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We investigated structural and magnetic properties of the easy-axis aligned L10-FePt nanoparticles by the
combined use of x-ray diffraction �XRD�, magnetization, and 57Fe Mössbauer measurements. The L10-FePt
nanoparticles were fixed in a polystyrene matrix by performing free radical polymerization of styrene under an
aligning external magnetic field. Mössbauer spectrum of the L10-FePt nanoparticles/polystyrene composite
showed tremendous decrease in the second and fifth absorption lines under the condition that the incident � ray
was parallel to the aligning field. This result indicates that the easy axes of the L10-FePt nanoparticles in the
composite have a strong preferred orientation with a finite distribution. We estimated the distribution of
easy-axis orientation by using the Mössbauer hyperfine parameters, which is in good agreement with that
determined by the XRD rocking curve.
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I. INTRODUCTION

Ferromagnetic FePt alloy with the ordered L10 structure is
composed of alternatingly stacked layers of Fe and Pt atoms,
and has the easy axis of the magnetization normal to the Fe
and Pt layers �c axis�. The FePt with the L10 structure pos-
sesses a large uniaxial crystal magnetic anisotropy energy
�Ku, approximately 6�106 J /m3�, which is about an order
of magnitude larger than that of the currently used CoCr-
based alloys. Since the strong anisotropy can suppress super-
paramagnetic limit at the room temperature down to a par-
ticle size of about 3 nm, FePt nanoparticle is expected as one
of promising candidates for the magnetic recording media
with ultrahigh densities beyond 1 Tbit / in.2 in the near
future.1–5 The FePt nanoparticles synthesized by chemical
solution based methods attract much attention from the view-
point of practical use because of their well-defined morphol-
ogy and easiness of handling for the fabrication of desirable
arrays on substrates through being dispersible in solvents.6–17

However, the chemical solution based methods can produce
only disordered face-centered cubic �fcc� or partially ordered
L10-FePt nanoparticles. The fcc-FePt nanoparticles are in the
superparamagnetic state at room temperature owing to the
low magnetic anisotropy. Although post-thermal annealing at
high temperatures can transform the disordered fcc and the
partially ordered L10 structure into the desired well-ordered
L10 structure, it usually causes coalescence and coarsening
of the nanoparticles giving rise to difficulties in fabricating
desirable arrays on substrates. In addition, the post-thermal
annealing also leads to difficulties in controlling the direc-
tions of the magnetic easy axes of the nanoparticles.

We have solved these problems by developing a synthetic
strategy named “SiO2-nanoreactor” method.18–26 This syn-
thetic method is characterized by the formation of SiO2 layer
on the surface of the precursory fcc-FePt nanoparticles that
suppresses sintering of nanoparticles during the postanneal-
ing with keeping a single domain structure.18–20 The studies
using transmission electron microscopy �TEM�, powder
x-ray diffraction �XRD�, superconducting quantum interfer-

ence device �SQUID�, and Mössbauer spectroscopy revealed
that the L10-FePt nanoparticles synthesized by this method
are free from aggregations and have a well-ordered L10

structure with single crystal. It is also worth noting that the
L10-FePt nanoparticles can be made dispersible in various
solvents with the aid of proper surfactants, and that the ori-
entation of the magnetic easy axes of the solvent-dispersed
nanoparticles can be controlled by the nanoparticle rotation
with an external magnetic field.18,19 By taking these advan-
tages, we succeeded in preparing L10-FePt nanoparticles/
polystyrene composites, in which the easy-axis aligned
L10-FePt nanoparticles are dispersed and fixed.25 Macro-
scopic characterizations such as SQUID magnetometry and
XRD measurement revealed that the easy axes of the
L10-FePt nanoparticles in the composite possess a strongly
preferred orientation with a finite distribution. Our previous
studies strongly indicate that the L10-FePt nanoparticles pre-
pared by this method are suited for fabrication of arrays on
substrates with their magnetic easy axes oriented normal to
the surface. This is one of the key issues in realizing
nanoparticle-based magnetic recording media.

In this paper, we report detailed studies on structural and
magnetic properties of the easy-axis aligned L10-FePt nano-
particles with particular emphasis on analyses by means of
57Fe Mössbauer spectroscopy. The 57Fe Mössbauer spectros-
copy is a sensitive tool for the investigation of the local
electronic state of the Fe probe atoms. Such a microscopic
characterization technique is of great importance especially
for nanoparticles, which often exhibit different magnetic
properties from bulk state due to the large surface to volume
ratio. It is also worth noting that this measurement method
enables us to estimate the direction of magnetic moments of
Fe atoms and to obtain necessary parameters for determining
distribution of the easy-axis direction of L10-FePt nanopar-
ticles. It was found that the distribution estimated from the
Mössbauer measurements was in good agreement with the
results from the macroscopic characterization technique, i.e.,
the XRD rocking curve.
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II. EXPERIMENT

A. Preparation of the L10-FePt nanoparticles/polystyrene
composite

The L10-FePt nanoparticles were prepared based on the
SiO2-nanoreactor method.18–26 Precursory fcc-FePt nanopar-
ticles were synthesized by basically the same way as in the
initial work of Sun et al.,6 and were subsequently coated by
SiO2 according to the method of Fan et al.27 The elemental
composition of the nanoparticles was determined to be
Fe51Pt49. The SiO2-coated fcc-FePt nanoparticles were then
annealed at 900 °C for 1 h in a flowing H2�5%� /Ar�95%�
gas for the transformation from fcc to the L10 structure. The
L10-FePt nanoparticles dispersible in organic solvents were
prepared by the aqueous/organic biphasic reaction.20 In this
reaction, the SiO2 layer on the surface of the L10-FePt nano-
particles was dissolved off in aqueous sodium hydroxide so-
lution, and thus-formed bare L10-FePt nanoparticles were ex-
tracted to the chloroform phase. The L10-FePt nanoparticles
were collected by centrifugation after adding ethanol and
were again dispersed in chloroform containing a small
amount of oleic acid and oleyl amine.

The L10-FePt nanoparticles/polystyrene composite was
prepared as follows: First, the L10-FePt nanoparticles dis-
persed in chloroform were collected by centrifugation after
adding ethanol and were dispersed in styrene monomer so-
lution with the FePt concentration of 3.2 wt %.25,26 This so-
lution also contained oleic acid �0.1 wt %�, oleyl amine
�0.1 wt %�, and azobisisobutyronitrile �1 wt %�. The azobi-
sisobutyronitrile acts as an initiator of radical polymerization
of styrene. Magnetic interactions between each L10-FePt
nanoparticles are considered to be negligible because of the
sufficiently low concentration of FePt nanoparticles. Then,
the solution was kept at 60 °C for 18 h under argon atmo-
sphere while applying an external magnetic field of 9 T. Dur-
ing this period, the free radical polymerization of styrene
proceeds almost completely and thus-formed polystyrene
matrix acts as a binder to fix the direction of easy axes of the
L10-FePt nanoparticle, which are aligned parallel to the ex-
ternal magnetic field. These processes are schematically il-
lustrated in Fig. 1. The obtained L10-FePt nanoparticles/
polystyrene composite is shown in Fig. 2. The cylindrical
composite has a diameter of 10 mm and a height of 12 mm.
The magnetic aligning field was applied perpendicular to the

top and bottom faces of the composite. Movement of the
L10-FePt nanoparticles at room temperature was suppressed
by glassy polystyrene matrix since the typical glass transition
temperature of polystyrene is around 100 °C.28 It is worth
noting here that the particle orientation was found to be
stable at room temperature at least for 1 year.

B. Characterization methods

TEM observations were performed using a JEOL JEM-
1010D. TEM specimens were prepared by dissolving the
composite in chloroform, a good solvent for polystyrene, and
dropping the particle-containing solution on a carbon-coated
copper grid. We scraped off a small piece of the composite
and subsequently immersed it in chloroform under vigorous
stirring. After stirring for 12 h, the L10-FePt nanoparticles
were collected by centrifugation and were again dispersed in
chloroform with the aid of a small amount of oleic acid and
oleyl amine. The nanoparticle composition was determined
by means of energy-dispersive x-ray analysis �EDX� on a
JEOL JED 2140. For the EDX measurements, the nanopar-
ticles dispersed in chloroform were precipitated by adding
ethanol and then sufficiently dried. XRD profiles were col-
lected on a Rigaku RINT2500 using Cu K� radiation. Mag-
netic properties were measured using a physical property
measurement system �PPMS; Quantum Design� with an al-
ternate current magnetization measurement system acces-

FIG. 1. �Color online� Schematic illustration of preparation of the L10-FePt nanoparticles/polystyrene composite under an external
magnetic field.

FIG. 2. �Color online� Photograph of the L10-FePt
nanoparticles/polystyrene composite.

TAMADA et al. PHYSICAL REVIEW B 78, 214428 �2008�

214428-2



sory. 57Fe Mössbauer measurements were performed in
transmission geometry using a radioactive source of 57Co in
Rh matrix with a constant acceleration mode. The Mössbauer
hyperfine parameters of each spectrum observed were deter-
mined by the least square fit using a thin foil approximation.
The velocity scale of spectra and the isomer shift value are
relative to �-Fe at room temperature. All the values of iso-
mer shift shown in this report are not corrected for the
second-order Doppler shift.

III. RESULTS AND DISCUSSION

A. Macroscopic characterization of easy-axis aligned L10-FePt
nanoparticles

Figure 3 shows a TEM image of the L10-FePt nanopar-
ticles having been contained in the composite. The TEM im-
age clearly shows that nanoparticles were well dispersed
without aggregation even after the fixation process. Figure 4
shows size distribution of the L10-FePt nanoparticles. The
average particle diameter and the standard deviation were
estimated to be 5.1 and 1.2 nm, respectively.

Figure 5�a� shows XRD profile of the L10-FePt
nanoparticles/polystyrene composite. The XRD measure-
ment was performed under the condition that the top face of
the cylindrical composite shown in Fig. 2 was set as the
diffracting plane. This face was perpendicular to the direc-
tion of the aligning field. Powder XRD profile29 of the

L10-FePt alloy without preferred orientation was also shown
in Fig. 5�b� for comparison. The broad peak around 2�
=22° in Fig. 5�a� comes from glassy polystyrene matrix. The
XRD profile of the composite shows enhanced intensities of
the �001� superlattice peak and the �002� fundamental peak
in comparison with those of the reference profile with no
preferred orientation. Moreover, the �003� superlattice peak
which had been observed only in epitaxially grown L10-FePt
thin films was also observed clearly, revealing that the easy
axes of the L10-FePt nanoparticles in the composite possess a
strong �001� preferred orientation.30 However, the profile
also shows other diffraction peaks such as �11l� peaks. Pos-
sible origins of the appearance of these peaks are as follows:
one is the presence of a small amount of the fcc-FePt nano-
particles. Our previous works revealed that a small amount
of fcc-FePt nanoparticles still remained unconverted to the
L10 structure under the present annealing condition.21–24 The
fcc-FePt nanoparticles are randomly oriented in the compos-
ite since they are in the superparamagnetic state during the
fixation process. Therefore, it is highly expected that the in-
tensities of the �111�, �200�, �311�, and �222� peaks are af-
fected by presence of the fcc phase. The other is a finite
distribution of the easy-axis direction of the L10-FePt nano-
particles. In the aligning process using an external magnetic
field, it is well known that the direction of magnetization
always fluctuates by thermal agitation. Furthermore, the fixa-
tion was performed at a relatively high temperature of
60 °C, resulting in a broader distribution of the easy-axis
direction.

Figure 6 shows hysteresis loops of the composite mea-
sured at 300 K for applied fields perpendicular and parallel
to the aligning field direction. Hereafter, we denote these
measurement geometries as perpendicular and parallel geom-
etries, respectively. Here, Ms is defined as the overall sample
magnetization at −90 kOe measured under the parallel ge-
ometry. The shape of two hysteresis curves differs signifi-
cantly, indicating that the composite has strong magnetic an-
isotropy. Coercivities observed in perpendicular and parallel
geometries are 2.5 and 23 kOe, respectively. It is worth not-
ing that successful measurement of the hysteresis curves im-
plies that the nanoparticles in the composite are fixed

FIG. 3. TEM image of the L10-FePt nanoparticles in the com-
posite. The specimens were prepared by dissolving the segment of
the composite in chloroform.

FIG. 4. Size distribution of the L10-FePt nanoparticles contained
in the composite.

FIG. 5. XRD profiles of �a� the composite and �b� nonorientated
powder pattern of L10-FePt alloy �Ref. 29�.
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strongly not to rotate even under the strong magnetic field of
90 kOe. The hysteresis loop measured under the parallel ge-
ometry possesses remanent magnetization almost equal to
Ms, being consistent with the result of the XRD measure-
ment which suggests that the easy axes of the L10-FePt nano-
particles are orientated parallel to the aligning field. How-
ever, squareness of the hysteresis loop is not so high,
revealing that the nanoparticles in the composite have a cer-
tain distribution of reversal field. We consider that the distri-
bution can be caused mainly by two reasons. One is the
distribution of size of L10-FePt nanoparticles, which can be
seen in the TEM image �Fig. 3�. The other is distribution of
easy-axis direction of L10-FePt nanoparticles fixed in the
composite. Deviation of easy-axis direction of the nanopar-
ticles from the aligning field direction can lower their coer-
civities. We note here that the kink observed at low magnetic
field comes from a minor component of fcc-FePt nanopar-
ticles mixed in the well-ordered L10 phase. The amount of
the fcc-FePt nanoparticles, which is estimated from the de-
crease in magnetization at the kink of the hysteresis loop at 0
T, is about 20%. Since the fcc-FePt nanoparticles are in su-
perparamagnetic state, we could remove the contribution of
the fcc-FePt nanoparticles from the measured hysteresis
loops. A rough estimate from the thus-obtained hysteresis
loops of L10-FePt nanoparticles gives a value of Ku of
3.0�106 J /m3, which is about half of the value reported in
the bulk state.

B. Microscopic characterization of easy-axis aligned L10-FePt
nanoparticles

To discuss the directions of magnetic moments and the
microscopic magnetic properties of FePt nanoparticles in the
composite, the 57Fe Mössbauer measurements were per-
formed at 300 K in transmission geometry in the absence of
external magnetic field. The whole composite was used as a
specimen for the measurements because of the low concen-
tration of FePt nanoparticles. The Mössbauer spectra, which
were measured under the conditions that the direction of in-
cident � ray was perpendicular and parallel to the aligning
field, are shown in Figs. 7�a� and 7�b�. Hereafter, we denote
again these measurement geometries as perpendicular and
parallel geometries. Full widths at half maximum �FWHMs�

obtained from the least-squares-fitted lines of sites 1 and 2
shown in both figures �Figs. 7�a� and 7�b�� were assumed to
be equal.

Figure 7�a� shows Mössbauer spectrum measured under
the perpendicular geometry. It clearly shows the increase in
the intensities of second and fifth absorption lines in com-
parison with those of the nonorientated L10-FePt nanopar-
ticles, indicating that the easy axes of the L10-FePt nanopar-
ticles in the composite have a strong preferred orientation.
Relative intensity of the first and second absorption lines of
the nonoriented sample is known to be 3/2, neglecting the
thickness effect. Here, we define that ferromagnetic sextet
absorption lines in Mössbauer spectrum are numbered from
the left i.e., low velocity, one. The Mössbauer spectrum can
be well fitted with three subspectra: core-L10-FePt �site 1�,
surface-L10-FePt �site 2�, and fcc-FePt nanoparticles �site 3�.
The parameters of the subspectra are listed in Table I. The
values of isomer shift �IS�, hyperfine field �HF�, quadrupole
splitting �QS� of site 1 are in good agreement with those of
the bulk L10-FePt alloy.31,32 The �g is a parameter for pro-
viding information on the orientation of the easy axes of the
L10-FePt nanoparticles, and is defined by using relative in-
tensity of the first and second absorption lines, as described
later. The �g value of site 1 is calculated to be 81.9°, indi-
cating that almost all of the L10-FePt nanoparticles in the
composite are aligned with the easy axes perpendicularly ori-
ented to the direction of the incident � ray. Site 2 also has the
values of IS and QS being in good agreement with those of
the bulk L10-FePt alloy, but the value of HF is slightly
smaller than that of the bulk one. This tendency was also
observed in previous works and is probably due to surface
effects.21,23 From the ratio of areal fraction �AREA� of site 1
to site 2, about 25% of Fe atoms in the L10-FePt nanoparticle

FIG. 6. �Color online� Hysteresis loops of the composite mea-
sured at 300 K for applied fields parallel and perpendicular to the
aligning field direction.

FIG. 7. �Color online� Mössbauer spectra of the composite mea-
sured at 300 K for applied field �a� perpendicular and �b� parallel to
the aligning field. Site 1 �blue solid line�, site 2 �green dashed line�,
and site 3 �purple dotted line� are attributed to core-L10-FePt,
surface-L10-FePt, and fcc-FePt nanoparticles, respectively.
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are considered to locate on the surface, which is a reasonable
value considering the size of the nanoparticle. The best fit of
the Mössbauer spectrum was obtained under the condition
that site 1 and site 2 have the same �g value of 81.9°. It
means that the magnetic moments of the Fe atoms on the
surface point to the same direction as that of the core part of
the nanoparticles. Other models such as magnetic moments
of the surface Fe atoms point randomly and perpendicular to
the surface of the nanoparticle resulted in limited success.
The hyperfine parameters for site 3 are fixed to values deter-
mined from the independently measured spectrum of the su-
perparamagnetic fcc-FePt nanoparticles. These parameters
are in accord with reported ones, but the origin of large QS
value was not understood completely at present.33 Site 3
shows a paramagnetic doublet, indicating the fcc FePt nano-
particles at room temperature are superparamagnetic. Areal
ratio of site 3 �approximately 20%� is in good agreement
with the amount of magnetically soft phase �approximately
20%� estimated from the magnetization measurement at 300
K �Fig. 6�.

Figure 7�b� shows Mössbauer spectrum measured under
the parallel geometry. Tremendous decrease in the second
and fifth absorption lines is clearly observed, again indicat-
ing that the easy axes of the L10-FePt nanoparticles in the
composite possess a strong preferred orientation. The Möss-
bauer spectrum can be also well fitted with three subspectra:
core-L10-FePt �site 1�, surface-L10-FePt �site 2�, and fcc-
FePt nanoparticles �site 3�. The parameters of the subspectra
are listed in Table II. The values of IS, HF, QS, FWHM, and
AREA of the all sites are almost the same as those obtained
from the Mössbauer spectrum collected under the perpen-
dicular geometry �Table I�. It is a reasonable result because
the hyperfine parameters except for �g should be indepen-
dent on direction of the incident � ray. The �g value of the
site 1 was calculated to be 22.4°, which is substantially
smaller than the value of random orientation of 54.7°. It is
called the magic angle and means the random orientation of
magnetic moments. The best fit of the Mössbauer spectrum

was, again, obtained under the condition that site 1 and site 2
have the same �g value �22.4°�. It further supports the idea
that the magnetic moments of the Fe atoms on the surface
point to the same direction as that of the core.

C. Estimation of distribution of easy axis based on Mössbauer
spectroscopy

The experimental results revealed that the easy axes of the
L10-FePt nanoparticles in the composite have a strongly pre-
ferred orientation with a finite distribution. Since the pres-
ence of a finite distribution is inevitable in the magnetic field
alignment process, the detailed and quantitative estimation of
the distribution is very important. So as to quantitatively es-
timate distribution of the orientation, we used the �g param-
eter of site 1 �22.4°� obtained under the parallel geometry.

In general, relative intensities of the nth absorption line
�In� in ferromagnetic sextet are given as Eq. �1�,34,35

I1,6:I2,5:I3,4 =
3

2
�1 + cos2 ��:2 sin2 �:

1

2
�1 + cos2 �� . �1�

Here, � is the angle between the direction of incident � ray
and that of magnetic moment of 57Fe atom. We note again
that the ferromagnetic sextet absorption lines in Mössbauer
spectrum are numbered from the left, i.e., low velocity, one.
The direction of easy axis of the nanoparticle can be consid-
ered to be parallel to that of magnetic moment of Fe atoms in
the core of nanoparticle. Therefore, � is also the angle be-
tween the direction of incident � ray and that of easy axis of
the L10-FePt nanoparticle in the composite. In addition, we
define the angle between the direction of aligning field and
that of easy axis of the nanoparticle as �. These geometries
are summarized in Fig. 8.

In what follows, we estimate the distribution of orienta-
tion of the easy axis using a Mössbauer parameter �g of
22.4° obtained under the parallel geometry. The �g is given
as Eq. �2� using the ratio of I2 and I1,

TABLE I. Mössbauer hyperfine parameters of easy-axis aligned L10-FePt nanoparticles measured under
the condition that the direction of incident � ray was perpendicular to that of the aligning field at 300 K.

IS
�mm/s�

HF
�T�

QS
�mm/s�

�g

�deg�
FWHM
�mm/s�

AREA
�%�

Site 1 0.30�0.01 27.3�0.8 0.30�0.01 81.9�2.5 0.45�0.01 64.3�3.2

Site 2 0.29�0.01 23.9�0.7 0.30�0.01 81.9�2.5 0.45�0.01 15.3�0.8

Site 3 0.35�0.01 0 0.85�0.03 0.65�0.02 20.4�1.0

TABLE II. Mössbauer hyperfine parameters of easy-axis aligned L10-FePt nanoparticles measured under
the condition that the direction of incident � ray was parallel to that of the aligning field at 300 K.

IS
�mm/s�

HF
�T�

QS
�mm/s�

�g

�deg�
FWHM
�mm/s�

AREA
�%�

Site 1 0.30�0.01 27.3�0.8 0.30�0.01 22.4�0.7 0.45�0.01 65.1�3.3

Site 2 0.29�0.01 23.9�0.7 0.30�0.01 22.4�0.7 0.45�0.01 15.5�0.8

Site 3 0.35�0.01 0 0.85�0.03 0.65�0.02 19.4�1.0
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I2

I1
=

2 sin2 �g

3

2
�1 + cos2 �g�

. �2�

It is well known that I2 / I1 of nonoriented sample becomes
2/3. Equation �2� actually yields I2 / I1 of 2/3 when �g be-
comes the value of random orientation of 54.7°. In the
present case, �g of 22.4° gives I2 / I1 ratio of 0.104. However,
this calculation has a very limited meaning: I2 / I1 ratio be-
comes 0.104 when all of the L10-FePt nanoparticles have �
of 22.4°. However, such a situation never happens under the
present experimental condition, and the presence of the dis-
tribution of easy axes should be taken into account. So we
assumed that the distribution of easy-axis orientation of the
L10-FePt nanoparticles in the composite obeyed normal
�Gaussian� distribution D��� with a mean of 0° and a stan-
dard deviation of �. The D��� is given as Eq. �3�,

D��� =
1

�2	�
exp�− �2

2�2 � . �3�

We estimated D��� that can reproduce the I2 / I1 ratio of
0.104.35 So as to sum the contributions of all nanoparticles,
the I2 / I1 ratio was calculated using Eq. �4�,

I2

I1
=

�
0

4	

2 sin2 �D���d


�
0

4	 3

2
�1 + cos2 ��D���d


=

�
0

	

4 sin3 �D���d�

�
0

	

3�2 sin � − sin3 ��D���d�

. �4�

Here, 
 is solid angle. From Eqs. �3� and �4�, the I2 / I1 ratio
is a function of �. We can see that if � approaches infinity
and 0, I2 / I1 ratio approaches 2/3 and 0, respectively. These
trends are consistent with the results from the Mössbauer
measurement of randomly and highly orientated samples.
Using I2 / I1 ratio of 0.104, we could estimate value of � to be
16.5°. Figure 9 shows D��� with �=16.5°. It was found that
almost all of the nanoparticles have angles of less than 50°

between their easy axis and the aligning field. It is noted that
the aligning field is parallel to the incident � ray under the
present measurement geometry. Therefore, D��� can also be
considered as D���, which is the distribution of magnetic
easy axes as a function of the deviation angle from the align-
ing field. If the nanoparticles having distribution of the easy
axes of D��� with �=16.5° are exposed to the � ray perpen-
dicular to the aligning field, �g is estimated to be 77.8°. This
value is in good agreement with that �81.9°� obtained under
the perpendicular geometry. It further supports the validity of
the estimated distribution of D��� with �=16.5°.

So as to further confirm the validity of the estimated dis-
tribution, we performed the XRD rocking curve measure-
ment, which gives information on distribution of easy-axis
direction directly.20,21 The rocking curve measurement was
performed by using the �002� peak of the L10-FePt alloy. For
this measurement, we cut the middle portion of the compos-
ite into a thin segment with 1 mm in thickness. The direction
of cutting was set parallel to the aligning field. The measured
rocking curve is shown in Fig. 10. It has a symmetrical shape
with the maximum intensity at 0° and then decreases with
increasing or decreasing �. The intensity at certain � directly
represents the probability of finding a particle oriented at an
angle of �. We note here that � is equal to the angle between
the direction of aligning field and that of easy axis of the
nanoparticle. Therefore, the rocking curve measurement di-
rectly gives D���. The distribution of easy-axis direction es-
timated from the Mössbauer and the rocking curve measure-
ments are summarized in Fig. 11. They show good
agreement with each other on average. It strongly indicates
that the proper analysis enables us to estimate the distribu-

FIG. 8. �Color online� Definitions of �, the angle between the
particle magnetization and incident � ray, and �, the angle between
the particle magnetization and aligning field.

FIG. 9. Normal distribution curve with the standard deviation of
16.5°.

FIG. 10. Rocking curve of the composite measured by using
�002� diffraction.
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tion of direction of the magnetic easy axes, although Möss-
bauer spectroscopy only measures the average displacement
of the easy axes from the instrument axis.

IV. CONCLUSION

In summary, we investigated structural and magnetic
properties of the easy-axis aligned L10-FePt nanoparticles by
XRD, magnetization, and 57Fe Mössbauer measurements.
Particular emphasis was placed on the 57Fe Mössbauer mea-
surements so as to investigate both microscopic magnetic
and structural properties of the composite. It was revealed
that the L10-FePt nanoparticles/polystyrene composite has a
strong magnetic anisotropy arising from the strong preferred
orientation of the easy axes of the L10-FePt nanoparticles in
the composite. Mössbauer spectra of the composite measured

under the condition that the incident � ray parallel and per-
pendicular to the aligning field showed the decreased and
increased intensity of the second and fifth absorption lines,
respectively. In addition, the Mössbauer measurements sug-
gested that the magnetic moments of Fe atoms on the surface
point to the same direction as that of the core. We also tried
to estimate the distribution of the magnetic easy axes by
analyzing the Mössbauer hyperfine parameter. By assuming
that the distribution obeys normal distribution, we estimated
the standard deviation to be 16.5°. This result means that
almost all of the nanoparticles have angles of less than 50°
between their easy axis and the aligning field. This estimated
distribution showed good agreement with that determined by
the XRD rocking curve measurement. Since one of the key
issues for the realization of L10-FePt nanoparticle-based re-
cording media is formation and fixation of an array on a
substrate with the magnetic easy-axis oriented substrate nor-
mal, these conclusions could open a way to prepare the pro-
totype of the magnetic recording media using L10-FePt nano-
particles.
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