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We investigate the stability and dynamics of the skyrmion lattice in antiferromagnetic thin films
subjected to fieldlike torques such as, e.g., those induced by an electric current in CuMnAs and
Mn2Au via the inverse spin-galvanic effect. The skyrmion crystal phase represents the ground state
of the antiferromagnet in a substantial area of the phase diagram, the latter being parametrized
by the effective staggered field and uniaxial anisotropy constant. Experimental signatures of the
skyrmion crystal phase and readout schemes based on topological transport (e.g., the spin-Hall
effect) are discussed. We also estimate qualitatively the effect of thermal and current fluctuations,
including shot noise, on the stability of the skyrmion lattice.

Introduction.—Two-dimensional skyrmions™ arise in
spin systems with broken inversion symmetry and spin-
orbit coupling”” and have been observed in a plethora
of ferromagnets over the last decade.””" These topo-
logical excitations are protected against structural dis-
tortions and moderate external perturbations,” exhibit
a particlelike behavior,”'” carry quanta of topological
charge and have received much attention recently due
to their potential usage as building blocks for logic de-
vices and information/energy storage, controllable
nucleation/annihilation by local spin-polarized current
injection, ' low current threshold for depinning © and un-
conventional transport properties such as the skyrmion
Hall effect.””*" Along with the Abrikosov vortex lattice
in type-II superconductors,”" the skyrmion crystal (SkX)
stands out as almost the only well-understood example
of soliton lattice, therefore illustrating the crystal order
beyond the usual atomic/molecular paradigm.

Antiferromagnets, which display ultrafast (within the
THz range) spin dynamics and produce minimal stray
fields, offer promising perspectives to exploit and con-
trol skyrmions. This scenario has been explored recently,
yielding intrinsically different dynamics from those
found for ferromagnetic skyrmions but qualitatively sim-
ilar results on the topological robustness and the nucle-
ation/annihilation (by spin currents).””*" A distinctive
dynamical feature of antiferromagnetic (AFM) skyrmions
is the absence of gyrotropic response, which leads in par-
ticular to significantly larger terminal velocities””*" as
compared to the ferromagnetic case, an attractive feature
from the technological standpoint. Nevertheless, the di-
rect observation of any AFM skyrmion phase remains elu-
sive, since the staggered order parameter couples weakly
to electromagnetic fields and, therefore, AFM textures
are generally challenging to drive or read out.

Hitherto, it is largely unknown whether the SkX phase
can be stabilized in thin-film antiferromagnets™ and, if
so, which of its macroscopic signatures are accessible ex-
perimentally. Further insight into these questions is thus
vital to boost progress in the field of skyrmionics. In
this Rapid Communications, we explore different pos-
sibilities to utilize fieldlike torques for the stabilization
of the SkX phase in quasi-two-dimensional AFM films.

Fieldlike torques emulate a Zeeman coupling for the Néel
order, I, at the level of energetics, £z[l] = —1 - Byg, where
B denotes the staggered field. Generically, there are two
possible ways of inducing this staggered field: first, by en-
dowing an effective ferromagnetism in the system whose
magnetization is collinear with the Néel order, such that
Bse is proportional to an applied magnetic field. One
example of this is engendered by the magnetoelectric ef-
fect in Crp03.7""" Second, by preserving the AFM na-
ture of the system and breaking (structural) symmetries
that allow the onset of the staggered field via electrically
induced spin torques. This is the relevant scenario for
MnsAu and CuMnAs subjected to an electrical current,
where the staggered field is induced by the inverse spin-
galvanic effect and reads Byy = { ¢ x 5. Here, j denotes
the current density, ¢ is the tetragonal ¢ axis along which
inversion symmetry is locally broken and ¢ is the charge
current-to-magnetic field ratio.”"

Our starting point is thus based on the effective free-
energy density
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describing AFM films with broken reflection symmetry
along the normal to the basal (zy) plane and retaining ax-
ial symmetry around the z axis, see Fig. 1. The terms on
the right-hand side represent, from left to right, the ex-
change interaction, the interfacial Dzyaloshinskii-Moriya
(DM) interaction,”” " the Zeeman-like term (with the
staggered field lying along the normal to the film), the ef-
fective uniaxial anisotropy (along the z-axis) and the so-
called compass term,” an anisotropic exchange-like inter-
action arising microscopically from Rashba physics (the
same as the DM term). Note that the compass and
DM terms respect the symmetry apropos of simultane-
ous spin and spatial rotations about the z axis, but break
it with respect to pure spin rotations. We show that
the skyrmion lattice is the ground state in a substantial
area of the parameter space, possessing thus a large de-
gree of tunability. Furthermore, we discuss the effect of
thermal and current fluctuations on the stability of the
phase diagram and propose the readout of the skyrmion



(b)

z (Lab) [010] [100]

N . (Crystal)
[001]

Sublattice A: mmm
Sublattice B:

FIG. 1: AFM thin film deposited on a heavy-metal substrate.
(a) The MCA axis lies along the normal to the film. Blue dots
depict skyrmions located at the sites of the static hexagonal
lattice. (Inset) Spatial dependence of the staggered order pa-
rameter for an isolated Néel skyrmion. (b) Crystallographic
structure of the CuMnAs sample. The film is grown along the
[110] direction. Red/blue spheres illustrate Mn atoms belong-
ing to different magnetic sublattices, whereas red/blue arrows
denote the direction of the resultant staggered field.

crystal via the spin-Hall response of conduction electrons
in metallic antiferromagnets and nonlocal magnetotrans-
port measurements’’ in AFM insulators.

Effective theory—Within the exchange approxima-
tion, Eq. (1) encapsulates the minimal model describing
quasi-two-dimensional antiferromagnets for the geometry
depicted in Fig. 1, namely magnetocrystalline-anisotropy
(MCA) axis and staggered/external magnetic fields nor-
mal to the film. We consider hereafter films sufficiently
thin so that the uniformity of the Néel order along the
z axis can be safely assumed. The exchange is described
by the stiffness constant A and the effective anisotropy
contains the intrinsic MCA (on-site uniaxial constant K)
and a term rooted in the weak coupling of the Néel or-
der to the external magnetic field B; it is parametrized
by the constant K(B) = K + xB?2, where y denotes the
(transverse) spin susceptibility of the film. Note that for
K < 0 (easy-axis antiferromagnet) our minimal model
undergoes the spin-flop transition at Brp = +/|K|/x,
where IC flips its sign. Fieldlike torques 71, = I X By
arise when sublattice symmetry is broken and, within

the Landau-Lifshitz-Gilbert framework for AFM dynam-
ics, their effect can be captured by the nonequilibrium
Zeeman-like energy functional £7.°” The Lifshitz invari-
ant [,V-1—1-VI, describes the interfacial DM interaction
induced by the heavy-metal substrate, which breaks re-
flection symmetry along the z axis, and D denotes the
Dzyaloshinskii coupling constant. Furthermore, for ma-
terials in which global centrosymmetry is broken, addi-
tional bulk DM terms Dy, 1 - (V x 1) would arise, which
we will not include in our analysis.

This model, as we will elucidate below, stabilizes Néel
skyrmions, see the inset of Fig. 1(a), which are classified
by the following integer invariant (the so-called topolog-
ical charge) providing a measure of the wrapping of the
AFM order around the unit sphere:

. 1
QSky = /dzr Psky,  Psky = _El . (8zl X 3yl) . (2)

It is worth remarking that, in the absence of the DM
energy term, skyrmions are unstable according to the
Hobart-Derrick’s scaling argument.’” Collapse of these
solitons into atomic-size defects is prevented by the DM
interaction, which introduces a characteristic length scale
below which spatial fluctuations of the texture (in par-
ticular, shrinking) are energetically penalized. In partic-
ular, zero-field minimization of Eq. (1) for the rigid hard
cut-off ansatz for skyrmions with |Qgy| = 1 yields the
radius R, ~ 27D/K."

Stability and phase diagram.—Interplay between ex-
change, anisotropy and DM interactions enables the sta-
bilization of individual AFM skyrmions. This is not the
case for the SkX phase, which also requires the polariz-
ing effect of the staggered field on the Néel order. Fig.
2 illustrates the phase diagram of the AFM thin film at
zero temperature in the parameter space (K, Bgg), which
contains the (uniform) AFM, helical and SkX phases. It
has been computed along the lines of Ref. 3, assuming in
particular a hexagonal lattice structure for the SkX phase
with a circularly-symmetric variational ansatz for Néel
skyrmions. We note in passing that microscopic reason-
ing based on the Rashba model gives rise to K, ~ D?/2A
and that, for the rigid skyrmion ansatz, our compass term
drops out. The skyrmion lattice is found to be the ground
state in a substantial area of the phase diagram: the two
first-order phase transitions helical = SkX = AFM are
fomented when the staggered field is swept since Eq. (1)
describes the energetics of a ferromagnetic film with the
broken reflection symmetry normal to the basal plane.**
Remarkably, in the spin-flop region (B > Bp) the SkX
phase is more robust and occupies a wider area than that
of 0 < B < Bp (effective easy-axis antiferromagnet). We
observe that our phase diagram looks qualitatively the
same as that of Ref. 3, from which we conclude that
compass terms do not contribute relevantly to the sta-
bilization of the phases involved in Fig. 2.

One consequence of Eq. (2) is that sublattice and
time-reversal symmetries must break down to generate
a net skyrmion charge in the AFM film.”° This symme-
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FIG. 2: Zero-temperature phase diagram in the anisotropy-
staggered field phase space (K, Bsg), obtained from a circular-
cell minimization of the energy (1). The AFM film has an ef-
fective easy-axis (-plane) anisotropy for K < 0 (K > 0). The
insets show the spatial configuration of the Néel order (yel-
low arrow) within the AFM phase. The averaged skyrmion
density psky is measured in arbitrary units.

try breaking occurs in the presence of Bss, which acts
as a Zeeman field setting a preferred polarization (along
the z axis) for the order parameter.”” Note that isolated
skyrmions represent magnetic excitations emerging in a
uniform AFM ground state (gas phase). This metasta-
bility is characterized by an energy barrier of topological
origin, which in turn translates into a finite lifetime for
AFM skyrmions. On the contrary, the skyrmion lat-
tice is a thermodynamic phase per se.

Experimental platforms—Tetragonal CuMnAs and
MnsAu, in which inversion symmetry is locally broken
and the two magnetic sublattices {A, B} form inversion
partners, epitomize the class of AFM metals exhibiting
the Edelstein spin-orbit torque (ESOT).”"** A charge
current 5 injected in the ab plane generates, via the in-
verse spin-galvanic (Edelstein) effect, an in-plane (local)
spin polarization transverse to it whose sign flips between
the two AFM sublattices, see Fig. 1(b). Exchange in-
teraction between this nonequilibrium polarization and
the sublattice spins yields an effective staggered field
By = £¢ % 5 that couples linearly to the Néel order.
Regarding the MCA of these materials, with bulk ab-
plane biaxial anisotropy, we invoke the reduced symme-
tries resulting from the quasi-two-dimensionality of the
films: Ref. reports the uniaxial character (easy axis
along one of the (110) crystal axis) of the MCA in CuM-
nAs samples with thicknesses <10 nm. Furthermore, the
heavy-metal substrate also contributes to the MCA of
the heterostructure with a uniaxial term (easy axis nor-
mal to the interface). Note that the latter is the most
generic anisotropy always arising at interfaces and cer-
tainly will dominate in some cases (e.g., thin films and
strong spin-orbit interactions).

For the sake of concreteness, we consider CuMnAs thin
films with (110) basal plane deposited on a heavy-metal
substrate. The magnetic field and charge current are ap-
plied normal to and within the (110) plane, respectively,
see Fig. 1(a). The component of j transverse to the ¢ axis
(referred to as the x direction hereafter), which will be
fixed in our setup, is responsible for the ESOT stabilizing
the SkX phase, whereas the other independent (and tun-
able) component j, will be utilized to drive the dynam-
ics of the skyrmion lattice. We note in passing that we
can control the axes of the phase diagram by changing j,
(staggered field) and the external magnetic field (uniaxial
anisotropy); this real-time controllability allows us to ex-
plore the entire phase diagram with one sample. Ab inito
calculations of the ESOT in CuMnAs yield values for the
staggered field of the order of 10 mT per current densities
~ 107 A/cm?,* leading to the value £ = 107 Tem?/A
for the charge current-to-magnetic field ratio. Critical
staggered fields for the nucleation (helical = SkX) and
annihilation (SkX = AFM) of the skyrmion lattice lie
in the range [0.12,0.65] and [0.12,2.30], respectively (in
units of D?/A), when the external magnetic field is swept,
see Fig. 2. With account of the estimates Jounmas ~ 40
meV for the exchange constant’ and D ~ 2 mJ/m? for
the bulk DM strength induced by a Pt substrate,”” the
SkX phase becomes stable in a 5-nm CuMnAs thin film
for Bgg in the range of 30 — 155 mT or, equivalently, for
charge currents in the range of 107 — 10% A/cm?. Note
that these currents are accessible experimentally (see e.g.
Ref. 50, where current densities up to 10° A /cm? are ap-
plied to CuMnAs) without compromising the integrity of
the heterostructure by Joule heating.

Other possible platforms are chromia (a-CrsQO3) thin
films and antiferromagnet-hard ferromagnet bilayers sub-
jected to spin exchange. The former exhibits a (magne-
toelectrically induced) surface magnetization below the
Néel temperature,” which, strikingly, is collinear with
the Néel order. Therefore, an external magnetic field en-
genders a Zeeman torque for the AFM dynamics of chro-
mia through the boundaries.”” In the latter, the Néel
order can be controlled via the exchange bias effect,
with the magnetization of the ferromagnet (taken to be
fully spin-polarized) playing the role of the staggered
field. This effect is also interfacial and will be enhanced
for uncompensated surfaces and thin AFM films.

Transport.—Current-driven steady motion of skyrmi-
ons in the gas phase is described by the center-of-mass

velocity 9y R|; = —Cﬁas J—C¥° &, xJ, where Cﬁas =1 /as,

89 = 99 Quiy/asT, T = deF(aJ- 0J3/47r is a dimen-
sionless geometric factor, a denotes the Gilbert damping
constant, s is the saturated spin density and ¥, 95 are
phenomenological constants parametrizing the dissipa-
tive and reactive components of the spin-transfer torque,
respectively.”’ Similarly, the current-induced terminal
velocity of the skyrmion lattice reads dyuy|y = — ﬁas Jz+

gas £%%4,) for a slab geome-

Ciasjy and atuy|t = 7p(CL Ja JFC”
try along the « direction, where @ [, t] = (ug, uy) are the



collective coordinates describing, in the continuum limit,
the displacement of the lattice sites with respect to their
equilibrium positions, and p < 1 is a dimensionless pref-
actor quantifying the loss of angular momentum via spin
pumping.

Itinerant electrons in AFM metals experience, in the
adiabatic limit for spin dynamics, a fictitious electromag-
netic field B, = +hpgy /e, E =B, é, x O,ii when flowing
within the skyrmion crystal,””>”" where e is the electron
charge and the sign + corresponds to the spin-up(-down)
bands with respect to [. Note that we have disregarded
other terms originating in Rasbha (spin-orbit) physics
and spin-flip processes.”’ In the internal spin frame of ref-
erence (adjusted to the local Néel order), the SkX phase
engenders the spin-Hall current

i = 71-(h/e)Qﬂpsky e, X (ne 8tﬁ|t - .;)a (3)

where n, p and m, denote the concentration, mo-
bility and effective mass of conduction electrons,
respectively.”>”® This spin-Hall response can be under-
stood as two copies of the topological Hall effect’” cor-
responding to the spin-up(-down) bands. The spin Hall
current generated by the skyrmion texture can be de-
tected, via the inverse spin Hall effect, by attaching
a heavy metal to the sides of the AFM film; it reads
((1-&.)T-)ins and is polarized along the (laboratory) z
axis, with (...)inx denoting spatial average over the lat-
eral interface. Note that these adjacent contacts are dif-
ferent from the heavy-metal substrate shown in Fig. 1
that is used for inducing an interfacial DM interaction.
It is worth remarking here that an additional anomalous
contribution to the spin Hall current arises from the non-
trivial Berry curvature of the Bloch bands.

Fluctuations and disorder.—Our mean-field treatment
for the phase diagram, based on the Landau expan-
sion of the free-energy functional given by Eq. (1), can
break down as a result of fluctuations. For instance,
spin fluctuations can give rise to the melting of the SkX
phase via elastic breakdown of the soliton lattice due
to unbinding of dislocations. From the general theo-
ries for the two-dimensional lattice melting developed in
Refs. 61-65, the melting temperature of the SkX phase
reads T,, = CA, where the dimensionless prefactor ¢ ac-
counts for the strength of the weak substrate disorder
and the renormalization of the Lamé coefficients of the
skyrmion crystal. In this expression, we used the es-
timates Ao, o ~ D?/A," and a ~ A/D for the bare
Lamé coefficients and the lattice spacing, respectively,
from which we obtain A\ga’? = poa?® ~ A; T}, scales lin-
early with the exchange stiffness constant, and therefore
may be as high as a fraction of the Néel temperature.
Furthermore, for weak disorder we would expect a glassy
behavior like that of the Abrikosov flux lattice in type-I1
superconductors’’ or even a Bragg glass phase”"""® due
to the quasi-two-dimensionality of the AFM films consid-
ered.

Current fluctuations contribute, via the inverse spin-
galvanic effect, to the dissipation of energy in the

4

SkX phase: the Johnson-Nyquist noise for the (driv-
ing) electric field, characterized by the correlator
(OE(F t)0E(F 1) = 4kpTpd(F — 7)o(t — t'),"” leads
to an enhancement of the net Gilbert-type damping of
the Néel dynamics, in the form of an anisotropic tensor
ayn ~ 272€2s/p, where p and v are the resistivity and
the gyromagnetic ratio, respectively.''~ With account
of the value p = 160 pflcm for a disordered sample of
CuMnAs,” we obtain the estimate |dyn| ~ 0.01 ~ «ayp,
where g denotes the bare Gilbert damping constant.
Since ayo; ~ 209 <K 1, current fluctuations are insignif-
icant from the point of view of the phase diagram as
they do not affect spectral properties of the antiferro-
magnet. Because of that, we can still use bare param-
eters in Eq. (1) and, therefore, the theory for the AFM
SkX phase should be well described by this effective free
energy.

Discussion.—The minimal free-energy model discussed
here does not capture the physics of the spin-Hall and
spin-transfer torques allowed by the symmetries of our
device geometry.’” It remains as an open question to elu-
cidate how these torques affect the phase diagram, which
requires the exploration of the ensuing Néel dynamics in
the framework of the theory of dynamical phase tran-
sitions. A second open problem concerns the effect of
shot noise on the stability of the thermodynamic phases
depicted in Fig. 2. Let us make the following rough es-
timate based on the relevance of shot noise for electri-
cal current fluctuations, which comes down to compar-
ing the voltage drop Uiy, over the inelastic length scale [,
to the system temperature:'”>'” thermal noise will dom-
inate when eU;, < kT and, in the presence of an elec-
tric current, this voltage drop can be roughly estimated
as Uy ~ pjlin. By taking the values j = 107 A/cm?
and [, =~ 100 nm,’" we obtain the crossover temperature
Tin =~ 200 K. Therefore, shot noise may be disregarded
as long as the temperature is higher than T;,; at lower
temperatures, however, shot noise will start dominating
and its stochastic aspects need to be taken into consid-
eration. In this regard, it remains as an open issue to
elucidate whether shot noise significantly affects the dy-
namical phase diagram of our heterostructure near the
crossover temperature.

Spin currents offer a knob to inject and drive AFM
skyrmions within the insulating medium, similar to the
ferromagnetic case.””"” In that regard, a two-terminal
geometry enables the pumping of topological charge into
the antiferromagnet via the spin-transfer effect. Non-
local magnetotransport (spin drag) measurements could
therefore be used to i) probe the existence of these topo-
logical textures, and ii) discriminate the gas and SkX
phases, since the drag coefficient exhibits a different de-
pendence on the staggered field.”” In the metallic sce-
nario, measurement of the spin-Hall current generated
by the (mobile) skyrmion lattice via the inverse spin-
Hall effect in the adjacent heavy-metal terminals would
provide further experimental evidence of AFM skyrmions
in a crystal phase. Other experimental techniques well



suited to read out the skyrmion crystal could be the x-ray
magnetic linear dichroism (XMLD) imaging, the spin-
transfer-torque ferromagnetic resonance, and the nonco-
linear magnetoresistance.
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