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Magnetization dynamics in a highly nonlinear antiferromagnetic Josephson-like spintronic oscillator
under the action of DC and AC signals is studied theoretically and numerically, and the regime of the oscil-
lator synchronization to an external AC signal has been found and investigated. We revealed that the syn-
chronization bandwidth of the oscillator substantially depends not only on the external force amplitude
(which is typical), but also on the oscillator nonlinearity. This behavior arises from the highly nonlinear na-
ture of the considered system. Our theoretical and numerical analyses show that the generation frequency of
the oscillator depends on the applied electric DC current in a nonlinear way. Thus, the correct choice of the
working point characterized by some particular value of the nonlinearity coefficient is important for the con-
sidered system to work properly, and it can be used for maximizing the oscillator synchronization band-
width. Obtained results are important for the further development of antiferromagnetic terahertz-frequency
spintronic oscillators and their applications. The developed formalism and numerical simulations can also
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be used for the description of strongly nonlinear non-isochronous oscillators of any nature.
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1. INTRODUCTION

One of the most promising areas of development in
modern nanoelectronics is spintronics based on the uti-
lization of mulilayer and single-layer nanoscale magnet-
ic structures [1]. Such devices are usually implemented
as spin-torque nano-oscillators based on magnetic mul-
tilayer nanostructures [2-3] or spin-Hall oscillators
(SHOs) based on bilayer (magnetic/heavy metal) nano-
structures [4, 5]. They are biased by a DC current and
produce an output AC signal; hence, they can be used as
nanoscale AC signal sources [6, 7]. However, the same
spintronic nanostructures can be used as passive (no
DC current is applied) or DC biased AC signal detectors
[8-10] and energy harvesters [8], which are able to con-
vert an input AC signal to an output DC voltage, as well
as other signal processing devices.

Nowadays spintronic oscillators, detectors and other
devices mainly utilize ferromagnets [1-11]. Such sys-
tems are well studied experimentally [1-5, 8, 11] and
theoretically or numerically [3,6, 7,9, 10]. However,
these spintronic devices have at least one critical draw-
back: they can usually operate at frequencies less than
~ 50 GHz. In contrast to this, antiferromagnets (AFMs)
possessing a very strong internal magnetic field of the
exchange origin have characteristic working frequencies
of several hundreds of GHz and even several THz [12-
18]. Hence, antiferromagnetic materials can be useful
for the development and creation of current-driven ul-
trafast nanoscale [12-15] and microscale [16, 17] devices
operating in the frequency range of 0.1-10 THz.

It should be noted that despite the mentioned above
significant advantages of antiferromagnetic oscillators
over ferromagnetic ones, the behavior and properties of
antiferromagnetic systems have not been thoroughly
studied at the moment, while antiferromagnetic
spintronics is considered as one of the most promising
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and emerging fields in modern spintronics [12]. In par-
ticular, the problems of synchronization of an AFM
SHO with an external AC signal and/or other AFM
SHOs has only been started recently [12, 18].

In this paper, we theoretically/numerically investi-
gate the synchronization of an antiferromagnetic Jo-
sephson-like oscillator [13-15] (specific type of antifer-
romagnetic SHOs) with an external AC signal for a
rather wide range of signal frequencies and powers.
The developed numerical model predicts that the sys-
tem synchronization bandwidth should substantially
depend on the oscillator’s nonlinear properties, and by
selecting an appropriate oscillator working point a
maximum value of the synchronization bandwidth
could be obtained.

2. THEORETICAL MODEL

To describe the magnetic dynamics of an AFM oscil-
lator under the action of an external signal we can use
the following equation derived from the so-called sig-
ma-model [12-15, 19]:

wi¢+aq>+%sin2(p—(r+rfcos(u)ft)):O, (1)

ex

where ¢ is the Neel vector angle in an AFM, e is the
exchange frequency, « is the Gilbert damping constant,
we = yH., y is the modulus of the gyromagnetic ratio,
and H. is the easy plane anisotropy field. We consider a
normalized electric current (in angular frequency
units), which determines the oscillator behavior, as two
simultaneously existing components: DC one 7 and AC
component with amplitude 7z and angular frequency «y.

The most important features of Eq. (1) are the fol-
lowing. Eq. (1) describes the dynamic of the Neel vector
that rotates in the easy plane of the AFM. This is a
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simplified equation that can be obtained from the full
Landau-Lifshitz system of equations for two sublattic-
es’ magnetization vectors. The threshold DC current
value that is needed for the generation is ;= w./2.
When this current is reached, the Neel vector begins to
rotate in the easy plane of the AFM with angular veloc-
ity ¢ and frequency ws=27a. As we can see this fre-

quency depends only on the applied DC current value
and the Gilbert damping constant and does not depend
on other system parameters. This is very important
conclusion for possible practical applications of such
systems. Finally, using the inverse spin-Hall effect,
rotation of the Neel vector can be transformed into the
varying electric field E proportional to the Neel vector
rotation speed: EUJ ¢.

3. NUMERICAL ANALYSIS AND DISCUSSION

First of all, let us consider the dynamics of the AFM
oscillator having parameters a=0.01, Hex=9-108 Oe,
H. =625 Oe, without an external AC signal (z=0).
Fig. 1 shows the dependence of the AFM oscillator fre-
quency on the applied bias DC current. The curve
shown by a black line is calculated from (1), while a red
curve shows the approximate theoretical dependence
wg =217 a.

As one can see, in the vicinity of the threshold point
(z/we = 0.5) the AFM oscillator frequency is significant-
ly deviated from the theoretical prediction we;=27/a. In
contrast, at large DC current values the theoretical
estimation for the oscillator frequency is rather precise.
This behavior indicates that an AFM oscillator is fun-
damentally nonlinear in nature.
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Fig. 1 — Dependence of the AFM oscillator frequency /27 on

the normalized applied DC current z/@.. The black curve is

obtained from the simulations: the red line is a theoretical

dependence. Parameters of the system: a=0.01, Hex = 9106 Oe,
. =625 Oe

It should be noted that Gilbert damping parameter
a plays an important role in the oscillator dynamics.
For a relatively small damping parameter a2 =2-10-3
an AFM oscillator becomes almost linear: generation
frequency of such an oscillator coincides very well with
the theoretical estimation w;=27/a. However, in our
paper we will consider the case of large Gilbert damp-
ing parameters and, thus, the case of nonlinear AFM
oscillator behavior.
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Fig. 2 shows simulation results in the case when an
additional AC current with two different frequencies,
wy=27150 GHz and wy= 27400 GHz, is applied to the
system. As one can see, the AFM oscillator synchronizes
to an external AC signal. However, the synchronization
bandwidths have substantially different values for dif-
ferent AC signal frequencies. Obviously, the bandwidth
for the 150 GHz-signal is larger than the one for the
400 GHz-signal. This discrepancy is even more striking,
when we recall that the external AC signal amplitude
7= 0.15ae is the same for both considered cases.

500
400
300

200+

Frequency, GHz

100 -

1.2 14
Current, rft:)e

Fig. 2 — Dependence of the AFM oscillator frequency /27 on
the normalized applied DC current z/w. for two different AC
frequencies @y The black curve is calculated numerically,
while the dashed lines are used as guides for an eye. Calcula-
tions are performed using the following system parameters:
a=0.01, He: = 9106 Oe, He = 625 Oe, 7;/w. = 0.15

It is known from the synchronization theory [20]
that the synchronization bandwidth of an oscillator is
directly proportional to the synchronization force am-
plitude (7 in our case). Thus, the result shown in Fig. 2
cannot be explained according to the linear theory [20].
Recalling that an AFM oscillator is a strongly nonline-
ar oscillator [13-15], one should use the specific nonlin-
ear theory [6] for its description. One of the main re-
sults of the theory is the following: the synchronization
bandwidth of a nonlinear oscillator depends not only on
external force amplitude Fo but also on the oscillator
nonlinearity coefficient N [6]:

A=F,\1+N* . 2)

This coefficient can be introduced in the following
way. Let us assume that frequency o of the oscillator
depends on some governing parameter (normalized pow-
er of oscillations) p ~ 77 Then the nonlinearity coefficient
can be introduced as N=da/dp. For the case of spin-
tronic oscillators mentioned in [6], the oscillator fre-
quency depends on the oscillation power p as = ao + Np.

Now let us numerically calculate the nonlinear fre-
quency shift N = dw/dp for the case of an AFM oscillator.

The result of such calculations is shown in Fig. 3.
As one can see, nonlinear frequency shift IV decreases
monotonically with an increase in the applied DC cur-
rent and, consequently, with an increase in the genera-
tion frequency. It should be noted that at the threshold
point, when z/w. = 0.5, formally N — oo. This is an im-
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Fig. 3 — Dependence of the nonlinear frequency shift parame-
ter N on the normalized applied DC current z/@.. Parameters
of the system: a=0.01, Hex = 9106 Oe, H. = 625 Oe
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Fig. 4 — Dependence of the AFM oscillator frequency /27 on
the normalized applied DC current z/w. for different normal-
ized external signal amplitudes z;/@.. Calculation is performed
using the system parameters: o= 0.01, Hex=9-106 Oe, H. = 625 Oe
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portant result indicating that choosing an appropriate
working point of the oscillator can lead to a substantial
increase in its synchronization bandwidth.

Obviously, to achieve the maximum synchroniza-
tion bandwidth, one should choose the oscillator work-
ing point near the generation threshold.

Now it is time to consider how an external signal
amplitude 7 influences the synchronization bandwidth.
The corresponding dependences of the AFM oscillator
frequency /27 on the normalized applied DC current
7/we, when an external signal of various amplitudes
is applied, are shown in Fig. 4. As one can see, the syn-
chronization occurs around the frequency
wr= 27200 GHz. A change in the external signal am-
plitude 7z leads to a change of the synchronization
bandwidth as it is predicted by (1).

4. CONCLUSIONS

In this work, we have theoretically and numerically
investigated the synchronization of a Josephson-like
AFM oscillator with an external terahertz-frequency
signal. We found that due to large nonlinearity of the
oscillator, its generation frequency nonlinearly depends
on the applied DC current and the synchronization
bandwidth depends not only on the external signal am-
plitude, but also on nonlinearity of the oscillator itself.
The obtained results allow one to maximize the oscillator
synchronization bandwidth by choosing an appropriate
working point of the system above the generation
threshold. The developed formalism and numerical sim-
ulations can also be used for the description of strongly
nonlinear non-isochronous oscillators of any nature.
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CunxpoHniszania anTudepoOMardiTHOro A:x03e(h)COHIBCHKOr0 OCIIMJIATOPA 30BHIIIHIM CUTHAJIOM
J1.B. Cio6ogsuok, O.B. IIpokomenxo

Kuiscvruii nayionanvruli ynisepcumem imerni Tapaca Illesuenka, gyn. Bosrooumupcera, 64/13,
01601 Kuis, Yxpaina

TeopeTHYHO Ta YKMCIOBUMHU METOJAMU IIPOAHAI30BAHO IWHAMIKY HAMATHIYEHOCTI B HEJIHIMHUX aHTH-
depoMarHITHUX CIIHTPOHHUX OCITAJIATOPAX ITJT €0 ITOCTIMHOTO Ta 3MIHHOTO 30BHIMIHIX curHAMB. [lokasa-
HO MOKJIMBICTH ICHYBaHHS PEKUMY CHHXPOHI3aIlli BKa3aHUX CHCTEM 13 30BHIIIHIM 3MIHHUM CUTHAJIOM; IIPO-
aHaJII30BAHO 0COOJIMBOCTI IAHOTO PEIKUMY CHHXPOHI3arri. Byo mokasaHo, 1o IIMprHA CMYTH CHHXPOHI3 a1l
3aJIeIKUTH He TUIHKHU BlJ aMIUIITYAH 30BHINIHBOI crytk (110 € TUIOBUM), a ¥ BiJ{ HEJIHIHHOCTI OCITHJISITOPA.
Taka moBemiHKa 3yMOBJIEHA BEJIMKOIO HeNHIMHICTIO cructemu. LImsxoM mpoBeeHHS TEOPETUYHOTO Ta UKC-
JIOBOTO aHAJII3y OyJI0 BCTAHOBJIEHO, IO YACTOTA TeHEPAllii OCIIUIISTOPA 3AJIEKUTh BiJ[ 30BHINITHBOTO KEPYIY0-
TO CTAJIOTO CTPYMY CYTTEBO HEJIHIMHAM YUHOM. TaKUM YMHOM, IIPABUILHUN BUOIP POOOUOI TOUKU 3 IIE€BHUM
3HAYEHHAM KoedillieHTa HeJIHIMHOCTI BasKJIUBHUH JIJId peaJiisdamil pesKuMy CUHXPOHI3aIlii ocouiaropa
i Moske OyTH BUKOPHCTAHHH IJIsd MaKCcHMi3anii cMyru cuHxpoHisamii. OTpuMani pe3ysbTaTH Bask-
JIUBI JJIS TIOAAJIBINOI PO3POOKH aHTU(EPOMATHITHUX TEeParepriOBUX CIIHTPOHHUX OCIIUJIATOPIB Ta IX IIpakK-
THYHOTO 3aCTOCYBaHHsA. Po3pobieHnit hopMasidM Ta YMCIOBI PO3PAXYHKH TAKOK MOYKYTH OYTH BUKOPHUCTAHI
VIS OIIKCY CYTTEBO HEJIHIMHUX HEe130XPOHHHUX OCIIMJIATOPIB JTOBLIBHOI IIPHUPOIH.

Kmiouosi cnosa: Autudepomaruerur, Ociuiisrop, Cuuxponisarist, HemiHiAHICTS.
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