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The magnetic anisotropy field plays an important role in spin-orbit-torque-induced magnetization dynamics
with electric current injection. Here, we propose a magnetometric technique to measure the magnetic
anisotropy field in nanostructured ferromagnetic thin films. This technique utilizes a magneto-optical Kerr
effect microscope equipped with two-axis electromagnets. By measuring the out-of-plane hysteresis loops and
then analyzing their saturated magnetization with respect to the in-plane magnetic field, the magnetic
anisotropy field is uniquely quantified within the context of the Stoner-Wohlfarth theory. The present technique
can be applied to small nanostructures, enabling in-situ determination of the magnetic anisotropy field of

nanodevices.
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1. Introduction

Magnetic domain-wall memory devices [1] have attracted
a great deal of attention as potential candidates of emerging
memory devices. Of such devices, the most common is
nanostructured ferromagnetic thin films with perpendicular
magnetic anisotropy (PMA) [2]. The effective field induced
by the PMA — namely, the magnetic anisotropy field —
has been found to play an important role in magnetization
dynamics driven by the spin-orbit torque (SOT) [3-6].
Therefore, precise measurement of the magnetic anisotropy
field is becoming crucial nowadays to understand the
SOT-induced magnetization dynamics as well as to
quantify the magnitude of the SOT. To measure such
magnetic anisotropy fields, torque magnetometry [7] has
been the conventional technique for bulk materials, but
this technique is not applicable to nanostructured devices
due to their small volume and consequently weak signal.
Recently, magnetometry based on the extraordinary Hall
effect (EHE) has been proposed to measure the magnetic
anisotropy field from ferromagnetic thin films [8].
However, this technique requires specific measurement
geometry to inject the electric current into the structure,
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and exhibits a number of artifacts that require sophisticated
and time-consuming analysis techniques. Here, we propose
another magnetometric technique based on optical mea-
surement, which allows the magnetic anisotropy field to
be measured from nanostructured devices without any
modification of specific measurement geometry.

2. Experimental Results and Discussions

Figure 1 shows a schematic diagram of the measurement
setup. The magnetic signal from the sample is measured
by using a magneto-optic Kerr effect (MOKE) micro-
scope with a spatial resolution better than 3 pm and an
objective lens with a numerical aperture (0.45) [9, 10].
This microscope is equipped with two electromagnets to
apply the in-plane and out-of-plane magnetic fields up to
600 mT and 150 mT, respectively.

The present measurement setup was applied to ferromag-
netic Pd/Co/Pt films. All the films exhibit PMA. The
detailed sample structure is 5.0-nm Ta/1.8-nm Pd/0.3-nm
Co/2.5-nm Pt, which was prepared on an Si substrate with
a 100-nm-thick SiO, layer by dc magnetron sputtering.
For the measurement of the magnetic anisotropy field, an
in-plane magnetic field bias H;, was applied to the sample,
and the out-of-plane magnetic hysteresis loop was then
measured by sweeping the out-of-plane magnetic field
H,,,. Figure 2 shows the magnetic hysteresis loops mea-
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Fig. 1. (Color online) Schematic description of the experimen-
tal setup. Here, E.M-In is the in-plane electromagnet and E.M-
Out is the out-of-plane electromagnet. S.S refers to the sample
stage, O.L denotes the objective lens, B.S refers to the beam
splitter, and L.P denotes the linear polarizer. W.P refers to the
Wollaston prism and B.D. denotes the balanced detector.
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Fig. 2. (Color online) Out-of-plane magnetic hysteresis loops
for various H;, denoted inside the figure. The ordinate is the
MOKE signal normalized by the saturated magnetization mea-
sured from the hysteresis loop with H;, = 0.

sured under various in-plane field biases H;,. The figure
clearly shows that the shape of the hysteresis loops is
sensitive to the strength of H,.

The variation of the hysteresis loops can be explained
within the context of the Stoner-Wohlfarth theory, in
which the magnetic energy E is given by E = K, sin® 6 —
MsH cos(6 — @), where Ky is the uniaxial magnetic
anisotropy constant with the out-of-plane easy axis, Mg is
the saturation magnetization, and H is the strength of the
external magnetic field. Here, the angle 6 of the magneti-
zation and the angle ¢ of the external magnetic field are
defined as the polar angles with respect to the easy axis.
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The magnetic anisotropy field H is then defined as Hyx =
2Ky/Ms [11, 12]. Since the present experimental geometry
gives H,,=H sing and H,,=H cos@, the magnetic
energy can be written as

MH
E=—"Hsin’0- M;H

> H,, cos@— MyH,, sin6. (1

The equilibrium angle 6., is then obtained by the energy
minimization condition i.e.

9F = MgHy sin6,, cos0,, + MH,,, sing,,
20|,

- MgH,, cos @, . (2)

The exact solution of Eq. (2) is fairly complicated. How-
ever, two special cases exist with simple solutions, which
consequently provide two distinct measurement schemes.

The first scheme (Scheme 1) is based on the saturated
0., measured under a /1, larger than the coercive field.
For this case, one can easily obtain the solution as

eeq = MSHin/(MSHK + MSHout) or
H
cos Qeq:1—1+, ?3)
2(HK + Hout)

for a small 6,,. Note that cos 6., can be easily measured
experimentally from the normalized magnetic hysteresis
loops, as seen in Fig. 2. Figure 3(a) shows the plot of
cos @,, with respect to /;,, measured for H,, =4 mT. It is
clear from the figure that the measured cos 6., (H;,)
follows the behavior predicted by Eq. (3). The red line
shows the best fit with Eq. (3), which quantifies Hx as
1013 £ 50 mT.

The second scheme (Scheme 2) is proposed to analyze
HK based on the measurement of the remnant cos 6., with

H,,=0 [13]. For this case, Eq. (2) can be simplified to
MsHy sin@,, cos @, — MsH;, cos@,, =0, providing the solu-
tions sin 6,,=H,/Hx and cos 6,,=0. Since the latter
solution is found to be unstable, the unique stable solution
consequently provides the relation,

cos 6,, = J1—(H,/Hy). 4)

However, we found that this analysis method fails to
quantify Hy. The symbols in Fig. 3(b) show the measured
cos 6., with respect to H;,. The bluedashed lines show the
curves of Eq. (4) with different values of Hy as denoted
inside the plot. It is clear from the figure that none of the
curves of Eq. (4) fit the experimental data. The failure is
possibly caused by either the multi-domain formation or
the large variation of the magnetization direction due to
the irregularities in the anisotropy at the remnant states.
The best fitting value for small H;, (<300 mT) is similar
to that obtained by Scheme 1, but the best fitting value for
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Fig. 3. (Color online) Plots of (a) the saturated cos 6,, with
H,,=4 mT and (b) the remnant cos 6,, with H,,=0 mT,
measured with respect to various Hj,. The red solid line in (a)
shows the best fits with Eq. (3). The blue dashed lines in (b)
show the curves of Eq. (4) with several different Hy as
denoted inside the plot.

all the data occurs when Hy is about 500 mT, which
considerably differs to that obtained by Scheme 1.

To examine the validity of the value obtained by
Scheme 1, we compare it with the value measured by the
electrical method based on the EHE measurement [8].
Due to the sizeable ordinary and planar Hall effects
observed in these samples, the electrical measurement is
accompanied with sizeable artifacts caused by the ordinary
and planar Hall effects. By measuring these artifacts from
their different angular dependence between the magnetic
field and the magnetization directions, the best estimation
of Hy is found to be 952+62 mT, which is accordant with
the value determined by Scheme 1 within the experimental
accuracy. One can therefore conclude that Scheme 1
(rather than Scheme 2) provides better accuracy in the Hy
measurement. It is also worth noting that the present
optical scheme provides an easier way to analyze Hy
compared to the electrical method that requires sophisti-
cated analysis of the artifacts, including the ordinary and
planar Hall effect.

3. Conclusions

In conclusion, we propose an optical magnetometric
technique by using a MOKE microscope equipped with
two electromagnets. By measuring the out-of-plane
hysteresis loops under various in-plane magnetic field
biases, the magnetic anisotropy field is quantified based
on the Stoner-Wohlfarth theory of the magnetization
rotation. Due to the nature of the optical measurement

scheme, the present technique can be applied to a local
spot of nanostructured devices, enabling a versatile dia-
gnosis on actual devices.
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