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The realization of terahertz (THz) sources is a fundamental aspect for a wide range of applications. Over dif-
ferent approaches, compact THz oscillators can be realized, taking advantage of dynamics in antiferromagnetic
thin films driven by the spin Hall effect. Here we perform a systematic study of these THz oscillators within a
full micromagnetic solver based on the numerical solution of two coupled Landau-Lifshitz-Gilbert-Slonczewski
equations, considering ultrathin films. We find two different dynamical modes depending on the strength of the
Dzyaloshinskii-Moriya interaction (DMI). At low DMI, a large-amplitude precession is excited, where both the
magnetizations of the sublattices are in a uniform state and rotate in the same direction. At large enough DMI,
the ground state of the antiferromagnet becomes nonuniform and the antiferromagnetic dynamics is characterized

by ultrafast domain-wall motion.
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I. INTRODUCTION

Terahertz (THz) radiation covers the range of frequencies
from 300 GHz (gigahertz) to 3 THz, between microwaves and
infrared, corresponding to wavelengths ranging from 1000 to
100 um [1,2]. Since a wide variety of lightweight molecules
emits in this range of the electromagnetic spectrum, THz
were intensely investigated by astronomers and chemists in
the past [3,4]. However, THz oscillations have turned out to
be very promising in many other fields, such as biomedicine
[5], defense and security [6], material science [7], industrial
nondestructive testing [8], and information and communica-
tion technology [9,10]. THz sources can be realized with
quantum cascade lasers [11] and solid-state devices [12];
however, the development of compact nanosized electrical
generators and receivers of THz signals represents a key
challenge of the modern technology. With the experience
maturated after decades of research on the generation and
manipulation of GHz-frequency dynamics in ferromagnetic
materials [13—18], the development of high-quality antiferro-
magnetic materials (AFMs) for several applications [19-23],
and proof of concept of antiferromagnetic memories
[24-27] driven by the spin Hall effect (SHE) [28], research
is now combining this know-how focusing on the develop-
ment of AFM-based oscillators for application in 4G and
5G telecommunication systems [29-35]. Up to now, there
is no experimental proof of AFM-based oscillators, and all
the theoretical studies are considering two sublattices with
their magnetizations antiferromagnetically coupled [36] and
their dynamics is studied by solving two Landau-Lifshitz-
Gilbert-Slonczewski equations [37] within the macrospin
approximation [29,31,32].
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The first motivation of this work is to extend the study
of AFMs to a full micromagnetic framework for considering
possible nonuniformities of the magnetization. Second, we
want to move a step forward to the understanding of THz
AFM dynamics driven by a dampinglike torque originating
from the spin Hall effect in a typical bilayer AFM heavy
metal. We focus, in particular, on 1-5-nm-thick film of nickel
oxide and, although we assume a small exchange stiffness
constant as compared to the bulk values, THz dynamics can
be excited at large enough current. We show a systematic
study of the threshold currents and the output frequency as
a function of spin-polarization direction, exchange constant,
Gilbert damping, AFM thickness, and Dzyaloshinskii-Moriya
interaction (DMI) coming from the interface between the
AFM and the heavy metal [38].

We find that the DMI is the most influent parameter in
controlling the type of AFM dynamics. At low DMI, the
threshold current is a subcritical Hopf bifurcation [39] and
the dynamics is related to a large-amplitude uniform preces-
sion of the magnetization of the two sublattices in the same
direction with an angle between the magnetization and the
precession axis that depends on the applied current. As the
DMI increases, the ground state becomes nonuniform and the
excited dynamics changes qualitatively since it is related to a
continuous domain-wall nucleation, propagation, and annihi-
lation. In addition, the threshold current is a supercritical Hopf
bifurcation. Our results highlight that a full micromagnetic
model can be used for the description of all the scenarios
where AFM oscillations occur.

This paper is organized as follows. Section II is devoted to
the micromagnetic model developed for the analysis. Results

©2019 American Physical Society
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FIG. 1. Schemes of the device under investigation with the in-
dication of the Cartesian reference systems. (a) A schematic of the
bilayered ASHO. The four terminals can be used for the applica-
tion of charge currents, and for the measurement of the spin Hall
resistance. (b) Top view of the antiferromagnet. m; and m, represent
the initial configuration of the magnetizations of the two sublattices
while p is the spin polarization. (c) Sketch of the idea at the basis
of the continuous modeling of antiferromagnetic sublattices. For a
given computational cell we consider that the average magnetization
is given by the two vectors m; and my.

are given in Sec. III in detailed paragraphs, then the conclu-
sions are summarized in Sec. IV.

II. MODEL

The device under examination is an AFM-based spin Hall
oscillator (ASHO), consisting of an antiferromagnetic layer
coupled to a four-terminal heavy metal layer, representing
both electrodes and source of spin current [32] [see Figs. 1(a)
and 1(b), where the Cartesian coordinate systems are also
shown]. The AFM has a square cross section with dimensions
40 x 40 nm?, whereas the thickness d varies from 1 to 5
nm. We use a continuous micromagnetic formalism, which
extends the one of ferromagnets, considering the macroscopic
properties of an AFM as computed from averaging the spin
vectors [40]. In detail, starting from the atomistic model, the
magnetization at each point is modeled by means of two
vectors m; and m;, [Fig. 1(c)] that are the average magnetic
effect of the spins pointing parallel or antiparallel to a specific
direction. AFM dynamics of m; and m; is obtained by solving
two coupled Landau-Lifshitz-Gilbert equations, where the
SHE-driven spin transfer torque is taken into account by
means of an additional Slonczewski-like torque term [36]:

dm; dmy
F:—(ml X heff_l) 4+ am; X F +dj(m1 xmp X p)
d_'1:2 =—(my X hegn) + amp x d_tz +d;(my x my x p)

ey

On the left-hand side of Eq. (1), m; and m, are therefore
the magnetizations of the two sublattices, normalized with
respect to the saturation magnetization Mg, and t is the

dimensionless time T = yyMgt, where y; is the gyromagnetic
ratio [41]. On the right-hand side, heg.; and heg, are the
normalized effective fields acting on the two sublattices, and
« is the Gilbert damping. The third term represents the SHE-
driven torque, where d; = 2%‘8 ”Mjg ~» & is the Landé factor, 1 p
is the Bohr magneton, e is the electron charge, Jg is the
spin current, which is proportional to the charge current J
through the so-called spin Hall angle 05y, Js = sy J. The
spin Hall effect creates a Néel torque that is assumed to have
the same form for each magnetic sublattice. The vector p is
the direction of the spin Hall polarization, given by p = Z X j,
where Z and j are the directions of the spin and electric
currents, respectively. By a proper combination of the current
at the source terminals, it is possible to manage the direction
of the spin Hall polarization. In our case, p can be fixed in
the x — y plane with an angle 6, between 0° and 90°: If the
electric current is applied only at the terminals B-B’ (A-A’),
then 6, = 0°(6, = 90°), resulting in a polarization collinear
(normal) to the easy axis; see Fig. 1(b).

The effective fields include the standard contributions from
exchange, anisotropy, and demagnetizing field, together with
the interfacial DMI and the thermal field:

Betr 1 = hexcno1 + hanist + hdemag-l + hymi1 + By

N )
hefro = Bexen2 + Daniz + hgemag-2 + Bami-2 + hino

The exchange fields take into account both ferromagnetic
coupling between neighbors in each sublattice (this is the
same as in the standard model for the ferromagnets) and
the antiferromagnetic coupling between the two sublattices.
The latter is considered of atomistic origin because the two
magnetization vectors are at the same point and it is modeled
considering only the homogeneous part,

Nexch-1 = Cexeh-FM V2 + Aapvy 3)

) ,
hexch2 = Qexch-rM VMy + Aapvmy

where aexch-rv = 2Apm/oM3 and Aapv = 4Aapu/1oa’ M3
ponder the two main contributions, Apy and Aapv are the
ferromagnetic and antiferromagnetic exchange constant, re-
spectively, a is the lattice constant, and o is the vacuum
permeability.

We consider anisotropy fields originating from uniaxial
material:

hani—l = OlgpilMy - Uy

“

hani—2 = Oapily - Uy

where o, = 2Ky /,qu§, Ky is the uniaxial anisotropy con-
stant, and ug is the direction of the easy axis that is the x axis
in our study [42].

The demagnetizing field is calculated by solving the mag-
netostatic problem for the total magnetization (m; + m;y)/2.
We have included this field in our simulations because from
the theory a small, but not zero, total magnetization is ex-
pected. However, some simulations performed without this
term of the effective field have provided the same qualitative
results with a slight quantitative difference.

The additional contribution to the effective field for
considering the interfacial DMI is given by the following
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expression:
2D .
hypi.1 = — [(V-m)Z —Vm,_]
HoMs 5)
2D ’
hanio = — [(V-my)Z — Vm,_ 5]

noMs

with D being the parameter accounting for the intensity of
DML. The boundary conditions now hold, 4% = %(z X n) X
m; (i = 1,2), where n is the unit vector perpendicular to the
edge and y = ngM is a characteristic length in the presence
of DML.

The thermal field is considered as a stochastic contribution

added to the deterministic effective field:

|:hth-l:|_ & 2akpT ©)
hoo]  Ms\ woAVMsAt’

where kp is the Boltzmann constant, AV and At are the
discretization volume and integration time step, respectively,
while T is the temperature. £ is a six-dimensional white
Gaussian noise with zero mean and unit variance, uncorrelated
for each computational cell [43,44].

As we are interested in the dynamics of ultrathin antifer-
romagnetic films, we assume here a substantially low value
of the homogeneous intersublattice exchange Aapm /a2 =
1.25MJ /m3, where a = 0.5 nm. The discretization cell used
for the simulations is 2 nm %2 nm x d. When not speci-
fied, we have used the following parameters for the ASHO:
d = 5nm, Mg = 350 x 1O3A/m, o =0.05, Ky = 10° J/m3,
Osy = 0.2, and Apy = 0.5 x 10-4 J/m.

III. RESULTS
A. Role of spin-polarization direction

We consider three experimental realizable
polarization directions p;, p2, and p3:

(1) p; is obtained if the current is applied at the terminals
B-B’ along the —y direction 6, = 0°, the spin polarization
is collinear with the equilibrium magnetization of the two
sublattices [30];

(2) p2 is obtained if the same current is applied simultane-
ously at both A-A” and B-B’, 6, = 45° in the region where the
AFM is positioned;

(3) p3 is obtained if the electric current is applied at
the terminals A-A’ along the x direction; hence Op = 90°
and the spin polarization is perpendicular to the equilibrium
magnetization of the two sublattices [32].

Figures 2(a) and 2(b) show the threshold currents and the
oscillation frequencies as a function of current density for
the three different spin polarizations without DMI. In all the
cases, the self-oscillation is a subcritical Hopf bifurcation
characterized by hysteresis with Jox and Jopp switching-on
and switching-off current densities, respectively. This hys-
teretic excitation has been already predicted by an analytical
theory for the p; configuration [32] and can be understood
qualitatively by considering that at Jon the precession of
the magnetization of the two sublattices has a finite large
amplitude. Differently from subcritical Hopf bifurcation in
ferromagnet-based spin transfer torque oscillators [17,45-47],
here also at Jopr the amplitude of the oscillation of sublattices

spin-
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FIG. 2. (a) Threshold current densities (Jon and Jopr) for the
excitation of the antiferromagnetic dynamics for three different
directions of spin polarization. (b) Oscillation frequency as a function
of the applied current with a zoom near the threshold current.
(c), (d) Amplitude of the y component of the magnetization as a
function of the current density for 6, = 0° and 6, = 90°.

magnetization is finite and even larger than the one at Joy [see
Figs. 2(c) and 2(d), where the amplitude of the y component
of the magnetization for 6, = 0° and 90° as a function of
current density is displayed—-see also Supplemental Mate-
rial, Note 1 [48], where the differences between subcritical
and supercritical Hopf bifurcation for AFMs and FMs are
highlighted]. This result is relevant from a technological point
of view because the AFM-based oscillator can also work at a
current density below Jon as already pointed out in Ref. [32].
The width of the hysteretic region depends on the polarization
direction as for 6, = 0° it is very narrow (0.4 x 108A /cm?),
whereas it increases with the increase of 6, (3.2 x 103A /cm?
for 6 = 90°). This result can be directly linked to the fact
that the precession axis is parallel to the spin polarization,
then at 6, = 0° it coincides with the equilibrium axis, while
at 8 = 90° the precession axis is perpendicular to it (see top
right inset of Fig. 3).

The AFM magnetization dynamics is characterized by the
rotation of the magnetization of both sublattices m; and mj;
in the same direction with an angle ¢ with respect to the os-
cillation axis (top left inset of Fig. 3). The rotation frequency
[Fig. 2(b)] exhibits blueshift tunability [21 GHz/ (108A / cm?)]
and is basically independent of the spin-polarization direction
at high currents, which is associated with the high energy
of the rotation of the Néel vector, defined as (m; — my)/2.
The anisotropy of the AFM defines the potential profile for
the magnetizations m; and m; and, thus, the ground state
of the AFM. However, at high currents, the kinetic energy of
the magnetizations rotation significantly exceeds the potential
energy of anisotropy [32], and consequently the angular ve-
locity does not depend on the anisotropy profile and direction
of spin polarization. In this case, the frequency is defined
only by the spin torque to damping ratio [32]. For a fixed
current density, the trajectory is characterized by the same
Y around the oscillation axis fixed by the spin-polarization
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FIG. 3. Trajectories of the magnetizations of the two sublattices
in the three different cases of spin Hall polarization, around its di-
rection, for J = 30 x 103A/cm?. Left inset: sketch of the precession
of the two magnetizations around the spin polarization. Right inset:
directions of the spin polarization in the three cases.

direction. This fact is preserved also at very large current; see
for example the main panel of Fig. 3 for the trajectories at J =
30 x 103A/cm?. As expected from analytical computations
the frequency is proportional to the current density (see Eq. (7)
of Ref. [32]). For the simulation parameters of this study, a
maximum frequency of 0.6 THz at J = 30 x 108A/cm? is
observed.

At 6, =90°, we have performed a comparison with the
analytical model developed in Ref. [32], finding an agreement
described below in the paper (see also Supplemental Material,
Note 2 [48]).

B. Output signal

The first challenge to face is the conversion of the AFM
dynamics in a measurable THz signal. Some proposed strate-
gies are based on the inverse spin Hall effect [32] or dipolar
radiation [49]. Those two approaches need tilting of the mag-
netization of the two sublattices for originating a net rotating
magnetic vector or a time-varying phase angle between the
two sublattices; however, for realistic parameters the output
power should be very small. On the other hand, our four-
terminal scheme can be used biasing the device with a proper
current in order to have p;, p», and ps, and reading the mag-
netoresistance at one of the couples of terminals AA’ or BB’
[50,51]. For example, when the bias current is applied through
the AA’ terminals and hence the spin polarization is ps, the
THz signal should be read out via the BB’ terminals and it
is mainly originated by the oscillation of the y component of
the magnetization of the two sublattices; such an oscillation
has a frequency that is two times the precession frequency
(see Supplemental Material, Note 3 [48]). Alternatively,
the THz signal can be read via the same AA’ terminal via the
magnetoresistance that originates from the oscillation of the x
component of the magnetization of the two sublattices [52].

C. Systematic study for p; spin polarization

Figures 4(a)—4(c) show the switching-on Jon and
switching-off Jopr current density as a function of d, «, and
A while maintaining the other two parameters constant. The
threshold currents clearly increase with the increase of both
the AFM thickness and the damping [Figs. 4(a) and 4(b)].
On the other hand, our simulations confirm that the exchange
contribution plays an important role mainly in the switching-
off current density, which slightly increases with the value of
A, whereas the switching-on current density is almost constant
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FIG. 4. Summary of micromagnetic simulations for a current applied

along the x axis, so that the spin Hall polarization is along the y axis

(6p = 90°). (a)—(c) Switching-on and -off current densities as a function of AFM thickness d (a), damping « (b), and exchange constant A

(c). (d)—(f) Oscillation frequency of the y component of the magnetizatio

n of the AFM as a function of the current density, for different values

of the thickness d (d), the damping « (e), and the exchange constant A (f).
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FIG. 5. Comparison between micromagnetic simulations and analytical models in the case 8, = 90°: (a) threshold currents, (b) oscillation
frequency of the y component of the magnetization, and (c) oscillation frequency of the y component of the magnetization in the case of high

intersublattice exchange (Aapy/a® = 20 MJ/m?).

[Fig. 4(c)]. The hysteresis width increases with the thickness,
decreases with the damping, and slightly decreases with the
value of A. Such results agree with the theoretical predictions
(see Egs. (4) and (5) of Ref. [32]).

Within the same parametric study, Figs. 4(d)—4(f) show
the oscillation frequency (as computed from the y component
of the magnetization) of the excited dynamics as a function
of the applied current J, for different values of thickness,
damping, and exchange constant. The frequency tunability
is blueshift on current with frequency values ranging from
hundreds of gigahertz up to several terahertz. In particular,
the frequencies increase with either the decrease of thickness
[Fig. 4(d)] or damping [Fig. 4(e)]. In conclusion, full numer-
ical micromagnetic simulations are in qualitative agreement
with the theoretical predictions that hence can be used as a
tool to identify the parameter region where to optimize the
THz AFM-based oscillators [see Fig. 4(f), and Egs. (6) and
(7) of Ref. [32]).

The oscillation frequencies in Fig 4(e), computed for a =
0.01, shows a jump to zero at J = 5 x 103A/cm? where the
dynamics of the y component of the magnetization is off (m,
is constant) and the trajectory is in the x-z plane. This is a
direct consequence of the reduced exchange stiffness or, in
other words, the low thickness of the AFM film. As can be
observed, the damping is a critical parameter either for the
oscillation frequency or for the range of current tunability.
This brings us to the conclusion that the THz dynamics in
ultralow-damping AFMs will be observable in a narrow range
of current density, at least if we read out the signal via the spin
Hall resistance.

We have also performed simulations of a smaller (30 x
30nm?) and a larger (80 x 80 nm?) AFM sample, with the
default values for d, A, and «, to reveal the possible role
of the dimensions in the magnetization dynamics. However,
those simulations have shown that both the current needed to
switch on the dynamics and the frequency of oscillation turn
out to be equal to the case of 40 x 40 nm? sample. Actually,
this outcome was expected, considering that the volume of the
active layer does not appear in the analytical model.

D. ASHO linewidth

Together with frequency tunability and threshold current,
the linewidth is another fundamental property of an oscillator.
In order to calculate the linewidth for the AFM oscillator, we
have performed micromagnetic simulations at room tempera-
ture (T = 300K).

We have computed the linewidth for different values of
current density, T = 300K, 6, = 90°, and the default values
for d, a, and A. Our results point out that it is smaller than
10 MHz (our simulations are 100 ns long), corresponding to a
quality factor of Q = f/A f = 41 000 at least.

E. Comparison with analytical model

As already cited, our main numerical results agree with
recently published theoretical predictions [32]. For this rea-
son, we focused on a direct comparison between micromag-
netic simulations and those analytical models, finding a good
agreement for both the threshold currents and the output
frequencies. Figure 5 summarizes this comparison. In the first
graph, numerical threshold currents, as a function of the AFM
layer thickness, are compared with the analytical formulas
(Egs. (4) and (5) in Ref. [32]):

Wani
Jon = o

o , Q)
J OFF = ——— A/ @WexchWani

o

where wani = Yo(2Ky /Ms), 0 = (giupOsn [2eMsd), Wexcn =
Yo(4Aarm/a*Ms).

Figure 5(b) shows the comparison concerning the output
frequency of the oscillator for the default set of parameters.
The analytical formula corresponds to Eq. (7) of Ref. [32]:

ol

w ,
o

®)

where, however, we are referring to the double frequency of
the y component of the magnetization.

We also performed numerical and analytical calculations
in the case of higher exchange, considering A AFM/a2 =
20MJ/m3. Again, the comparison is convincing [see
Fig. 5(c)], and we can state that, from the qualitative point
of view, there is no significant change in the dynamics and in
the inertial nature of their excitation.

F. Effect of the DMI

The need of the full micromagnetic framework to analyze
the magnetization dynamics in an AFM driven by SHE is
clear in the presence of the interfacial DMI. The first effect
of the interfacial DMI is on the ground state. In particular,
Fig. 6 shows the evolution of the equilibrium configuration of
the magnetization for different D. Starting from the uniform
state [Fig. 6(a)], Néel-type domain walls (DWSs) are stabilized
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FIG. 6. (a)—(e) Equilibrium configurations of the magnetization
in the two sublattices as a function of the interfacial DMI parameter
D. (f) Switching-on and -off current densities as a function of D.
(g) Oscillation frequency of the spin Hall magnetoresistance as a
function of current density for different values of D.

starting from D = 1.5mJ/m? [see Figs. 6(c)-6(e)] [53-55].
The second effect is the change of the bifurcation at D =
1.0mJ/m? from subcritical to supercritical and hence with
the disappearing of the hysteretic excitation (Jon = Jorr) as
displayed in Fig. 6(f). The third effect is the qualitative change
of the magnetization dynamics that now it is characterized by
a continuous nucleation, shifting, and annihilation of DWs
along a direction that depends on the applied current (see
Supplemental Material [48], Movies 1 and 2, to compare
the dynamics at D = 0.0 mJ/m? and 2.0 mJ/m?) [56]. Figure
6(g) summarizes the output frequency as a function of current
density for different DMI parameters and it turns out that DMI
does not play a very important role in this case. This result is
due to the fact that the main role of the DMI is the stabilization
of the domain-wall chirality.

We performed micromagnetic simulations considering a
high intersublattice exchange, also in the case of interfacial
DMI. The magnetic configuration of the AFM sublattices is
still characterized by nonuniform DWs, which translate along
the current as in the case of low exchange [see Fig. 7(a)
with the equilibrium configuration of sublattices obtained

¢ T % T . T
b)
) 04p " %
¥
~ .
N - ¥ -
S N
< 02 L ¥ D=1.5mJ/m" _|
| I — low intersublattice exchange
X high intersublattice exchange
0'0 " 1 " | ' |
= 6 8 10
HIGH INTERSUBLATTICE 8 2
EXCHANGE J (10" A/em’)

FIG. 7. (a) Equilibrium configuration of the magnetization in the
two sublattices in the case of high interlayer exchange (Axpm/a> =
20MJ/m?) for D = 1.5mJ/m?. (b) Comparison of the output
frequency with low and high intersublattice exchange for D =
1.5mJ/m>.

for D = 2.0mJ/m?. The high exchange, moreover, does not
influence significantly the frequency of dynamics, as shown
in Fig. 7(b). Nucleation and dynamics of DWs, in fact, are
strictly connected with nonlocal terms. These contributions
generally come from magnetostatic and nonhomogeneous
exchange fields, including DMI. Intersublattice homogeneous
exchange, instead, is a local term, due to the interaction of the
magnetization of the two sublattices in the same cell.

IV. CONCLUSIONS

AFM materials are promising for the realization of a
compact submicrometer-scale THz oscillator tunable with
a current in a wide range of frequency ranging from few
hundreds of GHz up to 1-2 THz. Actually, this idea is still not
demonstrated experimentally; this paper contributes to furnish
a more detailed numerical understanding of the THz dynamics
driven by spin Hall effect. We find that the macrospin-based
theoretical model can be used for a qualitative study at very
low DMI while a full micromagnetic approach is necessary
in the presence of DMI, which is an energy contribution that
arises in most of the experimental promising solutions for
AFM-based oscillators.
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