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The production and structural characterization of gas-evaporated nanoparticles in the Fe1−xCrx

system, with 0�x�0.83 are reported. The results show that for x�0.5 the metastable �-FeCr can
be stabilized and it constitutes up 60 wt % of the material. The sample with the highest �-FeCr
content is further analyzed to study the structural and the magnetic properties of this phase and its
thermal stability. The �-FeCr phase is weakly magnetic with an average magnetic moment of 0.1�B

per Fe atom and a Curie temperature below �60 K. It is stable up to 550 K where it starts to
transform to bcc-FeCr. Annealing at 700 K yields Cr2O3 due to Cr surface segregation and affects
the magnetic behavior of the system, which is dominated by interparticle interactions. © 2005
American Institute of Physics. �DOI: 10.1063/1.1946907�

I. INTRODUCTION

The development of techniques such as gas phase syn-
thesis and rapid solidification has enabled the production of
alloys with more uniform and refined microstructures leading
to an improvement of its mechanical, magnetic, or catalytic
properties.1 Moreover, the microstructural reduction down to
the nanometric regime has also opened the door to many
investigations and applications since, resulting from the fast
kinetics involved in these processes, a number of high-
temperature phases can be stabilized at room temperature.
However, the appearance of some of these metastable phases
is sometimes undesirable and the control of phase separation
is the subject of many investigations in metallurgy. The te-

tragonal �-FeCr phase, responsible for the so-called “475 °C
embrittlement” in ferritic stainless steels, is one of these
metastable phases to be avoided.

Besides displaying good mechanical, anticorrosive,2 and
wear resistance3 properties, Fe–Cr alloys are also of techno-
logical interest as catalysts of the water gas shift reaction that
eliminates the CO produced during the fuel cells operation.4

It has been proposed as a cheaper substitute of LaCrO3 as the
interconnect material in solid oxide fuel cells5 and, as thin
films, it is tested for enhancing the magnetoresistance and
the thermal stability of synthetic spin valves.6

According to the equilibrium phase diagram for the
Fe–Cr system7 �see Fig. 1�, a tetragonal � phase exists as a
single phase within a narrow range of Cr concentrations
�44.5–50 at. % � at temperatures from 450 to 830 °C. Above
830 °C, Fe–Cr alloy forms a single body-centered-cubic
phase ���, whereas at T�450 °C, the � phase disappears
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and the alloy decomposes to Fe-rich ferromagnetic ��1� and
Cr-rich paramagnetic ��2� bcc phases. Nevertheless, this sce-
nario is significantly altered for nanostructured Fe–Cr alloys
where a number of nonequilibrium Fe–Cr phases have been
reported for fine particles, thin films, as well as in samples
prepared by pulsed laser deposition and subsequent pro-
longed annealing.8

The aim of the present study is to show the broad range
of compositions where the metastable �-FeCr phase has been
stabilized as nanoparticles and to report on the magnetic
properties and thermal stability of the � phase. For this pur-
pose, Fe–Cr nanoparticles have been produced by gas evapo-
ration technique in the compositional range from
0 to 83.0 at. % Cr. The material was characterized by means
of x-ray diffraction �XRD�, transmission electron micros-
copy �TEM�, Mössbauer spectroscopy �MS�, differential
scanning calorimetry �DSC�, differential thermal analysis
�DTA�, and vibrating-sample magnetometry �VSM�. It is
shown that �-FeCr is the majority phase for 47.7 at. % Cr.
Subsequent thermal treatments yield changes in the particle
composition and segregation of Cr, having a pronounced ef-
fect on its magnetic properties.

II. EXPERIMENTAL DETAILS

Fe–Cr alloys, containing from 0 to 83.0 at. % of Cr,
were produced by direct alloying of components with 99.9%
purity, using a 10 kW rf generator at a working frequency of
440 kHz and a specially designed inductor. The latter pro-
vided heating to melt a specimen of about 1.5 g and made
possible the levitation of the melted drop in an Ar atmo-
sphere. A homogeneous mixture of alloy components was
obtained by eddy currents. After exposing the drop at about
2300–2800 K for a few minutes, the generator was turned
off and the drop fell off down on a massive copper vessel
that assured the quenching of the alloy. An advantage of the
inductive alloying method is the absence of any crucible
avoiding material contamination. The alloy composition was
monitored by weighing the specimen before and after alloy-
ing and by x-ray diffraction analysis. Aerosol particles were
produced by “gas evaporation” of the initial alloys �prede-
gassed in vacuum� from a tungsten spiral-basket-shaped fila-

ment heated by ac power in an Ar atmosphere at 3-Torr
pressure. The details of the technique were discussed
elsewhere.9 The aerosol particles were deposited on the walls
of a stainless-steel cylinder of 10 cm in diameter that essen-
tially diminished the probability of self-ignition of the nano-
particles, due to high heat removal of the metallic support,
upon scraping-off and subsequent exposure of the particles to
air. Then, the deposits were kept at a residual air pressure of
several Torr for 12 h. This resulted in passivation of the par-
ticles with a thin oxide shell making possible further han-
dling of the powder in the ambient atmosphere. The evapo-
ration process was viewed through an inclined mirror placed
on a glass plate, which covered the top of the cylinder.

Energy dispersive x-ray analyses �EDX� were performed
with a JEOL JSM-6300 scanning microscope equipped with
an Oxford Instruments LINK ISIS-200 EDX. The spectro-
scopic analyses confirmed that no deviations from the master
alloy composition occurred during the nanoparticle produc-
tion by gas evaporation.

Structural characterization was performed by analyzing
XRD patterns recorded in a �-2� Bragg–Brentano geometry
with a Siemens D5000 powder diffractometer with Cu K�
incident radiation ��=1.5406 Å� and a graphite monochro-
mator. The XRD data were analyzed by Rietveld refinements
using the MAUD program10 to obtain structural information of
the Fe–Cr nanoparticles, i.e., phase contents, crystallite sizes,
and cell parameters. The tetragonal �-FeCr �space-group
P42/mnm� with the Fe and Cr occupancies reported by
Yakel,11 the bcc-Fe �space-group Im3m�, and, for some
samples, the Fe3O4 �space-group Fd3m� and Cr2O3 �space-
group R-3C� structures have been adopted. XRD analyses
were also performed in a Debye–Scherrer camera when the
amount of sample was not enough to perform an experiment
in the �-2� powder diffractometer. In such case a filterless Cr
characteristic radiation �tube voltage 33 kV, current 16 mA�
was used to take x-ray photographs of samples on a Kodak
X-Omat film �exposure 10–15 min� arranged asymmetri-
cally in a conventional 57.3-mm Debye–Scherrer camera.

TEM observations were carried out using a Hitachi
H800MT microscope operating at 200 kV. For high-
resolution TEM �HRTEM� studies, a Phillips CM30 micro-
scope operating at 300 kV was used. Before the TEM obser-
vations, the samples were ultrasonically dispersed in ethanol,
one drop of the solution was deposited onto TEM Cu grids
coated with a conductive polymer and the ethanol was let to
evaporate.

Mössbauer spectra were acquired at 300, 80, and 4.2 K
using a conventional transmission Mössbauer spectrometer
with a 57Co/Rh source. Velocity calibration was done using a
25-�m foil of metallic iron, and the Mössbauer parameters
are given relative to this standard at room temperature. In-
field Mössbauer spectra were taken at 4.2 K in applied fields
of 4 and 9 T using a superconducting magnet with the
gamma ray beam directed between the coils, normal to the
direction of the applied field. Program packages NORMOS

�Ref. 12� and FFITA were used to fit the spectra.
For the thermal analysis, a Perkin–Elmer DSC-7 appara-

tus was used from room temperature to 650 K �20 K/min
heating rate� under an Ar atmosphere.

FIG. 1. Fe–Cr binary phase diagram adapted from Massalski �see Ref. 7�.
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Magnetic studies were performed with a vibrating-
sample magnetometer �Oxford Instruments Ltd.� over the
temperature range of 4.2–900 K in an applied field up to
1.1 T.

III. RESULTS AND DISCUSSION

A. Structural characterization of the samples

The XRD patterns of samples with Cr content in the
range of 0–66 at. % are presented in Fig. 2. The spectra
consist of broad peaks that reveal the nanocrystalline nature
of the particles produced by gas evaporation. As shown in
the figure, the cubic �-FeCr �also metastable at room tem-
perature� is the major phase in samples with a low Cr con-
tent, whereas for samples richer in Cr this phase coexists
with the tetragonal �-FeCr. In the past, metastable �-FeCr
phase has been detected at room temperature in sputtered
thin films13–15 and in alloys with additions of a third element
�e.g., Ti, Al, and Sn� 16–19 or after subjecting �-
FeCr to long thermal treatments.20–22 However, as previously
shown by Petrov and co-workers,23,24 nanoparticles of high-
temperature phases of metals and alloys can be stabilized at
room temperature by gas evaporation. Figure 3 presents the
dependencies of the �-phase content and the �-FeCr lattice
parameter on the sample composition, as obtained from Ri-

etveld refinements of the diffraction data. The largest �
-FeCr volume fractions �0.59–0.44� were found in the
47.7–60.4 at. % Cr range. However, the sigma phase, with
volume fractions below 10%, was also detected in samples
with 83.0, 66.0, 33.7, and 23.4 at. % Cr. Note that, contrary
to what one may expect, the latter sample contains more �-
FeCr than the sample with 33.7 at. % Cr, which is closer to
the compositional range where the � phase becomes domi-
nating �see Figs. 2 and 3�. This behavior indicates that for
samples with lower Cr content the precipitation of small
amounts of �-FeCr �i.e., below 10 vol %� is due to compo-
sitional inhomogeneities during the evaporation process.
Such chemical fluctuations may result in the formation of
some Cr-richer particles for which the formation of the �
phase is indeed prevailing. Thus, it can be concluded that the
metastable �-FeCr is kinetically favored at least in the
47.7–60.4 at. % Cr range. Similar results have been found
for sputtered Fe–Cr thin films13–15 reporting the formation of
�-FeCr as a major phase in the 38–44, 50–58, and
45–55 at. % Cr ranges, with no trace of this phase for Cr
contents below 32 and above 68 at. %. In contrast, no �-
FeCr has been found in films deposited by laser ablation in
high vacuum ��10−8 Torr�, in which effective cooling rates
as high as 1011 K/s are achieved.8 Figure 3 also shows that
the �-FeCr lattice parameter increases with the Cr content as
expected from Vegard’s law, which has been plotted for com-
parison �dotted line�. This indicates that for all the studied
compositions, a single bcc phase �the stable phase at T
�1100 K� has been stabilized to the detriment of the room-
temperature equilibrium Fe- and Cr-rich bcc phases. Confir-
mation of this hypothesis is the fact that the spectra refine-
ments were less satisfactory when two bcc phases with the
Fe and Cr lattice parameters were considered. From Fig. 3 it
is clear that the lattice parameter deviates from Vegard’s law
for most compositions. In fact, we are dealing with at least a
three-phase system. On the other hand, the presence of an Fe
oxide layer, probably of reduced crystallinity, has been de-
tected by Mössbauer spectroscopy. The presence of this ox-
ide layer causes an increase of the �-FeCr lattice parameter,
since Fe ions of the oxide shell deplete iron from the bcc-
FeCr crystals. For Cr-rich compositions, a Cr2O3 passivation
layer is expected in the bcc-FeCr, yielding Fe-enriched cores.
Thus, the Fe-enriched �Cr-enriched� cores in the Cr-rich �Fe-
rich� compositions explain why bcc lattice parameters at
high �low� Cr contents are lower �higher� than expected from
Vegard’s law.

In order to study the thermal stability and the magnetic
properties of the �-FeCr, the sample with the highest volume
fraction of this phase �i.e., that containing 47.7 at. % Cr,
hereafter referred as FeCr47.7� was selected to make further
analyses. A bright-field TEM image of sample FeCr47.7 is
presented in Fig. 4. The particles are roughly spherical in
shape and form agglomerates. A histogram of the particle
size distribution for this sample �see inset� was obtained
from several TEM images and fitted to a log-normal distri-
bution function with a maximum at 12.1 nm. The distribu-
tion gives an average diameter of 13.7 nm that is increased
to 16.7 nm when a volume-weighted distribution is consid-
ered. For this sample, the Rietveld refinement analysis re-

FIG. 2. XRD patterns of FeCr nanoparticles in the 0–66 at. % Cr range.

FIG. 3. Nanoparticle phase composition obtained from XRD ��� and Möss-
bauer spectroscopy ��� and �-FeCr lattice parameter ��� as a function of the
total Cr atomic % content. The continuous line is a guide to the eye. Veg-
ard’s law is plotted as a dotted line.
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sults in �i� 35 wt % of �-FeCr bcc with a mean crystallite
size �D��-FeCr�13 nm, �ii� 60 wt % of �-FeCr phase
��D��-FeCr�10 nm�, and �iii� 5 wt % Fe3O4 with �D�Fe3O4
�2 nm.

B. Thermal stability of �-FeCr

The stability of the metastable � phase and its tempera-
ture transformation to more stable phases has been studied
by DSC and magnetometry. The DSC curve of sample
FeCr47.7, presented in Fig. 5, shows an exothermal process
starting at about 550 K and lasting until the end of the run at
670 K indicating the transformation of the metastable phase.
Indeed, the sample used in the DSC experiment was subse-
quently analyzed by XRD in a Debye–Scherrer camera and a
very strong attenuation of �-FeCr lines was observed to-

gether with a significant intensification of the lines corre-
sponding to the bcc phase lines �pattern not shown�. These
results are supported by the measurements of the temperature
dependences of the magnetization, M�T�, performed in an
applied field of 0.3 T in a heating–cooling cycle in the tem-
perature range of 300–710 K at 2 K/min �see Fig. 5�. In a
first stage of the heating process, the magnetization presents
the behavior of a typical weak ferromagnet, i.e., M�T� mono-
tonically decreases until a minimum is reached at about
530 K. However, a transition to paramagnetism is not seen
since it occurs at higher temperature than that of the magne-
tization increase. Then, the magnetization begins to rise, ac-
quiring a constant rate of increase until about 680 K. The
increase of magnetization has the same onset temperature as
that of the phase transition revealed by calorimetry, corrobo-
rating that it is a �→�-phase transition, the increase of the
volume fraction of the �-FeCr accounting for the raise in
magnetization at higher temperatures. In Fig. 5, the M�T�
curve for the sample with 23.4 at. % Cr is also plotted. It
shows the same behavior as for FeCr47.7, although starting
from a higher magnetization value, in accordance with both
the larger percentage of �-FeCr phase initially present in that
sample and the richer-Fe concentration of this phase. In that
case, the relative increase in magnetization is less pro-
nounced than for FeCr47.7, as the amount of the � phase to
be transformed to the bcc one it is smaller.

In order to gain further insight into the �→� transition,
the as-prepared FeCr47.7 powder was sealed in an evacuated
quartz tube and annealed for 1.5 h at 700 K. The XRD pat-
terns corresponding to the as-prepared and annealed samples
are presented in Fig. 6. They show that the thermal treatment
at 700 K brings about a decrease of the �-FeCr reflections
and the appearance of an additional phase that has been in-
dexed as the corundum-type Cr2O3. The Rietveld refine-
ments of the diffraction patterns reveal a decrease, upon an-
nealing at 700 K, in the cell parameter �from
2.8744�4� to 2.8735�4� Å� and the crystallite size �from
13 to 8 nm� of the �-FeCr. This suggests that the thermal
treatment has yielded Fe-enriched bcc particles that might
result from a process of Cr segregation to the surface of the
particles where the Cr oxide would be formed, resulting in a
more defined core-shell structure. Actually, the tendency of

FIG. 4. Bright-field TEM image of Fe–Cr nanoparticles corresponding to
FeCr47.7 sample and the particle size histogram. Distribution was fit to a
log-normal function.

FIG. 5. Magnetization vs temperature for Fe–Cr samples �23.8 ��� and 47.7
��� at. % Cr�. Heat-flow curve, dQ /dT of Fe–Cr 47.7 at. % Cr in arbitrary
units �at a 20-K/min heating rate�, is also included.

FIG. 6. XRD patterns of FeCr 47.7 at. % Cr as-prepared and annealed at
700 K for 1.5 h.
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Cr surface segregation on heating FeCr alloys has been ob-
served to take place both in air and high vacuum.25,26

HRTEM images of the annealed sample �see Figs. 7�a� and
7�b�� reveal a core-shell structure of the material. From the
Fourier transform of high-resolution images, the phase sur-
rounding the particles could be indexed to Cr2O3 in zones
where the oxide layer was specially large �see Fig. 7�a��
although this has not been possible in the case of thinner
shells �see Fig. 7�b��, where the nature of the oxide cannot
unambiguously ascribed to Cr2O3. However, the Cr surface-
segregation tendency and the Fe enrichment of the core re-
vealed by Mössbauer spectroscopy �Sec. III C� suggest
Cr2O3 as the main component of the shells. TEM images at
low magnification of the annealed material �not shown� re-
vealed a slightly broader particle size distribution deviating
from the log-normal function found in the as-prepared
sample. Indeed, from the x-ray diffraction pattern of the an-
nealed sample it is found that �D��-FeCr�26 nm, which has
been also confirmed by HRTEM �see Fig. 7�b��.

Note that the thermal decomposition of the �-FeCr is a
rather complex process and sensitive to the annealing condi-
tions. Indeed, on the one hand, the XRD of the sample
heated up to 670 K in the DSC revealed no traces of Cr2O3

and the intensification of bcc phase reflections accompanied
by an attenuation of �-FeCr lines �note that DSC heating
cycle lasted for about 20 min�. On the other hand, the struc-
tural characterization of the sample annealed 1.5 h at 700 K
also shows a diminution of the � phase �from 60 to 30 wt %�
and, in addition to this, the appearance Cr2O3 and no signifi-
cant increase in the volume fraction of the bcc phase. These
structural changes for the thermally treated sample conse-
quently induce important differences in the magnetic re-
sponse of the system.

C. Magnetic properties of �-FeCr

Mössbauer spectra of sample FeCr47.7 recorded at 300,
80, and 4.2 K are shown in Fig. 8. The spectra recorded
without applied magnetic field �Figs. 8�a�–8�c�� do not
present qualitative changes and have been fitted with a sin-
glet and a broad distribution of hyperfine fields. In the sin-
glet, the contributions of both �-FeCr and a small fraction of
superparamagnetic particles are included, whereas blocked
�-FeCr particles account for the distribution of hyperfine
fields. The isomer shift of the �-FeCr component at room
temperature �−0.16�6� mm/s� coincides with that reported
by Costa et al. for nanocrystals obtained from thermally
treated ball-milled samples.27 Due to the progressive block-
ing of superparamagnetic particles, the relative area of the
hyperfine field distribution increases from 31% to 47% of the
total resonant area as the temperature is lowered from
300 to 80 K. A sextet representing �15% of the total reso-
nant area and having the hyperfine parameters of Fe3O4 has
to be considered in order to fit the 4.2-K spectrum. This
would indicate that the superparamagnetic component ob-
served at 300 and 80 K is mainly due to the presence of very
fine magnetite crystallites forming a passivation layer at the
surface of the particles ��10 wt % Fe3O4�, in agreement
with the Rietveld refinement. It is noteworthy to mention that
the amount of iron oxide in sample FeCr47.7 is about one-
third of that found for the pure Fe particles of the same
size.28 Upon cooling, the field distribution gets narrower and
its average value increases slightly �from 24 T at
300 K to 25 T at 4.2 K�, in contrast, the linewidth of the
singlet subspectrum widens significantly between 80 and

FIG. 7. High-resolution TEM images of the FeCr47.7 sample annealed at
700 K.

FIG. 8. Mössbauer spectra of as-prepared sample FeCr47.7 at �a� 300, �b�
80, �c� 4.2, and �d� 4.2 K with Happ=9 T �applied field perpendicular to 	
rays�.
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4.2 K, suggesting a magnetic ordering in the �-FeCr phase at
low temperatures. To clarify this point, Mössbauer spectra
were recorded at 4.2 K in 4 T and 9 T applied fields. The
spectra show sextet components from the � and � phases
which have been fitted assuming the same isomer shift than
for the zero-field spectrum and fixing several parameters �hy-
perfine field and width of the �-FeCr component and relative
areas of the subspectra�. The fittings reveal that the relative
line intensities of the magnetic sextets tend to the ratio
3:4:1:1:4:3 which is already greatly achieved in a 4 T ap-
plied field. With the employed experimental geometry, in
which the applied field is normal to the gamma ray beam,
these intensity ratios indicate alignment of the moments with
the applied field direction and suggest a ferromagnetic order-
ing for both phases. Taking into account the effective hyper-
fine fields obtained from the spectra fittings and the degree of
alignment at 4- and 9-T applied fields, the average hyperfine
fields for � and � phases are found to be around 25 and
1.4 T, respectively �see Table I�. The low hyperfine field of
the � component is almost unnoticed without the application
of an external field; only at a high external field its value
��1.4 T� is well defined in the fitting �note the estimated
errors in Table I�. According to the proportionality between
this hyperfine field and the Fe magnetic moment,29 the latter
can be roughly estimated to be �0.1 Bohr magnetons ��B�
per Fe atom, confirming the weak ferromagnetism of the
sigma phase resulting from intinerant electrons.30 Figure 9
presents the 80-K Mössbauer spectrum of the annealed
FeCr47.7 sample which, as for the spectra of the as-prepared
sample, has been fitted to a paramagnetic singlet and a hy-
perfine field distribution. The �-FeCr decomposition during
annealing at 700 K is reflected by the reduction of the singlet
resonant area, which represents about 20% of the total spec-
trum area compared to the 56% for the as-prepared sample
�Figs. 8�b� and 9�. The hyperfine field values of the annealed
sample cover a narrower distribution with a maximum field

closer to the value for pure Fe �33 T�. This contrasts with the
broad field distribution of the as-prepared sample and it is in
agreement with the XRD data suggesting a Cr depletion from
the �-FeCr yielding a particle core of Fe-enriched bcc phase.

Temperature-dependent magnetic measurements were
performed on the as-prepared and on the annealed FeCr47.7
samples. The temperature dependencies of the magnetization
measured in a 1 T applied field after cooling the sample in
zero field are presented in Fig. 10. In fact, this can be taken
as the saturation magnetization, Ms, since hysteresis loops
measured at different temperatures revealed that this field
was strong enough to saturate the samples. The magnetic
signal is dominated by the �-FeCr phase and both samples
display the magnetization increase at decreasing tempera-
tures expected for ferromagnetic materials. Although the vol-
ume fraction of �-FeCr is the same for the two samples, the
magnetization values of the annealed powders at room tem-
perature is about three times that of the as-prepared sample,
in part because the former has a higher Fe concentration. The
insets are blow-ups of the curves in the low-temperature
range and show magnetic effects that can be ascribed to the
�-FeCr and Cr2O3 phases. For the as-prepared sample, con-
sisting of �60 wt % �-FeCr, a gradual increase of magneti-
zation is observed below 80 K. This is due to the contribu-
tion of the weakly ferromagnetic � phase, which has low
Curie temperatures �TC� and small magnetic moments per Fe
atom. Namely, the deviation ��0.35 emu/g� from the trend
followed by Ms�T� for T�80 K corresponds to an average
magnetic moment �0.1�B per Fe atom of the �-FeCr phase,
which is consistent with the values given in the literature.30,31

TABLE I. Effective fields �Beff�, isomer shifts �
Fe� relative to iron, and hyperfine fields �Bhyp� for �-FeCr and
�-FeCr phases at 4.2 K obtained from the fittings of the in-field Mössbauer spectra. The errors are given within
parentheses and refer to the last digit.

Bappl. �T�

�-FeCr �-FeCr


Fe �mm/s� Beff �T� Bhyp �T� 
Fe �mm/s� Beff �T� Bhyp �T�

0 0.04�2� —— 25.0�4� −0.09�1� —— 1.0�9�
4 22.0�3� 26.0�3� 3.0�6� 1.8�6�
9 15.3�4� 24.3�4� 8.0�2� 1.4�2�

FIG. 9. Mössbauer spectrum recorded at 80 K of sample FeCr47.7 annealed
at 700 K.

FIG. 10. Magnetization vs temperature for the as-prepared and annealed
FeCr47.7 samples at a 1-T applied field. The insets show blow-ups of the
curves.
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However, TC is not well defined, probably due to the exis-
tence of �-FeCr nanoparticles of slightly different composi-
tions, implying a distribution of TC’s, as well as the proxim-
ity effect due to neighboring with strongly magnetic � phase.
In the case of the annealed sample, the contribution of the
30 wt % �-FeCr phase is not observed but the inset reveals a
local maximum at T�75 K which may arise from the freez-
ing in a spin-glass-like state of randomly oriented �-FeCr
particles interacting with and across the antiferromagnetic
Cr2O3 interface. Shown in Fig. 11 are the zero-field-cooled
�ZFC� and field-cooled �FC� magnetizations versus T curves
for the as-prepared and annealed samples measured at 100
Oe applied field. For the as-prepared sample, the ZFC curve
exhibits a broad maximum at TB

ZFC�160 K and does not
overlap with the FC branch, which shows a progressive de-
crease of the magnetization with increasing temperatures.
This indicates that while the smallest size �-FeCr particles
are in the superparamagnetic state, the others form agglom-
erates and remain coupled by the long-range dipolar interac-
tions thus being less susceptible to thermal fluctuations, in
agreement with the results obtained by Mössbauer spectros-
copy. The superparamagnetism is also evidenced by the ac
susceptibility measurement performed in a 10 Oe ac field at
a frequency of 1 kHz �see the inset� which presents a maxi-
mum at T B

ac�200 K. The maxima of the ZFC magnetization
and ac susceptibility curves indicate the average blocking
temperature of the relaxing component. As expected, T B

ZFC

�T B
ac due to the larger measuring time of the magnetization

measurements as compared to the ac susceptibility. In con-
trast, in the ZFC-FC curves of the annealed sample the
temperature-activated processes are not seen and they
present a behavior typical of a system of interacting particles.

As can be seen in Fig. 12, the annealed sample presents
a higher coercivity �Hc� and thermoremanence �TRM� as a
consequence of reordering of the system. Both samples
present a rapid initial decrease of Hc and TRM as T is in-
creased which can be ascribed to the transition of the � phase
to the paramagnetic state. Note that for as-prepared sample
the decrease of Hc and TRM is more pronounced and takes
place in a wider temperature interval than in the case of the
annealed sample. This is in agreement with the fact that upon
annealing the fraction of �-FeCr has been reduced from
60 to 30 wt %. Above 100–150 K Hc is almost constant,

evidencing that the bcc phase is not affected by thermal fluc-
tuations. These results point out the role played by weak
magnetic �-FeCr in the coupling of �-FeCr ferromagnetic
particles through the long-range dipolar interactions. For
both samples, the hysteresis loops at 5 K obtained after cool-
ing in 0 and 1 T applied fields overlap, indicating that there
is no exchange bias due to the coupling between the antifer-
romagnetic Cr2O3 and the ferromagnetic bcc-FeCr. Exchange
bias has previously been reported for 7 nm pure Fe nanopar-
ticles embedded in a Cr2O3 matrix.32 In our case, the absence
of coupling can be explained on the basis of the low aniso-
tropy constant of Cr2O3 and the small thickness ��5 nm� of
this oxide shell.33

IV. CONCLUSIONS

It has been shown that �-FeCr and �-FeCr high-
temperature phases can be stabilized in a system of Fe1−xCrx

nanoparticles prepared by thermal evaporation. The former is
the major phase in all the studied compositions except for the
47.7 and 60.4 at. % Cr samples in which the �-FeCr domi-
nates. �-FeCr phase is weakly magnetic with an average
magnetic moment of 0.1�B per Fe atom and the Curie tem-
perature below �60 K. The study of the Fe-Cr47.7 at. %
sample has revealed that �-FeCr is stable up to 550 K where
it starts to transform to bcc-FeCr which, when annealed at
700 K, yields additionally Cr2O3 due to Cr segregation. In
the as-prepared sample the separation of the �-FeCr particles
and their agglomerates by the paramagnetic �-FeCr phase
results in the appearance of the superparamagnetic relaxation
effects. In turn, the annealed sample, with largely reduced
paramagnetic �-FeCr phase, is less susceptible to the thermal
fluctuations and its magnetic behavior is dominated by the

FIG. 11. ZFC-FC curves for the as-prepared and annealed FeCr47.7 samples
at a 0.01-T applied field. The inset shows the temperature dependence of the
real part of ac magnetic susceptibility.

FIG. 12. �a� Coercive field and �b� thermoremanence vs temperature for the
as-prepared and annealed FeCr47.7 samples.
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interparticle interactions. These interactions can be both of
the exchange and dipolar origins and they extend across the
antiferromagnetic Cr2O3 interface as well as the paramag-
netic � phase. The anisotropic character of the dipolar inter-
actions as well as the spin-canting effects which can be ex-
pected at the ferromagnetic ��-FeCr�–antiferromagnetic
�Cr2O3� interface results in the magnetic hardening of the
annealed powder and the spin-glass-like freezing effects at
low temperatures. Despite of the presence and proximity of
the ferro- and antiferromagnetic phases in the annealed
sample, the exchange bias has not been observed.
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