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Antiferromagnetic spin Hall oscillator with delay under action of DC signal is studied numerically. The
delay in oscillator can be attributed to internal inertia of the antiferromagnetic lattice, or could be intro-
duced artificially by electrical means. We have shown that as result of this delay system output becomes
random. Such behavior arises from nonlinearity of the system, and somewhat resembles Ikeda equation
dynamics. We have also calculated Poincare section of the system, to further confirm stochastic nature of
the system output. Results show that phase trajectories of the system are scattered all over the phase
plane, as simulation time increases. Also we have calculated Fourier transform of the output signal. Ob-
tained spectrum also shows system output random nature. Obtained results are important for further de-
velopment of antiferromagnetic terahertz-frequency spintronic oscillators and their applications as random
signal sources. Such high frequency random signal sources can revolutionize cryptography and probabilis-
tic computing.
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1. INTRODUCTION

Multilayered magnetic structures are the corner-
stones of modern spintronics [1]. Spin Hall and spin-
torque nano-oscillators based on different multilayer
structures are well known sources of high frequency
AC signal [2-7]. Typical configuration for such systems
is bilayer (magnetic/heavy metal) nanostructures, fab-
ricated via nanodeposition [4-5]. Heavy metal plays
crucial role in such bilayer systems, due to strong spin-
orbit coupling essential for device operation, via direct
and inverse Spin Hall effect.

However, such systems, utilizing ferromagnets have
a principle operation frequency limitation of ~ 50 GHz.
This limitation can be lifted when moving to antiferro-
magnets (AFMs) possessing a very strong internal
magnetic field of the exchange origin have characteris-
tic working frequencies of several hundreds of GHz and
even several THz [8-11]. AFM materials and AFM Spin
Hall oscillators (SHO) open up a possibility of creation
of THz frequency DC current controlled nanoscaled
devices for modern spintronics applications.

Such AFM systems, however, have been not thor-
oughly studied at the moment. A lot of features of such
devices are yet to be investigated, both theoretically
and experimentally. In our previous work we studied
mutual and external synchronization of such AFM
SHOs [12-14] and stochastic generation regime of such
oscillator [15]. Stochastic regime of such system opens
up one of the most interesting and promising applica-
tion for AFM SHO. THz frequency random generator
will revolutionize probabilistic computing and cryptog-
raphy, if implemented. Thus detailed analysis of such
regime in AFM SHO is very important task.

In this paper we will numerically investigate the
dynamics of AFM SHO taking into account possible
delay in the system, due to AFM lattice inertia or in-
troduced artificially by electrical means. Such a delay,
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despite being picoseconds long can drastically change
AFM SHOs dynamics, that we will show in this paper.

2. THEORETICAL MODEL

To describe the magnetic dynamics of AFM oscillator
under the action of external signal we can use the fol-
lowing equation derived from the so-called sigma-model
[9, 16]:
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where ¢ is the Neel vector angle in an AFM, @, is the
AFM exchange frequency, a is the Gilbert damping
constant, @, =yH,, y is the modulus of the gyromag-

netic ratio, and H, is the easy plane anisotropy field.

We consider a normalized electric current (in angular
frequency units), which determines the oscillator be-
havior as DC component 7 . In previous works we have
considered also AC component added to the current, to
investigate various synchronization regimes [13,14],
however in current work we will limit ourselves to only
DC component of the current, for simplicity. Without
AC current system works as simple generator, when
DC current exceeds threshold value 7, =@, /2[9] Neel

vactor of the AFM starts rotating with constant veloci-
ty. This rotation by means of inverse Spin Hall effect
can be converted back into THz frequency current.

Equation (1) describes dynamic of the Neel vector
that rotates in the easy plane of the AFM. This is sim-
plified equation that can be obtained from the full Lan-
dau-Lifshitz system of equations for two sublattices
magnetization vectors. However, taking into account
inertia of AFM system equation (1) can be modified in
the following way:
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where { —is some delay, due to magnetic lattice inertia,
that influences the system dynamics. Detailed calcula-
tion of this delay values lies beyond the scope of the
current work, thus we will use theoretical estimate for
this delay to be around tens of picoseconds. Moreover,
such delay can be introduced to the system not only in
natural but by artificial way, recalling the exact struc-
ture of the AFM oscillator [9].

3. RESULTS AND DISCUSSION

For our modeling we will use the following oscillator
parameters: «o=0.01, H, = 9:10%0e, H,=6250e,
while and AC signal amplitude z will be varied. Lat-

tice delay will be £ =10 ps.

First we will consider the case of underexcited AFM
oscillator, when AC current amplitude is smaller then
threshold [9]: 7 < @, /2. In this case there is no oscilla-

tions in the system for the equation (1), except some
rapid transient process occurring while nonzero initial
conditions relax to zero solution: ¢=¢=0. However,
introducing some delay in the system and moving to
equation (2) for same underexcited AFM oscillator with
nonzero delay we obtain stochastic output signal, as it is
shown on Fig.1. As we can see, introducing even small
delay of 10 ps to the system drastically alters the AFM
SHO dynamics. Now output signal randomly fluctuates
around 0 value. Typical time scales between this ran-
dom fluctuations is picoseconds, thus we have THz fre-
quency random signal source in this case.
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Fig. 1 — Time dependence of the AFM oscillator output signal.
DC current 7/ @, =0.1, delay ¢ =10 ps

Fig. 2 shows output signal time dependence for the
same delay, but for excited AFM SHO case, when
7>m,/2, namely 7=0.55w,. Once again we are ob-

serving stochastic behavior of the system with random
output, however now mean value of the signal is larger
then 0, that too be expected for excited AFM SHO.
Without delay in this case we will get normal AFM SHO
generation regime with generating frequency close to
27/ a as it was shown before [9, 13].
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Fig. 2 — Time dependence of the AFM oscillator output signal.
DC current z/w, =0.55, delay {=10ps

It should be noted, that in our previous work [15]
we have also investigate stochastic regime of AFM
SHO. However in that case, stochastic regime was
achieved by applying additional AC current to the sys-
tem, leading to stochastic behavior for some values of
AC current amplitude and frequency. In the case of
delayed equation (2) such signal is not needed. On the
other hand controlling external AC signal parameters
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Fig. 3 — Poincare section of AFM SHO without delay a) and
with ¢ =10 ps delay b). DC current 7/, =0.55
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To further confirm stochastic nature of the system
dynamics we have calculated the Poincare section [17]
of the system. This is a well known method of dynam-
ical systems analyses, that allows to visually investigate
how phase trajectories of the system behaves in time To
do that, we have stored values of the system phase co-
ordinates (¢,¢) during the evaluation for discrete val-

ues of time, proportional to generation frequency
@y, =27/ . In other words we have stored system

states with Oy, period. Such approach is similar to
analyses of so-called Duffing equation [17].
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Fig. 4 — Fourier spectrum of the AFM SHO signal output. DC
current 7/ @, =0.55, delay £ =10 ps

Results of Poincare section caclulation are shown on
Fig. 3. for no delay and 10ps delay cases. As we can see,
comparing to no delay case, Poincare section of the sys-
tem for delayed equation is much more complex and
indicates random nature of the system dynamics. For
no delay case deterministic nature of the system dy-
namics manifests in limited number of points and as
time goes new phase trajectories perfectly match previ-
ous ones, overlapping them. Thus we see some deter-
mined curve on Fig. 3 (a). Some outlier points corre-
spond to initial states of system dynamics, when gen-
eration regime is only established. In contrast on Fig. 3
(b) there is no established phase trajectory of the sys-
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tem, thus Poincare map in this case consists of number
of points, not resembling any structure. Moreover, the
larger simulation time we will choose, more and more
points there will be on the map. Given infinite time,
entire (p,¢) plane will be covered with points. This

indicates random nature of the system.

Finally, Fig. 4 shows Fourier spectrum of the AFM
SHO output from Fig. 2. Again we can see complicated
spectrum of the system, indicating noise-like output of
the AFM SHO when delay introduced. There are some
prominent frequency peaks in the spectrum, however
overall system dynamics is not periodic.

All this analyses clearly indicates that introduced
delay in equation (2) drastically alters dynamics of AFM
SHO. Output of the system becomes clearly random,
however exact investigation of this output features and
noise statistics lies beyond the scope of current work. It
should be also noted, that delayed equations are well
known for it’s complicated dynamics and possibility of
stochastic solutions [18]. Thus introduction of the delay
in equation (2) is one of the ways to transform AFM
SHO into THz frequency random generator.

4. CONCLUSIONS

In this work we have investigated delayed AFM
SHO and has shown that such a system can be consid-
ered as THz frequency random signal source. Men-
tioned delay in the system can be introduced both as
natural effect, due to AFM lattice inertia, and artificial
effect, as delay line attached to the system. As a result
of delay introduction to the system AFM SHO output
becomes random, consisting of picoseconds period ran-
dom spikes with varying amplitude. Poincare section
and Fourier spectrum of the system both confirm sto-
chastic nature of the output signal. Obtained results
are important for THz spintronics and probabilistic
computing utilizing novel magnetic systems.
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Antudepomaruitanii crmin-XoJ/1 OCHUIATOP 3 3aTPUMKOIO
AK mxepeso sunaakosoro TT'o curuany

J1.B. Ciobogsauook!:2

1 Kuiscoruil nauioraswrull ynisepcumem imeri Tapaca Illesuenka, 8yn. Bosodumupcera, 64/13, 01601 Kuis, Yrpaina
2 Inemumym Maenemusmy, 6ys06. Axao. Bepraocvkoeo 36-6, 03142 Kuis, Ykpaina

YucelbHUMY METOIAMU JTOCIIMKEHO aHTU(EPOMATHITHUMN CIIHOBUM OCIIMJISTOP XOJLIA 13 3aIi3HEeHHIM
i J1i€0 TOCTIMHOTO CTPYMY. 3aTPUMKY OCITUJISATOPA MOYKHA IOSICHUTH BHYTPIIIHBOIO 1HEPIier aHTudepo-
MAarHiTHOI pemnnTKy abo BBECTH LITYYHO €JIEKTPUYHUMU 3acobamu. Mu mokxasaiu, IMo B pe3ysbrari el 3a-
TPUMKH BUXTHHUM CATHAJI CUCTEMHU CTAa€ BUIAIKOBHAM. Taka MOBEIIHKA € Pe3yJIbTaToM HEJIHIHHOCTI CHCTe-
MU Ta JeIno Harajaye TuHaMiky piBHsSHHSA [kemmn. Mu Takosxk obpaxysasu mepeps3 [lyamkape cucremu, 1moo
IOJJATKOBO IIIITBEPIUTH CTOXACTUYHUI XapakTep OUHAMIKK CHCTEeMHU. Pe3ysbTaTé MOKa3yoTh, I0 (asoBi
TPAEKTOPIi crcTeMH PO30IraroThCs MO BCift pas3oBidl IIOMMHI 31 301IBITEHHIM Yacy MOJEJIOBAHHSA. Taromk
Hamu 0yso pospaxoano Dyp’e crekTp BuXigHOro curHary. OTpUMAaHUI CHEKTP TAKOM JeMOHCTPYE BHIIAI-
KOBY IIPUPOJIY BUXIAHOTO curHaity cucremu. OTpuMaHl pe3yJIbTaTH BAKJIUBI JJIS MOJAJIBIION0 PO3BUTKY aH-
TH(EPOMATHITHUX CIIIHTPOHHHUX I'eHEePaTOPIB TepareplioBoi YACTOTH TA IX 3aCTOCYBAHHS AK [JKepesl BAIAI-
KOBHX CHUTHAJIIB. Taki BUCOKOUACTOTHI JyKepesia BUIIAJKOBOTO CUTHAJIY MOYKYTh PEBOJIIOIIIOHI3YBATH KPHUIITO-
rpadiio Ta IMOBIpHICHI 00UMCIICHHS.
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