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PHYSICAL REVIEW B 1 JULY 1998-IVOLUME 58, NUMBER 1
Thermodynamics of the first-order valence transition in YbInCu4
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MST Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545
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Bell Laboratories, Lucent Technology, Murray Hill, New Jersey 07974
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National High Magnetic Field Laboratory, Florida State University, Tallahassee, Florida 32306

Y. Uwatoko
Department of Physics, Saitama University, Urawa, Saitama 338, Japan

~Received 19 December 1997!

We present measurements of the specific heat and complete elastic moduli of YbInCu4 as a function of
temperature in order to complement existing thermal expansion data. Together these data allow a complete
analysis of the thermodynamics of the first-order isostructural valence transition in YbInCu4. The Clausius-
Clapeyron equation predicts well the measured pressure dependence of the valence transition temperature.
Estimates of the Gruneisen parameter from thermodynamic measurements and from pressure-dependent mag-
netic susceptibility in both the high-temperature and low-temperature phases of YbInCu4 are in good agree-
ment. On the other hand, a Gruneisen analysis of the change in Kondo temperature at the valence transition
fails, emphasizing the importance of carrier-density changes associated with the valence transition, unlike in
the case of theg-a transition in elemental Ce. Finally, we address the issue of precursive rounding in the elastic
moduli for temperatures greater than the valence transition temperature and argue that thermodynamically
YbInCu4’s valence transition is indeed first order.
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YbInCu4 undergoes a first-order isostructural valen
transition at 42 K in which the volume of the lattice increas
by 0.5%.1 This transition appears analogous to theg-a tran-
sition in elemental Ce,2 and the Kondo volume collaps
~KVC! model,3 at least qualitatively, provides insight int
the physical mechanism producing the transition. In t
model the strong spin-lattice coupling of the Kondo intera
tion produces a nonlinear feedback betweenf -electron popu-
lation and lattice volume that leads to a first-order ph
transition. For the case ofg-a Ce, this model predicts wel
the pressure-temperature phase diagram for the transitio
well as the magnitude of the changes in physical proper
across the phase boundary. However, for YbInCu4 the KVC
model appears to be inadequate in explaining the quantita
details of the transition.4

One of the principal difficulties associated with achievi
a better understanding of the physics of YbInCu4 is the great
variations and inconsistencies among physical properties
have been reported in the experimental literature. It is g
erally agreed that, at some temperature or range of temp
tures between 40 and 80 K, all physical properties that
coupled to thef -electron occupation number display larg
changes. However, the magnitude of the changes and
sharpness as a function of temperature vary widely, wh
makes a quantitative intercomparison of the measurem
difficult. We have recently undertaken a program to synt
PRB 580163-1829/98/58~1!/409~5!/$15.00
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size flux-grown single crystals of YbInCu4,
5 which by Ri-

etveld refinement of neutron-diffraction data have be
shown to possess the smallest amount of site disorder
YbInCu4 yet reported~,2%, compared to;5% for previ-
ous polycrystalline samples!,6 and to perform a complete se
of physical measurements on these crystals in order to s
consistently characterize the properties of YbInCu4.

4,7–12

Here, we report measurements of the specific heat
elastic moduli of YbInCu4, as well as the pressure depe
dence of the valence transition temperatureTv(P) and of the
magnetic susceptibilityx(T,P). These data, together wit
our previously published thermal expansion data,4,5 allow a
rather complete exploration of the thermodynamics of
isostructural valence transition in YbInCu4, and, in particu-
lar, permit us to identify the valence transition as strictly fi
order.

Single crystals of YbInCu4 were grown from an In-Cu
flux as reported previously,7 and bulk characterization~e.g.,
magnetic susceptibility, electrical resistivity, and powder
ray diffraction! reveals that all such flux-grown crystals o
YbInCu4 are essentially identical. Specific-heat data we
obtained using a standard semiadiabatic heat pulse t
nique. The heater was a metallic thin film and the thermo
eter was an Allen-Bradley 100V nominal carbon resistor
The addenda, which consisted of a 25mm-thick sapphire
plate, thermometer, and resistor, were measured separa
409 © 1998 The American Physical Society
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410 PRB 58J. L. SARRAOet al.
as was the specific heat of the nonmagnetic isomo
LuInCu4. The elastic moduli of YbInCu4 were measured us
ing resonant ultrasound spectroscopy~RUS!,13 a technique
that, from the measurement of the mechanical resonance
a well-shaped, mm-sized single crystal, allows the simu
neous determination of all of a solid’s elastic moduli. B
cause of this capability, only a single temperature swee
required to obtain a complete set of elastic moduli data
particularly important advantage when one is studying ph
transitions that are sharp and hysteretic. The pressure de
dence of the valence transition temperature was determ
resistively, using a Be-Cu clamp-type pressure cell with flo
rinert as the pressure-transmitting medium. The abso
pressure at low temperature was measured using a lead
nometer. The magnetic susceptibility as a function of te
perature and pressure was measured using a novel pre
cell designed to fit in a commercial superconducting qu
tum interference device magnetometer.14

In Fig. 1 we show the specific heat of YbInCu4 and of
LuInCu4 plotted as specific heat divided by temperatu
(cp /T) vs temperature. Just above 40 K,cp /T for YbInCu4
rises from 1 J/mol K2 to 8 J/mol K2 in less than 1 K and then
drops equally rapidly. Subtracting the LuInCu4 data from
that of YbInCu4 allows an estimate of the ‘‘magnetic’’ spe
cific heat of YbInCu4, which includes effects from both th
valence transition and the low-temperature mass enha
ment of YbInCu4 ~the Sommerfeld coefficient of YbInCu4 in
the low-T phase is approximately 50 mJ/mol K2). Integrat-
ing the ‘‘magnetic’’ specific heat gives the magnetic entro
shown in the inset of Fig. 1. The entropy jumpDS at the
valence transition is 10 J/mol K, taken as the difference
tween the two solid symbols in the figure. We know of tw
previous reports of specific-heat measurements through
valence transition in YbInCu4.

1,15 Hauseret al. report an es-
sentially linear increase of entropy from;3 J/mol K at 40 K
to ;11 J/mol K at 70 K. Felneret al. observe a two-peak
structure~at ;40 K and;60 K) in specific heat that leads t
an integrated entropy of 13.3 J/mol K at 70 K. These th
measurements yield similar entropy changes through

FIG. 1. Specific heat divided by temperature as a function
temperature for YbInCu4 and LuInCu4. The inferred magnetic en
tropy is shown in the inset. The latent heat associated with
valence transition is taken to be the change in entropy between
two solid symbols.
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transition range. The differences can be ascribed to stoic
metric variations throughout the sample leading to broade
transitions. We stress that the single sharp peak incp /T in
the present sample is consistent with the high quality
served in structural refinements and with a single homo
neous first-order phase transition.

We4–6 ~and others1,16–18! have previously reported a the
mal expansion anomaly at the valence transition in YbInC4.
The length of the sample increases byDL/L50.15% at the
valence transition over a temperature range comparabl
that of the specific-heat anomaly in Fig. 1. For a cubic m
terial the volume changeDV/V53DL/L in the limit of
smallDV andDL, and the Clausius-Clapeyron equation pr
dicts dTv /dP5DV/DS, whereTv is the valence transition
temperature andP is pressure, so one can estimate the th
modynamically expecteddTv /dP for the valence transition
from measured DL and DS. We infer dTv /dP5
22.5 K/kbar. This prediction is in good agreement with o
measureddTv /dP522 K/kbar, inferred from the resistivity
measurements shown in Fig. 2. Many other groups have
reported similar values fordTv /dP.1,15,16,19,20

In many mixed-valence materials where Kondo effe
are dominant, there are additional relationships among
rivatives of the free energy, beyond those required by ba
thermodynamics, that are found because of an experim
tally observed scaling of the free energy.21 Explicitly, if F
5FN(T,V)1Fe(T,V), i.e., the free energy is composed of
‘‘normal’’ contribution FN and an electronic contribution
Fe , which can be written as

Fe~T,V!52NkBT02NkBT f@T/T0~V!#, ~1!

where T0 , a characteristic temperature, has the domin
volume dependence in the free energy, one can defin
Gruneisen parameter characterizing the strength of this
ume dependence:

G52d ln T0 /d ln V5~2B/T0!dT0 /dP. ~2!

One can also show that, in terms of measurable thermo
namic derivatives,

f

e
he

FIG. 2. Resistance as a function of temperature at various fi
pressures for YbInCu4. The inset shows the inferred pressure d
pendence of the valence transition temperature.
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PRB 58 411THERMODYNAMICS OF THE FIRST-ORDER VALENCE . . .
G5bVBT /cp , ~3!

whereb is the thermal expansion,cp the specific heat, and
BT the isothermal bulk modulus. To be precise, one sho
subtract the background lattice contribution tob and cp ,
determined from measurements on nonmagnetic isomor
to correctly estimate the ‘‘magnetic’’ Gruneisen parame
from Eq. ~3! ~i.e., Gmag5bmagVBT /cp

mag). Naively, one
might expect such a free-energy-scaling relationship to h
for YbInCu4, not only because many aspects of the phys
can be described in a single-impurity Kondo picture~in par-
ticular Tv , the valence transition temperature, is appro
mately equal toT0

1 , the characteristic temperature of th
high-temperature state!4,7 but also because there is an o
served scaling between the magnetic field required to ind
the valence transition and the temperature at which the t
sition occurs that is strongly suggestive of a single unde
ing energy scale~perhaps associated withT0

1).9

For T,Tv , it is straightforward to estimateG from both
Eqs. ~3! and ~2!. Although the Gruneisen parameter is re
tively temperature independent forT,Tv , to be explicit we
take data atT510 K: bmag52331026 K21,4 a57.143 Å,6

cp
mag5500 mJ/mol K ~Fig. 1!, and BT510.531011

erg/cm3,22 which together implyG534.6, a reasonable valu
for a heavy Fermion compound with Sommerfeld coefficie
g550 mJ/mol K2.21 In the single-impurity limit,23 we know
T05C/x(T50), whereC is the J5 7

2 Curie constant, so a
measurement ofx (T50) as a function of pressure allow
us to determineG using Eq.~2!. These data are shown in Fig
3. We takex ~10 K! as an approximation ofx (T50),
calculatedT0 for eachP and from a linear fit toT0 vs P find
dT0 /dP5212.4 K/kbar or G530.6, in good agreemen
with our thermodynamic estimate.

One can also estimate the Gruneisen parameter by loo
at changes in the valence transition temperature and as
ating them withT0 .4 Although this is not strictly correct for
a first-order phase transition@the familiar Ehrenfest relation
that can be derived from Eqs.~2! and ~3! is only valid for
second order phase transitions#, it is often the case, as it i
here, that such a calculation yields a reasonable result. I
assume Tv5T0

1 , from Fig. 2 we know dTv /dP
522 K/kbar, so Eq.~2! implies G552. Alternatively, one

FIG. 3. Magnetic susceptibility of YbInCu4 as a function of
temperature at various fixed pressures.
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can take the literal definition ofG52(V/T0)DT0 /DV. At
the valence transition, we knowDT05375 andDV50.5%
which, using V and T0 appropriate to the high-T phase,
yieldsG53000, an unphysical value. Thus, every method
estimatingG, both in the low-T phase and at the phase tra
sition, gives a reasonable value of the Gruneisen param
except for that in whichDT0 is directly associated withDV
~i.e., when we make the assumption that the KVC model
valid description of the valence transition!. A similar obser-
vation has already been made in Ref. 4, where we argue
low carrier density is the driving mechanism behind the v
lence transition rather than Kondo volume collapse. T
band structure of YbInCu4 is such that a small change in th
Yb valence can give rise to large changes in effective c
duction electron density of state.10 Apparently, this nonlinear
feedback is sufficiently strong to give rise to a first-ord
transition.

Finally, we consider the response of the elastic modul
the valence transition in YbInCu4. Kindler et al. have per-
formed the only measurement of the elastic constants
YbInCu4 as a function of temperature to date,22 and these are
the data that we have used for the bulk modulus in the ab
Gruneisen analysis. These measurements were performe
a Bridgman-grown single crystal that had a valence tran
tion temperature of 65 K. They observed steplike drops
each of the measured elastic constants with transition wid
~a few K! comparable to those of other physical measu
ments performed on their crystal. For the longitudinal elas
constantcL , they also observed a Curie-Weiss-like tempe
ture dependence that extended approximately 25 K ab
and below the valence transition temperature. The existe
of this precursive rounding has significant consequences
the thermodynamic interpretation of the valence transition
YbInCu4. For a strongly first-order transition one expects
precursor effects in measured physical properties aboveTv ,
whereas for a transition that is second order or weakly fi
order, precursor effects may be allowed by symmetry—
shown, for example, by Kindleret al. in their Landau analy-
sis of the temperature dependence of their bulk modu
data.22

We have measured the elastic constants of a flux-gro
single crystal of YbInCu4 as a function of temperature usin
RUS in order to determine if the elastic moduli depend
the valence transition temperature of the crystal~our crystals
have Tv542 K whereas Kindleret al.’s crystal had Tv
565 K) and to study the extent to which precursive round
exists in our lower-Tv samples. In Fig. 4 we show the tem
perature dependence of representative resonance freque
of our crystal. In general, a measured resonance freque
depends on a complicated linear combination of each o
solid’s elastic moduli, so that modulus information cannot
extracted easily from the temperature dependence of an
bitrary resonance frequency. However, it is straightforwa
to infer best-fit values of all of the elastic constants at a giv
temperature from the complete set of resonance frequen
assuming that the size, shape, density, and crystallogra
orientation of the sample are known.13 Our fits at tempera-
tures far above the valence transition are in good quantita
agreement with the results of Kindleret al.,22 so here we
focus only on the relative temperature dependence of
measured frequencies.
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412 PRB 58J. L. SARRAOet al.
To first order, the frequencies in Fig. 4 are temperat
independent at high temperature, drop sharply over a v
narrow range ofT (;1 K), and are temperature independe
at low temperature. Unfortunately, because of the very ra
change in frequencies atTv , we are unable to track indi
vidual resonances through the valence transition and are
unable to obtain a self-consistent elastic constant fit to
measured frequencies belowTv . This is presumably due to
the significant strain induced by the volume expansion, a
uncommon effect associated with such large volu
changes. Furthermore, on warming back aboveTv , the mea-
sured frequencies are not reproducible, suggestive of mi
cracking and strain-induced disorder, a phenomenon also
served in our resistivity data.7 Despite these experimenta
complications, two general conclusions can be drawn fr
our RUS data. The data of Kindleret al.,22 at least away
from the valence transition, are sound, and the ‘‘ba
ground’’ elastic constants are independent of the preciseTv
of a crystal. Near the valence transition it is not clear that
Landau-type analysis of Kindleret al.22 is appropriate for
samples with lowerTv . Although this conclusion may be
clouded because of our inability to track resonances thro
the transition, it appears that the essentially symmetric s
ening that Kindleret al.22 observed forcL near Tv is not
reproduced in any of our resonance frequency data.

In order to address the issue of precursive rounding in
elastic constants at temperatures greater thanTv , we show in
Fig. 5 the temperature dependence of one of the reson
frequencies shown in Fig. 4. Again, data are only shown
T.Tv because we are unable to track the evolution o
particular resonance frequency belowTv . One should note
that this is true of all resonance frequencies, even those
are not coupled to the bulk modulus—in an RUS measu
ment on a sample with near-unity aspect ratios, the low
frequency modes depend purely on shear moduli and are
uncoupled to the bulk modulus—an observation entirely c
sistent with Kindleret al.’s finding that all elastic moduli
drop appreciably at the valence transition. In the KV
model, only the bulk modulus should show such a chan
because the dominant functional dependence is the vol
dependence of thef -electron occupation numbernf and the
bulk modulus is the appropriate conjugate susceptibility. P

FIG. 4. Measured resonance frequencies of a single crysta
YbInCu4 as a function of temperature.
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sumably, the origin of the observed changes in all ela
moduli is the splitting of the YbJ5 7

2 multiplet by crystal-
electric fields, observed for YbInCu4 by Severinget al. for
T.Tv ,24 which give rise to anisotropies in thef -electron
wave functions and therefore in the volume dependence
nf , thereby allowing coupling to moduli other than the bu
modulus.

If one allows such a coupling of the valence transition
each of the elastic moduli, one can explore the tempera
dependence of a particular resonance frequency as repre
tative of the overall elastic response. In Fig. 5, we show t
the temperature dependence of a measured resonance
quency~plotted as frequency squared so as to have the t
perature dependence appropriate to an elastic modulus! can
be well described by two contributions—a background l
tice term and a contribution due to the temperature dep
dence ofnf in the absence of a valence transition. The back-
ground contribution is estimated by the Varshni function25

an expression that has been found empirically to desc
well the temperature dependence of the lattice contribu
to the elastic moduli:

ci j
L ~T!5ci j

0 2S/@exp~t/T!21# ~4!

with ci j
0 54353109 MHz2, S5413109 MHz2, and t

5323 K. In the noncrossing approximation, Bickers, Co
and Wilkins have calculated the temperature dependenc
nf as a function of the Kondo temperature of a system23 ~see
inset, Fig. 5!. We have previously inferred a value for th
Kondo temperature for YbInCu4 for T.Tv and have per-
formedL III measurements to verify the accuracy of Bicke
Cox, and Wilkins’ prediction fornf(T) for YbInCu4.

4 This
contribution to the elastic constant, again most simply und
stood as due to the volume dependence ofnf , can be written
asci j

f (T)5a@nf(T)-nf(300)#, wherea57323109 MHz2 is
a temperature-independent constant.26 The fitted ci j (T)
5ci j

L (T)1ci j
f (T), shown as the solid line in Fig. 5, agree

remarkably well with the data, given the simplicity of ou

of FIG. 5. The experimentally observed temperature dependenc
a particular resonance frequency~open symbols! of YbInCu4 and
the predicted temperature dependence~solid line! due to a model
described in the text. The inset shows the theoretically predic
temperature dependence of thef occupation number,nf . See text
for details.
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PRB 58 413THERMODYNAMICS OF THE FIRST-ORDER VALENCE . . .
model. Again it should be pointed out that theci j
f (T) contri-

bution is not an effect due to the valence transition but rat
to the normal evolution ofnf(T). Recent RUS measuremen
on YbAgCu4 ~in which there is no valence transition! bear
this out.27 Therefore, we argue that there are no precur
effects in the elastic moduli associated directly with the
lence transition in YbInCu4 and that, consistent with ou
specific-heat data, the transition is thermodynamically fi
order.

In summary, we have shown that the isostructural vale
transition that occurs in YbInCu4 is thermodynamically first
order. Although rather obvious from this and previous da
the conclusion that YbInCu4 displays a first-order transition
is somewhat at odds with the observed magnetic-field t
perature scaling9 that suggests the existence of a single
ergy scale associated with the transition. Typically, two
ergy scales are required~e.g., the van der Waals equation
state! to give rise to a first-order phase change, whereas o
one seems to be present in YbInCu4. As regards the mecha
nism underlying the transition, although a Gruneisen anal
of the free energy both above and below the valence tra
.
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tion appears reasonable, the change in volume at the val
transition is insufficient to explain the observed change
Kondo temperature. This is in striking contrast to the case
g-a Ce, where the Kondo volume collapse model quant
tively explains the observed transition. Although more wo
is needed to elucidate the detailed nature of the high-T state
in YbInCu4, and in particular, to evaluate the effects of t
observed crystal field splitting of the Yb multiplet on th
valence transition, a single-impurity description of this sta
may be inadequate, and it appears that the hybridizatio
individual crystal-field multiplets and density-of-state effec
must be considered in order to adequately desc
YbInCu4’s isostructural valence transition.
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