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To eliminate compositional and size variabilities between individual binary nanoparticles, it is
essential to control the mechanistic steps involved in nanoparticle synthesis. A common method for
synthesizing FePt nanoparticles involves the simultaneous decomposition and reduction in iron and
platinum precursors, respectively. This simultaneous nucleation and growth method yields wide
composition and size distributions. This paper describes and experimentally validates a
methodology needed to tighten composition and size distributions for this process. By engineering
the surfactant chemistry with tertiary phosphines to tightly bind the iron atoms in the iron precursor,
uniform platinum rich seeds form during the initial stages of the synthesis. A thermodynamically
preferred heterogeneous nucleation of iron atoms into these uniform platinum seeds in the
subsequent stages produces a final dispersion with uniform particle-to-particle compositions. The
paper addresses the understanding for optimizing the nucleation and growth sequences for
compositional control in FePt nanoparticles. © 2008 American Institute of Physics.
�DOI: 10.1063/1.3020690�

I. INTRODUCTION

In recent years there has been a tremendous increase in
the magnetic areal information storage density with its cor-
responding reduction in magnetic bit sizes. A self-organized
magnetic assembly �SOMA� is a proposed arrangement to
continue this trend to achieve ultrahigh storage densities. The
L10 phase of FePt, because of its high magnetocrystalline
anisotropy, is a leading candidate material for SOMA.1 The
as-synthesized FePt nanoparticles often adopt a magnetically
soft solid-solution, face-centered-cubic phase �A1� requiring
an annealing treatment to phase transform into the magneti-
cally hard L10 phase.2 During annealing the nanoparticles
agglomerate and sinter destroying the self-assembled arrays.3

Recently, Elkins et al.4 reported the use of a salt bath to
anneal FePt nanoparticles, which can reduce or even elimi-
nate nanoparticle sintering during annealing. The drying of
nanoparticle dispersions in a magnetic field has also shown
promise in easy axis alignment.5 Despite these successes,
there still remain key questions on particle-to-particle com-
positional control in the as-prepared FePt nanoparticle dis-
persions.

In our earlier work,6 we reported on the nature of com-
position distributions in FePt nanoparticles as a function of
synthesis process. In this study, two well known synthesis
methods were analyzed. The first process, referred to as the
iron-pentacarbonyl method,2 involves simultaneous decom-
position of Fe�CO�5 and reduction in Pt�acac�2 in phenyl
ether solvent. The second process, referred to as the super-
hydride method,7 involves a two step reduction in which
Pt�acac�2 and FeCl2 salts are reduced at different times and
temperatures during the synthesis. In both syntheses, 0.5

mmol of oleic acid and 0.5 mmol of oleylamine are used as
surfactants. Additionally, 1,2-hexadecanediol was added to
both the reaction mixtures to reduce Pt�acac�2. The compo-
sition distribution for FePt nanoparticles was much wider in
case of the iron-pentacarbonyl method than that of the supe-
rhydride method. This difference in the composition distri-
bution was primarily because of the differences in the dy-
namics of the iron precursor’s decomposition or reduction
between the two processes.

Bagaria et al.8 reported that the dominant mechanism of
formation of nanoparticles by the iron-pentacarbonyl method
involves an initial formation of platinum rich clusters fol-
lowed by the gradual diffusion of iron atoms into these clus-
ters during the synthesis. They also reported a wide distribu-
tion in sizes of the platinum rich seed clusters. This
illustrates the effect of a slow and inhomogeneous decompo-
sition of the volatile Fe�CO�5 interfering with the formation
process of a homogenous set of seed clusters. Unlike the
iron-pentacarbonyl process, the superhydride method in-
volves an initial formation of platinum rich seeds at
�160 °C and then a nearly instantaneous reduction of FeCl2
at a higher temperature around 200 °C.6 The reduction in
FeCl2 is facilitated by the injection of a strong reducing
agent, LiBEt3H �superhydride�, into the reaction mixture at
200 °C. Delayed reduction in FeCl2 facilitates a homog-
enous formation of platinum rich seed clusters and the ab-
sence of iron rich clusters in the initial stages of the synthe-
sis. The uniform platinum seeds then act as heterogeneous
nucleation sites for the iron yielding a tight compositional
and size control in the final dispersion.6 An outstanding ques-
tion is if the wide composition distribution reported for the
iron-pentacarbonyl process is a result of the precursor differ-a�Electronic mail: gthompson@eng.ua.edu.
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ence between it and the superhydride process and/or it is
because of the difference in the nucleation and growth se-
quence between the two methods.

Previously, Chen et al.9 reported the use of surfactants in
controlling the size of FePt nanoparticles. The use of surfac-
tants to manipulate the size demonstrates their ability to
regulate the relative rates of nucleation and growth of nano-
particles during the synthesis. To date, there has only been
limited work on using surfactants to control the nanoparticle
size10 and little to no work on using such techniques to con-
trol or optimize the composition distribution by manipulating
the nucleation and growth sequences.

This paper reports a methodology on how to engineer
the nucleation and growth events to control the size and
composition distribution of the seeds and consequently the
final binary composition of the nanoparticle dispersion. To
demonstrate how to achieve nanoparticle compositional con-
trol, the iron-pentacarbonyl method has been modified from
a simultaneous nucleation and growth event of iron and plati-
num rich nanoparticles to a two-step nucleation and growth
process.

II. EXPERIMENT

Two sets of FePt nanoparticles were synthesized. The
first group was the control group based on the conventional
iron-pentacarbonyl synthesis;2 the second group was the
modified version in which the decomposition of the Fe�CO�5

was delayed until a later stage. In both processes, the FePt
nanoparticles were synthesized by mixing 0.5 mmol of
Pt�acac�2 and 0.52 g of 1,2-hexadecanediol with 25 ml of
phenyl ether in a three neck round bottom flask. The flask
was equipped with a magnetic stirrer and a reflux condenser.
A nitrogen atmosphere was maintained inside the flask dur-
ing the synthesis. The reaction mixture was heated to 100 °C
and at this temperature 1 mmol of Fe�CO�5, 0.5 mmol of
oleylamine, and 0.5 mmol of oleic acid for the conventional
method, or 1.5 mmol of trioctylphosphine for the modified
method, were injected into the reaction vessel. This exchange
of oleic acid with trioctylphosphine is the only difference
between the conventional or control and the modified syn-
thesis method. The doubling of the molar amount Fe�CO�5

than the stoichiometrically required for equiatomic FePt is
because of the highly volatile nature of Fe�CO�5, which re-
sults in some suspected iron loss.11 The temperature of the
flask was then raised to 260 °C �boiling point of phenyl
ether� and at this temperature the reaction mixture was re-
fluxed for 30 min. After reflux the reaction setup was cooled
to room temperature under the nitrogen atmosphere. The re-
action mixture was then poured into a beaker containing 40
ml of ethanol. The particles settled at the bottom of the bea-
ker were centrifuged and cleaned by the process described in
Ref. 8, necessary for the electron microscopy based studies.
The resulting “clean” nanoparticles were then dispersed in
hexane. For both processes, the size and composition of the
seeds �extracted at 160 °C for the conventional and at
260 °C for the modified iron-pentacarbonyl process� and the
final dispersion after 30 min reflux were compared.

X-ray diffraction measurements were carried out using a
Rigaku 1-D/MAX-2BX diffractometer operating at 40 kV
and 40 mA with a Cu K� radiation source to determine the
crystal structure of the nanoparticles. The XRD specimens
were prepared by drop drying the nanoparticle dispersion
onto a Si wafer. The average composition of the nanoparticle
dispersion was measured using x-ray energy dispersive spec-
troscopy �XEDS� on a Phillips XL-30 scanning electron mi-
croscope �SEM� operating at 20 kV. A 200 keV field emis-
sion FEI Tecnai F20 Supertwin �scanning� transmission
electron microscope �STEM� was used to obtain bright field
images of the nanoparticles. A highly dilute dispersion of the
clean nanoparticles was drop dried onto a 50 nm thick silicon
nitride supporting window for the TEM analysis. Bright field
images were used to determine the sizes of the nanoparticles.
The elemental compositional measurements from individual
nanoparticles were performed using STEM-XEDS. The
nanoparticles were imaged in STEM using a high angle an-
nular dark field �HAADF� detector for Z-contrast imaging.12

The STEM-XEDS analysis of the individual nanoparticles
was performed with a FEI beam spot size designation 6,
which corresponds to a XEDS spatial resolution of
�1.5 nm. The normal acquisition time for the analysis was
200 s with cross-correlation drift correction every 10 s dur-
ing the acquisition. Background subtracted integrated inten-
sity of peaks corresponding to FeK and PtL lines in the XEDS
spectrum were used for the elemental quantification. A ho-
mogenous FePt thin film whose composition was verified by
Rutherford backscattering �RBS� was used to validate the
Cliff–Lorimer factors used for the STEM-XEDS
quantification.13

III. RESULTS

A. Conventional iron-pentacarbonyl method

The as-synthesized FePt nanoparticles adopted an A1
structure evident by the �111� and �200� reflections in the
XRD curve in Fig. 1�a�. The TEM bright field image and size
distribution histogram for these nanoparticles are shown in
Figs. 1�b� and 1�c�, respectively. The average size of par-
ticles calculated from their bright field images was 3.5 nm
with a standard deviation of 0.9 nm. A composition distribu-
tion histogram obtained from the analysis of 54 individual
nanoparticles is shown in Fig. 1�d�. The average composition
was �50 at. % Pt with a range from 27 to 86 at. % Pt and
a standard deviation of 17 at. % Pt. The average composi-
tion determined from the SEM-XEDS analysis of the same
dispersion was �49 at. % Pt. The average compositions de-
termined from the SEM-XEDS and STEM-XEDS measure-
ments were in good agreement with each other. The wide
size and composition distribution observed in this case is
consistent with earlier studies.6,14,15

As previously stated in Sec. II, seed nanoparticles of the
conventional iron-pentacarbonyl method were extracted dur-
ing the synthesis at 160 °C. TEM bright field image and size
distribution histogram for these nanoparticles are shown in
Figs. 2�a� and 2�b�. The average size of these nanoparticles
calculated from the bright field image was 2.6 nm with a
standard deviation of 1.03 nm. The composition distribution
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histogram determined from the analysis of 32 individual seed
nanoparticles is shown in Fig. 2�c�. The average composition
was �56 at. % Pt with a range from 12 to 95 at. % Pt and
a standard deviation of 23 at. % Pt. Imaging the extracted
dispersion in the STEM-HAADF mode revealed the pres-
ence of bright and dull contrast nanoparticles as shown is
Fig. 3�a�. A composition measurement from groups of bright
and dull contrast nanoparticles, consisting of 10 to 15 nano-
particles, showed that the dull nanoparticles were iron rich
with an average composition of Fe82Pt76 and the bright nano-
particles were platinum rich with an average composition of
Fe24Pt76. This kind of composition dependent variation in
contrast is consistent with the Z-contrast imaging mode of
the HAADF detector.12 Surprisingly, it was noticed that the
dull contrast particles visible in the STEM-HAADF mode
were invisible in the bright field mode. The STEM-HAADF
micrograph shown in Fig. 3�a� when compared with the
bright field micrograph of the same region shown in Fig. 3�b�

illustrates this observation. Clearly, the simultaneous thermal
decomposition of iron-pentacarbonyl and the reduction in
platinum acetylacetonate is producing a wide size and com-
position distribution in the initial seeds, which continues into
the final dispersion after 30 min of reflux at 260 °C. A de-
tailed description of this visual discrepancy was reported
elsewhere by the authors.16

The specimen extracted at 160 °C for the conventional
procedure contained a very small amount of nanoparticles,
which did not yield reliable XRD and SEM-XEDS signal for
analysis. The analysis provided by TEM and STEM-XEDS
was found to be sufficient in generating the necessary infor-
mation on phase and composition; the additional XRD and
SEM-XEDS analysis, which are more “bulk” techniques,
would be not provide any new information. The low quantity
of particles and its resulting issues in acquiring the necessary
XRD and SEM-XEDS at this stage of synthesis has been
reported in Ref. 8.

FIG. 1. �a� XRD curve, �b� bright-field TEM image, �c� size distribution histogram, and �d� composition distribution histogram for FePt nanoparticles
synthesized using the conventional iron-pentacarbonyl process. 54 individual nanoparticles were analyzed for the composition distribution study.
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B. Modified iron-pentacarbonyl method

The as-synthesized FePt nanoparticles adopted an A1
structure evident by the �111� and �200� reflections in the
XRD curve in Fig. 4�a�. The TEM bright field image and size
distribution histogram for the as-synthesized nanoparticles
are shown in Figs. 4�b� and 4�c�, respectively. The absence of
any peak other than A1 �111� and �200� in the XRD curve
and the spherical shape of the nanoparticles in Fig. 4�b� col-
lectively confirm that the process modification has not pro-

duced any new phases or shape alterations from those ob-
tained by the conventional synthesis. Qian et al.17 reported a
one-step solution-phase route to prepare FeP nanorods using
the decomposition of Fe�CO�5 in a mixed solvent containing
trioctylphosphine and trioctylphosphine oxide. In the present
study, the spherical shape of the nanoparticles for the modi-
fied iron-pentacarbonyl method, which also uses trio-
ctylphosphine and Fe�CO�5, can be attributed to the presence
of other reaction constituents and the absence of trio-
ctylphosphine oxide in the reaction mixture. The average
size of nanoparticles in the as-synthesized dispersion calcu-
lated from the bright field image was 2.5 nm with a standard
deviation of 0.27 nm. A composition distribution histogram
obtained from the analysis of 50 individual nanoparticles in
the as-synthesized dispersion is shown in Fig. 4�d�. The av-
erage composition was �56 at. % Pt with a range from 43
to 72 at. % Pt and a standard deviation of 7 at. % Pt. The
average composition determined from the SEM-XEDS
analysis of the same dispersion was �55 at. % Pt. The av-
erage composition determined from the SEM-XEDS and the
summation average of the individual nanoparticles from
STEM-XEDS measurements are in good agreement with
each other.

FIG. 2. �a� Bright-field TEM image, �b� size distribution histogram, and �c�
composition distribution histogram for nanoparticles extracted at 160 °C
from the conventional iron-pentacarbonyl reaction mixture. 32 individual
nanoparticles were analyzed for the composition distribution study of the
seeds.

10 nm

(a)

(b)

1

2 3

1

2 3

Invisible in the bright field image

FIG. 3. �a� A representative STEM image showing the presence of the bright
and dull contrast particles in dispersion extracted at 160 °C from the con-
ventional iron-pentacarbonyl reaction mixture. �b� Bright field image of the
same region on the sample illustrating the invisibility of the dull contrast
particles in the TEM bright field mode.
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The XRD curve for the extracted seed nanoparticles
from the modified iron-pentacarbonyl method is shown in
Fig. 5�a�. The TEM bright field image and size distribution
histogram for these seeds are shown in Figs. 5�b� and 5�c�,
respectively. The average size of the nanoparticles was 2.5
nm with a standard deviation of 0.2 nm. The composition
distribution histogram from the analysis of 50 individual
seeds is shown in Fig. 5�d�. The average composition was
�79 at. % Pt with a range from 65 to 95 at. % Pt and a
standard deviation of 7 at. % Pt. The average composition
determined from the SEM-XEDS analysis of the same dis-
persion was �74 at. % Pt. Again, the average compositions
determined from the SEM-XEDS and summation average of
the individual seeds from the STEM-XEDS measurements
were in good agreement with each other. A tabulation of the
collective results of composition and sizes analysis for the
above four cases is given in Table I.

IV. DISCUSSION

The conventional iron-pentacarbonyl process yields a
wide size and composition distribution as shown in Figs. 1�c�
and 1�d�, respectively. This is likely a result of the initial
wide distribution of size and composition observed in the
seeds. The simultaneous formation of iron and platinum rich
seed clusters results in competitive nucleation sites.

As previously stated, in the conventional iron-
pentacarbonyl process, iron is gradually incorporated into the
seed nanoparticles during the synthesis. The platinum precur-
sor being a salt reduces relatively quickly in the initial stages
of the synthesis compared with the slower decomposition of
volatile iron pentacarbonyl. Srivastava et al.6 reported Monte
Carlo free energy perturbations showing a thermodynamic
preference for iron to be incorporated into the subsurface of
a platinum rich cluster. The diffusion of iron into the subsur-
face of a platinum rich seed would be energetically prefer-
able as compared to an iron rich seed as the former event

FIG. 4. �a� XRD curve, �b� bright-field TEM image, �c� size distribution histogram, and �d� composition distribution histogram for FePt nanoparticles
synthesized using the modified iron-pentacarbonyl process. 50 individual particles were analyzed for the composition distribution study.
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minimizes the higher surface energy configuration of iron
atoms on the surface. According to this argument, any iron
rich cluster that nucleates during the initial stages of the syn-
thesis would experience restricted growth and eventually
show up as small iron rich nanoparticles in the final disper-
sion adding to the composition and size variability that may
arise because of the initial size inhomogeneity of the plati-
num rich seeds.

In the presence of different amine surfactants, such as
n-butylamine or piperidine, iron-pentacarbonyl dispropor-
tionates to give cations, Fe�CO�6

2+, and an anions, Fe�CO�4
2−

�Ref. 18�. The cations will react with the amine to form
formyl species while the anions rapidly transform to poly-
nuclear iron carbonyl species.19 The formation of the poly-
nuclear iron carbonyl species provides a pathway for nucle-
ating the iron particles. Reaction of iron-pentacarbonyl with

FIG. 5. �a� XRD curve, �b� bright-field TEM image, �c� size distribution histogram, and �d� composition distribution histogram for particles extracted at
260 °C form the modified iron-pentacarbonyl reaction mixture. 50 individual particles were analyzed for the composition distribution study.

TABLE I. This table lists the average composition with standard deviation, composition range, number of individual particles analyzed, and average size with
standard deviation for nanoparticles synthesized using the conventional and the modified iron-pentacarbonyl process.

Conventional iron-pentacarbonyl process Modified iron-pentacarbonyl process

At 160 °C �seeds� At 260 °C, 30 min reflux At 260 °C �seeds� At 260 °C, 30 min reflux

Average composition �at. % Pt� � standard deviation 56�23 50�17 79�7 56�7
Composition range �at. % Pt� 12–95 27–86 65–95 43–72
Number of particles analyzed for composition 32 54 50 50
Size �nm� � standard deviation 2.6�1.03 3.5�0.9 2.5�0.2 2.5�0.27
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tertiary phosphines �PR3�, such as trioctylphosphine, where
R=C8H17, gives the mononuclear species, Fe�CO�4PR3, writ-
ten in Eq. �1�.20 Generally speaking phosphine ligands stabi-
lize the low valence state of transition metal species, such as
Fe0.

Fe�CO�5 + PR3 → Fe�CO�4PR3 + CO. �1�

In contrast, amines stabilize the higher valence states of iron
and are not good ligands for Fe0. Accordingly, in the synthe-
sis of FePt nanoparticles, the tightly binding phosphine
ligands would stabilize mononuclear iron species thereby
preventing the nucleation of iron particles during the initial
stages of the reaction. Thus, the stabilization by the phos-
phine ligand for the modified iron-pentacarbonyl process
prevents the iron species from interfering with the formation
of a homogenous set of platinum rich clusters during the
initial stages of the synthesis. This is illustrated by the nar-
row distribution in size and composition of the seed nano-
particles for the modified process in Figs. 5�c� and 5�d�. The
uniformity of the seed nanoparticles in the modified version
provides ideal heterogeneous nucleation sites for the subse-
quent incorporation of iron atoms during the reflux; conse-
quently, this achieves a two-step nucleation and growth pro-
cess resembling the superhydride method.6

For the modified method, the reaction mixture extracted
at 160 °C does not precipitate any residue that can be dis-
persed in hexane. This is likely a result of the absence of
nanoparticles in the reaction mixture. The authors speculate
that this absence of nanoparticles can be attributed to the
strong binding ability of trioctylphosphine. Not only does
trioctylphosphine form metal-organic complex with the iron
precursor, but also appears to inhibit the formation of the
platinum rich nanoparticles at �160 °C in the modified re-
action. The authors extracted sample at 260 °C, which is the
reflux temperature for the unmodified version, and noted the
onset of platinum rich particles. This is believed to be the
early stages of nucleation and growth of the seed particles.

The size and composition distribution histograms, re-
spectively, in Figs. 4�c� and 4�d� clearly show a significant
narrowing of the composition and size between the final
nanoparticles for the modified iron-pentacarbonyl process.
Though both the conventional and the modified iron-
pentacarbonyl processes used similar precursor elements, the
modification of the nucleation sequence by binding the iron
until a later stage has clearly improved the size and compo-
sition uniformity. The formation of uniform heterogeneous
nucleation sites �platinum� for the thermodynamically pref-
erable subsequent release of the secondary element �iron�
provides a mechanism for compositional and size control in
colloidal synthesis of FePt nanoparticles.

V. CONCLUSION

The ability to produce uniform platinum rich seeds with
a subsequent release of iron in the latter stages of the syn-

thesis provides the mechanistic nucleation and growth con-
trol required to yield tighter composition and size distribu-
tions for FePt nanoparticles in the final dispersion. In a
previous report,6 this was accomplished by different precur-
sors. Rather than being a result of the type of precursor, this
paper clearly indicates that the sequence of nucleation and
growth are paramount in the ultimate control of particle-to-
particle composition and size distribution. In conclusion, the
formation of uniform seeds, which are thermodynamically
preferable nucleation sites for the subsequent release of ad-
ditional elements as a two-step nucleation and growth pro-
cess, provides the necessary steps to significantly reduce or
even eliminate compositional variations between individual
binary nanoparticles.
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