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Magneto-optical detection of spin-orbit torque vector with first-order Kerr
effects

C. Gonzalez-Fuentes,! M. Abellan,>3 S. Oyarziin,* and C. Orellana®3

Y Instituto de Fisica, Pontificia Universidad Catdlica de Chile, Vicuna Mackena 4860, 7820436 Santiago,
Chile™

2) Centro Cientifico y Tecnoldgico de Valparaiso - CCTVal, Universidad Técnica Federico Santa Maria,
Awvenida Espana 1680, 2390123 Valparaiso, Chile

3) Departamento de Fisica, Universidad Técnica Federico Santa Marta, Valparaiso 2390123,

Chile

Y Departamento de Fisica, Universidad de Santiago de Chile, Santiago 9170124,

Chile

(Dated: 23 April 2024)

We have developed a novel, compact and cost-effective magneto-optical method for quantifying the spin-
orbit torque (SOT) effective field vector (hgo) in magnetic thin films subjected to spin current injection.
The damping-like (hSD(% ) component of the vector is obtained by the polar Kerr response arising from the
out-of-plane magnetization tilting, whereas the field-like component (h55) is obtained by current-induced
hysteresis-loop shifting study, using conventional longitudinal Kerr magnetometry.

We tested our method in bilayers comprising NiFe, CoFeB (ferromagnetic layers) and Pt, Pd, Ta (non-
magnetic layers). Our findings revealed a damping-like SOT efficiency ¢PT of 0.089 + 0.006, 0.019 + 0.002,
and —0.132 4+ 0.009 for Pt, Pd, and Ta, respectively, very in line with the most accepted values for those
materials. The hiE /hD% ratio was 0.35 + 0.02 for NiFe/Pt and 0.14 4 0.02 for Ta/CoFeB bilayers when the
ferromagnetic layer thickness is 4 nm.

A key advancement over the state-of-art magneto-optical methods is the use of an oblique light incidence
angle, which allows switching between measuring modes for hD% and hl, without altering the experimen-
tal setup. Moreover, our approach relies exclusively on first-order Kerr effects, thereby ensuring its broad
applicability to any type of ferromagnetic material.

The inter-conversion between charge and spin currents
has been a central subject of research in condensed mat-
ter physics since its prediction! and the first experimen-
tal confirmation?. When spin-polarized currents diffuse
into a ferromagnetic (FM) material, they induce spin-
orbit torques (SOTs)?: a powerful mechanism for mag-
netic order manipulation, with applications in magneto-
resistive random access memory (MRAM)?, logic devices
and neuro-morphing computing®.

Although techniques to characterize SOT's have existed
for more than a decade%7, the emergence of new phenom-
ena such as rotated-symmetry®?, single-layer SOTs'® or
orbital currents'!, has made more complex the interpre-
tation of the results given by the state-of-art techniques
for probing SOTs.

To date, these techniques have consisted almost exclu-
sively on measuring electrical voltages arising from the
device under excitation. In this line, techniques such
as second harmonic generation (SHG)'?720 | spin trans-
fer torque ferromagnetic resonance (ST-FMR) and spin
pumping (SP) generated voltages®, have dominated the
scene.

The techniques mentioned above have a series of prob-
lems and limitations in their applicability. To begin with,
in all the electrical detection methods, the signals are po-
tentially contaminated by thermoelectric voltages, which
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are not always easy to disentangle from the signal of
interest?! 24,

On the other hand, in ST-FMR and SHG, the elec-
trical current injected to excite magnetization dynamics
is also necessary for its detection; hence, the sensitivity
critically depends on the fraction of the electrical current
flowing through the FM layer of the structure. For this
reason, these methods are not suitable, in a general way,
for detecting SOTs on FM insulators®®. Also, in metallic
FM/NM bilayers, the sensitivity reduces as the FM layer
is too thin or resistive compared to the NM layer. In the
opposite scenario, a thin and highly resistive NM layer
sacrifices the strength of the SHE.

Another drawback of all the electrical detection meth-
ods is that a complete detection of the SOT vector relies
on the anisotropic magneto-resistance (AMR) coefficient
of the FM layer, which presents a large variability among
3d-group ferromagnetic alloys. For example, the room
temperature AMR coefficient can vary from 1.4% in NiFe
to 0.06% in CoFeB?S.

In this scenario, the magneto-optical detection of
SOTs2%2729 arose as a promising solution to the above-
mentioned issues, as the magnetization dynamics can be
probed without electrical contacts. Pioneering works
of Montazeri?>27 showed the detection of damping-like
(DL) and field-like (FL) components of SOT on FM lay-
ers by controlling the polarization of the incident light.
More recently, Xin. et al.3 showed the detection of DL
and FL effective fields but OPA and IP samples, respec-
tively.
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Despite these advances, magneto-optical detection of
SOTs is very far from being a widely adopted method
for detecting SOTs?!, as electrical methods are. This
may be in part because most of the setups employed to
detect SOTs use normal-light incidence angle, a config-
uration convenient for probing DL-SOT but unpractical
for the obtention of in-plane magnetization components
and, hence, for exploring FL-SOT??:3°, In addition, a re-
liable magneto-optical characterization of the SOT vec-
tor has been demonstrated only via quadratic MOKE
(Q-MOKE), a second-order effect, which is strongly de-
pendent on the polarization of the incident light but also
on crystallographic symmetries of the FM material3233.
This complexifies the characterization of single crystal
materials such as magnetic iron garnets. In addition,
combining MOKE with Q-MOKE requires changes in the
experimental setup when moving from DL-SOT to FL-
SOT characterization.

This work presents a magneto-optical method for de-
tecting DL and FL-SOT effective fields, namely hD} and
hgg, via first-order, polar, and longitudinal MOKE, re-
spectively. The experimental setup is straightforward,
as is commonly employed for longitudinal MOKE mag-
netometry with nearly-crossed polarizers®!, with the ad-
ditional requirement of the polarizers rotation control.
In summary, our setup is the same as the generalized
magneto-optical ellipsometry technique?®36. Moreover,
our method does not require fabrication-intensive sam-
ples, and both components of the SOT vector can be
studied without modifying the setup. Very importantly,
our method relies only on first-order Kerr effects, whose
magnitude scales directly with the saturation magnetiza-
tion of the FM layer3”. Hence, broad applicability to FM
materials is guaranteed.

We tested our method in a set of UHV-sputtered
FM/NM bilayers: NiFe(8)/Pt(6), NiFe(4)/Pt(6),
Ta(8)CoFeB(4), Ta(8)/CoFeB(8) and NiFe(8)/Pd(12),
where NiFe =NigFei9 and CoFeB=CoygFe4Bog. The
sequence of materials is described from the bottom
to the top layer with the number inside parenthesis
indicating the thickness in nm of each layer. Also, a
2 nm Ta capping layer was added to CoFeB-on-top
samples as a protective layer against oxidation, which is
assumed to be wholly oxidized upon exposition to air.

The two samples with tgpyy = 4 nm were designed
specifically for testing hl”s% detection. In the rest of the
samples, we consider hgg to be negligible in compari-
son with the Oersted field®®3°. All the samples were
patterned into 2x1 mm stripes and contacted at the ex-
tremes by Au gold pads.

For FL-SOT measurement, the device is set to work
as a conventional MOKE hysteresis-loop tracer in lon-
gitudinal configuration, using the sample and field ge-
ometry depicted in (Fig. 2(a)). We set the polarizer
angles to a fixed value (p; = 0°,p2 = 0.75°), which has
a convenient signal-to-noise ratio for MOKE. In this con-
figuration, the variable component of the photo-voltage
is proportional to the z-axis component of the normal-
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FIG. 1. (a) Schematic diagram of the magneto-optical ellip-
someter. (b) and (c): system of reference for defining the
perturbation angles Ay and A, in the s and p measurement
mode, respectively. The red dashed line denotes the plane
parallel to the optical table.

ized magnetization vector (m,)*. Helmholtz coils are

fed with a low-frequency electrical current (16 Hz), pre-
viously calibrated to deliver external field H = H,x of
known value in the sample’s position.

According to the system of reference depicted in Fig.
2(a), spin current diffusing from the NM to the FM layer
has a spin polarization vector (§) is parallel to X. The
total FL effective field sensed by the FM layer will be
given by:

B*™ = (5 + bl ) %. (1)

Here hil and hﬂ)e are scalars that parametrize the in-
plane component of hgg and the Oersted field, respec-
tively.

As shown in Fig. 2,(a), h™" induces a homogeneous
H-axis shifting on the MOKE H-loop curve under a DC
current’. To quantify this shifting, we choose H, as a
reference, defined as the value of the H-axis where the
center of symmetry of each H-loop is located. We take
it as H, = (Hy + H})/2, where Hy (H)) is the H-axis
value where m, crosses from negative (positive) to pos-
itive (negative) region of the cycle. Fig. 2(c) shows H,
vs Ipc cures for NiFe4 and CoFeB4 stripes, showing ex-
cellent linearity.

For the analysis, we assume h''/Ipc = dH./dIpc,
in this way, we eliminate background DC magnetic field
contributions that may shift H.. Using Eq. (1), we can
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FIG. 2. (a) Schematic of the sample arrangement employed for h55 measurement. (b) Longitudinal MOKE H-loops of the
NiFe4 stripe, upon the application of continuous electrical current: Ipc = 100 mA (black curve) and Ipc = —100 mA (gray
curve). The crosses indicate the center of symmetry of each cycle, while the dashed lines indicate the corresponding values for
toHc on the horizontal axis. (c¢) poHe vs Ipc for NiFe(4)/Pt(6) and Ta(8)/CoFeB(4) samples. Open symbols denote
experimental points, and continuous lines correspond to the linear fittings. Discontinuous lines are the expected curves when
only the Oersted field is acting and all the electrical current passes through the NM layer (black dashed line), or half of the

current passes through the NM layer (dotted red line).

establish the following relation:
dH. Inm

- ) (2)
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where Inm/Ipc ratio was obtained from the planar re-
sistivities of and thicknesses of FM and NN layers*! (see
supplementary material).

The effect of hf5 on the thinner group of ferromag-
netic films can be directly inferred from H, vs Ipc curves
plotted on Fig. 2(c). We see that in the NiFePt(4) /Pt(6)
sample, dH, /dIpc surpasses by 62% the maximum value

attributable to hl(l)e, in the case in which and all the
electrical current were passing through the NM layer i.e.
Inm/Inc=1 (black, dashed line). On the other side, for

the Ta(8)/CoFeB4(4) sample, hge and h§§ have opposite
signs, leading to partial cancellation of the first, result-
ing in podH./dIpc = -0.23 mT/A. This value is sig-
nificantly below the attributable to hﬂ)e with a current
distribution of Inm/Ipc = 0.5 (red, dotted line), which
is the expected ratio according to the relative resistivities
and thicknesses of Ta and CoFeB layers. Note also that
in this case, the sign of dH./dIpc is negative, given that
the NM layer is at the bottom of the bilayer. The emer-
gence of h'" in ferromagnetic films of similar thickness
has also been reported previously*?43,

Now, we describe the DL-SOT measurement. In this
case, we employ the geometry depicted in Fig. 3(a)

The external magnetic field is set to a fixed value
H = H.x, with H; = 14 mT, which is sufficient to
saturate the magnetization parallel to z-axis. Simulta-
neously, an oscillating current (824 Hz) is injected into
the stripe, generating a total SOT effective field given
by: (h852 + h§5¥) cos (wt). The z-axis periodic devia-
tions induce a polar Kerr rotation of the form 6 cos (wt),
which can be straightforwardly detected via lock-in am-
plification. However, the concurrent y-axis deviations

W = Inc (

due to hgg component in addition to the Oersted field for
this geometry: hoe = (héei + hl(‘)ey) cos (wt), will pro-
duce not only polar but also and longitudinal-transversal
MOKE signal synchronously, mixing-up in the lock-in
detected in-phase term.

In this work, we employ a novel approach to isolate
the § component exclusively from h{5. We execute
the measurements in two stages: in the first (second)
stage, we keep the P1 (P2) axis fixed parallel to the s(p)-
polarization axis while the P2 (P1) axis is varied slightly
around the s(p)-polarization axis by an angle A (A,).
In this manner, we tune the amount of s(p)-polarized
light that passes through the second(first) polarizer. We
denote the first and second measurement modes as the
s-mode and p-mode, respectively. Both A, and A, were
in a range of less than 0.7 degrees, thus very close to the
extinction condition of light.

In both measurement modes, we will have a photo-
detected voltage of the form: Vp = Vpe + Vac cos (wt).
The DC component (Vpe) is related to the reflectome-
try of the sample. In contrast, the AC component (Vac)
is linked to € owing to deviations in the magnetization
direction from equilibrium. Fig. 3(b) ((c)) shows exper-
imental Vpc (Vac) curve, where we observe a dominant
quadratic (linear) dependence on A,q,). From these
curves and Jones matrix analysis (see supplemental ma-
terial), we extract hSD(% by the following expression:

1
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where subindexes denote measurements done in s(p)-
mode and super-indexes +H(—H) indicates measure-

(4)



ments done with Hy > 0 (Hs < 0) i.e. with opposite
directions of saturation magnetization. The obtention
of hg(% in a single sample thus requires the analysis of
8 experimental curves: Vac and Vpc for each term of
the right side of Eq. 3. In addition, aeg is a sample-
specific calibration coefficient that parametrizes the ra-
tio between polar MOKE and out-of-plane magnetic field
excitations. It must be obtained independently by apply-
ing an AC magnetic field of known amplitude h,= 4 mT
that replaces h3}5 in Eq. 3. A representative example of
the experimental and fitting curves is shown in Fig. 3,
with the NiFe(4)/Pt(6) sample.

We note that our measurement protocol, summarized
in the terms of Egs. 3 is designed to thoroughly elim-
inate prop-to coswt signals that may distort the accu-
rate quantification of hSDCI;. The s-mode p-mode averaging
eliminates the second-order or quadratic MOKE, which
may be comparable to polar MOKE for in-plane magne-
tized samples®”. In addition, the field reversal averaging
cancels out hée7 given that is sign does not reverse with
m reversal, but hSD(% does. Compared to previous works
that employ normal incidence angle of light?7, no modi-
fications in the setup are required to move from the DL-
SOT to the FL-SOT measurement mode. The changes
are only in the electrical feed-through of the stripe, the
Helmbholtz coils, and the activation/deactivation of the
automated rotation of polarizer axes. All the steps, ex-
cept the change of samples, can be accomplished with-
out hardware modifications so that it can be automatized
with appropriate programming control.

Continuing with the analysis of DL-SOT, we assumed
that in all the samples, the NM spin diffusion length is
significantly shorter than tyxy** 46, We then can employ
the following approximation for damping-like (¢P%) and

field-like (&) effective spin-orbit torque efficiencies®!:

2.\ hon ™™
h

fDL(FL) = poMgtpy < (5)

JINm

where M, is the saturation magnetization of the FM
layer. We employed pgMs = 0.98 T and 1.28 for NiFe and
CoFeB, respectively. These values were extracted from
FMR measurements performed on bulk samples fabri-
cated in the same system and conditions. In Table I, we
list our extracted values of £P¥ for each system. Over-
all, we find a good agreement of ¢P¥ to the reported
values for bilayers with the same combination FM/NM
layers: 0.06 to 0.15 for NiFe/Pt3%4748 _0.18 to -0.11 for
CoFeB/Ta%049:50  In the case of Pd, &PV is roughly a
fourth of the Pt value, which is consistent with previ-
ous reports and the relative strength of SOC of Pd with
respect to Pt51°2. We also did not see significant varia-
tions on &P between the NiFe4 and NiFe8 samples nor
between CoFeB4 and CoFeB8 samples.

Regarding the field-like component of SOT, we found

that in NM=Pt samples hg(% has the same sign as h‘(l)e7

Layer
structure tEMm £Pr &P /gPr Ref.
(nm) (%)
NiFe/Pt 2. 7 0.42 42
2.5 8.7 + 0.7 0.27 58
4 82+ 0.3 0.35+ 0.02 This work.
8 89+ 0.6 - This work
6-9 5.+ 0.5 0.07 59
NiFe/Pd 8 1.9 + 0.2 - This work.
10 1.0 - 60
B-Ta/CoFeB 0.75-1.3 1-10 12

4 -114+1  0.16 £+ 0.03 16
4 -12.7 + 0.8 0.14 + 0.02 This work.
8 -13.2 £ 0.9 - This work.

TABLE I. Comparision of ¢°%, "% and &% /¢P™ values ob-
tained in our samples vs the previously reported on bilayers
of equal composition.

whereas for NM=Ta is the opposite, in line with previous
observations#2-46:49:53

Table I shows a comparison of the relative strengths
of the FL. and DL SOTs in our samples, parametrized
by ¢FL /€PL value, as well as a comparison with previous
reports on NM/FM bilayers with identical composition.
The evaluation of this parameter instead of the absolute
value of ¢PV(FL) is very relevant given that the latter can
be affected by the spin memory loss of the interface® or
the resistivity of the NM layer!”%, so it can be notably
affected by the variability of fabrication conditions. We
also note that the high resistivity of the Ta 8nm layer
(243 pQm) lets us assume that it grew in the S phase
(see supplemental material).

Overall, Table I, shows that 7V /&Pl is a strictly de-
creasing function on tgy and our results fits well inside
this trend. This is in agreement with the classic diffu-
sive model of spin current absorption in an FM layer®®
with a finite spin dephasing length A\j: the characteristic
length over which the spins diffusing into FM layer align
with m owing to the exchange interaction. This phe-
nomenon can be a significant source of FL-SOT in FM
layers of thickness comparable to Ay, which is of the or-
der of few nm®%°7 for typical 3d-group ferromagnets. In
consequence, hg(% vanishes asymptotically as tpy > Aj,
whereas hgé‘ follows the natural 1/txyv dependence. In
consequence ¥ /¢PL s a strictly and rapidly deceasing
function of tgy.

In summary, we have demonstrated the magneto-
optical detection of field-like and damping-like spin-
orbit torque vectors in different combinations of normal-
metal/ferromagnetic-metal bilayers with a simple and
cost-effective setup.
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FIG. 3. (a) Schematic of the sample arrangement employed for h§5 measurement. (b-c) DC and AC components,
respectively, of the photo-voltage induced by the reflected light from the sample configured like in (a). The magnetization is
saturated along +x direction by an external field of 14 mT magnitude.

Notably, our methodology relies only on first-order
magneto-optical Kerr effect coefficients, longitudinal and
polar, which, unlike second-order ones, scale directly with
the material’s magnetization, ensuring broad applicabil-
ity to any type of ferromagnetic material.

We obtained damping-like spin-orbit torque efficiency
épr = 0.089 £ 0.006, 0.019 % 0.02, and —0.132 £ 0.009
for Pt, Pd, and Ta, respectively. These values are in
good agreement, in sign and magnitude, with the most
accepted values for these metals.

The ratio between the field-like and damping-like spin-
orbit torque efficiency ¥ /¢PL | was 0.354:0.02 and 0.14+
0.02 for NiFe/Pt and CoFeB/Ta bilayers, respectively,
when the thickness of the ferromagnetic layer is 4 nm.

We anticipate this work will benefit the broader adop-
tion of magneto-optical probing of SOTSs, given its intrin-
sic advantages over electrical detection methods, such as
its robust isolation of magnetization vector components
and its imperturbability by thermoelectric artifacts.
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