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PREFACE

This report intends to provide a rather complete overview of the in-house
and collaborative scientific and technical activities of the Grenoble High Mag-
netic Field Laboratory (GHMFL), in the year 2000. The laboratory is a joint
operation of the Max-Planck-Institut für Festkörperforschung (Germany) and
the Centre National de la Recherche Scientifique (France), originally estab-
lished in 1971 and since 1.1.1992 renewed and extended.

The 20 MW power supply allows nowadays for two resistive 10 MW magnets
to be operated simultaneously. After the successful operation of the first 20 MW
magnet which can reach routinely d.c. fields up to 30 T, a second one has
been installed and allows to respond more effectively to the increasing demand
of magnet time in this range. With the forthcoming installation of a new
hybrid system 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 will show that important and interesting results can be obtained
in magnetic fields very often as a result of a close collaboration between several
research groups from many countries. In addition, the GHMFL is proud to
contribute to the training of many young scientists by giving them the oppor-
tunity to be part of such research activities.

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.

January 2001 P. Wyder G. Martinez
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Chapter 1

TWO-DIMENSIONAL ELECTRON
GAS

1
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1.1 Low-frequency quantum Hall
impedances

We have previously shown that at integer filling fac-
tors in the quantum Hall regime the frequency de-
pendence of the longitudinal impedance Zxx(ω) can
be well explained by a simple LCR parallel circuit.
Here, we present the frequency dependence of the
Hall impedance Zxy(ω) and show that it is consis-
tent with the existing edge-state theory.
The measurements have been performed on a sin-

gle quantum well structure with a well width of
8.2 nm, a carrier density of 7.5×1011 cm−2 and a mo-
bility of 11m2V−1s−1. Hall bars were patterned to
have a width d=250µm with 750µm between volt-
age probes.
At very low frequency Zxy(ω) is equal to the dc

quantized resistance h/νe2 but as the frequency is
increased the Hall impedance decreases monotoni-
cally and tends to zero at high frequency. In figure
1.1a ∆Zxy(ω) = |Zxy(ω)| − |Zxy(0)| is plotted as
a function of the frequency squared. We see that in
the low frequency regime ∆Zxy(ω) decreases linearly
with f2. The low frequency slopes d∆Zxy(ω)/dω2

are plotted versus 1/ν3 in figure 1.1b with a log scale
used for both axes. The solid line drawn through
the data points has a slope of 1 indicating that
d|∆Zxy(ω)|/dω2 scales as 1/ν3 over more than two
orders of magnitude.
Christen and Büttiker studied the dynamic trans-

port properties of a two-dimensional electron gas
within the edge-state picture and calculated the low-
frequency admittances of quantized Hall conductors.
They showed that for an ideal four terminal cross the
Hall impedance can be written up to the first order
as

Zxy(ω) = Z13,24 = 1
g + jω

cµ,24−cµ,13
g2 , (1)

where g = νe2/h and cµ,kl is the electrochemical
capacitance between edge states k and l.
To first order Eq.(1) predicts that |∆Zxy(ω)| in-

creases quadratically with frequency in disagreement
with the quadratic decrease shown in figure 1.1.
However, for the case of an ideal four-terminal cross
presenting a perfect symmetry the diagonal capac-
itances cµ,13 and cµ,24 are expected to be almost
equal suggesting that the equation should be modi-
fied to incorporate the higher order terms.
Retaining the higher order terms leads to a com-

plex expression for the Hall impedance which can be
written as

Zxy(ω) = Z13,24(ω) =
1/g+jωβ1+ω2β2

1+jωβ3+ω2β4+jω3β5
, (2)

where the coefficients αi and βi are combinations of
the electrochemical capacitances cαβ and the quan-
tized resistance h/νe2 ≡ 1/g.
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Figure 1.1: (a) Variation of the magnitude of
the Hall impedance ∆Zxy(ω) as a function of fre-
quency squared for different filling factors measured
at T=50 mK. The solid lines are least squares fits to
the data. (b)

∣∣d∆Zxy(ω)/dω2
∣∣ versus 1/ν3 plotted

on a log-log scale. The solid line through the data
points has a slope of 1.

Taking the magnitude of the Hall impedance and
performing a Taylor expansion around ω = 0, we
obtain after some algebra an expression of the form

| Zxy(ω) |= 1/g − γ
g3 ω

2 + θ(ω4), (3)

where γ has the dimensions of capacitance squared.
This demonstrates that when all terms are included
the Hall impedance is predicted to vary quadrati-
cally at low frequencies in agreement with exper-
iment. In addition the model also correctly pre-
dicts the experimentally observed scaling of the low
frequency Hall impedance d∆Zxy(ω)/dω2 ∝ 1/ν3

shown in figure 1.1. As γ is a complicated combina-
tion of the sums and differences of the capacitances
terms of the form cklcmn (k, l,m, n = 1, 2, 3, 4) it is
not possible to determine unambiguously from a the-
oretical viewpoint the sign of γ. We speculate that
depending on the values of the sample specific elec-
trochemical capacitances γ can be either positive or
negative which would explain the negative sign for
d∆Zxy(ω)/dω2 that we obtain.

W. Desrat, D.K. Maude, L.B. Rigal,
M. Potemski, J.C. Portal
L. Eaves (University of Nottingham, UK)
Z.R. Wasilewski (IMS/NRC, Ottawa,
Canada)
G. Hill, M.A. Pate (University of Sheffield,
UK)

to be published in PRB (scheduled 15 nov 2000).
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1.2 Resistively detected NMR in the
integer and fractional quantum
Hall regime

The hyperfine interaction between electrons in a 2-
DEG and nuclei has previously been studied using
nuclear magnetic resonance (NMR) in which the
nuclear spin polarization was enhanced by optical
pumping. Here we show that at sufficiently low
temperature resistively detected NMR can be de-
tected in both the integer and fractional quantum
Hall regimes without recourse to external dynamic
pumping of the nuclear spin system.
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Figure 1.2: Magnetoresistance trace Rxx at
T ≈ 40 mK (right axis). B-dependence of the res-
onance frequency for the three isotopes 69Ga, 71Ga
and 75As (left axis). Schematic of the coil surround-
ing the Hall bar (inset).

The measurements were performed by mount-
ing a GaAs/AlGaAs heterojunction sample (elec-
tron density ns = 1.6 × 1011 cm−2 and mobility
µ = 5 × 106cm2V−1s−1) in the mixing chamber of
a dilution refrigerator. The geometry of the Hall
bar is indicated schematically in the inset of figure
1.2. The radio frequency (rf) was applied using a
single turn coil. The longitudinal resistance Rxx as
a function of the magnetic field is shown in figure
1.2. For the resistively detected NMR measurements
the resistance of the sample was measured at fixed
magnetic field while performing a fast adiabatic pas-
sage of the applied rf through the resonance. This
technique allows to invert the thermal populations
of the nuclear spins, i.e. changes the sign of the
nuclear magnetization. The procedure consists of
performing a fast sweep through the resonance with
a timescale shorter than the relaxation time T1 of
the nuclear spins. A typical resonance (75As) is
shown in figure 1.3 which represents the longitudinal
resistance Rxx versus the frequency of the applied
rf signal measured in the vicinity of ν = 1. Both
the upsweep and downsweep show the same behav-
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Figure 1.3: Magnetoresistance Rxx as a function of
the frequency of the rf signal at T=200 mK. Both
the upsweeps (solid and dashed line) and down-
sweep (dotted line) show a resonance at 41.8 MHz.
The sweep rate is 2 kHz/s for the dashed line and
0.5 kHz/s for the solid one.

ior. When the resonance frequency ν0 is reached the
resistance exhibits a sudden decrease with an am-
plitude ∆Rxx/Rxx ≈ 3%. The signal then relaxes
exponentially back to its equilibrium value with a
time constant determined by T1. We emphasize the
fact that the resonances are measured without any
previous experimental preparation, i.e. no dynamic
nuclear polarization by optical pumping. Further-
more the measurements were taken almost immedi-
ately after reaching the given magnetic field, i.e. the
thermal nuclear spin polarization is established at a
given magnetic field with a timescale of a few tens
of seconds. It is possible to extract T1 from the ex-
ponential decay. For different magnetic field values
we obtain T1 in the range 20-60 s. Figure 1.2 shows
the measured linear magnetic field dependence of the
resonance frequency νo for the three isotopes (69Ga,
71Ga and 75As). The slope dν0/dB = γ/2π gives
the gyromagnetic ratio for each isotope. Note that
as expected no resonance was found for 27Al since
the hyperfine interaction between electrons in the
heterojunction and nuclei in the barrier is negligi-
ble. The NMR is detected essentially in the region
around ν = 1 and ν = 2/3. However, other exper-
iments carried out with samples with higher carrier
concentrations revealed resonances for filling factors
ν = 3 and 4/3. The nuclear spins couple to the re-
sistance via the hyperfine interaction which modifies
the Zeeman energy of the electrons.

W. Desrat, D.K. Maude, M. Potemski,
J.C. Portal
Z.R. Wasilewski (IMS/NRC, Ottawa,
Canada)
G. Hill, M.A. Pate (University of Sheffield,
UK)
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1.3 NMR investigation of composite
fermions with spin

In many instances a system of strongly interacting
particles can be cast in terms of more weakly in-
teracting objects. For example the physics of a two
dimensional electron gas can be described in terms of
composite fermions (CF), quasi-particles built out of
electrons and an even number of flux quanta, having
same charge, spin and g-factor as electrons. Their
spin, charge, statistics, Fermi-sea (FS), cyclotron or-
bits, Landau levels (LL) etc. have been studied in
the past, but only recently experimental and theo-
retical work has focused on the CF spin polarization
(P) in the lowest LL [1,2]. At exactly half filled LL,
CFs condense into a FS and their spin polarization
can be described in terms of a polarization mass mp,
which is proportional to the ratio of the Zeeman and
Coulomb energies η = ∆Z

∆C
[1], where ∆C is a func-

tion of electron density n and filling factor ν. Once
the magnetic field is driven away from half filling the
FS is destroyed and CF-LL can be observed.
NMR is a sensitive technique to determine the

spin polarization of 2D-electrons, as P is directly
proportional to the magnetic hyperfine shift KS . In
this study, we used a heterostructure (M280), com-
posed of one hundred 30 nm thick GaAs quantum
wells with electron density n = 8.5×1010 cm−2 sep-
arated by 185 nm thick Al0.1Ga0.9As barriers.
Figure 1.4a shows the ν-dependence of P around

ν = 1
2 at different tilt angles θ at a temperature

of T = 100mK. The right axis gives the measured
KS, while the deduced spin polarization P(ν, T ) =
KS(ν, T )/KP=1

S , is indicated on the left axis. As
theory predicts that P(ν = 1

3 ) = 1 we have taken
KP=1

S = KS(ν = 1
3 ), corresponding to the leftmost

point in figure 1.4a. The data for any tilt angle
clearly saturates at the same KS(ν= 1

3 ).
Focusing on the θ = 45◦ data, we observe nearly

full polarization over the whole range of investigation
with a slight depolarization at ν = 1

2 ± 0.04. These
dips in P are symmetric with respect to ν = 1

2 as ex-
pected due to particle-hole symmetry for dominant
Zeeman energy (ν = 1

2 − δ ↔ ν = 1
2 + δ). The situ-

ation is clearly different at lower tilt angles. For an
untilted sample we observe features at ν= 1

2 ± 0.06
with decreased P at higher and increased P at lower
Zeeman energy. For higher tilt angles these asym-
metric features smear out and disappear completely
at θ = 45◦, when full P is reached. From the above
we can deduce that particle-hole symmetry around
ν = 1

2 is violated for a partially polarized FS.
In figure 1.4b P(ν= 1

2 ) is plotted versus η = ∆Z

∆C
in

the limit of vanishing temperature ; it has been de-
termined by measuring the saturation value of P(T )

0.000 0.005 0.010 0.015 0.020 0.025
0.0

0.2

0.4

0.6

0.8

1.0 b)
T = 100 mK
ν = 1/2

 y = (45.2 ± 0.4) η

 

 

P
ol

ar
iz

at
io

n
 P

η = ∆
Z
 / ∆

C

0.35 0.40 0.45 0.50 0.55 0.60 0.65

0.6

0.7

0.8

0.9

1.0

a) 
T = 100 mK

 θ = 45°  θ = 30°
 θ = 37°  θ = 0°

Filling Factor ν

 

P
ol

ar
iz

at
io

n
 P

0

2

4

6

8

10

12

7
1 G

a
 K

ni
gh

t 
sh

ift
 K

S
 /

 k
H

z
7

1 G
a

 K
ni

gh
t 

sh
ift

 K
S
 /

 k
H

z

7

8

9

10

11

12

Figure 1.4: a) Filling factor dependence of P and
KS for 4 different tilt angles from untilted to 45◦ at
T = 100mK. The solid lines are a guide to the eye
b) P versus η at ν = 1

2 for T ≤ 200mK. The dotted
line represents the best linear fit.

for 45 mK ≤ T ≤ 200mK. η was varied by changing
the angle of the sample with respect to the magnetic
field while keeping the perpendicular field constant
(tilted field technique). The data falls on one line ex-
trapolating to P(η=0) = 0 (vanishing n, ∆Z). The
dotted line is the best linear fit to the data defining
a critical value of ηc = 0.0221 for fully polarized FS,
P(ηc) = 1.
We now attempt to understand P(η, T =0) based

on a simple model of non-interacting CFs. Consider-
ing parabolic bands occupied by CFs with mass mp

and making use of a Fermi-Dirac distribution, one
finds P ∝ mp∆Z [2]. As from figure 1.4b we find
P ∝ η, mp should be a constant at given n, in con-
tradiction with the prediction in [1] where mp ∝ η.

[1] K.Park and J. Jain, Phys. Rev. Lett. 80, 4237
(1998).
[2] S.Melinte et al., Phys. Rev. Lett. 84, 354 (2000).

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

N.Freytag et al. to be published.
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1.4 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 sys-
tem grown by MOCVD at the University of Oxford.
InAs/GaSb is a crossed gap system allowing very
close two-dimensional layers of electrons and holes in
equilibrium. In the quantum Hall regime, the elec-
trons and holes contribute quanta of Hall conduc-
tance corresponding to the respective occupancies
of their Landau levels νe and νh , but in opposite
directions due to their opposite charge. This leads
to quantum Hall plateaux corresponding to the net
occupancy νe − νh.
A special case of the quantum Hall effect can be

achieved for samples with small net carrier density
ne − nh where νe − νh = 0 and the net Hall con-
ductance is zero. We have found that such a state
exibits novel insulating behaviour. The figure 1.5
shows data from a sample showing such a state be-
tween 12.5 and 25T. In this field range, the Hall
resistance becomes almost completely symmetric un-
der field reversal. The value of the symmetric Hall
resistance is more than 50% of the resistivity. In
the same field range, the longitudinal resistance is
large, but does not have any obvious functional re-
lationship with the Hall resistance. This rules out
the possibility of a simple geometrical admixing of
the resistivity as the origin of the symmetric Hall re-
sistance. The graphs also show reproducible fluctua-
tions in both the Hall resistance and the longitudinal
resistance.
The middle graph (figure 1.5) also shows the tem-

perature dependence of the longitudinal resistance
between 100 and 900mK. As the temperature is low-
ered, it saturates at around 450kΩ, accompanied by
the onset of fluctuations. In complete contrast is
the temperature dependence of the conductivity of
a Corbino disc shown in the lower graph. The cur-
rent passing between the inside and the outside con-
tacts of the Corbino disc was measured, under an
AC excitation voltage of 10mV. (The output im-
pedance of the voltage supply and the resistance of
the connecting wires limits the values at low mag-
netic field). With decreasing temperature, the con-
ductivity of the insulating regime measured from the
Corbino disc continues to decrease. By 100mK the
conductivity deduced from the Corbino disc at 22T
is some four orders of magnitude smaller than for the
Hall bar geometry. Furthermore, the Corbino disc
data shows no reproducible fluctuations. This im-
plies that the reproducible fluctuations, and the sat-
uration with temperature of the Hall bar resistance

0 5 10 15 20 25

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

900mK

100mKC
or

bi
no

 D
is

c 
C

on
su

ct
iv

ity
 /S

 s
q.

Magnetic Field / T

0

1x105

2x105

3x105

4x105

5x105

900mK

100mK

Lo
ng

itu
di

na
l 

R
es

is
ta

nc
e 

/ O
hm

s

-1.5x105

-1.0x105

-5.0x104

0.0

 B+
 B-

H
al

l R
es

is
ta

nc
e 

/ O
hm

s

Figure 1.5: Top : Hall resistance at base temperature
measured with two opposite field directions. Mid-
dle : Longitudinal resistance of the Hall bar. Bot-
tom : Conductivity of the Corbino disc. Middle and
bottom : The data is taken between 100 and 900 mK.

arise due to the presence of the mesa edge. This
strongly supports our model [see our refs.] where
the edge-states and the current distribution are very
different to single carrier type systems.
We have also studied the current driven break-

down properties of the quantum Hall states where
νe−νh is finite, and have shown that the critical cur-
rents in this system are disproportionately smaller
compared with single carrier type systems. Very re-
cent measurements have shown the critical current
to increase superlinearly with the channel width.

D.K. Maude, J.C. Portal
K. Takashina, R.J. Nicholas, B. Kardynal,
N.J. Mason (University of Oxford, UK)

R.J.Nicholas et al., Phys. Rev. Lett 85 2364-2367
(2000).
K.Takashina et al., Proc. ICPS 25 to be published.
K.Takashina et al. , Physica B, to be published.
K.Takashina et al. , Physica B, to be published.
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1.5 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 ques-
tions like the transition between quantum Hall (QH)
liquid and Hall insulator (HI) in 2D-systems and
the magnetic field induced metal-to-insulator tran-
sition (MIT) in 3D-systems. In this context the in-
vestigation of electronic systems in the intermediate
regime between 2D and 3D is of special importance.
Wide quantum wells (WQW) with a sufficiently high
carrier mobility are an appropriate electronic sys-
tem for this purpose. 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 concen-
tration (n2D : 2× 1011 − 2× 1013 cm−2) and mobil-
ity (µ : 20000− 5 × 105 cm2/Vs) while the electron
channel width can be varied between about 300nm
and 1000nm. We have demonstrated, that the mag-
netic field driven transition to an insulator regime
is determined by a parallel contribution of overlap-
ping Landau-subband levels (LSLs), which are in-
dividually 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. In the lower field range up to 17T and
temperatures between 3 and 25K we have found that
it is possible to make a scaling plot in order to col-
lapse all data onto a single curve. However, our data
show a well pronounced low temperature saturation
behavior and therefore a different scaling function
than the T κ-scaling known from 2D-systems has to
be used. The alternative scaling function is a linear
function of the type f(T ) = α + βT . It is interest-
ing to note, that also for the Hall insulator and the
inter-plateau transitions of the IQHE in 2D-systems
there are several recent experiments which demon-
strate such a low temperature saturation, which also
requires to use f(T ) = α+ βT instead of T κ [3].
In subsequent experiments we aimed at higher

magnetic fields in order to get a more accurate de-
termination of the insulator behavior. Figure 1.6
shows an example where we get a transition to the
insulating regime at about 12.5T. However, instead
of a further exponential increase at highest fields a
recovery of the metallic regime appears above about
25T. Following the reasoning that 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 be-
havior should mean that the Fermi level stops to
move further into the tails of the lowest LSLs with
further increasing magnetic field.

Figure 1.6: Rxx of one of the samples which exhibit
the recovery of the metallic behavior. The expected
transition from metal to insulator behavior appears
at about 12.5 T. But instead of a further exponen-
tial increase a recovery of the metallic like behavior
occurs above 25 T.

On the basis of a first interpretation we attribute
the re-appearance of the metallic-like behavior to a
magnetic field induced suppression of disorder and
hence a reduction of the Landau level broadening.
This should also lead to a reduction of the number
of overlapping LSLs [4]. Numerical studies show that
at highest fields the Fermi energy can be pushed to
the band edge already closer than 1meV. This is
much less than the estimated amplitude of native
potential fluctuations. Consequently a strong redis-
tribution of carriers must occur, which leads to a
screening of the disorder potential and thus favors
the metallic regime.

[1] P.Ganitzer et al., Physica B 256-258, 600 (1998).
[2] J.Oswald et al., Proc. 9th Int. Conf. on Narrow
Gap Semiconductors, Berlin 1999, Magnetotrans-
port - Humboldt University at Berlin, p.134 (2000).
[3] D. Shahar et al., Solid State Commun. 107, 19
(1998).
[4] D.Braun et al., Proc. 10th Int. Conf. on Narrow
Gap Semiconductors, Ishikawa, Japan 2001 (submit-
ted).

D.K. Maude, J.C. Portal
D. Braun, J. Oswald (Department of
Physics, University of Leoben, Austria)



8 GHMFL - ANNUAL REPORT 2000

1.6 Hopping conduction in the
quantum Hall minimum of
strongly disordered samples

As first pointed out by Mott, systems with local-
ized states, although insulating for T → 0, show a
characteristic dependence of conductivity for higher
temperatures due to variable range hopping between
states. The temperature dependence of this hopping
conductivity is given by σ = σ0 exp (−(T0/T )p), the
hopping exponent p depending on the characteris-
tics of the system. For noninteracting electrons the
hopping exponent equals 1/(1 + d), d being the di-
mensionality of the system. As shown by Efros and
Shklovskii, a system with strong electron-electron in-
teractions shows a gap in the density of states around
the Fermi energy, leading to a hopping exponent of
p = 1/2, independent of dimensionality.
Conduction by hopping can also occur in 2D elec-

tron gases under quantum Hall conditions. Pro-
vided that the Landau levels are sufficiently sepa-
rated (ωcτ � 1 and �ωc � kBT ), all states in the
vicinity of the Fermi energy are localized, when the
Fermi level comes to lie between two Landau lev-
els. When no thermal activation into extended states
takes place, conduction can only occur by hopping of
localized electrons. Hopping conductivity in the tails
of Landau levels has been observed in the past, and
a hopping exponent of 1/2, together with a temper-
ature dependent prefactor ∝ T−1 has been reported
[1].
Recently, we have observed a pronounced quan-

tum Hall effect at quantum number ν = 2 in strongly
disordered n-type GaAs layers with thicknesses d ap-
proximately two times larger than the mean free
path of the conduction electrons. Samples with
layer thicknesses of d = 34nm, 37 nm, 40 nm and
50 nm showed a pronounced minimum in Rxx around
B = 8T and a corresponding plateau in Rxy at the
quantized value h/2e2, each of them several tesla
wide (figure 1.7). Such a clearly developed quanti-
zation is unexpected, because the single particle den-
sity of states will not show a well developed mobility
gap between two Landau levels for a very large dis-
order broadening which equals 100K, compared to
the cyclotron energy of 160K at B = 8T. The tem-
perature dependence of the diagonal resistance Rxx,
both in the quantum Hall minimum and 1-2 tesla to
the right of it, follows a hopping law with p = 0.66
(figure 1.8) for all of the above mentioned samples.
As an explanation for this unusual exponent

we propose variable range hopping in a Coulomb
gap around the Fermi energy, with the localization
length depending on the energy [2]. This would point
to the importance of electron-electron interactions
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for electronic transport in the above described sys-
tems, as already pointed out by the previously re-
ported logarithmic T -dependence in thicker samples
with a less pronounced quantized Hall effect [3], and
by the B-dependence of Rxx at low fields in an area
of small corrections which can be quantitatively ex-
plained by the theory for disordered conductors from
Aronov and Altshuler.

[1]G. Ebert et al., Solid State Commun. 45, 625
(1983).
[2] S.S.Murzin et al., to be published.
[3] S.S.Murzin et al., Phys. Rev. B 59, 7330 (1999).

M. Weiss, A.G.M. Jansen
S.S. Murzin (Institute for Solid State
Physics, Chernogolovka, Russia)
K. Eberl (Max-Planck-Institut für
Festkörperforschung, Stuttgart, Germany)
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1.7 Electron phase coherence length
in a lattice of antidots

The phase coherence length of electrons Lϕ, which
is the length scale over which quantum interference
of partial electron wavefunctions can be observed,
is a fundamental parameter characterizing quantum
electron transport in disordered systems. For 2D
systems Altshuler et al. have predicted a T−1/2 de-
pendence for Lϕ due to electron-electron interac-
tions and a T−1/3 dependence for quasi-1D systems.
However, in ballistic systems, there is currently no
accepted picture for phase breaking. Many exper-
imental studies have been carried out in quantum
dots systems but the effective role of phase breaking
in the dot has not yet been clearly isolated from the
rest of the system. Moreover, a saturation of Lϕ at
very low temperatures has been reported in most of
the experimental studies in mesoscopic systems.
A very useful tool to obtain an experimental evalu-

ation of Lϕ is the weak localization (WL) correction
to the conductivity. The WL is caused by the con-
structive interference of time-reversed paths which
constitute self-intersecting trajectories. The depen-
dence of the WL on the magnetic field gives rise to
a well-known negative magnetoresistance. In this
work, we report the results of experimental inves-
tigations of the phase coherence length Lϕ through
WL measurements in a hexagonal lattice of antidots.
The lattices of antidots, with a period d = 0.7µm,
were created by electron beam lithography and re-
active plasma etching from a 2DEG formed at an
AlGaAs/GaAs heterojunction. A Ti/Au gate was
evaporated on the top of the device in order to
control the electron density. The antidot diame-
ter, taking into account the depletion region was
of the order of the lattice period. All the dimen-
sions of the system were smaller than the mean free
path lp = 5 − 7µm of the unpatterned 2DEG. The
electron density in the system, measured from the
period of the Shubnikov-de Haas oscillations was
ns = (6.8 − 10.4) × 1010 cm−2. Magnetoresistance
experiments were performed using a standard lock-
in technique in a magnetic field up to 3T, and in
a range of temperature from 40mK to 15K. The
curves exhibit a negative magnetoresistance which
is characteristic of the presence of the WL effect.
The WL is present over a wide range of magnetic
fields (up to 0.4T), and has giant amplitude (up to
90% of the total signal). The magnetic field depen-
dence of the WL is well described by the usual the-
ory for disordered conductors, using an additional
B-independent prefactor. Using a 2 parameters fit,
we managed to extract Lϕ for different temperatures
and different electron states from the experimental
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Figure 1.9: Temperature dependence of the phase co-
herence length Lϕ over a range of temperatures from
50 mK to 2.8 K. The inset shows the temperature de-
pendence of Lϕ, obtained for the temperature range
from 1.5 K to 15 K. In both figures the dotted lines
represent a T−1/4 dependence.

curves. An unusual T−1/4 dependence was found for
Lϕ over a wide range of temperatures (Figure 1.9).
This observation contradicts the predictions of most
of the models proposed for phase breaking in disor-
dered systems. Below 1K, Lϕ reaches a saturation
value. For such a temperature, we believe that the
saturation of Lϕ cannot be attributed to a heating
process, but should rather be attributed to an in-
trinsic property of the system. The values obtained
for Lϕ are one order of magnitude smaller in com-
parison with results obtained in disordered systems.
It is worth mentioning that the maximum values ob-
tained for Lϕ are very close to the dimensions of the
unit cell formed by the three closest antidots. The
results obtained throughout this work strongly sug-
gest that the conventional theories of phase breaking
and WL in ballistic systems are insufficient, and re-
quire further theoretical investigations.

A. Pouydebasque, D.K. Maude, J.C. Portal
M.V. Budantsev, A.G. Pogosov (Institute of
Semiconductors Physics, Novosibirsk,
Russia)

A.Pouydebasque et al., Proc. Semimag-14, Matsue,
Japan, Sept. 2000, to be published.
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1.8 Weak localization in a lattice of
antidots

Weak localization (WL) is a well-known quantum
interference phenomenon in disordered conductors,
that leads to quantum corrections to the conduc-
tivity and to negative magnetoresistance. In the
framework of the one parameter scaling theory of
localization, the WL determines the high conductiv-
ity limit of the universal dependence β(lnσ), where
β(lnσ)=d lnσ/d lnLϕ, σ being the conductivity, and
Lϕ the phase coherence length. The picture of a
one parameter scaling theory has been widely ac-
cepted as correct for the description of the tempera-
ture dependence of the conductivity of a disordered
conductor. A recent theory for systems with quan-
tum chaos, such as found in disordered antidot sys-
tems, has shown that WL is characterized by an ad-
ditional specific parameter, the Ehrenfest time tE ,
which corresponds to the time taken by a minimum
wave packet to spread over a distance of the order
of the antidot size.
The lattices of antidots were created by electron

beam lithography and reactive plasma etching from
a 2DEG formed at an AlGaAs/GaAs heterojunction.
A Ti/Au gate was evaporated on the top of the de-
vice. The antidots diameter was a = 0.25 µm and
the period of the lattice d = 0.7 µm. The measure-
ments were carried out using a standard lock-in tech-
nique, in magnetic fields up to 3T and from 50mK
to 30K. The mean free path of the initial 2DEG
lp = (5 − 7) µm was much greater than the charac-
teristic dimensions of the system. An experimental
temperature dependence of the zero-field correction
to the conductivity ∆σ, was obtained for different
electron densities. The magnetic field dependence of
∆σ is well described by the usual theory of WL for
disordered conductors, multiplied by an additional
magnetic field-independent prefactor α. Using a two
parameters fit of the WL, Lϕ and α were extracted.
A difference from the case of quantum chaos is

observed in the temperature dependence of α. α
is much higher than unity (up to 10 at the high-
est temperatures), and grows exponentially with the
temperature. This strongly differs from the pre-
dictions obtained for the case of disordered scat-
terers. Since the regularity in the position of the
antidots give rise to specific features in the kinetic
coefficients and in the quantum transport proper-
ties, we believe that the case of a regular array
of antidots must be considered in a different way
than a disordered antidot system. The most pro-
nounced feature was found in the β(lnσ) dependence
obtained from the temperature dependence of the
zero field conductivity of different states correspond-
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Figure 1.10: β=d ln g/d lnLϕ as a function of
ln g, where g is the dimensionless conductivity (g =
σ/(e2/h)). The dependence measured in (a) corre-
sponds to a temperature range from 50 mK to 2.8 K,
and to electron densities 6.8×1010cm−2 (solid line),
7.3 × 1010cm−2 (dotted line), and 8.4 × 1010cm−2

(dashed line). In (b), the temperature range is much
wider (1.5 K-30 K), and the electron densities are
7.2 × 1010cm−2 for the solid line and 1011cm−2 for
the dotted one.

ing to different electron densities. The curves were
found to be non-universal depending on the applied
gate voltage. At the lowest temperatures (50mK-
2.8K), β(lnσ) reaches a maximum, and then de-
creases (figure 1.10a). The decrease is confirmed by
the high temperatures measurements (1.5K-30K).
The curves present then a minimum, and increase
again (figure 1.10b). These observations are contra-
dictory with the one parameter scaling theory of lo-
calization, where the β(lnσ) dependence is expected
to be universal and monotonic. This highlights that
the simple diffusive model of weak localization is not
applicable in our system. We believe that α plays a
key-role in the appearance of the reported features
in the β(lnσ) dependence.

A. Pouydebasque, D.K. Maude, J.C. Portal
M.V.Budantsev, A.G. Pogosov (Institute of
Semiconductors Physics, Novosibirsk,
Russia)

A.Pouydebasque et al., Proc. ICPS-25, Osaka,
Japan, Sept. 2000, to be published.
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1.9 Shift of geometrical resonances
in a periodical lattice of antidots
in a tilted magnetic field

A high mobility two-dimensional electron gas
(2DEG) in the presence of periodically situated scat-
tering disks - antidots - is an interesting example of a
solid-state system with dynamical chaos. Usually its
transport properties are studied in magnetic fields
Bz perpendicular to the plain of the 2DEG. The
main features of the magnetoresistance are commen-
surability oscillations that appear at magnetic fields,
where the cyclotron diameter 2Rc of electron trajec-
tory coincides with the period of the antidot array
d. In the present work the influence of a strong in-
plane magnetic field on the transport properties of
a 2DEG with an array of antidot has been studied.
The investigated samples were Hall bars fabri-

cated from a two-dimensional electron gas in a
GaAs/AlGaAs heterojunction with the electron den-
sity ns = 3 × 1011 cm−2 and the initial mobility
6×105 cm2/Vs. The square array of antidots was in-
troduced by means of electron lithography and sub-
sequent plasma etching. Lattices with three differ-
ent periods d = 1.5, 1.2 and 0.9 µm were stud-
ied. The diameter of antidots is 0.4µm. The an-
tidot arrays were created on conventional Hall bars
with the dimensions L ×W = 50 × 100 µm2. The
magnetoresistance measurements were carried out at
liquid helium temperature in tilted magnetic fields
B = (Bcosϕ, 0, Bsinϕ) up to 15T, where the x di-
rection coincides with the direction of the electric
current applied for the resistance measurements.
Figure 1.11 shows the longitudinal resistance Rxx

of the array of antidots with the period d = 1.5
µm, measured at perpendicular (ϕ = 900) and
tilted (ϕ = 0.430) magnetic fields as a function
of the perpendicular component of magnetic field
Bz. The position of the main commensurability
peak for the case of the magnetic field normal to
the plane of the 2DEG (ϕ = 900) was found to
be Bpeak

z = 0.12T. One can see, that in the tilted
magnetic field this position is shifted towards lower
magnetic fields by ∆Bpeak

z = 0.15mT, with the rel-
ative shift ∆Bpeak

z /Bpeak
z being about 12%. The in-

plain component of the magnetic field at this point
is Bpeak

x = 13.1T. The same results were obtained
for the arrays of antidots with periods d = 1.2 and
0.9 µm.
According to [1], the component Bx of magnetic

field parallel to the plane of a 2DEG changes the
effective mass m of an electron in the correspond-
ing direction, thus modifying the cyclotron orbit and
leading to the shift of the geometrical resonances
∆Bpeak

z /Bpeak
z = ∆m/4m. The difference of the
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Figure 1.11: Longitudinal resistance of the antidot
array with d = 1.5 µm measured at perpendicular
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ity peaks Bpeak
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longitudinal massesm can be expressed by the equa-
tion

∆m/m = 2m (eBx/m)2
∑ z2

0n

En − E0
, (1)

where En are the energies at the bottom of 2D sub-
bands, and zon are the matrix elements of the trans-
verse coordinate. Our estimate of this equation for
the real parameters of the 2DEG gives a field shift of
about 15%, which is in a good agreement with the
experimental results.

[1] E.M.Baskin et al., Abstr. of the 2nd Int. Conf.
”Physics of Low-Dimensional Structures 2”,
Dubna, Russia, 1995.

A. Pouydebasque, D.K. Maude, J.C. Portal
A.G. Pogosov, M.V. Budantsev, M.V.Entin,
A.E. Plotnikov, A.I. Toropov, A.K. Bakarov
(Institute of Semiconductor Physics,
Novosibirsk, Russia)
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1.10 IQHE and FQHE in a wire with
incompressible and compres-
sible stripes

We report our study of longitudinal RL and Hall
RH resistance of wide (width w ≈ 1 µ) ballistic wire
in the IQHE and FQHE regimes. The experimen-
tal samples consisting of wires with voltage probes
were manufactured by means of electron lithography
and subsequent plasma etching. The wires were fab-
ricated from a AlGaAs/GaAs heterostructure with
a two-dimensional electron gas (2DEG) having the
mobility µ=106 cm2/Vs, and electron density Ns=2
× 1011 cm−2. The lithographic width of the wires
was 1.2µm, and the distance between voltage probes
was 1µm. On top of the wires we evaporated a TiAu
gate used for changing the electron density in the
wire. The longitudinal resistance RL and the Hall
resistance RH were measured by the standard four-
probe scheme using ordinary AC lock-in technique
between 40mK and 1.2K in magnetic fields up to
15T. In figure 1.12 the RL(B) and RH(B) curves
are shown for a wire at different temperatures. Two
things can be clearly seen. First, the longitudinal
resistance of the wire shows that the transition from
a metallic like behavior of conductivity to an insu-
lator like one takes place at Bc=11T while the Hall
resistance gives the quantized value 3h/e2. So the
transition from a quantum Hall liquid to a quan-
tum Hall insulator is certainly observed in the wide
ballistic wire. Second, one can notice that in the
wire at ν <1/2 fluctuational dependencies of both
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Figure 1.12: The wire longitudinal RL and Hall RH

resistances as function of magnetic fields at different
temperatures.

RL and RH on magnetic field and gate voltage ap-
pear. RH fluctuations beginning at ν ≈1/2 exist in
magnetic fields corresponding to the left side of Hall
plateau with quantized value 3h/e2 and then disap-
pear in the middle of the plateau. Also one can see
that the RL and RH fluctuations arise only at very
low temperatures T<0.3K. There are no significant
ones at higher temperatures. More careful look on
these fluctuations shows that they possess one more
particularity : the disappearance of RH fluctuations
coincides with Bc that is with the start of a quan-
tum Hall insulator state. We analyze all these facts
on the basis of the theory of edge current states, i.e.
stripes, developed in [1]. As shown in this paper the
edge current states are the wide (the width is com-
parable to the depletion region thickness) compress-
ible stripes and much more narrow incompressible
stripes. The interplay of these states can lead to the
unusual behavior of QHE and FQHE in the wire we
have observed.

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

M.Cassé, E.B.Olshanetsky, D.K. Maude,
J.C. Portal
Z.D. Kvon, A.Y. Plotnikov, A.I. Toropov
(Institute of Semiconductor Physics,
Novosibirsk, Russia)

Z.D.Kvon et al., Physica B, in press (2001)
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1.11 Small size gated ballistic
interferometer on the basis
AlGaAs/GaAs heterostructure

We have fabricated gated ballistic ring interferome-
ters with an effective diameter deff = 0.35µm and
an effective channel width of about 0.05µm on the
basis of a AlGaAs/GaAs heterostructure. The indi-
cated dimensions are the smallest so far for this kind
of structure.
For the fabrication of these interferometers we

used a AlGaAs/GaAs heterostructure with a thin
spacer dsp = 10nm and a cap layer of 40 nm which
is more than is normally used in this type of het-
erostructures. This made it possible for us to obtain
a 2DEG with density ns = 6×1011 cm−2 and mobil-
ity µ = 5×105 cm2/Vs. The relevant mean free path
is equal to l = 6.5µm. The thick cap layer was used
in order to obtain a precise lateral image with the
etching. Lithographic dimensions of the ring were
as follows : inner diameter din = 150nm and outer
diameter dout = 400nm. The scanning electron mi-
crograph of the ready ring is shown in figure 1.13.
The whole structure was then covered by a Ti/Au
metal gate by which one could change the resistance
of the ring.
Figure 1.14a shows the Aharonov-Bohm oscilla-

tions at 1.2K for one of the interferometers. One can
see quite large amplitude oscillations (with period
0.04T) reaching 15% at some magnetic fields. Oscil-
lations of such amplitude are usually observed in bal-
listic interferometers only at T < 0.1K. Due to small
size of the interferometer we are able to obtain them
at temperatures more than ten times higher. The
curve in figure 1.14a also shows a beating pattern of
the oscillations indicating that a single mode regime

Figure 1.13: The scanning electron micrograph of the
interferometer.
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Figure 1.14: Aharonov-Bohm oscillations in a small
size ballistic interferometer at T=1.2 K and Vg =
0.38V (a), gate voltage conductance oscillations of
small size ballistic interferometer at T=50 mK and
B=0 (b).

is realized in the interferometer channels. This is
also supported by the value of the interferometer
resistance R = 20 - 25 kOhm. The dependence of
the ring conductance on the gate voltage in figure
1.14b. shows clearly short-period (∆Vg = 3− 4mV)
oscillations with a small amplitude and long-period
(∆Vg = 10 − 20mV) ones with a much higher am-
plitude. The average period of the short-period os-
cillations corresponds well with a change in the gate
voltage needed to remove or add four electrons to
the ring in accordance with a recent theoretical pre-
diction [1]. The long-period oscillations with higher
amplitude can be interpreted as Fano resonances [2].

[1] Z.D.Kvon et al., Usp. Fiz. Nauk 169, 471 (1999).
[2]O.A.Tkachenko et al., JETP Lett. 71, 255
(2000).

M. Cassé, O. Estibals, D.K. Maude,
J.C. Portal, E.B.Olshanetskii
Z.D. Kvon, A.Y. Plotnikov, A.I. Toropov
(Institute of Semiconductor Physics,
Novosibirsk, Russia)
J.L. Gauffier (INSA, Toulouse)
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1.12 Non linear transport in a
ballistic ring interferometer :
amplitude and phase of the
Aharonov-Bohm oscillations

The phase of Aharonov-Bohm (AB) oscillations in
a mesoscopic ring can be modulated by the appli-
cation of a dc-bias current which changes the en-
ergy of the electrons contributing to transport, and
therefore the phase of their wave function in a con-
tinuous way. Thus the question that arises is how
this continuous variation of the microscopic phase
results in the macroscopic phase of observable con-
ductance oscillations of a two-terminal ring, which
obeys Onsager-Casimir relations, i.e which is either
0 or π.
We have studied the dependence of the phase and

amplitude of the AB oscillations on the dc-bias cur-
rent in a single mode ballistic ring interferometer.
The average radius of the two-terminal rings was
r = 350nm and the lithographical width of the chan-
nels w = 0.3µm. The structures were fabricated on
AlGaAs/GaAs modulation doped layers with a mo-
bility µ = 5 × 105 cm2/Vs and an electron density
ns ≈ 5×1011 cm−2. The four point differential resis-
tance R = dV/dI of the samples was measured using
a lock-in technique at 13Hz and with a dc current Idc
superimposed on the small ac modulation current.
The measured resistance as a function of magnetic
field exhibits AB oscillations symmetric around zero
field, as illustrated in figure 1.15 for different dc cur-
rents in the range ± 50 nA. The amplitude and the
phase of the AB oscillations are strongly affected by
the applied bias current. The effect of Idc is to switch
the phase of AB oscillations from 0 to π. In the same
time the amplitude is modified, as displayed in fig-
ure 1.16a, in correlation with the phase flips. When
the phase suddenly switches from 0 to π, the ampli-
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Figure 1.15: The AB oscillations as a function of
the applied magnetic field and the dc current Idc.
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Figure 1.16: (a) bottom : normalized amplitude
of AB oscillations as a function of Idc ; top :
corresponding phase in units of π.(b) Oscillatory
component of G(Vdc) measured for two magnetic
fields corresponding to a maximum and a minimum
of AB oscillations (dashed line: calculated curve
A cos(πEexc/∆ε)).

tude is strongly reduced. As a result, the amplitude
oscillates as a sine function. A superimposed de-
cay of the average amplitude is also observed. This
behaviour is confirmed by the differential resistance
measured versus Vdc (figure 1.16b).
The conductance cannot be understood as being

simply proportional to the transmission coefficient
T (E) through the ring since we are not in a linear
regime. G(E) is given by the derivative of the cur-
rent through the ring with respect to the voltage
dI/dV at V = 0, where the current is written as

I = − e
h

∫
T (ε)[f(ε− µ1)− f(ε− µ2)] dε. (1)

f is the Fermi distribution function, µ1 and µ2 the
chemical potential of the two electron reservoirs.
The resulting oscillatory component is then a co-
sine function of the excess energy Eexc, GAB(V ) ∝
cos (πEexc/∆ε), with ∆ε the energy spacing of the
discrete level spectrum of the ring. The result shown
in figure 1.16b using our experimentally determined
∆ε = 0.535meV is in good agreement. The de-
crease in amplitude observed at higher voltages can
be attributed to the decrease of the phase coherence
length due to excess energy acquired by the elec-
trons.

M. Cassé, E.B.Olshanetsky, D.K. Maude,
J.C. Portal
Z.D. Kvon (Institute of Semiconductor
Physics, Novosibirsk, Russia)

M.Cassé et al., Physica E 7, 781 (2000).
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1.13 Nonzero Hall resistance in a
spatially fluctuating magnetic
field with zero mean

In a periodical magnetic field with field distribution
which is symmetric about zero mean value 〈B〉=0,
electron motion consists of the percolation of snake-
like trajectories along B=0 lines [1]. Consider a pe-
riodic magnetic field in the X direction with the av-
erage cyclotron radius Rc smaller than half of the
magnetic field period d. In this regime transport is
determined by snake trajectories, which are chan-
neling along the Y direction. Snake states running
in the positive and negative Y directions are spa-
tially separated. The asymmetry in the propagation
of the snake-like trajectories can lead to a nonzero
Hall voltage. An example of such a field is a saw-
tooth magnetic field. Snake-like trajectories travel in
a very different field gradient, and, therefore, have
different velocities even for 〈B〉=0. When the elec-
tric current flows in the X direction, the net current
in the Y direction in such structures is unbalanced,
and a nonzero Hall voltage appears.
We have investigated the Hall effect of a nonplanar

stripe-shaped two-dimensional electron gas (2DEG)
with stripes oriented perpendicular to the current in
the presence of the in-plane external magnetic field
Bext. Since the 2DEG is sensitive only to the nor-
mal component of Bext, electrons move in a sign al-
ternating magnetic field with zero mean 〈B〉=0 and
nonzero variance, which is proportional to Bext.
Samples were fabricated employing overgrowth of

GaAs and AlxGa1−xAs materials by molecular beam
epitaxy on the prepatterned (100) GaAs substrate
[2]. The sample surface consists of a periodical array
of ridges. The average period d of the ridges is 1µm,
and the corrugation height h is 300 Å. Figure 1.17a
shows the atomic force image of the corrugated sur-
face. If the applied magnetic field is parallel to the
substrate, the effective magnetic field becomes es-
sentially nonuniform and sign alternating as shown
in figure 1.17b. When the amplitude of the mag-
netic field fluctuations due to the sample corruga-
tion is large enough to bind electrons between max-
ima and minima of the field, snake-like trajectories
are created (figure 1.17b). We find zero Hall resis-
tance at low Bext, as expected for 〈B〉=0. However,
at Bext >5T a nonzero Hall voltage is observed.
The Hall voltage changes sign when the polarity of
B is reversed, which demonstrates that the voltage
probes are aligned, and there is no mixing of the di-
agonal resistance component. The nonzero Hall con-
ductance arises from the incomplete statistical aver-
aging of the number of snake states channeling in
positive and negative directions. The total number

Figure 1.17: (a) Atomic force microscope image of
the sample surface. (b) Schematic view of the peri-
odical effective magnetic field produced in corrugated
2DEG by the external uniform magnetic field applied
in the XY plane and the classical picture of the elec-
tron trajectories subjected by this field.

of channeling states is N≈ 30×200=6000. We find
that the Hall resistance at B=10T approaches 50Ω.
Therefore we can obtain that the average difference
between the snake states channeling in positive and
negative directions is equal to ∆N ≈ NRxy/Rxx ≈
4.

[1] J.E.Muller, Phys. Rev. Lett. 68, 385 (1992).
[2]G.M.Gusev et al., Phys. Rev. B 59, 5711 (1999).

D.K. Maude, M. Cassé, J.C. Portal
A.A. Bykov, A.K. Bakarov, N.T. Moshegov
(Institute of Semiconductor Physics,
Novosibirsk, Russia)
G.M. Gusev, J.R. Leite (Instituto de F́ısica
da Universidade de São Paulo, Brazil)

A.A. Bykov et al., Phys. Rev. B 61, 5505 (2000).
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1.14 Suppression of channelling in a
magnetic waveguide

When a two dimensional electron gas (2DEG) is sub-
jected to an inhomogeneous magnetic field dividing
it into positive and negative regions, ”snake states”
form which guide electrons along the boundaries be-
tween regions of opposite field [1].
We have investigated these states in

GaAs/AlGaAs delta-doped 2DEGs where a
dysprosium stripe is used to provide the inho-
mogeneous field. We report on features in the
magnetoresistance and their subsequent collapse as
the temperature of the system is raised above the
Curie temperature, Tc, of dysprosium.
Figure 1.18 shows a typical sample consisting of

a Hall bar with a 2µm wide channel. The narrow
(∼400nm) dysprosium stripe is fabricated on top
of the sample by electron beam lithography. The
2DEG lies only 24 nm below the surface to maximise
the effect of the stripe.
Electron motion in the 2DEG is only influenced

by the z-component of the magnetic field which re-
sults from the ferromagnet and an externally applied
field, Ba. As long as the applied field is not too
high, regions of positive and negative field exist in
the sample. This allows snake states to form and en-
hance diffusion along the channel. As the external
field is increased, the negative regions shrink until
a point is reached, Ba = Bp, where the negative
regions due to the stripe are cancelled out by the
applied field. For Ba > Bp, a cycloid like trajectory
arises because of the greater positive field under the
stripe as compared to away from the stripe. These
cycloid states also act to reduce the resistance of the
channel though Rxx increases less rapidly after this
point.

Figure 1.18: Dysprosium stripe at the surface of a
2µm wide channel.

Figure 1.19: Temperature dependence of Rxx show-
ing the change in magnetoresistance of a 2µm-wide
2DEG channel with a Dy stripe on top.

Figure 1.19 shows the results for the temperature
dependence of the magnetoresistance between 50K
and 100K. We note the Curie temperature of dys-
prosium as being 85K [2] and observe very different
results above and below this point. The magnetore-
sistance around Ba=0, indicated by ∆Rxx, collapses
from 50K to 90K while the peak moves to ∼0.2T
as the temperature rises. We are able to link this to
a corresponding decrease in spontaneous magnetisa-
tion near Tc according to Weiss theory.
Above 85K dysprosium enters a helical phase.

The softer magnetisation curve, associated with this
phase, does not allow formation of negative field re-
gions and explains the collapse in snake orbit chan-
nelling observed at Ba=0T. The weak structure in
the magnetoresistance above Tc shifts with tempera-
ture as does the onset of magnetisation in the helical
phase of dysprosium.

[1]A.Nogaret et al., Phys. Rev. Lett. 84, 2231
(2000).
[2]C.Kittel, Introduction to Solid State Physics
(John Wiley, New York 1976).

D.K. Maude, J.C. Portal
D. Lawton, A. Nogaret, S.J. Bending
(University of Bath, UK)
M. Henini (University of Nottingham, UK)
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1.15 Observation of the interaction
between Landau levels of
different two-dimensional
subbands in GaAs in normal
magnetic field

In this work [1] we investigate the current-voltage
characteristics of the GaAs/AlGaAs/GaAs het-
erostructure with tunneling between strongly disor-
dered two-dimensional electron systems (2DES) in
a magnetic field parallel to the direction of current
flow. Due to the strong elastic scattering-assisted
tunneling, the amplitude of the peaks related to the
tunneling between Landau levels is of the same order
of magnitude for processes both with Landau level
index conservation and without. This allows us to
study interaction between the Landau level ladders
of the two 2DEG. We find that the interaction be-
tween Landau levels of the different two-dimensional
subbands in GaAs is very strong and the observed
splitting is about 10mV.
We concentrate on the evolution of the peaks re-

lated with tunneling between different Landau levels
versus magnetic field. Their fan diagram (positions
on the voltage scale versus magnetic field) is shown
in figure 1.20. To understand the data, it is easi-
est to begin with the curves at high magnetic fields.
At fields higher than 12T, circles correspond to the
tunneling between 1st Landau level (N = 0) of the
ground subband state in the emitter (n = 0), and
2nd Landau level (N = 1) of the ground subband
state in the collector (n = 0), without Landau level
index conservation, i.e. (n = 0, N = 0) → (n =
0, N = 1) tunneling. For broadened Landau lev-
els the differential tunneling conductance which we
measure reflects the joint density of states at the
Fermi levels of the emitter 2D electron system. In
this case the calculated position of the peaks for
(n = 0, N = 0) → (n = 0, N = 1) tunneling is
shown by the curve labeled ”1”. The position of
the peaks related with ∆N = 0 processes do not
depend on magnetic field. Evidently the peak posi-
tion for (n = 0, N = 0) → (n = 1, N = 0) should
corresponds to the vertical line labeled ”2”. This
coincides with the position of the peak due to reso-
nant tunneling between ground 2D state in the emit-
ter and first excited state 2D state in the collector
with B=0. Without interaction between Landau lev-
els, the lines describing peak positions of the dif-
ferent processes versus magnetic field dependencies
should intersect, as do the curves ”1” and ”2”. In
contrast, curves presented as circles and squares in
figure 1.20 exhibit obvious anti-crossing, which is a
manifestation of the interaction between Landau lev-
els (n = 0, N = 1) and (n = 1, N = 0) of the differ-
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Figure 1.20: Peak positions on the voltage scale as a
function of magnetic field. Circles, squares and tri-
angles represent experimental data and are discussed
in the text. Curve ”1” is calculated peak positions
for the (n = 0, N = 0) → (n = 0, N = 1) tunneling
process, where n is the main quantum number of the
two-dimensional state and N the Landau level index.
Vertical line, labeled ”2”, represents expected posi-
tion of the peak for (n = 0, N = 0) → (n = 1, N = 0)
tunneling process. Both curves ”1” and ”2” are
calculated in the absence of the interaction between
Landau levels. Lines ”A” and ”B” has a slope equal
to L�ωc , and 2L�ωc, where �ωc-is cyclotron en-
ergy, L is the leverage factor in the structure. These
lines represent tunneling between Landau levels with
∆N = 1 and ∆N = 2 correspondingly in the case of
the ideal Landau level quantization.

ent subbands in the collector. The observed splitting
is about 10meV.

[1]D. Ivanov et al., Pis’ma v ZhETF 72, 684 (2000).
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L. Eaves, P.C. Main, M. Henini(Physics and
Astronomy, University of Nottingham, UK)
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1.16 Quantum magnetotransport of
a strongly correlated
two-dimensional electron liquid

Surface electrons on liquid 4He form a nondegenerate
2D electron liquid of low particle density n. In the
presence of a normal magnetic field B, the quantum
limit �ωc > kBT can be reached at rather weak B
>∼1T (for T = 1.3K). Another particularity of this
system is that the electrons are highly correlated by
Coulomb interaction (e2

√
n >> kBT ), resulting in

strong many-electron (ME) effects in transport.
Figure 1.21 shows experimental data of the dc

magnetoconductivity σxx of surface electrons for two
values of n. In general, σxx is most conveniently de-
scribed by an extended Drude relation σxx ∝ ν

ω2
c+ν2

with a B-dependent effective collision frequency ν =
ν(B). At T > 1K, ν is the momentum loss rate
of electrons due to scattering at 4He vapor atoms.
At low n = n1 (weak Coulomb interaction) elec-
tron scattering is elastic, and the behavior of σxx
corresponds to the conventional single-electron (SE)
behavior ν = νSE(B). At higher n = n2 (strong
Coulomb interaction), deviations in σxx occur that
correspond to a ν = νME modified by ME effects.
ME effects can be understood as a sort of inelas-

tic effect in single electron scattering. Thermal fluc-
tuations of the electron positions and their strong
Coulomb interaction lead to internal quasi-uniform
electric fields Ef , which result in Hall drift motions
udr(Ef ) of the electron cyclotron-orbit centers. Our
approach is to describe the dynamics of each elec-
tron in its local reference frame, moving along with
the orbit center. In this frame, scattering is inelas-
tic, since a vapor atom hits the electron with the
velocity −udr, giving rise to an energy exchange ∆f

of order eEf lB ∝ 1/
√
B (lB is the magnetic length).

The ME effect depends on the magnitude of ∆f as
compared to the single-electron Landau level width
ΓSE ∝ √

B and the level spacing �ωc ∝ B. In fig-
ure 1.22 we show calculations of the relevant para-
meters νME and level width ΓME . For fixed n = n2,
the influence of ∆f decreases with increasingB, so at
high B the electron behavior approaches the SE one.
We observe two different effects with increasing influ-
ence of ∆f (decreasing B) : A) For ΓSE < ∆f < �ωc

(1T≤ B ≤ 10T in figure 1.22) an electron has to
scatter to a final state between Landau levels, where
the density of states is negligibly low. This reduces
the scattering probability, which in our case is equiv-
alent to a reduction of ΓME . As scattering still
occurs mostly inside the lowest Landau level, the
behavior of νME is affected very similarly. B) For
�ωc < ∆f (B ≤ 1T in figure 1.22) electrons can
be scattered to other Landau levels, which increases
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quency and width of lowest Landau level for n2 of
figure 1.21.

the scattering probability again, and so ΓME . Con-
cerning νME , one must take into account that the
effective collision frequency depends on the momen-
tum exchange as well as the scattering probability.
Transitions to other levels have a different momen-
tum exchange, leading to an additional increase of
νME .
Inserting νME of figure 1.22 into the conductivity

equation mentioned above, we found good agreement
with our data presented in figure 1.21. Remarkably
the Drude-like behavior of σxx below 1T is a result of
the strong increase of νME/νSE in this field region,
which occurs without smearing of Landau levels.

E. Teske, Yu.P. Monarkha, P. Wyder

Yu.P.Monarkha et al., Phys. Rev. B 59, 14884
(1999).
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1.17 Cyclotron resonance in high
electronic density GaAs
quantum well

The Fröhlich interaction is one of the main contri-
butions of the electron-phonon interaction in po-
lar materials. Its most spectacular manifestation
is the resonant magneto-polaron coupling (RMPC),
i.e. an anticrossing behavior between the |n =
0 + 1 LO phonon〉 and the |n = 1〉 states, n be-
ing the Landau level (LL) index, when the cyclotron
frequency ωc = eB/m∗ equals the LO phonon fre-
quency ωLO (B is the magnetic field and m∗ the
electron effective mass). However, in doped systems
the ωLO is no longer a normal mode and couples to
the plasma mode ωp giving rise to new longitudinal
modes ω+

L and ω−
L .

We studied RMPC on a quantum well (QW)
of width 10 nm sandwiched between two 60 pe-
riod AlAs/GaAs superlattices δ-doped with silicon
donors. This structure provides a high mobility
(114 m2/Vs), high density (1.28 × 1016 m−2) two-
dimensional electron gas (2DEG) in the QW. In or-
der to overcome the problem of strong absorption in
the reststrahlen band of GaAs we succeeded to lift-
off the epi-layer from its substrate and to deposit
it onto a silicon substrate, which is transparent in
the range of the GaAs reststrahlen band. Far infra-
red transmission measurements were performed us-
ing Fourier transform spectroscopy in magnetic fields
up to 28T in the Faraday configuration at 1.7K.
The transmission spectra exhibit two TO ab-

sorption lines at �ωTO(GaAs) = 33.6meV and
�ωTO(AlAs) = 44.9meV together with a B-
dependent cyclotron resonance (CR) which appears
as a single line at low and high fields, but splits into
two components in the field range 17 – 23T. The
observation of the CR structure is obscured only in
a narrow range around ωTO(GaAs) but not in the
region where ωc coincides with ωLO(GaAs). Fig-
ure 1.23a displays the energies of observed CR peaks.
The splitting of the CR is attributed to two possi-
ble CR transitions involving the n = 0 (line A) and
n = 1 (line B) LL in the initial state which differ
in energy due to the band nonparabolicity (NP) –
see inset in figure 1.23a. This is confirmed by the
results of the calculations with a 10-band k.p model
shown in figure 1.23a by thin solid lines. We do not
observe any interaction around GaAs LO mode but
we do see a coupling in the vicinity of the GaAs
TO mode evidenced by i) increased width of peaks
A and C when ωc is close to ωTO(GaAs), ii) weak
change in the slopes of the ωc(B) variations below
and above ωTO and iii) the increase of the total inte-
grated intensity I0 around �ωTO (figure 1.23b). To
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Figure 1.23: a) Magnetic field variation of the dif-
ferent CR peak energies. The thin solid lines corre-
spond to the calculated CR transitions including NP
effects. b) The corresponding total integrated absorp-
tion intensity I0 for the CR lines.

identify the nature of the mode which interacts with
the CR we use a simplified dielectric function εa(ω)
involving the plasmon mode :

εa(ω) = ε∞
ω2

LO−ω2

ω2
T O−ω2 − ω2

p

ω(ω−ωc)
(1)

with ω2
p = 4πNe2/m∗, where N is the correspond-

ing 3D electronic density. The longitudinal solution
of Eq.(1) are composed of two modes ω−

La and ω+
La

starting from ω−
L and ω+

L at B = 0 and pinned to
ω = ωLO and ω = ωc respectively for B → ∞. εa(ω)
has two poles at ω = ωc and ω = ωTO and there-
fore a zero (corresponding to ω−

La) in between. When
ω = ωc = ωTO, ω−

La coincides with the common pole.
This is independent on ω2

p (and therefore on N) and
the ω−

La(N,B) curves have a fixed point at ω = ωTO.
The ω−

La(B) curve is shown in figure 1.23a : it is clear
that the resonant interaction should occur between
this mode and the CR mode always at ω = ωTO.

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

A.J.L. Poulter et al., Phys. Rev. Lett. 86, 336
(2001).
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1.18 Microcavity polaritons in high
magnetic fields

The strong-coupling regime between light and mat-
ter may be obtained in a solid state system by em-
bedding a quantum well in a planar microcavity
structure. The energies of the coupled states be-
tween the excitons and the photons, the so-called po-
laritons, depend on the strength of the light-matter
interaction which may be derived from the Rabi-
splitting observed when the microcavity is tuned into
resonance with the exciton. In this project, the po-
lariton energies are measured as a function of mag-
netic field to study the variation of the light-matter
interaction.
The sample consists of a 25 nm GaAs quantum

well in a λ-cavity, showing ultra-narrow polariton
resonances [1]. Using a fiber-coupled sample holder
in a liquid-He cooled cryostat, the normal incidence
reflectivity spectra were obtained in magnetic fields
from 0 to 23T applied perpendicular to the sam-
ple surface. The reflectivity spectra were obtained
at several isolated positions on the sample, defined
by an aperture mask with 300 µm diameter holes,
corresponding to different detunings of the micro-
cavity resonance with respect to the exciton. In
figure 1.24 the σ+-polarized reflection spectra are
shown for different magnetic field strengths at a
fixed position on the sample. Due to the small
heavy- to light-hole splitting in a 25 nm quantum
well of ≈ 2.3meV the photons couple to both ex-
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Figure 1.25: The measured (solid squares) and cal-
culated (solid lines) σ+-polariton energies at 23 T as
a function of the bare cavity resonance energy. The
fitting parameters are given in the text.

citons, giving rise to three resonances labeled the
lower (LP), middle (MP) and upper polaritons (UP).
At 0T the UP is broadened due to background ab-
sorption from the exciton continuum. Typically, for
magnetic fields below 10 – 15T a complicated spec-
trum with more than three resonances is observed,
because the continuum is split into a number of
discrete Landau levels. However, for higher fields
the Landau levels are shifted to so much higher en-
ergies that only three resonances are seen, corre-
sponding again to the coupled states between the
photon and the lowest energy heavy- and light-hole
excitons. In figure 1.25, the σ+-polariton ener-
gies at 23T are plotted for different resonance en-
ergies of the bare microcavity. The measured val-
ues were fitted to a three-level coupled harmonic os-
cillator model [1], using the bare exciton energies
Ehh=1537.3meV and Elh=1536.5meV, and the cou-
pling energies �Ωhh=3.5meV and �Ωlh=1.2meV. In
contrast to low fields Ehh is larger than Elh at 23T,
because of the crossing of the σ+-polarized heavy-
and light-hole exciton resonances near 15T. Further-
more, the deduced coupling energy of the heavy-hole
exciton corresponds to an increase of the oscillator
strength of almost a factor of 4 compared to zero
field.

[1] J.R. Jensen et al., Appl. Phys. Lett. 76, 3262
(2000).

J. Zeman, F.J. Teran, M. Potemski
J.R. Jensen, J.M. Hvam (Research Center
COM, Technical University of Denmark,
Lyngby, Denmark)
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1.19 The cyclotron resonance on
2DEG with ionized acceptors

The cyclotron resonance (CR) in a two-dimensional
electron gas (2DEG) involves many-body effects,
nevertheless their contribution is usually exactly
compensated by a coulombic interaction between an
electron excited to higher Landau level (LL) and a
hole remaining after it in a lower LL. This compensa-
tion works well as long as the translation symmetry
is preserved in the 2DEG. We studied the changes
in CR of a 2DEG when this translation symmetry is
broken by ionized acceptors.
The samples consist of a GaAs quantum well

(QW) 10 nm thick embedded between two short pe-
riod AlAs/GaAs superlattices δ-doped with silicon
donors. This gives rise to a 2DEG in the QW
with high concentration (1.4 − 1.5 × 1016 m−2). A
monolayer of beryllium acceptors is incorporated in
the middle of the well with concentrations n1 =
1.2×1014m−2 (sample 1), n2 = 6×1014m−2 (sample
2) and n3 = 1.2× 1015 m−2 (sample 3). In this way
potential fluctuations due to ionized acceptors are
introduced in a controlled manner without changing
significantly the 2DEG concentration. A reference
sample (sample 0) with no beryllium acceptors was
also measured. CR resonance was studied in Fara-
day configuration at 1.7K using a Fourier transform
spectrometer coupled to superconducting or resistive
magnets.
The CR spectra measured on these samples re-

veal two important features : i) the apparent CR
peak halfwidth Γ oscillates with filling factor ν pass-
ing through a maximum at even ν and through a
minimum at odd ν, ii) a modulation of the CR peak
energy, periodic with ν but in antiphase with re-
spect to the oscillations of Γ. The amplitude of
both effects increases with the acceptor concentra-
tion. For a quantitative analysis of the CR spec-
tra we used a dielectric model (which simulates the
transmission of the whole sample structure) instead
of fitting with Lorentzian curves. This appears to be
indeed important – the Drude relaxation frequency
δ included in the dielectric model has been found up
to 4 times smaller than the apparent CR halfwidth
Γ. Figure 1.26a displays the oscillations of δ with ν
for all samples (deduced from the dielectric model).
This is usually understood in terms of filling factor
dependent screening of the impurity potential : at
odd ν the Fermi energy coincides with a LL, the
electrons can scatter because of a high density of
free states close to the Fermi energy, and there is a
strong screening so δ is small. When ν is even the
Fermi energy is located in-between two neighboring
LL, the screening is small and so δ becomes large.
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Figure 1.26: a) The Drude relaxation frequency δ
for samples with different acceptor concentration as
a function of the filling factor ν; b) the deviation
∆ of the CR peak energy of samples 2 and 3 with
respect to the reference sample 0.

Figure 1.26b shows the deviation ∆ of the CR peak
energies for all three samples with respect to the CR
peak energies ω0(B) of the reference sample 0. The
CR energies of the sample 0 are weakly non-linear
(due to nonparabolicity effects) and can be fitted
with ω0(B) = 12.32B − 0.02B2. In order to under-
stand these deviations we consider the conductivity
σ(ω) of the 2DEG in the framework of the response
function :

σ(ω) = iNe2/m∗

ω−ωc−Π(ω) , (1)

where Π(ω) = �(Π(ω)) + i�(Π(ω)) is the selfen-
ergy of the system. In this context �(Π) = ∆ and
�(Π) = δ should be related by Kramers-Kronig rela-
tions. This explains the correlation between ∆ and δ
qualitatively. However, a more quantitative insight
requires selfconsistent calculations with the interac-
tion including the ν-dependent screening of the im-
purity potential.

J. Zeman, A. Poulter, M. Lentze,
C. Faugeras, G. Martinez
R. Hey, K.J. Friedland (Paul Drude
Institute, Berlin, Germany)

J. Zeman et al., Physica B, in press.
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1.20 Study of phonon emission
processes in an AlGaN/GaN
heterostructure at low
temperatures

We have observed well-resolved SdH oscillations
(including spin-splitting) in a high-mobility Al-
GaN/GaN heterostructure [1], and analysed the am-
plitude data at different currents and temperatures
to determine the energy loss mechanism for hot elec-
trons. The magnetoresistance, Rxx, as a function of
magnetic field B up to 15T at base temperature
(50mK) and at higher temperatures (up to 8.3K),
have been measured, with an a.c. input current of
100nA at 10.7Hz. This data, together with a Hall
resistance which exhibited plateaus at the minima
in Rxx, indicates a good quality 2DEG at the Al-
GaN/GaN interface. The 1.4K carrier concentra-
tion, ns, obtained from the periodicity of the SdH
oscillations, was 5.8× 1012 cm−2 with a correspond-
ing mobility µ of 9500 cm2 V−1 s−1.
Electron heating at higher currents (and hence

higher electric fields) resulted in weaker oscillations,
and for each current, the corresponding electron
temperature, Te, was obtained by comparing the am-
plitude of the SdH oscillations for 3 < B < 5T with
those from measurements at different cryostat tem-
peratures, TL, and a constant I = 100nA.
At low temperatures, energy loss from hot elec-

trons is dominated by acoustic phonon emission,
which can occur either through the deformation po-
tential (DP) or piezoelectric (PE) interactions. For
an electron gas at temperature Te, the energy loss
rate is proportional to T a

e − T a
L, where the value of

the exponent a ranges from 3 to 7, depending on
the phonon coupling mode and the screening [2]. In
equilibrium, the energy loss rate balances the in-
put power per electron, P , given by eµF 2, where
e is the electronic charge, µ the mobility and F
is the electric field. The relation between energy
loss rate and electron temperature can therefore be
found from a double-logarithmic plot of P against
Te, as shown in figure 1.27 (the T a

L term is negli-
gible). The slope was found to be 4.4 ± 0.3, only
slightly less than a = 5 expected for a screened
piezoelectric interaction [2]. Also included in fig-
ure 1.27 are the results of numerical calculations of
loss rates for PE coupling (the rates for DP coupling
are more than a decade smaller). The model uses a
variational wave function, and Stern-Howard static
screening. At high temperatures, the energy relax-
ation tends to a linear dependence on Te, whereas
between 1 and 10K, P follows T 4.7 and T 3.0 de-
pendences for the screened and unscreened models.
The good agreement between the experimental tem-
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Figure 1.27: A plot of P vs Te. The symbols repre-
sent experimental data and the solid line is a power
law fit to the data, (slope of 4.4 ± 0.3). The dashed
and dotted lines are theoretical results for unscreened
and screened piezoelectric coupling, respectively.

perature dependence and the theoretical results for
the screened PE coupling suggest this is the most
likely phonon emission process. The small discrep-
ancy between absolute experimental and theoretical
loss rates may be attributed to an overestimate of
the screening through use of the static screening ap-
proximation.

[1]T.Wang et al., Appl. Phys. Lett. 74, 3531
(1999).
[2]B.K.Ridley, Quantum Processes in Semiconduc-
tors, Oxford University Press, p.321 (1988).

D.K. Maude, J.C. Portal
K.J. Lee, J.J. Harris (University College,
London, UK)
A.J. Kent (University of Nottingham, UK)
T. Wang, S. Sakai (University of Tokushima,
Japan)

K.J. Lee et al., Appl. Phys. Lett., submitted for
publication.
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1.21 Effects of nonlinear spin
splitting on the quantum
transport of a 2DEG confined
in CdMnTe QW

The possibility of tuning the electron g-factor via the
s-d exchange interaction between electronic states
and localized magnetic moments enriches the physics
of diluted magnetic semiconductors (DMS). For typ-
ical DMS, such as the CdMnTe system considered
here, the electron spin splitting may exceed by sev-
eral times the cyclotron energy in the range of low
magnetic fields. The electron g-factor in weak mag-
netic fields is mostly determined by the contribution
due to s-d exchange interaction while at higher fields
the intrinsic negative Zeeman contribution domi-
nates which leads to a vanishing of the spin splitting
at some value of the magnetic field. This strongly
nonlinear behavior of the spin splitting is expected to
affect the transport properties of a two-dimensional
electron gas (2DEG) confined in CdMnTe quantum
wells (QW).
We report the results of magnetotransport

on a 2DEG confined in a modulation doped,
Cd0.995Mn0.005Te 10 nm QW structure with elec-
tron concentration ne=5.9×1011 cm−2 and mobility
µ=60000cm2V−1s−1. Mn2+ was digitally incorpo-
rated in the QW. The transverse and longitudinal
(Rxx) magneto-resistances, measured at low temper-
atures (from 50mK to 4.2K) and in magnetic fields
up to 28T, are typical for a 2DEG with a relatively
high degree of disorder. Nevertheless, there is some
evidence that the 4/3 fractional state is partially
developed in the high field region at liquid helium
temperatures. We speculate that the 4/3 state is fa-
vored by the coincidental vanishing of the spin gap
in the corresponding field range. The experiments
in tilted magnetic fields indeed show the disappear-
ance of the 4/3 plateau when opening the spin gap,
although the fractional gap signature does not prop-
erly evolve with temperature. Further investigations
are needed to clarify this point.
The Rxx measurements at low magnetic fields

show a beating effect of the magneto-quantum os-
cillations, as shown in figure 1.28. We can distin-
guish several field regions with well pronounced os-
cillations separated by regions with ”nodes” where
the oscillations are almost completely damped. At
the lowest temperatures, we observe minima of Rxx

at both odd and even filling factors down to ∼2T.
For fields <2T, the minima in Rxx correspond to
only odd or even filling factors depending on the
magnetic field range. The change in phase of the
oscillation in Rx with respect to filling-factor parity
depends not only on the range of magnetic field con-

1 2 3 4

0,3

0,6

0,9 ν =17 ν =15
ν =8ν =10ν =12

 4K
 3.6K
 3.2K
 2.8K
 2K

 

R
X

X
 (k

Ω
)

Magnetic field (T)

Figure 1.28: Rxx at low fields for different temper-
atures. The unusual oscillatory behavior of Rxx is
due to the tuning of ∆s by temperature.

sidered, but can also be influenced with temperature
as shown in figure 1.28.
The unusual behavior of the Rxx oscillations orig-

inates from the fact that the spin splitting at low
fields exceeds the cyclotron energy by several times.
One can easily deduce that regions of pronounced
Rxx oscillations correspond to the case when the
magnetic field is in the vicinity of the specific field
values B1, B2, B3, with well pronounced energy gaps
at the Fermi energy. These specific field values cor-
respondingly satisfy the condition ∆s = �ωc, 2�ωc,
3�ωc with �ωc the cyclotron energy and ∆s the elec-
tron spin splitting. Thus, the minima of Rxx are
associated with different parity filling factors. The
minima of Rxx are associated with odd filling fac-
tors in the field regions where ∆s= �ωc or ∆s=
3�ωc, but they are associated with even filling factors
in the range when ∆s= 2�ωc. The oscillation pat-
tern is sensitive to temperature as the latter greatly
modifies the spin-splitting and in consequence the
field values defined by the ∆s = n�ωc condition. In
the intermediate regions when ∆s = �ωc/2, 3�ωc/2,
5�ωc/2, the oscillations damp because the Landau
level broadening is quite large due to the disorder.
Assuming Rxxto be proportional to the density of
states at the Fermi energy and simply including the
s-d exchange effects using a Brillouin function, we
can perfectly reproduce our experimental data.

F.J. Teran, M. Potemski, D.K. Maude
T. Andrearczyk, J. Jaroszynski,
G. Karczewski (Polish Academy of Sciences,
Warsaw, Poland)
Proc. 25th IPCS, Osaka, Japan, 2000. World Scien-
tific, to be published.
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1.22 Resistively detected EPR of
Mn2+ ions in a single CdMnTe
quantum well

Diluted Magnetic Semiconductors (DMS) are solid
solutions in which a fraction of the cations are re-
placed by magnetic ions. A large subgroup of semi-
magnetic hosts is formed from semiconductor al-
loys based on II-VI materials with Mn2+ replacing
some of group-II cations (e.g. Cd1−xMnxTe). Many
unique properties of these materials are dominated
by the sp − d exchange interactions between band
electrons and localised Mn2+ ions. These are the
band electronic states which are most often probed
in the investigations of DMS materials. A well es-
tablished effect is the enormous enhancement of the
electronic g-factor. The electron Zeeman splitting is
induced not only by the external magnetic field but
also by an additional ”mean field” which is propor-
tional to the spin polarization of Mn2+ ions.
Due to the reciprocal coupling between the elec-

tronic and magnetic system, an inverse phenomenon
can be also expected. The amplitude of the spin
splitting of Mn2+ should be sensitive to spin polar-
ization of band electrons. A shift, similar to the well
known Knight shift for nuclear spins, is expected
in the electronic paramagnetic resonance (EPR) of
Mn2+. A free carrier induced shift of Mn2+ EPR
has been observed by Story in 3D lead compounds.
As pointed out by Yang, the sp − d interactions of-
fer even more interesting possibilities in the case of
2D systems : the shift of the EPR line is modulated
by the electron spin polarization and is therefore
also sensitive to the amplitude of the electronic wave
function at the Mn2+ site. Standard EPR and mag-
netization techniques are not sufficiently precise or
sensitive to probe the few Mn2+ immersed in a thin
semiconductor layer.
We report, to our knowledge for the first time,

the observation of an EPR signal from Mn2+ spins
diluted in a single quantum well (QW). In our ex-
periments, the EPR signal is selectively measured
via microwave induced resonant changes in the lon-
gitudinal resistivity (Rxx) of a 2DEG confined in
DMS QW. The sample studied was a 10 nm-thick
CdMnTe/CdMgTe structure with single modulation
doping on one side of the QW structure. The re-
sulting 2DEG has electron concentration ne = 5.9×
1011 cm

−2 and mobility µ=60000cm2/Vs. Our QW
contains 0.5% of Mn2+ on average but, as shown in
the inset of figure 1.29, the manganese is distributed
in the form of three equally spaced MnTe monolayers
(digital doping) inside the QW. Rxx has been mea-
sured using a Hall bar sample, at a temperature of
1.8K, in magnetic fields around 3.5T (close to filling
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Figure 1.29: The difference in Rxx measured with
and without microwaves irradition at 99 Ghz is plot-
ted as a function of the magnetic field, at 1.7 K. The
grey line is the sum of three Gaussian components
(dash lines), which fit the EPR signal. In the insert,
a simple skecth of the QW structure is shown.

factor ν = 7). The microwaves used had a frequency
in the range of 95-99GHz and the power at the sam-
ple of a few mW. Figure 1.29 shows the difference
in the Rxx measured with and without microwave
irradiation at 99GHz. The observed resonant in-
crease in the resistance scales with microwaves fre-
quency and is consistent with a g-factor of 2 as
expected for the EPR signal of Mn2+. The EPR sig-
nal has an asymmetric shape with a sharp edge on
the high field side. As illustrated in figure 1.29, we
assume that the observed EPR signal is composed of
three Gaussian lines. This is what is expected when
assuming different ”Knight shifts” for each MnTe
monolayer due to a difference in the amplitude of the
electronic wave function which is asymetric because
of the single sided modulation doping. Preliminary
estimations of the expected ”Knight shifts” are in
agreement with the experiment. Further measure-
ments are in progress to study the Mn2+ EPR as
function of the electron spin polarization at differ-
ent filling factors. Detection of the EPR signal from
a single Mn2+ monolayer offers the interesting pos-
sibility of mapping the electronic wave function in
low dimensional systems.

F.J. Teran, A. Hassan, M. Potemski,
D.K. Maude
Z. Wilamowski, T. Andrearczyk,
J. Jaroszynski, G. Karczewski (Polish
Academy of Sciences, Warsaw, Poland)
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1.23 Magneto-luminescence from a
2DEG and electron-electron
exchange

Magneto-luminescence of a two-dimensional elec-
tron gas has been intensively studied in the past.
However, the interpretation of the measured spec-
tra still remains a matter of controversy. In this
report we comment on one of the main features
of magneto-luminescence data, characteristic for a
large class of modulation doped quantum wells
(MDQWs) and in particular for our, recently stud-
ied Cd(Mn)Te/CdMgTe structures [1]. The effect
we concentrate on is illustrated in figure 1.30, for a
100 Å-thick Cd0.995Mn0.005Te QW embedded in be-
tween Cd0.8Mg0.2Te barriers and modulation doped
on one side with iodine donors with the resulting
2D electron concentration in the well n = 5.8 ×
1011 cm−2and mobility µ = 60000cm2/Vs. Figure
1.30 shows the field dependence of the energy po-
sition of the dominant luminescence transition, ob-
served in σ+-polarization, which involves recombi-
nation of electrons from the lowest spin-split Lan-
dau level. At low temperatures and magnetic fields,
this dependence shows many irregularities correlated
with filling factors as well as clearly pronounced
downwards energy shift related to sp− d interaction
between electronic and Mn2+ spins. A remarkable
effect which persists even at high temperatures is a
deflection point observed for all traces shown in fig-
ure 1.30 at fields around 11T which corresponds to
Landau level filling factor ν = 2. Similar characteris-
tic behavior is observed for many samples with differ-
ent compositions and electron concentrations. When
substracting the effects of the sp−d interactions and
neglecting the low-field low-temperatures irregulari-
ties, the energy position of our luminescence line is
found to grow linearly with the magnetic field until
it reaches the ν = 2 point. The dependence is clearly
weaker on the high field side of ν = 2.
This characteristic dependence of the lumines-

cence line versus magnetic field can be understood
in terms of the band-gap renormalization due to
electron-electron exchange interactions. Using a
high field approximation, the exchange energy Eexch

of an electron in the lowest Landau level can be an-
alytically calculated for arbitrary integer filling fac-
tor. At even filling factors for ν ≥ 2, the recom-
bination spectrum of an electron from the lowest
Landau is expected to be a single line at energy
position E = E0

g + �ωr/2 − Eexch. E0
g is the one

particle band-gap at zero field and �ωr the effective
cyclotron energy. Our calculations show that in this
case E = E0

g +αBν . This explains the linear depen-
dence of the luminescence line in the low field range
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Figure 1.30: Magnetic field dependence of the energy
position of the dominant σ+ luminescence line for a
CdMnTe/CdMgTe modulation doped quantum wells,
at different temperatures.

when assuming Bν to be a continuous parameter.
Strictly speaking Bν is the magnetic field which cor-
responds to even filling factors ν, and α a parame-
ter involving the ”renormalized effective mass”. The
exchange energy can be also easily calculated in the
range of filling factors 1 < ν < 2. The corresponding
single line position is now E = E0

g+�ωr/2−Eexch =
E0
g+�ωr/2−

√
2πe2/κlB = E0

g+α0B−β
√
B, where

κ is a dielectric constant and lB denotes the mag-
netic length. Hence two distinct dependences of the
energy position of the luminescence line versus mag-
netic field can be expected on either side of ν = 2.
This is in qualitative agreement with the experiment.
It should be noted that our theoretical considera-
tions are rather crude. However, we believe that
they should be applicable to our high temperature
data when subtle effects of electron-electron interac-
tions are smoothed out.

[1] F.J. Teran et al., Proc. 25th Int. Conf. on the
Physics of Semiconductors, (Osaka, Japan, Septem-
ber 2000), World Scientific, to be published.
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2.1 Coupled plasmon-LO phonon
modes at high magnetic fields

The dielectric function theory applied to coupled
electron-phonon excitations in doped polar semicon-
ductors 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.

We report on the results of high-magnetic-field (up
to 28T) inelastic light scattering measurements of
coupled plasmon-phonon modes in metallic GaAs.
The zero-field Raman spectra of the investigated
samples show peaks related to the transverse opti-
cal phonon (TO) as well as the coupled plasmon-
phonon ω− (below TO frequency) and ω+ (above
LO frequency) modes. In the backscattering Voigt
geometry (k ⊥ B) the magnetic field leads to a split-
ting of both ω− and ω+ branches. The Raman scat-
tering spectra measured for two samples, with elec-
tron concentrations of 1.3 × 1018 cm−3 (sample (a))
and 2×1017 cm−3 (sample (b)) in the range of mag-
netic field up to 28T are shown in figure 2.5. The
corresponding diagrams of peak positions versus the
magnetic field are presented in figure 2.6.
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Figure 2.1: The evolution of Raman scattering spec-
tra measured for the backscattering Voigt configura-
tion in magnetic fields up to 28T for samples with
(a) 1.3× 1018 cm−3 and (b) 2 × 1017 cm−3.

As seen in figures 2.5 and 2.6, ω−
hyb and ω+

hyb

shift towards higher energies with increasing mag-
netic field. ω−

hyb crosses the TO mode and eventually
approaches the energy of the undressed LO phonon
of undoped material. More subtle effects observed
for sample (a) are the field dependent broadening
and/or splitting of each ω−

hyb and ω+
hyb mode (fig-

ure 2.5a). The ω−
hyb peak is relatively narrow but

show appreciable broadening around 10-12T. One
may even presume that at these fields, ω−

hyb shows
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Figure 2.2: Magnetic field dependence of the plasmon
-LO phonon modes for samples with (a) n = 1.3 ×
1018cm−3 and (b) 2 × 1017cm−3. Different symbols
denote the data obtained using different excitation
energies.

some anticrossing effect. The anticrossing behaviour
is more clearly pronounced for the ω+

hyb mode, but
occurs at higher magnetic fields, around 16T. As
illustrated in figure 2.6a, we believe that this an-
ticrossing is a result of interaction between hybrid
modes and collective cyclotron excitations (Bern-
stein modes) with frequency of 2ωC [1]. A simple
theoretical model [2] (dotted lines in figure 2.6a) well
accounts for the experimental data. The considera-
tion of only the hybrid modes is not sufficient to in-
terpret the Raman scattering spectra measured for
samples with a relatively small electron concentra-
tion. As can be seen in the raw data for the sample
(a) presented in figure 2.5b, the upper branch of the
plasmon-LO phonon peak splits, in this sample, into
two components at fields around 15T. The remain-
ing component of this upper branch, which persist
at high magnetic fields, is a sharp peak. In suffi-
ciently high magnetic fields, it is observed at the en-
ergy which is very close to the LO phonon energy of
undoped material. This observation seems to indi-
cate that our analysis of the dielectric function is not
sufficiently elaborated to explain the high magnetic
field data.

[1] C.K.Patel and R.E. Slusher, Phys. Rev. Lett.
21, 1563 (1968).
[2] N.Tzoar and E. Foo, Phys. Rev. 180, 535 (1968).
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2.2 Selective magneto-luminescence
spectroscopy of donors in GaAs

The selective photoluminescence spectroscopy (SPL)
of donor-acceptor pairs (DAP) gives the possibility
to study both donor and acceptor states in semi-
conductors [1]. In this method, the exciting pho-
ton creates resonantly neutral donor-acceptor pairs
with electrons and holes in the excited states. In
the next step of the SPL process electrons as well
as holes relax towards the ground states, giving rise
to the emission. Taking into account only processes
in which the acceptor ground state is involved, the
energy shift between the exciting and emitted pho-
ton Eexc − Elum matches the intra-donor transition
energy. Such a process is possible for several val-
ues of the donor-acceptor pair separation, namely
for a broad energy range. The natural extension of
this method is magneto-spectroscopy which can be
of particular interest for the case of shallow centers
with well resolved excited states only under applied
magnetic fields. The richness of such spectroscopy is
demonstrated here for n-type GaAs. The SPL exper-
iments have been performed at liquid helium temper-
ature in magnetic fields up to 14T for samples with
neutral donor concentration of about 1015 cm−3. A
tunable Ti:sapphire laser operating typically with
10mW power has been used for a below-band-gap
excitation, being resonant with donor-acceptor pair
emission.

Typical SPL spectra measured for n-type GaAs
in the absence of magnetic field show a pronounced
peak around 4.4meV below the excitation energy
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Figure 2.3: Magnetic field evolution of the SPL spec-
trum of n-type GaAs.
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Figure 2.4: Magnetic field dependence of the en-
ergy shifts observed in magneto-SPL spectra (cir-
cles). Solid lines show the calculated energy levels
of a renormalized 3D hydrogen atom in a magnetic
field.

(figure 2.3). This energy shift corresponds to the
intra-donor 1s−2s and/or 1s−2p transition. The rel-
atively broad SPL line observed at B = 0, is replaced
by several (up to 8) sharp lines when a sufficiently
high magnetic field is applied. The relative intensi-
ties of these lines depend on the excitation energy,
however, their positions remain unchanged with re-
spect to the excitation energy. In figure 2.4, the
experimental data are compared with the calculated
energy levels of a hydrogen like atom in a magnetic
field [2]. The effective Rydberg of 5.92meV and elec-
tron mass of 0.067m0 have been used. The agree-
ment between measured energy positions with those
predicted by theory is extraordinarily good. This
enables us to identify the sequence of lines, which
at 14T are recognized as 1s− 2p−1 (lowest energy),
1s− 3d−2, 1s− 4f−3, 1s− 5g−4, 1s− 2p0, 1s− 3d−1,
1s− 2s and 1s− 2p+1 transitions. According to our
knowledge such a large number of high angular mo-
mentum states has not previously been observed for
a shallow donor in GaAs.

[1] P.Y.Yu and M.Cardona, Fundamentals of Semi-
conductors, Springer (1999), pp.359-362.
[2] P.C.Makado and N.C.Mc.Gill, J.Phys. C: Solid
State Physics 31, 873 (1986).

A.Wysmolek, M.Potemski
R. Stepniewski (Warsaw University, Poland)
D. Lockwood (IMS/NRC, Ottawa, Canada)

A.Wysmolek et al., Proc. of 25th ICPS, Osaka,
2000, to be published.
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2.3 Zeeman effect of D1 bound
exciton in 4H-SiC

The D1 center is expected to be an intrinsic defect in
silicon carbide (SiC) since it does not depend on any
specific impurity. Its fingerprint is an efficient lumi-
nescence of the D1 bound exciton (BE) which usu-
ally dominates the low temperature photolumines-
cence (PL) spectrum. At low temperature, there is
one D1 no-phonon PL line L (2.9012eV) in 4H-SiC.
Two higher energy no-phonon lines M (2.9087 eV)
and H (2.9118 eV) appear at higher temperatures.
The large exciton binding energy and the existence
of different forms of D1 PL lines for low and high
temperatures suggest that these lines are due to an
exciton bound to an isoelectronic center. A detailed
information on the nature of the defect, to which the
exciton is bound, can be obtained from the Zeeman
effect. Zeeman spectroscopy reveals the electronic
fine structure and the symmetry properties of the
BE. Here we report on the Zeeman effect of the D1

BE in 4H-SiC. The spectra were measured with the
magnetic field parallel and perpendicular to the c-
axis of the 4H-SiC crystals using Voigt (k ⊥ B) and
Faraday (k ‖ B) configuration. The effect of mag-
netic field on the D1 PL lines in 4H-SiC is strongly
anisotropic. Figure 2.5 shows Zeeman spectra of the
D1 PL lines in Voigt configuration with B ⊥ c and
light polarization E ⊥ c at 30K. In figure 2.6 we
present the energy positions of the Zeeman compo-
nents as a function of the magnetic field. As shown
in these figures, two Zeeman components La and Lb

appear symmetrically around the L line for B > 0.
At higher fields, beyond 15T, the energy positions of
La and Lb vary linearly with B. At lower fields, the
energy positions deviate from the linear dependence.
The extrapolation leads to two zero-field split levels
LH and LL shifted by about ±0.35meV with respect
to the L level. This indicates that there are other
perturbations of the L level which become dominant
at low fields.

In the vicinity of the M line two new components
Na and Nb are observed. The Nb line varies linearly
at low field but anticrosses with the H line. The
lower energy Na line is very weak and can only be
resolved beyond 16T. By extrapolating the compo-
nents Na and Nb to zero field, an exciton level N
about 0.5meV above the M level is found. This zero
field level is consistent with the weak N1 line in the
PLE spectra [1].

The PL shows pronounced thermalization for all
field configurations : B ⊥ c and B ‖ c. This implies
that the Zeeman splitting of the D1 BE results from
the initial states of these luminescence transitions.
There is no splitting in the final state in any con-
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Figure 2.5: Zeeman spectra of the D1 PL lines in the
Voigt configuration for E ⊥ c and B ⊥ c.
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figuration. This result supports the conclusion that
the D1 exciton is bound to an isoelectronic center.

[1] T. Egilsson et al., Physica B 273, 677 (1999).

A. Wysmolek, M.Potemski
C.Q.Chen, R.Helbig, R.Winkler
(University of Erlangen-Nürnberg, Erlangen,
Germany)

C.Q.Chen et al.,Proc. ECSCRM 2000, to appear in
Mater. Sci. Forum.
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2.4 Magneto-spectroscopy of
donor-bound excitons in GaN

The luminescence associated with excitons bound to
neutral donors (D0X) is one of the main emission
bands observed in many GaN structures. The re-
cent observation of the splitting of the D0X band
into several sharp lines is of considerable interest
from a viewpoint of investigations of donor centers
in this technologically important material. We have
studied several homoepitaxial layers exhibiting the
D0X band fine structure by magneto-luminescence
(figure 2.7). When a magnetic field is applied par-
allel or perpendicular to the hexagonal c-axis, each
D0X line splits into two Zeeman components (figure
2.7). Such behavior is typical for excitons bound to
neutral donors in GaN. For the B ‖ c configuration,
the effective g-factors involve both electronic and va-
lence band contributions to the Zeeman splitting. In
the case of the main group of lines located around
3.471 eV, a common value of g = 0.63(3) has been
derived, whereas g = 0.75(3) for lines in the vicin-
ity of 3.4725 eV. However, both groups of lines show
the same effective g-factor (g = 2.07(3)) in the B ⊥ c
configuration (figure 2.7).
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Figure 2.7: The evolution of the D0X emission mea-
sured for the B ⊥ c configuration up to 14T.

The latter value can be attributed to the g-factor
of an electron involved in the D0X recombination.
Interestingly, we find that this electron g-factor is
sample dependent. We presume that this reflects the
fact that chemically or structurally different donor
sites influence the hole bound in a D0X complex,
thus leading to slightly different g-factors.

The observation of different donor centers (sites)
in our samples is confirmed by the analysis of two-
electron satellites (TES) of the D0X transitions.
This TES arises from recombination processes in-
volving final states which are excited states of neu-
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Figure 2.8: Magnetic-field dependence of the two-
electron satellites observed for the B ⊥ c configura-
tion.

tral donors. In a magnetic field (B ‖ c and B ⊥ c),
the TES splits into several components, related to
different donor states (figure 2.8). For both mag-
netic field orientations, the characteristic spin split-
ting observed for the principal D0X transitions is
reproduced in the TES spectrum. In the B ⊥ c con-
figuration, the doublets with the Zeeman splitting
given by the electron g-factor ge (see arrows in figure
2.8) are clearly visible for two groups of lines related
to 2p−1 and 2p+1 donor states. The magnetic-field
vs. energy fan chart of the excited states follows
roughly, for each donor center, the energy ladder 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 2ωc with
the electron effective mass me = 0.220(5)m0.

This is in good agreement with the value obtained
from far-infrared spectroscopy. In the absence of
a magnetic field, the energy difference between the
dominant line in the principal D0X band and its
two-electron satellite is 21.5meV. This value corre-
sponds to the 1s → 2p0 intra-donor transition en-
ergy. From the magnetic-field data, we find that the
energy of the 1s → 2p0 transition varies between
different donors in the range of ±0.2meV.

A.Wysmolek, M.Potemski, P. Wyder
V.F. Sapega, T. Ruf, M.Cardona (MPI-FKF,
Stuttgart, Germany)
R. Stepniewski, K.Pakula, J.M.Baranowski
(Warsaw University, Poland)
I.Grzegory, S. Porowski (High Pressure
Research Center, Warsaw, Poland)

A.Wysmolek et al., to appear in Jpn. J. Appl.
Phys. (2000).
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2.5 Spin-flip Raman scattering of
homoepitaxial GaN layers

Spin-flip Raman scattering (SFRS) is an efficient
method to study defect properties of semiconduc-
tors, especially when the excitation energy resonates
with electronic interband transitions. In general,
this method allows one to separately measure elec-
tron and hole g-factors of excitons bound to donors
or acceptors.

To the best of our knowledge, we report here
for the first time SFRS data for homoepitaxial
GaN layers. We have studied nominally undoped,
but nevertheless n-type homoepitaxial wurtzite-
structure GaN layers grown by metal-organic chem-
ical vapor deposition on GaN bulk crystals. They
show extremely sharp photoluminescence structures
(halfwidth of about 0.1meV) due the donor (D0X)
and acceptor (A0X)bound excitons (figure 2.9).
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Figure 2.9: Typical photoluminescence spectrum of a
high-quality homoepitaxial GaN layer measured over
a broad energy range at T=4.4 K.

The SFRS measurements have been performed for
different angles between the magnetic field and the
c-axis of the GaN crystals using the 364nm and
351nm Ar+ ion laser lines for excitation below and
above the band gap. The SFRS signals have been
detected using a photon-counting system equipped
with a double monochromator. The measured epi-
layers were sufficiently thick (typically few microns)
and thus the contribution of the substrate to the lu-
minescence and Raman-scattering signals could be
neglected. Irrespective of the excitation energy and
the orientation of the c-axis with respect to the mag-
netic field, only one line has been observed (figure
2.10). From the linear dependence of the spin-flip
signal, an effective g-factor of 1.98(3) has been de-
termined. This value is very close to the result for
electrons from EPR experiments, and we attribute
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Figure 2.10: Magnetic-field dependence of the spin-
flip Raman scattering line in GaN measured for Θ =
30◦ and 60◦.

it to a ”bare” electron transition.
We do not observe any spin-flip signal from holes

which is expected to be much less intense than for
electrons. This is probably due to the fact that the
excitation energies which we have used for SFRS
are too far away from resonance with D0X or A0X
bound exciton transitions. As a result, the resonance
enhancement of the SFRS signal is not sufficient to
make the hole spin-resonance detectable. We antici-
pate, however, that these transitions can be observed
in SFRS experiments using tunable radiation, such
as from a frequency-doubled Ti:sapphire laser.

A. Wysmolek, M.Potemski, P. Wyder
V.F. Sapega, T. Ruf, M.Cardona (MPI-FKF,
Stuttgart, Germany)
R. Stepniewski, K.Pakula, J.M.Baranowski
(Warsaw University, Poland)
I. Grzegory, S. Porowski (High Pressure
Research Center, Warsaw, Poland)

A.Wysmolek et al., to appear in Jpn. J. Appl.
Phys., 2000.
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2.6 Dynamic Hall effect related to
the recombination non-linearity
in GaAs

Application of a constant voltage V of about 1 kV
to semi-insulating (SI) GaAs results in current oscil-
lations of a high-field, high-resistance slow traveling
domain with a velocity of about 1 cm/s, due to the
negative differential conductivity (NDC) [1-5]. This
type of NDC in SI GaAs is caused by the dependence
of the electron concentration in the conduction band
on both the EL2 traps and the external electric field
E. The experimental and theoretical investigations
of slow domains in SI GaAs shown that the non-
linearity in the electron concentration is determined
by slow generation and recombination processes on
the deep level EL2 defects where the electron trap-
ping coefficient Cn depends strongly on the electric
field E, with a maximum at E0 ≈ 1.5 kV/cm and
a negative slope for E > E0 [1-5]. Strong nonlin-
ear oscillations of the current with a transition to
chaos and a strange attractor have been observed in
SI GaAs samples in static magnetic fields B of the
order of 5Tesla [5]. These experimental results have
not yet been explained.

In this work we have made an attempt to apply
the dynamic Hall effect theory to the analysis of
the strongly nonlinear behavior of the spatially in-
homogeneous SI GaAs with the recombination non-
linearity in the electric field E ∼ (1.5 ÷ 3) kV/cm
and magnetic field B ∼ 5T, at room temperature.
The concept of the dynamic Hall effect was intro-
duced in order to describe the nonlinear current os-
cillations, transition to chaos and strange attrac-
tors observed at 4K in spatially homogeneous p-Ge
with electron concentration n ∼ 108 cm−3 subjected
to a weak magnetic field B up to 150mT at elec-
tric field E ∼ 3V/cm [6]. The dynamic Hall ef-
fect occurs when the applied electric field E and
the Hall field EB are coupled non-linearly through
the field-dependent concentration n of charge car-
riers in the conduction band [6]. In our case the
electron generation-recombination processes are de-
termined essentially by the electron trapping coeffi-
cient Cn (E,B) which depends on the magnetic field
B due to the Hall effect. The essentially non-linear
model of this system consists of three coupled equa-
tions for the electric field E applied, the Hall field
EB and the electron concentration n.

We start the investigation with the linearization
of this system. The numerical estimations result-
ing from the linearized theory show that there ex-
ists an oscillation branch with a low frequency f ∼
(700÷ 1000)Hz and a Lyapunov exponent which
becomes positive at some critical electric field Ecr

slightly larger than E0. At this point the system be-
comes unstable, and the transition to chaos is pos-
sible. In general, the system of equations obtained
is very complicated and can only be solved numeri-
cally. The numerical simulations show the possibil-
ity of a strange attractor similar to the one obtained
in Ref.[5]. The spatial inhomogeneity due to the
slow domains provides the spatial dispersion of both
the oscillation frequency and the increment. Our
preliminary theoretical results are in a qualitative
agreement with experimental data [5].

[1] F. Piazza et al., Phys. Rev. B 55, 15591 (1997).
[2]B.Willing and J.C.Maan, J. Phys.: Condens.
Matter 8, 7493 (1996).
[3] B.Willing, Nonlinear electronic transport and
structure formation in semiconductors. Ph.D. The-
sis, Konstanz, 1994.
[4] F. Piazza et al., Appl. Phys. Lett. 69, 1909
(1996).
[5] A.Neumann, Electronic transport in highly resis-
tive materials in strong magnetic fields : Nonlinear
dynamics in semi-insulating GaAs and magnetore-
sistance of carbon-black polymer composites. Ph.D
Thesis, Bruxelles, 1997.
[6]G.Hüpper and E. Schöller, Phys. Rev. Lett. 66,
2372 (1991).
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2.7 Dynamic nuclear spin
polarization by optical electronic
saturation and dc current

In the conventional experiments the nuclear polar-
ization in semiconductors is achieved by the satu-
ration of the electronic and nuclear magnetic reso-
nance. The nuclear spins �I are polarized via the hy-
perfine interaction A�I.�S, where �S is the electron spin
of the free carriers. In our experiments, we have used
nonresonant processes. The dynamic nuclear polar-
ization is obtained by unpolarized light irradiation
of 1310nm of wavelength, in a static magnetic field
producing an equal number of spins up and spins
down [1], and enhanced by the application of an ex-
ternal dc current perpendicular to the magnetic field
[2].

In this present work we report our experimental
observation of nuclear polarization in n-type InSb
samples with an electron concentration of 3.2 ×
1015 cm−3 at stabilized temperature. The nuclear
polarization is monitored by the transverse mag-
netoresistance Rxx of the sample. The effect of a
1mA dc current (for both current polarities J+ and
J−) on the Shubnikov-de Haas oscillations, with and
without light, is shown in figures 2.11 and 2.12 for a
positive (B+) and negative (B−) magnetic field. The
Zeeman spin splitting of the Landau level 1 is seen
in both cases (solid and dash-dotted lines). When
the light is turned on, we observe two different level
broadening with the sign depending on the sign of �J
[2], where �J represents the direction of current flow
(dotted and dashed lines). We can see, on figure
2.12, that the effect is almost independent of tem-
perature. This might be explained by the fact that
we are working below TD the Dingle temperature.
We have also measured by an ac technique coupled
with a dc current. Increasing or decreasing the dc
current doesn’t modify the spin splitting in anyway.

However we believe, that these small changes in
the Rxx curves are due to the nuclear hyperfine field
BHF which represents an additional term in the
electronic Zeeman spin splitting energy, such that
∆E = gµB(B + BHF ), where g ≈ −50 is the ef-
fective g-factor of the conduction band electrons in
InSb.

[1]G. Lampel, Phys. Rev. Lett. 20, 491 (1968).
[2]W.G. Clark and G.Feher, Phys. Rev. Lett. 10,
135 (1963).
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Institute, Moscow, Russia)
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n-InSb at 4K for positive (B+) and negative (B−)
magnetic field showing a spin splitted Landau level
structure. Solid and dash-dotted lines correspond re-
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current measurements without illumination. Dotted
and dashed lines are obtained with illumination.
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2.8 Chemically etched fibers for
SNOM

SNOM is the acronym for Scanning Near field Opti-
cal Microscopy. This technique has benefited in the
last decade from the remarkable progress occurred
in STM and AFM. Subwavelength lateral resolution
has already been achieved in imaging but near field
optical spectroscopy is still under development due
to the poor efficiency of actual probes. They consist
of optical fibers with an aluminum coated tapered
tip. Thus light propagates in a dielectric wave guide
except in the tip where the metallic layer forces light
to go through the aperture placed at the apex pre-
venting it to leak on the edges. The aperture diam-
eter determines the cutoff for the resolution length.
The transmission ratio decreases dramatically with
the aperture. For a typical diameter of 200nm there
is only 10 ppm of light coming out of the fiber. Such
values have been obtained for tips prepared by si-
multaneous mechanical pulling and laser heating of
fibers.

Another technique has been proposed based on
chemical etching and is expected to have a better
transmission. In collaboration with a group from
Münich we have successfully developed the produc-
tion technology of such tips. Monomode fibers made
of SiO2 are diped one hour in a solution of 50% HF
covered by an organic solvant (Isooctan). The etch-
ing results in a conus shape for the tip with an an-
gle of 30◦ which is determined by the geometry of
the meniscus at the interface between the two liq-
uids and the fiber. The aspect ratio of etched fibers
is larger than pulled ones which make them more
rigid.

Several coating layers are then evaporated on the
tip fibers placed in a vacuum chamber. Position-
ing them on a holder rotating around a tilted axis
makes it possible to leave a small aperture uncoated
on their apex. We have noticed that a buffer layer
of NiCr helps to improve the smoothness of the Al
layer. The latter is known to stick hardly on glass
thus causing large ”optical leaks” on the edges of the
tip which impinge drastically the subwavelength res-
olution. We have tested the chemically etched fibers
by coupling them to a helium-neon laser and mea-
suring the light coming out with a goniometer and a
photodiode. These fibers have a transmission ratio
enhanced by two orders of magnitude compared with
pulled ones. We have checked the quality of the tips
with a scanning electron microscope. Measuring the
angular distribution of light radiated by the tip we
have tested the lack of optical leaks and proved that
it is possible to determine the actual diameter of the
aperture by a simple fit (cf. figure 2.13). This kind
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Figure 2.13: Angular dependance of luminous inten-
sity emitted by a chemically etched fiber. The half
width of the gaussian fit is proportional to the diam-
eter of the aperture : 220 nm in this example.

of results already known for pulled tips [1] has been
demonstrated here for the first time for chemically
etched fibers.

We work now on proving the efficiency of etched
fibers for near field spectroscopy of two dimensional
systems based on semiconducting devices like het-
erostructures and quantum wells. For this purpose
we use a home made SNOM which can operate at
low temperatures (cf. Annual report 1999, p.22).

[1]C.Obermüler et al., Ultramicroscopy 61, 171
(1995).
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3.1 Condon domains

Condon domains are diamagnetic domains which oc-
cur in metallic monocrystals in high magnetic fields
at low temperatures. Their physical origin lies in the
de Haas-van Alphen effect, i.e. oscillatory magneti-
zation as function of the applied magnetic field. Al-
though the contribution to the magnetic field inside
the crystal coming from the induced magnetic mo-
ment is always small compared to the external field,
the differential susceptibility ∂M

∂H can change dras-
tically due to the oscillatory character of the mag-
netization. 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.

We study Condon domains by measurements of
magnetization (torque method), specific heat, mag-
netic susceptibility as well as by a local magnetiza-
tion measurement by means of micro Hall probes.

The magnetization measurements are carried out
using the torque-method. They yield preliminary
information like crystal quality or shape of the de
Haas-van Alphen oscillations. The crystal qual-
ity determines if the critical susceptibility can be
achieved in a given crystal, and if yes at what mag-
netic field and temperature. The oscillations should
then be triangle-shaped rather than sinusoidal char-
acteristic for the non-domain-state. We have clearly
observed these characteristic features in the appro-
priate parts of the B − T plane, in beryllium and
silver.

Specific heat was predicted to show characteristic
critical behaviour, i.e. a kink or jump, at the domain
melting temperature in the middle of an oscillation
period. We have built a setup with a resolution of
2 ·10−3 in superconducting magnets at temperatures
down to 1.5 K. However, the theoretical predictions
could not be confirmed yet. We think that a pos-
sible broadening of the transition combined with a
big offset dependence of specific heat as function of
temperature makes the detection of the transition
by specific heat very difficult.

The susceptibility measurements are made with
the help of the torque-method. In a modulated mag-
netic field the magnetization response is measured.
For a given modulation amplitude the magnetiza-
tion amplitude is directly proportional to the differ-
ential magnetic susceptibility, which is detected by
a lock-in amplifier. In the non-domain-regime, mag-
netic susceptibility grows roughly exponentially as a
function of the inverse temperature β. At the criti-
cal temperature, a saturation is expected within the
mean-field theory approach in the middle of the de
Haas-van Alphen periods, whereas the exponential

Figure 3.1: De Haas-vanAlphen oscillations in beryl-
lium at 1.0 Kelvin observed by a micro Hall probe
with an active surface area of 5.5 µm2.

increase should continue at phase positions where no
domains can occur. A more detailed treatment by a
Ginzburg-Landau-theory even predicts a decrease in
susceptibility for the domain phase below the crit-
ical temperature. Preliminary experiments carried
out on Be have confirmed these predictions. The
occurrence of the susceptibility maximum gives first
hints to the phase-diagram for Condon domains in
beryllium.

The local magnetization measurements by micro
Hall probes is in progress. We have succeeded in
measuring the de Haas-van Alphen effect in the
stray-field of a beryllium monocrystal (figure 3.1).
The next step is the detection of a domain wall by
a differential measurement between two Hall probes
that are situated very close to one another.

J. Hinderer, L. Lehmann, A.G.M. Jansen
M. Schlenker (Laboratoire Louis Néel,
CNRS, Grenoble)
V. Egorov, P. Lykov (Kurchatov Institut,
Moscow, Russia)
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3.2 Coherent and resonant transport
in a double island qubit

Recently, experimental realizations of coherently
controllable two state systems in different branches
of physics have incited great interest in ”quantum
computers”. The quantum mechanical two state sys-
tem plays the role of the elementary binary digit and
is often called qubit. Actually the qubit can adopt
much more values than 0 and 1 since every coherent
superposition of the two states is quantum mechani-
cally allowed. This is the root of all advantages over
classical bits.

One of the solid state candidates for a qubit is
the superconducting double island. The elements of
such a system are two superconducting Josephson
coupled grains and two gate capacitors for either of
these islands.

When the junction capacitances of the islands are
small enough the classical Coulomb blockade quan-
tizes the number of charge carriers in the system.
For junctions of 100 × 100 nm2 the Coulomb en-
ergy for one electron EC = e2/2C is of the order
of 1 K. As a consequence at dilution fridge tempera-
tures the thermal fluctuations of the charge die out
and the system can be described by the two lowest
lying charge states characterized by the number of
excess charges on either island.

In the superconducting case we can consider only
cooper pairs as far as the superconducting gap ∆
(2.3 K for Aluminium) is bigger than the Coulomb
energy for one electron. The creation of quasi par-
ticles is then suppressed. The charge states of the
two level system can be labeled |L〉 and |R〉 for one
excess cooper pair being localized on the left or on
the right island.

The Josephson junction introduces the delocaliza-
tion of the charge between the islands. The new
eigenstates of the system are coherent superpositions
of the charge states. An important signature of the
Josephson coupling is the energy splitting between
the symmetric and antisymmetric combination of |L〉
and |R〉.

In our sample each island is connected to outer
superconducting reservoirs by weak coupling tun-
nel junctions. Thus the whole nanocircuit is simply
given by three tunnel junctions in series where the
middle junction is much more transparent than the
outer ones. In transport measurements through this
device the possible energy states of the double island
system can be probed. The principle of the measure-
ment is similar to that of tunnel spectroscopy.

We have measured the current through the device
as a function of the applied bias voltage and the gate
voltages. The sum VG1 + VG2 of the gate voltages
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Figure 3.2: The current through a superconducting
double island as a function of the sum of the two
gate voltages for a series of gate differences with an
increment of 2.5mV.

permits to tune the absolute value of the double is-
land energy levels while the difference VG1 − VG2 of
the gate voltages determines their relative position.

In the figure 3.2 the current is plotted as a func-
tion of the sum for a series of fixed gate voltage dif-
ferences from 0 mV to 100 mV which are shifted for
clarity. The bias voltage is fixed to 125µV for all
curves. The current signal is periodic in the sum and
in the difference of the gate voltages. This is due to
the Coulomb blockade: every time the gate voltage
reaches a critical value an additional charge enters
into the system and resets the electrostatic condi-
tions. At higher bias voltage this period is fixed by
the charge e of quasi particles. But at this low bias
voltage the system is entirely 2e periodic without
interruption. This proves that no quasi particle has
entered the system over the duration of the measure-
ment of 22 hours.

Two kinds of current peaks can be identified in
the figure. Diagonal lines of constant peak height
and stronger peaks at transitions between diagonal
lines of different slope. The lines can be attributed
to resonance conditions for co-tunneling of cooper
pairs. The stronger peaks have a sharp maximum at
very low bias voltage and they disappear for stronger
bias voltages. At temperatures above 250 mK these
peaks fall to zero. That is an indication that co-
herent quantum states are involved which are sup-
pressed when temperature-induced quasi particles
disturb the system.

E.D.Bibow, P. Lafarge, L.P. Lévy
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3.3 Giant magnetoresistance
controlled spin-injection

Nowadays, there is a great interest in the injection
and propagation of spin-polarized currents. Injec-
tion of a large enough polarized current density from
a ferromagnet into a nonmagnetic metal has been
shown to flip the magnetization of the ferromagnet
[1] or to generate high-frequency magnons [2]. Here
we propose that a magnetic multilayer exhibiting the
giant magnetoresistance (GMR) effect can be used
to control the polarization of the injected electrons
by an externally applied magnetic field.

In our experimental geometry an electric current
is injected into the multilayer through an Ag tip
with contact area ∼ 100 nm2. The multilayer con-
sisted of a 200 nm thick Nb underlayer, then 50
Co/Cu-bilayers with thicknesses tCo = 1.5 nm and
tCu = 2.0 nm, and finally a 5 nm thick Cu protective
covering layer.

The differential resistance dV/dI of the contact re-
veals critical current effects of the superconducting
Nb layer close to the contact, as shown in figure 3.3
for different applied magnetic fields parallel to the
layered structure. The peak structure in dV/dI(I)
corresponds to an upward step in the static contact
resistance. Below a critical current, I = Ic(B), the
contact resistance has a constant value RI=0(B).
The higher value at I > Ic(B) is due to the local
suppression of the superconductivity of Nb.

Figure 3.4 shows the variation with field of RI=0

and Ic, when B was reduced from a high positive
value. RI=0(B) probes the resistance of the mag-
netic multilayer showing the expected behavior for
the GMR. RI=0(B) is maximal around the coerci-

Figure 3.3: Differential resistance as a function of
the bias current for an Ag contact on a Co/Cu mag-
netic multilayer showing the local suppression of su-
perconductivity in the Nb underlayer at Ic(B).

Figure 3.4: Ic (filled symbols) and RI=0 (open sym-
bols) as a function of the applied magnetic field B
(starting down from high positive field) found from
data as shown in figure 3.3.

tive field with antiparallel magnetizations of the suc-
cessive Co layers, and is smaller at high fields with
the parallel magnetizations. At higher fields, Ic de-
creases gradually down to zero at ∼ 2 T, where the
Nb film becomes fully normal. From the fact that
the shape of Ic(B) is similar to that of RI=0(B)
we conclude that the critical current is influenced
by the magnetic-field dependent polarization of the
injected current traversing the magnetic multilayer.
Small differences between the two field dependences
(see the shift in peak positions in figure 3.4) may be
caused by local differences of magnetic field and/or
magnetization between magnetic multilayer and su-
perconducting layer.

There exists no detailed model for determining the
critical current of a superconductor subject to the in-
jection of a spin-polarized current. The mechanism
involves presumably the suppression of the supercon-
ducting order parameter by breaking the spin-paired
superconducting state with spin-polarized carrier
transport into the superconductor.

[1] J.Z. Sun, J. Magn. Magn. Mater. 202, 157
(1999) ; E.B. Myers et al., Science 285, 867 (1999) ;
J.A. Katine et al., Phys. Rev. Lett. 84, 3149 (2000).
[2] M. Tsoi et al., Phys. Rev. Lett. 80, 4281 (1998)
and Nature 406, 46 (2000).

M.Tsoi, A.G.M. Jansen, P. Wyder
J. Bass (Michigan State University, East
Lansing, USA)
V. Tsoi (Institute of Solid State Physics,
Chernogolovka, Russia)
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3.4 Angular dependence of the
upper critical field in Bi2201

In transport measurements on Bi2Sr2CuO6 (Bi2201)
single crystals (Tc � 9 K) we obtained a much
smaller (nearly two orders of magnitude) anisotropy
for the superconducting critical field than for the
normal-state resistivity. To explain this contrast-
ing behavior with respect to the situation for
Bi2Sr2CaCu2O8 (Bi2212) (Tc � 90 K) where both
measured anisotropies are comparable, we analysed
the angular dependence of the upper critical field in
a model based on weakly-coupled superconducting
layers.

The anisotropy is usually expressed by the ra-
tio γ =

√
mc/mab between the effective masses of

the quasiparticles along the c-axis and the ab-plane,
which can be related to the transport anisotropy
with γ � √

ρc/ρab or to the upper-critical-field
anisotropy with γ = Hc2‖ab/Hc2⊥ab for the applied
field H ‖ ab-plane and H ⊥ ab-plane. For an
anisotropic three-dimensional system the Ginzburg-
Landau description gives Hc2(θ) = Hc2‖ab(cos2 θ +
γ2 sin2 θ)−0.5 for the upper critical field, where θ is
the angle between the magnetic field and the ab-
plane. For a layered system consisting of decou-
pled superconducting layers, the approach proposed
by Tinkham for a thin-film superconductor would
be more appropriate yielding |Hc2(θ) sin θ/Hc2⊥ab|+
[Hc2(θ) cos θ/Hc2‖ab]2 = 1. The thin-film model re-
sults in a cusp at θ = 0◦ with dHc2/dθ 
= 0, whereas
the three-dimensional model based on anisotropic
diffusion gives a smooth angular dependence.

The inset of figure 3.5 shows the in-plane resistive
transitions for a Bi2201 single crystal with Tc � 9 K
as a function of applied field, for various field orienta-
tions relative to the ab-plane of the crystal, and nor-
malized to the extrapolated high-field normal-state
resistance Rn. To avoid the influence of flux-flow
dissipation, we took the 80 % criterion of the normal-
state value for a resistively determined upper critical
field H∗

c2.
In figure 3.5 we show H∗

c2(θ) for the Bi2201 crys-
tal at 6.8 and 5.55 K. For the angular dependence
H∗

c2(θ) a good agreement can be found with the 3D
anisotropic Ginzburg-Landau model with anisotropy
parameters γ equal to 7.15 and 5.3 at 6.8 and 5.55 K,
respectively. This anisotropy is much lower than
γ =

√
ρc/ρab found from resistivity which equals 140

at 6 K. Moreover, the obtained anisotropy parame-
ter γ varies with temperature which is unexpected
for a similar temperature dependence of the critical
fields in the two field orientations.

To understand this discrepancy of the measured
anisotropies for resistivity and upper critical field,
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Figure 3.5: Angular dependence of the upper crit-
ical field H∗

c2 at 6.8 and 5.55K. Full lines are fits
through the data allowing for an Gaussian angular
broadening (model parameter β = 50), whereas the
dashed line gives the result without angular broaden-
ing (β → ∞). Inset : In-plane resistive transitions
(see the text) for various field orientations relative
to the ab-plane of the Bi2201 crystal at 6.8 K.

we analysed the angular dependence of the up-
per critical field for a superconductor consisting of
two-dimensional superconducting planes with weak
Josephson coupling between them, along the lines
of the model proposed by Tinkham. To account for
misorientations of the CuO layers and defects caus-
ing an enhanced coupling between the layers, we ap-
plied a Gaussian broadening (parameter β) for the
angular dependence. Such an analysis rounds the
cusp-like structure around θ = 0 as can be seen in
figure 2. Another free parameter in this 2D model is
the ratio γ′ = Hc2⊥ab/H2

c2‖ab = 0.0021±0.0001 T−1.
The same temperature independent parameter has
been found for different samples which can be re-
lated to a specific thickness of the stacked supercon-
ducting layers.

A.G.M. Jansen, P.Wyder
S.I.Vedeneev (P.N. Lebedev Physical
Institute, Moscow, Russia)
Yu.V.Ovchinnikov (L.D. Landau Institute,
Moscow, Russia)
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3.5 Study of the ”peak effect” in
pure YBa2Cu3O7−δ single
crystals with low oxygen
deficiency (δ <0.05)

The vortex phase diagram and the ”peak-effect” are
among the hot topics in the physics of (high-Tc) su-
perconducting state. The peak effect refers to the
anomalous increase and the appearance of a maxi-
mum in the magnetic field dependence of the criti-
cal current Jc(B), in contrast to the monotonously
decreasing behaviour predicted by the conventional
theory. In pure, high quality YBa2Cu3O7−δ single
crystals it has been found that the melting transi-
tion (of vortex system) is of the first order, and a
very sharp peak-effect is observed.

In this work we report magnetization studies in
several pure, twin-free YBa2Cu3O7−δ single crystals
with different oxygen contents (δ = 0.001, 0.003,
0.01, 0.02, 0.03, 0.04, 0.05, 0.07, 0.5), focused on the
range between the stoichiometric compound (δ = 0)
and the optimal doping (δ ≈ 0.06). Measurement
were performed using a very sensitive cantilever ca-
pacitive torque rig in magnetic fields up to 28 T (see
figure 3.6). The high field together with the high
quality of the studied crystals have allowed us to
observe several new results.

The measurements demonstrated the existence of
three temperature intervals. In the intermediate
temperature range the first order transition (melting
of the vortex system) is observed as a sharp jump in
the reversible magnetization. This transition termi-
nates at high and low magnetic fields, thus defining
the upper (Bumc) and lower (Blmc) critical points.
Near these points we have observed a very narrow
peak with a width even smaller than the one seen
in conventional superconductors. Prominent history
effects arise at the onset of the peak-effect where the
ordered Bragg-glass phase is destroyed. This corre-
sponds to an intermediate state, which is the mix-
ture of Bragg and vortex glasses, observed between
the onset and the maximum of the peak-effect.

Our results provide a full mapping of the Bragg
glass phase. We observe a pronounced symmetry in
the behaviour of the phase lines, irreversible mag-
netization and the value of the magnetization jump
near both critical points. We also followed the de-
pendence of the critical points on oxygen concentra-
tion. The lower critical point linearly decreases with
increasing oxygen deficiency, and vanishes approach-
ing the optimal doping. Such behaviour suggests
that oxygen deficiency increases disorder, which may
be related to the pseudogap which is produced in
high-Tc superconductors by charge or/and spin ex-
citations.
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Figure 3.6: Magnetization curves for YBa2Cu3O6.9??

crystal at different temperatures : (top) above the
upper critical point Bumc=24T, (bottom) below the
lower critical point Blmc=5.5T, and (middle) be-
tween these points. BM , BP and BJ are the char-
acteristic fields for the melting transition, the peak
position and the melting jump, respectively.

A.G.M. Jansen, E.Mossang
A.A. Zhukov, J.M.Beaujour,
P.A.J. deGroot, E. di Nicolo (University of
Southampton, UK)

A.A. Zhukov et al., Proceedings of M2S-HTSC VI,
Houston, February 20-25, 2000, to be published in
Physica C, and preprint, submitted to Phys. Rev.
Lett.
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3.6 The Jc(B) dependence of
multi-filamentary Bi-2223/Ag
superconducting tapes

In studying the potential of Bi-2223/Ag high-Tc su-
perconducting tapes for high magnetic field appli-
cations, we focused on the hysteretic behaviour of
these tapes under applied field (measured at 4.2 K).
In the magnetic field dependence of the critical cur-
rent density (Jc) we observed a double-step charac-
teristic. That is, a relatively strong decrease of Jc

when the field is increased up to 5 T is followed by
a much slower decrease in higher fields; it is smaller
than 5 % in the whole range 5-20 T. This latter be-
haviour confirms suitability of Bi-2223/Ag tapes for
the high field applications (see figure 3.8).

We found that doping of the precursors by an ex-
cess of CaCuO2 or an addition of Ag particles in-
creases the critical current up to 50 %. This tech-
nique is also beneficial to the Jc(B) characteristics
for both the mono- and the multi-filamentary tapes
(see figure 3.7). This is attributed to the improve-
ment of grains alignment and grains connectivity,
and to the introduction of different defects which in-
crease the pinning.

The dc-transport Jc values of mono- and multi-
filamentary Bi-2223/Ag tapes exhibit a pronounced
hysteresis in magnetic field up to 20 T (at 4.2 K).
This behaviour can be explained in terms of the ir-
reversibility of the effective magnetic field at pin-
ning regions, caused by induced persistent currents.
However, in some samples the hysteresis can attain
as much as 15 T, and the explanation for such high
values remains unclear.

An important issue for the applications is the high
sensitivity of the Jc(B) dependence on the orienta-
tion of magnetic field. Critical current drops drasti-
cally when the applied field is perpendicular to the
tape surface, which can be attributed to the strong
anisotropy of Bi-based superconductors.

E.Mossang
A. Sulpice (CRTBT, CNRS, Grenoble)
D. Bourgault (Cristallographie, CNRS,
Grenoble)
C.S. Li (NIN, Xi’An, China)

C.S. Li et al., Proc. Int. Conf. on Engineering and
Technological Sciences, October 2000, Beijing
(China), eds. J.Song, R.Y.Yin, New World Press,
p. 399-402 ; Proc. ICMC’2000, June 2000, Rio de
Janeiro (Brazil), submitted to Physica C ; preprint.
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3.7 Characterisation of High-TC

superconductors for use in the
high field NMR magnets

The critical current density (Jc) and the n-value (de-
fined below) are two important quantities describing
the ability of current carrying superconductor to re-
main in the permanent (superconducting) mode in
high magnetic field. Therefore, they are the key val-
ues in the characterisation of (high-Tc) superconduc-
tors for the applications in the high magnetic field
NMR coils. The point is that high magnetic field
is essential to increase the resolution and sensitivity
of NMR spectroscopy, however, the requirements of
very high field homogeneity and time stability (of
the order of 10−9) of such coils can be assured only
by superconducting wires.

In figure 3.9 the magnetic field dependence of Jc

for several low-Tc, Cu-embedded superconducting
wires is compared to a high-Tc Bi-2223/Ag tape. For
low-Tc superconductors strong decrease of Jc in the
15-20T range limits their use in high field ; actual
maximum field for NMR coils is 21 T. On the other
hand, for the Bi-2223/Ag tape Jc decreases only
very weakly (less than 20 % for the 8-28 T range)
up to the highest measured field. This confirms that
such tapes are indeed good candidates for the high
field applications, once we manage to control their
other ”mechanical” characteristics and reproducible
production. In particular, tapes should be robust
against the Lorentz force ; it is clear that for a given
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geometry of the coil, these effects can only be tested
in the high (i.e., real) field measurements.

Figure 3.10 shows U(I) curve for a Bi-2223/Ag
tape measured for currents higher than the critical
one. The important parameter here is the n-value
which is the slope of the curve (given in a log-log
plot), or equivalently, it is the exponent in the sup-
posed power-law dependence.

We measured several samples of high-Tc supercon-
ductors such as Bi-2223/Ag tapes with different fil-
ament numbers and portions of ceramic, silver, and
silver alloys. They have been mounted on a special
sample holder tip to allow for their thermal expan-
sion properties. To obtain a fine resolution in the ap-
plied electric field for the determination of n-values
(see figure 3.10), the lengths of the samples have
been chosen to be very large, up to 160 cm. These
are to our knowledge the longest samples measured
in such high magnetic fields up to now. The mea-
surements also revealed very good homogeneity of
the tapes. The starting point of all measurements
was taken at magnetic field of 10 T, then the field
was raised and after reaching the maximum value
reduced to zero. The highest n-value was observed
for the 85-filaments conductor. The 121-filaments
conductor showed the highest current density and
had only slightly reduced (less than the error bars)
n-value as compared to the 85-filaments conductor.

E.Mossang
T. Arndt (Vacuumschmelze GmbH, Hanau,
Germany)
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3.8 The effect of strain on High-Tc

superconductor tapes :
preliminary tests

The understanding of the effects of stress and strain
on the High Tc superconductor tapes are essential
for their applications in high magnetic field coils. A
study of these effects in collaboration between NRIM
in Tsukuba and GHMFL started in the end of 1999.
We investigate the effect of tensile and compressive
axial strain on the critical current Ic in high fields
parallel to the tape surface by using the equipment
in GHMFL, and in perpendicular fields and at high
temperatures by using the equipment in NRIM.

As the first step, we performed preliminary tests
to establish experimental procedure and techniques
for GHMFL’s strain apparatus (Walters Supercon-
ducting Current Strain Curve Apparatus (WASP),
which enables critical current measurements under
strain at low temperature and high magnetic fields).
At the moment, measurements are performed at liq-
uid nitrogen temperature only. The results of five
tests in the tensile mode show that the equipment
works as we expected ; Ic shows a slight linear de-
crease in the small strain region, followed by a large
drop when a strain tolerance is exceeded (see figure
3.11).

Figure 3.11: Normalised critical current Ic as a func-
tion of strain (which is proportional to the angle
given on the horizontal axis).

Figure 3.12: Ic(B) dependence of Bi-2223/Ag tape
used in the strain tests.

Following improvements are in progress :
1) exact calibration of the stress applied by the

mechanical movement of the equipment, and
2) the modification of WASP spring to allow the

operation in compressive mode.
We also performed Ic(B) characterisation of

Bi-2223/Ag tapes, which was and will be used in
WASP tests. A large hysteresis was observed (see
figure 3.12), which should be taken into account in
future strain experiments.

U. Beyer, E. Mossang
H.Kitaguchi (NRIM Tsukuba, Japan)



Chapter 4

MAGNETISM

47



48 ANNUAL REPORT 2000



MAGNETISM 49

4.1 Charge, orbital and magnetic
order in Nd0.5Ca0.5MnO3

The compound Nd1−xCaxMnO3 presents a very rich
phase diagram due to the interplay between charge
(Mn3+ and Mn4+), orbital (Mn 3d orbitals) and
magnetic order. In this series, charge ordering is
among the strongest so that it occurs well above any
magnetic order. For x = 0.5 [1], below TCO = 250 K,
Mn3+ and Mn4+become ordered (CO state) in zig-
zag chains with an incommensurate orbital order.
A commensurate orbital order is only achieved at
lower temperature and corresponds to the establish-
ment of an antiferromagnetic order : TN = 160 K.
The charge ordered state is unstable against mag-
netic fields and a ferromagnetic phase (FM) prevails.
The ferromagnetic double exchange interaction be-
tween Mn3+ and Mn4+ is responsible for this high
field phase. Using high field, high frequency Elec-
tron Spin Resonance measurements we have been
able to probe the whole phase diagram. For in-
stance, at 95 GHz, (figure 4.1), starting from high
temperatures, we observe a resonant signal first in
the charge disordered state (signal A), then in the
CO state (signal A’ for T > TN , signal C and D for
T < TN) while the CO/FM phase transition give
rise to the non resonant signal B. At 475 GHz (fig-
ure 4.2), we probe the charge disordered state which
becomes ferromagnetic below TC = 270 K as seen
from the opening of the ferromagnetic gap. We have
interpreted the ESR spectrum with a model includ-
ing the neodymium ions with a fast relaxation time
(quicker than the Mn3+/Mn4+ exchange character-
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Figure 4.2: ESR line position at 475GHz as a func-
tion of temperature. Inset : ESR spectrum at 145K.

istic time) and with a ferromagnetic polarization.
We have also shown that the charge disordered

state is characterized by ferromagnetic fluctuations
typical of the high field FM state. At TCO, these
fluctuations are completely destroyed, the CO phase
is not magnetically ordered and presents a low mag-
netic susceptibility. This gives rise to a suscep-
tibility peak at TCO, which is all the more pro-
nounced that TCO is closed to TC . This CO non
magnetic phase presents antiferromagnetic fluctua-
tions that grow when approaching TCO. There is
no signature of a phase separation between the CO
phase and the FM phase, contrary to what is ob-
served in La0.5Ca0.5MnO3. Below TN , antiferromag-
netic modes are observed. They depend whether the
magnetic field is swept upward or downward : the
neodymium ions become ferromagnetically polarized
with application of a magnetic field ; this polariza-
tion is strongly hysteretic. It is responsible for the
reentrance of the FM state at low temperatures.

[1] F. Millange et al., Phys. Rev. B 62, 5619 (2000).

F.Dupont, S. de Brion, G.Chouteau
F.Millange (CRISMAT, Caen)
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4.2 ESR study of the Tm3+ ions in
KTm(MoO4)2

Electron spin resonance experiments have been per-
formed on single crystals of KTm(MoO4)2 in order
to shed light on the magnetic ground state of the
Tm3+ ions (S=1, L=5, J=6) and on the role of the
ligand environment in the formation of the magnetic
properties of this compound. In the frequency range
from 10 to 190 GHz, the magnetic field dependence
of absorption spectra of the Tm3+ ions is studied
at helium temperatures for different crystal orienta-
tions.
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Figure 4.3: Positions of the ESR absorption lines
for the applied magnetic field rotated (a) in the ac-
plane and (b) in the bc-plane. The open circles
(◦) and the open triangles (�) represent experimen-
tal points for two different paramagnetic centres of
the Tm3+ ion. The local magnetic c′-axes of these
centres are turned in the ac-plane with an angle of
±(7.6±0.1)◦ from the c-axis. In the bc-plane the
field positions for these centres are coincident (solid
circles (•)). The solid lines are plotted using the ex-
pression Hres(α)cosα=const.

Two nonequivalent paramagnetic centres of the
Tm3+ ions in KTm(MoO4)2 are found (see figure
4.3). The local magnetic c′-axis of these centres are
turned in the crystallographic ac-plane and make up
an angle of ±(7.6±0.1)◦ with the c-axis.

The angular and frequency-field dependence of the
ESR spectra of the Tm3+ ions in single crystal of
KTm(MoO4)2 have been analyzed in the frame of
an ”Ising” model with a highly anisotropic spin-spin
interacton. It is shown that in the studied sys-
tem the phenomenological approach based on the
Hamiltonian for a non-Kramers doublet ground state
seems to be sufficient for the description of the res-
onance properties of the Tm3+ ions. Two lowest
crystalline Stark levels of the 3H6 term form a closely
spaced electronic doublet with a zero-field splitting
parameter ∆=2.33±0.02 cm−1 (69.9±0.5GHz) and
a single g-value 13.99±0.05 (see figure ??). This
nearly degenerate pair of crystal field levels consists
mainly of MJ=|±6〉.
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Figure 4.4: The frequency-field dependence
of the resonance line in KTm(MoO4)2 for
the external magnetic field along the c -axis.
The resonance condition for a microwave fre-
quency is (hν)2=∆2+(gcµBHz)2 (where ∆=hν0,
ν0=69.9±0.5 GHz). The inset shows the frequency
squared as a function of magnetic field squared.

The fact that the resonance line shape of the
Tm3+ ion is not the usual inhomogeneously broad-
ened asymmetric shape of a non-Kramers doublet,
but is relatively narrow (∆H1/2=500 G atH‖c′) and
approximately Lorentzian, indicates that the zero-
field splitting of Stark levels has a well fixed value.
The observed ESR linewidth in KTm(MoO4)2 has
been satisfactorily interpreted by the theory of the
dipolar broadening of magnetic resonance lines in
crystals.

V.A.Pashchenko, A.G.M. Jansen, P.Wyder
M.I.Kobets, E.N.Khats’ko (ILTPE, NASU,
Kharkov, Ukraine)

V.A. Pashchenko et al., Phys. Rev. B 62, 1197
(2000).
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4.3 Volume and field dependence of
the metamagnetic state in
Er1−xTxCo2 (T=Y, Tm)
compounds

In ErCo2 the first-order magnetic phase transition
observed at Tc=32 K is related to itinerant electron
metamagnetism (IEM) of the d electrons subsystem
(Co sublattice) driven by the onset of magnetic or-
dering in the Er sublattice. By employing magnetic,
specific heat, thermal expansion and resistivity mea-
surements we have recently shown that on substitut-
ing Er by Y, within a limited range of concentration
and/or pressure, the itinerant Co sublattice orders
magnetically at TCo

c which is lower than TR
c of the

Rare Earth sublattice [1]. This is referred either to
a weakening of the effective molecular field (HCo

fd )
acting on the Co sites owing to substitution, or to
a pressure-driven increase of the critical field (Hcr)
necessary to induce a magnetic moment on the Co
sites. On further increasing yttrium concentration
or pressure the Rare Earth sublattice only reveals
long-range order. In the case of substituting Tm in-
stead of Y for Er a closely related behaviour was
revealed [2].

Figure 4.5: Magnetization of various compounds
shows a slight hysteresis accompanying the metam-
agnetism of itinerant electrons.

Owing to the antiparallel coupling of both mag-
netic sublattices, the total effective field acting on
the Co sublattice is given by HCo

fd − Hext (which
is compared to Hcr). Thus a field-induced collapse
of the Co moments can be provoked for sufficiently
high external fields. We present magnetization stud-
ies on a number of substituted compounds indicat-
ing such a behaviour which we call an inverse IEM
(figure 4.5). The metamagnetic character of the
observed transition can be demonstrated by mag-
netostriction measurements. By further including
pressure-dependent magnetization and magnetore-
sistance data we have also studied the volume de-
pendence of inverse IEM with respect to Yamada’s
spin-fluctuation theory [3]. Finally, a complex mag-
netic state for the Rare Earth sublattice is deduced
from the magnetization data when the condition for
an induced Co moment is nearly fulfilled.

[1] R. Hauser et al., Phys. Rev. B 61, 1198 (2000).
[2] R. Hauser et al., J. Magn. Magn. Mater. 196-
197, 647 (1999).
[3] H. Yamada, Phys. Rev. B 47, 11211 (1993).

E.Chappel, G. Chouteau
R.Hauser, C.Kussbach, P.Rzeteki,
R.Grössinger, G.Hilscher (Institut für
Experimentalphysik, T.U. Wien, Austria)
Z. Arnold, J. Kamarad, A.S.Markosyan
(Institute of Physics of As CR, Praha, Czech
Republic)
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4.4 Coercivity and squareness
enhancement in ball milled
SmCo5 + NiO

Ball milling of SmCo5 powders is known to increase
their coercivity and remanence.

We have studied the structural and magnetic
properties of ball milled SmCo5 + NiO powders (1:1
weight ratio) milled during different times.

Similar to what is observed for pure SmCo5 the
coercivity increases with milling time. However, the
maximum obtained HC ≈ 1.5 T, is larger than the
one for pure SmCo5, (HC ≈ 1.1 T). Moreover, con-
trary to the strong dependence of HC on the milling
time for pure SmCo5, with a peak after 4 hours
milling, HC for SmCo5 + NiO is almost constant af-
ter the initial increase, even after a 32 hours milling
time. Furthermore, the squareness, which is the ra-
tio MR/MS of remanent to saturation magnetiza-
tion, for isotropic SmCo5 + NiO powders reaches
0.98 after 1 hour of milling and remains bigger than
0.85 after 16 h of milling. This is a considerable en-
hancement of the squareness when compared to pure
SmCo5 powders for which the ratio MR/MS quickly
falls below 0.7 (see figure 4.6).

The reason for these enhancements is twofold.
First, it has a structural origin. Indeed, NiO grains
separate SmCo5 particles strongly reducing the in-
tergranular exchange coupling between ferromag-
netic grains and leaving only dipolar interactions
between them. Second, NiO is antiferromagnetic
at room temperature and can induce an antiferro-
magnetic coupling between SmCo5 grains and the
NiO phase. It is well known that this mechanism
increases both coercivity and squareness.

F.Dupont, G.Chouteau
J. Sort, J. Nogues, S. Suriñach, J.S.Muñoz,
M.D.Barò (Dept. de F̀ısica, Universidad
Autonoma de Barcelona, Spain)
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4.5 High frequency EPR and
Mössbauer characterization of a
new peroxo-diferric complex
with an unprecedented spin
configuration : a S=2 system
arising from a S=5/2, 1/2 pair

Dioxygen binding and activation are important bio-
logical steps in the mechanisms of a number of met-
alloproteins. For metalloenzymes containing non-
heme diiron active sites, a peroxo-diferric species
is a key intermediate in the enzymatic mechanism.
To date, the binding modes of the peroxide re-
main to be fully established, and more examples
of chemical models are required. We studied a (µ-
oxo) diiron complex, Fe2O(pb)4(H2O)2(ClO4)4 (1),
containing the ligand pb [pb=(-)4,5-pinene-2,2’ -
bipyridine] that reacts with H2O2 to afford a mixture
of two peroxo adducts (see scheme below). One was
assigned as a (µ-1,2-peroxo)diiron(III) complex (2).
The second one is characterized as a (µ-oxo)-diferric
complex (3), exhibiting an unprecedented ground
spin state (S=2) derived from the coupling between
a low spin Fe(III) and a high spin Fe(III).
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The unusual spin configuration of 3 was deter-
mined thanks to the high frequency EPR spec-
troscopy (HF-EPR) and Mössbauer spectroscopy re-
sults. HF-EPR makes it possible to observe tran-
sitions of integer spin systems thanks to the in-
crease of the microwave quantum used in the spec-
trometer. This counteracts the effect of large zero
field splitting which is at the origin of the EPR-
silent character of non-Kramers systems at classical
frequency (X-band EPR). A multifrequency study
(190-325GHz) was performed to interpret unam-
biguously the different observed transitions (figure
4.7) because in all cases, the spectra were incom-
plete. Only two allowed (∆Ms=1) transitions of the
quintuplet could be observed, one along the parallel
axis (2.2 T at 325 GHz), one along the perpendicu-
lar axis (4.7, 6.2, 8.2 and 10.4 T at 190, 230, 285 and
345 GHz, respectively). The other features corre-
spond to ”forbidden” transitions (∆Ms >1). Fitting
parameters acceptable for all frequencies were found
only by taking into account an S=2 ground state :
D=-4.13 cm−1, g‖=1.95 and g⊥=2.00. The effec-
tive D-value of the high spin iron(III) can be es-
timated using the theory of spin projection, as-
suming that the principal axes of the local interac-

2 4 6 8
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B

A

Magnetic field (T)

Figure 4.7: Experimental (A and B) and simulated
(C) HF-EPR spectra of 5mM of 1 + 50 equiv. of
H2O2 in acetonitrile, measured at 230 (A) and 285
GHz (B and C) at 5K.

tions are collinear (D(S=2)=8/6∗D(5/2)) : D(S=5/2)=
-3.10 cm−1, the highest value for high-spin non-heme
ferric systems.

The apparent S=2 ground state has been corrob-
orated by Mössbauer spectroscopy. The spectrum
recorded at 4.2 K displays two doublets : one cor-
responding to a FeIII high spin (δ=0.43 mm.s−1,
∆Eq=0.49 mm.s−1), the other to a FeIII low spin
(δ=0.23 mm.s−1, ∆Eq=1.64 mm.s−1). Application
of a field (7 T) shows that the relaxation properties
of these two doublets are characteristic of an integer
spin system. In addition, the experimental data can
be fitted very well using the electronic parameters
determined by HF-EPR.

Taken together, HF-EPR and Mössbauer data de-
finitively assign complex 3 as an S=2 system derived
from the antiferromagnetic coupling of an FeIII

(S=1/2) ion and an FeIII (S=5/2) ion. The co-
ordination mode and the protonation state of the
peroxide ligand of complex 3 was proposed on res-
onance Raman and mass spectrometry results. In
conclusion, complex 3 could also be considered as
a new possible peroxo intermediate in the catalytic
cycle of non-heme diiron enzymes. Moreover, this is
the only example of a differic unit for which the two
iron(III) sites have different states of spin.

C.Duboc-Toia
H.Hummel, Y.Mekmouche, C. Lebrun,
M.Fontecave, S.Ménage (CEA-Grenoble)
V. Schünemann, F. Thomas, A.Trautwein
(Lübeck Universität, Germany)
R.Y.N.Ho, L. Que Jr. (University of
Minnesota, Minneapolis, USA)
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4.6 Single-molecule magnet
behaviour of a tetranuclear
iron(III) complex

Molecular clusters of magnetic transition metal ions
have been attracting increasing interest since the dis-
covery that they can behave as nanomagnets and
show magnetic bistability of pure molecular origin.
They have a very slow relaxation of the magnetisa-
tion at low temperature, thus showing a magnetic
hysteresis cycle similar to that observed for bulk
magnets. They are therefore called single molecule
magnets. The slow relaxation of the magnetisation
is due to the presence of an energy barrier to be over-
come in the reversal of the magnetic moment. In a
first temperature range, the relaxation time follows a
thermally activated behaviour : τ = τ0exp(∆/kBT ),
where ∆ is the height of the barrier and τ0 is a con-
stant factor. In order to have a barrier they must
have an Ising type anisotropy, which corresponds
to a negative zero-field splitting (ZFS) D. For ax-
ial symmetry, the height of the barrier is : ∆=|D|S2.

Fe4(OCH3)6(dpm)6 (1), where Hdpm = dipival-
oylmethane), is a new tetranuclear iron(III) clus-
ter which has a S=5 ground state and shows
superparamagnetic-like behaviour. An ORTEP
drawing of 1 is shown in figure 4.8. The molecule
has a C2 axis passing through Fe1 and Fe2 so that
all the iron atoms lie on a plane. The static sus-
ceptibility study indicates an S=5 ground state. It
comes from the antiferromagnetic coupling between
the central Fe ion and the peripheral ones.

The ZFS of the ground state has been precisely
determined from high frequency EPR. The spectra
recorded at 245 GHz on 1, shown in figure 4.9, have
several lines below the resonance of the free electron

Figure 4.8: ORTEP drawing showing the molecular
structure of 1 with the atom labelling scheme.
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Figure 4.9: HF-EPR spectra at 245 GHz and three
different temperatures of a polycrystalline sample of
1 pressed in a pellet (bold) and simulated spectra as-
suming S=5 (see text).

(8.75 T) and a broad band at higher field. The spac-
ing of the lines at low field is roughly regular and can
be attributed to a fine structure arising from the ZFS
of the ground S=5 multiplet. While at low temper-
ature the most intense line of the regular pattern
is the one at lowest field, on increasing the temper-
ature the intensity moves toward the centre of the
spectrum. A similar trend is observed on the high
field feature. On increasing temperature a set of nar-
row signals (figure 4.9) at g=2 also gains intensity
suggesting that it comes from excited multiplets. In
the approximation of axial symmetry, the system is
described by : H=µB(g‖SzBz+g⊥(SxBx+SyBy)) +
DS2

z . Good simulations of the spectra (shown in fig-
ure 4.9) are obtained with D=-0.20 cm−1, g‖=2.003
and g⊥=2.023. From the D value, the height of the
barrier is calculated to be ∆=7.2 K. This is larger
than obtained from the ac-susceptibility measure-
ments, where the temperature dependence of the
maxima in χ” leads to ∆=3.5 K. It seems to be gen-
eral that relaxation measurements show smaller bar-
riers than calculated from the ZFS, and has been ex-
plained with thermally assisted quantum tunnelling
effects. However, for 1 the experimental uncertainty
in the determination of the barrier through relax-
ation measurements does not allow a definitive con-
clusion at the moment.

A.L.Barra
A.Caneschi, F. Fabrizi deBiani, D.Gatteschi,
C. Sangregorio, R. Sessoli, L. Sorace
(University of Florence, Italy)
A.Cornia (University of Modena, Italy)
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4.7 Level-crossing probed by NMR
in the magnetic molecular ring
Fe6

A class of molecular magnets is formed by identi-
cal molecular rings isolated from each others by an
hydrophobic organic screen. As a consequence, the
intermolecular exchange interactions are negligible.
Thus, each molecule acts as a nanomagnet, whose
individual properties (between quantum and clas-
sical) can be studied by standard techniques like
nuclear magnetic resonance (NMR). Among these
rings, Fe10 and Fe6:Li are characterized by antifer-
romagnetic (AF) interactions between Fe(III) ions
with s = 5/2 (exchange constant J/kB = 13.8 K
and 13.7 K, respectively). The ground state of such
rings is nonmagnetic (total spin S=0). An exter-
nal magnetic field lifts the degeneracy of the S ≥ 1
levels, thus inducing level-crossing between the dif-
ferent levels. By increasing the field, the ground
state is changed from S=0 to S=1, from S=1 to
S=2, etc. Very recently, a 1H NMR study of
Fe10 powders could identify the level crossing fields
through marked peaks of the spin-lattice relaxation
rate 1/T1 vs. H [1].

In the present experiment, we have studied a
Fe6:Li single crystal (oriented with H at 70 degrees
from the Fe(III) plane), in order to avoid the distri-
bution of level-crossing fields related to the distrib-
ution of angles in Fe10 powders. We have measured
1H NMR spectra and T1 in the range 8-15 Tesla at
1.5 and 3 K as well as the T dependence of T1 be-
tween 1.5 K and 10 K at fields of 8, 11 and 15 T.

In figure 4.10 we report T1 vs. H results. A
peak of 1/T1 signals the first level-crossing field
Hcross � 11.8 T, and this peak has a sizeable width
at half maximum ∆H � 1.5 T. This is as broad as in
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Figure 4.10: Magnetic field dependence of proton
1/T1 at 1.5K (left scale) and at 3.0 K (right scale).
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Figure 4.11: 1H NMR spectrum at 15T. The vertical
line shows the position of zero shift.

Fe10 where the width was tentatively ascribed to a
distribution of crossing fields in the powder, and to
the thermal broadening [1]. The present experiment
shows that these explanations cannot hold : the sam-
ple is a single crystal and the broadening does not
seem to change appreciably from 1.5 to 3 K. Further-
more, we find a marked T dependence of 1/T1 at and
about level crossing (not shown), while T1 was T in-
dependent at level crossings in Fe10 [1]. At present,
we do not have clear interpretation of these features,
which may be related to fundamentals of low energy
excitations in these rings.

The 1H spectrum at 15 T shows several lines
which are not observed below the crossing field (fig-
ure 4.11). Actually, the magnetization of the system
increases abruptly when the ground state becomes
S=1. This ground state magnetization enhances the
magnetic hyperfine shift of protons. All these pro-
tons are coupled to Fe magnetic moments through
a direct dipolar interaction and possibly through a
contact hyperfine interaction for those protons that
lie close to Fe ligands. Thus the large magnetization
at high fields allows to resolve different groups of pro-
tons corresponding to different locations in the crys-
tal structure. A simulation of the spectrum based
on dipolar field calculation is underway.

[1] M.-H. Julien et al., Phys. Rev. Lett. 83, 227
(1999).
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4.8 NMR evidence for a ”generalised
spin-Peierls transition” in the
high magnetic field phase of the
spin-ladder Cu2(C5N2H12)2Cl4

Two-leg S=1/2 ladders are 1D objects formed by
two antiferromagnetically (AF) coupled Heisenberg
spin chains. In zero external magnetic field, their
ground state is a collective singlet state (S=0), sep-
arated by a gap ∆ from the first excited states which
are triplets (S = 1). As a consequence, the spin-spin
correlations remain of short range even when T → 0,
in spite of the strong interactions.

For H = 0, the gap is reduced as ∆(H) =
∆ − gµBH , and vanishes at the so-called quantum
critical point H = Hc1 = ∆/gµBH . At T=0, this
defines, in a purely 1D scheme, a (quantum) phase
transition between gapped singlet and gapless mag-
netic phases. For H > Hc1, the spin-spin correlation
functions of this gapless 1D spin system now diverge
(Luttinger liquid behaviour) as T is reduced towards
zero. This behaviour persists up to a saturation field
Hc2 where all spins are polarised by H . As a conse-
quence of this divergence, any transverse coupling Jt

between ladders should drive the system in the field
range Hc1 < H < Hc2 towards a 3D magnetic long
ranged ordering at low T . The nature of this 3D
phase, which is possibly gapped, is expected to be
highly unconventional, in particular in the vicinity
of the two quantum critical points.

The 1D features of the above phase diagram were
previously observed in NMR studies [1] of the spin-
ladder Cu2(C5N2H12)2Cl4 in which the low values
of the AF exchange coupling (between spins 1/2 on
Cu2+ ions) along the legs (J‖ � 3 K) and along the

H
 (

T
)

T (K)

0

2

4

6

8

10

12

14

16

0.1 1 10 100

Hc2

Hc1

para-
-magnetic

QC

LL

gapped
(fully polarized)

gapped
(spin liquid)

3D

T (K)

H
 (

T
)

0.0 0.5
7.5

8.0 3D

 

 

Figure 4.12: Phase diagram in the H − T plane as
determined from NMR experiments. The inset shows
the variation of Tc(H) in the vicinity of Hc1, the
solid line is a fit to ∝ (H −Hc1)2/3.
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Figure 4.13: Temperature dependence of 1H 1/T1 in
Cu2(C5N2H12)2Cl4 at different values of H.

rungs (J⊥ � 13 K), lead to experimentally accessible
values ofHc1 (� 7.5 T) andHc2 (� 13.5 T). As to the
existence of 3D ordering, specific heat measurements
in the field range 7-12 T have indeed revealed a phase
transition for T < 1 K [2]. However, no microscopic
experimental insight has been reported so far.

We have performed a 1H NMR study of
Cu2(C5N2H12)2Cl4 in the field range 7.5-14T, in-
cluding the T -dependence (in the range 70 mK-
1.2 K) of the lineshape and of the nuclear spin-lattice
relaxation rate 1/T1. From the splitting of NMR
lines, we define the transition line Tc(H) below which
3D ordering occurs (figure 4.12). In addition, we
observe through 1/T1 a drastic change in the low-
energy spin excitations starting above Tc, already at
�1.3 K (figure 4.13). This behaviour is correlated
with anomalous shift of some 1H lines, which we at-
tribute to the displacement of protons involved in
the exchange path along the legs of the ladder. We
argue that these results demonstrate the magneto-
elastic nature of the transition, which is in some way
analogous to the incommensurate magnetic phase of
spin-Peierls systems.

[1] G. Chaboussant et al., Eur. Phys. J. B 6, 167
(1998).
[2] R. Calemczuk et al., Eur. Phys. J. B 7, 171
(1999).
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(Spectrométrie Physique, UJF Grenoble)
O.Piovesana (University of Perugia, Italy)

H. Mayaffre et al., Phys. Rev. Lett. 85, 4795
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4.9 NMR investigation of the first
magnetisation plateau in a 2D
spin system SrCu2(BO3)2

Recent discovery of the spin-gap and the first
observation of magnetisation plateaus in a two-
dimensional spin system SrCu2(BO3)2 [1] has at-
tracted great experimental and theoretical interest.
This compound presents a realisation of the 2D
Shastry-Sutherland (SS) model, for which a simple
product of dimer singlets is known to be the exact
ground state in the range of exchange parameters
appropriate to this material. It has a spin gap of
35 K at zero magnetic field. Theoretical studies of
the SS model clarified almost localised nature of the
triplet excitations [2] and a possibility of the multi-
triplet bound states due to frustration of the lat-
tice. These predictions have been confirmed by re-
cent neutron and NMR experiments. The most re-
markable property of this material is the magnetisa-
tion under high field, which shows plateaus at frac-
tional values (1/8, 1/4 and 1/3) of the fully saturated
moment of 1 µB/Cu, suggesting a commensurate su-
perstructure of the triplet excitations.

Present study of SrCu2(BO3)2 is focused on the
first plateau of magnetisation, investigated by NMR
of 11B nuclei at magnetic field up to 28 T and
temperature down to 1.5 K. Interesting behaviour
was observed in the longitudinal and the trans-
verse relaxation rates (1/T1 and 1/T2) as shown
in figure 4.14. While at low magnetic field (16 T)
1/T1 shows an activated temperature dependence
expected for a spin-gap system, there is a broad
peak appearing near 2 K at higher field values (20 T)
which are, however, still lower than the critical field
H1

∼= 22.5 T where the gap is supposed to vanish
(figure 4.14a). This indicates that new excitations
are induced by the field at low temperatures and
is consistent with the magnetisation that starts to
grow already below H1. The peak becomes more
pronounced with increasing field up to 24 T. Above
26 T, where the magnetisation shows 1/8 plateau,
the peak moves to higher temperature suggesting a
development of the commensurate gap. However,
1/T2 (figure 4.14b) shows monotonic increase with
decreasing temperature at all fields. The contrast-
ing behaviour of 1/T1 and 1/T2 can be naturally
explained by different time scale of the measure-
ments, i.e., 1/T1 measures the spin fluctuations at
the nuclear Larmor frequency of several hundred
MHz, while 1/T2 typically measures the fluctuations
below 0.1 MHz. Therefore, present results suggest
that magnetic field induces very slow fluctuations of
magnetisation. This appears to be consistent with
almost localised nature of the triplet excitations in
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Figure 4.14: Temperature dependence of 11B NMR
1/T1 and 1/T2 in SrCu2(BO3)2 characterizes the
slow spin fluctuations appearing in the magnetic field
range between the spin gap closing and the first mag-
netisation plateau. Lines are guide to the eye.

this material. However, it seems incoherent with re-
cent theory on subcritical magnetic field inducing
bound pairs of triplets with large kinetic energy.

[1] H. Kageyama et al., Phys. Rev. Lett. 82, 3168
(1999).
[2] S. Miyahara and K. Ueda, Phys. Rev. Lett. 82,
3701 (1999).

M.Horvatić, C.Berthier
M.Takigawa, K.Kodama, H.Kageyama,
Y.Ueda (ISSP, University of Tokyo, Japan)
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4.10 Magnetic triangular layered
systems Li1−xNi1+xO2 and
NaNiO2

The AMO2 oxides (with A=Li, Na and M=3d-
metal) are promising materials for battery applica-
tions. A and M hexagonal layers alternate, and the
O ions connect the Ni ions both within the same
layer and between adjacent layers giving rise to ferro-
magnetic or antiferromagnetic interactions, depend-
ing on the bond angle between the relevant orbitals.
Since it has been proposed as the physical realiza-
tion of a quantum spin-orbital liquid, LiNiO2 is the
subject of special interest. In fact, although this sys-
tem clearly has ferromagnetic spin-spin correlations
at high temperature, different low temperature mea-
surements showed no long-range magnetic ordering.

In order to compare two isomorphic compounds,
we have undertaken a systematic study of both
Li1−xNi1+xO2 which always appears to be out of
stoichiometry, and NaNiO2 with more conventional
behaviour.

NaNiO2 has been studied by neutron-powder dif-
fraction up to high temperatures to follow the Jahn-
Teller (JT) transition. NaNiO2 undergoes a struc-
tural transition from a monoclinic structure char-
acterized by a ferrodistorsive orbital ordering to a
rhombohedral phase at around 480 K, this temper-
ature changing when cooling or heating the sam-
ples. The magnetic susceptibility also exhibits hys-
teresis with a change of the Curie-Weiss parame-
ters above the JT transition. Magnetization mea-
surements up to 23 T and submillimeter wave ESR
in the frequency region 48-380GHz have been per-
formed on NaNiO2 powders. At low temperature
the magnetization showed a spin-flop transition at
1.8 T. At 10 T saturation was attained for the first
time, its value confirming the low spin state of the
Ni3+ ions. The susceptibility exhibits a maximum at
TN=20 K with µeff =1.85µB and θ=+36 K. NaNiO2

is an A-type antiferromagnet : we derive JF =+13 K
and JAF =-1 K for the interactions between Ni ions
within and between adjacent layers, respectively, fol-
lowing the Goodenough-Kanamori-Anderson rules.
The AFMR spectra yield a gap of 52.5 GHz, in agree-
ment with the spin flop value derived from magne-
tization. The anisotropy of the g-factor observed at
100 K with g⊥ > g‖ can be attributed to the JT effect
for the Ni3+ ions, which stabilises the | 3z2 − r2 >
orbital occupation.

For LiNiO2 the situation is more complicated.
A detailed magnetization study including a quasi-
stoichiometric sample x <0.01, see figure 4.15,
showed that the behaviour of Li1−xNi1+xO2 goes to-
wards that of NaNiO2 as x→0. If we consider that
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Figure 4.15: Magnetization of NaNiO2 and various
quasi-stoichiometric Li1−xNi1+xO2 samples at 4K.

the always present Ni ions in the Li layers give rise to
the formation of ferrimagnetic clusters, we can sat-
isfactorily account for the drastic changes observed
on the magnetic properties as a function of x. In the
small x limit, the excess Ni ions will induce frustra-
tion going against the stabilisation of the long-range
magnetic ordering of NaNiO2. Furthermore, the val-
ues derived for the different couplings, from a mean
field calculation of the susceptibility at high tem-
perature seem very reasonable : the Ni3+-O-Ni3+

and Ni3+-O-Ni2+ interactions within the plane are
+10 K (comparable to NaNiO2) and 30 K, respec-
tively, while the JAF ∼-15K between Ni ions in ad-
jacent Ni and Li layers is strong, as expected.

However, although a local JT effect (also favoring
the | 3z2 − r2 > occupation) has been reported, the
absence of a macroscopic distorsion is very puzzling,
showing the necessity of further work to elucidate
the role of the orbital degrees of freedom.

E.Chappel, M.D.Núñez-Regueiro,
G.Chouteau, F.Dupont
C.Darie, O. Isnard (Cristallographie, CNRS,
Grenoble)
A. Sulpice (CRTBT, CNRS, Grenoble)
C.Delmas (ICMCB-CNRS and ENSCPB,
Pessac)
V.Bianchi, D. Caurant, N.Baffier (ENSCP,
Paris)

M.D. Núñez-Regueiro et al., Eur. Phys. J. B 16, 37
(2000).
E. Chappel et al., Eur. Phys. J. B 17, 609 and 615
(2000), Physica B (in press).
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4.11 ESR studies of the highly
frustrated pyrochlore
antiferromagnet Gd2Ti2O7

The magnetic properties of antiferromagnets with
competing interactions remain an open problem and
are therefore under intense investigation. The com-
petition arises from the geometry of the lattice,
based on either triangular or tetrahedral networks
of magnetic ions. In particular, the kagomé and py-
rochlore lattices have a high degree of frustration
and belong to the class of ”fully frustrated lattices”.
Many recent theoretical and numerical calculations
[1-2] in the quantum case (S=1/2) predicted that
these systems are likely to be spin liquids with a fi-
nite spin gap for the magnetic excitations. Electron
spin resonance (ESR) at different frequencies, mag-
netic fields and temperatures is a valuable tool for
the study of the excitation spectrum and the nature
of the ground state of these systems.

Gd2Ti2O7 belongs to the R2Ti2O7 (where R is a
rare earth element) family of pyrochlore magnets.
The three dimensional pyrochlore lattice of corner
sharing tetrahedra can lead to a high degree of frus-
tration, and in this case, depending on R, it can also
have various low temperature properties. Gd3+ (4f7)
is a spin only ion, i.e., in 8S7/2 configuration with-
out orbital moment and with the first excited level at
104 K. Therefore anisotropy and crystal field, which
play a large role in determining the magnetic prop-
erties of the other R2Ti2O7 materials, are expected
to be relatively unimportant.
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Figure 4.16: Temperature dependence of the reso-
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Figure 4.17: Frequency dependence of the ESR sig-
nals at 5K.

Electron spin resonance (ESR) measurements
were performed on single crystals of Gd2Ti2O7 at
different frequencies and temperatures. The low
temperature spectra show two broad lines whose res-
onance positions and linewidths are dependent on
temperature. This is clearly seen in the inset of fig-
ure 4.16 which depicts the ESR spectra measured at
the frequency of 54 GHz and with the magnetic field
parallel to the (111) axis of the crystal. The width
and position of the lines change as the temperature
is decreased, with the resonance peak of signal (2)
shifting enormously towards higher fields as shown
in figure 4.16.

The appearance of two lines in the ESR spectrum
suggests the presence of at least some local order ;
their behavior with temperature is as expected when
local static fields are present. Consequently these
lines would correspond to different magnetic modes,
as is also suggested by their frequency-field depen-
dence shown in figure 4.17. Calculations are under
way to determine these modes.

[1] B. Canals and C. Lacroix, Phys. Rev. Lett. 80,
2933 (1998).
[2] F. Mila, Phys. Rev. Lett. 81, 2356 (1998).

A.K.Hassan, L.P. Lévy
C.Darie, P. Strobel (Cristallographie,
CNRS, Grenoble)
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4.12 Origin and pressure
dependence of ferromagnetism
in A2Mn2O7 pyrochlores

The observation of colossal magnetoresistance
(CMR) in Tl2−xInxMn2O7 challenges our under-
standing of this phenomenon with important tech-
nological applications. In fact, their properties differ
from those considered essential for explaining CMR
in the perovskites by the double-exchange or the po-
laronic mechanisms. These compounds belong to the
larger family of A2Mn2O7 pyrochlores, the metal-
lic behaviour of A=Tl being the exception, since all
other members are insulators. But they all show
long-range ferromagnetic ordering and can be clas-
sified in two groups according to their transition
temperatures : TC ∼15 K for A=Y and Lu, while
TC ∼ 125 K for A=In and Tl [1].

Considering the Mn4+-O(I)-Mn4+ bond angle θ,
a ferromagnetic exchange between nearest-neighbor
(NN) Mn ions has been initially suggested [1]. How-
ever, measurements showing a decrease of TC with
increasing applied pressure for all A2Mn2O7 com-
pounds have been interpreted as being in contradic-
tion with this picture [2]. More exotic scenarios have
been proposed with antiferromagnetic coupling be-
tween NN Mn ions overcome by longer-range ferro-
magnetic interactions, due to the frustration of the
former in the pyrochlore lattice. But the structural
parameters of these systems make the justification
of the necessary exchange constants difficult.

Here we show, using a perturbation expansion in
the Mn-O hopping term t, that the observed weaken-
ing of the ferromagnetism with moderate pressures
can be understood within the conventional superex-
change model, provided that the intra-atomic Hund
interaction JO

H of the oxygen has a significant value,
while the excitation energy ∆ of the O(2p) electrons
to the empty eg levels of the localized Mn ions is
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Figure 4.18: Variation of J with the energy dif-
ference ∆ between O(2p) and Mn(eg) levels, for
JO

H=0.8 eV, Up=1eV, θ=133◦.
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Figure 4.19: Angle dependence of J for the simul-
taneous increase of ∆ and t. Continuous curve :
∆=0.08 eV, t=0.06 eV. Dashed curve : ∆=0.12 eV,
t=0.08 eV.

small. Comparison with other oxides should indi-
cate that these are reasonable assumptions. In fig-
ures 4.18 and 4.19 we take the conventional wis-
dom for JO

H and Up (Coulomb repulsion between 2
holes on the same O). The resulting exchange J is
ferromagnetic due to the θ ∼ 132◦, and when an
external pressure is applied ∆ increases while the
intra-atomic JO

H remains unchanged, inducing the
observed decrease of TC .

However, an additional mechanism is still neces-
sary to account for the TC ’s above 120 K. The impor-
tant difference between both groups of pyrochlores is
the nature of the A atom surrounded by inequivalent
oxygens, O(I) and O(II) being the more distant and
the closer ones, respectively. We propose a superex-
change coupling J

′
between the Mn(t2g) states me-

diated by the In(5s)/Tl(6s)-O(II)-O(I) bands, which
in this group of compounds are strongly hybridized
with the empty Mn(eg) orbitals. In those cases, the
conduction band approaches (in A=In) or crosses
the Fermi level (for A=Tl). Therefore, we expect a
relatively smaller decrease of TC (as observed) and
even a rise for higher pressures when these bands
are modified, lowering further their energies. Recent
measurements [3] confirmed this change of tendency
for Tl2Mn2O7, with the minimum TC at 1 GPa.

[1] Y. Shimakawa et al., Phys. Rev. B 59, 1249
(1999).
[2] Yu.V. Sushko et al., Physica B 259, 831 (1999).
[3] M. Núñez-Regueiro et al., Proceedings of MRS’99
(in press).

M.D.Núñez-Regueiro
C. Lacroix (Louis Néel, CNRS, Grenoble)

M.D. Núñez-Regueiro and C. Lacroix, Phys. Rev. B
63, in press (2001).
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4.13 Indirect hyperfine interaction
between nuclear spins
embedded into mesoscopic
systems

Indirect hyperfine coupling between nuclear spins,
via conduction electrons, is a well studied prob-
lem. The effective nuclear spins interaction en-
ergy can be written in a standard form E =
(I1,xI2,x + I1,yI2,y)A + I1,zI2,zB, where −→

Ii is mag-
netic moment of a nucleus, A and B are interaction
constants. The interaction constants A and B were
calculated, for exemple, by Ruderman and Kittel [1]
for the case of 3D pure metal in the absence of mag-
netic field and by Bychkov et al. [2] for the case of
2D electron gas in a magnetic field. Privman et al.
[3] have demonstrated the importance of this inter-
action for quantum computation devices.

We study theoretically the indirect coupling of nu-
clear spins embedded into a mesoscopic ring and into
a finite-length quantum wire, in magnetic field, via
the hyperfine interaction with the electrons. The
spin-diffusion coefficient A and the diagonal inter-
action coefficient B are calculated theoretically and
numerically as functions of the magnetic field and
nuclear spin positions.

The indirect coupling of nuclear spins embedded
into a mesoscopic ring were studied in two model
cases : infinitely narrow ring and a ring of finite, but
small width. The results obtained for these models
are in a good agreement. The dependence of the in-
direct coupling constants between two nuclear spins
located at ϕ = 0 and ϕ = π via an electron on
the magnetic field is presented on the figure 4.20.
We observe sharp maxima of effective interaction in

Figure 4.20: Magnetic field dependence of the con-
stants of effective interaction between nuclear spins
embedded into mesoscopic ring.

Figure 4.21: Dependence of the constant A of effec-
tive interaction between nuclear spins embedded into
finite-length quantum wire on nuclear spin position,
at finite temperature, with 10 electrons in the system.

narrow intervals of magnetic field.
We have also studied the indirect coupling of nu-

clear spins embedded into a finite-length quantum
wire. The effective interaction constants strongly
depend on the number of electrons in the system.
The B constant does not depend on the magnetic
field. We also considered the influence of a finite
temperature on the effective interaction. A typical
result is shown on the figure 4.21.

[1] M.A. Ruderman and C. Kittel, Phys. Rev. 96,
99 (1954).
[2] Yu.A. Bychkov et al., Solid State Comm. 94, 61
(1995).
[3] V. Privman et al., Phys. Lett. A 239, 141 (1998).

Yu.V. Pershin, I.D.Vagner, P.Wyder

Yu.V. Pershin et al., preprint,
arXiv:cond-mat/0011288.
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4.14 Magnetic fractal dimensionality
of the dielectric breakdown
under strong magnetic fields

Fractal properties are common to the dielectric
breakdown phenomena which range from an at-
mospheric lightning to electric treeing in polymers
and are of significant scientific and technical im-
portance. Filamentary gas discharges on insulating
surface exhibit remarkable similarities to breakdown
phenomena in long gaps, e.g., to atmospheric light-
ning, and thus offer the possibility to perform well-
defined model experiments in laboratory. In the ex-
periment by P.Uhlig et al. [1] a transverse high mag-
netic field was applied during the discharge evolu-
tion.

We study theoretically the formation of break-
down pattern on an insulating surface under the
influence of a transverse magnetic field. We have
generalized the Dielectric Breakdown Model (DBM)
and ”random walker” model for the case of external
magnetic field.

The main results of this work are as follows :
(1) Our model based on generelized DBM de-

scribes well the growing of the discharge pattern
complexity in the magnetic field (figure 4.22). As in
experiments, the radius of the curvature decreases
with increasing of the magnetic field. This radius is
much larger than the electron cyclotron orbit and re-
sults from the drift movement of the Larmor centers
of the gyrating electrons [1].

(2) We have introduced the concept of the Mag-
netic Fractal Dimensionality and have obtained its
saturation with growing magnetic fields. The Uni-
versal Magnetic Fractal Dimensionality equals 1.670
which is superior to 1.65, obtained in the absence of
a magnetic field.

(3) The results obtained with the use of modi-
fied active walker model are in a good agreement
with experiment. The magnetic interaction between
the current-carrying streamers results in the ”spider-
legs” like streamer patterns at lower fields (figure
4.23).

[1] P. Uhlig et al., Phys. Rev. Lett. 63, 1968 (1989).

Y.Ben-Ezra, Yu.V. Pershin, I.D.Vagner,
P.Wyder
Yu.A.Kaplunovsky (Physics and
Engineering Research Institute at Ruppin,
Israel)

Y. Ben-Ezra et al., arXiv:physics/0005002, Phys.
Rev. (submitted).

Figure 4.22: Computer-generated discharge patterns
in H =0. The white lines correspond to the leader
channels. In magnetic field they are distorted and
appear to have a circular shape outside the central
electrode region.

Figure 4.23: The ”spider-legs” form of the break-
down pattern following from the magnetic interac-
tion between the streamer currents (H∼0).
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5.1 Revisiting the vicinity of the
photodissociation threshold of
NO2

The NO2 molecule is a benchmark system for stud-
ies of various intramolecular phenomena such as
conical intersection, vibrational, vibronic and rovi-
bronic coupling, quantum chaos, and photodissoci-
ation. All these properties are observed in the first
electronic system, X2A1 → A2B2, that has the ad-
vantage of absorbing continuously in the whole vis-
ible range from 1.2 eV to 4 eV. In addition, fluores-
cence can be easily detected up to the photodis-
sociation limit D0 of the electronic ground state
X2A1. Conversely fluorescence cannot be observed
above D0, where highly sensitive absorption tech-
niques (see the CRDS experiment described in the
present report) or PHOFEX experiments are neces-
sary to observe the resonances. Note that around D0

the spectrum is so dense that high resolution spec-
troscopy, combined with supersonic jet cooling, is
necessary to avoid overlapping of neighboring lines.

The results reported below concern Laser In-
duced Fluorescence (LIF) spectra (FWHM of lines
∼= 0.004 cm−1), recorded between D0 - 133 cm−1

and D0. Note that the width of this energy range
is very small compared to the dissociation energy
D0

∼= 25129 cm−1. Previous LIF experiments have
been performed in the same energy range and have
allowed us to reveal anomalous properties of the
loosely bound states located in the vicinity of the
dissociation threshold D0. These properties are a
sudden increase of the density of states in the last
30 cm−1 below D0 and anomalous intensity ratios
between rotational lines.
The number of transitions observed in the new LIF

data is significantly higher than in the previous ex-
periment. For instance, 613 R0 lines have been ob-
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served within the last 133 cm−1 below D0, compared
to 464 R0 lines for the old data. These lines corre-
spond to excited rovibronic levels with a total angu-
lar momentum J=1/2 and 3/2. Assuming complete
mixing among the levels having the same quantum
number J and overall symmetry, the density of vi-
bronic levels (of both vibronic symmetries) is 1/3
of the density of rovibronic levels J=1/2 and 3/2
(see figure 5.1). R2 lines have also been clearly ob-
served and assigned. It has been possible to obtain
a reliable density of J=5/2 and 7/2 levels. Making a
similar assumption than for the J=1/2 and 3/2 levels
(i.e. complete rovibronic coupling among J=5/2 and
7/2 levels), the vibronic density can be estimated to
be 1/7 of the density of J=5/2 and 7/2 levels (see
figure 5.1). It is clear from this figure that both
estimations of the vibronic density are consistent.
Additionally, the vibronic density exhibits a sudden
increase below the dissociation threshold, attaining
at D0 a value that is almost 10 times larger (about
6 levels/cm−1) than the normal density at the same
energy (about 0.7 levels/cm−1).

Another result concerns the intensity ratio be-
tween R0 and P2 lines terminating on the same
excited states. We found, as shown in figure 5.2,
that these ratios scatter over 4 orders of magni-
tude. This is inconsistent with the standard way
of describing transitions between electronic states,
namely the Franck-Condon approximation for the
vibrational part combined with some appropriate 3J
symbols for the rotational matrix elements, that pre-
dicts that these ratios must be constant.

We suggest that the anomalies in density of states
and rotational intensity ratio have their origin in the
long range behavior of the dissociating potential en-
ergy surface. See for this aspect of the problem the
report on the calculation of the density of states.

S. Heilliette, A. Delon, P.Dupré, R. Jost
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5.2 Jet-cooled gaseous NO2

spectrum by Cavity Ring Down
Spectroscopy at the dissociation
threshold

We have demonstrated that the Cavity Ring Down
Spectroscopy (CRDS) technique is very well adapted
for studying gaseous molecular species, especially
when the collection of Laser Induced Fluorescence
(LIF) is not possible or when LIF just does not ex-
ist. The CRDS technique is basically an absorption
technique and offers the possibility of measuring the
absolute value of the absorption coefficient (α) of the
Beer-Lambert law. The very good sensitivity (can be
ppb/cm) of the technique allows to study traces of
contaminants or weak molecular transitions. By ex-
ploiting this last property we are opening a new area
for the spectroscopy of gaseous molecular species.
Here, we will demonstrate the power of the CRDS
technique for probing non fluorescing energy levels
above a dissociation threshold.

The principle of the CRDS technique is quite sim-
ple, since it consists in injecting and controlling a set
of photons inside a high-Q optical Fabry-Perot cav-
ity. After interrupting the photon injection, the time
decay of the electromagnetic field trapped inside the
cavity is measured. This decay time follows an expo-
nential decay with a very good approximation. With
the best mirrors that one can now get in the blue en-
ergy region, the decay time can reach 30 µs. When
the cavity is evacuated, this decay time τe charac-
terizes the quality of the reflection coefficient of the
mirrors. When the cavity contains the species under
investigation, the existence of absorption transitions
shortens this decay time (τrd < τe). A simple re-
lation allows to determine the absolute absorption
coefficient α from these two decay times. A good
control of the transversel modes is possible and the
TEM00 mode is greatly supported. A piezo elec-
tric actuator sitting on one of the mirrors allows the
necessary cavity-length fitting, such that one longi-
tudinal cavity mode can be fitted to the wavelength
of the incoming electromagnetic field. Consequently,
it is possible to keep the cavity almost permanently
tuned to the frequency of the incoming laser beam
when the laser is scanned [1]. To achieve high resolu-
tion spectra and to be get rid of the rotational struc-
ture, our CRDS experimental setup (cavity length :
∼ 0.35 m) is associated to a slit nozzle supersonic
jet expansion (length : ∼ 30 mm, residual doppler
broadening ∼ 140 MHz FWHM). The used laser
source (monomode CW-Titanium:Sapphire laser) is
frequency doubled to probe the energy region of in-
terest around 25125cm−1.

Figure 5.3 shows the NO2 spectrum in the

vicinity of the dissociation threshold D0 (NO2 →
NO + O). The bottom panel displays the LIF spec-
trum recorded at the same time as the CRDS spec-
trum (top panel). The former spectrum clearly
shows the entire disappearance of the signal above
the dissociation threshold (∼ 25128.57 cm−1). On
the other hand, the CRDS spectrum exhibits reso-
nances below and above this energy. Note that in the
energy region in between D0 and D0 -2.35 cm−1 only
”regular” qR0(0) lines are observable, while below
this energy we expect additional qP0(2) lines (due
to the low rotational temperature resulting from the
jet expansion, we expect few lines from higher ro-
tational energy levels). However, the pattern recog-
nition of pairs of (qR0(0), qP0(2)) lines is usually
difficult because the chaotic behavior of the rota-
tional structure of the energy levels at this energy,
i.e., the line intensity is random (see contribution of
the group in the present report). This is true for
both, the ”regular” lines and the resonances.
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Figure 5.3: The jet-cooled absorption NO2 spectrum
around the dissociation threshold. 0.01% of NO2 is
seeded inside the carrier gas (He) at a pressure of
1.5 bar. Slit : 45 µm x 30 mm.

A resonance analysis is possible and, inside the en-
ergy range of interest ∼ 20 cm−1, dissociation times
in-between 7 and 300 ps are deduced. This result
can be favorably compared to the dissociation rate
obtained from the RRKM theory.

In conclusion, the CW-CRDS technique is an
unique tool for probing non-fluorescent species. For
the molecular NO2 system, we show that it really im-
proves the results obtained previously with pulsed
sources (like PHOFEX) where the spectral resolu-
tion is not good enough.
[1] D. Romanini et al. Vibrational Spectroscopy 9, 93
(1999).

P.Dupré, S. Heilliette, A. Delon, R. Jost
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5.3 Visible - infrared double
resonance spectroscopy using cw
lasers

Double resonance experiments are commonly used in
molecular spectroscopy, in order to prepare, with a
first laser at frequency ν1, an ensemble of molecules
in an intermediate state. Then, the frequency ν2 of
a second laser is scanned, allowing to obtain spectra
from a unique, well defined intermediate state. Most
of these experiments (if not all) are performed by us-
ing pulsed lasers, that have the advantage of provid-
ing an instantaneous high density of energy, which
is necessary to bring a significant proportion of the
molecules in the intermediate state. Conversely, the
spectral bandwidth of these lasers (> 1 GHz) does
not allow to record very high resolution spectra. We
report below one of the first double resonance ex-
periment in molecular spectroscopy using cw lasers,
the ultimate resolution of which being theoretically
a few MHz.

The NO2 molecule has been chosen, because of
the very dense absorption spectrum in the vicinity
of its dissociation threshold D0 at ∼= 25129cm−1.
A slit supersonic jet is used to rotationally cool
down the NO2 molecules and to simplify the exci-
tation spectrum of the first cw ring dye laser. Then,
the frequency ν1 of this laser is parked on the top
of the chosen excitation line, around 17500cm−1.
The molecules of the narrow class of velocities de-
fined by the laser bandwidth (∼= MHz) are therefore
prepared in an intermediate state with well defined
quantum numbers J, N, and K. The stability of the
ν1 frequency (against long time drifts or unlock-in
processes) is controlled by recording the fluorescence
at frequencies lower than ν1. The second infrared
diode laser, at frequency ν2 around 7600 cm−1 is
scanned. Two signals can be recorded versus ν2 :
either the fluorescence emitted at frequencies lower
than ν1 +ν2 but higher than ν1 or the absorption by
measuring the cavity ring down (CRD) decay time,
τ , of the infrared beam. As a matter of fact, the
supersonic jet is located inside a resonant optical
cavity designed for a CRD experiment using the in-
frared laser. Note that the fluorescence cannot be
detected when exciting the molecules above the dis-
sociation threshold, i.e. ν1 + ν2 > D0, because the
molecules do not fluorescence any more. Contrarily,
absorption still occurs above D0. The first exper-
imental results indicate that the S/N ratio of the
fluorescence signal (below D0) is better than that of
the absorption signal. In addition, the fluorescence
S/N can be significantly increased by improving the
light detection in space (larger numerical aperture of
the collection optics) and in time (better suited time
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Figure 5.4: Global view of a 50GHz scan, with a
zoom around the more intense line (0 of energy scale
is around 25112 cm−1).

gates of photon counting). To be able to detect reso-
nances above D0, which do not fluoresce and that are
typically 100 times wider than excitation lines below
D0 (FWHM ∼= 10 MHz) and consequently 100 times
weaker (in intensity), it is necessary to improve the
CRD sensitivity by 2 orders of magnitude.

As a first preliminary test we have recorded
the double resonance fluorescence spectrum from
an intermediate J=3/2, N=1, K=0 level at
17492.69 cm−1. The infrared diode laser is then
scanned over about 50 GHz, allowing to observe
about 20 transitions (see figure 5.4 including a zoom
around the more intense line). The improvement of
such spectra will allow to characterize more precisely
the loosely bound states of NO2 and especially their
density versus their overall symmetry and quantum
number J.

S. Heilliette, R. Jost, A.Delon
D. Romanini (Spectrométrie Physique, UJF,
Grenoble)
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5.4 Influence of the long range
interactions on the density of
states of triatomic molecules in
the vicinity of their dissociation
threshold

Various statistical theories (like RRKM, SACM or
PST) are used in order to describe unimolecular re-
actions (molecular dissociation) when the classical
dynamics is chaotic due to a strong coupling between
the internal degrees of freedom of the molecule. The
average time needed by the reactants to find their
path to the exit channel increases with the size of
the phase space volume to explore. Therefore, all
these theories predict that the dissociation rate is
inversely proportional to the density of states (DOS)
of the reactants.

The NO2 molecule is one of the rare triatomic
molecules for which it is possible to have experi-
mental access to all the vibronic states up to the
dissociation threshold. This is due to the strong
coupling between the ground and the first excited
states. The fluorescence spectra allowed us to esti-
mate the vibronic DOS, which is well described by
standard models involving the two electronic states
except for the last 150 cm−1 where an unexpected
increase of the DOS is observed.

In order to explain this effect, we have suggested
that the long range electrostatic interactions be-
tween the NO diatom and the oxygen atom (i.e.
dipole-quadrupole, quadrupole-quadrupole and dis-
persive interactions which scale respectively as R−4,
R−5, and R−6) are responsible for this effect. These
weak attractive interactions, which are not included
in the standard density of states models, increase
the number of bound states of the molecule in the
vicinity of the dissociation threshold. This kind of
effect is already well-known for diatomic molecules,
but it is the first time to our knowledge that it is
observed for a polyatomic molecule.

In order to test our hypothesis, we need a potential
energy surface (PES) reliable both at short and long
range (where electrostatic interactions occur) and a
calculation of the corresponding DOS. Concerning
the first point, we have set up a collaboration with
J.C. Rayez, T. Stoecklin and D. Reignier from the
Université de Bordeaux and S.Y. Grebenshchikov
from the MPI of Göttingen who are able to calcu-
late realistic ab initio PESs. Concerning the sec-
ond point, we have set up a ”light” DOS calculation
method which mixes quantum mechanical and semi-
classical calculations.

This adiabatic method is based on the assump-
tion that in the vicinity of the dissociation threshold
the ”orbital” motion of the oxygen atom around the
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Figure 5.5: A comparison between the calculated
DOS with our model and the typical prediction of
the standard DOS models. The integrated area is
equivalent to about 60 ”supplementary” states. The
dissociation threshold D0 is greater than the classi-
cal threshold (at E=0) due to the zero point energy
of NO.

NO diatom is slower than the vibrational motion of
NO. Therefore, the vibrational motion of the diatom
is treated in a quantum mechanical way whereas the
orbital motion is treated in a semi classical way (just
like in the Born-Oppenheimer approximation where
the electronic and nuclear motions are treated se-
paretely). We have first tested our method with a
simple but crude model for the PES. With this PES,
isotropic long range interactions can be switched on
and off with two non equivalent NO bounds. Re-
cently, we have performed a calculation with the
PES of the ground state from Bordeaux (figure 5.5).
The short-range part of this PES was calculated
ab-initio and the long-range tail including the long
range interactions was calculated with the classical
anisotropic formulas. To do the DOS calculation
with this PES, we have modified our method in or-
der to be able to treat a symmetric PES where the
two NO bounds are equivalent. We see an increase
of the DOS comparable with the effect observed on
the model surface. The comparison with the experi-
mental results needs a calculation on the first excited
surface, which is in progress.

S.Heilliette, A.Delon, R. Jost
D.Reignier, T. Stoecklin, J.C.Rayez
(Université de Bordeaux)
S.Yu.Grebenshchikov (MPI Göttingen,
Germany)
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6.1 Magneto-chiral enantioselective
photochemistry

There is a strong phenomenological resemblance
between natural and magnetic circular dichroism.
Both represent a difference in absorption/emission of
left and right circular polarized light, the former in
optically active media, the latter in media subject to
a magnetic field −→

B parallel to the wave vector of the
light −→

k . The two effects however have completely
different origins. Natural circular dichroism (NCD)
is a result of a non-local optical response, whereas
magnetic circular dichroism results from the break-
ing of time-reversal symmetry by the magnetic field.
Under conditions where both effects occur simulta-
neously, a physical situation has been realized that
allows for a new effect to manifest itself. This ef-
fect, which can be considered as a cross-effect of nat-
ural and magnetic circular dichroism, was predicted
theoretically and called magneto-chiral anisotropy
(MChA). It represents a contribution to the refrac-
tive index of a chiral medium in a magnetic field
proportional to −→

B · −→k , independent of polarization,
and of opposite sign for the two enantiomers (mirror
images) of the medium.
In photochemistry, the reaction rate depends on

the absorption coefficient. The difference in absorp-
tion coefficient due to MChA between the two enan-
tiomers implies that in prochiral photochemical re-
actions, the reaction product is influenced by a mag-
netic field. In particular, an enantiomeric excess (ee)
proportional to −→

B · −→k is predicted. We have ob-
served such an excess in the photoresolution of the
Cr(III)tris-oxalato complex. This complex exists in
a right- and a left handed version, is unstable in solu-
tion and spontaneously dissociates and re-associates.
In equilibrium, one has a racemic mixture (equal
concentrations of right- and left handed complex).
The dissociation is accelerated by the absorption of
light, so under irradiation in a magnetic field, one
enantiomer will dissociate more often, whereas the
re-association is random. This leads to an excess
of the less absorbing enantiomer, the handedness of
which depends on the relative orientation of −→B and−→
k .
We have developed an analytic model to de-

scribe the evolution of the concentrations of the
enantiomers and the polarization state of the light,
which predicts that ee = gMChA/2, where gMChA

is the magneto-chiral anisotropy factor; gMChA ≡
2{ε(k ↑↑ B) − ε(k ↑↓ B)}/{ε(k ↑↑ B) + ε(k ↑↓
B)} and ε is the optical extinction coefficient. We
have experimentally determined this parameter for
enantiomerically pure Cr(III)tris-oxalate. Figure
6.1 shows the comparison between the measured
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Figure 6.1: Comparison between the enantiomeric
excess ee of Cr(III)tris-oxalate observed after un-
polarized irradiation in magnetic field, with the
magneto-chiral anisotropy factor gMChA measured
on enantiomerically pure Cr(III)tris-oxalate.

ee, starting from a racemic mixture under unpolar-
ized irradiation in magnetic field and the measured
gMChA. The good agreement between the two re-
sults confirms the mechanism for the creation of an
enantiomeric excess with unpolarized light in a mag-
netic field.

G.L.J.A.Rikken, E.Raupach
C. Train, B. Malézieux (Université P. et
M.Curie, Paris)

G.L.J.A.Rikken and E.Raupach, Nature 405, 932
(2000).
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6.2 Chiral symmetry breaking in
photo-crystallization

A small excess of a certain handedness (enan-
tiomeric excess) can be generated by magnetochi-
ral anisotropy. Are there mechanisms to amplify
this excess ? We will show that crystallization un-
der influence of irradiation can provide such an
amplification demonstrated here in the growth of
α−Nickel sulfate hexahydrate.
Figure 6.2 shows our photocrystallization setup.

The saturated nickel sulfate aqueous solution is put
in a jacketed beaker of which the temperature is con-
trolled by a programmable water bath. The recipient
is closed with a petri dish through which a polarized
laser beam illuminates the whole surface of the solu-
tion. Since the laser beam is absorbed in the solution
it penetrates only millimeters into it. To assure that
a maximum number of nucleations is influenced by
the polarized light the surface is held at a tempera-
ture of some degrees lower than the rest by allowing
a net flow of heat upward through the petri dish.
The whole crystallization process takes 16 hours to
produce around 60 crystals with sizes around some
millimeters. The chirality of each of the crystals is
then determined through absorption measurements
with circularly polarized light using the crystals nat-
ural circular dichroism.
Figure 6.3 shows the result of a dozen analysed

crystal batches. The enantiomeric excess in a batch
is characterized by ∆N

N = ND−NL

ND+NL
. As you can see

in figure 6.3 the enantiomeric excess changes from
around +0.7 to 0 and to -0.7 when the polarization
of the incident light is changed from left-circularly to
linearly and to right-circularly polarized light. This
large excess results from a rather small difference in
absorption for circularly-polarized light of the two
enantiomers (natural circular dichroism) of our crys-
tal which is of the order of 8%. We think that this
can be explained by the fact that the crystal for-
mation of the enantiomer which absorbs more light
is repressed due to a local elevation of temperature
forcing small crystal formations to dissolve. If the
solution is held near to saturation limit, this can re-
sult in the observed excess of one chirality chosen by
the polarization of the incident light.

C.Koerdt, A.W.McConnachie,
G.L.J.A.Rikken
G. Wagnière (University of Zürich,
Switzerland)
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Figure 6.2: Crystallization setup for chiral symmetry
breaking with circularly polarized light.
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Figure 6.3: Enantiomeric excess as a function of the
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6.3 Inverse magneto-chiral
anisotropy

Recently, at the GHMFL, magneto-chiral anisotropy
was for the first time experimentally observed. This
effect implies a difference between the optical prop-
erties of chiral materials for unpolarized light prop-
agating either parallel or anti-parallel to an external
magnetic field. It is described by a dielectric con-
stant of the form :

ε±(k,B) = ε± αd/l k ± β B + γd/l k · B
where + (−) refers to right (left) circularly polar-
ized light and d (l) to a right (left) handed medium.
The second term on the right-hand side describes op-
tical activity, whereas the third term describes the
Faraday effect. The fourth term describes the newly
discovered magneto-chiral effect.
From symmetry arguments, one can deduce that

also an inverse magneto-chiral effect should exist ;
an unpolarized light beam propagating in a chi-
ral medium will generate a magnetization, the sign
of which only depends on the handedness of the
medium. This is the optical analogue of the mag-
netic field that is generated by an electric current
traversing a helix. In nonlinear optical terms, it
can be regarded as optical rectification involving an
electric and a magnetic field at optical frequency.
This effect has been called inverse magneto-chiral
anisotropy (IMChA), and has so far not been ob-
served. The Faraday effect is also accompanied by an
inverse effect ; the generation of a magnetization by
circularly polarized light, the sign of which depends
on the handedness of the light. Following the estab-
lished theory for the relation between the Faraday
effect and its inverse effect, we have deduced for the
induced magnetization M of the inverse magneto-
chiral effect :

M =
γ

ελc
I

where I is the optical intensity and λ the vacuum
wavelength of the light.
Already the inverse Faraday effect is difficult to

detect because it is small. The inverse magneto-
chiral anisotropy is estimated to be two to three or-
ders of magnitude smaller and its detection presents
therefore a major experimental challenge. We have
constructed a setup to detect IMChA by measur-
ing the magnetization, induced by a pulsed Nd:YAG
laser in chiral crystals, by means of a pick-up coil.
We are now able to routinely detect the inverse Fara-
day effect, (see figure 6.4) and further improvements
are being made to improve the sensitivity and to re-
duce stray light effects. Furthermore, efforts are un-
derway to identify the most suitable candidates to
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Figure 6.4: Magnetization detected by pick-up coil,
induced by left circularly polarized light pulses in a
quartz crystal.

show a (relatively) strong IMChA. A reliable con-
firmation of the existence of the effect requires the
availability of both handednesses, which is far from
trivial.

G.L.J.A.Rikken
G. Wagnière (University of Zürich,
Switzerland)
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6.4 Magneto-electric Jones
birefringence

In his classical 1948 paper on the propagation of light
in anisotropic media, R.C. Jones has shown that four
fundamentally different linear optical effects should
exist, each of which is described by a complex pa-
rameter, the real part of which describes refraction
and the imaginary part of which describes absorp-
tion. Well-established are refraction/absorption,
circular birefringence/dichroism and linear birefrin-
gence/dichroism. In each of these cases, the effect
may be induced by external influences, like a mag-
netic field or pressure. The fourth effect, called
Jones birefringence/dichroism, implies the existence
in a uniaxial medium of two additional, perpen-
dicular preferred axes, that bisect the normal pre-
ferred axes and that give rise to an additional lin-
ear birefringence/dichroism. This effect has so far
not been observed experimentally. This is not only
because the effect is weak, but because it can ex-
ist only in media in which intrinsically a normal
birefringence/dichroism is present, which in general
will be stronger and can mask the Jones birefrin-
gence/dichroism.
Jones birefringence should also occur when uni-

axiality is induced by combined, parallel electric
and magnetic fields in all media. This opens the
possibility to detect the effect by modulation tech-
niques. The experimental verification of the exis-
tence of Jones birefringence should consist of mea-
suring a difference in refractive index for light, prop-
agating perpendicular to the external electric and
magnetic field, with a linear polarization under +45
and -45 degrees with respect to these fields. We have
modified the existing Cotton-Mouton setup at the
GHMFL to do such measurements. It requires turn-
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ing the polarization of the light incident on the sam-
ple over 45 degrees, and adding an alternating elec-
tric field at low frequency to allow for phase-sensitive
detection.
With this setup we have observed the magneto-

electric Jones birefringence in several molecular liq-
uids, illustrated in figure 6.5. Figure 6.6 shows the
observed dependence of the Jones birefringence on
the applied external electric and magnetic fields. All
dependences are in agreement with the predictions
for magneto-electric Jones birefringence.

T. Roth, G.L.J.A.Rikken

T.Roth and G.L.J.A.Rikken, Phys. Rev. Lett. 85,
4478 (2000).
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6.5 Magneto-electric birefringence of
the quantum vacuum

Non-linear optical phenomena in vacuum have been
predicted since 1935 in the framework of quantum
electrodynamics. In particular, the existence in the
vacuum of a linear birefringence induced by a trans-
verse static magnetic field (the Cotton-Mouton ef-
fect), or by a transverse static electric field (the
Kerr effect), has been predicted. Due to their small-
ness, the experimental verification of these phenom-
ena is still lacking. Most of the attention has con-
centrated on the Cotton-Mouton effect for practi-
cal reasons ; the linear birefringence induced by a
transverse magnetic field of 1 Gauss (10−4 T ) equals
the one induced by an electric field of 1 statvolt/cm
(3 · 104 V/m). Magnets providing fields of 3 · 105

Gauss (30Tesla) over centimeter lengths are avail-
able in our laboratory, but the corresponding elec-
tric fields of 3 · 105 statvolt/cm (9 GV/m) are not
easily accessible.
We have calculated the optical properties of the

vacuum when a static magnetic field B0 and an elec-
tric field E0 are applied perpendicular to the direc-
tion of light propagation. Under these conditions,
magneto-electric linear birefringence and magneto-
electric Jones birefringence have recently been ob-
served in molecular liquids in our laboratory. Start-
ing from the Heisenberg-Euler Lagrangian,

L =
1
2

(
E2 − B2

)
+

1
2
ξ
[(

E2 − B2
)2

+ 7 (E · B)2
]

where ξ = e4�/45πm4c7 = 2.67 ·10−32 G−2, we have
found that when B0 and E0 are perpendicular, a lin-
ear birefringence exists between light polarized par-
allel to E0 and polarized parallel to B0 :

∆n ≡ nE0 − nB0 =
3
2
ξB2

0 +
3
2
ξE2

0 + 3ξE0B0

in which we can recognize a Cotton-Mouton bire-
fringence ∆nCM ≡ n‖ − n⊥ = 3

2ξB
2
0 , a Kerr bire-

fringence ∆nK ≡ n‖−n⊥ = − 3
2ξE

2
0 and a magneto-

electric linear birefringence ∆nME ≡ nE0 − nB0 =
3ξE0B0. The Cotton-Mouton and Kerr results agree
with earlier predictions. In a magnetic field of 3 ·105

Gauss (30 T) and an electric field of 3 · 103 stat-
volt/cm (9 · 107 V/m) this results in ∆nCM = 3.5 ·
10−21, ∆nK = −3.4 ·10−25 and ∆nME = 7.2 ·10−23.
When B0 and E0 are parallel, we have found a lin-

ear birefringence between light polarized +45o and
-45o with respect to the fields :

n+45◦ − n−45◦ = −3ξE0B0.

This corresponds to magneto-electric Jones birefrin-
gence.
Our calculations show that both the magneto-

electric linear birefringence and the magneto-electric
Jones birefringence, predicted and observed for
molecular liquids, also exist in vacuum, and that
they are relatively strong :

ηME ≡
∣∣∣∣

∆nME√
∆nK∆nCM

∣∣∣∣ =
∣∣∣∣

∆nJ√
∆nK∆nCM

∣∣∣∣ ≡ ηJ = 2

The molecular predictions and experiments also give
∆nME = ∆nJ . Symmetry arguments suggest that
such a relation always holds true for weak fields
in media that are isotropic in the absence of ex-
ternal fields. Estimates for atomic hydrogen give
ηME ≈ 0.016, whereas recent experiments on mole-
cular liquids show that ηJ ≤ 3.6 · 10−3. From this
point of view it would be advantageous to search
for the magneto-electric birefringences of the vac-
uum, instead of for its Cotton-Mouton effect, as un-
wanted contributions from residual gas molecules,
windows, mirrors etc. are relatively much weaker
for the magneto-electric case. An additional advan-
tage is that electric fields can be relatively easily
alternated at high frequencies, allowing for phase
sensitive detection techniques to increase sensitivity.
However, in contrast to the Cotton-Mouton effect,
the magneto-electric birefringences do not give rise
to an accumulation of the phase differences on the
forth and back paths inside an optical cavity, but to
a cancellation. One therefore has to use a ring cavity
to increase the effective path length of the light.

G.L.J.A.Rikken
C. Rizzo (Université Paul Sabatier,
Toulouse)
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6.6 Faraday effect in photonic
crystals

Photonic band gap materials (”photonic crystals”)
are periodic dielectric structures designed to play a
role in photon control as important as semiconduc-
tors do for electrons. The propagation of light in
such structures is strongly affected by the period-
icity, resulting in so-called stopbands, consisting of
crystal directions and wavelength intervals for which
the intensity of an incident beam exponentially de-
cays into the crystal.
In recent years, there have been important ad-

vances in the synthesis of 3D periodic dielectrics in
the optical regime, though defects - especially stack-
ing faults and small domain sizes - put still certain
limits to the optical quality.
So far, neither theory nor experiments have been

reported for the effect of magnetic fields on the prop-
agation of light in photonic crystals. We have per-
formed Faraday effect measurements in crystals con-
sisting of an fcc packing of silica spheres, where the
voids between the spheres are filled with a liquid
with a large Verdet constant, along the [111] direc-
tion of the crystal. Figure 6.7 shows our experimen-
tal setup which uses an alternating magnetic field
and phase sensitive detection. A tunable dye laser
serves as coherent light source and supplies us with
the light power we need in the range of the stopband
where the transmission is very low. Care needs to be
taken to find a position on the crystal where defects
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Figure 6.7: Experimental setup to measure Faraday
effect in photonic crystals.
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Figure 6.8: Transmission (hollow points) and Verdet
constant (solid squares) of an impregnated silica
photonic crystal as a function of wavelength. Up-
per doted line is a fit to the Faraday rotation data
(crosses) in pure liquid. The same data, reduced by
a volume fraction of the liquid in the crystal, define
the lower dotted line.

are rare, so that there is enough coherently trans-
mitted light which needs to be discriminated from a
diffusively scattered background.
Figure 6.8 shows the optical transmission (hol-

low points) and the Faraday effect (solid squares) 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 (lower dotted line). Inside the stop-
band, the Verdet constant drastically increases. This
can be qualitatively understood from Bragg reflec-
tion of the wave, and the fact that Faraday rotation
is cumulative for reflected waves. Note, that there
is hardly any change in the Faraday effect near the
stopband when transmission already falls several or-
ders of magnitude.

C.Koerdt, G.L.J.A.Rikken
E.Petrov (B.I.Stephanov Institute of
Physics, Minsk, Belarus)
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6.7 Magneto-chiral anisotropy in
electronic conduction

Many analogies between electronic transport and
light propagation are known. Such analogies are
founded on the wave-particle duality of both elec-
trons and photons. However, an important aspect
of photons, namely their polarization, is not so eas-
ily experimentally accessible for electrons. Only in
recent years, the subject of spin-polarized electronic
conduction has made significant progress and at-
tracted much attention for applications in future
electronics systems (”spintronics”). 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 (from the Greek χειρ = hand)
optical medium which is proportional to k · B, where
k is the wavevector of the light and B is the exter-
nal 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 elec-
tronic transport.
The concept of chirality is very general and by no

means restricted to optics. A system is chiral when it
exists in two forms that can only be interconverted
by parity reversal, but not by any combination of
time-reversal and spatial rotations. 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. The electronic
conduction of single chiral DNA molecules has also
been studied. Even if the material itself is non-chiral,
it may still be formed into a chiral shape, like a he-
lix. 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 subject to
a magnetic field B is of the form

RD/L(〈k〉,B) = Ro

{
1 + βB2 + χD/L〈k〉 ·B)

}

where k is the wavevector of the charge carriers and
χD = −χL. The parameter β describes the normal
magneto-resistance, that is allowed in all conduc-
tors (we neglect higher even orders in B that are
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Figure 6.9: Observed resistance anisotropy of right
and left handed bismuth helices. Solid lines are the-
oretical predictions.

also allowed). We call the effect corresponding to
the last term on the right hand side magneto-chiral
anisotropy, in analogy to the optical case. The spa-
tial averaging takes into account the diffusive aspect
of electrical conduction. In general, 〈k〉 ∝ I, the
electrical current that traverses the conductor.
We have verified our hypothesis by measuring

the anisotropy of the resistance of D and L helices
made of high purity bismuth wire, which should give
RD/L(I,B) − RD/L(−I,B) ∝ χD/LI · B. The re-
sults confirm the predicted dependence on handed-
ness, magnetic field (figure 6.9), current and angle
between helix axis and field, thereby verifying the
existence of magneto-chiral anisotropy in electronic
conduction. Further work is in progress to observe
this effect in other chiral conductors.

G.L.J.A.Rikken, P.Wyder, J. Fölling
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6.8 Magneto-transverse thermal
conductivity

Diffusive transport of heat may be described by a
linear relation between the heat flux j and the ap-
plied temperature gradient : ji = −kij

∂Ti

∂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 antisym-
metric contribution is necessarily an odd function
of the applied magnetic field : kij(B) = kji(−B).
This means that a temperature gradient along one
direction originates a heat current along a direction
perpendicular to both the applied gradient and the
magnetic field. The heat current itself cannot be ob-
served directly, but it is possible to probe the tem-
perature distribution of the system, determined by
the heat equation using appropriate boundary condi-
tions. The phenomenology of the magnetotransverse
thermal conductivity (figure 6.10a) is analogous to
the classical Hall effect, because the heat equation
and the Poisson equation are identical if tempera-
tures and voltages and the corresponding conductiv-
ities were exchanged. The Righi-Leduc effect (mag-
netotransverse 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 conduc-
tivity of metals, the second to an anisotropic scat-
tering 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 propa-
gation and transport of photons and phonons gave
new insight in possible microscopic realizations of
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Figure 6.10: a) Numerical calculation of the isother-
mals for an antisymmetric thermal conductivity ten-
sor. 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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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 ∼ fV Bl∗

where f is the volume fraction of the scattering par-
ticles, 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 paramag-

netic Tb3Ga5O12. The sample configuration is
shown in figure 6.10b. 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 ∆R(B±) = R1(T1, B

±) −
R2(T2, B

±) between resistances R1 and R2 is evalu-
ated at opposite magnetic field directions and then
subtracted from each other, therefore eliminating
the even (in B) contribution of the magnetoresis-
tance from the odd thermal conductivity effect :
∆T⊥ ∝ ∆R(B+)−∆R(B−)
Figure 6.11 shows the dependence in B for two dif-

ferent temperatures and gradients. The dependence
on the gradient has been found to be monotonic. 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.

C. Strohm, G.L.J.A.Rikken
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6.9 Diffusion of surface plasmons in
magnetic fields

Surface plasmons emerge as solutions of Maxwell’s
equations when applied to the interface of a metal
and a dielectric. At this interface, fluctuations of
the charge density can lead to electromagnetic waves
propagating along the surface. Their quanta are
called surface plasmons. By means of light-plasmon
couplers, surface plasmons can be excited by light
and can also retransform into light. On corru-
gated metal-films, surface plasmons are scattered
and propagate diffusively.
By analogy with the photonic Hall effect - where

a magnetic field influences the diffusive transport of
photons and gives rise to an additional photon-flux
perpendicular to both their initial propagation direc-
tion and the magnetic field - one may ask whether
the diffusion of surface plasmons might also be in-
fluenced by a magnetic field perpendicular to the
surface.
In our experiment, we use a diode laser

(λ=635nm) to excite surface plasmons in a Ag film
(d: 60 nm) with randomly distributed scattering Co
islands (d: 60 nm ; � ≈ 4µm). We estimate the
scattering mean free path of the surface plasmons
to be in the order of several tens of microns. Co
was chosen as scatterer material because of its high
magneto-optical activity, and because it is ferromag-
netic. This means, that already at small magnetic
fields (B � 0.2T), its magneto-optical properties
saturate and lead to maximal effects. The surface
plasmons are elastically scattered in all directions
by the Co islands. When they retransform into pho-
tons, light is therefore emitted not only in the di-
rection of the initial plasmon propagation, but in all
directions (cf. figure 6.12). However, due to sym-
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Figure 6.12: In an Ag film with scattering Co islands,
surface plasmons are excited by a laser. They propa-
gate diffusively and retransform into light. Without
magnetic field, the same amount of surface plasmons
is scattered to both sides. A perpendicular magnetic
field induces an additional transverse flux of sur-
face plasmons ; the light intensities I1 and I2 are not
equal any more.
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Figure 6.13: The normalised difference between the
two light intensities as a function of magnetic field.
This signal is proportional to the magnetotransverse
flux of surface plasmons. The saturation is due to
the ferromagnetic behaviour of the Co-scatterers.

metry, the same amount of plasmons is scattered to
both sides of their initial propagation direction, and
the intensity distribution of the emitted light must
be symmetric with respect to this direction. The dif-
ference I1 − I2 between the light intensities at both
sides is proportional to the transverse plasmon cur-
rent. With no magnetic field applied, it is zero.
We now apply a magnetic field perpendicularly

to the silver film. This field being sinusoidal (f =
1.2Hz) we can use phase-sensitive detection tech-
niques. Figure 6.13 shows the difference between
the two light intensities (corresponding to plasmons
scattered by an angle of +3◦ � α1 � +5◦ and
−3◦ � α1 � −5◦ with respect to their initial direc-
tion of propagation) normalised by their sum as a
function of the magnetic field. This measurement
shows that there is indeed a magneto-transverse
plasmon current. Furthermore, we have found a very
clear saturation of the effect for magnetic fields big-
ger than B = 0.2T. This corresponds to the ferro-
magnetic properties of Co. We are now improving
the control of the parameters of our samples (ab-
sorption length, transport mean free path, magneto-
optical properties of scatterers). Besides the exper-
imental tasks, it is also a theoretical challenge to
explain the observed ”plasmonic Hall effect”.

G. Düchs, G.L.J.A.Rikken
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Proximity effects and Andreev reflection in a mesoscopic SNS junction with perfect NS in-
terfaces
Phys. Rev. B 61, 11340-11343 (2000)

53 Kvon Z.D., T.I.Baturina, R.A.Donaton, M.R.Baklanov, M.N.Kostrikin, K.Maex,
E.B.Olshanetsky and J.C.Portal
Maki-Thompson corrections in thin superconducting PtSi films nearby Tc

Physica B 284-288, 959-960 (2000)

54 Li C., P.Zhang, Y.Wu, H.Zheng, Z.Xi, L.Zhou, A.Sulpice, D.Bourgault and E.Mossang
Synthesis of Ag-clad (Bi,Pb)-2223 tapes using different precursors
Proc. Int. Conf. on Engineering and Technological Sciences 2000, Beijing, China, eds J.Song,
R.Yin, New World Press, p.399-402, 2000

55 Liu A., A.L.Barra, H.Rubin, G.Lu and A.Graslund
Heterogeneity of the local electrostatic environment of the tyrosyl radical in mycovacterium
tuberculosis ribonucleotide reductase observed by high field electron paramagnetic resonance
J. Am. Chem. Soc. 122, 1974-1978 (2000)

56 Lockwood D.J., M.Potemski and M.L.Sadowski
Electronic raman scattering from weakly bound electrons in lightly doped n-type GaAs
Proc. 8th Int. Symp. on Luminescence Materials and Quantum Confinement, Honolulu,
Hawaii, eds. S.Bandyopadhyay et al., The Electrochem. Society, Inc., Pennington, USA,
p.96-104, 2000
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57 Makarovskii O.N., L.Smrcka, P.Vasek, T.Jungwirth, M.Cukr and L.Jansen
Magnetoresistance and electronic structure of asymmetric GaAs/Al0.3Ga0.7As double quan-
tum wells in an in-plane or tilted magnetic field
Phys. Rev. B 62, 10908-10913 (2000)

58 Martinez G.
Magneto-optical properties and potential fluctuations in high mobility 2D electron gas
Optical Properties of Semiconductor Nanostructures, Kluwer Academic Publishers, eds.
M.L.Sadowski et al., p.45-63, 2000

59 Mayaffre H., M.Horvatić, C.Berthier, M.H.Julien, P.Ségransan, L.Lévy and O.Piovesana
NMR evidence for a ”generalized spin-Peierls transition” in the high- magnetic-field phase
of the spin Ladder Cu2(C5H12N2)2Cl4
Phys. Rev. Lett. 85, 4795-4798 (2000)

60 Melinte S., N.Freytag, M.Horvatić, C.Berthier, L.P.Lévy, V.Bayot and M.Shayegan
NMR determination of 2D electron spin polarization at ν=1/2
Phys. Rev. Lett. 84, 354-357 (2000)

61 Mendels P., A.Keren, L.Limot, M.Mekata, G.Collin and M.Horvatić
Ga NMR study of the local susceptibility in Kagomé-based SrCr8Ga4O19 : pseudogap and
paramagnetic defects
Phys. Rev. Lett. 85, 3496-3499 (2000)

62 Millange F., S.de Brion and G.Chouteau
Charge, orbital, and magnetic order in Nd0.5Ca0.5MnO3

Phys. Rev. B 62, 5619-5626 (2000)

63 Monarkha Yu.P., E.Teske and P.Wyder
Coulomb effects on the quantum cyclotron resonance from a two- dimensional electron liquid
with extremely narrow Landau levels
Phys. Rev. B 62, 2593-2604 (2000)

64 Montoya E., L.Vina, A.Wysmolek, M.Potemski and L.E.Bausa
Modulation of the Yb3+ to Er3+ energy transfer in LiNbO3 crystals by applying magnetic
field
J. Alloys Comp., accepted (2000)

65 Morello A., A.G.M.Jansen, R.S.Gonnelli and S.I.Vedeneev
Irreversibility line of overdoped Bi2+xSr2−(x+y)Cu1+yO6±δ at ultralow temperatures and
high magnetic fields
Phys. Rev. B 61, 9113-9117 (2000)
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66 Mossang E., F.Debray, H.Jongbloets, W.Joss, G.Martinez, J.C.Picoche, A.Plante, P.Rub,
P.Sala and P.Wyder
The Grenoble High Magnetic Field Laboratory as a user’s facility
IEEE Trans. Appl. Supercond. 10, 1538-1541 (2000)

67 Murakami H., T.Ogami, Y.Qi, K.Sakai, T.Ito, I.Shigaki, A.G.M.Jansen and P.Wyder
Problems in point-contact tunneling study on BSCCO
Physica B 284-288, 573-574 (2000)

68 Murzin S.S., A.G.M.Jansen and E.G.Haanappel
Quasi-one-dimensional transport in the extreme quantum limit of heavily doped n-InSb
Phys. Rev. B, accepted (2000)

69 Naidyuk Yu.G., O.E.Kvitnitskaya, A.G.M.Jansen, C.Geibel, A.A.Menovsky and P.Wyder
Point contacts of URu2Si2 and UPd2Al3 in high magnetic fields
Physica B 284-288, 1293-1294 (2000)

70 Nicholas R.J., K.Takashina, M.Lakrimi, B.Kardynal, S.Khym, N.J.Mason, D.M.Symons,
D.K.Maude and J.C.Portal
Metal-insulator oscillations in a two-dimensional electron-hole system
Phys. Rev. Lett. 85, 2364-2367 (2000)

71 Nicholas R.J., M.Lakrimi, B.Kardynal, S.Khym, N.J.Mason, J.Rehman, K.Takashina,
P.J.Walker, D.M.Symons, D.K.Maude and J.C.Portal
A digital quantum Hall effect
Physica E 6, 836-839 (2000)

72 Núñez-Regueiro M.D., E.Chappel, G.Chouteau and C.Delmas
Magnetic structure of Li1−xNi1+xO2

Mol. Cryst. Liq. Cryst. 341, 177-182 (2000) - Eur. Phys. J. B 16, 37-41 (2000)

73 Olshanetsky E.B., M.Casse, Z.D.Kvon, G.M.Gusev, L.V.Litvin, A.V.Plotnikov, D.K.Maude
and J.C.Portal
Symmetric, gated, ballistic rings as tunable electron interferometers
Physica E 6, 322-326 (2000)

74 Oswald J., K.Kuldova, J.Zeman, E.Hulicius, S.Jullian and M.Potemski
Magneto-photoluminescence study of energy levels of self-organized InGa/GaAs quantum
dots
Mater. Sci. Eng. B69-70, 318-323 (2000)

75 Oswald J., P.Ganitzer, A.Homer, B.Jamnig, C.Trieb, D.K.Maude and J.C.Portal
Lead telluride wide quantum wells : a realisation of the Hall insulator in 3D
Proc. 9th NarrowGap Semiconductors Conf., Berlin 1999,World Scientific, Singapore, p.134,
2000
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76 Pashchenko V.A., A.G.M.Jansen, M.I.Kobets, E.N.Khats’ko and P.Wyder
ESR study of the Tm3+ ions in KTm(MO4)2
Phys. Rev. B 62, 1197-1202 (2000)

77 Pashchenko V.A., S.Huant, A.A.Stepanov and P.Wyder
Copper antiferromagnetic resonance in Gd2CuO4 : evidence for coherent crystal-structure
distortions
Phys. Rev. B 61, 6889-6895 (2000)

78 Penning F.C., O.Tress, H.Bluyssen, E.Teske, M.Seck, P.Wyder and V.B.Shikin
Phenomenological line-shape analysis of cyclotron-resonance-induced conductivity of elec-
trons
Phys. Rev. B 61, 4530-4533 (2000)

79 Pogosov A.G., M.V.Budantsev, A.Pouydebasque, D.K.Maude, J.C.Portal, A.E.Plotnokov,
A.I.Toropov and A.K.Bakarov
Electron magnetotransport in a honeycomb lattice of antidots
Physica E 6, 499-502 (2000)

80 Pogosov A.G., M.V.Budantsev, O.V.Kibis, A.Pouydebasque, D.K.Maude and J.C.Portal
Thermomagnetic effect in a two-dimensional electron system with an asymmetric quantizing
potential
Phys. Rev. B 61, 15603-15605 (2000)

81 Ponomarev B.K., E.Steep, H.Wiegelmann, A.G.M.Jansen, P.Wyder, B.S.Red’kin
Anisotropy of the magnetoelectric effect in β′ −Gd2(MoO4)3
Fiz. Tverd. Tela 42, 716-720 (2000) [Phys. Solid State 42, 734-738 (2000)]

82 Poulter A.J.L., J.Zeman, D.K.Maude, M.Potemski, G.Martinez, A.Riedel, R.Hey and
K.J.Friedland
Magneto infrared absorption in high electron density GaAs quantum wells
Phys. Rev. Lett., accepted (2000)

83 Pouydebasque A., M.V.Budantsev, A.G.Pogosov, Z.D.Kvon, D.K.Maude and J.C.Portal
Semi-classical orbits in a caterpillar like Sinäı billiard
Physica E 7, 731-734 (2000)

84 Raupach E., G.L.J.A.Rikken, C.Train and B.Malezieux
Modelling of enantioselective magneto-chiral photochemistry
Chem. Phys., accepted (2000)

85 Rigal L.B., D.K.Maude, M.Potemski, J.C.Portal, L.Eaves, Z.R.Wasilewski, G.Hill, M.A.Pate
and A.I.Toropov
A phase diagram for the breakdown of the odd integer quantum Hall effect
Physica E 6, 124-127 (2000)
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86 Rikken G.L.J.A. and C.Rizzo
Magneto-electric birefringence of the quantum vacuum
Phys. Rev. A, accepted (2000)

87 Rikken G.L.J.A. and E.Raupach
Enantioselective magnetochiral photochemistry
Nature 405, 932-935 (2000)

88 Rikken G.L.J.A., E.Raupach and T.Roth
Recent advances in magneto-optics
Physica, accepted (2000)

89 Roth T. and G.L.J.A.Rikken
Observation of magnetoelectric Jones birefringence
Phys. Rev. Lett. 85, 4478-4481 (2000)

90 Schoser S., C.Kutter, M.Potemski and B.Etienne
High density two-dimensional electron-hole plasmas in quantising magnetic fields
In Optical Properties of Semiconductor Nanostructures, eds. M.L.Sadowski, M.Potemski,
M.Grynberg, NATO Science Series 3, High Technology, Kluwer Academic Publishers, Dor-
drecht, 81, p.159-168, 2000

91 Schüssler A.S., J.Burghorn, P.Wyder and I.Lembrikov
Observation of excimer luminescence from electron-excited liquid xenon
Appl. Phys. Lett. 77, 2786-2788 (2000)

92 Sort J., J.Nogues, S.Surinach, J.S.Munoz, M.D.Bar, F.Dupont and G.Chouteau
Coercivity and squareness enhancement in ball milled SmCo5 +NiO
Physica B, accepted (2000)

93 Strehlow, M.Wohlfahrt, A.G.M.Jansen, R.Haueisen, G.Weiss, C.Enss and S.Hunklinger
Magnetic field dependent tunneling in glasses
Phys. Rev. Lett. 84, 1938-1941 (2000)

94 Szabo P., P.Samuely, A.G.M.Jansen and P.Wyder
Magnetotunneling and magnetic pair-breaking in superconducting Ba1−xKxBiO3

Physica B 284-288, 977-978 (2000)

95 Szabo P., P.Samuely, A.G.M.Jansen, J.Marcus and P.Wyder
Magnetic pair breaking in superconducting Ba1−xKxBiO3 investigated by magnetotunneling
Phys. Rev. B 62, 3502-3507 (2000)

96 Tedoldi F., A.Rigamonti, R.Santachiara, M.Horvatić, L.Linati, M.Bini, D.Capsoni and
V.Massarotti
Boundary effects in finite Heisenberg antiferromagnetic S=1 chains : 89Y NMR in
Y2BaNi1−xMgxO5

Appl. Magn. Reson. 19, in press (2000)
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97 Teran F.J., M.L.Sadowski, M.Potemski, D.K.Maude, G.Karczewski, S.Mackowski,
J.Jaroszynski
Two-dimensional electron gas coupled to Mn2+ ions : a magneto- optical study of CdM-
nTe/CdMgTe MDQWs
Physica E 6, 775-778 (2000)

98 Teske E., Y.Monarkha and P.Wyder
Fluctuational field induced narrowing of the quantum cyclotron resonance from two-
dimensional electrons on the surface of superfluid helium
Physica B 284-288, 1920-1921 (2000)

99 Thopart D., A.Wahl, F.Warmont, Ch.Simon, J.C.Soret, L.Ammor, A.Ruyter, A.I.Buzdin,
A.A.Varlamov and S.de Brion
Relevance of the scheme of regularization of the density-of-state fluctuation contribution in
an arbitrary magnetic field
Phys. Rev. B 62, 9721-9725 (2000)

100 Tkachenko O.A., V.A.Tkachenko, D.G.Baksheev, Z.D.Kvon and J.C.Portal
Electrostatic potential, energy spectrum, and fano resonances in a ballistic ring interferom-
eter based on an AlGaAs/GaAs heterojunction
JETP Lett. 71, 255-258 (2000)

101 Tsoi M., A.G.M.Jansen, J.Bass, W.C.Chiang, V.Tsoi and P.Wyder
Generation and detection of phase-coherent current-driven magnons in magnetic multilayers
Nature 406, 46-48 (2000)

102 van Tiggelen B.A., D.Lacoste and G.L.J.A.Rikken
Magneto-optics with diffuse light
Physica 279, 13-16 (2000)

103 Vedeneev S.I., A.G.M.Jansen and P.Wyder
Isotropic negative out-of-plane magnetoresistance of Bi2Sr2CuO6+δ single crystal
Phys. Rev. B 62, 5997-6001 (2000)

104 Vedeneev S.I., A.G.M.Jansen and P.Wyder
High-field magnetoresistance and Hall effect in Bi2Sr2CuOx crystals
Physica B 284-288, 1023-1024 (2000)

105 Vedeneev S.I., A.G.M.Jansen and P.Wyder
High-field magnetoresistance and Hall effect in Bi2Sr2CuOx single crystals
Zh. Eksp. Teor. Fiz 117, 11984 (2000) [J. of Exp. and Theoretical Physics 90, 1042-1049
(2000)]
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106 Vedeneev S.I., A.G.M.Jansen and P.Wyder
Isotropic negative out-of-plane magnetoresistance of Bi2Sr2CuO6+δ single crystals
Phys. Rev. B 62, 5997-6001 (2000)

107 Wiebel S., A.Sparenberg, G.L.J.A.Rikken, D.Lacoste and B.A.van Tiggelen
The photonic Hall effect in absorbing media
Phys. Rev. E, accepted (2000)

108 Witowski A.M., H.P.Moll, M.L.Sadowski, P.Wyder, G.Karczewski, J.Kossut and
T.Wojtowicz
Phonon spectrometry with a bolometer based on spin-lattice relaxation
Appl. Phys. Lett. 76, 1749-1751 (2000)

109 Wojtowicz T., M.Kutrowski, G.Karczewski, J.Kossut, B.König, A.Keller, D.R.Yakovlev,
A.Waag, J.Geurts, W.Ossau, G.Landwehr, I.A.Merkuliv, F.J.Teran and M.Potemski
II-VI quantum structures with tunable electron g-factor
J. Cryst. Growth 214-215, 378-386 (2000)

110 Wysmolek A., M.Potemski and T.Slupinski
Inelastic light scattering on coupled plasmon-LO phonon modes in high magnetic fields
Physica B, accepted (2000)

111 Wysmolek A., M.Potemski, R.Stepniewski, K.Pakula, J.M.Baranowski, G.Martinez and
P.Wyder
Ground and excited excitonic resonances in heteroepitaxial GaN layers : a magnetooptical
study
Jpn. J. Appl. Phys., accepted (2000)

112 Wysmolek A., V.F.Sapega, T.Ruf, M.Cardona, M.Potemski, P.Wyder, R.Stepniewski,
K.Pakula, J.M.Baranowski, I.Grzegory ans S.Porowski
Magneto-spectroscopy of donor-bound excitons in homoepitaxial GaN
Jpn. J. Appl. Phys., accepted (2000)

113 Wysocki R., W.Bardyszewski, S.Schoser and M.Potemski
Landau level mixing in asymmetric quantum wells
In Optical Properties of Semiconductor Nanostructures, eds. M.L.Sadowski, M.Potemski,
M.Grynberg, NATO Science Series 3, High Technology, Kluwer Academic Publishers, Dor-
drecht, 81, p.183-186, 2000

114 Zeitler U., H.W.Schumacher, J.Regul, R.J.Haug, P.Weitz, A.G.M.Jansen and F.Schäffler
Exchange interaction effects in the crossing of spin polarized Landau levels in a silicon-
germanium heterostructure : transition into a ferromagnetic state
Physica E 6, 288-292 (2000)
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115 Zeman J., G.Martinez, K.K.Bajaj, I.Krivorotov and K.Uchida
Magnetoluminescence studies in InGaP alloys
Appl. Phys. Lett. 27, 4335-4336 (2000)

116 Zhang Y.Z., R.Deltour, J.F.de Marneffe, Y.L.Qin, H.H.Wen, L.Li, Z.X.Zhao, A.G.M.Jansen
and P.Wyder
Resistive upper critical magnetic field of a superconducting Bi-2201 thin film grown on a
vicinal substrate
Physica C 341-348, 1115 (2000)

117 Zhang Y.Z., R.Deltour, J.F.de Marneffe, Y.L.Qin, L.Li, Z.X.Zhao, A.G.M.Jansen and
P.Wyder
Magnetoresistance properties of Bi2Sr2−xLaxCuO6+δ superconducting thin films grown on
vicinal substrates
Phys. Rev. B 61, 8675-8678 (2000)

118 Zyuzin A., B.Spivak, I.Vagner and P.Wyder
Mesoscopic mechanism of exchange interaction in magnetic multilayers
Phys. Rev. B 62, 13899-13902 (2000)
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LIST OF Ph.D. THESES 2000

1 Chappel E.
Magnétisme de quelques composés bidimensionnels de la famille AMO2

Université Joseph Fourier, Grenoble, 6 juillet 2000
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Scientific Staff of the Grenoble High Magnetic Field Laboratory
during 2000

BARDOT C., 36
BARRA A.L., 54
BEN-EZRA Y., 62
BERTHIER C., 5, 56, 57
BEYER U., 46
BIBOW E., 40
CASSE M., 2, 13, 14, 15
CHAPPEL E., 51, 58
CHOUTEAU G., 49, 51, 52, 58
DE BRION S., 49
DELON A., 65, 66, 67, 68
DESRAT W., 3, 4
DUBOC-TOIA C., 53
DUCHS G., 79
DUPONT F., 49, 52, 58
DUPRE P., 65, 66
ESTIBALS O., 13
FAUGERAT C., 21
FOLLING J., 77
FREYTAG N., 5
HASSAN A.K., 24, 59
HEILLIETTE S., 65, 66, 67, 68
HINDERER J., 39
HORVATIC M., 5, 55, 56, 57
JANSEN A.G.M., 8, 35, 39, 41, 42, 43, 50
JOST R., 65, 66, 67, 68
KOERDT C., 72, 76
LAFARGE P., 40
LEHMANN L., 39
LENTZE M., 21
LEVY L.P., 5, 40, 56, 59
MARTINEZ G., 19, 21, 36

MAUDE D.K., 3, 4, 6, 7, 9, 10, 11, 12, 13, 14,
15, 16, 17, 19, 22, 23, 24
Mc CONNACHIE A.W., 72
MONARKHA Yu.P., 18
MOSSANG E., 43, 44, 45, 46
NUNEZ-REGUEIRO M.D., 58, 60
OLSHANETSKY E.B., 12, 13, 14
PASHENKO V.A., 50
PERSHIN Yu.V., 61, 62
PLANTIER D., 29, 34, 35
PORTAL J.C., 3, 4, 6, 7, 9, 10, 11, 12, 13, 14,
15, 16, 17, 22
POTEMSKI M., 3, 4, 19, 20, 23, 24, 25, 29, 30,
31, 32, 33
POULTER A., 19, 21
POUYDEBASQUE A., 9, 10, 11
RAUPACH E., 71
RIGAL L.B., 3
RIKKEN G.L.J.A., 71, 72, 73, 74, 75, 76, 77,
78, 79
ROTH T., 74
STROHM C., 78
TERAN F.J., 20, 23, 24, 25
TESKE E., 18
TOKUNAGA Y., 5
TSOI M., 41
VAGNER I., 34, 35, 61, 62
WEISS M., 8
WYDER P., 18, 32, 33, 34, 41, 42, 50, 61, 62,
77
WYSMOLEK A., 29, 30, 31, 32, 33
ZEMAN J., 19, 20, 21
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Collaborating External Laboratories

Austria
University of Loeben :7
TU Wien : 51

Belarus
B.I. Stepanov Institute of Physics, Minsk : 76

Brasil
University of Sao Paulo : 15

Canada
IMS/NRC, Ottawa : 3, 4, 25, 30

China
NIN, Xi’An : 44

Czech Republic
Institute of Physics of As CR, Praha : 51

Denmark
Danish Technical University, Lyngby : 20

Federal Republic of Germany
Center for Nanosciences, Münich : 36
MPI, Göttingen : 68
MPI-FKF, Stuttgart : 8, 32, 33
Paul-Drude-Institut, Berlin : 19, 21
University of Erlangen-Nürnberg : 31
University of Lübeck : 53
Vacuumschmelze Gmbh, Hanau : 45

France
CEA, Grenoble : 53
CRISMAT, Caen : 49
Cristallographie, CNRS, Grenoble : 44, 58, 59
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CRTBT, CNRS, Grenoble : 44, 58
ENSCP, Paris : 58
ICMCB, CNRS et ENSCPB, Pessac : 58
INSA, Toulouse : 13
Laboratoire Louis Néel, Grenoble : 39, 60
Spectrométrie Physique, UJF, Grenoble : 55, 56, 67
Université de Bordeaux : 68
Université P. et M. Curie, Paris : 71
Université P. Sabatier, Toulouse : 75

Israel
PERI, Ruppin : 34, 62

Italy
University of Florence : 54
University of Modena : 54, 55
University of Pavia : 55
University of Perugia : 56

Japan
ISSP, University of Tokyo : 57
NRIM, Tsukuba : 46
University of Tokushima : 22

Poland
High Pressure Research Center, Warsaw : 32, 33
Institute of Physics, PAS, Warsaw : 25
Polish Academy of Sciences, Warsaw : 23, 24
University of Warsaw : 29, 30, 32, 33

Russia
Institute of Electronics and Radioengineering RAS, Moscow : 17
Institute of Microelectronics Technology RAS, Chernogolovka : 17
Institute of Semiconductor Physics, Novosibirsk : 9, 10, 11, 12, 13, 14, 15
Institute of Solid State Physics, Chernogolovka : 8, 41
Kurchatov Institut, Moscow : 35, 39
L.D.Landau Institute, Moscow : 42
PN Lebedev Physical Institut, Moscow : 42
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Spain
University of Barcelona : 52

Switzerland
University of Zürich : 72, 73

The Netherlands
HFML, University of Nijmegen : 17

Ukraine
ILTPE, NASU, Kharkov : 50

United Kingdom
University of Bath : 16
University College, London : 22
University of Nottingham : 3, 16, 17, 22
University of Oxford : 6
University of Sheffield : 3, 4
University of Southampton : 43

United States of America
University of Michigan State, East Lansing : 41
University of Minnesota, Minneapolis : 53
University of Princeton : 5
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PROPOSALS FOR MAGNET TIME CARRIED OUT IN 2000

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 2000.

Ferromagnetic resonance of granular materials and nanoparticles
P.C.Riedi, G.M.Smith, C.J.Oates, N.J.R.Poolton - School of Physics and Astronomy, University of St An-
drews, UK

Infrared study of the dynamical properties of the bipyramidal site in Ba-M-Hexaferrites
H.Vincent, J.Kreisel - Laboratoire des Matériaux et du Génie Physique, Grenoble, France

ESR and magnetization studies of highly frustrated spin systems
A.Hassan - GHMFL, Grenoble, France

Characterization of molecular clusters by high field / low temperature magnetization studies
D.Gatteschi, A.Caneschi, R.Sessoli, C.Sangregorio, L.Sorace - Department of Chemistry, University of Flo-
rence, Italy

NMR investigation of magnetic phases and spin dynamics in 2D spin-gap material SrCu2(Ba3)2
M.Takigawa, K.Kodama - Institute of Solid State Physics, Tokyo, Japan

Linear magnetoelectric effect in antiferromagnet LiNiPO4

I.Kornev - Department of Engineering, Novgorod State University, Russia
H.Schmid, J.P.Rivera, S.Gentil - University of Geneva, Switzerland
L.Jansen - GHMFL, Grenoble, France

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

89Y NMR spectra in Y2−xCaxBaNiO5 : a measure of the local magnetisation induced by charge localization
in Haldane chains
F.Tedoldi, P.Carretta, A.Rigamonti - Department of Physics, University of Pavia, Italy

Diagramme de phase de matériaux ferromagnétiques hybrides organiques inorganiques
P.Rabu, M.Drillon - IPCMS, Strasbourg, France

Magnetic viscosity study in high coercive Sm1+δ(Co1−xCux)5 alloys (0.3 < x < 0.8)
J.C.Tellez Blanco, R.Grossinger, R.S.Turtelli, R.Hauser - Institut Experimentalphysik, Wien, Austria
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Magnetic properties and magnetic ordering as a function of Mn dilution in the frustrated Li(Mn2−xT ixO4)
spinel system
P.Strobel , A.Ibara - CNRS, Laboratoire de Cristallographie, Grenoble, France
E.Chappel, G.Chouteau - GHMFL, Grenoble, France

Magnetic properties of a J1 − J2 two dimensional quantum Heisenberg antiferromagnet
P.Carretta, R.Melzi, A.Lascialfari - Department of Physics, University of Pavia, Italy

First measurements on photo-switchable inorganic solids using optical access under a large static magnetic
field
F.Varret, K.Boukheddaden, B.Hoo - Laboratoire de Magnétisme et d’Optique, Versailles, France
A.Bousseksou - LCC, Narbonne, France
M.Goiran - SNCMP, Toulouse, France

Investigation of the magnetic properties of the CoxFe(1−x)MnP solid solutions in high magnetic fields : high
field induced ordered states
R.Zach, B.Oeredniawaa, R.Duraj - Institute of Physics, Krakov, Poland
M.Guillot - GHMFL, Grenoble, France
D.Fruchart - CNRS, Laboratoire de Cristallographie, Grenoble, France

High field magnetization of the modified [MnTPP] [TCNE] solvent molecular magnets
M.Balanda - Institute of Nuclear Physics, Krakov, Poland
W.Haase, K.Falk - Technical University, Darmstadt, Germany

Investigation of the magnetic properties of Nd2Fe17Hx (x varies from 0 to 5) in high magnetic fields
O.Isnard - CNRS, Laboratoire de Cristallographie, Grenoble

Study of the magnetic properties of Y Fe2Dx deuterides (x = 1.3 to 4.2)
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Expériences de magnéto-transmission sur échantillons de type couches minces et structures quantiques à base
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