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We demonstrate simultaneous detection of current-driven dampinglike and fieldlike spin—orbit torques in heavy metal/ferromagnetic
metal bilayers by measuring all three magnetization components my,my, and m; using a vector-resolved magnetooptic Kerr
effect (MOKE) technique based on quadrant detection. We investigate the magnitude and direction of spin—orbit torques in a series
of platinum/permalloy samples, finding good agreement with results obtained via polar and quadratic MOKE measurements without

quadrant detection.

Index Terms— Magneto-optic effects, spintronics.

I. INTRODUCTION

PIN-ORBIT coupling-driven phenomena such as the spin
S Hall effect (SHE) [1] and Rashba effect [2] enable manip-
ulation of magnetization via electric current. By using electric
current to control the magnetization of nanoscale elements,
it is possible to efficiently integrate magnetic functionalities
into electronic circuits [3] and accelerate the technological
development of high-performance and high-density magnetic
storage devices [4]-[11].

In heavy metal (HM)/ferromagnetic metal (FM) bilay-
ers, an electric current will generate dampinglike spin—orbit
torque (DT) and fieldlike spin—orbit torque (FT), which will
change the magnetization direction. In order to quantify the
magnitude and the direction of magnetization reorientation
due to DT and FT generated by the SHE and Rashba effects,
electrical measurement techniques such as the anomalous Hall
effect and second-harmonic Hall effect have been implemented
for samples with perpendicular magnetic anisotropy [12]. The
planar Hall effect has also been used for samples with in-plane
anisotropy [13]. However, these methods are second-order
measurements and are susceptible to thermal effects or rec-
tification effects due to other nonlinear processes that are
common in magnetic materials.

Previously, we have shown that normal incidence light
can measure both current-induced out-of-plane magnetization
reorientation by polar magnetooptic Kerr effect (MOKE) mea-
surements [14] and in-plane magnetization reorientation by the
second-order (quadratic) MOKE measurements [15] using a
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balanced detector. Such MOKE techniques do not suffer from
electrical artifacts, and for high-sensitivity measurements,
potential optical artifacts such as reflectivity changes can be
separated from the MOKE signal harmonically [16].

In ferromagnetic thin films, there have been several stud-
ies to determine the magnetization components vectorially
[17], [18]. For example, Ding et al. [19] proposed a method to
distinguish the pure longitudinal and polar Kerr contributions
via two separate measurements, interchanging the positions of
a light source and a detector. Yang and Scheinfein [20] showed
the detection of three magnetization components by chang-
ing the different relative orientations of the optical devices:
polarizer, modulator, and analyzer. As an alternative that does
not require changing the position of optical elements or data
analysis to separate overlapping signals from different vec-
tor components, Keatley er al. [21] used a scanning Kerr
microscope equipped with a compact optical quadrant bridge
polarimeter to measure in-plane vector hysteresis loops.

II. VECTOR-RESOLVED MOKE MEASUREMENTS

Here, we present vector-resolved MOKE measurements of
spin—orbit torque based on an optical quadrant bridge detector
for the first-order detection of current-induced DT and FT
in HM/FM bilayers over a wide range of thicknesses. With
this vector-resolved MOKE technique, where normal incidence
is converted to various incident angles with the help of an
objective lens, one can separate the MOKE effects that are
linear and quadratic in the magnetization and determine all
three components of the magnetization vector. Thus, we can
measure both DT and FT components simultaneously without
the need to measure quadratic MOKE. We apply this method
to measure DT and FT for a series of platinum (Pt)/permalloy
(Nig1Fej9 = Py) samples as a demonstration of the implemen-
tation of the proposed technique. We compare our results with
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(a) Polar, longitudinal, and transverse MOKE geometries for a sample with magnetization m. (b) Geometry of the optical quadrant bridge detection

system. A 40x objective focusses light transmitted to and collimates light reflected from the sample. The reflected light is detected in spatial quadrants a, b,
¢, and d. By adding and subtracting signals from appropriate quadrants, one can isolate the in-plane MOKE response from the out-of-plane MOKE response.
(c) Experimental setup for the optical detection of spin—orbit torques. HWP: half-wave plate. QWP: quarter-wave plate.

measurements made using polar and quadratic MOKE without
quadrant detection.

The Landau-Lifshitz—Gilbert—Slonczewski equation is usu-
ally used to describe the DT and FT generated from a current
through the HM/FM bilayer [22]

M . - g - dM
— =—yMXxXH+—M x —
M dt

dr
+aM x G +bM x (6 x M) (1)

where ¢ is a unit vector for the spin direction that is in-plane
and orthogonal to the electric current, @ and b describe the
FT and DT, respectively. The effective fields corresponding
to the FT and pT can be defined as EFT —ac/y and
hpt = —bo x M)y, respectively.

The magnetooptical properties of a material can be
described by the permittivity tensor, &;;, which can be
expanded in the components of the magnetization m acting
on the material [23]: ¢;; = eg.)) + Kijrmy + Gijumgmy =+ - - -,
where the Einstein summation convention over the x-, y-, and
z-coordinates is used. The dielectric tensor el.(j(.)) represents the
components of the permittivity tensor in the absence of mag-
netization m, K;ji is the linear magnetooptic tensor, and Gk
is the quadratic magnetooptic tensor, which corresponds to a
second-order MOKE response, often referred to as quadratic
MOKE [24]. The linear response can be separated into terms
corresponding to relative orientations of the unit vector of
the magnetization m, plane of incidence, and sample plane.
By using appropriate polarization conditions, the transverse
component is avoided. The Kerr rotation and ellipticity give a
measure of the magnetization of the sample.

Since the Kerr effect exists for any arbitrary direction of
the magnetization, for oblique incidence, the detected MOKE
signal W(m) from a sample with magnetization m can be

written as (assuming the transverse component is suppressed)

¥ (m) = OpolarMz+YlongitudinalM y

+ 5longitudinalmx + ﬁquadraticmxmy ce

)

where the z-direction is perpendicular to the magnetic film
plane [see Fig. 1(a)], the y-direction is parallel to the plane
of the incident polarization, and opolar, Ylongitudinals Olongitudinals
and PBquadratic are the coefficients for the polar, longitudinal,
and quadratic MOKE responses, respectively.

It has been demonstrated that polar and longitudinal signals
can be separated by measuring the Kerr signal in two reversed
geometries [25], as the polar signal does not change sign if
the angle of incidence is reversed from +6 to —@ but the
longitudinal signal does change sign. That is, polar MOKE
is an even function, whereas longitudinal MOKE is an odd
function of the incident angle. Quadratic MOKE is also an
even function of the incident angle, as shown in [26]. Thus,
light incident at —@ [e.g., traveling from ray III to ray II
in Fig. 1(b)] has the same sign for polar and quadratic signals
but opposite sign for longitudinal signals as the light incident
at 40 [e.g., traveling from ray II to ray III in Fig. 1(b)].

Using the even and odd dependence on the incident angle,
we are able to separate polar, longitudinal, and quadratic
MOKE responses. Using a microscope objective with a high
numerical aperture (NA = 0.65 in our setup), we focus light
across a wide range of incident angles from perpendicular to
the sample plane to oblique (up to approximately 40°) [21].
The light reflected from the sample is measured in four
quadrants, as shown in Fig. 1(b). By taking sums or dif-
ferences of the four quadrants, we obtain the contributions
from the polar, longitudinal, and quadratic responses, with the
longitudinal contribution antisymmetric with incident angle.
Thus, the response for angles of incidence € with inward
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(a) Current-induced polar and (b) longitudinal response as a function of the swept magnetic field Hext in Py(8)/Pt(6) bilayers. The red lines are

least-squares fits to a step function and to ~ 1/Hext for the polar and longitudinal responses, respectively. The difference between the polar signal and the
fit near zero external field is due to the sample being in an unsaturated magnetization state at low field, which may result in domain formation. (c) Measured
voltage from the lock-in amplifier as a function of the external magnetic field for Py(8)/Pt(6) when passing an ac current (20 mA) through the sample (black
squares) and an ac current (500 mA) through a wire underneath the sample (red circles), signal in other longitudinal configuration, my (blue triangles).
(d) Effective FT spin Hall angle measured via longitudinal with quadrant detection (black squares) and quadratic (red circles) MOKE versus permalloy
thickness dpy. (e) Effective DT spin Hall angle measured with polar MOKE with quadrant detection (black squares) and polar MOKE without quadrant

detection (red circles) versus permalloy thickness dpy.

(+6) and outward (—60) propagation can be represented as
9%‘9 =6f +0% 1+ 62, where 9%‘9 is the Kerr rotations for the
respective angles of incidence, and or ,(91%, and 91%) are the
rotations for the polar, longitudinal, and quadratic MOKE:s,
respectively. These terms contain the degree of polarization
rotation measured via the balanced detection scheme shown in
Fig. 1(c). On the detection arm, the quadrant detector allows us
to either sum or subtract the inward (0;‘9) and outward (9129)
signals to obtain the desired Kerr rotations. By taking the sum
of both inward (9;{9) and outward (6129) signals, one obtains
twice the sum of the polar and quadratic Kerr rotations. Since
we add the signals from two halves together, which corre-
sponds to the signal measured at normal incidence, this signal
does not have contributions from longitudinal or transverse
MOKE. Polar MOKE response can be distinguished from the
quadratic MOKE response by tuning the angle of polarization
of the light. The polar MOKE response does not depend on
the polarization direction, while the quadratic MOKE depends
on the polarization angle @po1 as cos 2¢po1. Measurement at
45° polarization can be performed to cancel the quadratic
contribution, which enables us to determine the polar contri-
bution, and in turn the DT term. Details of the methodology
for separating polar and quadratic responses can be found
in our previous work [15]. By taking the difference of both
inward ((9;‘9 = ray II) and outward ((912‘9 = ray III) signals,
one obtains twice the longitudinal Kerr rotation. This allows
determination of one in-plane magnetization component 71,.
For the longitudinal measurements, the incident light is
p-polarized, but we take the difference of signals related
to ray II and ray IIl in Fig. 1(b), which corresponds
to s-polarized light; thus, no transverse MOKE signal

is measured. The other in-plane magnetization component, m .,
can be gathered by subtracting the right (ray 1) and the left
(ray IV) halves of the beam. To suppress the transverse com-
ponent for rays I and IV, the incoming polarization is changed
from p-polarization to s-polarization. The Kerr rotation from
the FT term and other in-plane longitudinal component can
be measured in this way. In principle, a magnetization term
proportional to m,m_; may generate a hysteresislike signal in
the longitudinal configuration due to the out-of-plane Oersted
field, but this term is anticipated to be less than two orders of
magnitude smaller than the first-order signal, and the measured
signals do not indicate any substantial contribution from
this term.

III. EXPERIMENTAL SETUP

A diagram of our vector-resolved MOKE setup is shown
in Fig. 1(c). Collimated light from a 100 mW diode laser
at 785 nm center wavelength goes through a Glan Taylor
polarizer with an extinction coefficient of ~107* to set the
polarization. The angle of polarization is controlled with a
half-wave plate (HWP-2) before being focused by a micro-
scope objective of NA 0.65 on the sample. The reflected beam
passes back through the objective and HWP-2 and is reflected
by a 90/10 beam splitter. It goes through another HWP-3 and
the vertical and horizontal polarization components are split
by a Wollaston prism. The intensity of the two components is
balanced by adjusting HWP-3. The polarization components
are detected by two quadrant photodiode detectors whose
outputs are the sums or differences of various halves of the
beams. The outputs of the detectors are subtracted from each
other to achieve common mode rejection and doubling of the
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signal and then amplified. The signal is measured by a lock-
in amplifier locked to the frequency of the ac current driving
the sample. We have used the same set of samples we used
in [15], namely, in-plane magnetized substrate/Pt(6 nm)/Py
(dpy) bilayers, with dpy ranging from 2 to 10 nm to verify
the accuracy of this method by comparing results found by
two different methods.

We apply an in-plane ac current, I,c coswt, at 1733 Hz
with I, = 20 mA along the x-axis to the sample. An external
magnetic field Hex is applied along the x-axis to align the
magnetization. The current-induced FT and DT rotate the
magnetization within the sample plane (changing ¢n) and
perpendicular to the plane (changing fyp), respectively. The
magnetization change due to current-induced torques for in-
plane magnetized samples can be written in terms of two
orthogonal effective magnetic field components Apr and hpr

hrr
Hext + HaH
hpt
Hext + Ha\l + My — Hy

where Hj) is the in-plane anisotropy field, H,, is the out
of-plane anisotropy field, and My is the saturation magne-
tization. For an ordinary transition-metal ferromagnet such
as permalloy, the in-plane anisotropy is negligible and M,
is much larger than any of the fields discussed here. Thus,
for current-induced magnetization reorientation, the change
in the polar MOKE signal (proportional to Aéyp) should be
approximately independent of the applied field for Hexy < Mg,
while the current-induced change in the longitudinal MOKE
signal (proportional to A¢y,) should scale approximately as
1/Hexi. Examples of experimental results from 50 gm X
50 um Py(8)/Pt(6), where the numbers in parentheses are
thicknesses in nanometers, with a 20 mA bias current and
1 mW laser power are shown in Fig. 2(a) and (b). The current-
induced spin—orbit torque signals obtained by the MOKE
measurements exhibit the expected linear dependence on the
applied current density [14].

Fig. 2(a) shows the raw data for the Py(8)/Pt(6) polar
term (m;) obtained using light at 45° polarization and tak-
ing the sum of all quadrants. It switches sign as the mag-
netization switches and is independent of Hey away from
zero field. Fig. 2(b) shows the longitudinal term (m,) at 0°
polarization (at which polarization, the transverse component
is suppressed) exhibits a 1/H.x; dependence.

The magnitude of the DT is determined through a self-
calibration method explained in our previous publication [14].
Using a simple parallel circuit model to account for the
different resistivities of Pt and Py, we estimate that approx-
imately 42% of the current flows through the Pt, yielding a
current density in Pt of jp, = 2.8 x 10!°A/m?. Note that
the parallel circuit model does not take into account the
potential for nonuniform conductance and thus may lead to
overestimation of the current in the nonmagnetic layer [27].
A line scan is performed by keeping the laser position fixed
and translating the sample along the y-direction. Fig. 3 shows
a line scan obtained using quadrant detectors for Py(4)/Pt(6).
The difference between lock-in voltages at positive saturation

Ay =
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Fig. 3. (a) Line scan result for Py(4)/Pt(6) with quadrant detectors. DT
field detected by subtracting signals taken at positive and negative saturation
field. Fit function (red line) is calculated as the integration of the DT-induced
magnetization reorientation weighted by the Gaussian function that describes
the spatial distribution of the laser. (b) Out-of-plane Oersted field detected
by addition of signals taken at positive and negative saturation field. The fit
function for the Oersted field (red line) is similarly calculated as the integration
of the local magnetization reorientation weighted by the Gaussian function that
describes the spatial distribution of the laser.

field and negative saturation field are taken for the DT signal
and the summation of the lock-in voltages at positive saturation
field and negative saturation field are taken for the out-of-plane
Oersted field for each position. By fitting the lines’ scans
using quadrant detectors for the DT signal and out-of-plane
Oersted field, we extract the DT coefficientft = (hpt/jpt) =
6.970 £ 0.050 nm. The effective spin Hall angle is defined as
the ratio of the out-of-plane spin current to the in-plane charge
current and is given by sy = pr((2e/h)) 1o Msdpy. Since the
spin—orbit torques consist of two components: DT and FT,
two spin Hall torque efficiencies are calculated. Assuming
that the DT arises from the SHE and using the equation
Osn = pr((2e/h))poMsdpy, we determine an effective spin
Hall angle for DT, 6pr = 0.086 + 0.007 from vector-
resolved MOKE for Pt, which is the same as that obtained
with polar and quadratic MOKE without quadrant detection
Opr = 0.086 + 0.004, [15]. Here, the parameters used are
uoMsdpy = 4.080 T - nm.

To determine the magnitude of the FT, we perform a calibra-
tion by passing an ac current (500 mA) only through a metallic
wire (1 mm wide and 1 cm long) behind the sample that
drives in-plane magnetization reorientation due to Ampere’s
law. Since this current is not passing through the sample,
it does not contribute to spin—orbit torques. This ac current
generates an Oersted field of 70.700 £ 2.940 A/m. The dis-
tance from the sample to the wire is about 1.050 £ 0.050 mm.
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The magnitude of the FT is extracted using a linear regression
algorithm by comparing the FT signal curve and the calibration
curve shown in Fig. 2(c) for Py(8)/Pt(6). In this example
fitting, the ratio between the signals corresponding to the
current-induced effective field and the calibration field is
2.490 £ 0.070, which corresponds to a current-induced field
of 176.080 £ 5.310 A/m. After removing the 83.800 A/m
Oersted field generated by the current in the sample, we obtain
hrr = 92.280+5.310 A/m, which gives an effective spin Hall
angle of Opr = 0.054 £ 0.003. We also measure the change
in the other in-plane magnetization component m,, which is
negligibly small as expected.

To further verify the accuracy of this method, we have
extracted the effective spin Hall angle from FT and DT mea-
surements for permalloy thicknesses dpy from 2 to 10 nm and
compared the results with quadratic MOKE and polar MOKE
obtained without quadrant detection, respectively. As shown
in Fig. 2(d) and (e), the spin Hall angles determined from
the longitudinal and polar measurements with quadrant detec-
tion agree well with the angles determined from quadratic
and polar MOKE measurements without quadrant detection,
respectively. The precision of the quadrant detection technique
is similar to that achieved via quadratic MOKE without quad-
rant detection. Thus, the quadrant detection method provides
an alternative technique that can be chosen based on the
experimenter’s available equipment, preference for first-order
response versus second-order response, and analysis methods.

IV. CONCLUSION

In conclusion, we have demonstrated a convenient vector-
resolved MOKE technique that can simultaneously mea-
sure the current-induced dampinglike and fieldlike torques
using normally-incident light. We find quantitative agreement
between the results of this technique and quadratic and polar
MOKE measurements done without quadrant detection for a
series of Pt/Py bilayers with different Py thicknesses. The
technique can be easily extended to measure spin—orbit torques
in systems with perpendicular magnetization, as well as in
systems with arbitrary magnetization direction. We anticipate
this technique will be useful for further studies of current-
induced magnetization reorientation in a variety of materials.
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