ISSN 1063-7842, Technical Physics, 2008, Vol. 53, No. 8, pp. 1059-1064. © Pleiades Publishing, Ltd., 2008.
Original Russian Text © G.I. Frolov, O.1. Bachina, M.M. Zav’yalova, S.I. Ravochkin, 2008, published in Zhurnal Tekhnicheskol Fiziki, 2008, Vol. 78, No. 8, pp. 101-106.

SOLIDS

Magnetic Properties of Nanoparticles of 3d Metals

G. L. Frolov, O. 1. Bachina, M. M. Zav’yalova, and S. 1. Ravochkin

Kirenskii Institute of Physics, Siberian Branch, Russian Academy of Sciences, Krasnoyarsk, 660036 Russia
e-mail: zhigalov@iph.krasn.ru
Received July 16, 2007; in final form, December 20, 2007

Abstract—The influence of size effects on the coercive force, magnetization, and Curie temperature in nano-
particles of 3d metals is considered. It is shown that experimental results obtained during the last two decades
provide new information on peculiar magnetic properties of these particles.
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INTRODUCTION

The second half of the last century was marked by
the development of new fields of science, which have
played a significant role in renovation of the educa-
tional, research, and industrial levels of society. The
development of microelectronics, as well as informa-
tion science and technologies, has become possible
owing to outstanding achievements in obtaining new
solid materials with peculiar physical properties.

A new trend in science known as the physics of
ultradisperse media appeared in the 1960s at the intersec-
tion of metal physics and colloidal chemistry. This trend
involves the study of a special class of materials in the
form of macroscopic ensembles of small particles with a
size ranging from 1 to 100 nm [1]. Peculiar properties of
this class of materials are controlled by individual
parameters of the particles and the effects of their inter-
action. The peculiar structure and properties of small
particles are of considerable theoretical and applied
interest due to their intermediate position between the
structure and properties of atoms and solids. The smaller
the particle size, the larger the number of specific prop-
erties exhibited by them. By the beginning of the 1990s,
structural formations with a size of <10 nm have also
been classified as small particles [2]. These particles are
known as nanocrystallites, and ensembles of such parti-
cles are referred to as nanocrystalline materials.

Unique physical properties of nanoparticle associated
with surface or quantum size effects have become the
object of intense investigations. Special attention is paid
to magnetic characteristics of nanoparticles. Consider-
able advances that have been made in this field in recent
years are associated with the development of the meth-
ods of obtaining and stabilizing magnetic nanoparticles
with simultaneous development of physical methods of
certification and investigation of such particles.

When condensed media are prepared from such
nanoblocks, the interaction between nanoparticles
along with their individual features affects the proper-

ties of these materials, which leads to a considerable
modification and even a radical change in the properties
of familiar materials. Specialists predict a wide practi-
cal application of such nanocomposites in various fields
of modern technology [3, 4].

COERCIVE FORCE

The interest in the influence of size effects on the
coercive force of nanoparticles of 3d metals is primarily
due to the fact that the value of H is the physical limit
that determines the possibility of further expansion of
the range of practical applications for magnetic nanoc-
rystalline materials.

Transition to One-Domain State

Bulk ferromagnets in the equilibrium (demagne-
tized) state contain uniformly magnetized regions
(domains) separated by regions with a nonuniform dis-
tribution of magnetization (domain walls). If we gradu-
ally reduce the size of the sample, at some instant its
volume becomes commensurate with the equilibrium
size of the domains. The main reason for the emergence
of one-domain particles is that the relative surface
energy of boundary layers between domains increases
upon a decrease in the particle size and becomes com-
parable to (or even higher than) the surface energy of
the sample. In this case, the one-domain state is more
advantageous from the energy point of view.

A rigorous solution of this problem was obtained in
[5]. The condition of uniform magnetization in a parti-
cle can be reduced to the requirement that free energy
increment AF must be positive for any deviation from
uniformity,

AF = AF  +AF,+AF,+ AF;>0,

where AF,,, AF,, AF,;, and AF} are the increments of
the exchange energy, magnetic anisotropy energy, mag-
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Fig. 1. Dependence of the coercive force on the particle
size.

netic field energy of the particle, and Zeeman energy,
respectively. In this case, the critical particle size for
which the one-domain state is formed is defined as [5]

252 4'RC
NgIsR/6A = In — -1, (1)
where [ is the saturation magnetization, R is the criti-
cal radius, a is the lattice constant, Ny is the demagne-
tizing factor, and A is the exchange constant.

In the case of weak anisotropy K/ I; <1 (K is the
anisotropy constant), we obtain

AO.S
Rc = SC—I", (2)
S

where S is a constant that varies in the interval 1.04 <
Sc<1.44. The highest value of S corresponds to spher-
ical particles and the lowest value, to cylindrical parti-
cles. We will use expression (2) for determining the
value of R for a spherical Fe particle (A = 107 erg/cm,
I = 1700 emu/cm?, and K = 5 x 10° erg/em?, ie., K <

Ii ), which gives R = 84 A; i.e., Fe particles of diame-
ter D < 170 A pass to the one-domain state, which must
lead to an increase in the threshold field of their magne-
tization reversal. Figure 1 shows the qualitative form of
variation of the coercive force of magnetic particles
(D, is the critical size for which the particle passes to
the one-domain state).

The increase in H- upon a transition to D, is asso-
ciated with a change in the magnetization reversal
mechanism, viz., a transition from a displacement of
domain walls to a coherent rotation of the magnetic
moment; for D, the threshold magnetization reversal
field of the particle is given by

2K

He = —.
C MS
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Transition to Superparamagnetic State

It may appear that the coercive force should not
change upon a further decrease in the particle size (D <
D_,,) in the one-domain state. However, the inverse sit-
uation takes place—the value of H decreases and van-
ishes at a certain value of D, (Fig. 1). To explain this
phenomenon, let us consider the results obtained in [6],
where the effects of thermal relaxation of magnetiza-
tion in an ensemble of noninteracting one-domain par-
ticles with uniaxial anisotropy were investigated.

If such a system is magnetized in field H and then
the field is removed, the residual magnetization will
vary in accordance with the law

M, = Mgexp(~1/1), 3)

where ¢ is the time after the field removal and 7 is the
relaxation time of the system in thermodynamic equi-
librium. The relaxation time is given by

T = foexp(-KV/kgT), 4)

where K is the uniaxial anisotropy constant; V is the
volume of a particle; f;, is the frequency factor, which is
equal to the frequency of precession of the magnetic
moment of the particle (f, = 10° s7'); kg is the Boltz-
mann constant; and 7 is the temperature. This exponen-
tial dependence follows from the fact that the uniaxial
anisotropy energy of the particle is a function of the
angle between the direction of magnetization and the
easy axis. For 1/t < 1, the system passes to the super-
paramagnetic state (M, = 0, H. = 0). In this state, an
ensemble of one-domain nanoparticles behaves under
the action of heat as a paramagnetic gas of molecules,
the only difference being that nanoparticles remain at
rest; only the orientation of their magnetic changes
spontaneously, and residual magnetization M, = 0 of the
system is zero for H-= 0.

Equation 4 can be used to determine critical volume
V., of the particle, for which it passes to the superpara-
magnetic state at 7' = const or temperature 7 of transi-
tion of the particle to the superparamagnetic state for
V = const.

Setting T = 100 s (relaxation time typical of induc-
tive method for measuring M,), we obtain

_25kyT )
cr T K s
KV

For H = 0, the threshold for the transition of the system
to the superparamagnetic state is AE = KV. For H # 0,
the threshold becomes lower and is given by

HM 7
AE(H) = KV|1- . 7
() = kv[1-7¢] g
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The coercive force of the particle for T # 0 is equal
to the field in which magnetization reversal threshold
AE(H) decreases to a value for which magnetization
reversal occurs due to thermal effects during experi-
mental time 7.

Equations (5)—(7) lead to

AR

He = He) _(TEB)”}, ©)

where H is the coercive force of the particle at 7= 0.

Equation (8) shows that when the particle size
approaches D,,, the value of H substantially decreases.
This dependence can be used for obtaining nanocrystal-
line materials with a low coercive force. This gives rise
to the problem of determining the value of D, for nano-
particles of 3d metals. Using the parameters for bulk
materials, Bean and Livingston [6] obtained D,,, = 200 A
for o-Fe particles at 7= 300 K.

Figure 2 shows the experimental dependences of the
coercive force on the particle size, which were obtained
in [7] for powders of Fe, Co, and some ferrites.

The value of H_ first increases upon a decrease in the
particle size, attains its maximum value for D = 200 A,
and then decreases. Since the transition to one-domain
and superparamagnetic states of 3d metals at 7= 300 K
occurs for approximately the same particle size (D, =
170 A and D_,, = 200 A for Fe), measurements on the
Fe and Co powders were carried out at 7= 76 K to sep-
arate these processes. At this temperature, D, = 50 A
for Fe particles.

Thus, we can conclude that for nanoparticle size
D, <D < D, (blocked state; see Fig. 1), the H-=f(D)
dependence is determined by the effect of thermal fluc-
tuations on the magnetic anisotropy, and the coercive
force is zero for D = D,,.

Violation of Homogeneity of the Structure

The above data on the effect of the size of magnetic
particles on their coercive force were obtained in the
1950s-1960s. A new impetus in the research in this
field of physics of magnetic phenomena was associated
with advances in the development of new methods for
obtaining nanoparticles of 34 metals with D < 100 A
with a stringent control of their structure and size dis-
persion [8, 9].

Numerous experiments demonstrated that the struc-
ture of particles changes together with their size, which
leads to the formation of a “core—shell” system. The
central part of such a “sheathed” particle is occupied by
a 3d metal, while the circumference is filled with its
oxides, carbides, etc.

Naturally, the finer the particle, the greater the rela-
tive volume occupied by the circumference. As a result,
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Fig. 2. Dependence of coercive force H on the mean size
of particles for powders of Fe (/), Co (2) (at 76 K), and
some ferrites (curve 3 corresponds to CoO - Fe,O3 [7]).

the magnetic properties of nanoparticles (in particular,
magnetic anisotropy) change considerably.

The table contains the data demonstrating the
dependence of K on the size of the “core” of Fe nano-
particles obtained by vacuum deposition in argon atmo-
sphere [8]. The value of K was determined from the law
describing the approach towards saturation. The thick-
ness of the “shell” for these particles varies from 12
to 22 A.

It can be seen from the table that effective anisot-
ropy in nanoparticles exceeds the value of K for bulk -
Fe by almost an order of magnitude, its value increas-
ing upon a decrease in the particle diameter. Naturally,
the change in anisotropy of nanoparticles must affect
the dependence H. = f(D). Figure 3 shows the depen-
dence of the coercive force on the diameter of the core
of a Fe nanoparticle [8].

The total diameter of a nanoparticle, including its
shell, varies from 60 to 180 A. It can be seen from Fig. 3
that the coercive force at T'= 300 K decreases to zero
for particles with D ~ 50-60 A; ie., the value of this
quantity is much smaller than the value of D, =200 A
obtained in [6]. The difference lies in the fact that the
parameters of bulk a-Fe were used for calculating the
values of D_,,.

Dependence of K on the size of the “core” of Fe nanoparti-
cles obtained by vacuum deposition in argon atmosphere

D cores, A K, erg/cm’
33 4.9x10°

44 3.7 x 10°

84 2.5 % 10°

121 2.1 x10°
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Fig. 3. Dependence of the coercive force on the core diam-
eter of a shell o-Fe nanoparticle [8].

Thus, the analysis of the influence of size effects on
the coercive force of nanoparticles of 3d metals shows
that nanocrystalline materials with a large value of H.
can be obtained not only via a transition from the mul-
tidomain to one-domain state, but also using the effects
of structural rearrangement of nanoparticles. As a
result, for Fe nanoparticles with a diameter of 180 A,
the value of H- ~ 1000 Oe was obtained at 7= 300 K
[10]. This approach is undoubtedly of practical impor-
tance for preparing magnetically hard materials; how-
ever, the factor responsible for the enhancement of the
effective magnetic anisotropy in nanoparticles must be
determined in this case. It is necessary to find out
whether this enhancement is associated with the inter-
action of the core and the shell or with the structural
rearrangement of surface layers of nanoparticles with-
out a change in their chemical composition [9, 10].

CURIE TEMPERATURE AND MAGNETIZATION

Until the 1980s, the effect of the size of particles on
their physical properties was basically studied using
only one approach, viz., transition from a bulk body to
an atom. It was shown that in particles with spontane-
ous magnetization, a change in the magnetic moment as
compared to bulk analogs is observed [11]. This was
attributed to the fact that the magnetic state of particles of
a certain size cannot be homogeneous and that such parti-
cles exhibit “twisting” of the magnetic moment [12].

The minimal particle size for which ferromagnetism
disappears was estimated in [7]. Proceeding from the
Heisenberg uncertainty relation Ap = #/D,, (Ap is the
indeterminacy in the momentum of an electron freely
moving in the bulk of a particle having a linear size D,
and 7 is the Planck constant), we can state that electron
energy Ag, associated with a limited size of the particle is

FROLOV et al.

AS ~ Lp)z ~ ﬁ—z
0 2me 3n’l€D§,

where m, is the electron mass. Equating Ag, to
exchange energy A = kg7, where T is the Curie tem-
perature, we can determine the critical size of a ferro-
magnetic particle, for which magnetic ordering disap-
pears even for 7'= 0. For 3d metals with 7- = 500-1000 K,
this size is Dy < 10A.

Thus, the main conclusions on the effect of the size
of nanoparticles on their magnetic properties drawn on
the basis of this approach can be formulated as follows:
a decrease in the particle size leads to a decrease in the
effective magnetic moment, and ferromagnetism of the
particles of 3d metals disappears when D <10 A.

At the beginning of the 1980s, another approach to
analysis of this problem (i.e., a transition from an atom
to a bulk sample) was proposed. The object of investi-
gation was particles whose size is determined by the
number of atoms contained in them. It was found that
particles containing tens or hundreds of atoms form a
new phase of the substance, which differs from solids,
liquids, and gases. Such particles were called clusters
or microclusters [13].

Many properties of clusters are determined by the
fact that they mainly consist of surface atoms. In a
densely packed cluster consisting of 20 atoms, only one
atom is in the bulk, while for clusters consisting of
100 atoms, not more than 20 atoms are in the bulk. The
most stable and, hence, equilibrium clusters are those
consisting of certain numbers of atoms known as magic
numbers. The defectiveness of the surface of clusters
with magic numbers of atoms is minimal, while for
remaining atoms it may be significant [2]. To correctly
interpret the properties of clusters, we must take into
account the fact that clusters lose their metallic proper-
ties upon a decrease in their size (i.e., the type of the
chemical bond in a cluster depends on its size).

Let us consider the magnetic properties of clusters
of 3d metals (saturation magnetization and Curie tem-
perature) in greater detail. The magnetic moments of Fe
clusters containing 24-700 atoms (N) were studied in
[14]. Clusters with 25 < N < 130 possessed a magnetic
moment of 3 at 7' = 300 K; for clusters with number
of atoms N = 500, the magnetic moment is approxi-
mately equal to the magnetization of bulk o-Fe. Exper-
iments with Co clusters (N = 20-200 atoms) revealed that
these particles possess a magnetic moment exceeding the
magnetic moment of bulk Co even at 7=300 K [15].

These results contradict the data obtained using the
first approach. An attempt at eliminating this contradic-
tion was made by Kimura [16]. He considered the mag-
netic moment of a one-domain Fe particle or a cluster
containing N atoms in Bohr magnetons per atom using
averaging over the entire volume of the particle. He
proceeded from the assumption that the magnetic
moment of the cluster, which is comparable with the
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Fig. 4. Phase diagram for Fe clusters [16].

magnetic moment of a bulk solid, is in a thermody-
namic equilibrium state, which has an infinitely long
lifetime and is independent of the field. When the size
of the particle is decreased to a level of several atoms,
all spins of the particle are in the ground (high-spin)
state. The high-spin state of a molecule and the ferro-
magnetic state of a particle are equivalent except for the
fact that an energy gap between the ground and excited
states exists for the molecule. This difference is mani-
fested in the temperature dependence of magnetic prop-
erties.

The results obtained in [16] are presented in Fig. 4,
which shows the phase diagram for a Fe cluster. The
ordinate (0-M) shows the magnetic moment in Bohr
magnetons. Point L corresponds to the magnetization of
ao-Fe at T = 0. Abscissas (0-7) and (0-N) reflect the
temperature and size of particles (N is the number of
atoms). The L-M curve shows the variation of the mag-
netic moment upon a transition from the bulk sample
(point B) to an atom (point M) at T=0 (i.e., we observe an
increase in the magnetic moment upon a decrease in N).
This result, as well as the results obtained in [15, 16],
contradicts the conclusions of [7]. This contradiction
can be attributed to the fact that the change in the elec-
tron structure of nanoparticles was disregarded in [7],
which led to an increase in the exchange interaction
parameter. An interesting singularity is observed on the
M(N) dependence at temperatures on the order of hun-
dred kelvins (curve L'-M"). The minimum on this curve
is associated with a decrease in the role of the magnetic
dipole interaction. According to [12], a critical radius
exists, such that twisting of the magnetic moment takes
place (a small component twisted along the surface is
Vol. 53 No. 8
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superimposed on the uniform magnetization) when the
radius slightly exceeds the critical value, while for radii
smaller than the critical value, magnetization must be
uniform.

The diagram in Fig. 4 reflects another peculiar mag-
netic property of nanoparticles. Although their mag-
netic moment at 7' = 0 is larger than for bulk Fe, it may
become smaller than My of o-Fe at T> 0 (Y-X curve);
i.e., the magnetization of nanoparticles exhibits a stron-
ger temperature dependence. For clusters containing
from tens to hundreds of atoms, M can even be zero at
T = 500-600 K. However, the P-X and W-X curves do
not mark the true boundary of a transition from the fer-
romagnetic to the paramagnetic state, but rather denote
a smooth transition from the high-spin (ferromagnetic)
to the low-spin (antiferromagnetic) state. The true para-
magnetic state for such clusters can be attained at
higher temperatures.

At the same time, the magnetic moment of clusters
with N < 10 remains practically unchanged in the tem-
perature range from zero to 7 (curves Y'-X"). All these
data indicate that it is difficult to mark a sharp boundary
between the properties of clusters and a solid.

CONCLUSIONS

Analysis of physical properties of nanoparticles has
become an interdisciplinary problem lying on the inter-
section of many fields of science. In this connection,
some contradictions in terminology are encountered.
For example, a nanoparticle was defined in [2] as “a
small particle having a size of <100 A and a number of
surface atoms differing from the number of bulk atoms
by an order of magnitude or even less,” while the defi-
nition given in [17] is as follows: “a metallic nanoparti-
cle is a spherical object located in a medium of light
particles and consisting of 10-103 atoms, which has a
diameter of 1-10 nm and a ratio of the number of sur-
face atoms to the number of atoms in the bulk equal to
or greater than unity (Ng/Ny 2= 1).” The former definition
was given by a physicist and the latter by a chemist. The
basic difference in these definition of the concept of
nanoparticle is that that the medium is the latter defini-
tion plays the leading role; i.e., the chemist believes that
the size properties of nanoparticles are not independent
parameters of the object under investigation, but are
controlled by its interaction with the surrounding
medium.

Indeed, in view of the large number of surface
atoms, nanoparticles exhibit a high chemical activity,
which complicates the analysis of their properties.
However, a detailed description of the properties of
nanocrystalline materials in the form of an ensemble of
nanoparticles embedded into a discrete medium
requires a clear-cut separation of peculiar properties of
nanoparticle from the effects of their interaction with
the medium. The methods ensuring the solution of this
problem have already been developed [14, 15].
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At the same time, the interdisciplinary nature of the
problem being solved forces the specialist in one field
of science to be engaged in allied fields. The Nobel lau-
reate Richard Feynman wrote in 1959 that as soon as
soon as physicists develop devices capable of operating
with individual atoms, many traditional synthesis meth-
ods will be replaced by “atomic assembling.” The most
interesting thing is that physicists can indeed learn how
to synthesize any substance proceeding from its chem-
ical formula [18].

Thus, on the route of studying size effects, physi-
cists anticipate new discoveries and the possibilities for
a further development of nanotechnologies.
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