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In this contribution, we report the chemical synthesis of carbon coated, silica supported Co,FeGa
(Co,FeGa-SiO,@C) nanocomposite particles. The particle size of Co,FeGa particles can be tuned by
varying the amount of silica supports. The dependences of the crystal structure and magnetic
properties on particle size have been investigated by synchrotron radiation based X-ray diffraction
(XRD), X-ray absorption fine structure (XAFS) spectroscopy, transmission electron microscope
(TEM), >’Fe Méssbauer spectroscopy, and superconducting quantum interference device (SQUID).
The superparamagnetic critical size of Co,FeGa Heusler nanoparticles is found to be ~17 nm by
correlating the TEM derived particle size distribution to the Mossbauer spectroscopy data. The
effects of silica supports and carbon coating on the formation of Co,FeGa nanoparticles of various

sizes are also discussed.

Introduction

The concept of “nano” is inherently embedded in
spintronics because the GMR (giant magneto resistance)
effect which has given birth to spintronics was first
discovered in multilayer structures with thickness re-
duced to nanoscale. Recently, efforts have been made to
understand the effect of size on charge and spin transport
properties of metallic nanoparticles.' > Heusler com-
pounds, first discovered in 1903, are special ferromagnets
that can be made half-metallic with a high spin polariza-
tion up to 100%.* Heusler compounds are playing an
increasingly important role in a wide span of application
fields including spintronics,5 solar cells,® thermoelectrics,’
and topological insulators.® One of the most appealing
merits of Heusler materials is that multifunctional properties
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can be materialized in one compound.® Recently Heusler
compounds of reduced dimensionality have been emerged
asmodel systems to study the interactions between size effect,
nanomagnetism, and nanospintronics both theorectically’
and experimentally.'®”'? Understanding the behavior of
Heusler nanoparticles paves the way to technical innova-
tions in spintronic devices to meet the increasing require-
ments of miniature, high performance, and energy-saving.

As for the synthesis of nanosized Heusler alloys,
physical,'®!® mechanical,'” and chemical'®'> methods
have been reported. Ni—Mn—Ga films with an average
grain size of ~70 nm have been prepared by pulsed
laser deposition and exhibited an anomalous magneto
resistance.'® Heusler Fe;Si nanoparticles (30 nm) have
been fabricated by a modified sputtering method and the
X-ray diffraction (XRD) analysis indicated the formation
of the DO5 ordered Fe;Si phase.'®> Wang et al. prepared
10 nm Ni,MnGa Heusler nanoparticles by ball milling and
investigated the crystal structure and magnetic properties
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of the nanoparticles.'> Dahal et al. developed a colloidal
approach for synthesizing 4 nm to ~7 nm Fe;Si nano-
particles by reacting the preformed iron nanoparticles
with silicon tetrachloride at 220 °C to ~250 °C."
Among the numerous full Heusler compounds, Co
based ones constitute the most promising candidates for
spintronic applications due to their high spin polarization,
high magnetization, and high Curie temperature.'®!
Especially Co,FeZ (Z = Al Si) are presently used in the
tunneling magneotoresistance (TMR) devices.'® % In
comparison, the major interests in Ni;MnGa nanoparticles
go for ferromagnetic shape memory alloys (FSMA).>~2?
For FesSi nanoparticles, the DO3 ordered phase is not
favorable for achieving a higher degree of spin polarization
(a L2, or B, structure is optimal for this purpose).”®*’ For
Co,FeZ (Z = Al, Si, Ga, Ge) Heusler compounds, Si
containing Heusler nanoparticles are not easy to chemically
synthesize for their difficulty to reduce. Bulk Co,FeAl, on
the other hand, tends to adopt a disordered structure.
Co—Mn based Heusler compounds are also suitable
materials for spintronic devices due to their robust half
metallicity.”® However, the strong tendency of Mn to
oxidize renders difficulty in obtaining pure Heusler phase.
Recently, we reported the chemical synthesis of Co,.
FeGa Heusler nanoparticles in the presence of silica
supports.'®> This synthesis is a modified impregnation-
calcination method that has been investigated for binary
alloy nanoparticles such as FeCo?® and FePt.’® We
extended this approach to ternary Co,FeGa nanoparti-
cles considering the similarities in electronegativity and
atomic radius of Fe, Co, and Ga. [tis also noted that, using
the same synthetic approach as with Co,FeGa nanopar-
ticles, the chemical syntheses of Co,FeAl, Co,FeSi, and
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Co,MnGa nanoparticles have been attempted with less
success. Therefore, Co,FeGa seems to be a good candi-
date for the chemical synthesis of ternary Heusler nano-
particles for spintronic applications.

Particle size plays a critical role in determining the
structure, biological, physical, and chemical properties
of technologically oriented nanoparticles.>’ 3% In this
work, Co,FeGa-SiO,@C nanocomposite particles with
a variety of sizes of Co,FeGa phase are prepared and the
size dependences of the crystal structure and magnetic
properties are investigated. Furthermore, the superpar-
amagnetic size limit of the Co,FeGa Heusler nanoparti-
clesis determined by correlating the transmission electron
microscopy (TEM) derived particle size distribution to
the Mossbauer spectroscopy data. A successful chemical
preparation of Co,FeGa nanoparticles with controlled
particle size makes it possible to understand the size
dependent physical properties of Heusler compounds at
the nanoscale.

Experimental Section

Chemicals and Synthesis. Co,FeGa-SiO,(@C nanocomposite
particles were synthesized based on the reported method'® with
some modifications. All the chemicals were purchased from
Sigma-Aldrich and used as received. The precursors were
Fe(NO3)3-9H,O (99.99%), CoCl,-6H,O (>99%), and
Ga(NO3);-xH;0 (99.9%). The value of x in Ga(NO3);-xH,O
was adopted as 8 for the calculation according to the literature.*
The silica supports were commercially available fume silica
(average size of 20 nm). In a typical preparation, 0.40 mmol of
Fe(NO3);3:-9H,0, 1.08 mmol of CoCl,-6H,0, and 0.32 mmol of
Ga(NO3);-xH,O were dispersed in 50 mL of methanol and
treated by a mild sonication for 5 min. Silica spheres of a variety
of weights (0.5 g, 1.0 g, 1.5 g) were added to the precursor
solution, and the suspension was sonicated for 1 h. Methanol
was removed using a rotary evaporator. The obtained solid was
dried at 80 °C for 2 h to achieve complete dryness. The solid was
gently grounded to a powder, and typically 200 mg was used for
annealing (850 °C for 5 h) under H, atmosphere with a flow rate
of 50 mL/min. To stabilize the formed Co,FeGa nanoparticles,
the H, flow was switched to a methane flow (100 mL/min) at the
end of annealing and maintained for 5 min. The samples were
naturally cooled to room temperature and collected for analysis.
Polycrystalline bulk Co,FeGa samples were prepared by arc
melting of stoichiometric amounts of high purity elements in an
argon atmosphere at a pressure of 10~# mbar. The bulk Co,FeGa
compound was annealed in an evacuated quartz tube for
1 week.*®

Structural Characterization. The crystal structure of Co,Fe-
Ga-SiO,@C nanocomposite particles was investigated by syn-
chrotron radiation based powder X-ray diffraction (XRD) at
the beamline SP12B2 of Spring 8 (Hyogo, Japan). The photon
energy was 7.12 keV. The stoichiometry of the samples were
obtained by comparing the edge jumps in the X-ray absorption
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spectra following the general procedures reported in the
literature.®” X-ray absorption fine structure (XAFS) measure-
ments were performed at BL17C1 of the National Synchrotron
Radiation Research Center (NSRRC, Hsinchu, Taiwan). The
spectra of the samples were collected in the transmission mode.
A transmission electron microscope (TEM) Philips EM420 was
used for the investigation of particle morphology, size, and
distributions. High-resolution TEM (HRTEM), scanning
TEM (STEM), and energy dispersive X-rays (EDX) measure-
ments were performed using a FEI Tecnai F 30 TEM, equipped
with a field emission gun. For TEM sample preparation,
individually dispersed Co,FeGa nanoparticles were obtained
by dissolving silica using 10% aq hydrofluoric acid (HF) solu-
tion for 1 h. The suspended nanoparticles were collected by
centrifugation (16 000 rpm, 20 min), washed, and redispersed in
ethanol. Several drops of the solutions were loaded on a carbon
coated copper grid for TEM measurements. The average parti-
cle size was evaluated by counting more than 200 individual
particles.

Magnetic Characterization. The magnetic properties of Co,.
FeGa-SiO,@C nanocomposite particles were measured by a
superconducting quantum interference device (SQUID, Quan-
tum Design MPMS-XL-5). >’Fe Méssbauer measurements were
performed using a conventional, constant-acceleration spectrom-
eter at room temperature. For excitation, a S7Co source was used
to deliver y radiation with a photon energy of 14.4 keV. The
Mobssbauer data were analyzed using the program RECOIL.*
Isomer shifts were presented with respect to bee Fe foil. It is
noted that, except for TEM, Co,FeGa-SiO,@C nanocomposite
particles, instead of free-standing Co,FeGa nanoparticles, were
utilized for structural and magnetic characterizations. To ex-
tract the magnetic response of Co,FeGa nanoparticles, the
weight fractions of Co,FeGa in the nanocomposite samples
were measured by atomic absorption spectroscopy (AAS) and
were used for magnetization calculations.

Results and Discussion

Structure of L2; Ordered Carbon Coated Co,FeGa
Nanoparticles. The composition, structure, and magnetic
properties of Co,FeGa-SiO,@C nanocomposite parti-
cles are summarized in Table 1. As shown in Figure la—d,
the particle size depends on the amount of silica supports
in sample preparation, i.c., the more silica added, the
smaller particle size obtained. For sample A, a broad
particle distribution appears with sizes ranging from 40 to
120 nm. Increasing the silica weight to 1 g, the Co,FeGa
nanoparticles are smaller with improved size dispersion
(17.9 &+ 5.3 nm). For sample C, however, a bimodal
distribution of nanoparticles is observed and both larger
(36.7 nm in average) and smaller (7 nm in average)
particles coexist. Without HF etching (see Figure le),
the phase contrast between Co,FeGa and SiO, is poor.
Therefore HF etching is necessary to evaluate the particle
size distribution of Co,FeGa nanoparticles using TEM.
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The dependence of the particle size on the amount of silica
supports is shown in Figure 1f.

As shown in Figure 2a, a HRTEM probe on sample B
reveals a single crystalline domain with a planar spacing
of 0.203 nm corresponding to the (220) planes. This
confirms the high crystallinity of the particles. Carbon
shells encapsulating the Co,FeGa nanoparticles were
observed that consist of 2—3 layers. The carbon layers
are observed more clearly from a snapshot in Figure 2b.
The spacing of the carbon lattice fringes is 0.33 nm, which
is close to the reported interplanar distance of graphite
(0001) planes.**** Selected EDX data indicate a slight
fluctuation of Co/Fe ratios centering at 2:1 and deficient
Ga in all samples. The EDX derived compositions are
comparable with that determined by analyzing the XAFS
spectra. The compositions of individual particles were

26 08 12 15 1 21
Siica weight (g)

Figure 1. TEM micrographs of the carbon coated Co,FeGa nanoparti-
cles with various sizes obtained by HF etching: (a) sample A; (b) sample B;
(c, d) sample C. Micrograph of the nonetched sample B is shown in part e.
The particle size and distribution as a function of silica weight is shown in
part f. Dashed and solid lines are guides to the eye.

Table 1. Composition, Structural, and Magnetic Properties of Co,FeGa Samples at RT

ID  composition  a“[A] d,’[nm] M [emu/g] H[Oe] B [emu/g] Hyr[kOe] IS[mms™'] doublet [V %] sextet[V %] K[J/m’]
A CoyoFe; 12Gag7, 5.723 77.8 4379 111.7 40.0 2.25 319.0 0.052 17.8 82.2 193
B CosgFe;goGagee 5722 17.9+5.3 114.2 38.8 1.28 319.4 0.062 18.7 81.3 15900
C  CosgFe;01Gageo 5.717 bimodal? 110.6 302 14.6 318.9 0.055 27.7 72.3 4800

“Lattice constant. * TEM derived particle size. ‘At T = 5 K.  Bimodal size.
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90 120 150
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Figure 2. HRTEM (a,b), STEM micrographs (c), and EDX line profile
(d) of the carbon coated Co,FeGa nanoparticles (sample C). The arrows
in part b indicate the graphite layers at the particle surface. Scale bars,
10 nm.

also examined by line scans for two adjacent nanoparti-
cles. As shown in Figure 2c,d, it is noted that the iron
content of the probed particles varies drastically. The
deviation of iron composition from the nominal value
might be attributed to the uneven distribution of metals
within the particle at the nanoscale and/or the presence of
metal impurities as discussed below.

Figure 3a shows the XRD patterns of Co,FeGa-
SiO,@C nanocomposite particles of various particle
sizes. With the comparison of the appearance and relative
intensities of (111) and (200) reflections, various types
of disordered phase of Heusler compounds can be
identified.*' Among the fcc fingerprint (111) and (200)
reflections associated with the L2, crystal structure, only
the (111) peaks were observable for samples A and B (see
the inserts in Figure 3b). Thus, the formation of the A2 or
B2 phase is excluded. Neither (111) nor (200) reflection
was observed for sample C that might be due to the size-
induced broadening. To unambiguously identify the .2,
ordered structure, anomalous XRD (AXRD) and ex-
tended X-ray absorption fine structure (EXAFS) are
valuable tools as reported in previous work.'>** AXRD
measurements were performed on sample A to verify the
L2, Heusler structure. Both (111) and (200) reflections
were examined. This approach is different from the
reported approach for Coo,MnGe Heusler films where
only the (111) reflection was examined.*’ For the L2,
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Figure 3. XRD patterns of the carbon coated Co,FeGa nanoparticle
samples A—C: (a) synchrotron radiation XRD patterns using a photon
energy of 7.12 keV. Inserts in part a show the zoom-in of 26 range of
28—31°; (b) anomalous XRD patterns of sample A at photon energies of
7112, 7709, and 7705 eV. Q. is the momentum transfer and defined by
Q. = 27/d. d is the interplanar spacing. Symbols in (a) @, graphite;
O, Co,FeGa; B, Fe; O, Co.

ordered Co,FeGa with a Fm-3m symmetry, structural
scattering amplitudes of the first three permitted Bragg
reflections are given by F111) = 4/fga — frel, F200) = 4/fca +
fre — 2fcol, and F(aag) = 4/fga + fre + 2fco|, where fo, re,
and fg, are atomic scattering factors of the constituent
atoms. The amplitude of atomic scattering factors is
affected by the photon energy and it becomes small when
the photon energy is close to the absorption edge of the
specific atoms. This enhances either (111) or (200) reflec-
tion when the X-ray energy approaches to the K edges of
Fe or Co. As shown in Figure 3b, the (111) intensity is
enhanced at 7112 eV and an increase in the intensity of the
(200) reflections is observed at an energy of 7709 eV.
Under the off-resonant condition with a photon energy of
7705 eV, neither reflection is enhanced. The lattice con-
stants were calculated (see Table 1) and were smaller
compared to the reported value for bulk Co,FeGa.*’
The (0002) reflections of hexagonal graphite were ob-
served in all samples confirming the carbon coating. No
diffraction peak belonging to either metallic carbide or

(43) Buschow, K. H. J.; Van Engen, P. G.; Jongebreur, R. J. Magn.
Magn. Mater. 1983, 38, 1.
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Figure 4. XANES spectra of metal foils, bulk Co,FeGa, and Co,FeGa
nanoparticles A—C at the absorption K edges of Fe (a) and Co (b). The
vertical lines are guides to the eye.

silicate was observed. Furthermore, impurity phases
composed of fcc iron and fcc Co are observed in all
samples. The presence of the Co impurities in Fe—Co
nanoparticles has been reported in the literature.>

The X-ray absorption near edge structure (XANES)
spectra of metal foils, bulk Co,FeGa, and Co,FeGa-
SiO,@C particles at the K edges of iron and cobalt are
shown in Figure 4. The edge positions are determined
from the first maximum of the first derivative spectra.
Compared to edge positions of the metal foils, the ab-
sorption edges of bulk and nanoparticles show some
positive energy shifts in a range of 0.5—0.9 eV. For the K
edges of transition metals, a typical amplitude of energy
shift for each increase in the oxidation by one valence unit
is 2—3 eV.* This indicates that all the iron and cobalt
species exist in zero-valence state within experimental
error and the formation of iron or cobalt oxides is
excluded.

As described in Figure 4a, the iron local atomic envi-
ronment in bulk Co,FeGa is featured with the “white
line” at 7131.1 eV (A), followed by a platform ranging
from 7135.6 to 7142.3 eV and a broadened hump center-
ing at 7151.4 eV (C). The XANES spectra of the nano-
particles exhibit similar peak patterns within the first 40
eV above the edge, which supports the formation of the
intermetallic compound. Furthermore, the characteristic
resonances of bcciron at 7142.1 eV (B)and 7154.4 eV (D)
were not observed in the samples. This further supports
the above argument. A similar scenario is observed at the
Co K edge as displayed in Figure 4b. The spectroscopic
feature of Co in bulk Co,FeGa can be described by the
“white line” 7728.0 ¢V (E) and two resonance peaks at

(44) Waychunas, G. A.; Apted, M. J.; Brown, G. E., Jr. Phys. Chem.
Miner. 1983, 10, 1.
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7737.9 ¢V (G) and 7749.2 ¢V (H). Samples A—C display
similar characteristics compared to that of the bulk
Co,FeGa even though the G and H resonances damp in
intensity and shift to higher photon energy. Again, the
absence of characteristic resonances associating with hcp
cobalt at 7735.4 eV (F) and 7749.2 eV (I) confirms the
formation of the intermetallic Co,FeGa.

The formation of Co,FeGa-SiO,@C nanocomposite
particles might involve several steps including loading the
metal precursors within a porelike structure, high tem-
perature reduction/alloying, and subsequent carbon
coating. After solvent removal, the metal loaded silica
opals are condensed and the silica particles formed pore
structures. Under high temperature annealing under H,
atmosphere, the metal precursors accommodated in such
interparticle voids are transformed to nanoparticles. The
graphite layers are deposited onto the particle surfaces by
a chemical vapor deposition (CVD) process using methane.
A vapor—liquid—solid mechanism of carbon coating has
been proposed by Elliott and co-workers.** The role of
the silica nanospheres in tuning the particle size of the
formed nanoparticles has been less investigated. It is
assumed that increasing the amount of silica nanospheres
might decrease the concentration of the precursors. As
reported by Seo et al.,>” the average particle size decreased
from 7 to 4 nm with a 4-fold decrease in the precursor
concentration for Fe—Co nanoparticles. However, larger
Co,FeGa nanoparticles were obtained in this study and a
bimodal dispersion pattern developed at a higher silica
load. This might be attributed to the higher concentration
of the precursors in our approach. A higher precursor
concentration might be associated with the unevenly
distributed precursors and the formation of nanoparticles
with a broad size distribution. Further efforts are under-
way to clarify the role of the silica supports in controlling
particle size and to improve size distribution.

Size Dependent Magnetic Properties. The size depen-
dent magneto-structural correlations in Co,FeGa nano-
particles were investigated by Mossbauer spectroscopy
and a SQUID magnetometer. The Mossbauer spectra of
samples A—C were measured at room temperatures and
the results are shown in Figure 5 and summarized in
Table 1. For samples A and C, a distribution fit model is
absolutely necessary which corresponds properly to the
features of these samples. Sample B exhibits a relatively
narrow size distribution, and even a conventional
Lorentzian profile model could be applied. All spectra
were fitted by a superposition of one magnetic sextet (in
distribution model) and one superparamagnetic doublet.
The observed isomer shifts and hyperfine magnetic fields
are close to the reported values for bulk Co,FeGa*
confirming the formation of the Heusler Co,FeGa phase.
The doublet/sextet intensity ratio steadily increases from
samples A to C spanning the single and bimodal size
domains.

(45) Elliott, B. R.; Host, J. J.; Dravid, V. P.; Teng, M. H.; Hwang, J. H.
J. Mater. Res. 1997, 12, 3328.

(46) Jaggi, N. K.; Rao, K. R. P. M.; Grover, A. K.; Gupta, L. C;
Vijayaraghavan, R.; Dang, L. K. Hyperfine Interact. 1978, 4, 402.
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A straightforward way to estimate the superparamag-
netic size limit is not available for magnetic nanoparticles
with a relatively broad size distribution. We propose an
alternative way to pinpoint the critical size by relating the
TEM-derived size and the Mossbauer spectroscopy data.
This is exemplarily shown for sample B in Figure 6. First
the particle size distribution pattern (see Figure 6a) is
converted to a volume fraction pattern as a function of
particle size. The size—volume fraction histogram is fitted
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Figure 5. Mossbauer spectra of Co,FeGa nanoparticles with various
sizes at room temperature: (a) sample A; (b) sample B; (c) sample C.
Superparamagnetic doublets and static magnetic sextets are shadowed by
red and blue, respectively.
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with a Gaussian model as shown in Figure 6b. The
integrated area below the Gaussian curve corresponds
to the total amount of the nanoparticles. Taking into
account of the fractions corresponding to the doublet
(18.7%) and sextet (81.3%) subspectra, areas D and S can
be identified in Figure 6¢c. The areas correspond to the
amounts of particles under superparamagnetic and stati-
cally magnetic states, respectively. The particle size de-
termined by the boundary (identified by a white arrow in
Figure 6¢) between the two areas is the superparamag-
netic critical size and is found to be ~17 nm. This value is
reasonable compared to a reported critical size of ~20 nm
for FeqyCogo nanoparticles.”

The magnetic behavior of Co,FeGa nanoparticles was
investigated by field and temperature dependent magne-
tometry. As shown in Figure 7a and Table 1, samples A
and B demonstrate similar magnetization characteristics
and are magnetically soft. The measured saturation mag-
netic moment at 5 K of the samples are in the range of
110 emu/g to ~114 emu/g (4.87 ug to ~4.97 ug), which are
lower than the reported value for bulk Co,FeGa (117.7 emu/g
or 5.13 ug) at 4.2 K.** According to the Slater—Pauling
rule, for the stoichiometric Co,FeGa Heusler compound,
the spin magnetic moment per unit cell value is Sug/f.u.
Therefore, the measured saturation magnetizations of
Co,FeGa nanoparticles were close to the Slater—Pauling
value. On the other hand, the samples are nonstoichio-
metric with a Ga deficiency as described in Table 1. The
nonstoichiometry induced antisite disordersin Co,YZ (e.g.,
Y = Mn; Z = Si, Ge) have been investigated both
theoretically®®*’ and experimentally.*® As discussed
previously,*” the proposed antisite model for Ga-deficient
Co,FeGa nanoparticles was not supported by the mag-
netization results. It is assumed that the discussed for-
mula unit antisite model is only applicable to Heusler
compounds of a single phase. The presence of impurity
phases introduces uncertainty in the actual phase compo-
sition and undermines the accuracy of the proposed
antisite disorder model. The closeness of the measured
magnetizations with the Slater—Pauling value might pro-
vide a hint that the stoichiometric Co,FeGa phase was
stabilized under nonstoichiometric conditions. The cor-
relation between the particle size and magnetic moment
of nanoparticles has been well studied and the saturation
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Figure 6. Anillustration to determine the superparamagnetic critical size of Co,FeGa nanoparticles: (a) particle size distribution; (b) volume percentage of
the particles as a function of size; (c) determine the critical size by correlating to the volume fractions of doublet and sextet. The arrow in part c assigns the
critical size of Co,FeGa nanoparticles corresponding to the boundary between the doublet (D) and the sextet (S) areas.



Article
120 4
05K (a) ?:9:9:9:9:9:2:9:8

901  ®300k

60 4

304

0
2 Br

-30 ﬂ ’
o~ -60 0 o
‘E.» -1 ’.‘f‘ He /
S5 -904 . /
£ B 0. B o B . 2/
O -120 0.01 0.00 0.01
c 6 4 2 0 2 H 6
.0
® HoH (T)
-_E 43
c (b)
)
©
=

0 50 . 1(l]0 ) 1&0 ) 260 ) 2%0 . 360
Temperature (K)

Figure 7. Magnetic properties of sample A: (a) magnetization curves at 5
and 300 K; (b) temperature dependent FC-ZFC curves. The insert in part
a shows the hysteresis curves close to the origin on an enlarged scale.

magnetization normally decreases with decreasing parti-
cle size.”*>' For Co,FeGa nanoparticles, a biomodal
particle distribution develops, the averaged particle size
decreases, and the population of superparamagnetic nano-
particles increases. In this regard, our magnetization data
are inconsistent with the decreasing rule of magnetiza-
tion. At 5 K, the coercivities for samples A and B are close
to 40 Oe. Sample C is also magnetically soft but with a
larger coercivity.

Temperature dependent SQUID measurements were
utilized to verify the superparamagnetic behavior of the
smaller Co,FeGa nanoparticles. Zero field cooled (ZFC)
and field cooled (FC) magnetization curves have been
measured for sample A in a temperature range of 5 K to
~300 K under a magnetic field of 0.01 T. As shown in
Figure 7b, the blocking of sample A spread over a wide
temperature range signifying a rather wide size distribu-
tion of particles. The magnetic susceptibility reaches a
maximum at around 35.4 K corresponding to the con-
tribution from the smallest particles in the sample. The
temperature dependent Mossbauer spectroscopy of sample
A was measured in a temperature range of 80 K to ~275 K.

(47) Picozzi, S.; Continenza, A.; Freeman, A. J. Phys. Rev. B 2004, 69,
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Figure 8. Magnetization curves of sample B under conditions with and
without carbon coating. The methane CVD time is 5 min at a flow rate of
250 mL/min. Other sampling conditions are identical for the two samples.

In the examined temperature range, the fraction of the
doublet decreased monotonously with decreasing tem-
perature: 17.8% at295K, 13.4% at275K, 11.5% at 200K,
and 9.7% at 80 K, respectively. No sharp blocking
temperature was observed, and a “blocking” process
overspread a wide temperature range. This fact also
corresponds to a broad distribution of particle size of this
sample. The Mossbauer blocking temperature (BM) is
defined as the temperature at which the fraction of the
static component equals that of the superparamagnetic
component. One can conclude that the BM of this sample
should be well above room temperature. The blocking
temperature determined from the magnetic measurement
is lower than that determined from Mossbauer measure-
ment. [t could be explained by the different characteristic
observation time of Mdssbauer experiment (~10~%s) and
static magnetization measurements (~100 s).

The magnetic anisotropy of Co,FeGa Heusler com-
pound has not been extensively investigated. In this work,
the effective anisotropy constant K for Co,FeGa was
calculated for the present samples. As predicted by the
Néel—Arrhenius equation,”® under superparamagnetic
state, anisotropy constant K can be calculated by

K kgT lnI(/tm/ro)

Herein, kg is the Boltzmann constant, 7'is the Mossbauer
blocking temperature, V is the particle volume. 7, and 7,
are the measured relaxation time and the relaxation
constant taking the values of 10~® and 10™"% s according
to the literature.” The estimated BMs for samples A—C
are taken as 300 K. The calculated effective anisotropy
constants for samples A—C are listed in Table 1. The
values for samples B and C are of same order in magni-
tude compared with the reported uniaxial anisotropy (K,
0.63 x 10* J/m?) of Co,FeSi Heusler thin films.'”>*
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Phys. 2003, 94, 3520.
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Carbon coating is found effective to prevent Co,FeGa
nanoparticles from oxidation. The XRD data in Figure 3a
indicate the absence of metal oxides in the final products.
The surface immobilized carbon layers, however, are
considered to decrease the spin polarization at the Fermi
level and suppress the magnetization of the encapsulated
magnetic nanoparticles.>>® In a control experiment, the
saturation magnetization of samples were compared. As
shown in Figure 8, the magnetic moment decreases from
4.89 to 4.77 ug in the presence of carbon layers. This
observation is consistent with those reported in the
literature.

Conclusions

In summary, we demonstrate a new approach to pre-
pare Co,FeGa-SiO,@C nanocomposite particles. The
size of Co,FeGa nanoparticles can be tuned in a simple way
by adjusting the amount of the silica supports. The
formation of the L.2; Co,FeGa phase in the nanocomposite
particles is confirmed by anomalous XRD, Mossbauer

(55) Weissmann, M.; Garcia, G.; Kiwi, M.; Ramirez, R. Phys. Rev. B
2004, 70, 201401.

(56) Ang, K. H.; Alexandrou, I.; Mathur, N. D.; Amaratunga, G. A.J.;
Hagq, S. Nanotechnology 2004, 15, 520.
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spectroscopy, and magnetic measurements. The variation
of particle size affects the crystal structure and magnetic
properties of Co,FeGa nanoparticles. The correlation of
TEM-derived particle size and Mossbauer spectroscopy
specifies the critical size of Co,FeGa nanoparticles bridg-
ing superparamagnetism and ferromagnetism. The role of
silica spheres and carbon coating in controlling the size,
structure, and magnetic properties of Co,FeGa nanopar-
ticles are also discussed. Further efforts are underway to
improve the particle size distribution.
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