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The thickness dependent spin—orbit torque (SOT) in an L1y-FePt single layer is investigated in this work. As the
thickness increases from 8 nm to 16 nm, the magnetization switching ratio in the L1g-FePt film with higher chemical
ordering becomes smaller. It is noted that compared with 3-nm-thick L1¢-FePt film, 8-nm-thick L1y-FePt film can switch
much magnetization with the increase of chemical ordering. When the FePt film is thick enough, the SOT in FePt is closely
related to the L1g-ordered structure, which indicates a bulk nature. Therefore, the disordering plays an important role in
the magnetization switching only for the ultra-thin FePt films, while the structural gradient may play an important role for
thicker films. However, both of the two mechanisms cannot fully explain the process of magnetization switching and the
spin current generation. Although many factors influence SOT, here in this work we emphasize only the bulk nature of
strong SOC in L1y-FePt through density functional theory calculations, which should generate large spin current due to

spin Hall effect.

Keywords: spin—orbit coupling, magnetic anisotropy, spin transport effects
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1. Introduction

In order to read or write the information in advanced
technologies such as magnetic random access memories
(MRAMEs), it is necessary to achieve a fast magnetization
reversal. In a conventional MRAM, the magnetization is
switched by the magnetic fields created by currents in nearby
conductors, which are known as Oersted fields. However,
nowadays, many research laboratories are dedicated to inves-
tigating current-driven magnetic dynamics since it is more ef-
fective to switch magnetization by spin-torques rather than
magnetic field. In ferromagnetic materials or heterostructures,
the electronic carriers can transfer their angular momentum to
the lattice through spin current, leading to spin-torques, and
the transfer rate is equal to the rate of change of angular mo-
mentum in the lattice. In the past few years, the current in-
duced magnetization switching in magnetic materials and het-
erostructures with strong spin—orbit coupling (SOC) presented
a new way to read and write information by the spin—orbit
torque (SOTs). It can provide efficient technique to switch
magnetization in many classes of materials, including fer-
romagnets (FM),['~#! antiferromagnets, > ferrimagnets,’]
magnetic insulators,® and magnetic multilayers.!! In these
material systems, even an initially unpolarized current can pro-

duce an exert torque, if it becomes spin polarized via spin Hall

DOI: 10.1088/1674-1056/ac0a62

effect (SHE) or Rashba—Edelstein effect. 1911 When an elec-
tric current passes through a material that contains spin—orbit
scatterers, there can be a spin accumulation at the surface. The
spin—orbit scatters originate from intrinsic or interfacial SOC,
which is known as the SHE or the Rashba—Edelstein effect
respectively.[!7-23]

Currently, the researches of SOT focus mainly on
FM/HM bilayer (or multilayer) structures.?%2”1 However, it
largely restricts the selection of materials for the practical ap-
plication. To cope with these issues, studies about SOT in sin-
gle FM layers have attracted more and more attention.2%2°]
For practical applications, the bulk perpendicular magnetic
anisotropy (PMA) L1y-FePt has been widely used as a per-
manent magnet in many kinds of instruments where its excep-
tional corrosion resistance, ductility, machinability and good
high-temperature performance justify the high cost.**-321 On
the other hand, an efficient magnetization switching is highly
desirable for the further advancing of modern information
technologies. Recently, we have investigated the self-induced
SOT in the L1y-FePt single layer with the same thickness
(3 nm) but with different disordering. We have found that
nearly full magnetization switching happens only in more dis-
ordered films, and the magnetization switching ratio becomes
smaller with increasing L1, ordering. >3 However, Tang et al.
have also found self-induced SOT in the L1o-FePt single layer,
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but they have ascribed it to the composition gradient along the
normal direction of the film.[34] Therefore, the mechanisms for
magnetization switching are far from fully studied.

In this work, we further investigate the SOT of the L1¢-
FePt single layer with different thickness and growth temper-
atures. We find that the magnetization switching ratio in L1¢-
FePt film with high chemical ordering becomes smaller with
thickness increasing from 8 nm to 16 nm. It is noted that
compared with 3-nm-thick L1g-FePt film, 8-nm-thick L1g-
FePt film can switch much magnetization with the increase
of chemical ordering. When the FePt film is thick enough,
the SOT in FePt is closely related to the L1g-ordered structure,
which indicates a bulk nature. Therefore, the disordering plays
an important role in the magnetization switching only for the
ultra-thin FePt films, while the structural gradient may play
an important role for thicker films. However, both of the two
mechanisms cannot fully explain the process of magnetization
switching and the spin current generation. Although many fac-
tors influence SOT, here in this work we emphasize only the
bulk nature of strong SOC in L1y-FePt through density func-
tional theory calculations, which should generate large spin
current due to SHE.

2. Materials and methods

The L1y-ordered FePt films with different thickness were
epitaxially grown on MgO (001) substrates by high vacuum
magnetron sputtering, in which the Fe and Pt atoms were sput-
tered simultaneously by co-sputtering from Fe and Pt elemen-
tal targets at an elevated temperature. After deposition, the

samples were annealed by 2 h in situ at the same temperature
to promote the formation of the L1y phase of FePt alloy, and
then the films are cooled down to room temperature in situ. In
order to prepare FePt films with different chemical ordering,
the growth temperature 7; is adjusted in a range from 350 °C
to 450 °C for different samples in our study.

3. Results and discussion

The different thickness of Llo-FePt films with 7, =
450 °C are confirmed by x-ray reflectivity (XRR) as shown
in Fig. 1(a). And the roughness values of films are all less
than 0.31 nm from the results of XRR. Figure 1(b) shows
the structure characterization of these four samples through x-
ray diffraction (XRD) measurements. As shown in Fig. 1(b),
with the thicknesses increasing, the fct (001) and the fct (002)
peak in the spectrum of FePt film become more obvious. The
chemical ordering S can be calculated from the intensities of
(001) peak and (002) peak.!?>31 The values for these four
samples with different thicknesses are all higher than 0.75, in-
dicating the high chemical ordering. Figure 1(c) shows the
magnetic hysteresis loops for 16-nm-thick L1g-FePt film at
T, = 450 °C, measured by VSM, which shows an evident
bulk PMA. The saturated magnetization Mg and the coerciv-
ity fields H¢ of the L1y-FePt films with different thicknesses
at Ty = 450 °C are shown in Fig. 1(d). The M5 keeps around
1000 emu/cc—1050 emu/cc with varying thickness, and the
H decreases with the thickness increasing, which may stem
from the weaker pinning effect due to lower defect density for
thicker FePt.[34]
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Fig. 1. (a) Curves of x-ray reflectivity of L1o-FePt films grown at 450 °C with different thicknesses. (b) XRD patterns of L1y-FePt films grown at
450 °C with different thicknesses. (c) In-plane and out-of-plane magnetic hysteresis loop of 16-nm-thick L1(-FePt film grown at 450 °C. (d) Mg and

H( versus thickness of the L1y-FePt films grown at 450 °C.
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Fig. 2. (a) SEM image of Hall bar along with the definition of the coordinate system used in this study. (b)-(d) Magnetic field dependence of anomalous
Hall resistance (R—H) and current-induced magnetization switching behaviors (R—I) for L1, FePt films grown at 450 °C with varying thickness from
8 nm to 16 nm. (e) Magnetization switching ratio versus thickness. The unit 1 Oe=79.5775 A-nm~!.

After depositions, the films are prepared into Hall bar
devices for electrical measurement by using electron beam
lithography and Ar ion milling. The scan electron microscopy
(SEM) image of the Hall bar of 20 pmx 120 pum along with
the definition of the coordinate system used in our study is
shown in Fig. 2(a). The current-induced magnetization switch-
ing behaviors in L1y-FePt films with different thicknesses are
measured by using a non-zero in-plane field along the X direc-
tion. The current-induced switching loops are compared with
the loops of magnetic field dependence of anomalous Hall re-
sistance at room temperature, and the results are shown in
Figs. 2(b)-2(d). Compared with the Hall resistance, only a
partial magnetization can be found to be switched in the L1¢-
FePt films.

We summarize the variation trend of magnetization
switching ratio with thickness as shown in Fig. 2(e). It is found
that smaller part of magnetization can be switched with thick-
ness increasing, except for the ultra-thin L1y-FePt film (3 nm).
In our previous study, the SOT in ultra-thin L1p-FePt films
was investigated,**! in which we found that nearly full mag-
netization switching happens only in more disordered films,
and the magnetization switching ratio becomes smaller with
the increase of L1 ordering.*3] Here, with thickness increas-
ing, the structural gradient as discussed by Tang et al. can
play a more important role, where the current-induced magne-
tization switching efficiency and the quantified effective mag-
netic fields increase with the augment of film thickness and
chemical ordering in FePt.3#! Therefore, the switching ratio
is higher in 8-nm-thick film than in 3-nm-thick film. How-
ever, with further increasing thickness, the switching ratio de-
creases as shown in Fig. 2(e), which is opposite to the results
in Ref. [34]. It indicates that more factors should be taken
into consideration for SOT of single L1o-FePt film. Here, the

possible mechanisms result from the difference in different in-
terfacial strain and grain sizes of FePt films with varying thick-
ness. The reduced grain size in relatively thin film can lead to
lower energy barrier for domain nucleation, thereby enhancing

the switching ratio.
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Fig. 3. (a) X-ray diffraction of 8-nm-thick L1o-FePt films grown at 380 °C
and 450 °C, (b) variation of magnetization switching ratio with growth tem-
perature for 8-nm-thick FePt film.

Here, we compare the mechanisms of disordering in our
previous work?3! with the structural gradient in Ref. [34].
Therefore, we focus on the SOT in 8-nm-thick FePt films
with different growth temperatures. We compare the XRD
pattern of 8-nm-thick FePt films at 7, = 380 °C with that at
T, = 450 °C as shown in Fig. 3(a) to calculate the chemical
ordering S. The values of chemical ordering S for 7; = 380 °C
and T, = 450 °C are 0.45 and 0.83 respectively. The variation
trend of magnetization switching ratio for the 3-nm-thick FePt
film!33! is opposite to that for the 8-nm-thick sample. On the
other hand, the overall changes of the values of magnetization
switching ratio with different values of 7 in 8-nm-thick L1g
FePt are not so great as that in 3-nm-thick film. It is believed
that more magnetization can be switched in the 8-nm-thick L1
FePt film with the increase of chemical ordering. Therefore,
when the FePt film is thick enough, the structural gradient can

107101-3
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play an important role and the SOT increases with the aug-
ment of film thickness and chemical ordering in FePt. On the
contrary, the disordering plays an important role in the mag-
netization switching only for the ultra-thin FePt films.

In order to further study the strength of SOT efficiency,
the harmonic Hall voltages of 8-nm-thick L1y FePt films with
different values of T, are measured with applying AC current
of 5 mA in an in-plane magnetic field, and the first and the
second voltage signals are detected by using two lock-in am-
plifiers at the same time. The results of 8-nm-thick L1¢-FePt
films with T; = 380 °C and 7, = 400 °C against in-plane mag-
netic field H, are shown in Fig. 4, in which the signals are
measured with M, > 0 and M, < 0. The second voltage sig-
nals against in-plane magnetic fields H, for 8-nm-thick L1o-
FePt films are too weak to be detected. The damping-like ef-
fective field Hp and field-like effective field Hf can be calcu-

lated from the following equation: 3381

Hy )y £28Hqy,

Hpp) = *2W, (1

where & is the ratio of planar Hall effect resistance to anoma-
lous Hall effect resistance, and the planar Hall effect resistance
can be gained by the method from Refs. [38,39]. The values
of & for 8-nm-thick L1o-FePt film with 7, = 380 °C and with
Ty = 400 °C are 0.067 and 0.065, respectively. The =& signs

refer to the magnetization pointing £z. The Hy (1) can be cal-
culated from the following equation:

_ 9V /dHy)

Hym = =50—573 @)
Vo OH? |

After the calculations, Hp and Hg for 8-nm-thick L1y-
FePt films with T, = 380 °C are 0.43 Oe and 0.06 Oe re-
spectively. Hp and Hp for 8-nm-thick L1y FePt films with
T, = 400 °C are 0.67 Oe and 0.09 Oe respectively. As the
growth temperature increases, both Hp and Hp for 8-nm-thick
L1y-FePt film increase. However, their effective fields of this
magnitude are too small to fully explain the magnetization
switching of L1p-FePt. The results from the method of de-
riving the effective spin torque fields in the previous stud-
ies cannot fully explain the spin current generation and self-
induced SOT in L1(-FePt single layer.[**34 Therefore, many
factors can influence the SOT in L1¢-FePt single layer, and
the two mechanisms cannot fully explain the real magnetiza-
tion switching or spin current generation.333*] Here, we em-
phasize the bulk nature of strong SOC in L1y-FePt through
density functional theory calculations, which should generate
large spin current due to SHE even the process of magnetiza-
tion switching will also be influenced by complicated factors
such as disorder, interfacial strain and structural gradient.
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Fig. 4. Plots of first Vi, and second V¢ harmonic Hall voltages against small in-plane external field H, in FePt films with 7; = 380 °C [(a), (b)] and
400 °C [(c)—(d)]. The black and red signals are measured with out-of-plane magnetization component M, > 0 and M, < 0, respectively.

Our density functional theory calculations are per-
formed by employing the Vienna ab initio simulation pack-
age (VASP)#0! through using the projected augmented wave
(PAW) method.[*!] The generalized gradient approximation

(GGA) of Perdew—Burke—Ernzerhof (PBE) parametrization
for the exchange-correlation functional*>*3! is adopted. The
cutoff energy of 450 eV is used for plane wave expansions of
electron wave functions. During structure optimizations, all
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atoms are fully relaxed until the Hellmann—Feynman forces
on them along each direction are less than 0.01 eV/A. The
iron 3d®4s? and platinum 5d°6s! electrons are treated as va-
lence electrons. The 30x30x30 Monkhorst—Pack**! k-point
meshes are employed for integration over the Brillouin zones
of primitive cell. We focus on FePt in the chemically ordered
L1y phase (space group P4/mmm). The calculated lattice con-
stants of FePt are a = b =13.86 A and ¢ = 3.77 A, respectively,
which are in good agreement with the experimental values of
3.94 A and 3.76 A. In our calculations, the assumption is made
that the ground state of FePt is ferromagnetic phase, and the
magnetization is contributed from Fe atom. The calculated
magnetization is 3.268 ug/Fe, which is consistent with the
experimental result. The electronic band structures of fer-
romagnetic FePt along the high-symmetry direction of the
Brillouin zone are calculated. Figure 5(a) shows the obtained
band structures with the SOC neglected, while figure 5(b)
represents the band structures including SOC based on the
parameter in VASP. The Fermi energy EF is set to be zero, and
indicated by a gray line. As shown in Fig. 5, the Fermi surface
of FePt is mainly formed by Fe 3d states. Comparing Fig. 5(a)
with Fig. 5(b), it is not difficult to find that under the effect of
SOC, the degeneracy of the energy band near the high symme-
try points Z, M, R, and X are all remarkably reduced, and the
energy band splits obviously. For example, at M point, the spin
orbit splitting is about 0.17 eV. It can be seen from Fig. 5(b)
that multiple energy bands cross the Fermi surface, and the
Fermi surface of 3D Brillouin zone is very complex. However,
owing to the SOC, 3d_2, 3d,,, and 3d,; orbitals make the most

® Fe-3d,, 1.0
Fe-3d,.

® Fe-3d,.

® Fe-3d.2 \
Fe-3d,2 0.5F

Fig. 5. Band structures of L1(-FePt based on density functional theory cal-
culations.

significant contributions near the Fermi surface. At R point,
the 3d > orbit forms a hole pocket; At X point, the 3d,, orbit
forms an electron pocket; and the energy bands of 3d,; and
3d, cross the Fermi surface at R point and M point, respec-
tively. Therefore, it is clear that the SOC effect is very strong
in FePt.

4. Conclusions

In summary, we have investigated the thickness depen-
dent SOT in L1o-FePt single layers. Comparing with 3-nm-
thick L1o-FePt film, much magnetization can be switched in
8-nm-thick L1¢-FePt films with the increase of chemical or-
dering. When the FePt film is thick enough, the SOT in
FePt is closely related to the L1g-ordered structure, which dis-
plays a bulk nature. However, the switching ratio decreases
with thickness further increasing, indicating that more factors
should be taken into consideration for SOT of single L1o-FePt
film. Although the disordering plays an important role in the
magnetization switching only for the ultra-thin FePt films and
the structural gradient may play an important role for thicker
films, the two mechanisms cannot fully explain the process of
magnetization switching or the spin current generation. Fi-
nally, we highlight the bulk nature of strong SOC in L1(-FePt
through density functional theory calculations. Therefore, a
large spin current can be generated from L1o-FePt film due to
SHE.
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