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We report measurements of the low-temperature specific-heat coefficie@},(T)/T, cell volumeV(T),
Hall coefficientRy(T), and valencez=2+ n; [where the Yb hole occupatiom;(T) was determined from
Yb-L; x-ray absorptioh of single crystals of Yblp ,Ag,Cu,. Alloying YbInCu, with Ag increases the
temperaturd ((x) of the first-order isomorphic phase transition and causes it to terminate at a critical point at
X.=0.195 andT.=77 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
temperaturesT(x) are of order of the Kondo temperatur@g (x) of the high-temperature state. The cell
volume is found to vary proportionally to-1n;(T). At low temperatures, well away from the transition, the
Wilson ratio of the susceptibility(0) and specific heat coefficientfalls within 20% of the value predicted for
a Kondo impurity, and +n;(0) andx(0) are roughly proportional as predicted from the Anderson model. The
temperature dependenng(T) for temperatures away from the phase transition also fits the predictions of the
Kondo model. The small volume discontinuiyv/V, observed af ¢ suggests that the phase transition is not
due to a Kondo volume collapse. The large Hall coefficigféT) observed fox<x. andT>T4(x) suggest
instead that a low carrier density in the high-temperature state plays a key role in the phase transition.
[S0163-18297)08436-1

INTRODUCTION In this paper we report studies of the volume thermal
expansiong(T), the low temperature specific he@,(T),
YbInCu, has a phase transitib? at T;=40K that is the Hall coefficienR(T) and the 4 hole occupatiom;(T)
similar to the “isomorphic” a-y transition in Ce metel.The (as measured by; x-ray absorptioh of YbIn;_,Ag,Cu,.
density changes(by 0.5% at the transitioh with no  Well away from the phase boundary, these properties and the
changé™*°in the crystal symmetrycubic C15b structuré).  susceptibility interrelate as predicted for a Kondo impurity,
In the high-temperature state the Yb ion is nearly trivatent, and the cell volume varies proportionally te-h, . Near the
the susceptibility indicates Yb-4 local moment paramag- critical point, the phase transition can be well described by
netism, and the spin dynamfcare as predicted for a Kondo 4 equation of state similar to that repoftddr Ce,_, Th,
impurity with a small characteristic temperatureT(  gjioys. In addition, we confirm directly the assumption made
~25K). In the low temperature state the Yb ion is mixed, ype oider study that the order parameter is thieodcupa-
valelr_lt (~2.8), the Sudscﬁpt'b'“.ty ('js that of an eﬂhance]ﬁjtion numbern; and that the phase transition temperature
Pauli paramagnet, and the spin dynamics are those o s(X) corresponds approximately to the Kondo temperature

EOSnodooK)lmpurlty with large - characteristic - energyT( Tk (x) of the high temperature state. Despite the similarities

YbInCu, offers a number of advantages over Ce forto thg_Ceq-ytransition, we will argue that the isomorphic
studying such an isomorphic phase transition, not the leadf@nsition is not due to a Kondo volume collapsmut is
being that single crystals are availaBMle have showhthat ~ connected with a low carrier densify\anomalously large
our flux-grown crystals are more highly ordered than poly-Rn(T)] observed in the high temperature state of YblpCu
crystal counterparts, and we have begun a study of the prop-
erties of this 7com_pound and its. fa_lloys, in particular EXPERIMENTAL DETAILS
Ybln;_,Ag,Cu,." Using the susceptibilityy(T), we have
estimated the variation of the Kondo temperature for differ- The samples were single crystals grown in_IpAg,Cu
ent values of alloy concentrationand temperatur&, and  flux, as reported earli€rA thermal relaxation methdfwas
we have shown that there is a critical point for the isomor-used to measure the specific heat of small10—30 mg)
phic transition in thex—T plane nearx,~0.20 andT, samples. The thermal expansion was measured by capacitive
~80 K. dilatometry; samples with dimensions a few mm on a side
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FIG. 1. The low-temperature specific hea,(T) of ¥ 10:' * -
Ybin; _,Ag,Cu, plotted asC,(T)/T versus the square of the tem- S 4 Aay 4 s 4 ]
perature for several values of alloy concentratiorThe solid lines = ol v (9) ]
are fits to the functional forn€,(T)=yT+ T2, % 0.0 0.5 1.0
X

were loaded in an oxygen-free high conductii@HC) Cu ) o -
dilatometry celt* and the capacitance was measured using a F!G- 2. (&) The electronic coefficients of specific heat of
three-terminal automated capacitance bridge. A sample ofPIN1-xAgxCu, determined from the data of Fig. 1, plotted versus
high-purity copper was measured to determine backgrounﬂ”oy concentl_ratlonx. (b) The low-temperature hple .occupatlon
and provide absolute calibration. The experimental resolult(0), determined from thé ; data forT=15K as in Fig. 5, and
tion for the sample length measurement was.1 A The plotted versux. (c) Th_eT=0 susceptll‘blllty_, obFayllned from the data
Hall voltage was measured in fields ofl T for samples of of Ref. 7 after correction for a small “Curie tail,” plotted versxs
typical dimension 0.%2X5 mm using an LR400 ac resis-
tance bridge. Any small misalignment voltage was compen
sated electronically and the magnetoresistance was cancel
by reversing the polarity of the field. For fields less than 1 T
the signal was linear in applied field. The magnetic suscepy |
tibility results reported below were taken from the same ex
periments(which used a SQUID magnetometereported
earlier! the susceptibility has been reanalyzed to correct for R (T)=R,(1+eT)+ n(gus/ks) (x(T)/C)p(T). (1)
a small low temperature “Curie tail.” For the; measure-

ment, flux-grown crystals were finely powdered and dusted —— . .

The linear coefficientsy are plotted as a function of alloy
cancentration in Fig. @) and compared to the values of the
und-state susceptibility(0).

The Hall coefficients for a series of alloys as well as for
InCu, and LUAgCuy are shown in Fig. 3. The solid lines
represent least-square fits to the equation

onto Kapton tape, then loaded in the window of an aluminum 0 2 AOA‘
holder which itself was mounted in a continuous flow He
cryostat. The experiments were performed in the transmis-
sion mode on Beam Line 2-3 at the Stanford Synchrotron
Radiation LaboratorySSRL) utilizing a S{220 monochro- o ¥ e w03
mator, detuned 50% to avoid harmonic contamination, and Ak et M T
standard ionization detectors. For energy calibration, we si- g 0 “ A =10 @
multaneously measured a Cu foil standard. We subtracted a ME . Lo L“AQC“:' :
linear background, determined in a wide interval of energy 3 0 o, = 0 () ]
below the absorption edge, from the data and scaled the av- ) asan : :;3;1,5
erage absorption in the extended x-ray-absorption fine- of 2 4 A x02 ]
structure(EXAFS) region to unity. 4: . W
M >
RESULTS AND ANALYSIS g[00000 T7 ]
The low-temperature specific heat of representative alloys sl . YbIn, Ag Cu, ]
is shgo_wn in Fig. 1. We fit the datazto the ;orﬁb(T)= yT 0 T ol
+4T° in the temperature range<0T<<20 K=, All samples T (K)

had values ofs~0.49 mJ/mol ¥, which corresponds to a

Debye temperaturép, =288 K. Forx=0 and 0.1 a very FIG. 3. The Hall coefficienR,,(T) for Ybln,_,Ag,Cu, and for

small (~1%) lambda anomaly was seen n2& due to the  LuAgCu, and LulnCu. Note the change of scale betwegh and
onset of superconductivity in free In on the sample surface(b). The solid lines are fits to Eq1).
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FIG. 4. The normal Hall constamR, obtained from fits of Eq. 0
(1) to the data of Fig. 3. Fox=0-0.2 the solid circles represent

values ofRy obtained in the high-temperature state, whereas the

open circles represent the values obtained in the low-temperature Energy (eV)
state. If the carrier density obef = 1/ne, then the carrier density
is anomalously low foff > T¢(x) whenx<x.~0.2. FIG. 5. (a) TheL; spectra of Yblg;5Ag, 25Cuy at several tem-

peratures plotted versus photon energy. A linear background has
The first term represents the ordinary Hall effect; the conbeen subtracted from the data, and the spectra are normalized to a
stantse are of order— (0.001—0.003) K! for all x, compa-  step height of unity in the EXAFS regioth) An example of the
rable to the value-0.001 K * found for LulnCuy. The sec- fitting procedure for extracting thef4hole occupatiom; and va-
ond term represents skew scattetingf the conduction lencez=2+n; from the datasquaresfor Ybing 7:Ado<Cuy at T
electrons from Kondo impurities, wheit@=2.582 emu K/ =15 K. The dashed and dotted lines are replicas of the absorption
mol andg=8/7 are the YbJ=7/2 free ion Curie constant line shape of LuinCy which is chosen to represent integral-valent
and Landefactors, respectively, and(T) is the resistivity apsorption. The _dashe(dotted Ii_ne is shifted in energy to c_oin_cide
(taken from Ref. ¥. According to theory‘ the dimensionless Wlth the_ absorption edge for trlvale_(rﬂlvalem Yb._Thg solid line
constanty should approximately equal si, where 8, is is a weighted sum of_ the two replicas, Y\IIth welghtln_g factofs
the phase shift for nonresonant scatterifegg., potential (trlvalen_l) and 1-n; (divalen) chosen to give the best fi{See text
scattering in thed channel. This phase shift should not be for details)
large; values as large as 0.2 are deemed unredifisig.this Thel ; x-ray-absorption spectra for YijpsAgg »:Cu, are
criterion, the values we obtain fop from the fits for  shown in Fig. %a). A shoulder near 8937 eV, which repre-
YbInCu,, YbIngoAgo,Cus, and YbAgCy (—0.07, +0.08,  sents absorption by divalent Yb, appears as the temperature
and +0.07 are quite reasonable but the larger values obis lowered, and the “white line” at 8945 eV and secondary
served for intermediat& (0.8, 0.5,—1.1, and—0.6 forx  peak at 8950 eV, which represent absorption by trivalent Yb,
=0.175, 0.2, 0.3, and 0.8, respectivebre too large. We decrease with temperature. Spectra for other valuesare
have not corrected the resistivity for background scatteringimilar, but show differing degrees of temperature depen-
such as electron-phonon scattering; the resulting smaller retence. To determine the Yb valenze 2+ n; (wheren; is
sistivity would require an even larger value gfto be used the occupation number of holes in thé ghel) from these
in the fits. Forx=<0.2, the major temperature dependencespectra, we adopt a standard procedigg., Ref. 1. We
comes from the normal term, and is comparable to the temdetermine the energy dependence for trivalent absorption by
perature dependence for LulnCwvhile for x=0.5, the fac-  measuring thel; absorption spectra of LulnGuand
tor of 6 change in the Hall coefficient is much too large to bel uAgCu,; these had essentially identical absorption spectra
explained by skew scattering, since the resistivity and susthat were independent of temperatiwéich also establishes
ceptibility for this compoun@ vary only by 10% over the that any temperature dependence observed in the Yb com-
whole temperature range. Hence the large valueg ob-  pounds is due to change of the valend&/e smoothed the
served for 0.175x=<0.8 may arise from incorrect estima- Lu spectrum in the region below its absorption edge at 9240
tion of the normal Hall contribution. Despite these reservaeV to account for the fact that the Ly absorption is super-
tions, the estimates @}, obtained from these fits, which are imposed on the EXAFS from the Qi edge at 9000 eV
plotted in Fig. 4, are essentially correct because any errors ifwhich is not the case for the Yb; edge at 8940 e) also,
Ro will be modest. In the simplest picture, one can reR§e  we adjusted the Lu spectra so that the slope at an energy 20
to the carrier concentration bR,=1/ne, wheren is the eV below the “white line” agreed with the slope of the
carrier concentration and is charge of the carrier. For  spectra of the Yb compounds at 8920 eV, which is 20 eV
=0, n changes from 0.07 carriers per formula unit fbr  below the white line for the trivalent component. This gave
>Tg to 2.2 carriers per formula unit fof <Tg. Though  our assumed form for the trivalent spectrum. We then fit the
there may be some error Ry, the important point is that Yb spectrum to the sum of two replicas of this trivalent spec-
there is a large change iR, between the high- and low- trum, one representing trivalent absorption with a white line
temperature state fox=x.~0.20 and between the high- centered at 8945 eV, and the other representing divalent ab-
temperature states for<<0.2 andx>0.2. A more thorough sorption with a white line centered at 8937 eV. A represen-
multiband analysis would not change this conclusion. tative fit, including the Yb spectrum, as well as the divalent
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0.9 =0 ] temperature volumefor YbIng 75Agg 2:Cu, and LUAgCuy plotted
versus the temperature. The anomalous contribution to the cell vol-
ume 8V(T)/V, is the difference between these two curves.

:";/J T FIG. 7. The cell volumeV(T)/V, (where V, is the room-

S T 200 300
T &) authors'® In the analysis it is necessary to add a constant to
FIG. 6. The 4 occupation numbers(T) of Ybln,_,Ag,Cu, the room-temperature value obV(T)/Vo=[V(Yb)/V,
plotted versus temperature for five values of alloy concentration — V(Lu)/V,] (which would otherwise be zeyso that Eq.
The solid symbols are determined frdm data as in Fig. 5. The (2) gives the corredt ; valence at the room temperature. The
solid lines are determined from the anomalous contributionresultingn;(T) curves for several values afare plotted in
8V(T)/V, to the cell volumésee Fig. 7, using Eq(2). The dashed Fig. 6 along with the values determined from thegexperi-
lines are theoretical calculations using the Anderson mga text  ments.
for details. From Fig. 6 it can be seen that the discontinuity observed
at the first order transitionT;=40 K) in YbInCu, becomes
and trivalent replicas, is shown in Fig(th. The 4f hole  proad and S-shaped far=0.25. This means that in the T
occupatiom; was then determined from the relative weights pjane, the line of first-order transitiog(x) terminates at a
of the divalent and trivalent contributions. The ground-stategyitical point at somex,<0.25 and that for largex the tran-
values ofn¢(0) are plotted in Fig. @), and the temperature sijtions are analytic. In Fig. 8 we platV(T)/Vy(x) for con-
dependenceny(T) for different alloy concentration is  centrationsx<0.3 and for a temperature intervat30 K
plotted as solid circles in Fig. 6. about the temperaturg(x) of the isostructural transition.
The assumptions that the divalent line shape is a replica gfjere AV(T)=V(T)—=Vy(X), Vo(X)=V(Ts(X)), and T¢(x)
analog compound are not expected to be strictly valid, and tgnown were all taken on warming the samptee values of

the extent that they are not valid, we expect systematic errof (x) are shown in Fig. 9. To locate the critical point, we
in our estimates oh;. As shown in Fig. 6 and discussed

further below, the values of;(T) deduced from thé& ; mea-

surement correspond to those deduced from the thermal ex- 0.004 ' ; ; '

———
x=0

pansion and from the theory of an Anderson impurity; this x=0.175
lends support to the procedure. 0.002 s ]
As a representative example of the measurement of x=0.25 ;

sample volume using the capacitive dilatometer, we show

V(T)/Vy (where Vy is the volume at 300 K for ° 0.000
Yblng 76Adg 2:CU, in Fig. 7. Also included are the data for
the trivalent compound LuAgGu This compound has nearly
the same thermal expansion as LulpCand hence we as-
sume that it equals the thermal expansion of trivalent Yb for YbIn, Ag Cu,
all alloy concentrationg. Subtracting this from the Yb data, -0.004 . . L

we arrive at the anomalous contributiagiv(T)/V, to the -0 20 -10 0 10 20 30
volume which arises from the change in valence with tem- T-T, (K)

perature. We calculate; from the formula

AV/V

-0.002

FIG. 8. A plot of AV(T)/V,(x) versus temperature in an inter-
1-ng(T)=[V(T)/IVo]/[ (V2= V3)/ Vo], (2)  val =30K about the temperatufBy(x) of the isostructural transi-
tion for several concentrations<0.3 of YbiIn,_,Ag,Cu, Here
whereV, andV; are the ground-state volumes of the hypo- Av(T)=v(T) - V,(x), where Vo(x)=V(T(x)). The solid lines
thetical divalent and trivalent Yb compounds. Since the therrepresent predictions of the mean-field equation of Jtate (3)].
mal expansions are smaW; andV, are equal to within @ The curves forx<0.20 represent first-order transitions, far
few tenths of a percent, sovg—V3)/Vo~[(V2/V3)—1];  >0.20, analytic(“supercritical”) transitions, and fox=0.20 the
we use the valueV,/V3;=1.046 suggested by earlier curve represents a critical transitionxat x. .
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FIG. 9. (a) The inverse of the maximum value of the volume o< . . . .
thermal expansion coefficier,,,, plotted versus alloy concentra- 0.0 0.5 1.0
tion x for YbiIn; _,Ag,Cu,. By Eq.(4) the maximum valug,,, for X
anyx>x. occurs wherT =T(x); furthermoreg,, ., extrapolates to ) . o .
zero atx=x.. We deduce thak,~0.20; for x<0.20 there is a FIG. 10. (a) The Wilson ratio of susceptibility and specific heat

residual value of3,., due to inhomogeneity rounding of the first- R=(m?RI3C)(x!7) plotted versus alloy parametex for
order transitions. The solid line represents the prediction of@q. YP!N1-xAgCly. The prediction of the Kondo model for B=7/2
using the same parameters as in FigtB.The temperatureS(x) ~ Moment isR=8/7. (b) The Kondo temperature$, of the low-
of the isostructural transitions, determined from the temperature diémperature state, taken &g =C/x(0) (solid circles, and Ty of
the maximum valugg,,, of volume thermal expansion, and plotted the high-temperature state, obtained by fitting the high-temperature
versusx (solid circles. susceptibility to the Kondo model as in Ref(@pen circle}, plot-

ted versusx. Inset: the low-temperature Kondo temperatiig

. . . _ lotted versus the low-temperaturé Aole occupatiom;(0). The
have fit the data to a mean-field equation of state similar t&'0 <. - f
. . . solid lines represent the predictions of E4) for I'=350 and 900
that used in the pdsto describe the behavior of the-y K
transition in Cg_,Th, alloys:
DISCUSSION

3 — _
a(AV/Vo)™+DAX(AVIVo) =AT—cAx. ) We first discuss the behavior in the region away from the

phase boundary4(x). Examination of Fig. 2 shows that at
low temperature the quantitieg0), y, andn;(0) all vary
proportionally. In fact, all three quantities reach a maximum
value for x~0.8 corresponding to the low-temperature
Kondo temperature having its minimum value for the alloy
B~ t=3a(AV/IVq)2+DbAx. (4)  series at this concentration. In Fig.(ADwe show the Wilson
ratio, i.e., the normalized rati® = (7w2R/3C)(x/y), where
For any x>x., the maximum valueB. occurs atT  Ris the gas constant ar@lis the free ion Curie constant for
=T¢(x)=T.+cAx and B,,5=bAx, which extrapolates to J=7/2Yb. In the Kondo limit of the impurity Anderson
zero atx=x.. We plot this in Fig. 9, where it can be seen model* this ratio should have the valuR=(2J+1)/2]
that x,~0.20 for which T,~80 K. [For x<x., the first- =8/7. The data lie within 20% of this value for atl In
order transitions are not perfectly sharp, due to inhomogenesvaluating’® we have not corrected either(0) or y for
ity rounding; hence they have a finite but large slope abackground contributions, which are best estimated by mea-
T¢(x).] These values ok, and T, are in good agreement suring these quantities for the counterpart LulpAg,Cu,
with those determined earlier from the susceptibifitwe compounds; howevery(0) is known® to be small 0.5
then fit the data in Fig. 8 to Eq3); the fits are shown as %10 2 emu/mol) in LuInCy, and we have measured an
solid lines, and the values of parameters age=77+2 K, even smaller value (0.0510 2 emu/mol) for
Xc=0.195+0.005, a=[(0.96-0.21)+(16.7=2.0)AX]  LulnysAdoCus. Hence this correction should have little ef-
x10° K, b=(7.9£0.8)x10* K, and c=211+9K. The fect on R. On the other hand, for LuyyAg,-Cu, and
solid line in Fig. 9 represents the prediction fof.(X) using  LuAgCu, we measurey="7.0 and 10.1 mJ/mol ¥ respec-
these values. Although inhomogeneity rounding is apparertively; assuming that this is the background contribution,
in Figs. 8 and 9, and there appear to be small secondamgorrecting for this gives a 4-5 % increase7to 1.10 and
transitions forx= 0.2 and 0.22%again, probably due to alloy 0.91 for the two Yb compounds, respectively. If the correc-
inhomogeneity, the equation of state gives a reasonabletion required for small x has a comparable value
overall description of the data in the vicinity of the critical (10 mJ/mol K¥), the resulting increase iR would be even
point. larger, e.g., to a value 1.62 for Ybingu

In this expressiomMAx=x—x, and AT=T—-T., whereT,
=T4(X.). To determinex. we note that the volume thermal
expansion arising from the equation of state is
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In the Kondo impurity limit it is approximately trdéthat ~ §V(T)/V, does indeed vary proportionally to;, as deter-
the Kondo temperatur@y is related to the susceptibility by mined from thel ; experiments.
x(0)=C/Tx and to the hybridization strengthl’ We now turn to the phase transition. Figure 8 shows that
=VZp(er) [whereV,; is the 4f conduction electron hybrid- the data are well fit by a mean-field equation of ste.
ization matrix element ang(eg) the conduction electron (3)] that itself follows from a Landau free energy of the

density of states at the Fermi leydly form,
Tk=[(23+1)I'/7{[1—n:(0)]/n(0)}. 5 ® = (a/4)(AVIVy)*+ (bAXI2)(AV/IV,)?
In Fig. 10b) we plot the Kondo temperature of the low- —(AT—CcAX)(AV/Vy). (6)

temperature phasg, =C/x(0) as a function of, and in

the inset to Fig. 1@ as a function ofn¢(0), thelatter de-  This is of the same form as has been shown to be valid for
termined from thel ; results(Fig. 2). The values off in-  the a-y transition in Cg_,Th, alloys® where it was pointed
crease as 1n;(0) increases, but they cannot be fit by Eq. out that it is analogous to the free energy of a ferromagnet in
(5) assuming a constant value Bffor all values ofx. If we  a magnetic field, but with the replacementsT=T
take Eq.(5) literally, then the inset suggests tHatlecreases —T,—Ax=x—x, andH—T—T,(x)=AT—cAx. We note
from a value of order 900 K(0.078 eV for the low- further that in the older work it was assumed that in the
temperature state at=0 and 0.25 to a value of order 350 K vicinity of the critical point the volume chang&V(T)/V,
(0.029 eV for x=0.75 and 1; the crossover data point occursvaries proportionally tan¢(T). Our L3 results allow us to
atx=0.5. The open triangles in the inset represent estimatesonfirm this assumptiofisee especially the case=0.25 in
of T, (obtained by fitting the high-temperature susceptibility Fig. 6). This means that the order parameter can be taken to
to the predictions of the Kondo model as in Rej. &hd  be the 4 occupation numben; .
n¢(0) for the high-temperature state for=0 and 0.25; these The phase transition can be viewed very generally in the
suggest even smaller values Iof following way. In the absence of interactions between the 4
In Fig. 6 we compare the experimental results for theelectrons, the system obeys the energetics of the single-ion
temperaturedependence of the occupation numbegfT) to  Anderson model. The occupation numierder parametér
the prediction¥* of the Anderson model. We have used the-n; saturates to unity at high temperature in order to lower the
oretical results forJ=5/2 since results fod=7/2 have not free energy by taking advantage of the spin entropy available
been reported; we assume that differences between the pnehen the Yb 4 electron localizes in the trivalent state. This
dictions for the two cases are small and of the order of exereates the analogy between temperature in the isomorphic
perimental error. The theoretical curves obey a scaling relatransition and magnetic field in the ferromagnetic transition
tion and are fixed by two parameters(0) and Tk . For x (where the order parameter saturates at high magnetig. field
=0.5, we use the values far;(0) andT, =C/x(0) deter- Some form of interaction coupling the values mf on dif-
mined from Fig. 2; forx=0 and 0.25, we use the high- ferent sites creates the highly nonlinear dependence of the
temperature value of,; and choos@;(0) to give a good fit order parameten; on T that drives the phase transition.
to the high-temperature data. The theory represents the data In the case of a mean-field ferromagnet, the strength of
reasonab|y well at all temperatures for0.5; for smallerx the interactions is measured by the molecular field constant
(where the phase transition causes a changgiwith tem- ~ A=T/C (whereC is the Curie constaptind is reflected in
perature, as discussed belpihe theory fits the data well at the term p/2)(T—T)M? in the free energy. By analogy the
temperatures sufficiently greater thaig(x). strength of the interactions for the isomorphic transition is
Hence the single impurity Anderson model is adequate téneasured by, or rather by the ratidx./a. (More pre-
interrelate the ground-state quantitjig®), y, andn¢(0) and  Cisely, the value ok, measures the efficiency of the solute in
to describe the temperature dependence;(f). It has also  Weakening the interactionsA study of how the critical con-
been showhto describe the magnetic inelastic neutron scatcentrationx, depends on the solutk! in Ybin;_,M,Cu,
tering spectrum of YbInCu On the other hand, the Yb sub- would thus give secondary information on the physical
lattice is periodic in these compounds and the periodicity ishemistry of the interactions.
expected* to give rise to “coherence” at low temperatures. ~ As can be seen in the pl¢Fig. 100 of the Kondo tem-
A possible manifestation of coherence in our data is the obperaturesT, and T of the low and high temperature states,
served deviation of the Wilson ratio from the value 8/7 ex-there is a large change in the Kondo temperature at the phase
pected for a Kondo impurity. This could occur if the ground- transition. This has been directly obser¥énl neutron scat-
state 4 spectrum is that of a narrowf4band with structure tering experiments. This decrease TR aboveTs is con-
different from the nearly Lorentzian resonance spectrunnected with the large decrease in hybridization paramniéter
expecte&i4 for an Anderson impurity. mentioned above. In addition, the phase transition tempera-
The Anderson model does not include coupling to the celture T¢(x) is very nearly equal to the Kondo temperatiije
volume, which must be added as an additional assumptiorof the high temperature state; this can be seen by comparing
The oldest assumptidiis that, because the divalent Ybion is Figs. 9 and 10. A similar relationship was observed in
larger than the trivalent ion, the cell volum&V/(T)/V,  Ce_,Th, alloys® and in y-Cel” where the Curie-Weis#
should vary proportionally to;, i.e., Eq.(2) should give an (which is an estimate o) satisfiesd(P)=T(P)/2. The
adequate description of the relationship between these quareason for this equality is that the transition occurs when
tities. Figure 6 shows that for mostandT the cell volume begins to change rapidly with temperature, and the most
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rapid variation ofn¢(T) occurs at temperatures in the vicin-  In summary, the isomorphic phase transition in YblpCu
ity of Tk . Because the high-temperature state has the smallé similar to that occurring in Ce metal in two respects. First,
Kondo temperature, as the temperature increases to valuesludth Ybin, _,Ag,Cu, and Cg_,Th, obey a similar mean-
orderler the system can gain spin entropy and hence lowefield equation of state. This is a very general feature of this
the free energy by transforming to the high-temperatureclass of transitiond! Second, in both cases large changes in
state. Kondo temperature are observed at the phase transition,
The key question for understanding isomorphic transitiondvhere the phase transition temperature is comparable to the
concemns the precise nature of the interactions responsible féondo temperaturd of the high-temperature state. The
the transition. A large change ifi is also observed at the System lowers the free energy by taking advantage of the
Ce a— y transition, which suggests a similar mechanism forlarge spin entropy available Gf>Ty . The transitions dif-
the phase transition. The Kondo volume collagga/c)  fer, however, in that for Ce, as opposed to Yhipthe large
modeP of the Cea— v transition is based on the idea that the change inTy is driven by a large volume change.
isomorphic transition arises from dependence of the A POssible clue tothe origin of the phase transition can be
4f-conduction electron hybridizatioR on cell volume. As seen in Fig. 4. The high-temperature Hall coefficieRts

the temperature is lowered amg decreases, the degree of vary dramatically as a function of f[he _Ag alloying. I it is
) . ; : sumed that the carrier concentration is coupled to the phase
mixed valence increases causing a decrease in the Ce cel

olume: this increases thef4onduction electron overla ansition, then it should be possible to estimate the critical
volume, This | ) duct verap, concentratiorx. from Ry(x) by determining wherelR,/dx
and consequently increasés which in turn[by Eqg. (5)] has its maximum value. Using this technique yiekds-0.2
increasesTk and hence decreasd@$Ty . Becausen; is a

- ) - i ’ in agreement with the value determined from thermal expan-
monotonically increasing fupcnon.dT/TK, the.net effectis  gion measurements. The large Hall coefficieRgsobserved
thatn; decreases more rapidly with decreasing temperaturg, the high-temperature state for<x,~0.2 suggest an
than in the absence of the effect. In this model the existencgnomalously small carrier density in this region of the phase
of the transition depends on a large change in Kondo condiagram. This low carrier density is also observed in
densation energy~kgTg) correlated with the large change LulnCu,, and it has been attribut&to semimetallic behav-
in cell volume at the phase transition and a substantial volior, where hole and electron pockets with small carrier den-
ume dependence of the hybridizatibh Quantitatively, the sity (0.04 carriers per formula unit, in reasonable agreement
change in Ty at the transition satisfiesATy/Tx= with our experimental value of 0.0verlap at the Fermi
—QAVIV,y, where Q=—9dInT¢/dInV is the Gruneisen surface. As a result there is a valley with a small density of
parameter. The latter can be estimated from the pressure dstatesp(eg) at the Fermi level separating a peak belew
pendence of the Curie-Weigsparameter §=Ty) using the ~ with a large density of hybrid Cs; p, d, Lu-d and Inp
formula Q=B(1/6)d6/dP, whereB is the bulk modulus. States from a peak abowg with a large density of Lud
Using the measured values fop-Ce [B=215kbarl®  states. Assuming that for trivalent Yb the Fermi level will
(1/6)d0/dP=0.2 kbar!” and AV/V,~-0.2 (Ref. 17] also be in the valley, theﬁ=V§fp(eF) would be small, and
gives Q=43 andAT,/Tx=8.6. The observed increase in thereforeT will be small, as observed. In the mixed valent
Ty at the transitior(from 200 K for y-cerium to 1500 K for state, e_Iectrons must be removgd from the conductlon band
a-ceriun?) is consistent with this estimate. to provide the extra electrons in the YWf &hell. If this
lowers the Fermi level into the region of the peak in the
density of states, thel and henceTy will increase. This
theory agrees well with our experimental observation that the
carrier density changes from 0.07 to 2.2 carriers per formula
unit at T in YbInCu,. If this interpretation is correct, the
) fransition does not require a large volume change, but de-
Viewed from the low-temperature state whekd /Ty = pends on the ability of the system to gain a large condensa-

—1, th_e Qruneisen parameter must be 2.00' These value; &i6n energy &kgTk) by a small shift in Fermi level and Yb
unrealistically large. Indeed, we can estimate the Gruneisep,jance.

parameter in the high-temperature state using the above-
mentioned observation that;~T,, and the observatidf

that for P=10 kbar, T, decreases from 40 to 20 K. Taking
the bulk modulus of YbInCyto beB= 1100 kbar® we have

QO =B(1/T,) dTs/dP=55 (not an unreasonable value for a  Work at Irvine and Florida State was supported by the
heavy fermion systemand ATg/Tx=QAV/Vy=0.275. NSF through Grants No. DMR-9501528 and No. DMR-
Such a small volume discontinuity simply cannot generat9501529. Work by JLS was performed under the auspices of
the large change ik observed at the transition in Ybingu the NHMFL, which is supported by the NSF and the State of
[As an added point, we note that the thermal expansion oflorida under cooperative agreement DMR-9016241. Work
YbInCy, in the high-temperature state over the interval 40—at Los Alamos was performed under the auspices of the U.S.
300 K is larger than occurs at the transitidfig. 7). If the  DOE. The x-ray-absorption experiments were performed at
Kondo temperature were simply a function of cell volume, asthe Stanford Synchrotron Radiation Laboratory, which is op-
in the Kondo volume collapse model, a large Kondo tem-erated by the U.S. DOE, Division of Chemical Sciences, and
perature and substantial mixed valence would be expected by the NIH, Biomedical Resource Technology Program, Di-
room temperature, which is not observied. vision of Research Resources.

Such an analysis for YbInGuwhereT increases from a
value of order 25 K at high temperature to a value of orde
500 K at low temperaturé.e., ATy /Tx=20) and where the
volume discontinuity isAV/V,=0.005’ requires a Grun-
eisen parameter of order 4000 in the high-temperature stat
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