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Abstract: This paper describes a new approach for making face-centered tetragonal (fct) FePt nanoparticles
with a diameter of 17 nm and granular films from Pt@Fe,O3 core—shell nanopatrticle precursors. The core—
shell nanoparticles were converted to fct FePt through a reduction and alloy formation process at enhanced
temperatures. The Fe and Pt elemental analysis was conducted on both individual nanoparticles and granular
films using energy-dispersive X-ray (EDX) spectroscopy. Our convergent evidence from selected area
electron diffraction (SAED), powder X-ray diffraction (PXRD), and EDX analysis indicates that the final
products are fct FePt alloys. The fct FePt films have coercivities of 8.0—9.1 kOe at 5 K and 7.0 kOe at 300
K measured by a SQUID magnetometer. These values depend on the conversion temperatures of Pt@Fe,O3
nanoparticles. Unlike the previously synthesized disordered face-centered cubic (fcc) FePt nanoparticles
with diameters of 4—6 nm (Sun, S. H.; Murray, C. B.; Weller, D.; Folks, L.; Moser, A. Science 2000, 287,
1989), the FePt nanoparticles presented in this work not only possess the preferred fct phase but also are
in a size range that is expected to be ferromagnetic and have high coercivity, which is important to the
practical applications in ultrahigh density data storage media and magnetic nano devices.

Introduction and thermal decomposition of organometallic compounds in the
Nanoparticles of irorplatinum alloys have been under Presence of mixed surfactaritd!! The stabilizing agent is
intensive study in recent years because of their magneticimportantfor the formation of monodisperse FePt nanoparticles

propertiesi—8 There are three major different types of ordered N the disordered face-centered cubic (fcc) ptsghe as-
FePt alloys, namely, BB, FePt, and Fep? The face-centered sembled nanoparticles can be converted into fct FePt alloys after
tetragonal (fct) (also known akl, phase) FePt alloy is annealing at enhanced temperatures. It is important to note that
particularly desirable because of its high magnetic anisotropy, the monodisperse FePt nanoparticles made using wet chemistry
high coercivity, small domain wall width (2:83.3 nm), small ~ Methods typically have diameters in the size range of 4 to 6
minimal stable grain sizes (2:8.5 nm), and chemical stabil- "M~ For many practical applications, magnetic nanoparticles
ity.13 These properties make fct FePt nanoparticles excellentlarger than 6 nm are preferred because coercitityand
candidates and widely studied systems for applications in fémanence to saturation magnetization ral/Ms of the
ultrahigh density magnetic storage media and for making nanoparticles are closely related to the volume or size of
advanced magnetic materigls:10 magnetic nanoparticléd3These two properties have maximum
Currently, monodisperse magnetic nanoparticles of FePt a”OyvaIues when the nanoparticles reach the critical sizes, which

are synthesized through the simultaneous reduction of metal salt2r€ around a few tens of nanometers in diameter depending on
the chemical composition and crystalline structure of the

" Department of Chemical Engineering. particles. For instance, 2640 nm nanoparticles have the highest
* Laboratory for Laser Energetics. ivities for the CoNi all BN icl duall
(1) Weller, D’; Doerner, M. FAnnu. Re. Mater. Sci.200Q 30, 611-644. coercivities for the CoNi alloy systefrNanoparticles gradually
(2 ggr( {%stelgt Ciel\llelopments in FePt nanostructures, Se&ppl. Phys2003 become superparamagnetic due to random anisotropy when they
, Part 1. . . . . .
(3) Weller, D.; Moser, A.; Folks, L.; Best, M. E.; Lee, W.; Toney, M. F.;  are smaller than the critical size. Domain structure exists in
§§“ﬁ‘ﬁ"fg‘* M.; Thiele, J.-U.; Doerner, M. FEEE Trans. Magn2000Q particles larger than the critical size and is responsible for the
(4) Skomski, RJ. Phys.: Condens. Matt&003 R841-R896. decrease of coercivity and remanent magnetization. Unfortu-
®) 2557” 1%8*;';1'\351;@% C. B.; Weller, D.; Folks, L.; Moser, &cience200Q nately, the Ostwald ripening, which has been successfully
(6) Zeng, H.; Li, J.; Liu, J. P.: Wang, Z. L.; Sun, S. Nature 2002 420, applied to production of semiconductor quantum #otnd
395-398.
(7) Sellmyer, D. J.; Luo, C. P.; Yan, M. L.; Liu, YEEE Trans. Magn2001,
37, 1286-1291. (11) Hyeon, T.Chem. Commur2003 927—934.
(8) Sun, S.; Anders, S.; Thomson, T.; Baglin, J. E. E.; Toney, M. F.; Hamann, (12) (a) Toneguzzo, P.; Acher, O.; RosenmaniEEE Trans. Magn1999 35,
H. F.; Murray, C. B.; Terris, B. DJ. Phys. Chem. R003 107, 5419~ 3469-3471. (b) Mercier, D.; Ley, J.-C. S.; Viau, G.; Fieet-Vincent, F.;
5425. Fiévet, F.; Toneguzzo, P.; Acher, ®hys. Re. B 200Q 62, 532-544.
(9) Wijin, H. P. J., Ed.Magnetic Properties of Metals: d-Elements, Alloys (13) O’Handley, R. CModern Magnetic Materiats Principle and Applications
and CompoundsSpringer-Verlag: Berlin, 1991. Wiley-Interscience Publication: New York, 2000; pp 43437.
(10) Redl, F. X.; Cho, K.-S.; Murray, C. B.; O'Brien, Slature 2003 423 (14) Murray, C. B.; Kagan, C. R.; Bawendi, M. @nnu. Re. Mater. Sci.2000
968-971. 30, 545-610.
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silver nanowire® of various sizes does not seem to work on Scheme 1. Synthesis of FePt Nanoparticle from Pt@Fez0s
FePt nanoparticles. In this paper, we present a synthetic route“°"¢~Shell Nanoparticle

to fct FePt nanoparticles and granular films using Pt@ke Fe:0s3

core-shell nanoparticles as precursors through solid-state Ha/Ar A
conversion. Using these coerehell nanoparticle precursors, we _Tp @

can make FePt magnetic nanoparticles not only with the

preferred fct phase but also in a size range that has not been H20
achievable using wet chemistry synthetic approaches.
Experimental Section of FePt can be accomplished at temperatures abai&0 °C

in the presence of reducing gas and an inert atmosghlere.
from Pt@Fe,O3; Core—Shell Nanoparticles.In a standard preparation, ou.r current approach, yve use 5% hydrogen tq reduce the iron
Pt@Fe0s core—shell nanoparticles were made in octyl ether (2.5 mL) oxide under the protection of argon at the reaction temperatures
with a reactant mixture of platinum acetylacetonate (100 mg, 0.25 ©f 550 and 65C0°C.
mmol), iron carbonyl (Fe(C@)55uL, 0.4 mmol), oleic acid (8QcL, Platinum-iron oxide core-shell nanoparticles were made
0.6 mmol), oleylamine (8@L, 0.6 mmol), and 1,2-hexadecanediol (0.2 using a sequential deposition method we have devel¥ped.
g, 0.75 mmol) following the procedure described in the literatéire. Using this method, various thicknesses of the shell material
After the reaction, the coreshell nanoparticles went through several . |4 pe deposited on Pt cores in a one-pot synthesis. Figure
size selection cycles using ethanol and heXaf@ese coreshell 1a shows bright field TEM images of corehell particles that

particles were then deposited as a monolayer on a substrate using % Pt ith di t 0 di
Langmuir-Blodgett system (Model KSV 3000) at a surface pressure aye COres with an average |ame er ; nm an _|rqn
oxide shells of~3.5 nm. Such a configuration was optimized

of 45 mN nT%. The Langmuir-Blodgett technique used in this work

Synthesis of fct Phase FePt Nanoparticles and Granular Films

was the same as the one we used to depeBit,O; nanoparticled? fqr _mak.ing FePt alloy. The cores and shells can Clefarly be
The solid-state conversions to the final FePt products were conducteddistinguished because of the sharp contrast between iron and
at either 550 or 650C for 9 h under a flow of Ar(95%)/K5%) gas platinum due to their large difference in the electron penetration

in a tube furnace (Lindberg/Blue M, Model number TF55035A-1). The efficiency. Figure 1b shows the representative TEM image of
iron oxide shell was reduced to iron and formed the FePt alloy via pept nanoparticles after the conversion at 580on a thin
solid-state reactions A procedure similar to that for making FePt amorphous carbon support. We used the LB deposition tech-
nanoparticles was used to convert Pt@zecore—shell nanoparticles nique to control the monolayer arrangement of Pt@geore—
into fct FePt films. In the latter case, a multilayered assembly, instead . .
of the LB monolayer of Pt@Fs core—shell nanoparticles made by shell nanoparticles on substrates. At a s_urface compression
drop casting, was used. pressure of 45 mN mi, core-shell nanoparticles could fqrm a
Characterization. The transmission electron microscope (TEM) densely packed and stable monolayer. Eaigell nanoparticles
images and selected area electron diffraction (SAED) were recorded that spread using drop casting could form multilayered assembly
on a JEOL JEM 2000EX microscope at an accelerating voltage of 200 and coalesce during the solid-state conversion to FePt alloy at
kV. A field-emission scanning electron microscope (FE-SEM; Model the enhanced temperatures. The coalescence led to the broaden-
LEO 982) was used to study the surface of thin films. Energy-dispersive jng of the size distribution of FePt nanoparticles. The nanopar-
X-ray (EDX) analysis for FePt granular films was obtained with an icjes obtained using LB monolayers were uniform in size in
EDAX detector installed on the same FE-SEM. The microscope was large areas, Figure 1c. Figure 2 shows the particle size analysis

libr in nd Al elemen ndar rior h mpl . . .
calibrated using Cu and Al element standards prior to the sample ¢, o ny o0 barticles using250 nanoparticles based on TEM
measurements. Composition analysis of individual FePt nanoparticles.

using EDX was done using an ultrahigh vacuum scanning transmission'Mages. The average diameter of these particles was£7.1

electron microscope (UHV-STEM) with an Oxford windowless Si(Li) ~ 1-2 nM, which agreed well with the overall diameter of those
detector equipped with ampulse processor. This detector enables Ccore-shell nanoparticles. To the best of our knowledge, uniform

elemental identification down to boron, on areas as small as?anth FePt nanoparticles of this size, either in fct or fcc phases, have
with typically ~140 eV resolution. Powder X-ray diffraction (PXRD)  not been made previously using colloidal synthetic methods.

spectra were recorded on a Philips MPD diffractometer with a Gu K Figure 3 shows the representative SAED pattern of a single
X-ray source { = 1.5405 A). The magnetic properties of the FePt layer of 17 nm FePt nanoparticles converted from Pt@ge

films were determined using a Quantum Design AC and DC Super- .
conducting QUantum Interference Device (AC/DC SQUID: Model core—shell nanoparticles. The observed SAED patterns can be

MPMS XL) magnetometer. A specimen was typically made by drop- aSSigned to the fct FePt alloy (space grodiig/mmm also see
casting appropriate coreshell nanoparticles on a silicon wafer substrate PXRD spectrum for the annealed multilayer assembly of FePt
followed by conversion to FePt alloys at the designed temperatures. nanoparticlesy. The electron diffraction rings of002 and
Particle size analysis was conducted using Scion Imaging Software from{200; planes in fct FePt nanoparticles are too close to be
Scion Corporation. differentiated from each other, as are the rings{f22G and
{202 planes. Relatively high crystallinity can be obtained for
these nanoparticles, judging by the spotted electron diffraction

Scheme 1 is an illustration of the synthetic approach for patterns.
making FePt nanoparticles from Pt@6g core-shell nano- Granular films were formed through the transformation and
particles. The reduction of iron oxide and the alloy formation 5jescence of multilayered Pt@Be core-shell nanoparticles.
(15) Sun, Y. Mayers. B.. Herricks, T.; Xia, Wano Lett 2003 3, 955-960. Figure 4 shows a representative SEM image of sut_:h a film made
(16) Teng, X.; Black, D.; Watkins, N. J.; Gao, Y.; Yang, Nano Lett.2003 from assembly of Pt@RK©; core-shell nanoparticles on a

3, 261~264. silicon wafer at 550C. The film showed the granular features

(17) Guo, Q.; Rahman, S.; Teng, X.; Yang, H.Am. Chem. So2003 125 X X i .
630-631. due to the coalescence and sintering of FePt nanoparticles. It is

Results and Discussion
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Figure 2. Particle size analysis of FePt nanoparticles.

Figure 4. SEM image of an FePt granular film.

The elemental ratios of Fe to Pt in the FePt nanoparticles
and granular films were characterized using EDX. The EDX
data obtained based on the film samples should also represent
the average Fe/Pt ratio of the FePt nanoparticles made from
the same Pt@FK©; core—shell nanoparticles. Figure 5 shows

"-'3-':‘.}-:’;:‘:3#,‘.’.“ .y - the EDX spectrum for the granular films made at 8680 Energy
e L X 4 — . u . .
e '.'."3_'..":-_"; . -..:_:52100 nm bands from both Fe (L line, 0.7 keV;Mine, 6.4 keV; K; line,

7.1 keV) and Pt (Mg lines, 2.1 keV; Iy line, 9.4 keV; Lg line,
11.1 keV) could be observed. We did the EDX analyses on
various regions with a typical scan area of 3.6 using
feasible to improve the crystallinity of the films by controlling different samples and consistently obtained an atomic ratio of
the packing density and order of the particles on the surface FesPla. This ratio also represented the average atomic ratio of
and the reaction temperatures. Fe to Pt in the FePt nanoparticles. Although they had uniform

Figure 1. Bright field TEM images of monolayers of (a) Pt@®g core—
shell nanoparticles and (b, c) FePt nanoparticles.

J. AM. CHEM. SOC. = VOL. 125, NO. 47, 2003 14561
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Fe Figure 7. Hysteresis loop of a granular film of fct FePt alloy converted
Pt from a multilayered Pt@FKR©s; nanoparticle assembly at 55@€. The
J) Fe Pt measurement was conducted at 5 K.
0 4 8 12 iron oxide diffractions was most likely due to the low crystal-
Energy (keV) linity of the iron oxide and the heavy atom effect from
Figure 5. EDX analysis of the FePt granular film. platinumé After conversion, these XRD peaks shifted to 41.1
Table 1. Compositional Analysis of Eight Randomly Selected 47.T, 68.9, and 83.'4 20'. and additional peaks qould also be
FePt Nanoparticles Using UHV-STEM observed. These diffractions match very well with those from
weight percen (%) atomic percent (%) (002), (202), and other crystal planes of f(_:t FePt alloy (space
, group: P4/mmn). The XRD peaks of the film samples were
partcle no. ik Fe i Fe relatively narrow compared to those of Pt@®g core—shell
; ;g g‘l‘ ‘5‘; 22 nanoparticled® most likely because of the increased crystallinity
3 78 29 51 49 and the coalescence of the nanoparticles during the reaction/
4 79 21 52 48 sintering at 550C. The XRD trace for FePt films made at 650
2 gg gg gg 3(7) °C was similar to that presented in Figure 6b. Our converging
7 79 21 51 29 evidence from SAED, EDX, and PXRD analysis indicates that
8 75 24 48 52 the final products were made of fct FePt alloys.

The fct FePt alloys have been shown to possess high
coercivity after annealing at enhanced temperatufég§1°we
have measured the magnetic properties of the FePt films made
by the conversion of Pt@E®; core-shell nanoparticles at 550
°C using SQUID magnetometer. Figure 7 shows the hysteresis

%\ loop (normalized magnetization vs magnetic fieM/Ms—H
a curve) of an FePt film. This loop shows the characteristic of a
S . ferromagnetic material. The coercivity of this film was 8.0 kOe
2> E Q . measured at 5 K. It is known that FePt alloys can have various
% z e A coercivities depending on the synthetic conditions, annealing
z S N temperatures, and compositiohfs!8.26-23 hecause coercivity is
8 not an intrinsic property? Our data agreed well with those of
thin films of FePt alloys that were annealed under similar
(@) annealing temperaturés®We further examined the coercivity
15_25 3'5 4'5 60 7'0 80 90 of the FePt granular films made from Pt@©e core—shell
20 (degree) nanoparticles at 650C. Figure 8 show the hysteresis loops

Figure 6. Powder XRD of (a) Pt@FR©3 core—shell nanoparticles and (M—H curves) of SUCh FePt film specimen measured at 5 and
(b) fct FePt granular film made from these ceshell nanoparticle 300 K. The coercivities were 9.1 kO¢ & K and 7.0 kOe at
assemblies. 300 K. The coercivity increased when the reaction/annealing
temperature increased in this range; a trend that agreed well
with those observed previouslyConsidering that no specific
handlings and alignments in the synthetic steps were necessary

sizes when made from the Pt@Pg core—shell nanoparticles,

the individual FePt nanoparticles could have slightly different
Fe/Pt atomic ratios. Table 1 summarizes the results of EDX
analysis on eight randomly selected FePt nanoparticles at the
different grids of a specimen using the UHV-STEM. The atomic (18) ;’%%”fg?'?gfg‘&f‘ig#} Murray, C.; Folks, L.; Moser, IKEE Trans. Magn.
ratios of these eight nanopartic|es varied aroungfHe. (19) Sun, S. H.; Fullerton, E. E.; Weller, D.; Murray, C.IBEE Trans. Magn.

X . 2001, 37, 1239-1243.
Figure 6 shows the representative PXRD spectra of the (20) vedantam, T. S.; Liu, J. P.; Zeng, H.: Sun,JSAppl. Phys2003 93,

Pt@FeOs core—shell nanoparticles and the FePt granular film 7184-7186. -

. ) 21) Ding, Y.; Y. . S. Farrell, D.; Majetich, S. & Appl. Phys200
made at 550C. The diffraction at 39.8 46.3, 67.5, and 81.3 ) 63 Jatiyats o o0 el D Majete Ppl. Phys2003
20 shown in Figure 6a can be indexed to (111), (200), (220), (22) Kang. S. S.; Nikles, D. E.; Harrell, J. W. Appl. Phys2003 93, 7178~

and (311) planes of platinum in a cubic phase (space group:(23) Bo, B.; Laughlin, D. E.; Sato, K.; Hirotsu, YEEE Trans. Magn2000Q
; ; 36, 3021-3023.

Frer),_respecnver (‘]CPDS database-International Centre for (24) Givord, D.; Rossignol, M.; Bartherm, V. M. T. 8. Magn. Magn. Mater.

Diffraction Data, 1999, PCPDFWIN v. 2.02). The absence of 2003 258-259, 1-5.
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— b — This synthetic method can potentially be used to make FePt
a. T=5K |b. T=300K . o ; )
nanoparticles with different diameters, and other nanopatrticles

and thin films, such as CoPt and AgCo alloys from their
[- r corresponding coreshell particleg6-30
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