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Abstract Theanomalousbehavior of YbInCu� andsimilar compoundsis modeledby the
exactsolutionof thespinone-halfFalicov-Kimball modelin infinite dimension-
s. The valence-fluctuatingtransitionis relatedto a metal-insulatortransition
causedby the Falicov-Kimball interaction,andtriggeredby the changein the
f-occupancy.

1. INTRODUCTION

Theintermetalliccompoundsof theYbInCu� family exhibit anisostructural
transitionfrom high-temperaturestatewith trivalentYb ions in the

�
	 ���
con-

figurationto the low-temperaturemixed-valentstatewith Yb ionsfluctuating
between

�
	 ���
and

�
	 � � configurations[1]. Thetransitionis particularlyabrupt
in high-qualitystoichiometricYbInCu� samples[2] with a transitiontempera-
tureequalto ��
�� �
�

K atambientpressure;thesusceptibilityandtheresistivity
dropat � 
 by morethanoneorderof magnitudein cooling,while thevolume
expansionis small, ��������������� � . Thevalencechangeinferredfrom ���!���
by usingtheusualionic radii of Yb

�#"
andYb

�#"
is about�%$'&(�)���+* , which is

consistentwith thevalencemeasurementsby the ,�-#-#- -edgeabsorption[1, 4].
Thecritical temperaturedependsstronglyonexternalpressure,magneticfield,
andalloying [5, 6]. A recentreview of theexperimentaldataisgivenin Ref.[7]
andherewe just recallthemainpointswhichmotivateourchoiceof model.

The integer-valentphase( �/.��0
 ) is characterizedby a Curie-Weisssus-
ceptibility [1, 6] with verysmallCurie-Weisstemperature1324��
 . TheCurie
constantcorrespondsto thefreemomentof onemagneticf-hole in a 56��7�� �
spin-orbitstatewith 8:9;&<&�� � �=��>?8'@ . Theelectricalresistanceis largeandhas
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asmallpositiveslope;it remainsalmostunchangedin magneticfieldsupto 30
T [5]. In somesystems,likeYb ��ACB Y B InCu� , themagnetoresistanceis slightly
negative, while in YbInCu� (or YbIn ��ACB Ag B Cu� for DE�F���+*<� ) it is slightly
positive [5]. TheHall constantis largeandnegative,indicatingasmallnumber
of carriers[4, 8]. Thethermoelectricpowerhasarathersmallslopewhichone
findsin asemiconductorwith anearlysymmetricdensityof states[9]. Recent
dataontheopticalconductivity of YbInCu� [10] showstheabsenceof aDrude
peakat high temperaturesanda pronouncedmaximumof theopticalspectral
weightat about1 eV. Thehigh-temperatureESRdatafor Gd

�#"
embeddedin

YbInCu� resemblethosefound in integer-valencesemi-metallicor insulator
hosts[11]. Thus,thehigh-temperaturephaseindicatesthepresenceof a well
definedlocal momentbut givesno signatureof the Kondoeffect. The over-
all behavior of thehigh-temperaturephaseis closerto thatof a semi-metalor
paramagneticsmall-gapsemiconductorthanto aKondometal.

The mixed-valent phase( �HGI�0
 ) behaves like a Pauli paramagnetwith
moderatelyenhancedsusceptibilityandspecificheatcoefficient [6]. Theelec-
trical resistanceandtheHall constantareoneorderof magnitudesmallerthan
in thehigh-temperaturephase[4, 8]. Thethermoelectricpower [9] hasa very
largeslopetypical of a valencefluctuatorwith largeasymmetryin thedensity
of states.Thesusceptibility, theresistivity andtheHall constantdo not show
any temperaturedependencebelow �0
 , which is alsotypical of valencefluc-
tuators. The optical conductivity shows a major changewith respectto the
high-temperatureshape. The peakaround1 eV is reduced,the Drudepeak
becomesfully developed,andanadditionalstructurein themid-infraredrange
appearsquitesuddenlybelow �0
 [10]. A largedensityof statesat thechemical
potential8 is indicatedby theESRdataaswell [12]. Thus,thetransitionat � 

seemsto befrom aparamagneticsemimetalto avalencefluctuator.

In contrastto usualvalence-fluctuators,which arequite insensitive to the
magneticfield, theYbInCu� family of compoundsalsoexhibit metamagnetic
transitionswhen �FGJ�0
 . TheYb momentis fully restoredat a critical fieldKMLON �QP , with aZeemanenergy 8'@ K�L

comparableto thethermalenergy R
@S� 
 .
Themetamagnetictransitiondefinedby themagnetoresistanceor themagneti-
zationdata[7] givesanH-T phaseboundary

K L N �QPT� KVULXW *ZY N �[�\�0
]P � . The
zero-temperaturefield

K UL
is relatedto ��
 as R @ �0
?�^8 @ K UL �_*]�=` [7].

To accountfor thesefeatureswe needa modelin which thenon-magnetic,
valence-fluctuating,metallic groundstatecan be destabilizedby increasing
temperatureor magneticfield. Above the transition,we needa paramagnet-
ic semiconductorwith anaveragef-occupancy that is not changedmuchwith
respectto the groundstate. The correctmodel for this systemis a periodic
Andersonmodelsupplementedwith a large Falicov-Kimball (FK) interaction
term. Thetemperatureorfield inducedtransitionsuggeststhatoneshouldplace
thenarrow f-level justabovethechemicalpotential8 . Thehybridizationkeeps
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the f-count finite below the transition,while large f-f correlationsallow only
the fluctuationsbetweenzero-andone-hole(magnetic)configurations. The
low-temperaturephaseis closeto thevalencefluctuatingfixedpointandshows
no Kondoeffect. However, becauseof the Falicov-Kimball term, thereis a
critical f-occupationat which thereis a transitioninto the high-temperature
statewith a large gapin the d- and f-excitation spectrum. The $'& is driven
to criticality eitherby temperatureor magneticfield. In thehigh-temperature
phasethehybridizationcanbe neglectedbecausethe f-level width is already
largedueto thermalfluctuations,andquantumfluctuationsareirrelevant. Un-
fortunately, the above modelwould be difficult to solve in a controlledway,
andhereweconsiderasimplifiedmodelin which thehybridizationis neglect-
edat all temperatures.This leadsto a spin-degenerateFalicov-Kimball model
which explainsthe collapseof the non-magneticmetallic phaseat �0
 or

K L
,

andgivesa goodqualitative descriptionof thehigh-temperatureparamagnet-
ic phase. However, the deficiency of the simplified model is that it yields a
negligible f-count in themetallicphaseandpredictsa large changein theYb
valenceat �0
 or

K L
. It is clearthatwe cannot obtainthevalencefluctuating

groundstateandmaintaintheaveragef-occupancy below the transitionwith-
out hybridization-induced quantumfluctuations.In whatfollows, we describe
the model,explain the methodof solution,andpresentresultsfor staticand
dynamiccorrelationfunctions.

2. CALCULATIONS

TheHamiltonianof theFalicov-Kimball model[13] consistsof two typesof
electrons:conductionelectrons(createdor destroyedatsite a by bdcegf or b egf ) and
localizedelectrons(createdordestroyedatsite a by

	 cehf or
	 egf ). Theconduction

electronscanhopbetweennearest-neighborsitesontheD-dimensionallattice,
with a hoppingmatrix YZi ekj �lYZi;mO� � n o

; we choosea scalingof thehopping
matrixthatyieldsanontrivial limit in infinite-dimensions[14]. The

	
-electrons

have a siteenergy pq& , anda chemicalpotential8 is employedto conserve the
totalnumberof electrons $:r;s�tu$:r�v tu$'&ws tu$'&wv[�x$zy+{|y . TheCoulombrepulsion} &<& betweentwo

	
-electronsis infinite andthereis a Coulombinteraction

}
betweenthe b - and

	
-electronsthatoccupy thesamelatticesite. An external

magneticfield ~ couplesto localizedelectronswith a Land́e g-factor. The
resultingHamiltonianis [15, 16]K �J�e�j � f N YZi e�j Y68'� ekj P|b cegf b j�f t�� e � f N p�&(Y�8�P 	 cegf 	 egf

t } �e � f\f\� b cehf b egf 	 cehf\� 	 egf � t } &<&�� e � f 	 ce s 	 e s 	 ce v 	 e v
YZ8 @ ~q� e � f�� N�� b cegf b egf t�� 	 cehf 	 egf P�� (1.1)



4

Themodelcanbesolvedin theinfinite-dimensionallimit by usingthemethods
of Brandt-Mielsch[15]. We considerthe hypercubiclattice with Gaussian
densityof states� N�� P��)�w�����hY � � �^i�m ��� � n � i�m , andtake i;m astheunit of energy
( i m �_* ). Ourcalculationsarerestrictedto thehomogeneousphase.

Thelocal conduction-electron Green’s functionsatisfiesDyson’s equation� f N�� PT�3� � N�� P� t�8�Y�� f N�� P�Y � b �O� (1.2)

where
�

is a complex variableand � f is the local self energy which doesnot
dependon momentum[14]. In infinite dimensions,� f is definedby a sumof
skeletondiagrams,which dependon thelocal d-propagator

� f
but not on i e�j .

Theexact self-energy functionalfor the FK modelis obtainedby calculating
the thermodynamicGreen’s function [17] of an atomicsystemcoupledto an
externaltime-dependentfield � f N�� P� f�| ¢¡�£ N�� PT�_Y *¤¦¥'§ rg&[¨]��©�ª AC«�¬'­�®g¯�° b f N���± P|b cf N�� P�² N �³P�´ � (1.3)

wheretheS-matrixfor the � -field is

² N �³PT�x��© ª AZµ�¶· r © µ0¶· r © �¹¸]º © � © �g» r�¼½ º © » r ½ º © �h» �
(1.4)

and
K �| ¢¡�£

isobtainedfromtheHamiltonian(1.1)by removing thehoppingand
keepingjustasinglelatticesite. Theexactsolutionfor

� f¾ �¹¿?�CÀ�Á � atMatsubara
frequency aÃÂ ¾ �xa � � N�� $Ätx*\P is givenby,� f¾ � Å U� � fU ¾ � Az� t Å �� � fU ¾ � Az� Y } �

(1.5)

where Å U and Å � arethe f-occupationnumbers( Å � �Æ*qY Å U , Å U � ¤ U � ¤ )
and[15] ¤ U N � � 8�PÇ� � ª «?È?É;��Ê ¾ *N aÃÂ ¾ P � s U ¾ � ª «?È?É;��Ê ¾ *N a�Â ¾ P � v U ¾ � (1.6)

with ¤ÄN � � 8�P�� ¤ U N � � 8�P't � ª AC« ºÌË�Í ACÈ » ¤ U N � � 8�Y } P�� (1.7)

ThebareGreen’s functionsatisfies� fU ¾ � *a�Â ¾ tÎ8ÏY�� f¾ � (1.8)

with � ¾ theFouriertransformof theexternaltime-dependentfield.
Theself-energy functional � f¾ � � f¾ � cannow be obtained[15] by usingthe

Dysonequationfor theatomicpropagator,� f¾ ��� � fU ¾ � Az� YÐ� � f¾ � Az� � (1.9)
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andeliminating
� fU ¾ �¹¿?� À Á � from Eqs.(1.5) and(1.9). Themappingonto the

latticeis achievedby adjusting
� fU ¾ in sucha way that

� f¾ �¹¿?� À Á � satisfiesthe
latticeDysonequation(1.2).

Thenumericalimplementationof theaboveprocedureisasfollows: Westart
with aninitial guessfor theselfenergy � f andcalculatethelocalpropagator
in (1.2). Using(1.9)we calculatethebareatomicpropagator

� fU ¾ andfind
¤ U

and
¤

. Next weobtain Å U , Å � andfind
� f¾ from (1.5). Using

� fU ¾ and
� f¾ , we

computetheatomicself energy anditerateto thefixedpoint.
The iterationson the imaginaryaxis give staticproperties,like $'& , the f-

magnetizationÑÒ& N ~ � i#P , andthestaticspinandchargesusceptibilities.Having
foundthef-electronfilling Å � ateachtemperature,weiterateEqs.(1.2)to (1.9)
on therealaxisandobtaintheretardeddynamicalproperties,like thespectral
function,theresistivity, themagnetoresistance,andtheopticalconductivity. At
thefixedpoint,thespectralpropertiesof theatomperturbedby � -field coincide
with thelocal spectralpropertiesof thelattice.

3. RESULTS AND DISCUSSION

Westudiedthemodelfor a totalelectronfilling of 1.5andfor severalvalues
of pq& and

}
. Themainresultscanbesummarizedin thefollowing way.

0Ó 0.2 0.4 0.6 0.8 1Ô
T/t*Õ0

0.1

0.2

0.3

0.4

0.5

n f(T
)

Ef=−0.7t*
Ef=−0.6t*
Ef=−0.5t*
Ef=−0.2t*

Figure 1.1 Numberof the Ö -holesplottedversus×'Ø�Ù�Ú for ÛzØ�Ù�ÚÝÜßÞ . The à Í Ø�Ù�Ú increases
from top to bottom,andis givenby -0.7,-0.6,-0.5,and-0.2,respectively.

The occupancy of the f-holesat high temperaturesis large and thereis a
hugemagneticdegeneracy. The f-holesareenergetically unfavorablebut are
maintainedbecauseof their largemagneticentropy. In Fig.(1.1)we show $'&
asafunctionof temperature,plottedfor

} � � i�m , and p�&
�^i�m from -0.2to -0.7.
Below a certaintemperature,which dependson

}
and pq& , thereis a rapid

transitionto the low-temperaturephase.The transitionbecomessharperand
is pushedto lower temperaturesas p�& decreasesat constant

}
. However, we
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restrictourselvestocontinuouscrossovershere,sincetheregionwith first-order
transitionsleadsto numericalinstabilities.

The uniform f-spin susceptibilityis obtainedby calculatingthe spin-spin
correlationfunction[15, 16] andis givenby á N �âP��_ãQ$'& N �QP��\� , where ã��� �ä 8 � @ 5 N 5MtE*\P��]>�R @ is theCurieconstant.The á N �QP���ã is shown in Fig. (1.2)

0.0 0.1 0.2 0.3 0.4 0.5
T/t*å0.0

2.0

4.0

χ(
T

)/
Cæ

E
ç

f=−0.7t*  
E
ç

f=−0.6t*  
E
ç

f=−0.5t*  
E
ç

f=−0.2t*  

Figure 1.2 Uniformstaticmagneticsusceptibilityof the Ö -holesplottedversus×'Ø�Ù Ú for Û:Ø�Ù Ú ÜÞ . The valuesof à Í Ø#Ù Ú arethe sameasin Fig(1.1). The correspondingvaluesof ×
è�Ø#Ù Ú are
estimatedfrom themaximumof é³êh×ìë , andaregivenby 0.03,0.08,0.15,0.35,respectively. The× è increasesfrom top to bottom.

for
} �^i m � �

andfor pq& asquotedin Fig.(1.1). The �0
 is obtainedfrom the
maximumof the á N �QP���ã andthevaluescorrespondingto variousparameters
usedin thispaperarequotedin thecaptionof Fig. (1.2). Thehigh-temperature
susceptibilityfollows an approximateCurie-Weisslaw, but the Curie-Weiss
parametersdependon thefitting interval.

Theinteractingdensityof states�ír N Â�P for theconductionelectronsis shown
in Fig.(1.3) for

} �^i;mÄ� �
and p�&
�^i�mî�ïY[���=� , andfor several temperatures.

(The energy is measuredwith respectto 8 .) The high-temperatureDOS has
a gapof theorderof

}
, andthechemicalpotentialis locatedwithin thegap.

Below thetransition$'& is small,thecorrelationeffectsarereduced,and �dr N Â�P
assumesanearlynon-interactingshape,with large�ír N 8�P andhalfwidth ð �xi m .

Thetransportpropertiesof thehigh-Tphasearedominatedby thepresence
of the gap,which leadsto a small dc conductivity with a weak temperature
dependence.Thetransportpropertiesof theparamagneticphaseareunrelated
to the spin-disorderKondoscattering(thereis no spin-spinscatteringin the
FK model).Below thetransitiontheconductivity increasesandassumeslarge
metallicvalues.

Theintrabandopticalconductivity � N Â�P is plottedin Fig.(1.4)asa function
of frequency, for severaltemperatures.Above � 
 , weobserveareducedDrude
peakaroundÂ��)� andapronouncedhigh-frequency peakaroundÂ�� }

. The
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Figure 1.3 Interactingdensityof statesplottedversusôzØ�Ù Ú for ÛzØ#Ù Ú Ü�Þ , à Í Ø�Ù Ú Üöõ'÷<ø ù
( × è Ø#Ù Ú Üú÷<ø=û|Þ ), andfor varioustemperatures,asindicatedin thefigure.

shapeof � N Â�P changescompletelyacross��
 . Below �0
 theDrudepeakis fully
developedandthereis no high-energy (intraband)structure.However, if the
renormalizedf-level is closeto 8 , theinterbandd-f transitioncouldleadto an
additionalmid-infraredpeak.Theratioof thehigh-frequency peakin Fig(1.4)
and the correspondingvalueof ��
��ü���+*<�?i m , is

} �\�0
ý� ��þ
. For the same

valueof U and p�&ý�ÿY[���¹7^i m ( � 
 �I����� >?i m ) we obtain
} �\� 
 �ï*<>]� , while

for p�&ý�ÿY[���¹7]�?i;m ( ��
Ò�I����� � i;m ) we find
} �\��
¦� � ��� (not shown). If we

0.0 2.0 4.0 6.0
ω/t*

0.0

0.4

0.8

1.2

σ(
ω

)

T=0.09 t*
�
T=0.18 t*
�
T=0.47 t*
�
T=1.56 t*
�

Figure 1.4 Opticalconductivity plottedversusô0Ø�Ù Ú for varioustemperatures.The Û , à Í , and× è , arethesameasin Fig.(1.3).

estimatethef-d correlationin YbInCu� from the8000 ��Ñ Az�
peakin theoptical

conductivity data[10], we obtaintheexperimentalvalue
} �Æ* eV. Together

with � 
 � �
�
K [7] this givestheratio

} �\� 
 � � ��� . If we take
} �^i m � �

and
adjustp�& �^i m soasto bringthetheoreticalvalueof �0
 in agreementwith thethe
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thermodynamicandtransportdataon YbInCu� , we getahigh-frequency peak
in � N Â�P atabout8000 ��Ñ Az�

, 6000 ��Ñ Az�
, and1500 ��Ñ Az�

, for pq&��_Y[���¹7]�?i m ,p�&��_Y ���¹7^i;m , and p�& �_Y[���=�?i�m , respectively.

0� 0.1 0.2
h/t*�

0

0.2

0.4
m

f(h
,T

)

T=0.05t*
�
T=0.06t*
�
T=0.07t*
�
T=0.08t*
�
T=0.09t*
�
T=0.1t*
�
T=0.2t*
�

Figure 1.5 Thef-electronmagnetization� Í
is plottedasa functionof �]Ø#Ù�Ú for varioustem-

peratures.The Û , à Í , and × è , arethesameasin Fig.(1.3).

The f-electronmagnetizationÑÒ& N ~³P is plottedin Fig.(1.5)versusreduced
magneticfield ~³�^i�m , for several temperatures.Above the characteristictem-
perature� m
 �E�0
?� � , the ÑÒ& N ~³P curvesexhibit typical local momentbehavior.
Below � m
 we find a metamagnetictransitionat a critical field

KML
; the ÑÒ& N ~³P

is negligibly smallbelow
K L

andthelocalmomentis fully restoredabove
K L

.
Takingthe inflectionpoint of the ÑÒ& N ~�P curves,calculatedfor severalvalues

0
�

1�
T/T	 v

0

0

1

H
c(

T
)/

H
c0

  U=3t* Ef=−0.5t*
  U=4t* Ef=−0.3t*
  U=4t* Ef=−0.2t*

Figure 1.6 Normalizedcritical field is plottedasa functionof reducedtemperature×:Ø#× Úè for
severalvaluesof à Í Ø#ÙÃÚ and ÛzØ�Ù�Ú . Thefull line represents

W ûzõîêh×'Ø#× Úè ë�
 and ×ìÚè ÜÏ× è Ø
� .
of U and p�& , asanestimateof

K�LwN �âP we obtainthephaseboundarywhich is
shown in Fig.(1.6),togetherwith theexpression

K L N �QP�� KVUL � W *[Y N � �\� m
 P � .
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Note,the�qm
 valuesin Fig.(1.6)differbymorethananorderof magnitude,while
theratio R @ � m
 �^8 @ KVUL

is only weaklyparameterdependent.

0� 0.05� 0.1 0.15� 0.2
h/t*�

0

1.5

R
(h

,T
)

�

T=0.03t*
T=0.04t*
T=0.07t*
T=0.12t*
T=0.22t*
T=0.42t*

Figure 1.7 Field-dependentresistivity plottedversus��Ø�Ù Ú . Thedifferentsymbolscorrespond
to differenttemperatures,asindicatedin thefigure. The Û and à Í arethesameasin Fig.(1.3).

The metamagnetictransitionis also seenin the field-dependentelectrical
resistance� N ~ � �QP whichisplottedin Fig.(1.7)asafunctionof ~��^i m , for several
temperatures.A substantialchangein the � N ~ � �QP across�qm
 or

K L
is clearly

seen.

4. SUMMARY

>Fromtheprecedingdiscussionit is clearthatFalicov-Kimball modelcap-
turesthemainfeaturesof theexperimentaldatafor YbInCu� andsimilarcom-
pounds.Thetemperature-andfield-inducedanomaliesarerelatedto a metal-
insulatortransition,which is causedby large FK interactionandtriggeredby
thetemperature-or thefield-inducedchangein thef-occupancy. At high tem-
peratures,wefind alargegapin �dr N Â�P ; weexpectasimilargapin thef-electron
spectrumaswell. At low temperatures,bothgapsareclosed,andtherenormal-
izedf-level renormalizesdown to thechemicalpotential.

OurcalculationsdescribedopedYb systemswith broadtransitionsbutappear
to belesssuccessfulfor thosecompoundswhich show a first-ordertransition.
Thenumericalcurvescanbemadesharper (byadjustingtheparameters)but they
only becomediscontinuousin a narrow parameterrange.Themaindifficulty
with the FK modelis that it predictsa substantialchangein the f-occupancy
acrossthetransitionandassociatesthelossof momentwith thelossof f-holes.
But in the real materialsthe lossof momentseemsto be dueto the valence
fluctuations,ratherthanto thereductionof $'& . Thedescriptionof thevalence
fluctuatinggroundstatewouldrequirethehybridizationandisbeyondthescope
of this work. Theactualsituationpertainingto Yb ions in themixed-valence
statemightbequitecomplicated,sinceonewouldhavetoconsideranextremely
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asymmetriclimit of theAndersonmodel, inwhichthegroundstateisnotKondo-
like, thereis noKondoresonance,andthereis nosingleuniversalenergy scale
which is relevantat all temperatures[18].

We speculatethat the periodicAndersonmodelwith a large FK term will
exhibit thesamebehavior astheFK modelathigh temperatures.Indeed,if the
conductionbandandthef-level aregapped,andthewidth of thef-level is large,
thentheeffect of thehybridizationcanbeaccountedfor by renormalizingthe
parametersof theFK model.Ontheotherhand,if thelow-temperaturestateof
thefull modelis closeto thevalence-fluctuatingfixedpointwith theconduction
bandandhybridizedf-level closeto theFermilevel, thenthelikely effectof the
FK correlationis to renormalizetheparametersof theAndersonmodel.
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