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It is shown theoretically that in a layered heterostructure comprising piezoelectric, dielectric antiferro-
magnetic crystal, and heavy metal (PZ/AFM/HM)), it is possible to control the anisotropy of the AFM layer
by applying a dc voltage across the PZ layer. In particular, we show that by varying the dc voltage across
the heterostructure and/or the dc current in the HM, it is possible to vary the frequency of the antiferro-
magnetic resonance of the AFM in a passive (subcritical) regime and, also, to reduce the threshold of the
current-induced terahertz-frequency generation. Our analysis also shows that, unfortunately, the voltage-
induced reduction of the generation threshold leads to the proportional reduction of the amplitude of the
terahertz-frequency signal generated in the active (supercritical) regime. The general results are illustrated
by a calculation of the characteristics of experimentally realizable PZT-SH/NiO/Pt.
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I. INTRODUCTION

In the recent years, antiferromagnetic (AFM) spintron-
ics has attracted considerable attention from researchers
[1,2]. Antiferromagnets are interesting for spintronic appli-
cations because the magnetic order in these substances
does not require an external bias magnetic field, as it is
supported by a very large internal magnetic field of an
exchange nature, which, along with the moderate magnetic
field of the AFM anisotropy, determines the frequency of
the antiferromagnetic resonance (AFMR) lying in the sub-
terahertz to terahertz frequency range [3—6]. Thus, AFMs
can be considered as promising materials for the devel-
opment of signal generators operating in the terahertz
frequency range.

It has been shown previously [7-9] that spin-torque
nano-oscillators (STNOs) driven by a spin-transfer torque
and based on ferromagnets (FMs) can generate signals
in the frequency range 1-30 GHz, which is mainly lim-
ited from above by the practically possible values of the
applied bias magnetic field necessary to saturate the FM
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free layer of the STNO. The introduction of AFMs into
current-driven signal generators could raise the generated
frequencies to those of the typical range of AFMR frequen-
cies, i.e., to the terahertz range [1,10—12]. In particular, in
Ref. [13] it has been theoretically shown that if an AFM
material is used as a magnetic layer of a spin Hall auto-
oscillator, it would be possible to generate signals with fre-
quencies of 0.1-2.0 THz and amplitudes of approximately
1 V/cm, using driving electric currents that have densities
in the range 103-10° A/cm?. Note that driving currents of
such densities, mainly determined by the magnitude of the
easy-plane anisotropy of the AFM, have previously been
attained in experiments with STNO devices based on FMs
(see, e.g., Ref. [9]). In Ref. [14], it has been shown that the
emission power of AFM-based STNOs may reach 1 uW,
which is comparable to that of FM-based STNOs. For the
AFM-based STNO from Ref. [13], if we assume that the
Pt layer has a height of 10 nm, a length and width of
10 pum, a resistivity of 10.6 x 10™® Qm, and a current
density of around 108 A/cm?, such an emission power cor-
responds to an efficiency of n ~ 107>, This efficiency can
be compared to that of FM-based STNOs n ~ 1073 [15].
The efficiency of AFM-based STNOs can be increased by
using a high-Q subterahertz frequency resonator, such as in
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Refs. [16] and [17] and as discussed in Ref. [14], and then a
subterahertz waveguide [18]. Another way to increase the
efficiency is to synchronize an array of STNOs [19].

Another important property of AFMs is the absence
of net magnetization in AFM substances, which makes
them insensitive to stray dipolar magnetic fields and, there-
fore, makes the placement of AFM elements in close
proximity to each other possible without significant cross-
interference in all the possible signal-processing applica-
tions. At the same time, this insensitivity of AFMs to
external magnetic fields makes it rather difficult to control
the magnetization dynamics in AFMs externally.

Of course, there exist means other than external mag-
netic fields to control the dynamics of magnetization in
magnetically ordered substances. It has been shown theo-
retically that a spin-transfer torque created by a dc current
flowing in a layer of a heavy metal (e.g., Pt) adjacent
to the AFM layer could reduce the magnetic anisotropy
and, therefore, the AFMR frequency in the AFM layer
[20], and, at a sufficiently large current magnitude, could
excite the terahertz-frequency magnetization dynamics in
AFMs [13]. These analytical predictions have recently
been confirmed in micromagnetic modeling [21,22]. It has
been also confirmed experimentally that an external spin-
transfer torque could switch the direction of the AFM order
parameter (the Néel vector) in dielectric AFMs [23,24].

Also, it has been shown previously that the magneti-
zation dynamics in ferromagnetic (FM) heterostructures
containing piezoelectric and/or multiferroic layers could
be controlled by the application of a static electric field
across the structure thickness (magnetoelectric and mag-
netoelastic effects) [25,26]. The application of a transverse
voltage (or electric field) creates a stress in the PZ layer,
which, due to the magnetoelastic effect in a FM layer,
changes the FM-layer magnetization and/or anisotropy.
The effect of the voltage-induced magnetic anisotropy has
been seen in ultrathin FM layers and heterostructures sub-
jected to the action of a perpendicular voltage [27-29].
This effect has been studied in a recent paper [30], where
it has been suggested that voltage control can be used to
influence the terahertz-frequency magnetization dynamics
in AFMs.

In this paper, we apply similar methods to monocrys-
talline AFM, study the influence of the simultaneous appli-
cation of a transverse dc electric field and a longitudinal dc
current to the PZ/AFM/HM layered heterostructure, and
evaluate theoretically how such an application can influ-
ence the AFM anisotropy and affect the magnetization
dynamics in the structure. The studied heterostructure is,
in principle, similar to the AFM-based STNOs considered
in Refs. [13] and [14], where they are shown as possi-
ble terahertz-frequency signal generators. The PZ/AFM
stack in our structure corresponds to the AFM layer from
Refs. [13] and [14], where it serves as a source of terahertz-
frequency dynamics.

We expect that the voltage applied to the PZ layer of the
heterostructure will create a stress at the PZ/AFM bound-
ary, which, due to the magnetoelastic effect in AFMs, will
create a variation in the AFM anisotropy. This anisotropy
variation, in the first approximation, will be linearly pro-
portional to the applied electric field and will depend
on the field direction, so that the mechanical stress at
the PZ/AFM boundary could either increase or decrease
the AFM anisotropy. Since the heterostructure is mainly
dielectric, this electric control of the AFM anisotropy
could be performed without significant transverse currents
that increase dissipation and, since both the AFMR fre-
quency [3—06] and the threshold of the current-induced
generation of periodic signals in AFM-based STNOs
[13,14] are proportional to the AFM anisotropy, the appli-
cation of a transverse voltage to the PZ/AFM/HM lay-
ered structure could allow us the possibility of tuning
the frequency of the AFMR in the subcritical regime.
The heterostructure could then be used as a resonant ele-
ment in a passive receiver of terahertz-frequency signals
and to reduce the magnitude of the generation threshold,
if the heterostructure could be used in the supercritical
regime to generate terahertz-frequency periodic signals.
The electric control (reduction) of the generation thresh-
old could be of substantial practical importance, as it may
help to realize terahertz-frequency generation in AFMs
experimentally.

The paper has the following structure. In Sec. I, an
introduction to voltage- (or electric-field-) controlled AFM
spintronics is presented. In Sec. 11, we consider a PZ/AFM
bilayer with a transverse electric field applied across the
bilayer. In such a situation, we derive a general linear ten-
sorial relation between the vector of the applied electric
field and the field-induced change in the AFM anisotropy
tensor. In Sec. III, we consider the PZ/AFM/HM lay-
ered heterostructure under the simultaneous action of a
transverse dc electric field applied to the PZ layer and a
longitudinal dc current flowing in the HM layer. Using
the approximation of a “sigma model” [6], we derive
a general equation describing the magnetization dynam-
ics in the AFM layer, in which the AFM anisotropy is
affected by both the external dc current and the external
dc electric field. In Sec. IV, we apply the general theory
developed above to a particular case of a monocrystalline
bianisotropic dielectric AFM—nickel oxide (NiO)—and
derive explicit expressions for the AFMR frequency in the
subcritical regime, the generation threshold in the critical
regime, and the amplitude and frequency of the generated
periodic signal in the supercritical regime as functions of
the external dc current and the external dc electric field in
a particular case in which monocrystalline NiO is used as
the AFM material, a lead zirconate titanate-based piezoce-
ramics PZT-5H is used as a PZ material, and Pt is used as
a HM. Discussion of the obtained results is presented in
Sec. V, while the conclusions are given in Sec. VI.
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II. VOLTAGE-CONTROLLED ANISOTROPY IN
THIN AFM LAYERS

In this section, we consider the PZ/AFM bilayer shown
in Fig. 1, and derive the equations describing the influ-
ence of a dc electric field £ applied to the PZ layer on the
magnetic parameters of the AFM layer. The AFM layer is
assumed to be much thinner than the PZ layer, so that it
will not affect any of the mechanical properties of the PZ
layer. Also, we assume an ideal acoustic contact between
the layers, i.e., we assume that the displacement is continu-
ous across the interlayer interface [32]. Here and below, we
denote 052, e}-])-z and oj;, e;; as the elastic stress and strain
tensors of the PZ and AFM layers, respectively. We also
use the Einstein summation convention.

An application of the dc electric field Ej to the PZ layer
produces the following strain in the layer:

ei}z = diEy, (1)

where dy;. is the strain-piezoelectric tensor of the PZ layer
[see Eq. (2.11) in Ref. [33]]. Here, we can use the bulk
strain-piezoelectric constants of the PZ layer, because the
AFM layer is much thinner than the PZ layer. Thus, the
mechanical feedback from the AFM layer to the PZ layer
is negligible.

The Hooke’s law relating the volume stress e and strain
o0;; induced in the AFM layer can be written as

o = Cijueu, (2)

where Cjy is the stiffness tensor of the AFM layer.

vV

w7

FIG. 1. A schematic view of the considered PZ/AFM bilayer
under the influence of a bias electric voltage V: a layer of the
AFM material (e.g., NiO) and a layer of the PZ material (e.g.,
PZT-5H) in a conductive coating. The interface between the
AFM and the PZ layers is considered as an ideal acoustic con-
tact. The AFM layer is chosen to be much thinner than the PZ
layer, so that the mechanical properties of the PZ layer are not
affected by the AFM layer. The conductive coating allows one
to apply the transverse electric field £ to the PZ layer (such a
design has been used in the experimental paper by Sadovnikov
etal [31]).

An ideal acoustic contact between the PZ and AFM lay-
ers implies that the in-plane strain is continuous across the
AFM/PZ interface:

Pz IF
Pyey Py = PyenPy = e, (3)

where P; = I; —n;n; is the projector on the AFM/PZ
interface, /;; is the identity matrix, and #; is the vector nor-
mal to the AFM/PZ interface. It should be noted that the
net mechanical result of the application of the bias electric
voltage (or electric field) to the PZ layer is the creation of
the mechanical strain e!l' at the PZ/AFM interface.

The opposite interface of the AFM layer is considered
to be free, so the normal component of the stress oy; at this
interface of the PZ layer should vanish:

cr,-jn,- =0. (4)

To find the components of the strain induced in the AFM
layer by the electric field applied to the PZ layer, we
need to find the simultaneous solution of the system of
Egs. (2)+(4) comprising the Hooke’s law and the two
boundary conditions at the boundaries of the AFM layer.
In general, the solution of the system of Eqgs. (2)+4) for
an arbitrary symmetry of the tensor Cjj; is rather cumber-
some. Nonetheless, it can be found in the following general
form:

ej = Gijuey - Q)

In the case in which the stiffhess tensor of the AFM layer
Cjj has a cubic symmetry (as in NiO), the tensor Gy, in
Eq. (5) can be simplified to the following form (see the
Appendix):

Gy = (Sirdjr — nnin; 82), (6)

where n = C,/C11, Ciz, and Cy; are the components of
the stiffness tensor Cyy; in the Voigt notation. In fact, the
existence of strain components dependent on the parameter
n is a result of the Poisson effect.

The strain applied to the AFM layer produces the mag-
netoelastic (ME) energy in this layer, which can be written
as [see Eq. (5.66) in Ref. [34]]

WME = bygmm ey, (7

where b, is the magnetoelastic tensor and my’ is the mag-
netization unit vector of the AFM sublattice, denoted by
the index “«.” The magnetoelastic energy term is quadratic
in m{ in exactly the same way as the terms describing the
first-order magnetocrystalline anisotropy:

W = Kymims, ®
where Kj; is the tensor of the magnetocrystalline
anisotropy.
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Therefore, we can formally take into account the mag-
netoelastic interaction in the AFM layer by introducing the
effective magnetic anisotropy tensor containing a magne-
toelastic part K'"(Ey) that is dependent on the applied
electric field:

K;ff =Ky + K}}”E (Ep). 9)

This magnetoelastic part of the second-rank AFM
anisotropy tensor can be written as

K (Ep) = byjuiGripg (Pordrsy PsgEr) = Zyr B (10)
Here, Zjs is a third-rank tensor, which describes the
voltage-induced magnetic anisotropy effect in the AFM
layer by linearly coupling the vector of the applied elec-
tric field £ to the second-rank tensor K;AE of the magnetic
anisotropy tensor induced by an applied electric field in an
arbitrary direction.

Equations (9) and (10) represent a main general result
of this paper, describing how a vectorial external dc elec-
tric field £ can be used to control the magnetic anisotropy
in AFM (and/or FM) materials. The tensor Z;; describing
this effect is defined by the piezoelectric properties of the
PZ layer and the magnetoelastic and elastic properties of
the AFM layer, as well as by the relative crystallographic
orientation of the layers.

It is worth mentioning that in addition to the strain cre-
ated by the applied electric field, the AFM layer is also
affected by the “ground-state” strain caused by the intrinsic
interaction between the magnetic and elastic subsystems of
the AFM material in the free state (see pp. 173 and 182 in
Ref. [35]). The magnetic anisotropy caused by this strain is
usually included in the magnetocrystalline anisotropy con-
stants found in the experiments. Thus, we do not consider
this effect in any detail here.

III. CURRENT-INDUCED MAGNETIZATION
DYNAMICS IN AN AFM HETEROSTRUCTURE
BIASED BY A dc ELECTRIC FIELD

The magnetization dynamics in the current-driven
AFM/HM bilayer in both the active (generation) [13,14]
and the passive (reception) [20] regimes have been dis-
cussed previously. In this section, we study the current-
driven AFM magnetization dynamics in the PZ/AFM/HM
layered heterostructure in the case in which the PZ layer is
biased by the dc voltage V' (see Fig. 2). In such a struc-
ture, the electric current j flowing along the HM layer
becomes spin polarized due to the spin Hall effect in the
HM, creating a perpendicular spin current. This spin cur-
rent, polarized along p, creates a spin-transfer torque (STT)
acting on the magnetization sublattices in the AFM layer
[13]. The magnetization dynamics in the AFM layer are
described by the “sigma-model” equation for the AFM

zZ /‘ i% \%
X
AFM
e HM

i “p

FIG. 2. A schematic view of the three-layer PZ/AFM/HM het-
erostructure, where the piezoelectric (PZ) layer is biased by the
dc voltage 7 while the layer consisting of a heavy metal (HM)
is driven by the longitudinal current of the density j. When the
current density in the HM layer exceeds a certain threshold deter-
mined by the easy-plane anisotropy in the AFM, the spin-transfer
torque created by the current in the HM due to the spin Hall effect
generates terahertz-frequency rotation of the magnetization sub-
lattices in the AFM, which can be detected in the HM layer due
to the inverse spin Hall effect (for details, see Ref. [13]). The
voltage bias applied to the PZ layer can change the anisotropy in
the AFM layer and, therefore, the AFMR frequency in the AFM
layer in the subcritical (passive) regime, the generation threshold
current, and the amplitude of the signal generated in the AFM
layer in the supercritical (active) regime.

order parameter—the AFM Néel vector 1 [see Eq. (14) in
Ref. [13]] which in our case has the following form:

1. A
lx( l—f—al—}—SZ-l—l—rpxl):O, (11)
wCX

where wex = YHex, y 1S the gyromagnetic ratio, Hey is
the internal exchange field in the AFM, « is the damp-
ing parameter, T = o is the STT strength [13], o is the
electric current to STT proportionality coefficient [13],

Q= 2y /MS)IA(eff is the anisotropy matrix in frequency
units, and M, is the saturation magnetization of the AFM
sublattices.

Below, we study the small-amplitude dynamics of the
AFM magnetization; therefore, we can represent the Néel
vector as I = A + se™"®', where X is a static part describing
the ground state and s is the vector describing the excita-
tion, A - s = 0. Using this representation in Eq. (11), we
obtain two equations: one describing the static state of
the AFM magnetization and the other one describing its
small-amplitude dynamics. The “static” equation has the
following form:

xx(fz-x+fpxx)=o, (12)
which can be rewritten as
Q- A+7TpxA=hA, (13)
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where /4 is the effective static staggered field. The solution
to Eq. (12) defines a magnetic equilibrium ground state of
Néel vector A.

The “dynamic” equation can be written in the following
form:

2
Ax[—w s+(ﬂ—hi>-s+rpxs]=0. (14)

a)CX

The solution to this “dynamic” equation determines the
frequencies of small oscillations around the static equilib-
rium. Simplifying the above “dynamic” equation, we can
rewrite it in the form of a standard eigenvalue problem for
the excitation vector s:

w? ~
s=Q-s+7(A-p)(Ax58), (15)
a)ex
where
@ =P, (sz _ hi) , (16)
P,=1-1®Ax, (17)

and the symbol ® denotes a tensor product.

The eigenfrequencies w can be formally found as solu-
tions to the eigenvalue problem (15). It is important to note
that the obtained eigenvalue problem (15) in the case of
the AFM dynamics has a form similar to that of a lin-
earized vector Landau-Lifshitz (LL) equation derived in
Refs. [36] and [37]. This similarity is natural, because both
the sigma-model equation (15) and the linearized LL equa-
tions in Refs. [36] and [37] describe the behavior of a unit
vector on a sphere.

Equations (12)~(15) represent a general formulation of
the problem of the small-amplitude magnetization dynam-
ics in AFMs obtained in the framework of a sigma model
and can be used for a wide variety of different AFM
crystals and piezoelectrics.

IV. EXAMPLE: VOLTAGE-CONTROLLED
DYNAMICS OF A CURRENT-DRIVEN
BIANISOTROPIC DIELECTRIC
ANTIFERROMAGNET—NiO

To illustrate the general formalism for the AFM mag-
netization dynamics developed above [Eqgs. (12)(15)], we
apply this formalism to the case of a PZT-5H/NiO/Pt lay-
ered heterostructure, choosing an AFM crystal (NiO) with
cubic symmetry and piezoelectric ceramics PZT-5H polar-
ized in the direction perpendicular to the PZ layer surface
(n = x). The STT in this structure, created by the driving
dc current in the Pt layer, is assumed to be polarized along
the hard-anisotropy axis of the NiO layer (p = z).

In such a geometry, the tensor KM of the AFM mag-
netic anisotropy induced by the applied transverse dc volt-
age V (or the transverse dc electric field £) in the cubic
crystal NiO has the form (see the Appendix)

n
~ ME
K

2b1dyrE,

-2
= o (18)
0

(= =]
—_ o O

where d, and b are the components of the strain-
piezoelectric and the magnetoelastic tensors. The effective
magnetic anisotropy tensor < for NiO, which contains the
magnetocrystalline and induced anisotropies and enters the
eigenvalue equation (15), has the form

A~

R=wz2QRZ—w,yRY+KkE(-21XxQX+yYyRY+ZR z),
19)

where k = 4y bid, / M.

Since the ground-state vector A lies in the x-y plane,
it is convenient to represent it in the form A = xsin¢ +
ycos ¢. Solving the “static” Eq. (12), we find the angle ¢
determining the equilibrium orientation of the static Néel
vector A,

1 2T

= i , 20
¢ 5 arcsin o —kEA+27) (20)

and the value of the staggered field 4,
h = (kE — w,) cos* ¢ — 2nEk sin® . (21)

The solution of the “dynamic” eigenvalue problem (15)
yields two AFM eigenmode frequencies:

W) = /ey [0e — KE (1 +21)]cos2p,  (22)

wy = \/a)ex [ + KE + (0, — KE) cos® ¢ + 2nkE sin’ ).
(23)

which are the frequencies of the lower and higher AFMR
modes of the voltage- and current-driven PZT-5H/NiO/Pt
layered heterostructure. Since wy, > w,., the influence of
the voltage-induced strain and the current-induced STT
on the high-frequency mode of the AFMR is negligible.
Therefore, in the following we will only discuss in detail
the properties of the low-frequency AFMR mode.

Using Egs. (20) and (22), it is possible to find an explicit
expression for the frequency of the low-frequency AFMR
mode as a function of the density of the driving current j
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and the magnitude of the bias electric field £:

. / 4(aj)?
w1(,E) = | Wexwesr(E) l—m,

(24)
where
wer(E) = w.(1 — BE) (25)
and
B =k +2n)/w,. (26)

The line width Aw of the found AFMR mode in the
small-amplitude approximation does not depend on the
magnitudes of j and £ and for the intrinsic Gilbert damping
parameter is [38]

Aw = dwex ~ 2w x 18 GHz. (27)

Inthe case of E = 0 andj = 0, it corresponds to the quality
factor Q = w/Aw =~ 12.

The obtained expression (24) for the frequency of the
low-frequency AFMR mode is valid for the values of the
driving-current density below the thresholds of the genera-
tion regime j < jm12 [see Eqs. (4) and (5) in Ref. [13]]. In
the absence of the bias electric field (£ = 0), an equation
similar to Eq. (24) has been derived in Eq. (10) in Ref. [20].
In the presence of the electric field, the expressions for
the generation thresholds jjn;, are modified using the
replacement w, — weg(E) = w.(1 — BE):

e 1 —BE .
ju =P PE o pm. a®)
o
) 200
Jtha = —+/ CUexa)e(l - ﬂE) (29)
%ol

This means that for the proper sign and magnitude of
the bias electric field, the “easy-plane” anisotropy of the
AFM can be substantially reduced and, consequently, the
threshold of the terahertz-frequency signal generation in
a current-driven AFM, which is proportional to the w, —
wei(E), can also be reduced.

Unfortunately, this reduction of the generation threshold
also leads to a reduction in the amplitude of the gener-
ated signal that is proportional to the time derivative of
the azimuthal angle of the Néel vector 1 in the AFM. In
the supercritical (generation) regime [for j > ju (E)], the
expression for the derivative of the azimuthal angle ¢ has
been derived in Eq. (6) in Ref. [13] and for the case of
biasing by an electric field £ when w,— weg(E), we obtain

w(/) + a)exwe(l _,BE)

2 4f(awe)? + ()

where w(j) = 20j /o.

¢ = cosw(i)t,  (30)

In our particular case of the PZT-SH/NiO/Pt layered
heterostructure, it is possible to calculate all the material
coefficients explicitly and we obtain the following value of
the coefficient 8 determining the dependence of the NiO
easy-plane anisotropy on the dc electric field applied to
the PZT piezoelectric layer: 8 = 4y b1d>(1 4+ 2n) /w.M; =
1.64 x 1072 (kV/cm)~!. In the same structure, the thresh-
old current density of the terahertz-frequency signal gen-
eration in the absence of the bias electric field is evaluated
as jimo = we/20 = 2.02 x 103 A/cm?, which is the current
density that has been reached in many previous experi-
ments performed in FM-based spin-torque and spin Hall
auto-oscillators [7-9].

It should be noted that the magnitude of the coefficient
B that quantifies the dependence of the AFM anisotropy
on the applied electric field is rather small [approximately
1072 (kV/cm)~!] and that large electric fields, close to
those characteristic of dielectric breakdown, are needed
to substantially influence the AFM anisotropy and, there-
fore, all the other properties of an AFM crystal. Thus,
for practical applications of the developed formalism, it is
very important to find PZ/AFM pairs that have the largest
possible coefficient 3.

V. DISCUSSION

The results of our study of the influence of the bias dc
electric field E applied to the piezoelectric PZ layer and
the density j of the driving electric current supplied into
the HM layer of the PZ/AFM/HM heterostructure on the
magnetic properties of the AFM layer of the same structure
are summarized in Figs. 3 and 4.

Figure 3 demonstrates that the application of the dc
electric field can, in principle, substantially reduce the
AFM anisotropy and, therefore, the threshold current den-
sity necessary for the generation of periodic terahertz-
frequency signals in current-driven AFM crystals. This
result opens a way to the practical development of
terahertz-frequency signal generators based on AFM sub-
stances. Another notable theoretical result is illustrated
in the inset to Fig. 3 and shows that for a sufficiently
large bias electric field, the “extinction” threshold current,
determined by the Gilbert damping in the AFM crystal
[see Eq. (5) in Ref. [13]] could become larger than the
“ignition” threshold, determined by the “easy-plane” AFM
anisotropy [see Eq. (4) in Ref. [13]] and, therefore, the
threshold of generation in AFMs will be determined by the
AFM Gilbert damping.

Figure 4 shows the frequency of oscillations in the AFM
crystal as a function of the driving current in both the
subcritical (passive) and the supercritical (active, or gener-
ation) regimes for two values of the electric field. It is clear
that in the subcritical regime the frequency of the low-
frequency mode of the AFMR is reduced with an increase
of the driving current and is also reduced with an increase
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FIG. 3. The dependence of the effective easy-plane anisotropy
werr (left-hand axis) and the threshold current jy,; (right-hand
axis) in NiO on the electric field E applied to the PZT layer.
Note that both the AFM anisotropy and the generation threshold
could be tuned and reduced by the application of an electric field
to the PZT layer. The inset demonstrates that for a sufficiently
large value of E, the “elimination” threshold jy, can exceed
the “ignition” threshold jy,; [for details, see Egs. (4) and (5) in
Ref. [13]].

of the applied bias electric field. On the other hand, in the
supercritical regime, the frequency of the generated signal
is simply proportional to the supplied current density j and
is practically independent of the bias electric field E.
Figure 5 again demonstrates that the frequency of the
low-frequency AFMR mode in the subcritical(passive)
regime is decreased with an increase of the bias electric

1.5 T T T T
—F=30kV/cm
—F=0kV/cm
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J (0 kV/em)
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Ja1 (30 kV/em)
A
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7 (10°A/em’)

Frequency (THz)

FIG. 4. The dependence of the eigenfrequency of the low-
frequency AFMR mode (22) in the passive subcritical (j < jn1)
regime and the frequency of generated oscillations w(j) in the
active supercritical (j > j) regime on the density j of the driv-
ing electric current, calculated for two values of the electric
field E applied to the PZT layer. Note that the AFMR fre-
quency in the subcritical regime is reduced with an increase of
the driving-current density j [see also Eq. (10) in Ref. [20]].
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FIG. 5. The dependence of the eigenfrequency of the low-
frequency AFMR mode (22) in the passive subcritical regime
on the electric field £ applied to the PZT layer, calculated for
two magnitudes of the driving electric current density j [ji12 <
Jmi (E)].

field, so that in this regime an AFM crystal biased by
a dc electric field can be used as an electrically tunable
resonator working at subterahertz frequencies.

Figure 6 shows that the amplitude of the periodic high-
frequency signal generated in an AFM in the supercritical
regime is reduced both with an increase of the driving-
current density and with an increase of the bias electric
field. This means that by applying the bias electric field,
it is possible to reduce the generation threshold, but the
price one will has pay for this advantage is the reduced
amplitude of the generated high-frequency signal.
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FIG. 6. The dependence of the amplitude of oscillations of the
frequency w(j) generated in the active supercritical regime on
the density j of the driving current for three different values of
electric field £ applied to the PZT layer. Vertical dashed lines
show the position of the generation threshold j = jy; (E). Note
that amplitude of the generated oscillations is reduced with the
increase of both the driving current j and the bias electric field E.
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Finally, Fig. 7 demonstrates the dynamic behavior of
the PZ/AFM/HM layered heterostructure in Fig. 2 under
the influence of the dc bias current j and the bias elec-
tric field £. Using the dynamic equation (11), we calculate
numerically the time dependence of the angular velocity
of the AFM Néel vector 1 in the (a) subcritical and (b)
supercritical regimes. In the subcritical regime [Fig. 7(a)],
we assume that the bias current is absent (j = 0) and
that the magnetization dynamics start when the Néel vec-
tor 1 is displaced from its equilibrium state (1 = A) with
the initial condition 1(t = 0) = A + s¢, dl/d¢t|,—o = 0. In
this case, the magnetization dynamics are described by
damped oscillations with a frequency close to the AFMR
frequency and this frequency is reduced with an increase of
the bias electric field E [see Eq. (24)]. In the supercritical
regime [Fig. 7(b)] j > jmi(E) (j =2 x 108 A/cm?), the
dynamics are described by self-sustained oscillations, the
frequency of which is determined by the bias currentj (for
details, see Ref. [13]), while the electric field £ determines
only the threshold current jy; and the amplitude of the
angular-velocity oscillations [see Eq. (30)].
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FIG. 7. The numerically calculated dynamical behavior of the

PZ/AFM/HM layered heterostructure in Fig. 2 under the influ-
ence of a dc bias current and a dc electric field in the (a)
subcritical and (b) supercritical regimes. The angular velocity of
the rotating AFM Néel vector 1 is presented as a function of time.

VI. CONCLUSIONS

The results presented above demonstrate that the
dynamic magnetic properties of AFM crystals in
PZ/AFM/HM layered heterostructures can be effectively
controlled by both the driving current flowing along the
HM layer and the transverse dc electric field applied to the
PZ layer of the heterostructure.

One of the main results of our current work is the deriva-
tion of the general tensorial equations (9) and (10) relating
the tensor of anisotropy in an AFM crystal to the vec-
tor of the dc electric field applied to the PZ layer. Using
these tensorial equations in a particular case of a trans-
verse electric field applied to a NiO AFM crystal (having
cubic symmetry), we consider the current-induced dynam-
ics of magnetization in NiO and obtain an expression (25)
describing the dependence of the “easy-plane” anisotropy
in NiO on the applied dc electric field, and the explicit
expression (24) for the frequency of the AFMR acoustic
mode as a function of the driving-current density j and the
bias electric field £ in the subcritical regime j < ji 2.

We also obtain the expression (30) for the derivative of
the azimuthal angle ¢ of the Néel vector 1 in the super-
critical (generation) regime for j > ju;(E) in the presence
of the bias electric field, which allows us to evaluate the
amplitude of the high-frequency signal generated in the
AFM layer as a function of j and E (see 6).

We believe that the obtained explicit equations could
be used for theoretical analysis in a variety of practical
spintronic problems that require AFM-anisotropy manipu-
lation and switching, such as control of magnetic random-
access memories (MRAMs) [39,40], the development of
terahertz-frequency signal generators [1,12,13] and reso-
nance monochromatic receivers [1,20,22] based on AFM
crystals, the control and excitation of spin waves in AFM
and FM magnonic devices [41], and many others. The
obtained equations can also be useful in the study of the
influence of elastic strain on nonmagnetic systems (e.g.,
Ref. [42]).
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APPENDIX: MATERIAL CONSTANTS

In this appendix, we present the magnitudes of all the
material constants used in the calculations presented above
and show explicitly the tensorial formalism leading to the
derivation of the general equation (10).

Here, in addition to the quantities 052, egz, ojj, and e;;
defined above, which denote the stress tensors and the elas-
tic strain tensors in the PZ and AFM layers, respectively,
we also introduce the quantities "7, ef%, o, and e as the
six-dimensional vector representations of these tensors in
the Voigt notation (see p. 66 in Ref. [33]). We introduce the
six-dimensional vectors in order to represent the tensors
dy; and Cyy in more explicit and transparent forms.

In our calculations, we use the following magnetic
parameters of the NiO crystal:

H, =62 x 10> G [38],
Hy, = 1.6 x 10* G [38],
Hex = 9.8 x 10° G [38],
M, = 3.5 x 10% Oe [43].

w, =yH, =27 x 1.75 GHz,
wp, = yH, =2 x 43.9 GHz,
Wex = YHex = 21 x 27.5 THz,

The following values of the NiO material constants are
taken from Ref. [13]:

a=3.5x1073
o =21 x 432 x 1074 Hz/(A/m?).

The following parameters of the ME interaction and
components of the NiO stiffness tensor are taken from
Ref. [44]:

WME = byumim; ey,
bo = 5.93 x 10° J/m®,

biji = bodij 11 + b1 (8ikdji + 8udjn),
by = —17.7 x 10° Jm?;

Cijrr = Codij 81 + C1 (8 + Su8j),
C; = 5.39 x 10'° J/m?.

wel = %Cykley e,
Co = 7.85 x 10'° J/m?,

In our calculations, we assume that the piezoelectric
ceramic PZT-5H is polarized along the x axis (see Fig. 2):

d 0 0
d 0 0
A (pPNTLe L d, 000
a=(¢") e=| T o o | @n
0 0 dy
0 di O
d, 5.94
d | = 275 | x107%vim)~!, (A2)
ds 7.39

where éPZ and e are the stiffness and stress-piezoelectric
tensors of PZT-5H, presented on p. 278 in Ref. [33].
Assuming that the dc voltage is applied perpendicular to
the interface, so that the dc electric field is directed along
the x axis E = EX, the PZ strain e"” can be calculated as

e’ = dE = (d,d>,d>,0,0,0) x E. (A3)

Then, the strain at the PZ/AFM interface e'' entering
Eq. (3) can be represented as

e = PyeifPy = (0,d2,d>,0,0,0)" x E. (A4)

Let us now explicitly derive the tensor Gy for the case of a
NiO crystal. The tensor Cj;, written in the Voigt notation,
has the following form:

C; Cpp Cpp 0 0 0
Cpn Ch Cpp 0 0 0
A Cn Cip C 0 0 0
C=1 9 0o 0 cu 0 o | @&
0 0 0 0 Cyy 0
0 0 0 0 0 Cyu
Ci Co + 2C,
C12 = CO (A6)
Cus C

Then, the boundary condition (4) oj;n; = 0 takes the fol-
lowing explicit form,

CIZeyy + CIZezz + Cllexx = O’
2Cyer. =0,
2C44exy = 0:

(AT)

while the boundary condition (3) PyeuP; = e}}: can be
written as

_ Pz
Gy =€y
PZ

€; =¢€,, (AS)

— 9PZ
2ey, =2e;.
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Taking Eq. (A4) into account, we can rewrite the equation
ej = GijudunkE, for NiO in the following form:

n
dE, (A9)

S = O
—_ o O

-2
eij = 0
0

where n= C12/C11 = C()/CO + 2C1
We can then obtain an explicit expression for the tensor
Ké\’[E of induced magnetic anisotropy in the form

K,I,VI b = byuen = (body S + b1 (8udj + 8udi)) en

—27 0 0
= o 1 0 |2n4E. (A10)
0 0 1

Here, we drop the terms containing by, since their contri-
bution to the ME energy is isotropic. The tensor of mag-

netocrystalline anisotropy K for NiO has been obtained in
Ref. [13] and has the form

0 0 0
k=1 —H, 0 (A1)
2\o o H
Using the values of the NiO material parameters presented
above, we obtain the numerical values of the constants
w, and B entering Eq. (25) and the constant jgo entering
Eq. (28) in the form

we = 27 x 1.75 GHz, (A12)

_Aybidy (1 + 27)

= 1.64 x 1072 (kV/em)~!, (A13)
weM;

B

o = 26 —2.02 x 10° A/cm?.

o (A14)
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