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Program

Thursday, June 10, 2004
10:00 Meeting at Augsburg station, platform 3 Nord
10:27 Leave from Augsburg station
11:33 Arriv al at N•ordlingen station, bus transfer to

Reimlingen
12:30 Check-in at BildungshausSt. Albert
13:00 Lunch

14:15 Krimmel, Eyert Welcome
14:30- 15:15 G•otzfried HexagonalPerovskites and Related Structures
15:15- 16:00 Laschinger Magnetic Chains in Ca3Co2O6

16:00- 16:30 Co�ee
16:30- 17:15 Aliaga Novel Algorithm for 3D Manganites
17:15- 18:00 Fichtl Dielectric Spectroscopy and its Application to

Transition-Metal Chalcogenides
19:00 Dinner

Friday, June 11, 2004
08:00 Breakfast
09:00- 09:45 Schrupp Polaronic Physicsof Magnetite
09:45- 10:30 Leonov Chargeand Orbital Order in Fe3O4

10:30- 11:00 Co�ee
11:00- 11:45 Schneider Bipolaron Formation: A Comparisonof the

Hubbard-Holstein and the E 
 � -Jahn-
Teller-Hubbard Model

11:45- 12:30 Mocanu Finite SizeBosonizationand Self-Consistent
Harmonic Approximation

13:00 Lunch
Afternoon Trip to N•ordlingen
19:00 Dinner
20:00- 20:45 Eickerling Occurenceand Consequencesof ChargeCon-

centrations in Transition Metal Oxides
20:45- 21:30 K•orting Interface-MediatedPairing in Field E�ect

Devices
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Saturday, June 12, 2004
08:00 Breakfast
09:00- 09:45 Weber The Grain Boundary Problem and its Possible

Solution for Applications in High-Tc Super-
conductors

09:45- 10:30 Lee Quantum PhaseTransitions in Modelsof
Magnetic Impurities

10:30- 11:00 Co�ee
11:00- 11:45 Sellier JosephsonTunneling Through a Quantum Dot
11:45- 12:30 Lobaskin Crossover from Non-Equilibrium to Equilibrium

Behavior in the Time-Dependent Kondo Model
13:00 Lunch
14:30- 15:15 Schwingenschl•ogl Electronic Structure of Vanadium Oxides
15:15- 16:00 Keller Realistic Modelling of Strongly Correlated

Systemsin LDA+DMFT
16:00- 16:30 Co�ee
16:30- 17:15 Ren The Self-Consistent LDA+DMFT Schemein

Wannier Representation
19:00 Dinner

Sunday,June 13, 2004
08:00 Breakfast
09:00- 09:45 Rudolf Optical Spectroscopy of Transition-Metal

Oxides
09:45- 10:30 Hoinkis Mott Transition at the Surfaceof 1T-TaSe2

Studied by Angle-Resolved Photoemission
10:30- 11:00 Co�ee
11:00- 11:30 Krimmel, Eyert Closing remarks

12:00 Lunch
13:00 Bus transfer to N•ordlingen station
14:15 Leave from N•ordlingen station
15:29 Arriv al at Augsburg
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1 Thomas G•otzfried:
Hexagonal Perovskites and Related Structures

The perovskite family of oxides is perhapsthe most studied group of oxides known [1]. The
structure of the ideal ABO3 perovskite with Pm3m symmetry can be described as a three-
dimensionalnetwork built of corner-sharingBO6 octahedra with the A cations occupying the
large 12-fold coordinated cubo-octahedral cavities. What has generatedand sustained the
interest in this fascinatingfamily of oxides is the largeand ever surprising variety of properties
exhibited, as well as the compositional 
exibilit y that enablesperovskites to accommodate
almost every element in the periodic table.
Various structural modi�cations exist, somedue to size incompatibilities leading to di�erent
modesof tilting of the octahedra,otherssuch asthe Brownmillerite structure, dueto an ordering
of oxygen vacancies.Besidesthesestructures, which all derive from the ideal cubic perovskite,
a large family of so-calledhexagonalperovskites exists. Within this family, the 2H structure is
the most basic one. It consistsof in�nite chains of face-sharingBO6 octahedra, separatedby
the A cations.
Both the cubic and the hexagonalperovskite structure can be generatedfrom the stacking of
closepacked [AO3] layers and the subsequent �lling of the generatedoctahedral sites by the
B cation, where an abcabc:::type stacking results in the cubic (3C) and an abab:::stacking
results in the hexagonal(2H) perovskite structure. Variation in the stacking sequenceand/or
the inclusion of modi�ed layers lead to numerousdi�erent compounds that can be considered
as members of homologousseries,which are known as intergrowth polytypes[2].

n m=   , = 12

n m= 1, = 0
END MEMBER

n m= 1, = 1

n m= 3, = 1

END MEMBER
n m= 0, = 1

n [A A’O ] layer3 6

m[A O ] layer3 9

Figure 1: Scheme for the formation of the end members and somerepresentativ e structures
that result from the stacking of the [A3O9] and [A3A'O 6] layers (from [3]).
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For example,the incorporation of [A3A'O 6] layersleadsto the A3n+3 m A' nB3m+ nO9m+6 n family of
structures (seeFig. 1). Likewise,the incorporation of [A2O] layers leadsto new structure types
that are also perovskite-related. Recently, an exampleof such a perovskite-related structure,
Ba5Ru2O10, containing [A2O] layers, was reported and shown to be the n = 3 member of a
family of phasesdescribed by the generalformula An+2 Bn� 1O3n+1 [4].
In the courseof a study on the rare earth/alkaline earth ruthenate system,singlecrystals with
the composition La1:2Sr2:4RuO7 [5] were grown. This compound is a new A-cation de�cient
n = 2 member of the aforementioned series.Further investigationsof the synthesisof polycrys-
talline samples[6] yielded a number of isostructural compoundsbelongingto the samefamily.
Besidesthe structure principle of this hexagonalperovskite-intergrowth family, which may be
usedasa guidelinefor further exploiting hexagonalperovskite-intergrowth compounds,we per-
formed systematicstudieson their physical properties. The substitutions on the A and B site,
respectively, lead to a slow and systematicmodi�cation of electronicand magneticproperties.

[1] R. H. Mitchell, Perovskites:Modern andAncient, (Almaz Press,ThunderBay/On-
tario, 2002).

[2] J. Darriet, M. A. Subramanian,J. Mater. Chem. 5 (1995) 543.

[3] K. E. Stitzer, J. Darriet, H.-C. zur Loye, Curr. Opin. Solid State Mater. Sci.
5 (2001) 535.

[4] F. Grasset,M. Zakhour, J. Darriet, J. Alloys Compd. 287 (1999) 25.

[5] S. G. Ebbinghaus,J. Solid State Chem. 177 (2004) 817.

[6] T. G•otzfried, A. Reller, S. G. Ebbinghaus,Solid State Sci. (2004) submitted.
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2 Christian Laschinger:
Magnetic Chains in Ca3Co2O6

Quasi one-dimensionalstructures have long beenacknowledgedto exhibit intriguing transport
and magnetic properties. New members in this family are provided by Ca3Co2O6 [1] and a
seriesof related iso-structural compounds A' 3ABO6, which crystallize with the R�3c structure
[2]. They consistof in�nite chains formed by alternating facesharing AO6 trigonal prisms and
BO6 octahedra. Each chain is surroundedby six chains separatedby Ca atoms. For Ca3Co2O6

the Co atoms occupy both A and B sites. TheseCo atoms are in a 3+ con�guration, but in
di�erent spin states. Cobalt atoms are strongly coupledalong chains by three oxygens,while
the interchain coupling is far weaker. One therefore expects that this rather unique situation
givesrise to a peculiar magnetic response.As mentioned above the surrounding oxygensform
two di�erent environments in an alternating pattern. We denote the Co ion in the center of
the oxygenoctahedronCo1, and the Co ion in the trigonal prisms Co2.

Figure 1: Projection of the Co2O6-chains in the (100) plane, with only those oxygen atoms
drawn which are closestto the plane. Light blue spheresindicate oxygen atoms behind the
plane, dark blue spheresoxygen atoms in front of the plane.

Concerning the magnetic structure, the experiments point towards a ferromagnetic ordering
of the magnetic Co ions along the chains, together with antiferromagnetic correlations in the
buckling a-b plane [5]. The ordering transition is re
ected by a cusp-like singularity in the
speci�c heat at 25 K [7], namely at the temperature at which oneobservesa strong increaseof
the magneticsusceptibility with lowering temperature.
The ferromagnetic order along the chains is suppressedby the frustration inherent to the
lattice structure. At low temperature, this system appears to be in the partially disordered
antiferromagnetic state. Moreover, several plateausin the magnetizationversus�eld curvesare
observed [1].
An appealing starting point to the understanding of the magnetic structure of a particular
compound is provided by the Kanamori-Goodenough-Andersonrules [3]. Given the electronic
con�guration of the ionsonecanestimatetheir magneticcouplingsand, at mean-�eld level, the
magnetic ground state. In Ca3Co2O6, the problem is more involved, in particular sinceeach
secondCo3+ is non-magnetic,as indicated by neutron scattering data [2]. One thereforeneeds
to determinethe next-nearestneighbor magneticcoupling.
To that aim oneneedsi) to determinethe electroniccon�guration of the ions,and ii) the matrix
elements of the hopping operator. Both are characterizedby a set of parametersobtained from
an ab initio calculation, usingthe augmented sphericalwave method [4]. The parameterswhich
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enter the local part of the standard multi-band Hubbard Hamiltonian are the Hubbard U, the
Hund's rule coupling JH , and the crystal �eld splitting 10Dq. Both U and JH are weakly
a�ected by the di�erence betweenthe prismatic and octahedral environments.
The variation in the oxygen environment leads to three important e�ects. First, there is
obviously a di�erence in the strength of the crystal �eld splitting, being larger in the octahedral
environment. As a result Co1 is in the low spin state and Co2 in the high spin state. Second,
the local energy levels are in a di�erent sequence. For the octahedral environment we �nd
the familiar t2g{ eg splitting, provided the axesof the local referenceframe point towards the
surroundingoxygens.The trigonal prismatic environment accounts for a di�erent set of energy
levels. For this local symmetry oneexpectsa level schemewith d3z2 � r 2 as lowest level, followed
by two twofold degeneratepairs dxy , dx2 � y2 and dxz , dyz.
There are two, maybe competing, mechanismsfor the magnetic coupling in the chains: either
the coupling involves the intermediate oxygens, or direct Co-Co overlap is more important.
Relying on electronicstructure calculations,wemay safelyassumethat the direct Co-Cooverlap
dominates[4]. The identi�cation of the contributing orbitals is more involved. Following Slater
and Koster [6] one�nds that only the 3z2-r 2 orbitals along the chains have signi�cant overlap.
However, we still have to relate the Koster-Slatercoe�cien ts and the coe�cien ts for the rotated
frame sincethe natural referenceframesfor Co1 and Co2 di�er. On the Co2 atoms with the
triangular prismatic environment the z-axis is clearly de�ned alongthe chain direction, and we
choosethe x direction to point towards one oxygen. This de�nes a referenceframe S. The x
and y directionsarearbitrary and irrelevant to our considerations.The octahedralenvironment
surroundingthe Co1atomsde�nes the natural coordinate system,which wecall S0. By rotating
S0 onto S one obtains the 3z2-r 2 orbital in the referenceframe S as an equally weighted sum
of x0y0, x0z0, y0z0 orbitals in S0. The above observation that the only signi�cant overlap is due
to the 3z2-r 2 orbitals on both Co ions now translates into an overlap of the 3z2-r 2 orbital on
high spin cobalt with all t2g orbitals on low spin cobalt.
Togethertheseconsiderationslead to a local model for the interchain coupling of the magnetic
Co ions. It is indeedable to explain a ferromagneticcoupling along the chain.

[1] A. Maignan, C. Michel, A. C. Masset,C. Martin and B. Raveau, Eur. Phys.
J. B 15 (2000) 657.

[2] H. Fjellv�ag, E. Guldbransen, S. Aasland, A. Olsen and B. Hauback, J. Sol.
State Chem. 124 (1996) 190.

[3] J.B. Goodenough,Magnetismand the ChemicalBond, Wiley (New York) 1963.

[4] V. Eyert, C. Laschinger, T. Kopp and R. Fr�esard, Chem. Phys. Lett. 285
(2004) 249.

[5] S. Aaslandand H. Fjellv�ag and B. Hauback, Solid State Commun. 101 (1997)
187.

[6] J. C. Slater and G. F. Koster, Phys. Rev. 94 (1954) 1498.

[7] V. Hardy and S. Lambert, M. R. Leesand D. McK. Paul, Phys. Rev. B 68
(2003) 014424.
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3 Horacio Aliaga:
Novel Algorithm for 3D Manganites

One of the most successfultheoretical approachs to the study of the phasediagramsof man-
ganites, is basedon an e�ective model [1] that considersthe competition between double-
exchange(DE), superexchange(SE), and the electron-phononinteraction. The ground state of
such model and the �nite-temp erature properties were obtained, from simulations of clusters
of spinsusing the Monte Carlo (MC) technique together with the calculation of the electronic
energiesby meansof exact diagonalization [2]. In order to extract useful information from the
simulations, oneneedsto analyzedi�erent sizesfor the clusters,facing an increasingcomputa-
tional cost. For the particular caseof the standard libraries usedto diagonalizethe electronic
matrix, the cpu memory and time scaleas the number of states in the Hilbert spaceto the 3-
and 4-power. As an example,carrying simulations on a 6x6 sites cluster, requiresoneweekof
calculation on an IBM SP4 Supercomputer and increasingthe cluster size just to 8x8 would
require about 2 moths. As the ED technique is actually the bottle-neck of the algorithm, it is
important to by-passit by analyzingalternative ways to obtain the electronicdensity of states
(DOS). In this talk, I will comment on a novel technique basedon the Chebyshevexpansionof
the time evolution operator, that allows the calculation of the electronicspectra for thesetype
of systems. It was found that memory and cpu scaleslinearly with the number of states in
the Hilbert space [3], which signi�cantly contributes to increasethe cluster sizeof the systems
considered.A comparisonwith old ED resultswill be shown, together with the presentation of
new results in 3 dimensionalclusters.

[1] E. Dagotto, Nanoscalephaseseparationandcolossalmagnetoresistance,Springer-
Verlag, Berlin, 2002(and referencestherein).

[2] H. Aliaga, D. Magnoux, A. Moreo, D. Poilblanc, S. Yunoki, and E. Dagotto,
PRB 68, 104405(2003).

[3] V. V. Dobrovitski, M. I. Katsnelson,B. N. Harmon, Phys. Rev. Lett. 84, 3458
(2000). H. de Raedt and V. V. Dobrovitski, preprint quant-ph/0301121.
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4 Rob ert Fic htl:
Dielectric Spectroscop y and its Application to Tran-
sition-Metal Chalcogenides

In recent years,dielectric spectroscopy hasproven an extremelyvaluableexperimental method,
not only in such classicalapplications as the investigation of the reorientational dynamics of
dipolar molecules[1] but also, e.g., in the �eld of electronically highly correlated materials
whereinformation on the nature of chargetransport and polarization e�ects can be gained[2].
One of the great advantagesof dielectric spectroscopy is the broad dynamic range accessible,
which can be achieved by the combination of di�erent experimental techniques.
In my contribution, I will give an overview of the experimental techniques used in dielec-
tric spectroscopy, especially the autobalance-bridgetechnique, the so-calledfrequency-response
analysis, and the coaxial re
ection technique, together covering a frequencyrange from � Hz
to some10 GHz [3]. In addition, an equivalent circuit description will be introduced, which
allows for the separationof intrinsic and contact e�ects, the latter often impeding the proper
evaluation of dielectric data.
The numerousapplicationsof dielectric spectroscopy in condensedmatter physicswill bebrie
y
discussed,e.g. the investigation of the relaxational behavior of dipolar entities in glass-formers
or ferroelectrics, the divergenceof the dielectric constant at the metal-insulator-transition, or
the hopping transport of Anderson-localizedchargecarriers. On two examplesof recent work
from our group I want to have a closerlook:

Colossal Dielectric Constan ts

Recent reports on the observation of colossaldielectric constants (CDCs) in CaCu3Ti 4O12

(CCTO) reaching valuesup to 105 have generatedconsiderableinterest in this material and
related compounds [4]. However, shortly after the reports of the CDCs, their intrinsic nature
has beenquestionedand arguments have beenput forth that extrinsic e�ects as contributions
from the electrode/sample interface or from grain boundariesmay be the sourcesof the ob-
served CDCs [5]. To help clarifying this question,we have investigatedthe dielectric properties
of CCTO in a broad temperature and frequencyrangeextendingup to 1.3 GHz [6]. A detailed
equivalent circuit analysisof the resultsand two crucial experiments, employing di�erent types
of contacts (Fig. 1) and varying samplethickness,provide clear evidencethat the apparently
colossalvaluesof the dielectric constant in CCTO are non-intrinsic and due to electrode po-
larization e�ects. The intrinsic properties of CCTO are characterizedby charge transport via
hopping of localizedchargecarriersand a relatively high dielectric constant of the order of 100.

Orbital Freezing

Recently, evidencefor an orbital glassstate in single-crystalline FeCr2S4 was deducedfrom
speci�c heat measurements [7]. We have shown, that, as in FeCr2S4 the elastic responseof the
ionic lattice is coupledto the orbital reorientations via electron-phononinteraction, dielectric
spectroscopy also revealsvaluable information on the orbital freezingprocess[8]. Broadband
dielectric spectroscopy hasbeenperformedon single-crystallineFeCr2S4 revealing a transition
into a low-temperature orbital glassphaseand on polycrystalline FeCr2S4 where long-range
orbital order is establishedvia a cooperative Jahn-Teller transition. The freezingof the orbital
moments is revealed by a clear relaxational behavior of the dielectric permittivit y (Fig. 2),
which allows a unique characterization of the orbital glasstransition. The mean relaxation
time, the distribution of relaxation times, and the temperature dependenceof the relaxation
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Figure 1: Frequency-dependent dielectric constant at
room temperature of a CCTO sample[6], preparedwith
di�eren t contact types. At the lower frequenciesCDCs
areobserved,which however strongly dependon the con-
tact type, thus proving their non-intrinsic nature. The
inset shows " 0(T ) of Fe-doped ferroelectric BaTiO 3 close
to Tc, measuredwith silver paint and sputtered silver
contacts.

Figure 2: Temperature dependenceof the con-
ductivit y in single crystalline FeCr2S4 for various
frequencies[8]. The shoulders, shifting to higher
temperatures with increasing frequency (arrows),
reveal the typical signature of relaxational behav-
ior, giving evidencefor the glassy freezing of or-
bital dynamics. Inset: Comparison of the dielec-
tric loss in single and polycrystalline material.

strength arederived. The orbital relaxation dynamicscontinuouslyslowsdown over six decades
in time, beforeat the lowest temperaturesthe glasstransition becomessuppressedby quantum
tunneling. The low-temperature charge transport in FeCr2S4 is dominated by tunneling of
polaronic chargecarriers.

[1] see,e.g., P. Lunkenheimeret al., Phys. Rev. Lett. 77, 318 (1996); P. Lunken-
heimer et al., Contemp. Phys. 41, 15 (2000).

[2] see,e.g., P. Lunkenheimeret al., Phys. Rev. Lett. 69, 498 (1992); P. Lunken-
heimer and A. Loidl, Phys. Rev. Lett. 91, 207601(2003); P. Lunkenheimeret
al., Phys. Rev. B 68, 245108(2003).

[3] U. Schneider, P. Lunkenheimer,A. Pimenov, R. Brand, and A. Loidl, Ferro-
electrics249, 89 (2001).

[4] C.C. Homeset al., Science293, 673(2001).

[5] L. He et al., Phys. Rev. B 65, 214112(2002); D.C. Sinclair et al., Appl. Phys.
Lett. 80, 2153(2002);P. Lunkenheimeret al., Phys. Rev. B 66, 052105(2002).

[6] P. Lunkenheimer,R. Fichtl, S.G.Ebbinghaus,andA. Loidl, cond-mat/0403119.

[7] V. Tsurkan et al., preprint.

[8] R. Fichtl et al., cond-mat/0404737.
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5 David Schrupp:
Polaronic Ph ysics of Magnetite

Magnetite is one of the most intensively studied oxides becauseof its magnetic and electrical
propertiesderivedfrom strongelectroncorrelations. Recently Fe3O4 hasgainedinterestbecause
of its high potential for applications in spin-electronics.In this talk the focusis on the spectral
line shape of the photoemissionspectra near the chemical potential and around the so called
Verwey transition. This is a �rst-order phasetransition characterized by a typical jump in
resistivity of two orders of magnitude at the transition temperature (TV � 123 K). Although
now known for 65 yearsnot only the driving mechanismbut alsothe type of transition (metal-
insulator or insulator-insulator) is still unclear.
Verwey interpreted this jump by ordering of Fe2+ - Fe3+ -ionson the B-sublattice of the inverted
spinel structure of magnetite. Quite early on Anderson [2] pointed out that the short range
part of the Coulomb interaction is minimized by di�erent con�gurations of these ions. This
�ndings led him to the so called Anderson condition where short range order is maintained
acrossthe transition but long rangeorder of this con�guration is lost. The driving forceof the
Verwey transition would then be chargeordering. However recent structure re�nement on the
low temperature structure by Wright et. al [1] doesnot corroborate this theory.
The problem of thesepure Coulomb arguments is the neglectof elastic lattice energy, because
strong coupling to the lattice and the formation of small polaronsalsoplay an important role in
magnetiteasindicated by, e.g.,the small carrier mobilit y [2], the unusual temperature behavior
of the conductivity above TV , and the optical conductivity [3].
We studied the Verwey transition by photoemissionusing soft x-ray at the Fe 2p-3d absorp-
tion edge,which leadsto an enhancedprobing depth comparedto conventional photoemission.
Togetherwith di�erent surfacepreparation methods we thus are able to distinguish the bulk
spectrum from surfacee�ects. The spectra show a sharp �rst-order phasetransition (Fig. 1)
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Figure 1: Spectraof a fractured sampletaken
around the Verwey transition temperature
TV = 123K near the Fermi level.

Figure 2: PES spectra of V2O3 taken
with various h� , consistent with the Mott-
Hubbard model.

but di�er from that of other oxides as, e.g., V2O3 with Mott-lik e metal-insulator transitions
consistingof quasiparticle (QP) peak and lower Hubbard band (Fig. 2). We analyzethe bulk
spectral line shape and demonstrate that it can be understood from strong electron-phonon
coupling.
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According to Alexandrov [4] the electron removal spectrum of such a systemconsistsof (i) a
quasiparticle(electronsheavily dressedby phononexcitations) whosespectral weight is reduced
by a factor e� g2

whereg2 = � P =! 0 is a dimensionlesselectron-phononcoupling constant, ! 0 a
characteristic phonon energyand � P the polaronic binding energy, and (ii) a seriesof phonon
satellites shifted by multiples of ! 0 which carry the remaining weight. We usedthis model to
account for the polaronic e�ects in the photoemissionspectra and obtained very good �ts (see
Fig. 3). The value for g2 � 5 is in good agreement with the polaronic binding energy � P �
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Figure 3: Theoretical �t of the background-
subtracted spectrum using the polaronic
single-particlespectrum of Ref. [4] with two
di�erent experimental resolutions.
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Figure 4: QP position during cooling(down-
triangles) and heating (up-triangles). Also
shown is the conductivity hysteresis(inset)
measuredon the samesample.

300meVand the e�ective polaron mass(� 100: : : 200m0) derived from infrared spectroscopy
[3]. Furthermore, with this model we are able to determine the position of the exponentially
suppressedQP band (Fig. 4). The QP position jumps exactly at TV and is even consistent
with the hysteretic behavior of the conductivity (Fig.4, inset), indicating that the spectra
(Fig. 1) re
ect intrinsic bulk behavior. It is found that the QP position remainsbelow � just
above the Verwey temperature, which identi�es the transition as of the insulator-insulator
type. This conclusion is further supported by recent optical conductivity measurements by
Pimenov et. al [5].

[1] J. P. Wright, J. P. Att�eld, and P. G. Radaelli, Phys. Rev. Lett. 87 266401
(2001); Phys. Rev. B 66, 214422(2002).

[2] N. Tsuda,K. Nasu,A. Yanase,andK. Siratori, Electronic Conductionin Oxides
(Springer, Berlin, 1991)

[3] L. V. Gasparov et al., Phys. Rev. B 62, 7939(2000).

[4] A. S. Alexandrov and J. Ranninger,Phys. Rev. B 45, 13109(1992).

[5] A. Pimenov, to be published
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6 Iv an Leonov:
Charge and Orbital Order in Fe3O4

Magnetite (Fe3O4), the famous lodestone,has been known to mankind for several thousand
years already. But even today, despite a long record of investigations, its low-temperature
properties are still not well understood. This, together with the possibletechnological impor-
tance of Fe3O4 for spintronics, makesmagnetite a material of considerablecurrent interest.
Magnetite is a mixed-valent systemand is the parent compound for magnetic materials such
as maghemite(Fe2O3) and spinel ferrites. At room temperature Fe3O4 is a poor metal with a
moderate electronic conductivity of 4 m
 cm. Upon further cooling its conductivity abruptly
decreasesby two orders of magnitude at TV � 120 K, and the structure distorts from cubic
to monoclinic symmetry. According to Verwey, who discovered this �rst-order metal-insulator
transition, this transition is causedby chargeordering(CO) [1, 2]. He proposeda simplecharge
ordering model: charge arrangement of (001) planesof octahedral FeB atoms in the inverted
spinelstructure alternately occupiedby 2+ and 3+ cations(the Verwey chargeorderingmodel).
This particular charge order obeys the so-calledAnderson criterion for minimal electrostatic
repulsion leading to a short range CO pattern, namely tetrahedra of B-sites with an equal
number of 2+ and 3+ cations [3]. Many theoretical models for the low-temperature phaseof
magnetite have beenproposed.They include purely electronicand electron-phononmodelsfor
CO, as well as a bond dimerizedground state without chargeseparation[4].
Recently, the low-temperature structure of magnetite was re�ned using high resolution x-ray
and neutron powder di�raction data [5, 6]. Using the re�ned crystal structure we recently
investigatedchargeand orbital ordering in magnetite by the LSDA+U method [7]. We �nd a
charge and orbitally ordered insulator with an energygap of 0.18 eV (Figure 1), which is in
a good agreement with the experimental value of 0.14 [8]. The charge ordered ground state
obtained thereby is described by a dominant [001] charge density wave with a minor [001

2]
modulation (Figure 2). The CO coincideswith the earlier proposedclass-ICO [5, 6] and con-
�rms a violation of the Andersoncriterion [3]. While the screeningof the chargedisproportion
is so e�ective that the total 3d charge disproportion is rather small (0.23), the charge order
is well pronouncedwith an order parameter de�ned as a di�erence of t2g# occupanciesof 2+
and 3+ FeB cations (0.7). This agreeswell with the result of bond valencesum analysis for
monoclinic structure (0.2). The orbital order is in agreement with the Kugel-Khomskii theory
and corresponds to the local distortions of oxygen octahedrasurrounding FeB -sites.

[1] E.J. Verwey, Nature (London) 144, 327(1939).

[2] E.J. Verwey, P.W. Haayman, and F.C. Romeijn, J. Chem. Phys. 15, 181
(1947).

[3] P.W. Anderson,Phys. Rev. 102, 1008(1956).

[4] J. Garc��a, G. Sub��as, M.G. Proietti, H. Renevier, Y. Joly, J.L. Hodeau, J.
Blasco,M.C. S�anchez,and J.F. B�erar, Phys. Rev. Lett. 85, 578(2000).

[5] J.P. Wright, J.P. Att�eld, and P.G. Radaelli, Phys. Rev. Lett. 87, 266401
(2001).

[6] J.P. Wright, J.P. Att�eld, and P.G. Radaelli, Phys. Rev. B 66, 214422(2002).

[7] I. Leonov, A.N. Yaresko, V.N. Antonov, M.A. Korotin, and V.I. Anisimov,
cond-mat/0402363(2004).
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cations for the low-temperature P2=c phaseof Fe3O4. The angular distribution is calculated
accordingto � (� ; � ) =

P
m;m 0 nm;m 0 Y �

m (� ; � ) Ym0(� ; � ), wherenm;m 0 is the occupation matrix of
d minority states for FeB atoms. Ym (� ; � ) are the corresponding sphericalharmonics. Oxygen
atoms are shown by small spheres.The sizeof the orbital corresponds to its occupancy.
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7 Daniela Schneider:
Bip olaron Formation: A comparison of the Hubbard-
Holstein and the E 
 � -Jahn-T eller-Hubbard model

Westudy the propertiesof a dilute electrongas,whereelectronswith two orbitals per lattice site
are considered.The simplestmodel which includesboth the local electron-lattice interaction of
the Jahn-Teller typeand the electroniccorrelationsis the E 
 � -Jahn-Teller-Hubbardmodel. In
particular we considerthe symmetry-breaking� 1-mode. This symmetry-breakingvibrational
mode can couple linearly to the di�erence of the electronic orbital densities. We analyzethe
formation and stabilit y of Jahn-Teller polaronsand bipolarons, respectively. Our approach is
basedon a hopping expansionin the strong-coupling regime. The results are comparedwith
�ndings for the Holstein-Hubbard model [1, 2], in which the electronic density is coupled to
symmetry-conservingligand deformations. After a convenient Lang-Firsov transformation the
E 
 � -Jahn-Teller-Hubbard Hamiltonian is given as follows

H = H t + H0 (1)

H t = � t
X

hij i 
 �

�
c+

i
 � cj 
 � X +
i
 X j 
 + H:c:

�

H0 =
X

i


�

(U � 2Ep) ni
 " ni
 # +
1
2

(U� � + 2Ep) ni
 ni �


�

+ �h!
X

i

b+
i bi � Ep

X

i


ni
 with �
 = � 
 = � ; � ; ni
 = ni
 " + ni
 # :

X +
i� = X i� = e� g(b+

i � bi ) are the shift-operators and Ep = g2�h! is the energy gain with the
electron-phononcoupling constant g. Two electronson a lattice are considered.In the regime
of attractiv e on-site interaction (U < 2Ep) one �nds the degenerateground state of H0 as
an on-site bipolaron c+

i
 " c+
i
 #j0i (S0). We restrict ourselves to the caseof repulsive on-site

interaction (U > 2Ep). If both electronsare in the sameorbital, the situation is exactly that
of the Holstein-Hubbard model [1, 2]. For a square lattice the hopping expansionleads to
an exponentially reduced hopping te� g2

in �rst order. The secondorder hopping processes
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Figure 1: Hopping processesin secondorder for electronsin the sameorbital. The lowered
lines represent siteswith energyshift Ep and 2Ep, respectively. The spatial shift is not shown.
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Figure 2: Hopping processesin secondorder, that do not changen i for electronsin di�erent
orbitals. The spatial and energyshift is not shown.

are shown in Fig. 1. On the right hand site the correction in energy of the corresponding
processis given in strong coupling approximation. The exact formulas are in�nite sums in
powersof g2 and 2g2, respectively. Notice that if there is no changein the lattice con�guration,
the exponential prefactor cancelsand therefore we consider only these terms. In the basis
c+

i
 #c+
i+ a
 " j0i , c+

i+ a
 #c+
i
 " j0i (a > 0) the matrix is diagonal for all a > 1 and due to e) there

is a 2 � 2 block for a = 1. One has to take the coordination number of the lattice into
account and �nds for the squarelattice in this approach a dimensional-independent binding
energy� = t2

Ep
� 4t2

U for the a = 1� spin singlet state (S1). This is the ground state if 2Ep <
U < 4Ep. Furthermore there is a triplet state and a > 1� states between these levels. The
other con�guration corresponds to electronsin di�erent orbitals. One �nds that the electron
exchange for di�erent levels b2) in Fig. 2 { comparablewith the processe2) in Fig. 1 { is
also exponentially reduced,actually with a prefactor e� 4g2

. The reasonis the changeof the
spatial distortion at both lattice sites. Thereforethe secondorder hopping matrix, neglecting
the exponentially reducedterms, is diagonal for states with di�erent orbitals. The energyfor
a = 1� states of di�erent orbitals lies betweenthe a > 1� states and the triplet states for the
singleorbital. The ground state remainsthe S1-bipolaron.
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Two unbound polarons Figure 3: Phasediagram for two electrons in
the sameorbital, valid in the strong coupling
regime. S0 and S1 labels the on-site- and
nearest-neighbor-bipolaron, respectively. The
phase boundary S0-S1is given by U = 2Ep.
The S1-phaseis separated from the free po-
larons by � = 0.

[1] A. Macridin, G. A. Sawatzky and Mark Jarrell, cond-mat/0401305.

[2] J. Bon�ca, T. Katra�snik and S. A. Trugman, Phys. Rev. Lett. 84, 3153(2000).
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8 Carmen Mo canu:
Finite Size Bosonization and Self-Consisten t Harmonic
Appro ximation

Bosonization techniqueshave beenextensively used in the study of one-dimensionalelectron
and spin systems[1, 2, 3]. The successof the method is basedon the fact that the low energy
properties of fermions are determined by the states closeto the Fermi surface,which in one
dimension consistsonly of two points. When the spectrum is linearized around the Fermi
points the Hamiltonian can be expressedin terms of free bosonsassociated with particle-hole
excitations of momentum q.
Perturbations like impurit y scattering or a modulation of the hopping lead to nonlinearities
in the bosonizedHamiltonian and require to introduce extra operators, the so-calledKlein
factors. Sincean exact solution is known only in somespecial cases[4], one has, in general,
to resort to approximative methods like renormalization group calculations. Another more
intuitiv e method is the self-consistent harmonic approximation (SCHA), originally introduced
for the sine-Gordonmodel [5], wherethe non-linear terms are replacedby a harmonic potential
with parametersto be determinedself-consistently accordingto a variational principle for the
energy. Sincethe SCHA is a non-perturbative method it is well-suited for situations wherethe
non-linear terms drive the systeminto a di�erent phase.
The SCHA has beensuccessfullyapplied to various non-linear �eld theories [5, 6, 7]. In the
context of bosonizedHamiltonians, however, the existenceof Klein factors hasbeenignored in
theseapproaches. Here, we present an extensionof the SCHA which treats the bosonic�elds
and the Klein factors on equal footing [8]. As a prototype model for this study we consider
the lattice model of spinlessfermionsat half �lling including nearest-neighbor interaction and
a modulation of the hopping due to a periodic lattice distortion, described by the following
Hamiltonian

H = � t
X

i

(1 + (� 1)i u)(c+
i ci +1 + c+

i+1 ci )

+ V
X

i

ni ni +1 (1)

where u is the dimerization parameter that leads to a periodic modulation of the hopping
amplitude t, and V is the strength of the nearest-neighbor interaction. At half �lling and in
the range� 2 < V=t < 2 the bosonizedHamiltonian of this model reads[2]

H =
Z L

0

dx
2�

(
v
g

:(@x � )2: + vg:(@x � )2:

)

+
� v

2Lg
N 2

+
� vg
2L

J 2 �
itu
� a

Z L

0
dx F +

L FR e2i� (x) + h:c: (2)

where� and � areconjugate�elds, and a is cut-o� parameterof the order of the lattice spacing.
The renormalizedFermi velocity v = � t sin(2� )=(� � 2� ) and the Luttinger parameterg = � =4�
are related to the interaction according to V = � 2t cos(2� ). The normal ordering operation
(: :) is introducedto avoid the divergencesassociated with unphysical statesassumedby the
Luttinger model. N and J are the charge and current operators, de�ned as N = NL + NR

and J = NL � NR , respectively, whereNL and NR count the number of left and right moving
particles with respect to the �lled Fermi sea.The Klein factorsF +

L=R and FL=R rise or lower the
number of left and right moving fermionsby one (which no combination of bosonicoperators
can ever do), and they assurealsothat fermionsof the two di�erent speciesanticommute. The
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dimerization, described by the non-linear term of the Hamiltonian, breaksthe conservation of
the current J and is responsiblefor the openingof an energygap. To discussthe gap formation
quantitativ ely, we construct an exactly solvable trial Hamiltonian H tr wherethe bosonic�elds
in (2) are decoupledfrom the Klein factorsand wherethe non-linear terms � e� 2i� are replaced
with a quadratic form � � 2. Accordingly we choose H tr = H �

tr + H B
tr as the sum of two

commuting parts

H �
tr =

Z L

0

dx
2�

(
v
g

(@x � )2 + vg(@x � )2 +
� 2

vg
� 2(x)

)

(3)

and
H B

tr = � iB (F +
L FR � F +

R FL ) +
� vg
2L

J 2 (4)

each of them depending on a singlevariational parameter, � and B, respectively. Notice that
from the standard trial Hamiltonian alone (Eq. (3)), only the trivial solution � = 0 can be
obtained. Thereforethe non-standardterm Eq. (4) is necessarilyrequiredto describe the phase
transition in the system.
Concerningthe energy, we �nd the following results. For the in�nite system,both the value of
the Luttinger parameterg = 2 (V=t = �

p
2) where the transition from a gaplessto a gapped

phasetakes placesand the exponent 1=(2 � g) that characterizesthe opening of the gap for
u ! 0 are correctly obtained within the SCHA. However, the bending of the phaseboundary
for �nite valuesof u is not reproduced. When consideringa �nite systemKlein factors cannot
be ignored. Within our approach it turns out, that the crossover region from a �nite sizegap
to a true dimerization gap coincideswith the crossover to the region where the Klein factors
becomerelevant.
As a secondapplication of the method, we calculate the Drude weight, which re
ects the
sensitivity of the systemwith respect to a changeof boundary conditions and is related to the
properties of the current operator J in the bosonizedversion of the Hamiltonian. In a �nite
system with an energygap � the Drude weight is expected to be nonzerobut exponentially
small, D � exp(� const� L �). Our extendedversionof the SCHA allows to calculatethe Drude
weight in the insulating phaseand we con�rm the exponential behavior.
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9 Georg Eickerling, Dmitry Shorokho v, Wolfgang Scherer:
Occurrence and Consequences of Charge Concen tra-
tions in Transition Metal Oxides

During the past few years analysisof the topology of the charge density has emergedas one
of the leading experimental tools to investigate the electronic structures of a wide range of
compounds, including molecularcomplexesand solid state compounds.[1]
Recent charge density studies[2, 3] show that formation of local charge concentrations (CCs)
in the valence shell of transition metal atoms might dominate and control the coordina-
tion geometry of transition metal compounds and also in
uence their chemical and physical
properties.[4] The impact of CCs on the geometryof transition metal oxides in the solid state
hasbeeninvestigatedby a study on the polymeric compound of methyltrio xorhenium (MTO),
f (CH3)0:9ReO3g1 . This compound, in the following denoted poly-MTO, consistsof a two-
dimensional[ReO2]1 network. In the third dimensionthe Rhenium coordination is completed
by an oxo-group on one side and a methyl-group on the other side of the [ReO2]1 layers.
When the structure-determining rôle of theseCCs is taken into account a non-octahedral ge-
ometry of the [ReO5C] framework should result. Indeed,quantum-chemicalcalculationsat the
B3LYP/LANL2DZ level predict pronouncedligand-opposedcharge concentrations in the va-
lenceshell of the rhenium atoms of poly-MTO inducedby covalent Re-C bonding. As a result,
geometryoptimizations on an extendedcluster model of poly-MTO (seeFigure 1a) at the same
level of theory lead to a highly distorted equilibrium structure asdepicted in Figure 1, left.
Speci�c heat measurements on poly-MTO show strongly enhancedc/T values below 3K.[5]
This is an indication for strong electron correlation e�ects. In addition, the resistanceshows
an exponential dependencyof the temperature below 20K, which is characteristic for a semi-
conductor while at room temperature poly-MTO shows a metallic behavior.[5] We suggestthat
this semiconductorbehavior might be related to the enhancement of the samelocal CCs in the
valenceshell of the Rhenium atoms which were found responsible for the structural distortion
of the [ReO5C] polyhedra.

Figure 1: Geometry optimizations (B3LYP/LANL2DZ) on a molecularmodel of poly-MTO.

In a secondexample,the classicaloxide Ti 2O3, we demonstratethat signi�cant CCs might not
only causesemiconductorbehavior in organometalliccompoundsat low temperaturesbut also
control metal to insulator (MI) transitions in classicaltransition metal oxides.
Ti 2O3 is known to undergoa MI transition in the broad temperature rangefrom 350K to 600K.
This transition is accompaniedby a changein the lattice constant, c, leading to rather short
Ti' ...Ti" contacts of about 2.578�A at 295K (seeFigure 2, right). Analysis of the CCs formed
in the valenceshell of the Ti atoms at various geometriesat di�erent temperaturesemploying
theoretical studiesat the B3LYP/8-6411G* level revealsa signi�cant changein magnitudefrom
about 290e�A � 5 at 300K to about 265e�A � 5 at 800K (seeFigure 2). Hence,the MI transition
in Ti 2O3 appearsre
ected in a dramatic increaseof the bonding chargeconcentrations (BCCs)
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in the valenceshell of the paired titanium atomsTi' and Ti" (seeFigure 2). Hence,formation
of localizedCCs at the Ti atoms reducesthe chargedensity of the itinerant electronsin Ti 2O3

at temperaturesbelow 800K which might be the origin of the MI transition in this extensively
studied compound.

Figure 2: Left: Temperaturedependenceof all three typesof chargeconcentration in the valence
shell of Ti' obtained by calculation at the B3LYP/8-6411G* level of theory. Right: Location
and magnitude of the CCs basedon high resolution X-ray di�raction experiments at 295K.

A newexperimental chargedensity analysison Ti 2O3 basedon data collectedearlier [6] at 295K
is in good agreement with the valuespredicted by theory (seeFigure 2). In addition, direct
analysisof the multip ole model allows to decidewhich orbitals are involved in the formation of
the BCC at Ti. It can be shown, that a dz2 -type orbital at the Ti atom is mainly responsible
for the formation of all three typesof CCsfound in the valenceshellof Ti: (i ) the BCC, (ii ) the
ligand opposedcharge concentration (trans-LICC) as well as (iii ) the di�use belt around the
Ti atom (cis-LICC). This interpretation is further supported by a theoretical study on various
molecular model systemsof hexa-coordinated transition metal complexesusing the Natural
Bonding Orbital (NBO) method.[7]
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10 Verena K •orting:
In terface-Mediated Pairing in Field E�ect Devices

In 1964 W. A. Little proposed a possible pairing mechanism for electrons in long organic
moleculesinvolving localized electronic excitations in the molecules'side chains [1]. Later,
Ginzburg [2] and Allender, Bray and Bardeen [3] proposed an excitonic 2D mechanism in
superconductor-semiconductorsandwiches.
We propose,that a similar schemeworks for an insulating layer L2 with polarizable localized
excitations in proximit y with a superconductinglayer L1 of near-atomicthickness[4]. Assuming
that a su�cien t carrier density can be inducedby applying an electric �eld asshown in Fig. 1,
we arguethat superconductivity may be observable in such systems.The critical temperature
is calculatedas a function of applied voltage and for di�erent materials properties.

r

L1

t

a
d sp

d

electric field

L2

Figure 1: Proposedexperimental geometry for a �eld e�ect device. Only interface between
layers L1 and L2 shown.

Qualitativ ely, we expect the following mechanism to apply: virtual excitations in the dielectric
L1 induce Cooper pairing in the adjacent layer L2. The critical temperature must increase
initially with the �eld sincecarriersare being injected into the system. With increasingelectric
�eld two e�ects result in a decreaseof the pair potential. First the larger level splitting of the
two level systemleadsto a suppressionof the polarization 
uctuations and secondthe repulsion
betweena �eld-induced dipole in L1 and an electron in L2 increases.
We proposea crude, but concreteframework within which onecan calculatethesee�ects. The
Hamiltonian of the dipole layer L1 is expressedin terms of pseudo-spinoperators and treated
within \linear spin wave theory". With a modi�ed variational Lang-Firsov transformation we
can identify the pairing mechanism. The variational parametersare �xed through Feynman's
variational principle, which alsodecouplesthe interaction terms. Finally, the critical tempera-
ture is calculated in BCS theory.
In Ref. [4] the dependenceon the critical temperature Tc for various materials properties is
discussed. In Fig. 2 the dependenceon electric �eld energy, which is proportional to the
applied voltage, is shown for a dielectric constant of 100 and for an intermediate interaction.
The interaction in this schemeis the Coulomb interaction between the charge carriers in the
metallic layer and the dipolesin layer L1. The three data setsin Fig. 2 correspond to di�erent
level splittings � sp=4t of the dipolesin layer L1. This energydi�erence is of the order of the
charge transfer gap in transition metal oxides. In thesecompounds half the band width 4t is
of the order of 0:4 eV.
For small increasingelectric �eld the transition temperature is raiseddue to the accumulation
of charge in the metallic layer (cf. Fig. 2). The electric �eld strength is directly related to the
band �lling or inducedarealchargedensity. Strong electric �elds with sizableband �lling lower
the transition temperature as the e�ective level splitting is enlarged. In fact, as seenfrom the
� sp=4t = 1:25 curve in Fig. 2 there are two scalesfor the suppressionof Tc at higher �elds. The
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Figure 2: transistion temperature Tc=4t vs. electric �eld energyEsp=4t and band �lling n, lower
and upper axis, respectively.

lower scaleis setby repulsive terms in the e�ective interaction energyand is alsoresponsiblefor
the observed decay of Tc in the two further curves(with � sp=4t = 2:5 and 3:75). In this regime,
Tc is being suppressedprimarily by the increasingrepulsionbetweenthe polarized dipolesand
the 2D electrons,which scaleswith the applied �eld. The larger scale,which is responsiblefor
the slow decay at evenhigher �elds, is setby � sp=4t, and correspondsto the eventual saturation
of the dipole moment.
In Fig. 2 the maximal Tc is reached for a level splitting of � sp=4t = 2:5. It hasbeenshown [4],
that

� sp=4t � 2:5

is the optimal value to observe a strong enhancement of Tc with the mechanism of interface-
mediatedpairing in a �eld e�ect device.
Hence,the properties of a drain sourcechannel (DS-channel) embeddedin an oxide �eld e�ect
transistor will be controlled not only by the electronic and structural properties of the DS-
channel,asis usually assumed,but canfurthermore bestrongly in
uenced by the gate insulator
or by other adjacent dielectric layers.
In this model several potentially important aspects of the physics are not present including
Coulomb interactions, dynamics of the dielectric screeningand correlations in the metallic
layer. We expect, however, that the qualitativ e dependenceof Tc on the electric �eld will not
changesigni�cantly.
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11 Alexander Weber:
The Grain Boundary Problem and its Possible Solu-
tion for Applications in High- T c Superconductors

After the blackouts in North America and Europe in 2003, the needto modernize the power
grids is obvious. A possiblesolution is the installation of high-Tc superconductingcables.For
this, the � grain boundary problem� , which is the exponential decreaseof the grain boundary
critical current density Jc of the high-Tc cupratesas a function of the boundary angle [1], has
to be solved.
Today, the most promising approaches to the fabrication of competitiv e cables from high-
Tc materials operating at 77 K are the � coated conductor technologies� . These techniques
aim at avoiding the deleteriouse�ects of large angle grain boundarieson the critical current
density by aligning the grains to a few degreesalong all major crystal axes.Large e�orts have
been undertaken to develop practical methods for the fabrication of polycrystalline high-Tc

superconductorswith well alignedgrains,of which the � ion-beamassisteddeposition� (IBAD)
[2, 3], the � rolling assistedbiaxially textured substrate� (RABiTS) [4], and the � inclined
substratedeposition� (ISD) [5, 6] processesare the most advanced. By using thesetechniques
Jc valueswell above106 A/cm 2 havebeenachievedfor conductorsup to several metersin length.
The required precisealignment of the grains, however, is still a costly and time consuming
procedure.
We have shown recently that the critical current density of grain boundariesat 4:2 K can be
substantially increasedby appropriate doping, for example by partially substituting Y3+ by
Ca2+ in YBa2Cu3O7� � [7]. The increaseof Jc is maintained at temperatures up to Tc if the
doping at the grain boundary is performedlocally by employing doping heterostructures[8].
These experiments suggestto use heterostructures also to improve coated conductors. To
explorewhether this is possible,we measuredthe e�ects of doping the grain boundarieson the
critical current density of YBa2Cu3O7� � basedIBAD-samples [9]. The critical current density
of the investigatedIBAD-tap esis enhancedby factors as large as2:2 at all temperaturesup to
Tc.
Of high interest for applications is the dependenceof the critical current density on an applied
magnetic �eld. The enhancement of the critical current density of doping heterostructureson
IBAD-tap esis found to persistat 77 K in �elds up to 8 T and even increasesin �elds exceeding
6 T.
Today, the main �eld of application for superconductingmaterialsarehigh �eld magnets,which
are almost all made from low-Tc superconductors. It exists neverthelessa interest to further
improve the achievable magnetic �elds (e.g. for high �eld NMR). This could be reached by
bene�ting from the high critical �elds of high-Tc superconductors. A Bi2Sr2CaCu2O8-tape
wound into an insert magnet achieved 5 T in a background �eld of 20 T and thus holds the
world record of reached magnetic �elds with superconductingmagnetsat present. Unlike the
application of high-Tc cablesfor the transport of electric current in power grids, the working
temperature of such magnetsis in most casesbelow 20 K.
We show that doping YBa2Cu3O7� � with Ca increasesthe critical current density of grain
boundariesat 4:2 K and improvesits magnetic�eld properties. Y1� x CaxBa2Cu3O7� � (x � 0:3)
shows great promise for coated conductor tapeswound into high �eld magnetsto operate at
low temperatures(T � 20 K).
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12 Hyun Jung Lee:
Quan tum Phase Transitions in Mo dels of Magnetic
Impurities

In recent years, quantum phasetransitions have attracted the interest of both theorists and
experimentalists in condensedmatter physics[1]. Thesetransitions, which are accessedat zero
temperature by variation of a non-thermal control parameter, can in
uence the behavior of
electronic/bosonicsystemsover a wide rangeof the phasediagram. We review our recent work
on quantum phasetransitions in impurit y modelsdescribingthe interaction of a magnetic im-
purit y with a fermionicor a bosonichost. The commonfeatureof both systemsis a competition
betweentwo di�erent �xed points representing the zero and the in�nite coupling phase. This
competition generatesnew unstable �xed points associated with the phasetransitions.
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Figure 1: (a) T=0 phasediagramfor the soft-gapAndersonmodel in the particle-holesymmetric
and asymmetriccase;the parameter� measuresthe hybridization strength, �( " ) � � V 2� (" ) =
� j" jr . (b) NRG 
o w diagramsfor r = 0:35, closeto the phasetransition

In the soft-gap Anderson model [2], the conduction band has a power-law density of state
(� / j" jr ) which leadsto a continuous transition betweena local-moment (LM) and a strong-
coupling(SC) phase[3, 4]. The structure of the LM andSC�xed points canbeeasilyunderstood
asthat of a freeconductionelectronchain [5]. In contrast, the structure of the quantum critical
point is unclear,probably becausethe quantum critical point is not built up of non-interacting
single-particlestates.
In the spin-boson model [6], the impurit y-spin couplesto a bosonic bath with the coupling
speci�ed by the power-law spectral function J (! ) / j! js. NRG calculation found that there is
a line of critical points for 0 < s < 1, which divide the phasespaceinto the localized(L) and
the delocalized (D) phase[7]. The structure of the �xed points L and D can be understood
from the singleparticle excitationsof a non-interacting bosonicsystembut the quantum critical
points cleary show non-trivial behaviour.
The impurit y contribution to the entropy (Simp ) wasalsocalculatedfor various� . The residual
entropy changesfrom ln 2 to zero as the systemsgoes from the localized to the delocalized
phase.At the quantum critical point � c, the entropy, extracted from the unstable�xed points,
takesa value betweenzeroand ln 2 depending on the bath exponent s.
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13 Gabriel Sellier:
Josephson Tunneling Through a Quan tum Dot

Sinceits discovery [1] the Josephsone�ect hasbecomeoneof the most important manifestations
of superconductivity for technological applications and for various �elds of research [2]. The
issueof the present work is the investigation of the interplay between this remarkable e�ect
and the interaction e�ects becomingapparent in quantum dots.
In his original work Josephsonstudied two superconductors separatedby a tunnel-barrier.
This barrier is assumedto be thin in order to allow the wave-functionsin both superconductors
to overlap. As soon as the symmetry between the phasesof the wave-functions is broken, a
charge current mediated by Cooper pairs (critical or Josephsoncurrent I c) will 
o w through
the junction, even without bias. In this limit whereno transport voltage is applied, the critical
current is given by the fundamental relation

I c = I c0 sin(� L � � R ); (1)

the � � = L;R are the phasesin the corresponding left and right superconductor. The maximal
current I c0 is positive and contains the microscopicdetails of the junction which will be referred
to asa 0-junction in the forthcomming context.
Since the pioneeringwork of Josephsonvarious geometrieshave been investigated where the
simpletunnel-barrier is replacedby di�erent layers. Within the largenumber of systemsstudied
the superconducting-ferromagnetic-superconductingjunction (SFS) plays a prominent role. As
a consequenceof the ferromagneticorder parameterthe Cooper pairs passingthe SFS-junction
accumulate an additional phase-shiftleading for a certain thicknessof the ferromagneticlayer
to a changeof sign in the maximal current I c0. In this limit the Josephsonjunction is called
a � -junction. Note that a transition between 0- and � -junction behavior (0=� -transition) is
obtained, for instance,by simply varying the thicknessof the ferromagneticlayer.
It is known that the a 0=� -transition may alsobe observed in a systemconsistingof a quantum
dot (QD) quenched betweentwo superconductors[3]. In contrast to the SFS-junctionthe tran-
sition is solely controlled by the coupling strength between the QD and the superconductor.
The mechanism for this transition is basedupon interaction e�ects occurring in QDs when
driven in the Coulomb blockade regime,where the number of electronscon�ned in the dot is
quantized. If the dot is singly occupied(odd number of electrons)and the on-site repulsionbe-
comeslarge preventing the dot to be populated with two electrons(even number of electrons),
a local magnetic moment is formed (see�gure 13a). For a Cooper pair tunneling acrossthe
junction this localizedspin leadsto a changein the spin ordering and to an additional minus
sign in the maximal critical current I c0. In this regime� -junction behavior is expected.
Alternativ ely, at low temperature conduction electronstend to compensatethe magnetic mo-
ment of the QD, a phenomenonwell known as the Kondo e�ect [4]. In this casethe localized
spin is screenedand the dot acts asa potential scatterer. Consequently, Cooper pairs crossing
the junction do not experiencea change in the spin ordering; we recover the signature of a
0-junction.
As the e�ciency of the spin screening,which is provided by conduction electronsin a small
region of width TK around the Fermi surface(the Kondo temperature TK is the characteristic
energyscaledominating the Kondo e�ect), dependson the number of electronicstates in this
energyrange,s-wave superconductivity implying a gap � in the density of stateswill strongly
a�ect this phenomenon. Indeed, two interaction domains may be identi�ed: (1) If � � TK

(weakcoupling limit) the gapprevents spin compensationleadingto � -junction behavior. (2) If
� � TK (strong coupling limit) the Kondo e�ect can fully develop and a 0-junction signature
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is found.
We have investigatedin detail the interplay betweenthe two energyscales� and TK within a
self-consistent approximation and calculatedthe Josephsoncurrent through the system. In �g-
ure 13b the junction phasediagram is shown asa function of the interaction parameterTK =�.
The T = 0 valuehasbeenextrapolated which is found to be consistent with the valueobtained
from a poor-man's-scalinganalysis.
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Figure 1: (a) Spectral representation of a QD coupledto two s-wave superconductors:� L and
� R denotethe e�ective couplingsto the left and right lead. The singly occupiedorbital hasthe
energy� d. In the caseof doubleoccupancythis level is lifted up to 2� d + U due to the Coulomb
repulsion U. � L and � R label the phasesof the left and right order parameter. The BCS gap
� is assumedto be equal in both superconductors.
(b) Phasediagram of the junction as calculated within a self-consistent approach: For small
coupling strengths (TK =� � 1) the junction exhibits a � -junction behavior due to dominant
spin-scattering. On the other hand, in the strong coupling regime (TK =� � 1) the localized
spin is compensatedby conduction band electrons;the QD merely acts asa potential scatterer
and a 0-junction signatureis observed. At T = 0 the left squarerepresents the extrapolatedzero
temperature result. The right squareis calculatedwithin an NRG-analysis[5] for a particle-hole
symmetric spectrum of the dot.
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14 Dmitry Lobaskin:
Crossover from Non-Equilibrium to Equilibrium Be-
havior in the Time-Dep endent Kondo Mo del

Weinvestigatethe equilibration of a Kondo model that is initially preparedin a non{equilibrium
state towards its equilibrium behavior for large times. Such initial non{equilibrium statesare,
e.g.,realizedin quantum dot experiments with time{dependent gatevoltages,or in rf SQUIDS.
For that we use the following model which describes the interaction of a spin-1/2 degreeof
freedom ~S with a Fermi sea

H =
X

k�

" kc+
k� ck� +

X

i

Ji (t)
X

��

c+
0�

~Si � ~� ��
i c0� (1)

wherewe allow anisotropic scattering J i (t) = (J? (t); J? (t); Jk(t)). We investigatetwo typesof
non-equilibrium situations:

� I) the impurit y spin is frozen for times t < 0 by, e.g., a large magnetic �eld term h(t)Sz

that is applied for t < 0 and switched o� at t = 0:

h(t) =

8
><

>:

h � Ji ; t < 0

0 ; t > 0

� I I) The impurit y spin is decoupledfrom the bath degreesof freedomfor times t < 0 and
then the coupling is switched on at t = 0:

Jk(t) =

8
><

>:

0 ; t < 0

Jk ; t > 0
; J? (t) =

8
><

>:

0 ; t < 0

J? ; t > 0

There are few exact results for the time-dependent Kondo model. Several attempts weremade
to solve this problem numerically or semi-analytically in recent papers of Nordlander et al.[1]
and Costi [2], whereaverageimpurit y spin and spin-spincorrelation functionswereinvestigated:

P(t) def= hSz(t)i

C(t; tw) def=
1
2

hfSz(tw); Sz(tw + t)gi :

Weevaluatethe non{equilibrium spin{spin correlationfunction at the Toulousepoint (Jk=2� vF =
1 � 1=

p
2) of the Kondo model exactly. To transform the Kondo Hamiltonian into an exactly

solvable model we apply several steps: bosonization (to use spin-charge separation), unitary
transformation (to remove the longitudinal coupling term) and refermionization (leading to
fermionic degreesof freedom).
At the Toulousepoint we get a quadratic (!) Hamiltonian. We diagonalizethe Hamiltonian
for t < 0 and t > 0 separately(expressedin terms of unperturbed Fermi seaoperators), solve
the Heisenberg equationsof motion for operators for positive times, and take the averagewith
respect to either I) or I I) initial states (Fermi seaor potential scattering ground state). We
show that there is a smooth crossover between non{equilibrium exponential and power-law
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equilibrium behavior (seeLeggett et al. [3]) as the non{equilibrium initial state evolves as a
function of the waiting time for the �rst spin measurement. Our main result is

CI ;I I (tw ; t) =
1
4

e� 2t=t K �
�
s(t) � s(tw + t)e� tw =tK + s(tw)e� (tw + t)=tK

� 2

with s(t) =
1R

0
dx sin( tx )

x2+(1 =tK )2 . Notice that s(t) / t � 1 for t � tK .

Away from the Toulousepoint we usethe 
o w equation method to solve the Heisenberg equa-
tions of motion by utilizing the mapping to an e�ective resonant level model with a nontrivial
hybridization function J? ! J? (k) [4]. Analytical and numerical results show the sameuni-
versal featuresasat the Toulousepoint:

� exponential decay of P(t)

� exponential approach to equilibrium

Theseresults are depicted in Fig. 1.

Figure 1: Universal curves for the dynamic spin susceptibility � 00(tw ; ! ) in the limit of small
Kondo couplings(Kondo limit) for variouswaiting times (tw = 0; tK =4; tK =2; tK ; 2tK ; 1 from top
to bottom ). The inset shows the spin expectation valueP(t): the dashedline is an asymptotic
�t Pasym(t) = 0:11exp(� 1:51t=tK ).
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15 Udo Schwingensc hl •ogl:
Electronic Structure of Vanadium Oxides

In this talk the electronicstructuresand, in particular, the metal-insulator transitions (MITs) of
a broad classof vanadiumoxidesarediscussedin comparisonto each other. The investigation is
basedon results from LDA electronicstructure calculations,applying the augmented spherical
wave (ASW) method [1, 2, 3].
Temperature inducedMITs in transition metal oxidesoftentimes coincidewith characteristical
structural transformations. In general,thesecompoundsgive rise to highly interesting physical
phenomenabecausemany of them are characterizedby narrow metal d bandsin the vicinit y of
the Fermi energy. As narrow d statesaresusceptibleto electroniccorrelations,they are likely to
show unusual electronicproperties. In addition, the d statesform directed bonds,which paves
the way for strong electron-phononcoupling or degeneracylifting processesasorbital ordering,
for example. Sincevariousmechanismshave to be considered,it is not surprising that in many
casescontroversial discussionsconcernthe driving forcesof the phasetransitions.
In this context a largenumber of both experimental and theoretical investigationsdealingwith
the MITs in the classof the vanadium oxides is reported in the literature. Special focus is on
the prototypical compoundsvanadium dioxide (VO2) and sesquioxide (V 2O3). However, much
dispute remainsconcerningthe origin of the phasetransitions in the two materials. While it is
agreedthat they trace back to the delicateinterplay of electron-phononcoupling and electronic
correlations, the relative importance of thesemechanismsis a matter of ongoingdiscussions.
For a deeper understandingof the transitions, an identi�cation of the relevant electronicstates
and an investigation of their responseto the changesof the crystal structure is desirable.This
issuecanbeaddressedby analyzingthe relationsbetweenstructural and electronicpropertiesin
the broaderclassof the vanadiumMagn�eli phases,which set up the homologousseriesVnO2n� 1

(3 � n � 9) and have crystal structurescomprisingtypical dioxide and sesquioxide-like regions.
The Magn�eli phasesare intermediatebetweenthe structuresof the endmembersVO2 (n ! 1 )
and V2O3 (n = 2), which allows us to study the crossover betweenthe latter oxides. Moreover,
with only oneexception,they exhibit MITs asa function of temperature. Sincethe transitions
are accompaniedby structural transformations,modi�cations of the local atomic environments
can be related to the electronicbehaviour.
Table1 summarizestransition temperaturesfrom electrical resistivity measurements. Moreover
the table givesthe formal V 3d valencechargesof the vanadium Magn�eli compounds,varying
from two in V2O3 to one in VO2.

Compound VnO2n� 1 Parametern Formal V 3d charge MIT temperature
V2O3 2 2 168K
V3O5 3 5/3 � 1:67 430K
V4O7 4 6/4 � 1:50 250K
V5O9 5 7/5 � 1:40 135K
V6O11 6 8/6 � 1:33 170K
V7O13 7 9/7 � 1:29 metallic
V8O15 8 10/8 � 1:25 70K
V9O17 9 11/9 � 1:22 |
VO2 1 1 340K

Table 1: Formal V 3d chargesas well as transition temperaturesin the seriesVnO2n� 1.

31



cprut

bprut

Figure 1: Crystal structure of V4O7: projection along aprut of a O-V-O sandwich-like slab.

The crystal structures of the Magn�eli phasesare best described starting with the oxygen sub-
lattice, which turns out to be similar for all compounds. The oxygensitesform a regular space
�lling network of neighbouring octahedra,which are mutually connectedvia edgesin the cprut -
direction and via facesalong both aprut and bprut . To illustrate the geometricalarrangement, a
schematical projection along aprut of a sandwich-like O-V-O slab from the crystal structure of
V4O7 is displayed in �gure 1. This slab consistsof a vanadium layer con�ned by oxygen layers.
Becauseof the projection, oxygen octahedra appear in the �gure as hexagonalstructures. We
observe chains of vanadium atoms parallel to the cprut -axis, comprising four metal sites in the
caseof V4O7. In general,the chains have length n for VnO2n� 1. Thereforethe Magn�eli phases
entail a systematicconnectionbetweenthe crystal structures of VO2 and V2O3.
While V-O overlap placesthe V 3d t2g statescloseto the Fermi energy, the detailed electronic
structures and MITs of the Magn�eli phasesare essentially in
uenced by the local metal-metal
coordination. The phasetransitions arise as a result of electron lattice interaction in dioxide-
like and electroniccorrelationsin sesquioxide-like regionsof the crystal structure. Dioxide-like
metal atoms show the characteristical featuresof the embeddedPeierls instabilit y responsible
for the MIT of VO2. A combination of dimerization and antiferroelectric-like displacements of
metal atoms by meansof strong electron-lattice interaction causessplitting of the dx2 � y2 = dk

statesand energeticalupshift of the dyz/ dxz states. In contrast, vanadium atomsrelated to the
sesquioxide are characterizedby strongly reducedmetal-metal overlap. As a consequence,the
dx2 � y2 orbitals localizeand the partial density of statesresembles that of the dxz orbitals. Due
to the localization, electroniccorrelationsmay play an important role.
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16 Georg Keller:
Realistic Mo delling of Strongly Correlated Systems
in LD A+DMFT

Conventional band structure calculationsin the local density approximation (LDA) are highly
successfulfor many materials but miss important aspects of the physics and energeticsof
strongly correlated electron systems,such as transition metal oxides and f-electron systems
with Mott insulating and heavy quasiparticle behavior. In these systems,the LDA+DFMT
scheme[1] hasproved to yield valuable insights [2, 3, 4, 5]. LDA+DMFT doesnot only include
the quasiparticle physics and the corresponding energeticsbut, at the sametime, reproduces
the LDA and LDA+U results in the limits wherethesemethods are valid, seeFigure 1.
Depending on the strength of the electroniccorrelation, a LDA+DMFT calculation yields the
sameweakly correlated result as the LDA, a strongly correlatedmetal, or a Mott insulator.
In the dynamical mean-�eld theory, the problem of electronshopping on a lattice is mapped
onto a self-consistent single impurit y Andersonmodel, wherethe electronsinteract on a single
site and hybridize with the surrounding bath which is madeof the sameelectrons. Therefore,
two equations,onefor the singleimpurit y and onefor the lattice (the Dyson equation) have to
be solved iterativ ely, until self-consistencyis reached. This is depicted in Fig. 2.
In its simplest form, strictly valid only for systemswith degeneratebands, the LDA input to
the DMFT calculationsis the non-interacting density of states,which leadsto the k-integrated
Dyson equation

Gm (! ) =
Z

d�
N 0

m (� )
! + � � � m (! ) � �

: (1)

HereGm (! ), � m (! ), and N 0
m (! ) are the Greenfunction, selfenergy, and LDA density of states,

respectively, at energy! for the t2g orbital m.
Recently, the LDA+DMFT technique wasextendedto systemswith non-degeneratebands.[6]
Instead of the non-interacting LDA DOS, a reduced LDA Hamiltonian is used as input to

LDA+DMFTLDA LDA+U

U/W0 8

metal insulator

Figure 1: With increasingstrength of the local Coulomb repulsion U (in comparisonto the
LDA band width W), oneobservesa weakly correlatedmetal (left density of states),a strongly
correlatedmetal with a quasiparticlepeak at the Fermi energy(middle) and a Mott insulator
(right). The weakly correlated metal is correctly described by LDA and the energy of the
(ordered) Mott insulator by LDA+U. LDA+DMFT givesthe correct answer for all valuesof U
and subsumesthe LDA at small U=W and the LDA+U results for the Mott insulator occurring
at large U=W.
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Figure 2: Calculation cycleof the LDA+DMFT

the DMFT-calculations, and the Dyson equation is extended to a k-integral over the �rst
Brillouin zone. In the future, the goal is to advance the technique to a fully self consistent
LDA+DMFT scheme,wherethe changesdue to the DMFT calculationsare fed back into the
LDA calculations.
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17 Xinguo Ren:
The Self-Consisten t LD A+DMFT Scheme in Wan-
nier Represen tation

The LDA+DMFT [1] method, which combines the density functional band calculation in lo-
cal density approximation (LDA) and the many-body technique dynamical mean-�eld theory
(DMFT), is a powerful tool to investigate real materials. However, the present scheme still
needsto be improved. The reasonis that sofar it is carried out in a one-stepway, i.e., the LDA
band structure servesasthe input information for a DMFT treatment, but there is no feedback
from DMFT to LDA. On the other hand, the correlation e�ect introduced by DMFT could
in principle changethe charge distribution on which the LDA band structure itself depends.
Thus, to make the whole schemeself-consistent, one needsto incorporate the changesof the
chargedensity, and repeat the calculation until a convergenceis reached.
The above appealing scheme was for a long time impeded by the mis�t between the basis
set used in LDA calculation and that in DMFT calculation. The Linear Mu�n-Tin Orbitals
(LMTOs) [2] basisis most widely usedin the LDA band calculation, however it is not a good
choicefor solvingthe DMFT problem. First the width of the density of states(DOS) of LMTOs
is usually very large; this makes a DMFT treatment di�cult. Furthermore, LMTOs do not
have integer �llings below the Fermi energy;but this is neededto obtain an insulating solution.
Hence,beforestarting the DMFT calculation onehas to cut the long tails of the LMTO DOS,
renormalizeit and then shift the Fermi energyto get an integer �lling. This is awkward and
causesuncontrollable errors. Most of all, this \op eration" makesthe feedback from DMFT to
LDA unfeasible.
The abovementioned di�culties wererecently solvedby a newapproach usingWannier function
(WF) basis[3]. In this approach, a WF basisand a projected Hamiltonian are constructedby
including the Bloch bands of interest at the Fermi level. Thus the energy window can be
chosenfreely and integer �lling is also guaranteed. Furthermore, the transformation between
a Wannier basis and a LMTO basis is well-de�ned, and therefore the self-energygiven by
the DMFT calculation in WF basiscan be converted into the LMTO basis,so that the self-
consistent loop is closed.

[1] V. I. Anisimov, A. I. Poteryaev,M. A. Korotin, A. O. Anokhin,and G. Kotliar,
J. Phys. Cond. Matter 9, 7359(1997); K. Held, I.A. Nekrasov, G. Keller, V.
Eyert, N. Bl•umer, A.K. McMahan,R.T. Scalettar,Th. Pruschke, V.I. Anisimov
and D. Vollhardt, Psi-k Newsletter 56, 65 (2003)
[psi-k.dl.ac.uk/newsletters/News56/Highlight 56.pdf].

[2] O.K. Andersen,Phys. Rev. B 12, 3060(1975);O. Gunnarsson,O. Jepsen,and
O.K. Andersen,Phys. Rev. B 27, 7144(1983).

[3] E. Pavarini, S. Biermann, A. Poteryaev, A. I. Lichtenstein, A. Georges,and
O. K. Andersen,cond-mat/0309102;V. I. Anisimov, D. E. Kondakov, A. V.
Kozhevnikov, I. A. Nekrasov, Z. V. Pchelkina, G. Keller, I. Leonov, X. Ren,
D. Vollhardt, J. W. Allen, S.-K. Mo, H.-D. Kim, S. Suga,and A. Sekiyama,
in preparation.
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18 Torsten Rudolf:
Optical Spectroscop y of Transition-Metal Oxides

Optical spectroscopy is the generalterm for a huge variety of experimental techniques,as for
example laser resonance,laser modulation, raman and photoemissionspectroscopy. Another
method, calledFourier Transform Infrared (FTIR) Spectroscopy, is presented in this talk. His-
torically it all beganwith the discovery of the infrared radiation by Friedrich Wilhelm Herschel
in the year 1800. [1] After the invention of the Bolometer detector and the Michelson inter-
ferometer in 1880,the �rst fully automated spectrometer was build in 1937by BASF. But it
was not until the mid-sixties that a new algorithm for Fourier transformations by Cooley and
Tukey and fast computersmadepossiblethe Fourier TransformSpectroscopy asit is often used
today. The most signi�cant advantage of optical methods like the FTIR spectroscopy is, that
the samplesneither have to be destroyed nor contacted.

The frequency range which can be investigated by FTIR spectroscopy runs from about 20
to 40000wavenumbers [cm� 1] or 2 meV to 5 eV (1 eV � 8000 cm� 1) in energy terms. It
is divided into the far (FIR), middle (MIR), near infrared (NIR), and the visible (VIS) and
ultraviolett (UV) region like it is shown in �gure 1. Each region contains di�erent physical
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Figure 1: Division of the electromagneticspectrum into di�erent regions. The infrared section
is further divided into far, middle and near infrared.

information: In the far infrared one can detect vibrational and rotational modes of gaseous
moleculesand phonon modesin solid states respectively. Observinga gas, the MIR provides
information about vibrations of covalent bound moleculesand especially group frequenciesof
organic functional groups. In a solid one can detect here polarons,but also intraband excita-
tions and electronic(interband) transitions over bandgaps. For higher frequencies,examination
of gasesshow overtonesand combinational vibrations of moleculesin the NIR and absorption
bandsmainly of double bonds in the UV region respectively.
It is obvious that the FTIR spectroscopy with its huge information content is a popular tech-
nique not only for physical but also for chemical preparative and analytical research.

The fundamental condition for the possibility to detect vibrational transitions is either a static
existent dipolemoment or onewhich canbe excitedby the incident electromagneticwave. This
is why, for example,a vibrational mode, where in the linear CO2 moleculethe oxygen atoms
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oscillatesymmetrically towards the center C atom and back, cant't be seenin an infrared spec-
trum.

This talk gives information about the FTIR spectrometer, its buildup and the complex inter-
play of light sources,beamsplitters, windows, and detectors. Furthermore it is explainedhow
the �nal transmissionor re
ection spectrum is obtained and how it is related with the optical
constants absorption coe�cien t, conductivity and dielectric constant.
With results of measurements on LaTiO 3 asan example,interesting featuresin the re
ectivit y
spectra are shown (see�gure 2), concerningthe phonon region as well as the domain of elec-
tronic transitions at higher energies.

Figure 2: Anomaly in the phonon region of the re
ectivit y spectra of LaTiO 3. A suddenshift
occursat the magneticordering temperature TN . [2]

In contrast, measurements on Fe1� xCuxCr2S4 [3] for di�erent doping levels exemplify the way
electronicproperties can be observed by FTIR spectroscopy and how they can be interpreted.

For further information on Fourier Transform Infrared Spectroscopy pleaseseereferences[4]
and [5].

[1] F. W. Herschel, Phil. Trans. Royal Soc. 90, 284,293,437(London, 1800)

[2] P. Lunkenheimer,T. Rudolf, J. Hemberger, A. Pimenov, S. Tachos, F. Licht-
enberg, and A. Loidl, Phys. Rev. B. 68, 245108(2003)

[3] K. Pucher, T. Rudolf, F. Mayr, D. Samusi, V. Tsurkan, R. Tidecks, and
A. Loidl, Phonon anomalies and charge dynamics in Fe1� xCuxCr2S4 single
crystals, submitted to Phys. Rev. B

[4] P. R. Gri�ths, J. A. deHaseth,Fourier TransformInfr ared Spectrometry, Wiley
Interscience,New York, Chichester,Brisbane,Toronto, Singapore (1986)

[5] M. Dressel,G. Gr•uner, Electrodynamicsof Solids - Optical Properties of Elec-
trons in Matter, Cambridge University Press,Los Angeles(2002)
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19 Markus Hoinkis:
Mott Transition at the Surface of 1T -TaSe2 Studied
by Angle-Resolv ed Photo emission

The layeredtransition metal dichalcogenide1T -TaSe2 is known to be in a chargedensity wave
phasebelow T1 = 475K . Recently, an additional phasetransition occurring only at the surface
hasbeendiscoveredat T2 = 260K [1]. Below this temperature the density of statesis strongly
depressedat the Fermi energy.
The authors of [1] have interpreted this as a bandwidth-controlled Mott transition: The
temperature-dependent modulation of the atomic positions leadsto a smallerbandwidth W of
the Ta 5d-Band. While this modi�cation of the ratio U=W (U is the on-site Coulomb interac-
tion) doesnot su�ce to trigger a Mott transition in the bulk, the e�ective bandwidth at the
surfacecould be su�cien tly small for this e�ect.
Angle-resolved photoemissionspectroscopy (ARPES) is an ideal tool to study this system:

� Since the mean free path of the photoelectrons is only a few monolayers, this method
almost exclusively probesthe surface.

� 1T -TaSe2 is a 2-dimensionalsystem. It is well suited to investigate surfaceproperties,
becauseit can be easilycleaved in ultra-high vacuum. In this way, a cleansurfacecan be
revealed.

� The energy dispersion of 1T -TaSe2 is mainly within the plane parallel to the layers,
becausethe overlap of the electrons' wavefunction between adjacent layers is negligible
comparedto the in-plane overlap. ARPES can map the energydispersionalong paths in
k-spaceparallel to the sample'ssurfacein a straightforward way. The reasonfor this is
that the photoelectron'sparallel momentum is conservedwhenleaving the crystal surface.

Wehavemeasuredphotoemissionspectra to study the spectral evolution through the transition.
Fig. 1 shows angle-integrated photoemissionspectra above and below the transition. The
intensity is proportional to the spectral function A(E), which is the probability of removing an
electronwith the energyE from the N-electronsystem. In the caseof a noninteracting electron
gas,this would simply be the density of states. From the spectra onecan seethat the intensity
at the Fermi energyEF is suppressedwhen cooling below the transition temperature of 260K.
This indicates that the samplesurfaceturns from a metallic into an insulating state.
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Figure 1: Angle-integrated photoemissionspectrum of 1T -TaSe2
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Fig. 2 displays ARPES intensity maps above and below the transition. Now, the spectral
function A(k; E) not only dependson the energyE but also on the wavevector k. The maps
thereforedirectly show the energydispersionof the valenceband. Again, it can be clearly seen
that below the transition spectral weight is removed from EF , and a gap hasappeared.
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Figure 2: ARPES intensity mapsof 1T -TaSe2 at T=325K (left) and T=100K (right) measured
along the � M high-symmetry direction. Bright colors indicate high intensities.

It remainsto be proven that a gap is openedeverywhereon the Fermi surface,as it would be
expectedfor a metal-insulator-transition. Sofar we have only shown this for selectedregionsin
k-space.To this end further ARPES and scanningtunnelling spectroscopy (STS) experiments
have to be conducted.

[1] L. Perfetti et al., Phys. Rev. Lett. 90, 166401(2003).
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