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The Néel order of an antiferromagnet subject to a spin torque can undergo precession in a circular
orbit about any chosen axis. To orient and stabilize the motion against the effects of magnetic
anisotropy, the spin polarization should have components in-plane and normal to the plane of the
orbit, where the latter must exceed a threshold. For biaxial antiferromagnets, the precessional
motion is described by the equation for a damped-driven pendulum, which has hysteresis a function
of the spin current with a critical value where the period diverges. The fundamental frequency of
the motion varies inversely with the damping, and as (z? — 1)*/? with the drive-to-criticality ratio
z and the parameter p > 2. An approximate closed-form result for the threshold spin current is
presented, which depends on the minimum cutoff frequency the orbit can support. Precession about
the hard axis has zero cutoff frequency and the lowest threshold, while the easy axis has the highest
cutoff. A device setup is proposed for electrical control and detection of the dynamics, which is
promising to demonstrate a tunable terahertz nano-oscillator.

I. INTRODUCTION

In antiferromagnetic materials, injection of a spin cur-
rent exerts spin torque on alternating spin moments,
which can excite steady-state precession of the Néel order
at terahertz frequencies [1]. The precession can recipro-
cally pump spins into an adjacent conductor [2], which
may generate an oscillating sinusoidal [3] or spike-like [4]
electric signal. These electrically-induced antiferromag-
netic oscillations could serve as compact narrowband ter-
ahertz sources and spike generators for applications in
terahertz imaging and sensing [5], and in neuromorphic
computing [6].

Given a source of spin current, how does the spin
torque affect the dynamics of the Néel-order? In biaxial-
anisotropy antiferromagnets, this problem has been stud-
ied for special cases where the spin current is polarized
either along the easy or hard anisotropy axis [7]. The de-
scription of the motion for a general angle of spin polar-
ization and parametric study of the nonlinear dynamics
are, however, unexplored, which we we analyze in this
paper in detail. This topic has implications for a tun-
able terahertz detector [8], which can filter frequencies
higher than a certain cutoff frequency determined by the
precession axis.

We study the precession of Néel order caused by spin
torque about an arbitrary rotational axis. The equation
of motion (Sec. II) permits steady-state solutions where
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the Néel order precesseses in a circular orbit (Sec. III).
The dynamics is analyzed separately into angular motion
in the orbit which determines the frequency (Sec. IILA),
and perturbation from the orbital plane which deter-
mines the stability (Sec: IIIB). A schema for electrical
control and detection of antiferromagnetic dynamics is
presented in Sec. IV.

II. THEORETICAL FRAMEWORK

Antiferromagnets with a bipartite collinear ordering [9]
are composed of two interpenetrating square lattices A
and B with oppositely aligned moments. For such order-
ing, the thermodynamic state of the antiferromagnet in a
mean-field approximation is represented by the unit vec-
tors m4 and mp for the sublattice spin moments, each
of which has a magnetization My [10]. There are three
significant contributions to the free energy density of an
antiferromagnet: the exchange coupling of neighboring
spins, the magnetocrystalline anisotropy, and the Zee-
man interaction of magnetic moments with an external
magnetic field.

Biaxial-anisotropy antiferromagnets are characterized
by a direction of minimum energy which is ‘easy’ for spins
to orient along, and an orthogonal direction of maxi-
mum energy which is ‘hard’. Consider a monodomain
film of thickness d, with the easy and hard axes ori-
ented along the unit vectors u. and uy, respectively
(Fig. 1). If the antiferromagnetic exchange coupling be-
tween the sublattice moments is much stronger than the
anisotropy, the average net moment m = (my4 + mpg)/2
and the Néel order n = (m4 —mp)/2 satisfy the relation
n? = 1 — m? ~ 1. The total free energy density in the
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FIG. 1. Representation of magnetic-anisotropy easy axis u.
and hard axis uy, spin-polarization direction us, and steady-
state circular orbit of Néel order on a unit-sphere quadrant.

presence of an external magnetic field H applied along
the unit vector h up to lowest order is [11, 12]

F=Jm?+Kp(n-u,)? - Ke(n-u.)? —2Zm-h, (1)

where the exchange coupling 7, the anisotropy coeffi-
cients K; and the Zeeman energy density 2 = poMH
are positive numbers, and J > K;, Z.

In the limit of large exchange, the problem of cou-
pled dynamics of the sublattice moments approximately
reduces to motion of the Néel order on a unit-sphere
phase space [13, 14]. Starting from the Landau-Lifshitz-
Gilbert equation augmented with the antidamping-like
torque [15-17] induced by a spin current, the o-model
equation of motion for the Néel order is [12, 13]

s

n x ’)’jﬁ + an + ﬁ(lch(n cup)up — Ke(n - ue)ue)+
zZ . vJs
?(Zn x h +ypuoH(n-h)h) + M., (nxus)| =0, (2)

where an overdot denotes derivative with respect to time
t, @ > 0 is the Gilbert damping, v is the absolute gyro-
magnetic ratio, and Js is the injected spin-current den-
sity with non-equilibrium spin polarization along the unit
vector us [18]. The equation is second order, implying
that Néel-order has inertia. The net moment [12]

M . Z
m=’y—J(nxn)+7[h—(n-h)n] (3)

becomes a dependent variable, allowing for the Néel order
dynamics (2) to be solved independently.

Multiplying Eq. (2) by M;/(vK.), when the external
field is much smaller than spin-flop field Z < /JK. [19],
the Z-coefficient terms need not be considered. In dimen-
sionless form, where the time is scaled by characteristic
frequency 79 = t(yvVIKe/M;), the equation of motion

becomes

nx [n” + Bon’ + k(n - up)uy, — (- ue)u,
+o(n x ug)/2] =0, (4)

where a prime denotes derivative with respect to 7o,
and the dimensionless parameters are defined as 3y =
ay/J/Ke, k = Kp/Ke and Ty = 2J5/(Ked,). From here-
after, I'guy is called the spin-polarization vector.

III. ANALYSIS OF SOLUTION

In steady state, Eq. (4) can have stationary solutions
n’ = 0 and time-varying solutions n’ # 0 depending on
the parameters and initial condition,. Vector product of
Eq. (4) with the angular speed n x n’ followed by dot
product with n produces

k(n-up)[(nxn’)-uy] — (n-ue)[(nxn’)-u
+(mxn')-n"+To(n -u)/2=0, (5)

the relationship between the projection of u., uy, and ug
on the orthogonal vectors n, n’ and n x n’.

Among time-varying solutions, we claim that (n X
n’) -n” = 0 is a subset wherein the Néel order pre-
cesses in a circular orbit around the origin. Let the
orbital axis make a polar angle © from the hard axis
along z and an azimuthal angle ® from the easy axis
along x as shown in Fig. 1, with intermediate axis along
y. The orthonormal basis suitable for the orbital plane
is defined as X = [cos© cos ®,cos Osin®, —sinO], § =
[~sin®,cos®,0] and z = [sin© cos @, sin O sin P, cos O).
If the Néel order makes an angle ¢ counterclockwise from
X axis in the orbital plane and rotates with angular speed
¢, n=3Xcosp+ysing and n’ = ¢/(—Xsin¢ + y cos @).
On substitution into Eq. (5), the orbital axis orients along
(6, @) if the components of the spin-polarization vector
in the orbital plane satisfy

(X - us) = sin(O) sin(2P), (6a)
To(¥ - us) = (k + cos® @) sin(20), (6b)

and ¢’ # 0, which requires the perpendicular component
T'o(Z - us) to overcome a certain threshold to drive the
motion against damping. Determining this condition re-
quires analyzing the angular motion and stability of the
orbiting Néel order.

A. Angular motion in orbit

Equation (4) implies that tangential components of n
inside the square bracket should vanish. Equating the
component ¢ = —Xsin ¢ + ¥ cos ¢ to zero gives the an-
gular motion in the orbital plane

26" + 2Bod’ + [cos(2®) — (k + cos? @) sin® O] sin(2¢)
+ [cos © sin(2®)] cos(2¢) = Ty(Z - us). (7)
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FIG. 2. Fundamental frequency € (16) of the damped-driven
pendulum equation (9) in the parameter space of effective

damping 3 and drive I" represented by contour map with val-
ues on colorbar.

Combining sin(2¢) and cos(2¢) terms together, and per-
forming the following replacements

C = cos(2®) — (k + cos? ®)sin’©, D = cos Osin(2®);

ﬂ() To I‘0|Z-us|

= /02 + D2 — 20 =0 p= 0= 5l

g F+DL P \/§’ ! NG g ,
¢ = sgn(z - us) [2¢+ a.rctan(—)] ; (8)

recast the equation of motion into (derivative denoted by
prime for ¢ are with respect to 7)

¢" + B¢’ +sinp =T, 9)

that of a unit-mass pendulum of unit length in effective
gravity g with a viscous damping 8 and driven by a con-
stant tangential force I' [20].

The solution of the damped-driven pendulum equa-
tion (9) depends only on two dimensionless parameters
B and I'. The steady-state dynamics of this non-linear
system yields either a stationary solution [¢'(7) = 0],
or a periodic solution [¢'(T + T) = ¢'(1) # 0] with a
period T. Transient simulation with initial conditions
o = 7 and ) = 0 over the parameter space is used to
obtain the time 7" to complete a revolution in steady state
(r > 7/B). A contour plot of the fundamental frequency
is shown in Fig. 2 depicting the regions of different types
of solutions.

In the hysteretic region, the steady-state solution can
be periodic or stationary depending on the initial condi-
tion. For example, if the pendulum was released verti-
cally upside down (o = ), then it revolves continually;
but if it was released horizontally from a point where
the gravity opposes the drive (¢o = 7/2), then it dips
and settles to equilibrium at sin peq = I'. The hysteretic
region is defined as: f,(8) < I'(8) < 1 on the domain

0 < B < Bn, where f;, determines the homoclinic bifur-
cation [21]. The data is fit by a cubic-polynomial

fh(ﬁ) =a,0‘B-+- (3—2&0Bh>ﬁ2+ (aﬂﬁh_2>‘33, (10)

B B
where ag = 4/m [20] and 8, =~ 1.2. The minimum thresh-
old drive needed to sustain revolutions (solid cyan line)
is expressed

<
1 B = Bu

where I';, = 1 is the threshold that can initiate revolu-
tions independent of the damping (dashed cyan line).
In the overdrive limit I' > T';,, the fundamental fre-
quency is calculated by integrating Eq. (9) over a period
and ignoring the role of gravity (sin ¢ term) to obtain

Qor = B (12)
This is consistent with the slope of the contour lines seen
in Fig. 2 in regions far above the threshold. The time-
dependence of the steady-state angular speed w = ¢’ is
estimated from Eq. (9) by truncating sin¢ =~ sin(I'tf3),
multiplying by ¢”7, integrating and letting the transients
decay to give

(13)

T 8 (T
wor(T) ~ - — WED(ET —Eor),

where £or = arctan(I'/?).

In the overdamped limit 8 > 1, Eq. (9) reduces to
¢ = (I' — sin¢) /B, which is separable and has a closed-
form integral. The periodic solution is expressed [20]

T2 —
Fta.n‘m%(r)=l+ Fz—ltan(%T—Eoﬁ),

where £og = arctan(1/vT'2? —1). The fundamental fre-
quency is

1 V-1

Qop = 14
08= o g (14)

and the steady-state angular speed is
[ 2 tan(pos/2) (15)

wos(T) = B B1+tan(pos/2)’

Superposing the overdrive limit on Eq. (15) results in
convergence of solutions with Eq. (13).

For moderate drive I' 2 I', and damping 8 < 1, it is
not possible to derive analytic solutions [20, 22]. How-
ever, the fundamental frequency closely follows the law

1 [re e {rm =T (p)

ULA) =55 p=p(B)

(16)
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FIG. 3. Plot of Eq. (16). (a) The parameter p increases from
2 for 8 £ 1. (b) The data for Q evaluated with the vertical-
axis function fits accurately with I', where adjoining markers
of the same color have a unique 3 (decreasing diagonally up).

conceived by generalizing the overdamped result (14).
The functional relationship p(3) and the accuracy of the
model are depicted in Fig. 3. The inverse dependence of p
on 3 implies that a weakly damped system 3 < 1 is much
easier to oscillate than a strongly damped 8 > 1 for a
fixed drive-to-threshold ratio. Superposing the overdrive
limit results in convergence with Eq. (12).

To compare periodic solutions across the parameter
space, the first-order term eor = (I'1n/T')P/p in the ex-
pansion of 273Q2/T" (16) is used to measure nearness to
overdrive; the relative increment €y, = (I' = I'y,) /Ty is
used to measure nearness to threshold. The waveforms
of the angular speed for limiting cases of damping and
drive are juxtaposed in Fig. 4. The closed-form solutions
agree with the numerical ones, except when the drive is
near the minimum threshold and the damping is weak.
The oscillations in angular speed are coherent in the over-
drive limit, and Dirac-comb-like in the overdamped limit
for near-threshold drive.

B. Stability of orbit

Orbits that are elevated from the plane perpendicular
to hard axis may become stable only above a critical
angular speed [23]. To study stability, the Néel order
is perturbed from the orbital plane by a small angle 66
or n = Xcos ¢ + ysin¢ + zé. Equating the component
6 = (X cos ¢ + ¥ sin ¢)d6 — Z inside the square bracket of
Eq. (4) to zero, using the relation of Eq. (6), and retaining
only linear terms in d6 gives the equation of a damped
harmonic oscillator §6” + 5,06’ + Ké6 = 0, where the
spring constant

K = k(cos? © — sin® © cos? ¢) — sin® © cos? ®
+ (cos © cos ® cos ¢ — sin @sin @) + ¢'%. (17)
To understand how K depends on orbital parame-

ters (8), expression (17) is expanded and compactly
rewritten
P

g 2
K=n—1—3£+§<coscp+7), (18)
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FIG. 4. Waveforms of the steady-state angular speed w(T)
of the damped-driven pendulum revolving with time period
T for (a) overdrive eor = 0.05 and small damping 8 = 0.2,
(b) overdrive eor = 0.05 and large damping 8 = 5, (c) near-
threshold drive €1 = 0.05 and small damping 8 = 0.2, (d)
near-threshold drive €, = 0.05 and large damping 8 = 5.
Dark-color plot is the exact numerical solution and light-color
plot is the approximate closed-form solution. Dotted horizon-
tal line denotes the average value equal to 272 (16). At time
7 = 0, the pendulum is at the lowest point ¢ = 0.

where the angle-averaged energy of the orbit
€= (xn-up)’ — (n-u.)*)
1
= 5[(5 + cos® ®) sin® © — 1]. (19)

If K is positive throughout the angular motion, the Néel
order will restore to the orbital plane. The precise con-
dition for stability for a general 3 requires numerically
evaluating the steady-state value of (cosy + ¢'2/2) in
the parameter space of 8 and I' (similar to how fun-
damental frequency was obtained in Sec. IIIA), and
checking if min, K > 0. But, an approximate closed-
form result is obtained by treating ¢’ as a constant av-
erage value 272 (16), which is accurate in the over-
drive limit. Then, the stability condition is min, K =
gm0? — (g/2 + 36 + 1 — k) > 0, which gives the mini-
mum angular frequency

wo=Re(Vg/2+3E+1-kK), (20)

which is positive for orientations satisfying g/2+3€+1—
k > 0 (Fig. 5). The stability threshold for perpendicular
projection of the spin-polarization vector is

(Tofz - s = [(2B0w0)” +{gTm(Bo/VOYT ™", (21)
where p = p(80/1/9) (Fig. 3a).

In essence, to orient and stabilize the orbital motion
about an axis (0, ®), the spin-polarization vector
Tou, = sin(0) sin(2®)x + (k + cos® @) sin(20)y
+To(z - uy)zZ, (22)
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FIG. 5. The minimum angular frequency wq (top) and threshold spin current I'g 41, (bottom) which can orient and stabilize the
orbital motion of the Néel order about an axis (©,®) when damping is small 8o = 0.2 for uniaxial (left) and biaxial (right)
anisotropy, represented by contour map with range of values on the colorbar (middle). The minimum frequency wy increases
with deviation from the hard axis (©,®) = (0, ®) and peaks along the easy axis (0, ®) = (7/2,0). The threshold is lowest for
motion about the hard axis, and peaks for an intermediate orientation in-between hard and easy axis.

where I'y should exceed the threshold
Totn = [sin2(e) sin? (2®) + (k + cos? q,)z sin2 (20)
= 1/2
+(Dofz-w)DA] % (23)

The spin-polarization direction does not coincide with
the orbital axis, except for directions along the anisotropy
axes for which Ty ¢ = (I'0|Z - us|)th. The orbital param-
eters to orient along the anisotropy axes are as follows:
hard axis has (©,®) = (0,®), ¢ = 1 and wy = 0, in-
termediate axis has (0,®) = (7/2,7/2), g = £+ 1 and
wp = /K, and easy axis has (0,®) = (7/2,0), g = &
and wy = vk + 1. The hard axis supports orbit with
the lowest threshold and minimum angular frequency,
while the easy axis has the highest cutoff. The axis along
(©,®) = (arctan(1/y/k),0) has g = 0 meaning no oscil-

lations in angular speed. For small damping, the range
of threshold varies from 45, /7 to k + 1 (Fig. 5).

Below the threshold spin current, for moderate values
of damping, the Néel-order motion can evolve into chaos
(aperiodic long-term behavior) for a small window of cur-
rent, before settling down to equilibrium, which will be
the subject of future research.

Thus, the choice of the orbital axis, and the parame-
ters of damping and anisotropy determine the threshold
current, cutoff frequency and waveform of the angular
speed of Néel order. These mathematical results may be
translated into electrically measurable input and output
signals via the device setup presented in the next section.



IV. ELECTRICAL CONTROL AND
DETECTION

Electrical means of controlling the spin current injected
into the antiferromagnet and detecting the resulting os-
cillations in a thin-film system are fundamental to spin-
tronic devices and applications in technology. In this
regard, the setup should be all-electric with controllable
spin-polarization direction.

Pure spin current through an insulating antiferromag-
netic layer can be generated from electric current flow-
ing in an overlaid lateral spin valve or spin Hall struc-
ture. In the lateral spin valve structure shown in Fig. 6a,
electric current across the ferromagnetic reference lay-
ers injects spin accumulation in the normal metal and
spin current in the antiferromagnet, polarized parallel to
the reference-layer magnetization [24], which can be ori-
ented along the desired direction by a magnetic field. In
the spin Hall structure shown in Fig. 6b, electric current
in the heavy metal with strong spin-orbit coupling pro-
duces a perpendicular spin current polarized transverse
to electric current in the film plane [16]. The spin Hall ef-
fect can be efficient in converting electric current to spin,
but the spin polarization is constrained within the plane.
However, a spin-source material with reduced crystalline
symmetry [25] or planar Hall effect in a ferromagnet lifts
this restriction [26], which allows for controllable spin-
polarization direction.

For the choice of spin polarization along the hard axis
of the antiferromagnetic layer, the viable geometries are
the in-plane-anisotropy antiferromagnet with the lateral
spin valve structure made of a perpendicular reference-
layer magnetization, and the perpendicular-anisotropy
antiferromagnet with the spin Hall structure in which the
in-plane electric current is transverse to the in-plane hard
axis. For both the geometries, the input is a constant-
current source, the back diffusion (“backflow”) of injected
spins [27] is considered small, and the output is detected
under open-circuit condition.

To excite and control Néel-order precession, the spin
current must exert adequate antidamping-like torque.
The threshold spin-current density that initiates preces-
sion is obtained from the condition Ty, = 1 (11) as
Jsth = Keda/2. The corresponding electric-current den-
sity depends on the specific geometry. For the in-plane
spin valve geometry, assuming low spin-memory loss in
the normal metal, the conversion from electric current to
spin is determined by the conductance of majority and
minority-spin electrons gy and g, respectively, and the
spin-mixing conductance at the interface of normal metal
and antiferromagnet g,. The threshold electric-current
density is [28]

2e (gr + gm + gm)(9M + gm)

ip-valv __
Jc’th R gr(9M — gm) Josn (24)

For the perpendicular spin Hall geometry, the conversion
from electric current to spin is determined by the spin
Hall angle O, the layer thickness d,,, the spin diffusion

FIG. 6. Device setup for electrical control and detection
of terahertz oscillations in thin-film antiferromagnetic insu-
lators. (a) In-plane spin valve geometry: lateral spin valve
structure made of a perpendicular reference-layer magneti-
zation on top of an in-plane-anisotropy antiferromagnet. (b)
Perpendicular spin Hall geometry: spin Hall structure with in-
plane electric current transverse to in-plane hard axis on top
of a perpendicular-anisotropy antiferromagnet. Input electric
current J.. is converted into a pure spin current J; polarized
u; along the hard-anisotropy axis to cause precession of the
sublattice moments m4 and mpg, which pumps spin current
back to generate an oscillating voltage signal at the output
Vout. FM: ferromagnet, NM: normal metal, AFM: antiferro-
magnet.

length A and the conductivity o of the heavy metal, and
the spin-mixing conductance at the interface of heavy
metal and antiferromagnet g,. The threshold electric-
current density is [29]

J(E)(:;lﬂall — %AL coth gn/zA) Js,th- (25)
’ Ir s
If the effective damping § < 1, the minimum current for
sustaining precession is about 1/8 times lower as seen
from Fig. 2 and Eq. (11). Lowering the current drive after
initiation mitigates excessive Joule heating in the metal,
and allows for tunability of oscillation to sub-terahertz
frequencies detectable by microelectronic circuits.

Precessing Néel order can reciprocally pump time-
varying spin current o< n X n’ back into the adjacent
metal, and experience a damping-like backaction [30].
This virtually enhances the Gilbert damping expressed
as @ = ag + as, where aq is the intrinsic damping con-



TABLE 1. Properties of bulk NiO and Cr,0O3 at 300 K

Parameter NiO Ref. Cr203 Ref.
J (J/m®) 3.4 x 108 32,3 9.5 x 107 33,34
Ke (J/m*) 2.2 x 10* 32,3 3.2 x 10° 33,34
Kn (J/m?) 5.5 x 10° 32,3 ~0 33,34
M; (A/m) 3.5 x 10° 35,3 1.9 x 10° 33,34
ao 6 x 1074 35,3 2x107* 33,36

TABLE II. Characteristics of device geometry

Parameter Layer info Ref.
aMm = 1010 (S/m2) NM/FM 28
gm = 10° (S/m?) NM/FM 28
gr = 10 (S/m?) NM/AFM 37
d, =5 nm AFM 3
o =10° (S/m) NM (Pt) 3
dy = 20 nm NM (Pt) 3
A=7nm NM (Pt) 3
0, =0.1 NM (Pt) 3

stant and the enhancement [29]

_ h*vg,
= 2e2M.d,

Qs (26)
The pumped spin current is converted into voltage under
open-circuit condition via spin filtering for the in-plane
spin valve geometry and via inverse spin Hall effect for
the perpendicular spin Hall geometry. The voltage signal
generated at the output of each geometry is [28, 31]

vz (yy = BMVTKe _ grlom=gao®) o)
2eMs  (gr + gM + gm)(9M + gm)
_ /T Ke A d
pe-Hall ,y _ 1Y e AJr In
Vs = VK20, a2 )0, (29

where w is the
(Sec. IITA).

Bipartite collinear antiferromagnets such as NiO and
Cry03 are insulators, whose bulk magnetic properties
are well-studied (Table I). For thin films, density func-
tional theory predicts that NiO(001) on SrTiOj substrate
has an in-plane anisotropy [38], and experiments have
shown that Cry03(0001) on Al,O3 substrate has a per-
pendicular anisotropy [39], but measurement of magnetic
anisotropy of antiferromagnetic films is less explored [40].
The magnetic anisotropy of thin films and multilayers can
significantly differ from bulk magnetic materials due to
epitaxial strain from substrate and reduced local sym-
metry of surface atoms [41]. The magnetic anisotropy
energy is augmented by magnetostrictive and surface
anisotropies which can elicit an in-plane or a perpendic-
ular spin orientation independent of the specific growth
direction of the film [42]. Nonetheless, we consider the
bulk properties to estimate specifications for the pro-
posed setup.

dimensionless angular frequency

For characteristic values of geometry parameters (Ta-
ble II), the threshold current density J;f’t'}‘:alv ~ 2 x 107

A/em? and J} f;lH“" ~ 10® A/cm?; the effective damp-
ing BiPvalv = (.18 and BreHall = (.24; the frequency
scale is 1.4 THz for NiO and 0.5 THz for Cr,Og3; the

amplitude of alternating output signal v'PV*V = 70 pv

out

and vP& "™ = 0.4 nV at the threshold current [43]. The
specifications are promising for practical demonstration
of a terahertz signal emitter at nanoscale lengths.
Additionally, the setup can detect a terahertz ra-
diation by phase-locking if the antiferromagnet’s crys-
tal symmetry allows for staggered-field Néel spin-orbit
torque, which includes materials such as CuMnAs and
MnsAu [8]. By changing the spin polarization angle
and the threshold spin-current density from 2Js ¢ /da
a/TK. to Ke + Ky, (22), hence the precession axis, the
minimum angular frequency wp can be tuned from zero to
vk + 1. This method proportionally shifts the center of
the phase-locking interval. Frequencies below wq are cut
off and this system acts as a high-pass filter operating in
the terahertz range. For this scheme to work, one faces
the practical challenge of how to generate adequate spin
current. Reducing the magnetic anisotropy of the anti-
ferromagnet by strain-engineering [44], or enhancing the
spin current by replacing heavy metal with topological
insulator [45], or a combination of both might be helpful.

V. CONCLUSION

We study the equation of motion of the Néel order of
an antiferromagnet under the action of spin torque for
steady-state solution, which involves precession in a cir-
cular orbit about an axis oriented along a general direc-
tion. The required components of the spin-polarization
vector in the orbital plane are explicit functions of the
axis orientation. We analyze the dynamics by bisecting
it into angular motion in the orbit and perturbation from
the orbital plane.

The angular motion reduces to equation of a damped-
driven pendulum described by two parameters which rep-
resent the effective damping and drive. The parameter
space is explored to identify regions of periodicity, hys-
teresis and infinite-period bifurcation. Solutions for oscil-
lations in angular velocity are derived when the damping
and drive are separately large, and a function for the
fundamental frequency is found. The oscillations are si-
nusoidal for large drive and spike-like for large damping
near threshold.

The perturbing elevation from the orbital plane re-
duces to equation of a damped harmonic oscillator with
an effective spring constant. The stability condition in-
troduces a minimum cutoff frequency for orbits, using
which the threshold spin current is calculated. Orbital
axes which deviate sufficiently from the hard axis have
nonzero cutoff frequency, increasing monotonically with
highest value for the easy-axis direction. The thresh-



old is lowest along the hard axis, which varies non-
monotonically with the angle from the hard axis for small
damping.

Finally, we propose device setups for electrical control
and detection of terahertz oscillations in thin-film antifer-
romagnets, and show how to practically achieve arbitrary
precessional axis orientations.

ACKNOWLEDGMENTS

This work was supported partially by the Semiconduc-
tor Research Corporation and the National Science Foun-
dation (NSF) through ECCS 1740136, and from the MR-
SEC Program of the NSF under Award Number DMR-
1420073. ADK and EC acknowledge support by the Air
Force Office of Scientific Research under Grant FA9550-
19-1-0307.

(1] E. Gomonay and V. Loktev, Spintronics of antiferromag-
netic systems, J. Low Temp. Phys 40, 17 (2014).

(2] P. Vaidya, S. A. Morley, J. van Tol, Y. Liu, R. Cheng,
A. Brataas, D. Lederman, and E. Del Barco, Subtera-
hertz spin pumping from an insulating antiferromagnet,
Science 368, 160 (2020).

(3] R. Khymyn, I. Lisenkov, V. Tiberkevich, B. A.
Ivanov, and A. Slavin, Antiferromagnetic thz-frequency
josephson-like oscillator driven by spin current, Sci. Rep.
7, 43705 (2017).

[4] R. Khymyn, I. Lisenkov, J. Voorheis, O. Sulymenko,
O. Prokopenko, V. Tiberkevich, J. Akerman, and
A. Slavin, Ultra-fast artificial neuron: generation of
picosecond-duration spikes in a current-driven antiferro-
magnetic auto-oscillator, Sci. Rep. 8, 15727 (2018).

[5) D. M. Mittleman, Perspective: Terahertz science and
technology, J. Appl. Phys. 122, 230901 (2017).

(6] J. Torrejon, M. Riou, F. A. Araujo, S. Tsunegi,
G. Khalsa, D. Querlioz, P. Bortolotti, V. Cros,
K. Yakushiji, A. Fukushima, et al., Neuromorphic com-
puting with nanoscale spintronic oscillators, Nature 547,
428 (2017).
Algebraic expression for threshold drive is known in the
limit of small [3] and large [4] damping. An expression
for the time dependence of the angular speed was found
for large drive and small damping [3]. The influence of
dissipative spin-orbit torque [46] was studied easy-plane
anisotropy.

(8] O. Gomonay, T. Jungwirth, and J. Sinova, Narrow-
band tunable terahertz detector in antiferromagnets via
staggered-field and antidamping torques, Physical Re-
view B 98, 104430 (2018).

[9] T. Dombre and N. Read, Nonlinear ¢ models for trian-
gular quantum antiferromagnets, Phys. Rev. B 39, 6797
(1989).

(10] C. Kittel, Introduction to Solid State Physics (Wiley,
2004).

[11] A. Qaiumzadeh, H. Skarsvag, C. Holmqvist, and
A. Brataas, Spin superfluidity in biaxial antiferromag-
netic insulators, Phys. Rev. Lett. 118, 137201 (2017).

[12] A. Parthasarathy and S. Rakheja, Phenomenological
description of the dynamics of bipartite antiferromag-
nets in the limit of strong exchange, arXiv preprint
arXiv:1904.03529 (2019).

(13] A. Kosevich, B. Ivanov, and A. Kovalev, Magnetic soli-
tons, Phys. Rep. 194, 117 (1990).

(14] H. V. Gomonay and V. M. Loktev, Spin transfer and
current-induced switching in antiferromagnets, Phys.
Rev. B 81, 144427 (2010).

(7

(15] J. Slonczewski, Current-driven excitation of magnetic
multilayers, J. Magn. Magn. Mater 159, L1 (1996).

(16] J. Sinova, S. O. Valenzuela, J. Wunderlich, C. H. Back,
and T. Jungwirth, Spin Hall effects, Rev. Mod. Phys. 87,
1213 (2015).

(17] T. Jungwirth, X. Marti, P. Wadley, and J. Wunderlich,
Antiferromagnetic spintronics, Nat. Nanotechnol. 11, 231
(2016).

(18] Js > 0 in the sense of electrons with spin-polarization
direction us (or —us) injecting into (or ejecting from)
the magnetic material.

(19] The spin-flop field is around ~ 10 T for antiferromagnetic
insulators such as NiO [47], CrzO3 [48] and MnF; [49)].

(20] P. Coullet, J. M. Gilli, M. Monticelli, and N. Vanden-
berghe, A damped pendulum forced with a constant
torque, Am. J. Phys. 73, 1122 (2005).

(21] S. H. Strogatz, Nonlinear Dynamics and Chaos (CRC
Press, 2018).

[22] M. Gitterman, The noisy pendulum (World scientific,
2008).

(23] Similar to the Round Up amusement ride which has to
spin fast enough when the circular horizontal platform
rises, so that the centrifugal force is able to push riders
against the wall and prevent them from falling.

(24] F. J. Jedema, A. Filip, and B. Van Wees, Electrical spin
injection and accumulation at room temperature in an
all-metal mesoscopic spin valve, Nature 410, 345 (2001).

(25] D. MacNeill, G. Stiehl, M. Guimaraes, R. Buhrman,
J. Park, and D. Ralph, Control of spin-orbit torques
through crystal symmetry in WTe,/ferromagnet bilay-
ers, Nat. Phys. 13, 300 (2017).

(26] C. Safranski, J. Z. Sun, J-W. Xu, and A. D.
Kent, Planar hall driven torque in a ferromag-
net/nonmagnet /ferromagnet system, Phys. Rev. Lett.
124, 197204 (2020).

(27] H. Jiao and G. E. Bauer, Spin backflow and ac voltage
generation by spin pumping and the inverse spin Hall
effect, Phys. Rev. Lett. 110, 217602 (2013).

(28] H. Skarsvag, C. Holmqvist, and A. Brataas, Spin super-
fluidity and long-range transport in thin-film ferromag-
nets, Phys. Rev. Lett. 115, 237201 (2015).

[29] R. Cheng, J.-G. Zhu, and D. Xiao, Dynamic feedback
in ferromagnet-spin Hall metal heterostructures, Phys.
Rev. Lett. 117, 097202 (2016).

(30] R. Cheng, J. Xiao, Q. Niu, and A. Brataas, Spin pumping
and spin-transfer torques in antiferromagnets, Phys. Rev.
Lett. 113, 057601 (2014).

(31] R. Cheng, D. Xiao, and A. Brataas, Terahertz antiferro-
magnetic spin Hall nano-oscillator, Phys. Rev. Lett. 116,



207603 (2016).

[32] A. Sievers III and M. Tinkham, Far infrared antiferro-
magnetic resonance in MnO and NiO, Phys. Rev. 129,
1566 (1963).

[33] A. Parthasarathy and S. Rakheja, Dynamics of magne-
toelectric reversal of an antiferromagnetic domain, Phys.
Rev. Appl. 11, 034051 (2019).

(34] S. Foner, High-field antiferromagnetic resonance in
Cr;03, Phys. Rev. 130, 183 (1963).

[35] M. T. Hutchings and E. Samuelsen, Measurement of spin-
wave dispersion in NiO by inelastic neutron scattering
and its relation to magnetic properties, Phys. Rev. B 6,
3447 (1972).

(36] E. Samuelsen, M. Hutchings, and G. Shirane, Inelastic
neutron scattering investigation of spin waves and mag-
netic interactions in CryQOgs, Physica 48, 13 (1970).

[37] L. Baldrati, A. Ross, T. Niizeki, C. Schneider, R. Ramos,
J. Cramer, O. Gomonay, M. Filianina, T. Savchenko,
D. Heinze, et al., Full angular dependence of the spin
Hall and ordinary magnetoresistance in epitaxial anti-
ferromagnetic NiO(001)/Pt thin films, Phys. Rev. B 98,
024422 (2018).

[38] X. Chen, R. Zarzuela, J. Zhang, C. Song, X. Zhou, G. Shi,
F. Li, H. Zhou, W. Jiang, F. Pan, et al., Antidamping-
torque-induced switching in biaxial antiferromagnetic in-
sulators, Phys. Rev. Lett. 120, 207204 (2018).

[39] N. Wu, X. He, A. L. Wysocki, U. Lanke, T. Komesu,
K. D. Belashchenko, C. Binek, and P. A. Dowben, Imag-
ing and control of surface magnetization domains in a
magnetoelectric antiferromagnet, Phys. Rev. Lett. 106,
087202 (2011).

(40] T. Jungwirth, J. Sinova, A. Manchon, X. Marti, J. Wun-
derlich, and C. Felser, The multiple directions of antifer-
romagnetic spintronics, Nat. Phys. 14, 200 (2018).

[41] D. Sander, The magnetic anisotropy and spin reorien-
tation of nanostructures and nanoscale films, J. Phys.
Condens. Matter 16, R603 (2004).

[42] K. Krishnan, Fundamentals and Applications of Magnetic
Materials (OUP Oxford, 2016).

[43] The AC signal is obtained by calculating the coefficient
of the sinusoidal term in Eq. 13.

[44] Z. Liu, Z. Feng, H. Yan, X. Wang, X. Zhou, P. Qin,
H. Guo, R. Yu, and C. Jiang, Antiferromagnetic
piezospintronics, Adv. Electron. Mater. 5, 1900176
(2019).

[45] S. Farzaneh and S. Rakheja, Intrinsic spin hall effect
in topological insulators: A first-principles study, Phys.
Rev. Materials 4, 114202 (2020).

[46] R. E. Troncoso, K. Rode, P. Stamenov, J. M. D. Coey,
and A. Brataas, Antiferromagnetic single-layer spin-orbit
torque oscillators, Phys. Rev. B 99, 054433 (2019).

[47] H. Wiegelmann, A. Jansen, P. Wyder, J.-P. Rivera, and
H. Schmid, Magnetoelectric effect of CroOs in strong
static magnetic fields, Ferroelectrics 162, 141 (1994).

(48] F. Machado, P. Ribeiro, J. Holanda, R. Rodriguez-
Suérez, A. Azevedo, and S. Rezende, Spin-flop transi-
tion in the easy-plane antiferromagnet nickel oxide, Phys.
Rev. B 95, 104418 (2017).

[49] 1. Jacobs, Spin-flopping in MnF'; by high magnetic fields,
Journal of Applied Physics 32, S61 (1961).



