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We have prepared nanocomposites of mixtures of ferromagnetica-Fe and antiferromagnetic
g-Fe50Mn50 nanoparticles, and studied their magnetic and structural properties by magnetization
measurements, Mo¨ssbauer spectroscopy, and x-ray diffraction. A sample consisting of a 1:1 mixture
of the two materials showed enhanced coercivity, but almost negligible exchange bias at room
temperature after field cooling from 520 K. However, samples with higher content ofg-Fe50Mn50

showed significant exchange bias. The mechanisms for exchange bias and enhanced coercivity in
the system are discussed. ©2004 American Institute of Physics.@DOI: 10.1063/1.1650920#

I. INTRODUCTION

Since the discovery of exchange anisotropy in compos-
ites of ferro- and antiferromagnetic materials by Meiklejohn
and Bean1,2 the subject has received considerable attention,3,4

and the phenomenon is utilized in, for example, spin valves,
which have applications in read heads in modern computers.
Most of the research and applications have been concentrated
on thin film structures, which can be fabricated in a well-
controlled way. Efforts have also been made to produce so-
called exchange spring magnets in which the exchange cou-
pling between hard and soft magnetic materials are utilized
to produce permanent magnets with improved properties.5,6

Some of the proposed production methods are well suited
only for preparation of small quantities of permanent mag-
nets or require advanced preparation techniques. Further-
more, some of the produced materials are based on relatively
expensive elements, e.g., rare earths. Therefore, it would be
interesting if one could develop new types of magnets based
on cheap materials and simple preparation techniques, which
are applicable for large-scale production of permanent mag-
nets. Recently it has been shown7–9 that magnetic materials
with exchange bias can be produced by ball-milling mixtures
of ferromagnetic and antiferromagnetic materials. Sort
et al.8,9 studied mixtures of ferromagnetic metallic particles
~Co! and antiferromagnetic oxides~NiO! or sulphides~FeS!.
They observed a small exchange bias in the composites after
field cooling from a temperature above the Ne´el temperature
of the antiferromagnetic material. Moreover, the composites
showed enhanced coercivity. Here, we report on studies of
the magnetic properties of composites of metallic ferromag-
netic and antiferromagnetic nanoparticles.

g-Fe50Mn50 is an antiferromagnetic metallic material
with a Néel temperature of about 490 K, which is commonly
used in spin valves, and it is known that it can give rise to a
large exchange bias.3,4 Therefore, it is interesting to study the
magnetic properties of composites consisting of nanopar-
ticles of g-Fe50Mn50 mixed with nanoparticles of a ferro-
magnetic material. In this study we have chosen metallic iron
as the ferromagnetic material. Both Fe and Mn are relatively

inexpensive and the desired nanoparticles can conveniently
be prepared by high-energy ball-milling, which is a relatively
simple preparation technique that may be used for large-scale
production. Because various chemical reactions may take
place during ball-milling, we have followed the evolution in
the materials by Mo¨ssbauer spectroscopy and x-ray diffrac-
tion.

The structure of Fe12xMnx alloys does not only depend
on the concentrations but also on the preparation
technique.9–16 For x&0.1 the alloys form the bcc
a-Fe12xMnx phase which is ferromagnetic at room tempera-
ture. In alloys with 0.1&x&0.6 an antiferromagnetic fcc
g-Fe12xMnx phase can be found. For 0.1&x&0.4 the Ne´el
temperature is lower than 295 K, i.e., these alloys are para-
magnetic at room temperature. For larger values ofx ~up to
;0.6!, the fcc g-Fe12xMnx phase is antiferromagnetic at
room temperature.

II. EXPERIMENT

Samples were prepared in a planetary ball-mill~Fritsch
Pulverisette 5! with tungsten carbide vial and balls, operating
at 200 rpm. The vial has a volume of 250 cm3, and the nine
balls weigh approximately 500 g. Prior to the milling, the
vial was flushed with argon for approximately 10 min. After
milling in argon, the vial was left to cool before it was
opened.g-Fe12xMnx particles were prepared by mechanical
alloying of a 1:1 atomic ratio mixture of Mn~.99% pure,
particle size,100 mm! and Fe~>99.5% pure, particle size
10 mm! from Merck. In the following these samples, which
only contain theg-phase after sufficiently long milling time,
will be termedg-Fe50Mn50. The Fe nanoparticles were pre-
pared from the same batch of iron powder. In both cases the
sample–to–ball weight ratio was 1:20. The components were
ball-milled dry for 25 h. There was a tendency for the par-
ticles to adhere to the walls of the vial and to the balls,
especially when ball-milling the mixture of Fe and Mn.
Therefore, after this first, dry ball-milling, the components
were ball-milled for two hours with 20 ml of ethanol. This
loosened the particles, which had adhered to vial and balls,
and the final product was a fine-grained powder.
a-Fe/g-Fe12xMnx composites were prepared from mixturesa!Electronic mail: morup@fysik.dtu.dk
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of the two components, which were either mixed thoroughly
by hand using a spatula, or ball-milled with a sample–to–
ball weight ratio of 1:250, and with 10 ml of ethanol added
in order to prevent adhesion to vial and balls.

X-ray diffraction ~XRD! was performed using a Phillips
PW1050 powder diffractometer with a Cu x-ray tube, and
with a graphite monochromator placed between sample and
detector.

Mössbauer spectra were recorded with conventional con-
stant acceleration spectrometers in transmission geometry
using 57Co/Rh sources. Isomer shifts are given relative to
a-Fe at room temperature.

Magnetization measurements were performed with a
homemade 69 Hz Foner vibrating sample magnetometer
~VSM!. The instrument was calibrated by measuring the
known saturation moment of a 31.7 mg polycrystalline Ni-
sample. Measurements were carried out at room temperature
in the magnetic field range from21.25 to11.25 T, on pow-
dered samples of approximately 80 mg in cylindrical acrylic
or copper sample containers sealed off with lids. Field cool-
ing was carried out in the VSM oven by cooling the samples
at approximately 10 K min21 to room temperature in an ap-
plied field of 1.0 T. Information about saturation magnetiza-
tion, coercivity, exchange bias, and remanence were ex-
tracted from the obtained hysteresis loops. The saturation
magnetizationsS was calculated as the mean of linear ex-
trapolations of high field data points (1.00 T,m0H
,1.25 T) to zero field, for positive and negative fields. The
intrinsic coercive field strengthHCi and the exchange bias
field strengthHE were calculated from interpolations of data
points around zero magnetization, for positive and negative
fields. As exchange biased hysteresis loops are nonsymmet-
ric, the remanent magnetization upon magnetization in a high
positive fieldsR

1 is the point of interest, and was found by
interpolation of data points around zero field for positive
magnetization.

III. RESULTS

Figure 1 shows room temperature Mo¨ssbauer spectra of
a 1:1~atomic ratio! mixture of Fe and Mn after various ball-
milling times. After 1 h, the spectrum consists of a sextet that
is essentially identical to that of pure metallic iron, i.e., no
significant reaction has taken place. After 2 and 4 h, a singlet
with isomer shift of about20.1 mm s21 appears in the spec-
tra. After 25 h, the spectrum consists of a sextet with a mag-
netic hyperfine field of;3 T, an isomer shift of20.1
mm s21, and negligible quadrupole shift. These parameters
are characteristic for antiferromagneticg-Fe12xMnx with x
'0.5.13,16 The fcc structure of the phase was confirmed by
x-ray diffraction, and the antiferromagnetic ordering was
confirmed by magnetic measurements. At intermediate mill-
ing times, e.g., after 10 h, the spectrum contains all three
components. The singlet can be explained by the presence of
a paramagnetic, iron-richg-Fe12xMnx alloy. The small dis-
crepancies between data and fits may be explained by defects
in the structures and, especially for intermediate milling
times, by inhomogeneous distributions of Fe and Mn in the
a- and g-phases. The studies show that we can form the

antiferromagneticg-Fe50Mn50 phase by ball-milling the mix-
ture of Fe and Mn powders for 25 h. The crystallite size,
estimated from the line broadening of the XRD spectra, was
about 20 nm, neglecting the contribution to the line broad-
ening due to strain. We found that ball-milling of pure iron
powder for 25 h resulted in a similar crystallite size. Neither
Mössbauer spectra nor XRD spectra showed any indication
of the presence of oxides or other impurity phases apart from
small amounts of tungsten carbide from the ball-milling
equipment.

The powders ofa-Fe andg-Fe50Mn50, prepared as de-
scribed above, were mixed~mixing ratio 1:1 by weight! and
the mixture was ball-milled for milling times up to 10 h in
order to create interfaces betweena-Fe andg-Fe50Mn50 par-
ticles. Subsequently, the samples were heated at 520 K for 30
min in an applied magnetic field of 1.0 T and cooled in this
field to room temperature. Figure 2~a! shows the coercivity
at room temperature as a function of the time the mixture of
a-Fe andg-Fe50Mn50 was milled. Data were obtained before

FIG. 1. Room temperature Mo¨ssbauer spectra of a 1:1 mixture~atomic
ratio! of Fe and Mn powders obtained after the indicated ball milling times.
The closed circles are data points, while the lines represent fits to the data.
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and after the field cooling. For both types of samples, the
coercivity increases with the milling time up to 6 h. For
longer milling times it decreases slightly. The exchange bias,
shown in Fig. 2~b!, is very small for all milling times, but for
all samples there seems to be a tendency of positive values,
possibly with a maximum around 4–5 h. However, the coer-
civity, which initially decreases upon field cooling, increases
in samples milled for four hours or longer. This suggests
exchange coupling between the two components at these
ball-milling times. After milling for seven hours or longer,
the effect is weakened. The Mo¨ssbauer spectra of some of
the samples, obtained before field cooling, are shown in Fig.
3. As expected, the spectrum initially consists of the compo-
nents due toa-Fe andg-Fe50Mn50. However, during ball-
milling a singlet component with an isomer shift of about
20.1 mm s21 appears. This component can be ascribed to a
paramagnetic iron-richg-Fe12xMnx alloy. The relative in-
tensity of thea-Fe component decreases with milling time.
These observations show that part of thea-Fe is dissolved in
the g-Fe12xMnx phase such that this phase becomes para-
magnetic. However, for the longest milling times, a sextet
with broad lines and a hyperfine field of about 30 T appears.
This is indicative of a ferromagnetic iron-richa-Fe12xMnx

component.15,17 The relative areas of the ferromagnetic and
the antiferromagnetic/paramagnetic components in the Mo¨ss-
bauer spectra as a function of the milling time are shown in
Fig. 4~a!, and the saturation magnetization is shown in Fig.
4~b!. As illustrated in Fig. 4~a!, the relative amount of ferro-
magnetic material~a-Fe anda-Fe12xMnx alloy! has a mini-
mum at about 5 h. This explains the minimum in the satura-
tion magnetization at similar milling times. Mo¨ssbauer
spectra of a sample ball-milled for four hours obtained be-
fore and after field cooling show a slight increase~from 48%
to 51%! of the ferromagnetic component upon field cooling.

The increase is comparable to the uncertainty, but magneti-
zation measurements show a relative increase of saturation
magnetization upon field cooling of similar magnitude.

The very small exchange bias@Fig. 2~b!# might be due to
a small anisotropy energy of the antiferromagnetic
g-Fe12xMnx particles related to their small size. We there-
fore studied the effect of increasing the relative amount of
g-Fe50Mn50 in the samples, which may result in larger
g-Fe12xMnx particles. The exchange bias, the coercivity, the
saturation magnetization, and the remanence as a function of
the initial content ofg-Fe50Mn50, obtained after field cool-
ing of samples mixed by hand and by ball-milling for 4 h, are
shown in Fig. 5. In samples with more than 80%g-Fe50Mn50

there is a very clear exchange bias both in samples of pow-
ders that are mixed without and with ball-milling@Fig. 5~b!#.
The saturation magnetization of the hand-mixed samples
@Fig. 5~c!, open symbols# decreases linearly with increasing
initial content of antiferromagneticg-Fe50Mn50 as expected.
For the ball-milled samples@full symbols, Fig. 5~c!#, the
saturation magnetization is lower for most samples indicat-

FIG. 2. The coercivity~a! and the exchange bias~b! of 1:1 mixtures ofa-Fe
and g-Fe50Mn50 nanoparticles as a function of the ball milling time. The
data were obtained at room temperature.

FIG. 3. Room temperature Mo¨ssbauer spectra of 1:1 mixtures ofa-Fe and
g-Fe50Mn50 nanoparticles obtained after the indicated ball milling times.
The closed circles are data points, while the lines represent fits to the data.

3651J. Appl. Phys., Vol. 95, No. 7, 1 April 2004 Anhøj, Jacobsen, and Morup

Downloaded 07 Aug 2009 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



ing that some of thea-Fe has reacted withg-Fe50Mn50 such
that the amount of ferromagnetic material has decreased.
However, in the case of 95% ofg-Fe50Mn50, the saturation
magnetization of the ball-milled sample is higher than that of
the hand-mixed sample. The remanent magnetization@Fig.

5~d!# decreases much less with increasingg-Fe50Mn50 con-
tent than the saturation magnetization.

Figure 6 shows hysteresis loops for samples with a
g-Fe50Mn50/a-Fe ratio of 10 before and after field cooling.
It can be seen that the field cooling results in a clearly visible
exchange bias and an enhanced coercivity. Moreover, the
saturation magnetization is significantly enhanced after field
cooling. In order to find the reason for this we have obtained
Mössbauer spectra of the two samples. The room tempera-
ture spectra are shown in Fig. 7. After field cooling, the
relative intensity of the sextet due toa-Fe12xMnx has in-
creased significantly~from 11% to 18%!. This explains the
increase of the saturation magnetization.

FIG. 4. ~a! The area fractions of theg-Fe12xMnx anda-Fe12xMnx compo-
nents of the Mo¨ssbauer spectra shown in Fig. 3, plotted as a function of ball
milling time. ~b! The saturation magnetization of the same samples as a
function of the ball milling time. The data were obtained at room tempera-
ture before field cooling.

FIG. 5. The coercivity~a!, the exchange bias~b!, the saturation magnetization~c!, and the remanent magnetization~d! of mixtures ofa-Fe andg-Fe50Mn50

as a function of the content ofg-Fe50Mn50 . The data were obtained at room temperature after field cooling. Open symbols correspond to samples prepared
by mixing by hand. Full symbols correspond to data for samples that were mixed by ball milling in ethanol for 4 h.

FIG. 6. Hysteresis loops obtained at room temperature for a sample with an
initial g-Fe50Mn50 /a-Fe ratio of 10. The dashed curve corresponds to the
data obtained before field cooling. The full line shows the data obtained
after field cooling.
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IV. DISCUSSION

The Mössbauer and x-ray studies show that one can eas-
ily prepare nanostructureda-Fe andg-Fe50Mn50 by use of
ball-milling. After ball-milling of the mixture of the two
phases for a short period of time, one might expect that in-
terfaces between the two phases should have been formed,
such that there should be strong exchange coupling between
many of the ferromagnetic and antiferromagnetic nanopar-
ticles, which might result in a significant exchange bias after
the field cooling procedure. However, as seen in Fig. 2, the
exchange bias is almost negligible in the 1:1 mixture of the
two phases, but there is an increase of the coercivity. It is
likely that the absence of a significant exchange bias is re-
lated to the small size of the antiferromagnetic particles. Be-
cause the magnetic anisotropy energy of the antiferromag-
neticg-Fe50Mn50 particles decreases with decreasing particle
size, the energy required to reverse the sublattice magnetiza-
tion will be small. Thus, when the magnetization direction of
a neighboring ferromagnetic particle is reversed because it is
exposed to an external field, the exchange coupling at the
interface may be sufficient to reverse the sublattice magneti-
zation in the antiferromagnetic nanoparticle. In this case, the
coupling of the ferromagnetic particles to the antiferromag-
netic ones will mainly give rise to an enhanced coercivity, as
we have observed.

Another factor, which probably affects the exchange in-
teractions, is the paramagnetic Fe-richg-Fe12xMnx phase,
which is formed during milling of the mixture ofa-Fe and
g-Fe50Mn50 nanoparticles. In the Mo¨ssbauer spectra, shown
in Fig. 3, it constitutes about 40% of the area after ball-
milling the 1:1 mixture ofg-Fe50Mn50 anda-Fe for 4 and 6
h. In the spectra of the 1:10 mixture, shown in Fig. 7, it
constitutes about 54% before field cooling and 44% after
field cooling. It is likely that this phase can separate ferro-
magnetica-Fe and antiferromagneticg-Fe12xMnx grains.
The presence of such a paramagnetic phase can therefore

seriously reduce the exchange coupling between the ferro-
magnetic and the antiferromagnetic grains. The migration of
Fe atoms into theg-Fe50Mn50 phase may also have another
consequence. As the Fe concentration in the phase increases,
and the Ne´el temperature decreases towards room tempera-
ture, the anisotropy decreases, resulting in a smaller ex-
change bias.

When the relative amount ofg-Fe50Mn50 is increased, a
clear exchange bias appears in the field-cooled samples along
with an increase of the coercivity. In samples that predomi-
nantly consist of antiferromagneticg-Fe50Mn50 particles
these will presumably form large aggregates with larger an-
isotropy energy than the individual particles. This could ex-
plain the increase of the exchange bias with increasing initial
content ofg-Fe50Mn50 in the samples.

Although it is found that the ball milling of the compos-
ites can result in formation of a paramagneticg-Fe12xMnx

phase, the results given in Figs. 3 and 4 show that extended
ball milling can increase the amount of ferromagnetic
a-Fe12xMnx and this may improve the magnetic properties.
As shown in Figs. 6 and 7, heat treatment of a sample with a
g-Fe50Mn50/a-Fe ratio of 10 can also lead to the formation
of ferromagnetica-Fe12xMnx , resulting in an enhanced
saturation magnetization.

V. CONCLUSIONS

The present study has shown that it is possible to pro-
duce nanocomposites consisting of mixtures ofg-Fe12xMnx

anda-Fe nanoparticles with enhanced coercivity and a non-
zero exchange bias after field cooling. In order to understand
the changes in magnetic properties during ball-milling and
heat treatments, it is important to follow the structural evo-
lution during ball-milling and heat treatments. Mo¨ssbauer
spectroscopy is particularly useful for studies of such reac-
tions because it can be used to distinguish, for example, be-
tween antiferromagnetic and paramagneticg-Fe12xMnx .
The formation of a paramagneticg-Fe12xMnx phase pre-
sumably is one of the reasons for the low exchange bias in
samples with an initial 1:1 ratio of the two phases. The small
anisotropy energy of the antiferromagneticg-Fe12xMnx par-
ticles is another probable reason. Samples with a larger ini-
tial fraction of g-Fe50Mn50 show unambiguously an ex-
change bias, both after mixing particles by hand and after
ball-milling. In these samples it was also found that the
amount of ferromagnetic material increased during the heat
treatment in connection with the field cooling, such that
these samples have an enhanced magnetization as well as a
significant exchange bias and enhanced coercivity. It is likely
that further studies of the influence of the initial composition,
ball-milling conditions, and heat treatments on the magnetic
properties of the composites can lead to synthesis procedures
that can be used to make nanocomposites with larger coer-
civity and exchange bias.
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FIG. 7. Room temperature Mo¨ssbauer spectra of composites with a
g-Fe50Mn50 /a-Fe ratio of 10. The spectra were obtained before and after
field cooling. The closed circles are data points, while the lines represent fits
to the data.

3653J. Appl. Phys., Vol. 95, No. 7, 1 April 2004 Anhøj, Jacobsen, and Morup

Downloaded 07 Aug 2009 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



1W. H. Meiklejohn and C. P. Bean, Phys. Rev.102, 1413~1956!.
2W. H. Meiklejohn and C. P. Bean, Phys. Rev.105, 904 ~1957!.
3J. Nogue´s and I. K. Schuller, J. Magn. Magn. Mater.192, 203 ~1999!.
4A. E. Berkowitz and K. Tekano, J. Magn. Magn. Mater.200, 552 ~1999!.
5E. F. Kneller and R. Hawig, IEEE Trans. Magn.27, 3588~1991!.
6E. E. Fullerton, J. S. Jiang, and S. D. Bader, J. Magn. Magn. Mater.200,
392 ~1999!.

7D. S. Geoghegan, P. G. McCormick, and R. Street, Mater. Sci. Forum
179–181, 629 ~1995!.

8J. Sort, J. Nogue´s, X. Amils, S. Surin˜ach, J. S. Mun˜oz, and M. D. Baro´,
Appl. Phys. Lett.75, 3177~1999!.

9J. Sort, J. Nogue´s, X. Amils, S. Surin˜ach, J. S. Mun˜oz, and M. D. Baro´, J.
Magn. Magn. Mater.219, 53 ~2000!.

10A. A. Yousif, M. E. Elzain, A. Rais, and P. Terzieff, Hyperfine Interact.94,
2295 ~1994!.

11T. Liu, H. Y. Liu, Z. T. Zhao, R. Z. Ma, T. D. Hu, and Y. N. Xie, Mater.
Sci. Eng., A271, 8 ~1999!.

12V. V. Tcherdyntsev, S. D. Kaloshkin, I. A. Tomilin, E. V. Shelekhov, and Y.
V. Baldokhin, Z. Metallkd.90, 747 ~1999!.

13M. Uhrmacher, A. Kulinska, Y. V. Baldokhin, V. V. Tcherdyntsev, S. D.
Kaloshkin, A. Maddalena, and G. Principi, Intermetallics10, 571 ~2002!.

14M. Uhrmacher, A. Kulinska, Y. V. Baldokhin, V. V. Tcherdyntsev, S. D.
Kaloshkin, A. Maddalena, and G. Principi, Hyperfine Interact.136Õ137,
327 ~2001!.

15K. Sumiyama, N. Ohshima, and Y. Nakamura, Phys. Status Solidi A98,
229 ~1986!.

16H. Ohno and M. Mekata, J. Phys. Soc. Jpn.31, 102 ~1971!.
17C. Paduani, E. Galva˜o da Silva, G. A. Perez-Alcazar, and M. McElfresh, J.

Appl. Phys.70, 7524~1991!.

3654 J. Appl. Phys., Vol. 95, No. 7, 1 April 2004 Anhøj, Jacobsen, and Morup

Downloaded 07 Aug 2009 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp


