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ABSTRACT

We probe the current-induced magnetic switching of insulating antiferromagnet/heavy metals systems, by
electrical spin Hall magnetoresistance measurements and direct imaging, identifying a reversal occurring by
domain wall (DW) motion. We observe switching of more than one third of the antiferromagnetic domains
by the application of current pulses. Our data reveal two different magnetic switching mechanisms leading
together to an efficient switching, namely the spin-current induced effective magnetic anisotropy variation

and the action of the spin torque on the DWs.



MANUSCRIPT

Electrical read-out and writing of the antiferromagnetic state is crucial to exploit the properties of
antiferromagnets in future spintronic devices. Antiferromagnetic materials have the potential for ultrafast
operation [1], with spin dynamics in the terahertz range, high packing density, due to the absence of stray
magnetic fields, and an insensitivity to magnetic fields [2,3]. Furthermore, low-power operation is possible
in antiferromagnetic insulators (AFM-Is) due to long spin diffusion lengths [4] and the theoretical prediction

of superfluid spin transport [5].

Recently, the electrical reading of the Néel order (n) orientation in AFM-Is was demonstrated via spin Hall
magnetoresistance (SMR) [6—10], a magnetoresistive effect depending on the mutual orientation of the
magnetic order and an interfacial spin accumulation p;. However, one of the main challenges faced by AFM
spintronics is the reliable electrical writing of the orientation of n. One possible approach exploits staggered
Néel spin orbit torques [11], creating an effective field of opposite sign on each magnetic sublattice.
However, these torques rely on special material requirements, which has limited their application to the
conducting AFMs CuMnAs and Mn,Au [12-16]. Another approach would be to use the non-staggered,
antidamping-like torque exerted by a spin accumulation at the interface of a heavy metal and an AFM-1. A
charge current in the heavy metal layer can generate a transverse spin current via the spin Hall effect,
creating antidamping-like torques in the antiferromagnet. The possibility of such switching was
demonstrated in NiO(001)/Pt and Pt/NiO(111)/Pt [17,18], but the mechanisms are still debated. One of the
possible mechanisms relies on spin-current induced domain wall (DW) motion [19], predicting that DWs
with opposite chirality are driven in opposite directions, thus excluding the electrical signature of the
switching when DWs with opposite chirality are equally probable. A second mechanism [18], based on the
coherent rotation of n, predicts a current threshold ten times larger than that found experimentally. A third
mechanism, based on field-like torques acting on uncompensated interfacial spins, requires perfectly flat

interfaces [17]. Currently, none of these provides a consistent explanation of the effect.

In this work we realize reliable current-induced switching in epitaxial antiferromagnetic NiO/Pt bilayers. We
show that the magnetic state of the NiO can be switched up to a thickness of at least 90 nm. By direct

imaging of the current-induced switching, we single out the role of AFM DWs. Two switching mechanisms



are identified to be involved, either breaking the degeneracy of n with respect to the spin accumulation pg or
not. We attribute the degeneracy-breaking mechanism to a ponderomotive force, created by the anti-damping
like torque, which displaces the DWs and favors domains with n L pg. A second non degeneracy-breaking
switching mechanism stems from the torque directly acting on the DWs, locally inducing switching in
different directions (n || pg, n L pg). These two mechanisms occur in AFMs with depinning fields of the

DWs lower than the anisotropy fields, which is the case in NiO and most AFM-Is [9,10].

To study switching in AFM-Is, we grew epitaxial NiO(001)/Pt bilayers [20]. The magnetic properties were
checked by the polarization-dependent absorption spectrum around the Ni L, edge (Fig. 1a), which shows x-
ray magnetic linear dichroism (XMLD) and no circular dichroism (XMCD) [10,32,33], a signature of
antiferromagnetic ordering. We read electrically the orientation of m by the SMR, since the transverse
resistance of a heavy metal/AFM-I bilayer depends on the product ny*n, [10]. To apply current pulses and
measure the SMR, micrometric Hall cross devices were lithographically patterned and etched by Ar ions. For

the SMR measurements, we applied a probing current density j~10° A m™ and the relative transverse
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resistance variation was calculated as ”ﬁ‘ms" _ )m ( ), where R is the average longitudinal resistance, V'

is the transverse voltage (Fig. 1b) and [ is the current, whose sign is reversed to eliminate thermal effect
contributions. We applied current pulses and performed the measurements 10 seconds later, to probe

equilibrium conditions.

The switching characteristics of an 8 um wide Hall cross device on a MgO(001)//NiO(001)(5 nm)/Pt(2 nm)
sample, obtained by changing the direction of the 1-ms long current pulses by 90° every five pulses is shown
in Fig. Ic (a linear background was subtracted [20]). At 13 mA (j = 8.1x10"" A m™), the normalized
transverse resistivity variation increases (decreases) after the application of current pulses along a direction
at +45° (-45°) with respect to the measurement current direction. The first +45° pulse induces a “step-like”
increase of the transverse resistance signal. The signal amplitude increases slightly with the following 4
pulses of the same orientation, with a tendency to saturate. At 15 mA +45° (j = 9.4x10"" A m?), the
transverse resistance again increases abruptly as for smaller currents. However the signal decreases after the
following pulses, implying a reversed sign of the switching and thus indicating the presence of at least two

competing mechanisms contributing to the measured electrical signal. At even higher current densities only a
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“triangular-like” behavior is seen. In [20] we show that the “triangular-like” behavior at high currents is a
thermal effect related to the Pt, observed also in MgO/Pt and in NiO/Pt with Pt grown ex-situ. The transverse
resistance variation possibly stems from the current-induced annealing of the Pt deposited at room
temperature, that locally changes the resistivity and yields different current paths in the system. On the other
hand, we observed the “step-like” switching only in NiO/Pt with Pt grown in-situ, suggesting that this is
related to the spin transport across the NiO/Pt interface and thus to the SMR probing the magnetic order in
the NiO. While the switching depends on the pulse current orientation, it does not significantly depend on the
polarity. The sign of the switching is consistent with the read-out by spin Hall magnetoresistance of a final
state n || j [7,10], implying that the degeneracy between the n L pg and n || pg configurations is broken. In
Ref. [18], this switching was attributed to a spin-current induced antidamping-like torque acting in strained
biaxial NiO(001), according to a macrospin model. However, the multi-level final state of the switching in

contrast suggests that the switching comprises the redistribution of antiferromagnetic domains.

To develop a theory consistent with the experimental results, we first consider mechanisms based on the
motion of AFM DWs. We start by the spin-current-induced dynamics of a simple antiferromagnetic texture
comprising of two regions with a homogeneous direction of the Néel order, the domains A and B. These are
separated by a DW, as shown schematically in Fig. 2. The orientation of n in two contiguous NiO domains
can vary by different angles, due to the complex anisotropy of the material. We here consider 90° domains
that are instructive to explain our model but the physical mechanisms is not limited to this situation. The
translational motion of the DW has the lowest activation energy (zero in the absence of pinning) among all
possible types of magnetic excitations and can be considered as the main mechanism of spin-current induced

dynamics in AFMs with non-zero anisotropy like NiO. [9,10] In this case, the DW dynamics follows the
equation of a point mass with momentum P [34]: % = —YaP + Feurr + Fpin, where y, is the effective
damping, Fy;, is a pinning force, and Fe, is the force induced by the current, which is comprised of two

components, as described below.

A charge current with a density j flowing in the Pt layer generates a damping-like spin-orbit torque (SOT)
Tourr = heByn X (j X 2) X n/(2ed,M?), acting on n. Here A is the Planck constant, d,f is the thickness
of the active layer of antiferromagnet, 0<e¢ < 1 is the spin-polarization efficiency, 8y is the spin Hall angle, e
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is the electron charge, Mg = |n|. In a homogeneous state, this torque competes with that T,, = n X H,,
created by the magnetic anisotropy field H,,, and can rotate n from an easy axis towards a new equilibrium
direction n + An (Fig. 2a,b). The virtual work produced by the SOT in such static rotation is associated with
the potential energy density U.yrr = hefy (2 X j) - (n X An)/(2ed,zM?), i.e. the spin current acts like an
additional magnetic anisotropy term which depends on n: Uy, = U = Upya + Ucyrr [20]. The resulting
energy imbalance between the two domains entails a force which drives the DW into the energetically
unfavorable domain. We call this force due to its nature the ponderomotive force Fyong = U(ny) —
U(ng) o (j - ng)? — (j - ny)?. In a multidomain sample, Fponq breaks the degeneracy of the domains with
different n and thus induces switching toward a state with n L pg, as we observe here experimentally. Note
that the thermally activated processes in our theory can be modelled as a temperature dependent pinning

force Fyjn, which decreases with increasing temperature.

To further investigate the role that the antiferromagnetic domains and DWs play in the switching mechanism,
we performed XMLD-photoemission electron microscopy (PEEM) imaging of the NiO domains in NiO(001)
samples [33], grown at the same time as the ones for electrical measurements, while applying in-situ current
pulses. The imaging was performed using a two energy mode at the Ni L, double peak [32], using linearly
polarized x-rays with the electric field out of the plane of the sample (Fig. 1a and Ref. [20]), yielding

sensitivity to components of n parallel/orthogonal.

We show in Fig. 3a-i the domain structure of a MgO//NiO(10 nm)/Pt(2 nm) sample, before and after the
application of pulses across two orthogonal arms of a Hall cross, as measured at the SPEEM endstation at
Helmholtz-Zentrum Berlin [35]. We applied sequences of 5 pulses 1 ms long with currents of +28 mA (Fig.
3a-c, j = 1.4x10"* A m™), -28 mA (Fig. 3d-f) and +31 mA (Fig. 3g-i, j = 1.5x10'> A m™). We first note that,
after the application of the +28 mA pulse train, the contrast changes in approximately one third of the area,
towards more white contrast (Fig. 3a-c). Given the formula used to calculate the contrast [20], the final state
has increased areas with n out of the plane of the sample (parallel to the x-ray polarization), consistent with
our model predicting a final state with n L pus. Moreover, a large domain area goes instead toward more
black (in-plane). We cannot resolve in-plane components of n with this measurement configuration, but there
is an in-plane direction with n L ug. Pulses with current lower than 28 mA did not change the domain
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structure significantly. One can see that some domains shrink after the pulse train, while other domain walls
do not move, as described in our model by the space dependent pinning force. Reversing the current sign and
applying 5 additional current pulses (Fig. 3d-f) yields again more white domains, consistently with the
independence on the pulse current polarity and the tendency to saturate found in electrical measurements.
Finally, at even larger current density (Fig. 3g-i) we observe additional switching toward more out-of-plane
domains, showing that the switching is deterministic and increases with increasing current density, in line

with our model.

In addition to this unidirectional deterministic switching, further switching mechanisms have been predicted
that change the domain structure but keep the average distribution of n constant, so they cannot be detected
by electrical means. To check if this is the case, we imaged the domain structure of a MgO//NiO(25 nm)/Pt(2
nm) sample with in-plane x-ray polarization, before and after the application of 1000 current pulses 10 ps
long with a lower current density of 7.5x10'" A m™ where no significant switching is detected electrically.
Such a switching event is shown in Fig. 4a-c, together with the difference image, as measured at the
beamline 106 of Diamond light source. One can see sub-um sized antiferromagnetic domains switching after
the application of the pulses. In particular, we observe switching having in-plane components in both
directions (n || pg,n L pg) for a single pulse direction. To check for pure thermal effects, we imaged
previously the domain structure as a function of temperature and did not observe pure thermal switching of
the antiferromagnetic domains [10], implying that the switching observed here is current-induced due to
generated torques. The switching mechanism observed here, not breaking the degeneracy between the
(n Il pg, n L py) states, is not explained by the antidamping-torque theory [18], and it is not consistent with
the symmetry of the ponderomotive force, thus calling for an additional theoretical explanation. For this
second switching mechanism, in analogy to ferromagnets [36], we identify the SOT acting in
inhomogeneous regions of the antiferromagnetic texture and inducing a coherent rotation of the spatially
distributed n, i.e. leading to translational DW motion (Fig. 3¢) induced by a force Fpyy. This force [19], (see

derivation in [20])

hed oo
Fow :#FHM?_[ (2 %) - (n x Vn)dx, (1)



originates from the current-induced rotation of n within the DW,' is linear with the current and its direction
depends only on the chirality of the DW (n X Vn) and not on ny and ng inside the domains. Fpyy, though
able to locally induce fast motion of the DWs, does not globally break the degeneracy of the domains
between the configurations (n || g, n L pg) once the DWs with opposite chirality are equiprobable, resulting
in no electrical response. This is expected in NiO, due to absence of interactions such as the Dzyaloshinskii-

Moriya, breaking the chiral degeneracy.

Overall, both mechanisms identified from the combination of electrical measurements above the threshold
and the imaging below the electrical threshold contribute to the switching. The current-induced force is thus
Feurr = Fpona + Fow. The resulting Fey, acting on the DWs depends on the orientation of the current (spin
polarization) with respect to the easy plane. If the current is almost parallel to the easy plane, |Fpw|~|Fpondl,
the motion of the DWs into energetically favorable domains can be partially or fully blocked for one DW
chirality, depending on the value of Fy, (Fig. 3d). Note that Fpyy, not breaking the degeneracy (n |l pg,n L
Hs), 1s not expected to lead to an electrical signal. This is distinctly different from the mechanism proposed
in Ref. [17] for Pt/NiO(111)/Pt trilayers, based on the field-like torque acting on the uncompensated spins at

the interface, which are unlikely to form in our non-perfectly flat devices.

In the case of a pronounced angle between the easy plane and the film plane, as we have in NiO(001), the
system exhibits |Fpw| > |Fyona| at low current densities, and local switching in both directions (A to B or B
to A) is possible. This is consistent with the direct observation by XMLD-PEEM of switching into different
final states (n || ggandn L pg) at 7.5x10"" A m™ in NiO(001). However, at higher current densities
Foond I 2 prevails over Fpyy o I, as shown in Fig. 2d, and drives the deterministic switching as we see in
Fig. 3. Antiferromagnetic DW motion induced by thermal gradients might also aid the switching process and

lead to additional final states (n || pg, n L pg) [37,38].

We finally compare the “step-like” switching in MgO(001)//NiO(d)/Pt(2 nm) samples, where d = 5, 90 nm
(see [20]). The switching amplitude is larger and the maximum of the switching occurs at lower current

densities for d = 5 nm. The easier switching in the thinner NiO layer can be explained by the reduced volume

'"The DW dynamics induced by this force was considered in Ref. [19], but not the general expression considered here.
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to be switched and by the smaller domains we observe in thicker NiO (see [20]), which indicate a higher
density of pinning defects. Moreover, we can switch the NiO(001) up to a thickness of 90 nm, far beyond the
highest spin-orbit torque switchable thickness reported in ferromagnetic Tm;FesO1,(8 nm)/Pt [39]. This
allows us to speculate that the switching in NiO occurs in the interfacial region close to the Pt layer, i.e. the
formation of surface domains in antiferromagnets is easier than in ferromagnetic systems, due to stronger
destressing effects and the presence of dislocations at the surface [40]. These surface domains can be as
small as the effective spin diffusion length of the NiO [41], of the order of few nm [42], i.e. the depths

probed by the transverse SMR and XMLD-PEEM measurements.

To conclude, we demonstrated current-induced switching of the Néel order in the NiO/Pt system, revealing
the origin of the switching. The switching comprises the redistribution of antiferromagnetic domains via
domain wall motion, as probed both by electrical measurements and direct magnetic imaging, and occurs via
two different mechanisms: one mechanism breaks the degeneracy of the domains (n || ug,n L pg) and
stems from the action of the spin current, which modifies the effective magnetic anisotropy, determining a
ponderomotive force on the domain walls that leads to the switching detected by the electrical measurements
above a threshold. The second mechanism stems from the direct action of the antidamping spin torque on the
domain walls and does not break the degeneracy (n || pg, n L pg) if domain walls with different chirality are
equally probable, as identified from imaging below the electrical threshold. Our model has the potential to
explain switching in antiferromagnetic systems in which antidamping-like spin torques can be created, thus

paving the way to the control of the switching necessary to enable future applications of AFMs in devices.

Note added: During the preparation of this revised manuscript, we became aware of related work by Gray et

al. [43].
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Fig. 1: (a) X-ray absorption spectrum at the Ni L, edge for linearly vertical (LV) and horizontal (LH)
polarized light of MgO(001)//NiO(25 nm)/Pt(2). (b) Optical micrograph of a device and contact scheme used
for the transverse resistance measurements. (c¢) Electrical switching of the transverse resistance in a

MgO(001)//NiO(5 nm)/Pt(2 nm) sample. The pulse pathway is changed every 5 pulses as indicated.
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Fig. 2: (a) A current with density j L n, injects a spin current with polarization s o« (j X 2) || ny, creating a
torque T, The torque rotates ng, initially || j, by an angle 36, but does not affect n,. (b) Due to the SOTs,
M, , rotates from the easy axis (semitransparent arrows) toward the new equilibrium state (opaque arrows)
where Tc(i’rzr) are compensated by the anisotropy torques Tgl,z). (c) The SOT-induced translation of the DW
by a distance Ax is equivalent to the rotation of n inside the DW region by an angle §6. (d) Current
dependence of F.,-, when s is almost parallel to easy plane (deflection 5°). The force pushes the DWs
toward the unfavorite domain (Fyong 1T Fpw), but for low current density and low pinning force (dashed line
1) the DW is pushed toward the favorite one (Fyong T Fpw). A large pinning force (dashed line 2) blocks

the DW motion.
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Fig. 3: Switching of antiferromagnetic domains in MgO//NiO(10)/Pt(2), imaged with out-of-plane x-ray
polarization. Three sequences of images before and after 5 pulses 1 ms long are shown together with the

difference image. The direction of the current density j is shown in blue in panels b, e, h.
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Fig. 4: Switching of antiferromagnetic domains in MgO//NiO(25)/Pt(2) imaged with in-plane x-ray
polarization. The NiO domain structure is shown (a) before and (b) after the application of 1000 pulses 10 ps
long, with a current density of 7.5x10'" A m™. (c) Difference between the images in panels a,b. Switching

areas, showing different final states ( ) are encircled.
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