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nanoparticles are ferromagnetic with high magnetic anisotropy. Practically,
another ordering that is required is the orientation of their crystal c axis
perpendicular to the plane of the nanolayer. The effects of the presence of Ag
in reducing the transition temperature and making FePt nanocrystals in the L1o-

ffi—v;(;gsﬁanoparticles FePt phase aligned, in this work, have been studied and determined. The results
FePt-Ag of XRD analysis indicate that in fabrication using the co-sputtering method,
Orientation firstly, the presence of Ag before annealing gives rise to the decline of the c
Co-sputtering parameter of the crystal lattice. This result of XRD analysis has been compared
RKKY interaction with the result of the RKKY exchange interaction model as an experimental

confirmation of this model. Secondly, during annealing, with the formation of
FePt-Ag nanostructure, the easy axis of FePt nanoparticles in the L1o-FePt
phase appears parallel to each other. These results, which are the consequence
of the presence of Ag, are obtained by studying FE-SEM images, XRD
patterns, and magnetic characterization.

1 Introduction interactions between a Fe atom and its nearest

neighbors in the Fe layer and polarization due to
With paramagnetic elements of (Pd, Pt), the the indirect Fe-Pt-Fe interactions [5]. It can be
ordered alloys of Fe show Llo-fct structure and possible that a nonferromagnetic ion separates two
ferromagnetic properties with high coercivity [1, magnetic ions. There is another exchange
2). The FePt alloys in the Llo phase have high interaction between the magnetic ions, which is
coercivity and large uniaxial magnetocrystalline called indirect exchange interaction, in which they
anisotropy energy density (Ku ~ 7 x 105 J/m?) [3, can have a magnetic interaction mediated by the
4]. The magnetic properties of ordered L1o-FePt conduction  electrons  in  their common
alloys are determined by both direct Fe-Fe nonferromagnetic neighbors [6].
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The coupling mechanism in Fe-Pt-Fe is the
Ruderman-Kittle-Kasuya-Yosida (RKKY) interaction
[7, 8]. This interaction can affect the coercivity and
lattice constant of alloy [9]. The lattice constants, for
example, of pure Fe and Pt are 2.87 A and 3.92 A,
respectively. Nevertheless, the lattice constant of FePt
alloy with fcc structure is a = 3.82 A and for L1o-FePt
structure, a and ¢ parameters are 3.85 A and 3.71 A,
respectively [10].

The FePt thin films deposited at room temperature
(R.T.) have a chemical disordered fcc structure with soft
magnetic properties, thus, to get hard magnetic
properties with a chemical ordered structure (Llo
phase), it is necessary for FePt thin films to deposit on
a hot substrate or anneal after deposition at 600°C [11,
12] or higher [13]. So far, several methods were used to
investigate this phase transition and control the
nanostructure of the FePt [14, 15], such as the core-shell
nanoparticles [16], the addition of a third element into
FePt alloy, such as Cu [17- 20], Au [21, 22], Ni [23] and
Mn [24, 25].

The impacts of adding Cu on FePt nanoparticles in
references [18, 19] have been specified. The transition
temperature of FePt to the L1y phase is reduced by Cu
and the texture containing these nanoparticles is
oriented, but it reduces the vertical magnetic anisotropy,
so that in 9 and 15 atomic percentages of Cu and with
annealing temperature of 600°C, the coercivity reaches
less than half and nearly vanishes, respectively.

Ag addition to FePt films and Ag underlayer
thickness in the FePt/Ag bilayer films, in particular, not
only affect the disorder-order transition temperature
[26] and the structural order of L1o-fct phase [27], but
also can affect the coercivity [28, 29], perpendicular
anisotropy [30], and the FePt-Ag nanoparticles
orientation [31]. In the present work, we grew and
annealed the FePt granular nanolayers in the presence
of Ag and have shown that in the presence of Ag, as in
the presence of Cu, the c lattice constant of fct-FePt
decreases. For this purpose, we have used indirect
exchange interaction (RKKY) between magnetic atoms.
We, additionally, have investigated the effect of Ag
presence on the FePt nanoparticles orientation and
coercivity during FePt-Ag nanostructure formation by
annealing.

298

2 experimental details

Fe, Pt, and Ag were deposited by sputtering system
(DST3-A model) on single crystals of Si (001)
substrates by DC (for Ag) and RF (for Fe and Pt) at
500°C. The substrates, before the sputtering, were
system by acetone. The
depositions were carried out at the base pressure of 10”
Torr, Ar atmosphere of 102 Torr, DC voltage and RF
power of 243 V and 74 W, respectively. The deposition
rate of films in co-sputtering was selected 0.1 Als for
Ag and 0.9 A/s for FePt, respectively. The rate was
determined by a quartz crystal oscillator. Some of the

cleaned in ultrasonic

samples, then, were annealed in 90% Ar + 10% H:
atmosphere for 60 min. The Fe to Pt atomic percentage
ratio in all samples is equal to FessPtes. In Table 1, the
sputtering and annealing conditions are listed.

Table 1: The sputtering and annealing conditions.

Sample 1 ‘ 2 ‘ 3
Kind of nanostructure FePt FePt FePt/ Ag
Substrate temperature (°C) 500 500 R.T.
Annealing temperature (°C) |  ----- 600 500
Thickness (nm) 20 20 20/40
Rate of deposition (A/s) 2 2 0.5/4.5
Sample 4 5 6
Kind of nanostructure FeP-Ag  FePtA FePt-Ag
/ Ag g-Ag
Substrate temperature (°C) R.T. 500 500
Annealing temperature (°C) 600 - 550
Thickness (nm) 20/40 10 10
Rate of deposition (A/s) 0.5/4.5 1 1

In samples (1) and (2), Fe and Pt have been co-
sputtered on the Si substrate at 500°C. Then, sample (2)
has been annealed in the oven for 60 min. First, a layer
of Ag in samples (3) and (4) are grown on Si, and in the
second step, Fe and Pt have been co-sputtered at room
temperature. In the third step, samples (3) and (4) have
been annealed at 500°C and 600°C in the oven for 60
min, respectively. As a result, sample (4) has been
converted to the nanostructure of FePt-Ag on the Ag
layer. In samples (5) and (6), three kinds of metals,
namely, Fe, Pt, and Ag have been co-sputtered on the Si
substrate at 500°C, and in the second step, sample (6)
has been annealed in the oven at 550°C for 60 min;
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consequently, high temperature has led to the FePt-Ag
nanostructure formation.

The crystal structures of samples were characterized
by X-ray diffraction (XRD), STOE STADI MP model
with Cu (ko) radiation and wave length of A = 1.5406 A.
The magnetic properties and hysteresis curves were
measured by vibrating sample magnetometer (VSM),
Lake-Shore model 7400 with the maximum field up to
20 kOe, at room temperature. The size and the surface
distribution of grains were observed by field emission
scanning electron microscopy (FE-SEM) and the
composition of films were determined by using the
energy dispersive X-ray spectroscopy (EDX), model
MIRA3 Tescan working at 15.0 kV.

3 Results and Discussion

Figure 1 shows the FE-SEM images of samples 1-6.
In Fig. la, as it can be seen, the FePt grains in the
absence of annealing single-sized  and
approximately 15 nm in size. However, after annealing,
their sizes have been increased (Fig. 1b). The FePt
grains in Fig. 1c have been settled on the thin layer of
Ag (FePt /Ag), then, the sample has been annealed at
500°C. Figure 1d shows that besides larger FePt grains,
other nanoparticles with the size of smaller than 20 nm
have been also formed at 600°C. With increasing of
temperature from 500°C to 600°C, two types of change
occur in the nanostructure of the sample: a) The size of
FePt nanoparticles from 20 nm to
approximately 40 nm; b) Ag nanoparticles are formed
with the size of less than 20 nm. The mechanism of
Ag nanoparticles in higher
temperature, which has been shown in Fig. 1d, is as
follows: In the FePt/Ag/Si system at 600°C, some of the
Ag atoms separate from the middle layer of Ag and
enter the FePt crystal lattice, but because of instability,
they finally form a separate crystal lattice with Ag tiny
In fact, the formation of new smaller

are

increases

smaller formation

grains.
nanoparticles in higher temperatures is due to the
temporary formation of unstable FePtAg compound as
well as recrystallization of Ag in the form of separated
nanoparticles which makes the FePt-Ag nanostructure.

The effect of fabrication methods and their differences
is as follows: In the co-sputtering process, Ag atoms
with a partial percentage are gradually lain in the crystal
lattice; this provides the possibility of the FePtAg-Ag
formation (Fig. le), but in the annealing stage, Ag
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atoms coalescence and form separate nanocrystals,
leading to FePt-Ag nanostructure (Fig. 1f). This result
is also determined by XRD pattern of sample 6.
Although the FePt grains in sample (1) have a better
nanostructure in the absence of annealing, but the
annealing process in the presence of Ag causes the
crystalline orientation of the nanoparticles. This effect
is discussed in XRD and VSM results. In Figs. (1g and
1h) the middle layer is Ag; due to being in the oven, the
thickness of the layers has increased.

FePt

Figure 1. FE-SEM images of samples 1-6. a) FePt, b) FePt annealed
at 600°C, c) FePt/ Ag, d) FePt-Ag / Ag, e) FePtAg-Ag, f) FePt-Ag.
Panels g and h show the cross-section of samples (3) and (4),
respectively.
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Figure 2 shows the pattern of X-ray diffraction of
samples 1-6. Figure 2a is the XRD pattern of FePt
nanoparticles before the L1 phase transition. The XRD
peak in this figure is wider and indicative of the smaller
size of the grains in sample (1), which has been also
shown in Fig. la. The obtained size for the grains,
through XRD and FE-SEM analyses, is 16.8 nm and 15
nm, respectively. In Fig. 2b the appearance of low
intensity (001) and (110) peaks at 20 = 24° and 33°,
respectively, shows Llo —FePt compound ordering
phase. These two peaks, without Ag are weak even after
annealing (sample 2). In the sample (3) the sublayer of
Ag contributes to the L1y phase transition by annealing
at 500°C and the appearance of (001) and (110) peaks
(Fig. 2c). In sample (4), that has been annealed at
600°C, the further separation of the two (200) and (002)
peaks from each other (Fig. 2d) and the increase in (001)
peak intensity indicate that the 1o phase has been well
formed in the FePt nanoparticles. The intensity of (001)
peak, furthermore, has approached the intensity of (111)
peak and the intensity of (002) peak has become larger
than that of (200) peak in Fig. 2d. These are also
evidence for another order construction, which is called
crystal orientation, where easy axes of nanoparticles (c-
axes) are aligned in the same direction to some extent.

In fact, the Ag atoms were separated from their
underneath layer at 600°C. We have presented the effect
of Ag on the formation of the FePt structure with L1o-
FePt compound ordering in [32]. The reason why and
how Llo-FePt compounds are formed at lower
temperatures through Ag presence is that solitary Ag
atoms lie in the FePt lattice, but with increasing their
number, coalescing to each other and part of them exit
from the lattice in order to form Ag nanocrystals.
Consequently, their empty places in the FePt crystal
structure contribute to the mobility of Fe and Pt atoms
to form the new L1o-FePt structure [33], resulting in a
phase transition at lower temperatures [26]. Overall, Ag
atoms account for two mechanisms in order to
coalescence to each other and form Ag grains:

a) Exiting from FePt crystal lattice and forming
separate Ag grains; this leads to the decrease in L1o-
FePt transition temperature so that the (001) and (110)
peaks appear and the separation of (200) and (002)
peaks from each other are the signs of this new phase.
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b) Making FePt nanoparticles with a low percentage
of Ag to align crystalline adjust to each other; this leads
to the increase in the (001) peak intensity (Fig. 2d).

The (001) peak in the XRD pattern of sample (5) has
been formed in 20 = 25° (Fig. 2e). The compound of this
sample, which has been deposited on the Si (001) hot
substrate at 500°C, is Fes; PtssAgii based on the EDX
results (Fig. 3). The Ag and FePt co-sputtering in the
short deposition time, with respect to the annealing time
in the oven, has caused partial of Ag atoms to remain in
the FePt crystal lattice and affected indirect exchange
interaction inside the nanoparticles (RKKY) [6- 8]. This
is because Ag free electrons increase the effective value
of the Fermi wave vector (kp) which leads to a smaller
lattice constant. The shift of (001) peak from 24° in
sample 3 (Fig. 2¢) to 25° in sample 5 (Fig. 2e) is the
evidence for this effect. To confirm this issue, we can
compare sample (6) with sample (5), see Figs. 2f and
2e. Sample (6) is the same as sample (5), but it was
annealed in the oven at 550°C for 1 hour. In fact, the
annealing process causes Ag atoms to exit from the FePt
nanoparticles crystal lattice and the (001) peak is
formed in 20 = 24° (Fig. 2f). The appeared peak in 20 =
25° with lower intensity is the result of the type of FePt
nanoparticles in which the Ag atoms remain. The FePt
lattice constant (c) in sample (4) and the FePtAg lattice
constant (c) in sample (5), that are obtained from (001)
peak, are 3.70 A and 3.56 A, respectively. Indeed, the
variation of FePt crystal lattice constant is due to:

(a) In the L1o-FePt structure, the Pt paramagnetic
metal atoms, with lying among the Fe magnetic atoms
in the c direction, lead to the indirect exchange
interaction (RKKY) and decrease the (c) with respect to
the (a) lattice constant. The maximum of exchange
constant (J) in this interaction is where the distance of
the two magnetic atoms are proportional to 1/2kg [8,
34], where kg is the paramagnetic metal Fermi surface
radius, that has been lain among magnetic atoms.

(b) The presence of Ag free electrons leads to
increasing of the effective value of the Fermi wave
vector (kr) and decreasing of the distance of Fe
magnetic atoms in the c direction inside of the FePt
nanoparticles, which further reduces the lattice constant
in the same direction. This also can be explained by
RKKY interaction inside the nanoparticles. The shift of
(001) peak from 26 = 24° to 20 = 25° is an experimental
evidence for the effect of Ag in FePtAg.
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(¢) The result of RKKY interaction calculation in
comparison with the result of XRD analysis is as

npe/ (npe+ nag) =58/ (58 + 11) = 0.84, where np; and na,
are Pt and Ag atomic ratios, respectively.

The result of RKKY interaction is: Crepiag / Crept =
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The result of XRD analysis is: Crepiag / Crepc = 3.56 / 3.70
= 0.96, and this is an experimental confirmation of

RKKY exchange interaction model.
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Figure 2. XRD patterns of samples 1-6. a) FePt without compound
ordering, b) FePt with slight compound ordering, c) FePt / Ag with
compound ordering, d) FePt-Ag / Ag with compound ordering and
oriented, e) FePtAg-Ag with reducing of lattice constant, f) FePt-Ag
with (001) peak duality after annealing.
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Figure 3. EDX analysis for the compound of Fe31Pt58Agl 1.

The results of magnetic analysis (VSM) of sample
(4), which has been shown in Fig. 4, indicates that the
phase transition has occurred, and FePt ferromagnetic
nanocrystals have been partially oriented. The
coercivety in the easy direction, that is normal to the
surface (Fig. 4a), and the hard direction, that is parallel
to the surface (Fig. 4b), are 0.85 T and 0.75 T,
respectively. Furthermore, the remnant magnetization
(M/Ms) in the easy direction approaches to 1 and in the
hard direction is 0.5. The privilege of Ag over Cu for
adding to FePt is that, Ag increases the coercivety (Hc),
but Cu [18] decreases it.
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Figure 4. Curve (a) out-of-plane and curve (b) in-plane hysteresis
loops of sample (4). The high coercivity is due to the uniaxial
magnetocrystalline anisotropy of Llo-fct phase in the Fe-Pt
compound.
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4 Conclusions

The impacts of Ag presence on L1o-FePt nanoparticles
are as follows:

a) Reducing the transition temperature; the symptom of
this is the appearance of (001) and (110) peaks of L1o-
FePt structure, according to Fig. 2c.

b) Making Llp-FePt nanoparticles crystalline
directional, the signs increas in (001) to (111) and (002)
to (200) peaks intensity ratios [I(001)/I(111),
1(002)/1(200)] and difference of M(H) loops in two
directions.

¢) The annealing process in the presence of Ag gives
rise to the formation of FePt-Ag/Ag nanostructure,
according to Fig. 1d.

d) Reduction in the c lattice parameter of FePtAg; the
symptom of this is the shift of (001) peak from 26 = 24°
to 20 = 25° before annealing process, Fig. 2e.

e) Ag free electrons, inside nanoparticles, decrease the
distance of Fe atoms in the c direction of crystal lattice.
This is the result of decreasing the equilibrium distance
of magnetic atoms in the RKKY exchange interaction,
because the Ag free electrons increase the effective
value of the Fermi surface radius (kg). Therefore, the
change of the lattice constant (c) can appear in the (001)
peak shift.
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