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The magnetic properties and magnetization reversible processes of Ll FePt (3 nm)/Pb(Mg;/3Nb, /3)03—PbTi03
(PMN-PT) heterostructure were investigated by using the phase field model. The simulation results show that the magnetic
coercivities and magnetic domains evolution in the L1 FePt thin film are significantly influenced by the compressive strains
stemming from the polarization of single crystal PMN-PT substrate under an applied electric field. It is found that the
magnetic coercivities increase with increasing of the compressive strain. A large compressive strain is beneficial to aligning
the magnetic moments along the out-of-plane direction and to the enhancement of perpendicular magnetic anisotropy. The
variations of magnetic energy densities show that when compressive strains are different at the magnetization reversible
processes, the magnetic anisotropy energies and the magnetic exchange energies firstly increase and then decrease, the
negative demagnetization energy peaks appear at coercivities fields, and the magnetoelastic energies are invariable at large
external magnetic field with the energy maximum appearing at coercivities fields. The variations of the magnetoelastic
energies bring about the perpendicular magnetic anisotropy so that the magnetoelastic energy is lower at the large external
magnetic fields, whereas the appearance of magnetoelastic energy peaks is due to the magnetization-altered direction from
the normal direction of the plane of the L1 FePt thin film at coercivities fields.

Keywords: FePt, strain, magnetoelastic energy, phase field
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1. Introduction

L1y FePt nanostructures have been extensively studied
in many magnetic and magnetoelectric devices, such as late-
model heat assisted magnetic recording media,!'-3! perma-

[3-

nent magnets,>! and magnetic heterostructures, ®'31 due to

their large perpendicular magnetic anisotropy (PMA), excel-
lent chemical stability, and good corrosion resistance.!!4-19]
The dependence of PMA on the structural domain orientation
is vital to the performance of aforementioned applications.
Ordered L1y FePt thin films include three different orienta-
tions of the structural domains, one of which is out-of-plane
ordered structural domains (OPOSDs) and the other two are
in-plane ordered structural domains (IPOSDs). In general, the
OPOSDs are desired in microminiature devices. %! However,
not all of the structural domains are OPOSDs in the fabricated
L1 FePt thin films. In order to fabricate high-quality L1, FePt
thin films, many research groups conducted experimental stud-
ies on obtaining the designed OPOSDs by changing tempera-

ture, deposition pressure, segregants, deposition technique,?!!

DOI: 10.1088/1674-1056/27/7/077503

substrates,!>??! and so on. Among these, the misfit strain be-
tween the thin films and substrate can have a large effect on the
formation of the OPOSDs in L1 FePt thin films based on the
experimental measurements. Wang et al.!”! and Ho et al.!*]
measured the effect of misfit strains between the L1y FePt thin
films and substrate on the orientations of structural domains
by using a transmission electron microscope (TEM) based au-
tomated orientation imaging microscopy technique. The max-
imal volume of the OPOSDs can only reach 76%,!>2% and the
rest of the structural domains that result in the in-plane mag-
netic anisotropy need to be reduced in order to improve the
PMA in the L1 FePt thin films. One of the important factors
to reduce the volume of IPOSDs is to change the strain states
between the L1y FePt thin films and substrate. Many exper-
imental results!!:?%-2? showed that the large lattice mismatch
between the L1y FePt thin films and substrates can cause ten-
sile stress to the L1( FePt thin films, resulting in a large volume
of OPOSDs and a large PMA.

Nevertheless, one experimental work (>3] showed that the
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value of coercivities increased with the increase of the recov-
erable compressive misfit strain in the L1y FePt (3 nm) thin
film deposited on PMN-PT substrate. The reason is that when
the PMN-PT substrate is polarized under an applied electric
field, a recoverable strain is induced by a converse piezoelec-
tric effect, which can pass on to the L1y FePt thin film and
thus manipulate the magnetic anisotropy of the film through
the converse magnetostriction effect. Their results>’ also
showed that when the electric field increased to +=10 kV/cm,
the value of the recoverable compressive strain can reach at
least to —0.06%.
the misfit strain variations affect the formation and volume
of OPOSDs in L1 FePt thin films, especially on the mech-
anism of magnetic domain evolution, which rely on ordered

Howeyver, there are few studies on how

structural domains influenced by strain variations in the ultra-
thin L1( FePt thin films.[>*! Accordingly, it is essential to in-
vestigate the mechanisms of the magnetic domain evolutions
and magnetic properties in the L1y FePt thin films under misfit
strains for future applications. To this end, we apply the phase
field simulation approach to study the effect of the recoverable
strain on the magnetic properties in the L1 FePt thin film.
The phase field method is a powerful tool to simulate the
magnetic domain structure evolution and the resultant proper-

[25-32] which provides use-

ties in various magnetic materials,
ful guidelines for a precise engineering of magnetic domain
structures in magnetic thin films.3>31 Although the L1y FePt
thin films are usually polycrystalline or doped for practical ap-
plications, a basic study on the single crystal L1 FePt thin
film deposited on single crystalline PMN-PT substrates can
give a better understanding to the physical mechanisms of the
strain-induced magnetic domain structure and properties.

In this work, in the light of the experimental work re-
ported in Ref. [23], the effect of the recoverable compressive
strains on the PMA, magnetic domains evolution, and out-of-
plane magnetic moments components in the single crystal L1g
FePt (3 nm) thin film were studied in detail by using the three-
dimensional phase field model based on Khachaturyan’s mi-
croelastic theory.

2. Phase field method

The vector magnetization M is chosen as the phase
field variable to describe the magnetic domain structures in
the L1y FePt thin film. The spatial and temporal evolutions
of M are controlled by the Landau-Lifshitz—Gilbert (LLG)

equation33-33
oM %
S M x H
o1 (1t a2y et
Yoo
— mM X (M X Heff)7 (l)

where 7}y is the gyromagnetic ratio and « is the damping
constant, with a value of 2.211 x 10° A~'-s~! and 0.1 in

this simulation, respectively. M = Mgm = M;(m,my,m3),
in which My is the saturation magnetization, and m; is
the direction cosine. Hg is the effective magnetic field,
and Hegr = —HoMsSEyora1/ 8 M, namely, (H Yy, HZp, HY;) =
_IJ'OMS((SEtotal/SMlv5Etotal/6M27 5Et()tal/6]\43)- Also,
Eiora is the total magnetic free energy of the L1 FePt thin
film, which is constructed as

Elolal = / [Eanis + Estat + Eexch + Eelas + Eexte] dV7 (2)

where Eqpis, Estat, Eexchs Eelas, and Eexie are the magnetocrys-
talline anisotropy energy, magnetostatic energy, exchange en-
ergy, magnetoelastic energy, and Zeeman energy, respectively.
The magnetoelastic energy Eej, is given as!33-3¢]

1
las pelas
Eelas = 3 / Ciju€; "™ dV

1 . i . i
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elas
0T
and 8,-‘;?‘*" is the total strain, while siej‘ &1 is the eigenstrain related
31-33]

where C;; are the elastic coefficients, € is the elastic strain,

to the local magnetization and given by!

3 1
=Moo (mimj - 3> ;o (i=1),

e =1 2 )
Elmmimj, (i #J),

where 4109 and A1) are the magnetostrictive coefficients.

The magnetoelastic energy is obtained through combin-
ing Khachaturyan’s elastic theory and constraint boundary
conditions as reported in Refs. [36] and [37]. The tempo-
ral evolution of the local magnetization is obtained by solv-
ing the Landau-Lifshitz—Gilbert (LLG) equation. The size of
L1 FePt thin film is 256 nm x 256 nm x 3 nm. The time
step for integration is 2.4 x 10713 s. The following parame-
ters were used in the simulation in consistence with the ex-
perimental work:[>3] the saturation magnetization M of the
L1p FePt thin film is 1140 emu/cc, the magnetic anisotropic
constant K, is taken as 1.64 x 103 erg/cc, the exchange con-
stant Aey is 1.0 x 10710 J/m, the demagnetization factor N, in
the z direction is 1.0, the magnetostriction coefficient Ajqg is
70 x 107, 4411 is 0, and the elastic coefficient C;, Cj», and
Cy4 are 304 GPa, 223 GPa, and 107 GPa, respectively.

3. Results and discussion

The shape of magnetic hysteresis loops and magnetic co-
ercivities of the L1 FePt thin films play an important role in
determining the properties of magnetoelectrical microminia-
ture devices. Figure 1 shows the effect of compressive strain
on the magnetic hysteresis loops and magnetic coercivities
of the L1y FePt (3 nm) thin film. To compare the mag-
netic coercivities calculated by the phase field method with
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the magnetic coercivities measured by the anomalous Hall ef-
fect experimental method as reported in Ref. [23], area D in
the magnetic hysteresis of the L1y FePt (3 nm) thin film in
Fig. 1(a) is enlarged in Fig. 1(b), which shows that the mag-
netic coercivity is 2.885 kOe when the strain is 0. The sim-
ulated coercivity agrees well with the reported experimental
value of 2.88 kOe.[>’] The magnetic coercivity gradually in-
creases with decreasing strain from 0 to —0.06% and reaches
to 3.178 kOe when the strain is —0.06%.
magnetic coercivities can be attributed to the contribution of

The increase of

the magnetoelatic energy to the magnetic anisotropy energy
and will be explained later in the energy density analysis af-
ter afterwards. Table 1 shows the comparison between the
experimental >3 and calculated coercivities. It can be seen
that the simulated coercivities are consistent with experimen-
tal results. The minor differences might have originated from
the inhomogeneous microstructure of the fabricated L1y FePt
thin film. It is worth mentioning that the magnetic coerciv-
ities calculated by the phase field method decrease with the
increasing tensile strains. Thus the magnetic properties of the
L1y FePt thin films can be effectively regulated by using ten-
sile or compressive strains.

Table 1. Comparison of the magnetic coercivities of the L1y FePt
(3 nm) thin film between the experimentalm] and the simulation re-
sults.

Strain/% 0.00 -0.02 -0.03 -0.04 -0.05 -0.06
Experimental coercivities/kOe 2.880 2.983 3.076 3.105 3.127 3.145
2.885 2.988 3.037 3.085 3.130 3.178

Simulated coercivities/kOe

Figure 2 shows the magnetic domain structures corre-
sponding to the points A, B, C, D, E, and F in the simu-
lated hysteresis loops of the L1y FePt (3 nm) thin film with
the strain of —0.06% in Fig. 1(a). In each of the figures of
the magnetic domain structures, the upper part is the plane-
view image and the bottom part is the cross-section image
of the magnetic domain structures in L1 FePt thin film and
PMN-PT substrate. Figure 2(a) shows that the magnetization
is perpendicular to the in-plane direction of the L1y FePt thin
film. When the switching magnetic field is —1.5 kOe (point
B), the magnetization reverses from the [001] direction and
forms the [101], [101], [011], and [011] magnetic domains, as
shown in Fig. 2(b). Figure 2(c) displays that 50.6% of the
statistical [001] magnetic domain volume has deviated from
[001] direction, while, [101], [101], [011], and [011] magnetic
domain structures are increasing, and [111], [111], [111], and
[111] magnetic domain structures are forming with the switch
magnetic field increased to —2.0 kOe (point C). It can be seen
that the magnetization lies in a random state, and the [001] and
[001] magnetic domains are merely around 3% of the magnetic
domain volume, as presented in Fig. 2(d), when the switch
magnetic field reaches the coercivity —3.178 kOe (point D).

In Fig. 2(e), the [001] magnetic domain increases when the
switch magnetic field increases to —12.0 kOe, and [011], [011]
magnetic domains have not finished reversing to the [001] di-
rection. Finally, when the switch magnetic field increases to
the saturated field —20 kOe, the magnetization completely re-
verses to the [001] direction, as indicated in Fig. 2(f).

1.0
(a)
1.0F 09 5
- 7222278 A
Sost  f===C
=
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IS sy s W
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E 0
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—— strain —0.02%
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=
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—A— strain —0.03%
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1
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Fig. 1. (color online) (a) Simulated magnetic hysteresis loops and (b)
the enlargement of area D in the hysteresis loops of the L1y FePt (3 nm)
thin film with different compressive strains produced by the PMN-PT
substrate under the applied electric field.

0.025 F / (b)

—0.025E
—-3.4

—2.6

Figure 3 shows the evolution of simulated magnetic do-
main structures of the L1y FePt (3 nm) thin film in different
magnetization reversible processes with different compressive
strains under the same switch magnetic field H = 2.0 kOe
(point C). The magnetic domain structures in Figs. 3(a)-
3(f) correspond to the point O, P, Q, R, S, and T in inset
of Fig. 1(a), respectively. Figure 3(a) shows that the volume
fraction of the [001] magnetic domain is 29.3% without any
compressive strain, which means 70.7% of the volume frac-
tion of the [001] magnetic domain changes into other orien-
tation magnetic domains. When there is a trivial compressive
strain —0.02% acting on the L1y FePt thin film, the volume
fraction of the [001] magnetic domain is 35.1% as displayed in
Fig. 3(b). The volume fraction of the [001] magnetic domain
increases from 38.6% to 49.4% when the compressive strain
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changes from —0.03% to —0.06%, as shown in Figs. 3(c)-
3(f). It demonstrates that when the compressive strain be-
comes larger, the reversal of the magnetization along the [001]
direction becomes slower. In other words, it establishes that
when the compressive strain increases, the magnetization per-

pendicular to the L1y FePt thin film plane inclines to align to
the [001] direction and reverses tardily compared to the one
without compressive strain. This can be explained by consid-

ering the magnetic energy contribution to the L1y FePt thin
film.

1 [100] [ [1oo]

- [o10] [010]
B 00y [001]
- [110] [110]

[011] [017]

o o1 [ (1o

W [o1) [101]
B 0 [110]
B 011 [ [o1y
(111] [ 11
| oy iR
[111] [111]

e s [l o1y [l 0

Fig. 2. (color online) Simulated magnetic domain structures, (a)—(f) correspond to the points A—F in the hysteresis loops of the L1

FePt (3 nm) thin film when the compressive strain is —0.06%.

[010]
[001]
il (o
[0171]

- [101]

[101]
[110]
P o1
| 55
- [111]
[111]

| oy O

Fig. 3. (color online) Simulated magnetic domains structures of the L1y FePt (3 nm) thin film with the same reversible magnetic field H =
2.0 kOe but different compressive strains, (a) 0.00%, (b) —0.02%, (c) —0.03%, (d) —0.04%, (e) —0.05%, and (f) —0.06%, corresponding to

the points O, P, Q, R, S, and T in Fig. 1(a).

Figure 4 shows the effect of compressive strain on the
magnetic energy densities of the L1y FePt (3 nm) thin film at
various reverse magnetic fields (20 kOe to —20 kOe). Fig-
ure 4(a) shows that the external magnetic field energies in-
crease initially and then decrease with the external magnetic
field decreasing from 20 kOe to —20 kOe, and the energy max-

imum appears at —2.206 kOe. Figures 4(b) and 4(c) show that
the magnetic anisotropic energies and magnetic exchange en-
ergies are zero in the first place, and then gradually increase
from zero to a maximum when the magnetic field decreases
from 20 kOe to —3.0 kOe, which finally decrease to zero
with the magnetic field decreasing from about —3.0 kOe to
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—20 kOe. The reason is that the [001] axis is an easy magneti-
zation direction in the L1¢ FePt thin film. When the magnetic
fields are large, the magnetic anisotropic energies and mag-
netic exchange energies are lower for the energy minimization;
when the magnetic fields decrease to the coercivities, the mag-
netic moment deviates from the easy magnetization direction
and the magnetic exchange interaction between magnetic mo-
ments becomes large. Figure 4(d) shows that the demagnetiza-
tion energies have the largest values when the magnetization is
perpendicular to the plane of the L1 FePt thin film along the
external magnetic field direction. They start to decrease when
the magnetization deviates from the normal direction of the
L1( FePt thin film and increase again as the magnetization in-
clines to align perpendicular to the plane of the L1y FePt thin
film. Figure 4(e) displays that the magnetoelastic energy is
zero when there is no compressive strain on the L1g FePt thin
film under the switching of the magnetic field changing from
20 kOe to —20 kOe. However, when there are different com-
pressive strains acting on the L1 FePt thin film, the magnetoe-
lastic energies are constant at high external magnetic fields and

the energies peak values appear at coercivities fields, because
the magnetoelastic energy can induce a PMA. Thus the mag-
netoelastic energy is lower when the applied magnetic field is
larger, and energies peak values show up as magnetic moments
in the L1 FePt thin film deviate from the normal direction in
the magnetization reversible processes. Moreover, differences
of magnetic energies are negligible among different compres-
sive strains, which range from 0 to —0.06%, except magnetoe-
lastic energies. The magnetoelastic energy in the L1 FePt thin
film increases by leaps with compressive strain strengthening
due to the increase of compressive stress in the L1y FePt thin
film, which is also ascribed to the fact that the magnetoelastic
energy affects the magnetic anisotropy so that the distribution
of the easy magnetization axis is changed. The total magnetic
energies are shown in Fig. 4(f), which determine the reversible
magnetization processes. Therefore, the magnetization even
inclines to align perpendicular to the plane of the L1y FePt
thin film and perpendicular anisotropy is improved when the
compressive strain becomes large.

0.16 1.0
7 0.75 r(a) external field energy] (b) anisotropy energy (c) exchange energy
Q
o -
o0 0.12 0.8
5 of
b 0.6
i L ]
= 075 008 |
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g
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N 0.2}
20
g —2.25¢ 0.00 00k
Lﬂ 1 1 1 1 1 1 1 1 1
i 1.00 0.10
g (d) demagnetization energy (e) magnetoelastic energy (f) total energy
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Fig. 4. (color online) Calculated magnetic energies densities of the L1p FePt (3 nm) thin film in magnetization reversible processes with
different compressive strains. (a) External field energies, (b) anisotropy energies, (c) exchange energies, (d) demagnetization energies, (e)

magnetoelastic energies, and (f) total energies.

4. Conclusion

We apply the three-dimensional phase field model to
study the effect of compressive misfit strains on the magnetic
properties and magnetization reversible processes of the Llg
FePt (3 nm) thin film. Results show that the magnetic co-
ercivities increase with the decrease of compressive strains
from 0% to —0.06%, which agrees well with the experimen-

tal results.[?3

I The evolution of the magnetic domain structure
of the L1g FePt thin film under a compressive strain —0.06
shows that the magnetization changes from [001] single do-
main to multidomain, and then to [001] single magnetic do-
main at the reversible magnetization processes. The magneti-
zation perpendicular to the L1o FePt thin film plane inclines to

along the [001] direction and reverses tardily when the com-
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pressive strain becomes larger. The calculated magnetic en-
ergy densities show that the main reason for the increase of
coercivities as the compressive strain increases is the enhance-
ment of magnetoelastic energy. When different compressive
strains act on the L1 FePt thin film, the magnetoelastic ener-
gies are constant at a high external magnetic field and the en-
ergies peak values appear at the coercivities field, which is due
to the fact that magnetoelastic energy induces the PMA, thus
causing the magnetoelastic energy lower at the larger applied
magnetic field. Meanwhile, when the magnetization deviates
from the normal direction of the plane of the L1y FePt thin
film, the energies peaks appear in the magnetization reversible
processes.
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