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Magnetization of small ferromagnetic clusters at finite temperatures has been studied using the Ising
model and Monte Carlo techniques. The magnetization of finite clusters is reduced from the bulk value,
and increases with the external magnetic field and with the cluster size. The results explain qualitatively
the recent observations by de Heer, Milani, and Chatelain of the reduction with decreasing cluster size

of the average magnetic moment in small iron clusters.

PACS numbers: 75.40.Mg, 05.50.+q, 36.40.+d

In a recent experiment on iron clusters consisting of 50
to 230 atoms, de Heer, Milani, and Chatelain' have
found that the magnetization of these clusters increases
with increasing size and applied magnetic field. They
have concluded that the average magnetic moment per
atom increases as clusters grow. This conclusion is in
contrast not only to an earlier experimental study? on Fe
clusters but also to a large number of theoretical calcula-
tions®>~® on magnetic materials with reduced size and
dimensionality. Experimentally, the size and dimen-
sionality of materials can be controlled by growing them
as clusters,”® multilayers, and modulated structures. '©
These systems exhibit novel electronic and magnetic
properties and are the subject of intense theoretical and
experimental investigation. Magnetic properties of clus-
ters of both magnetic and nonmagnetic elements have,
for example, been shown to exhibit quantum size ef-
fects.!!~!* The calculated and observed trends are relat-
ed?® to the reduction in the average coordination number
of the magnetic atom as the size or dimensionality of the
system is lowered. This behavior can be understood
qualitatively by recognizing that a lower coordination
number causes a decrease in the orbital overlap between
neighboring atoms, and, consequently, enhances the
magnetic moment.

In this Letter we address the apparent contradiction
between the recent result of de Heer, Milani, and
Chatelain' and the vast existing literature?™® on the
magnetic moments of systems with low dimensionality
and small size. Using the familiar Ising model and the
Monte Carlo method, we have calculated the tempera-
ture, external-magnetic-field, and cluster-size depen-
dence of the magnetization of ferromagnetic clusters.
We show that, even at temperatures well below the Curie
temperature of the bulk metal, the magnetization of
these clusters is reduced from the bulk value and in-
creases with the external magnetic field. These results
are in good agreement with those reported in Ref. 1.
Therefore, we believe that the decrease in the magnetic
moment observed in this experiment is due to the statisti-

cal behavior at finite temperatures of the clusters which
have been studied. The temperature and size depen-
dences of the magnetization of these clusters are large
enough to completely mask any possible change in the
value of the magnetic moments. We further show that
the experimentally observed time dependence of the
magnetization is related to the temperature dependence
of the spin-lattice relaxation time.

For simplicity we use a model with localized spins, and
because the behavior of the magnetization is not very
sensitive to the actual form of the spin interactions,'®> we
have used the nearest-neighbor Ising model,

N
H=J2 S:S;=gusBX Si, (1
i,J i=

where {i,j) denotes a pair of nearest neighbors and
S; = =1 is the spin variable at site i. We have assumed
an fcc lattice structure for the clusters. These are
formed such that layers of successive neighbors are add-
ed to an atom in the center. In this Letter we report re-
sults only for clusters with complete shells. The twelve
smallest clusters are shown in Table I. Note that it is

TABLE 1. Shell structure of twelve smallest clusters. N;
and C; denote the number of spins and the average number of
nearest neighbors of the spins in shell j, respectively.

Shell N; N=XN; Ci(N=55) C;(N=135) C;(N=225)

1 1 1 12 12 12
2 12 13 12 12 12
3 6 19 8 12 12
4 24 43 7 12 12
5 12 55 5 11 12
6 24 79 8 12
7 8 87 9 12
8 48 135 6 10
9 6 141 8
10 36 177 7
11 24 201 6
12 24 225 S

938 © 1991 The American Physical Society



VOLUME 66, NUMBER 7

PHYSICAL REVIEW LETTERS

18 FEBRUARY 1991

not necessary to have an atom in the center of the clus-
ter; we could equally well have chosen, e.g., a tetrahedral
or an octahedral site to be the center.

The equilibrium properties of the clusters and the
dependence of the average magnetization on temperature
T (in units of Jk5 ') and on the external field B (in units
of J g7 'ug") are well described!> by Monte Carlo
simulations. The details of the relaxation mechanisms
are not well understood in the iron-group metals,'®!” so
we use the usual transition probability together with im-
portance sampling. The time-dependent magnetization
of the clusters' relates to nonequilibrium properties
which cannot be described by this method, but the time-
dependent data' can nevertheless be qualitatively ex-
plained.

In the Monte Carlo (MC) simulations we have mostly
used 3000 MC steps per spin which gives a reasonably
smooth magnetization for clusters with V> 100. For
smaller clusters we have occasionally used averaging
over a few independent runs to reduce fluctuations.

We show in Fig. 1 our results for the magnetization
per spin in zero external field as a function of tempera-
ture for a few clusters. It is evident that, below or slight-
ly above the Curie temperature of the smallest cluster,
magnetization increases with the cluster size. At tem-
peratures well above the Curie temperatures the converse
is true; the decay with temperature of the magnetization
is slowest for the smallest cluster. The latter feature is a
result of increasing fluctuations with decreasing size of
the cluster, and of considering the absolute value of the
magnetization. Close to the Curie temperature the aver-
age Monte Carlo magnetization drops very fast to zero

o
,;—-DDDUDﬂﬂﬂﬂagggg
‘x&%“ﬂ
+\+AL\C)\
&X \gégiq
P \\ Agb
\x LN
X Q9
YOl
AN
— N k
; o ] X\XX\+‘+£\§\¥1\
N Yod,
o 555 A,
225 R
_A__1_3__§ ++‘++*++
~ 55 Phasan st
O
o x 13 B=0 08D2§§§
o T '
0.0 4.0 8.0 12.0
KT/J

FIG. 1. The temperature dependence of the absolute value
of the magnetization in zero external field of five small Ising
clusters.

because of rapid fluctuations in the sign of the magneti-
zation. Our results agree with previous findings for Ising
spins on a simple-cubic lattice.'®

The increase of magnetization with the cluster size re-
sults from decreasing magnetization per spin with in-
creasing shell number, and adding a new shell has the
effect of pushing the inner shells towards higher magne-
tization. A similar behavior has been observed before in
the studies of surface magnetization,'® and it can easily
be understood in terms of an effective field produced at
each site by the neighboring spins.

In Fig. 2 we show the magnetization of three clusters
of different size as a function of the external magnetic
field for two different temperatures. The higher temper-
ature is slightly above the Curie temperature of the larg-
est cluster, and the lower temperature is between the Cu-
rie temperatures of the two smallest clusters. As expect-
ed, above the Curie temperature magnetization ap-
proaches zero with decreasing external field. This is the
behavior observed in the experiments,' and it is therefore
quite obvious that the spin temperature of the clusters in
these experiments has been above the Curie temperature.
It is also evident from Fig. 2 that the average magnetiza-
tion increases with the cluster size in agreement with the
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FIG. 2. Magnetization of three Ising clusters as a function
of the external field for two different temperatures.
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experimental results.! The fine structure observed in the

experiments' is probably related to the structure of the
clusters themselves, and to changes in the local magnetic
moments and their interactions.

Now we are in a position to explain the time depen-
dence of the experimentally observed' magnetization of
the clusters. We concluded above that, in the clusters,
the spin temperature must have been above the Curie
temperature at the time of measurement. When the
clusters go through the part of the apparatus which is
kept at the desired temperature, they undergo 10°-10°
collisions, and it is argued in Ref. 1 that this is enough
for them to reach thermal equilibrium. We believe that
this is not true for the spin degrees of freedom. There
are two factors in this case which increase the spin-
lattice relaxation time; the finite size of the clusters and
the large heat capacity of ferromagnetically coupled
spins.'® The heat capacity of the spins is of the same or-
der of magnitude as that of the lattice, and this factor
alone can increase the relaxation time appreciably.'® It
can be estimated that the clusters spend of the order of
10 us in the constant-temperature part of the ap-
paratus,' and this time is apparently much shorter than
the relaxation time.

The clusters which enter the Stern-Gerlach magnet in
the measurements' therefore have a spin temperature
well above the Curie temperature, and a controlled lat-
tice temperature. The magnetization which these clus-
ters gain during the approximately 100 us they spend in-
side the magnet depends strongly on the actual lattice
temperature'®!72° because of the strong temperature
dependence of the relaxation time.?!

In addition to the total magnetization it would be con-
venient to have another measure of the approach to the
bulk properties of the magnetization of small iron clus-
ters. To this end we will consider how well the magneti-
zation of small spin clusters satisfies the scaling proper-
ties of the bulk magnetization.!> Our results are shown
in Fig. 3 where we plot the scaled magnetization of the
cluster with 555 spins as a function of the scaled reduced
temperature. We show the result both for using the
known?? bulk values of the critical indices  and & and
for a “best fit” with these indices as parameters. It is
quite clear that even clusters of this small size satisfy the
scaling reasonably well and that experimental results
should follow the same pattern. As we noted above, the
temperature of the spins in the experiments on iron clus-
ters' is not controlled, but a plot like the one shown in
Fig. 3 can also be drawn as a function of the external
field.?3 Scaling is not satisfied for very small values of
the external field because the finite-size effects are then
more prominent.

We have shown in this Letter that, at finite tempera-
tures, the magnetization of small ferromagnetic clusters
is smaller than that of bulk metal. Magnetization is
found to increase with the cluster size, a feature which is
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FIG. 3. Scaling of magnetization with the reduced tempera-
ture and the external field. (a) is based on using the bulk criti-
cal exponents, and in (b) 8§ is kept constant and & is changed
such as to give the best scaling behavior for 7= T..

related to reduction of magnetization in the surface layer
as compared with the bulk magnetization under similar
conditions. These results are in qualitative agreement
with recent experimental observations.! The time depen-
dence' of the magnetization is due to the temperature-
dependent spin-lattice relaxation time. This relaxation
time is enhanced in small ferromagnetic clusters because
of finite-size effects and the large heat capacity of the
spin system. If the temperature control of the spin sys-
tems could be improved in the experiments, the time-
dependent measurements would provide a powerful way
of studying the relaxation mechanisms in small clusters.
We have also shown that, even without a good control of
temperature, it is possible to make experimental tests of
scaling behavior. It would be of interest in this respect
to extend the existing scaling arguments as applied'® to
surface magnetism to spherical clusters.
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