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PHYSICAL REVIEW B 1 OCTOBER 1997-IVOLUME 56, NUMBER 13
Experimental studies of the phase transition in YbIn12xAgxCu4

A. L. Cornelius* and J. M. Lawrence
University of California, Irvine, California 92697

J. L. Sarrao* and Z. Fisk
Florida State University, Tallahassee, Florida 32306

M. F. Hundley, G. H. Kwei, and J. D. Thompson
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

C. H. Booth and F. Bridges
University of California, Santa Cruz, California 95064

~Received 7 April 1997!

We report measurements of the low-temperature specific-heat coefficientg5Cp(T)/T, cell volumeV(T),
Hall coefficientRH(T), and valencez521nf @where the Yb hole occupationnf(T) was determined from
Yb-L3 x-ray absorption# of single crystals of YbIn12xAgxCu4. Alloying YbInCu4 with Ag increases the
temperatureTs(x) of the first-order isomorphic phase transition and causes it to terminate at a critical point at
xc50.195 andTc577 K. The variation ofV(T) near the critical point is well described by a mean-field
equation of state. The phase transition involves a large change in the Kondo temperature, and the transition
temperaturesTs(x) are of order of the Kondo temperaturesTK

1(x) of the high-temperature state. The cell
volume is found to vary proportionally to 12nf(T). At low temperatures, well away from the transition, the
Wilson ratio of the susceptibilityx~0! and specific heat coefficientg falls within 20% of the value predicted for
a Kondo impurity, and 12nf(0) andx~0! are roughly proportional as predicted from the Anderson model. The
temperature dependencenf(T) for temperatures away from the phase transition also fits the predictions of the
Kondo model. The small volume discontinuityDV/V0 observed atTs suggests that the phase transition is not
due to a Kondo volume collapse. The large Hall coefficientsRH(T) observed forx,xc andT.Ts(x) suggest
instead that a low carrier density in the high-temperature state plays a key role in the phase transition.
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INTRODUCTION

YbInCu4 has a phase transition1–3 at Ts540 K that is
similar to the ‘‘isomorphic’’a-g transition in Ce metal.4 The
density changes~by 0.5%! at the transition3 with no
change1–3,5 in the crystal symmetry~cubic C15b structure2!.
In the high-temperature state the Yb ion is nearly trivalen1

the susceptibility1 indicates Yb-4f local moment paramag
netism, and the spin dynamics6 are as predicted for a Kond
impurity with a small characteristic temperature (TK
;25 K). In the low temperature state the Yb ion is mix
valent (z'2.8), the susceptibility is that of an enhanc
Pauli paramagnet, and the spin dynamics are those
Kondo impurity with large characteristic energy (TK
;500 K).

YbInCu4 offers a number of advantages over Ce
studying such an isomorphic phase transition, not the le
being that single crystals are available.7 We have shown5 that
our flux-grown crystals are more highly ordered than po
crystal counterparts, and we have begun a study of the p
erties of this compound and its alloys, in particul
YbIn12xAgxCu4.

7 Using the susceptibilityx(T), we have
estimated the variation of the Kondo temperature for diff
ent values of alloy concentrationx and temperatureT, and
we have shown that there is a critical point for the isom
phic transition in thex2T plane nearxc'0.20 and Tc
'80 K.
560163-1829/97/56~13!/7993~8!/$10.00
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In this paper we report studies of the volume therm
expansionb(T), the low temperature specific heatCp(T),
the Hall coefficientRH(T) and the 4f hole occupationnf(T)
~as measured byL3 x-ray absorption! of YbIn12xAgxCu4.
Well away from the phase boundary, these properties and
susceptibility interrelate as predicted for a Kondo impuri
and the cell volume varies proportionally to 12nf . Near the
critical point, the phase transition can be well described
an equation of state similar to that reported8 for Ce12xThx
alloys. In addition, we confirm directly the assumption ma
in the older study that the order parameter is the 4f occupa-
tion numbernf and that the phase transition temperatu
Ts(x) corresponds approximately to the Kondo temperat
TK

1(x) of the high temperature state. Despite the similarit
to the Cea-g transition, we will argue that the isomorphi
transition is not due to a Kondo volume collapse9 but is
connected with a low carrier density@anomalously large
RH(T)# observed in the high temperature state of YbInCu4.

EXPERIMENTAL DETAILS

The samples were single crystals grown in In12xAgxCu
flux, as reported earlier.7 A thermal relaxation method10 was
used to measure the specific heat of small (;10– 30 mg)
samples. The thermal expansion was measured by capac
dilatometry; samples with dimensions a few mm on a s
7993 © 1997 The American Physical Society
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7994 56A. L. CORNELIUS et al.
were loaded in an oxygen-free high conductivity~OFHC! Cu
dilatometry cell11 and the capacitance was measured usin
three-terminal automated capacitance bridge. A sample
high-purity copper was measured to determine backgro
and provide absolute calibration. The experimental reso
tion for the sample length measurement was;0.1 Å. The
Hall voltage was measured in fields of61 T for samples of
typical dimension 0.53235 mm using an LR400 ac resis
tance bridge. Any small misalignment voltage was comp
sated electronically and the magnetoresistance was can
by reversing the polarity of the field. For fields less than 1
the signal was linear in applied field. The magnetic susc
tibility results reported below were taken from the same
periments~which used a SQUID magnetometer! reported
earlier,7 the susceptibility has been reanalyzed to correct
a small low temperature ‘‘Curie tail.’’ For theL3 measure-
ment, flux-grown crystals were finely powdered and dus
onto Kapton tape, then loaded in the window of an alumin
holder which itself was mounted in a continuous flow H
cryostat. The experiments were performed in the transm
sion mode on Beam Line 2-3 at the Stanford Synchrot
Radiation Laboratory~SSRL! utilizing a Si~220! monochro-
mator, detuned 50% to avoid harmonic contamination,
standard ionization detectors. For energy calibration, we
multaneously measured a Cu foil standard. We subtract
linear background, determined in a wide interval of ene
below the absorption edge, from the data and scaled the
erage absorption in the extended x-ray-absorption fi
structure~EXAFS! region to unity.

RESULTS AND ANALYSIS

The low-temperature specific heat of representative all
is shown in Fig. 1. We fit the data to the formCp(T)5gT
1dT3 in the temperature range 0,T2,20 K2. All samples
had values ofd'0.49 mJ/mol K4, which corresponds to a
Debye temperatureuD5288 K. For x50 and 0.1 a very
small (;1%) lambda anomaly was seen near 2 K due to the
onset of superconductivity in free In on the sample surfa

FIG. 1. The low-temperature specific heatCp(T) of
YbIn12xAgxCu4 plotted asCp(T)/T versus the square of the tem
perature for several values of alloy concentrationx. The solid lines
are fits to the functional formCp(T)5gT1dT3.
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The linear coefficientsg are plotted as a function of alloy
concentration in Fig. 2~a! and compared to the values of th
ground-state susceptibilityx~0!.

The Hall coefficients for a series of alloys as well as f
LuInCu4 and LuAgCu4 are shown in Fig. 3. The solid line
represent least-square fits to the equation

RH~T!5R0~11«T!1h~gmB /kB!„x~T!/C…r~T!. ~1!

FIG. 2. ~a! The electronic coefficientsg of specific heat of
YbIn12xAgxCu4 determined from the data of Fig. 1, plotted vers
alloy concentrationx. ~b! The low-temperature hole occupatio
nf(0), determined from theL3 data forT515 K as in Fig. 5, and
plotted versusx. ~c! TheT50 susceptibility, obtained from the dat
of Ref. 7 after correction for a small ‘‘Curie tail,’’ plotted versusx.

FIG. 3. The Hall coefficientRH(T) for YbIn12xAgxCu4 and for
LuAgCu4 and LuInCu4. Note the change of scale between~a! and
~b!. The solid lines are fits to Eq.~1!.
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56 7995EXPERIMENTAL STUDIES OF THE PHASE . . .
The first term represents the ordinary Hall effect; the c
stantse are of order2(0.001– 0.003) K21 for all x, compa-
rable to the value20.001 K21 found for LuInCu4. The sec-
ond term represents skew scattering12 of the conduction
electrons from Kondo impurities, whereC52.582 emu K/
mol andg58/7 are the YbJ57/2 free ion Curie constan
and Lande´ factors, respectively, andr(T) is the resistivity
~taken from Ref. 7!. According to theory12 the dimensionless
constanth should approximately equal sind2, whered2 is
the phase shift for nonresonant scattering~e.g., potential
scattering in thed channel!. This phase shift should not b
large; values as large as 0.2 are deemed unrealistic.12 By this
criterion, the values we obtain forh from the fits for
YbInCu4, YbIn0.9Ag0.1Cu4, and YbAgCu4 ~20.07, 10.08,
and 10.07! are quite reasonable but the larger values
served for intermediatex ~0.8, 0.5,21.1, and20.6 for x
50.175, 0.2, 0.3, and 0.8, respectively! are too large. We
have not corrected the resistivity for background scatter
such as electron-phonon scattering; the resulting smalle
sistivity would require an even larger value ofh to be used
in the fits. Forx<0.2, the major temperature dependen
comes from the normal term, and is comparable to the t
perature dependence for LuInCu4, while for x50.5, the fac-
tor of 6 change in the Hall coefficient is much too large to
explained by skew scattering, since the resistivity and s
ceptibility for this compound7 vary only by 10% over the
whole temperature range. Hence the large values ofh ob-
served for 0.175<x<0.8 may arise from incorrect estima
tion of the normal Hall contribution. Despite these reser
tions, the estimates ofR0 obtained from these fits, which ar
plotted in Fig. 4, are essentially correct because any erro
R0 will be modest. In the simplest picture, one can relateR0
to the carrier concentration byR051/ne, where n is the
carrier concentration ande is charge of the carrier. Forx
50, n changes from 0.07 carriers per formula unit forT
.Ts to 2.2 carriers per formula unit forT,Ts . Though
there may be some error inR0 , the important point is tha
there is a large change inR0 between the high- and low
temperature state forx<xc'0.20 and between the high
temperature states forx,0.2 andx.0.2. A more thorough
multiband analysis would not change this conclusion.

FIG. 4. The normal Hall constantR0 obtained from fits of Eq.
~1! to the data of Fig. 3. Forx50 – 0.2 the solid circles represen
values ofR0 obtained in the high-temperature state, whereas
open circles represent the values obtained in the low-tempera
state. If the carrier density obeysR051/ne, then the carrier density
is anomalously low forT.Ts(x) whenx<xc'0.2.
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TheL3 x-ray-absorption spectra for YbIn0.75Ag0.25Cu4 are
shown in Fig. 5~a!. A shoulder near 8937 eV, which repre
sents absorption by divalent Yb, appears as the tempera
is lowered, and the ‘‘white line’’ at 8945 eV and seconda
peak at 8950 eV, which represent absorption by trivalent
decrease with temperature. Spectra for other values ofx are
similar, but show differing degrees of temperature dep
dence. To determine the Yb valencez521nf ~wherenf is
the occupation number of holes in the 4f shell! from these
spectra, we adopt a standard procedure~e.g., Ref. 1!. We
determine the energy dependence for trivalent absorption
measuring theL3 absorption spectra of LuInCu4 and
LuAgCu4; these had essentially identical absorption spec
that were independent of temperature~which also establishes
that any temperature dependence observed in the Yb c
pounds is due to change of the valence!. We smoothed the
Lu spectrum in the region below its absorption edge at 92
eV to account for the fact that the LuL3 absorption is super-
imposed on the EXAFS from the CuKa edge at 9000 eV
~which is not the case for the YbL3 edge at 8940 eV!; also,
we adjusted the Lu spectra so that the slope at an energ
eV below the ‘‘white line’’ agreed with the slope of th
spectra of the Yb compounds at 8920 eV, which is 20
below the white line for the trivalent component. This ga
our assumed form for the trivalent spectrum. We then fit
Yb spectrum to the sum of two replicas of this trivalent spe
trum, one representing trivalent absorption with a white li
centered at 8945 eV, and the other representing divalent
sorption with a white line centered at 8937 eV. A represe
tative fit, including the Yb spectrum, as well as the divale

e
re

FIG. 5. ~a! The L3 spectra of YbIn0.75Ag0.25Cu4 at several tem-
peratures plotted versus photon energy. A linear background
been subtracted from the data, and the spectra are normalized
step height of unity in the EXAFS region.~b! An example of the
fitting procedure for extracting the 4f hole occupationnf and va-
lencez521nf from the data~squares! for YbIn0.75Ag0.25Cu4 at T
515 K. The dashed and dotted lines are replicas of the absorp
line shape of LuInCu4, which is chosen to represent integral-vale
absorption. The dashed~dotted! line is shifted in energy to coincide
with the absorption edge for trivalent~divalent! Yb. The solid line
is a weighted sum of the two replicas, with weighting factorsnf

~trivalent! and 12nf ~divalent! chosen to give the best fit.~See text
for details.!
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7996 56A. L. CORNELIUS et al.
and trivalent replicas, is shown in Fig. 5~b!. The 4f hole
occupationnf was then determined from the relative weigh
of the divalent and trivalent contributions. The ground-st
values ofnf(0) are plotted in Fig. 2~b!, and the temperature
dependencenf(T) for different alloy concentrationsx is
plotted as solid circles in Fig. 6.

The assumptions that the divalent line shape is a replic
the trivalent and that the latter can be taken from the
analog compound are not expected to be strictly valid, an
the extent that they are not valid, we expect systematic e
in our estimates ofnf . As shown in Fig. 6 and discusse
further below, the values ofnf(T) deduced from theL3 mea-
surement correspond to those deduced from the therma
pansion and from the theory of an Anderson impurity; t
lends support to the procedure.

As a representative example of the measurement
sample volume using the capacitive dilatometer, we sh
V(T)/V0 ~where V0 is the volume at 300 K! for
YbIn0.75Ag0.25Cu4 in Fig. 7. Also included are the data fo
the trivalent compound LuAgCu4. This compound has nearl
the same thermal expansion as LuInCu4, and hence we as
sume that it equals the thermal expansion of trivalent Yb
all alloy concentrationsx. Subtracting this from the Yb data
we arrive at the anomalous contributiondV(T)/V0 to the
volume which arises from the change in valence with te
perature. We calculatenf from the formula

12nf~T!5@dV~T!/V0#/@~V22V3!/V0#, ~2!

whereV2 andV3 are the ground-state volumes of the hyp
thetical divalent and trivalent Yb compounds. Since the th
mal expansions are small,V3 and V0 are equal to within a
few tenths of a percent, so (V22V3)/V0'@(V2 /V3)21#;
we use the valueV2 /V351.046 suggested by earlie

FIG. 6. The 4f occupation numbersnf(T) of YbIn12xAgxCu4

plotted versus temperature for five values of alloy concentrationx.
The solid symbols are determined fromL3 data as in Fig. 5. The
solid lines are determined from the anomalous contribut
dV(T)/V0 to the cell volume~see Fig. 7!, using Eq.~2!. The dashed
lines are theoretical calculations using the Anderson model~see text
for details!.
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authors.13 In the analysis it is necessary to add a constan
the room-temperature value ofdV(T)/V05@V(Yb)/V0
2V(Lu)/V0# ~which would otherwise be zero! so that Eq.
~2! gives the correctL3 valence at the room temperature. Th
resultingnf(T) curves for several values ofx are plotted in
Fig. 6 along with the values determined from theL3 experi-
ments.

From Fig. 6 it can be seen that the discontinuity observ
at the first order transition (Ts540 K) in YbInCu4 becomes
broad and S-shaped forx50.25. This means that in thex-T
plane, the line of first-order transitionsTs(x) terminates at a
critical point at somexc,0.25 and that for largerx the tran-
sitions are analytic. In Fig. 8 we plotDV(T)/V0(x) for con-
centrationsx,0.3 and for a temperature interval630 K
about the temperatureTs(x) of the isostructural transition
Here DV(T)5V(T)2V0(x), V0(x)5V„Ts(x)…, and Ts(x)
was chosen as the temperature of maximum slope~the data
shown were all taken on warming the sample!; the values of
Ts(x) are shown in Fig. 9. To locate the critical point, w

n

FIG. 7. The cell volumeV(T)/V0 ~where V0 is the room-
temperature volume! for YbIn0.75Ag0.25Cu4 and LuAgCu4 plotted
versus the temperature. The anomalous contribution to the cell
umedV(T)/V0 is the difference between these two curves.

FIG. 8. A plot of DV(T)/V0(x) versus temperature in an inte
val 630 K about the temperatureTs(x) of the isostructural transi-
tion for several concentrationsx<0.3 of YbIn12xAgxCu4. Here
DV(T)5V(T)2V0(x), where V0(x)5V„Ts(x)…. The solid lines
represent predictions of the mean-field equation of state@Eq. ~3!#.
The curves forx,0.20 represent first-order transitions, forx
.0.20, analytic~‘‘supercritical’’! transitions, and forx50.20 the
curve represents a critical transition atx'xc .
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56 7997EXPERIMENTAL STUDIES OF THE PHASE . . .
have fit the data to a mean-field equation of state simila
that used in the past8 to describe the behavior of thea-g
transition in Ce12xThx alloys:

a~DV/V0!31bDx~DV/V0!5DT2cDx. ~3!

In this expressionDx5x2xc and DT5T2Tc , where Tc
5Ts(xc). To determinexc we note that the volume therma
expansion arising from the equation of state is

b2153a~DV/V0!21bDx. ~4!

For any x.xc , the maximum valuebmax occurs at T
5Ts(x)5Tc1cDx and bmax

21 5bDx, which extrapolates to
zero atx5xc . We plot this in Fig. 9, where it can be see
that xc'0.20 for which Tc'80 K. @For x,xc , the first-
order transitions are not perfectly sharp, due to inhomoge
ity rounding; hence they have a finite but large slope
Ts(x).# These values ofxc and Tc are in good agreemen
with those determined earlier from the susceptibility.7 We
then fit the data in Fig. 8 to Eq.~3!; the fits are shown as
solid lines, and the values of parameters areTc57762 K,
xc50.19560.005, a5@(0.9660.21)1(16.762.0)Dx#
3109 K, b5(7.960.8)3104 K, and c521169 K. The
solid line in Fig. 9 represents the prediction forbmax

21 (x) using
these values. Although inhomogeneity rounding is appa
in Figs. 8 and 9, and there appear to be small secon
transitions forx50.2 and 0.225~again, probably due to alloy
inhomogeneity!, the equation of state gives a reasona
overall description of the data in the vicinity of the critic
point.

FIG. 9. ~a! The inverse of the maximum value of the volum
thermal expansion coefficientbmax plotted versus alloy concentra
tion x for YbIn12xAgxCu4. By Eq. ~4! the maximum valuebmax for
anyx.xc occurs whenT5Ts(x); furthermorebmax

21 extrapolates to
zero atx5xc . We deduce thatxc'0.20; for x<0.20 there is a
residual value ofbmax

21 due to inhomogeneity rounding of the firs
order transitions. The solid line represents the prediction of Eq.~4!
using the same parameters as in Fig. 8.~b! The temperaturesTs(x)
of the isostructural transitions, determined from the temperatur
the maximum valuebmax of volume thermal expansion, and plotte
versusx ~solid circles!.
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DISCUSSION

We first discuss the behavior in the region away from
phase boundaryTs(x). Examination of Fig. 2 shows that a
low temperature the quantitiesx~0!, g, and nf(0) all vary
proportionally. In fact, all three quantities reach a maximu
value for x'0.8 corresponding to the low-temperatu
Kondo temperature having its minimum value for the all
series at this concentration. In Fig. 10~a! we show the Wilson
ratio, i.e., the normalized ratioR5(p2R/3C)(x/g), where
R is the gas constant andC is the free ion Curie constant fo
J57/2 Yb. In the Kondo limit of the impurity Anderson
model,14 this ratio should have the valueR5(2J11)/2J
58/7. The data lie within 20% of this value for allx. In
evaluatingR we have not corrected eitherx~0! or g for
background contributions, which are best estimated by m
suring these quantities for the counterpart LuIn12xAgxCu4
compounds; however,x~0! is known15 to be small (20.5
31023 emu/mol) in LuInCu4, and we have measured a
even smaller value (0.0531023 emu/mol) for
LuIn0.3Ag0.7Cu4. Hence this correction should have little e
fect on R. On the other hand, for LuIn0.3Ag0.7Cu4 and
LuAgCu4 we measureg57.0 and 10.1 mJ/mol K2, respec-
tively; assuming that this is the background contributio
correcting for this gives a 4–5 % increase inR to 1.10 and
0.91 for the two Yb compounds, respectively. If the corre
tion required for small x has a comparable valu
(10 mJ/mol K2), the resulting increase inR would be even
larger, e.g., to a value 1.62 for YbInCu4.

of

FIG. 10. ~a! The Wilson ratio of susceptibility and specific he
R5(p2R/3C)(x/g) plotted versus alloy parameterx for
YbIn12xAgxCu4. The prediction of the Kondo model for aJ57/2
moment isR58/7. ~b! The Kondo temperaturesTK

2 of the low-
temperature state, taken asTK

25C/x(0) ~solid circles!, andTK
1 of

the high-temperature state, obtained by fitting the high-tempera
susceptibility to the Kondo model as in Ref. 7~open circles!, plot-
ted versusx. Inset: the low-temperature Kondo temperatureTK

2

plotted versus the low-temperature 4f hole occupationnf(0). The
solid lines represent the predictions of Eq.~4! for G5350 and 900
K.
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7998 56A. L. CORNELIUS et al.
In the Kondo impurity limit it is approximately true14 that
the Kondo temperatureTK is related to the susceptibility b
x(0)5C/TK and to the hybridization strengthG
5Vk f

2 r(eF) @whereVk f is the 4f conduction electron hybrid
ization matrix element andr(eF) the conduction electron
density of states at the Fermi level# by

TK5@~2J11!G/p#$@12nf~0!#/nf~0!%. ~5!

In Fig. 10~b! we plot the Kondo temperature of the low
temperature phaseTK

15C/x(0) as a function ofx, and in
the inset to Fig. 10~a! as a function ofnf(0), the latter de-
termined from theL3 results~Fig. 2!. The values ofTK

2 in-
crease as 12nf(0) increases, but they cannot be fit by E
~5! assuming a constant value ofG for all values ofx. If we
take Eq.~5! literally, then the inset suggests thatG decreases
from a value of order 900 K~0.078 eV! for the low-
temperature state atx50 and 0.25 to a value of order 350
~0.029 eV! for x50.75 and 1; the crossover data point occu
at x50.5. The open triangles in the inset represent estim
of TK

1 ~obtained by fitting the high-temperature susceptibil
to the predictions of the Kondo model as in Ref. 7! and
nf(0) for the high-temperature state forx50 and 0.25; these
suggest even smaller values ofG.

In Fig. 6 we compare the experimental results for t
temperaturedependence of the occupation numbernf(T) to
the predictions14 of the Anderson model. We have used th
oretical results forJ55/2 since results forJ57/2 have not
been reported; we assume that differences between the
dictions for the two cases are small and of the order of
perimental error. The theoretical curves obey a scaling r
tion and are fixed by two parameters,nf(0) andTK . For x
>0.5, we use the values fornf(0) andTK

25C/x(0) deter-
mined from Fig. 2; forx50 and 0.25, we use the high
temperature value ofTK

1 and choosenf(0) to give a good fit
to the high-temperature data. The theory represents the
reasonably well at all temperatures forx>0.5; for smallerx
~where the phase transition causes a change inTK with tem-
perature, as discussed below!, the theory fits the data well a
temperatures sufficiently greater thanTs(x).

Hence the single impurity Anderson model is adequate
interrelate the ground-state quantitiesx~0!, g, andnf(0) and
to describe the temperature dependence ofnf(T). It has also
been shown6 to describe the magnetic inelastic neutron sc
tering spectrum of YbInCu4. On the other hand, the Yb sub
lattice is periodic in these compounds and the periodicity
expected14 to give rise to ‘‘coherence’’ at low temperature
A possible manifestation of coherence in our data is the
served deviation of the Wilson ratio from the value 8/7 e
pected for a Kondo impurity. This could occur if the groun
state 4f spectrum is that of a narrow 4f band with structure
different from the nearly Lorentzian resonance spectr
expected14 for an Anderson impurity.

The Anderson model does not include coupling to the c
volume, which must be added as an additional assump
The oldest assumption4 is that, because the divalent Yb ion
larger than the trivalent ion, the cell volumedV(T)/V0
should vary proportionally tonf , i.e., Eq.~2! should give an
adequate description of the relationship between these q
tities. Figure 6 shows that for mostx andT the cell volume
.
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dV(T)/V0 does indeed vary proportionally tonf , as deter-
mined from theL3 experiments.

We now turn to the phase transition. Figure 8 shows t
the data are well fit by a mean-field equation of state@Eq.
~3!# that itself follows from a Landau free energy of th
form,

F5~a/4!~DV/V0!41~bDx/2!~DV/V0!2

2~DT2cDx!~DV/V0!. ~6!

This is of the same form as has been shown to be valid
the a-g transition in Ce12xThx alloys,8 where it was pointed
out that it is analogous to the free energy of a ferromagne
a magnetic field, but with the replacementsDT5T
2Tc→Dx5x2xc and H→T2Ts(x)5DT2cDx. We note
further that in the older work it was assumed that in t
vicinity of the critical point the volume changeDV(T)/V0
varies proportionally tonf(T). Our L3 results allow us to
confirm this assumption~see especially the casex50.25 in
Fig. 6!. This means that the order parameter can be take
be the 4f occupation numbernf .

The phase transition can be viewed very generally in
following way. In the absence of interactions between thef
electrons, the system obeys the energetics of the single
Anderson model. The occupation number~order parameter!
nf saturates to unity at high temperature in order to lower
free energy by taking advantage of the spin entropy availa
when the Yb 4f electron localizes in the trivalent state. Th
creates the analogy between temperature in the isomor
transition and magnetic field in the ferromagnetic transit
~where the order parameter saturates at high magnetic fi!.
Some form of interaction coupling the values ofnf on dif-
ferent sites creates the highly nonlinear dependence of
order parameternf on T that drives the phase transition.

In the case of a mean-field ferromagnet, the strength
the interactions is measured by the molecular field cons
l5Tc /C ~whereC is the Curie constant! and is reflected in
the term (b/2)(T2Tc)M2 in the free energy. By analogy th
strength of the interactions for the isomorphic transition
measured byxc , or rather by the ratiobxc /a. ~More pre-
cisely, the value ofxc measures the efficiency of the solute
weakening the interactions.! A study of how the critical con-
centrationxc depends on the soluteM in YbIn12xMxCu4
would thus give secondary information on the physic
chemistry of the interactions.

As can be seen in the plot~Fig. 10b! of the Kondo tem-
peraturesTK

2 andTK
1 of the low and high temperature state

there is a large change in the Kondo temperature at the p
transition. This has been directly observed6 in neutron scat-
tering experiments. This decrease inTK aboveTs is con-
nected with the large decrease in hybridization parameteG
mentioned above. In addition, the phase transition temp
tureTs(x) is very nearly equal to the Kondo temperatureTK

1

of the high temperature state; this can be seen by compa
Figs. 9 and 10. A similar relationship was observed
Ce12xThx alloys16 and in g-Ce,17 where the Curie-Weissu
~which is an estimate ofTK! satisfiesu(P)5Ts(P)/2. The
reason for this equality is that the transition occurs whennf
begins to change rapidly with temperature, and the m
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rapid variation ofnf(T) occurs at temperatures in the vicin
ity of TK . Because the high-temperature state has the sm
Kondo temperature, as the temperature increases to valu
orderTK

1 the system can gain spin entropy and hence lo
the free energy by transforming to the high-temperat
state.

The key question for understanding isomorphic transitio
concerns the precise nature of the interactions responsibl
the transition. A large change inTK is also observed at th
Cea2g transition, which suggests a similar mechanism
the phase transition. The Kondo volume collapse~KVC!
model9 of the Cea2g transition is based on the idea that t
isomorphic transition arises from dependence of
4 f -conduction electron hybridizationG on cell volume. As
the temperature is lowered andnf decreases, the degree
mixed valence increases causing a decrease in the Ce
volume; this increases the 4f -conduction electron overlap
and consequently increasesG, which in turn @by Eq. ~5!#
increasesTK and hence decreasesT/TK . Becausenf is a
monotonically increasing function ofT/TK , the net effect is
that nf decreases more rapidly with decreasing tempera
than in the absence of the effect. In this model the existe
of the transition depends on a large change in Kondo c
densation energy ('kBTK) correlated with the large chang
in cell volume at the phase transition and a substantial
ume dependence of the hybridizationG. Quantitatively, the
change in TK at the transition satisfiesDTK /TK5
2VDV/V0 , where V52] ln TK /] ln V is the Gruneisen
parameter. The latter can be estimated from the pressure
pendence of the Curie-Weissu parameter (u}TK) using the
formula V5B(1/u)du/dP, where B is the bulk modulus.
Using the measured values forg-Ce @B5215 kbar,18

(1/u)du/dP50.2 kbar,17 and DV/V0'20.2 ~Ref. 17!#
gives V543 andDTK /TK58.6. The observed increase
TK at the transition~from 200 K for g-cerium to 1500 K for
a-cerium9! is consistent with this estimate.

Such an analysis for YbInCu4, whereTK increases from a
value of order 25 K at high temperature to a value of or
500 K at low temperature~i.e., DTK /TK520! and where the
volume discontinuity isDV/V050.005,7 requires a Grun-
eisen parameter of order 4000 in the high-temperature s
Viewed from the low-temperature state whereDTK /TK5
21, the Gruneisen parameter must be 200. These value
unrealistically large. Indeed, we can estimate the Grune
parameter in the high-temperature state using the ab
mentioned observation thatTs'TK

1 and the observation19

that for P510 kbar,Ts decreases from 40 to 20 K. Takin
the bulk modulus of YbInCu4 to beB51100 kbar,20 we have
V5B(1/Ts) dTs /dP555 ~not an unreasonable value for
heavy fermion system! and DTK /TK5VDV/V050.275.
Such a small volume discontinuity simply cannot gener
the large change inTK observed at the transition in YbInCu4.
@As an added point, we note that the thermal expansion
YbInCu4 in the high-temperature state over the interval 4
300 K is larger than occurs at the transition~Fig. 7!. If the
Kondo temperature were simply a function of cell volume,
in the Kondo volume collapse model, a large Kondo te
perature and substantial mixed valence would be expecte
room temperature, which is not observed.#
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In summary, the isomorphic phase transition in YbInC4

is similar to that occurring in Ce metal in two respects. Fir
both YbIn12xAgxCu4 and Ce12xThx obey a similar mean-
field equation of state. This is a very general feature of t
class of transitions.21 Second, in both cases large changes
Kondo temperature are observed at the phase transi
where the phase transition temperature is comparable to
Kondo temperatureTK

1 of the high-temperature state. Th
system lowers the free energy by taking advantage of
large spin entropy available ofT.TK

1 . The transitions dif-
fer, however, in that for Ce, as opposed to YbInCu4 the large
change inTK is driven by a large volume change.

A possible clue to the origin of the phase transition can
seen in Fig. 4. The high-temperature Hall coefficientsR0
vary dramatically as a function of the Ag alloying. If it i
assumed that the carrier concentration is coupled to the p
transition, then it should be possible to estimate the criti
concentrationxc from R0(x) by determining wheredR0 /dx
has its maximum value. Using this technique yieldsxc50.2
in agreement with the value determined from thermal exp
sion measurements. The large Hall coefficientsR0 observed
in the high-temperature state forx<xc'0.2 suggest an
anomalously small carrier density in this region of the pha
diagram. This low carrier density is also observed
LuInCu4, and it has been attributed22 to semimetallic behav-
ior, where hole and electron pockets with small carrier d
sity ~0.04 carriers per formula unit, in reasonable agreem
with our experimental value of 0.07! overlap at the Fermi
surface. As a result there is a valley with a small density
statesr(eF) at the Fermi level separating a peak beloweF
with a large density of hybrid Cu-s, p, d, Lu-d and In-p
states from a peak aboveeF with a large density of Lud
states. Assuming that for trivalent Yb the Fermi level w
also be in the valley, thenG5Vk f

2 r(eF) would be small, and
thereforeTK will be small, as observed. In the mixed vale
state, electrons must be removed from the conduction b
to provide the extra electrons in the Yb 4f shell. If this
lowers the Fermi level into the region of the peak in t
density of states, thenG and henceTK will increase. This
theory agrees well with our experimental observation that
carrier density changes from 0.07 to 2.2 carriers per form
unit at Ts in YbInCu4. If this interpretation is correct, the
transition does not require a large volume change, but
pends on the ability of the system to gain a large conden
tion energy ('kBTK) by a small shift in Fermi level and Yb
valence.
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