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Abstract

Heavy-fermion compound CeAl
2

has a Kondo temperature ¹
K

of 5 K and a Neel temperature ¹
N

of 3.8 K. As the
dimensions of specimen decrease, the size e!ect was shown as the suppression of ¹

K
and the magnitude of anti-

ferromagnetic anomaly in speci"c heat. For 80 As nanoparticles the magnitude of c extrapolates to 9500 mJ/K2 mole at
absolute zero, whose value falls in the highest range ever reported for heavy-fermion systems. ( 2000 Elsevier Science
B.V. All rights reserved.
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1. Introduction and experiment

In a bulk form, CeAl
2

is a well-known Kondo system
with ¹

K
"5 K [1]. It also undergoes an anti-ferromag-

netic ordering at ¹
N
"3.8 K. Since the RKKY interac-

tion and Kondo interaction of the 4f moments involve
the participation of conduction electrons, the change in
particle size should bring signi"cant consequences. This
report describes a calorimetric study . Bulk CeAl

2
sample

was "rst prepared by arc melting. Evaporating the bulk
CeAl

2
in a helium atmosphere produced 80 As particles,

whereas 9000 and 17 000 As were fabricated through ball
milling. The particle size distributions were characterized
by TEM, HRTEM and SEM. The microscopic images
reveal better spherical shape and a narrower size distri-
bution in 80 As CeAl

2
than those from ball milling. Pow-

der X-ray di!raction for all these di!erent size specimens
yields a single phase of cubic Laves structure and lattice
constant a

0
from 8.06 to 8.09 As with a consequence

of a slight lattice expansion for the "nest specimen of
80 As CeAl

2
. The characteristic chemical reactivity of

nanoparticles, particularly the high oxidation suscepti-
bility of Ce, could likely lead to a thin layer of CeO

2
on

the surface of "ne particles. It is of interest to note that
the surface oxidation layer can actually prevent a given
nanoparticle from making electronic contact with its
neighbors, thus upholding "nite size e!ects, if any.

2. Results and discussion

The temperature dependence of speci"c heat for all
specimens are shown in Fig. 1. For bulk CeAl

2
a well-

de"ned peak reveals the previously known anti-fer-
romagnetic ordering at ¹

N
"3.8 K with an associated

entropy of R ln 2 as expected for the ground state doublet
of Ce3` ions. At well below ¹

N
, C"c¹#b¹3 with

c+150 mJ/K2 mol.
The magnitude of the anti-ferromagnetic peak de-

creases as the particle size decreases, but ¹
N

remains
practically the same. Meanwhile, a Kondo-type anomaly
prevails at much lower temperatures. Apparently, the
portion of Ce ion involved in Kondo interaction in-
creases as particle size decreases. The total magnetic
entropy are R ln 2 for all specimens except 80 As CeAl

2
in

which only about 70% of R ln 2 is accountable. The
shortage is attributed to the relatively large portion of
surface non-magnetic Ce ions in these "nest particles.
The constant ¹

N
may re#ect a constant magnetic ex-

change integral J of the same lattice structure. When the
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Fig. 1. C(¹)/¹ versus ¹ for bulk and various size CeAl
2

(v:
bulk, n: 17 000 As , e: 9000 As , L: 80 As ). Inset: The speci"c heat
of 80 As CeAl

2
at lowest temperatures (see text).

particle diameter becomes smaller, however, the coher-
ence length of the spin #uctuations can reach a point not
large enough to sustain a true phase transition. The
existence of CeO

2
can account for some 5% of the

missing magnetic Ce ions for 80 As CeAl
2
. The major

portion must be related then to the appreciable number
of surfaces or outer-shell ions in a nanoparticle. The
surface ions for 80 As CeAl

2
within a thickness of 0.5a

0
,

would occupy +27% of the total volume, but for larger
particle diameter up to a few thousands of As , this surface
e!ect is negligible. To ascertain that the lower temper-
ature anomaly is of the Kondo origin, further calorimet-
ric measurements were made on 80 As CeAl

2
in external

magnetic "elds of 2.6 and 6.5 T, respectively. The pro"le
of the anomaly and its response to magnetic "elds are in
reasonable agreement with the theoretical curves for
a Kondo ion (J"1

2
) derived by Sacramento [2] for bulk

CeAl
2
, except that the peak positions occur at slightly

higher temperatures. The di!erence between bulk and
nanoparticle is attributed to the size e!ect.

After the lattice and Schottky contributions being sub-
tracted at the lowest temperatures, speci"c heat of
80 As CeAl

2
in the inset of Fig. 1 can be "tted to the

Kondo model with J"1
2

and ¹
K
"0.65 K with a reduc-

tion factor 0.7 (represented by a solid line). The signi"-
cant reduction in ¹

K
as compared to the bulk value of

5 K can be attributed only partially to lattice expansion.
The major di!erence must be caused, therefore, by the
electronic quantum size e!ect. In nanoparticles, the dis-
creteness of energy levels d becomes more pronounced.
The larger d in turn lowers the density of states at Fermi
level, D(e

F
). Meanwhile, ¹

K
+o

F
exp[!1/D(o

F
)] and

the reduced D(o
F
) yields a smaller ¹

K
.

Finally, the most impressive "nding of this work is the
magnitude of the coe$cient c of the linear term in speci"c
heat. At zero "eld, this parameter has already reached
a quite large value of almost 7000 mJ/K2 mol at
¹"0.11 K, the lowest temperature of measurements.
Based on the Kondo model with J"1

2
, it is extrapolated

to 9500 mJ/K2 mol at absolute zero (see inset in Fig. 1),
which falls in the highest range ever reported for heavy
fermion systems.
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