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ABSTRACT: We study current-induced switching of the Néel vector in CoO/
Pt bilayers to understand the underlying antiferromagnetic switching
mechanism. Surprisingly, we find that for ultrathin CoO/Pt bilayers electrical
pulses along the same path can lead to an increase or decrease of the spin Hall
magnetoresistance signal, depending on the current density of the pulse. By
comparing these results to XMLD-PEEM imaging of the antiferromagnetic
domain structure before and after the application of current pulses, we reveal
the details of the reorientation of the Néel vector in ultrathin CoO(4 nm). This
allows us to understand how opposite resistance changes can result from a
thermomagnetoelastic switching mechanism. Importantly, our spatially resolved
imaging shows that regions where the current pulses are applied and regions
further away exhibit different switched spin structures, which can be explained
by a spin—orbit torque-based switching mechanism that can dominate in very
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ntiferromagnets have emerged as promising candidates

for future spintronic devices,' offering unique properties
to overcome limitations posed by current systems using
ferromagnets as active elements. Their zero net magnetic
moment enables higher bit packing densities and enhanced
stability against external magnetic fields.”” Furthermore, their
internal dynamics with resonant frequencies in the THz range
open up possibilities for ultrafast applications.” Insulating
antiferromagnetic materials, with low damping enabling the
transport of pure spin currents over long distances,”® hold
particular interest for low-power device development. How-
ever, the absence of a net magnetic moment in antiferro-
magnets makes efficient reading and writing of magnetic
information challenging. It has been established that for
insulating AFMs, electrical currents in an adjacent heavy metal
layer can be used to read out the orientation of the Néel vector
via the spin Hall magnetoresistance (SMR).”® Electrical
writing of information has been reported via current pulses
which can induce a reorientation of the antiferromagnetic
order, both in metallic AFMs”~"" and bilayers of insulating
AFMs and heavy metals.'””~"* The switching mechanism in the
latter case is, however, being debated in terms of origin and
efficiency. Some studies suggest that the switching can be
driven by spin—orbit torques (SOTs)."*”"” Initially, it was,
however, surprising to find current-induced switching for AFM
films with tens of nanometers thickness given the interfacial
nature of the SOTs. Further studies now suggest that the
switching in these thick films is dominated by a thermomag-
netoelastic mechanism, especially in materials with significant
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magnetostriction.* ">’ One can expect that for thicker films
the switching is dominated by a thermomagnetoelastic
switching mechanism while SOTs are expected to play a key
role in thin films as the damping-like spin—orbit torque
effective fields, generated by electrical current pulses in AFMs,
scale with 1/d, where d is the thickness of the AFM layer."*
Thus, for electrical switching experiments on insulating
antiferromagnetic materials, very thin CoO films are a
promising choice. CoO is a collinear compensated AFM with
a Néel temperature of Ty = 291 K in the bulk,”' ™’ accessible
with standard experimental setups. When CoO is grown on
MgO(001) substrates under compressive strain (lattice

) 24,25
)

mismatch 1.1% this yields Ty around room temperature

and a 4-fold in-plane magnetic configuration with two

orthogonal stable states.””**’

Such a configuration is ideal
for electrical switching experiments and reading the Néel
vector via SMR.*'>** However, to eficiently make use of the
advantages of insulating AFMs in general and CoO in
particular, a switching mechanism must be identified. And to

facilitate this analysis, it needs to be understood if transport
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Figure 1. (a) Device and contact scheme used for the electrical measurements. The measurement current is applied along the [100] direction while
the transverse voltage is read in the two arms along the [010] direction. The current pulses are in a next step applied along either the —45°- or
+45°-direction with respect to the measurement current, indicated by the orange and red arrows, respectively. (b) Current density-dependent
switching of the Néel vector n with respect to the current direction j in CoO(4 nm)/Pt(2 nm) thin-films showing two different switching regimes.
The pulsing directions for —45°- (pulses 1—5) and +45°-pulses (pulses 6—10) are indicated by the orange and red arrows, accordingly. The blue
arrows indicate the orientation of the Néel vector before and after the pulses. For low current densities n switches parallel to j. For high current

densities n switches perpendicular to j.

measurements suffice to identify the mechanism and analyze if
competing mechanisms are present simultaneously.

In this work, we investigate current-induced switching in
ultrathin CoO/Pt bilayers and identify the switching
mechanism by combining electrical measurements and
magnetic domain imaging at different pulse current densities.
Initially, we observe different switching signs in electrical SMR
measurements for ultrathin CoO films. Through direct
imaging, we show that the electrically observed switching of
both signs can be attributed to a single thermomagnetoelastic
process. However, further analysis reveals specific regions in
which an additional SOT-based mechanism contributes to the
switching. Our findings highlight that transport measurements
alone are not sufficient to identify the switching mechanism.
Instead, direct imaging of the antiferromagnetic domain
structure in ultrathin samples reveals that both thermomagne-
toelastic switching and SOT-switching together result in the
observed current-induced spin structure changes.

To investigate the current-induced effects on the anti-
ferromagnetic domain structure, we have grown epitaxial
CoO(d)/Pt(2 nm) bilayers on MgO(001) substrates with d =
4 and 2 nm. Using Ar ion beam etching, we have patterned
Hall cross structures with a channel width of 10 ym, aligning
the arms of the cross parallel to the [100] and [010] sample
edges (hard axes), as shown in Figure la. Edge pulses around
the corners of the cross result in current directions j in the
center of the device parallel or perpendicular to the two easy
axes ([110] and [110]). The layout allows for a reproducible
switching between two orthogonal Néel vector orientations.
Current pulses 1 ms long of varying current density are applied
to the device. The resulting orientation of the Néel vector n is
read electrically, via the transverse SMR signal, which is
proportional to the in-plane Néel vector components nx‘ny8
(see Supporting Information).

First, we investigate switching in a CoO(4 nm)/Pt(2 nm)
film at 200 K. Before measurements, a magnetic field poHygore
= 12 T is applied along the [110] direction to set the Néel
vector n into a defined starting state along the [110] direction
(blue double arrow in Figure 1b). Subsequently, five pulses at
—45° ([110]) and five pulses at +45° ([110]) with respect to
the measurement current direction are applied. We note that
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transport experiments are prone to artifacts.”” ' Therefore,
we have here checked that for the current densities used, we
are in a regime with no significant electromigration effects.”’ At
low current densities ju. < 8 X 10" A m™ no current-
induced switching is detected in the SMR signal (Figure 1b).
Increasing the current density to . = 9 X 10" A m™* shows
no change in the SMR signal after five pulses at —45° but a
decrease in the transverse SMR signal after the first pulse along
+45°, indicating a partial switching of the magnetic structure
with a final state of the Néel vector n||j (along [110]). Joulse =
10 x 10" A m™ shows a small decrease in the transverse
resistivity after the first —45°-pulse, consistent with a
reorientation of n (final state [110]) perpendicular to the
current direction (j||[[110]). The SMR signal after the first
+45°-pulse decreases further, indicating larger device areas
switching into the [110] direction and an opposite switching
sign with n||j, as the —45°- and +45°-pulses are perpendicular
to each other. Increasing the current density further to j,y,. =
11 X 10" A m™ results in a more pronounced effect after a
—45°-pulse and a large decrease in transverse resistivity signal
can be observed, indicating a reorientation of nlj. However, a
+45°-pulse at this current density leads to an increase in the
transverse SMR signal. This change in SMR indicates a
rotation of parts of the device back into the original [110]
direction and thus a switching of the Neéel vector final state
nlj. Overall, we observe two different switching signs at low
and high current densities, implying the presence of two
electrical switching regimes with opposite Neéel vector final
states in ultrathin CoO(4 nm)/Pt(2 nm) bilayers. This
observation suggests that different switching mechanisms
dominate at different pulse current densities.

Given the scaling of the SOT strength with layer thickness,
stronger SOT-induced switching is expected for thinner films.
Therefore, we also investigate an ultrathin CoO(2 nm)/Pt(2
nm) sample'* (see Supporting Information). Similar to the 4
nm sample, two distinct switching regimes can be identified in
the transport measurements. At low current densities, one
observes an orientation of the Néel vector final state parallel to
the current direction (n||j), while at higher current densities, a
perpendicular orientation (n.Llj) is observed. Beyond that,
however, no further insights into the switching mechanisms in
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Figure 2. XMLD images of a CoO(4 nm)/Pt(2 nm) film. (a) The antiferromagnetic domain structure is in a saturated nearly monodomain state
after the application of a magnetic field of 12 T at 300 K in the [110] direction. The Néel vector orientation is indicated by the blue double arrow.
(b) Domain structure after the application of a —45°-pulse (orange) with j,,. = 8.5 X 10'" A m™. (c) The application of a +45°-pulse induces
some reorientation of the Néel vector with n||j. (d) Heating the sample up above Néel temperature restores the almost monodomain state with
n[[[110]. (e) The application of a —45°-pulse (jpye = 11.5 X 10" A m™2) induces a change of the antiferromagnetic domain structure. (f) Magnetic
state after a +45°-pulse with j,,,. = 11.5 X 10" A m™. (g) Strain-profile for a pulse along the —45° direction. (h) Strain-profile for a pulse along the

+45° direction.

antiferromagnetic thin films are obtained from the transport
study of this sample so that in the following we focus on the 4
nm thick sample.

To address the open question of whether two different
mechanisms are causing the Neéel vector switching in these
ultrathin CoO samples, imaging of the AFM domain structure
is essential, especially since transport signals can be affected by
issues such as spatially varying sensitivity of the Hall cross
device” or due to nonmagnetic contributions to the SMR
signal, from e.g. electromigration effects.”’ By correlating the
effect of electrical current pulses on the domain structure by
imaging, we can gain insights into the mechanisms and origin
of the distinct switching regimes.

By comparing the electrical signal with the changes in
domain structure, we can make a direct conclusion about
which of the switching signs and regimes is consistent with
which proposed switching mechanism for insulating anti-
ferromagnetic/heavy metal bilayers."”

To image the AFM domain structure, we use photoemission
electron microscopy (PEEM) using for contrast generation the
X-ray magnetic linear dichroism (XMLD) effect. We image the
AFM domain structure using energy dependent XMLD-PEEM
at the Co L; edge using two energies E; = 777.9 eV and E, =
779.0 eV. Figure 2a shows the investigated Hall bar region.
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Prior to the imaging, a magnetic field above the spin-flop
(poHpefore = 12 T) was applied along the [110] direction at 300
K, to set the Néel order in the same starting state as in the
transport measurements with n||[[110] (indicated by the blue
double arrow). The sample was cooled to 220 K for the
imaging and pulse application. It needs to be noted that the
dark stripes in the center of the Hall cross structure are
nonmagnetic and arise from surface inhomogeneities. How-
ever, since the values of the resistance in the Hall cross are
comparable for all measured devices, we can conclude that the
surface inhomogeneities do not affect the path of the current
pulses. When applying a —45°-pulse, indicated by the orange
arrow in Figure 2b, with jj .. = 8.5 X 10" A m™? no significant
change in the magnetic domain structure is observed,
consistent with the low current regime in the electrical
measurements, where a —45°%-pulse does not lead to an
observable change in transverse Hall resistivity. However, a
+45°-pulse with the same current density induces a
reorientation of the Néel vector in the region of the Hall
cross where the current is flowing, as shown in Figure 2c. This
magnetic change is consistent with a switching of n||j, in
agreement with the low current density regime in the electrical
measurements. Before the next current pulses are applied, the
magnetic state of the sample was brought back into the
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approximately monodomain state with n||[[110] by heating it
in situ above its Néel temperature. The subsequent application
of a single pulse with ji,;,c = 11.5 X 10" A m™? along the —45°
direction induces a change of the AFM domain structure in the
arms opposite to those to which the current pulse is applied.
Figure 2e shows the resulting magnetic state. The Neéel vector
in the switched region is oriented perpendicular to the current
direction in the center of the device (n.Lj). This is in line with
the sign of the switching observed in the high current density
regime in the electrical measurements. A pulse with equal
current density but a perpendicular direction (+45°), as shown
in Figure 2f, erases parts of the previously nucleated domain
structure and generates a magnetic state similar to that created
when applying a smaller current density. In this case, however,
the switching sign cannot be uniquely determined. In the arms
of the cross opposite where the current pulse was applied, the
final state of the Neéel vector is n.lj, consistent with the
observations in the electrical measurements. On the other
hand, in the arms where the current pulse was applied the final
state is n||j. Thus, the microscopic measurements reveal that
different switching behaviors can be observed in different parts
of the sample and that there are also differences depending on
the current density. To infer the switching mechanism, we
compare the XMLD-PEEM images with the predicted
switching sign for SOTs in CoO and with the difference in
strain distribution resulting from the current-induced heat,
which we simulated with COMSOL. For the simulations in
Figure 2g,h we plot the difference between the strain along the
two easy axes €[110] — €[110]. A positive strain difference
(red) indicates a larger expansion of the CoO along [110]
compared to [110], while a negative strain difference (blue)
indicates larger strain along the orthogonal direction. The
strain is caused by the expansion of the CoO lattice due to the
applied current in the Pt, leading to inhomogeneous Joule
heating and, thus, inhomogeneous expansion. Figure 2gh
shows the resulting strain-distributions for the pulses along the
—45° and +45° directions, respectively. Comparing these
strain-profiles with the XMLD-PEEM images in the low
current-density regime indicates that after a —45°-pulse
(Figure 2b), no switching is observed. In the region close to
the applied current pulse, with sufficient heat and strain
present, the Néel vector is already oriented along the [110]
direction, the axis along which a stronger expansion of CoO is
observed (red). In the arms opposite where the current pulse is
applied, the strain is in the orthogonal direction, which could
lead to a reorientation of the Néel vector. However, this is not
observed, suggesting that the heat in this area may not be
sufficient to trigger a switching of the Néel vector."” For a
+45°-pulse, on the other hand, the region with stronger
expansion of the CoO along [110] (blue) is in the arms of the
cross where the current pulse is applied, and the heating is
stronger. Here, a switching of the Néel vector can be observed.

The observed behavior in the low current-density regime is
consistent with a thermomagnetoelastic switching mechanism.
Checking the high current-density regime, we find that the
changes in the Néel vector also align with a thermomagnetoe-
lastic switching mechanism. Specifically, for the —45°-pulse
there is a reorientation of the Néel vector in the arms opposite
to where the current pulse is applied, which can be attributed
to increased heating in that region (Figure 2e). For the +45°-
pulse the resulting domain structure in the arms where the
current pulse is applied switches into the [110] direction,
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consistent with the strain in the [1T0] direction, while in the
opposite part, it switches back into the [110] direction,
following the strain in the [110] direction (red). So this shows
that the transport signals can be difficult to interpret if not
complemented by direct imaging.

Most importantly, not all of the observed changes in the
domain structure can be solely attributed to the thermomag-
netoelastic switching mechanism. The domain structure for
+45°-pulses, where the change in the Néel vector occurs in
regions where the current pulses are applied, is different from
that for —45°-pulses, where the change occurs in the opposite
arms. For +45°-pulses, the resulting domain structure appears
less homogeneous and requires a different explanation. This
observation indicates the presence of different switching
mechanisms. To investigate the potential presence of an
SOT-based mechanism in the arms where the pulses are
applied, we compare the experimentally observed switching
sign with the theoretical predictions for the SOT-based
switching mechanism in CoO. SOTs in AFMs are predicted
to be caused by the spin accumulation at the AFM/HM
interface, induced by the SHE in the HM."® The correspond-
ing torques create staggered fields which remove the
degeneracy between the two orthogonal easy axes, resulting
in a current-induced energy term, which competes with the
magnetic anisotropy.'* In order to minimize this contribution
the predicted final state of switching in CoQ is nl|j.”" For the
—45°-pulses we do not observe switching at the locations of
the current pulse, in agreement with an SOT switching
mechanism since the Néel vector orientation is already parallel
to the current direction in the center of the Hall cross.
However, for +45°-pulses, we observe a switching of ||j, in
line with what is expected from an SOT-based switching
mechanism. As a result, we conclude that switching in ultrathin
AFM films is governed by a combination of two mechanisms: a
thermomagnetoelastic switching mechanism and an SOT-
based mechanism. The SOT mechanism occurs in the areas
where the current pulse is applied, while the thermomagne-
toelastic mechanism dominates in regions without current
flow, where inhomogeneous strain distributions persist and
sufficient heating facilitates the process. In the Supporting
Information we provide further experimental data on the
current-induced switching for the case where the starting state
of the Neéel vector is perpendicular to the here studied case.
For a more quantitative understanding, one would require a
systematic analysis of different current flow geometries, current
amplitudes, and temperatures, which goes beyond the scope of
this current work. For thinner samples in particular, one would
expect a more pronounced effect of the SOT mechanism.

In conclusion, we have investigated current-induced switch-
ing of the Neéel vector in ultrathin CoO/Pt bilayers and
revealed the interplay of different switching mechanisms. In
transport measurements, we find that electrical pulses along
the same current path can show opposite sign for the
switching-induced change of the SMR signal, depending on
the current density. However, by comparing these results with
the XMLD-PEEM imaging of the domain structure, we
demonstrate that the current-induced switching leading to
the different sign of the SMR can be explained by the action of
a single heat-assisted thermomagnetoelastic switching mecha-
nism at all current densities. This highlights the importance of
magnetic imaging to reveal the full changes in the
antiferromagnetic domain structure since electrical data
themselves can be misleading. Most importantly, we identify
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the presence of an SOT-based mechanism, which explains the
differences in domain structure between the regions where the
current pulse is applied and those opposite to it. It is expected
that such an SOT-based mechanism becomes most relevant for
thinner films, compared to previous reports of tens of
nanometer thick films where only thermomagnetoelastic
switching mechanisms were identified. These findings are key
as they demonstrate the interplay of the different switching
mechanisms and thus motivate further research into thinner
films, offering promising opportunities for utilizing AFMs in
applications where electrical reading and efficient writing
through SOTs is key.
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