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We report a nuclear magnetic resonaf&IR) investigation on the fluctuating valent compound YbIpCu
which exhibits the first-order isostructural valence transitionat 45— 50 K.*"Yb NMR was observed in the
range between 1.9-4.2 K in the low-temperat(t®) phase with the Knight shift of 101.3%. The hyperfine
coupling constant of 0.8810° Oe/ug is about 24% smaller than the value expected forJtheE state of free
Yb®" ions. The strongly enhanced paramagnetic behavior with large Korringa-like relaxationTraEg,
=1.1x10* (sK) %, is consistent with the formation &ff resonance band&3Cu Knight shiftk (3Cu) shows
a Curie-Weiss-type behavior in high-temperat(tid) phase, and a temperature-independent behavior in the
LT phase. It is found thak (53Cu) vs »(53Cu) (electric-quadrupole frequencplots in the HT phase are on a
straight line for the most part, and deviate slightly from the line as the temperature apprdacHashe LT
phase, on the other hand, the plots exhibit a small deviation from the line in the opposite direction. As the
increase inv(%3Cu) for YbInCu, is caused by the decrease in the cell volume, it is concluded that the Kondo
volume collapsdexpansion model may describe the physics of YbInfassociated with the valence fluctua-
tions. The deviation from the line is thought to be due to the variation of the coupljpdpetween the
conduction electron density and Yb's 4lectrons.
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The physical properties associated with valence fluctua- In this paper, we briefly report the result of the first NMR
tions of Yb ions in the face-centered-cubic XBu, series measurement oft’*Yb in YbInCu, at low temperatures.
with X=Ag, Au, Cd, In, Mg, TI, and Zn have drawn much These data provide direct information on the ground state of
?;iﬁgtriwélﬁg‘fé}ngzglﬁé;g:g&‘;qﬂZ nrglsT%;(thrgfngeli?Qit 0'E]he 4f electrons. We also measured the Knight shift and the

. . ) uadrupole frequency ¢fCu in high field. The former is a
mgﬁﬁé\ﬁ:)eer:;?u?sga;’rg rﬂa\;?wfa];ilcg)sigoclgpkfigi(la;?o.wsOtﬁ:a measure of the local susceptibilities and provides informa-

' tion on the magnetic state of Yb ions through the transferred

Curie-Weiss law with nearly the fully free Yb ion moment hyperfine interactions, and the latter the local electron distri-
and antiferromagnetic Weiss temperature-df5 K. At low yp o
rputlon around Cu nuclei.

temperatures below the first-order isostructural valence tra , )
sition atT,=40—50K where a volume expansion of 0.5% W€ used a single-crystal specimen of YbinCand
occurs, the magnetic susceptibiligwas found to exhibit the crushed itinto powder with grain size smaller than the skin
paramagnetic behavior. The Kondo temperature is estimate¢£Pth- The NMR experiment was carried out utilizing a
from y asTK = 25K for the high-temperatur@iT) phase and wide-band phase-coherent spin-echo spectrometer. The
Tk=4OOK for the low-temperaturéLT) phasé within NMR spectrum was _obtalngq in a ﬂeld-svyeeplng procedure
the single-impurity theory in the Kondo limitCogpblin- at constant frequeQC|es ut|I|Z|.ng a boxcar mtggrator.
Schrieffer model!! The enhanced coefficient of the elec- At 75 MHz, as is shown in Fig. (&), we first found a
tronic Specific heat in the LT phase is 50 m\]/majlk small 171Yb Spin-eChO Signal at the field jUSt below the sat-
The YBXCu, compounds(C15b-type structurg are ap- €llite line for /=0 of the quadrupole-split>CuNMR de-
propriate for a nuclear magnetic-resonari®MR) study, scribed below. The time interval between th€ and  rf
since it is in principle possible to observe almost all thepulses was 1@s. The spectrum at a higher frequency of 115
constituent nuclear speciés.!® Several authors have re- MHz is shown in Fig. 10), which is well separated from the
ported the results of rather easily observable puresatellite line of the®*Cu NMR. The resonance field was di-
quadrupole-resonancéPQR of Cu nuclet?*® (%3Cu, rectly proportional to the frequency, and the Knight shift of
nuclear spinl=2; %Cu, 1=2), and NMR of *%n (Refs. = 101.3% defined at the peak intensity is independent of the
16—18 and 2°TI (Ref. 12 on thenonmagneticic and 1&  temperature in the range between 1.9 and 4.2 K. The full
sites. On the other hand, there has been no report on theidth at half maximum is about 2.9 kOe. Taking the values
NMR of Yb nuclei (*"%Yb, 1=%; ?Yb, I=2) on themag- of the Knight shift and the susceptibility(0)=6.37
netic 4a site. In an unstabléelectron system, the nuclear %10 2emu/mol(Ref. 6, the hyperfine field of"*Yb in the
spin-lattice relaxation is expected to be strongly enhanced,T phase is estimated as 0:880° Oe/ug. The 1" spin-
which gives rise to difficulties in observing the spin-echolattice relaxation timer; was too short to measure directly
NMR signal of Yb. with the usual saturation rf-comb-pulse method. Therefore
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FIG. 1. NMR spectra of"%Yb in YbInCu, at 4.2 K, observed at 0 50 100 150 200
constant frequencies of 75 MHa) and 110 MHz;(b). In (a), the T (K)

satellite lines of the electric-quadrupole sgifcu NMR at 6=0

and /2 are indicated by open and closed arrows, respectively. FIG. 2. Temperature dependence of the electric-quadrupole fre-

) ) ) ) quency of®3Cu in YbInCuy, The inset of the figure shows the de-
we measured the transverse relaxation tilge which is  pendence ofq, at 55 K on the external magnetic field.
composed of a temperature-independent spin-spin relaxation
termT3 angzaotemperature-dependent longitudinal relaxatiorn the external magnetic field as is shown in the inset of
term T, as™ Fig. 2. The data can be reproduced by the following formula:

1 1 @ 63\ — 2
=t —, ) vo("*Cu)=15.0+0.02554° MHz, 2
T, 75 T, . . . .

as is drawn in the inset by the solid curve.
where a for Y7Yb is (1+3)?=1. WhenT; ! is sufficiently The temperature-independéft®3Cu) of 0.22% at the LT

larger than T3) %, T, ! gives a measure df; *. We deter- Phase is consistent with the high Kondo temperatiig,

mined T, from the decay curve of the spin-echo intensity ~400K. On the other hand, the temperature-dependent
focused at 2 after =/2- rf pulses separated by the time K(%3Cu) in the HT phase can be fitted by the following for-

Here we used a digital signal averager to improve satisfadnula:

torily the signal-to-noise ratio. In the temperature range be-

tween 1.9 and 4.2 KT, * for 171Yb' is directly proportional K(53CU)=0.14- 14.5 %, 3

to the temperature, and we obtained a Korringa-like relax- T+21.2

ation rate, T,T) 1=(T,T) 1=1.1x10*(sK)"%, which is

four orders of magnitude larger than the value ®T)~*  as is drawn in the figure by the solid curve.

for %3Cu (Ref. 14. The strongly enhanced,T=const be-

havior of 1’Yb in the LT phase is consistent with the for- O3 7 T

mation of a quasiparticle Fermi liquid with enhanced mass. [ ]
The %3Cu spin-echo signal in YbInGuvas observed in a 0% ® ® o 1

temperature range between 4.2 and 170 K. fi@u NMR 02 i

spectrum has the general quadrupole powder pattern with I

zero anisotropy factom of the electric-field gradierft a 01 F ]

second-order split central line with maxima it (6= m/2) s ]

M

andv, (f=cos?! \/g); and equally split satellite lines with

maximum até= /2 and shoulder a¥=0. Here @ is the

angle of the applied fieltH with respect to the principat

axis of the electric field gradiemny 01 F ]
The values of the electric-quadrupole frequency, [ ]

vo(**Cu)=e?qQ/2%, and the isotropic Knight shift, i

K(%3Cu), deduced from the spectrum analysis of the central 0.2

line, are plotted in Figs. 2 and 3, respectively, as a function 0 50 100 150 200

of the temperature. The temperature dependen@@((?F‘Cu) T (K)

is similar in shape to that reported previously in the PQR

measurement for the polycrystalline specimi&ive found, FIG. 3. Temperature dependence of ff€u Knight shift in

however, that the value ofg(®*Cu) just aboveT, depends  YbInCu,.
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In rare-earth ions with nonvanishing orbital momentum, 03 T T
the principal contribution to the hyperfine field,; is the
large magnetic fieldH «(orb) set up by the orbital motion of
4f  electrons® The Hartree-Fock value of (1/r®) 021
=13.83a.u. for a free Yb ion?? gives Hs(orb)=5.194 i
X 10° Oe. There is also a spin-dipolar fiett«(sd) from the
intrinsic spin moments of #electrons. The # electron also
contributes indirectly to the total hyperfine field by the
mechanism known as core polarization fiéfgi(cp). Both
Hy«(sd andH,«(cp) are an order of magnitude smaller than [
Hps(orb). For the fluctuating valent compound YhAIRef. i H J
23) and the Kondo semiconductor YhB(Ref. 29, the val- -0.1 - heavy fermion sf ]
ues of the hyperfine field derived from th€'Yb Knight shift [ Kondo state ]
and the suscepétibility were nearly Be+qual to the calculated 0z 1 . . l , ]
value (1.154 10° Oe) for the free YB" ion with the satu- 0.2 e e e e
ration moment ofyJ=4 pug.%* 13 14 15 16 17 18

The present empirical value of 0.880° Oe/ug at the LT v_(Cu) (MHz)
phase of YbInCy does not differ much from the value ex- Q
pected for the free Y ion. In Yblnc% a small change in FIG. 4. Knight shift vs electric-quadrupole frequency plots for
the Yb valence by-0.1 was observed in the x-ray absorption excy in YbinCu, with temperature being the implicit parameter.
spectrd® below Ty, : Yb®" at the HT phase changes to %%
in the LT phase. The valence change reduces the value of . = . o
(1/r3), which gives rise to a decrease in the value OerV|at|on is in the opposite direction to that observed figar

H,«(orb). The paramagnetic behavior of YbinCin the LT N the HT phase. The electric-field gradieptonsists of the
phase also suggests an additional reductiof14f®), as is ~ Contributions from the ionic charge on the lattice sites around

] intermediate
valence state ]

[

s

o
T

K(®Cu) (%)

generally expected for metals. the Cu nucleusq,,, and the intra-atomic electron distribu-
The impurity nuclear relaxation at low temperatures istion, de. Comparing the contrasting behavior of**Cu)
expected to follow a Korringa re|ati(?r?|, (Flg 2) with that of lattice Constar?t;the increase in/(63Cu)
in YbInCu, originates from the increase i, and, therefore,
, C(23+1) the decrease in the cell volume, as was noted in Ref. 14.
TTK=—— V2 4 Thus, the presenk(%Cu) vs vo(%3Cu) plots indicate that

) ) the physics of YbInCu with the valence fluctuations is
where C=g*u2J(J+1)/3kg is the Curie constant. For the mainly controlled by the cell volume and, therefore, may be
J=3 ground state of the Y ion, Eq. (4) gives T;TK®>  described by the Kondo volume collap@spansioh model.
=2.29x10 4sK. The Korringa constant derived from the The deviation of thek (°3Cu) vs VQ(GSCU) plots from the
experimental values of ;T andK of *"*Yb in YbInCu, is line is thought to be an indication of the changes in the

2 4 coupling Jos between the conduction electron density and
T1TK?=0.92<10""sK, ®) Yb's 4f electrons, as is illustrated in Fig. 4 by an arrow.
which is about two times smaller than the calculated value, The thermodynamical analysis of the valence transition
suggesting that the f4spin fluctuations in the LT phase of indicates that the volume changeTat is not enough for the
the Kondo lattice are not well localized. Kondo volume collapse to work, emphasizing the impor-
In the HT phase, the temperature-dependent second tertance of the carrier-density changes with the transition. To-
of K(®3Cu) in Eq. (3) originates from the negative trans- gether the increases M(Eg) andJy in the LT phase, de-
ferred hyperfine coupling with the neighboring Yb ions. Theduced from the preserf®Cu NMR data, would allow to
Weiss temperature 6f21.2 K does not differ much from the adequately describe the isostructural valence transition.
value deduced from thg measuremeritThe positive value In summary, we have carried odif'Yb and *Cu NMR
of the temperature-independent first term, 0.14%, in the Hlnvestigation on the fluctuating valent compound YblgCu
phase is indicative of dominant Van Vleck orbital and "’Yb NMR was observed in the range 1.9-4.2 K in the LT
conduction s electron contributions. The temperature- phase with the Knight shift of 101.3%. The strongly enchan-
independenK (°3Cu) increases by 0.08% in the LT phase.ced paramagnetic behavior with large Korringa-like relax-
This is an indication that the negative contribution from theation rate, T,T) *=1.1x10% (s K) ! is consistent with the
Yb spins almost vanishes, and the density of sthii@s:) of  formation ofs-f resonance band&3Cu Knight shift shows a
the quasiparticle bands at the Fermi level significantly in-Curie-Weiss-type behavior in the HT phase, and a
creases in the LT phase. temperature-independent behavior in the LT phase. The
Shown in Fig. 4 isK(®3Cu) vs vo(°®Cu) plots with tem- K (®3Cu) vs v(®3Cu) plots are on a straight line for the most
perature being the implicit parameter. The plots in the HTpart, indicating that the physics of Yblngumay be de-
phase are on a straight line for the most part, and show scribed by the Kondo volume collapgexpansioh model.
small deviation as the temperature approachgsThe plots  The small deviation from the line is thought to be an indica-
in the LT phase are also close to the line, and the smallion of the changes idg;.
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