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Unidirectional spin Hall magnetoresistance (USMR) has been widely reported in the heavy metal/
ferromagnet bilayer systems. We observe the USMR in Pt/a-Fe,O; bilayers where the a-Fe,O5 is an
antiferromagnetic (AFM) insulator. Systematic field and temperature dependent measurements confirm the
magnonic origin of the USMR. The appearance of AFM-USMR is driven by the imbalance of creation and
annihilation of AFM magnons by spin orbit torque due to the thermal random field. However, unlike its
ferromagnetic counterpart, theoretical modeling reveals that the USMR in Pt/ a-Fe,O; is determined by the
antiferromagtic magnon number with a non-monotonic field dependence. Our findings extend the
generality of the USMR which pave the ways for the highly sensitive detection of AFM spin state.
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The detection of the spin state is one of the central topics
in spintronics [1-3]. Spin Hall magnetoresistance (SMR)
has been widely used to probe magnetization in heavy
metal/ (anti)ferromagnetic [HM/(A)FM] heterostructures
[2,4-7]. When the current is applied in a heavy metal layer,
the generated spin current is injected to the adjacent
magnetic layer. The additional currents induced by inverse
spin Hall effects change the resistivity of the heterostruc-
tures where its magnitude only depends on the relative
angle between magnetization and spin polarization. So far,
SMR has been widely reported in both ferromagnetic and
antiferromagnetic systems. Recently, a new type of mag-
netoresistance—unidirectional SMR (USMR) [8—11]—has
attracted intense interest. Compared with conventional
SMR, the USMR is a non-linear magnetoresistance where
the measured voltage depends quadratically on the applied
current. What is more, the magnitude unidirectionally
depends on the angle between spin polarization and
magnetization as its name suggests, which provides a more
precise way to probe the spin state in the magnetic layer.
USMR has been observed only in HM/FM heterostructures.
For metallic FM, the USMR is originated from either spin-
dependent electron scattering (spin-dependent USMR) or
electron-magnon scattering (spin-flip USMR) [9,12]. For
insulating FM, for example Pt/Y;FesO;, (YIG) bilayers
[10], the observed USMR is attributed to the imbalance of
magnon generation and annihilation rate by the spin-orbit
torque. Although the SMR has been observed in both FMs
and AFMs, the USMR is not expected in the AFMs. Even for
YIG which is a ferrimagnet, the observed USMR behaves
like a ferromagnet, but is not related to its antiferromagnetic
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ordering [13]. This is because the order parameter of AFMs,
the staggered magnetization (Néel vector), is a pair of two
sublattice magnetizations, which makes the spin polarization
with a 180° rotational symmetry relative to the Néel vector. A
possible way to break this symmetry is by applying an
external field to induce a net FM order from sublattice
magnetization canting. Here, we report the detection of
USMR in Pt/a-Fe, 05 bilayers using the second harmonic
measurements. Through systematic field and temperature
dependent measurement, and theoretical modeling, we
attribute the observed USMR to the imbalance of the magnon
generation and annihilation rates, similar to the USMR in FM
insulators [10]. However, the antiferromagnetic magnon
plays a dominant role whereas the induced magnetization
only contributes a small part to the USMR from our
simulation.

a-Fe,0j5 is an easy-plane antiferromagnet with the Néel
temperature around 953 K [14]. The weak anisotropy field of
three easy axes in the ab plane (0001) makes the spin flop (or
spin reorientation) occur at the critical field of ~1 T, where
the Néel order is perpendicular to the magnetic field, n LH
[15]. This makes the field control of the Néel order of
a-Fe,O3; much easier compared with most of the ypical
antiferromagnets, a necessary condition for the extraction of
the USMR. We grow a Pt (5 nm)/a-Fe,05(30 nm) thin film
stack on Al,O5 (0001) using off-axis magnetron sputtering
[15]. Bulk a-Fe,O5 experiences the so-called Morin tran-
sition, which changes its phase from easy-plane AFM to
easy-axis (c axis [0001]) AFM at ~260 K. However, due to
the strain induced enhancement of hard-axis anisotropy, our
thin film a-Fe,O5; does not show such transition down to
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FIG. 1. Experimental geometry and first harmonic results.
(a) Schematics of a Pt/a-Fe,O; Hall bar with a 5 um width
and 10 pm length. (b) In plane angular dependence of first
harmonic voltage V!¢ (blue curve) and V}? (green curve) for a
Pt(5 nm)/a-Fe,03(30 nm) bilayer at 300 K with 2 T applied
field. (c) Field dependence of (transverse) spin Hall magneto-
resistance voltage V(r)syr extracted from the fitting in (b) by
Eq. (1) where the inset of (c) shows the ratio of Vgyr and Vygur.

10 K as had been demonstrated in our previous research
[15-18]. After the growth of the Pt/a-Fe,O5 bilayer, we
pattern our sample into a Hall bar device with a length
(1) 10 pm and a width (w) 5 pm, as shown in Fig. 1(a).

Since USMR is a nonlinear current effect, an angular
dependent harmonic measurement method is commonly
used [10,19]. For the harmonic measurement setup, a low
frequency 5 Hz ac current I = I, sin(wt) is applied to the
Hall bar device. The longitudinal (V) and transverse (V)
voltage are measured simultaneously under an in-plane
magnetic field. The first harmonic response is the same as
the dc measurement, where [20]

lec;) = VSMRSinz(pHv (1 )

V;lcf = —VrsMr SIN @y COS @yy. (2)

Here ¢y is the in-plane angle between applied field and
current direction, as shown in Fig 1(a). Vgygr and Vgur are
the longitudinal and transverse spin Hall magnetoresistance
where (Vgyr/Vrsmr) = (I/w) = 2, the aspect ratio of our
Hall bar [15,21]. Figure 1(b) shows the angular dependent
first harmonic measurement at 2 T and 300 K. The current
Iy = 6 mA. Figure I(c) shows the extracted Vqyr and
Vrsmr using Egs. (1) and (2) as the field increases from
0.3 to 9 T. The magnitude of Vgyr and Vrgyr saturates near
1 T, which indicates a single domain AFM state at
uoH > 1 T. The ratio of Vgyr and Vygyr is shown in the
inset of Fig. 1(c), which is close to 2, as expected.

As shown in Fig. 2(a), a current induced effect such as
spin-orbit torque drives the Néel order away from its
equilibrium position where the change of magnetoresist-
ance can be probed via the second harmonic voltage V29
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FIG. 2. (a) Schematic of current induced spin orbit torque in
two spin sublattices myp). In-plane angular dependence of
second harmonic voltage (b) V22 and (c) V2¢ for the
Pt(5 nm)/a-Fe,05(30 nm) bilayer at 300 K with 2 T applied
field. The blue, green, and black curves are contributions from the
fieldlike torque, spin Seebeck effect, and USMR, respectively.
The red curves are the total fit by Eqgs. (3) and (4).

and V)%;’ Based on our previous research [20] (for more
details, see Supplemental Material [22]), the second har-
monic voltage can be rewritten as

20 __ Y20 2w 2w
Vi = Vier T Vitsse T Virusmr
1

H
= - 5 Vsmr % sin(2¢y) cos gy

- (Vxx,SSE + Vxx,USMR) sin PH> (3)

200 __ Y20 2w
ny - ny,FL + nyVSSE

=5 Vrsmr o cos(2¢y) cos @y + V., ssE COS @y

(4)

Here, Hy; is the fieldlike torque effective field. The longi-
tudinal V22, V2%qe, and V22 o\ are the contributions
from field-like torque, spin Seebeck effect, and USMR,
respectively. The transverse V)ZC;’,FL and )2(;’ ssp are the
fieldlike torque and spin Seebeck effect terms. Notice that
USMR only shows up in the V2% term. To extract the USMR
contributions V,, ysmr, we first fit the V3¢ and V3¥ to get the
Vxx,SSE + Vxx,USMR and ny,SSE; Vxx,USMR can be Separated
from V,.ssg given that (Vi¥gee/Vivsse) = (I/w) = 2.
Compared with the fitting to ferromagnets, the transverse
second harmonic voltage does not contain the dampinglike
(DL) torque term, which makes the results more convincing
due to less fitting process [ 10]. Figures 2(b) and 2(c) show the
angular dependence of second harmonic voltage V2? and
V)%;’ at 2 Tand 300 K. We fit the data using Egs. (3) and (4).
Clearly, there is a USMR contribution in V2¢ after sub-
tracting the longitudinal spin Seebeck component VﬁﬁSSE
with the same angular dependence.
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In-plane angular dependence of second harmonic Hall voltage (a) V2 and (b) V2 at different magnetic fields for the

Pt(5 nm)/a-Fe,05(30 nm) bilayer at 300 K. (c) Field dependence of fieldlike torque contnbutlon in V22 (blue curve) and V2%
curve). The solid line is the 1/H fit. (d) Field dependence of spin Seebeck effect contribution in V2

¥ (green

@ (blue curve) and V2% (green curve).

The solid line is the linear fit. (e) The ratio of V,, g and V,, g (blue curve) and the ratio of VXX.SSE + Vr USMR and Vy.sse (green
curve), where the magnitude is calculated from (¢) and (d). The ratio of V,, ssg + Vi usmr and V,, gsg is greater than 2, which indicates
the presence of USMR. Various contributions in (c) to (e) are obtained by fitting like those in Fig. 2.

Following the same process, we obtain V22 and V3¢ of
the Pt(5 nm)/a-Fe,0;3(30 nm) bilayer from 1 to 9 T and
fitting curves, as shown in Figs. 3(a) and 3(b). Figure 3(c)
shows the fitted field-like torque component from Figs. 3(a)
and 3(b). The extracted VZ“’FL and V2 v, decrease with
the increasing field and follow a 1 /H dependence. The
ratio of V¥ and V? wp 1s shown in the blue curve of
Fig. 3(e), which is around 2 for the entire field range as
(Ve /Vise) = (Vsmr/Vismr) = (I/w) =2. At the
same time, the sinusoidal and cosinusoidal components
in V3¢ and V22 are extracted by fitting the data with
Egs. (3) and (4) where the ratio of them are plotted in the
green curve of Fig. 3(e). The sinusoidal term in V2% is
expected to contain both longitudinal spin Seebeck and
USMR contributions while the cosinusoidal term in Vi? is
only from the transverse spin Seebeck voltage, which is
linearly proportional to the field H since V3% «m o H
[25]. In the green curve of Fig. 3(e) it is shown that the
ratio of [(Vi¥ssp + Vivuswmr)/Viavsse] > 2, indicating the
existence of USMR.

Figure 4(a) shows the field dependence of extracted
USMR at 300 K. Surprisingly, unlike the USMR in a
ferromagnet where the magnitude either monotonically
decreases or is unchanged as the field increases, the
USMR in the antiferromagnetic Pt/a-Fe,0O5 bilayer shows
a nonmonotonic field dependence. The magnitude of
USMR increases and reaches maximum at 2 T and then
decreases and approaches zero. Since the AFM a-Fe,0; is
an insulator, this excludes the possibility of spin-dependent
or spin-flip mechanisms that require electron spin carriers.
Recently, magnonic USMR has been observed in the
insulating ferromagnetic bilayer Pt/YIG [10]. To testify

the role played by magnons in the observed USMR, we
perform the temperature dependent measurement as shown
in Fig. 4(b). When the applied field is 2 T and the
temperature decreases from 325 K, the USMR monoton-
ically drops. At and below 200 K, no USMR is observed.
This temperature dependence measurement provides the
strong evidence for the magnonic origin of USMR [9].

Following the theory of magnon creation and annihilation
imbalance in ferromagnet, we extend it to the antiferromag-
netic regime. The coupled Landau-Lifshitz-Gilbert (LLG)
equations for two sublattice magnetic moments m, and myg
are written as [20]

tiy =—ymy x HY —yJ o my xmy + amy x iy + ye"

(5)

) . )
My =—ymg xHé‘f—yJexmB Xmy +amg X g + 7ok,
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FIG. 4. (a) The extracted magnetic field dependence of USMR
contribution in the V2¢. (b) Temperature dependence of USMR in
V22 at 2 T. The error bars are extracted by fitting the data in
Fig. 3.
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FIG. 5.

(a) Magnetic field dependence of antiferromagtic magnon number difference between ¢ = £7/2 and (b) between ¢y = 0, 7.

In the insets, the light color arrows (red and blue) represent the sublattice magnetic moments of AFM after rotating Hy (green arrow) to

the opposite direction. The magnetic fluctuation originates from the thermal random fields in the two orthogonal &, and &, directions. o3

is the thermal coefficient.

where the effective field HE, = Ho + by + Hlm +

(B)
HZ‘Z;’) contains the external magnetic field H,, the

thermal random field /5 g)(7), the effective field induced
by Dzyaloshinskii-Moriya interaction (DMI) HQ%I) =
Hp(£mp4) x 2) [27] and effective field of the hard axis
anisotropy Hg‘zg’) =2H mjp2 Ju(<0) is the AFM
exchange coupling, y is the gyromagnetic ratio (positive),
and a is the Gilbert damping constant. rR{“B) = Hppmy g X
(6 x my () is the damping-like (DL) torque that exerts on
the unit sublattice magnetization myg), as shown in
Fig. 2(a). Here, & is the unit vector (along y axis) of the
spin polarization induced by the spin Hall effect in Pt with
amplitude Hp; being linearly proportional to the charge
current density. In our previous work, we have demonstrated
that without the thermal random field, the DL torque induced
a rotation of the sublattice magnetization (as well as the
net magnetization m and Néel vector n) Apy ) = Ap, =
Ag, x H%, o I> [20]. Therefore, the induced voltage
change «I°, which cannot be detected in the second
harmonic signal V2 but rather in third harmonic voltage
V3@ and it is not unidirectional. However, after considering
the thermal random field ki, g) (), the dampinglike torque
induces a fluctuation of the sublattice magnetizations, which
is now linear to the /, and unidirectional. The longitudinal
SMR for a Pt/AFM insulator heterostructure can be pre-
sented as p; = pg — Ap(nf) [5,6,21], where the contribution
from net magnetization —Ap(m3) is negligible in the AFM
regime. When an external magnetic field or applied current is
reversed, the asymmetric magnon excitation driven by the
thermal random field will result in a USMR in p; [10]. Fora
current applied along the X direction, the USMR signal
reaches the maximum (minimum) at ¢y = +(x/2)(+x)
[Fig. 2(a)]. This can be explained by the fact that the induced
net FM order is aligned along the external field H (¢ = ¢yy).
Therefore, H aligned along +3 are inequivalent for magnon

T

excitation when the spin polarization ¢ lies at +39. However,
when H is reversed between +X, there is no asymmetry in
magnon excitation. The USMR amplitude and antiferromag-
netic magnon number difference are both proportional to the
difference (n3) L (n?)_ (£ sign indicates two opposite
directions). In the following, we refer to the term (ny)  —
<n§>_ as “antiferromagnetic magnon number difference” for
convenience since the trivial proportionality does not affect the
physical picture [10]. We then numerically calculate the field
dependence of antiferromagnetic magnon number difference
for py = +(x/2) (see Sec. 1 in the Supplemental Material for
more details [22]). We find that the field dependence of the
antiferromagnetic magnon number difference qualitatively
agrees with the nonmonotonic trend of the USMR signal
and the peak around 2 T [Fig. 4(a)] is reproduced [Fig. 5(a)].
We also calculate the antiferromagnetic magnon number
difference between ¢y = 0, 7 in Fig. 5(b). As expected, we
find that (n?(py = 0)) — (n3(¢y = x)) = 0, which is con-
sistent with the results from Fig. 2(a). The decrease of USMR
at high fields is due to the suppression of magnon excitations at
large H ), which is similar to the Pt/FM case. However, unlike
FM where the magnetization simply saturates at small fields
(m||Hy), the external field can increase the canting of
sublattice magnetization in AFM (n_LH,)). Therefore, the
magnetic fluctuation is governed by H, in a more complicated
way. Specifically, the canting angle A¢ for sublattice mag-
netizations of a-Fe,O; depends on Hp, J. and H, as
Agp = —arcsin[(Hy + Hp)/2J]. With the thermal random
field h acting on the two orthogonal ¢, and &, directions, the
dynamical magnetic susceptibility y that characterizes the
fluctuation of Néel vector Any, =y -h contains a highly
nontrivial H, dependence through Ag, leading to the non-
monotonic field dependence of USMR in AFM. In Fig. S1(a)
(See Supplemental Material [22] for details), we manually
eliminate the H, dependence of Ag@ and plot the field
dependence of magnon number difference. We find that the
peak around 2 T disappears and the field dependence returns to
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be monotonic which is similar to the Pt/FM case. Therefore,
the field-assisted canting, which is unique in AFM, increases
the imbalance in the creation and annihilation of AFM
magnons. However, on the other hand, total magnon number
is suppressed with increasing field and the magnon excitation
is essentially frozen when the field is large enough. These two
competing effects give rise to the nonmonotonic field depend-
ence of magnonic USMR. Finally, we compare the contribu-

. . . 2 2
tions with those of ferromagnetic magnon (my)_ — (my)_ as

shown in Fig. S1(b) [22], which is 3 orders of magnitude
smaller than that of antiferromagtic magnons, emphasizing
the dominant role of antiferromagnetic magnons in the
observed USMR.

In summary, we observe the USMR in the antiferro-
magnetic heterostructure in Pt/a-Fe,O5; bilayers. The
magnonic origin of USMR is revealed in the temperature
and field dependent measurements. It is shown that the
antiferromagnetic magnon plays the dominant role which
gives a unique field dependence as compared with that of
ferromagnetic materials. This first evidence of USMR in
HM/ AFI bilayers significantly expands our materials base
to include the large family of AFM insulators and paves the
way for the highly sensitive detection of AFM spin state in
emerging the AFM spintronics through USMR.
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Note added.—Recently we became aware of an independent
report [28] which detected UMR in metallic AFM bilayer
Pt/FeRh. the UMR observed in Pt/FeRh is originated from
the Rashba SOC at metal/AFM interface. Compared with the
USMR observed in this work which only has the longitudinal
term where Rashba type UMR should also have the corre-
sponding transverse component with the magnitude
(V3 Rastba UMR/ V vy Rahsbaumr) = (I/w). Thus, the Rashba
SOC induced UMR could be mixed with the spin Seebeck
signal in our analysis. Compared with metallic bilayers with
almost no thermal effects due to a negligible temperature
gradient, the spin Seebeck effect is very likely to overwhelm
the Rashba UMR in our insulating a-Fe,O5 bilayers.
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