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Cu nuclear quadrupole resonance and relaxation on the Yb-based
heavy-fermion compound YbCuy

N. Tsujii,* K. Yoshimura, and K. Kosuge
Department of Chemistry, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan
(Received 21 December 1998

Cu nuclear quadrupole resonan@®QR) study has been performed on a heavy-fermion compound cubic
YbCus which has a large electronic specific heat coefficienyef50 mJ/mol K. 53Cu and®>Cu NQR spectra
confirmed that magnetic ordering is absent in cubic Yb@uleast down to 1.6 K®Cu nuclear magnetic
relaxation rate (1/,) of cubic YbCuy shows Korringa relation whereT{T = const below 4.2 K, indicating the
evolution of Fermi-liquid state. With increasing temperature above 50 K, thelettron contribution to T/, ,
(1/T1)4¢, tends to be saturated to a constant value, implying ttia¢ldctrons are localized with magnetic
moments. The temperature dependence of()1f can be qualitatively explained by the temperature depen-
dence of the #-electron correlation ratesrf;) "%, calculated within the impurity Kondo model.
[S0163-182899)07017-4

l. INTRODUCTION netic ordering in YbCwAu was obtained by the Mssbauer
experiment? and the Cu-NQR spectrum measureméte-

_ : . low 0.7 K. As for YbCuAg, the temperature dependence of
(M=Ag, Au, Pd, In, Cd, Tl, etg.compounds with the cubic 1/T, shows the characteristics of a Kondo-lattice syster.

AuBes-type s_tru_cture have been attracting much inte_rest be'i'he evaluated value of the characteristic temperafiyye
cause of their rich variety of low-temperature properties. FORNhich is correlated with the Kondo temperatuFg, is in

example, YbCun exhipits a firstjorder \(alence transjtion good agreement with that obtained from other
from a valence fluctuating state with Pauli-paramagnetic suss,aasurement
ceptibility to a stable YB" state with Ioca_l ma_gnetic mo- Recently, we have succeeded in preparing the cubic
ments at the temperaturely=40K with increasing AuBestype YbCy (hereafter we describe this compound
temperaturé” or at the magnetic fieldy=35T with in-  simply as “YbCw") by high-pressure technigde® Since
creasing field. On the other hand, YbGAg shows a typical  YhCug, might be regarded as the mother compound of all the
dense Kondo behavidr, exhibiting a moderately large elec- YbCu,M systems, the #electron state of YbGuwould give
tronic specific-heat coefficient ofy being 210-260 significant information about the origin of the various ground
mJ/mol K at low temperaturé*® Furthermore, the tempera- states of the YbGyM compounds. We have hence investi-
ture dependences of the magnetic susceptibility and the magated the magnetic, electrical, and thermal properties of
netic specific heat are quantitatively explained by the BetheYbCus so fari®’ All the results can be consistently inter-
ansatz solution of the Coqblin-Schrieffer model with thepreted as the characteristics for a Kondo-lattice system with
energy parametefT,=160K.*’ As for YbCuAu and a nonmagnetic Fermi-liquid state below 6 K, i.e., the en-
YbCu,Pd, the existence of long-range magnetic orderingdhanced Pauli-paramagnetic susceptibility, Tiedependence
was suggested by the electrical resistivity and the specificof resistivity, and theT-linear specific heal® Furthermore,
heat measurementEspecially for YbCyAu, the possibility — the low-temperature state is found to be a heavy-fermion
of incommensurate spin-density wal&W) is argued from state characterized by the large electronic specific-heat coef-
: : : ficient y of 550 mJ/mol K¥.° It is also notable that Yb
the result of neutron-diffraction exper|me8nh{bCu40d and Y =i . Gu
YbCu,Tl are reported to be valence fluctuating compouhds. SNOWS 2 mgga{g]ag”e“c'“ke behavior arothet 16 T at low
Adding to such varieties of properties, the Yh®U system temperature.”

has an advantage of a cubithe AuBe-type) structure, In this paper, we report on the nuclear quadrupole reso-

63,6 ; ; i _latti ;
which enables us a precise comparison with the theoreticé]a}nce(NQR) of ®>*Cu in YbCL.S and its spin Ia}ttmt_a relax
) e ation rate 1T;. In order to estimate the contribution from
calculations because of its simple crystal structure.

) conduction electrons, we measured th@;16f Cu NQR in
These YbCyM compounds have been also studied from %he isostructural LuCiAg. We will make a comparison with

microscopic point of view by many authors in detail. The Cu . ; : :
nuclear quadrupole resonan@®QR) (Ref. 10 and In-NMR tmhgdg:eorencal calculation based on the impurity Kondo

(Ref. 1) measurements on Yb@u revealed that the tem-
perature dependence of the spin-lattice relaxation rafes 1/

Among many rare-earth intermetallics, the Yb@u

changes drastically from T{=const aboveT,,=40K to Il EXPERIMENTAL
1/T,«T below Ty, which clearly demonstrates that the '
4f-electron state changes suddenlyTat Ty, from a local The polycrystalline sample of YbGuwas prepared by

magnetic moment state to a nonmagnetic Fermi-liquid statbigh-pressure technique as reported previolfslisostruc-
with decreasing temperature. The evidence of antiferromagural LUCWwAg was selected as a nonmagnetic reference
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FIG. 1. NQR spectra of YbGuat 4.2 and 1.6 K. The solid lines K2 +++*+ t
are the results of fitting with a set of two Gaussian functi(see = 4t + .
texd). £
21 B - # g @ -
compound. LUCpAg was prepared by arc melting and sub-
sequent annealing. The sample was crushed into fine powder 0 T B = 3 A i
in order to avoid the eddy-current effect in NQR measure- 1 10 100
ments. Nuclear quadrupole resonance was observed by the T(K)

conventional spin-echo technique. The spin-lattice relaxation

rate 1T, was measured by the saturation recovery method F!G- 2. (@ Temperature dependence offi/for YbCus and
using the 3Cu-NQR signals. The recovery curve showed-UCUWAd. (b) The temperature dependence of V. The dotted
single exponential decay over two orders of magnitude. Thg"d broken lines show TfT=1.9 sec’K™= and 1T,T
value of 1T, was determined by fitting the recovery data to =4.6sec K™, respectively.

the function expected for the NQR:(G >« = 3>) transi-

tion with the nuclear spifh=2 as cubic, we can assign these NQR spectra to be that of the 16
2 Cu site. The spectra have similar shape as those of isostruc-
M(t)=M (=)[1—exg —3t/Ty)], (1) tural YbCuAg and nonmagnetic LuGAg, which were al-

ready reported? The width of the spectra of YbGuare
whereM(t) is the spin-echo intensity at a long delay titne broader than those of YbGAg and LUCUAg as can be seen
after the saturation pulse. from Ref. 14. The width is, however, almost temperature
independent between 1.6 and 4.2 K as is seen from Fig. 1.
This fact indicates that the width of the spectra is not due to
spontaneous or staggered magnetic moment, but is likely due

In Fig. 1 are shown nuclear resonance spectra of ¥bCuto the local crystalline distortion which is brought during the

under zero magnetic field measured at 1.6 and 4.2 K. Theggrocess of high-pressure synthesizing and/or crushing
spectra consist of two broad peaks. As is shown in Fig. 1 byample to powders. Thus we can conclude that any kind of
the solid lines, we can successfully fit these spectra by a sénagnetic ordering is absent in Ybgdown to 1.6 K.
of two Gaussian functions with the relative intensities being In Fig. 2(a) is shown the temperature dependence of the
7:3, equal to the natural abundances’#u and®Cu, and  spin-lattice relaxation rate T{ of YbCus together with that
with the resonance frequencieg, being 10.05 and 11.03 of LuCuwAg. Figure 2b) displays plots of 0, T vs T. The
MHz at 1.6 K, of which ratio is equal to that of the nuclear values of 1T; of LuCu,Ag in Ref. 12 are almost identical to
quadrupole moment ofCu and ®°Cu, eQ®¥eQ®=1.07.  3/T, of our data. This difference arises from the definition of
We can therefore assign the spectra to be NQR ffé@u  1/T;: we used Eq(1) while the factor “3” in Eq. (1) was
and %Cu at crystallographically one site. YbCtas two  omitted in Ref. 12. We measured both T2y® and (17,)%
inequivalent Cu sites, i.e.,c4and 1@ sites. The NQR signal of LUCuw,Ag at 4.2 K, where (Ir,)® and (17,)% are 1T,
is observed when the nucleus is surrounded by the local synef %Cu and ®°Cu nuclei, respectively. The ratio
metry lower than cubic. Since thec4Cu site has the cubic (1/T,)%%(1/T,)® was observed as 1.162, which is very close
local symmetry and the #6Cu site has the lower one than to the ratio ¢5/75)2=1.147 wherey® and y® are the

Ill. RESULTS AND DISCUSSION
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— T T tively. These behaviors are consistent with the Kondo-lattice
_ picture in which a crossover should be observed with in-
sooL  CUic YbCUs 1 creasing temperature from the Fermi-liquid state well below
Tk to the local-moment state well abovg . It should be
noted that the magnetic susceptibility of Yhalso starts to

—_ deviate from the Curie-Weiss behavior with decreasing tem-
"o 150r T i perature below about 50 ¥.

2 T(K) The value of 1T, T of LuCu,Ag is estimated to be 1.9
T ‘ 10° 10 10° sec¢ 1K from Fig. 2, and that of YbCybelow 6 K is 4.6

S 100} } o MMMAQM%A s sec!K™l So we can evaluate that [L/T),

=1.9 sec*K ! whereas (T, T)4=2.7 sec 'K~ Within
the Fermi-liquid description, T can be related with the
density of statdDOS) of the quasiparticle bandy(Eg), as
1T, T<[AnN(Eg)]?, whereA,; is the hyperfine coupling
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i T constant between electron and nuclear spins. From the spe-
o-i e cific heat measurement the DOS of YhGsi supposed to be
0 20 40 T(K)GO 80 100 highly enhanced from that of free-electron bdfAddn the

other hand, (I, T),s is the same order of (T{T)s. This
fact implies that the value of the transferred hyperfine cou-

FIG. 3. Temperature dependence of tHeslectron contribution pling constan®, ; of the 63Cy nuclear spin at ¥site from

to 1/T, of YbCus, (1/T1)4¢. The dotted line indicates the relation . L R 5
(1/T1)4¢<T. The inset shows the magnetic susceptibiltfT) of E)h'ed'4f ?pmt?ft\;b Sltfhls xf)rfﬁ srréa'ltlr,] Inglcitlng g:jat mﬁ hy
YbCus (A) with the low-temperature Curie term subtracted, and rdization between the an etusor orthe

(L/T,T)4 of YbCus (®). The characteristic temperatufg=15 K 16e sites is very weak. We should compare th_is rgsult with
is indicated by arrow. See text for detail. the Cu-NMR study of both thealand 1& site, which is now
in progress.

gyromagnetic ratio oP°Cu and®Cu. If the relaxation pro- It might be interesting to compare the data of JL/of
cess is dominated by electric quadrupole effect such as th bCu520wnh those _021 t232/p|_cal heavy-ferm|on comp(_)unds
lattice vibration, the ratio (T7,)%%(1/T,)® should be the C€CW and CeRuSi, ™ since other physical properties of
value of €Q%%eQ®)2=0.871. We can therefore conclude them, especially of CeR8i,, are comparable with those of
that the relaxation process is magnetic, and the contributioff P€%: for instance, large va?I(ue of being 550 mJ/mol R
of quadrupole effect to the relaxation can be neglected in thigOr YbC_US__ and 350 T‘]/mOI for CeRU%Z’ maxima of
compound. The same situation can be expected for the relagUSceptibility at T,male_ 12K for YbCu;,™ and at Tpax
ation of YbCu,. As seen in Fig. 2, T; of LuCuAg is pro- 10 K for CeRySh,,” and metamagnetic behavior in both
portional to temperature in the whole temperature range, incompounds?* Therefore we pay attention to the tempera-
dicating that the relaxation is dominated by the Korringa-{Ur¢ dependence of T{T of YbCus. Af Is seen in Fig. 2,
type mechanism. The values off}/of YbCus also show the L/T1T 0f YoCus shows a maximum af=10 K. This behav-
Korringa-type relaxation where T{=T below 4.2 K as is lor s, hF’V;’f‘z’zer’ different from those of Ceg(Ref. 20 and
seen in Fig. 2, indicating that the Fermi-liquid state evolvesCERUSEL, ™" where 1T,T shows a constant at low tem-
below 4.2 K. This result is consistent with tfié dependence Perature and decreases monotonically above the temperature.
of electrical resistivity and th@-linear specific heat, both of ©On the other hand, very similar behavior to that of Y@
which were observed below about 63K, observed for several dense 2‘I1<ondo compounds such as

In many rare-earth systems, the observed nuclear spintPCWAg (Ref. 14 and YbCUAI™ For these two latter com-
lattice relaxation rate (T),s c2n be decomposed into two POUNdS, such temperature dependence B{TLis attributed

contributions as to the temperature dependence of tHeedectron correlation
rate (r4) 1. (74¢) ' is equal to the quasielastic linewidth of
(1T ) ops= (1T 1) 4+ (1T, (2)  the neutron-scattering energy spectrimThus we try to

o evaluate f4) ! in YbCus.
where (1T,),4¢ and (1T,)s are the contributions due to the  1/T, can be generally expressed with the imaginary part
fluctuations of Yb-4 moments and the conduction electrons, of the dynamical susceptibility as

respectively. We may assume that the values of {)L/ of

YbCu; can be evaluated by those of T1) ops Of LUCU,AQ.

In Fig. 3 are shown the temperature dependence df;§1/ 1 ) , X" (9, 00)
of YbCus estimated by subtracting (If)s=1.9XTsec? ﬂZZVNkBTg [Ant(a)] T wp
from (L/T1) ops- (1/T1) 4 Shows the Korringa-type relaxation

below 4.2 K indicating Fermi-liquid state, while it tends to

reach a constant value at high temperatures above 50 K. ThehereAq¢(q) is the Fourier transform of the hyperfine cou-
relation 1T,=const is a characteristic behavior of the fluc- pling constant, andvg is the resonance frequency. If we
tuations due to local magnetic momeftdn fact, the mag- neglect the wave-number dependence and assume the
netic susceptibility of YbCufollows the Curie-Weiss behav- Lorentzian form for the energy spectrum of the-gpin fluc-

ior with J=2 andg;=2 above 50 K!® whereJ andg; are  tuation with the spectrum width = (74) "%, we obtain the

the total angular momentum and the Larfdetor, respec- relation between (T7;)4; and (74;) ~* as

()
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6T——T—T——T T 71— These facts suggest that there exists a single energy param-
eterT, in YbCug by which physical properties of YbGare
| e cubic YbCuj ] scaled universally.
— caleulated ( 7, )" It must be str_essed that the wave-number dependence of
(To=15K) the spin fluctuations is assumed to be absent for the calcula-
4 tion of (74;) ~! by Cox, Bickers, and Wilkins. The relatively
good agreement between the calculation and the experimen-
tal data may indicate that YbGuloes not have a strong
wave-vector dependence of spin fluctuations even at low
temperature. Therefore it can be considered that ¥h€the
typical heavy-fermion compound where only one parameter
T, scales the physical properties universally and intersite
magnetic correlations is weak, in contrast to those heavy-
fermion compounds such as CeCand CeRuSi,, where
strong antiferromagnetic fluctuations are observed by inelas-

ol 1y tic neutron scattering at low temperatife.
0 20 40 60 80 100

T(K) IV. CONCLUSION

We have studied the Cu NQR of the heavy-fermion com-
FIG. 4. Temperature dependence of the evaluatbeéldctron  pound YbCy. The 83Cuf°Cu-NQR spectra and theTly of
correlation rate £4;) ~* of YbCus. The solid line indicates the re- °3Cu have confirmed that YbGuloes not show any kind of
sult of the calculation based on the impurity Kondo model with magnetic ordering at least down to 1.6 KT1/shows the
To=15 K (see text Korringa-type relaxation below 4.2 K, while (1), tends
to reach a constant value above 50 K. This fact can be con-
1 sidered as the first microscopic evidence of the crossover of
(T—) = ZyﬁkBAﬁfTX(T)uf , (4) 4f electrons state in YbGUrom itinerant Fermi-liquid state
1/ at below 4.2 K to the stable Y& one with local moments well
wherex(T) is the uniform magnetic susceptibility. Therefore 200Ve 50 K. The temperature dependence of {) can be
(r4)" L is proportional to the value ofTq)4Tx(T). The qt;al:tatlvely explzlim_ed by the thpeLatlrJ]re de_fpendence of the
absolute value of,) ~ 1 is, however, unknown since we do 4f-electron correlation rater) ~ and the uniform suscep-

. tibility x(T). By this comparison between the data and the
poort tﬁgor\gotr?;r\]/talue ORns without any NMR measurement calculation, the characteristic temperature was estimated as

. , To=15 K. This value is in good agreement with those esti-
In Fig. 4 is shown the temperature dependencergf)(* 0 J g

£ VbCur. plotted i bi s, Th I iy mated from other measurement. The relatively good agree-
o Us plotted in arbitrary units. The values of ) ment between the experimentat,{) ! and the calculation

show a minimum around 10 K, and continuously increase$yithin the impurity Kondo model may imply that the inter-
above the temperature. Such a temperature dependence (e magnetic correlation is weak in YbCeven at low tem-
(74) "' is often observed for many intermediate valent com-perature. To discuss the values of 1/at high-temperature
pounds with nonmagnetic ground state, like YblpAand |ocalized moment state andT4/T at Kondo-lattice state at
CePd,* as well as YbCyAg (Ref. 14 and YbCuAI** Cox,  low temperature quantitatively, the absolute values of
Bickers, and Wilkins calculated the temperature dependencgr,;) ! should be determined by NMR measurements,
of (74) ! based on the impurity Kondo model for a®e which are now in progress.

(J=2) ion.28 Within this model, ¢,;) ~* shows a minimum

at the temperature around the characteristic temperaiire ACKNOWLEDGMENTS
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