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ABSTRACT

In this paper, we propose an approximate nonlinear theory of a spintronic terahertz-frequency emitter based on canted antiferromagnet-
platinum bilayers. We present a model accounting for the excitation of nonlinear oscillations of the Néel vector in an antiferromagnet using
terahertz pulses of an electromagnetic field. We determine that, with increasing amplitude of the pumping pulse, the spin system’s response
increases nonlinearly in the fundamental quasiantiferromagnetic mode. We demonstrate control of the Néel vector trajectory by changing
the terahertz pulse peak amplitude and frequency and determine the bands of nonlinear excitation using Fourier spectra. Finally, we
develop an averaging method which gives the envelope function of an oscillating output electromagnetic field. The nonlinear dynamics of
the antiferromagnet-based emitters discussed here is of importance in terahertz-frequency spintronic technologies.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5090455

I. INTRODUCTION

Antiferromagnetic spintronics is an emerging field of magne-
tism where several fundamental discoveries have been made in the
past few years,' ™ resulting in novel technological ideas.”” The key
goal of antiferromagnetic spintronics is to demonstrate devices
that enable information processing and storage on the terahertz-
frequency scale. The latest advances have thus made it possible to
observe and control low-energy excitations on picosecond and
femtosecond timescales." "’

Until recently, antiferromagnets were considered as theoretically
interesting but still without any practical applications. Nevertheless,
the dynamics of spin order in antiferromagnets were shown to be
intrinsically ultrafast®™'” (see the overview in Ref. 11 for more details).
These results unlock a multitude of known and newly identified
unique features of antiferromagnets relevant for applications in spin-
tronics.'" Experimentally, terahertz excitation of antiferromagnetic

resonance was shown for NiO.>'* Moreover, it has recently been pro-
posed and demonstrated that when driving a macroscopic electrical
current through certain antiferromagnetic crystals (e.g, CuMnaAs,
Mn, Au), a fieldlike Néel spin-orbit torque emerges that allows for a
reversible switching of antiferromagnetic moments.'”"” Metallic
CuMnAs and insulating NiO mentioned above are examples of the
simplest two-spin-sublattice collinear antiferromagnets.

Recently, it was reported that terahertz-frequency emission can
be realized in nanosized structures composed of heavy metal (HM)
and ferromagnetic (FM) thin films upon excitation of the latter by
short laser pulses."*”'® The transient currents are generated via the
inverse spin Hall effect (ISHE) on the spin current injected into the
HM film from the demagnetized FM film. Because the AFM and
HM layers have different transport properties, a net current along
the z-axis is launched. In addition, the product of the density,
band-velocity, and lifetime of spin-up (majority) electrons, which
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is significantly higher than that of the spin-down (minority)
electrons, is strongly spin-polarized."” On entering the HM layer,
spin-orbit coupling deflects the spin-up and spin-down electrons
in opposite directions.'® This ISHE converts the longitudinal spin
current density into a transverse charge current density. The detec-
tion of the net spin current flowing into the HM can be achieved
electrically via the ISHE, as was demonstrated before.'® Such gen-
eration of a transverse electric current by a spin current injected
into a paramagnetic metal can also be employed to detect the
effect of spin pumping,'’ resulting from the excitation of ferro-
magnetic or antiferromagnetic resonances.”’

The FM material in such experiments is usually magnetized by
an applied magnetic field, which also sets the frequency of the exci-
tation (ferromagnetic resonance). One of the possible ways to
develop magnetic-based terahertz emitters without applied magnetic
fields is to use AFM materials with strong internal magnetic fields
(originating from, e.g., exchange magnetic field between sublattices).
A detailed theoretical study of the electric field arising due to the
ISHE in a nonmagnetic metal resulting from the spin current from
an antiferromagnet is presented in Refs. 21 and 22. We use the
results obtained in these papers to calculate the output electric field
generated by the AFM emitter. While the terahertz-driven nonlinear
spin response of a thin AFM film was discovered in Ref. 3, the
understanding of the nonlinear ultrafast processes in antiferromag-
nets is still in its infancy.

In this work, we propose and theoretically analyze a terahertz-
frequency nonlinear emitter based on the canted AFM (taking
hematite as an example) and HM (such as platinum). The article is
organized as follows. In Sec. II, we consider a physical structure of
the AFM-based terahertz-frequency nonlinear emitter. Then, we
present (Sec. I1I) a model of excitation of nonlinear spin oscillations
of the Néel vector in an antiferromagnet under the action of tera-
hertz pulses delivered by an electromagnetic field. We demonstrate
the control of the Néel vector trajectory by changing the terahertz
pulse peak amplitude and frequency. In Sec. IV, we develop the
averaging method, which gives the envelope function of an oscillat-
ing output electromagnetic field. Finally, Sec. V is devoted to
numerical simulations used to determine the bands of nonlinear
excitations using Fourier spectra. Because of the ISHE, we find that
increasing the pumping pulse amplitude causes the spin system’s
response amplitude to increase nonlinearly in the fundamental qua-
siantiferromagnetic mode.

Il. PHYSICAL STRUCTURE

Figure 1 schematically shows a bilayered AFM-based terahertz
emitter consisting of a Pt/a-Fe,O3 under photoexcitation. A tera-
hertz laser pulse pumps the AFM resonance mode of a-Fe,O; and,
via spin pumping, drives a spin current into the HM layer. The
ISHE transforms the spin current into a picosecond pulse of trans-
verse charge current. As a result, an electromagnetic wave with
near-terahertz frequency (depending specifically on the pulse’s tem-
poral profile) is produced by the transient charge current. This tera-
hertz pulse is radiated out of the film plane, with its polarization
being set by the direction of the electric current. Here, we do not
take into account any externally applied constant magnetic field,
which could reorient the magnetic sublattices in the AFM. Since an

ARTICLE scitation.org/journalljap

FIG. 1. Schematic view of the terahertz-frequency AFM-based emitter. A terahertz
pulse pumps an AFM/HM heterostructure of thickness d and generates nonequilib-
rium pure spin current injected into the HM layer. The spin current is converted
into a transient charge current due to the inverse spin Hall effect (ISHE) in the HM
layer. This charge current generates the outgoing terahertz pulse.

external field is not applied to the sample, the two-magnon modes
in the AFM are degenerate.”

We consider hematite a-Fe,O3 as a prototypical example of
an AFM. The bulk Dzyaloshinskii-Moriya interaction (DMI)***’
inside the AFM layer leads to the canting of the magnetization
M; and M, within the AFM sublattices, thus creating a small net
magnetization. Once excited by terahertz laser pulse, the magne-
tization of each sublattice My and M, exhibits periodical preces-
sionlike dynamics. The directions of the magnetization vectors
and the anisotropy axes, with respect to the sample geometry, are
shown in Fig. 2.

Figure 3(a) shows the typical pulse with pumping frequency
Q/2r = 0.265 THz and pulse amplitude g - Hyax = 0.1 T. We set

hard axis

FIG. 2. Schematic representation of the rotating sublattice-specific magnetiza-
tion My and M; in an AFM. The presence of the easy plane magnetic anisot-
ropy in the AFM layer leads to a variable in time rotation speed of the AFM
sublattice magnetizations with oscillation frequency. The magnetization of the
AFM sublattices are canted by a small angle 6, due to the DMI.
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FIG. 3. (a) The profile of the pump pulse with central frequency Q/2z = 0.265 THz, time offset &, = 5 ps, and pulse width z = 1 ps. (b) Numerical solution of Eq. (2),
describing the response, which is normalized to the maximum value (dashed line corresponds to the envelope function). (c) Spectra of the pump terahertz signal and

output response.

the shape of the magnetic field pulse H;,(t), which acts as a com-
ponent of the effective magnetic field, using a Gaussian function
with the terahertz filling and linear polarization along the e-axis,

() = Ho - exp | (1) | -cost2 — )

where ¢, is the pulse envelope delay time and 7 is the width of the
pulse. Here, the terahertz pump pulse has a wide spectrum in the
frequency domain, with a tuneable central frequency. The terahertz
emitter is the oscillation system with an oscillation frequency, which
is defined by the easy plane anisotropy field and exchange field.

I1l. MATHEMATICAL MODEL

We consider the spin dynamics in an AFM excited by tera-
hertz pulses using the sigma-model widely used in the theory
of antiferromagnetism.”>*” For this purpose, using the Landau-
Lifshitz-Gilbert (LLG) equations of motion to describe the magne-
tization of sublattices M; and M,, we resort to the dynamic vari-
able 1 = (M; — M,)/2M; (Néel vector), where M; is the saturation
magnetization. We take in to account the fact that the total magne-
tization m = (M; + M,)/2M; is a small value and m < 1 (see
Fig. 2). We express the dynamics of the vector m through the

vector 1 and its time derivative in the following form:

10l
Hexm:Heff—l(HeffJ)—l-;(&Xl), (1)

where y is the gyromagnetic ratio, H,, is the exchange field
between the sublattices, and Heyy is the effective magnetic field,
which takes into account the anisotropy field H,,, DMI field Hpp,
and the magnetic field of the terahertz pulse H;,(t). Here, we do
not take into account any constant applied magnetic field. The last
term in (1) describes the dynamic part of the total magnetization m.**
We parameterize the vector 1(¢) in terms of polar 6(¢) and azi-
muthal ¢(f) angles in the spherical coordinate system,
I, = cos(0), I, =sin(8)cos(¢), and I, = sin(6)sin(¢p).

From the experimental data (see, e.g., Refs. 26 and 29), it is
known that vector 1 is oriented almost at a constant angle 6 = 6,
with respect to the e,-axis, and so the dynamics can be described
using just the azimuthal angle ¢(t). By varying the Lagrangian

=5 o (%>Z—Wu<‘> i (Hff | {‘ g %D
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over the angle ¢(t) with @ = const, we obtain the second-order
equation for ¢(t), *°

a? de w?
Wf + QW d—f + 7°sin(2<p) + wpur - ¥ - Hin(t) cos(@)
dH;, (1)
= 2
Ve @

Here o=~ 10~ is the Gilbert damping constant, /i is the
reduced Planck constant, w., = yH,, (where the exchange field is
H, =9 MOe), wpy; =7yHpys (where the DMI field is
Hpyr = 22k0e), and wy = /0.0, is the quasiantiferromagnetic
resonance frequency (where w, = yH, is the frequency related with
the anisotropy field H, = 200 Oe). The assumed parameter values
correspond to those of hematite.””” The action of the optical tera-
hertz pump pulse in our model is considered in Eq. (2) as a time-
varying magnetic field, which drives the induced inertial dynamics.

The ISHE electric field in the HM is calculated using the ana-
lytical expression,”’

el dpi\ d d
Eou = Osir 2 tanh (1) o 3)

27dp; 22 -

where g;| = 6.9 x 10 cm™2 is the spin-mixing conductance at the
Pt-AFM interface, Osy ~ 0.1 rad is the spin Hall angle in Pt, e is
the modulus of the electron charge, A =7.3nm is the spin-
diffusion length in the Pt layer, p = 4.8 x 1077 Qm is the electrical
resistivity of Pt, and dp; = 20 nm is the thickness of the Pt layer.””
For the chosen parameters, k¥ &~ 1.35 x 107 V/m (rad/s) ™.

The presence of the DMI, which is represented by the 4th
term in Eq. (2), leads to inertial dynamics of the Néel vector in the
AFM. In the inertial mechanism, during the action of the driving
force, the orientation of the Néel vector is hardly changed, but it is
enough to overcome the potential barrier afterward.” On the one
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hand, the presence of DMI is essential for the nonlinear depen-
dence of the oscillations on the excitation frequency. On the other
hand, in its absence, the forced dynamics of the AFM is deter-
mined only by the gyroscopic mechanism de;—"t(t), which is too
weak to give rise to oscillations on its own.

IV. AVERAGED EQUATIONS

Figure 3(b) shows the result of solving Egs. (2) and (3) in
terms of the outgoing electric field E,, normalized to the
maximum value E,,; obtained by the numerical integration. Since
the shape of the envelope function of the output electric field could
be recorded using pump-and-probe experiments, we present here
the method of its theoretical determination. Equation (2) corre-
sponds to the equation of motion of a driven pendulum and can be
examined using standard methods of the theory of nonlinear oscil-
lations. We find the solution ¢(t) in the form of a quasiharmonic
response at a frequency of a forced oscillation,

@(t) = By + Q- t 4 B (t) sin(Q), (4)

where the amplitude () is slowly varying with time (accounted
for by the envelope function) and f, is a certain constant phase.
The solution (4) represents oscillations of the I, component the
Néel vector.

Upon substituting Eq. (4) into Eq. (2) and decomposing the
nonlinear term in Eq. (2) using a Fourier series, we obtain the fol-
lowing nonlinear equations characterizing f, and f3;:

d
ZQ% + awe 2B — wﬁh( DUo(By) + 12(B1)) sin(28)

— OpMI®max/1 (By)f (t) cos(Qto)

= Omax [Qf(t) sin(Qto) + £ '(£) cos(Qty)], (52)

(b) arb.u.

= 5 -
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FIG. 4. 2D color plot of the terahertz temporal traces at different applied magnetic field maximum values from 0 to 1 T (a) and excitation frequencies from 0 to 1 THz (b).
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Q0 Q + v sin(28,) = (5b)
where Omax = YHmaxJs(B,) is the nth order Bessel function, f (t) =

exp[— (=2 ’0) | is the envelope of a probing pulse, and
df (t)/dt. The result of solving the averaged equations (52)
and (5b) in terms of the output electric field is shown in Fig. 3(b)
in comparison with the solution of the initial equation (2). Thus,
the averaged equation characterizing the envelope is an adequate
approximation of the original model (2). Figure 3(c) shows the

[ =

spectra of the pump terahertz signal and output response.

V. SIMULATION RESULTS

In response to the application of a constant magnetic field
to the structure, the magnetic moments are displaced slightly
from their equilibrium states. In turn, the spins undergo damped
oscillations toward their initial state. The amplitude of these
nonlinear oscillations strongly depends on the amplitude and
frequency of excitation [see Figs. 4(a) and 4(b)]. Increasing the
amplitude of the constant magnetic field results in the oscilla-
tions being observed more clearly, and after the amplitude of the
magnetic field reaches 0.6 T, the sample’s response becomes
similar to the waveform of the excitation. Changes in the excita-
tion frequency on the other hand affect the response differently:
the response pulse has exactly the same frequency as the excita-
tion pulse.

The amplitude of the AFM precession also depends on
both the amplitude of the constant magnetic field and the exact
frequency of the terahertz excitation [see Figs. 5(a) and 5(b)].
An increase of the excitation frequency results in a nonlinear
behavior of the amplitude of AFM precession such that har-
monics are observed in the outgoing wave. This growth has a
peak point after which the amplitude starts to slowly decrease.

—
O
-
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. 5. Dependencies of the normalized response fundamental frequency spectrum peak on the (a) excitation frequency and (b) applied magnetic field.

The amplitude of the fundamental frequency also increases
nonlinearly with an increase of the amplitude of the input tera-
hertz pulse.

Figure 6 shows the dependency of the total obtained spec-
trum as a function of the frequency of external excitation for
the amplitude of the constant magnetic field Hp,x = 0.15T. It
is clearly observable that, depending on the excitation fre-
quency, a harmonic could be excited in the sample supplemen-
tary to the AFM resonance mode. The frequency of this
additional harmonic is exactly the same as the frequency of the
external electromagnetic wave and is not the eigenfrequency of

the magnetic system.
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FIG. 6. The dependence of the spectrum of the excited AFM precession on the
central frequency of excitation. Applied magnetic field is Hyax = 0.15 T.
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VI. CONCLUSION

In this work, we have theoretically demonstrated that a bilayered
AFM-based heterostructure can be used as a nonlinear terahertz-
frequency emitter, where the amplitude of the output excitation on
the fundamental frequency varies nonlinearly with the amplitude of
the pump pulse. We demonstrate control of the Néel vector trajectory
in the AFM by tuning the peak amplitude and frequency of the tera-
hertz pulse. We determine the bands of nonlinear excitation in a
wide range of applied magnetic pulse amplitude using Fourier
spectra. The proposed mathematical model and averaging method
can be used for the description of nonlinear dynamics for a wide
class of antiferromagnets and ferrimagnets.”” The obtained results
could become crucial for the development of terahertz-frequency
nanosized emitters and electromagnetic oscillators.

SUPPLEMENTARY MATERIAL

See the supplementary material for more detailed information
on the two-parameter dependency of the resonance spectrum on
both the excitation frequency and the constant magnetic field.
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