Chem. Mater2007,19, 2483-2488 2483

Direct Synthesis and Size Selection of Ferromagnetic FePt
Nanoparticles

Matthew S. Wellong, William H. Morris, Ill,* Zheng Ga#+* Jian Sher’;* James Bentley,
James E. Wittid,and Charles M. Lukehdrt

Departments of Chemistry and Electrical Engineering and Computer Science, Vanderliir&ityi,
Nashiille, Tennessee 37235, and Center for Nanophase Materials Sciences and the Materials Science and
Technology Diision of Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

Receied October 13, 2006. Rised Manuscript Receed February 19, 2007

A one-step synthesis of FePt nanoparticles ca. 17.0 nm in diameter by reductive decomposition of
the single-source precursor, FePt(GdppmBe, on a water-soluble support (M2Os) is demonstrated.
Direct conversion of a FePt(CglppmBr/NaCO; composite to a LdFePt/NaCO; nanocomposite occurs
at 600°C under getter gas with metal-ion reduction and minimal nanoparticle coalescence. Triturating
the resulting nanocomposite with water simultaneously dissolves the sodium carbonate solid support and
precipitates the formed fct FePt nanoparticles. As-prepared FePt nanoparticles are ferromagnetic and
exhibit coercivities of 14.5 kOe at 300 K and 21.8 kOe at 5 K. When capped by functionalized
methoxypoly(ethylene glycol) surfactant molecules, as-prepared, polydisperse ferromagnetic FePt
nanoparticles can be dispersed and size-selected by fractional precipitation.

Introduction nanoparticles from precursors has been achieved in a

) ) ) _solution-phase synthesis conducted at 389and within a
Nanoscale magnetic particles are of interest for developing solid-phase Ti@sol-gel matrix at 600°C.10

a more completg under;tandmg of fgrromagpetlsm and'as Obtaining fct FePt nanoparticles exhibiting significant
materials potentially suitable for high-density magnetic room-temperature coercivity is desired for high-density
storagée- FePt nanoparticles exist in a chemically disordered magnetic storage. FePt coercivity is maximized at a slightly
face-centered cubic (fcc) structure having very small coer- ;.0 " alloy composition (FgPts)? and by thermal
civity and soft magnetic properties or in ad.ghemically annealing fcc FePt particles at ca. 650. Annealing at
ordered face-centered tetragonal (fct) structure having alarg%igher temperatures decreases observed coercivity due to

magnet.|c anisotropy, h'gh coerC|y|ty and hard magnetlc particle sintering and to phase separation at temperatures of
properties. An excellent timely review of the synthesis and 800 °C or abové! Sintering effects have been reduced by
properties of FePt nanoparticle materials is now available. using rapid thermal annealing (annealing times of only 5 s),
Methods for preparing FePt nanoparticles usually involve py hinding fcc FePt nanoparticles to the surface of oxidized
initial formation of fcc FePt nanoparticles followed by  sjwafers prior to annealinj,by intentional use of Fe-oxide
thermal annealing to effect a fcc to fct phase transformation. gyrface passivatioht* by coating fcc FePt nanoparticles with

While different precursors are commonly employed as a silica shell or by annealing preformed fcc FePt nano-
sources of Fe and Pt atoffis,use of single-source precursors particles on NaCl as a suppdFt.

has been reported recently Direct formation of fct FePt As part of a continuing study of the preparation of

metal alloy nanoparticles using single-source molecular
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precursors/ 2 we now report (1) the direct synthesis of fct
FePt nanoparticles {5 nm in diameter) by thermal
reduction of a (1:1) Fe, Pt-dinuclear precursor deposited onto
a water-soluble solid support, and (2) subsequent size
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Scheme 1. Synthesis of Size-Selected FePt Nanopatrticles
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selection of as-prepared ferromagnetic FePt nanopatrticles by

fractional precipitation using functionalized long-chain PEG

molecular surfactants. This synthesis strategy provides a onesize-selected fet nFePt fractions, 2a-¢

step, solid-state preparation of fct FePt nanoparticles on a
readily removal solid support and a protocol for effecting
significant size selection of ferromagnetic nanoparticles.

Experimental Section

Reagents and General MethodsMethoxypoly(ethylene glycol)
(mPEG) (MW 2000) derivatives thiol (IMPEG-SH) and succinic acid
(mPEG-COOH) were purchased from Sun Bio Corporation, Inc.
Organometallic reagents were purchased from Strem Chemicals
Inc., and all othere reagents were purchased from Aldrich. The
complexes Fe(CQdppm$? and FePt(CQ)dppm)Br2 and the
surfactant mPEG-dopamiffewere prepared as described in the
literature.

Thermal treatments were conducted inside a quartz tube under
a continuous gas flow usipa 1 foot Linberg/Blue tube furnace.

size-separation

mPEG surfactants
flocculation
centrifugation

as-prepared fct nFePt, 1a

furnace. The tube volume was purged with (20 min) and 1:9
H2:N2 (20 min), followed by reductive decomposition at 600
under 1:9 H:N; (4 h). The resulting black powder was allowed to
cool to room temperature before being removed from the furnace.
This solid was very responsive to an applied magnetic field of an
external magnet. FePt nanoparticles were isolated by adding this
black powder to 5 mL of water followed by mixing, mild sonication,
and centrifugation to give a dark precipitate of metal powder. This
procedure was repeated two times to ensure complete dissolution
of excess water-soluble support and once with acetone to facilitate
drying. The wet metal powder was dried in air to give 0.0350 g
(84% based on total metal) of a free-flowing black, ferromagnetic,
as-prepared FePt powdefdd). Anal. by ICP-OES (Element
(Wt%)): Fe (20.1); Pt (68.7). The chemical composition of the flow
gas during the thermal treatment was not analyzed.

Sonication was done via a glass container immersed in a Bransonic L1, FePt Nanoparticle Size SeparationFor size separation

2510R sonifier. Powder X-ray diffraction (XRD) scans were
obtained on a Scintag 0/6 automated powder X-ray diffracto-
meter with a Cu target, a Peltier-cooled solid-state detector, and a
zero-background Si(510) sample support. TEM bright-field micro-
graphs were recorded on both a 200 kV Phillips CM20T TEM and
HR-TEM 200 kV Philips CM200 FEG TEM coupled with an
Oxford light-element EDS detector and EMISPEC Vision data
acquisition system. HR-EDS data was collected in Nanoprobe mode
with an acceleration voltage of 200 kV and a collection time of
100 s for each particle. NMR spectra were obtained on ‘&&ru
500 MHz spectrometer. Magnetic measurements were performed
at Oak Ridge National Laboratory using a SQUID magnetometer.
Microanalyses were performed by Galbraith Laboratories, Knox-
ville, TN.

Direct Preparation of L1, FePt Nanopatrticles.In a typical
preparation, 0.150 g (0.165 mmol) of FePt(G@ppm)Br was
dissolved in a minimum of C§Cl, (5 mL) under N. To achieve
a final composite of 9 wt % total metal loading, we added 0.415 g
(3.92 mmol) of ball-milled anhydrous NaO; to the above solution
and allowed it to stir for 1 h. Solvent was removed under reduced

ca. 20 mg of as-prepared fct FePt nanoparticles were first sonicated
(2 h) and then shaken (24 h) in methylene chloride solution (11
mL) containing 0.1 mL (0.73 mmol) of triethylamine, 110 mg (0.06
mmol) of mPEG-dopamine, and 110 mg (0.06 mmol) of mMPEG-
SH, producing a golden brown solution with some solid phase
evident. The supernatant was removed and further processed for
FePt size selection. Solubilized nanoparticles were precipitated from
solution by diluting 2-fold with ethanol and centrifuging at 5500
rpms (1 h). The precipitated powder was dispersed into 5 mL of
ethylene glycol by low-power sonication (30 min). The solution
was centrifuged at 1000 rpms (15 min) to yield a small amount of
precipitate 2a) and a golden supernatant. The supernatant was
placed into a test tube and centrifuged again at 5500 rpms (15 min).
A second precipitan2p) was collected for further characterization.
The supernatant was then doubled in volume by adding isopropyl
alcohol as a flocculant. The mixture was homogenized using low-
power sonication (30 min). The solution was then centrifuged at
5500 rpms (1 h), and a final precipitai2g was collected for further
characterization. Nanoparticle fractioba—2c can be re-dispersed

in ethylene glycol with dispersion stability increasing2s< 2b

pressure, producing a free-flowing orange powder. The sample was< 2c. Fraction 2c can be precipitated through the addition of
placed in a glazed ceramic boat and inserted in the center of a tubeisopropyl alcohol only with difficulty.

(17) Kwiatkowski, K. C.; Milne, S. B.; Murkerjee, S.; Lukehart, C. M.
Cluster Sci.2005 16, 251.

(18) King, W. D.; Steigerwalt, E. S.; Deluga, G. A.; Boxall, D. L.; Moore,
J. T.; Chu, D.; Jiang, R.; Kenik, E. A.; Lukehart, C. M. In
Nanotechnology in Catalysi€hou, B.; Hermans, S.; Somorjai, G.
A., Eds.; Kluwer Academic/Plenum Publishers: New York, 2004; Vol.
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Results and Discussion

Evaporation of solvent from slurries of FePt(G@)ppm)-
Br, with fine, dry sodium carbonate powder in methylene
chloride gives orange FePt(C{QJppm)Br/Na,CO; com-
posite powders (Scheme 1). Thermal treatment of such
composites at 60€C under getter gas (1:9:HN,) in a tube
furnace leads to minor calcination of )&0; to form NgO,?®
precursor degradation with reduction of the metal atoms, and
formation of fct FePt/NgCO; nanocomposites as black
powders. Variation of the precursord&0; mass ratio
determines the total metal weight percent of the final
nanocomposite and provides some control over FePt mean

(25) Steigerwalt, E. S.; Lukehart, C. M. Nanosci. Nanotechnd2002, 2,
25.
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Figure 3. EDS spectrum of as-prepared fct FePt nanopartitkesvith
maghnification of the low-energy range as an insert.

Fe/Pt Ratio
T
|
| —

O
|
—e—h
|._
——]
|
I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Figure 1. TEM micrographs of as-prepared fct FePt nanopartitkest

low (bottom) and high magnification (top). The HR-TEM image reveals a
single-crystal morphology and lattice fringes having interplanar spacings
of 0.218 and 0.272 nm assigned to diffraction from the (111) and (110) 0.0
planes of fct FePt.
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Particle Size (nm)

Figure 4. Fe:Pt atomic ratios determined by on-particle EDS for 19 as-

prepared fct nanoparticléss Dashed lines indicate a calculated range of

+1 standard deviation.

Frequency

particle growth via a surface-diffusion procés3he average
I o FePt particle size is 1Z 10 nm with a calculated volume-
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 weighted average patrticle size of 20 nm.
Size (am) An EDS spectrum of as—prepared.fc't FePt ngnoparticles
Figure 2. Particle-size histogram of as-prepared fct FePt nanopartieles éaéﬁgﬁ;r;(e_?a(;neerln?;’g:oonaﬁi;—Erl\g gggelfvser(]jof\:v Onn;anlgl:de Pt,
as expected, along with emission lines from Cu, Si and
particle size. When treated with water, the ,N@y/Na,O oxygen present within the TEM grid. Weak emission is also
solid support dissolves, and as-prepared fct FePt nanoparobserved from Na, probably present as'K@H~ or Na'/
ticles can be isolated as a free-flowing black powdear HCO;™ ion pairs providing surface passivation of the fct FePt
having a Fe:Pt atomic ratio of 1.02, as determined by nanoparticles.
commercial, bulk elemental analysis (ICP-OES). Early  Fe:Pt atomic ratios determined by on-particle HR-EDS for
termination of this thermal treatment afforded poorly ordered 19 as-prepared fct FePt nanoparticles (see Figure 4) indicate
L1, FePt and no crystalline impurities, as determined by good particle-to-particle compositional uniformity. The aver-
XRD. age Fe:Pt atomic ratio calculated from these measurements
TEM micrographs of as-prepared FePt powilaiat low of 1.0 is the same as that determined by bulk elemental
and high resolution are shown in Figure 1. Particles having analysis (Fe:P+ 1.02) within experimental error of the bulk
slightly irregular shapes are observed in good contrast at low analysis method. Although atomic ratios determined by on-
magnification. At high resolution, particles appear as un- particle HR-EDS have very low precision due to the counting
capped nanocrystals with rounded facets and exhibit continu-statistics associated with measuring weak emission intensi-
ous fringe-pattern lines consistent with single-crystalline ties, gross phase separation of Fe and Pt is not observed
nanoparticles. Interplanar distances of 0.218 and 0.272 nmwithin this limited set of measurements.
measured from orthogonal cross fringe patterns within a  Successful formation of a highly ordered Jlattice for
single nanoparticle correspond to the (111) and (110) the as-prepared FePt powdea is confirmed by powder
d-spacings expected for fct FePt having an ordered L1 XRD (see Figure 5). Superlattice peaks expected for the fct
atomic structure. A histogram of fct FePt nanoparticle sizes FePt phase are clearly observed, with the (001) and (110)
(see Figure 2) reveals particle diameters ranging from 5 to
55 nm with a nearly log-normal distribution, consistent with (26) Granquist, C. G.; Buhrman, R. A. Catal. 1976 42, 477.
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water-soluble support, we attempted to separate these as-
prepared nanoparticles into narrower size ranges for special-
ized applications, such as magnetic data recording. A
common method for effecting nanopatrticle size selection is
fractional precipitation of surfactant-stabilized particles.
Application of this method to size selection of fct FePt
nanopatrticles requires (1) identification of surfactants capable

of dispersing FePt nanoparticles into solvents, and (2) a

20 30

Figure 5. XRD scan (Cu K radiation) of as-prepared fct FePt nanoparticles
laalong with the XRD line pattern and peak indices of bulk fct FePt (PDF

Card 46-1359).
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strategy for minimizing ferromagnetic interparticle attractive
forces.

Fortunately, previous work by others confirms that mix-
tures of methoxypoly(ethyleneglycol) of 550 Da average
molecular weight, m-PEG550, terminated with thiol and
dopamine functional grougs or trifluoroester-PEG597-
thiol?® are effective surfactants at dispersing supermagnetic

== fcc FePt nanoparticles into water or methylene chloride.
04 e ﬁ’;’g 'f" Ve Minimizing ferromagnqtic attragtive forces can be achieve.d
300K 7 !' i by prgventlng close mterpqrtmlg contact. The magnetic
Eo.z SN -f('{;{/ R attractive force between two identical bar magnets favorably
£, ] o j{ 4 oriented decreases with increasing separation distaneéh
5 | A ’;}:‘ 5 an approximate power-law dependencexof’s, when the
02— E 5/.,1' -y | intermagnet separation distance is from 1 to 5 times the
: / ] ‘;"'T- 5 length of the bar magnet8.PEG surfactants (MW 2000)
04 H A L/‘d“r' ! . . . .
| Pz o o | i increase the hydrodynamic radius of proteins by ca. 1.8%m,
s | a0 O O so mMPEG2000 derivatized with thiol and dopamine functional
w0 6 4 2 0 w0 80w groups were chosen as likely surfactants to effect practical

0
H (kOe) size separation of ferromagnetic fct FePt nanoparticles.
Figure 6. Magnetic hysteresis loops of as-prepared fct FePt nanoparticles Assuming that this model applies to two ferromagnetic FePt
laat 300 and s K. nanoparticles of diameter 16 nm, then the magnetic attractive
force between two ferromagnetic nanoparticles of 16 nm
diameter will be reduced by ca. 50% if each particle
possesses a surfactant layer ca. 1.8 nm thick.
As-prepared fct FePt nanoparticldsa disperse in a
methylene chloride solution containing triethyleneamine,
mPEG-dopamine, and mPEG-thiol, producing a golden-
brown solution. Fractional precipitation of fct FePt nano-
particles using centrifugation with ethanol and isopropanol
scan ofla gives unit-cell parameters af= 3.857 A andc as flocculants occurs in stages to give three isolable
= 3.728 A and are/c ratio of 1.035, confirming synthesis  precipitates Za—2c). TEM micrographs of these powders
of only L1, material. Scherrer’s analysis of XRD peak widths (shown in Figure 7) reveal particles of good contrast trending
gives a calculated average crystallite size of 16 nm, which toward decreasing particle size with successive fractional
compares well to the average particle size of 17 nm precipitation. Larger FePt particles have highly irregular
determined by TEM. shapes, whereas smaller particles have more spherical
Magnetic hysteresis loops recorded for as-prepared FePtmorphology. A HR-TEM image of a 10-nm particle from
powder 1a at 5 and 300 K are shown in Figure 6. fraction2c reveals continuous cross fringe lattice patterns
Symmetrical loops are evident with coercivities of 21.8 and Wwith interplanar spacings of 0.281 and 0.271 nm consistent
145 kOe at 5 and 300 K, respectively, confirming the Wwith the (111) and (110)-spacings of fct FePt. This particle
formation of hard ferromagnetic nanoparticles, as expectedhas a single-crystal, spherical morphology. Sulfur emission
for fct FePt. A remanence of (2/Ms.is observed, consistent ~ present in the HR-EDS spectrum of this material confirms
with a random uniform distribution of magnetocrystalline the presence of mPEG-thiol surfactant.
orientations, likely resulting in a reduction of measured  Particle-size histograms for fractioBa—2c are shown in
coercivity due to magnetic dipole coupling between neigh- Figure 8 and confirm a significant degree of size selection.
boring nanocrystals. Particles in fractiorRarange in size from 16 to 90 nm, with
Having achieved a direct one-step synthesis of polydispersean average diameter of 3t 12 nm; fraction2b contains
fct FePt nanocrystals from a single-source precursor andparticles ranging in size from 10 to 35 nm, with an average
isolation of these nanocrystals by simple dissolution of a diameter of 16+ 6 nm; and particles in fractioBc range in

diffraction peaks having strong intensity and with good
definition of the (200)/(002) pair of reflections. Appearance
of the (111) diffraction peak at 40.89n 26 correlates to a
Fe content of ca. 52 at %.This composition is consistent
with the alloy stoichiometry of RgPt,g determined by bulk
elemental analysis. For pure FePt fct §),1the unit-cell
constants of = 3.8525 A andc = 3.7133 A give ara/c
ratio of 1.037. Calculated unit-cell parameters from the XRD

(27) Klemmer, T. J.; Shukla, N.; Liu, C.; Wu, X. W.; Svedberg, E. B.;
Mryasov, O.; Chantrell, R. W.; Weller, D.; Tanase, M.; Laughlin, D.
E. Appl. Phys. Lett2002 81, 2220.
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(30) Sharma, U.; Carbeck, J. Blectrophoresi2005 26, 2086.
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Figure 7. TEM micrographs of size-separated fct FePt nanoparticles having 010 I
average diameters of 5 nm (top le2g at low magnification; top right2c "
at high magnification), 16 nm (bottom leftp) and 31 nm (bottom right, €20 —
2a).
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Figure 9. Magnetic hysteresis loops at 300dab K for size-selected fct
FePt nanoparticles having average diameters of 16 nmZtmnd 5 nm
(bottom, 2¢).

Frequency

2c (near-zero applied field) are consistent with a mixture of
ferromagnetic and superparamagnetic FePt pifagexause
broad-area EDS data reveal a constant Fe/Pt atomic ratio
for 1a, 2b, and2c, we speculate that the coordinating mPEG
surfactants used for size selection extract Fe atoms from near-
surface layers of the fct lattice upon prolonged exposure.
. This effect is greatest for fractioc nanoparticles; the
SIz€ from 1.5 to 10 nm and have 'the smallgst averagefraction having the smallest average particle size and
diameter of 5+ 2 nm. Because fractioBia consists of a . nqarticles of greatest surface area. Compositional or
fairly broad range of large particles in a distribution  gy,c4ra) alteration of fct FePt nanoparticles upon prolonged

overlappmg with that of frac_tloﬁb, further characterization exposure to coordinating mPEG surfactants needs further
was acquired only for fraction8b and2c. clarification

Magnetic hysteresis loops recorded at 5 and 300 K for fct
FePt nanoparticles of fractior#b (16 nm) and2c (5 nm)
are shown in Figure 9. Nearly symmetrical magnetic loops
are evident for fractioreb nanoparticles with coercivities Thermal reduction of FePt(C@ppmBE/NaCO; com-
of 12.0 and 9.5 kOe at 5 and 300 K, respectively, confirming Posites provides a one-step, direct synthesis of fct FePt/
the formation of hard ferromagnetic nanoparticles. However, N&COy/NaO nanocomposites from which fct FePt nano-
hysteresis loops for fractioBc nanoparticles exhibit much crystals can be harvested by dissolution of the water-soluble
lower coercivity (ca. 1.3 kOe) at both 5 and 300 K and support. This synthesis strategy is both convenient and
approach coercivity values expected for soft ferromagnetic readily scalable. Size selection of polydisperse, ferromagnetic
behavior. A trend of decreasing coercivity for fct FePt FePtnanoparticles can be achieved by fractional precipitation
nanoparticles experiencing prolonged exposure to mPEGUsing mPEG-dopamine and mPEG-thiol as surfactants to
surfactants is consistent with some degree of Fe loss froméenhance the dispersibility of FePt nanoparticles and minimize
the fct FePt alloy phase during size selection. SAED patternsferromagnetic attractive forces. Care should be taken to avoid
of 1a, 2b, and 2c, analyzed with ProcessDiffractiéin prolonged exposure of FePt nanoparticles to the conditions
software, corroborate this hypothesis. The relative intensity Of size selection, as some ionization of Fe atoms appears to
of the observed Ld superlattice peaks decreases with Occur.
increasing time of exposure to surfactants. In addition, the

“constricted” hysteresis loops observed for fracti@hsand (32) Stanl, B.; Ellrich, J.; Theissmann, R.; Ghafari, M.; Bhattacharya, S.;
Hahn, H.; Gajbhiye, N. S.; Kramer, D.; Viswanath, R. N.; Weissmuller,
J.; Gleiter, H.Phys. Re. B: Conden. Matter Mater. Phy2003 67,

(31) Labar, J. LMicroscopy Anal2002 9. 014422/1.
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Figure 8. Particle-size histograms of size-selected fct FePt nanoparticles
fractions Qa, black;2b, white; 2¢, gray).

Conclusions
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