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Magnetic properties of Fe ;_,Mn,/Fe nanocomposites

Thomas A. Anhgj, Claus S. Jacobsen, and Steen Mgrup?
Department of Physics, Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark

(Received 27 October 2003; accepted 7 January 2004

We have prepared nanocomposites of mixtures of ferromagnefie and antiferromagnetic
v-Fe5oMngg nanoparticles, and studied their magnetic and structural properties by magnetization
measurements, Msbauer 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 conteptreEMnsg

showed significant exchange bias. The mechanisms for exchange bias and enhanced coercivity in
the system are discussed. 04 American Institute of Physic§DOI: 10.1063/1.1650920

I. INTRODUCTION inexpensive and the desired nanoparticles can conveniently
be prepared by high-energy ball-milling, which is a relatively

Since the discovery of exchange anisotropy in compossimple preparation technique that may be used for large-scale

ites of ferro- and antiferromagnetic materials by Meiklejohnproduction. Because various chemical reactions may take

and Beah?the subject has received considerable atteriton, place during ball-milling, we have followed the evolution in

and the phenomenon is utilized in, for example, spin valvesthe materials by Mssbauer spectroscopy and x-ray diffrac-

which have applications in read heads in modern computersion.

Most of the research and applications have been concentrated The structure of Fe ,Mn, alloys does not only depend

on thin film structures, which can be fabricated in a well-on the concentrations but also on the preparation

controlled way. Efforts have also been made to produce saechnique’™*® For x<0.1 the alloys form the bcc

called exchange spring magnets in which the exchange cow-Fe; _,Mn, phase which is ferromagnetic at room tempera-

pling between hard and soft magnetic materials are utilizedure. In alloys with 0.£x=<0.6 an antiferromagnetic fcc

to produce permanent magnets with improved propetfies. y-Fe _,Mn, phase can be found. For G&k=<0.4 the Nel

Some of the proposed production methods are well suitetemperature is lower than 295 K, i.e., these alloys are para-

only for preparation of small quantities of permanent mag-magnetic at room temperature. For larger valuex @ip to

nets or require advanced preparation techniques. Further-0.6), the fcc y-Fe, _,Mn, phase is antiferromagnetic at

more, some of the produced materials are based on relativelpom temperature.

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, whidh EXPERIMENT

are applicable f_or large-scale production of pe_rmanenF mag-  samples were prepared in a planetary ball-ifflitsch
nets. Recently it has been shoWwhthat magnetic materials ~pyjyerisette Swith tungsten carbide vial and balls, operating
with exchange bias can be produced by ball-milling mixtures,; 50 rpm. The vial has a volume of 250 trand the nine
of ferromagnetic and antiferromagnetic materials. Sort,s weigh approximately 500 g. Prior to the milling, the
et al®9 studied mixtures of ferromagnetic metallic particles vial was flushed with argon for approximately 10 min. ,’After
(Co) and antiferromagnetic oxide8lio) or sulphidesFeS.  ijing in argon, the vial was left to cool before it was
They observed a small exchange bias in the composites aﬁBbened.y—Fel_anx particles were prepared by mechanical
field cooling from a temperature above thedNeemperature alloying of a 1:1 atomic ratio mixture of Mi>99% pure,
of the antiferromagnetic material. Moreover, the composite%artide size<100 um) and Fe(=99.5% pure, particle size
showed enhanced coercivity. Here, we report on studies of um) from Merck. In the following these samples, which
the_magnetic_properties of composite_s of metallic ferromag—omy contain they-phase after sufficiently long milling time,
netic and antiferromagnetic nanoparticles. _ _ will be termedy-FesgMng,. The Fe nanoparticles were pre-

_ v-F&Mns is an antiferromagnetic metallic material har64 from the same batch of iron powder. In both cases the
with a Neel temperature of about 490 K, which is commonly g3 mpje_to—ball weight ratio was 1:20. The components were
used in spin valves, and it is known that it can give rise to &,4;|_milled dry for 25 h. There was a tendency for the par-
large exchange bia: Therefore, it is interesting to study the icjes to adhere to the walls of the vial and to the balls,
magnetic properties of composites consisting of nanoparzgpecially when ball-milling the mixture of Fe and Mn.
ticles of y-FesgMnso mixed with nanoparticles of a fero- tperefore, after this first, dry ball-milling, the components
magnetic material. In this study we have chosen metallic iroRare pall-milled for two hours with 20 ml of ethanol. This
as the ferromagnetic material. Both Fe and Mn are relativel¥oosened the particles, which had adhered to vial and balls,

and the final product was a fine-grained powder.
dElectronic mail: morup@fysik.dtu.dk a-Fely-Fe _,Mn, composites were prepared from mixtures
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of the two components, which were either mixed thoroughly 1.004
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. 0.96+

X-ray diffraction (XRD) was performed using a Phillips 0.94-
PW1050 powder diffractometer with a Cu x-ray tube, and
with a graphite monochromator placed between sample and
detector.

Mossbauer spectra were recorded with conventional con- 0.98-
stant acceleration spectrometers in transmission geometry
using °’Co/Rh sources. Isomer shifts are given relative to
a-Fe at room temperature.

0.98-

0.92-
1.004

0.96+
0.94-

Magnetization measurements were performed with a S 0.2
homemade 69 Hz Foner vibrating sample magnetometer g 1.004
(VSM). The instrument was calibrated by measuring the =
known saturation moment of a 31.7 mg polycrystalline Ni- 2 0.984 4h]
sample. Measurements were carried out at room temperature g 0.96.
in the magnetic field range from1.25 to+1.25 T, on pow- o
dered samples of approximately 80 mg in cylindrical acrylic = 0.941
or copper sample containers sealed off with lids. Field cool- %
ing was carried out in the VSM oven by cooling the samples o 1:00
at approximately 10 K min! to room temperature in an ap- 0.98 ]
plied field of 1.0 T. Information about saturation magnetiza- 10h
tion, coercivity, exchange bias, and remanence were ex- 0.96 '
tracted from the obtained hysteresis loops. The saturation 0.941
magnetizationog was calculated as the mean of linear ex-
trapolations of high field data points (1.068CJwoH 1.00 Pty
<1.25T) to zero field, for positive and negative fields. The
intrinsic coercive field strengthl; and the exchange bias 0.98. 25 h |

field strengthHg were calculated from interpolations of data
points around zero magnetization, for positive and negative

fields. As exchange biased hysteresis loops are honsymmet- 0.96+
ric, the remanent magnetization upon magnetization in a high
positive fieldo is the point of interest, and was found by .
interpolation of data points around zero field for positive Velocity (mm/s)
magnetization.

-8 -4 0 4 8

FIG. 1. Room temperature fdsbauer spectra of a 1:1 mixtutatomic

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.
IIl. RESULTS

Figure 1 shows room temperature S&bauer spectra of
a 1:1(atomic ratig mixture of Fe and Mn after various ball- antiferromagnetiey- Fe;gMnsg phase by ball-milling the mix-
milling times. After 1 h, the spectrum consists of a sextet thature of Fe and Mn powders for 25 h. The crystallite size,
is essentially identical to that of pure metallic iron, i.e., noestimated from the line broadening of the XRD spectra, was
significant reaction has taken place. After 2 and 4 h, a singledbout 20 nm, neglecting the contribution to the line broad-
with isomer shift of about-0.1 mm s* appears in the spec- ening due to strain. We found that ball-milling of pure iron
tra. After 25 h, the spectrum consists of a sextet with a magpowder for 25 h resulted in a similar crystallite size. Neither
netic hyperfine field of~3 T, an isomer shift of—0.1 = Mossbauer spectra nor XRD spectra showed any indication
mms !, and negligible quadrupole shift. These parametersf the presence of oxides or other impurity phases apart from
are characteristic for antiferromagneteFe, _,Mn, with x small amounts of tungsten carbide from the ball-milling
~0.5131€ The fcc structure of the phase was confirmed byequipment.
x-ray diffraction, and the antiferromagnetic ordering was  The powders ofx-Fe andy-FegMng,, prepared as de-
confirmed by magnetic measurements. At intermediate millscribed above, were mixgdhixing ratio 1:1 by weightand
ing times, e.g., after 10 h, the spectrum contains all thre¢he mixture was ball-milled for milling times up to 10 h in
components. The singlet can be explained by the presence ofder to create interfaces betweeie andy-Fe;gMns, par-
a paramagnetic, iron-ricl-Fe, _,Mn, alloy. The small dis- ticles. Subsequently, the samples were heated at 520 K for 30
crepancies between data and fits may be explained by defeatsin in an applied magnetic field of 1.0 T and cooled in this
in the structures and, especially for intermediate millingfield to room temperature. Figurda shows the coercivity
times, by inhomogeneous distributions of Fe and Mn in theat room temperature as a function of the time the mixture of
a- and y-phases. The studies show that we can form thex-Fe andy-FeMngy was milled. Data were obtained before
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FIG. 2. The coercivitya) and the exchange bidb) of 1:1 mixtures ofa-Fe 0.96. |
and y-Fe;gMng, nanoparticles as a function of the ball milling time. The 6h
data were obtained at room temperature. 0.92 |
and after the field cooling. For both types of samples, the 0.88 1
coercivity increases with the milling time up to 6 h. For
longer milling times it decreases slightly. The exchange bias,
shown in Fig. 2b), 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 & = P ) 8
exchange coupling between the two components at these Velocity (mm/s)

ball-milling times. After milling for seven hours or longer, .
the effect is weakened. The ‘Msbauer spectra of some of FIG. 3. Room tempe_rature l\&e‘bauer spectra pf 1:1 mixtures&?ﬂ?e ar_1d
the samples, obtained before field cooling, are shown in Fig?FejoMnso n_anopartlcles obta!ned aft_er the |_nd|cated ball mllllng times.

! ) he closed circles are data points, while the lines represent fits to the data.
3. As expected, the spectrum initially consists of the compo-
nents due to-Fe andy-FegMnsy. However, during ball-
milling a singlet component with an isomer shift of about The increase is comparable to the uncertainty, but magneti-
—0.1 mms ! appears. This component can be ascribed to aation measurements show a relative increase of saturation
paramagnetic iron-richy-Fe, _,Mn, alloy. The relative in- magnetization upon field cooling of similar magnitude.
tensity of thea-Fe component decreases with milling time. The very small exchange bigBig. 2(b)] might be due to
These observations show that part of th€e is dissolved in a small anisotropy energy of the antiferromagnetic
the y-Fe,_,Mn, phase such that this phase becomes paray-Fe,_,Mn, particles related to their small size. We there-
magnetic. However, for the longest milling times, a sextetfore studied the effect of increasing the relative amount of
with broad lines and a hyperfine field of about 30 T appearsy-FeMng, in the samples, which may result in larger
This is indicative of a ferromagnetic iron-rick-Fe, _,Mn, v-Fe,_,Mn, particles. The exchange bias, the coercivity, the
component>!’ The relative areas of the ferromagnetic andsaturation magnetization, and the remanence as a function of
the antiferromagnetic/paramagnetic components in thesMo the initial content ofy-FegMnsg, obtained after field cool-
bauer spectra as a function of the milling time are shown iring of samples mixed by hand and by ball-milling for 4 h, are
Fig. 4(@), and the saturation magnetization is shown in Fig.shown in Fig. 5. In samples with more than 83%-e;,Mns
4(b). As illustrated in Fig. 4a), the relative amount of ferro- there is a very clear exchange bias both in samples of pow-
magnetic materiala-Fe anda-Fe;_,Mn, alloy) has a mini-  ders that are mixed without and with ball-millingig. 5(b)].
mum at about 5 h. This explains the minimum in the saturaThe saturation magnetization of the hand-mixed samples
tion magnetization at similar milling times. Msbauer [Fig. 5c), open symbolsdecreases linearly with increasing
spectra of a sample ball-milled for four hours obtained be-nitial content of antiferromagnetig-Fe;gMnsg as expected.
fore and after field cooling show a slight incredfem 48%  For the ball-milled samplegfull symbols, Fig. %c)], the
to 519 of the ferromagnetic component upon field cooling. saturation magnetization is lower for most samples indicat-
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FIG. 4. (a) The area fractions of the-Fe,_,Mn, and a-Fe, _,Mn, compo-

nents of the Mesbauer spectra shown in Fig. 3, plotted as a function of ball
milling time. (b) The saturation magnetization of the same samples as a

Anhgj, Jacobsen, and Morup

121
10 - Before field cooling
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T
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FIG. 6. Hysteresis loops obtained at room temperature for a sample with an
initial y-Fe;Mngo/ @-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.

5(d)] decreases much less with increasipd-e50Mns, con-
tent than the saturation magnetization.

Figure 6 shows hysteresis loops for samples with a
v-FegMnso/ a-Fe ratio of 10 before and after field cooling.

function of the ball milling time. The data were obtained at room tempera-It can be seen that the field cooling results in a clearly visible

ture before field cooling.

ing that some of the-Fe has reacted with-Fe;gMngg such

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
Mossbauer spectra of the two samples. The room tempera-

that the amount of ferromagnetic material has decreasedure spectra are shown in Fig. 7. After field cooling, the

However, in the case of 95% af-FegMns,, the saturation

relative intensity of the sextet due t®-Fe;_,Mn, has in-

magnetization of the ball-milled sample is higher than that ofcreased significantlyfrom 11% to 18%. This explains the

the hand-mixed sample. The remanent magnetizgtiog.
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FIG. 5. The coercivity(a), the exchange bia®), the saturation magnetizatidn), and the remanent magnetizati@) of mixtures ofa-Fe andy-FegMns,
as a function of the content of-Fe;gMng,. 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.
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seriously reduce the exchange coupling between the ferro-
magnetic and the antiferromagnetic grains. The migration of
Fe atoms into they-Fe;pMngy phase may also have another

1.004

0.96

0.92. E:I?::ioling ] consequence. As the Fe concentration in the phase increases,

and the Nel temperature decreases towards room tempera-
0.88 y ture, the anisotropy decreases, resulting in a smaller ex-
0.841 ) change bias.

When the relative amount of- Fe;gMns is increased, a
clear exchange bias appears in the field-cooled samples along

1.004

Relative transmission

0961 After ] with an increase of the coercivity. In samples that predomi-
0.92- field cooling | nantly c_on5|st of antiferromagnetig-Fe;gMnsg _partlcles
0.88. these will presumably form large aggregates with larger an-
isotropy energy than the individual particles. This could ex-
0.84+ . plain the increase of the exchange bias with increasing initial
8 4 0 4 8 content ofy-FegMns, in the samples.

Although it is found that the ball milling of the compos-

ites can result in formation of a paramagnefid-e, _,Mn,

FIG. 7. Room temperature fdsbauer spectra of composites with a phase, the results given in Figs. 3 and 4 show that extended

y-FesgMnso/ a-Fe ratio of 10. The spectra were obtained before and afterball milling can increase the amount of ferromagnetic

field cooling. The closed circles are data points, while the lines represent fita_l:el Mn, and this may improve the magnetic properties

to the data. XX o
As shown in Figs. 6 and 7, heat treatment of a sample with a
v-Fe5oMnge/ a-Fe ratio of 10 can also lead to the formation
of ferromagnetica-Fe,_,Mn,, resulting in an enhanced

IV. DISCUSSION saturation magnetization.

The Massbauer and x-ray studies show that one can eas-
ily prepare nanostructurea-Fe andy-FegMnsy by use of V. CONCLUSIONS

ball-milling. After ball-milling of the mixture of the two The present study has shown that it is possible to pro-
phases for a short period of time, one might expect that ing,ce nanocomposites consisting of mixturesyefe, Mn,
terfaces between the two phases should have been formeg,q ., Fe nanoparticles with enhanced coercivity and a non-
such that there should be strong exchange coupling betweg,q exchange bias after field cooling. In order to understand
many of the ferromagnetic and antiferromagnetic nanoparg,, changes in magnetic properties during ball-milling and
ticles, which might result in a significant exchange bias aftef,q 41 treatments, it is important to follow the structural evo-
the field cooling procedure. However, as seen in Fig. 2, thiion during ball-milling and heat treatments. “Sbauer
exchange bias is almost negligible in the 1:1 mixture of thegheciroscopy is particularly useful for studies of such reac-
two phases, but there is an increase of the coercivity. It i§jons pecause it can be used to distinguish, for example, be-
likely that the absence of a significant exchange bias is reg,een antiferromagnetic and paramagnefieFe,  Mn, .
lated to the small size of the antiferromagnetic particles. BeThe formation of a paramagnetig-Fe, ,Mn, phase pre-
cause the magnetic anisotropy energy of the antiferromags,maply is one of the reasons for the low exchange bias in
netic y-FesoMns, particles decreases with decreasing particlegympes with an initial 1:1 ratio of the two phases. The small
size, the energy required to reverse the sublattice magnetizahisotropy energy of the antiferromagneticFe, _ Mn, par-

tion will be small. Thus, when the magnetization direction of - |5 is another probable reason. Samples with a larger ini-
a neighboring ferromagnetic particle is reversed because it iy fraction of y-FeMng, show unambiguously an ex-
exposed to an external field, the exchange coupling at th@hange bias, both after mixing particles by hand and after
interface may be sufficient to reverse the sublattice mag”etball-milling. In these samples it was also found that the

zation in the antiferromagnetic nanoparticle. In this case, thg nqunt of ferromagnetic material increased during the heat
coupling of the ferromagnetic particles to the antiferromag-eatment in connection with the field cooling, such that
netic ones will mainly give rise to an enhanced coercivity, aghese samples have an enhanced magnetization as well as a
we have observed. . . significant exchange bias and enhanced coercivity. It is likely
Another factor, which probably affects the exchange in-y ¢ fyrther studies of the influence of the initial composition,
teractions, is the paramagnetic Fe-righFe,_,Mn, phase,  pq||-milling conditions, and heat treatments on the magnetic
which is formed during milling of the mixture of-Fe and 5 erties of the composites can lead to synthesis procedures

v-FesoMngy nanoparticles. In the Misbauer spectra, Shown a1 can be used to make nanocomposites with larger coer-
in Fig. 3, it constitutes about 40% of the area after ba”'civity and exchange bias.

milling the 1:1 mixture ofy-FeMnsy and a-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% aftefA‘ CKNOWLEDGMENTS

field cooling. It is likely that this phase can separate ferro-  The work was supported by the Danish Technical Re-
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