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The magnetovolume effect, i.e., the atomic volume dependence of the magnetic susceptibility, has been
investigated for the intermediate valence compound YbAgi@uhe temperature range of 4.2—300 K. The
paramagnetostriction and the pressure dependence of the susceptibility were measured at low and high tem-
peratures, respectively. It is found that the detailed behavior of the susceptibility cannot be explained within the
framework of integer valencé&Cogblin—Schrieffer modgl The Anderson model, which in addition takes into
account charge fluctuations, appears to be more appropriate and indicates tHavéhenergy rather than its
width is sensitive to the atomic volume change in YbAgCu
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I. INTRODUCTION Il. EXPERIMENTAL PROCEDURES

A polycrystalline ingot of YbAgCu was prepared from a
stoichiometric mixture of elements Bpurity Yb,
N-purity Cu and Ag by argon arc melting. Samples of

The intermetallic compounds, ¥bCu, (M =Pd, Ag, Au,
Zn, Cd, In, T), with the cubic C15b type structure, have Yb
f-electron states with a large variety of properties ranging5 . . .
from localized levels to hybridized bands® Despite numer- gpp_roprlate sizes were spark-cut fromothe ingot after anneal-
ous investigations, the main conditions and mechanisms dfg In evacuated quartz tubes at 750 °C for a week. .
the evolution of the valence instability of the Yb ions are still . "€ temperature dependence of the magnetic susceptibil-
not clearly understood. ity at ambient pressure was measured by the Faraday

An interesting system to study the origin of the valenceMéthod. To study the magnetovolume effect, we measured
instability is the continuous solid solution Yb(Ag—In)Cu the magnetostriction in the temperature rang'e'c.)f 4.2-150 K
Here one of the end compounds of the alloy series@nd the pressure dependence of the susceptibility at tempera-
YbAgCu,, has the properties of a classical Kondo sys’cem,h”es 78, 149, and 300 K. For the latter, we used a mlnlatur_e
i.e., the Yb ions follow the behavior df=7/2 integer-valent 2utomated pendulum magnetometer, which was placed di-
Cogblin—Schrieffer(CS) impurities”® or have properties rectly into a hlgh—pr_essure chamber. Hydrostanp pressure up
very close to integer valen@eThe other end compound of © 2 kbar was applied to the sample using helium gas. The
the alloy series, YbInCy has strong intermediate valence 2cCuracy of the susceptibility measurement at this condition
(IV) character in the low temperature phase and undergoes'4S better than 0.05%. _ ,
unique isomorphous first-order phase transition to a heav?/ The volume magnetostrictiom(H), is defined from the
fermion state aff,=40 K at ambient pressufe. ongitudinal and transverse strains,

The evolution of the electronic states in these alloys has
been a subject of detailed experimental stufiie¥’ How-
ever, there is a marked disagreement among the data of the w(H)=V(H)/V—-1
magnetic susceptibility* and thus there is some unce(tainty = AV(H)/V=[AL(H)/L]j+2[AL(H)/L],, (1)
in the valence state of YbAgGuThe present work is aimed
at checking more carefully the valence of YbAgCand its
sensitivity to pressure. For this purpose we study the magneind was measured by a three-terminal capacitance method in
tovolume effect,dIn x/dInV, in the temperature range of magnetic fields up tti=8 T.12
4.2-300 K. The experimental procedures are described in
Sec. Il. In Sec. Il we present the results of our studies of the
temperature and pressure dependence of the magnetic sus- IIl. EXPERIMENTAL RESULTS
ceptibility, as well as the temperature dependence of the
magnetostriction. The data obtained are discussed in Sec. IV The temperature dependence of the susceptibjity,),
in the framework of both the Cogblin—Schrieffer and the of YbAgCu, is plotted in Fig. 1 together with the data re-
Anderson, impurity models. In Sec. V we summarize theported in previous articles? Our result exhibits a maximum
results and present the conclusions of the paper. at T,,=44 K and reproduces well the single-crystal data of
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FIG. 1. The temperature dependence of the magnetic suscepti-
bility of YbAgCu,. Data from the present work are given by the  FIG. 3. The temperature dependence of the magnetovolume ef-
solid line, crosses represent data from Rossedl. (Ref. 1), open  fect, dInx/dInV, of YbAgCu, estimated from w(H) (open
circles are data from Sarraet al. (Ref. 4, and a closed circle Squaresand x(P) (open triangles The solid and dashed lines are
corresponds to the Al model fit. the CS model withQ) = —23 andQ = —27, respectively. Closed
circles represent the Al model fit with the parameters listed in
Sarracet al* in the range of 4.2-100 K, but displays a raPle !
slower decrease at higher temperatures. At low temperatureghere y is the molar susceptibilityFig. 1) and V is the
both data sets lie appreciably below the curve first reportegholar volume £53.5 cnf). The values of In y/dP found
for YbAgCu, by Rossekt al.* The differences are, however, from y(P) and w(H) were then converted to derivatives
more quantitative than qualitative and could be the consesIn y/9InV [for a discussion of the bulk modullB(T) see
quence of the sample quality. Sec. IV B] and plotted versus temperature in Fig. 3. They are
Figure 2 illustrates the linear dependence of the magnetiin reasonable agreement with each other in the overlapping
susceptibility with pressurey(P), measured at the tempera- temperature range. The longitudinal magnetostriction data
tures 78, 149, and 300 K. The volume magnetostrictionagree well with a previous measurement by Yoshineiral.
w(H), defined earlier is proportional to the square of theatT=5 K.22Aless detailed version of the paramagnetostric-
magnetic field for all the temperatures usédhe quantity tion data has been published in a separate paperthe
dIn x/dP can be determined) from Fig. 2 or (i) alterna- context of (and in comparison withother YAdM Cu, com-

tively through the magnetostriction via pounds.
| 2V IV. DISCUSSION
aln y w
0P m 7 (2 Keeping in mind that the properties of YbAg&gare quite

close to those of the integer valence limit of magnetic impu-
rities, we will use two strategies to interpret the magnetic
susceptibility data.

(1) The thermodynamics of thelJ=7/2 Coqgblin—
Schrieffer impurity modél has a universal behavior as a
function of only one energy scale, namely the Kondo tem-
peratureTyx . This universality is an important advantage,
which allows this model to be used for a rough preliminary
interpretation.

(2) The Anderson model for impurities in the intermediate
valence regime involves two energy scales, which can be
associated with the charge and spin fluctuations, is a more
complete (but also more involved description of the
phenomenon?-16
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FIG. 2. The pressure dependence of the magnetic susceptibilityersal temperature dependence for a given total angular mo-
of YbAgCu, at 78, 149, and 300 K. mentumJ,’
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X(T)/x(0)=Fy(TITy), (3 TABLE I. Magnetic and electronic parameters of YbAgGeee
the texy.
where Ty is the characteristic Kondo temperature, the nu
merical results for the functions;(x) for J=1/2, 3/2, 5/2, Parameters Present work  Previous works
and 7/2 are given in Ref. 7, ang(0) satisfies the Fermi _
liquid relation, Experiment Tm (K) 44+1
x(Tm)/x(0) 1.38
x(0)=CITy, @ ®® -39 o
(C is the Curie constant of the trivalent Yb iprHence, in A
the CS limit, y(T) is parametrized by only one energy scale,CS model Tk (K) 150 131, 1502(,
T ,” which for a fully degeneratd= 7/2 impurity (no crys- —O 27+1 18.6(27.8,
talline fields is given by =30°
e 1 Al modef T (K) 510+50 516
Tg=D ex;{ —)ED ex[{— . (5) ell’ —9.9+0.3 -9.9
8l s aInT/aInV 051

HereT is the hybridization widthg is the location of level dIn(e/M)dinv — —7.4x0.3
relative to the Fermi energy, arld is the effective band-

. i *Reference 1. *Reference 12.
width. Bothe ands values are negative for YbAgGu b f
ith h th d di f d sh . Reference 7. Reference 8.
Although they(T) data reported in Ref. and shown in ‘Reference 4. 9Reference 22.

Fig. 1) are well described by Eq43) and (4) with Ty
=131 K, neither our results nor the single-crystal dan

satisfactorily be reproduced with such a one-parameter ﬁtt'he discrepancy icharge fluctuationsin the Yb f shell

From Eq.(4) the best value of for our data appears to be i il he discussed in more detail in the following in the

150 K. The main reason for the discrepancy is that the ratio e :
(T)/x(0)=1.38, markedly exceeds the universal CScontext of Anderson’s impurity model. In summary, the CS

v o model is not sufficient to reproduce the detailsxdfT) in
g}ogslp\pg}dquoneﬁfé'zrief:r:;j tl)O% (K: Ehee w;gesplgblllty YbAgCu,. Nevertheless, the valug,=150 K appears to be
9t IS W P y urie=vvel W, roughly correct, in view of our and previous estimations us-

c ing different method45:17:19-2
x(T)==——, (6) The Anderson impurity modelwo energy parameters are
T-6 of relevance for the degenerate Anderson impufliiy)
model with infiniteU. The infinite Coulomb repulsion pre-
vents the multiple occupation of tlidevel, which may then
be either empty or occupied with one electron inJ{21)

dReference 23.

with an effective magnetic moment @ of u.4=4.40 ug,
which is close to 4.53ug for the free YB* ion, and a

paramagnetic Curie temperatuf@=—39 K, which agrees . .
with previous estimationgsee data collected in Ref.).2 possible states. The two energy scales correspond to the spin

However, the universal behavior of the CS model predictgluctuations(essentially the Kondo temperatiignd the pro-
that |®|:’0 4 T,=60 K. which is about 50% larger than motion of thef charge into the conduction band. Hence, the

the experimental value magnetic susceptibility(T) now depends on two variables:

There are three possible reasons for this disagreertignt.
A crystalline field splitting (CF) of the J=7/2 multiplet T y(T)=F (_ & )
would affect more the lowl behavior than the highi sus- X Arr)
ceptibility, but could effectively reduce the Kondo tempera-
ture. However, the overall CF splitting in YbAgghas been  wheree is thef-level position measured from the chemical
found to be less thafi ,'"*8so that the CF corrections seem potential, A [denoted with ¢ —A) in Ref. 14. For givenJ
to be too small to explain the discrepanéy) The intersite  the thermodynamic properties have been obtained numeri-
interaction between the Yb-moments mediated by the coneally from the thermodynamic Bethe ansatz equations solv-
duction electrons [Ruderman—Kittel-Kasuya—Yosida ing the model* In the suitable regionF(x,y) was calcu-
(RKKY) type] could renormalize both the Kondo tempera- lated as a function of/I" in steps of 0.3 at eight selected
ture and the Curie—Weiss temperature, as well as reduce tieT values between 0.02 and 3:8'° These results and the
effective magnetic moment. Although there has been no reexperimental data fox(0), x(T,)/x(0), andT,, allow, in
liable estimation of this contribution for YbAgGuone can principle, one to determine tHdevel energy and its hybrid-
infer from the properties of the compounds surroundingization width®*'5For YbAgCu, the theoretical and experi-
YbAQCu, (Refs. 3 and bthat it should be smallcompared mental x(T) data agree closely over the temperature range
to Tx) and the correlations are probably of the antiferromag-used(see Fig. 1L The best fits fol" and &/T" are listed in
netic type which can only aggravate the disagreement. Fromable | (they slightly deviate from a previous estimation
the theoretical point of view, intersite diagrams carry an adbased on the data of Ross#lall). The correspondinghole
ditional factor 1/(2+1)=0.125 and are in that sense ex- occupation number in the ground staitg(0)=0.88+0.01,
pected to be less relevartti) Another possible scenario for coincides with the experimental o1@.87).1°
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The preexponential factor can now be estimated by subdependence ofT,, i.e., in terms of the temperature-

stituting the above mentioned valuesTgf ande/T" into the independent Gmeisen parameter for the Kondo energy,
standard expressiofd) for the Kondo temperature. We ob- (), =—dInT/dInV.

tain D~7300 K. A more rigorous estimate @ would in- Equations(3) and (4) yield
volve an additional prefactdthe cutoff introducedh poste-

riori in the Bethe ansatz has to be related to the perturbative  dln x dinTg dlny

cutoff, see Eq(4.29 of Ref. 15, which in our case enhances onV__ dinVv K( + m)- 9

the cutoff toD~10000 K.

Thus the discrepancy if®| andTx mentioned earlier for We use the derivative of the experimental datee Fig. 1to
the CS model indeed has its origin in the charge fluctuationgletermined In x/dIn T in Eq. (9), rather than the numerical
Despite the rather weak valence admixture in YbAg@u differentiation of the universal theoretical curve, E8). The
permits one, nevertheless, to separate the single parameterusfe of the derivative of the experimental data may extend the
the CS modelT, into its main constituents. This separation validity of this approach to the weak IV regime, as long as
seems reliable enough since the same values of parametdfe parametes/I" remains large as normally assumed for the
follow from the just published analogous fitting of the Al CS limit.*
model solution in noncrossing diagram approximatfon  The Grineisen parametdd is then determined by fitting
(Table ). dIn x/aInT obtained from Fig. 1 to théIn x/dInV data by
making use of Eq(9). At low temperaturesT<60 K) the
fit yields the valueQ=—27+1, while for higher tempera-
tures a somewhat smaller valu@= —23+1, is obtained.

To study the magnetovolume effect, the dataddm y/oP  In Fig. 3 the dashed and solid curves show the result of this
have to be converted intdIn x/dInV data. This requires fit. The variation of ), with temperature indicates once
knowledge of the temperature dependence of the bulk moduwore that a one-parameter scaling)qfT) is only a rough
lus B(T), which unfortunately is not available for YbAggu approximation to the properties of YbAg@&uNevertheless,
except at room temperatufé3(300 K)=1.08 Mbar(Ref.  the uncertainty in the present estimate f¢ is smaller than
23)]. However,B(T) can be estimated usifitf® the one from the pressure dependence of the electrical resis-
tivity, p(T).2 Under pressure the position of the maximum
S of the resistivity,T,,,,, is shifted; assuming that this shift is
———+a[ng(T)—n(300 K. proportional toTy yielded )= —18.6. On the other hand,
exp(r/T)—1 the pressure dependence of the low-temperaiifraerm,

@ which is proportional tolez, gave( = —27.8. Note that

both estimates were obtained with no correction BgiT).

The first two terms on the right-hand side of E8) repre-  Baueret al?® attributed their significant difference to micro-
sent the empirical lattice contributiGiwhile the third term  defects in the samples and believed that the former value of
reflects the contribution due to the change of valence of the), is more reliable. Our results unambiguously support the
Yb ions with temperaturé The empirical parameterS, 7, |atter one. We choos@, = — 27 for our considerations in the
anda have been determined for the compound Yblp€in following.
view of the similarity of YbAgCy and the high-temperature Differentiating Eq. (5) and omitting the term
phase of YbInCyl (as well as the proximity of Ag and In'in  §In D/gIn V=—1?° (the variation ofs is much more impor-
the same row of the periodic table and their small fraction intant than the one db) we have
the compound conteptwe choose the same values as for the
high-temperature phase of YbIingwnamely, 7=323 K, S dlns
=0.107 Mbar, anch=1.91 Mbar? The termB(0), in Eq. Ty = SQk=7.0+0.5. (10
(8) is determined using thB(300 K) value mentioned pre-
viously. The difference inf-level occupation numbers for This derivative is attributed to the CS model just convention-
YbAQCu,, i.e. [n¢{(T)—n:(300 K)], is obtained from the ally because here we used the valuesofhich cannot be
experimental study of theL,, line edge in the x-ray estimated reliably within the CS approach itself and, instead,
absorptior?,*® and is supported in addition by the linear re- had to be taken from the above mentioned Al-model-based
lation betweem; and extra volume in the system due to theanalysis. Nevertheless, a quite similar valueddh §9InV

alny
alnT

B. Magnetovolume effect

B(T)=B(0),~-

Yb2* state admixture. =6 was estimated for the high-temperature heavy fermion
As estimated by Eq8) the B value at the lowest tempera- phase of YbInC?®
tures is about 6% less than the valBé300 K), i.e., the Anderson model:The magnetovolume effect for the

corrections from the temperature dependenceB@f) are  Anderson model can be decomposed into the contributions

small. In Fig. 3 we present the data fom x(T)/dInV using  arising from the volume dependence ©fl" and ofI'. The

the assumed temperature dependenc®(@f). These data result of the best fit of the Al model to the experimental data

are discussed in the following in the context of the Coqgblin—for dIn x(T)/dInV is shown in Fig. 3. The volume deriva-

Schrieffer and Anderson models. tives obtained for the parametelsand /" are given in
Cogblin-Schrieffer model:In the integer-valence limit, Table |. Because of some uncertainties in the datd=a0,

the magnetovolume effect is analyzed in terms of the volumdoth x(T) and dIn x(T)/dInV curves were used simulta-
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neously in the fitting procedure for the parameteis andI’ tion. But most likely the specific origin of the(V) depen-
themselves as well as their derivatives to get an unambigwdence is of no importance for the Kondo volume collapse
ous solution. A measure of this fit inconsistency is a smalimodel. Similarly, the pressure dependence of the susceptibil-
difference in the value of' of about~8% for the curves ity of the IV compound CeSn(Refs. 11 and 3jlwas inter-
mentioned which is covered by the averadedalue uncer- preted as due to a change in the hybridizafbalthough it is
tainty in Table I. The uncertainty in our estimate B{T),  impossible to separate the two mechanisiiréeel position
Eq. (8), is in fact not important; even if th€ dependence of and I') using only the susceptibility data within the CS
B is completely neglected, the derivativeélns/dinV= " model, since they only enter the parametgr.®>3? In the
—dIn(e/M)/dInV just increases from 7.4 to 7.8, i.e., it re- case of CeSpthis conclusion was reached based on the
mains within the error margin of the fit. complete set of data on the stability of théevel energy in
The data show unambiguously that for the compound conce systemdl It is also generally believed that the hybridiza-

sidered the change in thelevel energy rather than the oy matrix element in Ce systems is much larger than for Yb
change in the hybridization width dominates the pressur%ompounds

dependence of. Moreover, the volume dependence Iof

s to be nealiaibl that iust on rameter is repr The fact that the numerical values of the derivatives
appears 1o be neglgiole, So that Just one parameter IS repres, o 5 V| of YbAgCu, and Ce systems agree appears to
sentative in the pressure dependence of the magnetic susc

e accidental, since their origin is dramatically different. The

tibility. Th's. explains the approximate validity of E¢S) in Kondo volume collapse model fails to explain the first-order
the IV region, as well as the close agreement found for

o phase transition in Yb(Ag—In)Gusolid solutions. This is
SI?T}S/OZZ}SV within both the CSEq. (10)]] and the Al(Table particularly evident from the rather small volume jump at the

. transition’® One plausible explanation of the transition is as
The value of the parameteérinI'/dInV is mostly deter- e " .
mined by the high temperature tail of the susceptibilityan entropy-driven transition between phases with large and

(Curie—Weiss law where the influence of the RKKY-like small Kondo temperaturés.Deeper insight into the micro-

scopic parameters of thisstate transformation with pressure

interaction between Yb ions cannot be fully excluded. Thels needed, to hopefully identify the correct mechanism of this

f—f interaction is in the first place mediated by the conduc- . .~ ", 33-36
tion electrons, but the magnetoelastic effect is also expecte'gtrlgulng phenomenof:
to contribute through low-frequency phonons. Our data lead
to a value of the derivativée/dInV of 3.2-0.5 eV. This
result is in good agreement with tlad initio value of about
3 eV calculated for this derivative for Yb megl,and the In the present Study of the magnetovolume effect of
similarity of these values supports our confidence in the reypagCu, we were able to separate the contributions of the
||ab|||ty of our fits. The value of Ref. 27 is maximal and atomic volume dependence of tHdevel width and the
stable in a wide vicinity of the equilibrium atomic volume f.|eve| energy. This separation was possible despite the weak
and should be taken as more or less universal for metallic YRgmixture of the divalent Yb configuration. The two param-
systems. Hence, this agreement with the calculated valugters are usually integrated in one effective characteristic
leaves no room for a significant contribution ®n I/dInV  temperatureT, .
todIngdlnV. The hybridization is expected to increase un- Based on the Anderson |mpur|ty model we conclude that
der compression because a reduced volume increases theypagCu, the volume dependence of tiidevel energy
overlap between théwave functions with the conduction |argely surpasses that of the hybridization width. This is in
states. However, with our data we were not able to resolv@ontrast to the situation in Ce systems where the pressure
the sign ofd InI'/9In V within the uncertainty of the analysis. dependence of the hybridization width is believed to be the
Unfortunately, there are not enough measurements on YBominant quantity. The validity of this conclusion for other
systems under presséifdo conclude on some universal be- yh compounds is still the subject of further investigations.
havior of Yb compounds, and further experimental tests are sych data are of special interest because at present there
needed. are no reliableb initio theoretical calculations of the general

A similarly strong volume dependence sfis known to  trends of thef-level position for the relevant IV regime and
exist for Ce compounds with unstable valence ofof its hybridization width with the band states. They could
dIngdInV=—72*%The opposite sign of this derivative is help to gain insight into the microscopic mechanisms of va-
just the consequence of the electron—hole asymmetry of Cance and phase stability, as well as to study the effects of
and Yb(Ce has onéelectron and Yb has orfdiole) withthe  gther interactions liké —f exchange between sites and crys-
valence change having the same sigjfihere is, however, an  tgjline field splittings.
important difference in the origin of the volume dependence
of s between Ce and Yb. It is generally accepted that in Ce

V. CONCLUDING REMARKS

and its compounds the change in the hybridization with pres-
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