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The second-harmonic Hall technique is a widely used, sensitive method for studying the spin-orbit
torques generated by charge current. It exploits the dependence of the Hall resistance on the magnetization
direction, although thermal phenomena also contribute. Historically, deviations from the expected mag-
netic field dependence have usually been ignored. On the basis of our studies on permalloy/platinum bilay-
ers, we show that a counterpart to the magnon-related spin-flip unidirectional magnetoresistance—known
to appear in the second-harmonic longitudinal resistance—appears in the Hall data, and that describing
the results in a wide field range with these contributions is essential to accurately estimate the torques.
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I. INTRODUCTION

Two key pathways for advancing magnetic random-
access memory are spin transfer torque (STT) and spin-
orbit torque (SOT) [1,2]. In STT a spin current is created
by driving a charge current through a ferromagnetic (FM)
layer, which flips the state of the FM layer that constitutes
the memory bit [3,4]. Spin currents can also be generated
in a nonmagnetic material with strong spin-orbit coupling,
via charge-to-spin conversion mechanisms such as the
Rashba-Edelstein (also called the “inverse spin galvanic”)
and the spin Hall effects [5]. The resulting spin-orbit torque
can also be used to switch the magnetization of an adjacent
FM layer [6-8].

For the analysis of torques, spin-torque ferromagnetic
resonance [9,10] and second-harmonic Hall (2HH) mea-
surements [11,12] are often used [13,14], from heavy
metals [15—18] to van der Waals crystals [19-21] or their
combinations [22—27]. The 2HH technique is sensitive to
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spin-orbit fields generated by an alternating current applied
to the structure. As these fields slightly alter the magne-
tization direction and thus the magnetoresistance (MR),
voltage components appear that are quadratic with the cur-
rent /, and thus can be detected at double frequency, 2w
[11,12,23,28].

Several other phenomena leading to a double-frequency
voltage signal complicate the analysis of 2HH measure-
ments. Various thermal effects from Joule heating (pro-
portional to 7?), such as the anomalous Nernst effect, are
prominent among them [29,30]. However, these are some-
times inadequate to fully describe the 2w signals, which is
generally circumvented by fitting to only part of the mag-
netic field range. Here we go beyond this approach: we
discuss modifications to the original model and show that
the unusual behavior of the Hall data is reminiscent of the
magnon-related spin-flip (SF) unidirectional magnetoresis-
tance (UMR) that appears in the longitudinal data [31-35].
We compare two approaches to describe our observations
on permalloy (Py)/platinum bilayers, and for the second
approach, we demonstrate satisfactory fits to the 2w mea-
surements over a broad range of magnetic field values.
Our analysis leads to significant quantitative changes in the
extracted SOT parameters, and highlights the importance
of taking UMR-like contributions into account in future
studies.

Published by the American Physical Society
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II. EXPERIMENTAL RESULTS

We performed measurements on eight ferromag-
net/normal metal Hall bar devices at room temperature,
with qualitatively similar results. The devices were made
of 6 nm Py capped by 3 nm Pt and contacted with Ti/Au
electrodes on a SiO,-covered wafer. The measurements
presented in the main text were taken on the sample shown
in Fig. 1(a); data on other samples can be found in Sec.
3 in Supplemental Material [36]. We applied an alternat-
ing current along the length of the Hall bar, and measured
the longitudinal V,, and transverse (Hall) V., voltages by
a low-frequency lock-in technique, as shown in Fig. 1(a).
Further measurement parameters and sample fabrication
are detailed in Sec. V. We studied the first-harmonic and
second-harmonic (2w) longitudinal and Hall resistances
Ry xy and Rfcfgjxy as a function of the out-of-plane magnetic
field as well as in-plane rotation in a constant magnetic
field. We denote the polar angles of the dimensionless
magnetization M and the magnetic field H relative to the
out-of-plane direction z by 6 and 6y, respectively, and the
azimuthal angles relative to the current direction x by ¢ and
¢, respectively, as shown in Figs. 1(a) and 1(b). Since Py
is an easy-plane ferromagnet, ¢ ~ ¢y for all values of the
magnetic field used in this work (uoH > 15 mT).

We plot measurements of R, as a function of out-of-
plane field H, in Fig. 1(c). Since this is the hard axis, the
hysteresis was negligible. We observe a clear anomalous
Hall effect (AHE) with saturation at o|H;| > 0.7 T, which
reflects the behavior of the z component of the magnetiza-
tion. M, becomes finite as M is gradually tilted out of the
easy (x-y) plane with increasing |H.|, and then becomes
parallel with H. The shallow linear background originates
in the ordinary Hall effect (OHE). The resistance offset and
the parts that are even as a function of H (such as the dip
at H = 0) are attributed to the mixing of Ry,.

In Fig. 1(d) we show R, and R,, as a function of
¢y taken by our rotating the sample in a constant in-
plane field. The z-periodic oscillations originate from the
anisotropic magnetoresistance (AMR) and its sister phe-
nomenon, the planar Hall effect (PHE) [37]. We summarize
these effects in the Hall and longitudinal resistances at a
given field, ignoring offsets and the OHE, as

Ry, = Rycosf + Rp sin® @ sin 20, (1a)
(1b)

In Eq. (1a) the first term is the AHE, and its magnitude
is illustrated in Fig. 1(c). We correct for the small con-
tribution of the OHE by extrapolating linear fits from the
saturation region (nearly horizontal red lines) to zero field
(blue line). The second terms in Egs. (1a) and (1b) describe
the PHE and AMR. The corresponding fits are shown in
Fig. 1(d) in red and blue. Since the aspect ratio here is 1,
their amplitudes are expected to be the same, Rp = R,/2

Ry = Ry + R, sin” 0 cos? 7

—1.11 oK
-2 0 2
poH (T) wu (rad)
FIG. 1. Measurement geometry and first-harmonic data. (a)

Optical image of the device and diagram of the measurement
setup, also showing the in-plane magnetic field direction. (b)
Device composition and the polar angle of the field H. (c) Hall
resistance R,, as a function of out-of-plane field (9 = 0). The
red lines are fits to the saturation regions and to a part of the tran-
sition region. The anomalous Hall resistance (R4 ~ —179 mQ)
and the anisotropy field (uoK ~ 0.685 T) based on the lines’
crossing points are highlighted. (d) Oscillating parts of R, and
Ry, (blue and red symbols, respectively) for in-plane rotation
6y = m/2) at uoH = 0.186 T. Solid lines are fits to Egs. (1a)
and (1b) after inclusion of small horizontal offsets. The con-
stant backgrounds that were removed are 81.8 and —0.98 €,
respectively.

[37]. We observe an approximately 10% deviation from
this relation, which may be due to an imperfect geometry
or inhomogeneities in the sample.

Additional MR effects may contribute to the terms
labeled as the AHE, PHE, and AMR above, such as spin
Hall MR [38], Hanle MR [39], anomalous Hall MR [40],
and the geometrical size effect [41—43]. The isotropic offset
Ry is affected by magnon MR (MMR) [42,44]. However,
they do not change the (0,¢) dependence in Eq. (1a)
and the ¢ dependence for in-plane rotation (0 = 7/2) in
Eq. (1b), which are later exploited to determine SOT,
and therefore can be collectively described by Rp and R,.
¢ ~ gy applies well for the fields studied, which is con-
firmed by the goodness of the fits to Egs. (1a) and (1b) in
Fig. 1(d), although there is a weak in-plane easy-axis mag-
netic anisotropy in our devices (see Sec. 5 in Supplemental
Material [36] and also Ref. [45]).

In the following we discuss low-frequency 2w mea-
surements for quantifying SOT. The spin Hall effect in Pt
produces spins with orientation ¢ in the —y direction at
the Py/Pt interface. They, along with the external H, exert
torques on the magnetization M. On the timescale of the
lock-in measurement, the precession of M is completely
damped, and the torques can be described by effective
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FIG. 2. Second-harmonic Hall measurements. (a) R% and Rﬁ)‘" with in-plane field rotation (0 = 0y = 7/2) for selected values of the
absolute field uoH, after averaging clockwise and counterclockwise rotations and removal of constant offsets. The dashed lines (fit 1)
are fits according to Egs. (2a) and (2b) and ¢ = ¢g. The solid lines (fit 2) include the anisotropy K, as corrections to ¢ [Eq. (S8)] and
include the terms of Eq. (S12). The insets show enlargements of the highlighted rectangles. (b)(e) Coefficients —4 and —A4,, —B, C
and C,, and D, respectively, as a function of (uoH) ™" and (uo(H + K))~'. The dashed lines are linear fits according to Eqgs. (3a)—~(3d).

fields. They slightly tilt the magnetization out of the equi-
librium direction [see Egs. (S2) and (S3) in Supplemental
Material [36]] with the frequency w of the current. The
modulation A6, Ap of the angles in Egs. (1a) and (1b)
thus leads to a 2w out-of-phase component in the voltage
signals [12]. In this high-symmetry system the second-
harmonic resistances measured as a function of ¢y for
0y = m/2 and plotted in Fig. 2(a) can be fitted according
to

(2a)
(2b)

Rfc;” (¢) = Acos2¢cos g + Bcos g + const,
Rﬁ;" (¢) = Csin2¢ cos ¢ + D sin ¢ + const.

As detailed in Sec. 2 in Supplemental Material [36] and
Refs. [11,23,28], the terms with amplitudes 4 and C are
attributed to the sum of the effective magnetic field Hg of
the fieldlike SOT and the Oersted field Hoe = Ipi/2W gen-
erated by the current in Pt [45]. Hgp, and Ho, always appear
together and cannot be easily distinguished. For simplic-
ity, we write Hgp instead of Hpp + Hoe. The coefficient B
originates from the antidamping SOT field Hap and the
anomalous Nernst effect Rang. The ANE Hall voltage is
related to the Joule heating—induced thermal gradient VT
in the sample by Vang, o (VT x M),,, where VT I*(9)
has 2w frequency and an out-of-plane component. D is
attributed to the ANE through (VT x M),. Finally, con-
stant terms (independent of ¢ and H) are possible due to
in-plane components of VT via the Seebeck effect. Other
thermal effects with different ¢ dependence are possible
[31,46—48], but these are negligible in our data. The coef-
ficients 4, B, C, and D depend on the field as follows
(see Refs. [11,23,28] and Secs. 1 and 2 in Supplemental

Material [36]):

AH) =R He (3a)
~H>
Ry Hap
B(H) = -2 R 3b
(H) > H1K ANE> (3b)
—R, Hy
H) = —L 3
C(H) > H (30)
D(H) = Ranpa. (3d)

We discuss further contributions, some of which can be
built into the above terms, further below and in Sec. 4 in
Supplemental Material [36] (see also Refs. [49—51])).

The ¢ dependence of R% and R}? and fits correspond-
ing to Egs. (2a) and (2b) are shown in Fig. 2(a) at selected
fields. Most rotations were performed between 15 and 100
mT, since the effect of SOT is strongest at low H. Just as
when fitting the AMR and the PHE, we allowed for an off-
set in ¢ (on the order of 5°) to account for the misalignment
of the sample and the magnet. The field dependence of the
amplitudes 4, B, C, and D is shown in Figs. 2(b)-2(e)
by orange and light green markers. According to Egs.
(3a)+3d), the coefficient D is expected to be constant,
while 4, C, and B are linear as a function of (uoH)™!
and (uo(H + K))~!, respectively. However, the observa-
tions do not match Egs. (3a)+3d) well. For 4 and C, the
measured data depart from a linear behavior for low 1/H
(high fields), while for B the trend is the opposite, and
the data are nonlinear for high (H + K)~' (low fields).
Therefore, it is unlikely that both deviations come from
demagnetization and domain wall formation at low H. This
conclusion is supported by the lack of sudden jumps from
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domain switching, the overlap of the clockwise and coun-
terclockwise (decreasing or increasing ¢y ) rotations, and
the goodness of the fits to Eqs. (2a) and (2b) in Fig. 2(a)
(dashed lines). The difference between the latter and the
data is relatively small even at 16 mT, and the error ranges
of 4, B, C, and D [see Figs. 2(b)—(e)] are comparable to the
symbol size. We consistently observed such character in all
our samples, as illustrated in Sec. 3 in Supplemental Mate-
rial [36]. Therefore, Egs. (3a)«(3d) do not describe our
observations adequately. The systematic deviations give us
an opportunity to reveal contributions from other, mainly
magnon-related processes.

I11. DISCUSSION

To account for the mismatch between the data and the
fitting, we examined several extensions of the basic model.
For example, we considered easy-axis shape anisotropy
for the Hall bar. As detailed in Sec. 5 in Supplemental
Material [36], from the first-harmonic resistances we esti-
mate its strength ©oK, to be on the order of 1 mT. It
also introduces new oscillatory terms with amplitudes 4,
and C; and improves the fits to the second harmonics as
shown by the solid lines (labeled “fit 2”") in Fig. 2(a). How-
ever, A, B, C, and D are weakly affected, as shown by
red and dark green markers in Figs. 2(b)-2(e), and the
differences from the field dependence governed by Egs.
(2a) and (2b) (dashed lines) remain present. Several other
effects may appear in metallic bilayers, but those correc-
tions were also deemed insignificant, as discussed in Sec.
4 in Supplemental Material [36].

We attribute the deviations in C and D to UMR [31—
35], and we propose that a counterpart of similar origin
also appears in R)%;” measurements in the coefficients 4 and
B. UMR can originate from (1) the dependence of the nor-
mal metal/ferromagnet interface resistance on the direction
of o relative to M, (2) the spin dependence of the bulk
conductivity of the ferromagnet, and (3) magnon-related
effects [34]. Its contribution to the longitudinal resistance
R2® is proportional to o - M = — sin sinp [31]. Both (1)
and (2) are independent of H, and are together called
the “spin-dependent UMR.” In contrast, (3), which is SF
UMR, depends on H. It is attributed to the generation
and annihilation of magnons through angular momentum
transfer from the spins generated by the current in the
normal metal [32—35], which is also supported by its
correlation with Hap [52]. Through the modulation of
electron-magnon scattering (MMR) or potentially of the
length of the magnetization [53,54], this leads to a resis-
tance contribution that depends on the current, and on the
magnetization via o - M. It decays with increasing field
since H opens a gap in the magnon spectrum. Besides the
term proportional to sin ¢, higher frequencies with ¢ have
been observed [34,55]. Surprisingly, a corresponding cor-
rection to the Hall signal has not been reported in diffusive

systems to our knowledge, only in bilayers based on topo-
logical insulators [56,57]. In the following we present two
possible explanations for why UMR can appear in 2HH
measurements.

The first explanation involves symmetry considerations.
In AMR the resistance depends on the direction of mag-
netization. Its twofold rotational symmetry leads to its
transverse counterpart, the PHE [37]. In contrast, MMR is
isotropic and leads to SF UMR through the modulation of
the magnon population proportional to sing, and a trans-
verse part is not expected. However, higher frequencies
in ¢ also exist and have been attributed to the combi-
nation of SF scattering and AMR [55], which implies a
similar effect through the PHE. Therefore, we propose that
Rfc;’ can have components due to the effect that produces
parts of SF UMR in R?*. If we include the phase shift
in ¢ (like between AMR and the PHE) and account for
higher-frequency terms with ¢, all four coefficients in Eqgs.
(3a)«3d) are extended:

ACH = Hyr

(H) = Re 7 4 A, (HD, (4a)

BH) = HHj_DK +By(H) + Raxes (4b)

oty = —Ralie | o (4c)
2 H ’

D(H) = D,(H) + Rang2. (4d)

Ay, By, Cy,, and D, are the field-dependent SF UMR con-
tributions and their Hall counterparts. The specific form
of their decay has been proposed to be of the form H™”
[34,55] or (H + Hy)~! [55], and was even calculated with
the use of Boltzmann’s formalism in topological insulators
[56,57] exploiting spin-momentum locking. For this (first)
approach we use

K P
Xu(H) = Xuo (17) , 5)

where X =A4,B,C,D [58], since this H dependence
describes our data considerably better than (H + Hy) ™.
The field-independent contributions of spin-dependent
UMR and its counterpart to B and D are now included in
Rane and Rang.

In Fig. 3 we show the results of the fits to the experi-
mentally determined values of 4, B, C, and D using Egs.
(4a)+4d) and (5) as solid lines. They are a significant
improvement over the dashed lines that represent the fits
lacking X;, [Eqgs. (3a)~(3d)], especially in amplitude D(H),
and the residuals are at least an order of magnitude smaller
for most fields. However, at high fields 4 and C do not con-
verge to zero; the UMR contribution has been observed to
deviate from Eq. (5) [59], but inclusion of H-linear terms
as mentioned in Ref. [59] does not improve the results.
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FIG. 3. Comparison of fits without and with H 7 -type X, cor-

rections. Amplitudes of (a) R} and (b) R% plotted as square
symbols, determined from ¢y rotations with use of Egs. (2a),
(2b), and (S12). Fits to the field dependence without X, are
shown as dashed lines [Egs. (3a)~3d) and (S13)], and fits with
X, following Eqgs. (4a)~(4d), (S13), and (5) are shown as solid
lines. The field axis is logarithmic for visibility.

The fit parameters are summarized in Table I. Firstly,
Hgp is negative, which means the effective field is paral-
lel to +y instead of o being parallel to —y, and is likely
dominated by Ho.. The SOT fields are quite different after
inclusion of X, (compare the data in the second and fourth
columns), especially Hap, which is reduced from 8.4 mT
to approximately 3 mT. The effect of the K, anisotropy
is relatively small (see the third and fourth columns).

TABLE L

The exponent p & 0.39 is less than 1, similarly to that in
Ref. [34]. For the role of the X,y amplitudes, let us take
Ao in the fourth column (fifth row). Its 2HH component
A, 0KPH™? > 0 has a sign opposite that of the correspond-
ing SOT contribution RpHypy H~'. Therefore, the total A
plotted as a function of H~! would exhibit a shallow start
to the net curve, which becomes approximately linear later.
The effect in C is equivalent but with opposite sign as
C,o < 0. This is indeed what we observe in Figs. 2(b) and

2(c).
The symmetry argument discussed above suggests that
|4.0] = |Cuol and |B,o| = |D,o|. However, since their ori-

gins may have different symmetries—consider that the
AHE has no counterpart in R,,—we set no restrictions on
their values. From Table I, the values of |4,0| and |C,| are
comparable, while |D,| is almost twice as large as |B,]|.

The second explanation involves lengthwise modulation
of the magnetization. This explanation is based on the fact
that the transfer of angular momentum modifies the length
of M [35,60] in addition to its direction (via antidamping
torque). This concept has been expanded in recent publica-
tions [53,54], where it is used to describe deviations of the
2HH data from what is expected, similarly to what we pre-
sented above. Specifically, the length M = |M| is modified
through current-induced magnon generation and annihi-
lation in the form —AM (/)o - M. Like in Refs. [34,55],
electron-magnon scattering (MMR) plays a role in UMR.
In this picture, part of R2¢ is attributed to the current
modulation of MMR as AM oscillates with the current.
However, AMR also contributes as its magnitude depends
on M [61—64]. Moreover, similar terms appear in Rﬁ;’ due
to the PHE. Calculation of their contributions leads to the
same ¢ dependences in the 2w signal as in Egs. (2a) and
(2b) (see Sec. 6 in Supplemental Material [36]); there-
fore, they appear as the terms 4, B,, C,, and D, in Egs.
(4a)+4d). The major difference is that a predefined field
dependence is not imposed on AM; rather, it is a free
parameter at each H value.

Relevant fit parameters without X, and with H?-type X, without and with K, anisotropy. All fits were based on H

dependence only. Hr was shared as a parameter between the fitting functions for 4, 4», C, and C,. p was shared by the functions for

A,B,C,and D.

No X, With H?-type X, without K, anisotropy With H 7 -type X,, with K, anisotropy
oKy (mT) from R, 0.63 £0.02 0 0.63 £ 0.02
oK, (mT) from R, 1.45+0.03 0 1.45+0.03
woHpL (mT) —0.37 £ 0.01 —0.46 £0.01 —0.49 +0.02
woHap (mT) 84423 3.0+ 0.07 30+1.5
Ao (m) 0 0.21 £0.01 0.25+0.02
B,o (mQ) 0 —0.16 £0.04 —0.18 = 0.08
Co (M) 0 —0.19 +0.01 —0.21+0.02
D,y (m) 0 0.31 +0.05 0.32 £+ 0.09
)% 0 0.43 +0.03 0.39 £ 0.06
Equations (3a)~(34d), (S13) (4a)—(4d), (5) (4a)—(4d), (S13), (5)
Figure 3 e 3
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We use this second approach to achieve a better descrip-
tion of our measurements and more accurate values for
Hgp and Hap. The coefficients of the relative magnetiza-
tion change AM are not arbitrary. As mentioned above,
they originate from the magnetization dependence of the
AMR, PHE, and MMR (see Sec. 6 in Supplemental Mate-
rial [36]). As a result, the UMR and related components of
Egs. (4a)+4d) are as follows:

A,(H) = RpAM, (6a)
B,(H) = —RpAM, (6b)
CulH) =~ AM, (6¢)
D, (H) = RTMAM. (6d)

Ry, describes the MMR contribution; however, it is diffi-
cult to extract it from Ry in Eq. (1b). Therefore, we treat it
as a free parameter independent of H. Besides AM, Rp and
R, also depend on the field H and change by 10% in the
range studied, as determined from fits to the first-harmonic
data (plotted in Fig. S3).

The curve fits using Egs. (6a)«6d) are shown in Fig.
4. To achieve a small relative error in the most sensitive
parameter, Hap, we performed a global fit. This means
¢ and the H dependence of the second harmonics Rﬁ;‘jxy
were optimized simultaneously instead of “local” fitting to
X (H). In general, the fitted curves are better than with the
first approach (Fig. 3), for example, at high fields, where
the latter showed nonzero 4 and C. AM(H) is plotted
in Fig. 4(c): as expected, AM decays fast to zero with
increasing H. The log-log scale inset for RpAM calcu-
lated from it illustrates that a power-law dependence of
UMR-like corrections with H may work only in the few-
hundred-millitesla range. The fit to D is also clearly better
in the second approach.

The results are summarized in the last column in
Table II. Hap &~ 0.49 £ 0.11 mT is significantly different
from that estimated by the first approach (3.0 & 1.5 mT;
see the fourth column in Table I). The fact that the fits
to 4 and C according to the first approach do not con-
verge to zero, together with the difference between the
two results, demonstrates that the magnonic contribution
cannot be described adequately by Eq. (5), and that the sec-
ond approach [Egs. (6a)—«6d)] should be used to estimate
SOT. The global fit greatly reduces the relative error of
Hap compared with the local fit (0.38 £ 0.96 mT, Table I,
second column), but does not influence the result by a seri-
ous amount. Inclusion of the uniaxial anisotropy K, in the
SOT analysis is crucial, as shown from comparison of the
data in the fourth column in Table II with the data in the
third column. Without it, Hap is almost doubled. Simi-
larly, we found that not taking the field dependence of R,

(a) —

data global fit

g 4- - -
E - B
3 e
I
q 27
I
ﬁl:‘ﬁ

0_
(b) 'l L R LR R | T L R LR R | T LI

data global fit

noH (T)

FIG. 4. Global fits with AM-type corrections. (a) Amplitudes
of R%;’ and (b) Ri;f’ (symbols), following Egs. (2a), (2b) and
(S12). Solid lines are the results of global fits (to ¢ and H depen-
dence together) following Egs. (4a)—+(4d), (S13), and (6a)—<64d).
(c) Relative magnetization change AM induced by the current
decays toward zero at high fields. The inset shows RpAM on a
log-log scale.

and Rp into account and treating them as constants would
approximately double Hp.

Let us compare the amplitudes 4,9, By, Cuo, and D,y
in Table I with the coefficients of AM in Egs. (6a)+6d),
which is the most strongly field-dependent quantity there.
We find that the signs match. Moreover, C,g ~ —A,, Sim-
ilarly to C,, & —A4,, in Egs. (6a) and (6¢). This is consistent
with the symmetry argument since they come from the
same effect (AMR and PHE). B, and D, stand out since
they are affected by the AHE and MMR, which lack a
symmetrical counterpart in R, and R,,. This supports the
validity of the second approach.
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TABLE II.

Relevant fit parameters with the second approach, i.e., AM-type X, corrections. The second column shows the results of

alocal fit, i.e., based on H dependence only, similarly to Table I. In contrast, the third and fourth columns show results from global fits
that take into account both ¢ and A dependence, without and with K, anisotropy, respectively.

Local fit Global fit without K2 anisotropy Global fit with K2 anisotropy
oK, (mT) from R, 0.63 £0.02 0 0.63 £0.02
oKy (mT) from R, 1.45+0.03 0 1.45+0.03
woHpr (mT) —0.478 £+ 0.008 —0.453 £ 0.001 —0.471 £ 0.001
noHap (mT) 0.38+£0.96 0.96 +£0.13 0.49+0.11
Equations (4a)—(4d), (S13), (6a)y~6d) (4a)—(4d), (6a)H6d) (4a)—(4d), (S13), (6a)H6d)
Figure ‘e ‘.- 4

The question arises of whether we can select a field
range where we can ignore UMR and its Hall counterpart
and Egs. (3a)~«3d) can be applied, as has generally been
done. It is not the low-field regime, as AM is strongest
here. Moreover, because of the fast decay of 4 and C, a
dense selection of H points is required for accuracy. For
fitting B only at high fields, the contributions of the AD-
SOT and B,, terms are both on the order of submilliohms
and remain relevant, as is also evident in the still observ-
able field dependence of D, which comes only from AM.
Consequently, a wide range of H is required.

To compare our results with others in the literature,
we analyzed the current-generated SOT fields. We calcu-
lated the spin-torque conductivity related to the AD torque,
o, = 2eh™! woHApMtpy/ (Ioﬁxx /L), where 1 is the vac-
uum permeability, 7p, is the thickness of the Py layer,
and M; = K ~ 5.45 x 10° A/m is the saturation magne-
tization (since crystalline anisotropy is negligible [65]),
which is comparable to the literature [66]. The denomi-
nator is the peak electric field calculated from the peak
amplitude of the alternating current Iy = /2 x 2.5 mA,
the average longitudinal resistance Rw =Ry +R,/2, and
the separation of the side contacts L. In other words, this
is the current density of the angular momentum absorbed
in Py in the tilting of M by A6, normalized by the elec-
tric field and converted to the unit of siemens. The end
result is oy &~ (6.7 £ 1.5) x 10* S/m, a value smaller but
comparable to those in Ref. [67].

We also estimate the Oersted field Ho. = Ip;/2W. Since
the current in Pt is the four-terminal voltage drop divided
by the resistance of the Pt layer, Ip, = IoRo Wtpi/Lpp &
V2 x 1.75 mA, where we used pp ~ 35 w2 cm as the
resistivity of a tp; = 3-nm-thick Pt film [68], and as a
result, we get woHpe = 0.389 mT. Since this is comparable
to —uoHpr, in Table II, the actual effective field of the FL
torque is likely much smaller.

IV. SUMMARY

We have studied several Py/Pt bilayer Hall bars with
in-plane rotations in a wide range of magnetic fields. We
have found that in the second-harmonic Hall resistance the
amplitudes 4 and B contain unexpected field-dependent

components. We attribute them to a transverse counter-
part of the magnonic unidirectional magnetoresistance and
show that they are critical in accurately estimating SOT
fields. We demonstrated two approaches: one based on
symmetry arguments, with a H 7 -type dependence already
used to describe UMR in R2¢, and the other based on the
concept that the angular momentum transfer leading to
the antidamping torque and a perpendicular change in M
also produces a lengthwise (parallel) change, AM. This
approach was expanded in Refs. [53,54] and further devel-
oped here by inclusion of the shape anisotropy and the
H dependence of R, and Rp, which have a significant
effect. The second approach yields a superior match to the
observations as AM (H) is not described well by the phe-
nomenological form H 7. Fitting simultaneously to both ¢
and the H dependence greatly reduced the relative error of
Hyp, the parameter that usually comes with a large error
and appears the most sensitive to model corrections.

Our comparison of the two approaches has shown that
the second one provides the correct way to evaluate SOT.
We expect that this method will lead to an improved
description of second-harmonic magnetoresistance effects
and a more accurate determination of spin-orbit-torque
fields. In turn, this will support research into novel materi-
als for the development of SOT-based devices.

V. METHODS

Hall bars were fabricated on SiO,-covered wafers from
6 nm Py (NiggFeyp) and 3 nm Pt via standard electron-
beam lithography and electron-beam evaporation tech-
niques. They were contacted by the deposition of 5 nm Ti
and 50 nm Au in a subsequent step. The width ¥ of the
Hall bars is 4 wm. The longitudinal separation L of the side
contacts is 4 pum and their width wis 1 wm. For SOT anal-
ysis of Hall data, there is a geometrical correction factor
[69] due to the current density distribution at the Hall volt-
age contacts. In our case w/W <« 1; therefore, we expect a
less than 10% correction, which we ignore.

The electrical measurements were performed at room
temperature with SR830 (Stanford Research Systems),
MFLI (Zurich Instruments), and HF2LI (Zurich Instru-
ments) lock-in amplifiers and Basel Precision Instruments
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SP1004 low-noise, low-drift differential amplifiers. The
current used for the resistance measurements was s ~
2.5 mA at f = 132.43 Hz. On the basis of measure-
ments as a function of temperature on similar samples,
we estimate that this induced a temperature increase of
at most 50 K in the sample due to Joule heating. This
is not expected to notably change the saturation mag-
netization [70,71]. The frequency f used is low enough
for the second-harmonic technique. Because of the high
thermal diffusivity of Pt and Py, a > 1.6 x 107® m?/s
[72—74], the thermal diffusion length / = /a/f is on the
order of hundreds of micrometers. This is much larger
than the dimensions L and 7. Moreover, heat generation
is distributed over the device; therefore, it can be consid-
ered to be in thermal equilibrium on the timescale of the
measurement. This is confirmed by frequency-dependent
measurements shown in Fig. S5 in Supplemental Material
[36].

The samples were fixed on a rotating stage within a Janis
9TL-HRTB-30 superconducting magnet’s bore. The actual
field of the magnet was measured in situ by a Hall sensor,
or corrected by a calibration curve taken by the same sen-
sor. In-plane rotations were performed in both directions
at all fields so that electrical signal drift or mechanical fail-
ures such as jumps or torsion may be noticed. All rotation
measurements were performed as a series of decreasing
fields to ensure a single magnetic domain. Raw data of
measurements in the main text are available online [75].
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