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Large Exotic Spin Torques in Antiferromagnetic Iron Rhodium
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Spin torque is a promising tool for driving magnetization dynamics for computing technologies. These
torques can be easily produced by spin-orbit effects, but for most conventional spin source materials, a high
degree of crystal symmetry limits the geometry of the spin torques produced. Magnetic ordering is one
way to reduce the symmetry of a material and allow exotic torques, and antiferromagnets are particularly
promising because they are robust against external fields. We present spin torque ferromagnetic resonance
(ST-FMR) measurements and second harmonic Hall measurements characterizing the spin torques in anti-
ferromagnetic iron rhodium alloy. We report extremely large, strongly temperature-dependent exotic spin
torques with a geometry apparently defined by the magnetic ordering direction. We find the spin torque
efficiency of iron rhodium to be (207 = 94)% at 170 K and (88 % 32)% at room temperature. We support
our conclusions with theoretical calculations showing how the antiferromagnetic ordering in iron rhodium

gives rise to such exotic torques.
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I. INTRODUCTION

Spin-orbit torques have drawn a large amount of
attention as an efficient tool to electrically generate
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and transfer angular momentum to thin-film magnetic
systems. Such spin torques are generated when an applied
charge current in a spin source material is converted into a
spin current by spin-orbit coupling. The spin current then
carries angular momentum into the magnetic system,
exerting a torque on its magnetization [1-4]. For materi-
als with sufficiently large spin-orbit coupling, such as 8-W
[5], Pt [6,7], and B-Ta [8], this technique can generate
very large pure spin currents with low power cost and heat
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generation. The conversion efficiency between charge and
spin current in a material is known as the spin torque
efficiency. These spin-orbit torques may be used in con-
ventional computing architectures to reorient or switch
nanomagnets [9—11] for nonvolatile memory schemes
[12,13], or in computing implementations to drive spin
dynamics in more complex magnetic systems [14]. With
a suitably efficient spin source material, these applica-
tions are poised to revolutionize low-power, high-speed
computing strategies. Many of these applications are
already being realized. For example, Grimaldi et al. have
used this effect to achieve high-speed switching in heavy
metal/nanomagnet devices [15]. Of particular note, Tor-
rejon et al. and Romera et al. [16,17] have proven that
spin torque-driven nanomagnetic oscillators can be effec-
tive implementations of neuromorphic computing, capable
of improving speech recognition capabilities even for rel-
atively simple implementations. Since spin-orbit torques
may provide an even more energy-efficient pathway for
sustaining the necessary magnetization dynamics, one can
expect that spin-orbit torque-driven oscillators may be
even better suited for large neuromorphic systems. Indeed,
the control of spin torque oscillators via this effect is well
documented [18-20] and larger arrays of spin Hall nano-
oscillators already show complex synchronization behav-
ior that may be useful for neuromorphic computation [21].
For these and other applications, it is necessary to improve
the efficiency of spin torque generation, either through
larger spin-orbit coupling or more effective spin torque
geometries.

In high-symmetry materials, spin currents from spin-
orbit coupling effects are geometrically constrained, such
that the spin polarization of the charge current-induced
spin accumulation points perpendicular to both the applied
current and the spin current directions, allowing for only
the small set of potential torques derived by Slonczewski
[22] [Fig. 1(a)]. The resultant torques are not very well
suited for controlling perpendicularly magnetized nano-
magnets or oscillators, since they are identical for both
magnetization directions with respect to the surface nor-
mal. Recently, however, it has been shown that additional
symmetry breaking, such as in lower-symmetry crystal
structures, can allow the generation of spin torques of
other forms, which we refer to as exotic, that can be bet-
ter suited for practical applications [23]. Even in highly
symmetric crystals, it is possible to engineer systems with
reduced symmetries that enable more efficient magnetiza-
tion manipulation. Such design techniques have already
been used to achieve field-free magnetization switching
[24-26] with substantial applications to data storage tech-
nology. Magnetic materials stand out as particularly effec-
tive systems for studying reduced symmetry spin torque
applications. Magnetic ordering can break the underlying
restrictive symmetries imposed by simple crystal struc-
tures and allow more complicated spin torques to be
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FIG. 1. (a) Ordinary spin Hall effect. Spin polarization is geo-

metrically constrained to lie perpendicular to spin current and
applied current. (b) Magnetic order in the FeRh breaks symme-
tries and allows more complex spin polarizations. (c) Atomic
and magnetic structure of FeRh on MgO. FeRh order lies at a
45° angle with respect to the MgO cube directions. (d) Resistiv-
ity measurements show the transition between antiferromagnetic
and ferromagnetic states. For further transport measurements the
sample is prepared in the antiferromagnetic state.

generated in the system [27—32]. Ferromagnetic materials,
however, are susceptible to external magnetic fields and
can be problematic due to magnetic coupling between the
spin source layer and the target nanomagnet. Antiferro-
magnets, on the other hand, may still break the underly-
ing symmetries, while being robust against applied fields.
Such symmetry-breaking behavior has been observed, for
instance, in the noncollinear antiferromagnets IrMn3; and
Mn;GaN [33-35]. It has also been predicted that the mag-
netic order in collinear antiferromagnets can be sufficient
to reduce the symmetry of the system and allow for the
existence of exotic torques [32,36]. In fact, any effect
that creates a difference in spin lifetimes parallel to and
perpendicular to the ordering direction can be expected
to produce exotic torques [Fig. 1(b)]. It is, for instance,
possible that the localized exchange fields in an antifer-
romagnet may be sufficient to induce spin-decoherence
of the component of spin perpendicular to the magnetic
ordering direction, or in other words that the ordering may
reduce the lifetime of spins not parallel to the magnetic
order.

Iron rhodium stands out as a potentially excellent source
of exotic spin torques. It undergoes a temperature-driven
transition from a low-temperature antiferromagnetic state
to a high-temperature ferromagnetic state at around 350 K
[37,38], but with a temperature varying based on growth
conditions, stoichiometry, and applied magnetic field. Both
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of these states can be made stable near room temperature
for practical device design. This magnetic ordering can
be used to break the underlying crystal symmetry and
allow for exotic torques. In addition, the easy access to
this near-room-temperature transition allows a comparison
between the spin behavior in the two magnetic ordering
states, and furthermore allows manipulation of the mag-
netic ordering by annealing through the transition. Beyond
this, iron rhodium has been shown to have a reasonably
large anomalous Hall effect, which may indicate large spin-
orbit coupling [39]. Additionally, spin-dependent effects
including the anomalous Hall effect have been shown to
undergo temperature-driven transitions that could provide
potentially interesting behavior [40]. Theoretical work has
also suggested that FeRh could be an ideal spin source
material for exerting torques on antiferromagnets [41]. In
this paper, we present a study of the spin torque efficiency
of FeRh in FeRh/Cu/NigyFe,y multilayers via comple-
mentary methods, including ordinary [7,8] and dc-biased
ST-FMR [7] and the in-plane magnetized second har-
monic Hall technique [42,43]. We demonstrate through
these measurements the existence of a large nonconven-
tional spin torque generation within FeRh. We further
conduct temperature-dependent spin torque measurements
to examine the role of antiferromagnetic ordering and band
structure changes in FeRh spin torque generation, demon-
strating an enormous and highly temperature-dependent
spin torque efficiency. Finally, we calculate the properties
of the torques in FeRh and use this model to explain our
results.

II. SAMPLE STRUCTURE

We characterized the spin torque efficiency in devices
using as the spin source material an epitaxial 50% iron,
50% rhodium (all compositions given in atomic fraction)
alloy thin film grown on a (100) MgO substrate via sput-
tering. It is important to consider the crystal structure of
the FeRh both for underlying symmetry considerations
and for the effect of the crystal structure on magnetic
anisotropy. MgO has been shown to cause strain effects
that can lead to a preferred crystalline ordering direction
in epitaxially grown FeRh, with alternating planes of Fe
and Rh along the film normal direction, and the cube axes
at a 45° angle with respect to the underlying MgO cube
orientation [44]. Moreover, these strain effects may even
cause a tetragonal distortion that favors in-plane magnetic
ordering. These strain effects thus likely favor a magnetic
ordering direction in FeRh that lies in the film plane and
at a 45° angle with respect to the MgO (100) crystal
axes. The predicted crystal structure and magnetic struc-
ture of our sputtered FeRh is thus schematically shown in
Fig. 1(c).

We have prepared two different samples, Sample 1 and
Sample 2. Sample 1 is composed of a 10-nm-thick 50%

iron, 50% rhodium (FesoRhsg) alloy spin source layer, fol-
lowed by a 2-nm-thick copper spacer layer, a 10-nm-thick
permalloy (80% nickel, 20% iron) sensor layer, and finally
a 3-nm-thick aluminum capping layer. We begin the fab-
rication process by annealing magnesium oxide wafers in
situ at 850 °C for 1 h within our sputter system. We then
grow FeRh at 450 °C via sputtering and perform another
1 h anneal at 650 °C to improve the film quality, relax the
film stress and ensure a well-ordered crystal structure in
our FeRh. Finally, we sputter the remaining films at room
temperature. In order to characterize effects of the spacer
layer, including current shunting and spin decoherence,
we also repeated this growth procedure for copper layer
thicknesses ranging from 1 to 3 nm.

After this, we used photolithography to pattern our
devices into 80 x 24 um bars and etched them by ion
milling. The devices are patterned parallel to one of the
MgO crystal axes. During this process, we cooled the sam-
ple with liquid nitrogen to reduce film damage. These
device proportions are chosen to provide a large vertical
cross-section for spin travel and a sizable current den-
sity while maintaining a length several times the device
width to remove edge effects. Finally, we used photolithog-
raphy and lift-off techniques to fabricate titanium/gold
waveguides to provide radio frequency (rf) contact to the
patterned bars. The waveguides are patterned symmetri-
cally to remove rf artifacts caused by asymmetry. Using
the same process, we also produced 120 x 20 xm Hall
bars with lateral contacts for Hall voltage detection and
four-point resistance measurements. These devices are also
patterned parallel to one MgO crystal axis.

Sample 2 is composed of the following layers: 20 nm
FesoRhsg, 4 nm copper, 5 nm permalloy, and 4 nm sili-
con oxide as a capping layer. This sample is preannealed
for 20 min at 350°C, then the FeRh film is grown at
350 °C and annealed for 45 min at 800 °C. Next, the other
films are grown at room temperature. We then patterned
and etched the samples into 60 x 10 gm and 18 x 3 um
bars and fabricated contact waveguides. These bars are
again patterned parallel to one MgO crystal axis. Finally,
Sample 2 was field-cooled from 400 K with an applied
magnetic field at a 45° angle to the devices (along a pre-
dicted FeRh crystal axis) to improve the likelihood that
the magnetic ordering follows this crystal axis. These sub-
stantially different sample parameters allow us to ensure
that our results are robust even for different thickness and
growth conditions.

We confirmed the properties of our materials electrically
and magnetically. Measuring the device resistance over our
range of temperatures, we observe the change in FeRh
resistivity through the transition [Fig. 1(d)]. Due to the
hysteresis in the transition, our FeRh can be consistently
prepared into either the antiferromagnetic or ferromag-
netic phase at room temperature. From now on, we focus
particularly on the antiferromagnetic phase.
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FIG. 2. EDS composition maps of a cross-section of the MgO/FeRh/Cu/Py/Al multilayer for (a) Rh, (b) Ni, (c) Fe, (d) Mg, (e)
Cu, and (f) Al. (g) High-angle annular dark field STEM image of the multilayer cross-section. (h) FFTs from the FeRh (red) and
MgO (white) layers indicating lattice matching along the MgO [010] direction with a tetragonal distortion of the FeRh along the [001]
direction of the MgO. (i),(j) Magnified image of regions selected for FFTs: (i) FeRh and (j) MgO.

III. TRANSMISSION ELECTRON MICROSCOPY
CHARACTERIZATION

Scanning transmission electron microscopy—energy-
dispersive X-ray spectroscopy (STEM-EDS) and high-
resolution transmission electron microscopy (HRTEM)
data provided us with the composition and mor-
phology of the various layers and interfaces in the
MgO/FeRh/Cu/NigoFeyo /Al films. The Cu [Fig. 2(e)]
and Al [Fig. 2(f)] EDS maps indicate low signals in
the FeRh and NigygFeyo layers; however, we believe that
these very low signals are very likely originating from
the sample holder, which is primarily made of Cu and
Al. The sample was therefore found to be composition-
ally as expected, that is, each layer was compositionally
homogeneous, even though the interfaces are likely inter-
mixed. The MgO/FeRh interface is intermixed across a
region of 1 nm, across which the ratio of MgO to FeRh
changes from 90% to less than 10% [see Fig. 2(b) of
the Supplemental Material [45]]. However, it is much
more difficult to quantify the width of the FeRh/Cu
and Cu/Py interfaces, because of the contribution of
the sample holder’s signal to the Cu intensity. From
the elemental maps, confirmed by the HRTEM images,
we have measured the layer thicknesses to be as fol-
lows: FeRh=(10.3£0.3) nm, Cu=(3.2+0.1) nm, and
NigoFeyp =(10.94+0.4) nm. HRTEM analysis confirms
that the MgO substrate is a single crystal with a [001] sur-
face normal. A fast Fourier transform (FFT) [Fig. 2(h)] of a
region in the MgO layer [Fig. 2(j)] shows the (200) planes

(d-spacing 0.21 nm), which we have used as an internal
magnification calibration. The interface between the MgO
and FeRh contains several misfit dislocations, and stacking
faults are visible in the FeRh layer, an example of which
is provided in Fig. 1 of the Supplemental Material [46].
An FFT of a region in the FeRh layer [Fig. 2(h)] shows
that the FeRh is lattice matched along the [010] direction
of the MgO, therefore the orientation relationship between
the FeRh and the MgO is FeRh [110] (001) || MgO [010]
(002). The film normal of the FeRh is along the [110] direc-
tion when grown on MgO because FeRh has a B2 CsCl
type structure with a lattice parameter of about 0.29 nm,
and thus the {110} planes have a spacing of about 0.21 nm

(0.29/\/§>, which matches the (200) plane spacing of

MgO. The Cu and permalloy also grow epitaxially with an
orientation relationship of [010] (002) || MgO [010] (002).

IV. SPIN TORQUE FERROMAGNETIC
RESONANCE LINE SHAPE ANALYSIS

We have used ST-FMR [7,8] to characterize the size
of the transverse spin current generated in FeRh by an
applied charge current [Fig. 3(a)]. We performed our
ST-FMR measurements under vacuum in a closed-cycle
helium-cooled probe station using rf probes to contact our
waveguides. The temperature on the station ranged from
300 K to below 170 K. We apply a 10 GHz rf current
to our multilayer while an in-plane magnetic field sat-
urates the permalloy layer at a direction which is at a
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FIG. 3. (a) Diagram of our measurement setup for ST-FMR.
Radio frequency current is applied through a bias tee by a signal
generator, with the power modulated by a lock-in amplifier. The
dc mixing voltage is measured through the bias tee by a lock-
in amplifier. The magnetic field is applied at a 45° angle to the
current direction. (b) A representative magnetic field scan of the
resonance for Sample 1 at room temperature and (c) at 170 K,
showing a very small symmetric component. (d) The perpendic-
ular component of the spin torque efficiency extracted from line
shape analysis. The spin torque efficiency is highly temperature
dependent, increasing by a factor of about 3.5 as the temperature
is reduced. Error bars indicate single-standard-deviation uncer-
tainties extracted from the line shape analysis combined over a
series of fitting conditions over multiple devices.

45° angle with respect to the current direction. The cur-
rent flowing in the FeRh is converted into a spin current
via spin-orbit effects and travels into the permalloy. The
resulting spin torque drives the permalloy into resonance
around the applied magnetic field direction. The preces-
sion of the permalloy modulates its resistance through
anisotropic magnetoresistance, creating an rf-varying mag-
netoresistance which oscillates at the permalloy precession
frequency. This varying magnetoresistance couples to the
applied current to create a homodyne dc mixing voltage,
which is measured via a lock-in amplifier. By modifying
the magnetic field strength, we control the permalloy pre-
cession frequency and sweep it through the applied current
frequency, which allows us to measure the resonance line
shape.

The resulting line shape is the sum of a symmetric and
antisymmetric Lorentzian, described by Eq. (1), and the
strengths of the two components depend on the symmetry
of the spin torques. Conventional spin Hall antidamp-
ing torques (spin polarized in the y-direction) produce a

symmetric line shape, while conventional spin Hall field-
like torques produce an antisymmetric line shape. The
resulting signal may be modeled as

AH?
(Hexe — Ho)* + AH?

AH (Hex — Ho)

(Hexe — Ho)* + AH?
(1)

VMiX =S

where Hey is the applied field, H, is the permalloy fer-
romagnetic resonance field, and AH is the half width at
half maximum resonance linewidth. S and A4 are fitting
parameters designating the size of the symmetric and anti-
symmetric Lorentzians, respectively. Typically, the domi-
nant fieldlike torque in most materials is not a spin torque,
but an Oersted torque. Oersted torques are well under-
stood, and therefore the antisymmetric component of the
line shape is typically used to calibrate the strength of a
torque given the size of the resonance. Thus, by taking the
ratio of the symmetric and antisymmetric components of
the line shape, we can estimate the size of the antidamp-
ing spin torque and extract the spin torque efficiency. It is
important to note here that only spins oriented perpendic-
ular to the permalloy magnetization exert a torque on the
permalloy and thus drive resonance. Thus, this technique
only probes the component of the spin current with spin
polarization perpendicular to the permalloy magnetization
direction. We can thus define £, = & sin (¢s7) wWhere ¢gr
is the angle between the spin polarization and the permal-
loy magnetization. For conventional spin Hall torques, ¢st
is45°and & = «/55 1. As we do not know the value of ¢gr,
we will use the shape analysis to extract the perpendicular
component of the spin torque efficiency,

Y \/_CMOM fEMISOT (1

A Mo\ 2
- 2
Jo A2 h * ) > @

H ext

where fp\; 18 the thickness of the permalloy layer, 5ot is
the thickness of the iron rhodium layer, M; is the permalloy
saturation magnetization and My is the effective mag-
netization of the permalloy for ferromagnetic resonance,
which may be different from the saturation magnetization
due to the effects of magnetic anisotropy. We assume that,
due to the in-plane orientation of our permalloy, M, and
M. are equal. We have confirmed this experimentally with
vibrating sample magnetometry and Kittel fitting of the
ferromagnetic resonance data (see Supplemental Material
[47]).

We then repeat this measurement at various tempera-
tures to characterize the temperature dependence of con-
ventional spin Hall torques [Figs. 3(b) and 3(c)]. We
find a reasonable value of (0.47 £0.13)% for the perpen-
dicular component of the spin torque efficiency at room
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temperature [Fig. 3(d)], increasing to the higher value of
(1.6 £0.6)% at 170 K.

V. DC-BIASED SPIN TORQUE FERROMAGNETIC
RESONANCE

While the above ST-FMR method is well suited to
measuring conventional spin-orbit torques, it suffers from
significant geometric restrictions. As mentioned above,
if the spin current is polarized in the same direction as
the magnetization, the magnet experiences no spin torque.
This can be a problem for magnetically ordered spin source
layers if the magnetic orders of the spin source and sen-
sor layers are aligned parallel to each other. Signals from
other sources, including heating, spin pumping [48,49],
and various rf artifacts, can also interfere with the line
shape analysis technique, leading to errors in the mea-
sured spin torque efficiency. Furthermore, the line shape
analysis method described above assumes that the field-
like torque in the system is sourced entirely by Oersted
fields, an assumption which fails in materials with signifi-
cant fieldlike torques or exotic torques. For these reasons,
we require a more suitable characterization technique.
Iihama et al. have used the dc-biased ST-FMR technique
[7] to measure damping modulation due to spin currents
produced in a layer with magnetic ordering [28]. The dc-
biased ST-FMR technique characterizes the antidamping
torque without relying on assumptions about other torques
in the system. Additionally, it probes the component of
the spin current with spin polarization parallel to the
magnetization, which makes it more appropriate for char-
acterizing exotic spin torques generated from magnetic
order.

We have thus used dc-biased spin-torque ferromagnetic
resonance to confirm our observed temperature depen-
dence and more accurately characterize the antidamping
torques generated in our FeRh. During ST-FMR mea-
surements, we use a dc current source to apply a con-
stant dc current to our device [Fig. 3(a)]. This creates
a dc antidamping spin torque that modifies the effec-
tive damping of the magnetic layer, which is reflected
as a modification to the resonance linewidth. We mea-
sure the resonance over a range of applied dc bias cur-
rents [Figs. 4(a) and 4(b)] to detect the relation between
damping modulation and applied dc current. The result-
ing resonance data are fitted over a window of approx-
imately 0.09 T around the resonance. We observe some
variation in the resulting linewidths depending on our
choice of fitting window, and have incorporated this
uncertainty into our error estimates. We use the resulting
linewidth data to extract the spin torque efficiency using
the equation

_ héJe ] 3)
2e(Hext + (Mesr/2))Miten |

w
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%
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FIG. 4. (a) The ST-FMR resonance measured for different dc

bias currents at 170 K for Sample 1. The linewidth is significantly
modified at large currents. (b) The half width at half maximum
resonance linewidth over a range of dc bias currents for posi-
tive magnetic fields. Data are shown for 170 K, 265 K, 275 K,
and 300 K. (c¢) The calculated spin torque efficiency from dc-
biased ST-FMR. The efficiency increases by a factor of about 3.5
between room temperature and 170 K, similar to the line shape
analysis. Error bars indicate single-standard-deviation uncertain-
ties extracted from the line shape analysis combined over a series
of fitting conditions over multiple devices.

Here, AH is the half width at half maximum resonance
linewidth, J. is the charge current density in the FeRh,
« is the Gilbert damping coefficient, and w is the applied
current frequency. It is important to note that only the com-
ponent of spins parallel to the magnetic ordering affects
the damping, and thus this technique is sensitive only to
the component of the spin current with spin polarization
parallel to the sensor layer magnetization, & = &cos(¢st),
where ¢gst is once again the angle between the spin
polarization and the permalloy magnetization. Thermal
signals can contribute a parasitic signal to this measure-
ment, which we can account for by considering both the
linewidth modulation for positive and negative field condi-
tions (see Supplemental Material [50]). We must also take
care to account for the reduction of signal due to current
shunting in the permalloy sensor and copper spacer layers
in calculating the value of J,. (see Supplemental Material
[51D).

As a result, we see a very high spin torque efficiency
for modulating the effective damping of our sensor mag-
net. We can thus conclude that the component of the
spin current with spin polarized parallel to the permalloy
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magnetization is very large. For Sample 1, before account-
ing for current shunting, the spin torque efficiency is
(24 £ 6)% at room temperature, while at 170 K, it increases
to around (85 £ 33)%. After accounting for current shunt-
ing, the spin torque efficiency becomes (88 & 32)% at room
temperature and (207 £94)% at 170 K. For Sample 2,
the spin torque efficiency is (21 £ 8)% at room tempera-
ture, increasing to (33 £ 13)% at 200 K. After accounting
for current shunting, the spin torque efficiency becomes
(35 £ 14)% at room temperature and (57 £ 23)% at 200 K.
The efficiency is much larger than seen from the line
shape analysis, but is similarly increased by a factor of
approximately 3.5 when cooled from room temperature to
170 K. These measurements can be explained if the spin
polarization of the spin currents generated by spin-orbit
effects in the FeRh is nearly (but not quite) aligned parallel
to the permalloy magnetization, in which case the small
component of the spin polarization perpendicular to the
magnetization gives rise to a small perpendicular compo-
nent of the spin torque efficiency and thus generates a small
symmetric component of the line shape. We know that
there are likely small experimental angular misalignments
in both patterning and magnetic field application, such that
our magnetic field is not perfectly oriented with respect
to the crystal structure and devices, which is expected to
cause exactly such a misalignment.

VI. SECOND HARMONIC HALL
MEASUREMENTS

In order to further confirm our results and distinguish
between ordinary spin Hall torques and exotic spin torques,
we have performed additional measurements using the
angle-dependent in-plane second harmonic Hall technique
[42,43]. This technique is sensitive to spins polarized in
any direction and can be used to help discern the true
geometry of our generated torques. We perform these
experiments on our Sample 1 Hall bar devices, composed
as above of 10 nm FeRh, 2 nm Cu, 10 nm NigoFe,q, and
3 nm Al. We apply a slowly varying sinusoidal dc current
to a Hall bar and measure the second harmonic Hall volt-
age while varying the direction and strength of an in-plane
magnetic field [Fig. 5(a)]. Spin-orbit torques generated
in the FeRh cause a rotation of the permalloy magneti-
zation in a direction dependent on the symmetry of the
torque. This rotation produces a change in the strength of
the anomalous and planar Hall resistance of the permal-
loy, which then couples to the applied current to create
a Hall resistance signal present on the second harmonic.
This signal is measured as the in-plane field direction and
strength of the applied magnetic field are varied. By fitting
the field and angle dependence to a model based on the
potential torque symmetries we obtain an expression for
the second harmonic Hall voltage, V>, as discussed in the

®Hoe
® Hpor, ¢s = 90°
@ Hpor 95 = 0°

¢
4 44
/>\ —
3 24 \>§ 24
3 S
X' o ' o
2 2
T T T T T T
0 180 360 0 180 360
¢ ¢

FIG. 5. (a) Schematic diagram of second harmonic Hall mea-
surement setup. (b) Expected angular dependence of the har-
monic Hall signal for conventional and exotic torques. Hoe
denotes the voltage signal induced by Oersted torques. Hapr
denotes the voltage signals induced by antidamping torques,
with two different angular behaviors shown, depending on the
direction of the spin polarization. For conventional antidamping
torques ¢y is 90°, and for unconventional torques ¢; is 0°. Angles
are shown in degrees. (c),(d) Second harmonic Hall data with
fit as magnetic field is rotated in the sample plane (c) at room
temperature and (d) at 170 K. Angles are shown in degrees.

Supplemental Material [52]:

1 Hoe
Vaw = <IR
2 Sl ieHE

1 Hrrr
—IR
+ 5 PHE 7

1 Hapr
—IR
+ o TAHE + Hj

cos(2¢)cos(¢)

cos(2¢)sin(¢; — @) “4)

sin(¢; — ).

Here, ¢; is the angle between the applied current direction
and the spin polarization direction, ¢ is the angle between
the current and the applied field direction, / is the current,
H is the applied field, Rpyg is the planar Hall resistance,
Raug 1s the anomalous Hall resistance, Hp. is the Oer-
sted field generated in the FeRh and Cu layers, Hprt is
the effective field exerted by the fieldlike torque, Hy is the
anisotropy field of the magnet, and Hapr is the effective
field exerted by the antidamping torque. This enables us
to separate the generated torques into their components
and thus determine the spin polarization direction of the
spin current generated in the FeRh. The expected angu-
lar dependent voltage signals for conventional Oersted and
conventional and exotic antidamping torques are shown in
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Fig. 5(b). Our measured angular dependence for an exam-
ple scan with 90 mT applied field at 300 and 170 K is
shown in Figs. 5(c) and 5(d).

We determine the direction of the spin polarization to be
neither parallel to nor perpendicular to the applied current
direction, confirming that it is an exotic torque. We observe
both an antidamping torque and a fieldlike torque with
angular dependence indicating such a spin polarization.
Although thermal effects (see Supplemental Material [53])
and Oersted-driven fieldlike torques prevent us from deter-
mining the exact spin polarization angle, it is evidently
somewhere close to 45°. Unfortunately, the same parasitic
thermal signals make it difficult to quantify the exact size
of the total torque, but, based on the size of the exotic
torque alone, we can estimate the size of the total torque
assuming a 45° polarization. Using this method of estima-
tion, we find a spin torque efficiency of about (16 4 6)%
at room temperature and (41 4+ 13)% at 170 K, which is
consistent with the values measured using ST-FMR. After
accounting for current shunting, these efficiencies become
(60 £ 28)% at room temperature and (99 £ 40)% at 170 K.
We also estimate the size of the spin torque efficiency
for the fieldlike torque in the same manner to be about
(7 £ 3)% at room temperature and (14 £ 5)% at 170 K, or
(26 = 12)% at room temperature and (34 £ 14)% at 170 K
after accounting for current shunting.

VII. DISCUSSION: GEOMETRY AND TORQUES

When performing ST-FMR in heavy metal/ferromagnet
bilayers, the spin Hall effect generates a spin current polar-
ized perpendicular to the applied current direction, whereas
the magnetization of the ferromagnet is generally satu-
rated at a 45° angle with respect to the current. Thus, the
line shape analysis and dc bias current dependence of the
ST-FMR technique are expected to yield the same value
for the spin torque efficiency, because the spin polariza-
tion lies at a 45° angle with respect to the magnetization.
However, in general, the size of the two effects depends on
the direction of the spin polarization. As has already been
mentioned, magnetic ordering reduces the symmetry of the
material and allows for ordinarily forbidden spin polariza-
tion directions that yield different expected values for the
two techniques. We conclude from the small size of the
symmetric line shape contribution and the large modifica-
tion to the damping, that the majority of the spin current
has a spin polarization parallel to the applied magnetic
field direction and thus parallel to the permalloy magne-
tization. In this case, the resulting rf torque does not drive
the magnet into resonance, but the dc torque does mod-
ify the effective damping of the permalloy. Thus, we can
conclude that the spin polarization of the spin current gen-
erated in the FeRh aligns itself at a 45° angle with respect
to the fabricated devices.

We note that while permalloy may exhibit some exotic
spin-orbit properties, it has not been known to gener-
ate large self-torques despite extensive study in spin-orbit
torque systems (see Supplemental Material [7,54—58]).
Therefore, we attribute the exotic spin current generated
in our system to the FeRh. In the simplest cases, such as
the anomalous spin Hall effect, the spin polarization of the
spin current preferentially aligns itself with the magnetic
order of the spin source material, either parallel to or per-
pendicular to the order. For our FeRh under magnetic fields
less than 1 T, the magnetic field does not define the Néel
order direction. Instead, as discussed earlier, the ordering is
most likely defined by material parameters, preferentially
aligning with the crystal axes of the material, at a 45° angle
with respect to the MgO crystal structure. Our devices are
patterned parallel to the MgO substrate crystal axes, and
thus the FeRh Néel order likely lies at a 45° angle with
respect to our applied current, which is either parallel to
or perpendicular to our measured spin polarization direc-
tion. For Sample 2, we performed field cooling to define
the Néel order and saw similar results. We thus conclude
that our FeRh generates an exotic spin current with spin
polarization either parallel to or perpendicular to its Néel
order. This conclusion is further supported by our second
harmonic Hall data, which shows that the spin polarization
lies at some intermediary angle close to 45°. As a result,
we can conclude that the spin polarization of the spin cur-
rent generated in FeRh is most likely defined by its Néel
order.

We have reported spin torque efficiencies exceeding
100% for our FeRh at 170 K. Efficiencies exceeding 100%
are possible because the spin torque efficiency is not a
true conversion efficiency, but is instead a unitless param-
eter derived from the ratio of the spin current density
produced to the charge current, as defined earlier in this
paper. Perfect conversion of charge current to spin current
would result in no net transfer of charge, no charge cur-
rent, and therefore an infinite spin torque efficiency. Thus,
a spin torque efficiency over 100% simply indicates that,
after correcting for units, an applied longitudinal voltage
produces a larger lateral spin current than the associated
longitudinal charge current.

VIII. THEORETICAL CALCULATION OF THE
INTRINSIC SPIN CURRENT CONDUCTIVITY OF
IRON RHODIUM

To compare the experimental results with standard theo-
retical approaches, we compute the spin current generated
in FeRh via the intrinsic mechanism [59]. When the elec-
tric field is parallel to or perpendicular to the Néel vector,
the system symmetry constrains the spin Hall conductiv-
ity to assume a conventional form in which the electric
field, spin current flow and spin polarization directions are
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(a) FeRh Crystal Structure

FIG. 6.

(b) Theoretical Kubo Formula Calculations

18.6 18.8 19.0 19.2 19.4 19.6

er (eV)

(a) System geometry. The coordinate system (x',)’,z") describes the high-symmetry directions of FeRh while (x,y,z)
describes the high-symmetry directions of the MgO substrate, where x' = (x +y)/v/2, ¥/ =

(x —y)/+/2, and 2’ = z. (b) Theoreti-

cal calculations of the intrinsic spin current in FeRh under an applied electric field E || X. The plot shows the spin current conductivity
versus Fermi energy for the parallel (o) and transverse (o) spin conductivities defined above. The dashed line denotes the calculated

Fermi energy e = 19.124 eV at zero temperature.

mutually orthogonal. However, the spin current conductiv-
ity is anisotropic: the transversely flowing spin current is
different if the electric field is parallel versus perpendic-
ular to the Néel vector. We define oy (o) to be the spin
current conductivity when the spin polarization of the spin
current is parallel (perpendicular) to the Néel vector [note
that oy (o) applies when the electric field is perpendicular
(parallel) to the Néel vector]. We choose a sign convention
in which a positive value of o, indicates that the field,
flow, and spin directions form a right-handed coordinate
system. Then we have

sin(2¢)
2

s =

(O'” — O‘J_))% + (O’H sin2¢ + O’J_COSz(b)j;. (5)

To compute oy and o, we use Quantum ESPRESSO
[60] and Wannier90 [61]. FeRh has a cubic structure
with unit cell length ¢ = 0.3019 nm. In the Quantum
ESPRESSO implementation, we use the optimized norm-
conserving Vanderbilt pseudopotentials [62] generated
with a fully relativistic calculation using the Perdew-
Burke-Ernzerhof exchange correlation potential [63]. An
8 x 8 x 8 Monkhorst-Pack mesh [64] is used with a
1000 eV cutoff energy. We then use Wannier90 [61] to
obtain the Hamiltonian in an atomic basis, projecting the
plane-wave solutions onto atomic s, d orbitals of the Fe and
Rh atoms. To calculate the spin current response, we utilize
the Wannier interpolation within the tight-binding approxi-
mation, leading to the following form of the Kubo formula
[65]:

e (nlQ;Im) mlvkln>
o = —2—1 E E _ 6
" h k n#m (8n - 8m) + 77 ( )

where i,j,k € [x/,y’,z'] denote directions, n,m label
eigenstates at a given k-vector, &,,, are the corresponding
energies, vy is the velocity operator along the kth direction,
0 = (v; ®s; +5; ®v;)/2 is the spin current operator, s;
is the jth Pauli matrix, and n = 25 meV is the broaden-
ing energy. Note that, using this notation, oy = 0.,+,» and
01 = 0.y. Figure 6(b) shows the results of this calcula-
tion over a range of Fermi energies near the Fermi level to
reflect general trends.

The theoretical calculations show that for an applied, in-
plane electric field oriented at a 45° angle from the Néel
order parameter, the out-of-plane flowing spin current has
a component of spin direction both parallel and transverse
to the Néel order. In domains in which the electric field
is 45° from the Néel order parameter, the spin conductiv-
ity for spins parallel to the Néel order is o = o/ V2=

48.4 Q7! cm~! and the spin conductivity for spins trans-
verse to the Néel order is o = 0 /+/2 =99.7 Q7!

In domains in which the electric field is —45° from the
Neéel order parameter, the spin conductivities are the same
but are now defined at 90° from those in the first set of
domains. If both domains are present, the two conductivi-
ties average to 74.1 Q7! em™!, characteristic of a typical
spin Hall effect. These calculations show that the two spin
current components are sensitive to the Néel vector ori-
entation and can be different, as seen in experiment. The
differences are smaller than are seen in experiment but the
variation of the conductivities with the Fermi level shows
that the similarity of the two components is not a gen-
eral conclusion. There are Fermi levels at which the ratio
of the two is much larger, corresponding to what is seen
experimentally. Note however, that the two values being
different, as measured, requires that one antiferromagnetic
domain is more prevalent than the other.
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IX. CONCLUSIONS

We have conducted spin torque ferromagnetic reso-
nance measurements to investigate the effect of magnetic
ordering on the generation of spin currents in collinear
antiferromagnetic iron rhodium, and have measured the
resulting spin torques to be large and highly temperature
dependent, with a spin torque efficiency of (88 £32)%
at room temperature and (207 £ 94)% at 170 K. Further,
we have shown the generated spin currents have a spin
polarization defined by the magnetic ordering of the mate-
rial, giving rise to spin torques with exotic geometries.
We have also confirmed both the large spin torque effi-
ciency and the exotic nature of the spin torques via second
harmonic Hall measurements. Lastly, we have also car-
ried out theoretical band structure calculations that support
our results, indicating that the magnetic ordering in FeRh
creates asymmetric spin conductivities consistent with our
measured results. These results suggest that it is likely pos-
sible to generate large, magnetically controllable, exotic
spin torques in FeRh. Such customizable exotic torques
have a great deal of utility for practical spintronics device
design, and may be of particular use for neuromorphic
computing via spin torque nano-oscillators and magnetic
memory via nanomagnet switching.
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