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The influence of organic ligands on the saturation magnetization �MS� of chemically disordered
face-centered-cubic �fcc� FePt nanoparticles �NPs� was investigated. By increasing the basicity
and/or surface coverage of ligands, the MS of fcc-phase FePt NPs decreases due to an increase in
electron donation from the ligand to the Fe d bands. FePt NPs capped with 1-octanethiol or
1-dodecanethiol show larger MS than as-synthesized NPs capped with oleic acid due to a thinning
of the nonmagnetic shell. © 2008 American Institute of Physics. �DOI: 10.1063/1.2891083�

L10-phase FePt nanoparticles �NPs� are an excellent
magnetic material and, thus, have been paid much attention
for their use as ultrahigh density magnetic storage media.1

Meanwhile, superparamagnetic face-centered-cubic �fcc�
FePt NPs are also expected to perform well as high-
performance nanomagnets for use in medicine,2–4 because
they show high magnetocrystalline anisotropy energy and
high saturation magnetization �MS� compared to superpara-
magnetic iron oxide �SPIO� NPs, which are the currently
used nanomagnets. However, the magnetic properties of
fcc-FePt NPs are strikingly different from their bulk counter-
part because of various size effects. For example, the MS of
3 nm fcc-FePt NPs capped with oleic acid �OAc� or oley-
lamine is approximately five times smaller than that of bulk
FePt due to the nonmagnetic shell �surface dead layer�
formed via electron donation from the ligands to the NPs.5

To exploit the superior intrinsic properties of FePt, one
should understand the influence of the surface ligands on the
MS of FePt NPs to design high-MS fcc-FePt NPs having
sufficient colloidal stability.

In this letter, we chemically synthesized 9 nm fcc-FePt
NPs and prepared six different NPs capped with either ca-
prylic acid �C8Ac�, lauric acid �C12Ac�, 1-octanethiol
�C8T�, 1-dodecanethiol �C12T�, 1-octylamine �C8Am�, or
1-dodecylamine �C12Am� using the ligand exchange tech-
nique. Then, the MS values of the NPs were precisely mea-
sured to investigate the influences of the chain length and
functional group of the ligands on the magnetic property of
FePt NPs.

FePt NPs capped with OAc were synthesized using a
previously reported method6,7 with some modifications. The
OAc groups were then converted to C8Ac, C12Ac, C8T,
C12T, C8Am, or C12Am via ligand exchange. The resulting
FePt NPs were characterized by transmission electron mi-
croscopy �TEM�, x-ray diffraction �XRD�, energy-dispersive
x-ray spectroscopy �EDX�, diffuse reflectance Fourier
transform-infrared spectroscopy �FT-IR�, CHNS elemental
analysis, and superconducting quantum interference device
magnetometry. The blocking temperature �TB� was measured
using zero-field-cooled �ZFC� and field-cooled �FC� mea-
surements. The temperature sweeps were collected under a

constant field of 500 Oe. The magnetization �M-H� curve
was measured as a function of the applied field at tempera-
tures over TB. Two samples were prepared for each ligand
and the M-H measurements were carried out for these
samples under the same conditions to ensure reproducibility.

Figure 1�a� shows the IR spectra of as-synthesized FePt
NPs taken by FT-IR spectroscopy. The peaks at 1709, 2854,
and 2924 cm−1 seen in the IR spectrum of the as-synthesized
NPs correspond to the CvO stretching mode of the COOH
group, and the symmetric and asymmetric CH2 stretching
modes of the oleyl group, respectively. No amine-derived
peak was observed in the IR spectrum indicating that the
dominant surface ligand was OAc, in accordance with the
previous study.7 The inset in Fig. 1�a� shows a TEM image
of the as-synthesized NPs �OAc-FePt�. The mean diameter
and standard deviation of the size distribution were 9 nm and
13%, respectively. EDX and XRD analyses confirmed that
the average composition and the crystal structure of NPs
were Fe50Pt50 and fcc phase, respectively. Figure 1�b� shows

a�Electronic mail: shinya@jaist.ac.jp.

FIG. 1. �a� IR spectrum of OAc-FePt. The inset shows a TEM image of the
NPs. �b� FC and ZFC magnetization vs temperature curves for OAc-FePt.
The inset shows magnetization vs applied field curve measured at 160 K.
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the temperature dependence of magnetization for the
OAc-FePt. The blocking temperature TB was found to be
about 140 K. Hence, the M-H measurements were carried
out at 160 K for all samples. The inset in Fig. 1�b� shows the
M-H curve of the OAc-FePt.

Figure 2�a� shows the IR spectra of C8Am-FePt and
C12Am-FePt. A peak in the 3250–3400 cm−1 region corre-
sponds to the NuH stretching of the amino group, indicat-
ing that the ligands were exchanged. In the cases of thiols,
the SuH stretching band at 2550–2600 cm−1 will disappear
upon chemisorption. Therefore, the surface-to-surface inter-
particle distances between NPs �L� were measured from
TEM images. As a result, L was found to be 1.3�0.4 and
2.3�0.3 nm for C8T-FePt and C12T-FePt, respectively,
which are approximately 1.5 times larger than the molecular
lengths of the thiols, suggesting that the alkyl chains are
partly interpenetrated with each other �Table I�. These values
are smaller than the L value of the OAc-FePt �2.5�0.5 nm�,
indicating that the ligands were exchanged from OAc to C8T
or C12T. The results of elemental analysis are summarized in
Table I. In the cases of thiols and amines, the replacement
rate of ligand �x� could be calculated as x=� / ��+�*�,
where � and �* are the molalities of the ligands and of OAc
in the sample, respectively. As shown in Table I, almost all of

the OAc groups were found to be replaced by either thiols or
amines �x�0.8�.

On the other hand, in the cases of saturated fatty acids, it
was difficult to clearly confirm the ligand exchange reaction
using FT-IR spectroscopy, even though the CvC stretching
peak, which was weakly observed in the OAc-FePt at
�1600 cm−1, disappeared in the IR spectra of the C8Ac-FePt
and C12Ac-FePt, as shown in Fig. 2�b�. It was also difficult
to estimate x by elemental analysis because these NPs do not
have a characteristic element, such as N or S, in the mol-
ecule. However, L was found to be ligand-dependent.
The values of L were 1.4�0.3 and 2.8�0.4 nm for the
C8Ac-FePt and C12Ac-FePt, respectively �Table I�. Based
on these results, we could conclude that almost all of the
OAc groups were replaced by C8Ac or C12Ac.

A significant difference in MS was observed among the
NPs capped with different ligands, as shown in Table II.
Since the MS value of bulk FePt was reported to be
75 emu /g,8 the remarkable reduction in MS is possibly due
to the surface dead layer effect. The dead layer thickness ���
is estimated as �=Dp�1− �MS /MS,bulk�1/3� /2, where Dp and
MS,bulk are the mean diameter of NPs and MS of bulk FePt,
respectively �Table II�. The C12T-FePt and C12Ac-FePt have
the thinnest ��=1.5 nm� and thickest ��=1.85 nm� dead lay-
ers, respectively. One explanation for the origin of the differ-
ence in MS among NPs capped with various ligands can be
interpreted as the difference in the electron donation ability
of the ligands to the Fe d bands. A spin-polarized density
functional calculation predicts that the lowering of the
atomic magnetization of Fe takes place when charge is trans-
ferred to the surface Fe sites from oleylamine.5 The lowering
ability of magnetization of the ligand ��� can be defined as
�=�MS /� where �MS=MS,bulk−MS is the differential mag-
netization �Table II�. The value of � tends to increase with
increases to the alkyl chain length of the ligand regardless of
the functional group. This behavior would be explained by
the chain-length effect of hydrocarbons on the electron-
donating ability.

On the other hand, � decreases in the order of alky-
lamine, fatty acid, and alkanethiol, when the chain length is
the same. The basicity constant pKb of typical aliphatic
amines, fatty acids, and alkanethiols are �3, 9, and 4, re-
spectively. Hence, it is intelligible that amines exhibit the
largest �. On the contrary, it is unaccountable that thiols have
the smallest � despite having the second-strongest basicity. In
general, thiols are known to form weaker bonds with iron
oxides than carboxylic acids,9 though thiols do strongly bind
to Pt. Thus, a significant fraction of thiols is considered to
adsorb on Pt sites on the surface of NPs. The ligands adsorb-

FIG. 2. �Color online� �a� IR spectra of OAc-FePt �black�, C8Am-FePt
�orange�, and C12Am-FePt �red�. �b� IR spectra of OAc-FePt �black�,
C8Ac-FePt �light blue�, and C12Ac-FePt �blue�.

TABLE I. Results of CHNS elemental and TEM analyses of FePt NPs.

Ligand
W

�mg�

Composition ��mol /mg�
�

��mol /mg�
L

�nm� xC H N S

OAc 5.87 5.4 9.6 0.0 0.0 0.27 2.5�0.5 ¯

C8Ac 10.49 3.3 5.9 0.0 0.0 0.41 1.4�0.3 ¯

C12Ac 6.70 5.2 9.1 0.1 0.0 0.43 2.8�0.4 ¯

C8T 7.24 8.0 17.2 0.0 0.9 0.86 1.3�0.4 0.9
C12T 5.64 7.0 14.9 0.0 0.5 0.46 2.3�0.3 0.9
C8Am 9.21 3.8 7.3 0.3 0.1 0.33 1.8�0.3 0.8
C12Am 11.38 3.2 6.4 0.2 0.0 0.22 2.5�0.4 0.9

TABLE II. Saturation magnetization, differential magnetization, dead layer
thickness, and lowering ability of magnetization of ligand.

Ligand
MS

�emu/g�
�MS

�emu/g�
�

�nm�
�

�emu /�mol�

OAc 19.5 55.5 1.63 0.206
C8Ac 19.6�0.4 55.4�0.4 1.62 0.135�0.001
C12Ac 15.3�2.8 59.7�2.8 1.85 0.139�0.007
C8T 20.8�0.1 54.2�0.1 1.57 0.063�0.000
C12T 22.3�0.1 52.7�0.1 1.50 0.115�0.000
C8Am 21.0�3.1 54.0�3.1 1.56 0.164�0.009
C12Am 20.4�2.0 54.6�2.0 1.58 0.248�0.009
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ing on Pt sites would influence magnetic properties of NPs
much less than the ligands binding to Fe sites. Hence, the
C12T-FePt has thinner dead layer than the C12Ac-FePt. That
is, � presumably depends not only on the basicity of the
ligand but also on the number of Fe-ligand binding sites.
Further study will be necessary to unravel the detailed
mechanism of the formation of the dead layer. Nevertheless,
we found that the MS value of FePt NPs can be improved by
exchanging the surface ligands from OAc to alkanethiols.
Additionally, we also found that C8T has the smallest � value
among all ligands used in the present study, although � of
C12T-FePt is the smallest, because the surface coverage of
C8T is almost twice as large as that of C12T.

In conclusion, the influence of surface ligands on the MS

of fcc-FePt NPs was investigated. The MS of NPs capped
with C8T and C12T were found to be 7% and 14% higher
than that of OAc-FePt, respectively. High-MS fcc-FePt NPs
can be obtained by capping the surface of the NPs with high-

pKb ligands and/or by reducing the number of Fe-ligand
binding sites.
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