
Sagnac interferometry for high-sensitivity optical measurements of spin-orbit torque

Saba Karimeddiny,1, † Thow Min Cham,1 Daniel C. Ralph,1, 2, ∗ and Yunqiu Kelly Luo1, 2, †

1Cornell University, Ithaca, NY 14850, USA
2Kavli Institute at Cornell, Ithaca, NY 14853, USA

We adapt Sagnac interferometry for magneto-optic Kerr effect measurements of spin-orbit-torque-
induced magnetic tilting in thin-film magnetic samples. The high sensitivity of Sagnac interferom-
etry permits for the first time optical quantification of spin-orbit torque from small-angle magnetic
tilting of samples with perpendicular magnetic anisotropy (PMA). We find significant disagreement
between Sagnac measurements and simultaneously-performed harmonic Hall (HH) measurements
of spin-orbit torque on Pt/Co/MgO and Pd/Co/MgO samples with PMA. The Sagnac results for
PMA samples are consistent with both HH and Sagnac measurements for the in-plane geometry, so
we conclude that the conventional analysis framework for PMA HH measurements is flawed. We
suggest that the explanation for this discrepancy is that although magnetic-field induced magnetic
tilting in PMA samples can produce a strong planar Hall effect, when tilting is instead generated
by spin-orbit torque it produces negligible change in the planar Hall signal. This very surprising
result demonstrates an error in the most-popular method for measuring spin-orbit torques in PMA
samples, and represents an unsolved puzzle in understanding the planar Hall effect in magnetic thin
films.

Spin-orbit torques (SOTs) [1, 2] are of interest for
achieving high-efficiency manipulation of magnetization
in magnetic memory technologies. SOTs are produced
when a charge current is applied through a channel with
strong spin-orbit coupling and generates a transverse
spin current; this spin current can exert a spin-transfer
torque on an adjacent ferromagnet (FM), allowing for
low-power, electrical control of FM order. Memory cells
with perpendicular magnetic anisotropy (PMA) are of-
ten preferred over their easy-plane counterparts because
they may be fabricated at a higher density and are more
resilient to stray magnetic fields or device heating. Accu-
rate quantification of SOTs in PMA systems is therefore
important for the development of future technologies.

Several techniques are commonly used to quantify
SOTs in PMA heterostructures [2–9], yet these methods
often exhibit significant quantitative discrepancies with
one another. The most-commonly-used method for PMA
samples, the harmonic Hall (HH) technique, measures the
strength of spin-orbit torques by using second-harmonic
Hall signals to detect current-induced magnetic deflec-
tions relative to the out-of-plane orientation [3, 5, 7].
This method is attractive for its simplicity and has been
employed in hundreds of published papers, but it some-
times produces discrepancies and even clearly-unphysical
torque values when applied to samples with relatively
strong planar Hall effects [10–15]. Members of our re-
search group have recently suggested that calculating
SOTs from PMA HH measurements by ignoring the ex-
pected signal from the planar Hall effect provides results
for the SOTs in better agreement with HH measurements
on samples with in-plane anisotropy [15].

Here, we test the influence of the planar Hall ef-
fect on HH measurements of PMA samples by compar-
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ing to high-sensitivity optical measurements of current-
induced magnetic tilting performed simultaneously with
HH measurements on the same samples. This work
builds upon previous polar magneto-optic Kerr effect (p-
MOKE) measurements that have been employed to quan-
tify spin-orbit torques acting on samples with in-plane
magnetic anisotropy [16, 17] and on PMA devices for
which large magnetic fields were applied to force to mag-
netic orientation in-plane [18, 19]. However p-MOKE sig-
nals are second-order in deflections from the perpendic-
ular orientation, so measurements of spin-orbit-torque-
induced small-angle deflections in PMA samples (directly
analogous to the HH method) require a more sensitive
method of optical detection. For this we adapt Sagnac
interferometry [20, 21].

Our comparison between simultaneous optical and HH
measurements demonstrates that the standard analysis
framework for PMA HH measurements, which takes into
account signals due to the planar Hall effect, is incorrect
for samples in which the planar Hall effect is significant.
These discrepancies can be explained if magnetic tilting
in PMA samples driven by spin-orbit torque does not
generate a significant planar Hall signal, even though ex-
actly the same tilting driven by applied magnetic field
does. This very surprising conclusion requires changing
the framework for analyzing the most-popular technique
for measuring spin-orbit torques in PMA samples and
also, more fundamentally, it presents a puzzle reflecting
that there is not yet a full understanding of the inter-
actions among spin currents, charge currents, and ferro-
magnets.
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I. BACKGROUND

A. Spin-Orbit Torques

For both the HH and Sagnac measurements, we
model the current-induced magnetic deflections using
the Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equa-
tion within a macrospin approximation [22]

ṁ̂ = γm̂× dF

dm̂
+ αm̂× ṁ̂

+ τ0DLm̂× (σ̂ × m̂) + τ0FLσ̂ × m̂
(1)

where m̂ is the normalized magnetic moment of the FM,
F is the free energy density of the FM, γ = 2µB/ℏ is
the gyromagnetic ratio with µB the Bohr magneton, α
is the Gilbert damping parameter, and σ̂ is the direction
of spin polarization impinging on the FM. The last two
terms are a result of the SOT and can be written as

τ0DL(FL) = ξDL(FL)
µBJe

eMstFM
(2)

where ξDL(FL) is the dimensionless SOT efficiency for the
damping-like (field-like) torque, Je is the electric current
density in the spin source layer applied in theX direction,
Ms is the saturation magnetization of the FM, and tFM
is the thickness of the FM layer. The X̂ and Ŷ axes are
defined as depicted in Fig. 1. In an amorphous-film sys-
tem with high symmetry, we expect σ ∥ Ŷ for a current
that goes in the X-direction; we will use this assumption
throughout.

For samples with the magnetic moment oriented out-
of-plane, the effects of current-induced torques can alter-
natively be expressed in terms of current-driven effective
magnetic fields. The current-driven effective field in the
X direction will correspond to the damping-like torque,
µ0∆HX = ∓τ0DL/γ , where the ∓ corresponds to the
magnetic orientations mZ = ±1. The current-induced
effective field in the Y direction will be the sum of the
field-like spin-orbit-torque contribution and the Ørstead
field, µ0∆HY = µ0HOe ± τ0FL/γ.

B. Harmonic Hall Measurement Technique

We consider harmonic Hall (HH) measurements for
a spin-source/ferromagnet bilayer in which the magnet
has PMA and is initially saturated along the ±Z-axis.
A small external magnetic field, H, is applied in-plane
at an angle ϕH = 0 or π/2 relative to the X-axis us-
ing a projected-field magnet. In the absence of applied
current, the equilibrium polar angle (measured from Z-
axis) of the magnetization, θ0, can be written to good
approximation as sin θ0 = H/Meff where the effective
magnetization, µ0Meff = 2K⊥/Ms − µ0Ms, is the out-
of-plane anisotropy minus the saturation magnetization;

with this definition Meff is a positive quantity for a mag-
net with PMA. A low-frequency (non-resonant) AC volt-
age, V (t) = ∆IRXX sinωet [ωe = 3137 (2π)s−1 in our
measurements], is applied to the device along the X-axis
to generate deflections of the magnetic moment that can
be characterized by current-induced effective fields ∆HX

and ∆HY . The Hall voltage along the Y -axis is mea-
sured.
For a system with a conducting magnet, the Hall re-

sistance can depend on the magnetization orientation via
both the anomalous Hall (AHE) and planar Hall effects
(PHE), RXY = RPHEmXmY +RAHEmZ . Given the AC
current in the X direction, the Hall voltage will have a
contribution at the drive frequency ωe associated with the
equilibrium magnetic orientation and a second-harmonic
signal at 2ωe due to mixing between the AC current and
the oscillations in RXY produced by the magnetic de-
flections. For ϕH = 0 or π/2, and within a small-angle
approximation for θ0 [7],

V ω
XY =±RAHE

(︃
1− H2

2M2
eff

)︃
∆I

V 2ω
XY = [±RAHE (∆HX cosϕH +∆HY sinϕH)

−RPHE (∆HX sinϕH +∆HY cosϕH)]

× H

2M2
eff

∆I,

(3)

(4)

where the ± accounts for magnetic saturation along the
±Z-axis.
The current-induced effective fields ∆HX and ∆HY

acting on the out-of-plane magnetic moment can then be
calculated as [7]

∆HX = −2
D0 ± ϵDπ/2

1− ϵ2

∆HY = −2
Dπ/2 ± ϵD0

1− ϵ2

(5)

(6)

where

DϕH
=

dV 2ω
XY (ϕH)

dH

(︃
d2V ω

XY (0)

dH2

)︃−1

. (7)

and ϵ = RPHE/RAHE. (These results are consistent with
ref. [7] because our variable RAHE is equal to ∆RA/2 in
ref. [7] and hence our variable ϵ is equal to 2ξ in ref. [7].)

C. Sagnac MOKE Interferometry Technique

In our experiments we remain below the maximum
values of θ0 < 0.25 Rad and ∆θ < 10 mRad. Given
a typical value of the Kerr rotation angle upon full re-
versal of a 1 nm PMA Co film (2κ = θk(π) − θk(0) ∼
9 mRad, see Fig. 1) and that for small-angle-deflections
from an out-of-plane configuration θk = κmZ so that
the change in polar angle has a maximum value |∆θk| ≈
κ sin(θ0)∆θ, the oscillations in Kerr angle associated with
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Figure 1: Schematic of the Sagnac interferometer. The left inset shows the Sagnac signal for magnetic-field-swept
hysteresis of a Pt(4 nm)/Co(1.15 nm) device with µ0Meff ≈ 0.42 T; this is the same device for which we show data
in Figs. 2 & 3. The right inset depicts the device structure and coordinate definitions. In our measurements, H is
always applied in the XY-plane at ϕH = 0 or π/2.

the current-induced deflections are at most about 20
µRad. To achieve the sensitivity necessary to measure
such small signals, we adapted a Sagnac interferometer
design [20, 23, 24] able to measure Kerr rotation with

noise less than 5 µRad/
√
Hz. The design of the Sagnac

MOKE apparatus is described in Methods, and we com-
pare the performance of conventional MOKE with our
Sagnac apparatus in Supplementary Information section
VIII [25].

For measurements of current-induced torques with the
Sagnac interferometer, we perform Sagnac and HH mea-
surements simultaneously on the same samples to make
sure that any effects of the LED illumination do not
cause differences between the two techniques. We there-
fore apply the same low-frequency AC voltage drive (at
frequency ωe) as in the HH experiments and detect the
time-varying signal MOKE signal from the interferome-
ter demodulated by a lock-in amplifier at both the driv-
ing frequency ω of the electro-optic phase modulator and
(separately) at the lower-sideband frequency ω− ωe (see
Supplementary Information section II for details [25]).
The signals at these frequencies measure the DC Kerr
rotation (θk) associated with the magnetic-field-induced
equilibrium tilt angle (θ0) and the oscillations in the Kerr
signal (∆θk) associated with current-induced tilt (∆θ),

respectively. The expected Sagnac signals have the form

θk = ±κ

(︃
1− H2

2M2
eff

)︃
∆θk = ±κ (∆HX cosϕH +∆HY sinϕH)

H

M2
eff

.

(8)

(9)

Here κ is the constant of proportionality that relates
the out-of-plane component of magnetization to the Kerr
rotation, analogous to RAHE for the electrical measure-
ment. There is no MOKE contribution that acts like the
PHE in equation [4] because Sagnac signal has negligible
dependence on the in-plane components on the magnetic
moment (see Supplementary Information section IV [25]).
Based on these equations, for a PMA sample the compo-
nent of the current-induced effective fields are simply

∆HX = −d∆θk(ϕH = 0)

dH

(︃
d2θk
dH2

)︃−1

∆HY = −d∆θk(ϕH = π/2)

dH

(︃
d2θk
dH2

)︃−1

.

(10)

(11)

II. EXPERIMENTAL RESULTS

We will present measurements on two series of samples:
Substrate/Ta(1.5)/Pt(4)/Co(0.85−1.3)/MgO(1.9)/Ta(2)
and Substrate/Ta(1.5)/Pd(4)/Co(0.55−0.65)/MgO(1.9)/Ta(2)
heterostructures where the numbers in parentheses are



4

thicknesses in nanometers. Studying devices with differ-
ent Co-layer thicknesses allows us to tune the strength
of the out-of-plane magnetic anisotropy. The Hall-bar
devices measured are 20 µm × 80 µm in size.

For each sample we calibrate the anomalous Hall coef-
ficient RAHE by measuring the change in Hall resistance
upon magnetic switching as a function of out-of-plane
magnetic field. The constant of proportionality κ relat-
ing mZ to the Kerr-rotation angle is calibrated similarly
(Fig. 1). To calibrate RPHE, we rotate the field angle ϕH

while applying a sequence of values of constant-strength
in-plane magnetic field, and we measure the Hall volt-
age as shown in Fig. 2(a). We determine the magnetic
anisotropy term µ0Meff from the first-harmonic Hall sig-
nal as a function of in-plane magnetic field swept along
ϕH = 0 or π/2 (see the discussion of Fig. 3(a,b) below)
and then determine RPHE by fitting the measured depen-
dence on ϕH to the form

V ω
XY

∆I
=RAHE cos

(︃
H

Meff

)︃
+RPHE sin2

(︃
H

Meff

)︃
sinϕH cosϕH

+RAHE
H2 sin θoff
(Meff)2

sin

(︃
H

Meff

)︃
cos(ϕH − ϕoff),

(12)

where the final term allows for a small misalignment of
the applied field from the sample plane. The data fit well
to this expected dependence – for the sample shown in
Fig. 2 with an AC current amplitude ∆I = 9 mA we de-
termine RPHE = 0.188(3) Ω and θoff = 0.96(2)◦. Figure
2(b) shows that the amplitude of the planar-Hall voltage
oscillations is proportional to H2 as expected from equa-
tion [12]. The deflection angle induced over this range of
applied magnetic field is in the range θ0 < 15◦, the same
range for which the SOT measurements are performed.

Figure 2: (a) First-harmonic PHE data measured on
the Pt(4 nm)/Co(1.15 nm) device (µ0Meff ≈ 0.42 T).
The lines overlayed are best fits to equation [12]. (b)
The amplitude of the PHE signal in (a) vs. (µ0H)2.
The line is a best fit that goes through the origin.

For the conversion from an effective field to spin-orbit
torque efficiency (equation [2]), it is also necessary to cal-
ibrate the saturation magnetization Ms and the current
density Je in the spin-source layer. We measure Ms for
each heterostructure using vibrating-sample magnetom-
etry. We calculate Je using a parallel-conduction model
after determining the thickness-dependent conductivities
of the different layers in the heterostructure (See Supple-
mentary Information section IX [25]).

A. Electrical Detection of SOT-induced tilting

The first- and second-harmonic Hall voltages measured
for a Pt(4 nm)/Co(1.15 nm) device with a current am-
plitude ∆I = 15 mA are shown in Fig. 3 for initial mag-
netic orientations both mZ = 1 and −1. We fit these
data to equations (3) & (4). From the curvature of the
first harmonic we extract µ0Meff = 0.424(3) T, which is
the result used in the calibration for RPHE. The second-
harmonic data in Fig. 3(c,d) fit well to straight lines,
indicating that the effective fields ∆HX and ∆HY are
constant to a good approximation over the range of tilt
angles in the measurement. From the slope of these lines
and the curvature of the first harmonics, we use equation
[7] to calculate that for mZ = −1: µ0D0 = −2.01(2) mT
and µ0Dπ/2 = 0.62(1) mT, and for mZ = +1: µ0D0 =
2.21(2) mT and µ0Dπ/2 = 0.45(1) mT. Together with
the values RPHE = 0.188(3) Ω and RAHE = 0.355(6) Ω
calibrated as described, the standard HH analysis frame-
work (equations (5) & (6)) then yields the effective fields
µ0∆HX = 6.75(6) mT and µ0∆HY = −4.94(3) mT for
the mZ = −1 initial state and µ0∆HX = −6.80(4) mT
and µ0∆HY = −4.33(3) mT for the mZ = +1 configura-
tion.

B. Optical Detection of SOT-Induced Tilting

The Sagnac MOKE readouts measured simultaneously
with the HH data from Fig. 3(a-d) are shown in Fig.
3(e-h). The signal-to-noise ratio for ∆θk in the Sagnac
measurements is not quite as high as for V 2ω

XY in the HH
measurements, but it is good enough to test inconsis-
tencies between the results of the standard HH analysis
on PMA samples and the spin-orbit-torque efficiencies
determined by HH measurements on in-plane samples
[15]. A fit of the parabolic dependence of θk to equa-
tion [9] yields µ0Meff = 0.418(3) T, in good agreement
with value determined by HH. The values of the current-
induced effective fields for this sample are determined
from the slopes of the lines in Fig. 3(g,h) together with
equations (10) & (11). For a current of ∆I = 15 mA we
find µ0∆HX = 5.1(3) mT and µ0∆HY = −0.9(2) mT
for the mZ = −1 initial state and µ0∆HX = −5.0(3) mT
and µ0∆HY = −0.9(2) mT for the mZ = +1 configura-
tion. These signs result in a positive DL SOT efficiency,
ξDL (consistent with literature [15]) and a negative net
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Figure 3: Measured HH and optical tilting data collected on a Pt(4 nm)/Co(1.15 nm) device with µ0Meff ≈ 0.42 T
and current amplitude ∆I = 15 mA. First-harmonic Hall data as a function of magnetic field swept (a): along the
current direction and (b): perpendicular to the current direction. Second-harmonic Hall data as a function of
magnetic field swept (c): along the current direction and (d): perpendicular to the current direction. Equilibrium
Kerr rotation θk as a function of magnetic field swept (e): along the current direction and (f): perpendicular to the
current direction. Current-induced change in the Kerr rotation ∆θk as a function of magnetic field swept (g): along
the current direction and (h): perpendicular to the current direction. The second-harmonic Hall and ∆θk data for
the two different magnetic configurations are offset for clarity.

FL torque, which indicates that there is a contribution
from the FL torque counteracting the torque from the
Ørsted field [26].

We have performed similar analyses for two series of
Pt/Co/MgO and Pd/Co/MgO samples with different Co
thicknesses. The final results for the effective fields mea-
sured by Sagnac interferometry normalized by current
density flowing through the Pt or Pd are shown by the
symbols in Fig. 4. To obtain these values, for each sample
we measured ∆HX and ∆HY for a sequence of applied
voltage amplitudes and fit to a linear dependence (see
equation [2]). (The corresponding dependences of the
damping-like torque efficiency ξDL on tCo are shown in
Supplementary Information section VII [25].) We com-
pare these Sagnac results to values determined by the
HH technique, for both the standard analysis that takes
into account the planar Hall signal using the measured
value of ϵ (filled lines) and, following the suggestion of
Zhu et al. [15] to arbitrarily set ϵ = 0 in equations (5) &
(6) (empty lines). The width of each line indicates the
1-σ error bar for that sample. (Note in Fig. 4 that for the
tCo = 1.25 nm sample we do not present a value for the
conventional HH analysis or µ0∆HY /Je. Because of the
relatively-weak PMA of this sample, to prevent domain
formation during sweeps of in-plane magnetic field it was
necessary to apply simultaneously a small constant out-
of-plane magnetic field. Our projected-field magnet was
capable of performing this measurement for ϕH = 0 but
not for ϕH = π/2 without moving the sample.)

From Fig. 4 we see that for both the Pt/Co and Pd/Co
samples the Sagnac results are very different from the re-
sults of the standard HH analysis that takes into account
the expected planar Hall signal. They are in much bet-
ter agreement with the HH results if one assumes that
the planar Hall effect somehow makes a negligible con-

tribution to the second-harmonic Hall voltage. For the
Pt/Co samples (for which ϵ = RPHE/RAHE ≈ 0.5), the
standard HH analysis determines a value of µ0∆HX/Je
that is is approximately 60% larger than the other values,
while for the Pd/Co samples (for which ϵ = 0.7 - 0.9), the
standard HH framework can overestimate µ0∆HX/Je by
as much as a factor of 15.
For the Pt/Co samples, the values of the field-like com-

ponent µ0∆HY /Je extracted by the standard HH anal-
ysis are also in stark disagreement with the Sagnac re-
sults, while the HH analysis with ϵ arbitrarily set to 0
again agrees much better with the Sagnac values. For
the Pd/Co samples, µ0∆HY /Je is sufficiently weak that
the uncertainties in the Sagnac measurements are com-
parable to the measured values, so we do not show them.

C. Electrical and Optical Measurements on a PMA
Sample Tilted In-Plane

Our results so far have demonstrated that the con-
ventional HH analysis gives results inconsistent with the
Sagnac measurements, but they do not prove which tech-
nique is incorrect. For that we consider additional mea-
surements on a sample from the same wafer as our other
Pt/Co/MgO devices, but with a sufficiently-thick Co
layer that the PMA is weak – specifically, we measure a
Pt(4 nm)/Co(1.3 nm) sample with µ0Meff = 0.05 T. This
weak value of PMA allows us to force the magnetization
in-plane with a sufficiently-large in-plane magnetic field,
and perform in-plane HH measurements as a function of
the field angle ϕH . In this geometry, the current-induced
damping-like effective field points out-of-plane, and it can
be measured with no confusion about contributions from
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Figure 4: Calculated current-induced effective fields normalized by the current density in the Pt or Pd layer. (a):
µ0|∆HX |/Je across seven devices on the Pt/Co wafer and three devices on the Pd/Co wafer. (b): µ0∆HY /Je for
devices on the Pt/Co wafer. The data points are results from the Sagnac optical measurements. Filled lines are
results from the conventional HH analysis. Empty lines are results of a HH analysis assuming arbitrarily that ϵ = 0
in equations (5) and (6). The thicknesses of the lines denote 1σ error bars.

the planar Hall effect to first order.
Figure 5 shows both Sagnac MOKE and second-

harmonic Hall data as a function of ϕH for this Pt(4
nm)/Co(1.3 nm) sample with a current amplitude ∆I =
13 mA, subject to a constant magnitude of magnetic field
(µ0H = 0.1, 0.15, and 0.2 T). We fit to the form of the
signals expected for small-angle deflections in the case of
an in-plane equilibrium angle [7, 27, 28]

∆θk =− κ∆HDL cosϕH

H −Meff
(13)

V 2ω
XY =(V 2ω

AHE + V 2ω
ANE) cosϕH + V 2ω

PHE cosϕH cos 2ϕH

=− ∆IRAHE∆HDL cosϕH

2(H −Meff)
+ V 2ω

ANE cosϕH

− ∆IRPHE∆HFL cosϕH cos 2ϕH

2H
,

(14)

where V 2ω
ANE is a voltage contribution from the anoma-

lous Nernst effect. To isolate the signals due to ∆HDL,
we plot the amplitude of cosϕH components as a func-
tion of 1/µ0(H −Meff) and perform linear fits as shown
in Fig. 5(c). We find µ0∆HX/Je = 4.3(3) (×10−14

T/(A/m2)) from the HH measurement and µ0∆HX/Je =
4.5(2) (×10−14 T/(A/m2)) from the Sagnac MOKE mea-
surement. These points are included in the overall
summary plot in Fig. 4(a). We observe no significant
cosϕH cos 2ϕH component in the HH data for this sam-
ple. This could be because ∆HFL might simply be small

for this sample due to accidental cancellation between the
Ørsted field and the field-like torque, so we do not draw
any conclusions about the contribution of the planar Hall
effect to the output signal for this particular sample. For
other samples with fully-in-plane anisotropy, the planar
Hall effect does contribute unambiguously to give strong
cosϕH cos 2ϕH signals for in-plane second-harmonic Hall
measurements (see, e.g., [29]).
The results of the in-plane HH and Sagnac measure-

ments for the weakly-PMA device agree well with one
another. They are also consistent with the extrapolation
of the Sagnac measurements from the PMA samples to
a Co thickness of 1.3 nm, but they are considerably less
than expected from an extrapolation of the conventional
HH analysis for the PMA samples (Fig. 4(a)). Based
on this we argue that the conventional HH analysis that
includes the expected contribution from the planar Hall
effect is incorrect. We also note that if we arbitrarily
ignore the expected planar Hall contribution to the HH
experiment by seting ϵ = 0 in equations (5) and (6),
then the results of the PMA HH measurements become
reasonably consistent with all of the other measurement
techniques.
To be more quantitative, we compare the measured

values of the damping-like torque efficiency ξDL between
different samples and different measurement techniques.
Unlike the current-induced effective fields, ξDL is ex-
pected to be approximately independent of tCo, and in-
deed we find this to be the case for the strong-PMA sam-
ples (see Supplementary Fig. 7 [25]). Table 1 compares
the average value of ξDL extracted from the HH measure-
ments on the strong-PMA samples (using both the mea-
sured value of ϵ and then arbitrarily setting ϵ = 0) to the
Sagnac-MOKE measurements on the strong-PMA sam-
ples, as well as to the HH and Sagnac-MOKE measure-
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ments on the weakly-PMA sample. Clearly, the outlier is
the conventional HH analysis that includes the expected
signal from the planar Hall effect.

ξDL HH Sagnac MOKE

strong-PMA tilting 0.23(1) 0.146(8)

strong-PMA tilting (ϵ = 0) 0.145(6) −
weak-PMA angle-dependence 0.127(7) 0.132(6)

Table I: Comparison of the dampinglike spin-orbit
torque efficiencies ξDL measured on strong-PMA devices
using small-angle tilting from an initial out-of-plane
magnetic orientation (Fig. 4 and Supplementary Fig. 7
[25]) with values measured on a weakly-PMA sample
using small-angle tilting from in-plane initial
configurations (Fig. 5).

D. Discussion

What is wrong about the standard framework for ana-
lyzing HH measurements of PMA samples, that it yields
values for the current-induced effective fields that differ
from the other techniques? Why does arbitrarily ignoring
the expected planar Hall signal (i.e., arbitrarily setting
ϵ = 0 in equations (5) & (6) in the HH analysis) give
results in better agreement with these other methods?

We have considered whether the form of the current-
induced effective fields might differ from the standard
assumption that ∆HX and ∆HY are approximately con-
stant in the neighborhood of equilibrium tilt angles near
θ0 = 0. If the current-induced effective fields were purely
polar, so that there was no in-plane component to the
current-induced magnetic deflections, this could explain
the lack of a contribution to the second-harmonic Hall
voltages from the planar Hall effect for ϕH = 0 and π/2.
However, we believe that this is unphysical. The HH re-
sults on the strongly-PMA samples imply that current-
induced effective fields extrapolate to non-zero values at
θ0 = 0, so if they were purely polar this would require
a an unphysical discontinuity. A purely-polar effective
field would furthermore alter the dependence of the HH
measurements on ϕH for values other than 0 and π/2,
making them inconsistent with our angle-dependent mea-
surements (Supplementary Fig. 5).

We have also considered whether the PMA samples
might possess a nonlinear-in-current Hall effect not asso-
ciated with magnetic dynamics that might largely cancel
the signal expected from the PHE read-out of the current-
excited magnetic dynamics. Nonlinear-in-current Hall
effects have been detected in topological-insulator-based
devices [30, 31] and might also arise from heating-induced
Nernst signals. We suggest that this possibility deserves
further analysis for heavy-metal-based structures, but we
would find it a curious coincidence if a mechanism of this

sort could approximately cancel the planar-Hall readout
signal of spin-orbit torques in both the Pt/Co and Pd/Co
devices.
We therefore conclude that the error in the standard

HH analysis is most likely in the read-out mechanism in-
volving the planar Hall effect. Our experiments suggest
that for our PMA samples magnetic deflection induced
by an applied current does not produce the same change
in planar Hall resistance as the same magnetic deflection
produced by an applied magnetic field. We do not claim
that the contribution of the planar Hall effect to HH
signals of current-induced magnetic deflection in PMA
samples is necessarily exactly zero, but it does appear to
be far smaller than expected based on calibration of the
planar Hall effect using magnetic-field-induced magnetic
deflection – and negligible to a good approximation.
We do not yet have a good microscopic explanation

for why the planar Hall effect should not contribute to
second-harmonic Hall signals for PMA samples while it
does for samples with in-plane anisotropy [29]. We can
speculate that magnetic tilting associated with spin-orbit
torques will involve non-equilibrium spin-accumulations
that are not present for magnetic-field-induced magnetic
tilting, and that perhaps such spin accumulations might
affect the Hall signal. In any case, this puzzle highlights
that we still lack a basic understanding about fundamen-
tal aspects of interactions among charge currents, spin
currents, and ferromagnets.

III. CONCLUSION

We report measurements of current-induced torques in
PMA Pt/Co/MgO and Pd/Co/MgO samples performed
by simultaneously detecting small-angle current-induced
magnetization tilting using both harmonic Hall (HH)
measurements and Sagnac MOKE interferometry. We
find that the conventional HH analysis, which takes into
account the expected read-out signals due to the pla-
nar Hall effect, is inconsistent with the Sagnac MOKE
results. The Sagnac measurements for the damping-
like torque in the PMA samples are, however, consistent
with both harmonic Hall and Sagnac measurements on
a weakly-PMA sample forced to an initial in-plane ori-
entation by an applied magnetic field. These results in-
dicate that the conventional harmonic Hall analysis for
PMA samples, used in hundreds of published papers,
gives incorrect values for spin-orbit torques in samples
for which the planar Hall effect is significant. (For ma-
terials in which the magnetic-field-induced planar Hall
effect is negligible, we do not claim any problem.) We
find phenomenologically that the conventional HH anal-
ysis for PMA samples can be improved, yielding results
in better agreement with other measurement techniques,
by arbitrarily ignoring the expected signal from the pla-
nar Hall effect (i.e., arbitrarily setting ϵ equal to zero in
equations (5) & (6)). Our findings help to explain pre-
vious reports of apparently-unphysical results from the
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Figure 5: (a) Second-harmonic Hall voltage (V 2ω
XY ) and (b) differential Kerr rotation (∆θk) measured as a function

of the angle of magnetic field, ϕH for a weakly PMA Pt/Co/MgO device with µ0Meff = 0.05 T with an applied
current of ∆I = 13 mA. (c) Amplitude of the cosϕH components in both measurements with linear fits to to
equations (13) and (14).

conventional HH analysis [10–15]. We do not yet have a
microscopic understanding of why current-induced mag-
netization tilting produces a negligible planar Hall signal
in PMA samples, while the same magnetization tilting
produced by an applied magnetic field does generate a
planar Hall effect.

IV. MATERIALS AND METHODS

A. Sample fabrication

The sample heterostructures are grown by DC-
magnetron sputtering at a base pressure of less
than 3×10−8 torr on high-resistivity, surface-passivated
Si/SiO2 substrates. Hall bars are patterned using pho-
tolithography and ion mill etching, then Ti/Pt contacts
are deposited using photolithography, sputter deposition,
and liftoff. The Co is deposited with a continuous thick-
ness gradient (“wedge”) across the 4-inch wafers and all
devices measured have their current flow direction ori-
ented along the thickness gradient. The Hall-bar devices
measured are 20 µm × 80 µm in size and the change in Co
thickness is negligible on this scale i.e. the gradient over
80 µm is orders of magnitude smaller than the RMS film
roughness. The Ta underlayer is used to seed a smooth
growth of subsequent films and the MgO/Ta forms a cap
to minimize oxidation of the Co layer.

B. Sagnac Interferometer Design

Our Sagnac interferometer, modeled after those in refs.
[20, 21], is shown Fig. 1. The beamline begins with a
770 nm superluminescent diode (SLED). The beam goes
through a pair of Faraday isolators that provide > 65 dB

of backward isolation and prevent back-reflections into
the diode that would cause intensity fluctuations and
other source instabilities. Next, the beam goes through
a beam splitter, polarizer, and half-wave plate (HWP)
that prepare the beam polarization to be 45◦ with re-
spect to the slow axis of a polarization-maintaining (PM)
fiber into which it is focused. The beam will henceforth
be discussed as an equal linear combination of two sep-
arate beams of linearly-polarized light: one polarized
along the slow axis and one polarized along fast axis
of the PM fiber. A fiber electro-optic phase modula-
tor (EOM) applies time-dependent phase to the beam
traveling along the slow axis: ϕm sinωt. The beam then
travels along 15 meters of PM fiber, whereupon it is colli-
mated and focused by a long-working-distance objective
through a quarter-wave plate (QWP) and onto a sample.
The QWP is oriented such that one beam is converted to
left-circularly-polarized light and the other is converted
to right-circularly-polarized light. The beams then reflect
off of a sample, exchanging the handedness of the beams
and, if the sample is magnetic, imparting both the effects
of circular dichroism and circular birefringence; the lat-
ter is equivalent to a Kerr rotation of linearly-polarized
light and the two beams are now exchanged. Upon re-
flection, the two beams (now exchanged) backpropagate
and the previously-unphased beam is now phased by
ϕm sin(ω(t+τ)) where τ is the time it takes for the light to
make the round trip back to the EOM. The two beams in-
terfere to produce homodyne intensity oscillations at the
EOM frequency. The backpropagating beams are then
routed by the beam splitter and focused into a broadband
avalanche photodetector (APD). The APD’s output volt-
age is measured by a lock-in amplifier that references the
driving frequency of the EOM, ω. To simplify the inter-
pretation of the signal, the frequency ω is tuned such that
ω = π/τ [20] [2π(3.3477 MHz)] for our apparatus). To
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maximize the Kerr rotation signal, the phase modulation
depth ϕm is set by tuning the magnitude of AC voltage
applied to the EOM to be ϕm = 0.92 [21]. With these
simplifying calibrations, the Kerr rotation signal can be
expressed as (see Supplementary Information section III
for a full derivation [25])

θk ≈ 1

2
arctan

[︃
0.543

V ω
APD

V 2ω
APD

]︃
, (15)

where V ω
APD(V

2ω
APD) is the APD voltage measured at

the first- and second-harmonic of the EOM frequency.
We quantify our Kerr rotation noise to be less than 5
µrad/

√
Hz using a low power density on the sample (2

µW/µm2), comparable to the noise in ref. [21]. The low
power ensures that the laser does not significantly heat
the sample. More details can be found in the Supplemen-
tary Information sections II & III [25].
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