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Cu nuclear quadrupole resonance and relaxation on the Yb-based
heavy-fermion compound YbCu5

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 resonance~NQR! study has been performed on a heavy-fermion compound cubic
YbCu5 which has a large electronic specific heat coefficient ofg5550 mJ/mol K2. 63Cu and65Cu NQR spectra
confirmed that magnetic ordering is absent in cubic YbCu5 at least down to 1.6 K.63Cu nuclear magnetic
relaxation rate (1/T1) of cubic YbCu5 shows Korringa relation where 1/T1T5const below 4.2 K, indicating the
evolution of Fermi-liquid state. With increasing temperature above 50 K, the 4f -electron contribution to 1/T1 ,
(1/T1)4 f , tends to be saturated to a constant value, implying that 4f electrons are localized with magnetic
moments. The temperature dependence of (1/T1)4 f can be qualitatively explained by the temperature depen-
dence of the 4f -electron correlation rates (t4 f)

21, calculated within the impurity Kondo model.
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I. INTRODUCTION

Among many rare-earth intermetallics, the YbCu4M
~M5Ag, Au, Pd, In, Cd, Tl, etc.! compounds with the cubic
AuBe5-type structure have been attracting much interest
cause of their rich variety of low-temperature properties. F
example, YbCu4In exhibits a first-order valence transitio
from a valence fluctuating state with Pauli-paramagnetic s
ceptibility to a stable Yb31 state with local magnetic mo
ments at the temperatureTV540 K with increasing
temperature1,2 or at the magnetic fieldHV535 T with in-
creasing field.3 On the other hand, YbCu4Ag shows a typical
dense Kondo behavior,4,5 exhibiting a moderately large elec
tronic specific-heat coefficient ofg being 210–260
mJ/mol K2 at low temperature.2,4,6 Furthermore, the tempera
ture dependences of the magnetic susceptibility and the m
netic specific heat are quantitatively explained by the Bet
ansatz solution of the Coqblin-Schrieffer model with t
energy parameterT05160 K.4,7 As for YbCu4Au and
YbCu4Pd, the existence of long-range magnetic orderin
was suggested by the electrical resistivity and the spec
heat measurements.4 Especially for YbCu4Au, the possibility
of incommensurate spin-density wave~SDW! is argued from
the result of neutron-diffraction experiment.8 YbCu4Cd and
YbCu4Tl are reported to be valence fluctuating compound9

Adding to such varieties of properties, the YbCu4M system
has an advantage of a cubic~the AuBe5-type! structure,
which enables us a precise comparison with the theore
calculations because of its simple crystal structure.

These YbCu4M compounds have been also studied from
microscopic point of view by many authors in detail. The C
nuclear quadrupole resonance~NQR! ~Ref. 10! and In-NMR
~Ref. 11! measurements on YbCu4In revealed that the tem
perature dependence of the spin-lattice relaxation ratesT1
changes drastically from 1/T15const aboveTV540 K to
1/T1}T below TV , which clearly demonstrates that th
4 f -electron state changes suddenly atT5TV from a local
magnetic moment state to a nonmagnetic Fermi-liquid s
with decreasing temperature. The evidence of antiferrom
PRB 590163-1829/99/59~18!/11813~5!/$15.00
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netic ordering in YbCu4Au was obtained by the Mo¨ssbauer
experiment12 and the Cu-NQR spectrum measurements13 be-
low 0.7 K. As for YbCu4Ag, the temperature dependence
1/T1 shows the characteristics of a Kondo-lattice system.13,14

The evaluated value of the characteristic temperatureT0 ,
which is correlated with the Kondo temperatureTK , is in
good agreement with that obtained from oth
measurement.14

Recently, we have succeeded in preparing the cu
AuBe5-type YbCu5 ~hereafter we describe this compoun
simply as ‘‘YbCu5’’ ! by high-pressure technique.15,16 Since
YbCu5 might be regarded as the mother compound of all
YbCu4M systems, the 4f -electron state of YbCu5 would give
significant information about the origin of the various grou
states of the YbCu4M compounds. We have hence inves
gated the magnetic, electrical, and thermal properties
YbCu5 so far.16,17 All the results can be consistently inte
preted as the characteristics for a Kondo-lattice system w
a nonmagnetic Fermi-liquid state below 6 K, i.e., the e
hanced Pauli-paramagnetic susceptibility, theT2 dependence
of resistivity, and theT-linear specific heat.16 Furthermore,
the low-temperature state is found to be a heavy-ferm
state characterized by the large electronic specific-heat c
ficient g of 550 mJ/mol K2.16 It is also notable that YbCu5
shows a metamagnetic-like behavior aroundH516 T at low
temperature.16,18

In this paper, we report on the nuclear quadrupole re
nance~NQR! of 63,65Cu in YbCu5 and its spin-lattice relax-
ation rate 1/T1 . In order to estimate the contribution from
conduction electrons, we measured the 1/T1 of Cu NQR in
the isostructural LuCu4Ag. We will make a comparison with
the theoretical calculation based on the impurity Kon
model.

II. EXPERIMENTAL

The polycrystalline sample of YbCu5 was prepared by
high-pressure technique as reported previously.16 Isostruc-
tural LuCu4Ag was selected as a nonmagnetic referen
11 813 ©1999 The American Physical Society
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compound. LuCu4Ag was prepared by arc melting and su
sequent annealing. The sample was crushed into fine pow
in order to avoid the eddy-current effect in NQR measu
ments. Nuclear quadrupole resonance was observed by
conventional spin-echo technique. The spin-lattice relaxa
rate 1/T1 was measured by the saturation recovery met
using the 63Cu-NQR signals. The recovery curve show
single exponential decay over two orders of magnitude. T
value of 1/T1 was determined by fitting the recovery data
the function expected for the NQR (6 3

2 .↔6 1
2 .) transi-

tion with the nuclear spinI 5 3
2 as

M ~ t !5M ~`!@12exp~23t/T1!#, ~1!

whereM (t) is the spin-echo intensity at a long delay timet
after the saturation pulse.

III. RESULTS AND DISCUSSION

In Fig. 1 are shown nuclear resonance spectra of Yb5
under zero magnetic field measured at 1.6 and 4.2 K. Th
spectra consist of two broad peaks. As is shown in Fig. 1
the solid lines, we can successfully fit these spectra by a
of two Gaussian functions with the relative intensities be
7:3, equal to the natural abundances of63Cu and65Cu, and
with the resonance frequenciesnQ being 10.05 and 11.03
MHz at 1.6 K, of which ratio is equal to that of the nucle
quadrupole moment of63Cu and 65Cu, eQ63/eQ6551.07.
We can therefore assign the spectra to be NQR from63Cu
and 65Cu at crystallographically one site. YbCu5 has two
inequivalent Cu sites, i.e., 4c and 16e sites. The NQR signa
is observed when the nucleus is surrounded by the local s
metry lower than cubic. Since the 4c Cu site has the cubic
local symmetry and the 16e Cu site has the lower one tha

FIG. 1. NQR spectra of YbCu5 at 4.2 and 1.6 K. The solid lines
are the results of fitting with a set of two Gaussian functions~see
text!.
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cubic, we can assign these NQR spectra to be that of thee
Cu site. The spectra have similar shape as those of isos
tural YbCu4Ag and nonmagnetic LuCu4Ag, which were al-
ready reported.14 The width of the spectra of YbCu5 are
broader than those of YbCu4Ag and LuCu4Ag as can be seen
from Ref. 14. The width is, however, almost temperatu
independent between 1.6 and 4.2 K as is seen from Fig
This fact indicates that the width of the spectra is not due
spontaneous or staggered magnetic moment, but is likely
to the local crystalline distortion which is brought during th
process of high-pressure synthesizing and/or crush
sample to powders. Thus we can conclude that any kind
magnetic ordering is absent in YbCu5 down to 1.6 K.

In Fig. 2~a! is shown the temperature dependence of
spin-lattice relaxation rate 1/T1 of YbCu5 together with that
of LuCu4Ag. Figure 2~b! displays plots of 1/T1T vs T. The
values of 1/T1 of LuCu4Ag in Ref. 12 are almost identical to
3/T1 of our data. This difference arises from the definition
1/T1 : we used Eq.~1! while the factor ‘‘3’’ in Eq. ~1! was
omitted in Ref. 12. We measured both (1/T1)63 and (1/T1)65

of LuCu4Ag at 4.2 K, where (1/T1)63 and (1/T1)65 are 1/T1
of 63Cu and 65Cu nuclei, respectively. The ratio
(1/T1)65/(1/T1)63 was observed as 1.162, which is very clo
to the ratio (gN

65/gN
63)251.147 wheregN

65 and gN
63 are the

FIG. 2. ~a! Temperature dependence of 1/T1 for YbCu5 and
LuCu4Ag. ~b! The temperature dependence of 1/T1T. The dotted
and broken lines show 1/T1T51.9 sec21 K21 and 1/T1T
54.6 sec21 K21, respectively.
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gyromagnetic ratio of65Cu and63Cu. If the relaxation pro-
cess is dominated by electric quadrupole effect such as
lattice vibration, the ratio (1/T1)65/(1/T1)63 should be the
value of (eQ65/eQ63)250.871. We can therefore conclud
that the relaxation process is magnetic, and the contribu
of quadrupole effect to the relaxation can be neglected in
compound. The same situation can be expected for the re
ation of YbCu5. As seen in Fig. 2, 1/T1 of LuCu4Ag is pro-
portional to temperature in the whole temperature range,
dicating that the relaxation is dominated by the Korring
type mechanism. The values of 1/T1 of YbCu5 also show the
Korringa-type relaxation where 1/T1}T below 4.2 K as is
seen in Fig. 2, indicating that the Fermi-liquid state evolv
below 4.2 K. This result is consistent with theT2 dependence
of electrical resistivity and theT-linear specific heat, both o
which were observed below about 6 K.16

In many rare-earth systems, the observed nuclear s
lattice relaxation rate (1/T1)obs can be decomposed into tw
contributions as

~1/T1!obs5~1/T1!4 f1~1/T1!s , ~2!

where (1/T1)4 f and (1/T1)s are the contributions due to th
fluctuations of Yb-4f moments and the conduction electron
respectively. We may assume that the values of (1/T1)s of
YbCu5 can be evaluated by those of (1/T1)obs of LuCu4Ag.
In Fig. 3 are shown the temperature dependence of (1/T1)4 f
of YbCu5 estimated by subtracting (1/T1)s51.93Tsec21

from (1/T1)obs. (1/T1)4 f shows the Korringa-type relaxatio
below 4.2 K indicating Fermi-liquid state, while it tends
reach a constant value at high temperatures above 50 K.
relation 1/T15const is a characteristic behavior of the flu
tuations due to local magnetic moments.19 In fact, the mag-
netic susceptibility of YbCu5 follows the Curie-Weiss behav
ior with J5 7

2 andgJ5 8
7 above 50 K,16 whereJ andgJ are

the total angular momentum and the Lande´ factor, respec-

FIG. 3. Temperature dependence of the 4f -electron contribution
to 1/T1 of YbCu5, (1/T1)4 f . The dotted line indicates the relatio
(1/T1)4 f}T. The inset shows the magnetic susceptibilityx(T) of
YbCu5 ~n! with the low-temperature Curie term subtracted, a
(1/T1T)4 f of YbCu5 ~d!. The characteristic temperatureT0515 K
is indicated by arrow. See text for detail.
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tively. These behaviors are consistent with the Kondo-latt
picture in which a crossover should be observed with
creasing temperature from the Fermi-liquid state well bel
TK to the local-moment state well aboveTK . It should be
noted that the magnetic susceptibility of YbCu5 also starts to
deviate from the Curie-Weiss behavior with decreasing te
perature below about 50 K.16

The value of 1/T1T of LuCu4Ag is estimated to be 1.9
sec21 K21 from Fig. 2, and that of YbCu5 below 6 K is 4.6
sec21 K21. So we can evaluate that (1/T1T)s
51.9 sec21 K21 whereas (1/T1T)4 f52.7 sec21 K21. Within
the Fermi-liquid description, 1/T1 can be related with the
density of state~DOS! of the quasiparticle band,N(EF), as
1/T1T}@Ah fN(EF)#2, whereAh f is the hyperfine coupling
constant between electron and nuclear spins. From the
cific heat measurement the DOS of YbCu5 is supposed to be
highly enhanced from that of free-electron band.16 On the
other hand, (1/T1T)4 f is the same order of (1/T1T)s . This
fact implies that the value of the transferred hyperfine c
pling constantAh f of the 63Cu nuclear spin at 16e site from
the 4f spin of Yb site is very small, indicating that the hy
bridization between the Yb 4f and the Cu 4s or 3d of the
16e sites is very weak. We should compare this result w
the Cu-NMR study of both the 4c and 16e site, which is now
in progress.

It might be interesting to compare the data of 1/T1 of
YbCu5 with those of typical heavy-fermion compound
CeCu6

20 and CeRu2Si2,
21,22since other physical properties o

them, especially of CeRu2Si2, are comparable with those o
YbCu5: for instance, large value ofg being 550 mJ/mol K2

for YbCu5
16 and 350 mJ/mol K2 for CeRu2Si2,

23 maxima of
susceptibility at Tmax512 K for YbCu5,

16 and at Tmax
510 K for CeRu2Si2,

21 and metamagnetic behavior in bo
compounds.16,23 Therefore we pay attention to the temper
ture dependence of 1/T1T of YbCu5. As is seen in Fig. 2,
1/T1T of YbCu5 shows a maximum atT510 K. This behav-
ior is, however, different from those of CeCu6 ~Ref. 20! and
CeRu2Si2,

21,22 where 1/T1T shows a constant at low tem
perature and decreases monotonically above the tempera
On the other hand, very similar behavior to that of YbCu5 is
observed for several dense Kondo compounds such
YbCu4Ag ~Ref. 14! and YbCuAl.24 For these two latter com
pounds, such temperature dependence of 1/T1T is attributed
to the temperature dependence of the 4f -electron correlation
rate (t4 f)

21. (t4 f)
21 is equal to the quasielastic linewidth o

the neutron-scattering energy spectrumG. Thus we try to
evaluate (t4 f)

21 in YbCu5.
1/T1 can be generally expressed with the imaginary p

of the dynamical susceptibility as

1

T1
52gN

2 kBT(
q

@Ah f~q!#2
x9~q,v0!

v0
, ~3!

whereAh f(q) is the Fourier transform of the hyperfine co
pling constant, andv0 is the resonance frequency. If w
neglect the wave-number dependence and assume
Lorentzian form for the energy spectrum of the 4f -spin fluc-
tuation with the spectrum widthG5(t4 f)

21, we obtain the
relation between (1/T1)4 f and (t4 f)

21 as
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S 1

T1
D

4 f

52gN
2 kBAh f

2 Tx~T!t4 f , ~4!

wherex(T) is the uniform magnetic susceptibility. Therefo
(t4 f)

21 is proportional to the value of (T1)4 fTx(T). The
absolute value of (t4 f)

21 is, however, unknown since we d
not know the value ofAh f without any NMR measuremen
for the moment.

In Fig. 4 is shown the temperature dependence of (t4 f)
21

of YbCu5 plotted in arbitrary units. The values of (t4 f)
21

show a minimum around 10 K, and continuously increa
above the temperature. Such a temperature dependen
(t4 f)

21 is often observed for many intermediate valent co
pounds with nonmagnetic ground state, like YbInAu2 and
CePd3,

25 as well as YbCu4Ag ~Ref. 14! and YbCuAl.24 Cox,
Bickers, and Wilkins calculated the temperature depende
of (t4 f)

21 based on the impurity Kondo model for a Ce31

(J5 5
2 ) ion.26 Within this model, (t4 f)

21 shows a minimum
at the temperature around the characteristic temperatureT0 .
The solid line in Fig. 4 shows the calculation of (t4 f)

21 of
Cox, Bickers, and Wilkins withT0515 K. The calculation
appears to explain the temperature dependence of (t4 f)

21 of
YbCu5 qualitatively. It is also notable that bothx(T) and
(1/T1T)4 f of YbCu5 have maxima aroundT0 (515 K), as is
shown in the inset of Fig. 3. Furthermore, the value ofT0
515 K is in the same order withT0524 K, which is esti-
mated from the low-temperature specific-heat result27

FIG. 4. Temperature dependence of the evaluated 4f -electron
correlation rate (t4 f)

21 of YbCu5. The solid line indicates the re
sult of the calculation based on the impurity Kondo model w
T0515 K ~see text!.
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These facts suggest that there exists a single energy pa
eterT0 in YbCu5 by which physical properties of YbCu5 are
scaled universally.

It must be stressed that the wave-number dependenc
the spin fluctuations is assumed to be absent for the calc
tion of (t4 f)

21 by Cox, Bickers, and Wilkins. The relativel
good agreement between the calculation and the experim
tal data may indicate that YbCu5 does not have a stron
wave-vector dependence of spin fluctuations even at
temperature. Therefore it can be considered that YbCu5 is the
typical heavy-fermion compound where only one parame
T0 scales the physical properties universally and inter
magnetic correlations is weak, in contrast to those hea
fermion compounds such as CeCu6 and CeRu2Si2, where
strong antiferromagnetic fluctuations are observed by ine
tic neutron scattering at low temperature.28

IV. CONCLUSION

We have studied the Cu NQR of the heavy-fermion co
pound YbCu5. The 63Cu/65Cu-NQR spectra and the 1/T1 of
63Cu have confirmed that YbCu5 does not show any kind o
magnetic ordering at least down to 1.6 K. 1/T1 shows the
Korringa-type relaxation below 4.2 K, while (1/T1)4 f tends
to reach a constant value above 50 K. This fact can be c
sidered as the first microscopic evidence of the crossove
4 f electrons state in YbCu5 from itinerant Fermi-liquid state
below 4.2 K to the stable Yb31 one with local moments wel
above 50 K. The temperature dependence of (1/T1)4 f can be
qualitatively explained by the temperature dependence o
4 f -electron correlation rate (t4 f)

21 and the uniform suscep
tibility x(T). By this comparison between the data and
calculation, the characteristic temperature was estimate
T0515 K. This value is in good agreement with those e
mated from other measurement. The relatively good ag
ment between the experimental (t4 f)

21 and the calculation
within the impurity Kondo model may imply that the inte
site magnetic correlation is weak in YbCu5 even at low tem-
perature. To discuss the values of 1/T1 at high-temperature
localized moment state and 1/T1T at Kondo-lattice state a
low temperature quantitatively, the absolute values
(t4 f)

21 should be determined by NMR measuremen
which are now in progress.
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