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The heavy fermion compound Ce;Nis is an antiferromagnet with Tx~1.7 K. According to the
high pressure experiment, this compound has undergone a transition to a non-Fermi liquid state at
~0.32 GPa and has recovered a Fermi liquid state at ~0.62 GPa again. Before the high pressure
NMR study through two transitions, we have performed NMR experiments of ' Ni, %°Co and ®3Cu
in order to clarify the electronic states at ambient pressure. Two kinds of partially overlapping Ni
NMR spectra were observed in Ce;Niz containing an enriched ' Ni. This result may be ascribed to
two intrinsic local-fields presumably due to the lattice distortion etc. All the relaxation rates studied
here are proportional to temperature above 1.4 K in the paramagnetic state, which indicates that the
systems are in the Fermi liquid state at ambient pressure. The increase of (1/777T) with increasing
Co concentration, Cc,, tells us that the partial density of states on Ni-3d states at Fermi level,
N(E¥w)ni, increase with Cco. On the contrary, Ccy independent (1/717) values indicate N(Er)ni

keep almost constant with Cu doping.

I. INTRODUCTION

A series of Ce- and U-based heavy fermion compounds
possess various types of ground states. Among them, su-
perconductivity at ambient pressure, paramagnetic phase
with magnetic correlations and pressure induced super-
conductivity near the boundary between the paramag-
netic and the magnetically ordered regimes, which are
often accompanied by non-Fermi liquid (NFL) behaviors
deviating from a conventional Fermi liquid (FL) concept,
are especially attracting a great deal of attention in the
area of strongly correlated electron systems. A parameter
controlling physical properties is believed to be a strength
in the hybridization between conduction electrons and f
electrons (the so called c¢-f hybridization), which is tuned
by the substitution of constituent elements or the applied
pressure. According to Doniach’s phase diagram for the
Kondo lattice, a competition between the RKKY and the
Kondo interactions governs what types of ground states
are realized.

Ce7Nis is a heavy fermion (y=9 J/mol-K?) [1] antifer-
romagnet with Tx~1.7 K [2]. This compound crystal-
lized in the hexagonal ThrFes-type structure with three
inequivalent Ce sites, while there exists crystallographi-
cally just one Ni site. According to the recent neutron
data [3], an SDW ordering appears around 1.9 K which
originates from two sites of three Ce sites and a second
transition around 0.7 K where only just one Ce site or-
ders. With increasing pressure, Ty decreases and van-
ishes near p.~0.33 GPa [4]. NFL behavior appears at
0.4 GPa in the specific heat and the magnetic suscep-
tibility measurements as C,,/T x —InT and yaco(1-
aT'/?), respectively. Above 0.62 GPa a conventional
FL state recovers, as indicated by the T-independence
in C,,T and the T?-dependence in the magnetic resis-
tivity [5]. Umeo et al. have reported that the observed

crossover with pressure is described by the self-consistent
renormalization (SCR) theory of spin fluctuations, which
is applied to the heavy fermion systems near the anti-
ferromagnetic instability by Moriya and Takimoto [6].
Among many heavy fermion compounds showing NFL
behavior, a stoichiometric compound Ce7Nis is of partic-
ular interest, since the NMR study in Ce7Nig in general
enables us to evaluate just an intrinsic line-width with-
out any extra one accompanied by alloying. In addition,
the Ty suppression to zero just on applying pressure as
low as 0.4 GPa allows us to study the pressure-induced
NFL behavior up to the FL regimes in an entire pres-
sure range. In this paper we report the results of 6!Ni,
%Co and %3Cu NMR performed at ambient pressure on
enriched ®'Ni, doped ®Co and %3Cu for probing Ni in or-
der to clarify systematically the magnetic state and the
mechanism involved.
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FIG. 1. NMR spectrum of ®'Ni in Ce;Niz obtained at
4.2 K. The arrow indicates K (Knight shift)=0.
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FIG. 2. NMR spectrum of 59Co in Ce7(NiQ,95COQ,Q5)3 ob-
tained at 4.2 K. The arrow indicates K (Knight shift)=0.

II. EXPERIMENTAL

Polycrystalline ingots used in this study were prepared
by argon arc melting and subsequent annealing. Start-
ing materials for Ce7(Ni;_,Co,)s and Ce7(Nij_,Cuy)s
were Ce(99.9%), Ni(99.99%) and Co0(99.99%). An en-
riched %INi (6TNi 99.44%, °®Ni 0.13%, ®°Ni 0.19%, 2Ni
0.05%, 94Ni 0.19%, Oak Ridge National Lab.) powder
was also employed for 51Ni NMR and NQR measure-
ments in Ce;Niz. X-ray diffraction patterns showed all
the samples formed the ThrFes structure with a very
small amount of impurity phase. The ingot was crushed
into powder and sealed in a capsule with random align-
ment to magnetic field. The NMR experiment was car-
ried out with a conventional phase-coherent spin echo
spectrometer. The nuclear spin relaxation rates were
measured by utilizing a saturation pulse method.

III. RESULTS AND DISCUSSION

Shown in Fig. 1 is the S'Ni (/=3/2) NMR spectrum
observed at 4.2 K in a field sweeping procedure. Since
Ni atoms in Ce7Nis are crystallographically at sites with
non-cubic symmetry, the electric quadrupole (eqQ) in-
teraction with an electric field gradient, ¢ of Ni (I=3/2)
is fully expected. As shown in the figure, the spectrum
composed of two kinds of Ni signals with about 2% of
the difference in the resonance field was observed. More-
over, a weak Ni NMR signal taken at low field is hard to
be assigned as a satellite signal in a typical eq@ pattern,
because there is not the other signal observed at higher
field. The two signals cannot be explained by two peaks
split by the second-order quadrupole effect, because the
separation between them is roughly proportional to the
external field of 6 T ~ 15 T. So this signal might be asso-
ciated with Ni in some impurity phases or assigned to be

Ni signal corresponding to one of two local-fields, which
could be detected by NMR and exist just in non-doped
Ce7Niz. However, a signal observed at low field is too
strong in comparison with the ratio of an impurity phase
to a major phase found in the X-ray diffraction pattern.
Thus, this weak signal might be not coming from Ni in
some impurity phases but from Ni corresponding to one
of two intrinsic local-fields, which is presumably due to
the lattice distortion in Ce7Nis.

Next, *?Co NMR and NQR in Cer(Nig.95C00.05)3,
Ce7(Nio.9Coo,1)3 and Ce7(Nio_8COO_2)3 were performed in
order to elucidate the electronic states at Ni in more de-
tail. Fig. 2 shows the NMR spectrum of Co (I=7/2) in
Ce7(Nig.95C00.05)3- The 7?Co spectrum centered around
4.35 T cannot be simply explained by a well-separated
quadrupole powder pattern with an almost equal sep-
aration. Wide line width of the Co NMR spectrum
similar to Ni NMR indicates there exist wide distri-
bution of ¢ at Ni (Co) site, which is crystallographi-
cally just one site around three kinds of inequivalent Ce
sites. Here, taking the electric quadrupole moment, () for
each nucleus into consideration, the observed line-width
for each Ni (Co) NMR spectrum is well explained by
three (seven) lines with almost equally separated satel-
lites. Thus, the g-values for both Ni sites in Ce;Niz and
Co sites in Ce7(Nig.95C0g.05)3 are considered to be al-
most same. Then, we have carried out the signal de-
tection for Co in the frequency-range between 2 and
15 MHz under zero external field. Displayed in Fig. 3
is Co spectra observed around 5.63 MHz and 8.08 MHz
in Cer7(Nig.95Co0.05)3 at 4.2 K. If these signals are as-
signed to the NQR signals corresponding to the transi-
tions of +1/2)<+3/2), +3/2)=+5/2) (£3/2)<+5/2),
+5/2)<+7/2)), the third signal should be expected as
4.21 or 3.99 MHz (2.79 MHz) with the asymmetry pa-
rameter n=0.35 or 0.57 (0.57), respectively. However, the
third signal for both cases was not observed. Considering
the following three results; the increasing Co signal inten-
sity with increasing Co concentration, no signal enhance-
ment like ferromagnetic materials and no extra phase in
X-ray diffraction pattern, two Co signals are considered
to be Co NMR coming from (probably antiferro) mag-
netically ordered region due to the inhomogeneous dis-
tribution of Co around three inequivalent Ce sites. Next,
the nuclear spin lattice relaxation rates, (1/7%)’s of ®Ni
(I=3/2), *Co (I=7/2) and %3Cu (I=3/2) were mea-
sured at the signal peak positions in the NMR spectra
of Ce7Ni3, Co-doped and Cu-doped Ce;Niz systems, re-
spectively. Fig. 4 shows the temperature dependence of
(1/T1)’s above 1.4 K. If the excitation between nuclear
spin levels for ®INi and %3Cu (I=3/2) could be achieved
with a weak pulse as to saturate only +1/2 levels, the T}
values were fitted to the following recovery equation [7],

t 6t
—01 _ . _ X
M{(o0) 0-Lexp(=7) +09exp(=7),
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FIG. 3. NMR spectra of *°Co in Ce7(Nig.95C00.05)3 0Ob-
tained at 4.2 K. (see text)

where M (t) is the nuclear magnetization recovery at
the variable delayed time ¢ after the saturation of the
central line. Quite similarly, the T} value of >Co (I=7/2)
NMR signal was also obtained by monitoring M (¢). In
this case the M (t) is given by

t 6t
— 0.012 exp(——) + 0. 2
M) 0.012 exp( T1) + 0.068 exp( T1)
15¢ 28t
+0.206 exp(———) + 0.714 exp(——).
Ty T

Here, according to our susceptibility measurement, the
Co- and Cu-doped systems are found to have the lower
Tx’s than that (1.7 K) in Ce;Nis. As shown in Fig. 4,
three kinds of relaxation rates, (1/71)’s, of 1Ni, 59Co and
63Cu vary in proportion to temperature (Korringa rule),
which indicates that both paramagnetic systems set in
the Fermi liquid state above 1.4 K. As is well known,
(1/Ty) is proportional to the square of the density of
states at Fermi level, N(Er), times the square of the hy-
perfine coupling constant, Ay, at a respective site. Since
the Ayt at Co site, Apsco deduced from the susceptibility
vs. the Knight shift on Co keeps almost constant on in-
creasing Co concentration, Cco, the increase of (1/11T)
with increasing Cc, tells us that the partial density of
states on Ni-3d states at Fermi level, N(FEg)n;j, increase
with Cco. On the contrary, Ccy independent (1/717T)
values indicate N(FEr)n; keep almost constant with Cu
doping, if Apscy stays constant.

In summary, two kinds of partially overlapping !Ni
NMR spectra were observed in Ce;Niz containing an en-
riched 6'Ni. This result may be ascribed to two intrin-
sic local fields presumably due to the lattice distortion.
Two 59Co (I=7/2) signals observed at 5.63 MHz and
8.08 MHz in Co-doped Ce7Ni3 were are considered to be
Co NMR coming from magnetically ordered region due

to the inhomogeneous distribution of Co around three in-
equivalent Ce sites. All the relaxation rates of 81Ni, %°Co
and %3Cu are proportional to temperature above 1.4 K in
the paramagnetic state, which indicates that all the sys-
tems are in the Fermi liquid state. Further NMR studies
under high pressure are now in progress.
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FIG. 4. Temperature dependence of nuclear spin relaxation
rates times temperature of %INi, 5°Co and %*Cu in Ce;Nis,
Co- and Cu-doped systems. They are shown as crosses, trian-
gles, squares and circles for 0%, 5%, 10% and 20% of impurity
concentrations, respectively. The closed and open symbols are
the (1/T1)’s of ®Co and ®3Cu, respectively.
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