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Metastable FeCu alloys, fabricated by rapid melt
quenching or ball milling, are of considerable scien�
tific and applied interest. Their unique properties,
mainly caused by the insolubility of the components in
each other at room temperature, have been addressed
in a great number of works (see, e.g., references in [1]).
However, contradictory data on the alloy structure and
composition have been reported. In addition, some
problems remain unclear. For example, no consensus
has been achieved concerning the existence and role of
the high�temperature γ�Fe modification in metastable
FeCu alloys.

To resolve these contradictions, the structure and
magnetic states of the aerosol FeCu particles containing
0.6–92.1 at % Cu obtained by the gas condensation
method [2] have been studied by, respectively, X�ray
diffraction and Mössbauer spectroscopy [1]. A unique
feature of this method is the possibility to freeze the
high�temperature states of particles upon their rapid
cooling in an inert gas. In addition, since the particles
are small, their equilibrium state can be achieved due
to fast atomic diffusion. It has been shown that the
particles have an iron core surrounded by a shell com�
posed of copper and iron and copper oxides. The par�
ticles containing 50.4 at % Cu have the core 12–15 nm
in diameter (d) and the average outer diameter D of
about 24 nm. With an increase in the copper content,
such a core, which has a bcc structure with a notice�
ably increased lattice parameter (as compared with that
of pure iron) caused by the embedment of the copper
atoms, decreases until it disappears, and simultaneously
the ferromagnetism of the particles vanishes.

Within the range of с = 4.9–74.3 at % Cu, the bcc
and fcc phases coexist. The fcc phase has a pure cop�
per structure with a slightly increased lattice parameter
due to the embedment of Fe atoms. In iron�rich parti�
cles, two γ�Fe states—ferromagnetic and paramag�

netic—are present. For FeCu particles with c =
4.9 at % Cu, which have a thin copper shell, only the
ferromagnetic state is observed. As the shell becomes
thicker, this ferromagnetic state is enhanced. How�
ever, it exists only in few layers adjacent to copper, and
the next layers are paramagnetic. Therefore, in addi�
tion to the ferromagnetic state of γ�Fe, its paramag�
netic state appears as well. Owing to the copper oxida�
tion in thicker shells, the formation of the fcc lattice of
γ�Fe is hindered so that both states of this iron modifi�
cation gradually disappear in the range 19.7 < c <
35.3 at % Cu. At the same time, at с ≥ 35.3 at % Cu,
small isolated aggregates of iron atoms appear in the
samples, the former giving rise to a paramagnetic sin�
glet in Mössbauer spectra. The particles containing
above 80 at % Cu have a fcc structure and are paramag�
netic. A certain fraction of their paramagnetism is pre�
sumably caused by the Fe atoms in the copper lattice.

Additional information on the magnetic properties
of deposited aerosol particle can be obtained from hys�
teresis loop analysis. In this work, the hysteresis loops
have been measured for the first time for aerosol FeCu
nanoparticles in a wide composition range deposited
onto glass. The change in the shape of these loops with
an increase in the copper content allows us to judge the
particle interaction mechanisms. Initial FeCu alloys
containing 4.9–92.1 at % Cu were prepared by means
of a VChG 4/10�0.44 high�frequency generator
(working frequency, 440 kHz) by direct alloying of car�
bonyl iron and electrolytic copper levitated in an
argon flow at atmospheric pressure in a specially
designed counterflow inductor. After melting, the
alloy components were rapidly mixed by eddy cur�
rents. Then, the generator was switched off, and the
molten drop fell into a massive copper vessel.

To prepare aerosol particles, FeCu alloy billets of
100–150 mg in weight were fixed on a tungsten vapor�
izer in a vacuum chamber and degassed by heating at a
pressure of less than 10–3 Torr. Then, the setup was
filled with argon to a pressure of 3 Torr, and the billets
were rapidly vaporized. Emerging aerosol particles
were deposited onto cover glasses suspended near the
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inner wall of a cylinder 10 cm in diameter at different
distances from the vaporizer. According to transmis�
sion electron microscopy (TEM) data, the deposited
particles were spherical with the average diameter
D ≈ 24 nm and a narrow size distribution at any com�
position. In the course of formation, particles were
cooled and combined into chains of different length
under the action of magnetic forces when their tem�
perature turned out to be below the Curie tempera�
ture. Because of the different thickness of the deposits,
their color varied from gray to black. To prevent self�
ignition of the as�prepared powders in air, the samples
were kept for 12 h in the residual gas atmosphere of the
vacuum setup [3]. Pure iron particles with the core size
d ≈ 15 nm deposited on cover glass were prepared
analogously.

Magnetic measurements were made with a vibrat�
ing sample anisometer (VSA) and a LakeShore 7407
vibrating sample magnetometer (VSM). Typical hys�
teresis loops for samples with different copper con�
tents are shown in Fig. 1. As is seen, with an increase
in the copper content, the hysteresis loop shape
changes (the coercive force and saturation field
decrease). Figure 2 shows normalized hysteresis loops
of particles with the copper content 19.7 at % mea�
sured at two magnetic field orientations: parallel (solid
line) and perpendicular (dashed line) to the sample
plane. For both orientations, measurements were
taken twice with in�plane 90° rotation of the sample.
When the field orientation is perpendicular to the
sample plane, the coercive force was a few percent
lower. Such a behavior is typical of the magnetization
along the hard anisotropy axis. The normalized hys�
teresis loops are almost coincident, which is evidence
that the deposit is isotropic. An analogous behavior is
observed for the other samples.

From the hysteresis loop, we can determine the
coercive force (Нс) necessary for demagnetization of
the sample (М = 0), the switching field Нsw at the point
where the loop branches merge with each other (the

field above which there are only reversible remagneti�
zation processes accomplished by rotation of the mag�
netization vector of separate particles), and the Нs field
at which the magnetic saturation of the sample (Ms) is
achieved. Figure 3 shows the plot of Нс versus the par�
ticle composition calculated from the hysteresis loops
of the samples. For each composition, four samples
(eight samples of pure iron) located at different dis�
tances from the vaporizer were used, which was
responsible for different deposition conditions (differ�
ent sample thicknesses and random configurations of
particle chains) and led to some data scatter.

Figure 3 shows the average Нс values, as well as
their root�mean�square deviations. Within the data
scatter, the results obtained with the VSA and VSM
LakeShore 7407 setups coincide. For the magnetic
field oriented parallel to the sample plane, the plot of
Нс versus concentration first decreases from 1300 Oe
for pure iron to Нс = 800 Oe at с = 4.9 at % Cu then
slightly increases to Нс ≈ 1000 Oe at с = 35.3 at % Cu,
and sharply decreases to a minimum (Нс ≈ 100 Oe) for
FeCu (50.4 at %) particles. As the copper content fur�
ther increases, a small maximum (Нс = 220 Oe) is
observed near с = 74.3 at %. When the magnetic field
is perpendicular to the sample plane, the concentra�
tion dependence of Нс has the same shape as in the
case of the parallel orientation, but the Нс values are
slightly lower. 

Figure 4 shows the concentration dependence of
the uniaxial anisotropy constant (К) for deposited
FeCu particles calculated by the equations

K = HaMs/2, (1)

 (2)

where Ha = 2K/Ms is the anisotropy field.
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Fig. 1. Hysteresis loops of FeCu particles with a different
copper content deposited on cover glass (LakeShore 7407
VSM instrument).
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Fig. 2. Hysteresis loops of FeCu(19.7 at %) particles on
cover glass (LakeShore 7407 VSM instrument) measured
for two orientations of the magnetic field relative to the
sample plane.
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According to the Stoner–Wohlfarth model [4] for
an ensemble of noninteracting identical single�
domain particles, there is a barrier between two easy
magnetization directions, ЕK = KVsin2ϕ, where V is
the particle volume, and ϕ is the angle between its
magnetization (Is) and the nearest easy magnetization
axis. These directions are specified by the potential
energy minima of the particle. The ЕK barrier prevents
the transition of Is from one minimum to the other. In
addition, this barrier determines the K constant. Beck
was the first to express the magnetic energy of a crystal
through the anisotropy constant and direction cosines
of the Is vector on the basis of semiempirical consider�
ation [5]. Later [6], Akulov has developed the strict
theory of crystallographic anisotropy, using the matrix
transformation of vectors for crystals of different sym�
metry. The symmetry characterizes the internal struc�
ture of the crystal and depends on neither its shape nor
the external magnetic field.

By contrast, the uniaxial anisotropy depends on the
particle shape, being maximal for a prolate ellipsoid or
a needle. The uniaxial anisotropy appears in relatively
strong magnetic fields Н when the magnetization Is of
the particles turns out to be close to the Н direction.
The vector transition from one potential energy mini�
mum to the other can be caused by thermal fluctua�
tions, magnetic field, or crystal distortions. In partic�
ular, this transition is accompanied by small
Barkhausen jumps in the curve of magnetization ver�
sus Н. If the easy magnetization axes of separate parti�

cles coincide with the field Н, the hysteresis loop has a
rectangular shape [4]. Otherwise, the hysteresis loop is
inclined [3, 4]. This is precisely what is observed for
deposits of aerosol particles chaotically oriented on
the substrate (Figs. 1 and 2).

The anisotropy field Ha is commonly calculated by
Akulov’s equation (2), which describes the approach
of hysteresis loops to saturation for noninteracting sin�
gle�domain particles [6]. However, the relationship
Ha = 2K/Ms is also applicable for interacting particles
if Ha is taken to be Hsw [3].

In some works, the Stoner–Wohlfarth model tak�
ing into account the presence of both the uniaxial and
cubic magnetic anisotropy of particles in combination
with Akulov’s equation is experimentally supported,
for example, in measurements of hysteresis loops of
Fe3C [7] and Co1 – xNix (x = 0–1) [8] particles encap�
sulated into carbon nanotubes. It has been stated in [8]
that single�domain CoNi (as well as Fe3C) particles in
carbon nanotubes do not interact with each other and,
hence, have high anisotropy constants K = (15.2–
27.1) × 105 erg cm–3 for different CoNi compositions.
The authors attribute the high anisotropy constants to
the prolate shape of particles [8], although this con�
clusion has not been confirmed by the TEM images of
Fe3C particles [7]. It is evident that the difference in K
values is most likely due to the interaction of particles
in the samples since the image shows clearly pro�
nounced chains of two and more spherical particles.
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Fig. 3. Concentration dependence of the coercive force
(Нс) for two orientations of the magnetic field relative to
the sample plane.
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Fig. 4. Concentration dependence of the uniaxial anisot�
ropy constant (K) for FeCu deposits of different composi�
tion: � this work, � anisotropy constant of Fe particles [3]
prepared under the same conditions as FeCu particles in
this work.
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The strongly enhanced anisotropy of single�domain
particles has been repeatedly reported [3, 9–13]. This
has been surprising for some researchers [11]. Other
researchers have explained the high uniaxial anisot�
ropy of the particles as compared with the crystallo�
graphic anisotropy of iron by the induced interaction
between the ferromagnetic core and ferri� or antiferro�
magnetic oxide shell of the particles. If this were the
case, a large hysteresis loop displacement would be
observed. However, attempts have been unsuccessful
to reveal such an effect by hysteresis loop measure�
ments for iron particles with D = 20 nm [13] and by
ferromagnetic resonance (D = 50 nm) [14]. The small
bias of the hysteresis loop from 100 Oe at room tem�
perature to 200 Oe at 10 K has been observed for aero�
sol iron particles ~11 nm in diameter coated with
amorphous Fe3O4; however, this bias vanishes upon
oxide crystallization after heating [3]. Simultaneously,
the passivating effect of the amorphous oxide shell is
eliminated. It is evident that the lack of the hysteresis
loop bias for larger particles is also related to the Fe3O4
oxide crystallization.

The most plausible explanation of the high coercive
force and uniaxial anisotropy, suggested by Jacobs and
Bean [9], implies the formation of chains of single�
domain particles. Calculations have shown that chains
comprising two or three particles suffice to result in the
observed increase in the coercive force Нс and the
uniaxial anisotropy constant K [9, 10]. However, only
the experiment can give the answer to the question
about the magnetism of chains of particles separated
by different interlayers. In this paper, we report the
result of magnetic measurements of chains of FeCu
particles with the iron core coated with a layer of iron
oxides, as well as copper and its oxides, the composi�
tion of the layer changing with an increase in the cop�
per content in the particles.

A complex character of the dependence of Нс on
the copper content in the particles (Fig. 3) is evidently
a result of the interplay of different factors that can
both enhance and suppress the interaction between
the particles. The scatter of the Нс values for the sam�
ples located at different distances from the vaporizer
can be attributed to some change in the deposit thick�
ness and particle size distribution. It is well known
that, as the average diameter D of iron particles
decreases, the coercive force first increases to Нс =
1000–1200 Oe at D ≈ 20 nm, which is close to the the�
oretically found size (D0) of single�domain particles,
and then sharply decreases [3, 10, 15]. The particles
with D < D0 retain their single�domain structure since
the Bloch wall width (≈15 nm) required for their mag�
netization reversal exceeds the particle size. In this
case, the decrease in Нс is related to the particle size
distribution.

It is worth noting that the coercive force is deter�
mined only by those particles that have the volume V
exceeding the blocking volume at a given temperature
Vb, which accounts for the sharp boundary of their

transition to the superparamagnetic state. A specified
particle size distribution has both the superparamag�
netic (V < Vb) and ferromagnetic (V > Vb) particles.
Superparamagnetic particles do not make contribu�
tion to Нс. If the volume of particles of average size is
smaller than Vb, the majority of them will be super�
paramagnetic. Simultaneously, the ferromagnetism of
the sample becomes weaker because of a small number
of particles corresponding to the distribution tail some
of which have a multidomain structure at D > D0. In
such particles, there is a decrease in Нс caused by the
generation of energetically favorable closed magnetic
fluxes.

The coercive force Нс depends not only on the par�
ticle size but also on the anisotropy of the shape of sep�
arate particles, as well as on the anisotropy caused by
the aggregation of these particles into chains. How�
ever, the character of their interaction in the chains is
different for iron and FeCu deposits. Even in the
course of preparation of FeCu(<35.3 at %) particles,
ferromagnetic γ�Fe layers can appear on their copper
shell, and these layers ensure the rigidity and stability
of chains of different length. The magnetic properties
of such chains depend on the particle composition.

The concentration dependence of Нс at с <
35.3 at % (Fig. 3) can be explained by the interplay
between two opposite factors, one of which decreases
and the other increases Нс with an increase in the cop�
per content in the particles. The decrease in Нс (as
compared with pure iron) is caused by the appearance
and thickening of copper interlayers between the par�
ticles in the chains, whereas the growth of ferromag�
netic γ�Fe on the forming copper lattice increases Нс.
As a result, the concentration dependence curve has a
minimum near с ≈ 5 at %. At с < 5 at %, the effect of
copper layer thickening prevails over the effect of γ�Fe.
Inasmuch as the Нс minimum is independent of the
sample orientation in the magnetic field, this is evi�
dence that the spatial anisotropy of the arrangement of
particle chains is unnoticeable. At the same time, the
gradual increase in the coercive force to the maximum
as the copper concentration changes from 5.0 to
35.3 at % is presumably related to the increase in the
chain length. The subsequent decrease in Нс to the
minimum (98 Oe) for the FeCu(50 at %) particles is
caused by the gradual disappearance of γ�Fe as a result
of copper oxidation and progressive thickening of the
nonmagnetic shell of the particles, as well as due to the
corresponding decrease in the size of the iron core.
This leads to the weakening of the interaction between
the particles and hinders the formation of chains upon
generation and primary oxidation of particles in argon.
The small Нс maximum at 74.3 at % Cu is likely caused
by separate iron clusters on copper grains.

The concentration dependences of Нс (Fig. 3) and
the uniaxial anisotropy constant K (Fig. 4) are similar,
which is quite natural since both are mainly deter�
mined by the character of the chain structure of the
deposits.
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In conclusion, it should be noted that, in this work,
the role of nanoparticle chains and the γ�Fe structure
in the magnetism of aerosol FeCu particles of different
composition deposited on glass has been comprehen�
sively studied for the first time. The trend of the curve
of Нс with an increase in the copper content is caused
by two opposite factors: the weakening of the interac�
tion between the particles in the chains as a result of
thickening of their nonmagnetic shells and the
enhancement of this interaction owing to the ferro�
magnetic layer of γ�Fe. According to Mössbauer spec�
tra, γ�Fe exists on the surface of the copper shell of
particles in the range 4.9–35.3 at % Cu. Its ferromag�
netism first increases to the maximum at с ≈ 20 at %
and then gradually decreases due to the transition of
γ�Fe to the paramagnetic state, which disappears near
с ≈ 35 at %. This is responsible for the appearance of
extrema in the initial segment of the concentration
dependence of the coercive force of the samples. With
an increase in the copper content, Нс first rapidly
decreases to the minimum at с ≈ 5 at %, then increases
to the small maximum at с = 35.3 at %, and sharply
decreases to the value characteristic of massive iron at
с = 50.4 at % (Fig. 3). The decrease in Нс is exclusively
due to the weakening of the interaction of particles in
the chains caused by both the decrease in the iron core
size and the thickening of the nonmagnetic oxide core
of the particles.
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