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Abstract—A system of cobalt nanoparticles exhibits a transition from the superparamagnetic state into the
state with cooperative magnetic ordering caused by the magnetic interaction between Co particles. It is shown
that this transition can be used for obtaining nanogranular materials possessing soft magnetic properties at a
large electric resistivity. © 2004 MAIK “ Nauka/Interperiodica” .

The magnetic properties of ferromagnetic (FM)
nanoparticles (with diameters not exceeding 10 nm) are
determined by a combination of characteristic dimen-
sional effects: first, by the transition of particlesinto a
monodomain state, whereby the particle sizeis compa:
rable with the correlation length of exchange interac-
tion; second, by the structural transformation accompa-
nied either by a change in the phase state or by the for-
mation of acomplex nanostructural system comprising
a“core’ and a passivating “shell;” third, by the transi-
tion of the system of monodomain FM nanoparticles
into a superparamagnetic state, whereby thermal fluctu-
ations exceed the remagnetization threshold deter-
mined by the magnetic anisotropy. In other words,
above a certain temperature (called the blocking tem-
perature Tg), the ensemble of monodomain particles
behaves like a gas of paramagnetic molecul es possess-
ing large magnetic moments.

In the class of nanocrystalline magnetic materials, a
special position is occupied by granular nanocompos-
ites comprising magnetic nanoparticles dispersed in a
nonmagnetic matrix. Both the practical value and basic
significance of such materials are determined by the
fact that their magnetic properties can be controlled by
varying the size and density of magnetic nanoparticles.
Animportant rolein the modification of magnetic prop-
erties of these systemsiis played by the magnetic inter-
action between particles.

Investigations of the magnetic properties of granu-
lated systems[1-3] showed magnetic hysteresisat tem-
peratures above the blocking temperature (T > Tg). This
hysteresis is related to the magnetic interaction
between nanoparticles, which otherwise would exhibit
a purely superparamagnetic behavior. The transition
from a superparamagnetic state into the state with a
cooperative magnetic ordering caused by the magnetic
interaction was theoretically and experimentally stud-
ied for composite materials with amagnetic phase con-
tent not exceeding 20 vol % [4—7]. However, interpre-

tation of the magnetic properties of such systemsishin-
dered by their complex dependence on many
parameters and factors, including the dispersion of par-
ticle dimensions, the existence of various structural and
magnetic phasesin nanoparticles, the presence of aspe-
cific local anisotropy of nanoparticles, and the afore-
mentioned magnetic interaction between nanoparticles.
Itisvery difficult to establish with confidence which of
these factors plays a decisive role in the formation of
magnetic properties of such granular systems.

From the standpoint of practical applications, it
would be of interest to study the magnetic properties of
asystem with alarge volume fraction (v > 40%) of the
magnetic phase[8]. In such cases, theintegral magnetic
properties can be interpreted assuming a dominating
role of the magnetic interaction between FM nano-
particles.

This letter presents the results of investigation of
nanogranular films prepared by pulsed plasma sputter-
ing of a SmCo; target in vacuum at aresidual pressure
of 107% Torr [9]. The thickness of the sample films was
~100 nm. Using these samples, we studied the effect of
annealing on the structure, magnetic properties (coer-
cive force, magnetization), and electric conductivity of
nanogranular layers. The samples were annealed in
vacuum at apressure of 10-° Torr with applied magnetic
field of H ~ 10° Oe.

An important peculiarity of the employed technol-
ogy isthat the SmCo; phase is absent in the synthesized
layers. Thisis explained by a high activity of sputtered
samarium particles, which exhibit rapid oxidation in
the residual atmosphere of the vacuum chamber. The
data of Auger electron spectroscopy (AES) showed evi-
dence of a considerable amount of carbon in the sam-
ples. The results of electron microscopy and X-ray dif-
fraction measurements showed that the sample film
structure comprises magnetic particles of a Co(C) solid
solution with an average size of D = 1.5 nm surrounded
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Fig. 1. Magnetization of the nanogranular filmsin theinitial
state: (@) room-temperature magnetization in the magnetic
field oriented (1) in the sample plane and (2) in the perpen-
dicular direction; (b) hysteresisloop observed at T = 77 K.

by samarium oxide (Sm,O5); the volume fraction of the
magnetic phase amounted to ~60% [ 10]. Evidently, this
morphology accounts for the relatively high resistivity
of the samples (p ~5 x 102 Q cm).

Figure la presents the magnetization curves mea-
sured at T =300 K inthefilm plane (curve 1) and inthe
perpendicular direction (curve 2). Figure 1b shows the
results of measurements at T = 77 K, which revea a
hysteresis loop. At room temperature, the magnetiza-
tion curves exhibited no hysteresis, which was
observed only at low temperatures (T < Tg). This
behavior of the hysteresis loop is characteristic of a
superparamagnetic material. Previously [10], it was
established that the magnetic moment in such filmsis
oriented in the sample plane. Therefore, using curve 2
in Fig. 1, it was possible to evaluate the effective satu-
ration magnetization (~300 G).

Figure 2 presents analogous data—magnetization
curves (@) and hysteresisloops (b)—for afilm annealed
at T,, = 530 K. The electron-microscopic examination
showed that annealing did not produce any visible
increasein the particle size. As can be seen, the magne-
tization curve 2 measured in the direction perpendicular
to the sample plane remained virtually unchanged. This
result suggests that the saturation magnetization also
remained the same. On the other hand, thereisasignif-
icant change in magnetic properties measured in the
sample plane (curve 1): the film becomesferromagnetic
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Fig. 2. Magnetization of the nanogranular films upon
annealing at T,, = 530 K: (8) room-temperature magnetiza-
tion in the magnetic field oriented (1) in the sample plane
and (2) in the perpendicular direction; (b) hysteresis loops
observed at room temperature in the directions of the
(2) easy and (2) hard magnetization axis.

and exhibits hysteresiseven at T = 300 K (H; < 3 Oe);
in addition there is evidence of a uniaxial anisotropy
(Hk = 10 Ce).

To explain these changes in magnetic properties of
the annealed film, let us consider the temperature
dependence of the coercive force He (Fig. 3). This
curve reveals two regions. In the region of low temper-
atures, He exhibits a sharp decrease with increasing
temperature T (region 1). At high temperatures, H¢ var-
ies less sharply with the temperature (region I1) and
turnstozeroat T = Tp.
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Fig. 3. Temperature dependence of the coercive force for a
nanogranular film upon annealing. The inset shows the plot

of He = f(TY/?). Seethe text for explanations.
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MAGNETIC INTERACTION BETWEEN SUPERPARAMAGNETIC PARTICLES

In order to interpret the behavior of He = f(T), we
use a phase diagram of the magnetic state of an ensem-
ble of superparamagnetic particles proposed by Allia
et al. [4]. According to this phase diagram, the H; =
f(T) curve reflects the transition of our system from an
FM-blocked superparamagnetic state (SP state, region 1)
to the state with magnetic ordering caused by the mag-
netic interaction between nanoparticles (region Il). In
the latter region, an increase in the temperature leads
(instead of the usual transition from the FM to super-
paramagnetic state) to the appearance of an intermedi-
ate magnetically ordered state in the ensemble of super-
paramagnetic particles (ISP state, region I1), where the
material exhibits unusual magnetic properties (e.g.,
small coercive force He). In addition to the blocking
temperature, the material is characterized by another
critical temperature: the temperature of transition to the
superparamagnetic state (Tp).

The blocking temperature can be estimated using
the well-known rel ationship

He = Hool1—(T/Tg)") 1)

and the plot of He = f(TY?) presented in the inset in
Fig. 3. The blocking temperature determined from
thesedatais Tz ~ 130 K. Intheinterval To>T > Tg, the
coercive force has a nonzero value, which is indicative
of the existence of a magnetic order (region I1). The
magnetic energy of the ensemble of interacting mag-
netic nanoparticles can be expressed as [5]

E = KV +K_ M? 2

where K isthe anisotropy constant, V isthe particle vol-
ume, M is the magnetization, and K, is the magnetic
interaction constant. The system exhibits atransition to
the superparamagnetic state (H: = 0) at

Te = K,,M%/3kg, (3)

where kg isthe Boltzman constant. As can be seen from
Fig. 3, in our samples, Tp ~ 450 K.

The magnetic and electrical properties of the sam-
ples exhibit insignificant variations depending on the
conditions of synthesis and annealing. Data for the
filmsintheinitial (as-grown) state and upon annealing
are presented in the table. As can be seen, the annealed
films exhibit soft magnetic properties at a relatively
high electric resistivity.

Thus, instead of the traditional method of obtaining
magnetically soft nanocrystalline materials by means

TECHNICAL PHYSICS LETTERS Vol. 30 No. 8

689

Magnetic and electrical properties of Co-Sm-O films before
and after annealing

Hc, Oe Hy, Oe
Sample | M, G |+ 300Ky | (T=300K)| P2
Initial ~300 - - 5x 1072
Amnedled | <360 | 053 | 1025 |43x10°2

of astructural transition from the amorphous to nanoc-
rystalline state [12], we suggest using the magnetic
transition in nanogranular composites from superpara-
magnetic state to the state with a cooperative magnetic
ordering caused by the magnetic interaction between
nanoparticles. Using this method, it is possible to
obtain materialswith increased electric resistivity, hav-
ing good prospects for use in microwave devices.

Acknowledgments. The authors are grateful to
S.V. Komogortsev for fruitful discussionsof resultsand
to T.N Isaev for help in conducting magnetic measure-
ments.

REFERENCES
1. B. J. Jonsson, T. Turkbi, V. Strometal, et al., J. Appl.
Phys. 79, 5063 (1996).

2. T. Morikawa, M. Suzuki, and Y. Taga, J. Appl. Phys. 83,
6664 (1998).

3. P Allia, M. Coisson, M. Knobel, et al., Phys. Rev. B 60,
12207 (1999).

4. P Allia, M. Coisson, P. Tiberto, et al., Phys. Rev. B 64,
144420 (2001).

5. S.Morup, M. B. Madsen, and J. Franck, J. Magn. Magn.
Mater. 40, 163 (1983).

6. S. Morup, Europhys. Lett. 28, 671 (1997).

7. D. Kechrakos and K. N. Trohidon, Phys. Rev. B 58,
12169 (1998).

8. J. R. Childress and C. L. Chen, Phys. Rev. B 43, 8089
(1991).

9. V.S Zhigdov, G. 1. Frolov, and K. |. Kveglis, Fiz. Tverd.
Tela (St. Petersburg) 40, 2074 (1998) [Phys. Solid State
40, 1878 (1998)].

10. G. I. Frolov, V. S. Zhigalov, S. M. Zharkov, et al., Fiz.
Tverd. Tela(St. Petersburg) 45, 2198 (2003) [Phys. Solid
State 45, 2303 (2003)].

11. E. F. Kneller and F. E. Luborsky, J. Appl. Phys. 34, 656
(1963).

12. G. Herzer, Scr. Metall. Mater. 33, 1741 (1995).

Trandated by Pozdeev

2004



