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Introduction

Since 2001 the Condensed Matter Physics Department (DPMC) in Geneva has been the leading
house of the National Center of Competence in Research (NCCR) MaNEP "Materials with Novel
Electronic Properties". This center, with the University of Geneva as host institution and a broad Swiss
network, focuses its activities on research and development of novel materials with promising
electronic properties. The NCCR, which has been very successful in its first 4-year phase, has recently
been renewed for a 4-year second phase allowing the further development of the research activities at
the DPMC in the field of correlated electron systems.

The DPMC has a long tradition in the studies of metallic materials with unconventional properties. In
the last decade the interest of the department has been focused mostly on the understanding and
development of high temperature superconductors and more recently superconducting MgB, as well
as several classes of key novel materials, including colossal magnetoresistance compounds and
ferro/dielectric oxides. All these materials have low electronic densities and a physics dominated by
electronic interactions. The DPMC in Geneva has long standing experience in producing high quality
materials in the form of single crystals, thin films and heterostructures, and tapes. The department also
has a large expertise in the study of the physical properties of such materials. Several top class high
quality experimental set-ups allowing high magnetic field magnetotransport, transport under pressure,
specific heat measurements, and recently optical spectroscopy are available. The department has also
developed a large expertise in local probe systems. These include Scanning Tunneling Microscopy
and Spectroscopy, STM/STS, and Atomic Force Microscopy, AFM, that allow the characterization and
study of materials on a nanoscopic scale. This report represents the research carried out at the
DPMC, regardless of the source of funds.
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Nanoscopic studies of superconductors and other interacting electron systems

dystein FISCHER

Research summary: This group investigates superconductors by scanning
tunnelling spectroscopy. Such measurements have already demonstrated the non
BCS behaviour of high temperature superconductors. This is seen both in the
temperature and doping dependence of spectra as well as by the behaviour of the
vortex core spectra. In this project we here report on first STS investigations of
the three layer compound Bi,Sr,Ca;Cuz010 as well as on the detailed behaviour
of the vortex core spectra in the two layer compound Bi>Sr.CaCu,0Og. We have
started new studies of the compound YBa>Cu4Os. The motivation is here that this
compound is stoichiometric and therefore expected to be less prone to gap
inhomogeneities. This programme also incorporates studies of other
superconductors. This year we have continued the studies of MgB, by
investigating the effect of doping with Al and C. Finally we have developed a new
x-y table incorporated into the STM. This is a completely original design which
shall allow us to increase the scan range of STM considerably. We have
continued the instrumental development in view of scanning tunnelling
potentiometry investigations of thin film manganites. A new effort to produce thin
superconducting films by pulsed lased deposition has concentrated on

Laz«SrkCuO4. The focus of this work is on the surface properties and the possibility of carrying our surface
sensitive measurements on such films. Finally we have extended our research on the use of thin YBCO films in

fault current limiters.

Scanning Tunneling Spectroscopy on
BiszzCﬂzCUgolg

Bi,Sr,Ca,Cu30,y (Bi2223) attracted strong
interest due to its high critical temperature
Tc(max)=111K and its potential for applications.
However, the difficulty in synthesizing large
sized single-phase crystals significantly impeded
the study of fundamental properties. Very
recently the effort in developing new crystal
growth processes was rewarded by a successful
production of homogeneous high quality Bi2223
single crystals (see section B of this report)
allowing scanning tunnelling spectroscopy
(STS). The study of the intrinsic superconducting
properties of this trilayer compound is of crucial
importance for the determination of the generic
features and behaviors of Bismuth based
cuprates and more generally in the quest of the
understanding of high-Tc superconductivity.

With this aim we recently succeeded in
performing the first STS experiments on Bi2223
single crystals [1]. We studied various high
quality crystals annealed under different
conditions. In one case, for Tc=109K and a
transition width of only 1K, we obtained an
extremely homogeneous sample with A,=60meV
over at least 50nm as shown in Fig.1. In another
case, the respective parameters were Tc=111K
and ATc=1.7K and vyielded a slightly less
homogeneous sample with A,=45meV. The
doping phase diagram Tc(p) of Bi2223 has yet
not been determined in detail. However, by
analysing the slope of the background
conductance and comparing it to the systematic
variation as a function of doping observed in
Bi2212, we found a way to determine the doping
level of the investigated Bi2223 samples (See

Fig.1). The increase of the gap magnitude with
decreasing doping level is furthermore
consistent with what has previously been
observed on Bi2212 and Bi2201. It thus appears
that the sample with A,=60meV is underdoped,
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Figure 1: Left: Spectral trace of 201 spectra acquired at
T=1.8K along a 50nm line on Bi2223. The gap distribution
width is remarkably small o =3 meV. | = 0.6nA, Vs = 0.3V.
Right: Comparison of the LDOS doping dependence
between Bi2212 [2] and Bi2223. All spectra have been
normalized to the background conductance at Vs=300meV
and shifted vertically for clarity. a is the slope of the
background fit at Vs=-200meV. The Bi2223 panel shows the
average spectra of traces obtained on the samples
mentioned in the text.

whereas the one with A,=45meV is close to
optimal doping. Investigating the spatial variation
of the spectra on surfaces which are less
homogeneous revealed, that the spectra evolve
similarly to Bi2212 when moving the tip from a
superconducting region to a degraded zone: the



intensity of the peaks decreases, the gap
magnitude increases and the spectra gradually
evolve to a pseudogap-like signature which
finally resumes into a semiconductor-like line-
shape. This behavior is typical for regions where
the oxygen doping level is locally being reduced.
On the other hand, we also observed regions
where the superconducting coherence is lost
without an increase of the gap magnitude. Here
the resulting pseudogap shows the
samemagnitude as the superconducting gap
measured close-by. This demonstrates that
there is an effect different from a varying oxygen
concentration that is at the origin of the
coherence loss. This is also consistent with
results found in Bi2212.

Finally, based on the scaling between the
pseudogap temperature T* and the gap
magnitude which we determined in previous
work, we estimate T* to be about room
temperature for Bi2223. To confirm this estimate,
the temperature dependence of Bi2223 is
currently under investigation. The objective of
future work, is also the observation of vortex
cores in Bi2223. In this compound, the gap
magnitude being larger than in Bi2212, detailed
core spectroscopy might reveal important clues
with respect to the localized core-states which
have been observed in Bi2212.

Scanning Tunneling Spectroscopy of the
vortexcores in Bi,Sr,Ca;Cu,0g

We have also carried out a detailed study of the
local density of states spatial modulations that
exist in the vortex core of Bi,Sr,CaCu,0g [2] This
part of the project was financed by another
source but since it is directly related to the work
on Bi2223 and YBCO124 we report it here. We
observed vortex-core states located at +6meV
(Fig. 2a) and the existence of a square pattern,
extending the results obtained by Hoffman et al.
The Fourier transform reveals four peaks (q4)
corresponding to a 4.3a, - square modulation
(Fig. 2b). We demonstrated that the amplitude of
the vortex core-states reflects directly the four-
fold modulation observed in the vortex core. In
previous work we showed that the energy of the

Fig. 2. () Conductance map of the core-slale in a vortex
core at V=6meaV H=6T T=1 8K (b) Fourer Transform of the
real space map laken al V=+2.8mV evidencing peaks (gr)
corrasponding fa a four-fold pattern with pariad 4 3as

Vortex core-states scales with the
superconducting gap magnitude A, measured
just outside the core. Combining these two
observations provides a connection between the
superconducting state and the four-fold
electronic modulation in the vortex core.
Furthermore this modulation does not disperse
in energy suggesting a common origin to the one
observed in the pseudogap phase by Vershinin
et al. [8].

Scanning Tunneling Spectroscopy on
YBa,Cu,Og (YBC0124)

Scanning tunneling spectroscopy (STS) in the
paramount YBa,Cu;O; (YBCO123) compound
provided key information on the superconducting
microscopic electronic properties of high Tc
materials [1]. Recently, a considerable amount of
studies pointed out the need for understanding
the role played by inhomogeneities in the
observed electronic properties [2]. The study of
the related compound YBCO124, stoechiometric
in oxygen, brings the possibility to avoid the
effects arising from inhomogeneities in the
electronic doping. On the other hand, it allows in
principle to address the relation between
superconducting and pseudogap phases since it
is considered as intrinsically underdoped.
However, because of the complexity in obtaining
high-quality YBCO124 single crystals, local
electronic measurements are lacking.

This motivated us to perform the first STS
studies in as-grown surfaces of YBCO124 single
crystals. The observed systematic reduction of
the tunnelling conductance at low bias voltage
reveals gapped spectra. As an example, Fig.3(a)
shows a set of spectra acquired at 4.2 K along a
10 nm line with a tunnel junction resistance of
1 GQ. Coherence peaks are not developed as in
YBCO123, inhibiting a precise determination of
the gap value. A preliminary analysis of the
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Fig. 3. Tunneling spectroscopy on YBCO124 at 4.2 K (a)
Spectra along a 10 nm trace (curves are shifted for clarity).
(b) Conductance color-level plot along a 100 nm trace.
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conductance data gives an estimation of the gap
of 25 + 10 meV. The shape of the spectra
suggest that we are observing the pseudogap
rather than the superconducting gap. This would
imply that the superonducting coherence is lost
at the surface. Whether this is intrinsic or
extrinsi remains to be seen. The color-level plot
of conductance spectra along a 100 nm trace
shown in Fig. 3(b) uncovers the spatial
homogeneity of the crystals at the micrometric
scale. A thorough analysis is underway.

Scanning Tunneling Spectroscopy on MgB,

Two-band superconductivity in MgB, is now well
established [3,4]. For pure MgB, the = band is
nearly isotropic with a superconducting gap of
2.2meV, while the o band is highly two-
dimensional with a gap of 7.2 meV. Our previous
STS measurements show that the coherence
length associated to the = band (roughly 50 nm)
is much larger than the value estimated from
Hco, suggesting different coherence lengths in
the two bands [5]. With pure MgB, now being
relatively well understood, the next step is to try
and increase the interband coupling (for
example, by introducing dopants) which should
lead to the properties of the two bands
approaching each other and possibly merging
completely (known as the dirty limit). Research
in this group during 2004 has continued on
Aluminium-doped MgB, and has begun on
Carbon-doped MgB2.

Figure 4 shows measurements of Al-doped
MgB2 presenting a homogeneous surface and a
n gap of ~2.7 meV, compared to that of 2.2 meV
for pure MgB,. Further measurements (not
shown) indicate a reduction in the © band

DeBarential comductancs, diidy (007)
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Figure 4 : Tunneling spectra of Al-doped MgB, at 300 mK.
(a) Spectra along a 100 nm line (offset for clarity). (b) The
points depict an averaging of the spectra shown in (a)
whereas the line is a BCS s-wave fit of the spectra. The inset
shows a comparison between Al-doped and pure MgB;
spectra in the vicinity of a coherence peak.

coherence length from roughly 50 nm to 25 nm,
consistent with the two-band nature of MgB..

New Instrumentation for Nanolithography

One limitation of our approach to STM/STS is
the limited field of view (1-4 mm2) ones the
sample cooled. We have therefore developed a
corse x-y large scan motion. This is done
generalizing the one dimensional slip-stick
motion to 3 dimensions.

Plugged in directly at the extremity of the
scanner tube, it consists of two inertially driven
carriages mounted perpendicularly on top of
each other with the tip fixed at the bottom. The
stick and slip motion is powered by the scanner
tube. With this configuration we succeed in
avoiding any coupling between the x,y and z
movement and thus perform scanning tunneling
topography and spectroscopy on an entire
sample surface. Its calibrated motion range is
6mm x 3mm in the horizontal plane. Two
differential capacitive detectors allow for
submicronic tip positioning precision (Fig. 5).

Figure 5 : XY-stage plug-in. The motion range is 6 mm along
the x-axis and 3mm along the y-axis. The volume of the
stage is 2.2 cm’.

The xy-stage is currently mounted on a low
temperature STM facility equipped with a 9T
magnet and a large controllable temperature
range. Its mechanical stability has been
successfully demonstrated at micrometer scale
by imaging a NanoGrid which consists of a 2-
dimensional array with a square pitch of 160 nm
coated with a thin layer of gold and at nanometer
scale by achieving atomic resolution on HOPG.

To show that high quality tunneling spectroscopy
can be achieved at low temperature, we
demonstrated reproducible spectra taken on a
NbSe, single crystal, as well as on MgB, as
shown in Fig. 4.



STM/STS/STP on Manganites

The doped rare earth manganese oxides with
perovskite structure, focus of this project, exhibit
an extremely rich phase diagram as a function of
composition, doping, temperature, pressure and
magnetic field. The zoology of observed phases
spans from charge/orbital ordered insulators to
ferromagnetic metals, including even the
astounding coexistence of magnetism and
ferroelectricity. For certain doping values these
compounds exhibit an insulator to metal
transition triggered by the ordering of localized
spins, either by cooling below the ferromagnetic
critical temperature (T.) or by the application of a
magnetic field slightly above T,. The huge
decrease of resistance when increasing the
magnetic field in the latter case is known as
colossal magnetoresistance (CMR).

The CMR phenomenon is a subject of numerous
theoretical studies. An increasing amount of
them are in favour of a phase separation
scenario, where the insulator-metal transition is
percolative and associated to the intrinsic
inhomogeneity of the materials [4]. Within this
framework the proposed domain sizes range
from nanometer to micrometer scale, depending
on the physical mechanisms considered in the
models [3]. Such a variety of length scales has
indeed been observed by local probe techniques
[4]. However, no experimental investigation
published up to this date has provided a truly
convincing answer to the problem. The reason
for this lies in the difficulty to distinguish
experimentally “intrinsic” electronic
inhomogeneities from those arising from strain,
variations in oxygen content, or surface
contamination. Therefore, a careful and thorough
study at the microscopic scale is mandatory to
determine the existence, size, and dependence
on thermodynamic variables of these domains,
as well as their relation to the macroscopic CMR
effect. Scanning tunnelling spectroscopy (STS)
would be perfectly suited for this purpose since it
provides atomic and nanoscopic imaging of
electronic properties of the material.

Nevertheless, STS is extremely surface
sensitive. Therefore two questions are raised:
Whether surface measurements give an
accurate picture of bulk properties, and whether
observed electronic inhomogeneities are an
intrinsic property of the material or rather a
contamination/non-stoichiometry  effect. To
address the latter, high quality samples with flat,
clean surfaces are needed. As a part of this
project, thin films of the canonical manganite
LaysCaqsMnO; (LCMO) as well as
Laq4PrzsCaszsMnO; (LPCMO) are being grown in

the laboratory by sputtering techniques. In
Fig. 6, a STM topographic image, as well as a
x-ray diffraction spectrum of a typical film of
LCMO of 70 nm thickness is shown.

T T T T T
10" b L0429
70 nm

Counts

1 1 1 1 1 1 3
46.0 46.5 47.0 475 48.0 485 49.0
20 ()

Fig. 6. Typical x-ray diffractogram around the 002 peak of
an LCMO 70nm thick film. On the left, the substrate peak
is observed, while the film peak on the right exhibits
multiple size-effect oscillations, attesting the homogeneity
of the c cell parameter of the film as well as of the sample
thickness. The insert shows a characteristic 200 x 200 nm?
STM topographic image of the sample.

The question of surface sensitivity is
approached by the implementation of another
technique of the STS family, namely scanning
tunnelling potentiometry (STP), where a
current is applied along the sample and the
local potential drop is measured with an
atomically sharp tip [5]. Simultaneously, local
conductance and topography features are
recorded. In this way, the STP technique
reveals not only surface but also bulk
properties of the sample. Although the
technique has been successfully employed to
study the manganite problem at room
temperature [6], a comprehensive study as a
function of temperature and magnetic field is
lacking. The Escalab system, where in-situ
grown films have been studied, allows only
room temperature, zero magnetic field studies.
Therefore a new “clean” controllable
temperature and magnetic field scanning
tunnelling microscope (STM) was built during
2004, the Calypso.

The Calypso system shown in Fig. 7 is
composed of a *He flow cryostat, a glove box
for sample preparation, and a STM insert. The
cryostat allows a working temperature range
between 4.2 K and room temperature, and is
furnished with a superconducting magnet



which supplies up to 6 T. This rests on sand-
filed columns standing on an independent
concrete block to isolate the cryostat from
external vibrations. With the same purpose,
vacuum connections are made through a
vibration isolated block. To provide a clean
environment for sample preparation and
mounting, the STM insert can be placed in an
inert atmosphere glove box. Inside the glove
box, a built in-house furnace allows annealing
under controlled atmosphere (oxygen, argon or
vacuum) up to temperatures of 450°C. The
rough approach of the STM tip is made inside
the glove box, and the position of the tip is
monitored by an optical system of camera and
lenses, see insert ¢ in Fig. 7. When this process
has been completed the insert can be
hermetically sealed in the glove box and

transferred to the cryostat without surface
contamination of the sample.

Fig. 7. The Calypso system with the glove box in front
(center). (a) Detail of the annealing furnace. (b) Detail of the
cryostat. (c) Tip-sample approach inside the glove box as
seen with the optical system. (d) STM head.

The STM head is composed of two concentric
piezoelectric tubes, which provide for the tip
displacements along the three axis, the
approach of the sample to the tip and the lateral
tilting. The sample is mounted on an inertial
slider moving along two parallel sapphire rails.
The temperature monitoring and control are
provided by a thermometer and a PID controlled
heater glued to the slider.

The movement of the slider has been tested and
optimized at room temperature and liquid
nitrogen temperature, and the first STM images
have been obtained at room temperature. A
careful STM study to obtain information on the
microscopic processes related to the metal-

insulation transition and the CMR phenomenon
is currently under way.

Fault current limiter

We are currently working on superconducting
thin films based Fault Current Limiter (FCL).
These devices limit the current in an electrical
network during a short circuit. The FCL is a
meander of Au/YBCO/CeO heterostructure on
a 2” wafer. During this year we have produced
several 5kW (340V, 16A) FCL using our
particular design and have measured their
behavior during AC test. Briefly, the meander
is made of constrictions and of connecting
paths; the aim of the constrictions is to
homogeneize the distribution of the dissipated
power along the meander at the beginning of
the short circuit. In order to confirm the benefits
of this design we have tested our wafer during
AC short circuits starting at different fault angle
¢ (i.e. different voltages). For instance, for a
voltage of 150V, i.e. at 45% of U, there are
dissipative zones in each of the 8 lines. The
effect of the constrictions is evident as for the
same meander but without constrictions, only
3 to 4 lines would have switched.

One of the important characteristics of the FCL
is the recovery time, i.e. the time needed, after
the end of the short circuit, to switch back the
FCL into the superconducting state. By
injecting a small current in the FCL during and
after the short circuit, we have measured the
restoring time for short circuit lengths ranging
from 20 to 65ms. For instance the restoring
time of the lines is 600-700ms and 750-900ms
for short circuit lengths of 45 and 65ms
respectively.

20 i 10
Wafer 1
15
Wafer 2 (@]
=
10 5 @
< \\ . 2
> Difference
€ 5 h -, i g;
5 g
5 @
3 o |
®
>
i v/ -
-10 -5
0 10 20 30 40 50 60 70 80
Time (ms)

Fig. 8: Current in wafer 1 and 2, connected in parallel,
during a 60ms short circuit. The other curve represents the
difference between the currents in wafer 1 during the test
in conjunction with wafer 2 and the individual test.

During this year we have also tested the
behavior of two wafers connected in parallel.
This 10kVA (340V, 32A) FCL has sustained
short circuits up to 60ms (cf fig. 8). Our
measurements show that the current in a



particular wafer is almost identical (difference of
300mA for a current of 5A) when this wafer is
tested individually or when it is connected in
parallel.

In order to have the possibility to grow large
area thin films we have set up a new deposition
chamber. In this system the three elements
(Y,Ba,Cu) are evaporated simultaneously from
three boats by Joule heating. We have calibrated
all the deposition rate and already produced
YBCO thin films on a smal (5x5mm) SrTiO;
substrate. These films are superconducting and
we are now optimizing the growth conditions.

Growth and properties of La,SryCuOy4

Following our previous studies on strain effect in
NdyBa,,CusO7.5, we have started to
investigate another material, La,Sr,CuO,
(LSCO), on which it has been claimed that strain
could increase T. [7]. Besides, ARPES
measurments [8] led us to think that STM
measurements should be possible also on this
material (cf. STM part below).

On samples grown by magnetron sputtering, we
have observed a large T, variation (from 5 K to
33K) with deposition pressure, for films with a
constant thickness (35 nm) and quality (inset
fig. 9). This is likely to be due to a change in the
stochiometry during transfer.

c-axis parameter (nm)
004
k

———

Te

Fig. 9 : c-axis parameter vs T.. Inset : Finite size effect
around 004 for a film with T, = 33 K.

In fact, a decrease in Sr content is known to
change the c-axis as it lowers T, [9] (fig. 10). In
our case, a c-axis variation has been observed
too, but less than expected (fig. 9). The loss of
T, could then be due to a lack of both Sr and Cu,
copper deficiency being known to lower T,
dramatically without changing the c-axis.

Actually, many authors use targets with excess
of CuO in sputtering [10].

To better understand the lower T; in our films,
we have performed Hall effect measurements
and compared them to those of Suzuki [10], on
films grown onto SrTiO; with different Sr
content. Surprisingly, all our films present
similar Hall numbers, corresponding actually to
x = 0.1 (nominal Sr doping of the target,
fig. 10).

4.0x10”

2.0x10°'

(1/Rh)

0.0

Fig. 10 : Number of carriers as a function of T,

At the same time, we made some samples with
our new PLD system. This technique is
supposed to preserve stochiometry better than
sputtering, and we would be interested to
compare the results of both methods.

Up to now, we have grown a few films and
measured the Hall constant of one with T, =
22K. Once again, we obtained a value
corresponding to the nominal Sr doping
(x=0.1). This seems to indicate that the Sr
stochimetry is conserved in our films, so that
something else should be accounted for the
lower T., which doesn’t follow the Hall number.
More measurements are on course, and
should be completed by a direct measurement
of stochiometry by RBS (Rutherford Back-
Scattering).Then we will start investigating the
question of strain with series of films with
different thicknesses.
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Applications of superconductivity

René Flukiger

Research summary

The research in our group is centred on crystal growth, mainly of
superconducting materials, and on the analysis of metallurgical and physical
properties of superconductors for practical applications. The crystal growth
program comprises a series of compounds, which are of importance for
various scientific aspects at the DPMC. A strong effort is devoted to the
Bi-2223 system: this 3-layer compound has one of the highest known
T. values (110K), but due to the lack of single crystals of sufficient size and
quality, many properties were so far still waiting to be investigated. We
succeeded in refining for the first time the 5-fold orthorhombic supercell of
Bi-2223. A spectacular enhancement of the irreversibility field was obtained in
Pb-doped Bi-2212 crystals, by combining strong Pb-doping that removes the
structure modulation, with ion irradiation.

The investigation of the transport properties under an applied magnetic field is of central interest in order to
optimise the performance of MgB, tapes for industrial applications. Fe and Stainless Steel sheathed tapes have
been fabricated either by cold or hot rolling. XRD measurements on the filaments show that the cold rolled tapes
have moderate texture of the grains while hot rolling arranges grains almost randomly. The filament texture
seems to be the main reason for the anisotropic critical current density, its measured values being not otherwise
justified by the intrinsic anisotropy of the material. Pinning properties of MgB, have been studied by magnetic
relaxation techniques. Transport properties under strain and applied magnetic fields are being investigated in
superconducting tapes and wires of various materials (mainly NbsSn). The study of the 3" harmonics of
AC magnetic susceptibility made it possible to study the Peak Effect in NbsSn up to very high fields (19 T) and to
relate it to the transition between a disordered vortex state and a Bragg glass state.

Crystal Growth and Characterisation
Pb-free and Pb-doped Bi,Sr,Ca,Cu30 crystals

Very recently, our effort in growing crystals of
Bi,Sr,Ca,Cu304¢ superconductors was rewarded
by a successful production of high quality
Bi-2223 single crystals, thus allowing scanning
tunnelling spectroscopy (STS), optical
spectroscopy, and other experiments that were
not possible before. The activity on crystal
growth of Pb-free and Pb-doped Bi-2223 has
continued during the last year, leading to an
improvement of size and quality. By carefully
controling the density and the quality of
precursors and using a very low travelling
velocity (~40 um/h), pure Bi-2223 crystals, as
large as 9x5x0.8 mm° have been grown, a size
never obtained before (Fig. 1).

The Bi-2223 phase is known to be much less
sensitive to oxygen doping than the other two
members of the Bi-family, Bi-2212 and Bi-2201.
After annealing in O, at 500°C, we found a
smooth dependence of T, on p(O;), ranging from
T.=103 K at p(Oy) < 102 bar to T.=108 K at
p(Oz) = 400 bar, the optimal doping T.= 110.5 K
being achieved at p(O,) = 20 bar.

Thanks to the availability of high-quality Bi-2223
and (Bi,Pb)-2223 crystals, we have been able to
study their structure by single-crystal X-Ray
diffraction.
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Fig. 1: Large Bi-2223 crystal grown by the TSFZ method.

The crystal structures are characterized by an
incommensurate modulation having its main
component in the direction of one of the short
translation vectors of the subcell, however, the
structures can be conveniently described in
5-fold supercells (g = 0.2 a*w) (Fig.2).
Additional oxygen atoms were found in the BiO
layers. In both crystals an additional O atom has
been inserted at the level of every 10™ Bi atom,
which defines the translation unit of the
modulation wave. A partial substitution of Ca by
Bi was also observed in both crystals. The actual

compositions of the crystals are thus
Bi2.16Sr2Ca1.84Cu3010.17 and
(Bi1 8Pbg.2)2.10Sr2Ca1.90Cu3010.19, respectively.
Crystal Bi-2223 | Bi,Pb-2223
Space group A2aa (subcell), P222 (supercell)
asup (A) 5.4210(7) 5.3952(14)
asuper (A) 27.105(4) 26.976(7)

b (A) 5.4133(6) 5.4130(10)
c(A) 37.010(7) 37.042(11)
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Fig.2. (left) Average structure of the Bi-2223 phase and
(right) b-projection of the orthorhombic supercell. Modulated
displacement along the c-axis is visible.

The structures of the Bi,Sr,Can.1Cu,O4s2n45
series have a strong two-dimensional character
with weak links between the BiO layers. In the
orthorhombic superstructure of Bi-2223 (n = 3),
the longitudinal waves of the Bi atoms in two
neighboring BiO layers are in phase and,
consequently, the transverse waves are out of
phase (shifted by 180°). For the monoclinic
superstructures of Bi-2212 (n =2, q = 0.22 a*y,)
and Bi-2201 (n = 1, q = 0.2 a*yy), the phase
difference between the transverse displacement
waves of the Bi atoms in consecutive slabs is
160 and 72°, respectively. The amplitude of the
transverse displacement wave increases with
decreasing thickness of the slabs.

Crystal Bi-2223 | Bi-2212 | Bi-2201
Slab thickness (A)| 15.378 | 12.224 | 9.109
Wavelength (A) 27.105 | 24.413 | 26.908
Amplitude (A) 0.139(7)| 0.156(6)|0.310(7)
Phase difference 180° 160° 72°

Enhanced pinning properties in ion-irradiated
modulation free Pb-doped Bi-2212 crystals.

We have successfully obtained Bi-2212 crystals
with strongly enhanced pinning properties by
substituting Bi atoms by Pb atoms. The large
amount of Pb substituted in the structure leads
to the disappearance of the structural modulation
associated with the Bi-2212 phase. This
structural change is the main responsible for the
pinning enhancement, as it yields a large
reduction of the magnetic anisotropy of the
phase. In a next step, we have combined both
the effects of heavy Pb doping and heavy ion
irradiation of the crystals. Modulation-free
heavily Pb-doped (Bi,Pb)-2212 crystals were
irradiated with 5.8 GeV ions, using the facilities
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of GANIL (Caen). This irradiation dose is
equivalent to a matching field of H, = 10* Oe. In
Fig. 3, we present the irreversibility lines of a
pristine and an irradiated Pb-doped (Bi,Pb)-2212
crystal, as a function of the reduced temperature
t=T/T.. The combination of Pb-doping with ion
irradiation leads to a spectacular enhancement
of the irreversible portion of the H-T plane.
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Fig. 3. Hi«(T) lines of Pb-free Bi-2212 (®), Pb-doped Bi-2212
(M) and ion-irradiated Pb-doped Bi-2212 crystals (7), as a
function of reduced temperature t=T/T,.

Vortex Phase Transition in Nb3Sn single crystals
by 3 harmonics of the AC susceptibility

We measured the 1% and the 3™ harmonics of
the AC magnetic susceptibility as a function of
temperature, at DC magnetic fields up to 19 T,
on a high quality single crystal of Nb;Sn. We
detected for the first time in this material the
Peak Effect (PE), corresponding to a dip in the
real part of the 1" harmonics, 1. It is known
that PE is associated to the transition of the
vortex lattice between a disordered and the
Bragg Glass phase. The PE disappears at
uoH > 13 T, however, by the measurement of the
harmonics, we succeeded in revealing the
Bragg/disordered transition even at higher
magnetic fields. The H-T phase diagram
obtained by the 1% and the 3™ harmonics
measurements is summarized in Fig.4, where
both the Bragg Glass and the disordered phase
have been displayed.
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Fig. 4 : H-T Phase Diagram of NbsSn single crystal.



Growth of CoSi single crystals.

Transition metal monosilicides exhibit intriguing
electronic properties related to the spin-singlet
formation. In collaboration with Van der Marel’s
group, we have grown single crystals of CoSi. A
Czochraski crystal growth technique has been
used, using a RF levitation furnace with a water-
cooled, Hukin-type cold copper crucible. Our
crystals, grown at a growth rate of 5 mm/h under
overpressure of pure Ar, were characterised by
XRD Laue diffraction, optical microscopy, SEM
and resistivity measurements. The value of
RRR=6.3, the highest obtained so far in CoSi,
proves the good quality of these crystals.
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Processing and characterisation
superconducting tapes and wires
practical applications

J; anisotropy and texture in MgB, tapes

Fe-sheathed MgB, monofilamentary tapes are
fabricated via the ex-situ powder-in-tube
technique, using starting powders with various
particle sizes. The fabrication steps include
swaging, drawing and final rolling during which
the rolls exert perpendicular and shear forces on
the flat surface of the tapes. In order to study the
anisotropy of the critical current density of the
conductors with respect to the applied magnetic
field orientation, critical current measurements
vs. the applied magnetic field have been
performed at 4.2 K (Fig. 5) for four tapes made
of powders with sizes of 4 um (A and B) and 1
um (C and D).

10& L]

10

A B
~ 10 ‘\\ . 10'
5 10 \\m_\. i 5 Y -."w,\ "
32 1 N \\ _\ -\_-.\‘
= N \
10?1 I} 10° |
10' I- 10'+— ; -
346678911112 3456789101112
10 — —— 10°— - . s
ey [+ +]
4 4
~10 10 w5
E A \-‘-\"
S 10° et
- 107 L o 10,1 1 h

34567 8 9101112 4 56 7 8 9101112
B(M B(T)

Fig. 5. Critical current density J. for the samples A, B, C, and
D at4.2 K.

The anisotropy I' of the critical current
(r=Jo(B))/Js(Bs)) is found to be more
pronounced for the tapes prepared with the
larger particle sizes (see Fig.6). XRD
measurements have been performed on the
filaments extracted from the Fe sheath in order
to investigate the origin of the critical current

12

anisotropy. Due to the large penetration depth of
the CuK, radiation into the filaments (thickness
200 pm), it has been necessary to proceed to a
series of measurements starting from the central
part of the filament (after grinding) and
successively removing each time 25 um of it.
The degree of preferred orientation along the
[00]] crystallographic direction is expressed by
the HWHM of the rocking curve ¢. Fig. 7 shows
the HWHM-¢ as a function of the distance from
the interface between the Fe sheath and MgB,
filament. Near the interface with the sheath, the
degree of orientation results to be more
pronouced. It is thus more probable for the
current to flow within the more textured layers,
passing through the external part of the samples,
than to flow within the internal ones. It could be
possible to enhance the critical current density in
ex-situ tapes by enlarging the regions with a high
degree of texturing.
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Fig. 6. Anisotropy at 4.2 K of J. versus applied magnetic field
for the tapes A, B, C, and D.
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Fig. 7. FWHM of the rocking curve as a function of thickness
of the filament from the interface with the Fe sheath.

Magnetic Relaxation and Pinning Properties of
“ex-situ” MgB./Fe Tapes

The time decay of the non-equilibrium
magnetization has been analysed on ex-situ
MgB,/Fe tapes in parallel and perpendicular
magnetic field in order to investigate the
correlation between the anisotropy of the pinning
properties and the texturing. Magnetic relaxation



measurements have been performed in dc
magnetic fields up to 9 T at temperatures varying
from 5 to 35 K. The magnetization has been
found to decrease linearly with In(t). This allows
to calculate the pinning potential energy U, by
using the relationship U, = kT/AdM/[ModIn(t)]}.
The resulting behaviour of Uy in field and
temperature is not related to the field orientation,
as shown in Fig. 8. The anisotropy of the pinning
energy Uy at fixed B and T can be ascribed to
the partial texturing of the tapes and, thus, to the
anisotropy of the superconducting properties of
Mng
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Fig. 8. Field behaviour of the pinning energy Uy at T = 10 K
extracted from the relaxation rate in parallel (black squares)
and perpendicular (red circles) field; in the inset, the
temperature dependence of Uy at Byc = 1 T is reported for
both the field orientations.

Ic versus strain measurements in Nbs;Sn

superconducting wires and tapes

In collaboration with B. Seeber and D. Uglietti
(GAP-Supra) the critical current has been
measured as a function of uniaxial tensile strain
at 17T, 19T and 21T on two Nb3Sn wires
prepared by the “Bronze” - (GAP-Geneva) and
the “Internal Sn” - Technique (Oxford
Superconducting Technologies). The wire are
respectively (Nb,Ti,Ta);Sn and (Nb,Ti);Sn. In
Fig.9 the I.(¢) curves at 17T and 19T are shown.
The 1(B,¢) curves of the two wires have been
fitted with the ten Haken and Ekin models, using
the formulas below.

1—
JC(B,g)oc(B%(g)j p-[1—

where p=0.5 and gq=2 and
B,,(£)=B,,(0)- (1 —als - 5|”)
in the Ekin's model, and

1-C (e + 6 + &2
e
a

in the ten Haken model.

B

Bcz(s)]q
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In the Ekin model, the fit parameters are B,,, a
and o, whereas the ten Haken model has one
parameter more: By, C, & and 6. The
parameter ¢ is the so-called thermal induced
pre-strain (6~ 0.25% for both wires). According
to the authors, the parameters C,, & and a,
should be material constants, so they should
have the same value in both wires (“Bronze” and
“Internal Sn”). That means that the only
parameter that has an influence on the shape of
the 1¢(B,¢) curve is B;,. From the I vs. B curves,
it appears that the critical field is about the same
in both wires, so the I(¢) curve is expected to
have the same slope in both wires. It is not the
case: the curve is much steeper for the Internal
Sn wire than for the Bronze one. Both analytical
and FEM calculations are in progress to
determine the effect of the radial pre-strain on
the critical current, taking into account the
different wire design, i.e. thick, hollow filaments
(Internal Sn wire) vs. thin solid filaments (Bronze
wire). Further measurements on (Nb,Ta);Sn and
(Nb,Ti,Ta)sSn Internal Sn wires will explore the
effect of the doping on the strain and field
behaviour of the critical current.
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Fig. 9. Reduced critical current versus strain at 17T and 21T
for the Bronze and Internal Sn wires.
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Theory of condensed matter

Thierry Giamarchi

Research summary: The group works on the theory of condensed matter, in
connection with various experimental groups. The research activities include the
study of strongly correlated electronic systems, ab initio calculations, disordered
elastic systems and quantum magnetism. For strongly correlated systems the main
focus has been to understand out of equilibrium phenomena, such as tunnelling and
transport, and to study the dimensional crossover in quasi-one dimensional
structures, such as organic superconductors and ultra-cold atoms in optical lattices.
For disordered elastic systems, the physical properties such as specific heat,
diffraction spectrum and transport of periodic systems have been analysed, as well as
the slow motion (creep) of domain walls. Ab initio calculations have been used to
study magnetic properties of systems such as FeSi, and to study the spin-phonon
coupling in High Tc systems. Density of states of two dimensional artifical solids has
been studied. For quantum spin systems, the effect of spin phonon coupling and
impurities has been looked at for one dimensional systems, while variational
calculations have been used to determine the properties of spins and charges on a

two dimensional triangular lattice.

Quasi-one dimensional systems

We examined the physical properties of quasi-
one dimensional systems. Such an analysis is
relevant both for organic superconductors and
for cold atoms in optical lattices where such
fermionic systems can now be realized.

In cold atoms systems, an unprecedented level
of control can be reached, so the hopping
parameters for the two spins (isospins in that
case) species can be independently controlled.
In collaboration with M.A. Cazalilla and A.F. Ho,
we thus examined the properties of a one
dimensional Hubbard model with spin-dependent
hoppings. Such a system has a much richer
phase diagram than the standard Hubbard
model. In particular the system becomes
massive in the spin sector as soon as the two
velocities for spin up and down particles are
different (see Fig. 1).
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Fig.1. Phase diagram of a one dimensional Hubbard model
with two different velocities for spin up and down patrticles. z
is the velocity difference and U the interaction. Contrarily to
the standard Hubbard model which has a Tomonaga-
Luttinger-Liquid phase (TLL) such a system develops a spin
gap. The various instabilities are a spin (or charge) density
wave SDW (CDW), or singlet (triplet) superconductivity SS
(TS). At too large velocitiy difference phase segregation can
exist (SG).
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For an isolated tube, the system is dominated by
anisotropic antiferromagnetic fluctuations. When
the coupling between the tubes is included, the
system can stabilize a triplet superconducting
phase. The existence of this phase, and the
presence of a gap in the spin sector, can be
detected by measuring the spin flip susceptibility
by Raman laser [1].

Another system where this question of coupled
tubes is relevant, is provided by the organic salts
(TMTSF),X and (TMTTF),X that are extremely
anisotropic conductors with a quarter-filled
conduction band. These materials are believed
to undergo a deconfinement transition as the
temperature is lowered, crossing over from a 1D
Luttinger-liquid phase to a 2D Fermi-liquid like
phase [2]. The precise nature of the low-
temperature phase is still largely unknown: in
particular, many questions remain about its
spectral properties, such as the possible
existence of "hot spots" on the Fermi surface. As
a first step towards the solution of this question
we have considered a model of spinless
fermions at half-filling. This system has the same
density as the quarter-filled Hubbard chain, but
does not break particle-hole symmetry. For
solving this model we have developed a new
code within the Quantum Monte Carlo -
Dynamical Mean Field framework. With this code
we were able to compute the Luttinger exponent
K of the isolated chain—which characterizes the
decay of the correlation functions—as a function
of the in-chain interaction strength. The
numerical results are consistent with the known
analytical results. The extension of this analysis
to the case of coupled chains and to the study of
the deconfinement transition are in progress.

Another important question for the organics is
the nature of the superconducting phase. It was
observed during recent years that, at low
temperatures, certain superconducting organic



compounds show upper critical fields in excess
of the Pauli-Clogston paramagnetic limit; usually
depending on the angular orientation of the field
with respect to the crystalline axes. High critical
fields constitute an indication of possible triplet-
pairing superconducting phases. An
unambiguous interpretation of this effect is of
course difficult and independent confirmations of
the unconventional paring scenario are therefore
desirable. A large number of independent
experimental checks were both proposed and
some carried out. We were concerned with the
relevant signatures of triplet superconductivity to
be found in proposed point-contact tunneling
experiments.

Fig.2. Different sets of |-V characteristics for point contact
Jjunctions. Red curve is an S-S junction. The structure below
the gap is due to the Andreev reflections. The blue and
green curves are for an S-T junction, with and without
magnetic field respectively. In the insert is a finite
temperature curve for a S-S with two different gaps.

We developped a microscopic calculation of
tunneling in superconducting junctions based on
a non-equilibrium Green function formalism to
incorporate the case of spin-triplet pairing. We
have studied the efect of finite temperatures and
magnetic fields, and have shown that distinctive
features are present in the |-V characteristics of
different kinds of junctions; in particular when the
Zeeman effect of a magnetic field is taken into
account (see Fig. 2). The observation of such
features would constitute a sensitive experiment
that permits to identify the type of pairing [3].

Disordered elastic systems

Understanding the physical properties of
disordered elastic systems is a challenging
question relevant to a host of experimental
situations ranging from periodic ones, such as
vortex lattices, charge density waves, Wigner
crystals, to interfaces, such as magnetic or
ferroelectric domain walls, fluid invasion in
porous media, contact lines of liquid menisci on
a rough substrate and domain growth. A
paradigmatic but still poorly understood problem
is the creep motion of an elastic string in a two
dimensional pinning landscape. We have
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addressed this problem by means of Langevin
dynamics simulations. We find that the Velocity-
Force characteristics are well described by the
creep formula predicted from phenomenological
scaling arguments. We have analyzed the creep
exponent u, and the roughness exponent £. Two
regimes are identified: when the temperature is
larger than the strength of the disorder we find
p=1/4 and (=2/3, in agreement with the quasi-
equilibrium-nucleation picture of creep motion;
on the contrary, lowering enough the
temperature, the values of pand ( increase
showing a strong violation of the latter picture
(see Fig. 3) [4].

P A I

%% 5 F]

F ()

2.0
T/R{0)

Fig.3. (a) Roughness exponent ¢ and creep exponent u as
a function of temperature T. Deviations from the
phenomenological predictions {=2/3, u=1/4 are clearly seen
at low temperatures. (b) Temperature dependence of the
characteristic energy barrier Uc.

We have also put in evidence the underlying
connection between the critical properties of the
depinning transition and the extreme value
statistics of correlated variables. We found the
distribution to be Gaussian for all periodic
systems, while in the case of random manifolds
there exists a family of universal functions
ranging from the Gaussian to the Gumbel
distribution (see Fig. 4) [5].

For the case of periodic systems, it was recently
shown, that the positional order of these systems
is only algebraically destroyed leading to
divergent Bragg peaks and a nearly perfect
crystal state.



Fig.4 Example of a numerically determined curve belonging
to the newly found universal family of functions that
interpolates between the Gaussian distribution (solid line)
and the Gumbel one (dashed line) in the case of random
manifold systems.

Quite remarkably, it was shown that for weak
disorder this solution is stable to the proliferation
of topological defects, and thus that a
thermodynamically stable phase having both
glassy properties and quasi-long range
positional order exists. This phase, nicknamed
Bragg glass, has prompted many further
analytical and experimental studies. Although its
existence can be tested indirectly by the
consequences on the phase diagram of vortex
flux lines, the most direct proof is to measure the
predicted algebraic decay of the positional order.
Such a measurement can be done by means of
diffraction experiments, using either neutrons or
X-rays on the crystal. Neutron diffraction
experiments have recently provided
unambiguous evidence of the existence of the
Bragg glass phase for vortex lattices.

Another periodic system in which one can expect
a Bragg glass to occur are CDWs, where the
electronic  density shows a sinusoidal
modulation. As a consequence of the elecron-
phonon interaction, this modulation generates a
permanent distortion of the underlying lattice.
This distorsion can be revealed thanks to X-ray
spectrum : the corresponding X-ray spectrum
presents satellite peaks around each principal
Bragg peak. These satellites contain information
concerning the positional order of the CDW. The
X-ray experimental resolution is in principle
much higher than the one that can be achieved
by neutrons for vortex lattices, consequently
CDW systems should be prime candidates to
check for the existence of a Bragg glass state.
However, compared to the case of vortex lattices
the interpretation of the spectrum is much more
complicated for two main reasons: (i) the phase
of the CDW is the object described by an elastic
energy, whereas the X-ray probes the
displacements of the atoms in the crystal lattice
(essentially a cosine of the phase); (ii) since the
impurities substitute some atoms of the crystal,
the very presence of the impurities changes the
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X-ray spectrum. This generates non-trivial terms
of interference between disorder and atomic
displacements. It is thus necessary to make a
detailed theoretical analysis for the diffraction
due to a pinned CDW. In the past the study of
the spectrum has been carried out only either for
strong pinning or at high temperatures. We have
focused our attention on the low temperature
limit where a well formed CDW exists and on
weak disorder, for which one expects to be in the
Bragg glass regime. Both the short and long
range screening of the Coulomb interactions
were considered. We have shown that in both
cases the diffraction spectrum consists in two
asymmetric peaks (see Fig. 5).

K+Q

Fig.5. Intensities of the different contributions to satellite
peaks. The more divergent term, g, is symmetric. I, and Iy,
are antisymmetric.

The peaks are power-law divergent, with a
stronger anisotropic shape in the case of
unscreened long-range Coulomb interaction.
This finding is consistent with the Bragg glass
behavior. The asymmetry divergence follows a
subdominant power-law as well, with an
exponent that we have also determined [6].

With G. Schehr and P. le Doussal, we have
examined the specific heat of such periodic
disordered glassy systems. We have shown that
contrarily to the standard expected result of
specific heat linear in temperature (as predicted
e.g. by the phenomenological model of two level
systems), disordered elastic systems have a
specific heat varying as T3 at low temperatures
(for all dimensions below d=4). The coefficient is
determined by the pinning (Larkin) length. This
cancellation of the linear term seems quite
general and occurs also in other types of
quantum glassy systems [7].

For quantum systems, a similar competition
exists, leading to phases such as the Wigner
glass or the Coulomb glass. Recent
experimental studies of hopping conductance in
Anderson Insulators showed striking
nonequilibrium effects that persist for very long
times at low temperatures. We investigated this



issue by kinetic Monte Carlo simulations. Our
results (see Fig. 6) suggest a transition from
stationary to nonstationary dynamics at the
equilibrium glass transition temperature of the
system.
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Fig.6. Temperature T (a) and waiting time tw dependence at
low (b), and high temperatures (c), of the occupancy of the
dynamical modes of electrons during the relaxation of the
Coulomb glass.

Within a selected time interval two group of
carriers are identified: electrons whose motion is
diffusive and electrons that remain confined in
small regions of space. During the relaxation that
follows a temperature quench an exchange of
electrons between these two modes takes place
and the nonequilibrium excess of diffusive
electrons initially present decreases with time as
the system relaxes. This bimodal dynamical
hetereogeneity persists at higher temperature
when normal electron diffusion and stationarity is
recovered. The temperature dependence of the
occupancy of the two dynamical modes reflects
a crossover between a low-temperature regime
with a high concentration of electrons forming
fluctuating dipoles and a high temperature
regime in wich the concentration of diffusive
electrons is high [8].

Electronic structures

Various properties involving the electronic
structure of either regular or artificially built
materials have been investigated.

The B20 structure is the stable structure of the
much studied MnSi, FeSi, CoSi, FeGe etc., and
the question has been posed whether strong
correlation is important for the onset of
magnetism at some compositions. Our
calculations of the properties of these systems
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include no assumptions of strong correlation.
Extensive spectroscopic measurements (see the
group of D. van der Marel) on several of the B20
compounds have motivated us to do calculations
of the spectroscopic properties from the LDA
band structure.

Ferromagnetic MnSi is found to have a sudden
transition from a low moment (~0.4 pug per MnSi)
to a high moment state (~0.8 ug) when the lattice
constant increases from 8.3 to 8.35 a.u.(see
Fig. 7). Saturation moment at ambient pressure
suggests that the moment is about 0.4, and our
calculated hyperfine field on Mn (-60 kOe) is
consistent with this value.

8, dau) " H iy

Fig.7. Magnetic moment per cell (4 MnSi) as function of
lattice constant and applied magnetic field.

Indications of a high moment solution (much
larger than 1 pg) from Mn-2p and Mn-3s XAS
spectra suggested calculations of these spectra
as function of the moment through variations of
the lattice constant. These calculations are made
for supercells in which one atom has a core hole.
However, the band results cannot find the very
large moments as the Hund rule gives for free
Mn, and the calculated XAS spectra are different
from the observations of the high spin state in
MnO. The complementary SXE spectrum,
probing the occupied DOS, is consistent with the
low spin solution, although the resolution
prevents a precise comparison with experiment.
The calculated XAS agree well with experiment
for non magnetic CoSi, while for FM MnSi and
paramagnetic FeSi the comparison is less good.
The unusual properties of FeSi have previously
been explained as an effect of thermal disorder.
Later measurements showed that the degree of
disorder used in the calculations is of the correct
order. However, the issue of non-conservation of
spectral weight, seen in optical measurements,
was not considered in our calculations.
Preliminary results show that structural and
magnetic disorder at larger T can modify the
spectral weight, but also that variation of the
ordered magnetic moment plays a role. A



substantial exchange enhancement will follow
when the narrow gap is filled by thermal
fluctuations, and this will increase the spectral
weight at low excitation energies. The different
corrections to the spectral weight from the one
particle results can be opposite, and the details
of the band structure will determine if there is an
increase or decrease with T.

FeGe is similar to FeSi, but the gap is closed at
ambient pressure with a FM ground state. The
calculations as function of pressure show that
the gap should reappear at about 0.1 Mbar. The
exchange enhancement will peak for
intermediate pressures, with possibilities for
superconductivity mediated by spin fluctuations,
although the lattice symmetry is expected to
prevent a large T;[9].

In MnSi calculations of the positron distribution
have been performed. The positron probes
mostly the Mn sites and ACAR measurements
should give information of the Fermi surface
topology. The topology of the Fermi surfaces of
the two spins will change with the size of the
moment. Positron annihilation will therefore give
an indirect and sensitive probe of the FM state,
and this and investigations on other alloys are
made in collaboration with the group in Bristol.

Calculations of phonon and spin waves of large
wave lengths have been performed for La and
Hg based high-T, oxides. The results indicate
that the coupling is larger for larger wave length,
corresponding to less doping. But the amplitude
of Ag;, is too low when using LDSA, and a bit
lower for the La than in the Hg-based case. By
doing calculations with non-optimal choice of
linearization energies, it is possible to obtain
near AFM order for the undoped La based
copper oxide (as shown previously for the Hg
based case), and enhanced A4 for the doped
cases, and this is still within LDSA. Corrections
of LDSA have been attempted, where exchange
and correlation potential depends on kinetic
energy and non-locality. This leads to stronger
antiferromagnetic  fluctuations, as in the
calculations with modified linearization, but the
convergence is not sufficient for quantitative
results of Ag.

We have analyzed by tight-binding theoretical
modelling (in collaboration with F. Mila) the local
density of state of a two-dimensional superlattice
of Ce adatoms on a Ag(111) surface that has
been determined by Scanning Tunneling
Spectroscopy at 3.9 K (by the group of W.-D.
Schneider). We have explored the local
electronic structure of a unique adatom
superlattice, a 2D hexagonal superlattice of Ce
adatoms on a Ag(111) surface.
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Fig.8. Difference of the electronic energy between the silver
surface with a Cerium covering of unit-cell size I° and the
clean surface. The electronic energy is normalized by the
number of Cerium atoms. We find that the most favorable
configuration corresponds to a Ce-Ce distance of 3.2 nm,
precisely the distance realized experimentally in most cases.

The distance between two Ce adatoms in this
superlattice depends on the Ce coverage, and
was determined experimentally with scanning
tunneling microscopy to be in the range of d =
2.3 to 3.5 nm. For a given superlattice spacing d,
the formation of a new 2D mini-Brillouin zone
with a concomitant splitting of the Ag(111)
surface state band is expected. We observed
characteristic spectral structures and
spectroscopic images which were successfully
modelled within a TB description of the 2D
bandstructure, showing the opening of gaps at
highsymmetry points of the superlattice Brillouin
zone. In particular, the model accurately predicts
the range of superlattice adatom spacings d
observed for stable superlattices, as well as the
influence of the adatom spacing d and local
disorder on the local electronic structure. The
scattering of Ag(111) surface state electrons by
the Ce adatom superlattice leads to gap
openings and to LDOS singularities at
highsymmetry points of the surface mini-Brillouin
zone which agree quantitatively with the
characteristic features observed in differential
conductance (dlI/dV) spectra. In addition, the
energy gain associated with the gap formation is
maximal for superlattices with adatom distances
in the range 2.3-3.5 nm, in excellent agreement
with experiments (see Fig. 8) [10].

Low dimensional spin systems

We investigated various aspects of low
dimensional magnetism. Indeed in low
dimension or on special lattices quantum

fluctuations and/or frustration
unusual spin properties.

lead to quite

We examined, in collaboration with R. Citro and
E. Orignac, the properties of one dimensional
spin chains in presence of lattice phonons. It is
well known in that case that, for classical lattice
distortions, the one dimensional spin chain is
unstable to lattice dimerization leading to the so



called spin-Peierls distortion and the formation of
spin singlets. For the case of quantum phonons
the situation is more complicated and people
have usually resorted to either treating the
phonons classically (so called adiabatic limit) or
assuming that the phonons are so fast that they
can be integrated out and simply lead to
additional spin-spin couplings (anti-adiabatic
limit). However many experimental compounds
are clearly between these two extreme cases.
We developed both a variational and a
renormalization procedure allowing to treat the
full crossover between this two cases and to
compute the physical properties of a generic
spin-Peierls system. This approach allows to
unify and interpret all previous numerical
analysis on such spin-Peierls systems (see
Fig. 9), as well as to give a -consistent
description of experimental compounds [11].
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Fig.9. Phase diagram for a spin Peierls system. wy is the
characteristic phonon frequency of the lattice distortions. Aye
is the mean-field spin-Peierls gap which is proprotional to
the electron-phonon coupling.

With L. Benfatto, we looked at the effect of spin
Y2 impurities in a spin chain. Such a problem is
known to be a realization of a two channel
Kondo problem. Using a bosonization
representation we can describe the single
impurity correlations. This should allow to
successfully tackling the case of a large number
of impurities. This study is currently ongoing.

The recent discovery of superconductivity at low
temperatures in the triangular Co0O,
(Na,Co00,.yH,0) layered compounds is an
interesting event, since it may be the long sought
low-temperature  resonating valence bond
superconductor, on a lattice which was at the
basis of Anderson’s original ideas on a possible
quantum spin liquid state. It was pointed out that
this system may be viewed as a spin-1/2 Mott
insulator with electron doping of x=35%. Thus,
this compound can be well described by the t-J
model on a triangular lattice. RVB mean-field
theory and slave-boson mean-field theory were
used in the f-J model on a triangular lattice with
finite doping : a superconducting ground state
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with a dy-,» + idy, pairing was found over
significant range of doping. However, the mean-
field theories involve approximations, and it is
sometimes difficult to sort the artefacts due to
the approximations from the true features of the
model. We thus studied the different kinds of
instabilites in the t-J model on a triangular lattice
within the framework of variational Monte Carlo
(VMC). The VMC method provides variational
upper bounds for the ground-state energy, which
can be considered exact up to the eventually
residual bias due to finite-size effects. We have
proposed a variational wave-function mixing the
following instabilities : the 120° magnetic phase,
the dy-y» + idy, RVB phase and finally a
staggered flux phase. It was found that the
resulting wave-function could be extended in
terms of a sum of Pfaffians.
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Fig.10. Energy per site of the t-J model versus doping for a
12-sites cluster. The variational energies (triangles) are
compared with the exact energies (squares). The line is a
guide for the eye.

As a first step, we have compared the variational
energies with the energies we got from exact
diagonalization measured on a small cluster
(12-sites, see Fig.10.). We found a good
agreement. Moreover we found very surprisingly
that the 120° magnetization order parameter is
vanishing at high doping of the order of 35%.
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Thermodynamic data for superconductors at high field and high pressure

PbMo0gSg, midway between LTS and HTS

Alain Junod

Research summary: our group specialises in thermodynamic studies of
superconductors and new materials. After having characterized MgB, as a two-
gap superconductor by bulk methods, we turned to another superconducting
boride, ZrB1,. Specific heat, magnetization, resistivity, and thermal expansion
measurements on single crystals revealed unusual features such as type-II/1
superconductivity and electron-phonon coupling essentially given by a single
anharmonic low-frequency mode. Information on the phonon and electron-phonon
scattering spectra was obtained by inversion of the specific heat and resistivity
curves. Research was continued in high-temperature superconductivity. First
results were obtained with the specific heat of YBa,Cu3O7 under pressure up to
10 GPa. The issue of d-wave superconductivity in detwinned YBa,CuszO; was
addressed using a bulk test, with surprisingly negative results. Midway between
high- and low-temperature superconductivity, we studied the mixed-state specific
heat of PbMosSgs, a Chevrel phase characterized by a very small value of the
coherence length, searching for the effect of quantization of orbits in the vortex
cores. New experimental techniques in small-sample calorimetry were developed.

At low temperature (i.e. typically T < T./2), the

Most interesting effects in the phenomenogy of
high-temperature superconductors (HTS) arise
from the small and anisotropic value of the
coherence length &. With § = 2.5 nm, the nearly
isotropic Chevrel-phase superconductor
PbMogSs only lies a factor of ~2 away from
typical HTS. Specific heat experiments on new
samples (collaboration with B. Seeber and
R. Flukiger, Geneva) were performed to identify
fluctuation effects at the superconducting
transition, and to detect the signature of
quantization of orbits in vortex cores (Fig. 1).
Indeed the broadening of the transition in high
fields can be described in the framework of
finite-size effects where the divergence of the
correlation length & ~ \T—TC|‘0'67 is limited by
inter-vortex distance a ~ H'?, thus giving rise to
the scaling property shown in the inset of Fig. 1.
In low fields, scaling no longer holds exactly
because of the limitations due to sample
inhomoneneity.
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Fig.1. Specific heat of PbMoeSs in fields of 0-14 T. Inset:
scaling plot of the specific heat near T
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difference between the specific heat C/T in a
field and that in zero field (Fig. 2) should be
given by yH/H., in the continuum limit of the
model of Caroli, Matricon and de Gennes (y is
the Sommerfeld constant). In the opposite limit,
minigaps associated with the quantization of
levels in the vortex cores should give rise to an
activated behavior. We find an intermediate
shape rather following a power law C/T =
a(H)+b(H)T2. Theoretical understanding is under
way in collaboration with K. Machida (Okayama).
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Fig.2. Difference between the specific heat of PbMo¢Ss in a
field and that in zero field. The vortex core contribution is
visible on the left, the superconducting anomaly on the right.

Strongly coupled anharmonic phonons and
type ll/1 superconductivity in ZrBj,

The 6 K superconductor ZrB4,, for which data
published in the literature tend to be conflicting,
was investigated with two purposes in mind:
characterize its phonon structure in relation to
superconductivity, and map its phase diagram in
the field-temperature coordinates. We performed
specific heat (C), thermal expansion (a) and
resistivity (R) measurements on a single crystal.



The linear behavior of o between 100 and 300 K
(Fig. 3) is characteristic of a Debye temperature
much larger than room temperature, a fact
confirmed by the analysis of the specific heat.
The broad anormaly around 50 K reflects the
presence of a low-lying phonon mode. A fit using
an Einstein oscillator (Tg" = 170 K) and a Debye
spectrum (6p” = 1400 K) reveals considerable
weighting of the Tg* component. This evidences
a large anharmonicity.
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Fig.3. Linear thermal expansivity of ZrB;, versus

temperature. The dotted and dashed lines show Einstein and
Debye components, respectively. The smallness of the step
at T, = 6 K (inset) thermodynamically implies that T, is nearly
optimal with respect to the cell volume.

This low-lying phonon mode is also apparent in
the shape of the specific heat and the resistivity
curves, which were measured up to 300 K. By
inversion procedures, we evaluated the phonon
density of states F(w) and the spectral electron-
phonon scattering function oy°F(o) (Fig. 4). The
low energy mode is heavily weighted in a°F(w),
indicating that this region provides most of the
superconducting coupling.
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Fig.4. Full line: phonon density of states F(w) obtained by
inversion of specific heat. Dotted line and dashed line:
spectral electron-phonon scattering function a,,ZF(a)) obtained
by inversion of two resistivity measurements.

Figure 5 shows the electronic specific heat of
ZrB4, at fixed temperature and variable field. At
temperatures close to T, the superconducting to
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normal-state transition manifests itself both by a
peak (i.e., a latent heat) and a step, which is
characteristic of type-l superconductivity. The
peaks and steps start to move apart with
decreasing temperature. This indicates a
crossover to type-ll behavior at ~4.7 K, where
the critical fields H.1(T) and H.(T) separate from
the thermodynamic critical field H,(T). This is a
consequence of the Maki parameter «4(7) =
Heo/N2H, being slightly below the critical value of
27" and of its temperature dependence. The
persistence of the peak at H.(T), and more
spectacularly of a discontinuity in the
magnetization at H;(T), show that the sample is
in fact a type Il/1 superconductor. This special
behavior is associated with an attractive
component in the vortex-vortex interaction.
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Fig.5. AC specific heat of a single crystal of ZrBi, in field

sweeps at fixed temperatures, dB/dt > 0 in zero-field cooled
conditions (full lines) followed by dB/dt < 0 (dotted lines).
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Fig.6. Phase diagram of ZrB,, obtained by specific-heat,
magnetization, and resistivity measurements. The Hg line
marks the point where R = 0. At H., diamagnetism begins.
The H, curve is calculated from the specific heat difference
Cs(H=0,T)-C.(T) (green line). Circles close to the H, line
mark the position of specific heat peaks and magnetization
jumps. Below Hg = H, the sample is in the Meissner state.



The resistance of ZrBi, does not vanish at
He(T), but at a distinct surface critical field
Hqs(T). This rarely observed phenomenon only
gives rise to a vanishingly small anomaly in the
magnetization loops. All critical fields are shown
in the phase diagram of Fig. 6. (Collaboration
with Yu. Paderno, Kiev, and V. Gasparov,
Chernogolovka).

Specific heat of Y-123 at high pressure

Till now, AC specific-heat measurements under
high pressure up to several GPa in Bridgman-
type pressure cells have been limited to samples
with a large heat capacity at low temperatures,
e.g. heavy-fermions, while it is widely believed
that it might become increasingly difficult at
higher temperatures. We developed this method
further to study the tiny (~1%) specific-heat
anomaly at the transition temperature T, of high-
temperature  superconductors  under the
influence of pressure up to 10 GPa.

Fig.7. Assembly of sample, thermocouples and current leads
on a disc of steatite (white) inside a gasket (grey) mounted
on one of the anvils of a pressure cell to perform specific-
heat and resistivity measurements. The steatite disc serves
as a pressure-transmitting medium. A second disc of steatite
(not shown) is laid on top of this assembly before closing the
cell. The total thickness of the pressure cell is 250 ym.

Measurements have been performed on a
stoichometric, overdoped, and detwinned
YBa,Cuz0; single crystal, in order to investigate
the pressure dependence of T, the shape of the
specific-heat anomaly, and the superconducting
condensation energy in the overdoped range of
the phase diagram. The value of T, as obtained
from specific-heat measurements, represents
the real bulk T. which might differ from that
obtained by standard high-pressure techniques
such as AC susceptibility or resistivity. T.
decreases by about 10 K under the application
of 10 GPa, whereas only minor changes in the
size of the anomaly AC (which is closely related
to the superconducting condensation energy)
are found. This behavior contrasts with that
known on the underdoped side of the phase
diagram of HTS: for a comparable T. change,
AC has been reported to decrease by a factor of
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~4 [1]. The shape of the specific-heat anomaly is
not drastically modified versus pressure,
reflecting the absence of strong phase
fluctuations or the absence of a pseudogap
above T, in the overdoped range.[2]

The results are in agreement with a simple
charge-transfer model where the leading effect
of pressure is doping. Applying high pressure to
high-temperature superconductors thus
represents a clean method to change the
charge-carrier concentration of stoichometric
samples without adding disorder. It confirms
results obtained on Ca-doped samples.[1]
(Collaboration with D. Jaccard, Geneva, and
S. Tajima, Tokyo)
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Fig.8. Specific heat C/T of a single crystal of YBa,Cu3O;
(including some contribution from the pressure transmitting
medium, steatite) in 1.1, 3, 5, 7.4 and 10 GPa. The kinks are
the anomalies at T.. Upper inset: singular part of the specific
heat C®*°"/T left after subtraction of a smooth background at
1.1 GPa. Lower inset: pressure dependence of T, (closed
black circles: this work) compared to literature data.[3]

[1] J.W. Loram et al., J. Phys. Chem. Solids 59, 2091 (1998).
[2] T. Timusk and B. Statt, Report on Progress in Physics 62,
S. 61 (1999).

[3] J. S. Schilling and S. Klotz, in Physical Properties of High-
Temperature Superconductors, Vol.lll, Ed. D. M. Ginsberg
(World Scientific, Singapore, 1992), and references therein.

Missing d-wave H¢, anisotropy in Y-123

Following the puzzling absence of bulk d-wave
anisotropy in the specific heat of YBa,CuzO; for
Hlc (cf. 2003 report), new experiments were
initiated, using this time the rotating field given
by a split-coil magnet. By avoiding mounting and
unmounting the sample between runs, the new
experiment should be more significant. The
results confirm that only = periodicity is present
in the mixed-state specific heat y(H,p)T at T <<
T., whereas the d-wave symmetry of the Cooper
pairs should introduce a component with n/2
periodicity (Fig. 9). The measured variation gives



an estimation of the anisotropy of the upper
critical field Hen/He2a = 1.25 associated with the
Cu-O chains running along the b-axis (the
anisotropy Heo/Hean is close to 5 for this
sample). Unlike surface-sensitive experiments
such as tunneling, this bulk test does not support
simple views on d-wave pairing symmetry in
YBa,Cu30;. (Collaboration with C. Meingast,
Karlsruhe, and S. Tajima, Tokyo).
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Fig.9. Variation of the coefficient of the linear term of the
specific heat y(H=8 T,¢) as a function of the angle ¢ between
H in the basal plane and the a-axis. Upper curve: calculated
dependence for a d-wave orthorhombic superconductor.
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NbsSn, a two-gap superconductor

Following our finding a second gap in the low-
temperature specific heat of the technically
applied superconductor Nb;Sn (cf. 2003 report),
experiments of point-contact spectroscopy and
tunneling on break junctions were initiated in the
group of G. Goll on the same samples. The
presence of a second small gap in addition to
the main one is confirmed. (Collaboration with
G. Goll and W. Goldacker, Karlsruhe).

Development of new types of calorimeters

As new materials are usually available only in
small quantities, we developed new types of
calorimeters allowing high-resolution
measurements of thermal properties of samples
with masses of the order of a few milligrams
down to a few hundred nanograms.

Most of these calorimeters are based on AC
techniques. For example, we built and used
modulated-bath calorimeters based on modified
Peltier cells in the temperature range from 30 K
to room temperature (Fig. 10). In this method,
the sample is attached to a thin thermocouple
cross, acting as a weak thermal link to a
platform; the absence of heater reduces the
background heat capacity ("addenda") to a
minimum. The temperature of the platform can
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be modulated periodically by Peltier effect, so
that the oscillation is symmetrical about the
temperature of the main bath. This avoids the
problem of DC offsets which plagues
conventional AC calorimeters. For use at
temperatures below 30 K where Peltier cooling
loses its efficiency, a similar calorimeter using
AuFe/chromel thermocouples and Joule heating
was developed.

Fig.10. Platform holding two AC calorimeters with their "bath"
modulated by Peltier effect. The smaller one, 3.2 x 3.2 mm,
uses 25 um <& thermocouples, whereas the larger one, 6.4 x
6.4 mm, uses 50 um & thermocouples.

Another type of calorimeter combines the
advantages of AC calorimetry with those of heat-
flow calorimetry (Fig. 11). A thin sapphire disc is
suspended to the heat sink by a thermopile
made of 24 AuFe/chromel thermocouples. A
thin-film Pt heater is deposited onto the platform.
The thermopile can either be used as a sensor
for AC calorimetry, or measure the heat flow
when the temperature of the bath is swept at a
constant rate dT/dt. When working at constant
bath temperature while sweeping the magnetic
field H, it can either give the field dependence of
the specific heat with high data density, using
AC modulation, or measure the isothermal
magnetocaloric effect, using the DC component.
For the measurement of thin-flm samples, we
finally selected the ‘3w’-technique. Test devices
using a Pt heater/thermometer deposited onto a
SisN,-membrane were realized.

Fig.11. Combined heat-flow and AC calorimeter made of a
sapphire disc equipped with a Au-Fe/Chromel thermopile.



Fundamental excitations of correlated matter
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Research summary: The group works on the properties of interacting electrons in
solids. Prominent examples of unanticipated new phenomena are the fractional
quantum Hall effect, high temperature superconductivity, colossal magneto
resistance, and quantum phase transitions. The project focuses on physical situations
where changes of state of matter take place. Invariably a transition of one state of
matter to another is accompanied by a characteristic change of the kinetic energy of
the electrons, which can be monitored by measuring the phase stiffness as revealed
by the low energy optical spectral weight. Phase transitions are moreover often
accompanied by an abrupt change of symmetry at the critical point, and this is
revealed optically by the appearance or disappearance of vibrational modes in the
infrared range, and by changes of the visible part of the optical spectrum. Ordering
phenomena are usually accompanied by the appearance of new collective modes,
which in some cases can be detected optically. With this approach we investigate the
electronic structure of superconductors in the cuprate and heavy fermion families,
Kondo insulators, itinerant ferromagnetic materials and (in)organic one-dimensional
materials.

the trends of spectral weight transfer. In
particular we have investigated strongly
overdoped Bi2212, optimally doped Bi2223,
NdBa2Cu06.5, and optimally doped TI1223.
Using an improved setup in the mid-infrared

in cuprate
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range (0.1 to 1 eV) we have been able to
investigate the optical constants with similar
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FIG. 1: Dielectric function and optical conductivity of
optimally doped Bi2223 as a function of frequency and
temperature. The unprecedented detail of the measured
temperature dependence permits, among other things, for
the first time the analysis of the temperature derivative of the
infrared optical constants.
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We have extended our studies on two aspects of
the ab-plane optical response to a broader range
of materials and dopings. These two aspects are
the powerlaw behaviour seen in the optimally
doped and overdoped samples of Bi2212, and
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temperature and frequency resolution as we
have previously obtained for the visible light
spectra (H.J.A. Molegraaf et al., Science 295,
2239 (2002); A.B. Kuzmenko et al., Phys. Rev.
Lett. 91, 037004 (2003); D. van der Marel et al.,
Nature 425, 271 (2003)). This has allowed us to
follow in unprecedented detail the evolution of
the MIR-conductivity as a function of
temperature, along with its detailed changes
associated with the superconducting phase
transition. An example of the temperature and
frequency traces for Bi2223 single crystalline
material is shown in Fig. 1.

The experimental data are described by the
complex valued matrix, &(w,T), giving the real

and imaginary part of the dielectric function for
10’000 frequencies and 260 temperatures. As
can be seen from Fig. 1 this allows to identify
quite easily the changes associated with the
onset of superconductivity. It allows also carrying
out a unique and very informative analysis of the
normal state: Among other things this has
allowed us to verify a suggestion born out by
models of quantum critical scaling, that the
dielectric function describing the conduction
band near optimal doping should to a very good
approximation given by an expression of the

form
1 0]
0T~ 1 2]+ era(o)

where the first term describes the low frequency
response of the charge carriers, which in
scenarios of quantum critical behaviour is a



universal function of the frequency devided by
the temperature when the sample is tuned
exactly to the critical doping or pressure.

ST =-0 2 (1+x/f(x))
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Fig. 2: Scaling function of the optical self energy, where
x=w/T. Clearly the experimental data (blue curve) are quite
different from the marginal Fermi-liquid model (olive curve).

The second term, &, (a)) describes the regular

part of the optical response which is not due to
quantum criticality, and which represents the
contributions coming from interband transitions,
optical phonons, etcetera. This term has only a
negligible temperature dependence in the

infrared range, where &, (a)) is much smaller
than the charge carrier term. A straightforward
temperature differential analysis of
dg(a),T)/ dT of the experimental data

de(v,7)
or

do |,

=T

@
foo(@T)==T [ v
0

than provides fexp(a),T) directly from the

experimental data. This new form of data
analysis has the great advantage of eliminating
any possible theoretical bias.

The result of the analysis, shown in Fig. 2,
confirms that to a very good approximation
fexo(w, T) = f(w/T). It also shows, that to a very

good approximation f (X) =1/(1+ ix"l). The

latter observation contradicts the famous
marginal Fermi liquid model of Varma et al.,

which predicts that f(X) :l/(1+ iV1+x7 )
shown as the olive curves in Fig. 2. The marginal
Fermi liquid model is based on the assumption
that in the cuprates, near optimal doping, the
quasi-particle scattering is characterized by a
single energy scale, which is the temperature
itself. Of particular relevance are the implications
for the notion of quantum critical fluctuations
near optimal doping and those for the nature of
the electron-electron coupling.
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Transition metal silicides

We prepared large clean single crystals of CoSi,
and we have measured its infrared optical
conductivity as a function of temperature and
frequency. Additional studies of the temperature
dependent resistivity in an extended temperature
range from 4 to 800 K has been carried out for
MnSi, FeSi and CoSi. The aim of the latter study
is to investigate in more detail the remarkable
temperature dependence in MnSi, where it was
seen that in the paramagnetic phase above 30 K

the resistivity is o= p,T/(T +T,) , where
resistivity is p, =2808km, and T, =180K

(see FP Mena et al, Phys. Rev. B 67, R241101
(2003)). Our novel data upto 800 K support this
result. XAS has been used to study the 3d
valence bands, and the local magnetic
correlations of MnSi, showing, among other
things, strong disagreement between LDA band
theory and the experimental data. Theoretical
analysis indicates the importance of local Hund’s
Rule correlations of MnSi.

Optical anisotropy of MgB,

Magnesium diboride has a strikingly high
transition temperature of about 40 K. After
4 years, it still holds an unchallenged record
among the ‘conventional’ BCS-like
superconducting metals with a phonon-mediated
pairing. The hallmark of MgB; is the existence of
two very distinct superconducting gaps residing
on different sheets of a complicated Fermi
surface. Magnesium diboride has yet another
‘spectacular’ duality: it appears in two colors —
gold and silver. We demonstrate with the aid of
spectroscopic ellipsometry on high-quality single
crystals produced in group of J. Kaprinsky (ETH
Zurich) that both colors are intrinsic and stem
from rather different electronic responses to the
light polarized parallel and perpendicular to the
graphite-like boron ab-planes (see Fig. 3). Even
though the plasma frequencies along the two
directions are very close and correspond to the
plasma edge of gold, a strong interband
transition for the in-plane polarization at 2.5 eV
smears out the plasma edge and makes the ‘in-
plane color silver-like. The results are in
agreement with the LDA calculations, although
the absolute value of the bare electron plasma
frequency (5.5 eV) is much lower than predicted
by the LDA calculations (6.9 eV). The reason for
this discrepancy is a subject of the ongoing
research.
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Fig.3 : The reflectivity of single crystal of MgB,. On the top
panel the polarization of the incident light is parallel to the
graphite-like boron planes; On the bottom panel it is along
the c-axis. The images demonstrate that the sample color
depends on the polarization. The gold color (E||c) is caused
by a sharp plasma edge at about 2.5 eV. The silver color
(El|lab) is due to the flattening of the reflectivity curve in the
visible range by a strong interband transition.

Optical study of the oxygen isotope effect in
(LagsPros)o7CagsMnO;

Few compounds manifest a so ample variety of
phases as manganite perovskites do, due to the
interaction of charge, spin, orbital and lattice
degrees of freedom. One of the most fascinating
phenomena is the oxygen isotope effect. For
example, (LaPr),7Cag3sMnO; is a ferromagnetic
metal below ~180 K, but the substitution
*0-"0 shifts the transition to much lower
temperatures and for some compositions may
even drive the system to the insulating ground
state (N.A.Babushkina et al, Nature, 391, 159). It
tells that the interaction with lattice is crucial in
the formation of the electronic ground state.
Some models predict that the sample becomes
phase-separated. @ We  measured optical
conductivity of thin epitaxial films of
(LagsPros5)0.7CapsMnO; on SrTiO3 substrate for
the two isotope substitutions (Fig. 4).
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Fig.4 : Oxygen isotope effect on the optical conductivity of
(Lao5Pro5)0.7CaosMnOs at 200 K (top panel) and 10 K (bottom
panel). S16 (blue curves) and S18 (red curves) denote the
%0 and "®0 samples correspondingly.

At 200 K, where both samples are in the
insulating phase, the optical conductivity is the
same: the Drude contribution is suppressed and
the peak at 1.5 eV is well pronounced, which
supposedly corresponds to the interatomic
transitions with the final spin state of the
conducting g4 electron antiparallel to the core tyg
spin. Conversely, at low temperatures the
isotope substitution drastically changes the
spectra for energies up to 2.5-3 eV. The ®0-rich
sample has a reduced Drude peak and an
increased peak at 1.5 eV, inherent to the
insulating phase. The data point toward the
separation of the sample into ferromagnetic
metallic and paramagnetic insulating domains.

Optical and electronic properties of ZrB,

The discovery of superconductivity in MgB, has
revived the attention of scientists to other boride
compounds. In ZrB,, the zirconium atoms and
By, dodecaedra arrange in rock-salt structure
(see inset in Fig. 5). The superconductivity at T,
=6 Kin ZrB4, has been discovered in the 1960s,
but the knowledge of electronic properties was
very limited. On large single crystals, grown in
the group of Y. Paderno (Kiev), we obtained the
optical conductivity of ZrB;, (Fig.5) from a
combination of high-frequency ellipsometry
(above 0.7 eV) and low-frequency reflectivity.
We calculated the band structure of ZrB4, using
full potential LMTO method. The contribution of



interband transitions to the optical conductivity
(Fig.2) is in a good agreement with the
experimental data. The measured plasma
frequency (6.6 eV) also agrees well with the
calculated value (6.5 eV). Thus, optics provides
an experimental evidence for the validity of the
band structure calculations.
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Fig.5 : Optical conductivity of ZrB;, computed by from the
plasma frequency and the interband transitions (red curve),
given by the LDA calculations (convoluted with a Lorenz
function to simulate scattering) compared with experimental
results (blue curve).

The LDA calculations also show that the
substitution of Zr ions with some atoms (Y, Rb)
increases the density of states at the Fermi level,
which may enhance the superconducting
properties. Further experimental and theoretical
work is in progress.

Giant magnetocaloric GdsSi,Ge, compound:
optical and photoemission study

The compound GdsSi,Ge, attracted attention
due to its unusually high (giant) magneticaloric
effect (4K/Tesla), making it rather promising for
the application in cooling devices. The optical
properties of GdsSi,Ge, crystals, fabricated at
Ames Lab. (USA), were under investigation.
Ellipsometric and reflectivity measurements,
ranging from the visible light to the far infrared,
allowed us to gain insight into the electronic
properties, the magnetic mechanism and the
intruigingly high transition temperature of this
metallic ferromagnet. At the synchrotron
ELETTRA in Trieste, we have additionally
performed resonant photo-emission to clarify the
contribution of the 5d Gd electrons to the
magnetism.
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Fig. 6. The anisotropic optical conductivity as obtained from
ellipsometric measurements. In the inset, the layered
GdsSi,Ge; structure in the ferromagnetic phase is shown.

CDW formation in LuslrsSiig

In LuslrySiyg the charge transport is realized
mainly due to lutetium chains. The nesting
condition is nearly satisfied, giving rise to the
formation of the charge-density wave (CDW) at
83 K. The transition is clearly observed in the
optical spectra, that we measured from 0.08 to
45 eV. In the future we plan to do optical
measurements, applying pressure up to 21 kBar,
when the CDW is suppressed, and
simultaneously the superconducting temperature
is increased from 3.8 to 9.1 K, displaying the
strong interplay between CDwW and
superconducting order.



Growth and electronic properties of unconventional metals and oxides

Research summary: Unconventional metals and oxides, including dielectric and

Jean-Marc Triscone

Ferroelectricity and tetragonality in ultrathin
PbTiOsfilms.

The question of finite size effects in ferroelectrics
or, in other words, the question of whether or not
there is a critical thickness below which
ferroelectricity disappears is still open.

In this study, a series of epitaxial perovskite films
of c-axis oriented PbTiO3; ranging from 500 down
to 24A (6 unit cells) were grown using off-axis
RF magnetron sputtering onto metallic (001) Nb-
SrTiO; substrates. The thickness of the films, the
c-axis length, and the epitaxial growth were
studied using high resolution X-ray
measurements. As can be seen on Fig. 1, the c-
axis parameter systematically decreases with
decreasing film thickness below 200A. Using a
first-principles model Hamiltonian approach, the
decrease in tetragonality is related to the
reduction of polarization. The shortening of the
c-axis observed in thin films thus reflects the
progressive decrease of the polarization. This
important result has been confirmed by XPD
measurements performed with P. Aebi in
Neuchatel and extended to thinner films as
shown on Fig. 1. These data suggest that films
thicker than about three unit cells are
ferroelectric and that the progressive polarization
reduction is due to the depolarizing field resulting
from imperfect screening.

For more details and further reading, see [1] Junquera et al.,
Nature 422, 506 (2003), [2] Lichtensteiger et al., Phys. Rev.
Lett. 94, 047603 (2005).

Ferroelectric domain wall roughness

Understanding the mechanisms that control
domain wall pinning and propagation in
ferrolectric materials is of both applied and
fundamental interest. Previous studies have
shown subcritical domain wall motion to be a
creep process, controlled by disorder [1,2].
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ferroelectric insulators, ferromagnetic metals, and superconductors, are studied using
standard transport, local probes, and high pressure techniques. The materials
investigated include single crystals, epitaxial thin films, and heterostructures. Epitaxial
ferroelectric films are used to study finite size effects. Ferroelectric domain
manipulation and domain wall motion, as well as novel devices are studied and
realized using atomic force microscopy. Heterostructures of ferroelectric perovskites
with superconducting or metallic oxides allow the realization of local field effect
experiments using the nonvolatile ferroelectric polarization field, while ferroelectric /
dielectric structures are used to design novel materials with tailored properties. High
pressures are used to tune the electronic properties of correlated electron systems, in
particular close to phase transitions.

Tetragonality c/a

100
460

200 300

500

200 300
Thickness (A)

Fig.1. Evolution of the c/a ratio with the film thickness. Top:
x-ray experimental results for the 1% series (circles), the 2
series (squares), and the 1% series with a gold top electrode
(crosses); XPD data (stars); the dashed line is the
phenomenological theory prediction supposing a ratio
between the extrapolation and the correlation length 6/5=1.41
(see Ref. [2]); the solid line is the model Hamiltonian
prediction for A_o=0.12A, rescaled to give a maximum
tetragonality in agreement with the experimental data.
Bottom: results from the model Hamiltonian calculations for
A_en=0.23A (dashed line), A _o=0.12A (solid line) and
A_«=0.06A (dotted line). Inset: thickness dependence of the
spontaneous polarization P from the model Hamiltonian for
A_en=0.12A.

However, questions about the microscopic
nature of the disorder were left open by the
dynamic measurements alone, and the possible
role of long range dipolar interactions was not
addressed. These can be accessed by a direct
analysis of the static domain wall roughness,
extracting the roughness exponent ¢ and the
effective domain wall dimensionality det. The
static configuration of ferroelectric domain walls
was investigated using atomic force microscopy
(AFM) on epitaxial PbZry,TiggO3; thin films.
Linear domain structures like those shown in
Fig 2, were written with alternating negative and
positive voltage signals applied between the
metallic AFM tip and the conducting Nb:SrTiO;
substrate. From high resolution piezoresponse
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Fig.2. The same set of domain walls imaged (a) 1 hour after
writing and (b) 1 week later. The white triangle indicates the
same domain wall in each image.

images of the individual domain walls we
extracted the correlation function of relative
displacements B(L) = <<[u(z+L) — u(z)]*>> where
the displacement vector u(z) measures the
deformation of the domain wall from an
elastically ideal flat configuration due to pinning
in energetically favorable regions of the potential
landscape, and <<...>> denotes the
thermodynamic  and  ensemble  disorder
averages. As shown in Fig. 3, we observe a
power law growth of B(L) at short length scales,
comparable to the 50-100 nm thickness of the
films used for these studies, followed by a
saturation of B(L) in the 100-1000 nm? range
which indicates that the domain walls do not
relax at large length scales from their initial
straight configuration, dictated by the position of
the AFM tip during writing.

1000
<800k
e
C
=~ 600
=
m 400f

200 fogl®

O :A L L L L L
0 50 10 150 20 250 30
L (nm)
Fig.3. Average displacement correlation function B(L) for
different sets of domain walls in a 91 nm thick film.

From the power-law growth of B(L) at short
length scales we extract average values of ¢ ~
0.26, 0.29 and 0.22 for the 50, 66 and 91 nm
thick films studied. Independent measurements
of domain wall creep in the same samples give
values of 0.59, 0.58 and 0.51, respectively, for
the dynamical exponent .. In the theoretical
framework of elastic disordered systems, these
two exponents are directly related via y = (dex-
2+2¢)/(2-¢), allowing the effective dimensionality
of the films to be obtained as 2.42, 2.49 and
2.47, respectively [3], in very good agreement
with the expected theoretical value for a two-
dimensional elastic interface in the presence of
random-bond type disorder and dipolar
interactions.
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For more details and further reading, see [1] Tybell et al.,
Phys. Rev. Lett. 89, 097601 (2002), [2] Paruch et al., cond-
mat/0411178, [3] Paruch et al., cond-mat/0412470, to appear
in Phys. Rev. Lett.

The unusual behavior of ferroelectric
polarization in PbTiO3/SrTiO3 superlattices

The construction of artificial ferroelectric
superlattices with fine periodicity presents
exciting possibilities for the development of new
materials with extraordinary properties and
furthermore a probe for understanding the
fundamental physics of ferroelectric materials.

The PbTiO3/SrTiO5; superlattice system suggests
itself as a useful model system for studying the
depolarization field effect in PbTiO; as one
expects that similar behavior will be observed in
superlattices as in thin flms when the relative
thickness of the PbTiO; layers is reduced with
respect to the thickness of the SrTiO; layers. We
thus deposited several superlattices of
PbTiOs/SrTiO; on conducting (001) 0.5% Nb
doped SrTiO; using off axis RF magnetron
sputtering.

In the principle series of interest we grew
superlattices consisting of 20 PbTiO3/SrTiO;
bilayers in which the SrTiO; layer thickness was
maintained at 3 unit cells while the PbTiO3 layer
thickness was varied from 55 unit cells down to
just one unit cell. As discussed above, the
PbTiO; lattice parameter reflects the polarization
in the film. Here, the average lattice parameter
was used as a probe of the ferroelectric
polarization of the superlattice. For thick PbTiO;
layers, the films clearly possess a ferroelectric
polarization. When reducing the PbTiO3 layer
thickness, the polarization decreases to the point
where, for the 3-3 superlattice, the average
lattice parameter coincides with that expected for
the paraelectric structure. However, the 1 - 3

o

Average c axis lattice parameter (A)

Number of Unit Cells of PbTiO, per bilayer

Fig.4. Average c-axis lattice parameters measured by x-ray
diffraction and complementary piezoelectric AFM images
showing the suppression and recovery of ferroelectricity as
the PbTiO; volume fraction of the superlattice is reduced.
The lower solid line represents the expected lattice
parameter of a paraelectric sample, while the dotted line
represents the volume average of fully ferroelectric PbTiO3
and paraelectric SrTiO3.



and 2 - 3 superlattices surprisingly display larger
average lattice parameters that indicate the
samples should be ferroelectric. This was
confirmed by using piezoelectric AFM to write
stripes using alternatively positive and negative
voltages as shown on Figure 4.

Transport properties of
single crystal surfaces.

reduced SrTiO3

Doped or reduced SrTiO; displays a metallic
behavior and becomes superconducting at very
low temperatures (<0.5K). In addition, its
superconducting critical temperature depends
strongly on the carrier concentration, making this
material very attractive for field effect
experiments. We have used a hydrogen plasma
cleaning procedure to reduce the surface of
SrTiO; (STO) single crystal substrates. This
procedure allows us to obtain a metallic
superficial layer, whose thickness is however a
priori unknown. Many experiments show that the
samples resistance values increase as a
function of time. However, a remarkable scaling
of the normalized resistivities, p(T)/p(296K), for
different samples and for different “waiting time”
is observed. Only at low temperatures, a change
in behavior is measured for different plasma
reduction conditions. A substantial
magnetoresistance is also seen to develop
below about 100K, a result in agreement with
our measurements on Nb-doped STO discussed
in detail below. Hall effect test measurements
have also been performed and the carriers
mobility has been deduced.

Electrostatic modulation of the electronic
properties of Nb-doped SrTiO3
superconducting films.

We have performed ferroelectric field effect
experiments using epitaxial heterostructures
composed of ferroelectric Pb(Zry,Tipg)O3 and
superconducting Nb-doped SrTiO; (Nb-STO).
The films were prepared on (001) SrTiO;

substrates by off-axis radio-frequency
magnetron sputtering and pulsed-laser
deposition. To switch the direction of the

ferroelectric polarization (parallel (P+) or anti-
parallel (P-) to the c-axis), the metallic tip of an
AFM was used as a mobile gate electrode,
scanning at room temperature over the whole
area of the conducting path.

Figure 5 shows the temperature dependence of
the resistance for the P+ and P- states and the
resistance difference ratio between the two
states. In the temperature range investigated,
both states display a metallic behavior and a
large resistance change between the two states
is observed. The inset of Fig. 5 shows the
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resistivity behavior below 0.4 K and down to
0.15 K. For the two polarization states, a narrow
superconducting transition is observed with the
resistivity reaching zero within the experimental
resolution and a clear shift of T, is observed.
With T, defined as the temperature at which the
resistivity decreases to 50 % of its value at
0.4 K, the T, value for the P- state is 0.30 K and
that of the P+ state is 0.24 K (a 20 % change).
As shown by the green arrow, in a temperature
range around 0.27 K, switching of the
ferroelectric polarization induces a remarkable
transition from the normal metallic state
(P+ state) to the superconducting zero
resistance state (P- state).

In order to quantify the electrostatic modulation
of the carrier density, the Hall effect was
measured at various temperatures for the two
polarization states.
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Fig.5. Left axis: Resistance versus temperature (for the two
polarization states). P+ corresponds to the polarization
direction that removes electrons from the Nb-STO layer. In
the P- state, the polarization field adds electrons to the film,
lowering the resistance. Right axis: (green curve) :
Temperature dependence of the resistance difference ratio
between the two polarization states defined as AR(P)}{R} ={R
(P+) - R (P-)}/R (P-). The inset shows the resistance at low
temperatures. The superconducting on-off non-volatile
reversible ferroelectric switching is realized around 0.27 K as
illustrated by the green arrow.

Figure 6 shows the inverse Hall coefficient (Ry")
for the P+ and P- states and the difference,
ARH'1, as a function of temperature. Below
100 K, Ry’ decreases dramatically for both
polarization states as does ARy, which drops
from ARy " = 4.5 x 10° C/m® at high temperatures
t0 0.35 x 10° C/m° below 25 K.

In a simple picture, one would expect Ry’ and
ARH'1, the difference in carrier concentration
(proportional to An), to remain essentially
constant as the temperature is decreased (the
ferroelectric  polarization being essentially
constant below room temperature). This is in
sharp contrast with the dramatic decrease
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Fig. 6% Temperature dependence of the inverse Hall constant
(Ry"') for each polarization state (blue and red curves) and
the difference in inverse Hall constants (ARH'1).

observed below 100K for Ry' and ARy
Although the origin of this anomalous
temperature dependence is not completely clear,
we think that this behavior reflects the physics of
doped SrTiO; and the presence of different
types of carriers which may originate from the
two bands known to contribute to transport in
doped SrTiO; or to the field induced carrier
profile.

Quantification of the induced charge density
in field effect experiments

The density of mobile holes governs the
electronic transport properties of high-T,
superconductors. This quantity can be
chemically controlled by doping, giving rise to
the generic temperature versus doping level
phase diagram. The electrostatic field effect
technique allows only the carrier density of these
systems to be changed without affecting other
parameters like the disorder. In this work we
show that we are able to induce T, modulations
of several Kelvin in thin NdBa,Cu3;07.; (NBCO)
films for induced charge densities of the order of
0.7*10" charges/cm?® using a field effect device
based on a SrTiO; (STO) single crystal used as
a substrate and as a gate dielectric. We
principally used commercial substrates, 100 um
thick. The superconducting NBCO thin film is
first grown on the 100 um thick STO substrate
and then protected by an amorphous NBCO
layer deposited in-situ. After the deposition, the
sample is photolithographically patterned using
ion milling and a gold electrode is deposited on
the back of the sample and positioned at the
back of the superconducting path. During the
measurements, gate leakage currents were kept
below a few nA. In order to correlate the field-
induced changes in the critical temperature of
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Fig.7. dQ(V)=C(V)dV measured by an LCR-meter and by an
electrometer at each voltage V for a 100 um thick STO
substrate at 4.2 K. Inset: The corresponding field induced
charge density o(V) at a given voltage is calculated by
integrating the charge measured by the electrometer and the
LCR-meter.

thin NBCO films with the field-induced carrier
density, we determine the accumulated charge
on the devices. As the dielectric constant of STO
depends on temperature and applied electric
field, the polarization of the device has to be
measured at each temperature and for each
applied electric field. Measurement of the
induced charge density ¢ at a given temperature
is done by measuring the capacitance of the
device as a function of the applied voltage using
an LCR meter (model Agilent 4284A) with an
auto-balancing bridge method and by measuring
the charge flow during loading using a Keithley
electrometer.

The field induced charge dQ=C(V)dV measured
using the two independent methods is compared
in Fig.7 for a 100 um thick STO substrate with
two parallel 20 mm? square gold electrodes at
4.2 K. By ramping the voltage across the
dielectric, the LCR-meter measures the "local"
capacitance C(V) at a given voltage while the
electrometer measures dQ, the change in
charge for a given change in voltage. On Fig. 7
dQ(V) is plotted as a function of V and the two
measurements are in good quantitative
agreement. The inset of Fig. 7 shows the
corresponding field induced charge density (V)
at a given voltage calculated by integrating the
curves of Fig. 7 and giving similar results for the
two experimental methods. To compare T,
changes in four different NBCO thin films, we
define T. as the temperature at which p=0.4
uQcm. Fig. 8 shows the absolute change in T,
as a function of the measured surface field-
induced charge density (An).
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Fig.8. Absolute change in T. for four different NBCO thin
films 3.6 nm (red, green and cyan points) and 5 nm (blue
points) thick as a function of the measured field-induced
charge density.

The blue points correspond to a 5 nm thick
NBCO film while the red, green and cyan points
correspond to 3.6 nm thick NBCO films. An
overlap of the T, curves as a function of An is
observed on Fig 8. An asymmetry between the +
and — polarity is also observed for one of the
samples. Trapping states at the interface in a
given sample may affect the observed amplitude
in a field effect experiment and may be a
possible explanation for the different behaviors
observed on Fig. 8.

New questions on the wunconventional
superconductivity of iron around its critical
pressure

The discovery of superconductivity (SC) in pure
iron at high-pressure (K. Shimizu et al., Nature
412 (2001) 316) arrived as something not
completely unexpected: indeed, it had been
postulated by Wolfarth in 1979 that a
superconducting state could develop in non-
magnetic e-iron. However, it soon became
evident that a conventional scenario of phonon-
mediated pairing could not be invoked to explain
several observations, such as the narrow
pressure-range (P between 13-30 GPa) in which
SC is observed. Transport measurements
showed that disorder scattering, probed by the
residual resistivity ratio (RRR), is a key
parameter, while cold-working has a strong pair
breaking effect. Indeed, SC can be recovered by
proper annealing. The strong influence of
ferromagnetic (FM) spin fluctuations on the
normal state resistivity (p o« AT >, with a largely
enhanced A coefficient) and their relation to SC
(A mimics the pressure-dependence of the SC
critical temperature, T;) suggest magnetism as a
possible pairing mechanism (A. T. Holmes et al.,
J. Phys.: Condens. Matter 16 (2004) S1121).
Pure iron is thus an excellent candidate to study
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the interplay  of and
superconductivity.

We have extended our study of the SC-pocket in
iron to higher pressures, by performing accurate
resistivity measurements in high-purity Fe-
whiskers down to 35mK. The whiskers were
grown in the laboratory of Y. Onuki at Osaka,
Japan. To achieve the desired higher pressures,
the flat part of the sintered diamond anvils was
reduced to 1.5 mm.

We have determined the evolution of T; in one
order of magnitude as it decreases towards the
critical pressure P.. Our data for T onset (closed
circles in Fig. 9) can be fitted to a function of the
form T, o (P-P)", giving P, = 31 GPa and n =
0.7. We have also shown that above the entire
SC-region the anomalous T-dependence in the
resistivity (p o« AT >®) holds for T>T, up to rather
large temperatures (T > 50K), showing the
robustness of this near-FM state. Unexpectedly,
the Fermi liquid regime (p o« T 2) is still not
recovered at the highest investigated pressure of
30.5 GPa (which is our record pressure) where
T, vanishes.

ferromagnetism
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Fig.9. Phase diagram of iron around its superconducting
pocket. Our new T. data are plotted along with previous
ones from polycrystals and the data from K. Shimizu et al.
(black square).

Two striking features observed in our
measurements open new questions on this
subject. The first concerns the large reduction of
T. in comparison with a drop of only 50% in the
A-coefficient. In a scenario where the coefficient
A is an indirect measure of the superconducting
coupling, this seems to indicate the existence of
a threshold value of A for superconductivity. The
second feature is that, with the vanishing of T,
the SC transition involves a decreasing portion
of the sample (measured by the drop in p(7) at
the transition) despite an increasing RRR. This
may point to the martensitic character of the o-¢
first-order transition of iron and suggests new
experiments in better pressure-homogeneity
conditions.

For more details and further reading, see D. Jaccard and
A. T. Holmes, cond-mat/0410143.



Below we summarize more briefly other
ongoing activities.

High density arrays of ferroelectric domains
in thin Pb(Tio,szog)Og films

To achieve high density ferroelectric arrays, we
quantitatively studied the piezoelectric response
of PZT thin films. We determined the
piezoelectric coefficient along the c-axis (dss),
using the AFM to measure the piezoresponse
amplitude as a function of the amplitude of the
signal applied to the tip. To increase the
measurement area, a Au electrode was
deposited on top of the film and maintained at
the same voltage as the AFM tip in contact with
it. Depending on the electrical configuration
chosen (tip or substrate grounded), ds; values
ranging between 25 and 45 pm/V were found,
compared to a standard value of about 50 pm/V
for bulk samples. A typical measurement is
shown on Fig. 10.
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Fig.10. Response of the AFM to application of an alternative
voltage on the substrate. The signal is applied on the Au
electrode for the upper curve and directly on PZT for the
second one.

Using a sample with optimized ferroelectric and
piezoelectric properties, we created arrays of
circular domains (dots) by moving the tip to
predefined position on the film and applying
voltage pulses. In order to illustrate the precision
of such AFM control of the polarization, we wrote
the word “MaNEP” by leaving positions unwritten
in an array of 28 x 11 dots (Fig. 11).

Fig.11. Array of 28x11 dots showing the word “MaNEP”.
The density is about 6Gbit/cm?®.
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Fig.12. Array of 3x3 dots with a density of 40 [Gbit/cm’].

Domains with radii as small as 19 nm could also
be created allowing2 us us to achieve densities as
high as 40 Gbit/cm” as illustrated on Fig. 12.
Electrostatic modulation of the critical
current in HTS Josephson Junctions

Here we investigated the electric field effect on
the  properties of both normal and
superconducting states of NdBa,Cu;0; (NBCO)
thin films. NBCO films were grown on
bicrystalline SrTiO; (STO) substrates by RF
magnetron sputtering. The bicrystal that we used
is composed of two fused single crystals with the
same c-axis direction, but different directions of
the a and b axes. At the boundary between the
two crystals, one can obtain a Josephson
junction (JJ). Indeed, for the 24° misalignement
of our bicrystal, the crystalline order of STO is
destroyed over a width of about 1.5nm, which is
on the order of the coherence length of the
NBCO. Figure 13 shows the current versus bias
curves (IV curves) of one of our junction, with a
typical JJ-behaviour.
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Fig.13. The typical I-V curves of a JJ observed for one of our
samples. The inset show the critical current versus
temperature.



In order to apply an electric field, we used the
back of the STO substrate (which is covered by
silver paste) as an electrode and the film itself as
the second electrode. In a 75 nm thick NBCO
film we obtained a variation of the critical current
as high as 12%, for an applied bias of up to
150 V (see figure 14). This effect correspond to
a variation of about 1.2 pA/(uCl/cm?).
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Fig.14. Field effect on one of our Josephson junctions. There
is a critical current variation of about 12% between —150V
and +150V bias.

Nernst effect in underdoped NdBa,Cuz;O;4
thin films

We started a study of the Nernst effect together
with other transport properties (Hall and
Seebeck effects) in order to better understand
the origin of the anomalous Nernst signal in the
pseudogap state. Our measurements were
carried out on single crystal NdBa,Cu30; thin
films having different oxygen dopings. The
samples were grown on (001) SrTiO; single
crystals by off-axis radio-frequency magnetron
sputtering. All films were epitaxial with the c-axis
perpendicular to the substrate surface. The
sample thickness varied between 70 and 80 nm.
We measured one optimally doped sample with
a zero magnetic field critical temperature T, of
88.5 K, corresponding roughly to x 1, and
three underdoped samples  with Tes
(approximate dopings) of 58.8 K (x = 0.7), 22 K
(x =0.47) and 17 K (x = 0.46). In order to avoid
any unwanted contributions from other effects,
the Nernst coefficient has been anti-symmetrized
and the thermopower symmetrized with respect
to the magnetic field. The Hall effect has been
anti-symmetrized with respect to both the
magnetic and the electric field. The set of
measurements allows us to establish a
temperature versus doping phase diagram
(Fig. 15) correlating the characteristic
temperatures of the different transport
properties.

T Nemst denotes the temperature below which the
Nernst coefficient starts to increase in the
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pseudogap state, T han is the temperature below
which the inverse Hall coefficient is no longer
linear in temperature and T3eebeck denotes the
maximum in the thermopower. T Hai @nd T Seebeck
can be associated with the opening of the
pseudogap.
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Fig.15. Temperature versus doping (x) phase diagram.

Fig. 15 shows that T Nernst IS Only weakly doping-
dependent and not correlated with THa” and
Ts,eebeck This behavior is in sharp contrast to
results found in Lay,Sr,CuO, and BiSr,.
yLa,CuOg crystals, where T nemst inCreases with
decreasing doping for moderately underdoped
samples. We also found that the Hall and
Seebeck effects do not show any signature at
TNemst The sensitivity of the Nernst effect to
fluctuations suggests that the Nernst signal
above T, is related to superconducting
fluctuations.
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