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Determination of the magnetic anisotropy constant of Cu/Fe/SiO,/Si
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The magneto-optical Kerr effect susceptometry technique is proposed to determine the uniaxial magnetic anisotropy
(UMA) constant K. The magnetic properties of Cu/Fe/SiO,/Si grown by dc magnetron sputtering were investigated.
The in-plane uniaxial magnetic anisotropy was probed by the magneto-optical Kerr effect (MOKE). The value of UMA,
Ky = 2.5x103 J/m3, was simulated from the field dependence of ac susceptibility along the hard axis according to the
Stoner—Wohlfarth (S—W) model, which is consistent with K, = 2.7 % 103 J/m3 calculated from the magnetic hysteresis
loops. Our results show that the magneto-optical Kerr effect susceptometry can be employed to determine the magnetic

anisotropy constant owing to its high sensitivity.

Keywords: ac susceptibility, magnetic anisotropy, magneto-optical Kerr effect susceptometry

PACS: 75.30.Gw, 75.50.Bb, 75.30.Cr, 75.60.Jk

1. Introduction

Low-dimensional magnetic nanostructures have attracted
great attention due to their potential applications in in-
formation storage and magnetic sensors, as well as their
wealth of distinctive physical properties for fundamen-
tal research.!’”l The magnetic anisotropy is not only the
origin of long-range-magnetic-order in low dimensional
system,># but also plays a vital role in determining the
magnetic properties of magnetically hard materials, magnet-
ically soft materials,’! high-frequency magnetic materials, ¢!
ultrahigh density magnetic recording media and spintronic
materials.[”) The magnetic anisotropy constant can be de-
termined by various methods, such as magnetic hysteresis
loop measurement, torque measurement, ! ferromagnetic res-
onance (FMR),"! rotational magneto-optic Kerr effect (ROT-
MOKE), % magnetic transverse biased initial inverse suscep-
tibility and torque (TBIIST)!'!! and anisotropic magnetoresis-
tance (AMR).!'?~18] Since the coherent domain rotation mag-
netization reversal for ultrathin film does not always occur in
the easy magnetization direction, it is difficult to determine
the magnetic anisotropy constant precisely from the magneti-
zation hysteresis loops.

A versatile tool in modern magnetic material research,
the ac-mode magneto-optical Kerr effect technique,!'”! has
been utilized in the studies of magnetic phase transitions, %211
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magnetic domain responses!>223 and exchange biases in mag-

netic thin films!?4

owing to its high sensitivity. The magneti-
zation is forced to move back and forth reversibly around the
equilibrium position when a very small ac field is applied ei-
ther parallel or perpendicular to the dc field. The magnetic
anisotropy constant can be obtained by fitting the reversible
magnetization process in terms of the Stoner—Wohlfarth (S—
W) model. Here, we report our development of an ac-mode
magneto-optical Kerr effect technique to determine the uniax-
ial magnetic anisotropy constant K, of a ferromagnetic thin
film. To test the magneto-optical Kerr effect susceptometry
method, we use a sample of Cu/Fe/Si0,/Si grown by dc mag-
netron sputtering. The sample is checked by magneto-optical
Kerr effect magnetometry. The magnetic hysteresis loops for
the easy and hard magnetization directions can be fitted well
on the basis of the S—W model, suggesting a coherent mag-
netization reversal. On the basis of the field dependence of
the ac susceptibility, the uniaxial magnetic anisotropy con-
stant can be obtained. The consistent values of uniaxial mag-
netic anisotropy constant obtained from the field dependence
of ac susceptibility and the Kerr hysteresis loops prove that
the magneto-optical Kerr effect susceptometry can be used as

a powerful tool to determine the magnetic anisotropy constant.
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2. Experiment

The sample was grown by dc magnetron sputtering in
0.5 Pa of Ar. The base pressure before deposition was 7.4 x
10~* Pa and the substrate was a commercial Si wafer with a
surface of naturally formed silica. An Fe film was deposited
directly on the top of the Si substrate by reactive sputtering!>!
of Fe in an argon atmosphere at room temperature. The plasma
current was 0.15 A and the distance between the target and the
substrate was set at 14 cm. Copper was deposited on the top
of the Fe/Si0,/Si to prevent oxidation. The film thickness was
measured by a stylus profiler (Dektak 6 mol/L) and the thick-
ness was 40 nm with Cu capping layers.

Magnetic properties were probed by ex situ longitudinal
MOKE at room temperature. The dc MOKE apparatus, >4
which was modified for measurements of ac susceptibility, is
schematically shown in Fig. 1. We applied an ac field Ah(r)
either parallel or perpendicular to the dc field H in the film
plane. The dc field was supplied by an electromagnet whose
power supply was computer controlled. A Helmbholtz pair of
coils that was placed either parallel or perpendicular to the dc
component provided a very small oscillating field. As a result,
the ac field, in the same frequency as %(z), was sent out to the
photodiode, resulting in an ac current which was then phase
detected by a lock-in amplifier. The parallel ac susceptibility
(x”) and perpendicular ac susceptibility (x,) could be mea-
sured as a function of the dc field. The magnetization curves
M versus H were obtained by MOKE using the same experi-
mental apparatus described above.
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Fig. 1. (color online) Block diagram of the experimental apparatus used
to measure the ac susceptibility. The Helmholtz pair of coils in the dia-
gram is placed either parallel or perpendicular to the dc component.

3. Results and discussion

The magnetic properties of Cu/Fe/SiO,/Si films were
probed by ex situ longitudinal MOKE at room temperature.
An in-plane uniaxial magnetic anisotropy was observed from
the MOKE hysteresis loops at various magnetic field orienta-
tions as defined in the inset of Fig. 2. The typical hysteresis
loops show a square shape along the easy axis (¢ = 0°) and a
sheared one with no remanence along the hard axis (¢ = 90°)
(Fig. 2). Owing to the polycrystalline Si substrate, the mag-

netocrystalline anisotropy can be neglected. The in-plane uni-
axial magnetic anisotropy originates not only from the strain-
induced magnetic anisotropy between Fe and Cu but also from
the polycrystalline Si substrate.’?®?’! In addition, the sam-
ple was obtained by dc magnetron sputtering. The uniaxial
anisotropy can be attributed to a stray magnetic field caused

by the cathode target.!??!
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Fig. 2. (color online) Experimental and simulated magnetic hysteresis
loops of Cu/Fe/Si0,/Si measured by MOKE. Typical in-plane magnetic
hysteresis loops in the directions of the hard axis (¢ = 90°) and the easy
axis (¢ = 0°). The solid symbols and lines are the experimental data and
the fitting curves simulated by the S—W model, respectively. Inset: the
coordinate system for measurements.

—1.0
—200

0 —— simulation
(a) 330 30 @ Exp.
3()- \
204 300
10 1
8
< 0420 %
T
10 1
0] 20X . Sy AC )12
30
150
180
—— simulation
(b) 30 @ Exp.
0.8
E 300
0.4 1
i 04 270
= ]
0.4 4 !
k 240
0.8 1

Fig. 3. (color online) Angular dependences of (a) the coercive field H,
and (b) normalized remanence M;/M; obtained from the experimental
hysteresis loops and the simulation lines.
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In order to determine the in-plane uniaxial magnetic
anisotropy constant, the hysteresis loops for the easy magneti-
zation direction and hard magnetic anisotropy were simulated
on the basis of the S—W model. The simulated curves are in
good agreement with the experimental data. Furthermore, we
can also observe that the uniaxial magnetic anisotropy con-
stants of the easy and hard axes are approximately the same,
K, = 2.7x10% J/m3, implying that the coherent domain rota-
tion magnetization reversal takes place in both the easy and
the hard magnetization directions.

Figures 3(a) and 3(b) present the measured and the sim-
ulated angular dependences of coercivity H. and remanence
ratio M, /Ms, respectively. The shapes of the curves exhibit a
typical symmetry of a magnetic film with uniaxial magnetic

126

anisotropy.!?®! The consistence between the simulated curves

and the experimental data further confirms the coherent do-

main rotation magnetization reversal. The sample with coher-
ent rotation magnetization reversal provides us with a good op-
portunity to verify the capability of the magneto-optical Kerr
effect susceptometer for determining the magnetic anisotropy
constant.

As illustrated in Fig. 4(a), there is no evident difference
in the hysteresis loops of Fe/Si0,/Si around the hard magne-
tization, i.e., @ = 90 £ 9°, which suggests that it is difficult
to determine accurately the hard magnetization direction from
the hysteresis loop measurements. In order to distinguish ac-
curately the hard axis, the ac susceptibility around the hard
axis was measured. It can be found that the field dependence
of parallel ac susceptibility y| in various directions is in accor-
dance with (Fig. 4(b)) that of the first-order differential of the
hysteresis loops dM/dH (Fig. 4(c)). Therefore, the ac field is
just a perturbation to the dc magnetic field.
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Fig. 4. (a) MOKE hysteresis loops and (b) parallel ac susceptibility ( xH) as a function of the dc field obtained from the magneto-optical
Kerr effect susceptometer and (c) the differential of the hysteresis loops for various directions around the hard axis (¢ = 90+9°).

On the other hand, the field dependence of perpendicu-
lar ac susceptibility x, for various directions around the hard
axis is quite different (Fig. 5(a)). A tiny deviation from the
hard magnetization direction results in a significant change in
the x| ~ H curves. Therefore, the field dependence of } | can
be employed to probe the hard magnetization axis exactly. The
hard axis can also be determined exactly by ROT-MOKE.[1%]

The perpendicular ac susceptibility can be defined as
X1 = limAm/Ah. First, we adopt the numerical simulation
method and select the hard magnetization axis curve as a refer-
ence. Based on the S—W model, we assume that two mutually
perpendicular magnetic fields, H and h(r), are applied simul-
taneously in the sample plane. By taking the perpendicular ac

field h(¢) into account, the total magnetic free energy per unit
area of the ferromagnetic layer can be written as follows:

E = —oMH cos 6 — tioMh(t) sin @ — K, cos?(¢ — ), (1)

where ¢ is the angle between the direction of the easy magneti-
zation axis (E.A.) and the direction of the magnetic field H and
0 is the angle between the magnetization M and the dc field
H. The first two terms represent the interaction of the mag-
netization of the ferromagnetic layer with the applied fields H
and A(t). The third term represents the ferromagnetic uniaxial
magnetic anisotropy energy and K, is the uniaxial magnetic
anisotropy constant of the ferromagnetic layer.

During the simulation, we use Mg = 1.74 x 10® A/m for
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Fe, h =7 Oe and vary H from —200 Oe to 200 Oe. The value
of Ky, = 2.5 x 10° J/m? can be obtained from the simulated
curves of x| as a function of magnetic field H for various di-
rections (Fig. 5(b)). By comparing the two simulated results, it
can be proved that the magnetic anisotropy constant K, from
the perpendicular ac susceptibility curves in the direction of
the hard axis is reasonable.
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Fig. 5. Perpendicular ac susceptibility ), as a function of the dc
field, obtained from (a) the magneto-optical Kerr effect susceptome-
ter and (b) the simulations for various directions around the hard axis
(¢ =90+9°).

4. Conclusion

We put forward a new method to determine the mag-
netic anisotropy constant. The magnetic properties of the
Cu/Fe/Si0O,/Si grown by dc magnetron sputtering were probed
by MOKE and an ac-mode magneto-optical Kerr effect tech-
nique. Taking advantage of the high sensitivity of ac suscep-
tibility, we can directly distinguish the directions of the hard
and easy axes. The magnetic anisotropy constant K, can be
best fitted from the ac susceptibility curve, which is in good
agreement with the value determined from the hysteresis loops

on the basis of the S—W model. Our work suggests that the

magneto-optical Kerr effect susceptometer can be employed
to determine the magnetic anisotropy constant accurately.
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