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FePt, FePtAg and FePt—AgCl nanoparticles (NPs) are synthesized using the sol-gel method. The
effect of Ag in different valence states on the morphology, chemical ordering and magnetic prop-
erties of L1,-FePt NPs are studied in length. The addition of Ag to FePt NPs results in a larger
particle size and wider distribution. Magnetic measurement results show that the coercivity (Hc)
of FePt NPs is significantly higher with the addition of Ag in comparison with that of pure FePt
NPs. While Ag* executes a negative impact on the magnetic performance of FePt NPs. The satu-
ration magnetization (Ms) for the FePt, FePtAg and FePt—AgCIl NPs are 15.6, 10.6 and 6.9 emu/g,
respectively. The addition of non-magnetic Ag or AgCl to FePt dilutes theMs value of the NPs. From
X-ray diffraction analyses, we observe that the diffraction peaks become sharper and considerably
increasing intensity when Ag or AgCl is added to the FePt sample.
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1. INTRODUCTION

Nanoparticles (NPs) have many of the usual physical and
optical properties, including surface plasmon resonance,
biosensing, energy conversion, gas sensing, data storage
and catalyst.''* As one of typical magnetic materials, L1,
phase FePt NPs with face-centered tetragonal (FCT) struc-
ture are attractive as ultrahigh-density magnetic record-
ing media due to their large magnetocrystalline anisotropy
(Ku ~ 107 erg/cm®) and good chemical stability.'>!®
Unfortunately, the as-synthesized FePt alloy possesses
chemically disordered face-centered cubic (FCC) struc-
ture with a low coercivity, which is unsuitable for data
storage.” High temperature (500 °C) annealing is neces-
sary to covert the FCC structure to FCT structure.'® The
consequence of high temperature annealing is the break-
down of the surfactant coating, which causes the grain
growth and the aggregation of the NPs.'®?! The prob-
lems mentioned above are highly detrimental for main-
taining ultra-high density bit cell sizes. In addition, high
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temperature annealing is a difficulty in controlling the
direction of the magnetic easy axis; therefore, this will
greatly limit their applications.

Many efforts have been made to reduce the anneal-
ing temperature required for phase transformation, using
temperatures below where the particles aggregation, i.e.,
below the temperature where the organic surfactants
decompose.?>® Doping engineering is widely used to tai-
lor the band structures of bulk and nanoscale materials,
promising and facilitating the construction of various mul-
tifunctional materials and devices.”®=7 Metals doping in
FePt NPs were already proved to be effective ways to
decrease the FCT ordering temperature.®*? As reported
by Harrell et al. and Yu et al., the addition of a third
metal such as Au or Ag has been found to be effective for
lowering the ordering temperature in FePt NPs,** which
is very interesting in terms of industrial scale production.
However, in the method proposed by Harrell et al. the typ-
ically used of metal salt Fe(CO); as a precursor was harm-
ful and hazardous and a high temperature of 298 °C was
still needed to prepare the as-synthesized FePt precursor
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before annealing. For these reasons, the proposed method
is not suitable for industrial scale production.

In this report, FePt, FePtAg and FePt-AgCl NPs
have been synthesized using the sol-gel method and we
replaced Fe(CO); with nontoxic Fe(NO5); - 9H,0. The role
of the third metal along with its effect on the transfor-
mation kinetics has been studied. The differences in the
magnetic properties of FePt, FePtAg and FePt-AgCl with
respect to the heat-treatment temperatures were also stud-
ied. To the best of our knowledge, the study of the effect
of Ag in different valence states on the magnetic properties
of L1,-FePt NPs is unprecedented.

2. EXPERIMENTAL DETAILS

The metal precursors used are C¢HgO, - H,0, H,PtCl, -
6H,0, Fe(NO,); - 9H,0, AgNO, and NaBH, in the appro-
priate quantities in order to synthesize (FePt);s(AgCl),s
and (FePt);sAg,s samples, while the molar ratio of Fe/Pt
was constantly kept equal to 3/2. The detailed synthetic
procedure via the sol-gel method for FePt nanoparticles is
described in our previous work.*

For (FePt);s(AgCl),s sample, the key modification was
adding a certain amount of AgNO, after obtaining the
mixed solution of Fe(NO,), - 9H,0, H,PtCl, - 6H,0 and
CsHgO, - H,O. After stirring, the solution was polymer-
ized to form a gel at 80 °C. With precursors heat-treated
in argon gas for 2 h at 650 °C and with the heating
rate of 10 °C min™', (FePt),s(AgCl),s NPs were suc-
cessfully synthesized. In a typical procedure for prepar-
ing (FePt);sAg,s NPs, a certain amount of Fe(NO,), -
9H,0, H,PtCls - 6H,0 and C,H,O, - H,O were firstly dis-
solved in the deionized water to form a sol. To avoid
AgCl aggregate in the sample, AgNO, was dissolved
in NaBH, to obtain metallic silver. Then the solution
was washed with alcohol and deionized water for three
times and separated by centrifugation. The appropriate
amount of metallic silver was added to the sol. Finally,
(FePt);sAg,s NPs were successfully synthesized after the
same post-annealing treatment as above described. Herein,
we obtained the (FePt),s(AgCl),s and (FePt);sAg,s sam-
ples named as FePt-AgCl, FePtAg according to the

elements may be contained in the samples. For compar-
ison, we also prepared pure FePt sample in the similar
process without any addition.

X-ray diffraction (XRD) patterns were recorded by a
MAC Science MXP-18 X-ray diffractometer using a Cu
target radiation source was used to study the crystal struc-
ture and morphology of the samples. The transmission
electron microscope (FEI Tecnai F30 TEM) spectroscopy
system was used to qualitatively confirm the detailed
microscopic structure. X-ray photoelectron spectroscopy
(XPS, VG ESCALAB Mark II) was used to assess the
chemical state and surface composition of the deposits.
The magnetic properties of the samples were measured
by a Lake Shore 7407 vibrating sample magnetometer
(VSM).

3. RESULTS AND DISCUSSION

XRD patterns of the FePtAg and FePt—-AgCl NPs, after
annealing at 650 °C under an Ar atmosphere, are shown
in Figure 1(a). As a reference, the XRD pattern of pure
FePt NPs annealed at the same temperature is also shown
in Figure 1(a). All of the samples show the superlattice
reflections (001) and (110) as well as clearly splitting
of the (200)/(002) peak which signifies a tetragonality
L1, FePt. Furthermore, compared with that of pure FePt
sample, we observe that the diffraction peaks become
sharper and considerably increasing intensity when Ag
element added to the FePt sample. With the Ag addi-
tion, the peaks become sharper due to the increase particle
size as well as the enhanced crystallinity. For the FeP-
tAg sample, the peak at 26 = 38.13°, 44.32° and 64.45°
corresponds to Ag metal [JCPDS No. 04-0783], which is
further demonstrated below by TEM and XPS studies. The
enlarged XRD pattern of the FePt-AgCl sample is shown
in Figure 1(b). Besides the diffraction peaks from the L1,
FePt, the presence of diffraction peaks at 260 =27.9°, 32.3°,
46.3° and 57.6°, these correspond to the (111), (200),
(220) and (222) planes for the cubic phase AgCl [JCPDS
No. 31-1238]. And no diffraction peaks from the cubic Ag
phase are observed.
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Fig. 1. XRD patterns of (a) FePt, FePtAg and FePt—AgCl NPs annealed for 650 °C and (b) enlarged view of FePt—AgCl sample.
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The lattice constants are derived from MDI Jade 6.5
program. As for the FePt, FePtAg and FePt—AgCl samples,
the lattice constants are estimated to be a = b =3.846 £
0.004 A, ¢ =3.7134+0.003 A, a = b =3.849+£0.001 A,
¢=3.715£0.002 A and a = b =3.855£0.001 A, ¢ =
3.72340.002 A, respectively. The average particle size is
calculated by Scherrer equation using the full-width at half
maximum of the FePt (111) peak from the XRD patterns.*®
Results show average grain size of FePt, FePtAg and FePt—
AgCl NPs is 12.8, 23.4 and 27.7 nm, respectively. These
indicate that additive Ag promotes the grain growth. This
result is similar to previously reported findings.*’

To demonstrate the transformation process quantita-
tively, a chemical order parameter S is introduced.
In general, quantitative values of S are obtained from the
comparison between the integrated intensities of the super-
lattice and fundamental reflections of XRD. An approxi-
mate relation between S and c/a, which can be obtained
and expressed as

2 _

where (c/a)g; is the c/a value of the fully ordered FePt
NPs;*#50 (¢/a) is the value of the partially ordered FePt
NPs. The ¢ and a are the lattice constants of the FePt NPg
with FCT structure. By Eq. (1), the S value of the FePt,
FePtAg and FePt—AgCl NPs samples are 0.89, 0.92 and
0.88, respectively. It is clearly observed that S exhibits a
maximum value at the FePtAg NPs.

Figure 2 shows the microstructure of FePt (Figs. 2(a, b))
and FePtAg NPs (Figs. 2(c, d)) by TEM. The FePt NPs
without Ag additive are hexagonally arranged with a very
uniform spherical shape, and an average particle size of
about 12-13 nm (Fig. 2(a)). While as shown in Figure 2(c),
the size of the FePtAg NPs range from 20 to 30 nm, and
the particle sintering is apparent, which indicates that Ag
additive resulted in a larger particle size and wider distri-
bution for the NPs. Figure 2(b) shows the HRTEM image
of a typical FePt NP. The lattice distance is 0.220 nm,
approaching the ideal value of the (111) plane of the L1,-
FePt lattice. The inset in Figure 2(b) shows SAED pat-
terns is composed of (001), (110), (111), (200), (220)
and (311) diffraction rings, indicating that an FCT phase
structured FePt crystal had been formed. This result is in

Fig. 2. (a) TEM image (b) HRTEM image with SAED pattern as an inset of FePt NPs and (c) TEM image and (d) HRTEM image of FePtAg NPs.
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agreement with XRD data in Figure 1. Considering that
the lattice distance of FCT FePt NPs differs from that of
FCC silver (e.g., dpcrrepiir) = 0.222 nm and dagiiny =
0.235 nm),>">? an significant difference of lattice fringe
spacing between the FePt and Ag lattice could be distin-
guished through HRTEM. We conducted detailed HRTEM
measurements on the FePtAg sample. The HRTEM images
in Figure 2(d) show distinct planes with different d-
spacing values. The distances 0.223 nm between the lat-
tice fringes match closely to the L1, FePt plane (111),
while the d-spacing 0.230 nm corresponds to (111) plane
of silver.

XPS measurement was carried out to identify phase
compositions and chemical states of Ag and Pt elements
in the FePt, FePtAg and FePt-AgCl samples (Fig. 3). For
the FePtAg NPs (Fig. 3(a)), the Ag 3d spectrum con-
sists of two peaks at about 367.6 and about 373.7 eV,
which correspond to the binding energies of Ag 3d; 1, and
Ag 3d,),, respectively, typical of metallic silver.>® The
result is in agreement with the XRD pattern. As shown in
(Fig. 3(b), the peaks of Ag 3d,,, and Ag 3d,, are detected
at 367.1 and 373.1 eV for the FePt-AgCl sample, which
corresponds to the peaks positions of Ag™ state,* with a
doublet separation of A =6 eV (Fig. 3(b)).>> These XPS
spectra above match well with literature data.”® The XPS
spectrum of Pt for the FePt sample shows double peaks
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with binding energies of 70.8 and 74.1 eV (Fig. 3(d)),
which correspond to the standard peaks of pure Pt 4 T2
and Pt 4f;,,.57 For the FePtAg NPs, the positions of the Pt
peaks are situated at 70.2 and 73.6 eV. As is seen from the
above results, the positions of Pt 4f, 2 and Pt 4f;, peaks
slightly shift towards the lower binding energy side, which
might be caused by the alloying process of Fe and Pt.*8
Figure 4 shows the hysteresis loops for FePt, FePtAg
and FePt—AgCl NPs after annealing at temperatures of
650 °C. For the FePt NPs without Ag additive, the coerciv-
ity (Hc) shows a relatively large value and reaches about
7070 Oe, which may be attributed to the formation of the
L1, FePt phase. There is an obvious increase in Hc for the
FePt NPs after adding Ag atoms, where it has a coercivity
value of around 9400 Oe. This is in contrast to the FePt
NPs prepared in the absence of Ag. We deduce that the
increase of the Hc is mainly determined by the increases
of the ordering degree a chemical order parameter S and
average grain size. It indicates that Ag addition is effective
to enhance the ordering degree and promote the magnetic
properties of FePt NPs. A small hysteresis loop about 2850
Oe was observed for the FePt—-AgCl sample. We consider
that excess AgCl produce a negative effect on the magnetic
performance of the FePt NPs. In addition, the saturation
magnetization (Ms) of FePt, FePtAg and FePt-AgCl are
15.6, 10.6 and 6.9 emu/g, respectively (Fig. 4). It can be
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Fig. 3. High-resolution scans of the XPS spectra for (a, ¢) Ag 3d, Pt 4f for FePtAg NPs, (b) Ag 3d for FePt—-AgCl NPs and (d) Pt 4f for FePt NPs.
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Fig. 4. Magnetic hysteresis (M—H) loops of FePt, FePtAg and FePt—
AgCl NPs at room temperature under 20 kOe.

seen that the Ms reduces with the Ag or Ag™ addition
in FePt NPs. Since Ag and AgCl are non-magnetic, the
addition of Ag or AgCl to FePt will dilute the Ms value
of the NPs. The similar decline trend is also observed by
You et al.”

4. CONCLUSIONS

In this work, FePt, FePtAg and FePt—AgCl NPs have been
synthesized by the sol-gel method. Here the changes in
the structural and magnetic properties of these NPs and
the effect of adding silver in different valence states to
FePt in comparison to pure FePt have been investigated.
TEM observations reveal a narrow size distribution with
particle diameter of about 12—13 nm for FePt NPs without
Ag or Ag" additive. Whereas grain growth and particle
sintering is observed for the FePtAg NPs. But silver addi-
tive showed positive effect on the chemical ordering and
magnetic properties of the FePt NPs. The addition of Ag®
to FePt alloy promotes grain growth, however, reduces the
chemical ordering and magnetic properties compared to
pure FePt. The parameters Ms reduces with the addition
of Ag or AgCl to FePt NPs.
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