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Preface

The Walther-Meissner-Institute for Low Temperature Research (WMI) of the Bavarian Academy of Sci-
ences carries out research projects at low and ultra-low temperatures and supplies liquid helium to both
universities in Munich. The research program of the WMI is devoted to fundamental and applied re-
search in the field of low temperature solid state physics with the main focus on superconductivity and
superfluidity, magnetism and magneto-electronics, mesoscopic systems as well as on the general proper-
ties of metallic systems at low and very low temperatures. It also conducts applied research into methods
of generating and using low temperatures. With respect to materials the research program is focused on
superconducting and magnetic materials, both in bulk and thin films.

The year 2000 was an important year for the WMI. After the former director Prof. Dr. Klaus Andres
retired in March 1999, Prof. Dr. Gerhard Abstreiter from the Walter-Schottky Institute was the acting
head of the institute until June 2000. In July 2000, Prof. Dr. Rudolf Gross became the new director of
the Walther-Meissner Institute and at the same time obtained the chair for Technical Physics (E23) at the
Technical University of Munich.

With the change of director there has been also a shift of research priorities at the WMI and an exten-
sion of the activities to new fields. However, the general focus of the research program of the WMI
is still on low temperature solid state physics and the development of low and ultra-low temperature
techniques. The research activities can be subdivided into (i) basic research, (ii) application oriented
research and (iii) materials and low temperature techniques. With respect to basic research, the future
research activities are devoted to the phenomena superconductivity and magnetism, ordering phenomena
in correlated electron systems as well as to the physics of low dimensional and mesoscopic systems. In
the field of application oriented basic research the focus of the WMI will be on superconducting and
magneto-electronic devices as well as novel devices based on quantum phenomena. With respect to
low temperature techniques, the WMI develops new methods and techniques for experiments at low and
ultra-low temperatures. The materials oriented work represents a new research area at the WMI. Here,
our activities are devoted to the development of techniques for the growth of thin films and single crystals
of superconducting and magnetic materials with special focus on complex transition metal oxides. In this
area the transfer of innovative materials technology to applications is a key issue of our research with
new functional materials and multi-functional thin film structures playing a central role.

The research at the WMI has been very successful in 2000 as demonstrated by a large number of sci-
entific papers and invited presentations at international conferences. This is a good piece of news since
the change of director and the reorientation of the research program were related to substantial building
activities unavoidably disturbing the research work. However, also in this transitional stage the ongoing
research projects have been successfully continued and new projects have been started. This Annual Re-
port gives an overview on the scientific results which in many cases have been obtained in collaboration
with international guests. Within this year the international collaboration again has been extended. At
the suggestion of the WMI, Prof. V. L. Ginzburg, Russian Academy of Sciences, received the Humboldt
Research Award in 2000. The WMI is very pleased to be able to welcome this outstanding physicist for
a longer research stay within the next year.

There is no doubt that the success of the research at the WMI is based on the outstanding competence
and experience of the staff having long-standing experience in the field of low temperature research.
However, for the continuous development of the research program and the scientific progress the impetus
and new scientific accents of young scientists and Ph.D. students is important. In this respect the year
2000 was very successful, since the WMI could win 4 young scientists (Dr. habil. Lambert Alff, Dr.
habil. Andreas Erb, Dr. Achim Marx, Dr. Matthias Opel) and 6 Ph.D. students as new members of the
scientific staff. These young researchers are highly important for the further development of the institute
and the future success of our research program.



Our 2000 Annual Report is intended to provide an overview of our work to our friends and partners in
research and industry and thereby to intensify our numerous cooperations. I would be particularly pleased
if the report stimulates new collaborations. In order to be useful also for our numerous international
partners, especially within EU projects, the report is now entirely in English. I would like to thank all
authors and editors of this Annual Report for their effort and careful work.

I finally would like to thank all the colleagues, guests and cooperating partners who contributed to the
success of our work within the last year and last but not least our ministry and administration for their
trust and support.

Garching, December 2000 Rudolf Gross
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Superconductivity and Superfluidity

Dietrich Einzel

This project, part of which is published in ref. [1], deals with a unified theoretical treatment of
weakly coupled pair–correlated Fermi systems, and includes metallic superconductivity as well as the
superfluidity of neutral Fermi liquids. Both the equilibrium properties and the response of these systems
to weak external perturbations are discussed.

The pair– correlated Fermi systems investigated include, besides the conventional superconductors
of the old days, the superfluid phases of liquid 3He (–A,B, : : : ), heavy electron superconductors (for
example UBe13, UPt3, : : : ), organic superconductors (for example κ–(BEDT–TTF)2Cu(NCS)2, : : : ),
cuprate (high–Tc) superconductors, and the Ruddlesden–Popper system Sr2RuO4.

As a first step, the different flow resistance mechanisms in charged (Drude’s law) and neutral systems
(Hagen–Poiseuille’s law) in their normal conducting or fluid state are explained and contrasted with that
of the superconductor or superfluid.

The next step is a systematic classification of the pair–correlated Fermi sytems with respect to the
symmetry of their respective ground state order. The classification adresses both the spin (singlet vs.
triplet pairing) and the orbital (gap nodes, conventional vs. unconventional) structure of the order
parameter.

The equilibrium properties are reflected in analytical results for the generalized universal BCS–
Mühlschlegel parameters like the normalized zero temperature energy gap maximum ∆0(0)=kBTc and
the specific discontinuity at the transition ∆C=CN for the various pairing symmetries under consideration.

Finally the response of the systems to weak external perturbations such as a temperature change
δT (r; t), the electromagnetic scalar φ(r; t) and vector A(r; t) potentials, and a magnetic field B(r; t) is
investigated. The corresponding response functions are the heat capacity CB(T ), the spin susceptibility
χB(T ) and the London–BCS magnetic field penetration depth λL(T ), in which both the properties of the
gas of thermal excitations (Bogoliubov quasiparticles) and the condensate (Cooper pairs) are reflected.
Again, analytical results for the asymptotic low T (activated vs. power law) behavior of these response
functions are given for various gap anisotropies.

The result is a complete weak coupling BCS two–fluid description of singlet and triplet conventional and
unconventional superconducters and superfluids. A comparison of the theoretical predictions for CB(T ),
χB(T ) and λL(T ) with experimental observations can help to identify the symmetry of the superconduct-
ing and superfluid ground state.

References

[1] D. Einzel, Lexikon der Physik, Spektrum Akademischer Verlag, 2000, S. 228 – 235



Electronic Raman Response in Anisotropic Normal Metals

Dietrich Einzel

This project extends a treatment of the electronic Raman response of anisotropic normal metals
with impurities [1] to finite wavenumbers (jqj � kF). A second momentum relaxation mechanism (for
example inelastic electron–electron or spin fluctuation scattering) is incorporated on a phenomenological
level. The theory makes use of the Landau–Boltzmann equation for anisotropic metals. The calculations
account for the long–range Coulomb interaction of the electrons within the RPA and treat the collision
operator, in which elastic and inelastic processes are assumed to add up linearly, within a (charge)
conserving relaxation time approximation. The generalization of the Lindhard density response function
[2] to the Raman case is the main purpose of this work.

We consider an anisotropic normal metal in which the electronic states are characterized by a momentum
~k, an energy dispersion εk = µ + ξk (with µ the Fermi energy), a group velocity vk = (1=~)∇kεk, an
inverse effective mass tensor M�1

i j (k) = ∂ 2εk=~
2∂ki∂k j, and an equilibrium Fermi distribution nk with

derivative ϕk =�∂nk=∂ξk. Next we consider an external perturbation appropriate for a treatment of the
electronic Raman response within the effective mass approximation:
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γ
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The response of the electronic system to this perturbation is described within the the quasiclassical limit
of the kinetic equation:

ωδnk�q �vkhk = i ∑
ν=e;i

δ Iνk (2)

Here hk = δnk +ϕkδξk, δξk =U ext
k +V (q)δn1 and δnb = ∑p;σ bpδnk. V (q) = 4πe2=q2 is the Fourier

transform of the long range Coulomb interaction. The collision integrals for elastic (ν =e) and inelastic
(ν =i) have the form (conserving relaxation time approximation)
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The scattering parameters λνb allow for a classification of the macroscopic moments δnb into conserved
(λνb = 1) and nonconserved (λνb < 1) quantities. In what follows, we will, for the sake of simplicity,
restrict ourselves to the case of charge conservation λν1 = 1, λνb = 0 8b 6= 1. The Raman response, as
obtained from Eqs. (1)–(3) is then of the form

δnγ (q;ω) = Lγγ(q;ω)uext
γ (q;ω) (4)
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Here M�
ab is the generalization of the Lindhard function to arbitrary vertices ak, bk and to the inclusion

of collision effects:
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T(µ)�
ab

are generalizations of the electronic conductivity to general vertices a, b:
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are generalized diffusion tensors
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Ξ�ab are the collision–limited Raman response function which have a finite q! 0 limit:
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and the objects ζ�ab describe the mixing of elastic and inelastic scattering processes and hence deviations
from Matthiessen’s rule within the conserving relaxation time approximation:
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Finally ε = ε(q;ω) = 1�V (q)M�
11(q;ω) is the dielectric function of the electronic system. It has

thus been shown that the mixing terms ∝ ζ�ab of the two separate scattering mechanisms occur in the
Lindhard function M�

ab(q;ω) =O(q2) and in terms which are screened ∝ ε�1 by the long range Coulomb
interaction. For practical applications of the result (4) to the cuprate systems, say, where q ! 0 and
ε � 104 may be assumed, one may use the q! 0;ε ! ∞ limit of Lγγ and the contributions from mixing
∝ ζ �ab are hence irrelevant. Therefore, the scattering mechanisms can be linearly combined, leading to
the exclusive occurrence of Γ�p = Γe

p +Γi
p in the Raman response function. A numerical analysis of the

Raman response function Lγγ for various models particularly for the inelastic scattering rate Γik is in
preparation [3].
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Collective Spin Fluctuation Mode and Raman Scattering in Superconduct-
ing Cuprates

F. Venturini 1

Electronic Raman scattering has proven to be a useful tool in exploring the superconducting state in the
cuprate materials. The possibility of probing selectively electronic excitations in different regions of
the Brillouin zone by the choice of polarization geometries has allowed to explore the superconducting
gap anisotropy. The successful explanation of the Raman data in B1g and B2g scattering geometries has
provided one piece of evidence for the by now widely accepted dx2�y2 pairing symmetry in hole-doped
cuprate superconductors.

However up to now the discrepancy between Raman data in A1g and B1g;B2g geometries has remained
unresolved [1]. Also, previous results for the A1g scattering geometry were found to be very sensitive to
changes in the Raman vertex function making a comprehensive explanation difficult for the experimental
data in different cuprate materials [2].

Recent inelastic neutron scattering (INS) experiments have shown that the sharp magnetic collective
mode, first observed in the superconducting state of Y-123, also exist in Bi-2212 and at all doping lev-
els [3, 4]. This resonance occurs at an energy of � 40 meV and at a wave vector (π;π), and it is
believed to be fundamental for the understanding of the interrelation between antiferromagnetism and
superconductivity in high-Tc cuprates.

In this work we present calculations suggesting that the A1g peak position is largely controlled by the
strength and frequency of the collective spin fluctuation (SF) mode which on the other hand does not
affect the Raman response in the B1g and B2g channels.

The bilayer structure of CuO2 planes of the cuprates is modeled by a tight binding band structure with a
nearest (t) and a next nearest neighbor hopping (t0) parameter and an inter-plane hopping given by

t?(k) = 2t? cos(kz)[cos(kx)� cos(ky)]
2: (1)

kz is 0 or π for the bonding or anti-bonding bands of the bilayer, respectively.

The spin susceptibility (χs) is constructed by extending the weak coupling form of a dx2�y2 supercon-

ductor to include antiferromagnetic spin fluctuations by an RPA form with an effective interactionŪ ; i.e.
χs = χ0=(1�Ūχ0) where χ0 is the bare BCS propagator. This form of the spin susceptibility contains a
strong magnetic resonance peak at (π;π;π) which was proposed [5] to explain the resonance observed
by INS experiments.

The spin fluctuation scattering produces an additional contribution to the Raman response via a two-
magnon-like process as shown diagrammatically in Fig. 1 [6].

Figure 1: Feynman diagram considered for the particle-hole (PH) and the spin fluctuation (SF) contributions. Dashed, wiggly
and solid lines represent photon, SF and electronic propagators, respectively.

The Raman response function at finite temperature is therefore given by the sum of a particle-hole (PH)
and a SF contribution

χγγ(q; iω) = χPH
γγ (q; iω)+ χSF

γγ (q; iω) (2)
1In collaboration with U. Michelucci, A.P. Kampf (Universität Augsburg), T.P. Devereaux (University of Waterloo, Canada).



with the Raman vertex γ specifying the scattering geometry [7]. For the electronic propagators we
have used the bare BCS Green’s functions with a d-wave superconducting gap. Finally, the total Ra-
man response is calculated in the gauge invariant form which results from taking into account the long
wavelength fluctuations of the order parameter [8].

The first important result is that in the B1g and B2g geometries the SF term introduces vanishingly small
corrections to the total response, rendering the presence of the SF term important only in the A1g geome-
try. This is due to the sharpness in momentum space of the resonance peak at (π;π) in the SF propagator.
Therefore for the B1g and B2g channels the response is given by the PH term alone.

Within our model the problem of the sensitivity of the result to changes in the bare Raman vertex is
solved. In fact, in order to investigate the effect of changes of the vertex function, we have calculated
the final response using the three different forms for the vertex which posses the correct transformation
properties required by symmetry. The result is that the strong sensitivity to changes of the bare Raman
vertex is much reduced when the SF term is added [7].

The comparison between the calculated Raman response and the experimental spectra of an optimally
doped Bi-2212 sample is shown in Fig. 2 [7]. Adding the SF contribution leads to a shift of the peak
position to higher frequencies, allowing a better agreement with the experimental relative positions of
the peaks in A1g and B1g geometries.

Figure 2: Comparison of the A1g and B1g calculated response (solid lines) with experimental data of optimally doped Bi-2212.

From this work we conclude that including the SF contribution in the Raman response solves the pre-
viously unexplained sensitivity of the A1g response to small changes in the Raman vertex. Also, within
our model it is now possible to obtain the correct relative peak positions of the A1g and the B1g scattering
geometry. Whereas the SF (two-magnon) contribution controls the A1g peak, the B1g and B2g scattering
geometries are essentially unaffected and determined by particle-hole processes alone.

References
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Antiferromagnetism and Pseudogap in Y-123 and Bi-2212

M. Opel, F. Venturini, A. Erb, R. Hackl 2
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Figure 1: Generic phase diagram for p-doped cuprate superconductors. The
symbols for transport, ARPES, specific heat and NMR measurements were
taken from [1], the Raman data were obtained at the WMI [2].

Cuprate systems are characterized by a
generic doping-temperature phase dia-
gram (Fig. 1). The normal metallic and
superconducting phases evolve from
an antiferromagnetic (AF) insulating
one upon increasing carrier concentra-
tion. For a wide doping range AF fluc-
tuations are observed in the metallic
and superconducting states. Especially
at low doping, the normal state does
not behave like a simple metal, and
a temperature range with qualitatively
different properties has recently been
identified in various experiments [1].
It is characterized by a partial suppres-
sion of the electronic density of states
at the Fermi energy below a doping-
dependent temperature T�(p). This
pseudogap and its doping dependence
have also been observed in Raman ex-
periments. The spectra show a suppression of spectral weight below a frequency of 800 cm�1. Its value
is independent of both doping and temperature [3, 4].

Cu [Ar]3d
2 + 9

O
- a (i)

(j)

2a

Figure 2: The copper-oxide plane of cuprate superconduc-
tors. The Cu2+ spins order antiferromagnetically.

The mechanism leading to the opening of the pseu-
dogap is not clear. Therefore we looked for a rela-
tion between this phenomenon and magnetic excita-
tions in the cuprates. We will first focus on magnetic
properties of the undoped parent compounds (p = 0).
The Cu2+ spins in the copper-oxide planes represent
a two-dimensional antiferromagnetically ordered spin
system (Fig. 2). It consists of two ferromagnetic sub-
lattices with opposite spin orientation. In this spin
system there exist magnons as elementary excitations
which can be observed using Raman spectroscopy [5].
Because of the small momentum transfer ~q! 0 of the
photons the interaction of light with single magnons
is restricted to the center of the Brillouin zone where

their density of states (DOS) is low because of their dispersion. However, if a magnon-pair with �~k is
created simultaneously (one magnon in each sub-lattice) it is possible to observe magnons at the bound-
aries of the Brillouin zone with a high DOS and thus a high peak intensity in the Raman experiment
(two-magnon scattering). The peak position should be ~ω2M = 2:8J where J is the magnetic exchange
energy [6].

In the following, we present recent results from light scattering experiments on undoped, AF insulating
YBa2Cu3O6 (Y-123) and Bi2Sr2YCu2O8+δ (Bi-2212) single crystals. The polarizations of the incoming

2In collaboration with H. Berger and L. Forró (Lausanne)



and outgoing photons were always in the planes and are represented symbolically in the figures with
respect to the CuO2 planes. At low temperatures, the Raman spectra clearly show the two-magnon peak
at approx. 3000 cm�1 for both compounds (Fig. 3) [7]. Its lineshape is asymmetric. Next to the maximum
at ~ω2M there is a shoulder seen at higher Raman shifts. It is addressed to a so-called ”triple resonance”
at ~ω3R ' 4J [6].
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Figure 3: The two-magnon peak in undoped Y-123 (a) and Bi-2212 (b). The experimental data (symbols) were fitted using a
2-band Lorentzian (lines).

To determine values for both ~ω2M and ~ω3R the spectra (symbols) were fitted using a 2-band Lorentzian
(lines). From the position ~ω2M of the maximum of the first Lorentzian one can calculate the magnetic
exchange energy J using ~ω2M = 2:8J (Tab. 1). The results are in agreement with the values obtained in
NMR or inelastic neutron scattering experiments [8]. Together with the position ~ω3R of the maximum
of the second Lorentzian one can test the relation ~ω3R ' 4J. The results are compiled in Table 1.

Table 1: Position of the two-magnon peak ~ω2M and of the triple resonance ~ω3R in undoped Y-123 and Bi-2212 and calculated
values for the magnetic exchange energy J.

~ω2M J ~ω3R
Y-123 2773 cm�1 124 meV 3739 cm�1 = 3:78J
Bi-2212 2954 cm�1 132 meV 4093 cm�1 = 3:88J

In real space, two-magnon scattering can be described as simultaneous spin-flip of two neighboring Cu2+

spins. For this process it is necessary to move one electron with charge and spin between the copper
and the oxygen sites and to overcome the charge-transfer gap 2∆CT in these materials. Therefore the
probability of this process strongly depends on the energy ~ωI of the incoming photon. The maximum
effect is expected for ~ωI = 2∆CT +8J [6]. In fact, one finds that the intensity of the two-magnon peak
shows clear resonance when observed at different excitation energies (Fig. 4). Both in Y-123 and Bi-2212
the intensity of the scattered light decreases with increasing wavelength while the spectral shape remains
unchanged [7]. More detailed studies between 400 and 700 nm (3.0 and 1.8 eV) show a maximum
peak intensity for 458 nm (~ωI = 2:71eV). With 2∆CT ' 1:7eV [9] this resonance effect gives another
independent estimate for the magnetic exchange energy of J = 126meV. This is in excellent agreement
with the values calculated above.

In summary, the magnetic exchange energy J represents a microscopic energy scale of 125 meV
(1000 cm�1) for both Y-123 and Bi-2212 which is independent of temperature and doping. On the
other hand, we find evidence for the opening of a pseudogap in the same compounds. The related sup-
pression of spectral weight has been observed below an energy of 800 cm�1 which is very close to J
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and also independent of temperature and doping [3, 4]. This leads to the conclusion that the pseudogap
phenomenon may have a magnetic origin.
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Doping-dependent Pair Breaking in Y-123 and Bi-2212

M. Opel, F. Venturini, A. Erb, R. Hackl 3

The electronic Raman spectra of superconductors show a characteristic redistribution of the intensity of
the scattered light in the superconducting state. This effect is caused by the existence of a gap in the
carrier excitation spectrum which leads to a suppression of inelastic scattering at low frequencies. On
the other hand, a peak in the Raman spectra develops if the energy transfer is high enough to break a
Cooper pair. In combination with selection rules which depend on the polarizations of the incoming and
the scattered light, this ”pair-breaking Raman effect” gave valuable contributions for the investigation of
the~k-dependence of the superconducting order parameter [1].

Most recent results from differently doped Bi2Sr2(Y1�xCax)Cu2O8+δ (Bi-2212) single crystals are com-
piled in Fig. 1 [2]. The figure shows difference spectra (superconducting minus normal state). In B2g

symmetry (right) which is most sensitive around (�π2 ;�π
2 ) in~k-space the pair-breaking peaks can be

clearly observed at all doping levels at the same value of ωp ' 6kTc. In B1g symmetry (left), however,
which is most sensitive around (�π;0) and (0;�π) both the pair-breaking intensity and the peak position
ωp depend strongly on the doping level. In the underdoped compound, we could not find any evidence
for pair-breaking at all. Similar results have been obtained for YBa2Cu3O6+x (Y-123) [2].

The doping dependence of the peak frequency ωp(p) in absolute units (cm�1) is summarized in Fig. 2.
While in the overdoped regime the values for B1g and B2g symmetry are comparable to each other a
significant anisotropy develops towards lower doping levels p. In B2g symmetry, the position of the pair-

breaking peak scales with the transition temperature Tc(p). Its value ωB2g
p (p)' 6kTc in both compounds

is independent of the doping level. This result is in agreement with other low-energy methods like
measurements of the magnetic penetration depth and zero-bias tunneling [3], or Andreev reflection [4]
(Tab. 1). In the B1g channel, however, the peak energy ωB1g

p (p) is increasing with decreasing doping level
(Fig. 2). This observation is in agreement with the results from high-energy methods like angle-resolved
photoemission [5] or tunneling spectroscopy [6] (Tab. 1). Surprisingly, ωB1g

p (p) shows a behavior similar
to the one of the pseudogap temperature T�(p).

In summary, using Raman spectroscopy one seems to be able to determine two different energy scales
which are relevant for superconductivity. As ωB2g

p (p) is directly related to the doping dependence of the
transition temperature it could represent the energy scale which is responsible for phase coherence in the
cuprates. On the other hand, one can speculate whether ωB1g

p (p) could be a measure for the maximum
binding energy of the Cooper pairs as the B1g channel is most sensitive around the maxima of the order
parameter. However, these subjects are still discussed controversially. Up to now the Raman experiment
is the only experiment where both energy scales can be observed separately in one single experiment -
and in the same sample.

Table 1: Scaling behavior of the doping-dependent position of the pair breaking peak ωp(p).

ωp(p) scales like : : : experiments with comparable results
B1g : : :T �(p) angle-resolved photoemission spectroscopy, tunneling spectroscopy
B2g : : :Tc(p) magnetic penetration depth, zero-bias tunneling, Andreev reflection
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Symmetry of the order parameter in hole and electron doped high-
temperature superconductors

B. Welter, L. Alff, A. Marx, R. Gross 4

The determination of the symmetry of the superconducting order parameter is an important step towards
the understanding of the physics of high-temperature superconductors (HTS). Any microscopic mecha-
nism leading to the phenomenon of high-temperature superconductivity must prove to be consistent with
the given symmetry of the superconducting state. Meanwhile, there is general agreement that the hole
doped HTS have a dx2�y2 -wave symmetry of the order parameter with nodes and a sign change under
π=2 rotation. However, the doping dependence of the symmetry of the order parameter has not yet been
settled sufficiently. For the hole doped HTS the existence of a quantum critical point (QCP) has been
proposed [1]. For the electron doped HTS a particularly important question is whether or not hole and
electron doped HTS have the same symmetry type [2, 3].

In Fig. 1 (left) a schematic phase diagram of the hole and electron doped HTS is shown. There are two
possible ways of looking at this phase diagram: On the one hand, one can stress the strong similarities
of both doping types. On both the hole and electron doped side there is a close vicinity of the super-
conducting phase to an antiferromagnetic (AFM) phase, which has been discussed in several theories as
related to the origin of superconductivity in the HTS [4, 5]. It is therefore natural to assume the same
mechanism of superconductivity for both hole and electron doping and, hence, the same symmetry of
the superconducting order parameter. On the other hand, one could also stress the phenomenological
differences of the doping types: While already for low hole doping the AFM state is strongly suppressed
due to magnetic frustration, electron doping produces a clearly weaker suppression of the AFM phase
by dilution of antiferromagnetism. The extension of the superconducting phase is much wider on the
hole doped side as compared to the electron doped side. The transition region between AFM and super-
conducting phase is still controversially discussed for the hole doped side, and is even less explored for
electron doping. Independent of the theoretical point of view one might have on this question, a con-
vincing body of experiments is required to settle this issue. Unfortunately, at present the experimental
situation is contradictory. There are experiments giving evidence for either s-wave [2, 6, 7] or d-wave
type [3, 8] symmetry of the order parameter of the electron doped HTS.

For the hole doped HTS the experiments give consistent results and can all be interpreted within a dx2�y2-
symmetry of the order parameter. With respect to the electron doped HTS, experiments have been
performed on the system Ln2�xCexCuO4 (here Ln = Nd, Pr;x = 0:15) with the so-called T0 structure.
However, these experiments give contradictory results. In our experiments we have focused on tunneling
studies and measurements of the London penetration depth. We note that there have been experiments
on electron doped HTS favoring s-wave symmetry as for example Raman scattering [9]; for further ref-
erences see [2]. The hall mark of d-wave symmetry, the sign change under rotation of π=2, gives rise
to surface bound states depending on the surface orientation [10]. These states are also called Andreev
bound states (ABS) and can be detected in several types of experiments. ABS in d-wave superconduc-
tors result e. g. in zero energy states in the quasiparticle spectrum of superconductor - insulator - normal
metal /superconductor (SIN or SIS) junctions. For hole doped HTS a zero bias conductance peak has
been consistently observed in several junctions and the results of temperature and surface orientation
dependent tunneling studies have been interpreted as a strong argument for d-wave symmetry. However,
for the electron doped HTS in the same class of experiments no ABS could be detected in the tunneling
spectra giving evidence for s-wave symmetry. A comparison of tunneling spectra of hole and electron
doped HTS is shown in Fig. 1 (right) [11].

4In collaboration with S. Kleefisch, U. Schoop (II. Physikalisches Institut, Universität zu Köln) and M. Naito, H. Sato (NTT
Basic Research Laboratories, Japan).
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Figure 1: Left: Schematic phase diagram of hole and electron doped HTS. The Tc values are taken from the indicated super-
conductors. The dotted line representing the pseudogap temperature is still speculative. Right: Comparison of the tunneling
spectra of hole and electron doped HTS [11].

In order to further clarify this unsatisfying experimental situation, more detailed and also new types
of experiments are needed. In our work we are presently performing a systematic study of the doping
dependence of the relevant properties of electron doped HTS. A doping dependence of the superconduct-
ing order parameter (that also might have two-components) could be a possible solution for the existing
controversy.
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Pseudogap in electron doped cuprate high-temperature superconductors

L. Alff, B. Welter, A. Marx, R. Gross 5

The existence of a pseudogap in hole doped high-temperature superconductors (HTS) has been estab-
lished over the recent years. The physical origin of the pseudogap state, however, is still one of the most
debated topics for HTS (for a recent review see e. g. [1]). In different types of experiments including
tunneling spectroscopy it has been found that the pseudogap feature and the superconducting energy gap
merge smoothly into each other at the critical temperature Tc [2–6]. Even more, from angle-resolved
photoemission experiments it has been suggested that the pseudogap has the same dx2�y2-symmetry as
the superconducting gap in the hole doped HTS [2, 3]. It has also been observed that the temperature
T ? associated with the appearance of the pseudogap state roughly becomes equal to Tc around optimum
doping or in the slightly overdoped regime, but is considerably larger than Tc in the underdoped regime.
The evident question arising from these experimental observations is whether or not there is a relation
between the physical origin of the superconducting gap and the pseudogap. Such a scenario has been pro-
posed within theories involving so-called preformed pairs or at least dynamical pair correlations above
Tc [7].
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Figure 1: Conductance vs. voltage curves of a symmetric 24Æ [001] tilt NCCO-GBJ
measured at 2.2 K in different applied magnetic fields applied parallel to the c-axis.

With respect to different
HTS, the hole doped system
La2�xSrxCuO4 seems to be a
special case. For this material,
the behavior of the pseudogap
has been reported to be dif-
ferent compared to the other
hole doped HTS, e. g. the
size of the pseudogap may be
much larger than the super-
conducting gap [8]. However,
the experimental situation
is not well settled and more
experiments are needed to
further clarify this point.
For the electron doped HTS
of the class Ln2�xCexCuO4
(Ln = Nd, Pr) with T 0 struc-
ture, up to now no low-energy
spectroscopic experiments
probing the pseudogap state
have been reported. There is no doubt that experiments on electron doped HTS are important and highly
desired with regard to the question whether hole and electron doped HTS have the same underlying
mechanism of superconductivity and the pseudogap state. Furthermore, controversial experimental
results on the symmetry of the superconducting order parameter in the electron doped HTS have been
published recently [9–12]. That is, both the symmetry of the order parameter and the question whether
there is a normal state pseudogap are under discussion for electron doped HTS.

In our ongoing research, we have measured tunneling spectra using superconductor - insulator - su-
perconductor junctions based on bicrystal grain boundary junctions (GBJs). The samples have been

5In collaboration with S. Kleefisch, U. Schoop (II. Physikalisches Institut, Universität zu Köln) and M. Naito (NTT Basic
Research Laboratories, Japan).



fabricated in collaboration with the NTT Basic Research Laboratory (Japan) [13]. The temperature and
magnetic field dependence of the tunneling spectra has been studied up to 16 T for the optimum electron
doped HTS Nd1:85Ce0:15CuO4�y (NCCO) and Pr1:85Ce0:15CuO4�y (PCCO). The key result of our study
up to now is that while above Tc(B = 0) no pseudogap feature could be observed, where B is the ap-
plied magnetic field. In contrast, below Tc(B = 0) a pseudogap around the Fermi level is clearly present
for applied magnetic fields larger than the resistively determined upper critical field Bρ

c2
(see Fig. 1).

This suggests that similar to the hole doped HTS, there is a pseudogap state also for the electron doped
HTS. However, the presence of a non-uniform superconducting state may also be consistent with our
observations.

In order to further clarify the experimental situation as well as to provide more insight into the nature
of the superconducting and, in particular, the possible pseudogap state in the electron doped HTS, more
measurements at lower temperatures, higher fields, and for different electron doping levels (especially
for the under(electron)doped case) are required. For the hole doped HTS, in the underdoped regime the
pseudogap phenomenon is clearly present at temperatures above Tc(B = 0). The goal of our present
work is the clarify the question whether or not a similar pseudogap feature is present also for electron
doped HTS in the underdoped regime, i.e. to settle the question whether or not there is a corresponding
behavior for both doping types.
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Competition between the Pauli and orbital effects of magnetic field
on the low-temperature electronic state of the organic metal α-(BEDT-
TTF)2KHg(SCN)4

D. Andres, W.Biberacher and M. Kartsovnik 6

A common feature of all BEDT-TTF-based salts (where BEDT-TTF stands for the organic molecule
bis(ethylenedithio)-tetrathiafulvalene) is the layered structure of the crystal, consisting of conducting
BEDT-TTF sheets, which are separated by insulating anion layers [1]. This separation leads to a strongly
anisotropic conductivity. In the title compound the Fermi surface reveals itself in a unique coexistence of
open sheets and cylindrical components, both parts being slightly corrugated in the direction perpendicu-
lar to the layers, reflecting a mixture of quasi-one-dimensional (Q1D) and quasi-two-dimensional (Q2D)
electron systems. During the last years α-(BEDT-TTF)2KHg(SCN)4 has become a material of intense
interest due to its unconventional ground state existing at T < Tp � 8 K. To the moment there are strong
arguments for a density wave formation at Tp [2, 3] that causes the nesting of the Q1D parts of the Fermi
surface. However, the exact nature of the low temperature (LT) state is still under debate. In particular,
up to now there is no direct evidence for either a charge or magnetic modulation at low temperatures,
respectively corresponding to a charge-(CDW) or spin-density wave (SDW). In order to clarify the real
nature of this unconventional ground state we have studied the magnetic field-temperature (B-T ) phase
diagram at various pressures.

The CDW phase diagram is known to strongly differ from the SDW one, basically because a CDW is
destroyed by the paramagnetic Pauli effect at high enough magnetic fields while a SDW is not sensitive
to this effect [1]. The B-T phase diagram at ambient pressure, measured by means of magnetic torque and
interplane resistance measurements with the magnetic field applied almost perpendicular to the highly
conducting layers shows a decreasing transition temperature with field [4]. At high fields (� 24 T) there
exists a transition from a low temperature low field (LTLF) state into a low temperature high field (LTHF)
state accompanied by a hysteresis in the field sweeps at constant temperature. This phase diagram turns
out to be very similar to the one proposed theoretically for a well nested CDW system [5]: At small
fields the Pauli effect leads to a quadratic decrease of the transition temperature; when the Zeeman
energy approaches the zero temperature energy gap of the density wave, there is a first order transition
from the initial CDW into a CDWx state, which is actually a CDW with a spatially modulated order
parameter. Noteworthy, the LTHF state would be the first example of such a CDWx phase.

We expect quasi-hydrostatic pressure to increase the molecular orbital overlap. This should cause a
stronger warping of the Q1D sheets of the Fermi surface and thus less perfect nesting conditions. We
therefore studied the B-T phase diagrams of α-(BEDT-TTF)2KHg(SCN)4 at various pressures via the in-
terplane magnetoresistance to see how the phase lines will be affected by changing the nesting properties.
The resulting phase diagrams for four different pressures and the magnetic field directed perpendicular to
the layers are depicted in Fig. 1. For clarity only points from the very same experiment for each pressure
are plotted. The solid lines illustrate the behaviour observed on several samples from different batches.
As can be seen, the transition temperature moves gradually to lower values with enhancing the pressure.
Remarkably, the phase boundary changes its shape under pressure: the field dependence of the transition
temperature in a certain field interval turns from negative to positive. Further, we see that the LTHF/NM
(NM � normal metallic state) boundary shows a much weaker pressure dependence than the LTLF/NM
one, that leads to the observation that at 3.6 kbar the LTHF state still exists while there are no indications
for the LTLF state any more. Another important result is the establishment of the LTHF state at lower
fields under pressure that makes it easier to investigate in reachable static magnetic fields.

6High quality samples were provided by N. Kushch and H. Müller; part of the work was done at the HMFL in Grenoble
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Qualitatively, the measured phase diagrams closely resemble those predicted theoretically for a CDW
system at different nesting conditions [5] which are shown in the inset of Fig. 1. A deterioration of
the nesting conditions reduces the energy gain of the system on crossing the NM/LTLF boundary and
thus decreases the transition temperature. In the extended Hubbard mean field calculations the imperfect
nesting is parameterized by the ratio t0c = t 0�c , where t0c is the second order transfer-integral in the dispersion
relation of the Q1D electron system:

ε = νF(jkxj� kF)+ tc cos (kcc)+ t0c cos (2kcc); (1)

and t0�c is the value of t0c at which the zero-field transition temperature exactly vanishes. In the case
of an imperfectly nested system a competition between the Pauli effect and another, so-called orbital
effect comes into play. The latter is due to the fact that at the given field direction perpendicular to the
conducting planes the electrons are forced to move perpendicular to the field on the Q1D sheets of the
Fermi surface. Then, in real space the inplane electron motion has a constant component along the 1D
axis and an oscillating component in the perpendicular direction. The amplitude of this oscillation is
∝ B�1. The resulting restriction of the electron motion to one dimension with field causes an increase
of the density wave transition temperature. Thus, there will exist a competition between the Pauli and
orbital effects in a CDW system. The observed enhancement of the transition temperature with field
at 2.3 kbar would be the first clear manifestation of the orbital effect in a CDW system. Although our
organic system appears to be fairly well described by the CDW model there are still some remaining
questions. In particular, we cannot explain to the moment a difference (by factor of � 2) in the absolute
field scales between experiment and theory.

Another interesting observation is shown in Fig. 2. Under pressure of 2.3 kbar at T . 2 K a broad
hysteresis emerges in the magnetic field sweeps of the magnetoresistance below 12 T, indicating a first
order transition. This is accompanied with an additional weak feature at low fields that can be seen in
Fig. 2a, where the beginning and the end of the hysteresis are marked by vertical arrows. With increasing
the pressure further to 3 kbar, already two pronounced features are present at low fields as shown in
Fig. 2b. These anomalies, at first glance unexpected, might turn out to be a sign of a new quantum



Figure 2: Field dependence of the magnetoresistance at constant temperatures. The vertical arrows mark the boundaries of the
hysteresis region: a) under pressure of 2.3 kbar at T = 0.5 K, b) under pressure of 3 kbar at T = 1.4 K.

phenomenon. For certain nesting conditions, i.e. when t0c becomes comparable to t0�c , the theory proposes
the existence of successive field-induced CDW transitions (FICDW) [5]. This phenomenon is analogous
to already known FISDW, where the adjustment of the nesting vector serves to keep the Fermi energy
level between the Landau levels, in order to stabilize the DW in a changing magnetic field [6]. Jumps
of the nesting vector will then cause a cascade of first order transitions between different SDW states.
Up to now, FICDW have not been observed in any kind of material. Although we cannot state yet an
unambiguous detection of FICDW, the obtained similarities between the theoretical CDW model and the
ground state of this organic compound let the latter be a prominent candidate for the realization of this
new quantum phenomenon.
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Magnetisation studies of α-(BEDT-TTF)2KHg(SCN)4 at fields almost or
exactly parallel to the layers

W. Biberacher, D. Andres and M. Kartsovnik

Recent extensive studies of the ”magnetic field – temperature ” (B�T ) phase diagram of the layered
organic metal α-(BEDT-TTF)2KHg(SCN)4 have given strong arguments in favour of the charge-denisty-
wave (CDW) nature of the low-temperature electronic state of this material [1]. The very low critical
temperature of the phase transition, Tp

�= 8 K, provides a unique opportunity to study the competition
between different mechanisms of the influence of magnetic field on the CDW state in a wide range, far
beyond the low-field limit. Although many of the experimental results can be very well explained by
the superposition of the Pauli and orbital effects of the magnetic field, there still remain some important
questions which are difficult to understand within the existing CDW theories. In particular, unexpected
for the CDW transition is the anisotropic change of the magnetic susceptibility: When the field is ap-
plied parallel to the highly conducting plane (crystallographic ac-plane) of the sample, the susceptibility
exhibits a prominent drop independent of the field direction in the plane; at the same time, no change in
the magnetisation, within the experimental resolution, has been found for the field perpendicular to the
ac-plane [2].

So far, most of the studies of magnetic field effects on the title material have been done with the field
either aligned perpendicular to the ac-plane or tilted by a moderate angle, up to' 40Æ, from this direction.
In the present work, we have studied the magnetisation and magnetoresistance under the field almost or
exactly parallel to the conducting layers.

High-quality single crystals of α-(BEDT-TTF)2KHg(SCN)4 with typical masses of 150 to 500 µg
were grown electrochemically by H. Müller (ESRF, Grenoble, France) and N. Kushch (IPCP,
Chernogolovka,Russia). For the magnetisation measurements, a sample was fixed by a small amount
of Apiezon grease on a cantilever beam magnetometer, with an in situ rotation facility. This device was
used in the center of the magnet as a torquemeter and 4 cm above as a Faraday forcemeter. A part of
the experiments was carried out in a simultaneous torque and interlayer magnetoresistance configuration.
In that case, annealed Pt wires of 10-µm diameter were attached with a graphite paste to both sides of
the sample parallel to the ac-plane, before fixing it to the cantilever. The resistance was measured by a
standard 4-probe a.c. technique. The experiments were performed at the High Magnetic Field Facility in
Grenoble.

As will be shown below, the change in the magnetic susceptibility due to the phase transition can be
described by a tensor with the principal axes determined by the layered structure of the material. In that
case, the magnetic torque is given by:

τa = (V=µ0)(χb�� χc)B
2 sinθ cosθ ; (1)

where V is the volume of the sample, b� is the normal to the ac-plane and θ is the angle between the
b�-direction and the magnetic field B. For magnetic fields along the principal axes the signal becomes
zero. The normal to the layers could be exactly determined by studying the vanishing of the de Haas-van
Alphen oscillations.

The theoretical dependence τ ∝ B2 is only fulfilled at temperatures above the phase transition. The
additional anisotropy of the susceptibility below 8 K shows strong deviations from the the B2 law. To
extract this low temperature part we performed angular dependent measurements around the parallel
(θ = 90Æ) direction at about 10 K. For this temperature one of the principal axes was found to be shifted
by 7� 0:5Æ from the crystal a-axis and the other by 2� 0:2Æ from the c-axis. The high temperature
torque was then subtracted from the low temperature data. The resulting torque of the low-temperature
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state (LTS) is shown in Fig. 1. This part vanishes exactly for the field direction parallel to the layers,
meaning that the principal axes of the additional low temperature anisotropy are connected with the layer
structure.

To study the transition from the normal state to the LTS we performed temperature sweeps of the torque
at fixed magnetic fields oriented almost parallel to the conducting layers. In addition, similar temperature
sweeps were performed in the Faraday force configuration with the field parallel to the c-axis. A clear
transition could be observed up to 28 T. The field dependence of the transition temperatures of 3 different
samples are shown in Fig. 2. The data can be well described by a B2 law with a slope of (5:2�0:4)10�3

[K/T2]. This is in very good agreement with former specific heat measurements at lower magnetic
fields [3]. There are clear differences to the phase diagram for magnetic fields perpendicular to the
layers: (i) the field dependence of the transition temperature is considerably stronger than in the latter
case; (ii) there is no clear indication of the so-called kink transition into the low-temperature–high-field
(LTHF) state which is supposed to be a CDW with a spatially modulated order parameter; (iii) the phase
line shows a B2-dependence up to the highest fields, i.e. well above the low-field limit. While the first
observation can be naturally explained by a strong reduction of the orbital effect on the CDW state at
turning the field towards the conducting layers, the other two are not understood so far.

As seen in Fig. 1, the field dependence of the torque becomes non-monotonic and displays a hysteresis
with respect to the field sweep direction when the field is tilted from the ac-plane by more than 5Æ. We
have carried out detailed studies of the structure in the field sweeps of the torque and magnetoresistance
at the angles 40Æ � θ � 90Æ. At θ > 60Æ both quantities are found to display a series of irregular
oscillations with a strong hysteresis. The amplitude of the oscillations and the hysteresis rapidly grow
with decreasing the temperature. An example of the evolution of the structure in the field sweeps within
a narrow interval of angles θ is given in Fig. 3. With increasing θ , the oscillations gradually shift to
lower fields and fade out below �10 T. Simultaneously, new features emerge at the higher fields. The
rate of the changes in the structure rapidly increases as θ approaches 90Æ. At angles very close to 90Æ

the features become less pronounced; at θ > 88:5Æ they could not be resolved in our experiment.

The positions of local maxima in the torque signal are plotted against 1/cos(θ ) in Fig. 4. Such a scale is
chosen because of the very rapid angular dependence of the structure at θ > 80Æ. The behaviour shown
in Fig. 4 is characteristic of all the extreme points in the torque and magnetoresistance.

The strong irreversibility of the observed structure with respect to the field sweep direction suggests that
it is probably associated with a series of first order phase transitions. At present we cannot specify which



Figure 3: Up (solid lines) and down (dotted lines) field
sweeps of the torque (a) and resistance (b) at high angles
at T = 0.4 K. Dashed lines are guides to the eye.

Figure 4: Angular dependence of the positions of local
maxima in the field sweeps of the torque. Dashed lines
are guides to the eye.

features in the torque or resistance exactly correspond to the transition points. Nevertheless some con-
clusions can be already derived from the present data. First, the obtained behaviour is more complicated
than just a splitting of the kink transition due to an additional subphase, as proposed recently [4]. Second,
the sensitivity of the structure to slight changes of the angle at θ near to 90Æ points to a crucial role of
the field component perpendicular to the layers, B? � Bcosθ . One can suppose that the observed phe-
nomenon originates from an interplay between the Pauli and orbital effects of magnetic field. It should
be noted that the orbital effect in the present compound may be more complicated than in purely Q1D
materials: here it can also involve cyclotron orbits on the Q2D part of the Fermi surface [5]. The latter
mechanism becomes increasingly important in high fields due to a growing probability of the magnetic
breakdown between the Q2D and Q1D Fermi surfaces. The impact of the orbital effect is determined
by B? while the Pauli effect is isotropic. From our experiment it follows that B? should be sufficiently
small, however finite in order to induce the observed structure.
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Anisotropy of high mobility electron systems at millikelvin temperatures

Cooperation between Walter-Schottky-Institut, Technical University of Munich:
O. Jaeger, F. Ertl, R. A. Deutschmann, M. Bichler and G. Abstreiter
and WMI:
E. Schuberth and C. Probst

During the last decade the purity and crystal quality of MBE deposited AlxGa1�xAs compounds
has continuously been improved. As a result low-temperature peak mobilities beyond 107 cm2=Vs
have been achieved in modulation doped heterostructures. The discovery, further exploration and
understanding of the FQHE resulted from this development. Two years ago Eisenstein et al. dis-
covered evidence of a new anisotropic state in higher Landau-levels [1], which shows up only
in the best samples and only at temperatures below 150 mK. The anisotropy in magnetoresistance
was attributed to the formation of a striped phase whose origin however remains unclear. In
order to gain insight into the relation between the orientation of the stripes and the crystallo-
graphic axes, we investigated the influence of a slightly miscut substrate on the transport anisotropy.

Figure 1: Sample mount and thermal anchoring of the
GaAs-specimen. The red LED provides the illumina-
tion of the sample.

Samples are grown in the EPI MBE (molecular beam
epitaxy) system at WSI which is equipped with three
large cryopumps and all full metal valves at the growth
chamber. Furthermore the liquid nitrogen shrouds are
continuously operated, resulting in a background pres-
sure in the 10�12 mbar range at standby. Standard high
mobility samples were grown on (001)-GaAs substrates
at a temperature of 640ÆC as measured by a pyrome-
ter. Samples are rotated during growth. The layer struc-
ture for the high mobility samples consists of a mod-
ulation doped GaAs=AlxGa1�xAs single interface het-
erojunction (x=0.3) using Si d-doping. After a thick
GaAs buffer and a GaAs=AlxGa1�xAs superlattice the
GaAs=AlxGa1�xAs interface is grown with a spacer
layer of 800Å. Square samples of 4mm� 4mm are
cleaved out of the middle of the wafer and contacted at
the 4 corners and 4 side midpoints using indium. Our
standard high mobility samples typically show mobili-
ties of 107 cm2=Vs with an electron density in the sheet
of 2:1 � 1011cm�2 at 1.4 K. The low temperature exper-
iments were carried out in the nuclear demagnetization
cryostat ”BMM2” at the Walther Meissner Institut which
allows for a base sample temperature below 1 mK. A
photograph of the sample mount is shown in fig. 1. Great
care was taken to ensure excellent thermal anchoring of
the 8 measuring leads at the temperature of the nuclear
stage and to appropriately shielding of HF radiation and
vibrational damping of the cryostat. A low excitation current of 4 nA is used to avoid electron heating.
The final temperature of the electron gas was certainly below 10 mK and probably as low as 5 mK.
We took measurements of the longitudinal and Hall voltage while sweeping the magnetic field up to
5 T. The Shubnikov-de Haas-oscillations commence around 60 mT and even fragile FQHE states like 5

2
are visible, which is a sign for the high quality of the growth. Most interestingly the samples exhibit
the transport anisotropy, of which a temperature study is shown in Fig. 2 and whose dependence on the
substrate misorientation was subject of our investigations which are still in progress.
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Figure 2: temperature dependent Shubnikov-de Haas and Hall measurements with current flowing in (011) direction (hard
direction,left) and in (011) direction (easy direction,right)

(001)-GaAs substrates with miscut angles of 1�0:5=1:5�0:5=2�0:5 and miscut orientation towards the
(111)/(110) plane have been investigated, growing the same layer sequence as for high mobility samples.
In order to guarantee identical growth conditions three different 1

4 wafers of one miscut orientation and
one 1

4 standard (001) wafer piece were overgrown simultaneously. We examine the surface morphology
after growth by AFM, a typical image of an overgrown piece is shown in fig. 3.

0nm 500nm
0nm

500nm

0.5nm

0.25nm

0nm

[011]

[0
]11

Figure 3: AFM image of the (001)surface with 1Æ�0:5Æ miscut orientated towards the (111) plane after growth

On a small scale the surface structure of the substrate is apparent even after growth. The orientation and
the average step distance is in agreement with the expected value from the specification. The mobilities
for all samples are listed in table 1. The electron density is unaltered, while we observe an overall
higher mobility of the (111) plane misoriented wafers, which decreases with increasing miscut angle.
The wafers miscut towards the (110) plane also show a reduced mobility with respect to the reference
wafer. This fact may be due to the growth conditions at the presence of monoatomic steps. We plan to



miscut orientation to (111) plane miscut orientation to (110) plane

miscut angle (Æ) mobility (106cm2=V s) miscut angle (Æ) mobility (106cm2=V s)
reference 0 7.1 reference 0 10.3

1 11.3 1 9.2
1.5 9 1.5 8.0
2 8.5 2 6.7

Table 1: Electron mobilities

investigate also these samples at millikelvin temperatures in order to study the influence of the miscut
angle on the anisotropic states.
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Tunneling between Quantum Hall Edge Channels in non Planar Geometry

M. Huber�, M. Rother�, W. Biberacher, M. Grayson�, R. Deutschmann�, M. Bichler� und G.
Abstreiter �

The well established epitaxial growth of GaAs/AlGaAs heterostructures relies heavily on high crystalline
interface quality. The resulting high electron mobility makes this material system favorable for investiga-
tion of fundamental electron-electron interaction in quantum transport. In collaboration with the Walter
Schottky Institute from the Technical University in Munich in this project we want to measure tunneling
currents in the quantum hall regime.

Therefore high magnetic fields and low temperature are essential. A cryostat with a superconducting
magnet provides the required magnetic fields up to 14/16 Tesla. With a 3He-system in combination
with a rotatable mounted sample holder we obtained temperatures down to below 450 mK. Under these
conditions in high electron mobility GaAs/AlGaAs heterostructures the integer and fractional quantum
hall regimes are accessible.
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Figure 1: Tunneling current versus bias at a mag-
netic field of 0, 4 and 8 Tesla perpendicular to the
[110]-plane. With an applied magnetic field clear
peak structures arise in the I-V curves, which can
be ascribed to Landau levels.

The samples consist of two perpendicular high mobility two
dimensional electron systems (2DEGs). These 2DEGs are
realized as 200 Å thick quantum wells epitaxially grown
with the method of cleaved edge overgrowth: a (001) quan-
tum well sample is cleaved along the perpendicular (110)
plane and overgrown with an (110) quantum well in a sec-
ond expitaxial growth step (Fig. 1 inset). In the samples
measured the quantum wells are additionally separated by a
50Å thick AlGaAs barrier. Applying bias voltages of up to
0.4 V we measured the tunneling current between the two
2DEGs.

A magnetic field perpendicular to one of the quantum wells
causes Landau quantization, with chiral edge states near the
tunnel junction. The variation in the density of states affects
the tunneling current (Fig. 1). Especially for higher mag-
netic fields the resonances in the tunneling current due to
Landau levels become clearly visible.

For higher bias voltages a negative differential resistance
appears. The subband structure of the quantum wells might
possibly cause such an effect. For further analysis we have
to investigate samples with various quantum well widths.

For this sample geometry it is of special interest to measure
under simultaneous magnetic quantization in both quantum wells. As a relevant prerequisite for such
investigations we use a rotatable mounted sample holder here in the institute. This allows computer
controlled tilting of the sample in situ at low temperature and applied magnetic field.

�In collaboration with Walter Schottky Institut, Technische Universität München



We showed that it is possible to bring both quantum wells into a quantized state at the same time, where in
each case the perpendicular component of the magnetic field is responsible for the Landau quantization.
Depending on the exact strength, angle and orientation of the magnetic field the tunneling between
different filling factors, i.e. different quantum hall and fractional quantum hall states can be studied.
We also can compare the parallel edge channel propagation with the antiparallel one for the same filling
factors.
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Figure 2: In grayscale plot of I-V curve as function of tilt angle with constant magnetic field (a) and as function of the magnetic
field at constant angle perpendicular to the [110]-cleave plane (b). Dark areas represent an enhancement in the tunneling current.

For a fixed orientation of the magnetic field perpendicular to the [110]-plane in a plotting of the tunneling
current as a function of bias voltage and magnetic field the Landau splitting of the electronic states is
obvious (Fig. 2b). The fan like structure formed by the dark areas in the gray scale plot represents the
well known Landau fan.

At a constant magnetic field strength the effective component in (110)-direction also changes by tilting
the sample. Fig. 2a) shows the corresponding plot, where the angle scale is equivalent to the scale of
the effective (110)-component in plot b). Tilting the sample produces an additional field component in
(001)-direction, causing a quantization in the [001]-quantum well. This (001)-component of the mag-
netic field changes the tunneling current significantly, as the two plots in Fig. 2 show. The right edge of
the two plots represent the same I-V-curve. With increasing angle, however, one of the resolved reso-
nances shifts to higher bias and reaches its maximum at about 18Æ before it returns to the normal Landau
fan at about 45Æ. At angles above 45Æ additional resonances evolve, which indicate similar behavior.
Further measurements with various quantum well and barrier parameters will show if this effect can be
completely explained by the additional quantization in the [001] quantum well.



Magnetotransport investigation of type-III modulation doped HgTe single
quantum wells

X. C. Zhang, K. Ortner, A. Pfeuffer-Jeschke, C. R. Becker, G. Landwehr, W.Biberacher and K.
Neumaier 7

1. n-type HgTe single quantum wells (QWs)

Magnetotransport investigation of both n and p-type modulation doped type-III HgTe/CdTe single quan-
tum wells, which were grown by molecular beam epitaxy (MBE), were carried out over a temperature
range of 50 mK-200K and magnetic fields up to 14 T in Würzburg and at the Walther Meissner Insitut
(WMI).

The band structure of n-type HgTe single quantum wells is relatively well known. Earlier experimental
work in Würzburg has been mainly focused on the effective mass m�, effective g-factor g� and Rashba
spin splitting in asymmetrical QWs.

A systematic study of the effective mass m� and g-factor g� and their dependence on carrier density, well
widths, which extended from the normal semiconductor to inverted semiconductor regime, and doping
mode, i.e., symmetrically or asymmetrically doped, was carried out.

Zero field spin splitting has been observed in the inverted band regime: by using a gated Hall bar,
Rashba spin splitting has been observed in wide HgTe QWs with an inverted band alignment which
can be tuned from zero to large finite values for either gate voltage polarity. In order to interpret the
experiment, band structure calculations based on an 8�8k �p model have been performed, which show
good agreement with experiment. Compared to the widely investigated III-V group type I heterojunctions
whose conduction subband has the normal Γ6 symmetry, the specific feature of zero field spin splitting
is that the conduction subband of type III QWs is hole-like, which has Γ8 symmetry, even though it is
occupied by electrons. Furthermore the zero field spin splitting has been shown to depend on the well
width. The larger the well width, the larger this effect.

For good quality n-type HgTe QWs, very well developed quantum Hall plateaus have been observed.
A measurement on a n-type HgTe QW in Braunschweig reveals that the accuracy of the quantum Hall
effect (QHE), i.e., ρxy for ν = 2, is better than 10�6. This provides another system in order to study
the localization problem in the quantum Hall regime. Excellent scaling behavior has been observed
only in an InGaAs/InP 2D electron gas [1]. Experimental studies which are being carried out on HgTe
SQWs down to the milli-Kelvin range will shed new light on this topic. The sample mentioned above
has also been measured at the WMI over a temperature range of 450 mK to 7.0 K in a He3 cryostat. A
preliminary analysis of the experimental data shows that the temperature dependence of both the maxi-
mum in dρxy=dB and the half-width ∆B for ρxx peaks is negligible, in contrast with the universal scaling
power law T�κ with κ = 0:42� 0:04. [1] This discrepancy suggests that more extensive experimental
and theoretical studies on this issue should be carried out in the future.

2. p-type HgTe QWs

The difficulties in the ongoing investigation of p-type QWs lie in the growth of high mobility samples,
making good ohmic contacts, fabricating good quality gates, as well as the difficulty of interpreting the
irregular Shubnikov-de Haas (SdH) oscillations due to a complex band structure. Till now mobilities up

7In collaboration with Universität Würzburg



to 60,000 cm2/Vs have been achieved at 4.2 K in arsenic modulation doped HgTe QWs with a well width
of 150 Å.

Because of the much larger hole effective mass compared to that of the electron, the SdH oscillations
have a very strong temperature dependence, and it is absolutely essential for temperatures in milli-Kelivin
range in order to resolve the SdH oscillations particularly at low magnetic fields. Magnetotransport
measurements were carried out from 100 mK to 1.6K at magnetic field up to 14 T in a dilution refrigerator
of the WMI. The carrier concentration calculated from the Hall effect is about four times larger than that
from the frequency of the SdH oscillations at low magnetic fields. This is in accordance with theoretical
calculations which reveal that the Fermi surface consists of four separated regions which are shaped like
distorted crescents at low hole density, and a single ring shaped surface when the hole density is high.
In order to test the theoretical predictions, a measurement at 450 mK in a He3 cryostat of WMI for a
gated Hall bar, whose hole concentration could be varied by a factor of three, has also been carried out.
An analysis of the experimental data is now being performed. A detailed Landau level fan chart in the
framework of the 8�8k �p model will be calculated to compare with experimental results.

References

[1] H. P. Wei, D. C. Tsui, M. A. Paalanen, and A. M. M. Pruisken, Phys. Rev. Lett. 61, 1294 (1988).



Studying the interaction of coupled quantum dots in the few electon limit

Andreas Hüttel�, Hua Qin�, Robert Blick�, Karl Neumaier

The continuing decrease of circuit size eventually will lead to the implementation of single electron elec-
tronics. The devices which allow to trap and manipulate single charges are called quantum dots. The
dots used in this work are defined in a two dimensional electron gas (2DEG) of a GaAs/AlGaAs het-
erostructure with a mobility of 8�105 cm2/Vs and a density of nS = 1:7�1011 cm at a base temperature
of Tbath � 25 mK. On the surface of this heterostructure Au electrodes are defined by electron beam
lithography. By applying negative bias voltages to the gates the 2DEG underneath is depleted and the
geometry of the gate structure is transferred to the 2DEG. Thus, we can form quantum dots of different
geometry with tunable tunneling barriers. As an example a coupled quantum dot configuration is shown
in the figure below. In total four dots can be tuned in: A1, A2, and B1, B2. Each of the pairs is connected
to emitter/collector contacts, the two pairs couple capacitively. This ensures that the dots can be charged
individually.

Generally, electron transport through quantum dots is characterized by the Coulomb blockade of trans-
port. Adding additional electrons to a dot costs a charging energy EC which can be higher than the
thermal energy of the electrons at the Fermi-level in the 2DEG. It basically is governed by the total ca-
pacitance of the electron island EC = e2=CΣ. Only at discrete levels, when the charging energy coincides
with the energy provided by the electrons in the 2DEG, single charges can flow through the dots, other-
wise the current is blocked. A necessary condition is a low temperature of operation, i.e. EC >> kBT .
If this condition is satisfied the dots function as single electron transistors in which the flow of single
charges can be minutely controlled. Obviously, the strength of this approach is the ease with which the
electron-electron interaction can be accessed.

Naturally, for industrial applications a high operation temperature is desired. This we achieved not in
GaAs/AlGaAs-heterostructures, but in dots formed in doped silicon nanostructures. However, the main
objective in this experiments on coupled dots in 2DEGs is to go beyond the classical charge confinement



and focusing on phase coherence effects in electronic transport. The underlying idea of the apparatus
shown in the figure is to confine single electrons in one of the coupled dots (system A) and minimizing
the coupling to the environment (the leads), while the other dots (system B) is actuated as a detector. This
is easily achieved, since quantum dots by definition are ultra sensitive electrometers. Thus, the charge
configuration system A can be read out sensitively by system B.

�Center for Nanoscience, LMU Munich



Local Magnetic Order in Manganite Thin Films Studied by 1= f Noise Mea-
surements

A. Marx, R. Gross 8

The mixed-valence manganites Ln1�xDxMnO3 (with Ln a rare earth and D a divalent alkaline earth)
recently have attracted renewed interest because of their colossal magneto-resistance (CMR) [1, 2] and
the interesting interplay between charge, spin, orbital, and structural degrees of freedom in these mate-
rials resulting in new ordering phenomena and very rich phase diagrams [3–5]. Both the fundamental
mechanism of the CMR effect and its potential for device applications have been addressed in a large
number of studies [6–9]. The charge transport mechanism in the doped manganites is still controversely
debated. The question whether there is a phase separation in the ferromagnetic phase into insulating and
highly conducting regions leading to a filamentary/percolative current flow is of primary interest.

In addition to standard transport measurements the detailed investigation of the 1= f noise is a well
established, valuable tool for clarifying the charge transport mechanism in a variety of physical systems
[10]. In previous measurements the 1= f noise in manganite thin films and single crystals was found
to be orders of magnitude larger than in conventional metals or semiconductors and to display a broad
spectrum of different temperature dependencies. The resistance fluctuations are intimately related to
the conduction mechanism in different temperature regimes. Thus, the detailed investigation of the 1= f
noise helps to clarify the interplay of polaronic charge transport with mainly localized charge carriers in
the paramagnetic phase and charge transport mediated by double exchange in the ferromagnetic phase.

We have performed a detailed study of the temperature and magnetic field dependence of the low fre-
quency resistance fluctuations in La2=3Ca1=3MnO3 (LCMO) thin films of high epitaxial quality [11].
Film preparation on different substrates resulting in different amounts of lattice mismatch between film
and substrate is found to have a tremendous effect on both the overall temperature dependence and the
magnitude of the resistivity and the normalized resistance noise. The strikingly different magnitude and
temperature dependence of the 1= f noise most likely originates from the different amount of local strain
in the epitaxial films deposited on different substrates.

Our noise measurements have been performed in a five-probe configuration. The films have been de-
posited by pulsed laser deposition and patterned into microbridges using optical lithography and Ar ion
beam etching.

Noise data of a strain free LCMO film

The temperature dependence of the resistivity of the LCMO film grown on a NdGaO3 (NGO) substrate
(nearly strain free, lattice mismatch 0.5%) is shown in Fig. 1 for different values of the applied magnetic
field. The curves show a transition from a semiconducting to a metallic behavior which can be explained
by a transition from a para- to ferromagnetic state in terms of the double exchange model with a high
transition temperature TC ' 250 K.

The temperature dependence of the normalized noise magnitude is shown in Fig. 2 for different values
of the applied magnetic field. These values are by several orders of magnitude smaller than all data
published so far for manganites, both for bulk samples and thin films and are comparable to the noise
data found in conventional metals. These results suggest that the low resistance noise level is related to
the high epitaxial quality and very low internal strain in the La2=3Ca1=3MnO3 film grown on the NGO
substrate.

The noise peak at TC ' 250 K for B = 0 can be suppressed by a small magnetic field. Furthermore, for
zero applied magnetic field there is an increase of the normalized noise by a factor of about five going

8In collaboration with P. Reutler, F. Herbstritt, T. Kemen, Universität zu Köln
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Figure 1: Temperature dependence of the resistivity of a
La2=3Ca1=3MnO3 film grown on a NGO substrate showing
a transition from a semiconducting to a metallic behavior at
TC ' 250 K in zero applied magnetic field.
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Figure 2: Temperature dependence of the normalized resis-
tance noise amplitude aR of a La2=3Ca1=3MnO3 film grown
on a NGO substrate for different applied magnetic fields. The
inset shows aR=R as a function temperature in the ferromag-
netic phase.

from the ferromagnetic (T < TC) to the paramagnetic phase (T > TC). This increase is completely sup-
pressed by an applied magnetic field. The significant reduction of the noise in the paramagnetic regime
by an applied magnetic field suggests that the increased noise level in the paramagnetic as compared to
the ferromagnetic regime is due to the existence of small ferromagnetically ordered clusters embedded
into a paramagnetic environment. By the strong coupling of resistance to magnetization in the doped
manganites, the fluctuating spin clusters directly give rise to low frequency resistance fluctuations. From
the low value of the resistance noise in the ferromagnetic regime and from the negligible magnetic field
dependence at temperatures below the transition we can conclude that for the ferromagnetic/metallic
phase of the investigated La2=3Ca1=3MnO3 film there is no significant contribution to the low frequency
resistance noise due to fluctuations in the magnetic order.

Noise data of a highly strained LCMO film

Due to the considerable lattice mismatch between the film and the substrate (1.5%) the La2=3Ca1=3MnO3
film grown under identical conditions on a SrTiO3 substrate has significantly different transport and noise
properties.

As shown in Fig. 3, due to the significant strain effect [12, 13], the film is characterized by a much lower
value of TC ' 115 K and a significantly higher resistivity. Furthermore, in contrast to the film on NdGaO3
the IVCs of the microbridge patterned into the La2=3Ca1=3MnO3 film grown on SrTiO3 were found to be
non-linear in a temperature range close to TC as shown in the inset of Fig. 3,

There is a strong difference both in the magnitude and the temperature dependence of the normalized low
frequency resistance noise between the La2=3Ca1=3MnO3 film grown on SrTiO3 and NdGaO3. As shown
in Fig. 4, on decreasing temperature, a huge increase of the magnitude of the normalized resistance
noise in a wide temperature range is observed just in the vicinity of the paramagnetic to ferromagnetic
transition. The strong increase of the normalized noise by about 3 orders of magnitude takes place in
a relatively wide temperature regime extending over about 40 K. The maximum value of the noise is
measured at about 80 K, that is, at a temperature where the ferromagnetic/metallic phase is expected
to be already well established. Obviously, the strain introduced in the La2=3Ca1=3MnO3 film grown on
SrTiO3 due to the large lattice mismatch of 1.5% results in a strongly increased noise level both in the
paramagnetic and ferromagnetic regime with a huge enhancement in the ferromagnetic regime (almost
10 orders of magnitude as compared to the strain free film). It is known that strain due to a large lattice
mismatch between film and substrate causes significant local structural disorder in the doped manganites.
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Figure 3: Temperature dependence of the resistivity of a
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Figure 4: Temperature dependence of the normalized noise
amplitude aR of a La2=3Ca1=3MnO3 film grown on a
SrTiO3 substrate showing a huge increase of the noise
level in the vicinity of the transition from the paramag-
netic/semiconducting to the ferromagnetic/metallic phase.

The observed huge increase of the resistance noise suggests that the resistance in the temperature range
near the transition from the paramagnetic to the ferromagnetic phase is mostly determined by charge
hopping between domains in an inhomogeneous, disordered magnetic material [14]. Such a transport
mechanism is a likely source for both the noise peak and the non-linearity of the current-voltage charac-
teristics. Low frequency fluctuations of domains are known to give rise to an anomalous high normalized
low frequency noise level. Beyond the explanation of the noise data in terms of a disordered magnetic
material, there is another possible scenario where the noise data are taken as evidence for a percolative
nature of the charge transport in the ferromagnetic regime.

Our comparative study shows that there is a strong coupling between local magnetic disorder and struc-
tural disorder introduced by strain effects due to a large lattice mismatch between film and substrate.
Judging from our noise analysis, the low-TC film shows strong magnetic disorder, whereas the high-TC
film behaves more like a conventional ferromagnetic metal.
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DC Magnetic penetration depth of UPt3 and Sr2RuO4: implications for the
superconducting order parameters

Erwin A. Schuberth1, Stephan Schöttl1, Karol Flachbart2, and Takahiko Sasaki3

Figure 1: Temperature dependence of the s.c. penetration depth λ for sample BU-
2a, for both H // c and H? c. For the measurements with H? c, only a small slab cut
from BU-2a was used resulting in a smaller signal (in spite of the higher measuring
field)

In order to distinguish the su-
perconducting phases of the ti-
tle compounds we have studied
their dc magnetic properties in
low fields with a SQUID mag-
netometer. The magnetic pene-
tration depth of UPt3 shows the
second superconducting transi-
tion at Tc

�when the field is ap-
plied along the c-axis, but not
with H?c. This result, com-
bined with a power law behav-
ior of λ at low temperatures,
is most consistent with the two-
dimensional E2u order parameter
symmetry. Below 20 mK we find
an additional diamagnetic signal
which we ascribe to the normal
state magnetism. For Sr2RuO4,
supposedly a p-wave supercon-
ductor, we find a sharp single
diamagnetic transition at 1.08 K
showing that our sample is of high quality, but there is no indication of an unusual superconducting
behavior.

Figure 2: Low temperature part of λ from Fig. 1 showing a
linear dependence for both field directions.

Among the Heavy-fermion superconductors UPt3
is most widely studied because of its unconven-
tional properties, such as the double supercon-
ducting (s.c.) transition in low fields and the three
internal s.c. phases. However, there is still a lack
of information on the differences between these
phases. Here we re-investigated a single crystal
grown by Bucher, Konstanz (see Ref. [1]) with
SQUID magnetometry and confirmed results ob-
tained from samples of excellent quality grown at
Northwestern University [2]. This is especially re-
markable since this sample was not annealed and
did not show a double transition in specific heat
measurements.

The SQUID signal from a superconductor in a
constant external magnetic field reflects the tem-
perature dependence of the penetration depth λ .
To avoid contributions from flux creep processes,
our experiments were performed in the field-

cooled state. For UPt3 the penetration depth λ drops steeply near Tc
+ and then tends to flatten out.



When H // c, a second steep drop appears below Tc
� as shown in Fig. 1. This second drop is not ob-

served when H ?c. At even lower T , λ obeys a power law λ∝T for both field directions, see Fig. 2. At
20 mK this power law is followed by an additional diamagnetic signal.

The results confirm previous ones from the Northwestern samples, except that for those a quadratic T-
dependence was observed for H // c [1]. Since impurity scattering leads to higher power laws than linear,
we believe that the Bucher sample is also of excellent quality, although it was not annealed. As we
argued previously [1], the observation of the A-B transition in λ below Tc

�only with H // c implies an
increase of the number of paired electrons with momentum in the a-b plane at these temperatures. This
is consistent with the 2-dim E2u [3] and E1g [4] order parameters. The linear T-dependence at lower T
favors the E2u model, but due to our sample geometry we cannot fully exclude E1g. The diamagnetic
signal below 20 mK, also observed with the Northwestern samples, seems to be due to the magnetism
of the vortex cores and points to antiferromagnetic ordering in the normal state, as it coincides with
anomalies in thermodynamic and neutron data [5,6].

Figure 3: Meissner signal in a Sr2RuO4 sample in 0.5 mT. A small increase of the back-
ground below 100 mK has been subtracted.

For Sr2RuO4 which is con-
sidered a p-wave supercon-
ductor, both zero field cooled
and field cooled SQUID
measurements on a sample
grown at Tohoku University,
showed a single, very sharp
transition around 1.08 K, see
Fig. 3. Although the Meiss-
ner signal was only a few
% of the shielding transition,
the sharpness of Tc shows
that the crystal is of very
high quality. We followed
the Meissner signal down to
17 mK and found no un-
usual features, only a flat T-
dependence at low tempera-
tures.

We gratefully acknowledge financial support by DAAD.
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Viscoelastic Model of Normal 3He in Aerogel

Dietrich Einzel

The sound propagation in a normal Fermi liquid such as 3He can be viewed as viscoelastic behavior
which is governed entirely by the conservation law for the momentum density and the viscous dissipa-
tion or the relaxation of the momentum current (stress tensor). This research project is devoted to a study
of the alterations to the viscoelastic properties of normal liquid3He in the presence of a dilute system of
aerogel strands immersed into the bulk liquid. If the aerogel system behaves like a rigid random system
of interconnected silica strands, it introduces an additional elastic scattering channel for the quasiparticle
excitations of the Fermi liquid and breaks the momentum conservation law explicitly. In order to under-
stand the physical consequences, we recall the essential equations of the hydrodynamic description of
liquid 3He, which start from the law of mass conservation

∂
∂ t
δρ+∇ �g = 0

Here δρ denotes the mass density and g the mass current or momentum density. g obeys the linearized
Navier–Stokes equation �

∂
∂ t

+
Φs

1

τ1

�
g+∇ ��= nF

Here F =�∇φ�∂A=∂ t is an external force which may, as usual, be generated from a scalar potential φ
and a vector potential A. τ1 describes the impurity–limited relaxation of the momentum density due to
the presence of the aerogel, and Φs

` = 1+Fs
` =(2`+1). The momentum current is, as usual, decomposed

into a diagonal reactive (pressure) and a traceless (viscous dissipation) part:

� = δP1+�0

δP = c2
1δρ

∇ ��0 = �η
�(ω)
ρ

�
∇2g+

1
3
∇(∇ �g)

�
Here

η�(ω) =
1
5

npFvFτ2

1� iωτ2=Φs
2

is the dynamic shear viscosity, in which τ2 is the viscous relaxation time in the presence of aerogel:

1
τ2

=
1
τη

+
1
τA

With this set of equations one may derive the following form for the density response (or Lindhard–
Mermin) function in (ω ;q)–space L(q;ω), which is consistent with density conservation [1]:

δρ = iq �L(q;ω) �F

L�(q;ω) = m
NF

Φs
0

c2
1b�1(ω)

ω2� c2(ω)q2b�1(ω)
c(ω) = c1 +(c0� c1)b

�
2(ω)

b�`(ω) =
�iω

�iω+Φs
`
=τ`

Here NF is the density of states at the Fermi level for both spin projections. The functions b�`(ω) describe
the viscoelastic transitions from a diffusive to a propagating sound mode (` = 1) and from first to zero



sound (` = 2). In order to emphasize the aspect of hydrodynamic diffusion L� can be rewritten in the
equivalent form

L�(q;ω) = m
NF

Φs
0

D�
1(ω)

iω�D�(ω)q2

D�
1(ω) =

c2
1

�iω+Φs
1=τ1

; D�(ω) =
c2(ω)

�iω+Φs
1=τ1

Therefore, due to the breaking of the momentum conservation law in the presence of aerogel, the sound
pole in the Lindhard function of the pure system has to be replaced by a diffusion pole in the Lindhard–
Mermin function iω = D�(ω)q�2(ω) leading to a complex wave number

q�(ω) =

s
iω

D�(ω)
=

ω
c1 +(c0� c1)b

�
2(ω)

s
1+

iΦs
1

ωτ1
(1)

Clearly, in the absence of aerogel τ1 ! ∞, the clean Fermi liquid result

α(ω) =
2
3
ω2

ρc3
1

Re η�(ω)

is recovered. A preliminary estimate, using an expression for the aerogel limited relaxation time τA [2]

τA �
1:2583
c[%]1:24 10�8sec

shows, however, that ωτ1 is not large in the sound case and one should use

α�(ω) = Im q�(ω) (2)

for the analysis of the sound attenuation. The above investigations are based on the assumption of a rigid
aerogel system. If, on the contrary, the aerogel system moves in phase with the density oscillation, the
attenuation is governed by the viscous coupling of the3He to the aerogel [3]

α�(ω) =
ω

c1 +(c0� c1)b
�
2(ω)

(3)

It can be expected that there exists a crossover frequency ω0, separating these two (rigid at higher vs.
in–phase motion at lower frequencies) limiting behaviors of the aerogel system and the experiment can
eventually fix ω0. A numerical analysis of Eqs. (2) and (3) at various temperatures, pressures and aerogel
concentrations is in preparation.
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Shot noise and conductance fluctuations in mesoscopic metallic nanowires

A. Marx, R. Gross 9

The electronic transport properties of metallic nanostructures cannot be decribed solely within classical
models. The quantum nature of the charge carriers and the discreteness of the elementary charge lead
to macroscopically observable effects. If the lateral dimensions become comparable to the phase coher-
ence length Lϕ at low temperatures quantum interference effects considerably modify the conductance
G. Within the Landauer description [1] the charge transport in a mesoscopic system is described as a
quantum mechanical scattering problem. The scattering properties resulting from a quantum treatment
determine the interference corrections to the conductance. Important examples of interference correc-
tions are Universal Conductance Fluctuations (UCF) [2] and the Aharonov-Bohm effect [3]. By applying
a magnetic field the conductance of a phase coherent sample becomes an aperiodic function of the mag-
netic field with an universal fluctuation amplitude δG' e2=h even though the background conductance
varies over several orders of magnitude.

On the other hand, Larkin and Khmel’nitskiı̆ predicted an increase of the amplitude of the conductance
fluctuations with an increasing electrical field for samples with lengths L comparable to Lϕ [4]. So
far, this increase has experimentally been found only in point contact-like structures [5, 6]. We have
investigated the voltage dependence of the UCF in 2000 nm long gold wires. These experiments facilitate
the analysis of phase breaking scattering processes which become important at finite voltage.

The shot noise SI provides information about the electronic system beyond the conductance G: at finite
voltage SI mediates information about correlations between the charge carriers. Furthermore, from the
shot noise the electron temperature in the sample can be determined. This is very important for the
investigation of the voltage dependence of the phase breaking processes.

Sample preparation and experimental techniques

The gold nanowires were fabricated using eletron beam
lithography and a lift off process. The figure shows a
scanning electron micrograph of a 1000 nm long and
25 nm wide Au wire. The film thickness is 25 nm the
thickness of the reservoirs is 100 nm. The experimen-
tal investigation of conductance fluctuations and shot
noise in low-resistance metallic samples is challenging
because a high voltage resolution is needed. By integrat-
ing a highly sensitive SQUID voltage amplifier into the
dilution unit a signal to noise resolution well above 50
could be reached which is an order of magnitude larger
compared to conventional lock-in techniques.

Shot noise

The spectral density of current fluctuations for a two probe geometry is given by [7]

SI = 2
2e2

h

�
2kBT∑

n
T 2

n + eV coth

�
eV

2kBT

�
∑
n

Tn(1�Tn)

�
: (1)

The transmission coefficients Tn are evaluated at the Fermi energy EF . For T;V = 0 the expression for
thermal equilibrium noise is obtained from eq. (1). For small Tn the Poisson expression SP = 2eI is

9In collaboration with T. Bauch, T. Kemen, Universität zu Köln



obtained. The Fano factor F = SI=SP describes the reduction of the shot noise by correlations between
the charge carriers.

For diffusive metals theory predicts F = 1=3 and F =
p

3=4 for systems which are phase coherent (L�
lee; lph) and for interacting systems (hot electrons), respectively [7]. To avoid excessive heating of the
electronic system due to the applied voltage V � kBT=e the thickness of the reservoirs is 4 times the film
thickness.

The knowledge of the electron temperature in the sample is crucial for interpreting the experimental
current noise data. The voltage dependence of the electron temperature at the end of the wire can be
approximated by [8]

T 2
e;max = T 2

ph + c
R
�

R
V 2 ; (2)

where R
�

is the sheet resistance of the reservoirs, R the wire resistance, and c a constant. The phonon
temperature Tph can be approximated by the substrate temperature Tsub which can phenomenologically

be described by Tsub = (T 4
MK + c(P0 +P))1=4 (TMK is the mixing chamber temperature, P =V2=R, and c

and P0 are constants).

From eq. (2) it becomes obvious that in the non-interacting regime the current noise density strongly
depends on the electronic temperature in the reservoirs (for eV � kBT the limit SI =

2
34kBTG+ 1

3 2eI is
obtained). Furthermore, a large ratio R

�
=R is desirable.
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Figure 1: Current noise SI vs current. Open symbols represent
experimental data

Figure 1 shows the dependence of the experimen-
tally determined current noise SI on the bias cur-
rent (open symbols). In addition, the theoret-
ically predicted SI(I) dependecies for the non-
interacting regime (curves SI1 + SI3) and for the
interacting regime (SI2+SI4) are also plotted. The
lower curves (SI1 + SI2) only take an increased
substrate temperature Tsub into account whereas
the upper curves also consider electron heating ac-
cording to eq. (2). It is obvious from fig. 1 that
the increased noise is mainly due to heating of the
electron system in the reservoirs. Unfortunately,
these data are not yet eligible to validate the Fano
factor F = 1=3 for the non-interacting regime. On
the other hand, the high sensitivity of the SQUID
amplifer should allow the proof of F = 1=3 for a
single nanowire provided the ratio R

�
=R is chosen large enough to cope with the heating problem.

Voltage dependence of conductance fluctuations amplitude

For independent electrons quantum interference effects in a phase coherent volume give rise to nonlinear
contributions to the conductance fluctuations as has been predicted by Larkin and Khmel’nitskiı̆ [4] for
diffusive metallic samples with L� l, where l is the electron mean free path. For zero temperature the
current voltage characteristics (CVC) is predicted to be linear if the voltage across the sample is much
less than Vc = Ec=e. Here, Ec = hd=L2 is the Thouless energy and D the diffusion constant. For V <Vc

only electrons with an energy inside an interval of width Ec around the Fermi energy contribute to the
coherent transport that can be described by an average conductance G and an interference correction e2=h
through I(V ) =V [G� e2=h]. For V >Vc there are V=Vc independent energy intervals each contributing
average fluctuations (e2=h)Vc to the total current. Therefore, the current fluctuates on a scale V 'Vc with
an amplitude ∆I ' (e2=h)

p
VVc. The fluctuations in the differential conductance

δG =
∆I
∆V

∝
e2

h

r
V
Vc

: (3)



increase ∝
p

V=VT h for eV > kBT;ETh.

The voltage dependence of the fluctuation amplitude for two different 2000 nm long gold wires is shown
in fig. 3. For both samples the voltage dependencies at low temperature (T = 350 mK) are rather similar.
For V > VT h the rms amplitude of the UCF in both samples increases up to 2 mV for both low phonon
temperatures (' 100 mK) and 4.2 K. For V > 2� 3 mV the UCF amplitude decreases. The increase
of rms(G) with increasing voltage for both phonon temperatures can be explained by the contribution
of N = V=VT h uncorrelated energy intervals to the total fluctuations of the differential conductance.
This increase of the fluctuation amplitude with increasing voltage is the first experimental evidence for
the theory of Larkin and Khmel’nitskiı̆ in diffusive metalllic wires. The decrease for V > 2� 3 mV
is probably due to a reduction of the phase coherence length caused by phonon emission (increase of
phonon density of states). The decrease of the rms amplitude for Tph = 0:35 K for small voltages V =
0�0:15 mV (both samples) is not understood up to now.
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Figure 2: rms amplitude of conductance fluctuations vs volt-
age. Data have been obtained from magnetoconductance
measurements.
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Figure 3: Electron temperature in the reservoirs Te;max vs
voltage for Tph = 0:35 K and Tph = 4:2 K. The inset shows
the dependence of Te;max on Tph for V = 2 mV.

The approach of the curves for Tph = 0:35 K and Tph = 4:2 K for V > 3 mV in fig. 2 can be explained
by heating of the electrons in the reservoirs and by heat diffusion. The electron temperature Te;max is
shown in fig. 3 for Tph = 0:35 K and T = 4:2 K. For voltages V � 3 mV the difference in the electron
temperatures for Tph = 0:35 K and Tph = 4:2 K become small. This easily explains the convergence of
the data in fig. 3.
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[5] U. Murek, R. Schäfer, and W. Langheinrich, Phys. Rev. Lett. 70, 841 (1993).
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Transport and Noise Characteristics of Submicron High-Temperature Su-
perconductor Grain-Boundary Junctions

A. Marx, R. Gross 10

Grain boundary junctions (GBJs) in high temperature superconductors (HTS) are widely used for the
realization of Josephson junctions [1, 2]. Despite their simple fabrication there is up to now no consensus
concerning the transport properties of GBJs [3]. The investigation of low frequency noise has turned out
to be a valuable tool in clarifying the charge transport mechanism [4–11]. Numerous studies proved that
the large amount of 1= f -noise is due to a high density of charge trapping states in the grain boundary
barrier. Unfortunately, there is up to now no detailed model for the microscopic nature of these traps.
The analysis of the dynamics of individual charge traps provides valuable information to overcome this
drawback [12, 13]. Due to the high density of traps in HTS Josephson junctions the fabrication of small
area junctions is required to achieve a situation where only a single fluctuator is dominating the junction
dynamics. Therefore, we have fabricated GBJs with a junction area down to 0:005µm2 using electron
beam lithography [14]. These junctions allowed for the investigation of individual fluctuators in a wide
range of temperature and voltage.

Sample preparation and experimental techniques
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Figure 1: Differential conductance vs voltage of a 30 �
600 nm2 bicrystal GBJ at T = 6 K. Right inset: Current-voltage
curves. Left inset: scanning electron micrograph of a 600 nm
wide GBJ.

YBa2Cu3O7�δ thin films with a thickness of 20
to 30 nm were deposited on SrTiO3 [001] bicrys-
tal substrates using pulsed laser deposition. The
as-prepared films showed a transition tempera-
ture Tc between 86 and 87 K. A 50 nm thick gold
layer providing for contact pads was evaporated
through a shadow mask. Bridges in a four probe
geometry across the grain boundary with differ-
ent widths were patterned using a multi-step opti-
cal and electron beam lithography process and ion
beam etching. During the ion beam etching pro-
cess the sample was cooled using LN2 to reduce
degradation of the film. In this way junctions with
widths down to� 200 nm could be fabricated (see
Fig. 1). After patterning we always observed a
significant reduction of Tc and an increase of the
junction resistance, which most likely is due to
oxygen loss in the thin YBCO films, especially
close to the grain boundary. This degradation was
found to be caused by the baking of the electron beam resist (PMMA) at 160ÆC for 10 min and could be
largely cancelled (Tc > 81 K) by an annealing process in 100 kPa pure oxygen for 1 h at 520ÆC.

Transport and noise properties

At 4.2 K junctions with widths down to 400 nm showed superconductivity with critical current densities
of several 105A/cm2. The inset of Fig. 1 shows typical current-voltage characteristics (IVCs) of a 30�
600 nm2 junction (full symbols measured immediately after preparation, open symbols after storage in
vacuum for a few days). The differential conductance G is shown in Fig. 1. Both G(V ) curves reveal
a strong increase of G with decreasing V . After the vacuum storage both Ic and G at V . 15 mV are
noticeably reduced compared to the first run. This most likely is caused by oxygen loss close to the grain

10In collaboration with F. Herbstritt, T. Kemen, Universität zu Köln



boundary during vacuum storage. The increase of G below the gap voltage and the fine structure in the
G(V ) curves can be qualitatively understood in terms of the model of Blonder, Tinkham, and Klapwijk
(BTK), assuming a grain boundary barrier with high transmissivity [15–17].
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Figure 2: Voltage time traces ((a) and (b)) and noise spectra ((c) and (d)) before ((a)
and (c)) and after ((b) and (d)) vacuum storage of the GBJ.

The voltage fluctuations were
measured with a low-Tc dc
SQUID amplifier [10]. In Fig. 2
(c) and (d) two series of volt-
age noise spectra are shown
which have been measured at
4.2 K for different junction volt-
ages. Fig. 2 (a) and (b) display
examples of time traces ∆V (t)
recorded at the same temperature
for V = 2:5 mV clearly showing
distinct random telegraph switch-
ing (RTS) signals. The two-level
signals are most likely due to in-
dividual (ar a small number of
strongly correlated) charge trap-
ping centers in the barrier region
randomly changing their occupa-
tion number. The most likely
cause for the change in noise and transport properties is loss or redistribution of oxygen at the grain
boundary
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Figure 3: Effective lifetimes (a) and mean squared voltage fluc-
tuations (b) of a series of TLFs over a broad temperature range.
Identical symbols in both graphs correspond to the same fluctua-
tor. Dashed line: junction voltage for Ib = 10µA.

Within the accessible frequency range (0.5 to
2�104 Hz) all spectra could be well fitted with
a superposition of a few (n � 3) independent
Lorentzian components [18] together with a
weak 1= f -background. Each Lorentzian compo-
nent represents the contribution of a single two-
level fluctuator (TLF) with a switching amplitude
∆Vi and mean lifetimes τu and τl in the upper and
lower resistance state, respectively. From the fits
to the spectra we obtained the effective lifetimes
τeff = (τ�1

u +τ�1
l )�1 as well as the mean squared

fluctuation amplitudes h(δV )2i of the underlying
RTS signals.

Fig. 3 shows the temperature dependence of τeff
and h(δV=V )2i over a broad range of tempera-
tures in an Arrhenius plot for a series of TLFs of
a junction after the vacuum storage. All fluctu-
ators show a thermally activated behavior in the
temperature range from 8 to 80 K. The tempera-
ture dependence of h(δV=V )2i as shown in Fig. 3
shows two striking features. Firstly, there is a
crossover from an almost constant value below

� 30 K to an exponential decrease for T > 30 K. Secondly, the relative mean squared switching ampli-
tudes h(δV=V )2i of all fluctuators follow a common temperature dependence in spite of the broad scatter
in the effective lifetimes without any systematic variation with temperature. This indicates that the pop-



ulation dynamics of a trap and its influence on the charge transport seem to be decoupled. From our
measurements we conclude that the decrease of h(δV=V )2i is to a large extent due to a decrease of the
relative switching amplitude. It is further interesting to note that this decrease of h(δV=V )2i would coin-
cide with the decrease of the enhanced conductance in the low voltage regime which may be interpreted
in a way that the noise centers in the junction mainly affect a distinct kind of conductance channels which
are only active at low temperatures.

From a direct analysis of the voltage time traces the mean lifetimes τu and τl of both voltage states
and the switching amplitude ∆V could be determined independently (this is not possible by analyzing
the noise spectra without further assumptions. Usually, both lifetimes decrease exponentially with the
applied voltage. Furthermore, the lifetimes of both voltage states are thermally activated with different
kinetic parameters both lying in the same range found for the effective lifetimes for T � 8 K whereas for
T � 8 K both switching times turn over to a T independent behavior indicating a tunneling-like switching
in this temperature range.

In summary, the noise spectra and the voltage vs time traces were found to be dominated by random
telegraph switching signals. The switching kinetics were found to be tunneling-like at T . 8 K and
thermally activated above this value up to Tc. At low T the mean lifetimes decrease exponentially with
the junction voltage. These results confirm the assumption that the low frequency noise in high-Tc GBJs
is caused by the stochastic capture and release of charge carriers at trapping centers within the barrier
region. In addition, we found a similar mean squared switching amplitude for all two-level fluctuators in
a sample which follows a common temperature dependence decaying exponentially above about 30 K.
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Tunneling magnetoresistance in doped manganite grain boundary junc-
tions

J. B. Philipp, L. Alff, A. Marx, R. Gross 11

Ferromagnetic tunneling junctions have been studied intensively over the last years due to possible ap-
plications in magnetoelectronics devices. The tunneling magnetoresistance (TMR) between two ferro-
magnetic layers i = 1;2 separated by a thin insulating barrier depends on the relative orientation of the
magnetization and the spin polarization Pi = 2ai� 1, where ai is the fraction of majority spin electrons
in the density of states at the Fermi level of layer i. Within the Jullière model [1], the TMR is estimated
to

∆R
R

=
R
"#
�R

""

R
""

=
2P1P2

1�P1P2
; (1)

where R"" and R"# is the tunneling resistance for parallel and anti-parallel magnetization orientation.
For parallel magnetization the tunneling resistance is significantly reduced, since the large density of
occupied and empty states for either the majority or minority spin electrons in both junction electrodes
allow for a large tunneling current. It is evident from (1) that a large TMR is obtained for high spin
polarization. We note that in the Jullière model only elastic tunneling without any spin-flip processes is
assumed and the junction electrodes are assumed to be single domain.

GB

SrTiO3

Au

La Ca MnO2/3 1/3 3
I

V1 V3V2

90 q
H

Figure 1: Sketch of the grain boundary junction geometry [19].

So far, most of the investigated TMR de-
vices are based on transition metals and al-
loys such as Ni, Co, Fe, or Co50Fe50 with
P� 50% limiting the available TMR effect
(for recent overviews see Moodera et al. [2]
and Parkin et al. [3]). In order to increase
the TMT-effect a higher spin polarization
close to 100% is desired. There are several
candidates for materials with large P close
to 100% such as the Mn-based Heusler al-
loys [4], the oxide ferromagnets as Fe3O4
or CrO2, and the doped manganites of com-
position LaxD1�xMnO3 with D = Ca, Sr,
and Ba. While for the former materi-
als the high spin polarization is still under
question [5], recently photoemission spec-
troscopy has provided direct evidence for
the half-metallic nature of La0:7Sr0:3MnO3
[6] with P close to 100%. Indeed, using
doped manganites in ferromagnetic tunnel
junctions and trilayer spin valve devices
high TMR values above 450% at 4.2 K have
been achieved [7, 8]. Within the Jullière model these TMR values correspond to a spin polarization above
80% [9, 10]. Recently, we have achieved a TMR effect above 1000% at 4.2 K corresponding to a spin
polarization above 90% [11].

11In collaboration with S. Thienhaus and J. Klein (II. Physikalisches Institut, Universität zu Köln).
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Figure 2: R(H)-curves of a La2=3Ca1=3MnO3 GBJ for an angle θ = 0Æ between
H and the GB barrier at 77 K. The direction of the field sweep is indicated by
the arrows [19].

While most tunnel junctions rely on
a planar structure based on multi-
layer thin films, one can also form
ferromagnetic tunnel junctions by
using well-defined individual grain
boundaries (GBs) separating two fer-
romagnetic grains (see Fig. 1). Such
grain boundary junctions (GBJs) can
be achieved by growing epitaxial
manganite films on a SrTiO3 bicrys-
tal substrates [12–16].

Fig. 2 shows as recent key de-
velopment in the ongoing research
namely the almost perfect two-level
switching behavior of a manganite
GBJ. Such dependence is required
for magnetoelectronic memory de-
vices [19]. The TMR effect at 77 K
is still larger than 100%. At 4.2 K
TMR effects above 500% have been
achieved in our experiments demon-
strating the high spin polarization in
the doped manganites.

In our future work, we the main fo-
cus is on the fabrication of simi-
lar devices that can be operated at
room temperature. For such devices
materials with high Curie temper-
ature well above room temperature
and high spin polarization such as
the double perovskites have to be
used. With respect to the underlying
physics, the spin polarized transport
in such devices has to be clarified in
detail. Here, in particular the effect

of structural and magnetic disorder at the interfaces in magnetic tunnel junctions on the transport and
noise properties has to be studied.
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[19] J. B. Philipp, C. Höfener, S. Thienhaus, J. Klein, L. Alff, R. Gross, Phys. Rev. B 62, R9248 (2000).



Heteroepitaxial growth of high-temperature superconductors and doped
manganites in ramp type geometry

M. Schonecke, L. Alff, A. Marx, R. Gross 12

The transport properties of heterostructures formed by superconductors and ferromagnets have been
studied intensively in the context of spin-polarized tunneling [1]. Renewed interest in the field came
along with the discovery of the cuprate high-temperature superconductors (HTS) and the colossal mag-
netoresistance (CMR) manganites, since their compatible crystal structures allow for the heteroepitaxial
growth of multilayer structures (for a recent overview see [2]).
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Figure 1: AFM images of a ramp surface processed with an in situ cleaning
step at high temperatures. The parallel lines and the slight bending of the ramp
structure in the lower image are due to artefacts of the measurement. [10].

One important property of ferromag-
net/superconductor junctions is the
possible injection of spin polarized
charge carriers into the superconduc-
tor causing nonequilibrium effects
such as the reduction of critical tem-
perature and critical current in the
superconductor. The reason for these
effects is the spin singlet state of the
Cooper pairs in the HTS. It is well
known that at normal metal/super-
conductor interfaces the process of
Andreev reflection comes into play
[3, 4]. Since this process can be
described by a superposition of par-
ticle and hole like excitations with
opposite spin directions, it is evi-
dent that the presence of spin po-
larization in the normal metal elec-
trode will strongly modify the An-
dreev reflection. Since there is ev-
idence that the charge carriers in
doped manganites are fully spin po-
larized [5], doped manganites/HTS
junctions are expected to be ideal
candidates for the study of the ef-
fect of spin polarization on the An-
dreev scattering processes at super-
conductor/ferromagnet (S/FM) inter-
faces. Moreover, since the hole
doped HTS have a dx2�y2 -wave symmetry of the superconducting order parameter with a sign change
under π=2 rotation, zero-energy surface states (ZES) are formed with their spectral weight depending on
the surface orientation [6–8]. These states are also called Andreev bound states because they are based
on the Andreev reflection off the internal change of the order parameter. Spin polarization of the charge
carriers will therefore also affect the presence of such bound surface/interface states. For a ferromag-
net with 100% spin polarization, a complete suppression of the spectral weight of ZES is expected at
HTS/FM interfaces [9].

12In collaboration with U. Schoop, S. Thienhaus, F. Herbstritt, J. Klein (II. Physikalisches Institut, Universität zu Köln).



A key technical issue with respect to manganite/cuprate heterostructures is the role of the interface be-
tween both materials. Firstly, one has to deal with extrinsic interfaces having properties that are strongly
influenced by the fabrication process. In this context one has to keep in mind that the relevant length
scales are associated to the very small superconducting and magnetic coherence lengths of the order of
1 nm. Therefore, atomic scale interface control is required. Secondly, even if the fabrication allows to ob-
tain ”perfect” interfaces, the related intrinsic interface properties may be significantly different from the
bulk properties of the materials. Here, one has to consider the surface density of states, surface induced
changes of the lattice parameters, surface induced magnetic disorder, etc. It is, for example, well known
that the superconducting order parameter is strongly suppressed at surfaces of a dx2�y2-superconductor.
As for the doped manganites, even in the bulk there is a subtle and complex interplay between struc-
tural, spin, charge, and orbital degrees of freedom. At present, the knowledge on the surface or interface
properties of the manganites is rather limited.

In our ongoing research we study different types of interfaces between doped manganites and the high-Tc
cuprates, as well as between perovskite manganites with different Curie temperatures TC. The interfaces
are fabricated in ramp type geometry shown in Fig. 1.
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Figure 2: Differential conduction versus voltage of a low transparency
YBa2Cu3O7�δ /La2=3Ca1=3MnO3 junction (width: 2 µm) [10].

An important feature that has been
observed in manganite/cuprate tun-
neling junctions is a zero bias con-
ductance peak [11]. This can be un-
derstood in terms of Andreev bound
states resulting from the dx2�y2 -wave
symmetry of the superconducting or-
der parameter. In [11] it is concluded
from the experimental data that a
30% spin polarization is present
in the La2=3Sr1=3MnO3 electrodes.
This surprisingly low spin polariza-
tion can be understood assuming
strong spin-flip scattering in a low
quality junction interface. The com-
plete absence of a zero bias conduc-
tance peak in the tunneling spectra of
the ramp type junctions in our stud-
ies (see Fig. 2) can have two reasons.
Firstly, the junction interface is per-

fectly a- or b-axis oriented. For both cases no spectral weight of ZES is expected. However, due to
the finite roughness of the ramp surface (see Fig. 1) a nonvanishing zero bias conductance peak is ex-
pected. Secondly, an obvious explanation is that the spin polarization of the manganite electrode is close
to 100%. In the presence of a high quality interfaces with low spin-flip scattering this gives rise to a
complete suppression of ZES as observed in our experiments. Moreover, spin polarized quasi-particles
lead to a strongly suppressed peak in the density of states at the gap edge [9] in agreement with our data.
The goal of our present work is to further clarify the correlation between interface properties and the
transport behavior with well defined interfaces in both the tunneling and high transparency limit.
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3He/4He dilution refrigerator with pulse tube refrigerator

K. Uhlig

In January the pulse tube refrigerator (PTR) described in last year’s annual report was delivered to the
WMI (Cryomech Co., N.Y.). It will be used to precool a new 3He/4He dilution refrigerator, and will re-
place the Gifford-McMahon cooler (GM) used so far. PTRs are closed-cycle-refrigerators for laboratory
use which continuously reach temperatures below 4 Kelvin. For our application it is most significant
that PTRs do not contain a cyclically moving piston like GM coolers, and so the vibrational amplitudes
of PTRs are considerably smaller and their running quieter; consequently, the vibrational heat leak in
the dilution unit is expected to be reduced in a DR precooled by a PTR, and the performance of the DR
improved.

We measured the cooling power of the two stages of the PTR, and the specifications of the manufacturer
were verified. In addition, the vibration spectrum of the PTR was recorded with an accelerometer. Then,
based on the work with our GM-precooled DR, a new cryostat was designed which combines the PTR
with one of our existing dilution units.

In the meantime, this cryostat has been completed in the machine shop of the WMI, and testing of the
cryostat has begun.

3He/4He dilution refrigerator with Gifford-McMahon cooling

Experiments with our existing dilution refrigerator concentrated on a long-
standing problem, the measurement of the heat leak into the mixing chamber
caused by the vibrations of the GM cooler. Measuring its value is important
as it influences the final temperature of the DR, and gives information about
the efficiency of the attenuation of the GM cooler and about vibrational heat
leaks which experiments cooled by the DR would be exposed to.

Because the dependence of the cooling power of DRs on temperature is
quadratic in first order approximation, a small heat leak can be best deter-
mined with mixing chamber temperatures as low as possible. Additionally,
the 4He portion of the throughput should be small in order to exclude possi-
ble contributions of the 4He to the heat leak (Niinikoski, 1978). An almost
forgotten method, the so-called double-mixing-chamber (DMC; de Waele,
1976) should meet these requirements, and was (probably for the first time)
utilized for determining the heat leak.

As depicted in the figure, liquid 3He with temperature Ti runs from the con-
centrated side of the heat exchanger to the first mixing chamber MC1. One
part, about half, of the 3He stream is diluted in MC1, produces cooling, and
flows through connecting tube z1 to the return line of the heat exchanger. The
remaining non-diluted part of the circulating3He is cooled very efficiently in
MC1 to its temperature T1 (no Kapitza-resistance), then flows through line
zc into the second mixing chamber, where it is also diluted and produces
further cooling. Finally, the diluted 3He flows through z2 to the return side
of the heat exchanger where it rejoins the dilute 3He stream coming from
MC1. Altogether, by using a DMC a temperature reduction of a factor of
two can be gained in comparison with a single mixing chamber.

Dividing the original 3He flow into two flows through MC1 and MC2 is achieved by choosing the right
flow resistances of the connection lines z1, z2, and zc; additionally, with different temperatures in MC1



and MC2, different osmotic pressures are connected, which give cause to different heights of the phase
boundaries in MC1 and MC2 (see graph). Thus, not only the size of z1, z2, and zc, but also the amount of
3He/4He used in the DR is critical. It is important that, caused by gravity, the3He leaving MC1 through
zc is purified of 4He, and so the cooling power of MC2 should not be affected by4He contaminations.

The cooling power of a DR is derived from the enthalpy balance of the mixing chamber. For the second
mixing chamber of a DMC we find

Q = Qhl +Qext = 12 �n2 � t�; with t� = 8 �T 2
2 �T 2

1

with Q: cooling power; Qhl: heat leak; Qext : applied heating; n2: 3He flow through MC2;
T1;2: temperatures of MC1 and MC2.

From a plot of Qext over t�

the heat leak Qhl is found as
the offset of a linear fit curve
at t� = 0. In the case of
a GM precooled DR Qhl is
dominated by far by the vi-
brational heat leak. A value
of 2 erg/sec of the heat leak
can be taken from the fig-
ure, and from the slope of the
fits the throughput n2 can be
calculated for each fit; val-
ues for n2 were between 30
µmol/sec and 90 µmol/sec.
It has to be pointed out that
reliable thermometry is deci-
sive for the experiment; T2
was measured with a 3He
melting curve thermometer,
and T1 with two thick film re-
sistors which were calibrated
with the melting curve thermometer, before. Using the heat leak of 0.2 µWatt and a measured final
temperature of T2 = 7.2 mK we can calculate a final temperature without heat leak of T2 = 3:9 mK.

Our dilution unit with DMC is compatible with our new DR which is precooled by a pulsed-tube-
refrigerator (described at the beginning of this report), and we aim to determine the reduced heat leak in
the new apparatus with the highly sensitive DMC-method.



Epitaxial thin films of ordered double perovskite materials with magne-
toresistance at room temperature

D. Reisinger, J. B. Philipp, L. Alff, A. Erb, A. Marx, R. Gross 13

The material Sr2FeMoO6 [1] belongs to the group of the so-called 2116-double-perovskites [2], which
includes a variety of interesting new materials. Among these materials there are some with high mag-
netic ordering temperature TC. Furthermore, the phenomena of superconductivity, ferro(i)magnetism and
colossal-magnetoresistance can be observed in this material class. The high Curie-temperature TC and
the high spin polarisation P make the double-perovskites attractive as the base material for magnetic sen-
sors and for spin-electronic applications as for example MRAMs (magnetic random access memory). For
example, for Sr2FeMoO6 a high Curie temperature of TC ' 420 K was found and a high spin polarisation
close to 100% is expected from theoretical calculations.

We have prepared epitaxial thin films of Sr2FeMoO6 on different substrate materials by pulsed laser
deposition (PLD). The optimal growth parameters for this material still have to be found [3–6]. So far,
three different growth-phases have been detected. Below a substrate temperature of 320ÆC, the films
display a yellow colour and are insulating. Using higher substrate temperatures of up to 920ÆC, the
films become semiconducting, and above 920ÆC they show a metallic behaviour. The film quality was
investigated by X-ray analysis and by atomic force microscopy (AFM). The semiconducting films have
a rocking curve with a narrow full width at half maximum (FWHM) of only about 0.04Æ. This shows the
high epitaxial quality of the thin films. Moreover, AFM pictures show a smooth surface for these films.
In contrast, the metallic films have a much wider rocking curve with a FWHM of about 0.20Æ. However,
the detailed X-ray analysis usind a four-circle diffractometer shows a perfect ordering of the Fe-Mo
sublattice for the metallic films. This is not the case for the semiconducting films. One can therefore
conclude that the ordering of the Fe-Mo sublattice strongly influences the electrical transport properties.
Test structures for measuring the electric transport properties have been patterned into the films using
optical lithography and Ar ion beam etching. The magnetotransport properties have been measured in a
standard cryostat between 4 and 500 K in applied magnetic fields up to 16 T.

Recently, we have applied in-situ reflection high energy electron diffraction (RHEED) to monitor the
growth of the epitaxial thin films. Furthermore, the surfaces properties of the films can be studied by
AFM without breaking the vacuum. We found that oxygen pressure, substrate temperature, the compo-
sition of the process gas, the details of the oxygenation process, the laser energy and pulse repetition
rate are crucial parameters in the deposition process. In Fig. 1 the resistance vs. temperature behavior of
several epitaxial Sr2FeMoO6 thin films is shown. The thickness of the films is 100 nm. These films have
been fabricated by PLD using different process gases. The important result of our study is that the use
of a reducing atmosphere containing H2 allows the fabrication of thin films with metallic resistance vs.
temperature curves at moderate substrate temperatures.

An important future task is the fabrication of tunnel junctions with electrodes of the double-perovskite
materials. In a first attempt epitaxial Sr2FeMoO6 films will be grown on bicrystal substrates to introduce a
well defined grain boundary that is expected to act as a tunneling barrier. These grain boundary junctions
have to be compared to planar trilayer junctions employing an artificial tunneling barrier. Using such
tunneling devices the spin polarization of the double perovskites can be determined experimentally and
compared to the theoretically expected values.

The successful fabrication of room temperature magnetoresistive devices based on oxide materials such
as the double-perovskites may have considerable impact on the field of spin-electronics in particular and
for the so-called ”oxide electronics” in general.

13In collaboration with F. Herbstritt, J. Klein (II. Physikalisches Institut, Universität zu Köln).
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Figure 1: Normalized resistance vs. temperature for epitaxial Sr2FeMoO6 thin films as a function of the composition of the
process gas.
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Crystal growth and bulk materials of transition metal oxides

Andreas Erb

One of the new research projects, which will be established at the Walther-Meissner-Insititute (WMI) is
a lab dedicated to the preparation of bulk materials and crystal growth of transition metal oxides. For this
purpose the rooms of the old carpentry has been completely liberated and transformed into lab for crystal
growth. This required not only a complete renovation of the former carpentry, but also the planning and
installation of the electrical power supply for a total maximum consumption of up to 100 KW electrical
power for the furnaces and devices, the planning for a effective cooling system and a secure gas system
for process gases ( mainly Argon, Oxygen, N2/Ar ).
The goal is to be able to grow single crystals of the high temperature superconductors (HTSC), com-
pounds showing collosal magneto resistance (CMR) and of other oxides of the transition metals.

This requires the development of adapted crystal growth methods for the different compounds: Czochral-
ski growth, growth by zone melting, crystal growth from high temperature solutions, high pressure syn-
thesis and containerfree crystal growth techniques.

Successful crystal growth experiments require the exact knowledge of the corresponding phase diagrams.
Thus, it is planned to investigate the phase relationships and phase formation by means of differen-
tial thermal analysis, thermogravimetry and by x-ray phase analysis using a high temperature powder
diffractometer. All these methods can be used in different atmospheres ( vacuum, reducing and oxidising
atmospheres )

The physical properties as well as the phase formation and phase stability of the compounds under study
depend strongly on the oxygen content of the atmosphere during synthesis. For this reason equipment
has been constructed to cover the whole range of oxygen partial pressures from high vacuum or even
reducing atmospheres to up to 1kbar of pure oxygen atmosphere in temperatures up to 1800ÆC.
The absolute oxygen content of the produced samples can be determined by thermogravimetry in re-
ducing atmospheres. Furthermore the oxygen diffusion coefficients can be determined both by thermo-
gravimetry and by in situ resistivity measurements during the oxygenation / reduction of the samples.

Besides the more conventional x-ray characterization techniques for single crystals studies of magnetic
flux pinning offer an excellent method to probe the samples for microstructural inhomogeinities on the
nanometer scale in the case of high temperature superconductors. The understanding of the formation
mechanism of such microstructural inhomogeinities is especially important for technical applications of
these compounds and gives rise to tailored samples for both application and fundamental research.

Already installed and operational equipment:

� 2 chamber furnaces: Tmax = 1400ÆC

� 2 tube furnaces: Tmax = 1400ÆC,
atmospheres: Vacuum, Ar, O2 , Ar/H2

� chamber furnace: Tmax = 1800ÆC

� simultaneous thermal analysis (DTA/TG) Tmax = 1600ÆC,
atmospheres :Vacuum, Ar, O2 ,Ar/H2

� planetary ball mill for ultra fine milling

� laser granulometer for grain size measurements down to 0.1 µm

� cold isostatic press up to 4 kbar



Mössbauer Spectroscopic Investigation of Redox Reactions in Vermiculites
from Santa Olalla (Huelva, Spain)

A. Lerf 14

Natural clay minerals of the 2:1 type very often contain Fe ions in the octahedral and/or tetrahedral
layers. It has been known for fifty years that at least the octahedral iron ions are easily accessible to
redox reactions; a striking example for this are the colour reactions of some amines intercalated into
smectites. Oxidation of the octahedral structural iron ions has also been considered as an important step
in the weathering of micas to vermiculite. To evaluate the extent of redox reactions one needs to know
the Fe2+/Fe3+ ratio before and after the reaction. However, it is notoriously difficult to determine this
ratio in natural and modified clay minerals by wet chemical methods. The most suitable method to derive
reliable Fe2+/Fe3+ ratios is Mössbauer spectroscopy.

We report here the Mössbauer parameters measured mainly at room temperature for the vermiculite
of Santa Olalla, Huelva, Spain, before and after chemical modification. The emphasis is mainly on
the determination of the Fe2+/Fe3+ ratio. We investigated the oxidation by hydrogen peroxide and the
reduction by sodium dithionite and hydrazine. In addition we applied p-phenylenediamine as a reducing
agent which changes its color in the course of redox reactions.

Figure 1: Mössbauer spectrum of the sodium form of the ver-
miculite from Santa Olalla.

Typical Mössbauer spectra of the starting material
and a reduced sample are shown in Figures 1-2.
With the exception of the fully oxidized sample,
the spectra can be interpreted by a superposition
of three quadrupole doublets and a broad back-
ground arising from slow relaxation of paramag-
netic Fe3+. One of these is attributable to Fe3+,
the other two to Fe2+, all of them in octahedral po-
sitions. In agreement with the chemical formula
we could not identify Fe3+ in tetrahedral sites.
The data resulting from the least squares fits for
the hydrazine and PDA treated samples are given
in the Table.

The isomer shift (IS) and the quadrupole splitting
(QS) of all iron sites in the samples under inves-
tigation vary only in small ranges of values: IS of
Fe3+ 0.26-0.27 mm/s, IS of Fe2+ 1.00-1.04 mm/s
; QS of Fe3+ 0.89-1.05 mm/s, QS of Fe2+ 2.50-2.64 mm/s and 2.16-2.41 mm/s, respectively. These
values are in excellent agreement with the parameters found previously for di- and trioctahedral micas
and vermiculites. It should be noted that the quadrupole splitting of the Fe3+ site is exceptionally high
for trioctahedral 2:1 clay minerals, but it decreases with the extent of reduction. For the hydrazine com-
pounds with the highest degree of reduction the QS shows the lowest value observed in our experiments
of about 0.89 mm/s.

Since there is no agreement in the assignment of these different iron positions to the structural features of
the octahedral layers we restrict the further discussion to the Fe2+/Fe3+ ratio, the parameter which shows
the largest variations due to the chemical modifications we have carried out. To evaluate this parameter
properly, one should have in mind the following two points. First, the distribution of the hyperfine
parameters on the two Fe2+ sites should be considered with caution because the fitted values of the areas
of the components and of the quadrupole splitting are strongly correlated. The total amount of Fe2+,

14In collaboration with F. E. Wagner, Physik-Department, TU-München, J. Poyato, Universität Sevilla



however, is not affected by this ambiguity of the data analysis. Secondly, in all spectra one observes a
broad unresolved component that is assumed to result mainly from slow paramagnetic relaxation of Fe3+.
In the 4.2 K spectra the relaxing part is strongly enhanced and in addition a sextet appears for the starting
material as well as for the reduced samples. It cannot be ruled out that part of the Fe2+ also undergoes
a magnetic splitting at low temperatures. Therefore the accuracy in determination of the amount of
Fe2+ sites cannot be improved by 4.2 K data. In addition, the amount of the relaxation background
(difference of the sum of the relative areas of the resolved components to 100%, see table) depends
on the velocity range in which the spectrum has been recorded. Therefore, the fractional areas for the
background resulting from the data in the table are lower limits. These uncertainties in the determination
of the slowly relaxing background do not affect the values of the Fe2+/Fe3+ ratios deduced from the
relative areas of the resolved Fe2+ and the Fe3+ quadrupole doublets. Therefore we can use this ratio as
a measure of the changes due to the chemical manipulations carried out.

Figure 2: Mössbauer spectrum of the Na-vermiculite interca-
lated with PDA.

Applying the recipes used in previous studies
of the redox reactions, we do not get any sub-
stantial changes in the Fe2+/Fe3+ ratio with re-
spect to the starting material. Major changes are
achieved only if the concentration of the reagents
is increased (H2O2), the reaction times extended
(H2O2, dithionite) and/or the reaction solutions
changed several times (dithionite). We ascribe
such differences in behaviour to the particle size
used in our experiment and conclude that these
reagents react mainly at the outer surface of the
crystals.

To check this hypothesis, the vermiculite has also
been treated with reagents which can be inserted
in the interlayer space by ion exchange. As
reagents of this kind we chose hydrazine, which
has also been used previously, and PDA. Carrying
out the reduction with the latter reagent in solutions with pH 6-7 leads to an immediate reduction and
color reaction indicating that the intercalation of the reducing agents shortens the reaction time dramat-
ically. However, to get the maximum possible degree of reduction, the reaction conditions have to be
optimized and we are not certain that we already have found the optimum conditions. The extent of
reduction is influenced by the reaction times (we used 7 days for hydrazine) and by a repeated change of
the reaction solutions (PDA). In addition there is some evidence that the degree of reduction is slightly
higher for wet samples and that it depends also on the storage time of the dried samples.

One of the major factors determining the degree of reduction is the pH of the reaction solution. In the
case of hydrazine, the extent of reduction is highest for pH 6.7 ([ΣA(Fe2+) = 24.8 %), while there is
nearly no reduction at pH 13. For PDA the extent of reduction also increases from pH 2 to pH 6.5. There
is only a small degree of reduction in an aqueous PDA solution with pH = 8.5. One should note that
the extent of reduction is not much lower than in the case of hydrazine despite the short reaction time
chosen to avoid side reactions. These short reaction times may be responsible for the low uptake of PDA
as shown by the chemical analysis. Applying more highly concentrated PDA solutions also seems to
prevent reduction. Under such conditions the clay became deeply colored immediately. It is not clear at
the moment whether the color is due to the intercalated radical ions or due to polymerized byproducts
on the clay surface. It is worth mentioning that the addition of methanol to the aqueous PDA solutions
increases the degree of reduction as well as the amount of PDA taken up. This may be correlated with
the stabilizing effect of methanol on the PDA radical cation.

The low level of reduction by hydrazine and PDA at high pH may be caused by the following effects.



Table 2: Isomer shift (IS [mm/s], given versus the 57Co:Rh source), quadrupole splitting (QS [mm/s]), and relative area (A
[%]) of the different iron sites in the vermiculite from Santa Olalla after reduction with hydrazine and phenylenediamine under
different reaction conditions. The relative areas do not add up to 100 %, the missing area being that of the broad background
due to slow relaxation. The corresponding data of the starting material are also included for comparison.

Treatment Fe3+ Fe2+ Comments 
     

  1. site 2. site  
          
 IS QS A IS QS A IS QS A  

Santa Olalla, untreated 0.27 1.04 59.5 1.02 2.64 3.2 1.02 2.41 5.5 powder 
 0.24 1.07 34.6 1.02 2.74 4.8 §- §- §- at 4.2 K 
 0.26 1.03 66.3 1.02 2.58 4.2 1.02 2.24 3.8 platelets 
 0.26 1.02 62.8 1.02 2.54 2.9 1.02 2.37 5.0 platelets 
           
24-26% N2H4 in H2O/H2O 1:1; pH11.1; 
4h; 0.25/10 

 
0.26 

 
0.96 

 
59.4 

 
1.03 

 
2.59 

 
8.2 

 
1.00 

 
2.28 

 
6.0 

 

0.15 N2H4-H2SO4; pH4; 7d; 0.25/100 0.26 0.96 58.2 1.03 2.59 17.7 1.00 2.16 5.8  
0.15 N2H4-H2SO4; pH6.7; 7d; 0.25/100 0.26 0.89 56.5 1.02 2.59 16.1 1.00 2.21 8.7  
0.15 N2H4-H2SO4; pH13; 7d; 0.25/100 0.27 1.05 62.8 1.03 2.64 3.6 1.00 2.39 6.8  
           
0.175 PDA; pH6.2; 2h; 0.5/25 0.26 0.93 62.7 1.01 2.50 13.6 §- §- §-  
as above, but measured at 4.2 K 0.19 1.05 31.7 1.16 2.47 5.8 §- §- §-  
0.175 PDA; pH4; 2h; 0.5/25 0.26 0.94 59.7 1.03 2.60 7.0 1.00 1.00 8.0  
0.1 PDA; pH6.5; 4h; 0.5/100 0.27 0.94 58.0 1.02 2.59 12.0 1.00 1.00 5.3  
as above; but 1+1+2h 0.26 0.95 57.8 1.03 2.57 12.8 1.00 1.00 5.3  
0.01 PDA; pH2; 4h; 0.25/100 0.26 0.94 68 1.03 2.60 5.9 1.00 1.00 9.9  
0.01 PDA; pH8.5; 24h; 0.25/100 0.26 0.98 62.8 1.03 2.60 5.9 1.00 1.00 7.9  
0.01 PDA pH2/MeOH (70/30); 
0.25/100; 4h 

 
0.26 

 
0.94 

 
65 

 
1.04 

 
2.59 

 
6.2 

 
1.00 

 
1.00 

 
10.1 

 

0.01 PDA; pH6; 24h; 0.25/100 + 0.01 
PDA in MeOH(100ml); 22h 

 
0.26 

 
0.97 

 
60.8 

 
1.03 

 
2.61 

 
9.4 

 
1.00 

 
1.00 

 
9.2 

 

 
0.15 N2H4 means that the solution used for sample treatment is 0.15 M in N2H4-H2SO4; 0.25/100 means 0.25 g of clay in
100 ml solution; 0.175 PDA means that the solution used for sample treatment is 0.175 M p-phenylenediamine (PDA); 0.5/25
means 0.5 g of clay in 25ml solution.
§ the second Fe2+ cannot be resolved; the 1. Site therefore represents the total area of the Fe2+ quadrupole component.

First, only a part of the amine present is protonated, preventing the ion exchange and, hence, the uptake
into the interlayer space. However, one would expect that reduction occurs at least on the outer crystal
surfaces as is the case for dithionite reduction in particular, since the reducing power of hydrazine is
comparable to that of dithionite. Thus, the following explanation could be of some importance: It is
known that the oxidation of Fe2+ in trioctahedral micas is accompanied by proton loss from the structural
OH groups to maintain the local charge neutrality. The low H+ concentration at high pH could prevent
the reverse process of Fe3+ reduction. The lower degree of reduction at low pH values is less clear.
IR spectroscopic investigations of structural OH groups, which are presently underway, may help to
elucidate effects of the redox reactions on the octahedral layers.



Electrochemical Intercalation of Alkylammonium Ions into the Isostruc-
tural Layered Dichalcogenides 2H-NbS2 and 2H-TaS2

A. Lerf 15

It is clearly established that the intercalation of metal ions in the layered dichalcogenides is accompanied
with a redox reaction of the solid, leading to negatively charged host lattice layers, and cations inserted in
the interlayer galleries to compensate the negative charges [1]. However, the chemical mechanism of the
molecular intercalation compounds is still a matter of debate. It seems to be established that the interca-
lation of ammonia and pyridine is also accompanied with a redox reaction and a simultaneous oxidative
alteration of the nitrogen containing compounds. The resulting compounds are then also polyelectrolytes
and described as (MH+)xMy[TaS2]x� (M = NH3, pyridine) [2,3].

One should expect that N-containing Lewis bases forming stable protonated cations in aqueous solutions
can be intercalated into the layered dichalcogenides by the same methods as the hydrated metal cations,
for example by electrointercalation. Whereas the thermal intercalation of ammonia and alkylamines is
documented well in literature [4-6], the uptake of alkylammonium ions is studied only sparely. These
studies concentrate on the intercalation of tetraalkylammonium (alkyl = methyl to butyl) ions from the
hydroxide solutions [7,8]. Only in one case the electrointercalation of tetrabutylammonium ions has been
described [9].

We have performed for the first time a comparative study of the electrointercalation (galvanostatic con-
ditions) of the series of methyl substituted ammonium ions [H4�zN(CH3)z]+ (with z = 0-4) into the
isostructural dichalcogenides 2H-NbS2 and 2H-TaS2. The electrointercalation has been carried out in
deaerated aqueous electrolytes. For the experiments with NbS2 powder samples have been used (for
[H3N(CH3)]+ intercalation single crystals also), whereas in the case of TaS2 single crystals has been
intercalated exclusively. Using single crystals in the latter case allowed the continuous in-situ monitor-
ing of the crystal expansion during the electrochemical intercalation process with a dilatometer. It is
essential to control the current density used for intercalation to get reproducible results. In the case of
TaS2 the optimum value is about 2 �103 µA/cm2 for NH+

4 and 2�6 �102 µA/cm2 for the alkyl substituted
systems. For all compounds investigated the layer distance in the first stage phase has been determined.
The extent of intercalation determined via Faraday’s law has been proved by chemical analysis. In case
of the Nb-compounds cyclovoltametric intercalation experiments and TG-DTA measurements have been
made in addition.

The potential vs. charge transfer n curves obtained under galvanostatic conditions are shown in fig. 1. In
all systems investigated the intercalation starts with at least one two-phase region, followed by a single
phase region which can be assigned to a first stage compound. The two phase region varies dramatically
with the type of alkylammonium ions, the host lattice and the current density used for intercalation. In
case of [H4�zN(CH3)z]xTaS2 we observed two two-phase regions: 0 < x < xonset=2, and xonset=2 < x <
xonset (with xonset the lower limit of the concentration range of the first stage range). The crystal expansion
is finished at xonset, indicating that the intercalation proceeds near to equilibrium and that the diffusion
within the opened interlayer spaces is fast with respect to the process of opening a new interlayer space.
The intermediate state at xonset=2 is a strongly disordered second stage phase. In the intercalation of
[H3N(CH3)]+ into NbS2 system three two-phase regions has been observed: 0 < x < xonset=3, xonset=3 <
x< xonset=2, and xonset=2< x< xonset. The in-situ x-ray analysis shows that the intercalation starts also as
a random opening of the interlayer galleries, but ends up in a more ordered sequence of staging (NbS2 )
3rd stage) 2nd stage) 1st stage) than in the corresponding TaS2 compound. With increasing number of
methyl groups the intercalation process is getting more difficult, the clear features of staging disappeared
and ends up in a single two-phase region.

15In collaboration with C. Ramos, Europäisches Patentamt, München, G. Badr, R. Schöllhorn, formerly: Institut für Anorg.
und Anal. Chemie der TU Berlin



Figure 1: Potential vs. charge transfer n curves for the galvanostatic intercalation of methylated ammonium ions into 2H-TaS2
and NbS2



The lower limit of the single phase region varies with the type of the alkylammonium ions. It corresponds
to a charge transfer n = 0.31 (because these ions are univalent n = x, the content of alkylammonium ions)
for NH4

+TaS2 and decreases to n = 0.21 for [N(CH3)4]+. For [N(CH3)4]xNbS2 we observed a lower
value. Why there is such a strong difference in nonset of the single phase regions is not clear, since the
size of the inserted ions and the unit cell of both dichalcogenides within the layer planes are identical.

In case of the TaS2-compounds the reaction is interrupted immediately after arriving the single phase
regions to avoid the problems of water decomposition. In the NbS2-compounds the reaction has been
continued till the potential arrives at a constant value determined by the hydrogen evolution (water de-
composition). There are regions of constant potential within the single phase region. Its origin is not
known at present. This phenomenon and the above mentioned difference in the xonset = nonset values in
both series of compounds is the matter of present investigations.

The potential (measured vs. Ag/AgCl or SCE) at the onset of the first stage region is about 200 mV more
negative for TaS2 than for NbS2, in excellent agreement with the higher oxidizing power of the latter
one.

In case of the [H4�zN(CH3)z]xNbS2 system chemical analysis and TG-DTA indicates that in addition to
the charge compensating alkylammonium ions free amine and water are intercalated as solvating species.
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Computing, Network, and Internet Services

D. Guratzsch, J.B. Philipp, F. Venturini, M. Opel

In the previous year a lot of changes were made concerning computing and the network and internet
services at the Walther-Meißner-Institut (WMI). The situation at the beginning of year 2000 was as
follows. The local area network (LAN) consisted of single personal computers (PC) connected with
each other via 10MBit Ethernet. They represented a simple peer-to-peer network (workgroup wmi)
which had been set up during the previous five years together with the step-by-step introduction of ”new”
operating systems such as Windows for Workgroups, Windows 95, and Windows NT. This process led to
an extremely inhomogeneous and confusing logical structure of the network place.

Table 1: Network services

Service operated by
domain controller WMI

fileserver WMI
printserver WMI
mailserver LRZ
webserver LRZ
file backup LRZ

file storage/archiving LRZ

One of the main disadvantages of this workgroup-based net-
work was the nonexistence of a common users’ database. So
each user always had to keep in mind different user names
and passwords for each workstation in order to get access to
the network resources such as shared folders or printers. At
the beginning of the year we decided to set up a new, mod-
ern, domain-based internal network which is operated by a
new server. This computer should provide both a users’ and
a computers’ database and act as a domain controller. In
addition, it should also provide file and print services. The
remaining network services such as electronic mail, world
wide web publishing, or backup and storage/archiving were
taken over by the high-performance and high-reliable servers of the Leibniz-Rechenzentrum (LRZ)
(Tab. 1).

Table 2: Technical specifications of the domain controller

motherboard ASUS P2B
number of CPUs 2 (Intel Pentium III, 650 MHz)

RAM 512 MByte
storage system 72 GByte (RAID level 5)

number of harddisks 3

The first step was to select the new
operating system. We decided to use
the commercial system Windows 2000
Server as the WMI staff had gained
some experience concerning Windows
during the past years. Together with
the services which should be provided
this decision also fixed the hardware
components necessary for the domain
controller (Tab. 2). The computer is registered within the internet domain name service (DNS) as
everest.wmi.badw-muenchen.de. It started operation in July 2000. Since then all PCs within our
DNS name space wmi.badw-muenchen.de represent one single domain.

The main advantages of this structure are:

� Each staff member has only one single user name with password which is valid for all computers
and network resources within the WMI.

� Each user got an own home directory in the network. It is located on the network drive operated by
the server and is backed up every night automatically by the LRZ using Adstar Distributed Storage
Management (ADSM). In the case of data losses these home directories can be restored within a
few minutes to the status of the previous night.

� Standard software which should be available on each PC within the WMI may be installed on the
domain controller and then distributed among the network computers. This helps saving time and
makes administration easier.



� The domain controller provides print services for shared printers. Windows operating systems
are able to download the necessary printer drivers automatically when connecting to the server
(point-and-print technology).

� Together with this reconstruction of the network a computer room was established in room
No. 130. It is equipped with two shared printers, three workstations, one scanner, and one CD
writer. All these machines may be used by all staff members and guests.

In the last years electronic mail (email) became an important tool for exchanging information within the
WMI as well as between the WMI and other institutions. Together with the LRZ which operates our
email service we could improve the situation in three ways. First, a new mail subdomain wmi.badw-
muenchen.de (alias: wmi.badw.de) was registered within DNS. This made it possible to introduce
easy-to-remember mail addresses of the form Firstname.Lastname@wmi.badw.de. Second, the LRZ
increased the number of available mail accounts so that every staff member could get his/her own email
address. Last, three email distribution lists were established. They provide an easy way to send messages
to the scientific, non-scientific, or to all staff members by simply using one single address.

Figure 1: The new homepage of the WMI (http://www.wmi.badw.de)

Last but not least, the presenta-
tion of the WMI in the world
wide web (WWW) has been im-
proved considerably in the past year.
Since the beginning of the win-
ter semester 2000/01 our updated
and re-structured homepage is on-
line. It is published by a vir-
tual webserver of the LRZ under
the uniform resource locator (URL)
http://www.wmi.badw.de and of-
fers information about the institute
and its staff as well as about research
and teaching. It is still growing and
will be updated regularly.

In conclusion, the situation concern-
ing computers, network, and inter-
net services at the WMI has been
improved considerably in the past
year. After having set up the do-
main controller the administration of
the internal network with all its re-
sources will become easier in the fu-
ture. The equipment of the com-
puter room provides access to special
devices like scanners and CD writ-
ers for all staff members. With the
changes concerning electronic mail
the people at the WMI now have uni-
form and easy-to-remember email
addresses. Finally, after having up-
dated our WWW homepage the Walther-Meißner-Institut is represented in a more fashionable and ap-
propriate way within the world wide web.
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3. High Field Infrastructure Cooperative Network
(W. Biberacher)
Partner: insgesamt 31 Teilnehmer, Federführung: CNRS Grenoble
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Gesamttreffen des Leitprojekts Magnetoelektronik, Max-Planck-Institut für Mikrostrukturphysik
in Halle
December 05 - 06, 2000

Matthias Opel

1. Raman-Spektroskopie an Hochtemperatur-Supraleitern
Seminar über aktuelle Probleme der Festkörpertheorie, Universität Augsburg
14. 06. 2000

Erwin Schuberth

1. Novel Magnetism in 3He Nanoclusters
18th General Conference of the Condensed Matter Division of the European Physical Society
(EPS), Montreux, Switzerland, March 13 - 17, 2000.

2. Heavy Fermion Systems at Very Low Temperatures
Department of Physics, University Sao Paulo, Brasil,
August 11 - 20, 2000

Francesca Venturini

1. Spin-fluctuation contributions to electronic Raman scattering
MPI für Festkörperforschung, Stuttgart
19. 05. 2000



Seminars

1. Magnetoresistance Studies of the Organic Metal α-(ET)2KHg(SCN)4 under Pressure
Dieter Andres, Walther-Meissner-Institut
10. 01. 2000

2. Study of Anomalies in the Normal State of Cuprates: Acoustic Measurements
Dr. Qing-ming Zhang, National Laboratory of Solid State Microstructures, Nanjing University,
China
21. 01. 2000

3. Kryodetektoren zur Analyse von Röntgenstrahlung
Dr. Matthias Bühler, CSP Cryogenic Spectrometers GmbH
28. 01. 2000

4. Hochtemperatursupraleiter: Von der Physik zu neuen Anwendungen (mit Demonstationsex-
perimenten)
Prof. Dr. L. Schultz, Institut f. Metallische Werkstoffe, TU Dresden
04. 02. 2000

5. Magneto-quantum oscillations in the alkaline earth subnitride NaBa3N and the organic su-
perconductor κ-(BEDT-TTF)2Cu[N(CN)2]Br
Dipl.-Phys. Herbert Weiss, High Magnetic Field Laboratory, Grenoble, France
18. 02. 2000

6. Pulsed-Laser Deposition of HTS Thin Films
Dr. Johannes Pedarnig, Abteilung für Angewandte Physik, Johannes-Kepler-Universität, Linz
25. 02. 2000

7. Neue Resultate an hochreinen 123-Einkristallen
Dr. Andreas Erb, Département de Physique de la Matiére Condensée, Université de Genéve
03. 03. 2000

8. Quantum oscillation experiments in the strongly 2D organic superconductor κ-(BEDT-
TTF)2I3
Dr. E. Balthes, Universität Stuttgart und Hochfeld-Magnetlabor, Grenoble
05. 05. 2000

9. Electromagetic response in SDW systems
Prof. A. Virosztek, Research Institute for Solid State Physics and Technical University, Budapest
12. 05. 2000

10. Raman scattering in antiferromagnets
Dr. P. Knoll, Karl-Franzens-Universität, Graz
19. 05. 2000

11. Mid-Infrarot-Absorption in YBa2Cu3O6: Versagen der Spinwellentheorie für Spin 1/2 in
zwei Dimensionen
Dr. Markus Grüninger, Laboratory of Solid State Physics, MSC, University of Groningen und II.
Physikalisches Institut, Universität zu Köln
26. 05. 2000

12. Infrared Studies of Symmetry Reduction in Polymeric Fullerenes and Fullerides
Prof. Dr. K. Kamarás, Research Institute for Solid State Physics and Optics, Hungarian Academy
of Sciences, Budapest
31. 05. 2000

13. Festkörperphysik quo vadis? Teil II
Dr. Anton Lerf, Walther-Meissner-Institut
09. 06. 2000

14. Electro-mangetic response of the core of pancake vortices
Prof. Dr. D. Rainer, Universität Bayreuth



15. 06. 2000
15. Superconductivity (some historical and other remarks)

Prof. Dr. V.L. Ginzburg, P.N. Lebedev Physics Institute, Moscow
28. 07. 2000

16. Dynamical redistribution of mean electron spin over the energy spectrum of quantum dots
Dr. V.K. Kalevich, Ioffe Physico-Technical Institute, St. Petersburg, Russland
04. 08. 2000

17. Präparation, Charakterisierung und Magnetotransportmessungen an dünnen Sr2FeMoO6-
Schichten
Dipl.-Phys. Daniel Reisinger, Universität Mainz
01. 09. 2000

18. Relaxation and Pairing in High-Temperature Superconductors
Prof. Dr. E.G. Maksimov, P.N. Lebedev Physical Institute, Moscow, Russia
11. 09. 2000

19. Andreev bound states in high-Tc superconducting junctions
Tomas Löfwander, Chalmers University of Technology, Göteborg, Schweden
15. 09. 2000

20. The de Haas-van Alphen effect in quasi-two-dimensional metals
P. Grigoriev, L.D. Landau Institute for Theoretical Physics, Moscow
18. 09. 2000

21. Novel magnetism in 3He nanoclusters
Prof. Dr. E. Dwight Adams, MicroKelvin Facility, University of Florida
06. 10. 2000

22. Spinpolarisiertes Tunneln in Manganaten
Dipl.-Phys. B. Philipp, Walther-Meissner-Institut
20. 10. 2000

23. Unconventional Density Waves in a-(ET)2 Salts
Dipl.-Phys. Balźs Dóra, Institute of Physics, Technical University of Budapest
23. 10. 2000

24. De Haas-van Alphen oscillations in organic conductors: the coherent magnetic breakdown
issues in periodic structures
Prof. Dr. V. Gvozdikov, Kharkov National University, Kharkov, Ukraine
27. 10. 2000

25. Tunnelspektroskopie
Dipl.-Phys. B. Welter, Walther-Meissner-Institut
03. 11. 2000

26. Angle-dependent magnetoresistance in layered organic metals
Dr. Mark Kartsovnik, Walther-Meissner-Institut
06. 11. 2000

27. Scanning Tunneling Spectroscopy studies of High Temperature Superconductors
Dr. I. Maggio-Aprile, Department of Condensed Matter Physics, University of Geneva, Switzer-
land
10. 11. 2000

28. Electronic Raman Scattering in Hg-based HTSC Compounds
Dr. A. Sacuto, École Sup’erieure de Physique et de Chimie Industrielle, Paris
01. 12. 2000

29. Microcalorimetry in extreme conditions of pressure (0 to 250 kbars) and/or of magnetic field
(0 to 30 Tesla)
Dr. Ch. Marcenat, CEA/Grenoble, Departement de Recherche Fondamentale
08. 12. 2000



30. Coupling between lattice distortions and magnetism in manganite thin films
Dr. A. Vigliante, MPI, Stuttgart
13. 12. 2000

31. Elektronen-/Ionen Transferprozesse in Metalloxiden
Prof. Dr. R. Schöllhorn, Walther-Meissner-Institut
15. 12. 2000

32. Raman and infrared spectroscopy in manganites under high pressure
Dr. P. Postorino, Universitá di Roma La Sapienza
20. 12. 2000
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Guest Researchers

1. Prof. Dr. B.S. Chandrasekhar
permanent guest

2. Dr. Robert Doll
permanent guest

3. Prof. Dr. Schöllhorn
permanent guest

4. Dr. Qing-ming Zhang, Nanjing University, Nanjing, China
03. 01. – 23. 01. 2000, 22. 10 – 31. 12. 2000

5. Dr. Attila Virosztek, Central Research Institute for Solid State Physics and Optics, Hungarian
Academy of Sciences, Technische Universität Budapest, Budapest, Hungary
08. 05. – 19. 05. 2000, 6. 11. – 17. 11. 2000

6. Prof. Dr. K. Kamaras, Central Research Institute for Solid State Physics and Optics, Hungarian
Academy of Sciences, Technische Universität Budapest, Budapest, Hungary
27. 05. bis 03. 06. 2000

7. Prof. Dr. A. Zawadowski, Technische Universität Budapest, Budapest, Hungary
03. 07. – 16. 07. 2000

8. Dr. I. Tüttö, Central Research Institute for Solid State Physics and Optics, Eötrös Lorand Univer-
sity, Budapest, Hungary
28. 07. – 18. 08. 2000

9. Prof. Dr. Juan Poyato Ferrera, Instituto de Ciencia de Materiales de Sevilla, Sevilla, Spanien
03. 08. – 03. 09. 2000

10. Dr. F. Borondics, Central Research Institute for Solid State Physics and Optics, Budapest, Hungary
23. 08. – 31. 08. 2000

11. Pavel Grigoriev, Hochfeld-Magnetlabor, Grenoble, France
10. 09. – 21. 09. 2000

12. Dr. Sergei Pesotskii, Institut für Probleme der Chemischen Physik, Chernogolovka
18. 09. – 17. 10. 2000

13. Dr. Nataliya Kushch, Institut für Probleme der Chemischen Physik, Chernogolovka
03. 10. – 02. 12. 2000

14. Dr. Alessandro Nucara, Universitá di Roma ”La Sapienza”, Roma, Italy
06. 10 – 14. 10. 2000

15. Dr. Alexei Kovalev, Institut für Festkörperphysik, Chernogolovka
12. 10. – 11. 12. 2000

16. Balázs Dòra, Technische Universität Budapest, Budapest, Hungary
19. 10 – 24. 10. 2000

17. Dr. Karol Flachbart, Institut für Experimentelle Physik, Slowakische Akademie der Wis-
senschaften, Kosice
13. 11. – 10. 12. 2000

18. Prof. Paolo Calvani, Universitá di Roma ”La Sapienza”, Roma, Italy
30. 11 – 03. 12. 2000

19. Prof. Dr. P. Capkova, Department of Chemical Physics and Optics, Karls-Universität, Prag
04. 12. – 09. 12. 2000
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