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Electric-field-induced generation of spin waves in antiferromagnetic films
with voltage-controlled magnetic anisotropy
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Heterostructures that involve contacting magnetic and dielectric layers may possess a voltage-controlled
magnetic anisotropy (VCMA) of interfacial origin. In such heterostructures, spin dynamics can be excited
by an electric field created in the dielectric layer, which provides an opportunity for the development of
energy-efficient spintronic and magnonic devices. Here, we theoretically describe the generation of spin waves by
an electric-field-induced modulation of the interfacial magnetic anisotropy in antiferromagnet-dielectric bilayers.
Our approach is based on atomistic simulations of VCMA-driven spin reorientations, which are performed for the
(001)-oriented FeRh and Mn, Au films. It is shown that the sinusoidal variation of VCMA gives rise to the steady
precession of spins adjacent to the interface, which induces either evanescent or propagating monochromatic spin
waves in the antiferromagnetic film. The amplitude of the generated spin wave strongly depends on the frequency
of VCMA oscillations, being maximal at about 33 GHz in the FeRh film and 0.9 THz in the Mn,Au one.
The analysis of simulation data enables us to determine dispersion relations of the propagating spin waves and
their decay lengths. Importantly, antiferromagnetic magnons with high frequencies ~100 GHz and large decay
lengths ~300 nm can be excited in the FeRh/MgO bilayers. Our findings show that the antiferromagnet-dielectric
heterostructures possessing VCMA provide the opportunity for an energy-efficient electrical generation of

high-frequency spin waves.

DOI: 10.1103/sts8-xtks

I. INTRODUCTION

An electric field created at the surface of a ferro-
magnetic metal or its interface with a dielectric mate-
rial can significantly change the surface/interfacial mag-
netic anisotropy [1-4]. Such a voltage-controlled magnetic
anisotropy (VCMA) plays an important role in the magne-
tization switching in ferromagnet-dielectric nanostructures,
enabling easy current-driven magnetization reversal and even
electric-field-induced switching [5—9]. Furthermore, the mod-
ulation of the interfacial anisotropy by a radiofrequency
voltage applied to the dielectric layer makes it possi-
ble to generate coherent magnetization precession [10-12],
spin waves [13—-15], and magnetoelastic waves [16]. Over-
all, ferromagnet-dielectric nanostructures having VCMA are
promising for the development of electric-field-controlled
magnonic and spintronic devices [17-19].

First-principles calculations predict that VCMA should be
inherent in certain antiferromagnetic nanostructures as well
[20-22], and there are experimental observations supporting
this prediction [23,24]. The modeling of an antiferromagnet-
oxide nanostructure in the macrospin approximation shows
that the application of an ultrashort voltage pulse to an ox-
ide layer could induce picosecond precessional switching of
the Néel vector in a nanodisk of a metallic antiferromagnet
[25]. A recent theoretical study has also predicted that the
modulation of VCMA by an ac voltage provides efficient
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excitation of resonance modes in easy-axis antiferromagnets
[26].

In this paper, we describe the generation of spin waves in
antiferromagnet-dielectric nanostructures, where the interfa-
cial magnetic anisotropy is periodically changed by an electric
field created in the nonmagnetic dielectric layer. Our approach
is based on atomistic simulations of time-dependent spin re-
orientations, which are driven by the oscillating VCMA in
metallic antiferromagnets FeRh and MnyAu. The exchange
interactions between localized magnetic moments in FeRh
are described by the simplified effective Hamiltonian [27],
while the exchange energy of Mn,Au takes into account the
first four nearest-neighbor interactions between Mn spins,
which are quantified by exchange constants predicted by
first-principles calculations [28]. By numerically solving the
system of the atomistic Landau—Lifshitz—Gilbert (LLG) equa-
tions with the effective fields allowing for the exchange
interactions between the spins and the interfacial and bulk
magnetic anisotropies, we determine the VCMA-driven spin
dynamics in the FeRh and Mn;Au films. Our simulations
reveal the excitation of the steady precession of spins at the
interface, which gives rise to the emergence of a monochro-
matic spin wave in the antiferromagnetic film. The wave
is evanescent at the excitation frequencies below the rele-
vant resonance frequency of the subsurface antiferromagnetic
layer, but becomes a traveling one at higher frequencies. By
analyzing simulation data, we determine decay lengths of the
traveling antiferromagnetic waves, their dispersion relations,
and variations of the wave amplitude with the frequency
of the VCMA modulation. It is shown that the precession

©2026 American Physical Society
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FIG. 1. (a) Atomic structure, exchange interactions, and orien-
tations of magnetic moments in the G-AFM phase of bulk FeRh.
(b) Structure of the Fe-terminated FeRh film covered by an MgO
nanolayer.

amplitude in the spin wave maximizes near the frequency
of the antiferromagnetic resonance occurring in the vicinity
of the antiferromagnet-dielectric interface. Analytical disper-
sion relations derived for magnons propagating in FeRh and
Mn;Au crystals agree with the results of atomistic simulations
[29].

II. ANTIFERROMAGNETIC SPIN WAVES IN FeRh FILMS

The chemically ordered equiatomic FeRh alloy is antifer-
romagnetic (AFM) below the transition temperature Ty ~
350 K and ferromagnetic (FM) above Ty [30]. Bulk FeRh has
a body-centered cubic (bcc-B2) lattice [31], where Fe and Rh
atoms are arranged in a checkerboard pattern. In the G-AFM
phase stable below Ty [32,33], magnetic moments of the
nearest-neighbor Fe atoms are antiparallel [Fig. 1(a)]. Due to
the magnetocrystalline anisotropy, Fe moments in bulk FeRh
should be collinear with one of the (111) crystallographic
directions [34]. Importantly, the G-AFM phase should remain
stable in the Fe-terminated FeRh film lattice-matched to MgO
[20].

The exchange interactions between magnetic moments in
FeRh can be quantified by the simplified effective Hamilto-
nian

1
Hep = — ZJijsi -Sj + 3 Z D;ji[(si - s;)(sk - 81)
i,j i,j,k,l

+ (s - se)(s; - 81) + (S - sp)(sk - 85)], (D

where the classical spin vectors s; of unit length represent the
Fe magnetic moments, the first sum describes the Heisenberg
exchange interactions including the direct Fe-Fe and indirect
Fe-Rh-Fe contributions, and the second sum allows for the
four-spin interactions, which involve the Fe-Rh-Fe contri-
butions only [27]. Equation (1) is suitable for the G-AFM

J

phase, in which the magnetic moment of Rh is negligible,
while the magnetic moment up. of Fe amounts to 3.15 up
[27]. The Heisenberg interactions can be reduced to the
nearest-neighbor and next-nearest-neighbor terms defined by
the coefficients Jio1y and Jio11y, respectively [Fig. 1(a)]. The
four-spin terms can be described by using “basic quartets” of
the simple cubic lattice formed by the Fe moments and quanti-
fied by the exchange constant D) [27]. The three introduced
exchange coefficients have been parametrized from the exper-
imental data obtained for the magnetization in the FM phase.
The values Jipory = 0.40 x 10721 J, Jio11y = 2.75 x 1072! J,
and Do = 0.23 x 107! J provide a good agreement with
observations [27]. Since an exact Hamiltonian with fully
parametrized parameters is not available for FeRh and Eq. (1)
satisfactorily describes the observed magnetic behavior of
FeRh [27], we used the simplified effective Hamiltonian in
our atomistic simulations of spin dynamics in the FeRh films.

An interfacial magnetic anisotropy induced by a dielec-
tric overlayer can be taken into account by adding the term
K,(s; - €,)* to the energies of spins s; adjacent to the FeRh-
dielectric interface, which is assumed to be orthogonal to
the z axis of the Cartesian reference frame (x, y, z). For the
FeRh/MgO bilayer, the ab initio electronic structure calcu-
lations predict that the anisotropy parameter K; depends on
the electric field created in the MgO film [20]. Therefore,
we performed simulations of the FeRh/MgO nanostructure,
focusing on the unstrained FeRh film (lattice constant a =
0.2995 nm) with the (001)-oriented Fe-terminated surface,
which should exhibit strong variations of K; with the electric
field intensity E [20]. According to the ab initio calculations,
the interfacial anisotropy K,/a’> per unit area of the Fe-
terminated surface changes from about +1,6 x 107 Jm™2
at E=—025Vnm~! to —2.5 x 107*Jm~2 at the electric
field intensity E = +1Vnm~! [20]. Hence, at zero field,
the interfacial anisotropy favors spin orientations parallel to
the interface, whereas at intensities above E ~ 0.27 Vnm™!
it stimulates spin rotations towards directions orthogonal to
the interface. Approximating variations of the anisotropy pa-
rameter K; at £ > 0 by a linear dependence, we obtain the
electric-field sensitivity k; Ja* = 3(K;/a*)/dE of the interfa-
cial anisotropy per unit area to be about —300 fJV~!m™'.
The magnitude of k,/a” is close to the maximum sensitivity of
290 fJ V~! m~! measured for ultrathin Fe layers on MgO [35].
Converting the aforementioned values into the anisotropy per
Fe magnetic moment, we obtain K;(E = 0) &~ 7.4 x 10727
and k; ~ —2.7 x 1072 J V- m.

Using Eq. (1) and adding contributions resulting from the
dipolar interactions between the spins and the interfacial and
bulk magnetic anisotropies, we obtain the following relation
for the complete effective Hamiltonian of the FeRh film:

D
Hefp = — Z-Iijsi -sj + % Z [(si - sj)(sk-81) + (Si - Sp)(Sj - 81) + (8 - 87)(Sk - S;)] — MFe Zsi - Baip (1)

iJ i.j.k.l

+ Ky Y [(si @) (si - €,) 4 (8- €)7(s; - €)” + (5 €)°(si - €)1 + K(E) ) (s - €Y, )

where the last sum is taken only over the spins s; adjacent
to the interface. In Eq. (2), Bgjp (r;) is the dipolar field at

(

the position r; of the spin s;, which can be calculated by
summing magnetic fields created by point dipoles modeling
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the Fe magnetic moments. The coefficient Kj, defining the
cubic magnetocrystalline anisotropy can be extracted from the
macroscopic coefficient K,/a® = —1.35 x 10* Jm~ obtained
from the measured resonance spectrum of the thick FeRh film
grown on MgO [34]. Equation (2) makes it possible to cal-
culate the effective magnetic fields B?ff = —(1/1upe)0Hest/ 0S;
acting on the spins s; in the FeRh film with the interfacial
VCMA.

To determine the dynamics of the Fe magnetic moments
excited by an ac electric field generated in the MgO overlayer,
we numerically solve the system of the atomistic LLG equa-
tions
dSl‘ S;
= Ysix BT+ as; x - (3)
where y is the gyromagnetic ratio of the Fe atom, and «
is the microscopic damping parameter [36]. The solution is
based on the numerical integration of Eq. (3) by the projec-
tive Runge—Kutta algorithm, which is realized by homemade
software developed using the OpenCL framework [37]. We
consider the region remote from the lateral boundaries of the
antiferromagnetic film, where the spins located in the same
plane parallel to the interface should remain collinear dur-
ing their reorientations. Therefore, the spin dynamics in the
films with large in-plane sizes can be calculated in the one-
dimensional approximation, which implies the dependence of
spin orientations on the perpendicular-to-plane coordinate z
only. Each Fe monolayer is modeled by four spins located at
the corners of the in-plane square face of the unit cell. The
exchange interactions between the nearest and next-nearest
neighbors are taken into account via Eq. (1), while the dipolar
interactions are neglected because the G-AFM FeRh film has a
compensated surface. The damping parameter o = 4 x 1073
measured at room temperature for the FeRh film grown on
MgO(001) [38] is used in our simulations.

The calculations started with the determination of equi-
librium spin orientations in thick unstrained FeRh films in
the presence of a constant electric field Ey in the MgO over-
layer. Since the parameter K}, characterizing the bulk magnetic
anisotropy of FeRh is negative [34], far from the interface
the Néel vector L is oriented along one of the (111) crys-
tallographic directions. This orientation of L retains up to
the interface only at Ey ~ 0.27 x 10° Vm™' that provides
zero K (Ey). At other considered field intensities and Ey =
0, the nonzero interfacial anisotropy [20] changes the Néel-
vector orientation near the upper surface z = 0 of the FeRh
film. Hence, the spatial distribution of L. becomes inhomoge-
neous along the [001] crystallographic direction orthogonal
to the interface (Fig. 2). Due to the interfacial anisotropy,
the Néel vector L(z = 0) rotates towards the normal to the
FeRh surface at Ey = 10° Vm™!, but becomes closer to one
of the in-plane (110) directions at Ey = —2.5 x 103V m~!.
Remarkably, the calculations of the Néel-vector polar angle
0 show that the influence of the FeRh|MgO interface on spin
orientations remains noticeable even at distances z ~ 100 nm
(Fig. 2).

Simulations of the electrically induced spin dynamics were
performed for the sinusoidal modulation K(¢) = K,(Ep) +
ki8 Emax sSin(2mvt) of the interfacial anisotropy. It was found
that such a modulation gives rise to a steady precession of
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FIG. 2. Equilibrium polar angle 6 of the Néel vector in the FeRh
film plotted as a function of the distance z from the interface at
different intensities E of the dc electric field in the MgO overlayer.

spins adjacent to the interface. Interestingly, at K;(Ey) = 0 the
oppositely oriented spins precess in the same sense (clock-
wise) when viewed in the spin direction (see Fig. 3), which
is similar to the resonance modes in the easy-plane antiferro-
magnets [39]. By calculating the Néel vector L(z = 0, ) and
magnetization M(z = 0, r) of the subsurface FeRh layer, we
found that L oscillates in the plane containing its initial [111]
direction and the normal to the interface, while M is parallel
to either [110] or [110] direction orthogonal to the aforemen-
tioned plane (Fig. 4). These features of the revealed precession
mode can be explained by specific spin rotations, which are
induced by the VCMA contribution to the effective fields B¢
involved in Eq. (3). The span 66 of the Néel-vector oscillations
varies with the excitation frequency v and becomes maximal
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FIG. 3. Time dependences of the azimuth angle ¢ and the polar
angle 6 characterizing electrically induced precession of subsurface
spins in the FeRh film. Two panels show simulation results obtained
for the Fe moments having opposite initial directions. The MgO
overlayer is subjected to the ac electric field with frequency v = 35
GHz and amplitude §Ep, = 103 Vm™.
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FIG. 4. Electrically induced oscillations of components of the
Néel vector L and the magnetization M in the subsurface FeRh layer.

The ac electric field in the MgO overlayer has frequency v = 35 GHz
and amplitude §Ejpgy = 108 Vm'.

at v = 33 GHz (see Fig. 5). To clarify the origin of the re-
vealed peak of §6(v), we modeled the relaxation of deflected
spinsat E = Ey = 2.7 x 108 V m™! to their equilibrium (111)
directions near the interface and determined the resonance
frequency v of the subsurface FeRh region. It was found
that vy is close to 33 GHz, which explains the position of the
discussed peak.

Our atomistic simulations also revealed that the VCMA-
driven precession of Fe moments at the interface gives rise
to cooperative spin oscillations inside the FeRh film. At the
modulation frequencies below v, these oscillations have
the form of evanescent waves. Interestingly, the penetration
depths of such waves have large values on the order of
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FIG. 5. Maximal span §6 of the polar angle 6 of the electrically
induced Néel-vector oscillations in the subsurface FeRh layer plotted
as a function of the excitation frequency v at §E, = 108 Vm™.
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FIG. 6. Antiferromagnetic spin wave generated in the FeRh film
at the excitation frequency v = 100 GHz. The plot shows spatial
distributions of changes §/; in the Néel-vector directions cosines at
the time r = 500 ps. The amplitude §E,,,, of the ac electric field in
the MgO overlayer is set equal to 108 Vm™'.

100 nm (=200 nm at v = 10 GHz). This feature correlates
with the aforementioned long-range influence of the inter-
facial anisotropy on equilibrium spin orientations in FeRbh.
Furthermore, the modulation of K; at the frequency v > vy
generates an antiferromagnetic spin wave propagating across
the FeRh film (see Fig. 6). Although due to the magnetic
damping the spin-wave amplitude exponentially decreases
with increasing distance z from the interface, the wave retains
significant magnitude even at z ~ 1 um. The decay length Ay,
of the spin wave with the frequency v = 100 GHz is estimated
to be about 300 nm.

To determine the dispersion relation v (k) of antiferromag-
netic spin waves traveling along the [001] crystallographic
direction in FeRh, we carried out atomistic simulations at
different excitation frequencies and quantified lengths of elec-
trically generated waves. The wave numbers obtained are
shown in Fig. 7 together with the resonance frequency vyes =
33 GHz of the subsurface FeRh region. Importantly, the re-
sults of simulations almost perfectly agree with an analytical
formula derived in Sec. IV. The spin wave velocity capm =
10.2 x 103 m/s is found to be larger than the velocity capm =
5.9 x 10* m/s of antiferromagnetic spin waves in NiO [40].
In view of the fact that the resonance frequency of the same
mode in NiO is about 240 GHz, this finding looks intriguing.
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FIG. 7. Dispersion relation of spin waves propagating along the
[001] direction in the antiferromagnetic FeRh film. Dots show results
of atomistic simulations, while the triangular symbol indicates the
numerically determined frequency of antiferromagnetic resonance.
The solid line represents the theoretical dispersion relation derived
in Sec. IV for antiferromagnetic spin waves in FeRh.
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FIG. 8. Atomic structure and orientations of magnetic moments
in bulk Mn, Au having magnetic space group Im’mm.

We explain the higher spin wave velocity and lower resonance
frequency in FeRh by the interplay of ferromagnetic (defined
by the coefficients Jigo1y and Jig11y) and antiferromagnetic
(ocDypy) exchange interactions. Indeed, while the Jo1)-term
weakens the Dp,-related antiferromagnetic exchange field for
the uniform spin excitations (k = 0), the Jig11)-term drasti-
cally increases the exchange energy for magnons with k # 0.
Therefore, the fast spin waves with a relatively low minimal
frequency predicted for FeRh are a direct consequence of the
ferromagnetic frustration in the G-AFM phase of this alloy.

II1. THz SPIN WAVES IN Mn,;Au FILMS

The metallic antiferromagnet Mn,Au has a simple spin
structure with collinear magnetic moments oriented in the
(001) crystallographic plane (Fig. 8) and a high ordering
temperature well above 1000 K [41,42]. X-ray and neutron
diffraction measurements have shown that bulk Mn,Au has
a tetragonal unit cell and can be assigned the space group
I4/mmm [43]. As Mn; Au(001) films can be grown epitaxially
[44], we consider the single-crystal tetragonal Mn,Au film
with the (001)-oriented surface. It is assumed that the film
is covered by a suitable dielectric material that provides the
perpendicular interfacial anisotropy, which can be tuned by
an electric field E created in the dielectric layer. Although
the electrical control of the interfacial anisotropy in Mn,Au-
dielectric heterostructures has not been confirmed yet, the
theoretical predictions of VCMA for antiferromagnetic MnPt
and MnPd films [21,22] support the possibility of the sup-
posed control.

To determine the effective fields BS™ involved in the
atomistic LLG equations for the unit vectors s; defining ori-
entations of the Mn magnetic moments S; = Uy, S;, We use
the following Hamiltonian H; of the individual moment S;
situated at the point r;:

H =— ZJijsi *Sj — UmnSi - Bdip(ri)

J#i
+ [K, + s K (EDI(s; - €,)* + K.(s; - €,)*
+ Koy (i - €)% (s; - €,)° )

0.07}
0.06+
_0.05¢
= ;
£ 0.04;
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0.00E s ‘ s ‘ e
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FIG. 9. Maximal span §6 of the polar angle 8 of the electrically
induced precession of the Néel vector in the subsurface Mn, Au layer
plotted as a function of the excitation frequency v.

where the first term represents the exchange energy be-
tween S; and the neighboring Mn moments S; calculated by
the summation over the index j # i, K, = 0.62 meV, K, =
0.024 meV, and K, = —0.058 meV characterize the magne-
tocrystalline anisotropy of the tetragonal MnyAu [45], K(E)
is the interfacial anisotropy per Mn moment S; adjacent to
the Mn, Au-dielectric interface, and J;; is the Kronecker delta.
The exchange energy of Mn,Au can be evaluated by summing
the first four nearest-neighbor interactions between the Mn
moments with uy, = 3.87 wp (Fig. 8), which are governed
by the exchange constants J; = —5.3422 mRy, J, = 0.6484
mRy, J3 = —0.6341 mRy, and J; = —6.8986 mRy [28]. Us-
ing the listed material parameters of Mn;Au, we numerically
calculate B?ff = —(1/umn)0H;/0s; and employ the obtained
data during the solution of the atomistic LLG equations in
the one-dimensional approximation. The damping parameter
a involved in Eq. (3) is set equal to 0.008 [46].

In simulations of the electric-field-induced spin dynam-
ics, we introduce the sinusoidal modulation K(¢) = Kf +
0K, sin(2mrvt) of the interfacial anisotropy and assume KSO =
—1.4x 1072 J and 8K, = 1072 J. The negative value
of the zero-field anisotropy parameter K induces deviation
of the Néel vector L(z = 0) at the interface by about 20° from
the (110) orientation favored by the bulk magnetocrystalline
anisotropy (0 ~ 70°). This out-of-plane deviation gives rise
to a nonuniform spatial distribution of L along the [001]
direction orthogonal to the interface, which transforms into
almost in-plane spin orientations at distances z > 10 nm. The
assumed amplitude K of the anisotropy modulation is small
enough to keep K,(¢) negative at any time and to exclude tem-
porary in-plane orientations of spins located at the interface.

As expected, simulations show that the modulation of the
interfacial anisotropy excites coupled oscillations of the Mn
magnetic moments adjacent to the interface. These oscilla-
tions have the form of the Néel-vector precession around
the equilibrium direction, which can be characterized by
the maximal span 36 of the polar angle 6 of the vector L.
The magnitude of 66 depends on the excitation frequency
v, being significant in the whole studied frequency range
v = 50 GHz-3 THz and reaching maximum at v &~ 0.9 THz
(see Fig. 9). Similar to the spin dynamics in the FeRh film,
860(v) becomes maximal at the excitation frequency v close to
the resonance frequency v of the subsurface Mn,Au layer.
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FIG. 10. Antiferromagnetic spin wave generated in the Mn,Au
film at the excitation frequency v = 2 THz. The plot shows spatial
distributions of changes §/; in the Néel-vector directions cosines /;
at the time + = 10 ps after the onset of electrically induced spin
dynamics.

This conclusion is confirmed by modeling the relaxation of
deflected Mn magnetic moments to their equilibrium direc-
tions near the interface, which gives v.s ~ 0.94 THz at the
chosen value of K?.

Due to the exchange interactions, oscillations of the Mn
moments at the interface occurring with a frequency v > vy
give rise to an antiferromagnetic spin wave propagating in-
ward the Mn, Au film. Representative spatial variations of the
Néel-vector direction cosines /;(z, t) in the spin wave with
the frequency v = 2 THz are shown in Fig. 10. The analysis
shows that the wave amplitude exponentially decreases with
increasing distance z from the interface. The decay length of
the spin wave with the frequency v = 2 THz was found to be
about 20 nm.

By performing simulations in a wide range of excitation
frequencies and determining wave numbers of the generated
spin waves, we evaluated the dispersion relation v(k) of the
spin waves propagating along the [001] direction in Mn,Au.
Figure 11 shows that the dependence v(k) becomes prac-
tically linear at k > 0.15 radnm~', which agrees with the

6F ‘ s g
~ 5t ]
E _/
E 4 1
-~
> 30 ]
g )

o 2F ]

g

o la *
0_‘ E

00 01 02 03 04
Wave number k (rad/nm)

FIG. 11. Dispersion relation of spin waves propagating along the
[001] direction in the antiferromagnetic Mn,Au film. Dots show
results of atomistic simulations, while the triangular symbol indi-
cates the numerically determined frequency of antiferromagnetic
resonance. The solid lines represent two branches of the theoretical
dispersion relation derived in Sec. IV for antiferromagnetic spin
waves in Mn, Au.

intermediate behavior of antiferromagnetic spin waves [39].
The simulation data are close to the lower branch of the
analytical dispersion relation derived in Sec. IV. Note that the
velocity capm = 59.8 x 10° m/s of the antiferromagnetic spin
waves in MnpAu is much higher than their velocity capm =
10.2 x 10° m/s in FeRh. However, the excitation frequencies
v required to generate such fast magnons in Mn;Au are well
above 1 THz. In contrast, spin waves can propagate in FeRh
with their almost maximal velocity already at v &~ 80 GHz
(Fig. 7).

IV. ANALYTICAL DISPERSION RELATIONS
FOR SPIN WAVES IN FeRh AND Mn,Au

To gain more information on antiferromagnetic spin waves
propagating in FeRh and Mn; Au films, we perform analytical
calculations of their dispersion relations using atomic-level
parameters of exchange interactions. Our calculations are
restricted to plane waves, which enables us to employ a one-
dimensional approach. We consider only spin waves with
small deviations of spin directions from their equilibrium
orientations and neglect the Gilbert damping. The dissimilar
spin sublattices are represented by the unit vectors s, and
sp, which are combined into the magnetic order parameters

= (sq +85)/2 and 1 = (s, — sp)/2. Accordingly, the atom-
istic LLG equations given by Eq. (3) are rewritten in the form

dm  y (o OF | OF s
—_— R X — X —

dr oM, 3 a )

a oy OF a

Cx 1x & el 6
dr ZMX(Xam_HnX al> ©)

where M; is the magnetization of each individual sublattice,
and F is the magnetic energy density. We derive explicit
expressions for the energy densities F(m, 1) of both FeRh
and Mn;Au and solve the system of Eqs. (5) and (6) for
the small-amplitude spin waves propagating along the [001]
crystallographic direction.

The crystal structure of FeRh is illustrated in Fig. 1(a),
where Fe atoms with the spins s and s (,j=1,2,3,4)and
one Rh atom form the cubic umt cell w1th the size 2a ~ 6A.
To determine the magnetic order parameters m and 1 of the
FeRh monolayer located in the xy plane, it is sufficient to take
into account two Fe atoms with the spins s¢ and s. Assuming
variations of m and 1 only along the perpendicular z direction
and considering all exchange interactions between the spins
s¢ and s’]’. and the magnetocrystalline anisotropy defined by
Eq. (2), after some mathematical manipulation, we find the
magnetic energy density as

i B
F=—A,m*+A]l- 3zt K+ 2+ 1), (D

where A,,=2(8D;g) —3Joo1)/V , Ay =a*(8D g, —Joo1 +4Jo11)/
V), Kb K/ (4V) and V = 843 is the unlt cell volume.
Interestingly, despite the peculiar form of the exchange in-
teractions in FeRh [27], which complicates the derivation of
F(m, 1), the final expression described by Eq. (7) is quite
simple, and its exchange part contains the standard terms
proportional to m? and 1- a 91 only. For small-amplitude spin
waves, the cubic magnetocrystalline anisotropy of FeRh can
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be replaced by a uniaxial one that favors the Néel-vector ori-
entation along one of the (111) crystallographic axes. In this
approximation, we obtain the well-known dispersion relation
of an easy-axis antiferromagnet with two degenerate modes
[39]:

__VY
Am M,

Vio V4K A, + 24,AK2, (8)

where K, = 2[?,, /3. Both the resonance frequency vis =
yVA4K,A, /(4 M) ~ 33.8 GHz and the high-k spin wave ve-
locity capm = Y244, /(2M;) ~ 10.2 x 10° m/s are close
to the results of our atomistic simulations (see Fig. 7).

The intermetallic compound Mn;Au has the tetragonal unit
cell with the dimensions @ = 3.33 A and ¢ = 8.54 A, which
involves four Mn atoms with the spins s¢, s?, s4, and s5 shown
in Fig. 8. In our one-dimensional model, the magnetic state of
Mn,Au can be determined by considering the spins s{ and s?
only, because the spins s§ and s5 of the Mn atoms shifted by
the distance ¢/2 along the z axis experience exchange effective
fields of the same form. Using Eq. (4), we obtain the following
relation for the magnetic energy density of Mn, Au:

Fe—am a0 g m a0
= —A,m J— pm - — ml - —
oz s ! 9z
9°m = 252 =02
+Ammm . a—Zz +2nylxly +2Kzlz, (9)

where A, = 44y + 445 + 1))V, A; = (45 +J1)/(2V),
Ap = :Alm = _26(4J,§4+J4)/V5 Apm = _02(4]3 +J4)/
(4V), Ky =2K,,/V, K, = 2K./V, and V = ca? is the unit
cell volume (small contribution of the term proportional to K,
is neglected). Next, we write the components of the vectors
m(z, t) and I(z, ¢) oscillating with the frequency v in the form
[47]

my = —m, = 8my exp [i(2mvt — kz)],

m, = dm, exp[i(2mvt — kz)],
1
I,y = — £ 8l exp[i(2mvt — kz)],
B \/E | €Xp

I, =81, exp [i(2Qmvt — k2)], (10)

where the complex amplitudes émy, émy, &I, and &, of
the antiferromagnetic oscillations have absolute values much
smaller than unity. The substitution of the above expres-
sions into Egs. (5) and (6) and the linearization of the
latter yields the system of linear equations for the unknowns
dmy, dm,, 81y, and 8!, which has the following matrix of
coefficients:

m{w %Almk 0 2K, - Exy - %kz
—idyk  ENDLY A2 AR, 0 an
0 —A, W% 2Anik
24, 0 Ak 2mivaMy

14

where Exy &« A, is neglected. Setting the determinant of
Eq. (11) to zero and solving the equation obtained for the
frequency v, we obtain two branches v; (k) of the dispersion

relation as

‘}/ ~
V= 4w M, \/SA’"KU + (ZAmAl - A%nl)kz’
¥ — =
"= 1nm, Ry — 2K + (2AnA — A2 )2, (12)

where significant simplification is achieved owing to the
equality A;,, = —A,,;. The high-k spin wave velocity capm =

y—w ~ 64.9 x 10® m/s predicted by Eq. (12) agrees
well with the velocity extracted from the results of atom-
istic simulations (see Fig. 11). As expected for an easy-plane
antiferromagnet, the lower branch v(k) of the dispersion
relation corresponds to the Néel-vector precession in the
xy plane (6my =&l =0, idm, < 8l)), while the higher-
frequency mode v, (k) describes the oscillation of the vector
1 with significant deviations from this plane (§m; = 8l =0,
i8m|| < (SZJ_)

It should be noted that approximate analytical formulae
have been derived earlier for the antiferromagnetic resonance
frequencies v »(k = 0) of Mn,Au, but the dispersion relation
of this compound has been calculated only numerically in
frame of the linear spin-wave theory [48]. Taking into ac-
count different types of exchange interactions between the
Mn moments and the magnetocrystalline anisotropy, we have
extended the analytical approach to the description of spin
waves in MnyAu and achieved a correct prediction of the
high-k spin wave velocity. However, the analytically calcu-
lated resonance frequency v;(k = 0) ~ 1.2 THz of the bulk
Mn,Au differs significantly from the value of 0.9 THz de-
termined by means of atomistic simulations for the Mn,Au
film with the perpendicular interfacial anisotropy. We attribute
this feature to the deviation by about 20° of the Néel-vector
equilibrium orientation near the interface from the (001) easy
plane of Mn,Au, which weakens the effective field created
by the bulk in-plane anisotropy. This explanation is consistent
with a difference in the relaxation frequencies determined
by atomistic simulations, which yield v, ~ 0.94 THz at
K,(t)=—1.4x 107" J and v,s ~ 1.2 THz in the absence
of the interfacial anisotropy [K,(t) = 0].

Finally, we emphasize the significance of Eqs. (7) and
(9) derived for the magnetic energy densities of FeRh and
Mn;Au. These relations allow for essential nonlinearities pe-
culiar to inhomogeneous spin dynamics in antiferromagnets,
which make them useful for theoretical investigations of large-
amplitude spin waves and antiferromagnetic solitons. Despite
the importance of four-spin exchange interactions in FeRh
[27], the energy density of this compound can be written

in the standard form involving only the terms proportional
tom? and 1- g—Z; and the contribution of magnetocrystalline
anisotropy. In contrast, additional terms proportional to m - g—;

and - aa'f‘ significantly influence the characteristics of spin

waves in Mn,Au.

V. CONCLUSION

Performing numerical modeling on the level of in-
dividual atomic spins, we quantified the spin dynamics
excited in antiferromagnetic films by an alternating elec-
tric field created in a dielectric overlayer providing tunable
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interfacial anisotropy. Simulations were done for the (001)-
oriented FeRh and Mn,Au films, where the directions of
spins adjacent to the antiferromagnet-dielectric interface are
inclined to the film surface, which makes them sensitive to
variations of the interfacial anisotropy. In FeRh, inclined ini-
tial orientations are provided by the bulk magnetocrystalline
anisotropy favoring the (111) spin directions [34]. Since the
bulk anisotropy of Mn,Au facilitates the (110) orientations
of spins [44], a perpendicular interfacial anisotropy ensuring
inclined spin directions at the film surface was introduced for
a Mn,Au-dielectric bilayer.

The numerical solution of the system of the atomistic LLG
equations showed that the sinusoidal modulation of the inter-
facial anisotropy generates a steady precession of the Néel
vector near the interface. The precession amplitude strongly
depends on the modulation frequency v and becomes maximal
near the relevant resonance frequency v of the subsurface
antiferromagnetic layer, for which supplemental simulations
give the values of about 33 GHz (FeRh film) and 0.9 THz
(Mn;Au film). Due to the exchange interactions between the
spins, their subsurface precession launches an antiferromag-
netic spin wave propagating away from the interface. At v
< Vres, the spin wave is evanescent but has a large penetration
depth in the FeRh film (about 200 nm at v = 10 GHz). The
traveling spin waves excited at v > v are characterized by
the dispersion relations shown in Figs. 7 and 11, which include
an almost linear relationship between the frequency v and
the wave number k at 0.03 radnm~' < k < 0.06 radnm~! in
the case of the FeRh film and at 0.15 radnm~! < k < 0.35

radnm~! in the Mn,Au one. The validity of our theoretical
predictions is confirmed by the good agreement of the results
of atomistic simulations with the analytical dispersion rela-
tions derived for plane spin waves propagating along the [001]
direction in FeRh and Mn;,Au crystals.

Owing to the magnetic damping, the spin-wave amplitude
exponentially decreases with the distance from the interface.
The decay lengths of the waves propagating across the FeRh
and Mn,Au films are calculated to be about 300 nm at 100
—500 GHz and 20 nm at 1-3 THz, respectively. Since in
the FeRh films the decay length is rather large, the electric-
field-induced excitation of antiferromagnetic magnons in the
FeRh/MgO bilayers can be used for an energy-efficient gen-
eration and transmission of high-frequency spin signals in
magnonic circuits.
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