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L aCe ' alloys prepared by proton bombardment of La metal have been studied by ori-
entation of the Ce'37~ nuc1ei. From the variation of the anisotropy of the emitted p rays
with applied field, the Kondo temperature is estimated to be 0.1 K. AuCe and ~Ce have
also been studied using the same technique. The results for the three systems are com-
pared with those obtained by other methods.

For a rare-earth impurity in a metallic lattice,
the coupling between the local spin 4 and the con-
duction electron s can be described by the Hamil-
tonian H = I,ff J ~ s. There are two contributions
to F,ff.' a positive exchange term and an antifer-
romagnetic coupling due to the mixing between
conduction and local electrons. ' The existence of
a resistance minimum for LaCe shows that appar-
ently I', t~&0, while for MgCe, with no resistance
minimum, apparently I',~f & 0. From resistivity
measurements on LaCe, Kim and Maple, ' Gey and
Umlauf, Sugawara and Eguchi, ' and Wollan and
Finnemore' find a Kondo temperature TK less
than 1 K, while Edelstein et al. ' from susceptibil-
ity measurements estimate TK to be about 20 K.
Recently, Grobman' found an anomaly in the
thermoelectric power near 20 K which had not
been observed by Sugawara and Eguchi. ' We pre-
sent nuclear orientation measurements on LaCe
alloys and compare them with the results obtained
on A.uCeg and AgCe.

The LaCe alloy is obtained directly by proton
bombardment of a La metal foil (99.9+ /g pure La
provided by Koch Light). The 35-MeV incident
protons form Ce'" in situ by the (P, 3n) reaction
on La; 48 hours after irradiation the only activi-
ties visible were those of the 39-h half-life Ce'"
and Ce'". The beam heating during bombardment
may well affect the metallurgical state of the
sample. The foil was point soldered onto a cop-
per wire for thermal contact, and then cooled in
an adiabatic demagnetization cryostat to tempera-

tures between 12 and 30 mK. The anisotropy of
the 255-keV y rays from the radioactive nuclei
was then measured as a function of applied field
and temperature with fields from 1.5 to 25 kOe.
Since La is a superconductor, possible reduction
of flux penetration is an experimental problem.
Sugawara and Eguchi" find a critical field H„(0'K)
of 400 Oe for the hexagonal e phase, but Mamiya,
Fukuroi, and Tanama" find 1600 Oe for the cubic
P phase. So since these values depend strongly
on the sample purity, it is quite possible that flux
penetration was reduced at the lowest fields
(1500 Oe) for any parts of the sample in the P
phase. This could lead to an overestimation of
TK in what follows. This estimation is also com-
plicated by the presence of the two phases: In a
site with hexagonal symmetry, a Ce ion is char-
acterized by a highly anisotropic g factor and hy-
perfine coupling constant A, while in cubic sym-
metry, as long as the crystal-field splitting 4 is
much greater thang'&H, the ion has an isotropic
g factor and hyperfine coupling constant. To sim-
plify matters, we will assume in the analysis that
the sample was entirely in the cubic P phase.

In a nuclear orientation experiment, the mea-
sured y anisotropy can be directly related to the
population of the nuclear sublevels of the parent"
(in this case Ce'" ). When the nucleus is con-
tained in a dilute paramagnetic impurity the diffi-
culty is that there is in general no simple rela-
tion between the anisotropy and the magnetization
M of the impurity": The concept of a hyperfine
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when E be-ue" "; this deviation is important wh
comes the same magnitude as ~.

a net' fieldThe behavior as a function of magne ic
can be used to study the J ~ s coupling. We will

1 the zero-coupling and strong-cou-
pling limits. (a) For zero coupling, the aniso-
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&=&I J+g.I ~H J+giI ~H I

&& T„and is a so ca1 lied the free-spin or slow-
it." (b) In the limit of strong cou-

)Itng (i.e. , fast ionic relaxation TK~ . , e
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devia-lied field H; except for the H „,/p „,
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e to be inAs we stated above, we assume the Ce
the cubic -p asep- h La Figure 1 shows the mea-
sured y anisotropy a iat different temperatures for
a constant applied field. For a field of 25 kOe
Figs. 1 and 2) the z anisotropy is approac ing

saturation so a K oT of 20 K is ruled out. From the
saturation value of the anisotropy, we can deter-
mine a yper in

69 " Coqblin,= 580+ 30 kOe (using g„p,„I=0.69p„. oq i
Maple, and Tou ouse1 "have used the variation of
the superconductivity critic p

' ' al tern erature T,
with Ce concentration to estimatete E = —0.043 eV,
which correspon s od to an occupation difference be-

n —n = .81.tween the !+ 2) and !-2) states of n, ~,
—n, ~, =

If we assume e e ith Ce ion to be in the I, state S
3 16= 2, g = 1.43@.„,== —,', g= . „=0.71', ) and use (v ') =4.44 a.u.

for an ionic Ce impurity, the yph erfine field
would be '" H'= 630 kOe. Using the difference in
occupation of 0.81, we can estimate H», = 510
kOe. Allowing for the effect of I"J ~ s, whic en s
to increase the hyperfine coup g,lin the measured
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value is compatible with the assumption of a I',
state for Ce.

Fig 2 assumes that a hyperfine field exists for
LaCe. Curve (a) represents aH„Brillouin curve
for a I', state; curve (b), the equivalent hyperfine
field H„ in a free-spin model with 4 =0.0035 K;
curve (c) gives the experimental data. From this
curve we can estimate TK using the relation

H„, M„, 3p„, kB(T+TK)

(for low applied fields H). This gives a Kondo
temperature TK of about 100 mK. Despite the
fact that the value obtained depends strongly on
the assumption of P-La host, it is in total dis-
agreement with a value of 20 K and in good agree-
ment with the values of 150 and 200 mK found by
Gey and Umlauf' for e-I a and P-La, respective-
ly. Edelstein ef al. ' analyze their results using
a saturation moment for Ce of 2.5p, B, close to the
high-temperature value for the Ce ion; they com-
pletely neglect crystal-field effects which are im-
portant for a rare-earth impurity (see EPR mea-
surements of Tao et al."and susceptibility mea-
surements of Yoshida and Sugawara" on YCe).
The present measurements on LaCe are consis-
tent with a I, ground state; crystal-field effects
are certainly important and temperature depen-
dencies found by Edelstein et al. ' cannot corre-
spond to a "simple" Kondo system. The AuCe
and AgCe samples were prepared by implanting
Ce'" activity in a host-metal target at an energy
of 100 keV. This method overcomes solubility
problems, at the expense of a rather high local
impurity concentration (a few hundred ppm within
the penetration depth, 200 A) and the introduction
of defects into the host lattice. The measured
saturation fields 0„,are 560+ 40 kOe for AuCe
and 540+ 40 kOe for AgCe. These values are
compatible with a I; ground state. The experi-
mental behavior as a function of applied field is
in both cases close to that expected on a zero-
coupling model. Without resistivity measure-
ments, it is difficult to say what is the sign of
I f j, We can estimate the position of the 4f vir-
tual level from the thermoelectric-power results
of Gainon, Donze, and Sierro. " Using the fact
that at low temperature, magnetic impurity con-

tribution AS dominates, we arrive at the relation

2E,/(E, '+ 6') = —(AS)3e/n'k'T.

For E,» 6, we obtain E, = 2m'k'T /3e (ES). We es-
timate E,= —0.16 eV for AgCe and —0.10 eV for
AuCe. The critical value of E, for passage from
r, ff)0 to r, ff«0 is defined by E„=—2b, /wp(eF)
x I',." Taking I, =0.1 eV, p(&F) = 0.16 eV ' atom
spin ', and & =0.02 eV, we find E„=—0.8 eV.
AuCe and AgCe, apparently like MgCe, corre-
spond to I",ff) 0. The position of the virtual level
is consistent with a zero-coupling model (if I', f f

is negative, TK is very low).
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