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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 2003. 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 2004) 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 high magnetic field science.

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 and the numerous visitors for their contribution to the successful
operation and the quality of the scientific work.

G. Martinez - W. Joss
January 2004
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SEMICONDUCTORS

1.1. Unusual far infrared
photoconductivity in n-CdS

A large band-gap semiconductor (~2.5 eV) which is of
interest in view of applications in fields such as nonlinear
optics, photoelectrical cells and photocatalysis, CdS is
currently receiving renewed interest caused by developing
nanocrystal technologies. The properties of bulk CdS are,
however, far from being completely explored.

The photoconductivity of n-type CdS was measured at
helium temperature in the energy range 0 - 85 meV using a
BRUKER 113V Fourier transform spectrometer. The data
was collected at several magnetic fields from 0 T to 11 T. A
constant voltage was applied to the sample, and the current
was measured by means of a load resistor. The
photoresponse is observed as a wide structure (with a width
of about 6 meV) starting at about 2.5 meV. The response
depends slightly on the electric field. There is no observable
change with temperature between 4.5 K and 1.9 K.

Fig. 1: Photoconductivity spectra of a bulk n-CdS sample at
4 K, taken at different magnetic fields.

This response depends on the magnetic field; starting from
about 3 T, a splitting of the structure may be observed. At
higher fields well resolved lines appear (see Figure 1). These
lines move linearly with the magnetic field – the slopes of
their dependences correspond to cyclotron resonance
harmonics, but the lines are shifted by 25 cm-1 (3 meV). At
higher fields a trace of regular cyclotron resonance is also
observed (see Figure 2), yielding an effective mass of 0.17,
in good agreement with literature (e.g. [1]).

Lines which could be attributed to intra donor transitions are
not observed. However, there is a photocurrent starting at an
energy slightly lower than the expected hydrogenic shallow
donor ionization energy (~20 meV). This photocurrent
shows structures due to phonon interaction with light. This is
clearly seen from a comparison of transmission data with
photocurrent data.

Fig. 2: Positions of transitions observed in the
photoconductivity plotted as a function of the magnetic field
at 4 K. Lines are fits of cyclotron resonance (lowest line) and
cyclotron resonance harmonics shifted by 25 cm-1.

Therefore we attribute the observed features to a band
created by the large number of shallow donors, rather than to
almost free carriers in the conduction band weakly localized
on potential fluctuations due to these donors. 

References and authors:

[1] M. Saitoh, J. Phys. Soc. Japan 21, 2540 (1966)

M.L. Sadowski
A.M. Witowski (Warsaw University, Warsaw, Poland)
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1.2. Magneto-photoluminescence studies
on arrays of quantum dot molecules

Self-assembled semiconductor quantum dots (QDs) are zero-
dimensional structures with a variety of new electronic and
optical properties which could be exploited in applications
such as, for example, QD lasers. The very active field of
quantum information processing proposed functional units
consisting of QDs, the simplest of which is just a QD
molecule formed by two QDs located close to each other [1].
Such structures are obtained by self-assembled growth of
two QD layers above each other, that provides high quality
vertically correlated pairs of QDs.
We have studied different double layer structures of self-
assembled InAs/GaAs QDs in state-filling photo-
luminescence experiments in high magnetic fields up to 28 T.
Samples with barrier widths of 4 nm, 5 nm and 6 nm between
the two layers were studied with respect to single dot layer
structures. This investigation gives us a clear indication for
the coherent coupling of two QDs.
Here, we show exemplary results of the magneto-
photoluminescence experiments on the semiconductor
samples. Figure 3 shows the evolution of the emission of
arrays of QD molecules with a barrier width of 4 nm as a
function of the excitation intensity. For the highest excitation
power five emission features are observed as indicated by the
black arrows. We see that this emission scheme is in contrast
to the well-known one of a large ensemble of single QDs
where subsequent, equidistant, discrete energy levels have
been observed. For the QD molecules we find varying
energy separations of the broad emission features giving a
clear hint for correlation between the dots in the two layers.

Fig. 3: State-filling spectroscopy of the InAs/GaAs QD
molecules with a barrier width of 4 nm at 4.2 K. WL denotes
the emission of the wetting layer.

The waterfall plot in Figure 4 shows photoluminescence
spectra of the same molecule sample as a function of

magnetic field. The most interesting aspect indicated by the
black arrow is the anticrossing of two emission features at
about B = 13 T. This is clearly deducible although the
emission bands are rather broad due to inhomogeneous
broadening effects. This behaviour is contrary to recently
obtained magneto-photoluminescence spectra of single QDs
presenting a clear crossing of energy levels in magnetic field.
Our observation in these molecule arrays is an indication for
the coherent coupling of QD pairs. Similar evidence has
already been obtained by anticrossings in the exciton fine
structure of single QD molecules in magnetic fields up to 8 T
[2].
A theoretical analysis is necessary to explain the observed
molecule spectra in detail and will be presented shortly.

Fig. 4: Photoluminescence spectra of the QD molecule
ensemble with a barrier width of 4 nm in magnetic fields
from 0 to 28 T. The excitation power was chosen so that the
five emission features were visible at B = 0.

References and authors:

[1] P. Hawrylak, S. Fafard, Z.R. Wasilewski, Condensed
Matter News 7, 16 (1999).
[2] G. Ortner et al., Phys. Rev. Lett. 90, 086404 (2003).

A. Babinski, M. Potemski
G. Ortner, M. Bayer (Dortmund University, Germany)
S. Raymond, W. Sheng, P. Hawrylak, M. Korkusinski, 
S. Fafard, Z.R. Wasilewski (IMS, NRC, Ottawa,
Canada)
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SEMICONDUCTORS

1.3. Photoluminescence excitation
spectroscopy of InAs/GaAs quantum
dots in high magnetic field

It has been recently shown that Fock-Darwin (F-D) spectrum
can explain the spectrum of an ensemble of millions of QDs
obtained in a self-assembly process [1]. We show that an
absorption in excited p- and d-shells of the QDs is reflected
in the photoluminescence excitation (PLE) spectrum at zero
magnetic field, and the magnetic-field dependence of the
PLE spectrum follows the general form of the F-D model. 
PL spectra measured in zero magnetic field with a non-
resonant excitation (λ = 514.5 nm) and an excitation in
wetting layer (WL) are presented in Figure 5. 

Fig. 5: The photoluminescence from InAs/GaAs QDs excited
non-resonantly (full line) and excited in the wetting layer
(dashed line). The PLE spectrum as well as the relative PLE
spectrum are also shown. 

The WL-excitation resulted in a broad-band emission from
the n-type GaAs substrate with the QDs emission
superimposed on it. In order to extract the PLE spectrum of
the QDs, a relative PLE spectrum has been obtained by
division of the PL intensity at the Es energy by the PL
intensity at energy Eb at which only the background PL is
excited. If one assumes that the background PL has a
featureless PLE spectrum, such a procedure should make the
QDs PLE more pronounced. Two dominant features in the
relative PLE at zero magnetic field are denoted with A and B
in Figure 5.
Energies of the PLE resonances observed in the relative PLE
spectra in magnetic field are summarized in Figure 6 (see
closed circles). Energies of the s- and p-shell emission (see
open circles) deduced from the non-resonant excitation PL
are also presented. Equal energy distance between the Es , EA
and EB energies may suggest the attribution of the A and B
features either to resonant phonon enhancement of carrier
relaxation due to LO and 2LO phonons or to absorption in
excited p- and d- shells of the QDs. The former attribution
seems to be valid as at zero magnetic field the EB−EA energy
difference coincides with the energy of a phonon (34 meV)
seen in a Raman scattering experiment. However,

measurements in magnetic field exclude this explanation.
The A and B features in relative PLE spectra are proposed to
stem from absorption respectively in the excited p- and d-
shells of the QDs. 

Fig. 6: Energies of features in the relative PLE spectra
plotted as a function of magnetic field (closed circles) and
energies of PL emission from the s-and p-shells of the QDs
obtained with non-resonant excitation (open circles).
Theoretical dependence of the Fock-Darwin levels is also
shown (dashed lines).

It can be seen that the split-off lower branch of the A feature
follows the theoretical dependence of the E1,1 level up to
15 T. In higher magnetic field it shifts towards higher
energies and reduces its intensity. The reason of this
discrepancy is not clear at the moment. The A feature in zero-
magnetic field appears approx. 5 meV above the p-shell
emission. Such a difference between absorption and
emission energies can be explained in terms of Coulomb
interaction of excitons in the QDs. The PL from the p-shell
can only be observed if more than 2 excitons populate the
dot. On the contrary, due to a very low absorption
coefficient, a resonant excitation in the p-shell hardly
populates every QD with a single exciton. This results in
higher energy of such an absorption as compared to the
emission. A splitting of the B feature in magnetic field can
also be traced in relative PLE spectra. Two split components
of the B feature are presumably due to absorption in the E2,2
and E2,0 sublevels. Finally, the E2,2 and E3,3 sublevels can be
detected as shoulders on the relative PLE at the highest
magnetic fields. 
Low intensity of the measured relative PLE spectra does not
allow for a very precise analysis of the energies of features
in magnetic field. However, characteristic pattern of their
field dependence strongly suggests that they are due to
absorption in excited states of the QDs.

References and authors:

[1] S. Raymond et al., to be published

A. Babinski, M. Potemski
S. Awirothananon, S. Raymond, S. Studenikin,
P. Hawrylak, S.-J. Cheng, W. Sheng, Z. Wasilewski,
A. Sachrajda (IMS, NRC, Ottawa, Canada)
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1.4. Photoluminescence studies of
composite fermions in a high mobility
modulation doped GaAs quantum well

Our experiments are focused on investigations of composite
fermions (fractional quantum Hall effect) by means of
optical methods, i.e., magneto-luminescence (including
selective excitation) and Raman scattering studies. In the
series of experiments, we have successfully measured the
polarised luminescence from the two-dimensional electron
gas (2DEG) and performed the preliminary studies of Raman
scattering of a 2DEG in magnetic fields up to 28 T and at
temperatures down to 50 mK. 

Photoluminescence measurements have been performed for
several laser excitation powers. Both σ+ and σ- circularly
polarized luminescence components have been measured.
Results show many interesting features unseen before in this
type of experiment. The most pronounced are drastic energy
shifts in line position at magnetic fields corresponding to
quantum Hall states. The shifts fall into nearly symmetrical
pattern with respect to filling factor ν = 1/2. This symmetry,
in view of composite fermions model, implies that the
observed energy jumps correspond to fractional quantum
Hall states and can be described as quantum Hall states of
composite fermions family of ν = 1/2. Clear spectral features
related to the fractional quantum Hall states ν = 1/3, 2/5, 3/5
and 2/3 can be easily observed. The most clear observation is
the feature at ν = 1/3, (B ~ 27.5 T) (see Figure 7).

Fig. 7: σ --polarised photoluminescence intensity map in
dependence of the energy and magnetic field. For the sake of
clarity, the original (vertical) axis of the emission energy
hνem has been replaced by the energy shift hνem-αB, where
αB reflects a conventional, linear with B shift of the mean
spectrum position. Arrows indicate the assigned fractional
quantum hall states with corresponding filling factors shown
above them. The spectra were measured at 50 mK at very low
excitation power (2 mW/cm2).

Although a number of optical experiments have been already
devoted to optical studies of the fractional quantum Hall
effect [1], our experiments performed on the sample with the
exceptional quality (mobility µ ~ 2 x 106 cm2 / Vs and line

widths of Γ ~ 0.4 meV) show very clear and unambiguous
effects. 

Sudden energy shifts in the spectrum position are not the
only signatures of the FQHE seen in our data. As shown in
Figure 8, the seemingly single line actually consists of more
components which relative intensities and positions vary
with the magnetic field. We speculate this multiple-
component character of the spectrum could be an optical
probe of fractionally charged quasiparticles in
incompressible liquid states. 

Fig. 8: σ --polarised photoluminescence spectra at different
magnetic fields in the vicinity of filling factor v = 1/3. Note
that the horizontal scale corresponds to the emission energy
shifted by a factor of αB which reflects a conventional, linear
with B shift of the mean spectrum position. Sudden spectrum
shift towards higher energy at B = 25.6 T and a splitting of
photoluminescence line into at least two separate lines are
observed. 

References and authors:

[1] For recent works see: G. Yusa, et al., Phys. Rev. Lett. 87,
12640 (2001); C. Schuller et al., Phys. Rev. Lett. 91, 116403-
1 (2003).

M. Byszewski, B. Chwalisz, M. Potemski
S. Studenikin, G. Austing, A. Sachrajda (IMS/NRC
Canada),
Y. Hirayama (NTT-BRL, Atsugi, Japan)
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SEMICONDUCTORS

1.5. Magneto-phonon resonance in a
high density, high mobility GaAs
quantum well

Ultra high conductivity (σ = nsµe) two-dimensional electron
gas (2DEG) has been obtained [1] using the modulation
doping technique and short period superlattices for the
incorporation of the remote doping layer. The achieved
mobility for such high density samples (≈ 1 x 1012cm-2), in
excess of ≈ 1 x 106 cm2.V-1.s-1, has been attributed to a
screening of the Coulomb potential of the remote dopants by
localized X-electrons in the AlAs quantum well (QW)
adjacent to each δ-doped GaAs layer in the short period
superlattice. This hypothesis was based on self-consistent
calculation of the space charge distribution in the structure
which indicated the presence of carriers outside the center
GaAs quantum well and near the Si δ-doping region.

The X-electrons are localized at low temperature (T < 10-20 K)
and do not contribute to transport. However, at higher
temperatures, the X-electrons should become delocalized
and an unmistakable signature of a contribution of the X-
electrons to transport would be the observation of a magneto-
phonon resonance (MPR) which corresponds to resonant
absorption of longitudinal optical phonons when the
condition N.hωc = hωLO is satisfied, in the electrical transport
properties. We have performed such high temperature
transport measurements and we report on the observation of
two distinct MPR series in our samples. 

Fig. 9: Angular dependence of the second derivative
of the longitudinal magneto-resistance for sample 1200
(ns=7.4 x 1011cm-2) measured at 100 K as a function of the
perpendicular component of the magnetic field. The values
of cos(θ) are indicated on the curves.

As can be seen in Figure 9 for the cos(θ) = 1 curve, the
longitudinal magneto-resistance shows a first series of
pronounced oscillations for B < 13 T and a second series for
higher values of the magnetic field. The fundamental
magnetic field for both series can be obtained from a Fourier
transform analysis. The fundamental field obtained for the
first series is of 22.9 ± 0.5 T which corresponds to a phonon
energy of 37.3 ± 2.0 meV and can be attributed to the
scattering of GaAs Γ-electrons in the QW by GaAs LO
phonons. The second fundamental field is of 88.4 ± 2.3 T
which corresponds to a phonon energy of 49.4 ± 2.8 meV
using the X-electron band mass. These measurements are an
unambiguous proof that these X-electrons exist and that they
can effectively explain the high mobility obtained in these
highly doped structures.

We have also performed rotation measurements to confirm
the 2D nature of both series. With increasing the tilt angle, for
both series the peak position does not shift with respect to B⊥
as expected for 2D systems. This demonstrates that the AlAs
X-electrons are confined in the AlAs quantum wells and that
there is no X-miniband formation in the short period
superlattice. For a given B⊥, tilting the sample increases the
plane component of the magnetic field which induces a
mixing between electrical sub-bands. In GaAs/AlGaAs
heterojunctions, this leads to a drastic reduction in the
amplitude of the MPR oscillations [2]. The effect is less
marked in quantum well samples due to the much larger
energy separation of the electrical sub-bands. The low field
GaAs series survives at almost all angles and even apparently
regains in amplitude at very high tilt angles (cos(θ) < 0.27).
It is not evident that this reemergence should be associated
with MPR. At high tilt angles it is almost certainly not a good
approximation to treat the system as being two-dimensional
since the magnetic length lB = (h / eB)1/2 is already
significantly less than the width of the GaAs quantum well.

In conclusion, a series of high density 2DEG samples
designed to reduce remote impurity scattering have been
investigated using magnetophonon resonance. Two distinct
MPR series are observed, one originating from GaAs 
Γ-electrons interacting with GaAs LO-phonons and one
originating from AlAs X-electrons interacting with AlAs
LO-phonons in an AlAs QX adjacent to the Si δ-doping in
the short period superlattice situated on either side of the
center GaAs well. This result clearly demonstrates the
presence of X-electrons in the AlAs quantum well.

References and authors:

[1] K.J. Friedland et al., Phys. Rev. Lett. 77, 4616 (1996)
[2] M.A. Brummel, D.R. Leadley, R.J. Nicholas, J.J. Harris,
C.T. Foxon, Surface Science 196, 451, (1988)

C. Faugeras, D.K. Maude, G. Martinez
L.B. Rigal, C. Proust (Laboratoire Nationnal des
Champs Magnétiques Pulsés, Toulouse, France)
K.J. Friedland, R. Hey, K. Ploog (Paul Drude Institut,
Berlin, Germany)
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1.6. Magnetotransport in high g-factor
In0.75Ga0.25As/In0.75Al0.25As quantum
wells

We present magnetotransport measurements performed on a
InGaAs/InAlAs quantum well with 75% of indium. With
such a large In concentration InGaAs is a narrow gap
semiconductor (Eg = 0.55 eV) which presents several
interesting characteristics. A large electronic g-factor, a
strong Rashba spin-orbit coupling and a zero Schottky
barrier are the three most significant properties.

Our structure is grown by molecular beam epitaxy on a (001)
GaAs substrate without any intentional doping. The strain
relaxation is obtained via the insertion of a buffer consisting
of several InxGa1-xAs layers with x increasing gradually from
0.15 to 0.85. On top of this a 30 nm wide In0.75Ga0.25As
well is grown embedded between two In0.75Ga0.25As barriers
(∆Ec ≈ 250 meV) and covered by a final InGaAs capping
layer. Further details concerning the sample layered structure
and the intrinsic source of the free carriers can be found in [1].

The magnetotransport measurements are carried out on a Hall
bar, fabricated by optical lithography and wet etching, with
annealed Ni/AuGe/Ni/Au ohmic contacts. Figure 10a shows
the longitudinal resistance Rxx as a function of the
perpendicular magnetic field at T = 4.2 K. The resistance
presents clear dissipationless regions for several odd and
even integer filling factors. No parallel conduction is
observed. The density is ns = 3 x 1011 cm-2 and the mobility
µ = 2 x 105 cm2/Vs providing an elastic mean free path of
le = 1.8 µm. By applying a negative bias on a top gate it is
possible to decrease the density down to 1 x 1011 cm-2. The
electronic effective mass has been measured by cyclotron
resonance. A clear absorption peak is observed at B = 3.57 T
under irradiation at 2542 GHz (right axis of Figure 10a). We
find m* = (0.039 ± 0.002) m0 , with m0 being the free electron
mass.

Figure 10b shows the longitudinal resistance as a function of
the perpendicular magnetic field for different tilt angles at
millikelvin temperatures. Following the dashed guide lines
we clearly see that for even filling factors like ν = 6 and
ν = 4, the longitudinal resistance is dissipationless or
presents a minimum at low and large angles. For
intermediate tilt angles, however, the resistance presents a
peak instead of a cusp. In the single electron picture the latter
state corresponds to the situation when two Landau levels
with opposite spins come into coincidence, i.e. the gap for
even filling factors vanishes. This particular condition,
obtained at the critical angle θc , is reached when the
cyclotron and Zeeman gaps are equal, which can be written
as g*m* = 2cos(θc) with m* being the electronic effective
mass in units of m0. Using this equation the absolute value of
the electronic effective g-factor is evaluated and found equal
to |g*| = 7.7, 8.1 and 9.2 at ν = 8, 6 and 4 respectively. We
stress that this so-called coincidence method does not give
access to the bare g-factor but to an effective g-factor
enhanced by electron-electron interactions [2]. Finally, the
filling factor dependence of the g-factor value is due to both

the exchange interaction and the orbital effect of the in-plane
magnetic field which becomes important at large tilt angles.

Fig. 10: a) Longitudinal resistance vs magnetic field at
T = 4.2 K (left axis). Resistance change under far-infrared
illumination at 2542 GHz (right axis). 
b) Magnetoresistance traces Rxx plotted as a function of
perpendicular magnetic field at T = 30 mK for different tilt
angles.
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1.7. Magnetotransport properties of
short period GaMnAs/InGaAs
superlattice

The discovery of ferromagnetism in III-V diluted magnetic
semiconductors, InMnAs and GaMnAs, has led to a renewed
interest in their magnetic and transport properties. The
investigation of transport properties of ferromagnetic
semiconductors typically requires high magnetic field due to
the negative magnetoresistance which saturates only at high
fields. The magnetotransport properties of GaMnAs are still
not well understood.
We present magnetic and magnetotransport properties of
Ga0.94Mn0.06As /GaAs superlattice (SL) with very thin
magnetic layers 8 mono-layers (ML) and 8ML thick spacer
and Ga0.94Mn0.06As (8ML)/In0.5Ga0.5As (4ML). The transport
properties of SL structures were investigated via Hall effect
measurements at magnetic fields up to 22 T and temperatures
from 4 to 100 K. In addition, a temperature dependence of
the resistivity was studied from 4 to 300 K at weak magnetic
fields up 0.5 T.

Fig. 11: Hall resistance for a Ga0.94Mn0.06As/GaAs SL for
temperatures 4, 30, 40, 60, 80, 100 K.

Figure 11 shows the anomalous Hall effect in a
Ga0.94Mn0.06As / GaAs SL at low temperature and reveals the
conventional ferromagnetic ordering. Assuming that
magnetization of this sample at 4 K saturates at low magnetic
fields, we have estimated the hole concentration
(p ~ 4x 1019 cm-3). This is lower than the hole concentration
in a single GaMnAs layer (~ 1020 cm-3) which is probably
due to the fact that the Mn doping is not present in the spacer
layers. The same anomalous Hall behaviour is observed in
Ga0.94Mn0.06As / In0.5Ga0.5As SL (not shown). At the same
time, the magnetoresistance behaviour presents two distinct
regions (Figure 12). A positive magnetoresistance at very
low fields is followed by a large negative magnetoresistance
at higher fields. The low-field positive component of
magneto-resistance over the field range [0-0.3 T] can be

attributed to the so-called anisotropic magnetoresistance
effect: the rotation of the magnetization from easy axis (in-
plane) to the hard axis (perpendicular to the plane). We have
deduced Tc = 40 K from the magnetotransport measurements
using an Arott plot, in good agreement with the Tc found in
previous SQUID magnetization measurements [1].

Fig. 12: a) Magnetoresistance for a Ga0.94Mn0.06As/
In0.5Ga0.5As sample for different temperatures. b) Low field
region showing the positive component of magnetoresistance
at low temperatures. The magnetic field is applied
perpendicular to the plane.

The resistivity and magnetoresistance measurements
demonstrate an interesting feature at around 13 K (Figure 13).
This experimental signature at 13 K was not observed in
previous SQUID magnetization measurements and could be
related to a second phase transition at a temperature much
lower than the paramagnetic-to-ferromagnetic transition.
Such a transition has not been observed in single GaMnAs
layers [2,3]. 

Fig. 13: Temperature dependence of resistivity ρ at zero
magnetic field. The inset shows the effect of magnetic field
below Tc .
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The calculated hole concentration (p ~ 4x 1019 cm-3) is rather
low in comparison to ferromagnetic GaMnAs samples in the
form of single layers. Moreover it is difficult to obtain such
a low p in single GaMnAs layers due to the strong
compensation in this material. The single layer samples with
low p are usually too resistive for transport measurements.
Thus the GaMnAs/InGaAs SL structures are rather unique
systems for studying magnetotransport properties of
GaMnAs with carrier concentrations, adjusted by the
composition and thickness of the nonmagnetic spacer layers.
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1.8. Spin-resolved single-electron-
tunneling

Spin-polarized transport [1] has attracted wide interest with
respect to future applications such as spin transistors and
spin valves. Very pronounced spin phenomena are found in
mesoscopic semiconductor structures such as quantum dots
acting as artificial atoms and serving at the same time as an
appropriate tool to study these effects [2]. Moreover,
quantum interference effects such as the fluctuations of the
local density of states (LDOS) of the emitter become
important in such mesoscopic devices. In our work we have
investigated single-electron tunneling via a quantum dot
embedded in a quantum film in a vertical double-barrier
resonant-tunneling device (Figure 14a). 

Fig. 14: a) Sample design, b) Transport spectrum -
differential conductance G(V,B) contour plot.

An example of the spectroscopic data obtained in these
transport experiments is shown in Figure 14b. It shows as
dark lines the consecutive Fock-Darwin (FD) energy levels
in a single-particle spectrum with the confinement energy
hω0 = 8 meV, where the magnetic field was applied parallel
to the tunneling current. One clearly observes the formation
of the lowest-lying Landau fan at high magnetic fields
beyond 10 T [3]. 

In Figures 15a and 15b we focused on the first two peaks in
our spectrum referring to the |0,0> and |0,-1> FD-states.
Between the spin-up and spin-down subresonances as well as
beyond the spin-down resonance we observed for both FD-
states a fan-type fluctuation pattern which directly reflects
the local structure of the Landau bands in the emitter. A
cross-correlation analysis of the LDOS fluctuation pattern
for both FD levels yielded a correlation coefficient of r = 0.7
indicating that both FD levels probe independently the same
local disorder of the emitter. 

The spin-splitting of two consecutive FD states is presented
in Figure 15c in more detail. The line shows a linear fit of
the spin-splitting energy ∆E containing a zero-field onset
energy E0. We extracted for both peaks an effective g-factor
|g*| = 0.24 and an onset energy E0 = 23 µeV. The deviation
of |g*| from the bulk value of GaAs g = -0.44 is consistent
with self-consistent band structure calculations for a
quantum dot confinement. The extrapolated value E0 is
comparable to the spin-orbit coupling energy in GaAs
quantum wells.

Fig. 15: a) and b) G(V,B)-plot for peak 1 and 2 resp. The
maps are aligned to the spin-up sublevel for both FD states.
c) Spin-splitting versus magnetic field. Blue line fits to the
data, see text. d) Spin flip transition of the |0,-2> FD-state.

Astonishingly, we observed at high magnetic fields a flip of
the resonance position of the energetically higher spin
component to a lower energy, whereas the other spin-
component remained unchanged, see Figure 15d. A
hysteresis effect appeared at the spin flip region as well [4].
Such a “spin-flip” behaviour was observed on different FD
levels, where it occurred at different magnetic fields. We
relate this effect to the presence of residual magnetic
impurities in the quantum well.
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1.9. Commensurability oscillations in a
three-dimensional electron billiard

In this work, a three-dimensional electron billiard system is
obtained by patterning a rectangular array of cylindrical
voids in GaAs/AlxGa1-xAs parabolic quantum wells (PQW),
containing a high mobility quasi-three-dimensional (3D)
electron gas. This billiard can be used to extend the study of
the chaotic electron dynamics, in condensed matter physics,
to systems with a higher dimensionality. If we define z as the
direction perpendicular to the plane of the sample surface,
electrons are confined by the parabolic potential along this
direction and are free to move along the x-y plane.
Figure 16a shows a schematic view of a multilayered
semiconductor structure containing a PQW, with an imposed
array of artificial cylindrical scatterers. d represents the
lithographic antidot diameter, a the artificial lattice period,
and W the width of the layer corresponding to the well.
Figure 16b represents the three-dimensional real space
region of the sample where the electrons are free to move.
This region is limited by the interfaces corresponding to the
barriers of the PQW and the cylindrical voids, which
generate an array of potential pillars. Experimental
magnetotransport measurements were performed at the
temperature of 1.4 K. 

Fig. 16: a) Scheme of a GaAs/AlxGa1-xAs heterostructure
containing a lattice of cylindrical voids, transferred across
the well and the barrier layers. b) 3D real space region,
corresponding to the electron slab, where the electron
dynamics develops. c) Rxx measurements in a tilted magnetic
field for the patterned region of the PQW sample with lattice
period a = 0.6 µm. d) Shift of the main commensurability
peak as a function of angle Θ; this data was extracted from
Figure 14a. The solid line represents the (sinΘ)-1 dependence
observed in 2D antidot systems.

The designed three-dimensional pseudocharge of the
2000 Å PQW samples n3D , is about 2.1.1016 cm-3, which
corresponds to the classical width of the 3DEG slab of

We = 1900 Å. The antidot lattice period a was chosen to
be 0.6, 0.7, and 0.8 µm for each sample. The physical
diameter of the antidots dlith is approximately 0.1 µm.
Resistivity Rxx measurements in perpendicular magnetic
field reveal anomalous broadened peaks in the low-field
magnetoresistance, in a similar way as measurements in two-
dimensional antidot systems. However, Rxx in tilted magnetic
field shows that commensurability peaks transform
continuously to different kinds of peaks. Figure 16c shows
the magnetoresistance oscillations, at 1.4 K, for different
angles Θ, between the field and the substrate plane, for the
patterned region of the PQW sample with a = 0.6 µm. In the
presence of perpendicular magnetic field, Θ = 90°, we
observe two commensurability peaks; the wider corresponds
to Rc = a/2 and the other to Rc = 1.8a (Rc is the cyclotron
radius). When the parallel component of the magnetic field is
increased, the commensurability peaks are continuously
shifted towards higher values of the field (see Figure 16d),
as it may be expected for two-dimensional antidot systems,
in the presence of a tilted magnetic field [1]. However, for
certain values of the angle Θ, the main peak deviates from
the (sinΘ)-1 dependence and begins to suffer a sudden
transformation to a new kind of peak that we attributed to
size effects due to the commensurability between the
cyclotron radius and the well width [2]. This behaviour is
opposite to the case of antidots in two-dimensional systems
where the shift of the peaks extends continuously to higher
values of the magnetic field. This is the main difference
between the dynamics of two-dimensional and three-
dimensional antidot lattices.
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1.10. Current modulation of carrier spin
polarization

The achievement of realistic operational conditions for
exploiting spin properties in semiconductor structures
constitutes an important area of research. While not without
inherent problems, diluted magnetic semiconductors (DMS)
are one of the serious candidates for spin aligners with the
possibility of being naturally integrated into the
semiconductor technology. In these materials, the electron
spin-splitting is enhanced by the s-d exchange interaction
between conduction band electrons and localized magnetic
ions (such as Mn). Thus, the energy separation (effective
Zeeman energy, EZ) between up and down spin states of the
conduction band electrons is enhanced. Therefore, the
electronic system may exhibit a large Pauli paramagnetism
with a significant spin polarization which can be modulated
by controlling the Zeeman energy. 

We have studied the use of an electrical current to control the
spin polarization of a two-dimensional electron gas (2DEG)
confined in a Cd1-xMnxTe quantum well in quantum Hall
regime [1]. Under the presence of an external magnetic field,
the total electronic spin-splitting of the 2DEG results from a
competition between the Zeeman and exchange terms which
has important consequences for the electronic system. At low
magnetic fields, the exchange term dominates and the
electronic system exhibits a large spin polarization. With
increasing magnetic field, the spin polarization is gradually
destroyed with the formation of Landau levels and the
transition to a regime where the cyclotron energy, hωC,
dominates over EZ. Nevertheless, there exists an
intermediate range of magnetic fields, where the orbital
motion of the electrons is quantized while EZ = nhωC where
n is an integer. This evolution will inevitably lead to
successive spin-split Landau level crossings which will have
a profound influence on the transport properties of the
system. 

A direct manifestation of such spin-split Landau level
crossing has been observed in the distinct beating patterns
with nodes in the amplitude of the low field Shubnikov-de
Haas oscillations [2]. The appearance of nodes was
explained as a consequence of the coincidences between the
spin-splitting and a half integer multiple of the cyclotron
energy. In addition to the effect of applied magnetic field,
temperature also modifies the node conditions and
consequently the node positions. The thermal behaviour of
the node positions, described by using a Brillouin function to
calculate EZ can be used as a thermometer for the effective
temperature of the Mn spin system TMn. By increasing the
current flowing through the Hall bar generates carriers which
are out of equilibrium with the lattice temperature. The s-p
mediated coupling between the free carriers and the Mn spin
system leads to an increase of the temperature of the Mn spin
system indicated by the clear shift of the node positions
towards lower magnetic fields, shown in Figure 17a. This
effect is analogous to the previously observed thermal
effects. A comparison of the current and temperature effects
allows us to estimate that the temperature of Mn spin system

is TMn ~ 1 K for the maximum applied current of 6 µA. By
simply applying a small current it is possible to reduce EZ
and therefore to switch between the different Landau level
configurations as sketched in Figure 17b. Carrier spin
polarization is consequently decreased. The selection of Mn
content and/or carrier density in similar structures may
permit to reach fully carrier spin polarized conditions which
can be precisely modulated by the above explained effects.

Fig. 17: a) Rxx measured vs B at Tbath =50 mK for different
current values Idc . Curves with Idc > 0 have been offset
vertically for clarity. The position of Node1 is indicated by
the arrows. b) Calculated spin-splitting as a function of
magnetic field at different temperatures. Integer multiples of
the cyclotron energy are shown for comparison. Inset:
arrangements of spin-up and spin-down Landau levels at
magnetic fields BN for which EZ is an integer multiple N of
the cyclotron energy.
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1.11. Interplay of Landau level pinning,
spin splitting and Coulomb pseudogap
effects in 2D-2D tunneling

In semiconductor tunnel structures, the 3D contacts are
separated from the 2DES by transparent tunnel barriers or,
so-called, spacer layers (see insert in Figure 18a). The
electron exchange between the systems via the layers can
cause pinning of the partially filled Landau levels (PFLL)
on Fermi level of the system that leads to a strong
magnetic dependence of the electron spectra in the
2DES’s [1]. In strong magnetic field this effect may
coexist with such many-body effects as enhanced spin-
splitting of the LL [2] and Coulomb pseudogap [3]. In this
report we propose a model allowing us firstly, to describe
our experimental data successfully and, secondly, to
distinguish these effects.

The 2D-2D electron tunneling was investigated in tunnel
diodes made of GaAs/Al0.4Ga0.6As/GaAs heterostructure
with single doped barrier layer. A band diagram of the
structure is shown in the insert to Figure 18a. Figure 18a
shows a set of the current-voltage characteristics for
different magnetic fields normal to the 2DES’s planes.
The current peak and shoulder have been observed
without magnetic field at bias voltages Vb1 = 7.4 mV and
Vb2 = – 15.2 mV accordingly. The features are related to
electron resonant tunneling between 2DES’s when the
bound-state energies in the systems coincide. The energies
of the ground bound-states are equal at bias voltage of
7.4 mV (E01(Vb1) = E02(Vb1), (see insert in Figure 18a)
and we call this 0-0 resonance. At Vb2 = - 15.2 mV a
condition E01(Vb2) = E12(Vb2) is satisfied and electrons
tunnel resonantly between 2D ground state and first
excited bound-state (0-1 resonance). With magnetic field
increase, the current peak shifts as shown in Figure 18a.
The shift of the peak means that the 2D bound-states
energies modify. Figure 18b shows a voltage position of
the 0-0 resonant peak versus magnetic field (square
symbols).

The linear dependence of the resonance position can be
explained as a manifestation of the PFLL pinning at the
Fermi level. Lengths of the dashed line show the resonant
positions when the pinning of the spin splitted PFLL takes
place. To overcome the discrepancy between calculated
and experimental data, we take into account the formation
of the Coulomb pseudogap that is clearly observed in
magnetic field higher than 12 T, in ultraquantum regime.
In the insert to Figure 18b the difference between
experimental and calculated resonance positions is shown
with open and filled circles. Evidently that the filled
circles data can be described with unified dependence that
we attribute to the Coulomb pseudogap (solid line in the
inset of Figure 18b). To fit our data well we have to
suppose the spin splitting ∆S(B) = 0.25hωc (ωc is an
electron cyclotron frequency) that corresponds to the
Lande factor of 7.5 and Coulomb pseudogap dependence
∆ = √α(B – B0) – ∆0. Here ∆0 = 3.5 meV, α = 12.7 meV2/T,
B0 = 2.17 T are the fitting parameters.

Fig. 18: a) Current-voltage characteristics in different
magnetic fields. In the insert calculated potential profile of
the conduction band bottom is shown.
b) Resonant peak positions versus magnetic field measured
(filled squares) and calculated in model of spin split PFLL
(lengths of dashed line) and taking into account Coulomb
pseudogap formation (lengths of solid line). In the insert shift
of the experimental resonance peak positions from expected
values in the model of the pinning of the spin split PFLL. The
unified dependence is shown with solid line.
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1.12. Conservation of heavy hole / light
hole nature in resonant tunneling.

The recent demonstration of strain compensated Si/SiGe
quantum cascade structures with sophisticated band
engineering and up to 30 cascades has been an important step
towards the realisation of a Si-based intersubband laser [1].
However, the use of the valence band brings with it a set of
problems to be solved. Light hole states often lie close to, or
are interspersed between the heavy hole states that are used
for the intersubband transitions in most designs. As a
consequence, this may reduce the non-radiative lifetime by
the tunnelling out via light hole states situated within the
heavy hole (HH) minigap. Ideally, one would not expect
transport from HH states via LH states, since they are not
coupled at zero in-plane momentum. However, in a number
of experiments using p-type resonant tunnelling structures,
tunnelling through both HH and LH channels has been
observed [2]. It has been assumed that interface roughness
scattering as well as band mixing due to the non-zero Fermi
wave vector can open the LH channels. In the present
experiments, we show that both cases can be avoided, and
that the HH character in resonant tunnelling can be
conserved. 

The samples studied consist of double barrier resonant
tunnelling diodes (RTDs) grown by MBE on a Si0.5Ge0.5
pseudo substrate. Three samples were investigated, with
Si0.2Ge0.8 QW widths W = 25 Å, 35 Å, and 45 Å, surrounded
by 40 Å Si barriers. A clear confinement shift towards higher
voltages for smaller well widths is seen for all resonances.
This shift is larger for the second resonance than for the first,
indicating that this is related to a second order state such as
HH2, rather than to the LH/SO1 state. Using a simple model,
assuming a linear voltage drop from the emitter barrier to the
collector doping interface, gives a reasonable agreement for
the first and second resonance corresponding to tunnelling
through the HH1 and the HH2 state, respectively.

In order to further verify the labelling of the resonances,
magneto-tunnelling experiments were performed in
magnetic fields up to 23 T. At small voltages, 1/B periodic
oscillations in the current are observed with the field parallel
to the current, whose periodicities have been used to confirm
the energy structure assumed in the emitter. We use
magneto tunnelling spectroscopy with the B field applied
perpendicular to the current to map out the energy
dispersions of quasi-bound valence band levels [3]. Due to
conservation of the in-plane momentum, the carriers tunnel
through the quantum well levels at an in-plane momentum
centred around kp = e∆SB/h, where ∆S is the tunnelling
distance (i.e. the spatial separation between the centre of the
emitter levels and the centre of the quantum well levels). In
the present structures, the three first states (HH1, LH1 and
HH2) are not expected to show large non-parabolicities in
the B field range investigated. In Figure 19a the shift of the
first resonance voltage of the 45 Å structure is shown as a
function of the square of the applied magnetic field.
Assuming a reasonable tunnelling distance of 90 Å we obtain
effective masses of 0.13 m0 and 0.17 m0, for negative and

positive bias, respectively. The values compare well with the
calculated value of m*HH1 = 0.144 m0. The second resonance
(Figure 19b) shows a more marked difference between the
two bias directions, but using the resonance at negative
biases, as well as the positive bias for B > 14 T, the effective
masses 0.21 m0 and 0.27 m0, respectively, are deduced.
These values compare well with the calculated
m*HH2 = 0.219 m0, whereas m*LH1 = 0.37 m0. The magneto
tunnelling experiments thus confirm the above assignment
of the resonances, and the conservation of the hole character
in the tunnelling process.

Fig. 19: a) 1st resonance voltage of the 45 Å RTD as a
function of the square of the magnetic field applied
perpendicular to the current. Squares: negative bias; circles:
positive bias. The lines correspond to linear fits, from which
the effective masses are deduced. b) The same, for the 2nd

resonance. All measurements were performed at 4 K.
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1.13. New insights into the plateau-
insulator transition in the quantum Hall
regime

Despite its relatively long history of study, the exact nature
of the transitions between adjacent quantum Hall states is
still a subject of debate. In the framework of the scaling
theory of the quantum Hall effect, the plateau transitions are
interpreted as quantum phase transitions with an associated
universal critical exponent κ = p/2χ. Here p is the exponent
of the phase breaking length lj at finite temperature T
(i.e. lj ~ T –p/2) and χ the critical exponent for the zero T
localization length ξ. Pioneering magnetotransport
experiments by Wei et al. [1] on the plateau-plateau (PP)
transitions of a low mobility InGaAs/InP heterojunction
resulted in a numerical value of κ = 0.42. From subsequent
current scaling transport measurements a value p = 2 was
extracted. Hence, an experimental estimate for localization
length exponent is χ ~ 2.4, which is close to the free electron
value 7/3 obtained from numerical simulations. This Fermi
liquid result has always been quite confusing, as a
microscopic theory of the quantum Hall effect should have
important ingredients such as localization effects and
Coulomb interactions. However, in recent experiments [2]
conducted on the plateau-insulator (PI) transition of a very
similar InGaAs/InP sample, a new non-Fermi liquid
exponent (κ = 0.57) has been observed. Since p is bounded
by 1 < p < 2, the new value of κ implies that the
correlation length exponent is bounded by 0.9 < χ < 1.8,
which is in conflict with Fermi liquid ideas. This important
result asks for experimental verification by studying
different low-mobility semiconductor structures. 

We here report the results of magnetotransport
measurements [3] around the PI transition conducted on a
In0.2Ga0.8As/GaAs quantum well. The sample was insulating
when cooled down, but the electron density could be tuned
by illumination with a LED. Magnetotransport data were
taken using a Hall bar geometry. The longitudinal resistance
Rxx, the Hall resistance Rxy and the current (I ~ 1 nA) were
measured simultaneously by an ac lock-in technique
(f = 1 Hz). Data were taken for magnetic field strengths up to
20 T, in the temperature range T = 0.08 -1.07 K and for two
different densities ne = 1.5x1011 cm-2 and 2.0x1011 cm-2. For
these densities the PI transition takes place at Bc = 10.7 and
15.7 T, respectively. For the highest density ρxx is plotted on
a log scale versus filling factor ν in Figure 20. The ρxx data
show a fixed point at the critical filling factor νc = 0.58 and
0.53, respectively, for the two densities. At the critical point
ρxx,c = h/e2 to within 1%. As shown in Figure 20 in the
vicinity of the PI transition ρxx follows an exponential law
ρxx(ν,T) ∝ exp(-∆ν/ν0(T)), where ∆ν = ν-νc. The slopes of
the ρxx curves yield 1/ν0. Values for 1/ν0 versus T are plotted
in the insert of Figure 20. The data for ν0(T) obey scaling
behaviour, i.e. an algebraic dependence ν0 ∝ T κ with critical
exponents κ = 0.54 ± 0.02 and 0.58 ± 0.02, for the two
densities. We conclude that these values are in good
agreement with the value κ = 0.57 ± 0.02 obtained
previously for the PI transition in an InGaAs/InP
heterostructure [2]. 

This is the most important result as this new value of κ
provides clear evidence for a non-Fermi liquid critical point
(0.9 < χ < 1.8), rather than a Fermi liquid critical point
(χ = 7/3), as is generally concluded from experiments on the
plateau-plateau (PP) transition. By employing a new
methodology, which recognizes the fundamental symmetries
of the quantum transport problem [4], the magnetotransport
data at the PI transition can be used to separate the universal
critical aspects from the sample-dependent aspects. This new
type of analysis reveals that the PP transitions suffer from
systematic errors that are inherently due to macroscopic
sample inhomogeneities. On the contrary, PI transition data
are more robust against sample imperfections, resulting in a
more reliable determination of the critical exponent than in
the case of the PP transition.

Fig. 20: The longitudinal resistivity of a Ga0.2In0.8As/GaAs
quantum well (µ = 16000 cm2/Vs and n = 2.0x1011 cm-2)
plotted versus filling factor ν at selected temperatures in the
range 0.08-1.1 K. The plateau-insulator transition takes
place at νc = 0.53 (Bc = 15.6 T), as indicated by the crossing
point. The critical resistivity ρxx

c ≈ h/e2. The data follow the
behaviour ρxx(ν,T) ∝ exp(-∆ν/ν0(T)). The inset shows 1/ν0(T)
in a double logarithmic plot for two different densities.
Scaling is observed with critical exponents κ =0.58 ± 0.02
and 0.54 ± 002.
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1.14. Scaling description of the integer
and fractional quantum Hall effect

Recent development of the unified scaling theory for the
integer and the fractional quantum Hall effect resulted in
derivation of exact expressions for the coupled evolution of
the Hall and diagonal conductivity components with
decreasing temperature [1] presented graphically by the flow
diagram. Scaling theory leads to quite unexpected
conclusions: the integer QHE does not require Landau
quantization of the electron spectrum, and the gaps caused by
electron-electron interaction are not necessary for the
fractional QHE. In strongly disordered GaAs layers, good
agreement is observed between the experimental data [2] and
theoretical flow diagram. 
Here we report on a study of the behaviour of conductivity
compared to scaling theory for large diagonal high-
temperature conductivity σxx

0 > 1 in the region of the weakly
developed integer QHE, and for small σxx

0 < 0.05 (in units
e2/h) in the fractional quantum Hall effect regime. 
In heavily doped n-type GaAs thick layers with thickness
(100-140 nm) larger than the mean free path of electrons
(25 - 30 nm) in the extreme quantum limit of applied
magnetic field we study oscillatory variations of the diagonal
and Hall magnetoconductances caused by topological
scaling effects for the case σxx

0 > 1 [3]. They occur in a
field range without oscillations in the density of states due to
Landau quantization, and are, therefore, totally different
from the Shubnikov-de Haas oscillations. 
The experimentally observed oscillations are well described
by theory [1] without any fitting parameters as it is shown in
Figure 21.

In addition, in GaAs/AlGaAs heterostructures with electron
density 1.3-1.7×1011 cm-2, mobility 3-7×105 cm2/Vs, and,
therefore, small σxx

0 < 0.05 we have studied the flow diagram
in the fractional quantum Hall effect regime in a temperature
range 0.02-1 K. The theoretical and experimental flow
diagrams are shown in Figure 22. Although there is not
complete agreement of experiment with theory, the
experimental data reproduces the main features. In particular,
flow lines starting near 1/4 and 3/4 go up and then down to
points (0,0) and (1,0) respectively. Behaviour close to
theoretical predictions is also observed around σxy = 1/3 and
2/3.

Fig. 21: Amplitude of the topological oscillation Aij of the
diagonal (solid symbols) and Hall (open symbols)
conductivity plus ∆ =24/I exp(-2Iσxx

0) as a function of the
diagonal conductivity σxx for four samples. ∆ depends only
on high-temperature diagonal conductivity σxx

0. The line
shows the dependence 24/I exp(-2Iσxx) following from the
theory.
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1.15. Quantum Hall effect in a magnetic
HgTe-2DEG

Currently, interest in the transport properties of magnetic
two-dimensional electron gases (2DEGs) is increasing due to
their potential for spintronic applications. Here, we report on
the magneto-transport properties of HgTe quantum well
(QW) structures containing 2 - 5 % Mn. In HgTe QW
structures a large Zeeman effect with an effective g-factor of
about -60 and a large Rashba effect with a splitting energy of
∆R = 10 - 15 meV contribute to the separation of the spin-
subbands. Therefore, it is very likely to achieve a 100% spin-
polarisation for samples with relatively low carrier densities
at low magnetic fields.

An example is given in Figure 23. For low temperatures the
anomalous Hall effect due to the Mn ions leads to a situation
where the filling factor ν = 1 state occurs for magnetic fields
smaller than B = 1 T. The temperature dependence clearly
demonstrates the magnetization effect of the Mn ions on the
observed Hall resistivity (Figure 23). At 6 K the ν = 1 state
quantization of the Hall resistance is achieved at
approximately 12 T, and for temperatures larger than 20 K no
quantized Hall resistance is observed. The surprising result,
however, is that the anomalous Hall effect leads to a
quantized Hall resistance at low temperatures in a magnetic
field regime where no quantization effects are expected due
to the carrier mobility (ρxx(B = 0) = 8 kΩ). A similar behaviour
has been predicted for a ferromagnetic 2DEG in connection
with a strong Rashba effect [1].

Fig. 23: Temperature dependent Hall resistance of a low
density HgTe quantum well structure.

Another surprising result is that for these magnetic 2DEG
structures the quantized Hall effect with ρxx = 0 and ρxy = h/e2

remains stable and unpertubated up to magnetic fields of
28 T. No localization or metal-isulator transition effects are
observed. Even at the lowest temperature (T = 40 mK) the
magneto-resistance remains unchanged (Figure 24). This
implies that electron-electron correlation effects, which may
lead to the formation of fractional quantum Hall states at

these temperatures, are not present in these magnetic 2DEG
structures. The latter can be related to the large value of the
dielectric function in this material system. Therefore, HgTe
turned out to be a good material for the study of uncorrelated
single electron effects in high magnetic fields.

Fig. 24: Longitudinal and Hall resistance measured at 
40 mK bath temperature.
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1.16. Quantum Hall ferromagnet in a
parabolic well 

Recently, a broad class of phenomena associated with the
crossing of Landau levels with opposite spin orientation has
received much attention. The interest has been motivated by
the close analogy between two-dimensional (2D) states in
the quantum Hall regime and conventional electron
ferromagnets. It has been noted that a 2D electron gas at
Landau filling factors ν = 2, 4, 6... resembles a 2D
ferromagnet, because, when electron exchange-correlation
energy becomes larger than cyclotron energy, unpolarized
ferromagnetic transitions occur in the limit of vanishing
effective Lande g factor [1]. In this work, we present the
results of magnetotransport measurements in parabolic
quantum wells (PQWs) with different widths. In wide PQWs
with several occupied subbands, the energy difference
between Landau levels in a strong magnetic field is
determined by the energy-level spacing ∆Eij in zero field,
which is much smaller than hωc (hωc is the cyclotron
frequency). Therefore, it is expected that in the PQW the
exchange-correlation energy should be larger than the energy
level separation, and magnetic transition may occur. 

Fig. 25: Left: magnetoresistance of a 2000 Å PQW as a
function of the normal component of magnetic field for
different angles 560 < Θ < 680 between the applied magnetic
field and plane of the substrate at T = 50 mK. Arrows
indicate the anomalous resistance peak. 
Top: schematic view of the sample and experiment geometry. 
Right: gray-scale presentation of the tilt angle dependence of
the magnetoresistance on the total magnetic field, T = 50 mK.

The correlation energy can be tuned in the tilting magnetic field
experiments. We observed an anomalous magnetoresistance
peak in tilted magnetic field corresponding to the filling
factor 2 in parabolic wells with widths ranging from 1000 to
3000 Å (Figure 25). The position of the peak is determined
by the bare width of the parabolic potential: peak moves to
the lower magnetic field with increasing of the width. We

attribute this peak to unpolarized ferromagnetic transition in
quantum Hall ferromagnet (QHF). As has been argued
by Falko and Iordanskii [2], disorder arising from the
density inhomogeneities produces a multidomain structure.
Therefore, transport in a QHF is attributed to the diffusion
along the network formed by the domain walls in analogy
with transport in integer quantum Hall effect. We found that
the behaviour of the anomalous peak resembles the typical
behavior of the magnetoresitance peak in a quantum Hall
insulator-Hall metal transition. This behaviour can be
explained by percolation along the domain walls with an
Ising-like structure. It is supported by the absence of the
temperature dependence of the anomalous peak. We found
that the anomalous peak moves from low filling factor to
high n with increasing tilt angle Θ. Qualitatively, it can be
explained by the increase of the exchange-correlation energy
with perpendicular component of the magnetic field B⊥ [3].
Since the Zeeman splitting in our system is very small, the
exchange energy is comparable with the energy-level
separation in our PQWs. Therefore, we have demonstrated
that a parabolic quantum well is a promising system for
understanding the physics of quantum Hall ferromagnets. 
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1.17. Corrections to conductivity due to
electron-electron interaction in 2DEG:
ballistic case

Since the first observation of an apparent metallic state in
two-dimensional electron systems (2DEG)[1] the interest for
the quantum corrections to conductivity has been renewed.
In these systems the conductivity increases when the
temperature decreases: a metallic behaviour. Quantum
corrections could explain this apparent violation of the
scaling theory of localization: there can be no extended states
in two dimensions for non-interacting particles.
Soon after the observation of this behaviour, electron-
electron interactions were suggested as a possible origin
(because the phenomenon was observed in sytems with large
rs ratio between Coulomb and Fermi energy). 
Unfortunately, until recently [2] all the theories of the
conductivity in 2DEG taking into account interactions were
valid in the diffusive regime for which Tτ /h <<1 and direct
comparison with experiments (lead in the ballistic regime
Tτ/h >>1) was impossible.

The purpose of our work when we started to study a 2DEG
formed at a Si/SiGe heterosjunction was to test recent
theories [3,4] also valid for the intermediate and ballistic
regime (Tτ /h ≥ 1). They take into account interaction and
predict a possible metallic temperature dependance of the
conductivity in zero field [3] and a negative parabolic
magneto-resistance when magnetic field is applied [4]. 

In our sample kBTτ /h = 0.89*T (i.e. intermediate and
ballistic regime for our range of temperatures). As can be
seen from Figure 26) theories [3,4] qualitatively describe
correctly the measurement that we have made in our sample.
Unfortunately, the quantitative description is less clear.
From the zero field measurements we obtain a large value of
the interaction parameter F0

σ = -0.155 as compared to values
obtained in systems with similar rs . Moreover, it appeared
impossible to fit our results for the correction to conductivity
(obtained from the experimental slope of ρ vs B2 data) to the
prediction of [4]. Figure 27 shows the theoretical predictions
of [4] plotted for F0

σ = -0.155; contribution from the singlet
(GF) only and the sum of the triplet and the singlet channels
are represented (GF + GH).

We attribute this mismatch between our measurements and
the theoretical predictions to the fact that none of these
theories integrate both long and short range disorder. 
We believe that these two types of disorder are present in our
sample and that a theory taking both of them into account
would explain our results.

Fig. 27: Correction to the conductivity obtained experimentally
(dots) from the slope of ρ vs B2 dependence and theoretical fit
(black lines). 
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1.18. Corrections to conductivity due to
electron-electron interaction in 2DEG:
diffusive case

Magneto-transport measurement in two-dimensional
electron gas (2DEGs) is an important source of information
as they allow one to probe various fundamental properties of
such systems. More than twenty years after the formulation
of the quantum corrections to the conductivity and the
conclusion that all states shoud be localized in 2DEGs [1],
there has recently been a revival of interest for this topic.
Two origins are possible for these corrections: 1) the back
scattering interference of the electron waves and 2)
interference effects due to electron-electron interactions. It is
commonly accepted that, if considered alone, the first
process leads to the absence of diffusion in a 2D system at
low temperature. There is no general consensus concerning
the second process at the moment. Altshuler-Aronov-Lee’s
theory [2] predicts that weak electron-electron interaction
also tends to localize electrons when the transport is diffusive
Tτ/h <<1. This approach, thought to be valid during more
than ten years, has recently been questioned by the
observation of the anomalous temperature dependence of the
conductivity in high mobility (100) Si-MOSFET [3].

Because of the tendancy to study high quality samples, for
which the transport is not diffusive, this result has never been
experimentally tested untill recently [4] and only qualitative
discussions were made.

Our purpose when we studied a dirty AlGaAs/GaAs/AlGaAs
quantum well (µ ~ 1000 cm2/Vs, ns ~ 1012 cm-2) was to
test in great detail this theory. Indeed for our sample
kBTτ/h = 4.10-3*T, in other words the transport is diffusive
for temperatures below 100 K.

Altshuler-Aronov-Lee’s theory predicts a logarithmic
temperature dependence of the correction to the conductivity
in 2DEG. This correction also depends on the parameter F0

σ

reflecting the interaction strength. Later it was shown that
these corrections to conductivity were B-independent leading
to a parabolic behaviour magnetoresistance (NPMR),
obtained by inverting the conductivity tensor. 

On one hand, our results (see Figure 28) are in qualitative
agreement with this prediction: after a sharp decrease of the
resistivity caused by the suppression of the weak localization
by the magnetic field we observe a NPMR. Moreover the
temperature dependence of the conductivity of the sample is
logarithmic (see insert to Figure 28) until it starts to saturate.

On the other hand, quantitative comparison of our
measurements (both in zero field and in magnetic field - see
Figure 29) with the predictions leads to surprising results.
Although the electronic density in the sheet is large (1012 cm-2

suggesting that interactions between electrons are small),
when fitting the data to theoretical predictions, we obtain a
large value of the parameter F0

σ = 0.33 suggesting large
interaction.

Fig. 28: Magnetoresitivity of our sample for different
temperatures (1.7 K, 1.1 K, 600 mK and 50 mK) and T-
dependance of the zero field conductivity (insert).

Fig. 29: Correction to the conductivity obtained experimentally
(squares) and theoretical fit (black line). 

In conclusion, although the general behaviour of our sample
appears to be very well described by the existing theory,
more attention to its details should be paid in order to explain
our results. 
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1.19. Multi-dielectric response of a
quasi two-dimensionnal gas in tilted
magnetic fields

The dielectric response of a two-dimensional electron gas
(2DEG) has been derived in quantum mechanics in different
ways in perpendicular Faraday (PF) configuration [1]. We
have treated the problem of such a system in tilted Faraday
(TF) configuration for which the the magnetic field B and the
incoming light wave-vector k are tilted with respect to the
normal of the surface of the sample. A semi-classical picture
has been used to derive the infrared response of a conducting
layer. 

Fig. 30: Configuration for the orientation of the conducting
layer of thickness d with respect to the direction of B and k.

In TF configuration, the structure of the electromagnetic
field inside the whole multi-layer is changed and all
components of the dielectric tensor →ε are non zero. We use a
parabolic confinement of the 2DEG and in a one electron
picture, each particle satisfies the following equation of
motion:

m*∂→ν/∂t = –m*γ→ν + e / c(→ν Λ
→
B) – m* Ω2z→z + e

→
E (1),

where ν is the velocity of the particle, γ is the damping
parameter, m* is the effective mass, Ω is the caracteristic
inter-electric-subband frequency of the parabolic potential
and →z is the unit vector in the z-direction (see Figure 30).
Solving this equation provides the expression of the
dielectric function describing the 2DEG as:

εi,j = e∞[1 + (ω2
TO – ω2)/(ω2 – ω2

LO)]δi,j + ω2
pαi,j (2),

where ωTO,LO are the transverse and longitudinal phonon
frequencies, ω2

p is the three-dimensional plasma frequency
and αi,j are coefficients derived from equation (1). with the
2DEG. The poles of the general dielectric function are ωTO,
and 

ω2
1,2 = (Ω2 + ω2

c)/2 ± √ (Ω2 – ω2
c)2 + 4Ω2ω2

cy / 2

which are exactly the same solutions as the ones derived
from a full quantum mechanical treatment [2]. These two
solutions depend on the tilt angle through ωcy and it is
interesting to note that in PF configuration, these solutions
correspond to the pure cyclotron resonance mode and to the

inter-electric-subband mode which, in this case, is not
optically active. Moreover, for a strickly two-dimensional
system for which Ω has a very large value, these solutions
also recover their pure caracter.

Fig. 31: Variation of the zeros of the component εzz for a TF
configuration with θ = 30° as a function of B⊥. The dash
lines represent the LO phonon and the electric-inter-subband
energies.

In TF configuration, both of these corrected solutions are
infrared active and the response of the system involves coupled
cyclotron resonance – inter-electric-subband plasmon – LO
phonon modes. As one can see in Figure 31, the evolution of
zeros of εzz shows a pronounced anti-crossing behaviour of
these solutions as a function of B⊥, these modes being coupled
by symmetry and not by any specific electron-phonon
interaction which is not included in the model.

In conclusion, we have derived the dielectric tensor
describing a 2DEG confined in a parabolic quantum well in
tilted Faraday configuration. Using this model, we have
derived the proper way to obtain a complete transmission
response of any multilayer structures containing conducting
layers.
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1.20. Polaronic interaction in a quasi
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 itinerant electrons through the Fröhlich
interaction. The most spectacular manifestation of this
interaction is the resonant magneto-polaron coupling, i.e. an
anti-crossing behaviour between the |n=0+1LO phonon> and
the |n=1> states, n being 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* the
electron effective mass). However, recent studies [1] indicate
that this effect is not so trivial and, in fact, was never clearly
observed in 2DEG.

We have performed cyclotron resonance experiments on a
series of high mobility (>106 cm2.V-1.s-1) and high density
(ranging from 5.8x1011 to 12x1011 cm-2) GaAs single
quantum wells (QW). These QW are sandwiched between
two-short period superlattices δ-doped with silicon donors.
In order to avoid the reststrahlen band of GaAs, the epilayers
were lift-off from their original GaAs substrate and bonded
onto a silicon substrate which is transparent in the infrared
range of energy. Far infrared transmission measurements
were performed at 1.8 K in the tilted Faraday (TF)
configuration described in the previous report.

In this configuration, we observe a pronounced anti-crossing
behaviour involving the cyclotron resonance mode and a
mode with an energy lying below the measured LO phonon
energy. As one can see in Figure 32, the anticrossing energy
strongly depends on the tilt angle, but the pinning energy of
the CR absorption remains the same for a given sample.

Fig. 32: Position of the maxima of absorption as a function
of the perpendicular component of the magnetic field for
sample 1200.

We have calculated the dielectric response of these systems
using the formalism described in the previous section to
reproduce the observed spectra. As can be seen in Figure 33,
this model reproduces well the observed behaviour, that is
the anti-crossing behaviour with a mode the energy of which
lies in the reststrahlen band of GaAs. This model contains all
the physics necessary to explain the observed anti-crossing
and to identify the second mode involved.

Fig. 33: Fit of the relative transmission curves for sample
1200 at θ = 25.5°. Open circles are experimental points, and
continuous lines are the corresponding calculated relative
transmission spectra. The hatched region corresponds to that
of hωTO .

The second mode results from the coupling of the inter-
electric-subband to the LO phonon mode that develops in a
doped QW [2]. This hybrid mode and the cyclotron
resonance mode are coupled by symmetry and not by any
specific electron-phonon interaction.

This hybrid mode and the pure LO phonon mode cannot
exist together and, as the model used reproduces
qualitatively all the observed singularities, we argue that this
supports the idea that the concept of Fröhlich polaron mass
has no effective application in a real material.
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1.21. Electron optical phonon
interaction in polar low dimensional
systems

The nature of optical phonon modes in a low dimensional
polar semiconductor systems is a subject that has attracted
much interest in the past decades. Whereas the longitudinal
optical phonon creates a macroscopic electric field which
was believed to couple to the electron motion, it is an
accepted fact that the transverse optical phonon can only
couple to free carriers through the deformation potential
interaction which is known to vanish for electrons in the
conduction band of GaAs in three-dimensional systems.

We have performed cyclotron resonance experiments on a
series of high mobility (>106 cm2.V-1.s-1) and high density
(ranging from 5.8x1011 to 12x1011 cm-2) 13 and 10 nm GaAs
single quantum wells (QW). These QW are sandwiched
between two short-period superlattices δ-doped with silicon
donors. In order to avoid the reststrahlen band of GaAs, 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. With these lift-off samples, we can
study the cyclotron resonance absorption through the major
part of the reststrahlen band of GaAs. Far infrared
transmission measurements were performed at 1.8 K in the
perpendicular Faraday configuration described in section 1.18.

Fig. 34: Cyclotron energy divided by the magnetic field as a
function of magnetic field for samples 1416 (ns=5.6x1011 cm-2)
and 1201(ns=8.8x1011cm-2).

The obtained results concerning the resonant magneto-
polaron effect follow those deduced in [1], that is no anti-
crossing behaviour involving any longitudinal modes of the
doped QW. On the other hand, as can be seen on Figure 34,

we observe for all samples a systematic discontinuity in the
variation of the cyclotron energy deduced from the model
explained in section 1.18 when the the cyclotron energy is
tuned to the TO phonon energy.

Moreover, the deduced linewidth of the cyclotron resonance
mode increases for the same conditions as one can see in
Figure 35 where the evolution of the width δ of the cyclotron
transition entering the Drude type model described in the
previous report is represented with respect to the energy.

Fig. 35: Width of the cyclotron resonance position as a
function of energy for samples 1416 and 1201.

Both of these singularities, in the framework of the memory
function formalism, are clear signs of an interaction
involving the cyclotron resonance mode and the transverse
optical phonon of the QW; this interaction does not seem to
depend on the electron density. Similar experiments
performed on 10 nm GaAs QWs show even more
pronounced singularities of both quantities leading us to
think that this interaction is a consequence of the reduced
dimensionality of our systems. 
In conclusion, we have performed a careful infrared
transmission experiment on a series of high mobility GaAs
single QW showing an interaction between the electron gas
and the transverse optical phonon of the QW. However, the
exact coupling mechanism between these two modes
remains unknown.
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1.22. Coupling between localised and
itinerant spins in a two dimensional
CdMnTe system

Diluted Magnetic Semiconductors (DMS) have been of
considerable interest for some time now due to the
possibility of applications combining electronic and spin
effects – spintronics. The strong interactions between the two
spin subsystems – free electrons and localised impurity spins
– are known to give rise to striking effects such as e.g. the
giant Zeeman splitting of both the conduction and valence
bands. Much less is known about the reciprocal effects of
carrier spins on the local Mn2+ ions - direct measurements of
the spin resonance in nanostructures are notoriously difficult
because of the small total number of spins in the active
material and the difficulty of separating contributions from
the structure itself, which is embedded in a host material. For
this reason, methods of enhanced sensitivity such as
Optically Detected Magnetic Resonance (ODMR) are much
better adapted to the study of such systems [1].

Fig. 36: Typical photoluminescence spectrum of a CdMnTe
quantum well (see inset for well parameters). The spectrum
is dominated by two main transitions: the neutral exciton (X)
at higher energies and the charged exciton (X -) at slightly
lower energies. 

A specially constructed tunable ESR spectrometer was used
to irradiate the sample with microwaves at energies between
40 and 60 GHz. The cavity was modified to accommodate a
single optical fibre, used to both excite and collect the
photoluminescence. The photoluminescence spectra were
recorded while the sample was irradiated with microwaves at
a fixed frequency and the magnetic field was slowly swept
through the resonance of the Mn2+ ions.

The effect of the Mn2+ spin resonance on the PL spectrum is
two-fold (see Figure 37). One effect is the shift of the whole
spectrum to higher energies by ~1 meV. This is due to a
decrease of the Giant Zeeman effect, caused by a resonant
depolarisation of Mn2+ ions and thus a decrease of the

magnetisation. This causes the lower electron spin level to
move up in energy, while the upper hole level moves down
in energy. The recombination energy between the two is thus
increased (left panel).

Fig. 37: Left panel: shifts of the positions of the PL peak due
to a neutral exciton (upper curve) and charged exciton
(lower curve). Right panel shows the resonant transfer of
intensity from the neutral to the charged exciton transition.

The second effect is a marked decrease of the neutral exciton
(X) transition, accompanied by an increase of that of the
charged exciton (X-). This transfer of intensity between the
two transitions may be explained as follows. The ground
state of a negatively charged exciton consists of a hole and
two electrons of opposite spins. The number of minority
spins in the system depends on the thermal population of the
spin split Landau levels around the Fermi energy. A
depolarisation of Mn2+ ions at their resonance decreases the
electron spin-splitting, thus increasing the minority spin
population. This favours the creation of negatively charged
excitons, leading to an increase of the photoluminescence
line intensity at the cost of the neutral exciton one, as more
excitons are able to capture an extra electron (with opposite
spin).
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1.23. Skyrmions in a two-dimensional
hole system

We have measured the polarization of the lowest Landau
level of the two-dimensional hole system confined within a
p-type single-side modulation-doped GaAs/Al0.33Ga0.67As
single quantum well and observed a polarization anomaly
around filling factor ν = 1 consistent with that due to
skyrmions.

We use reflectivity spectroscopy to probe the unoccupied
density of states. It has been demonstrated theoretically that
this is a valid probe and that the excursion of the reflectivity
signal around the transition energy is directly proportional to
the absorption coefficient [1].

Landau levels in a two-dimensional system are only
observed in absorption experiments once their energy is
greater than the Fermi energy (EF). In the single-particle
picture, the upper and lower spin branches of the lowest
Landau level (LL0) should begin to appear in the reflectivity
spectra in different polarizations when they begin to empty at
ν = 2 and ν = 1 respectively.

We plot the polarization as a function of filling factor at
various temperatures in Figure 38. This is calculated using
the expression in the inset, where for the experimental data,
LL0- (LL0+) is the magnitude of the excursion of the
reflectivity signal for the lower (upper) spin-split landau
level. For the theoretical curves LL0- and LL0+ are given by
the calculated fractional occupancies of the lower and upper
levels respectively.

For small filling factors ν < 1 the experimental polarization
data in Figure 38 fits the single particle picture extremely
well. However, for ν > 1 it clearly bears no relation to this
picture. Instead we invoke the concept of skyrmions. In this
case each decrease (increase) of a single flux quantum away
from ν = 1 is accompanied by S (A) additional spin-flips,
which are the tilted spins of the skyrmion. As a result the
polarization, which is still 1 (fully polarized) at ν = 1,
decreases rapidly as the filling factor deviates.

As noted above, at low temperature our experimental data
fits the single particle case extremely well for ν < 1.
For ν > 1 it fits the skyrmion picture with A = 1.4. This fit is
drawn in Figure 38. As the temperature is increased, the
polarization at ν = 1 decreases as the thermal excitations
across the gap increase. The actual diameter of the skyrmion
depends upon the competition between the electron
interactions which try to maximize D, and the Zeeman
energy which tries to minimize it. This is characterized by
~g = Ez/Ec = gµBB/(e2/εl0) where l0 = √ h/eB is the magnetic
length. Theoretically, it has been found that for ~g ≥ 0.02, the
skyrmion diameter reduces to a value such that it is
indistinguishable from a single spin-flip excitation [2].

We attribute the existence of skyrmions in this system to the
fact that the Landau levels are very close in energy at ν > 1
and then diverge rapidly for ν < 1. This close proximity of

the spin-split Landau levels in energy necessary for
skyrmion formation is due to the complicated nature of the
valence band. Quantum-well confinement mixes the light-
and heavy-hole states, making the bands highly non-
parabolic and hence the Landau levels non-linear [3].
Accidental occurrence of crossing of the two lowest spin-
split landau levels at magnetic fields near ν = 1 effectively
reduces ~g. The theoretical calculations of Cole et al. [3] show
a crossing of these levels in the magnetic field region
between ν = 2 and ν = 1 for a 150 Å well consistent with our
observations.
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Fig. 38: Polarization as a function of filling factor.
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1.24. NMR study of large skyrmions in
Al0.13Ga0.87As quantum wells

In two-dimensional electron systems (2DES), the quantum
Hall effect at the Landau level filling factor ν = 1 (i.e., the
ferromagnetic state where only the lowest Landau level is
completely full) is particularly interesting because the lowest-
lying charged excitations are skyrmions, complex spin textures
in which the spin inversion is not localized, but distributed and
progressive, keeping the spin of nearby electrons nearly
parallel. The size of skyrmions is governed by the ratio of the
Zeeman energy EZ limiting the number of spin flips and the
Coulomb interaction energy which favours local ferromagnetic
ordering. Therefore, reducing EZ to zero leads to a divergence
of skyrmion size. This interesting limiting regime can be
accessed experimentally in real 2DES confined in GaAs
“quantum wells” (QW) heterostructures, as the effective g-
tensor (EZ = gµBH) can be modified and tuned very close to
zero by Al doping (or by applying pressure). 

By 71Ga NMR we have studied a multiple (30) QWs
“MM121” sample made of 24 nm thick Al0.13Ga0.87As QWs
separated by 132 nm thick Al0.35Ga0.65As “barriers”. Having
the electron density n2D = 1.1×1011 cm-2 and the mobility
µ0 = 3×104 cm2/Vs, the MM121 sample is very similar to
the one [1] already studied by transport measurements. 

The effective g-tensor for that sample was estimated to be 
g ≅ + 0.04, which is of the opposite sign and 10 times smaller
than gGaAs ≅ -0.4 of pure GaAs QW samples studied
previously by optically pumped [2] and classical NMR [3]. As
a consequence, instead of having in the NMR spectra the
contributions originating from the QWs and from the barriers
well separated as two peaks [2-3], they merge into a single
asymmetric peak (Figure 39). We can still distinguish the two
contributions by using their different nuclear spin – lattice
relaxation times T1’s. The NMR spectra were recorded by the
small tipping pulse, free induction decay (FID) technique, in
which the signal intensity depends strongly on the ratio of the
pulse length and T1. Therefore, two contributions having
different T1’s have different “optimal” FID pulse, as shown in
Figure 39. Thus, the analysis of the pulse length dependence of
the lineshape allows us to single out the pure QWs spectrum.

After subtraction of the barriers contribution from the NMR
spectra we are left with a pure QWs lineshape, whose
temperature (T) dependence is shown in Figure 40a. The main
characteristics of these spectra, namely the T-induced decrease
of the linewidth and of the average position of the QW signal are
shown in Figure 40a. Note that the frequency scales of figures
can be directly read as the spin polarisation, as the hyperfine
coupling constant is known from measurements in pure GaAs
QW samples (-24 kHz for full polarisation P = 1) [2-3].
Figure 40b thus clearly shows the thermally induced
depolarisation of a small, negative compared to pure GaAs
QWs (the g-tensor is thus confirmed to be negative), and very
broad distribution of spin polarisations in the sample. These
characteristics can be attributed to sample inhomogeneities
and/or to large skyrmions. The latter possibility is favoured by
observation of a very fast T2

-1 rate, indicating that the spin
polarisation distribution presents strong dynamical fluctuations.
Further analysis of the present data is under way.
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Fig. 39: The 71Ga NMR spectra of “large skyrmions”
MM121 sample taken by free induction decay. The pulse
length dependence of the spectra is used to distinguish the
signal of QWs from the signal of barriers. 

Fig. 40: a) The temperature
dependence of the QWs signal
and b) the corresponding
linewidth and line position
showing thermal depolarisation.
The zero of the frequency (i.e.,
the spin polarisation) scale is
defined by the position of the
signal from barriers containing
no free electrons.
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1.25. Localization of excitons in the
wetting layer accompanying self-
assembled quantum dots 

A wetting layer (WL) is an inevitable result of the self-
assembled (SA) growth of the semiconductor quantum dots
(QDs). The coexistence of the WL continuum of states and
the discreet density of states in the QDs leads to a series of
effects characteristic for the SA growth. It can be expected,
however, that the discreet energy states may also exist in the
WL itself, as was previously observed in thin GaAs/GaAlAs
[1] and CdTe/CdMgTe [2] quantum wells. Exciton
localization may be e.g. due to the interface fluctuations or
strain fluctuations caused by the presence of QDs. In this
study, we show the existence of such localized states in the
WL accompanying the InAs/GaAs SAQDs.

The photoluminescence (PL) from the WL was investigated at
T = 4.2 K in magnetic field up to 14 T. The field was
perpendicular to the WL surface. Submicron-sized mesas were
formed to limit the excited area of the WL. The position of
exciting light spot over the patterned sample was controlled
using a piezo-driven table. Laser light (λ = 514.5 nm) was
delivered to the sample using a single-mode fibre. A set of
lenses was used to limit the spot area. Emitted light was
collected using a multi-mode fibre, dispersed with a double-
grating spectrometer and detected by a CCD. It has been found
that the PL from the WL strongly depended on the size of
investigated mesa. A featureless PL peak was observed from
large mesas (1 µm x 10 µm), whereas a series of sharp lines
were seen from submicron sized mesas. The PL from the
smallest investigated mesa (200 nm x 200 nm) comprised a
few sharp lines as can be seen in Figure 41.

Fig. 41: Photoluminescence from the WL observed from the
200 nm x 200 nm mesa in perpendicular magnetic field.

It was observed that those lines split and shift
diamagnetically in magnetic field. The effective exciton g-
factor ranged from 1.4 to 1.6. The diamagnetic shift of the
observed lines at B = 14 T was equal to 3.2 ± 0.2 meV.
Magnetically-induced localization was also observed as can
be seen in Figure 42.

Fig. 42: Energies of the localized states in the wetting layer
obtained from experiment (points) in perpendicular
magnetic field. Theoretical dependences of Zeeman-split and
diamagnetically-shifted levels are also shown.

The observed effects of localisation will be further
investigated in order to find their microscopic origin. It is
also important to investigate the effect of observed
localization on the properties of the QDs accompanying the
WL, which will be done shortly. 
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1.26. Trion formation in narrow GaAs
quantum well structures

Many particle systems are characterised by complexity and
self-organization arising from simple physical laws. For
instance, Coulomb interaction between electrical charges is a
long-range coupling mechanism responsible for bound states
in condensed matter. Thus, oppositely charged electron and
hole can form bound hydrogen-like pairs in semiconductor
structures currently called excitons (X). Excitons can also
interact with carriers and form charged excitons or trions.
Such related exciton species consist in an electron bound to
an exciton (negatively charged, X−) or a hole bound to an
exciton (positively charged, X+). In 2D, the binding energy
(Eb) of the third carrier is predicted to be larger in case of X+

than in case of X−. However, experimental evidences
provide conflicting results since similar values for Eb have
been found. 

We have investigated the formation of negatively and
positively charged excitons in a n-i-n GaAs/AlAs double
barrier resonant tunnelling diode (RTD) [1]. RTD’s provide
the possibilities of creating conditions which favour the
appearance of neutral and charged excitons in a small range
of bias. The QW width is 9 nm -thick in order to enhance the
trion Eb.

Figure 43a shows the I(V) characteristics of our device
under different illumination conditions. In dark conditions,
the device shows a single current resonance corresponding to
conduction electrons resonantly tunnelling from an electron
accumulation layer (EAL) adjacent to the emitter to the
collector through the first QW electric sub-band E1. Under
illumination, new sub-threshold resonances appear in I(V)
due to photo-excited hole tunnelling processes from a hole
accumulation layer (EAL) adjacent to the collector barrier.
Indeed, two new resonances appear in I(V) at lower bias than
the electron current resonance when the sample is shinned
with a light whose photon energy is larger than GaAs band-
edge. Their amplitudes are very much dependent on the
illumination intensity as shown in Figure 43a. Thus, holes
and electrons can be distinctly introduced into the quantum
well (QW) layer by applying a voltage and/or by varying the
illumination power. 

Thus, holes and electrons can be distinctly introduced into
the quantum well layer depending on the applied voltage.
When electrons and holes are simultaneously present in the
QW an emission signal is observed. The QW optical
response is very sensitive to the majority carrier type which
can be switched in a small bias range from hole to electron
rich environment. Such a possibility creates ideal conditions
for studying the formation of neutral and charged excitons in
QW structures. As shown in Figure 43b, the emission
spectra is differently composed by two lines or one line
depending on the bias applied: X and X+ for bias ranging
90 and 115 mV (hole rich), X for bias near 120 mV (carrier
compensation) and X and X− over 125 mV (electron rich).
We observed an Eb for X+(1.5 meV) smaller than for X−
(2.1 meV) in contrast to predictions. However, a recent

theoretical work suggests a larger gain of Eb in case of X−
than X+ increasing confinement if carrier localization at
interface defects, present in narrow GaAs QW, is considered.
These predictions could explain our observations. 
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Fig. 43: a) I(V) characteristic for different illumination
powers at 4.2 K. Inset: schematic band diagram, showing
how photo-created electron-hole pairs are drift towards
different directions due to electric field (forward bias).
b) PL spectra at various voltages (forward bias) for a given
illumination power at 4.2 K. They are displaced for clarity.
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1.27. Low-field Hall resistance and the
in-plane-field-induced single-
layer/bilayer transition in gated
GaAs/AlGaAs double wells

The electrons confined in double-well structures are strongly
affected by the in-plane component of magnetic field, B//. In
systems with two occupied subbands the excited one is
emptied at the critical field Bc1 and the transition from the
double-subband occupancy to the single-subband occupancy
is accompanied by the step-like drop of the 2D density of
states (2D DOS). (In gated samples the similar effect can be
achieved by applying negative voltage Vg to the gate.)

With further increase of the field the tunneling of electrons
between wells is reduced to such extend that the transition
from a single-layer to a bilayer occurs at the critical field Bc2.
While such transition cannot be caused by application of the
gate voltage itself, the gate voltage can vary the position of the
critical field. At the in-plane-field-induced single-layer/bilayer
transition, the 2D DOS exhibits the logarithmic singularity.
Since the scattering rate of electrons in such systems is
assumed to be proportional to the DOS, the longitudinal
magnetoresistance ρxx, measured in in-plane/tilted magnetic
fields, is often employed to study the in-plane field-
dependence of the electronic structure experimentally.

The measurement of the Hall resistance ρxy in magnetic
fields slightly tilted from the in-plane configuration seems to
be less appropriate. For very small angles (ρxy << ρxx), the
ρxy is usually spoiled by ρxx due to deviations of Hall
potential contacts from the ideal position and/or due to their
finite width. The Hall magnetoresistance reaches very soon
the high field limit if the tilt angle is gradually increased.
Then ρxy >> ρxx and ρxy = Β⊥ / |e|N . It may be very useful
as, for the fixed concentration of electrons N, the tilt angle
can be determined with a high accuracy, but nothing can be
learned about the field-dependence of the electronic
structure. Here we present results of measurements at an
angle, at which ρxy ≈ ρxx, and the influence of the field-
induced changes in the electronic structure is clearly
demonstrated.

We employed an asymmetric double well. The sample
resistance ρxx as a function of the gate voltage is displayed in
Figure 44. The band profile of the double well and wave
functions of the ground and excited states are shown in the
inset. Two subbands are occupied at Vg = 0, the second
subband is emptied at Vg ≈ -5 V as witnessed by an oscillation
of the resistance which corresponds to crossover from a
single-subband to a double-subband occupancy.

The magnetic field sweeps of ρxx and ρxy for different gate
voltages are shown in Figure 45. In comparison with the
strictly in-plane magnetoresitance (see [1]), the “longitudinal’’
magnetoresistance curves bear strong marks of the admixture
of the off-diagonal component. In spite of it, the critical fields
Bc1 (horizontal arrows) and Bc2 (vertical arrows) can still be
recognized.

Fig. 44: The sample longitudinal resistance as a function of
the gate voltage.

Fig. 45: Longitudinal and Hall resistances measured for
different gate voltages. a) The longitudinal resistance ρxx
b) the Hall resistance ρxy .

While the change of a double-subband to a single-subband
occupancy has only a little influence on the shape of Hall
resistance curves, the single-layer/bilayer transition has a
pronounced, previously unreported effect. The linear low-
field behaviour of the Hall resistance curves corresponds to
standard quasiclassic two-subband model, in which the Hall
angle is determined by the mobility of carriers. We attribute
a sharp decrease above the broad maxima around the critical
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fields Bc2 to the strong variation of the cyclotron effective
mass (it reaches a logarithmic singularity at Bc2) and the
onset of the single-layer/bilayer transition. The sudden
change of the Hall resistance slightly above Bc2 is obviously
related to separation of 2D electron gas into two independent
layers, but the reasons for so different response of ρxx and
ρxy to the changes of the electronic structure are not yet quite
clear.
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V. Jurka and Z. Výborný (Institute of Physics ASCR,
Prague, Czech Republic)

SEMICONDUCTORS



Annual Report 2003
37

chapter 2
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LOW DIMENSIONAL ELECTRON SYSTEMS

2.1. Surface tension of pure helium
isotopes

Strong discrepancies between theory of the temperature
dependence of the surface tension and experimental data
have been observed. The structure of the pure helium
isotopes was believed to be rather simple: the only objects
that influence the temperature dependence of the surface
tension are the helium vapor and the surface waves. The
concentration of helium vapor above liquid helium falls
down exponentially as the temperature decreases and is
negligible below T = 0.5 K. The temperature dependence of
surface tension and the mobility of surface electrons at such
low temperature is determined (according to the common
opinion) only by surface waves - ripplons. However, a strong
discrepancy of this simple model with experimental data
exists. We propose that there is another surface object that
strongly influences both these observable quantities even in
pure helium isotopes. These objects are the surface states of
helium atoms. The difference of the energy of this surface
state and the chemical potential of helium atoms in the bulk
is ~ 0.2 K for 3He and ~ 3 K for 4He. This is much less than
the corresponding difference for the He vapor (~ 7.15 K for
4He). Therefore, these surface states have some essential
occupation by the He atoms (which form a 2D gas on the
surface) and influence all properties of the liquid He surface.

Fig. 47: Comparison of the temperature dependence of
surface tension of liquid 3He between present theory and
experiment. 
Solid line: contribution from surface atoms (calculated).
Experimental data are taken from M. Iino, M. Suzuki,
A.J. Ikushima and Y. Okuda, J. Low temp. Phys. 59, p.
291(1985).

This idea has been proposed only recently in [1,2]. We
calculate [1,2] the influence of these surface states on the
surface tension of pure He isotopes and compare it with the
experimental data obtained in Japan [3, 4]. The results of this
comparison shows an excellent agreement (see Figures 47-
49). The proposed surface states influence also the mobility
of surface electrons.

Fig. 48: Comparison of the temperature dependence of
surface tension of liquid 4He between present theory and
experiment.
Points: experimental data from M. Iino, M. Suzuki,
A.J. Ikushima, J. Low temp. Phys. 61, p. 155 (1985)
Dash line: contribution of only ripplons
Solid line: total contribution from ripplons and surface states
of 4He atoms.

Fig. 49: Ripplon contribution to the surface tension of liquid
4He extracted from the experimental data using present
theory has a clear maximum at the l-point.
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2.2. Theory of magnetic quantum
oscillations in quasi-2D metals

The Shubnikov-de Haas effect in quasi-two-dimensional
normal metals is studied theoretically [1]. The result differs
very considerably from the standard Lifshitz-Kosevich
formula. The interlayer conductivity is calculated using the
Kubo formula. The electron scattering on short-range
impurities is considered in the self-consistent Born
approximation. The result obtained is given in the analytical
form, that allows an easy comparison with experimental
data. It differs from the previous result derived using the
Boltzmann transport equation. This difference is shown to be
a general feature of conductivity in magnetic field. A detailed
description of the field-dependent phase shift of beats and of
the slow oscillations of conductivity is provided. The
obtained results are applicable to strongly anisotropic
organic metals and to other quasi-two-dimensional
compounds. The comparison of the results of different
theoretical models is performed (see Figures 50 and 51).

Fig. 50: The general view comparison of the interlayer
conductivity in quasi-2D compound calculated using the new
approach (a) and the standard Lifshitz-Kosevich formula (b).
The parameters are taken to be relevant to the Subnikov -
de Haas effect in β-(BEDT-TTF)2IBr2: TD = 0.4 K,
TD

tot = 1.0 K, T = 1.2 K, beat frequency Fb = 10 T.
This comparison shows that the Lifshitz-Kosevich formula is
not applicable for quasi-2D metals.

The density of states of 2D electron gas interacting with
point-like impurities is calculated [2] in self-consistent
approximation taking into account multiple of electrons
scattering on one impurity. We show how the Landau levels
degeneracy is removed even at low impurity concentration. 

Fig. 51: A comparison of the results of different theoretical
models with the experimental data from [PD. Grigoriev,
M.V. Kartsovnik, W. Biberacher et al., Phys. Rev. B 65,
060403(R) (2002)] on the field dependence of the phase shift
of beats. The standard 3D theory gives fb = 0. The dashed
line is the prediction of the Boltzmann transport equation
while the solid line is the result of the present theory based
on calculation of Kubo formula.

Fig. 52: Reduced density of states plotted in a logarithmic
scale for three values of the impurity concentration
C0 = 0.2(1), 0.1(2), and 0.05(3) (see [2] for notations).
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2.3. Mesoscopic rings and Aharonov-
Bohm effect on liquid-helium surface

The Aharonov-Bohm effect in the ring-shaped solid-state
electronic systems is supressed by impurities and pinning
centres. The purity of the helium surface, i.e., the absence of
impurities on it, in principle allows to observe Aharonov-
Bohm oscillations in an ideal ring of electronic Wigner
crystal and an electronic Luttinger liquid by varying the
electron density. Here we propose a method for an
experimental investigation of electronic rings on a liquid-
helium surface [1]. 

Ring-shaped electronic systems can be obtained if the
bottom plate of the capacitor is made in the form of metal
ring (see Figure 53). Such a metal structure can be deposited
both on the substrate directly above the helium film and on
the back side of the substrate. This makes possible to vary
the distance between the metal ring and the helium surface.
The metal ring produces potential, which is attractive for
electrons. Depending on the distance between the electron
and the ring this potential has the form of potential trough
(ring) or potential well for electrons on the helium surface.
For distances z < zc = r2/3R2/3/(r4/3+R4/3)1/2 (r and R are
internal and external radii of the ring correspondingly) it has
a minimum at nonzero distance ρ from the center of the ring.
This is the case of a potential trough for electrons on the
helium surface. If z > zc the minimum occurs only at ρ = 0
(potential well). We can illustrate it on the system with real
parameters r = 5x10-6 m, R = 5.1x10-6 m. Thus, under
zc = 3.57x10-6 m we have ring-form potential for electrons
on the helium surface (see Figure 54).

Fig. 53: Side view. r, R are radii of the ring, z and ρ are
coordinates of the electron e, d0 is the thickness of the helium
film, and d1 is the thickness of the substrate.

Fig. 54: Electrostatic potential for different distances z
electron from the metal ring.

For the case of the potential trough we can determine
electron energy spectrum in magnetic field. In the weak-
field-limit dependence of the spectrum on the magnetic field
enters only via magnetic flux. This corresponds to the case
where Aharonov-Bohm effect is usually studied. 
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2.4. Shubnikov-de Haas measurements
on κκ-(BEDT-TTF)2I3 under hydrostatic
pressure

Preceding quantum oscillation (QO) experiments show that
the multilayer organic superconductor κ-(BEDT-TTF)2I3
(TC = 4.0 K) represents a strongly two-dimensional (2D)
electronic system. This manifests itself by strong damping
effects of the SdH oscillation amplitudes at ambient pressure
in the magnetic field orientation perpendicular to the 2D
conducting planes (see Figure 55). These damping effects
are ascribed to the occurrence of electron correlation and
localisation in a 2D system as known, e.g., from
semiconducting heterostructures. Recent QO experiments
made at the GHMFL have revealed, that integer and even
fractional Landau level filling factors ν are present above
10 T in this material. 

Since in this metal the Hall signal was found to be rather
weak (i.e., comparable to the noise induced by the resistive
magnets), the integer and fractional ν were investigated in
detail by SdH experiments where they are more prominent.

To date this material is the first multiplayer organic metal,
where fractional ν are observed. Pressure experiments have
shown that at ambient pressures and high pressures
respectively, different fractional ν values are present. The
damping effects were found to persist up to p = 9 kbar.

Fig. 55: Dingle plots of the SdH amplitudes of κ-(BEDT-
TTF)2I3 show damping effects at different  pressures.
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2.5. Quantum oscillations experiments
on the organic metal ΘΘ-(BEDT-TTF)2I3

After improvement of the crystal synthesis, quantum
oscillation (QO) experiments, i.e., de Haas - van Alphen
(dHvA) and Shubnikov - de Haas (SdH) measurements have
been performed on the organic metal Θ-(BEDT-TTF)2I3 at
B ≤ 23 T and T ≥ 0.4 K (Figure 56). In literature dHVA
oscillations on this material are only reported above 14 T
(at 0.4 K), whereas our dHvA and SdH measurements both
show strong QO amplitudes already above 2 T. Over the
wide field range a complex Fourier spectrum is observed,
which was not yet reported. 

A saw-tooth shape of the dHvA amplitudes (see Figure 57)
and spiky SdH amplitudes are present at high magnetic field
and low T. Possible reasons for these strongly anharmonic
signals are either an oscillation of the chemical potential µ
due to (quasi)-two-dimensionality of the system, or, e.g.,
strong magnetic interaction (MI). Furthermore a beating of
the QO amplitudes is observed. In principle, such a beating
may be generated by either, a warping of the Fermi surface
or by strong magnetic interaction. However the occurrence
of a saw-tooth excludes a warping, so that MI is more likely
the origin of the beating. Within the limited scope of the
experiments the role of MI and/or µ oscillations could not be
clarified. The complex Fourier spectrum needs detailed
investigation.
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Fig. 57: Saw-tooth shaped dHvA oscillations of Θ-(BEDT-
TTF)2I3 at high magnetic field.

Fig. 56: Θ-(BEDT-TTF)2I3 shows huge dHvA oscillations
already at low magnetic field.
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2.6. Field-induced instabilities in the
charge density wave state of the quasi-
2D conductor KMo6O17

The purple molybdenum bronze KMo6O17 is a quasi-two-
dimensional conductor which shows a Peierls instability at
110 K [1]. In the high temperature phase, the Fermi surface
shows nesting properties related to three quasi-one-
dimensional sheets, as predicted by band structure
calculations and shown by ARPES spectroscopy [2]. In the
commensurate charge density wave (CDW) state the
magnetoresistance is positive, very large and anisotropic.
Recent experiments performed at LNCMP, Toulouse, in
pulsed magnetic fields up to 55 T show several anomalies
and a transition above 30 T towards a new field-induced
density wave state [3].

Magnetic torque measurements have been performed on
Magnet 10 by the cantilever technique in static fields up to
28 T at temperatures between 380 mK and 4.2 K. The angle
θ between the magnetic field and the trigonal c-axis
perpendicular to the 2D layers has been varied between
approximately 1 degree and 36 degrees. Figure 58 shows the
results for different angles θ, plotted as the torque τ divided
by B as a function of B. The curves show several anomalies,
a minimum for B = 2 T and a maximum for B = 10 T, for
θ = 1 degree. Another minimum and an inflection point can
be seen also for B = 14 T and B = 22 T respectively. The
values of the anomaly fields Bi do not depend on the
temperature between 0.38 K and 4.38 K. They are found to
vary with the angle θ with a law which may be consistent
with 1/cos θ, as expected for a 2D system. These results do
not indicate the existence of de Haas - van Alphen
oscillations.

Fig. 58: Magnetic torque τ plotted as τ / B vs magnetic field
B for different angles θ between the magnetic field and the
normal to the layers. T = 0.38 K. 

These anomalies could be due to orbital effects induced by
the magnetic field. New mixed CDW/SDW states could be
stabilized above 10 T. RPA calculations predict shifts of the
density wave vector, which depend on the ratio of the orbital
to the Pauli coupling [4].

Complementary measurements will be performed at
GHMFL in order to study possible specific heat anomalies as
a function of magnetic field and at LNCMP to explore in
more details the temperature dependance and the anisotropy
of the magnetoresistance.
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2.7. Longitudinal magnetothermopower
and magnetoresistance of bismuth
nanowires below 25 K

The thermoelectric power (TEP), S, and electrical resistance,
R, of single bismuth nanowires have been measured in
longitudinal magnetic fields up to B = 20 T at temperatures
5 < T < 25 K. We found that the pure Bi samples with
diameters d = 180 ± 50 nm and residual resistance ratios
RRR = R(300 K) / R(4.2 K) = 2.5 - 4.1 exhibit very large
values of zero-field thermopower (about + 110 µV/K at
25 K), which is dominated by diffusion (S ∝ T) with no
phonon drag being evident [1]. The TEP stays positive over
the whole temperature and magnetic field ranges
investigated (see Figure 59a). The positive sign of the
diffusion TEP suggests that hole carriers dominate the
conduction mechanism in pure Bi nanowires at low T. 

We also found that the curves of longitudinal
magnetoresistance have a maximum for a field of
Bm ≈ cpF /e(ld)1/2 and an inflection point at Bd ≈ 2cpF / ed
(Figure 59b), which allow to extract information on the
Fermi momentum  pF and mean free path l of the charge
carrier group, which undergoes the most intensive diffusive
surface scattering in a wire with d < l. The values of pF and l
for our pure Bi nanowires apply to hole carriers. In
distinction from the resistance data, the curves of the
longitudinal magnetothermopower offer the possibility of
identifying the characteristic field, where B ≈ Bd , as an
extremum.

The frequencies of Shubnikov - de Haas oscillations were
found to be consistent with the Fermi-surface parameters of
bulk Bi crystals. We speculate that these oscillations
originate from relatively “defect-free” segments of the
nanowire separated by boundaries, which act as potential
barriers with charge-selective properties: the electrons are
scattered stronger than holes.

In contrast to these above mentioned high-resistivity
nanowires, we also found that the phonon drag effect in
magnetothermopower is clearly manifest as S ∝ T-1 in the
1.1 µm wire with RRR = 30. 

Fig. 59: a) Thermopower versus the longitudinal
magnetic field at different temperatures.
b) Magnetoresistance (R) and magnetothermopower (S)
versus longitudinal magnetic field at T = 4.2 and 5.4 K.
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3.1. Decoupling of magnetic and orbital
degrees of freedom in the triangular
S = 1/2 layered compound (Na,Li)NiO2

The absence of orbital order in LiNiO2 while the isomorphic
compound NaNiO2 shows a cooperative Jahn-Teller
distortion of Ni3+ ions is puzzling. At the same time no
magnetic order has been detected in LiNiO2 while NaNiO2 is
an antiferromagnet below 20 K. We have synthesized the
solid solution Li1-xNaxNiO2 in order to study the evolution of
the orbital order and associated magnetic order. 

There exist three different single phase solid solution
regions, in between which, two phase mixtures are observed:
for x ≤ 0.3, the R-3m structure type of LiNiO2 (RII phase),
for x ≥ 0.9, the C2/m structure type of NaNiO2, with
substitution of Li+ for Na+ ions and for x ≈ 0.8, a different
rhombohedral phase (RI phase), which has the same
structural arrangement as LiNiO2, but with quite different
cell parameters: c/a ratio ≈ 5.24 for (Li0.2Na0.8)NiO2, and
≈ 4.94 for LiNiO2. Contrary to NaNiO2, the RI and RII
phases do not present a collective orbital order. 

All of them show a Curie-Weiss behaviour with a
positive Curie-Weiss temperature θ = +36 K, +35 K, +26 K
for NaNiO2 , Li0.2Na0.8NiO2 and LiNiO2 respectively. All
three compounds show a cusp in the susceptibility at low
temperature: 20 K, 30 K and 8 K respectively. As for the
presence and nature of a long range magnetic order, LiNiO2
behaves differently as seen from the field dependence of the
magnetisation at 4 K (Figure 60a). LiNiO2 is never
stoichiometric: extra Ni ions are present in the Li plane
giving rise to frustrated magnetic interactions between the Ni
planes and preventing any long range magnetic order [1]. In
NaNiO2, and Li0.2Na0.8NiO2, the stoichiometry is correct.
The magnetisation curves at 4 K point towards an
antiferromagnetic order. NaNiO2 is believed to be an A type
antiferromagnet with ferromagnetic Ni layers coupled
antiferromagnetically [2]. However neutron diffraction
measurements failed to detect such a simple magnetic
structure. A careful analysis of the magnetisation behaviour
reveals indeed a more complicated magnetic order: when
taking the derivative of the magnetisation as a function
of the applied magnetic field (Figure 60b), clearly three
characteristic fields are present: Hc0, Hc1 and Hsat instead of
two expected for an A type antiferromagnet. A very similar
behavior is observed in Li0.2Na0.8NiO2, with Hc0, Hc1
lowered and Hsat enhanced.

The common magnetic behaviour of NaNiO2 and
Li0.2Na0.8NiO2 can still be described, in a first aproach, as an
AF stacking of FM planes as previously proposed. Then
only Hsat and Hc0 are relevant. The antiferromagnetic
interaction, between the Ni layers, JAF = -1.3 K (-1.7 K) and
ferromagnetic interaction, within the Ni plane, JF =+13.3 K
(+13.7 K) remain similar for both compounds. However the
anisotropy field HA is greatlty reduced: HA = 250 mT
(0.6 mT). While NaNiO2 is an easy plane antiferromagnet,
Li0.2Na0.8NiO2 is more of the Heisenberg type due to orbital
disorder. The presence of an additional critical field Hc1 is

definitely a signature that the magnetic order is much more
complex than the simple A type antiferromagnet and that an
additional exchange energy is present. It is however clear
that both compounds have similar magnetic ground state,
although their orbital ground state is very different: our
results confirm that orbital and spin degrees of freedom are
decoupled in these compounds, as was suggested previously
[1,3]. They also confirm that NaNiO2 (or Li0.2Na0.8NiO2) is
the model system for the magnetic ground state of pure
LiNiO2. 

References and authors:

[1] E. Chappel et al., Phys. Rev. B. 66, 132412 (2002)
[2] P.F. Bongers et al., Solid State Com. 4, 153 (1966)
[3] M.V. Mostovoy et al., Phys. Rev. Lett. 89, 22723 (2002)

M. Hopzapfel, S. de Brion, G. Chouteau
C. Darie, P. Bordet (Laboratoire de Cristallographie,
CNRS, Grenoble, France)
D. Nuñez-Regueiro (Laboratoire de Physique des Solides,
CNRS/Université Paris-Sud, Orsay, France)

Fig. 60: a) Field dependence of the magnetisation at 4 K for
Li1-xNaxNiO2 .
b) Field derivative of the magnetisation for NaNiO2 and
Li0.2Na0.8NiO2 .
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3.2. Unconventional magnetic order in
NaNiO2 as seen from FT-ESR

The layered compound NaNiO2 contains planes of Ni3+ ions
(t2g

6, eg
1 : S = 1/2) arranged in a triangular lattice; the eg

orbital degeneracy is lifted below 450 K where the|3z2-r2>
orbitals are preferentially occupied giving rise to a collective
Jahn-Teller deformation [1]. From susceptibility and
magnetisation measurements, an A type magnetic
structure was derived with ferromagnetic interaction within
the Ni planes (JF = +13 K) and antiferromagnetic interaction
between them (JAF = -1 K) [2]. 

Previous Electron Spin Resonance (ESR) measurements at
high frequency and high field have confirmed the|3z2-r2>
orbital occupancy with the corresponding g anisotropy
(g// = 2.03 and gperp = 2.28 with gperp > g// at 200K). They
have also confirmed the presence of a spin flop field
(1.8 T) with the corresponding gap (53 GHz) in the
antiferromagnetic phase at 4 K.

However these measurements were incomplete as can be
seen in Figure 61a where these results are plotted together
with the whole frequency map of the magnetic excitations
obtained at the National Synchrotron Light Source in
Brookhaven National Laboratories (USA) using a Fourier
Transform ESR spectrometer (Scientech 200). In this kind of
experiment, the magnetic field is fixed, the sample is
illuminated with the synchrotron light with a cut-off
frequency of 20 cm-1; the lower limit is 3 cm-1. The absolute
absorption of the sample is determined by the ratio of two
spectra: the sample spectrum in the required magnetic field
and temperature conditions, and the sample spectrum at zero
field or at a temperature above the magnetic transition as a
reference. 

The advantage of this FT- ESR technique is threefold: first,
the whole frequency range in the magnetic excitations is
obtained while in conventional ESR, several discret
frequency sources are required. Second, the magnetic field is
maintained constant so that a well defined phase of the
magnetic phase diagram is studied; in conventional ESR, the
magnetic field is swept continuously and interference
between the magnetic phase diagram and the large magnetic
field sweep required to access all the magnetic excitations is
really a problem.

Finally, the zero field magnetic excitations can be measured
directly, which is simply not possible with conventional ESR.

Our measurements on NaNiO2, in the antiferromagnetic
phase, clearly demonstrate the presence of two additional
branches at 6.5 cm-1 and 9 cm-1, which were not detected
previously. Note also that only the low field part of the
magnetic excitation spectrum were previously detected.
From these results, it is clear that the magnetic structure of
NaNiO2 is more complex than the simple A type
antiferromagnet. An additional exchange energy is present
and shoud be included in the modelisation of the spin waves
and spin structure.

Fig. 61: Frequency-field diagram of the magnetic excitations
at 4 K in NaNiO2 obtained by FT-ESR at NSLS (plain colors)
and conventional ESR at GHMFL (circles) and Budapest
University (squares and triangles).
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3.3. Unusual magnetic behaviour in the
spinel compound GeNi2O4

In the spinel compounds of general formula AB2O4, the B
sites form tetrahedra sharing their vertices. They can be
considered as belonging to a pyrochlore lattice which is well
known for exhibiting magnetic frustration [1].

In the Ni compound GeNi2O4, it is not yet clear to what
extend it is a frustrated system and what are the different
exchange energies relevant for the occurrence of the long
range magnetic order observed below 15 K [2]. 

The static susceptibility curve (Figure 62) follows a Curie-
Weiss law, χ = C/(T-θ), with a Curie-Weiss temperature 
θ = −15 Κ and a Curie constant, C = 2.46 emu.K.mol-1.T-1.
This value is in agreement with the theoretical value for Ni2+

ions (3d8) with S = 1 (t2g
6 eg

2). The negative value of θ shows
that antiferromagnetic interactions dominate. According to
J.B. Goodenough rules [3], direct ferromagnetic Ni-Ni
interaction is impossible due to the full occupancy of the t2g
orbitals; the 90° super exchange B-O-B path 90° leads to a
weak ferro or antiferromagnetic interaction while the 135°
B-O-O-B and 180° B-O-O-B are antiferromagnetic.

Fig. 62: Inverse of the magnetic susceptibility versus
temperature for GeNi2O4 .

Note that the antiferromagnetic temperature (TN = 15 K)
compared to the Curie-Weiss temperature gives a ratio
f = |θ |/TN ~1 suggesting that this compound is not frustrated
(a commonly used criterion is f >10 for magnetic frustration).

However, even in the ordered phase below TN, the
magnetization curves are linear up to 23 T, with no tendency
to saturation, down to 4 K at least (Figure 63). Recent
magnetization measurements down to 420 mK have
confirmed this absence of saturation. The low values of θ and
TN indicate that a field of 23 T should be enough to overcome
the antiferromagnetic interactions while it is clearly not the
case. One explanation is that the spin flip field is much
higher than 23 T, due to a strong anisotropy field. This is
rather unexpected since Ni2+ ions are known to present only

a weak anisotropy. Another more plausible explanation is
that competing interactions are present in the system, leading
to some kind of frustration.

Fig. 63: Magnetization versus field up to 23 T in the range
4 K - 200 K, showing the absence of any spin-flip and
saturation fields.
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3.4. Possible 3d dimerisation in cobalt
spinel compound

GeCo2O4 is a spinel compound wich can exhibit magnetic
frustration [1] (see contribution 3.3).

At the lowest temperatures (T < TN = 23 K) magnetization
curves show an antiferromagnetic behaviour (Figure 64):
existence of a spin flip field around 5-6 T and apparent
saturation above 11 T. 

Fig. 64: Magnetization versus field up to 23 T between 4 and
200 K, for GeCo2O4 .

However, even at 23 T at 4 K the value of the magnetization
is far from the theoretical saturation value: 33500
emu/formula unit or 2x3µB. Extrapolating linearly the high
field part of the curve (> 14 T) a field of 65 T is expected
necessary to reach the final saturation of the compound.

According to Goodenough rules [2], direct coupling and 90°
super exchange coupling between nearest neighbours cobalt
ions are ferromagnetic and strong. This is well evidenced by
the high temperature susceptibility (Figure 65) which shows
a positive and high Curie-Weiss temperature θ = +81 Κ. To
explain the overall antiferromagnetic behaviour, super-super
exchange has to be involved. In this structure two super-
super exchange Co2+-O-O-Co2+ paths exist with an angle of
180° or 135°. 

The Néel ordering temperature is TN = 23 K (Figure 65)
leading to the frustration ratio f = 3.5. According to the
generally accepted criterion, f > 10 for frustrated systems, we
conclude that GeCo2O4 is not frustrated.

We find for the experimental Curie constant Cexp = 2.82
emu.mol-1. For a single Co2+ in similar environment,
according to the values in the literature [3] (g = 4.33 and
Seff = 1/2), one has C = 1.757 emu.mol-1. Experimentally, one
finds Cexp ~ 3/2C. This is well explained if Co2+ ions are
coupled in pairs. However, the geometry of the crystal
(Fd3m symmetry group) imposes four identical Co-Co
distances on the tetrahedron.

Fig. 65: Reciprocal static susceptibility versus temperature
of GeCo2O4 . Measurements between 300 K and 800 K have
been made under a 1 T field. The insert shows the ac
susceptibility measured at 317 Hz.

To explain the dimerisation of the Co2+ ions we have to
assume that a crystalline transition lowering the symmetry
occurs at high temperature. Its nature is an open question.
The very broad hysteresis observed in the range 120-260 K
between the ZFC and th FC susceptibility (Figure 66) could
be the signature of such a crystalline distortion.

It is worth noticing that such an hysteretic behaviour was
observed in the spinel Zn0.5Co0.5FeCrO4 [4].

Fig. 66: Field Cooling (FC) and Zero Field Cooling (ZFC) at
0.5 T and between 4 K and 250 K for GeCo2O4 .
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3.5. Magnetoelastic coupling in
Gd5(SixGe1-x)4 magnetocaloric alloys

A giant magnetocaloric effect (MCE) has been discovered in
the Gd5(SixGe1-x)4 system [1]. For 0.24 ≤ x ≤ 0.5, MCE is
related to a first-order field-induced magnetostructural phase
transition from a high temperature paramagnetic (PM)
monoclinic phase to a low temperature ferromagnetic (FM)
orthorhombic-I phase, at temperatures ranging from 130 K
(x = 0.24) to 276 K (x = 0.5). This structural transition can be
induced reversibly by the application of a magnetic field.
For x ≤ 0.2, giant MCE is related to a first-order
antiferromagnetic (AFM) orthorhombic-II to low-
temperature FM orthorhombic-I transition at TC, which
ranges linearly from ~20 K (x = 0) to ~120 K (x = 0.2). This
transition can also be field-induced. These alloys experience
a further second-order PM-AFM transition at TN ~ 125 K [1].

We study the effect of the field on the magnetostructural
transition in Gd5(SixGe1-x)4 alloys. In particular, the variation
of the transition field, Ht, with the transition temperature, Tt,
is discussed as a function of x. dHt/dTt is related to the
strength of the magnetoelastic coupling (MEC): in these
compounds, the value of the entropy change (∆S) measured
when the transition is field-induced coincides with the value
measured when it is induced by the application of pressure.
Therefore, through the Clausius-Clapeyron relation, it is
shown that ∆M/∆V = (dTt/dHt)(dPt/dTt), i.e., a strong MCE
yields a small value of dHt/dTt [2].

From magnetisation isotherms, Ht(T) is defined at each
temperature as the field corresponding to the inflection point
within the transition region. From differential scanning
calorimetry (DSC), Tt(H) is estimated at each applied field as
the peak position in the dQ/dT curves. Figure 67a displays
Ht(Tt) obtained from both DSC and M(H) curves. Notice the
good agreement between isofield and isothermal data.
Interestingly, for 0.24 ≤ x ≤ 0.5, where only the PM-to-FM
transition occurs, Ht(Tt) shows a linear behaviour over the
whole field range, while for x ≤ 0.2, the slope of Ht(Tt) varies
progressively from a low-field value (AFM-FM transition) to
a high-field value (PM-FM transition). Such a progressive
change in the slope is due to the fact that, at high fields, the
magnetostructural transition overlaps the second order PM-
AFM transition, giving rise to a unique PM-FM transition.

Figure 67b compiles, for all x, the values of the slope,
dHt/dTt. For x ≤ 0.2, two limiting values corresponding to the
low and high field regimes are displayed, while a single
value is found for 0.24 ≤ x ≤ 0.5. We note the linear
dependence of dHt/dTt on x, which is decreasing for the PM-
FM transition (solid line in Figure 67b), while it is
increasing for the AFM-FM transition (dashed line in
Figure 67b). Both lines meet at the composition range where
the second-order transition disappears (0.2 < x < 0.24), in
agreement with the phase diagram [1]. The decrease in
dHt/dTt with increasing x for the PM-FM transition indicates
a strengthening of the MEC. This may be explained by
considering that FM exchange interactions are stronger for
increasing x, as suggested by the magnetic phase diagram,

where Tt increases linearly with x [1]. The fact that dHt/dTt
for the PM-FM transition has a continuous behaviour,
although the PM phase is monoclinic for x ≤ 0.2 and
orthorhombic-II for 0.24 ≤ x ≤ 0.5, suggests that MEC is
weakly dependent on the crystallographic structure.
Concerning the AFM-FM transition, and taking into account
that the structural transition is very similar to that occurring
in the PM-FM case, the increase in dHt/dTt with x may be
related to the fact that the transition involves two ordered
magnetic phases (FM and AFM). 
The behaviour of dHt/dTt with x is also relevant in the scaling
of ∆S which appears in Gd5(SixGe1-x)4 alloys [2]. 

Fig. 67: a) Transition field as a function of the transition
temperature for Gd5(SixGe1-x)4 . 
b) Slope of Ht(Tt) calculated from data in a).
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3.6. Magnetic interactions effects on the
hard magnetic properties of ball- milled
SmCo5 + NiO and SmCo5 + CoO
composites

The study of exchange bias effects in fine-particle systems
is becoming an issue of technological interest, since it
has been recently demonstrated that ferromagnetic (FM) -
antiferromagnetic (AFM) exchange interactions can be
useful to enhance the hard magnetic properties of permanent
magnets [1] or to beat the superparamagnetic limit in FM
nanoparticles [2]. It is noteworthy that, so far, the majority of
FM/AFM powder systems reported in the literature consist
of AFM phases derived from the FM ones by oxidation or
sulphuration processes [3]. This limits the possible
applications of exchange bias in fine particle systems.
However, during the last years, it has been shown that
FM/AFM composites in which the AFM and the FM are not
derived from the same transition metal can be obtained by
ball milling [1].

In this work, the effects of magnetic interactions on the hard
magnetic properties of SmCo5 ball milled with NiO
(antiferromagnetic, AFM, at room temperature) or with CoO
(paramagnetic, PM, at room temperature), using different
FM/AFM or FM/PM weight ratios, have been investigated.
As shown in Figure 68, the FM-AFM system exhibits
improved magnetic properties (coercivity and squareness)
for all compositions. 

Fig. 68: Dependence of the coercivity, µ0HC , on the SmCo5
weight percentage (i.e. FM:AFM (or PM) ratio), for SmCo5
milled with NiO (-�-) or with CoO (-�-) for 16 h. In the
inset, dependence of the squareness ratio, MR /MS , on SmCo5
weight percentage for SmCo5 milled with NiO (-�-) or with
CoO (-�-) for 16 h.

The effects of magnetic interactions on the magnetic
properties have been also analyzed in terms of classical ∆M
plots, a technique commonly used to evaluate magnetic
interactions in recording media systems [4]. As can be seen
in Figure 69, the plots show that in both systems
magnetizing-like FM-FM exchange interactions are

predominant for fields µ0H < µHC (i.e. ∆M is positive), while
long-range dipolar interactions prevail for µoH > µ0HC (i.e.
∆M is negative). The role of the AFM appears to be to
enhance both the dipolar and exchange-like interactions,
although the exchange effects appear to be responsible for
the improvement of the magnetic properties.

Fig. 69: ∆M plots of SmCo5 milled for 16 h with NiO (-�-)
and with CoO (-�-) in the 1:3 weight ratio (i.e. 25% of
SmCo5).

These results can be interpreted by taking into account that,
during magnetization reversal, the AFM spins exert a
microscopic torque to the FM, hence making it difficult to
either magnetize or demagnetize it [5]. The net result is an
apparent increase of the exchange and dipolar interactions
for the FM-AFM system compared to the FM-PM one. It is
noteworthy that this is the first study of exchange bias effects
by means of ∆M plots. This technique might provide new
insights in the phenomenon of FM-AFM exchange
interactions.
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3.7. H/D isotopic substitution on the
first-order magnetic transition in
YFe2(D1-xHx)4.2 compounds (x = 0, 0.64, 1)

The hydrides of RM2 Laves phases (R = rare earth and
M = Mn, Fe, Co) have been widely studied for the influence
of hydrogen absorption on their magnetic properties. Among
these systems, YFe2 which can absorb up to 5 H or D per
formula unit (/f.u.) is particularly interesting owing to the
large variety of crystal structures depending of the H or D
content [1-2]. Up to 3.5 D/f.u. the hydrides display a
ferromagnetic behaviour with a decrease of TC and an
increase of the Fe moment as the H content increases [3]. For
YFe2D4.2 a different magnetic behaviour is observed: a sharp
decrease of the magnetization is observed around 90 K [3].
To understand this evolution a detailed structural and
magnetic study has been undertaken. The structural X-ray
diffraction (XRD) analysis showed that at 300 K YFe2D4.2
crystallizes in a monoclinic structure. From 1.4 to 323 K the
neutron powder diffraction (NPD) patterns are refined in a
primitive monoclinic cell with a doubling of the bm
parameter compared to the XRD values. This additional
lowering of the crystal symmetry is related to the preferential
occupancy of the deuterium atoms in some interstitial Y2Fe2
and YFe3 sites (deuterium order), as observed in other
YFe2Dx deuterides [1, 4]. At 333 K the superstructure lines
disappear and there is only a rhombohedral distortion of the
cubic cell indicating a reduction of the distortion compared
to the value at 300 K. At T > 343 K the refinement leads to a
simple cubic C15 structure. This evolution corresponds to a
reversible first order transition due to the reorganization of
the D atoms inside the lattice and consequently of the
metallic lattice.

Isothermal M(H) curves obtained in high magnetic field
indicate that the sharp magnetic transition of YFe2D4.2 at
90 K presents a metamagnetic character (Figure 70). This
transition is accompanied by a 0.5 % increase of volume. In
addition from 75 to 130 K additional magnetic lines are
observed in the NPD pattern at d = 23.5 Å and 5.63 Å with a
maximum of their intensities at 90 ± 5 K. In order to solve
the magnetic structure around 100 K we studied
YFe2(H0.64D0.36)4.2 for which the hydrogen contribution is
cancelled in the NPD. Nevertheless, although the lattice
parameters are close to those of YFe2D4.2 , there is a

displacement of the metamagnetic transition from 90 K to
120 K for YFe2(H0.64D0.36)4.2 compared to YFe2D4.2.
This isotopic influence on the magnetic properties of
YFe2(H1-xDx)4.2 has been confirmed for YFe2H4.2 where the
metamagnetic-like transition is shifted to 140 K (Figure 71).
The NPD patterns of YFe2(H0.64D0.36)4.2 at 4.2 K can be
refined in the monoclinic cell (without doubling of bm) and
in a ferromagnetic structure with Fe moments of 1.8 µB/Fe
oriented in the (am , cm) plane. The Fe moments decrease
slightly as T increases. At 120 K a low angle peak similar to
the one observed above 75 K for YFe2D4.2 can be indexed by
multiplying bm by 4.

Fig. 71: Isofield (H = 1.2 T) magnetization of YFe2(D1-xHx)4.2
(x = 0,0.64 and 1).

It is possible to refine the magnetic intensity by considering a
rotation of π/4 of the Fe moment located in the (am , cm) plane
around the bm axis. The Fe moments are reduced from 1.7 to
1 µB at this transition. As T increases, the Fe moments
continue to decrease and above 130 K (D) or 150 K (H, D) the
disappearance of the magnetic lines indicates the vanishing of
the helimagnetic structure. The reduction of the Fe moments
associated with a cell volume contraction can be related to an
itinerant metamagnetic transition as it is observed for Co
moments in RCo2 and RCo3 compounds were either the
field or T induce an increase of the Co moments [5].
Simultaneously, a rotation probably favoured by H or D
neighbours of the Fe moments is observed around the bm axis. 
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Fig. 70: Magnetization curves of YFe2D4.2 showing the field
dependence above 90 K.
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3.8. Magneto-optical properties of Sc-
substituted dysprosium iron garnet
single crystals

Rare earth iron garnets with the chemical formula Re3Fe5O12
(REIG) exhibit magneto-optical properties suitable for
applications in magneto-optical (MO) devices. Dy3Fe5O12 is
the basic garnet with the most negative magnetostrictive
constant [1] and presents complex magnetic behaviours at
low temperatures [1]. The aim of this study is to examine the
influence of the scandium diamagnetic dilution in the Fe
octahedral sublattice on the magneto-optical properties
(Faraday rotation) of DyIG.

Polished platelets ~ 0.4 mm thick oriented perpendicular to
the [111], [110] and [100] directions were obtained from the
same “as grown” crystal to avoid the slight Sc concentration
difference which can occur between different crystals of the
same batch. Faraday rotation (FR) measurements were
performed at temperatures between 6 and 600 K under a
magnetic field up to 2 T applied parallel to the [111], [110],
and [100] directions at a wavelength of 1152 nm using a
modulation technique.

Fig. 72: Temperature variation of the spontaneous
magnetization of pure and Sc-substituted DyIG for H
parallel to [111].

The influence of the Sc substitution on the spontaneous FR
properties of DyIG is illustrated in Figure 72 for the [111]
direction. The compensation temperature, Tcomp , is shifted
lower as z increases from Tcomp = (222 ± 4) and (150 ± 4)K
for z = 0 and 0.58 respectively. The Néel temperature is
reduced from (560 ± 10)K to (460 ± 10)K. At T = 6 K, the
influence of octahedral Sc substitution in DyIG on the
spontaneous FR values ∆Φs/∆z ≈ -1000 deg.cm-1 per
scandium ion; this value is high compared to other
scandium-substituted rare earth ferrimagnetic garnets
(e.g. –500 deg.cm-1 per Sc ion in YbIG) [2].

Fig. 73: Temperature variation of the spontaneous FR of
DyIG:Sc z = 0.58 for H applied along the [111], [110], and
[100] crystallographic axes.

As shown in Figure 73 the maximum absolute value of Φs is
obtained for the [110] direction, which is then considered as
an “easy axis” for FR, the “hard” one being [100], and [111]
intermediate.

However, the magnetic measurements reveal that at low
temperature the [111] and [110] are the “easy magnetic axis”
and the “hard” one respectively. Surprisingly, the FR
anisotropy differs strongly from the anisotropy of the
spontaneous magnetization. In other words, it is not uniquely
tied to the magnetic anisotropy. 

Finally we deduce the values of the electric dipole coefficient
Cs

elec, assuming that the rare earth sublattice magnetization
can be calculated using the Dionne-refined Néel model [3].
For pure DyIG the anisotropy of the electric dipole
coefficient vanishes when T > 150 K whereas that of
DyIG:Sc is important only below 75 K. It is to be noted that
for both compositions, the temperature variation of Cs

elec are
identical when T > 150 K.

All the observed properties indicate that Sc3+ substitution in
octahedral sites leads to canting in the tetrahedral sublattice
which in turn influences the Dy3+ - Fe3+ interactions. The
surprising result is that the anisotropies of the magneto-
optical and magnetic properties are very different below
75 K. 
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3.9. Very low temperature NMR study
of level crossing in a heptanuclear
Cr(III) magnetic molecular cluster

The discovery that certain molecular clusters act as
individual quantum nanomagnets has caused great
excitement in both the chemistry and physics worlds [1]. Due
to the presence of outer organic shells, the magnetic
exchange interactions between the clusters are minimal and
the observed properties are purely of intramolecular origin.
Antiferromagnetic rings are even-membered ring-shaped
clusters of paramagnetic ions. In these systems the magnetic
centers are coupled by an antiferromagnetic (AF) exchange
J, to give a ground state total spin ST = 0. The external
magnetic field lifts the (Ms) degeneracy of the levels, thus
inducing level crossings between the ground state and the
excited ones. By increasing the field, the ground state is
changed from ST = 0 to ST = 1, from ST = 1 to ST = 2, etc. In
Cr8 (J ≈ 17 K), subject of the current report, the level
crossings occur at H ≈ n*7 T (n = 1,2,..). 

The local spin dynamics was studied by means of 1H NMR
spin-lattice relaxation rate T1

-1(H) in Fe10 powders [2],
Fe6:Li single crystal [3] and Cr8 single crystal [4], revealing
marked peaks, at constant T = 1.5 K, in the vicinity of the
level crossing fields [2-4]. In Cr8, the T1

-1(H) curve at
T = 1.5 K (except for a “shoulder” whose origin has to be
clarified,) shows at the first two crossing fields a peak with
the full width at half maximum ∼0.3÷0.4 T.

To clarify the origin of the nuclear relaxation at and far from
the T1

-1 peaks, 1H NMR experiments were repeated at sub-
1 K temperatures. The orientation of the Cr8 single crystal
(its molecular axis) was θ ∼ 20° with respect to the external
field. We performed different experiments: 
(a) T1

-1(4.5 < H < 15.5 T) at T = 0.3 and 1 K, 
(b) T2

-1(6.5 < H < 9 T) at T = 1 K and
(c) T1

-1(0.07 < T < 1 K) at H = 7.4 T, i.e., on the peak
corresponding to the first crossing field. From the
experimental results a number of preliminary conclusions
can be drawn:

Fig. 74: Field dependence of T1
-1 in Cr8 single crystal at

different temperatures.

Fig. 75: a) Magnetic field dependence of the spin-spin
relaxation rate T2

-1 at T=const ; b) Temperature dependence
of T1

-1 for field corresponding to the first crossing.

1) The curves T1
-1(H) at T = 0.3 and 1 K (Figure 74) reveal

an activated behaviour (linear in semilog scale) on both sides
of the peak corresponding to the first level crossing. The
value of the gap ∆0→1 between ST = 0 and ST = 1 levels
extracted from T1

-1(H) behavior is very close to the value
estimated from susceptibility (∆0→1 ∼ 9 K). At the level
crossings the shape of the T1

-1 peaks is different from the one
expected for a gap-like behaviour, suggesting that different
physical mechanisms are involved in nuclear relaxation.
2) The parameter T2

-1(H) (Figure 75a) at constant T = 1 K
shows a peak at the first crossing. 
3) From the curve T1

-1(T) at Hc1 = 7.4 Tesla (Figure 75b), no
simple law for T1

-1(T) behaviour could be extracted. This is
in qualitative agreement with results obtained for T > 1.5 K
on a 6-members Fe(III)-based ring [5]. 
4) The absolute values of T1

-1(H) showed (at constant T) a
strong angle dependence (data not shown), exceeding the one
expected from different hyperfine fields at the proton sites
due to different field directions. 
Further investigations of the angle and temperature
dependence of T1

-1(H = const) and of the behaviour of 
T2

-1(H), will give more insights on the physical processes
inducing nuclear relaxation near the crossings, possibly
including quantum coherence effects [6].
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3.10. Photon-assisted tunneling in Fe8
single molecule magnet

Single-Molecule Magnets (SMM) have attracted much
interest in recent years, both on the experimental and
theoretical points of view. These systems are metal ion
clusters possessing a large spin ground state associated to an
Ising type anisotropy. This leads to a large barrier for
magnetization reversal and consequently to an hysteresis
below a blocking temperature. Among the many SMM
studied up to now, Fe8 (with a S = 10 ground state and a
barrier of 25 K) is particularly interesting being the only one
where quantum tunneling of the ground state and Berry
phase interferences were observed. 

Recently it has been proposed to use SMM as quantum
computers by implementing Groover’s algorithm [1]. The
suggested way to do this was through the use of pulsed
multifrequency coherent magnetic radiation in the
radiofrequency and microwave range. In order to study the
feasibility of the proposed experiment, we started
preliminary measurements [2], in order to understand the
effects of microwave absorption on the spin dynamics at low
temperature and especially to define the conditions for the
observation of photon-assisted tunneling (Figure 76). 

Fig. 76: Schematic representation of photon-assisted
tunneling. Irradiating a Fe8 sample with a frequency
corresponding to the mS = ±10 and mS = ±9 splitting, an
enhancement of the fraction of molecules, that tunnel from
the first excited state, is expected. The use of circularly
polarized radiation allows selecting only one side of the well
and distinguishing between spin-phonon and spin-photon
transitions.

The measurements were performed in a new magnetometer,
using 10x10 µm2 in a dilution fridge equipped with three
coils allowing to apply a field in any direction. Continuous
radiation, at 115 GHz, was obtained from a Gunn-oscillator
equipped with a calibrated attenuator, allowing to know the
relative power irradiating the sample. The irradiating light
was also circularly polarized (at ~ 97%). This characteristic
was very important in order to distinguish between pure light
induced effects, which affected only one side of the

hysteresis curve, and heating effects at large irradiating
powers, for which both sides of the hysteresis curve are
modified (Figure 77).

Fig. 77: Magnetic hysteresis loops of Fe8 at 60 mK under
microwave irradiation at 115 GHz for several microwave
powers ρ. The easy axis of the crystal is oriented along the
applied field and perpendicular to the radiation oscillating
magnetic field. The observed increase of the tunneling rate at
zero field, as a consequence of the absorption of photons
induced by the circularly polarized radiation, becomes
evident by comparing the zero-field steps after negative or
positive saturation.

Figure 77 shows the hysteresis curves recorded at 60 mK
and 115 GHz with increasing irradiating power. The
tunneling transition near zero field (negative field) is
strongly enhanced, in agreement with a photon induced
population transfer from mS = 10 to mS = 9 level. At lowest
powers the tunnel probability increases linearly with power
whereas at higher powers a strongly non linear regime is
observed. The latter might be due to multi-spin and coherent
photon transitions.
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3.11. NMR investigation of FISDW in
(TMTSF)2ClO4

We report new high field 77Se NMR measurements in the
Field Induced Spin Density Wave (FISDW) state of the quasi
1D organic compounds (TMTSF)2ClO4. The H - T phase
diagram of this compound is known to strongly deviate from
the prediction of the so called “standard model”, in particular
with the existence of a wide FISDW subphase (SP1) the Tc
of which is magnetic field independent from 15 to 30 Tesla.
(Tc = 5.5 K) [1]. Recently, a new subphase (SP2) included in
the previous one has been evidenced from transport
measurement, which extends from 17 to 26-27 T, with
Tcsub ≤ 3 K [2]. The nature of this subphase is unknown,
which has prompted our NMR investigation. 

Fig. 78: a) Magnetic field dependence of the 77Se NMR
lineshape at 3.9 K and b) at 2 K.

A detailed evolution of the NMR lineshape with applied
magnetic field from 14.5 to 28 T at temperatures of 3.9 and
2 K was measured, as shown in Figure 78a and Figure 78b,

respectively. At 3.9 K the NMR lineshape is insensitive to
the applied field, that is to say all measured spectra are rather
similar. However, at 2 K, a continuous variation of the
lineshape with the applied magnetic field is observed. This is
true except for 3 values of the applied field where 3 distinct
discontinuities in the lineshape variation are observed. We
interpret these features as the signatures for crossing phase
boundaries between different subphases. Thus, at 2 K we
identify three phase transitions at: 18, 22.8, and 26.3 T. These
results confirm previously reported transitions at ~ 18
(SP1 ↔ SP2) and 26.3 T (SP2 ↔ SP3) [1]; and, more
importantly, reveal a new phase transition at 22.8 T. The
resemblance of the 2 K lineshapes at 14.5 T and 28 T shows
that at 28 T, one has recovered the SP1 phase. 

The observed phase transitions are characterized by abrupt
lineshape changes. Moreover, neither significant spectral
broadening nor shift of the spectra is observed. This is in
contrast to (TMTSF)2PF6 compound in which the 1st order
phase transitions between two adjacent FISDW phases are
characterized by a discrete jump in both the width of the
spectrum and the position of singularities in the lineshape.

The absence of spectral broadening and shift at the phase
transitions in (TMTSF)2ClO4 suggests that the amplitude of
the modulation of the spin density remains unchanged in
different FISDW phases. However, it is the spatial
distribution of the spin texture that varies between different
phases, as indicated by the abrupt lineshape changes at the
transitions. We remark that for an incommensurate spin
modulation of the planewave (sinusoidal) type the lineshape
should not be (highly) sensitive to the variation of the nesting
vector with the applied field. This high sensitivity rather
suggests that the system is close to commensurability and in
the solitonic regime. 
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3.12. NMR study of the level crossing in
the cyclic ferric spin system Fe6(tea)6

The magnetic properties of cyclic antiferromagnetic Fe6 spin
systems are now well established. Nevertheless some points
are still worth to be considered: (i) the tunnel frequency of
the Néel vector, (ii) the thermodynamic stability of the
cluster with respect to spin-Peierls-like distortions at low
temperatures and (iii) the existence of small additional
interactions which influence the dynamic of the spin system.
These questions can be addressed by high magnetic field
NMR experiments. As was shown by Julien et al. [1] and
Cornia et al. [2] the longitudinal 1H relaxation rate T1

-1

increases when the energy difference between two different
states with |∆S = 1| and |∆M = 1| is in the range of the 1H
frequency hν. Experiments on powder samples of the Fe10
cluster revealed comparatively broad peaks of T1

-1 as a
function of the magnetic field [1]. Considering the width of
the proton spectrum of ∆ν/ν ≈10-2 a considerably smaller
width of the T1

-1(B) peaks can be expected for single crystal
measurements (≈ 0.1 T). In contrast to this expectation,
single crystal measurements on the Fe6:Li cluster by Affronte
et al. [3] showed an astonishingly broad T1

-1 peak which is
attributed to an unexpected large anticrossing effect of the
involved energy levels.

Due to the unexpected result of these experiments we carried
out high-field 1H NMR experiments with the Fe6(tea)6
system. The Fe6(tea)6 cluster (Figure 79a) is characterised
by a symmetry axis which is parallel to the six-fold axis
of the crystal lattice (space-group P63/m). The spin
Hamiltonian of the system is known from high-field ESR
measurements [4]. The electronic structure is determined by
the exchange parameter J/kB = −31.5 K, the dipolar and the
ligand field interaction (d/|J| = −0.019134) of the FeIII ions.
Up to now there is no indication for distortions of the
molecular symmetry or the presence of additional important
interactions which should be included into the electronic spin
Hamiltonian. Figure 79b shows the Zeeman-effect of the
lowest energy levels. The crossing between the S = 0
groundstate and the lowest level of the first excited S = 1
state occurs at 20 T for parallel and at 15 T for perpendicular
field orientation.

The obtained results are shown in Figure 79c for B⊥c. The
peak of T1

-1(B) points to the level crossing occurring at
Bc = 15.63 T. The linear dependence of log(T1

-1) vs. B
observed away from Bc corresponds to the linear closing of
the singlet-triplet gap. The width of the peak (spectral
density) is Γ = 0.18 T and somewhat smaller than the value
of Γ = 0.26 T determined by Affronte et al. [3] for the Fe6:Li
cluster. Our measurements reveal a gaussian shaped spectral
density of the Fe6(tea)6 cluster which contrasts with the
lorentzian shaped spectral density of the Fe6:Li cluster. This
might be caused by the different structures of the ligand
molecules used for the Fe6:Li and the Fe6(tea)6 cluster. 

The real shape of the peak at 200 mK could not be fully
determined experimentally. The T1

-1 rate in the centre of the
peak becomes comparable with the diffusion processes

within the proton spin system which leads to a non-
monotonous longitudinal relaxation of the magnetization
preventing any reasonable estimate of T1

-1. 
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Fig. 79: a) View of the Fe6(tea)6 cluster along the symmetry
axis. b) Magnetic field dependence of the lowest eigenstates
of the Fe6(tea)6 cluster. c) Proton T1

-1 rate in the vicinity of
the first level crossing for B⊥c.
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3.13. Structural and magnetic
properties of methylated CuHpCl

The organo-metallic compound Cu2(C5H12N2)2Cl4 (CuHpCl
in short) has been considered as a prototype spin-ladder
material [1,2]. Many studies promoted CuHpCl as a textbook
example of quantum phase transition, from a gapped singlet
(spin liquid) to a magnetic ground state, induced by the
magnetic field [2-4]. The main magnetic exchange pathway
(rungs of the ladder) was thought to be within the Cu dimers
through Cl bridging atoms. The magnetic coupling
generating the legs of the ladder was ascribed to interdimer
hydrogen bonds Cu-N-H…Cl-Cu [1,2]. However, a recent
neutron experiment has shown that this original spin-ladder
model cannot hold [5]. Other relevant magnetic couplings
were suggested, and it was proposed that the Cu-Cl-Cu
exchange was far from being the dominant magnetic
coupling in this compound. 

In order to gain insight into this problem, we have
synthesized two new compounds, built of chloro-bridged
dimeric units similar in structure to that in CuHpCl but
differently assembled in the crystal lattice. The strategy was
to selectively suppress the Cu-N-H…Cl-Cu exchange
pathways by substituting one or both of the =N-H hydrogens
of the HP ligand with methyl groups. The dimer
arrangements in CuHpCl and in the new compounds are
compared in Figure 80a (detailed structural information will
be published elsewhere). In monomethyl-CuHpCl (MM), the
methyl substitution of half of the protons along the putative
CuHpCl legs leads to the formation of tetrameric entities.
In dimethyl-CuHpCl (DM), where all the protons are
substituted, isolated dimers are present (note that we use the
“dimer” and “tetramer” terms in the structural sense, not in
the magnetic sense). Such features suggest that significantly
different interdimer interactions occur in the compounds.

Normalized magnetization versus magnetic field data (at
400 mK) for the parent and methylated compounds are given
in Figure 80b. The data clearly show that the spin gap is
reduced in MM with respect to CuHpCl and that it
disappears in DM. This finding indicates that intradimer
exchange does not govern the magnetic structure of the three
compounds. Indeed, in the case of dominant Cu-Cl-Cu
coupling the spin gap would be of the order of this coupling
and weakly affected by the methyl substitution. 

An alternative explanation of the magnetic results in terms of
significantly strong intradimer interactions competing with
interdimer interactions is unlikely since the latter are
different for each compound while the three dimeric units
can be considered as magnetically equivalent on the basis of
the small structural differences among them (Cu-Cu
distances are 3.422 Å, 3.408 Å and 3.564 Å and Cu-Cl-Cu
bond angles are 88.02°-85.5°, 87.3°-86.5° and 91.7° for
CuHpCl, MM and DM, respectively) and the fact that these
differences do not seem to be related to the spin gap values
in a systematic way. 

Fig. 80: a) Sketches of the dimer arrangements and 
b) Magnetization curves at T=400 mK.
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3.14. Double-exchange mechanisms for
dilute magnetic semiconductors

Dilute magnetic semiconductors (DMS), in which transition
metal atoms randomly substitute atoms of one sublattice,
were found to exhibit unsusual magnetic properties such as
ferromagnetism in Mn doped InAs below TC = 7.5 K [1] and
below TC = 140 K in (Ga,Mn)As. Above room temperature
ferromagnetism with TC ranging up to 1000 K was also
reported in GaN and p-type GaP doped with Mn.

We have developed a general theory [2] of the double
exchange interaction in Mn-doped III-V semiconductors,
which covers both p- and n-type materials. The theory
establishes differences between the exchange mechanisms in
these two cases and demonstrates that the conventional
Zener double exchange mechanism is realized only in n-type
DMS (presumably, in (Ga,Mn)N), whereas the p-type
systems (Ga,Mn)As, (Ga,Mn)P and, possibly, p-(Ga,Mn)N
are examples of another type of indirect (kinematic)
exchange interaction, which was not observed in the family
of Mn oxides described by the Zener theory of ferromagnetic
insulators. An anlytical calculation of general expressions for
the double exchange has been carried out and applied to the
above mentioned systems, for which experimental data are
available. The molecular field approximation was used in
order to calculate the Curie temperature as a function of the
Mn content and hole concentration.

Fig. 81: Calculated dependence of TC on the Mn content x in
(Ga,Mn)As based on the experimental data for the hole
density ph( x). Solid squares (circles) stand for experimental
TC(x) of annealed (as-grown) samples. Broken lines take into
account the error bars of the hole density.

Figure 81 exhibits the fitting of our results to experimental
data (Ga,Mn)As. The non-monotonous dependence TC(x) is
due to a non-equilibrium character of the sample preparation.
Apparently, the ratio between the Mn impurities content and
the actual hole concentration depends on the doping method
and the thermal treatment. In particular, the annealing of the
sample results in a reduction of the donor-like Mn-related
interstitial defects in favor of acceptor-like substitution
impurities. In our model a description of this effect can be

achieved by varying the typical number of the nearest Mn
atoms from 2.5 to 4. The results shown in the upper curve of
Figure 81 fit the experimental data very well.

Although there are only few experimental data for the 
p-(Ga,Mn)N compounds we have carried out theoretical
calculations (see Figure 82) of the possible values of the
Curie temperature and found that it can be close or even
higher than 1000 K at the Mn content of about 5%. The
known experimental value of the Curie temperature of
TC = 940 K, lies well within the range of values shown in
Figure 82. Additional experimental studies of the TC
dependence on the impurity content and position of the
Fermi level are necessary in order to carry out a detailed
fitting and check of the theory. 

Fig. 82: Dependence of the kinematic exchange, measured in
units on the Mn content x, and on the position of the Fermi
energy relative to the impurity level of an isolated Mn
impurity.

This study makes a basis for addressing the problem of the
interaction between magnetic impurities in the magnetically
quantized 2D electron gas. The modification of the
mechanism described above for such systems is
straightforward. Additionally, we are now considering the
interaction due to the exchange of spin-excitons [3]. 

References and authors:

[1] H. Ohno, H. Munekata, T. Penney, S. von Molnar, and
L. L. Chang, Phys. Rev. Lett. 68, 2664 (1992)
[2] P. M. Krstajic, F. M. Peeters, V. A. Ivanov, V. Fleurov,
K. Kikoin, Phys. Rev. B, submitted; 0311525
[3] V.Fleurov, K.Kikoin, and I. Vagner, to be submitted

I. Vagner
P.M. Krstajic, F. M. Peeters (Universiteit Antwerpen,
Belgium)
V.A. Ivanov (Kurnakov Institute, Moscow, Russia)
V. Fleurov (Tel Aviv University, Israel)
K. Kikoin (Ben Gurion University, Israel)



Grenoble High Magnetic Field Laboratory 
60

3.15. Massive spin collective mode in
quantum Hall ferromagnet

Nuclear spin dynamics in semiconducting heterojunctions
under the conditions of the odd integer Quantum Hall (QH)
effect is strongly influenced by the two-dimensional (2D)
electron gas in the quantum well through the hyperfine
interaction with the electronic spins. This effect was first
demonstrated in a set of experiments, reported in [1], where
the Knight shift, KS, and the 71Ga spin lattice relaxation time
T1 in GaAs multiple quantum well (MQW) structure under
perpendicular magnetic field were detected by means of the
optically pumped NMR (OPNMR) technique. KS was found
to reduce dramatically as the Landau level filling factor was
shifted slightly away from ν = 1, indicating that the injection
of a single charge into the 2D electron system is followed by
reversal of many electronic spins. In the same interval of the
filling factor T1 was found to drop by several orders of
magnitude. Both effects are considered as strong evidence
for the creation of skyrmionic spin texture [2,3] in the
electronic spin distribution as shifts slightly away from unity,
and indicate the crucial importance of the hyperfine
interaction in controlling the nuclear spin dynamics. 

In the present work we investigate low-lying electron spin
excitations in the 2D electron gas, which can strongly
influence the nuclear spins dynamics in the QW via the
hyperfine interaction. In particular, we focus on the
collective spin rotational modes of independent Skyrmions,
which are well defined elementary excitations at filling
factors sufficiently close to ν = 1. Microscopic calculations,
based on Hartree-Fock (HF) approximation for a single,
isolated Skyrmion [3], have shown that, except for the
special case where the number, K , of flipped spins in the
Skyrmion is a half integer, the spectrum has a finite
excitation gap. Remarkably, however, it is found in the
present study that the corresponding spectrum for
sufficiently large Skyrmions becomes nearly gapless. 

Indeed, considering an effective Lagrangian density, similar
to that employed in [2], and introducing ‘by hand’ a kinetic
energy term associated with the collective spin rotation, we
find that the collective spin rotational mode, obtained from
the corresponding classical equation of motion, has an
angular velocity

∂ϕ/∂t = eH/2cMs

which is an effective Larmor frequency for precession of a
massive, spin 1/2 particle in the external magnetic field H.
Our calculation, based on the HF approximation [3], has
shown that 

Ms ~ (R/lH)5 m0

where R is the core radius of the Skyrmion, lH the magnetic
length and m0- the free electron mass.

This result indicates that such collective spin rotations can
significantly enhance the rate of nuclear spin depolarization
in MQW with suppressed electronic g-factor [4,5]. Further
enhancement of the relaxation rate can occur in certain

regions of the QW since local g-factors fluctuate
significantly in the space of the QW, due e.g. to quantum
confinement and long range fluctuating electrostatic field
[6]. In fact for a QW width l ≈ 7 nm [4], and typical electric
field of about 10–2 V/nm, the corresponding fluctuation in
the g-factor can be of the order of the bulk g-factor itself [6].
A lower bound on the values of |g| can be estimated from the
experimental data reported in [4]. This yields |g| ~ 0.03 for
which the corresponding mass ratio is Ms/M0 ~ 104, and the
collective Larmor frequency, ωsk = eH / Msc, is comparable
to the nuclear 71Ga Zeeman frequency. It should be stressed,
however, that despite the huge enhancement of Ms, the
radius, R ~ 7lH , of such a spin texture, remains smaller than
the average distance between neighboring Skyrmions, as
long as |ν – 1| ≤ 0.05. Thus, within this filling factor region
our picture of independently rotating Skyrmions in spin
space should be valid. 

It should be also emphasized that in the regions where such
large Skyrmions are created, the spin relaxation is much
faster than in the other regions, and due to the strong dipolar
interactions that exist between neighboring nuclear spins,
very fast spin diffusion to regions of larger g-factors should
strongly enhance the effective relaxation rate in the entire
space of the QW.
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3.16. De Haas-van Alphen effect study
of CePd2Si2

There are many detailed studies of the dHvA oscillations in
Ce-based heavy fermion compounds. Some of them revealed
field dependent effective masses [1, 2], first theoretically
predicted by Wasserman et al. [3]. However, in some cases,
e.g. CeRu2Si2 [4, 5], not all the Fermi surfaces (FS) were
observed, as the measured FS areas and corresponding
effective masses were too small to account for large
electronic specific heat coefficient. 

Furthermore, in most compounds, the oscillations from only
one spin state were observed. We present here the dHvA data
on CePd2Si2 which shed some light on the above mysteries.
We will focus on the field dependence of the effective mass,
particularly on the difference between majority and minority
spin carriers.

Fig. 83: Typical dHvA oscillatory signal (a), its Fourier
spectrum (b), and the corresponding mass plot (c) for
magnetic field applied at 12.5° from [100] to [110]. (d)
Difference between the split frequencies, ζ and ζ/, as a
function of magnetic field. 

Figure 83a and 83b show typical dHvA oscillations and the
corresponding FFT (Fast Fourier Transform) spectrum for
the field angle of 12.5° from [100] to [110] direction. The
corresponding mass plot allowing for the determination of
the effective masses is shown in Figure 83c. One of the
fundamental peaks is split into two satellites ζ and ζ/ . The
difference between the two frequencies, ∆F, depends linearly
on field (see Figure 83d), indicating that they originate from
the spin-splitting of the FS into up and down spin bands. The
effective mass corresponding to the ζ/-peak, 16 me , is more
than 2 times higher than that of the other satellite (see
Figure 83c), which is very unusual for spin-split
frequencies. Especially surprising is that the difference

between the split frequencies is very small (∆F/F ~ 0.02)
implying that the two corresponding FS have almost the
same size. 

A similar unusual situation has been recently observed in
PrPb3 [6], where the effective masses of up and down spin
oscillations were found to differ by a factor of 2, although the
frequencies were also very close to each other. This
remarkable difference, while not easy to understand, might
be related to the puzzling situation in some other f-electron
compounds, e.g. CeB6 [7, 8], where the oscillations from
only one spin state were observed. Indeed, this would be the
case if the other spin channel had too large effective mass to
be observed.

Fig. 84: Field dependence of the cyclotron effective mass for
B applied at 7.5° from [100] to [110] obtained from the
experiment (a) and from the simulated oscillations (b).

Figure 84a shows the field dependence of the effective mass
of the ζ-frequency obtained for the field angle of 7.5° from
the a-axis. This dependence is remarkably different from the
monotonous decrease of the effective mass predicted by
theory and observed in other compounds. Although for this
orientation, the splitting of the ζ-branch cannot be observed
directly, we believe that it is responsible for the observed
anomalous behaviour of the effective mass. 

To verify this hypothesis, we have performed a wave-form
analysis of the experimental data supposing the existence of
two close frequencies originating from up and down spin
states with different and field-dependent effective masses.
Details of the wave-form analysis are given elsewhere [9].
Within this model, we have succeeded to obtain a good
simulation of the experimental data. We then calculated the
field dependence of the effective mass for the simulated
oscillations using the same procedure as for the original data.
The result is shown in Figure 84b. One can see that the
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peculiar form of m*(B) obtained from the experiment is
qualitatively reproduced by simulations.
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3.17. Exchange spring GMR in
DyFe2/YFe2 superlattices

The electrical transport properties of the rare-earth, transition
metal multilayer system DyFe2/YFe2 are of great interest.
Unlike the familiar ferromagnetic multilayers, these systems
display anti-ferromagnetic coupling between the Dy and Fe
moments. As a consequence of this Dy-Fe coupling, and the
strong Fe-Fe exchange interaction, the Fe moments of the
soft YFe2 layer are held anti-parallel to the Dy. If a magnetic
field is subsequently applied parallel to the Dy moments,
competition develops between these exchange interactions
and the Zeeman energy. At a critical field, called the
‘bending field’, the Fe moments within YFe2 rotate into the
field direction [1]. This is known as an exchange spring
(Figure 85).

Fig. 85: A typical DyFe2 / YFe2 multilayer (a) without and (b)
with an applied field. The field strength exceeds the bending
field.

When a current is passed through an exchange spring the
electron spins attempt to follow the changing magnetisation
direction by precessing. If they cannot do this adiabatically
they mis-track, leading to an increase in resistance and giant
magnetoresistance (GMR). The higher the field, the more
tightly wound the exchange spring becomes, thereby
increasing the magnitude of the GMR effect [2].

Recently, we have investigated exchange spring GMR in a
[45Å-DyFe2/55Å-YFe2] x 40 multilayer, grown by molecular
beam epitaxy and subsequently photolithographically
prepared. This allows us to simultaneously measure currents
flowing parallel and perpendicular to the applied field, where
the field is always along the plane of the film. A typical GMR
and anisotropic magnetoresistance (AMR) curve is shown in
Figure 86.

Fig. 86: An AMR and GMR curve for a [45Å-DyFe2 / 55Å-
YFe2]x40 multilayer at 100 K. The current nd field re
perpendicular in this case.

As the field is swept up, an AMR peak can be observed as the
Dy moments switch at the ~ 5 T coercivity. Thereafter, an
exchange spring can be reversibly swept up and down by
varying the field. The downward sweep to zero field shows
that the bending field is roughly 5 T for this multilayer.

Recent experiments have examined the temperature
dependence of the GMR for this sample at 28 T. The data are
currently being analysed but preliminary findings suggest a
linear dependence between GMR and temperature, with
GMR increasing as temperature decreases. This data will
be crucial to understand further the electron transport
mechanisms that occur within these exchange spring
structures.
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3.18. The structural transitions in liquid
crystals doped with fine magnetic
particles in electric and magnetic fields

The equilibrium orientation of magnetic particle (and its
magnetic moment m) in the nematic liquid crystal was
studied in different theories. The Brochard and de Gennes
theory [1] allows only rigid anchoring of the nematic
molecules on the magnetic particles surfaces (n || m), the
Burylov and Raikher’s theory [2] allows, in some types of
ferronematics, also the presence of soft anchoring (n ⊥ m).
The unit vector n, the director, represents the direction along
which the long axes of the nematic molecules are aligned.
Regarding previous works [3,4] we can suppose, that in
thermotropic ferronematics, which are investigated in our
experiments, the soft anchoring is present. In effort to prove
the presence of soft anchoring in studied ferronematics, the
electric Fredericksz transitions in the ferronematic sample
based on liquid crystal 8CB, exposed to strong magnetic
field oriented parallel to the initial director, was investigated
by means of the capacitance measurements.

Following the Burylov and Raikher’s theory the critical
voltage of electric Fredericksz transition in strong magnetic
field with such orientation was derived as follows:

(1)

Here ULC is the critical voltage of the Fredericksz transition
in pure nematic, εa the anisotropy of the dielectric
permittivity of the nematic, D the thickness of the
ferronematic layer, f the volume concentration of magnetic
particles and Ms the saturation magnetization of magnetic
material. Concerning Eq. (1) the decrease of critical voltage
UFN with volume concentration f and its increase with
magnetic field B were expected.

Figure 87a presents the capacity vs voltage dependencies of
8CB-based ferronematic samples with different f, exposed to
magnetic field B = 4 T. As it is seen, these measurements
confirmed the theoretically predicted decrease of the critical
voltage with magnetic particles volume concentration.

Figure 87b presents the capacity dependencies of a 8CB-
based ferronematic sample with f = 5.10-4 exposed to
different magnetic fields. These measurements confirmed the
theoretically predicted increase of the critical voltage with
magnetic field growth. 

Using the found values of the critical voltages the values of
the surface density of anchoring energy W were calculated by
means of Eq. (1). The found values felt into the range
W = (3.8 – 22.81).10-4. The values of parameter ω = Wd/K,
defined by Burylov and Raikher [2] as a parameter, which
determines the type of anchoring in studied ferronematic,
felt into the range ω = 0.73-3.86, what indicates some
intermediate state between soft and rigid anchoring of liquid
crystal molecules on magnetic particles surfaces in studied
ferronematic exposed to strong magnetic field.

Fig. 87: a) The capacity vs voltage dependencies of the
8CB-based ferronematic samples with different volume
concentrations f at B = 4 T.
b) The capacity vs voltage dependencies of a 8CB-based
ferronematic sample with f = 5.10-4 at different magnetic
fields B.
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3.19. Mixing of magnetic states in a Cr8
molecular ring

Molecular rings are a subclass of molecular magnets.
More specifically, they are collections of single-molecule
antiferromagnets embedded -and perfectly oriented- within a
crystalline structure. These molecular rings comprise an even
number of spin centers in a cyclic structure with a dominant
antiferromagnetic coupling between the nearest neighbors
and weaker axial anisotropic interactions. In zero field the
ground state of the ring is a singlet while the series of
characteristic excitations are expected to merge to those of an
infinite chain as the number of spin centers increases. The
analysis of previous INS data proved that mixing of states is
non negligible and in this work [1] we searched further
effects of the S-mixing on the thermodynamic properties of
Cr8. Combined techniques like torque magnetometry and
heat capacity measurements actually provide a powerful tool
to study the level crossing mechanism expecially at the level
crossing. Here we present results of high field torque
magnetometry and heat capacity measurements on Cr8 single
crystals and we directly compare them with those obtained
by the diagonalization of the spin Hamiltonian. For an
octanuclear Cr3+ ring the total dimension of the Hilbert space
is 65536. The S-mixing effects can be included in the
calculation by using the two-step procedure [2]. Therefore in
this case the complete spin Hamiltonian can be diagonalized
in the reduced subspace spanned by the lowest eleven
multiplets and by the lowest manifold with total spin
S = 4.Torque and heat capacity measurements were
performed by using a 3He cryostat in a resistive magnet.
Micro-calorimeters were made of 4 x 4 mm2 Si or sapphire
substrates and a Lake Shore cernox 1030 bare chip
thermometer was directly glued to the bc face of the single
crystal. The calorimeters were mounted on top of a CuBe
cantilever in order to perform heat capacity and torque
measurements simultaneously on the same crystal. The ac
method was used at low frequency (~ 1Hz).
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Fig. 88: shows the torque signal measured as a function of
magnetic field at 0.9 K (circles). The magnetic field direction
forms an angle of 65° with respect to the unique axis of the
Cr8 ring. Simulations labelled with solid line includes S-
mixing, for the other one (broken line) S-mixing is neglected.
The effects of S-mixing are evident above 10 T.

Fig. 89: Heat capacity, in arbitrary units, as a function of
magnetic field at 0.9 K. The magnetic field direction forms
an angle of 65° with respect to the unique axis of the Cr8
ring. The solid line represents a two level Schottky anomaly
with the energy gap calculated by diagonalizing the
Hamiltonian. The vanishing heat capacity at crossing fields
(6.9 T and 14.0 T) indicates that a true level crossing occurs
showing no repulsion between states with different parity, in
contrast to what observed on ferric wheels [3]. 
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3.20. Thermal dilatation and magneto-
striction of pyrochlore titanate oxide
antiferromagnets

We have measured the thermal dilatation and the
magnetostriction of four rare-earth titanate oxides R2Ti2O7 ,
where R3+ is one of the rare earth ion Ho3+, Dy3+, Tb3+ and
Gd3+. This family has a broad range of magnetic behaviours
at low temperature. In this material family, the antifer-
romagnetic interactions are geometrically frustrated. The
magnetic ions are located at the vertices of tetrahedra with
equilateral triangular faces: since the product of exchange
interactions on any closed path is negative, there is a
geometric frustration. Finally, this lattice offers little
additional constraints since all the tetrahedra are connected
only through their corners. This confers a very high degree
of degeneracy to the ground state (GS) manifold: even for
Ho2Ti2O7 or Er2Ti2O7 where the rare earth spins are
constrained by crystal field (200 K) to lie along their local
symmetry axes, there is a large residual entropy (0.22 kB) per
spin) at zero temperature which can be measured by
integrating the specific heat [1]. A number of theoretical
scenarios for this spin-ice behaviour has been proposed. The
two largest interactions relevant to this isostructural family
are the local single-ion anisotropy D(S⋅n)2, where D ∝ L2

vary considerably from ~ 0 (Gd3+) to 200 K (Ho3+) through
the family, and the nearest-neighbor exchange J, of the same
order of magnitude (1-10 K). In most models, the ratio D/J is
the key parameter controlling the low temperature phase
diagram. However, the experimental situation is more
complex. While the local single-ion term D is of order 20 K
in Tb2Ti2O7 no macroscopic anisotropy nor long range order
is observed in this material down to the lowest temperature
[2]. This can be constrasted with Gd2Ti2O7 which develops a
macroscopic planar anisotropy (perpendicular to one of the
[111] axes) below 80 K [3]. These dramatic differences
prompted us to look for a putative structural phase transition
in these materials.

Using a capacitance detected dilatometry technique, with a
mechanical amplification factor of 20, relative length change
∆L/L could be measured with sensitivities exceeding the 
10-9 level. We substract non-magnetic contributions,
dominated by phonons, to the dilatation coefficient. This is
easily done, since the cubic dependence of the phonon
contribution, independent of any applied magnetic field is
easily fitted at high temperature (T > 60 K). This is illustrated
in Figure 90 where the relative length changes of a Ho2Ti2O7
single-crystal along the [111] direction are plotted as a
function of temperature.

Fig. 90: Relative variations in the [111] lattice diagonal of
Ho2Ti2O7 as a function of temperature. Note that a field of
8 T is not sufficient to fully polarize the spin and saturate
the temperature dependence. This measurement can be
related to the internal energy of this material using a
Grüneisen analysis.

In Ho2Ti2O7 the spins are aligned along the local [111]
crystal axes by the 200 K single ion anisotropy, and the
magnetization cannot be fully saturated by the external
magnetic field. For analysis purpose, we relate the thermal
expansion (after the phonon contribution has been removed)
to the spin thermodynamics. This is possible provided the
thermal expansion is isotropic and a few other mild
assumptions:

where κ = -V-1(∂V/∂p) is the isothermal compressibility,
Vm is the molar volume and Um is the magnetic internal
energy. In a pure exchange model, the Grüneisen parameter
Γm = ∂ln(J) /∂ln(a) measures the dependence of the exchange
coupling on the lattice constant. Comparing the calculation
and the numerical simulation of the internal energy in
various spin-ice models. In particular, the analysis of the
magnetostriction of two spin-ice coumpounds along similar
lines is able to explain the relevant spin configurations in the
magnetization process.
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SUPERCONDUCTORS

4.1. Transport properties of MgB2
superconducting tapes

Presently, magnesium diboride MgB2 represents
undoubtedly the most interesting superconducting
compound from an application point of view. Its very simple
crystal structure associated with the peculiar values of
superconducting parameters λ (penetration depth) and ξ
(coherence length) allow for substantial handling of the
transport properties in a magnetic field. 

Furthermore, the very long coherence length makes the
manufacturing of superconducting wires and tapes
straightforward by using the Powder-In-Tube method,
because of the absence of any granular behaviour of the
conductor thanks to the high intergrain coupling [1,2].
Conductors can be fabricated with very strong sheath
material, and suitable for any of the practical application that
is within the objectives.

In spite of the relatively low anisotropy of the intrinsic
superconducting properties of the compound, we have found
that MgB2 tapes present a clear difference between the
critical current measurements performed with the field
oriented parallel or perpendicular to the wider surface of the
conductor. Such anisotropy appears above 3-4 Tesla, and it
is a definite sign that the MgB2 grains are textured, at least
partially, inside the sheath material, with their c-axis oriented
parallel to the wider surface of the tape. 

The fact that the transport properties in a magnetic field are
clearly sensitive to the microstructure of the superconducting
core can be observed on Figure 91. Changing the MgB2
grain size affects the grain boundary pinning: it turns
therefore out that smaller grains means improved magnetic
field dependence of the critical current. Furthermore, a larger
degree of mechanical deformation as it occurs in
multifilamentary conductors also produces an improved
behavior of the conductor in a magnetic field. 

Fig. 91: Critical current vs magnetic field for three MgB2
tapes, differing between them because of the
monofilamentary and multifilamentary configuration, and
the superconductor grain size. 

Sources of additional pinning centres in MgB2 can be grain
boundaries, precipitates, and point defects. Recently, we
succeeded in preparing MgB2 tapes in which boron has been
partially substituted by carbon. Boron has been replaced by
up to 8 atomic %. The results in terms of magnetic field
dependence of the critical current density are reported in
Figure 91 for two samples. Carbon doping has two main
effects: the first is to depress the anisotropy of the transport
properties of the MgB2 phase, and the second is to enhance
the properties at high fields. The 5% doped sample reported
in Figure 92 is probably the best choice in terms of improved
transport properties at high fields.

Fig. 92: Critical current as a function of the magnetic field
for a reference MgB2 tape and carbon doped one.
Measurements are reported for two different orientations of
the magnetic field with respect to the tape.
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4.2. High critical current density in Zr
doped MgB2 wires

The discovery of superconductivity at 40 K in MgB2 has
generated a great deal of practical investigations of this
material. For the applications of superconductors, high
critical current density is required. Therefore, much work has
been carried out to improve the superconducting
characteristics of MgB2 wires [1]. We report here on
improvement of the flux pinning in MgB2 superconducting
wires by Zr doping. Mg0.9Zr0.1B2/Fe/Cu wires were
fabricated by Powder-in-Tube (PIT) method by using Mg
(200 mesh), B powder (1 µm) and Zr (3 µm) powder with
stoichiometry, Mg:Ti(Zr): B = 0.9:0.1:2. At the same time,
pure MgB2 superconducting wires were fabricated using
Mg (200 mesh) and B (1µm) powder with stoichiometry
Mg:B = 1:2 in order to compare with Zr doped samples. We
sintered all of samples at 650°C, 700°C, 750°C, 800°C. The
critical currents were measured by the standard four-probe
method at 4.2 K in different magnetic fields.

Fig. 93: a) The Jc values as a function of field at 4.2 K for the
MgB2/Fe /Cu wires fired at various temperatures by using
Mg powder with grain size of 200 mesh.
b) Jc as a function of field at 4.2 K for Mg0.9Zr0.1B2/Fe/Cu
wires prepared at different temperatures.

Figure 93a shows the Jc values as a function of magnetic
field at 4.2 K for the MgB2/Fe/Cu wires sintered at various
temperatures without Zr doping. It is found that a high Jc
value of 1.35x105 A/cm2 in 3 T is obtained in MgB2/Fe/Cu
wire and heat treatment temperature have important effect on
Jc of MgB2/Fe/Cu wires. The results of Jc values as a
function of field at 4.2 K for the Mg0.9Zr0.1B2/Fe/Cu wires
prepared at various temperatures are shown in Figure 93b. A
high Jc value of 1.24x105 A/cm2 in 3.5 T is obtained in
Mg0.9Zr0.1B2/Fe/Cu wires. It can be seen that Jc is very high
especially in high fields and Jc exhibits different behaviours
in field for these samples. The Jc values are higher than those
without doping. The Mg0.9Zr0.1B2/Fe/Cu wires fabricated at
800°C have the maximum Jc at fields above 6 T. The above
results clearly demonstrate that the Zr doping has a
tremendous effect on the flux pinning behavior of MgB2
samples. The high Jc in our samples may be due to the good
grain connectivity and strong flux pinning force in MgB2 by
Zr doping [2]. 

In other reports, a number of dislocations are observed in hot
isostatic pressed samples and SiC-doped samples, leading to
an improvement of Jc in MgB2 bulk samples. As we
study [2], the combination effects of high density, small
grains, precipitates and high density of stacking faults may
be responsible for the high Jc and large irreversibility field.
However, the Mg0.9Zr0.1B2/Fe/Cu wires have a low density
as compared to the high quality bulk samples. Therefore, we
can expect that Jc could be further improved by increasing
the sample density and introducing strong pinning centers.
The preliminary results shown above suggest that the process
used here is simple, and promising to produce high quality
MgB2 superconducting wires for practical applications.  
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4.3. New designs for superconducting
tapes at Nexans (2003)

Nexans is involved into the development of superconducting
Bi2Sr2CaCu2O8-x (Bi2212) “HTS” tapes This conductor can
be considered as the best candidate for high magnetic
generation for niche markets such as 1000 MHz NMR,
SMES & high energy physics magnets. 

The behaviour under high magnetic fields of three different
designs of tapes has been studied. One is obtained thanks to
the “Nexans square route” where the conductor is assembled
and drawn in square shape. The two others are manufactured
according to a drawing process in “round shape”. The last
process is more productive and easier to keep under control
at the industrial scale.

As illustrated in Figure 94 and Figure 95, the filament
distributions are different according to the manufacturing
route. After the “square shape” route, the filaments are more
parallel to the tape surface than after the round process.
Furthermore, the rolling deformation is more homogeneous
when a square shape conductor is rolled. This is obviously
not the case, when a round conductor is rolled to its final
dimension. Due to the different filament patterns, different
magnetic fields dependences of critical currents are expected
[1]. In addition, the round shape process gives the
opportunity to produce tapes with high volume fraction of
superconducting material (Sc%).

Fig. 94: Cross section of a “Nexans square route” tape.

Fig. 95: Cross section of a “round shape” tape.

Samples:
To investigate this “design” effect, two tapes have been
produced: one with Sc = 37% with the two different
processing routes and the last one with a high Sc = 44%. All
the characteristics of the tapes are reported in Table 1.

Characteristics Square Round Round
shape shape shape

Low Sc % High Sc%

# of filaments 76 85 85
Sc% 1 35% 37% 44%
Matrix AgMg AgMg AgMg

Thickness (mm) 0.35 0,35 0,35

Width (mm) 3,5 3,8 3,8 

Table 1: Tape characteristics
1 These values are calculated from design parameters and
not measured.

The special measurement procedures already developed in
2002 (see GHMFL annual report 2002) have been applied to
measure the critical current of these tapes.

Results:
The comparison of the magnetic field dependence of the
normalized critical current (Ic/Ico) of low Sc% tapes obtained
with our two processes is presented in Figure 96. Ico is the
critical current at 4.2 K in self-field.

Fig. 96: Critical current field dependence of square and
round process tapes (Ico = 320 A square shape and Ico = 400
A round shape).

For the two tapes, the critical currents dependence on the
magnetic field is similar. This shows that, for our samples,
the highly orientated filaments obtained with the “square
route”, is not the predominant parameter to control the
performances under magnetic field. An answer could come
from a close microstructure examination. In fact, the grain
orientation rules out the magnetic field dependence [2]. In
both samples, a rather bad texture is observed (see
Figure 97) and can explain the same behaviour of the two
tapes. Further works have been started to optimise the
microstructure by improving the powder compositions and
the heat treatment conditions with encouraging results.

Fig. 97: Microstructure of the filaments.

SUPERCONDUCTORS
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Ico are 20% higher after the round process than after the square
process. This increase can be explained by the higher number
of filaments but also by the thinner filaments obtained after
round process. These two points are known to be beneficial to
the microstructure and to critical currents [2], [3].

Figure 98 compares the critical current of the low Sc% and
the high Sc% tapes. 

Fig. 98: Critical currents of low and high Sc% tapes parallel
to the tape surface (Ico Low Sc% = 400 A and Ico High
Sc% = 470 A).

The magnetic field dependences of the normalized critical
current of these two tapes are the same. Furthermore, in
accordance with the design, Ico of high Sc% tape is 20%
higher than Ic of the low Sc%. As a result of the round route
and of the high Sc%, rather high currents have been
measured at high magnetic field.

Conclusions & next steps
Critical currents of 3 different Bi2212 tapes manufactured
according to two processes have been measured. 

No difference on the critical current behaviour versus
magnetic field, parallel to the tape surface, has been found.
These measurements validate our new round process. 

Critical current (Ic) can be increased by 40% with round shape
and increase of Sc%. Critical currents higher than 170 A under
20 T have been measured corresponding to an engineering
critical current density higher than 200 A/mm2 at 20 T, 4.2 K.

Thanks to these indications, Nexans tapes are now high Sc%
manufactured with a round shape process. This design is now
our baseline for further works.

In combination with the new design and based on
microstructure analysis, new compositions of the
superconducting powder have been tested. The performances
reached by these new tapes are 1200 A/mm2, 4.2 K, self-field
over kilometric lengths. This value is one of the best for
BSSCO tapes for industrial productions and is also
demonstrating the progress achieved at Nexans. 

Characterisations of these new products under high magnetic
fields would be really interesting to demonstrate the high
potential of the Bi2212 for high field applications
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4.4. Analysis of Bi-2223 high
temperature superconducting (HTS)
tape for applications in high magnetic
field

Bi-2223/Ag-tapes are the “workhorse” for applications of
HTS in the field of energy technology. Furthermore these
tapes might be useful for building inserts for magnets made
with metallic superconductors to achieve fields beyond the
level of abt. 21 T. In contrast to the “traditional” Bi-2212-
high magnetic field conductors [1] the Bi-2223 tapes offer
clearly the react-and-wind-processing for the preparation of
insert coils. This allows the characterization of the material
before building the coils. Furthermore this processing route
(with only partial melting in the last processing steps) offers
nice options for high n-values for the tapes at least due to
homogeneous filaments.

In the case of HTS it is not so much the magnetic field
reducing the superconducting properties of the material only
slightly, but mainly the hoop stresses due to current, field and
winding diameter which limits the use.

We measured the temperature rise during measurements in
high magnetic fields, the dependence of critical current Ic on
magnetic field and the critical hoop stress due to Lorentz-force
for different types of samples of long length (abt. 0.5-1.2 m in
helical winding geometry).

Fig. 99a: Measurement of electric field E and temperature T
when increasing the transport current in a magnetic field of
23.5 T for the first time. 

Figure 99a shows a first measurement of the electric field
E(I,B = 23.5 T, TI = 0 A = 4 K). Up to the highest current I no
increase in temperature is observed. For the second
measurement shown in Figure 99b E(I,B = 23.5 T, TI = 0 A = 4 K)
directly following the first one the situation has changed: at
I > 100 A the temperature rises strongly due to the stationary
diamagnetic He-bubbles preventing effective cooling of the
sample.

To achieve higher hoop stress tolerance some special
samples with a reinforcing coating have been prepared and
measured. Figure 99c shows the dependence of critical

current Ic on magnetic field B. This measurement could be
repeated at least for times. After that a current of 394 A was
supplied to the sample in a magnetic field of 28 T which
corresponds to a force of abt. 165 N in hoop-stress-
configuration. After that the sample showed a small crack.
This value of 165 N is clearly higher than abt. 100 N for
samples without reinforcing coating and shows an option for
better high magnetic field performance. The conductors
(with or without the reinforcing coating) show n-values > 20
over the whole range of magnetic field [2].
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Fig. 99b: Measurement of electric field E and temperature T
when increasing the transport current in a magnetic field of
23.5 T for the second time immediately after the first
measurement. 

Fig. 99c: Dependence of critical current Ic on magnetic field
B (+) and Ic-B-values corresponding to hoop stress of first
crack formation (x).
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4.5. Enhanced critical current density in
multifilamentary NbTi/Cu
superconductors with highly aligned
Artificial Pinning Centres (APC)

Three types of multifilamentary Nb-50wt%Ti round wires
with different forms of Nb artificial pins (including barrier-
shaped, layer (or net)-shaped and island-shaped pins) were
carefully fabricated by hand-assembled method and four-
time extrusion process [1]. The rolling process began with
the wire having diameter of 0.5 mm, and three groups of
tapes with various thicknesses and aspect ratios were
obtained. The minimum thickness of the tapes is 0.075 mm.
The critical current Ic of short samples (30 mm in length) was
measured by the four-point method. In addition, the upper
critical field was measured using resistance method at 4.2 K
by decreasing the applied field. 

As the round wires are rolled to tapes, the critical current
density Jc// (field is parallel to the large faces of tapes)
increases with the aspect ratio. The maximum Jc// reaches
4010 A/mm2 at 5 T, 4.2 K after the round island-shaped APC
wire with diameter of 0.5 mm was rolled to tape with the
aspect ratio of 26.7, during which the rolling strain εf was
0.27. This critical current density value is about 1.5 times
that of the original round wire. In addition, the anisotropy of
the critical current is very dependent on the aspect ratio as we
can see on Figure 100. The anisotropy of Jc is nearly
independent of the field up to 8 T for all the samples,
between 1.5 and 4 when the aspect ratio changes from 8 to
25. At high field, the anisotropy increases very fast.

Fig. 100: The ratio of Jc parallel (or Jc//) to Jc perpendicular
(or Jc⊥) as a function of fields B for multifilamentary
NbTi/Cu tapes with different forms of pins: 
- Jc// represents the critical current density when the large
face of the tape is parallel to the field,
- Jc⊥ represents the critical current density when the large
face of the tape is perpendicular to the field.

First we consider the low field behaviour. We attribute the
difference between Jc// and Jc⊥ to the fact that the pinning
interactions between interfaces and vortices are not effective
when interfaces are perpendicular to the vortex lines.
Instead, the pinning interactions or forces will be very strong
in parallel conditions. Furthermore, layer-shaped APC tape
shows higher anisotropy of Jc than island-shaped APC and
barrier-shaped APC tapes; this may be due to the fact that
layer-shaped pins are easily aligned in one direction along
surface of the tapes during the rolling process. 

In high fields, the anisotropy increases very rapidly. We
measured a ratio of Jc// to Jc⊥ exceeding 20, compared to that
of 4 at lower fields. The difference between Hc2// and Hc2⊥ is
precisely described by upper critical field Hc2 measurement,
in which the four-point method was used, the results are
shown in Figure  101. The maximum difference between
Hc2// and Hc2⊥ reaches about 0.7 T for the tapes with aspect
ratio of 25. The anisotropy of the upper critical field is the
main reason why Jc⊥ decreases faster than Jc// when the field
increases and approaches Hc2⊥ and much high anisotropy
of Jc.

Fig. 101: Resistivity as a function of applied magnetic field
for multifilamentary NbTi/Cu tapes with different Nb APC.
Upper critical fields are different when the large face of the
tape is parallel and perpendicular to field.

References and authors:

[1] X.H. Liu, L. Zhou, X.Z. Wu, B.Q. Fu, F.Y. Wang,
P.X. Zhang, Y. Feng, A. Sulpice, R. Tournier, E. Mossang,
Physica C 392-396, 1048 (2003) 

E. Mossang
A. Sulpice (CRTBT, CNRS, Grenoble, France)
X.H. Liu (Northwest Institute for Non-Ferrous Metal
Research, Xi’an, P.R. China)



Grenoble High Magnetic Field Laboratory 
74

4.6. The break-down of scaling in
(Pb0.6Sn0.4)Mo6S8 superconducting
wires

The contrast between the scaling of the volume pinning force
(FP = Jc × B, Jc: critical current density) in low-temperature
superconductors and the break-down of scaling in the high-
temperature superconductors [1,2] has inevitably led to
questions about why scaling is only observed in some
superconducting materials and what conditions are required
for scaling to operate. Recent work has demonstrated that even
in the conventional material Nb3Sn, detailed measurements in
high fields up to 30 T begin to show the break-down of scaling
[3]. In Durham, we have developed equipment to measure the
effect of temperature (T) and strain (ε) on the critical
properties of superconductors in the high magnetic fields that
facilitate the investigation of scaling properties [4,5]. We have
investigated the temperature and strain scaling of FP in
Chevrel phase materials, which are especially interesting
because they have fundamental properties (in particular the
coherence length) that are intermediate between the low-
temperature and high-temperature superconductors. 

Fig. 102: a) The upper critical field of the Pb0.6Sn0.4Mo6S8
superconducting wire as a function of temperature at
different applied strains. The inset shows the strain spring. 
b) The reduced pinning force density as a function of the
reduced magnetic field. The left panel shows data at different
temperatures at zero applied strain, and the right panel
shows data at 4.2 K and different applied strains. 

Figure 102a shows data for a Pb0.6Sn0.4Mo6S8 (PSMS)
Chevrel phase wire that was manufactured by Prof. Fischer’s
group in Geneva. These state-of-the-art PSMS wires have a
Jc of ~108 − 109 Am−2 at 20 T and 1.9 K.  Measurements up
to 28 T facilitate direct measurements of the upper critical
field (Bc2) shown in Figure 102a. High fields are required in
order to make measurements of Bc2 at temperatures
sufficiently below the critical temperature (Tc) that the data
are not compromised by the distribution in Tc generally
found in polycrystalline materials.

Figure 102b shows Jc(B,T,ε) data replotted on a normalised
FP graph from both variable temperature and variable strain
measurements. They provide direct evidence for the break-
down of scaling, with the peak in the volume pinning force
and the shape of the volume pinning force curve changing as
either T or ε are varied. This break-down undermines a
simple flux-pinning description of Jc although the field
dependence is similar to a Kramer functional form found for
a flux-shear mechanism.

A detailed investigation of the break-down of scaling
observed in these Chevrel phase wires will assist in the
development a unified description of the mechanism that
determines Jc in both the high- and low- temperature
superconductors. Comprehensive high-field measurements
of Jc(B,T,ε) and Bc2 for a range of superconducting materials
are also required. Despite the challenges and scope of this
work, it can be expected to provide a new insight into the
mechanisms that determine Jc, which is the crucial
technological parameter in relation to the present-day and
future applications of high-field superconducting materials.  
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4.7. Behaviour of the second
magnetisation peak of disordered HTS
at low temperatures

A basic picture of the vortex phase diagram of high-
temperature superconductors (HTS) has emerged by
considering the competition between the elastic energy of the
vortex system Eel, the pinning energy Ep, and the energy of
thermal fluctuations [1]. If the thermal energy is small, a
transition of the low-field quasi-ordered vortex phase (the
Bragg glass, stable against dislocation formation) and a
disordered vortex phase at high magnetic fields is expected
to occur when Eel ≈ Ep. In the disordered vortex phase there
is a better accommodation of vortices to the pinning centers,
and the order-disorder transition is accompanied by the
appearance of a second peak (SP) on the magnetisation M(B)
curves, as illustrated in Figure 103 for single-grain TSMG
YBa2Cu3O7 HTS. Neglecting demagnetisation effects, the
transition field is usually associated with the field Bon for the
SP onset.

Fig. 103: Magnetisation curves of TSMG single grain
YBa2Cu3O7 HTS exhibiting a second peak. The onset of the
second magnetisation peak Bon is indicated by an arrow.

As known, both Ep and Eel depend on the superconductor
parameters − the penetration depth, the coherence length, the
pinning parameter, and the anisotropy factor. For T well below
the critical temperature Tc all the superconductor parameters
are almost T independent, and, consequently, the transition
field identified with Bon should be constant in T in the low-T
region. Following Ref. [2], for example, Eel ∼ 1 − (T/Tc)4.
When pinning is caused by spatial fluctuations of
Tc, Ep ∼ [1 − (T/Tc)4]0.4, and one obtains Bon ∼ [1 − (T/Tc)4]3/2.
If pinning is caused by fluctuations of the charge-carrier
mean free path, one has Bon ∼ [1 − (T/Tc)4] −1/2. For T/Tc ≤ 1/3,
Bon given by the above relations is practically T independent. 

The experimentally determined Bon(T) variation shown in
Figure 104 exhibits a significant increase with decreasing T in

the low-T domain, in conflict with the Bon(T) dependence
predicted by the static theory. We believe that this is a dynamic
effect, caused by the reduction of Ep due to the T dependent
driving force born in magnetisation measurements [3].

Fig. 104: The onset field Bon (symbol) decreases significantly
with T in the low-T domain, in contrast with the Bon(T)/Bon(0)
variation predicted by the static theory (continuous lines,
see text).

The inborn driving force decreases with T. Due to a low
relaxation at low T, the induced current density remains close
to the critical current density, and the effective pinning is
strongly reduced. This leads to the increase of Bon with
decreasing T, as experimentally observed, since Eel decreases
with B.

The finite driving force existing in various techniques for the
investigation of the vortex phase diagram of HTS could
explain the often reported contradictory results concerning
the behaviour of the high-field vortex phase in disordered
HTS. For example, in ac susceptibility measurements, with a
small relaxation time window, the high-field vortex phase
appears to behave like an elastic vortex glass, whereas dc
magnetisation relaxation experiments, with a relatively wide
relaxation time window, or transport measurements, where a
larger current density interval is explored, reveal the
presence of non-diverging vortex pinning barriers, due to the
plastic deformation of the vortex system [4].
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4.8. Verification of the Wiedemann-
Franz law in an optimally-doped
cuprate

A central question of current research on high-Tc cuprates is
the extent of the validity of Landau’s Fermi liquid picture to
describe the elementary excitations of the ground state. A
recent attempt to answer this question has been made by
measuring the sub-Kelvin thermal conductivity of the normal
state in order to check for the validity of the Wiedemann-
Franz (WF) law which is a robust signature of a Fermi liquid
[1-3]. The validity of this universal law relating the
magnitude of thermal and electrical conductivities is
expected in the T = 0 limit, disregarding the fine details of
electronic scattering and Fermi surface. On the other hand,
various scenarios based on electron fractionalisation lead to
its violation.

Since high-Tc superconductors have notoriously large upper
critical fields, their normal state is not easily accessible at
low temperatures. Previous attempts to verify the WF law
were done on an electron-doped compound [1] and an
overdoped one [2]. In both these cases, the upper critical
field lies within the range of commercially-available
superconducting magnets. 

We performed the first experimental verification of the WF
law in a hole-doped cuprate at optimal-doping concentration
[3]. This was the first time that sub-Kelvin thermal
conductivity of a solid was measured in magnetic fields
larger than 20 T. In order to use the standard set-up for
measuring sub-Kelvin thermal conductivity in such a
context, we overcame two difficulties [4]. First of all,
mechanical vibrations constitute an unwelcome source of
heat and a tremendous obstacle for cooling the sample and
the thermometers to very low temperatures. To circumvent
this limitation, we developed a set-up in which a vacuum
chamber containing the sample and thermometers can be
introduced into the mixing chamber of a top-loading dilution
refrigerator. The second challenge was to accurately measure
the temperature in this temperature and field range, where
the magneto-resistance of thermometers is far from
negligible. For this purpose, we used Coulomb Blockade
Thermometry. Our precision on the absolute magnitude of
thermal conductivity in these conditions was checked by
finding the validity of the WF law with an uncertainty of 3
percent on a reference sample (a gold wire).

Using this set-up, we measured thermal and electrical
conductivity of Bi2+xSr2-xCuO6+d (Bi-2201) near the optimal-
doping concentration. In zero magnetic field, the magnitude
of this term implies a d-wave superconducting gap with an
amplitude comparable to the one observed by tunnelling. In
the normal state, recovered by the application of a magnetic
field of 25 T, the ratio of this term to electrical conductivity
is slightly larger than the value expected by the Wiedemann-
Franz law. Thus, in contrast with the behaviour observed at
higher temperatures, the elementary excitations of the
ground state conduct heat in a manner which can be barely
distinguished from the behaviour of the Landau quasi-

particles of a Fermi liquid. The result imposes strong
constraints for models based on spin-charge separation to
explain the unusual properties of the normal state at higher
temperatures. 

Fig. 105: The effect of magnetic field on sub-kelvin thermal
conductivity in two Bi-2201 samples with different doping
levels. Solid lines represent the extrapolated low-
temperature behaviour and arrows show the expected WF
magnitude. The inset of lower panel displays the resistivity
data for the p = 0.19 sample. The upper inset shows the
validity of the WF law in a reference sample probed by the
same set-up.
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4.9. Absence of a log (1/T) divergence of
the in-plane and out-of-plane normal-
state resistivities in Bi2Sr2CuO6+δδ single
crystals at very low temperatures

The normal state of the high-Tc cuprate superconductors
exhibits unusual properties are thought to give evidence for a
non- Fermi-liquid behaviour [1]. The coexistence of a metallic-
like temperature dependence of the in-plane resistivity ρab and
a semiconducting-like behaviour for the out-of-plane resistivity
ρc together with a metal-insulator transition has been
observed in the superconducting systems La2-xSrxCuO4 and 
Pr2-xCexCuO4+δ at optimal doping and Bi2Sr2-xLaxCuO6+δ well
inside the underdoped regime. The insulating behavior in these
systems is characterized by ρab(T) which increases as log(1/T)
extending from 0.3 to 30K without any sign of saturation at low
temperatures [2,3]. The anomalous transport should be more
noticeable in the vicinity of the metal-insulator transition and
in the T → 0 limit, suggesting the existence of a close link
between charge transport and strong electron correlation. 

Fig 106: Temperature dependence of ρab for four Βi2201
samples with different hole concentrations.

Fig 107: Temperature dependence of ρc for four Βι2201
samples with different hole concentrations.

In this work we present for the first time the temperature
dependence of ρab and ρc in single crystal Bi2+xSr2-xCuO6+δ
(Βi2201) cuprate for a wide doping range between p = 0.12
and 0.2 with Tc = 2.3, 3, 6.7 and 9 K (midpoint) and over a
wide range of temperatures down to 40 mK. We suppress
superconductivity in crystals using a magnetic field up to 28 T. 

Figure 106 shows semi-log plot of ρab(T) for various
magnetic fields applied along the c-axis for four Bi2201
samples with different hole concentrations. ρab for two
underdoped samples p = 0.12 (a) and 0.13 (b), goes through
a minimum and then at T ≈ 30 K (a) and T ≈ 10 K (b),
increases as log(1/T) as the temperature decreases, consistent
with the onset of localization [2,3]. However, ρab shows a
downward deviation from the expected log(1/T) dependence
at ultra low temperatures, T = 40 mK-0.2 K, in very high
fields. This deviation cannot be related to the proximity of
the superconducting transition since the behaviour of ρab(T)
in magnetic fields of 20 T and 27.5 T in Figure 106a and b
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is identical. We interpret the observed onset of the saturation
of ρab(T) as a suppression of the localization by the magnetic
field. In contrast, ρab(T) for the optimally doped and
overdoped samples with p = 0.16 (c) and p = 0.2 (d) is
constant below 5 K and clearly shows a metallic behaviour
in the normal state. Thus, the metal-insulator transition in
Bi2201 lies in the underdoped region (p < 0.16) as for 
Bi2Sr2-xLaxCuO6+δ. 

A log (T) plot of ρc at various fixed magnetic fields applied
along the c-axis for the same samples Bi2201 is shown in
Figure 107. One can see that the log(1/T) behaviour of the ρc
in the normal state gradually changes to metallic-like
behavior with increasing carrier concentration. Our data in
Figures 106 and 107 are in striking contrast to the behaviour
of ρc and ρab reported in Ref. [2,3]. We observe no evidence

for a log(1/T) divergence of ρab and ρc at very low
temperatures. Moreover, ρc of the slightly underdoped and
overdoped samples below Tc in the highest applied fields
shows almost no temperature dependence. 
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4.10. Nd3+ Crystal field (CF) excitations
under magnetic field in
La1.65Nd0.35CuO4

A close interplay between superconductivity and magnetism
exists in the high-Tc superconductors. In particular, the so-
called stripe picture of hole and spin domains in the CuO2
layers has been observed in the phase transition rich
La2-x-ySrxNdyCuO4 family [1]. La2-xNdxCuO4+δ compounds
undergo high-temperature tetragonal to low-temperature
orthorhombic followed by tetragonal structural phase
transitions involving tilts of the CuO6 octahedra [2]. The
orthorhombic phase is accompanied by a 90° copper spin
reorientation in the basal plane while a weak
ferromagnetism, due to out of plane canting of the Cu
moments, develops at lower temperature [3].

We report a CF study of La1.65Nd0.35CuO4 under magnetic
field, in order i) to confirm the presence of inhomogeneities
in a non-stoichiometric as-grown sample, ii) to identify the
magnetic character of the two Nd3+ inequivalent sites, iii) to
validate the CF parameters used in the analysis of the CF
excitations associated with the Nd3+ ions located in the
charge-free regions.

The local probe that constitutes Nd3+ CF excitations, under
applied magnetic field in La1.7Nd0.3CuO4, is consistent with
the formation of stripes. In our La1.69Nd0.336Cu0.954O4
sample, charges are present even in the absence of Sr doping.
In the charge poor regions, the Nd3+ ion moments are
oriented parallel to the z-axis due to the Nd3+ - Cu2+

interaction; this interaction is screened in the charge rich
regions resulting in Nd3+ Kramers doublet splittings under
magnetic field perpendicular to the z-axis.

For the calculation of the CF transition energies, the 4f
electrons of Nd3+ perturbation Hamiltonian is assumed to
have the single ion form:

H = HCF + HZeem ,

where HCF represents the CF interaction and HZeem the
interaction with an external magnetic field. In an external
magnetic field Ha, HZeem = µB (L + gsS)Ha , where µB is the
Bohr magneton, gs the g-factor of the rare earth spin, and L
the angular momentum of the Nd3+ 4f electrons. A
comparison of calculations and experimental results is given
in Figure 108. The predictions for the evolution of the
energies of the three levels 1932 cm-1 (a decrease of energy),
4013 and 4101 cm-1 (an increase of energy) as a function of
applied magnetic field are consistent with the experimental
observations. Such agreement constitutes an additional
validation for the CF parameters that have also succeeded to
reproduce the highly anisotropic magnetic susceptibility
measurements parallel and perpendicular to the z axis. Also,
the easy alignment of the Nd3+ moments parallel to the z-
axis, as confirmed by our measurements and the CF
parameters predictions, is at the origin of the Cu2+ moments
canting in La1.65Nd0.35CuO4. Such canting is absent in

systems like Nd2CuO4 and Pr2CuO4 where Nd3+ or Pr3+ ion
moments align easily perpendicular to the z-axis as observed
experimentally and as predicted by CF calculations.
Absorption bands associated with the nonregular Nd3+ site
Kramers doublet excitations, around 1996, 2054 cm-1

(4I9/2 → 4I11/2) and 3946, 4065 (4I9/2 → 4I13/2) are Zeeman
split. Typical Kramers doublets splittings, best resolved at
B = 11 T, are of the order of 15, 28 and 36 cm-1 for the ground
state, and the 3946 and 4065 cm-1 excited states respectively.
Such splittings are consistent with Nd3+ paramagnetic
moments located in regions that are not influenced by the Cu
spins in contrast to the regular site Nd3+ moments.

Fig. 108: Evolution of regular sites Nd3+ CF excitations
under applied magnetic field. Lines are theoretical
predictions; full circles show the experimental results. 
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4.11. High critical field in MgB2 thin
films

Magnesium diboride is a recently discovered superconductor,
with a number of charming and interesting properties. Its
features are due to the peculiar electronic structure. The
Fermi surface crosses two band sets: two σ bands, hole-type
and nearly 2D, and two π bands, 3D and essentially electron-
type. Interestingly, σ and π bands have different parities and
consequently the inter-band impurity scattering is negligible;
thus they behave as separate and parallel conduction
channels. Multi-band effects are predicted both in normal
and in superconducting state, being the more mobile channel
responsible for normal state transport properties, while the
less mobile channel should determine the behaviour of
critical fields. If this is true, resistivity and critical field can
not be simply correlated as in a conventional BCS scenario.
In this theory, the critical field at 0 K is proportional to the
slope near Tc; this slope is proportional to the resistivity.

To investigate these aspects, we measured four films with
great difference in critical temperature and resistivities
varying by one order of magnitude in high magnetic field up
to 28 T [1].

In Figure 109a, the upper critical fields are reported as a
function of temperature in two different orientations, Hc2

||

and Hc2
⊥. The behaviour is very interesting, in fact there is

no relation between the critical fields at low temperature and
their trends at Tc. The slopes of Hc2 for these films are very
similar in both orientations and, in particular, the curves of
Hc2

|| in Film 2 and Film 4 are almost superposed, despite of
their resistivities are 50 and 5 µΩcm respectively.

In Figure 109b, we show the data of anisotropy of critical
field, γ = Hc2

|| / Hc2
⊥, as function of reduced temperature. We

can note that, in all the samples, γ increases when
temperature decreases and it saturates at low temperature. In
this way, we can evaluate critical field parallel to the ab plane
at 0 K, using a linear extrapolation of Hc2

⊥(0): we obtain 50-
60 Tesla, higher than the values presented by single crystals
and bulk samples.

To analyse these data we studied resistivity and critical fields
of MgB2 thin films, which naturally present structural
disorder, considering a two band model [1,2,3]. A detailed
analysis of the resistivity curves suggests that in these films
conduction is due to π band. This last feature is confirmed by
the study of anisotropy and upper critical fields parallel and
perpendicular to the ab-plane. Therefore we conclude that
large values of critical fields in our films seem to be due to a
strong disorder of the conduction in σ band. 
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Fig. 109: a) Critical field for the four films in the two
orientations: parallel (full symbols) and perpendicular (open
symbols) to the ab plane.
b) Anisotropy factors γ = Hc2

|| / Hc2
⊥ for all the films as

function of the reduced temperature.
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4.12. Vortex phases in YBa2Cu3Oy single
crystals for magnetic field direction
parallel to the CuO-planes

Previous studies of the vortex phase transformations in
high temperature superconductors (HTSC) were almost
exclusively related to the direction of magnetic field along
the c-axis [1]. On the other hand the main peculiarity of these
materials is their perovskite layered structure. This layered
crystal structure and small coherence length of HTSC should
result in a rich behaviour of the vortex system. In particular,
the modulation of the Cooper pair density due to the layered
crystal structure, produces a strong intrinsic pinning of
vortices between the CuO layers [2]. For applied magnetic
fields parallel to the layers melting of the vortex solid has
been predicted to occur in two stages [3]. First, the vortex
solid melts into a smectic phase that retains c-axis order but
is liquid-like in the direction of the CuO-planes. Only with a
further increase of temperature the smectic phase should
melt into a vortex liquid. This transformations are very
similar to nematic and smectic transitions in liquid crystals
[4].

Recently we have demonstrated [5] a transition from a liquid
to a smectic vortex phase in the YBa2Cu3Oy crystal with
oxygen content y = 6.55. For magnetic field direction close
to the CuO-planes (within ~ 0.3°) we observe a steep
increase of the melting field with an oscillatory behaviour.
These oscillations result from commensurability of the inter-
vortex distance with the period of this intrinsic pinning
structure. Such commensurability phenomenon also
produces oscillations in the magnetic and transport
characteristics [5-7]. These oscillations are very sensitive to
the vortex structure and represent an excellent tool for
detecting the order of the vortex system in the direction
transverse to the planes. 

In the recent experiment we have prepared a sample with
eight contacts. This “pseudo-flux transformer” configuration
allowed us to detect directly a smectic-like vortex movement
(Figure 110). In the liquid state above TM the voltages V1 - V3
are different because the density of the current decreases for
large distances from the current leads. However below TM the
smectic movement of vortices parallel to the CuO-planes
results into the same V1 - V3 voltages. As expected for the
smectic melting [5] this behaviour disappears outside the
lock-in angle > 0.3° and for small fields when TM is larger
than the confinement temperature Tcf [5]. Using large currents
we were able to suppress pinning and probe vortex
transformations deep in the solid state. Our measurements
reveal a rich phase diagram for the magnetic field orientation
B//CuO, originating from the interplay between pinning by
the CuO-planes, point-like disorder from oxygen vacancies,
blocking of vortex channelling by strong defects and
temperature fluctuations [8]. We have also shown that the
oscillatory behaviour of resistance resulting from
commensurability between the inter-vortex distance and the
CuO-layer period is dominated by the in-plane vortex
dynamics.

Fig. 110: Temperature dependence of the resistivity for
three different pairs of the contacts for the “pseudo-flux
transformer” configuration (inset).
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4.13. Vortex states in 2D
superconductor at high magnetic field
in a periodic pinning potential

The effect of a periodic pinning array on the vortex state in a
2D superconductor at high magnetic fields and low
temperatures is studied within the framework of the
Ginzburg-Landau approach. It is shown that attractive
interaction of vortex cores to a commensurate pin lattice
stabilizes vortex solid phases with long range positional
order against violent shear fluctuations. Exploiting a simple
analytical method, based on the Landau orbitals description,
we derive a rather detailed picture of the low temperatures
vortex state phase diagram for the first matching magnetic
field. 

The resulting p-T -phase diagram, where p is a pinning
strength parameter and T the temperature, is shown in
Figure 111. In the strong pinning regime, p >> 1, the gain in
commensurate energy is larger than the vortex-vortex energy
gain at any temperature, T, and so the floating solid (FS)
phase is not favorable. Thus, the vortex lattice melting in this
region should take place directly from the square pin solid
phase (SPS) to the liquid (L) phase, as described by the
asymptotic straight line p ≈ .29 T/Tc in the large p regime of
the phase diagram.

In the small p regime the stable phase at low temperatures is
the FS. Here the energy gain associated with creation of the
closed packed equilateral triangular vortex lattice (triangular
pin solid (TPS) phase), exceeds the energy cost of the
incommensurate state. This state remains stable up to a
relatively high temperature T ≈ 2.8 Tc , above which it melts
into a vortex liquid state. The phase boundary in this region
is vertical (i.e. independent of p) since it is determined by the
vortex-vortex coupling and not by the pinning energy (which
is a constant in the floating state).

In the low temperatures region of the phase diagram our
analysis shows the existence of two phase transitions: At
small pinning, increasing p above pc ≈ .25 transforms the FS
discontinuously to a pin solid since the energy gain
associated with the commensurate pin vortex solid exceeds
the energy cost of distorting the closed packed equilateral
triangular vortex lattice. The discontinuous nature of this
transition is due to the fact that even infinitesimal deviation
from a commensurate configuration rises the pinning energy
by a finite amount.

It turns out that the pin vortex crystal just above the
commensurate-incommensurate transition is not a square
lattice, as found by Reichhardt [1], but a triangular one, with
a unit cell which depends on the pinning strength. At T = 0 it
is a parallelogram with equal base and height, which
transforms continuously to a square at p = 1. Similar
continuous transition from a frustrated triangular pin lattice
to the SPS takes place at the critical pinning strength p = 1
at any temperature T. Interestingly, the corresponding
horizontal transition line intersects the extrapolated SPS-L

boundary line at T ≈ 3.44 Tc, p = 1, that is in the close
vicinity of the intersection between the vertical FS melting
line, T ≈ 2.8 Tc , and the SPS-TPS line.

An intermediate pin solid phase of a triangular form has been
also found in the London model calculation reported by
Pogosov [2]. However, in contrast to the Ginzburg-Landau
model, discussed here, they predicted that the symmetry of
vortex lattice is changed discontinuously to the square
symmetry of the pin lattice.

Fig. 111: p-T phase diagram. Solid lines - first order phase
transitions from SPS to L phase (at large pinning strength),
from TPS to FS (near zero temperature), and between FS and
L phases. Dashed line - second order phase transition
between partially pinned (TPS) and fully pinned (SPS) vortex
crystals. The dashed-dotted line connects smoothly between
the asymptotic SPS-L line and the low temperatures TPS-FS
line. 

It is interesting to note that the low-temperature region of the
solid-liquid (SPS-L) melting line matches smoothly the high-
temperature region of the transition line between the pinned-
solid and the floating-solid phases. This result provides
support for the conjecture that the vortex-lattice melting and
irreversibility lines coincide in 2D superconductors.
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4.14. Adiabatic pumping of a double-
island superconducting qubit

The realisation of a double-island superconducting qubit [1]
is shown on Figure 112. It involves two small
superconducting islands (at the picture center) connected by
a Josephson junction with energy EJ. The island size is so
small that the charging energy Ec restricts the possible values
of excess charge to a few Cooper pairs. This number can be
tuned with external gates (the vertical lines on this picture).
Considering this dominant charging energy, a pair of integers
(n1, n2) specifies the stable number of excess Cooper pairs on
each island is for every values of the gate voltages Vg1 and
Vg2. These pair of numbers defines distinct regions in the
parameter space defined by the gate voltages (Vg1, Vg2). On
their boundaries, the electrostatic energies are equal, and the
quantum states of the island are determined by the Josephson
coupling as a superposition of charge states |n1,n2>.

Fig. 112: Electron micrograph of a double-island qubit. Two
gates allow to change the stable number of excess Cooper
pairs on each island which are specified by the electrostatic
charging energies. They also allow to adiabatically change
the quantum states of the double-island and perform cyclic
variation in parameter space. On such cycles quantum states
acquire an overall Berry’s phase and a charge is transferred
through the circuit. 

At specific values of the gate voltages (triple points T), three
charge states have identical electrostatic energies, and all the
Josephson couplings (including the junctions between the
islands and the rest of the circuit) determine the quantum
states of the circuit. The two lowest quantum states (|g> the
ground state and |e> the first excited state) of the double-
island are in this region of parameter space (the gate
voltages) linear superposition of three charge states, noted
here as |0,0>, |2, 0> and |0,2>. We now consider the cyclic
evolution of theses two lowest quantum states as the gate
voltages are varied around the triple point T [2]. When the
two gate voltages are driven 90° out of phase this cycle C is
a circle in the Vg1-Vg2 parameter space. A state |s> (|g> or |e>)
evolves adiabatically as:

A three-dimensional representation of this state may be given
by associating a point S with coordinates (|α|, |β|, |γ|) on the
sphere of radius 1 ((|α|2 + |β|2 + |γ|2 = 1). As a full cycle C is
completed, the point S moves on the unit sphere on a
trajectory which ends at the initial point since quantum state
cannot be distinguished from the initial state. Initial and final
states only differ by an overall phase γ(s,C), known as
Berry’s phase. The trajectory of the point S on the unit sphere
and the overall phase acquired depends on the state |s>
considered. A geometrical interpretation of Berry’s phase
γ(s,C) can be given as the solid angle enclosed by the
trajectory of point S on the unit sphere.

Most experimentally relevant is the charged transferred
through the double island which may be probed with a
suitable readout device. In the limit of vanishingly small
Josephson couplings, the ground state |g> and the excited
state |e> go sequentially through the following states

In other words, a charge 2e is transferred if the initial state is
|g>, while it is –4e in the excited state. In other words the
measurement of the charge transferred during an adiabatic
cycle may be considered as a quantum non-demolition
measurement of the |g> or the |e> state. In presence of
Josephson couplings the trajectory covered by the point S
does not correspond to pure charge states and the charge
transferred involves a geometrical factor. The representation
on the unit-sphere can help us to visualize this factor. To this
end, we note that the transfer of a Cooper pair through the
central junction, |2,0> → |0,2> is a rotation of π/2 around the
z axis. Similarly, an infinitesimal evolution of the state S
involves an infinitesimal rotation around the z-axis which
measures the infinitesimal charge transferred through the
central junction. During the entire cycle C, the overall charge
transferred is:

where x and y are the coordinates of point S in the X-Y
(|2,0>, |0,2> subspace) plane. The integral may be interpreted
as twice the projected area of the trajectory covered by point
S onto the X-Y plane. In the limit of small Josephson
coupling, this area covered in the ground state is π, and the
charge transferred is 2e. This is represented graphically on
Figure 113.
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Fig. 113: Representation of the adiabatic evolution of the
ground state in abstract charge space (|2,0>, |0,2> and
|0,0>). The point S on the unit sphere associated to a
quantum state |s> has for coordinate the amplitude modulii
on each of the three charge states used as a basis. During an
adiabatic cycle the point S covers a trajectory on the unit
sphere. The charge transferred through the central junction
may be interpreted graphically by projecting the trajectory
of point S on the XY plane. The area enclosed within this
projection is proportionnal to the charge transferred.  

As long as the cycle frequency remains small compared to
the smallest gaps (5 GHz) between |g> and |s> states, the
condition of adiabaticity can be fulfilled. At a pumping
frequency of 70 MHz, the 20 pA current in the ground state
can easily be discriminated against the –40 pA pumped
current in the excited state.

In conclusion, adiabatic pumping provides an efficient
readout scheme for charge qubit. It its intrinsically fast,
although a one-shot quantum readout will be limited by the
actual lifetime (T1) of the excited state. This readout is also a
quantum non-demolition measurement on the natural |g>-|e>
basis of the charged qubit. 
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5.1. Structural and magnetic properties
of a sulfato-bridged manganese(II)
dimer: a multifrequency EPR approach

In many living organisms, metalloproteins possessing a
Mn(II) dinuclear complex as an active site have been found.
The most popular is the Mn catalase [1] which catalyses the
dismutation of hydrogen peroxide into water and dioxygen.
The reactivity of these metallo-enzymes is still investigated
in order to elucidate precisely their mechanism. In particular,
the dinuclear manganese site, responsible for the reaction
catalyzed by the involved enzyme, is extensively studied.
Our approach is the use of model compounds to bring new
insights on these biological systems with a particular focus
on the electronic properties of the dimer, using a
multifrequency EPR investigation. 

A new binuclear complex ([Mn(II)(tpa)(µ-SO4)]2 with tpa:
tris(2-pyridylmethyl)-amine)) was synthesized and its
crystallographic data obtained. Figure 114 displays its X-ray
structure. It exhibits an original anti-anti sulfato-bridged
coordination mode. 

Magnetic susceptibility measurements have been performed
(SQUID) indicating a weak antiferromagnetic exchange
interaction between the two high spin (S = 5/2) Mn(II) ions
leading to a diamagnetic S = 0 ground state (J = - 0.35 cm-1,
H = -2JS1S2). 

Fig. 114: X-ray structure of [Mn(II)(tpa)(µ-SO4)]2 .

The electronic properties of the complex have been
investigated with a multifrequency EPR in the range
95 GHz - 345 GHz and a field range up to 20 T. From the
experimental EPR spectra (Figure 115), we were able to
determine accurately the spin Hamiltonian parameters
(HS = βB.gS.S + DS[Sz

2-1/3S(S+1)] + ES(Sx
2-Sy

2)) of three
excited spin states of the molecule (S = 3 to S = 5). By using
the electronic parameters of these three spin states, we
determined those of the spin states S = 1 and S = 2 thanks to
theoretical calculations. Thus, we simulate the experimental
data by taking into account the electronic parameters of each
spin state as well as the exchange coupling constant J

determined by magnetic susceptibility measurements
(Figure 115). X-band EPR spectra have also been recorded
to check that we can reproduce the experimental X-band
EPR spectra using the parameters determined from the high
field EPR experiments. 

Fig. 115: Experimental (A, C and E) and simulated (B, D and
F) powder HF-EPR spectra of complex [Mn(II)(tpa)(µ-SO4)]2
recorded at 285 GHz and at three different temperatures: 10 K
(A and B), 15 K (C and D) and 30 K (E and F). The parameters
used for the simulations are: 
S = 1: D = +0.783(1) cm-1, E = 0.182(1) cm-1, 
gx = 2.000(1) = gy = gz ; 
S = 2: D = +0.123(1) cm-1, E = 0.037(1) cm-1, 
gx = 2.000(1) = gy = gz ; 
S = 3: D = -0.029(1) cm-1, E = 0.0077(8) cm-1,
gx = 1.990(4), gy = 2.007(2) and gz = 2.001(1); 
S = 4: D = -0.0312(8) cm-1, E = 0.0095(5) cm-1, 
gx = 1.993(4), gy = 2.006(2) and gz = 1.999(1); 
S = 5: D = -0.0489(1) cm-1, E = 0.0075(5) cm-1, 
gx = 1.995(1), gy = 2.009(2) and gz = 1.999(1) and 
J = 0.35 cm-1.

To conclude, we determined precisely the electronic
parameters of the five excited spin states even in the case of
very weak exchange interaction between the two Mn(II)
ions. The validity of these parameters determined by EPR is
confirmed by the multifrequency aspect (X-band 345 GHz).
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5.2. How single and multiple hydrogen
bonds influence proton migration rate
constants, redox and electronic
properties of phenoxyl radicals

Tyrosine/tyrosyl radical redox systems are involved in many
biological processes in which the presence of the tyrosyl
radical is necessary to promote the reaction catalysed by the
involved enzyme (photosystem II, galactose oxidase,
ribonucleotide reductase). The phenolic (or phenolate)
oxygen may be bonded to a metal center or hydrogen bonded
to an appropriately orientated acidic residue of the protein. In
order to better understand the way in which single and
multiple hydrogen bonds influence the properties of phenoxyl
radicals, we have synthesized and characterised several ortho-
substituted 4,6-di(tert-butyl)-phenols in which the phenolic
hydrogen is involved in hydrogen bonding with a tertiary
amine nitrogen (Figure 116) [1]. The strength of this
hydrogen bond is modulated through the amine substituants.
These compounds incorporate: i) ester and pyridine groups
that can establish weak or strong additional hydrogen bonds
with the ammonium proton and ii) benzylic hydrogens
between the phenol and the tertiary amine to obtain geometric
information about the radical structure from EPR.
The X-band EPR spectra of the oxidised species show an
isotropic signal typical of an organic radical (Figure 117)
[1]. It is dominated by a large hyperfine coupling constant
(hfc) of the spin with one benzylic hydrogen (AH ranging
from 0.51 to 0.80 mT). This is the signature of a rigid
conformation of the phenoxyl radical arising from a six-
membered ring involving hydrogen bonding. Assuming that
the distance d (O(phenoxyl)-H(ammonium)) depends only
on θ (Figure 116) and the validity of a Mc Connell-type
angle dependent relationship between the hfc and the
benzylic hydrogens, the magnitude of AH is correlated to
cos2θ and consequently to d. The strongest hfc (lowest θ
value) thus suggests a shorter d distance. The lowest hfc
values were obtained for the compounds bearing one or two
pyridines, where the additional hydrogen bond established
between the pyridine nitrogen and the ammonium proton
displaces this latter farther from the oxygen.

Fig.116: Phenol derivates and their corresponding hydrogen
bonded phenoxyl radicals. Model for the hydrogen bonded
phenoxyl radicals.

The g-anisotropy of these radicals was studied by 285 GHz
EPR measurements (Figure 117) [1]. The g2 and g3 values
are known to be independent of the surrounding of the
tyrosyl radical. The relatively low g1 values (2.0061-2.0066)

are far from that of a “free” tyrosyl radical (usually 2.009)
[2]. This shows that an intramolecular hydrogen bond is
established between the phenoxyl radical oxygen and the
ammonium proton in our model compounds. 

Fig. 117: EPR spectra of oxidised radical species recorded in
CH2Cl2 solution: a) isotropic X-band spectrum at 213 K,
b) 285 GHz spectrum at 5 K. Solid lines: experimental
spectra, dotted lines: simulations.

DFT calculations were performed on two models. No proton-
untransferred form could be finally found in the potential
energy surface, in agreement with the electrochemical and
high field EPR data. 

The stability of phenoxyl radicals is thus correlated to the
presence and strength of an intramolecular hydrogen bond
established between the phenoxyl oxygen and an adjacent
ammonium proton. The proton-coupled electron transfer
from the phenoxyl cation to the tertiary amine is assisted
kinetically and thermodynamically by a neighbouring
hydrogen acceptor: the induced multiple hydrogen bond
network makes the proton moves farther and faster. Such a
process could play a crucial role in biological systems.
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5.3. The use of high field EPR to study
radical metal complexes

Metallic radical complexes have been, and are currently
investigated since they exhibit peculiar properties of
relevance in different fields of chemistry as they are used in
organometallic and coordination chemistry and also in the
development of molecular magnetic materials.

Different kinds of ligands have been used for this study with
a particular attention to “non innocent” ligands such as
tetrazine derivates or TCNX (Figure 118). These redox
systems often exhibit stable radical intermediates for metal
coordination which leave the exact oxidation states to be
established by various physical methods. 

Fig. 118: Schematic representation of the different ligands.

With the bmptz and bttz ligands, dimeric ruthenium complexes
have been synthesized [1]. Both complexes stabilise in a stable
mixed valent state thanks to the π-accepting properties of these
tetrazine bridges. Their one-electron reduction leads to a
ligand-centered radical anion complex. Predominant ligand
contribution to the singly occupied MO is evident from the
isotropic g-values close to g (electron) and from the g-
anisotropy determined by 285 GHz EPR measurements.
The complexes present axial spectra with comparable g-
anisotropies but different splitting patterns (bmptz, g// = 2.0130,
g⊥ = 1.9869; bttz, g// = 1.9929, g⊥ = 2.0053). This result shows
that the electronic structure of both complexes is different.
Finally, the seemingly minor modification with the thienyl
substituants of the tetrazine bridge affects significantly the
physical properties of the complex.

A tetrazine ligand has also been used to synthesize dinuclear
Cu(I) complexes synthesized with bptz and AsPh3 or PPh3
[2]. Both containing radical complexes exhibit an axial g
component pattern (AsPh3, g// = 2.0042, g⊥ = 1.9989; PPh3,
g// = 2.0067, g⊥ = 2.0026). In agreement with larger spin-
orbit coupling constant of the heavier homologue the
anisotropy is slightly larger for the AsPh3 complex than for
the PPh3, reflecting a small but detectable effect from the
ancillary ligands. This result indicates some contributions
from the AsPh3 ligands to the singly occupied MO although
the molecular structure confirms the predominant
localisation of spin in the central tetrazine ring.

With the abcp bridging ligand, dicopper and diruthenium
complexes have been synthesized and studied [3]. For the
copper system, the high field EPR measurements show a
predominantly ligand centered spin (abcp-)(CuI)2 in contrast
to a conceivable valence tautomer form (abcp2-)(CuI)(CuII).
The rather large g anisotropy indicates a non-negligible
contributions from the metals to the singly occupied MO.
For the ruthenium radical complex, a strong metal/abcp-

interaction is evident from a comparison of its g anisotropy
value with that of the dicopper(I) species.

Finally, we also explored rhenium complexes synthesized
with TCNX bridging ligands [4]. These molecules are among
the least “innocent” ligands in coordination chemistry due to
their very low-lying π* orbitals. The almost negligible effect
of the rhenium ions is obvious from the just marginally
shifted isotropic g-value of 2.007 in comparison to 2.00265
for free TCNX-. To establish the g tensor anisotropy, a better
measurement of the contributions from the metals with high
spin orbit coupling constants, we investigated the radical
complex ion at 285 GHz. However, even at very high field
(10.2 T, g = 2.0), no g anisotropy was detectabled. The g
anisotropy is therefore estimated at less than 0.001. This
suggests that combined metal contributions of less than 5%
to the singly occupied MO. 

These different works underline the utility of high field EPR
to characterise these radical metal complexes since the g
anisotropy is a useful parameter to elucidate the electronic
structure of such systems.

Fig. 119: EPR spectrum at 285 GHz of (µ-bptz)
[Cu(AsPh3)2]2(BF4) in CH2Cl2 /toluene at 5 K.
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MAGNETOHYDRODYNAMICS

6.1. Instability of the Hartmann layer

We studied the transition to turbulence in the boundary layers
(Hartmann layers) that develop in electrically conducting
fluids along the boundaries not tangential to an imposed
magnetic field. The electric currents in the fluid are mainly
restricted to these layers giving them a dominant effect over
the whole velocity field. Information on the parameter ranges
in which the layers are 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. 

We carried out our experiments on Magnet 5 which has a
maximum field intensity of 13 T in a cylindrical cavity of
13 cm in diameter. We introduced in this field a toroidal cell
(with square section) containing mercury through which we
circulated an electric 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 T, for currents
between 0 and 1000 A, which gave us access to previously
unexplored regions of parameter space.

Fig. 120: Friction factor (F) versus Reynolds over Hartmann
number (R) for increasing injected current and the smoother
surfaces.

The transition process was studied in detail by using slow
variations of the electric current (velocity) so as to detect any
hysteresis between transition and laminarisation. To verify
that the observed transition is determined by the Hartmann
layers, two different types of surfaces were used for the walls
perpendicular to the magnetic field, with roughness elements
of the order of 2 and 9 microns respectively. For the
smoother surfaces a well marked transition was observed to
occur at a value of the Reynolds over Hartmann number (R)
of approximately 380, which is valid also for laminarisation
(Figure 120). On the other hand, for the second surface the
critical value of R is of the same order of magnitude but it
depends on the intensity of the magnetic field, and the
transition appears to be smoother (Figure 121) [1]. In both

cases the friction factor before transition was found to be
very close to that predicted for laminar Hartmann layers. The
critical values of R obtained here are two orders of
magnitude smaller than that given by the linear stability
theory [2], but they are in agreement with previous studies of
the laminarisation process [3]. This confirms that nonlinear
effects play an important role in the observed stability
properties of Hartmann layers [4].

Fig. 121: Friction factor (F) versus Reynolds over Hartmann
number (R) for increasing injected current and the rougher
surfaces.
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6.2. Laminar jet diffusion flame
behaviour under a strong magnetic field
gradient

We study the influence of a quasi-vertical magnetic field
gradient on a round jet laminar diffusion flame of propane.
We observe its changes of shape, size and color. The propane
jet is issued vertically upward from the burner into stagnant
air. The flame is imaged by a color 3CCD camera. The
experiments were carried out in Magnet 5 which gives a
maximum magnetic field of 13 teslas. For this value and at
z = ± 145 mm from the magnetic center, BdB/dz = ± 652 T2/m. 
Along the magnet axis, air is subjected to a vertical magnetic
force gm = χ/µ0BdB/dz. Considering the gravity field g, the
flame is seen as a mixing of light (hot) gases surrounded by
heavy (cold) air and thus the flame is pushed upwards by the
gravity buoyancy. For the magnetic field, the flame is a
nonmagnetic medium surrounded by paramagnetic air and
thus the flame is pushed, by the magnetic buoyancy, upwards
when gm is parallel to g and is pushed downwards when gm
is anti-parallel to g. 

We develop a physical model based on the analogy between
the magnetic buoyancy and the well known gravity
buoyancy. We have considered in our study [1] the gravity
and magnetic buoyancies as an equivalent buoyancy with an
equivalent gravity, g*= g(1+αgm/g) where α is the relative
variation between the density of air and the density of burnt
gases. By varying gm , we can reduce or increase g*, and thus
we may affect the role that g plays in the behaviour of a
diffusion flame. The g* level examined in this study varies
from 1/38 g (reduced gravity) to 5 g (elevated gravity).
When gm and g are parallel, g* is elevated and their effects are
added. The flame length and width decrease and subsequent
increases of magnetic field (of gm) induces the lifting of the
flame before to be extinguished (7.5 T < B < 8 T). When gm is
anti-parallel to g, g* is reduced and their effects are opposed
and in comparison with a flame without magnetic field,
(Figure 122a), the flame inflates becoming longer and wider.
As the magnetic field is increased (gm increases), the blue part
length increases, overlapping by an orange colour sheet. For a
greater magnetic intensity, the flame is completely dim blue
and seems to produce no more soot. At a given magnetic field
value (4.1 T < B < 4.3 T), we observe a floating flame far
above the burner (Figure 122b).

Fig. 122a: Flame without magnetic field.

Fig. 122b: Flame with B = 1 T and BdB/dz = 60 T2/m.

Many experimental and theoretical studies predict the length
and width flame at elevated and reduced gravity. We have
compared flame length and width measurements in our
experiments with Sato et al. correlation [2], and Sunderland
et al. correlation [3], respectively. These correlations are
expressed in Froude number, Fr, and in Reynold number, Re.
To take into account the influence of the magnetic buoyancy,
the Froude number, in our study, is expressed in g*. 

The comparison between the flame shape observations of the
present study and that predicted by reference correlations,
cited above, shows good agreement between them. All
phenomena observed by laminar diffusion jet flame studies,
undertaken under reduced and elevated gravity conditions
(using other ways than magnetic fields) are observed in the
present study.

In conclusion, we consider that a vertical magnetic gradient
may provide an efficient tool to produce a very large gravity
range, from reduced gravity to very large gravity. Magnetic
field avoids the costs and the technical problems associated
with fall free towers, parabolic flights or centrifuge systems
used to produce modified gravity conditions. 
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6.3. Effect of high magnetic fields on the
electrodeposition of cobalt

Magnetically induced effects on electrochemical deposition
processes especially of magnetic materials are of high
interest for many applications in magnetoelectronics.

The main objective was to investigate the effect of high
magnetic fields on the deposition of Co depending on
the deposition potential, the field strength, and the field
to electrode configuration and geometry by means of
cyclovoltametric and potentiostatic measurements. 
Co deposition is generally overlapped by the hydrogen
reduction. The effect of the magnetic field (B) on this
reaction and how far the deposition process is improved at the
expense of hydrogen have to be clarified. The measured
effects are to be interpreted with respect to the different
magnetically induced driving forces besides the known
magnetohydrodynamic effects. The structure and morphology
of the deposited layers have to be investigated in dependence
on the deposition parameters and the strength of B.
Cobalt was deposited from 0.01M CoSO4+0.1M Na2SO4,
pH = 3.5 on flat copper electrodes embedded in epoxide and
on Au electrodes with a wall at the edge in B up to 13 T.

The following main results were obtained:
- B parallel to the electrode surface:
Figure 123 shows the cyclovoltamogram (CV) of a the flat
vertical Cu-electrode with a normal aligned B. A significant
increase of the limited current density in the cathodic range
of the CV was already observed at low magnetic fields and it
was generally higher in comparison to the perpendicular B
configuration. The rise of Co deposition is also reflected in
the increasing dissolution peak (E > -1,0 V). This can be
understood by the expected high forced convection mainly
due to magnetohydrodynamic effects caused by the Lorentz
force. Both reactions the Co deposition and the hydrogen
reduction are improved, whereas the Co deposition increases
more at the expense of hydrogen reduction.

Fig. 123: Cyclovoltamogram, vertical flat Cu electrode, B
parallel to the surface.

- B perpendicular to the electrode surface:
It is shown in the cyclovoltamogram (Figure 124), that also
both reactions the Co deposition and hydrogen reduction
increase with increasing magnetic field but to lower extend
than in the parallel orientation of B to the surface. In the case
of a flat electrode the rise of the limited current density is
higher and starts at lower field strength in comparison the
circular electrode geometry with a wall at the edge. The
general lower increase is mainly due to the parallel oriented
magnetic and electric field lines. In this configuration
magnetohydrodynamic convection due to the Lorentz force
should not be expected. But on flat circular electrodes a
radial convection is induced caused by a gradient of the
electric field at the edge of the electrode. This was already
proved for the Cu deposition [1]. Besides that other
magnetically induced forces as the paramagnetic force or
microvortexes at the surface have to be taken into account
and discussed. 
The first microstructural investigations exhibit a change in the
morphology of the deposited layers. At B between 4 T - 6 T,
the roughness decreases. 

Fig. 124: Cyclovoltamogram, horizontal flat Cu electrode, B
perpendicular to the surface
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6.4. Damping of surface wave by steady
magnetic field 

We study the magnetic damping of a gravity wave in an
electrically conducting fluid of finite depth.

From theory it appears that apart of reducing damping time
of a wave, a sufficiently strong vertical magnetic field is also
found to bring the wave rapidly to rest [1]. Previous
experiments show that the closure of the induced electrical
current lines in a horizontal plane plays an important role in
the damping process [2].

Fig. 125: Sketch of the apparatus.

We carried out our experiments on Magnet 5 in a 286 mm
diameter configuration. A mercury layer 80 mm deep
is placed in a container of internal dimensions
150x40x150 mm3 (Figure 125). For safety reason, the
container is placed in a closed box. A standing wave is
created at the free surface by imparting a horizontal
acceleration by means of hydraulic jacks. By using a laser,
we measured the oscillation of the mercury layer for various
magnetic field intensities. An example of the resulting
signals is given Figure 126. These signals are then analyzed
as damping oscillator signals.

Fig. 126: Measured elevation of the free surface - when B in
the centre of M05 = 2.25 T - copper container.

Three types of containers walls were tested: Plexiglas,
copper, and Plexiglass + copper. In order to protect the laser
ODS components, the laser was placed outside the hole of
the magnet (Figure 125). Therefore the container had to be
placed in the stray field and we limited the maximum
value of the magnetic field to 5 T (homogeneity 40%, 
Bmax(r = 0, z = 40) = 0.884 T, Bmax(r = 0, z = 50) = 0.528 T).

The measured damping times are given Figure 127. The
viscous damping (B = 0 T) varies from one container to the
other. It appears that the attempt to substitute a copper
container by an hybrid one is inadequate. The main results of
previous laboratory-made experiments are found again.
Nevertheless, the complete suppression of the wave is not
achieved in the present as it was with a more shallow (4 cm)
layer.
The role of the vertical gradient of the magnetic field is not
clear.

Fig. 127: Measure damping time versus magnetic field
intensity.
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7.1. Forced convection heat transfer in
mini-channels

The microfluidic applications gather fields like
biomechanics, aerospace nuclear engines or cooling of high
field magnets where heat fluxes can reach values as high as
5 MW.m-2. Data-processing industry is however one of the
microfluidic applicability most frequently mentioned in the
literature. Its requirements in cooling systems are related to
the regular growth of the calorific power to evacuate (× 3 per
decade). During the last two decades, most of the studies on
heat transfer in microchannels highlighted heat transfer
coefficients higher than those predicted when using classical
laws for conventional size conduits [1]. Other deviations to
the traditional laws were also observed experimentally
concerning unusual friction factors or shift in the transition
between the laminar and the turbulent regime. It is
noteworthy that some of the studies we have reviewed
exhibit contradictory results both at the mechanical level and
at the thermal one. This can be attributed to the many
parameters that contributes to differentiate the studies from
each others such as: a complicated geometry, the hydraulic
diameter, the section shape, the surface roughness, the
experimental fluid, the boundary conditions, flow regimes or
means of measurement. This makes difficult the use of the
results by other experimentalists that the authors themselves.
To undertake a fundamental study into microfluidic, it
appears compulsory to reduce as much as possible the space
of the relevant parameters. This procedure was clearly
followed for example by Gao et al. [2] by choosing a simple
geometry and by working with the same surface roughness
whatever the channel thickness. 

In this study, hydrodynamics and heat transfer have been
investigated in two-dimensional channel geometries 300 µm,
540 µm and 1.120 mm thick. A specific sensor consisting of
two thin maps of micro thermocouples was used to measure
both the wall temperature and the heat flux at the surface.
The measurement reproducibility is characterized by a
maximal dispersion of the friction coefficient (Po number)
and the heat transfer coefficient (Nu number) equal to 14 %
for a given diameter and velocity. 

The variation of Po number and Nu number with the Re
number follows the classical laws widely used for the
prediction of heat transfer in larger channels. We showed that if
deviations are observed they can be linked to entrance effects
or defaults of the experimental device such as a lack of
uniformity of the surface heat flux. These aspects have been
checked by a complementary numerical simulation of the flow.

Concerning a specific effect of the hydraulic diameter on
heat transfer efficiency it is not possible to firmly conclude
as the overlap between the different Re range studied for
each diameter is too small. This is due to pressure limitation
of our experimental device that inhibits to reach high
velocities for the smallest channel.

Nevertheless, it seems possible to conclude from our
experimental data and associated accuracy that if an effect

exists it may cause, for the range of diameters we have
studied, only a weak departure from the results predicted by
classical laws, i.e. less than 25 % on the Nu number.
Figure 128 summarizes the main results of the study. The
device is now ready for a new study with nucleate boiling
condition. 

Fig 128: Variations of the Nusselt number with the Reynolds
number. Comparison between the three thicknesses.
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7.2. Magnetic shielding study for the G0
Cerenkov

The purpose of this study is to test, validate and fine tune a
magnetic shielding designed for the proper work of some
XP4572B photo-multiplier tubes (PMTs) from Photonis
(France). Sixteen of these tubes shall be installed on four
Cerenkov counters build at the LPSC Grenoble and used in
a parity violation experiment in electron scattering off
the nucleon, the G0 experiment, which shall take place at
the Jefferson Laboratory (Newport News, Virginia). These
detectors will be located in the fringing field of the super-
conducting magnet of the G0 spectrometer.

These PMTs are very sensitive to magnetic fields, their gain
is lowered by a factor two when the tubes are operated in a
field as low as 0.13 mT for the longitudinal component
(parallel to the PMT axis) and 0.07 and 0.04 mT for both the
transverse ones. Therefore, working even in the earth
magnetic field requires the use of some shielding. During the
G0 experiment, these tubes will encounter maximum field
components 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, show the necessity of 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 solenoid magnet.

The shielding configuration which fits our needs is the
result of two previous measurements done in 2002 at the
GHMFL (May 27-31 and September 9-13). Whereas these
two first times, we only tested a single tube shielding, this
time we are testing a whole Cerenkov detector with its four
PMTs working simultaneously. The Cerenkov counter is
shown on Figure 129, the rear part of the drawing
corresponds to the active Si-aerogel radiator emitting the
light to be detected (blue paving). It seats below the
diffusing light box which is connected to the magnetic
shielding where the PMTs are located (foreground on the
drawing). This last part is made of two components: a main
one corresponding to four sets of 450 mm long tubes
sandwiched between a rectangular soft iron plate and the
radiator aluminium frame. Each set contains 4 concentric
tubes: the most inner one is a 0.8 mm thick Mumetal tube
without any contact with the iron material. The three
external tubes are made of 2 mm thick soft iron. These
layers are separated by a 2 mm air gap. The other
component consists in four 100 mm long tubes (one per
PMT) closed at one end in order to ensure the light
insulation necessary to the PMTs. They are equipped with
electrical connectors for the high voltage and signal cables. 

During the final studies at the GHMFL, in order to reproduce
the field components expected in the G0 experiment, the
distance magnet-Cerenkov counter was varied (120 or
160 cm) as well as the magnet exciting current. The light
inside the counter was generated with an LED linked to an
optical fiber. The data acquisition was done on a laptop.

Fig. 129: See the text for details.

The results obtained with the configurations tested in 2002,
from which the actual shielding is derived, showed that
several of these configurations were able to provide the
mandatory shielding to operate the PMTs even up to axial
field components equal to more than twice the expected
value. However, the total number of photons per incident
particle is expected to remain very small during the G0
experiment because of the small depth to height ratio of the
counter (200/600 mm). Therefore this will give a quite small
signal to noise ratio. In order to increase this number, we
shall test different PMT axial positions within the shielding
tubes: the closer to the entrance the photo-multiplier is
located, the greater the number of detected photons. A main
part of this study is to fine tune this positioning.

As a conclusion to this three parts work, we emphasize the
fact that these tests were very successful and allowed us to
better understand the process of magnetic shielding and to
find several configurations for safely operating the XP4572B
photo-tubes during the upcoming G0 experiment. 

We would like to thank our GHMFL contact coordinator, and
all the personnel of the laboratory who showed a great
interest in this experiment. We are looking forward in
collaborating again with the laboratory.

References and authors:

[1] G. Quéméner & S. Kox, Aerogel Cerenkov Counter
Design for the G0 Spectrometer. internal report G0-00-052
[2] http://lpsc.in2p3.fr/hadrons/annual_report_lcmi/cerenkov_
characteristics.html
[3] http://lpsc.in2p3.fr/hadrons/annual_report_lcmi/annual_
report_lcmi.html

F. Debray
J. Berger, T. Cabanel, J.F. Muraz, G. Quéméner,
J.S. Réal, M. Tur (LPSC, IN2P3/CNRS-UJF-INPG,
Grenoble, France)



Grenoble High Magnetic Field Laboratory 
98

MAGNETS & INSTRUMENTATION

7.3. Numerical investigations on
polyhelix magnets 

A new generation of polyhelix magnets has been designed
for the hybrid project. It consists of a set of 14 concentric
helices electrically connected in series. Efforts have been
made in the last two years to develop numerical tools to
investigate the 3D behaviour of our resistive magnets [1].
These tools have provided a closer insight of the mechanical
end effects which affect the 14 polyhelix insert. It also has
enabled to improve the actual design so that the insert has
been succesfully operated at 23 T in a background field of
10 T in September 2003.

Computations have actually shown that the first helices were
submitted to a combination of a huge torque and lateral
forces. These forces are especially significant at the
extremities of the helices. In order to reduce the efforts on
these helices a double helix technic has been investigated
(see Figure 130). Calculations have shown that radial
displacements could be reduced by using double helices. The
new feature will be made available for the next 14 polyhelix
insert where the first helix will be replaced by a double helix.

During this year, developpment has been focussed on the
magnetic field calculation in the bore. The aim was to
evaluate the magnetic field homogeneity. The computation
of the magnetic field b is performed by a numerical Biot-
Savart procedure starting from the 3D current density
distribution issued from a non linear thermo-electrical model
[1]. The axial component of b is then fitted against spherical
harmonics F(n,m) to estimate its homogeneity. The figures
arrising from this fitting may be latter used to define shims
that will compensate the magnetic field to reach a given level
of homogeneity.

Comparisons with experimental data were carried out on the
14 polyhelix insert at 20 T. NMR measurements were
performed during the insert test to quantify the magnetic
homogeneity on a sphere of 1 cm3 volume. The results are
given on Table 2. The leading terms in the spherical
harmonics serie are the linear terms F(1,0), F(1,1) and the
quadratic term F(2,0). A good agreement is achieved for the
F(2,0) value. The error on positionning the NMR sample at the
center of the magnetic field is about 0.5 mm. Thus the error on
linear terms is about +/- 45 ppm/mm due to the high value of
the quadratic term. This explains the discrepancy between
numerical and experimental values F(1,0) and F(1,1). It also
means that getting further insights of b homogeneity will
require first to reduce the F(2,0) term. This will hopefully be
achieved on the GigaNMR insert with a Z 2 shim.

F(1,0) F(1,1) F(2,0) F(2,1) F(2,2) 
Units ppm/mm ppm/mm ppm/mm2 ppm/mm2 ppm/mm2

NMR N/A -8.8 -22.67 N/A N/A

3D -19.7 -4.6 -23.38 -0.11 -0.004 

Table 2: Numerical and experimental values of the magnetic
field homogenity of the 14 polyhelix insert at 20 T.

Fig. 130: Comparaison of the single (left side) and double
helix (right side) technique. Isovalues of the radial displa-
cements are displayed in mm for the two cases. 
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7.4. Micro-photoluminescence in
magnetic fields 

Recently developed optical set-up for micro-photoluminescence
measurements has been made operational at liquid helium
temperatures and magnetic fields up to 14 T. Single-dot
spectroscopy can be performed using experimental setup
available at GHMFL. The setup (see Figure 131) consists of a
fiber optics system and sample-positioning stage and allows for
spatially resolved photoluminescence measurements with
resolution of the order of 10 µm. Laser excitation light is
delivered via a single-mode fiber with two aspheric micro-
lenses. Luminescence signal is collected via a large, 600 µm-
diameter multimode fiber. Additional 200 µm-diameter
multimode fiber is also available. Argon laser, as well as Ti-
sapphire tunable laser (wavelength up to 980 nm) can be used
for sample illumination (with a laser spot on the sample of the
order of 10 µm). Emitted light can be dispersed by any available
spectrometer, and in particular with a double-grating
spectrometer which allows for high resolution spectral
measurements with a long wavelength limit of 1050 nm.
Positioning of the fibers over investigated mesas or holes in
non-transparent masks is realized using piezo-driven stages
made by Attocube Systems. These allow for independent
movement in all three directions with steps down to about
10 nm at low temperature. The high-stability table can work at
liquid helium temperature and magnetic fields up to 14 T. 

Fig. 131: Optical set-up of the sample holder. A plate with a
sample is mounted on piezo-driven table, which enables a
precise control of its position.

The set-up is intended for optical spectroscopy of
semiconductor single quantum dots. Preliminary
measurements have been performed on mesas etched on a
structure with InGaAs/GaAs self-assembled quantum dots.
The test sample has been kindly supported by M. Bayer and
G. Ortner from University of Dortmund, where it has been
initially studied using conventional geometric-optics micro-
PL set-up. Figure 132 shows that working on mesas with
typical sizes of 300 nm we are likely to observe the emission
spectra related to a single quantum dot. 

Fig. 132: Power dependence of the photoluminescence from
a single quantum dot. 

Spectral feature seen in the Figure 132 at energy 1.285 eV,
is attributed to a single exciton. This disappears at higher
excitation power density, when the exciton occupation of the
dot increases. Simultaneously with increased power another
feature emerges at energy 1.279 eV. This has tentatively been
attributed to a biexciton. Doublet structure of excitons can be
due to the reduced symmetry of investigated dot.
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7.5. High resolution NMR at 1 GHz:
the Grenoble GigaNMR project

Nuclear Magnetic Resonance (NMR) has developed into one
of the most powerful spectroscopic techniques. Its
widespread application to biology, chemistry, physics and
medicine has advanced these fields of science tremendously.
Numerous laboratories throughout the world are applying
this technique currently.

The interest of using high magnetic fields for NMR is
manifold. There are general arguments like the increase of
the signal intensity with B0 as B0

3/2. In high resolution solid
state NMR the application of high magnetic fields improves
the spectral resolution for nuclei with spin I > 1/2 since
second order quadrupole broadening effects will be reduced.
Another interest of high magnetic field can be found in the
study of dynamical processes like molecular motion or
chemical exchange. Since nuclei can probe the spectral
density at their Larmor frequency an extended field range
will be very helpful to clarify different dynamical aspects of
these problems. Finally high field NMR in solid state physics
allows the study of physical processes where the magnetic
field acts as a pertinent variable like phase transitions and
dimensionality crossover.

The commercially available spectrometers reach currently
frequencies of 1H of up to 900 MHz. The corresponding
magnetic field (21.1 T) however has reached the limit of
today’s superconducting magnet technology. For NMR
experiments beyond this threshold resistive magnets with a
power consumption of about 20 MW have to be used.
However, high resolution NMR in solids requires a typical
field homogeneity and stability of 10-6. Therefore the
resistive magnets have to be stabilized and homogenized in
order to meet these conditions.

The goal of the Grenoble GigaNMR project is now to
develop and build a NMR system for high resolution solid
state NMR investigations including variable temperature
operation and magic angle spinning (MAS) at frequencies of
up to 1 GHz for 1H. This requires a magnetic field of 23.5 T
with a sufficient spatial homogeneity and temporal stability
which is currently being assembled in Grenoble using the
new hybrid magnet system. The NMR spectrometer will
allow state-of-art multinuclear pulse experiments by using a
set of probeheads that have been purpose-designed and
assembled within this project.

The spatial homogeneity of the magnetic field will be
achieved by using shim coils. It is planned to use high
temperature superconducting wires (HTS) for this purpose.
This will promote the technical application of these
materials.

The time stability of the magnetic field will be provided by a
flux stabilization unit and a NMR lock controller. Recent
measurements performed on a resistive 20 MW magnet at
GHMFL have shown that there exist two main contributions
to the temporal field variation. First, on a short timescale

field fluctuations of the order of 10-5 are observed. Their
frequency spectrum contains mainly harmonics of 50 Hz. It
has been shown successfully that these fluctuations can be
reduced substantially by a feedback-loop involving a pick-up
coil, an inverting integrator and power amplifier driven
compensation coil which is located around the NMR sample.
The control performance of the flux stabilization unit is
shown in Figure 133.

Second, NMR field recording has revealed an additional
field drift on long timescale (1-2 h). The observed drift rates
have reached values of up to 3.5 ppm/min. The origin of this
drift is yet unknown but it has to be compensated since high-
resolution NMR requires long term field stability. Since the
pick-up coil used for fluctuation compensation becomes
insensitive for these slow rates an alternative stabilization
concept will be applied. A precise record of the variation of
the Larmor frequency of an NMR sample will serve as an
input signal for a NMR lock which generates a control signal
for field compensation. This system comprises a small NMR
probe, a NMR spectrometer and a digital signal processor for
real time control.

The complete GigaNMR set-up is expected to fully operate
in the second half of the year 2004. The project involves an
international collaboration that includes the GHMFL,
Magnex Scientific Ltd. and the University of Stuttgart.
Financial support is provided by the European Commission
within the European framework program Access to Research
Infrastructures (Contract: ERB-FMGE-CT-980097).
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L.D. Landau Institute for Theoretical Physics, Moscow: 27, 

28, 38, 39
Moscow State University: 21
P.N. Lebedev Physical Institute, Russian Academy of 

Science, Moscow: 76

Spain
Institutcio Catalana de Recerca i Estudis Avançats - 

ICREA: 51
Universitat Autonoma de Barcelona: 51
Dept. Fisica Fonamental, Universitat de Barcelona, 

Catalonia: 50

Slovakia
Institut of Experimental Physics, Kosice: 64

Sweden
MAX-Lab, Lund University: 15

Switzerland
Brucker Scientific, Zurich: 66
University of Geneva: 62
Université de Neuchâtel: 20
Paul Scherrer Institut: 20

The Netherlands
Universiteit van Amsterdam: 79
WZI, Universiteit van Amsterdam: 21
ITFA, Universiteit van Amsterdam: 21

United Kingdom
Magnex Scientific Ltd., Oxford: 100
University of Cambridge: 90
University College, London: 25
University of  Durham: 74
University of Manchester: 65
University of Nottingham: 31
School of Physics and Astronomy, University 

of Nottingham: 34
Dept. of Physics, University of Oxford: 31, 63
Dept. of Electronics and Engineering, University of 

Sheffield: 34
School of Physics, University of Southampton: 63, 81

USA
NIST: 66
Princeton University: 32
SUNY, Stonybrook: 47
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Proposals for magnet time carried out in 2003

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 2003.

MAGNETISM

Specific heat measurements of the heavy-fermion system U(Ru0.98Rh0.02)2Si2 in high magnetic field
Bourdarot F. - CEA DRFMC/SPMS-MDN, Grenoble
Fak B. - Isis Facility, Rutherford Appleton Laboratory, Oxon, UK
Lapierre F. - CRTBT, CNRS, Grenoble, France

Isotopic effect on the magnetic properties of the YFe2(H,D)4.2 compounds
Paul-Boncour V. - Laboratoire de Chimie Métallurgique des Terres Rares, Thiais, France

Magnetic properties of LaNi3.55Mn0.4Al0.3(Co,Fe)0.75 compounds used as negative electrodes for Ni-MH batteries
Paul-Boncour V., Ayari M. - Laboratoire de Chimie Métallurgique des Terres Rares, Thiais, France
Guillot M. - GHMFL, CNRS / MPI, Grenoble, France

High field magnetic properties of Sc-substituted dysprosium iron garnet single crystals
Ostoréro J. - Laboratoire de Chimie Métallurgique des Terres Rares, Thiais, France
Guillot M. - GHMFL, CNRS / MPI, Grenoble, France

The structural transitions in liquid crystals doped with fine magnetic particles provoked by the electric and magnetic fields
Kopcansky P., Timko M., Koneracka M., Potocova I. - Institute of Experimental Physics, Kosice, Slovakia

Field induced quantum phase transition in CeCu6-xAux
Carretta P., Papinutto D. - Dipartimento di Fisica, Pavia, Italy

Magnetic frustration study on Cobalt oxides of spinel structure (AB2O4 )
Chouteau G., Holzapfel M., de Brion S., Diaz S. - GHMFL, CNRS / MPI, Grenoble, France

The nature of exchange interactions in nanoscale heterogeneous systems
Sulitanu N., Brinza F. - AL.I. Cuza University of Iasi, Romania

Studying the role of DyFe2 layer thickness in the giant magneto-resistance of epitaxial DyFe2/YFe2 multilayers
De Groot P.A.J., Bowden G., Zhukov A., O’Neill J. - Department of physics and astronomy, University of Southampton, UK

Magnetic triangular layered compounds LiNi1-xMxO2 and Na1-xLixNiO2
Holzapfel M., de Brion S., Chouteau G., Diaz S. - GHMFL, CNRS / MPI, Grenoble, France

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

Order-disorder transition in the vortex system of La2-xSrxCuO4 single crystals at low temperatures. 
High-field magnetic hysteresis curves at  T ≤ 5 K
Miu L., Popa S. - National Institute of Material Physics, Bucharest, Romania

The magnetic Fredericksz transition in ferronematics in the presence of external electric field
Kopcansky P., Timko M., Koneracka M., Potocova I. - Institute of Experimental Physics, Kosice, Slovakia

Flux-creep annealing experiments at low temperatures in YBa2Cu3O7-δ technological superconductors
Miu L., Sandu V. - National Institute of Materials Physics, Bucharest, Romania

Magnetometry measurements on the 3k-2k phase transition in UAs0.8Se0.2
Blackburn E. - ILL, Grenoble, France
Guillot M. - GHMFL, CNRS / MPI Grenoble, France
Bernhoeft N. - DRFMC, CEA, Grenoble, France
Lander G. - Institute for Transuranium Elements, Eggenstein-Leopoldshafen, Germany
Prokes K. - Hans-Meitner Institut, Germany
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Magnetic characterization of a frustrated system: the spinels AB2O4(A=Ge, Ga ; B=Ni, Co)
Diaz S., Chouteau G., de Brion S. - GHMFL, CNRS / MPI, Grenoble, France

Magnetic characterization of high coercive novel phase ε-Fe2O3 nanoparticles
Noguès J., Gich M., Sort J., Baro M.D., Roig A. - Departament de Fisica, Universitat Autonoma de Barcelona, Spain

Magnetoelastic properties and phase transitions in SmCu2 and TmCu2
Doerr M., Shaling S. - Technische Universität Dresden, Germany
Rotter M. - Universität Wien, Austria

Magnetocaloric effect in highly frustrated SrCr8FexGa4-xO19
Batlle X., Casanova F. - Departament Fisica Fonamental, Universitat de Barcelona, Spain

Scaling of the entropy change at the first-order field induced transition in La(FexSi1-x)13 alloys
Batlle X., Casanova F. - Departament Fisica Fonamental, Universitat de Barcelona, Spain

Investigating giant and anisotropic magnetoresistance in epitaxial DyFe2/YFe2 multilayer thin films
De Groot P.A.J., Bowden G., O’Neill J., Zhukov A. - Department of physics and astronomy, University of Southampton, UK

Investigation of the magnetocrystalline anisotropy changes upon hydrogen insertion in the PrFe11Ti, NdFe11Ti and PrFe11TiH,
NdFe11TiH compounds : determination of the magnetic phase diagram
Isnard O. - Laboratoire de Cristallographie, CNRS, Grenoble, France
Guillot M. - GHMFL, CNRS / MPI, Grenoble, France
Pop V. - University of Babes Bolayi, Romania

High field magnetic properties of Scandium substituted Dysprosium iron garnet single crystals
Ostoréro J. - Laboratoire de Chimie Métallurgique des Terres Rares, CNRS, Thiais, France
Guillot M. - GHMFL, CNRS / MPI, Grenoble, France

High field induced reorientation transitions in diluted Ho-Y iron garnets
Fillion G., Bouguerra A. - Laboratoire Louis Néel - CNRS, Grenoble, France

High field magnetotransport of transition metal monosillicides
van der Marel D., Carbone F., Jaccard D. - Université de Genève, Département de Physique, Switzerland
Mena F.P.- University of Groningen, The Netherlands

Influence of the H/D isotopic substitution on the first order magnetic transition in YFe2(H1-xDx)4.2 compounds. Measurements
of YFe2H4.2
Paul-Boncour V. - Laboratoire de Chimie Métallurgique, Thiais, France
Guillot M. - GHMFL, CNRS / MPI, Grenoble, France
Wiesinger G. - Institut for Experimental Physics, Vienna, Austria
André G., Bourée F. - Laboratoire Léon Brillouin, Saclay, France

SEMICONDUCTORS

Critical appearance of spin splitting in the quantum Hall effect
Maude D.K. - GHMFL, CNRS / MPI, Grenoble, France

Magneto infrared absorption and “polaron” coupling in high mobility GaAs quantum well in tilted magnetic fields
Faugeras C., Martinez G. - GHMFL, CNRS / MPI, Grenoble, France

Magnetophonon resonance in GaAs/AlAs superlattice structure
Faugeras C., Maude D.K., Martinez G. - GHMFL, CNRS / MPI, Grenoble, France

Infrared magneto-spectroscopy of electron-hole liquid in type II broken gap heterostructures
Moiseev K., Parfeniev R., Brunkov P., Mikhailova M. - A.F. Ioffe Physico-Technical Institute, St-Petersburg, Russia
Falko V. - Lancaster University, UK

Evidence for hole-polarons in semiconductor quantum dots
Guldner Y., Isaia J.N., de Vaulchier L.A., Hameau S. - Ecole Normale Supérieure, LPMC, Paris, France
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Anomalous quantum Hall effect in Mn doped HgTe quantum wells
Daumer V., Buhmann H. - Physikalisches Institut EP3, Universität Würzburg, Germany

High field Hall effect measurements on hydrogen terminated diamond
Williams O., James R., Curat S. - Department of Electronic and Electrical Engineering, London, UK
Bergonzo P. - CEA Saclay, France
Garrido J. - WSI, Garching, Germany

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., Estibals O. - GHMFL, CNRS / MPI, Grenoble, France

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

Far-infrared studies of shallow donor states in ZnO and ZnSe crystals
Witowski A. - Institute of Experimental Physics, Warsaw, Poland
Sadowski M. - GHMFL, CNRS / MPI, Grenoble, France

Energy relaxation in quantum dots with well resolved energy levels
Awirothananon S., Raymond S. - Institute for Microstructural Sciences, Ottawa, Canada
Potemski M. - GHMFL, CNRS / MPI, Grenoble, France

Study of interaction length between ultra thin InAs δ-layers in GaAs
Kuldova K., Oswald J. - Institute of Physics, Academy of Sciences, Prague, Czech Republic
Potemski M., Babinski A. - GHMFL, CNRS / MPI, Grenoble, France

Magnetotransport in two-dimensional gas confined in GaN/AlGaN
heterojunctions- magnetophonon experiments

Knap W. - GES, CNRS, Université de Montpellier, France
Lusakowski J., Karpierz K. - University of Warsaw, Poland
Skierbiszewski C., Siekacz M. - PAS-UNIPRESS Warsaw, Poland

Scaling diagram for the fractional quantum Hall effect
Murzin S. - Institute of Solid State Physics, Moscow, Russia
Jansen L. - CEA/SPSMC, Grenoble, France
Weiss M. - GHMFL, CNRS / MPI, Grenoble, France

The plateau-insulator quantum phase transition in the quantum Hall regime
de Visser A., de Lang D., Ponomarenko L. - Van der Waals-Zeeman Institute, University of Amsterdam, The Netherlands

Magnetoresistance of semiconductor superlattices in tilted magnetic fields II
Smrcka L., Svoboda P., Krupko Y. - Institute of Physics, Academy of Sciences, Praha, Czech Republic

Investigation of magnetotunneling properties in the valence band for Si-based quantum cascade emitters
Gennser U. - Laboratoire de Photonique et de Nanostructures, Marcoussis, France
Diehl L., Sigg H. - Paul Scherrer Institut, Villigen, Switzerland
Faist J. - University of Neuchâtel, Switzerland

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

Photoluminescence investigation of 2D holes Landau levels and formation of charged excitons in p-type modulation doped
single Al1-xGaxAs/GaAs interface
Bryja L. - Institute of Physics, Wroclaw, Poland

Magnetic field dependence of electroluminescence and photo-current response in GaMnAs/GaAs diodes
Teran F., Zhao L., Patané A. - School of Physics & Astronomy, University of Nottingham, UK

Magnetic field dependence of photo-hole resonant tunnelling in GaAs/AlAs double barrier diodes
Teran F., Eaves L. - School of Physics and Astronomy, University of Nottingham, UK
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Ferromagnetic states and quantum phase transitions in high g-factor In-based heterostructures
Desrat W. - GHMFL, CNRS / MPI, Grenoble, France
Capotondi F. - NEST-INFM, Pisa, Italy

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

Magneto-photoluminescence experiments of quantum dot molecules in high magnetic fields in Faraday and Voigt configuration
Ortner G., Bayer M. - Experimentelle Physik, University of Dortmund, Germany
Potemski M. - GHMFL, CNRS / MPI, Grenoble, France

Magneto-PL Investigations of very high mobility Qwells
Sachrajda A., Austing D.G., Studenikin S., Hawrylak P. - IMS/National Research Council, Ottawa, Canada
Hirayama Y. - NTT, Tokyo, Japan

Resonant luminescence and luminescence and Raman studies of p-type GaAs
Wysmolek A., Stepniewski R. - Institute of Experimental Physics, Warsaw University, Poland
Potemski M. - GHMFL, CNRS / MPI, Grenoble, France

Magnetotransport measurements of short period InGaMnAs/InGaAs superlattices and very thin InGaMnAs single layers
Sadowski J. - Oersted Institute, University of Copenhagen, Denmark
Terki F., Hernandez Rodriguez C. - GES, Université de Montpellier, France

Raman scattering studies of composite fermions in high mobility modulation doped GaAs quantum wells
Byszewski M., Potemski M. - GHMFL, CNRS / MPI, Grenoble, France
Sachradja A., Austing G., Studenkin S. - IMS, National Research Council, Ottawa, Canada

Shubnikov-de Haas oscillations, intersubband oscillations and magnetophonon effect in gated GaAs/AlGaAs double wells in
tilted magnetic fields
Smrcka L., Vasek P., Krupko Y. - Institute of Physics, Academy of Sciences, Praha, Czech Republic

Evidence for hole-polarons in semiconductor quantum dots
Guldner Y., de Vaulchier L.A., Hameau S. - LPMC, ENS Paris, France

Magneto-photoluminescence of single quantum dots
Babinski A., Potemski M. - GHMFL, CNRS / MPI, Grenoble, France
Ortner G., Bayer M. - University of Dortmund, Germany
Raymond S. - IMS/National Research Council, Ottawa, Canada

Magneto-photoluminescence study of CuInSe2
Yakushev M., Feofanov Y., Moudry A. - Department of Physics, University of Strathclyde, Glasgow, UK

Critical appearance of spin splitting in the quantum Hall effect
Piot B., Maude D.K. - GHMFL, CNRS / MPI, Grenoble, France

Manipulation and detection of spin split edge states in a GaInAs/AlInAs quantum well
Desrat W. - NEST-INFM, Pisa, Italy
Maude D.K. - GHMFL, CNRS / MPI, Grenoble, France

Andreev reflection of quasiparticles on a point-contact interface between ν = 1 and ν = 1/3
Desrat W. - NEST - INFM, Pisa, Italy
Maude D.K. - GHMFL, CNRS / MPI, Grenoble, France

Investigation of magnetotunneling properties in the valence band
Gennser U., Faini G. - LPN, CNRS, Marcoussis, France
Borak A., Sigg H - Paul Scherrer Institut, Villigen, Switzerland
Faist J. - Physics Department, University of Neuchâtel, Switzerland

Internal transitions in electron-hole complexes in strong magnetic fields
Vasilyev Y. - A.F. Ioffe Physico-Technical Institute, St Petersburg, Russia
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Luminescence of double quantum wells-excitonic properties in high magnetic fields
Orlita M., Grill R. - Institute of Physics, Charles University, Prague, Czech Republic

Measurements of Zeeman splitting in GaN: Mn bulk crystals
Wolos A., Kaminska M., Wysmolek A. - Institute of Experimental Physics, Warsaw University, Poland

METALS AND SUPERCONDUCTORS

Scaling diagram for the fractional quantum Hall effect
Murzin S. - Institute of Solid State Physics, Moscow, Russia
Jansen L. - DRFMC, CEA , Grenoble, France
Weiss M. - GHMFL, CNRS / MPI, Grenoble, France

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

Raman spin flip scattering studies in CdMnTe quantum well
Byszewski M., Potemski M., Sadowski M. - GHMFL, CNRS / MPI, Grenoble, France
Sachrajda A. - IMS, National Research Council, Ottawa, Canada

Magnetotransport measurements of GaMnAsSb and InGaMnAs single layers and heterostructures
Sadowski J. - Oersted Institute, University of Copenhagen, Denmark
Terki F., Hernandez Rodriguez C. - GES, Université de Montpellier, France

Evolution of the trion binding energy in GaAs narrow quantum wells
Teran F., Eaves L. - School of  Physics and Astronomy, University of Nottingham, UK

Magnetic field dependence of electroluminescence and photo-current response in GaMnAs/GaAs diodes
Teran F. - School of  Physics and Astronomy, University of Nottingham, UK

Raman scattering studies of composite fermions in high mobility modulation doped GaAs quantum wells 
Byszewski M., Potemski M. - GHMFL, CNRS / MPI, Grenoble, France
Sachrajda A., Austing, G.Studenkin S. - IMS, National Research Council, Ottawa, Canada

Investigation of quantum effects and spin-orbit interactions in Si1-xGex 2D hole gases
Leadley D., Myronov O., Myronov M. - Warwick University, Department of Physics, UK
Andrievskii V., Berkutov I. - Institute for Low Temperature Physics and Engineering, Kharkov, Ukraine

High magnetic field effects in single electron tunneling
Haug R., Könemann J., Sukhodub G. - Universität Hannover, Germany

Anomalous Hall effect in Mn doped HgTe quantum wells
Daumer V., Buhmann H. - Universität Würzburg, Germany

Magneto-absorption in self-assembled quantum dots with well resolved shells
Raymond S., Awirothananon S. - IMS, National Research Council, Ottawa, Canada
Babinski A., Potemski M. - GHMFL, CNRS / MPI, Grenoble, France
Bayer M., Ortner G. - Dortmund University, Germany

Polarisation resolved photoluminescence excitation study of 2D hole gas at AlGaAs/GaAs single interface
Bryja L. - Institute of Physics, Wroclaw Technical University, Poland

De Haas-van Alphen and magnetotransport experiments on a new phase of the organic superconductor (BEDT-TTF)2I3 ;
Pressure experiments on the non-BCS organic superconductor k-(BEDT-TTF)2I3
Nothardt A., Balthes E., Schweitzer D. - 3. Physikalisches Institut, Stuttgart, Germany

Observation of the de Haas-van Alphen effect in the heavy fermion compound CeNi2Ge2: study of the Fermi surface topology
and effective masses
Sheikin I. - GHMFL, CNRS / MPI, Grenoble, France
Demuer A. - DPMC, University of Geneva, Switzerland
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Nonlinear phenomena in normal metals at high magnetic fields
Tsindlekht M. - Racah Institute of Physics, Jerusalem, Israel
Vagner I., Lembrikov B. - Department of Communication Engineering, Holon, Israel

Study of transport critical current density of NbTi wires and tapes
Sulpice A. - CRTBT, CNRS, Grenoble, France
Xianghong L. - NIN X’ian, China
Bourgault D. - Laboratoire de Cristallographie, CNRS, Grenoble, France
Mossang E. - GHMFL, CNRS / MPI, Grenoble, France

Zeeman splitting of infrared active excitations in Nd2CuO4 and NdMnO3
Jandl S. - Physics Department, University of Sherbrooke, Canada

Subkelvin thermal conductivity in the normal state of Bi2Sr2CuO6
Behnia K. - Laboratoire de Physique Quantique, CNRS, Paris, France
Proust C. - Laboratoire de Champs Magnétiques Pulsés, Toulouse, France
Vedeneev S. - P.N. Lebedev Physical Institute, Moscow, Russia

History effects and phase transformations in YBa2Cu3Oy single crystals for magnetic field direction parallel to the CuO planes
Zhukov A.A., De Groot P.A .J., Filby E.T. - Department of physics and astronomy, University of Southampton, UK

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

Characterization of reinforced superconductors (high temperature superconductors specially designed for applications in high
magnetic fields, for use in 1000 MHz NMR systems)
Arndt T.J. Vacuumschmelze GmbH, Hanau, Germany

Variable strain measurements of the critical current density and the upper critical field of (Pb,Sn)Mo6S8 wires in magnetic fields
up to 30 T from 2 K up to Tc
Hampshire D.P., Taylor D. - Department of Physics, University of Durham, UK

Mesures de Jc(B,T) de brins supraconducteurs (Nb3Sn et NbTi) en configuration VAMAS
Zani L., Cloez H., Serries J. P., Bej Z. - CEA Cadarache, France

Longitudinal (cc) magnetostriction and torque measurements in 2H-NbSe2 single crystal 
Eremenko N., Sirenko - Institute for Low Temperature Physics and Engineering, Kharkov, Ukraine

De Haas van Alphen oscillations and magnetization measurements in the charge density wave state of the quasi-two
dimensional KMo6O17
Schlenker C., Dumas J. - LEPES, CNRS, Grenoble, France

Experimental investigation of helicon maser in magnetized solid state plasma
Jankauskas Z., Laurinavicius L. - Vilnius Gedominas Technical University, Lithuania

Pseudogap in Bi2Sr2CuO6+δ : tunnelling spectroscopy in high magnetic fields at sub-Kelvin temperatures
Vedeneev S.I. - P.N. Lebedev Physical Institute, Moscow, Russia
Maude D.K. - GHMFL, CNRS / MPI, Grenoble, France

History effects and phase transformations in YBa2Cu3Oy single crystals for magnetic field direction parallel to the CuO-planes
Zhukov A.A., De Groot P.A.J., Filby E. - Department of physics and astronomy, University of Southampton, UK

Transverse rigidity of commensurate and incommensurate confined vortex states in YBa2Cu3Oy single crystals
Zhukov A.A., De Groot P.A.J., Filby E. - Department of physics and astronomy, University of Southampton, UK

Specific heat measurements in the charge density wave state of the quasi-two dimensional KMo6O17
Schlenker C., Dumas J., Guyot H. - LEPES, CNRS, Grenoble, France

De Haas-van Alphen effect measurements in the heavy Fermion CeAl2: spin polarization of the Fermi surface and field
dependence of the effective masses
Haanappel E. - LNCMP, Toulouse, France
Sheikin I. - GHMFL, CNRS / MPI, Grenoble, France
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Shubnikov-de-Haas experiments on the organic superconductor k-(BEDT-TTF)2I3 under high hydrostatic pressure
Nothardt A., Schmidt W., Balthes E. - 3. Physikaliches Institut, Stuttgart, Germany

Anomalous spin-splitting and field dependence of the effective mass in heavy fermion CePd2Si2
Sheikin I. - GHMFL, CNRS / MPI, Grenoble, France

Observation of the de Haas-van Alphen effect in the heavy fermion compound CeNi2Ge2: study of the Fermi surface topology
and effective masses
Sheikin I. - GHMFL, CNRS / MPI, Grenoble, France
Demuer A. - DPMC, University of Geneva, Switzerland

De Haas-van Alphen effect measurements in the heavy fermion ferromagnetic superconductor URhGe
Sheikin I. - GHMFL, CNRS / MPI, Grenoble, France
Huxley A, Hardi F. - SPSMS, CEA, Grenoble, France

De Haas-van Alphen effect study of CeRu2Si2: searching for hidden orbits and effective masses above the metamagnetic
transition
Sheikin I. - GHMFL, CNRS / MPI, Grenoble, France
Flouquet J. - SPSMS, CEA, Grenoble, France
Brison J.P. - CRTBT, CNRS, Grenoble, France

Characterization of improved superconductors (high temperature superconductors specially designed for applications in high
magnetic fields) of different types (aiming for Bi-2223 and Y-123) for use in 1000 MHz NMR systems
Arndt T. - Vacuumschmelze GmbH, Hanau, Germany

Upper critical magnetic field in carbon substituted MgB2
Szabo P., Samuely P. - Institute of Experimental Physics, Kosice, Slovakia

Investigation on the second peak effect in high temperature superconductors
Sandu V., Popa S. - National Institute of Materials Physics, Comuna Magurele, Romania

Study of transport critical current density of MgB2 wires and tapes
Sulpice A. - CRTBT, CNRS, Grenoble, France
Yan G., Xianghong L. - NIN Xi’an, China
Bourgault D. - Laboratoire de Cristallographie, CNRS, Grenoble, France
Mossang E. - GHMFL, CNRS / MPI, Grenoble, France

Effects of high magnetic field on zero bias conductance peak of interlayer tunneling spectra in NbSe3
Latyshev Y. - Institut of Radioengineering and Electronics, Moscow, Russia
Monceau P. - CRTBT, CNRS, Grenoble, France

High field optical conductivity measurements of La2-xSrxCuO4
Van der Marel D., Carbone F., Kuzmenko A. - DPMC, Université de Genève, Switzerland

Sub-Kelvin thermal conductivity in the normal state of Bi2Sr2CuO6 in the underdoped regime
Behnia K., Bel R. - CNRS, ESPCI, Paris, France
Proust C. - LCMP, Toulouse, France
Vedeneev S. - PN Lebedev Physical Institute, Moscow, Russia

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

Nonlinear phenomena in normal metals at high magnetic fields
Tsindlekht M. - Racah Institute of Physics, Hebrew University of Jerusalem, Israel
Vagner I., Lembrikov B. - Dept Communication Eng., Holon Academic Institute of Technology, Israel
Egorov V.S. - Kurchatov Institute, Moscow, Russia

Transport measurements of superconducting pancakes based on the new MgB2 superconductor
Grasso G. - INFM Genova, Italy
Martini L. - CESI SpA, Milano, Italy
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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

Influence of the coordination number and the chemical nature of the ligand on the EPR signature of mononuclear Mn(II)
complexes
Blondin G., Hureau C., Dorlet P. - Laboratoire de Chimie Inorganique, Orsay, France

High field EPR study of Tetranuclear Ni(II) clusters
Boskovic C., Güdel H.U. - Department of Chemistry, University of Bern, Switzerland

High field EPR measurements of transition metal radicals
Kaim W., Frantz S., Sarkar B. - Universität Stuttgart, Institut für Anorganische Chemie, Germany

Surfaces gravity waves in magnetic field
Etay J., Nief G. - EPM Madylam, CNRS, St Martin d’Hères, France

Use of high field EPR for direct determination of the zero field splitting parameters in frozen solutions of mononuclear iron (III)
complexes
Béguin C., Serratrice G., Thomas F., Biaso F. - LEDSS Chimie, UJF, St Martin d’Hères, France

NMR investigations of the high field phase in the (TMTSF)2ClO4 field induced spin density wave system
Mayaffre H. - Laboratoire de Spectrométrie Physique, UJF, St Martin d’Hères, France
Mitrovic V., Berthier C. - GHMFL, CNRS / MPI, Grenoble, France

High field-high frequency EPR study of copper(II) doped magnesium oxide
Tregenna-Piggott P., Noble C. - Department of Chemistry, University of Bern, Switzerland

Effect of high magnetic field on living cells
Valiron O., Gache V. - INSERM, CEA, Grenoble, France

High field EPR of ferrous and ferric high-spin iron centers of a rubredoxin type electron transfer protein
Schünemann V., Wegner P. - Institut für Physik, Universität zu Lübeck, Germany
Schmidt C. - Institut für Biochemie, Universität Lübeck, Germany

High magnetic field properties of thin DLC films
Tinchev S.S. - Institute of Electronics, Sofia, Bulgaria

Magnetic resonance of Ga1-xMnxAs
Wilamowski Z., Fedorych O. - Institute of Physics, Warsaw, Poland

Excitation of a liquid metal drop under a pulsating magnetic field
Fautrelle Y. - INPG / EPM Madylam, Saint Martin d’Hères, France

Characterization of molecular magnetic materials by high field-high frequency EPR spectroscopy
Gatteschi D., Sessoli R., Sangregorio C., Bortacchi D., Cador O. - Dipartimento di Chimica, Universita degli Studi di Firenze
& INSTM, Italy

Spin dynamics of 2d electrons in Si/SiGe quantum well
Wilamowski Z. - Institute of Physics, Warsaw, Poland
Potemski M. - GHMFL, CNRS / MPI, Grenoble, France
Jantsch W. - Johannes Kepler Universität, Linz, Austria

Jahn-Teller effect in the high-frequency EPR spectra of low spin Ni3+ and high spin Mn3+ in layered oxides
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