . . . . . . . . . . 103

Critical current measurements on Bi-2212 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

Magneto-Science 105

Changes in the microstructure resulting from a high cooling rate in Fe-xC-Mn alloys in strong magnetic field 107

Study of the influence of magnetic forces on the mass transfer of paramagnetic particles in electrochemistry 108

Large Alfvén Waves in liquid sodium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

Magnetohydrodynamic effect on electrodeposition of nickel alloys-catalysts for hydrogen evolution . . . . 110

Diffusion behavior of Al/Cu diffusion interface under a high magnetic field . . . . . . . . . . . . . . . . . 111

Magnet Development and Instrumentation 113

High field helix development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

Magnets for neutron and x-ray scattering and absorption experiments . . . . . . . . . . . . . . . . . . . . . 116

A new cooling loop for thermo-hydraulic magnet studies . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

Pulsed energy supply . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

Pulsed high-field coils . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

High strength conductors for pulsed magnets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

Megagauss magnetic field generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

SEISM: A 60 GHz electron cyclotron resonance (ECR) ion source prototype . . . . . . . . . . . . . . . . . 122

Towards developing a high Tc superconducting magnet . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

Status report of the 42+ Tesla hybrid magnet project . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

Measuring the vacuum magnetic birefringence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

Special purpose NMR probe for spectroscopy of quadrupolar nuclei at 30 T . . . . . . . . . . . . . . . . . 126

New rotating sample holder for broad-band quasi-optical HF-EPR spectroscopy . . . . . . . . . . . . . . . 127

A new magnetometer for use in dc magnetic fields in excess of 28 T. . . . . . . . . . . . . . . . . . . . . . 128

Proposals for Magnet Time – Projects Carried Out in 2009 129

PhD Theses 2009 141

List of Publications 2009 142

Contributors of the LNCMI to the Present Report 147

Collaborating External Laboratories 148



2009

Preface

Dear Reader,

You have before you the first annual report of the Laboratoire National des Champs Magnétiques Intenses (LNCMI),
created on the 1st of January 2009 through the merger of the Laboratoire des Champs Magnétiques Intenses (Grenoble)
and the Laboratoire National des Champs Magnétiques Pulsés (Toulouse). The LNCMI is a “Unité Propre de Recherche”
of the Centre National de la Recherche Scientifique (UPR3228) and is part of the French “Très Grands Equipements”.
The laboratory is associated with the Université Joseph Fourier de Grenoble, the Université Paul Sabatier de Toulouse
and the Institut National des Sciences Appliquées de Toulouse. Its activities are also supported by the EC FP7 “Large
infrastructures” program, where it is the coordinator of the EuroMagNET2 Integrating Activity.

This report intends to provide a complete overview of the in-house and collaborative scientific and technical activities in
2009 of the LNCMI.

The 24MW power supply of the Grenoble site, dedicated to the generation of static fields, allows either to operate simul-
taneously two resistive 10MW magnets or to operate one 24 MW magnet. The highest field generated at the LNCMI-G is
35 T in a 34 mm bore diameter. A hybrid magnet, capable of generating 43 T is currently under construction.

The 14 MJ capacitor bank generator of the Toulouse site, dedicated to the generation of pulsed fields, allows to generate
fields up to 80 T. An installation to generate destructive pulsed fields up to 300 T is nearing its completion.

This report and the list of publications show the importance and the interest of results obtained in magnetic fields, either
on the basis of in-house research or as a result of a close collaboration with several research groups from many different
countries.

In addition, the LNCMI is proud to contribute to the training of young scientists by giving them the opportunity to prepare
their thesis work and/or to participate to European research activities.

Finally, a word of thanks to the scientific, technical and administrative staff of the laboratory (altogether 90 people),
our post docs and PhD students (almost 30) and the numerous visitors (over 200 this year) for their contributions to the
improvement of the installation and for the quality of their work.

Geert Rikken
December 2009
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2009 CARBON ALLOTROPES

Investigation of the dynamic alignment of single walled carbon nanotubes
in high pulsed magnetic fields

The different carbon allotropes have attracted renewed at-
tention in recent years with the successful fabrication of the
lower dimensional forms of graphite e.g. fullerenes, carbon
nanotubes, graphene and graphene nano-ribbons. Carbon
nanotubes are unique nano-objects with highly anisotropic
electrical, magnetic and optical properties. Over the last
few years our understanding of the physics of carbon nan-
otubes has made considerable progress and the detailed
comprehension of the complex physical properties of car-
bon nanotubes has significantly increased. Depending on
the diameter, and the helical arrangement of the hexago-
nally arranged carbon atoms, carbon nanotubes can be ei-
ther metallic or semiconducting.

In this work we have investigated the magnetic properties
of single walled carbon nanotubes. Semiconducting nan-
otubes are diamagnetic both along and perpendicular to
their long axis, however, the magnitude of the perpendic-
ular susceptibility is higher. Metallic nanotubes are param-
agnetic along their long axis and diamagnetic perpendicu-
lar to it. This constrains both types of single walled carbon
nanotubes to align parallel to a magnetic field. The samples
investigated here are composed of individually suspended
single walled carbon nanotubes in an aqueous solution. The
aim is to study the dynamic alignment of the single walled
carbon nanotubes during the application of a pulsed mag-
netic fields via the absorption of polarized light.

To measure the alignment of single walled carbon nan-
otubes we make use of the fact that nanotubes absorb light
only if it is polarized parallel to the axis of the nanotube.
We thus refer to linear dichroism spectroscopy: The absorp-
tion ratio between light polarized parallel and perpendicular
to the applied magnetic field directly reflects the degree of
alignment of the ensemble on nanotubes under the influence
of this magnetic field. Measuring the integrated absorption
spectra of a white light source at different times during the
magnetic field pulse allows us to determine the time de-
pendent alignment of the single walled carbon nanotubes
(figure 1).

Our data can be understood with the aid of a theoretical
model based on rotational diffusion of rigid rods [Shaver
et al., ACS Nano 3,1 131 (2009)]. A typical result of the
simulation is shown in figure 2. The length distribution of
the single walled carbon nanotubes in the sample was de-
termined using an atomic force microscope. The simulation
which best describes our experimental data shows a slight

difference between the measured and the simulated length
distribution.

Further measurements with length sorted samples are be-
ing undertaken. The ultimate aim is to identify the role of
the single walled carbon nanotubes in the dynamic process
and determine the influence of the chirality on the magnetic
anisotropy.

Figure 1: The time and field dependent alignment of a carbon
nanotubes suspended in aqueous solution.

Figure 2: Time dependent alignment and best match fit (red).
Insert: The matching length distribution (red) is larger than the
measured distribution (blue).

N. Ubrig, S. George, O. Portugall
J. Kono, M. Pasquali (Rice University)
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CARBON ALLOTROPES 2009

Charge transport mechanisms in arrays of multi-walled carbon nanotubes

Unlike the case of individual nano-objects, in these arrays
the inter-tube barriers and defects play an essential role in
the electrical transport properties of the carbon nanotubes
arrays. In this work, we demonstrate the role of the sur-
face defects of the nano tube by its spins. In thin layers
of multi-walled carbon nanotubes (MWCNT) the variation
of the resistance as a function of temperature range [4-60
K] follows a Mott’s law of two dimensional (2D) Variable
Range Hopping (VRH). Figure 3(a) shows the relative mag-
netoresistance (MR), ∆R/R0, in the temperature range in
which the VRH is observed.

The minimum position of negative magneto-resistance
(NMR) shifts to higher fields as the temperature rises. Both
low-field NMR due to changing of phase between alternate
hopping paths enclosing a magnetic flux (quantum inter-
ference) and high-field positive magneto-resistance (PMR)
due to electronic orbit shrinkage are predicted for systems
with hopping conductivity mechanism; ie MR = NMP +
PMR. In this model, the amplitude of the NMR declines
as the temperature is rising. However, in our samples, a
contrario, the NMR amplitude increases as the tempera-
ture increases in the temperature range in which VRH can
be responsible of the charge transport mechanism. From
the other side negative MR is inherent for the systems
where conductivity can be described in the frame of weak-
localisation (WL) theory [Lee and Ramakrishnan, Rev.
Mod. Phys. 57, 287 (1985)]. Therefore, we made the as-
sumption that MR data are the sum of the positive and neg-
ative contribution due to MR effects in the VRH and WL
regimes, respectively. We find that high-field positive part
of MR can be approximated in frame of Kamimura model
for spin-dependent VRH conductivity (due to the surface
defects of the nano tubes) [Modern problems in condensed
matter sciences Chap. 7, Vol. 10, Efros A.L. & Pollak M.
ed., North Holland 1985]:

∆G
G

=−AKK
H2

H2
KK−H2

(1)

where HKK is the characteristic field for spin alignment,
AKK the saturation value of the magneto-conductance. Us-
ing this formula and values of parameters HKK and AKK ob-
tained from the approximation data of high field MR data,
we calculated the positive magneto-conductance for low-
field region (figure 3(b)).

The pure negative contribution to MR according our as-
sumption is calculated by subtracting positive MR from the
experimental data and shown in figure 3(c). These data can
be fitted reasonably well by the equation for 2D WL:

∆G =
e2

Πh
α[Ψ(

1
2

+
1

ΩBτϕ

+ ln(ΩBτϕ)] (2)

where ΩB = 4DeB
h � 1/τϕ, τϕ being the phase coherence

time, and ψ the digamma function. The obtained curves
follows the 2D WL model, which demonstrates the role of
the surface defects of the nano tubes by its spins.

Figure 3: (a) Relative magnetoresistance in the temperature
range in which 2D VRH is observed. (b) Kamimura’s model for
PMR (spin dependent VRH). (c) NMR obtained by subtraction of
the calculated PMR from the experimental results.

T.A. Dauzhenka, J. Galibert
V.K. Ksenevich (Belarus State University, Dept Phys. SC & nanoelectronics, BY-Minsk), D. Seliuta (SC Institute LI-
Vilnius), V.A. Samuilov (Garcia center Polymers at Engineered Interfaces, Stony Brook Univ. NY)
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2009 CARBON ALLOTROPES

Propagative Landau states and Fermi level pinning in carbon nanotubes

Carbon nanotubes (CNT), isolated graphene sheets and
graphene nano-ribbons (GNR) have revealed remarkable
electronic properties. The massless dispersion bands at
the charge neutrality point (CNP) drive spectacular phe-
nomena like an anomalously low backscattering and re-
lated long mean free path in metallic nanotubes, or the
huge charge carriers mobility in graphene layers. CNT
and GNR also have in common a large magnetic field de-
pendence of their 1-D subbands. In graphene, the high
magnetic field behavior of Dirac fermions has been shown
to induce an half-integer quantum Hall effect. In sin-
gle and multi-walled carbon nanotubes (MWCNT), while
Aharonov-Bohm phenomena were investigated in-depth for
axial magnetic fields, the exploration of Landau states in
presence of high transversal magnetic fields has been fac-
ing overwhelming technical challenges. On the theoreti-
cal side, a drastic change of the 1-D dispersion bands has
been predicted once the cyclotron radius equals the tube
radius. The calculations show that the resulting magnetic
bands remain dispersive along the tube axis at large k wave-
vectors suggesting an inhomogeneous chiral current flow-
ing at the flanks of the tube. At low k-vectors, a Landau lev-
els spectrum is derived with the

√
nB magneto-fingerprint

of graphene, whatever the CNT chirality. Notwithstanding,
an experimental spectroscopy of Landau states in CNTs
has not yet been achieved and the longitudinal magneto-
conductance in the quantum regime remains unexplored.

Figure 4: High magnetic field perpendicular magneto-conduc-
tance obtained at 100 K on a individually connected MWCNT for
various Fermi energies. The drastic decrease of the conductance
above 25 T results from the re-introduction of the back-scattering
along with the onset of the first Landau level at zero energy.

In this work, MWCNTs of diameters in the range of 10 nm
to 20 nm are selected to reach the high magnetic field
regime under 60 T, corresponding to a dimensionless pa-
rameter ν = r/lB larger than 1 (r is the tube’s radius and
lB =

√
~/eB, the magnetic length). In the following, we

focus on two MWCNTs whose external shells, mainly con-
tributing to the conductance, have been identified respec-
tively, as behaving as semiconducting and metallic shells,
in the light of their Aharonov-Bohm magneto-fingerprints
[Nanot et al., C. R. Physique 10, 268 (2009)].

The contribution of propagative Landau states to mag-
netotransport in semiconducting and metallic MWCNT
shells is experimentally unveiled [Nanot et al., submit-
ted]. For semiconducting shells, the occurrence of a zero-
energy Landau state associated with the energy gap clo-
sure is found to generate strongly delocalized states close
to the Dirac point, despite the presence of disorder and
low dimensionality, and irrespective of the electrostatic
doping strength. For doped metallic shells, the magneto-
conductance also exhibits an upshift of the massive 1D-
bands in agreement with the formation of Landau states.
At the CNP, the re-introduction of the backscattering in
the metallic bands, clearly evidences the onset of the zero-
energy Landau state (figure 4). Even more spectacular is
the pinning of the Fermi level at the CNP in high field
(figure 5). These remarkable features are supported by
Landauer-Büttiker simulations of the magnetoconductance
of weakly disordered semiconducting and metallic CNTs.

Figure 5: Landauer-Büttiker simulation of the perpendicular
magneto-conductance on a (10,10) NTC in presence of weak dis-
order for various magnetic field dependent electrostatic potentials.
The magenta curve with cross marks is the calculated magneto–
conductance at a fixed Fermi energy. In inset, the magnetic field
dependence of the electrostatic potential illustrating the so called
pinning of the Fermi energy at the charge neutrality point.

S. Nanot, W. Escoffier, J-M Broto, B. Raquet,
S. Roche, R. Avriller (Commissariat à l’Energie Atomique, INAC, SP2M, Grenoble)
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CARBON ALLOTROPES 2009

Aharonov-Bohm modulation of the high energy subbands in carbon nanotubes

In this work, we demonstrate the usefulness of combining
the nano-probing of individual carbon nanotubes and very
large magnetic fields. We show that the magneto-fingerprint
in the conductance under a parallel magnetic field is an un-
equivocal signature of a metallic or a semiconducting be-
havior of the external shell from which the locations of the
different 1-D subbands are deduced.

Under 60 T threading the carbon nanotube along its axis,
the electronic density of states undergoes quantum-flux
modulations yielding to a giant Aharonov-Bohm oscilla-
tion of the conductance, orders of magnitude larger than
the standard Aharonov-Bohm effect in metallic rings or
cylinders. Here, we study the sub-bands modulation by
the Aharonov-Bohm flux within a large diameter MWCNT
(d = 18 nm) with a distance LT = 150 nm between con-
tacts (atomic force microscope (AFM) observation). In
this case, we expect to observe more than 3 modulation
periods within 55 T. Meanwhile, a thin oxide thickness
(tox = 40 nm) is used to enhance the gate efficiency and al-
lows higher doped regime. As shown in figure 6, the pulsed
field magneto-conductance exhibits three periods and a π-
dephasing of the modulation when changing the gate volt-
age. The period of 17 T corresponds to a quantum flux
threading a 17.3 nm diameter cylinder, in consistence with
the AFM estimation.

Figure 6: Left: Experimental magneto-conductance measured
on an 18 nm diameter MWCNT (AFM estimate) at 100 K, for var-
ious back-gate voltages. Curves are shifted for clarity. Right: Cal-
culation of the magneto-conductance for a (219,0) nanotube with
different locations of the Fermi energies. Comparison between the
experimental and calculated curves yields a direct assignment of
the locations of the CNP and the vHs.

The data are directly compared to the conductance calcu-
lation for a metallic (219,0) nanotube in the frame of the
Landauer-Buttiker formalism (figure 6) at 100 K. We as-
sume a ballistic regime and, for a first qualitative approach,
Schottky barriers are neglected. Without any fitting param-
eter, the agreement between the experimental curves and
the modelling based on the band structure modulation, even
in the highly doped states where several bands are carrying
the current, is convincing. When changing the gate volt-
age from +10 to−10 V, successive weakening and π-phase
change of the magneto-conductance are experimentally ob-
served. Interestingly, the holes and electrons energies can
be deduced at any gate voltage without any analytical es-
timation by directly comparing the (magnetic) phase and
relative amplitude of the effect to the calculated curves. In
fact, while the magnetic flux induces successive gap open-
ing and closing, sub-bands at higher energies are split and
shifted to lower (E−i )(or higher, E+

i ) energies depending
on their clockwise (respectively counter-clockwise) move-
ment with respect to the applied magnetic field. As a con-
sequence, at a given energy, the number of sub-bands car-
rying the current is modulated. When the Fermi energy is
between the CNP and E1/2 (0 and 35 meV in our case, red
curves figure 6), the number of sub-bands passes from 2 to
0 during the first half-period and then rises back to 2 during
the second half-period. The magneto-conductance is firstly
negative and then positive. At the same time, the magnitude
of the oscillations decreases as the Fermi energy increases,
and vanishes at EF = E1/2 where the number of sub-bands
is magnetic field independent (green and cyan curves). Be-
tween E1/2 and E1 (35 and 70 meV, black curve), the first
van Hove singularity splitting to lower energies induces first
an increase of the number of sub-bands from 2 to 4 before
Φ0/2 and then returns to 2 between Φ0/2 and Φ0. This
corresponds to a π-dephasing compared to the magneto-
conductance at low energies. A new vanishing, followed by
a new dephasing, is consistently observed when the Fermi
energy reaches and goes beyond the first vHs at E1 (ma-
genta and blue curves).

Finally, we conclude that the magneto-fingerprints of the
Aharonov-Bohm effect is an unique tool to both identify the
metallic or semiconducting behavior of the external shell
and to assign the location of its charge neutrality point and
the van Hove singularities.

S. Nanot, W. Escoffier, J-M Broto, B. Raquet,
A. Magrez, L. Forro ()
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Edge fingerprints and magneto-conductance in graphene nanoribbons

The control of the current flow in gated graphene nanorib-
bons (GNR) constitutes a fascinating challenge for the fu-
ture of carbon-based electronic devices. The combina-
tion of the extraordinary electronic properties of the Dirac
fermions in graphene, like their outstanding mobility at
room temperature, with a sizeable energy gap, opens a route
to outperform the ultimate scaling of silicon field effect
transistors [Wang et al, Phys. Rev. Lett. 100 206803
(2008)]. However, the lateral confinement goes along with
a problematic decay of the mobility. Low temperature
transport measurements performed on nano-lithographed
GNR also unveil a ubiquitous energy gap, irrespective of
the edges orientation and exceeding the expected confine-
ment gap.

Drawing a parallel between GNR and carbon nanotubes
(CNT) is certainly tempting. The presence of edges in GNR
imposes Dirichlet boundary conditions and results in a loss
of one conducting channel at the Charge Neutrality Point
(CNP), compared to armchair CNT.

Figure 7: Conductance versus back-gate voltage at 80 K mea-
sured on the 11 nm wide GNR for two Vbias, 50 mV and 1 mV
(respectively red and blue curve). Superimposed is the calculated
density of states (black curve) as a function of Vg, for four distinct
GNRs : (a,b,c) aGNR, N = 90,91,92 and (d) zGNR, N = 52.

Non-perfect edges are also source of short range potential
disorder responsible for inter-valley backscattering. Drastic
consequences on the electronic transport have been theoret-
ical anticipated with the formation of a mobility gap at zero
energy, even in the presence of an ultra-smooth edge rough-
ness. However, a direct comparison with experimental data

obtained on high quality GNR is sorely lacking. Applying
a large transverse magnetic field is also a suitable tool to
both explore the expected 1D-electronic band structure and
the disorder induced localization.

In this work, we present evidence of 1D-subbands signa-
tures on the electronic transport on an 11 nm wide GNR.
Comparison to band structures calculations of a set of
GNRs in a width window of 11±0.3 nm allows an assigna-
tion of the carbon atoms arrangement at the edges and the
number of dimers (figure 7).

The application of a 60 T perpendicular magnetic field in-
duces a drastic increase of the conductance, whose magni-
tude depends on the doping level (figure 8(left). At zero
energy, we demonstrate that the large positive magneto-
conductance originates from the onset of the first Landau
state accompanying the closing of the energy gap (fig-
ure 8(right). Landauer-Buttiker simulations of the conduc-
tance of GNR including bulk and edge disorder (and cur-
rently in progress) demonstrate that the magnetoconduc-
tance results from a subtle combination of magnetic band
formations and quantum interference effects in presence of
disorder.

Figure 8: (Left) Magnetoconductance measured on the 11 nm
wide GNR for various back gate voltages at 80 K. For compari-
son, the black dashed curve is the magnetoconductance measured
on a 90 nm GNR varying from 0.6 to 0.4G0 under 55 T. (Right)
Magnetoconductance at the CNP measured at 80,50 and 20 K.
The black dashed curves are the simulated magnetoconductance
assuming a thermally activated regime and a magnetic field in-
duced closing of the energy gap along with the onset of the first
Landau level at zero energy.

J-M Poumirol, W. Escoffier, M. Goiran, J-M Broto, B. Raquet
S. Roche, A. Cresti (Commissariat à l’Energie Atomique, INAC, SP2M, Grenoble), X. Wang, H. Dai (Physics depart-
ment and Chemistry Laboratory, Stanford, US)
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Using Landau quantization to suppress Auger scattering in graphene

Carrier-carrier scattering due to the Coulomb interaction
is the dominant process which governs the dynamics of
hot carriers in solids at very short time scales. This
is true for conventional (semiconductor) two-dimensional
systems, even when their energy bands are quantized into
discrete Landau levels by the application of a magnetic
field. This is because Auger-type scattering processes be-
tween equidistant Landau levels, formed from bands with
parabolic dispersions, are extremely efficient. Indeed,
Auger scattering has long been considered as the main ob-
stacle for the fabrication of tunable far-infrared laser based
on inter-Landau level emission. However, the application of
a magnetic field should considerably influence the electron-
electron scattering process in strongly non parabolic elec-
tronic systems such as graphene.

Here we investigate the dynamics of the non-equilibrium
carriers in graphene measured using a degenerate pump-
probe technique which directly probes the occupancy of
states well above the Fermi level. The differential trans-
mission ∆T/T as a function of delay between the pump
and probe pulses, is presented in figure 9(a-d) for magnetic
fields in the range 0− 6 T. Two characteristic relaxation
times are observed, a fast process (∼ 50 fs) which broadens
the photo-created distribution and a slower process (∼ 4 ps)
due to thermalization. At low temperature (T = 18 K), the
magnetic field has a considerable influence on both the fast
and slow relaxation processes.

This can be seen more clearly in figure 10 which plots
ln(∆T/T ) versus delay time to highlight the exponential
character of the relaxation. The characteristic time of the
decay (τr) can be extracted from the slope of such a plot.
For the slow relaxation at zero magnetic field there is lit-
tle difference between the high and low temperature data
with a relaxation time of τr ∼ 4 ps at both 18 K and 250 K.
The relaxation becomes slower by a factor of 3–4, chang-
ing from τr ∼ 4 ps at B = 0 T to τr ∼ 12–14 ps for magnetic
fields above 3 T. For the fast decay, without magnetic field
there is little difference between the high and low temper-
ature data with a relaxation time of τr ∼ 55 fs at 18 K and
τr ∼ 70 fs at 250 K. However, at low temperatures, the ap-
plication of a modest magnetic field ∼ 3–6 T doubles the
relaxation time to τr ∼ 110 fs, providing direct experimen-
tal evidence that the electron-electron scattering is signif-
icantly less effective in the presence of Landau quantiza-
tion. This slow down, which is common for both the slow
and fast relaxation processes, can be seen as a proof that in
both cases the electron–electron scattering or thermaliza-
tion of the hot plasma with the cold electrons is reduced in
the presence of Landau quantization which limits the pos-
sible energy of the initial and final states.

This is interpreted as a reduction of electron-electron
(Auger) scattering due to the unusual Landau quantization
of Dirac fermions in graphene. Our measurements, which
probe Landau levels with a high index (n ≈ 100), suggest
that for lower Landau levels, Auger processes may be com-
pletely suppressed. This makes graphene a promising sys-
tem for the implementation of the long ago proposed tun-
able far infrared Landau level laser [Plochocka et al. Phys.
Rev. B 80, 245415 (2009)].

Figure 9: The differential transmission ∆T/T as a function of the
delay between the pump and probe pulses measured at a tempera-
ture of (a-b) 250 K and (c-d) 18 K for magnetic fields in the range
0−6 T.

Figure 10: (a-b) Natural log of the differential transmission as a
function of a delay between pump and probe pulses measured for
magnetic fields (0− 6 T) at 18K. The B = 0 T data measured at
250 K is plotted using open circles. The relaxation times τr ex-
tracted from linear fits are indicated. The inset of (a) shows the
calculated energy mismatch for Auger processes for carriers in the
n = 10 and n = 100 Landau level versus change in Landau level
index m

P. Plochocka, P. Kossacki, M. Potemski
A. Golnik, T. Kazimierczuk (Institute of Experimental Physics, University of Warsaw), C. Berger, W. A. de Heer (Geor-
gia Tech., Atlanta, USA)
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Observation of the half-integer quantum Hall effect in epitaxial graphene

Graphene, a monolayer of sp2-bond carbon atoms, has re-
cently attracted considerable interest due to its extraordi-
nary electronic properties such as high charge carrier mo-
bilities and a novel quantum Hall signature. These proper-
ties, that were first observed in exfoliated graphene, are a
direct consequence of: (i) the linear band structure and (ii)
the pseudo-spin, arising from the two sub-lattices. How-
ever, we use an epitaxial process to grow graphene mono-
layers on the Si-face of a semi-insulating silicon carbide
substrate. The epitaxy and the sample fabrication is de-
scribed in [Emtsev et al. Nature Materials 8, 203 (2009)].

As we can grow epitaxial graphene with a high and re-
producible quality (transport properties vary only about
30% from sample to sample [figure 11(a) and (b)]) we
want to address an important question; are the quasi-
relativistic properties of free-standing graphene also present
in graphene on SiC? Theory predicts distinct magneto-
transport properties for monolayer, bi-layer and multi-layer
graphene that are nicely reproduced in exfoliated samples.
In order to clarify if these predictions also hold for epitaxial
graphene, we have measured magneto-transport up to 28 T
in two different systems.

The as prepared Hall bars show Shubnikov-de Haas (SdH)
oscillations in the resistance Rxx and emerging plateaus
in the Hall resistance Rxy [see figure 12(a)]. The val-
ues of these plateaus, that are precursors to the quan-
tum Hall effect (QHE), follow the scheme of monolayer
graphene: Rxy = e2/((4n + 2)h) where n is an integer. If
the SdH extrema n are plotted against the inverse field
1/B a linear dependence can be recognized [see inset in
figure 12(b)]. The axis intercepts of 0 (1/2) for minima
(maxima) yield a Berry phase of π as predicted for sin-
gle layer graphene and confirmed in exfoliated samples.
To probe the most interesting point of the band struc-
ture, the charge neutrality point, we evaporated ≈ 5 Å of
tetrafluorotetracyanoquinodimethane (F4-TCNQ). This re-
sults in a reduced carrier density of n ≈ 5×1011 cm−2. In
such a sample the half-integer QHE is visible [figure 12(b)].
An evaluation of the SdH oscillations (barely visible below
4 T) with the above mentioned procedure further confirms
the picture of unperturbed graphene.

We conclude that the close contact to the SiC substrate does
not change the magneto-transport properties noticeable and
epitaxial graphene reproduces the unique features observed
in exfoliated graphene, while remaining a system which is
certainly more suitable for large scale production.

Figure 11: (a) Histograms of the charge carrier density n, and (b)
mobility µ, of samples with different geometries and sizes from
5 mm to 400 nm. Some Hall bars are patterned on atomically
flat terraces of the SiC substrate and therefore consist of perfect
monolayer graphene. (c) The step edges are clearly visible in the
electron micrograph.

Figure 12: (a) Rxx and Rxy in a Hall bar on a single substrate ter-
race [cf. figure 11(c)]. SdH oscillations and plateaus in the Hall
resistance are clearly visible. (b) The same quantities in a sam-
ple gated close to charge neutrality with F4-TCNQ. Half-integer
QHE is visible above 7 T. The inset shows the evaluation of the
SdH oscillations [open (closed) symbols: minima (maxima)]. The
lines are best fits to the data [black: Hall bar on a single sub-
strate terrace, red: Hall bar covering several substrat terraces,
blue: F4-TCNQ covered (plotted against 0.1/B for clarity)] that
yield a Berry phase of π as expected for monolayer graphene.

D.K. Maude
J. Jobst, D. Waldmann, H.B. Weber (Applied Physics Department, University of Erlangen-Nürnberg)
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Integer quantum Hall effect in epitaxial graphene

In graphene, a single sheet of hexagonally arranged car-
bon atoms, electrons behave as Dirac fermions while still
exhibiting the quantum Hall effect when subjected to a nor-
mal magnetic field. Epitaxial graphene grown on SiC shows
most of the properties of single layer graphene (e.g. Lan-
dau level quantization), nevertheless, the quantum Hall ef-
fect remains elusive in this material. Very recently, the pro-
duction of high mobility (∼20 000 cm2 /Vs) single-layer
graphene on the C-face of SiC single crystalline wafers
has enable the observation of quantum Hall plateaus at
the predicted values for graphene ( σxy = νe2/h, with ν =
4(N + 1/2) where N is the Landau level index, unambigu-
ously demonstrating the graphene like nature of epitaxial
graphene [Wu et al. Appl. Phys. Lett. 95, 223108 (2009)].

In this work, we extend this observation to magnetic fields
up to 32 T where we observe the quantum Hall effect at
filling factor 1. This quantum Hall state is shown to be par-
ticular robust against temperature in the epitaxial graphene
samples investigated here.

In figure 13, the ν = 1 quantum Hall effect can be identified
by a true zero-resistance state in the longitudinal resistivity
ρxx. At the lowest temperatures a minimum is seen in ρxx
around B∼ 7.3T, probably related to the emergence of a gap
at ν = 4. In this temperature range, ρxx also exhibits sharp
reproducible features coexisting with the quantum Hall ef-
fect, which are tentatively assigned to mesoscopic effects.
Due to the spin and pseudo-spin degrees of freedom of elec-
trons in graphene, the Landau levels are four-fold degener-
ate and the quantum Hall effect is thus observed for filling
factors ν = 4(N + 1/2) (where N is the Landau level in-
dex) when this degeneracy is not lifted. The origin (spin
or pseudo-spin) of the observed ν =1 (and ν =4) quantum
Hall states is currently the subject of debate [Z. Jiang et al.
Phys. Rev. Lett. 99, 106802 (2007)].

The temperature robustness of the quantum Hall effect ob-
served in exfoliated graphene [K. S. Novoselov et al. Sci-
ence 315, 1379 (2007)] is also present in epitaxial graphene.
In figure 14, the longitudinal Rxx and Hall resistance Rxy are
plotted as a function of the magnetic field. The Rxy quan-
tization at ν = 2 persists spectacularly up to room temper-
ature. This behaviour, which primarily emanates from the
very large value of the cyclotron gap in graphene, also re-
flects the weak temperature dependance of the Landau level
broadening.

The observation of the quantum Hall effect in epitaxial
graphene opens new avenues for graphene physics: epitax-
ial graphene for the first time offers the possibility to study
graphene layers on a atomically flat surface (device on a

single terrace) or over steps, to investigate the influence of
substrate and defects on well-characterized samples. Con-
versely, these studies will bring insights on the potential
of epitaxial graphene as a scalable platform for graphene-
based electronics, with potential applications in metrology
at room temperature.

Figure 13: Longitudinale magnetoresistivity at T ∼ 20mK tem-
perature. The filling factors corresponding to the observed QH
states are indicated.

Figure 14: Temperature robustness of the quantum Hall effect.
Longitudinale magnetoresistivity ρxx at T = 4K (dashed line, right
scale). Hall resistance Rxy as a function of the magnetic field for
different temperatures: T = 4K (thick line), and T = 300K (thin
line).

B.A. Piot, C. Faugeras, M. Potemski, D.K. Maude
C. Berger, W. A. de Heer (School of Physics, Georgia Institute of Technology, Atlanta, USA)
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Improving graphene’s cleanliness for high field magneto-transport

Pulsed magnetic field magneto-transport on exfoliated
graphene has been performed over the last few years and
preliminary results have shown anomalous Integer Quan-
tum Hall effect in disordered samples. The use of very
high magnetic field is required to investigate on the fun-
damental electronic states of 2D graphene, where Landau
level degeneracy is expected to be lifted by the field. For
even stronger magnetic field, the system eventually evolves
into the fractional quantum Hall effect regime [Bolotin et
al. Nature 462, 196 (2009)]. However, to make these in-
vestigations possible, clean graphene devices (that is free
of defects or impurities and displaying very high mobility)
are necessary. Actually, graphene devices are inescapably
heavily contaminated through the fabrication and contact-
ing processes, as well as by direct exposure to air. There-
fore, efficient cleaning procedures have to be found in order
to recover the intrinsic properties of graphene.

Figure 15: (a) Example of home-made graphene device mounted
on a pulsed-field friendly sample holder (b) Optical microscope
image of the central part of the device.

Successive cleaning processes have been initiated in the
laboratory. Samples are first annealed at 250◦C in sec-
ondary vacuum. Investigations have shown that this pro-
cess drastically improves the quality of the samples which,
however, quickly degrades when exposed to air. The de-
vices are then connected inside the experimental measure-
ment setup and annealed at 90◦C under vacuum. This sec-
ond annealing helps in recovering high quality samples. Fi-
nally, electrical annealing [Moser et al. Appl. Phys. Lett.
91, 163513 (2007)] is performed just before the magneto-
transport measurements take place. All the aforementioned
procedures require specific know-how and often lead to
sample’s destruction if not properly performed. These nec-
essary tests (which are both time and sample consuming)
have been done with home-made graphene samples (see fig-
ure 15). Micro-mechanical cleaving of graphite (to obtain
graphene on a substrate) followed by electron-beam lithog-
raphy, etching and metal deposition have been performed
using clean-room facilities at LAAS (CNRS).

Figure 16: Resistance of the graphene sample as a function of
gate voltage after several annealing processes.

Figure 16 illustrates the influence of two of the above men-
tioned cleaning methods on a graphene sample. The resis-
tance is measured as a function of gate voltage before and
after annealing. The position of the resistance maximum as
well as the HWFM can be used to estimate the cleanliness
of the device. Further improvements have been achieved
on similar home-made devices and high magnetic field ex-
periments are now under progress. These annealing meth-
ods have also been successfully tested on another graphene
sample (provided by the University of Manchester) and a
direct comparison of the results could be made between the
disordered and clean regime. In the close vicinity of the
charge neutrality point, in the disordered case, transport is
dominated by the formation of electron and hole puddles
in the sample over a large energy range. Accordingly the
mean Hall resistance is weak (contribution of electrons and
holes to the Hall resistance cancel each other) and displays
large fluctuations. Actually, disorder prevents the occur-
rence of Landau level degeneracy lifting which could not
be observed in magnetic field as high as 60 T. A weak an-
nealing of the device drastically changed its transport prop-
erties; at very high magnetic field the Hall resistance in-
creases (contrary to the disordered case) although without
displaying a new quantized resistance plateau. This effect
together with the divergence of the longitudinal resistance
at very high magnetic field are interpreted as a first sign of
Landau level degeneracy lifting. Further experiments with
improved annealing processes are currently in progress to
address the clean high field magneto-transport regime in
graphene.

J.M. Poumirol, R. Ribeiro, A. Kumar, W. Escoffier
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Metal-insulator transition for filling factor ν =−2 to ν = 0 in graphene

In the framework of the scaling theory of the integer quan-
tum Hall effect (IQHE), plateau-plateau (PP) and plateau-
insulator transitions (PI) are interpreted as quantum phase
transitions with an associated universal critical exponent
κ. The underlying physics is the Anderson localization-
delocalization. We investigate the quantum Hall effect
(QHE) in a graphene sample at high magnetic fields, dis-
covering a metal-insulator (MI) quantum phase transition
passing from filling factor ν = −2 to ν = 0. The analy-
sis of the temperature dependence of the longitudinal re-
sistance gives the value κ = 0.57 for the critical exponent
of the MI (i.e PI) transition. This value is the same as
that found experimentally on the PI transitions in semicon-
ductors in quantum Hall regime [D. Shahar et al., Solid
State Comm. 107, 19 (1998)] while is diverse from the
PP transition exponent κ = 0.42 [A.J.M. Giesbers et al.
arXiv:0908.0461v1]).

For this purpose we have used graphene onto a Si wafer
with a 300 nm SiO2 top layer. It was processed depositing
50Å Ti /500Å Au contacts in a Hall-bar geometry by using
e-beam nanolithography. The sample was annealed in-situ
prior to insertion into the cryostat at 100C for 90 minutes
in a low pressure He exchange gas atmosphere. The inset
was placed in a 4He bath cryostat while four probe mea-
surements were carried out using standard ac lock-in tech-
niques with excitation currents of 1−10 nA and frequencies
of 1.3− 13 Hz. The Dirac point appeared at VDirac = −3
V. In Fig.17 we show the longitudinal (Rxx) and Hall (Rxy)
resistances as a function of the magnetic field from 1.4
to 4 K, with Vgate = −8V. The hole density was n2D =
4.1×1011 cm−2 and the mobility µ = 1.3×104cm2V−1s−1.
Rxx grows exponentially and appears to exhibit a T indepen-
dent critical point at Bc = 16.7T, while Rxy closely follows
the ν = 0 quantized value, deep into the insulating phase.
Unfortunately, the diverging behavior of Rxx seriously hin-
ders the determination of Rxy, as even a small Hall-contact
misalignment will result in a dominant contribution from
Rxx this is why we show in the inset the Rxy for +B and −B
in solid lines and Ra

xy = 1
2 [Rxy(B)−Rxy(−B)] in dashed line.

The experimental characterization of quantum Hall PP and
PI quantum phase transitions, relies on the behavior of the
system as a function of T for magnetic fields sufficiently
close to the transition point. In the vicinity of the critical
point (Bc in our case) the longitudinal resistance is expected
to follow the empirical law:

Rxx = exp[−∆ν/ν0(T )] , (3)

with ∆ν = 1/B− 1/Bc and Bc = 16.7T (ν here should not
be confused with the Landau level filling factor). Fitting
to Eq.(3) the experimental Rxx measured in function of T
we can obtain the associated critical exponent κ by using
ν
−1
0 ∝ T−κ. [D.C. Tsui, Rev. Mod. Phys. 71, 891-895

(1999)]. In Fig(18) we plot the Rxx as a function of ∆ν with
∆ν = 1/B - 1/Bc T. Using the scaling procedure we obtain
ν0 and a critical exponent κ = 0.57 (shown in the upper in-
sert). We believe that this MI transition belongs to the same
universality class as the conventional PI transition from the
last quantum Hall liquid to the quantum Hall insulator.

Figure 17: Longitudinal (Rxx) and Hall (Rxy) resistances as a
function of B for T = 1.4, 2, 3 and 4K with a Vgate =−8V.

Figure 18: Longitudinal resistance (Rxx) as a function of ∆ν. In
the lower inset we show log(Rxx) as a function of B while in the
upper the linear fit to obtain κ

D.K. Maude
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ISOM, Universidad Politécnica de Madrid, Spain) J.M. Caridad, F. Rossella and V. Bellani (Universitá degli studi di
Pavia, Italy)
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How perfect can graphene be?

We have identified the cyclotron resonance (CR) response
of purest graphene ever investigated, which can be found in
nature on the surface of bulk graphite, in form of decoupled
layers from the substrate material, and which have been re-
cently discovered in scanning tunnelling experiments [G.
Li et al., Phys. Rev. Lett. 103, 176804 (2009)]. Probing
such flakes in the THz range at very low magnetic fields, we
demonstrate a superior electronic quality of these ultra low
density layers (n0 ≈ 3×109 cm−2) expressed by the carrier
mobility in excess of 107 cm2/(V.s) or scattering time of
τ≈ 20 ps. These values significantly exceed those reported
in any kind of manmade graphene samples.

The cyclotron resonance of electrons in these graphene
flakes has been measured in a high-frequency electron para-
magnetic resonance setup in double-pass transmission con-
figuration, using the magnetic-field-modulation technique.
A flake of natural graphite was placed in the variable tem-
perature insert of the superconducting solenoid and via
quasi-optics exposed to the linearly polarized microwave
radiation emitted by a Gun diode.

A typical example of our experimental finding is illus-
trated in figure 19a, where the derivative of the magneto-
absorption spectrum of decoupled graphene on the surface
of a natural graphite specimen at T = 25 K, measured as
a function of the magnetic field at a fixed microwave fre-
quency. The interpretation is schematically illustrated in
part (b). The observed spectral lines are assigned to cy-
clotron resonance transitions between adjacent Landau lev-
els with energies: En = sign(n)c̃

√
2e~B|n|, characteristic

of massless Dirac fermions in graphene sheets with an ef-
fective Fermi velocity c̃. This velocity is the only ad-
justable parameter required to match the energies of the
observed and calculated CR transitions and reaches c̃ =
(1.00±0.02)×106 m.s−1.

Since the well-defined Landau level quantization in our
graphene flakes is spotted down to |B| = 1 mT we obtain
via the semi-classical quantization condition µB > 1 the
carrier mobility µ > 107 cm2/(V.s), almost two orders of
magnitude higher in comparison to any other reported val-
ues. The scattering time τ ≈ 20 ps derived from the typi-
cal CR width in our spectra also significantly exceeds val-
ues reported in any kind of graphene samples. This scat-
tering time gives an independent estimation for the mobil-
ity µ = eτc̃2/EF ≈ 3× 107 cm2/(V.s) in good agreement
with the estimate above. Interestingly, bearing in mind
this exceptional quality, one may conclude that Landau
level quantization should survive in studied graphene lay-
ers down to the field of B = (~/(E1 · τ))2 ≈ 1 µT. Hence,
the magnetic field of the Earth of ∼ 50 µT is no longer neg-
ligibly small. Instead, the energy gap up to ∆ ≈ 0.3 meV
should appear at the Dirac point, depending on the sample
orientation.

Figure 19: (Derivative of) a typical magneto-absorption
spectrum measured at T = 25 K and microwave frequency
~ω = 1.171 meV (a) in comparison with the Landau level fan
chart (b), where the observed CR transitions are shown by arrows.
The occupation of individual levels is given by the Fermi-Dirac
distribution plotted in the part (c). For simplicity, we considered
only n-type doping with EF = 6.5 meV. The dashed lines show
positions of resonances assuming c̃ = 1.00×106 m.s−1.

Moreover, the estimated mobility should not decrease with
temperature, as no broadening of CRs is observed up to
T = 50 K, when CR intensities become comparable with
the noise. This extremely high value of mobility combines
two effects: the long scattering time τ and a very small ef-
fective mass m = EF/c̃2 ≈ 2× 10−4m0EF [meV]. Remark-
ably, the same scattering time in a moderate density sample
(n0 = 1011 cm−2), would imply the mobility still remaining
high, around µ≈ 5×106 cm2/(V.s), and comparable to best
mobilities of two-dimensional electron gas in GaAs struc-
tures at these densities.

To conclude, our measurement significantly shifts the cur-
rent limits of intrinsic mobility in graphene and poses a
quest for further development in the technology of its fab-
rication.

For details see, P. Neugebauer et al., Phys. Rev. Lett. 103,
136403 (2009).

P. Neugebauer, M. Orlita, C. Faugeras, A.-L. Barra, M. Potemski
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Effect of a magnetic field on the two-phonon Raman scattering in graphene

Among the different features that can be observed in the
Raman scattering spectrum of graphene or graphite, the
so-called 2D band feature is of particular interest. It is a
fully resonant second order Raman scattering process and
directly involves the electronic band structure. Its observa-
tion as a single Lorentzian shaped contribution is a unique
fingerprint of the monolayer character of a graphene spec-
imen or of the decoupled nature of the graphitic planes in
multilayer epitaxial graphene samples. As a fully resonant
second order Raman scattering process, it shows a disper-
sion with excitation laser energy which was used to trace
the phonon band structure of different carbon allotropes.

We have measured the evolution of the 2D band feature of
a multilayer epitaxial graphene sample as a function of the
magnetic field with the experimental set-up and in the same
configuration as is described in the preceding report. As can
be seen with the black dots in the left part of figure 20, from
B=0 to 33 T we observe first a quadratic and then a linear
continuous red shift of the energy of this feature (8 cm−1)
together with a broadening of 20%.

As can be seen in the schematics in the right part of fig-
ure 20, in the semi-classical real-space picture of the Ra-
man process, the incident photon creates an electron and the
hole with opposite momenta at an arbitrary location within
the laser spot. They subsequently propagate along the clas-
sical trajectories, and emit phonons. If they meet at some
other location, again with opposite momenta, they can re-
combine radiatively producing a scattered photon. In the
absence of magnetic field, the trajectories are straight lines,
so that in order to meet at the same point with opposite mo-
menta and contribute to the Raman signal, during phonon
emission the electron and the hole must necessarily be scat-
tered backwards. This fixes the phonon momentum ~q
(measured from the K or K′ point) as q = p + p′, where
~p = ~ωL/(2c∗) and ~p′ = ~(ωL − 2ωph)/(2c∗) are the
electronic momenta (also measured from the Dirac points)
before and after the phonon emission, ωL and ωph are re-
spectively the excitation laser and the phonon frequencies,
and c∗ is the electron velocity.

In a magnetic field, the electron and hole trajectories are
no longer straight lines but, because of the Lorentz force
that acts on charged particles in a magnetic field, they cor-
respond to Larmor circles. As a result, (i) phonons with
smaller momenta, q = pcosϕ + p′ cosϕ′, can be emitted,
and (ii) since each phonon can be emitted at an arbitrary
instant in time, the length of the arc describing the elec-
tron trajectory is random [not exceeding the electron mean
free path c ∗ /(2γ), where γ is the electron scattering rate],
and so are the angles ϕ,ϕ′. Tuning the magnetic field is,

in this sense, equivalent to changing the resonant condi-
tions of the Raman scattering process at a fixed excitation
wavelength and allows spanning part of the phonon band
structure closer to the K point. Fact (i) results in an overall
red shift of the Raman peak, while fact (ii) introduces an
additional spread in q, and contributes significantly to the
broadening of the peak as observed through Raman scatter-
ing measurements.

The solid red lines in figure 20 are the result of a calculation
of the maximum Raman scattering intensities as a function
of magnetic field following our model calculating the Ra-
man matrix element with an applied magnetic field and with
the assumption that Landau levels at the excitation laser en-
ergy are not separated (non-quantizing magnetic fields for
high energy charge carriers). Experimental results are well
reproduced with only two adjustable parameters, the elec-
tron scattering rate deduced to be ~γ = 27 meV and σ, a
broadening parameter introduced to take into account scat-
tering mechanisms other than electronic scattering and re-
sponsible for half of the observed total broadening. This
field induced 2D band feature evolution is not typical for
graphene and should also be observed in graphite.

Figure 20: Left: Black dots are the 2D band feature Raman shift
and line width as a function of the magnetic field and solid red
lines are calculated with our model. Right: Real space schematics
of the second order Raman scattering process responsible for the
2D band at B=0T and B6=0T. The lightning is the excitation laser
with energy EL, black arrows represent the electron and hole tra-
jectories with momentum p (-p) before the phonon emission and
p’ (-p’) after, dashed green arrows are the K point optical phonons
with momentum q and energy E(q), the flash is the emission of the
Raman photon.

C. Faugeras, P. Kossacki, M. Amado, M. Potemski
D. Basko (LPMMC-CNRS, Grenoble, France), M. Sprinkle, C. Berger, W.A. de Heer (Georgia Institute of Technology,
Atlanta, USA)
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Tuning the electron-phonon coupling in graphene with magnetic fields

Lattice vibrations in solids, phonons, can be effectively
modified via their coupling to electronic excitations giving
rise to many phenomena such as the Köhn anomaly in met-
als, different phonon modes observed in semiconducting or
in metallic carbon nanotubes or coupled phonon-plasmon
modes in doped polar semiconductors.

In graphene which is not a polar material, the zone cen-
ter E2g optical phonons, the so-called G-band, efficiently
couple to low energy, direct electronic transitions (∆ k = 0)
through the deformation potential interaction. Low energy
direct electronic transitions exist in graphene thanks to its
peculiar band structure in which the conduction and the
valence bands touch at the Dirac point (gapless material)
and exhibit a linear dispersion. These transitions renormal-
ize the E2g phonons energy observed for instance through
Raman scattering experiments. As a consequence, a mod-
ification of the electronic excitation spectrum can mod-
ify the E2g phonon energy, a situation unique for a con-
densed matter system and not encountered in traditional
semiconductor-based systems for which a band gap of en-
ergy much larger than the phonon energy is present and im-
poses a low energy onset for such direct electronic transi-
tions.

A method to severely alter the electronic excitation spec-
trum is to apply a magnetic field perpendicular to the
graphene plane. Under such conditions, the electronic ex-
citation spectrum characteristic for graphene which is con-
tinuous at zero magnetic field, becomes discrete and com-
posed of a series of optical transitions among Landau levels
as observed through magneto-infrared experiments. In mul-
tilayer epitaxial graphene samples grown on the carbon face
of a SiC substrate, the electronic scattering rate is extremely
low and Landau levels are well separated at magnetic fields
as low as 40 mT. We have performed high field magneto-
Raman scattering experiments with such high quality sam-
ples in the back scattering configuration to observe possible
modifications of the E2g phonon energy.

The observed Raman scattering signal arising from this
long wavelength phonon is composed of two distinct con-
tributions, a field independent contribution and a magneto-
oscillatory component which field evolution is presented in
figure 21 as a false color plot. We observe a well defined
series of avoided crossings each time an optical transition is
tuned in resonance with the E2g phonon energy. When all
possible electronic transitions are far from the E2g phonon
energy, the effective interaction is very weak as revealed by
the minimum line width of ∼ 7 cm−1 of the Raman scatter-
ing signal of the E2g phonon, imposed in these conditions

by scattering mechanisms other than the electron-phonon
scattering.

This effect had been nicely anticipated theoretically [Ando,
J. Phys. Soc. Jpn. 76, 024712 (2007)] and the pink lines
in figure 21 are the results of this calculation for a neu-
tral graphene system with a dimensionless electron-phonon
coupling constant λ = 4.5×10−3 and a broadening param-
eter characteristic for electronic transitions δ = 90cm−1.
This experiment allows to directly extract the strength of
the electron-phonon interaction and gives an insight into the
rich physics of electron-phonon coupling in graphene.

Figure 21: Energy color map and evolution of the Half Width
at Half Maximum (HWHM) of the magneto-oscillatory compo-
nent of Raman scattering spectra of E2g (G band) phonons as
a function of the square root of the magnetic field measured at
T = 4.2 K under λ = 720.7 nm laser excitation. The extracted
peak position and line width of this contribution are shown with
full dots. Their size is proportional to the line amplitude. Solid
lines Tk represent the energies of the series of inter Landau level
transitions:Lk;(k−1)→ Lk+1;(k) which couple to E2g phonon (c* =
1.02× 106 m.s−1 is assumed). The solid pink lines are the re-
sults of the model describing the magneto-phonon resonance in
graphene.

C. Faugeras, M. Amado, P. Kossacki, M. Orlita, M. Potemski
M. Sprinkle, C. Berger, W.A. de Heer (Georgia Institute of Technology, Atlanta, USA)
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Thermal conductivity of graphene in Corbino membrane geometry

Systems of fewer than three dimensions are considered
to be very efficient heat spreaders as their intrinsic ther-
mal conductivity may eventually diverge for infinite spec-
imens, following a power or logarithmic law for one- or
two-dimensional systems, respectively. This conjecture is
now being confronted with experimentations on graphene -
a single sheet of graphite, the closest archetype of a two-
dimensional crystal. Carbon crystallites such as diamond
and graphite are known as exceptional heat conductors and
an extremely efficient thermal conductivity has been also
reported for graphene [Balandin et al., NanoLett 8, 902,
(2008)]. This conclusion calls, however, for confirmation
because the experimental methods applied to draw it are
not fully straightforward. A precise (contactless) temper-
ature readout, an accurate sample geometry and an exact
estimation of the absorbed laser power are among subtle is-
sues which may significantly influence the apparent values
of the extracted 3D thermal conductivity coefficient.

We have performed a study of the thermal properties of a
large area graphene membrane which fully covers a 44 µm
diameter pinhole made in the 2 mm thick plate of copper
(see photograph in the inset of figure 22). With the use of
silver epoxy, the edges of the membrane (which extend out-
side the pinhole) are thermally short circuited to the copper
plate which serves in our experiments as a room tempera-
ture heat sink. The groundwork of our experiments consists
in using laser excitation to locally generate heat and mea-
suring the Raman scattering spectra to extract the actual
temperature of the membrane within the laser spot from
the intensity ratio of Stokes to anti-Stokes Raman scatter-
ing signals. Our Corbino-like experimental configuration
together with the direct temperature readout largely sim-
plifies the data analysis. We present in figure 22 typical
Stokes and anti-Stokes Raman scattering spectra measured
at different location along the radius of the membrane. As
expected and seen in this figure, the laser excitation heats
locally the membrane, most efficiently when the laser spot
is in the center of the membrane and significantly less when
it is placed closer to the copper plate heat sink. After care-
ful calibration of the response of the experimental set-up,
we read the temperature directly from the intensity ratio of
the Stokes to anti-Stokes signals : I(ωexc−ωG)

I(ωexc+ωG) = exp(~ωG
kBT ),

where ωexc,G are the excitation laser and the phonon fre-
quency and T is the lattice temperature under the laser spot.

Figure 22: Stokes and anti-Stokes Raman scattering spectra of
the the G-band graphene membrane measured under 6.2 mW of
laser excitation focused at different points on the membrane (at
different distances r from the center of the membrane). Note the
change in the ratio of Stokes to anti-Stokes signal, which depicts
the drop of local temperature within the laser spot (2µm in diame-
ter) when approaching the edge of the membrane (in thermal con-
tact with room temperature sink). Inset : Photograph of the 44 µm
diameter membrane as seen through a ×100 optical objective.

When the laser spot is located in the center of the membrane
(r = 0), the heat equation describing our experiment can be
solved analytically and one can establish the following rela-
tion: T (0)−Tedge∼= 1.689α, relating the temperature differ-
ence between the center and the edge of the membrane as-
sumed to be a heat sink at room temperature, to α = P/κdπ,
P being the absorbed optical power recently measured to be
2.3% of the total excitation power, d the thickness of the
graphene membrane and κ its 3D thermal conductivity co-
efficient. In this particular case, the temperature deduced
with a total excitation power of 6.2 mW focused on a 2 µm
diameter spot is T = 660 K and a resulting α coefficient of
216 K.

The 3D equivalent thermal coefficient is κ ≈ 630 W/m·K,
i.e., somewhat less then previously claimed. The difference
between the present and previous estimations of κ is mainly
due to different assumptions regarding the efficiency of the
graphene’s optical absorbance. Finite elements computa-
tions performed to deduce the values for α in the case of
excitations at other locations along the radius of the mem-
brane confirm the validity of our approach.

C. Faugeras, M. Orlita, M. Potemski
B. Faugeras (Université de Nice, Nice, France), R.R. Nair, A.K. Geim (University of Manchester, Manchester, United
Kingdom)
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Electric field doping of few-layer graphene

The electronic properties of few-layer graphene have been
investigated at low temperature and high magnetic field.
Few-layer graphene systems consist of a few tens of planes
of carbon atoms stacked upon each others and exhibit a
complex electronic band structure. Regarding their trans-
port properties, they are natural candidates to study the
cross over from 3D graphite to 2D graphene. So far, many
studies have focused on graphene, where a linear dispersion
relation at the K and K′ points of the first Brillouin zone
leads to transport properties governed by massless quasi-
particles. Such charge carrier dynamic makes graphene
a unique 2D system and is responsible, among other, to
the anomalous quantum Hall effect. On the other hand,
graphite supports the presence of different groups of charge
carriers (electron-like and hole-like quasi-particles), among
which massless Dirac fermions have already been reported
[Luk’yanchuck et al. Phys. Rev. Lett., 93, 166402 (2004)].
The experimental investigation of few-layer graphene has
been undertaken in an attempt to determine the relative con-
tributions of the different types of charge carriers to elec-
tronic transport, in a system where a small number of car-
bon layers makes its electronic properties half-way between
those of graphite and graphene.

Figure 23: Oscillatory part of Rxx(B,Vg) after subtracting a
smooth background function. For clarity, the curves are shifted
vertically by 1.5 kΩ

The few-layer graphene sample is obtained by exfolia-
tion of bulk graphite and deposited onto a heavily doped
Si/SiO2 substrate with 300 nm oxide thickness. Four
electrodes have been fabricated on the sample using pho-
tolithography so that the two-probe longitudinal and Hall
resistance could be simultaneously measured during a pulse
of the magnetic field. A gate voltage is applied though
the SiO2 dielectric in order to continuously tune the charge
carrier density. As compared to the simple plane capac-
itor model usually accepted for graphene, the few-layer
graphene system displays reduced gate efficiency, most
probably due to large screening effects. The gate volt-
age dependence of the resistance in the range −70 < Vg <

+70 V shows a monotonously increasing function with no
hint of resistance maximum. We therefore infer that the
sample is intrinsically p-doped and that the charge neutral-
ity point is out of the experimental range. Contaminants
and/or defects are responsible for shifting the charge neu-
trality point away from Vg = 0 V.

Figure 24: 3D plot of the Hall resistance Rxy as a function of
magnetic field B and gate voltage Vg

Figure 23 and 24 show the longitudinal and Hall resistances
as a function of magnetic field for different values of the
gate voltage. Large modulations of the longitudinal resis-
tance, interpreted as Shubnikov de Hass oscillations (SdH),
are progressively shifted toward lower magnetic fields with
increasing gate voltage (i.e. lowering the carrier density).
The modulations are visible only for magnetic fields ex-
ceeding roughly 20 T, indicating a fairly disordered sample
with a low mobility. On the other hand, the Hall resistance
displays clear plateaus at Rxy ≈ 6.4 kΩ and Rxy ≈ 13 kΩ

depending on the gate voltage range. The occurrence of
these two plateaus points towards the presence of two dis-
tinct charge carriers whose contribution to the Hall resis-
tance is attenuated or enhanced by the gate voltage. To
further investigate on the nature of the charge carriers, a
Fourier Transform (FT) analysis has been performed with
Rxx(B) dataset (not shown). Two peaks in the FT spectra are
visible and have been assigned to massive and Dirac quasi-
particles, consistently with quantum Hall effect related fea-
tures in Rxy(B,Vg). This study provides evidences of the
coexistence of normal and Dirac fermions, whose respec-
tive weight in electronic transport is varied through the ap-
plication of a gate voltage. Similar studies, performed with
various sample’s thicknesses, are necessary to fully address
the complex band structure transition from 3D graphite to
2D graphene as well as the role of disorder in few-layer
graphene samples.

J.M. Poumirol, W. Escoffier, M. Goiran, B. Raquet, J.M. Broto
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Low temperature magneto-transport in natural graphite

Historically, graphene forms the starting point for the Slon-
czewski, Weiss and McClure (SWM) band structure calcu-
lations of graphite. In graphite, the Bernal stacked graphene
layers are weakly coupled with the form of the in-plane
dispersion depending upon the momentum kz in the direc-
tion perpendicular to the layers. The carriers occupy a re-
gion along the H−K−H edge of the hexagonal Brillouin
zone. At the K point (kz = 0), the dispersion of the electron
pocket is parabolic (massive fermions), while at the H point
(kz = 0.5) the dispersion of the hole pocket is linear (mass-
less Dirac fermions). A clear signature of Dirac fermions
at the H point of graphite has recently been reported us-
ing far-infrared magneto-absorption and ARPES measure-
ments. Such measurements probe the very close vicinity of
the H and K points where there is a maximum in the joint
density of states.

Typical low temperature Rxx versus magnetic field for nat-
ural graphite, is shown in Fig. 25(a). The quantum oscil-
lations, superimposed on a large magneto-resistance back-
ground, can be better seen in the background removed data
∆Rxx plotted in Fig. 25(a-c). Quantum oscillations are ob-
served for both majority electrons and holes with orbital
quantum number up to almost N = 100. These oscillations
are fully consistent with the presence of majority electron
and hole pockets within the three dimensional SWM band
structure calculations for graphite [Schneider et al. Phys.
Rev. Lett. 102, 166403 (2009)]. At low magnetic fields,
a perfect linear behavior in N(1/B) is observed for both
electrons and holes. For high magnetic fields, clear devi-
ations from the linear behavior are observed for the elec-
tron features (see Fig. 26(b-c)). This deviation from a peri-
odic in 1/B behavior at high magnetic fields is due to the
Fermi level moving as the quantum limit is approached
in graphite. Clearly, the high field data should not be
used to extract the phase of the oscillations. Instead we
use the complex Fourier transform f̂ (B) of the low mag-
netic field ∆Rxx(1/B). The phase shift function K(ϕ,B) =
Re[e−iϕ f̂ (B)] has maximum in the ϕ−B plane which can
be used to extract both the frequency (B) and phase (ϕ) of
the oscillations. K(ϕ,B) is plotted in Fig. 26(d-e) in the
regions of the hole and electron features. From the max-
ima, the determined frequency and phase are B fh = 4.51 T,
ϕh =−(0.56±0.1)π and B fe = 6.14 T, ϕe =−(0.86±0.1)π
for the hole and electron features respectively.

We therefore conclude that we have no evidence for the
existence of masseless Dirac fermions with a Berry phase
γ = 0. Transport measurements are sensitive to the density
of states at EF , which is modulated with increasing mag-
netic field, as the Landau bands cross the Fermi energy. For
holes, maxima in the density of states correspond to Lan-
dau bands crossing EF for kz < 0.5, away from the H point,
where the dispersion is no longer linear and a priori there is
no reason to expect the carriers to behave as Dirac fermions.

Figure 25: (a) Resistance Rxx versus B measured at T = 10 mK
for natural graphite. (a-c) Background removed data ∆Rxx show-
ing quantum oscillations measured over different magnetic field
regions. The arrows indicate spin split electron and hole features.

Figure 26: (a) Fourier transform of the low magnetic field
∆Rxx(1/B). (b-c) Orbital angular momentum quantum number
N, as a function of the reciprocal magnetic field positions of the
electron and hole features. (d) and (e) Contour plot of the phase
shift function K(ϕ,B) in the vicinity of the hole and electron fea-
tures. Maxima in K(ϕ,B) determines the frequency and phase of
the oscillations.

J. M. Schneider, M. Orlita, M. Potemski and D. K. Maude
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Magnetotransport to extract the spin gap for charged excitations in graphite

In a magnetic field the properties of graphite are remark-
ably well described by the Slonczewski, Weiss and Mc-
Clure (SWM) band structure calculations. While orbital
effects have been extensively used to caliper the Fermi sur-
face, the more subtle spin effects have received less atten-
tion. Indeed, the well documented movement of the Fermi
energy in a magnetic field seriously complicates the extrac-
tion the spin gap (g-factor) from the magnetotransport data.
Recent advances in experimental techniques, in particular
the vastly increased desktop computing power available for
diagonalizing the SWM Hamiltonian, makes it timely to
revisit this problem, extending previous measurements to
higher magnetic fields and lower temperatures.

The oscillatory component of longitudinal resistance ∆Rxx
as a function of the magnetic field from B = 0− 28 T for
varies orientations between θ = 0◦ and θ = 90◦ is shown
in figure. 27(a). Quantum oscillations due to the major-
ity electrons and holes Fermi surfaces are clearly observed.
For increasing tilt angles the quantum oscillations shift as
1/cos(θ) to higher magnetic field demonstrating the quasi
2D nature of graphite. The experimentally observed split-
ting ∆B = B↓ − B↑, where B↑ and B↓ are the magnetic
field positions of the spin up and spin down features, is
plotted as a function of the mean total magnetic field po-
sition Bm = (B↓ + B↑)/2 for the n = 1 electron and hole
features (figure.27(b)). The failure of ∆B to follow a sim-
ple quadratic behavior is an experimental signature that the
movement of the Fermi energy must be taken into account
when extracting the g-factor.

In order to extract the g-factor, we use the SWM band struc-
ture model.The effect of the in-plane magnetic field can be
incorporated into the SWM model through an effective spin
gap ∆s = ge f f µBB⊥ where the real g-factor gs = ge f f cos(θ).
In graphite, E f moves with the applied perpendicular mag-
netic field as carriers are transferred between the electron
and hole pockets. The Fermi level has to be calculated self-
consistently assuming the sum of the electron and hole con-
centrations is constant, n− p = n0. At each angle, the effec-
tive spin gap is found for which the SWM model gives the
correct magnetic field position for the crossing of the spin
up and spin down Landau band with the Fermi energy.

Figure.28 shows the result for the spin gap ∆s extracted
from the SWM calculations as a function of the total mag-
netic field for the n = 1 hole and the n = 1− 4 electron
Landau bands. The spin gap is similar for both the elec-
tron and holes Landau bands at a given total magnetic field.
∆s increases linearly with magnetic field and a linear fit to
∆s = gsµBBm (solid line) for both electron and hole Lan-
dau bands gives gs = 2.53± 0.07. The enhancement com-
pared to the electron spin resonance value can be attributed
to electron-electron interactions.

Figure 27: (a) ∆Rxx as a function of the magnetic field for differ-
ent angles (0◦ ≤ θ ≤ 90◦). (b) Magnetic field splitting ∆B as a
function of the total magnetic field Bm. The thick line is calcu-
lated for the n = 1 electron Landau band with gs = 2.53 taking
into account the movement of the Fermi energy. The thin line is
the expected parabolic behaviour if E f is constant and requires
and unreasonably large value of gs = 6.5

Figure 28: (a) Spin gap ∆s for the electron and hole Landau
bands, obtained by fitting the SWM model to ∆B, as a function
of the magnetic field. (b) The corresponding SWM g-factors for
each data point. The thick dashed line corresponds to gs = 2.53
while the thin dashed lines correspond to the anisotropic electron
spin resonance g-factors.

J. M. Schneider, M. Orlita, M. Potemski and D. K. Maude
N. A. Goncharuk, P. Vasek, P. Svoboda and Z. Vyborny (Academy of Science, Prague)
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Magneto-transmission spectroscopy of graphite in high magnetic fields

The recent discovery of relativistic-like, zero effective rest
mass particles in graphene, an atomically thin layer of car-
bon has caused a dramatic increase of interest in this ma-
terial. Graphite, which is composed of Bernal stacked
graphene layers, is a far more complex system and is not
fully understood despite nearly seventy years of research.
In particular, spectroscopic studies have revealed the exis-
tence of massive electrons at the K-point together with mass
less fermions near the H-point [Orlita et al. Phys. Rev. Lett.
102, 166401 (2009)].

In this work, we present the results of transmission mea-
surements through a thin layer of graphite in magnetic fields
up to 56 T. We explore the higher energy range of the
magneto-transmission in the near visible light range us-
ing a tungsten halogen lamp. Transmission measurements
were circular polarization resolved and spectra recorded
for both polarities of the magnetic field. Measurements
where performed in dc magnetic fields up to 32 T in Greno-
ble and in pulsed magnetic fields up to 56 T in Toulouse.
Data has been taken at different temperatures in the range
4.2− 300 K. A representative transmission spectra as a
function of the temperature measured at 56 T is shown in
figure 29. In the low temperature data we observe a split-
ting of the absorption lines (marked as ∆ in figure 29) which
vanishes with the increasing temperature.

To identify the optical transitions we plot the position of
each absorption line as a function of the magnetic field.
The results are presented in figure 30. The experimental
position of each absorption line is marked by symbols. Si-
multaneously the theoretical prediction for the expected op-
tical transitions in graphite are marked by lines. The dashed
lines correspond to the optical transitions in the vicinity of
K point with an energy ∝ B, while the solid lines corre-
spond to the optical transitions in the vicinity of H point
with an energy ∝

√
B as for massless fermions in graphene.

As the electronic structure of graphite is more complex than
for graphene the optically allowed transitions (dipole inter
band) can be assigned to transitions between L−m(−n) and
Ln(m) LLs, where m,n enumerates the Landau levels with
the following change of the LL index by 2 (marked in grey),
by 0 (marked in black) and by 1 as for graphene marked by
different colors.

All of the transitions characteristic for graphite are well
reproduced by the theoretical predictions. However, for
the graphene-like transitions and additional splitting of the
lines is clearly observed. This is even more remarkable
since such a splitting is completely absent in magneto-
transmission measurements on graphene [Plochocka et al.
Phys. Rev. Lett. 100, 87401 (2008)]. Intriguingly, po-
larization resolved measurements (not shown) demonstrate

that the splitting is not polarization dependent and therefore
not linked to the asymmetry of the Dirac cone.

Figure 29: Representative differential transmission spectra (the
B = 0 T spectra has been subtracted) measured at 56 T for different
temperatures.

Figure 30: Position of the absorption lines as a function of the
magnetic field for spectra taken at T = 4 K. The dashed and solid
lines correspond to the calculated optically allowed dipole inter-
band transitions in graphite.

P. Plochocka, N. Ubrig, P. Kossacki, M. Orlita, O. Portugall, G.L.J.A. Rikken
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Graphite from the viewpoint of Landau level spectroscopy: An effective
graphene bilayer and monolayer

The unusual properties of massless Dirac fermions ob-
served in graphene monolayers, multi-layer epitaxial
graphene or bulk graphite have been extensively studied us-
ing various optical and magneto-optical techniques. In con-
trast, few experiments have addressed the optical response
of a graphene bilayer in spite of the considerable theoretical
interest into this system. Here we show that some part of
the physics of the graphene bilayer can be, perhaps surpris-
ingly, studied when investigating bulk graphite.

We report on an infrared transmission study of a thin layer
of bulk graphite prepared by a multiple exfoliation of a
natural graphite crystal, performed in magnetic fields up
to B = 34 T. All magneto-transmission spectra were taken
in the Faraday configuration with the magnetic field ap-
plied along the c-axis of the graphite, using technique of
the Fourier transform spectroscopy.

Two series of absorption lines whose energy scales as
√

B
and B were found in the spectra and identified as con-
tributions of massless holes at the H point (figure 31a)
and massive electrons in the vicinity of the K point (fig-
ure. 31b), respectively. We have shown that the infrared
magneto-absorption spectra of graphite, measured over a
wide range of the energy and magnetic field, can be inter-
preted in a very simple, transparent and elegant manner, i.e.
that graphite can be viewed as an effective graphene mono-
layer and bilayer. Our results thus confirm recent theoret-
ical model [B. Partoens and F. M. Peeters, Phys. Rev. B
75, 193402 (2007); M. Koshino and T. Ando, Phys. Rev.
B 77, 115313 (2008)], which drastically simplifies the stan-
dard Slonczewski-Weiss-McClure model considering only
two tight-binding parameters γ0 and γ1, which describe the
intra- and inter-layer tunnelling, respectively.

In this picture, the dominant contribution to the optical re-
sponse is provided by the H point, where electron states
closely resemble graphene but with an additional double
degeneracy, and by the K point, where the energy spectrum
resembles a graphene bilayer, but with an effective coupling
of 2γ1, twice enhanced compared to a real bilayer system.
Remarkably, using this simple graphene monolayer plus bi-
layer view of graphite, we are able to correctly reproduce
the magnetic field evolution of all observed inter-Landau-
level transitions using only the SWM parameters γ0 and γ1,

with values which perfectly match those derived from stud-
ies of real graphene monolayer and bilayer systems (see fig-
ure. 31).

To conclude, the electronic states at K point of graphite are
interestingly found to mimic those of the graphene bilayer,
but with a doubled value of the effective mass. It should be
noted that as the validity of the model is limited in the vicin-
ity of the Fermi level, it is not useful, for example, for the
interpretation of magneto-transport experiments. Neverthe-
less, bulk graphite remains a material of choice to study
magneto-optical phenomena in systems with both massless
as well as massive Dirac fermions.

For details see, Orlita et al., Phys. Rev. Lett. 102, 166401
(2009) and also Orlita et al., ibid 100, 136403 (2008).

Figure 31: (a) Positions of the absorption lines related to the
H point as a function of

√
B. The solid and dashed lines repre-

sent expected positions of absorption lines for c̃ = 1.02×106 m/s
(γ0 = 3.2 eV). (b) Positions of absorption lines related to the K
point as a function of B. The solid lines show expected dipole al-
lowed transitions in a graphene bilayer with an effective coupling
2γ1 for γ0 = 3.2 eV and γ1 = 0.375 eV. The inset schematically
shows the observed inter-band transitions in the effective bilayer.
The gray points in the part (b) have been measured on highly ori-
ented pyrolytic graphite.

M. Orlita, C. Faugeras, J. M. Schneider, G. Martinez, D. K. Maude, and M. Potemski
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Magneto-transmission of multi-layer epitaxial graphene and bulk graphite:
A comparison

The fabrication of multi-layer epitaxial graphene on the
carbon-terminated surface of SiC crystal [see e.g. W. A.
de Heer et al., Solid State Commun. 143, 92 (2007)], with
the characteristic rotational stacking of graphene sheets [J.
Hass et al., Phys. Rev. Lett. 100, 125504 (2008)], nat-
urally induced live discussions about differences in elec-
tronic band structures of this system and well-known bulk
graphite, which has been intensively studied within last
sixty years.

Here we report on magneto-transmission measurements in
the far infrared spectral range, performed to help in under-
standing of electronic band structures of both these mate-
rials. In our study, we have compared magneto-optical re-
sponse of two kinds of samples: Multi-layer graphene sam-
ple, which was epitaxially grown by thermal decomposition
on the carbon-terminated surface of a 4H-SiC substrate and
contains around ∼100 graphene layers, and a thin layer of
bulk graphite (single-crystal natural graphite), prepared by
a simple exfoliation using an adhesive tape. Typical low-
magnetic-field data obtained in our experiment are shown
in Fig. 32.

In our magneto-transmission measurements, we have fo-
cused on spectral features evolving linearly with

√
B, which

represent a hallmark of massless Dirac fermions present
around K and H points in graphene and graphite, respec-
tively. The magneto-optical response of both materials
was found to be surprisingly similar and practically the
same Fermi velocity has been extracted from data, c̃ =
1.02× 106 m.s−1. Nevertheless, the obtained data still al-
lowed us to distinguish between (strongly anisotropic) 3D
bulk graphite and 2D multi-layer epitaxial graphene. The
3D nature of bulk graphite was mainly demonstrated via
appearance of an additional set of absorption lines (de-
noted by Greek letters in Fig. 32b) in comparison to multi-
layer graphene. Hence, whereas the results obtained on
multi-layer graphene fully corresponded to expectations for
dipole-allowed transitions in a 2D gas of massless Dirac
fermions, the transmission spectra taken on bulk graphite
appeared to be more complex. The standard Slonczewski-
Weiss-McClure model of the bulk graphite band structure
was found in latter case to be sufficient to explain existence
of all absorption lines scaling as

√
B as well and their indi-

vidual lineshapes.

For details see, M. Orlita et al., Solid State Commun. 149,
1128 (2009).

Figure 32: Transmissions spectra of multi-layer epitaxial
graphene (a) and bulk graphite (b) for selected magnetic fields at
T = 2 K. The absorption lines corresponding to dipole-allowed
transitions in graphene are denoted by Roman letters. Greek let-
ters are used for additional transitions which scale as

√
B and are

only found in spectra taken on bulk graphite. For clarity, the spec-
tra in part (a) and (b) were shifted by amount of 0.18 and 0.10,
respectively.

M. Orlita, C. Faugeras, G. Martinez, D. K. Maude, J. M. Schneider, M. Potemski
M. Sprinkle, C. Berger, W. A. de Heer (Georgia Institute of Technology, Atlanta, USA)
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The surprisingly fragile quantum Hall ferromagnet at filling factor ν = 1

In two dimensions many body interactions often dominate
over the single particle physics giving rise to novel collec-
tive ground states. A striking example is the quantum Hall
ferromagnet. At filling factor ν = 1, the lowest Landau level
is half empty so that all the electrons have the same orbital
quantum number and only the spin degree of freedom re-
mains. The ground state is predicted to be an extremely
robust itinerant quantum Hall ferromagnet with a gap for
spin excitations greatly exceeding the single particle Zee-
man energy. On the other hand, either side of ν = 1 the
system depolarizes more rapidly than predicted by the sin-
gle particle picture, due to the formation of spin textures
(Skyrmions or anti-Skyrmions) in the ground state.

To measure the absorption spectrum of a single GaAs quan-
tum well (QW) at low temperatures we have used a struc-
ture which forms a half-cavity for the incoming light with
the QW located at the anti-node of the standing wave
formed by the optical field. In figure 33(a) we plot the inte-
grated intensity of the absorption to the n = 0 Landau level
for both circular polarizations as a function of filling factor.
For both polarizations (σ+ and σ−) the absorption is non
zero over almost all the range 0 < ν < 2. This implies that
the upper Zeeman (UZ) and lower Zeeman (UZ) levels are
almost never fully occupied. However, for the absorption
to the lower Zeeman (LZ) level a sharp minimum (zero) at
ν = 1 is observed.

The spin polarization of the 2DEG can be obtained directly
from the optical dichroism shown in figure 33(b). The mea-
sured polarization at T = 1.6 K is comparable with previous
absorption and reflectivity measurements, the spin polariza-
tion saturates at approximately 0.8 and the depolarization
on both sides of ν = 1 is roughly symmetric and compati-
ble with the formation of spin textures (Skyrmions or anti-
Skyrmions) in the ground state of size S ≈ A ≈ 3. At very
low temperature (T = 40 mK), the system does indeed fully
polarize within experimental error (∼ 0.97) at exactly fill-
ing factor ν = 1, and that this feature is extremely sharp
with a width of only δν≈ 0.01 (figure.33(c)). The fully po-
larized state is a signature of the quantum Hall ferromagnet
at filling factor ν = 1 while the sharp depolarization ob-
served either side of ν = 1 corresponds to ≈ 15 spin flips
per magnetic flux quanta added or removed from the sys-
tem, consistent with the formation of a lower energy spin
texture (skyrmion or anti-skyrmion) ground state either side
of ν = 1.

It is extremely surprising that a temperature of a few hun-
dred mK is already sufficient to suppress full spin polar-
ization (figure.33(d)). The thermodynamics of the ν = 1
quantum Hall ferromagnet should be governed by ther-
mal activation to the continuum of the spin-exciton (spin

wave) excitation spectrum. This prediction, shown by the
dot-dashed line largely overestimates the robustness of the
ν = 1 quantum Hall ferromagnet. Intriguingly, the pre-
dicted spin polarization calculated for two spin levels sep-
arated by the bare Zeeman energy, gµBB ' 2.1 K, plotted
as a dashed line coincides much better with our data. Our
results suggest that the itinerant quantum Hall ferromagnet
at ν = 1 is not robust, and collapses, whenever possible,
to a lower energy ground state with a large number of re-
versed spins [Plochocka et al. Phys. Rev. Lett. 102, 126806
(2009)].

Figure 33: (a) Integrated intensity (Iσ± ) of the absorption to
the n = 0 Landau level measured for both σ+ and σ− polar-
izations as a function of filling factor. (b) optical dichroism,
(Iσ− − Iσ+)/(Iσ− + Iσ+) (spin polarization). The calculated depo-
larization for finite size skyrmions/anti-skyrmions (A=S=3) and
(A=S=15) is shown. (c) spin polarization around filling factor
ν = 1 measured at T=40, 500 mK and 1.6 K. (d) detailed tem-
perature dependence of the spin polarization at exactly ν = 1 (the
solid line is drawn as a guide to the eye). Broken lines show the
predicted temperature dependence of the polarization for a spin
wave excitation and for two spin levels separated by the single
particle Zeeman energy.

P. Plochocka, J. M. Schneider, D. K. Maude, M. Potemski
M. Rappaport, V. Umansky, I. Bar-Joseph (Weizmann Institute, Israel), J. G. Groshaus, Y. Gallais, A. Pinczuk
(Columbia University, New York)
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Dispersive line shape of the resistively detected NMR on either side of filling
factor ν = 1

The resistively detected nuclear magnetic resonance (RD-
NMR) technique is a tool which allows the detection of the
resonant excitation of nuclear spins using electrical mea-
surement. This technique is especially well suited to probe
NMR in high mobility two-dimensional electron gases in
the quantum Hall regime, over a wide range of filling fac-
tors. The underlying effect is the hyperfine interaction
which couples the nuclear and electronic spins. At the res-
onant radio-frequency (RF) field, the nuclear spin magneti-
zation is reduced which, through the hyperfine interaction,
leads to a change in the apparent magnetic field seen by
the electron spins. The resulting variation of the electronic
Zeeman energy leads to a change in the sample resistance.

Early measurements performed on GaAs/AlGaAs het-
erostructures revealed anomalous RDNMR lines character-
ized by a dispersive-like shape which occur on each side
of filling factor ν = 1 [Desrat et al. Phys. Rev. Lett. 88,
256807 (2002)]. Such a line shape, composed of a nega-
tive and a positive response of the resistance cannot be ex-
plained by a simple uniform Zeeman energy change only.
The origin of the anomalous line shape remains the subject
of debate. Two main ideas have arisen linking the line shape
to, (i)the contribution of domains with different electronic
polarizations or (ii) the role of thermal effects (heating).
The latter was supported by the inversion of the RDNMR
dispersive lineshape observed between ν = 1 and ν = 2/3
which coincided with the change in sign of dRxx/dT .

Here we report similar measurements but extended to both
sides of filling factor ν = 1 and to both longitudinal and Hall
resistances. The eight bottom graphs in figure34 represent
RDNMR lines measured either in Rxx or in Rxy at four dif-
ferent increasing magnetic fields, B = 5.3, 5.525, 7.7 and
8 T, labeled a, b, c and d, respectively. Cases a and b are
on the low field side of ν = 1 (i.e. between ν = 4/3 and
1), while cases c and d are on the high field side, towards
ν = 2/3. All spectra show dispersive-like shapes but some
consist of a resistance minimum followed by a maximum
with increasing RF, or inversely a maximum followed by
a minimum with increasing RF. The min-max shape is ob-
served in Rxx for cases b and c and in Rxy for cases c and
d.

Now we turn to the temperature dependence of the Rxx(B)
and Rxy(B) curves traced in the top graph of figure34. One
sees that a slight increase of the temperature, from T = 60
mK to T = 70 mK, leads to a narrower plateau in Rxy and
a narrower dissipationless region in Rxx. The resulting re-
sistance changes ∆Rxx and ∆Rxy are plotted in the middle
graph by dashed and solid lines respectively. We see that a

temperature increase leads to a negative (positive) ∆Rxy on
the low (high) field side of ν = 1. For Rxx a sign change
occurs on each side of ν = 1. The magnetic fields for
which ∆Rxx has extrema are the fields previously introduced
(B = 5.3, 5.525, 7.7 and 8 T) and labelled a, b, c and d,
respectively. The comparison between the dispersive RD-
NMR shapes and the sign of dR/dT shows that the min-
max (max-min) shapes always correspond to positive (neg-
ative) dR/dT . This is verified for both the longitudinal and
the Hall resistance.

This result strongly suggests that thermal effects play a role
in the anomalous RDNMR lineshape and that the Zeeman
energy change is not the unique contribution at the resonant
RF field.

Figure 34: (Top) Rxx and Rxy as a function of B for two different
temperatures T = 60 mK (solid) and T = 70 mK (dash). (Middle)
Resistance change ∆R = R70 mK −R60 mK vs B for the longitudi-
nal (dash) and Hall resistances (solid). (Bottom) RDNMR spectra
measured in Rxx and Rxy at the magnetic fields indicated above,
respectively). All spectra are plotted over a range of 100 kHz.

B.A. Piot, D.K. Maude
W. Desrat (GES-UM2, Montpellier), Z. R. Wasilewski (Institute of Microstructural Sciences, NRC, Ottawa)
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Spin splitting enhancement of fully populated Landau levels

The effect known as “g-factor enhancement” is the promi-
nent manifestation of electron-electron interactions in the
study of a two-dimensional electron gas (2DEG) in the
regime of the integer quantum Hall effect. This effect is
routinely apparent in magneto-transport experiments. They
show that thermal activation of charged carriers across the
Fermi energy located in between spin split Landau levels
(2DEG at odd filling factors) is ruled by the gap which can
significantly surpass the so called bare gap expected from
single particle band structure models. As far, the effect of g-
factor enhancement (at odd filling factors) has been mostly
apparent in experiments which probed the vicinity of the
Fermi level. As illustrated in figure. 35, the motivation of
our work was to check whether g-factor is also enhanced
for spin split Landau levels located deep below the Fermi
level.

Figure 35: Scheme of Landau levels of a two-dimensional elec-
tron gas at even (6) and odd (5) filling factors. Electron-electron
interaction is known to enhance the spin splitting at the Fermi
energy if Landau level filling factor is odd. Enhanced or not
enhanced spin splitting of fully occupied levels, deep below the
Fermi level, can be probed with polarization resolved magneto-lu-
minescence experiments.

We have probed such states with magneto-luminescence
experiments performed on 2DEG confined in a
CdTe/CdMgTe quantum well. Focusing on the results of
low temperature experiments (100 mK) we investigate the
energy positions of σ+ and σ− luminescence peaks related
to fully occupied electronic 0th Landau level. The dif-
ference ∆ between energies of these peaks is clearly not
monotonic with the magnetic field in contrast to the lin-
ear dependence expected when neglecting the effects of
electron-electron interactions. As can be deduced from
figure 36, we find that the oscillatory component of ∆ is
proportional to the spin polarization of the 2DEG. Notably,
∆ = ge f f µBB when spin polarization vanishes (at even fill-
ing factors). ge f f = 1.3 corresponds well to the combined
electron-hole bare g-factor in our structure. Effects of
electron-electron interactions are therefore concluded to
affect the spin splitting of fully occupied Landau levels lo-
cated deep below the Fermi level and not only those in the
vicinity of the Fermi energy.

Figure 36: a,b) Luminescence spectra of a 2DEG confined in
a 20 nm-wide modulation doped CdTe quantum well at two dis-
tinct magnetic field corresponding to Landau level filling factor 5
(a) and 4 (b). Note that spin splitting of the main peak is larger at
smaller field. c) Energy positions of the main σ+ and σ− lumines-
cence peaks and their separation, ∆ as a function of the magnetic
field. Note the increase of ∆ each time the Landau filling is odd.

J. Kunc, K. Kowalik, F.J. Teran, P. Plochocka, D.K. Maude, M. Potemski
G. Karczewski, T. Wojtowicz (Institute of Physics, Polish Academy of Sciences, Warsaw, Poland)
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Spin polarisation of a disordered GaAs 2D electron gas in a strong in-plane
magnetic field

An in-plane magnetic field couples to the spins of a 2D
system, and can thus be used to probe the impact of many
body effects on the ground state of the 2D electron gas (2-
DEG). For example, the longitudinale resistance under par-
allel magnetic field generally exhibits a saturation or a kink
for a magnetic field B = Bp signaling the complete spin po-
larization of the 2D system [T. Okamoto et al., Phys. Rev.
Lett. 82, 3875 (1999)].

Using high magnetic fields up to 32 T, we report on the par-
ticularly rich parallel field physics occurring in 2D electron
gas in GaAs, revealing an interplay between these spin ef-
fects, disorder, and orbital effects. The magneto resistance
kink usually associated with the 2-DEG complete spin po-
larization is observed up to Bp ∼ 30 T, and shifts down con-
tinuously on more than 20 T as the electron density (and
consequently mobility) is lowered in the sample (see fig-
ure 37(a). This reduction of Bp with decreasing electron
density is consistent with the predicted electron-electron in-
teraction enhancement of the spin susceptibility at low den-
sity, favoring the 2-DEG polarization. However, the abso-
lute value of Bp remains 2-3 times smaller than the one cal-
culated at T = 0K for a disorder-free system, and extrapo-
lates to Bp = 0 at a relatively “high” electron density, where
no ferromagnetic states have ever been observed. We argue
this behaviour is due to the localization of electrons which
are subsequently subtracted from the total free carrier den-
sity [B.A. Piot et al. Phys. Rev. B 80, 115337 (2009)]. In
this situation the Fermi sea appears effectively smaller and
less magnetic field is required to fully polarize the system.

This approach is motivated by the strong mobility drop
measured as the electron density is decreased in this very
region. The temperature dependence of Bp, which depends
on the effective size of the Fermi sea, corresponds to the
polarization of a smaller Fermi sea, and indicates that the
fraction of localized states increases as the electron density
is reduced. From this temperature behavior, a density of de-
localized electron can be estimated, and used to re-plot the
experimental Bp of figure 37(b) (triangles), giving a better
quantitative agreement with theory.

In summary, the magnetic field at which complete spin po-
larization occurs is dramatically reduced both by electron
localization and electron-electron interaction enhanced at
low carrier density. The large value of the extrapolated
carrier density for full spin polarization at zero magnetic
field simply reflects the large number of localized electrons

present in disordered systems and should under no circum-
stances be interpreted as evidence for a ferromagnetic in-
stability.

Figure 37: (a) Magneto resistance for different electron densi-
ties. (b) Field associated with the complete spin polarization Bp
as a function of the electron density (circles and squares), and as
a function of the “corrected” electron density (triangles). Theo-
retical T = 0 K calculations of the magnetic field for full spin po-
larization including many-body effects: Random Phase Approxi-
mation (RPA) [Y. Zhang and S. D. Sarma, Phys. Rev. Lett. 96,
196602 (2006)], and Quantum Monte Carlo Calculation (QMC)
[A. L. Subasi and B. Tanatar, Phys. Rev. B 78, 155304 (2008)].

B.A. Piot, D. K. Maude
U. Gennser, A. Cavanna, D. Mailly (Laboratoire de Photonique et de Nanostructures, Marcoussis, France)
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High-order fractional microwave induced resistance oscillations

Resonant transitions of electrons between Landau levels
(LLs) lead to microwave-induced resistance oscillations
(MIROs) whose period is governed by the ratio of the radi-
ation frequency ω to the cyclotron frequency ωc = eB/m∗,
where m∗ is the effective mass of electrons. For high mi-
crowave intensity, the resistance has resonant features asso-
ciated with the fractional ratios ε = ω/ωc = n/m where n
and m are integers (m ≥ 2). These fractional microwave-
induced resistance oscillations (FMIROs) have been ob-
served up to ε=1/4 and explained by multiphoton absorption
processes which appear in the strongly nonlinear regime.
The FMIROs are described by two theoretical models: a
simultaneous absorption of several photons and a stepwise
single-photon absorption. In both cases the FMIROs corre-
sponding to larger fractional denominators m (higher-order
FMIROs) appear progressively with increasing MW power.

In contrast to the previous studies with low electron density
and ultrahigh mobility, we investigate high-density elec-
tron gas with moderate mobilities. The samples are 14 nm
wide GaAs quantum wells from different wafers. In this re-
port we focus on the results for samples with a carrier con-
centration ns = 7.8× 1011 cm−2 and mobility of 1.2× 106

cm2/Vs. Figure 38 first presents photoresistance for two
choosen frequencies at 1.4 and 6.5 K at a constant MW
electric field. We observed that FMIRO features are better
pronounced when they are not hindered by Shubnikov-de
Haas (SdH) oscillations. Second, FMIROs up to denomina-
tor m=8 are visible for low frequencies and all FMIROs are
quenched above 85 GHz. Power dependence for FMIROs
is close to linear behavior for low MW power and ampli-
tude saturates with increasing MW power [S. Wiedmann et
al., Phys. Rev. B 80, 035317 (2009)].

Theoretical analysis is based on both competing FMIRO
models. The simultaneous absorption model can only ac-
count for ε = n/2, but is negligible small for high denom-
inator m. The stepwise absorption model has constraints
for experiments of FMIROs. For the observations of com-
mensurability resonances n/m associated with the single-
stepwise transitions between adjacent Landau levels (n=1)
and in the regime of separated Landau levels [α <2 accord-
ing to the self-consistent Born approximation (SCBA)] the
relation

~ωc−2Γ < ~ω < ~ωc +2Γ (4)

should be satisfied where Γ = ~ωc[arccos(1 − α) +√
(2−α)α]/2π is the half-width of the Landau levels in

the SCBA with α = π/ωcτq. Beyond these intervals, photon
transitions are absent and resistance corresponds to the dark
value. The lower limit imposes severe constraints for the

observation of high-order FMIROs, see figure 39. There-
fore, high-order FMIROs require another explanation.

Figure 38: (left) FMIROs for 75 and 66 GHz at temperatures
1.4 and 6.5 K at a constant electric field of E=6 V/cm. (right)
Frequency dependent photoresistance: for 90 GHz, all FMIRO
features are quenched.

Figure 39: Fractional MIROs (different symbols) observed be-
tween 45 and 85 GHz, photon energies and the threshold energy
~ωc − 2Γ as functions of the magnetic field. FMIRO features
which are beyond the right border line cannot be described within
the model of stepwise multiphoton absorption.

S. Wiedmann, J.C. Portal
G.M. Gusev (Instituto de Fı́sica da Universidade de São Paulo, SP, Brazil), O.E. Raichev (Institute of Semiconductor
Physics, NAS of Ukraine, Kiev, Ukraine), A.K. Bakarov (Institute of Semiconductor Physics, Novosibirsk, Russia)
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Crossover between distinct mechanisms of microwave photoconductivity in
double quantum wells

Double quantum wells (DQWs) or bilayer electron systems
exposed to microwave (MW) irradiation exhibit a pecu-
liar photoresistance which can be explained by an inter-
ference between magneto-intersubband (MIS) oscillations
and microwave induced resistance oscillations (MIROs).
The microscopic mechanism describing the MIROs at low
temperatures T is associated with a MW-generated non-
equilibrium oscillatory component of the electron distribu-
tion function. The corresponding contribution to magne-
toresistance is proportional to the inelastic scattering time
τin due to electron-electron scattering and decreases with
increasing temperature according to τin ∝ T−2 [Wiedmann
et al., Phys. Rev. B 78, 121301(R) (2008)].

For temperature dependent measurements we have choosen
the frequency range between 55 and 140 GHz and we focus
here on measurements with a fixed frequency (85 GHz) at a
constant MW electric field Eω, see figure 40. For these tem-
peratures, Shubnikov-de Haas (SdH) oscillations are com-
pletely suppressed. The amplitude of enhanced MIS peaks
is not saturated yet for this electric field to ensure that we
are far away from the saturated regime. The estimated elec-
tric field is Eω ' 2.0 V/cm. Figure 40 presents the anal-
ysis of experimental data for different temperatures up to
8 K. The temperature-dependent quantum lifetime τq and
transport time τtr are extracted from dark magnetoresis-
tance measurements if Te ' T . The comparison of exper-
imental magnetoresistance, see model in [Wiedmann et al.,
Phys. Rev. B 78, 121301(R) (2008)], at constant ω and
Eω shows that the theoretical temperature dependence of
inelastic scattering time τin ∝ T−2

e fits well up to 3.5 K. As-
suming that τin = ~εF/λinT 2

e , where λ is a numerical con-
stant of order unity, we can find λin ' 1. Note that the
electron temperature Te is at least 2.8 K (for this choosen
MW electric field) because of heating of electrons due to
microwave irradiation (see also figure 41), but for the lat-
tice temperatures T > 3 K the heating effect is negligible,
Te ' T . By comparing experiment and theory, e.g. fig-
ure 40(c) at T = 6.0 K for 0.1 T < B < 0.2 T, we see that
the inverted MIS oscillations are not resolved in the theo-
retical plot and we have to introduce an enhanced inelastic
scattering time τ∗in with τ∗in = 3.5τin to fit the experimental
results.

The deviation starts at Tc = 4 K, and for Tc > 4 K we obtain
a nearly constant τ∗in ' 190 ps [figure 41]. Similar satura-
tion of τin with increasing temperature at T ' 2 K has been
recently observed in a one-subband system and attributed to
a crossover to the displacement mechanism of photoresis-
tance [Hatke et al., Phys. Rev. Lett. 102, 066804 (2009)].
This explanation is not applicable to our samples because

the quantum lifetime, according to our estimates, is still
much smaller than τin at Te ∼ 4 K. Our theoretical model,
based on inelastic mechanism of MW photoresistance, fails
to describe the obtained oscillation picture for Te > 4 K and
further theoretical studies of MW photoresistance, possibly
involving new mechanisms, are necessary.

Figure 40: Temperature dependence at 85 GHz up to 8.0 K.
Experimental traces (bottom, black) are fitted to the theoretical
model (top, red). With increasing temperature, an enhanced in-
elastic scattering time τ∗in (middle, blue) is necessary to fit experi-
mental traces. SdH oscillations are suppressed for these tempera-
tures.

Figure 41: Inelastic scattering time τ∗in as a function of electron
temperature Te. Deviation from inelastic mechanism occurs for
Te > 4 K, where T -dependence of τin is saturated.

S. Wiedmann, J.C. Portal
G.M. Gusev (Instituto de Fı́sica da Universidade de São Paulo, SP, Brazil), O.E. Raichev (Institute of Semiconductor
Physics, NAS of Ukraine, Kiev, Ukraine), A.K. Bakarov (Institute of Semiconductor Physics, Novosibirsk, Russia)
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Emergent fractional quantum Hall effect in a triple quantum well

Fractional quantum Hall (FQH) effect in a two-dimensional
(2D) electron gas is a consequence of the existence of in-
compressible states at certain fractional filling factors ν of
Landau levels. Bilayer and trilayer systems possess an ex-
tra degrees of freedom and this leads to the appearance of
new FQH states which are not present in single layer sys-
tems. Such correlated states occur if the interlayer electron-
electron interaction, controlled by the ratio of layer separa-
tion to the magnetic length, is comparable to the intralayer
interaction. Correlated states have already been discov-
ered in bilayer systems. In trilayer systems (triple quan-
tum wells, TQWs), correlated states should also exist in a
certain interval of parameters determined by the interlayer
separation, electron density and the magnetic length. Ex-
periments in low-density TQWs have not revealed the states
predicted in [MacDonald, Surf. Sci. 229, 1 (1990)]. A fur-
ther advance in fractional quantum Hall physics is based on
new many-body ground states in multilayer electron sys-
tems which are different from already studied bilayer sys-
tems.

In our experiments we use symmetrically doped GaAs
TQWs with a 230 Å wide central well and equal 100 Å
wide lateral wells coupled by tunneling. The total electron
sheet density is ns = 9 ·1011 cm−2 and the mobility is 4 ·105

cm2/V s. Here we present results with a barrier thickness
of 20 Å. The estimated density in the central well is 30%
smaller than in the side wells. Experiments have been car-
ried out in a diluation refrigerator at low temperatures down
to T ' 50 mK.

In order to observe many-body correlations one have to
increase the localization of electrons by applying an in-
plane magnetic field. This in-plane magnetic field adds an
Aharanov-Bohm phase to the tunneling amplitude which
causes oscillations of the tunnel coupling between electron
states in the layers and a suppression of this coupling for
low Landau levels (LLs) [G.M. Gusev et al., Phys. Rev. B
78, 155320 (2008)]. This effect, which is a single-particle
phenomenon, can be seen in figure 42(a) in the plot of Rxx
in the tilt angle - perpendicular magnetic field plane for the
second LL at filling factors ν=7, 9 and 10 which vanish and
reappear with increasing tilt angle. In this sample, frac-
tional quantum Hall states also occur with filling factors
ν=17/3, 16/3 and 8/3 up to 15 T.

Now, we focus on integer filling factor ν=4 where a com-
plete suppression of the resistance is observed at Θ ' 40◦

whereas the state at ν=5 remains robust with increasing
tilt angle. The corresponding parallel magnetic field cor-
responds to the situation where the exponential suppression

of the tunneling gap is expected. Now electron motion is
confined into a single layer and correlation of eletrons in
nearby layers can lead to new states. In fact, when the sam-
ple is tilted to an angle Θ > 45◦, three new minima occur
in Rxx and Hall resistance exhibits precursors of the corre-
sponding quantized plateaus. In figure 42(b) we presented
the situation where three new fractional states are devel-
oped. Within an accuracy of 2%, the plateau at B⊥ '10.2 T
corresponds to the filling factor ν=10/3. The same effect
occurs for filling factor ν=2 [Gusev et al., Phys. Rev. B 80,
161302(R) (2009)].

To summarize, the observation of the collapse of integer
filling factors ν=4 and ν=2 and the emergence of new FQH
states with increasing in-plane magnetic field can be at-
tributed to new correlated states in a trilayer electron sys-
tem because these states occur when the in-plane magnetic
field suppresses tunneling and multilayer many-body corre-
lations become possible.

Figure 42: (a) Longitudinal magnetoresistance in the tilt angle–
magentic field plane for a TQW with a barrier width of 2.0 nm.
Minimum for ν=4 is suppressed and three new FQH states occur.
(b) Longitudinal and Hall resistance at Θ = 0◦ (dashed line) and
Θ = 49◦ (solid) for T =50 mK.
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Reentrant fractional quantum Hall states in a triple quantum well

Triple quantum wells (TQWs) consist of three quantum
wells separated by thin barriers and can be considered as
three parallel two-dimensional (2D) electron layers cou-
pled by tunneling. The corresponding Landau level (LL)
fan diagram for TQWs consists of spin-split LLs sepa-
rated by energy gaps which are described by the expression
~ωc(N +1/2)±∆Z/2+E j, where ~ωc is the cyclotron en-
ergy, ∆Z the Zeeman energy, and E j ( j = 1,2,3) the en-
ergies of quantization in the TQW potential. Within the
tight-binding model [Hanna et al., Phys. Rev. B 53, 15981
(1996)] these energies as well as the corresponding single-
electron wave functions can be estimated. An in-plane mag-
netic field adds an Aharonov-Bohm phase to the tunneling
amplitude which causes oscillations of the tunnel coupling
between electron states in the layers and suppresses the tun-
nel coupling for low LLs. Here, we investigate fractional
quantum Hall (FQH) around total filling factor ν=5/2.

We have studied symmetrically doped GaAs TQWs with a
230 Å wide central well and equal 100 Å wide lateral wells.
The total electron sheet density is ns = 9× 1011 cm−2 and
the mobility is 4× 105 cm2/V s. The estimated density in
the central well is 30% smaller than in the side wells. All
measurements have been carried out in a resistive magnet
at a temperature of T ' 100 mK up to 34 T.

Figure 43 presents our main observation: the FQH state
ν =7/3 first disappears with increasing tilt angle, is then re-
placed by an emergent ν = 12/5 state and exhibits a reen-
trance for Θ = 55◦ with a very wide plateau. We explain
this behavior by the influence of perpendicular and paral-
lel magnetic fields. The perpendicular field leads to a con-
secutive depopulation of the subbands whereas the paral-
lel component is responsible for a decrease of the subband
gaps due to suppression of tunnel coupling. If tunnel cou-
pling is present, we have always gaps between subbands.
When tunnel coupling is cut off by the in-plane field, the
depopulation of the upper subband is accompanied by a de-
crease of the separation between the upper and the lower
subbands, as a result of modification of the TQW potential
profile owing to electron redistribution, until subbands start
to overlap. The overlap effect is essential for total filling
factors ν < 5/2. We estimate that the depletion of the upper
subband down to partial filling factor ν3 = 1/3 corresponds
to a strong overlap whereas the depletion to ν3 = 2/5 corre-
sponds to a weak overlap. This gives rise to a suppression
of ν = 7/3 and the emergence of a more favourable plateau
at ν = 12/5 but the reentrance of ν = 7/3 with increasing tilt
angle cannot be attributed within this model, and is possibly
related to enhancement of electron-electron correlations by
the parallel magnetic field [Gusev et al., Phys. Rev. B 80,
161302(R) (2009)].

An interesting behavior is observed in the region between
filling factors 2 and 5/2, see figure 44. Several new plateaus
occur which are absent for B‖=0 T. The exact origin of the
emergent and reentrant plateaus at fractional filling factors
is still not clear. We believe that this phenomenon involves
correlation of electron states in several (three) partially pop-
ulated subbands. Further studies are needed to understand
the nature of FQH effect in TQWs.

Figure 43: Longitudinal and Hall resistance for Θ = 0◦ (dashed),
Θ = 46.3◦ (red/gray) and Θ = 55◦ (blue/dark grey) present reen-
trance of the FQH state ν=7/3 and the appearance of the emergent
FQH state ν=12/5.

Figure 44: Hall resistance Rxy as a function of B⊥ at 100 mK
for different tilt angles. Plateau ν=7/3 fist dissappears and is re-
placed by ν= 12/5 with increasing tilt angle. For Θ = 49.5◦, ν=7/3
exhibits reentrant behavior. Several new FQH states occur.
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Magneto-intersubband oscillations in multilayer electron systems

Two-dimensional (2D) electron systems with several oc-
cupied subbands exhibit magneto-intersubband (MIS) os-
cillations due to the modulation of intersubband scattering
probability when Landau levels of different subbands are
aligned. In contrast to Shubnikov de Haas (SdH) oscilla-
tions, the MIS oscillations are only weakly damped with in-
creasing temperature. Recently, MIS oscillations have been
observed and investigated in double quantum well systems
which consist of two quantum wells coupled by tunneling
[Mamani et al., Phys. Rev. B 77, 205327 (2008)]. The final
step is now a theory generalized to the multi-subband case
with N layers which is presented in this report, experimen-
tally verified in triple quantum wells (TQWs).

We have studied symmetrically doped GaAs TQWs with
a total electron sheet density ns = 9× 1011 cm−2 and mo-
bilities of 5× 105 cm2/V s. In a perpendicular magnetic
field, Landau levels (LLs) pass sequentially the Fermi en-
ergy and the LL staircase associated with each subband is
sketched in figure 45(a) as well as a FFT analysis allow-
ing us to extract the corresponding energy gaps. We have
found ∆12 = 4.0 meV, ∆13 = 5.4 meV and ∆23 = 1.4 meV
for a TQW with db = 14 Å . The theory is generalized to
the multi-subband case [Wiedmann et al., to be published
in Phys. Rev. B (2009)]. Here we present the MIS con-
tribution to resistivity (second order quantum contribution).
We use a simplified approximation that partial subband oc-
cupations n j, transport scattering rates νtr

j j′ , and quantum
lifetimes τ j are equal to each other (τ j = τq). Due to high
total density and strong tunnel coupling, this approximation
is reasonable for our system. In the regime of classically
strong magnetic fields, we obtain the magnetoresistance for
N=3 in the form
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)]
, (5)

where d = exp(−π/ωcτq) is the Dingle factor. This theoret-
ical model is in a good agreement with our observations and
confirms also the value of the energy gaps ∆ j j′ . The magne-
toresistance in equation (5) is calculated assuming that the
scattering potential is essential only in the side wells since
growth technology implies that most of the scatterers reside
in the outer barriers.

In figure 46 we present temperature dependence of MIS
oscillations and the extracted averaged quantum lifetime.
SdH oscillations are suppressed for T >4.2 K. The behav-
ior of τq follows a T 2-dependence and this is attributed

to electron-electron scattering which becomes essential for
T >2.0 K. The result is in good agreement with experimen-
tal observations in single or bilayer systems, indicating that
the sensitivity to electron-electron scattering is the funda-
mental property of magnetoresistance oscillations originat-
ing from second-order Dingle factor.

Figure 45: Landau level staircase for a three-subband system and
picture of a TQW with three occupied subbands (1,2,3). (b) FFT
spectra for the TQW with a barrier thickness of db = 14 Å .

Figure 46: (a) Temperature dependence of MIS oscillations and
(b) extraction of averaged quantum lifetime as a function of tem-
perature for samples with db = 14 Å . For 4.2 K, SdH oscillations
are completely suppressed for B≤0.6 T.
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Interference of fractional microwave induced resistance oscillations with
magneto-intersubband oscillations in a bilayer system

Microwave induced resistance oscillations (MIRO) which
evolve into “zero resistance states” (ZRS) in high mobility
samples and for a sufficiently high microwave power are
currently both under experimental and theoretical investi-
gation. They are governed by the ratio of the radiation fre-
quency ω to the cyclotron frequency ωc = eB/m∗, where
m∗ is the effective mass of the electrons. With increas-
ing microwave (MW) power, fractional MIROs (FMIROs)
are observed which can be described by ε = ω/ωc = n/m
with integer n and m and m ≥2. If a double quantum well
(DQW) is exposed to microwave irradiation, photoresis-
tance differs from the single-subband case because of ad-
ditional intersubband scattering. MIS oscillations are in-
creased/decreased or show an inversion (peak flip) for low
frequencies. The oscillating magnetoresistance is caused by
an interference of the physical mechanisms responsible for
the MIS oscillations and conventional MIRO, strongly cor-
related with microwave frequency. It has also been found
that the inelastic mechanism explains photoresistance mea-
surements in a two-subband system at low temperatures
[Wiedmann et al., Phys. Rev. B 78, 121301(R) (2008)].

In this contribution we report on experimental and theoret-
ical studies of interference between MIS oscillations and
FMIROs. In a certain temperature range (8 K<T<12 K),
MIS oscillations exhibit a ”modulation” for several MIS
peaks for ω > ωc. We have found that the particular be-
havior of several MIS peaks in the experiment can be at-
tributed to an interference of MIS oscillations and FMIROs.
Balanced DQWs with a mobility of µ' 1.3×106 cm2/V s
and a high total sheet electron density ns ' 1012 cm−2 have
been investigated. Since the barrier width db is related to the
strength of MIS oscillations, we focus on two wafers with
db=14 Å where we extracted a subband separation from the
periodicity of low-field MIS oscillations ∆12 = 3.35 meV
(wafer A) and ∆12 = 3.05 meV (wafer B), respectivly. With
increasing barrier width, MIS oscillations weaken until we
find single well behavior (conventional MIROs which can
be observed in quantum wells with one occupied subband).

The observation of FMIRO/MIS-interference occurs in a
very narrow window and is based on three conditions found
in experimental studies: (i) enhanced MIS peaks due to
MW irradiation, (ii) an elevated MW power where FMIROs
can occur and (iii) high temperature. These conditions are
satisfied in the frequency range between 62 and 75 GHz,
and for an electric field of E '4 V/cm and at temperatures
8 K<T<12 K. Note that Shubnikov-de Haas (SdH) oscilla-
tions are already suppressed for these temperatures and low
magnetic fields. It is worth noting that for these tempera-
tures, cyclotron resonance (CR) also superimposes MIS os-
cillations, marked with a dashed line in both figures as well

as FMIRO ε=1/2. Figure 47 first presents power dependent

measurements at 66 GHz with decreasing MW power from

0 to -5 dB. A modulation only occurs for 0 ('4 V/cm) and -

1 dB. The temperature range where interference of FMIROs

and MIS occurs is illustrated in figure 47 for the same fre-

quency and MW electric field but with another ∆12. Theo-

retical calculations confirm the interference of FMIROs and

MIS oscillations in DQWs.

Figure 47: Power dependence of photoresistance in DQWs at
66.6 GHz and 8 K. Enhanced MIS oscillations are superimposed
on cyclotron resonance and FMIRO ε=1/2 (modulation in MIS os-
cillations). SdH oscillations are suppressed for this temperature.

Figure 48: Photoresistance at a constant electric field
(E '4 V/cm) for different temperatures. Interference occurs for 8,
10 and 12 K (corresponding MIS peak is marked with an asterix
at 0.3 T). SdH oscillations are suppressed for these temperatures.
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Microwave photoconductivity in multilayer systems: triple quantum wells

Two-dimensional (2D) systems exposed to microwave
(MW) irradiation in the presence of a weak perpendicu-
lar magnetic field have attracted much experimental and
theoretical interest over the past years. In systems with
one occupied subband, the magnetoresistance exhibits
microwave-induced resistance oscillations (MIROs), which
are governed by the ratio of the radiaton frequency ω to
the cyclotron frequency ωc and evolve into “zero-resistance
states” for elevated MW intensity and ultrahigh mobility.
MIROs have also been investigated in systems with two oc-
cupied subbands (double quantum wells, DQWs), where
the magneto-intersubband (MIS) oscillations are observed
in the absence of microwave irradition. The MIS reso-
nances occur when different Landau levels of the two sub-
bands are sequentially aligned by the magnetic field. The
most interesting aspect of two-subband systems is the inter-
ference between MIROs and MIS oscillations, which leads
to a peculiar magnetoresistance pattern [Wiedmann et al.,
Phys. Rev. B 78, 121301(R) (2008)].

We present in this contribution the interference of MIS and
MIROs which is theoretically studied in multilayer elec-
tron systems and experimentally confirmed in high-density
triple quantum wells (TQWs). The dissipative resistivity in
the presence of MW irradiation is given by

ρ
MW
d = ρd +ρin +ρdi, (6)

where ρd is the dark resistivity. ρin and ρdi are the
microwave-induced contributions due to inelastic [Dmitriev
et al., Phys. Rev. B 71, 115316 (2005)] and displacement
mechanism with the dominance of the inelastic contribution
at low temperature because of τin ∝ T−2. In a simplified
approach and for the case of three layers (N=3), we assume
that the partial densities n j, transport scattering rates νtr

j j′ ,

and Dingle factors d j = e−π/ωcτ j , where τ j is the quantum
lifetime for subband j, are equal to each other (d j = d).
Then, neglecting the SdH oscillations, one can write the
magnetoresistance in the form:
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which describes both the contribution of MIS oscillations
governed by the intersubband energy gaps ∆ j j′ and modi-
fication of the quantum part of the resistivity by the MW
irradiation, given by a dimensionless factor

Aω =
Pω(2πω/ωc)sin(2πω/ωc)

1+Pω sin2(πω/ωc)
. (8)

In figure 49 we compare symmetrically doped GaAs TQWs
with a total electron sheet density of ns = 9×1011 cm−2, a
mobility of 5×105 cm2/V s with a central well width of 230
Å and side wells widths of 100 Å to the theoretical model in
equation (7). The barrier thickness is db = 14 Å. The MW
electric field is slightly varied around 3.2 V/cm.

The MIS oscillation picture in TQWs is more compli-
cated because of the presence of three subbands with en-
ergies ε j ( j = 1,2,3). The periodicity of the MIS oscilla-
tions is determined by several subband separation energies
∆ j j′ = |ε j−ε j′ |. Therefore, if such a TQW is exposed to mi-
crowave irradiation, MIS oscillations also change its oscil-
lation picture, correlated with the radiation frequency. The
theoretical model generalized to the multi-subband case is
in agreement with experimental results for N=3.

Figure 49: Measured (upper panel) and calculated (lower panel)
photoresistance of a TQW with a barrier thickness of 14 Å ex-
posed to MW irradiation at a lattice temperature of 1.4 K. The
cuvres for 70, 110 and 170 GHz are shifted up for clarity.
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Hole cyclotron resonance in a two-dimensional semimetal

Recently a two-dimensional (2D) semimetal was discov-
ered in undoped HgTe quantum wells (QWs) with (013)
surface orientation. This semimetal exists due to the fea-
ture of size quantization in (013) surface oriented HgTe
quantum wells with inverted band structure with a thick-
ness of thickness 18-21 nm. It was established that the en-
ergy spectrum of this system is determined by the overlap
(about 10 meV) of the electron energy dispersion curve with
a minimum in the center of the Brillouin zone and the va-
lence band with two maxima along [0-31] direction [Kvon,
et al., JETP Lett. 62, 502 (2008)]. It was also shown that
in such QWs a simultaneous existence of 2D electrons and
holes with densities of about 1011 cm−2 and high mobility
of both 2D electrons µn = (3− 6)× 105 cm2/V·s and 2D
holes µp = (3− 10)× 104 cm2/V·s can be realized. So in
this report we present the results of the first experimental
study of hole cyclotron resonance (CR) in a 2D semimetal.

Figure 50: Cyclotron resonance of holes: a, photoconductiv-
ity Gph vs magnetic field B for three different frequencies of mi-
crowave radiation and b, photoconductivity peak position Bh

CR vs
frequency of microwaves.

In the present work CR was studied in photoconductiv-
ity measurements. The samples were in Hall bar geome-
try fabricated on the basis of undoped (013)-grown 20 nm
thick CdxHg1−xTe/HgTe/CdxHg1−xTe QWs with x = 0.75.
Electron and hole densities (Ns, Ps) and their mobility (µn,
µp) were found from Hall data to have the following val-
ues in the samples studied: Ns = (4− 5)× 1010 cm−2 and
µn = (5− 6)× 105 cm2/V·s; Ps = (1− 1.3)× 1011 cm−2

and the mobility µp = (3.5− 6.6)× 104 cm2/V·s. These
Hall bars were exposed to microwave irradiation in the fre-
quency range from 80 to 170 GHz. Photoconductivity Gph

was measured using modulation technique and in magnetic
fields up to 6 T and at temperatures from 1.4 K to 4.2 K.

Cyclotron resonance in the system studied arises because
of the heating of 2D electrons or holes caused by a resonant
increase of the absorption of microwave radiation at pho-
ton energies equal to the distance between Landau levels.
So the dependencies of the photoconductivity on magnetic
field Gph(B) should be a curve with a sequence of maxima
and minima where the position depends on photon energy
and type of carries. In the studied range of microwave fre-
quencies and magnetic fields, we resolved cyclotron reso-
nances for holes only. CR of electrons was not observed
because of a considerably smaller effective mass and CR
was situated too close to zero magnetic field. For obser-
vation of electrons CR one should use higher microwave
frequencies.

The results of photoconductivity Gph measurements are
shown in figure 50(a). One can see that measured signal
Gph(B) is the wide resonance with a certain maximum at
B = 0.83 T for a frequency of f = 120 GHz. The depen-
dence of the position this maximum on the frequency is
presented in figure 50(b). The hole effective mass found
from the positions of the CR peaks is mp = (0.19±0.01)m0.
This is the first measurements of hole effective mass in 2D
semimetal in HgTe QWs. It is interesting to compare mea-
sured hole mass with electron mass me = 0.025×m0 in
the HgTe metallic state [Kvon, et al., Physica E 40, 1885
(2008)]. As expected, hole effective mass is ≈ 7−8 times
bigger than electron effective mass.
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Electron-Phonon Interactions in a single modulation doped Ga0.24In0.76As/InP
Quantum Well

Absolute magneto-transmission experiments, as a function
of the magnetic field B up to 13 T, have been performed
on a series of single modulation doped Ga0.24In0.76As/InP
Quantum Well (QW) with a width dw = 10 nm. The car-
rier concentration Ns is monitored by experimental condi-
tions from (2− 4.2)× 1011 cm−2 with mobilities ranging
from 105cm2/Vs to 2×105cm2/Vs respectively. In terms of
phonons the mixed compound GaxIn1−xAs is a two mode
system with two transverse optical (TO) phonons varying
linearly with the x content between those of InAs and GaAs
whereas the two longitudinal optical (LO) phonons are cou-
pled by the macroscopic electric field. As such the “longitu-
dinal oscillator strength” related to the Fröhlich interaction
is partly transferred from the lower energy LO mode to the
higher one (Nash et al. Semicond. Sci. Technol. 2,329
(1987)).

The transmission spectra are simulated for different values
of B with a multi-dielectric model (Bychkov et al. Phys.
Rev. B 70,85306 (2004)). In the simulation process the
dielectric function of the doped QW is expressed as:

εxx(ω,B) = εphonon−
ω2

p/dw
ω[ω− (ω0−Re(Σ))+ ı(η+ Im(Σ))]

where ω2
p, the square of the plasma frequency is a function

of Ns. ωc = ω0−Re(Σ) is the observed cyclotron resonance
(CR) frequency and δ0 = η + Im(Σ) the effective damping
parameter. Besides the known dielectric parameters enter-
ing into the expression of phonons for all layers, the only fit-
ting parameters for each value of B are ωc and δ0. In the ab-
sence of any specific interaction, which will give rise to the
self energy Σ(ω), the spectra are well simulated with ω0(B)
which takes into account non-parabolicity and with the
damping parameter η reflecting the non-resonant interac-
tion with background impurities. Im(Σ(ω)) and Re(Σ(ω))
should be related by the Kramers-Krönig (KK) transfor-
mation. We focus this report on the results obtained for
the fitted values of δ0 as a function of the energy ~ωc.
These results are displayed in Figure 51 for a given sample
and different carrier concentrations. Whereas δ0 remains
small for CR energies lower than the phonon energies of
Ga0.24In0.76As, it increases noticeably when entering the
energy range of these phonons.

For the higher Ns values, the data can be fitted with
Im(εphonon) as shown in figure 52 if we increase the broad-
ening of phonons due to strain effects. This clearly demon-
strates that the interaction occurs at the TO modes with
the mechanism of the deformation potential. When Ns

decreases an additional interaction sets in (figure 51) and
clearly follows the expected interaction by polaronic effects
with the LO modes. The relative strength of this interaction,
mimicked by Im(−1/εphonon), is displayed in figure 52.

Figure 51: Variation of δ0 with the energy (~ωc) for different
carrier concentrations Ns in units of 1011cm−2.

Figure 52: Fit of δ0−η (blue line) for data with Ns = 4.2×1011

cm−2 (red stars). The Imaginary part of the εphonon and
−1/εphonon are displayed as green and magenta lines respectively.

Whereas the simulation with the TO interaction is rather
trivial, that with the polaronic effects requires to fit the evo-
lution of δ0 at energies much higher than the LO energies
(C. Faugeras et al. Phys. Rev. B 80, 073403 (2009))which
correspond to data obtained at higher fields.

Nevertheless, without any further information, this system
appears to be unique to identify and even quantify the dif-
ferent types of electron-phonon interactions occurring in a
quasi-two dimensional electron gas.
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Temperature effect on Coulomb pseudogap in electron tunneling between
Landau-quantized two-dimensional gases

The pseudogap is common effect for the tunnel structures
with two-dimensional layers. It is revealed as in high-TC
superconductors so in semiconductor heterostructures. Ex-
perimentally a pseudogap is observed as a suppression of
the tunnel current at the low bias voltage [Eisenstein et
al., Phys. Rev. Lett. 69, 3804 (1992)] or an additional
high voltage shift of the resonant current peak in the I-V
curve [Popov et al., JETP, 102, 677 (2006)]. In this case
no signature of the gap is revealed in the lateral electron
transport in the two-dimensional electron gas (2DEG). The
origin of the pseudogap is still under investigation. For ex-
ample there is an inhomogeneneous model [Fogler et al.,
Phys. Rev. B, 54, 1853 (1996)], in which a 2DEG is seg-
regated on two phases with different integer filling factors
due to the screened Coulomb interactions of the electrons.
The electron spectrum is very different in the each phase
due to the different value of exchange enhancement of spin-
splitting of the Landau levels (LL). Hence in the average
tunnel spectrum one should to observe two maxima cor-
responded to the spin-split LL. This model can explain the
resonance splitting but not the high-voltage shift of the reso-
nance observed in the tunnel junction between 2DEGs with
different electron concentrations. In other models the elec-
tron tunneling is considered as an instant event compared
with the energy relaxation of the whole 2DEG. This means
the tunneling electron should have some extra energy or en-
ergy of the pseudogap to organize its relaxation. Several
types of the collective relaxations had been considered such
as composite fermion scattering and magnetoroton excita-
tions.

The schematic conduction-band-bottom diagram of the tun-
nel diode is shown in the insert (a) in figure 53 with the
quantum subband levels in the 2DEGs. The parameters
of the 2DEGs are the following: the concentration of the
2DEG with the level E01 is n1 = 4×1011 cm−2; the concen-
tration of the 2DEG with level E02 is n2 = 6× 1011 cm−2.
The tunnel characteristics were measured at liquid 3He tem-
peratures ranged from 0.5 K up to 1.5 K. Current peak
or the second derivative minimum corresponds to the first
coherent resonance at the bias voltage Vr = 6.5 mV, i.e.,
E01(Vr) = E02(Vr). The second derivative maximum at
Vs = −14 mV associates with the second resonance, i.e.,
E01(Vs) = E12(Vs). In the magnetic field directed perpen-
dicular the 2DEG planes the resonant features had been
shifted in voltage position (see square symbols showing po-
sitions Vr in figure 53). This voltage shift consists of two
part: first is the single-particle one that can be described in
the single-particle model (see sections of lines in figure 53)
and the second part is the pseudogap shift ∆V . The pseudo-
gap shift have been studied at temperature from 0.5 K up to

10 K and unexpectable strong temperature dependence has
been revealed at the high magnetic field B > 12 T at low
temperatures T < 2 K. This can be seen from insert (b) in
figure 53 where the pseudogap shifts are shown by square
symbols for T = 1.6 K and by circles for T = 0.5 K. It is
interesting to note that the temperature dependence takes
place at the fields when the cyclotron energy exceeds the
intersubband one. This observation is accompanied by the
decreasing of the pseudogap growth (see insert (b) in fig-
ure 53) and decreasing of the pseudogap shifts of the elastic
replicas. All this facts point on that the psedogap is form-
ing influenced by intersubband plasmons. To date there is
no theory considering such kind of effects.

Figure 53: Topography map of the second current derivative as
a function of a bias voltage and magnetic field. The experimen-
tal values of the resonant voltage Vr are shown as squares. The
values calculated in the single-particle model are shown as sec-
tions of lines. In the insert (a) the diagram of the conduction-band
bottom are shown with levels in the quantum wells. The diagram
is shown for zero bias and zero energy corresponds to the Fermi
level. In the insert (b) the pseudogap shift ∆V is plotted versus
magnetic field as squares for T = 1.5 K and circles for T = 0.5 K.

S. Wiedmann, J.-C. Portal
V.G. Popov (Institute of Microelectronics Technology of RAS, Chernogolovka, Moscow district, Russia)
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On the trigonal field acting at the Cr3+ (2E states) in Ruby

As the magnetic field breaks the time-reversal symmetry,
magneto-optical spectroscopy allows to unravel details in
transition-metal ions electronic structure by producing effi-
cient lifts of degeneracy. In particular, interaction between
electronic spin and orbital magnetic moments with an ap-
plied magnetic field B yield a splitting of electronic states,
namely the well-known Zeeman effect.

Figure 54: Typical magneto-photoluminescence spectrum at high
pressure (5 GPa) and high field (56 T). Eight major peaks (A-H)
are recorded. Logarithmic intensity scale enhances the visibility
of the four weaker peaks (a-h). (b) Zeeman energy splitting fan
chart highlighting the two pairs of peaks (BC) and (FG) giving di-
rect access to ∆1 and ∆2 the intrinsic splitting factor of the excited
states related to the trigonal field component.

We have reported high-field magneto-optical measurements
under high pressure on ruby single crystals up to 10 GPa
and 56 T [Millot et al., Phys. Rev. B 78, 155125 (2008)].

Representative results are shown in figure 54. In particular,
the observed splitting in very high field above 50 T unveils
the existence of two parameters ∆1 and ∆2; the deviation of
the excited state Landé factor from the value of the ground
state factor g0 (see figure 55). Under high pressure, these
coefficients exhibit a significant linear increase that unveils
an unexpected increase of the trigonal field under pressure.
The relative enhancement of the trigonal field matrix ele-
ment < k|=< t2g|Vtr|t2g > is 6.2×10−3 /GPa.

In fact there are two contributions to the pressure depen-
dence of the trigonal crystal-field energy. The first one is
explicit and positive and scales with the trigonal coordinate
Qt , whereas the second term depends implicitly on the evo-
lution of the system sensitivity to the trigonal distortion i.e.
on the changes of the coupling parameter with pressure at a
constant Qt value. Crystallographic data under pressure on
pure Al2O3 allows to assume that the crystal is homotheti-
cally contracted and therefore the distortion is reduced as it
scales with the a lattice parameter.

Figure 55: Zeeman splitting of ground state and first excited
states of ruby. Observed emission lines are described by allowed
(solid arrows) and forbidden (dashed arrows) dipolar absorption
transition

Then the observed variation is consistent with the present
model and reflects the increase of the trigonal coupling pa-
rameter with pressure, its dependence being proportional to
R−n with n = 5. This value agrees with the exponent de-
rived from crystal-field theory but in the present case is ob-
tained empirically from magneto-optical spectroscopy, and
constitutes the first experimental evidence of a R−5 law.

M. Millot, S. George and J.M. Broto
J. Gonzalez and F. Gonzalez (DCITIMAC, Santander, Spain)
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Mobility spectrum analysis in InN:Mg

The mechanism of electrical conductivity and the possible
occurrence of superconductivity in InN remains the subject
of considerable controversy. All recent Hall measurements
of InN samples doped with Mg or Be acceptors give a sign
for the Hall voltage appropriate for electrons. This anoma-
lous result is presumably due to the presence of an n-type
surface inversion layer. One of the method used to detect
the expected presence of multi-carrier conduction in the
InN system is the measurement of the resistivity tensor as a
function of magnetic field to perform a quantitative mobil-
ity spectrum analysis. In the case of InN:Mg such an anal-
ysis should in particular give the signs of the contributions
originating from electrons and holes if both are present.

However, in the case of InN:Mg this is a challenging mea-
surement since the mobility of holes is probably very low
and comparable with that of the surface electrons. In addi-
tion, the samples are inhomogenous and unfortunately, they
can be measured only in the van der Pauw configuration
because etching of InN samples to produce Hall bars still
poses a problem. All this makes it difficult to obtain pre-
cise absolute values of the ρxx and ρxy resistivity compo-
nents, which is indispensable for a reliable mobility spec-
trum analysis. Moreover, even for strictly n-type samples
there often appears in the mobility spectrum the so called
“ghost holes” which can lead to errors in the interpretation
of the results. Thus, an appearance of a hole peak in the
mobility spectrum is not necessarily a reliable signature of
the real presence of holes in a sample.

We have performed a systematic investigation of 11
InN:Mg samples with Mg-doping from 6× 1018cm−3 to
7.3× 1020cm−3 together with 3 undoped (n-type) InN ref-
erence samples. Our previous preliminary measurements
with two van der Pauw configurations and magnetic field
up to 19 T showed hole peaks in mobility spectrum anal-
ysis but it was problematic to find a reasonable correlation
between the mobility spectra and the nominal Mg-doping.

Our recent measurements show that only all possible per-
mutations of configurations of current and voltage probes
and both polarities of the magnetic field up to 28 T gives
reliable results. Figure.56 presents typical ρxx and ρxy
traces as a function of the magnetic field. In figure 57 we
present the results of mobility spectrum analysis for a se-
ries of samples with increasing Mg content (from 6×1018

to 4.2×1020cm−3) for the samples E1003 to E1041 respec-
tively). The obtained series of spectra correlates well with
the measurements of thermoelectric power performed on
the same set of samples (only sample E1053 for which hole

peak is higher than electron peak revealed a positive sign
for the thermopower). It also agrees very well with the con-
clusion that only for moderate Mg content can free holes
really be detected in InN:Mg, while for higher doping the
formation of donor-like defects (in agreement with ampho-
teric defects model) makes the sample progressively more
and more n-type.

Figure 56: Magnetic field dependence of a resistivity tensor com-
ponents ρxx and ρxy of the E1053 sample

Figure 57: Mobility spectrum analysis of a series of InN:Mg sam-
ples with increasing Mg content (from E1053 to E1041, respec-
tively).

D.K. Maude
L. Dmowski (Institute of High Pressure Physics, Warsaw), L.Konczewicz (GES-UM2, Montpellier), M.Baj (Institute of
Experimental Physics, University of Warsaw)
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Cyclotron effective mass measurements in Indium Nitride

Among the group III-nitride materials, the electronic struc-
ture of InN is matter of continuing debate despite sig-
nificant progress during the last decade in understanding
the band structure, as the revision of its band gap energy
from 1.8− 2.1 eV to 0.7 eV. So far, band parameters are
mostly derived from indirect methods of limited accuracy
such as infrared reflectivity measurements. For instance,
the values of the effective mass remain scattered in a wide
range from 0.044 m0 to 0.093 m0. Moreover, a strongly
anisotropic electronic structure of the bulk crystal has been
claimed to explain Shubnikov-de-Haas (SdH) oscillations
and magneto-optical properties. To date, the synthesis of
highly pure InN single crystals remains a challenge and, in
addition, most measurements are affected by the presence
of an intrinsic low mobility surface and/or interface electron
accumulation layer that opens parallel conduction channels.

We have recently performed the first measurement of the
bulk electron cyclotron effective mass by Landau levels
spectroscopy: the most direct approach to measure effec-
tive masses. To derive the mass, we have used the temper-
ature dependence of the SdH oscillation amplitudes mea-
sured under magnetic field up to 60 T in the temperature
range 2− 70 K. A set of InN samples 1 µm thick having
Hall concentrations 2− 3− 6× 1018 cm−3 has been inves-
tigated. We found an isotropic electron cyclotron effective
mass equal to 0.062±0.002 m0 but the highest doped sam-
ple exhibits a puzzling anisotropy.

In the present study, we find a single SdH series (see fig-
ure 58) for magnetic field parallel to the c-axis in con-
trast with [Inushima et al, Phys. Rev. B 72, 085210
(2005)] where an additional SdH series at higher frequency
is reported for a sample with a similar Hall concentration
nH = 2.2× 1018 cm−3. Our single series behaves like the
main series of this previous study and keeps the same period
when the magnetic field is tilted towards a direction perpen-
dicular to the c-axis. Consequently, this series accounts for
an isotropic bulk Fermi surface as stated in this work. On
the other hand since 2D-surface accumulation series are not
evidenced, one may suggest that the surface electrons have
a low mobility that broadens the 2D-Landau levels and/or
inhomogeneous electron concentration causing Fermi level
fluctuations that washes out the oscillations.

Taking into account non-parabolicity corrections the bot-
tom band effective mass is

m∗0 = m∗
[

1− EF

Eg
(

m∗

m0
−1)2

]
, (9)

and takes the value m∗0 = 0.057 m0. Another correction to
be taken into account is the polaron contribution. Assuming

an isotropic electron-LO phonon coupling constant in InN,
α = 0.22, the polaron mass is

m∗P =
m∗P
m∗

= (1+α/12)/(1−α/12). (10)

One finds a 4% correction that finally gives the bare mass
at the bottom of the conduction band equal to m∗0 = 0.055±
0.002 m0. The band parameter Ep in the dispersion relation
(1) thus becomes Ep = 12 eV , with Eg = 0.69 eV.

Figure 58: (a) Resistance versus magnetic field for the three sam-
ples S1, S2 (left scale) and S3 (right scale) measured at 2 K. (b)
SdH oscillations versus reciprocal magnetic field obtained from
the magnetoresistance curves; a parabolic back-ground contribu-
tion has been subtracted and all curves have been shifted vertically
for clarity. (c) Temperature dependence of the oscillation ampli-
tude for SdH peaks with N = 3 and N = 4 Landau level index
(sample S1)

To summarize, electron cyclotron effective mass of InN on
c-sapphire substrate is obtained from the temperature de-
pendence of Shubnikov-de Haas oscillations. An isotropic
cyclotron effective mass equal to 0.062±0.002 m0 is mea-
sured for samples having bulk electron concentration in the
range 1− 4× 1018 cm−3. After non-parabolicity and po-
laron corrections, the effective mass at the bottom of the
band is found to be m∗0 = 0.055 m0±0.002.

J.M. Poumirol, M. Millot, M. Goiran and J. Leotin
W. Walukiewicz (Lawrence Berkeley National Laboratory, Berkeley, USA) and I. Gherasoiu (RoseStreet Labs Energy,
Phoenix, USA)
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Oscillatory magneto-absorption under pressure in Indium Selenide

Indium selenide is a layered semiconductor widely investi-

gated in the last decades for its potential optoelectronic ap-

plications characterized by an anisotropic anomalous band-

structure due to the balance between covalent and van der

Waals bonds. Various experiments have revealed a puzzling

behavior for the electron effective mass.

Figure 59: Oscillatory magneto-absorption spectroscopy color
plot of InSe measured at 4 K up to 53 T. The excitonic ground
state feature is clearly distinguishable around 1.34 eV as well as
interband Landau level transition which energy increases linearly
with the applied magnetic field.

Figure 60: Interband Landau fan chart recorded in the diamond
anvil cell.

Modern ab-initio band structure calculations by NAO-DFT
combined with optical measurements under high pressure
have explained this anomaly and have also unveiled new
interesting features such as the onset of a ring-shaped va-
lence band maximum above 2 GPa. In fact, a specific k.p
model has recently been proposed for this class of layered
semiconductors [Segura et al., Phys. Stat. Solidi B 235(2),
267276 (2003)].

Oscillatory magneto-absorption spectroscopy measure-
ments under high pressure yield a very deep insight into
the unusual electronic properties of this compound. We ob-
tained for the first time clear signature of the Landau quan-
tization in a wide energy range above the fundamental gap,
giving access to the conduction band non-parabolicity (fig-
ures 59 and 60). In addition, the high field regime for the
excitonic feature has been studied.

The pressure dependence of the magneto-fingerprints un-
veil an increase of the reduced effective mass similar with
the evolution of the second gap transition, which confirms
the main hypothesis of the specific k.p model. More-
over, the reentrant behavior of the pressure-quenched ex-
citon peak under high magnetic field (figure 61) unveils an
unusual ring-shaped valence band maximum with a small
hole effective mass as suggested by previous transport ex-
periments under pressure and ab-initio calculations.

Using a toy model taking into account a linear Landau gap
opening and the reported pressure dependence of the va-
lence band maxima and conduction band minima form pre-
vious optical measurements under pressure we can estimate
the hole mass on the secondary maximum to be ∼ 0.03 m0.

Figure 61: Reentrant behavior of the pressure-quenched exci-
ton peak under high magnetic field. This unveils an unusual
ring-shaped valence band maximum with a small hole effective
mass.

M. Millot, S. George and J.M. Broto
A. Segura (ICMUV, Valencia, Spain)
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Magnetoresistance in β-FeSi2 on n-type Si substrates

Hall bars consisting of 30nm of FeSi were deposited by DC
magnetron sputtering at 30 W in a high vacuum onto native
oxide Si (001) on to n-type phosphorous doped Si substrates
with 1-10 Ω resistivity. Post deposition the films were an-
nealed for 10 hours at 850◦C . At these temperatures with
the breakdown of the native oxide, the film harvested the
underlying Si. X-ray diffractometry confirmed β-FeSi2 as
the final stable phase upon the substrate. Once this was
confirmed, Cu top electrodes were deposited, also defined
using shadow masking during sputtering. The resistance of
the bilayer structure was measured using standard 4 wire
lock-in techniques in magnetic fields, H, up to 22 T. The
magnetoresistance, MR=∆R/R, was then calculated from
the following equation:

∆R
R

=
R(H)−R(0)

R(0)
, (11)

Figure 62: MR of the bilayer, the peak MR, arising from the Si
occurs at ∼45K. Below this temperature the β-FeSi2 layer resis-
tance is lower than the Si and with the change in current path the
MR tends to plateau.

At high temperatures the resistance of the film far exceeded
that of the substrate, therefore the majority of the current
shunted through the substrate. At these temperatures the
magnetoresistance of the doped Si substrate is apparent.
This large positive MR has recently observed in phospho-
rous doped silicon [Delmo et al., Nature, 457, 1112 (2009)],
explained in terms of breaking of the space charge effect.

A similarly large positive MR has been observed in boron
doped Si [Schoonus et al., Phys. Rev. Lett., 100, 127202
(2008)]. This effect has been attributed to autocatalytic im-
pact ionisation in the Si. They observe isotropic MR unlike
the MR in our system. All data displayed is in the trans-
verse field (magnetic field perpendicular to the current di-
rection), when the current and magnetic field direction con-
cur a smaller effect is measured.

Figure 63: MR at the crossover between conduction through the
film and substrate. Above 20 K an external magnetic field in-
creases the substrate resistance until it becomes comparable to the
film at which point the relatively smaller MR in the film is ob-
served. At 14.4 K it is assumed that all conduction is through the
β-FeSi2 and 11 % MR is measured.

The extraordinarily large MR saturates as the substrate re-
sistance compares to that of the film. Figure 62 illustrates
the MR in the doped Si. This MR increases with decreasing
temperatures until the majority of the conduction is through
the β-FeSi2 film. At low temperatures (∼25 K) the Si sub-
strate resistance exceeds the film and it can be assumed that
conduction is predominantly directed through the β-FeSi2
layer. This is demonstrated in figure 63, suggesting the
crossover between the two regimes. The large MR of the
Si underlayer is increased by the external magnetic field.
As this resistance exceeds begins to exceed that of the film
only the MR inherent to the β-FeSi2 layer is observed. The
external magnetic field creates a non linear Hall effect that
was measured simultaneously to the MR. The non-linearity
is most pronounced below 30K where the high magnetic
fields, and large MR of the doped Si causes the conduction
path to change.

D. K. Maude
N. A. Porter, C. H. Marrows, (School of Physics and Astronomy, University of Leeds, Leeds, UK, LS2 9JT),
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Two-dimensional weak localization in polycrystalline granular SnO2 films

The phenomenon of quantum interference in disordered
conductors is well known and its effects on the electri-
cal conductance are widely used to determine the inelas-
tic scattering time of charge carriers, and thus, the mech-
anisms of inelastic scattering. Because of the prominent
effects of weak localization in 2D systems they became an
object of intensive studies. However, the reduced dimen-
sionality and the presence of disorder lead not only to en-
hancement of interference effects, but also to the necessity
to take into account the electron-electron interaction. It ap-
peared that such characteristics as density of states, tem-
perature and magnetic field dependencies of electrical con-
ductance could be described only if one takes into account
the effects of electron-electron interaction in a disordered
low-dimensional system [Altshuler and Aronov, Modern
problems in condensed matter sciences Vol 10, Efros and
Pollak. ed., North Holland 1985]. Moreover, the dephas-
ing mechanisms in weak localization are strongly related
to interaction effects; inelastic electron-phonon scattering,
quasi-elastic electron-electron scattering with small energy
transfer. The interplay of interference and interaction ef-
fects remains a puzzling problem that is still far from being
solved.

In our SnO2 polycrystalline films the low transverse mag-
netic field dependence of the conductance is positive and
can be described in the frame of a 2D weak localiza-
tion model, the phase breaking mechanism being electron-
electron scattering with small energy transfer.

In figure 64, the dependence of the magnetoconductance on
the normalized magnetic field B/Bϕ, measured on the same
sample, are presented over the full range of applied mag-
netic field up to 50 T. Here, Bϕ is the value of magnetic field
at which the flux of magnetic field through an area enclosed
by the electron’s paths becomes equal to the flux quantum
h/2e. From both the inset, where the curves are presented
in linear coordinates, and from the main part of figure 64,
one can see that at high fields the curves exhibit different
behaviour and no longer overlap any more. We thus sug-
gest the necessity to take into account the anisotropy of
the scattering potential in order to describe the observed
results. Different particularities of single scattering events
may have influence at different temperatures in this high
field region.

The experimental curves in figure 64 resemble those de-
rived by Zduniak et al. [Phys. Rev. B 56, 1996 (1997)]
and by Germanenko et al. [Phys. Rev. B 73, 233301

(2006)] where the weak localization model is extended be-
yond the diffusion limit. In the frame of this model, only
small closed loops are believed to give contribution to the
effect of weak localization at such high magnetic fields, the
minimum number of collisions in each loop being 3. One
can suppose that relative to electron-electron interaction ef-
fects, these triangles should be easier to study rather than
any complicated electronic path with a large number of col-
lision. As in many materials the dephasing in the weak lo-
calization effect was found to be due to electron-electron
interactions, the study of these materials in high magnetic
fields should provide important information about these in-
teractions (single electron’s wave function interference is
destroyed, so the interaction effects should give the main
contribution to magnetoconductance).

Figure 64: The magnetic field dependencies of magnetoconduc-
tance as a function of normalized magnetic field. Inset shows field
dependencies of magnetoresistance in linear coordinates mea-
sured on the same sample.

The analysis of high-field magnetoresistance data, obtained
on our samples of SnO2 polycrystalline thin films, will pro-
vide another one possibility to justify the mechanism of
electron-electron interaction in disordered systems. The ad-
vantage of our samples is in highly controllable degree of
disorder, which provides possibility to tune the range of oc-
currence of quantum interference under applied magnetic
fields.

T. A. Dauzhenka, J. Galibert
V. K. Ksenevich (Belarus State University, Dept Phys. SC & Nanoelectronics, BY-Minsk), I.A. Bashmakov (Belarus
State Univ. Research Institute of Physicochemical Problems, BY-Minsk)
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Magnetoresistance mobility extraction in FinFET triple gate devices

We have applied the geometric magnetoresistance (MR)
technique to FinFET devices. The geometric µMR mobil-
ity is give by ρ(B) = ρ0(1 + µ2

MRB2) where ρ0 is the zero
magnetic field (B = 0) resistivity. The devices studied in
this work are triple-gate FinFET from IMEC in Belgium.
The devices characteristics used are: oxide thickness of
2 nm (EOT), fin height of 60 nm, channel width (Wf in)
of 10µm, the channel length (L) varies from 90− 910 nm.
The electrical characteristics were acquired using a semi-
conductor parameter analyzer (HP 4156A) measuring the
drain current-voltage ID(VG) curves at different magnetic
fields, low temperatures and for low drain bias (linear re-
gion: VDS = 50 mV) in order to compute the µMR. This
method works for transistor length much smaller than the
width (typically W/L > 5).

In order to obtain the µMR, we plot the µMR resistance ra-
tio R(B)/R0 for various values of VG as a function of B2

as shown in figure 65 for typical transistor with a channel
length of 410 nm, fin width of 10µ m at T = 100 K. The
other devices measured present the same behaviour.

From the slope of this curve, for each applied gate voltage
VG, the mobility µMR can be calculated. The mobility µMR is
plotted as a function of VG in figure 66(a). In order to make
a comparison, we also plott the variations of effective mo-
bility µe f f and field-effect mobility µFE . These curves have
been calculated by taking µFE = gm/((W/L)CoxVD) and
µe f f =

√
µ0−µFE at B = 0. The low electric-field mobil-

ity µ0 were extracted using Y (VG) = ID/
√

gm(VG), which
allows us to eliminate the first-order mobility attenuation
factor and source-drain series resistance effects [Ghibaudo,
Electron Lett. 24, 543 (1988)]. While here we present re-
sults for one transistor at one temperature, for all the transis-
tors measured, at three different temperatures (77K, 100K
and 200K), same behaviour was observed.

In figure 65 we plot the low-field mobility ratio
µ0(0)/µ0(B) as a function of B2 that was extracted by the
standard relation µ0(B) = µ0/(1+µ2

0,MRB2). From the slope
of these lines it is possible to extract the low-field MR mo-
bility µ0,MR (figure 66 (b) that is independent of both the
gate bias and the magnetic field.

Figure 66(b) shows the µ0,MR and µ0 for transistors as a
function of the channel length, for different temperatures.
µ0,MR is higher than µ0 for all temperatures. As the tem-
perature decreases there is an increase in the mobility due
to the reduced phonon scattering [Ohata, ESSDERC 2004,
109 (2004)].

Another problem with the use of short devices at low tem-
peratures is the series resistance effect. Figure66(b) shows
that there is a reduction of the mobility with decreasing
channel length, while for long channels, the phonon scatter-
ing is dominant. However, it is noted that the mobility in-
creases is attenuated for shorter devices, owing to the large
series resistance, which masks the mobility enhancement at
low temperature.

Figure 65: µMR ratio R(B)/R0 in function of square of magnetic
field for different values of gate bias. The symbol line represents
the “intrinsic” mobility ratio µ0(0)/µ0(B) extracted from the Y–
function. For L = 410 nm and T = 100 K.

Figure 66: a)Variations of µMR mobility, effective mobility and
field effect mobility (corresponding to a zero magnetic field) ver-
sus gate voltage. For L = 410 nm and T = 100 K. b) Low-field mo-
bility µ0 and low-field, MR mobility µ0,MR versus channel length
at different temperatures

D.K. Maude
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Cristoloveanu (IMEP, Grenoble, France)
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Spin polarization of carriers in a GaAs/GaAlAs resonant tunneling diode

Spin polarized carrier systems are of interest particularly
with a view to polarized spin injection for giant magne-
totoresistance (GMR) devices and spintronics applications.
However, for various physical reasons, spin polarized injec-
tion is in general difficult to achieve in real devices. Here
we show that it is possible to monitor the spin polarization
of carriers throughout a resonant tunneling diodes using po-
larization resolved micro-photoluminescence.

We have investigated the spin polarization of carriers
in asymmetrical n-i-n GaAs/GaAlAs resonant tunneling
diodes (RTD) by analyzing the polarized resolved photolu-
minescence from both GaAs quantum well (QW) and con-
tact layers under applied voltage and magnetic field. For
the measurements a micro-photoluminescence setup with a
low temperature x− y− z displacement stage was used to
simultaneously perform transport and photoluminescence
on single RTD etched mesa structure. Figure 67 shows a
schematic band diagram of our device under forward bias
voltage, light excitation, and magnetic field parallel to the
tunnel current. Under applied bias, the photo-generated
holes from the top contact can tunnel through the structure
and recombine with electrons into the QW and contact lay-
ers.

Figure 68 presents typical polarized resolved photolumi-
nescence spectra at 0.195 V bias voltage. The higher en-
ergy emission peak (∼ 1.605 eV) is attributed to the funda-
mental quantum well (QW) transition whereas the emission
around 1.52 eV is due to various optical transitions in the
contact layers including the indirect recombination between
free holes and electrons in the two dimensional electron gas
(h-2DEG) formed at the accumulation layer (∼ 1.512 eV).

In a magnetic field the photoluminescence from the QW
and contact layers shifts to higher energies and shows os-
cillations in intensity (not shown). Figure 69 shows the
magnetic field dependence of circular polarization degree
from the QW, contact layers (total PL spectra) and from
the h-2DEG emission. The polarization of the carriers,
P = (Iσ+− Iσ−)/(Iσ+ + Iσ−), can be obtained from the inte-
grated intensity of the polarization resolved photolumines-
cence. We have observed that the QW emission presents
negative polarization degree up to 55% which oscillates
with magnetic field. A similar behavior is observed for the
emission from the GaAs contact layers.

To further understand this data we are currently in the pro-
cess of modeling the spin polarization of carriers in the
structure taking into account the carrier tunneling, carrier

charge density, filling factors and spin polarization of the
two-dimensional gas formed in the accumulation layer.

Figure 67: Schematic band diagram of our device under forward
bias, light excitation and magnetic field parallel to the tunnel cur-
rent.

Figure 68: A representative photoluminescence spectra from the
QW and contact layers measured at B = 19 T and T = 4.2 K.

Figure 69: Magnetic field dependence of spin polarization of the
QW, GaAs contact layers and from the h-2DEG emissions.

J. Kunc, M. Orlita, D. K. Maude
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50



2009 SEMICONDUCTORS AND NANOSTRUCTURES

Spectroscopy and optical manipulation of a single Mn spin in a CdTe-based
quantum dot in high magnetic field

Quantum dots containing single magnetic ions have re-
cently attracted significant interest as systems close to the
ultimate limit of information storage miniaturization. An
efficient optical read-out of the Mn spin state has been
demonstrated [Besombes et al., Phys. Rev. Lett. 93,
207403 (2004)] as well as the writing and storing of the
information using the Mn spin state. It has been shown that
it is possible to optically manipulate the single Mn spin by
injecting the spin-polarized excitons into the quantum dot,
either by direct quasi-resonant excitation of the dot with cir-
cularly polarized light [Le Gall et al., Phys. Rev. Lett. 102,
127402 (2009)] or by using a spin-conserving transfer of
the excitons between two coupled quantum dots [Goryca et
al., Phys. Rev. Lett. 103, 087401 (2009)].

We have applied the micro-photoluminescence measure-
ments to directly probe states of a single Mn atom em-
bedded in a CdTe quantum dot in high magnetic fields.
The sample was placed in a micro-photoluminescence setup
consisting of precise piezo-electric three-dimensional stage
and a microscope objective. The micro-photoluminescence
system was kept at the temperature of 4.2 K in a cryostat
placed in a resistive magnet producing magnetic field up to
28 T. The field was applied parallel to the the growth axis
of the sample (Faraday configuration).

The photoluminescence of the QD’s was excited by circu-
larly polarized tunable dye laser in the range 570−610 nm.
The excitation beam and the collected PL signal were
passed though a mono-mode fiber connected directly to the
microscope objective. Optical spectra have been recorded
for both circular polarization of light.

An example of the PL measurement of a neutral exciton
spectrum of a single Mn-doped QD as a function of the
magnetic field is shown in figure 70. It reveals not only de-
tails of the optical transitions of the so called bright excitons
(excitons with J = 1), but also transitions of dark excitons
(J = 2) are clearly visible (5 lines in the low energy part
of the spectra). This is due to the mixing of electron spin
states by electron-Manganese exchange interaction and op-
tical orientation of the spin of the Mn ion.

Calculated excitonic transitions in a dot containing a single
Mn ion is shown in figure 71. It is clearly visible that in
the case of dark excitons we should indeed observe only 5
lines, in contrast to bright excitons (two upper branches of
lines in figure 71), where 6 strong lines should be visible
in each circular polarization for detection. The number of
these lines reflects the 6 possible spin projections of the Mn
ion (S = 5/2) onto the quantization axis.

Figure 70: Color-scale plot of the photoluminescence intensity
of a single Mn-doped QD as a function of emission energy and
magnetic field. The branches of emission lines can be assigned to
bright (X) and dark (DX) exciton transitions.

Figure 71: Calculated optical transitions of a single Mn-doped
QD. Line width reflects the oscillator strength, colors indicate cir-
cular polarization of the emitted light (red - σ+, blue - σ−)

M. Goryca, P. Plochocka, P. Kossacki, M. Potemski
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InP/GaP self-assembled quantum dots under extreme conditions

Semiconductor quantum dots are promising for the fabrica-
tion of novel optoelectronic devices and a number of inves-
tigations have been carried out to understand the electronic
and optical properties of quantum dot systems. One power-
ful method toward understanding the electronic states and
shell structure is to investigate photoluminescence (PL) in
magnetic fields.

The quantum dot material systems that have been the most
extensively investigated using magnetoluminescence are
InGaAs/GaAs and InP/InGaP quantum dots. The InP/GaP
quantum dot material system has received significantly less
attention. It is very interesting, however, for both a fun-
damental understanding of quantum dots based on direct-
indirect band gap semiconductors, as well as its potential
applications for visible light emitters.

Figure 72: Pressure dependence of the energy of the two photo-
luminescence lines up to 1.2 GPa. These two lines correspond to
the direct radiative recombination between the ground and the first
excited states of the dots. An unusually low pressure coefficient
is measured (indicated by the slopes of the solid lines, which are
linear fits to the data).

We have first investigated the radiative recombination in
InP/GaP self-assembled quantum dots measured in high
magnetic fields. Using magneto-photoluminescence spec-
troscopy the reduced effective mass is determined to have
a value of 0.094 m0 expected for electron states associated
with the InP valley. Using the determined effective mass
and the diamagnetic shift in the photoluminescence peak
at low magnetic fields, an average exciton radius of about

5 nm is inferred, which is smaller than the radius of the
quantum dots of about 10 nm. Thus, the measurement pro-
vides further evidence that the electrons belong to the InP
valleys and suggests a type-I band alignment for InP/GaP
quantum dots [Dewitz et al., Appl. Phys. Lett. 95, 151105
(2009)].

Figure 73: Pressure dependence of the magneto-photolumines-
cence deduced values of the confinement length l0 (squares) and
the exciton effective Bohr radius a∗ (triangles) within the quantum
dots. This reveals an increase of the quantum confinement in the
plane of the dots.

In addition, we have also performed cryogenic
high-pressure photoluminescence and magneto-
photoluminescence experiments in the 1 GPa range, in
several cycles. As previously reported [Goñi et al., Phys.
Rev. B 67, 075306 (2003)], the luminescence is quenched
at 1.2 GPa, and the intensity decreases continuously. How-
ever, our experiments do not show any signature of the
Γ→ X crossover reported to occur between ambient pres-
sure and 0.3 GPa. We observe in fact a linear and contin-
uous increase of both the ground state and the first excited
excitonic state photoluminescence features up to 1.2 GPa
where the emission is suppressed. A very low pressure co-
efficient is measured which may originate from a decrease
of the quantum confinement along z driven by a strong in-
crease of the effective mass. On the other hand, in the plane
of the dots, an increase of the quantum confinement is evi-
denced [Millot et al., accepted in High Pressure Research].

M. Millot, S. George, J. Leotin and J.M. Broto
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Thermo-electric study of Fermi surface reconstruction in YBa2Cu3Oy

The Seebeck and Nernst coefficients S and ν of the high-
Tc superconductor YBa2Cu3Oy (YBCO) were measured in
a single crystal with a hole concentration p = 0.12 in mag-
netic fields up to H = 28 T. For temperatures down to 9 K, ν

becomes independent of field by H ' 30 T, showing that by
then the Nernst signal due to superconducting fluctuations
has become negligible. In this field-induced normal state,
S/T and ν/T are both large and negative in the T → 0 limit.
The magnitude of S/T is consistent with the small Fermi
surface pocket previously detected via quantum oscillations
in YBCO at a similar doping and its negative sign confirms
that the pocket is electron-like. For more information see
[J. Chang et al., arXiv:0907.5039].

The sample was an uncut, unpolished, detwinned crystal of
YBCO grown, at UBC in Vancouver (Canada), in a non-
reactive BaZrO3 crucible from high-purity starting materi-
als. The dopant oxygen atoms (y = 6.67) were made to order
into an ortho-VIII superstructure, yielding a superconduct-
ing transition temperature Tc = 66.0 K. Transport proper-
ties were measured via gold evaporated contacts (resistance
< 1 Ω), in a six-contact geometry. The thermal gradient
∆T was applied along the a-axis and the field H along the
c-axis. For a detailed describtion of the experimental setup
see [O. Cyr-Choiniere et al., Nature 458, 743 (2009)].

The Nernst and Seebeck coefficients are plotted as a func-
tion of magnetic field in Fig. 1. At T >80 K, the Seebeck
coefficient S is essentially field independent. At T <80 K,
S exhibits a weak field dependence at high field above the
vortex solid phase (where ν = S = 0), which we attribute
to magnetoresistance given that S is the energy derivative
of the conductivity. The Nernst coefficient ν/T develops
a strong positive peak above the melting line due to vortex
motion in the vortex liquid phase. It is followed by a grad-
ual descent to negative values until ν(H) becomes flat as the
field approaches 30 T. At our lowest temperature, T = 9 K,
dν/dH → 0 at H ' 30 T (inset of Fig. 1). This shows that
the positive vortex contribution to ν has been suppressed to
nearly zero by 28 T, so that the curve of ν/T vs T at H =
28 T can be regarded as representative of the normal-state
Nernst coefficient of YBCO at p = 0.12. The fact that su-
perconductivity can be suppressed by such a modest field
is special to p ' 0.12, and considerably higher fields are
required as soon as the doping is tuned away from p' 1/8.

Our Nernst measurements in YBCO reveal that the quasi-
particle contribution in cuprates can be as large as the vortex
contribution, on which most of the attention has been fo-
cused until now, see for example [Yayu Wang et al., Phys.
Rev. B 73, 024510 (2006)]. We expect this quasiparticle
contribution, which can be of either sign, to dominate the
Nernst signal well above Tc, as found in the hole-doped
cuprate Eu-LSCO [O. Cyr-Choiniere et al., Nature 458, 743
(2009)] and the electron-doped cuprate Pr2−xCexCuO4 [P.
Li and R.L. Greene, Phys. Rev. B 76, 174512 (2007)],
where quasiparticle and vortex signals have also been dis-
entangled.

Figure 74: Thermo-electric coefficients of YBCO at p = 0.12 as
a function of magnetic field H. Upper panel: Seebeck coefficient
S plotted as S/T vs H, for temperatures as indicated. Lower panel:
Nernst coefficient ν plotted as ν/T vs H, for temperatures as in-
dicated. Inset: Derivative of the 9-K isotherm (in arbitrary units),
showing that dν/dH→ 0 as H→ 30 T.
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Anomalous criticality in the electrical resistivity of a high-Tc cuprate

An important theme in strongly correlated electron systems
is quantum criticality and the associated quantum phase
transitions that occur at zero temperature upon tuning a
non-thermal control parameter g (e.g. pressure, magnetic
field H or composition) through a critical value gc. One
feature of such a system is the influence that critical fluctu-
ations have on the physical properties over a wide region in
the (T , g) phase diagram above the quantum critical point
(QCP), inside which the system shows marked deviations
from conventional Landau Fermi-liquid behaviour. A num-
ber of candidate non-Fermi-liquid systems have emerged,
particularly in the heavy-fermion family, though there are
others, e.g. certain transition metal-oxides, that display
similar characteristics.

The physics of copper-oxide high temperature supercon-
ductors may also be governed by proximity to a QCP.
The generic temperature-doping (T , p) phase diagram re-
sembles that seen in the heavy-fermions, with an apparent
funnel-shaped region that either pierces or skirts the super-
conducting dome. Above this region, cuprates display an
in-plane resistivity ρab that varies linearly with tempera-
ture over a wide temperature yet narrow doping range. This
T -linear resistivity has been widely interpreted, in tandem
with other anomalous transport properties, as a manifesta-
tion of scale-invariant physics borne out of proximity to the
QCP. This viewpoint has remained untested, largely due to
the high upper critical field Hc2 values in hole-doped high-
Tc cuprates that restrict access to the important limiting low-
temperature region below Tc(p).

In our experiment, we employed a combination of persis-
tent and pulsed high magnetic fields to expose the nor-
mal state of La2−xSrxCuO4 (LSCO) over a wide doping
and temperature range and studied the evolution of ρab(T )
with carrier density, from the slightly underdoped (p =
0.15) to the heavily overdoped (p = 0.33) region of the
phase diagram. Our measurements revealed the preserva-
tion of the T -linear resistivity in all superconducting sam-
ples to temperatures as low as 1.5 K [Cooper et al., Sci-
ence 323, 603 (2009)]. Indeed, for all dopings, the ρab(T )
curves for T < 200 K could be fitted either to the expres-
sion ρab(T ) = α0 + α1T + α2T 2 or to a parallel-resistor-
formalism 1/ρab(T ) = 1/[α0 +α1T +α2T 2] + 1/ρmax with
ρmax (= 900± 100µΩcm). The inclusion of ρmax helps to
account smoothly for the escalation of ρab(T ) to higher
temperatures and makes the values of α1 and α2 insensi-
tive to the temperature range of fitting.

Figure 75: Doping evolution of the temperature-dependent co-
efficients of ρab(T ). (A) Doping dependence of α1, the coeffi-
cient of the T -linear resistivity component. (B) Doping depen-
dence of α2, the coefficient of the T 2 resistivity component. In
both panels, solid squares are coefficients obtained from least-
-square fits of the ρab(T ) curves for T < 200 K to the expres-
sion ρab(T ) = α0 + α1T + α2T 2, whilst the filled circles are ob-
tained from fits over the same temperature range to a parallel-re-
sistor-formalism 1/ρab(T ) = 1/[α0 +α1T +α2T 2]+1/ρmax with
ρmax = 900± 100 µΩcm. The open symbols are obtained from
corresponding fits made to the ρab(T ) data of [Ando et al., Phys.
Rev. Lett. 93, 267004 (2004)] between 70 K and 200 K. The
dashed lines are guides to the eye.

As shown in the top panel of figure 75, for both sets of
data and analysis, α1 is seen to grow rapidly with decreas-
ing p, attaining a maximum value of around 1 µΩcm/K at
pc = 0.185± 0.005. The preservation of T -linear resistiv-
ity in LSCO over such a wide doping range is wholly un-
expected and contrasts markedly with what is observed in
other candidate quantum critical systems. Our analysis also
reveals (figure 75) that the magnitude of the T -linear term
scales monotonically with Tc on the strongly overdoped
side but saturates, or is maximal, at a critical doping level
pcrit ∼ 0.19 at which superconductivity itself is most ro-
bust. The observation of a singular doping concentration in
LSCO close to p = 0.19 at which a bulk transport property
undergoes a fundamental change at low T lends support to
earlier thermodynamic studies that showed the pseudogap
temperature T ∗ or energy scale ∆g vanishes inside the su-
perconducting dome, rather than at its apex. The magnitude
of α1 at p = pcrit, coupled with other features of the data,
suggests that the opening of the pseudogap coincides with
the loss of quasiparticle coherence for states near the zone
boundaries.

B. Vignolle, C. Proust
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Magnetic field dependence of the superconducting energy gap in
Bi2Sr2CaCu2O8+δ

In a conventional BCS materials superconductivity is sup-
pressed by a magnetic field since the superconducting en-
ergy gap 2∆ decreases continuously with increasing field
and vanishes at a critical field Hc2. The reported be-
havior of 2∆ in high-Tc cuprates studied by a tunnel-
ing method ranges from almost magnetic field indepen-
dent in hole-doped cuprates to a strong H-dependence in
electron-doped cuprates. Interlayer tunneling spectroscopy
of Bi2Sr2CaCu2O8+d (Bi2212) shows that a peak in the
tunneling conductance dI/dV associated with 2∆ broadens
and shifts towards higher voltages with increasing magnetic
field. Such a behavior of 2∆ has never been observed in
BCS superconductors. The superconducting gap in opti-
mally doped and overdoped Bi2212 is close in size to the
pseudogap questioning if the gap of the superconducting
state is detected at all in the tunneling measurement. Re-
cent angle-resolved photoemission spectroscopy (ARPES)
studies of Bi2212 showed that the spectral gap in the nodal
and antinodal regions of momentum space has a distinctly
different temperature dependence [Lee et al. Nature 450, 81
(2007)]. This suggests that the magnetic field dependence
of the energy gap at different points of the Fermi surface
should also very different. Most experiments are carried
out in the c-axis tunneling configuration where the tunnel-
ing samples an angular average over the ab-plane density of
states. In the case of ab-plane tunneling, the tunneling oc-
curs along the CuO2 planes and the shape of spectra can be
quite different depending on the tunneling direction. We
have performed ab-plane tunneling experiments on three
slightly underdoped Bi2212 single crystals (Tc=84 K and
∆Tc = 1.5 K) using break junctions in magnetic fields up
H = 20 T. Mechanically retuning the break junction repeat-
edly in liquid helium, we were able to fabricate a large num-
ber of tunnel junctions at different places along the initial
break of the crystal where tunneling occurs in the ab-plane.

Figure 76(a) displays the tunneling conductances dI/dV as
a function of the bias voltage V . All curves have a shape
typical for SIS tunnel junctions with sharp peaks in the con-
ductance at the voltage ±V = 2∆/e. 2∆ is 45 meV at 4.2 K
which, is reasonable when compared with our previous re-
sults. In contrast to previous measurements on Bi2212,
where the position of the gap peak remained almost un-
changed in an applied magnetic field, the superconducting
conductance peaks in figure 76(a) decrease in magnitude
and shifts to lower voltages with increasing magnetic field.
The only possible interpretation of such a behavior of the
tunnel spectra is the suppression of 2∆ by magnetic field.
To our knowledge, this is the first unambiguous observa-
tion of the suppression of the superconducting gap by mag-
netic field in tunneling investigations of the Bi2212 system.
In figure 76(b), we present the magnetic field dependence

of 2∆ using a semilog scale for the sample No. 1 extracted
from the gap spacing in the dI/dV curves in figure76 (a).
Data for break junctions No. 2 and No. 3 formed on two
other Bi2212 single crystals are also included to demon-
strate the reproducibility of the field dependence of 2∆.
This figure suggests that 2∆ shows a logarithmic decrease
with magnetic field (dashed lines), although we cannot ex-
clude and exponential dependence which also reproduces
the data reasonably well (not shown).

Figure 76: (a) Tunneling conductances dI/dV as a function of
the bias voltage V for a tunnel break junction measured at various
magnetic fields applied parallel to the c axis of the crystal (sample
No. 1). All dI/dV curves except the lowest one are offset verti-
cally for clarity. (b) The magnetic field dependence of 2∆ plotted
using a semilog scale for the three break junctions formed on each
of the three Bi2212 single crystals.
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Magnetoresistance anisotropy and AMRO in the electron doped
superconducting cuprate Nd2−xCexCuO4

Recent discoveries of magnetic quantum oscillations in
hole- and electron-doped cuprate superconductors clearly
demonstrate the importance of high-field magnetotrans-
port experiments for exploring the Fermi surface in
these materials. Besides quantum oscillations, semi-
classical angle-dependent magnetoresistance oscillations
(AMRO) are known to be a very efficient method for
Fermi surface studies of layered systems, such as or-
ganic conductors [Kartsovnik, Chem . Rev. 104, 5737
(2004)]. AMRO have also been observed in hole-overdoped
Tl2Ba2CuO6+δ [Hussey et al., Nature 425, 814 (2003)].
Aiming to find AMRO in the electron-doped superconduc-
tor Nd2−xCexCuO4 (NCCO), we have performed detailed
studies of the angular dependence of its interlayer magne-
toresistance. The experiments were performed on crystals
with doping levels in the range 0.13 ≤ x ≤ 0.17, in a 28 T
resistive magnet. The samples were mounted on a home-
made two-axes rotating stage allowing an in situ rotation at
a fixed B, at temperatures down to 1.4 K. The interlayer re-
sistance Rc was measured as a function of angle θ between
the field direction and [001] axis of the crystal, at different
fixed angles ϕ, see inset in Fig. 77(a).

As shown in figure 77(a), underdoped NCCO crystals dis-
play an anomalous dome-like shape of Rc(θ), which is most
likely associated with spin dependent scattering in a mag-
netically ordered system. Notably, this behavior is observed
even for superconducting compositions, up to the optimal
doping level. The presence of ordered spins readjusted at
changing the magnetic field orientation is manifested in a
hysteresis between up and down θ-sweeps.

At increasing Ce concentration to the optimal and, further,
to the overdoped regime, the anomalous contribution to
magnetoresistance weakens, giving way to the conventional
mechanism associated with the orbital effect of magnetic
field on charge carriers. This gives rise to the positive slope
of the angular dependence, dρc/d|θ| > 0 in an extended
angular range, 30◦ < |θ| . 80◦, as shown in Fig. 77(b) for
a sample with x = 0.165. The most interesting feature in
this range is a shallow hump superposed on the monotonic
slope around ±52◦. The same feature has been found on
samples with x = 0.16 and 0.17 (the latter being the high-
est accessible doping level for NCCO). The position of the
hump stays constant at changing temperature or magnetic
field strength. Such a behavior is characteristic of AMRO.

At this stage, a rigorous quantitative analysis of the AMRO
features is difficult due to their small amplitude. Neverthe-
less, already from the existing data one can draw an im-
portant qualitative conclusion. The positions of the AMRO
turn out to be the same, at all ϕs, for x = 0.16,0.165, and

0.17. Hence, the relevant Fermi surfaces should be identical
for all these compositions. On the other hand, Shubnikov-
de Haas data [Helm et al., Phys. Rev. Lett. 103,157002
(2009)] suggest a reconstruction of the Fermi surface to oc-
cur between x = 0.16 and 0.17. The apparent discrepancy is
resolved by taking into account a possible magnetic break-
down between the hole- and electron-like parts of the recon-
structed Fermi surface. In this case, one should consider a
possibility that the Fermi surface is reconstructed over the
entire superconducting doping range. Further experiments
on AMRO and magnetoquantum oscillations at fields above
30 T are essential to clarify the details of the Fermi surface
evolution in overdoped NCCO and its implications for su-
perconductivity.

Figure 77: Angle-dependent interlayer magnetoresistance of
Nd2−xCexCuO4 at B = 28 T, T = 1.4 K. (a) Underdoped sample,
x = 0.13, exhibits an anomalous dome-like shape with a hystere-
sis between up and down θ-sweeps. At |θ| > 70◦ the resistance
sharply drops due to the onset of superconductivity. Inset shows
the geometry of the experiment. (b) For the overdoped sample,
x = 0.165, a conventional magnetoresistance dominates at least at
30◦ < |θ|< 70◦. Arrows point to AMRO features whose positions
depend on azimuthal angle ϕ.
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Transport measurements of Hc2 and its anisotropy in FeSe1−xTex single crystals

Exploring the temperature dependence of Hc2 and its
anisotropy in the new Fe superconductors is an important
experimental tool to help revealing the mechanism of su-
perconductivity. For example in LaFeAsO0.89F0.11, the up-
turn in curvature for Hc2 was observed, which suggests
two-band superconductivity [Hunte et al, Nature 453, 903
(2008)]. The high transition temperatures imply high values
of Hc2, meaning that it is not easy to obtain the full curve
down to low temperature, and many low temperature values
of Hc2 are in fact extrapolations. However, in order to com-
pare the real behavior to theoretical models, measurements
down to low temperature, and thus at very high field, are
necessary.

A serious limitation at present is that the homogeneity of
many samples that are studied is highly questionable, and
the highest Tc values are obtained on doped, probably in-
homogeneous, systems. From this aspect the recent discov-
ery of superconductivity in FeSe and FeTe1−xSex suggests
a promising new direction as these compounds are close to
being stoichiometric and have a relatively simple structure.
We have recently grown single crystals of FeSe [Braith-
waite et al, J. Phys.: Condens. Matter 21, 232202 (2009)],
which so far are not homogeneous, and FeTe1−xSex which
show homogeneous bulk superconductivity, with Tc around
14 K, characterized by specific heat measurements (fig-
ure 78), and seem suitable for more detailed studies.

In the LNCMI-Grenoble, we have measured the anisotropy
of Hc2 on our FeTe1−xSex single crystals up to 28 T. This
gives a very precise determination of a large part of the
curve. These measurements have been completed by mea-
surements in pulsed field in LNCMI-Toulouse where the
low temperature part of the curve was obtained, showing
that Hc2 reaches almost 50 T at low temperature (figure 79).
Analysis of the data is now in progress but a preliminary
study suggests that although Hc2 significantly exceeds the
Pauli limit, some Pauli limiting is occurring, and this is
quite anisotropic. Refinements of the analysis and prepa-
ration of a publication are in progress.

Figure 78: Specific heat of the single crystal of FeSe1−xTex
grown in CEA/Grenoble used in these measurements. Inset shows
the electronic part of C/T after subtraction of the phonon contri-
bution.

Figure 79: Upper critical field of a FeSe1−xTex single crystal
grown in CEA/Grenoble, combining DC field measurements up
to 9 T made in CEA/Grenoble, DC field measurements up to 28
T made in LNCMI/Grenoble, and pulsed field measurements up
to 55 T made in LNCMI/Toulouse. Lines show fits made using a
BCS weak coupling model.

I. Sheikin, W. Knafo
D. Braithwaite , G. Lapertot, C. Marin (CEA/Grenoble, Grenoble, France),

59



METALS, SUPERCONDUCTORS ... 2009

Coexistence of magnetic order and superconductivity in iron pnictides

How long range magnetic order can coexist with bulk su-
perconductivity is a central question in a number of un-
conventional superconductors. Both in the copper oxide
and in the ”new” iron pnictide family of high temperature
superconductors the superconducting phase is obtained by
adding charge carriers into a phase with antiferromagnetic
order. Observation of phase coexistence in such a situa-
tion immediately raises two important questions. The first
one is about the intrinsic character of the coexistence. This
question is obviously linked to a rather subtle issue in these
off-stoichiometric materials: to which extent is chemical
inhomogeneity of the samples intrinsic or not, i.e. unavoid-
able or not? The next important question is: Do the phases
overlap in space, or do they occupy mutually exclusive vol-
umes? In short, on which length scale do the two phases
coexist? This is an equally delicate problem because unam-
biguous direct experimental proofs are in most cases dif-
ficult to obtain, even for true local probes such as nuclear
magnetic resonance (NMR), muon spin rotation (µSR) or
scanning tunneling microscopy (STM). As a matter of fact,
the debate is still going on in the cuprates. In the iron
pnictides, magnetic order (a spin density wave state) has
recently been found to coexist with superconductivity in
several (but not all) families. Yet, a global picture of the
conditions for this coexistence in the pnictides is still lack-
ing.

We have measured the NMR properties of 75As nu-
clei in single crystals of Ba(Fe1.95Co0.05)2As2 and
Ba0.6K0.4Fe2As2, both of which show 100% Meissner vol-
ume fraction [Julien et al., EPL 87, 37001 (2009)]. Our
results demonstrate that both samples show the coexistence
of bulk superconductivity with magnetic (SDW) order. Yet,
the details appear different:

- In Ba(Fe1.95Co0.05)2As2, the fact that the NMR signal
at the paramagnetic resonance frequency vanishes abruptly
and completely below T onset

SDW = 56 K indicates that the two
phases coexist at the microscopic scale probed by NMR, a
situation which is often referred to as ”homogeneous mix-
ing” in the literature. This implies either that both types of
orders are simultaneously defined at each Fe site (owing to
the multiple bands present at the Fermi level), or that they
are mixed on the scale not greater than one or two lattice
spacing. A nanoscale coexistence involving superconduct-
ing islands (without magnetic order) of typical size defined
by the coherence length ξ' 2.8 nm appears to be unlikely.
In this case, some paramagnetic NMR signal from regions
as large as ten times the Fe-Fe distance should have been
observed.

- In Ba0.6K0.4Fe2As2, on the other hand, the NMR signal
has decreased but remains finite in the whole temperature
range, including the superconducting state. Thus, the mag-
netic regions do not occupy the full sample volume. In
this sense, the coexistence might be qualified as ”inhomo-
geneous”.

Figure 80: Top panel: In-plane resistivities. Bottom panel: NMR
signal intensities (renormalized by temperature). Excessive sig-
nal loss is due to the spin-density-wave transition in all (Co-doped
material) or part (K-doped material) of the sample

Perhaps unexpectedly, the inhomogeneity is considerably
stronger in the potassium-doped sample. Actually, the fact
that substitutions at the Fe site, unlike substitutions at the
Cu site in the cuprates, improve conductivity and even in-
duce superconductivity is one of the most remarkable sur-
prises of these new superconductors. It is difficult to fully
understand the Ba1−xKxFe2As2 system from the present
NMR data only. The important inhomogeneity/disorder
could be due to inhomogeneity of K+ concentration and/or
to a particularly strong impact of these ions on the local
electronic structure in FeAs layers. No evidence for phase
separation could be detected in the K-doped sample, and
the single crystal exhibits 100% Meissner fraction. We
point out that TSDW vs. x is extremely steep near x = 0.4.
Phase separation or inhomogeneous coexistence could thus
originate from K-doping inhomogeneity around this partic-
ular concentration. Therefore, they might not reflect the
properties at somewhat lower x values. In other words,
Ba1−xKxFe2As2 should perhaps be simply viewed as a dis-
ordered version of Ba(Fe1−xCox)2As2. Anyhow, the co-
existence of magnetic and superconducting phases clearly
emerges as a cornerstone of the iron-pnictide physics.

M. Horvatić, C. Berthier
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Zhang, W. Wu, G.F. Chen, N.L. Wang, J.L. Luo (Beijing National Laboratory for Condensed Matter Physics and
Institute of Physics, Chinese Academy of Science, Beijing, China)
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High-field metamagnetism in the antiferromagnet CeRh2Si2

CeRh2Si2 is a heavy-fermion antiferromagnet which can
be driven to a magnetic instability either by applying pres-
sure or in a high magnetic field. It orders antiferromag-
netically at a second-order phase transition TN = 36 K, a
first-order phase transition occurring at a lower temperature
T1,2 = 26 K, below which the antiferromagnetic structure is
modified [Graf et al., Phys. Rev. B 57, 7442 (1998)]. Ap-
plication of hydrostatic pressure induces a quantum phase
transition to a paramagnetic Fermi liquid regime at around
11 kbar, and unconventional superconductivity was evi-
denced in the vicinity of the quantum phase transition,
below a critical temperature going up to T max

SC ≈ 0.4 K
[Movshovich et al., Phys. Rev. B 53, 8241 (1996)]. Here,
we present a careful study of the magnetic field-temperature
phase diagram of CeRh2Si2 when a magnetic field is ap-
plied along the easy-axis c. This study was made combin-
ing transport, torque and dilatometry experiments using the
pulsed magnetic fields generated at the LNCMI-Toulouse.

Figure 81 shows a plot of the field-derivative of the torque
versus magnetic field of CeRh2Si2, at temperatures between
4.2 and 24 K. The torque signal is proportional to MH sinθ,
where M is the magnetization and θ the small angle be-
tween the magnetic field H and the easy axis c of the sam-
ple. The field-induced polarization of the system is accom-
panied at 4.2 K by two successive minima in the field-
derivative of the torque, which are the characteristics of
two first-order transitions, separated by 0.5 T, at H2,3 and
Hc ' 26 T. From figure 81, it is clear that the two transitions
H2,3 and Hc merge at about 20 K into a single first-order
transition Hc. In our data, a first-order-like anomaly at Hc
can be seen up to 23 K, which is characterized by a sym-
metric positive anomaly in the field-derivative of the torque.
Above 24 K, a second-order-like anomaly has replaced the
first-order-like anomaly, and the torque versus field data are
characterized by an asymmetric step-like anomaly in the
field-derivative of the torque.

Our torque data are in good agreement with our trans-
port, thermal expansion, and magnetostriction measure-
ments (not shown here), but also with studies performed
by Settai et al. [J. Phys. Soc. Jpn. 66, 2260 (1997)], Abe
et al. [J. Phys. Soc. Jpn. 66, 2525 (1997)], and Demuer,
Sheikin et al. [to be published]. This study permitted to
draw the magnetic field-temperature phase diagram of the
system, indicating the presence of three distinct antiferro-
magnetic phases (see figure 82). The possibility of a tetra-
critical point at around (24 T, 20 K), where the four anti-
ferromagnetic transition lines could merge, was suggested
here. It should be further checked using continuous high
magnetic fields. The temperature dependence of the resis-
tivity (not shown here) was also extracted from our pulsed

field scans. This permitted to show that the quadratic co-
efficient A of the resistivity is enhanced in a rather large H
window, of about 10 T, which contrasts with the additional
sharp enhancement of A through the first-order metamag-
netic transitions H2,3 and Hc, which are only separated by
0.5 T. Finally, a drop of resistivity observed at Hc is com-
patible with the idea of a Fermi surface reconstruction.

Figure 81: Magnetic field-derivative of the torque versus mag-
netic field of CeRh2Si2, for temperatures T ≤ 24 K and magnetic
fields along c.

Figure 82: Magnetic field versus temperature phase diagram of
CeRh2Si2, with H ‖ c, obtained from resistivity, torque, and ther-
mal expansion. The insert focuses on the low-temperature part of
the phase diagram.

W. Knafo, D. Vignolles, B. Vignolle, Y. Klein, C. Jaudet, C. Proust
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Field Evolution of Coexisting Superconducting
and Magnetic Orders in CeCoIn5

Heavy fermion compound CeCoIn5 is one of the most in-
triguing examples of a manifestation of the coexistence of
magnetic and superconducting (SC) orders. In the SC state
of this compound application of a magnetic field (H0) in-
duces a long range magnetic order (LRO), restricted to a
small high-field low-temperature region of the phase dia-
gram just below Hc2. What is more, this particular region of
the phase diagram was initially identified as the first realiza-
tion of the long-sought Fulde, Ferrell, Larkin, and Ovchin-
nikov (FFLO) state, a superconducting state with a non-
zero pair momentum and a spatially modulated order pa-
rameter. However, important questions regarding the true
nature of this SC phase, the details of the magnetic order
and its field dependence, and the potential driving mech-
anisms of their coexistence remain unanswered. There-
fore, CeCoIn5 provides a strikingly rich ground to study the
complex interplay between exotic SC and magnetic degrees
of freedom. Experimentally, nuclear magnetic resonance
(NMR), as a microscopic probe sensitive to both magnetic
and SC degrees of freedom, provides a powerful tool for the
investigation of these puzzles.

Figure 83: Low temperature NMR spectra of In(2ac) for various
H0 ‖ â. The frequency scale is defined by subtracting ω0, the zero
NMR shift frequency. N denotes the normal phase, IC the LRO
phase, eSC the state with strong spin fluctuations, and lfSC the
Abrikosov SC state. The LRO is evident in the fact that the In(2ac)
line broadens into a spectrum with two extrema. Such spectra are
characteristic of IC LRO along one spatial dimension. Red solid
lines are simulated spectra for the IC-SDW order.

Here we report detailed low temperature (T ) 115In NMR
measurements on the three distinct In sites in CeCoIn5, for
H0 || [100] [Koutroulakis et al., Phys. Rev. Lett. in press
(arXiv:0912.3548)]. The axially symmetric In(1) is located
in the center of the tetragonal Ce planes, while In(2ac) and
In(2bc) sites correspond to In atoms located on the lateral
faces (parallel and perpendicular to the applied field, re-
spectively) of the unit cell. In figure 83 the H0 evolution
of the In(2ac) spectra at T ≈70 mK is plotted. Lowering
the field below ≈ 11.7 T establishes magnetic LRO, which
is evident from the broadening of the In(2ac) line into a
spectrum with two extrema/peaks and finite signal weight
in between them. Such spectra are characteristic of in-
commensurate (IC) LRO along one spatial dimension. For
9.2T. H0 . 10.2 T, the spectra of all In sites consist of a
single peak, i.e. no signature of the IC state is observed.
However, these spectra remain significantly broader than
the ones for H0 . 9.2 T, where the linewidth of all sites can
be adequately described by the spatial distribution of mag-
netic fields resulting from the vortex lattice of an Abrikosov
(low-field) SC state (lfSC).

By NMR we have thus established that at T ≈ 70mK a
phase with static magnetic LRO is stabilized for fields
above ≈ 10.2T in the SC state. By analyzing the spectra
of the different In sites, we deduce that the LRO is an in-
commensurate spin density wave (IC-SDW) with moments
oriented along the ĉ-axis, independent of the in-plane H0
orientation. We fit the data to simulated spectra for the IC-
SDW order with magnitude of the local magnetic moment
(µ0) as a fitting parameter. This allows us to map the de-
tailed field evolution of the moment. From the analysis of
the field dependence of the NMR shift we show that this IC-
SDW coexists with a novel SC state, that is likely an FFLO
phase, characterized by an enhanced spin susceptibility.

By consideration of the spectral lineshapes and spin deco-
herence time of different In sites for 9.2T . H0 . 10.2T
at low-T , we conclude that this corresponds to an ‘exotic’
SC (eSC) phase characterized by strong AF fluctuations.
This might be a ‘true FFLO’ phase, unperturbed by LRO
magnetic order. This phase is separated from the above de-
scribed high-field, low-T phase by the 2nd order phase tran-
sition previously identified at H∗ ≈ 10.2 T from the NMR
lineshift data. Such a two step phase transition from lfSC
to FFLO (assuming it exists in eSC) and then to the IC state
was theoretically predicted when spin fluctuations are con-
sidered. The IC magnetism can arise in the FFLO state in
a d-wave SC as a consequence of the formation of Andreev
bound states near the zeros of the FFLO order parameter.
The formation of the IC LRO is triggered by a large DOS
in these bound states.

M. Horvatić, C. Berthier
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Grenoble, France)
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Fermi surface study in the hidden order state of URu2Si2

The heavy fermion superconductor URu2Si2 has attracted
much attention for the past two decades because of the so-
called hidden order (HO) phase below T0 = 17.5K, where
a tiny magnetic moment of 0.03µB with the wave vector
Q0 = (1,0,0) appears. The associated entropy at T0 is,
however, too large. That is why many theoretical models
have been proposed, such as, spin- and/or charge-density
wave, higher orbital ordering, helicity order, etc. Further-
more it was recently reported that a new phase transition or
a crossover appears at H∗ = 23T below 2K [Shishido et al.
Phys. Rev. Lett. 102, 156403 (2009)]. Above H∗, a new
dHvA frequency with relatively light effective mass was de-
tected in a high quality sample. Nevertheless, there are still
undetected Fermi surfaces, considering the large specific
heat coefficients and carrier numbers. It is important to de-
termine the electronic states from the microscopic point of
views. One of the most powerful experimental probe is the
de Haas-van Alphen (dHvA) or Shubnikov-de Haas (SdH)
effects. Recently, we succeeded in growing high quality
URu2Si2 single crystals (RRR > 200) in order to perform
the SdH experiments. Here we report the recent results of
SdH experiments using high quality single crystals at high
fields up to 34T and at low temperatures down to 30mK.

Figure 84(a) shows the magnetoresistance for the current
along [100] at various field directions in URu2Si2. The
large magnetoresistance and clear SdH oscillation indicate
the high quality of our sample. The kink is clearly detected
for H ‖ [001] at H∗ = 24T, which shifts to the higher field
with increasing the field angle from [001] to [100]. The
angular dependence of H∗ is shown in Fig. 84(b). H∗ ap-
proximately follows the 1/cosθ-dependence. We show in
figure 85 the typical SdH oscillation for H ‖ [001] and for
the field tilted 52deg from [001] to [100]. As clearly seen
in figure 85, the SdH amplitude abruptly increases above
H∗ for H ‖ [001], while the SdH amplitude at field angle
52deg smoothly increases, following the Lifshitz-Kosevich
formula. Below H∗, the fast Fourier transform (FFT) anal-
ysis shows three kinds of SdH branches, namely α, β and
γ. The cyclotron effective masses for H ‖ [001] below H∗

are 12m0 and 18m0 for branch α and β, respectively. Al-
though the number of wave is not enough to analyze the
data, the SdH frequency for branches α and β shows no
change above H∗, however, the cyclotron mass for branch
β seems to decrease above H∗. These results clearly indi-
cate that the electronic state is changed above H∗ in the HO
state. Further experiments, such as thermoelectric power,
are required to confirm this point.

Figure 84: (a)Magnetoresistance at various field directions from
[001] to [100] at 30mK in URu2Si2. (b)Angular dependence of
H∗, which is defined as a kink of magnetoresistance. The solid
line corresponds to the 1/cosθ dependence.

Figure 85: Typical Shubnikov-de Haas oscillations for the field
along [001] and for the field tilted 52deg from [001] to [100].
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High field resistivity measurements on single crystalline UPt2Si2

Tetragonal UPt2Si2 has recently been characterized as a
moderately mass enhanced antiferromagnet (TN = 32 K),
which in various physical properties closely resembles the
hidden order material URu2Si2 [Süllow et al., J. Phys. Soc.
Jpn. 77, 024708 (2008); Johannsen et al., Phys. Rev. B 78,
121103 (2008) ; Kim et al., Phys. Rev. Lett. 91, 256401
(2003); Amitsuka et al., Physica B 177, 173 (1992) ].

Similar to URu2Si2, high field phase transitions at low tem-
peratures have been observed in UPt2Si2, that is in fields
of 30 T to 45 T along the a direction and 20 T to 33 T
along c [Amitsuka]. Recent high field measurements reveal
additional structure in the magnetic phase diagram, empha-
sizing the close resemblance to URu2Si2.

Based on these findings, the goal of the present set of ex-
periments was to verify and more accurately define the high
field phase boundaries observed in previous resistivity and
magnetization measurements. Therefore, high field resis-
tivity experiments at low temperatures along the crystallo-
graphic a and c axes of UPt2Si2 were initiated and carried
out.

We have measured the high field resistivity along the crys-
tallographic a and c axes in field and temperature sweeps up
to 28 T and 40 K. From our data we calculated the differen-
tial resistivities ∂R/∂B and ∂R/∂T , in which the transitions
appear as local maxima (∂R/∂B) or minima (∂R/∂T ).

In the temperature sweeps the transition to the antiferro-
magnet phase is clearly visible for both directions. In field
sweeps with B applied along the a axis the high field phase
is not accessible but for B//c the phase boundary to the
lowest high field phase occurring at ∼ 25 T below 18 K is
visible.

Together with the data taken previously, we construct the
magnetic phase diagram of UPt2Si2, as shown in figure 86.
In these diagrams, field induced phases similar to URu2Si2

are clearly to be seen, supporting the notion of the similar-
ity between the two systems. Presently, high field magneti-
zation measurements at 3He temperatures are underway to
extend the determination of these phase boundaries to very
low temperatures.

Figure 86: Proposed magnetic phase diagrams for the crystallo-
graphic a and c directions derived from previous and actual mag-
netization and resistivity measurements.
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Evolution of the Fermi surface of BaFe2(As1−xPx)2
on entering the superconducting dome

The Fermi surface topology of the iron-pnictides is widely
thought to play a key role in determining the type of mag-
netic or superconducting order that occurs in these mate-
rials at low temperature. Measurements of the de Haas-
van Alphen (dHvA) effect provide a unique way of mea-
suring the Fermi surface of these materials. Prior to the
present work, measurement had only been possible in the
stoichiometric end members of the various families. How-
ever, to gain an understanding of how the bulk Fermi sur-
face evolves as the correlation effects responsible for su-
perconductivity become strong, it is necessary to measure
the highest Tc superconducting samples. With the notable
exception of the low Tc phosphide material LaFePO, other
iron-pnictides need to tuned, either chemically or with pres-
sure in order for them to become superconducting. Chem-
ically tuning often adds disorder, for example replacing Fe
by Co in the series Ba(Fe1−xCox)2As2. This decreases dra-
matically the dHvA signal, making it unobservable even in
high pulsed fields. Recently, it was discovered that sub-
stituting As for P in the series BaFe2(As1−xPx)2 produced
high Tc superconductivity without changing the carrier con-
centration (both As and P are in the 3+ state so this is an
isoelectric substitution). Importantly, this substitution does
not appear to produce significant disorder in the conduc-
ting plane, making this an excellent candidate system for a
dHvA study.

Figure 87: Measured de Haas-van Alphen data for samples
of BaFe2(As1−xPx)2. The left panels show raw torque data at
T = 1.5 K. The right panels show the oscillatory part of the torque
and the corresponding fast Fourier transforms, for samples with
x = 0.41 and 0.56. No oscillations were observed for the highest
Tc = 30 K sample (x = 0.33).

Measurements were made in Toulouse on BaFe2(As1−xPx)2
samples with three different values of x, with Tc rang-
ing from 12 K to 30 K. These measurements were sup-
plemented with other data obtained using superconducting
magnets in Osaka (17 T), the hybrid magnet in Tallahassee
(45 T), and a resistive magnet in Nijmegen (33 T).

Figure 88: Variation of the size of the electron orbits (α and
β) and the effective mass of quasiparticle moving on the β or-
bit as a function of phosphorous fraction x in BaFe2(As1−xPx)2.
The variation of Tc with x is also shown. The data show that the
electron Fermi surfaces shrink and the effective mass increases
as x decreases and Tc becomes larger. Data for samples with
x = 0.64,0.72, and 1.0 were obtained using dc fields in Osaka,
Nijmegen and Tallahassee.

Band-structure calculations suggest that the Fermi surface
of these materials consists of quasi-two-dimensional elec-
tron and hole sheets. The total volumes of the electron and
hole sheets are exactly equal (compensated metal). In our
experiment only the electron Fermi surfaces were observed.
This follows a trend found for other iron-phosphides where
the mean free path on the electron Fermi surface is much
longer than on the hole sheets.

The main conclusion is that the data show that the volume
of the electron sheets (and via charge neutrality also the
hole sheets) shrink linearly and the effective masses be-
come strongly enhanced with decreasing x. Calculations
show that it is unlikely that these changes are a simple
consequence of the one-electron bandstructure but instead
they likely originate from many-body interactions. These
changes may be intimately related to the high Tc unconven-
tional superconductivity in this system. These results are
reported in detail in Shishido et al. arXiv:0910.3634.
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Angular dependence of the Nernst effect in elemental bismuth

The Fermi surface of bismuth consists of one pocket of
hole-like carriers with an ellipsoid shape whose long axis
is along the trigonal direction, and three electron pockets,
arrayed symmetrically around the hole ellipsoid (see fig-
ure 89(a)) for a sketch). The electron pockets are much
more anisotropic than the hole pocket. It is known that
in two directions the electronic bands are described by the
Dirac Hamiltonian [Wolf, J. Phys. Chem. Solids 25,1057
(1964)]. The full volume of the Fermi surface occupies
10−5 of the volume of the Brillouin zone. One consequence
of this remarkable property is that the quantum limit can be
reached for a magnetic field as low as 9 T, oriented along
the trigonal axis. It has recently appeared that the Nernst ef-
fect (the transverse voltage induced by a longitudinal tem-
perature gradient, in the presence of a magnetic field) is a
very sensitive probe of quantum oscillations in the vicin-
ity of the quantum limit. Above 9 T, i.e. beyond the hole
quantum limit (QL), three unexpected anomalies were seen
in the Nernst response of bismuth [Behnia et al., Science
11, 1729 (2007)]. These anomalies were interpreted as sig-
natures of many-body effects. However, it has recently ap-
peared that the one-particle spectrum of bismuth is com-
plex, and a small misalignment off the trigonal axis would
drastically change the field position of the electron Landau
levels. In absence of an angular-resolved study, the addi-
tional Nernst anomalies could be explained in one-particle
picture with a small misalignment [Sharlai Mikitik, Phys.
Rev. B 79, 081102(R) (2009)].

In order to clarify the origins of these unexpected Nernst
anomalies, we studied the angular dependence of the Nernst
effect in bismuth. For this purpose, we built our own
thermoelectric single and double rotator set-up based on a
piezoelectric positionner (typical angular accuracy: 0.01◦).
The orientation of the sample in the magnetic field was de-
termined by Hall probes. Figure 89(b)) presents the Nernst
voltage at T = 1.3 K for a magnetic field tilted in the trig-
onal binary plane. The typical angular step is 0.5◦. At low
field, quantum oscillations with a main period of 0.15 T−1,
corresponding to the hole ellipsoid can be seen. Over the
angular range investigated here the QL of the hole pocket
does not change significantly. Above the QL, we can re-
solve two quasi vertical lines in the (B, θ) plane, which are
symmetrical about θ = 0. These lines are more obvious on
the (B, θ) color map of the high magnetic Nernst voltage re-
ported in figure 89(c)) (deduced from figure 89(b))). These
two lines define a cone which is reminiscent to the cone ob-
served by torque [Li et al, Science, 321, 547 (2008)] and
transport measurement [Fauqué et al, Phys. Rev. B 79,

245124 (2009)]. According to the recent calculation on the
Landau levels spectrum of bismuth performed by [Alicea
and Balents, Phys. Rev. B 79, 081102(R) (2009)], this cone
corresponds to the 0+ electron Landau level.

Figure 89: (a) Sketch of the Fermi surface of bismuth: the hole
and the electron pockets are respectively in red and green. (b)
Nernst voltage as a function of B at T = 1.3 K for a magnetic field
tilted in the trigonal binary plane. θ, the angle between the trigonal
axis and the magnetic field direction, varies from −8.4◦ to 8.5◦.
The curves are shifted for clarity. (c) Color map of the Nernst
voltage between 10.5 T and 28 T for a magnetic field tilted in the
trigonal binary plane. (d) Nernst voltage for θ=0 as a function of
the magnetic field for various temperatures T = 1.3,2.3,3.4,5.5
and 8.5 K.

In addition to these lines, we can identify at least three addi-
tional lines inside and outside the cone. Each of these lines
seems to be characterized by their own angular dispersion
in the (B, θ) plane. Figure 89(d)) presents the evolution of
the Nernst response with temperature, for a magnetic field
oriented along the trigonal direction(θ=0). As seen in the
figure the anomalies fade away when the temperature ex-
ceeds 3.4 K.

In conclusion, our angular-dependent study reveals that: (i)
the Nernst effect can reveal hole and electron Landau lev-
els spectrum (ii) the unexpected Nernst anomalies cannot
be explained by the electron Landau levels and are charac-
terized by their own angular dependence. The additional
Nernst anomalies are unexpected in single-particle theory
and point to collective effects, which are yet to be under-
stood.
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Magnetic field-induced electronic instability in bismuth

In the presence of a reasonably large magnetic field, the
electric resistivity of bismuth is enhanced by five orders of
magnitude with no sign of saturation. This feature, discov-
ered as early as 1928 by Kapitza, has escaped wide theo-
retical attention [Abrikosov, J. Phys. A 36, 9119 (2003)].
When a magnetic field exceeding 9 T is applied along the
trigonal axis of a bismuth crystal, the carriers are confined
to their lowest Landau level. In the case of electron-like car-
riers, this level has two sub-levels of opposite spins. Hole-
like carriers , on the other hand, are spin-polarized. Recent
experimental studies of bismuth [K. Behnia et al., Science
11, 113012 (2009); L. Li et al. Science, 321, 547 (2008);
B. Fauqué et al., Phys. Rev. B 79, 245124 (2009)] have
uncovered a number of enigmatic field scales beyond this
quantum limit.

We have extended previous measurements of longitudinal
and Hall resistivity of bismuth to 55 T. Our study has uncov-
ered a new field scale in the vicinity of 40 T pointing to an
unidentified electronic instability. The signatures of elec-
tronic reorganization at this field in the experimental data,
namely, a minimum in field-dependence of electric resistiv-
ity (see figure 90) and a peak in the Nernst response (found
using the dc hybrid magnet in NHMFL-Tallahassee), are al-
most as drastic as the crossing of the quantum limit at 9 T.
Our angular-dependent resistivity studies establish that this
field scale persists even when the field is strictly parallel to
the trigonal axis and, thus cannot be attributed to the one-
particle energy spectrum. Thus, this result constitutes the
most solid experimental evidence available until now for a
field-induced electronic instability caused by electronic in-
teractions in bulk bismuth.

Figure 90: Left: Magnetoresistance of three bismuth single crys-
tals. Sample (a) was measured in a dc hybrid magnet and the two
others in the pulsed magnet at LNCMI-Toulouse. The high-field
minimum in resistivity occur far beyond the quantum limit. Right:
Field-derivative of resistance a s function of B−1. Quantum oscil-
lations are visible in addition to the newly discovered field scale
marked by arrows.

In bismuth, quantum oscillations of resistivity (the
Shubnikov-de Haas effect) are superimposed on a huge
monotonous background. The main period of oscillation
(0.15 T−1), clearly visible in dρ/dB plots (figure 90(b)), is
associated with the cross section of the hole ellipsoid. The
presence of the 40 T anomaly was checked in five Bi single
crystals from different sources.

According to recent theoretical calculations [Alicea and Ba-
lents, Phys. Rev. B 79, 241101 (2009); Sharlai and Mikitik,
Phys. Rev. B 79, 081102 (2009)], the one-particle spectrum
of bismuth for a field oriented close to the trigonal axis is
remarkably complex. This is due to the implications of the
charge neutrality in a compensated system, the particular
Fermi surface topology and the relatively large Zeeman en-
ergy. According to these calculations, the field scales of
the three electron ellipsoids are expected to present a very
sharp angular dependence when the field is slightly tilted
away from the trigonal axis. On the other hand, if the field
is strictly oriented along the trigonal axis, above B ∼ 10 T,
no other field scale is expected in the one-particle picture.
We have verified that tilting the field slightly away from the
trigonal axis has little effect on the field position of the 40 T
anomaly. The high-field anomaly is present even when the
field is parallel to the high-symmetry axis and thus it cannot
be attributed to one of the three sharply anisotropic electron
ellipsoids.

This field-induced electronic reorganization leads to a bet-
ter conductivity and an enhanced metallic behaviour, in
sharp contrast to the expected signatures of a density-wave
transition. A version of such a transition is widely believed
to occur in graphite in a similar ultra-quantum configura-
tion [Yaguchi and Singleton, J. Phys.: Condens. Matter 21,
34 (2009) for a review].

Figure 91: Longitudinal and Hall resistivity as a function of B−1

in a bismuth single crystal for different tilt angles. The θ = 0
curves are in red. The high-field anomaly shows little variation
with tilt angle.
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Magnetic oscillations in a linear chain of compensated orbits

Due to their rather simple Fermi surface, organic
metals provide a rich playground for the investiga-
tion of quantum oscillations in physics. In that re-
spect, the most well known example is provided by κ-
(BEDT-TTF)2Cu(NCS)2 (where BEDT-TTF stands for bis-
ethylenedithio-tetrathiafulvalene) which can be regarded as
the experimental realization of the Fermi surface consid-
ered by Pippard in the early sixties for his model. In the
extended zone scheme, such a Fermi surface is composed
of closed hole orbits and quasi-one dimensional sheets cou-
pled by magnetic breakdown. This kind of Fermi sur-
face yields quantum oscillations spectra with numerous fre-
quency combinations that cannot be accounted for by the
semi-classical model of Falicov and Stachowiak. This phe-
nomenon which has generated great interest is generally at-
tributed to either the formation of Landau bands and/or os-
cillations of the chemical potential in a magnetic field.

Figure 92: Calculated Fermi surface of the Bechgaard salt
(TMTSF)2NO3 in the temperature range below the anion order-
ing and above the spin density wave condensation, according to
Kang et al. [EPL 29 635 (1995)]. Solid blue and red lines are
compensated hole and electron orbits, respectively. This Fermi
surface achieves linear chains of compensated orbits.

Contrary to the above mentioned example, the Fermi sur-
face of numerous organic metals is composed of com-
pensated electron- and hole-type closed orbits, yielding
many frequency combinations as well, as far as Shubnikov-
de Haas oscillations are concerned. We have computed
the field and temperature dependence of the de Haas-van
Alphen oscillations spectra of an ideal two-dimensional
metal whose Fermi surface achieves a linear chain of
successive electron- and hole-type compensated orbits.
Such a topology is realized e.g. in the Bechgaard salt
(TMTSF)2NO3 (where TMTSF stands for tetra-methyl-
tetra-seleno-fulvalene) in the temperature range in-between
the anion ordering temperature and the spin density wave
condensation (see figure 92).

In the case where the effective masses linked to electron-
and hole-type orbits are the same (m∗e = m∗h), calculations
demonstrate that chemical potential oscillations vanish for
such a Fermi surface. More generally, in the case where
m∗e and m∗h are different, these oscillations are significantly
damped, all the more if the magnetic breakdown field is
small, as evidenced in figure 93.

Figure 93: Field dependence of the chemical potential for Fermi
surface such as in figure 92 for m∗e = m0 and m∗h = 2.5m0 (m∗e and
m∗h are the electron and hole orbit effective mass, respectively; m0
is the free electron mass) at a reduced temperature t = 10−4 (t = T
× kBm0A0/2π~2, where A0 is the unit cell area). b is the reduced
magnetic field (b = B × eA0/2π~), b0 is the reduced magnetic
breakdown field. The inset compares the chemical potential oscil-
lations for two electron orbits and two compensated orbits with,
respectively, the same effective masses as in the main panel, in the
absence of magnetic breakdown (b0 →∞).

It appears from the analysis of the numerical resolution
of Landau levels, including the electron-hole band inter-
action, that the Lifshits-Kosevich semiclassical formalism
can be applied for the first harmonic, provided magnetic
breakdown orbits, although with higher effective masses,
are taken into account. The resulting high order terms can
lead to apparent temperature-dependent effective mass for
clean crystals in the high B/T limit in the case where only
one effective mass is considered for the data analysis, as it
is usually done. For example, in the absence of magnetic
breakdown, m∗ = min(m∗e , m∗h) in the low field range while
m∗ =

√
m∗em∗h at high field.

On the contrary, strong deviation from the Lifshits-
Kosevich behavior is observed for the second harmonic.
The main feature of this latter component being the zero
amplitude occurring at a B/T value depending on the ratio
of the two effective masses (m∗h/m∗e), only, independent of
the magnetic breakdown field value.

A. Audouard
J.-Y. Fortin (Institut Jean Lamour, Nancy)
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Coexistence of closed orbit and quantum interferometer with the same cross
section in the organic metal β”-(BEDT-TTF)4(H3O)[Fe(C2O4)3]·C6H4Cl2

The family of quasi-two-dimensional charge transfer salts
β”-(BEDT-TTF)4(A)[M(C2O4)3]Solv (where BEDT-TTF
stands for bis-ethylenedithio-tetrathiafulvalene, A is a
monovalent cation, M is a trivalent cation and Solv is a
solvent) have raised great interest in particular because it
yielded, more than ten years ago, the first organic super-
conductor at ambient pressure with magnetic ions.

Figure 94: (a) Field-dependent interlayer resistance of
β”-(BEDT-TTF)4(H3O)[Fe(C2O4)3]·C6H4Cl2 for θ = 0◦ (θ is the
angle between the field direction and the normal to the conducting
plane). (b) Fourier analysis deduced from the oscillatory part of
the magnetoresistance displayed in the inset. The field range is
18-54 T. Marks are calculated with Fa = 74 T and Fb = 348 T. (c)
Magnetic torque at θ = 29◦. Corresponding Fourier analysis are
displayed in the inset. The field range is 30-53.5 T and 38-53.5 T
below and above 9 K, respectively. (d) Textbook case of Fermi
surface accounting for the frequencies a, b and b-a.

Magnetoresistance and magnetic torque of the salt with A
= H3O+, M = Fe3+ and Solv = C6H4Cl2 have been investi-
gated in pulsed magnetic fields of up to 54 T. Shubnikov-de
Haas (SdH) oscillations reveal three basic frequencies Fa,
Fb and Fb−a, which, in line with band structure calculations,
can be interpreted on the basis of three compensated closed
orbits originating from a hole orbit with an area equal to that
of the first Brillouin zone (see figure 94). Only Fa and Fb

are observed in de Haas-van Alphen (dHvA) spectra, likely

due to the relatively narrow field range in which these latter
oscillations can be observed (B > 20 T).

The Lifshitzs-Kosevich formalism accounts for the field
and temperature dependence of both the SdH and dHvA
data over all the explored range. However, a very weak ther-
mal damping of the Fourier component Fb, with the highest
amplitude, is evidenced for SdH spectra above about 6 K
(see figure 95). As a result, magnetoresistance oscillations
are observed at temperatures higher than 30 K. Taking into
account the temperature dependence of the scattering rate,
this feature, which is not observed for dHvA oscillations
(recorded up to 15 K), is in line with the coexistence, at least
in the temperature range around 6 K, of a closed orbit b and
a symmetric (i.e. with a zero effective mass) quantum inter-
ference path with the same area (keeping in mind that dHvA
oscillations are only sensitive to the density of states). This
result, which cannot be interpreted in the framework of the
Fermi surface displayed in figure 94(d), points to a Fermi
surface reconstruction in this compound. For details, see
[Vignolles et al. Eur. Phys. J. B 71 203 (2009)].

Figure 95: Temperature dependence of the amplitude of the b
oscillations for dHvA and SdH data. Empty and solid symbols
correspond to a mean field value of 44.6 T and 30 T/cos(θ), respec-
tively (θ is the angle between the field direction and the normal to
the conducting plane). Solid lines are best fits of the Lifshitzs-Ko-
sevich formula. A zero-effective mass and a temperature-depen-
dent scattering rate are considered for the SdH data in the high
temperature range.

D. Vignolles, A. Audouard
V.N. Laukhin, E. Canadell (ICMAB, Barcelona, Spain), E.B. Yagubskii (IPCP, Chernogolovka, Russian Federation)
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Metal-non-metal transition in the charge transfer salt
(BEDT-TTF)8[Hg4Br12(C6H5Br)2]

At room temperature and ambient pressure, all the mem-
bers of the family of charge transfer salts (BEDT-
TTF)8[Hg4X12(C6H5Y)2] (where X, Y = Cl, Br and BEDT-
TTF stands for bis-ethylenedithio-tetrathiafulvalene) are
isostructural. According to band structure calculations,
their Fermi surface is composed of one electron and one
hole compensated orbit, coupled by magnetic breakdown
(MB). However, even though a metallic ground-state is ob-
served for X = Cl, a metal-non metal transition occurs as the
temperature is lowered for X = Br, as displayed in figure 96.

Figure 96: Temperature dependence of the interlayer resistivity
for (a) X = Cl and (b) X = Br. Even though the two compounds are
isostructural at room temperature, a metal-non metal transition is
observed for X = Br at low pressure. T 2 dependence of the inter-
layer resistivity at low temperature for (c) the metallic compound
with X = Cl and (d) the pressure-induced metallic state of X =
Br. The Fermi surface for X = Br is displayed in the inset of (b).
Electron (red) and hole (blue) orbits are compensated.

We have studied the interlayer magnetoresistance of the two
compounds with Y = Br under applied pressure of up to 1.1
GPa. For X = Cl, a metallic ground-state is observed in all
the pressure range explored while for X = Br, a pressure-
induced metallic state is observed at a few tenth of GPa.
For both compounds, a T 2 variation of the zero-field resis-
tance (ρ = ρ0 + A×T 2), typical of correlated Fermi liquids,
is observed in the metallic state. Shubnikov-de Haas (SdH)
oscillations are observed for both X = Cl (see figure 97)
and X = Br. While many frequency combinations, typical
of coupled orbits networks are observed in the former case
(for more details see [Vignolles et al. Eur. Phys. J. B 31 53

(2003), Audouard et al. Euro. Phys. Lett. 71 783 (2005)]),
only few MB orbits are observed for X = Br. This is due to
a larger MB gap between electron and hole orbits in the lat-
ter case, in line with band structure calculations. The most
salient feature is the sizeable decrease of the effective mass
linked to the compensated orbits observed as the applied
pressure increases (roughly a factor of two in the explored
range). In addition, the effective mass scales with the coef-
ficient (A) of the T 2 law. Such a behaviour is reminiscent of
a Brinkman-Rice scenario which predicts the divergence of
the effective mass as approaching a Mott transition. In that
respect, no structural phase transition can be inferred from
X-ray data down to 100 K at ambient pressure, for X = Br.

Figure 97: (a) Field-dependent resistance for X = Cl at 1.1 GPa
and (b) corresponding Fourier spectra. Label a stands for the com-
pensated orbits (see figure 96), the other labels corresponds to ei-
ther frequency combinations or Fermi surface pieces located in-
-between the orbits. (c) The coefficient (A) of the T2 law of the
zero-field resistivity scales with the square of the effective mass
(m∗) deduced from SdH oscillations.

D. Vignolles, A. Audouard, F. Duc, M. Nardone
R.B. Lyubovskii, R.N. Lyubovskaya (IPCP, Chernogolovka, Russian Federation), E. Canadell (ICMAB, Barcelona,
Spain)
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Magnetic torque experiments on the magnetic-field-induced organic
superconductor λ-(BETS)2FeCl4

Layered organic superconductors have upper critical fields
exceeding the theoretical Pauli limit for superconductiv-
ity when the magnetic field is applied parallel to the lay-
ers. Theory predicts then the possibility of a Fulde-
Ferrel-Larkin-Ovchinnikov (FFLO) superconducting state
[Fulde and Ferrel, Phys. Rev. 135, A550 (1964);
Larkin and Ovchinnikov, Sov. Phys. JETP 20, 762
(1965)]. Besides κ-(BEDT-TTF)2Cu(NCS)2, the two di-
mensional field-induced superconductor λ-(BETS)2FeCl4,
where BETS is bis(ethylenedithio)tetraselenafulvalene, is a
candidate which fulfils all necessary conditions. When the
magnetic field is applied parallel to the metallic layers, a
superconducting phase appears above 17 T below 1 K.

This field-induced superconductivity is well understood
in the framework of the Fischer theory, based on the
Jaccarino-Peter effect. Uji et al. reported possible FFLO
states at the two critical fields based on dip structures in
the resistivity [Uji et al., Phys. Rev. Lett. 97, 157001
(2006) and references therein]. This motivated us to look
for a thermodynamic phase transition between the homo-
geneous superconducting phase and the FFLO states by
means of magnetic torque experiments using a capacitance
cantilever technique. The probe was equipped with a rota-
tor, which allowed us to align the layers parallel to the field
direction with a precision of 0.001◦. Single crystals of λ-
(BETS)2FeCl4 were grown by the standard electrochemical
oxidation technique.

In our first experiment we focused on the critical field at
17 T. Figure 98 shows torque data taken at different tem-

peratures during field sweeps. Surprisingly, a broad kink-
like anomaly appears only above 22 T indicating the tran-
sition into the field-induced superconducting state. Below
200 mK a pronounced hysteresis appears. The experiments
show no evidence for additional phase transitions within
the superconducting state. The phase diagram clearly dif-
fers from that reported by Uji et al. A misalignment of the
sample can be ruled out. A possible explanation may be
found in the rather rapid cooling conditions in our experi-
ment which is known to cause anion-disorder effects in 1D
organic superconductors. The result stimulates further ex-
periments under more controlled experimental conditions.

Figure 98: Magnet torque of λ-(BETS)2FeCl4 is plotted as a
function of field at different temperatures.

I. Sheikin
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Temperature and magnetic field dependence of domain wall width and period
of Condon domain structure in Ag

Diamagnetic instability of electron gas in normal metals un-
der quantizing magnetic field and low temperature is a re-
sult of strong electron correlations induced by the magnetic
field. It gives rise to a phase transition with formation of
complex domain patterns (Condon domains).

Figure 99: Temperature dependence of the DW width δ (a) and
period of the domain structure D (b) at the conditions of the ex-
periment [Kramer et al., Phys. Rev. Lett. 95, 267209 (2005)].
The solid lines correspond to the theory, the circles are calculated
from the temperature dependence of the measured jump of mag-
netic induction at the interface boundaries.

The diamagnetic phase transition has received recently
much attention due to a number of unusual phenomena for
the physics of diamagnetism, e.g. formation of complex
branch structures, strong dependence of magnetic phase di-
agrams on Fermi-surface topology, presence of diamagnetic

hysteresis in magnetization curves, existence of persistent
currents which results in a discontinuity of magnetic in-
duction along the interface boundaries of regular domain
patterns. Still, there remain open fundamental questions
related to the formation of Condon domain phase. As an
example, the important information about the size of the
domains, the domain wall width and surface energy of the
interface boundaries is still lacking. In our studies [N. Lo-
goboy and W. Joss, Solid State Comm. 149, 2007 (2009)]
we offer a way to calculate the expected values of domain
wall width and period of the domain structure by means of
measurement of the value of the jump of magnetic induc-
tion at the domain wall δB (figure 99 and figure 100).

Figure 100: Magneticfield dependence of the DW width δ (a)
and period of the domain structure D (b) at the conditions of the
experiment [Kramer et al., Phys. Rev. Lett. 95, 267209 (2005)].
The solid lines correspond to the theory, the circles are calculated
from the temperature dependence of the measured jump of mag-
netic induction at the interface boundaries.

W. Joss
N. Logoboy (The Racah Institute of Physics, The Hebrew University of Jerusalem, Jerusalem, Israel and The Institute
of Superconductivity, Department of Physics, Bar-Ilan University, Ramat-Gan, Israel)
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Intrinsic diamagnetic length scales of Condon domain phase in Be

Magnetic quantum oscillations which are the result of Lan-
dau quantization of the quasiparticle spectrum are a power-
ful tool in investigation of Fermi surfaces of wide spectrum
of substances, including traditional normal metals, low-
dimensional systems and superconductors. The increase
in the amplitude of the dHvA oscillations at low temper-
ature under quantizing magnetic field gives rise to the mag-
netic instability with formation of nonuniform diamagnetic
phase (Condon domains). The low curvature of the quasi-
2D ’cigar’-like part of Fermi surface of beryllium results in
relatively high amplitude of dHvA oscillations and makes
it favorable to observe the diamagnetic instability in beryl-
lium.

We show that the properties of correlated electrons in
normal metals at the conditions of diamagnetic insta-
bility when the differential magnetic susceptibility a =
µ0 max{∂M̃/∂B} ≥ 1 (M̃ is oscillating part of the magne-
tization and B is magnetic induction of the sample) can be
described by the effective energy functional

G =−1
2

K sin2
Θ+

1
2

A(∂ζΘ)2. (12)

In Eq. (12) we use a variable Θ = πy/2y0 where y = 4πkM
is a reduced magnetization, k = 2πF/(Ba)2 = 2π/∆H, F =
(Fh +Fw)/2 is average fundamental frequency of the dHvA
oscillations (Fh = 970.9 T and Fw = 942.2 T are two fun-
damental frequencies corresponding to two extremal cross-
sections of ’cigar’-like Fermi surface of Be), ∆H is dHvA
period. The uniform magnetization y0 = y0(a) is given in
explicit form by equation y0 = asin y0. Parameters K and
A in Eq. (12) are defined as

K = 4asin2 y0

2
(1−acos2 y0

2
), A = a(2rcy0/π)2. (13)

The first term in RHS of Eq. (12) is analogous to the easy-
axis crystallographic anisotropy (K > 0), while the gradient
term (ζ is coordinate) accounts for the short-range corre-
lations on the scale of the cyclotron radius rc and corre-
sponds to the exchange interaction in the physics of spin
magnetism. It follows from Eq. (12) that there is a close
analogy between easy-axis anisotropy ferromagnetic sam-
ple and the system which shows the diamagnetic instability.
Thus, the problem of the diamagnetic length scales can be
solved by the standard methods of the physics of magnetic
materials.

We assume the existence of periodic domain structure with
alternative magnetization ±y0 in neighboring domains. Pe-
riod of the domain structure D is defined by competition
between long-range dipole-dipole interaction dependent on

the size and the shape of the sample, and short-range elec-
tron interaction on the scale of rc which gives rise to posi-
tive energy of interface boundaries.

Thus, for a plate-like sample of thickness L, the mini-
mization of total free energy of periodic domain structure
GPDS = Gd−d + Gσ, containing two terms, e. g. dipole-
dipole energy Gd−d = (7/π3)ζ(3)y2

0D, where ζ(3) is zeta-
function, and surface energy of separation of two domains
Gσ = (2L/D)σ (σ is the surface energy of a single domain
wall), allows to calculate the steady-state period of the do-
main structure

D =
25/2π(rcL)1/2

[7ζ(3)]1/2 (sec2 y2
0

2
−a)1/4. (14)

We calculate the expected values of domain wall width and
period of the domain structure by use of measured values
of the jump of magnetic induction at the domain wall δB
(figure 101).

Figure 101: (a) Temperature dependence of the domain wall
width δ = δ(T ) and (b) period of the Condon domain structure
D = D(T ) at fixed value of Ba = 2.642 T and Dingle temperatures
TD = 1.9 K in beryllium plate-like sample with the width L = 1.8
mm. Circles (triangles) represent the diamagnetic length-scales
calculated from the data [G. Solt and V. S. Egorov, Physica B 318,
231 (2002)] when heating (cooling).
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Y b3+→ Er3+ up-conversion luminescence under high pressure and pulsed
magnetic fields

Er3+-doped materials are essential for laser application,
displays, infrared detectors as well as in telecommunica-
tion using it in optical fibre amplifiers or other planar wave-
guides. Therefore, the understanding of the effect of an ex-
ternal magnetic field on the photoluminescence (PL) bands
of Er3+ is important in order to obtain information about
the electronic structure, particularly, the Zeeman sublevel
structure forming the excited and ground state manifold.

Up-conversion process is a way to transform low energy
photons into higher energy photons different from second-
harmonic generation which is commonly used in solid-state
lasers. The most efficient up-conversion system is that one
based on Er3+ and Y b3+. It is possible to observe, by the
naked eye, visible emission from Er3+ after Y b3+ excita-
tion in the near-infrared.

Figure 102: Low temperature Zeeman splitting of Er3+ photolu-
minescence spectra in KY (WO4)2 : Er3+,Y b3+ for a 5.0 T mag-
netic field applied parallel to the crystallographic b axis correspon-
ding to the lowest lying Kramers’ doublet of the 4S3/2 to the split
Kramers’ doublets of the 4I15/2 ground state. The insets show
details of some relevant peaks.

We have investigated the Zeeman splitting of the 4S3/2→4

I15/2 Er3+ transition, which is responsible of the green
luminescence of high-quality single-crystal thin layers of
KY (WO4)2 : Er3+,Y b3+ in pulsed magnetic fields as a
function of hydrostatic pressure by resonant up-conversion
spectroscopy (figure 102). The green Er3+ PL was reso-
nantly excited via up-conversion processes after Y b3+ and
Er3+ excitation in the near infrared around 980 nm using
a tunable titanium-sapphire laser. Under the applied mag-
netic field, the energy resonance between the Y b3+ lev-
els and the Er3+ changes by the Zeeman effect. The up-

conversion process can be completely suppressed and there-
fore, a precise tuning of the laser excitation wavelength to
compensate the Zeeman splitting of Y b3+ ions was neces-
sary in order to assure the resonance at high magnetic fields.

Figure 103: Pressure effect on the green photoluminescence of
4S3/2→4 I15/2 Er3+ transition at two different external magnetic
fields.

The results indicate that pressure induces a linear redshift
for all peaks at the two selected magnetic fields (figure 103).
The pressure induced shift rates are almost independent of
the magnetic field making this material suitable as sensor.
In fact, the magnetic-field splitting mainly depends on the
field intensity and thus can be used as magnetic probes and
the highest energy peak position which depends on both
magnetic field and pressure can be used in combination
with the Zeeman splitting to unambiguously determine the
pressure and magnetic field.

Hence, KY (WO4)2 crystals doped with Y b3+ and Er3+ are
excellent systems for using as probes of high magnetic
field and high pressure conditions through spectroscopic
properties of the Er3+ green photoluminescence via up-
conversion. The PL spectrum at low temperature consists
of a series of Zeeman split peaks, which are distinctly sen-
sitive to the magnetic field intensity and pressure. This be-
havior allows us to identify selected peaks by energy and
intensity that provides an unambiguous determination of B
and P simultaneously through the peak position E (B, P).
The measured shift rates make it suitable for using as dou-
bly magnetic and pressure sensor [Valiente et al., accepted
in High Pressure Research].

M. Millot, S. George and J.M. Broto
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Nd3+ crystal-field studies of weakly doped Nd1−xCaxMnO3

Manganites RMnO3 compounds based on lanthanides (R)
are antiferromagnetic systems with important Jahn-Teller
distortions. Substitution of lanthanides by Ba, Sr, or Ca
leads to appearance of double exchange interactions, reduc-
tion of Jahn-Teller-type distortions and simultaneous ob-
servation of metallic and ferromagnetic character with in-
creasing molar fraction x (R1−xAxMnO3, A = Ba, Sr, or
Ca). In this work, Nd3+ ions crystal field (CF) excita-
tions in Nd1−xCaxMnO3 (x = 0.025, 0.05 and 0.1) single
crystals have been investigated using infrared transmission
spectroscopy at different temperatures and external mag-
netic fields and compared to undoped NdMnO3.

Our study reveals the presence of a magnetic phase sep-
aration in the doped samples. As a consequence of dop-
ing by calcium, we report the detection of two sets of
CF levels, as already observed in Nd1−xSrxMnO3 [see S.
Jandl et al., Phys. Rev. B 71, 024417 (2005) and S.
Jandl et al., ibid 72, 024423 (2005)]. One is associated
with unperturbed sites related to the NdMnO3 antiferro-
magnetism with its typical Zeeman splitting below Neel
temperature, and a second one is linked to perturbed sites
in the vicinity of the Ca2+ cations where local A-type
antiferromagnetism is suppressed. While the energy dif-
ferences between the two sets are within the uncertainty
values of the CF parameters that describe the NdMnO3
CF Hamiltonian and predict the CF levels, their detection
strengthens the role of local probe the rare-earth CF lev-
els play in manganite compounds. Finally, under applied
external magnetic field, Zeeman splittings are observed in
NdMnO3 and Nd0.975Ca0.025MnO3, while they are masked
in Nd0.95Ca0.05MnO3 and Nd0.9Ca0.1MnO3. The latter re-
sults are due to doping-induced band broadening and pos-
sible twining.

The Zeeman splitting well-resolved at lower doping densi-
ties is demonstrated in Fig. 104, where the middle-infrared
transmission spectra of investigated samples taken without
and with the externally applied magnetic field (parts A and
B) are presented. For details see, S. Jandl et al., J. Magn.
Magn. Mater. 321, 3607 (2009).

Figure 104: Transmission spectra showing 4I9/2 →4I11/2 Nd3+

transitions in Nd1−xCaxMnO3 at T = 1.8 K: x = 0 (a), x = 0.025
(b), x = 0.05 (c) and x = 0.1 (d) measured at (A) B = 0 T and
B = 12 T. ∗ indicates the new CF excitations that are due to the
doping. The Zeemen splitting is well-resolved at lower concentra-
tions (x = 0 and 0.025) but masked at higher doping densities.

M. Orlita
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Magnetotransport in a disordered Zn1-xMnxGeAs2 alloy

Magnetotransport studies in high magnetic fields are a very
effective tool for studying the interplay between the elec-
tronic and magnetic properties of magnetic materials. In
this work the results of the magnetoresistance and Hall ef-
fect studies in Zn1-xMnxGeAs2 (0.053≤ x≤ 0.182) are pre-
sented. The investigated compound Zn1-xMnxGeAs2 be-
longs to the II-IV-V2 group of diluted magnetic semicon-
ductors. Our recent studies of magnetic properties of this
alloy [L. Kilanski, et al., Acta Phys. Pol. A 114, 1151
(2008)] showed that the transition from a Curie-Weiss para-
magnet into a ferromagnetic material with Curie tempera-
tures exceeding 300 K occurs in this system for x ≥ 0.06.
The high Curie temperature observed in this alloy is proba-
bly connected with the presence of nano-sized MnAs grains
in the crystal.

It is well established that the magnetic properties of crys-
tals have a significant influence on the electron transport in
Zn1-xMnxGeAs2 samples with different Mn content. Apart
from changes in the basic transport properties such as car-
rier concentration and resistivity, we have also observed a
significant differences in the high field magnetoresistance
and the Hall effect. The magnetic field dependence of the
resistivity tensor component ρxx recorded at T ≈ 1.45 K are
presented in figure 105.

In the case of the paramagnetic Zn0.947Mn0.053GeAs2 sam-
ple we observe a small negative magnetoresistance saturat-
ing at moderate magnetic fields of about B ≈ 50 kOe. The
origin of this behavior of the magnetoresistance curve is the
spin-disorder scattering of the conducting carriers on the
Mn magnetic moments embedded inside the semiconductor
host. It may be added that the negative magnetoresistance is
observed only at temperatures lower than 5 K. The positive
contribution to the magnetoresistance observed clearly at
higher temperatures results from the orbital carrier move-
ment in the presence of the external magnetic field. This
positive contribution competes at low temperatures with the
effect of spin disorder scattering causing the curves to show
a minima.

In the case of the two ferromagnetic Zn1-xMnxGeAs2 sam-
ples with x > 0.06 we observed negative magnetoresistance
with an amplitude much larger than in the case of the para-
magnetic crystal. The observed effect is interpreted as a
giant magnetoresistance due to the polarization of conduct-
ing carriers inside ferromagnetic grains (similar to that ob-
served in the case of granular ferromagnets). The ampli-
tude of the giant magnetoresistance is highly composition
dependent due to changes in the concentration of magnetic
inclusions in the material.

The results of Hall effect investigations in the form of mag-
netic field dependence of the off-diagonal resistivity tensor
component ρxy are presented in figure 106. It is interest-
ing to note that in the Zn1-xMnxGeAs2 crystals we do not
observe the anomalous Hall effect, a phenomenon widely
observed in ferromagnetic semiconductors. The ρxy(B)
dependence in the case of ferromagnetic Zn1-xMnxGeAs2
(x≥ 0.06) crystals showed the presence of large nonlinear-
ities at temperatures lower than 9 K. The bending of the
ρxy(B) curve is the most prominent in the case of the sam-
ple with the highest concentration of Mn ions. Such behav-
ior may indicate the presence of two types of conducting
carriers influencing the carrier transport in this material.

Figure 105: Magnetoresistance curves obtained at T ≈1.45 K for
Zn1-xMnxGeAs2 crystals with different chemical composition x.

Figure 106: Magnetic field dependence of the Hall resistivity ρxy
measured at T ≈ 1.45 K for Zn1-xMnxGeAs2 crystals with differ-
ent chemical composition x.

D. K. Maude
L. Kilanski, W. Dobrowolski (Institute of Physics Polish Academy of Science, Warsaw, Poland),
S. A. Varnavskiy, S. F. Marenkin (Kurnakov Institute of General and Inorganic Chemistry RAS, Moscow, Russia)
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Anomalous Hall effect in (Ge,Mn)Te-(Sn,Mn)Te spin-glasslike crystals

The anomalous Hall effect shows a direct interplay be-
tween magnetic and electronic properties of solid. In
this contribution, we show the results of the anoma-
lous Hall effect studies in the series of Ge1-x-ySnxMnyTe
crystals with chemical composition 0.090≤x≤0.142 and
0.012≤y≤0.115 in the temperature range 1.4≤T≤200 K
and magnetic fields up to 130 kOe. Recent investigation of
magnetic properties of this alloy [Kilanski, et al., J. Appl.
Phys. 105, 103901 (2009)] showed the presence of the spin-
glasslike state with transition temperatures TSG≤60 K.

The magnetic field dependence of the resistivity tensor
component ρxy for Ge0.815Sn0.091Mn0.094Te crystal at tem-
perature range 4.3≤T≤50 K is presented in figure 107. The
sharp increase of ρxy(B) dependence visible in the low field
region is the manifestation of the anomalous Hall effect (at
temperatures lower than TSG). The off-diagonal resistivity
ρxy(B) is a sum of ordinary RH and anomalous RS contribu-
tion described by the following equation

ρxy = RHB+µ0RSM(H), (15)

where µ0 is a magnetic permeability of vacuum. In or-
der to determine the anomalous Hall constant the isother-
mal magnetization curves M(H) were measured at the
same temperatures in which magnetotransport effects
were investigated. The magnetization curves for selected
Ge0.850Sn0.119Mn0.031Te crystal are presented in figure 108.
The M(H) dependencies (see figure 108) shows nonsatu-
rating behavior even at magnetic fields as high as 100 kOe.
The magnetization curves observed at temperatures lower
than spin-glass freezing temperature showed behavior dif-
ferent than that for spin-glass system, namely the large
spontaneous magnetization. The experimental M(H)
curves are more complex than that of a Weiss ferromag-
net what may be interpreted that short range interactions
play an important role in this system. The maximum val-
ues of magnetization obtained in each crystal were slightly
smaller than the estimated using chemical composition of
the alloy. It indicates, that possibly a fraction of Mn ions
remained in a spin state reducing their magnetic moment or
there exists antiferromagnetic clusters.

The equation 1 was fitted to the experimental data in or-
der to extract values of ordinary RH and anomalous RS
Hall coefficients. The obtained values of RS varies be-
tween crystals with a different amount of both alloying
elements by about an order of magnitude in the range of
2.7×10−5 cm3/C and 30×10−5 cm3/C. The chemical com-
position of the alloy has significant effect on the RS i.e. it
decreases with the amount of Sn in the alloy and increase
with the Mn content. It must be noted, however that the

RS is probably more complex function of both magnetic
and electrical properties than just chemical composition
of the alloy. It may be noted that the obtained anomalous
Hall constants are similar to the ones observed in the litera-
ture for other IV-VI based diluted magnetic semiconductors
like Sn1-xMnxTe and Ge1-x-yMnxEuyTe [Brodowska, et al.,
Journal of Alloys and Compounds. 423, 205 (2006)].

Figure 107: Magnetic field dependence of the off-diagonal resis-
tivity ρxy obtained for selected Ge0.815Sn0.091Mn0.094Te crystal.

Figure 108: Magnetetization curves obtained at different temper-
atures (see legend) for selected Ge0.850Sn0.119Mn0.031Te crystal.

A. B. Antunes
L. Kilanski, W. Dobrowolski (Institute of Physics Polish Academy of Science, Warsaw, Poland), V. E. Slynko, E. I.
Slynko (Institute of Materials Science Problems, Ukrainian Academy of Sciences, Chernovtsy, Ukraine)
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High field torque magnetometry on a molecular Dysprosium triangle

Lanthanide based molecular nanomagnets have been at-
tracting considerable attention due to their interesting mag-
netic properties. Mononuclear complexes of 4f ions have
shown slow relaxation of the magnetization at very high
temperatures compared to those observed in transition met-
als. Despite their out of phase ac signal observed above 40
K, hysteresis curves were observed only at very low temper-
atures [Ishikawa et al., Angew. Chem. 117, 2991 (2005)].
On cooling, deviations from the Arrhenius law predicted
for single molecule magnet behavior become more impor-
tant, which indicates that tunnelling plays a crucial role in
the relaxation of the magnetization. It is therefore of crucial
importance to obtain information on the low lying sublevels
of the 4f electronic systems, in order to understand the mag-
netism, and especially the relaxation mechanisms of these
compounds.

We have performed high field torque magnetometry mea-
surements on the recently investigated molecular Dy tri-
angle [Luzon et al., Phys. Rev. Lett. 100 247205
(2008)]. This compound shows an unprecedented magnetic
behaviour having a non-magnetic ground doublet which
originates from the noncollinearity of the single-ion easy
axes of the Dy3+ ions that lie in the plane of the triangle
at 120◦ one from each other. This gives rise to a pecu-
liar chiral nature of the ground nonmagnetic doublet and to
slow relaxation of the magnetization which exhibits abrupt
accelerations at the crossings of the discrete energy levels.
The ground (|J = 15/2,mJ =±15/2〉) and the first excited
(|J = 15/2,mJ =±13/2〉) doublets, were considered to de-
scribe the energy levels of the single ion assuming that the
other excited states are very high in energy and do not con-
tribute to the magnetic properties at low temperatures. The
system therefore mimics the behaviour of an S=3/2 spin.
We have used the spin Hamiltonian approach to describe
the low lying energy levels. The expression of the Hamilto-
nian used is,

Ĥ =− j(Ŝ1 · Ŝ2 + Ŝ2 · Ŝ3 + Ŝ3 · Ŝ1)

−gµB ∑
i=1,3

B · Ŝi +
δo

14 ∑
i=1,3

((
15
2

)2− Ŝ2
zi
)

(16)

The first term is the isotropic exchange between the Dy3+

ions, the second is the Zeeman term, and the last term
describes the single-ion anisotropy where δo is the zero
field splitting between |J = 15/2,mJ = ±15/2〉 and |J =
15/2,mJ = ±13/2〉 states of each Dy3+ ion. We have par-
ticulary chosen torque magnetometry as it is a strong tool to
investigate the anisotropy in high-spin clusters, especially
in systems which are not accessible by spectroscopy. A
peak in the torque signal occurs at a characteristic field
which depends on the temperature as well as the magnetic

anisotropy in the system. The performed high field torque
measurements at 50 mK enabled us to quantify the crys-
tal field splitting between the 15/2 and the 13/2 doublets
in Dy3+. Figure 109 (a) shows the measured torque signal
at 50 mK up to 32 Tesla for the magnetic field applied at
different angles to the plane of the triangle. A peak in the
torque is evident at around 28 Tesla. Figure 109 (b) shows
the calculated torque signals for δ = 250 cm−1, j = 0.064
cm−1 , and g = 1.35 at 50 mK, which reproduce fairly well
the experimentally observed curves. The observed peak in
the torque signal at around 28 Tesla for transverse magnetic
fields points towards the high anisotropy in the system. The
crystal field splitting of δ = 250±10 cm−1 is close to that
expected from previously performed ab initio calculations
[Chibotaru et al., Angew. Chem. Int. Ed. 47, 4126 (2008)].
In a more general picture, this study has contributed to a
better understanding of lanthanide based systems. In par-
ticular, we have proven that high field torque magnetometry
can be a good substitute to spectroscopy in systems which
are spectroscopically inactive.

Figure 109: (a) Torque signals for the magnetic field applied at
different angles close to 90◦ from the plane of the triangle at 50
mK. (b) Similar calculated torque curves with the best fit parame-
ters (δ = 250 cm−1, j = 0.064 cm−1 , and g = 1.35). The tempera-
ture and anisotropy dependent peak in the torque signal is evident
at around 28 Tesla. The inset shows the molecular structure of the
Dy3 cluster.

A. B. Antunes, I. Sheikin
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sity of Florence, Italy), C. Anson, A. Powell (University of Karlsruhe, Germany)
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NMR evidence for long zero-quantum coherence in antiferromagnetic
molecular wheels NaFe6 and LiFe6

Molecular magnetic clusters of nanometer size have re-
ceived enormous attraction because of their spectacular
quantum phenomena. A unique class of these clusters are
the antiferromagnetic (AFM) molecular wheels, in which
magnetic metal ions are assembled in a ring-like structure.
The dominant AFM Heisenberg interaction J between the
magnetic metal ions leads to a nonmagnetic S = 0 ground
state and a first excited S = 1 state in zero magnetic field.
In strong magnetic fields the Zeeman splitting induces level
crossings (LCs), where the ground state of the molecule
changes from S = 0, M = 0 to S = 1, M = −1, and fur-
ther to S = 2, M = −2, etc. Due to the hyperfine coupling
between the nuclear spin and the FeIII ions, the nuclear re-
laxation rate T−1

1 is very sensitive to the spin state and the
spin dynamics of the ferric wheel. Most NMR studies have
been carried out by means of 1H NMR, since protons pro-
vide a very strong signal, and their T−1

1 is sensitive to the
dynamics of the Néel vector ~n = ∑

6
i=1(−1)i~si. However, a

major drawback is a huge amount of inequivalent protons
on each ring complicating the analysis of the spin dynam-
ics, especially around the level crossings. In order to over-
come this problem we performed NMR measurements on
the nuclei which are located in a single-site position of high
symmetry, in the center of the ferric wheel–here 23Na or 7Li
nuclei. Their hyperfine interaction is proportional to the to-
tal spin of the ferric wheel ~S = ∑

6
i=1~si leading to important

differences as far as T−1
1 is concerned.

Here we present the first central alkali NMR study at
low temperature and at high field, focusing on the mag-
netic field dependence at the level crossings [L. Schnelzer
et al., submitted to EPL]. NMR measurements on 23Na
and 7Li nuclei were carried out on single crystals of [Na/
Li⊂Fe6{N(CH2CH2O)3}6]Cl·5CHCl3·0.5H2O (Na/LiFe6
in short). They were performed in 17 and 20 T supercon-
ducting magnets in Grenoble and Karlsruhe. Single crystals
were mounted in the mixing chamber of a dilution refriger-
ator for very low temperatures and in pumped 4He for mea-
surements at 2 K. Figure 110 shows the measured T−1

1 rates
at 220 mK and 2 K. The low temperature measurements of
NaFe6 at 220 mK reveal a strong increase of T−1

1 towards
the LC at 12 T. The LC is not characterized by an addi-
tional enhancement of T−1

1 as expected for proton NMR,
but by a small reduction of T−1

1 (inset to figure 110a). This
is attributed to the insensitivity of the central alkali nuclei
to the fluctuations of the Néel vector. At 2 K T−1

1 shows a
broad maximum around LC and, surprisingly, a reduction
by three orders of magnitude of T−1

1 in-between the 1st and
the 2nd LC. Similar results have been obtained for LiFe6;
plotted on a reduced field scale (B/J) the measurements on
LiFe6 and NaFe6 are almost identical. Measurements of

23Na T−1
1 at the first LC, at temperatures down to 80 mK,

reveal the existence of a very small gap .0.06 K, in spite
of high symmetry of the molecule. This implies the exis-
tence of a small perturbation reducing the symmetry of the
molecule. The most striking phenomena is a spectacular
decrease by three orders of magnitude of T−1

1 occurring in
the middle between the first and the second LC.

The relaxation data have been described by calculating the
corresponding spectral density of spin fluctuations by a
method of moments. It turns out that the observed strong
extinction of relaxation is not at all visible in the intensity of
the zero frequency resonance (the zero moment), but is en-
tirely due to its width, calculated as the second moment m2.
For the calculation of m2 we used the secular (i.e., energy
conserving) part of the dipolar intermolecular interaction.
Between the first and the second LC there is a broad and
very deep minimum of m2. In this field range the ground
state is a S = 1 state whereas the first excited state changes
from S = 0 to S = 2 through a broad anti-LC. Since the
minimum of m2 results from the balance of the matrix ele-
ments of these states, it extends over the same field range as
the anti-LC. It is remarkable that

√
m2 can become smaller

by two orders of magnitude than the nuclear Larmor fre-
quency. This quite unusual situation leads to the reduction
of T−1

1 by three orders of magnitude. One should also re-
alize that the correlation time τc = 1/

√
m2 corresponds to

that of a zero quantum coherence. τc can be as long as '
0.2 µs, which is very unusual for an electronic spin system.

Figure 110: (a) Field dependence of 23Na T−1
1 in NaFe6 at

T = 220 mK (white squares) and 2 K (black squares), and (b) 7Li
T−1

1 in LiFe6 at T = 2 K (black squares) and 1H T−1
1 (dots). The

results of the calculations are given by solid lines. Inset displays a
zoom on the field dependence close to the LC at 220 mK.

M. Horvatić, C. Berthier
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Nuclear magnetic resonance determination of spin-superlattice structure
of magnetization plateaus in SrCu2(BO3)2

Quantum spin systems are nowadays in the focus of con-
siderable experimental and theoretical efforts, in particular
for the magnetic field induced exotic quantum states. Of
special interest are interacting systems of Heisenberg, anti-
ferromagnetic, S=1/2 spin dimers in a magnetic field which
closes the gap between the singlet and one of three Zeeman-
split triplet levels of each dimer. At low temperature, when
only these two states per dimer are relevant, the system
can be described by the corresponding S=1/2 pseudospins,
or the equivalent hard-core bosons. Interacting dimers are
then equivalent to a system of interacting bosons where bo-
son (triplet) density can be tuned by the magnetic field. This
system generally undergoes a Bose-Einstein condensation
(BEC) and therefore provides an exceptional access for ex-
perimental studies of this phenomenon. In the hard-core
boson representation the balance of the kinetic and the in-
teraction (repulsion) energy is determined by the degree of
frustration of interdimer spin coupling, where frustration
strongly reduces kinetic energy. In this latter case, instead
of being itinerant and undergo BEC, bosons can be local-
ized due to mutual repulsion into a charge ordered state,
that is a Wigner crystal. Since this state is gapped, the bo-
son density will be magnetic field independent and the sys-
tem will present a plateau of magnetization.

Perfect frustration occurs in the geometry of orthogonal
dimers in 2D, given by the Shastry-Sutherland Hamilto-
nian, and the SrCu2(BO3)2 compound is its first recognized
realization. The discovery of the magnetization plateaus at
1/8, 1/4 and 1/3 of the saturation magnetization in this com-
pound was followed by extensive experimental and theoret-
ical investigation. In particular, NMR study performed at
LNCMI proved that the 1/8 plateau, as predicted, indeed
corresponds to a commensurate spin superstructure. Subse-
quent studies showed that a superstructure persists at higher
magnetic field [Takigawa et al., Phys. Rev. Lett. 101,
037202 (2008)], and that there are other, yet undiscovered
plateaus. One of these, adjacent to the 1/8 plateau on the
high field side, was indeed confirmed by the torque mea-
surements [Levy et al., EPL 81, 67004 (2008)]. At the same
time appeared several contradictory predictions for the ex-
istence of many other magnetization plateaus in this system,
calling for experimental verification. However, theoretical
description of SrCu2(BO3)2 is very difficult, because the in-
terdimer interaction is too strong to be properly described
by a perturbation theory, while exact numerical methods are
limited to only very small 2D systems.

We have therefore continued our NMR investigation to ob-
serve evolution of the spin superstructure through magnetic
field dependence of 11B NMR spectra in the 27-34 T range,
at 0.43 K. From the observed spectra we clearly identify

plateau phases where the NMR spectra, and thus the spin
superstructure, is magnetic field independent. In addition
to the long known 1/8 and 1/4 plateau and the recently dis-
covered plateau adjacent to the 1/8 plateau, a new plateau
was discovered half way up towards the 1/4 plateau (see
figure 111). Between these plateaus NMR spectra evolve
continuously with magnetic field, and no other plateau was
detected. The same sequence of plateaus was confirmed
by the new, “differential” torque measurements, performed
at ∼0.1 K. This method determines the magnetization with
considerably enhanced precision, allowing us to find that
the magnetization of the first three plateaus scales as 1/8
: 2/15 : 1/6, which confirms some of the theoretically
proposed values and excludes others. Detailed analysis of
the 11B NMR spectra allows us to make complete deter-
mination of the spin-polarization superstructures. We find
that previously identified “extended triplets” are always ar-
ranged in stripe structures, specific to each plateau, often
different from what is proposed theoretically [Takigawa et
al., unpublished].

Figure 111: The distribution of the internal field at the 11B sites,
obtained by deconvoluting the NMR spectra from the quadrupole
splitting. Presented spectra are representative of 4 magnetization
plateaus, attributed to fractions 1/8, 2/15, 1/6 and 1/4 of saturation
magnetization.

M. Horvatić, C. Berthier, S. Krämer, I. Sheikin
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83



MAGNETIC SYSTEMS 2009

Magnetic structure of the half magnetization plateau phase in CdCr2O4

CdCr2O4 belongs to the well-known family of cubic Cr-
based spinels ACr2O4 (A=Hg, Cd, and Zn) which have at-
tracted much attention because of the highly frustrated py-
rochlore lattice formed by their magnetic Cr3+ (S = 3/2)
ions. Furthermore, due to the direct overlap of t2g or-
bitals of neighboring Cr3+ ions (3d3), the spin Hamiltonian
has dominant isotropic antiferromagnetic nearest neighbor
interactions. The resulting strong frustration suppresses
the system from ordering down to a much lower temper-
ature than the Curie-Weiss temperature ΘCW . In case of
CdCr2O4, the system remains paramagnetic up to TN =
7.8 K, far below |ΘCW |= 88 K. The ordered state is accom-
panied by a cubic to tetragonal structural transition, and is
not a simple collinear antiferromagnet, but an incommensu-
rate (IC) helical magnetic order with a single characteristic
wave vector of Qm = (0,δ,1) or (δ,0,1) where δ ∼ 0.09
[Ueda et al. Phys. Rev. Lett. 94, 047202 (2005); Chung
et al., Phys. Rev. Lett. 95, 247204 (2005)]. Upon appli-
cation of an external magnetic field, CdCr2O4 undergoes a
phase transition into a half-magnetization plateau phase at
Hc1 = 28 T suggesting that each tetrahedron has three up
and one down spins (3:1 constraint). Under this restric-
tion, two spin arrangements, one with the rhombohedral
R3m symmetry and one with the cubic P4332, are possible,
depending on the sign of the next nearest neighbor interac-
tion.

Thanks to the recent combination of a 30 T portable minia-
ture pulsed magnet and the world highest flux neutron
source of the Institut Laue-Langevin (ILL) [Yoshii et al.,
Phys. Rev. Lett. 103, 077203 (2009)], we have suc-
ceeded in following the field dependence of selected mag-
netic Bragg reflections, which allowed to distinguish be-
tween these two possible magnetic structures. The ex-
periment was carried out on the thermal neutron triple-
axis spectrometer IN22. The single crystal (a thin plate
(∼ 4× 4× 0.2 mm3) of ∼ 40 mg) was mounted with the
[111] and [110] axes in the horizontal scattering plane. The
pulsed measurements were performed more than 100 times
at each reflection to obtain reasonable statistics.

Figure 112(a) shows the time dependence of the elastic neu-
tron scattering intensity measured at the IC magnetic peak
of (1.0675, -1.0125, 0.0275) at 2.5 K. The peak intensity
gradually decreases to background level and then remains
zero between 3 and 4.6 ms (H > 28 T) after which the in-
tensity increases back to the intermediate level but not to
the original intensity because of magnetic domain orienta-
tion. In order to find out where the magnetic intensity of
the IC peak was transferred to, we performed similar mea-
surements at a commensurate Q = (1,-1,0) position. As
illustrated in figure 112(b), when a magnetic field was ap-
plied, no signal was initially observed at (1,-1,0) for 3 ms

at which point the intensity suddenly increased due to the
first-order nature of the field-induced phase transition. The
commensurate magnetic intensity remained non-zero over
exactly the same range of time (and field) over which the
IC magnetic signal went down to zero. Our results indi-
cate that as CdCr2O4 enters the half magnetization plateau
state, the magnetic structure changes from the IC spiral to a
commensurate collinear spin structure with Qm = (1,0,0).

Figure 112: Time dependence of the magnetic field (solid red
lines) and neutron counts (filled circle) measured at (1.0675,
-1.0125, 0.0275) and (1,-1,0) reflections at T = 2.5 K.

Figure 113: Magnetic field dependence of the peak intensity of
the (2,-2,0) reflections measured at T = 2.5 K with the ascending
(filled circles) and descending (open circles) field.

To distinguish between the two possible models, we also
performed similar pulsed field measurements at (2,-2,0) at
which point the R3m structure should produce magnetic
Bragg scattering while the P4332 structure would not. At
H = 0 T, nuclear Bragg intensity is observed at (2,-2,0). As
shown on figure 113, the (2,-2,0) intensity does not change
as the system enters the half-magnetization phase. Thus, we
conclude that the half-magnetization spin state of CdCr2O4
has the P4332 spin structure.

F. Duc, P. Frings, B. Vignolle, G.L.J.A. Rikken
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Structural analysis with pulse-length exposures up to 30 Tesla at ID06, ESRF

As topical tests of the newly commissioned experimental
setup at ID06, ESRF, synthetic powder samples of high Tc
NdFeAsO and of a natural atacamite, Cu2Cl(OH)3, have
been measured in pulsed fields of up to 30 Tesla, using
pulse-simultaneous exposure times of less than 10 ms at
temperatures down to 150 K (NdFeAsO) and 6 K (ata-
camite).

Figure 114: Lattice distortion in NdFeAsO. The top panel shows,
in blue, the variation in b/a, or the level of in-plane orthorhombic
distortion and in red the level of pseudo-tetragonal [2c/(a + b)]
distortion at all temperatures and fields of 3 - 30 T . The lower
panel indicates the effect on in-plane cell parameters at a fixed
temperature of 90 K, while augmenting pulse strength to 30 T.
The green line shown indicates an increasing trend of 0.04 ÅT−1.

The two samples offer different challenges; not only from
a point of view of disturbing their inherent magnetic prop-
erties at reduced temperature, but also from our ability to
extract reliable structural information from powder samples
with contrasting symmetries and structural complexities.

For NdFeAsO, it is evident from figure 114 that lattice dis-
tortion markers show most variance in the range of mea-
sured temperatures between 120−205 K. Above and below
these points there is little scatter, despite the same number
of data at each temperature and equivalent quality fits at all

temperatures and fields (Rp∼ 0.06-0.07). The lower panel
shows there is a measurable, and isotropic, effect on the in-
plane cell parameters with applied field. Preliminary analy-
sis of cell parameter have given us direct information on the
lattice strain in the sample. This taken with variable temper-
ature and field data should allow us to establish how the any
coupling parameters at the transition are field-affected. The
internal parameters would give information on character-
istic structural features; such as bond lengths and perhaps
more critically, bond angle behaviour under variable field
and temperature.

Figure 115: Rietveld refined, to RBragg = 0.06, structure of ata-
camite at T = 7 K, B = 30 T from 7 ms data collection on mar345
image plate.

The second study was designed to test the limits of
what structural analysis would be possible; using an alto-
gether more complicated orthorhombic structure, at base-
temperature of the cryostat and with our pulse-length limi-
ted exposure times. Again here, the aim would be to deter-
mine internal structural parameters to estimate if it would
be possible to extract any affect of high-field application
on the frustration of the Kagomé-like lattice. We have
been successful in refining atacamite to RBragg of 0.06 at
sub 10 K, with field strengths of up to 30 Tesla and pulse-
locked exposure times. Figure 115 shows the refined struc-
ture. Detailed analysis of the full dataset will determine
if any field-induced frustration can give rise to a tractable
response at these extreme conditions, though with expe-
rience gained in setup, control and running this demand-
ing measurement; we are confident that these methods offer
considerable scope for future in situ diffraction research.
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T. Roth, C. Detlefs, W. A. Crichton (ESRF, Grenoble, France), S. Margadonna (University of Edinburgh, U.K.)
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Magnetization at low temperatures and high magnetic fields on LuFe2O4

LuFe2O4 is thought to be a multiferroic [Ikeda et al. Nature
436, 1136-1138 (2005)], with a novel ferroelectric mecha-
nism, based on charge order. The electrically active Fe with
average valence of 2.5+ is contained in trigonal Fe-O dou-
ble layers, a highly frustrated arrangement. Below∼ 320 K
the Fe valences order, resulting in the double layers becom-
ing polar, apparently with an antiferroelectric stacking of
the polarization of the individual double layers [M.Angst et
al. Phys. Rev. Lett. 101, 227601 (2008)].

The frustration also effects the spin ordering occurring be-
low 240 K [Christianson et al. Phys. Rev. Lett. 100,
107601 (2008)]. Several indications for magnetoelectric-
ity have been observed, though the microscopic details of
this coupling remain to be elucidate. Apart from magne-
toelectric coupling, the magnetism in LuFe2O4 has also at-
tracted attention due to a giant magnetic coercivity, recently
attributed a freezing of nano-scale pancake-like (Ising) fer-
romagnetic domains. In low fields we have observed mag-
netic transitions of sharpness and clear 3D spin order. By
magnetization, spectroscopic, neutron and synchrotron ex-
periments we identified a further transition at 170 K, involv-
ing a disruption of magnetic order and a structural distortion
which can be tuned by a magnetic field.

In our experiment at the LNCMI with a 10MW-magnet we
performed hysteresis loops with H||c and a magnetic field
up to 22 T, within a temperature range between 60 K and
helium base temperature of 3 K. All the magnetization data
was measured with the extraction method. These measure-
ments were done after cooling down the sample in a zero
field (ZFC). From this ZFC we were able to obtain a vir-
gin curve of the magnetization. The hysteresis loop at base
temperature (inset figure 116) shows a plateau in its virgin
curve at a magnetic field of 15T, what is in good agree-
ment with the data from optical reflectance contrast [Xu et
al. Phys. Rev. Lett. 101, 227602 (2008)]. At this value
the transition is not complete and it remains up to a value
of about 20T until the crystal structure is switched (from
hexagonal to monoclinic) and the magnetization is satu-
rated. We observe only one step in the virgin magnetization
compared to [Iida et al. Physica B 155 307, (1989)] where
several occur. This is may be due to a better crystal qual-
ity with less different grains. From the in loop magnetic
behaviour we were able to complete the magnetic phase di-
agram for LuFe2O4 for low temperatures, as shown in fig-
ure 117, where it is shown that there is a coexistence be-
tween a ferromagnetic (FM) phase and a antiferromagnetic
(AFM) phase at low temperatures.

We also measured the magnetization in as high fields as fea-

sible perpendicular to the c-axis. In this part of the exper-

iment there was no indication of a lacking of the magneto-

crystalline anisotropy. This means that the magnetic mo-

ments are all aligned in c-direction.

Figure 116: Magnetic field dependence from the magnetization
with H||c in LuFe2O4 at different temperatures. All measure-
ments where taken in zero field cooling (ZFC).

Figure 117: Low temperature H-T phase diagram for H||c in
LuFe2O4 determined from data shown in figure 116 (arrows in-
dicate the direction of the transition as a function of the applied
field).
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Enhancement magnetic moment in the single phase nanostructure Gd3Fe5O12

Rare earth iron garnets (REIG) are promising candidates
for use in high performance microwave and electrochem-
ical devices owing to its high resistivity, high Curie tem-
perature, and high chemical stability and possess unique
magnetic, optical, thermophysical and mechanical proper-
ties. Gd3Fe5O12 (R3+

3 c[Fe3+
2 ]a (Fe3+

3 )dO2−
12h) particles were

synthesized in polycrystalline form by the solid-state reac-
tion technique from a mixture of α−Fe2O3 and Gd2O3 in
nominal compositions of 5 : 3. The X-ray diffractograms
show that all the milled Gd3Fe5O12 garnet particles retain
their single phase structure (Ia3d space group). The aver-
age grain size decreases with milling and reaches 29 nm for
the 40 hours milled sample. The 57Fe Mössbauer spectra
were recorded at 300 K and 77 K for the different sam-
ples. There is no evidence for the presence of Fe2+ charge
state. On increasing the milling time, one observes the pro-
gressive occurrence of a central quadrupolar feature at both
300 K and 77 K, in addition to three magnetic sextets with
decreasing intensity but increasing line width compared to
that of the bulk. The quadrupolar feature has to be decom-
posed at both temperatures into two broad line quadrupo-
lar doublets: the presence of ferric and ferrous species is
then identified. The Fe2+ content linearly increases with
the milling time (figure 118).

The measured magnetization (M) for the as-prepared GdIG
is found equal to 15.9 µBmol−1 at 4.2 K. When the grain
size is reduced below 100 nm, the M is strongly applied
field dependent and no saturation is observed even under
the highest applied field of 320 kOe (figure 119). In the
170− 320 field range the magnetization curves of the dif-
ferent milled samples are very well (within 1%) described
by the approach law M = Msat(1− b/H2). According to
Néel the b coefficient is determined by the magnetocrys-
talline anisotropy and given by b = 8K2/105(Msat)2.18.
For the 35h milled sample Msat is only equal to 14 µBmol−1

and remains much smaller than the bulk value. The so-
calculated variation of K is reported in figure 120 versus
the Fe2+ content where a large increase of K is observed
when the milling time increases. The modified formulae
of our GdIG particle is given by Gd3+

3 (Fe3
3(1−r)+ Fe2+

3r )

[Fe3
2(1−s)+ Fe2+

2s ] O2−
12−2.5p taking into account the presence

of oxygen vacancies related to the Fe2+ content (p). As-
suming that only the Fe3+ contribute to the ferrite magneti-
zation r and s values were calculated using the p and Msat
values deduced from the Mössbauer spectra and high field
behavior analysis respectively. The particular behavior of
the 35h milled samples is then explained by the fact than
the octahedral site contains the largest part of Fe2+ ion. We
note that (i) the Tcomp values of the nanogarnets are few de-
grees higher than that of the bulk; (ii) However, the Curie
temperature (TC) of the various sized nanocrystalline GdIG

samples are found to be significantly higher than that of the
bulk.

Figure 118: Fe2+ content versus the milling time.

Figure 119: Isothermal magnetization curves at 4.2K.

Figure 120: Anisotropy constant versus the Fe2+ content.
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Effect of the M/Co substitution on magnetocrystalline anisotropy and
magnetization in SmCo5−xMx compounds (M=Ga; Al)

The RCo5 compounds have been discovered a few decades
ago but are still attracting much interest in order to under-
stand their exceptional intrinsic magnetic properties. The
influence of substitution of p elements (Al, B, Ga...) for
Co on the magnetic properties of the RCo5 type phases is
also an active field of research nowadays. The samples for
magnetization measurements were processed from powders
with a particle size smaller than 25 µm. The powder was
oriented at room temperature using an orientation field of
typically 10 kOe and fixed in slow setting epoxy resin. The
magnetic field was applied either parallel or perpendicular
to the alignment direction. According to the X-ray analysis,
the CaCu5 type structure of the RCo5 is preserved upon sub-
stitution of Ga and Al for Co in the SmCo4Al and SmCo4Ga
compounds. According to the neutron diffraction results
on these isotype compounds, the Al and Ga atoms have
a pronounced preference for the Co3g atomic position in
the hexagonal CaCu5 structure. For both SmCo4Al and
SmCo4Ga, at room temperature, the easy magnetization di-
rection coincides with the c-axis of the hexagonal lattice.
Ga and Al for Co substitution induce a large reduction of
the Curie temperature from typically 900 K to 1000 K for
the RCo5 to around 500 K only for the RCo4Al or RCo4Ga
phases. The RCo4M phases containing M=Ga and Al have
similar Curie temperature.

As can be seen from the isothermal curves in figures 121
and 122, the use of high magnetic field is required due
to the large magnetocrystalline anisotropy of the samples.
The spontaneous magnetization has been determined from
a linear extrapolation of the M(H) curve to zero applied
fields. The saturation magnetization has been obtained
from extrapolation of the M(H) curve with H parallel to
the alignment direction and larger than 20 T according to
M(H) = Msat + a/H2. The replacement of one Co atom
by one Ga or Al atom induces a strong decrease of the sat-
uration magnetization from 8.46 µB/formula unit at 4 K to
only about 4 µB/f.u. Such dramatic decrease of the Co mag-
netization is consistent with earlier reported results on iso-
type compounds. SmCo5 is well known for it exceptionally
large magnetocrystalline anisotropy µ0Ha ∼ 52 T at 4 K.
The anisotropy field can be estimated by the field at which
the two magnetization curves will merge for the two dif-
ferent orientations. The anisotropy is found to be larger
for the Ga than for Al containing compounds; 89 T and
83 T respectively. An effective magnetocrystalline coeffi-
cient has been derived from the anisotropy field according
to the relation Ha = 2Ke f f /Ms. The values found for the
SmCo4Al and SmCo4Ga are 16.3 and 19.3 MJ/m3 respec-
tively, that is to say of the same order of magnitude than
for the SmCo5. Consequently, the huge anisotropy field ob-
served for the SmCo4Al and SmCo4Ga result from large

anisotropy constant and a strong decrease of the saturation
magnetization respectively. The presence of Al or Ga has
been reported to significantly reduce the Co sublattice con-
tribution to the magnetocrystaline anisotropy in the YCo4Al
or YCo4Ga isotype compounds. Thus we conclude that
the huge anisotropy field reported here for SmCo4Al and
SmCo4Ga results from a reinforcement of the Sm contribu-
tion to the magnetocrystalline anisotropy in comparison to
the SmCo5 phase. Further studies are in progress to inves-
tigate the thermal dependence of the magnetic features of
theses phases.

Figure 121: Isothermal (4.2K) high field magnetization curve of
SmCo4Al recorded parallel to the easy magnetization direction in
order to obtain the spontaneous magnetization Mspon. Inset; de-
termination of the saturation magnetization Msat .

Figure 122: Isothermal hysteresis cycle recorded at 4 K on ori-
ented SmCo4Al when applying the magnetic field perpendicular
to the alignment direction (c axis).
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Investigation of the intrinsic magnetic properties of the ThCo4B compound

We have meaured the intrinsic magnetic properties of
ThCo4B to investigate the influence of a tetravalent element
such as Th on the magnetic properties of the Co sublat-
tice in comparison to the already well investigated trivalent
rare-earth containing isotype compounds. The compound
is single phase (CeCo4B structure) with two different crys-
tallographic sites for thorium (1a and 1b), two other sites
for cobalt (2c and 6i) and one site for the boron atom (2d)
(figure 123). Magnetic measurements were carried out in
the temperature range 4.2− 300 K in a continuous mag-
netic field up to 230 kOe. No single crystals of ThCo4B
was available, thus the samples were sieved down to a par-
ticle size smaller than 25 µm. The powder was mixed with
epoxy resin and subsequently aligned at room temperature
using an orientation field of typically 10 kOe. The satura-
tion magnetization has been obtained from extrapolation of
the M(H) curve with H parallel to the alignment direction
according to the following equation M(H) = Msat + a/H2.
As seen in figure 124 ThCo4B orders ferromagnetically
at 301 K temperature much smaller than that of isotype
RCo4B (R is a rare-earth element or yttrium).

Assuming that Tc results only from Co-Co exchange inter-
actions the Co4B compound exhibit rather large exchange
interaction between Co neighbors corresponding to an ex-
change field of 175 T. Both neutron diffraction experiments
and electronic band structure calculations indicate the exis-
tence of a large Co magnetic moment at the Co2c position.
For this site the magnetic moment 1.8 µB/formula unit is
found to be typically the same as those observed in Co
metal or in well known RCo5 type compounds, thus indi-
cating that unlike the Co6i site, the Co2c site is almost insen-
sitive to the presence of Th. This confirms the significant
difference in the magnetic behavior of the two inequivalent
Co magnetic sites in ThCo4B. The Co2c site has a large
magnetic moment and localized character whereas the Co6i
site displays a nearly ferromagnetic state with a large de-
gree of delocalization. As can be seen from figure 125 huge
magnetocrystalline anisotropy is observed for the ThCo4B
compound. The estimation of the 4 K anisotropy field gives
a value of about 47 T. This large value can be considered
as surprising if one keeps in mind that the YCo4B iso-
type compound exhibit a spin reorientation transition re-
sulting from the competition of the Co2c and Co6i inequiv-
alent atomic positions. The RCo4B type compounds are
structurally deriving from the RCo5 type structure where
both Co sites are competing in terms of magnetocrystalline
anisotropy, the Co2c and Co6i preferring an alignment along
the c-axis and within the basal plane respectively. How-
ever, as in ThCo4B the Co6i magnetic moment is close to
zero, its contribution to the magnetocrystalline anisotropy
is expected to decrease significantly also. The ThCo4B un-
usually large magnetocrystalline is related to the large Co2c
contribution.

Figure 123: Crystal structure of ThCo4B (Th atoms are occupy-
ing the sites labelled R).

Figure 124: Thermal evolution of isofield magnetization curves
recorded at the indicated temperatures.

Figure 125: Magnetization isotherms of ThCo4B recorded at
T = 4.2 with the field applied parallel and perpendicular to the
easy magnetization direction.
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Magnetic properties of Y0.7 Er0.3Fe2 (H, D)4.2 compounds up to 35 T

RFe2 Laves phases can absorb hydrogen or deuterium up
to 5H(D)/mol and this absorption modifies significantly the
structural, magnetic and electronic properties. The YFe2Dx
deuterides are ferromagnetic with an increase of the mean
Fe moment and a decrease of TC for x ≤ 3.5 D/mol. For
x = 4.2, the monoclinic compound is ferromagnetic at low
temperature, then undergoes a sharp first order magnetovo-
lumic transition towards an antiferromagnetic structure at
84 K. Surprisingly this transition is very sensitive to the H
for D substitution, which increases the mean Fe moment at
4.2 K and shifts the transition temperature extrapolated at
zero field TM0 to 131 K (by 50%). Since the cell volume
of the hydride is 0.78% larger than the deuteride, this giant
isotope effect has been related to the strong dependence of
the itinerant electron metamagnetic behavior (IEM) behav-
ior on the volume of one of the Fe sites among eight which
has a different number of H(D) neighbors.

Thermomagnetization curves deduced from cooling un-
der low magnetic field (300 Oe) for Y0.7Er0.3Fe2H4.2 and
Y0.7Er0.3Fe2D4.2 respectively show sharp transitions at
TMO = (107±2) K and (61±1) K respectively. These tran-
sition temperatures were found equal to 131 and 84 K in
the YFe2 hydride and deuteride. The higher TMO value
for the ferromagnetic YFe2H4.2 hydride is attributed to
a larger cell volume. However, in Y0.7Er0.3Fe2H4.2 and
Y0.7Er0.3Fe2D4.2 the exchange couplings between the dif-
ferent magnetic atoms may also influence the transition
temperatures. This is confirmed by the thermomagnetiza-
tion curves (figures 126 and 127) where a large increase
of TMO is observed together with a metamagnetic behav-
ior. The transition field (HTR) is determined from the
maximum of (dMT /dH). For Y0.7Er0.3Fe2H4.2 the transi-
tion is observed in the 4.2− 40 K and 125− 175 K tem-
peratures ranges On the contrary the transition exists in
the 4.2− 55 K and 80− 175 K temperature ranges for
Y0.7Er0.3Fe2D4.2. In the 4.2− 40 K range the (HTR) val-
ues are identical. However, when the temperature increases
a large isotopic effect is revealed by the temperature varia-
tion of HTR (figure 128).The transition field increases lin-
early versus temperature but with a smaller HTR/T slope
for the deuteride (2.48 kOe/K) compared to the hydride
(2.58 kOe/K). These values are nevertheless larger than for
YFe2H4.2 (1.34 kOe/K) and YFe2D4.2 (1.37 kOe/K), show-
ing an additional influence of the Er substitution. This sug-
gests that the Y for Er substitution modifies the structural
and magnetic properties of the hydrides and deuterides: (i)
The cell volume of the hydride is 0.8% larger than the corre-
sponding deuteride; (ii) A spin reorientation of Er moment
is induced at low temperature, independently to the H/D
isotope effect; (iii) The values of TM0 are smaller than in
the YFe2H4.2 and YFe2D4.2 compounds, but remain sensi-
tive to the isotope influence. The sensitivity of TM0 to the

change of volume confirms the magnetovolumic character
of the transition. (iv) The B/T slopes are different for the
hydride and deuterides, whereas there were similar in the
non substituted compounds.

Figure 126: Thermomagnetization of Y0.7 Er0.3Fe2 (H, D)4.2.

Figure 127: Isothermal magnetization of Y0.7 Er0.3Fe2 (H,
D)4.2.

Figure 128: Transition field versus temperature.
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Field-induced transitions in RECo0.50Mn0.50O3 (RE = Dy, Eu)

One interesting family of perovskites is RE(TM,Mn)O3 in
which the Mn atom has been partially substituted by a
transition-metal element TM like Co giving rise to Mn4+-
Co2+ ferromagnetic interactions. In addition, if the RE el-
ement bears a large magnetic moment, then the RE sublat-
tice may interact with the ordered TM-Mn sublattice [Peña
et al., J. Magn. Magn. Mater. 312, 78 (2007); Antunes
et al., J. Europ. Ceram. Soc. 27, 3927 (2007)]. In
this work we present the magnetic properties of bulk ce-
ramic samples EuCo0.50Mn0.50O3 and DyCo0.50Mn0.50O3.
Nickel-containing samples of similar composition (Ni/Mn
= 0.50/0.50) are measured for comparison. Samples were
prepared by solid state synthesis from the corresponding
submicronic powder oxides. They were characterized by
X-ray diffraction showing pure perovskite orthorhombic
structure (Pbnm). Magnetic measurements were performed
on specimens cut from ceramic bulks.

Figure 129: Thermal dependence of the ZFC-FC magnetiza-
tion for EuCo0.50Mn0.50O3 and DyCo0.50Mn0.50O3 measured at
0.025 T.

Temperature dependence of the magnetization is shown in
figure 129 for EuCo0.50Mn0.50O3 and DyCo0.50Mn0.50O3.
Samples were first cooled under no magnetic field, then
the static field of 0.025 T was applied and samples allowed
warming until 300 K (ZFC). Then, they were subsequently
cooled under the same static field (FC). ZFC branch for
Eu sample shows that, upon warming, the Co-Mn sublat-
tice orders in an antiferromagnetic state with a small ferro-
magnetic component due to non-linearity of the spins. The
low magnetic moment of Eu and the low external field ap-
plied to the sample, result in almost no contribution from
Eu. During the FC procedure, the transition metal sublat-
tice orders ferromagnetically at TC = 130 K. For the Dy
sample we can notice that the ZFC curve starts from a fi-
nite value at 2 K and decreases to almost zero when the
temperature increases. This is just due to the Curie-Weiss
behaviour of Dy3+ that follows 1/T law, typical of free-
spin non-correlated moments. For higher temperatures, the

ZFC curve follows a similar behaviour as the Eu case, that
is canted antiferromagnetism since the magnetic properties
of the Co-Mn sublattice predominate. When the sample
is field cooled the Co-Mn sublattice orders at TC = 85 K,
a lower temperature as the Eu-case because of the smaller
ionic radius of the Dy ion compared to Eu.

The magnetization loop is shown in figure 130(a) for
EuCo0.50Mn0.50O3 sample. We notice five steep transi-
tions on the hysteresis curves. The magnetization value
measured at 20 T is lower than the theoretical value
(MS = 3.87 µB) if we consider all the spins of Mn4+

and Co2+ aligned and no contribution from Eu3+. For
EuNi0.50Mn0.50O3 there are no step-like transitions. The
measured value of the magnetization at 20 T is also lower
than the calculated value of 3.35 µB if all spins of transi-
tion metals are aligned on the field direction. This sug-
gests that Eu3+ in these systems is a classical case of Van
Vleck magnetism. For DyCo0.50Mn0.50O3 (figure 130(b))
we can see two field transitions (near 2 T and 5 T) and
the magnetization measured at 20 T reaches the theoreti-
cal value (MS = 6.76 µB) if we consider a ferrimagnetic
model of two sublattices (rare earth and transition metal
ones) fully aligned, one in opposition to the other. For the
DyNi0.50Mn0.50O3 sample we do not see any field-induced
anomaly on the hysteresis curves up to 20 T.

Figure 130: Magnetization loop at
2.5K for (a) EuCo0.50Mn0.50O3 (insert: EuNi0.50Mn0.50O3) and
(b) DyCo0.50Mn0.50O3 (insert: DyNi0.50Mn0.50O3).
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High magnetic field study in chromium-based Mn1−xCdxCr2S4 thiospinels

Materials with spinel AB2X4 structure are widely stud-
ied because of outstanding physical properties, e.g. half-
metallicity and colossal magnetoresistance. Among these
materials, the MnCr2S4 thiospinel presents a collinear fer-
rimagnetic structure at 65 K and a Yafet-Kittel transition
at ∼ 6 K toward a triangular non collinear state [Tsurkan
et al., Phys. Rev. B 68, 134434 (2003)]. Application of
very high magnetic fields produces a reorientation of the
moments toward a ferromagnetic state.

We investigate here a solid solution obtained by partial sub-
stitution of magnetic Mn by non-magnetic Cd. Samples
were prepared from high-purity elements, sealed in evac-
uated quartz ampoules, using I2 as transport agent. Am-
poules were slowly heated up to 800◦C over a period of
1 week. The resultant was reground, pelletized and fired
at 900 ◦C for 3 days. Samples were characterized by X-ray
diffraction. Patterns were fully indexed in the Space Group
Fd3m, with no secondary phases observed within the lim-
its of the experimental detection. Magnetic measurements
were performed on specimens cut from ceramic pellets.

The ordered regime was investigated through ZFC/FC mag-
netization cycles performed under low applied field (fig-
ure 131). Samples were first cooled under non-magnetic
field and then warmed from 2 up to 300 K under the applied
field of 0.01 T (ZFC mode). Once in the paramagnetic state,
samples were then cooled down to the lowest temperature
of 2 K under the same applied field (FC mode).

Figure 131: ZFC/FC magnetization for Mn1−xCdxCr2S4 solid
solution (ZFC : open symbols ; FC : filled symbols).

In the parent compound MnCr2S4, the Cr3+ and Mn2+

networks are ferromagnetic but point in opposite direc-
tion, creating a ferrimagnetic state, while in the solid so-
lution (Mn1−xCdx)Cr2S4, the antiferromagnetic interaction
between the Mn and Cr networks is progressively lost when
the content of non-magnetic cadmium increases, resulting

into a stronger overall ferromagnetism [Barahona et al., J.
Alloys Comp. 480, 291 (2009)].

Figure 132: Magnetization at given temperatures for the
Mn1−xCdxCr2S4 solid solution.

In order to obtain a better knowledge concerning spins re-
orientation, magnetization measurements were performed
at fixed temperatures in fields up to 20 T (figure 132). Data
show a progressive loss of the antiferromagnetic interac-
tions between A and B sublattices, favouring the parallel
alignment of moments pointing into the same direction, that
is, the ferromagnetism of the Cr3+ network. To be no-
ticed that the threshold field for the moments realignment
is 5 times smaller (HC ∼ 6−8 T) than the one reported for
pure MnCr2S4. However, for all samples, magnetizations
do not attain full saturation of free spins at 20 T (see figure
133).

Figure 133: Normalized magnetization at 4 K
for Mn1−xCdxCr2S4. The normalization was done with respect
to effective magnetic moment calculated from high temperature
data of figure 131 fitted to Curie-Weiss law (not shown).
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92



2009 MAGNETIC SYSTEMS

Magnetic properties of ErCoxMn1−xO3 perovskites

A spin reversal phenomenon in perovskite manganites
ABO3 may appear when the rare-earth element, having a
large magnetic moment (e.g. Gd, Er), interacts with the
Mn3+-Mn4+ sublattice. This has been found in manganites
partially substituted at the A-site by alkaline earth elements.
B-site substitutions also drastically modify the physico-
chemical properties of these materials, since for each di-
valent transition metal introduced in the lattice, a Mn3+ ion
will transform into Mn4+. If the substitute is Co, the solid
solution may extend over a large range of concentrations
since cobalt may adopt a 2+ and a 3+ oxidation states, de-
pending on the synthesis conditions. In these materials, the
total magnetization changes its sign when field-cooled due
to a negative polarization of the rare-earth moment in the
presence of the internal field created by the ordered man-
ganese sublattice [Peña et al., J. Magn. Magn. Mater. 310,
159 (2007)].

The isothermal magnetization shows two interesting fea-
tures: (i) an intersection of the decreasing and increasing
branches of the magnetization loop at low fields, related to
the spin reversal described above; (ii) a step-like increase at
high fields when the applied magnetic field increases [Peña
et al., J. Magn. Magn. Mater. 312, 78 (2007)]. These
two anomalies have been observed only in the Er-Co-based
system, for materials close to the ErCo0.50Mn0.50O3 com-
position (figure 134).

Figure 134: Magnetization loop for the ErCo0.50Mn0.50O3 com-
position.

Furthermore, the high-field transition is of a dynamical na-
ture since both its amplitude and position depend on the
sweep-rate of the applied-field. To get a deeper insight of
this anomaly, high-field magnetization measurements were
performed at 4 K. (figure 135).

Figure 135: High field magnetization for ErCoxMn1−xO3 sam-
ples normalized for the value at 15 T.

Important results were obtained: (a) the high field transi-
tion shifts towards higher applied fields when temperature
decreases; (b) the high field transition shifts towards higher
applied fields when the Co/Mn concentration changes from
the particular 50/50 ratio; (c) the magnetization does not
saturate at the highest applied field, but the ferromagnetic
loop ends up at about 10 T; (d) no abrupt jumps are ob-
served for temperatures above 3 K; (e) magnetic relaxation
is observed just before the transition occurs (figure 136).

Figure 136: Magnetization as a function of time for
ErCo0.50Mn0.50O3. Insert: fit to a logarithmic behaviour.

Based on these results, several scenarios are possible, such
as, dynamical movements of domain walls, magnetic relax-
ation of ferromagnetic clusters, metamagnetic-like interac-
tions between Er3+ and Co2+-Mn4+ moments.
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Ferromagnetic domains in nanosized erbium perovskites

Cooperative phenomena constitute an important research
area because of many applications at the frontiers of chem-
istry, physics and electronics. Perovskites manganites
have received growing attention because of mixed-valence
Mn4+/Mn3+ and resulting magnetoresistance effect. We
previously reported interesting results in Er(Co,Mn)O3 due
to an antiferromagnetic interaction between Er and |Co,Mn|
sublattices, producing a reversal of the magnetic moment
and formation of ferromagnetic domains. An avalanche
mechanism occurs under moderate magnetic fields (∼
35 kOe), leading to the rotation of the domains in one or
more steps, depending on the rate of variation of the ap-
plied field and on the grains formation [Peña et al., J. Magn.
Magn. Mater. 312, 78 (2007)].

In order to investigate the influence of the micro-structure
we have elaborated nanosized materials and correlated the
magnetic response to the grains size and to boundaries per-
colation. ErCo0.50Mn0.50O3 compound was prepared at
700 ◦C by a citrate method and further calcined at increas-
ing temperatures. Samples were characterized by X-ray
diffraction both before and after the sintering conditions,
confirming the presence of a pure perovskite orthorhom-
bic Pbnm structure and phase purity was checked by en-
ergy dispersive analysis. The micro-structure, characterized
by scanning electron microscopy, consists of homogeneous
spherical grains of 20− 30 nm diameter for as-prepared
sample synthesized at 700 ◦C, which progressively grow
with increasing sintering temperature, attaining 100− 200
nm and a very good percolation at 950◦C, that is, when
grains fuse together and grain barriers almost disappear.
Magnetic measurements were performed on the starting
material and sintered pellets.

Figure 137: Positive part of magnetization loops at T = 2 K for
given calcination temperatures (in ◦C).

Figure 137 presents part of the M(H)-loops for selected
pellets. Below an annealing temperature of about 950◦C,
the magnetization increases smoothly with increasing field,
until an inflexion point occurs at about 40 kOe. This inflex-
ion point transforms into a sudden jump at Hc, for sintering

temperatures of 950◦C and above, that is, when grain bar-
riers tend to disappear. We correlate this sudden jump with
the reorientation of ferromagnetic domains. At the same
time, the critical field Hc decreases with increasing anneal-
ing temperature suggesting that ferromagnetic domains ro-
tate more easily inside a large homogeneous grain since no
barriers are present.

To confirm the reorientation phenomenon, we have per-
formed subsequent runs at 2 K, measuring the full M(H)
loop. The starting bulk corresponds to a piece of the pel-
let sintered at 950◦C. This piece was then crushed into fine
powder (sieved at 80 µm) and let free to rotate under the
action of the applied field. In a third run, this same pow-
der was homogeneously dispersed inside a drop of lique-
fied vacuum grease, then frozen at 2 K in order to block
any rotation of the fine particles, and performed a M(H)
loop. Finally, the gel-type solution was heated at 350 K in-
side the cryostat, and a 50 kOe field was applied. The gel
was then cooled under the same static field down to 2 K,
with all domains oriented parallel to the applied field. Fig-
ure 138 shows the full M(H) loop under these 4 different
experimental set-ups.

Figure 138: M(H)-loops measured under 4 different conditions
for ErCo0.50Mn0.50O3 sample calcined at 950◦C.

It can immediately be noticed that the most significant
change in the magnetization loop concerns the height of the
jump, which increases by about 60% in the oriented pow-
der with respect to the bulk ceramics. It is also evident that,
when the particles are homogeneously dispersed and not al-
lowed to rotate (run 3), the magnetization jump is smoothed
out and becomes just an inflexion point. In conclusion, we
have unambiguously shown that grains size and percolation
are the most important mechanisms in the rotation of mag-
netic domains in this material.
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Concerted spin crossover and symmetry breaking yield three thermally- and
one light-induced crystallographic phases of a novel molecular material

Spin crossover (SC) complexes have been widely stud-
ied over the last decades: the reversible low-spin
(LS)� high-spin (HS) switching triggered by a change
in temperature or by light irradiation, has attracted
much interest for potential applications in information
storage. A new SC material [FeIIH2L2−Me][PF6]2,
1 where H2L2−Me denotes bis[((2-methylimidazol-4-
yl)methylidene)-3-aminopropyl] ethylene diamine, has
been synthesized.

Figure 139 shows the variation of the χMT product of 1,
evidencing a two-step SC process. The INT�LS step cen-
tered around 97 K shows a thermal hysteresis loop of 6 K
width, characteristic of a first order transition. When 1 was
irradiated with green light, a quantitative light-induced ex-
cited spin state trapping effect (LIESST) was clearly ob-
served. When the irradiation was stopped, two steps relax-
ation to the fully LS state was observed upon increasing T.

The crystal structures of 1 were determined by single-
crystal XRD. In the HS state (250 K, P22121), the average
Fe-N bond length 〈Fe-N〉 = 2.190 Å is typical of an HS
FeII site with six N donors. The crystal structure is made
of hydrogen bonded cation layers and anion layers in the
(a,b) plane (Figure 140a). In the INT phase, an ordering
of spin-states occurs among the FeII sites, as a cell dou-
bling along the crystalline axis. The space group decreases
to the non-isomorphic monoclinic subgroup P21: there are
two non equivalent cation sites (Figure 140b), one mainly
HS (〈Fe1-N〉 = 2.13(1) Å) and the other one is mainly LS
(〈Fe2-N〉 = 2.04(1) Å). The ordering in the INT phase re-
sults in the LS-HS-HS-LS pattern. Below 97 K, in the LS
phase (P212121), the unit cell has changed to (4a,b,c) and
includes two independent LS cations per unit cell (〈Fe1-N〉
= 2.012 Å = 〈Fe2-N〉) (Figure 140c). Because of the sym-
metry breakings, a related distortion of each molecule oc-
curs, accompanied with slight tilts as well as displacements
of the ions.

A novel structural reorganization occurs upon generation
of the PIHS state: the P22121 space group is the same as
in the HS phase but with different translation symmetry.
The structure includes two independent complex cations
per unit cell (Figure 140d) with Fe-N bond lengths typi-
cal of HS FeII sites (〈Fe1-N〉 = 2.17(1) Å and 〈Fe2-N〉 =
2.18(1) Å). This is the first-case of photoinduced SC involv-
ing symmetry breaking while previous report demonstrated
isostructural reorganization. The occurrence of four differ-
ent phases with different symmetries is unique and should
be related to the strong intermolecular interactions and to
the specific packing of anion and cation layers.

Figure 139: Temperature dependence of the χMT product on
cooling (H) then warming mode (N) and after irradiating the sam-
ple at 10 K with a 532 nm laser light. (N)at sweeping rate of 1 K
min-1

Figure 140: Projection of the crystal packing in the HS phase
(a), for the INT phase (b), the LS state (c) and PIHS (d). [HS
(blue) and LS (red) sites] Additional projections along the multi-
plied crystals axis on the right show the motions of the ions.
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Magnetostructural correlations in Tetrairon(III) single-molecule magnets

Slow magnetic relaxation in molecular systems is a lively
research area which spans the interface between chemistry,
physics and material science. This phenomenon is observed
in two main families of compounds: single-molecule mag-
nets (SMM) and single-chain magnets (SCM). The persis-
tence of magnetization in such systems is limited to low
temperature (below about 4.2 K), but can be in principle
exploited for applications in the field of magnetic storage
and information processing. Tetrairon(III) complexes with
formula [Fe4(L)2(dpm)6],are providing a growing class of
Single Molecule Magnets displaying unprecedented syn-
thetic flexibility and ease of functionalization ( Hdpm =
2,2,6,6− tetramethyl-heptane-3,5-dione).

Here we report on three novel derivatives prepared by
using as bridging ligands pentaerythritol monoethers,
H3L = R’-O-CH2C(CH2OH)3 with R’=allyl (1), (R,S))-2-
methyl-1-butyl (2), and S-2-methyl-1-butyl (3) along with
a new polymorph the complex containing 11-(acetylthio)-
2,2-bis(hydroxymethyl) undecan-1-ol ligands (4b) [Gregoli
et al., Chem. Eur. J. 15, 6456 (2009)]. High-Frequency
EPR (HF-EPR) spectra have been collected, at two frequen-
cies (190 and 230 GHz) and several temperatures between 5
and 30 K, on polycrystalline samples of the four complexes
in order to determine the zero-field splitting (zfs) parame-
ters in the ground spin state. The spectra obtained show the
typical behavior of systems with an S = 5 ground spin state
characterized by an easy-axis type anisotropy (D < 0):

H = µ0B.g.S+DS2
z +E(S2

x−S2
y)+B0

4O0
4 (17)

where O0
4 is a Stevens operator, while D, E and B0

4 are
the crystal field parameters defining the anisotropy of the
system. Setting an isotropic Landé factor g = 2.0, the best
simulations of experimental spectra were obtained with the
following parameters (in cm−1): D =−0.417, E = 0.015,
B0

4 = +1.3× 10−5 for (1a), D = −0.435, E = 0.009,
B0

4 = +0.9× 10−5 for (1b), D = −0.449, E = 0.030,
B0

4 = +2.4× 10−5 for (2), D = −0.442, E = 0.0312,
B0

4 = +1.65× 10−5 for (3) and D = −0.412, E = 0.006,
B0

4 = +1.8× 10−5 for (4b)(figure 1). (1a) and (1b) stand
for the two structurally inequivalent molecules present in
the cell of crystal (1). Experimental and calculated spectra
for complex (2) at 230 GHz are displayed in figure 141.

In (1-3) and (4b), and in other six isostructural compounds
previously reported, a remarkable correlation is found be-
tween the axial zfs parameter D and the helical pitch γ

of the propeller-like structure (figure 142). γ is defined
as the average dihedral angle between the mean Fe4 plane
and the three FeO2Fe ”blades”.The relationship is directly

demonstrated by (1), which features both structurally and
magnetically inequivalent molecules in the crystal. The
two polymorphs of (4) ((4a,b)) span the whole range of
anisotropies for [Fe4(L)2(dpm)6] complexes, suggesting
that crystal packing effects may be largely responsible for
the observed structural and magnetic differences.

The dynamics of the magnetization in the four complexes
has been investigated by AC susceptometry, and the results
analyzed by master-matrix calculations. The large rhombic-
ity of (2) and (3) is found responsible for the fast magnetic
relaxation observed in the two compounds. However, com-
plex (3) shows an additional faster relaxation mechanism
which is unaccounted for by the set of spin-Hamiltonian
parameters determined by HF-EPR.

Figure 141: HF-EPR experimental (bold) and simulated powder
spectra recorded at 230 GHz on derivative (2).

Figure 142: Axial anisotropy D versus helical pitch γ for the
twelve Tetrairon(III) propellers so far characterized. The red
points correspond to the four derivatives discussed here. The solid
line correspond to the best fit for the derivatives featuring two
tripodal ligands.
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Magnetic field behaviour of ex-situ processed MgB2 multifilamentary wires

In order to make MgB2 useful not only for dc but also for ac
applications further conductor development and optimiza-
tion are still needed, in particular to reduce the ac losses
caused by magnetic hysteresis in the MgB2 core, filament
coupling and eddy currents flowing through the metallic
matrix. In this context research work should be focused on
multifilamentary strands with a large number of very fine
filaments, twisted filaments and non-magnetic and high re-
sistivity sheath.

We have focused our work on obtaining multifilamentary
conductors with a large number of very fine filaments. In
this context, the powder’s granulometry can play a crucial
role. In this experiment we have prepared two MgB2 start-
ing powders which are either not milled (NM) or milled
(M) with different granulometries (NM= 1.5 µm and M=
450 nm) and by the ex-situ powder in tube (PIT) method
we have realized multifilamentary wires with 19, 91 and
361 filaments and an average size of each filament of 279,
110 and 30 µm respectively. In figure 143 the cross sections
of the three wire types are shown.

We have studied the relationship between grain and fila-
ment size in terms of transport properties. The measured
critical current densities (JC) for the samples with NM pow-
der and M powder are reported in figure 144. The criti-
cal current density improves with milling for all samples as
reported in our previous work [A. Malagoli et al J. Appl.
Phys. 104, 103908 (2008)]. Focusing on the behaviour of
the not milled samples, passing from 19 to 91 filaments a
remarkable critical current density degradation is evident,
that is partially recovered going to 361 filaments. On the
contrary for the milled samples 19M and 91M have almost
identical critical current density - a slightly better behaviour
in field being observed in 91M. When the number of fila-
ments increases up to 361, critical current density decreases
staying though above the 361NM.

Such a behaviour of the critical current density in field can-
not be explained or well understood simply considering the
effects of milling. In these complex conductors several fac-
tors have to be taken into account which have an effect on
the transport properties: the starting granulometry of the
MgB2 powders, the cold deformation force and the final fil-
ament size. Therefore, in the final analysis, the capability
of these conductors to transport high critical currents cru-
cially depends on a proper balance of these parameters. In

this work we have obtained the best ratio filament size/grain
size on a 91 filaments wire with an average filament size of
about 110 µm and a powder starting average grain diameter
of about 450 nm. A finer MgB2 granulometry seems to be
needed to realize very thin filaments (10−30 µm) with high
critical current density.

Figure 143: Images of different cross sections through the wires
with 19, 91 and 361 filaments respectively.

Figure 144: Transport critical current density (JC) for different
milled (M) and not milled (NM) samples measured up to magnetic
fields of 13 T using a wide bore resistive magnet and a Helium
bath cryostat (T = 4.2 K).
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Superconductivity of C and TiC doped multi-filamentary MgB2 wires

Recently a great deal of both fundamental and technical re-
search has been carried out on carbide-doped MgB2 due
to its high upper critical field (Hc2) which presents consid-
erable interest for the fabrication of practical magnets, es-
pecially the GM-cryocooled MRI magnet. For engineering
applications, it is necessary to make MgB2 superconductors
into multi-filamentary wires or tapes. The in-situ and ex-
situ powder-in-tube (PIT) processes have become the dom-
inant or standard methods due to their commercial potential
for large-scale and low-cost production of MgB2 wires and
tapes.

In this work, various multi-filament MgB2/NbCu round
wires with carbon or TiC doping have been fabricated by
in-situ PIT method at the Northwest Institute for Nonfer-
rous Metal Research (NIN). The typical diameter of the fi-
nal wire is 1 mm. The MgB2 coil was fabricated using the
wind and react method with a 1.5 m long wires and a heat
treatment at 680◦C for 1.5 h. The transport critical current
of the MgB2 coils was measured with magnetic fields up
to 10 T at various temperatures using a standard four probe
method. The critical current density, Jc, of the coil was cal-
culated from the measured critical current Ic divided by the
cross sectional area of the MgB2 core.

Figure 145 shows the 6-, 12- and 36-filamentary
MgB2/NbCu wires with amorphous carbon doping. The
volume of MgB2 in whole wires is around 20%, 14% and
14%, respectively. Figure 146 shows the transport critical
current density Jc values as a function of applied field at
20 K for the multi-filamentary MgB2 coils with amorphous
carbon or TiC doping. The 6-filament wires with carbon
doping has the largest Jc, as high as 4.5×104 A/cm2 at 2 T.
The large value of Jc in this sample may be due to the good
grain connectivity and strong flux pinning force. This result
indicates that carbon doping is beneficial for the fabrication
of high performance long length multi filamentary MgB2
wires.

Figure 147 shows the result of the transport Jc versus H
measurements at temperatures from 4.2 to 30 K measured
for 6-filament wires with carbon doping. This value is
lower than the best values found in the literature, but we
believe that the transport Jc could be improved by optimiz-
ing various processing parameters.

In summary, the Jc of multi-filamentary long length MgB2
wires were enhanced by amorphous carbon doping. The
highly reactive amorphous carbon can easily substitute into
the lattice of MgB2 even with a heat-treatment at lower tem-
perature. On the other hand, the lower heat-treatment tem-
perature results in a smaller MgB2 grain size, which intro-
duced a high density of flux-pinning centers.

Figure 145: Cross section of the different multi-filament
MgB2/NbCu wires.

Figure 146: Transport critical current density of different multi–
filamentary MgB2 coils at T = 20 K.

Figure 147: Transport critical current density of a 6-filament
MgB2 coil at various temperatures.
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Phthalocyanine doping to improve critical current densities in MgB2 tapes

Carbohydrates show a prominent capability in the critical
current, Jc−B, enhancement of MgB2. It is claimed that
these materials can decompose at relatively low tempera-
ture, and generate a lot of reactivate carbon atoms before
the MgB2 phase formation. The reactivate carbon atoms
and small sized impurities are favorable for good supercon-
ducting properties of MgB2. Compared to nano-sized C or
SiC, carbohydrate doping can achieve a uniform dispersion
within the MgB2 matrix. As the insulated MgO particles are
very harmful to the MgB2 grain connectivity, oxygen-free
carbon compounds, which will not produce MgO by reac-
tion with MgB2, are preferable to use as MgB2 dopants.
In this work, we tried phthalocyanine (C32H18N8), which
has carbon 72.8-76.6%, nitrogen 21.1-22.3%, and no oxy-
gen content, as MgB2 doping material. The relationships
between the critical current properties, crystallinity, irre-
versibility field (Hirr) and upper critical field (Hc2) were
studied as a function of the doping level of phthalocya-
nine. Figure 148 shows the field dependence of transport Jc

at 4.2 K for undoped and phthalocyanine-doped MgB2/Fe
tapes. Clearly, the in-field Jc properties of MgB2 tapes were
much improved by the phthalocyanine doping, suggesting
that Hc2 was enhanced. The best Jc−B properties were ob-
tained in 2.2 wt% phthalocyanine-doped samples. At 4.2 K
and 10 T, a Jc value higher than 1.6× 104 A cm−2 was
achieved, which is almost an order of magnitude higher
than that for pure ones. On the other hand, when the ph-
thalocyanine doping amount increased to 3 wt%, the Jc val-
ues started to decrease, while the field dependence was al-
most not affected. This suggests that the excess phthalo-
cyanine addition will have a negative effect on the grain
connectivity and thus the coupling of MgB2 grains, due
to the non-superconducting and generally insulating second
phases introduced by phthalocyanine addition.

The normalized temperature dependence of Hc2 and Hirr

for all samples is shown in figure 149. Although the ac-
tual carbon contents in phthalocyanine-doped samples are
small, the Hc2 and Hirr values of MgB2 have been greatly
enhanced. For example, the Hc2 and Hirr of the 3 wt%
phthalocyanine-doped sample at 24 K are 8.7 and 6 T, re-
spectively, which is markedly higher than those of the un-
doped samples.

Figure 148: Transport Jc−B properties of Fe-sheathed undoped
and doped tapes heated at 800◦C for 1 hour. The measurements
were performed in magnetic fields parallel to the tape surface at
4.2 K.

Figure 149: Normalized temperature dependence of Hirr and Hc2
for undoped and phthalocyanine-doped samples sintered at 800◦C.
Hc2 and Hirr were defined as Hc2 = 0.9R (Tc) and Hirr = 0.1R (Tc)
from the R versus T curve.
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Critical current measurements on Bi-2212

High critical temperature superconductors (HTS) open ex-
tremely interesting perspectives for high magnetic field ap-
plications such as high field magnets for NMR or SMES,
nuclear fusion, or future colliders. The demand is high for
25−50 T magnets which is beyond the possibilities offered
by low critical temperature superconductors, i.e. Nb3Sn.
The possibility of precisely measuring the rather elevated
critical currents of superconductors in a high magnetic field
environment is crucial for the development of HTS mag-
nets.

Interest for Bi-2212 round wire for high magnetic field ap-
plications increased recently due to the wires outstanding
performance concerning their intrinsic transport properties.
The critical current density is higher than 1000 MA/m2

at 4.2 K and 45 T. Equally the second generation (2G)
of YBaCuO coated HTS conductors, show very promising
performances in terms of critical currents under very high
magnetic fields. In addition, their mechanical properties are
excellent for the ion beam assisted deposition (IBAD) route.
The mechanical performances are of great importance for
very high field magnets. Significant progress has also been
achieved in terms of lengths, to the point where it it is now
possible fabricate HTS magnets. The possibility to operate
at higher temperatures than 4.2 K improves considerably
the stability of the magnet due to the rapid increase of the
specific heat at higher temperatures. The stability is one of
the limitations of LTS magnets in term stored magnetic en-
ergy per unit mass. On the other hand the protection of the
magnet is much more difficult since the propagation veloc-
ities are low, leading to a difficult detection of any quench.
HTS magnet protection has been identified as an issue for
their development.

The HTS wires (BiSrCaCuO PIT or YBaCuO coated con-
ductor) are produced by Nexans or other providers (such
as OST). The typical cross section of the tapes is 4×
0.1/0.2 mm2 and a diameter of 1 mm for the round wires.
The critical current is of the order of ∼ 500 A in the
self-field at 4.2 K. In the frame of the ANR “SUPER
SMES” contract, a new Variable Temperature Insert has
been built in collaboration between LNCMI and the Néel
Institute. The available space has been optimized to max-
imize the sample length: a 34 mm long sample can be
tested in the 39 mm diameter field bore. An investigation
of the sample anisotropy is possible, since the sample can
be rotated through 90◦. Critical currents are measured at
the LNCMI under fields up to 20 T. The sample holder
has been designed to enable measurements on a VAMAS-
like coil sample. Preliminary measurements performed on
Bi-2212 VAMAS sample (length 1 m) and short samples

(length 30 mm) can be seen in figure 1. The results have
been checked by performing cross characterizations at the
SACM, CEA Saclay.

Complete characterization of Bi-2212 and YBaCuO wires
and tapes at high magnetic fields and low temperatures
(from 4.2 to 80 K) can be performed using this new VTI,
which will be a very useful tool for the studies of HTS in
the frame of the SUPER-SMES project.

Figure 150: (a) Transport Ic versus magnetic field at different
temperatures in parallel orientation for a VAMAS Bi-2212 tape.
(b) Transport Ic versus magnetic field at different temperatures in
parallel orientation for a short Bi-2212 sample.
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Changes in the microstructure resulting from a high cooling rate in Fe-xC-Mn
alloys in strong magnetic field

The impact of magnetic field on the microstructures ob-
tained after rapid cooling is observed in Fe-xC-1.5wt%Mn
steels with x = 0.2 and 0.3 wt%C. The experiments are
done in a furnace in which alloys are water cooled in mag-
netic field from the austenite state [T.Garcin et al., Patent
955380, 2009]. After holding at 1173K for 5min, the power
is switched off and the sample is quenched. More than
200 K/s is obtained by water quenching between 1173 K
and 373 K. The Figure show the SEM micrographs after
quenching under 0T and 16T.

Figure 1(a) shows the 0.2wt%C steel grades cooled under
0T and 16T. In the 0T sample, the microstructure is com-
posed of a mixture of bainite (αB) and martensite(α’). Bai-
nite is a two-phase structure that contains ferrite-cementite
regions formed from the eutectoid decomposition of austen-
ite (γ). Martensite is a product of diffusionless transfor-
mation and can occur in the form of thin, lenticular plates
which often extend right across the parent gamma grains, or
as packets of approximately parallel, fine laths whose size
is generally smaller than that of the γ grains. Only several
islands of allotriomorphic ferrite are observed in the struc-
ture. The allotriomorphic ferrite (α) grows rapidly along
the austenite grain boundary (which is an easy diffusion
path) but thickens more slowly. Application of 16T leads to
a considerable increase in the allotriomorphic ferrite frac-
tion along the prior austenite grains boundaries. In addition,
a large amount of Widmansttten ferrite (αW ) is detected by
the presence of thin-wedge plates which have grown from
the prior austenite grain boundaries.

Figure 1(b) shows the 0.3wt%C steel grades cooled un-
der 0T and 16T. In the 0T sample the microstructure is
composed of a mixture of bainite and martensite. No al-
lotriomorphic ferrite is observed probably due to the rela-
tively high carbon content in alloy. When the transforma-
tion occurs under 16T, the microstructure is predominantly
martensite but also has allotriomorphic ferrite, Widmanstt-
ten ferrite, bainite and even pearlite. The martensite struc-
ture can be here referred to as lath martensite which con-
sists of martensite needles with different but well-defined
orientations. Notice that the spherical shape of pearlite
colonies is obvious in this sample because of the lack of
impingement with other pearlite colonies. Vickers hardness
measurements have been performed for the different alloys
composition after thermomagnetic treatment. The applica-
tion of a strong magnetic field results in a general decrease
in the hardness values. This reduction of hardness is related
to the enhancement of the ferrite precipitation in the alloys
treated under static magnetic field.

These modifications in the resulting microstructure by the
application of a static magnetic field may be interesting
when a mixture of ferrite, bainite and martensite is desired.

Figure 151: SEM micrographs showing the structure after water
quenching under 0 and 16 T for the Fe-0.2C-1.5Mn (a) and for
Fe-0.3C-1.5Mn (b)(wt%). Original magnification 4000x, 4% nital
etching sample.
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Study of the influence of magnetic forces on the mass transfer
of paramagnetic particles in electrochemistry

The context of our work is the characterization of the mag-
netic forces which influence the processes of mass transfer
in electrochemistry. It appears experimentally that in the
presence of a magnetic field in solutions, where a gradient
of concentration of paramagnetic ions is present, even if the
action of Lorentz forces is not effective, a driving force act-
ing on the solution will arise. This force, referred to as the
concentration gradient force, is often written,

−→
Fm = χm

B2−→∇C
2µ0

, (18)

where χm(m3/mol) is the molar magnetic susceptibility,
B(T) the magnetic flux density, C(mol/m3) the bath con-
centration and µ0(Hm−1) the permeability of vacuum. The
experiment was performed using a 10 MW resistive magnet
which generates a homogeneous a magnetic field of 6 T in
a 286 mm diameter. The experimental device is a rectangu-
lar channel with platinum electrodes on the upper and lower
walls, between which a voltage drop is applied (figure 152).
The channel is closed with insulating walls to eliminate the
edge effects. The cell is immersed in an electrolytic bath
prepared with an equimolar solution of 0.05 mol/m3 Ferri
ferro-cyanide with 0.5 mol/m3 and K2SO4 as the support-
ing electrolyte. The temperature condition was about 17◦C
and an Ag/AgCl reference electrode was used to control the
electrodes potential.

Figure 152: Experimental configuration.

The results were obtained by the polarographic method.
When the two electrodes located on the faces of the chan-
nel are submitted to a voltage drop, controlled by a poten-
tiostat, an electric current is imposed and in the presence of
an homogeneous magnetic field, the gradient of paramag-
netic ions due to electrode reaction will cause a redistribu-
tion of velocities in the bath which then acts on the depth

of the boundary layer. As a result, an additional mechanism
of transport of the solution is generated. Correspondingly,
the limiting currents of reactions proceeding in the elec-
trochemical system will become a function of the applied
magnetic flux density. The influence of magnetic field on
the evolution of the mean limiting current density is plotted
using logarithmic coordinates in figure 153. We can shows
that for the two modes, anodic and cathodic, the limiting
current density follows a law in B2/3. Note that this law
starts at 0.5 T for the anodic mode and at 2 T for the ca-
thodic mode due to the paramagnetic forces which drives
a more important flow than the gravity. This phenomeno-
logical behaviour was observed by many authors [Waskaas,
Acta Chimica 50, 516 (1996)], Rabahand et al., Journal of
Electroanalytical Chemistry 571, 85 (2004)].

Figure 153: Evolution of the limiting current densities with the
work electrode (WE) in the (a) cathodic mode and (b) anodic
mode.
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Large Alfvén Waves in liquid sodium

Alfvén waves are hydromagnetic waves involving fluid ve-
locity and magnetic field. They are a key phenomenon
in many geophysical and astrophysical area, such as the
Earth’s liquid core, the magnetosphere, solar wind and in-
terstellar plasma dynamics. They are difficult to observe in
experiments but it would be useful to reach a state of inter-
acting Alfvén waves as a key example of weak turbulence.
Here, we use liquid sodium (figure 154). Compared to
galinstan (gallium/indium/tin liquid metal alloy) it is a bet-
ter electrical conductor (ohmic dissipation of Alfvén waves
is reduced) and its density is much less (hence Alfvén
waves are faster). The geometry of the liquid sodium cav-
ity is a cylinder of diameter 10 cm and of length 20 cm.
This was inserted in an available diameter of 16 cm with
a maximum value of 16 T. 7 coils are placed around this
cylinder at regular intervals along the length. In addition, a
so-called ‘emission’ coil is placed at one end of the cylinder
to provide a magnetic excitation of Alfvén waves. This is a
short electrical pulse current producing a poloı̈dal magnetic
field. The Alfvén wave can then be observed on the sig-
nal of the 7 measuring coils. The characteristic dimension-
less Lundquist number (propagation time divided by dissi-
pation time) changed from a maximum of 60 with galinstan
to around 500 with liquid sodium. Hence we expect to ob-
serve Alfvén waves very clearly. In figure 155, the arrival
of an Alfvén wave is recorded at the end of the cylindrical
cavity, while it was produced at the other end by a pulse
in a coil. On the left-hand side, one can see the electrical
pulse (black curve) followed by the arrival of a main oscil-
lation with a shorter delay when the applied B is stronger,
according to the Alfvén propagation time. On the right-
hand side, time is made dimensionless using the theoretical
time of propagation of an Alfvén wave from one end of the
cylinder to the other: all arrivals collapse around a dimen-
sionless time of unity. In figure 156, the 7 measured signals
are shown. It is possible to follow the signal from the end
where it was created to the other end. There is however an
additional component to the signal which is the signature
of structural vibrations. The linearity of the response sig-
nal (figure 157) shows however that the excitation is not yet
large enough to reach a turbulent state.

Figure 154: These photographs show the process of filling the
container with sodium, the bare setup and finally the setup within
its thermal insulator equipped with pressure and temperature sen-
sors.

Figure 155: Propagation of an Alfvén wave recorded on the coil
farthest from the ‘emission’ coil for different intensities of mag-
netic field. Same plot using the dimensionless time scale based on
theoretical Alfvén speed.

Figure 156: The 7 signals of the 7 coils are plotted together, after
a pulse.

Figure 157: Linear response of electromotive force with respect
to the intensity of the excitation pulse. Energy losses during re-
flections.

F. Debray
Th. Alboussiere, P. Cardin, P. La Rizza, J.P. Masson, H.C. Nataf, F. Plunian, N. Schaeffer, D. Schmitt
(LGIT/CNRS/OSUG/UJF, Grenoble)
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Magnetohydrodynamic effect on electrodeposition of nickel alloys-catalysts for
hydrogen evolution

Electrodeposition is strongly affected by the addition of
nivellant agents or brighteners in the electrolytic bath.
Many electroactive species can be used to modify the char-
acteristics of the deposits. However, the presence of organic
compounds in the baths gives alloys whose properties with
respect to the corrosion resistance are degraded consider-
ably [Meguro et al. J. Electroch. Soc. 147 3003 (2000)].
The magnetic forces generated by the passage of a current
in the presence of a magnetic field create additional convec-
tion which affect the morphology of the deposits.

In theory, the size of the grain of the deposits is a func-
tion of the speed of nucleation and growth of the nucleus;
the more numerous nucleuses are, the lower is the grain
size. A magnetic field applied parallel to the surface of the
electrode generates convection (magnetohydrodynamic ef-
fect or MHD) of the electrolyte; it results in a laminar flow
on the surface of the electrode which reduces the diffusion
layer and increases the concentration gradient. This results
in change in the size of the grains. In principle, the grain
size is a function of the nucleation rate and the growth of
the nuclei: the more the nuclei the smaller is the resulting
grain size.

The influences of magnetic field on composition, struc-
ture and morphology of Cu-Ni alloys have been investi-
gated. The XRD diffraction pattern of deposited alloys is
presented in figure 158. Alloys show a fcc structure of
Cu0.81Ni0.19. There is no difference in the alloy struc-
ture with increasing applied magnetic field while the grain
size of Cu-Ni deposit decreases. This could be explained
by the generation of additional convection close to the elec-
trode surface by the MHD effect. At the same time the
nickel content of the alloy is increased with increasing ap-
plied magnetic field. This could be explained by magnetic
field action on the hydrogen evolution. Nickel electrode-
position is always accompanied by violent hydrogen evolu-
tion. When a magnetic field is applied the size of hydrogen
bubbles is smaller and they are more rapidly removed from
surface of the electrode. In this way the nickel partial cur-
rent efficiency is increased and nickel content of the alloy is
higher. The magnetic field also influences the morphology
of Cu-Ni alloys. Hydrogen evolution enhanced by the ap-
plied magnetic field leads to a smooth surface of the alloys
(figure 159). However, this effect is visible only for applied
magnetic field of 6 T or more.

In conclusion, a magnetic field changes the morphology
and grain size of deposited alloys. There is no influence
of applied magnetic field on structure of deposit. Magnetic

field influences deposition by generation of additional con-
vection close to the electrode surface and by reduction of
thickness of diffusion layer near cathode surface.

Figure 158: XRD diffraction pattern of Cu-Ni alloys deposited
with superimposed magnetic field parallel to the surface of elec-
trode.

Figure 159: Morphology of Cu-Ni alloys deposited with super-
imposed magnetic field parallel to the surface of electrode.

F. Debray
P. Zabinski, R. Kowalik, A. Jarek (AGH University of Science and Technology, Krakow, Poland)
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Diffusion behavior of Al/Cu diffusion interface under a high magnetic field

This work has investigated the effect of a 16 T magnetic
field on the diffusion behavior of the Al/Cu diffusion inter-
face. Figure 160 shows that the interface morphology of
the Al/Cu diffusion couple heated to 615◦C and held for
5 hours, and then solidified with and without a 16T mag-
netic field. It can be observed that the surface of the sample
fabricated in the case of no magnetic field [figure 160(a)] is
irregular. This may be attributed to formation of Marangoni
convection so that natural flow has forced the liquid out of
the Cu crucible. When a 16 T magnetic field is applied, a
regular surface forms which can be attributed to the damp-
ing of the Marangoni convection and natural flow.

Figure 161 shows micrographs and aluminum concentra-
tion profiles obtained by measuring the content of Al at
different positions as a function the distance from the cop-
per side to the aluminum side of the intermediate layers at
the Cu/Al diffusion interface fabricated with and without a
16 T magnetic field. The Cu/Al interface consists of four
intermediate layers with a thin irregular edge and three flat
layers. The concentration profiles indicate that the compo-
sition of every layer is constant. This is consistent with the
phase diagram (according to the phase diagram and EPMA
analysis, the intermediate layers are Cu3Al2 (δ), Cu12Al9
(ξ2), CuAl (η2) and CuAl2 (θ), respectively).

This shows that an application of a high magnetic field has
not affected the phase composition of the diffusion layers;
however, the magnetic field has decreased the depth of the
diffusion layers suggesting that the magnetic field has re-
tarded the diffusion. This may be attributed mainly to two
effects of the magnetic field. Firstly, the damping of the
convection and secondly, the formation of a magnetic force.

It is well known that magnetic field damps the flow and un-
der a 16 T magnetic field, the convection may be damped
totally. The effect of the flow on the diffusion has been
widely investigated and it is generally accepted that flow
enhances the diffusion. Thus, when a high magnetic field
is applied during the diffusion process, the diffusion will be
retarded owing to the damping of the convection, resulting
in a decrease of the depth of the intermediate layers.

In addition, when the sample is placed in a magnetic field,
it will become magnetized. For the materials with different
magnetic property, the magnetization is different; for the
Al/Cu diffusion interface fabricated under high magnetic
field, the magnetization of the Cu and Al is different. As a
consequence, a gradient of the magnetic field is formed and
the magnetic force is produced at the interface between the
Cu and Al. This force may retard the diffusion of the Al
atom to the Cu crucible and cause a change in the shape of
the liquid interface (forms a convex surface).

Figure 160: Effect of a 16 T magnetic field on the diffusion and
the formation of microstructure in the Aluminum/Copper diffu-
sion couple heated to 615◦C and held for 5 hours, and then solidi-
fied (a) with B = 0 T and (b) with B = 16 T.

Figure 161: Micrograph of the intermediate layers in the Al/Cu
diffusion couple heated to 700◦C and held for 0.5 hours and then
solidified with and without a magnetic field of B = 16 T as indi-
cated.

F. Debray
Y. Fautrelle (SIMAP, EPM, CNRS, Grenoble), X. Li (University of Shanghai, Shanghai)
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High field helix development

The highest continuous magnetic fields at LNCMI are ob-
tained using helix inserts surrounded by large Bitter coils.
The 14 helix insert was made available on a regular basis
to researchers in September 2006 and generates 32 T in a
34 mm diameter bore. An upgraded version was developed
and tested successfully in July 2007 at 34 T. A new version
was constructed and tested at 35 T in March 2009. After
two weeks of running we encountered an anomalous heat-
ing of helices 9 and 10. This was proved to be related with
a material imperfection (small cracks)on one of the helices
during the production process. As a consequence, the 34 T
insert was again into operation until the normal summer
stop of the high field facility (end July). The 35 T insert
was reinstalled in September and has since been used under
severe NMR running conditions (continuous high fields for
many hours) without problem (figure 162).

In parallel we have designed and constructed two new
50 mm inserts, one is a 12 helix insert directly derived from
the 14 helix insert and the other is a first attempt to com-
bine a central radially cooled helix (cooling between the
pitches with a set of 9 longitudinally cooled helices (cool-
ing within the annular spacing between adjacent helices).
Both versions should produce magnetic fields in excess of
31 T. One of the two inserts will be in operation in 2010,
the second one in 2011. The priority will be defined in the
first quarter of 2010 depending on the results of the tests on
a dedicated 40 bar hydraulic loop.

Insert outsert
Type of coil 14 helices 2 Bitter Stacks

Inner radius (mm) 19.3 200
Outer radius (mm) 186 500

Power (MW) 11.6 10.2
Inlet temperature ◦C 14 14
Electric current (A) 29835 29835

Field contribution (T) 25.14 9.86

Table 1: Main specifications of the 35 T magnet.

The performances of the 35 T magnet are summarized in
table 1. The insert produce 25 T in a very compact manner
(outer copper radius of 186 mm. The power is 11.5 MW
for an inlet water temperature of 14◦C. An insert capable of
26 T with the same power (with some loss of homogeneity)
has been optimized by changing only the 4 innermost he-
lices. It will be tested depending on the high field facility
planning during 2010. The surrounding two Bitter stacks
produce an additional 10 T with a power of 10 MW for
the same inlet temperature of 14◦C. This value corresponds
roughly to a mean condition over the year for inlet tem-
perature (from 10◦ to 20◦) depending on the season and on
the type of experiments (“sweepers” or “sitters”). Conse-
quently the power at a given magnetic field can be =±5%
depending on both the period over the year and the type of
experiments. A common work program is underway in the
laboratory to optimize the cost of such high field experi-
ments.

Figure 162: A cut through view of a 14 helix insert. The warm
bore available for users is 34 mm.

C. Auternaud, F. Debray, J. Dumas, M. Kamke, J. Matera, C. Mollard, R. Pfister, B. Pardo, D. Ponton, J. Spitznagel,
C. Trophime, E. Verney, N. Vidal, S. Veys
J.M Tudela (SERAS, CNRS, Grenoble)
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Magnets for neutron and x-ray scattering and absorption experiments

The maximum magnetic field available today in a split con-
figuration is 15 T (at ILL, HZB in Berlin, Spring 8 in
Osaka and few other places). The magnet conception is
based on Nb3Sn superconducting cable technology. For
horizontal field configuration without specific radial ac-
cess, commercial superconducting solenoids are available
up to 20− 22 T. The European Synchrotron Radiation Fa-
cility (ESRF), and the Institut Laue Langevin neutron fa-
cility (ILL) intend to put into operation high field magnets
adapted for neutron scattering, x-ray scattering and x-ray
absorption experiments. During 2008 a design study for
the implementation of dc high magnetic fields was led by
ESRF and ILL in collaboration with the LNCMI. The study
addresses the three critical technical aspects of the project:
the cooling and electrical power capacities of the Grenoble
site, and the magnet designs. Magnet designs were based on
the availability of a power of 35 MW in the magnet. Two
main designs have been considered:

1 - A horizontal field magnet suitable for back scattering
and absorption experiments. The design is derived from the
35 T in 34 mm vertical field magnet in operation at LNCMI.
The more compact design has an outer diameter of copper
less than 400 mm and gives a magnetic field of 31 T in a
34 mm for a power of 22 MW and an inlet temperature of
20◦C. It uses exclusively a set of 14 helices powered by a
current of 36000 amperes. The second version (figure 163)
uses in addition a stack of outer Bitter plates. Each of the
two magnets are supplied by a current of 36000 amperes,
the total power reaching 33 to 35 MW for 40 T. Further op-
timization will be carried out on the Bitter stack to optimize
this value.

2 - A split magnet design. In this configuration, the efficient
heat transfer required for split magnets is obtained using
radial channels arranged between the magnet turns. Con-
sequently, the innermost windings are better cooled than
when using traditional longitudinally cooled windings. Ad-
ditionally, the main cooling water flow is parallel to the
mid-plane and offers a larger flexibility for the design of
the mechanical devices necessary to withstand the attract-
ing forces existing between the two halves of the magnet.
Each magnet half is made of 4 helices arranged concen-
trically. The outer diameter of the outer helices is smaller
than 400 mm. Using this design it was possible to opti-
mize a magnet that could reach 30 T in a split configura-
tion. Classical Colburn type correlation can be used for the
thermo-hydraulic modeling to determine the heat transfer
coefficients despite the fact that the hydraulic diameter of
these channels are of the order of 0.15 to 0.6 mm. The main
modeling effort has focused on withstanding the attracting

forces between the two halves of the magnet. The maxi-
mum admissible primary total stress in a normal duty situ-
ation is 880 MPa. Calculations show that the sector shape
solution for split magnet assembling that leaves a 10 mm
air gap with an associated 2×3◦ take off angle, would sus-
tain the attractive force between the two half magnets up to
a field of 28.8 T with 7 port accesses of 36◦. Higher gap
and or higher port angle could be obtained to satisfy user
needs by changing the contact part thickness resulting in a
decrease of B and of the attracting forces. For neutrons,
the ports are replaced by four aluminum rings. The sym-
metry of this structure allows to reach a higher field, 30 T,
for the same primary total stress. Critical issues of the de-
sign such has high current densities on the inner windings
were studied by mean of the construction and test of proto-
types. Electromagnetic and thermo-mechanical numerical
simulations were conducted in order to propose mechanical
designs capable of holding the attractive forces between the
two halves of the split magnet.

To reinforce and secure these ambitious designs, comple-
mentary hydraulic and electromagnetic studies will be per-
formed at the LNCMI during the period 2010 to 2012
within a new partnership with the ESRF and the ILL in the
frame of the EMFL FP7 program.

Figure 163: A 40 T horizontal magnet with a conical access at
least equal to 2×10◦. The warm bore available for users is 34 mm.

F. Debray, J. Dumas, S. Labbe-Lavigne, R. Pfister, C. Trophime, N. Vidal
J. Giraud (LPSC, CNRS, Grenoble), F. Wilhelm (European Synchrotron Radiation Facility, Grenoble), M. Enderle
(Institut Laue Langevin, Grenoble)
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A new cooling loop for thermo-hydraulic magnet studies

Heat fluxes encountered in high field magnets can be as
high as 500 W/cm2 with submillimetric cooling channels.
Consequently, heat transfers are, together with the materi-
als, a key issue for magnet optimization.

The LNCMI has a long term collaboration with the Labora-
toire des Ecoulements Geophysiques et Industriels (LEGI,
CNRS INPG). Most of the experiments performed were to
determine either the threshold of cavitation in the cooling
channel or the heat transfer coefficient in a well defined ge-
ometry [Reynaud et al., Int. Journal of heat and mass trans-
fer, 48, 3197,(2005)]. Nevertheless, the hydraulic cooling
loop was limited with a maximum pressure loss of 13 bars
which is roughly half of the pressure loss through our high
field magnets. In addition, high heat fluxes could not be
reached on the test section.

In 2008 and 2009, LNCMI and LEGI in the frame of their
collaboration have upgraded an existing 40 bars hydraulic
cooling loop to study high field magnet thermo-hydraulics.
The hydraulic cooling loop (photograph in figure 164) is
now operational for two main kinds of experiments. One is
the continuation of the precise modelling of heat transfer in
a single flat thin channel. Figure 165 shows the related test
session that is now under construction for this purpose. It
is foreseen to hold a pressure of 40 bars and to character-
ize the heat transfer with a velocity up to 40 m/s and heat
transfer of at least 100 W/cm2, with a variable width of the
channel from 0.2 to 1 mm.

Thanks to the high hydraulic power available on the new
hydraulic cooling loop (80 KW instead of 2 KW for the old
hydraulic cooling loop) it is now possible to study directly
the thermo-hydraulics of an entire coil or a group of criti-
cal coils (helix or Bitter) up to a flow rate of 15 l/s. The
first study will concern the flow distribution of the radially
cooled helix that will be used at the center of the new high
field 50 mm, 31 T magnet. Consequently, an aluminium
model has been prepared and will be tested at the end of the
year 2009 and it will help to detect possible weak points
in the very constrained hydraulic design without using the
high field facility for this purpose.

This work has been partially supported by the ESRF up-
grade programm and is supported now by the Euromag-
net II FP7 program. In this context an engineer, B. Pardo,
has been hired in October 2009 and will focus on thermo-
hydraulic modelling and comparisons with experimental
data. The main goal of this study is to establish a numeri-
cal model of the radially cooled helix in order to optimize
the geometry of cooling channels. The work will permit to
enhance the thermo-hydraulics performance of the magnet.

Figure 164: View of the 40 bar hydraulic cooling loop under
assembly.

Figure 165: A exploded view of the new hydraulic test section to
model the heat transfers in one channel. Heat flux will be higher
than 100 W/cm, velocity up to 40 m/s and the thickness of the
channel can be changed without dismantling the apparatus. It
is expected to be operational mid 2010. Water flows from left
to right, the thickness of the channel can be varied from 0.2 to
0.6 mm. The heaters are located in the red block equipped with a
flat heat flux sensor.

C. Auternaud, F. Debray, J.Dumas, M. Kamke, J. Matera, R. Pfister, B. Pardo, C. Trophime, E. Verney, N. Vidal
M. Deleglise (SERAS, CNRS, Grenoble), JP Franc and M. Riondet (LEGI CNRS, INP, UJF, Grenoble)
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Pulsed energy supply

The 14 MJ capacitor bank
The 14 MJ capacitor bank (see figure 166) has functioned
without any major problems. The financial contribution
by the European Union based on the number of performed
pulses requires a stricter accounting system for the use of
the generator. A simple logging system was already in
operation. The arrival of Jean-Pierre Nicolin, a profes-
sional informatics engineer, permitted us to implement a
full-featured database containing coils, users, pulses and
other relevant data. He developed a system that includes
controlled access based on a password. Implementing this
in the Siemens Step7 software was possible but not straight-
forward, nevertheless, one can now load the user-rights and
password via a file containing all the accepted proposals.

Figure 166: A view of the 14 MJ, 24 kV, 65 kA generator in the
basement.

The construction of a 1 MJ transportable capacitor
bank
Driven by the success and the frequent use of the trans-
portable 150 kJ bank (ILL, ESRF) we decided to build a
1 MJ capacitor bank. This new unit is not only a higher
energy version of the 150 kJ generator but it has two es-
sential modifications. First of all it will have the possibil-
ity to work with two polarities, and secondly the charging
and the commutation (see figure 167) will take only a few
minutes and will be controlled completely by a computer
integrated in the central charging unit. For budgetary rea-
sons it was decided to first build the two storage modules
since they could in principle be energized by the existing
charger unit (at the expense of a long charging time). Since
the first quarter of 2009 the two capacitor modules are in

use with the old control unit for the 150 kJ bank. The use
of this central unit severely limits the versatility of the 1 MJ
bank since it can only be used at a repetition rate of 1 (full
energy) pulse every 20 minutes and the commutation op-
tion is not operational. Due to the professional informatics
support we were able to greatly improve and stabilize the
software interface between the old (150 kJ) central mod-
ule and the outside world (direct user interface or control
via the ESRF “SPEC” system). An interface with the same
look and feel (but partly based on different hardware) is
now being written for the new (1 MJ) central module. The
assembly of the central module is reaching completion, but
due to unforeseen long delivery times of the optically fired
thyristors (a delay of 1 year to get a viable offer with a de-
livery time of 40 weeks!) we will be obliged to cannibalize
the 150 kJ unit (i.e. the thyristor stack of the 150 kJ unit
will be dismounted and temporarily used in the 1 MJ unit).
The final test of the central (charging) unit is foreseen for
January 2010.

Figure 167: The developed in-house, rapid commutation switch,
for changing automatically the polarity of the field.

Outlook
The most important and urgent investment is a moderately
sized (∼ 6 MJ) capacitor bank with a short pulse. This
equipment will permit us to energize coils in the 80 T range
without making compromises in the design. It is foreseen
that the installation will be built as two completely inde-
pendent 3 MJ units. Each unit will consist of a medium
size container. The use of containers has two advantages: if
required one can use more than 1 MJ at remote sites (ILL,
ESRF, etc.) and secondly the delivery and use of the 6 MJ
generator can start before the extension of the building has
been finalized. The foreseen use of several generators im-
poses a review and a profound modification of the ground-
ing strategy. This long due modification needs to be final-
ized in 2010.

P. Frings, B. Griffe, J.-P. Nicolin, T. Schiavo
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Pulsed high-field coils

The production of user coils
Also in 2009 the copper-zylon coils remain the workhorse
of the laboratory. The production of these coils has now
become standard; parts are parameterized and can be pro-
duced in 2 weeks on the computerized milling machine,
the actual winding takes less than a week and testing a few
days. Since most of the time parts are in stock and at least
4 members of the team have the experience to wind a coil,
a standard coil can be produced in 10 days. Moreover, the
policy is to have at least one standard coil in stock, in or-
der to avoid as far as possible any delay for users after a
(finally unavoidable) coil failure. A first glidcop zylon coil
was tested up to 72 T and is now available for users dur-
ing the time the 1 MJ transportable generator is available.
Given the success of this small-volume, short-pulse proto-
type, we have constructed a longer pulse (tmax = 33 ms,
ttotal = 200 ms ) 72 T coil which can be energized by the
14 MJ generator. This magnet has been successfully tested
and is now available to users on a permanent basis.

Figure 168: XXL coil

Special coils
In 2009 a special coil for optical experiments (BMV) was
developed and successfully tested in house and to the high-
est field at our colleagues in Dresden. This coil (nicknamed
XXL - see figure 168) is an up-scaled version of the X-
coil. This coil produced 300 T2.m and is an improvement
of 1100% compared to the former X-coils. The split coil,
specially designed for synchrotron X-ray experiments, was
finally tested inside its cryostat after some problems due to
the complicated integration of the coil-body with the liq-
uid nitrogen cryostat. Last, but not least, a mini-coil made
from Cu-stainless wire was produced by Jérome Béard and

he was able to break with this coil (used as an insert in a
standard 60 T coil) the record field of the Toulouse labora-
tory that now stands at 81 T. This test was partly made to
validate our multi-coil design code that was used to design
a large two-coil magnet (ARMS4).

Technical developments
Most of the time in coil winding is spent on applying the
zylon reinforcement, therefore we decided to improve the
zylon spinhead by making it more reliable (new friction
brakes) and easier to maintain (the spinhead modules can
be exchanged in 2 minutes, to be cleaned and maintained).
Since the main progress in coil performance has to come
from progress in materials it is of utmost importance to
study the materials used in coil construction under realis-
tic conditions (cryogenic temperature and high mechanical
loads). To test the efficiency of the fibre reinforcement we
decided to continue the explo-vessel studies (as first devel-
oped in at the Universiteit van Amsterdam). Unfortunately
once the setup was running (using the high-pressure rig at
the Clarendon Laboratory in Oxford) and 30 pressure ves-
sels had been produced, it turned out that this installation
was not longer available to us due to changing priorities in
Oxford. Another high-pressure rig was identified in France
and we expect to restart the explo-vessel tests before the
end of the year. These tests will be used to determine for
the first time the properties of zylon reinforcement under
realistic conditions, study the influence of various impreg-
nates and impregnation methods, and last but not least to
investigate other high-strength fibres that could be used as a
fall back solution in case zylon would not be available any-
more. Apart from the mechanical strength of the conductor
and the fibre reinforcement the quality of the isolation under
high mechanical load at cryogenic temperature is of great
importance to have coils with a long lifetime. In order to
test various types of insulations we developed an isolation
test on wires applying realistic loads to the isolation. This
installation has started to work and the first results will be
available before the end of the year.

Outlook
The success of pulsed fields combined with large-scale neu-
tron and X-ray sources has created a demand for more time
at high magnetic fields per 24 hour period. This will be real-
ized by improving the duty cycle of the coils by increasing
the pulse duration (to prolong lifetime) combined with a re-
duction of the cool down time. Some test with liquid nitro-
gen based on techniques used up to now in dc fields looked
very promising (cool down times of only a few minutes). It
is likely that by implementing these techniques in our coils
we can gain at least a factor of ten in the duty cycle.

J. Béard, J. Billette, P. Frings, F. Giquel , J.-M. Lagarrigue, J. Mauchain
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High strength conductors for pulsed magnets

R&D of high strength composite conductors
- for B > 80 T in the coilin/coilex system: the development
of Cu/SS wires, for the coilin, with 60% of stainless steel
(UTS(77 K)>1550 MPa) and a cross section of 2.00×1.25
mm2 allowed us to reach 81 Tesla (the LNCMI record) in
spring 2009.
- Cu alloys for magnets with optimized current distri-
bution: conductors made of copper alloys like GlidCop
(CuAl2O3) or CuAg (with low silver content 0.08%) have
been processed by industrial companies to be combined
with Zylon fibers in the user’s magnet with optimized re-
inforcement distribution.

Ultra-high strength nanocomposite Cu/Nb conductors
The development of reinforced conductors, with high elec-
trical conductivity and high strength, is essential to provide
non-destructive high pulsed magnetic fields over 80 Tesla:
the best compromise is obtained with copper-based con-
tinuous nanofilamentary wires (UTS = 2 GPa and ρ =
0.6 µΩcm at 77 K). The fabrication process of these
nanocomposite wires is based on severe plastic deforma-
tion (SPD) applied by accumulative drawing and bundling,
leading to a multi-scale copper matrix containing up to
N = 854 (∼ 50×106) continuous and parallel niobium nan-
otubes [Vidal et al., Scripta Mat., 60, 171 (2009)].
In 2007, the extrusion of the nanocomposite conductors
has been stopped at the “Centre de Recherche” of TRE-
FIMETAUX because of its closure. We decided to pursue
our development in collaboration with the CEA/LTMEX in
Saclay where a 575 tons extrusion press is available.

Development of a new co-axial CuNbCuNb nano-
composite wires
A new nanocomposite structure has been designed with a
superposition of Nb and Cu nanotubes (figure 169). We
added nanometric phases remembering that the extraordi-
nary strengthening of the co-cylindrical structure is related
to: (i) an increase of Cu-Nb interfaces surface acting as
dislocations barriers; (ii) a rapid and controlled access to
nanometre scale where size effect operates on the plastic-
ity mechanisms; (iii) the contribution of an additional re-
inforcing phase: the Cu-f nanofibers embedded in the Nb
nanotubes behave as whiskers with strong size dependence.
A conductor containing 853 Nb nanowhiskers, Cu nan-
otubes and Nb nanotubes, embedded in a copper matrix
has been obtained. This Cu/Nb/Cu/Nb system is therefore
more efficient than Cu/Nb filamentary and Cu/Nb/Cu co-
cylindrical systems for high-strength applications in mag-
nets (figure 170): it exhibits a controlled microstructure
and an efficient strengthening in the nanocomposite zones,
where size and also geometry play major roles.

Figure 169: Co-axial conductors: (a) N = 85; (b) N = 853.

Figure 170: Ultimate tensile strength of co-axial CuNbCuNb and
co-cylindrical CuNbCu nanocomposite wires versus diameter.

The improvement of the drawing conditions led us to ap-
ply the same procedure for the optimization of the extru-
sion conditions. In the framework of the NANOFILMAG
project, funded by the ANR and involving the PHYMAT,
two CEA laboratories (DAPNIA, LTMEX), and an indus-
trial partner (Alstom/MSA), a program has been defined to
optimize the extrusion conditions. The aim is the preven-
tion of fractures during the extrusion step of the ADB pro-
cess and the scale-up of the size of the nanocomposite bil-
lets. A Ph.D student, J.B Dubois, is involved in the project
and shares his activity between LNCMI and PHYMAT.
In addition, in-situ neutron diffraction (POLDI-PSI) and ex-
situ laboratory x-ray diffraction experiments (PHYMAT-
Poitiers, ESRF) have been performed for different heat
treatments to study the formation of the texture. Tex-
ture and microstructure in the copper after heat treatments
present radical differences depending on the size of the con-
sidered copper channels [to be published].

F. Lecouturier, N. Ferreira, L. Bendichou, J.M. Lagarrigue, J.B. Dubois
L. Thilly, P.O Renault (PHYMAT, Poitiers, France), H. van Swygenhoven, S. van Petegem (POLDI-Paul Scherrer
Institut, Switzerland), P. Olier (CEA-DEN-LTMEX, Saclay, France), C. Berriaud (CEA-IRFU-SACM, Saclay)

120



2009 MAGNET DEVELOPMENT AND INSTRUMENTATION

Megagauss magnetic field generation

The year 2009 marks the first generation of a magnetic
fields in excess of 100 T at the Toulouse pulsed magnet
facility. The field has been obtained with a Megagauss gen-
erator (1 Megagauss = 100 Tesla) making use of capacitor-
driven single-turn coils to produce field pulses on a mi-
crosecond timescale. The installation, originally developed
at the Humboldt University in Berlin, between 1993 and
1997, has been transferred to LNCMI-Toulouse in 2006.

Prior to its recommissioning the generator has undergone a
major revision including the replacement of crucial compo-
nents of the charge/discharge-circuit (60 kV charging sup-
ply, high-voltage switches) and the adaptation of remote-
control and security functions. In the second half of 2009
the installation has been tested at moderate charging volt-
ages of up to 35 kV with 80 % of the nominal capacitance
(16 out of 20 capacitors available). These tests have given
rise to the current 100 T field record. The field trace is
shown in figure together with a simple test measurement of
the Faraday rotation in CdS sample.

This technique for generating magnetic field is destructive,
in the sense that the coil explodes outwards and has to be
replaced after each pulse. However, the setup can be sur-
rounded by an absorbing material (wood) which retains coil
fragments, and notably prevents any fragments bouncing
back. This means that the sample, and cryostat are not de-
stroyed during the pulse. Replacing the coil is a simple
operation which can be performed quickly, and without re-
moving the sample or cryostat. This makes this techniques
for generating magnetic fields practical from the point of
view of the user since many field shots are possible per day.
Indeed, operation is simpler than a classical nitrogen cooled
pulsed magnet since it is not necessary to wait for the coil
to cool after each shot. The price to pay however, is the
extremely short pulse, with only around 1µs available for
data acquisition at the maximum of the pulse.

Starting from January 2010 the generator will be operated at
full capacitance and initially with moderate charging volt-
ages not exceeding 45 kV. This will permit the generation
of fields in excess of 150 T with little or no risk of insu-
lation failure. At this point the generator will be used for
first scientific experiments making use of an optical setup
for transmission measurements in the mid-infrared range
that has also been installed in 2009. The construction of

an improved cryostat permitting experiments at liquid-He

temperature is underway.

Figure 171: (a) Magnetic field generated with a 12×12 mm2 sin-
gle-turn coil (inner diameter × axial length) at a charging voltage
of 35 kV. (b) Expanded view of the top of the magnetic field pulse.
(c) Preliminary data of the Faraday rotation in a CdS sample to
demonstrate the feasibility of the system for scientists.

P.Y. Solane, F. Durantel, O. Portugall
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SEISM: A 60 GHz electron cyclotron resonance (ECR) ion source prototype

Linked to the EURISOL and EURO-ν projects (Design
studies for the second generation of exotic nuclei accelera-
tor and the future neutrino factory in Europe), the beta beam
project aims to use the β decay of radioactive ions to pro-
duce neutrinos beams. Within the Beta Beam work package
(WP4), the ECR task is dedicated to the design of advanced
magnetic structures to be used in the ECR ion source tech-
nology. LPSC has proposed to develop a high frequency
(60 GHz) pulsed ion source prototype for the beam prepa-
ration. A first ion source prototype was designed, based
on a cusp magnetic structure using the polyhelix coil tech-
nology and was named SEISM for Sixty gigahertz Electron
cyclotron resonance Ion Source using Megawatt magnets.
Here we report progress in the construction of the proto-
type and preparation for the first magnetic field measure-
ments scheduled in beginning 2010. This work has been
carried in the framework of an existing collaboration be-
tween LPSC and LNCMI.

Simulations of the polyhelices have been carried out to fi-
nalize the design. The temperature field in a coil depending
on the cooling water flow and on the geometry of the coil in-
sulators has been investigated. The geometry and the num-
bers of insulators (glass fiber) to be positionned between
each turn of an helice has been specified in order to min-
imize the pressure drop, maximize surface cooling and to
sustain the 30 tons compression without any copper defor-
mation that could lead to short-circuit.

Figure 172: (a) External CAD design of the ion source proto-
type, (b) internal view of the current and deionized water courses.

The maximum electrical power needed is about 6 MW. A
water flow rate of ∼ 30 l/s in the two sets of coils is neces-
sary. Thus, the average coils temperature varies from 80 to
180 ◦C while the peak temperature locally reaches 330◦C.
In these conditions, the maximum hoop stress in the coils
is 280 MPa, far below the copper alloy limit of elasticity
(360 MPa). At full current, the two sets of coils repel each
other with a force of 300 kN. The CAD mechanical design
of the magnetic structure, taking in account all these data,
was performed at LPSC. Figure 172 represents a cut view
of the source. All mechanical parts will be ready for assem-
bling in December 2009.

Figure 173: On-site implantation scheme for the magnetic field
measurement at half-intensity. Hydraulic circuit is parallel to M5
existing circuit, electrical cables are connected in series with M5
magnet.

M5 site was chosen as a temporary implantation site for the
magnetic field validation at half-current. When supplied
with 15 kA, each set of helices (injection set and extrac-
tion set) consumes only 0.75 MW of power from the cur-
rent supply unit. Due to impedance tuning, the prototype
should be electrically connected in series with an existing
10 MW magnet, using flexible power cables. Water flows
of 24 l/s and 22 l/s at a pressure of 20 bars are respectively
required at the injection and extraction. M5 hydraulic cir-
cuit was modified in August 2009 in order to derive about
50 l/s from the 150 l/s flow and a parallel hydraulic circuit is
now being installed (figure 173). The incoming water flow
will be controlled with tuneable valves and ultrasonic flow
meters. Hall probes will be mounted on step motor jacks in
order to establish a precise magnetic field map (1mm step).
The test bench is planned to be upgraded with a high volt-
age platform and a 28 GHz radiofrequency emitter to allow
a first characterization of the plasma at the end of year 2010.
These activities will be funded within the EURO-ν program
(2008 - 2010).

C. Trophime, F. Debray, J. Dumas, J. Matera, R. Pfister, N. Vidal
M. Marie-Jeanne, L. Latrasse, T. Lamy, T. Thuillier, C. Fourel, J. Giraud (LPSC, Grenoble, France)
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Towards developing a high Tc superconducting magnet

High critical temperature superconductors (HTS) open ex-
tremely interesting perspectives for high field applications
such as high field magnets for NMR, SMES or physical
investigations [J. Schwartz et al., IEEE trans. on Appl. Su-
perc.,18, pp. 70, (2008)]. The demand is high for 25, 30 and
even 50 T magnets and is beyond the possibilities offered
by low critical temperature superconductors, for example
Nb3Sn. The superconducting solutions for very high fields
meet the requirements for sustainable development.

Recently, the interest for Bi-2212 round wire has been rein-
forced for high field applications [Shen et al., Appl. Phys.
Lett. 95, 152516, (2009)] These wires show very high per-
formance in terms of critical currents at ultra high fields,
at least on short samples. The main issue with Bi-2212 re-
mains the heat treatment, which should be very precisely
controlled. The melting temperature plays a crucial part and
should be within a window of one or two degrees to obtain
the required highest critical currents densities. Even more
recently, the second generation (2G) HTS conductors, the
YBaCuO coated conductors, show also very exciting per-
formances in terms of current capacities under very high
fields whereas their mechanical properties are excellent for
the IBAD route. The mechanical performance is of great
importance for very high field magnets. Substantial ad-
vances have been achieved with the 2G HTS and they have
now reached a stage, in terms of lengths, where it is possi-
ble to use them in real devices.

Several laboratories in Grenoble (IN, LNCMI, CRETA and
G2Elab) have begun works on HTS magnets. IN and
G2Elab have built and successfully tested an important
HTS magnet (800 kJ) operating at 20 K in the context of a
DGA project. The present works are carried out in the con-
text of a European Project ”EuCARD” and an ANR project
”SUPER-SMES”. The purpose is to study the most suit-
able HTS materials and develop the technology for very
high field and high performance HTS magnets for SMES
(storage) or high energy physics (magnets for accelerators)
purposes. An identified issue with HTS magnets is their
protection and studies have begun both from simulation and
experimental points of view. In the development program,
the critical characteristics remain the fundamental data re-
quired. Advanced characterization tools have been devel-
oped, in particular to obtain the critical characteristic under
high fields at variable temperatures and variable field orien-
tations. After delicate adjustments, the system works per-
fectly. Figure 174 shows the sample holder and the new
cryostat under construction to test HTS coils at variable
temperatures in two LNCMI high field magnets. Figure 175
shows two PIT Bi-2212 short samples round wires critical
characteristics. These wires are extracted from a Nexans

Rutherford cable. These data show that the wires withstand
the cabling process and that they are magnetically isotropic.
It will be possible to test the HTS magnets in liquid/gas
cooling or conduction cooling.

Figure 174: Sample holder and variable temperature cryostat.

Figure 175: Bi-2212 Ic(B) performance for round wires.

F. Debray, J. P. Domps, E. Mossang, S. Dufresnes
P. Brosse-Maron, J. P. Leggeri (Institute Neel, Grenoble), J. M. Rey (CEA, IRFU, Saclay), P. Tixador (INP, Grenoble)
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Status report of the 42+ Tesla hybrid magnet project

For a given electrical power installation, the highest contin-
uous magnetic fields are obtained with hybrid magnets, i.e.
the combination of a resistive inner coil with a supercon-
ducting outer one. The base-line for the coil sub-assemblies
of the hybrid magnet under construction at LNCMI-G, is
given in table together with magnetic field contributions.
One of the particularities of this design is to use poly-helix
coil for the innermost part of the resistive insert. The field
produced by the poly-helix and Bitter coils are planned to
be further increased, typically up to 36− 37 T, for the up-
grade phase of this project.

Hybrid components Field (baseline)
14 series connected helix coils 24.5 T
2 series connected Bitter coils 9 T

1 superconducting pancake coil 8.5 T

Table 2: Subparts of the 42+ Tesla hybrid magnet.

The already existing infrastructure of the hybrid magnet has
fixed the maximum dimensions of the superconducting coil,
which are listed in table 2 together with the other main pa-
rameters. A schematic view of the cryogenics circuits is
shown in figure 176. A new helium liquefier producing up
to 130 l/h is necessary for the hybrid magnet project as the
estimated consumptions in equivalent liquid He at 4.5 K
with and without magnet energisation are equal to 100 l/h
and 65 l/h respectively.

Extensive tests performed in collaboration with the CEA-
Saclay and industrial partners have allowed the validation
of the conceptual study as well as the preparation of the
industrialization processes.

Characteristics Values
Inner/outer radius 550/913 mm

Height 1400 mm
Inductance 3 H

Nominal current (8.5 T) 7100 A
Stored Energy 76 MJ

Operating Temperature 1.8 K

Table 3: Main parameters of the superconducting coil.

Figure 176: : Simplified cryogenic process flow diagram

The specification of the superconducting Rutherford Cable
on Conduit Conductor (RCOCC) has been prepared and re-
viewed. The call for tender was issued and the contract for
the production of all unit lengths of the Nb-Ti/Cu Ruther-
ford cable (∼ 11 km) was signed at the end of 2009.

W. Joss, R. Pfister, P. Pugnat, L. Ronayette
C. Berriaud, A. Daël, P. Fazilleau, B. Hervieu, F.P. Juster, C. Mayri, J.M. Rifflet (CEA-Saclay, Gif-sur-Yvette, France)
A. Bourquard, D. Bresson, (Alstom, Belfort, France)
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Measuring the vacuum magnetic birefringence

Previously we reported measurements of birefringences as
small as 10−16 with our experimental apparatus. During the
last year we have worked on the optimization of the signal
to noise ratio.

Our activity can be divided into five main themes.

Vacuum system : in order to understand the ultimate pres-
sure that we are able to reach and the possibly systematic
effects that can occur, we have characterized the nature of
the residual gases in our vessel using a Residual Gas An-
alyzer during the entire pumping process. Because of the
conductivity of the vacuum pipe passing through the mag-
net cryostat, the lower limit for the pressure that we can
reach with our ionic pumps is of about 10−8 mbar. We need
a lower residual pressure. We are currently studying the
feasibility of deposing inside the vacuum pipe a substrate
type “getter” which acts as a distributed pumping system
all along the inner surface of the pipe. Contact with the
SAS getter company, the world experts of this technique,
are under way. We are confident to reach a vacuum better
than 10−11 mbar which is enough for our experiment.

Mirror intrinsic birefringence : static birefringence inter-
ferential mirrors used in Fabry-Perot cavities is a limiting
factor of the signal to noise ratio. In reference [Bielsa et
al., Applied Physics B 97, 457, (2009)], we reported new
measurements that confirm that mirror phase retardation in-
duced by mirror birefringence decreases when mirror re-
flectivity increases. Our study indicates that the origin of
the intrinsic birefringence can be ascribed to the reflect-
ing layers close to the substrate. We believe that this is an
important step forward the realization of birefringence-free
mirrors.

Dynamical response of the Fabry Perot cavity : our Fabry-
Perot cavity stores photons for an average time which is
bigger than 300 µ s. The magnetic pulse duration is a few
milliseconds. When the storage time of photons approaches
the pulse duration, the effect of the cavity low-pass filter
cannot anymore be neglected and the ellipticity signal is no
longer exactly proportional to the square of the magnetic
field amplitude. We have observed such a behaviour, and
we have implemented the appropriate correction in the data
analysis program.

Very low loss cavity mirrors : we have tested four new mir-
rors made by LMA in Lyon. The mirrors currently used in
our cavity have losses of the order of 20 ppm. LMA mirror
losses are expected to have losses as low as a few ppm. Our
measurements confirm such expectations. We have mea-
sured for the best LMA mirror losses of about 5 ppm. As a
consequence, using such a mirror, we have realized a Fabry

Perot cavity (length 2.2 m) of finesse 198000 (figure 177).
The linewidth of the cavity resonance (FWHM) is around
350 Hz which is one of the smallest ever realized. The
LMA in Lyon is currently analysing the other mirrors to
improve their performances, which will allow us to further
improve our cavity finesse.

Figure 177: The finesse of a Fabry Perot cavity is evaluated
thanks to the lifetime of the photon in the cavity. Here, the lifetime
τ is 463 µs. The corresponding finesse is F = πcτ

Ł = 198000.

New coil : we have built a new coil in order to reach the
project goal of 25 T. It is based on our ”X” geometry, and
we have named it the XXLCoil. Its length is of about
50 cm. We have tested it at the LNCMI in Toulouse and
at the DHMFL in Dresden where we have reached 31 T
(figure 178) (B2L ≥ 300 T2m). This result is a big step
forward the measurement of the vacuum magnetic birefrin-
gence, since we have fulfill the project requirements. In the
final experiment, we will use three coils like this one.

Figure 178: Magnetic field obtained with a transverse coil
(XXLCoil). The relevant parameter for the magnetic vacuum bire-
fringence measurement is B2L=250 T2m. This factor has been
improved by a factor ten in this new configuration.

P. Berceau, F. Bielsa, J. Mauchain, R. Battesti
A. Dupays, M. Fouché and C. Rizzo (Laboratoire Collisions Agrégats Réactivité, Toulouse, France)
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Special purpose NMR probe for spectroscopy of quadrupolar nuclei at 30 T

Although Nuclear Magnetic Resonance (NMR) is a well
established technique, there is a continuous demand for im-
proved sensitivity and spectral resolution. This is the basis
for the implementation of NMR techniques in high mag-
netic fields. State of the art NMR spectroscopy is based on
superconducting magnets with field strengths up to 23.5 T.
Higher dc magnetic fields may become possible with fur-
ther development of superconducting technology, but the
progress is predicted to be incremental and expensive. As
an alternative, dc fields up to 34 T produced by resistive
magnets are already available, and there is considerable in-
terest within the NMR community to implement general
purpose and in particular high resolution NMR in these
magnets. However, until recently, NMR in resistive mag-
nets was limited to low resolution spectroscopy due to the
strong field inhomogeneity and the limited stability of the
high power installations. In order to overcome these intrin-
sic drawbacks, the development of tailored and sensitivity
optimized NMR instrumentation is required.

In this contribution we report on the commissioning of a
dedicated probe for NMR spectroscopy of quadrupolar nu-
clei (nuclear spin I > 1/2) at 30 T. In this case high mag-
netic field can overcome the problem of sensitivity and
line broadening in NMR spectra of low-sensitivity nuclei
with strong quadrupole interactions [O. Pauvert et al., In-
org. Chem. 48, 8709 (2009)]. In order to fully benefit from
the advantages of higher magnetic fields, the design of the
NMR probe has to be optimized for this particular applica-
tion. A basic origin of low sensitivity is a low gyromag-
netic ratio γ of the examined nucleus (like 91Zr or 25Mg),
that cannot be compensated as in the case of low natural
abundance, where isotope enrichment increases sensitivity.
For a pulsed NMR experiment consisting of an excitation of
the nuclear transition by a radio frequency (RF) field with
strength B1, followed by a detection period, a low value of
γ induces both a low signal (∝ γ3) and a small spectral ex-
citation width (∝ γB1). Hence, the efficiency of an NMR
experiment involving low-γ nuclei is strongly reduced. In
response to these limiting constraints the design of the RF
circuit of the NMR probe has to ensure that strong RF fields
B1 can be applied and that electric losses are minimized.

In figure 179 we present our realization of a room tem-
perature NMR probe meeting these constraints: Its bottom
tuned RF circuit consists of the solenoid NMR RF exci-
tation and detection coil of a given inductance LC that is
connected in series with a variable tuning capacitance CT .
LC and CT form a tunable series resonance circuit matched
to the source impedance (50 Ω) by a variable matching in-
ductance LM that is connected in parallel. Since the probe
is based on the concept of creating strong B1 fields by the
application of high RF power, the probe has to withstand
high voltages of the order of several kV without electric

breakdown. Therefore the tuning capacitance is realized by
a copper cylinder capacitor, that can be continuously filled
with an alumina tube. In addition all conducting parts are
rounded to avoid sources of arcing. Low electric loss is en-
sured by the usage of high conducting materials (copper,
brass). The available tuning range of the probe (30 to 500
MHz) covers most quadrupolar nuclei up to 30 T. The outer
diameter of the probe (28 mm) leaves space for future ex-
tensions like passive shimming even in the 34 mm narrow
bore M9 magnet of LNCMI-G.

In addition, the probe is equipped with a second NMR cir-
cuit that is used to stabilize the 24 MW magnet power sup-
ply during the experiment by an active, NMR based field
stabilization (NMR spin-lock). For this purpose the 63Cu
NMR signal of a CuCl reference sample is continuously
recorded and used for the generation of a control signal. In
order to avoid crosstalks between the two RF circuits the
spin-lock circuit is fully shielded by a metallic cap. The
active field stabilization enables long time averaging of the
NMR signal with reference drifts of less than 1 ppm.

After adjustment and optimization the probe was proved to
be fully operational. It withstands pulsed RF power of more
than 1 kW with a B1 efficiency of 18 G/

√
W for a solenoid

NMR coil of 3 mm inner diameter and 5 mm length. At
1 kW this corresponds to B1 field strengths of 570 G. Sub-
sequently the probe with the spin-lock option was used
to conduct 91Zr NMR studies on a series of inorganic Zr
compounds at 30 T. The obtained results provide a system-
atic and quantitative determination of the relation between
structural parameters (bond lengths, bond angles, coordi-
nation geometry) and NMR parameters (chemical shift and
quadrupole tensors) of Zr compounds.

Figure 179: Schematic view of the RF part of NMR probe con-
sisting of the main RF circuit (upper right) and the shielded NMR
spin-lock part (lower left, shielding cut for clarity).

S. Krämer, C. de Vallée, H. Stork, J. Spitznagel, M. Horvatić, C. Berthier
F. Fayon, A. Rakhmatullin, O. Pauvert, C. Bessada, D. Massiot (CEMHTI-CNRS, Orléans, France)
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New rotating sample holder for broad-band quasi-optical HF-EPR
spectroscopy

During the last year, we have developed and used a new
rotating sample holder for single crystal orientation stud-
ies. The system was constructed for our broad-band quasi-
optical high field electron paramagnetic resonance (HF-
EPR) spectrometer. For the design, a construction similar
to the one of the Fabry-Pérot resonator was used, with the
main structure made of Torlon. A simplified scheme of the
rotating holder attached to a corrugated waveguide is de-
picted in figure 180 and a photograph of a part of the holder
with a sample is shown in figure 181.

The rotating holder relies on a rotating piezoelectric
nanopositioner ANRv50 (Attocube systems AG) with a re-
sistive encoder allowing for an absolute measurement of the
angle. The calibrated encoder enables the direct measure-
ment of the position in the range 0◦−337◦. Due to the lack
of space in the cryostat, it is not possible to use directly the
piezoelectric element to rotate the sample holder. Thus, a
gear mechanism had to be introduced, with one gear driven
by the rotating piezoelectric device. The driven gear in turn
drives the Teflon holder for the sample. The mechanical
gear is responsible for the main uncertainty in the rotation
position, which is however less than 1◦. A direct use of
the rotating piezoelectric nanopositioner should decrease
this uncertainty by one order of magnitude (this configu-
ration will be soon possible with the installation of a new
magnet with a 50 mm bore in the VTI ). A flat gold plated
mirror is placed below the sample for the reflection of the
MW. A smooth guide having 6 mm inner diameter is used
to propagate the MW from the corrugated taper to the top of
the gear mechanism, a few millimetres apart from the sam-
ple (Fig. 180). A necessary modulation coil for continuous
wave EPR is wound directly onto the Torlon housing of the
rotating sample holder. It has a maximum field amplitude
of 25 G at the sample (with the actual power supply).

Manipulation and loading of the sample are very easy and
comfortable. The holder has two parts. Whereas one part
with the modulation coil is fixed to the corrugated waveg-
uide, the second part with the sample can be easily removed
from the previous one (Fig. 181). The sample located on
the Teflon holder is accessible as well from the top than
from the sides. This construction allows safe manipulation
with the sample under the microscope and eliminates errors
which can be introduced during the manipulation with the
sample.

Detailed information for the rotating holder as well as
Fabry-Pérot resonator can be found in [Neugebauer and
Barra, Appl. Magn. Reson. 37, 833 (2009)].

Figure 180: Scheme of the rotating holder attached to the corru-
gated waveguide. The sample (black point) is placed on a Teflon
holder. The gears are driven by the rotating piezoelectric nanopo-
sitioner ANRv50 (Attocube systems AG) with a resistive encoder
allowing an absolute measurement of the angle. The modulation
coils are represented by the crossed area. One part of the holder
(dark-gray) is fixed to the corrugated waveguide; the other part
(light-gray) with the sample can be dismounted. A photograph of
this part of the holder is in Fig. 181.

Figure 181: Photograph of a part of the rotating holder used for
orientation studies of single crystals.

P. Neugebauer, J. Florentin and A.-L. Barra
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A new magnetometer for use in dc magnetic fields in excess of 28 T.

Since many years we have developed intense collaboration
with French and foreign groups in the frame of the study
of the magnetic properties of solids under strong magnetic
field and that in the 1.5− 400 K temperature range. In
2009 these exchanges with different groups (France, USA,
Poland, Turkey, Romania, Canada.) have been then main-
tained. A new challenge originates from the capability of
production of continuous magnetic field at the 35 T level
(M9 magnet). Such a field value leads to an important re-
duction of the inner bore of the magnet that does not ex-
ceed 34 mm. The construction of a new home-made mag-
netometer was under taken in the second half of the year
2008. In March 2009, this new magnetometer has been suc-
cessfully tested on the M9 magnet with magnetic fields up
to 35 T in the 1.5− 350 K temperature range. It is worth
noting that the two main challenges were (i) one unique
sample holder which can be used either in a 50 mm bore
or in a 34 mm bore in Grenoble or in the Vibrating Sam-
ple Magnetometer in the NHMFL (Tallahassee USA). This
choice allows an accurate comparisons of the magnetization
(M) values delivered by the different magnetometers under
identical experimental conditions; (ii) Precise absolute cali-
bration of the magnetometer was performed using different
single crystals.

Finally, the set sup offers the advantage of a good sensitiv-
ity in the order of 2× 10−3 emu; the relative accuracy is
estimated to be 0.1% when M is of the order of one emu,
while the reproducibility on the field and on temperature
are estimated to be 0.01 T and 0.2 K, respectively. The
sample cavity is a cylinder whose axis is parallel to the ap-
plied magnetic field; its volume is of about 125 mm3 in
the 4.2− 400 K temperature range. In the 1.5− 4.2 K do-
main (pumped helium bath) the available diameter of the
sample increases up to 12 mm. The sample may be either
powder or oriented powder or single crystal. Isothermal or
isofield magnetization curves may be obtained in positive
and (or) negative field. The quality of the measurements
performed using this new home made magnetometer is il-
lustrated by the figures 182 and 183. From each isother-
mal MT (H) obtained for the deuteride Y0.7Er0.3Fe2(D)4.2
the temperature variation of the differential magnetic sus-
ceptibility (dM/dH)T versus the applied field was deduced
(figure 182). The critical field of the transition is then de-
fined as the field corresponding to the maximum.

In November 2009, in collaboration with the Academy of
Sciences of Prague magnetic measurements under pressure
(P up to 11 kbar) were performed. Although the new M1
magnet failed in relatively low field (100 kOe) the fig-
ure 183 shows that measurements of excellent quality can
be performed. In the following month further experiments
are expected with H up to 330 kOe in the 1.6−4.2 K tem-
perature range.

Figure 182: Differential magnetic susceptibility versus applied
field (up to 35 T) for the Y0.7Er0.3Fe2(D)4.2 deuteride.

Figure 183: Isothermal magnetization curves for the Ce2 Fe17
alloy at 4.2 K under different pressures.

M. Guillot
A. Zdenek, K. Jiri, S. Yuriy, M. Martin, (Institute of Physics, The Academy of Sciences of the Czech Republic, Prague)
C.V. Colin, O. Isnard (Institut Néel, CNRS and Université Joseph Fourier)
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Proposals for Magnet Time – Projects Carried Out in 2009

APPLIED SUPERCONDUCTORS

Investigation of the magnetic flux penetration and concentration in bulk high-Tc Superconductors shaped with an array of
holes under pulsed magnetization conditions
Chaud - CNRS/CRETA, Grenoble, France
Dr. Haanappel

Transport critical current density Jc in carbon-doped multifilamentary PIT-MgB2 wires in high magnetic field
Sulpice A. - CNRS, Institut Néel, Grenoble, France
Dr. Wang, Dr. Mossang

Transport properties of MgB2 superconducting wires with improved behaviour in high magnetic fields
Malagoli A. - CNR-INFM, LAMIA, Genova, Italy
Dr. Fanciulli, Dr. Vignolo, Dr. Romano

Critical currents of HTS wires under high magnetic flux densities and at variable temperatures for high field magnets
Tixador P. -CNRS, Institut Néel, Grenoble, France
J.P. Domps, Dr. Porcar, Dr.J.M. Rey

Transport critical current density in carbon-doped MgB2 wires
Sulpice A. - CNRS, Institut Néel, Grenoble, France
Dr. Wang, Dr. Mossang

Transport properties of MgB2
Malagoli A. - CNR-INFM, LAMIA, Genova, Italy
Dr. Vignolo, Dr. Romano

MAGNETISM

High field magnetotransport in GeMn magnetic semiconductors
Gerber - Tel Aviv University, Israel
Dr. Raquet

High field magnetization experiments on single crystalline (5-MAP)2CuBr4
Suellow - TU Braunschweig, Institute for Physics of Condensed Matter, Germany
Ballon

High field anisotropy of hematite and goethite
Dekkers - Department of Earth Sciences, Utrecht University, The Netherlands
F. Durantel

High field magnetisation studies of the low-dimensional zig-zag spin chains in Na2Cu5Si4O14
Klingeler - Insitute for Solid State Research @ IFW Dresden, Germany
Dr. Broto
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High field torque measurements on a molecular dysprosium triangle
Sessoli R. - Universita degli Studi de Firenze, Dipartimento di Chimica, Firenze, Italy
Dr. Luzon

Spin-Jahn-Teller effect in antiferromagnetic molecular whells: A systematic study of the field-orientation dependence
Waldmann O. - Physikalisches Institut, Universität Freiburg, Germany
Dr. Lortze

Magnetic properties of new transition-metal thiospinels: study of the inter-network interactions in Mn1−xCdxCr2S4
(0< x <0,6)
Pena O. - Université de Rennes I, Chimie du Solide et Inorganique Moléculaire, Rennes, France
Barahona P.

The ferronematic droplets doped with rod-like and chain-like particles II
Tomasovicova N. - Institute of Experimental Physics IEP SAS, Slovak Academy of Sciences, Kosice, Slovakia
Dr. Kopcansky, Dr. Timko, Dr. Koneracka

Critical magnetic field in nematic and ferronematic droplets
Kopcansky P. - Institute of Experimental Physics, Slovak Academy of Sciences, Kosice, Slovakia
Dr. Timko, Dr. Tomasovicova, Dr. Koneracka

Magnetic properties of YFe1,94Al0,06D(H) compounds
Paul-Boncour V. - CNRS, Laboratoire de Chimie Métallurgique des Terres Rares, Thiais, France

Magnetic properties of dysprosium-Iron-Garnet (DyIG) nanoparticules under high magnetic field of 32 Tesla
Guillot M. - CNRS, LNCMI, Grenoble, France
Dr. Latha

Magnetometry under 34 T
Guillot M. - CNRS, LNCMI, Grenoble, France
Dr. Picoche

Effect of the M./Co substitution on magneto crystalline anisotropy and magnetization in RCo5−xMx compounds (M=Si,
Ge) X=0 0,2 0,4 0,6
Colin C. - CNRS, Institut Néel-MCMF, Grenoble, France
Dr. Isnard, Dr. Guillot

Magnetic properties of Tb1−xYxFe2D(H)4,2 compounds X=0 0,2 0,4
Paul-Boncour V. - CNRS, Laboratoire de Chimie Métallurgique des Terres Rares, Thiais, France
Dr. Guillot

Development of organized collagen scaffolds for guiding tendon regeneration
Yang Y. - Keele University, School of Medicine, Stoke-on-Trent, U.K.

Torque measurements in BaCuSi2O6 and Cu(Hp)Cl
Berthier C. - CNRS, LNCMI, Grenoble, France
Dr. Kramer, Dr. Mayaffre, Dr. Horvatic
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Spin-Jahn-Teller effect in antiferromagnetic wheels: Its effect on the dielectric constant
Waldmann O. - Physikalisches Institut Universität Freiburg, Germany
Dr. Lotze

Quantum oscillations of the total spin induced by Dzyaloshinski-Moriya interactions in the frustrated Cr8Ni AF ring
Affronte M. -Instituto Nazionale di Fisica della Material, S3 National Research Centre, Modena, Italy
Dr. Carretta

Saturation magnetization of Fe7S8 monoclinic 4C pyrhotite crystals
Fillion G. - CNRS, Institut Louis Néel, Grenoble, France

GaMnAs valence band spectroscopy: energy-and momentum-resolved tunneling anisotropic magneto-resistance
Dr. Giraud - CNRS, LPN, Marcoussis, France
Dr. Faini

Torque and magnetization studies on the high field phases of the 2D frustrated spin system SrCu2(BO3)2
Takigawa M. - University of Tokyo, Institute for Solid State Physics, Kahiwa-shi, Chiba, Japan
Dr. Levy

Structural transitions in liquid crystal with negative and extremely low diamagnetic anisotropy doped with magnetic
particles
Kopcansky P. - Institute of Experimental Physics, Slovak Academy of Sciences, Kosice, Slovakia
Dr. Koneracka, Dr. Timko, Dr. Koneracka, Dr. Tomasovicova

Spin-Jahn-Teller effect in antiferromagnetic wheels: a systematic study of the field-orientation dependence
Waldmann O. - Physikalisches Institut Universität Freiburg, Germany
Dr. Lotze

NMR investigation of high field phases of Volborthite with a distorted Kagome lattice
Takigawa M. - University of Tokyo, Institute for Solid State Physics, Kahiwa-shi, Chiba, Japan
Dr. Yoshida

Giant coercive fields in LuFe2O4 at low temperatures
de Groot J. - Institut für Festkörperforschung, Forschungszentrum Jülich, Germany
Dr. Angst

MAGNETIC RESONANCE

Microwave absorption in high pulsed magnetic field and crystal field problem in tetragonal compounds Ba2Cu3Ox (x =
6.0, 6.3)
Kazei - Moscow State University, Russia
Dr. Goiran

Microwave absorption peculiarities at the spontaneous and magnetic field induced phase transitions in the Jahn-Teller
compound DyVO4
Kazei - Moscow State University, Russia
Dr. Goiran

Paramagnetic relaxation enhancement in NMR at very high magnetic field
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Kowalewski J. - Physical Chemistry, Arrhenius Laboratory, Stockholm University, Sweden
Dr. Fries

91Zr solid-state NMR spectroscopy at very high magnetic field
Fayon F. - CEMHTI-CNRS, Orléans, France
Dr. Rakhmatullin Milan, O. Pauvert, Dr. Bessada, Dr. Massiot

NMR investigation of the Bose-Einstein condensation in the Han purple compound BaCuSi2O6
Stern R. - National Institute of Chemical Physics, NICPB, Tallinn, Estonia
Dr. Kimura, F. Aimo

High field NMR study of the ortho-VIII YBaCuO6,7
Julien M.H. - UJF, Laboratoire de Spectrométrie Physique, Saint Martin d’Hères, France
Dr. Bonn

METALS AND SUPERCONDUCTORS

High Field Hall Effect in YBCO
Doiron-Leyraud - Universite Sherbrooke, Canada
Dr. Proust

Quantum Oscillations in high purity, underdoped cuprate superconductors
Bonn - University of British Columbia, Canada
Dr. Proust

TDO experiments on heavy-fermion systems in pulsed magnetic fields
Knafo - LNCMI-T, France
F. Durantel

Pulsed field transport measurements on FeSeTe single crystals
Braithwaite - CEA, France
Dr. Knafo

Fermi surface studies and upper critical field anisotropy in iron chalcogenites
Coldea - Bristol University, UK
Dr. Proust

Point contact spectroscopy of high Tc superconductors in pulsed magnetic fields
Rikken - LNCMI Toulouse, France
Dr. Galibert

Conductivity tensor of Bi1−xSbx beyond the quantum limit
Behnia - Ecole Supérieure de Physique et de Chimie Industrielles, Paris, France
Dr. Proust

Quantum interference and closed orbits in the quasi-two-dimensional organicconductor
ß”-(BEDT-TTF)4H3O[Fe(C2O4)3] dichlorobenzene
Laukhin - Institut de Ciencia de Materials de Barcelona (CSIC), Bellaterra, Spain
Dr. Audouard
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Quantum Oscillations in high purity, underdoped cuprate superconductors
Bonn - University of British Columbia, Vancouver, Canada
Dr. Proust

dHvA experiment in high Tc superconductors in extreme conditions of temperature and magnetic field
Vignolles - LNCMP, Toulouse, France
Dr. Vignolles

Quantum oscillations and anomalous transport in overdoped cuprates
Hussey - University of Bristol, UK
Dr. Proust

Quantum oscillations and Hall effect measurements in the cuprates
Taillefer - Université de Sherbrooke, Canada
Dr. Proust

High-field magnetization of the heavy-fermion system Ce1−xLaxRu2Si2
Knafo - LNCMP, Toulouse, France
Dr. Knafo

Landau States in the electronic spectrum of MWCNTs under 60 T
Raquet - LNCMP, Toulouse, France
Dr. Raquet

Suppression of superconducting fluctuations by high magnetic fields in high-Tc cuprates and iron pnictides
Rullier-Albenque - SPEC- IRAMIS - CEA, Saclay, France
Dr. Proust

Fermi surface properties under high magnetic fields in CeRh2Si2 and URu2Si2
Aoki - INAC/SPSMS, CEA-Grenoble, France
Dr. Knafo

Exploring the Fermi Surface on Iron Based Pcnitite and Chalcogenite Superconductors
Coldea - Bristol University, UK
Dr. Proust

De Haas-van Alphen oscillations in (BEDT-TTF)8[Hg4Cl12(C6H5Br)]2
Lyubovskii - Institute of Problems of Chemical Physics, RAS, Russia
Dr. Audouard

Tests up to 2 GPa of a pressure cell designed for isothermal transport measurements at liquid helium temperatures in 55
T pulsed magnetic fields. Application to the organic metal (BEDT-TTF)8Hg4Cl12(C6H5Br)
Audouard - LNCMI-T, France
Dr. Audouard

Magneto-transport measurement in the heavy Fermion CeCoIn5
Dr. Vignolles - LNCMI-T, France
Vignolles
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High field ultrasound measurements on the magnetoelectric compound CuFeO2
Quirion - Dep. of Physics, Memorial University, St. John’s, Canada
Dr. Proust

Studies of Shapiro step response in the interchain transport in NbSe3 in high magnetic field
Latyshev Y. - Russian Academy of Sciences, Institute of radioengineering and electronics, Moscow, Russia
Dr. Monceau, A.P. Orlov

Studies of Aharonov-Bohm effect on MW nanotubes and few layers graphite with columnar defects
Latyshev Y. - Russian Academy of Sciences, Institute of radioengineering and electronics, Moscow, Russia
Dr. Monceau, A.P. Orlov

Investigation in the possible Fulde-Ferrell-Larkin-Ovchinnikov state in the magnetic-field-induced organic
superconductor Lambda-(BETS)2FeCl4 by means of magnetic torque experiments
Lortz R. - Physics Dept. Hong Kong University of Science and Technology, Hong Kong
Dr. Kobayashi, Dr. Sheikin, Dr. de Muer

Angular-dependent Nernst effect in bismuth beyond the quantum limit
Behnia K. - ESPCI, Laboratoire de Physique Quantique, Paris, France
Dr. Zhu

Mapping the fermi surface of ternary pnictides
Bartkowiak M. - HLD, Dresden, Germany
Dr. Goodrich

Angular-dependent Nernst effect in bismuth
Behnia K. - ESPCI, Laboratoire de Physique Quantique, Paris, France
Dr. Fauqué

Normal state magnetotransport anisotropy of the electron-doped high Tc uperconductor Nd2−xCexCuO4
Kartsovnik M. - Walther-Meissner-Institut, Garching, Germany
Dr. Helm

High field de Haas-van Alphen effect measurements in non-centrosymmetric CeCoGe3
Sheikin I. - CNRS, LNCMI, Grenoble, France
Dr. Settai

Interplay of antiferromagnetism and superconductivity and enormous upper critical field in CeIrSi3 near its
pressure-induced quantum critical point
Settai R. - Osaka University, Graduate School of Science, Osaka, Japan
Dr. Fittipaldi, Dr. Sheikin

Multi-band conduction in the newly discovered quaternary oxypnictides
Ferdeghini C. - CNR - INFM/LAMIA, Dipartimento di Fisica, Genova, Italy
Dr. Fanciulli, Dr. Tropeano

Quantum oscillation study of the hidden order state by using high quality single crystal of URu2Si2
Aoki D. - INAC/SPSMS, CEA Grenoble, Grenoble, France

Dr. Sheikin
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Thermoelectric tensor of URu2Si2 up to 28 T in a dc field
Matsuda T. - CEA-Grenoble, Grenoble, France
Dr. Sheikin

High field de Haas-van Alphen effect measurements in non-centrosymmetric CeIrSi3
Settai R. - Osaka University, Graduate School of Science, Osaka, Japan
Dr. Sheikin

Enormous upper critical field in CeCoGe3 near its pressure-induced quantum critical point
Settai R. - Osaka University, Graduate School of Science, Osaka, Japan
Dr. Sheikin

High field de Haas-van Alphen effect measurements in non-centrosymmetric CePt3Si
Settai R. - Osaka University, Graduate School of Science, Osaka, Japan
Dr. Sheikin

High field resistivity measurements on single crystalline UPt2Si2
Schulze Grachtrup D. - Institute für Physik der Kondensierten Materiel, TU Braunschweig, Braunschweig, Germany

Nernst effect in the high-Tc superconductor YBCO
Taillefer L. - Université de Sherbrooke, Sherbrooke, QC, Canada
Dr. Behnia, Dr. Liang

de Haas-van Alphen effect measurements across the 28 T metamagnetic transition in CeIrIn5: in search for field-induced
modification of the Fermi-surface
Sheikin I. - CNRS, LNCMI, Grenoble, France
Dr. Aoki

Investigation of the uppper critical field of superconducting carbon nanotubes fabricated in the channels of AlPO4-5
zeolite crystals
Lortz R. - Hong Kong University of Science and Technology, Hong Kong, China
Dr. Wang

Anisotropy of the in-plane normal state magneto-resistance of Sr1−xLaxCuO2 epitaxial thin films
Raffy H. - Université Paris Sud, Laboratoire de Physique des Solides, Orsay, France
Dr. Jovanovic

Transport measurements of Hc2 and its anisotropy in FeSe1−xTex single crystals in static magnetic field
Braithwaite D. - INAC/SPSMS/IMAPEC, CEA Grenoble, France

Magnetotransport in thin single crystals of graphite and graphene containing nanoholes
Latyshev Y. - Russian Academy of Sciences, Institute of radioengineering and electronics, Moscow, Russia
Dr. Monceau, A.P. Orlov

Magnetostriction measurements across the 26 T metamagnetic transition in CeRhSi2
Sheikin I. - CNRS, LNCMI, Grenoble, France
Dr. de Muer, Dr. Rodiere, Dr. Haen, Dr. Lejay
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Angle resolved high field magnetic torque measurements on Sr4Ru3O10 single crystals and Sr4Ru3O10/Sr3Ru2O7 eutectic
crystals
Zola D., Department of Physics, University of Salerno, Italy
Dr. Tedesco, Dr. Polichetti, Dr. Fittipaldi

SEMICONDUCTORS

Magnetotransport in silicon (110) MOSFET
Gold - CEMES-CNRS, France
Dr. Goiran

Photoluminescence efficiency and energy in the high mobility 2DEG. in the extreme quantum limit.
Bellani - Dep. of Physics, Italy
Escoffier

Electronic properties of graphene nano-ribbons in high magnetic field
Escoffier - LNCMP, Toulouse, France
Dr. Escoffier

Mono and bilayer graphene in very high magnetic fields
Shukla - Institut de Minéralogie et de Physique des Milieux condensés (IMPMC), Paris, France
Dr. Escoffier

Anomalous Quantum Hall effect in graphene and bi-layer graphene
Escoffier - LNCMP, Toulouse, France
Dr. Escoffier

High field spectroscopy of epitaxial graphene layers
Plochocka - Grenoble High Magnetic Field Laboratory, France
N. Ubrig

Investigation of the dynamic alignement of DNA-wrapped single walled carbon nanotubes in liquid Suspension
Kono - Department of Electrical and Computer Engineering, Rice University, Houston, USA
N. Ubrig

Landau Level spectroscopy of graphene monolayer
Ubrig - LNCMP, Toulouse, France
N. Ubrig

Electron effective mass in InN under pressure
Leotin - LNCMP, Toulouse, France
Dr. Broto

High magnetic field magnetoabsorption under high pressure in InSe
Segura - Departamento de Fı́sica Aplicada Ed. Investigación, Valencia, Spain
Dr. Broto

Magneto-transport studies of magnetic impurities doped graphite
Kumar - Neel Institute, CNRS/UJF, Grenoble, France
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Dr. Escoffier

Cyclotron resonance experiments in novel semiconductor dilute nitride alloys
Patane - University of Nottingham, UK
Dr. Goiran

Two-dimensional electron gas mobility and density in AlInN/AIN/GaN heterostructures
Grandjean - EPFL, Lausanne, Switzerland
Dr. Goiran

High field magneto-transport in FeSi thin films
Marrows C.H. - School of Physics and Astronomy, University of Leeds, Leeds, U.K.
Dr. Porter

Polarized magneto-Raman scattering of optical phonon in epitaxial graphene
Faugeras C. - CNRS, LNCMI, Grenoble, France
Dr. Potemski, Dr. P. Kossacki

Magneto-optical investigation of the main absorption line of epitaxial graphene in the extreme quantum limit
Martinez G. - CNRS, LNCMI, Grenoble, France
Dr. De Heer, Dr. Orlita, Dr. Potemski, Dr. Berger

Polaronic effects in single doped GaAs based quantum well
Martinez G. - CNRS, LNCMI, Grenoble, France
Dr. Friedland, Dr. Orlita, Dr. Faugeras

Temperature dependence of a quantum Hall effect in Graphene
Diez E. - Universidad de Salamanca, Facultad de Ciencias Fisicas, Salamanca, Spain
Dr. Amado

Curie temperature of diluted ferromagnetic semiconductors
Vasek P. - Institute of Physics, Academy of Sciences of the Czech Republic, Prague, Czech Republic
Dr. Smrcka, Dr. Svoboda

Polarized magneto-optical investigation of the main absorption line of epitaxial graphene in the extreme quantum limit
Martinez G. - CNRS, LNCMI, Grenoble, France
Dr. Potemski, Dr. Orlita

Magneto-optical studies of combined exciton- cyclotron resonance in two dimensional hole gas
Bryja L. - Institute of Physics, Wroclaw Technical University, Wroclaw, Poland
Dr. Jadczak

Effects of magnetic fields on excitonic features in optical spectra of CuInSe2 single crystals
Yakushev M. - University of Strathclyde, Department of Physics, Glasgow, U.K.
Dr. Martin

Fractional quantum Hall effect in CdTe/CdMgTe quantum wells
Kunc J. - Charles University, The Institute of Physics, Prague, Czech Republic
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Dr. Potemski, Dr. Piot

High field carrier transport studies in Mn doped II-IV-V2 semiconductors
Kilanski L. - Institute of Physics, PAS, Warsaw, Poland
Dr.Dobrowolski

Magneto-optical properties of semiconductor quantum wells subject to in-plane electric field
Tuçek J. - Institute of Physics, Faculty of Mathematics and Physics, Charles University, Prague, Czech Republic
Dr. Kunc, Dr. Orlita

Systematic study of the temperature dependence of the quantum Hall effect in graphene at high magnetic field
Diez Fernandez E. - Universidad de Salamanca, Facultad de Ciencias Fisicas, Salamanca, Spain
Dr. Rossella, Dr. Amado Montero

NIR magneto-spectroscopy of exfoliated graphene membrane
Faugeras C. - CNRS, LNCMI, Grenoble, France
Dr. Potemski

Resonant magneto-polaron effect of a free 2D electron gas in CdTe QW with an in plane magnetic field
Faugeras C. - CNRS, LNCMI, Grenoble, France
Dr. Potemski

Infrared spectroscopy of graphene membranes
Orlita M. - CNRS, LNCMI, Grenoble, France
Dr. Potemski, Dr. Faugeras

Search for free holes in InN:Mg
Dmowski L.H. - Institute of High Pressure, Polish Academy of Sciences, Warsaw, Poland
Dr. Baj, Dr. Konczewicz

Electricaly detected spin resonance in silicon MOSFETS and magnetically modulated Si MOSFETS
Saraiva P. - Department of Physics, University of Bath, U.K.
Dr. Nogaret

Fractional quantum Hall effect in trilayer system in a tilted field
Gusev G. - Instituto de Fisica, Universidade de Sao Paulo, Brasil

Study of coupling in a self-assembled QD system
Kazimierczuk T. - Institute of Experimental Physics, University of Warsaw, Poland
Dr. Potemski, Dr. Goryca, Dr. Kossacki, Dr. Plochocka

Absorption of the graphite in the magnetic field
Plochocka P. - CNRS, LNCMI, Grenoble, France
Dr. Potemski, Dr. Orlita, Dr. Kossacki

Study of high excitonic states in quantum dots with single magnetic atoms
Goryca M. - Institute of Experimental Physics, University of Warsaw, Poland
Dr. Potemski, Dr. Plochocka, Dr. Kossacki, Dr. Kazimierczuk
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High field magnetotransport in ferromagnetic semiconductor CdMnGeAs2
Kilanski L. - Institute of Physics, Polish academy of Science, Warsaw, Poland

Investigation of the energy fine structure of localized emission from GaN(In)As layers in high magnetic field
Kudrawiec R. - Institute of Physics, Wroclaw Institute of Technology, Poland
Dr. Potemski

Magnetotransport in graphite
Vasek P. - Institute of Physics, ASCR, Prague, Czech Republic
Dr. Smrcka, Dr. Svoboda

Absorption of the 2DEG system in integer Quantum Hall regime
Plochocka P. - CNRS, LNCMI, Grenoble, France
Dr. Potemski, Dr. Maude

SOFT MATTER AND OTHERS

Interplay between photoluminescence and magnetism in MnF2, KMnF3 and RbMnF3 at high pressure and high magnetic
field
Rodriguez - Dpt. Ciencias de la Tierra y Fisica de la Materia Condensada, Facultad de Ciencias, Universidad de
Cantabria, Spain
Dr. Broto

Spectroscopic study of Yb3+-doped oxides under hydrostatic pressure in magnetic field
Valiente - Universidad de Cantabria, Santander, Spain
Dr. Broto

MHD effect on electrodeposition of nickel alloys: catalysts for hydrogen evolution
Zabinski P. - AGH University of Sciences and Technology, Krakow, Poland
Dr. Anna

Magneto electro chemistry: Influence of the magnetic forces on the mass transfer
Baaziz D. - GAMAS GDRE, EPM/SIMAP, CNRS, D.U., Saint Martin d’Hères, France
Dr. Alemany

Magnetic dependence of the ferroelectric soft mode frequency in the tensile strained EuTiO3 thin film
Kamba S. - ASCR, Institute of Physics, Prague, Czech Republic
Dr. Goian

Calcium hydroxyapatite electrodeposition
Chopart J.P. - Laboratoire DTI, UFR Sciences Naturelles, Reims, France
Dr. Daltin, Dr. Baudart

Alfven waves in liquid sodium: non-linear interactions and turbulence
Alboussiere T. - CNRS, Laboratoire LGIT, St Martin d’Hères, France
D. Schmitt, P. Cardin, F. Plunian, H.C. Nataf, J.P. Masson, P. La Rizza

Effect of a magnetic field on the dendrite morphology during crystal growth of aluminium and Zinc-based alloys.
Analysis of the various effects such as thermo-effects, diffusion, modification of the structures
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Fautrelle Y. - INPG/EPM, ENSHMG, St Martin d’Hères, France
Dr. Saadi, Dr. Li
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2009 THESES

PhD Theses 2009

1. Nanot Sébastien
Structure de bandes et transport électronique dans les nanotubes de carbone sous champ magnétique intense.
Doctorat de l’Université de Toulouse, délivré par l’Université de Toulouse III Paul Sabatier Thèse soutenue le ven-
dredi 30 octobre 2009

2. Millot Marius
Spectroscopies sous haute pression et champ magnétique intense.
Doctorat de l’Université de Toulouse, délivré par l’Université de Toulouse III Paul Sabatier Thèse soutenue le 13
Novembre 2009

3. Jaudet Cyril
Effet de Haas-van Alphen dans les supraconducteurs haute température critique.
Doctorat de l’Université de Toulouse, délivré par l’Université de Toulouse III Paul Sabatier Thèse soutenue le 17
Novembre 2009
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Facultad de Ciencias Quı́micas, Universidad de Concepción, Concepción : 94

China
Beijing National Laboratory for Condensed Matter Physics : 60
China Northwest Institute for Non-Ferrous Metal Research, Xi’an: 102
Institute of Physics, Chinese Academy of Science, Beijing : 60
Institute of Electrical Engineering, Chinese Academy of Sciences, Beijing : 103
University of Shanghai, Shanghai : 111

Czech Republic
Academy of Science, Prague : 21, 128

France
Alstom, Belfort : 124
CEA-DEN-LTMEX, Saclay : 120
CEA, DRFMC-SPSMS-MDN, Grenoble : 84
CEA, IRFU, Saclay : 123
CEA-IRFU-SACM, Saclay : 120
CEA, Saclay : 124
CEMHTI-CNRS, Orléans : 126
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