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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
2001. The laboratory is a joint operation of
the Max-Planck-Institut für
Festkörperforschung (Germany) and
the Centre National de la Recherche
Scientifique (France), originally established
in 1971 and renewed and extended after
1.1.1992.

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

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

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

P. Wyder - G. Martinez
January 2002
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1.1. Electron-phonon interaction in the
intrinsic magneto-photoluminescence of
a two dimensional electron gas

Low temperature magneto-photoluminescence (MPL) has
proved to be an interesting tool to investigate the properties
of two-dimensional electron gas (2DEG) under strong
perpendicular high magnetic fields. Up to now, most of
investigations were focused on the effects of electron-
electron and electron-impurity interaction. Here, we report
the observation of pronounced effects induced by electron-
phonon Frölich interaction but correlated with filling factor.

In undoped polar semiconductors, such as GaAs, the
motion of free charges is affected by their coupling to the
polarization field of longitudinal-optical (LO) phonons. In
doped semiconductors however this field is coupled to
inter-subband excitations giving rise to a mixed
longitudinal mode -hωLi- below -hωLO. Recent progress in
the crystal growth of high quality (mobility > 106 cm2/Vs)
GaAs QWs with high electron concentration (EF > -hωLi-)
makes it possible to observe strong interaction between
electrons and such a mixed mode.

Representative experimental spectra obtained for such a
system (a symmetric QW with thickness 10 nm,
EF = 43 meV) are shown in figure 1.1. The corresponding
fan chart of luminescence transitions is presented
in figure 1.2. The emission lines Lnp correspond to
recombination processes involving electrons and holes

from nth conduction band Landau level (LL) and 
pth-valence band LL respectively. The low energy tail
LET below the main recombination line L00 is a known
feature originating from manybody interaction in the
2DEG. These spectra show two original features:
(i) associated with all Lnn lines (allowed transitions) we
observe Ln0 lines (forbidden transitions in symmetric
QW) and (ii) their phonon like replica appearing as a red
shifted satellite (RSS in figure 1.2) below the L00 line.

The RSS transition has an energy dependence on
magnetic field which roughly follows the Ln0 dependence
minus -hωLi- where nth is the highest occupied LL. At even
filling factor (crossover of the Fermi level from n + 1th to
nth LL) the Lnn and Ln0 transitions show a discontinuity
in their energy variation. We tentatively explain this
new features as due to a resonant interaction between
the lowest LL and the highest occupied LL coupled with
-hωLi- excitation. This process can be understood as
equivalent in luminescence of the well known resonant
magneto-polaron effect in cyclotron resonance. Further
work is in progress in Raman spectroscopy to quantify
this interaction.

Reference and authors:

C.Bardot et al., Physica E, in press

C.Bardot, M.Potemski, G.Martinez
A.Riedel, R.Hey, K.J.Friedland (Paul Drude Institute,
Berlin, Germany)

Figure 1.1: Magneto-photoluminescence spectra of high
quality and high density GaAs quantum well structure at
1.7 K. The transition labelled RSS is attributed to the
effect of electron-phonon interaction.

Figure 2.1: “Landau fan chart” of luminescence
transitions. RSS is the line of main interest (star
symbols), it stands for red-shifted satellite of the
corresponding Ln0 line where n is the index of highest
occupied Landau level.
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1.2. Small ring interferometer on the
basis of a GaAs quantum well with a
high density 2D electron gas

Magneto-transport properties of small ring
interferometers with narrow electronic channels made on
the basis of a 2D electron gas in a GaAs quantum well
with AlAs/GaAs superlattice barriers are studied. It was
found that the amplitude of the h/e-oscillations are
correlated with the Shubnikov-de Haas oscillations in the
area where the 2D electron gas is connected to the ring.

The original semiconductor structure has been grown by
molecular beam epitaxy on a (100) GaAs substrate. The
quantum well was formed by a 10 nm thick GaAs layer. At
T = 4.2 K, the equilibrium parameters of the 2DEG were
as follows: concentration ns = 1.8.1012 cm-2 and mobility
µ = 3.5.105 cm2/V.s. The Hall bars were fabricated by
optical lithography with wet chemical etching, and the
rings were formed by electron beam lithography and dry
etching. The effective geometrical radius of the rings
determined from the period of h/e-oscillations was
reff ~ 0.13 µm.

Figure 1.3a shows that the magnetoresistance of the ring
(R23) exhibits large-scale fluctuations and small-scale
oscillations. The small-scale oscillations have a period
corresponding to the threading of one additional flux
quantum h/e through the area of the ring. It can be seen
(figure 1.3b) that at B > 4 T, the amplitude of the h/e-
oscillations is correlated with the resistance of the 2DEG
connected to the ring. The h/e-oscillations are suppressed at
filling factors νc = i, their amplitude is maximal at νc = i + 1/2.

The R23(B) and R34(B) curves show that for the rings
studied in the experiment, the quantized Hall regime
arises only in the macroscopic parts of the sample. One
sees from figure 1.3a that the two-terminal resistance
R23(B) does not exhibit quantum plateaus. The
comparison of the width of the electronic channels
calculated from the width of the Fourier spectrum with the
double magnetic length 2.rc shows that, at 15 T, ωe < 2.rc:
it means that the edge states in the rings were not
separated up to 15 T. In this case the suppression the
Aharonov-Bohm effect at νc = i is not due to the absence
of backscattering in the channels of the rings. A possible
mechanism for this suppression is a change of the
confining potential that forms the geometry of the regions
adjoining the input and output of the ring, in the quantized
Hall regime. It is well known that the screening in a
2DEG is essentially different if the highest Landau level
is half-filled or completely filled [1]: for this reason, the
edge channel structure is different in these two cases.
Namely, in the case where the highest Landau level is
half-filled, edge current channels are narrower and
therefore penetrate more effectively into the ring. It leads
to an increase of the amplitude of the Aharonov-Bohm
oscillations. When the ring is almost closed, the same
effect could be connected with an increase of the
tunneling current proportional to the density of states in
the source/drain regions.

Figure 1.3: a) Magnetoresistance of the small ring
interferometer and 2DEG at T = 1.7 K. 
b) Aharonov-Bohm oscillations in magnetic field up to
15 T at T = 1.7 K.

Reference and authors:

[1] D.B.Chklovskii et al., Phys. Rev. B 46, 4026 (1992)

A.A.Bykov et al., Physica E, in press

O.Estibals, J.C.Portal
A.A.Bykov, I.V.Marchishin, L.V.Litvin, A.K.Bakarov,
A.I.Toropov (Institute of Semiconductor Physics,
Novosibirsk, Russia)

1.3. Magneto-optical studies of exciton-
electron scattering processes in
Cd0.998Mn0.002Te/Cd0.8Mg0.2Te quantum
wells

Whereas two-particle excitonic effects dominate the
optical response of undoped semiconductor structures,
negatively charged excitons and exciton-electron
scattering processes appear in the optical spectra of
quantum wells with increasing electron concentration. In
this report we focus our attention on the polarization rules
for negatively charged excitons and the so-called

LOW DIMENSIONAL ELECTRON SYSTEMS
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combined exciton-cyclotron resonance
absorption processes. Our experiments
(polarization resolved luminescence
and luminescence excitation
measurements in magnetic fields up to
14 T) have been performed on
modulation doped CdMnTe quantum
well structures. The representative
photoluminescence excitations spectra
at different magnetic fields and for
different circular polarization of the
absorbed light are shown in figure 1.4
for two different samples with electron concentrations of
~ 1010 cm-2 (sample S1) and ~ 1.2 x 1011 cm-2 (sample
S2). The magnetic field evolution of the absorption and
the emission peaks observed in the configuration of σ+

circularly polarized light are shown in figure 1.5. As can
be seen in these figures both samples show clear
absorption peaks related to negatively charged excitons
(X–) and the combined exciton-cyclotron resonance
processes (ExCR), in addition to the usual strong exciton
(X) absorption lines. The absorptions peaks observed at
higher energies are identified with the ground state of the
light hole exciton and the 3d– state of the heavy hole
exciton (surprisingly enough the 2s heavy hole state is not
visible in our spectra). It is very characteristic that at low
magnetic fields the X– absorption is σ+ polarized whereas
the ExCR absorption is observed mostly in σ–

polarization. The σ– absorption of the X– and similarly the
σ+ absorption of the ExCR appears at fields above ~ 10 T.
In CdMnTe, the total Zeeman splitting is determined by
the sum of the external magnetic field and the effective
magnetic field induced by the spin polarization of Mn2+

ions. The two terms are of opposite sign. The Mn2+

polarization field dominates at low magnetic fields but the
intrinsic Zeeman terms dominate at high fields resulting
in the change of the sign (expected around 12 T in our
samples) of the effective Zeeman splitting for electrons.
Our results show the sensitivity of both X– and ExCR to
the spin polarization of the 2DEG confined in a quantum
well. Our observations might be helpful for a better
understanding the nature of exciton-electron scattering
processes (ExCR) which can be surprisingly strong in
optical spectra of lightly modulation doped quantum
wells. The coexistance of excitonic like transitions
together with inter Landau level band-to-band transitions
(LL0) clearly visible for the sample with higher electron
concentration is a surprising effect which requires further
investigations.

Authors:

Ye Chen, F.J.Teran, M.Potemski
G.Karczewski, T.Wojtowicz (Institute of Physics,
PAS, Warsaw, Poland)

Figure 1.4: Magnetic field evolution of the
PLE spectra for two CdMnTe quantum well

structures (samples S1 and S2) measured for
σ+ and σ– polarization of the absorbed light.

Figure 1.5: Magnetic field dependence of the energy
positions of the transitions observed in PLE (solid
symbols) and PL (open circles) for two CdMnTe quantum
wells. X, X–, and ExCR denote absorption lines due to
excitons, charged excitons and combined exciton-
cyclotron resonance processes.
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1.4. Multi spin-flip Raman scattering in
CdMnTe quantum wells

The unique properties of bulk dilute magnetic
semiconductors (DMS) have been investigated using the
spin flip Raman scattering technique for many years.
Using this method the magnetic transitions of the
localized spins of magnetic ions (Mn2+ in our case) and of
the free carriers can be probed.

We report here new and detailed Raman measurements on
a system with a reduced dimensionality. The samples
were Cd1-xMnxTe quantum wells with low Mn
concentration, x = 0.0054. The measurements were
performed at 1.7 Kelvin in the Faraday configuration
using circularly cross polarization. An important feature
of our measurements was that specific illumination laser
frequencies were searched for and found where the
Raman peaks of each subsystem (i.e. electron and Mn2+)
were observable alone and could therefore be studied
independently.

Figure 1.6 shows results from such a sample. The Raman
peak shift for the free carrier electrons is plotted together
with seven lines related to spin transitions within the
Mn2+ subsystem. Also included in the figure is the result
of a detailed fit to the electron peak shift. The agreement
of the fit with experiment is excellent. A large effective
magnetic field due to the Mn2+ is experienced by the

electrons (analogous to the Overhauser field). This
saturates around 2 T. The initial electron Raman peak shift
at low fields is due to this effective field. At fields beyond
the Mn2+ saturation field the peak shift slowly decreases
reflecting the Zeeman spin splitting associated with the
applied external magnetic field and the negative g factor.
In the theoretical fit the Overhauser field was assumed to
be proportional to the magnetization of the Mn subsystem.
The fitted value of the electron g factor was -1.7 (as
compared to previously measured values of -1.6).

The longer term focus of this study revolves around three
specific magnetic field regions where novel many body
effects have been predicted. These regimes are (i) close to
zero magnetic field where the electron Raman peak shift
may not extrapolate to zero due to the effect of magnetic
polarons, (ii) the Raman peak crossing regions i.e.
magnetic fields at which the same energy is required for a
Mn and electron spin flip, where anticrossing behaviour
may occur between the two peaks and (iii) the zero
effective magnetic field regime experienced by the
electron spin system at higher magnetic fields where
interaction effects may in fact prevent the observation of
a linear crossing through zero. Understanding these
regimes would resolve several outstanding issues related
to DMS and their phase diagrams.

However, figure 1.6 also raises a more fundamental
question which must first be understood, namely the
origin of the multiple Mn related lines. The peaks are
within experimental error exactly equally spaced at fixed
magnetic fields. The line with the lowest slope
corresponds to a g factor close to 1.95. The difference
from the g = 2 standard value is well outside of
experimental error and is thought to be due to a Knight
shift originating from the exitonic holes. The maximum
number of peaks observed was seven. This number (>5)
rules out mechanisms based on single Mn2+ localized
spins (spin 5/2). It is also important to note that similar
multiple peak cascades for low Mn concentrations (i.e.
where the physics is governed by isolated Mn ions) have
only been reported in samples with a reduced
dimensionality. Previous explanations based specifically
on the Voigt geometry [1] can be ruled out in our case
since these new measurements were made in the Faraday
configuration. We believe that, as a candidate for the
origin of the multiple lines, an interaction which makes
the forbidden multiple spin flip transition allowed and
which is dramatically more significant in devices with
reduced dimensionality is the asymmetric Dzialoshynski-
Moriya interaction. Further investigations to confirm this
are being pursued.

Reference and authors:

[1] J.Stülher et al., Phys. Rev. Lett. 74, 2567 (1995)

D.Plantier, F.J.Teran, M.Potemski 
A.Sachrajda (Institute for Microstructural Sciences,
NRC, Ottawa, Canada)
Z.Wilamowski, G.Karczewski (Institute of Physics,
PAS, Warsaw, Poland)

LOW DIMENSIONAL ELECTRON SYSTEMS

Figure 1.6: Magnetic field dependence of Raman shift.
Symbols denote experimental data and the solid line is
the best fit to the electron peak.
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1.5. Resistively detected EPR of Mn2+

ions coupled to a 2DEG in quantum
Hall regime

The sp-d exchange interaction between the delocalized
band electrons and the 3d electrons of the localized
magnetic ions is responsible for many unique properties
observed in diluted magnetic semiconductors (DMS) such
as CdMnTe. Most attention has been focused on the effect
of such coupling on the behavior of the band electrons. In
the mean field approximation, an additional magnetic
field proportional to the average Mn2+ magnetization acts
on the band states and induces a giant enhancement of the
Zeeman splitting of the electronic states. Due to the
reciprocal coupling between the electronic and magnetic
system, the inverse phenomena is also expected. The
amplitude of the spin splitting of Mn2+ should be sensitive
to the nature and the spin polarization of free carriers. The
free carrier induced shift, similar to the well known
Knight shift for nuclear spins, has been observed in the
EPR spectra of Mn2+ in 3D DMS lead compounds.

We report here on the influence of the carrier presence on
the magnetic properties of Mn2+ ions embedded in a
10 nm-thick CdMnTe modulation doped quantum well
structure with a carrier concentration of ne = 5.9 x 1011 cm-2

and a mobility µ = 60000 cm2/Vs. The average Mn2+

concentration in the QW was ~ 0.3 %. In order to study
the magnetic subsystem, we have measured the changes in
the longitudinal resistance of the 2DEG induced by
microwave irradiation under electron paramagnetic
resonance (EPR) conditions for the Mn2+ ions. Since Rxx
is sensitive to changes of the electronic Zeeman energy,
any alteration of the Mn2+ magnetization induced by
microwave irradiation, will affect the transport properties.

This technique allows us to selectively probe the very few
Mn2+ ions embedded in our quantum well in contrast to
standard EPR and/or magnetization techniques which are
not sufficiently selective to detect only the magnetic
moments in the QW layer. Rxx has been measured using a
0.5 x 1 mm Hall bar, with and without continuous
microwave illumination at liquid helium temperatures.
The microwave frequencies used are in the range 
68.4-230 GHz and the power, at the sample position, was
a few mW. Close to the sample a DPPH g-factor marker
was placed and its EPR spectrum has been measured with
a carbon bolometer mounted below the sample. Using this
experimental arrangement we have been able to measure
the Mn2+ resonance in our sample in the vicinity of filling
factor ν = 10, 9, 7 and 3 (B ~ 2.4, 2.7, 3.5 and 8.1 T).

As can be seen in figure 1.7, a resonant increase of the
Rxx is observed when the sample is illuminated with
microwaves (∆Rxx corresponds to the change in resistance
under microwave illumination). Our study reveals a
different influence of the carrier presence in low and high
magnetic field regions. Whereas the mean-field theory
reasonably describes the observed carrier effects on the
Mn properties at low magnetic fields, it is not sufficient to
account for the observations around 8 T. In this latter case

the resonance position is very sensitive to the
temperature: a shift of 250 G is observed when varying
the temperature between 4.2 and 1.6 K indicating an
increase of the Mn2+ spin splitting. In this magnetic field
range, the electronic and magnetic excitations have
comparable energy. A model based on a resonant
interaction between electronic and magnetic spin
excitations can successfully describe our experimental
findings.

Reference and authors:

F.J.Teran et al., Physica E, in press

F.J.Teran, M.Potemski, D.K.Maude, A.K.Hassan 
T.Andrearczyk, J.Jaroszynski, Z.Wilamowski,
G.Karczewski (Institute of Physics, PAS, Warsaw,
Poland)

1.6. Quantum Hall effect under
conditions of vanishing Zeeman energy

The possibility of tuning the effective electron Zeeman
splitting via the s-d exchange interaction between
electronic states and localized magnetic moments in dilute
magnetic semiconductors has been used to probe the
quantum Hall effect under conditions of vanishing
Zeeman energy. Magneto-transport has been used to
investigate a two dimensional electron gas (2DEG)
confined in a modulation doped, Cd0.995Mn0.005Te 10 nm
QW structure with ne = 5.9 x 1011 cm-2 and
µ = 60000 cm2/Vs. The effective Zeeman energy of the

Figure 1.7: ∆Rxx / Rxx for a microwave illumination at
230 GHz, at two different temperatures, in the vicinity of
filling factor ν = 3. Inset: Left axis, Knight shift as a
function of magnetic field (triangles) at T = 1.6 K. Right
axis, the temperature dependence of the Knight shift
(circles) in the vicinity of ν = 3 (B ~ 8.1 T).
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electrons in the 2DEG results from the competition
between the external and the exchange magnetic fields
which have different signs. To a good approximation for
external magnetic fields B > 2 T and at low temperatures
(T < 4 K) the Zeeman energy decreases linearly passing
through zero for a total magnetic field ~ 18.5 T [1].
Whereas the effective Zeeman gap is defined by the total
magnetic field, the filling factor is determined by the
magnetic field component which is perpendicular to the
2D plane. Rotating the sample in magnetic field therefore
allows to tune the effective Zeeman energy independently
of filling factor.

We concentrate on the quantum Hall state at filling factor
ν = 3. Tilting the magnetic field with respect to the 2D
plane we can investigate the ν = 3 minimum for Zeeman
energies in the range EZ ≈ -1 up to +1 meV. From the
activated behavior of the temperature dependence of the
resistance Rxx for a tilt angle θ = 64° (BT = 18.5 T), for
which the Zeeman energy is expected to vanish, we
measure a spin gap ∆S = 0.3 ± 0.03 meV. The observation
of a nonzero spin gap at EZ = 0 for the case of a quantum
Hall state at odd filling factor is not surprising. The key
point for understanding the physics of the quantum Hall
regime at odd filling factors is electron-electron exchange
interaction which forces the spin gap to remain open even
if the bare Zeeman gap is zero.

We assume an activated behavior for the longitudinal
resistance at ν = 3: Rxx(EZ, kT) = R0 x exp(-∆S(EZ)/kT),
with R0 = 27.1 kΩ determined from the thermal activation
at θ = 64°. Rotating the sample at a fixed temperature we
use the measured value of Rxx at ν = 3 to plot the
dependence of ∆S on EZ as shown in figure 1.8. As
expected the spin gap has a minimum for the tilt angle
θ = 64°, for which the Zeeman energy is expected to
vanish. Either side of EZ = 0, ∆S increases approximately

linearly, in spite of some asymmetry observed for
negative EZ (large tilt angles). The values of ∆S obtained
for different temperatures all collapse onto the same ∆S vs
EZ dependence, which validates the assumption of
thermally activated behavior.

We would expect that in a first approximation the
dependence of the spin gap on the Zeeman gap is 
∆S = Ee-e + EZ (see dashed lines in figure 1.8) where 
Ee-e is independent on EZ. We notice, however, that such
an interpretation does not fully agree with our data. In
fact, on both sides of the minimum, the spin gap has a
value equal to EZ, but when EZ is close to zero, the spin
gap takes a non-zero constant value. Such ∆S vs EZ
dependence can be interpreted as the result of a simple
anti-crossing between the spin up and spin down Landau
levels. More work is needed to clarify the origin of the
opening of the spin gap under conditions of vanishing
effective Zeeman splitting observed in our samples.
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1.7. Electron-hole coupling in
InAs/GaSb bilayers studied by
cyclotron resonance

There is a controversy on the nature of the electron-hole
interaction observed experimentally in coupled e-h
InAs/GaSb bilayers. The valence band (VB) of GaSb lies
15 meV above the conduction band (CB) of InAs resulting
in the system being two spatially separated two
dimensional electron and hole gases. The electron and
hole states can be coupled through tunnelling, which
results in hybridisation of their wave functions [1] or can
be coupled, by Coulomb interactions [2].

We have studied cyclotron resonance (CR) in high-
mobility 2D structures and the influence of the spatial
separation of the electron and hole gases. FIR CR
spectroscopy is used to study the effective mass of the
carriers involved in the transitions. CR behaviour is
strongly influenced by tunnelling, however our results
also show that Coulomb interactions can be important.

The samples studied consist of a single narrow InAs well,
sandwiched between thick layers of GaSb close to the sample
surface resulting in only one layer of GaSb being populated
by holes. The mean e/h separation (∆eh) is controlled both by
varying the thickness of the InAs well, and by the
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Figure 1.8: Evolution of the spin gap as a function of EZ
at integer filling factor ν = 3 measured at several
different temperatures.
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introduction of short-period superlattices (SL) at the
interfaces. The structures are grown on GaAs substrates by
MOVPE with a thick GaSb buffer layer of 2 µm, followed by
9-40 nm of InAs, and 120 nm of GaSb. Typical values of the
carrier densities in these samples are ne ~ 6.5 x 1015 m–2 and
nh ≈ 5 x 1015 m–2. These figures fall rapidly as the InAs width
approaches 9 nm, which is where the InAs CB re-crosses the
VB of the GaSb due to the electron confinement increase. CR
was measured with an FIR Fourier Transform spectrometer
up to 27 T and the transmission spectra (TB) were normalised
by dividing by a reference spectrum (T0) at zero magnetic
field, and a relative spectrum TB/T0 was recorded. The
spectra are fitted with Lorentzian line shapes and the effective
mass (m*) is deduced from the cyclotron energy ωc.

When narrowing the well width and decreasing ∆eh the
spectra show a large and systematic increase of m* at low
field. We observe that at 3 T the CR mass is enhanced as ∆eh
is increased from 10.5 nm to 61.5 nm. The smallest ∆eh,
corresponding to a narrow well width of 9 nm shows a heavy
mass of m* = 0.054 m0, while the addition of 10 period
superlattice induces a decrease of the mass to m* = 0.028 m0,
which is only slightly higher than the bulk InAs band edge
mass. We explain this behaviour as due to resonant interband
tunnelling and more strongly coupled e/h states as they are
brought more closely together. At higher fields narrower
layers show a series of oscillations of the CR linewidth and
amplitude as well as the observation of multiple transitions
with very different magnetic field dependence. These
phenomena resemble previous observations [1] but are much
more pronounced due to the narrower well widths studied.
The splitting of resonances, which are due to interband
coupling as the e/h Laudau levels anticross, increases rapidly
in magnitude when the ∆eh is decreased.

In the quantum limit at high magnetic fields in the region
14-27 T the resonances are found to show a further series of
couplings which shift in magnetic field as ∆eh increases.
Figure 1.9 illustrates a plot of such spectra at 20 T. Multiple
transitions are split from the main resonance by 10-50 cm–1

and the size of these splittings is found to be strongly
dependent on ∆eh and densities. We attribute the resonance
splitting observed in this regime to the spin splitting of the
e/h states which is enhanced for narrow well.
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1.8. Single-dot-like emission induced by
high magnetic fields

The quest for the possibility to optically generate a cold,
tunable-density, two-dimensional electron-hole gas has
stimulated investigations of double quantum well
structures such as, for example, GaAs/AlAs hetero-wells
with a built in type II interface. Luminescence spectra of
such systems are known to exhibit a number of intriguing
properties which have been interpreted as the observation
of a precursor of a Bose condensate of excitons or
alternatively are assigned to effects of trapping of
photoexcited carriers in naturally occuring quantum-dot-
like objects formed from potential fluctuations induced by
the interface roughness.

In this report we present a new set of experimental facts
regarding luminescence properties of GaAs/AlAs hetero-
well structure (figure 1.10). Our structure shows well-
defined spectra at low excitation powers (figure 1.10), but
curiously enough, the appearance of a "broad band" of
sharp emission lines in macro-luminescence experiments
at higher laser excitations. These lines are clearly resolved
when high magnetic fields are applied in the direction
perpendicular to the quantum well plane (figure 1.11).
The appearance of these lines is not well understood
although they are tentatively attributed to laterally type II
quantum-dot-like objects. This is thought to be related to

Figure 1.9: Plot of CR spectra at high field (20 T) of
samples with varied mean separation between e and h
(as indicated). Multiple splitting is observed in sample
with large ∆eh.

Figure 1.10: Schematic diagram of the investigated
structure and typical PL spectra measured using low
excitation power.
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the combined effect of the interface roughness and the
presence of a large number of electron-hole pairs. We
speculate that the specific character of the GaAs/AlAs
interface favors the formation of lateral type II quantum
dots for X electrons in the AlAs well and Γ holes in the
GaAs well. We further speculate that the emission from
such type II dots is suppressed by the magnetic field if
they are of low symmetry. On the other hand, those of
circular symmetry resembling ring like structure remain
radiatively active even in high magnetic fields. Indeed,
the appearance and disappearance or even the
characteristic interplay between the intensities of the
neighboring lines observed as a function of magnetic field
(figure 1.11) support this suggestion.
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1.9. Insulating states and the
breakdown of the quantum Hall effect
in an electron-hole system

We have studied the in-plane transport properties of an
InAs/GaSb based electron-hole bi-layer system grown by
MOCVD at the University of Oxford. InAs/GaSb is a
crossed gap system giving it the ability to possess both

electrons and holes in equilibrium through charge transfer
without doping or the application of an electrical bias.
Here, we study a double heterostructure with a two-
dimensional electron layer adjacent to a two-dimensional
hole layer. Previous studies of this system have shown
that in magnetic field, compensated quantum Hall
plateaux appear at the value of the Hall resistance Rxy
corresponding to the net occupancy given by νeff = νh – νe
and Rxy = h/e2νeff.

The figure 1.12 shows magneto-resistivity measurements
taken on a series of samples where the hole concentration
was varied while the electron concentration remained
relatively constant. The graphs on the left show the
longitudinal resistivity while those on the right show the
Hall resistivity. The lowest graphs show data from a
sample with electron to hole ratio of approximately 2 : 1,
while the uppermost graphs show data from a sample with
ne : nh of approximately 4 : 3.

Simple considerations of the electrical current flow in the
quantised Hall regime reveal drastic differences between
this system and a single carrier type system, both in terms
of bulk local conduction and edge states. In terms of edge-
states, if both the electron and hole layers are individually
in quantized Hall states, both layers must contribute edge
states at a given edge in opposite directions. In terms of
local conduction, the currents in the two layers must be
antiparallel and can be greater in magnitude than the
applied current.
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Figure 1.11: The intensity changes of the
neighboring lines as a function of magnetic field in the
range 18-28 T.

Figure 1.12: Left: Longitudinal resistivity at base
temperature for a series of samples with differing hole
concentrations. Right: Hall resistivity of the same
samples (R(–B) – R(+B))/2. (a): ne = 7.9, nh = 6.1
(b): ne = 8.0, nh = 5.2 (c): ne = 7.8, nh = 3.7 x 1015 m–2.
An insulating state forms with increasing hole
concentration at high field.
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A special case of the quantum Hall effect can be achieved
[1] when the quantised occupancies of the two layers are
equal. i.e. νeff = νh – νe = 0. We have found that such a
state exhibits novel insulating behaviour. The longitudinal
and Hall resistance show reproducible fluctuations and
the Hall resistance becomes completely symmetric under
field reversal (the antisymmetric part shown in the figure
becomes zero). We have performed a series of
experiments which have shown conclusively that the
conduction in Hall bars in this state is dominated by the
mesa edges. Measurements on Corbino discs have shown
much stronger insulating behaviour.

We have also studied the current driven breakdown
properties of the quantum Hall states where νe – νh is
finite, and have shown that the critical currents in this
system can be disproportionately smaller compared with
single carrier type systems. Experiments on the
dependence on the channel width have revealed two
regimes of behaviour: a linear width dependence at larger
critical current (> 5 µA) and a superlinear dependence for
smaller critical currents.
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1.10. Anomalous resistively detected
NMR lineshape around ν = 1

We have performed resistively detected nuclear magnetic
resonance (NMR) on a high-mobility AlGaAs/GaAs
heterojunction in the quantum Hall regime [1]. Applying
a radio frequency field with a coil wound around the
sample it is possible to detect the nuclear resonances of
the GaAs isotopes which are present in the 2-DEG. The
longitudinal resistance Rxx exhibits the resonances of the
75As, 69Ga and 71Ga nuclei at both integer (ν = 1,2,3,…)
and fractional filling factors (ν = 4/3,2/3,…). The
resistance variation ∆Rxx occurs via a modification of the
electronic Zeeman energy due to the hyperfine coupling
between the electronic and nuclear spins. This experiment
is performed under thermal equilibrium conditions at
millikelvin temperatures (T = 50 mK) without recourse to
dynamic nuclear polarization.

A typical resonance line obtained at B = 5.76 T is shown
in the inset of figure 1.13. When approaching the
resonance frequency (41.8 MHz), Rxx suddenly decreases
before relaxing back exponentially with a time constant

controlled by the nuclear spin lattice relaxation time T1.
This behavior which is typical of a fast adiabatic passage
is globally observed for all the filling factors with
resonance amplitudes in the range 0.1-1 %. However,
either side of filling factor ν = 1 an anomalous lineshape
is observed as shown in figure 1.14. This has been
detected for the 75As nuclei at B = 7.4 T corresponding to
the filling factor ν = 0.89. Its lineshape is similar to the
derivative of a common NMR absorption signal.

Steady-state measurements have been performed (open
circles) and are superimposed on the dynamic curve
recorded at an rf sweep rate of 4 kHz/s (figure 1.14). The
system is therefore under equilibrium (slow passage)
conditions indicating that the nuclear spin relaxation time
T1 is short. Another striking feature of this lineshape is its
huge amplitude which can be as large as 50 %, i.e. two
orders of magnitude larger than at other filling factors (see
figure 1.13).

Figure 1.13: Magnetic field dependence of the
resonance amplitude ∆Rxx/Rxx. The inset represents a
75As resonance line at B = 5.76 T.
The magnetoresistance Rxx is shown for reference (right
axis).

Figure 1.14: Resonance line measured at B = 7.4 T
(ν = 0.89) for the 75As nuclei. Both the upsweep (solid
line) and the downsweep (dashed line) have been
recorded at 4 kHz/s. The open circles are the saturation
values obtained under static conditions.



Grenoble High Magnetic Field Laboratory • Annual Report 2001
18

An enhanced coupling between the electrons and the
nuclear spins due to the formation of spin textures
(Skyrmions) has recently been invoked by Melinte et al.
[2] in order to explain the anomalously large heat capacity
at ν = 1. Theoretically, it has been shown that a coupling
to a gapless spin wave excitation of the Skyrme crystal
could be at the origin of the dramatic enhancement of the
nuclear spin relaxation rate 1/T1 [3]. In our sample at
ν = 1 the dimensionless Zeeman energy η = gµBB/(e2/εlB)
~ 0.015 is favorable for the formation of Skyrmions. We
therefore speculate that the coupling of the nuclear spins
to the gapless spin-wave excitations of the Skyrme crystal
is responsible for the observed large amplitude and
anomalous lineshape of the resistively detected NMR
around ν = 1.
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1.11. Magnetic channelling in tilted
magnetic fields

Recent work has demonstrated electron channelling in
microscopically inhomogeneous magnetic fields [1,2].
The stray fields of Dysprosium micromagnets fabricated
at the surface of a 2D electron gas are used to deflect and
redirect ballistic electrons underneath. A positive
magnetoresistance was ascribed to the progressive
quenching of snake orbit channelling by an external
magnetic field. This picture however requires a
sufficiently hard ferromagnet so that the stray fields are
stronger than the applied magnetic field to allow snake
orbits to form at H = 0. It has been proposed [3] that a
positive magnetoresistance may arise from a soft
ferromagnet in the absence of magnetic channelling. The
problem is further complicated are the many stable
magnetic configurations arising as the magnet size
decreases and the polycrystalline nature of Dy films on
GaAs.

Figure 1.15 shows the magnetoresistance peak plotted
against H when the field is tilted from the normal to the
in-plane direction. A soft ferromagnet would have its
magnetization depending on the total magnetic field, H,
whereas the suppression of snake states would give a
magnetoresistance peak occurring at a constant value of
its normal field component, Hz = Hcos(θ). The
dependence of the magnetoresistance on the tilt angle
shown in the inset of figure 1.15 therefore provides a
means of distinguishing between both mechanisms.

Figure 1.16 shows that the peak position scales
remarkably well with Hz ~ 1.4 KOe while shifting over
two orders of magnitude with H in figure 1.15. A
similarly invariant peak is reported in the Hall quantity
Rxy/Rxy

0 where Rxy
0 is the asymptotic Hall dependence.

The field value at the resistance peaks is shown in the
inset to figure 1.16 for different tilt angles. Its invariance
forces the conclusion that the Hall voltage measures the
variation in the number of magnetic edge states rather
than the average magnetic field in the Hall junction. The
hard ferromagnetic behavior of Dy is consistent with two
further observations. Firstly, the structure at H ~ 28 KOe
in the 89° trace, labelled (a) in figure 1.15, is understood
to be the onset of the coherent rotation of the
magnetization from the hard in-plane to the easy normal
axis. Its position is comparable to the anisotropy field of
the Stoner-Wohlfarth picture and the structure vanishes
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Figure 1.15: The magnetoresistance peak shifts over two
orders of magnitude when the applied field is tilted from
normal to in-plane. The exp(αH2) background arises
from a small hopping component in our δ-doped
quantum well.

Figure 1.16: Magnetoresistance, re-plotted as a function
of the normal component of magnetic field, shows
remarkably little variation with angle. Inset summarizes
peak position for both Rxx and normalized Rxy against
angle.
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when the field is tilted only a few degrees from the hard
axis. Secondly, Dysprosium films grow with the easy axis
normal to the surface [1]. These observations concur
towards the hard magnetization picture of channelling.
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1.12. Magnetic field induced metal-to-
insulator transition in PbTe wide
quantum wells

Transport experiments in high magnetic fields reveal a
large variety of interesting and fundamental questions like
the transition between quantum Hall (QH) liquid and Hall
insulator (HI) in 2D-systems and the magnetic field
induced metal-to-insulator transition (MIT) in 3D-
systems. In this context the investigation of electronic
systems in the intermediate regime between 2D and 3D is
of special importance. Our samples are grown on the basis
of the n-i-p-i concept with Lead Telluride (PbTe) and
cover a wide range of electron concentration, mobility and
electron channel width. We have demonstrated, that the
magnetic field driven transition to an insulator regime is
determined by a parallel contribution of overlapping
Landau-subband levels (LSLs), which are individually in
the regime of the Hall insulator [1,2], like known from 2D
systems. On this basis also the temperature dependence of
the insulator regime is investigated. Our data show a well
pronounced low temperature saturation behavior and
therefore a scaling function different from the Tκ-scaling
known from 2D-systems has to be used. In subsequent

experiments we aimed at higher magnetic fields in order
to get a more accurate determination of the insulator
behavior. Figure 1.17 shows an example where we get a
transition to the insulating regime at about 12.5 T.
However, instead of a further exponential increase at
highest fields a recovery of the metallic regime appears
above about 25 T. This behavior has been reproduced in
further experiments. Understanding the insulator - like
behavior results from pushing down the Fermi level into
the tails of the lowest overlapping LSLs by the high fields,
the re - appearance of the metallic - like behavior should
mean that the Fermi level stops to move further into the
tails of the lowest LSLs with further increasing magnetic
field. Numerical studies show that at highest fields the
Fermi energy can be pushed to the band edge already
closer than 1 meV. This is much less than the estimated
amplitude of native potential fluctuations. Consequently a
strong redistribution of carriers must occur, which leads to
a screening of the disorder potential and thus favors the
metallic regime [3]. We made also numerical simulations
and figure 1.18 shows the results of our transport
model [3] by using a magnetic field depended LL-
broadening [4]. As can be seen, the MIT occurs at about
B = 17 T, which is at a somewhat higher field than in the
experiment shown in figure 1.17. But the most important
result is that this model indeed predicts a re-appearance of
the metallic behavior at about B = 25 T like observed
experimentally.
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Figure 1.17: Rxx of one of the samples which exhibit the
recovery of the metallic behavior above 25 T.

Figure 1.18: Results of our transport model by using a
magnetic field dependent LL-broadening.
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1.13. Transport of two-dimensional
electrons in the lattice of diffusive and
thermalizing scatterers

In this work we report the results of the experimental
study of a new kind of electron system with artificial
scatterers: a two-dimensional electron gas (2DEG) with a
lattice of diffusive and thermalizing scatterers. This
system, based on a high-mobility 2DEG in a
AlGaAs/GaAs heterostructure with an electron mean free
path l ≈ 5 µm, was fabricated in the following way: first,
a square lattice of holes was made by means of electron
lithography in the electron resist PMMA. The period of
the lattice was d = 0.7 µm, and the hole diameter
a = 0.2 µm. Secondly, the GeAuNi alloy usually used for
the preparation of ohmic contacts to a 2DEG was
evaporated on this structure. Then, the electron resist was
removed, and the lattice of GeAuNi dots remained on the
surface of the structure. Finally, an ordinary annealing of
the alloy was performed. Thus after all the technological
procedures we have obtained a 2DEG in a square lattice
of dirty metallic (GeAuNi alloy) dots (see the insert of
figure 1.19).

Figure 1.19 shows the magnetoresistance (rxx(B)) traces
of the 2DEG with a lattice of scatterers and of the
unpatterned 2DEG at 1.5 K in magnetic field up to
B = 4 T. One can see that at B = 0.32 T a
commensurability peak (CP) corresponding the condition
2Rc = d is observed. At larger magnetic field, there is a
large negative magnetoresistance. This behavior of the
MR is similar to that observed in the antidot lattice. It
means that the introduction of the dirty metallic dots does
not break the ballistic electron motion between scatterers.

Now let's consider the results of the weak localization
study of our samples. Figure 1.20a shows the dependence
of the array conductivity as a function of lnT.

One can see a small decrease of σ in the temperature
range 5 K – 1 K and a saturation below 1 K. The
estimation of the conductivity variation gives the value of

∆σ ~ e2/h that is to say close to the value of the weak
localization correction to the conductivity. However from
figure 1.20a it is also clearly seen that the resistance rise
is badly described by a logarithmic temperature
dependence. Figure 1.20b shows the conductivity as a
function of T. This figure clearly demonstrates that ∆σ(T)
is described much better by a linear temperature
dependence. Recently this dependence has been predicted
in the new version of weak localization theory as reported
in [1].
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1.14. Single-electron conductance
oscillations of small open quantum dot

In this work we report the observation of single-spin
oscillations in the conductance of a small open lateral
quantum dots fabricated on the basis of a high mobility
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Figure 1.19: rxx(B) dependences of the 2DEG in lattice
of GeAuNi dots (solid) and of the unpatterned 2DEG
(dashed) at T = 1.5 K.

Figure 1.20: Temperature dependence of the
conductivity:   ∆σ(lnT) – a; ∆δ(T) – b.



Grenoble High Magnetic Field Laboratory • Annual Report 2001
21

two-dimensional (2D) electron gas in an AlGaAs/GaAs
heterostructure. This observation suggests the existence of
spin-charge separation in these dots as predicted in [1].
Small open quantum dots have been fabricated on the
basis of a high mobility 2D electron gas (electron
concentration Ns = 3 . 1011 cm-2 and mobility
µ = 3 . 105 cm2/V . s at T = 1,7 K) located 100 nm below
the surface. The technological procedure was the
following. Three antidots located at the vertexes of an
equilateral triangle have been made by means of electron
lithography and consequent plasma etching. The distance
between the antidots centers was d = 0.4 µm, and their
size a = 0.2 µm. Then a metallic Ti/Au gate has been
evaporated on the top of the experimental structure.
Figure 1.21 shows the scanning electron micrograph and
schematic view of the sample.

Figure 1.21: SEM micrograph of the structure and
schematic view of triangular-shape three leads quantum
dot inside an Hall bar. 

The area of this dot is S ≈ d2(√3/4 – π/8) if the antidot size
a ≈ d. It corresponds to S ≈ 6.1 . 10-11 cm-2 for d = 0.4 µm.
So the quantum dot studied in this paper has the same area
than the smallest laterally defined quantum dots
fabricated recently by means of split-gate technology. But
in other respects our dot differs quite significantly from
the split-gate dots. First, it has three leads while most of
the dots studied earlier have two ones; secondly, it has a
continuous metallic gate and correspondingly no middle
metallic gate as split gate fabricated dots.

Figure 1.22 shows the results of the measurements of the
two-terminal conductances as a function of the voltage

applied to the top continuous metallic gate Vg at
T = 50 mK. One can see very large conductance
oscillations at Vg < –20 mV which become weaker at
Vg > 0. The period of these oscillations is ∆Vg ≈ 20 mV.
Figure 1.22 also shows that at Vg > –30 mV G2323
becomes larger than 2e2/h. Actually at these gate voltages
the first plateau of the ballistic quantization is observed
for this conductance configuration if one exclude the
oscillations. It means that the large G1212 and G1313
oscillations are observed in the open regime. For an other
conductance configuration, in the closed regime, we have
measured Coulomb blockade oscillations which period
coincides with the one measured in the open regime. This
is the important signature of the existence of spin-charge
separation in these dots as predicted in [1].
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1.15. Gated wires and interferometers
based on a Si / SiGe heterostructure

We report the fabrication and study of gated Si/SiGe
quantum wires and interferometers: our samples were
fabricated on a high mobility n-type modulation doped
Si/Si1-xGex heterostructure using electron lithography and
anisotropic ion etching. Finally a TiAu metal gate was
evaporated on the top part of the structures.

Negative magnetoresistance (NMR) or positive
magnetoconductivity (PMC) connected with weak
localisation effects in the wires and Aharonov-Bohm
oscillations in the ring were investigated in the
temperature range 30 mK – 5 K.

The lithographic length of the wire was L = 5 mm and its
width W = 0.5 mm. A rough estimation of the effective
width from the wire resistance gives W = 0.1 –  0.2 mm. It
is less than the electronic mean free path l = 0.5 mm – 1 mm,
thus we have quasiballistic wires where l > W and l << L.
The fitting of the PMC measurement with the theory of
weak localisation PMC shows a good agreement of the
theory with the experiment in the temperature range
300 mK – 1.2 K. It allows to determine the effective wire
width, W = 0.2 mm, (in good agreement with the estimate
made from the wire resistance) and also the phase
coherence time τφ in the wire. Temperature dependence of
τφdeduced by this method is presented in figure 1.23. It can
be seen that this dependence is weak at T = (1.2 K – 0.7 K)
and then saturates at lower temperatures. This result is

Figure 1.22: Two-terminal conductances (G1212, G1313
and G2323) of three leads QD as a function of the voltage
Vg applied to the top continuous gate.
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different from the predictions of the theory in the quasi-
one-dimensional case and also from that obtained in
GaAlAs/GaAs wires. Indeed, the ordinary observed
saturation occurs at much lower temperatures, close to

0.1 K. For this reason we are forced to suggest that this
saturation has some technological origin rather than any
other one, connected with possible fundamental or
external factors. At so high temperature, the only non-
temperature dependant source of decoherence can only be
magnetic impurities, which may be introduced
accidentally during the fabrication process of our Si/SiGe
heterostructures.

Figure 1.24a shows Aharonov-Bohm oscillations
measured at weak magnetic field, in a Si/SiGe ring with
an inner diameter din = 0.3 mm and outer dout = 0.8 mm.
Their period, ∆B = 0.016 T, corresponds to the average
effective diameter of the ring deff = 0.6 mm. In agreement
with what has been obtained in [1], the amplitude of these
oscillations proved to be small in comparison with
AlGaAs/GaAs rings, even at T = 30 mK. One of the
reasons of this situation can be an insufficiently large
phase coherence time at low temperatures because of the
above discussed saturation in Si/SiGe wires.

In a smaller ring, (din = 0.2 mm and dout = 0.6 mm), we
have observed for the first time in Si/SiGe rings
Aharonov-Bohm oscillations in high magnetic field
corresponding to edge current transport (figure 1.24b).
The Fourier power spectrum of these oscillations shows
two close peaks:  under the conditions of edge current
transport, two frequencies are observed, ∆B = 0.035 T and
∆B = 0.042 T. We believe that they correspond to the
interference of the edge current trajectories around the
inner and outer boundary of the ring.
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1.16. Coexistence of a two-dimensional
and three-dimensional Landau states in
a wide parabolic quantum well

The existence of the energy gap in the electron spectrum
of the two-dimensional electron gas in a strong magnetic
field is the crucial point for the explanation of the
Quantum Hall effect (QHE) [1]. It demonstrates why the
QHE is a property of a two-dimensional system and is not
observed in a three dimensional case, where the electron
spectrum is continuous.

LOW DIMENSIONAL ELECTRON SYSTEMS

Figure 1.23: Temperature dependence of the phase
coherence time in the Si/SiGe wire.

Figure 1.24: Aharonov - Bohm oscillations and their
Fourier power spectrum for Si/SiGe rings in weak
magnetic field - a and in high magnetic field - b.
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The remarkable example of the quasi-three-dimensional
system is a parabolic quantum well (PQW) [2]. The basic
idea behind these structures is to create a conduction band
profile in the growth direction of GaAs/AlGaAs
heterostructures by properly varying Al mole fraction
such that it mimics the parabolic potential of a uniformly
distributed slab of positive charge. It allows to form a
wide layer of highly mobile carriers with uniform density.
Considerably larger mobility in comparison with heavily
doped GaAs epitaxial layers has been achieved by
removing the dopant atoms from the quantum well.

In the present work we study 2000 Å and 4000 Å
parabolic wells with narrow (100 Å) spacer and 5-8
occupied subbands. Our samples are overfilled, and the
width of the electron slab is almost coincident with the
geometrical width. We realize the system with 2D and
quasi 3D electron gas coexisting in the same quantum
well. We measured the Shubnikov-de Haas oscillations in
wide parabolic quantum wells with 5-8 subbands in tilted
magnetic field. We found two types of oscillations
(figure 1.25). The oscillations at low magnetic fields are
shifted toward higher field with the tilt angle increasing
and can be attributed to the two-dimensional Landau
states. The position of the oscillations of the second type
does not change with the tilt angle increasing which
points out to a three-dimensional character of these
Landau states. We calculated the level broadening due to

the elastic scattering rate Γ = -h/2τ, where τ is the quantum
time, and energy separation between two-dimensional
subbands ∆ij = Ej – Ei in parabolic well. For all the levels
we obtained Γj ~ ∆ij, which means that the levels overlap,
supporting the observation of the three-dimensional
Landau states. Surprisingly, we found that the lowest
subband, which has a smaller energy separation from the
higher level, does not overlap with these subbands and
forms a two-dimensional state. Therefore we produce a
system containing 2D and 3D electron gas with almost the
same Fermi energy.
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1.17. New phase transition of the
quantum Hall state at ν = 2/3

The electron spin-polarization P of a two-dimensional
electron gas confined in two different GaAs/GaAlAs
multiple quantum-well (QW) samples M280 and M242,
previously used in other studies [1,2], was measured by
nuclear magnetic resonance (NMR). At the fractional
quantum Hall (FQH) state with filling factor ν = 2/3, a
phase transition from a partially polarized (P ≈ 3/4) to a
fully polarized (P = 1) ground-state can be driven by
increasing the ratio between the Zeeman and the Coulomb
energy above a critical value ηc = ∆Z/∆C = 0.0185.

NMR is a very sensitive direct measurement of the
spin polarization of 2D-electrons in the QWs, since the
Fermi contact interaction H = 8π/3|γe|γn

-h2∑ijSi
. Ijδ(

→
ri – 

→
Rj)

(γ is the gyromagnetic ratio) between itinerant electron
spins Si at position →ri and nuclear spins Ij at 

→
Rj shifts the

resonance frequency of 71Ga nuclei in the QWs by a
magnetic hyperfine shift KS proportional to P [1,2]. The
NMR signal from barriers, where the conduction band is
empty, is used as a zero-shift reference. The spin
polarization is inferred from the hyperfine shift as
P(ν, T, θ) = KS(ν, T, θ) / KS(P = 1), where KS(P = 1) is the
maximum shift measured for high Zeeman energy.

The dependence of the electron spin polarization on
η = ∆Z/∆C at the exact filling factor ν = 2/3 is shown in

Figure 1.25: Two-dimensional Shubnikov de-Haas
oscillations (2D SdH) as a function of the magnetic field
at T = 50 mK, W = 2000 Å. Solid lines - experimental
curves, dashes - theory. (b) Three-dimensional Shubnikov
de Haas (3D SdH) oscillations obtained by subtraction
of the 2D SdH oscillations from the experimental curve
in perpendicular magnetic field at T = 50 mK. Dashes -
theory.
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figure 1.26 for both samples M280 and M242, as obtained
from the low temperature saturation values of P at various
tilt angles θ. We observe a Zeeman energy induced phase
transition from a partially polarized ground-state (GS)
with an average P ≈ 3/4 to a fully polarized GS above the
same critical value ηc ≈ 0.018 for both samples (the total
magnetic fields at this critical point are Bc

M280 = 6.7 T and
Bc

M242 = 8.9 T). The transition from one GS to the other
is very sharp, within a change of η of about 3%. Such a
sharp jump in spin-polarization suggests a first-order
phase transition. The precision of this measurement can
be seen from the inset to figure 1.26, where the spectra for
M280 are plotted. The error on the line's position is less
than 0.1 kHz.

Within the composite fermion (CF) model at ν = 2/3 only
P = 0 and P = 1 are possible. The ν = 2/3 state is built out
of the fully polarized or unpolarized ν = 2 state by
attaching two flux quanta, pointing anti-parallel to the
external magnetic field, to each electron and projecting
the wavefunction on the lowest Landau level (LL). Within
this picture a partial polarization P ≈ 3/4 cannot be
constructed from filled CF-LL's, but have to be
considered as an inhomogeneous mixture of P = 1 and
P = 0 states.

There is no satisfactory understanding of the FQH effect
in the low magnetic field limit. In particular, since filled
CF-Landau levels can only produce fully polarized or
unpolarized states at ν = 2/3, the nature of a partially
polarized state at this filling factor is open. Among the
possible states, it is natural to consider some of the other
known spin-liquid states which have been considered in
the literature such as the valence-bond GS of the 2D
Shastry-Sutherland model. Other well-known spin-
gapped states are commensurate spin-density waves.

An alternative viewpoint is to consider partially polarized
states as inhomogeneous mixture of fully polarized and
unpolarized regions. The GS could also be described as
isolated singlets forming a commensurate modulated
structure through the sample, in many ways similar to
valence-bond commensurate spin-liquid GSs. Naturally,
the real challenge is to determine among all the possible
GSs, which one has the lowest energy.
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1.18. Observation of a new scaling
behavior of the ν = 1/3 state

The temperature dependence of the electron spin-
polarization P of a two-dimensional electron gas at filling
factor ν = 1/3, was determined from NMR measurements
of the Knight shift. The data presented here was obtained
using the multiple quantum-well sample M280,
introduced in the previous report. The thermal activation
of P probes the chargeless excitations of a quantum Hall
state and gives valuable information for the understanding
of strongly interacting many-body systems. Especially in
the case of ν = 1/3, where the ground-state is very well
known and given by the Laughlin wave-function, the
determination of the excitation spectrum can be used to
test the different theoretical approaches.

LOW DIMENSIONAL ELECTRON SYSTEMS

Figure 1.26: The phase transition of the ν = 2/3 state as
revealed by the dependence of the spin polarization on
the ratio of Zeeman and Coulomb energies η = ∆Z/∆C
for sample M280 (•) and M242 (❒) at temperatures
below 100 mK. η was varied by changing the angle θ
between the magnetic field direction and the normal to
the 2D plane. The inset shows the NMR spectra
corresponding to the points for M280, where the QWs
signal amplitude is renormalized.

Figure 1.27: The temperature dependence of the spin
polarization P at ν = 1/3 is shown for four different tilt
angles θ = 0°, 30°, 37°, and 45°. The lines are the
prediction of a free particle model using Eq.1.1.
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In figure 1.27 we show the temperature dependence of
P(ν = 1/3) for four different tilt angles θ = 0°, 30°, 37°,
and 45°. The corresponding magnetic fields are 10.65 T,
12.3 T,  13.34 T, and 15.06 T.

A simple model of P(T) assumes that the partition
function factorizes into a spin-independent and a spin-
dependent part, i.e. the broadening of the energy levels is
small compared to the spin splitting ∆(B). Under these
conditions, the electrons can be treated as free particles
obeying Fermi-Dirac statistics, and the temperature
dependence of the polarization is given by: 

P(B, T) = tanh (∆(B) / 4kBT).      (1.1)

This model predicts the temperature dependence of the
spin polarization quite accurately, if one accounts for an
increased spin-flip gap ∆ > ∆Z, where ∆Z has been
determined using the g-factor of electrons in bulk
GaAs g = 0.44. From the fits to Eq. 1.1 for the four
different tilt angles (see figure 1.27), we deduce that the
effective spin-flip gap ∆ ≈ 1.27 ∆Z is an enhanced Zeeman
gap, i.e. the enhancement by 27% does not depend on the
magnetic field.

Since the Zeeman energy appears to be the unique
parameter to determine P(T), we can attempt to scale the
data presented in figure 1.27: figure 1.28 shows P versus
the effective temperature T* = T/∆Z. Indeed, the data
corresponding to four different total magnetic field values
fall on a unique curve.

Physically, the spin excitations at ν = 1/3 are magnons of
a quantum Hall ferromagnet:  a quasi-electron with spin-
up is destroyed and created with spin-down at some
distance. If the distance separating this quasi-particle/hole
pair is large, the excitonic Coulomb interaction between
quasi-particle and hole is small and the excitation energy
is mostly the Zeeman energy associated with the spin-flip.
In general, however, spin-waves are thermally excited
with arbitrary wave-vectors k and their dispersion has to
be taken into account, from which follows that this type of

experiment is a measure of the integral of the spin-wave
dispersion. Therefore, the exchange enhancement of the
spin-flip gap is expected to be rather ∆ = ∆Z + c . ∆X,
where ∆X ∝ √ B⊥ is a constant for every filling factor and
electron density, and not ∆ = c . ∆Z as is experimentally
observed. The accurate scaling with the Zeeman energy
suggests a mechanism that “cuts” the integration for
q << lB

-1 and thus removes the dependence on √B⊥ .
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1.19. Magnetic field induced linear
Coulomb gap in tunnelling between
disordered two-dimensional electron
systems

In this work we present studies of tunnelling between two
strongly disordered two-dimensional electron systems
(2DES) at low temperature (T < 0.3 K) in a magnetic
field, B, parallel to the current, i.e. normal to the electron
layers. To form the 2DES, we used Si donors sheets 
(δ-doped layers) on both sides of the barrier, with the
donor concentration slightly above that of the metal-
insulator transition in zero magnetic field. The typical
electron mobility in this kind of 2DES is about
µ ≈ 1000 cm2 V-1s-1 at 4.2 K. The 2D layers were
separated from highly doped 3D contact regions by
undoped 50 nm thick spacer layers. In our experiments,
electron transport along the layers does not contribute to
the measured current, which flows perpendicular to the
plane of the barrier. This means that the differential
conductance is proportional to the convolution of the
tunnelling density of states of the 2D electron systems on
either side of the barrier.

At temperature T = 0.3 K in the absence of a magnetic
field, we observe a very narrow conductance peak at zero
bias. As B increases, this peak disappears and, above 4 T,
is replaced by a sharp dip in the conductance at zero bias.
We interpret this dip as a gap in the tunnelling density of
states. Analysis shows (figure 1.29) that the gap varies
linearly with energy at a rate that oscillates with changing
magnetic field. It is also possible to extract from the data
the dependence on B of the width and depth of the gap. At
very high B, broad maxima in the differential conductance
appear in the tunnel spectra on both sides of the gap. We
interpret these in terms of the energy relaxation of
tunnelling electrons by emission of quasiparticles (e.g.
collective excitations of the 2DES). Similar peaks have
been seen in the tunnelling conductance between 2DES
with different levels of disorder.

Figure 1.28: P(ν = 1/3) is scaled using an effective tem-
perature T* = T/∆Z. Data for all investigated tilt angles
fall on a unique curve, indicating that P(T) is only
determined by the Zeeman energy.
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The existence of a "soft" linear gap in the density of states
near the Fermi level, due to the Coulomb interaction of
localised electrons, was predicted many years ago. Since
localisation increases with increasing B, it is not
surprising that the dip in the tunnel conductance due to the
gap in the density of states appears only in a magnetic
field, when most of the states along the 2DEG become
localised. However, the behaviour of the gap with
magnetic field has not previously been measured. We
argue that the narrow conductance peak at zero bias in low
B is related to tunnelling from strongly localised electron
puddles in the emitter into 2D extended states in the
collector. This is the well known Fermi-edge singularity,
which was first observed in tunnelling between a 2D
continuum and zero-dimensional impurity states. In our
structure, the donor concentration fluctuates in the plane
of the 2DES. Therefore, it is possible that there are
regions with low electron concentration, which have
strongly localised states, and regions of higher
concentration with extended 2D electron states. Since the
potential fluctuations in the electron systems on different
sides of the barrier are independent, there should exist
regions where electrons tunnel from localised to extended
states, giving rise to the conductance peak. The magnetic
field tends to induce localisation and the Fermi edge
singularity is no longer visible in the tunnel conductance.
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1.20. Probing the electronic properties
of disordered two-dimensional systems
by resonant magneto-tunnelling

A thin pseudomorphic InAs layer (wetting layer-WL)
incorporated in the central plane of an
(AlGa)As/GaAs/(AlGa)As quantum well (QW) leads to a
significant lowering of the energy of the quasi-two
dimensional (2D) ground state subband of the QW. Above
a critical wetting layer thickness, self-assembled InAs
quantum dots (SAQDs) are formed. This modifies further
the electronic states of the system: firstly, the dots give
rise to discrete zero-dimensional bound states and,
secondly, they create a considerable amount of disorder,
which influences the properties of the continuum of
wetting layer subband states. In this paper, we study the
effect of disorder on the electronic properties of the
continuum states in the well using magneto-tunnelling
spectroscopy (figure 1.30).

Sample studied qd comprised a 1.8 monolayer (ML) InAs
with growth rate 0.13 ML/s to form InAs QD in the centre
of the well. For the sample in which the dots are formed,
a wetting layer is still present. It is easy to show that the
resonance condition between the 3D electrons in the
doped contact layers and WL subband is possible at zero
bias, or shifts to higher bias, depending on the QD density
in the layer, and one would expect to see a resonant
tunnelling feature through the ground state in the I(V)
plot. In contrast to this expectation, the I(V) curve of
sample qd shows only a monotonic exponential increase
of the current with bias at low voltage with no current
peaks or negative differential conductance regions which
usually characterise resonant tunnelling. We argue that the
exponential increase of the current at low bias simply
reflects tunnelling with no momentum conservation
through two-dimensional states in the well strongly
localised by the fluctuating random potential arising from
local strains and charging of the quantum dots. The
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Figure 1.29: (a) The slope of the linear variation of the
gap with energy in arbitrary units; (b) the depth of the
linear gap in arbitrary units; (c) the width of the gap in
mV, all versus magnetic field applied normal to the
2DES.

Figure 1.30: Differential conductance of sample qd
versus voltage at different magnetic fields. The magnetic
field, B, is perpendicular to the current direction. In the
presence of high magnetic fields (> 6 T), a new peak
with associated NDC region appears, which shifts to
higher voltages with increasing B as in conventional
resonant tunnelling double barrier structures.
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exponential current-voltage dependence changes
exponent at around V*

b1 ≈ 110 mV. Above this critical
value V*

b1 a 2D accumulation layer is formed near the
emitter barrier, which we confirm by analysis of magneto-
oscillations in the tunnelling current.

Two sets of magneto-oscillations, each periodic in 1/B,
appear simultaneously at bias voltage V*

b2 ≈ 140 mV. The
low B oscillations (below 4 T) are due to the formation of
occupied Landau levels in the accumulation layer. The
oscillations at higher B reflect tunnelling through empty
Landau states in the quantum well. We interpret this
behaviour in terms of a threshold energy, E*, in the qd
sample. Only for energies above E* it is possible for
Landau levels to form. This apparent threshold between
localised and delocalised states can be understood in
terms of the screening of the random potential in the well
by electrons in the accumulation layer. Estimates show
that, for our structure, dispersion of the random potential
in the well is reduced by three times after the formation of
the accumulation layer. This model also explains our
magneto-tunnelling data for magnetic field applied
perpendicular to the current direction. In the presence of
high magnetic fields (> 6 T), a new peak with associated
NDC region appears, which shifts to higher voltages with
increasing B as in conventional resonant tunnelling
double barrier structures.
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1.21. Polaron coupling in high electron
density GaAs Quantum Well (QW)

In polar materials, the longitudinal optical phonon (LO)
mode leads to a macroscopic polarisation. This
polarisation can influence the electronic motion via the
Frölich interaction which is the main contribution to the
electron-phonon interaction. Its most spectacular
manifestation is the resonant magneto-polaron coupling
(RMPC), i.e. an anticrossing behaviour between the
|n = 0 + 1LOphonon〉 and the |n = 1〉 states, n being the
Landau level (LL) index, when the cyclotron frequency
ωc = eB/m* equals the LO phonon frequency ωLO (B is
the magnetic field and m* is the electron effective mass).

We have performed experiments on 3 different QW of
width 10 nm for sample 1038 (ns = 1.24 . 1012 cm2) and

13 nm for samples 1201 (ns = 9,4 . 1011 cm2) and 1200
(ns = 7.4 . 1011 cm2). Each QW is sandwiched between
two 60 periods AlAs/GaAs superlattices δ-doped with
silicon donors. This structure provides a high density
electron gas in the QW. In order to overcome the problem
of strong absorption in the reststrahlen band of GaAs, the
epilayers were lift-off from their original substrate and
were deposited onto a silicon substrate, which is
transparent in the range of GaAs reststrahlen band. Far
infrared transmission measurements were performed
using Fourier transform spectroscopy in magnetic fields
up to 28 T in the Faraday configuration at 1.7 K. To
deduce from the experimental results the parameters
corresponding to the cyclotron transition, we had to
mimic the full dielectric response of the whole sample
using the transfer matrix formalism.

The results near the optical phonon absorption band of
GaAs are shown on figure 1.31a, b and c. Thanks to our
lift-off structures, we were able to enter the restsrahlen
band of GaAs. There still remains an obscured region
around the GaAs TO phonon energy because of the strong
TO phonon absorption.

All three samples show the same behaviour, that is a
continuous variation of the cyclotron resonance mode
across and below the LO frequency with an upward
bending and a downward bending in the vicinity of the TO

Figure 1.31: Cyclotron resonance energy versus
magnetic field B for a) 1200 (ns = 7.4 . 1011 cm2),
b) 1201 (ns = 9,4 . 1011 cm2) and 
c) 1038 (ns = 1.24 . 1012 cm2). The oblique solid lines
represent the result of a 10 bands k.p calculation and the
horizontal solid lines are the transverse and longitudinal
optical phonon frequencies in GaAs. 
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mode indicative of a coupling. We clearly see the
cyclotron absorption between the two optical phonon
modes of GaAs (even though there remains an obscured
range of energy around the TO phonon frequency). We do
not observe any coupling at the LO phonon frequency.
This is in contradiction with all existing theoretical
models which predicts a coupling of the cyclotron mode
with the LO phonon mode or with new phonon modes
arising from the quasi two dimensional character of QW
(slab or interface modes). In order to explain this coupling
one can invoke two modes, the GaAs TO (slab) phonon
mode and one which is of plasmon character but should be
correctly identified with the intersubband plasmon-
phonon mode which is close to the TO phonon energy.
This mode however should not couple to the CR transition
in the Faraday configuration. In any case, these results
show that the concept of "polaron mass" should be
revisited.

References and authors:

A.J.L.Poulter et al., Phys. Rev. Lett. 86, 336 (2001)
C.Faugeras et al., Physica E, in press

C.Faugeras, J.Zeman, D.K.Maude,
M.Potemski, G.Martinez
A.Riedel, R.Hey, K.J.Friedland (Paul Drude Institute,
Berlin, Germany)

1.22. Many body effects revealed in
Cyclotron Resonance (CR) spectra

According to Kohn [1], the CR frequency of translational
invariant carrier system is not influenced by many-body
effects because the excited electric dipole field can only
couple to the center-of-mass motion of a one-component
system, leaving the internal forces unaffected. However,
band-structure effects or impurities can break the
translational invariance of the system and induce the
coupling of CR to many-body effects.

We have performed cyclotron resonance experiments on 2
different quantum wells (QW) described in the previous
report (samples 1038 and 1211). Far infrared transmission
measurements were performed using Fourier transform
spectroscopy in magnetic fields up to 28 T in the Faraday
configuration at 1.7 K. To deduce from the experimental
results the parameters corresponding to the cyclotron
transition, we had to mimic the full dielectric response of
the whole sample using the transfer matrix formalism.

The results are shown on figure 1.32a and b. The insert in
figure 1.32 shows the different possible cyclotron
transitions depending on the filling factor value. The
observed single line between filling factor 3 and 4 and
between 1 and 2 agrees well with the expected k.p
calculation but for these filling factors values, we mainly
observe one absorption line. For both samples, we

observe a splitting of the CR absorption peak between
filling factor 2 and 3 and between 4 and 5 for sample
1038. One can easily notice that the measured effective
mass, for these filling factors values, lies in between the
two calculated masses. We do not observe the expected
behaviour: the low energy absorption (high effective
mass) follows quite well the calculated value whereas the
high energy absorption peak (low effective mass) is
clearly above the expected values. For both samples, the
effective mass of the high energy peak shows a minimum
around ν = 3, situation in which the final state of the
transition is empty, the initial state is full and correlation
effects are minimized (see insert figure 1.32b).

The effective mass corresponding to transition B is in
agreement with the k.p calculation for 2.5 ≤ ν < 3 for both
samples. It then increases suddenly before disappearing
with the filling factor getting close to 2 due to population
effects. The increase of the effective mass for ν ≤ 2.5 is
the sign of an interaction, likely with phonons (see
preceding section).

The anomalous behaviour of the effective masses are
signs of electron-electron interactions in the two
dimensional electron gas. The cyclotron transitions B and
C are coupled as described by the models of Asano [2] and
of Mac Donald [3] where each cyclotron transition
represents an oscillator described by a single particle
frequency, and many-body effects couples the oscillators.
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Figure 1.32: Electron effective mass versus magnetic
field B for a) 1038 (ns = 1.24 . 1012 cm2) and 
b) 1211 (ns = 9,4 . 1011 cm2). The dots represent the
experimental results for both samples, the oblique lines
represent the results of a 10 bands k.p calculation only
taking band non-parabolicity into account. The insert
shows the three different cyclotron transitions.
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This results in deviations from the single particle
characteristics. Both models predict a repulsive coupling
between the different cyclotron transitions resulting from
exchange interaction, but the observed coupling results in
fact in an attractive behaviour. Different mechanisms of
interaction not taken into account in Ref [2] and [3] have
to be invoked to explain the data.
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1.23. Electronic transport through
nuclear-spin-polarization-induced
quantum wire

There has been much recent theoretical and experimental
interest in the peculiarities of the electron transport in
mesoscopic systems with highly polarized nuclear spins.
In [1] a new class of phenomena: the meso-nucleo-spinics
was proposed based on the strong influence of the
hyperfine magnetic field of the polarized nuclei on the
energy spectrum and the wave functions of the conduction
electrons in few channel mesoscopic systems. In this paper
we study a new system, namely nuclear spin polarization
induced quantum wire (NSPI QW), based on the creation
of a quantum wire by the hyperfine magnetic field of
polarized nuclei acting on the conduction electron spins.

The proposed system is depicted on figure 1.33. The two
dimensional electron gas (2DEG) is splitted in two parts by
a potential applied to the gate electrode (of the width L)
located under 2DEG. Two parts of 2DEG are connected by
a NSPI QW created either by the optical nuclear spin
polarization, or by the transport polarization or by any other
suitable experimentally method. We assume that the time-
dependent current through the NSPI QW is ballistic, at
"zero" temperature limit it is given by the Landauer formula 

G = 2e2
––– MT,
h

where M is the number of the transverse modes below the
chemical potential and T is the average electron
transmission probability.

We take into account two main mechanisms leading to the
time dependence of the hyperfine field: the nuclear spin
relaxation and the nuclear spin diffusion. The time-
independent Schrödinger equation is used for definition of
the transverse modes energy spectrum, since the hyperfine

field varies adiabatically slow with time. There are two
different characteristic times: the diffusion characteristic
time and the relaxation characteristic time. Figure 1.34
shows the time dependence of the electron level number.

We expect that the experimental study of the described
system can give some information, such as the nuclear
spin diffusion coefficient D and the nuclear spin
relaxation time T1. Furthermore, we note that the method
of local nuclear spin optical polarization allows to create
different low-dimensional quantum structures (dots, rings,
etc.) using the same sample and different illumination
masks.
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Figure 1.33: The geometry of the proposed experiment:
the 2DEG is splitted by the gate potential, the narrow
conductor is created by the nuclear spin polarization.

Figure 1.34: Different kinds of the level number N
dependencies on time: solid line - diffusive regime;
dashed line - relaxation regime; dotted line -
intermediate regime.
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1.24. Luminescence of a dense 
two-dimensional electron gas involving
free- and bound holes in a
GaAs/InGaAs/AlGaAs quantum well

Pseudomorphic modulation-doped GaAs/InGaAs/
AlGaAs quantum wells (QW) provide excellent
conditions for the study of properties of a dense two-
dimensional (2D) electron gas. Characteristic feature of
the photoluminescence (PL) from such structure is a
presence of two distinct cut-off energies (E1 and E2 in
figure 1.35). A weak PL signal observed at highest energy
range (E1 < E < E2) is usually explained in terms of
recombination of electrons from the upper subband in the
QW. In this study we show that the high-energy PL is due
to a recombination involving free electrons and free holes,
as opposite to the lower-energy PL (E < E1), which
involves bound hole states in the QW.

Investigated sample was grown by molecular beam
epitaxy. High electron density (ns = 1.6 . 1012 cm-2) in the
11 nm-thick GaAs/In0.2Ga0.8As/Al0.2Ga0.8As QW was
supplied by the Si δ-doping in the back AlGaAs barrier.

In order to identify the high-energy PL (E1< E < E2) we
performed measurements of the PL intensity as a function
of magnetic field. It has been found that at both E1 and E2
detection energies the PL intensity oscillates (as a
function of B-1) with a characteristic frequency of
Shubnikov de Haas oscillations. This shows that both PL
at E1 and E2 involve recombination of electrons from the
vicinity of Fermi level in the QW. Two cut-off energies
must be due to recombination of electrons and free- or
bound holes in the QW (See inset to figure 1.35).

Measurements in perpendicular magnetic field show that
PL spectrum evolves in a series of peaks (see upper trace
in figure 1.35). The peaks were characteristic for Landau
level quantization of the 2D density of states. The
cyclotron resonance energy -hωc

e deduced from the lower-
energy PL spectrum is equal to that of electrons. This
supports our attribution of the main PL (E < E1) to
recombination of free electrons and bound holes in the
QW. On the contrary, the cyclotron resonance energy
-hωc

e + -hωc
h observed for the high-energy PL is

significantly higher. This confirms our attribution of the
high-energy PL (E1 < E < E2) to recombination of free
electrons and free holes in the QW.

Confinement energy E0 of the bound holes can easily be
expressed in terms of Fermi energy EF (known from the
frequency of optically detected Shubnikov de Haas
oscillations and electron effective mass m*

e = eB/ωc) and
electron-to-hole effective mass ratio (m*

e/m*
h): 

E0 = E2 – E1 – EF
. m*

e / m*
h = E2 – E1 – EF

. ωh
c / ωe

c.
The electron to hole effective mass ratio found from our
experiment is equal to 0.29. In a parabolic approximation
of a valence band in the strained GaAs/InGaAs/AlGaAs
QW (which neglects the band-mixing of heavy and light
hole states) this leads to a confinement of the bound hole
state of ~ 10 meV.

In conclusion we have identified the free electron-to-free
hole recombination in the QW with high density of a quasi
2D electron gas. We have shown that this recombination
is much less intense than the free electron-to-bound hole
recombination. We have found the localization energy of
the bound hole state involved in the latter process.
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Figure 1.35: Photoluminescence from the modulation-
doped GaAs/InGaAs/AlGaAs quantum well at zero
magnetic field (lower trace) and B = 4 T (upper trace).
Cut-off energy of the PL involving bound (free) holes is
denoted with E1 (E2). Spectra are offset for more clarity.
Recombination processes attributed to E1 and E2 cut-off
energies are schematically shown in the inset.
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1.25. Magneto-tunnelling
spectroscopy of Si donor states in
(AlGa)As/GaAs/(AlGa)As quantum
wells

We have used magneto-tunnelling spectroscopy (MTS)
[1] to map out the spatial form of the probability density
of the eigenstates of shallow Si donor impurities in an
(AlGa)As/GaAs/(AlGa)As quantum well structure. By
carrying out a series of measurements in tilted magnetic
fields up to 22 T, we are able to compress the donor
wavefunction due to the magneto-confinement effect and
to measure the degree of confinement using MTS.

In the presence of a magnetic field Bp applied in the plane
of the quantum well, an electron that resonantly tunnels
from the emitter into the 1s donor impurity ground state
acquires a momentum component in the plane of the
quantum well given by -hk|| = eBps, where s is the
tunnelling distance. By measuring the tunnel current I(Bp)
as a function of Bp, we can map the value of

|ϕ1s(k||)|2 ~ e–k||
2l0

2
,        (1.2)

which corresponds to the electron probability density in
Fourier space [1]. Here, l0 represents the spatial extent of
the wavefunction in the xy-plane, l0

2 = 〈r2〉. By taking data
at different in-plane orientations of Bp, we can produce
spatial maps of the type shown in figure 1.36, in which
we have Fourier-transformed our |ϕ1s(k||)|2 plots into real
space.

In our recent measurements we have studied the tunnel
current through a donor state in the presence of a tilted
magnetic field (see figure 1.37). The Bp component
allows us to adjust k|| and to map out the probability
density. The Bn component provides us with a means of
compressing the wavefunction in real space. We can then

modify the degree of compression by varying Bn and use
the MTS technique (see Eq. 1.2) to measure how l0
changes with increasing Bn. Figure 1.37 shows how the
tunnel current and |ϕ1s(k||)|2 change with Bn. The inset
shows the marked decrease of l0 with increasing Bn.
Theoretical work is now underway to model this
dependence.
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1.26. Semi-circle relation between Gxx

and Gxy in the flow diagram of the
integer quantum Hall effect

A very intuitive description of the integer quantum Hall
effect was proposed by D.E. Khmel'nitskii in 1983 [1].
Treating the quantum Hall effect in terms of the
renormalization group, he was able to draw the so called
flow diagram of the quantum Hall effect, which gives the
evolution of points in a Gxx-Gxy diagram for changing
temperature (effective sample size). In the fully developed
quantum Hall effect, most (Gxx,Gxy)-points from the
classical (high-temperature) regime "flow" to two stable
fixed points at (0,0) and (2e2/h,0), and move away from

Figure 1.36: Probability density plot obtained using the
MTS technique. This is a real-space plot of |ϕ1s(r)|2 of
the probablity density of an electron occupying the 1s
ground state of a shallow Si donor impurity located in
the central plane of a quantum well. The real-space plot
is obtained by Fourier transforming the magneto-
tunnelling current data I(B) ∝ |ϕ1s(k||)|2. The inset shows
the orientation of current I and magnetic-field
components, Bn and Bp, relative to the xy-plane of the
quantum well.

Figure 1.37: Dependence of the normalised tunnel
current I(B), which gives the probability density
|ϕ1s(k||)|2, on k|| = eBps/-h for different values of Bn.
The inset shows the shrinking of the wave-function in
real space due to increasing Bn.
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the unstable fixed point at (e2/h,e2/h). Points belonging to
higher quantum numbers can be projected to the same
interval in Gxy.

Another popular approach to the quantum Hall effect is
the description of the sequence of minima in Rxx and
plateaus in Rxy as a series of quantum phase transitions. In
this picture, a quantum Hall sample is in a specific
quantum Hall phase for zero diagonal resistance and a
constant Hall resistance, and undergoes a quantum phase
transition in the regions of nonzero diagonal resistance
and intermediate (non-quantized) values of the Hall
resistance. Theory predicts the corresponding critical
parameter (the localization length) to scale with a
universal power law, independent of the plateau quantum
number. Consequently, this power law behaviour should
be visible in the transport coefficients of a sample, for
example in the maximum of the derivative of the Hall
resistance (dRxy/dB)max between two quantum Hall
phases. It can be shown [2] that, if scaling behaviour of
the derivative of Rxy is valid, the components Gxx, Gxy of
the conductivity tensor should follow a semicircle relation
in the flow diagram: 

e2 h
Gxx = –– √ 1 – (–– Gxy – 1)2

h e2

The given equation holds for the case of a non-spin-
resolved system.

In the recent years, we have observed the integer quantum
Hall effect in heavily doped GaAs layers, where the
electron gas is confined by the impurity space charge in
the layer of doping [3]. In the resulting low mobility
systems (µ ≈ 2000 cm2/Vs), different 2D carrier densities
can be realized by growing samples with different
thicknesses of the doped layer. This has been done in a
range of d = 27-140 nm [3].

As can be seen in figure 1.38, the magnetoresistance data
for samples with d = 30 nm and 40 nm follow the given
semicircle relation quite well already at T = 4.2 K.
Moreover, upon decreasing temperature down to
≈ 100 mK, the data for the d = 30 nm sample move closer
to the semicircle indicated by the data points in the figure.

We would like to point out that previous experimental
observations of a semicircle relation have mainly been
performed in systems consisting of alloy semiconductors
like InGaAs/InP, as usually a dominating short range
scattering potential is considered essential for this
observation. To our knowledge, clear semicircles in
systems with long range scattering have not yet been
observed.
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1.27. Negative magnetoresistance due to
ballistic weak localization in a dense
hexagonal lattice of antidots

An experimental analysis of the negative
magnetoresistance due to weak localization in a dense
hexagonal lattice of antidots created from a two-
dimensional electron gas formed at an AlGaAs/GaAs
heterojunction is presented The resistivity was measured
in a range of temperatures from 50 mK to 28 K, and under
magnetic field up to 15 T. The antidot diameter is
a ~ 0.6 µm and the period of the lattice is d = 0.7 µm.

In the absence of magnetic field, a logarithmic increase
with the temperature is expected for the zero field
conductivity σ in disordered systems in the weakly
localized regime. Moreover, one can expect this
logarithmic behaviour to persist in ballistic systems in the
very low temperature limit where the influence of
classical factors is supposed to be negligible. The
experimental dependence of σ for temperatures between
50 mK and 2.8 K is presented in inset figure 1.39. Below
600 mK, σ exhibits a saturation. Above 600 mK, σ seems
to follow a logarithmic-like behaviour up to 1.2 K.
However, the temperature range is too narrow to claim
with certainty that σ(T) ∝ lnT. Finally, above 1.2 K, a
change in the slope of σ(T) occurs leading to a weaker
temperature dependence. Globally, there is no clear
logarithmic behaviour for σ(T) in the temperature range

LOW DIMENSIONAL ELECTRON SYSTEMS

Fogure 1.38: Flow diagram (dotted lines) for the non-
spin-resolved integer quantum Hall effect together with
data for samples 30 and 40 measured at 4.2 K in
dependence of B (straight lines). The data points give the
measured evolution of points at fixed B for temperature
decreasing from 4.2 K to 100 mK.
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50 mK-2.8 K, contrary to the predictions of the standard
theory of weak localization in disordered systems.

The zero-field corrections to the conductivity δσ were
obtained from our experimental curves by subtracting the
measured conductivity σ from the classical one σc , the
latter corresponding to the high temperature-high
magnetic field limit of the conductivity. The results are
presented in figure 1.39 for the temperature range (1.5 K-
28 K). All the experimental traces exhibit a clear
exponential behaviour δσ ∝ exp(–T/Tc). These
observations seem to account for the influence of classical
chaos as predicted for antidots systems.

The corrections to the conductivity ∆σ = 
δσ(B,T) – δσ(B = 0,T) can be well fitted by the usual
theory of weak localization in disordered conductors,
using a B-independent prefactor α, which enabled us to
extract a "phase coherence length" lφ: 

e2 1 1
∆σ = α x –– [Ψ ( – + –– ) + ln(εlφ2)] (1.3)

πh 2 εlφ2

Ψ is the digamma function, and ε = 4eB/-h. Above
600 mK, the temperature dependence of lφ follows an
unusual T-1/4 law, and saturates below. The saturation
values of lφ are small (0.11 – 0.18 µm), and are of the
order of the distance between antidots. This behavior can
be explained semiclassically in terms of statistics of
closed paths. Assuming that the electrons are trapped in
the cells formed by the neighboring antidots, the
maximum length of the interfering trajectories is no
longer limited by the dephasing, but by the geometry of
the system itself. As a consequence, the maximum value

obtained for lφ is not the exact phase coherence length, but
a specific dimension of the unit cell. The values obtained
for α are surprisingly high (1.5 < α < 6), and disagree with
the recent theory of weak localization in antidot systems.
The results obtained throughout this work strongly
suggest that the current theories of weak localization are
insufficient, and require further theoretical investigations
concerning interference effects in ballistic systems.
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1.28. Magnetotransport of a strongly
correlated 2D electron system

Surface electrons (SE) above the free surface of liquid
4He form a very clean 2D electron system, free from the
influence of an atomic lattice. At T ~ 1 K and typical
particle densities of 107-109 cm-2, the Fermi energy is
much less than kBT and the system is non-degenerate.
Nevertheless under a strong perpendicular magnetic field,
the electrons are in the quantum limit due to the condition
kBT< -hωC. At the same time, the Landau level width Γ is
very small, confining the electrons to a very narrow
energy range Γ << kBT. This particular properties have
made SE of interest for testing different theoretical
approaches to quantum magnetotransport.

Another particularity is that the electrons are strongly
correlated by Coulomb forces. The ratio of mean
Coulomb to kinetic (i.e. thermal) energy has typical
values from ten to hundred, and the system has a
liquidlike structure. This leads to interesting many-
electron effects on the transport behavior.

A simple model for this strongly correlated system was
proposed already some time ago: The electrons can be
approximated as noninteracting particles, only each is
under the action of a locally quasi-uniform electric field
Ef arising from thermal fluctuations of the particle
positions. However, although a variety of treatments had
been developed to describe different details of
experimental behavior, until recently a real universal
picture had not emerged.

We have developed a consistent treatment for
magnetotransport of SE in the liquid phase, covering
essentially all relevant limiting cases. In the formalism of
the memory function theory, the conductivity is given by
a Drude-like expression 

e2n iσxx ± iσxy = –––  ––––––––––––––– . 
me ω ± ωc + iνeff(ω)

Figure 1.39: Temperature dependence of the corrections
to the conductivity δσ for ns ~ 1011 cm-2 (squares), and
ns ~ 0.72 x 1011 cm-2 (circles). The solid lines show an
exponential decrease δσ = exp(–T/Tc), with Tc ~ 11.5 K
for the upper curve, and Tc ~ 10 K for the lower one.
Inset: conductivity as a function of temperature
(ns ~ 0.73 x 1011 cm-2).
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The effective collision frequency νeff(ω) can be expressed
using the dynamic structure factor (DSF) of the electron
system. The conductivity treatment is thus reduced to
finding the correct approximation for the DSF.

First, we note that for a particular electron, the field Ef
vanishes in a local reference frame that moves along with
the Hall drift of the electron with velocity uf = Ef/B. In
this frame, the electron has therefore a DSF of the well-
known single-electron form Sse(q,ω) of a noninteracting
system (albeit with a reduction of the usual collision
broadening of the Landau levels due to the fast drift
velocity uf). The many-electron DSF of the whole system
is then obtained as sum of the contributions of the
individual electrons, taking into account the usual
Doppler shift of excitation frequencies ω’ = ω – -hq • uf at
the change from local to center-of-mass reference frame:
Sme(q,ω) = 〈Sse(q,ω – -hq • uf)〉 f. The treatment of Coulomb
effects reduces to this one equation.

To illustrate the universality of this description, we show
in figure 1.40 examples of measurements of dc
magnetoconductivity (MC) and high-frequency cyclotron
resonance (CR) at different electron densities n. In both
cases, the evolution of the experimental behavior is
equally well described by the new theory, simply by
taking the dc limit in the one and the high-frequency limit
in the other case. In fact, Coulomb effects are
characterized by a behavior of νeff(ω) versus n that is very
similar in both cases. In CR, νeff(ωC) is directly
measurable as the half-width of the absorption line.
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Figure 1.40: Comparison with experiment demonstrates
new theory for Coulomb effects (solid) to describe both
dc magnetoconductivity and high-frequency cyclotron
resonance. Insets: Behavior of effective collision
frequency is very similar in both cases and agrees well
with CR linewidth data in (b).
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2.1. Angle resolved magneto-
luminescence of neutral acceptor bound
excitons in Gallium Nitride

The industrial need for opto-electronic devices operating
in the blue part of the visible spectral range has recently
attracted increasing interest for the physical properties of
Gallium Nitride (GaN). In spite of the technological
progress, the understanding of the microscopic and energy
levels of acceptors in GaN remains unsatisfactory. The
near-band-gap luminescence is one of the standard
methods, used to obtain valuable information about
impurity states in semiconductors. This method can be
extremely useful when observing sharp emission lines due
to processes involving defects and doping centers. Such
requirements can be met using homoepitaxial GaN layers,
which typically show sharp emission lines due to neutral
donor (D0X) and neutral acceptor (A0X) bound excitons.
In this report we concentrate on the structure of the A0X
emission. The characteristic feature of this luminescence
is its double structure, with a satellite shifted by +0.8 meV
with respect to the main line. Although the intensity the
A0X structure is sample dependent, the relative intensity
of the two components remains constant confirming its
assignment to a single center. It has been proposed that
this double structure arises from the splitting of the
neutral acceptor ground state (final state of the A0X
recombination) induced by the spin-orbit and/or crystal-
field splitting of the valence band. Such a splitting has
already been studied in silicon and diamond.

In order to verify this hypothesis we have performed
angle resolved magneto-luminescence studies of the A0X
structure. Typical spectra measured for an angle θ = 35°
between the magnetic field direction and the c-axis of the
GaN crystals are presented in figure 2.1. The analysis of
the splitting performed for different angles allowed us to
extract the information about the neutral acceptor states in
GaN. The results obtained are discussed using a
Luttinger-type Hamiltonian, which takes into account
actual valence band structure of GaN, parameterized by
the crystal-field, spin-orbit and exchange splittings. The
experimental data, especially the value of the splitting
observed for the A0X doublet, can be explained if a
significant reduction of the spin-orbit interaction for the
neutral acceptor in GaN is assumed. The best fit to
experiment has been obtained using ∆so = 1.3 meV,
instead of 18 meV applied for free excitons.
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2.2. Magneto-spectroscopy of two-
electron transitions in homoepitaxial
GaN

The two-electron satellite luminescence (TES) arises in
semiconductors from recombination processes in which a
neutral donor bound exciton (D0X) recombines leaving
the donor in an excited state. The electron satellite is
therefore shifted with respect to the principal D0X
transition by the energy difference between the ground
and excited state of the donor. Investigations of TES in
magnetic fields provide a very useful tool for studying
intra-donor transitions. The energy structure of donor
states contains important information about the
parameters of the host crystal, e.g. electron effective mass,
dielectric constant etc. In spite of the successful
application of gallium nitride (GaN) for blue light
emitting devices the knowledge of the fundamental
properties of this material still needs to be improved. As
an example the electron mass anisotropy, although
expected for this hexagonal material, has not yet been
observed experimentally. Here we show that studying
TES in high quality homoepitaxial GaN electron the mass
anisotropy can be obtained.

Without magnetic field, the TES is rather broad (see
figure 2.2). In a magnetic field (B ⊥ c or B || c), the TES
splits into several components, related to different donor
states. For both magnetic field orientations, the
characteristic spin splitting observed for the principal
D0X transitions is reproduced in the TES spectrum. In the
B ⊥ c configuration, the doublets with a Zeeman splitting

Figure 2.1: Magnetic field evolution of the luminescence
spectra related to the A0 X bound exciton in GaN
crystals. The angle between the magnetic field direction
and the c-axis of the crystal is fixed at θ = 35°.
In the inset the zero field luminescence spectrum is
shown over a wider energy range.
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given by the electron g-factor ge (see arrows in figure 2.2)
are clearly visible for two groups of lines related to 2p-1
and 2p+1 donor states.

The energy differences between principal (D0X)
transitions and their two-electron satellites can be
compared with the theoretical calculations of a hydrogen-
like donor in a magnetic field. The magnetic-field vs.
energy fan chart of the excited states follows roughly, the
energy scall of a (renormalised) hydrogen atom in a
magnetic field. In particular, the splitting between lines
related to 2p-1 and 2p+1 donor states corresponds to the
cyclotron energy -hωC = eB/m, where m is the effective
electron mass. Thus measuring the splitting between the
2p-1 - 2p+1 states for different magnetic field directions
with respect to the c- axis of the GaN crystals, one can
find the components of the effective mass tensor. The
magnetic field dependence of the energy differences
between 2p-1 - 2p+1 states measured for our homoepitaxial
GaN layers is presented in figure 2.3. The observed
difference between results for the B || c and B ⊥ c
configuration, can be explained by the effective mass

anisotropy. A simple data analysis gives m⊥ /me =
0.225 ± 0.05 and m||/me = 0.204 ± 0.05, for the direction
perpendicular and parallel to the c-axis, respectively.
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2.3. Spin excitations of donor-acceptor
pairs in GaAs

Photoluminescence (PL) is a very sensitive tool to study
donor and acceptor states in semiconductors. One of its
variants is selective pair luminescence (SPL). In this
method, the exciting photon resonantly creates a neutral
donor-acceptor pair. In the next step of the SPL process
electrons as well as holes relax towards the ground states,
giving rise to the emission. The energy difference between
the exciting and the emitted photon gives a direct measure
of the pair excitation. For the weakly interacting pairs this
energy shift reproduces very well the intra-donor and/or
intra-acceptor transitions, typical for isolated centers. For
close pairs, the influence of the axial pair potential on the
individual donor and acceptor states can be studied.
Recently, we have shown that using SPL method it is
possible to resolve a large number of the isolated shallow
donor states in GaAs in a magnetic field. Here we report
that using SPL technique one can study not only orbital,
but also spin excitations of a bound electron-hole pair.
The SPL experiments have been performed at liquid
helium temperature in magnetic fields up to 14 T for
GaAs samples with neutral donor concentration
~ 1015 cm-3. A tunable Ti:sapphire laser operating
typically with 10 mW power has been used for below-
band-gap excitation which is resonant with the donor-
acceptor pair emission.

Typical SPL spectra measured at 14 T for different
excitation energies are  presented in figure 2.4. Peaks
observed above 4 meV can be attributed to excitations
involving different orbital states (for example 1s and 2p–1
states) whereas structures close to the laser correspond to
the spin flip (SF) excitations. The relative intensities of
the SF structures depend on the excitation energy. Their
positions with respect to the excitation energy remain
unchanged, when using an excitation smaller than
~ 1.500 eV. For such excitation conditions, which
correspond to the excitation of well-separated pairs, the
SF1 and SF2 lines show a linear shift with the magnetic
field (see figure 2.5). Using simple a model which
assumes that only pair states with a total spin projection
sz = ± 1 can contribute to the absorption and emission and
taking into account that electron g-factor is ge = –0.44,
we can estimate the light and heavy hole g-factors to be
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Figure 2.2: The magnetic field evolution of the two
electron transitions in GaN measured for B
perpendicular to the c-axis configuration.

Figure 2.3: The magnetic field dependence of the 
2p-1-2p+1 transitions measured for the two
configurations of the magnetic field direction with
respect to the c-axis of the crystal.
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0.48 ± 0.05 and 0.44 ± 0.05, respectively. For the
excitation energies larger than 1.500 eV, we effectively
excite pairs with a small donor-acceptor distance. In this
case the low energy SF peak splits into two components.
This is probably due to light-heavy hole splitting induced
by the axial pair potential. The experiments allow us to
determine the spin splitting in the valence band and show
the possibility of using the SPL spectroscopy to study the
spatial distribution of impurity centers in
semiconductors.
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2.4. Hall effect measurements in
ferromagnetic  GaMnAs

In the last few years a new research area has been
established, based on the manipulation of spins in
magnetic semiconductor devices, a field which is often
called spintronics. At the Department of Semiconductor
Physics of Ulm University, Germany, semi-magnetic
semiconductors such as GaMnAs or GaMnAsN are
fabricated. The GaMnAs layers are grown using low
temperature molecular- beam epitaxy. The materials are
ferromagnetic at low temperatures due to an indirect
exchange coupling between Mn spins [1], mediated by
free carriers. For GaMnAs a Curie temperature of up to
110 K has been reported. We have studied the transport
and magnetic properties of this ferromagnetic materials in
high magnetic field. The magneto-transport properties can
be examined through the measurement of the anomalous
Hall effect. RHall of magnetic materials is expressed as,

RHall = R • B + RsM,

where R is the ordinary Hall coefficient, inversely
proportional to the free carrier concentration, Rs the
anomalous Hall coefficient, M the magnetisation of the
samples. The anomalous Hall coefficient is assumed to be
proportional to the longitudinal resistance Rs = c • Rxx,
where c is a temperature independent constant. The “skew
scattering” [2] is responsible for the anomalous Hall
effect in these samples. Since the anomalous Hall effect is
the dominating contribution, the Hall effect has a
Brillouin like behavior (see figure 2.6).

Figure 2.5: Magnetic field dependence of the spin-flip
transitions measured using excitation energy of 1.494 eV.

Figure 2.4: The SPL spectrum of n-type GaAs measured
at 14 T for different excitation energies.

Figure 2.6: Rxy versus magnetic field for GaMnAs with
Mn = 5,1 %, measured from -22 - 22 Tesla.
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At B = 0T, a remanent Hall resistance can be measured,
which has been used to detect the Curie temperature. For
all our samples we find no saturation of the
magnetoresistance at high magnetic field (figure 2.7).

From the Hall data we calculate a hole carrier
concentration, for the GaMnAs sample with 5.1 % Mn,
p = 4.0 x 1020 cm-3, and for the sample with 4.0 % Mn,
p = 3.5 x 1020 cm-3. These results are calculated in the
high magnetic field region, where the relative change of
the slope of the magnetoresistance was less than 2 %. The

results for the determination of the Curie temperature for
different samples are shown in figure 2.8. The
incorporation of nitrogen (at low concentrations) in
GaMnAs increases the Curie temperature.
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2.5. Paramagnetic to ferromagnetic
phase transition in GaMnAs

GaMnAs exhibits a paramagnetic-to-ferromagnetic phase
transition at relatively high temperatures (up to 110 K).
The transition temperature is strongly dependent on the
concentration of Mn and on the concentration of the
valence band holes. Incorporating Mn simultaneously
provides a spin of 5/2 and an efficient p-type doping, both
of which are crucial for the occurrence of ferromagnetic
phase. From both theory and experiment it is known, that
the minimum hole concentration at which ferromagnetic
phase is expected is close to 5 x 1019 cm-3. The minimum
concentration of Mn in order to observe a ferromagnetic
phase is about 1 %, however no exact parameters for this
transition region have been experimentally verified.

We have investigated samples with small Mn content and
different hole concentrations. Hall effect measurements of
ferromagnetic material allow to determine if the system is
in the ferromagnetic state and to measure the
concentration of carriers. There are two contributions to
the Hall constant: RHall = RoB/d + RSM/d where,  Ro is the
ordinary Hall coefficient, RS is the anomalous Hall
coefficient, d is the GaMnAs layer thickness and M is the
magnetization per unit volume. RS is proportional to
Rsheet or R2

sheet, depending on the scattering mechanism
present (skew or side-jump scattering). For low magnetic
fields the ordinary Hall effect is negligible in comparison
with the anomalous effect. 
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Figure 2.7: Rxx versus magnetic field for GaMnAs with
Mn = 5,1 %. Negative magnetoresistance is observed at
high fields for all temperatures. The positive
magnetoresitance observed at low magnetic field and
low temperatures is characteristic of the ferro-magnetic
phase transition.

Figure 2.8: Curie temperature versus Mn concentration.
Closed square GAMnAsN sample (x)Mn = 1.36 %,
x(N) = 0.8 %.

Figure 2.9: Hall resistivity for a 500 Å thick GaMnAs
layer (5.5 % Mn). The inset shows the linear fit used to
extract the hole concentration.
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Thus the low field Hall constant is proportional to the
sample magnetization and gives direct evidence of the
occurrence of a ferromagnetic state. Figure 2.9 shows the
dependence of Hall resistivity on B for magnetic fields
|B| ≤ 22 T for a GaMnAs layer (5.5 % Mn). In the low
field region the Hall voltage reproduces the sample
magnetization, rising steeply for B between 0 T and 0.2 T
before saturating. In the high field region the ordinary
Hall coefficient dominates. The Rxy vs. B slope (inset)
gives the concentration of holes p ~ 2 x 1020 cm-3, which
agrees well with the published data.

We have also investigated the theoretically predicted and
so far experimentally unconfirmed hole concentration
dependent magnetic anisotropy in GaMnAs. SQUID
measurements revealed the different magnetic easy axis
orientations in a set of 1.5 % Mn samples with different
hole concentrations. In these samples both Rxx and Rxy
are dominated by magnetoresistance effects and the
estimation of p is not possible. Figure 2.10 shows Hall
resistance (Rxy) for the sample with a perpendicular
magnetic easy axis. The GaMnAs layer is grown directly
on GaAs(100) substrate and is under compressive strain
state, which typically induces in plane magnetic
anisotropy in GaMnAs films. The complex low field
behavior of Rxx and Rxy is connected with the
reorientation of the magnetic domains.
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2.6. Coupled plasmon-LO phonon
modes at very high magnetic fields

Coupling between plasmons and optical phonon modes
has been intensively studied in the sixties on light
scattering in n-type GaAs samples [1]. The dielectric
function theory applied to coupled electron-phonon
excitations has interesting consequences in the limit of
high magnetic fields when the cyclotron frequency is
tuned over all other undressed excitations present in the
crystal.

Recently we have performed such very high magnetic
field (up to 28 T) inelastic light scattering measurements
of coupled plasmon-phonon modes in metallic n-type
GaAs samples. The zero-field Raman scattering spectra
exhibit peaks associated to the transverse optical phonon
(TO) as well as the coupled plasmon-LO phonon ω–
(below TO frequency) and ω+ (above LO frequency)
modes. Single particle excitation modes are observed
close to the laser energy. Raman spectra have been
performed at different incident and scattered wave-vector
orientation in respect to the field direction. We report
here, on the results obtained in backscattering oblique
geometry, where the angle between k-vectors and B is 45
degrees. The respective Raman scattering spectra, for two
samples with electron concentrations of 1.3 x 1018 cm-3

(sample (a)) and 2.1 x 1017 cm-3 (sample (b)), are shown
in figure 2.11 and the corresponding diagrams of peaks
positions of collective modes versus the magnetic field
are presented in figure 2.12.

As seen in both figures, ω– and ω+ shift towards higher
energies with increasing magnetic field. ω– crosses the TO
mode and approaches the undressed LO phonon of the
undoped material from the low energy side. The observed
magnetic field behaviour of the three ωhyb modes (ω0

hyb,
ω–

hyb and ω+
hyb see figure 2.12) can be qualitatively

Figure 2.10: Hall resistivity for a GaMnAs (1.5 % Mn)
sample. Inserts: Low field region in which the re-
orientation of magnetic domains are visible.

Figure 2.11: The evolution of Raman scattering spectra
for backscattering 45 degrees geometry in magnetic
fields up to 28 T for samples with (a) 1.3 x 1018 cm-3 and
(b) 2.1 x 1017 cm-3.
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explained by a simple theoretical model, based on the
dielectric function formalism, assuming a local (k ~ 0)
approximation. The theory fits the experimental data quite
well at low fields. At higher fields discrepancies appear
especially for sample with relatively small electron
concentration (sample (b)). Moreover, as can be seen in
the Raman spectra for the sample (b), the  ω+

hyb mode
splits into two components at fields around 15 T. The
lower branch of this mode, which is not fitted by the
model drops close to the LO phonon energy of the
undoped material by the high energy side, while the upper
branch is not clearly fitted. This observation tends to
indicate that our analysis of the dielectric function, taking
into consideration only the hybrid mode, is not sufficient
elaborated to fully explain the high magnetic field data.
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2.7. Motional narrowing effectively
reduces the electron spin relaxation in
wide gap semiconductors

In conventional semiconductors, the electron
paramagnetic resonance (EPR) of effective mass like
electrons on shallow donor states can be only observe at
low temperatures. With increasing temperature, the
excitation of electrons to the conduction band strongly
reduces the spin relaxation time. The resonance line
broadens and the EPR can no longer be observed. We

have found a very different behavior for the wide gap
CdF2 doped with Y donors, for which the electron transfer
from one donor site to another leads to a motional
narrowing of the EPR line. The observed width of the
EPR line decreases with increasing temperature. At room
temperature the linewidth reaches its minimum of
~ 0.2 mT (see figure 2.13). The observation of such
narrow EPR lines raises the possibility of considering the
spins of conduction electrons for applications in quantum
computing devices operating at room temperature. The
system considered combines the obvious advantages of a
narrow resonance line, otherwise typical for NMR of
liquid samples, with the possible manipulation of nano
elements, characteristic for semiconducting devices.

The samples of CdF2 were grown by the Bridgeman
method at the IFPAN in Warsaw. The yttrium doping
enables the electron concentration to be varied in the
range 5 x 1017 to 1.5 x 1019 cm–3. The thermal energy of
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Figure 2.12: Magnetic field dependence of the peak
positions for the samples with (a) 1.3 x 1018 cm-3 and
(b) 2.1 x 1017 cm-3. Different symbols denote the data
obtained using different excitation energies.

Figure 2.13: The temperature dependence of the spin
relaxation rate of Y doped CdF2. The donor and
acceptor concentrations, ND, NA, and the thermal donor
energy are listed in the figure. The dashed line
corresponds to the hyperfine line broadening, averaged
by electron motion among the donor sites. The frequency
narrowing corresponds to the electron life time at the
donor τD(T) = τo

. exp(–EA/kBT). ωad and ωnad stand for
adiabatic and non adiabatic components (transverse and
longitudinal relaxation rates). The Eliott-Yaffet
relaxation is indicated by the dot-dashed line and the
spin relaxation caused by the ionization and deionization
events by dotted line.
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the donor, as evaluated from the activation of the Hall
electron concentration, EA, decreases with doping from
95 to 18 meV.

An example of the temperature dependence of the ESR
linewidth of the effective mass electron is shown in
figure 2.13. At low temperature a broad line with a width
∆hf ~ 10 mT is observed. This broadening is
predominantly caused by a hyperfine coupling to nuclear
spins of the Y donor and neighboring fluorine ions. When
the temperature is increased the width decreases to about
0.2 mT (corresponding to a relaxation rate, ∆ω= 3 x 107s–1)
at room temperature. At higher temperatures a weak
increase of the linewidth is seen.

The decrease of the linewidth is characterized by an
activation energy, EA, equal to the thermal energy of the
donor. It indicates that the line narrowing is caused by the
process involving the excitation of an electron from a
donor site to the conduction band. The recapture of the
electron onto another donor site, with a different
configuration of nuclear spins leads to an averaging of the
hyperfine structure and to the line narrowing. According
to the fit shown in figure 2.13, at room temperature the

transverse spin relaxation ∆ad, is strongly narrowed and
the line width is determined by the longitudinal spin
relaxation.
When electrons are excited to the conduction band, their
momentum scattering is associated with the probability of
a spin-flip. The Elliott-Yaffet parameter γEY represents the
ratio of the spin flip to the momentum scattering rate. The
value deduced from the fit is an order of magnitude
smaller than the corresponding value in Silicon. The small
amplitude of γEY in CdF2 reflects the weak spin-orbit
coupling caused by the very large energy gap (8 eV) in
this material. For the same reason, donor ionization is
rarely accompanied by a spin flip. A single spin flip
occurs every ~ 104 ionization events.

The weak spin orbit interaction makes CdF2 a potentially
interesting system for spin manipulation in
semiconductors.
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3.1. Impurities in high-Tc

superconductors: an NMR study of
YBa2(Cu0.995Zn0.005)4O8

Impurities in correlated electron systems are of
considerable interest because they frequently induce
spectacular effects, which can be used to unravel the
nature of the many-body correlations. For example, dilute
non-magnetic impurities such as Zn are known to depress
the transition temperature of high-Tc superconductors,
and to induce dramatic changes in their magnetic
response. In particular, spinless Zn impurities being point
defects in the square lattice of Cu2+ spins, a spatially
dependent response is expected. The disturbance will be
stronger in the vicinity of the impurity, as long as the
dilute limit is verified, i.e. as long as the magnetic
correlation length is not much larger than the mean
distance between impurities. Nuclear magnetic resonance
(NMR) is the ideal tool to probe such magnetic effects
because the NMR spectrum gives access to the
distribution of local magnetic fields in the sample.

Our previous work demonstrated the staggered character
of magnetic moments around Zn impurities in
YBa2(Cu0.99Zn0.01)3O6.7 [1], and revealed that these “AF
patches” carry a net magnetic moment, which can be
measured by bulk techniques. Nevertheless, quantitative
analysis of the data was limited by several experimental
features: overlap of the NMR central lines of plane and
chain Cu sites, and NMR satellites too broad to be
exploited. An NMR study of YBa2(Cu0.995Zn0.005)4O8
was thus undertaken in order to improve our
understanding of impurities in the YBCO system. Being
stoechiometric, YBa2Cu4O8 (Y-248) offers an important
advantage compared to Y-123: the absence of dopant
(oxygen or cation) disorder leads to very sharp NMR
lines, thereby improving the resolution of the
measurements. Note that the effective Zn concentration is
here of 1 % per Cu plane site.

Fine grains of the powder were mixed with Stycast 1266
and cured at about 60 Celsius in a 15 Tesla magnetic field,
in order to align the grains with their c-axis along the field
direction. NMR spectra revealed that a very high degree
of alignment could be achieved, comparable to the very
best data in the literature. NMR spectra were recorded by
sweeping the magnetic field (Oxford superconducting
17 T magnet) at fixed frequency, and by plotting the
integral of the spin-echo signal (for wide lines) or the
summed Fourier transforms of the spin-echo (for sharp
lines).

The intensity of the 63Cu NMR signal was estimated as a
function of temperature (T), by integrating the signal, and
correcting for the temperature (1/T) and time
[exp(–2t/T2)] dependence of the nuclear spin-echo signal.
These intensity measurement were carried out on the low
field quadrupolar satellite. Except for the effect of the flux
expulsion in the Meissner state below ~ 37 K (20 %
decrease of the signal), no intensity drop was observed
(not shown). This means that all (or almost all) the sites in

the sample are observed, either close or far from the
impurities.

Figure 3.1: 63Cu NMR low field satellite (amplitudes are
normalized to a common value at the peak position). The
broadening is due to staggered magnetic moments that
show up on cooling around impurities.

In figure 3.1. we report typical NMR spectra (low field
quadrupolar satellite). The line is well-isolated (except for
minimal influence of the 65Cu line at low T), and shows
sizeable broadening at 50 K (around Tc) and at 3.0 K. It is
remarkable that the Zn-induced broadening could be seen
for the first time on this satellite line, which suffers from
(first order) quadrupolar broadening. The central line is
intrinsically much sharper (it is affected by quadrupolar
broadening only to second order) but it cannot be easily
analyzed because it overlaps with the Cu chain line. The
quality of this new set of Cu NMR data, along with
17O NMR data, enables a determination of the broadening
to high accuracy, and quantitative comparison to detailed
computer simulations. Note that the broadening is
featureless, namely no new line appears in the spectrum,
which could be associated to peculiar sites such as the first
neighbors to the impurities.
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3.2. Two-gap superconductivity in MgB2

In the months following the surprising discovery of
superconductivity in MgB2 early 2001, most of its
superconducting properties have been investigated
extensively. We report here on experimental support for
the multiband model of superconductivity  recently
proposed  by  Liu it et al. [1] thus showing that MgB2
belongs to an original class of superconductors in which
two distinct 2D and 3D Fermi surfaces contribute to
superconductivity.



Grenoble High Magnetic Field Laboratory • Annual Report 2001
48

In order to get direct spectroscopic information about
the superconducting energy gap, point-contact
measurements have  been performed on polycrystalline
MgB2 samples with critical temperature Tc = 39.3 K by
pressing a copper tip on the freshly polished surface of the
superconductor. The electrical transport in such contacts
between a normal (N) and a superconducting (S) electrode
can be described by the Blonder, Tinkham and Klapwijk
(BTK) theory for interfaces ranging from a pure
conducting interface where ballistic transport with
Andreev reflection dominates up to an insulating barrier
where Giaever tunneling dominates.

Figure 3.2: a) Differential conductances of Cu - MgB2
point-contact measured (full lines) and fitted (dotted
lines) for the thermally smeared BTK model with fitting
parameters α = 0.71 and Z = 0.52 ± 0.02.
b) Temperature dependence of small and large gap
(∆S(T) and ∆L(T)) determined from the fitting on three
different point-contacts as displayed with three
corresponding different symbols.

Figure 3.2a shows a typical example of the normalized
conductance versus voltage  for a Cu-MgB2 contact at
different temperatures. The curves reveal a two-gap
structure corresponding to the maxima, placed
symmetrically around the zero bias. The spectra of other
contacts showed similar two-gap features. These

conductance curves could be fitted by the sum of the two
BTK conductances ασS + (1 – α)σL with the weight factor
α between small- and large-gap contribution varying from
~ 10 % to ~ 90 % depending on the position of the tip.

The temperature dependent data can be well fitted by  the
sum of  two BTK contributions as shown by the dotted
lines in figure 3.2a. The resulting energy gaps ∆L ~ 7 meV
and ∆S ~ 2.8 meV for point contacts with different weight
values α are shown in figure 3.2b. Both gaps are closing
near the same bulk transition temperature. The obtained
very weakly coupled gap with 2∆S/kTc ~ 1.7 and strongly
coupled gap with 2∆L/kTc ~ 4.1 are in good agreement
with the predictions  of the multigap superconductivity in
MgB2 (a  3D gap ratio 2∆S/kTc ~ 1.3  and  a 2D  gap ratio
2∆L/kTc ~ 4.0) [1].

Our point-contact experiments in a magnetic field have
shown that the small-gap structure disappears in fields of
1-2 T whereas the large-gap structure is only suppressed
in fields around 15 T. These field-dependent data reveal
directly in the raw data the presence of two
superconducting gaps up to temperatures close to Tc [2].
The regular observation of the two-gap structure in our
spectra and the support found for it by other techniques,
like Raman scattering and specific heat, indicate that this
is an inherent property of MgB2.
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3.3. Electronic structure of MgB2:
pressure behaviour

There has been great excitement with the discovery of
superconductivity at 39 K in a metallic system so simple as
MgB2. Its crystallographic structure is like that of graphite
with C replaced by its neighbour B, with Mg atoms
intercalated between the planes. Since each Mg donates
2 electrons, both systems are isoelectronic. However, in
contrast with graphite, where the 3 electrons forming co-
planar tight σ bonds can be neglected and only the πbands
generated by the pz orbitals considered in a first approach
to conductivity, here the larger intra-plane B-B distance and
the Mg-B hybridization makes necessary to consider all
these bands before any conclusion. A precise study of each
component of the electronic structure and its dependence
with different external parameters is mandatory to sort out
the main elements for this high Tc.

SUPERCONDUCTORS

a)

b)
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Here we have studied the electronic structure of MgB2, at
the light of experimental results obtained at the ESRF, on
the dependence of the lattice parameters and Tc with
hydrostatic pressures up to 40 GPa. The evolution of the
different bands with pressure has first been studied by a
tight-binding approach. This treatment was shown to be
simple and precise enough for the evaluation of other
properties. In contrast, we have found that although the
observed compression is much more isotropic than
expected for a layered compound, the weak experimental
variation of the perpendicular and in-plane B lattice
constants, i.e. the c/a ratio decrease, has important
consequences in the relative shift of the bands: due to this
difference there is an electron transfer from the 3Dim π
bands to the 2Dim σ bands close to the Fermi level εF,
inducing a decrease of the density of states (DOS) of the
latter. The opposite result is obtained for the isotropic
compression previously predicted in the literature.

Furthermore, the detailed study of these σ bands shows
that the variation of Tc should be extremely sensitive to
the position of the Fermi level, i.e. to the Mg
stoichiometry. In fact the calculated 2Dim-hole band at
ambient pressure, shows a rather flat structure with a
sharp decrease at a certain energy. Therefore if εF is close
to it, the variation of Tc with pressure, which will
correspond approximately to a shift of εF, will be strong.
Instead, if there is a significant Mg deficiency and εF lies
in the plateau, with moderate pressures there will be just a
slight decrease of Tc, and then a stronger variation for
higher pressures attaining the discontinuity, yielding the
nearly parabolic behaviour found for some samples. This
would imply that the dTc/dP slope should increase with
the degree of stoichiometry, and could elegantly explain
the differences among measurements reported by different
groups.

Ab-initio calculations are in agreement with our tight-
binding results, figure 3.3. Work in progress with O.
Jepsen et al. indicates that although the experimental
slightly anisotropic compression and the hypothetical

isotropic one give rise to different shifts of the relevant
bands, both cases yield a decrease of Tc with pressure, the
hardening of the optical bond-stretching phonon modes
coupled to the 2Dim bands, being the crucial factor
determining Tc.

Therefore, our detailed electronic structure analysis
allows to conclude that the main reason for the decrease
of Tc vs.P is the hardening of the B-B optical stretching
modes, strongly coupled to these quasi-2Dim σ holes,
which number decreases with applied pressure.
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3.4. Memory effects in the vortex matter
of type II superconductors investigated
using the magnetostriction technique

The peak effect in the mixed state of type II
superconductors, featuring a sharp rise of the critical
current density just below the critical temperature Tc or
the upper critical field Hc2, remains a subject of an acute
interest. It is currently seen as a result of a structural
transformation of the vortex lattice from an ordered
Bragg-glass phase below the peak region to a disordered
vortex phase within the peak.

An important feature commonly observed in the peak
region is the dependence of the experimentally studied
variable on the thermomagnetic prehistory of the
experiment. The critical current density Jc along the
decreasing path of applied field H or temperature T was
found to exceed the respective values measured at the
same T or H along the ascending path.

In our investigations, magnetostriction of NbTi samples
was measured by the capacitance technique in fields
up to 14 T and temperatures down to 0.4 K. In these
measurements, a dependence of the magnetostriction
signal on the thermomagnetic prehistory was observed in
a wide range of magnetic field, but we will, in the
following, limit ourselves to intermediate and low
magnetic fields, where observations of this type have not
been made until now.

Figure 3.3: MgB2 tight-binding approach. Continuous
curves: ambient pressure. Dashed curve: shift of the 
π-band by just a compression of the interplane lattice
parameter, c = 3.25 Å. High symmetry points: usual
notation for the reciprocal honeycomb lattice.
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Several minor loops initiated at fields below the peak
region are shown in figure 3.4. For comparison, these
measurements are presented on the background of the
envelope curve, defined as a complete magnetic field
cycle from zero field to Hc2 and back. Clear memory
effects are observed in all these loops in the entire field
range. A characteristic feature of the minor loops is the
symmetry with respect to over- and undershooting of the
envelope curve, as opposed to the more asymmetric
behaviour in the peak region. The general form of all
loops initiated at intermediate fields is similar: a rapid
reversal of the polarity followed by a wide non-monotonic
approach toward the generic envelop. The first step of all
minor loops, rapid approach towards an opposite branch
of the envelope, takes place over a field change of the
order of a few ten mT down to a few mT, values consistent
with a field dependent reduction of the macroscopic Jc.
The wide field span of the order of 1 T (up to about 2 T in
the loop starting at B = 5.5 T), needed for minor loops to
merge into the envelope, exceeds by three orders of
magnitude the values expected by the critical state model,
and is an evidence of thermomagnetic memory.

A model of disorder artificially induced in the vortex
lattice has been recently proposed by Paltiel et al. [1].
Vortices injected predominantly at the weakest points of
the surface may destroy the local order and form a
metastable disordered vortex phase near the edge, which
drifts into the sample with the flow of the entire lattice.

We can try to identify the two types of memory effects
described earlier with two types of disorder that can exist
in vortex matter: intrinsic and extrinsic. Intrinsic disorder
is the volume disordered phase dominating the peak
region, while extrinsic disorder is generated in the vicinity
of the surface when flux is forced to penetrate or leave the
sample. Any weak spot on the surface and in particular
extended defects like microcracks serve as injection
channels for the extrinsic disorder which can be generated
at any applied field by a reversal of the sweep direction.

To summarize, two types of memory effects have been
observed in magnetostriction measurements on NbTi
alloy samples within and outside the peak effect region.
We propose their interpretation in terms of two forms of
disorder in vortex matter.
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3.5. Resonant Cooper pair tunneling
through a double-island qubit

Recent experimental realizations of coherently controllable
two-state systems in different domains of physics have
brought great interest in quantum computers. In quantum
computation, the two-state system is called a qubit and
plays the role of the elementary binary digit. Unlike its
classical counterpart, the state of the qubit can be any
quantum superposition of the two states. Computations are
performed by the creation and manipulation of quantum
superposition states of the qubits.

Superconducting circuits based on ultra-small Josephson
junctions are promizing candidates for implementing
qubits in solid state devices. We have fabricated and
measured a model qubit consisting of two micrometer-
sized superconducting islands interconnected by a
nanoscale Josephson tunnel junction. We have observed a
new resonant transport process which can be used to
probe the intrisic properties of the qubit.

In superconducting islands, electrons are paired and
condensed in the same macroscopic quantum state. The
phase and the charge of the island are non commutating
quantum variables and can be used alternatively to
describe its quantum state. In our circuit, charge is a good
quantum number thanks to a suitable choice of the
parameters. With one extra Cooper pair in the double-
island, the qubit is based on two charge states denoted
|1,0〉 and |0,1〉 depending whether the extra Cooper pair is
on the left or the right island. The Josephson junction
which allows coherent charge transfer between the two
islands creates a quantum coupling between the two
states. The characteristic energies are the charging energy
EC = e2/2C, C being the junction capacitance and the
Josephson energy EJ. The condition Ec ~ EJ ensures that
significant mixing of the charge states can occur.

Practically, the double-island qubit is connected to two
reservoirs by weak tunnel junctions and each island is
capacitively coupled to a gate voltage source. The whole
device consists of three tunnel junctions in series with the
middle one much more transparent than the outer ones.

SUPERCONDUCTORS

Figure 3.4: Minor magnetostriction loops at low and
intermediate fields for both ascending and descending
magnetic field.
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We apply a finite bias voltage Vb across the device to
inject Cooper pairs in the double-island and we measure a
current resulting from transitions between the quantum
states of the qubit. The current is enhanced when the
transitions are resonant. By tuning the difference
Vd = Vg2 – Vg1 in applied gate voltages, we control the
energies of the two states whereas the sum Vs = Vg2 + Vg1
sets the potential of the double-island with respect to the
reservoirs and controls the total charge. The way used to
probe the qubit is similar to tunnel spectroscopy.

Figure 3.5 shows the current peaks observed at low bias
voltages. Our analysis shows that they take place at points
where the two states |1,0› and |0,1› are degenerate. The
ground state and the excited state of the qubit are
respectively the symmetric and antisymmetric
superposition of the two charge states and their splitting is
equal to the Josephson energy EJ. Our interpretation is the
following: two resonant tunneling process for Cooper
pairs can occur, when entering the double-island into the
excited state and when leaving from the ground state. In
between, the system undergoes a relaxation from the
excited to the ground state. This relaxation process acts as
a bottleneck to the transport current. From the peak
intensity, we obtain 200 ns as an upper bound for the qubit
relaxation time τr.

In conclusion, we have shown that resonant tunneling of
Cooper pairs can be used as a new technique for probing
discrete states in charge qubits. Further studies are in
progress to determine the coherence time of the double-
island qubit.

Reference and authors:

E.D.Bibow et al., to appear in Phys. Rev. Lett.
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3.6. Spontaneous emission transition in
a superconducting nanocircuit

We report transport measurements on a superconducting
double island circuit (see also “Resonant Cooper pair
tunneling through a double island qubit”). The observed
current signals are interpreted in terms of the quantum
states of the circuit, i.e. the resonant current peaks are
explained by level alignments. We have calculated the
current following a theoretical approach of M.van den
Brink et al. [1]. In this model, the current through the
device is described as a cascade of spontaneous emission
transitions between the eigenstates of the system. Every
transition corresponds to the transfer of one Cooper pair
across the device. The difference in the chemical potential
applied to the device determines the energy which has to
be dissipated during each transition. This energy is of the
order of 102 µeV. Since the energy spectrum of the system
itself does not provide such low energy levels, the only
dissipation channel is the electromagnetic environment of
the double island qubit, i.e. the circuitry of the setup.

The theoretical approach is the following : first, the
eigenstates of the system have to be determined. Second,
the transition rates between these eigenstates are
approximated by Fermi’s Golden Rule. Then a set of
master equations is defined. The master equations relate
the occupation probabilities of the eigenstates to the
transition rates. Charge flow across the device is given by
any of these rates multiplied by the occupation probability
of the associated state. The macroscopic observable
current is obtained from the sum of all such contributions.

The calculated peak positions as a function of the applied
gate voltages are in good agreement with the experiment
(see figures 3.6 - 3.7). Also the current amplitude is in

Figure 3.5: (a) Contour plot of the current versus Vs and
Vd at Vb = -75 µV (maximum current 1.88 pA). (b) Cut
view at Vd = 20 µV. Inset: current versus Vb close to a
resonance peak.

Figure 3.6: Comparison of experimental data (upper
panel) with theoretical results (lower panel) at
VB = –125 µeV. The current is plotted as a function of
the sum of the two gate voltages, VS = Vg1 + Vg2, for a
set of different values of the gate voltage difference,
VD = Vg2 – Vg1. Current peaks appear as lines in the 
VS-VD space.
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good agreement. The peak width is about one order of
magnitude larger in the experiment. This shows that the
theoretical approach neglects some important noise
sources contributing to the real width of the peaks. For the
coherent control of the system, the identification of these
noise sources will be of interest.

Reference and authors:
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3.7. Evidence of superconductivity in
magnetic compound YFe4Al8

Ternary magnetic compounds ReM4Al8 (Re - rare earth,
M - transition metal) with the tetragonal ThMn12 type
structure have been investigated in recent years in order to
obtain new materials for strong permanent
magnets. Mostly the ReFe4Al8 compounds have been
investigated. The magnetic properties of these compounds
reveal complicated magnetic structures with
antiferromagnetic (AFM) transitions at Néel temperatures
TN varying in a wide temperature range. For compounds
with a nonmagnetic Re element, like YFe4Al8, the
incommensurate AFM structure consists of Fe moments
in the (001) plane forming a rotating spiral

structure. Besides, migration of Fe atoms can create
locally a noticeable excess of magnetic moments leading
to the formation of a ferrimagnetic state or a spin glass
state. These factors cause the appearance of significant
noncompensated magnetic moments which prevent the
possible occurence of superconductivity in such systems.

However, in rf resistance and heat capacity experiments on
a few compounds of this type, weak signs of
superconductivity were found corresponding to a very
small sample fraction [1]. To further investigate the
possible occurence of superconductivity in these
compounds we have carried out Andreev reflection
experiments on single crystal YFe4Al8. The measurements
were performed on point-contacts (PC) of the needle-anvil
geometry (silver needle) using a standard modulation
technique for the registration of differential resistance
dV/dI(V)-characteristics. Prior to mounting in the point-
contact set-up, the crystal surface was freshly cleaved.

In part of the contacts probed (up to 10 % on some crystal
surfaces), evidence for superconductivity was seen. The
two typical dV/dI(V) spectra observed on Ag-YFe4Al8
point contacts are presented in figure 3.8. As is well
known, the observed reduction of the contact resistance
around zero-bias voltage is an unambiguous indication of
the occurence of Andreev reflection at an N-S interface.
However, the shape of both presented spectra differs
considerably from the standard Andreev reflection spectra.
As the most prominent feature we note the triangular-like
shape of the second spectrum (curve 2) which would imply
the existence of quasiparticles below the superconducting
energy gap parameter. The second type of spectra was
observed more frequently than the first one.

SUPERCONDUCTORS

Figure 3.8: Manifestation of superconductivity in the
YFe4Al8 magnetic compound in dV/dI(V) point-contact
spectra. Curves 1 and 2 represent typical examples of
two different types of PC spectra measured.

Figure 3.7: Current peaks at very low bias :
experimental (lower panel) and theoretical results (upper
panel) at VB = –75 µeV. These peaks appear as spots in
the VS-VD plane. 
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Because of the unusual shape of the presented spectra, the
standard theory for the description of Andreev reflection
spectra cannot be used for extracting the superconducting
gap values. For a qualitative estimation of the order
parameter and its temperature dependence, we define it as
the half-width of the zero bias minimum at half of its
depth. The obtained temperature dependence of the width
measured for four contact spectra of the second type on
different areas of the YFe4Al8 sample, coincide well with
the BCS curve of the superconducting order parameter.
Using the experimentally determined Tc’s of 5.9, 6.2, 6.8,
and 7.4 K, the corresponding 2∆(0)/kTc ratios are 3.5, 4.0,
7.2, and 5.7 respectively. We suppose that the variation
of these parameters is caused by the local variation of
the magnetic state over the sample volume. The highest
Hc2 value measured at 4.2 K is 5 T corresponding to the
coherence length of about 80 Å.

Our point-contact investigations give direct indications
for the existence of superconductivity in the new class of
ternary compounds ReFe4Al8 with magnetic interaction.

Reference and authors:
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3.8. Interlayer transport in the misfit-
layer superconductor (LaSe)1.14(NbSe2)

The interlayer  transport  in  the superconducting state of
the misfit-layer crystal (LaSe)1.14(NbSe2), consisting of
conducting NbSe sheets separated by insulating LaSe
sheets, reveals the presence of two competing channels of
conduction between the layers which involve the
tunneling of quasiparticles and Cooper pairs.
The temperature dependence of both ρc and ρab is
metallic-like between 1.5 and 300 K with a saturation
below 30 K. At lower temperatures, figure 3.9 displays
the transition to the superconducting state at zero
magnetic field.  The intralayer resistivity ρab(T) has a
conventional narrow transition with a midpoint at
Tc = 1.23 K. The interlayer resistivity ρc(T) shows a very
peculiar increase below 1.4 K by about three times and
then decreases below 1.15 K to zero.
Figure 3.10 displays the full set of our intralayer as well
as interlayer magnetotransport data measured at different
temperatures from 100 mK up to 1.3 K. The intralayer
magnetoresistivities (figure 3.10a) show conventional
transitions to the superconducting state which are shifted
to higher fields and broadened as the temperature is
decreased. The interlayer magnetotransport data plotted in
figure 3.10b have a peak structure in the transition to the
normal state.

The peak position in ρc(B) is always found in the range of
magnetic fields where the superconducting  transition  of
the intralayer resistivity ρab(B) takes place at the
respective temperature. Therefore, the peak effect in the
temperature as well as in magnetic field dependencies of
the interlayer resistivity ρc can be related to the
superconducting transition. For analogous phenomena
observed in the layered high-Tc superconductors, Gray
and Kim [1] proposed a model where the peak is due to an
interplay of two different conductance channels in the
superconducting state of the sample. The model assumes
a highly anisotropic superconductor as a stack of weakly
coupled internal Josephson junctions with interlayer
transport by tunneling of quasiparticles and Cooper pairs.
Below the upper critical  magnetic  field  due  to  the
opening of the superconducting gap in the quasiparticle
spectrum, ρc increases but at a sufficiently small field the
Cooper pair tunneling channel is opened and ρc decreases
to zero. Using a high-field extrapolation of ρc(B) to the
normal state [2], the upper critical field Bc2(T) of the

Figure 3.10: a) Intralayer and b) interlayer
magnetoresistive superconducting transitions at  different
temperatures.

Figure 3.9: Temperature  dependence of  the intralayer
ρab and interlayer resistivity ρc of (LaSe)1.14(NbSe2).
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superconducting state can be deduced showing the
standard behaviour for a type-II superconductor.

References and authors:
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3.9. Evidence for a 3D behaviour of the
vortices at low temperature and high
magnetic field

The melting-freezing transition of the vortex structure in
high-TC superconductors, the properties of the vortex
liquid and solid and their dependence on different types of
static disorder have been the subject of numerous
experimental and theoretical investigations. But the
vortex dynamics in a defect free sample is still not
completely understood. Partly because it was, up to now,
impossible to obtain results using magnetotransport
measurements at low temperature in the solid phase. We
have developed a new technique which allows us to do
such experiments for applied magnetic field varying from
10-3 T to 30 T. This technique is based on transport
measurements using a flux transformer configuration (i.e.
six terminal contact configuration) in a microbridge Bi-
2212 single crystal without correlated disorder. The
current is injected inside the sample trough a Hall bar
which has been previously shaped. The voltage responses
are simultaneously measured at the top and the bottom
faces of the single crystal. This microbridge method has
already been used on YBCO and Bi-2212 single crystals
to investigate the dimensionality of the vortices [1-3].

For high temperature and low field (B ≤ 0.1 T), the R(T)
curves have confirmed the existence of a correlated vortex
liquid for magnetic fields applied along the c-axis.
Resistivity measurements have been recorded under high
magnetic field (up to 22 Tesla) at low temperature (down
to 10 Kelvins). Our most important result is the existence
of a decoupling-coupling transition at low temperature
when the magnetic field is increased (figure 3.11). This
transition brings the system of decoupled 2D layers into a
3D bulk system. Figure 3.11 clearly shows that
Vtop = Vbot at low temperature when the applied magnetic
field is large enough (B ≥ 17 Tesla). Vortices are thus
dragged through the sample (in direction  

→
J x 

→
B) with

preserved integrity over the c-axis length of the sample,
producing the same electrical field (-→v x 

→
B) on all a-b

planes. Increasing the temperature, the 3D lattice phase
would undergo a decoupling transition in which
longitudinal superconductivity is lost, while the long-
range translational order of the vortex lattice survives. At
this point of the study, it should be of the utmost
importance to verify the existence of a Berezinskii-
Kosterlitz-Thouless dislocation-mediated melting
temperature, which should be asymptotic to the melting
line Bm(T) at large magnetic fields when the vortex
system becomes 2D [4]. This field-independent
temperature has been evaluated to 25 K using the formula
Tm

2D = ε0d/4√3πT where ε0 = (Θ0/4πλ)2 is the energy
scale and d is the layer separation.
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Figure 3.11: Resistance as a function of temperature for
different magnetic fields and different voltage
configurations : 12,6 T (◊), 17 T (❒), 22 T (o). I top-Vtop
(filled symbols) and Itop-Vtop (empty symbols).
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3.10. Deviations from Lifshitz-Kosevich-
behaviour in κ-(BEDT-TTF)Cu(NCS)2

The de Haas-van Alphen oscillations of a single crystal
sample of the organic quasi-two dimensional
superconductor κ-(BEDT-TTF)Cu(NCS)2 have been
studied using the torque method at various tilting angles.
The tilting angle is measured between the normal on the
conducting planes and the magnetic field. The field range
was 19 T to 23 T, for each angle, field sweeps at 0.4 K,
0.6 K, 0.8 K, 1.0 K and 1.4 K have been performed. For
each temperature, the Fourier amplitude has been
computed and the apparent effective electron mass has
been calculated by numerically fitting the LK term

m* Tαp ––– ––
me B

RT (p) = ––––––––––––––––              (3.1)
m* Tsinh (αp ––– ––)
me B

to the observed amplitudes as a function of temperature.
Here, p is the index of the harmonic, m*/me is the
effective electron mass in units of the electron rest mass,
T is the temperature, B the magnetic field, and
α ≈ 14.69 T/K. The effective electron masses obtained by
this procedure are shown in the figure 3.12.

It can be seen that there are two important deviations from
the expected LK behaviour : firstly, on the side of positive
angle values, the observed apparent masses do not follow
the 1/cos(θ)-behaviour that is to be expected, secondly, the
masses obtained from the first (p = 1) and second (p = 2)
harmonic of the main oscillation differ significantly.

The apparent asymmetry is interpreted as being due to the
known asymmetry of the transfer integral describing the
interaction in between the conducting planes in this
system [1]. Moreover, it is known that in this system,
important oscillations of the chemical potential are
present which are not considered in the LK description
[1]. Recently developed theoretical models by T.Champel
[2] show that these do not only yield the so-called
“forbidden frequencies” [1], but also modify the
amplitudes of the base frequencies and their harmonics.

In this context, the behaviour on the side of negative angles
could be understood as that of a quasi two-dimensional
system, where the LK description is still valid as a good
approximation, but on the side of positive angles the two-
dimensional character and with it the chemical potential
oscillations become too important to be approximated by
the LK description. It has been verified that the asymmetry
exists for both the rotation around the crystallographic b
and c axes. The system might thus offer the highly
interesting possibility of performing comparative
experimental studies of both the quasi-two dimensional and
the strongly two-dimensional case on one and the same
system by simply changing the sense of tilting.

The authors wish to thank H.Müller for the synthesis of
the κ-(BEDT-TTF)Cu(NCS)2 single crystals.
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3.11. Characterization of transport
properties variations with magnetic
field and temperature of 
ITER-candidate NbTi strands

While the International Thermonuclear Experimental
Reactor (ITER) conceptual design retained the Nb3Sn for
Toroidal Field (TF) and Central Solenoid (CS) coils, the
low working field (around 6T) promoted the choice of
NbTi for the Poloidal Field (PF) coils.

CEA has contributed to this project through the
experimental study of the transport properties variations
with respect to magnetic field and temperature of two
candidate strands.

Figure 3.12: Apparent effective electron masses of 
κ-(BEDT-TTF)Cu(NCS)2 as derived from de Haas-van
Alphen oscillations in the field range 19 T... 23 T using
Lifshitz-Kosevich formalism. The axis of rotation is
parallel to the crystallographic c-axis, the angle is
measured with the normal on the conducting planes
being parallel to the field as zero. While on the side of
negative angles, the expected 1/cos(θ) dependence can
be observed, significant deviations from that can be seen
on the side of positive angles. Moreover, the mass
derived from the first harmonic of the base frequency
oscillation mα differs significantly from that derived from
the second harmonic m2α.
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We used for this experimental campaign a Variable
Temperature Cryostat. The temperature is controlled
using He flow regulation through the current leads, by
mean of pressuring valves. The equilibrium point between
the upward cold He gas flow and the downward heat flux

coming from the leads hot parts is maintained at a level
adapted to the desired temperature. The monitored
temperature accuracy finally lies around some tens of mK.
The strand is wounded on a VAMAS-type Ti mandrel
instrumented with 1, 3 and 9 turn distant potential taps.
The magnetic field is provided by a resistive 10 MW
magnet installed at the GHMFL Facility in the CNRS,
Grenoble (France). Two manufacturers delivered the two
NbTi industrial strands used here: Europa Metalli (Italy)
and Alstom (France).

Their main difference lies in the nature of the resistive
barriers respectively Ni coating and internal CuNi.

The results are shown in figure 3.13. A satisfactory fitting
with respect to experimental data has been found, with an
accuracy better than 5 % for each strand.

We determined a set of parameters for each sample and
found them consistent with the recent publications on this
subject. This can be a source for an industrial action. More
generaly, our work makes available a newly qualified
scaling law database for any dimensioning study on the
ITER PF coils.
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Figure 3.13: Magnetic field dependance of the critical
current density of the NbTi Alstom sample. Points are
measured values and lines represent fitting.
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4.1. Magnetic hardening induced by
antiferromagnetic-ferromagnetic
exchange interactions

An enhancement of coercivity, HC, squareness, MR/MS
and energy product, (BH)Max, has been achieved by ball
milling hard ferromagnetic (FM) SmCo5 together with
antiferromagnetic (AFM) NiO powders. For comparison
ball milling of SmCo5 alone has also been carried out.
The milling has been performed during times ranging
from 0.1 to 32 h. The following FM:AFM weight ratios
have been used: 3:1, 3:2 and 1:1. The magnetic hysteresis
loops have been carried out in tightly packed powders
using a extraction magnetometer with a maximum applied
field of 23 T, large enough to ensure saturation of the
samples.

In figure 4.1 the milling time dependence of HC is shown
for the different AFM:FM ratios. An enhancement of HC
is obtained in all AFM:FM ratios compared to SmCo5
milled alone. This enhancement is a consequence of the
AFM:FM coupling and is found to increase with the NiO
content. This has been demonstrated by comparing with
the magnetic behavior of SmCo5 milled with CoO, where,
although a very similar microstructure is developed, it is
not possible to overcome the maximum value of HC of
SmCo5 milled alone [1,2].

Another interesting result of our study is the enhancement
of MR/MS, observed especially after short milling times
(MR/MS is found to be about 0.98 in SmCo5(1):(1)NiO
milled for 30 min), which seems to be a consequence of
the combined effects of FM-FM and AFM-FM exchange
interactions [3].

The figure of merit of a hard magnetic material is
(BH)Max, which gives an idea of the energy that can be

stored in the magnet and is roughly proportional to the
area enclosed by the hysteresis loop. It is intuitive to
realize that NiO will have a two-fold effect in (BH)Max: it
will tend to increase it due to the AFM-FM coupling
induced HC and MR/MS enhancements but, since its net
magnetization is zero, it will also tend to reduce (BH)Max
because of the reduction of the overall MS of the
composites. The interplay of these two effects makes it
necessary to optimize the AFM:FM ratio in order to
observe a (BH)Max enhancement. In figure 4.2, where the
milling time dependence of (BH)Max is shown for the
different AFM-FM ratios, it can be seen that the 3:1 ratio
gives the maximum (BH)Max [4].

In conclusion, it has been demonstrated that ball milling
of a hard magnetic material, SmCo5 with
antiferromagnetic NiO powders results in an enhancement
of HC, MR/MS and (BH)Max. By choosing appropriate
milling times and AFM:FM ratios it is possible to control
these enhancements. Therefore, we believe that this
procedure can lead to a new route for the improvement of
permanent magnet quality.
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Figure 4.1: Influence of the milling time on coercive
field HC.

Figure 4.2: Influence of the milling time on (BH)Max
product showing the improvement obtained at AFM-FM
ratio 3:1. 
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4.2. Low-temperature field induced spin
reorientation in Gd5(SixGe1-x)4

A giant magnetocaloric effect (MCE) has been recently
discovered in the Gd5(SixGe1-x)4 pseudobinary system
with x ≤ 0.5 [1], making these alloys potential candidates
for magnetic refrigeration in the range 20-290 K. Two
composition ranges are of interest:

(i) For 0.24 ≤ x ≤ 0.5, MCE is related to a first-order phase
transition from a high temperature paramagnetic (PM)
to low-temperature ferromagnetic (FM) state, at
temperatures ranging from 130 K (x = 0.24) to 276 K
(x = 0.5) [2]. This magnetic transition is associated with a
first-order structural transition from a monoclinic PM- to
an orthorombic -FM- symmetry [3,4] which can be
induced reversibly by the application of a magnetic field
[3].

(ii) For x ≤ 0.2, giant MCE is related to a first-order
antiferromagnetic (AFM) to low-temperature FM
transition at TC, which ranges linearly from ~ 20 K (x = 0)
to ~ 120 K (x = 0.2) [2]. This magnetostructural transition
can be induced reversibly by the application of a magnetic
field [5]. These alloys experience a further second-order
PM-AFM transition at TN ≈ 125 K [2,5].

There is a large controversy on the influence of the
kinetics of the first-order magnetic phase transition on
both the MCE and adiabatic temperature changes. Direct
measurements of the latter [6] show a smaller MCE than
that calculated from the magnetic entropy change,
∆SM(T,H), using the integrated Maxwell relations 
∆SM(T, ∆H) = - ∫∆H[dM/dT]HdH. Instead, and due to the
nature of the first-order transition, some authors claim
[6,7] that the entropy change must be calculated from the
Clausius-Clapeyron equation, ∆S(T) = - ∆M(∆T/∆H),
where ∆M is the magnetization jump at the transition
(field-induced metamagnetic transition) and ∆T/∆H is the
temperature shift of the transition with the applied
magnetic field. Other authors claim that the Maxwell
relations do also apply to this case due to the "slow
dynamics" of the magnetic transition [8].

We have measured magnetisation loops for a variety of
samples with x = 0.45 at different heat treatments as a
function of temperature and magnetic field (up to 23 T) in
order to study the first-order field-induced transition and
calculate the MCE using both the Maxwell relations and
Clausius-Clapeyron equation. M(H,T) of the optimum
heat-treated sample is shown in figure 4.3 and indirect
MCE is displayed in figure 4.4. Direct measurements will
be performed in order to compare the results to those from
magnetisation data. We have also measured a variety of
samples with x = 0.18 at different heat treatments. Our
results show that an agreement is found with the Clausius-
Clapeyron relationship.
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4.3. Phase separation in Pr0.5Ca0.5MnO3

thin films 

In the manganites, one of the open question which has
recently drawn attention is the possibility of coexistence
of two phases i.e. the ferromagnetic metallic phase (FM)
and the charge order insulating phase (CO). Very few
experiments are able to discriminate between an average
homogeneous magnetic state and phase separation. One of
them is Electron Spin Resonance (ESR). We have already
used this technique to probe the charge order compound
Nd0.5Ca0.5MnO3, in the form of powdered samples.
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Figure 4.3: Isothermal magnetization of optimally heat
treated compound x = 0,45.

Figure 4.4: Indirect magnetocaloric effect for x = 0,45,
deduced from the isothermal magnetisation.
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There, no trace of the FM phase was detected [1]. The
energy difference between the CO phase and the FM
phase is probably too large for the coexistence of both.
Indeed magnetic fields higher than 15 Tesla are required
to destroy the CO state in favor of the FM state. However,
in thin films grown on SrTiO3 or LaAl2O3, the strain
induced by the substrate modifies the stability of both
phases: whereas the ordering temperature is not modified,
the critical magnetic field for the destruction of the CO
phase is reduced compared to the bulk material. These
thin films are then good candidates for the occurrence of
phase separation.

Figure 4.5: ESR signal as a function of magnetic field in
the parallel configuration. 

We have undertaken an ESR study on a 250 nm
Pr0.5Ca0.5MnO3 thin film grown on SrTiO3. The spectrum
contains absorption lines arising from the substrate: they
are quite narrow and temperature independent. The other
part of the spectrum is much broader and depends both on
the temperature and the orientation of the static magnetic
field H. Typical spectra obtained at 95 GHz is given in
figure 4.5 for H parallel to the film and in figure 4.6 for
H perpendicular. The main absorption line at 3.4 T is the

paramagnetic signal of the CO phase. It disappears for
both field orientation below 120 K, when the CO phase
becomes antiferromagnetic. There the antiferromagnetic
gap is bigger than 95 GHz (in the bulk it is of the order of
500 GHz). Besides there is an additional signal which
depends on the field orientation.

For H parallel to the film, this signal is well defined in the
low field part of the spectrum with a shift of 1.1 T
compared to the paramagnetic signal. At 190 GHz, the
spectrum presents the same shift compared to the
paramagnetic signal. This is a strong suggestion that this
additional signal arises from a ferromagnetic phase,
separated from the CO phase, the shape of which is
elongated in the film plane. This signal persists even
below 120 K, when the CO state is antiferromagnetic: the
coupling between the two separated phases is not strong
enough for them to have a common resonance.

For H perpendicular to the film, the additional absorption
line is less defined. It is positioned in the high field part of
the spectrum and extends from the paramagnetic line up
to a shift of 1.4 T. Such a shift is expected for a
ferromagnetic phase with an elongated shape within the
plane. However, its shape is less defined as for H parallel,
and is not as elongated (the shift is smaller than
1.1 x 2 = 2.2 T). The signal disappears below 120 K. We
conclude that, for this field orientation, a phase separation
occurs, but the FM separated phase has a less defined
contour and is strongly coupled to the CO phase giving
rise to a common resonance when the CO phase becomes
antiferromagnetic [1].
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4.4. Transport measurements in charge-
ordered Pr0.5Ca0.5MnO3 thin films

Tremendous efforts have been recently devoted for
understanding the magnetotransport properties of 
RE1-xAxMnO3 compounds (RE = rare earths, A = alkaline
earths), according to their colossal magnetoresistance
properties. Among all the properties of these materials,
the phenomena of charge/orbital ordering (CO/OO),
extensively studied in bulk material, is probably one of
the most captivating. It corresponds to an ordering of the
different charges (i.e. Mn3+/Mn4+) in two different
sublattices: below a certain temperature TCO, the metallic
state becomes unstable and the material goes to an
insulating CO/OO state which can be destroyed by
applying an external magnetic field. Since these
manganites are very sensitive to any perturbations, one

Figure 4.6: ESR signal as a function of field in the
perpendicular direction.



Grenoble High Magnetic Field Laboratory • Annual Report 2001
62

would expect that the substrate-induced strains will
strongly influence their magnetotransport properties. The
aim of this work was to investigate the magnetic field-
induced phase transition of CO/OO Pr0.5Ca0.5MnO3
(PCMO) thin films: a 250 Å film on strontium titanate
(STO) and a 2500 Å film on lanthanum aluminate (LAO).

The resistivity as a function of magnetic field exhibits a
huge decrease on a logarithmic scale, showing the
transition towards the metallic phase (figure 4.7). The
critical field HC, defined at the inflection point, presents a
strong hysteresis as observed in the bulk material but the
values are very different: at 120 K it is close to 15 T for
the 250 Å film on STO and 12 T for the 2500 Å film on
LAO, in the bulk compound, HC is around 20 T.

HC is always smaller in the case of the thin film. The
nature of the strains (i.e. compression or expansion)
always drives HC in the same direction due to the fact that
the CO/OO state is less stable in a thin film.

We have calculated the in-plane mismatch σ = 100 *
(aS – aB)/aB where aS is the in-plane parameter of the film
and aB is the lattice parameter of bulk PCMO. At room
temperature, there is no clear correlation between
these two parameters whereas at 120 K, a temperature
well below TCO (figure 4.8), an increase in the amplitude
of the mismatch leads to a reduction of the critical field
for destruction of the CO. The sign of the in-
plane mismatch is also important: a value of –0.5
(corresponding to a 1100 Å film) leads to a HC of 5 T
whereas a value of +0.5 (corresponding to a 250 Å film)
gives a HC of 17 T.

This can be explained regarding the orientation of the
film. On STO, the [010]-axis (corresponding to the out-of-
plane direction) is compressed whereas the [101]-axis
(corresponding to the in-plane direction) is expanded. On
LAO, the [101]-axis is also compressed but this effect
occurs in-the-plane of the substrate. Thus, the expansion
of the [010]-axis destabilizes the orbital-ordering phase as
seen in bulk Nd1-xSrxMnO3 where a compression of the
[010]-axis assists the cooperative Jahn-Teller distortion
and stabilizes the orbital-ordering state. The difference of
the HC values between LAO and STO is due to the
different mismatches between both substrates but the
effect is similar.
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4.5: Controversial origin of the
magnetic behaviour in LiNiO2

The ground state of LiNiO2 is still a mystery. Ni and Li
hexagonal layers alternate, and the O ions connect the Ni
ions both within the same layer and between adjacent
layers, giving rise to ferro (FM) or antiferromagnetic (AF)
interactions, depending on the bond angle between
relevant orbitals. As expected, isomorphic NaNiO2
undergoes a Jahn-Teller (JT) distortion, and below
TN = 20 K there is an AF stacking of the Ni-planes, the
interactions following the Goodenough-Kanamori-
Anderson (GKA) rules. In contrast, no cooperative JT
effect was observed for LiNiO2 and different low
temperature measurements showed no long-range
magnetic ordering.

Various proposals had evoked orbital frustration as the
origin of the peculiar magnetic behaviour in LiNiO2, and
a recent experimental work [1] was claimed to be the
evidence for it. The scenario is based on an interplay
between frustration on the triangular lattice and orbital
degeneracy of the Ni3+ ions, which are in the low spin
state (t62ge1

g, s = 1/2) with the two eg levels being
degenerate. A weak susceptibility anomaly was shown at
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Figure 4.7: Electrical resistivity as a function of
magnetic field at different temperature for PCMO thin
films grown on LAO (a) and STO (b).

Figure 4.8: Evolution of the critical magnetic field at
120 K for different films as a function of the in plane
mismatch calculated below Tco.
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Tof ~ 400 K, below which an orbitally frustrated state is
assumed, solving this long-standing problem. From the
high temperature susceptibility a 2nd energy scale was
derived, θ = –10 K, and attributed to averaged FM and AF
in-plane interactions between electrons in those frustrated
Ni3+ orbitals. We have shown though that both features
are spurious: the appealing idea of an orbital liquid
remains to be proved.

First of all, the susceptibility anomaly below which the
orbitally frustrated state was proposed is not intrinsic.
Using the same experimental facilities of the Laboratory
L.Néel in Grenoble, we have found this anomaly in rather
different systems at exactly the same temperature, and we
could verified that it was an artifact due to different
calibration procedures below and above 400 K. On the
other hand, the deviation from the Curie-Weiss behavior
in all reports at higher temperatures is gradual and in most
cases, not reversible. With changes in composition and
Li/Ni disorder, Curie-Weiss and ESR linewidth analysis at
T ≥ 600 K become irrelevant. So neither the 1st nor the 2nd

energy scales are significant. Also the symmetric shape of
the ESR spectra was taken as an indication of the
homogeneity of the sample. Figure 4.9 shows for θ like in
[1], that at fields used for X-band measurements,
concentration defects are completely washed up, so this is
not an appropriate criterion. Small Ni rich regions can
only be detected by mT fields.

EXAFS measurements concluded that there is only a local
JT effect, with 2 long and 4 short bonds, indicating a
preferential occupation of the |3z2-r2〉 orbitals, like in
NaNiO2. Therefore, the only way to conciliate EXAFS
results with the isotropic ESR spectra of LiNiO2 appears
to be different orientations for the always elongated
octahedra, which is also supported by recent energy
calculations by D. Khomskii et al. The model of [1]
excludes this possibility which seems to be the only one
that agrees with both experiments. Finally, it is difficult to
justify in-plane AF interactions between Ni ions without
contradicting the GKA rules.

We would like to point out that stoichiometric LiNiO2
probably does not exist, but there is always a small

amount of Ni ions in the Li layers, as we have carefully
detected in a sample with an even lower value of the
Curie-Weiss θ = 26 K (35 K in [1]). Therefore, the precise
formula is Li1-xNi1+xO2. No inhomogeneities were
detected in this sample, with a magnetic behavior
approaching that of NaNiO2. So we have explained the
puzzling behavior of Li1-xNi1+xO2 by effective FM Ni-
interlayer interactions created by the few additional Ni in
Li planes, inducing frustration (~ 70 Ni3+ are perturbed by
each Ni2+) against the magnetic ordering of NaNiO2. ESR
and neutron work on very diluted samples is in progress
to detect these clusters.
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4.6. Magnetic properties of the
delafossite compound LaCuO2.66: a
study by high-frequency/high-field ESR

There has been much recent interest in antiferromagnets
which are prevented from ordering at temperatures of the
order of the exchange energy by geometrical frustration of
the spins. The frustration arises from the geometry of the
lattice, usually based on some form of triangular networks
of magnetic ions. Frustrated antiferromagnets are
particularly interesting because of the scope they offer for
novel low temperature (T) states: these systems may stay
magnetically disordered even as T approaches zero, or
have unconventional order.

Delafossite compounds of the family RCuO2+x offer the
possibility to study materials with triangular plane lattices
of spin 1/2 Cu2+. Such a system is expected to display
novel magnetic collective phenomena arising from
geometrical frustration of the antiferromagnetic bonds.
The x = 2/3 concentration is particularly interesting since
the structure shows a Cu network which is topologically
equivalent to the kagomé lattice, where the magnetic ions
sit on the vertices of corner sharing triangles.

We report here on electron spin resonance (ESR) studies
performed on LaCuO2.66, a dilute S = 1/2 kagomé lattice.
The formal oxidation state of Cu is 2.33, resulting in one
hole per three lattice sites. Magnetic susceptibility
measurements [1] yielded a Curie-Weiss temperature
θCW ~ –25 K indicating antiferromagnetic exchange
between the Cu ions. ESR spectra were recorded at
different frequencies (95-285 GHz) and in the field range
0-12 T and showed a signal whose linewidth and g-value

Figure 4.9: Inverse of the susceptibility of Li1-xNi1+xO2
at different magnetic fields.
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depend on temperature. Figure 4.10 presents the
temperature variation of the resonance field of the
observed signal at the frequency 95 GHz. In the
temperature range T < 150 K, as T is decreased below
25 K, a shift of the ESR line towards lower fields is
observed. Since there is no indication of structural
changes at these temperatures, we attribute this behavior
to the presence of local static fields that add (or substract)
to the external field and cause a change of the resonance
field. The presence of these local fields is indicative of the
developpement of a short range ordered (SRO) regime
below T ~ 25 K. Such a temperature dependence has been
seen in ESR in low dimensional systems, and recently we
have also observed similar behavior in magnetically
frustrated spin systems [2]. Calculations are currently
underway to determine whether these SRO effects point
more towards the two-dimensional character of the
system, or frustration, or both. More experiments are also
in progress to investigate the higher temperatures
(T ≥ 150 K) where we also see a change in the ESR
spectrum.

Figure 4.10: Temperature dependence of the resonance
field at 95 GHz.
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4.7. ESR spectroscopy of the frustrated
ising pyrochlore Ho2Ti2O7

Materials containing antiferromagnetically coupled
magnetic moments which reside on geometrical units,
such as triangles and tetrahedra, often display phenomena
known as geometrical frustration. The pyrochlore oxides,
of general formula A2B2O7, have been the topic of much
interest in recent years as they represent ideal systems for
studying the effects of geometrical frustration. Both the A
and B sublattices form a network of corner sharing
tetrahedra such that it may not be possible to satisfy
energetically all the magnetic interactions simultaneously.
The resultant geometric frustration inhibits the formation
of a collinear ordered state and opens questions about the
nature of the ground state.

The discovery that a magnetic pyrochlore with
ferromagnetic interactions and strong Ising-like single ion
anisotropy could be just as frustrated as the analogous
antiferromagnets is counterintuitive. The prototypical
example of these ferromagnetic compounds is Ho2Ti2O7.
Such materials are termed spin-ices because their physics
maps directly onto the historic problem of proton disorder
in hexagonal ice. However this has been questionned
recently and thus the physics of these materials is a point
of debate [1].

It has been suggested that the nearest-neighbor exchange
interaction in Ho2Ti2O7 is actually antiferromagnetic and
that the net ferromagnetic interaction between Ho spins is
a combination of antiferromagnetic exchange interactions
and ferromagnetic dipolar coupling. Magnetic
susceptibility measurements indicate that the Curie-Weiss
temperature is very dependent on the range of
temperatures studied [2]. In the range 3-10 K, the data can
be described well using θ = –1.8 K which corresponds to
an antiferromagnetic interaction; for T > 200 K, it was
found that θ ≈ +1.6 K, consistent with weak ferromagnetic
interactions.

In this report we show preliminary electron spin
resonance (ESR) measurements on a single crystal of
Ho2Ti2O7 performed at different frequencies and
temperatures. Two different orientations of the magnetic
field with respect to the crystal axes were also
investigated. The ESR spectra evolved as a function of the
three parameters: Temperature, orientation and frequency
(magnetic field).

The frequency dependence of the observed resonances
has been studied keeping the temperaure fixed
(T = 4.5 K). The spectra consisted of different lines whose
frequency dependence as a function of magnetic field is
shown in figure (figure 4.11) In the absence of long range
order in this compound at the temperature of the
measurement (T = 4.5 K), the observed resonances can be
assigned to collective modes resulting from the presence
of a non colinear local short ranged order. Short range
order has been observed in neutron scattering experiments
and is also suggested by the behavior of the spectra with
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decreasing temperature. This bears similarity to what we
also observed in the ESR experiments on Gd2Ti2O7. More
detailed measurements are needed to clarify the nature of
the local order.
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4.8. Short range order in the frustrated
pyrochlore Gd2Ti2O7

The magnetic properties of antiferromagnets with
competing interactions remain an open problem and are
therefore under intense investigation. When the
competition arises from the geometry of the lattice, the
resulting phenomenon is known as geometrical
frustration. In such geometrically frustrated systems, the
magnetic moments sit on lattices based on triangular and
tetrahedral units and interact antiferromagnetically with
the neighbouring moments: Their inability to satisfy all
nearest neighbour antiferromagnetic interactions on such
units gives rise to macroscopic frustration. Particular
attention has been given recently by researchers to the
kagomé and pyrochlore lattices, which are based
respectively on corner sharing triangular and tetrahedral
networks of magnetic ions. These lattices have a high
degree of frustration and belong to the class of
fully frustrated lattices. Magnetic ordering on these
lattices is therefore an interesting and non trivial problem.

In this report we show electron spin resonance (ESR)
studies on single crystals of the frustrated pyrochlore
antiferromagnet Gd2Ti2O7. Gd2Ti2O7 belongs to the
R2Ti2O7 (where R is a rare earth element) family of
pyrochlore magnets, which, depending on R, exhibit
various low temperature properties. In the case of Gd3+

(4f7), crystal field and anisotropies, which play a large
role in the other R2Ti2O7 materials, are relatively
unimportant, and therefore Gd2Ti2O7 can be considered as
a Heisenberg pyrochlore antiferromagnet.

As mentionned in a previous report, although there is no
long range order at the temperatures studied in the present
report (150 K - 4.2 K), the shift of the ESR line position
as a function of temperature suggests the presence of a
local order: This short range ordered regime sets in with
the increase of antiferromagnetic correlations as the
temperature is lowered. In order to further investigate the
nature of this local order we performed orientation
dependent experiments on a single crystal of Gd2Ti2O7
whose results we show here. ESR spectra were recorded
at 54 GHz for different orientations of the magnetic field
with respect to the body diagonal for two different
temperatures, 150 K and 5 K. A plot of the position in
field of the resonance versus the angle (θ) between the
applied field and the (111) cristalline axis is shown in
figure 4.12a. It is seen that the resonance at 150 K is
independent of the magnetic field orientation and is
therefore isotropic. However, the position of the
resonance at 5 K shows clearly a dependence on the field
direction. As the magnetic field is rotated away from the
(111) direction of the crystal, the resonance position
decreases until it reaches a minimum, then it grows back

Figure 4.11: Frequency - Magnetic field diagram of the
observed ESR resonances at 4.2 K. 

Figure 4.12: Dependence of the resonance field on the
orientation of the magnetic field with respect to the (111)
crystalline axis.
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again as the field is moved towards being at 180 degrees
with the (111) direction. The minimum in the resonance
field occurs when the applied field is in the (111) plane.
The observation of an isotropic ESR spectrum at 150 K
and of an anisotropic one at 4.5 K implies that the
anisotropic character develops with decreasing
temperature, and thus it is not a result of g-factor
anisotropy. This anisotropic character can thus be related
to the nature of the local order that starts to set in as T is
lowered. The fact that the minimum in figure 4.12 occurs
when the magnetic field is in the (111) plane implies that
this plane is a preferential one for the spins. This favorises
an alignment of the spins in this plane rather than
perpendicular to it, in agreement with results of neutron
scattering on the long range ordered phase in
160Gd2Ti2O7. This is a totally unexpected result
considering the isotropic Heisenberg nature of this system
and therefore it remains to be clarified. Moreover, when
dipolar interactions are taken into account theoretical
calculations point towards a different type of ordering.
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4.9. Quantum topological excitations:
from the sawtooth lattice to the
Heisenberg chain

There is currently great interest on the topological
excitations of the quantum antiferromagnetic (AF) spin
systems. The properties of the spinons of the isotropic
s = 1/2 Heisenberg chain have been largely discussed in
the literature, in contrast with the domain walls between
different Néel ordered regions in the anisotropic
Heisenberg chain. Later on Shastry and Sutherland
introduced another class of excitations: topological
quantum solitons separating different regions of broken
translational symmetry, characterized like spinons by two-
parameters with four-fold degeneracy. The typical
example is the isotropic railroad-trestle lattice, first
addressed by Majumdar and coworkers, the lower
excitations being well separated kinks (K) and antikinks
(AK) with similar characteristics and yielding a finite gap
of ~ 0.23 J. More recently the attention turned to the so-
called sawtooth lattice or ∆-chain, consisting of coupled
s = 1/2 Heisenberg spins forming triangles aligned in a
chain, due to its unique peculiar properties. In fact,
numerical and analytical studies of the isotropic case, i.e.
with the same J value for all interactions, have shown a
remarkable feature: the K-AK symmetry of the Majumdar
model is broken here (see figure 4.13), yielding however
a similar gap for the excitations.

From the experimental point of view, the RCuO2+δ (R = Y,
La, etc.) delafossite compounds opened new

possibilities for studying hexagonal Cu planes, with the
additional oxygens located at the center of those triangles
and giving rise to AF interactions between Cu2+ ions.
Depending on the O-doping different effective s = 1/2
magnetic lattices are obtained. We have previouly studied
[1] the diluted kagomé lattice corresponding to the case
δ = 0.66, predicting interesting properties. The precise
structure of YCuO2.5 has been recently solved by a team
of the Laboratoire de Cristallographie de Grenoble [2],
appearing as a promising physical realization of the
sawtooth lattice, as shown in figure 4.14. In a first
approach, the Cu lattice can be considered as independent
∆-chains, but with O-Cu angles and distances indicating
different interactions, most probably weaker for the base
than for the vertex of the triangles, i.e. Jbb < Jbv. On the
other hand, crucial information on these systems is
expected from the NQR and NMR studies started by
M.H.Julien and C.Berthier.

Using the exact diagonalization method for a finite 
∆-chain (up to 13 triangles and extrapolating to the
thermodynamic case) we have first obtained more precise
results for the isotropic case, and we are now studying the
sawtooth lattice with Jbb < Jbv interactions, certainly
closer to the experimental case of YCuO2.5.

Let us note that when one of these interactions vanishes,
we go back to the isotropic Heisenberg chain. It seems
therefore extremely interesting to look for the evolution of
the excitations from the isotropic sawtooth lattice with K-
AK pairs yielding a k-independent finite small gap of
0.215 J, to the Heisenberg chain with pairs of spinons
showing a k-dependent spectrum varying from the much
higher value πJ/2 for k = π/2 to zero for k = 0 and k = π.
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Figure 4.13: An excited state of the isotropic sawtooth
chain. The up spin that has a dimer singlet pair in its
triangle is a kink and the other one is an antikink.

Figure 4.14: Sawtooth chains in the CuO planes in the
delafossite YCuO2.5. Exact Cu-O-Cu angles and
distances are given in Ref.[2].
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4.10. Condon domains

Condon domains are diamagnetic domains which occur in
metallic monocrystals in high magnetic fields at low
temperatures. Their physical origin lies in the deHaas-
vanAlphen-effect, i.e. oscillatory magnetization as
function of the applied magnetic field. Although the
contribution to the magnetic field inside the crystal
coming from the induced magnetic moment is always
small compared to the external field, the differential
susceptibility ∂M/∂H can change drastically due to the
oscillatory character of the magnetization. If its value
exceeds µ0χcrit = 1, then a phase transition into a domain
state occurs. These so-called Condon domains have been
observed by spectroscopic methods like NMR and µSR in
silver, tin and beryllium single crystals.

We study Condon domains by measurements of
magnetization (torque method), giant magnetoresistance
as well as by a local magnetization measurement using
micro-Hall-probes.

The local magnetization measurement using micro-Hall-
probes has been developed to a magnetic resolution of
better than some tenth of a Gauss at some Tesla offset
field. Magnetoquantum oscillations were detected in the
stray field of a Beryllium sample as low as 4 Tesla and as
high as 4 Kelvin. As for spatial resolution (scanning)
problems of friction still persist.

A new method of investigation on Condon domains in
beryllium are giant magnetoresistance oscillations.
Magnetoresistance shows very characteristic envelopes of
the oscillations in resistance parallel to the basal plane.
These serve as an indicator for the presence of domains,
and can so help to construct a complete phase diagram of
Condon domains in beryllium.

We have measured Giant magnetoresistance in beryllium
between 2 and 8 Tesla and 0.5 and 4 Kelvin. The
calculation of the diagram is in process, but the data are in
good agreement with a "twodimensional" treatment of the
Fermi surface (cylinder model).

On the thermodynamics of the Condon domain transition
from the homogenous into the domain phase as a function
of temperature, we have shown the importance of
magnetic interaction by an analysis of the magnetization

lineshape at different temperatures. Magnetic interaction,
i.e. interaction of the orbital magnetic moments of the
conduction electrons at the Fermi surface, is thought to be
the underlying physical property of the electron gas
leading to the phase transition. The magnetization of the
electron gas modifies the induction inside the sample,
changing the Landau quantization field and finally having
an influence onto itself. This nonlinear phenomenon can
lead to a phase transition.

We measured the magnetic susceptibility at two different
phases of the deHaas-vanAlphen-period in silver, first
where it has maximum value ("paramagnetic part"),
second at its minimum value ("diamagnetic part"). In the
high temperature regime, where magnetic interaction is
negligible, they should be roughly equal, being
proportional to the magnetization amplitude. As magnetic
interaction becomes more important, the two
susceptibilities should be more and more different, as
magnetic interaction adds to the paramagnetic
susceptibility, but is geometrically antiparallel to the
diamagnetic one. At intermediate temperatures, magnetic
interaction can so be observed by asymmetry of the
magnetization lineshape. At low temperatures, both
curves should saturate to values, which are determined by
pure sample geometry. This is quite typical for domain
structures, where demagnetization fields play a crucial
role.

We have observed the opening of the susceptibility curves
at intermediate temperatures in silver, see figure 4.15.
Experiments for lower temperatures (saturation?), as well
as different samples (dependence of the saturation values
on the demagnetization factor) have to be carried out in
2002.

Figure 4.15: Magnetic susceptibility and amplitude of de
Haas-van Alphen-oscillations in Ag.
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4.11. High field and high frequency ESR
of the one dimensional magnetic system
(TMMC)

Although the one-dimensional (1D) compound
Tetramethylammonium manganese tetrachloride
(TMMC) has been studied by electron spin resonance
(ESR) at low frequencies and fields (9 GHz, 0.3 T), the
motivation to extend these measurements to higher
frequencies and fields (HF) were: i) to assess the
frequency (field) range of validity of the existing theories
concerning magnetic resonance and spin dynamics in low
dimensional magnetic systems; ii) to study the HF-ESR
properties of a well known and typical low dimensional
magnetic system as starting point of the study of low
dimensional systems with more complex behavior such as
systems in which Next Nearest Neighbor interactions are
operative, 2,3 and systems with alternating exchange
coupling constants and/or alternating spin; iii) moreover
magnetic resonance in Heisenberg 1-D antiferromagnets
is related to the study of gapped systems, spin glasses and
topologically frustrated magnetic systems which show
analogous short range order correlation phenomena.

The HF-ESR experiments were performed on several
crystals of TMMC using the rotator available for HF-ESR
at the GHMFL. Four different measurement were
attempted: 1) measurement of the room temperature
angular dependence of the linewidth at 115 GHz; 2) the
same at 230 GHz; 3) temperature variation of the
linewidth at 230 GHz; 4) angular dependence of the
linewidth at 230 GHz and 20 K. It was necessary to try
several crystals because some of them, and in particular
the larger ones, show artifacts in their spectra, and the
only practical solution being using smaller samples. As
usual performing HF-ESR spectra in a single pass probe-
head it was necessary to correct the phase of the signals a
posteriori.

Figure 4.16 shows the high temperature angular variation
of the linewidth of TMMC at 115 GHz. The behavior is in
good agreement with the theory of the magnetic
resonance of one dimensional magnetic materials. The
minimum of ∆Bpp at ~ 60° from the chain is very close to
that expected of 54.6°. The high temperature angular
variation of the linewidth of TMMC at 230 GHz also
shows that this magic angle behavior is still evident, with
the minimum of ∆Bpp at ~ 55°. These results confirm that
the existing theories of spin diffusion extend their validity
at relatively high frequencies and fields. Surprisingly
however, no shifts of the resonance were observed in this
experiment although such shifts were observed at lower
(34.9 GHz) frequencies [1]. A critical broadening of the
line is observed instead which is a sign of an approaching
transition to a 3D ordered magnetic phase rather than the
short range order effects expected in low dimensional
magnetic chains. This point will be further investigated by
looking at other types of low dimensional magnetic
systems.
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4.12. Very high frequency and very high
field EPR on the Mn2+ metalloprotein
D-xylose isomerase

The interactions of substrates and inhibitors with the
Mn(II) ions of the binuclear active center of the D-Xylose
isomerase were investigated by EPR spectroscopy in
order to improve our knowledge about the mechanism of
the reaction, in particular to precise the coordination mode
of the substrates or inhibitors with the Mn(II) ions. This
metalloprotein is a bacterial enzyme which catalyzes the
conversion of the aldose D-xylose to the ketose D-
xylulose. It also converts D-glucose to D-fructose, a
reaction widely used in biotechnological processes to
produce high-fructose corn syrup from starch. For the
EPR experiments, one metallic site was substituted by
Cd(II) and the other by Mn(II). In this condition, the
catalytic activity is lost, although substrates and inhibitors
can still bind to the Mn(II) site [1].

Experiments were done on samples prepared in presence
of two different substrates the glucose and xylose and one
inhibitor the sorbitol. The spectra recorded at low
frequency (9 GHz and 35 GHz) were not completely
interpretable due to the presence of a large zero field
splitting (ZFS). Experiments were performed at higher
frequencies, 95 and 285 GHz. Using such energies it was
possible to simplify the spectrum. The transition that we
observed is the central –1/2 to +1/2 fine structure
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Figure 4.16: Angular dependence of the ESR linewidth
at 115 GHz at room temperature.
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transition (sextuplet, Mn: IN= 5/2) located at g = 2.
Because the spectra display modifications between
95 GHz and 285 GHz with an increase of the resolution,
we achieved experiments using higher frequencies and
higher fields.

For that purpose, we used a spectrometer dedicated to
EPR at very high frequencies (ν ≥ 525 GHz) and fields
(for g = 2, B ≥ 18.8 T). A home built far infra red laser,
pumped by a CO2 laser (Edinburg Instruments), serves as
a source for the very high frequency microwaves. The
spectra were taken at fixed frequency while sweeping the
magnetic field. In this case, the spectrometer was set up
on a resitive magnet (30 T, 20 MW). The sample probe is
a single pass transmission probe whose design allows for
a quick sample loading and exchange, making it very
suitable for biological samples that need to be kept at
liquid nitrogen temperatures. The detector is a liquid
helium cooled hot-electron bolometer, especially
enhanced for use at these frequencies. The spectra are
recorded in the first derivative mode, using magnetic field
modulation at frequencies in the range 1-10 kHz.

Figure 4.17 shows three spectra of Mn2+ in the presence
of glucose, xylose and sorbitol, recorded at 670 GHz
(B ~ 23.9 T). The small difference observed between the
well resolved spectra of Mn2+ with glucose and xylose
reflects a very slight modification of the Mn2+

environment when the substrate is changed. On the other
hand, it is clearly seen that the Mn2+ geometry is quite
different when bound to sorbitol. This is in agreement
with the structural observation that the sorbitol presents a
well modified structure compared to the ones of glucose
and xylose.

In summary, the increased resolution of the spectra at
670 GHz shows a clear difference in the geometry of the
Mn2+ site depending on the nature of the sugar. This will
allow a non ambiguous determination from EPR of the
structural environment of the Mn2+ site in these
metalloproteins. Work is in progress to precisely calculate
the spin Hamiltonian parameters. These parameters will
be compared with the structural information reported in
literature.
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4.13. HF-EPR study of a spin model for
the g = 4.1 S-2 state of PhotoSystem II

The Oxygen Evolving Complex (OEC) of PhotoSystem II
(PSII) catalyses photosynthetic oxidation of water to
molecular oxygen. The exact structure of OEC is still not
completely resolved but it is known to contain a
tetranuclear manganese-oxo cluster which acts as an
active site. During the catalytic process the cluster evolves
cyclically through five redox states named S0 to S4
(scheme of Kok). In the S2 state, it exhibits three
characteristic signals in X-band EPR: a multiline signal at
g = 2 (spin 1/2), signals at g > 5 (spin 5/2) and a signal at
g = 4.1. It has also been shown that it is possible to
reversibly convert the multiline signal to the g = 4.1. The
knowledge of the spin value giving rise to the g = 4.1
signal is important for understanding the conversion
mechanism. It can be attributed either to an axial S = 3/2
or to a near rhombic S = 5/2 multiplet, and both have been
proposed.

Figure 4.17: EPR spectra of the Mn2+ in sorbitol, xylose
and glucose at 670 GHz (23.9 T).

Figure 4.18: X-band EPR spectrum of the tetranuclear
cluster at 30 K in acetonitrile solution. Inset:
comparison of the X-band spectra of the cluster (a) and
a PSII sample prepared in the S2 state (b).



Grenoble High Magnetic Field Laboratory • Annual Report 2001
70

Here we report the EPR analysis of the first tetranuclear
manganese-oxo cluster with an S = 5/2 ground state,
[Mn4O6(bpea)4]3+. This is a mixed-valent Mn cluster with
one MnIII and three MnIV ions in a pseudo-tetrahedral
arrangement. It is proposed to be a spin model for the
g = 4.1 S2 state of OEC in PSII. Magnetic measurements
(susceptibility and isothermal magnetisation) suggest that
the ground S = 5/2 state has a sizeable Zero-Field
Splitting (ZFS), D, with an absolute value of about
1 cm–1. The X-band EPR spectrum has a main signal at
g = 4.1 with a shoulder at g = 9.1 (figure 4.18). It can be
nicely reproduced considering an E/D = 0.2, where E
describes the rhombicity of the ZFS.

HF-EPR measurements on a frozen solution have been
performed at several frequencies and temperatures in
order to determine precisely the ZFS. The spectrum
recorded at 285 GHz and 5 K (figure 4.19) shows two
main lines, one at T and a second one close to g = 2. The
two lines correspond to allowed EPR transitions from the
m = -5/2 (where almost all the spins are) for two different
principal directions. At second order, the system is
described by: H = µBSgB+DS2

z+E(S2
x-S2

y). Good
simulation of the spectra (figure 4.19) is obtained with
D = –1.15 cm-1, E = 0.24 cm–1 and gx = gy = gz= 2.0.

HF-EPR has enabled to complete the magnetic
description of a tetranuclear cluster which is relevant as a
model of OEC in its S2 state. This is particularly
interesting as the magnetic anisotropy is an important
fingerprint of biological systems.
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4.14. HF-EPR single crystal study of
[Mn12O12(CH3COO)16(H2O)4]

Metal ion clusters whose magnetisation relaxes slowly at
low temperature have attracted a lot of interest in the last
few years. The main consequence of this slow relaxation
is that below a blocking temperature TB their behaviour is
quite similar to the one of superparamagnets. They are
now called Single-Molecule Magnets (SMM).

The most striking property in the low temperature regime
is that they exhibit several quantum size effects,
especially Quantum Tunnelling of the Magnetisation
(QTM) or Berry phase interferences. The first report on a
single molecule magnet was made on
[Mn12O12(CH3COO)16(H2O)4].2CH3COOH.4H2O,
Mn12. Since this first observation, several other metal ion
clusters have been shown to exhibit the same behaviour.
Mn12 has a ground S = 10 spin state with an Ising type
magnetic anisotropy. The blocking temperature for ac
susceptibility is of the order of 10 K.

Figure 4.20: Single crystal spectra of Mn12 at 95 GHz
and 5 K in the hard plane. The figures on the right hand
side give the angle (in o) of the magnetic field with
respect to the crystallographic a direction. 

In order to compare quantitatively these results to
theoretical calculations, it is necessary to define as
accurately as possible the magnetic anisotropy. A few
years ago we performed a study on a polycrystalline
powder sample, which allowed us to obtain a first precise
description of the magnetic anisotropy of the S = 10
ground spin state. With the spin hamiltonian H = µB
S.g.B0+D[S2

z-S(S+1)/3]+B0
4O0

4+B4
4O4

4, where O0
4 and O4

4
are the Stevens operators, the best fit of the spectra where
obtained for g|| = 1.93, g⊥ = 1.96, D = –0.46 cm–1,
B0

4 = –2.2 10–5 cm–1 and B4
4 = ±4 10–5 cm–1. Due to the

relevance of the B4
4 term in the understanding of the

relaxation mechanism (it is the first term intrinsic to the
system that can couple levels with different m values), we
started a new study performed on a single crystal at a
frequency of 95 GHz and low temperature (figure 4.20).
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Figure 4.19: HF-EPR spectrum of a frozen solution of
the tetranuclear cluster recorded at 285 GHz and 5 K
(solid curve). simulation obtained with the parameters
indicated in the text (dotted curve).
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The measurements have been performed using a
goniometer enabling to do a complete rotation in the hard
plane of magnetisation. In order to fit the new data, only
the B4

4 parameter was left adjustable. This led to a more
precise value for it: B4

4 = 2.7 10–5 cm–1 and the
assignment of the hard and intermediate axes with respect
to the molecule (figure 4.21). These new results are also
of interest for the search for another quantum
phenomenon on Mn12 only observed on one SMM up to
now, the Berry phase oscillations.
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4.15. High field EPR study on three
different glycyl radical enzymes

Since the discovery of catalytically stable tyrosyl radical
in ribonucleotide reductase (RNR) from Escherichia coli
(class I), a growing number of proteins have been
identified as proteins radicals. A glycyl radical stable
under anaerobic conditions and located on the main chain
of the protein has been recently observed. Presently, only
three enzymes have been found to possess such a radical:
the anaerobic ribonucleotide reductase (class III) present
in E. coli and Lactococcus lactis bacteriophage T4, the
pyruvate formate lyase (PFL) from E. coli and the benzyl
succinate synthase (BSS) from Thauera aromatica. This
radical is absolutely essential in all three enzymes which
play crucial roles in anaerobically growing
microorganisms.

By classical X-band EPR (9 GHz), it has been shown that
the glycyl radical signature is very similar for the three
systems. The EPR signal is characterized by a doublet
with the α-hydrogen of glycine giving rise to the principal
splitting (1.4-1.5 mT). Since the g-anisotropy of a radical
reflects directly the chemical environment, we performed
an extensive high field EPR study in order to resolve the
anisotropy of the g-tensor. The resolution of the g-matrix

of such radical necessitates to carry out EPR experiments
under high magnetic field conditions where "high field"
means: ∆g/giso > ∆Bhfi

1/2/B0, with giso the isotropic g-factor,
∆Bhfi

1/2 the hyperfine-broadened EPR linewidth and B0 the
externally applied magnetic field.

High field EPR spectra were recorded on frozen solutions,
so that rhombic Zeeman powder patterns are obtained.
Spectra recorded at 285 GHz with a Gunn diod (and a
multiplier) and 5 K are presented in figure 4.22. At this
frequency, the g-anisotropy is only resolved for RNR. In
the case of PFL and BSS, only two components could be
observed. It was necessary to work at higher field (g = 2
at 18.8 T) and at higher frequency, 525 GHz, provided by
a FIR laser. In figure 4.23, spectra recorded for the three
enzymes at this frequency are shown. The three
components of the g-tensors are resolved for all systems
and theirs values can be determined precisely by
simulation (see table).

∆(gx-gz) ∆(gx-gy) ∆(gy-gz)

RNR 175 88 87 
PFL 189 79 110 
BSS 190 79 109 

Principal values of the g-anisotropy in
gauss determined at 525 GHz.

Figure 4.22: EPR spectra of the glycinyl radical from
RNR, BSS and PFL recorded on frozen solutions at
285 GHz and 5 K. * signal originating from another
radical species.

Figure 4.23: EPR spectra of the glycyl radical from
RNR, BSS and PFL recorded on frozen solutions at
525 GHz and 5 K.

Figure 4.21: Principal hard and intermediate axes of
Mn12. a and b denote the cell parameters.
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The total anisotropy of the glycyl radical is comparable
for the three enzymes, comprised between 
∆(gz-gy) = 0.0020 and 0.0024. The unique difference that
can be observed between these systems, is the value of the
ratio ∆(gx-gy)/∆(gy-gz) which is larger in the case of RNR
compare to BSS and PFL. From the hyperfine couplin
constant determined by X-band EPR, it was also noticed
that the electron spin density on the CHα carbon is smaller
for RNR compared to BSS and PFL. Moreover, if we
assume similar structure and magnetic axis for the glycyl
radical present in the enzymes and the N-acetylglycine
radical, the gy direction, where a difference between the
three enzymes is observed, is nearly along the C-Hα bond.
All these results suggest that the chemical environment of
the radical of the three enzymes must be slightly different
in the C-Hα bond. The difference being in the direction of
the C-Hα bond is probably the result of an electrostatic
interaction with the Hα to stabilize the radical. DFT
calculations are in progress to confirm this interpretation.

Authors:

C.Duboc-Toia, A.K.Hassan 
M.Fontecave (CEA-Grenoble) 
J.Heider (University of Freiburg, Germany)

4.16. Structural and electronic
properties of mononuclear manganese
(III) complexes, models of
metalloproteins

In all living organisms, the role of metalloproteins is
important. These proteins can contain one or several
metallic ions in their active site. In order to understand the
biological mechanisms in which they are involved, it is
necessary to know the structure around the metallic site
which is directly correlated with its reactivity. One of our
objectives is to find correlations between small structural
modifications around the Mn(III) ion and its electronic
properties in chemically synthesized models in order to
predict the geometry of the metal in the protein using
these physical properties. We synthesized four
mononuclear manganese (III) complexes:
[MnIII(bpea)(F3)] (1); [MnIII(bpea)(N3)3] (2);
[MnIII(terpy)(F3)] (3); [MnIII(terpy)(N3)3] (4);
(ligand bpea: N,N-Bis(2-pyridylmethyl)ethylamine;
ligand terpy: 2,2:6,2-terpyridine). These complexes are

models of the Manganese Superoxide Dismutase enzyme
(MnSOD), which catalyzes the dismutation of the
superoxide anion O.

2
-. Manganese (III) is a high spin d4

Jahn Teller ion with an integer ground spin state S = 2 and
with a very large zero field splitting (ZFS). This means
that at a low EPR frequency (X band, 9 GHz) no signal
can be observed, because the microwave energy hν is not
sufficient to allow transitions between the different energy
levels ms (ZFS ≥ hν). To characterize the electronic
properties of our complexes, we performed a high
frequency EPR study using frequencies comprised
between 95 and 575 GHz and field up to 20 T. The
recorded polycrystalline powder spectra are shown in
figure 4.24 for complex (1).

We simulated the spectra using the program written by H.
Weihe based on full matrix diagonalization of the spin
Hamiltonian (µB. B.g.S+D[Sz2-1/3S2]+E(Sx2-Sy2)). The
simulations are in good agreement with the experimental
data recorded at all frequencies and temperatures. The
spin Hamiltonian parameters extracted from this analysis
are summarized in table.

The complexes were also structurally characterized by X-
ray diffraction; one example is given in figure 4.25. In all
cases, the Mn (III) ion exhibits a highly distorted
octahedral coordination sphere with a tetragonal
elongation for complexes 1, 3 and 4 and a tetragonal
compression for 2. If we compare these structural
properties with the electronic parameters determined by
the multifrequency EPR study, we observe a good
correlation with the sign of the D values: a negative and
positive D corresponding to an elongated or compressed
octahedron. The high values of the E/D ratio comprised
between 0.109 and 0.23 reflect directly the important
distortions revealed in the structure.
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Figure 4.24: Experimental spectra of (1) recorded at
285 GHz (B), 345 GHz (C) and 475 GHz (D) at 5 K.

Complexe D (cm-1) E (cm-1) gx gy gz E/D 

1 –3.67 0.70 1.96 1.98 1.98 –0.191 
2 +3.50 0.82 1.90 1.98 1.95 –0.230 
3 –3.83 0.65 1.96 2.06 1.96 –0.109 
4 –3.29 0.48 2.00 1.98 2.01 0.146 

Electronics parameters of
complexes 1, 2, 3 and 4.
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Taking together the crystallographic analysis and the
multifrequency EPR study, shows that our approach is
valid and that even small modifications of the structure
can be directly observed on the spin Hamiltonian
parameters.
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4.17. Determination of the zero-field
splitting in myoglobin

Myoglobins are found in the tissues of all vertebrates.
Together with hemoglobins they have been largely studied
because of their central importance to the process of
respiration. Myoglobin contains one iron ion in the Fe(II)
state. During the process of respiration its sixth
coordination position is available for the reversible
bonding of molecular oxygen. Ideally, the direct study of
Fe(II) should give a direct hint on the biological
mechanism. Unfortunately, Fe(II) has an integer spin
value (low spin S = 0, high spin S = 2). Thus EPR studies
have dealt with high spin ferric myoglobin (S = 5/2). In
the case of a half-integer spin system it is possible to
observe a resonance at low frequency, even in the
presence of a large Zero-Field Splitting (ZFS) as it is the
case of myoglobin. The value of the ZFS is of
considerable interest since it derives from the crystal field
acting on the ion, and thus reflects the binding of the heme
to the protein.

Due to the Kramers degeneracy a signal can be observed
at low frequency but the ZFS cannot be determined if it is
very large compared to the frequency. Going to higher
frequencies and thus observing the signals in conditions
closer to the high field limit enables to determine the ZFS.
For a S = 5/2, a large ZFS leads to three well separated
Kramers doublet. At low fields only transitions within
Kramers doublets are detectable, giving signals at
"effective" g-values, geff, which are different from g = 2.0.
In the limit D >> ßgB, the geff value is independent of the

actual D value but reflects which Kramers doublet is
involved in the transition and the rhombicity (E/D) of the
system. In the axial case (E/D = 0) for S = 5/2, a pseudo
S = 1/2 spectrum is obtained with g⊥,eff = 6.0 and g|| = 2.0
from the lowest Kramers doublet.

In the intermediate regime, for D ~ ßgB, geff shifts from
its limiting value allowing to determine quite accurately
the D value. Our HF-EPR studies of myoglobin
complexes fall in this intermediate regime and we do
observe shifts of geff. For instance, in myoglobin at 345
GHz the main signal shifted from g⊥,eff = 5.9 at X-band to
g⊥,eff = 5.5, while the myoglobin fluoride complex has
shifts to geff = 4.4 (figure 4.26), due to the difference in
the D-values. From these shifts the D-values can be
determined for both complexes: D ~ 9.5 cm-1 for
myoglobin and D ~ 5.0 cm-1 for myoglobin fluoride,
in agreement with other measurements (infrared
spectroscopy, M "ossbauer spectroscopy and ENDOR).

For half-integer spin systems, it can be very interesting to
be able to measure in such an intermediate frequency
range because, on the one hand, the shift of the geff-value
from its limiting value gives a nice estimation of the D-
value but, on the other hand, the signal associated to this
geff-value is still enhanced like a forbidden transition. We
are planning to extend this kind of studies to other
metalloproteins, taking advantage of the new Quasi-
Optical set-up to overcome the low spin concentrations
available in biological samples.
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Figure 4.25: X-ray structure of [MnIII(bpea)(F3)]. 

Figure 4.26: Frozen solution spectra of myoglobin
fluoride complex (pH = 10) at several frequencies and
5 K showing the shift of the g⊥ ,eff value.
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4.18. Low temperature and high-
frequency EPR of a giant keplerate
magnetic molecule

The synthesis and investigation of nanometric molecules
containing paramagnetic ions is currently the focus of
intense activity. From the physical point of view, one of
the main goals of these studies is the understanding of the
emergence of cooperative properties. Among the different
synthetic approaches, polyoxometalate chemistry affords
very flexible designs with potentially easily modifiable
structures. A striking example of these achievements is
represented by the neutral spherical molecule Mo72Fe30
in the compound [Mo72Fe30O252(Mo2O7(H2O))2
(Mo2O8H2(H2O))(CH3COO)12(H2O)91] • 150H2O, which
contains 30 FeIII ions (S = 5/2) forming a very
symmetrical Ih array. This array, an icosidodecahedron, is
a member of the class of regular Archimedean polytopes.
Each iron ion is antiferromagnetically coupled to its four
nearest neighbours via O-Mo-O bridges, leading to a
S = 1/2 ground spin state for the molecule. Using a
classical Heisenberg model, in which the S = 5/2 spins are
treated as classical vectors, the magnetisation
measurements lead to a coupling interaction of 14 K.
Another important point is the determination of the
temperature for which the system cannot be treated
classically.

Accordingly, we performed a multifrequency HF-EPR
study on a polycrystalline sample (pressed into a pellet) of
Mo72Fe30 down to very low temperature. The spectra
recorded down to 1.5 K were obtained using the standard
HF-EPR spectrometer (12 T superconducting magnet and
4He flow cryostat) whereas the ones at lower T were
recorded using a 3He cryostat and on a 20 T resistive
magnet. These last ones where obtained with an intensity
modulation of the exciting mm-waves conversely to the
others recorded with a magnetic field modulation. The
spectra obtained at 230 GHz are shown in figure 4.27. As

the temperature decreases, the signal broadens together
with the decrease of its peak-to-peak height. This is a
typical behaviour of antiferromagnetically coupled
systems. A shift of the resonance towards low field is also
clearly observed with the decrease of the temperature
(figure 4.28), a property characteristic of low dimensional
systems. Actually, in the same way finite rings of
antiferromagnetically coupled spins are compared to one-
dimensional systems, this kind of footballene structure
can be associated to bidimensional arrays. A more detailed
low temperature study is underway in order to fully
characterise the system.
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4.19. NMR evidence for a magnetic
superstructure in the 1/8 magnetisation
plateau of 2D spin system SrCu2(BO3)2

The discovery of a spin-gap and magnetisation plateaus in
SrCu2(BO3)2 [1] stimulated a tremendous amount of
experimental and theoretical activities. The crystal
structure realises a stack of the two-dimensional Shastry-
Sutherland spin model, for which a simple product of
dimer singlets is known to be the exact ground state. A
remarkable property of this material is the magnetisation
under high field, which shows plateaus at fractional
values (1/8, 1/4 and 1/3) of the fully saturated moment
of 1 µB/Cu. Theories have predicted commensurate
superstructure of the triplet excitations at these plateaus.
However, there has been no experimental information
concerning the magnetic structure.
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Figure 4.27: Pellet spectra of Mo72Fe30 recorded at
230 GHz as a function of temperature. The spectrum at
480 mK is the absorption spectrum (intensity
modulation) whereas the other ones are the derivative
signals (field modulation).

Figure 4.28: Shift of the resonance, defined as (B0-B)/B0
where B0 corresponds to the resonance for g = 2, as a
function of the temperature for the different frequencies.
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NMR is best suited to detect magnetic superstructure at
high magnetic field. In June 2000, we have first
performed NMR experiments for 11B nuclei up to 28 tesla
using the GHMFL M10 magnet in the temperature range
above 1.5 K. The field range covers the 1/8 magnetisation
plateau that occurs above 27 T. Although we observed
non-trivial spin dynamics at high field, no indication of
static spin structure associated with the 1/8-plateau was
obtained. We then continued NMR experiments using the
M9 magnet in May and November 2001 for both 11B and
63,65Cu nuclei at a much lower temperature of 35 mK. We
observed a drastic change of the 11B NMR spectrum as
shown in the figure. A single peak for each of the
quadrupole-split three resonance lines observed at 26 T is
transformed into a multiple-peak structure at 27.9 T. The
former is consistent with the uniformly magnetised state,
while the latter provides firm microscopic evidence for a
spatially modulated magnetic superstructure at the 1/8-
plateau. The spectrum at 27.9 T contains peaks with both
positive and negative magnetic hyperfine shifts,
suggesting that while most Cu spins point along the
magnetic field, some spins are polarised opposite to the
field. Furthermore, close examination of the evolution of
the spectrum near the phase transition revealed that the
lines do not split continuously. Instead, there is a
continuous transfer of spectral intensity between the two
distinct types of line shape over a field interval of 0.5 T.

No hysteresis was observed between increasing and
decreasing field. These unusual features are likely to be
related to the almost localised nature of the triplet
excitations due to frustrated exchange interaction, as
predicted theoretically [2] and confirmed by the neutron
scattering experiments.

We have also succeeded in obtaining the complete NMR
spectrum for 63,65Cu Nuclei at 27.6 T, which, currently
being analysed, should be able to give a detailed picture
of the magnetic structure of the 1/8-plateau phase.

While our results establish the field-induced first order
phase transition to the 1/8-phase, we would also expect a
"melting transition" of the superstructure as a function of
temperature. The nature and dynamics of such transition
is highly non-trivial and will be an important subject of
future projects.
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4.20. NMR in the field-induced phase of
deuterated CuHpCl

Many quantum spin systems have in common a non-
magnetic (S = 0) ground state with short range spin
correlations and the existence of a gap for triplet (S = 1)
excitations. The observation of a spin-gap, together with
basic considerations on the crystallographic structure,
help to identify the relevant magnetic couplings, but these
data may not be sufficient in many cases. A powerful way
to learn more about the system is to apply a magnetic field
such that the Zeeman energy gµBH overcomes the spin-
gap energy. Indeed, details of the spin Hamiltonian are
expected to show up more clearly when the gap is closed,
that is when the spin correlations become long-ranged.
Such a study has been successfully performed in the
organic spin-ladder Cu2(C2N2H12)2Cl2 (in short
CuHpCl), leading to a textbook example of field-
temperature phase diagram around a quantum critical
point, where the increase of the NMR relaxation rate 1/T1
at low temperature is attributed to 1D gapless ("Luttinger
liquid") behavior [1]. However, subsequent NMR studies
of the 3D ordered magnetic phase, that sets in at high
fields (H > 7.5 T) and low temperature T < 1 K [2],
revealed unexpected features. In particular, a lattice
instability was suggested to play a role since, on
approaching 3D order, anomalous NMR shifts indicate
displacements of the protons in Cu-N-H … Cl-Cu bonds,
which are supposed to be a path for magnetic exchange
("legs" of the ladder).

Figure 4.29: NMR spectra of 11B nuclei in SrCu2(BO3)2
taken at 35 mK in a homogeneous phase at 26 tesla
(bottom), and in a 1/8 plateau at 27.9 T (top). Each of
the three (quadrupole-split) simple resonance lines
observed at 26 T is transformed into a multiple peak
structure at 27.9 T, reflecting the spatially modulated
magnetic superstructure.
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In order to address this problem, we have undertaken a 2D
NMR study on single crystals of CuHpCl with selective
deuteration of the above mentioned hydrogen bond (in
this process, another 1H site linked to the N is also
replaced by 2D). Figure 4.30 shows typical 2D NMR
spectra, obtained by Fourier transform of the spin-echo
signal. Actually, the figure shows only part of the full
spectrum which is composed of many more lines; there
are in principle 8 different 2D sites (much less than in the
1H case), but each of them gives rise to a double peak
because of the quadrupolar interaction for 2D nuclei
(nuclear spin I = 1). On entering the 3D magnetic phase,
the appearance of an internal field, which adds to the
external one, strongly modifies the resonance positions.
As can be seen on the figure, each line clearly splits into
two separated peaks, without any additional structure, at
least within experimental resolution. The splitting
indicates that the local magnetization is essentially
staggered in this phase, in agreement with the dominant
antiferromagnetic exchanges of the compound. However,
the absence of structure/broadening (best seen in data not
shown here) seems to be incompatible with an
incommensurate modulation of the spin density
hypothesized in [2]. We have followed the shift of these
lines as a function of field (from 4 to 16 T) and
temperature (from 1.2 K down to 50 mK, in a dilution
refrigerator). From the points where the lines split, we can
draw with high accuracy the boundary of the 3D phase in
this deuterated sample (inset). The lower and upper

critical fields at T → 0 (i.e. the two quantum critical points
of the phase diagram) are estimated to be Hc1 = 7.0
± 0.05 T and Hc2 = 12.0 ± 0.1 T, respectively. These
values are lower than in non-deuterated CuHpCl (7.5 and
13.5 T, respectively). For a ladder with J⊥ >> J||,
Hc1 = J⊥ – J|| and Hc2 = J⊥ + 2J||, which would imply that
deuteration leads to a significant decrease of both J|| and
J⊥ , by 17 % and 9 %, respectively. Although at this point
we cannot rule out that the variations of the critical fields
are partially due to an increased value of the g factor, the
change in the value of Hc2-Hc1 is so big that a significant
change of the magnetic couplings must occur with
deuteration.
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Figure 4.30: Splitting of a 2D NMR quadrupolar doublet
in the 3D magnetic phase. The experimental boundary of
this phase is shown in the inset.
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5.1. Free electron on a helix model for
magneto-chiral anisotropy

Recently magneto-chiral anisotropy (MChA) was
experimentally observed in the electrical resistance of a
macroscopically chiral metal and of chiral single walled
carbon nanotubes (SWCNT) For the chiral metal,
scattering by chiral defects, and a magnetic self-field
effect were identified as the mechanisms that drive the
observed electrical MChA. In the case of carbon
nanotubes, other mechanisms could be responsible for the
occurrence of MChA.

We have considered the free electron on a helix as the
simplest analytical model of a mesoscopic chiral
conductor. The model allows to address diffusive
electronic transport due to achiral scatterers, and ballistic
transport through a helix between two achiral contacts.
We restrict ourselves to magnetic fields for which the
cyclotron radius of a free electron is large compared to the
helix radius and neglect all electron-electron interaction
effects other than those leading to mass renormalisation
and scattering. A helix is in essence a 1 dimensional
system. and this makes it easy to determine e.g. the energy
eigenvalues of the system in the presence of external
fields, as well as the longitudinal conductance in the case
of diffusive transport. To calculate the conductance for
ballistic transport through a helix between bulk, achiral
contacts, a three-dimensional approach is necessary. In
figure 5.1 the correspondence of the proposed helix
model and a SWCNT is shown. The model could also be
applied to other mesoscopic helicoidal structures, e.g.
DNA, BC2N and metal-chalcogenide nanotubes or V2O5-
helices.

The Hamiltonian of a free electron with mass m which is
restrained to move on a helix of N turns with a radius a
and a pitch p = (2πb)–1, in the presence of a static
magnetic field Bẑ reads in the symmetric gauge

–-h2 ∂2 i-hqa2 B ∂ q2a2B2
H = ––––––––– ––––  –  –––––––––  –––  +  –––––––

2m(a2 + b2) ∂ϕ2 2m (a2 +b2) ∂ϕ 8m

The corresponding eigenproblem can be analytically
solved, and for diffusive transport in a quantum-
Boltzmann approximation we find for the relative
conductivity anisotropy

σ(jz, B) – σ(–jz, B) πNa2jz,nF
B

ξdif = –––––––––––––––– ≈ ––––––––––
σ(jz, B) + σ(–jz, B) 4Ezf,nF

where jz,n = q-hn/πmN2(a2+b2) is the current carried by
state n and Ezf,n = -h2n2/2mN2(a2+b2) is the zero-field
energy.

For the case of ballistic transport, the Buttiker-Landauer
formalism is adapted: The wavefunctions Φ in the achiral
contact material will consist of a cyclotron component
around the magnetic field, and a plane wave component
along the magnetic field. Such a motion is helicoidal, and
it will be intuitively clear that the transmission probability
of an electron from the contact region into the helix Tc→h
will depend on the relative handedness of the contact- and
helix wavefunctions. The resulting two-terminal
conductance will be given by

2q2
G ≈ ––– Tc→h Th→ch

Along these lines we find

G(I, B) – G(–I, B) πNa2jz,nB
ξbal = –––––––––––––––– ≈ ––––––––––

G(I, B) + G(–I, B) 32 (bk
F
)2 E

F

For comparison with SWCNT we take a = 0.6 nm,
b = 0.24 nm, N = 120, EF = 1.6 . 10-19J. For a gold contact,
EF = 1 . 10-18J and kF = 13. 109m-1. This leads to 
ξbal/B ≈ 1.6 . 10-7T-1 and ξdif/B ≈ 8 . 10-5T-1, both at a
current of 2jz,nF = 0.8 µA. Experimentally ξexp/B ≈ 10-4T-1

at a current of  j = 0.3 µA was observed on metallic
SWCNTs. Comparison with the theoretical results
suggests diffusive transport to dominate.
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5.2. Magnetochiral anisotropy in
cholesterics

After the recent discovery of magnetochiral anisotropy in
optical absorption [1], the question naturally comes to
mind, whether a magnetic field also influences the optical
transmission in non-absorbing chiral samples with
scattering. Calculations [2] show that in samples with
chiral and magnetooptically active scatterers, the
transmission of unpolarized light is influenced by a
magnetic field that is applied parallel to the k-vector of the
incident light. This effect is predicted to depend linearly
on the magnetic field, on the Verdet constant of the

Figure 5.1: Correspondence between free electron on a
helix and a SWNT.
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magnetooptically active scatterers, on some mean free
path of the light in the scattering sample as well as on its
handedness.

In order to observe this effect, we prepared samples with
EuF2 scatterers in a matrix of chiral cholesteric liquid
crystal (CLC). EuF2 is magnetooptically active with a
room temperature Verdet constant of about VEuF2 ≈
1200rad/(T•m). The chiral phase of the CLC is
characterized by a preferred direction for molecular
orientation that rotates in helical fashion throughout the
phase. The distance over which the director rotates
through 2π rad is called the pitch of the CLC. The CLC
we used is a  mixture of cholesteryl-oleylcarbonate and
cholesterylchloride (weight ratio 3:1). For wavelengths
corresponding to the pitch of the CLC only one circular
polarization state will be transmitted, the other one will be
reflected. Figure 5.2 shows the difference in transmission
of right- and left circularly polarized light through this
CLC.

We measured the optical transmission of these samples
with a magnetic field applied parallel to the k-vector of
the unpolarized incident light. This field being sinusoidal
(f = 1.2 Hz) we could use phase-sensitive detection
techniques.

Figure 5.3 shows the normalized magnetochiral
transmission for a CLC/EuF2 sample (weight ratio 5:1)
with a thickness of 0.5 mm and a magnetic field of
B ≈ 0.3 T. However,  approximately the same result was
found in samples with different scatterer-concentrations
and also in samples with scatterers that were
magnetooptically inert (LaF3). The effect was even found
to exist - although smaller -  in samples with no scatterers
at all and of different thicknesses (down to 18 µm).  When
heating up the sample into the isotropic phase, the signal
disappeared and for CLC with the opposite handedness
the effect changed its sign.

From these observations it is clear, that we did not observe
the effect that was theoretically predicted in [2]. Although

we do observe magneto-chiral anisotropy, scattering in the
sample does not seem to be at the origin of what we
observe. Apparently, only the chirality of the CLC and the
magnetic field seem to be of importance on the effect.

References and authors:

[1] G.L.J.A.Rikken, E.Raupach , Phys. Rev. E 58, 5081
(1998)
[2] F.Arruda, B.A.van Tiggelen, private communication

G.Düchs, G.L.J.A.Rikken

5.3. Magnetotransverse scattering of
surface plasmon polaritons

Surface plasmon polaritons (SPP) can be considered as
two-dimensional electromagnetic waves that propagate
along a dielectric-metal interface. By means of light-
plasmon couplers, SPP can be excited by light and can
also retransform into light. Inhomogeneities in the optical
properties near the interface are perturbations acting on
the SPP and lead to their elastic scattering. For randomly
shaped scatterers, the in-plane scattering of the SPP is
symmetric with respect to the initial direction of SPP-
propagation. Consider figure 5.4: SPPs are excited by
means of a diode laser (λ = 635 nm, Kretschmann-Raether
configuration) on a Ag film (thickness: 60 nm) with
randomly distributed scattering Co islands (thickness:
60 nm: diameter: 4 µm) on it. The SPP start to propagate
from left to right. They scatter in all directions inside the
plane before retransforming into light. Therefore, light is
emitted not only in the forward-direction, but on the
surface of a cone and a bright circle is seen when looking
perpendicularly onto the Ag film. The intensity profile of
this circle must be bottom-top symmetric.

ATOMIC AND OPTICAL PHYSICS

Figure 5.2: The difference in transmission of right- and
left circularly polarized light through the CLC. The peak
is due to different reflection coefficients for right- and
left circularly polarized light.

Figure 5.3: The normalized magnetochiral transmission
through a sample with EuF2 scatterers in a CLC matrix.
The magnetic field was about 0.3 T. The signal was
found to be linear in the magnetic field. It depends
weakly on the properties of the scatterers but on those of
the CLC.
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However, this symmetry is broken when a magnetic field is
applied perpendicularly to the plane of SPP propagation.
This means, a magnetotransverse current of SPP becomes
allowed. Albeit there is no theory about the microscopic
origin of this effect, we suppose it to depend on the
magneto-optical properties (Verdet constant) of the
scatterers as well as on the mean free path of the SPP in the
sample. To observe the effect experimentally, we applied
a magnetic field and compared the light intensities I at
two symmetrically situated positions at α and -α
on the scattering profile. The normalized value
η = [I(B,α) – I(B,-α)]/[I(B,α)+I(B,-α)] is a measure of the
relative magnitude of the magnetotransverse SPP flux. As
scatterers, we used Co-islands because Co is highly
magneto-optically active, and because it is ferromagnetic.
This means, that already at small magnetic fields (B ~ 0.2 T),
its magneto-optical properties saturate and lead to maximal
effects. The scattering mean free path of the SPP in our
samples was of the order of 10 µm, comparable to the
absorption length, i.e., we deal with single Mie-scattering.

The magnetic field being sinusoidal (f = 1.2 Hz) we could
use phase-sensitive detection techniques. Figure 5.5
shows the normalized magnetotransverse SPP flux as a
function of the magnetic field for α ≈ 11°. The inset shows
η in the regime of saturation as a function af the scattering
angle α.

From these measurements it is evident that
magnetotransverse scattering of SPP exists. For small
magnetic fields, it is linear in B. For larger fields, we found
it to saturate. This may be because we have entered a regime
where the magnetically induced changes of the optical
properties can no longer be regarded as small perturbations
and so η would no longer need to be linear in V . B.
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5.4. Faraday effect of photonic crystals

Photonic band gap materials ("photonic crystals") are
periodic dielectric structures designed to play a role in
photon control as fundamental as semiconductors do for
electrons. The propagation of light in such structures is
strongly affected by the periodicity, resulting in so-called
stopbands, consisting of crystal directions and wavelength
intervals for which an incident beam is prevented from
entering into the crystal. In figure 5.6 one can see that by
shining white light on such a crystal with its stop band in
the [111]-direction around  550 nm the green light gets
reflected, red light can penetrate the crystal and blue light
is mostly scattered at defects. Our samples are colloidal
crystals as depicted in the inset of figure refsemopal. We
impregnate them with a glycerol solution mixed with
dysprosium nitrate to give it a high Verdet constant and
thus making them more sensitive to an applied magnetic
field. So far, no theory nor experiments have been
reported for the effect of magnetic fields on the
propagation of light in photonic crystals. We have
performed measurements of the Faraday effect as one of
the most fundamental effects in magneto-optics.

Figure 5.4: By a laser, SPP are excited at a silver/air
interface. Before retransforming into light, SPP scatter
at Co-islands in all directions in the plane. So light is
emitted on the surface of a cone and a bright circle is
seen. Its intensity profile must be bottom-top symmetric.
A perpendicular magnetic field breaks this symmetry.

Figure 5.5: The normalized magnetotransverse SPP flux
as a function of the magnetic field. The inset shows its
angular dependence.

Figure 5.6: Photonic crystal with a stopband in the
green wavelength region when illuminated from the left
with white light. Inset: SEM image of our colloidal
photonic crystal, which shows the silica beads of a
diameter of 295 nm forming an fcc lattice.
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A light beam with tunable wavelength from a dye laser is
directed along the [111]-direction of the crystal. Parallel
to the beam, we applied a magnetic field, which is
alternating to allow for phase sensitive detection. The
light that is transmitted passes an analyzer and gets
subsequently detected on a photo diode.

A major challenge in this experiment is the discrimination
of various noise sources, in particular for wavelengths
inside the stopband.

Figure 5.7 shows the optical transmission (black points)
and the Faraday effect (blue points) of the impregnated
crystal. The value for the Verdet constant outside the
stopband corresponds to the value of the liquid (crosses
and nearby fitted line of dots), corrected for the volume
fraction of liquid in the crystal resulting in the lower
dotted line which fits the Faraday Rotation outside the
stopband. Inside the stopband, the Verdet constant
drastically increases. This can be qualitatively understood
from Bragg reflection of the wave, and the fact that
Faraday rotation is cumulative for reflected waves.
Another possible point of view assumes a slower group
velocity of light inside the stop band and thus making
interaction time longer and so further increasing Faraday
rotation.
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5.5. Chiral symmetry breaking in photo
crystallization

A small excess of a certain handedness (enantiomeric
excess) can be generated by magneto-chiral anisotropy.
The generated excess is usually very small, which drove
us to look for a mechanism of amplification. We will show
that crystallization under influence of irradiation (photo-
crystallization) provide such an amplification, which is
demonstrated here in the growth of α-NiSO4 – 6 • H2O.

Figure 5.8 shows our photo-crystallization setup. The
saturated nickel sulfate aqueous solution is put in a
jacketed beaker of which the temperature is controlled by
a programmable water bath. The solution's surface is
illuminated with polarized light, which is absorbed within
the first millimeters. To assure that a maximum number of
nucleations take place in this region, the surface is held at
a temperature of some degrees lower than the rest by
allowing a net flow of heat upward through a temperature
controlled transparent cover. To suppress disturbance of
fogging at the cover a shallow layer of oil was put on the
solution's surface. Slowly cooling down produces a batch
of about 30-60 crystals, whose handedness is then
determined by absorption measurements.

Figure 5.9 shows the result of a number of analyzed
crystal batches. The enantiomeric excess in a batch was
defined as ∆N/N = (ND – NL) / (ND + NL). As one can see
in figure 5.9, the enantiomeric excess reaches high values
of 0,5-0,6. The excess is changing sign when going from
left-circularly to right-circularly polarized light and zero
for linearly-polarized light. This large excess originates
from a rather small difference  in absorption for circularly
polarized light of the two enantiomers (natural circular
dichroism) of our crystal which is of the order of 8 %.

ATOMIC AND OPTICAL PHYSICS

Figure 5.7: Transmission (black points) and Verdet
constant (blue points) of an impregnated silica photonic
crystal as a function of wavelength. The dotted lines
indicate the corresponding Faraday Rotation in the pure
liquid (crosses are measurements). 

Figure 5.8: Cristallization setup for chiral symmetry
breaking with circularly polarized light.
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A necessary condition is the delicate choice of a proper
crystallization point in the solution's phase diagram near
the saturation limit. The enantiomer which absorbs more
light has, in such conditions, a lower probability to cross
the critical nuclei size in the initial nucleation stage. It is
more likely to dissolve due to a local elevation of
temperature.
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5.6. Magneto-transverse thermal
conductivity

Diffusive transport of heat may be described by a linear
relation between the heat flux j and the applied gradient: 

∂Tiji = –kij ––––
∂xj

In 1931 Onsager pointed out that the thermal conductivity
tensor kij is always symmetric for B = 0: kij = kji, but
might contain an antisymmetric contribution if an external
magnetic field is applied. The antisymmetric contribution

is necessarily an odd function of the applied magnetic
field: kij(B) = kji(-B). This means, that a temperature
gradient along one direction creates a heat current along a
direction perpendicular to both the applied gradient and
the magnetic field. The heat currents itself cannot be
observed directly, but it is possible to probe the
temperature distribution of the system, determined by the
heat equation using appropriate boundary conditions. The
phenomenology of the magnetotransverse thermal
conductivity (figure 5.10a) is analogous to the classical
Hall effect, because the heat equation and the Poisson
equation are identical if temperatures and voltages and
the corresponding conductivities were exchanged.
The Righi-Leduc effect (magnetotransverse thermal
conductivity of metals) and the Benakker-Senftleben
effect (magnetotransverse thermal conductivity of
paramagnetic gases) have been known for a long time.
The first is due to the electronic contribution to the
thermal conductivity of metals, the second to an
anisotropic scattering cross-section of the molecules. In
dielectric solids however an analogous effect has never
been reported.

The recent observation of the magnetotransverse diffusion
of light and strong analogies in the propagation and
transport of photons and phonons gave new insight in
possible microscopic realizations of a corresponding
effect in the thermal conductivity of dielectric solids and
motivated our experimental investigations of the subject.
In the optical case the magnetic field influences the wave
interference in scattering media through the Faraday
effect and a simple scaling law has been found:
kxy/kxx ~ fVBl* where f is the volume fraction of the
scattering particles, V the Verdet constant, B the magnetic
field and l* the transport mean free path. This relation is
expected to hold true also for the acoustic case.

Experiments have been carried out on paramagnetic
Tb3Ga5O12. The sample configuration is shown in
figure 5.10b. We use RuOx resistance thermometers.
In order to separate the effect-signal from the contribution
of the magnetoresistance of the thermometers, a
differential technique has been used. The difference

Figure 5.9: Enantiomeric excess as a function of the
ellipticity of the incident light polarization. The black
and blue points differ slightly in the conditions of the
crystallization process. 

Figure 5.10: a: Numerical calculation of the isothermals
for an antisymmetric thermal conductivity tensor. The
heat is flowing from bottom to top. The inclined
isothermals lead to a temperature-difference between
two opposite positions on the left and the right side.
b: sample configuration.
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∆R(B±) = R1(T1,B±) – R2(T2,B±) between resistances R1
and R2 is evaluated at opposite magnetic field directions
and then subtracted from each other, therefore eliminating
the even (in B) contribution of the magnetoresistance
from the odd thermal conductivity effect:
∆T⊥ ∝ ∆R(B+) – ∆R(B–). 

Figure 5.11 shows the dependence in B for two different
temperatures and gradients. The dependence on the
gradient has been found to be linear. It has further been
verified, that the effect is vanishing for B being parallel to
the gradient. For a definitive establishment of the effect
further tests are needed. For the near future measurements
on Gadolinium Gallium Garnet crystals are planned.
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5.7. Magneto-electric linear
birefringence

In 1875, J.Kerr found a link between optics and
electrostatic fields by his observation of electric field
induced linear birefringence in glass. Later a similar effect
was observed for magnetic fields by Majorana in colloids
and by Cotton and Mouton in liquids. In all cases, the
linear birefringence was quadratic in the applied external
field strength, and had its optical axis parallel to this field.
One could expect a type of cross-effect between these two
cases, where a linear birefringence is induced by
combined magnetic and electric fields. Pockels was the
first to address such a situation theoretically. He showed
that within the electric dipole approximation such a cross-
effect is not allowed.

In more recent days, magneto-electro-optical effects were
given a more solid theoretical basis by several workers.
These all agree on the existence of a linear birefringence
in crossed electric and magnetic fields perpendicular to
the direction of light propagation, with the optical axes
parallel to the externally applied fields and with a strength
bilinear in electric and magnetic field. The case for
transverse, parallel external fields corresponds to
magneto-electric Jones birefringence (MEJB) where the
optical axes are tilted over ±45° with respect to the
external fields. This effect was recently observed for the
first time in this laboratory [1]. In transverse, crossed
external fields a birefringence ∆nMELB is predicted with
its fast and slow axes parallel to the external fields, and 

∆nMELB(λ) = nB – nE = kMELB(λ) λEB      (5.1)

We shall refer to this effect as magneto-electric linear
birefringence (MELB). Intuitively, it will be clear that
MELB and MEJB must be related in some way. Indeed, it
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Figure 5.11: Field dependence of the transverse
temperature difference for three different gradients at
6.14,K. The data are not corrected for the change of
kxx(B) with B.

Figure 5.12: Molecules for which magneto-electric
linear birefringence was observed. 

Figure 5.13: Dependence of magneto-electric linear
birefringence on magnetic and electric field for molecule 1.
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was shown by symmetry arguments that the magnitudes
of MEJB and MELB must be equal.

We have modified the existing Cotton-Mouton setup at
the GHMFL to observe MELB. With this setup we have
observed the magneto-electric linear birefringence in
several molecular liquids, shown in figure 5.12.
Figure 5.13 shows the observed dependence of the
MELB on the applied external electric and magnetic
fields. All dependences are in agreement with the
predictions for magneto-electric linear birefringence.
Furthermore, we find that within the experimental
uncertainty, the values for MEJB and MELB are the same
for all molecules studied.
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5.8. Electrical magneto-chiral
anisotropy in carbon nanotubes

Many analogies between electronic transport and light
propagation are known. However, an important aspect of
photons, namely their polarization, is not so easily
experimentally accessible for electrons. Only in recent
years, the subject of spin-polarized electronic conduction
has made significant progress. On the other hand, a new
polarization-independent optical effect was recently
discovered; magneto-chiral anisotropy (MChA). On the
basis of symmetry arguments it was shown that an extra
term exists in the dielectric constant of a chiral optical
medium which is proportional to k . B, where k is the
wavevector of the light and B is the external magnetic
field. The essential features of MChA are (i) the
dependence on the relative orientation of k and B, (ii) the
dependence on the handedness of the chiral medium
(enantioselectivity) and, (iii) the independence of the
polarization state of the light. In view of this latter aspect,
the question comes to mind whether an analogous effect
exists for electronic transport.

An electrical conductor may be chiral because of several
reasons. The material may crystallize in a chiral space
group, like tellurium or be composed of chiral subunits
like chiral conducting polymers and Langmuir-Blodgett
films or vapors of chiral molecules. Even if the material
itself is non-chiral, it may still be formed into a chiral
shape, like a helix. In all these cases, the conductor can
exist in two forms, each of which is the mirror image of
the other and which we shall call right (D) or left (L)
handed.

Following the same symmetry arguments as were used for
the optical case one may conjecture that the electrical
resistance of a chiral conductor traversed by a current I
and subject to a magnetic field B is of the form

RD/L(I,B) = Ro{1 + ßB2 + χD/LI . B}

where χD = –χL. The parameter  ß describes the normal
magneto-resistance, that is allowed in all conductors. This
leads to ∆RD/L = RD/L(I,B) – RD/L(–I,B) ∝ χ D/LI . B. We
call this resistance anisotropy magneto-chiral anisotropy,
in analogy to the optical case.

We have verified our hypothesis by measuring the
resistance anisotropy of D and L helices and D and L
twisted wires, made of high purity bismuth [1]. Since
then, we have extended our experiments to single wall
carbon nanotubes (SWCNT). Depending on their exact
shape, these macromolecules can be metallic or
semiconducting, and chiral (arbitrarily left or right
handed) or achiral.

We observe both the predicted linear dependence of the
resistance on the magnetic field and on the current
(figure 5.14 and figure 5.15). The sign of the MChA
should correspond to the handedness of the tube. From 10
tubes investigated, we have found 5 positive and 4

Figure 5.14: Observed resistance anisotropy of a SWNT. 

Figure 5.15: Current dependence of the resistance
anisotropy of SWCNT.
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negative signs, whereas one tube did not show any
MChA. This is in agreement with the relative abundance
of chiral nanotubes in a statistical mixture.

Reference and authors:

[1] G.L.J.A.Rikken et al., Phys. Rev. Lett., 87, 236602
(2001)

G.L.J.A.Rikken
V.Krstic, S.Roth (MPI-FKF Stuttgart, Germany)

5.9. Magneto-chiral deflection of light

Can unpolarized light be deflected by a magnetic field? In
order to answer this question we have to look at the
dielectric tensor, describing the optical properties of the
medium. We allow for spatial dispersion and include the
influence of the magnetic field, neglecting terms of
second and higher order in k and B and assume the
medium to be isotropic:

ε±(ω,k,B) = ε(ω) ±αd/l(ω)k ± ß(ω)B + γd/l(ω)k . B

α describes the natural optical activity, ß the magnetic
optical activity and γ the magneto-chiral anisotropy. ±
designs right and left circular polarisations, d and l right
and left handed media [1].

Looking only at γ and neglecting absorption and
extinction, this means a magnetic field induced change
∆n(θ) of the refractive index n2(ω) = ε(ω) for both
eigenmodes, depending on the relative orientation α(k,B)
of k and B. In particular n(k ↑↑ B) - n(k ↑↓ B) = ∆nmax
which has been detected by Kleindienst and Wagnière
using an interferometer [2]. This effect changes its sign
with the handedness of the medium.

In order to come back to the introductory question we
assume an incident light ray perpendicular to the sample
surface and the magnetic field. According to Fermat the
light will take the path for which the variation δp of
the optical pathlength p = ∫ n(s)ds vanishes. Using
n(θ) = n0 + ∆nmax

. sin(θ(k,B)) for the refractive index at
different angles θ with respect to the incident ray we
obtain a deflection angle θ = ∆nmax/n0 for the shortest
optical pathlength.

Alternatively, the same result can be obtained by inserting
the expansion of ε±(ω,k,B) in an expression for the
Poynting vector S in spatially dispersive media given by
Landau and Lifshitz.

c ω ∂εikS = –––Re(E* x B) –  ––– –––– E*
i Ek8π 16π ∂k

The partial derivative of ε with respect to k directly leads
to a deflection along B. We therefore can state: In chiral

media light is deflected along a magnetic field. The sign
of this deflection changes with the handedness of the
sample.

We have set up an experiment in order to measure this
deflection. Figure 5.16. A linearly polarized laser beam is
focused onto the sample placed in the pole gap of an AC
electromagnet with B(t) = cos(Ωt). The spot on the sample
is then imaged 1:1 on a split photodiode. The difference
signal between the two active surfaces of the photodiodes
is fed into a lock-in analyzer with the field modulation Ω
as reference. A deflection of the center of gravity of the
beam by the magnetic field will then appear as signal on
Ω. The experimental resolution of our setup is now at the
threshold of a possible detection of the effect in quartz for
which the deflection has been estimated to be 4 . 10-9 rad
T–1. If we can further improve the resolution by one order
of magnitude this will provide a new method to detect the
magneto-chiral anisotropy in refraction.

We want to remark that the Faraday effect also leads to a
deflection, which is circular differential in contrast to the
magnetochiral deflection. This has been reported elswhere
[3].

References and authors:

[1] N.B.Baranova et al., Opt. Commun. 22, 243 (1977)
[2] P.Kleindienst, G.H.Wagnière, Chem. Phys. Lett. 288,
89 (1998)
[3] G.L.J.A.Rikken, B.A.van Tiggelen, Phys. Rev. Lett.
17, 847 (1997)

C.Strohm, G.L.J.A.Rikken

5.10. Modulation of the Yb3+ to Er3+

energy transfer in LiNbO3 crystals by
applying magnetic field

Most of the recent research on up-conversion processes
between rare-earth ions in doped compounds has been
concentrated on near-infrared -to-visible upconversion

ATOMIC AND OPTICAL PHYSICS

Figure 5.16: Setup for the phase sensitive detection of
the magneto-chiral deflection of unpolarized and linearly
polarized light. Actually the resolution is of the order of
1 . 10-9 rad  T-1.
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processes in which the ultimate goal is the development of
visible lasers pumped by semiconductor diode lasers in
the near infrared spectral range. Particular interest has
been focused on the energy transfer processes from Yb3+

to Er3+ ions in which the Yb3+ plays a role of a sensitizer
and increases the efficiency of the transitions of Er3+

based lasers. The efficiency and the different possible
mechanisms involved have been extensively studied
depending on variables such as the host material, the
concentration of ions, the temperature or the type of
excitation.

In this work, the upconversion energy transfer from Yb3+

to Er3+ ions in LiNbO3 crystals has been studied under the
effect of high magnetic field. Very low Er concentration in
the samples (traces) were used in order to eliminate
possible upconverted emission arising from Er pairs. The
evolution of the Er3+ ion up-converted emission intensity
in the green region (4S3/2 → 4I15/2) under excitation of the
2F7/2 → 2F5/2 transition of Yb3+ ions at 918 nm was
studied as a function of the intensity of magnetic field
from 0 to 14 T. The upconverted emission from Er ions
was normalized to the intensity of the cooperative
emission from Yb pairs observed in the green region.

The results show (see figure 5.17) that the intensity of the
magnetic field can enhance or inhibit the efficiency of the
energy transfer processes. In our case, the efficiency of
the upconverted energy transfer clearly increases under

magnetic field in the range 0 to 0.5 T. For higher field
values the efficiency of the process begins to decrease and
it has practically disappeared at 14 T.

The observed behaviour can be explained taking into
account the different Zeeman splitting of the Kramers
doublets involved in the transfer process. Due to the
different effective g factors, the applied magnetic field
induce the match or mismatch of the energy levels
modifying the overlap between the absorption of the
sensitizer ions (Yb) and the activator emission (Er) and
thus, the efficiency of the energy transfer process.

Reference and authors:

E.Montoya et al., J. Alloys Compounds 323-324, 344
(2001)

A.Wysmolek, M.Potemski
E.Montoya, L.Vina, L.E.Bausa (University of
Madrid, Cantoblanco, Madrid, Spain)

Figure 5.17: Yb3+ cooperative luminescence and Er3+

up-converted emission in LiNbO3 crystals at different
magnetic fields. As shown in the inset, the ratio between
the integrated intensities of cooperative luminescence
and up-converted emission can be apreciably tuned by
application of a magnetic field.
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6.1. Magnets and performances

The GHMFL is operating several magnet sites on which
various types of experimental set-ups can be installed.
Most of the high field experiments are carried out with the
resistive magnets, though a small fraction of them use
superconducting magnets disseminated in the laboratory.
The following table gives the list of the seven resistive
magnets available for the experiments.

6.2. Instrumentation and techniques
available to users

1. Magnetotransport

Magnetoresistance
Magnetoresistance set-ups are available in different
groups. These measurements are quite standard and
almost any sample can be accommodated. These
equipments are available for resistances ranging between
a few µΩ and a few MΩ, using a.c. or d.c. techniques. For
large samples (1 cm3) any temperature between 50 mK
and 300 K is available with the possibility to rotate the
sample at very low temperature. For smaller samples
(5 mm max) there exist up to 28 kbar pressure cells which
can be used between 30 mK and 300 K.

Magnetic field environment includes all of the resistive
magnets or a 17 T superconducting coil. The use of optical
fibers enables in some experiments the combination of
transport, optical measurements and liquid clamp pressure
cells (28 kbar) with various cryostats: continuous flow,
Helium-3 and dilution refrigerator. Of course, most
measurements will fit in any magnet but details of each
measurement need to be discussed with the local contact.

Point contact spectroscopy/tunneling spectroscopy
Using mechanical and piezoelectric translation
mechanisms for adjusting the contacts, the current-
voltage characteristics of direct metallic and tunneling
contacts can be investigated in any magnet between 1.2 K
and 300 K. The success of this technique depends strongly
on the investigated sample, i.e. surface quality and sample
geometry.

Magnet Bore Magnetic Power Homogeneity Field Observations
site diameter(a)(mm) field (T) (MW) 1 cm DSV(b) direction

Four optical
M 2 50 17 10 1 x 10-3 horizontal radial accesses

5 mm diameter

M 3 34 26 10 2 x 10-3 vertical

50 24 1 x 10-3

M 5 130 13 10 5 x 10-3 vertical High
286 6 homogeneity

M 6 50 24 10 7 x 10-4 vertical

M 7 50 20 10 1 x 10-3 vertical

M 9 50 30 on request
28 currently 20 1.4 x 10-3 vertical

130 20
376 10

M10 50 30 on request 20 1.4 x 10-3 vertical
28 currently

Table 1: Magnets and performances.

(a) The mechanical bore diameter is quoted. The researcher has to provide a safety distance between the tube and his
own scientific apparatus, in order to avoid any electrical or mechanical contact with the magnet inner bore.

(b) Homogeneity measured in the volume of a one cm diameter sphere. 
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Magneto-electric effect
This effect, mostly found in antiferromagnetic ordered
samples can be measured in the temperature range
300 mK-300 K, with the possibility to rotate the sample.
This measurement can be done in any magnet.

Capacitance/magnetocapacitance
Capacitance/magnetocapacitance measurements can be
done using the same set-up as the capacitive
magnetometer. The standard bridge technique allows for
frequencies between 10 Hz and 1 MHz; accuracy can be
improved using a cold reference capacitance.

2. Magnetometry

Magnetometers based on extraction technique: Set-up 1
Absolute measurements of the magnetic moment are
performed in the temperature range 1.4-400 K in high d.c.
magnetic field (the field value is determined by the choice
of the magnet). The sensitivity lies below 10-3 e.m.u. with
a relative accuracy estimated between 0.01 and 0.001 %.
The reproducibility of the field and of the temperature are
0.01 T and 0.3 K, respectively. The automated apparatus
offers the choice between different types of experiments:
isotherm M(H) or isotherm hysteresis cycle, or iso-field
studies preceded by cooling (or heating) in the presence
(or in the absence) of any previously chosen field value.
All types of samples can be measured including single
crystals, thin films and powders. The typical dimensions
of the sample cavity are as follows: in the 1.4-4.2 K range
or at 77 K or at 300 K, the diameter of the sample may
attain 11.6 mm of diameter, height up to 10 mm; in the
temperature range 4.2-400 K, maximum diameter equal to
5.6 mm, height up to 9 mm (for more details see Physica
B, 155, 407-410 (1989)).

Magnetometers based on extraction technique: Set-up 2
Set-up for use on all resistive magnets using an Oxford
Instruments continuous flow cryostat. Precision
10–3 e.m.u. Accepts all kinds (bulk or powder in quartz
glass capsule) of samples of 3 mm diameter and 5 to
10 mm in height. Temperature range 3.5 K-300 K.
a.c. susceptibility coils can be installed in Set-up 1 and 2.

Torque
Cantilever capacitive magnetometer for small samples.
Can be adapted to any cryostat. Temperature range 50 mK-
300 K. Sensitivity of 10-11 N.m. Above 300 mK it is
possible to rotate the sample. It can be operated in any
magnet. For bigger samples, up to 8 mm3, a rotating
cantilever capacitive magnetometer can be used in an
Oxford Instruments continuous flow cryostat for the
temperature range 3.50 K-300 K. Sensitivity of 10-8 N.m.
Possibility to rotate the sample. Operational in any magnet.

3. Characterisation of superconducting materials

Sample holders for superconducting wires or coils are
available for currents up to 350 A. These measurements
will normally be done at 4.2 K, but there is a possibility to
lower the temperature to about 2 K.

4. Solid state NMR spectroscopy

A high field solid state NMR spectrometer is available to
use either in a 17 T superconducting coil or in the 20 MW
resistive magnet for a maximum field of 28 T. The
superconducting coil has a homogeneity of 10 ppm in Ø
7 mm, while in the resistive coil a homogeneity of
100 ppm can be reached for small samples. The
spectrometer covers the frequencies up to 950 MHz and
can be used to perform automatic field sweeps. For both
magnets a 30 mm diameter flow cryostat (temperature
1.3 K-300 K) and a 50 mK dilution refrigerator are
available.

5. EPR spectroscopy

Spectrometer working up to 1.5 THz, 50 ppm
homogeneity superconducting magnet. Temperature range
1.5 K-300 K using a VTI. Research on organo-metallic
spin clusters, antiferromagnetic and ferromagnetic
resonance, biological radical samples. The set-up can be
installed on a 50 mm diameter bore resistive magnet.

6. Infrared spectroscopy

Far-infrared and mid-infrared fast Fourier transform
spectrometer in the range 20 cm-1 to 8000 cm-1 designed
to measure transmission, reflection and photo-
conductivity at temperatures between 2 K and 100 K. Any
sample smaller than 10 mm diameter with a flat surface
can be measured in either a superconducting 13 T magnet
or any resistive magnet.

7. Visible spectroscopy

Cotton - Mouton effect
Measurement of magnetic linear birefringence in a 17 T
horizontal bore resistive magnet or a 8 T superconducting
coil with 50 mm room temperature bore. The set-up uses
a He-Ne laser (632 nm) as a standard, but in principle any
wavelength can be used. Resolution is 10-10 at the
maximum field. Temperature range is from 300 to 500 K,
or from 5 K to 300 K using a flow cryostat. Any sample
that is transparent enough can be measured.

Photoluminescence and Raman spectroscopy
Photoluminescence, PLE, Raman, absorption and
reflectance measurements in wavelengths from near
infrared to near UV. Spectrometers available:
- Raman/luminescence, wavelength visible 400-800 nm,
- High resolution spectrometer, wavelength visible near 

IR 400 nm to 1000 nm,
- Visible and UV spectrometer, wavelength 200 to 

600 nm,
- Low resolution near IR spectrometer, 1 µm-5 µm.

These set-ups use either geometric or fiber-based optics.
Further options are polarisation resolved measurements, a
12 kbar Ø 5 mm pressure cell or the use of a high pressure
diamond anvil cell (sample space 100 µm x 100 µm x
40 µm) for pressures up to 300 kbar. These measurements
can be done in a temperature range 60 mK-300 K except

MAGNETS & INSTRUMENTATION
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for the pressure cell (1.2 K-300 K). Magnetic field
environment includes all the resistive magnets or a 16 T
superconducting coil.

6.3. Measurement of forced convection
heat tranfer coefficients in mini-
channels

The Grenoble High Magnetic Field Laboratory has the
vocation of providing access to high magnetic fields to the
international technologic and scientific community. The
high field magnets of the GHMFL are cooled by water
forced convection in annular mini-channels. Their
hydraulic diameters DH are smaller than a millimeter.
Flow velocities are in the range of 25 m/s. The thermo-
hydraulic optimization of the high field magnets of the
GHMFL depends strongly of the values of the heat
transfer coefficients at the boundaries of the different
magnet parts.

The aim of this research, led with le Laboratoire des
Ecoulements Géophysiques et Industriels, is to develop a
specific apparatus for direct heat flux and wall temperature
measurements in mini-channels the thickness of which
varies between 1,13 mm and 300 µm and hence to measure
forced convection heat transfer coefficients. These
measurements permit to evaluate the validity of the classical
correlations which are well established for larger channels.

Our experimental apparatus is a 150 mm long and 60 mm
wide plan channel. Its thickness varies between 1,13 mm
and 300 µm. There are two sensors, one for the heat flux

ϕ and the wall temperature Twall measurement and the
other one for the water temperature Twater measurement.
The heat transfer coefficient h (W/m2.K) is calculated
with: h = ϕ/Twall-Twater. Experimental results (figure 6.1)
are presented with the Nusselt number: Nu = h.DH/λ
(λ: water thermal conductibility, W/m.K).

The experimental results do not show any clear influence
of the channel thickness on the Nusselt number. Taking
into account the uncertainties due to the development of
the kinematic and thermal boundary layers and the
probable lack of uniformity of the heat flux at the wall, the
present measurements do not reveal any clear deviation
from classical correlations, for both laminar and turbulent
regimes.

However three unexpected phenomena appeared: (1) a
variation of Nusselt number with Reynolds number in
laminar regime whereas a constant value is expected by
the theory, (2) a Nusselt number fluctuation zone similar
to the laminar-turbulent transition region appears at
Reynolds numbers higher than the classical value (4000),
(3) a Nusselt number decrease, which is unexpected by
classical correlations, occurs in turbulent regime. This last
observation can be explained by the fact that
measurements are no longer made with a uniform heat
flux when the flow rate reaches a certain value. We
observe that the measured heat flux at the sensor level
decreases whereas the injected electric power is still
constant. This probably means that heat flux spatially
varies with maxima in front of the heating bars. This
phenomenon is only due to our heating apparatus.

A numerical study of our heating apparatus with Ansys is
currently being made. It should prove the hypothesis
proposed above. The visualization of the laminar-
turbulent transition region by fluoresceine injection is also
studied. A numerical study of the forced convection in our
mini-channel with Fluent started with the aim of
confirming the measurements. Finally, heat transfers in
cavitating flows in mini-channels will be studied.

Reference aud authors:

[1] F.Debray et al., Mec. Ind. 2, 443-454 (2001)

S.Reynaud, F.Debray
J.P.Franc, Th.Maitre (Laboratoire des Ecoulements
Géophysiques et Industriels, Grenoble)

6.4. Nanomechanical resonators in
silicon-on-insulator

We study the mechanical behavior of nanoresonators built
out of Silicon-on-Insulator materials (SOI). The SOI is a
three layer system: a top silicon layer of 100 nm thickness
is separated from a silicon substrate by a 400 nm thick
SiO2 layer.

Figure 6.1: Nusselt number evolution with Reynolds
number for three channel depth.
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The device consists of two suspended nanowires
separated by a clapper, as shown in figure 6.2. The cross
section of each wire is 100 x 120 nm2 with a length of
1.2 µm. The Lorentz force F = I0L x B  cosωt acts on the
wire, of length L, when a current I = I0 cosωt is applied
and a magnetic field B is present. The wire is set into
motion when ω matches the nanowire's eigenfrequency.

The samples are fabricated by high-resolution electron
beam lithography as well as wet and dry etching
techniques to remove the SiO2 sacrificial layer beneath
the active region. On top of the devices a thermally
evaporated 50 nm thick Au layer serves as conducting
path for the driving current.

The measurements are performed with a network analyzer
which sends a high frequency signal to a single element of
the device and measures the reflected signal. At resonance
a peak is observed in the plot of the reflected power versus
frequency, as shown in figure 6.3. The reduced
dimensions allow high frequency operation although
dissipation mechanisms have to be considered.

In figure 6.4 the first and second mode of oscillation for
a wire are shown. The relative amplitude of the peaks

reveals the need for high magnetic field measurements,
considering that the resonance amplitude is proportional
to the square of the magnetic field intensity. We observed
no magnetic field dependence of the quality factor Q,
defined as the ratio of the frequency to the full width at
half maximum of the resonance. The nonlinear dynamics
at high power as well as the mechanical coupling between
the clapper and the wires have been investigated.
Applying a high frequency signal to the clapper, the
resonator shows a bistable behavior which may be
suitable for applications in binary memory elements. We
acknowledge technical support from S. Manus.

Authors:

D.K.Maude, J.C.Portal
L.Pescini, D.V.Scheible, J.Kirschbaum, R.H.Blick
(Sektion Physik der LMU and CeNS, Munich,
Germany)

6.5. ESR multifrequency spectrometer

In a conventional multifrequency ESR spectrometer, the
monochromatic electromagnetic (EM) wave generated by
a Gunn diode passes through the sample and is then
detected by a bolometer. The electronic resonance is
obtained by sweeping the static magnetic field (at
95 GHz, B = 3.3 T for free electrons with g = 2). The wide
band frequency range of the spectrometer is obtained by
using oversized cylindrical waveguides and no cavity at
all. The uncontrolled standing waves always present alter
the absorption spectrum to be measured: the sample is not
always placed at the maximum of the EM magnetic field
and mixture of absorption and dispersion occurs. To
control these effects, we have developed a Michelson type
spectrometer, with a controlled reference arm and a beam
splitter (figure 6.5). The reference arm is equipped with a
mirror which position can be adjusted with a precision of
1 µm to be compared to the standing wave periodicity λ/2
(λ = 3.16 mm at 95 GHz, 0.63 mm at 475 GHz). The main
part of the spectrometer is the beam splitter. For a proper
utilisation, it should have a low attenuation in the
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Figure 6.3: Reflected power versus frequency for one of
the wires. A resonance at 181 MHz is observed.
The incident power is -55 dBm ~ 3.16 nW, T = 4.2 K and
the magnetic field is swept from 23 T (lower curve) to
1 T (upper curve) in 2 T steps.

Figure 6.4: Base frequency and first harmonic, at f1 and
f2 = 2 f1, T = 4.2 K, B = 23 T.

Figure 6.2: Micrograph of one of the samples.
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frequency range used - which is the case for silicon plates
- and a transmittance close to one half - this depends on
the plate thickness and the electromagnetic wave length
due to multiple reflection at the plate surfaces. The
100 µm and 900 µm plates are suitable: they have a
transmittance close to 0.5 for the main frequencies we use
(95 x 1,2,3,5). By moving the mirror, the position of the
standing waves can be adjust so that the sample is placed
at the maximum of the magnetic microwave field. A
perfect absorption spectrum can then be obtained
(figure 6.6).

Additionally, a ferrite isolator, calibrated attenuator and a
PIN diode have been inserted in the main wave guide, the
first one to prevent backward electromagnetic wave on
the Gunn diode, the second to control the EM power. the
last one constitutes an alternative way of lock-in
detection: an amplitude modulation rather than a field

modulation which is usually used in EPR. The use of
amplitude modulation is more efficient when the line
width become larger than the available field for the
modulation (for our spectrometer: 3 mT). These
microwave components, as well as the Gunn diode system
use rectangular waveguides adapted to the 95 GHz or
115 GHz frequency whereas our spectrometer uses
oversized cylindrical waveguides. To minimize the
impedance breakdowns along the electromagnetic wave
path, a beam transformer is used and care has been taken
to ensure electric continuity and mechanical stability
along the different parts of the spectrometer.

Such a spectrometer has been used either on the 12 T
superconducting magnet or on the resistive magnets (23 T
and 28 T). It operates with a flux cryostat in the
temperature range 5 K-300 K.

Authors:
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6.6. Implementation of a Quasi-Optical
bridge on the HF-EPR spectrometer

A high field/high frequency EPR spectrometer is
operating in the laboratory since 1988. The set-up allows
to cover a very broad frequency range starting from 50
GHz to more than 1 THz and has been very successful in
the study of a variety of scientific problems ranging
from solid state physics to chemistry and biology.
However, it suffers of two main drawbacks, namely the
lack of sensitivity and the absence of phase control. In
order to overcome these problems, a new spectrometer
has been implemented using what is called Quasi-Optical
techniques and working in the frequency range 190-
285 GHz.

This new system uses the existing superconducting
magnet (12 T), the Gunn-diode sources and the hot
electron InSb bolometer that were already present in the
previous set-up. Conversely the propagation of the
exciting frequency is completely modified. Outside the
cryostat, open space propagation of a gaussian beam is
used. A set of mirrors, polarisers (tungsten wire grids),
focusing elliptical mirrors, a Faraday rotator and a beam
splitter are used to propagate and prepare the light for
homodyne detection. Inside the cryostat, an oversized
corrugated waveguide is used, propagating the HE11
mode and preserving its polarisation. A crucial point in the
set-up is the use of the induction principle, allowing to
remove the background. This is illustrated in figure 6.7.
The EPR resonance corresponds to the absorption of one
circularly polarised component of the incident light and
results in the apparition of a non zero contribution from
the linear polarisation perpendicular to the incident one.
This cross-polar EPR signal is simply separated from the
incident light using a polariser.

Figure 6.5: ESR spectrometer. 1: Gunn diode, 2: frite
insulator, 3: PIN diode, 4: calibrated attenuator, 5: beam
launcher, 6: brass mirror, 7: beam splitter, 8: reference
arm with adustable mirror, 9: modulation coil, 10:
current source for the modulation coil,
11: superconducting (0-12 T) or resistive (0-28 T)
magnet, 12: current source for the magnet, 13:
bolometer, 14: lock-in amplifier, 15: brass mirror, 16:
teflon sample holder, 17: sample on a teflon plate, 18:
brass flux concentrator.

Figure 6.6: ESR signal as a function of magnetic field.
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The first measurements performed with the new
spectrometer have shown an increase of the signal to
noise ratio by more than two orders of magnitude. This
means an absolute sensitivity of the order of 1010

spins/Gauss at room temperature. An example of the gain
obtained with the new spectrometer, as compared to the
previous one is shown in figure 6.8. A small single crystal
of copper sulfate (CuSO4.5H2O) has been measured on
both set-ups at 285 GHz and 270 K with the same
modulation amplitude. Copper sulfate has two
magnetically inequivalent sites, giving two lines due to
the g-anisotropy (figure 6.8). Future developments
include the extension of the frequency range covered with
the new spectrometer, in order to maintain the very
important multifrequency character of the instrument.

Authors:
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6.7. Quasi-stationary magnetic fields of
60 T using inductive energy storage

Standard pulsed field magnet installations use capacitive
devices for of energy storage. For large stored energies,
inductive energy storage seems to be a competitive
alternative. But this involves the development of high-
current circuit breakers. Our laboratory has successfully
carried out a feasibility study to show the possibility to
generate quasi-stationary magnetic fields using inductive
energy storage [1].

The pulse magnet system consists of a magnetic energy
storage coil made from four rectangular aluminum
profiles (60 x 10 mm) wound in parallel with a warm bore
diameter of 1.1 m. Inside the warm bore a smaller high
field magnet made from copper wire (3.7 x 6.5 mm) is
situated with a cold bore diameter of 24 mm. An electrical
supply network consisting of a shock alternator,
transformer and a rectifier provides the storage coil with
the dc charging current. High-current circuit breakers
direct the stored energy into the high field magnet. For
safety and redundancy, two independent monitoring
systems control the energy transfers. The system is
actually installed in a rented test cell at the VOLTA testing
center of the nearby company Schneider Electric S.A..

The generation of pulses is executed in three phases.
Phase one entails the charging of the storage coil with a
maximum dc current of 120 kA during a charging time of
approx. 3 s. Operating the high-current circuit breaker
(CB1) and the switching units (MS1, MS2), phase 2 is
initiated. The electrical supply network is separated from
the magnets. In parallel, the stored magnetic energy is
rapidly transferred via aluminum bus bars (90 x 90 mm)
to the high field magnet, generating the magnetic field.
After the pre-programmed pulse duration, phase 3
separates the storage coil from the high field magnet
(closure of MS5) and additionally guarantees a fast
discharge of the high field magnet avoiding damage due
to overheating. Figure 6.9 presents a generated field of
60.3 T with a pulse duration of 100 ms.
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Figure 6.7: Scheme illustrating the induction mode. 

Figure 6.8: Single crystal spectra of CuSO4.5H2O
recorded at 285 GHz and 270 K, on the same single
crystal. The top spectrum is obtained with the old
transmission spectrometer; the signal has been
multiplied by 10 to be visible. The bottom spectrum is
obtained with the Quasi-Optical spectrometer.

Figure 6.9: Typical pulse shape evaluation. B = 60.3 T,
ID = 24 mm.



Grenoble High Magnetic Field Laboratory • Annual Report 2001
97

In January 2001 first experiments were performed on
an organic (α-(BEDT-TTF)2KHg(SCN)4) conductor.
Resistance versus magnetic field measurements are
known for this conductor in fields up to 28 teslas. With the
pulse magnet, sample studies were made in fields of up to
60 teslas.

It has been shown that inductive energy storage is a
promising way in the generation of pulsed magnet fields.
Some ameliorations have to be made to facilitate the pulse
generation. Nevertheless, the experiments have proven
the system's capabilities. As a long term goal we have the
intention to replace the shock alternator by the electrical
utility network to provide more system mobility.
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6.8. Generation of coherent sub-THz
acoustic phonons

The direct electromagnetic generation of coherent high-
frequency acoustic phonons in silicon doping superlattices
by high peak-power, cavity-dumped, far-infrared (FIR)
laser radiation will be investigated. Although a number of
theorists have predicted the striking possibility of exciting
coherent phonons in this manner [1-4], there have been no
reported experimental confirmations of this novel and
potentially useful technique. This may have been due to
the difficulty in preparing high-quality doping layers or the
lack of availability of a sufficiently intense FIR source.
However, recent advances in Si molecular beam epitaxy
and ultra-short pulse FIR laser development have removed
these obstacles. The spectral and polarization
characteristics of the generated phonons will be studied
using Si:B piezo phonon spectroscopy. The sample, cooled
by immersion in liquid helium by means of a cryostat with
optical access, will be positioned in a uniaxial stress
apparatus capable of applying several kBar. The phonons,
generated in the doping superlattice on the front face of the
sample, will ordinarily propagate ballistically through the
Si:B substrate and be detected by a superconducting
aluminum bolometer located on the rear face. However,
the bolometer signal will drop sharply when the phonon
energy matches the calibrated stress-tunable absorption
band of the boron acceptors. In addition, the spectral
content of transverse (TA) and longitudinal (LA) acoustic
phonons may be studied independently by gating the
detector signal at the corresponding phonon time-of-flight
across the substrate. A small-period metallic grating will
be used to convert the normally incident FIR plane wave
radiation into an evanescent surface wave in the region of
the superlattice. 

The phonons source could be deployed as a phonon
transducer, used in a pulse-echo scheme, in a cryogenic
acoustic microscope utilizing He II as the coupling fluid.
The diffraction-limited beamwaist for 250 GHz phonons
in He II is on the order of 10 Angstroms for a fast acoustic
lens fabricated on the back surface of the Si substrate.
The lens would also require a phonon anti-reflection

Figure 6.10: Signal of a perpendicular to the field
placed (α-(BEDT-TTF)2KHg(SCN)4) conductor
specimen. 

Figure 6.11: Experimental Arrangement. Front surface
of the sample has a small-period grating coupler on top
of the superlattice. Rear surface has a bolometer phonon
detector. Sample is subjected to uniaxial stress. The
cartoon near the sample illustrates the phonon
generation process.
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a:SiO2 /a:SiO2 multilayer on the rear sample surface for
efficient phonon transmission into a He II bath.
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6.9. Very low temperature, high-
frequency, high-field ESR spectroscopy

Little work has been reported in the field of very low
temperature (T < 1 K) high field, high frequency electron
spin resonance (ESR). Assuming a frequency of 100 GHz,
the Zeeman splitting of a free electron EZ = gµBH is 4.8 K
(where g is the g-value, µB the Bohr magneton, and H the
applied field). At this frequency, conventional cooling
techniques can reach the limit EZ/kBT ~ 1, where kB is
Boltzmann's constant, and the vast majority of the work is
done in the high T limit EZ/kBT < 1. There are, however,
many physical phenomena of interest for which it is
important to investigate the low temperature regime,
where the Zeeman energy EZ is large in comparison to the
thermal energy kBT, i.e., EZ/kBT >> 1. Many areas of
research present such phenomena, including low
dimensional systems, magnetically frustrated systems,
quantum magnets, superconductors, etc.

In this report we describe a spectrometer which we have
developped to do ESR down to 0.4 K, at different
frequencies (54 GHz - 400 GHz), and in the magnetic
field range 0 - 20 T using a resistive magnet. In order to
reach temperatures below 1 K, we have used a 3He
cryostat (Oxford Instruments), specifically made to have
the sample space separate from the 3He bath, and to fit
into a home made 4He cryostat that would go on the
resistive magnet. The basic configuration of the
spectrometer uses oversized cylindrical waveguides for
transmission of the microwave power from the source
(Gunn diodes or carcinotrons) to the sample and for
routing the transmitted power to the detector (a cooled
InSb bolometer). We used brass tubes of appropriate
lengths for manufacturing all parts of the microwave
pathway outside the cryostat. In order to minimize the
thermal loading at low temperatures, we used very thin
wall stainless steel tubes inside the cryostat. A home made
sample probe was designed to be compatible with the
small space available in the 3He cryostat. This double-
pass probe contains one vertical waveguide section for

guiding  the microwaves to and from the sample. A thin
flat mirror placed at the end of the stainless steel
waveguide reflects back the microwave power transmitted
through the sample. The investigated samples were placed
directly on the mirror. A beam splitter (silicon wafer
whose thickness depends on the frequency used) separates
the incoming and outcoming beams. The stainless steel
waveguide is thermally lagged to the 3He cryostat cold
plate at 1.8 K. A calibrated 5 kΩ RuO2 thermometer was
placed next to the sample in order to measure
temperatures below 1.5 K, and care was taken to use
excitation voltages less than 100 µV to avoid heating.

The spectrometer was first successfully tested on a
standard sample DPPH. The microwaves were amplitude

MAGNETS & INSTRUMENTATION

Figure 6.12: ESR spectra recorded on a resitive magnet
below 1 K using the described spectrometer: 
(a) the nano-cluster Fe30 at 230 GHz and 450 mK;
(b) the frustrated pyrochlore Gd2Ti2O7 at 67 GHz and
460 mK; (c) DPPH at 345 GHz and 420 mK.
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modulated so that heating effects due to a field
modulation coil could be avoided. Care was also taken to
control the incident power of the microwaves. Other
measurements were also performed using this
spectrometer on the magnetically frustrated pyrochlore
antiferromagnet Gd2Ti2O7, and the nano-cluster Fe30
whose results will be reported elsewhere. Figure 6.12
shows obtained spectra of the three mentionned systems.

Finally, it should also be pointed out that an experiment in
the low T regime (EZ/kBT >> 1) may not enhance the
signal to noise ratio, as is usually the case when reducing

the T in the high T regime. Actually, there may be a
substantial decrease in sensitivity because of the severe
restriction on the power level used to avoid heating. The
main advantage in going to such low T will normally be
the investigation of new temperature dependent
phenomena. Work is also in progress to improve the
spectrometer in the temperature range lower than 0.4 K.
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7.1. Liquid metal jet into a high
magnetic field

In the frame work of a ν-neutrino factory [1], 1021 high
energy neutrinos are directed towards far located 
ν-detectors with the aim of measuring the parameters of
their mixing matrix. The production chain starts with the
interaction of high-energy protons on a target. Possibly
the resulting pions are collected in a permanent 20 T
magnetic field and lead into a decay tunnel were they
decay into regular muons. The molten metal target
foreseen in the collection schemes of future neutrino
facilities are among the rare technical solutions able to
cope with the very large energy densities of the proton
beam and among them mercury was chosen as a test case.
The question to be addressed concerns the behaviour of
the molten metal within the 20 T magnetic field. Its most
basic geometry namely a perfect mercury cylinder
penetrating into a 20 T coaxial solenoid was addressed
numerically and shows major deformations [2].
Therefore, experimental benchmarks are required.

The goal of the proposed experiment is to record by
photographic methods the MHD effect on a pulsed
mercury jet entering solenoidal field under an injection
angle of 0° and 6°. The jet behaviour is monitored with a
high-speed camera (up to 8000 frames per second).

- M5: 0-13 Tesla solenoid (vertical bore 13 cm): Collinear
injection in a field gradient dB/dz of –60 to 60 T/m: At
velocities of ≈ 5 m/s a modification of the tip of the jet
was observed for the highest gradient. No other visible
effects were observed at higher velocities. The turbulence
of the jet is likely to hide effects leading to a deformation
below 0.5 mm.

- M9: 0-20 Tesla collinear injection in the field gradient.
Clear deflection and disruption of a Hg-jet pulsed through
a cylindrical nozzle were recorded. The experimental
chamber was kept under vacuum and the optics allowed
the observation of a 4 cm diameter surface movable along
the field axis over a distance of 20 cm. The Hg-jet
experienced a deflection from the axis of the bore
increasing with the field strength (figure 7.2). A major
reduction of the jet velocity was observed, however
analysis is underway to determinate its cause (friction of
drops on the windows, MHD effects in the Nozzle or in
free flight).

Two technical difficulties were encountered:
- the movement induced by the reactive force of the
nozzle induced a displacement of the parallel laser beam
away from the camera objective (solved in-situ by
insertion of a wedge),
- the diameter of the mercury reservoir was designed for a
55 mm bore outlet not matching the equipment in place
(50 mm) (figure 7.1). No attempt was made to modify the
equipment, as the first problem required frequent
adjustments and the only solution would have been
against the double confinement that effectively prevents
any mercury leakage.

The 20 data sets recorded during the third day contains
sufficient information to characterise the case of collinear
injection were the nozzle is out of the homogeneous field
section and underlines the real challenging task of
injecting a molten metal target in a high magnetic field.
The apparatus has now overcome its youth disease and is
ready for the production of the expected results.

References and authors:
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Figure 7.1: Left: jet chamber; right: schematic setup in
the magnet bore M9.

Figure 7.2: Displacement of the jet trajectory: left:
B = 0 T, right: B = 15 T. The displacement of ≈ 1 cm can
be clearly seen. 
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7.2. Magnetohydrodynamics: transition
of Hartmann layers between laminar
and turbulent states

Objectives

The aim of this work is to study the stability of the
boundary layer (Hartmann layer) that develops in
electrically conducting fluids in the presence of a
magnetic field, along the boundaries not tangential to the
field. The currents in the fluid are restricted to this layer
giving it a dominant effect over the whole flow.
Information on the parameter ranges in which the layer is
laminar or turbulent is crucial in any activity where a
detailed control of the flow is necessary, such as in crystal
growth and the casting of metals. Our experimental design
also allows us to study the stability of this flow when
rotational effects are present, resulting in a model of the
boundary layer that develops at the border between the
liquid earth inner core and the base mantle [1]. In spite of
its importance, there are no previous experimental results
on the stability of this kind of layers and the aim of this
work is to gather the necessary information for the
developing and validation of theoretical models of the
transition process.

Results

We carried out our experiments in Magnet 5 which has a
maximum field intensity of 13 T in a cylindrical bore of
130 mm diameter. We place in this field a toroidal cell
(with square section) containing mercury through which
we pass a current. The interaction of the latter with the
magnetic field results in a Lorentz force that drive the
mercury. We measured the resulting potential drop in the
cell, which is directly linked to the characteristics of the
velocity profiles in the flow and their laminar or turbulent
state. We made measurements in the range of 0.25 to 12 T,
and 10 to 400 Ampere.

In the high magnetic field region the flow approximates
the Hartmann layer regime [2], and our data compare very
well with the predictions of the theory [4]. Successive
transitions are evident and appear robust in their positions
in parameter space. A first transition is observed at a
Reynolds number of approximately 400, well below the
critical value of 50000 predicted by the linear stability
theory for the most unstable normal mode in the
Hartmann layer [3]. To be able to discern if this difference
is due to nonlinear effects or to small rotational effects,
measurements at a higher magnetic field are necessary.
Although from the weakly nonlinear point of view the
transition is subcritical, we could not find any sign of
hysteresis.

The interpretation of the results in the case of low
magnetic field is more difficult because the characteristics
of the basic flow are more complex. Now inertial effects
are dominant over Lorentz forces, and the flow is more
readily described as a perturbation of the Ekman and

Bodewadt flows, and the values of the characteristic
parameters are close to those of the Earth liquid core.
Transitions are still present in this case although further
analysis of the data is required for their interpretation.

While the range of intensities of magnetic field and
injected current studied correspond to a wide range of
values of the Elsasser number (ratio of Lorentz to inertial
forces), we were restricted in the band of Reynolds
numbers we could achieve. By introducing some
modifications in the experimental device aiming at
extending the range of velocities it can support, and by
having access to higher magnetic fields, it would be
possible to obtain a more detailed picture of the stability
of the two limiting cases mentioned above, and to extend
the analysis in flows where both Lorentz and inertial
forces are of comparable magnitude.
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7.3. Anisotropic effect of magnetic field
during copper electrodeposition onto an
oxidized titanium electrode

Electrode reactions wherein involved species are mass-
transport controlled are strongly affected by magnetic
fields [1]. The convective effects of a magnetic field
parallel to a planar electrode are now well known and
relationships between the Faradaic current (i.e. rate of the
electrochemical reaction) and the magnetic field
amplitude have been experimentally established as well as
theoretically proposed [2]. Metal electrodeposition
kinetics can be influenced by these convective effects and
as a result, the deposit morphology and texture can be
strongly affected [3]. Because the very first moments of
the deposit germination are of a great importance for
adhesion and many other properties of the thicker deposit,
we have undertaken experimental investigations on
magnetic effects during copper electrodeposition from
sulfate acid solution onto various kinds of substrates.

By keeping constant the overpotential imposed to an
oxidized titanium electrode and the total electrical charge
quantity for the copper deposition, some tenuous
magnetically induced effects were suspected concerning
the size and the surface density of the copper germs for
magnetic field amplitudes up to 1 T.

MAGNETOHYDRODYNAMICS
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With the same electrochemical conditions (overpotential
equal to 200 mV/Cu), the deposit which was reproducibly
obtained on a vertical electrode with the superimposition
of a vertical 13 T magnetic field is shown figure 7.3. The
lack of copper on the right side was observed for magnetic
field amplitudes higher than 2 T. On the contrary, a
deposit obtained without magnetic field exhibits a
thickness only affected by edge or gravitational
convective effects (figure 7.4).

This anisotropic effect is a very good piece of evidence
for the magnetically induced electro-kinetic field effect
that we have assumed to express the limited diffusion
current vs. magnetic field relationship [3]. Now, a new
question arises about the validity of models that analyze
transient curves only to determine a nucleation-growth
mechanism since the quite different deposits of figures
7.3 and 7.4 exhibit very similar transient curves
(figure 7.5).
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Figure 7.3: Copper deposit on 1 cm2 oxidized titanium
and superimposition of a 13 T magnetic field. 

Figure 7.4: Copper deposit without magnetic field. Same
electrode than figure 6.14.

Figure 7.5: Current versus time during copper
electrodeposition with or without magnetic field
superimposition (figures 6.14 and 6.15).
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Transport anisotropies in a Si/SiGe heterostructure induced by an in-plane magnetic field
Physica B 298, 501-504 (2001)

126. Zhukov A.A., P.A.J.de Groot, S.Kokkaliaris, E.Di Nicolo, A.G.M.Jansen, E.Mossang, G.Martinez, P.Wyder, T.Wolf,
H.Küpfer, H.Asaoka, R.Gagnon and L.Taillefer
History effects and phase diagram near the lower critical point in YBa2Cu3O7 single crystals
Phys. Rev. Lett. 87, 017006 (2001)

ANNEXES
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List of Ph.D theses

1. Bibow E.
Spectroscopie tunnel d'un circuit à deux lots
Université Joseph Fourier, Grenoble, Thèse soutenue le 8 novembre 2001

2. Cassé M.
Etude du transport électronique dans des systèmes mésoscopiques: interféromètre à anneau
Institut National des Sciences Appliquées de Toulouse, Thèse soutenue le 2 mars 2001

3. Freytag N.
The electron spin polarization in the lowest Landau level. A study by nuclear magnetic resonance
Université Joseph Fourier, Grenoble, Thèse soutenue le 15 octobre 2001

4. Heilliette S.
Contribution à l'étude de la photodissociation de la NO2 par des techniques de spectroscopie laser haute résolution

Université Joseph Fourier, Grenoble, Thèse soutenue le 27 septembre 2001

5. Pouydebasque A.
Transport électronique mésoscopique dans des réseaux d'antipoints semiconducteurs
Institut National des Sciences Appliquées de Toulouse, Thèse soutenue le 19 décembre 2001

6. Rubaldo L.
Une nouvelle génération d'étude spectroscopique à haute résolution des défauts électroniques dans le silicium: la Laplace
DLTS
Université Joseph Fourier, Grenoble, Thèse soutenue le 22 juin 2001

7. Sparenberg A.
Photonic magneto-tranport
Dissertation zur Erlangung des Doktorgrades der Universität Konstanz, 2001

8. Teran F.
Spin dependent phenomena in n-type modulation doped CdMnTe quantum well structures
Université Joseph Fourier, Grenoble, Thèse soutenue le 23 novembre 2001
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Scientific Staff of the Grenoble High
Magnetic Field Laboratory during 2001

ARNAUD G.
BABINSKI A.
BARDOT C.
BARRA A.L.
BERTHIER C.
BIBOW E.
CHAPPEL E.
CHEN Y.
CHOUTEAU G.
DEBRAY F.
DE BRION S.
DESRAT W.
DUBOC-TOIA C.
DÜCHS G.
DUPONT F.
ESTIBALS O.
FAUGERAT C.
FLORENTIN J.
FREYTAG N.
GROGER A.
HASSAN A.K.
HINDERER J.
HORVATIC M.
JANSEN A.G.M.
JOACHIM E.
JOSS W.
KOERDT C.
KRAMER R.
KURTZ R.
KVON Z.D.
LAFARGE P.

LEVY L.P.
MANTEL C.
MARTINEZ G.
MAUDE D.K.
Mc CONNACHIE A.W.
MONARKHA Yu.P.
MOSSANG E.
NUNEZ-REGUEIRO M.D.
PERSHIN Yu.V.
PLANTIER D.
PORTAL J.C.
POTEMSKI M.
POUYDEBASQUE A.
REYNAUD S.
RIKKEN G.L.J.A.
SALA P.
SCHLESER R.
STORCH G.
STROHM C.
TERAN F.J.
TESKE E.
TOKUNAGA Y.
VAGNER I.
WEISS M.
WILSON T.
WYDER P.
WYSMOLEK A.
ZEMAN J.
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Collaborating External Laboratories

Austria
University of Loeben: 19

Belarus
B.I. Stepanov Institute of Physics, Minsk: 82

Belgium
Metis Instruments and Equipment N.V., Leuven: 97

Brasil
University of Sao Paulo: 23

Canada
IMS/NRC, Ottawa: 12, 18, 39
NRC, Laboratory of Chalk River: 65

France
CEA, Cadarache: 56
CEA, Grenoble: 48, 67, 72
CEA, Monts: 54
CNED, Futuroscope, Poitiers: 97
CRISMAT, Caen: 61, 62
Cristallographie, CNRS, Grenoble: 48, 49, 64, 66
CRTBT, CNRS, Grenoble: 49, 54
DTI SC, CNRS, Reims: 105
ESRF, Grenoble: 49
INSA, Toulouse: 21
Institut des Matériaux Jean Rouxel, Nantes: 57
Laboratoire Louis Néel, CNRS, Grenoble: 67
Laboratoire des Ecoulements Géophysiques et
Industriels, Grenoble: 93
LEPES, CNRS, Grenoble: 48
L2M, Bagneux: 16
Schneider Electric S.A., Grenoble: 97
Spectrométrie Physique, UJF, Grenoble: 47, 64, 76
Université Joseph Fourier: 73
Université F. Rabelais, Tours: 54

Germany
MPI-FKF, Stuttgart: 49, 79, 86
Paul Drude Institut, Berlin: 9, 28, 29
Sektion Physik der LMU and CeNS, Münich: 94
University of Bielefeld: 74
University of Freiburg: 72
University of Saarlandes: 69
University of Ulm: 40
Walter Meissner Institut, Garching: 97

Hungary
University of Technology and Economics, Budapest: 61

Israel
University of Tel Aviv: 50
Weizmann Institute of Science, Rehovot: 30

Italy
IFAM-CNR, Pisa: 68
University of Florence: 68, 70, 71, 74
University of Perugia: 76

Japan
ISSP, University of Tokyo: 75

Norway
University of Oslo: 73

Poland
High Pressure Research Center, PAN, Warsaw: 37, 38
Institute of Physics, PAS, Warsaw: 11, 12, 13, 14, 42, 43
University of Warsaw: 37, 38, 39, 42

Russia
A.F.Ioffe Physico-Technical Institute, St.-Petersburg: 
Efremov Scientific Institute, St.-Petersburg: 97
Institute of Electronics and Radioengineering RAS,
Moscow: 26
Institute of Microelectronics Technology RAS,
Chernogolovka: 26, 27
Institute of Semiconductor Physics, Novosibirsk: 10, 20,
21, 22, 23, 33
Institute of Solid State Physics, RAS, Chernogolovka: 32

Slovakia
Inst. Exp. Physics, Kosice: 48, 54

Spain
University of Barcelona: 59, 60
Universiry of Madrid: 87

Sweden
KTH, Stockholm: 41
Max-Lab, University of Lund: 41

Switzerland
CERN, Geneva: 103
ETH, Zürich: 47
University of Zürich: 83

Ukraine
B.I. Verkin ILTPE, NASU, Kharkov: 29
Institute for Low Temp. Phys., Kharkov: 53

United Kingdom
Imperial College, London: 22
University of Bath: 19
University of Cambridge: 104
University College, London: 22
University of Nottingham: 19, 26, 27, 31
University of Oxford: 13, 17
University of Sheffield: 18, 26, 27, 41

United States of America
Boston College: 70
University of Princeton: 24, 25, 49
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ANNEXES

Proposals for magnet time carried out in 2001

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 2001.

METALS AND SUPERCONDUCTORS

The Jc(B, T) behavior and E-I character of multifilamentary Bi2223/Ag tapes under applied field
L.F. Hu - Superconducting Material Research Center, NIN, Xi'an Shaanxi, China
A. Sulpice - CRTBT-CNRS, Grenoble, France

Nernst effect in the high Tc cuprate LSCO
K. Behnia, C. Capan - Laboratoire de Physique Quantique, Paris, France
C. Marcenat - CEN Grenoble, France

Coulomb blockade thermometry at temperatures below 100 mK in high magnetic field
J. Pekola, J. Kauppinen - University of Jyväskylä, Finland

Interlayer transport in superconducting misfit layer systems with a different anisotropy
P. Samuely, P. Szabo - Institute of Experimental Physics, Slovak Academy of Sciences, Kosice, Slovakia

Anisotropy versus vortex lattice melting in the misfit layer superconductors
P. Samuely, P. Szabo - Institute of Experimental Physics, Slovak Academy of Sciences, Kosice, Slovakia

Effect of field orientation on the high field phase diagram of α -(BEDT-TTF)2KHg(SCN)4
D. Andres, W. Biberacher, M. Kartsovnik - Walther Meissner Institut, Garching, Germany

Ru NMR investigation of re-entrance behavior of superconductivity and spin dynamics in the normal state in spin
triplet superconductor Sr2RuO4
K. Ishida, Y. Tokunaga - Department of Physical Science, University of Osaka, Japan

Tunneling spectroscopy of La1.85Ce0.15CuO4-y for probing of possible charge excitation gap
R. Gross, B. Welter - Walther Meissner Institut Garching, Germany

Magnetic quantum oscillations in deuterated ß-(ET)2SF5CH2CF2SO3
J. Hagel, M. Reibelt, J. Wosnitza - Physikalisches Institut, Karlsruhe, Germany

Détermination de la ligne Hc2 dans le supraconducteur (K,Ba)BiO3
par mesure de chaleur spécifique et par effet tunnel
T. Klein - LEPES-CNRS, Grenoble, France
S. Blanchard, C. Marcenat - CEN Grenoble, France

Observation of de Haas-van Alphen oscillations in the heavy fermion system CePd2Si2: field dependence of effective
masses and FS topology
A. Gröger - GHMFL-CNRS, Grenoble, France
I. Sheikin - University of Geneva, Switzerland

Vortex transformations induced by electric current in pure YBa2Cu7O7-δ single crystals with low oxygen deficiency
J.M. Beaujour, P.A.J. de Groot, A.A. Zhukov - Department of Physics and Astronomy, University of Southampton,
United Kingdom

Quantum interference in the sliding charge density wave state
A. Ayari, P. Monceau - CRTBT-CNRS, Grenoble, France

Quantum critical point Hc2(O) 
R. Deltour, Y.Z. Zhang - Département de Physique des Solides, Université de Bruxelles, Belgium

Longitudinal magnetoresistance in aluminium foils with a periodic hole array
R. Kramer, L. Jansen - GHMFL-CNRS, Grenoble, France
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Shubnikov de Haas and de Haas van Alphen experiments on a new phase of the organic charge transfer salt
(BEDT-TTF)2I3 in high magnetic field
E. Balthes, W. Schmidt, D. Schweitzer - 3.Physikalisches Institut, Universität Stuttgart, Germany

De Haas van Alphen measurements in ErRh4B4 single crystals
R. Escudero - Universidad Nacional Autonoma de Mexico, Mexico
A. Briggs - CRTBT-CNRS, Grenoble, France

Magnetic and calorimetric characterization of the upper critical point of the melting line of the vortex lattice in
optimally doped YBa2Cu3O7–x without "fishtail" effect
A. Junod, Y. Wang - Université de Genève, Switzerland
A. Erb - Walther Meissner Institut, Garching, Germany
C. Marcenat - CEN Grenoble, France

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

Hall effect experiments on the strongly 2D organic metal κ-(BEDT-TTF)2I3
E. Balthes, D. Schweitzer, W. Schmidt - 3. Physikalisches Institut, Universität Stuttgart, Germany

High field critical current measurements on MgB2 and Bi-2223 HTS wires
L. Martini - Centro Elettrotecnico Sperimentale Italiano, Milan, Italy
G. Grasso - INFM, Genoa, Italy

Anisotropy of the upper critical field and dimensional crossover in high Tc cuprates
S.I. Vedeneev - PN Lebedev Physical Institute, Moscow, Russia
L. Jansen - GHMFL-CNRS, Grenoble, France

Point contact tunneling spectroscopy on the magnesium diboride in high magnetic fields
P. Szabo, P. Samuely, J. Kacmarcik - Institute of Experimental Physics, Slovak Academy of Sciences, Kosice, Slovakia

Point contact spectroscopy on the binary superconductor MgB2
G. Goll, F. Laube - Physikalisches Institut, Universität Karlsruhe, Germany

SEMICONDUCTORS

Dissipation phenomena on nanomechanical resonators in the high magnetic field limit
R. Blick, E. Hoehberger, L. Pescini, D. Scheible - Center for Nanoscience and Sektion Physik, Ludwig Maximilians
Universität, Munich, Germany

Electron transport in gated GaAs/AlGaAs heterostructures II
L. Smrcka, P. Vasek - Institute of Physics, Academy of Sciences, Praha, Czech Republic

Energy levels and electron phonon interaction in InAs/GaAs and Ge/Si self-assembled quantum dots
E. Deleporte, L.A. de Vaulchier, Y. Guldner, S. Hameau, J.N. Isaia - ENS, Paris, France

Cyclotron resonance of excitonic insulator state in bipolar systems
R.J. Nicholas - Department of Physics, University of Oxford, United Kingdom

Search for excitonic insulator state in bipolar systems
R.J. Nicholas - Department of Physics, University of Oxford, United Kingdom

Magnetophonon studies of AlGaN-GaN heterojunctions
R.J. Nicholas - Department of Physics, University of Oxford, United Kingdom

Metal-insulator transitions in bipolar heterostructures
R.J. Nicholas - Department of Physics, University of Oxford, United Kingdom

High field cyclotron resonance on GaAs/AlAs single quantum wells
C. Faugeras, G. Martinez, J. Zeman - GHMFL-CNRS, Grenoble, France
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Magneto-PL of donor and acceptor-bound excitons in homoepitaxial GaN
K. Thonke, U. Seibt - Universität Ulm, Germany

Magnetooptical studies of the structural environment for the impurities in GaN
R. Stepniewski, M. Wodjak - Institute of Experimental Physics, Warsaw, Poland
M. Potemski, A. Wysmolek - GHMFL-CNRS, Grenoble, France

Metal-insulator transition in PbTe short period NIPI structures
D. Braun, J. Oswald - Institut für Physik, Montanuniversität Leoben, Austria

Angle resolved reflectivity of GaN
M. Potemski, A. Wysmolek - GHMFL-CNRS, Grenoble, France

Inelastic light scattering of coupled plasmon-LO phonon modes at high magnetic fields
D. Plantier, M. Potemski, A. Wysmolek - GHMFL-CNRS, Grenoble, France
T. Slupinski - Institute of Experimental Physics, Warsaw, Poland

High magnetic field studies of GaAs/InGaAs V-groove quantum wire structures and devices
F. Karlsson, H. Weman - Department of Physics, University of Linköping, Sweden
E. Kapon - DPIMO, EPFL, Lausanne, Switzerland

High effects in single electron tunneling
R. Haug, I. Hapke Wurst, J. Könemann, U. Zeitler - Universität Hannover, Germany

Magnetically frozen quantum dots in type II GaAs/AlAs double quantum well structures
M. Potemski, A. Wysmolek - GHMFL-CNRS, Grenoble, France

Transport characteristics of magnetic semiconductors
T. Gruber, W. Schoch, K. Thonke, A. Waag - Abteilung Halbleiterphysik, Universität Ulm, Germany

Electrical properties of magnetic edge states near the integer and half integer filling factors
S. Bending, D. Lawton, A. Nogaret - Department of Physics, University of Bath, United Kingdom

Cyclotron resonance absorption of 2DEG with embedded self-organized antidots in strong magnetic fields
S. Suchalkin, Y. Vasilyev - Ioffe Physical Technical Institute, St Petersburg, Russia
G. Martinez - GHMFL-CNRS, Grenoble, France

Magnetotransport in single wall carbon nanotube mats
M. Baxendale - Department of Physics and Astronomy, University College, London, United Kingdom

Infrared magneto-spectroscopy of electron-hole liquid in type II broken gap heterostructures
V. Ellarby, V. Falko, A. Krier, K. Moiseev, D. Wright - Department of Physics, University of Lancaster, United
Kingdom

Magnetotransport properties of small interferometer rings with narrow electronic channels
A.A. Bykov - Institute of Semiconductor Physics, Novosibirsk, Russia
O. Estibals, J.C. Portal - GHMFL-CNRS, Grenoble, France

Characterization of magnetic field sensors under high magnetic field
V. Mosser, J. Przybytek - Montroue Technology Center, Schlumberger Ind., France

Back-gate controlled electron transport in GaAs/AlGaAs double quantum wells
L. Smrcka, P. Vasek - Institute of Physics, Praha, Czech Republic

Magnetotunneling studies of the Landau levels structure in GaAs quantum well containing layer of self-assembled InAs
quantum dots
Y. Dubrovskii, E. Vdovin, V. Volkov - Institute of Microelectronics Technology, Chernogolovka, Russia

Inelastic light scattering on coupled plasmon-LO phonon modes at high magnetic fields
D. Plantier, M. Potemski, A. Wysmolek - GHMFL-CNRS, Grenoble, France
T. Slupinski - Institut of Experimental Physics, Warsaw, Poland
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Hall effect measurements of short period GaMnAs/GaAs superlattice structures
J. Sadowski - Max Lab, University of Lund, Sweden

Intrinsic magneto-photoluminescence and transmission of a two dimensional electron gas with high concentration and
mobility: in search for new final state excitations in quantum hall states
C. Bardot, M. Potemski, G. Martinez - GHMFL-CNRS, Grenoble, France

Magnetotransport of a quasi three-dimensional electron gas in the lowest Landau level
G. Gusev - Instituto de Fisica da Universidade de Sao Paulo, Brazil

Magneto tunnelling spectroscopy of donor impurity states
L. Eaves, A. Patané, L. Dickinson - School of Physics and Astronomy, University of Nottingham, United Kingdom

MAGNETIC RESONANCE AND OTHERS

EPR study of intramolecular motion in radicals
C. Dutan, M. Geoffroy - Department of Physical Chemistry, University of Geneva, Switzerland

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

Electron paramagnetic resonance of diluted Ga1-xMnxAs
E. Hankiewicz, Z. Wilamowski - Institute of Physics, Warsaw, Poland
A. Hassan, M. Potemski - GHMFL-CNRS, Grenoble, France

High field EPR of organic radicals in insoluble organic matter of carbonaceous meteorites: toward the origin of the
organic molecules of living systems
L. Binet, S. Derenne, D. Gourier - ENSCP, Paris, France

Enantioselectivity of false chirality
G. Rikken - GHMFL-CNRS, Grenoble, France

Magneto Chiral anisotropy on electrical conduction of carbon nanotubes
G. Rikken - GHMFL-CNRS, Grenoble, France
S. Roth, V. Krstic - MPI Stuttgart, Germany

High field EPR of metals centers in proteins and models
K.K. Andersson - Department of Biochemistry, University of Oslo, Norway

High magnetic field effects on electrochemical phenomena: Mass transport analysis and metallic electrodeposition
J.P. Chopart, M. Msellak, A. Olivier - Dynamique des Transferts aux
Interfaces, Reims, France

HF-EPR investigation of some heteropolyoxometalates with transition ions and actinides
E. Burzo, V. Chis, O. Cozar, C. Craciun, D. Leontin - Department of Physics, University of Babes-Bolyai, Cluj Napoca,
Romania

Electron paramagnetic resonance of iron-doped silicalites and zeolites with the MFI structure
A.M. Ferretti, C. Oliva, A. Ponti - Centro per lo Studio sulle Relazioni
tra Struttura e Reattivita Chimica, Milano, Italy

High field ESR study of S = 1/2 Cu3Bi(SeO3)2O2 X(X = Cl,Br,I) Kagome lattice systems
Y. Ksari, A. Stepanov - L2MP, Marseille, France
V. Pashchencko - GHMFL-CNRS, Grenoble, France

High field EPR spectroscopy on metallo proteins Molybdenum, Manganese and Iron coordination
J. Hüttermann, R. Kappl, P. Schmidt - Fachrichtung Biophysik und
Physikalische Grundlagen der Medizin, Klinikum Homburg /Saar, Germany

High field EPR studies of free radicals in the enzyme ribonucleotide reductase
S. Fridd, A. Gräslund, N. Voevodskaya - Department of Biophysics,
University of Stockholm, Sweden
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NMR study of field induced spin density waves in the quasi 1D organic conductor (TMSF)2ClO4
H. Mayaffre - Laboratoire de Spectrométrie Physique, Grenoble, France
G. Paquignon - CEN Grenoble, France
C. Berthier, Y. Tokunoga - GHMFL-CNRS, Grenoble, France

High field EPR study of the [V(OH2)6]3+ cation
P. Tregenna-Piggott - Department of Chemistry, University of Bern, Switzerland

High field frequency EPR measurements on spin cluster compounds with ferromagnetic interactions
B. Pilawa - Physikalisches Institut, Universität Karlsruhe, Germany

Investigations of the magnetic properties of Iron (II) and Manganese (III) complexes by high frequency EPR
spectroscopy
C. Toia - GHMFL-CNRS, Grenoble, France
F. Collomb - LEOPR, Grenoble, France
S. Ménage - CEN Grenoble, France

Characterization of molecular clusters by high field EPR spectroscopy
E. Berti, A. Cornia, D. Gatteschi, C. Sangregorio, R. Sessoli, L. Sorace, J. van Slageren - Department of Chemistry,
University of Florence, Italy

High field EPR of S-
3 radical in various media

A. Demortier, J.P. Lelieur - LASIR, Lille, France

RPE haut champs de Fe3+ dans des verres et des argiles
B. Deroide, F. Dijoux - Laboratoire de Physicochimie de la Matière Condensée, Montpellier, France

Analysis of intercenter magnetic coupling in the enzyme trimethylamine dehydrogenase
V. Belle, A. Fournel, P. Bertrand, B. Guigliarelli - BIP-CNRS, Marseille, France

Mise en évidence par RPE haut champ de l'état fondamental S = 3/2 d'un complexe comportant deux ions Cu(II) et
radical organique pontant
Y. Journaux, X. Ottenwaelder - Laboratoire de Chimie Inorganique, Orsay, France

High magnetic field effect on electrochemical phenomena: metallic electrodeposition and corrosion
J.P. Chopart, K. Msellak, O. Aaboubi, J. Amblard - Laboratoire de Dynamique des Transferts aux Interfaces, Reims,
France

Matériaux hybrides organiques - inorganiques: étude RPE à haut champ
P. Rabu, M. Drillon, S. Angelov - IPCM Strasbourg, France

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

High field EPR spectroscopy of Hexaaqua iron (II) 
C. Dobe - Department of Chemistry, University of Bern, Switzerland

Enantioselective magnetochiral electrochemistry
G. Rikken, H. Yuan - GHMFL-CNRS, Grenoble, France

High frequency EPR on radicals detected as reaction intermediates of cytochrome P450cam from pseudomonas putida
V. Schünemann, A. X. Trautwein, C. Jung - Institut für Physik, Medizinische Universität zu Lübeck, Germany

High field EPR on high spin molecules based on polycyanometalate chemistry
M. Verdaguer, V. Marvaud - Université Pierre et Marie Curie, Paris, France

Use of high field EPR on mononuclear iron (III) in complexes of different mode of coordination (from O6 to O3N3) for
direct determination of the zero field splitting parameters
C. Béguin, G. Serratrice, F. Thomas, F. Biaso - LEDSS, Université Joseph Fourier, Grenoble, France
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Study of magnetic anisotropy in mononuclear Fe(III), Mn(III) and Ni(II) complexes by HF-EPR
T. Mallah, G. Rogez - Laboratoire de Chimie Inorganique, Université Paris Sud, Orsay, France

High field EPR of metal centers in proteins and small models
K.K. Andersson - Department of Biochemistry, University of Oslo, Norway

Effect of high magnetic fields on microtubule organisation in cell cultures
J. Tabony, N. Glade - CEN Grenoble, France

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

Characterisation of molecular clusters by high field frequency and low temperature EPR spectroscopy
A.L. Barra, A. Hassan - GHMFL-CNRS, Grenoble, France
D. Gatteschi, R. Sessoli - University of Florence, Italy

High field, high frequency EPR study of Ascidian blood cells
P. Tregenna Piggott - Department of Chemistry, University of Bern, Switzerland

High frequency/high field EPR study of hemaglobin and myoglobin
A.L. Barra - GHMFL-CNRS, Grenoble, France

MAGNETISM

Susceptibility measurements for study of phase transition to Condon domain state in silver
J. Hinderer, L. Jansen - GHMFL-CNRS, Grenoble, France

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

High magnetic field transport measurements of charge ordered thin films
W. Prellier, E. Rawel-Buzin, C. Simon - CRISMAT, Caen, France

Heat capacity investigations in molecular clusters
M. Affronte - INFM, Modena, Italy

Hall effect measurements of paramagnetic to ferromagnetic phase transition in GaMnAs layers
J. Sadowski - Max Lab, University of Lund, Sweden
D.K. Maude, M. Potemski - GHMFL-CNRS, Grenoble, France

Octahedral diamagnetic substitution in REIG (RE=Dy, Yb) single crystals: influence on the high magnetic field
anisotropy
J. Ostoréro - CNRS, Thiais, France
M. Guillot - GHMFL-CNRS, Grenoble, France

First ordered field induced metamagnetic paramagnetic ferromagnetic transition in Gd5(SixGe1-x)4 giant
magnetocaloric compounds, for 0.24≤x≤0.5
X. Batlle, F. Casanova - Department of Fondamental Physic, University of Barcelona, Spain

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

Nature of the first order field induced metamagnetic antiferromagnetic-ferromagnetic transitions in the Ge-rich
magnetocaloric compounds Gd5(SixGe1-x)4 for x ≤ 0.2
X. Batlle, F. Casanova - Department of Fondamental Physic, University of Barcelona, Spain

High field ESR studies of highly frustrated spin systems
A. Hassan, L. Lévy - GHMFL-CNRS, Grenoble, France

Giant magnetoresistance studies of DyFe2/YFe2 superlattices with negative coercivity
G.J. Bowden, J.M. Beaujour, P.A.J. de Groot, S.N. Gordeev - Department of Physics and Astronomy, University of
Southampton, United Kingdom
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Magnetic behavior of the tetravalent terbium: study of KTb3F12 and Li2TbF6
D. Avignant, M. el Ghozzi - Laboratoire des Matériaux Inorganiques, Clermont Ferrand, France
M. Guillot - GHMFL-CNRS, Grenoble, France

Influence of the doping concentration and the rare earth element on the phase diagram of Nd0.5Ca0.5MnO3
S. de Brion, G. Chouteau - GHMFL-CNRS, Grenoble, France
A. Janossy - Technical University, Budapest, Hungary
A. Maignan - CRISMAT, Caen, France

Enhancement of the coercivity of hard magnetic materials using exchange bias properties
M. D. Baro, J. Nogués, J. Sort - Physics Group, University of Barcelona, Spain

Magnetic properties and magnetic ordering as a function of Mn dilution in the frustrated Li(Mn2-xTixO4) spinel system
A. Ibarra, P. Strobel - Laboratoire de Cristallographie-CNRS, Grenoble, France
G. Chouteau, S. de Brion - GHMFL-CNRS, Grenoble, France

Magnetic phase diagram determination of filled skutterudite SmRu4P12
P. Haen, F. Lapierre, C. Sekine - CRTBT-CNRS, Grenoble, France

Magnetization measurements of Ce(Rh1-xRux)2Si2 alloys
P. Haen, F. Lapierre, C. Sekine - CRTBT-CNRS, Grenoble, France

Investigation on the second peak effect in high temperature superconductors
V. Sandu, L. Miu, S. Popa - Department of Low Temperature Physics and Superconductivity, Comuna Magurele,
Romania

Magnetic anisotropy of a supramolecular Mn [3x3] grid and of molecular ferric wheels
R. Koch, O. Waldmann - Physikalisches Institut, Universität Erlangen, Germany
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