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Efficient Spin Torques in Antiferromagnetic CoO/Pt Quantified by Comparing
Field- and Current-Induced Switching
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We achieve current-induced switching in collinear insulating antiferromagnetic CoO/Pt, with fourfold
in-plane magnetic anisotropy. This is measured electrically by spin Hall magnetoresistance and confirmed
by the magnetic field-induced spin-flop transition of the CoO layer. By applying current pulses and
magnetic fields, we quantify the efficiency of the acting current-induced torques and estimate a current-
field equivalence ratio of 4 x 107! TA~™!m?. The Néel vector final state (nlj) is in line with a
thermomagnetoelastic switching mechanism for a negative magnetoelastic constant of the CoO.
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Antiferromagnetic materials (AFMs) are considered
important future materials for spintronics, thanks to advan-
tageous properties compared to ferromagnets, which poten-
tially enable higher speed (resonance frequencies in the
terahertz range), bit packing density (absence of generated
stray field), and resilience to external applied magnetic
fields [1]. However, exploiting AFMs in applications
requires electrical reading and writing of information, which
can be stored, e.g., in the orientation of the antiferromag-
netic Néel vector n. Recently, this has been reported by
electrical measurements and direct magnetic imaging, both
in metallic AFMs [2,3] and bilayers of insulating AFMs and
heavy metals [4-9]. The underlying switching mechanism
in the latter case is being debated, in terms of both origin
and efficiency [4-7]. While different claims have been
made, a key missing step is the experimental quantification
of the acting torques in compensated AFMs, which enables
comparison to future ab initio calculations. This has
been prevented, so far, by the difficult reading of the
antiferromagnetic state, the presence of electrical signal
artefacts not related to the antiferromagnetic order
[6,7,10-12], and the difficulties in controlling the orienta-
tion of n by an external magnetic field H. To quantify the
torques, one needs to study compensated AFMs with low
anisotropy that present an accessible spin-flop transition,
i.e., the reorientation from n||H to nLH.

A possible material with apt properties is CoO, a
collinear compensated antiferromagnet with Néel temper-
ature Tngg = 291 K in the bulk [13-15], and spin-flop
transition at 12 Tand 77 K [16]. By growing CoO thin films
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under a compressive strain on MgO(001) (lattice mismatch
1.1%) [17,18], one can induce an in-plane easy magnetic
configuration and Ty around room temperature. In
MgO//CoO/Fe thin films it was conjectured, by looking
at the Fe anisotropy, that the CoO layer has fourfold in-
plane anisotropy [19]. The existence of a spin-flop tran-
sition for such strained thin films with in-plane easy axes
has not been investigated, but, if accessible, may prove
suitable to compare current- and field-induced switching
efficiencies quantitatively.

In this Letter, we quantify the torques due to current
injection in the CoO/Pt system. First, we show that the
compressive strain favors a fourfold in-plane magnetic
anisotropy of the CoO layer with two easy axes in the (001)
plane. Having two orthogonal stable states is ideal for
applications where the orientation of n is read by spin Hall
magnetoresistance (SMR) [5,20,21]. Second, we achieve
electrical switching and probe its symmetry, showing that
this switching is of magnetic origin and not related to the
Seebeck effect [11] or to electromigration effects that we
identify for particular conditions as well [7,10]. Finally, we
directly compare the effects of the field and current pulses
in a Pt layer on the reorientation of n in the CoO,
quantifying the current-field equivalence of the current-
induced torques, showing that currents are much more
efficient than magnetic fields for the switching of AFMs.

After optimizing the epitaxial CoO/Pt thin film
growth [22-24], we first probe electrically the magnetic
anisotropy of the CoO by means of uniaxial field-sweep
magnetoresistive (MR) scans and angularly detected
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FIG. 1. Magnetic anisotropy of the CoO thin films. (a) Coor-

dinate system. (b) Optical micrograph of one Hall bar and contact
scheme. (c) Field-induced spin flop at 200 K, read by SMR in the
presence of a field applied along the [110] direction (@ = 45°) in
CoO(5 nm)/Pt(2 nm). A 12 T field was previously applied
along the orthogonal direction. (d) Field-induced spin flop with
orthogonal field direction compared to the previous one.
(e) Transverse ADMR scans showing hysteresis loops associated
with the spin-flop transition. (f) Spin-flop field versus temper-
ature, yielding T'ngel—305+5 K-

magnetoresistance (ADMR) scans in patterned Hall bar
devices 10 um wide, orientated along the [100] direction
[20,21,25,26]. The electrical measurements were per-
formed in a cryostat, equipped with a variable temperature
insert, a rotating sample stage, and a superconducting
magnet generating fields up to 12 T. The orientation of
n can be read electrically, by means of the transverse SMR
signal, proportional to the in-plane Néel vector components
n, * ny, according to the geometry shown in Figs. 1(a) and
1(b). Note that the SMR is maximized when two states with
orthogonal orientation of n are present in the system. The
resistance was measured by a Keithley 2400 and a Keithley
2182A and averaged between opposite dc current polar-
ities, with a density of je ~5 x 10° Am™2, thus mini-
mizing thermally induced electric effects, similar to the
protocol developed for antiferromagnetic hematite [27].
When the field is applied alternating along the [110] or
[110] directions (easy axes) at 200 K, we find at 8 T an
abrupt spin-flop transition in a MgO(001)//CoO(5 nm)/
Pt(2 nm) sample, as shown in Figs. 1(c) and 1(d). The
resistance change at the spin flop is consistent with a
negative sign of the SMR [20,21,25,26]. Moreover, apply-
ing a field along the [001] out-of-plane direction (hard axis)
does not lead to a spin flop below 12 T at 200 K, in line with
a biaxial in-plane magnetic anisotropy. We did not find a

hysteresis loop signature in the MR scans, showing that the
CoO(001) interface is likely fully compensated [14]. By
looking at the ADMR scan in Fig. 1(e), one can see a
sin?(a + ay) signal [23] and three distinct hysteresis loops,
centered around the a = 0°[100], a = 90°[010], and a =
180°[100] directions (hard axes), while the resistance is not
hysteretic around the a = 45° and a = 135° (easy axes).
The hysteresis loops, according to a macrospin model
(Supplemental Material [22]), are due to the lag of n behind
the rotation of H in the vicinity of the hard axes (HAs),
while we observe field-induced spin flop of  in the vicinity
of the two orthogonal in-plane easy axes (EAs). These
observations demonstrate the fourfold in-plane magnetic
anisotropy of the CoO layer induced by the strain, with an
out-of-plane hard axis along the [001] direction and two
easy axes in the (001) plane ([110] and [T 10]), in agreement
with the symmetry of the anisotropy conjectured in
exchange-biased CoO/Fe thin films [19]. Moreover, we
show in Fig. 1(f) that the spin-flop field vanishes at
Tnee = 305 =5 K. This is increased by 10 K compared
to the bulk due to strain [17], in line with the literature.
Next we need to ascertain that we can obtain current-
induced switching in the fourfold CoO thin films. We
use eight-arm Hall star devices with measuring arms 2 gm
wide and pulsing arms 10 ym wide. The pulsing arms,
where the current flows, are orientated along the [110] and
[110] easy axes directions [Figs. 2(a)-2(d)] at 200 K. To set
a well-defined starting state, we applied poHypetore = 11 T
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FIG. 2. Symmetry of the -current-induced switching.

(a) poHpetore = 11 T was applied along the 4-1 contacts direction
[110] to align the Néel vector rn along 3-2 [110] and then
removed. A steplike switching by pulses along 3-2 (starting
state jpulseHn) is seen, corresponding to a current-induced spin-
flop transition of n along 4-1 (final state jp-Ln). (b) The MR
scan with field along 4-1 shows a field-induced spin flop, which
resets n along 3-2. (c),(d) No switching or spin flop are observed
by pulses joue L1, as this is already the final state.
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along the [110] direction, i.e., along the 4-1 contacts
direction, as defined in the inset of Fig. 2(a), and then
reduced the field to O T, thus aligning before each pulse
nlH along the in-plane direction of the 3-2 contacts
([110]). In the case of Fig. 2(a), we applied five pulses
1 ms long and with a current density of jyy,e = 1.15 X
10" Am~2 along the 3-2 contacts direction (initial state
n||jouse) by a Keithley 6221; i.e., the pulses were applied
with jouse-LHpefore- The transverse resistance, measured
10 s after the application of the pulses, drops after the first
pulse, in a steplike fashion that was also reported in NiO /Pt
[4,6], indicating a current-induced 90° n rotation analogous
to the spin-flop transition. If one performs a MR scan with
field along the 4-1 contacts direction after the current
pulses, shown in Fig. 2(b), one observes a field-induced
spin-flop transition of n back to the initial state (along
[110]). Note that the height of the current-induced switch-
ing in Fig. 2(a) (red arrow) and of the field-induced spin
flop in Fig. 2(b) (red arrow) are identical within the error
and have the same magnitude as the spin flop induced by a
field only (Supplemental Material [22]), suggesting that
both fields and currents switch n equivalently. From the

(a) H(+45°)=05T, Jreset,+45"' Jp,-45°

presence of a spin flop after the 3-2 current pulse [Fig. 2
(b)], considering that a spin flop occurs only when H||n, we
determine that the switching final state is nLljjyq.
Accordingly, if after applying a field along [110], five
current pulses are applied along the same direction 1-4
[110], no transverse resistance variation and subsequent
spin-flop transition are seen in the field scan [Figs. 2(c) and
2(d)], as in this case the initial state nlj,q is already
coincident with the final state observed after a current
pulse. The switching can be reversed by sending current
pulses along alternating orthogonal pulsing arms of the
device, in the absence of any field. We show in the
Supplemental Material [22] approximately 350 current-
induced switching events, without breaking the device. The
current pulse polarity does not play a detectable role for the
switching. These results confirm unambiguously the elec-
trical reading and writing of the orientation of n in AFMs.

Finally, to quantify the current-field equivalence in the
CoO(5 nm)/Pt system, we study the current-induced
switching in the presence of static magnetic fields, applied
along or perpendicular to the initial n of the system, during
the current pulse. In Fig. 3(a) we show an example of this
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(a) Transverse resistance variation versus pulse current density, probing the threshold and saturation of the switching. Before

the measurements, a reset pulse (jreger = 1.05 x 10'2 Am™2) was applied along 3-2, followed by five pulses along 3-2 and five pulses
along 1-4. (b) Scheme of the measurements. (c) Switching fraction as a function of the applied field and pulse current. The circles
represent the data points; the lines are contour plots with constant switching efficiency. (d) Current-field equivalence obtained by linear
fits of the contour plots from the data in Fig. 3(c) for different switching fractions.
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type of measurements for a single field, where we prepare
the system in the same reproducible starting state with a
reset pulse along 3-2 of current density jee = 1.05 x
102 Am™2 and vary j of the subsequent pulses along
1-4, as shown in Fig. 3(b). By the saturation level of the
transverse resistance, we can determine the switching
fraction assuming it is proportional to the resistance increase
and normalized to 100% at saturation. The amplitude of the
switching as a function of the pulse current and field is
shown in Fig. 3(c), where the color indicates the switching
fraction (the darker the color, the higher the fraction). The
main result is that both the threshold and the saturation
current are increased (decreased) if the field is applied
orthogonal (parallel) to the initial orientation of n. This is
consistent with the fact that the Zeeman energy is minimum
in antiferromagnets when H L n [21]. By interpolation of the
data, we can obtain the contour plots of equal switching
efficiency that can be fitted by linear functions having R?
values larger than 0.87, thus indicating that a linear relation
between the field and the current can explain the data well.
From the fits and considering the geometry of the device, we
obtain a current-field equivalence of 4 x 107! TA~! m?,
several orders of magnitude larger than the value of
1075 TA~'m? obtained for typical ferro(i)magnetic in-
sulators, such as TIG /Pt [28]. The switching current density
at zero field in CoO/Ptis jyy, = 6.5 x 10" Am™2 for a
switching fraction of 15% and jse = 8.5 x 10'" Am™ to
achieve a full switching, similar to what is found in TIG/Pt
[29]. This shows that the obtained giant current-field
equivalence ratio results from a current-induced switching
that is equally efficient as in ferro(i)magnetic insulators,
while the field-induced switching is very inefficient due to
the insensitivity of AFMs against external magnetic fields.
Note that we find a similar order of magnitude if we use a
second method to estimate the current-field equivalence,
namely, by switching with pulses of increasing current
density and looking at the increasing spin-flop field of
the switched states (Supplemental Material [22]).

To understand the field-current equivalence of the
torques and the occurring switching mechanism, we con-
sider the different torque mechanisms proposed to date: the
dampinglike spin-orbit torques (SOTs) acting on uncom-
pensated ferromagnetic spins [4], dampinglike SOTs act-
ing on the antiferromagnetic sublattices [5,6], and the
thermomagnetoelastic effects [7]. The SOT switching
mechanism related to uncompensated interfacial spins
[4] cancels out in our sputtered films with CoO(001)
surfaces with a compensated checkerboard alignment of
the spins [14] and the expected roughness and atomic steps.
The mechanism based on SOTs in AFMs is related to the
spin accumulation induced by the spin Hall effect [5]. The
corresponding SOTS create staggered fields, which remove
the degeneracy between the two orthogonal orientations of
n, leading to a current-induced energy term competing with
the magnetic anisotropy [6],

6.2

Wsor = —W(" 'qulse)27 (1)
where H| > 0 is the out-of-plane magnetic anisotropy of
CoO, and ¢ is a material-dependent constant that para-
metrizes the coupling between the spin current and the
localized moments of the CoO layer. To minimize this
contribution, the predicted final state of the switching is
1||jouise. Opposite of what we probe. By comparing the
expression (1) to the effective Zeeman energy contribution
of the magnetic field

Wzee = Hij<njnk - 5jk)/Hexv (2)

where H, is the exchange field, H j are the external field
components. We conclude that the spin-polarized current is
linearly proportional to the effective magnetic field gen-
erated by the torque Hgor & Z X jpyise-

The third possible mechanism is related to Joule heating.
It results from the combined effect of thermal expansion
and magnetoelasticity [7]. According to this model, the
degeneracy of the orthogonal states can be removed by the
magnetoelastic contribution w,,, = Auﬁln Ny into the mag-
netic energy, where A is the magnetoelastic constant. The
shear strains u;‘;{l(r) compensate the stresses induced by the
incompatibility of the thermal lattice (volume) expansion
along the lines that separate high and low temperature
regions. The strains along the direction of temperature
gradient are tensile at the hotter side and are compressive at
the colder side. In the center of the structure (where we read
the SMR signal), the overall strain is compressive along the
current direction (Supplemental Material [22]). The abso-
lute value of the strain is proportional to the temperature
gradient, but, in general, depends on the temperature
distribution in the whole sample due to the nonlocality
of the elastic interactions. However, as the temperature
gradient is induced by Joule heating, u'§ « j7 .. Hence, in
this region the current-induced contribution into the mag-
netic energy scales as

Wihe & _/1(” 'jpulse)z' (3)

Assuming that the sign of the magnetoelastic constant in
CoO is 4 < 0 [30], the elongation in the direction of n is
favored, which yields a final state n_Lj, ., resulting from
the competition of pure magnetic and magnetoelastic
anisotropies. Note that, in a general case, the strains
uﬁl(r) depend on the distribution of the current density
gradients with respect to the observation point and are not
directly related to the direction of e, in contrast to the
case of SOTs. If we compare w,,. and wy,., one can see that
the value of the effective magnetic field generated by
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thermomagnetoelastic effects is Hpe o joue, While its
orientation is sensitive to the geometry of the experiment
and can be either parallel or perpendicular to the current
direction.

Overall, both models predict a linear dependence of the
effective field on the current density, as found experimen-
tally. The final state after switching, found here in the
discussion of Fig. 2 (nLjy.), is consistent with the final
state expected from switching by the thermomagnetoelastic
mechanism found in a-Fe, 05 /Pt [7] and is opposite of the
final state expected from switching due to an antiferro-
magnetic antidampinglike interfacial spin-orbit torque
(n|lfpuse) [5,6,9]. While both SOT and thermomagnetoe-
lastic effects might be present, here the thermomagnetoe-
lastic mechanism dominates. However, knowing the sign of
the magnetostriction of CoO thin films is required to
confirm that this mechanism leads to the observed final
state of the switching, which has not been reported up to
now in thin films. This thermomagnetoelastic mechanism
can be stronger in CoO compared to other materials due to
the large magnetostriction on the order of 10~ [31,32] and
large out-of-plane magnetic anisotropy in our in-plane thin
film samples, which can overcome the switching mecha-
nism based on SOT effects in this material [6]. Also note
that the combination of Eqgs. (2) and (3) explains the
dependence on the field orientation that we found exper-
imentally: when H||j, [@ = 135° in Figs. 3(c) and (d)],
the two energy terms act constructively to decrease the
current-switching  threshold, ~ while when H 1j,
(a = 45°), the current-switching threshold is increased
(Supplemental Material [22]).

In conclusion, we report here the measured equivalence
of current and field in antiferromagnetic CoO/heavy metal
Pt bilayers, where the CoO is antiferromagnetic and has the
fourfold in-plane anisotropy, which can be ideal for
applications. First, our data clearly show that electrical
reading and writing of the switching in antiferromagnetic
materials is possible and achieved efficiently in CoO/Pt.
Second, we find that the relation between current and field
is linear and of magnitude much larger than in ferromag-
nets, with current-induced switching similarly efficient as
in ferromagnets and the insensitivity of the AFMs against
external magnetic fields. Third, the switching final state and
current-field equivalence suggest that a switching mecha-
nism based on thermomagnetoelastic effects is the likely
origin of the observed switching.
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