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EVIDENCE FOR THE PRESENCE OF THE KONDO EFFECT IN THE COMPOUND CeAl,
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The anomalies present in the electrical resistivity of CeAl, have been suppressed by
partial replacement of Ce by Th. It is argued that this substitution influences apprecia-
bly the density-of-states function of the conduction electrons at the Fermi surface. The
result of the Th substitution is thought to bring further evidence in favor of the occur-

rence of the Kondo effect in CeAl,.

The occurrence at low temperatures of resistiv-
ity minima for the case of alloys having dilute, or
in some cases also nondilute, contents of Ce as a
magnetic impurity has been reported to be indica-
tive of the formation of a spin-compensated or
Kondo state.!”® Minima have recently also been
observed for the case of dilute” and nondilute® Ce
intermetallic compounds in which, contrary to al-
loy systems, the Ce ions are restricted to speci-
fied lattice positions. The occurrence of spin
compensation has also been suggested, on the ba-
sis of susceptibility data, for the element Ce.®
Current theories of the Kondo effect provide an
explanation of these resistivity minima only for
dilute systems.*!' The Kondo temperature T,
characteristic for the onset of spin compensation,
depends exponentially on the product n(E ¢)|J],
where #n(E ;) denotes the density of states of the
conduction electrons at the Fermi surface and J
the (negative) effective s-f exchange coupling con-
stant. A decrease of n(E ) and/or |J| should give
rise to a marked diminution of T¢. The simple ex-
ponential dependence of T on #(E ) is considered
to be essential in explaining the data presented be-
low, although a possible discrepancy with experi-
ment has been reported in literature recently.'®

In this paper the resistivity (p) behavior be-
tween 1.3 and 50°K is reported for the cases of
CeAl, and of some ternary compounds Ce, ., Th,-
Al, and Ce,_,La,Al,. The methods used in the
preparation of the samples and in the measure-
ment of the resistivity have been described in
Ref. 8. From magnetic susceptibility measure-
ments we found indications that replacement in
RAl, (R =trivalent nonmagnetic rare-earth ele-
ment) of R by tetravalent (nonmagnetic) Th leads
eventually to a pronounced decrease of n(Eg). X-
ray diffraction has shown that at a certain Th
concentration the crystal structure changes from
the cubic MgCu, type (RAL,) to the hexagonal
AlB, type (ThAL). The pronounced decrease of
n(E ;) mentioned can indeed be expected just be-
low the value for x corresponding to the structure
change. For Ce,_,Th,Al, the structure change
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occurs approximately at x=0.45. Ce,_,La,Al,
remains cubic at all values of x. Resistivity data
for cubic compounds are shown in Fig. 1. For
the compounds Ce,_,Th,Al,, p decreases rapidly
when the temperature is lowered below approxi-
mately 5°K. Data for the magnetic susceptibility
suggest that these compounds are antiferromag-
netic with Néel temperatures between 3.5 and
6°K. It is concluded that the decrease of p below
5°K is connected with the onset of magnetic or-
dering. For the compounds Ce, _,La,Al, magnet-
ic ordering seems to occur at temperatures low-
er than those considered in this investigation.
The difference between p and residual resistivity
(p,) as a function of temperature for the com-
pounds Ce, _,Th,Al, is presented in Fig. 2.

The data presented in Figs. 1 and 2 seem to
provide additional evidence for the presence of
the Kondo effect in CeAl, above the Néel tempera-
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FIG. 1. Resistivity (p) as a function of temperature
for Ce;.,La,Al, and Ce,;_,Th,Al, compounds, all hav-
ing the cubic MgCu, structure.
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FIG. 2. The measured resistivity (p) minus the re-
sidual resistivity (po,) for the compounds Ce;.,Th,Al,
as a function of temperature. With regard to the cases
of 5 and 10% Th, below 10°K the upper curve is repre-
sentative of 5% Th.

ture:

(1) The resistivity minimum disappears if in
CeAl,, Ce is replaced by Th to the extent of more
than 10%. This can be expected because this sub-
stitution leads eventually to an appreciable de-
crease of n(E ) and thus to a drastic reduction of
Ty, as well as to a substantial reduction of the
normal spin-disorder resistivity.

(2) The maximum value of p at the ordering
temperature (~5°K) decreases far more rapidly
than proportional to the dilution in CeAl, of Ce
with Th. This can be understood because for
CeAl,, having a relatively large value for n(Ey),
the normal spin-disorder resistivity is relatively
large and moreover the Kondo resistivity appre-
ciable.

(3) For the Ce,_,La,Al, compounds our data to-
gether with those of Ref. 7 (1-x < 4.5%) indicate
that the position of the minimum is fairly insensi-
tive with respect to large variations of x. This
may be expected because replacement of Ce by
La in CeAl, will not lead to appreciable varia-
tions of n(Ey).

Alternative explanations of the resistance
anomaly in CeAl, might be sought in the presence
of critical fluctuations of the magnetization in the
vicinity of the Néel temperature!®!* or of com-
plex magnetic ordering.!® Within the framework

of existing theory an appreciable influence of the
former effect seems improbable because kyd,
the product of Fermi wave vector of the conduc-
tion electrons and nearest-neighbor distance of
the Ce ions, has a large value (=5). Moreover,
an enlargement of d as effectuated by partial re-
placement in CeAl, of Ce by La does not alter ap-
preciably the shape of the resistance anomaly.

Complex ordering, if present at all, does not
seem to have an influence because in the system
Ce, - yLa,Al, with increasing value of x, the re-
sistance minimum remains at about the same
temperature whereas the ordering temperature
is drastically reduced. It may be concluded that
critical fluctuations of the magnetization or com-
plex magnetic ordering do not seem to be effec-
tive in CeAl,.

Thanks are due to Dr. Maranzana and Dr. Ha-
vinga for fruitful discussions and to P. van Aken
for his assistance in the measurements.
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