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We report the observation of the unidirectional spin Hall magnetoresistance (USMR), which depends on
the current or magnetization direction, in heavy-metal-ferromagnetic-insulator bilayer, Pt-Y;FesO,,
(YIG). This USMR is apparently not caused by the mechanisms established in metallic bilayer, in which the
ferromagnetic layer is required to be electrically conductive. From the magnetic field, current, temperature,
and YIG thickness dependent measurements, the USMR is attributed to the asymmetric magnon creation
and annihilation induced by the spin-orbit torque. This asymmetry and the resultant USMR are further
revealed by the micromagnetic simulations combined with the spin-orbit torque and the spin drift-diffusion

model. Our finding exhibits a nonlinear manipulation of magnons with the charge current.
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The heterostructures consisting of a heavy metal (HM)
and a ferromagnet exhibit rich phenomena related to the
spin current J, such as spin-orbit torque (SOT) [1,2], spin
Seebeck effect (SSE) [3-5], spin pumping [6-8], spin Hall
magnetoresistance (SMR) [9-11] and unidirectional spin
Hall magnetoresistance (USMR) [12-18]. In all these
phenomena, the HM plays a critical role in interconverting
between J, and the charge current J,. via the spin Hall effect
(SHE) and inverse spin Hall effect (ISHE) through its spin-
orbit coupling. J; generated from an in-plane J. in the
direction perpendicular to the sample plane is partially
absorbed and/or reflected by the magnetic layer. The
absorbed J; leads to the magnetization dynamics of the
magnetic layer and even switching the magnetization M
[19-21]. The reflected J,; can be converted into an addi-
tional J. via the ISHE to reduce the resistivity. Owing to
the reflectivity of J; depending on the magnetization
direction m = M/M, a magnetoresistance (MR), known
as the SMR, appears.

Following the discoveries of the SMR, the recent
progress still enriches the spin-current-induced MR effects
in the HM-ferromagnet heterostructures such as the
Rashba-Edelstein MR [22,23] and Hanle MR [24]. All
these MR effects have a characteristic of the invariance
under J. or m reversal. In contrast, a newly discovered
USMR is determined by the product (J. x m -Z), where Z
is the unit vector perpendicular to the layer plane, meaning
that the USMR is odd under J,. or m reversal [12]. So far,
two mechanisms were proposed to explain the USMR
[14,25]. One is the interface and bulk spin-dependent
scatterings. The scattering rate or the electron transmission
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probability at the HM-ferromagnet interface depends on the
orientation of the spin polarization ¢ of J, in the HM
relative to m, resulting in an interfacial origin USMR.
Owing to the spin-dependent conductivity in the ferromag-
net, the injected spins from the HM into the ferromagnet
bring about a spin accumulation inside the ferromagnet,
leading to a change of the ferromagnetic layer conductivity.
This mechanism is in analogy to the giant magnetoresist-
ance [26,27]. The other one is the electron-magnon
scattering. Magnons are created (or annihilated) in the
ferromagnet by absorbing J; [28]. As a result, the strength
of the electron-magnon scattering and the corresponding
resistance of the ferromagnetic layer are altered, and the
USMR emerges accordingly.

It is essential to observe the USMR that the ferromag-
netic layer is electrically conductive according to the above
proposed mechanisms [14—17]. If the ferromagnetic metal
is replaced with a ferromagnetic insulator (FMI), all
electrons must be scattered back to the HM layer at the
interface, meaning that the interface scattering is not spin
dependent and hence the interface spin scattering mecha-
nism fails. For the FMI, the electrical insulator property
cannot be altered by the injected spins and the spin-current-
modulated magnon population, implying that the bulk spin-
dependent and electron-magnon scattering mechanisms are
not applicable any more. In other words, the USMR cannot
occur in the HM-FMI heterostructures according to the
above mechanisms.

However, recent theoretical calculations predict a mag-
nonic USMR stemming from the asymmetric magnon
creation and annihilation in the FMI layer [29,30].
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FIG. 1. (a) Optical micrograph of the sample Pt-YIG and the

setup of MR and Hall resistance measurements. The current is
injected along the x direction and H is applied in the xy plane.
Angular dependences of R!? (b) and R2? (c) measured at
307.4 K, 20 Oe, and j, = 6.7 x 10! A/m?. The solid line is
the fit to cos?e in Fig. 1(b). The green dashed, pink dot-dashed,
and blue dotted lines in Fig. 1(c) are the fitted components
contributed by the USMR, SSE, and SOT, respectively. The solid
line is the sum of those three contributions.

An experimental evidence of this effect is still absent. Here,
we report the demonstration of the magnonic USMR in
Pt-Y;FesO;, (YIG) bilayers. This USMR is sensitive to
magnetic field and temperature, and disappears at high field
(>~1000 Oe) and low temperature (<~100 K), suggesting
the origin related with magnons. The USMR monotonically
increases with increasing J. or decreasing the YIG thick-
ness fyig, reflecting the important role of the SHE and the
corresponding SOT strength. Our observation is explained
by the alteration of the spin current reflectivity associated
with an asymmetric change in the magnon creation and
annihilation, while ¢ is switched from antiparallel to
parallel to m. This mechanism is further confirmed by
the numerical simulations combining the Landau-Lifshitz-
Gilbert (LLG) equation with the spin drift-diffusion model.

The sample used in this work is Pt(3 nm)-YIG(9.7 nm),
unless otherwise stated. The YIG films were grown on
Gd;Gas0;, (GGG) (111) substrate by pulsed laser depo-
sition (PLD). During the deposition, the substrates were
heated to 730 °C in an oxygen atmosphere of 0.07 torr and
the KrF excimer laser was applied at a repetition of 4 Hz
with the energy density 150 mJ/mm?. The YIG films show
the saturation field less than ~4 Oe [31]. Two ultraviolet
lithography steps were adopted to pattern a Pt Hall-bar and
15-nm-thick Au bonding pads, followed by dc magnetron
sputtering the metallic films and the lift-off procedure.
Before deposition, Ar™ plasma was applied to remove the
possible residual photoresist to obtain clean interface. The
optical micrograph of the sample and measurement setup
are depicted in Fig. 1(a). The width w and length / (between
the center of two Hall arms) of the Hall bar are 19.5 and
81.5 um, respectively. The magnetotransport measure-
ments were carried out in a Quantum Design PPMS using

a Keithley 6221 source meter and a Stanford SR865A lock-
in amplifier.

We applied an ac current j = j,sinwt with frequency
/2 = 7 Hz along the x direction and a magnetic field H
in the sample plane, as shown in Fig. 1(a). Then, the first
and second harmonic longitudinal resistances (R}? and
R3%) and Hall resistances (R1Y and R%’) were measured
with the sample rotated in the xy plane under a constant H.
Here, R! and R}? represent the conventional current-
independent resistance and Hall resistance, respectively,
whereas R2% represents the nonlinear signal which depends
on the current direction and amplitude [12]. Since a
relatively large current is applied to improve the signal-
to-noise ratio, the Pt-film temperature 7 significantly
increases due to the Joule heating, up to AT =7.4 K at
Jjo =6.7x 10" A/m>. To overcome this drawback, the
T-dependent resistance of the Pt-Hall-bar is measured
using a small current density (j, = 1.7 x 10° A/m?).
Then T is accurately determined via the 7T-dependent
resistance in all measurements.

Figures 1(b) and 1(c) show R.? and R2? as a function of
@ measured at 307.4 K and j, = 6.7 x 10! A/m? for
Pt-YIG, where ¢ is the angle between H and the x axis. The
applied field is set at 20 Oe, which is large enough to make
M align with H. R.? exhibits a typical SMR behavior,
following a cos’p function [solid line in Fig. 1(b) for
fitting] [9], with the SMR ratio £gyr = ARLY/RI?(0°) =
[R2(0°) — RI2(90°)]/RI2(0°) = 0.019%. R' and Eoyg
are almost constant with varying j, and H [31].

The applied current density is large enough to generate
the SOT to give rise to the M precession, meaning that the
direction of M oscillates with respect to the x axis [38,39].
As a result, the time-averaged SMR is nonlinearly modu-
lated, leading to the second harmonic signals. For the HM-
ferromagnet heterostructures with a negligible in-plane
anisotropy, the SOT-induced R2¢ is given by [39]

R3OT = —2AR!(Hy + Hoe) singcos’p/H, (1)

where Hg and H, are the effective fields of the fieldlike
torque and the Oersted field, respectively. Indeed, the curve
of R2?(¢) exhibits the distinct characteristics of a
sin ¢ cos?p behavior. To quantitatively evaluate the con-
tribution of the SOT to R2?, we carried out the angular
dependent R2? measurements at various H, shown in
Fig. 2(a). The component of singcos’p is obviously
and steadily reduced with increasing H, consistent with
the expectation from Eq. (1). Eventually, only a sinusoidal
behavior is observed at the relatively high field, which is
the unidirectional MR (UMR) including several contribu-
tions. Thus, we fit R2?(p) with two terms, R2? =
R3OT + RUMR gin ¢, where RUMR is the UMR and will
be discussed later. We find that the fittings [solid lines in
Fig. 2(a)] perfectly match the experimental data. The fitted
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FIG. 2. Angular dependences of R2? (a) and R2? (c) measured

Xy

at different H with T = 307.4 K and j, = 6.7 x 10! A/m?. The
solid lines are the fittings described in the text. (b) The extracted
(Hg, + Hoe)/H from the fitting in Fig. 2(a) as a function of 1/H.
The solid line is the linear fit. (d) Field dependence of
RDL + R3SE. The solid line is the fit using Eq. (3). (e) Field
dependence of the USMR and the theoretical simulation results
(solid line).

values of (Hg + Ho.)/H at different H exhibit a linear
dependence on 1/H, as shown in Fig. 2(b), confirming the
contribution of the SOT to R2? [39,40].

Next, we investigated the origins of RUMR. Considering
that the current flows only in Pt and YIG has much poorer
thermal conductivity than Pt, the temperature gradient
perpendicular to the film plane induced by the Joule heating
is expected to be much larger than the metallic system. The
Joule heating power reads j2 = j3sin*wt ~ cos 2wt, indicat-
ing that the temperature gradient and the associated mag-
netothermal effects including the anomalous Nernst effect
(ANE) [41,42] and the SSE [43] must have contributions to
R2?_Since YIG is a FMI, the ANE can be immediately ruled
out. To estimate the SSE contribution R$SF to RUMR, the
angular dependent R?C;’ was measured at different H, shown
in Fig. 2(c). Rﬁ’;’ originating from the SSE and SOT can be
described by [38]

R = (RDF + RYF) cos ¢ + RE;(2cos’p —cos ), (2)
with

R = RappHpL/(He + H)  and
Ry = 2Rpyg(Hp + Hoe) /H. (3)

where R3JE is the contribution of the SSE to the transverse
signal, Rapg and Rpyg are the anomalous Hall and planar
Hall resistance, respectively, Hp; and H; are the effective
fields of the dampinglike SOT and the out-of-plane
anisotropy, respectively. The experimental Rﬁ;"((p) can be
fitted by Eq. (2) very well [solid lines in Fig. 2(c)]. The
obtained coefficient R?yL + R)SCSE can be fitted using Eq. (3),
as the solid line shown in Fig. 2(d). R3SF is considered to be
independent of H because of the small field range

o @ o [w
< 4t < 4f ®
Z Z
oy ° ey
g 2F s ® g 2F
o3 W
ol ol
100 150 200 250 300 0 2 4 6 8
T (K) J, (10°A/m?)
FIG. 3. (a) Temperature dependence of Eygyr/Esmr Measured

at j, = 5.8 x 10! A/m? and 35 Oe. (b) Current dependence of
Eusmr/Esmr measured at 300 K and 35 Oe. The solid lines are the
theoretical simulation results.

(<3000 Oe) and ultrathin YIG film [31,44,45]. The fitting
yields R3F = 0.069 mQ. The SSE-induced UMR R3PF is,
then, calculated by the length-to-width ratio of the Hall bar,
R3E = RYEl/w = 0.290 mQ [pink dot-dashed line in
Fig. 1(c)]. Furthermore, RSF is found to be linearly
dependent on j;, confirming RSSE stemmed from the SSE
[31]. R3SE is also determined to be ~0.290 mS2 from the
constant term in RYMR(H), confirming the validity of the
estimated RSSF [31]. We find that RSSF only amounts to part
of RIMR "e.g. RSSE/RUMR ~ 42 0% at 20 Oe. Since this
additional MR, RUSMR(= RUMR _ RSSE) " depends on the
direction of m and Pt is the only conducting layer, it should
originate from J;. Therefore, we ascribe RUSMR to the
USMR [green dashed line in Fig. 1(c)]. The USMR ratio,
Eusmr = RUSMR/R1® isabout 1.3 x 1076 at 20 Oe, 2 orders
of magnitude smaller than &qyg-

Figure 2(e) shows RUSMR extracted from Fig. 2(a) as a
function of H. The USMR rapidly decreases with increas-
ing H and vanishes above ~1000 Oe. The USMR caused
by the bulk and interface spin-dependent scatterings is
independent of H, meaning a constant USMR value at high
field. Our result further rules out the spin-dependent
scattering mechanisms. On the other hand, the similar
behavior of the signal suppression is observed in the SSE in
Pt-YIG and the USMR in Pt-Co [14,44], both of which are
ascribed to the reduction of the magnon population by the
magnon gap opening caused by the Zeeman effect. This
provides us with an important clue that our observed
USMR in Pt-YIG should be correlated with the magnon
creation and annihilation.

The nonlocal measurements reveal that the thermal
fluctuation is essential for the spin-current-induced magnon
creation and annihilation [46,47]. The dependence of the
normalized USMR ratio &ygvr/Esmr On T measured at
jo = 5.8 x 10" A/m? and 35 Oe is shown in Fig. 3(a). The
USMR monotonically decreases with decreasing 7" and
almost vanishes at ~100 K. This result shows much
stronger temperature dependence than that in the metallic
system [14], highlighting again that magnons play a
decisive role and the spin-dependent scattering is unrelated
to our observations. Otherwise, a finite USMR should be
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present at low 7. Figure 3(b) shows Eygvr/Esmr @S @
function of j, at 300 K and 35 Oe. Note that T (or R1?) is
simultaneously controlled by the PPMS temperature con-
troller to remain unchanged while varying j,. RUSMR
increases with increasing j,, reflecting that RYSMR
nonlinear effect on j, and related to the SHE.

As discussed above, the mechanisms established on the
metallic systems cannot explain our observations. The
SHE-generated J; is completely reflected while & and m
are collinear according to the SMR mechanism, meaning
the minimum resistance [48]. In fact, J; can exert the SOT
to M to create (or annihilate) magnons in the FMI under
this condition owing to the thermal fluctuation, which was
demonstrated in the magnon transport devices in the in-
plane [49] and out-of-plane nonlocal geometries [50,51].
This effect could open up a new channel to absorb J; by the
FMI in addition to the coherent precession, resulting in
diminishing the reflected J, and hence the ISHE-converted
charge current, in analogy to the SMR. To quantitatively
understand the influence of this effect on resistance, we
carried out numerical simulation based on the LLG
equation including the SOT zgo7 [29],

is a

dm dm
——=—ym x [Hyt + h,(T)] + am x ar

ar + Tsors (4)

and the spin drift-diffusion model. Here, y is the gyromag-
netic ratio, Hy is the effective field, a is the Gilbert damping
factor, and 7sor is given by Tgor = ¢j/ (M tyig) (M X 6 xm),
where M is the saturation magnetization and the coefficient
c is a constant for a given tyg. Owing to the thermal random
magnetic field h,(7), the SOT is nonzero and exerted to m to
modulate the magnetic fluctuations (or magnon numbers)
even for ¢||m [21]. The simulation indeed shows that J, in Pt
is converted into a magnonic spin current in YIG partially
through creating (annihilating) magnons at the interface for
6|/m, as shown in Supplemental Material [31], effectively
resulting in the slight deviation of the collinear alignment
between ¢ and m. Importantly, the magnon creation is more
efficient than the magnon annihilation due to the non-
linearity of the LLG equation to current [29], as schemati-
cally shown in Figs. 4(a) and 4(b), meaning that the
deviation angle in the antiparallel configuration is larger
than that in the parallel configuration. Consequently, the
reflected J; and the corresponding ISHE-converted charge
current are unequal for the opposite J. direction, giving rise
to the USMR [31].

We simulated the magnonic USMR at different H, as
shown the solid line in Fig. 2(e), in good agreement with
the experimental values. The magnon number difference
between ¢ = n/2 and ¢ = 37/2 shows the same trend with
the USMR [31], confirming the USMR originating from
the asymmetric magnon creation and annihilation. The
rapid decrease of the magnonic USMR below ~1000 Oe
suggests that the low-frequency magnons of which the
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FIG. 4. Schematics of the magnon annihilation (a) and creation
(b) by the SOT in Pt-YIG. (c) YIG thickness dependence of the
USMR measured at 306 K, 35 Oe, and j, = 5.8 x 10'0 A/m>.

energy is less than the Zeeman energy at ~1000 Oe provide
a dominant contribution to the USMR. In contrast, the SSE
signal in Pt-YIG is gradually suppressed with increasing H
and showing nonsaturation for field up to 90 kOe for
thick YIG film and almost constant for thin YIG film
(<~300 nm) [45]. Therefore, the H-dependent measure-
ments provide a simple approach to distinguish the mag-
nonic USMR from the SSE. The magnon creation and
annihilation also result in the USMR in metallic systems
with similar H dependence [14,17]. This part of the USMR
stems from the electron-magnon scattering in the ferro-
magnetic metallic layer, meaning the bulk contribution.
Eusmr is estimated to be as large as ~107> in Pt-Co at
jo=6.7x10" A/m?, 300 K and 300 Oe from the
previous reports [14], in comparison with ~1077 in
Pt-YIG under the similar conditions. The mechanism that
we proposed could be present in metallic systems.
However, because of the similar behavior and very small
magnitude, it is difficult to distinguish this mechanism from
the electron-magnon scattering.

To verify the above theory further, the 7- and j,-
dependent RUSMR are simulated, as shown the solid lines
in Figs. 3(a) and 3(b), respectively. The good agreements
confirm the validity of our theoretical model. The magnon
creation and annihilation are more pronounced at high
temperature [29,30,46], leading to the enhanced asymmet-
ric creation and annihilation and USMR. We note that the
Jo-dependent result is weakly nonlinear, revealing that the
created magnon number increases more than the annihi-
lated magnon number with increasing j,.

According to 7gor &« 1/fyig, tyig could influence the
SOT strength and thereby the magnonic USMR. Finally,
we further prove the robustness of the magnonic USMR by
changing fyg. Figure 4(c) shows &ysmr /Esmr as a function
of tyig extracted from the angular dependent R1?, R2?, and
R2Y measurements performed at jo = 5.8 x 10'* A/m?,
35 Oe, and 306 K. As expected, the USMR ratio mono-
tonically decreases with increasing tvig. This behavior is in
sharp contrast to the nonmonotonic behavior of the USMR
in Pt-Co, which peaks at a Co thickness of 10 nm owing to
the USMR governed by the spin diffusion in Co [18].
We note that the USMR is also predicted by considering
the interfacial spin current in terms of the spin mixing
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conductance [30]. Eysmr/Esmr 1S expected to increase with
increasing fyyg for thin YIG in this model, opposite to our
observation. Our result explains no USMR observed in Pt-
YIG in the previous report, in which tyg is 90 nm [13]. The
USMR ratio of Pt(3 nm)-YIG(90 nm) is extrapolated to be
1078 ~ 10~ from our results, well below the experimental
resolution.

In conclusion, we experimentally demonstrate the
USMR in Pt-YIG, which is unexpected based on the
established USMR mechanisms. The USMR is attributed
to the simultaneous action of the nonlinear absorption of
the SHE-generated spin current and the ISHE. The USMR
ratio can be controlled by the external magnetic field,
temperature, charge current density, and YIG film thick-
ness. Our finding reveals a new mechanism for the USMR
and opens up a door to nonlinearly manipulate magnons for
the magnonbased logic devices.
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