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Abstract Theanomalou$ehaior of YbInCw andsimilar compoundss modeledby the
exactsolutionof the spinone-halfFalicov-Kimball modelin infinite dimension-
s. The valence-fluctuatindransitionis relatedto a metal-insulatortransition
causedby the Falicov-Kimball interaction,andtriggeredby the changein the
f-occupang.

1. INTRODUCTION

Theintermetalliccompound®f the YbInCu, family exhibit anisostructural
transitionfrom high-temperaturstatewith trivalentYb ionsin the4£13 con-
figurationto the low-temperaturanixed-valentstatewith Yb ionsfluctuating
betweentf13 and4 f14 configurationg1]. Thetransitionis particularlyabrupt
in high-qualitystoichiometricYbInCu, sampleg2] with atransitiontempera-
tureequako T, = 42 K atambienfpressurethesusceptibilityandtheregstivity
dropat T, by morethanoneorderof magnituden cooling, while the volume
expansionis small, AV/V =~ 0.05. Thevalencechangenferredfrom AV/V
by usingtheusualionic radii of Yb?* andYb?* is aboutAn ¢ ~ 0.1, whichis
consistentvith the valencemeasurementsy the L;;r-edgeabsorptiorn1, 4].
Thecritical temperaturelependstronglyon externalpressuremagnetidield,
andalloying [5, 6]. A recentreview of theexperimentalatais givenin Ref.[7]
andherewe justrecallthe main pointswhich motivateour choiceof model.

Theintegervalentphase(T' > T,,) is characterizedby a Curie-W\eisssus-
ceptibility [1, 6] with very smallCurie-Weisstemperatur® < T,. TheCurie
constantorresponds$o the free momentof onemagnetid-holein aJ = 7/2
spin-orbitstatewith p. ¢y = 4.53pp. Theelectricalresistancés largeandhas
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asmallpositive slope;it remainsalmostunchanged magnetidieldsupto 30

T [5]. In somesystemslike Yb;_, Y .InCuy, themagnetoresistanag slightly

negative, while in YbInCu, (or YbIn;_,Ag,Cu, for x = 0.15) it is slightly

positve [5]. TheHall constants largeandnegatie, indicatingasmallnumber
of carriers[4, 8]. Thethermoelectripower hasarathersmallslopewhichone
findsin a semiconductowith a nearlysymmetricdensityof state49]. Recent
dataontheopticalconductvity of YbInCu, [10] shawstheabsenc®f aDrude
peakat high temperaturesinda pronouncednaximumof the optical spectral
weightat aboutl eV. The high-temperatur&SRdatafor Gd*+ embeddedn

YbInCu, resemblethosefound in integervalencesemi-metallicor insulator
hosts[11]. Thus,the high-temperatur@hasendicatesthe presencef a well

definedlocal momentbut gives no signatureof the Kondoeffect. The over

all behaior of the high-temperatur@hases closerto that of a semi-metabr

paramagnetismall-gapsemiconductothanto a Kondometal.

The mixed-\alent phase(T" < T,) behaeslike a Pauli paramagnetvith
moderatelyenhancedusceptibilityandspecificheatcoeficient[6]. Theelec-
trical resistancendthe Hall constantareoneorderof magnitudesmallerthan
in the high-temperatur@hasd4, 8]. Thethermoelectrigpower [9] hasavery
large slopetypical of a valencefluctuatorwith large asymmetryin the density
of states.The susceptibility the resistvity andthe Hall constantdo not shav
ary temperaturelependencéelon T, which is alsotypical of valencefluc-
tuators. The optical conductvity shavs a major changewith respectto the
high-temperaturshape. The peakaroundl eV is reducedthe Drude peak
becomedully developed.andanadditionalstructuren the mid-infraredrange
appeargjuitesuddenhybelow T;, [10]. A largedensityof statesatthechemical
potentialy is indicatedby the ESRdataaswell [12]. Thus,thetransitionatT,
seemdo befrom a paramagnetisemimetato a valencefluctuator

In contrastto usualvalence-fluctuatorswhich are quite insensitve to the
magneticfield, the YbInCu, family of compoundsalsoexhibit metamagnetic
transitionswhenT < T,. The Yb momentis fully restoredat a critical field
H.(T), with aZeemarenegy p g H. comparableo thethermalenegy kgT,.
Themetamagnetitransitiondefinedby the magnetoresistana® the magneti-
zationdata[7] givesanH-T phaseboundaryH,.(T) = H?+\/1 — (T/T,)?. The
zero-temperatureld H? is relatedto T, askpT, /upH? = 1.8 [7].

To accountfor thesefeatureswe needa modelin which the non-magnetic,
valence-fluctuatingmetallic ground state can be destabilizedby increasing
temperatureor magneticfield. Above the transition,we needa paramagnet-
ic semiconductowith anaveragef-occupang thatis not changednmuchwith
respectto the groundstate. The correctmodelfor this systemis a periodic
Andersonmodelsupplementeavith alarge Falicov-Kimball (FK) interaction
term. Thetemperaturer fieldinducedransitionsuggestthatoneshouldplace
thenarraw f-level justabove the chemicalpotentialu. Thehybridizationkeeps
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the f-countfinite below the transition,while large f-f correlationsallow only
the fluctuationsbetweenzero- and one-hole(magnetic)configurations. The
low-temperatur@hasads closeto thevalencdluctuatingfixed pointandshawvs
no Kondoeffect. However, becausef the Falicov-Kimball term, thereis a
critical f-occupationat which thereis a transitioninto the high-temperature
statewith a large gapin the d- andf-excitation spectrum. The ny is driven
to criticality eitherby temperaturer magneticfield. In the high-temperature
phasethe hybridizationcanbe ngglectedbecauséhe f-level width is already
large dueto thermalfluctuations andquantumfluctuationsareirrelevant. Un-
fortunately the abore modelwould be difficult to solve in a controlledway,
andherewe considera simplifiedmodelin which the hybridizationis neglect-
edatall temperaturesThis leadsto a spin-dgeneratd-alicov-Kimball model
which explainsthe collapseof the non-magnetianetallic phaseat T, or H,,
andgivesa goodqualitative descriptionof the high-temperatur@aramagnet-
ic phase. However, the deficieng of the simplified modelis thatit yieldsa
negligible f-countin the metallic phaseandpredictsa large changen the Yb
valenceat T, or H.. It is clearthatwe cannot obtainthe valencefluctuating
groundstateandmaintainthe averagef-occupang belav the transitionwith-
out hybridization-induce quantunfluctuations.Iln whatfollows, we describe
the model, explain the methodof solution, and presentresultsfor staticand
dynamiccorrelationfunctions.

2. CALCULATIONS

TheHamiltonianof the Falicov-Kimball model[13] consistf two typesof
electrons:conductiorelectrongcreatecr destrgyedatsites: by dZTU ord;,)and

localizedelectrongcreatedr destryedatsites by f;‘a or fi»). Theconduction
electronsanhopbetweemearest-neighbaitesonthe D-dimensionalattice,
with a hoppingmatrix —t;; = —t*/2\/5; we choosea scalingof thehopping
matrixthatyieldsanontrivial limit in infinite-dimension$14]. The f-electrons
have asiteenegy E, anda chemicalpotentialy is emplo/edto consere the
totalnumbeiof electrorsngy +nq,+npr+ny, = nye. TheCoulombrepulsion
Uy betweertwo f-electronss infinite andthereis a Coulombinteractionl/

betweenthe d- and f-electronghat occupy the samelattice site. An external
magneticfield h couplesto localizedelectronswith a Lance g-factor The
resultingHamiltonianis [15, 16]

H = Z tZ] M(S,] dzodJU + Z Ef - )szafiU

15,0

+U Z dwdwfwlfw + Uff Z fmszfufw
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—pghy_ o(2dl,dig + g1}, fio). (1.1)

2,0



4

Themodelcanbesolvedin theinfinite-dimensionalimit by usingthemethods
of Brandt-Mielsch[15]. We considerthe hypercubiclattice with Gaussian
densityof statesp(e) = exp[—€2/t*?]//nt*, andtake t* astheunit of enegy
(t* = 1). Our calculationsarerestrictedto the homogeneouphase.

Thelocal conduction-electmo Greens functionsatisfiedDyson’s equation

O — ple)
G (2) _/z+u—zv(z)—ed6’ (1.2)
wherez is acomple variableand? is thelocal self enegy which doesnot
dependon momentun14]. In infinite dimensions}.? is definedby a sumof
skeletondiagramswhich dependon thelocal d-propagatoG° but notont;;.
The exact self-enegy functionalfor the FK modelis obtainedby calculating
the thermodynamidGreens function [17] of an atomicsystemcoupledto an
externaltime-dependerfield A7 (1)

1 _
Giom(T) = =S Ty (Tre PMoondy ()b (TS(Y)),  (L.3)
wherethe S-matrixfor the M-field is
S()\) _ TTei foﬁ dr fOB d’r’)\(T,T’)di(T)da('r’)’ (1.4)

andH ,om is obtainedrom theHamiltonian(1.1) by remaving thehoppingand
keepingustasinglelatticesite. Theexactsolutionfor G [{ A\, }] atMatsubara
frequeny iw, = iwT'(2n + 1) is givenby,
Wo w1
G? = + ,
B (6 R (€ g

wherewy andw; arethe f-occupationnumbergw; = 1 — wy, wg = 2Zy/2)
and[15]

(1.5)

Zo(\, p) = 2ePH2 T ————2€PH/2 , (1.6)
1;[ (zwn)GOn ln_[ zwn)GOn
with
Z(\p) = Zo(A\ p) +2e PEH Z0(\, - U). (1.7)
ThebareGreens functionsatisfies
- 1
Gon = o T = (1.8)

with \,, the Fouriertransformof the externaltime-dependerield.
The self-enegy functional X2[G¢] cannow be obtained[15] by usingthe
Dysonequationfor theatomicpropagatqr

=[G - 1Ga7, (1.9)
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andeliminatingG§,, [{\m }] from Egs.(1.5) and(1.9). The mappingontothe
latticeis achieved by adjustingGy,, in suchaway thatGg[{ A, }] satisfieshe
lattice Dysonequation(1.2).

Thenumericaimplementatiorof theaborve procedurés asfollows: We start
with aninitial guesdor theselfenegy % andcalculatethelocal propagator
in (1.2). Using (1.9) we calculatethe bareatomicpropagatoiG§,, andfind 2
andZ. Next we obtainwg, w; andfind GZ from (1.5). UsingG§,, andG7, we
computethe atomicself enegy anditerateto thefixed point.

The iterationson the imaginaryaxis give static properties like ny, the f-
magnetizationn s (h, t), andthestaticspinandchage susceptibilities Having
foundthef-electronfilling w; ateachtemperatureweiterateEqgs.(1.2)to (1.9)
ontherealaxisandobtainthe retardeddynamicalpropertieslik e the spectral
function,theresistvity, themagnetoresistancandtheopticalconductvity. At
thefixedpoint,thespectrapropertieof theatomperturbedy A-field coincide
with thelocal spectralpropertiesof thelattice.

3. RESULTSAND DISCUSSION

We studiedthemodelfor atotal electrorifilling of 1.5andfor severalvalues
of E; andU. Themainresultscanbe summarizedn thefollowing way.

0.5

0.4

0.3

n(T)

0.2

0.1

Figure 1.1 Numberof the f-holesplottedversusT'/¢* for U/t* = 4. The Ef/t* increases
from top to bottom,andis givenby -0.7,-0.6,-0.5,and-0.2, respectiely.

The occupang of the f-holes at high temperaturess large andthereis a
hugemagneticdegenerag. The f-holesare enegetically unfavorablebut are
maintainedoecausef their large magneticentroyy. In Fig.(1.1)we shawv n
asafunctionof temperatureplottedfor U = 4t*, andE /t* from-0.2t0-0.7.
Below a certaintemperaturewhich dependson U and E, thereis a rapid
transitionto the low-temperaturgohase. The transitionbecomesharperand
is pushedo lower temperatureas E; decreaseat constan/. However, we
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restrictoursehesto continuousrosseershere sincetheregionwith first-order
transitiondeadsto numericalinstabilities.

The uniform f-spin susceptibilityis obtainedby calculatingthe spin-spin
correlationfunction[15, 16] andis givenby x(T') = Cn(T)/T, whereC =
g2 u%J(J +1)/3kp is the Curieconstant.The x(T') /C is shavn in Fig. (1.2)

4.0

x(T)/C

0.0
0.0 0.1 0

Figurel.2 Uniformstaticmagnetisusceptibilityofthe f-holesplottedversud’/t* forU/t* =
4. Thevaluesof E;/t* arethe sameasin Fig(1.1). The corresponding/aluesof T, /t* are
estimatedrom themaximumof x(7"), andaregivenby 0.03,0.08,0.15,0.35,respectiely. The

T, increase$rom top to bottom.

for U/t* = 4 andfor E asquotedin Fig.(1.1). TheT, is obtainedfrom the
maximumof the x(7')/C andthevaluescorrespondingo variousparameters
usedin this paperarequotedn thecaptionof Fig. (1.2). Thehigh-temperature
susceptibilityfollows an approximateCurie-Weisslaw, but the Curie-Weiss
parametersiependon thefitting interval.

Theinteractingdensityof states,(w) for theconductiorelectronss shavn
in Fig.(1.3)for U/t* = 4 and E¢/t* = —0.5, andfor several temperatures.
(The enegy is measuredvith respectto p.) The high-temperatur®0OS has
a gapof the orderof U, andthe chemicalpotentialis locatedwithin the gap.
Below thetransitionn ¢ is small,thecorrelationeffectsarereducedandp, (w)
assumeanearlynoninteracing shape, with largep, (1) andhalfwidthiv ~ ¢*.

Thetransportpropertiesof the high-T phasearedominatedoy the presence
of the gap, which leadsto a small dc conductvity with a weaktemperature
dependenceThetransportpropertiesof the paramagnetiphaseareunrelated
to the spin-disordeiKondo scattering(thereis no spin-spinscatteringin the
FK model). Below thetransitionthe conductvity increasesndassumesarge
metallicvalues.

Theintrabandopticalconductity o(w) is plottedin Fig.(1.4)asafunction
of frequeng, for severaltemperaturesAbove T, we obsere areducedrude
peakaroundw = 0 andapronouncediigh-frequeng peakaroundyv ~ U. The
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Figure 1.3 Interactingdensityof statesplottedversusw/t* for U/t* = 4, E¢/t* = —0.5
(T /t* = 0.14), andfor varioustemperaturesgsindicatedin thefigure

shapeof o(w) changesompletelyacross,. Below T;, the Drudepeakis fully
developedandthereis no high-enegy (intraband)structure. However, if the
renormalized-level is closeto u, theinterbandd-f transitioncouldleadto an
additionalmid-infraredpeak. Theratio of the high-frequeng peakin Fig(1.4)
andthe correspondingalue of T;, = 0.15t*, is U/T,, = 26. For the same
valueof U andE; = —0.7t* (T, = 0.03t*) we obtainU/T,, = 130, while
for By = —0.75¢t* (T, = 0.02t*) we find U/T, ~ 200 (notshavn). If we

1.2
—— T=0.09 t*
———- T=018t
0.8 - T=047 1t
N | T=1.56 t*
<)
e}
0.4 |
AT
0.0 e
0.0 4.0 6.0

Figure1.4 Opticalconductvity plottedversusw /t* for varioustemperaturesTheU, E, and
T,, arethesameasin Fig.(1.3).

estimatethef-d correlationin YbInCu, from the8000cm ~! peakin theoptical
conductvity data[10], we obtainthe experimentalialueU ~ 1 eV. Together
with T,, = 42 K [7] this givestheratioU /T, ~ 200. If wetake U/t* = 4 and
adjustE/t* soasto bringthetheoreticabvalueof T,, in agreemenith thethe
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thermodynami@ndtransporidataon YbInCu,, we geta high-frequeng peak
in o(w) atabout8000cm !, 6000cm !, and1500cm ™!, for E; = —0.75¢t*,
E; = —0.7t*,andE; = —0.5t*, respectiely.

04 r

6— T=0.05t*
T=0.06t*
6---9 T=0.07t*

m,(h,T)

0 0.1 0.2

Figure1.5 Thef-electronmagnetizationny is plottedasa functionof A/¢* for varioustem-
peraturesTheU, Ey, andT,, arethesameasin Fig.(1.3).

The f-electronmagnetizationn s (h) is plottedin Fig.(1.5)versusreduced
magneticfield h/t*, for several temperatures Above the characteristicem-
peraturel, ~ T, /2, them(h) curvesexhibit typical local momentbehaior.
Below T we find a metamagnetitransitionat a critical field H,; them (h)
is negligibly smallbelov H,. andthelocal momentis fully restoredabove H..
Taking the inflection point of them (h) curwves, calculatedfor severalvalues

Figure1.6 Normalizedcritical field is plottedasa function of reducedemperaturd’/ T, for
severalvaluesof Ey/t* andU/t*. Thefull linerepresents/1 — (T /Ty)? andT,; =T, /2.

of U andEy, asanestimateof H.(T") we obtainthe phaseboundarywhichis
shavnin Fig.(1.6),togethemith theexpressiorH,.(T') /H? = /1 — (T /T:)2.
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Note,theT’’ valuedn Fig.(1.6)differ by morethan anorderof magntude, while
theratio kT /up H? is only weakly parametedependent.

©T=0.03t*
* T=0.04t* Ce
0 T=0.07t* .
15 + ® T=0.12t* oe
> T=0.22t* *®
«T=0.42t* L § ;

<«

R(h,T)

<
PR
b7
s .
N .

. o
.
ee0e® *

o © ¢ o
0 oo e o220 . .
0 0.05 0.1 0.15 0.2
h/t*

Figure1.7 Field-dependentesistvity plottedversush/t*. Thedifferentsymbolscorrespond
to differenttemperaturesasindicatedin thefigure. TheU andE; arethesameasin Fig.(1.3).

The metamagnetid¢ransitionis also seenin the field-dependentlectrical
resistancé(h, T') whichis plottedin Fig.(1.7)asafunctionof h/¢*, for several
temperaturesA substantiathangen the R(h,T') acrossT,’ or H. is clearly
seen.

4. SUMMARY

>Fromthe precedingdiscussiont is clearthatFalicov-Kimball modelcap-
turesthe mainfeaturesf the experimentaldatafor YbInCu, andsimilarcom-
pounds.Thetemperatureandfield-inducedanomaliesarerelatedto a metal-
insulatortransition,which is causedoy large FK interactionandtriggeredby
thetemperatureer thefield-inducedchangean thef-occupang. At hightem-
peraturesywefind alargegapin pi(w); weexpectasimilargapin thef-electron
spectrunmaswell. At low temperaturegyothgapsareclosedandtherenormal-
izedf-level renormalizesiown to the chemicalpotential.

OurcalculationglescriledopedYb sysemswith broadtrarsitionsbutappea
to belesssuccessfufor thosecompoundsvhich shav afirst-ordertransition.
Thenumericaturvescanbemadesharper (by adjusingtheparanetes)but they
only becomediscontinuousn a narrav parameterange. The maindifficulty
with the FK modelis thatit predictsa substantiathangein the f-occupang
acrosghetransitionandassociatethelossof momentwith thelossof f-holes.
But in the real materialsthe loss of momentseemso be dueto the valence
fluctuationsratherthanto thereductionof n ;. Thedescriptionof the valence
fluctuatinggroundstatewouldrequirethehybridizationandis beyondthescope
of thiswork. The actualsituationpertainingto Yb ionsin the mixed-\valence
statemightbequitecomplicatedsinceonewouldhaveto consideanextremely
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asymmetridimit of theAndersanmodel, in whichthegroundstaeis notKondo-
like, thereis no Kondoresonanceandthereis no singleuniversalenegy scale
whichis relevantatall temperaturegl8].

We speculateghat the periodic Andersonmodelwith a large FK term will
exhibit thesamebehaior asthe FK modelathightemperaturesindeed,f the
conductiorbandandthef-level aregappedandthewidth of thef-level is large,
thenthe effect of the hybridizationcanbe accountedor by renormalizingthe
parametersf theFK model. Ontheotherhand,if thelow-temperaturstateof
thefull modelis closeto thevalence-fluctuatingixedpointwith theconduction
bandandhybridizedf-level closeto theFermilevel, thenthelik ely effectof the
FK correlationis to renormalizehe parametersf the Andersormodel.
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