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ABSTRACT

Understanding the mechanisms of unidirectional magnetoresistance (UMR) has become an important topic for its potential application of a
two-terminal spin–orbit torque device. Field sweep DC measurements have been proposed and adopted to measure the value of UMR
instead of second harmonic measurements. In this paper, potential measurement errors in conventional DC measurements are investigated.
Oersted field and field-like torque usually do not influence the measurement, but a large field-like torque was found to lead to an aniso-
tropic magnetoresistance difference when the sample is not perfectly aligned with the external field. The existence of ordinary magnetoresis-
tance was also found to contribute to a large background. In this paper, an alternative measurement method for UMR was proposed and
demonstrated to address those issues related to previous DC measurements. Our work may broaden the understanding of the error sources
of UMR measurements and provide a reliable DC measurement method for the characterization of UMR.
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I. INTRODUCTION

Magnetoresistive behaviors with 360° angular dependence
are critical to the reading process in spintronic memory and logic
devices. Among these, the unidirectional spin Hall magnetoresis-
tance (USMR)1–7 has attracted a great deal of attention due to its
potential application in two-terminal spintronic devices.2,7 The
conventional model for USMR is the current-in-plane giant mag-
netoresistance model,1–4 which treats the spin accumulation at the
interface as an effective magnetic layer. The USMR value is pro-
portional to the applied electric field or the current density.1–4

Therefore, the second harmonic measurement is commonly used
to obtain USMR value.1–6

Recently, a variety of research efforts has pointed out other
contributions to USMR, including spin torque,8 magnon creation
and annihilation,9–12 and topological interface and structure.5–7

Among these effects, the spin Hall effect related mechanisms are
not the only origin, thus instead of calling these USMR, unidirec-
tional magnetoresistance (UMR) is a more accurate name for such
observations. Different origins of UMR lead to a different field-
and current-dependent behaviors. As the UMR value may no
longer be proportional to the electric field,3,8 field sweep under DC

can be a path to study the UMR effect with contributions other
than spin Hall effect origins.6,8

However, measuring UMR with DC accurately is challenging
because of its small magnitude compared to the large background
signal. The dominant signal in DC measurement is the anisotropic
magnetoresistance (AMR), which has a period of 180° and magni-
tudes larger than the UMR signal. Although theoretically, the AMR
will stay the same when the field is reversed by 180°, real experi-
ments can always have setup offsets which could result in a differ-
ence in the AMR value. The existence of the Oersted field and
field-like torque (FLT) can generate this difference when an
angular offset exists. The influence of the Oersted field and field-
like torque on UMR DC measurement has not been systematically
investigated. Besides AMR, ordinary magnetoresistance (OMR) can
also serve as a field-dependent background. This work studies the
influence of the Oersted field and FLT and discusses the limitation
of accuracy in field-dependent DC measurements. The field-
dependent UMR curve with an angular offset is obtained through
both experiments and theories in Ta/CoFeB bilayer structures, and
results show an AMR-originated error term is usually negligible but
can be comparable to the UMR signal in the case of a large FLT.
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The influence of OMR is also discussed. An angular- and field-
dependent method is demonstrated and suggested to obtain a more
accurate UMR value. The obtained UMR value in Ta/CFB is con-
sistent with the result from second harmonic measurements.

II. RESULTS AND DISCUSSION

A. Influence of field-like torque and Oersted field on
field dependence measurement

We first studied whether the existence of an angular offset of
the external field will influence the obtained UMR value. Spin–
orbit torque (SOT) contributions are commonly measured by the
change of AMR signals via both DC and second harmonic
measurements.13–15 Since the UMR signal is magnitudes smaller
than the AMR signal, a small change in the AMR signal by the
SOT effect can lead to a contribution to the total UMR signal.

Theoretically, the SOT effect cannot result in any difference in
magnetization if the magnetization is aligned perfectly perpendicu-
lar to the current direction. However, the alignment of the current
direction and the field may have a small offset in the experimental
setup in field sweep measurements. Few works have looked into
this effect and found the value of the potential contribution from
AMR to the UMR signal.

A small offset of the external field relative to the x axis is
assumed to exist in the measurement setup, the configuration of
which is shown in Fig. 1(a). Consider the Ta/CoFeB(CFB) system,
where the current flows in y and the spin direction is x. The
Oersted field and field-like torque effective field HOe+FLT points
toward the x-direction no matter what the external field direction
is. In this case, the existence of an x-direction field will result in a
difference in the angle between the magnetization and x axis when
the field is positive and negative, which will then result in an AMR
contribution to the total signal of UMR.

To quantitatively study this effect, we deposited a Ta(5)/
CoFeB(5)/MgO(2)/Ta(1.5) structure (all thicknesses in nm) and
patterned it into a Hall bar structure. A 2mA DC current is
applied to the sample. The field is rotated in-plane, and the DC
voltage is measured, as shown in Fig. 1(b). The angular-dependent
resistance is shown in Fig. 1(c), which can be fitted using the equa-
tion:

Vtotal ¼ VAMRcos(2β)þ VUMR cos β þ C, (1)

where AMR gives the major signal with a period of 180°, and UMR
(in this case, USMR only) plus thermal effects give the signal with
a period of 360°, which is magnitudes smaller than the AMR
signal. Note that the FLT and Oersted field can also give a small
contribution, but it does not give any value difference at 0° and
180°,16 thus it can be neglected while fitting the data. The zoom-in
lookout for the angular dependence curve is shown in the upper
section of Fig. 1(c). Even the “flat bottom” of the AMR curve
around 0° and 180° becomes sharp if we zoom into the UMR scale.

With angular-dependent measurement, the 0° and 180° posi-
tions are obtained by fitting the AMR curve vs the angle. We now
further investigate the Oersted field and FLT-induced SOT contri-
bution. The Oersted field plus the FLT effective field, HOe+FLT, is
obtained by second harmonic measurements in the Ta(5)/CoFeB
(5)/capping sample. The obtained values of HOe+FLT under differ-
ent current values are shown in the second row of Table I, while
the current values are in the first row. The Ta/CoFeB sample has
in-plane anisotropy, which means the anisotropy is easy-plane
rather than easy-axis. The coercivity for the in-plane CoFeB is
smaller than 30 Oe,17,18 and the demagnetization field is neglected
in our consideration of the angular difference. As there is no easy-
axis anisotropy, the CoFeB magnetization direction should be par-
allel to the total effective field direction.

Now considering an angular offset of the external field, for
example, 3°. A small angular change can result in an AMR contri-
bution that has the same magnitude as the difference of a 360°
signal at 0° and 180°. However, the existence of the y-direction
effective field can result in the magnetization direction slightly off
the original offset value and toward different directions at different
field directions, as shown in Fig. 1(a). The magnetization is parallel

FIG. 1. (a) Illustration of the difference in the magnetization angle under positive
and negative fields when a small angular offset of the external field (dashed line
is the original offset angle) exists. (b) Illustration of angular-dependent DC mea-
surement setup in Ta/CFB samples. (c) The angular dependence of the Ta/CFB
sample. The majority of the signal is AMR, and the inset is a zoom-in view of
the signals at 0° and 180°.
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with the total effective field, which is different at positive or nega-
tive external fields since the direction of HOe+FLT is unchanged
while the direction of the external field is reversed. In this case, the
angle θ between the magnetization and y axis will have different
values at positive and negative fields, as shown in Fig. 1(a). The
third (fourth) row of Table I shows the angle θpos (θneg) for positive
(negative) external fields under different current values, 50 Oe
external field, and a 3° angular offset. With the AMR value
extracted from the fitting of Fig. 1(c) signal, the HOe+FLT-induced
AMR contribution of the sample is obtained. The differences of
resistance RdiffAMR, which are induced by the differences of θpos
and θneg, under positive and negative 50 Oe fields with different
current values and 3° angular offset, are shown in the fifth row of
Table I, and the UMR values (RUMR+−RUMR−, obtained by both
DC and AC measurements) in the Ta/CFB system is shown in the
sixth row of Table I.

From Table I, the value of HOe+FLT-induced AMR is neglect-
able compared to the UMR value (0.0251Ω difference at the posi-
tive and negative fields, which is obtained by both DC and second
harmonic methods in the latter parts). However, this conclusion is
based on the Ta/CFB material system which only has an FLT effec-
tive spin Hall angle smaller than ∼0.03.19,20 Recently, a variety of
materials show a relatively large FLT (up to 158 Oe per 107 A/cm2

current density).18,21,22 In this case, the effective field HOe+FLT will
be much larger and comparable to the external field. To demon-
strate how much influence can a large FLT give on the measure-
ment, we calculated the θpos, θneg, and the RdiffAMR values with a
larger FLT effective spin Hall angle (∼0.3, ten times of experimental
HOe+FLT), as shown in the seventh, eighth, and ninth row of
Table I, respectively. The resulting current-dependent measurement
value under 50 Oe field and a 3° offset angle, is shown in Fig. 2(a),
where the black squares are the UMR data point, the blue line
is the proposed measurement value with measured HOe+FLT in
Ta/CFB sample, and the red line is the calculated measurement
value with larger FLT. The larger FLT can induce a ∼7% contribu-
tion to the total measured UMR signal under 50 Oe and a 3° offset
in DC measurements. Compared to previously reported UMR
values measured by DC,6,8 the contribution of FLT-induced AMR
may be smaller, but the effect is still worth noticing when exploring
USMR in different material systems. The offset angle dependence
and field dependence of the UMR measured value are shown in
Figs. 2(b) and 2(c), respectively, where the black line is the UMR
value, and the blue (red) lines are the calculated measurement
values under small (large) FLT values. The contribution of FLT can
be even larger when the offset angle is larger or the external field is
smaller. The field-dependent behavior originates from the angular

TABLE I. The values of effective field HOe+FLT, magnetization offset angle θpos, θneg, the difference of AMR resistance RdiffAMR, and the UMR RUMR+−RUMR− for experimental
and large FLT under different current values. The different angles under positive and negative fields lead to different resistance. The effect is negligible with a small FLT but
can be considered when the FLT is large.

Current (mA) 0.5 0.8 1 1.2 1.5

Experimental HOe+FLT (Oe) −0.126 −0.168 −0.218 −0.250 −0.307
θpos (Experimental HOe+FLT) (deg) 2.992 5 2.990 0 2.987 0 2.985 1 2.981 7
θneg (Experimental HOe+FLT) (deg) 3.007 6 3.010 1 3.013 2 3.015 1 3.018 5
RdiffAMR (Experimental HOe+FLT) (deg) 0.000 078 0.000 10 0.000 13 0.000 15 0.000 19
RUMR+－ RUMR− (Ω ) 0.006 46 0.010 62 0.013 76 0.016 53 0.021 12
θpos (large HOe+FLT) (deg) 2.926 5 2.902 5 2.874 5 2.857 1 2.826 4
θneg (large HOe+FLT) (deg) 3.077 3 3.104 3 3.136 9 3.158 0 3.196 3
RdiffAMR (Large HOe+FLT) (Ω ) 0.000 8 0.001 0 0.001 4 0.001 6 0.001 9

FIG. 2. (a)–(c) Current, angular offset, and field dependence of the measured UMR, respectively. The experimental (small) and large FLT condition is labeled in blue and
red, respectively. The black square in (a) and the black line in (b) and (c) represent the UMR value without FLT contributions.
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difference of the magnetization at positive or negative fields. In
summary, the effect HOe+FLT of is usually negligible but can be a
large source of error when a large FLT and an angular offset exist,
especially when the external field is small. In this case, the DC
method is not a proper method to measure UMR under zero exter-
nal field if the angular offset cannot be precisely controlled.

B. Influence of the ordinary magnetoresistance

Even without the influence of the SOT effect, obtaining the
small UMR value from the field-dependent DC measurement can
still be a challenge. The OMR exists in some common SOT material
systems,23,24 and has been a minor effect in SOT measurements
and is rarely considered due to its small value. However, this effect
can be dominant when measuring a small signal such as UMR.
Field-dependent measurements are performed in the Ta/CoFeB
sample, as shown in Fig. 3(a). A 1 mA DC current is applied, and
the voltage is measured with the Hall bar under different fields.
The sample is rotated to a direction without offset using the
angular-dependent measurements as shown in Fig. 1(c). The result-
ing field-dependent resistance curve is shown in Fig. 3(b), where at
both positive and negative fields, the resistance decreases when
increasing the external field. The increment is quite symmetric
under positive and negative fields, suggesting the dominance of
OMR.

The OMR signal can be ∼1000% of the USMR signal in
Ta/CoFeB bilayers, which makes it impossible for DC measure-
ments in such material systems. Even for the observations of large
USMR or UMR signals,6,8 a 0.1Ω OMR at 2000 Oe can still have
an effect of up to 50% of the total signal. It is possible to obtain the
UMR value by removing the OMR background. However, the field
dependence of OMR is usually not linear,23,24 especially at low
fields, which makes the linear fitting not applicable to obtain the
UMR value by interception. Obtaining the different signal at the

positive and negative fields at the same field value is a better
option. However, the remaining magnetization can always be a
problem in the changing field process for magnets, which can
result in a different value of the setting and actual field value and
result in a larger noise as to our observation. The dominance of
OMR means even a small inaccuracy of field value may result in a
large signal difference in the measurement.

III. MEASUREMENT METHOD FOR DC UMR

The existence of effective field and OMR has brought chal-
lenges to the DC measurement of UMR. An easy-performing stan-
dard measurement method is required to obtain an accurate UMR
value. This method needs to have the following features: (1) the
angular offset must be eliminated to fix the effective field influence.
(2) The field value must be accurate at positive and negative values,
which could eliminate the OMR contribution. For both features,
rotating the sample under a fixed external field is a good solution
since the angle can be obtained by fitting, and a fixed field can
always be the same at 0° and 180°. Figures 4(a) and 4(b) show the
process flow of different contributions in DC UMR measurement.
With the field sweep method in Fig. 4(a), the OMR is difficult to
remove, and the potential SOT induced AMR contributions can
also make signal analysis complex. The angular sweep method in
Fig. 4(b) does not contain the OMR and SOT induced AMR con-
tributions, which can directly get the UMR signal by removing
AMR background and thermal contributions.

The measurement setup for DC UMR is the same as in Fig. 1
(b). Angular sweep measurement is applied to the sample under
different fields and currents, and the resulting resistance is obtained
using Eq. (1). The term Rtotal360 represents the total contributions
with a 360° period. The Rtotal360 term has multiple contributions:
the UMR effect, the thermal effects, and measurement background.
The thermal effects include the common anomalous Nernst effect

FIG. 3. (a) Illustration of the field-dependent measurement setup with the external field fixed at the x-direction. (b) The field-dependent measurement of the Ta/CoFeB
sample shows an OMR background that is comparable to the UMR signal.
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(ANE) and spin Seebeck effect (SSE) which are widely studied in
SOT measurements and DC UMR measurements.1–6 In addition,
the measurement background exists for the Rtotal360 term. Since the
measurement background is not dependent on the external field
direction and has fixed values, simply sweeping the angle under
both positive and negative fields will eliminate this contribution. As
shown in Fig. 4(c), the angular dependence of the fitted Rtotal360
term (1.5 mA current) has a difference at 1500 and −1500 Oe, and
the difference signal can be attributed to the contribution of UMR
(in this case, USMR) and field-dependent thermal effects such as
ANE and SSE.

With the measurement background contribution removed, the
field dependence of RUMR+ANE+SSE can be obtained by fitting differ-
ent angular-dependent curves under different fields and different
current values. With the angular offset removed by angular-
dependent fitting, no field dependence will be observed if the
system itself does not have field-dependent UMR. The field depen-
dence of RUMR+ANE+SSE under different current values is shown in
Fig. 4(d), and the current dependence of RUMR+ANE+SSE is replotted
in Fig. 4(e). Both figures show a clear linear dependence of RUMR

+ANE+SSE vs the current, which is consistence with the observation
of USMR in metallic systems,1,3,4 and the USMR signal level is
repeatable in multiple devices. The obtained value of RUMR+ANE

+SSE is ∼0.1Ω per 107 A/cm2 current density, which is typical for
such material systems.1,3,5–8

We also performed the well-used second harmonic AC method
on the same sample for the validation of the DC method. Since the
RUMR+ANE+SSE is proportional to the applied current, the USMR is
the only origin of UMR, and the second harmonic method can be
accurate to obtain the USMR value. The setup of the AC measure-
ment is shown in Fig. 5(a), where a lock-in amplifier is used to
obtain the second harmonic signal. The obtained longitudinal first
and second harmonic signals are shown in Fig. 5(b), where the
second harmonic signal contains the contributions of USMR, ANE,
and SSE, which is similar to the DC measurement case. The values
of USMR under different current values are shown in Fig. 5(c).
Comparing Figs. 4(e) and 5(c), both DC and AC measurements
can obtain the same value of RUMR+ANE+SSE. Though the contribu-
tion of ANE + SSE cannot be removed in DC measurement, the
consistency of DC and AC makes it possible to accurately scale the

FIG. 4. Process of the signal in (a) field sweep and (b) angular sweep DC UMR measurements. In field sweep measurement, the OMR part is difficult to remove, and the
potential SOT induced AMR contributions give rise to the complexity. The angular sweep measurement can avoid OMR and SOT contributions. (c) The fitted value of 360°
dependent resistance Rtotal360 vs angle at the negative and positive fields. There is a measurement background, and the difference between the positive and negative field
fitting is the real contribution of RUMR+ANE+SSE. (d) Field dependence of RUMR+ANE+SSE under different current values for the Ta/CFB sample. (e) Plotted RUMR+ANE+SSE vs
current shows a linear dependence, which indicates the UMR term in Ta/CFB is dominantly USMR.
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DC UMR value by a reference AC measurement.1,2,7 By measuring
the field dependence at Hall direction and geometry scaling,1–3 the
USMR value with thermal contribution is obtained and shown in
Fig. 5(c). Since the DC and AC thermal contribution should be
identical at low AC frequency, the identical values of total signal in
DC and AC measurements suggest a consistency between the two
measurement methods.

Compared to the commonly used AC measurement, DC mea-
surement still has limitations such as a small signal-noise ratio, and
the incapability to remove the thermal contributions. However,
emerging UMR effects with non-quadratic voltage still require an
accurate DC measurement. If non-quadratic components exist in
the UMR voltage, the demonstrated method can also clearly show
it. Though the thermal contributions always exist in the UMR, they
can still be scaled using the widely used Hall direction geometry
method with second harmonic measurements.1,2,7 In this case, if
AC and DC measurements are combined, the accurate UMR value
can still be measured by AC scaling, while the DC measurement
can keep the non-quadratic current-dependent features for the
UMR signal.

IV. CONCLUSIONS

The emerging observations of different UMR schemes have
pushed the application of DC measurement methods in UMR
research. Details including the background removal and angular
setup are not fully revealed in previous works with DC measure-
ments,6,8 which makes repeating difficult due to the large observa-
tional errors in DC measurements. Compared to AMR and OMR,
the small magnitude of UMR can make obtaining real values diffi-
cult. This work studied the contribution of FLT in UMR DC mea-
surements and demonstrated how to measure DC UMR accurately.
Thermal backgrounds are widely removed in second harmonic
measurements but relatively difficult to remove in DC cases. In this
study, combining DC and AC measurements were proposed to
remove thermal backgrounds with non-quadratic features of UMR
revealed in DC measurements. In summary, this work discussed

the potential errors in DC measurement for a small signal like
UMR and provided a reliable way to observe the existence of UMR
via DC measurements.
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