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Abstract—FePt thin films are made via the heat treatment of structures containing Pt (001) and Fe (001) epi-
taxial layers. X-ray spectral analysis and field-emission scanning electron microscopy show that the samples
contain the cubic L1,—Fe;Pt phase and the tetragonal L1)—FePt phase. The magnetic anisotropy of the thin
films is studied by ferromagnetic resonance and magnetometric methods. The contributions from the cubic
and tetragonal phases to the ferromagnetic-resonance spectrum of the sample are distinguished. The key
characteristics of thin films which determine their practical applicability are determined: the Gilbert damping

parameter G ~ 0.4, the first and second crystal anisotropy constants K, ; = —4.08 % 10%erg/cm?, K, =134 x

10° erg/cm?, Ky =-9.76 x 10* erg/cm?.
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INTRODUCTION

Traditionally, ferromagnetic resonance (FMR) is
successfully applied in investigations of thin ferromag-
netic films [1]. This method allows the basic charac-
teristics of a material to be measured: damping param-
eter, gyromagnetic ratio, and magnetic anisotropy
constants, which determine its applicability. For
example, spin-transport heterostructures benefit from
a low damping parameter, because it allows a decrease
in the current of magnetization switching of the free
layer (and hence the power consumption) and
increase in the signal-to-noise ratio [2, 3]. On the con-
trary, the read heads of memory devices using magne-
toresistive sensors should possess a high value of the
damping parameter to improve the thermal stability of
these devices [3, 4]. The magnetic-anisotropy con-
stant is critical for materials from which memory
devices are made. Increasing the data recording den-
sity is achieved by decreasing the size of domains,
which correspond to individual bits. If the domain is
too small, then the energy of thermal fluctuations may
exceed the magnetic-anisotropy energy, which will
result in flipping of the magnetization vector and loss
of information. Materials with a high value of the mag-

netic anisotropy are needed to avoid spontaneous
relaxation.

The tetragonal phase of L1,—FePt iron—platinum
alloy is one of the materials of this kind. Its magnetic
anisotropy constant is larger than 107 erg/cm? [5]. In
principle, this is enough to make a bit size as small as
3 nm and achieve an information density of more than
1 Tb/inch? [6, 7]. Moreover, the easy magnetization
axis of thin films of FePt is normal to its surface (so
called perpendicular magnetic anisotropy) [7], which
allows its use in the perpendicular magnetic recording
technology, when bits are magnetized normally to the
surface of the film medium. This technology provides
a way to achieve superdense information recording.

Earlier, torque curves for FePt films were measured
on a torsional magnetometer [8, 9]. The torque curves
in the planes showed that there was a special type of
anisotropy in FePt films (rotational magnetic anisot-
ropy), which can be characterized by a shift £, of
the rotational torque when the magnetic field is
rotated clockwise (+) and anticlockwise (—) [8]. Rota-
tional magnetic anisotropy is notable for the fact that
the orientation of the easy magnetization axis can be
“adjusted” using an external magnetic field [8, 10]. As
a rule, rotational magnetic anisotropy is caused by the
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Fig. 1. X-ray spectrum of thin films of FePt.

presence of stripe-domains [11, 12]. In ferromagnetic
films of FePt the rotational magnetic anisotropy may
be due to the exchange interaction between the L1,—
FePt and L1,—Fe,;Pt phases [8].

This paper presents the results of FMR and magne-
tometric studies of the magnetic anisotropy of FePt
thin films, which were obtained by the heat treatment
of heterostructures containing epitaxial layers of
Pt(001) and Fe(001) [8]. The aim of the work is to sep-
arate the contributions from the cubic phase L1,—
Fe,Pt and tetragonal phase L1,—FePt to the FMR
spectrum and to determine the basic properties of
FePt thin films (damping parameter and magnetic-
anisotropy constant), which define its possible practi-
cality.

EXPERIMENTAL

Thin films of FePt were synthesized in several
steps. First, a two-layer heterostructure Pt/Fe was
created by consecutive thermal deposition onto a sin-
gle-crystal substrate made of MgO(001). Then the
obtained heterostructure Pt(001)/Fe(001)/MgO(001) was
subject to step-by-step annealing in vacuum (10~° Torr) at
temperatures from 400 to 800°C in steps of 50°C and
an exposure time of 90 min. The formed phases were
identified using a DRON-4-07 diffractometer
(Fig. 1). The method of preparation and attestation of
the samples is described in detail in [8]. In particular,
it was found in [8] that annealing at 500°C facilitates
the appearance of an intermediate layer consisting of
two phases on the Pt(001)/Fe(001) interface: the
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Fig. 2. Image of the surface of the FePt thin film obtained
using a scanning electron microscope.

ordered cubic phase L1,—Fe;Pt and the non-stoichio-
metric tetragonal phase Ll;—FePt. Thus, the
Pt(001)/(Fe;Pt + FePt)/Fe(001) heterostructure was
investigated in the present work.

The morphology of the FePt thin films was studied
using a Zeiss SUPRA 25 field-emission scanning elec-
tron microscope. The sample has a nonuniform,
grained microstructure (Fig. 2). Two types of grains
are observed on its surface: bright spots with a typical
size of 20 nm and dark spots with a typical size of
100 nm. We can suppose that these grains arise due to
the formation of two phases: the ordered cubic phase
L1,—Fe;Pt and the nonstoichiometric tetragonal
phase L1,—FePt.

The dependences of the magnetic moment of the
FePt thin film on the magnetic-field intensity were
measured using the method of vibrational magnetom-
etry by a multipurpose measuring system PPMS-9
(Quantum Design) with a superconducting magnet.
The measurements were carried out at a temperature
of 7= 300 K in magnetic fields up to 90 kOe in two
orientations: with the film plane parallel or perpendic-
ular to the magnetic-field lines.

The dependences of the FMR spectrum in the
FePt thin film on the angle 6 between the film normal
and the constant magnetic field at 7= 300 K were
acquired using a Bruker ELEXSYS-II E500 electron-
paramagnetic-resonance  spectrometer (X-band,
9.4 GHz) equipped with an ER4103TM cylindrical
resonator. The FMR spectra were recorded with a
super-high frequency field power of 0.63 mW and a
modulation amplitude of 5 Oe, which provided the
absence of resonance saturation effects. The fre-
quency of the magnetic-field modulation was
100 kHz. The orientation dependence of the FMR
spectra was measured with the aid of an ER 218PG1
programmable goniometer. Rotation of the FePt films
was achieved by rotating the substrate about the [110]
axis. The FMR spectra were obtained as dependences
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Fig. 3. Field dependences of the magnetization of the FePt
thin film. Filled symbols correspond to the film plane ori-
ented parallel to the magnetic field; empty symbols corre-
spond to the perpendicular orientation. The vertical
dashed line points to the effective magnetic field Hg.
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Fig. 4. FMR spectra of the FePt thin film at different ori-
entations of its plane relative to the magnetic field. Reso-
nance peaks are marked with numbers.

of the first derivative of the absorbed power with
respect to the magnetic field (dP/dH) on the value of
the magnetic field, which varied from 0 to 10 kOe.

RESULTS AND DISCUSSION

Figure 3 shows the field dependences M(H) of the
FePt-thin-film magnetization measured at two orien-
tations of the magnetic field: parallel and perpendicu-
lar to the film plane. The shape of the M(H) curve is
typical of a ferromagnetic with prominent magnetic
anisotropy. The field value at which both curves coin-
cide is the effective field in the sample, H = 22 kOe.
In turn, it consists of two components: the demagne-
tizing field (4mwM,) and the anisotropy field H, [13].

DMITRIEV et al.

The magnetic-anisotropy field was estimated as H, =
6.7 kOe based on the saturation magnetization M, =
1220 emu/cm® (Fig. 3). Using the relation H, =
2K/ M, we can estimate the magnetic-anisotropy con-

stant as K= 4.07 x 10° erg/cm?. The values of the sat-
uration magnetization and magnetic-anisotropy con-
stant differ remarkably from those observed in Fe films
[14] and are close to the corresponding values for the
nonstoichiometric tetragonal phase Ll,—FePt. A
noteworthy fact is the value of K obtained here which
is smaller than the known value >107 erg/cm?. This
can be due to the presence of a soft-magnetic, weakly
anisotropic cubic phase L1,—Fe;Pt and/or partial
amorphization of the sample. The magnetization
curves M(H) recorded in the film plane (Fig. 3) show
a “step” ending at H = 10 kOe. Peculiarities of this
kind on the M(H) dependences were observed earlier
in other systems consisting of a mix of a hard- and
soft-magnetic phases [15]. In order to separate the
contributions of these phases to the net magnetic
moment, a procedure described in [15] can be used;
however, using the FMR technique is more effective.

The FMR spectra recorded in the FePt thin film at
different orientations of the constant magnetic field
with respect to its plane is shown in Fig. 4. A spectrum
contains two lines at resonance frequencies near
0.6 kOe (line /) and 2 kOe (line 2). The mentioned
values of H,. correspond to the angle 0 = 30° between
the film plane and the constant magnetic field. The
width AH and resonance field H,, of both lines depend
on the orientation of the film plane relative to the con-
stant magnetic field, and their shape is typical of FMR.
At 0 — 0° the value H, tends to H.;= 22 kOe, and thus
spectra could not be recorded at small angles because
the resonance field was outside the magnetic-field
sweep range (from 0 to 10 kOe). The integrated inten-
sity of line 2 is almost one order of magnitude larger
than the intensity of line /. High saturation magnetiza-
tion points to the fact that the main phase of the sample
is the tetragonal L1,—FePt phase, and hence it is reason-
able to assign line / to the cubic phase L1,—Fe;Pt, and
line 2 to the tetragonal phase L1,—FePt. The integral
contribution of line / (from the cubic phase L1,—Fe;Pt)
is little, and thus we will discuss further only line 2
(from the tetragonal phase L1,—FePt). We note that
one could expect to observe a third line in the FMR
spectrum corresponding to pure Fe, which was not
involved in the solid-state chemical reaction. The
absence of it in the spectra means that the volume
fraction of pure Fe is negligible; this is proved also by
X-ray analysis (Fig. 1).

To determine the contribution of line 2to the FMR
spectrum, it was approximated (Fig. 5). The motion of
the magnetization vector M in solids, allowing for dis-
sipation, is described by the Landau—Lifshitz—Gil-
bert equation [16]:
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where v is the gyromagnetic ratio, H. is the effective
magnetic field, G is the relaxation Gilbert parameter
(damping parameter) which is related to the FMR line
width and the resonance field: G = AH/H, [12].
Equation (1) corresponds to a resonance-line shape
described by the following equation [16]:

()
><([(H H.)' + AH'][(H + H,))" + AH’ ]j

where AH is the FMR line width and H, is the reso-
nance field. The FMR spectrum in the FePt thin film
was approximated by the sum of two lines given by Eq. (2)
(Fig. 5). The values of H,.,and AH for each orientation of
the thin film were determined from the approximation.
With the values found this way (H,., ~ 822 Oe and AH ~
387 Oe, obtained for 6 = 90°), we can estimate the Gil-
bert relaxation parameter to be G, ~ 0.4.

The dependence of the resonance field H,., of
FMR line 2 in the FePt thin film on angle 0 is plotted
in Fig. 6. The orientation dependence H,.(0) is caused
by the magnetic anisotropy. Usually a rotating field
H., (field of rotational anisotropy) is introduced in
papers dedicated to FMR studies of rotational mag-
netic anisotropy, which expresses the energy of the
rotational magnetic anisotropy in units of magnetic-
field intensity. The orientation dependence H,.(0) is
fitted by the correlation Hyy, = Hy,c0820 + H, [17].
Here H,y, is the dynamic field of the magnetic anisot-
ropy, measured by the FMR method (it is equivalent
to the resonance field H,.); H, is the static field
defined by the contribution of the crystalline anisot-
ropy. The H,, term is angle independent since rota-
tional magnetic anisotropy does not depend on the
crystalline field or spin-orbit interaction. An attempt
to approximate the dependence H,.(0) by the expres-
sion for Hgy, is shown in Fig. 6 by a light curve. The
values of the static and dynamic magnetic-anisotropy
fields determined from the approximation are Hg, =
1.7 and H,y,, = 1.9 kOe, respectively; thus, the contri-
bution of rotational magnetic anisotropy can exceed
50%. We note also that the expression for H,, pro-
vides low-quality fitting of the dependence H,.((0) (see
Fig. 6); at least, this approximation is notably worse
than in other investigations. Therefore, in what follows
we decided to use a traditional procedure to analyze
the magnetic anisotropy in magnetic films.

The dependence of the resonance field for a ferro-
magnetic film having tetragonal symmetry on the
polar O and azimuthal ¢ angles, taking into account
the first (K, Kj)) and second (K5, , K5 constants of
crystalline anisotropy, can be derived from the free
energy which is given as follows [18]:

dP _ d_
dH ~ dH
AH(H + H2 + AH® )H
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Fig. 5. Experimental (dots) and calculated (curve) FMR
spectra in the FePt thin film at an angle of 30° between the
normal to its surface and a constant magnetic field. Reso-
nance peaks are marked with numbers.
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Fig. 6. Dependence of the resonance field of FMR line 2
in the FePt thin film on the angle between the normal to
its surface and a constant magnetic field. Approximation
results are plotted as solid lines.
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The resonance angular frequency ® is written as

follows [14]:
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where Ey, E,, Egy, Eyy, Egy are the first and second
partial derivatives of the free energy (3) with respect to
the corresponding angles. Differentiation of Eq. (3) and
substitution of the derivatives in (4) yields an expression
showing the angular dependence H,.(0) as an implicit
function. It is rather cumbersome and hence is not written
here. Approximation of the experimental dependence of
the resonance field H,. of line 2 on the angle 6 gives the
following values of the constant of crystalline anisotropy:
K, =—4.08 x 10°, K;, = 1.34 x 10°, and Ky =-9.76 x
10* erg/cm? (dark line in Fig. 6).

CONCLUSIONS

The magnetic anisotropy in thin films of FePt was
investigated by FMR and magnetometric methods.
The FMR spectrum was found to contain two aniso-
tropic resonance lines, one of which corresponds to
the cubic phase L1,—Fe;Pt, and the other belongs to
the tetragonal phase L1,—FePt. Approximation of the
spectra based on the Landau—Lifshitz—Gilbert equa-
tion allowed determination of the Gilbert damping
parameter G, ~ 0.4. The dependence of the FMR line
position H, of the tetragonal phase on the polar angle 6
was studied. Approximation of H,_(6) by the corre-
sponding equation yielded the first and second constants
of magnetic anisotropy: K, = —4.08 x 10°, K,, =
1.34 x 10%, and Ky = —9.76 x 10* erg/cm’. The con-
tributions of crystalline anisotropy and shape anisot-
ropy of the FePt thin films were distinguished.
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