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Abstract

Objectives. The search for a fundamentally new, fast, and least dissipative method for controlling the ferroic order
parameter is a pressing and ambitious task of basic and applied research on the development of low-dissipation and
high-speed functional elements of information systems operating at terahertz (THz) frequencies for 6G' network
technologies. The aim of the work is to study the conditions for modulating ferroelectric polarization using a short
THz pulse. This will also include the influence of additional factors on the efficiency of the THz-induced dynamics
of the ferroic order parameter, such as stationary heating and the application of an additional electric field to the
ferroelectric.

Methods. The numerical simulation of resonant excitation of the lattice subsystem by THz radiation was
performed for a Baj 4Sr, ,TiO4 ferroelectric film using the Landau-Khalatnikov equation system, and the
equation of phonon mode oscillations with the phonon-phonon interaction as a driving force. The novelty of the
proposed approach lies in the interaction of the THz pulse with a previously coherently excited phonon mode with
a significant amplitude.

Results. The time dependencies were presented for the polarization and the effective amplitude of infrared-
active mode oscillations with varying THz field parameters. The results also included constants of expansion of the
thermodynamic potential of the nonequilibrium state in powers of order parameter in various exposure modes,
including temperature changes and the application of an additional external electric field.

Conclusions. The approach proposed herein describes polarization switching under the action of a THz pulse with
preliminary excitation of a coherent phonon by a femtosecond optical pulse. The most important parameter when
determining the threshold effect of a THz pulse on phonon excitation is pulse energy (amplitude). In the region of
small amplitudes, an increase in temperature does not exacerbate switching conditions.
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Pesiome

Llenu. Movck npuHUMnNuanbHO HOBOro Hambonee ObICTPOro 1 HAaMMEHee AMCCUNATMBHOIO crnocoba ynpaBieHus
depponaHbIM NapameTpoM nopsiaka BAsSeTcs akTyaslbHOM U BeCbMa aMOMLUMO3HON 3adader dyHaamMmeHTanbHbIX
N NPUKNAZHbIX UCCnenoBaHnii B 06nactn paspaboTkv ManogucCcunaTuBHbIX U ObICTPOAENCTBYIOLLMX (PYHKLMO-
HaNbHbIX 3IEMEHTOB NHGMOPMALIMOHHBIX CUCTEM, ONepupylowmx Ha Teparepuesblx (TIy) yactoTax, Ans CeTeBbIX
TexHonoruih 6G2. Llenbio paboThl SBASETCS UCCef0BaHNe YCI0BUIA MOAYASLMN NOASPU3ALMN CErHEeTOaNeKTpUKa
NPy NOMOLLM KOPOTKOro Tl y-nmMmnynbca, B T.4. U3y4eHNE BANSHUS A0NOAHUTENbHbBIX HaKkTOPOB Ha 9P DEKTMBHOCTb
Tl y-nHAYLMPOBaAHHOM ANHAMUKN HeppomagHOro napameTpa nopsagka.

MeToabl. HY1cneHHoe MoaenMpoBaHme pe3oHaHCHOro BO30yaeHNs Tl L-n3ny4yeHnem peLeTo4HoM NoacucTeMbI Npo-
BOAMJIOCH [1 CErHETOBIEKTPUYECKON MIIEHKM TuTaHata Gapma-cTpoHuma Ba ¢Sr, ,TiO5 Ha OCHOBE CUCTEMbI ypaB-
HEHWIN, COCTOSLLEN N3 ypaBHeHMS JlaHaay — XanaTHUKOBA 1 ypaBHEHMS kofleGaHnin GOHOHHOM Moapl, rOe B KayecTBe
BbIHY>XXOAtoLLEen cuiibl BbICTyNnaeT GOHOH-GOHOHHOE B3anMogencTame. HoBnaHa noaxoaa 3ako4aeTcs BO B3aMMOaen-
ctBum Tl U-MMnyfbca ¢ paHee KorepeHTHO BO30Y>KAeHHOM POHOHHOM MOAON, UMEIOLLEN 3HAUNTESIbHYIO aMIIUTYAY.
PeaynbTaTthl. [lpegcraBneHbl BDEMEHHbIE 3aBMCUMOCTI NoNspm3aumn, a Takke apdekTMBHON aMNanTyabl Kose-
6aHuin MHDpPaKpacHO-akTMBHOM MOAbI NPWY BapblpoBaHuM napameTpoB TILU-Nons 1 KOHCTaHT Pa3noXeHns TepMo-
JMNHaMNYECKOro NoTeHumMana HepaBHOBECHOIO COCTOSIHMSA B BUAE PSAA MO CTENEHSIM napameTpa nopsigka B pasHbix
pexumMax Bo30eNCcTBUS, BKIoYas UBMEHEHME TEMMNEPATYPbI U AOMNONHUTENbHOE BO34ENCTBUE BHELLIHEIO 3N1EKTPU-
4yeckoro noss.

BbiBogbl. [MpennoxeHHbld Noaxo4 OMUCBIBAET MNepektoveHne nonspusaumn nog gencremem Tl u-mumnynbsca
npw NpeaBapuTeNbHOM BO3OYXAEHUN KOrEPEHTHOrO GOHOHA (PEMTOCEKYHAHBIM ONTUYECKMM MMMYbCOM. Hau-
6osiee BaXHbIM NapamMeTpoM, onpenensoLwmMM noporosoe Bo3aenctene Tl u-nmnynbca Ha Bo30yxaeHne doHoHa,
ABNSIETCS 3Heprus (amnantyga) umnynsca. B obnacty manbix amnantyn, yBenmyeHme TeMmnepaTypbl HE NPUBOAUT
K YXYZLLEHWNIO YCII0BUIA NEPEKITIOYEHMS.

KnioueBble cnoBa: TeparepLeBoe U3nyYeHne, CErHeTONEKTPUKM, NMONapm3aumst, pe3oHaHCHoe BO36yxXAeHue,

HOHOHHbIE MOAbI

2 Sixth generation — WwecToe nokoneHve MobuUnLHOM cBAau. [Sixth generation of mobile communications technology].
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INTRODUCTION

The development of terahertz (THz) devices is
one of the most pressing areas in modern micro- and
nanoelectronics and photonics. In addition to the
methods of THz spectroscopy and visualization for
diagnostics of materials already widely used, THz-range
systems and functional devices designed to monitor and
control THz signals are currently attracting increasing
attention [1, 2]. The use of the THz range (0.1-10 THz)
for data transmission has been shown to provide
high throughput and data density, and is considered
to be the most promising approach for 6G3 network
technologies [3, 4].

One of the key challenges in this area is the search
for new materials to ensure efficient optical and/or
electrical control of the generation, detection, and
propagation of THz radiation. Ferroelectric materials
play an important role in the study of functional devices
operating in the THz range. This is due to their response
time, low dielectric loss, and tunability. As demonstrated
in a number of studies, the ability to manipulate optically
the permittivity of thin ferroelectric films allows for
significant modulation depth in the THz range. This is of
great importance for the development of all-optical and
hybrid chips.

It is important therefore to excite the soft mode
of a ferroelectric and use this excitation to switch the
polarization of the ferroelectric by a short THz pulse.
The first works on THz excitation by relatively low
fields (to 100 kV/cm) reported on coherent excitation
of small-amplitude polar modes in strontium
titanate (SrTiO;) crystals [5], relaxor ferroelectrics [6],
and an organic ferroelectric [7]. The progress achieved
in recent years in the development of THz sources
capable of generating pulses (including single ones)
of high power has made it possible to observe not only
the excitation of coherent phonons, but also ultrafast
(subpicosecond) polarization switching. Such switching
was recorded either directly by X-ray diffraction
methods [8—11] or by optical methods [12—14]. Recent
studies have also discussed the effect of an ultrashort
electromagnetic pulse leading to two types of polarization
switching: permanent switching, such that the switching

3 Sixth generation of mobile communications technology.

to the opposite polarization state under an external
action persists after the end of the action; and dynamic
switching, such that, after exposure to a THz pulse, the
polarization state can switch to the opposite state and
back several times. Then eventually the system relaxes
to the initial state.

While the problem of the direct influence on the soft
mode has been resolved in a certain sense, the influence
of phonon—phonon interaction on the processes is still
actively debated. A number of studies have proposed
an approach based on the Landau—Khalatnikov
equation [15]. In such studies the influence on the soft
mode is considered within the framework of a model
for coupling between the Raman and infrared-active
(IR-active) modes [16, 17]. Mankowsky et al. [13] and
Subedi [18] proposed describing ultrafast polarization
switching processes using an approach based on
a nonlinear coupling between the low-frequency, fully
symmetric phonon mode A4,. This involves the motion
of cations and anions of the material in such a way the
electric polarization is changed, as well as the highest-
frequency, and IR-active phonon mode. In this case, the
switching processes are characterized in terms of the
displacements of ions in the crystal lattice, described by
the generalized coordinates O, and Q;z. The coupling
between the modes is proportional to the product of
the generalized coordinate of the polar mode and the
square of the generalized coordinate of the IR-active
mode. This allows different switching conditions
to be assumed for polarization vectors directed in
opposite directions before the start of the action.
However, Mertelj and Kabanov [19] indicated that such
a representation is erroneousness due to the symmetry
of the transformation. They proposed to consider the
product of the squares of the generalized coordinates
of the polar and IR-active modes as the main term. It
was also noted that the products of the first powers of
the generalized coordinates of the polar and IR-active
modes also satisfy the symmetry conditions. However,
when considered without the quadratic term, they do
not explain the experimental dependencies presented by
Mankowsky et al. [13].

The aforementioned models describing the
modulation of polarization and its permanent switching
yield unstable solutions. Small changes in any parameter
cause an abrupt change in the properties of the system, as
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described by the Landau—Khalatnikov equation, taking
into account the strong nonlinearity of polarization near
resonance [20]. Therefore, it is important to consider
possible additional influences on the ferroelectric such
as: heating, electric field, and optical illumination.
A comprehensive solution to this problem will only be
possible with the identification of physical mechanisms
capable of achieving practical polarization switching
using an electromagnetic pulse.

In this paper, we considered the processes of
modulation of the polarization of a ferroelectric by
a short THz pulse using barium strontium titanate
Ba, ¢S, ,TiO; (BST) as an example. An extension of the
theoretical model [19] was presented using two terms in
the expansion of the phonon—phonon interaction energy:
the sum of the linear and quadratic terms over the product
of the generalized coordinates of the polar and IR-active
modes. The simulation took into account the conditions
of experimental observation of the THz-induced
modulation of the ferroelectric polarization in the optical
pumping—THz probing geometry.

CALCULATION METHOD

Polarization switching under the action
of a THz pulse with preliminary excitation
of a coherent phonon by a femtosecond
optical pulse

Let us consider a system consisting of unexcited
ferroelectric cells with a two-minimum potential and
an optically excited phonon in the field of a THz pulse.
In this case, excitation of the soft mode via phonon—
phonon interaction is energetically more favorable.
Since the polarization of a ferroelectric is determined
by the asymmetric displacement of cations and anions
in the crystal structure, excitation of a coherent optical
phonon increases the effective vibration amplitude of
the corresponding group of atoms. This amplitude,
which increases with increasing optical pulse intensity,
will serve as the initial condition in the problem under
consideration.

Let us also assume that a THz pulse, resonant
with the ferroelectric’s soft mode, is incident on the
ferroelectric after some delay. Thus, the soft mode will
be excited both directly by the THz pulse and through
phonon—phonon interaction by an optical phonon. This
in turn, was excited by femtosecond optical pumping.
The question to be addressed is as follows: will this
interaction be more effective than direct interaction with
a single THz pulse, and will it lead to a higher probability
of polarization switching in the ferroelectric?

Since BST is a multiaxial ferroelectric, its order
parameter is multicomponent. In accordance with the ap
proach published [13, 18, 19], we will restrict ourselves
to considering the change in the polarization state

under the action of the selective excitation of lattice
vibrations by the electric field of a short THz pulse
along the direction specified by the polarization plane
of the THz radiation. In the initial state, we assume that
the polarization caused by the total dipole moment of
the set of cells considered in the region of action of the
THz pulse is zero.

Taking into account Mertelj and Kabanov’s
comment [19], we can write the interaction energy of
the polar and IR-active modes per unit volume in the
following form:

W(Ep,Er) = JEpER + h&%‘:%R >

wherein &, and &, are the effective coordinates of the
polar and high-frequency phonon (IR-active) modes,
respectively; and j and 4 are the expansion coefficients
of W(&p, ) in powers of coordinates.

In accordance with Mertelj and Kabanov [19], since
the coupling coefficient between the polar and IR-active
modes depends significantly on the effective coordinate
of the polar mode, the potential energy describing
the phonon—phonon interaction must be physically
significant, if the displacement of the polar ion relative to
the equilibrium position is small. Within the framework
of this model, the modulation of the effective coordinates
does not exceed 5% of the lattice parameter. However,
for the case of dynamic polarization switching, i.e., the
hopping of a polar ion from one well to another, this
restriction is imposed on the modulation of the effective
coordinate & after such a hop.

Considering the definition of dielectric polarization

_ 4pSp
Vv

P (where ¢, is the effective charge, the
displacement of which determines the excitation of the
polar mode, and ¥ is the cell volume), expressing the
polar coordinate &, through polarization, and introducing

2
. 14 14
the notations C;=j— and C, =h| —| , we can
qp qp

write the interaction energy in the following form:

W(P,&R)=C PEg +C,P2ER. (1)

The equation of oscillations of the effective
coordinate of the IR-active phonon mode is the equation
of an anharmonic oscillator:

. . v
&R = 2YRER T ORER = —— Fr> (2)
MR

where 7y, is the attenuation coefficient, and the right-
hand side is determined by the derivative of free
energy (1) with respect to the corresponding coordinate:

W (i)
IR aE_vIR .
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In accordance with the Landau—Khalatnikov
equation, the equation describing the dynamics of the
order parameter under damping conditions takes the
following form [20]:

. .1
P+yP+—(a,P+a;, P +a, | P° +a;,,,PT)=
n

3
: : 3)
=—Fp +—E(2).
n n
oW (&p, 14
Here, F, =- Cp alR), usz , and E(¢) =
P 9p

= E (O + E\(?) is the electric field acting on the
ferroelectric, equal to the sum of the external field £, (7)
and the depolarizing field £ ().

The external field is a time-dependent

electrical component of a picosecond THz pulse:

42
——5 sinz _
E ()= Epy,e © — where z = oy, 1 and oy,

and t are the central frequency and the inverse attenuation
of the THz field, respectively. These parameters were
chosen to match the temporal shape of the calculated
pulse with the experimental pulse, and are equal to
d .
Opyy, =270 1.5 T and 1 =05 ps. The depolarizing
s
field is directly proportional to the polarization:
P(t . .
El(t):EO,dep#, wherein Pg is the spontaneous

.. S . " .
polarization corresponding to the position in one of
- . F

the minima [21], and depolarizing field EO, dep = -
€8
Finally, using the introduced notations, we obtain
a system of equations

. .1
P+yPP+E(2alP+4a“P3 +6ay,,P° +8ay,,,P7) =
{ ! 4)
= _;(CIE-\IR +C2PE_»12R)+;EU):

R =2VRER + ORER = _mL(Cler CP2ER)- (5)
IR

The experiment for which the simulation was
performed can be carried out by means of the
THz pumping—probing method in transmission
geometry. Under THz pumping, several scenarios
are possible (Fig. 1): (1) the THz field amplitude is
insufficient for the effective charge to overcome the
potential barrier, and the system oscillates around the
initial minimum and returns to its initial state; (2) the
effective charge overcomes the potential barrier but
then returns to the initial minimum; and (3) the effective
charge overcomes the potential barrier and remains at
the opposite minimum of the double-well potential for

a long time. The first two scenarios describe dynamic
polarization switching, while the last describes
a permanent one.

In the simulation using the system of equations (4)~(5),
the time dependencies were calculated for the
polarization and the effective amplitude of the IR-active
mode oscillations parallel to the crystallographic axis c.
The following parameters were varied: the THz field
amplitude Evp;,; the values of the phonon-phonon
interaction constants C; and C,; and the attenuation
coefficient y,, of the IR-active mode.

The most important varying parameter was also the
initial condition. This was determined by the intensity
of optical radiation for the IR-active mode amplitude.
The simulation used the parameters of the expansion
of the thermodynamic potential in a series in powers
of the order parameter (hereinafter referred to as the
Landau expansion) for a Ba¢Sr,,TiO; film [22]:
a, = —0.13 - 10% Jm/C?, a;; = —-1.33 - 108 J'm%C*,
a;; = 1.03-10° J'm?/C8, and a;;;; = 3.09 - 1010 Jm!3/C3.

(1 (2
=\

Fig. 1. Schematic diagram of the experiment
for which the simulation is performed
and a schematic representation of the THz-induced
processes of the polarization switching scenarios
under consideration

Oy, =2n-1.5rad/s Bag gSrg ,TiO5
t=0.5ps $333

Ery,

THz pulse

The frequency wp/2m = 7.55 THz was chosen as
the resonant frequency of the IR-active phonon. This
corresponds to the frequency of the A4, (transverse
optical) mode [23]. Figure 2 presents the simulation
results.

The first calculation was made with varying initial
conditions for the IR-active mode (4, = 0.1-0.23 A),
while the amplitude of the THz field was
insignificant  (incapable of causing polarization
switching, see the lowermost curve in Fig. 2b). In the
calculations, it was assumed that at the initial moment,
the total polarization of the cell array under consideration
is zero. The other parameters were chosen as follows:
YR =05ps L yp=2ps!, C; =5 107 J/(C'm?), and
C,=5+10% J/(C?>m).

The corresponding time dependencies of the
amplitude of the IR-active mode itself and the
ferroelectric polarization are shown in Figs. 2a and 2b,
respectively. The bottom graph in Fig. 2b presents the
time dependence of the THz field (thin maroon line).
The insets of Figs. 2b and 2c show the polarization
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spectra at A = 0.23 A and Egy, = 0.8 MV/cm,
respectively. The graphs are shifted along the vertical
axis for clarity. Dynamic polarization switching
occurs already at the initial IR-active mode oscillation
amplitude 4,z = 0.13 A. With increasing A, dynamic
polarization switching is observed in all curves.
However, due to the stochastic nature of the solution to
the Landau—Khalatnikov equation, given small changes
in the variable parameters, permanent switching (i.e.,
a transition from one of the minima of the potential well
to another without a reverse transition at large times) is
not possible at all values of the parameters. For example,
in Fig. 2, there is no permanent transition at 4, =0.17 A.

The polarization spectrum (Fig. 2b, inset) exhibits
frequencies of both modes: the polar mode in the 1-2 THz
range; and the IR-active mode in the 7.55 THz range.
Since no features are observed in the time dependencies
of polarization at the time delay corresponding to the
THz pulse (2 ps), the conclusion can be drawn that the
effects observed are associated solely with the action of
a coherent optical phonon.

Let us now consider the case of a weak initial
IR oscillation (4 0.125 A), incapable of
causing dynamic polarization switching, but with
an increase in the THz field. Switching appears
at By, = 0.8 MV/em. The IR-active mode is weakly

manifested in the polarization spectra (Fig. 2¢, inset). By
increasing the THz field amplitude, stable polarization
switching is achieved.

Overall, the system of equations considered here
does indeed describe polarization switching under the
influence of a THz pulse with preliminary excitation
of a coherent phonon by a femtosecond optical pulse.
The critical effect of the THz pulse, leading to phonon
excitation, occurs when the THz pulse has an energy
slightly lower (in our calculations, by a maximum
of 20%) than the energy required for switching without
optical stimulation. Then, the combined effect of these
two excitations leads to polarization switching.

Influence of an additional
external electric field

Let us consider the influence of an additional applied
electric field £, directed parallel to the field £y, of the
THz pulse in the plane of the surface of the material. In
both cases, the field strengths are chosen in such a way
that one field in the absence of the other does not cause
polarization switching. In the first case, this condition
corresponds to Epy, = 0.7 MV/em (E, = 0), while in the
second, it corresponds to £, = 0.5 MV/cm (Epy, = 0).
Figure 3 shows the simulation results. The graphs are
shifted along the vertical axis for clarity.

Yir=0.5ps ! yp=2ps! | 1th Ar=0.125A
Eqy, = 0.7 MV/cm ) TR Eo,gep =1 MV/cm
Ep,gep=1MV/cm | ‘ L |
0O 2 4 6 8 0 2 4 6 8
Frequency, THz Frequency, THz
Ag=0.23A |
)Uuwu“\mﬁWWMWWMMWMWWWWMww,wmmmvww Ap=0.23A \/M Eqy, = 3.0 MV/cm
° Yl 1 Y] W
0.20 A £ c
3 i O 2.0 MV/cm
= - 0.20A = . C
<t S IS
= 017A @ ® "
1 Il N ] N v
S ﬂm‘{wH\G‘WJWUwWfUWW[”N‘JW\M‘\"’l‘v""ﬂ”h‘WAW“"'“’“‘”"’“‘“"““"‘""““"""""‘"’""""“”"”"‘ 3 w 0.17A 3 ><m 1.4 MV/cm
g | o \
0.13A
0.5 A 0.13A
i ,H.\w " 0.5 . 054 0.8 MV/cm
0 - T K 0 oV 0.5 MV/cm
4 A
o 2 4 6 8 10 0O 2 4 6 8 10 o 2 4 6 8 10
Time, ps Time, ps Time, ps
(a) (b) (c)

Fig. 2. (a) Time dependencies of the effective coordinate u(t) of the IR-active mode, calculated with varying initial
effective amplitude A of the IR-active mode at a low field of the THz pulse (the values of the phonon—phonon
interaction constants are taken to be equal to C,; =5 10'" J/(C-m?) and C, = 5 - 102° J/(C2-m)). Time dependencies
of the polarization in cells with the opposite initial positions of the effective charge, calculated within the framework
of the considered model with varying (b) Az and (c) the THz pulse field at a small initial amplitude of the IR-active mode
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E;y,=0.7MV/cm

e —

E,=1.5MV/cm
M{:\”\ E, = 1.0 MV/om
N
£
&) E,=0.5MV/cm
c
2
g
5 E,=0.2MV/cm
[e)
o 4
E,=0.1MV/cm
0.5
b Ey=0MV/cm
° _/W-\M
0 2 4 6 8
Time delay, ps

(a)

E,=0.50 MV/cm
Eqy, = 1.25 MV/cm
m Eqy, =-1.00 MV/cm
o
E 4] Pagmra " '_«-»‘4__,‘\.«.“,..
) ) A N Eqyy, = 1.00 MV/cm
Qo v
g
E Eqy, =0.80 MV/cm
g e
o
Eqy, =0.50 MV/cm
0.5
0 N Ery, =0 MV/cm
0 2 4 6 8
Time delay, ps

(b)

Fig. 3. Time dependencies of polarization upon application of an additional constant electric field
(a) with increasing strength of the constant field while maintaining the THz pulse amplitude
and (b) with increasing THz pulse amplitude while maintaining the strength of the constant field

At the same THz pulse field (Fig. 3a), the constant
field with £, > 0.1 MV/cm (Ey/Ey, = 0.14) leads to
switching of polarization. In this case, also at certain
strengths of the constant field (£, = 1 MV/cm), both ions
return to their original state. At fields £, > 0.1 MV/cm,
oscillations caused by the constant field alone are observed
during the time preceding the THz pulse. The combined
action of the constant and THz fields leads to dynamic
polarization switching in both cells up to £,= 1.5 MV/cm
(Ey/Eqy,=2.14). Further, the THz pulse has practically no
effect, and the entire system switches under the influence
of a constant field, leading to uniform polarization in the
direction of the constant field.

With an increase in the amplitude of the
THz field and maintaining the strength of the constant
field (Fig. 3b), dynamic switching is observed from
Ery, = 0.5 mV/em (Ey/Epy, = 1). At some THz field
strengths, permanent switching is absent in both
branches (0.9 MV/ecm < Eq, < 1.2 MV/cm), while
the behavior of the system at positive values of the
constant field (codirectional with the THz pulse field at
the point of its maximum amplitude) and its negative
values is different. Figure 3b shows the dependencies
at £, = —1 MV/cm, in which even dynamic switching
is absent (polarization does not intersect the coordinate
axis). A further increase in the THz pulse field leads to the
predominance of the response to this pulse, although the
constant field has a slight effect on the time dependence
of polarization.

All the dependencies presented here are illustrative.
The temporal behavior of polarization depends on

many parameters (Landau expansion constants and
the associated frequency, as well as the soft-mode
coefficient).

Nevertheless, animportantresult ofthese calculations
is the establishment of the fact that even a weak constant
field can effectively facilitate polarization switching.
This result is extremely important for the experimental
observation of polarization switching. Strong THz fields,
firstly, are not always achievable and, secondly, can lead
to irreversible changes in the physical properties of
ferroelectrics [24]. We also noted that the enhancement
of the effect of a THz field was previously observed
in magnetic materials during studies of magnetization
switching in a constant magnetic field.

CONCLUSIONS

This paper proposes a new approach to describing
a system with polarization as an order parameter pre-
exposed to a femtosecond optical pulse. A phonon mode
was excited which subsequently interacted with a high-
power THz pulse. The approach is based on a system
of the Landau—Khalatnikov equation (where the electric
field of the THz pulse and the phonon—phonon interaction
act as the driving force) and the phonon mode oscillation
equation (where the phonon—phonon interaction acts as
the driving force). The novelty of this approach lies in the
interaction of the THz pulse with a previously coherently
excited phonon mode of significant amplitude.

It was shown that switching occurs at the moment
of arrival of a THz pulse, within the time interval of
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high-amplitude phonon oscillations (determined by
the damping constant of this mode). Phonon excitation
exerts a critical effect when the THz pulse has an energy
slightly lower (in our calculations, by a maximum
of 20%) than the energy required for switching without
optical stimulation. Then, the combined effect of these
two excitations leads to polarization switching. If the
field is strong (when polarization can be switched solely
by a THz pulse), an increase in the phonon oscillation
amplitude does not affect the switching process. Thus,
preliminary optical stimulation can induce polarization
switching at THz fields lower than the switching
threshold. This is crucial for applications, since it allows
the use of lower-power THz sources.

The same model considered an additional driving
force in the Landau—Khalatnikov equation. It was shown

that only low, far-from-saturating, constant fields can
effectively promote switching. This result is important
for its use in experiments. A negative experimental result
had previously been obtained in which the application of
a significant field had no effect on polarization switching.
The model presented here may explain this result.
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