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A single layer ferromagnetic film magnetized in the plane of an ac current flow, exhibits a char-
acteristic Hall voltage with harmonic and second harmonic components, which is attributed to the
presence of spin currents with polarization non-collinear with the magnetization. A set of 30 nm
thick permalloy (Py) films used in this study are deposited at an oblique angle with respect to the
substrate plane which induces an in-plane easy axis in the magnetization of the initial nucleating
layers of the films which is distinct from the overall bulk magnetic properties of the film. This un-
usual magnetic texture provides a platform for the direct detection of inverse spin Hall effect in Hall
bar shaped macroscopic devices at room temperatures which we denote as Anomalous Inverse Spin
Hall Effect (AISHE). Control samples fabricated by normal deposition of permalloy with slow rota-
tion of substrate shows significant reduction of the harmonic Hall signal that further substantiates
the model. The analysis of the second harmonic Hall signal corroborates the presence of spin-orbit
torque arising from the unconventional spin-currents in the single-layer ferromagnets.

I. INTRODUCTION

A rare manifestation of relativistic effects in trans-
port phenomenon are the spin-orbit induced Hall effects,
namely spin Hall effect (SHE), anomalous Hall effect
(AHE) and the inverse spin Hall effect (ISHE), which
are observable in any conductor with significant spin-
orbit coupling strength (e.g. heavy metals). SHE refers
to the phenomenon of generation of transverse spin cur-
rent in response to an applied electric field (charge cur-
rent) [IH6]. For non-ferromagnetic heavy metals (HM),
the transverse spin current is ‘pure’ with no net charge
transport associated with it and hence not detectable
by direct electrical means. For ferromagnetic metals
(FM), the transverse spin current is associated with a
net charge current which leads to characteristic trans-
verse voltage proportional to the magnetization of the
FM, which is referred to as AHE [7, [8]. ISHE [6] 9] is the
phenomenon where a spin current flowing through a con-
ductor results in a transverse charge current and hence
a voltage. The microscopic mechanisms responsible for
all the spin-orbit induced Hall effects are broadly classi-
fied into two categories, namely intrinsic mechanism that
originates from band structure effects [I0] and extrinsic
mechanisms that are caused by impurity/ defects scat-
tering [11]. These mechanisms exhibit a characteristic
relation that the velocity vector of the carriers (current
direction), the spin polarization and the transverse spin
deflection direction forms a right handed coordinate sys-
tem. The phenomenon of electrically generated spin cur-
rents, analysed in a more general context [12], using an
elegant argument that the symmetry conditions obeyed
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by the causes of a phenomenon must also be preserved in
the effects, leads to prediction of additional non trivial
and interesting situations for the case of FMs. In the case
of HM, an applied electric field say along the z-direction
preserves the two mirror plane symmetry (o4y, 05.) and
two fold rotation symmetry (C%). Hence in this case
the responses that preserve the said symmetries are pure
transverse spin currents with polarization perpendicular
to both applied field and spin current direction, denoted
as @,y and @)y, where the current flow and polarization
directions are indicated by the first and second indices
in the subscript. Similar approach applied for the case
of FM reveals that the presence of magnetization breaks
additional symmetry which in turn creates more possi-
bilities of spin current polarization compared to that of
HM. In particular, if the magnetization is perpendicular
to the electric field, say along the y— axis, the C7 and
0.y symmetries are broken that allow for a net charge
current along the z—axis and a spin current @.,, which
is the AHE. The symmetry argument further leads to
nontrivial responses for more general situations. For the
case where magnetization is exactly collinear with the
applied electric field (current), all mirror plane symme-
tries are broken but C3 symmetry is restored which rules
out any transverse charge current, but the possibility of
an unconventional spin current (Q,, arises, such that the
spin current is polarized along the flow direction along
z-axis. Considering a specific but realistic experimen-
tal situation involving ‘Hall-bar’ devices of FM samples
with strong in-plane magnetic anisotropy (e.g. Permal-
loy) with the applied current taken to be along the a-
axis and the magnetization is confined in the zy-plane,
a phenomenological expression for our devices for trans-
verse spin current along z in response to a charge current
density J¢, is given as.
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C}Z = [0 cos(¢)m + O Lsin(Pp)ny + Hfsin(qb)é]JC (1)

where, m and | are unit vectors parallel and perpendic-
ular to m. The first term is identified as the longitudinal
SHE with spins polarization colliner with the the magne-
tization with conversion efficiency or spin Hall angle 6.
The second term is the transverse SHE with spin polar-
ization perpendicular to magnetization but in plane with
current and #, being the corresponding spin Hall angle.
The third term is identified as the SHE with rotation with
spin polarization normal to both magnetization and cur-
rent, Qf being the corresponding spin Hall angle. The
third term represents to the unconventional spin current
Q.. for the specific case under consideration.

Experimental evidence of the self-induced SOT in FM
metals has been shown through Spin-torque ferromag-
netic resonance (ST-FMR) [13] [14]. Recently Wang et.
al. [I5] observed anomalous spin-orbit torque (ASOT)
using MOKE in a single-layer FM, suggesting the pres-
ence of spin current with transverse spin polarization rel-
ative to the magnetization. Theoretically, Ryan et al.
[16] supported this result by considering a nonuniform
magnetization in a correspondingly thicker FM layer with
a thickness exceeding a critical length known as the dy-
namic exchange coupling length. In these studies, the
emergence of self-induced SOT is attributed to the sym-
metry breaking at the interface/surface [I3] [I5] or in the
crystal [I'7, [18]. When an in-plane current is applied in a
FM layer, the current-induced SOT reorients the magne-
tization which can be detected as in-plane 2w harmonic
Hall voltage [106], 19, 20]. Apart from that, few groups
have recently reported the [21H23] self-induced inverse
spin Hall effect (ISHE) in permalloy (Py) which is caused
by SOC.

In our report, we conduct a thorough investigation of
the first (1w) and second (2w) harmonic Hall measure-
ments in a set of Py thin films deposited at an oblique
angle, with variations of the in-plane component of the
incoming flux. This unconventional deposition method
induces an interfacial magnetic anisotropy, which is man-
ifest in both the transport measurement and magneto-
optical Kerr effect (MOKE) observations. The 1st har-
monic measurement reveals two distinct contributions:
(1) the symmetric contribution is attributed to the con-
ventional planar Hall effect (PHE), while the asymmetric
contribution is referred to as the anomalous inverse spin
Hall effect (AISHE). The AISHE arises due to the con-
version of the spin current into a charge current from
the bulk/surface layer into the surface/bulk layer. Fur-
thermore, we establish a correlation between the peak
position of the asymmetric contribution and the angle
of the incoming flux direction. This study allows us to
determine the transverse spin Hall-like coefficient (%)
for Py in these films. Additionally, we employ the 2nd
harmonic Hall measurement technique to gain insights
into the fundamental spin-orbit torque (SOT) phenom-
ena using this series of devices. We have developed a
toy model for both harmonics which confirms that spin
current with polarization transverse to the magnetization

exists in a FM. We quantitatively measure and disinte-
grate the current-induced SOT torques and their corre-
sponding fields. From these measurements, we evaluate
SOT efficiencies (§p and &4) which help us to extract the
spin polarization of Py films.

A. EXPERIMENTAL DETAILS

We fabricated a series of Py devices where we
could systematically vary the interfacial magnetization
anisotropy by controlling the direction of incident Py
flux on the device patterns while keeping the substrates
fixed (no rotation during deposition). Several ‘Hall bar’
patterns of dimensions 4 mm x 0.2 mm fabricated by
photolithography were mounted on a planer substrate
holder with different orientations of the current channel.
The flux of Py was made to the incident at an oblique
angle of ~ 20° with respect to normal to the substrate
plane. We denote the angle made by the current channel
of a particular Hall bar and the in-plane component of
the Py flux direction as « as shown in Figure a). We
report measurements on a set of five devices with a =
90°, 60°, 45°, 30° and 0° labeled as D1, D2, D3, D4, and
D5 respectively. The thickness of Py grown by thermal
evaporation (RADAK-I source from Luxel corporation)
in all the devices ~ 30 nm and the bulk characteristics
like resistivity, anomalous Hall resistivity, planar Hall
resistivity, X-ray spectrum, morphology as measured
in AFM did not show any pronounced variation. Kerr
rotation measurements were performed in a dedicated
static MOKE setup by scanning an in-plane magnetic
field both parallel and perpendicular to the current
channel that however revealed a clear variation in the
in-plane magnetic anisotropy in the devices which as
discussed in the following exhibits correlation with mag-
neto transport measurement. The devices were mounted
inside a four-pole electromagnet (Dexing, China), where
the two perpendicular components of the magnetic field
can be controlled independently such that the magnetic
field vector of a certain magnitude can be swept in
the plane of the substrate and the magnitude of the
magnetic field can be varied in any particular direction
in the plane. The devices were given an a.c. current
excitation using a Keithley 6221A AC-DC current source
and the corresponding first harmonic (lw) or second
(2w) harmonic voltage responses were measured in the
transverse direction using SR830 lock-in amplifiers. For
Anomalous Hall Effect measurement, the samples were
mounted differently so that the applied magnetic field
varies normally to the substrate plane.
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FIG. 1. (a) The schematic diagram portrays the fabrication method and device geometry. The incoming deposition flux forms
an angle o with the x axis, varying within these devices as depicted. A current with a constant current density J¢ is applied
along the x axis (main channel), while transverse voltage is measured along the y axis as an in-plane external magnetic field (B)
rotates through a complete angle of 360°. Here, ¢ is defined as the angle between B and the x-axis. The transverse resistance

denoted as Rgy, is computed using R, = (Vi - V_)/JcA.

(b), (c) and (d) shows R, as a function of B, covering a range

from -350 mT to 4+350 mT and vice versa. These measurements are conducted at ¢ = 0°, and 45°, and 90°, respectively, for
device D1. Insets display both R., and Kerr rotation vs B curves near zer field, ranging from -10 mT to +10 mT. The solid
lines represent Ry, while the dotted lines depict Kerr rotation. Blue and red data points signify the decrease and increase of

B, respectively.

B. RESULTS AND DISCUSSIONS
1. 1st Harmonic Measurement

We begin with the description of 1w response for the
devices. Figure a) shows the schematic of a device
where the current and voltage leads of a typical Py Hall-
bar are taken to be along x and y axes respectively and
angle ¢ is defined as the angle between the x axis and
applied in-plane magnetic field (B). For a fixed value of
¢ the in-plane magnetic field is scanned from 350 mT to
-350 mT and to +350 mT in steps of 1 mT and the cor-
responding transverse resistances Ry, = Vl“’ /JcA are
recorded, where, Jo is the current density deﬁned Ais
the cross-sectional area = w x t (w and t are width and

thickness of the devices respectively). For all of our 30
nm Py devices, we find that the in-plane saturation fields
as observed in MOKE signals and AMR measurements
are found to be small By ~ 5 mT, which is typical for
Py. Therefore, for applied in-plane fields B > 5 mT, the
magnetization of the devices can be considered to be fully
saturated along the direction of B. For ferromagnets with
in-plane applied field and magnetization, transverse volt-
age is known to arise from the planar Hall effect [24],[25],
where Vg, oc mgm, o mgsin(2¢) such that the trans-
verse voltage reaches maxima or minima at ¢ = 45°,
135% and zero at ¢ = 0°, 909, 180° and 270° for a fixed
value of m,. For a given ¢ the value of R, is expected to
remain constant for B > B,. Moreover, the planar Hall
resistance is symmetric with respect to the reversal of
magnetization direction for any angle ¢. Hence we expect
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FIG. 2. (a) Angle dependence of asymmetric contribution ARZ;¥™ is illustrated for all devices spanning from $=0° to 360°. A
systematic shift in peak positions among the devices is observed, however, the peak amplitude remains nearly consistent across

all devices, (b) The dominant influence of planar Hall effect is observed in the symmetric contribution AR

sym

a, fitted effectively

with sin(2¢). Notably, AR:Y™ displays no pronounced variation across different devices, (c¢) Depicts both the top and side
view of a typical Py device. The bulk and surface magnetization are denoted by 7 and M respectively, while the incoming flux
is indicated by the dashed grey arrow. The side view, along x and y axes, illustrates the flow spin current ¢, and @, generated
at bulk and surface layer, flowing along the -z and +z, respectively, and thereby producing a transverse charge current along y.

that for B > B,, R, should be the same for both positive
and negative polarity of the applied field i.e. Ryy,(m) =
R,y (—m). However in all our devices depending on the
scan angle ¢, we observe a characteristic Ry, (B) curves
that show pronounced anti-symmetric contribution such
that Ry, (m) # Rgy(—m), indicating the presence of ad-
ditional contribution to transverse voltage.

Figure [I[a)-(c) show the full scans of Ryy(B) up to
maximum applied fields of & 350 mT for the sample D1
(a = 90°) for ¢ = 0°, 45° and 90° respectively. In the
insets, the R,y (B) (solid lines) along with Kerr rotation

curves (dashed lines) are plotted together for applied
fields in the vicinity of switching fields between + 10
mT, on the same scale of the y axis. The high field
part of the R,,(B) curves are fitted to straight lines for
|B| > 100 mT which are extended over the entire scale.
The difference of the intercepts of these lines at B = 0
is denoted as R7;¥™ a measure of the anti-symmetric
component present in the measured R, (B) data. This
method of determining the anti-symmetric contribution
ensures that any contribution from the ordinary Hall
effect (OHE) or anomalous Hall effect (AHE) that may



be present due to slight misalignment of the applied
field from the substrate plane is nullified. It is worth
emphasizing that Py is known to have strong in-plane
anisotropy and it requires normal magnetic fields ~
0.8T to saturate the magnetization of the measured
devices. Hence, a small out-of-plane component of
the applied field may give rise to linear variation in
anomalous Hall resistance which will be combined with
the normal Hall effect. Figure [I[b), (c), and (d) show
that for the device D1, AR¥™ ~ 0, -4.04, and -5.8 mf2
for ¢ = 0°, 45°, and 90° respectively. R,,(B) curves
were recorded for ¢ varying from 0° to 360° in steps of
10° and ARGY™ is calculated from each curve. This
process is repeated for other devices D2 to D5 and the
result is plotted in Figure |2| (a). We also calculate the
symmetric component of the Ry, (B) from the average
of the two intercept values obtained from the linear fits
of the high field parts, denoted as ARZY™. The results
shown in Figure b) indicate that the ARZY™ for all
the devices under consideration (D1-D5) is essentially
the manifestation of the planar Hall effect as expected,
with zero value at four angular positions separated by
90° and extreme values of same magnitude but opposite
sign separated by angular position of 180°. We point
out that the alignment of the current channel with the x
component of the magnetic field is done visually under
a microscope with an accuracy of ~ 5°. So we calibrate
the angles ¢ by choosing the angles corresponding to
maximum and minimum values of ARSY™ as ¢ = 45°
and 135° respectively. Thus we can fit the data as
AR;Zm = RPHESin(2¢), and find the RPHE ~ 0069,
which is in good agreement with previously reported
values [26]. In contrast, the variation of ARG¥™ with
¢ shows a systematic dependence on the deposition
angle a of the devices. The data seems to exhibit a
variation of the form ARZV™ = —Rysppsin(¢ — ®o),
where the anti-symmetric component is maximum at ¢,
and amplitude is denoted as Rysgp. Our data [Figure
a)] shows an intriguing correlation that ¢ = (180° — )
for all devices, within the experimental error in fixing
the values of a, which indicates that for a given device
a magnetic anisotropy is developed such that the easy
axis is along the deposition direction [27, 28]. Thus
when the magnetization is made to switch by scanning
the field in that direction, we get maximum change in
the transverse resistance. This additional anisotropy
is possibly at the interfaces and the nature of bulk
magnetization in the devices are same as reflected in
the lack of any systematic variation in ARZY™ arising
from PHE. Previous studies on electrical measurements
on single-layer ferromagnets have reported the presence
of an antisymmetric component in transverse resistance
but ignore it as some sort of undesirable experimental
artifact [20]. However, we are able to show control over
the variation of this antisymmetric component through
our deposition technique. Furthermore, the nature of
the Rgy(B) curves near the switching fields is more
intriguing. The Kerr rotation curves are a measure of the

surface magnetization as Py being a high permeability
conductor the skin depth is small ~ 12 nm [I5]. As
shown in Figure [{b), (c), and (d), the Kerr rotation
curves (dotted) show a typical hysteresis behavior
indicative of strong in-plane anisotropy as expected in
Py films. However, for ¢ = 90° the magnetization seems
to switch abruptly at B ~ £ 2 mT, while at ¢ = 0° the
switching is more gradual and extends over the region
+ 4 mT. For ¢ = 45° the nature of magnetization
switching is in between the previous cases and the width
of the hysteresis is larger. From the magnetization
curves, as observed from Kerr rotation, we conclude that
for B > 5 mT the magnetization reaches the saturation
value for any scan angle ¢. It is quite obvious that
¢ = 90° is an in-plane easy axis. But in that case, ¢
= (Y should have exhibited the typical non-hysteresis
‘hard-axis’ curve, which is not the case. Analysis of the
Kerr rotation data for device D5 (shown in Figure S2 in
SM) reveals a complementary behavior to that of DI,
i.e. ¢ = 0° is the in-plane easy axis. Thus we observe a
correlation between electrical and magnetic properties
and the growth direction. The maximum of ARZZV™ for
a given device occurs when magnetization is switched
along the easy axis of the device (determined by the
angle ¢), which is determined by the incoming Py flux
(angle ).

Another interesting observation revealed in Figure
is that the R,, is not directly following the variation
in the magnetization for any given scan angle, which
is also the trend in all devices. The blue lines are for
B decreasing from 350 mT and the red line is for B
increasing from -350 mT. For ¢ = 0° and 90°, we observe
that R, gradually increases, as the field is decreased
from 4350 mT and reaches a maximum at B — 0+ and
then abruptly changes to a lower value as — 0- and then
gradually increases as the field continues to decrease.
A similar trend is observed when the field is gradually
increased from -350 mT, with a small hysteresis. Thus
there are two extrema in both increasing and decreasing
scans, with the maxima appearing at B=0+ and the
minima appearing at B=0- for both scans. The behavior
for ¢ = 45° is drastically different. For the decreasing
field scan, the R,, gradually increases and reaches a
minimum at B=0- and for the increasing field scan
reaches a minimum at B=0+. Thus in both scans, there
is only one extremum occurring at opposite polarity near
B=0. This typical behavior of R,, near the switching
fields at different scan angles, is universal for all the
devices [see Figure S2 (device D5) in SM] and possibly
originates from the bulk properties of the ferromagnet.
As mentioned previously, the saturation value of R,,(B)
for large positive and negative fields depends on ¢ and
hence ARZZV™ is dependent on the scan angle and the
device itself, indicating that it originates from interfacial
properties of the ferromagnet.

Our data is an indication that there may be a gradient
of magnetic properties along the thickness of the films



which may be broadly classified as bulk and surface
magnetization. Due to the finite skin depth of the
incident laser light, the Kerr rotation arises primarily
from surface magnetization and partly from bulk mag-
netization. Our current focus lies in uncovering the
potential source of ARZ¥™ and it’s connection to the
anisotropy of the Py films. Recent studies [12] indicate
that for any arbitrary magnetization within a FM,
spin current in the z-direction can be phonologically
expressed as outlined in Eq. [§] We have previously
established that due to the oblique deposition, there
could be a distinct difference in magnetization between
bulk and surface layer. The unit vectors representing
bulk and surface magnetization are symbolized by m
and M, respectively, as shown in Figure c) (top view),
where the dashed black arrow illustrates the incoming
Py flux. The in-plane components of bulk and surface
magnetization can be expressed as (see Note 3 in SM):
m = [cos(¢)z + sin(¢)g] and M = [—sin(a)i + cos(a)q]
as described in Figure 2fc) (side views). Here, we intro-
duce a model aiming to explain origin of the asymmetric
voltage resulting from the spin current in Py. This
model distinguishes between the bulk and surface layers
as distinct sources of spin currents. Considering the spin
current ¢, generated in the bulk layer, it moves towards
the -z direction and enters the surface layer. Similarly,
the the spin current @Z originating from the surface
layer flows towards z direction and enters the bulk layer.
Given the material is single-layer, the spin transparency
is expected be 100%, indicating that no backward flow
of spin current needs consideration. According to the
Onsagar principle [29], both these spin current along z
axis generates charge currents along the y axis, which
can be described as (see SM Note 3):

Jy

e(asym) = — (052 Jccos(¢ + a) (2)
Py is known for its finite SOC, demonstrated by the
observed self-induced inverse spin Hall effect (ISHE)
in previous studies by various groups [2IH23]. In our
investigation, the conversion of spin current to charge
current between the bulk and surface layers is driven
by the conventional ISHE mechanism. Despite the spin
current in the FM layer differing from the typical spin
current in non-magnetic (NM) layer, this phenomenon is
termed the anomalous inverse spin Hall effect (AISHE).
Due to this phenomenon, the transverse charge current
is induced. To impede the flow of charge, an open
circuit voltage arises, measurable, and describable
using Eq. [11] as AVEY™ = wBy = wprm ) ,ym =
~wpparJo(0)%cos(¢p + a), where w is the width of the
Hall bar, Jo is the applied current along the x-axis.
The asymmetric Hall resistance ARZV™ is formulated
as follows:

(0%)2prm

ARGY™ = AV [(JoA) = — cos(¢ + )

3)

ARZEY™ becomes maximum when (¢ +a) = 180°, where
the relation between ¢ and « are already established.
From Eq. 6% can be expressed as follows: 6% =
ARz (max)t

PFM
considering the parameters: t = 30 nm and ppps = 71

pQ-cm. The magnitude of % are estimated to be 6% =
0.016 + 0.001, 0.016 £ 0.0005, 0.016 £+ 0.0006, 0.016 £
0.0004, and 0.017 4 0.001 for devices D1, D2, D3, D4,
and D5 (see Table I in SM). The values are comparable
with the reported experimental values for Py [30, [31].
The control device, fabricated using normal deposition
technique with rotation, exhibits a significantly reduced
ARZ:¥™ value of approximately 0.24 mQ [Figure a)],
negligibly smaller compared to those obliquely deposited
devices. This conventional normal deposition technique
might not induce the necessary interfacial magnetic tex-
ture, resulting in an undetectable voltage. This observa-
tion supports our proposed model.

For our devices, the Hlf is calculated

2. SOT: 2nd Harmonic Measurement

We explore self-induced SOT within single-layer of Py
using current-induced 2nd harmonic in the same devices
employed for the 1w measurements. Theoretical and
experimental studies have confirmed that an in-plane
current generates two distinct torques: damp-like (DL)
torque and field-like torque, denoted by 75 and 7, respec-
tively in a NM/FM bilayer [19] [32] [33]. These torques
can be described as follows: 7= 79[ x (1 x Q)]
and Ty= Ty( X @z), where, m signifies the magne-
tization unit vector within the FM layer and @, rep-
resents the spin current generated by NM layer along
z-axis. When the sample exhibits in-plane magnetiza-
tion, DL and FL torques are accompanied by two dis-
tinct fields: Engg(meZ) and §¢:B¢Qz, respectively,
where E@, §¢ symbolizes the DL and FL fields. Recently,
few groups have reported the experimental evidence of
self-induced SOT within a single-layer FM, demonstrat-
ing the existence of both DL and FL torques [13], 14}, [20].
Nonetheless, the origin of these distinct torques within
a single-layer FM remains a subject of ongoing debate.
Our study delves into this by formulating the spin cur-
rents within the FM layer, and their respective torques,
while also presenting the experimental validation. Our
approach is quite similar to the model employed for 1st
harmonic transport experiment. The spin currents arise
from both bulk and interface layers, exerting their re-
spective torques on the surface and bulk layers (further
detailed in Note 5 in SM). Therefore, the torques acting
on the surface layer due to the bulk-layer spin current can
be characterized as follows: 7, ~ 7, [M x (M x ,)] and F(;
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FIG. 3. (a) The plot of R2Y (@svm) against the angle ¢ is presented for Jo = 2.5 x 10%, 4.1 x 10°, and 6.6 x 10° amp/m?, with
B fixed at 300 mT for device D1. These curves are fitted using the equatlon R22@v™) — (00s(¢) + beos(2¢)cos(¢) + esin(p) +
dcos(2¢)sin(¢) (Insets: 2w raw signal RZY for Jo = 2.5 x 10%, 4.1 x 10°, and 6.6 x 10° amp/m? at B = 300 mT for device
D1. The curves can be fitted using Eq. 2w<sym> is depicted as a function of angle ¢ for Jo = 2.5 x 10°, 4.1 x 10°, and
6.6 x 10° amp/m? at B = 300 mT. The curves are fitted using R22Y™ = ¢ 4 fsin(24), (b) The graph displays Raw (V™
as a function of ¢ across all devices under Jo = 6.6 x 10° and B = 300 mT (inset: shows R22Y™ as a function of ¢ for all
devices), (c) Shows the behaviour of a/Rapg vs m. The curve is fitted with a straight line, the constant term yields the
ANE term Ry, while the slope derives By for device D1 (inset: Ramg is measured with an out-of-plane field up to 1.5 T. The
resulting parameters are Raggr = 114.72 m{) and Bge = 739.8 mT. The blue circles represent the measured data points, and
the red solid lines depict the fitted straight lines), (d) Illustrates b/2Rpu g as a function of 5. From the straight line fit, By
can be evaluated.

~ T;) (M X {»), along with their corresponding fields éé represents the unit magnetization vector of bulk layer,

~ B; (M x @.) and B’(’ﬁ ~ B(’b 7., where M represents the ~ and Q. denotes the spin current generated at the surface
unit magnetization vector of surface, and ¢, denotes the layer. The resultant torques are denoted by 79 and 7
spin current generated at the bulk layer. Similarly, the with their corresponding fields By and By, respectively.
torques acting on the bulk layer due to the surface-layer ~ When an ac current with a density of Jo = Josin(wt) is

spin current can be described by: 7—_2’ ~ Té’ [0 x (17 Qz)} applied in a'FM, the magnetization can be d.eviate(% by
the current-induced DL, and FL fields from its equilib-

) v - ) . o © rium position. The transverse Hall resistance undergoes
fields By ~ By (1 x Q) and B, ~ B, Q, where 1 oscillation at a frequency w, resulting in a 2nd harmonic

and 7?; = T(; (m x QZ), along with their corresponding



component expressed by the equation (detailed in Note
5 in SM):

Rily“ = acos(¢p) + bcos(2¢)cos(p)
+ csin(@) + decos(2¢)sin(¢) + e + fsin(2¢)
(4)

In our model, the coefficients ¢ and d are significantly
smaller compared to a and b. Consequently, for further
spin-orbit field evaluation, we consider only the coeffi-
cients a and b. Thus, Rily" takes the following form:

B
R = (RAHE( + Ryr)cos(9)

__ 6
B + Bde)

+ QRPHE%COS(2¢)3in(¢)

+e+ fsin(2¢) (5)

In this equation, out of the plane By contributes notably
to the additional AHE in Hall measurements, while
By resides within the film plane, transverse to applied
current, and modifies the PHE resistance. Here, B,
Bg. represents applied, out-of-plane demagnetization
field, respectively, and Ry denotes the out-of-the-plane
heating effect recognised as the anomalous Nernst
effect (ANE). Due to significant conductivity variations
between the substrate (Si0s) and air, the in-plane
current induces a perpendicular temperature gradient.
This gradient dissipates heat through SiO, generating
a perpendicular thermal gradient that manifests as the
ANE [19]. The in-plane Oersted field (Bo.) generated
by the FM layer maintains the symmetry with respect
to the center of the FM layer and does not contribute in
the Eq. Therefore, we can exclude the Oersted field
Boe from our calculation [34].

We conduct angular-dependence of 2w by applying a
magnetic field B that rotates within the xy plane, span-
ning field ranging from 30 mT to 350 mT. The inset of
Figure a) shows the raw 2w data Rfj; at B = 300 mT
and Jo = 2.5 x 10%, 4.1 x 10, and 6.6 x 10 amp/m? for
device D1, fitted using Eq. From the fitted curve, we
extract coefficients a, b, ¢, d, e, and f (Eq. , utilized in
the subsequent analysis. These 2w data can be separated
into asymmetric Ri’y““ym) and symmetric Rig(sym) con-
tributions, previously discussed in the context of 1w mea-
surements. [acos(¢) + beos(2¢)cos(@)] is designated as

Riz}(asym), neglecting ¢ and d as discussed earlier, while

[e + fsin(2¢)] constitutes Rff;(sym) which is considered
2w (asym)

as the symmetric contribution. In Figure a), Ray

is displayed as a function of ¢ for current densities Jo =
2.5 x 10%, 4.1 x 10, and 6.6 x 10° amp/m? at B = 300

mT. The inset of Figure (a) illustrates RiZ(Sym), demon-

strating the symmetric contribution. The increase in J¢

2w (asym)

evidently amplifies the amplitude of Ry , which is

consistent with the concept that the 2nd harmonic re-
sistance arises from the SOT. However, Raw*™ could
be perceived as a parasite contribution originating from
the various sources, including potential misalignment be-
tween the device and B, discrepancies in the alignment
of Hall bar voltage leads, and in-plane temperature gra-
dient, a consequence of the device being warmer at it’s
center than its elongated edges [19]. At Jo = 2.5x10%, an
accurate fitting of sin(2¢) is observed in Ri@f(sym), how-
ever, for Jo = 4.1 x 10° and Jo = 6.6 x 10, slight devi-

ations from sin(2¢) are observed in Ri;ﬁ’(sym). Consider-
ing that the other factors, such as voltage lead misalign-
ment and the device orientation with respect to B, remain
constant regardless of current variation, its plausible to
claim that the higher current may induce pronounced
in-plane heating, consequently causing the observed dis-

tortions. Figure [3(b) shows the R22“*Y™ for all devices
with Jo = 6.6x10° at B = 300 mT. No significant change
across the curves for different devices is observed and it
is worth mentioning that the asymmetric data are these
devices are dominated by the heating term Ry7. The in-

set of Figure (b) showcases the plot of Rig(sym), show-
ing slight fluctuations among the different devices. How-
ever, no systematic pattern is observed in the variation
among these curves, highlighting various potential mis-
alignment previously discussed. The damp-like and filed-
like terms can be quantitatively identified by magnetic
field dependence as presented in Figure %) and (d) for

device D1. The coefficients a = (RAHE?E@) + Ryr)

and b = 2RPHE%, described in Eq. are separated.
Earlier, Rpyg is estimated to be = 0.06 Q. To deter-
mine Rapg, an out-of-plane B ranging from -1.5 T to
+1.5 T is swept, as shown in the inset of Figure c).
At higher fields, the ordinary Hall effect (OHE) starts
to dominate, necessitating elimination by linearly fitting
the data points at the higher field range. The blue solid
circles represent the measured data points, while the red
solid lines depict the fitted straight lines. The evaluated
parameters are Ragrp = 114.72 mS) and By, = 739.8
mT. In experiments and theoretical considerations of a
FM/NM bilayer, By emerges from the bulk spin Hall ef-
fect of NM layer. Moreover, the independence of By on
thickness leads to the inference that the interface serves
as the origin for By in a FM/NM bilayer. Additionally,
the Rashba effect at the surface/interface stands as the
another plausible contributor to By. In our experiment,
our focus lies in the qualitative exploration of the spin-
orbit effects within the Py single-layer films with vari-
ous magnetic anisotropy at the interfaces. The objective
is not centered on investigating the quantitative influ-
ence of different spin-orbit fields, which would require
a study dependent on thickness variations [20]. Here,
By can be evaluated by plotting a/Rapg as a function
of ﬁBc for Jo = 6.6 x 10%mp/m?. Through fitting
a straig‘ht line to this curve, By is determined from the
slope, with the intercept represents Ry /Rapg. The re-
sulting By is calculated as (0.026 & 0.005) mT and Ryr



is -(3.12x1075 £ 4.54x10~7) Q for device D1. Similarly,
using the b/2RpyE vs 1/B curve facilitates the compu-
tation of the FL field, yielding By = (0.0014 £ 0.00004)
mT for device D1. We repeat the experiments to deter-
mine the By and By fields for all devices. The resulting
values of By are (0.024 £+ 0.001) mT, (0.010 £ 0.003) mT,
(0.019 £ 0.002) mT, and (0.020 & 0.005) mT, while By
measures (0.00085 + 0.00004) mT, (0.0012 + 0.00003)
mT, (0.0015 + 0.00005) mT, and (0.0024 + 0.00005) mT
for devices D2, D3, D4, and D5 respectively (see Table
2 in SM). The measured values of By in our experiments
significantly exceed those of Py single-layer caped with
Aly03 as reported in Seki et al. [I3]. The difference may
come from the notably greater thicknesses of our devices,
allowing for increased spin current generation, resulting
in a higher torque, as demonstrated in Du et al. [20]. The
efficiency of SOT torque can be characterized by [35], B36]

2e potpyBog) Ms
So(¢) = T Je (6)

where, e is the electron charge, h is Dirac constant, Mg is
the saturation magnetization of Py film and §y(4) is SOT
efficiency of DL(FL) torques [37]. Mg is taken = 85.8 mT
from [38] and for Jo = 6.6 x 10%amp/m?, we estimate
& = (0.024 £ 0.003), (0.022 £+ 0.0009), (0.009 £+ 0.003),
(0.018 £ 0.002), and (0.019 % 0.005), and &, = (0.0014 £
0.00004), (0.0008 + 0.00004), (0.0011 + 0.00003), (0.0014
=+ 0.00005), and (0.0022 4 0.00005) for devices D1, D2,
D3, D4, and D5, respectively. The efficiency of SOT and
the effective spin Hall angle of FM material is related
through the subsequent equation:

e t
éo(o) = 05l (1 — sech(372)) (7)
Py

where, Ggf}{ g represents the effective spin Hall angle of
Py, tp, and Ap, are thickness and spin diffusion length
of Py. We deliberately select a substantial ¢ p, (30 nm) to

fulfill the condition (tp, > Apy), resulting in sech(iiz)
~ zero. Therefore, in our experiment &y is nearly equal
to Ggg - In our measurements on the series of Py de-
vices, the observed effective spin Hall angle is compara-
ble to the order of magnitude of the spin Hall angle like
efficiency of the ASOT reported by Wang et al. [I5].
However the magnitude we obtain in our experiments is
notably lower than that observed in the ASOT experi-

ment. In a FM QggE correlates to 64y through the

relationship Zigg = Piy [22], where 04 g signifies the
anomalous Hall angle and Pp, is the spin polarization
of Py. O,pyE is defined by O,yr = p;”iE, where pagp
and p., denote anomalous Hall resistivity and longitudi-
nal resistivity. The measured p,, is roughly 71 uQ2 — cm
for our devices. We determine that the average Oagp =

0.005 for Py films. By averaging the 9?}}0 g Vvalues across

the devices, and employing the Ggg p and Oapg rela-
tion, we obtain the spin polarization Pp, ~ 0.25, which

is comparable to the values obtained utilizing the lateral
spin-valve structure [39], 40].

C. SUMMARY

To summarize, we have fabricated a series of Py Hall
bars (30 nm) using a fixed angle oblique deposition
technique, giving us control over the in-plane incoming
material flux of Py. This unusual deposition method
induces surface magnetic anisotropy distinct from the
bulk of the films, resulting in a detectable voltage
generated due to unconventional spin current generated
within the FM single-layers. We have developed a
toy model based on the the generalised formula for
generated spin currents and their conversion with the
charge current within a FM material. Our proposed
model has been validated through electrical measure-
ments employing both 1st and 2nd harmonics. The
1st harmonic measurement, conducted under an in-
plane applied magnetic field, captures the asymmetric
transverse voltage Rizj(“ym), displaying a sinusoidal
relationship with angle ¢. Our proposed model suggests
that due to the distinct magnetic texture in the surface
layer compared to the bulk layer in different devices, the
spin currents generated from both layers penetrate the
respective layers, leading to the self-induced anomalous
inverse Hall effect (AISHE) within the Py films. This
experimental measurement aligns with the proposed
model.  Moreover, this observation, in conjunction
with MOKE measurement, establishes a link between
the angle ¢ at maximum Riz,)(asym) and their in-plane
incoming flux angle . The devices peak at the angle
where the magnetization aligns with the soft axis.
Additionally, the transverse spin Hall like coefficient
is evaluated, confirming the existence of spin currents
transverse to the magnetization within a FM. The 2nd
harmonic measurement effectively explain the conven-
tional self-induced spin-orbit torque (SOT) by analysing
the damp-like (DL) and field-like (FL) torques, along
with their corresponding fields By and By, respectively.
Employing a similar formulation for calculating the
torques originating from the spin current generated by
both bulk and surface layers and their respective fields,
exhibits strong agreement with the experimental results.
The SOT efficiency p(4) and the effective spin Hall angle

0?;; i is evaluated for measured Py films. From the rela-

tionship between 0,5 r and 9;’;{ 5, we evaluate the spin
polarization Pp, of Py, comparable to values observed
in the non-local spin valve (NLSV) devices. Hence, these
simple yet efficient devices significantly contribute to ap-
prehending the spin-related phenomena in FM materials.
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Note 1. Characterization of Py films:
Note 2. MOKE and transport measurement (lw) of device D5:

Note 3. Theoretical formulation describing the origin of AR}Y™ (1st harmonic transport measure-
ment):

Note 4. 2w field scans for devices D1 and D5:

Note 5. Calculation for 2w transport measurement:
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Note 1. Characterization of Py films:

(b) (©)
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FIG. S1. (a) XRD image of obliquely deposited Py thin film of thickness 30 nm. The observed peak at 20 = 44.52° (OD)
confirms the presence of fcc crystal structure, (b) AFM image captures the surface of device D1, covering a scanning area of 2
um X 2 um, (¢) AHE data are collected for all devices, indicating nearly identical magnitudes.

Note 2. MOKE and transport measurement (lw) of device D5:

~
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FIG. S2. (a), (b) and (c) Shows R., as a function of B, covering a range from -350 mT to +350 mT and vice versa. These
measurements are conducted at ¢ = 0°, and 45°, and 90°, respectively, for device D5. Insets display both Rz, and Kerr rotation
as a function of B near zero field, ranging from -10 mT to +10 mT. The solid lines represent R.,, while the dotted lines depict
Kerr rotation. Blue and red data points indicate the decrease and increase of B, respectively.
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Note 3. Theoretical formulation describing the origin of ARZ¥™ (1st harmonic transport measure-
ment):

(a) (b) (© (d) (e)

Qzy Qzz

, v Oxz x Oxz v Oxz x Oxz
x Oxy E v Oxy E v Oxy E % Oxy
x CF x CX v C¥ v (3
Oy
E X
x G

FIG. S3. Illustration of the permissible spin currents that are generated electrically in a NM material. (a) Depicts the standard
coordinate system, with electric field (E) applied along x-axis, (b)-(e) Describe both the effect of E (on the left) and the
protected or violated symmetries (on the right). The dark gold arrow represents E, while the red and blue arrows symbolize
two spin orientations. In (b), grey arrow represents the direction of Je, and in (c)-(e) it symbolizes the flow of spin currents.
Notably, applied E does not generate any charge current along z-direction. (c)-(e) Show spin currents along z-axis with spin
polarization in the x,y, and z-axes. The sole possible spin current flowing along the z-axis with spin polarization in the y
direction is represented as Q.y.

We can explain the SHE by considering the symmetry in crystal. According to Curie’s principle [41], the cause
and effect of an event should preserve the same symmetry. Figure [S3|illustrates the allowed spin current in SHE in a
NM material, using the symmetry argument. Here, electric field (E) is the cause and consequent generation of spin
current represents the effect. In a cubic crystal, three types of symmetries are present: (i) bulk inversion symmetry,
(ii) rotational symmetry around the x, y, and z-axes (C5, C¥, C§ respectively), (iii) mirror symmetry across xy,
yz, and xz plane (04, 0y, and o, respectively). When E is applied along x axis, inversion symmetry is broken
and rotational symmetry along y, z (Cy, C5) are eliminated. Also the mirror symmetry about the xz plane (0,.)
is removed. However, C3, 0,., and o,, remain preserved. Now, our objective is to understand the possible charge
and spin currents that maintain these symmetries. The generated charge current J. along z and spin currents @,
Q- do not protect these symmetries, so they are not allowed. Only @., complies with the necessary symmetries and
remains permissible.

The same symmetry argument gives rise to the anomalous Hall effect in ferromagnetic material. In a ferromagnet,
the magnetization breaks symmetries which lifts off the further constraint of allowed spin current along with electric
field. Mirror symmetries about the plane that contain the magnetization and rotational symmetries about the axes
perpendicular to the magnetization can be broken in the presence of magnetization. Figure [S4shows the allowed spin
currents in the presence of an electric field and magnetization. When magnetization is directed along y-direction,
depicted in figure b), charge current J. is generated that refers to the conventional AHE. Other permissible spin
currents include @Q.y, Q.. (magnetization along x), Q,, (magnetization along y), Q.., @, (magnetization along z).
Hence, the spin currents transverse to the magnetization exist in FM materials.

Based on the symmetry argument as described by Dadivson et al. [I2], we can formulate a generalized expression
for the spin current flowing in the z-direction within a ferromagnet (FM) as follows:

Q. = oyl (2 x E)lin+ o x [(2 x E) x ] + o x (2 x E)] (8)

where, o), 0, and Ulf represent the conductivity of longitudinal, and two components of transversely polarised spin

currents, respectively, and /i denotes the unit vector along the magnetization of the FM [12]. @Z and m can be
expressed by their components along x, y and z direction.

—

m = mzZ +myy +m,2 (10)
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FIG. S4. Ilustration of electrically generated spin currents within a FM material, where magnetization aligns with (a), (b),
(¢c) %, y, and z-axes, respectively. The electric field is applied along x-axis. The sole allowed charge current is Jo, with
magnetization oriented along y-direction. The permissible spin currents are Q.z, @2y, and Q.

In our model, the applied charge current is directed along the x-axis, related by the electric field fc = pFLMEfc. The
magnetization lies in xy plane in our experiment which makes m,=0. The spin Hall like angles are correlated with the

spin current conductivity as: o),/ r = pF;MGH/J_/J_R = 0)/1/1rJc/E. The expression for spin current is modified
as.

@z = [0y (- G+ 0.1 [rin x (§ x )] + 05 (1 x )] Je (11)

Q. = [0 cos(p)mn + 01 sin(P)my + 0% sin(¢)2]Jc (12)

Where, m is unit vectors perpendicular to 7. Our consideration involves the presence of different magnetization in
bulk and surface layers, denoted by m and M respectively. Spin current generated at the surface is symbolized by
Q. which propagates in the +z direction and reaches the bulk layer within the FM:

G. = [0y (N - §)5T + 6. 3T x (5 x NI) + 67 (N x )] Jc (13)

Now, after few steps of simplification, Cjz can be simplified in the form.

Q. = [(0) — 0.) M, My& + (0, M2 + 0, M2)g + 07 M, 2] Jc (14)

Similarly, the spin current ¢, generated within the bulk layer with magnetization i that flows in the -z direction to
the surface can be expressed as:

cfz = [—(9“ — Gl)mzmy]i — [Gnmz + ej_mi]ﬂ — ﬁfmzé]Jc (15)
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According to Onsagar’s reciprocal relation [29], a spin current generated at the surface C}Z along z-axis must also give
rise to a charge current within the bulk layer:

Je(I = B) = 0)[(m.Q.)im x 2] + 0. [(1 x (@5 x 1)) x 2] + 0F[(m x Q) x 2] (16)

In our experiment the charge current is generated in transverse direction due to the spin current. The y-component
of J.(I — B) is expressed in a simplified form:

JYI — B) = [[(0) — 00)MaM,][~(0) — 01)m7 — 0.]
+ [0 M + 0. MZ)[—(6) — 0. )mem,] — (05)* Mym,)Jc
(17)

Similarly, a spin current ¢, generated within the bulk layer that flows along -z must generate a charge current across
surface layer:

JYB = 1) = [[=(0) — 0.0)mem,)[(0) — 0.1) M7 +6,]
+ [Oymy + 0 mZ][—(0) — 0.1) M M,] — (05)*m,M,)Jc
(18)

As per our model in the single layer Py, the magnetization 7 and M can be expressed as, m = [cos(9)Z + sin(¢)y] and
M = [-sin(a)E + cos(a)g]. Asymmetric contribution in Eq. and |18| comes from the last terms - (0%)2M,m, Jc

and -(0%)?m, M, Jc. The total asymmetric contribution Jé’(asym) can be expressed as:

T aaymy = —(O) > Mymy Jo — (61)*m, M, Jo
= —(07)*Jo(ma M, + Mym,)
= — (01?2 Jc[cos(p)cos(a) — sin(a)sin(¢)]
= —(0F)*Jccos(¢ + a)
(19)

To stop the flow of this charge, an open circuit voltage is developed which is measured and can be described using

Eq. [[9] as:

VIZ/ = wa - prMJg(asym) = _prMJC (0?)2608«[5 + Oé) (20)
Where, w is the width of the Hall bar, J¢ is the applied current along x. Correspondingly, resistance R, is expressed
as follows.

(QE)QPFI\/I

Ray = Vay/(JoA) = — cos(6 + ) (21)

R, peaks at a point where (a 4 ¢) = 180°, denoted by ARS¥™ (max). From equation 21} 6 is described as.

asym
of — ARz (max)t (22)
PFM



Device | a AY"(Q) ALY (mQ) ) o7

D1 90° 0.057 £ 7.48 x 10~° 5.80 + 0.032 90" 0.016 & 0.001

D2 60° 0.063 +£5.02 x 10~ 5.92 £+ 0.007 120° 0.016 £ 5.46 x 10~ %
D3 459 0.064 +7.04 x 1077 5.96 + 0.008 1357 0.016 £5.71 x 1077
D4 30 0.066 + 6.11 x 107° 6.12 + 0.005 150° 0.016 £4.61 x 107 %
D5 0° 0.060 = 6.39 x 10~ 6.55 + 0.039 1807 0.016 & 0.001

17

TABLE I. The results from 1w measurement in obliquely deposited Py devices are summarised. The parameters such as a,

ARY™, ARSY™ ¢, and 0T are listed for devices D1-D5.
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Note 4. 2w field scans for devices D1 and D5:

(a) (b) (©)
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FIG. S5. (a)-(f) Shows the magnetic field (B) dependence of R2Y for devices D1 and D5 at angles ¢ = 0°, 45°, and 90°. B is
swept from + 350 mT to -350 mT and vice versa, with blue, red lines indicate decreasing, increasing fields, respectively (insets:
shows the graphs near zero field (+ 10 mT) with same y-axis). The dotted lines serve as guideline to indicate the saturation

region in those graphs.

Note 5. Calculation for 2w transport measurement:

Similar treatment as 1w formulation can be used to present the toy model for 2w. When a ac current is applied along
the permalloy Hall bar, due to self-induced SOT the spin current exerts torques within the FM itself. The Spin current
generated in the bulk layer creates torques at the surface with magnetization M are (M X ;) and [M x (M X )]
[197 ]. These two torques can be generalized as:

(M x @.) = (M + Myg) x (—(0) — 00)mamyd — (Oym2 + 0.m2)g — 0Fm,2)]Jc
= 0 ma Jo ML + [My(0) — 01)mamy — (Oym? + 0.m2) M]3

(M x @) = M x [—0FmyJoz + My (My (6 — 0.0 )mym, — (Oymy + 6.m2)M,)Jc] (23)

and
[M x (M x @.)] = 0%myJo(M x M)+ (M x 2)[(M,(0) — 0.1 )mzm, — (0ym? + 6.m2) M) Jc] (24
= M x [Gfmech + (My(9|| — Gl)mwmy - (eum?/ + 9J_TR§)MI)J02A’}

where, M x 2 = —M, and M x M, = 2. The torques (M x ¢.) and [M x (M x .)] are equivalent to the current
induced fields @, and (M x @.). Now considering Z and M, to be § and ¢ respectively, Bé and B;5 can be described
as:
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’ h 9 Jc’n”bm
B, = 2
07 " 2e Mg\ (25)
. R R Jemy,
B, =_—L="7 2
7 2¢ Mg (26)

Where, Bé, and B;S represent the damp-like and field-like fields due to spin current in bulk. Similarly, the spin current

generated at the surface layer creates torques at the bulk with magnetization m are (i x Q) and [ x (i x )]
These two torques can be generalized as:

—

(% Qz) = [(ma@ +myg) x (0] — 01) My My& + ()M + 61 M2)j + 67 M,2)|Jo

=1 x [0 MyJoz + iy (0 M, + 0L MZ)my —my () — 61) My M,)Jc] (27)
and
i x (1 x @) = 1iv x [0F My Jo (i x 2) + (17 x 1 )[(0 M2 + 00 M2)my — my () — 0.1) My M,) Jc]
= 7’;1 X [ QLM Jcml +z [(QHMyQ -+ GlMg)mx — my(ﬂn — gl)MmMy)Jc] (28)
where, 7 x 2 = —im and 7 X 1, = 2. The torques (h x Q) and [ x (i x @.)] are equivalent to the fields @

and (7h x C_jz) Bg and B;; can be described as:

" h J

© 7 2 Mj)\ [(6) My + 0. MZ)yme, — my (6 — 6.) M, M,)] (29)
" h JC 9

¢ = 5o Mgn 1My + 0L M )ma — my (0] — 0.1) My M,)) (30)

Where, Bg and B;: represent the damp-like and field-like fields due to spin current in surface. The net current-induced
field (asymmetric) can be represented by:

hoJ

o= QeMC)\[mx(e”M + 0L M = 0F) — my (6) — 0.) M. M,)] (31)
hoJo

6= g¢ apgn M= 1My + OLM; +01) = my (0 — 01) M, M,)) (32)

The net symmetric contribution from the current induced fields can be represented by:

h Jo

By (sym) = 2—6M78/\[—Mx(9“m2 +0.m?2 — o) + M, (0 — 0L)memy)] (33)
ho Jo

By(sym) = %m[—MZ(GHM +01m2 + 0F) + My (0 — 0. )mam,)] (34)

Calculation of resistance for 2w:
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When an ac current with a density of Jo = Jysin(wt) is applied in a FM, the transverse voltage reads: Vg, (t) =
Ry (t)Josin(wt)A. Correspondingly, resistance is given by: Ry (t) = Ry (B + Bir), where, B denotes the external
magnetic field, Brp represents the current induced fields including damp-like, field-like and Oersted fields. These
fields tend to deviate the magnetization of FM. When the oscillation is small, resistance can be expanded into the
first order as.

ARy

Roy(t) = R(B) + 552

Bjpsin(wt) (35)

By inserting this equation in the transverse voltage expression, V,,(t) can be expanded.

Vay(t) = JOA[ng + R,Ysin(wt) + Ri’;cos(th)] (36)
Where, ng = %jg;; , R;Z’ = R,y (B), Rily” = —% ;u;;; represent the zero, 1st, and 2nd order components of harmonics.

1st order component is equivalent to dc measurements and is expressed as.
Riz’ = Rappcos(0) + Rpppsin®(0)sin(2¢) (37)
Similarly, 2nd order component is given by.

dRY B, dR!Y B
zy zy Do
0y B don 5 + JoAaVTcos(9) (38)

2w
Ry, =

dRLY .
dG;y == 7RAHESZR(9) = *RAHE(G = 7T/2)

dRyY .
o = 2Rprrcos(2¢)sin®(0) = 2Rprrcos(2¢)(0 = m/2)
Ri;’ can be modified into the expression:

By

RY = —Rapp——m—
Ty AHE 7 ¥ By,

+ 2RpHEcos(2¢)% + JoAaVTcos(9) (39)

Rane , / 2RppEcos(29)

Ri’; = —m(a cos(@) — ¢ sin(¢)) + 5 (b/ cos(@) — d sin(9)) + JoAaVT cos(¢p) (40)

Ri'; = acos(¢) + bcos(2¢)cos(¢) + csin(@) + dcos(2¢)sin(d) + e + fsin(2¢) (41)
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Damp-like and field-like coefficients for device D5:

37.40 10.00
Ry = (-0.20x10'57 D5 ®  b/2R,,;=B/B
37.20} +5.03x107) Q i .
lr,xc B, = (0.020 + 0.005) mT '"c 8.00 Sifed
y—(
— 37.00}
X X 6.00F j_.=6.6x10° amp/m?
= 36.80 =
z + o 400
& 36.60 J¢ = 6.6x10° amp/m? Q
= Sl S 2.00
36.40
B Ry By/(B+By)* Ryr/Ryyy 0.00 B, =(0.0022 + 0.00005) mT
Fitted
1.1 1.2 13 1.4 0 5 10 15 20 25 30 35
1/(B+B,)x107 (1/mT) 1/B x10~ (1/mT)

FIG. S6. (a) Shows the behaviour of a/RanE vs m for device D5. The curve is fitted with a straight line, the constant

term yields the ANE term Rvr, while the slope evaluates By, (b)) Illustrates b/2Rprr as a function of % for device D5. From

the straight line fit, By can be evaluated. The blue squares represent the measured data points, and the red solid lines depict
the fitted straight lines.

Device Bg(mT) B¢(’I’)’LT) RVT(Q) f@ §¢
0.0014 +[-3.12x107°+4.54 x 0.0014 +
D1 0.026 £ 0.005 0.00004 1077 0.024 £ 0.003 0.00004
0.00085 +[-2.73x107°£1.36 x 0.0008 +
D2 0.024 £ 0.001 0.00004 1077 0.022 £ 0.0009 0.00004
0.0012 +[—244%x107°+2.44 x 0.0011 +
D3 0.010 £ 0.003 0.00003 1077 0.009 £ 0.003 0.00003
0.0015 +[—0.87x107°5+1.20 x 0.0014 +
D4 0.019 £ 0.002 0.00005 1077 0.018 £ 0.002 0.00005
0.0024 +[-02x107°+5.03 x 0.0022 +
Db 0.020 £ 0.005 0.00005 1077 0.019 £ 0.005 0.00005

TABLE II. The summary of the 2w harmonic measurements are listed for devices D1-D5. The evaluated parameters including
Bo, By, Rvr, £, and £y are organized.
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