PHYSICAL REVIEW B 66, 014420 (2002

Physical properties of the dense Kondo compounds
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We have carried out a systemafiCu nuclear magnetic resonan®MR) study on a set of ytterbium-based
Kondo compounds Y®Cu, with X=Au, Ag, In, Cd, Tl, and Mg. Splitting of the central NMR line due to a
second-order electric-quadrupole interaction is of the order of magnitude of axial Knight shift, and the extent
of splitting is controlled by changing applied fiettl From the splitting of the central line, we have succeeded
to deduce the values of both isotropic Knight skift, and axial Knight shift ,,, taking a value of electric-
quadrupole frequency determined by pure quadrupole resonaffégwfK s, versus magnetic susceptibiligy
plots for each of the compounds wik= Au, Ag, and In are roughly on a straight line. For YbAgQiondo
temperaturd y~100 K), bothK;s, and the unit-cell volume . reach a local minimum around 40 K. We have
found a linear relation betweéfy,, andv . below 100 K, similar to that observed in YbIngindicating that
the nonmagnetic behavior at low temperatures can be ascribed mainly to the Kondo volume expansion. In
contrast,K;s, versusy plots for YbCdCy (Tx~220 K) and YbMgCu (T¢x~860 K) exhibit somewhat
complex behavior: hyperfine field; markedly increases coincident with the saturated behavigr fafr X
=Cd below=140 K, and with the decrease jp for X=Mg below ~260 K. H; originates mainly from
transferred hyperfine coupling between Cu nucleus and ¥Ybmément, and the large increase hty; is
conjectured to result from a variation of crystal-electric-field interactions as the system transforms into a
mixed-valence state. The variation with the specieX atoms of temperature-independent on-site contribution
K, to the Knight shift is found to correlate with that of the electronic specific heat coeffigiéakcept for
X=Cd), each of which gives a measure of the density of states of condigfticesonance bands. Finally,
using the values oKy, y, andTy, we have proposed a phase diagram foX@hy, series, which corresponds
to Doniach’s phase diagram.
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l. INTRODUCTION coefficient y~0.15 J/mol ¥ indicates a formation off
resonance bands. In contrast, YbinG@xhibits the most ex-
Recently, intensive experimental and theoretical investitreme limit of mixed-valence behavior of ¥b and Y& a
gations have been concentrated on characteristic propertiéigst-order isostructural valence transition occurs at
shown by rare-earth compounds such as valence fluctuations,=40-50 K with a unit-cell volume expansion of
heavy-Fermion behavior, and magnetic ordering, which ar®.5%°'* Data of y exhibit the CW-type behavior in the
associated with the extent of mixinly; betweenf electrons  high-temperatur¢HT) phase, and a strongly enhanced Pauli
and conduction electron density. A set of isostructuralparamagnetism in the low-temperatk&) phaseTy for the
ytterbium-based compounds XBu, with X=Au, Cu, Ag,
In, Cd, Tl, and Mg has been shown to have Kondo tempera-
tures Tk that range from about 1 to nearly LK and dis-
plays a rich variety of physical propertitd.he compounds
crystallize in a cubic AuBg (C15b type) crystal structure
illustrated in Fig. 1. Yb andX atoms sit on distinct face
centered cubic¢fcc) sublattices af0,0,0 (4a site and(1/4,1/
4,1/4 (4c site), and are surrounded by space-filling Cu tet-
rahedra centered af3/4,3/4,3/4 (16e site). Among the
YbXCu, series, the compounds wil= Ag, Au, and In have
been rather well studied. YbAuGis characterized by nearly
localized YB* moments and crystal-electric-fieldCEP
effects! ™ The magnetic susceptibility has a Curie-Weiss
(CW-) type behavior except at very low temperatures and
exhibits antiferromagnetic ordering below 1 Ky is esti- FIG. 1. Schematic crystal structure of XB8u,: C15b type.
mated as=2 K, and the rather large linear specific heatClosed circles: Yb, hatched circleX; open circles: Cu.
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TABLE I. Kondo temperatures, electronic specific heat coefficients, Weiss temperatures, and effective
moments deduced from the magnetic susceptibility data above 100 K, transferred hyperfine fi&i@s fom
the 1@ site, on-site contributions to the Knight shift, and electric-quadrupole frequency for tK€yb

series.

Tk Y et Ow Hip Ks vg (4.2 K)

(K) (J/mol K?)  (up) (K) (kOelug) (%) (MHz)
YbAuCu, 22 0.15° 4.35 6 -0.63 0.33 8.96
YbAgCu, 100° 0.21¢ 4.64 51 -0.72 0.46 10.66
YbCdCuy, 2212 0.18¢ 5.41 167 -0.52 0.15 11.36
YbMgCu, 8552 0.06° ~724 + ~0.10 10.85
YbTICu, 7402 0.03¢ 0.20 13.2
YbInCu, (HT) 25¢ 4.22 11 -0.45 0.17  14.92(45K)
YbInCu, (LT) 400° 0.05 0.23 14.08

8 stimated in Ref. 1 from the zero-temperature magnetic susceptibility inferred from fitting Tedata to
the Bethe anzatz solution of the Coqgblin Schrieffer model.

bEstimated from various experiments and theories.

‘Referred from Refs. 10,14.

9Deduced from the(T) data above 300 K.

‘Referred from Ref. 1.

Referred from Ref. 29.

HT phase is estimated as25 K. YbAgCuy, has been con- Il. EXPERIMENTS
sidered as being in a intermediate state between the localized
and mixed-valence regimés:®=2' |t has a largey of
~0.21 J/mol ¥, and Ty is estimated from various experi-
ments and theories as100 K. The y data have a local
maximum around 40 K, that can be fit quantitatively to nu-
merical prediction® of J=7/2 Cogblin-Schrieffer modél (a
single impurity Anderson Hamiltonian in the Kondo limit
However, a number of investigations such as neutro
scattering pure quadrupole resonand®QR),?* electron-
spin resonanc® x-ray absorption, or photoelectron
spectroscopd'?® have confirmed a strondy;, which is in-
dicative of a mixed-valence system with nonmagnetic
ground state. Compounds wi¥= Cd, Tl, and Mg have been
relatively less studied?”-?®each displays properties interme-
diate to those described above. The valuey @ind T for

the YbXCu, series reported previously are shown in Table I.
Although the single-impurity Kondo model has qualitatively
accounted for much of the physical propertiesiversal be-
havior cannot be inferred by only accounting for variations
in Tg.

In this paper, we report a systematic investigation of iso-
tropic and axial Knight shifts and electric-quadrupole fre-
quency of 3Cu in the dense Kondo compounds X®u,
with X=Au, Ag, Cd, Tl, and Mg, to deduce the varied im-
pact of variations in effective valence and unit-cell volume,
crystal-electric-field splitting andf hybridization, that can
define more clearly what we do not understand. The Knight
shift is a measure of local magnetic susceptibility and pro-
vides information on the magnetic state of Yb ions through et e e
transferred hyperfine interactions. One can also estimate the 1 10 100
density of states of conductiasf bands through the on-site T K)
contribution to the Knight shift. Value of the electric-
guadrupole frequency provides information on the local elec- FIG. 2. Susceptibility as a function of temperature forXu,
tron distribution around Cu nuclei. with X=Au, Ag, In, Cd, Tl, and Mg.

We used single-crystal specimens of X@u, with X
=Au, Ag, Cd, Tl, and Mg. A superconducting-quantum-
interference-device magnetometer was used to measure the
magnetic susceptibility. Figure 2 shows thg data plotted
against temperature on a log-log scale for each of the com-
pounds.y for X=Ag, Tl, and Mg shows a local maximum
around 40, 260, and 130 K, respectively, that has been
'known to be a characteristic of mixed-valence compougds.

for X=Au shows a large CW-type increase down to 2 K,
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FIG. 3. Dependence of lattice constanbf YbAgCu, on the
temperature, measured by low-temperature x-ray diffraction. FIG. 5. Dependence on applied magnetic fielg,, of central
NMR line splitting of 3Cu NMR for 16 site in YbXCu, (X

. _ =Ag and In. Solid curves are splittings of the central NMR line
while that for X=Cd tends to saturate below about 50 K. calculated through the procedure described in the text.

From the CW-type behavior at high temperatures, we can
estimate values of Weiss temperatérg, and effective mag- of 75 MHz. The spectra for all the compounds have the
netic momentu+ for X=Au, Ag, and Cd. The results are general electric-quadrupole powder-patt&ta: second-order
summarized in Table | with the data fér=In referred from  split central line and equally split satellite lines with maxi-
Ref. 29. Itis worth noting that among the compoupdg for ~ mum atf= /2. The quadrupole-split spectra are assigned to
X=Cd is somewhat larger in magnitude than 4.54 for ®Tu on the 16 site with noncubic local symmetry. A
free YB3 ions. nonzero asymmetry factop of the electric field gradient
For YbAgCu‘, we have observed a temperature depen.(EFG) gatCu nuclei is to result in shoulders on both sides of
dence of the lattice constaatby x-ray diffraction measure- the (:S?ntral line and also ap=m/2 (6==/2) of satellite
ments. As shown in Fig. 3, the value affor X=Ag shows lines™ Here 6 is the angle of the applied fielbl ;5 with
a broad minimum at around 40 K where tgedata exhibit ~ respect to the principak axis of g, and ¢ the azimuthal
the local maximum. For NMR and PQR measurements, w@&ngle. Lack of clear shoulders either on the central line or
crushed the single crystal specimens into powder with graigatellite lines indicates that the value gfin YbXCuy, is
size smaller than the skin depth. To obtain values of quadruather small. The interval between the satellite lines, which
pole frequencyq, we have carried out PQR measurementsvas independent oH ., gives a measure of quadrupole
of %38%Cu in zero field. The values ofg for each of the frequencyrq, and the value agrees with that obtained by the
compounds are summarized also in Table I, which are i°"QR measurements.
good agreement with those reported previously Xet Au, We have found that the splitting of central line varies with
Ag, and In?* and forX=Cd and TI?"%8 increasingH 5, @s shown in Fig. 5 typically foX=Ag and
The NMR experiments were carried out in a temperaturdn (data for In below 100 MHz are referred from Ref.)29
range between 4.2 and about 250 K utilizing a wide-bandrhis is an indication that the splitting due to the second-order
phase-coherent spin-echo spectrometer. Figure 4 shows tyglectric-quadrupole interaction is of the order of magnitude
cal ®3Cu and ®®*Cu NMR spectra observed for YoMggat  Of axial Knight shiftK,,, and the extent of the splitting is

4.2 K in a field sweeping procedure at a constant frequencgontrolled by changindi ,,: the anisotropic effects are pro-
portional to H,,y, wWhereas the second-order quadrupole

AT splitting is proportional to H ..
SK=0 ©K=0 The quadrupole frequency, relates toq and the quad-

il i rupole moment Q of an observed nucleus asqg
=|3e2qQ/2h1(21 —1)|. q consists of contributions from the
ionic charge on the lattice sites around an observed nucleus
qic @nd the intra-atomic electron distributiop, as*

4= (1=r2) 0t (1+R) e, 29
\»&M wherer,, and R are ionic Sternheimer antishielding factor

and core correction factor, respectively. In theX¥u, se-
S ——— ries, the valence of Cu ions on theélS6ite is considered to
50 5.5 6.0 6.5 7.0 7.5 | ic & with 420 el f.
H(T) b_e close to nonmagnetic wit electron configura-
tion which gives rise tae~0. As was noted in Ref. 24 for
FIG. 4. ®3Cu and ®®Cu NMR spectra for YoMgCuat 4.2 K X=In, the increase inq originates from the increase i,
measured at a constant frequency of 75 MHz. and, therefore, the decrease in the unit-cell volume.

spin-echo intensity (arb. units)
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Then we shall suppose that the magnetic shift tensor iX=In, and a broad maximum around 40 K f¥=Ag and
also axially symmetric, and that the major axes of the electriground 140 K forX=Cd. In contrastK ., for X=Mg has a
field gradient and magnetic shift tensors are coincident. lfarge positive value which increases monotonously with de-
this were not the present case, each of the quadrupole spliteasing temperaturé,, for X=Tl is positive and rela-
lines would be split into four lines or severely broadened.tively insensitive to the variation of temperature. The axial

For the case where axial Knight shift and second-order quadknight shift K, of ®3Cu in each of YIXCu, except forX
rupole effects are present simultaneously in the absence af oy and In has rather small values.

quadrupole asymmetrys(~0), following Jonest al* and For the compounds witkk=Cd and Tl at high tempera-
McCart;™ the two maxima occur at cag=0 and at tures, we found an additional sm&fiCu resonance line at a
12 field between the two maxima of central line, as typically

5 8av]
9 3ug[I(1+1)-3/4]

shown in Fig. 7 for YoCdCy The additional single reso-
nance line largely shifts with temperature, and is reasonably
assigned to Cu on thec4site with local cubic symmetry
wherea=K,/[1+K;s], andKjs, is isotropic Knight shift.  (1,,=0). This provides evidence for the existenceXofCu

The 5/9 term is that for the electric-quadrupole effect alonesite disorder of about 10% or less that is estimated from the
For the NMR spectra obtained in the field sweeping procesignal intensity. The®3Cu Knight shift K for the 4c site,
dure at a constant frequeney, the resonance fieldd, and  determine at peak intensity, is plotted in Fig. 8 against tem-
Hy at the two maxima of central line are given by the fol- perature. FoiX=Cd below~140 K, the resonance line for

Ccosf, ==

. (22

lowing equations: the 4c site approaches thid, maximum of the central line

for the 1@ site, which makes it difficult to deduce a reliable
huo(6) =y H (14 Kigo— K o) + @ 2.3 value ofK. At high temperatures, the negatiefor the 4c

OV A iso v ' site of the compounds witi=Cd and TI exhibits a CW-

) type increaseK for X="TI reaches a minimum around 50 K.
Mvol )= yafiHu 1+ Kisot Kaq 3~ 5 ] lll. DISCUSSION
160  a?vd A clear indication of YB* ions in YbXCu, at high tem-
—h 9_Vo THE 2.9 peratures is given by the Curie-Weiss-type magnetic suscep-

tibility and Knight shift, which revealed independent excita-
Here, b=(vé/16)[l(| +1)—3/4]. These two equations can tions between CEF split energy levels of*4 In a cubic
then be solved foK ., andK ,, with the experimental values crystal field, 2F.,, Hund’s rule ground state splits into two
of H, andH, at the two maxima andq determined by PQR  doublets {'s andI'7) and one quartetl{g). Neutron scatter-
measurements. The results fiCu on the 18 site in each ing measurementsfor YbAuCu, and YbAgCy gave a CEF
of YbXCu, compounds are plotted in Fig. 6 against temperascheme with d"; ground state, & g quartet excited stat&
ture. ForX=Au, the central line exhibits a large CW-type above the ground state, and’g doublet state\, abovel'g
broadening with decreasing temperature, which made thkevel. The CEF splittinga\; andA, have been estimated as
two maxima unclear at low temperatures. Then we calculated.89 and 2.99 meV for YbAuGu and 9.3 and 7.2 meV for
Kiso and K, only for the NMR spectra above 55 K. K,,  YbAgCu,. Characteristic behaviors of the magnetic suscep-
has a similar temperature dependence in shapgtexcept tibility x(T) data at low temperature@ig. 1) have been
for X=Cd. explained quantitatively with the energy level schenwe
The splitting of the central line is given B will base our discussion on the analysis of the isotropic
Knight shift data.
250 bGay, a’vd
Mg, "3 T

and, as is drawn by dotted curves, the field dependence of the Knight shift K(T) of °*Cu in rare-earth compounds is
splitting shown in Fig. 5 can be reproduced satisfactorilygenerally related to the magnetic susceptibijtyT) of the
with the values oKy, andK ,, obtained above in spite of our rare-earth ions with a transferred hyperfine fielg as

crude approximations. In the analysis of the central NMR

line in our previous paper for YbInGi#° we evaluated only K(T)=Kq+ ﬂ)}(T), (3.2)
Kiso assumingK 5~ 0, and incorrectly conjectured the in- N

crease of splitting withH o, to increase invg . In the present

(2.9

A. Kiso Versus x plots

é/vhereKS is an on-site contribution which consists of a con-

paper, however, we have found from interval between th . L .
satellite lines thavr, is independent oH s ?eur(r:rt]mn electron term and a field-induced Van Vleck orbital

At high temperatures, a negative contribution to the iso-
tropic Knight shiftK;s, for the compounds witiX= Au, Ag,
In, and Cd exhibits a CW-type increase. At low temperatures,
however, each oK, exhibits a distinct behavior: a monoto- Here, we neglected contributions from the Landau and ion-
nous large increase fof=Au, a step decrease at 45 K for core diamagnetic terms which are generally much smaller

KS: KC+ KVV . (32)
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than those from the paramagnetic terms for transition-metgk=Au, Ag, and In, respectively. FoX=1n, the value ofK

elements. Figure 9 show&,, versusy plots for ®3Cu on the
16e site in each of the YKCu, compounds with temperature

in the HT phase is smaller than 0.23% in the LT phase.
In contrast,K s, versusy plots for the compounds with

being the implicit parameter. The plots fr=Au, Ag, and X=Cd and Tl exhibit somewhat complicated behavior. For
In (HT phase are on corresponding straight lines drawn in X=Cd, the plots above 140 K are roughly on a straight line
the figure, and the slope gives,;=—0.63, —0.72, and which givesHp=—0.52 kOeug and K;=0.15%. Below
—0.45 kOepp, respectively, which originate from trans- 140 K, K, exhibits a large increase in spite of the fact that
ferred hyperfine couplings with thef4spin of the neighbor- the y data tend to saturate. If we reasonably assume that the
ing Yb ions. The intersection of the straight line and verticalon-site Knight shiftk is near independent of temperature,
Kiso @xis gives an estimate of the temperature-independerhe plots indicate that the negativé, begins to decrease
term K at high temperatures as 0.33, 0.46, and 0.17 % fobelow 140 K, changes sign at around 50 K, and increases to
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FIG. 7. An additional®*Cu resonance line originated from Cu
on the £ site of YbCdCy at 75 MHz and 260 K, observed at a
field between two maxima of central NMR line.

% (102 emu/mol)

FIG. 9. Isotropic Knight shift versus magnetic susceptibility

0.47 kOepug at 4.2 K. ForX=Mg, we did not observe the plots for Cu on the 18 site of YbXCu, (X=Au, Ag, In, Cd, TI,
linear relation betweelKs, and y within our experimental and Mg with temperature being the implicit parameter.
range. The value ok can be estimated as about 0.10% by
fitting the K;;, data above 150 K with a CW-type laW
=Ks+ a/(T+6) with 6=72 K deduced from thee data.
Then theK;y, versusy plots for X=Mg indicates thatH,;,  Fermi level.
~2.7 kOefug at 250 K and increases t65.4 kOejug at For the compounds witiX=Au, Ag, and In, as is shown
30 K. ForX=TI, the near temperature independent behavioin Fig. 11, we have found rather good correlation between
of Kis, givesK of about 0.20%. the on-site Knight shifK (closed circlesand the coefficient

Figure 10 showK versusy plots for 53Cu on the 4 site  of low-temperature electronic specific healopen circles
in the compounds wittK=Cd and TI. The plots foXx=Cd 7 is proportional to the density of staté§(Er) of the sf
above 140 K are on a straight lines, which is consistent witftonduction bands. Then we may conclude tais a mea-
the K, versusy plots for the 1@ site. The plots for thed  sure ofN(Eg) around the 16 site, and the orbital terry,
site givesH = —3.22 kOefg andK =0.17%. The value in Eg. (3.2) is considered to be very small, consistent with
of K, at the £ site is in good agreement with that at thee16 the d'® electron configuration of Cu ions. The compounds
site. The plots foiX=TI are somewnhat scattered because ofcan be classified into three groupé=Ag and In; X=Cd,

the smally values. Tl, and Mg; andX=Au.
Mixed-valence regime close to heavy-Fermion sté&ter

YbAgCu,, we have found that the lattice constantakes a

B. Variation of physical quantities with the species ofX atoms minimum at around 40 K, as for Yblng&4 Figure 12 shows

In this subsection, we explore the extent to which theth® dependence of isotropic Knight shffi, on the unit-cell
various physical properties and their variations with the speYolumeu with temperature being the implicit parameter for

cies of X atoms can be described by the unit-cell volusE,
mixing, and density of states &ff resonance bands at the

0.2
0.2 [ "
83Cu on 4c-site 3
L 0 -
(= - L
| 00 . I
L o o | IS i
= Tl o < =02
§ -0.2 §> < LS M F
% H Y s N ]
o I
. g 5 Cd 0.4 :
04| 4 L
» Yy Su—— R e
06l R 0.4 0.8 12
0 50 100 150 200 250 % (102 emu/mol)
T (K)

FIG. 8. 53Cu Knight shift of ®3Cu on the £ site in YbXCu,

with X=Cd and Tl as a function of temperature.

FIG. 10. Knight shift versus magnetic susceptibility plots for

being the implicit parameter.
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K, (%) ¥y (J/molK? T, (K) As can be seen in Fig. 12, the valueg{, for YbAgCu,
— — =~ below 40 K (open diamondsare somewhat smaller in mag-
i nitude than the values expected for the same unit-cell volume
Lo - ° o 0.5 -| 1000 above 40 K(closed diamonds For YbInCy, below the first-
[ t order valence transition at 45 K, the negative contribution to
704 800 Kiso €xhibits a step decrease with the volume expansion of
103 600 about 0.5%. The extent of th€;;, step for the volume ex-
pansion is, however, about 75% of an expected value ob-
Jo2 400 tained by the extrapolation of the best fit line for the data
below 140 K. These results indicates that the nonmagnetic
101 200 behavior at low temperatures of both YbAgand YbInCuy
I R cannot be described only by the Kondo volume expansion
0 s S — model®®
AuCu Ag . In Cd Tl Mg . . .
X atoms Mixed-valence regime far from heavy-Fermion statee

small values oK for the compounds witkX=Cd, Mg, and
FIG. 11. Schematic phase diagram for X@®u, series. Tl suggest thalN(Eg) of the sf conduction bands are com-
Variations with the species of atoms of on-site Knight shifkKs  parable in magnitude with that for YbInGuThe rather high
(closed circles and electronic specific heat coefficiefdpen T, and existence of local maximum jp around 260 K for
circles and Kondo temperaturéopen squargscited from Refs. v _ 1] and 130 K for X=Mg (Fig. 2 indicate that these

[1-310,14-21 compounds are in a mixed-valence state somewhat far from
the heavy-Fermion state.
each of the compounds witki=Ag and In. Below 100 K, In the present NMR data, the compounds wits Cd and

Kiso for X=Ag decreases linearly with decreasingwith a Mg are characterized by strongly temperature-dependent
slopedK,/d[v/v(300)]=0.675. Here, the decreasekn,, transferred hyperfine couplingds. Similar variations in
corresponds to the increase jp. In the HT phase of Hs with temperature have been observed in heavy-Fermion
YbInCu,, theK , versusv. plots betweerT,, and 140 K are  compounds of CeAl, CeCuSh, CeAl,, and so ort,~*in

also on a straight line with a slope ofK,/d[v/v(300)]  which it was attributed to CEF interactiofislf the hyperfine
=1.16. The linear relation betwed), andv indicates that field is anisotropic, the restricted symmetry of thgground

the magnetism of the compounds at low temperatures is corstate wave function will cause it to couple differently to
trolled by the unit-cell volume. As the unit-cell volume ex- neighboring Cu nuclei than thig excited state wave func-
pansion is favorable for nonmagnetic ¥brather than mag- tion. ThenH,y is expected to decrease at low temperatures,
netic YB** ions, we may conclude that YbAgGexhibits a  removing the degeneracy of CEF splittings. Very large varia-
crossover around 40 K from the localized moment state to &ons in Hys observed for the YKCu, compounds withX
mixed-valence state. Sufficieaf mixing®>?°24~2%appears to = Cd and Mg, however, cannot be explained only by remov-
allow the mixed-valence state. The values of biithandy  ing the degeneracy of CEF splittings with lowering tempera-
for X=Ag are larger than those foX=In indicating that ture.

YbAgCu, is located close to the heavy-Fermion state. It is worth noting thatH; takes a constant value at high
temperatures wherg data follow a Curie-Weiss lawH
. markedly increases coincident with the saturated behavior of
- ] x for X=Cd below=140 K, and with the decrease jinfor
0.4 |- Ag e o] X=Mg below ~300 K. The variation in the CEF energy
03 | e ® * ] level scheme of Yb ions, when the system transforms into the
I e ] mixed-valence state, is expected to largely change the aniso-
g 02r ;"33‘?,«7 ? Inan 1 tropic mixing between the Yb #hole states and conduction
\fg o1 | ] electrons and, therfore, the trasferred hyperfine coupling ten-
M| ' . o ] sor. As can be seen in Fig. 6 the Knight shift §Cu in the
0L Tam & g compound expected to be in the mixed-valence redooe-
i ° ./ 1 pounds withX=Cd, Mg, Ag (T<20 K), In (LT phase] is
0l i & ] much more isotropicK ,,~0) than in the localized spin re-
02 | W - i gime.
o L . . | | . 1 Although the y data for X=Cd shown in Fig. 2 has a
0938 0990 0992 099 099 0998 1 temperature dependence which resembles that of heavy-

fermion compounds, the large variationhh; with tempera-
ture and rather small value &f; suggests that YbCdGwalso

FIG. 12. Dependence of isotropic Knight shift on the unit-cell belongs to a group of mixed-valence compounds. For
volume with temperature being the implicit parameter for the com-YbTICu,, the small values of botly andHy; do not allow
pounds withX=Ag and In. Open diamonds fot=Ag are the data any reliable analysis. A quantitative discussion on the varia-
below 40 K, and open circles fot=In are the data below 45 K. tion of transferred interactions with CEF interactions in
Arrows are in a direction to lowering temperature. YbXCu, series will be presented elsewhere.

v(T)/v(300)
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Localized moment regim&he very large CW-type be- hoth K, and the lattice constant. The linear dependence of
haviors of bothK;s, and xy for X=Au can reasonably be K on the unit-cell volume observed for 4.2—100 K though
ascribed to nearly localized moments of3Yb In addition,  the Kiso Minimum, similar to that observed below140 K
rather large values of botks and y indicate that YbAuCy  of YbInCu,, indicates that the near nonmagnetic behavior of

is in a heavy-fermion state. The contrasting behavior ofypAgCu, below 40 K can mostly be explained by the small
YbAuCu, to YbAgCu, which have isoelectronic states, can volume expansion.

be reasonably understood from the smaller lattice constant |n contrast, K,;, versus y plots for YbCdCy and
for X=Au than that forXx=Ag," which is favorable for the ybMgCu, exhibit somewhat complex behavior: hyperfine
magnetic Y8 ions. field Hy; markedly increases associated with the saturated
Schematic phase diagranfinally, we propose a phase pehavior ofy for X=Cd below=140 K, and with the de-
diagram for YIXCu, series illustrated in Fig. 11, which cor- crease iny for X=Mg below ~260 K. Hy originates
responds to Doniach’s phase diagréfhin the figure, the mainly from transferred hyperfine coupling between Cu
on-site Knight shiftsKg at high temperatures are deducednycleus and Yb # moment, and the large increaseHi; is
from theKs(T) data of ®*Cu on the 18 site, andy and T attributed to a variation of crystal-electric-field interactions
are cited from various experiments:>%14~?14!The varia-  as the system transforms into a mixed-valence state.
tion of Ks with the species oiX atoms roughly correlates  The variation with the species dfatoms of temperature-
with that of y except forX=Cd. The anomalously large  independent on-site contributiods to the Knight shift is
for X=Cd is considered to consist not only of the conductionfound to correlate with that of the electronic specific heat
bands contribution but of a magnetic contribution. The phaseoefficienty (except forX=Cd), each of which give a mea-
diagram implies that the quantum critical point is locatedsure of the density of states of conductief resonance

around the YbCuCucompound. bands. Then, using the values Kf, y, andTx, we have
proposed a phase diagram for XBu, series, which corre-
IV. CONCLUSION sponds to the Doniach’s phase diagram. YbAu@uclassi-

fied to a localized regime, YbAgGuand YbInCy to a
mixed-valence regime close to heavy Fermion state, and
1:YdeCu‘, YbTICu,, and YbMgCy to a mixed-valence re-
aﬁime far from the heavy-fermion state.

We have carried out a systemafitCu NMR study on a
set of isostructural ytterbium-based Kondo compound
YbXCu, with X=Au, Ag, In, Cd, Tl, and Mg. We have
succeeded to deduce values of both isotropic and axi
Knight shifts from the splitting of the central resonance of
the electric quadrupole split NMR spectrum, taking a quad-
rupole frequency obtained by PQR measurements. The ob- The authors wish to express their thanks to Professor M.
tained values foK;s, andK,, were able to reproduce satis- Ishikawa, Institute for Solid State Physics, University of To-
factorily the applied magnetic field dependence of thekyo, for his kindness in measuring the x-ray diffraction pat-
splitting between the two maxima of the central resonance.tern of YbAgCu, at low temperatures. We are also grateful to

Kiso Versusy plots for each of the compounds witk  Professor H. Shiba, Faculty of Science, Kobe University, for
=Au, Ag, and In are on corresponding straight lines. Forvaluable discussions. Work at Los Alamos was performed
YbAgCu,, we have found a local minimum around 40 K for under the auspices of the U. S. Department of Energy.
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