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Generation of bright envelope solitons of subnanosecond duration in
double negative bigyrotropic medium based on a magnetized

ferromagnetic semiconductor film
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The results of numerical simulation of periodic sequences of bright envelope solitons of the sub-nanosecond
duration in a film of bigyrotropic medium possessing properties of a ferromagnetic semiconductor are presented.
Such short pulses are formed on a backward volume electromagnetic wave (BVEMW) existing at the frequencies
where the medium material parameters are double negative. It is shown that the duration of bright envelope
solitons on BVEMW is approximately two orders of magnitude shorter than that of bright envelope solitons which
are formed on the backward volume magnetostatic spin wave in a ferromagnetic film.
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At present, one of the urgent issues of modern ra-
diophysics and electronics is creation of sources of short
and ultrashort pulses [1,2]. In the microwave range, a
convenient medium for the formation of pulses in the
form of bright envelope solitons is a ferromagnetic (FM)
film exhibiting both the dispersion and nonlinearity (the
latter manifests itself at the powers starting from tens of
microwatts) [3,4]. In the FM film, there is observed
propagation of magnetization waves known in literature
as magnetostatic spin waves (MSWs) [5].  Durations
of the MSW bright envelope solitons are about tens of
nanoseconds [6]; the MSW dispersion characteristics and,
hence, envelope solitons [7] are controlled, for instance, by
using free charge carriers (electrons) existing either in the
semiconductor (SC) layer [8,9] or in the metal layer [10-
13] adjoining the FM film surface. Formation of the FM
SC heterostructure enables additional (electrical) control of
the bright MSW envelope solitons via the electron-induced
variation in the slope of MSW dispersion characteristic [14].
However, the electronsinfluence on magnetization does not
lead here to broadening of the frequency band of the MSW
existence. The last circumstance prevents obtaining bright
envelope solitons of a shorter (subnanosecond) duration.

In view of controlling the soliton modes, attractive are bi-
gyrotropic media exhibiting both ferromagnetic and semi-
conductor properties [15,16]. In [15], an electrodynamic
model of a bi-gyrotropic medium with the FM SC properties
was proposed for the first time; this model accounted for
the effect of free charge carriers in the form of plasma,
as well as of exchange interaction, on the spectrum of
electromagnetic waves existing in solids. Authors of [17]
have shown that the effect of free charge carriers (electrons)
on magnetization of the bi-gyrotropic medium with the
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FM SC properties leads to the fact that effective electric
permittivity and magnetic permeability of the medium
simultaneously become negative in a certain frequency
range where the backward volume electromagnetic wave
(BVEMW) arises. The BVEMW frequency bandwidth
depends on the external dc magnetic field strength and
direction, electron concentration in the magnetized plasma,
saturation magnetization, and FM SC layer thickness.
However, at certain electron concentrations (other magnetic
subsystem parameters being equal), the BVEMW frequency
bandwidth can significantly exceed that of MSW.

This paper demonstrates the formation of bright MSW
envelope solitons with the subnanosecond duration which
is shorter than that in the case of bright MSW envelope
solitons existing in FM films.

Fig. 1,a represents schematically a transversely magne-
tized bi-gyrotropic medium layer adjoining on both sides
ideally conducting metal planes. FElectrical properties of
such a medium are defined by those of a single-component
(electron) cold collisionless magnetized plasma. In the
case of the TE modes electromagnetic waves existing in
a transversely magnetized bi-gyrotropic medium layer, the
dispersion equation (DE) has the following form [17]:

ki + k* = Koeafr L Hert L» (1)
where ky = nm/d is the transverse wave number, d is
the layer thickness, n= +1,2,3... is the volume mode
number of the TE electromagnetic wave, K is the longitu-
dinal wave number, Ky = w/C is the vacuum wave number,
w = 2xf is the external-impact cyclic frequency, f is the
external-impact linear frequency, C is the free-space light
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Figure 1. a — schematic representation of a transversely magnetized both-side-metallized FM SC layer, and also of a longitudinally
magnetized both-side-metallized FM layer. b — frequency dependences of the effective high-frequency electric permittivity and magnetic

permeability of the bi-gyrotropic medium with the FM SC properties.
N =10 m, Hy = 79.5775kA/m, and 47Mo = 2.43 T and & = 16.

speed,
EetL = erfl. Merry = (17 — 1)/, (2)

n=1—wp/w* is one of the diagonal components of
the magnetic permeability tensor & is the relative dielec-

tric constant of the medium, u = (w? — wz)/(a)ﬁ —w?)

and pa = onw/(0f —w?) are the diagonal and non-
diagonal components of the magnetic permeability tensor
w)| = /0wy 1s the FM-resonance cyclic frequency in the
case of the transverse magnetization, war = w|| +wm Is
the FM-antiresonance cyclic frequency, w = pHy is the
FM-resonance cyclic frequency in the case of longitudi-
nal magnetization, Hy is the external dc magnetic field,
oy = 4ayMp, y is the gyromagnetic ratio, 47My is the
medium saturation magnetization, wpe = \/47N€?/me is
the cyclic frequency of plasma electrons, N is the electron
concentration in plasma, €/me is the electron specific
charge.

Fig. 1, b presents frequency dependences of the effective
permittivity and permeability calculated based on (2). The
results presented show that, if the plasma electron frequency
is higher than all the magnetic subsystem characteristic
frequencies, then there is a frequency range w; < W < wqr
where elf; | and plF; | are negative simultaneously.

Fig. 2,a presents the BVEMW dispersion characteris-
tic (DC) calculated via (1) and (2) for the both-side-
metallized bi-gyrotropic medium film with the properties
of europium monoxide (EuO). The EuO parameters were
taken from [18]. One can see that BVEMW exists in the
frequency band where elf; | < 0 and plF; | < 0. Note that
in the transversely magnetized both-side-metallized FM film
slow volume TE waves do not exist in the absence of free
charges (N =0). For comparison, Fig. 25 demonstrates
DC of the backward volume MSW (BVMSW) calculated
in the magnetostatic approximation for the longitudinally
magnetized (Ho || k || 0Z) yttrium-iron garnet film. The

Calculations were performed for europium monoxide with

BVMSW DC was calculated using the well-known disper-
sion equation [5]:

ukZ +k* =0. (3)
The calculations presented show that BVMSW exists in
the lower frequency band @ < @ < w, where only the
high-frequency magnetic permeability of the medium is
negative (u < 0). Results of comparing DC characteristics
of two backward waves indicate that the frequency band of
BVEMW existing in the EuO film is 27 times longer than
that of BVMSW existing in the yttrium-iron garnet film at
the same film thickness and magnetic field strength.

It is known that nonlinearity of FM films is caused by
the dependence of the magnetization vector longitudinal
component on the squared field amplitude [5]. In this case,
frequency wy depends on the squared field amplitude, and
this dependence is different for different magnetization types
(normal and tangential to the film surface). In the case of
the FM film tangential magnetization, the dependence is as
follows [5]:

O lol?
ww = 4myMg [1 - (1+ —2)—] 4)
wi/ 2
For the FM SC film, only magnetic subsystem nonlinearity
will be taken into account, since nonlinearity of the electrical
subsystem begins being observed at large field amplitudes.
It may be taken into account later, as, for instance, in [19].
To obtain the nonlinear Schrodinger equation (NSE) that
describes the envelope amplitude evolution in a nonlinear
dispersive medium, the ,envelope” method [5] is used,
which is applicable both to the nonlinear DE in the form
of (3) taking into account (4) and to the nonlinear DE in
the form of (1) taking into account (2) and (4). In this
case, NSE obtained for the slow BVEMW and BVMSW
amplitudes will have a similar form:
.70 0 02
J(a + Vg 5) +§%—XI¢I2¢=0, (5)
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Figure 2. a — dispersion characteristic of BVEMW existing in the transversely magnetized FM SC film (top panel), and dependences of
the BVEMW dispersion coefficients 8 and nonlinearity x on the longitudinal wave number (bottom panel). » — dispersion characteristic
of BVMSW existing in the longitudinally magnetized FM film (top panel), and dependences of the BVMSW dispersion coefficients 8 and
nonlinearity x on the longitudinal wave number (bottom panel). For the FM SC film, N = 10 m~* and 47M, = 2.43 T. For the FM

film, 47My = 0.175T. In both cases, Hyg = 79.5775kA/m, d = 10> m, n=1 and & = 16.
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Figure 3. Periodic sequences of bright soliton-like pulses on BVEMW (a) and BVMSW (b). a — cal-
culations for N =10"m™, 47Mo=243T, Vy= —5.209-10°m/s, B =154.5-10"*m?s, yx=—1.373-10"s""'; b — for

47Mo = 0.175T, Vg = —8.651 - 10° m/s, B = 280.9 - 10~*m?/s, y = —2.155-10°s™". b — for 47Mo = 0.175T, Vg = —8.651 - 10°> my/s,
B =280.9-10"*m?/s, x = —2.155- 10° s~ L. In both cases, Hy = 79.5775kA/m, d = 107> m, n = 1 and & = 16.

where r =Yy in the case of transverse magnetization, r =z
in the case of longitudinal magnetization (see Fig. 1,a),
@ is the dimensionless slow amplitude of either BVEMW
or BVMSW, 8 = 9%w/dk? is the group-velocity dispersion
(dispersion coefficient), ¥ = dw/d|@|* is the nonlinearity
coefficient. The only NSE coefficients which will be
different for BVEMW and BVMSW are Vg, 8 and x. NSE in
the form given in (5) can describe processes associated with
the development of modulation instability in the medium.
Development of the modulational instability with respect to
longitudinal disturbances gives rise to the bright envelope
solitons. In this case, the Lighthill criterion should be met:

Bx < 0. (6)
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Fig. 2,a, b shows also the dependences of the dispersion
and nonlinearity coefficients of two backward volume waves
on the longitudinal wave number. For both media, criterion
(6) gets satisfied starting from a certain value of the
longitudinal wave number. For instance, this value for the
FM PP film is k = 167 - 10 m~!, while that for the FM
film is k = 20 - 10*m~".

Fig. 3 presents calculations of the periodic sequences of
bright envelope solitons obtained by numerically solving
NSE (5) under periodic boundary conditions. With this
consideration, the BVEMW/BVMSW envelope amplitude
may be loss-less transferred from the system output to
input, which is similar to the case of an active ring
resonator whose gain completely compensates for the
BVMSW/BVEMW propagation losses. Soliton solutions
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were obtained both for BVEMW with k = 300 - 10* m~!
(Fig. 3,a) and BVMSW with k = 55-10*m~! (Fig. 3,b).
One can see that duration of the bright envelope solitons
on BVEMW is Tyq = 90 ps, while that of the bright envelope
solitons on BVMSW is Tq = 6ns. Thus, duration of the
bright envelope solitons on BVEMW is approximately two
orders of magnitude shorter than that on BVMSW. This
fact has found confirmation in examining the well-known
analytical solution of NSE (5) obtained for a bright envelope
soliton [20]. From the analytical solution it follows that,
provided the bright envelope soliton amplitude is constant,
its duration is directly proportional to B and inversely
proportional to ). In our case, the increase in y of
BVEMW by two orders of magnitude compared to x
of BVEMW with slightly changing B causes a significant
decrease in duration of the bright BVEMW envelope
soliton.

The obtained results may be of interest in developing
short pulse sources for magnonic logic systems and neuro-
morphic computing [21].
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