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Direct detection of spin-orbit effective fields through magneto-optical Kerr effect
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Current-induced effective magnetic fields provide efficient methods to electrically control the magnetization
switching in ultrathin magnetic films. It is getting clearer that the two terms of spin-orbit torque (SOT), i.e., the
dampinglike SOT and the fieldlike SOT, play different roles during the magnetization switching process. Fast
and direct estimation of both effective fields are crucial for highly efficient magnetization switching. Methods
to extract the amplitudes of the effective fields have been intensively investigated, but they are either complex
or require multiparameter fitting, especially for the fieldlike field. We introduce the direct detection of SOT
effective fields using hysteresis-loop shift through the magneto-optical Kerr effect in the out-of-plane Pt/Co/W
and in-plane Pt/Fe/MgO trilayer systems. The results show strong agreement with transport measurements.
Benefiting from noncontact optical detection, our approach in the detection of the spin-orbit effective field has
great advantages in the simplified device fabrication processing, and it is suitable not only for metallic systems
but also for insulating systems, which paves the way to direct detection of SOT effective fields.
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I. INTRODUCTION

Current-induced spin-orbit torque (SOT) has received a
great deal of attention for efficient magnetization manipu-
lation in magnetic memory and logic [1-9]. The SOT has
been demonstrated to drive fast domain-wall motion with high
efficiency and potentially low power consumption [2,10-14].
It contains two main contributions for spin accumulation,
namely the spin-Hall effect (SHE) in heavy metal (HM) and
the Rashba effect (RE) induced by broken interfacial symme-
try. The SOT comprises two terms, referred to as dampinglike
(DL) torque and fieldlike (FL) torque. Recent theory suggests
that the FL torque plays a significant role instead of being
ignored in SOT switching dynamics [11,15-18]. The experi-
mental work by Baumgartner et al. shows that the FL term can
promote faster domain wall propagation [19]. The FL torque
also favors edge nucleation under the dependence of DMI,
external field and the dampinglike torque. The optimization of
FL and DL fields in the designed heterostructures is crucial for
highly efficient SOT driven magnetization switching. Since
the dampinglike torque is mainly from bulk SHE in the thicker
HM regime [9], it is possible to estimate the effective field by
material selection, while the FL term has a high probability
of being related to the HM/ferromagnetic (FM) interface. For
different interface processing methods, the fieldlike effective
field shows great uncertainty [20,21]. A quick knowledge of
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the FL term is useful for assessing the efficiency of SOT
devices in a timely manner at design stage.

Common methods for quantifying the effective field in per-
pendicular magnetic anisotropy (PMA) films include anoma-
lous Hall resistance [22], spin-torque FM resonance [1], and
SOT-assisted magnetization switching [8], among which the
second-harmonic Hall measurement [7,23,24] is the most
widely accepted method. For a system with in-plane magnetic
anisotropy (IMA), the planar Hall effect (PHE) method is
proposed to characterize the combined SOT effective fields
in in-plane and out-of-plane orientations. However, those
techniques of using parameter fitting to distinguish the DL and
FL torques make the measurements and analysis very complex
and challenging. They require more intensive data collection
and finer data processing. Therefore, those methods may lead
to large time consumption in the measurement and lack of
accuracy and efficiency.

Experimentally, hysteresis loops are often used as a fast
and direct characterization approach. The AHE-based method
has been employed to detect the dampinglike torque in the per-
pendicular direction [4,25-28]. The recent magneto-optical
Kerr effect (MOKE) method [21,29-31], while showing its
high sensitivity and wide material applicability for SOT, still
focuses on dampinglike effective fields. Nevertheless, for the
FL effective field, a rapid characterization for PMA and IMA
samples is still lacking.

In the present work, we developed and experimented with
a fast and direct method by longitudinal MOKE to investigate
the FL effective field. We utilized the shift of in-plane hystere-
sis loops to directly quantify the SOT, which works as a bias
for both the PMA and IMA systems. The MOKE method does

©2020 American Physical Society
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FIG. 1. (a) Schematic representation of the effective fields acting on magnetic moment Ms. Hg_ is generated by the moment in the z—y
plane. (b) Schematic of the longitudinal and polar MOKE measurements for the detection of transverse, longitudinal, and polar effective fields.
(c) Out-of-plane and in-plane magnetization of sample (A) vs external magnetic field measured by SQUID. The inset is the same data in the
large-field scale. (d) Normalized hysteresis loops measured by MOKE for patterned sample (B) in the longitudinal (y axis) and transverse

(x axis) directions.

not require complex device fabrication. Therefore, we could
easily obtain the field-like term Hpp, in the current transverse
direction, which is shown in Fig. 1(a).

II. METHOD AND SAMPLE PREPARATION

Figure 1(b) schematically shows that 45° laser incident
angle was used to measure the fieldlike term Hpgp, in the lon-
gitudinal direction of the stripe-shaped magnetic multilayers.
Direct current (dc) (+1q.) was applied along the wire (+y
axis). Meanwhile, a sweeping magnetic field H.x was applied
in the direction of the +x. The hysteresis loops were measured
using the Durham Magneto Optics NanoMOKE3® with a
solid-state laser diode (660 nm, 5 mW). The focused beam
spot was 20 nm in the longitudinal geometry, which was
smaller than the wire width. We utilized a photodiode bridge
to improve the measurement sensitivity up to 0.01 mdeg, and
further we used an S-polarized laser to minimize the influence
of the MOKE transverse signal.

In terms of experimental verification, first we used sample
(A), namely the Ta (2.1)/Pt (5)/Co (0.64)/W (1) system with
PMA, to study the in-plane SOT effective field (the numbers
in parentheses are the thickness in nanometers). We employed
the second-harmonic Hall method for comparison to verify
the accuracy of our measurements. Second, IMA sample (B)
of Pt (5)/Fe (tpm 0-1)/MgO (5) with a wedged Fe layer
was prepared to study the thickness dependence of Hpy over
the current density. To confirm the magnetic anisotropy, we
used a superconducting quantum interference device (SQUID)

for sample (A) and a longitudinal MOKE measurement for
sample (B), which are shown in Figs. 1(c) and 1(d) [32].
All films were patterned into 100-um-wide channels [a Hall
bar structure for sample (A) and a wire along the Fe wedge
for sample (B)] by photolithography and the Ar* ion-milling
process. All measurements were performed at room temper-
ature (the second-harmonic Hall measurement contained the
temperature control).

According to the fieldlike torque Tpp= —Hp . Ms(it X &),
where 1 is the unit vector of saturation magnetization of the
layer (Ms) [21,33], the direction of the effective field can be
determined by the polarization of the electron spins (&), which
is expressed by ﬁpLszLé* [34-36]. By compensating for
the SOT-induced broken symmetry of the switching fields, an
effective field H.g could be obtained using the horizontal shift
of the switching field of up-to-down (down-to-up) reversal
[26]. The offset field is expressed as Hoggset(I) = —Her (1) +
H(I?) + Hy, where H(I?) represents the symmetric term of
the current polarity due to Joule heating, and H represents
the current-independent term from the residual field and the
quadratic MOKE [34]. The SOT effective field could be
extracted by subtracting the positive and negative current val-
ues, written as Hsor= [Hoftset (+1)—Hoftset (—1)]/2 based on
its odd symmetry. For the fieldlike measurement, the Oersted
field should be considered. Because of the shutting effect,
the Oersted field in the FM layer could be estimated as fol-
lows: Hoersted= —Jumtum/2, where tyy is the HM thickness.
Therefore, the effective field of Hg is expressed as follows:
HrL= [Hottset (+1) —Hottser (—1)] /Z_HOersted-
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FIG. 2. (a) Normalized hysteresis loops of sample (A) (Pt/Co/W) for the fieldlike field measurement under dc currents of +5 mA.
For clarity, appropriate vertical offsets were added. (b) First- (1w) and second- (2w)harmonic voltage in the transverse configuration.
(c) Comparisons of the MOKE (red dots) and transport measurements (blue squares) for the fieldlike term. The linear fitting of the transport
results is shown by the solid blue line. The MOKE results are fitted with (1/Ms)Jum shown by the solid red line. Inset: the MOKE results
corrected by Mg show a good linear fit by the solid blue line from the transport method. (d) Normalized Mg decays with Joule heat 12, which

is proportional to temperature 7.

III. RESULTS AND DISCUSSION

A. Measurement in the PMA system

The large spin-orbit coupling system of Pt/Co/W was
selected for demonstration. The magnetic moment in Pt/Co/W
wire was first magnetized along the +z direction. The lon-
gitudinal MOKE with a magnetic field applied along the x
direction is performed to measure the FL fields induced by
currents. Figure 2(a) shows the typical normalized hysteresis
loops for the Hg, measurements with /;. = £5 mA. We can
see that the horizontal shift corresponds to the sign of the
current polarity, which indicates that in-plane effective fields
were clearly observed.

For comparison, the first- and second-harmonic Hall volt-
ages were detected at 3, 5, and 7 mA alternating current
with a frequency w of 133 Hz, as shown in Fig. 2(b). Note
that for extracting the SOT effective fields precisely, both
contributions of the AHE and the planar Hall effect (PHE)
were considered [23,32]. Figure 2(c) shows a summary of
the numerical comparisons between MOKE and the second-
harmonic Hall methods for the fieldlike field, respectively. At
low current densities, the MOKE and second-harmonic Hall
methods displayed a high level of equivalence, while at a
high current density (above 1 x 10'° A/m?) an exponential
increase could be seen in the MOKE method, leading to
failure in the linear fitting. According to the expression of the

SOT-induced effective field,

h &
Hsor = — —1

2e Mstpm

Jam, ()

where 7 is the reduced Planck constant, e is the elemental
charge of an electron, fry is the thickness of the magnetic
layer, and &gy is the spin-Hall efficiency. The linear fitting
is based on the assumption that Mg is constant. Note that
the Curie temperature of the FM layer decreases dramatically
with a decrease in the film thickness in the ultrathin regime.
Thus, the temperature increase from current-induced Joule
heating presumably approaches the Curie temperature of
0.6 nm Co in our film. In our transport setup, a well-controlled
temperature feedback system ensures a stable temperature and
constant Mg under applied currents [32]. Therefore, a good
linear fitting is shown by the solid blue line in Fig. 2(c).
However, Mg decreases with an increase in the amplitude
of applied currents in the MOKE method due to the lack of
temperature control, which is shown in Fig. 2(d). Since the
Joule heating represented by I? is proportionally converted to
temperature, the change in Mg can be well described using
the fitting of Mg ~ (Tc—T)'/ (the estimated T¢ is 610 K)
[32]. This result is consistent with the previous study on SOT
efficiency at different temperatures [37]. Taking the Mg vari-
ation with the current density (please see the supplementary
note 3 in Ref. [32]), the FL fields from the MOKE method
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FIG. 3. (a) Hysteresis loops measured by the longitudinal MOKE for sample (B) [Pt (5)/Fe (tev = 0.6 nm)/MgO (5)] under dc current of

*1. Hyfrser (Hefr=

—H,gey) Tepresents the eftective field due to SOT. (b) SOT effective field (Hp.) at different thicknesses as a function of the

current density. (c) Hpr/Jum as a function of 1/fr\. The solid lines show linear fitting of the data.

show an obvious agreement with those from the transport
method shown in the inset of Fig. 2(c). From the linear fitting,
the slope of Hpp versus Jyy was observed to be 5.8 Oe per
1x10'° A/m?.

B. Measurement in the IMA system

For sample (B) with fp\y = 0.6 nm, loops at several typical
currents are shown in Fig. 3(a) to characterize H.g as a func-
tion of the applied dc current. For different current amplitudes
and polarities, the shifts in the hysteresis loops increased with
the current density and separated in the opposite direction,
meaning that the effective field was current-dependent. Under
current / = +18 mA, the center of the hysteresis loop shifted
to the positive side, presenting a negative effective field.
Meanwhile, the Oersted field according to Ampere’s law had
an opposite sign, which indicates that a fieldlike torque in
the system existed. Because Pt is known to have a positive
spin-Hall angle, Hg;, should have the same direction as the
QOersted field. However, the measured direction of Hp, was
opposite that of the contribution of SHE, which means that
RE must overcome these two contributions and dominated in
the system. This result is also consistent with the reported data
measured by PHE [38,39].

We then investigated the thickness dependence of the FM
layer by focusing the laser spots at several different positions
of the thickness wedge sample. Figure 3(b) shows our Hgp
summary at different thicknesses as a function of the current
density. The current density in the HM layer was calculated
from the multi-layer shunt model. Figure 3(c) shows the

slope of Hpy /Jum versus thickness of the FM layer (1/tgy),
which were found to have a good linear relationship as ex-
pected from Eq. (1). The Oersted field was calculated to be
~0.3 Oe per 1x 1010 A/rnz. As the thickness decreased, the
ratio of the fieldlike term to the current density increased from
0.9x107'% to 1.6x107'9 Oe/(A/m?), reaching a maximum
at 0.48 nm. The dependence of the fieldlike SOT fields on
the thickness of Fe conformed to the result obtained by
Kawaguchi [39]. We note that the Pt/Fe system had a strong
quadratic MOKE [40], which made H¢ quite sensitive to the
angle between the crystal orientation and the measurement
direction. However, the effective field signal came from the
offset of symmetry, as previously analyzed. The change in Hc
would not affect the detection accuracy.

C. Calculation of spin-Hall efficiency

For comparison, total spin-Hall efficiency &sy [20] was
calculated. The calculation method of spin efficiency can be
directly derived from the detected values and be rewritten as
follows:

2eM sty Hrr
fsp=—7"1"""""".
h Jam

In addition, introducing decreasing Mg into the equation
could eliminate the current-induced thermal effects on the
calculation. Here, with the increase in Jym, Ms decreased
from 1000 to 830 emu/cm3 and gy = 0.64 nm. The fieldlike
spin-Hall efficiency was calculated to be 0.12 &£ 0.02. We also
compare the results measured by the harmonic Hall technique.
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&sy was calculated to be 0.34 (dampinglike term) and 0.12
(fieldlike term), respectively, showing that the error between
these two techniques is less than 10%.

IV. CONCLUSION

In summary, we have demonstrated a direct method to
detect FL effective fields for both PMA and IMA systems.
Compared with the transport method, our method shows
good consistency and flexibility. Simultaneously, the change
in Mg affected by the current-induced Joule heating can be
used to describe the nonlinear behavior of effective fields
versus current density, indicating that the arrangement of

the magnetic moment engineering may play a role in the
SOT manipulation. The measurement we presented provides a
direct and convenient method to quantify SOT effective fields.
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