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We compare the results of measurements of the magnetic susceptifiliy the linear coefficient of
specific heaty(T)=C(T)/T, and 4f occupation numben;(T) for the intermediate-valence compounds
YbXCu, (X=Ag, Cd, In, Mg, Tl, Zn) to the predictions of the Anderson impurity model, calculated in the
noncrossing approximatiofNCA). The crossover from the low temperature Fermi-liquid state to the high-
temperature local-moment state is substantially slower in the compounds than predicted by the NCA,; this
corresponds to the “protracted screening” recently predicted for the Anderson lattice. We present results for
the dynamic susceptibility, measured through neutron-scattering experiments, to show that the deviations
between theory and experiment are not due to crystal-field effects, and we present x-ray-absorption fine-
structure results that show the local crystal structure aroun #items is well ordered, so that the deviations
probably do not arise from Kondo disorder. The deviations may correlate with the background conduction
electron density, as predicted for protracted screening.
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[. INTRODUCTION sistivity (which is finite for the AIM vanishes for the peri-
odic compounds, as expected for a system obeying Bloch’s
The rare-earth intermediate valen@¥) compoundsare  law;>? the de Haas—van Alphen signals are characteristic of
moderately heavy fermion compounds where the characterenormalized bands, and the optical conductivity exhibits a
istic (Kondo energy is large compared to the crystal-field Drude response at low temperatures that also reflects renor-
splitting (Tx>T). Unlike the truly heavy fermionHF) malized masse$. On the other hand, the dynamic suscepti-
compound$ (where T¢<T) the IV compounds do not re- bility x”(w») shows a Lorentzian power spectrum with very
side close to a quantum critical point for a transition to an-litle Q dependencé,suggesting that the spin/valence fluc-
tiferromagnetism, so non-Fermi-liquid behavior is neithertuations are very local and uncorrelated, as expected for the
expected nor observed and the scaling behavior that is oAIM, and thermodynamic properties that are dominated by
served does not reflect proximity to such a phase transitionthe spin/valence fluctuations such as the temperature depen-
Furthermore, most of the IV compounds are cubic, so thatience of the susceptibility(T), specific heaC(T) and 4f
anisotropy and low dimensionality are not issues. Hence thiaole occupation numben(T) (the Yb valence isz=2
IV compounds are physical realizations of the isotropic or-+n;) seem to follow the predictions of the AIM, at least
bitally degenerateN;=2J+ 1=8 for Yb) Anderson lattice qualitatively®® Recent theor} of the Anderson lattice sug-
modef for three spatial dimensions. This is an archetypalgests, however, that there should be observable differences
problem that is both simple and elegant for exploring thebetween the behavior of the AL and the AIM for these quan-
physics of electronic correlations in solids. tities. In particular, “protracted screening” can occur in the
A key issue for the Anderson lattice is the role of lattice AL, which means that the crossover from the low-
coherence, which can be thought of as dispersive or bandlikemperature Fermi-liquid state to the high-temperature local-
behavior of the 4 electrons or alternatively as correlations moment state is slower for the lattice case than for the im-
between the # electrons on different lattice sites. This con- purity case.
trasts the Anderson lattidgé\L ) with the Anderson impurity Protracted screening has been invoRed explain photo-
model (AIM) where no such coherence is present. For theemission resulf$ which show far less temperature depen-
HF and IV compounds the transport behavior, which de-dence than expected based on the AIM. Such results are
pends crucially on the periodicity of the scattering potential,controversial® To search for such effects in the bulk ther-
clearly manifests lattice coherence: the low-temperature remodynamic behavior we herein compare our measureffents
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FIG. 1. The 4 hole occupation humber;(T) versus tempera-
ture for the YIXCu, compounds. The open circles are the experi-
mental data and the solid lines are the predictions of the Anderso

impurity model(AIM), with input parameters given in Table I. explained in that paper, the samples were small, high quality

) . single crystals grown inXCu flux. The specific heat was
of x(T), C(T), andny(T) for the series of related cubic measured using a thermal relaxation technique. The suscep-
(C1%b) compounds YIX Cu, (X=Ag, Cd, In, Mg, Tl, and tihjlity was measured using a superconducting quantum in-
Zn) to the predictions of the Anderson impurity model, cal- terference device magnetometer. In this work we have sub-
culated within a single approximation scheme, the nonCrossyacted a small “Curie tail”(with Curie constant typically of
ing approximation(NCA). By making this comparison for order 10°2 emu K/mol) from the susceptibility. The occu-
several measurements for several related compounds, we AY4tion numbem(T) was determined from the near-edge
strong constraints on the applicability of the model. In addi-¢,cture in YbL 5 x-ray-absorption measurements.
ti?n, we include measurements of the dynamic susceptibility e neutron-scattering measurements were performed in
x"(w) for X=Ag, Mg, Tl, and Zn; these allow us to deter- the time-of-flight mode using the LRMECS spectrometer at
mine whether the deviations from AIM behavior could arise|pNs (Argonne National Laboratojy The experimental con-
from crystal-field effects and also give a fourth experimentyjiions were similar to those discussed in a recent Sfuoly
for comparison to the predictions of the model. Finally, weypncy,: we refer the reader to that publication for a more
include measurements of the x-ray-absorption fine-structurgetsiled account. The temperature of the measurement was
(XAFS) from the X-atomK edges for YXCu, andX=Ag, 10 K, which is considerably smaller thafy in each case.
Cd, and In and thé ; edge forX=TI to determine whether The samples utilized in these experiments were powders,
deviations from AIM behavior could arise from local lattice typically of 50 g mass, grown from the melt inside evacuated

disorder in the samples. tantalum tubes foX=Ag, Mg, and Zn; forX=1In and TI, a
large number of single crystals grown as described in Sarrao
Il. EXPERIMENTAL DETAILS et al'* were powdered to form the sample. The susceptibili-

ties of these samples were identical to those shown in Fig. 2
The data for the # occupation numbem(T) (Fig. 1), the  except forX=Ag, where the temperaturg,,, of the maxi-
susceptibilityx(T) (Fig. 2), and the linear coefficient of spe- mum in the susceptibility was 10% smaller for the neutron
cific heaty=C/T (Table |) are taken from Sarraet al'* As  sample, and foX= Tl where a fraction of the crystals used
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TABLE I. Input parameter$V, E;, andV for the AIM calculation; the calculated Kondo temperatligg
and the theoretical and experimental values of the specific-heat coeffigi¢heé Wilson ratioR, and the
neutron line-shape parametdts andI.

Compound w E; \Y, Ty y R Eq r
(eV) (eV) (eV) (K) (mJ/mol K?) (meV) (meV)
YbTICu, 1.286 —0.50146  0.2195 514 32.1 1.26 54.0 31.2
Expt: 24.2 1.67 38.8 32.3
YbMgCu, 1.005 —0.1897 0.128 500 36.7 1.22 44.6 23.4
Expt: 53.3 0.84 31.9 34.5
YbInCu, 12 —0.7442 0.232 299 41.3 1.44 41.6 25.9
Expt: 41.3 1.44 41.6 13.5
YbCdCuy, 0.929 —-0.17576 0.098 127 120.4 1.40
Expt: 165.6 1.02
YbAgCu, 0.865 —0.4485 0.148 95 137.9 1.29 11.3 7.1
Expt: 198.9 0.89 9'8 6.0°
YbZnCu, 1.213 -0.1984 0.1038 60 296.8 1.33 5.0 4.1
Expt: 370 1.07 7.4 6.1

&The values ofW are deduced from the specific heat of the correspondingduws compound and the
experimental specific-heat coefficients have been corrected for the fnoordribution by subtracting the
specific-heat coefficient of the MCu, compound. Since the ground state of LulpG@sisemimetallioRef.

19) and does not serve for these estimates, we have arbitrarilWset eV and we have subtracted a
corresponding amount (8.7 mJ/mot)Kfrom the specific-heat coefficient.

PFor comparison to theory these values should be increased by 10% to account for the fact that the neutron-
scattering sample had a Kondo temperature that is 10% smaller than the sample used to yneadure

to create the powder had large Curie tails indicative of dis{ x”"(AE)], for realistic orbital degeneracy and for realistic
order or impurities. For each sample, given that the elastispin-orbit and crystal-field splitting. It agrees wélbver a
energy resolution full width at half maximum varies 88  broad temperature range with calculations using the Bethe
~0.07-0.E;, we used several incident neutron enerdies ansatz, but does produce spurious and unphysical non-Fermi-
(e.g., 35, 80, and 150 me\o give greater dynamic range in Jiquid artifacts in the low-frequency density of states and in
energy transfeAE for the measurement. To improve statis- the dynamic susceptibility at very low temperatutéShese

tics we took advantage of the lack Qf dependence of the artifacts are not significant for the temperatures and frequen-
magnetic scatterifgand grouped detectors into three bins, cies studied here. The conduction band was assumed to have
with average scattering angle 2@low Q), 60°, and 100°  a Gaussian density of states of widtand centered at the

(high Q). The scattering was put on an absolute scale by-grm; energy, i.e.N(a)ze*SZ’Wzl(\/;W). The hybridiza-
comparison to the measured scattering of a vanadiufjon matrix elements were assumed tokomdependent, i.e.,
sample. We also measured the scatterm_g of YAgCu V,;=V, which may be a good approximation if the thermo-
LuMgCu,, YMgCu,, YTICu,, and LuznCy in order 10 gynamic and magnetic properties are predominately deter-
help determine the nonmagnetic scattering. _mined by the conduction-band states witkify of the Fermi
The XAFS experiments were performed on Beam Lin€gngrgy ~ The finite temperature NCA  self-consistency
4-3 at the Stanford Synchrotron Radiation Laboratoryequationéﬁvls were solved using three overlapping linear
(SSRU) using a half-tuned £20) double-crystal monochro-  eshes. The thermodynamic and spectroscopic results for Ce
mator. Samples were ground, passed through a80sieve  jnpyrities with spin-orbit splitting and in various crystal
and brushed onto transparent tape. Pieces of tape Wefggs were compared with those published in Bicketral1®
stacked such that the change in the absorption at the,¥b  5n4 good agreement was found despite the difference in pro-
edge was< unity. The sampl1e4$ were the same flux-grownceqyre and the different choice of conduction-band density
crystals as used in Sarra& al.™” and whose susceptibilities ¢ states.
are shown in Fig. 2. For temperature control, we utilized a o vp v compounds where crystal fields can be ignored
L He flow cryostat. the magnetic orbital degeneracyNg=8 and there are es-
sentially four input parameters for the AIM calculation: the
spin-orbit splitting (which we fixed atA¢,=1.3 eV, the
value typically observed in photoemission experim&its
The predictions of the Anderson impurity model were cal-the widthW of the Gaussian conduction band, the hybridiza-
culated in the noncrossing approximatidiCA).*® This ap-  tion constantV, and thef-level energy(relative the Fermi
proximation allows for calculation of all relevant experimen-level) E;. Since it is only the conduction states within
tal quantities, both stati€y, n;, y=C/T) and dynamic maxKkT,kT} of the Fermi level that contribute significantly

IIl. THEORETICAL DETAILS

054427-3



J. M. LAWRENCE €t al. PHYSICAL REVIEW B 63 054427

to the experimental quantities discussed here, the bandwidihg, has different strengths for Yb than for Y or L{iwhen
parametelW must be chosen to give the correct value ofthis factor is neglected the magnetic scattering is overesti-
N(ep) for the background conduction band. Assuming themated) That is, we determine the magnetic scattering from
background band states in XBu, are similar to those in the formula

LuXCu,, we chooseW to reproduce the linear specific-heat
coefficient y (Lu) of the corresponding LXCu,
compounds? using the free-electron approximation to con-
vert the measured value of (Lu) to N(eg). This is an im- ) L ) )
portant constraint sinc@s we found in the earlier papérit T_h_e magnetic scattering is related to the dynamic suscepti-
is possible to force fits ta(T) over the whole temperature Pility through the formula

range if unrealistically small values of the bandwidth are

used in the model. In Y¥Cu, compounds, the valence

Smad Iow Q) = Sie(low Q) — kh(AE) S highQ).  (2)

- . 2N
bands have a width of order 10 é¥%%° since the 2- full Smag=—5 FA(Q)(1—e *FeT)"1y"(Q,AE), (3
width of the Gaussian band is=4W, the values ofW THE
(=1 eV, see Table)lobtained fromy (Lu) are quite reason-
able. wheref?(Q) is the Yb 4f form factor. For each we fit the

Once A,, and W are fixed,V and E; can be uniquely dynamic susceptibility assuming that it@sindependent and
determined by fitting to the ground-state values of the susassuming a Lorentzian power spectrum:
ceptibility and occupation number. The values of these pa-
rameters are given in Table I; the Kondo temperature is cal-

culated from the formula ” r 1
X (Q,AE>=xdc(T)AE(2—) s
V2 18, \\\ 6/8 T\ [(AE=Eg)“+1'7]
T=| —— (_) W e/ ™WEf/8v? (1) )
VAW E| Aso @
2 2 ’
which includes the effect of spin-orbit splitting but ignores [(AE+Eq)"+1"]

crystal-field splitting.

For these values of input parameters, we calculated th&he prediction of the Anderson impurity model fgf at T
frequency dependence of the dynamic susceptibility at 10 K< Ti also can be fit to this formula; we have included in
and the temperature dependence of the static susceptibilitfable | the values oE, andI" deduced from the fits to the
the 4f occupation number, and the free energy. From theNCA results. The fits to the experimental data include cor-
latter we determined the linear coefficient of specific heat byrections for absorption and for instrumental resolution. The
fitting to the formulaF =Eq,— (y/2)(T/Tk)? in the tempera- data for everyE; are included in the fit. We then find the
ture range 0.08(T/T,)=<0.07; the values ofy so deter- value ofk that gives the smallest reducgd for the fit. The

mined have a systematic error of order 5-10%. best-fit values ok were consistently in the range 0.65-0.75;
furthermore, the best-fit values af gave better agreement
IV. RESULTS AND ANALYSIS (10—-20% between the fit value af4. and the value shown

in Fig. 2 than was seen foe=1. Use of this multiplicative
factor also leads to excellent agreement between the values
The primary goal of the neutron-scattering measurementsf magnetic scattering estimated at different incident ener-
was to determine whether crystal-field excitations can be regies. In Fig. 3 we show the dataymbols for the magnetic
solved in these compounds. Determination of the magnetiscattering at lowQ (fixed average scattering anglé
scattering in polycrystals of IV compounds requires correct=20°) and the fits(solid lineg. (Plots of the data for
subtraction of the nonmagnetic scattering. We have adoptedbInCu, are given in the earlier publicatidf) We note that
a variant on the conventional procedtiréor accomplishing in the time-of-flight experimen® varies with bothE; and
this where the ¥XCu, (and/or L&XCu,) nonmagnetic AE at fixed ¢ and consequently the form factor, the absorp-
counterpart to the corresponding X8u, sample is mea- tion and the instrumental resolution all dependEBn this
sured to determine the factdr(AE)=S(highQ;AE;Y)/ explains why the data and the fits for differe®f do not
S(low Q;AE;Y) by which the high@Q scattering(which is  overlap. The parametek, andI” for the best fits are given
almost totally nonmagnetic scatteringcales to the lowQ  in Table I, where they are compared to the values predicted
values where the magnetic scattering is strongest. This factdry the AIM calculation. We note that our results agree well
varies smoothly from a value 45, atAE=0, to a value of ~ with an earlier measurement of YbAggt Although the
1 at large AE where Q-independent multiple scattering fits are of reasonable statistical quality with redugée-=1,
dominates the nonmagnetic scatterifig/hen this decrease the degree of systematic uncertainty due to the assumptions
in h(AE) is neglected the nonmagnetic scattering will bemade about the nonmagnetic scattering is unknown. The
underestimated at large energy trangdfer.addition we have problem is especially serious for IV compounds wh&geis
included an energy-independent multiplicative facter large so that large incident energies are required, with the
which is needed to account for the fact that the multipleresult that multiple scattering is large. To be cautious, we
scattering, which dominates the ld@-nonmagnetic scatter- expect a 10% error in the determinationkf andT".

A. Neutron scattering
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150 UPdCuy, which also grows in th€15b struucture, has been
shown to have significant Pd/Cu site interchafy@ur ear-
lier neutron-diffraction measuremefit®f flux-grown crys-
tals of YbInCu, coupled with Rietveld refinement, suggest
the average crystal structure is very well ordered. We employ
the XAFS technique here both because the measurement
does not depend on lattice periodicifye., it is a local probe
and is thus complimentary to diffractipmnd because it is
atomic-species specific. In such a measurement, a fine-
structure functiony(k) is extracted from the absorption data
and related to the radial bond-length distribution around the
absorbingX atomic species. This measurement is particularly
sensitive toX/Cu site interchange because if akyatoms
rest on the Cu sites, a shok-Cu bond length at about
2.55 A will appear that corresponds to the Cu-Cu nearest-
neighbor bond length in the nominal structure. This bond
length is significantly shorter than the nearest-neighb@u
pairs at~2.93 A or theX-Yb pairs at~3.06 A, and so is
easy to resolve if the site interchange is frequent. In addition
to searching foiX/Cu site interchange, we also look for more
generic disorder in the nomina{-Cu and X-Yb pairs by
analyzing the distribution widths extracted from thepace
fits as a function of temperature between 15 and 300 K.
Bond-length distribution widths should follow a correlated-
Debye modéef as a function of temperature if the structure
does not have any statipositiona) disorder. This model
¢ ) differs from the usual Debye model because it includes the
0 25 50 75 correlations in the motions between the atoms in a given
AE(meV) pair. It has been shown to be accurate to withis% for
metals?’ Any static disorder should manifest as a constant
FIG. 3. The inelastic magnetic neutron-scattering spectra for théffset, as is clearly ~shown, for example, for
Yb X Cu, compounds af=10 K. For each sample, two or three La, ,CaMnO;.%®
values of the incident enerdy; were used to increase the dynamic ~ The XAFS data were fit im space, following procedures
range. (YbMgCy: solid circles,E;=150 meV; open circlesE; in Refs. 24 and 27. Initial fits included a shottCu pair at
=80 meV; open diamond£; =35 meV. YbTICy: solid circles, ~2.55 A. The relative amplitude of this peak compared to
E;=150 meV; open circle€; =80 meV. YbZnCy: solid circles,  the amplitude of the nominaX-Cu at ~2.93 A gives the
Ei=80 meV; open circles,E;=25 meV; open diamondsk;  percentage oKX atoms on Cu sites. Errors in this measure-
=15 meV. YbAgCuy: solid circles,E;=60 meV; open circles, ment were determined by assuming that the fitted statistical
E;=25 meV.) The solid lines represent fits to the LorentzianXZ was equal to the degrees of freedom in the fit as given by
power spectrunisee text with the parameters given in Table . gterf® and then increasing the amount of site interchange
until x? increased by one, while allowing all the other pa-
rameters in the fit to vary. These results are presented in
The primary goal of the XAFS measurements was to deTable Il. ForX=In, Cd, and Ag the site interchange has the
termine whethe/Cu site interchange is significant in these same value as the error, and hence the results are consistent
compounds. Such disorder is a real possiblity given thawith the zero site interchange. For YbTICthe error is
YbCus can grow in theC15b structure’® and given that smaller than the site interchange but it is also smaller than

S(mb/sr/meV/f.u.)

B. XAFS

TABLE Il. XAFS fit results between 2.0 and 3.2 A. Fits only include the nominal structural pédks
at~2.9 A andX-Yb at~3.06 A.S?is an amplitude reduction fact that sets the scale for the distribution
variance measurements. See text for details.

®CD (K) U-gtat (AZ) X/Cu
X S5 Cu Yb Cu Yb Interchange
Tl 0.895) 230(5) 230(5) 0.000%4) 0.000%5) 4(1)%
In 1.045) 2525) 280(5) 0.00094) 0.00115) 2(3)%
cd 0.985) 240(5) 255(5) 0.00074) 0.00105) 5(5)%
Ag 0.91(5) 2505) 235(5) 0.00084) 0.00065) 2(2)%
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FIG. 4. XAFS data and fits o® YbAgCu, and(b) YbCdCuy,.

FIG. 5. The variance in(@ the X-Cu pair distribution at

The outer envelope shows the amplitude(or modulug and the  ~2.9 A, and(b) the X-Yb pair distribution at~3.06 A. The tem-
oscillating inner curve is the real part of the complex Fourier transperature dependence follows a correlated-Debye model well for all
form of k3x(k). Ther axis includes different phase shifts for each the data, as shown. Most of the low-temperature data are very simi-
coordination shell, so that theof a given peak appears somewhat lar, except the TI-Cu and TI-Yb-?'s are somwhat lower due to the
longer than the actual pair distanBe These transforms are from greater mass of TI compared to the otbxs.

2.5t0 15 Al and Gaussian narrowed by 0.3"A Fits are from 2.0

to3.2 A. effective momennﬁff=TX/CJ (whereC; is theJ=7/2 Cu-

rie constant rise towards the high-temperature limit more

the error in the other cases. Furthermore, the fitted TI-Cislowly than predicted by the impurity theory. The effect is
bond length was very low (2.40 A) even though Tl has thesomewhat weaker but still apparent fée=Ag. For X=TI
largest atomic radius of all th¥’s measured. We note that the experimental occupation number shows a weak retarda-
sytematic errors in the fit can arise from use of an incorrection compared to theory but the experimental susceptibility
theoretic backscattering amplituéfeGiven all this, we think  tracks the impurity theory up to room temperature. The lin-
that the error is underestimated for YbT|C herefore we  ear coefficients of specific heat determined from our calcu-
conclude that, within~39%, none of the materials measured lation are given in Table | where they are compared to the
have anyX/Cu site interchange. experimental values; the experimental and calculated values

Once the lack of site interchange was determined, we fibf the Wilson ratioR=(7w2R/3C;)x(0)/y are also com-
the data assuming no site interchange and determined tipared in the table.
pair distribution widths to search for any other disorder. Ex-
amples of two of these fits are shown in Fig. 4. The bond
lengths of the nominaK-Cu andX-Yb pairs do not deviate

from the averag€15b structure assuming lattice parameters  Figyres 1 and 2 give our basic result: the crossover from
from Ref. 14 by more than 0.02 A. The distribution widths the ground-state Fermi liquid to the high-temperature local
are shown in Fig. 5, as are the fits to the correlated-Debygyoment state is slower for the real materials than predicted
model. Parameters of the correlated-Debye fits are given iBy the Anderson impurity model.
Table Il. The fits are quite good and the observed values of  There are several reasons why this comparison to theory
the static disorder?,, are typical of values seen in well- might be incorrect. The first is that crystal fields may be
ordered compounds. large in these compounds. Crystal fields can cause the
ground-state multiplet to have a lower degeneracy than the
valueN;=8 expected fod=7/2. Since the AIM results de-
pend onNj this could lead to a discrepancy between theory
The results of our calculations foi(T) andn¢(T) for the  and experiment ifN; were incorrectly assigned in the calcu-
different YbXCu, compounds are shown in Figs. 1 and 2 lation. Indeed, in the earlier papéme found that for some
where they are compared to the experimental beha¢ibhe  cases we could fit the data assuming a lower degeneracy,
most noteable feature is that fot=Cd, Mg, and Zn, the e.g.,J=5/2 for YbMgCuy,. Our inelastic magnetic neutron-
experimentally determined occupation numbgT) and the  scattering experiments were designed to test for this possi-

V. DISCUSSION

C. Susceptibility, 4f occupation number, and specific heat
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bility. As mentioned above, there is a systematic error ofthe measurement of which is not subject to significant sys-
order 10—20% in the determination of the peak position andematic error(In our earlier papéf we showed that at room
width of the magnetic scattering. For our present purposesemperature for all cases exceft Ag, n; is nearly equal to
however, the basic point is that the data can be well fit by @he effective moment.The photoemission analysis yields an
single broadened Lorentzian whose peak en&rgis in rea-  extremely slow crossover, to the extent that the hole occu-
sonable accord with the predicted val@e., it is of order pancy is found to ba;=0.6 in the high-temperature state of
Tk); there are no sharp crystal field levels in evidence. ThisybInCu, which is much smaller than the value-0.9) that
also is in accord with the fact that the crystal fields seen irwe have observéd using L;. The latter value is, in our
trivalent compounds such as YbInNRef. 30 or YbAuCu,  opinion, more realistic given the essentially trivalent behav-
(Ref. 22 are of order 2—4 meV which is significantly smaller ior of the susceptibility of YbInCuat high temperature.
thanTy for most of these compounds. We therefore argue that we have ruled out most of the
A second potential problem for our analysis is that if Yb major sources of error in our analysis, so that we can have a
atoms are in a disordered environment, there can be a distnieasonable degree of confidence that the slow crossover is a
bution of Kondo temperatures. In this case, the measureckal effect. As mentioned in the introduction, recent th&bry
susceptibility involves an integral over this distribution of for the (S=1/2) Anderson lattice, treated in thedldpproxi-
Kondo temperatures, which would spread the crossover ovenation(whered is the spatial dimension of the systgpre-
a broader range of temperat#fe’* This effect may be rel- dicts such a slow crossover, referring to it as “protracted
evant in UPdCy, where there is significant{25%) Pd/Cu screening.” The degree of slowness is sensitive to the filling
site exchangé! Our XAFS results for the YKCu, com-  of the background conduction band; the crossover is slowest
pounds show that withir=3% there is naX/Cu site inter-  for partial filling of the background band. At present it is
change; furthermore, the observed values of the static disounclear the extent to which the effect depends on the orbital
der o2, are typical of values seen in well-ordered degeneracy.
compounds. Basically, the XAFS results are consistent with The deviations of the datéFigs. 1 and 2 for YbXCu,
a very high degree of order for the flux-grown crystals. Wefrom the predictions of the AIM are strongest = Mg,
thus believe that Kondo disorder is not a significant factorZn, and Cd, weaker foK=Ag and weakest foX=TI. We
for these compound$A possible exception is YbZnGuor  note that there is no correlation between this trend and the
which we could not analyze the Z&redge XAFS because it magnitude of the Kondo temperatuf@able ) nor of the
is superimposed on the G{+redge XAFS. Given the chemi- ground-state occupation numbg@tig. 1). Theredoesappear
cal similarity of Zn and Cu, Zn/Cu site disorder seems a reato be a correlation with the magnitude of the Hall coefficient
possibility) for LuXCu,:Ry=—1.8—~1.0, and —0.8x 10 ° m¥C for
A third problem for this analysis concerns the interpreta-X=Mg, Zn, Cd!* —0.6x10 ® m¥%C for X=Ag;** and
tion of the Yb L x-ray absorption used to determine the <1x 10 ' m*C for X=TI.2 This quantity can be taken as
occupation numben¢(T). The analysi3!* relies on rather a measure of the conduction electron density in the back-
simple assumptions: the divalent and trivalent absorptioground band. In a one-band model, whdé®g=1/ne and
edges are assumed to have the same shape and the sami@re there are 24 atoms in a unit cell of side 7.1 A these
absorption matrix element, so that is determined from the values ofR, correspond to the values 0.52, 0.93, 1.16, and
fractional weights of the two features. Similar assumptionsl.55 electrons per atom for the sequencgX
are made for other methods-ray photoemission spectros- =Mg, Zn, Cd, Ag. While the one-band assumption is unre-
copy core levels; valence-band ultraviolet photoemissioralistic, nevertheless these results suggest that the deviations
spectroscopyfUPS); Mossbauer isomer shjffor determin-  from the AIM become weaker as the carrier density becomes
ing valence. While the resulting systematic error is not welllarger. This accords with thedfwhich predicts no devia-
understood, it has been argdéthat thelL ; method is supe- tion for half filling of the background band and increasing
rior to use of isomer shift or lattice constant anomalies fordeviation as the conduction-electron density decreases.
the determination of valence. It has been pointed-ilniat We should point out that a slow crossover is expected on
the values of; estimated from thé ; experiments are con- rather general grounds. In the single impurity calculations
sistently and significantly larger than those estimated fronthe position of the chemical potential is set by the host
valence-band photoemission. The latter estimate also ranetal conduction-band density of states, and the chemical
quires the assumption of equal absorption matirix elementpotential is independent of temperature to odd&f\W. In the
for the divalent and trivalent configurations and is extremelyhypothetical case of a periodic array of impurities that are
sensitive to choice of background. A point in favor of the usenoninteracting and incoherent the appreciabigeight and
of x-ray absorption is that, unlike photoemission it truly its asymmetric temperature dependence will lead to a signifi-
samples the bulk of the compound; indeed it has beegant temperature dependenceofT) and hence lead to a
argued® that near-surface reconstruction gives rise to differ-deviation ofn;(T) from the behavior found in the solution to
ences between tHe; and UPS estimates of, . Whether this  the single impurity model. It is not clear to us the extent to
is so and what the systematic errors are in both measurevhich this effect contributes to the predicted protracted
ments are, in our opinion, topics for future research. In anyscreening.
case, the deviations from the AIM that we observerfe(T) In addition to our main conclusion, we would like to point
using theL; measurementFig. 1) are qualitatively very to two more features of the analysis. The first is that the
similar to those observed for the effective momérig. 2), experimentally determined linear coefficiengsof specific
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heat forX=Mg, Cd, Ag, and Zn are 20—30% larger than the observed for the neutron sample, they are in excellent agree-
values predicted by the AIM. This means that the experimenment with the AIM predictions.

tal value of the Wilson ratidR is smaller than predicted by In conclusion, we have given evidence that the crossover
the AIM. This has been noticed befdt&* For YbinCy, ~ from low-temperature Fermi-liquid behavior to high-
there is excellent agreement between the experimental arf@mperature local-moment behavior is slower for periodic in-
calculated values; for YbTIGuthe calculated value of is  termediate valence compounds than predicted by the Ander-
30%smallerthan the experimental value. The second featuréon impurity model. We have included supporting
is that there is considerable disagreement between the me@xperiments to rule out the possibility that the disagreements
sured and predicted values of the neutron line-shape pararhetween the data and the AIM predictions are due to large
etersE, andT" given in Table I. We remind the reader that crystal fields or to Kondo disorder. We feel that the results
the degree of systematic error for this determination is poorlyare fairly robust. It will be interesting to see whether similar
understood, due to the difficulty of determining the nonmag-rotracted screening is observed in other compounds, espe-
netic scattering for largd@, compounds. In addition, alp  cially in those based on Ce where the orbital degeneracy is
dependence of the line shape in polycrystals is automaticali§maller N,=6) and where the size of thef 4rbital is con-
averaged out. In the case of YbInGwe have confidence in  Siderably larger.
the results, since an alternate means of subtracting the non-

magnetic scatteririg agrees with the method used here and

since a neutron-scattering study of a single crysshbwed

that theQ dependence of the line shape is quite small. For

that case we note that the experimental peak ené&gy Work at UC Irvine was supported by UCDRD funds pro-
agrees well with the prediction of the AIM but the measuredvided by the University of California for the conduct of dis-
linewidth I" is a factor of 2 smaller than predicted, as thoughcretionary research by the Los Alamos National Laboratory.
the spin fluctations have a longer lifetime than predicted bywork at Polytechnic was supported by Grant No. DOE
the AIM. On the other hand for YbMgGu YbTICu,, and FGO02ERS84-45127. Work at Lawrence Berkeley National
YbzZnCu, the experimental values of peak energy differ sig-Laboratory was supported by the Office of Basic Energy Sci-
nificantly from the calculated values and the linewidths areences(OBES, Chemical Sciences Division of the Depart-
larger than the predicted values. Such a large linewidthment of Energy(DOE), Contract No. DE-AC03-76SF00098.
could be a consequence ofadependence of the peak pa- Work at Los Alamos was performed under the auspices of
rameterEq(Q); studies of single crystals are necessary tothe DOE. Work at Argonne was supported by the DOE Of-
establish whether such@dependence is present. Finally we fice of Science under Contract No. W-31-109-ENG-38. The
note that if the line-shape parameters for YbAgGue in-  XAFS experiments were performed at SSRL, which is oper-
creased by 10% to account for the 10% smaller valugqf;,  ated by the DOE/OBES.
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