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PREFACE
This report intends to provide a rather complete
overview of the in-house and collaborative scientific
and technical activities of the Grenoble High
Magnetic Field Laboratory (GHMFL), in the year
2002. The laboratory is a joint operation of the Max-
Planck-Institut für Festkörperforschung (Germany)
and the Centre National de la Recherche Scientifique
(France), originally established in 1971 and renewed
and extended after 1.1.1992.

The existing 24 MW power supply allows to operate
simultaneously two resistive 10 MW magnets.
Magnets with a power consumption of 20 MW can
reach routinely d.c. fields up to 30 T. These two high-
power magnets allow to respond very effectively to the
increasing demand of magnet time in this range.
With the forthcoming installation of a new hybrid
system (in operation in 2003) we aim to reach
continuous magnetic fields above 40 T. This will
guarantee that the GHMFL can keep up with the
rapid developments in high magnetic field facilities
worldwide and can continue to play a leading role in
the research in these fields.

This report and the list of publications show that
important and interesting results can be obtained in
magnetic fields, either on the basis of in-house
research or very often as a result of a close
collaboration between several research groups from
many different countries. In addition, the GHMFL is
proud to contribute to the training of many young
scientists by giving them the opportunity to be part of
such research activities and performing their work
for a PhD.

Finally, we wish to thank most cordially the scientific
and technical staff of the laboratory (over 80 people)
and the numerous visitors for their contribution to
the successful operation and the quality of the
scientific work.

G. Martinez - W. Joss
January 2003
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SEMICONDUCTORS

1.1. Thermodynamic Fermi surface of
the 2D electron gas at νν = 1/2

At filling factor ν = 1/2, a description of nearly all transport
experiments in term of Fermi surface excitations consisting
of pairs of composite objects has been very successful. In
this picture, the ground state is a Fermi disk of composite
Fermions (CF) objects with radius kF = (4π ne)1/2. Since other
ground states are favored for other half-filled Landau states
(i.e. ν = 5/2), the CF spin degrees of freedom could change
significantly the Fermi surface picture.

In Figure 1.1, the measured dependence of the NMR Knight
shift (proportional to the electron spin polarization P) of the
71Ga nuclei in a GaAlAs/GaAs multi-quantum well structure
is plotted as a function of η = ∆Z/∆C. η is a measure of the
relative strength of the Zeeman energy gµBB, driving
the system toward a polarized state to the Coulomb energy
∆C = e2/(4πεlB) favoring at ν = 1/2 an unpolarized Fermi
fluid which Fermi energy ε* = (-h2 kF

2)/(2mP) = kF
2/(4π D)

can be parameterized with an effective mass mP or
alternatively, a density of state D = mP/(2π-h2). In this
experiment, η is increased by tilting the sample with respect
to the applied field, keeping B⊥ and hence ν fixed to 1/2.

Assuming a constant density of states for the CF, the spin
polarization in a Fermi surface picture increases linearly with
Zeeman energy P = min[∆Z/εF, 1], until a critical value of η
is reached where the Fermi disk becomes fully polarized.
This is precisely what is experimentally observed.  This is
consistent with the Hamiltonian theory [2] for which the
effective mass has little dependence on Zeeman energy, but
disagrees a free CF model where the CF energies are mapped
onto free Landau levels.

Besides the CF effective mass, it is possible to measure the
CF g-factor which is found to be close to the electron value

in a quantum well of the same width. Also the thermal
depolarization probes the excitation at energies comparable
to the Fermi energy εF and to the CF bandwidth ∆BW.  The
comparison between the experimental data and a simple
model where the CF bandwidth ∆BW is taken to be the gap at
ν = 1/3 is shown in Figure 1.2. The excellent overall
agreement observed, is fully consistent with a the dispersion
relation for CF varying by ∆BW on a scale set by the inverse
magnetic length.

The measured CF effective mass is consistent with the values
reported in the literature when magnetic quantities are
probed (luminescence, magnetoreflectivity and optically
detected NMR).  On the other hand, it is nearly three times
as large as the effective mass probed in transport
measurements.  In light of Fermi liquid theory, this is hardly
surprising, since Coulomb interactions do not renormalize
the transport mass and the magnetic susceptibility in the
same way.

In conclusion, spin-up and down CF Fermi surfaces can be
mapped as a function of Zeeman energy using NMR.  A CF
description is quite satisfactory provided that the effective
mass mP is independent of ∆Z, a feature naturally emerging
in the Hamiltonian theory for CF.  This model is also able to
explain quantitatively the T1(T ) measurements [1].

References and authors: 

[1] N. Freytag et al., Phys. Rev. Lett. 89, 246804 (2002)
[2] R. Shankar, Phys. Rev. B 63, 085322 (2001)

N. Freytag, L.P. Lévy, L. Horvatic, C. Berthier
M. Shayegan (Princeton University, USA) 

Figure 1.1: The spin polarization (left) and Knight shift (right) in
the limit of vanishing temperature versus the ratio of Zeeman and
Coulomb energy η = ∆Z/∆C (bottom) or total magnetic field (top)
at ν = 1/2.  The dotted line is a linear fit to the data, while the
solid and dotted lines are the predictions of the Hamiltonian
theory and the free CF model, respectively.

Figure 1.2: Fit of the depolarization at ν =1/2 using the
dispersion relation ε (k) = ∆BW}tanh2(k/lB) with a bandwidth
∆BW ≈ 5.3 K.
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1.2. Scaling of the spin polarization of
the 2D electron gas at filling factor 1/3

At filling factor ν = 1/3, the ground state is ferromagnetic
and fully polarized at zero temperature. In Jain’s mapping,
Laughlin 1/3 fractional state maps onto the νCF = 1 integer
quantum Hall ground state. Since most thermodynamic
properties at ν = 1 have been very successfully described
with the theory of Quantum-Hall ferromagnets, the spin
polarization may be thought to have the same qualitative
behaviour at both filling factors. The thermal depolarization
data at both filling factors which are compared below with
various models, are found to be completely different. The
physical origin for such differences lies in the magnitude of
particle-hole pair energies relative to the magnon energy gap.
At ν = 1 long wavelength magnons have the lowest energies
and control the thermal depolarization. At ν = 1/3, P(T ) is
controlled by unbound particle-hole excitations: these
mobile quasiparticles enforce a free particle dependence of
the thermal depolarization.

At ν = 1, the measured gap is nearly twenty times larger than
the Zeeman energy: this gives a good measure of the spin-
stiffness, of the order of ρs(ν = 1) = 2.49 10-2 ∆C, dominated
by the spin-exchange energy. At 1/3, the spin-stiffness is
estimated to be 20 times smaller ρs(ν = 1/3) = 9.2 10-42 ∆C.
The magnons energies are to be compared to the
quasiparticle or quasihole energies with a number of
reversed spin denoted as Ke and Kh respectively. Numerical
studies have shown that the hole excitations with the lowest
energies have no spin reversed (Kh = 0) while particle
excitations with zero and one spin reversed (Ke = 0,1) are

very close in energies. In the limit of vanishing spin stiffness,
the thermal depolarization is expected to scale as a function
of h = ∆Z/(kBT). This is confirmed experimentally in
Figure 1.3, where the thermal depolarization follows a
universal scaling function quite different from the O(N)
nonlinear σ model appropriate when magnons dominate over
quasiparticle-quasihole pairs. This difference comes from (a)
the halving of the activation energies when pair excitations
are created ∆Z → ∆Z/2, (b) an additional configuration
entropy since the quasielectron and the quasihole can be
placed anywhere in the 2D plane. This is illustrated in
Figure 1.4, where the depolarization for non-interacting
objects filling a Landau level are compared to a partially
filled level and the non-linear σ-model with vanishing spin
stiffness. When these models are compared to the
experiment, the prediction for a filled CF Landau level are
accurately reproduced when a g-factor enhancement of 1.4 is
included.

Finally, little depolarization is observed for ν < 1/3, as
expected when hole excitations with the lowest energies
have Kh = 0 spin reversed. On the particle-side (ν > 1/3), the
observed depolarization is intermediate between what is
expected for Ke = 0 and 1: this is consistent with both types
of excitation being present in the samples studied.

Authors: 

N. Freytag, L.P. Lévy, L. Horvatic, C. Berthier
M. Shayegan (Princeton University, USA)

Figure 1.3: Scaling plot of the polarization at ν = 1/3 as a
function of the reduced temperature h-1 = (kBT)/∆Z for several tilt
angles. P, which depends only on h-1, depolarizes twice as fast as
predicted by the O(N)-NL-σ model, shown on this graph as solid
line, in the weak spin-stiffness limit.

Figure 1.4: Thermal depolarization for (a) non-interacting
electrons at ν = 1(filled LL); (b) non-interacting electrons at
ν = 1/3 (partially-filled LL); (c) O(N) NL-σ model.
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1.3. Nuclear spin - lattice relaxation of
2D electrons in quantum wells

NMR Knight shift measurements in multiple “quantum
wells” GaAs/GaAlAs samples have proven to be a very
powerful method for the determination of the spin
polarisation of 2D electron gas in the fractional Quantum
Hall effect regime [1-3]. So far, we have concentrated on the
filling factors ν = 2/3, 1/3 and 1/2. When 2D electrons are
described in terms of composite fermions (CFs), filling
ν = 1/2 value is particularly interesting as CFs are then in
zero effective magnetic field and constitute a Fermi sea.
Neglecting residual interactions and for a given dispersion
relation ECF(k), one can then easily predict the spin-
polarisation P as a function of the temperature T and the
magnetic field B. These predictions have been compared to
an extensive set of NMR data and fits used to determine the
effective polarisation mass of CFs [1,3].

However, it turns out that these data cannot be used to
distinguish between different models for the dispersion
relation of CFs. Unexpectedly, it seems that simple two-level
model provides better fit then both the effective mass
approximation (i.e., parabolic dispersion) and more exact
“Hamiltonian approach”. To shed more light on the problem,
one can use the nuclear spin - lattice relaxation time (T1)
measurement as another independent information about CFs’
dispersion relation and their residual interactions. These
measurements are much more involved, because T1 is not
homogeneous across the quantum wells (QWs) and because
of the presence of other parasitic signals. Here we report the
first detailed analysis of the relaxation of longitudinal
nuclear magnetisation, proving the feasibility and defining
the procedure for the T1 determination.

Figure 1.5 shows the dependence of the NMR lineshape on
the recovery time between the initial zeroing of the nuclear
magnetisation and the recording of the spectra. Together with
the asymmetric lineshape from QWs, one can clearly
distinguish the peak from the barriers separating the wells, as
well as a very broad background, which we tentatively
ascribe to nuclei in the vicinity of the impurity doping layers.
Both of these two latter contributions have slow relaxation.
Closer examination of the differential spectra at long
recovery times prove that the barrier’s signal is very well
described by a Gaussian, which means that it is well
localized and does not overlap with the peak position of
QWs. Therefore, the QWs peak intensity is perturbed only by
the broad background signal. Using the visible part of that
background signal, which is on the low-frequency side and
well outside of the QWs signal, one can subtract it and thus
arrive to “pure” QWs relaxation showing expected saturation
at long times (inset to Figure 1.5).

The relaxation due to QWs obtained in this way is not
perfectly exponential. This can be attributed to the variation
of T1 across the well, leading to spatially non-homogeneous
relaxation modified by the diffusion process. Small deviation
from the exponential could be taken into account by the
“stretched exponential” fit with the exponent being 0.86, and

magnetic field independent. At ν = 1/2 and T = 1.5 K, the
magnetic field dependence of T1 in the range 7.1 - 17 T was
found to follow precisely the prediction of the effective mass
model, with the experimental T1 values being by a factor of
3.5 longer than predicted ones, probably because of the
interactions between CFs. Contrary to the predictions, the
temperature dependence in the range 1.5 - 4 K was found to
be very weak. However, this is not surprising since the model
is expected to break at such high temperature, and at the
same time the determination of T1 is less reliable because the
signals from QWs and barriers begin to overlap. Pertinent
temperature range obviously corresponds to measurements
performed in the dilution refrigerator (0.05 - 1 K), which
remains to be done. We expect that putting together the spin-
polarisation (Knight shift) and T1 NMR data will provide
much more stringent constraints on the theoretical
description. Within the description by CFs, we should thus
better define their dispersion relation and residual
interactions.

References and authors: 

[1] S. Melinte et al., Phys. Rev. Lett. 84, 354 (2000)
[2] N. Freytag et al., Phys. Rev. Lett. 87, 136801 (2001)
[3] N. Freytag et al., Phys. Rev. Lett. 89, 246804 (2002)

C. de Vaulx, V. Mitrović , M. Horvatić , C. Berthier
M. Shayegan (Princeton University, USA) 

Figure 1.5: 71Ga NMR spectra corresponding to the T1

measurement in the "M280" multiple quantum well sample
(n2D = 0.85×10-11 cm-2) at ν = 1/2, B = 15 T and T = 1.5 K.
Inset shows the relaxation of longitudinal magnetisation of the
quantum wells, corrected for parasitic contributions (see the
text).
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1.4. Short nuclear spin relaxation time
around νν = 1 from resistively detected
NMR 

Resistively detected nuclear magnetic resonance (NMR) has
been shown to be a powerful tool to probe the electronic and
nuclear spins in the quantum Hall regime and study the
hyperfine interaction between both systems in AlGaAs/GaAs
heterostructures. Indeed nuclear resonances of gallium and
arsenic can be detected over a very wide magnetic field
range in the vicinity of odd, even and fractional filling
factors at millikelvin temperatures. It is now clear that the
resonances appears via a pseudo (thermal) nuclear magnetic
field which modifies the electronic Zeeman energy at the
resonance frequency.

Using this technique near filling factor ν = 1 has led to the
observation of several anomalous NMR characteristics
(lineshape, amplitude,...) [1].  One of these peculiar features
is the enhancement of the nuclear spin relaxation rate either
side of ν = 1. This can be seen in Figure 1.6a which
represents the magnetic field dependence of the inverse of
the nuclear spin relaxation time T1 measured on a high
mobility heterojunction at T = 50 mK (the magnetoresistance
is traced as a reference). We see that T1 varies in the range
15- 200 s except for |ν-1| ~ 0.1 where T1 is as short as a few
seconds. Such a fast relaxation for nuclear spins around ν = 1
has recently been reported in a GaAs/AlGaAs quantum well
by Hashimoto [2]. This point can be understood as resulting
from the coupling of the nuclear spin system to the gapless
Goldstone modes of the Skyrme crystal which exist near
ν = 1. Zero temperature calculations predict that this
mechanism can enhance the nuclear spin relaxation rate by 3
orders of magnitude compared to the B = 0 case [3]. Under
our experimental conditions it is not clear if the Skyrmions
are in a solid or liquid phase, however the low-energy
collective spin excitations are expected to be present in
overdamped modes.

The evolution of the nuclear spin relaxation time as a
function of the in-situ rotation angle with respect of the
applied magnetic field has been carried out. Figure 1.6b
shows the dependence T1(θ) observed at B = 7.5 T (i.e.
ν = 0.86). At low tilt angles, we measure a short T1 which
then increases as the sample is rotated further away from the
normal field position. At θ ≈ 57° the relaxation time is of the
order of 250 s. A typical 75As resonance line obtained at this
angle is represented in the inset of Figure 1.6b. The
enhancement of the relaxation time at constant perpendicular
magnetic field can be explained by the suppression of the
low-energy excitations which results in a low efficient
nuclear spin relaxation mechanism by the flip-flop process. 

It is well known that rotating the sample at constant B⊥
increases the electronic Zeeman energy making the
formation of Skyrmions less favorable. Strikingly we note
that a short relaxation time is recovered for larger angles
which suggests that gapless collective modes are still present
at θ = 69° in our sample. As a consequence, we can propose
that the long T1 measured for the narrow angle range is

related to a possible region for which the Skyrme crystal is
unstable as can be seen from the phase diagram of the
Skyrme crystal [3].

References and authors: 

[1] W. Desrat et al., Phys. Rev. Lett. 88, 256807 (2002)
[2] K. Hashimoto et al., Phys. Rev. Lett. 88, 176601 (2002)
[3] R. Côté et al., Phys. Rev. Lett. 78, 4825 (1997)

W. Desrat, D.K. Maude, M. Potemski, J.-C. Portal
Z.R. Wasilewski (IMS/NRC, Ottawa, Canada)
G. Hill (University of Sheffield, UK) 

Figure 1.6: a) Magnetic field dependence of the longitudinal
resistance Rxx (solid line) and of the nuclear spin relaxation rate
1/T1 (circles) measured on a GaAs/GaAlAs heterojunction at
T = 50 mK.
b) Angle dependence of T1 at B = 7.5 T (ν = 0.86) for arsenic
nuclei at T = 50 mK. In inset, resistively detected 75As resonance
Rxx(rf) at θ = 57°.

a)

b)
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1.5. Magneto-oscillations of the
luminescence of a dense two-dimensional
electron gas

Landau quantization of electron’s motion in magnetic field
results in pronounced changes in the photoluminescence
(PL) of a two-dimensional (2D) electron gas.  In this study
we focus on magneto-oscillatory phenomena in a
pseudomorphic modulation-doped GaAs/InGaAs/AlGaAs
quantum well (QW). Such structures can confine high
densities of a 2D electron gas, which gives a unique
opportunity to study properties of highly degenerate carrier
systems.

PL from the QW with high density (n = 1.6·1012 cm-2) of 2D
electrons was measured in perpendicular magnetic field with
laser excitation (Ar+ ion laser, l = 514.5 nm).  Magneto-
oscillations measurements, in which the PL intensity is
monitored as a function of magnetic field at constant
detection energy, have also been performed. 

The PL spectrum measured at T = 4.2 K is shown in
Figure 1.7. Two PL cutoffs (designated as A and B), a feature
on a high-energy shoulder (C) and a low-energy tail (D) can
be noticed in the PL spectrum.  The PL magneto-oscillations
detected at those characteristic energies are also presented in
Figure 1.7. The PL intensity at those energies oscillates with
the same frequency as a function of 1/B, which is the
frequency of Shubnikov de Haas (SdH) oscillations.  

Two distinct cut-offs (A and B) at the high-energy side of the
PL spectrum are due to optical recombination of electrons
from the vicinity of the Fermi level with free- or bound holes
in the QW, respectively [1]. It can be shown that Landau
quantization of electron and hole motion results in
oscillations of a joint density of states at both cut-off energies
with the same frequency, being the SdH frequency. 

An increase of the PL intensity (C) observed around 36 meV
below the cut-off of the main PL spectrum (B)  results from
a coupling of electrons from the Fermi level to the LO-
phonon. This explains why the PL observed at this energy
oscillates with the SdH frequency. Those oscillations are
superimposed on oscillations of a joint density of states of
free-to-bound recombination, which results in beats seen in
the PL magneto-oscillations at this energy. 

PL intensity measured in the low-energy tail of the spectrum
(D) has also pronounced dips in magnetic fields around even
filling factors (see Figure 1.7). Similar behaviour has been
observed in the PL from a QW with a high electron density
purposely doped with acceptors [2] and explained in terms of
filling-factor-dependent oscillations of screening the
localising acceptor potential by 2D electron gas. If it is
assumed that the radiative recombination from the QW is
much less effective than the non-radiative process, then the
total PL intensity can be related to the radiative
recombination rate. It was shown that in the case of a ground
state of a valence hole bound to an acceptor, the rate is
proportional to mean area of the bound hole state. That area

is affected by the screening of the acceptor potential by the
2D gas in the QW. The screening becomes less effective in
magnetic fields, at which the Fermi energy is midway
between the Landau levels (at even filling factors) and this
results in dips in the PL from the QW with a SdH frequency.
A presence of such oscillations in the low-energy PL tail
suggests that this emission results from a broadening of the
PL due to free-to-bound recombination induced probably by
the scattering of carriers in the QW. 

References and authors: 

[1] A. Babinski et al., Phys. Rev. B 65, 233307 (2002)
[2] K. Meimberg et al., Phys. Rev B 55, 7685 (1997)

A. Babinski, M. Potemski
H. Shtrikman (Weizmann Institute of Science, Rehovot,
Israel) 

Figure 1.7: PL spectrum from the pseudomorphic
GaAs/InGaAs/AlGaAs quantum well with high density of
2D electrons and relative changes of the PL intensity measured
at characteristic energies  of the PL spectrum A: 1.291 eV,
B: 1.265 eV, C: 1,227 eV, 1,192 eV.
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1.6. Polaronic interaction in two
dimensional electron gas (2DEG) 

In polar semiconductors, the longitudinal optical vibration of
the lattice, the LO phonon, develops a macroscopic electric
field that couples to the electrons through the Frölich
interaction. The most spectacular manifestation of this
interaction is the resonant magneto-polaron coupling, i.e. an
anticrossing behaviour between the |n = 0+1LO phonon>
and the |n = 1> states, n beeing the Landau Level (LL) index,
when the cyclotron frequency ωc = eB/m* is tuned to the LO
phonon frequency ωLO (B is the magnetic field and m* is the
electron effective mass). However, recent studies [1] indicate
that this effect is not so trivial and in fact, it was never clearly
observed in 2DEG.

We have performed cyclotron resonance experiments on a
13 nm GaAs Quantum Well (QW) containing a high mobility
(2.2x106 cm2.V-1.s-1) 2DEG with electron concentration of
6.4x1011 cm-2. The QW is sandwiched between two 60 short
periods superlattices δ -doped with silicon donors. In order
to overcome the problem of strong absorption in the
reststrahlen band of GaAs where the optical phonon energies
are, the epilayers were lift-off from their original GaAs
substrate and deposited onto a silicon substrate which is
transparent in the infrared range of energy. Far infrared
transmission measurements were performed at 1.8 K using
Fourier transform spectroscopy in order to study to resonant
polaron effect in tilted field configuration.

Figure 1.8 displays the caracteristic spectra obtained for a
tilt angle of 35°. We observe a clear anticrossing behaviour
between the cyclotron resonance of the 2DEG and,
surprisingly, not with the bare LO phonon mode of the QW
as assumed in all actual theories on polaronic interaction,
but with another normal mode of the system with an energy

lower than the LO phonon. This hybrid mode (Li) comes
from the coupling of the electric field of LO phonon with the
intersubband plasmon in the QW [2], leading to two new
modes with energy lower than the LO phonon for the first
one and higher than the intersubband transition (83 meV for
our 13 nm QW) for the second one. 

As shown in Figure 1.9, this coupling is not active in
Faraday configuration [1, 3] and the anticrossing energy is
strongly dependent on the tilt angle (increasing with the tilt
angle), but its evolution is not symetric with respect to the
Faraday  configuration evolution. The high energy peak (Li-
like transition) is pinned at the hybrid mode energy while the
cyclotron resonance-like energy is strongly affected by the
coupling, leading, even far away from the resonant
condition, to an increase of the effective mass.
This coupling is a new manifestation of the Frölich
interaction in doped low dimensional semiconductors but
there exists no theory to describe it at the moment.
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Figure 1.8: Infrared transmission spectra at 1.8 K of our sample
normalized by the transmission of a silicon layer with a tilt angle
of 35°. The dotted vertical line is the bare LO phonon mode of
GaAs and the shaded range of energy is the strong TO
absorption.

Figure 1.9: Cyclotron energy versus perpendicular component
of the magnetic field for the Faraday configuration and for a tilt
angle of 17° and of 35°. Are also represented the LO phonon
(straight line), the transverse optical phonon (TO) mode (dotted
line) and the Li mode (dashed line).
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1.7. Magneto-plasmons probed by
resonant Raman spectroscopy in the
non-integer quantum Hall regime 

Magneto-plasmons (MP) are important collective excitations
in the quantum Hall regime for a two dimensionnal electron
gas (2DEG) in perpendicular high magnetic fields. They are
described as excitonic inter-Landau level (LL) transitions
with a well defined wave vector k// (in the plane of the
2DEG) and a specific dispersion relation which is best
known at the integer filling factor ν = 2. The energy of the
|k//| = k = 0 excitation coincides with single-particle cyclotron
energy -hωc according to Kohn theorem whereas a
caracteristic feature of quantum Hall liquids, known as
magneto-roton, appears at a finite k ~ 1/lB (lB = √(-hc/eB) is
the magnetic length) and is blueshifted from --hωc by an
amount proportional to the caracteristic Coulomb energy
EC = e2/(εlB).
A new theoretical model [1] has been recently developed to
calculate the dispersion curve of MP at non integer filling
factors, taking into account nonparabolicity effects that were
neglected in former studies. The Figure 1.10 illustrates the
main results obtained showing the dispersion of the three
branches of the MP at ν = 2.2 corresponding to the three
coupled modes or inter-LL transitions described in the inset
of the figure. It appears that nonparabolicity is responsible
for the existence of a new local maximum at an energy
(respectively a wave vector k) intermediate between --hωc
(klB << 1) and the one corresponding to the magneto-roton
maximum (klB ~ 1). Note that such extrema (∂E/∂k = 0) in the
dispersion curves E(k) are associated to high density of states
(DOS ∝ ∂k/∂E) for MP.

We have performed resonant Raman spectroscopy in high
fields (up to 22T) and at low temperature (4K) on a high
density and high mobility 2DEG embedded in a modulation
delta-doped quantum well of GaAs. A Faraday configuration
and a backscattering geometry were used (k of incident and
scattered light are perpendicular to B and parallel and

opposite to each other) so that the in-plane wave vector
transfered is typically klB << 1. The experimental spectra
show [2] a rich variety of Stockes-shifted Raman peaks
corresponding to the inelastic diffusion of light by
excitations created in the sample. Their corresponding
energies and their evolution with magnetic field are reported
in the Figure 1.11. We distinguish two families of peaks.
One has constant energies related to optic phonons. The
peaks labelled LO and TO are associated to longitudinal and
transverse ones in GaAs and are created in the cap layer and
in the barriers. In the quantum well the 2DEG couples to the
optical LO phonon via intersubband transitions giving rise to
an excitation labelled Li- that is observed at 35.5 meV. 

A second family of three peaks shows  cyclotron-like
dependences with B. We assign the one at lowest energy:
MPcycl to the MP that occurs at k = 0, while we identify the
two others: MPn.parabol and MProton as related to the
corresponding local maxima below or near klB = 1 that we
have predicted. We stress that these features were observed
under resonant conditions for the energy of light and in the
specific regime -hωc ≈ -hωLi- that is investigated for the first
time to our knowledge. Such a condition could play a crucial
role to explain the breakdown of wave vector conservation
required to observe the magneto-roton feature while disorder
assisted diffusion  was usually invoked in former studies [3].
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Figure 1.10: Dispersion curve of magneto-plasmon excitations
in the noninteger (ν = 2.2) quantum Hall regime. The inset
shows the three coupled transitions giving rise to the three
branches shown (n stands for the Landau level index).

Figure 1.11: Magnetic field dependence of the excitations
detected in resonant Raman spectroscopy (scatters) compared
with theoretical predictions (lines).
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1.8. Magneto-plasmons and band 
non-parabolicity in two-dimensional
electron gas 

Magneto-plasmons (MP) in a two-dimensional electron gas
(2DEG) are excitations between Landau levels (LL) which
are known to be described in terms of excitonic transitions
revealing electron-electron interactions and specific
dispersion as a function of the wave-vector k of the exciton
[1]. We have been able using a new formalism to extend
earlier calculations restricted to integer values of the filling
factor ν without non-parabolicity (NP) effects to the
complete general case of non-integer values of ν and NP
effects [2].

The excitations conserving spin between LL, denoted φλ in
Figure 1.12, are indeed of excitonic nature and the electron-
electron interactions mixed completely these excitations. It
was shown that, for vanishing temperatures, and defining  ε
as the partial filling of the higher occupied LL (0 < ε <1), the
solutions of the problem are eigenstates of a 3×3
Hamiltonian which for 2 < ν < 3, as an example, reads as:

The different cyclotron energies (because of NP effects) and
the difference of exchange interaction between the LL which
is independent of k are appearing in the diagonal matrix
elements. Note that NP effects are equally taken into account
for effective mass and effective g-factors.

All matrix elements can be evaluated analytically as a
function of klB (lB being the magnetic field length) and the
MP energies  obtained from the diagonalisation of H23. The
NP effects have to be introduced in a parametrized way [3]
for specific samples. For instance Figure 1.13 shows the
results obtained for a GaAs doped quantum well with an
electron concentration of 9x1011 cm-2 for different filling
factors around ν = 3. As evidenced many anticrossing
behaviours appear for non integer filling factors and
especially for low values of klB. Their origin is in fact

directly related to the NP effects and their existence is
particularly important because they give rise to singularities
in the density of states (DOS) mainly implied in mechanisms
of interactions with and between MP.

NP effects are known to cause a breakdown of the Kohn
theorem and could lead to the manifestation of electron-
electron interactions in the cyclotron resonance (CR)
response. For instance, in the absence of NP effects only the
second branch of the MP is cyclotron active whereas with NP
effects, the lower branch becomes cyclotron active at least in
a range of small klB values where indeed DOS singularities
occur.
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Figure 1.12: Schematic LL diagram showing the different
excitonic transitions for 2p < ν < 2p + 1. n0 labels the upper
completely filled LL.

Figure 1.13: Magneto-plasmon dispersion for three different
filling factors as a function of  klB. The origin in energy is taken,
in each case at the value of the main cyclotron energy.
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1.9. Anomalous quantum Hall effect
due to spin-levels’ crossing in diluted
magnetic semiconductor quantum wells 

Diluted magnetic semiconductor quantum wells are
interesting systems to study the Quantum Hall effect. The
advantage of these systems is the large tuneability of the
Zeeman splitting, which allows to study the QHE under
unusual conditions, i.e., when the effective electron Zeeman
energy is larger then the cyclotron energy (at low fields) or
when the Zeeman energy is zero (at high magnetic fields).
The former configuration leads to a characteristic beating
pattern in the Shubnikov-de Haas oscillations, which is well
understood and can be used to determine the relevant
parameters which define the amplitude of the s-d exchange
interaction in our structures. On the other hand, our high
field experiments show that the condition of vanishing
electron Zeeman splitting does not necessarily imply that the
effective spin gap is zero. The effect of the opening of the
spin gap under conditions of vanishing Zeeman splitting has
been investigated both in case of “insulating” QH states at
odd filling factors as well as for “metallic” states at half
integer filling factors, and it has been interpreted in terms of
the avoided crossing of the Zeeman components of the
corresponding Landau levels. 

Here we select some of our results, in order to demonstrate
that the (anti)crossing of Zeeman levels can lead to the
anomalies in the quantum Hall effect. This can be seen in
Figure 1.14, where the representative traces of the
longitudinal and transverse resistance are shown over a wide
range of magnetic field for a 100 Å thick, modulation doped
Cd0.997Mn0.003Te/Cd0.8Mg0.2Te quantum well structure. In
this sample, the Zeeman energy is expected to vanish around
~ 18 T, and indeed around this particular field a clear
distortion of the RXX as well as RXY traces can be seen. As
shown in Figure 1.15, this distortion disappears
progressively when Zeeman energy is increased by tilting the
plane of the 2D electron sheet with respect to the magnetic
field direction. Most of the features observed in the
experiment can be understood within a simple modelling of

the resistance traces when taking into account the effect of
(anti)crossing of spin levels. Nevertheless, the interpretation
of temperature dependence of RXY shown in Figure 1.16 is
not completely clear. As can be seen in this figure, the
formation of an additional RXY plateau, which we believe is
due to the level (anti)crossing, is observed only at some
particular interval of temperatures but smears out both in the
limit of high as well as low temperatures. This behaviour,
resembling very much the intriguing “0.7 anomaly”
observed for narrow conductance channels at zero magnetic
field, and recently discussed in terms of Kondo effect,
requires further investigation.
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Figure 1.14: Longitudinal (RXX) and transversal (RXY) resistance
of a 2DEG confined in a CdMnTe/CdMgTe. Note the anomalies
around 18 T (filling factor ν ~ 3/2, where the expected Zeeman
splitting (shown in the inset) vanishes.

Figure 1.15: RXX and RXY in the vicinity of ν = 3/2 as a function
of magnetic field component perpendicular to the 2DEG plane
for different tilt angles. Resistance anomaly disappears for
bigger tilt angles, i.e., when  Zeeman energy increases.

Figure 1.16: Resistance anomaly around ν = 3/2 for different
temperatures.
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1.10. Collective character of spin
excitations in a system of Mn2+ spins
coupled to a two-dimensional electron
gas

Although the existence of a ferromagnetic phase in diluted
magnetic semiconductors (DMS) is experimentally well
established, the physical origin of this phenomenon is far
from being well understood. The RKKY approach, which
successfully explains the ferromagnetism observed in
magnetic metals, cannot easily be applied to the case of
magnetic semiconductors which are typically composed of a
dilute subsystem of localized magnetic spins and an even
more dilute gas of free carriers. On the other hand, the early
Zener model of ferromagnetism driven by the exchange
interaction between free carriers and localized magnetic
moments provides a rough estimate of the observed critical
ferromagnetic temperatures in DMS materials. The Zener
model nevertheless neglects important effects related to the
character of the ferromagnetic order in these systems,
possibly mediated by the itinerant nature of the free carriers
spins.

Here, we report on the investigations of spin excitations in a
model DMS structure, namely very diluted Mn2+ ions
coupled to an electron gas both of which are confined in a
CdMnTe quantum well structure. An overview of the
relevant spin excitations for the investigated system can be
obtained from Raman scattering spectra. The measured
energies of the excitations, which can be easily identified
with the spin-flip transitions for electrons and Mn2+ ions are
shown in Figure 1.17. The solid and dashed lines calculated
within the mean field approach well describe the measured
excitation energies except in the region around ~ 5 T where
ES

e ~ ES
Mn (Figure 1.17). A clear indication of the avoided

crossing of electron and Mn2+ spin excitation is our key

experimental observation. This can be also seen in our
resistively detected EPR experiments, when probing
the Mn2+ excitations in the vicinity of the expected
(anti)crossing of the involved spin excitations. In this case
the measured position of the EPR spectrum and its
temperature dependence deviates very much from the
behaviour expected for non-interacting excitations. On the
other hand, as shown in Figure 1.18, the effect of coupling
between mean-field spin excitations indeed explains our
experimental data.

The observed avoided crossing between spin excitations of
2D electrons and Mn2+ ions is in agreement with recent
theoretical predictions and is a signature of the collective
character of the spin excitations in n-type DMS materials.

Authors: 

F.J. Teran, M. Potemski, D.K. Maude, D. Plantier,
A.K. Hassan, 
A. Sachrajda (Institute for Microstructural Sciences,
NRC, Ottawa, Canada)
Z. Wilamowski, J. Jaroszynski, T. Wojtowicz, and
G. Karczewski (Institute of Physics, PAN, Warsaw,
Poland)  

Figure 1.17: Electronic (ES
Mn) and Mn2+ (ES

Mn) spin excitations
measured by Raman shift for the Cd0.998 Mn0.002Te quantum well
sample with ne ~ 1011 cm-2. The predictions of the conventional
mean field approach are shown with the solid and dashed lines.

Figure 1.18: The 230 GHz-EPR resonance positions (Bres(2K),
Bres(4.2K), measured for a Cd0.998 Mn0.002Te quantum well with
ne = 5.6x1011 cm-2 in the vicinity of the expected (anti)crossing of
the mean-field electronic and Mn2+ spin excitations, can be
understood in terms of coupling between these excitations.
B0 denotes the expected resonance position for noninteracting
spin subsystems.
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1.11. Optically detected magnetic
resonance in CdMnTe quantum wells

The existence of two separate but interacting spin
subsystems - free electrons and localised Mn ions - makes
the Diluted Magnetic Semiconductor (DMS) CdMnTe an
extremely interesting material. The interactions between the
spins of free carriers and magnetic Mn ions have been
studied in the bulk material and more recently also in
quantum confined systems, by means of photoluminescence,
Raman scattering and transport measurements [e.g. 1]. The
strong interactions between the two spin subsystems are
known to give rise to the giant Zeeman splitting of both the
conduction and valence bands. The direct study of Mn2+

spins in such systems by classical ESR methods is not
possible due to the small total number of spins. 

We report the first results of the optical detection of the spin
resonance of Mn2+ ions in 10 nm wide CdMnTe quantum
wells with CdMgTe barriers, modulation doped with I in
the barriers. They were grown by MBE on a semi-insulating
GaAs substrate. The concentration of Mn in the well
was of the order of 0.5%. The electron concentration was 
3 - 5 x 1011 cm-2. Two types of samples were investigated,
represented by A and B. Sample A had a homogeneous
distribution of Mn ions in the quantum well, while sample B
was δ-doped with Mn, with the same concentration averaged
over the well. A specially constructed tunable ESR
spectrometer with a frequency tunable cylindrical cavity was
used to irradiate the sample with microwaves at energies
between 40 and 60 GHz, while a Gunn diode and a
carcinotron were used for cavity-less experiments in energies
up to 120 GHz. An optical fibre was used to both excite and
collect the photoluminescence (PL). The PL spectra were
recorded while the sample was irradiated with microwaves at
a fixed frequency and the magnetic field was slowly swept
through the resonance.

Due to the Giant Zeeman effect caused by the magnetic ions,
the spin splitting of electrons and holes depends strongly on
the state of polarisation of the Mn2+ ions. When these are
resonantly depolarised, a blueshift of the PL is observed
(Figure 1.19). A plot of resonant fields vs. Energy
(Figure 1.20) yields an effective g-factor of 2, as expected
for Mn2+. Furthermore, several structures are visible
superimposed on the main resonance. These structures,
evenly spaced in magnetic field, are consistent with 6
hyperfine transitions, due to interactions between the Mn
nuclei and the Mn d5 electrons. Moreover, sample B displays
two sets of such resonances, which may be interpreted as a
zero field splitting – the fine interactions caused by the
crystal field surrounding the atoms. Due to the δ-doping in
sample B, the local concentration of Mn atoms is much
greater and they may have an axial symmetry component.
This zero field splitting is absent in sample A.
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Figure 1.19: ODMR signal (profile of PL spectrum) as a
function of the magnetic field for sample A (left) and B (right).
Note the six hyperfine transitions discernible on the left side, and
the two sets of hyperfine transitions clearly visible on the right.

Figure 1.20: Positions of resonances for sample A as a function
of magnetic field. A straight line fit to the points yields an
effective g-factor of 2.00, as expected for Mn2+.
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1.12. Conduction electrons bound to
magneto-acceptors and magneto-donors
in GaAs/GaAlAs quantum wells

We have studied [1] intraband magneto-optical experiments
in the far infrared (FIR) region in the range 0-13 T
on modulation-doped GaAs/GaAlAs quantum wells,
intentionally δ-doped in the well either by Be acceptors or by
Si donors. In addition to the cyclotron resonance (CR) peak
the impurity transitions on both sides of the CR energy -hωc

are observed in both cases (see Figure 1.21 for acceptors).
The results are interpreted in terms of discrete states of
conduction electrons bound to either acceptors or donors in
the presence of a magnetic field. In the case of an ionized
acceptor a conduction electron is repelled by the impurity but
it cannot run away because of the joint effect of quantum
well and magnetic field [2]; as a result, discrete energy levels
appear above the Landau levels (LL). These impurity
transition energies are successfully described with the use of
single magneto-donor or single magneto-acceptor states. The
magneto-acceptor states of conduction electrons were first
detected by Vicente et al. [3] in interband photoluminescence.
The present observation firmly establishes the existence of
these new states in semiconductor heterostructures. In donor
doped samples we observed a richer spectrum of impurity
transitions than those observed previously. In acceptor doped
samples we observed, in addition to CR and the magneto-
acceptor transitions, two disorder modes, as opposed to one
disorder mode observed until now (cf. [4,5] and see
Figure 1.21 and 1.22).This disorder mode was observed in
samples δ-doped with acceptors for filling factor ν < 2, when
in our samples both disorder modes were observed for filling
factor ν < 4.
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Figure 1.21: Experimental spectra of the transmission at 1.8 K and at a constant
increment (0.5 T) between 5 T and 13 T. The inset shows an infrared transmission
spectrum for a Be doped sample at a magnetic field of 11.5 T (filling factor
ν = 1.63). In addition to the cyclotron resonance (CR) and the disorder mode
(DM) one observes three peaks related to ionized acceptors (indicated by the
arrows). 

Figure 1.22: Energies of FIR transitions involving magneto-
acceptor states and the Landau levels n, as counted from the
cyclotron resonance energy -hωc. The different lines represent
calculated transition energies. Full symbols correspond to
acceptor related transitions and empty symbols correspond to
disorder modes. The inset shows the resistivity components ρ

XX
and ρ

XY
.
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1.13. The plateau-insulator quantum-
phase transition in the quantum Hall
regime

One of the long-standing issues in the field of 2DEGs is the
nature of the transitions between adjacent quantum Hall
plateaus. By measuring the resistivity tensor of low mobility
In0.53Ga0.47As/InP heterostructures, it was demonstrated [1]
that the integer quantum Hall steps become infinitely sharp
as T → 0, indicating that the plateau-plateau transitions
present a sequence of quantum phase transitions. We here
focus on the lowest Landau level, where the transition is now
from the ν = 1 plateau to the insulating phase (PI transition).
We choose our samples from structures, where scattering is
dominated by short-range random potential fluctuations, as
this produces an experimentally accessible wide range in T
for scaling.

Magnetotransport experiments were performed on a
Ga0.47In0.53As/Al0.48In0.52As quantum well (sample #1) with
mobility µ = 12000 cm2/Vs and electron density
n = 1.6x1011 cm-2 and an In0.2Ga0.8As/GaAs quantum well
(sample #2) with n = 2.2x1011 cm-2 and µ = 17000 cm2/Vs.
Experiments were carried out at dilution refrigerator
temperatures down to 0.08 K in magnet station M6.
Magnetotransport data were taken in the Hall bar geometry.
The longitudinal resistance Rxx, the Hall resistance Rxy and
current (I = 0.2 nA) were measured simultaneously by the ac
lock-in technique (f = 1 Hz).

Near the PI transition Rxx grows exponentially with field.
Data for sample #2 at selected temperatures are shown in
Figure 1.23, where the longitudinal resistivity, ρxx, is plotted
on a log scale versus filling factor ν. The data for Rxx
follow an exponential law Rxx(ν,T) ∝ exp(-∆ν/ν0(T)), where
∆ν = ν-νc (νc is the critical filling factor at the PI transition).
The critical field Bc = 15.6 T (νc = 0.57) is determined by the
crossing point in the resistance curves. At Bc the critical
resistivity ρ c

xx ≈ h/e2. The slopes of the Rxx curves yield ν0.
Values for ν0 versus T are plotted in the insert of Figure 1.23.
The data follow the algebraic dependence ν0 ∝ T κ with a
critical exponent κ = 0.57±0.02 (solid line). Deviations from
the solid line at the lowest temperatures are due to Joule
heating of the two-dimensional electron gas. For sample #1,
very similar results were obtained with Bc = 10.7 T
(νc = 0.60) and κ = 0.45±0.02.

The ν0 ∝ T κ dependence is a strong indication that our
samples are in the quantum Hall scaling regime. However,
conclusive evidence cannot be extracted from the present
data sets, because the resistance data suffered of a
considerable phase change in Rxx and Rxy near the PI
transition. This is due to the combination of high resistance
values (~ 0.5 MΩ) at the PI transition and the
capacitive/inductive coupling of the wires in the dilution
unit. As a criterion for proper Rxx data, we limited the out-of-
phase signal to ~10% of the in-phase signal. A prerequisite
for genuine scaling is a quantized Hall resistance in the
insulating state [2,3]. However, due to the phase change our
Rxy data are not of sufficient quality to settle this issue.
Currently, the dilution fridge is being modified to resolve the
phase change problem and new experiments are planned next
semester. 

The value κ = 0.57±0.02 obtained for sample #2 is identical
to the κ-value measured on a In0.53Ga0.47As/InP
heterostructure (µ = 16000 cm2/Vs, n = 2.2x1011 cm-2) [2,3].
For this sample Bc = 17.2 T (νc = 0.50) and Rxy = h/e2

remains quantized in the insulating phase (after averaging
over both field directions). By employing the fundamental
symmetries of the quantum transport system [3], we were
able to disentangle the universal critical aspects of the
magnetoresistance data and the sample dependent aspects.
Moreover, the Rxy data allowed us to determine corrections
to scaling. It is of paramount importance to apply the same
methodology for our quantum wells. 
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Figure 1.23: Longitudinal resistivity of a Ga0.2In0.8As/GaAs
quantum well (µ = 17000 cm2/Vs and n = 2.2x1011 cm-2)
plotted versus filling factor ν at selected temperatures in the
range 0.08-1 K. The plateau-insulator  transition takes place
at νc = 0.57 (Bc = 15.6 T), as indicated by the crossing point.
The critical resistivity ρ c

xx ≈ h/e2. The data follow the
behaviour ρxx(ν,T) ∝ exp(-∆ν/ν0(T)). The inset shows ν0(T)
in a double logarithmic plot. Scaling is observed with a
critical exponent κ = 0.57±0.02.
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1.14. Observation of the excited
magneto-polaron states in a quantum
well

We have studied magneto-oscillations of the tunnelling
current through a quantum well (QW) incorporating InAs
self-assembled quantum dots in magnetic fields up to 28 T
applied normal to the QW plane. We find evidence for the
strong modification of the Landau levels in the host GaAs
quantum well in the presence of dots embedded in the centre
of the well, which we attribute to resonant interaction
between GaAs LO phonons and high index Landau levels,
i.e. magneto-polaron effects.

The band diagram of the structure with and without voltage
bias is shown in Figure 1.24. With the application of a
sufficient bias to the structure, an accumulation layer is
formed adjacent to the barrier, which serves as two-
dimensional emitter. In a magnetic field B, applied normal to
the barriers, electrons tunnel into empty Landau level states
in the well. If all tunnelling electrons have the same energy,
which happens if only the lowest Landau level is occupied in
the two-dimensional emitter, the tunnelling spectra measured
at different biases provide a direct mapping of the density of
states in the quantum well.

Careful analysis of the experimental data at each Vbias

allowed us to identify all peaks in a magnetotunnelling
spectrum. Three different techniques have been used to do
this: identification of peak position in 1/B vs. LL number,
Fourier analysis, and more sophisticated wavelet analysis.
Fan diagram summarises peak positions versus magnetic
field (Figure 1.25).

The analysis makes it possible to relate different levels
anticrossing with magnetopolarons in the quantum well, that
is mixing of different Landau levels by optical phonons.
Next magnetopolarons states have been identified:
Anticrossing indicated by the largest black circle in the

Figure 1.25 is due to the mixing of Landau levels N = 3 and
N = 2 by means of optical phonon (ELL3 – ELL2 = -hωLO).
Middle size black circle are for pares N = 5 and N = 3 (right)
and N = 4 and N = 3 (left), i.e. ELL5 – ELL3 = 2 -hωC = -hωLO

and ELL4 – ELL2 = 2 -hωC = -hωLO.
The smallest black circle are for pares N = 7 and N = 4 (right)
and N = 6 and N = 3 (left), i.e. ELL7 – ELL4 = 3 -hwC = -hωLO

and ELL6 – ELL3 = 3 -hωC = -hωLO.
It can be seen in Figure 1.25 also that strong interaction
between levels take place in magnetic fields B1

*, B2
*, B3

* . In
these fields n -hωC = -hωLO (1), where n = 1, 2, 3.
We obtain cyclotron mass mC = 0.85 m*

GaAs.  This decrease
of the cyclotron mass most likely is due to the fluctuation
potential -hω0. Then effective cyclotron frequency is given by
(ωC

*)2 = (ωC)2 + 4(ω0)2 similar to the increase of the ωC
*

found previously at low electron concentration in Si
MOSFET structures [1].
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Figure 1.24: :  a) The band diagram of the structure without
voltage bias.  The triangles represent quantum dots, E0

QD –
the energy level of the dots.  E0

QW is the energy level of the
ground state in the QW. Dashed line shows the Fermi
energy in the structure. b) Diagram of the layers sequence
in double barrier heterostructure. The horizontal scale is
the same as in the upper figure. c) The band diagram of the
structure under voltage bias Vbias = 200 mV.  E0

AL – energy
level of the ground state in the accumulation layer.

Figure 1.25: Fan diagram summarizes peak positions versus
magnetic field.  The solid circles indicate the position of the
peaks due to phonon assisted tunnelling and the open circles
indicated the peaks of direct tunnelling from the ground
Landau level NE = 0 in the emitter into Landau level of
higher indexes in the quantum well. Large open circles
indicate regions of anticrossing. Anticrossing of different
states have been observed in magnetic fields B1

*, B2
* and B3

*.
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1.15. Intraband magneto-optics of InAs
quantum wells

Heterostructures based on InAs/GaSb system attract strong
interest because of their unusual electronic properties owing
to the broken-gap band alignment at the InAs/GaSb
interface. 

We report far-infrared (FIR) magneto-optical experiments on
InAs/AlSb/GaSb structures at magnetic fields (B) up to 28 T
using a rapid-scan Fourier-transform spectrometer. We
discuss the appearance of the additional peaks in terms of
Coulomb interaction between the electron and hole 2D
layers.

Two InAs/GaSb samples were grown by molecular-beam
epitaxy (MBE) under the same growth conditions. Sample 1
consists of a single 19 nm InAs quantum well surrounded by
two GaSb layers which are separated by AlSb barriers of
3 nm from the quantum well (see the inset of Figure 1.26).
Sample 2 also consists of a single 19 nm InAs quantum well
but has only one GaSb layer which is separated by an AlSb
barrier of 3 nm from the quantum well (see the inset of
Figure 1.27). The electron densities ns were estimated from
CR peak areas that gives 12.7 x 1011 cm-2 for sample 1 and
9.3 x 1011 cm-2 for sample 2.

We measured CR spectra at fixed perpendicular magnetic
fields in steps of 0.2 T and found that the CR line structures
are considerably richer for sample 1 than for sample 2. In
Figure 1.26 and Figure 1.27 we show the CR peak position
versus magnetic field for both samples. The CR spectra in
sample 2 consist of the two CR lines observed at all magnetic
fields. A similar CR line splitting was seen in InAs single
quantum well structures earlier and was attributed either to
the energy-dependent g-factor (in the vicinity of even ν) or
to energy-dependent effective mass (in the vicinity of odd ν).
The CR spectra for sample 1 have much more complex
behaviour. It can be seen that in addition to the main peak
originating from electron CR, several distinct features are
visible both at lower and at higher energies. These additional
features shift almost linearly with B, as shown in
Figure 1.26. 

A qualitative impression why the two samples show different
properties can be obtained by considering the relevant band
edges of the corresponding samples as shown in the insets.
Even under equilibrium conditions the band profile of the
structures is asymmetric due to the built-in electric field.
This results in a significant buildup of holes only in the left
GaSb layer. We conclude that multiple line CR spectra are
most likely to arise because of the presence of this positive
charge layer in sample 1.

We can exclude hybridization effects as the origin of the
features because AlSb barriers with a thickness larger than
2 nm effectively suppress the tunneling between the layers.
We assume that the observed extra peaks are attributed to
Coulomb interaction between the electron and the hole
layers.
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Figure 1.26: : a) Summary plot of the measured transition
energies for sample 1; inset: the schematic energy band edge
alignment diagram for sample 1.

Figure 1.27: Summary plot of the measured transition
energies for sample 2; inset: the schematic energy band edge
alignment diagram for sample 2.
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1.16. Non-linear hole transport through
a submicron-size channel

The energy-momentum, ε(k), dispersion curves of a two-
dimensional hole gas (2DHG) are highly non-parabolic due
to the admixing of the heavy- and light-hole subbands by the
spin-orbit interaction [1]. In particular, the lowest energy
subband (HH1) has a region of peak velocity (inflection
point, labelled α – see Figure 1.28b), phenomenologically
similar to that found for Bloch electrons in superlattices. At
energies above α the HH1 subband has negative hole
effective mass. It has been proposed that this property can be
exploited to develop a new class of high frequency (THz)
generators and detectors, in which ballistic holes are
accelerated by an electric field to their peak velocity in a sub-
micron high-field device [2]. Here we present a realisation of
such a ballistic diode in which hot holes are accelerated
through a short and narrow constriction of size ~ 0.3 x 0.3 µm2.
We use a GaAs/(AlGa)As structure with a 15 nm wide
quantum well (QW) grown on a (311)A substrate. At T = 4.2 K,
the 2DHG has a mobility µ = 50 m2/Vs in the [233] direction
and a hole concentration p = 2x1015 m-2.

The low temperature current-voltage I(V) curve of the device
is highly non-ohmic (see Figure 1.28a). The differential
conductance plot, G(V), reveals clearly the narrow low bias
region of high conductance and a number of additional
features, indicated by arrows. We attribute feature a to holes
reaching the inflection point α in the ε(k) curve.

Figure 1.28a also exhibits a region of negative differential
conductance (NDC), labelled b. The NDC is associated with
hole scattering between HH1 and the minimum of the first
light-hole (LH1) subband (see Figure 1.28b), an effect
analogous to inter-valley scattering in Gunn diodes.

We have gained further insight into the role of the inflection
point at α on the I(V) by calculating the effect of changing the
QW width, LQW, on the dispersion of the HH1 subband. As
shown in Figure 1.28c, the k-value at the inflection point α, km,
varies approximately as 1/LQW. This result can be understood
qualitatively in terms of the anti-crossing of the two lowest-
energy subbands as a result of the spin-orbit interaction. We
have mimicked the effect of decreasing the well width in a
given sample by applying a magnetic field, B, in the plane of
the QW. The application of high in-plane magnetic field up to
22 T acts to narrow significantly the effective width of the
quantum well due to the magneto-confinement effect (see
Figure 1.29b). This pushes the inflection point to higher values
of k, an effect which is clearly observed in the B-dependence of
the G(V) curves (see Figure 1.29a and 1.29c), which show that
with increasing B larger biases are required to reach feature a.
Note that the measured B-dependence of a differs substantially
from that of b, thus indicating that the two features have a
different physical origin. 
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Figure 1.28: a) I(V) and G(V) plots at T=1.2 K. a and b label
the features described in the text. Inset: Scanning electron
microscope image of the constriction region of the device.
b) Energy dispersion curves calculated for a 15 nm wide
GaAs/(AlGa)As QW. c) k-value of the inflection point α , km ,
as a function of the well width, LQW .

Figure 1.29: a) B dependence of G(V) at T=4.2 K. B varies in
2 T steps from 0 to 22 T. For clarity, the G(V) plots are offset
along the vertical axis. b) Sketch of the geometry of the
magneto-transport experiment. c) B-dependence of the
voltage position Va of feature a. The line is a fit to the data by
a parabolic model of the magneto-confinement.
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1.17. The flow diagram for the integer
quantum Hall effect

Following the quite successful field theoretical treatment of
the localization problem in zero magnetic field, a similar
approach has been proposed to describe the localization
occuring in the Landau level tails of a two dimensional
electron system in high magnetic fields, that leads to the
quantum Hall effect. As in a magnetic field both dissipative
(Gxx) and Hall (Gxy) conductance are affected by localization,
there are two scaling parameters βxx and βxy (compared to
one in the case of zero magnetic field) to describe their
evolution as a function of sample size or temperature.

The two scaling parameters are up to now only known for the
limiting case of Gxx >> Gxy for quantum interference effects
in a disordered system. Phenomenologically, the basic
properties of the coupled evolution of Gxx and Gxy are clear
for the quantum Hall effect, and have been illustrated in the
so called flow diagram for the quantum Hall effect by
D.E. Khmelnitzii. Features of this flow diagram, which is a
plot of Gxx versus Gxy, are stable fixed points at (Gxy,Gxx) = (i,0)
(i is an integer and all conductances are given in units of
e2/h) corresponding to the quantum Hall plateaus, and
unstable fixed points at (i+1/2,1/2), that correspond to the
transition point between two plateaus at half filled Landau
level. All high temperature points with i-1/2 < G0

xy < i+1/2
for decreasing Gxx are attracted by the corresponding stable
fixed points at (i,0), wheras points with G0

xy = i+1/2 flow to
the unstable fixed point at (i+1/2,1/2) (G0

xy stands for the
high-temperature Hall conductance). One more remarkable
feature of the flow diagram is the semi-circle relation

Gxx
2 + [Gxy-(i+1/2)]2 = 1/4

that gives the line along which the flow takes place at the
lowest temperatures.

Recent progress in the field of the two-parameter scaling
theory [1], using a set of symmetry relations valid for plateau
transitions in the quantum Hall effect, has allowed to
calculate the flow lines of the flow diagram from a set of
implicit equations. Although there are still no beta functions
known for the regime of strong localization, this theory
allowed, for the first time, to make quantitative predictions
for the evolution of Gxx and Gxy in the quantum Hall effect
regime.
Detailed experimental verifcation of [1] has not yet been
done. Furthermore, there is no agreement in the scientific
community as to the universality of the theoretical results,
and there are a lot of experiments, which are in disagreement
even with basic features of the flow diagram (most notably
the value of Gxx = 1/2 at the unstable fixed point).

Over the recent years we have investigated the integer
quantum Hall effect in a new type of quantum well system,
which consists of a strongly doped layer of GaAs, which is
sandwiched between undoped layers, giving a strongly
disordered electron system with mobilities around
2000 cm2/Vs. We have done an extensive investigation of the

evolution  of  the magneto-transport data with temperature
from 1 K down to 50 mK for a set of samples with thickness
d = 27, 30, 34 and 40 nm [2]. The results of this
investigation, together with flow lines calculated from [[11]] are
given in Figure 1.30.

To our knowledge, this is the first experimental test of [1]
and furthermore one of the rare cases, where good agreement
with the predictions of two parameter localization theory has
been found in a GaAs system with predominant long range
scattering.
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Figure 1.30: Flow diagram for the quantum Hall effect with
flow-lines calculated from theory and magneto-conductance
data (per spin) measured at fixed magnetic field as a function
of temperature. Data were taken on samples with d = 27 nm
(filled symbols, for B = 1.7 - 6 T), d = 30 nm (open symbols
for B = 1.62 - 6 T), d = 34 nm (half right filled symbols, for
B = 0.85 - 5.84 T) and d = 40 nm (half bottom filled symbols,
for B = 3.27 - 6 T).
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1.18. Coherent transport in an ensemble
of connected quasi-ballistic rings

Ensembles of connected rings are standard objects to study
coherent-averaging effects. In these structures, both h/e
Aharonov-Bohm (AB) oscillations and h/2e Altshuler-Aronov-
Spivak (AAS) oscillations are present but the behaviour of
these two phenomena differs significantly. Indeed, the phase at
zero field of the h/e oscillations is determined by the
microscopic local configuration of each cell and is not
correlated to other regions of the sample. So, h/e oscillations
average to zero. On the other hand, AAS oscillations deal with
time reversal trajectories and the phase at zero field is fixed,
maximum or minimum depending on spin orbit scattering. For
this reason, h/2e oscillations will not average to zero.

We have studied the magneto-transport properties of
ensembles of 1200 connected quasi-ballistic rings.
Figure 1.31b shows an AFM view of this structure, realised
by electron-beam lithography and dry plasma etching on the
basis of a 2D electron gas in a GaAs quantum well with
AlAs/GaAs superlattice barriers. 

Figure 1.31a shows a comparison of the magnetoresistance
curves at 400 mK, of a single ring and of the ensemble of
rings. If the magnetoresistance of the single ring exhibits
large amplitude h/e oscillations, it is clear that these
harmonics are almost suppressed in the ensemble of rings.
From the magnetoresistance curves measured at different
temperatures, we have deduced the temperature dependence
of the h/e and h/2e oscillations amplitude. These results are
shown in Figure 1.31c. 
Two mechanisms affect the temperature dependence of the
h/ne oscillations, in mesoscopic rings [1]: firstly, the phase
breaking with the following damping: h/ne (amplitude) 
∝ e-n(L/Lφ(T)), where Lφ is the electronic phase coherence
length. In this case the h/2e oscillations will obviously have
a bigger damping rate than the h/e oscillations. The second
important mechanism of phase breaking is thermal averaging
due to the temperature broadening of the energy levels. h/ne
oscillations, with n even, are not affected by thermal
averaging as they deal with time reversal path with a zero
geometrical phase difference.

In our experiments, it can be seen that h/e and h/2e
oscillations for the ensemble have the same temperature
dependence, similar to the h/e dependence in the single ring.
This is a quite surprising result, which means that the two
mechanisms which govern the h/e dependence, phase
breaking and temperature broadening, compensate with the
only one which affects h/2e oscillations: phase breaking with
a bigger damping rate. From the temperature dependence of
amplitude of AAS oscillation we have found the following
dependence of the phase-coherence length : Lφ~T-1, close to
what has been reported for single quasi-one-dimensional
ring [1]. By comparison of the AB oscillations amplitudes for
ensemble and single ring, it has been shown that the
amplitude of the Aharonov-Bohm oscillations in the
ensemble of quasi-ballistic-rings does not decrease as N -0.5

when N rings are connected in ensemble, as has been

observed previously for ensemble of diffusive rings [2].
From the theoretical side, a model for the quasi-ballistic case
is needed for a direct comparison with our experiment. 
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Figure 1.31: a) Longitudinal resistance of the ensemble of
rings (top curve) and the single ring (bottom). 
b) AFM top view of the ensemble of rings.
c) Temperature dependence of the Fourier Amplitude of the
h/e oscillations (single ring), h/e and h/2e oscillations
(ensemble of rings).
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1.19. Transport properties of small rings
with narrow electronic channels in high
magnetic fields

Up to now, coherent transport in semiconductor
nanostructures had not been studied at magnetic field higher
than 15 T [1]. This limit is fixed by the field at which
electronic channels separate each other, and so, is related to
the effective width of the electronic channels We. In
semiconductor systems, this parameter is not mainly limited
by the resolution of the lithography and of the technological
process, but by the presence of depletion regions. In order to
reduce the size of these regions, a high electronic density is
required but on the other hand, a large momentum related
mean free path material is needed in order to observe large
scale coherent effects. These two requirements are
contradictory in conventional AlGaAs/GaAs heterojunctions:
to reconcile them, we have fabricated small size ring
interferometers based on a high mobility and high density
material - a GaAs quantum well which barriers are formed
by short-period AlAs/GaAs supperlattices [1]. 
These rings, which AFM view can be seen in the insert of
Figure 1.32a, have been realized by electron beam
lithography and dry plasma etching. Their effective
geometric radius determined from the period of the 
h/e-oscillations was reff  ~ 0.13 µm. 

By changing the bias voltage applied to the top gate, it is
possible to change the size of the depletion regions
surrounding the etched areas, and thus, to control the width
of the conducting channels of the ring. As follows from
Figure 1.32a, the gate voltage dependence of the ring
longitudinal resistance reveals two different transport
regimes: closed ring and open ring. At large negative bias,
for Vg < -0.15 V, the size of the depletion regions is
maximum and the resistance increases with increasing
magnetic field, because of an increase of the backscattering
from the two narrowest constrictions and a decrease of the
tunneling through the ring. 

For Vg > -0.15 V and at large positive bias, the width of the
conducting channels is maximum and the longitudinal
resistance of the ring decreases with increasing field. In this
open regime shown in Figure 1.32b, current is carried
dissipationless by edge states circulating through the ring,
and the value of the resistance is fixed by the number of
electronic channels, in the 2D parts and in the ring. Large
amplitude (15% at T = 1.5 K) Aharonov-Bohm oscillations
are observed at intermediate magnetic field [1], then they are
suppressed above 20T, field at which clear quantization of
the  conductance can be seen : thus the effective width of the
ring is about We < 10 nm ~ 2(2πhc/eB)0.5 at B = 20 T. 

In an intermediate situation between the open and the closed
regimes, we have observed at B > 17 T doubled-frequency
Aharonov-Bohm effects. These h/(2e)-oscillations coexisted
with h/e-oscillations and there is a good agreement with the
models proposed in [2].
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Figure 1.32: a) Gate voltage dependence of the resistance
R23 for magnetic fields B = 10 T, 15 T, 20 T and 25 T at
T = 1.5 K and AFM top view of the ring (insert).
b) Magnetic field dependence of R23 in the  situation of an
“open” ring (1) and magnetoresistance R37 (2) at T = 1.5 K.
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1.20. Semiconductor quantum dots in
high magnetic fields

Semiconductor quantum dots are a class of novel
semiconductor materials engineered on a nano-scale to
produce tailored electronic and optical properties. Still, the
relationship between their growth and structural parameters
and their electronic properties is not fully established yet.
One of the necessary ingredients to obtain such an
understanding is the application of magnetic fields high
enough to modify the orbital motion of electrons in quantum
dots.
We have studied a series of self assembled InAs/GaAs
quantum dot structures in high field magneto-luminescence
experiments. Both single- and double-layer quantum dot
structures have been investigated. 
Here, we illustrate our results with an example of the data
obtained for a single layer structure. This sample, which has
been achieved by a post-growth annealing treatment, shows
a relatively small inter-level spacing and relatively small
broadening effects. A fingerprint of the 3D confinement
obtained in this structure is a characteristic evolution of
luminescence spectra measured as a function of the
excitation intensity (see Figure 1.33). The luminescence
peaks, appearing one after another when increasing the
excitation, are assigned to the subsequent, discrete energy
levels characteristic for a zero-dimensional system. 

As schematically shown in Figure 1.33, a tempted
description of the electronic levels in our structure is based
on a simple model of a two-dimensional electron gas
(laterally) confined in a parabolic potential, with a well
known solution: En,m = -hω0(n + 1), where ω0 stands for the

strength of the lateral potential, n = 0, 1, 2, …, and m = −n,
−n + 2, …, n. (By analogy to an electronic structure of
atoms, the n = 0, 1 , 2 ,… energy levels in a dot are often
referred to as the s, p, d, .. electronic shells). When the
magnetic field is applied (in the direction perpendicular to
the original 2D plane), these levels split according to the
Fock-Darwin diagram:

En,m = -h(ω0
2 + 1/4ωC

2)1/2 (n + 1) −1/2 m -hωC,

forming eventually the 2D Landau level fanchart:

En,m = ((n − m)/2 + 1/2) -hωC, at high magnetic fields.

Formulated long time ago, the Fock-Darwin problem has
served for long time as a purely text-book example of one of
the rare analytical solution of Shrödinger equation. As shown
in Figure 1.34, this solution can be at the present time
visualized in simple magneto-luminescence experiments.
This is possible due to a great progress in the nanostructures
technology which nowadays allows obtaining large area
quantum dot structures of extremely high size-uniformity.

The Fock-Darwin scheme, which implies the one-particle
approximation, seems to be sufficient to roughly reproduce
our experimental data. However a more detailed analysis,
which includes the effects of electron-electron interactions,
is necessary to explain all details of the observed, after all
multi-particle (multi-exciton) emission spectra.
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Figure 1.33: The state-filling spectroscopy for the InAs/GaAs
quantum dots. WL denotes emission from the wetting layer,
which is a thin InAs layer accompanying the dots.

Figure 1.34: Greyscale image of magneto-luminescence of
self assembled InAs/GaAs quantum dot structure. The Fock-
Darwin energy diagram is shown with solid lines. 
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1.21. Chaotic electron dynamics in
antidot lattice subjected to strong 
in-plane magnetic field

The Fermi contour of a two-dimensional electron gas 2DEG,
which is isotropic, can be distorted by effect of an in-plane
magnetic field [1]. It has been shown that the asymmetry of
the confinement potential of the 2DEG, combined with the
tilted magnetic field, lead to the egg-like Fermi contour due
to an increase of the electron effective mass. In the quasi-
classical picture the electrons move along real space
trajectories with orbit shapes which are similar to the shape
of the Fermi contour, therefore, it could be expected that the
chaotic dynamics of 2D electrons in antidot lattice under
tilted magnetic field will be modified, regular trajectories
will transform in chaotic and vice versa and these effects
may affect the commensurability oscillations.
In this work, we have studied, through computational
simulations and experimental measurements, the chaotic
electron dynamics in arrays of antidots patterned in
GaAs/AlxGa1-xAs heterostructures containing the 2DEG,
when subjected to increasing in-plane magnetic field. Four
antidot samples, with different periods, were fabricated from
a high-mobility GaAs/AlGaAs heterojunctions grown over
(001) semi-insulating GaAs substrates. After growing, a
50 µm wide Hall bar was patterned for each sample by
means of conventional techniques, then, a rectangular array
(100x50 µm), of circular-shaped artificial scatterers was
superimposed over the PMMA layer of each bar through
high energy electron-beam lithography. The antidot lattice
period a was chosen to be 0.5, 1.0, 1.5 and 2.0 µm for each
sample. The antidot pattern, was transferred across the
GaAs/AlGaAs interface by plasma etching. The physical
diameter of the antidots d is approximately 0.1 µm. In order
to develop our experiment we first performed resistivity ρxx
measurements, for each of the four samples, with the
magnetic field vector B applied perpendicularly to the plane
of the 2DEG. Then, for each case, we begin to rotate the
sample, in steps, in order to increase the parallel component
of the magnetic field along the surface of the sample.
Figure 1.35: a and b show the magnetoresistance ρxx
measurements, for the samples with periods a = 1.0 µm, and
a = 0.5 µm taken at the temperature of 1.5 K, after a brief
illumination. For comparative reasons, we have normalized
each magnetoresistance curve first, with respect to the
perpendicular component of the magnetic field BsinΘ, and
second in relation to the resistivity in zero field. We observed
a strong broadening and also a shift of the main
commensurability peak, for all samples, when the in-plane
component of the magnetic field is steadily increased. These
effects are more pronounced for samples with larger periods.
Besides the effect of broadening and shifting of the peaks we
observed, only for the sample with the shortest period, the
arising of a new commensurability peak which is located at
an exact position corresponding to the commensurability
condition Rc = a. From the analysis of the Poicaré surface of
the sections and the comparison between experimental and
calculated magneto-resistance we attribute all these
phenomena to the Fermi contour distortion induced by the
high in-plane magnetic field.
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Figure 1.35: Normalized experimental magneto-resistance
(ρxx /ρxx0) data taken at the temperature of 1.5 K, for antidot
lattice in 2DEG, as a function of the perpendicular
component of the magnetic field BsinΘ: a) for the sample
with a = 1.0 µm ; b) for a = 0.5 µm. 
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1.22. Conductivity corrections in
strongly correlated and disordered
electron systems

The nature of the ground state of strongly correlated and
disordered systems still remain to be the subject of active
interest and discussions, motivated by the observation of an
anomalous temperature dependence of the conductivity in
high mobility (100) Si MOSFET [1].  In this system, the
conductivity grows of several orders with decreasing
temperature under the conditions of Ef >> kT and a
practically total absence of phonon scattering. However, the
conductivity is expected to decrease with decreasing
tempereature, becoming zero at T = 0 in accordance with
predictions for systems of non-interacting particules. 

Motivated by this controversy, we have studied a 2D system
with large disorder and a large dimensionless  radius rs ,
(equal to the ratio of the Coulomb and the Fermi energy) :
a two dimensional electron gas in Si MOSFET near the (111)
surface, an highly disordered systems where the Coulomb
interaction and localization are equally important.

Figure 1.36a shows the temperature dependence of the
longitudinal resistivity in the range 1.5 - 4 K. From the
crossover point at Nsc = 3.8×1011 cm-2, one may naively
conclude that a metal insulator transition MIT very similar to
that reported in various 2D systems, occurs. However,
Figure 1.36b shows the same temperature dependence in the
range 60 mK - 1.1 K : one can see that for all the electron
densities, the resistivity decreases with temperature. 
Therefore the crossover point shown in Figure 1.36a mimics
the MIT and the temperature dependence of the resistivity
demonstrates a non-monotonic behaviour.

The scattering processes contributing to the temperature
dependence of the resistivity have been recently reexamined
[2]. It has been shown that the Altshuler correction to the
conductivity at low temperatures and the correction due to
screening effects are a result of the same physical process:
coherent scattering by Friedel oscillations.

From the comparison of our experiments with this theory, we
have derived the Fermi liquid constant which characterizes
the interaction strength. We have found a good agreement for
F0

o ≈ - 0.25. This value, coherent with the large parameter rs ,
means that the system is close to the ferromagnetic Stoner
instability.  
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Figure 1.36: a) Resistivity ρ versus electron density Ns in the
high temperature region.
b) the same dependence in the low temperature range :
60 mK - 1.1 K. 
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1.23. Infrared magneto-spectroscopy of
an electron-hole liquid in type-II
broken-gap heterostructures

It was recently predicted [1] that a 2D-semimetal channel is
formed at the type II hetero-interface p-Ga1-xInxAsySb1-y/p-InAs
due to the localisation of spatially separated electrons and
holes in self-consistent quantum wells at the heteroboundary.
The existence of the semimetal channel at the heterointerface
was confirmed by investigations of cyclotron resonance
(CR) absorption [2]. The electron effective mass was found
to vary depending on the depth of the 2D-electron channel.
The depth of the 2D-electron channel can be changed by the
band bending at the Ga1-xInxAsySb1-y/p-InAs heterointerface
due to the variation of the common Fermi level of the
heterostructure. The doping level of contacting materials
determines the position of the Fermi level. During the current
work report the contribution of the electron channel at the
type II hetero-interface was considered. 

Type II broken-gap p-Ga1-xInxAsySb1-y/p-InAs and staggered
n-Ga0.17In0.83As0.82Sb0.18/p-InAs single heterostructures
were studied. The composition range of the quaternary solid
solution 0.04 < x < 0.22 and y = x + 0.06 was used for the
broken-gap heterostructure. Unintentionally doped epitaxial
layers were employed for all structures under study. The
thickness of the epilayers did not exceed 1 µm and an
average bulk carrier concentration as high as 1x1016 cm-3

was achieved. The calculation of the energy band design of
the heterostructures showed that an electron channel at the
type II heterointerface can be realised on the p-InAs side of
the heteroboundary for both cases. The CR absorption in the
low and high-energy range associated with the electron
subband was observed. One electron subband with an
effective mass of 0.027 m0 for the broken-gap sample and
0.031 m0 for the staggered sample was found at low magnetic
fields, while the slope of high-energy CR position
dependence on high magnetic field (B > 12 T) was computed
as 0.037 m0 and 0.053 m0, respectively. The value of
effective mass in the low-energy region for a type II
GaSb/InAs/GaSb-like hetero-system is larger than for the
case of bulk InAs (0.024 m0). This is determined by the non-
parabolicity of the conduction band. 

The high energy branch with a slope of 0.037 m0 and 0.053 m0
can be ascribed to e-e CR transitions with InAs optical
phonon involved. The InSb-like type of the hetero-interface
for broken-gap samples was established from CR spectra
study at low magnetic fields. Three slopes of CR position
dependence with effective masses of 0.027 m0, 0.040 m0 and
0.047 m0 were found for the broken-gap sample based on an
n-Ga0.96In0.04As0.10Sb0.90 epilayer doped with Te (the
narrowest quantum well for electrons). The third curve was
observed starting from 10 T [3]. When extrapolated back to
zero field the CR transitions have negative offsets of the
order of 5 meV that can correspond to the electron-hole
minigap due to their strong coupling at the hetero-interface.
No evidence of the electron-hole coupling at the type II
broken-gap single hetero-interface was observed.
Investigations of the influence of illumination on CR

absorption in the electron channel shows that using pumping
light with photon energy exceeding the energy gap of both
alloys can lead to freezing of generated carriers into the bulk
of the contacting materials. 
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Figure 1.37: Typical transmittance spectra for the type II
broken-gap n-InGa0.17AsSb0.18/p-InAs single heterostructure
at various magnetic fields. 



Annual Report 2002
31

1.24. Magneto-resistance in epitaxially
grown MnAs films on GaAs(001)

Hybrid structures consisting of ferromagnetic metal layers
on semiconductor surfaces  have recently attracted much
attention due to their potential applications in spintronics.
One important effort is to realize spin injection from metals
into semiconductors with the additional degree of freedom of
manipulating spins in the semiconductor. The room-
temperature ferromagnet MnAs can be epitaxially grown on
GaAs and exhibits excellent structural and magnetic
properties [1,2]. The magneto-transport in ferromagnetic thin
films reflects both, the structural peculiarities and the carrier
properties which is of critical importance in order to utilize
hybrid structures. 

As an example we show in  the Figure 1.38 the low
temperature magneto-resistance of a 180 nm thick MnAs
film  with the magnetic field oriented in the film plane along
the hard axis of magnetization. The magneto-resistance
shows huge asymmetry for current directions along and
perpendicular to the direction of magnetization. The origin of
a conductance asymmetry in a ferromagnetic material is
related to different scattering of  majority and minority
carriers and with the  mixing of the carriers by spin orbit
interaction. For our layers with a magnetoresistance of
more than 400 %, however, this interpretation becomes
problematic. In fact, we have to consider additional orbital
effects, which may increase the scattering  at the surface or
interface of the films for a current direction which is
perpendicular to the magnetic moment.

The resistance anisotropy in ferromagnetic films as the
origin for the planar Hall effect represent a powerful tool for
investigation of the film magnetization and its anisotropy in
films with different epitaxial orientations [3].

The Hall effect in high quality MnAs films with a
perpendicular orientation of the magnetic field yield
information about the character of the carriers at the Fermi
surface. The low-temperature carrier transport is predominantly
hole-like at zero magnetic field in A-oriented MnAs films,
with the c-axis oriented in the plane, which undergoes a
transition to mixed hole- and electron-like conductivity at
high magnetic fields. MnAs films in an orientation  with an
out of plane oriented c-axis show a mixed carrier
conductivity already at zero magnetic fields. Surprisingly we
found remarkably oscillations in the magnetoresistance by
tilting the magnetic field by about 20-28° towards the easy
axis of magnetization, see Figure 1.39. 

The oscillations are strongly periodic with the inverse
magnetic field and can be identified as Shubnikov de Haas
oscillations. At the moment the origin of these oscillations is
not fully clear yet, however, they reflect the peculiarities of
momentum orbits at the Fermi surface. In particular, the
oscillations indicate the existence of extreme orbits in the
momentum space, with an orientation very close to the
extraordinary crystallographic (1-104) plane. 
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Figure 1.38: Magnetoresistance of a 180 nm thick MnAs film
on GaAs(001) at a temperature of 1.5K for two different
directions of the current. The magnetic field is oriented in
plane along the hard axis of magnetization, which is the
MnAs [0001] direction.

Figure 1.39: Differential magnetoresistances of a 180 nm
thick  MnAs film on GaAs(001) at a temperature of 1.5 K.
The current is along the easy axis of magnetization, which is
the MnAs [11-20] direction. The out of plane  magnetic field
is oriented with an angle Φ off the normal of the film toward
the current direction.



Grenoble High Magnetic Field Laboratory 
32

SEMICONDUCTORS

1.25. Magnetic order in GaMnAs layers

MBE grown Ga1-xMnxAs layers were investigated by means of
magnetic resonance techniques. Our results show, that two
different phases of the carrier spins can occur. We observe very
different spectra for insulating and for metallic Ga1-xMnxAs
samples. 
In metallic samples a ferrimagnetic phase is evidenced.
Localized spins of Mn2+ ions as well as the angular momenta
of the conducting holes are ordered. The long range magnetic
order is well evidenced by the occurrence of the spin wave
resonance. The resonance with g-factor substantially
different from 2, is characterized by a large magnetic
anisotropy. It indicates that the total magnetization is a sum
of two coupled contributing moments, of Mn spins
characterized by a g-factor equal to 2 and of hole spins with
much smaller g-factor and large magnetic anisotropy
(Figure 1.40).

In the ferromagnetic phase the holes are paramagnetic so
their precession is not coherent. The observed resonance is
characterized by a g-factor very close to 2 and by very weak
magnetic anisotropy, typical for Mn spins.
The transition from ferromagnetic to ferrimagnetic phase
coincides with the Mott-Hubbard insulator to metal
transition which occurs at Mn concentration x = 0.03. When
the resonance is measured at a low magnetic field the phase

separation is well defined. The two types of resonances are
never simultaneously observed. 
The measurements performed at higher frequencies, i.e., also
at higher magnetic fields, show, however, that the
ferromagnetic phase changes to the ferrimagnetic one. The
dependence of the g-factor on the magnetic field is shown in
Figure 1.41. The samples with concentration x > 0.04 show
ferrimagnetic properties within the whole range of magnetic
field investigated. The increase of the g-factor reflects the
increase of the magnetization of the Mn subsystem observed
in strong magnetic fields. But the sample x = 0.03 shows a
ferromagnetic resonance at low magnetic field only. At high
frequency a ferrimagnetic resonance is observed. We suggest
that this change of magnetic phase is caused by the field-
induced insulator-to-metal transition. 

Authors: 

M. Potemski, M. Byszewski 
J. Sadowski (Oersted Laboratory, Copenhagen
University, Denmark)
O. Fedorych, Z. Wilamowski (Institute of Physics PAS,
Warsaw, Poland)

Figure 1.40: The upper panel shows the trace of (a)
ferrimagnetic and ferromagnetic resonance. In the lower
panel the square of the number of the spin wave resonance is
plotted as a function of the resonance field.

Figure 1.41: The dependence of the g-factor on the applied
magnetic field for two samples of Ga1-xMnxAs (circles for
x = 0.03 and squares for x = 0.04). The solid circle
corresponds to ferromagnetic, and the open symbols stand
for the ferrimagnetic phase.
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1.26. Magnetotransport of a quasi-
three-dimensional electron gas in the
lowest Landau level

The Hartree-Fock approximation predicts several electronic
phases for three-dimensional electron gas (3DEG) in a strong
magnetic field in the extreme quantum limit due to the
electron-electron interaction effects [1]. It has been shown,
that a homogeneous 3DEG should be transformed into a two-
dimensional hexagonal lattice of charged rods parallel to the
magnetic field with the diameter 2lH, where lH is the
magnetic length (Kaplan-Glasser phase) [2]. Each charged
rod behaves as a one-dimensional electron gas with a
variation of the charge described by the wave vector Qy = 2kF
along each rod, where kF is the Fermi vector of the electrons.
It has been predicted, that the ground state changes from
uniform density states to a charge density state with wave
vector parallel to the field, to a uniform-density state, and
then to a Wigner crystal in the holes, when magnetic field
increases. Many body effects in low density three-
dimensional electron gas in the presence of a strong
magnetic field have not yet been identified unambiguously. 

The best candidate for the study of three-dimensional (3D)
many-body effects in a strong magnetic field is a remotely
doped wide parabolic quantum well, because it allows to
form a wide (~1000 A) layer of dilute, high mobility carriers
with a uniform density. The energy spectrum of the electrons
in a wide parabolic quantum well in the presence of a strong
in-plane magnetic field is expected to be identical to the
energy spectrum of a pure 3D systems, since lH in typical
magnetic field B ~ 10 T is much smaller than the width of the
well. In this work we report magneto-transport measurements
in AlGaAs parabolic quantum wells with different widths
(1000 - 4000 Å) in the presence of the in-plane magnetic
field BII. Also our samples have a higher mobility, than the
previously studied in [3]. We have observed bump in the
magneto-resistance at low temperature T = 50 mK, when in-
plane field was oriented along direction perpendicular to the
current in the quantum limit at B1/3 = 3B1 when B1
corresponds to the depopulation of the n = 1 Landau level.
The new feature (n = 1/3) in the magneto-resistance shifts to
the higher field remaining at the position B1/3 = 3B1. 

There is no satisfactory explanation for the observed
magneto-resistance feature near B1/3 = 3B1. It can not be a
spin-splitting effect because of a small value of the g-factor
and inconsistency with the conventional spin-split
oscillations behaviour. Since the samples have high electron
mobility we can suggest, in analogy with a 2D fractional
quantum Hall effect, a formation of the correlated electronic
state. In 2D systems the fractional states corresponding to the
Landau filling factor ν = ns2πlH

2 = q/p, where p and q
are integer numbers (p is odd), have minimum energy. For
non-interacting systems the last 3D Landau level has the
filling factor ν = 2n+πlH

2/kF = 1 (neglecting spin), and kF
decreases with B. For an interacting system the ν = 1 state is
not necessarily the minimum energy state, because of the
competition between the kinetic and Coulomb energy [1,2].
One may speculate, that ν = 1/3 and kF (B1/3) = kF (0) state has

a minimum energy and represents a some kind of a charge
density wave. Our observation is, possibly, the first
indication that correlation phenomena in 3D systems in
strong magnetic field are quite similar to those in the lowest
2D Landau level. 
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Figure 1.42: (Top) Sketch of the experimental geometry for the
measurements of the  transverse Rxx and longitudinal Ryy

magnetoresistance. Rxx (1) and Ryy (2) as a function of in-plane
magnetic field  for a parabolic well with geometrical width
W = 4000 Å, ns = 3.5×1011 cm-2, T = 50 mK.



Grenoble High Magnetic Field Laboratory 
34

SEMICONDUCTORS

1.27. Hot electron spectroscopy
of charged impurity and phonon
scattering processes in GaAs at high
magnetic fields

A hot electron transistor (three terminal device) [1-2], is used
to study the dependence of elastic (charged impurity) and
inelastic (electron-LO phonon) scattering processes, in
GaAs, on magnetic fields up to B = 27.5 T.
Figure 1.43 shows the calculated conduction band structure
of a three terminal device. Ballistic electrons are injected into
the GaAs-drift region in the presence of a magnetic field
applied parallel to the current direction. A triple barrier
resonant tunneling diode with a narrow energy window
(1 meV) centered at 100 meV acts as an analyzer which
probes the electron distribution. The static transfer
ratio = Ic /Ie then directly reflects the probability of an
electron to be transmitted through the analyzer. In the
presence of the magnetic field, the emitter states and the
analyzer states are quantized into Landau levels of energies
En = hωc(n+1/2) and Em = hωc(m+1/2). At injection energies
where the Landau levels of the injector are aligned with the
Landau levels of the analyzer (n = m) we get resonant
magneto-tunneling of ballistic electrons through the analyzer.
Due to scattering processes in the GaAs drift region, the
n = m conservation rule for resonant magneto-tunneling is
lifted and inter-Landau-level-transitions of hot electrons are

enabled. Figure 1.44 shows measured transfer ratios of the
analyzer (triple barrier RTD) at B = 0 T and 10 T. The first
peak represents the normal energy distribution of the hot
electrons which have not been scattered by LO phonons. The
shape of the distribution is slightly asymmetric with its
maximum at the high-energy side. The shape of the low-
energy tail is mainly influenced by charged impurity
scattering in the highly doped base contact layer. At zero
magnetic field the FWHM of the distribution is determined
to be 24.7 meV. The following peaks in the transfer ratio are
due to electrons which are scattered by LO phonons while
traversing the drift region. The transfer ratio measured at
10 T shows additional phonon satellites, shifted by hωC,

which are due to inter-Landau-level-transitions (n ≠ m).
Figure 1.44 also shows that the amplitudes of the phonon
peaks change with magnetic field.

In Figure 1.45 the dependence of the FWHM of the normal
energy distribution of the first peak is shown as a function of
the magnetic field. The observed decrease of the FWHM is
mainly attributed to the width of the low-energy tail of the
distribution. Since this tail is shaped by charged impurity
scattering this is a direct demonstration of the dependence of
the charged impurity scattering on magnetic fields. 
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Figure 1.43: Conduction band structure of a hot electron
transistor (three terminal device) in growth direction.

Fig. 1.44: Measured transfer ratios of the analyzer versus
emitter voltage at two different magnetic fields (B = 0 T, 10 T).

Figure 1.45: Measured FWHM of the normal energy
distribution of the hot electron beam (shown in Figure 1.44) as
a function of the magnetic field.
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1.28. Resonant interaction of
LO phonons with excited donor states
in GaN

Freestanding GaN, grown by hydride vapor-phase epitaxy
(HVPE) on sapphire, and then separated from the substrate
using laser lift-off technique, shows excellent electrical and
optical properties. The high quality of this material allows
for detailed studies of the impurity states in GaN. 

The photoluminescence spectrum of this material is
dominated by recombination of excitons bound to neutral
donors (D0X). In addition to the principal, D0X,
recombination channel, in which donor is left in its ground
state, two electron satellites (TES) involving different
excited donor states are observed. Detailed magnetooptical
studies of TES in freestanding GaN allowed us to identify
transitions due to oxygen and silicon donors, which are
dominant donor centers in such samples [1]. Another
characteristic transition observed in the spectral range of
interest is the LO phonon replica of the principal D0X
emission. Applying a magnetic field, TES can be tuned over
the energy of the LO phonon replica. In this way, the
resonant interaction between internal donor excitations and
LO phonons can be studied. 

The magnetic field evolution of representative luminescence
spectra is shown in Figure 1.46. In Figure 1.47, the
observed intra-donor transition energies are plotted as a
function of the applied magnetic field. A comparison of the
observed transition energies with the theory for a hydrogen
atom in a magnetic field, allows us to assign these lines as
due to different excitations of the donor centre. The
transitions involving excited donor states with n = 2 (2s, 2p0,
2p-1, 2p+1) as well as those implying several higher (n > 2)
excited states are identified. Intensities of the subsequent
TES show a characteristic field dependence. They firstly
decrease with the magnetic field, almost disappear from the
spectra in the vicinity of  the E2- and TO phonon replica of
D0X. , but remarkably gain in intensity when approaching
the phonon replica of the D0X. This behaviour is an
indication of the resonant interaction between LO phonons
and electronic (internal) donor excitations. Another
manifestation of this interaction is the “anticrossing”, clearly
observed for the transitions involving donor states with n > 5.

To describe this effect we have used a simple model of two
interacting levels:
where Ed(B) is the energy of the unperturbed internal donor
excitation, ELO denotes the LO phonon energy, and ∆ is the
interaction parameter. The results of calculations, shown in
Figure 1.47. have been obtained assuming ELO = 91.3 meV
and ∆ = 13 meV (10 meV), for the 6h+4 (7i+5) states. These
results give qualitative information about the magnitude of
the resonant interaction of LO phonons with impurity-bound
electrons in GaN. A better understanding of the observed
effects requires more experimental as well as theoretical
work.
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Figure 1.46: PL spectra of freestanding GaN for diffrent
magnetic fields, in the spectral range where two-electron
and phonon replicas of the D0X transition are observed.

Figure 1.47: The energies of highly excited states of oxygen
donor with respect to the 1s ground state, extracted from
magneto-PL measurements,  for B//c configuration (points)
in comparison with theoretical calculations (lines).
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1.29. Fine structure of effective mass
acceptors in Gallium Nitride

The precise control of doping, which is essential for
appropriate device design, continues to stimulate the basic
studies of impurity centres in semiconductors. There is
renewed interest in wide gap compounds of which Gallium
Nitride (GaN) is a relevant example. This material has
already been implemented in operating devices, and many
new applications are foreseen. As in other semiconductors,
donor centres in GaN are relatively well understood (within
the celebrated effective mass approximation) while the
physics of acceptor states is far from being clear. The low
symmetry of the wurtzite crystal lattice of GaN implies a
characteristic anisotropy of the valence band states. A
magnetic field applied along the wurtzite c-axis is expected
to split the ground Γ9 valence band doublet, while no
splitting should occur if B⊥c. This characteristic anisotropy
of the valence band is confirmed in studies of free excitons,
however, surprisingly enough the valence band holes
localized on acceptor states show very weak anisotropy
when, for example, studied in EPR experiments.

We clarify the controversy concerning the symmetry of
acceptor states in Gallium Nitride by studying the angle-
resolved magneto-luminescence of excitons bound to neutral
acceptors in samples with low doping concentrations. The
application of magnetic fields along different directions with
respect to the crystal c-axis allowed us to determine the
symmetry of the acceptor state, via the detailed analysis of its
Zeeman splitting pattern (see Figure 1.48). 

In our samples, the symmetry of the acceptor state was found
to reflect the symmetry of subsequent valence sub-bands, as
expected for a conventional effective mass centre. However,
the hole bound to the shallow acceptor in GaN was found to
suffer a large reduction of the spin orbit interaction
parameter as compared to the value expected for the valence
band states. Similar effects are observed in other
semiconductors and are still awaiting a firm theoretical
explanation. It has also been shown that the expected
valence-band symmetry of acceptors in wurtzite
semiconductors might be broken by small axial
perturbations, which probably explains the surprising
observations of nearly isotropic acceptors in these
compounds.
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Figure 1.48: Energies of the Zeeman components of the
ground and first excited state doublets of the neutral acceptor
in GaN as a function of the magnetic field, for different
orientations of magnetic field with respect to the c-axis of the
sample, as deduced from magneto-luminescence
measurements of excitons bound to neutral acceptors.
Solid lines : results of calculations.
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2.1. Spin superstructure in the 
"1/8 magnetization plateau" of the 2D
quantum antiferromagnet SrCu2(BO3)2

The competition between itinerant behaviour favoured by
kinetic energy and localization favoured by repulsive
interactions is a fundamental aspect of many-body quantum
systems, of which the Mott (metal-insulator) transition is a
well-known example. Similar phenomena occur in spin
systems with singlet ground states. Here the density of
propagating triplet excitations, the magnetization, can be
tuned by a magnetic field. When this density is
commensurate with the underlying crystal lattice, the
triplets may crystallize into a superlattice. Then the
magnetization will show a plateau as observed in some
quantum spin systems.

Here we report on the direct observation of such a
superlattice [1] by nuclear magnetic resonance (NMR)
experiments in SrCu2(BO3)2 [2], a quasi-two-dimensional
spin system which is an archetype of the highly symmetrical
and frustrated Shastry-Sutherland Hamiltonian [3]. Despite
considerable theoretical efforts to describe magnetization
plateaus appearing in this system, the situation is still not
clear. This is particularly true as regards to the first plateau at
1/8 of the full saturation value; numerical solutions [4] are
limited by the finite-size effects, while the analytical
approach based on the mean-field approximation for the
Chern-Simons gauge field reports only plateaus at 1/4 and
1/3 [5]. None of these results describes a formation of the
commensurate superlattice of spin polarisation, although this
is intuitively the most simple physical picture.

As the 1/8 magnetization plateau in SrCu2(BO3)2 appears in
the magnetic field range (27-28.5 T) inaccessible to other
structural techniques, we tried to reveal its nature by
performing a 65,63Cu and 11B NMR study. In principle,
NMR spectra can directly detect any spatial modulation of
magnetization (i.e., spin polarisation or local magnetic field
seen at the position of nuclei), and in favourable cases
allow its quantitative description. Indeed, NMR spectra
performed at 35 mK are strongly modified as we enter into
the magnetization plateau. While below 26.5 T copper
(inset to Figure 2.1) and boron NMR spectra are standard,
corresponding to a spatially homogeneous magnetization,
above 27 T they spread into a very extended and
complicated multi-peak structure (Figure 2.1). Here we
concentrated on the Cu spectra, for which the hyperfine
coupling is dominantly on-site and very strong, and allows
the direct determination of different local spin polarisation
values. The observed spectrum consisting of sharp NMR
lines is representative of a commensurate spin structure
with distinct and well defined local spin values. Fitting the
spectrum reveals at least 11 distinct sites (in a unit cell
containing 16 positions). This is not compatible with the
only 6 different sites expected from the most simple square
structure, which can produce at most 8 sites when the 3D
stacking of planes is taken into account. We thus conclude
that real unit cell is rhomboid, as it contains 8 different sites
in the plane and up to 16 by the 3D stacking.

Figure 2.1: Cu NMR spectra of SrCu2(BO3)2 at 35 mK
obtained by using a 20 MW resistive magnet at the GHMFL
with a dilution refrigerator [1]. Inset: The spectrum taken
outside the magnetization plateau (at H = 26 T) is
characteristic for a homogeneously polarized system. The line
is a fit with a Gaussian distribution of the hyperfine field Hn

peaked at –1.79 T. The peak positions shown by arrows
correspond to 3 quadrupole split NMR lines for each of the two
Cu isotopes. Main panel: Within the magnetization plateau (at
H = 27.6 T), instead of a standard spectrum as indicated by
arrows (for Hn = 0), NMR spectrum becomes very complex and
shows many non-equivalent sites. The line is a fit to the data by
the sum of (Lorentzian) contributions from 11 distinct sites, with
the corresponding hyperfine fields and intensities given in the
middle panel of Figure 2.2b. (Due to unavoidable local
variation of NMR sensitivity, the accuracy of the intensity is
estimated to be typically ±20%. Spurious signals at 126 MHz
and 375 MHz come from 10B and 11B nuclei.).

Figure 2.2: Comparison of the experimental and theoretical
results. (a) Magnetization profile by exact diagonalization of
the Shastry-Sutherland model for J’/J = 0.635 including
spin-phonon coupling for the 16 spins cluster with a
rhomboid cell. (b) Distribution of the hyperfine field <Hn>.
The middle panel indicates the result of fitting to the NMR
spectrum shown in Figure 2.1. The long (short) lines
indicate the 1/8 (1/16) population. The top panel is obtained
from the theoretical magnetization profile in (a) assuming
only on-site hyperfine coupling A = Ac = -23.8 T/µB, while
the bottom panel allows for nearest neighbour transferred
couplings B = -1.44 and C = -0.02  T/µB.
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2.2. Field induced spin density waves in
the quasi-1D organic conductors

Among the quasi-1D conductors, the Bechgaard salts
(TMTSF)2X (X = ClO4 , PF6) are those presenting the largest
variety of different ground states either in the pressure-
temperature (P-T) phase diagram or as a function of the
magnetic field (H). Their conductivity is strongly anisotropic
(σa >> σb >> σc), and their Fermi surface is open, consisting
of two parallel planes perpendicular to a and slightly warped
along the b* direction. Above a given pressure (P = 1 bar for
X = ClO4, P ≈ 7 kbar for X = PF6), these compounds become
superconductors below Tc ≈ 1 K. When a magnetic field 
H // c* is applied, they remain metallic down to T = 0 for 
Hc2 < H < Hc* , and for H ≥ Hc* ≈ 5 T, they exhibit a cascade
of phase transitions, each of the successive ground states
corresponding to a Field Induced Spin Density Wave
(FISDW). Within each of these sub-phases, the Hall effect is
quantized. This has been explained within the so-called
“standard theory” [1], and the mechanism can be sketched as
follows: because of the imperfect nesting of the two pieces of
the open Fermi surface in the (a*, b*) plane, pockets of residual
carriers are left in which the kinetic energy is quantized into
Landau levels (LL). Within a FISDW sub-phase, the nesting
vector continuously adjusts its value so that the Fermi level is
always maintained just in-between two adjacent LL, n and n+1,
until it jumps between the n and n-1 LL. 

In order to obtain microscopic information on the FISDW
phases (amplitude and T dependence of the order parameter,
dynamics of the excitations), we have performed a detailed
NMR study of the spectra and the spin-lattice relaxation rate
1/T1 of  77Se nuclei in a single crystal of (TMTTF)2PF6 at
P ≈ 10 kbar and for H varying in the range 8-17 T. In the
presence of an incommensurate (IC) SDW, all the Se sites
should become inequivalent, leading to a continuous
distribution of hyperfine couplings. For a plane-wave like
modulation, NMR spectra should show typical “double-
horned” lineshapes, with the amplitude of the distribution
depending linearly on the value of the order parameter
(amplitude of the staggered magnetization). 

At variance with standard SDW phases, two surprising
features were observed in (TMTTF)2PF6. First, using for the
NMR excitation strong radio frequency (rf) fields H1, one
obtains well below TFISDW the same signal as that observed
in the metallic phase (Figure 2.3a), without any loss of
intensity. There are two possibilities to explain this
observation: one is that H1 depins the FISDW and NMR
records spectra averaged by the motion of FISDW. Note that
threshold electric fields above which non-linear transport is
observed are known to be very weak in this compound.
Another possibility is that the sample is instantaneously
heated by H1. We have observed similar effects in
(TMTTF)2ClO4, and the comparison between the two
systems leads us to think that a depinning of the FISDW is
more likely. 

Secondly, within the FISDW condensate, H1 is strongly
enhanced (by 25 dB). Such an rf enhancement factor is only

In order to reproduce from theory the spin superstructure
observed by NMR, we have to modify the pure Shastry-
Sutherland Hamiltonian by explicitly breaking its
translation symmetry. We thus considered additional elastic
coupling, as in the description of the spin-Peierls chains.
The resulting model was solved by performing exact
diagonalization of 16 spins (8 dimers) cluster using the
Lanczos algorithm imposing periodic boundary conditions
appropriate to the rhomboid cell and a total magnetization
of 1/8. The obtained magnetization profile shown in Figure
2.2(a) has somewhat extended character with one strongly
polarized dimer surrounded by decaying oscillation of the
magnetization. It compares well to the NMR results
(Figure 2.2(b)), in particular if we allow for some
transferred hyperfine coupling. Similar structure has been
also observed around impurities in quantum spin chains and
2D high TC cuprates. It is analogous to the Friedel
oscillation near impurities in metals.

While NMR spectra gave precise information on the local
spin values, we do not really know what is stabilizing the
spin superstructure. From boron spectra we do know that
already at 1.5 K it no longer exists. Studying the
temperature dependence of the spectra will give insight into
the melting transition of the ordered structure. This in turn
may reveal the dominant mechanism that makes it stable,
completing the physical picture. Finally, we also expect to
learn a lot by performing comparative study of the 1/4
magnetization plateau. This will be allowed by the new
hybrid magnet providing access to the 40 T field range
(coupled to the dilution refrigerator temperatures).
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expected in ferromagnetic systems. It is hardly compatible
with the “standard theory”, which predicts that the staggered
magnetization lays mainly within the (a, b) plane, due to the
divergence of χ+-(2kF). 

Taking into account these unexpected features, we have been
able to study the 77Se NMR spectra in the condensed  phase.
As can be seen in Figure 2.3b, they strongly deviate from the
expected lineshape in presence of a mere sinusoidal
modulation of staggered magnetization. In particular, the
step observed on the left side of the spectrum is rather typical
of an extremum within a 2D distribution of the hyperfine
field, as observed in presence of a vortex lattice in
superconductors. This would require a modulation with two
different wavevectors. In the absence of a definite model to
explain the observed lineshape, it was not possible to make a
quantitative analysis of the amplitude of the modulation of
the spin polarization. However, the separation ∆K between
the sharp singularity observed in the lineshape and the mean
position of the normal state spectrum was taken as
representative of the amplitude of the FISDW. Its variation
as a function of H (at 1.4 K) is reported in Figure 2.4b. One
clearly observes a sharp discontinuity at each transition from
one sub-phase to the next one, which is the signature of a
first order transition. The corresponding phase boundaries
are shown in Figure 2.4a, together with the critical
temperature TFISDW for the transition towards metallic state.
We defined as a criterion for the NMR determination of
TFISDW the disappearance of the signal of the condensed
phase when increasing T from below, at fixed rf pulse
conditions.

From these results it is clear that the microscopic nature of
the FISDW phase seems to be much more complex
than expected from the “standard theory”. In particular, the
origin of the ferromagnetic component of the magnetization
has to be clarified. In a localized 1D antiferromagnetic spin
chain, the canting angle is expected to be of the order of H/J.
For a FISDW, J should be of the order of the Fermi energy,
thus this angle should be very small. Note that in the standard
theory, which has been remarkably successful in the
description of the macroscopic properties of FISDW, the
metallic state is described as a weakly correlated 2D Fermi
liquid. However, there are several indications that the
electrons in these systems are strongly correlated. Our
microscopic investigation of the FISDW state may help to
clarify this debate.
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Figure 2.3: Observed NMR lineshapes below TFISDW = 2.4 K
with two rf pulses of same duration and different
amplitude: a) H1 = 25 mT and b) H1 = 1.5 mT. The shift
reference (zero) is arbitrary and corresponds to the mean
position of the spectrum in the normal (metallic) phase.

Figure 2.4: a) Phase boundaries as determined from NMR
(see the text). b) Variation of the “order parameter” as a
function of the field. A discontinuity is clearly observed at
each transition from one sub-phase to the next one. 
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2.3. The electron transport in quasi-2D
metals in strong magnetic field

The magnetic quantum oscillations of conductivity in
strongly anisotropic quasi-2D compounds were investigated.
The quasi-2D magnetotranport shows substantial deviations
from the standard Lifshitz – Kosevich theory. The new
qualitative effects (e.g. slow oscillations of
magnetoresistance and the phase shift of beats) were
explained and studied in detail both theoretically and
experimentally [1],[2],[3]. Two different theoretical
approaches  (the Boltzmann transport equation [1],[2] and
the Feinmann diagram technique [3]) were applied to
describe the quasi-2D Shubnikov- de Haas effect. The
angular dependence of the frequency of slow oscillations
was measured on a sample of ß-(BEDT-TTF)2IBr2 [1] and
shown to be the same as the angular dependence of the beat
frequency or of the interlayer transfer integral (see
Figure 2.5). This fact gives a strong prove of the proposed
theoretical explanation. Another interesting feature of slow
oscillations is the weak temperature damping that is much
weaker than the temperature damping: they can be seen at
much higher temperature than the fast quantum oscillations
(Figure 2.5 of [1]). The Dingle temperatures of slow
oscillations substantially differs from that of fast oscillations,
and their comparison allows to determine the role of
macroscopic sample inhomogeneities in the electron

scattering (see Figure 2.6). The more accurate theory of
quasi-2D magnetotransport gives a quantitative description
of the effects and better agrees with experiment [3] (see
Figure 2.7). A theoretical question of the removal of the
degeneracy of the LLs in the extreme 2D case by point-like
impurities is studied in [4].

References and authors : 

[1] 126802 (2002) 
[2] P. Grigoriev, M. Kartsovnik et al., Phys. Rev. B 65,
60403 (R) (2002)
[3] P. Grigoriev, sent to Phys. Rev. B (cond-
mat/0204270) 
[4] A. Dyugaev, P. Grigoriev, Yu. Ovchinnikov, sent to
JETP (2002)

P. Grigoriev 
M. Kartsovnik, W. Biberacher (Walther-Meissner-
Institut, Garching, Germany)
A.M. Dyugaev, Yu.N. Ovchinnikov, L.D. Landau
(Institute for Theoretical Physics, Moscow)

Figure 2.5: Angular dependencies of the frequency of the slow
oscillations (a) and background resistance at B = 14T, T = 0.44K
(b). Lines are guides for the eye.

Figure 2.6: dHvA (left scale) and SdH (right scale) oscillations
in ß-(BEDT-TTF)2IBr2 at θ ≈ 14.8°. Insets: corresponding FFT
spectra.

Figure 2.7: A comparison of the results of different theoretical
models with the experimental data on the field dependence of the
phase shift of beats. The standard 3D theory gives ϕ = 0. The
dash line is the prediction of the Boltzmann transport equation
[2] while the solid line is the result of more accurate calculation
using the Kubo formula [3]. 
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2.4. Colossal field-induced softening of
the longitudinal acoustic mode in
Pr0,5Ca0,5MnO3

Manganese oxides with distorted perovskite structure have
attracted much attention during the last decade due to their
colossal magneto resistance, and the strong correlations
among the various degrees of freedom involved. In
particular, Pr1-xCaxMnO3 compounds present in a wide Ca-
doping range a charge ordering phenomenon, consisting of a
real space ordering of Mn3+ and Mn4+ in alternate lattice sites
below a certain temperature Tc0. This charge ordered phase is
antiferromagnetic in nature, and simultaneous to orbital
ordering. Tomioka et al. [1] have observed that an applied
magnetic field can melt this charge ordered state and induce
a transition from an insulating to metallic state. In order to
study the effects of this charge order melting, (this ordering
brings about a lattice distorsion and a large hardening of the
sound velocity [2] below Tc0) ultrasonic longitudinal sound
velocity measurements were performed on polycristalline
Pr1-xCaxMnO3 (x = 0.35 ; 0.5) as a function of magnetic field
and temperature. 

The d electrons of  Mn3+ present a configuration t2g
3eg

1 due
to the crystal field. When doping with lower valence Ca
cations, a proportion X of Mn3+ adopt a 4+ valence, wich
allows the eg electron in Mn3+ to migrate to unoccupied eg
levels in Mn4+ depending on the Mn-O-Mn angle, and the
relative orientation of t2g localised spins in the involved Mn
sites. In the mechanism of double exchange (DE) the transfer
of eg electrons is favoured when  neighbouring t2g spins are
aligned, thus introducing an effective ferromagnetic
interaction between the Mn associated to the mobility of the
charge. This charge, orbital, and magnetic ordering is
suppressed by applying a magnetic field. The transition to
the high field metallic state is accompanied by a important
softening. At low temperature the hysteresis effects are large,
indicating the first order nature of the transition.

The magnitude of the hardening when cooling at zero field
indicates that there must be an important lattice deformation
in the charge ordered phase, possibly due to a cooperative
Jahn-Teller effect on the localised Mn3+. The sound velocity
decreases sharply with magnetic field below the zero-field
Tc0, therefore the lattice strain associated to the charge order
must relax when electrons delocalize into the metallic state
due to the ferromagnetic alignement of t2g localised spins.
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Figure 2.8: Colossal field-induced softening of the longitudinal
acoustc mode in Pr0,5Ca0,5MnO3 obtained from sound velocity
measurements. 

Figure 2.9: Magnetic phase diagram of Pr0,5Ca0,5MnO3

obtained from sound velocity measurements. Circles represent
up-field and squares down-field Hc at the steplike softening. 
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2.5. Transport measurements in charge-
ordered (Nd,Sm)0.5Ca0.5MnO3 thin films

Numerous investigations on the manganites Ln1-xCaxMnO3
have been performed on bulk ceramics, showing that
the colossal magnetoresistance (CMR) in these materials
originates from a competition between metallic
ferromagnetism (FM) and charge ordered (CO) insulating
antiferromagnetism (AFM). The magnetotransport
properties of these compounds are sensitive to the sample
nature – i.e. single crystal, ceramic, thin film,… Thus, the
studies of manganite thin films and their properties are often
different from the bulk ceramics or single crystals. The great
potentiality of thin films for device applications makes that
their magnetotransport properties need to be investigated in
details. In this respect, our recent studies of Pr0.5Ca0.5MnO3
thin films have shown that the substrate-induced strains play
a key role in the appearance of CMR by decreasing the
stability of the (CO) state [1]. Keeping in mind the key effect
of the A-site cation size observed for bulk manganites, it is
of a great interest to extend previous studies to
Nd0.5Ca0.5MnO3 (NCMO) and Sm0.5Ca0.5MnO3 (SCMO)
thin films despite that unreasonably large magnetic field
(B > 20 T) were reported to melt the AFM charge ordered
state below 200 K in bulk samples. The aim of this work was
to investigate the magnetic field-induced phase transition of
the CO state NCMO and SCMO films (2000Å) grown on
(100)-SrTiO3 (STO) substrates. NCMO and SCMO are
respectively synthesized at 740°C and 650°C. This
deposition temperature corresponds to a film where the CO
state can not be destroyed/melted under the application of
field lower than 9 T and a high magnetic field is necessary.
Note that for NCMO, when the film is deposited at 680°C,
the critical magnetic field is lower than 9 T [2]. For SCMO,
no effect has been observed in the temperature range used.

The resistivity as a function of magnetic field exibits a huge
decrease on a logarithmic scale, showing a transition towards
the metallic phase for both composition (see Figure 2.10a
for NCMO). Similar behaviour is observed for SCMO thin
films. The critical magnetic field HC, defined as the
inflection point , presents a strong hysteresis as observed in
the bulk (indicating a first-order phase transition). However,
the values are very different from the bulk compound [3].
For example at 75 K, HC = 10 T for NCMO film grown at
740°C and HC = 13.5 T for SCMO grown at 650°C. In the
bulk, the critical magnetic field is respectively equal to 24 T
and 60 T for NCMO and SCMO.

From the resistivity measurements, we can deduce a phase
diagram for the films (Figure 2.10b). Two remarks should be
pointed out. First, as already mentioned, the destruction of
the CO state (i.e. a field-induced metallic state) is easier or
requires a lower field in case of a film than in the bulk.
Second, the shape of the H-T phase diagram is totally
different as compared to the bulk single crystal [3]. 

In conclusion, we have shown that the CO state can be
destroyed in various thin films inducing a metallic
behaviour. However, the critical magnetic field is much
lower as compared to the bulk compound indicating than the
substrate-induced strain plays an important role in the
stability of the CO state in these compounds.
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Figure 2.10a: Electrical resistivity as a function of the magnetic
field at different temperatures for NCMO/STO.

Figure 2.10b: Phase diagram in the H-T plane of NCMO and
SCMO films.
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2.6. Giant magneto-caloric effect in
pseudo binary Gd5(SixGe1-x)4 compounds

The magneto caloric effect (MCE) is the isothermal entropy
change or the adiabatic temperature change arising from the
application or removal of a magnetic field on a system with
magnetic degrees of freedom. A giant MCE has been recently
discovered in the Gd5(SixGe1-x)4 pseudo binary system with
x ≤ 0.5 [1], making these alloys potential candidates for
magnetic refrigeration in the range 20-290 K. Two
composition ranges are of interest:
(i) For 0.24 ≤ x ≤ 0.5, MCE is related to a first-order phase
transition from a high temperature paramagnetic (PM) to
low-temperature ferromagnetic (FM) state, at temperatures
ranging from 130 K (x = 0.24) to 276 K (x = 0.5). This
magnetic transition is associated with a first-order structural
transition from a monoclinic – PM- to an rhombohedral –
FM- symmetry. This structural transition can be induced
reversibly by the application of a magnetic field [2] .
(ii) For x ≤ 0.2, giant MCE is related to a first-order
antiferromagnetic (AFM) to low-temperature FM transition
at  TC, which ranges linearly from ~ 20 K (x = 0) to ~ 120 K
(x = 0.2). This magneto structural transition can also be
induced reversibly by the application of a magnetic field.
These alloys experience a further second-order PM-AFM
transition at TN ≈ 125 K [2].
There is a large controversy on the influence of the kinetics
of the first-order magnetic phase transition on both the MCE
and adiabatic temperature changes. Direct measurements of
the latter [3] show a smaller MCE than that calculated from
the magnetic entropy change, ∆SM(T,H), using the integrated
Maxwell relations ∆SM(T,∆H) = - ∫∆H [dM/dT]H·dH. Instead,
and due to the nature of the first-order transition, some
authors claim [6] that the entropy change must be calculated
from the Clausius-Clapeyron equation, ∆S(T) = - ∆Μ·(dΤ/dH),
where ∆Μ is the magnetisation jump at the transition (field-
induced metamagnetic transition) and dΤ/dH is the
temperature shift of the transition with the applied magnetic

field. Other authors claim that the Maxwell relations do also
apply to this case due to the ‘slow dynamics’ of the magnetic
transition [4]. We have analysed in detail the different
contributions to the entropy change in order to account for
these discrepancies. For this purpose, we have compared direct
measurements the entropy change associated with the first-
order transition with the indirect evaluations of this magnitude
obtained from magnetisation isotherms measured up to 23 T.  

We have measured the entropy change, ∆S, at the first-order
magnetoelastic phase transition in Gd5(SixGe1-x)4 alloys, for
x ≤ 0.5, using a high-sensitivity differential scanning
calorimeter (DSC) with built-in magnetic field, H. Scaling of
∆S is achieved by changing the transition temperature, Tt ,
with x and H, from 70 to 310 K. Both indirect values from
magnetisation (using the Clausius-Clapeyron equation) and
direct calorimetric values are plotted (Figure 2.11). Tt is
thus the relevant parameter in determining the giant
magnetocaloric effect in these alloys. Calorimetric
determination of ∆S is also in agreement with the indirect
calculation obtained from the magnetisation curves
measured up to 23 T, using both the Clausius-Clapeyron
equation and the Maxwell relation, provided the latter is
evaluated only within the first-order transition region
(Figure 2.12). A simple phenomenological model based on
the magnetisation curves accounts for these results [5].
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Figure 2.11: Scaling of the entropy change plotted as a
function of the transition temperature m’ different
Gd5(SixGe1-x)4 compounds.

Figure 2.12:  Entropy changed in Gd5Si1.8Ge2.2.
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2.7. Investigation of the magnetic
properties of Nd2Fe17 and Nd2Fe17Hx
(x = 3; 4.9)  in high magnetic field

During the last ten years the search for new permanent
magnet materials has turned toward compounds based on
rare earth element (R)-transition metal and light element i.e.
B, C or N. One of the most important properties of these new
interstitial materials is a strong raise of the Curie temperature
in comparison to that of the parent material. This increase
attains 200, 300 and 400°C after insertion of H, C and N
respectively in the R2Fe17 compounds. Besides the
technological applications, the R2Fe17Zx (Z = H, C, or N)
compounds are of first interest for the basal research since
the insertion of light element in the crystal cell induces
important modifications of the lattice volume, of the
exchange interactions, of the crystal field effects and of the
magneto-crystalline anisotropy…
A good example is given by the high-field magnetization
measurements of Nd2Fe17 and Nd2Fe17Hx (x = 3; 4.9)
compounds. The main aim of this study is to point out that
the magnetic properties are very sensitive to the hydrogen
content. Neutron diffraction studies have shown that  the
hydride retains the host alloy symmetry. The richest stable
deuteride (hydride: Nd2Fe17H4.9) corresponds to the
occupancy of two different interstitial sites; D1, which is
nearly octahedral uptakes 3H/f.u, and D2, a tetrahedral site,
which is not fully occupied  with 1.9H/f.u.[1]. 
High dc field magnetization measurements have been
performed up to 200 kOe on Nd2Fe17 and Nd2Fe17Hx (x = 3;
4.9) compounds  in the 4.2 K -300 K temperature. As no single
crystals were available, the three samples were first sieved
down to a particle size smaller than 40 microns. The powder
was embedded in a resin and then aligned, at room temperature,
under a magnetic field of about 10 kOe in order to get oriented
samples. For each compound, the isothermal magnetization
curves have been recorded for the field applied parallel and
perpendicular to the alignment direction respectively.
Isothermal magnetization curves M(H) obtained at different
4.2 K are reported in the Figure 2.13 for the alloy and the
parent hydrides. First, it is immediately noted that the
different materials exhibit a pronounced magnetic
anisotropy. One important result of this work is the
observation of a metamagnetic field induced transition when
H is perpendicular to the alignment direction, for the hydride
corresponding to x = 3. It is worth noting that this transition
is absent in Nd2Fe17H4.9. The transition field, HT , has been
defined as the field value corresponding to the maximum of
the differential magnetic susceptibility {dM/dH}T (inset of
Figure 2.14). The temperature variation of HT is given in
Figure 2.14. It is concluded that the field induced transition
remains present up to a temperature close to 300 K.
As demonstrated in our previously published works, the
determination of the anisotropy constants Kj can been
deduced by fitting the M(H) curves obtained when the high
magnetic field is perpendicular to the alignment direction
[2,3].  It results that the influence of the interstitial hydrogen
on the physical properties of Nd2Fe17 can be divided into two
parts: i) increase of the Curie temperature related to an
expansion of the volume cell as published by different

authors [1] ii) the anisotropy of the rare earth sublattice is
very sensitive to the hydrogen interstitial concentration.
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Figure 2.13: Magnetization curves of Nd2Fe17 , Nd2Fe17H3 and
Nd2Fe17H4.9 at 4.2 K for the external field perpendicular to the
alignment direction.

Figure 2.14: Thermal evolution of the metamagnetic transition
field in Nd2Fe17H3 (the external field is applied perpendicular to
the alignment direction). Insert: differential magnetic
susceptibility versus the external field at 60 K (applied field
perpendicular to the alignment direction).
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2.8. Magnetic properties of YFe2Dx
compounds

The RM2 Laves phase compounds (R= rare earth and
M = Mn, Fe, Co) have been widely studied for their magnetic
properties related to the interplay between a 4f localized
moment and a 3d itinerant moment. The hydrogen absorption
which leads to a volume expansion and a modification of the
electronic properties is a way to modify the magnetic
interactions in these compounds. Among these systems,
YFe2 , which can absorb up to 5 H or D/f.u., is particularly
interesting due to the large variety of crystal structures
related to deuterium absorption in interstitial tetrahedral sites
[1-2]. YFe2 is ferrimagnetic with a weak induced moment on
the Y site. Upon D absorption the Curie temperature
decreases. High magnetic field magnetization measurements
performed on YFe2Dx compounds at 4.2 K for x = 1.2, 1.75,
1.9, 2.5, 3.5 and 4.2 show that the saturation magnetization
increases with x up to 3.5 and decreases for further D content
(Figure 2.15). The value for YFe2D5 has been obtained for
magnetic field up to 5 T [2]. 

For YFe2D4.2, which is rhombohedral below 340 K
(a =5.743 Å, c = 13.242 Å), the magnetization measurements
reveals a transition from a ferromagnetic state to a
metamagnetic state around 80 K (Figure 2.16) [3]. This first
order transition is accompanied by an increase of 0.5 % in
volume and a change of the c/a ratio. In addition a magnetic
line appears and disappears in the neutron diffraction
patterns at d = 23.5 Å between 75 and 140 K with a
maximum at 90 K. This evolution can be explained by the
influence of D atoms on the density of state. The cell volume
increase leads to a better localization of the Fe moment
which first increases with x (x ≤ 3.5). For larger D content the
decrease of the Fe moment can be related either to a filling
of the conduction band by additional H electrons (N(EF)

decreases) or to a weakening of the Fe-Fe exchange coupling
between Fe atoms due to large H surrounding. For x = 4.2 the
hydride should be close to the limit of the onset of
ferromagnetic order: a ferromagnetic order is observed at
low T, but is very sensitive to external parameters such as the
temperature, applied magnetic field or even the isotopic
effect.
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Figure 2.15: Saturation magnetization versus x content.

Figure 2.16: Evolution of the high field magnetization curves of
YFe2D4.2.
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2.9. Magnetic order in NaNiO2

In the family of magnetic oxides special attention has been
paid to LiNiO2 . Its interest lies both in its application as a
positive material for lithium batteries and in its fundamental
properties (orbital and magnetic order), which gave rise to
multiple interpretations. The comparative study with the
isomorphic compound NaNiO2 is aimed at understanding
these fundamental properties. 

These compounds crystallise in a lamellar structure formed
by layers of  Ni3+ ions on a triangular lattice (Figure 2.17a).
The lithium ions are placed at the octahedral sites in between
these layers. In NaNiO2 , a cooperative Jahn-Teller effects is
observed below TJT ≈ 500 K while, very surprisingly, LiNiO2

does not show any cooperative Jahn-Teller deformation. One
of the major difficulties is that LiNiO2 is never
stoichiometric: its formula is [Li1-xNi2+

x][Ni3+
1-xNi2+

x]. We
have shown that ferromagnetic clusters form around each
Ni2+ ion in the Li plane and that it induces magnetic
frustration [1]. As x is reduced, the magnetic properties as
seen from magnetization and ESR measurements approach
those of NaNiO2. Since NaNiO2 can be synthesized with the
right stoichiometry, a complete description of its magnetic
order should help understand the peculiar properties of
LiNiO2. 

At low temperature, according to magnetization measurements,
NaNiO2 becomes antiferromagnetic (TN = 20 K). The mean
field analysis leads to a ferromagnetic interaction JF = +13 K
between Ni3+ in the same layer and an antiferromagnetic
interaction JAF = -1 K between adjacent layers (A type
antiferromagnet) in agreement with Goodenough, Kanamori
and Anderson rules [2]. 

However, the magnetic modes observed in Electron Spin
Resonance (Figure 2.17b) cannot be interpreted as simply as
in a A type uniaxial antiferromagnet: although the spin flop
field derived from these measurements agrees with the
magnetization measurements (1.8 T at 5 K), the frequency
dependence of the different modes cannot be explained
within the framework od a A type uniaxial antiferromagnet.
More over, at 5 K for instance,  we observe two additional
modes extrapolating to zero frequency around 9 T. This field
corresponds to the saturation of the magnetization. This
reveals the presence of a second order phase transition at this
particular field. The associated order parameter has the same
temperature dependence as the AF gap, in particular they
both disappear above TN = 20 K, which shows that they are
correlated.

It has to be noted also that no extra diffraction line associated
with an AF structure has been detected in neutron diffraction
measurements. All these results suggest a more complicated
magnetic order in NaNiO2 than previously thought. One
hypothesis could be the presence of an incommensurate
magnetic order which will become ferromagnetic and
commensurate with the application of a high magnetic field. 
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Figure 2.17: a) the layered structure of NaNiO2 . 
b) ESR magnetic modes of NaNiO2 at 5 K. Insert: typical ESR
spectrum.
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2.10. Interlayer magnetic frustration in
quasistoichiometric Li1-xNi1+xO2

The ground state of LiNiO2 is a subject of active debate. Its
ideal structure can be described as a packing of Li and NiO2
slabs built up of edge sharing NiO2 octahedra: magnetic Ni3+

and nonmagnetic Li hexagonal planes alternate along the
<111> direction, giving rise to a quasi-2D magnetic lattice.
Theoretical interest in this system comes from the interplay
between the twofold orbital degeneracy of the Ni3+ (t2g

6 eg
1)

ions, their eventual coupling to the S = 1/2 spins, the effect
of frustration in the triangular Ni lattice and the elusive
nature of the magnetic interactions. In spite of numerous
studies and significant progress on these subjects [1], the
puzzling absence of both orbital and magnetic ordering,
indeed clearly observed in NaNiO2 [2], remains a mystery. 

In order to elucidate these points, susceptibility, low and
high-field magnetization, and submillimeter-wave electron
spin resonance measurements on well-characterized diluted
homogeneous Li1-xNi1+xO2 samples (x = 0.004, 0.016, 0.060)
have been performed and compared to previous data [2] on
NaNiO2. 

The analysis of the low temperature-low field (< 1 mT)
susceptibility (with spin-glass like behaviour) allowed to say
that our x = 0.004 sample is the most diluted reported to date
[3]. We showed that the low-field curvature magnetization
vanishes when x → 0, approaching the linear behaviour of
NaNiO2, while the high field dependence of Li1-xNi1+xO2
confirms the presence of extra F interactions, even for
x = 0.004. Considering these results we have proposed the
frustration mechanism sketched in Figure 2.18. Assuming
that spins around a cluster turn progressively like a magnetic
wall to finally adopt the long range ordering of NaNiO2, an
estimation of the number of perturbed spins by each
additional Ni2+ ion can be made: ~ 60 spins per cluster [4].
Therefore, less than 1% excess Ni in the Li planes can induce
complete magnetic disorder in Li1-xNi1+xO2.

A complete ESR study of the x = 0.004 sample revealed
that while for low temperatures both systems show two
lines (which split progressively with further cooling and
can be correlated with the deviation from the Curie-Weiss
law observed below ~ 70 K), a third feature [2] is only
observed for NaNiO2. Even at temperatures half lower than
the temperature at which the Jahn-Teller (JT) effect takes
place for NaNiO2, and at the high frequencies (230-285 GHz)
necessary to clearly separate both g components in that
compound, only a single line has been observed for 
Li1-xNi1+xO2 [4].

We show that the overall results agree with recent theoretical
development concerning the decoupling of the orbital and
spin degrees of freedom, specific of these frustrated JT
systems, and the always ferro-magnetic (FM) sign of the
intralayer Ni-Ni interactions [5]. 

They also confirm the cluster model that we had proposed to
describe the dependence on concentration x of different

properties [6]. We can now conclude [4] that most probably
stoichiometric LiNiO2 does not exist and that these clusters
formed around the excess Ni2+ ions in the Li planes are
responsible for its peculiar behaviour. In fact, when the
intrinsic weak antiferromagnetic (AF) interaction between
adjacent Ni3+ layers, neglected in previous work, is taken
into account, the effective FM coupling induced by those
clusters frustrates the AF stacking of FM Ni planes,
hindering the long-range 3D magnetic ordering of NaNiO2
below 20 K [2]. Instead, the ESR results, together with old
EXAFS data showing the existence of elongated octahedra
(i.e. a local JT effect favoring the | d3z

2
-r

2 >  orbital) [7]
indicate a peculiar orbital occupation for Li1-xNi1+xO2 [4].
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Figure 2.18: Sketch of the magnetic frustration mechanism
proposed for quasistoichiometric  Li1-xNi1+xO2. The effective FM
interplane coupling, induced by extra Ni ions in the Li planes,
hides the macroscopic magnetic ordering of NaNiO2, which is
driven by the weak AF interplane interaction. [4]
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2.11. Magnetic properties of the
Li2[Ni(PO4)F], a new fluorophosphate
with rutile-like chains of NiO4F2
octahedra under high magnetic field up
to 33 Tesla

A new lithium nickel fluorophosphate Li2[Ni(PO4)F] has
been synthesized. It crystallizes in the orthorhombic system
with unit-cell parameters a = 10.473(3) Å, b = 6.2887(8) Å,
c = 10.846(1) Å and the space group Pnma (n° 62), Z = 8. Its
structure has been determined from single-crystal X-ray [1].
It is built of infinite chains of rutile type of NiO4F2 octahedra
running along the b direction further joined together by
isolated PO4 tetrahedra by sharing corners. This compound is
characterized by a rigorous O/F ordering.

The magnetic structure of Li2[Ni(PO4)F] has been
determined from neutron powder diffraction at 1.5 K. This
fluorophosphate exhibits a 3D antiferromagnetic order below
TN = 25 ± 0.5 K. Both nuclear and magnetic cells are
identical. The collinear antiferromagnetic structure results of
ferromagnetic infinite chains of rutile type of NiO4F2
octahedra running along the [0 1 0] direction with an
antiferromagnetic ordering between the nearest chains. The
magnetic moment modulus of the Ni2+ ions has been found
to be equal to 2.04(3) µB at 1.5 K and the moments are
parallel to the a direction.

Magnetic measurements over the temperature range 4.2 - 300 K
were carried out on polycrystalline samples in continuous
magnetic fields. Magnetization was first measured by the
extraction method under magnetic fields up to 21 Tesla at
LCMI Grenoble. Subsequent measurement using the

vibrational sampling magnetometry at NHMFL Tallahassee
extended the maximum magnetic field to 33.3 Tesla.
(difference between the results given by the two set-up less
than 2%).

At 4.2 K, the isothermal magnetization curve M(H) presents
a very small curvature corresponding  to the a maximum of
the differential magnetic susceptibility at 5 T. Surprisingly,
above 8 T, M is becoming rigorously linear in field
dependence. However, even at 33 T, the magnetization,
which does not excess 1.2 Bohr magneton per mole unit,
remains far below the magnetic moment modulus of the Ni2+

ion given by the neutron diffraction interpretation. Very
accurate iso-field measurements reveals a noticeable
decrease of the Néel temperature in presence of the high field
(see inset Figure 2.19).

Above 25 K, M varies linearly with H. The Curie constant
was found to be in good agreement with the value calculated
one Ni2+ free ion. It should be noted that no hysteresis was
observed on the isothermal M(H) curves. Furthermore all the
isothermal zero-field and maximum-field cooling curves
were found to be identical at all temperatures.
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Figure 2.19: Isothermal magnetic field dependence of
magnetization at 4.2 K. Inset: Néel versus magnetic field.
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2.12. Field induced phase transitions in
Sc-substituted ytterbium iron garnet
under high dc fields

The magnetic anisotropy of Ytterbium Iron Garnet (YbIG) in
the vicinity of its low magnetic compensation temperature
(Tcomp ~ 8 K), was interpreted on the basis of a large
anisotropy of the Yb g-factor (g) and of the Yb-Fe exchange
tensor (G)[1]. Besides the crystal field perturbation, the
superexchange coupling between the rare-earth and the iron
sublattices appears a crucial parameter in the determination
of the magnetic and magneto-optical properties [2]. One
good way to study the influence of the superexchange factor
is the introduction of the diamagnetic Sc3+ ions which
substitute for octahedral Fe3+ only [3]. This substitution
induces canting in the tetrahedral sublattice (d) and then
leads to important changes of superexchange interaction
between the rare earth and the two Fe sublattices.
First, high magnetic field measurements were performed on
the two single crystals of formula Yb3Fe5-xScxO12, (x = 0.5)
oriented along the [111] and [100] crystallographic axes, in
the 4.2 K - 250 K temperature range under a magnetic field
up to 23 T (Figure 2.20).

When T = 4.2 K, a first-order transition is observed at 6.3 T
for H applied parallel to [111]. For 4.2 K < T < 25 K, an
anisotropy of magnetization is observed below 7 T, the
differential magnetic susceptibility presenting a maximum
independent of temperature  at H = 12.5 T. In this
temperature range, [111] is the “easy” magnetic axis in the
spontaneous state. For T > 25 K isotherms are linear as
usually observed in ferrites. However, isofield curves reveal

the presence of a singular point at 60 K that indicates that the
field-induced canted magnetic structures remain until this
temperature. The magnetic phase diagram is then
established. 

Subsequent measurements using the vibrational sampling
magnetometry at NHMFL Thallahassee allow to extend the
maximum magnetic field to 33.3 Tesla in the 4.2 K - 50 K
temperature range. Up to now, the M(H) curves are limited to
the study of the platelet oriented along the [111]
crystallographic axis. It is found that the first-order transition
induced by the high magnetic field disappears at 9.5 ± 0.5 K
only. Furthermore the saturation field is observed larger than
30 T.

In a first approximation, the spontaneous Ms(T) values  may
be interpreted in the 4.2 - 300 K temperature range within the
frame of the Dionne-refined Néel model of ferrimagnetism
[4]. The local cantings induced by the diamagnetic
substitution in the Fe3+ sublattices [a] and (d) are taken into
account by the molecular field coefficients (MFC) Naa, Ndd,
and Nad, which are function of the substitution rate. A
noticeable decrease of Ndc (from 8 in pure YbIG to 6 in
YbIG:Sc) indicates that Sc substitution in octahedral sites
leads to canting in the tetrahedral sublattice, which in turn
reduces the Yb3+ - Fe3+ interactions. This confirms that the
magnetic RE-Fe3+ interactions are mainly antiferromagnetic
(d) - {c} couplings.

From this study, we concluded that field induced angular
magnetic moments still persist at low temperatures in spite of
the fact that the substituted Sc garnet do not present any
compensation temperature.  Our experimental study is one of
the scarce illustrations of the theory, proposed by
R. Alben [5] more than 30 years ago, on the phase transitions
in the anisotropic ferrimagnetic crystals. Besides the crystal
field effects, the anisotropy of the Fe-Yb superexchange
coupling between the rare earth and the iron sublattices also
appears to be a crucial parameter.
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Figure 2.20: Isothermal magnetic field dependence of
magnetization for the [111] direction at 4.2 K. Inset: temperature
dependencies of field induced transition fields (first-order below
10 K but second-order above).
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2.13. Geometric frustration in the
pyrochlore antiferromagnets

Competing or frustrated interactions are frequently
encountered in condensed matter systems. Among all the
possible sources of frustration, the most common one has a
geometric origin. On a number of lattices (Kagomé,
pyrochlore), magnetic ions are located at the vertices of
equilateral triangles: such geometry precludes satisfying all
interactions simultaneously.  This is best illustrated by the
simple case of three antiferromagnetically coupled spins on
the triangle: once two spins point in opposite directions, the
third one cannot be antiparallel to both of them. 
The pyrochlore oxides, of general formula A2B2O7, have
been the topic of much interest in recent years as they
represent ideal systems for studying the effects of
geometrical frustration. Both the A and B sublattices form a
network of corner sharing tetrahedra such that it may not be
possible to satisfy energetically all the magnetic interactions
simultaneously. The resultant geometric frustration inhibits
the formation of a collinear ordered state and opens
questions about the nature of the ground state. A major
consequence of this frustration is the very high degree of
degeneracy of the ground state (GS) manifold: As a
consequence, smaller anisotropic interactions select a
particular GS through a mechanism which is specific to the
material considered. For example, a variety of ground states
have been identified in the pyrochlore family R2Ti2O7 where
the rare earth ions R are antiferromagnetically coupled. The
crystal field anisotropy on the rare earth ion R3+ plays an
important role in the GS selection except for Gd2Ti2O7,
where Gd3+ (4f 7) is a spin-only (S = 7/2) ion: Gd2Ti2O2 is the
only nearly-isotropic Heisenberg pyrochlore antiferromagnet.
Frustration depresses its 3D ordering transition which has
been observed in specific heat measurements at a
temperature Tc = 0.97 K considerably smaller than the Curie-
Weiss temperature  θCW = - 9.9  K.
Our electron spin resonance (ESR) study of the pyrochlore
antiferromagnet Gd2Ti2O7 showed that below a temperature
∼ 80 K, much larger than θCW, two strongly temperature
dependent and anisotropic resonance lines are observed. The
evidence for this very surprising anisotropy (considering the
isotropic nature of the Gd3+ ion) is shown in Figure 2.21.
This anisotropy has a uniaxial character, with an angular
dependence for the resonance field Br

(2)(θ) = Br
0 + Dcos2θ

(with Br
0 = 2.5 T and D = 3.6 T). The minimum in the

resonance field Br
0 occurs when the magnetic field is in the

(111) Kagomé plane. The single resonance observed at
150 K is independent of the magnetic field orientation and
therefore isotropic. Considering the nature of the observed
anisotropy, the spins in the (111) Kagomé planes are not
magnetically equivalent to the spins in between them. In
such a case, the presence of two lines in the ESR spectrum is
not really surprising, and is consistent with non collinear spin
correlations. This local order also agrees with the ordered
state observed below Tc by neutron scattering [1]. A non
collinear local order has also been observed in Ho2Ti2O7, as
revealed by the presence of three modes in our ESR
measurements on this system [2].
The main experimental findings on Gd2Ti2O7 may be

summarized as follows: a macroscopic anisotropy appears
with respect to a broken symmetry axis lying along a specific
body diagonal of the crystal. This macroscopic character has
been checked through dc-torque measurements. This
anisotropy develops gradually as the local order (due to short
range correlations) sets in when the temperature is lowered.
Anisotropies of local origin, such as g-factor and single-ion,
are usually unaffected by spin-correlations and thus
temperature independent. The molecular field contributions
to the resonant frequencies (as seen in the shifts as a function
of T, or the frequency-field dependence) identify the
exchange interactions as the source of anisotropy in this
material. Whether this exchange mechanism plays a
significant role in other pyrochlore magnets with large
single-ion anisotropies is also open. For example, in the
pyrochlore Tb2Ti2O7, the crystal field splitting of the Tb3+

ion is estimated to be in the 15-20 K range and in such
circumstances, an exchange-driven anisotropy could be
important. However, our very recent measurements on
Tb2Ti2O7 show little anisotropy (study in progress),
revealing thus another surprising result concerning these
frustrated compounds!
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Figure 2.21: Orientation dependence of line 2, studied at
54 GHz, as the magnetic field is rotated away from the [111] axis
(θ = 0)  into the (111) plane (θ = 90). The inset shows a complete
rotation in the plane.
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2.14. The asymmetric ∆-chain: a model
for delafossite YCuO2.5 ?

There is current interest in S = 1/2 antiferromagnetic (AF)
lattices including triangles, where the interplay between
frustration and quantum effects yields interesting physics.
More than 20 years ago, Shastry and Sutherland introduced
a new class of quantum topological excitations: isolated
defects separating different regions of broken translational
symmetry [1]. Since their proposal, the search for models
and real systems showing this behaviour has not stopped.
However, just recently experimental results that hold the
promise of displaying this kind of excitations become
available. The first synthesis of orthorhombic 2H single-
phase powder samples of delafossite YCuO2.5 by the
Laboratoire de Cristallographie de Grenoble, allowed the
determination of its detailed structure [2], which appears as
a physical realization of the sawtooth lattice (see
Figure 2.22). In fact, the additional x = 0.5 oxygen ions are
located at the center of alternating set of triangles, providing
super-exchange paths between S = 1/2 spins on nearly
independent ∆-chains, as suggested before [3]. However,
from consideration of the measured angles, distances and the
different coordination of intraplane Cu2+ ions [2], we argue
that the interaction between two spins on the basse Jbb and
between the base-vertex nearest-neighbor (NN) spins Jbv are
different, most probably with Jbb < Jbv . (Out of plane Cu-O-
O-Cu interactions appear to be weaker, in spite of the
predominant 3z2-r2 character of Cu orbitals). While the case
Jbb = Jbv has been quite studied theoretically [3], the case
Jbb ≠ Jbv which seems to correspond to the experimental case,
has not been considered before. 

Therefore, we here analyse the sawtooth lattice for arbitrary
ratios Jbb / Jbv of these AF couplings. While, for either Jbb = 0
or Jbv = 0 the system is equivalent to the Heisenberg chain,
for Jbb = Jbv we retrieve the symmetric ∆ chain. Thus, to
understand the YCuO2.5 compound, it is important to study
the entire evolution of the elementary excitations between
the 2 limits. This transition is not obvious: the symmetric ∆
chain has a dispersionless small gap with kink and antikink
excitations, while the isotropic Heisenberg chain has no gap
and pairs of spinons with a strongly dispersive spectrum. 

By exact diagonalization and extrapolation, we show that the
elementary excitation spectrum is the same for total spins
Stot = 0 and 1, but not for Stot = 2. As shown in Figure 2.23,
it has a gap only in the interval 0.4874(1) ≤ Jbb / Jbv ≤ 1.53(1).
The gap, which was known to be dispersionless for Jbb = Jbv,
is found to acquire increasing k-dependence as Jbb / Jbv
moves away from unity. The opening of the gap is shown
numerically to be associated with the stabilization of NN
base-vertex singlet dimerization in the ground state. 

We hope that this study will help the interpretation of
experimental results, in particular the neutron dispersion of
elementary excitations of forthcoming single crystals. 
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Figure 2.22: Sawtooth chains in the triangular Cu planes of the
delafossite YCuO2.5. 

Figure 2.23: Gap to the lowest Stot = 1 excited states of the
sawtooth lattice vs. Jbb / Jbv, after extrapolation to N → ∞, N
being the number of sites. 
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2.15. Theoretical study of the MO
effects of magnetic insulators

Besides the numerous experimental studies investigating the
microscopic parameters,  the magneto-optical (MO) effects
are a powerful tool in fundamental research to get a deep and
often unambiguous analysis of most properties of the
magnetic constituents in magnetic materials. However, such
theoretical works based on the quantum theory able to
support the tuning type of activity are rather scarce. The first
investigation in this direction is that of Misemer [1] who
studied the roles of the spin-orbit (SO) interaction and of the
exchange splitting of the electronic structure in Kerr effects
in MnBi. Later, Oppeneer et al [2] studied the effect of the
SO coupling, exchange splitting, and lattice spacing on the
Kerr effect in Ni, Co, Fe. Both of them concluded that the
Kerr effect is basically brought about by the SO coupling.

The substitution either of trivalent light rare earth ion (like
Ce3+, Pr3+, Nd3+) in Y3 Fe5 O12 (YIG) and of Ni2+ in the
barium ferrite is known to induce a large enhancement of the
MO properties of garnets and ferrites in the visible and near-
infrared ranges [3-7]. Although the substituted garnets and
the Ni barium ferrite present, in the visible part of the
spectrum, Faraday rotation (Circular Magnetic Birefringence)
values, which are among the highest available in the
literature only a few works have been devoted to the detailed
analysis of the microscopic origin of these MO properties.
Furthermore it should be noted that very strong MO
properties are also offered by the corresponding
paramagnetic light rare earth trifluorides (CeF3, PrF3 and
NdF3).

Our theoretical study is based on the quantum theory. In the
visible and near infra-red ranges, FR originates mainly from
the intra-ionic electric dipole transitions between the
different perturbation split-levels of either the 3d n and 3d n-1

4p configurations (double-valent 3d ions) or 4f n and 4f n-1

5d configurations (trivalent rare-earth ions). According to the
strength of the different interactions, the perturbation is
carried out under the following order of priorities: spin orbit
(SO) plus crystal field (CF) interaction, superexchange (in
ferrimagnetic crystals only) and (or) external magnetic field
coupling.

The obtained results are quite different from those previously
calculated in Fe, Co, Ni and MnBi [1,2]. This difference is
related to the relatively weak ground configuration CF and
exchange interaction and relatively strong SO coupling in the
RE compounds compared with the 3d metals and alloys. The
study reveals many unexpected conclusions, i) the influence of
the strength of the spin orbit interaction of the excited
configuration is very small; ii) the ground configuration  SO
coupling strength has a very strong influence on the MO effects
but there is not a linear relation between them; iii) the
differences between the magnetic structures and (or) between
the crystal structures (symmetry of the magneto-optically active
ion site) are very crucial factors. Furthermore, the magnitude of
Fr approaches saturation and decreases as the exchange
interaction continues to increase as shown in Figure 2.24.
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Figure 2.24: Variation of the spontaneous paramagnetic
Faraday rotation caused by the Ce3+ ions in Y2CeFe5O12 versus
the relative exchange field strength kH. The solid, dashed, and
dashed-dotted curves are the 633 nm wavelength Fr’s at 300,
150, and 50 K, respectively. The three curves in the lower half are
the 1150 nm Fr’s. 
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2.16. Magneto-electric optical
anisotropy

In 1875, J. Kerr found a link between optics and electrostatic
fields by his observation of electric field induced linear
birefringence in glass, followed by a similar observation in
liquids. Later a phenomenologically identical effect was
observed for magnetic fields by Majorana in colloids and by
Cotton and Mouton in liquids. In all cases, the linear
birefringence was quadratic in the applied external field
strength, and had its optical axis parallel to this field.
Intuitively, one could expect a type of cross-effect between
these two cases, where a linear birefringence is induced by
combined magnetic and electric fields. Such cross-effects
were recently observed as magneto-electric Jones
birefingence (MEJB) and magneto-electric linear
birefingence (MELB) [1], [2]. Apart from these, yet another
type of magneto-electric optical effect in crossed transverse
electric and magnetic fields has been predicted; a difference
in refractive index for unpolarized light propagating either
parallel or anti-parallel to ExB. This effect is baptized
magneto-electric anisotropy (MEA). The existence of MEA
can be understood in an elegant way by a relativistic
argument; The transverse electric and magnetic fields that
are perpendicular to each other in the laboratory rest frame
and perpendicular to the direction of light propagation,
transform to a single transverse magnetic field B’ in the
reference frame that moves along the light propagation
direction with velocity v = cB x E/B2, where
B’ = B(1 + v2/c2)1/2 (Lorentz-Heaviside units, E<B). In this
moving reference frame, only the Cotton-Mouton effect can
occur so ni’ ≈ n0+aiB’2. These refractive index values can be
transformed back to the laboratory frame values by using the
well-known result of the electrodynamics of moving media,
as used to describe Fizeau’s experiment. When neglecting
dispersion terms, one thus obtains

ni (E,B,k) ≈ n0+ai(B2+E2+2BxE·k) (1)

So we find both linear birefringence ∆nLB ≅ nE-nB =
(B2+E2+2EB)(aE-aB), with Cotton-Mouton, Kerr and
magneto-electric contributions, and a polarization independent
magneto-electric anisotropy ∆nMEA ≅ nk - n-k = 2(aE+aB)EB.
So, both the magneto-electric anisotropy and the magneto-
electric linear birefringence can be regarded as relativistic
corrections to the Cotton-Mouton or Kerr effects. Secondly,
the order of magnitude of magneto-electric linear
birefringence and of magneto-electric anisotropy are similar. 
We have set out to observe MEA in the optical absorption of
Er3+ ions in yttrium aluminium garnet placed in crossed,
transverse electric and magnetic fields. Figure 2.25 shows
the observed difference in extinction for unpolarized light
propagation parallel or anti-parallel to ExB, which is found
to be linear both in E and B. The corresponding Im(∆nMEA)
has the order of magnitude corresponding to the relativistic
argument outlined above. By measuring the difference in
extinction for linearly polarized light in the same geometry,
as a function of the angle between the polarization and B, we
have obtained Figure 2.26. The observed dependence is
explained by the simultaneous occurrence of MEA and

magneto-electric linear dichroism, the absorptive counterpart
of MELB discussed above. The similar magnitudes for the
two effects are again in support of the relativistic argument.
Clearly from a microscopic view, MEJB, MELB and MEA
must be closely related.
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Figure 2.25: MEA (dashed) and extinction spectrum (solid line)
of Er1.5 Y1.5 Al5O12 for B = 2 T and E = 236 V/mm.

Figure 2.26: MEA polarization dependence, other parameters
as in Figure 2.25.
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2.17. Magnetic and magneto-optical
properties of neodymium gallium
garnet  under “extreme” conditions:
4.2 K, 33 Tesla

Recently, we have investigated the microscopic origin of the
magneto-optical (MO) effects in light rare earth (RE) ion-
substituted yttrium garnets (see Ref.[1] and references
therein). In the ferrimagnetic yttrium iron garnet
({Y3}[Fe2](Fe3)O12:YIG), trivalent lighter rare earth ions
and trivalent bismuth ions, when substituting for the ions at
dodecahedral coordinated 24c sites, strongly enhance the
MO effects in the visible and near infrared region. Because
the Fe3+ absorption spectrum is only weakly perturbed by the
presence of RE ions, the large contribution to the Faraday
rotation (FR) in RE:YIG is given by FR(RE:YIG)- FR(YIG)
[2].  From the microscopic analysis of the intraionic electric
dipole transitions between the different perturbation split 4f n

and 4f n-15d levels, it was shown that the crystal field (CF)
parameters appear as a very crucial factor. In addition, the
spin-orbit (SO), the superexchange and the external
magnetic field perturbations were also introduced. 

However, most of the experiments in the literature, including
our previously published ones, were conducted under low
applied field (less than 2 Tesla) and relatively high
temperatures (rarely below 77 K). The comparison between
experimental and theoretical results is thus limited. It is also
obvious that the first order Zeeman perturbation increases
under high magnetic fields and the role (if any) of the high-
order Zeeman perturbations can be studied as well.
Furthermore, one way to eliminate the superexchange Fe-Re
interaction is to study isomorphous paramagnetic garnets
(gallate, aluminate). 

In this work, magnetization and Faraday rotation (FR) of the
paramagnetic NdGaG (Nd3Ga5O12) are reported under the
“extreme” conditions for the first time: low temperature
(4.2 K) and high magnetic field (up to 33 Tesla applied along
the [111] direction). The FR spectrum was measured in the
important wavelength range from 440 to 885 nm (11500-
22700 cm-1). It should be noted that both the magnetic and
MO properties were measured on the same crystal, in order
to obtain consistent results and allow future theoretical
analysis. 

Magnetization was first measured by the extraction method
under magnetic fields up to 21 Tesla at GHMFL. Subsequent
measurement using the vibrational sampling magnetometry
at NHMFL Thallahassee extended the maximum magnetic
field to 33 Tesla. The results obtained through the two
methods agree very well, with difference of less than 2%. All
the high field FR measurements were carried out at NHMFL
Thallahassee. 

Figure 2.27 shows the isothermal magnetization MT(H)
curve obtained at 4.2 K. No saturation was observed up to the
full field of 33 Tesla. 

The ground multiplet 4I9/2 of NdGaG is split into five levels

by the spin orbit and the crystal field , with the relative levels
at 0, 115, 185, 266 and 778 cm-1, respectively, at 300 K [7].
As a first-order approximation, the RE magnetic moment can
be given by:

M(H,T)= m0 [tanh(m0H/kT) + (2 m0 / A)H]

where the first term comes from the first-order Zeeman
effect, and the second term from the  correction caused by
the mixing between the different SO-CF split doublets under
magnetic fields. The term m0 represents the contribution to
the magnetization of the lowest doublet at 0 K and A is the
energy gap between the lowest two SO-CF split levels (see
[8] and ref. therein).

The values of m0 and A were obtained by fitting the low
temperature isothermal magnetization curves obtained
between 4.2 and 40 K. The best-fit values of m0 and A are
1.25µB/ion and 132 cm-1, respectively. The A value is in
reasonable agreement with that obtained from spectroscopy,
i.e., 115 cm-1 [3]. The m0 value found is much smaller than
that of the free ion one (gJµB = 3.5µB/ion), which is
consistent with the quenching of the orbital due to strong CF
effects. 

A quite large increase of FR was observed at the high fields.
Furthermore, all the FR spectra present peaks which show a
striking similarity to the zero-field optical absorption
features [3]. They have been attributed to the Stark
transitions between the lowest level of the 4I9/2 multiplet and
the different SO and CF split levels of the complete 4f 3

configuration.

Figure 2.27: Applied field dependence of the magnetization of
NdGaG at 4.2 K. Mcalc represents the calculated contribution of
the lowest Kramer’s doublet.
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Figure 2.28 shows the FR (H) spectra in the wavelength
range outside of aforementioned peaks. Saturation of the FR
signal at high fields was observed for the wavelengths longer
than 700 nm. Whereas in the short wavelength range no
saturation effect was observed. This implies that the so-
called MO coefficient, defined as the ratio FR/M, depends on
wavelength, applied field, and temperature. In other words,
MO effects and magnetic moment are not rigorously
proportional.

To the best of our knowledge, the magnetic and magneto
optical properties of NdGaG were studied simultaneously
under high magnetic field at very low temperature for the
first time. Because the properties (free ion parameters
including spin orbit constant, set of crystalline field effect) of
the Nd3+ Kramer’s ions in the garnet structure are well
established, the way to the interpretation of the data using the
quantum theory is now opened.

The experiments were carried from 4.2 K to room
temperature and a great amount of data is available, with
only 4.2 K results being reported here due to page limitation
[4].

References and authors : 

[1] Jie Hui Yang, Fang Zhang, You Xu and M.Guillot; J.
Appl. Phys. 91, 7299 (2002).
[2] F. Zhang , You Xu, J. H. Yang  and M. Guillot.  Euro.
Phys. J. B 20, 165 (2001).
[3] E. Antic-Fidancev, C.K. Jaysankar, M. Lemaitre-Blaise
and P. Porcher; J. Phys. C. Solid Sate Phys; 19, 6451 (1986).
[4] M. Guillot, Xing Wei, D. Hall , You Xu,  Jie Hui Yang and
Fang  Zhang, to be published in J. Applied Physics.

M. Guillot
Xing Wei, Donovan Hall (National High Magnetic Field
Laboratory, Thallahassee, Florida, USA)
You Xu (Department of Physics, Nanjing University,
Nanjing, China)
Jie Hui Yang, Fang  Zhang (Luoyang Teacher’s College,
Luoyang, China)

MAGNETISM

Figure 2.28: Faraday rotation versus applied field in  NdGaG at
4.2K in the visible range.
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3.1. Jc(B) dependence of Bi-2223/Ag
multifilamentary superconducting tapes

The applications of the superconductors often require
having materials with very large critical currents in strong
magnetic field. Then for a long time, we developed a
specific instrumentation to characterize bulk or wire
superconductors.

Bi-2223 tapes are one of the most promising materials for
high temperature superconductors (HTS) industrial
applications, both at liquid nitrogen and at liquid helium. The
study of Jc(B) dependence in high field plays an important
role in improvement of the materials and understanding of
the mechanisms of vortex pinning. Then we made a
systematic investigation of the relation between the critical
current density at 4.2 K and 77 K, and the synthesis and
doping conditions of Bi-2223/Ag tapes prepared in NIN with
traditional PIT process and the two powder method. The
details of the synthesis and the first results of this study are
presented elsewhere [1].

One of the most interesting points is the existence of a very
strong hysteresis of the critical current according to the
magnetic field. (Figure 3.1). This general behaviour in the
HTS was studied a lot in weak field to understand the
intragranular and intergranular properties of these materials.
Evetts and Glowacki [2] developed a model taking into
account the effect on the weak links of the dipolar field due
to the magnetization of the grains. Therefore the magnetic
induction on the grain boundaries is the sum of the applied
field, the self-field of the current and this dipolar field
(Figure 3.2). On the basis of this model and considering the
magnetization that we measured on the same samples
(Figure 3.3), we qualitatively interpret the hysteresis in
weak field. When the magnetization of the grain is negative,
as it is the case during the first magnetization, the dipolar
field is added to the applied field and the critical current is
decreased. On the contrary, when the applied field goes
down, the magnetization is positive and the dipolar field is
opposed to the applied field and Jc is increased.

In our case the hysteresis exists up to 23 T, that is the
strongest field we used, and the amplitude can reach or
exceed 15 T (Figure 3.1). Up to now, the explanation for
such high values remains unclear because the magnetization
in such high fields is not very strong.
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Figure 3.2: Dipolar field due to the magnetization
superimposed to the applied field around the grain when the
magnetization is negative (left) or positive (right).

Figure 3.1: Critical current versus magnetic field for successive
changes of field: (a) full range and (b) low field region.

Figure 3.3: Magnetization at low field.
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3.2. High field critical current
measurements on MgB2 and Bi-2223
HTS wires

The recent discovery of superconductivity at 39 K in the
MgB2 compound has triggered a renewed interest in the basic
development of high temperature superconducting (HTS)
wires and tapes intended for future practical applications.
In the past few years, development of Bi-2223 HTS tapes
has been increasingly focused toward industrial scaling up of
processing routes for the realization of very long lengths of
conductor. The possible competition that could now raise
between MgB2 and Bi-2223 conductors is founded on the
existing possibility to employ both materials in practical
applications operated at intermediate temperatures between
those of liquid helium and liquid nitrogen. A critical
comparison of the transport properties measured in applied
magnetic field of the best available HTS tapes can therefore
be of help in drawing future perspectives for both
materials. Multifilamentary Bi-2223 tapes from American
Superconductor Corporation (ASC) and from Innova
Superconductor Technology (INNOST) and MgB2
conductors manufactured by the Powder-In-Tube method
following an ex-situ route [1], have been chosen for our
experiments. The manufactured MgB2 conductors as well as
the commercial Bi-2223 tapes have been characterized by
means of transport critical current measurements at 4.2 K in
external applied field up to 20T oriented either perpendicular
or parallel to the wide surface of tapes. The anisotropy of the
critical current has been measured for both Bi-2223
commercial tapes at 4.2 K. The data collected for increasing
magnetic field are represented in Figure 3.4 on a normalized
scale (Ic/Ico), to emphasize the different features of the two
conductors. At 20 T, the ASC and the INNOST tapes still
carry a critical current of about 260 A and 110 A, respectively
in the perpendicular field configuration.

The critical current measurements have been then performed
on an MgB2 conductor that has been subjected to a thermal
treatment at a temperature of 920°C for 2 hours in Ar
atmosphere. These treatment conditions have been optimized
in order to maximize the self-field critical current of the
conductor. In Figure 3.5, these 4.2 K data are shown as a
function of the magnetic field up to 11 T applied
perpendicular to the widest surface of the tape. The MgB2
tape carries a very large critical current for fields below 3 T,
regardless to the field orientation. At higher fields, however,
the drop of the critical current due to the low irreversibility
field becomes evident, together with the appearance of a
clear anisotropy of the critical current.
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Figure 3.4: Critical current as a function of the applied field
at 4.2 K for an ASC and an INNOST Bi-2223 tape for two
different orientations.

Figure 3.5: Critical current of an MgB2 tape as a function of
the applied field at 4.2 K for two different orientations. This
tape has been heat treated at 920°C for two hours in Ar
atmosphere.
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3.3. Characterisation of Bi-2212
superconducting tapes from Nexans

Nexans is involved into the development of  superconducting
Bi2Sr2CaCu2O8-x (Bi-2212) “HTS” tapes which are
considered as good candidates for high magnetic generation
for special markets such as 1000 MHz NMR, SMES & high
energy physics magnets.

It is important to qualify and quantify the performances of
the Bi-2212 tapes under high magnetic fields in term of
carrying current capabilities and mechanical behaviours.
To obtain this information, special procedures have to be
developed and validated. First experiments have been carried
out on our standard tape. Figure 3.6 shows a cross section of
this tape and Table I is reporting the main characteristics of
the tape chosen for this validation.

Our measurements are usually performed on straight
samples. For measurements under high magnetic field at
LCMI, the samples are first wound around refractory
stainless steel tubes (a few cm diameter) for the heat
treatment and then carefully transferred on glass fibre epoxy
(G10) measurement coils adapted to the magnet hole. This
experimental procedure allows us to fix on the measurement
coil a 40 cm long tape, which can give information on
electrical properties homogeneity.

To validate the procedure, comparisons of critical currents
between the new and our standard procedure on straight
samples with a standard heat treatment have been carried on.
As a result, the same and reproducible critical currents,
380 ± 15 A at 4.2 K, self field, have been measured
indicating that no degradation of the fragile Bi-2212
occurred during the heat treatment (differential dilatation)
and the handling operations (transfer to the measuring coils).

After validation of the procedure, measurements have been
performed up to 20 T. These results will be our reference for
our future development programs. The results are presented
in Figure 3.7.

From these first measurements we can draw the following
two conclusions:
• Even with standard tapes and usual heat treatment, high
critical currents (Ico = 380 A at 4.2 K, self field) under very
high magnetic fields can be reached indicating the high
potential of the Bi-2212 tapes for high magnetic field
generations (≈ 100 A at 20 T, 4.2 K).
• Even with a pure silver matrix tape, no mechanical
degradation has been found even under very high magnetic
fields when Lorentz stresses are really high.

Next measurements will be performed with R&D tapes with
new designs and new heat treatment procedures such as
dynamic heat treatments developed at CRETA/Laboratoire
de Cristallographie.
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Figure 3.6: Cross section of a standard tape.

Characteristics

Number of filaments 76

Supercond. Ratio (%) 26

Matrix Pure silver

Thickness (mm) 0.35

Width (mm) 2.6

Table I: Tape characteristics.

Figure 3.7: Critical curent field dependence up to 20 T at
4.2 K
• B parallel to the tape surface
• Ico = 380 A at 4.2 K, self field criteria 1 µV/cm).
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3.4. Effect of strain on the critical
current density of Chevrel phase
superconducting wires

Chevrel phase (CP) superconductors are candidates for the
next generation of high-field superconducting magnets due
to their high upper critical fields (Bc2(4.2 K) ~50 T for
PbMo6S8), nearly isotropic superconducting properties and
lack of intrinsic granularity. State-of-the-art Pb0.6Sn0.4Mo6S8
(PSMS) wires have a critical current density (Jc) of
~5 × 108 Am-2 at 20 T and 1.9 K [1], but further increases in
Jc could be achieved by increasing the effective upper critical
field (B*

c2 , where Jc falls to zero). Measurements of the
effect of strain on Jc are important to quantify the effect of
differential thermal contraction and Lorentz-forces in
superconducting magnets, and also as a means of
investigating the flux pinning mechanisms by varying the
superconducting parameters. Previous measurements have
shown that CP wires are somewhat more strain tolerant than
Nb3Sn wires [2], but further investigation of fully dense
state-of-the-art high-Jc CP wires is required.

We have investigated a 600 µm diameter wire developed in
Geneva that consists of PSMS in a Nb tube with CuNi 30%
and stainless steel outer jackets, which had been heat-treated
using a hot isostatic press at 980°C for 1.5 hours [1]. The
critical current density was measured as a function of
magnetic field (B: 1 to 23 T) and applied strain (ε : -0.89 %
to + 0.33 %) at 4.2 K using a specially modified strain probe
[3]. The wire was attached to a spring sample holder, and the
strain was applied by twisting one end of the spring with
respect to the other (negative data when compressive strain).

Figure 3.8a shows the critical current density of the
superconducting cross section (area: 1.7 × 10-8 m2) at an
electric field criterion of 10 µVm-1 as a function of applied
strain. Jc peaks at a strain of ~ 0.3 % and has a strain
sensitivity that increases with increasing magnetic field.
Additional zero strain data obtained after straining to -0.89%
show that these effects are reversible to ~1 A.

Figure 3.8b shows Jc as a function of magnetic field for
different strains. These data have been fitted using a function
for the pinning force density of the form  Fp = JcB =
Cbp(1−b)q, where b = B/B*

c2 is the reduced field, p and q are
strain-dependent parameters. Accurate fits to Jc (with a RMS
percentage error less than 1-2 %) over the full range of
magnetic field require that p and q vary as a function of
applied strain, from ~ 0.6 to ~ 0.4 and from ~ 1.3 to ~ 2.3 for
ε > 0 % and ε = 0.89% respectively. These results raise
questions about the flux pinning mechanisms operating in
these wires, the importance of distributions in the critical
properties and the effects of strain. Further high-field
measurements at a range of temperatures could answer these
questions, and may lead to a strain-temperature scaling law
in CP wires similar to that found for Nb3Sn and Nb3Al [3].
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Figure 3.8: a) Critical current density as a function of
applied strain for different magnetic fields (every 2 T
between 3 T and 23 T). The additional diamond-shaped
symbols show 0% data obtained after straining to -0.89 %
for 7 T and 13 T. The inset shows the strain spring.

b) Critical current density as a function of magnetic field for
different applied strains. The lines are fits using strain-
dependent values for p and q. These are  plotted in the inset,
with the error bars corresponding to an extra RMS error of
0.5 % in fitting the critical current density.
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3.5. Magnetic ordering probed by NMR
in a high-Tc superconductor

It is now well established that, under special circumstances,
superconductors of La-124 family show stripe order of spins
and holes. Various experiments have shown that the stripe
magnetic order is in competition with the superconducting
ground state, although both phenomena can coexist in the
same sample [1]. It is however not understood whether these
are two distinct phases or whether there is significant
interaction between them [1]. The exact scale on which they
coexist remains unknown as well. Since magnetic order
stems from charge-free regions in-between charge stripes,
one wonders if superconductivity should be attributed to the
charge stripes themselves.
We have undertaken an NMR study of a single crystal of
La1.88Sr0.12CuO4, which is known to have stripe magnetic
order from elastic neutron scattering [2], but no charge stripe
order has yet been detected. The use of a single crystal is
justified by the need to obtain the sharpest possible NMR
lines, in order to track any signature of a static modulation of
the charge and/or spin density. It should be mentioned that
the study of a single crystal is possible only in a high
magnetic field (14 Tesla here) which allows static and rf
magnetic fields to penetrate inside the sample by weakening
superconductivity.
In this system, there is well-documented evidence for a
substantial spatial distribution of T1 values. Therefore, a
stretched exponent α had to be introduced into each
exponential of the theoretical formula in order to fit the
recovery of the nuclear magnetization due to fluctuations of
the hyperfine field. We did not perform any frequency
resolved measurement of T1 across the NMR line. The
parameter α accounts for the size of the distribution of T1
values. In many disordered systems, such as spin glasses, α
is close to 0.5. As shown in Figure 3.9, we also find here that
α saturates around 0.5 at low temperature. Each T1 value
deduced from the fit represents an average T1 for the system.
A magnetic transition is usually marked by a strong peak (if
not a divergence) in the spin-lattice relaxation rate 1/T1 of the
nuclei. Figure 3.9 shows precisely such a peak for 139La
nuclei, indicating an average spin-freezing temperature
Tg = 12 ± 1 K. This value is in rough agreement with muSR
measurements on a similar crystal, which find that first areas
of frozen spins appear at 20 K [4]. It is compatible with the
fact that below 20 K, the value of α saturates and 1/T1 starts
to increase. This hypothesis could be checked through an
analysis of T1 data explicitly containing a distribution of T1
values, instead of a phenomenological parameter α. We are
presently working on this issue. At low temperature there is
thus coexistence of frozen magnetic regions with
superconductivity (the onset of which is around 5-10 K at
14 T). We did not find any sign of nuclei having a very
distinct, longer T1 that could be expected from large, non
frozen, regions. One might view this as in contradiction with
Savici et al. who find that frozen magnetic areas occupy only
20% of their sample volume. However, it is possible that the
signature of non-frozen areas is invisible in NMR relaxation,
for instance because of spin-diffusion processes between
nuclei. It should be noted that, because of the small hyperfine
interaction at the 139La site, distinct superconducting and

magnetic regions are not expected to give rise to separate
NMR line. For further discussion of the volume fraction of
magnetic order, see Ref. [1]. The T1 data on Figure 3.9 can
be roughly fitted to an expression of the type: 1/T1 = a
τc/(1+ωn

2τc
2), where a typical correlation time τc equals τ0

exp(E/kBT), ωn is the NMR frequency, and E = 60 K an
activation energy. The physical meaning of E remains to be
elucidated. These results should hopefully shed light on
charge and spin freezing in stripe systems.
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Figure 3.9: (a) 139La spin-lattice relaxation rate vs T. The
peak is attributed to freezing of magnetic moments. The line
is a fit described in the text. (b) Stretched exponent α, which
deviates from 1 when the relaxation rate becomes spatially
inhomogeneous.
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3.6. Double superconducting island
quantum bit

A quantum bit, or qubit, is a coherently controllable quantum
two-state system which forms the elementary unit of
quantum computers. Recent experimental realizations of
solid state quantum bits in superconducting tunnel junction
circuits [1,2] have attracted much attention on quantum
computing. One controls these qubits with applied gate
voltages or magnetic fluxes. They offer the perspective of
large scale integration and easier connection with
conventional electronic devices. 

We have studied by tunnel spectroscopy a model qubit
consisting of two superconducting islands interconnected by
a nanoscale Josephson tunnel junction. Our goal is to
investigate the specific quantum properties of the double-
island qubit and to find how to perform quantum operations
with the circuit. A new resonant transport process has been
observed which can be used to probe the intrisic properties of
the qubit [3].

The experimental device is shown on Figure 3.10. In our
double-island qubit, charge is a good quantum number
thanks to a suitable choice of the parameters. With one extra
Cooper pair in the qubit, the basis of states consists of the
two charge states denoted |1,0〉 and |0,1〉 depending whether
the extra Cooper pair is on the left or the right island. The
characteristic energies of the system are the charging energy
Ec = e2/2C, where C is the junction capacitance and the
Josephson energy of the junction EJ. The latter determines
the frequency scale ν = EJ / h for a coherent time evolution
of the qubit. The condition Ec ≈ EJ ensures that significant
mixing of the charge states can occur.

A finite bias voltage Vb is applied across the device and we
measure the current. At low temperature and low bias voltage,
transport is governed by Cooper pair tunneling through the
quantum levels of the double-island. The natural parameters

for controlling the qubit are the sum Vs = Vg1 + Vg2 and the
difference Vd = Vg2 – Vg1 of the applied gate voltages.
Figure 3.11 shows a typical example of a large scale current
versus Vs and Vd curve obtained when 100 µV < Vb < 200 µV.
At low bias voltage, single current peaks are observed in the
Vs-Vd plane. We interpret them as the result of a double
resonance through the eigenstates of the qubit. From the peak
amplitude we extract 200 ns as an upper bound for the qubit
relaxation time.

Further studies are in progress to determine the coherence
time of the double-island qubit. The choice of the proper
qubit computational basis and the detection scheme are also
investigated.
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Figure 3.10: Scanning electron microscope photograph of
the double-island device. The circuit is fabricated by electron
beam lithography followed by triple angle evaporation of Al.
The Al/AlOx/Al junctions appear as white spots. Each island
is 500 nm long, 100 nm wide and 50 nm thick. The
measurement leads are on the right-hand and left-hand sides.
The two vertical wires are the gate electrodes.

Figure 3.11: Contour plot of the current at Vb = 140 µV as a
function of Vs and Vd . The maximum current is 0.6 pA. The
observed lines are the experimental signatures of resonant
Cooper tunneling processes. 
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4.1. The origin of second order
transverse anisotropy in Mn12-Ac

The symmetry breaking effects observed for quantum
tunneling of the magnetization in:
Mn12O12(CH3COOH)16(H2O)4·4H2O·2CH3COOH, Mn12-Ac,
represent an open problem. Indeed, while the tetragonal
symmetry of this molecular nanomagnet in principle allows
tunneling only every fourth step all the transitions are
experimentally observed on a similar footing. Several
authors have recently suggested the presence of second order
transverse anisotropy terms in conjunction with a transverse
magnetic field which activates odd transitions [1].

We report here that the detailed X-ray diffraction analysis at
low temperature shows that most of the Mn12-Ac molecules
in the crystal do not actually possess fourfold symmetry. In
fact, the tetragonal symmetry is disrupted by the acetic acid
molecule disordered over two sites around twofold axes. The
anisotropy axis of a Mn(III) site is significantly bent when
hydrogen-bond interaction with the acetic acid occurs. In
principle, this gives rise to six different type of clusters,
whose relative abundance can be calculated assuming
statistical distribution. The two disordered Mn(III) sites
whose anisotropy axis change as an effect of the disorder of
acetic acid are shown in Figure 4.1. The effect of this
disorder on the anisotropy of the cluster was calculated by a
program based on a ligand field approach. This allowed to
estimate the variation of the single ion contribution for the
different configurations adopted by the system. Interestingly,
for most of the isomers, a non-negligeable second order
transverse anisotropy term was calculated, in agreement with
the symmetry breaking due to the disorder of the acetic acid
[2]. 

HF-EPR spectroscopy is in principle sensitive to the
presence of transverse anisotropy in the cluster. Figure 4.2
shows the high field region of the experimental poly-
crystalline powder spectra recorded at T = 35 K with the
exciting frequency of 525 GHz. The simulation has been
obtained by using the second and fourth order axial
parameters as derived by previous simulations and adding
the distribution of calculated second order transverse

anisotropy terms. The agreement with the experimental data
improves significantly compared to the previous simulation
where only the fourth order transverse term was considered.
The single crystal spectrum at 5 K and 95 GHz recorded with
the field parallel to the a crystallographic axis (inset of
Figure 4.2) shows a complex structure of peaks. This is
incompatible with strict tetragonal symmetry and strongly
suggests that at least two isomers with different values of E
are present in the crystal. 

In conclusion we have provided unambiguous experimental
evidence that most Mn12-Ac molecules experience a
symmetry lower than tetragonal. The order of magnitude of
the quadratic anisotropy has been determined and found to
be distributed around discrete values, which are in agreement
with the distribution used to justify experimental results on
the dynamics of the magnetization [3].
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Figure 4.1: Coordination sphere of the two Mn(III) sites, as
determined from (a) anisotropic refinement of the displacement
factors of constituting atoms of acetate ligand (b) from an
isotropic model with disorder fitting. Here A and B are the two
possible positions of the acetate ligand, affected by the hydrogen
bonding with the disordered acetic acid. 

Figure 4.2: HF-EPR spectra of a polycrystalline sample of 
Mn12-Ac at 35 K and 525 GHz (bold line), simulation reported
previously (thin line), and in this work (line with crosses). In the
inset is shown the experimental single crystal spectrum at
95 GHz and 5 K with the magnetic field parallel to a.  
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4.2. Positive zero-field splitting for a
tetragonally elongated Mn(III) complex

Despite being strongly tetragonally elongated, the S = 2
ground term of trans-[Mn(cyclam)I2]I exhibits an axial
anisotropy of the opposite sign as that predicted by classical
ligand field theory (LFT) [1]. This finding is also opposite to
what has been experimentally observed up to now in all
tetragonally elongated Mn(III) complexes. 
These systems are described by the spin hamiltonian :

H = D[Sz
2-S(S+1)/3]+ E (Sx

2-Sy
2) + µB S•• g•• B (1)

where D is the axial Zero-Field Splitting (ZFS) parameter, E
represents the rhombicity of the system and gx, gy and gz are
the Zeeman parameters. All the tetragonally elongated high
spin Mn(III) complexes previously studied, by high
field/high frequency electron paramagnetic resonance (HF-
EPR) or by inelastic neutron scattering measurements, lead
to negative D values of a few wavenumbers in agreement
with LFT. 

The crystal structure of trans-[Mn(cyclam)I2]I shows that the
cation posseses a tetragonally elongated six-coordination,
with four equal Mn-N bonds of 2.028 Å and two equal Mn-I
bonds of 2.942 Å. The magnetic susceptibility measurement
reveals a S = 2 ground spin state, with a temperature
independent effective magnetic moment of 4.95. However,
HF-EPR performed on a powder sample at 95 GHz
(Figure 4.3) and 230 GHz and at 5 and 15 K allow to
conclude that D is positive. Good simulations of
experimental spectra were obtained, using eq. 1, with the
following parameters: D = 0.604 cm-1, E = 0.034 cm-1,
gx = gy = 2.00 and gz = 1.99.

LFT relies on the basic assumption that the low-energy
excitations are of d-d character, which does not hold for the
present compound. Whereas big crystals are black, smaller
ones are dark red, indicating the presence of low-lying ligand
to metal charge transfer states (LMCT) in the visible spectral
region. This is expected on the basis of the oxidizing and
reducing character of Mn(III) and iodide, respectively.

To account for the interaction of the ground term and the low
lying LMCT, another model has to be used. This can be done
in the frame of the valence bond configuration interaction
model (VBCI). The extra contribution to D due to the LMCT,
estimated with the help of VBCI model, is positive and lies
in the range 0.2 cm-1 < DLMCT < 10 cm-1. This is of the same
order of magnitude, but of the opposite sign, than the
contribution deduced from the LFT. Thus, in this complex,
the contribution to D arising from the LMCT has to be larger
than the other one.

In summary, this study shows that the ZFS of tetragonally
elongated Mn(III) complexes can be positive. In order to
interpret this property, the interaction between the ground
state and the LMCT states has to be taken into account as
well as the spin-orbit interaction in the LMCT states.
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Figure 4.3: Experimental (solid lines) and simulated (dotted
lines) EPR spectra of trans-[Mn(cyclam)I2]I at 95 GHz. The
arrows indicate lines which clearly increase (up) and decrease
(down) in intensity upon cooling. The energy level diagrams
below are included to illustrate the determination of the sign of
D. Transitions originating from the lowest and highest levels
gain and loose, respectively, intensity upon cooling.
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4.3. Investigation of the electronic
properties of dimeric manganese
complexes by multifrequency EPR

We illustrate here the use of a multifrequency EPR analysis
to study dimeric manganese complexes in which the two
metal ions are ferromagnetically coupled, leading to integer
spin ground states, S = 4 for Mn(III) dimer and S = 5 for
Mn(II) dimer. Such compounds are particularly interesting as
models of active sites in biological systems.

Our aim is to study the electronic structure of the spin
multiplets from each system and to analyze the relation
between these states. In the literature, spin projection is
usually performed in order to define the electronic structure
of the single ion from the one of the coupled system [1, 2].
Most often, approximations are made: (i) the principal axes
of the local interactions are collinear, (ii) the dipolar
contributions are neglected and (iii) the contribution of the J
anisotropy is not taken into account. Our goal was to discuss
this approach on the basis of our experimental data.

The binuclear Mn(III) complex, ([L2Mn2(µ-O)(µ-
CH3O2)2]2+ L = 1,4,7-trimethyl-1,4,7-triazacyclononane), is
characterized by a ferromagnetic coupling (J = + 4.6 cm-1).
The low temperature high frequency EPR spectra allowed
us to determine the spin Hamiltonien parameters 
(H = µBB.g.S+ D[Sz2-S(S+1)/3] + E(Sx2 - Sy2)) of the 
S = 4 state: D4 = + 1.60 cm-1, E4 = 0.155 cm-1, gx4 = 1.95, 
gy4 = 1.98 and gz4 = 2.00 (Figure 4.4A 4.4B). The high 
D-value obtained for the Mn(III) system can be explained by
the Jahn Teller nature of the Mn(III) ion. By increasing
temperature, new signals assigned to the S = 3 state are
observed (Figure 4.4A 4.4C). The electronic parameters of
the S = 3 state are: D3 = + 0.62 cm-1, E3 = 0.01 cm-1, 

gx3 = 2.01, gy3 = 2.01 and gz3 = 2.00. No signal from the 
S = 2 state is observed even at high temperature. 

The effective D-value for the single ion was estimated
by spin projection. Using the parameters determined
above from the S = 4 spectra, we calculated DMn single ion =
3.73 +/- 0.09 cm-1, while from the S = 3 spectra we
determined DMn single ion = 3.10 +/- 0.1 cm-1. Both D-values
are in the range expected for a Mn(III) ion in a distorted
octahedral geometry. Nevertheless, there is a sizeable
difference between the two values which shows that the
approximations used for the spin projection have to be
revised. Transitions within the S = 3 state appear at 30 K
while the S = 3 lies 37 cm-1 (53 K) above the spin ground
state (∆E = 8J) in zero magnetic field. The smaller
anisotropy of the S = 3 state with respect to the S = 4 state
probably explains the observation of the S = 3 signal at this
relatively low temperature. Work to confirm this is now in
progress. A program that diagonalizes the following
Hamiltonian is being written (H = βB·g·S + D(Sz

2-S(S+1)/3 +
S(Sx

2-Sy
2) - 2JS1S2). It takes into account the Zeeman and zfs

interactions for each spin state as well as the magnetic
exchange between the two metallic ions.

For the binuclear Mn(II) complexes, we worked on two
systems in which the two metal ions are respectively
ferromagnetically and antiferromagnetically coupled. The
spin ground state is S = 5 in the first case, and S = 0 in the
latter. Because the exchange interaction is weak, the first
excited spin states are rapidly populated and EPR transitions
can be observed in both cases. The experimental data
confirm our previous work. Due to the geometry of the
complexes, the principal axes of the local interactions are not
collinear. The direction of the different tensors should be also
taken into account. In this condition, an EPR study
performed on a single crystal is necessary to determine
precisely the spin Hamiltonian parameters of the single ion. 
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Figure 4.4: Experimental (A) and simulated (B and C) powder
EPR spectra recorded at 285 GHz and 40 K. The B spectrum
simulates the S = 4 state and the C spectrum the S = 3 state using
parameters written above.
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4.4. Multifrequency EPR study and
density functional g-tensor calculations
of persistent organo rhenium radical
complexes

Complexes of tricarbonylchlororhenium, LRe(CO)3Cl, with
α-diimine radical anions such as bpy° (bpy : 2,2’-bipyridine)
have become interesting as the primary activated
intermediates in photo- or electrocatalytic cycles of CO2
reduction. The X-band EPR spectra of such complexes
[LRe(CO)3Cl]•- are dominated by the 185,187Re hyperfine
splitting. This splitting and the broadness of the lines
prevented resolution of the g-components in frozen solution.
The dinuclear radical anion complexes {(µL)[Re(CO)3Cl]2

•,
L: 2,2’-azobispyridine (abpy) and 2,2’-azobis (5-
chloropyrimidine (abcp), were investigated by  high field and
high frequency EPR (HF-EPR) at 230 and 285 GHz, so
that the g-anisotropy was resolved. These systems are
challenging from a fundamental EPR theory point of view:
qualitative models for the interpretation and prediction of
electronic g-tensors have long been available, both for
simple organic π radicals and “normal” transition metal
complexes with largely metal-centered spin density, but
these types of models are lacking for complexes in which the
spin density is largely but not entirely centered on the ligand.
These compounds are highly suitable for a detailed
experiment and also for a comparing computational study for
the following reasons:
• Both paramagnetic species are persistent under ambient
conditions, so in situ generation methods did not have to be
applied. This advantage was crucial for the 230 GHz and 285
EPR measurements, where the wavelengths are 1.30 and
1.05 mm respectively.
• Both complexes exhibit intense metal to ligand charge-
transfer (MLCT) absorptions at very low wavelengths. The
abcp ligand is characterized by a lower lying π orbital in
comparison to the abpy ligand. This is shown by
bathochromically shifted MLCT band of the abcp complex
compared to the abpy one.
The published structure of the neutral abpy complex was
used as starting point for the structure optimization by
quantum chemical calculations.

The g-anisotropy of the two different compounds was
detectable at 230 GHz and 285 GHz (Figure 4.5). The total
amount, ∆ = g1-g3 = 0.042 for the abpy complex and = 0.063
for the abcp complex, of this anisotropy is distinctly larger
than that found for various dicopper(I) complexes of azo-
containing radical anions. These results confirm the
assumption that the rather unspectacular  isotropic g-values
close to ge = 2.0023 of these organorhenium(I) radicals must
be due to a compensation effect. The main contribution
causing the relatively large ∆ values is the large spin-orbit
coupling of the rhenium centres. The g-anisotropy difference
between the two complexes is the signature of the π-
accepting character of the ligands that is higher in case of the
abcp.

Calculations were performed on these compounds. The
results demonstrate that these high g-anisotropy values

originate in majority from the spin-orbit coupling effects of
the metal. Nevertheless, the calculations underestimate their
magnitude but reproduce the increased g-anisotropy of abcp
compared to abpy complexes. This difference is clearly due
to an enhanced metal contribution because of larger spin
density on the Re(CO)3Cl fragment. In conclusion, the
combination of high frequency EPR studies with DFT
calculations is envisaged as a very promising approach for
the analysis of radical complexes containing heavy elements.
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Figure 4.5: EPR spectra of the {(µ-abpy)[Re(CO)3Cl]2
•- at

230 GHz (A) and 285 GHz (B) in CH2Cl2/ toluene (1/1). 
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5.1. Coulomb blockade thermometry in
the milli-Kelvin temperature range in
high magnetic fields

In experiments performed in high magnetic fields at low
temperatures below 1K one is usually faced with the
problem that commonly used resistive thermometers (RuOx,
CERNOX or Carbon resistors) develop a considerable
magnetoresistance and therefore give a considerable error in
the temperature reading. There exist some magnetic field
insensitive ways of thermometry, e. g. via the vapor pressure
of 3He or the anisotropy of the γ-radiation emitted by 60Co
nuclei, which are however limited in their range of
applicability and are not always easy to realize in common
low temperature installations.
Over the last couple of years, the possibility of using the
Coulomb blockade effect for thermometry has been
demonstrated to be suitable for real experimental situations
[1]. The principle of Coulomb blockade thermometry  (CBT)
is to use the temperature dependence of the IV-curve of a
device consisting of several tunnel junctions connected in
series. To see a noticable and predictable temperature
dependence due to Coulomb blockade, the charging energy
e2/2C of one island between two tunnel junctions must be
smaller than the average thermal energy kBT. The I-V curve for
an array of  tunnel junctions in this high temperature, or weak
Coulomb blockade regime can be calculated with an approach
similar to the orthodox theory where the tunneling rate of the
system is affected by the charging by individual electrons (for
details see [1]). The bell-shaped curve for the normalized
differential conductance G(V)/GT of such a device gives two
possibilities to deduce the temperature from it.

As indicated in Figure 5.1, the half width V1/2 of the
conductance dip depends only on temperature, the number of
junctions N and fundamental constants. V1/2 therefore
provides a primary (calibration-free) thermometer. For a
measurement of T from V1/2 a full conductance curve G(V)
has to be measured by sweeping the bias voltage, which can
take up to a few minutes. A faster temperature reading is
provided by a secondary mode, where the minimum value of
the conductance dip ∆G/GT at zero bias voltage is measured. 

As indicated in Figure 5.1, the value of the minimum also
depends on the capacitances of the device and therefore
provides a secondary  thermometer that needs to be
calibrated versus one temperature reading in the
aforementioned primary mode. Operated in this secondary
mode, a Coulomb blockade thermometer can give
temperature readings at a rate of about 1 sample/second with
typically better than 10-3 resolution in temperature.
As for a precise reading in primary mode the dip width V1/2
has to be much larger than the typical noise level of an
experiment, CBT sensors for very low tempertures, in
particular in noisy experimental conditions like high
magnetic fields produced by resistive magnets, have to
consist of a large number of tunnel junctions connected in
series and are therefore more difficult to fabricate.

We have performed a test of a new type of CBT sensor,
consiting of 100 tunnel junctions in series, with respect to its
suitablility in high magnetic fields and at milli-Kelvin
temperatures. As a magnetic field independent temperature
standard we used a special glass capacitor, whose
capacitance has been confirmed to be field independent [2].
The results of this test are shown in Figure 5.2. Within the
precision of our experiment (+/- 3%), the CBT sensors are
not affected by magnetic field.
In conclusion, we have shown that Coulomb blockade
thermometers provide a way of magnetic field independent,
primary thermometry that is useful at temperatures around
50 mK and in high magnetic fields up to 27 Tesla [3].
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Figure 5.1: Schematic graph showing the two features of the
G(V)-curve of a device with N tunnel junctions, that can be
used to deduce the temperature.

Figure 5.2: Temperature readings taken by CBT with T
stabilized to 51 mK. The insert shows some examples for
G(V)/GT taken at different magnetic fields.
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5.2. A fast mercury jet entering a 20 T
field

The purpose of these measurements is to provide
benchmarks for simulation tools of a realistic free mercury
jet target such as the one foreseen in neutrino factories [1].
These measurements, started in 2001 [2], were completed in
June 2002 with an improved setup. A detailed description
and analysis is presented in [3].
The test setup consists of a compressed air driven double
piston pump feeding a 4 mm inner diameter cylindrical
nozzle generating a pulsed mercury jet (~ 200 ms duration).
The read-out is based on observation with a high speed
camera. The injection of an 11 m/s mercury jet at an angle of
0 and 6 degree into a 20 Tesla field  (M9, 130 mm bore) was
observed.  The velocity, the width and the deflection angle of
the jet were measured as a function of the magnetic field
strength.

With increasing field, the smoothness of the jet envelope is
clearly improved thus demonstrating the expected damping
of the surface oscillations. This can be clearly seen in
Figure 5.3 where the larger and faster fluctuations of the
diameter of the field free jet are suppressed by one order of
manitude at 20 Tesla. The amplitude is then of the order of
the spatial resolution of the camera system (~ 0.33 mm/pixel).
The damping of disrupted jets, simulated with highly
turbulent jets, could not be observed.
A 4 mm diameter jet injected in a 20 Tesla field stabilised at
the desired injection angle within 10 ms (Figure 5.3). Minor
misalignments or oscillation around the axis of the jet cannot
be excluded. A larger jet such as the one proposed in neutrino
factories would under similar conditions take more time to
stabilise. A delay of 20 ms are available between proton
pulse induced disruptions. 
With increasing field, the tip gets thinner. On injecting a
mercury jet into a magnetic field, the acting repulsive force
resulted in a shaping of the tip of the mercury jet towards a
“rocket” geometry. 
The injection of the inclined jet showed no deflection. 
The pinching is illustrated in Figure 5.4 (left), for two
different static driving pressures, resulting in different
velocities of about 9 and 11 m/s. The width of the jet
decreases with increasing magnetic field by ~15%.
Jet velocities are presented in Figure 5.4 (right) as a function
of the magnetic field strength. The expected tendency for the
velocity of the jet to be reduced with increasing field is
observed. Independent of the injection angle the velocity is
about 25 % less at highest magnetic field.

The observed reduction of velocities by about 25 % in a
20 Tesla field is significantly larger when compared to the
predictions of free jets. Thus underlining the importance of
MHD effects occurring in the piping and in the valve specific
to our experimental setup.
The welcome damping of jet instabilities is an asset for the
final scheme of the target area. The narrowing of the jet by
15 % requires a full simulation of the injection circuit. 
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Figure 5.3: The width of the jet as a function of time at no
magnetic field and at B = 19 Tesla. A clear smoothing of the
jet shape at 19.3 Tesla is visible.

Figure 5.4: The pinching (left) and the velocity (right) of the
jet as a function of the magnetic field strength. The decrease
in the width is shown for two different driving pressures.
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5.3. Hartmann layers between laminar
and turbulent states

We study the stability of the boundary layer (Hartmann
layer) that develops in electrically conducting fluids along
the boundaries not tangential to an imposed magnetic field.
The currents in the fluid are restricted to this layer giving it
a dominant effect over the whole flow.

Information on the parameter ranges in which the layer is
laminar or turbulent is crucial in any activity where a
detailed control of the flow is necessary, such as in the
growth of semiconductor crystals and the casting of metals.
It is also important to the flow of the inner liquid core of the
Earth [2]. This is a continuation of experiments initiated in
September 2001. Modifications in the experimental device
allowed us to extend the range of velocities and magnetic
fields studied and to investigate the effect of wallroughness
on the transition to turbulence. 

We carried out our experiments in Magnet 5 which has a
maximum field intensity of 13 Tesla in a cylindrical cavity of
130 mm in diameter. We introduced in this field a toroidal
cell (with square section) containing mercury through which
we circulated a current. The interaction of the latter with the
magnetic field resulted in a Lorentz force that drove the
mercury. We measured the resulting drop in electric potential
in the cell and calculated the friction factor for the flow,
which is directly linked to the characteristics of the velocity
profiles and their laminar or turbulent state. We made
measurements in the range of 1 to 13 Tesla, for currents
between 0 and 650 Ampere, varied in increments of 2 A per
second. In Figure 5.5 we plotted the values of the friction
factor (F) as a function of R, the ratio of the Reynolds
number to the Hartmann number. The straight line with slope
-2/R corresponds to the value of F in the laminar case [1]. It
can be seen that the experimental results fit this curve well
up to R approximately 400, where a marked transition occurs
and the friction factor takes on higher values than in the
laminar case.  The critical Reynolds number was found to be
the same when the current was decreased in the same way
and the flow was laminarised, i.e. no hysteresis was observed

except at low values of the current when the Hartmann
friction time is larger. Similar results were obtained when the
mean velocity in the flow was determined from readings of
the radial pressure gradient. While for the above results the
walls along which the Hartmann layers developed were
made of machine-polished painted copper, measurements
were also made for ceramic plates with average roughness
height about four times higher. In Figure 5.6 is shown how
in this case the critical value of R for transition decreases
with the intensity of the magnetic field, as the thickness of
the Hartmann layer also decreases. This indicates that the
characteristics of the Hartmann layers, as if laminar or
turbulent, affect global measurements such as the friction
factor. It is found also that the presence of roughness changes
the stability properties of the Hartmann layer but not the
results in the laminar regime. 
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Figure 5.5: Friction factor with smooth walls (1 T to 13 T).

Figure 5.6: Friction factor with rough walls (1 T to 13 T).
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5.4. Effect of high magnetic fields on
copper and cobalt electrodeposition

Magnetic induced effects on electrochemical processes are
of high interest from a basic point of view as well as for
many applications especially in magnetoelectronics.
Convective effects on mass controlled reactions induced by
a magnetic field parallel to the plane working electrode are
well known as magneto-hydrodynamic (MHD) effect and
have been examined experimentally as well as theoretically
(ilim ~ B1/3) [1]. These effects also change the morphology
and interface properties, but for nm-thick films and
multilayer systems it is necessary to understand and control
the initial stages of deposition and kinetic processes such as
adsorption, discharging or electron transfer. All these effects
have been argued to be much smaller than convective effects
[2] and so they have to be investigated in higher magnetic
fields. We are especially interested in the deposition of
copper and cobalt because multilayer systems of these
elements show the GMR effect [3]. It is expected that the
discharge process of paramagnetic ions with different
magnetic susceptibilities is strongly affected by high
magnetic fields when the classical MHD effect can be
excluded i.e. when the magnetic field is perpendicular to the
electrode. Former experiments on copper deposition from
acid sulfate solutions in magnetic fields up to 0.9 T have
shown a dependence of the magnetic field effect on the
working electrode position with respect to the magnetic field
direction [4]. 

To upgrade these results, potentiostatic experiments on
cobalt and copper deposition have been performed in
magnetic fields up to 13 T. The effects of metal ion
concentration, magnetic field direction, electrode surface
position, electrode area and overpotential were investigated. 
When depositing cobalt hydrogen codeposition has to be
taken into account. For that reason we used only one
electrode configuration with its surface upwards. Up to 0.8 T

no current increase with B was observed. At higher fields a B
exponent between 0.39 and 0.45 could be estimated for
different overpotentials (-1350 and -1550 mV vs. SSE),
which is a little bit higher than the classical 1/3 but seems to
be independent of the magnetic field direction (Figure 5.7).

One can see on Figure 5.8 the same curves for copper
deposition with different working electrode positions.
Especially when using horizontal electrodes the observed
behaviour is contrary to the classical MHD effect. The
current decrease followed by a very sharp increase (blue
curve) and also the alternating increase/decrease between
0.7 and 2.8 T (grey curve) are completely misunderstood at
the moment.

As a result of our experiments it has to be mentioned that
i ~ B1/3 is only true for a special configuration. To explain the
origin of the measured effects, convective effects other than
classical have to be taken into account and existing models
have to be further improved.
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Figure 5.7: Potentiostatic cobalt electrodeposition from
sulfuric acid solution (cCo2+=0.009 mol/l), horizontal
electrode, surface upwards, vertical B in normal and inverse
mode.

Figure 5.8: Potentiostatic copper deposition at –700 mV vs.
SSE from sulfuric acid solution (cCu2+=0.009 mol/l), vertical
B, normal mode.



Grenoble High Magnetic Field Laboratory 
76

MAGNETO-HYDRODYNAMICS AND MISCELLANEOUS

5.5. Magnetic shielding study for the
“G0” Cerenkov photo-multiplier tubes 

The purpose of this study was to design a magnetic shielding
necessary for the proper work of some XP4572B photo-
multiplier tubes (PMTs) from Photonis. Sixteen of these
PMTs shall be installed on four Cerenkov counters build at
the ISN and used in a parity violation experiment in electron
scattering, the G0 experiment, which shall take place at the
Jefferson Laboratory (Newport News, USA). These
detectors will be located in the fringing field of the super-
conducting magnet used in the G0 experiment.

The XP4572B PMTs are very sensitive to magnetic fields:
their gain is lowered by a factor two when operated in a
region with an axial field (parallel to the PMT axis) as low as
0.13 mT and a transverse one of 0.04 mT. Therefore,
working even in the earth magnetic field requires some
shielding. During the G0 experiment, these tubes will
encounter maximum field of the order of 4.38 mT in the axial
direction and about 11 mT in the transverse ones. Such high
fields (compared to the above mentioned limits) imply an
efficient shielding and therefore its test under similar field
conditions as expected in the G0 experiment. The most
convenient place to get such a field over the whole volume
of our set-up is the GHMFL where we worked in the fringing
field of the M3-23 T magnet. The chosen shielding
configuration is shown on Figure 5.9. It is made of two
different parts: a main one corresponding to the 450 mm long
tubes sandwiched by square soft iron plates and a closing
part with a 100/200 mm long tube plus a square plate with a
small hole to let the PMT signal and high voltage cables
reach the power supply and the oscilloscope displaying the
signal. In order to reproduce the field components expected
during the G0 experiment, the distance magnet-shielding
could be varied (120 or 160 cm) and the set-up could be
positioned either horizontally to investigate the purely
transverse field or vertically when studying the axial one. 

Measurements have been done in two different periods. The
first time (May 27-31, 2002), the shielding set-up had only
two 450 mm long soft iron tubes and no closing part. The
results obtained with this configuration showed that the
transverse field was well shielded (as expected), whereas the

axial one was not sufficiently shielded to safely operate the
PMTs. In order to solve this problem, new measurements
have been performed (September 9-13, 2002) with a
modified shielding set-up where a third iron tube and the
closing part have been added. At the same time, the inner
Mumetal tube has been isolated from the square plates in
order to open the magnetic circuit. Several new
configurations were shown to provide the mandatory
shielding to operate the photo-tubes safely even up-to axial
field components equal to more than twice the expected
value. On Figure 5.10 for the axial field only, we show the
results for a closed configuration with two iron tubes in the
main part. One should notice the effect of the iron hysteresis
on the relative gain curve. These tests were very successful
and allowed us to find several shielding configurations for
safely operating the PMTs during the G0 experiment. We
would like to thank F. Debray who was our local contact at
the GHMFL and all the personnel of the laboratory who
showed a great interest in this unusual type of experiment
(using only fringing field of a few mT) and who were more
than helpful in setting up some flexible scheduling. We are
looking forward in collaborating with the laboratory again. 
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Figure 5.9: Drawing of the PMT shielding. Left Side view.
Right : bottom view of the concentric tubes.

Figure 5.10: Second campaign results showing the relative
gain (ratio of measured gain at a given field over the gain
measured at zero field) versus the expected field at the
shieding centre position when no shielding is present.
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5.6. Forced convection heat transfer in
mini-channels

The cooling of the high field magnets developed at the
Grenoble High Magnetic Field Laboratory is made by water
forced convection in annular mini-channels. The hydraulic
diameters are smaller than one millimetre. The flows reach
velocities as high as 25 m.s-1 and the fluxes peaks reach
5 MW.m-2. The study of this non conventional forced
convection is then a key-issue for high field magnet
optimization. 

We develop with le Laboratoire des Ecoulements
Géophysiques et Industriels a specific apparatus for direct
heat flux and wall temperature measurements in mini-
channels the thickness of which varies from 1.13 mm to
300 µm. It is then possible to measure heat transfer
coefficient in a wide range of hydraulic regime and compare
them with results obtain on high field magnets and with
correlations well-established for larger hydraulic diameter. 
Our experimental apparatus consists of a 150 mm long and
60 mm wide flat channel. The thickness varies between
1.13 mm and 300 µm. Sensors give the surface heat flux ϕ,
the wall temperature Twall, the water temperature Twater at the
test section inlet and outlet. The heat transfer coefficient h
(W/m2.K) is calculated with:

ϕ
h = ––––––––––

Twall – Twater

Experimental results (Figure 5.11) are presented with the
Nusselt number: 

h DH
Nu = –––––––   (λ: water thermal conductibility, W/m.K).

λ
The measurements show significant deviations from the laws
established for larger hydraulic diameter: 

• A variation of Nusselt number with Reynolds number in the
laminar regime experimentally appears and is confirmed
by a numerical simulation (Fluent). This phenomenon is
due to the thermal boundary layers which are not fully
developed at the heat flux sensor location and to the
entrance effects which increase with Reynolds number. 

• A region of high fluctuation of the Nusselt number appears
at Reynolds numbers between 3000 and 20 000. It is caused
by transition to turbulence spots which increases heat
transfer. Boundary layers visualizations by fluoresceine
injection are planned to investigate the phenomenon.

• A variation of Nusselt number with Reynolds number in the
laminar regime experimentally appears and is confirmed
by a numerical simulation (Fluent). This phenomenon is
due to the thermal boundary layers which are not fully
developed at the heat flux sensor location and to the
entrance effects which increase with Reynolds number. 

• A decrease in Nusselt number occurs in the turbulent
regime for all the channels. The measured heat flux
decreases whereas the injected electric power remains
constant. Numerical simulations show that this
phenomenon is probably related to both the viscous heating

and the non uniformity of the heat flux in our experiment.
Another numerical study (Ansys) is currently performed to
model the heat flux conditions at the wall.

A comparison of the present results with those obtain at
higher fluxes with the 14 helix insert developed for the
hybrid magnet of the GHMFL is foreseen. 
The next step of this research will concern the forced
convection heat transfers in cavitating and two-phase flows
which is the limitating regime for high field magnet cooling.
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Figure 5.11: Nusselt number distribution with Reynolds
number for three channel depth.
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Phys. Rev. B 65, 161304(R)/1-4 (2002)

52. Malits P., A.Kaplunovsky, I.D.Vagner and P.Wyder
Spectrum of electrons confined to rotationally symmetric nanoparticles
Nano Lett. 2, 915-918 (2002)

53. Mandal P., P.Choudhury, K.Barner, R.von Helmolt and A.G.M.Jansen
Magnetotransport properties of La2/3Sr1/3MnO3 thin films
J. Appl. Phys. 91, 5940-5944 (2002)

54. Matsunaga N., A.Ayari, P.Monceau, A.Ishikawa, K.Nomura, M.Watanabe, J.Yamada and S.Nakatsuji
Role of the dimerized gap due to anion ordering in spin-density wave phase of (TMTSF)2ClO4 at high magnetic fields
Phys. Rev. B 66, 024425/1-5 (2002)

55. Monarka Yu.P., E.Teske and P.Wyder
Quantum magnetotransport in two-dimensional Coulomb liquids
Physics Reports 370, 1-61 (2002)

56. Mossin S., H.Weihe and A.L.Barra
Is the axial zero-field splitting parameter of tetragonally elongated high-spin manganese(III) complexes always negative?
J. Am. Chem. Soc. 124, 8764-8765 (2002)
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57. Nicholas R.J., K.Takashina, B.Kardynal, C.Petchsingh, N.J.Mason, D.K.Maude and J.C.Portal
Electron-hole interactions and metal-insulator transitions in InAs/GaSb heterostructures
Proc. 10th Int. Conf. on Narrow Gap Semiconductors (NGS10), Ishikawa, Japan 2001
J. Appl. Phys. Jpn, accepted (2002)

58. Nogaret A., D.N.Lawton, D.K.Maude, J.C.Portal and M.Henini
Magnetic waveguiding in tilted magnetic fields
Physica E 12, 220 (2002)

59. Petchsingh C., R.J.Nicholas, K.Takashina, N.J.Mason and J.Zeman
Mass enhancement and electron-hole coupling in InAs/GaSb bilayers studied by cyclotron resonance
Physica E 12, 289-292 (2002)

60. Ponomarev B.K., B.S. Red'kin, E.Steep, H.Wiegelmann, A.G.M.Jansen and P.Wyder
Magnetoelectric effect in samarium molybdate
Physics Solid State 44, 145-148 (2002)

61. Popov V.G., Yu.V.Dubrovskii, E.E.Vdovin, Yu.N.Khanin, J.C.Portal, D.K.Maude, T.G.Andersson and S.Wang
Pinning of Landau levels in open two-dimensional electron systems
Proc. 10th Int. Symp. "Nanostructures: Physics and Technology", St Petersburg, Russia, June 17-21, 2002

62. Rikken G.L.J.A. and C.Rizzo
Magneto-electric anisotropy of the quantum vacuum
Phys. Rev. A, accepted (2002)

63. Rikken G.L.J.A., C.Strohm and P.Wyder
Observation of magneto-electric directional anisotropy
Phys. Rev. Lett. 89, 133005/1-4 (2002)

64. Rikken G.L.J.A., E.Raupach,  S.Roth and V.Krstic
Magnetochiral anisotropy
Mol. Phys. 8, 1155-1160 (2002)

65. Roth S., V.Krstic and G.L.J.A.Rikken
Quantum transport in carbon nanotubes
Curr. Appl. Phys. 2, 155-161 (2002)

66. Roth S. and G.L.J.A.Rikken
Observation of magneto-electric linear birefringence
Phys. Rev. Lett. 88, 063001/1-4 (2002)

67. Samuely P., P.Szabo, J.Kacmarcik, A.G.M.Jansen, A.Lafond, A.Meerschaut and A.Briggs
Two-dimensional behaviour of the naturally layered superconductor LaSe1.14NbSe2

Physica C 369, 61-67 (2002)

68. Sotomayor Choque N.M., G.M.Gusev, J.R.Leite, A.A.Bykov, L.V.Litvin, N.T.Moshegov, A.I.Toropov, D.K.Maude and
J.C.Portal
Chaotic electron dynamics in antidot lattice subjected to strong in-plane magnetic field
Phys. Rev. B 66, 035324 (2002)

69. Szabo P., P.Samuely,  A.G.M.Jansen, T.Klein, J.Marcus,  D.Fruchart and S.Miraglia
Magneto-transport and the upper critical magnetic field in MgB2

Physica C 369, 250-253 (2002)

70. Takashina K., R.J.Nicholas, B.Kardynal, N.J.Mason, D.K.Maude and J.C.Portal
The quantum Hall effect in an InAs/GaSb based electron-hole system and its current-driven breakdown
Physica E 12, 161 (2002)
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71. Teran F.J., M.Potemski, D.K.Maude, A.K.Hassan, T.Andrearczyk, J.Jaroszynski, Z.Wilamowski, T.Wojtowicz and
G.Karczewski
Resistively detected EPR of Mn2+ ions coupled to the 2DEG in the quantum Hall regime
Physica E 12, 356 (2002)

72. Teran F.J., M.Potemski, D.K.Maude, T.Andrearczyk, J.Jaroszynski and.G.Karczewski
Pauli paramagnetism and Landau level crossing in a modulation doped CdMnTe/CdMgTe quantum well
Phys. Rev. Lett. 88, 186803 (2002)

73. Tsoi M., V.Tsoi, J.Bass, A.G.M.Jansen and P.Wyder
Current driven resonances in magnetic multilayers
Phys. Rev. Lett. 89, 246803/1-4 (2002)

74. van Slageren J., R.Sessoli, D.Gatteschi, A.A.Smith, M.Helliwell, R.E.P.Winpenny, A.Cornia, A.L.Barra, A.G.M.Jansen,
E.Rentschler and G.A.Timco
Magnetic anisotropy of the antiferromagnetic ring [Cr8F8Piv16]
Chem. Eur. J. 8, 277-285 (2002)

75. Vonlanthen P., K.B.Tanaka, A.Goto, W.G.Clark, P.Millet, J.Y.Henri, J.L.Gavilano, H.R.Ott, F.Mila, C.Berthier,
M.Horvatic’, Y.Tokunaga, P.Kuhns, A.P.Reyes and W.G.Moulton
High-magnetic-field NMR studies of LiVGe2O6: a quasi-one-dimensional spin S=1 system
Phys. Rev. B 65, 214413/1-12 (2002)

Wysmolek A., M.Potemski and V.Thierry-Mieg
Single dot like emission induced by high magnetic fields
Physica E 12, 876 (2002)
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List of Ph.D theses

1. Desrat W.
Résonance magnétique nucléaire détectée résistivement dans des hétérostructures GaAs/GaAlAs en régime Hall quantique
Institut National des Sciences Appliquées de Toulouse, 2002

2. Grigoriev P.
Quasi-two-dimensional electron systems
Dissertation zur Erlangung des Doktorgrades der Naturwissenschaften an der Universität Konstanz, 2002

3. Gröger A.
Experimental studies on superconductors in high magnetic fields
Dissertation zur Erlangung des Doktorgrades der Naturwissenschaften an der Universität Konstanz, 2002

4. Hinderer J.
Magnetic domains with non-spin origin Condon domains
Dissertation zur Erlangung des Doktorgrades der Naturwissenschaften an der Universität Konstanz, 2002

5. Pershin Y.
Transport in low-dimensional systems under strong fields
Dissertation zur Erlangung des Doktorgrades der Naturwissenschaften an der Universität Konstanz, 2002

6. Schleser R.
Magnetostrictive, magnetic, and transport properties of correlated electron systems
Dissertation zur Erlangung des Doktorgrades der Naturwissenschaften an der Universität Konstanz, 2002
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Contributors of the GHMFL to the present report 

ARNAUD Gilbert: 25, 26
BABINSKI Adam: 12, 27
BARDOT Cédric: 14
BARRA Anne-Laure: 66, 67, 69
BERTHIER Claude: 8, 9, 10, 39, 40, 62
BYSZEWSKI Marcin: 18, 32
CHAPPEL Eric: 47, 48
CHOUTEAU Gérard: 42, 43, 44, 46, 47, 48
DEBRAY François: 74, 75, 77
DE BRION Sophie: 42, 43, 44, 46, 47, 48
DELAHAYE Julien: 63
DE VAULX Cédric: 10 
DESRAT Wilfried: 11
DIAZ Sébastien: 44
ESTIBALS Olivier: 25, 26, 28, 29, 33
FAUGERAS Clément: 13
FREYTAG Nicolas: 8, 9
GRIGORIEV Pavel: 41
GUILLOT Maurice: 45, 46, 49, 50, 53, 55
HASSAN Alia: 17, 51,
HORVATIC Mladen: 8,9, 10, 39, 40, 62
JANSEN Louis: 20, 24, 72
LAFARGE Philippe: 63
LEVY Laurent: 8,9, 51, 63
MARTINEZ Gérard: 13, 14, 15, 36
MAUDE Ducan: 11, 13, 16, 17, 20, 21, 23, 31, 34 

MITROVIC Vesna: 10, 62
MANTEL Claire: 68
MOSSANG Eric: 58, 59, 60, 61
NUNEZ-REGUEIRO Dolorès: 47, 48, 52
PLANTIER David: 17
PORTAL Jean-Claude: 11, 21, 23, 25, 26, 28, 29, 33
POTEMSKI Marek: 11, 12, 13, 14, 16, 17, 18, 27, 32, 35, 36
RIKKEN Geert: 54  
SADOWSKI Marcin: 18, 19, 22, 30
SCHAEFFER David: 63
SORACE Lorenzo: 66 
STROHM Cornelius: 54
TERAN Francesco: 16, 17,
TOIA Carole: 68, 69
VAN DER LINDEN Peter: 72
WEISS Markus: 24, 72
WYDER Peter: 36, 54
WYSMOLEK Andrzej: 36
ZEMAN Jan: 13, 19, 22, 30
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Collaborating External Laboratories

Argentina
Centro Atomico Bariloche, CNEA, Bariloche: 42

Austria
FKE, Vienna: 34

Brasil
Instituto de Física da Univ. de São Paulo: 28, 29, 33

Canada
IMS/NRC, Ottawa: 11, 17, 18, 27
NRC, Laboratory of Chalk River: 51

China
Luoyang College: 53, 56
Nanjing Univ.: 53, 56
NIN, Xi’ An: 58
Yangzhou Univ.: 53

Czech Republic
J. Heyrovsky Institute: 69

Denmark
Oersted Lab., Copenhagen Univ.: 32
Copenhagen Univ.: 67

Finland
Dpt of Physics, Univ. of Jyväskylä: 72
Nanoway Ltd, Univ. of Jyväskylä: 72

France
CEA, Grenoble: 52
CEA, Saclay: 49
CNRS UPR 209, Thiais: 46, 50
CRETA, Grenoble: 60
CRISMAT, Caen: 43
Cristallographie, CNRS, Grenoble: 45, 47, 48, 51, 60
CRTBT, CNRS, Grenoble: 42, 58
DTI SC, CNRS, Reims: 75
GRCM-INSA, Rennes: 66
ISN, Grenoble: 76
Labo. de Chimie Appliquée de l’Etat Solide, ENSCP,
Paris: 48
Labo. de Photonique et de Nanostructure, Marcoussis: 19
Labo. de Physique des Solides, Orsay: 40
Labo. de Spectrométrie Physique, Saint Martin d’Hères: 40
LEGI, Grenoble: 77
LEOPR, Grenoble: 68
LSP, Grenoble: 60
Nexans: 60
Univ. Blaise Pascal, Aubière: 49
Univ. Montpellier II: 19

Germany
Dortmund Univ.: 27
HHI, Berlin: 20
IFW, Dresden: 75
MPI, Mülheim: 68
Paul Drude Institut, Berlin: 13, 14, 31
Stuttgart Univ.: 69
Walter Meissner Institut, Garching: 41
Würzburg Univ.: 69

Hungary
University of Technology and Economics, Budapest: 47

Israel
Weizmann Institute of Science, Rehovot: 12

Italy
CESI, Milano: 59
LAMIA Lab., INFN, Genoa: 59
Univ. of Florence: 66
Univ. of Modena: 66

Japan
ISSP, University of Tokyo: 39
Kyoto: 62

Korea
AIT, Suwon: 35

Netherlands
ITFA, Univ. of Amsterdam: 20
WZI, Univ. of Amsterdam: 20

Poland
High Pressure Research Center, PAN, Warsaw: 36
Institute of Physics, PAS, Warsaw: 19, 32
Institute of Physics, PAN, Warsaw: 16, 17
Institute of Physics, Warsaw: 18
University of Warsaw: 35, 36

Russia
A.F.Ioffe Physico-Technical Institute, St.-Petersburg: 22, 30
Institute of Electronics and Radioengineering RAS,
Moscow: 21
Institute of Microelectronics Technology RAS,
Chernogolovka: 21
Institute of Semiconductor Physics, Novosibirsk: 25, 26,
28, 29, 33
Institute of Solid State Physics, RAS, Chernogolovka: 24
Institute for Theoretical Physics, Moscow: 15, 41
IRE, Moscow: 20

Spain
Univ. of Barcelona: 44

Switzerland
CERN, Geneva: 73
Institut de Physique Théorique, Univ. de Lausanne: 39

United Kingdom
Univ. of Cambridge: 74
Univ. of Nottingham: 21, 23
Univ. of Sheffield: 11, 21
Univ. of Glasgow: 23
Univ. of Durham: 61
Univ. of Lancaster: 30

United States of America
NHMFL, Thalassee, Florida: 49, 50, 56
University of Princeton: 8, 9, 10
Wright State Univ., Dayton OH: 35
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Proposals for magnet time carried out in 2002

The following list gives an overview of the accepted proposals which have been allocated magnet time on resistive magnet sites in the Grenoble
High Magnetic Field Laboratory during 2002.

MAGNETISM

Influence of the thermal treatment and indirect measurement of the giant magneto-caloric effect in the Gd5(SixGe1-x)4
compounds, for x ≤ 0.2
Batlle X., Casanova F. - Dept. Fisica Fonamental, Facultat de Fisica, Universitat de Barcelona, Spain

Study of the magneto-caloric effect using magnetisation data in the Gd5(SixGe1-x)4 compounds, for x ≤ 0.5 with the optimum
heat treatment
Batlle X., Casanova F. - Dept. Fisica Fonamental, Facultat de Fisica, Universitat de Barcelona, Spain

High magnetic field behaviour of the triangular lattice of the ordered Delafossites type superoxides LaCuO2.66 and NCuO2.66
Chouteau G. - GHMFL, MPI-CNRS, Grenoble, France
Ballou R., Bordet P., Darie C. - Laboratoire de Cristallographie, CNRS, Grenoble, France

Influence of strong magnetic field on electrical Fredericksz transition in ferronematics
Koneracka M., Kopcansky P., Timko M. - Institute of Experimental Physics, Kosice, Slovakia

Investigation of the magnetic phase diagram of the heavy fermion compound CePd2Si2 : high field magnetization study
Sheikin I. - DPMC, University of Geneva, Switzerland
Chouteau G., De Brion S. - GHMFL, MPI-CNRS, Grenoble, France

Magnetic excitations in the 2D quantum spin system SrCu2(BO3)2
Van Bemtun P., Van Loosdrecht P.J.M. - Dept of Solid State Physics, University of Groningen, The Netherlands
Vasil'ev A.N. - Moscow State University , Moscow, Russia
Zeman J. - GHMFL, MPI-CNRS, Grenoble, France

Low temperature specific heat measurements of the heavy fermion compound CePd2Si2 : metamagnetic instabilities and field
dependence of the effective mass
Sheikin I. - DPMC, University of Geneva, Switzerland
Hinderer J. - GHMFL, MPI-CNRS, Grenoble, France

Transport measurements of charge ordered manganite thin films
Prellier W., Rawel E. - CRISMAT, Caen, France

The study of structural transitions in ferronematics in combined electric and magnetic fields
Koneracka M., Kopcansky P., Timko M. - Institute of Experimental Physics, Kosice, Slovakia

Scaling of the entropy change at the first-order field-induced metamagnetic transitions in La(FexAl1-x)13 compounds by
changing composition and magnetic field
Batlle X., Casanova F. - Dept. Fisica Fonamental, Barcelona, Spain

Magneto-caloric effect in the vicinity of first-order field-induced metamagnetic transitions in REMn2Ge2 compounds
(RE=Gd, Dy, Tb)
Batlle X., Casanova F. - Dept. Fisica Fonamental, Barcelona, Spain

NMR investigation of magnetic phases and spin dynamics in 2D spin-gap material SrCu2(BO3)2
Kodama K., Takigawa M. - Institute of Solid State Physics, Tokyo, Japan

Quantitative studies of giant magnetoresistance in DyFe2/YFe2 superlattices
Beaujour J. M., Bowden G.J. , De Groot P.A.J., Zhukov A. A. - Department of Physics and Astronomy, University of
Southampton, United Kingdom 

Anisotropy and relaxation measurements in Sm-Co permanent magnet materials
Litsardakis G., Makridis S. - Aristotle University of Thessaloniki, Greece
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Study of level crossing mechanism on Cr8 molecular ring by heat capacity measurements
Affronte M., Caciuffo R., Van Slageren J. - Istituto Nazionale di Fisica della Materia, Modena, Italy

Magnetic ordering in tetravalent Terbium fluorides
Guillot M. - GHMFL, MPI-CNRS, Grenoble, France
Avignant D., El Ghozzi M., Josse M. - Laboratoire des Matériaux Inorganiques, Université Blaise Pascal, Clermont Ferrand,
France

High field ESR study of Cu3V2O7(OH)2.2H2O kagomé-like compound
Ksari Y., Millet P., Stepanov A. - L2MP, CNRS, Marseille, France

Study of nanocrystalline ribbons : verification of the as proposed new interfacial exchange coupling model
Shin D. H., Suran G. - Laboratoire Louis Néel, CNRS, Grenoble, France

SEMICONDUCTORS

Quantum Hall effect in disordered GaAs layers
Murzin S.S. - Institute of Solid State Physics, Chernogolovka, Russia
Jansen A.G.M., Weiss M. - GHMFL, MPI-CNRS, Grenoble, France

Resistively detected NMR in the quantum Hall regime
Desrat W., Maude D.K. - GHMFL, MPI-CNRS, Grenoble, France

Edge state coupling to the bulk for the ν = 3.5 quantum Hall state 
Desrat W., Maude D.K. - GHMFL, MPI-CNRS, Grenoble, France

Transport properties of GaN/AlGaN layers for HEMT applications
Williams M. L., Harrison I. - School of Electronic and Electrical Engineering, University of Nottingham, United Kingdom

Gate controlled subband occupancy in GaAs/AlGaAs double quantum wells
Krupko Y., Smrcka L., Vasek P. - Institute of Physics, Academy of Sciences, Praha, Czech Republic

Single dot emission induced by high magnetic fields
Wysmolek A. - Institute of Experimental Physics, University of Warsaw, Poland
Potemski M. - GHMFL, MPI-CNRS, Grenoble, France

Gaussian Helicon beams in a solid state plasma in the high magnetic fields
Jankauskas Z., Laurinavicius L. - Vilnius Gediminas Technical University, Lithuania

Search for excitonic insulator state in bipolar systems : gated heterostructure studies to study charge neutral systems
Takashina K., Nicholas R.J. - Department of Physics, University of Oxford, United Kingdom

Study of the energy transfer between discrete electronic states in self-organized InAs/GaAs quantum dots and quantum rings
Kuldova K., Oswald J. - Institute of Physics, Academy of Sciences, Prague, Czech Republic
Potemski M., Zeman J. - GHMFL, MPI-CNRS, Grenoble, France

Spontaneous excitons and excitonic complexes in strong magnetic fields
Vasilyev Y.B. - Ioffe Physical Technical Institute, St Petersburg, Russia

Magnetotransport in InAs/GaAs/AlAs superlattices
Patanè A., Neumann A. - School of Physics & Astronomy, University of Nottingham, United Kingdom

High field magnetotransport study of thin Bismuth wires
Condrea E., Dubkovetsky Y., Grozav A. - Institute of Applied Physics, Chisinau, Republic of Moldova

The plateau-insulator quantum phase transition in the quantum Hall regime
De Lang D.T.N., De Visser A., Ponomarenko L. - Van der Waals-Zeeman Institute, University of Amsterdam, The
Netherlands
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Resonant tunnelling through vertically coupled InAs quantum dots
Haendel K.M., Haug R., Könemann J., Sarkar D., Zeitler U. - University of Hannover, Germany

Infrared magneto-spectroscopy of electron-hole liquid in type-II broken-gap heterostructures
Brunkov P., Mikhailova M., Moiseev K. - AF Ioffe Physico-technical Institute, St Petersburg, Russia 
Falko V., Krier A. - Lancaster University, United Kingdom

Fractional quantum Hall effect in wide ballistic wires
Kvon Z. - Institute of Semiconductor Physics, Novosibirsk, Russia

Optically detected magnetic resonance on donor-acceptor pairs in GaN
Stepniewski R., Wysmolek A. - Institute of Experimental Physics, University of Warsaw, Poland
Potemski M. - GHMFL, MPI-CNRS, Grenoble, France

Quantum dot multi-exciton complexes in high magnetic fields
Bayer M. - Technische Physik, University of Würzburg, Germany
Potemski M. - GHMFL, MPI-CNRS, Grenoble, France

FIR investigation of the interaction between LO phonons and confined carriers (electrons and holes) in InAs quantum dots
(QD) and QD molecules. Investigation of the energy levels of self assembled Ge/Si quantum dots
Deleporte E., De Vauchier L.A., Guldner Y., Hameau S., Isaia J.N. - LPMC, ENS, Paris, France

Hall effect measurements of short period GaMnAs/GaAs superlattice structures
Sadowski J. - Örsted Institute, University of Copenhagen, Denmark
Roland M. - Angström Laboratory, University of Uppsala, Sweden

Magneto-photoluminescence of (single)InAs/GaAs self assembled quantum dots with well resolved electronic shells 
Hawrylak P., Raymond S., Studenikin S., Sachrajda A. - National Research Council of Canada, Ontario, Canada
Potemski M. - GHMFL, MPI-CNRS, Grenoble, France

A study by quantum transport and cyclotron resonance experiments of the attractive and repulsive impurities in the quantum
Hall effect regime
Bonnifacie S., Juillaguet S., Raymond A. - Groupe d'Etudes des Semiconducteurs, CNRS, Montpellier, France

Effect of ultra high magnetic field on the 0.7 structure in high mobility ballistic one-dimensional wires
Graham A., Sfigakis F., Thomas K.J. - Cavendish Laboratory, University of Cambridge, United Kingdom

Magnetotransport properties of nonplanar two-dimensional electron gas grown on the substrates with self-organized surface
corrugations
Bykov A.A. - Institute of Semiconductor Physics, Novosibirsk, Russia
Portal J. C. - GHMFL, MPI-CNRS, Grenoble, France

Far-infrared studies of internal electric field in GaN crystals
Witowski A. – Institute of Experimental Physics, Faculty of Physics, Warsaw, Poland
Potemski M. - GHMFL, MPI-CNRS, Grenoble, France

Magneto infrared absorption and polaron coupling in a high density GaAs quantum well using a field modulation technic
Faugeras C., Martinez G. , Zeman J. - GHMFL, MPI-CNRS, Grenoble, France

Carrier density determination of ferromagnetic (Ga,Mn)As epilayers by high field, low temperature Hall measurements
Rüster C. - Experimentelle Physik III, Julius Maximilians Universität, Würzburg, Germany

Impurity related emission in the photoluminescence from p-type modulation doped Al1-xGaxAs/GaAs heterostructures
Bryja L. - Institute of Physics, Wroclaw Technical University, Wroclaw, Poland

Spin excitations coupling in CdMnTe quantum well structures
Eaves L. , Main P.C. Teran F. – Department of Physics, University of Nottingham, United Kingdom
Hassan A., Potemski M. - GHMFL, MPI-CNRS, Grenoble, France

Magnetotransport in a quasi-three dimensional hole gas
Gusev G. - Instituto de Fisica, Universidade de Sao Paulo, Brasil
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Quantum hall effect in wide parabolic well in a tilted magnetic field
Gusev G. - Instituto de Fisica, Universidade de Sao Paulo, Brasil

Magnetic field induced chaotic miniband transport through stochastic webs
Fowler D., Neumann A., Patanè A. - School of Physics and Astronomy, University of Nottingham, United Kingdom

Exploratory photoluminescence (PL) studies of near-displacement-threshold electron-irradiated diamond, 4H- and 6H-
silicon carbide under high magnetic fields at temperatures of 10 K to 220 K
Hayes J.M., Steeds J. W. - H. H. Wills Physics Laboratory, University of Bristol, United Kingdom

Magneto-photoluminescence spectroscopy of (InGa) (AsN)/GaAs heterostructures
Polimeni A., Von Högersthal G. - Dipartimento di Fisica, Universita di Roma, Italy

Magneto-resistance of InGaAs/InP superlattices in tilted magnetic fields
Krupko Y., Smrcka L., Svoboda P. - Institute of Physics, Academy of Sciences, Praha, Czech Republic

High-resolution magneto-photoluminescence of bulk and epitaxial ZnO
Schildknecht A., Thonke K. - Universität Ulm, Germany

Investigation of the high field Hall-effect and planar Hall-effect in the MnAs and Fe layers grown on GaAs
Friedland K.J. - Paul Drude Institut für Festkörperelektronik, Berlin, Germany

Evidence for excitonic polarons in semiconductor quantum dots
Deleporte E., De Vaulchier L.A., Guldner Y., Hameau S., Isaia J.N. - LPMC, ENS, Paris, France

High magnetic field effects in single-electron tunneling 
Haendel K.M., Haug R.J., Könemann J., Mühle A., Sarkar D. - Universität Hannover, Germany

Effect of high magnetic fields on 1D subbands in strongly confined quantum wires
Graham A., Mc Auliffe D., Murphy M., Thomas K., Sfigakis F. - Semiconductor Physics Group, Cavendish Laboratory,
University of Cambridge, United Kingdom

Magneto-photoconductivity of CdTe/CdMgTe quantum wells doped with Iodine in the far infrared range
Grynberg M., Karpierz K., Szot M. - Institute of Experimental Physics, University of Warsaw, Poland

Magnetic coupling in short period InGaMnAs/InGaAs superlattices studied by magnetotransport measurements
Sadowski J. - Oersted Institute, University of Copenhagen, Denmark
Terki F. - Groupe d’Etudes des Semiconducteurs, CNRS, Université de Montpellier, France

Magneto-tunnelling spectroscopy of collective excitations in quasi-2D-systems
Dubrovskii Y.V., Ivano D.Y., Volkov V.V. - Institute of Microelectronics Technology RAS, Moscow, Russia

The study of magnetic field energy dispersion of 2D holes Landau level at p-type modulation doped Al1-xGaxAs/GaAs single
interface in photoluminescence excitation measurements
Bryja L. - Institute of Physics, Wroclaw Technical University, Wroclaw, Poland

Resonant interaction of LO phonons with excited  donor states in GaN
Stepniewski R., Wysmolek A. - Institute of Experimental Physics, Warsaw, Poland
Potemski M. - GHMFL, MPI-CNRS, Grenoble, France

Magneto-optical studies of free and bound excitons in ZnO
Stepniewski R., Wysmolek A. - Insitute of Experimetal Physics, Warsaw, Poland
Potemski M. - GHMFL, MPI-CNRS, Grenoble, France

Spin flip Raman scattering studies of CdMnTe quantum wells
Byszewski D., Potemski M. - GHMFL, MPI-CNRS, Grenoble, France

Transport Studies of two-dimensional hole systems : Search for many-body correlated states
Nicholas R.J., Townsley C. M. - Department of Physics, University of Oxford, United Kingdom
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Ballistic electron spectroscopy of GaAs/AlGaAs heterostructures in parallel electric and magnetic fields
Gornik E., Kast M., Pacher C. - Institut für Festkörperlektronik, Wien, Austria

Magneto-photoluminescence experiments of quantum dots molecules in high magnetic fields
Bayer M., Ortner G. - University of Dortmund, Experimentelle Physik II, Dortmund, Germany
Potemski M. - GHMFL, MPI-CNRS, Grenoble, France

METALS

Characterisation of BISCO tapes under high magnetic fields
Bruzek C.E., Flahaut E., Lallouet N. - Nexans, Jeumont, France

Measurement of magnetic susceptibility in Silver at low temperatures in high magnetic field for study of the Condon domain
phase transition
Hinderer J. - GHMFL, MPI-CNRS, Grenoble, France

Anisotropic properties of magnesium diboride
Samuely P., Szabo P. - Institute of Experimental Physics, Kosice, Slovakia
Kwok W. - Argonne National Laboratory, Argonne, USA

Search for field induced charge density wave transitions in α-(BEDT-TTF)2KHg(SCN)4
Andres D., Biberacher W., Kartsovnik M. - Walther-Meissner-Institut, Garching, Germany

Variable strain measurements of the critical current density and the upper critical field of Nb3Sn wires in magnetic fields up
to 23 T from 2 K up to 4.2 K
Hampshire D.P. - Department of Physics, University of Durham, United Kingdom

Longitudinal and transverse thermal conductivity in the vortex state of high Tc cuprates
Behnia K. - Laboratoire de Physique Quantique, ESPCI, CNRS, Paris, France

High field critical current measurements on MgB2 and Bi-2223 HTS wires
Grasso G., Martini L. - CESI, Milan, Italy

Magneto-resistivity angular dependence in c-oriented MgB2 thin films ; determination of the anisotropy factor
Braccini V., Ferrando V., Ferdeghini C., Marré D., Putti M. - INFM, Genova, Italy

Vortex phases in YBa2Cu3Oy single crystals for magnetic field direction parallel to the Cu-O planes
Beaujour J.M., De Groot P.A.J. , Zhukov A.A. - Department of Physics and Astronomy, University of Southampton, United
Kingdom

Thermal transport in the normal state of BiSrCuO at subkelvin temperatures
Behnia K. - Laboratoire de Physique Quantique, ESPCI, CNRS, Paris, France
Jansen A.G.M. - GHMFL, MPI-CNRS, Grenoble, France
Vedeneev S.I. - PN Lebedev Physical Institute, Moscow, Russia

Measurement of the upper critical field Hc2(T→0) of irradiated MgB2
Bouquet F., Junod A., Sheikin I., Wang Y. – Departement de Physique de la matière condensée, University of Geneva,
Switzerland

Electronic properties of the quasi-one and two-dimensional organic compounds at high magnetic fields
Matsunaga N. - Department of Physics, University of Hokkaido, Japan

Zeeman splitting of infrared active crystal-field excitations in Nd2-xCexCuO4
Jandl S. - Physics Department, University of Sherbrooke, Canada

Angular dependence of the upper critical point of the first order vortex melting transition in heavy ion irradiated 
YBa2Cu3O7-δ single crystals
Paulius L. - Western Michigan University, Kalamazoo, USA
Kwok W. - MSD Argonne National Laboratory, USA
Klein T. - LEPES, CNRS, Grenoble, France
Marcenat C. - CEN Grenoble, France
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Investigation of the second peak effect in high temperature superconductors
Popa S., Sandu V. - National Institute of Materials Physics, Comuna Magurele, Romania

Angular magneto-resistance oscillations in high-Tc cuprates
Hussey N.E., Abdel-Jawad M. - H.H. Wills Physics Laboratory, University of Bristol, United Kingdom 

Nernst effect in underdoped cuprates
Behnia K. - ESPCI, CNRS, Paris, France
Proust C. - Laboratoire des Champs Pulsés, CNRS, Toulouse, France

Characterization of superconductors for use in 1000 MHz NMR systems
Arndt T.J. - Vacuumschmelze GmbH, Hanau, Germany

Normal state interlayer transport and pseudogap in the  high-Tc cuprates
Vedeneev S.I. - PN Lebedev Physical Institute, Moscow, Russia
Maude D.K. - GHMFL, MPI-CNRS, Grenoble, France

DHvA and transport experiments on the new phase of the organic superconductor (BEDT-TTF)2I3 and pressure experiments
on k-(BEDT-TTF)2I3
Balthes E., Nothardt A., Schweitzer D. - 3. Physikalisches Institut, Universität Stuttgart, Germany

Variable-strain measurements of the critical current density and the upper critical field of (Pb,Sn)Mo6S8 wires in magnetic
fields up to 23 T from 2K up to 4.2 K
Hampshire D.P. - Department of Physics, University of Durham, United Kingdom

Upper critical field and critical current in single crystal MgB2
Kacmarcik J., Samuely P., Szabo P. - Institute of Experimental Physics, Kosice, Slovakia

MAGNETIC RESONANCE AND OTHERS

(Anti)Ferromagnetic resonance of iron oxide particles in Fe(III) doped silicalites and zeolites with the MFI structure
Ferretti A., Ponti A. - Consiglio Nazionale delle Richerche, Milano,Italy

High field EPR study of Fe(II) doped cadmium hexakis-imidazole dinitrate and Fe(II) doped cadmium hexakis 
(2-methylimidazole) tetrafluoroborate
Carver G., Tregenna-Piggott P. - Department of Chemistry and Biochemistry, University of Bern, Switzerland

Study of the electron nuclear spin interaction in narrow quantum wells from resistively detected NMR
Dietsche W., Freytag N., Stern O., Von Klitzing K. - Max Planck Institut für Festkörperforschung, Stuttgart, Germany

Transport detected NMR investigations of a phase transition of the ν = 2/3 fractional quantum Hall state
Freytag N., Smet J., Von Klitzing K. - Max Planck Institut für Festkörperforschung, Stuttgart, Germany

Effect of high magnetic fields on microtubule organisation in micro-fabricated chambers
Glade N., Rigotti N., Tabony J. - CEN Grenoble, France

High field EPR measurements of transition metal radicals
Frantz S., Hartmann H., Kaim W., Klein A. - Institut für Anorganische Chemie, Universität Stuttgart, Germany

Study of magnetic anisotropy in mononuclear Fe(III) Mn (III) and Ni(II) complexes by HF-EPR
Mallah T., Rogez G. - Laboratoire de Chimie Inorganique, Université de Paris-Sud, Orsay, France

Effects of high magnetic field on microtubule dynamics : study of the dynamics in vitro with magnetically induced
birefringence ; study in vivo with living cells submitted to high magnetic fields
Valiron O. - INSERM, Laboratoire du Cytosquelette, CEN Grenoble, France

89Y-NMR study on Zn doped YBa2Cu4O8
Tokunaga Y. - Graduate School of Engineering Science, Osaka University, Japan
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High field EPR of metal centres in proteins and small models
Andersson K.K. - Department of Biochemistry, University of Oslo, Norway

Magneto-hydrodynamics : transition of Hartmann layers between laminar and turbulent states
Alboussiere T., Moresco P. - Department of Engineering, University of Cambridge, United Kingdom

High Field EPR of S3 radical in ultramarine blue pigments
Ledé B., Lelieur J.P. – LASIR, CNRS, Lille, France

High Field EPR studies of free radicals in the enzyme ribonucleotide reductase
Gräslund A., Öhrström M., Voevodskaya N. - Department of Biochemistry and Biophysics, University of Stockholm, Sweden

Characterisation of molecular magnetic materials by high field – high frequency EPR spectroscopy
Gatteschi D., Reynaud F., Sangregorio C., Sessoli R., Van Slageren J. - Department of Chemistry, University of Florence,
Italy

Use of high field EPR on mononuclear iron (III) in complexes of different mode of coordination from O6 (Citrate) to O3N3
(O-Trensox), for direct determination of the zero field splitting parameters
Beguin C., Bidso F., Serratrice G., Thomas F. – LEDSS, Université Joseph Fourier, Grenoble, France

Electrochemical deposition of metals and corrosion
Chopart J.P., Uhlemann M. - Laboratoire de dynamique des transferts aux interfaces, CNRS, Reims, France

Magneto-hydrodynamic (MHD) effects of a 20 m/s mercury jet entering and leaving a 20 Tesla magnetic field
Astone A., Fabich A., Lettry J. - CERN, Geneva, Switzerland

High field EPR study of Insulin Enhancing Vanadium (III) complexes
Andres H.P., Tregenna-Piggott P. - Department of Chemistry, University of Bern, Switzerland

High frequency EPR study of isostructural series of mononuclear Mn(III) complexes
Barra A.L. - GHMFL, MPI-CNRS, Grenoble, France
Mossin S., Weihe H. - University of Copenhagen, Denmark

HF-EPR of homoleptic sulfur-ligated complexes
Bendix J., Mossin S., Weihe H. - Department of Chemistry, University of Copenhagen, Denmark

High frequency EPR study of Ni3+ spin probes in Ga and Mg substituted layered LiCoO2
Stoyanova R. - Institute of General and Inorganic Chemistry, Sofia, Bulgaria

Performance measurement of the magnetic shielding of the photomultiplier tubes used in the cerenkov counters designed for
the GO high energy physics experiment at the Jefferson laboratory
Berger J., Quéméner G., Réal J. S. - Institut des Sciences Nucléaires, Grenoble, France

High frequency EPR of amorphous carbon layers
Cantin J. L., Von Bardeleben H.J., Zeinert A. – Groupe de Physique des Solides, CNRS, Paris, France

High field EPR study of tetranuclear Mn(III) clusters
Boskovic C., Güdel H. U. - Department of Chemistry, University of Bern, Switzerland

High field EPR spectroscopy of Manganese coordination in Xylose Isomerase
Hüttermann J., Kappl R., Luxenburger H. - Fachrichtung Biophysik, Universität des Saarlandes, Hamburg, Germany

Use of high field EPR for direct determination of the zero field splitting parameters in frozen solutions of mononuclear
iron (III) complexes
Béguin C., Biaso F., Serratrice G., Thomas F. - LEDSS, Université Joseph Fourier, Grenoble, France

Study of the influence of a strong d.c. magnetic field gradient on combustion in the case of a diffusion flame
Khaldi F., Gillon P., Gokalp I. - EPM MADYLAM, Université Joseph Fourier, Grenoble, France
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Very low temperature NMR study of level crossing in an heptanuclear Cr(III) magnetic molecular cluster
Lascialfari A., Micotti E. - Dipartimento di Fisica, Universita di Pavia, Italy
Julien M. H. - Laboratoire de Spectrométrie Physique, Université Joseph Fourier, Grenoble, France
Van Slageren J. - Dipartimento di Chimica, Universita di Firenze, Italy

High field EPR experiments on the photomagnetic high spin molecule, MoCu6
Herrera J. M., Marvaud V., Verdaguer M. - CIM2, Université Pierre et Marie Curie, Paris, France

High field EPR experiments on hetero-trimetallic complexes
Barilero T., Marvaud V., Verdaguer M. - CIM2, Université Pierre et Marie Curie, Paris, France 

High frequency EPR measurements of intrinsic defects in 6H-SiC monocrystals
Cantin J.L., Von Bardeleben H.J. - Groupe de Physique des Solides, Université Paris VI, France

High field EPR of organic radicals in archean cherts : oldest records of life
Binet L., Derenne S., Gourier D. - ENSCP, Paris, France

High field EPR of a radical reaction intermediate of the cytochrome P450 cam mutant Y96F
Jung Ch., Schünemann V., Trautwein A. - Institut für Physik, Medizinische, Lübeck, Germany

High field EPR of a ferrous high-spin iron center of rubredoxin type electron transfer protein
Jung Ch., Schünemann V., Trautwein A. - Institut für Physik, Medizinische Universität zu Lübeck, Germany

Integer spin states of the [Ni-Fe] catalytic cluster in hydrogenases
Belle V., Burlat B., Guigliarelli B. - BIP, CNRS, Marseille, France

Ru-Mn complexes as models for the photosystem II
Blondin G., Hureau C., Pellegrin Y. - Laboratoire de Chimie Inorganique, CNRS, Orsay, France

NMR study of the level crossing in the cyclic ferric spin system Fe6(tea)6
Pilawa B. - Physikalisches Institut, Universität Karlsruhe, Germany

Measurement of the electron spin polarization at the even denominator factor ν = 5/2
Freytag N., Smet J., Stern O., Von Klitzing K. - Max Planck Institüt für Festkörperforschung, Stuttgart, Germany

Crystallisation kinetics of semi-crystalline polymers
Bras W. - ESRF, DUBBLE, Grenoble
Heeley E., Ryan A. J. - Chemistry Department, University of Sheffield, United Kingdom

Characterization of the electronic and magnetic properties of Ni(II) and Fe(II) complexes
Toia C., GHMFL, MPI-CNRS, Grenoble, France

Structural and electronic properties of mononuclear manganese (III) complexes, models of metallo-proteins
Toia C., Mantel C., GHMFL, MPI-CNRS, Grenoble, France
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