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The effect of spin currents on the magnetic order of insulating antiferromagnets (AFMs) is of
fundamental interest and can enable new applications. Toward this goal, characterizing the spin-orbit
torques (SOTs) associated with AFM-heavy-metal (HM) interfaces is important. Here we report the full
angular dependence of the harmonic Hall voltages in a predominantly easy-plane AFM, epitaxial c-axis
oriented a-Fe, 05 films, with an interface to Pt. By modeling the harmonic Hall signals together with the
a-Fe, 03 magnetic parameters, we determine the amplitudes of fieldlike and dampinglike SOTs. Out-of-
plane field scans are shown to be essential to determining the dampinglike component of the torques. In
contrast to ferromagnetic—heavy-metal heterostructures, our results demonstrate that the fieldlike torques
are significantly larger than the dampinglike torques, which we correlate with the presence of a large
imaginary component of the interface spin-mixing conductance. Our work demonstrates a direct way of

characterizing SOTs in AFM-HM heterostructures.
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Recently antiferromagnetic materials have been gather-
ing increasing attention from the spintronics community
due to their advantageous properties such as fast spin
dynamics, low susceptibility, and magnetic moment com-
pensation [1-4]. Detecting and manipulating antiferromag-
netic order electrically is an important milestone for
realizing devices based on AFMs [5-9]. It is known that
spin-orbit torques (SOTs) are one of the most effective
ways to manipulate magnetic order in both ferromagnets
(FMs) and ferrimagnets [10-18]. However, their effective-
ness is less well explored and quantified for AFMs.
Therefore, characterizing the SOTs is crucial for under-
standing and predicting AFM dynamics. A powerful
technique to characterize SOTs is harmonic Hall measure-
ments [19,20]. Although this technique has been used
extensively in FM-heavy-metal (HM) bilayers, harmonic
Hall study of SOTs in AFMs remains elusive.

In this work, we use harmonic Hall measurements to
characterize the SOTs in a-Fe,O3/Pt bilayers. SOTs are a
result of the spin-Hall effect (SHE) in Pt [21,22], in which a
charge current leads to a spin accumulation at the a-Fe, 0,
interface. SOTs can modify the orientation of the AFM
Néel vector and this change can be detected electrically
because of spin Hall magnetoresistance (SMR) [23,24].
SMR arises from the combination of the SHE, interface
scattering, and the inverse SHE [25]. Most importantly for
our study, SMR manifests as an anisotropy in the resistivity
of the Pt and a Hall signal analogous to the planar Hall in
ferromagnets [26]. We first characterize the SMR by the
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first harmonic response and then SOTs from the second
harmonic response.

Then, we develop a model of the response that accounts
for the magnetic properties of a-Fe,O; and compare the
model with the experimental results. By fitting the data
from six measurements together (the first and second
harmonic response with the field rotated in three orthogonal
planes), we extract the amplitudes of the dampinglike and
fieldlike torques. Surprisingly and contrary to the case of
ferromagnet—heavy-metal heterostructures, we find field-
like torques to be significantly larger than dampinglike
torques.

Figure 1(a) shows a schematic of the experimental setup.
We perform Hall measurements at 300 K on 30 nm thick
epitaxial c-axis oriented a-Fe,O; on Al,O; (0001) sub-
strates capped in situ with 5 nm thick Pt [8,20]. The Pt layer
is patterned into a 5 x 15 um? Hall-cross structure and the
Hall voltage is detected with a lock-in amplifier with a
953 Hz ac current of 4 x 10° A/m? and 6 x 10'° A/m?
used for first and second harmonic measurements,
respectively.

Figure 1(b) shows the geometry used in our model. The
antiferromagnet’s hard axis and Dzyaloshinskii-Moriya
interactions (DMI) vector are represented by the same
vector D. The AFM sublattice moment directions are
indicated by unit vectors m; and m,. The Néel vector n =
(m; —m,)/2 lies in the easy plane, which is perpendicular
to D, indicated by the red plane. H is the applied magnetic
field and 6, is the spin accumulation at the interface caused

© 2022 American Physical Society
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FIG. 1. (a) Transverse measurement configuration showing the
Pt Hall cross with 5 ym channel width. An ac current J,. is
applied in the % direction, and the transverse voltage V,, is
measured with a lock-in amplifier. (b) Modeling geometry. D
represents both the DMI vector and the hard axis direction that
defines the easy plane. m; and m, are the sublattice moments and
H is the external magnetic field. The spin accumulation 6, is in
the y direction. The resulting spin-orbit torques on the sublattice
moments are decomposed into fieldlike (zp ) and dampinglike
components (zpp).

by J,. via the SHE. The resulting SOTs on the sub-
lattice moments are decomposed into fieldlike (zg) and
dampinglike components (7 ). Notice we do not constrain
D to be parallel to the Z axis, as canting of the easy plane in
AFMs, due to the strain effects from the substrate, has been
reported [9,27]. As shown at the top of Fig. 2, H is rotated
in one of the three planes: XY, XZ, or YZ, where the current
J . 1s in the X direction.

Figure 2 shows the full angular dependence of Hall
signals (blue points), for all three field scans, at ygH =3 T
together with the model fit (red lines). In the in-plane XY
scan, both first and second harmonic Hall signals follow
smooth trigonometric functions. This is expected because
SMR and fieldlike torques are the main contributors in first
and second XY scan harmonic signals, respectively. On the
other hand, for out-of-plane field rotation experiments
—XZ and YZ field scans—the angular dependencies do
not follow a simple trigonometric function. A comprehen-
sive model is needed in order to explain all six scans, as we
discuss below.

In the sample geometry indicated in Fig. 1(b), an ac
current density J,.(¢) = Jycos wt generates an oscillating
spin accumulation o, (f) in the ¥ direction, which produces
SOTs on a-Fe,03. The measured Hall voltage V,, arises
from the SMR: V(1) = A,JyR,,[n(J,, H)] cos wt, where
A, is the area through which the current flows and R, has
the form R, ~ n,n, [25,29-32]. Since the current-induced
torques only result in a slight deviation of n from its
equilibrium orientation, we can expand the SMR as

ny [n(‘]auH)] = ny [n(()?H)]
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FIG. 2. Angular dependence of first and second harmonic
(columns) resistance signals in XY, XZ, and YZ scans (rows)
at uoH = 3 T. The current amplitudes are 100 #A and 1.5 mA in
the first and second harmonic measurements, respectively. The
blue dots are the data points whereas, the red line is the fit
resulting from our model that is described in the main text. The
geometry of magnetic field scans in the three principal planes
(XY, XZ, and YZ scans) and the definition of the angles a, 3, and
y are shown at the top. The magnitude of longitudinal SMR is
approximately 0.02% and it is consistent with studies on similar
AFM-HM systems [24,28].

where the first term R, [r(0, H)] is the SMR, which leads to
the first harmonic signal V19 (1) = A, JoR,,[n(0, H)] cos wt.
The second term, which is itself proportional to J, gives rise
to the second harmonic response V2 (7). Therefore, to find
the harmonic responses, we need to calculate n(0, H).
on/dJ,. is determined by the dynamics of the Néel vector
and hence by the dynamics of sublattice magnetic moments,
m, and m,.

In the macrospin approximation, the free energy density
(in field dimensions of Tesla) can be expressed as

€
— = Hm, -my + Hg[(e), -my)* + (e, - my)?]

— Hpep - (m; xmy) —H - (m; +m,), (2)
where y is the gyromagnetic ratio. e;, and ep are unit vectors

in the directions of the hard axis anisotropy and DMI,
respectively. H.,, Hg, and Hp are the effective fields
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associated with the exchange interaction, the hard axis
anisotropy, and the DMI, respectively. Here we have
ignored the in-plane easy axis anisotropy because it is
much weaker than Hg and Hp [31]. This simplifi-
cation, however, becomes invalid when the in-plane pro-
jection of H is insufficient to maintain a single domain state
[20] (e.g., when H is nearly perpendicular to the easy
plane). The dynamics of the sublattice magnetic moments
are described by the coupled Landau-Lifshitz-Gilbert-
Slonczewski equations:

dm , dm, ,
7 yHSS xm 5 + agm 5 x i
+ y[HOe(Jac) =+ HFL(Jac)]o-ac X ml,Z
+yHpp (Jae)my 5 X [my 5 X 6, (3)

where HS"S = —6¢/(hydm, ) is the effective field acting on
m,, a is the Gilbert damping constant, Ho(J,) =
% oA J o tpe 1s the Oersted field, and #p, the thickness of
the Pt film. o, is the direction of spin accumulation (here
along 9), and Hgy (J,.) and Hpp (J,.) are the strengths of
the fieldlike and dampinglike torques, respectively.

All the three fields generated by the current are linearly
proportional to J,.. In particular, Hq, and Hgy satisfy the
same symmetry, but we show that Oersted field contribu-
tion is much smaller than fieldlike SOTs, using finite-
element simulations (see Supplemental Material [33]).
Because the intrinsic frequency of the spin dynamics in
a-Fe,05 is many orders of magnitude larger than w [34],
we can treat m; , as quasistatic vectors that adiabatically
adjust to the ac current, remaining in the instantaneous
ground state in the presence of current-induced torques.
Under the adiabatic approximation, Eq. (3) can be solved
analytically [35], and, if |m| = |m; +m,| < 1, can be
expressed by the Néel vector n as a function of J,. and
H. Finally, by inserting n(/,., H) into Eq. (1), we obtain the
general solution for the SMR and thus V¢ and V3y. This
|
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FIG. 3. Separating Hall effect and spin Seebeck effect con-
tributions. (a) Field dependence of the first harmonic response in
YZ scan, from 0 to 8 T as indicated by the legend. (b) The Hall
effect in the first harmonic YZ scan (a), as a function of applied
field. The linear trend line supports the claim that the origin of the
signal is the ordinary Hall effect. (c) Field dependence of the
second harmonic response in the XY scan, which shares the same
legend as (a). (d) Antiferromagnetic spin Seebeck effect (SSE)
separated from fieldlike SOT in the second harmonic XY scan (c),
as a function of applied field. The fieldlike component scales as
1/H, whereas the SSE component scales linearly with H.

general solution, however, cannot be recast into a concise
form unless we assume that e, |2 and ep||Z, i.e., the easy
plane coincides with the film plane without tilting. The
special solution for vanishing tilt is

1
R = - 5 Rosin2¢y, (4)

2H . H cos 0y cos 2¢py sin g Hpp

R =Ry |- (Hoe + Hpy)

H sin HH

where 0y € [0,7] and ¢y € [0,2z] are the polar and
azimuthal angles of H, and R is a current-independent
constant. In Fig. 2, we identify these angles as 6y = 7/2
and ¢y = a for the XY scan, 8y = f (or 2z — ) and ¢y =
0 (or ) for the XZ scan, and 8y = y (or 2z —y) and ¢y =
7/2 (or 3z/2) for the YZ scan, respectively. To better fit the
data in Fig. 2, however, we further allow a small tilting of
the hard axis but still assume that e ||e;,, which yields a
complicated expression not shown here. We observe a good
agreement with the experiment at a tilt angle of ~3° with
respect to Z, which is plotted by the red curves in Fig. 2.

+ . b
2(Hp? +2H Hy)H sin@y + Hp(H? + 4H o Hy + Hp?)

(5)

Since the model assumes |m| < 1, our solution breaks
down at extremely large fields, which is partially reflected
in Fig. 3 and discussed later.

The fieldlike torque and the dampinglike torque play
very different roles in driving the dynamics of magnetic
moments. As illustrated in Fig. 1(b), the dampinglike
torque cants both magnetic moments towards the same
in-plane direction, which will subsequently leverage the
exchange torque between m and m, so that the Néel vector
n develops an out-of-plane component. By contrast, the
fieldlike torque acts as an effective field that directly drives
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the net magnetic moment so that the ac current induces an
in-plane rotation of m. Since m_Ln by definition, a direct
consequence is that n undergoes an in-plane oscillation.
Correspondingly, in the absence of tilting, dampinglike
torques vanish in the XY scan (65 = 90°), and fieldlike
torques vanish in the YZ scan (¢ = 90°). However, any
amount of tilting of the easy plane will prevent this
vanishing and both fieldlike and dampinglike torques will
have contributions in XY and YZ scans.

Because of the small magnetic moment present in
a-Fe, 05 above its Morin transition, perpendicular coupling
between the Néel vector and the external field is easily
achievable at moderate field strengths. The easy plane and
the external field direction together are adequate to
uniquely set the equilibrium direction of the Néel vector
and a 21 T in-plane component of the applied field can
fully align the Néel vector to overcome any in-plane
magnetic anisotropy.

We fit the experimental results with three free parameters:
the direction of the hard axis (e;,) and the amplitudes of the
spin-orbit torques (Hg;, and Hpy ). For every scan, first we fit
the first harmonic response, where we extract the current-
independent constant R, [Eq. (4)]. Then together with the
R, we use material parameters from the literature Hp =2T,
Hyg=0.01T, and H., = 900 T [36-38], to fit the responses
with our model. These fits allow us to extract the amplitudes
of effective fields associated with the spin-orbit torques
per current density which are Hp /J,.~7.5x1072T/
(10"2A/m?) and Hpy /J,.~4.2x 1074 T/(10'2 A/m?).

A slight tilting (~3°) of the hard-axis e, from the Z
direction is needed in order to simultaneously capture the
form of each and every one of the field scans. This tilt is
especially crucial in first harmonic out-of-plane scans (XZ
and YZ), where in order to get any nonzero response from
our model, we need some degree of canting of the easy
plane. Moreover, to explain the shape of the response, an
additional cosine term is needed, which we interpret as the
ordinary Hall effect response of Pt.

There are thus effects arising from the ordinary Hall
effect induced by the perpendicular field component and
from the spin Seebeck effect (SSE) due to a thermal
gradient in the Z direction caused by Joule heating.
Figure 3 summarizes how we extracted these contributions.
On the left [Figs. 3(a) and 3(c)], we show the field
dependence of first harmonic YZ and second harmonic
XY scans. And, on the right [Figs. 3(b) and 3(d)], we show
the separated contributions of the Hall effect and SSE from
those scans, respectively. The field dependence of the
signals can be used to isolate different contributions to
the signal, as well as to show the model field dependence
with the experimental results. Figure 3(b) shows the Hall
effect contribution in first harmonic and YZ scans. Since
the expected Hall contribution is in the form R’ =
HRY cos @, the linear trend with applied field supports

our claim. Similarly, Fig. 3(d) shows decomposition of R)ZC;’

into two components: fieldlike SOT (blue) R’ and spin
Seebeck effect (orange) R2Z;. In this case, the expected
signals are of the form R = HREcos2acosa and
R32. = HR3S cosa for fieldlike and SSE contributions,
respectively. The form of the SSE contribution indicates
that the effect is associated with the excess moment in the
so called transverse spin Seebeck geometry, in which the
signal scales linearly with the applied field [39].
Furthermore, the remaining fieldlike component decreases
with increasing applied magnetic field and follows a 1/H
dependence, as in Eq. (5). We attribute the deviation from a
1/H dependence at low and high fields to the fact that our
model assumptions are not valid in those limits.

Our experimental results show that the fieldlike torque is
about 2 orders of magnitude larger than the dampinglike
torque, distinct from what is found in ferromagnets [40,41].
This implies that in the spin mixing conductance g =
g, + ig;/—which characterizes the spin transmission across
the interface—the imaginary part g; far exceeds the real part
gy, as Hpp ~g,J,c and Hpg ~ g;J,. (see Supplemental
Material [33]). To get at the origin of this unusual
observation, we calculate g; and g, for a compensated
interface by considering interfacial spin-dependent scatter-
ing processes, because electrons can deliver angular
momenta to the magnetic moments near the interface

g

107t

A=/t

FIG. 4. (a) Imaginary (left) and real (right) parts of the spin
mixing conductance (g = g, + ig;) of an AFM-NM interface.
The scale is indicated by the shared color bar on the right, with
units of 7 per unit area a? on the interface, where « is the lattice
constant. (b) Ratio of |g;| to |g,|. As A approaches zero |g;|
dominates over |g,|.- The dashed line shows |g;| = |g,|, which
separates the fieldlike torque dominating region (g; > g,) on the
left from the dampinglike torque dominating region (g, > g;) on
the right. The color bar scale is logarithmic in this case. The inset
shows a line cut of g, and ¢; vs 4 at § = 0.25. Even though they
both approach zero as 4 goes to zero, g, decreases faster than g;
and their ratio g;/g, diverges.
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through spin-flip scattering [11,42], which manifests as
spin torques exerting on the AFM. As detailed in Sec. 4 of
the Supplemental Material [33], the interfacial scattering
here depends on three parameters: the electron hopping
energy ¢ in the nonmagnet (NM) (determined by the Fermi
energy), the proximity-induced hopping ¢, on the AFM
side of the interface [43], and the interfacial exchange
coupling J between conduction electrons in the NM and the
magnetic moments in the AFM. In Fig. 4 we plot the
dependence of g, and g; on two dimensionless parameters
A=J/tand 6§ =1t,/t.

We see from Fig. 4 that regions with small 1 and 6 have
gi/ g, > 1. This ratio can become extremely large when A
becomes even smaller, which, when comparing with our
experiment, indicates that the Pt/a-Fe,O; interface just
falls in the region of very small 4 and 6. In general, the ratio
gi/ g, can vary over a wide range of values depending on A
and 9o, thus it is expected that the relative strength of the
fieldlike and dampinglike torques can vary significantly in
different materials.

In conclusion, we determined the type and amplitude of
SOTs in antiferromagnetic a-Fe,O5 /Pt bilayers. An impor-
tant finding is that the fieldlike torques are 2 orders of
magnitude larger than dampinglike torques, implying that
the spin-mixing conductance of the a-Fe,O;/Pt interface
has the unusual property of having a large imaginary
component. It also points to magnetoelastic effects likely
being the dominant mechanism of current-induced switch-
ing of the Néel vector of a-Fe,05 [8,9,28]. In fact, third
harmonic measurements have shown that magnetoelastic
effects can be as important as dampinglike torques at higher
current amplitudes [44]. Our method can be extended to
other AFM-HM systems by starting with the appropriate
model and assumptions (e.g., magnetic anisotropies, DMI)
to determine harmonic response [35]. Overall, our work
demonstrates a way to quantify SOTs and opens up a
promising path for future studies on similar AFM-HM
heterostructures as well as a means that can be used in
optimizing SOTs on AFM for applications.
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