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The effect of stress anisotropy on ferromagnetic resonance frequency is investigated in ferromag-
netic/antiferromagnetic bilayers with exchange anisotropy and uniaxial magnetocrystalline anisotropy. The in-
tensity and the direction of applied magnetic field dependence of resonant frequencies are studied for differ-
ent stress anisotropies. It is shown that resonant frequency can be tunable by the intensity and the direction
of the stress anisotropy. Moreover, the easy axis and hard axis can be changed significantly by taking into account
stress anisotropy field and exchange anisotropy field. The jump phenomenon in the angular dependence of stress
anisotropy has been explained by analyzing the magnetization reversal processes.
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1. Introduction

Since the exchange bias between ferromagnetic (FM)
and antiferromagnetic (AFM) bilayers was discovered by
Meiklejohn and Bean in 1956 [1], this model system has
remained a very active research area, due to its applica-
tions in spintronic devices [2, 3] such as magnetic ran-
dom access memory [4-6]. These devices often exhibit
high stress when they are deposited on flexible substrate,
which could affect their static magnetic configuration
and propagation of spin waves [7—11]. However, most
of the investigations have focused on the interlayer cou-
pling and exchange bias [12-18]. Reports on the stress
anisotropy in literatures are more scarce [19, 20]. In fact,
the application of stress on the magnetic material can
change its magnetic properties and result in different
magnetic induction for a given magnetic field at a differ-
ent value of the applied stresses [21]. Its underlying phys-
ical phenomenon is still not completely clear. Ferromag-
netic resonance (FMR) [22] is an excellent tool for quanti-
tative determination of the interlayer exchange coupling
for different kinds of magnetic structures [23-26], and can
be used to better understand multilayer systems. Never-
theless, the dependence of FMR on the stress anisotropy
in multi-layers is not completely clear.

In our previous works [27-29], we have investigated
the dependence of spin-wave resonance frequency on
the surface anisotropy and the interlayer exchange cou-
pling by using the linear spin-wave approximation and
Green’s function method. The interlayer exchange cou-
pling is more important for the higher energy modes.
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The purpose of the present work is to investigate theoret-
ically the effect of the in-plane stresses on FMR behavior
in FM/AFM bilayers. The motivation is to show how to
obtain high and controllable FMR frequency.

The paper is organized as follows. The analytic deriva-
tion is obtained in Sect. 2. Section 3 discusses the ef-
fect of the exchange anisotropy field, the intensity and
the direction of the stress anisotropy field, the direction
of applied magnetic field on FMR frequency in ferromag-
netic/antiferromagnetic bilayers. Section 4 gives a sum-
mary and conclusion.

2. Model and calculation procedure

The system under research here are the coupled
bilayers. The geometry and coordinate system employed
in the study are shown in Fig. 1. The two films FM/AFM
are assumed to lie in the x — y plane, with the z axis
normal to the film plane. The exchange anisotropy
along the z axis is modeled in terms of an effective
field Hg. As indicated in Fig. 1, 8 and ¢ correspond
to the polar and azimuthal angles of the magnetization.
The direction of applied magnetic field lies on film plane
making an angle ¢y with the x axis. In this work,
we only consider in-plane stress, directed at angle o with
the = axis. We assume the magnetostriction of the two
films to be isotropic. With all these considerations,
the total free energy per unit volume in FM/AFM
bilayers can be explicitly written as

E
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Here the first two terms of Eq. (1) represent the Zee-
man energy and the interfacial exchange anisotropy
energy, respectively.  The third term is the effec-
tive anisotropy energy including the shape anisotropy
and out-of-plane uniaxial magnetocrystalline anisotropy
energy, and the fourth term is an in-plane uniaxial
anisotropy energy, which is defined by Hy = 2Kup (with
K, as the anisotropy constant) and taken to be along
y axis. The last term describes in-plane stress anisotropy
energy, o and As; denote the stress and magnetostriction
constant, respectively. For simplicity, the interaction of
the antiferromagnetic layer with the applied magnetic
field is assumed to be negligible. The equilibrium posi-
tion of the magnetization can be obtained from the first
derivatives condition 0E/96 = 0 and OE/J¢ = 0. It can
easily be seen that § = 7/2 is a solution of the equilib-
rium equation. The magnetization must lie on the film
plane. Its direction will be determined from the following
equation

Hsin(¢n — ¢) =

H
HEsin¢+7Asin2¢+gHgsin2(¢fa), (2)

where H,=M\;0/M 1is defined as the stress anisotropy
field.
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Fig. 1. Sketch of the theoretical model adopted for the
numerical calculation.

The resonance condition can be derived using the Smit

and Beljers relation [30]:
w\° 1 [PEOE (9B’ )
v)  MZ2sin?6 | 062 0¢? 000 ) |-

Here w denotes the angular frequency of microwave field,

and ~ is the gyromagnetic ratio. An explicit expression
derived from Eq. (3) has the form

2
(:) = [HCOS (¢g — ¢) — Hiepy + Hpcos ¢

—H ysin® ¢ 4 3H, cos? (¢ — a)}
X[H cos (¢ — ¢) + Hg cos ¢

+H 4 cos2¢ 4+ 3H, cos2 (¢ — o). (4)
The angle ¢ is determined by Eq. (2).

3. Results and discussion

Figure 2 illustrates how the direction of applied mag-
netic field affects the FMR frequency with different
exchange and stress anisotropy fields yield the follow-
ing values of the effective field Hyeg = —10 kOe and
H,4 =0.005 kOe. Here, the applied magnetic field H is
equal to 1 kOe in the following numerical calculation [12]
and the direction of stress anisotropy field « is 90°.
Let us look at the details. In case of the exchange
anisotropy field is equal to zero (Fig. 2a, b), it is easily
seen that the curves of the resonant frequency, in the ab-
sence of exchange anisotropy field, are twofold symme-
try, and the corresponding easy and hard axes are along
the directions with ¢y = 0°, 180° (the [100] direction)
and ¢y = 90°, 270° (the [010] direction) in absence
of the stress anisotropy, respectively. Whereas in pres-
ence of the stress anisotropy, the situation is reversed.
It means that the stress anisotropy field can also alter
the easy and the hard axis of the FM/AFM bilayers,
which agrees with the results reported in Ref. [20]. Fur-
thermore, the effect of stress anisotropy field on the sym-
metry is less pronounced. It still shows uniaxial
anisotropy. When the exchange anisotropy field is in-
creased (Fig. 2c), the original symmetry is destroyed.
The easy axis is only along the positive direction of = axis,
and the corresponding resonant frequency is shifted to
a higher value for ¢y = 0° or ¢y = 360° and to
a lower value for ¢y = 180° (the hard axis direc-
tion) compared with Fig. 2a. It shows unidirectional
anisotropy. With increase in exchange anisotropy field,
the resonant frequency is shifted higher for ¢y < 100°
and ¢y > 258°. As the stress anisotropy field and
the exchange anisotropy field are all included (Fig. 2d),
the original symmetry is destroyed further. The sec-
ondary easy axis appears at ¢y = 73° and ¢y = 287°
for H, = 0.03 kOe. Interestingly, for further increase in
the stress anisotropy field, we found that resonant fre-
quency value turns higher in both 45° < ¢ < 135° and
225° < ¢ < 315° regions. Obviously, in this condition,
the in-plane stress anisotropy greatly influences the FMR
frequency.

To further clarify the relations of both the mag-
netization angle ¢ and the direction of the applied
magnetic field ¢y, we have shown the difference be-
tween them in Fig. 3 for different exchange anisotropy
and stress anisotropy fields. The corresponding pa-
rameters are chosen to be the same as in Fig. 2.
When the exchange and stress anisotropies are ab-
sent (Fig. 3a), the deviation of the equilibrium direc-
tion of the magnetization from the direction of applied
field is less pronounced. However, when the exchange
anisotropy (Fig. 3b) or stress anisotropy (Fig. 3c) is taken
into account, the difference increases, especially for stress
anisotropy (it can reach 15 degrees for H, = 0.03 kOe).
When the exchange anisotropy and stress anisotropy are
all present (Fig. 3d), we found that difference increases
in some regions (¢y < 90° and 180° < ¢ < 270°).
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Fig. 4. The resonance frequency as a function of the applied magnetic field with different the stress and the exchange
anisotropy fields. Here, ¢z = 0 (red line) and ¢ = 7 (blue line) for Hg = 0.1 kOe.

The dominant contribution to the resonance frequency
is due to the fact that the stress anisotropy field and
exchange anisotropy field change the effective magnetic
field of the system.

In addition, the dependence of resonance frequency on
the applied magnetic field for different stress anisotropy
field directions is calculated and plotted in Fig. 4.
When the stress anisotropy field is absent (Fig. 4a)
then only two particular cases are considered: the ex-
change anisotropy equal to zero (the black lines) and
0.1 kOe (the red line for ¢y = 0 and the blue line for
¢ = 7). We show here that the two black lines over-
lap. When Hgp = 0.1 kOe, we can see two regions,
where the resonance frequency decreases in weak field
region and where it increases in strong field region for
¢y = 7, and vanishes at critical field He,it = Hgp + Ha.
When the stress anisotropy is included and the direc-
tion of stress anisotropy a = 0° (Fig. 4b), the resonant
frequency in ¢y = 0 and ¢y = 7 are not the same
as in weak applied field region in Fig. 4a. Compared
with the case without stress anisotropy field, there ex-
ists one critical field Heyt = Hg + Haq + 3H,. The crit-
ical field depends on the exchange anisotropy field, in-
plane uniaxial anisotropy field and the stress anisotropy
field. This result is different from the report [20], which
indicated that the critical field depends on the direc-
tion of stress field and the interfacial turning coeffi-
cient. In weak field region H < H;t, the resonance
frequency is decreased with the applied magnetic field
increasing. However, the resonance frequency is jumped

at critical field. This is due to the fact that magne-
tization suddenly rotates from the positive direction of
x axis to the negative direction. Besides, the resonance
frequency is increased with increase in the applied mag-
netic field in strong field region H > H..;;. The critical
field is shifted to high value as exchange anisotropy field
is not equal to zero. Furthermore, in Fig. 4(c) we can
see that the resonance frequency is the same as the di-
rection of stress anisotropy field along o = 45° without
exchange anisotropy field. From Fig. 4(d), one can dis-
tinguish three regions, divided by Hy = Hg + Ha — 3H,,
and Hy = Hg — Ha + 3H,, which are found by mini-
mizing the total energy. (i) region I: the applied field
H < H,, the azimuth angle of magnetization ¢ = 0°
(the magnetization lies on the x axis); (ii) region II:
H,; < H < H,, the magnetization smoothly rotates from
the positive direction of x axis to the negative direction;
(iii) region III: H > H,, where the magnetization is lo-
cated the direction of applied magnetic field. These con-
clusions supplement the previous studies [19].

Finally, we plot the angular dependence of the FMR
frequency for different directions of stress anisotropy
field. Figure 5 shows the evolution of FMR fre-
quency versus the direction of the applied magnetic
field that is still applied in the film plane for stress
anisotropy field H,=0.01 kOe. In case of no exchange
anisotropy (Fig. 5a), the variation of the resonant fre-
quency against applied magnetic field angle is a cosine
function. For this case, the easy axis and the hard
axis are perpendicular to each other, directed along
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and perpendicular to the stress direction, respectively.
When the exchange anisotropy field is increased (Fig. 5b),
it leads to a right shift of the lowest resonant frequency as
the direction of stress anisotropy field « is changed from
0° to 90°. In addition, the original symmetrical orien-
tations along the directions ¢ = 0° and ¢y = 180° are
destroyed.
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Fig. 5. Resonant frequency versus direction of the ap-
plied magnetic field with different angles of the stress
anisotropy field: (a) Hg = 0 and (b) Hg = 0.1 kOe.

4. Conclusion

In conclusion, we have derived analytical solution
of FMR frequency in ferromagnetic/antiferromagnetic
bilayers system with exchange anisotropy, uniaxial
magnetocrystalline anisotropy, and stress anisotropy.
From the comparison between exchange anisotropy field
Hrp = 0 and Hg = 0.1 kOe, we found that the easy
axis and the hard axis has a strong field dependence.
In case of variation of the applied magnetic field, stress
anisotropy field will make resonance frequency shifted to
lower value for ¢y = 0°, but we observed that, at low
field, there are two easy axes for the direction of applied
magnetic field ¢y = 180° as the stress anisotropy field is

along y axis (perpendicular to the direction of exchange
anisotropy field). In summary, the controllable stress
provides a practical method to engineer integrated mi-
crowave devices.
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