Jpn. J. Appl. Phys. Vol. 33 (1994) pp. L 1301-L 1303
Part 2, No. 9B, 15 September 1994

Superparamagnetic Nanocomposite of Silver /Iron-Oxide by Inert Gas Condensation
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A superparamagnetic nanocomposite of silver and iron oxide was synthesized by gas condensation. The proce-
dure involved (1) coevaporation of silver and iron, (2) in situ oxidation of iron particles, (3) in situ compaction,
and (4) post-annealing in an inert or an oxidizing atmosphere. The magnetization plots against H/T fell on
a single curve from room temperature to 160 K, thereby providing evidence of superparamagnetism. Annealing
treatment modifies the effective magnetic moment size and saturation value of magnetization. The present process
is a potential synthesis route for magnetic nanocomposites useful for applications such as magnetic refrigeration,

recording and permanent magnets.

KEYWORDS: nanocomposite, nanocrystals, superparamagnetism, iron oxide, silver, inert gas condensation, magnetic materials,
magnetization, giant magnetoresistance, magnetic refrigeration

1. Introduction

Recently material scientists have paid much atten-
tion to nanocomposites in which magnetic nanoparticles
are dispersed in a nonmagnetic matrix, because of nu-
merous interesting and important science and technol-
ogy aspects.>?) For example, the technologically impor-
tant phenomenon of giant magnetoresistance (GMR) was
found in granular type nanocomposites®3) as well as in
layered type structures. Consequently much emphasis
is now being directed to synthesize materials with bet-
ter GMR performance and to understand its mechanism.
Another challenge is the synthesis of nanocomposites for
magnetic refrigeration based on a prediction that these
materials could be operated at higher temperatures and
with an efficiency higher than those available today.5®)

In this paper, we report on the synthesis of a super-
paramagnetic nanocomposite of magnetic iron oxide and
silver by a gas condensation method combined with post
annealing treatment of the compacted samples. The ob-
servation of superparamagnetic iron-oxide grains in a
metallic silver matrix suggests the possibility of the oc-
curance of GMR in these samples and the usefulness of
these materials for magnetic refrigeration applications.
In this paper, we focus on material processing aspects
and measurements of magnetization behavior. Detailed
results on materials evaluation will be reported else-
where. Gas condensation processing® was chosen for
its versatility and flexibility in modification of synthesis
parameters.

2. Experimental

The samples were synthesized by the inert gas con-
densation technique. Metallic iron and silver were evap-
orated from resistance heated boats in a chamber filled
with helium gas of 7x102 Pa. The helium gas quenches
the vapor, and nanoparticles are formed above the boats
and transported to the surface of a particle collector
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cooled by liquid nitrogen. The collector is cylindrical
and rotates during the evaporation process to obtain a
homogeneous mixture of the two species. After evapora-
tion, only the iron particles are oxidized by oxygen gas
exposure up to 40 Pa. Subsequently, the silver and iron-
oxide powder mixture is scraped off the collector surface
and transported in situ to a chamber for compaction.
The compaction conditions are 275 MPa at room tem-
perature. One of the samples was annealed in an inert
atmosphere of helium at 250°C for 1 h, while another
was annealed in an oxidizing atmosphere of 10%-O5/He
at 230°C for 15 h. A small amount of loose powder was
collected for transmission electron microscopy (TEM).
The iron concentration was determined by Rutherford
backscattering spectroscopy (RBS). Sizes of primary par-
ticles in the loose powder and of grains in the compacted
pellets are evaluated by high resolution TEM (HRTEM)
assisted by selected area electron diffraction (SAD), en-
ergy disperse fluorescence X-ray spectroscopy (EDX) and
an image analysis system with a fast Fourier transform
(FFT). Mossbauer and X-ray absorption spectroscopy
(XAS) were employed for the phase identification. The
XAS measurements were -done at the Brookhaven Na-
tional Synchrotron Light Source on beamline X-19A. The
magnetization was measured by a vibrating sample mag-
netometer at various temperatures.

3. Results and Discussion

Figure 1 shows a TEM micrograph of the as-prepared
loose powder. From the uniformity for the two con-
stituants it is concluded that sizes and shapes of iron
oxide and silver nanoparticles are not significantly dif-
ferent. This is further supported by dark field electron
microscopy. Figure 2 shows a HRTEM micrograph of
the as-compacted pellet showing lattice fringes, indicat-
ing that the particles are crystalline and defect free. The
EDX and FFT techniques make it possible to distinguish
between grains of iron oxide and silver and to estimate
the size of each species. Table I summarizes the sizes.
The grain growth due to the annealing processes is found
to be less than a factor of two.
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Fig. 1. A TEM micrograph of loose powder of Ag/FeO,
nanocomposite containing 40 at% iron.

Fig. 2.

A HRTEM micrograph of the as-compacted Ag/FeO,
nanocomposite containing 40 at% iron.

Results on identification of iron oxide phases are sum-
marized in Table II. Detailed results will be presented
elsewhere. Silver was found to exist as metal by X-ray
diffraction and silver-L-edge XAS measurement.

Figure 3 shows the magnetization data of three sam-
ples, as-compacted, He-annealed and Osz-annealed, all
of which were made from a batch of powder contain-
ing 40 at% of iron. In the figure, the magnetization M is
plotted versus upH /T, where pg is the Bohr magneton,
H the applied magnetic field, and T is the temperature.
The data points of all samples fall all collapse onto a sin-

Table I. Sizes of particles and grains of Ag/FeO; nanocomposite
containing 40 at% iron estimated by TEM (nm).

Loose As- He- o9
powder compacted annealed® annealed®
Ag 15 25 30 35
FeO. 15 15 20 20

a)in He at 250°C for 1 h, Pin 10%0/He at 230° for 15 h.
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Table II. Iron oxide phases in Ag/FeO; nanocomposite detected
by various methods.

Method p]:v;(\)’s?c?eer com?)thed amIl{ez—led am(l)eZa,led
SAD FezOy4 Fez04 v-Fe2 03 v-Fez O3
+7-Fez O3
Moéssbauer FezO4+Fe — — —
XAS — FesO4+Fe  v-FeaOs v-FezO3
~+7-Fe2 O3

“—" means “not measured”.

gle curve from 160 K to 290 K, providing evidence for the
occurrence of superparamagnetism.’® At temperatures
below this range, the plots exhibit a remanence and a de-
viation from the curve, indicating interactions between
magnetic particles.

In the figure, two points should be noted. One is that
two of these samples, as-compacted and He-annealed,
exhibit remanences Mg, though small, while the O,-
annealed one exhibits none as shown in an inset in Fig. 3.
The other feature is that their saturation magnetizations
o are in the order of

os(He) > 05(AsC) >> 04(0,).

These two points can be interpreted as follows. In the as-
compacted material, a part of iron (or iron oxide) exists
in the silver matrix as clusters that are too small to give
rise to ferri- or ferromagnetism. The annealing process
induces growth to a size supporting magnetism, causing
an increase of o;. The O annealing process induces
a part of the iron species to form an antiferromagnetic
phase, a-Fe;O3. This phase not only reduces o, but also
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Fig. 3. Magnetization of as-compacted and heat treated nano-
composites of Ag/FeO, containing 40 at% iron at various tem-
peratures. Dashed and solid curves indicate fitting results as-
suming a simple and a bimodal Langevin function, respectively.
The inset shows remanences MR.
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helps to isolate the magnetic particles and quenches the
remanence. :

The magnetization M due to a classical elemental mo-
ment g is described by a Langevin function!® L(a) =
cotha — 1/a,

wH
= (2),
where k is the Boltzmann’s constant and N number of
the elemental moments. Fits of the experimental M vs
H/T curves with this formula were, however, unsuccess-
ful as shown in Fig. 3 with a dashed curve. Since there
is a distribution of particle sizes and, consequently of p,
a fit was attempted with the following formula,
=%t () s ().
The results obtained with a nonlinear least-squares fit
are included in Fig. 3 as solid curves, showing excellent
agreements with the plots. The values of p1, Ny, o, Na
should be regarded as representaives of a range of real
values, though without clear physical meaning by them-
selves. In Table III, the values are listed and compared
with *™y, which is the expected moment of the aver-
age grain observed by TEM assuming spherical y-FesOg
grains. It should be noted that u; and ps, even the
larger one, are far smaller, by one or two orders of mag-
nitude, than **™u. The saturation magnetization deter-
mined by the fitting 8oy = p1 Ny + Ny is, however,
comparable with “®lo, calculated from the iron concen-
tration of 40 at% measured by RBS. The difference
8ty /2lg, ~ 0.5 is tolerable taking into account the
nanostructures of the present sample. These facts in-
dicate that the magnetization measured in the present
samples originates from some structures smaller than the
size observed by TEM.

The values of pj, Ny, e, No are shown in Fig. 4 as a
plot of uN vs p. Each set of points can be regarded as
a representative of the size distribution of the magnetic
moment, as described above, and serves as an indicator
for estimating annealing effects on the distribution. The
figure indicates that the Og-annealing process drastically
changes the size and relative frequency of the moments;
the smaller moments are not altered by the annealing
process in an oxidizing atmosphere, while the larger mo-
ments are decreased both in their effective size and fre-
quency.

4. Summary

We have demonstrated the sysnthesis of a magnetic

Table III. Magnetic moments p and saturation magnetizations
os in Ag/FeO; nanocomposite containing 40 at% iron.
Unit As- He- 02-
m compacted annealed annealed
TEM results
Grain size nm 15 20 20
tem, uB 7.8x10% 1.8x10°  1.8x10°
calgy emu/g 27 27 27
Fitting results
i UB 1.8x10% 1.8x10%  6.5x10%
Lo B 1.4x108 1.4x10%  9.6x102

fitgg emu/g 12 13 6.8
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Fig. 4. Annealing effects on the effective magnetic moment size
in Ag/FeO, nanocomposites containing 40 at% iron. The values
of 4 and N are, respectively, an effective size of the magnetic
moment and its frequency determined by fits assuming a bimodal

. Langevin function.

nanocomposite composed of silver and iron oxide, mainly
~-Fe; O3, by the inert gas condensation process combined
with in situ oxidation. The as-prepared material con-
tains an amount of non-equilibrium iron in the silver
matrix which are magnetically activated by an inert heat
treatment. An oxidizing heat treatment can modify the
magnetic properties forming an antiferromagnetic phase
of a-Fe;03, surrounding and isolating magnetic grains.
By optimizing the conditions of the heat treatment and
iron content in the composite, this process promises to
be of use in synthesizing practical magnetic nanocom-.
posites.
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