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Detection and manipulation of the Néel vector in antiferromagnetic materials are promising for more stable,

faster, and much higher-density spintronic devices. However, the electrical manipulation of the antiferromag-
netic Néel vector remains challenging and controversial due to the difficulty in the detection of the zero net
magnetization and the unavoidable complications from thermal artifacts. In this work, by utilizing the uniaxial
antiferromagnet (AFM) Cr,03, we demonstrate the detection and manipulation of the antiferromagnetic Néel
vector. We reveal unambiguously the spin-dependent electrical responses of the coherent Cr,O; Néel vector
switching, where a symmetric Hall signal and a fourfold angular-dependent magnetoresistance are captured.
We also demonstrate the in-plane arbitrary manipulation of the Cr,O; Néel vector when the magnetocrystalline
anisotropy energy is compensated. Our work for detecting and manipulating Néel vectors offers a critical guide
for antiferromagnetic-based Néel vector switching exploration.

DOI: 10.1103/PhysRevB.105.094442

I. INTRODUCTION

Back in the 1970s, Louis Néel described antiferromagnets
(AFMs) as “interesting but useless” materials in his Nobel
prize lecture [1]. Due to the negligible magnetization and
weak response to the external magnetic field, Néel vectors
nneel in AFMs are hard to detect and manipulate. But in the
last decade, intensive attention has been refocused on AFMs.
The robustness against perturbations from the external mag-
netic field, the negligible stray field, and the ultrafast dynam-
ics allow AFMs as key ingredients for more steadier, higher
density, and much faster spintronic devices [2—4]. In 2014,
Marti et al. indirectly manipulated the Néel vectors in FeRh by
exploiting the first-order magnetic phase transition, allowing
the write and read of the AFMs [5]. Soon after, several groups
reported the direct manipulation of the Néel vectors by spin-
orbit torque switching, offering potential pathways to directly
read and write the AFM moments by all-electrical means
[6-12]. However, several reports have also shown that the
distinct stagger-like electrical signals may not solely originate
from spin-orbit torque switching of Néel vectors, and may be
contaminated by the signals from the anisotropic thermal gra-
dient, the electromigration by the high current density, the film
inhomogeneity, the magnetoelastic stress, and even the unin-
tended consequences of the multiterminal patterned structures
[13-18]. It is essential to observe the electrical signals caused
solely by the antiferromagnetic Néel vectors switching.

Thus, we study the electrical signals for the uniax-
ial AFM Cr,03;, which has well-established sharp Néel
vectors switching during the spin-flop transition. We reveal
the coherent Néel vector rotation through both transverse
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and longitudinal resistance measurements, and we observe a
symmetric Hall signal under an out-of-plane magnetic field
and an angular-dependent magnetoresistance with a fourfold
or plateau behavior. Furthermore, we find the Néel vector of
Cr, 03 can be arbitrarily manipulated in plane with a small in-
plane magnetic field when the magnetocrystalline anisotropy
is compensated.

II. RESULTS AND DISCUSSIONS

A. Magnetic probes

The uniaxial antiferromagnetic insulator studied in our
work is a single crystalline slab Cr,O3 (see Appendix). It has
a hexagonal crystalline structure with an easy axis along the
(0001) direction (parallel to the z axis), as shown in Fig. 1(a).
We first confirm the spin-flop transition by a superconducting
quantum interference device. By applying a magnetic field H
along the easy axis (0001) of Cr,O3 at 10 K, as shown in
Fig. 1(b) (red curve), a drastic change of the magnetization
is observed at about 5.8 T due to the spin-flop transition
[19,20]. Thus, the spin-flop field for Cr,03 is Hsp = 5.8 T.
Below Hsg (H < Hgg), Néel vectors maintain along the easy
axis (0001), exhibiting negligible magnetization. When H
reaches upon Hsg (H, = Hsg), Néel vectors immediately flop
perpendicular to (0001) and lie in the xy plane. The finite
magnetization is caused by the slight tilting of the Cr, O3 spins
towards H. As H keeps increasing (H > Hgg), spins in both
sublattices tilt towards and finally align with H. In contrast,
when H is applied along the hard axis (1120) or (1100), no
spin-flop transition occurs; only a linear change in magneti-
zation caused by the spin tilting towards the magnetic field is
observed, as shown in Fig. 1(b) (blue and green curves).

From the molecular field theory, the spin-flop field Hsg is
determined as [21]

Hsg = \/Hy(2HE — Hy), (D

©2022 American Physical Society
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FIG. 1. Crystal structure and spin-flop transition confirmed by magnetometry for Cr,0O;. (a) The crystal structure of Cr,O3. Arrows
represent the Cr>* spins. (b) M-H loops with magnetic field applied along the (0001) (red curve), (1120) (green curve), and (1100) (blue dotted
curve) directions. (¢) Temperature-dependent M-H loops with magnetic field applied along easy axis (0001). (d) Magnetic susceptibility x of
Cr, 03, where x, refers to external magnetic field H perpendicular to easy axis (0001), and y; refers to external magnetic field H parallel to

easy axis (0001).

where H, is the crystal anisotropy effective field, and H is
the antiferromagnetic exchange coupling effective field. For
Cr,03, Hy = 7000e, H;, = 245T [22], and thus HsE is esti-
mated as 5.8 T, consistent with our experiment. In addition,
from the equation

Hg = 2Hg — Hy (2)

we estimate the saturation field Hs = 490 T, indicating that
only with such high magnetic field strength, can spins from
both sublattices be completely aligned with the external mag-
netic field. Therefore, the robustness against external fields
makes the manipulation of Néel vectors in Cr,O3 extremely
difficult.

Besides 10 K, we also observe spin flop at different tem-
peratures. As shown in Fig. 1(c), at 60 K, both the slope of
the M-H curve at low fields and the value of Hsp are slightly
larger than those at 10 K. At 110 K, these changes are more
drastic. Above 160 K, due to the field limitation of our magne-
tometer (+7 T), we no longer capture the spin-flop transition,
as they shift to much higher fields. When the temperature in-
creases up to the Néel temperature 7y ~ 310K, AFM Cr,03
transits to the paramagnetic state, and thus the M-H curve is
linear. The Ty for Cr, O3 is also confirmed by the temperature-
dependent susceptibility of Cr,Os3, as shown in Fig. 1(d). The
discontinuity of the first derivative of susceptibility at 310
K marks the Ty of Cr,O3; [22,23]. In the region T < Ty,

perpendicular susceptibility x| (rngeiLH) of Cr,O3 is almost
temperature independent, while the parallel susceptibility x|
(nneel || H) increases as the temperature rises owing to the in-
crease of thermal fluctuation. We find x is always larger than
X - These behaviors corroborate the change of the M-H slopes
in Fig. 1(c) and are well explained by the molecular field
theory [19,20]. Therefore, using the magnetometer, we reveal
the behavior of Cr,O3 Néel vectors throughout its spin-flop
transition.

B. Electrical probes: Transverse resistance

To probe the coherent switching of the Néel vector electri-
cally, we deposit a 5-nm-thick Pt film on a (0001)-orientated
Cr, 03 single-crystal slab by DC sputtering and then pattern
it into 10-um-wide Hall bars using photolithography. The
chamber has a base pressure better than 5 x 1077 torr. The
sputtering power is 20 W and the working Ar pressure is 4
mTorr with a flow rate of 30 SCCM (SCCM denotes cubic
centimeter per minute at STP). The resistivity of Pt with
Hall bar is 28.6 uQ2cm at 10 K and 41.7 u2cm at 310 K.
Due to the spin Hall effect [24,25], a spin current with spin
index o along the —y direction is generated in Pt. We first
adopt the Hall effect measurement to detect the coherent rng,
rotation. The measurement setup is shown in Fig. 2(a), where
a constant current of 1 mA amplitude is applied along the x
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FIG. 2. Probe the coherent Néel vector switching by spin Hall planar Hall effect measurement. (a) Schematic diagram of Hall resistance R,,
measurement. A 5-nm-thick Pt film is deposited on the (0001)-orientated single-crystal Cr,O3 slab and patterned into Hall bar structure. The
electrical current is applied along the (1120) direction, and the voltage V,, is detected along the (1100) direction. The external magnetic field
H is applied along the (0001) direction. The angle between H and the z axis is 6. The angle between the magnetic field in-plane component
H;, and the x axis is ¢. (b) The spin current (orange arrow) generated in Pt is utilized to probe the orientations of Néel vectors (blue arrows)
in Cr,03. For Cr,03 samples with nne perpendicular and rotated 45° positively against the x axis, the transverse resistances R,, of Pt exhibit
zero and positive finite values, respectively. (c) Field-dependent Hall resistance R,, at 10 K after subtracting the negative linear ordinary Hall
background. (d) Field-dependent Ry, under various temperatures, including 10, 60, 110, and 160 K.

axis (1120), and the induced voltage is detected along the y
axis (1100). We sweep the external magnetic field H from +7
to —7 T and reversely along the (0001) direction with 6 = 0°.
We define the angle between H and the z axis as 6 and that
between the H in-plane projection and the x axis as ¢. After
subtracting the negative linear ordinary Hall background (see
Appendix), we replot the Hall resistance Ry, in Fig. 2(c) (red
curve). We observe a resistance “jump” in the Hall signal.
Notably, the observed Hall signal is symmetric in the field, in
sharp contrast to the asymmetric ones often seen in Hall effect
measurements with the out-of-plane magnetic field. For com-
parison, we put the M-H loop (blue curve) in the same graph.
It is clear that the resistance “jump” field and spin-flop field
H s are consistent with each other, indicating the same origin.
The symmetric Ry, signal can be understood from the spin
Hall planar Hall effect (we use PHE for simplification), where
nnegel experiences a coherent rotation of 90° from (0001) to
the xy plane and is detected by pure spin current from Pt.
As shown in Fig. 2(b), when |H .| < |Hgg|, nneel 1S along the
easy axis (0001), perpendicular to o, contributing zero Hall
resistance. When |H ;| > |Hsg|, nneer flops onto the xy plane,
forming an angle with spin index o, and when the angle is
not 0° or 90°, there is a nonzero PHE resistance. Thus, the
sizable symmetric Hall signal is attributed to PHE. We further
vary the temperature from 10 to 160 K, as shown in Fig. 2(d).
We find the resistance jump field increases with increasing
temperature, corresponding to the spin-flop field at each tem-
perature determined by the magnetometer. From these results,
we verify that the PHE is an important and reliable tool to
probe the coherent switching of the antiferromagnetic Néel
vector electrically.

C. Electrical probes: Longitudinal resistance

We then study the coherent myg rotation by the lon-
gitudinal resistance. The measurement setup is shown in
Fig. 3(a), where a current of 1 mA is applied along the x
axis (1120), and the induced voltage is detected in the same
direction. We sweep the external magnetic field H from +7 to
—7 T and reversely along the (0001) and (1120) directions
with & = 0° and 90°, respectively, and ¢ = 0°. We define
the angle between the magnetic field in-plane component
and the x axis as ¢. When the antiferromagnetic nyg is
parallel with or perpendicular to o, the longitudinal resis-
tance is small or large, respectively, according to the spin
Hall magnetoresistance [26—28]. We subtract the longitudi-
nal resistances obtained at various fields R,,(H) with R,
at H =0 T and present our results as AR,,. As shown in
Fig. 3(b) (red solid circle curve), when H is along the easy
axis (0001) and is smaller than Hsg, R, increases almost
linearly with H, due to the interplay between ordinary mag-
netoresistance (OMR) [29] and weak localization [30-32].
When H > Hgp, R, drastically drops. This is due to the
sudden change in the relative direction between spin index
o and Néel vector nng from perpendicular to parallel. In
comparison, when the magnetic field is applied along the hard
axis (1120), only OMR proportional to H? is observed in
Fig. 3(b) (red open circle curve), where spins in both sublat-
tices of nnee slightly and linearly tilt towards H. The spin
Hall magnetoresistance measurement further corroborates the
electrical detection of the antiferromagnetic nng coherent
switching. Note that the parabolic and linear field dependence
is not the evidence for Néel vector rotation, but solely caused
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FIG. 3. Probe of the coherent Néel vector switching by spin Hall magnetoresistance measurement. (a) Schematic diagram of the spin
Hall magnetoresistance R,, measurement, where the electrical current and detected voltage are both along the x axis (1120). The external
magnetic field H is tilted with a small angle 6 away from the z axis and ¢ away from the x axis. (b) Longitudinal magnetoresistance R,,
when H is along the easy axis (0001) at & = 0° (solid circle) and along the hard axis (1120) at # = 90° (open circle). We subtract R,,
obtained at H = 0T from the longitudinal resistances obtained at various fields R,,(H) and present our results as AR,,. (c) The magnetic
field angular dependence of the longitudinal magnetoresistance with H = 4.8 T (top) and H = 7T (middle). The bottom panel represents the
angular-dependent magnetoresistance that solely comes from the Néel vector rotation and we present the data as ARN!, This is realized by
subtracting the estimated angular-dependent OMR from the experimentally obtained angular-dependent R, at H = 7 T. To clearly demonstrate
the change of resistance due to Néel vector rotation, ARN! is vertically shifted.

by the ordinary magnetoresistance and weak localization
in Pt.

Another way to distinguish the contribution between nnee|
coherent switching and OMR is through the angular depen-
dence of the MR. We rotate magnetic fields in the xz plane
with 6 varying from 0° to 360°. When H = 4.8T < Hgp,
we observe an angular dependence of cos’d, as shown in
Fig. 3(c) (top), which is entirely caused by OMR in Pt be-
cause nng 1s nearly unchanged before the spin-flop transition.
It is clear that the cos’d behavior in our study is not the
evidence for antiferromagnetic nng rotation from previous
reports [17,26,33-35].

When H = 7T > Hgp, we observe a drastically different
fourfold curve, as shown in Fig. 3(c) (middle). Here, we
discuss the possible origin of the angular dependence of R,
between 6 = 0° to 90°, and results in the region of 6 > 90°
can be understood similarly. When 6 = 0°, the out-of-plane
magnetic field component of H, = 7T fulfills the spin-flop
condition, with ny¢ parallel with o along the y axis, corre-
sponding to the minimum R,,. As 6 increases, H , reduces, and
the in-plane component H;;, increases. Thus, spins in nyge are
tilted away from the y axis, resulting in the increase of R,,.
When 6 = 35°, H, is below H sp and spins in nnge are mainly
aligned back to the easy axis (z axis), with minor tilting along
the x axis, corresponding to the maximum R,,. As 6 further
increases to 90°, H, increases, and both spins in ryg are
tilting from the z axis towards the x axis. Since o is along
the y axis, the R,, caused by myg¢e rotation in the xz plane is
the same. Thus, R,, is expected to stay unchanged between
35° and 90°. But Fig. 3(c) (middle) shows a much more
complicated behavior due to a mixture of OMR and spin Hall

magnetoresistance (SMR). By subtracting the expected OMR
contribution at 7 T, we obtain a spin-dependent signal ARN¢!
that solely comes from nyge rotation in Fig. 3(c) (bottom).
Note that the OMR at 7 T is extrapolated from the result at
4.8 T in the top panel of Fig. 3(c) by using the H? relation.
We mark 6 < 35° as the blue region, where H, > Hgr. We
mark 35° < 6 < 90° as the “white region,” where H, < Hsp
and SMR in this region shows a plateau behavior as expected
since the magnetic field component along the easy axis no
longer supports the coherent switching of nnge. Thus, we
demonstrate the angular-dependent magnetoresistance R, for
antiferromagnetic systems that experience the coherent nyge
rotation.

Additionally, when we rotate magnetic fields in the xy or yz
plane with 6 varying from 0° to 360°, the angular-dependent
resistance shows cos’0 angular dependence (see Appendix),
which mainly comes from the OMR contribution from Pt.
These results are in sharp contrast to the fourfold or plateau
behavior that captures the coherent rotation of rge-

D. Manipulation of nnge

Beyond the electrical detection of the coherent rotation of
RN¢el, We also demonstrate the manipulation of the nnge with
a small in-plane magnetic field when the magnetocrystalline
anisotropy energy is compensated by the Zeeman energy. It is
well known that the nne flops onto the plane perpendicular
to the easy axis after the spin-flop transition, but less is known
on which axis the nng, is aligned with. We propose a physical
picture to describe the behavior of nng after the spin-flop
transition, where the mnyge is perpendicular to the in-plane
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FIG. 4. Probe the coherent Néel vector switching with various 6 and ¢ angles. (a) Field-dependent R, with H = 7T tilting at 0 = 5°
and H;, = 6100 Oe modulating along ¢ = —45° (red curve), 0° (black curve), and +45° (blue curve). (b) Field-dependent R,, with § = 1°
(dark-red/blue), 5° (red/blue), 25° (light-red/blue), and 45° (crosses) and ¢ = —45° (red curves), and +45° (blue curves).

magnetic field H;, due to the lowest Zeeman energy. Exper-
imentally, we intentionally tilt the external magnetic field H
with a small angle 6 away from the z axis. The H projected
in the xy plane is Hj,. In this case, H, is still larger than
H sp; meanwhile, there is an additional in-plane component
H;,. We define the angle between H;, and the x axis as ¢.
Thus, when ¢ = —45°, nnge is 45° with respect to the x axis,
contributing positive R,,. Similarly, when ¢ = +45°, R, is
negative. As shown in Fig. 4(a), by tilting H = 7T with 6 =
5°, we have H, = 6.97T > Hsg = 5.8 T and H;, = 6100 Oe.
We modulate H;, along ¢ = —45° and +45°, and we ob-
serve the positive (red curve) and negative (blue curve) R,,,
respectively. When ¢ = 0°, nng is parallel with spin index o,
contributing zero Ry, except for slight fluctuation during the
spin-flop transition (black curve). Therefore, we demonstrate
a scheme to manipulate the nyg With an in-plane magnetic
field when the magnetocrystalline anisotropy is compensated.
In addition to 6 = 5°, we also study 6 = 1°, 25°, and 45°.
With 6 = 1°, the in-plane component H, is only about 1200
Oe. The two reversed signals (brown and dark-blue curves)
in Fig. 4(b) indicate that the Néel vector can still be manip-
ulated by H;,. However, when the tilted angle 6 is increased
to 25°, in which the z-axis component H,; could only reach
6.34 T, barely satisfying spin-flop condition, the process of
Néel vector rotation is prolonged (light-red and light-blue
curves). When 6 increases to 45°, in which the maximum
z-component magnetic field H, is 4.95 T, lower than the
Hgsr = 5.8T, we could not observe a significant Hall signal
(black crosses), indicating the Néel vectors can be hardly
manipulated. Those results verify the manipulation of the Néel
vector by a small in-plane magnetic field when the magne-
tocrystalline anisotropy is compensated by Zeeman energy.

III. CONCLUSIONS

The detection and manipulation of Néel vectors have
been both an excitement and a challenge during the past
few years. In this work, through the spin-flop transition in
Cr,03, we observe the pure electrical signal from Néel vector
switching and demonstrate the electrical detection and ma-
nipulation of the antiferromagnetic Néel vector. We report a
symmetric Hall signal under an out-of-plane magnetic field

and an angular-dependent magnetoresistance with a fourfold
or plateau behavior. Furthermore, we successfully manipu-
late the Néel vector by an in-plane magnetic field when the
magnetocrystalline anisotropy energy is compensated. It is
worth pointing out, although we detect the Néel vectors in
bulk Cr,0s3, the electrical detection method using the spin
Hall/planar Hall magnetoresistance can be also effective for
antiferromagnetic thin films. Reports have shown that the
spin-flop transition behaviors are similar for Cr,O3 bulks and
thin films [36,37]. By using the same experimental technique,
we also successfully detect the Néel vector switching in Cr, O3
thin films. These results will be published separately. Compar-
ing with previous works that study the Cr,Oj3 thin films with
scanning magnetic field lower than the spin-flop field [33,34],
our work with magnetic field up to 7 T demonstrates clearly
the electrical detection of the spin-flop transition and thus the
Néel vector rotation in Cr,O3. Our work provides significant
insights for exploiting Néel vectors in antiferromagnetic ma-
terials and has the potential to achieve ultrafast, high-density,
and low-power consuming AFM-based spintronic devices.
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APPENDIX

1. Characterization of the single-crystal Cr,0Oj3 slab

The uniaxial antiferromagnetic insulator Cr,O; studied
in our work is a single crystalline slab with dimensions of
5 x 5 x 0.5mm? obtained from SurfaceNet GmbH. It has a
hexagonal crystalline structure with an easy axis along the
(0001) direction. The x-ray diffraction (XRD) patterns in
Fig. 5(a) exhibit sharp (0006) and (00012) peaks at 20 =
39.7° and 26 = 85.7° over a broad range of 26, confirming
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FIG. 5. Characterization of single-crystal Cr,Oj; slab. (a) 26 XRD pattern of (0001) single-crystal Cr, 05 slab. (b) Rocking curve of (0006)
peak with FWHM = 0.012° indicates a high crystallinity of single-crystal Cr,O; slab. (c) ¢-scan result with sixfold symmetry ensures the
pure orientation of single-crystal Cr,05 slab. (d) (0001) single-crystal Cr,O; slab surface morphology taken by atomic force microscope.

a pure (0001) orientation. The rocking curve shows narrow
full width at half maximum (FWHM) of 0.012. The sixfold
symmetry in ¢ scan further ensures the high crystallinity
of the slab, as shown in Figs. 5(b) and 5(c). The surface
morphology over a 1010 um? area taken by an atomic force
microscope exhibits a root-mean-square roughness about 0.1
nm, indicating a smooth surface, as shown in Fig. 5(d).

2. Spin-flop transition

For a uniaxial AFM, when there is no magnetic field, the
Néel vectors prefer to lie in the easy axis, e.g., along the
(0001) direction. When a small magnetic field is applied along
the easy axis, the Néel vectors remain nearly unchanged due to
the enormous exchange coupling and crystalline anisotropy, as
shown in Fig. 6(a). However, when the magnetic field is large
enough to overcome the pining of the crystalline anisotropy,
Néel vectors suddenly flop perpendicular to the easy axis, as
shown in Fig. 6(b). This process is called spin-flop transition
[19,20]. As the field continues to increase, both spins in the
sublattices of the Néel vectors tilt towards and finally align
with the magnetic field, as shown in Fig. 6(c). In contrast,
when the magnetic field is applied perpendicular to the easy
axis, the Néel vectors do not experience the spin-flop transi-
tion, but spins in both sublattices tilt towards the field direction
as the field amplitude increases, as shown in Fig. 6(d).

3. Electrical detection

To electrically probe the Néel vectors in the antiferromag-
netic insulator, we utilize the spin current generated from the

attached metallic layer. Due to the spin Hall effect, a spin cur-
rent is generated in Pt, flowing perpendicular to the interface,
and is reflected or absorbed by the magnetic materials in the
vicinity. The reflected spin current is then converted back to

(b)

(0001) Hx
Elom
(1120)

FIG. 6. Schematic diagram for the spin-flop transition in Cr,0;
and the electrical detection of its Néel vector nygs. (a) Néel vector
nnge (blue arrows) of Cr,O; stands along easy axis (0001) when
H, < Hgsg. (b) Néel vector nne of Cr,Os suddenly flops onto the
plane perpendicular to the easy axis when H, > Hsg. (c) When H,
continues to increase, spins in both sublattices of the Néel vector
tilt towards and finally align with the magnetic field. (d) When the

magnetic field H, is applied along the hard axis (1120), spins in rye
tilt towards and finally align with the field.
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FIG. 7. Raw data of field-dependent Hall resistance at 10 K.

charge current through the inverse spin Hall effect, resulting
in changes in the Pt resistance. The amount of spin current
being reflected or absorbed depends on the angle between the
Néel vector nng¢ (blue arrows) and the spin index o (yellow
arrow). The maximum absorption and reflection occur when
nNger 18 perpendicular (nnge) o) and parallel to o (rngel || 0),
respectively, generating maximum and minimum longitudinal
resistance in Pt [26]. This is also known as the SMR [27].
Meanwhile, the transverse Hall resistance is maximized and
minimized with the opposite signs when nnge is —45° and
+45° angled with o, respectively, in the film plane [28]. This
is the spin Hall PHE. Thus, from the change of the SMR and
PHE signal in Pt, one detects the direction of nyge in the
antiferromagnetic insulator layer.

(a)

30 ¢ 10 K 6=90°

80F 10K g=-90°

AR _(mQ)

8 4
wH (T)

4. Field-dependent Hall resistance

In Fig. 7, we show the raw data for the field-dependent Hall
resistance Ry, at 10 K. The negative-slope linear background
comes from the ordinary Hall effect of the Pt layer. A sym-
metric jump signal happens at spin-flop field Hsg.

5. Spin Hall magnetoresistance with magnetic field along
various directions

When we rotate magnetic fields in the xy or yz plane with
6 varying from 0° to 360°, the angular-dependent resistance
is completely different from that in the xz plane. As shown in
Fig. 8(a), in the hard axis measurement with accessible H, and
H,, nngq stays nearly unperturbed along the z axis, with no
spin-flop transition in the field-dependent R,, measurements,
in sharp contrast to the situation with H along the easy axis
in Fig. 8(c). Also, in the xy field angular scan, as shown in
Fig. 8(b), a cos’¢ signal is captured, which mainly comes
from OMR due to the lack of spin-flop transition. In the
yz-plane field angular scan, as shown in Fig. 8(d), before and
after spin flop at H = 4.8T and H = 7T, respectively, the
relative direction between spin index o and Néel vector nyge
remain perpendicular. Therefore, both curves have the same
cos?6 angular dependence, which mainly comes from OMR
contribution. This result is in sharp contrast to the fourfold or
plateau behavior discussed earlier, which provides evidence of
the spin-dependent electrical responses of coherent rotation of
NNgel -

(b) 32p

281 o

AR (mQ)

FIG. 8. Spin Hall magnetoresistance with magnetic field in various directions. (a) R,,-H with H along the x (solid circle) and y (open
circle) axes. (b) Magnetic field angular scan with H rotating in the xy plane. (c) R,.-H with H along the z (solid circle) and y (open circle) axes.
(d) Magnetic field angular scan with H rotating in the yz plane, below (top) and above (bottom) the spin-flop field.
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