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Ultrafast reversal of the ferroelectric polarization by a midinfrared pulse
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I calculate the ferroelectric polarization dynamics induced by a femtosecond midinfrared pulse as measured
in the recent experiment by R. Mankowsky et al., Phys. Rev. Lett. 118, 197601 (2017). It is due to the nonlinear
coupling of the excited infrared-active phonon mode with the ferroelectric mode or to the excitation of the
ferroelectric mode itself depending on the pulse frequency. To begin with, I write the LiNbOj crystal symmetry
invariant thermodynamic potential including electric field and nonlinear phonon coupling terms. I solve the
equations of motion determined by this potential for phonon coordinates numerically. I explain the transient
polarization reversal observed in the experiment by the action of the depolarizing electric field, which is due to
bound charges at the polarization domain boundaries, and give a reasonable estimate for its value. I argue that
the polarization can be reversed when this field is screened.
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I. INTRODUCTION

Polarization control is essential for many applications
of ferroelectrics, from nonvolatile memory storing [1] to
switchable surface chemistry and catalysis [2,3] (see generally
[4,5]). The usual mechanism via static or pulsed electric
fields leads to the polarization reversal duration limited from
below to hundreds of picoseconds [6]. Several proposals have
been made how to switch the polarization on the picoseconds
time scale by directly exciting the ferroelectric mode with
ultrashort radiation pulses [7-9] or the electronic subsystem
with optical pulses [10]. However, they still have not been
realized in practice, and the excitation by optical pulses has
only led to a decrease in polarization [11-13]. Nevertheless, a
90° polarization rotation in some domains of a multi-domain
ferroelectric thin film of (Bag gSrg,)TiO; induced by a strong
single-cycle terahertz pulse was claimed recently in [14,15].
At the same time, ultra-short (less than 20 ps) all-optical mag-
netic polarization control with low heat load in transparent
ferromagnetic films has already been reported [16].

Recently, it has been proposed to switch the ferroelectric
polarization by resonantly exciting the infrared-active phonon
mode nonlinearly coupled to the ferroelectric mode [17].
This approach, called nonlinear phononics and having been
developed over several past decades with the advent of very
high intensity lasers, has already proved to be successful
in ultrafast lattice control [18]. The follow-up experiment
[19] has indeed demonstrated a transient switching of the
polarization in LiNbO3; (LNO) crystal for laser pulse fluences
larger than about 60 mJ/cm? (with the laser pulse duration
of about 0.15 ps). One possible explanation of the observed
rapid polarization return to its initial state was the formation
of uncompensated electric charges in the irradiated part of the
crystal after the polarization reversal [19], which has not been
taken into account theoretically [7-9,17,19].

* .
abalmasov @iae.nsc.ru

2469-9950/2020/101(1)/014102(8)

014102-1

Here, I calculate the phonon mode dynamics under con-
ditions similar to those in the experiment [19]. First, I argue
that the equation of motion for the polarization is governed
by the thermodynamic potential rather than potential obtained
from ab initio calculations for the unrelaxed crystal which was
used in Refs. [17,19]. This implies that the nonlinear coupling
terms must be invariant under the symmetry transformations
of the crystal parent group. I find the biquadratic coupling
constant values from the infrared phonon frequency change
at the ferroelectric phase transition, which is known for LNO
from ab initio calculations only [20-22]. I solve numerically
the equations of motion for the coupled phonon modes and de-
termine the depolarizing electric field value that corresponds
better to the polarization dynamics observed in Ref. [19].
I propose to screen this field in experiment by a metallic
wire deposited on the crystal surface around the irradiated
spot in order to get a final polarization reversal. I also show
that the polarization reversal is possible under experimental
conditions of Ref. [19] when the ferroelectric mode is excited
resonantly, though it demands very high pump fluences.

II. THEORETICAL APPROACH

In crystals, the movement of interacting with each other
atoms near their equilibrium positions is a superposition of
a complete set of normal modes {Q}. Such modes are plain
waves with definite frequencies and polarizations and trans-
form according to irreducible representations of the crystal
symmetry group. According to the phenomenological Landau
theory, the second order phase transition takes place when the
coefficient of the quadratic term of one of the coordinates in
the thermodynamic potential F' ({Q}, T') becomes negative be-
low the critical temperature 7. This leads to a nonzero thermal
equilibrium value of this coordinate, which determines the
spontaneous polarization in ferroelectrics [23].

The thermodynamic potential determines as well the dy-
namics of the order parameter [24]. In the case of a displacive
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structural phase transition the corresponding equation is

O+yQ+dF({Q},T)/30 =0, (1)

where y is the damping constant. In the static case, this
equation reduces to the usual thermal equilibrium condition.
For low-frequency coordinates, F ({Q}, T) is to be calculated
with fixed generalized forces conjugate to all other general-
ized coordinates. For high-frequency coordinates it should be
calculated with fixed values of slowly changing coordinates
instead [24]. Thus understood Eq. (1) expresses the essence of
the so-called soft mode concept. Indeed, the square frequency
in Eq. (1) is equal to the inverse static susceptibility x ~'(T) =
82F ({Q}, T)/9Q? that becomes zero at T = T,..

The coordinate Q in Eq. (1) can be replaced by the quantum
mechanical operator Q(t) and the equation remains valid
when averaged over the quantum state. This follows from the
expression for the time derivative of the expectation of any
quantum mechanical operator [25] and is the essence of the
Ehrenfest theorem [26]. It should be remembered, however,
that when the last term in Eq. (1) is nonlinear in Q, its expec-
tation value, (F(Q)'), is not equal to F({Q))'. For example,
the expectation value of the coordinate square, (Q?) = (Q)? +
(8Q?), is the sum of the square of its expectation value and the
quantum fluctuation (8Q?%) = ((Q — (Q))?). Thus, neglect of
quantum fluctuations can be justified if (Q) > 1/(§Q?). The
same applies to the thermal averaging of Eq. (1) and neglect of
thermal fluctuations. In the following, I consider the average
coordinates and evaluate their fluctuations when discussing
the results.

I note that when the damping in Eq. (1) is large, the equa-
tion actually describes the relaxation mode and corresponds
to the dynamics of the order parameter for the order-disorder
phase transition. This occurs in the vicinity of the displacive
phase transition when the frequency of the ferroelectric soft
mode tends to zero [27].

The potential V (Qp, O1r), which determines equations of
motion similar to Eq. (1), was calculated in Ref. [17] as a
function of the ferroelectric and infrared mode coordinates,
Qp and Qg, for PbTiOj3 crystal from the first principles using
the density functional theory. At each point of calculations,
the values of all the rest of phonon coordinates were fixed
and corresponded to the low-temperature ferroelectric phase.
As a result, the potential V(Qp) was not symmetric in the
ferroelectric mode coordinate Qp even for Qg = 0 (though
the symmetry was restored when the other coordinates were
relaxed for a given value of Qp) [17]. The thus obtained
potential would be appropriate for a very fast dynamics of the
ferroelectric mode when the other coordinates are too slow
to relax at each value of Qp and can be considered as fixed.
At the same time, the characteristic time change of Qp in the
experiment [19] is not smaller than its inverse frequency and
this coordinate is the slowest. Thus, as discussed above, in
order to calculate the thermodynamic potential F(Qp, Or),
governing the ferroelectric mode dynamics, one should relax
the crystal at each value of Qp. Indeed, the signal of the second
harmonics vanishes at some point in Ref. [19]. This implies
that the crystal becomes centrosymmetric at that moment that
would not be possible when only the polarization vanishes
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FIG. 1. Sketch of the bulk and domain polarization P, and
the electric field E due to the bound charges in the sample when
irradiated by a terahertz pulse; free charges on the surface are drawn
with circles (a). Time dependence of the terahertz radiation electric
field (thick, red) and the corresponding infrared mode amplitude
04,10, (blue) nonlinearly coupled to the ferroelectric mode at a
fluence of 95 mJ/cm? (b).

but the values of the other coordinates correspond to the
noncentrosymmetric ferroelectric phase as in Ref. [17].

III. LNO THERMODYNAMIC POTENTIAL

In what follows, I will consider the LNO crystal along
with the experimental setup and conditions of [19], see Fig. 1.
The ferroelectric phase transition in the LNO crystal occurs
at a temperature of about 1480 K from the paraelectric phase
with symmetry R3¢ (Dg ;) to the low-temperature ferroelectric
phase with symmetry R3¢ (C36v) [20]. Two formula units in the
unit cell implies 27 optical phonon modes, 4A; 4+ 5A; + 9F
in the ferroelectric phase and A, + 2A;, + 342, + 342, +
4E, + 5E, in the paraelectric phase. In the ferroelectric phase,
the infrared-active phonon modes A;(TO;_4) have frequen-
cies of about 7.5, 8.1, 10, and 19 THz and the modes
E(TO_9) have frequencies of about 4.6, 7.0, 7.9, 9.7, 10.8,
11.1, 13.0, 17.3, and 19.8 THz [28-30]. The mode A;(TO3)
of the ferroelectric phase changes to the Ay, in the paraelec-
tric phase while the other modes A; become A,, [20]. The
A1(TO;) mode becomes softer approaching the phase transi-
tion [31] and according to the first-principles calculations [21]
it has the strongest overlap (0.82) with the A,, mode, which
is unstable in the paraelectric phase and coincides with the
atomic displacements during the phase transition. The mixing
of the A|(TO;) and A;(TO;) modes at temperatures between
400 and 600 K [31] is probably the cause of the incomplete
overlap of the A;(TO;) and A,, modes, mentioned above. I
will label the ferroelectric soft mode as Qp and the other
infrared-active modes Qr as Qa,,, Qa,,» (O, OF,.y), and
(QE, x> QF,,y) according to their irreducible representations.

During the ferroelectric phase transition the condensation
of the soft mode occurs at the center of the Brillouin zone. The
teraherz pulse as in the experiment [19] also excites mostly
long-wavelength phonons. So I will consider an homogeneous
case and neglect the interaction of phonons with different
wavelengths coming from the nonlinear phonon coupling.
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The thermodynamic potential density F' ({Q}, T') should be
invariant under transformations of the crystal symmetry group
of the parent paraelectric phase. I will write it as a sum

F = Fy + Fg_ph + Fyhph- 2

The first part describes free phonons:

6()2 cp (,()2
F= —TPQ,% + ZQ% + %Q%R, 3)

where wpjr are frequencies of the corresponding modes
QOpr. The coefficient cp determines the equilibrium value
0 through the equation 9F/90Qp = 0. In the absence of
electric field and nonlinear phonon interactions this gives
cp = a),2, /2(Qf,)2. Summation over all infrared-active modes
Orr in Eq. (3) is assumed.

Fo(Qp) as a function of the ferroelectric mode amplitude
was calculated ab initio, for instance, in Ref. [32]. When
fitted to a forth order polynomial, it provided the energy
difference between the ground and the lowest excited state
of about 7.5 THz in frequency units, in agreement with the
experimental data [28-30].

The second part of the thermodynamic potential corre-
sponds to the phonon-electric field coupling:

FE-ph = — EZ(Z;;QP + Z:quAzu + ZA]gQPQAlg)
— Y Ej(Z; Ok, + Z5,0r 0k, ). )

Jj=x,y

where Zp 1, are Born effective charges of the corresponding
modes QpIr, Za,, g, are coupling constants, E, . are the
electric field components.

It follows from Eq. (4) that coupling of the electric field
to the centrosymmetric phonon modes A, and E, is possible
only in the ferroelectric phase, when (Qp) # 0. However, even
in the ferroelectric phase this coupling is expected not to be
large due to the small value of (Qp). Indeed, the effective
charge of A{(TOs3), which has irreducible representation A,
in the paraelectric phase, is very small [30].

I will focus on a single phonon mode excitation and as a
consequence only on two-phonon modes coupling, consisting
of the ferroelectric soft mode Qp and the infrared-active mode
O1r (see Refs. [33,34] for discussions on three phonon modes
interaction). The leading coupling terms in phonon amplitudes
(up to the forth order) are

Fohph = Z aiQf)Qﬁ;lg + Z ci0p0L!

i=1,2 i=1,2,3

+ Y bi0R0} ; +d0p0r, (30}, . — 0F,,).
i=gu
j=xy

&)

Three-phonon interaction in Eq. (5) with the coupling
constant a; is not of much interest because it is difficult to
excite the Aj, mode as discussed above (since its effective
charge is proportional to Qp, this term is effectively of the
forth order in phonon coordinates).

The reversal of polarization by an electric field in LNO
was discussed in detail in [35] and includes the nucleation
of a domain (primarily at surface defects) and its forward and

sideways growth. These processes could be affected by crystal
defects. This can explain the difference in the experimental
values for the coercive field in the stoichiometric and con-
gruent LNO equal to 40 and 210 kV/cm, respectively [36].
At the same time, the coercive field value, which follows
from the phenomenological theory without defects, is about
54 MV/cm [37]. In my simplified theoretical model and
calculations I consider an uniform polarization reversal and
neglect the defects. I think that in the subpicosecond time
scale of the experiment [19] along with the slow motion of
the domain walls [35] my approach is justified.

Next, I apply the thermodynamic potential, Eq. (2), and
the equation of motion, Eq. (1), to describe the results of
the experiment [19] where the A;(TO4) mode was pumped
resonantly by a high-intensity femtosecond electromagnetic
pulse. To do this, in the next section, I specify the numerical
values of parameters that enter Egs. (1) and (2).

IV. PARAMETER VALUES

The electric field in Eq. (4) has two components, E, =
Ey + E,, both directed along the z-axis in the experiment
[19]. The first component is the electric field of the mid-
infrared driving pulse E;(¢) = Ey sin(wt ) exp(—41n21%/T?)
with frequency w, Gaussian envelope of duration 7 = 0.15
ps and amplitude Ey, which is up to 25 MV/cm in the
experiment [19], see Fig. 1(b). The other component is due
to the depolarizing electric field E; in the reverse polarization
domain created by the midinfrared pump [Fig. 1(a)]. I suppose
that on the time scale of the polarization reversal, as in the
experiment [19], there is no screening of this field by free
carriers. So, the resulting field is E>(t) = E;(1 — Qp(2)/05).

I calculate the effective electric charges of infrared-active
modes from the experimental values of their oscillation
strength [38]. Thus I obtain Z; = 1.356, ZXI(TOZ) = (0.564 and

Z} (ro,) = 1404 ¢/ 4/u, where u is the atomic mass unit. The
effective charge Zj 1o, is very small [31] and T will neglect
the dynamics of this mode.

The value of Qf, which is the initial value of Qp in
Eq. (1), can be determined from the change in ion positions
at the ferroelectric phase transition. It is about 2.9./u A,
according to [4], which agrees with the minimum positions
of the two-minimum energy surface calculated in [32]. At the
same time, according to the experimental data [39], the Li and
O atoms are shifted in the ferroelectric phase by about
Azii =0.460 A and Azo=0270 A that gives Q% =
o miAziz)l/2 =3.1,/u A. The same value of 0%, which
I adopt in my calculations, follows from the atomic dis-
placements calculated ab initio [20-22]. Initial values of
other coordinates are obtained from the equilibrium condi-
tion dF /90 = 0. They are not zero when the modes are
nonlinearly coupled, see Fig. 1(b). This also can explain a
partial overlap of ferroelectric soft modes in the para- and
ferroelectric phases as discussed above.

I note that spontaneous polarization, defined as Py =
Z}0% /vy, with vy being the unit cell volume, is about 0.64
C/m? when calculating with Q% = 3.1/u A. This is slightly
lower than the experimental value for congruent crystals Py =
0.71 C/m2 [40,41], which, in turn, is achieved for a rather
large value of Q% = 3.4,/u A. This slight discrepancy can
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also be explained by the highly nonlinear evolution of the
charges along the ferroelectric path of atomic displacements,
which has a contribution from all infrared modes [21]. Note
that even greater polarization of 0.82 [42] and 0.86 C/m?>
[43] was obtained by calculating ab initio surface charges,
while the experimental value in a near-stoichiometric crystal
is 0.62 & 0.04 C/m? [44].

I take the damping constants at room temperature as
)713 = 08, ]7,41('1“02) = 0.6 and ?AI(TOA;) =1.0 THz [38] (Wlth
y = 27y). The damping pp increases strongly with temper-
ature and equals the soft mode frequency of 5 THz at about
1100 K [31]. As it was discussed in Sec. II, this would
correspond to the transition from vibrational to relaxation
mode dynamics in Eq. (1). Indeed, some experimental data,
e.g., Ref. [39] and references therein, and molecular-dynamics
simulations [45,46] suggest the transition from displacive to
the order-disorder type phase transition in LNO near the
critical temperature. This could imply that the damping yp
should depend on Qp in Eq. (1). However, I note that the
dynamics of Qp is very fast in the experiment [19] and low-
energy acoustic phonons, whose interaction time can not be
shorter than the period of their oscillations, do not have time
to exchange energy with Qp and increase its damping. Thus I
keep the damping p constant in my calculations.

Finally, I note that the biquadratic phonon-phonon inter-
action with the coupling constant ¢, in Eq. (5) does change
not only the frequency of the soft mode Qp but the frequency
of the O as well, Eq. (3). This allows, for example, in
some cases to reproduce the temperature dependence of po-
larization from the temperature dependence of frequency for
high-frequency modes [47,48]. Usually the effect is not large.
For the ferroelectric KH,PO, crystal, however, the change
is about ten percent for certain modes indicating both signs
of the coupling constant [49,50]. So I calculate the coupling
constant as ¢ = (wk — Q3)/2(0%)* where ok and Qg are
the frequencies of the Qg mode in the ferroelectric and
paraelectric phases respectively, Q% is the thermal equilibrium
value of Qp at room temperature. The positive sign of the
coupling constant assures a single well potential F(Qp) for
large values of Q% and thus a possibility of the polarization
reversal. I note that wr does not change substantially in the
ferroelectric phase of LNO up to about 1000 K [31,51], but
this agrees with a small change in the polarization itself in
this temperature range [52].

Due to the very high temperature of the phase transition,
the values of Qg in LNO are available only from the first-
principles calculations. Being smaller than wpg, for A;(TOy4)
they vary from 15.6 [20] and 14.3 [21] to 13.6 THz [22],
while for A (TO,) from 3.5 [20] and 2.8 [21] down to 0.9 THz
[22]. For A(TOs3), on the contrary, the frequency in the
paraelectric phase is higher, varying from 12.1 [20,21] to
10 THz [22], which indicates a possible negative value of the
biquadratic phonon-phonon coupling constant for this mode.
In my calculations, I take QA](TO4) = 14 THz and QAI(TOZ) =
3.5 THz, which correspond to ¢3 4, (ro,) = 34 meV/u?> A* and
c2.4,(t0,) = 11 meV/u? A*. Note that these coupling con-
stants are an order of magnitude smaller than those obtained
for quantum paraelectric crystals KTaO3; [53] and SrTiOs
[54] from ab initio calculations. This might be due to the
calculation procedure of the potential discussed in Sec. II.

Op (Wu A)

02 00 02 04 06 08 1.0
t(ps)

FIG. 2. Ferroelectric mode dynamics for the pump pulse fluences
of 30, 60, and 95 mJ/cm? and frequency w = 19 THz when ¢; 3 = 0
and E; = 0 (dashed) and ¢, = 10, ¢; = 17 meV/u? A* for A;(TOy)
and E; = 2.8 MV /cm (solid). Red dots are at minimums of Qp.

Indeed, if the crystal is not relaxed for every Qp, as in
Ref. [17], its energy F (Qp, Omr) is higher and corresponds to
larger coupling constants.

I keep the coupling constants ¢; and c¢3 in Eq. (5) and the
depolarizing electric field E; in Eq. (4) as fitting parameters
in my calculations, which I compare to the experiment [19].

V. CALCULATION RESULTS

I start with zero values of the coupling constants ¢y 3 and
the depolarizing electric field E; and calculate the phonon
mode dynamics for several values of the pump pulse flu-
ence, see Fig. 2. In the experiment [19], for fluences above
the threshold value of 60 mJ/cm?, the disappearance of the
second-harmonic intensity (and hence the ferroelectric mode
amplitude Qp) was observed at some point. I see, however,
only its decrease with this fluence. The dynamics becomes
closer to the experiment [19] when ¢; 4,(ro,) = 51 meV/u2
A*, which corresponds, however, to the very low frequency
€4,(t0,) = 10.7 THz expected in the paraelectric phase. Inter-
estingly, the situation can be improved when positive values
of ¢3.4,(T0,) = 13 meV/u? A* are considered. This is rather
unexpected, because the force arising from this coupling and
acting on Qp oscillates and changes its sign. At the same time,
negative values of c¢34,(ro,) make the polarization reversal
even harder. Finite values of ¢ 4,(to,) do not influence much
the dynamics. The reason is that the latter coupling is cubic in
O1r, while the former is linear and Qg < QOp.

The reentrant behavior of the polarization for the highest
fluence of 95 mJ/cm? available in Ref. [19] appears for depo-
larizing electric fields greater than about E; ~ 2.5 MV /cm.
This value to be compared with the depolarizing field in a
platelike monodomain sample E; = P;/(e¢€q), which is about
26.4 MV /cm for P, = 0.70 C/m? and the dielectric constant
e33 = 30 in LNO [37,55] (g is the electric constant). The
value of the depolarization factor N = 0.1 seems reasonable
given the oblong shape of the created domain with reverse
polarization (the pump penetration depth is about 3.2 um [19]
and its spot size is about 65 um [38], see Fig. 1(a)).
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FIG. 3. Minimum of Qp (normalized by Q) as a function of
fluence for different frequencies of the pump pulse. At vyymp =7
THz two lines correspond to opposite signs of the pump pulse electric
field. Experimental data points are from Ref. [19].

Finally, I use the values E; = 2.8 MV/cm and ¢; = 10
and ¢3 = 17 meV/u? A* for the mode A,(TO,), see Fig. 2.
I keep the coupling constants c; 3 equal to zero for the mode
A(TO,), which is close in frequency to Qp, since its effect on
the dynamics of the latter is in any case masked by the direct
excitation of QOp.

I calculate the minimum value of Qp (normalized by
Q%) as a function of fluence for different frequencies of the
pump pulse (with the same Gaussian envelope duration) and
compare the results to the experiment [19], see Fig. 3. The
agreement is very good for the pump frequency of 19 THz.
For other frequencies, the dependence on fluence is also close
to linear, but the coefficient is somewhat different from the
experiment [19]. This can be due to the differences in the
infrared phonon damping constant and the pump pulse dura-
tion, which determines its frequency width, in my calculations
compared to the experiment [19].

For a pump frequency of 7 THz close to the ferroelec-
tric mode resonance, the result depends slightly on the sign
(phase) of the pulse oscillations due to comparable values
of the pump duration and its oscillation period. For this
pump frequency, a final change in polarization is observed
for fluences exceeding approximately 40 mJ/cm?. Reversing
the polarization becomes more difficult if a larger value of
the depolarizing field is assumed until it becomes impossible
if E; 25 MV/cm. This threshold corresponds to the value
of the coercive field in my model, E, = PS/(S\/geso), at
which the metastable state (local minimum) with opposite
polarization disappears [37].

The susceptibility, minQp/fluence, calculated for small
fluences as a function of the pump frequency also reproduces
the experimental results [19] (Fig. 4). The width of the
peaks is determined mainly by the frequency width of the
pump pulse.

VI. DISCUSSION

In my calculations, oscillations of Qp with the frequency of
the ferroelectric mode are observed, Fig. 2. In the experiment
[19], these oscillations could be smeared out for several

min Op/ Fluence

5 10 15 20 25 30

Frequency (THz)

FIG. 4. Susceptibility as a function of the pump frequency
normalized to unity at 19 THz. Experimental data points are
from Ref. [19].

reasons. First, the electric field of the midinfrared pulse is
inhomogeneous in the crystal and is determined by the Gaus-
sian function perpendicular to its direction and exponentially
drops from the surface as exp(—z/zp) with zg & 3.5 um, while
the second harmonic is generated at z < 1 um [19]. Second,
the nonlinear coupling to phonon modes with nonzero wave
numbers, which I did not take into account, will probably also
lead to some smearing of polarization oscillations. Finally,
I have neglected fluctuations in Eq. (1), as it was discussed
in Sec. II. For a harmonic oscillator with a frequency
w, these fluctuations are equal to (8Q%) = (hi/w)(1/2 +
(e"/T — 1)~1) [23,26], in accordance with the fluctuation-
dissipation theorem [23]. At zero temperature, this gives
(80%) =0.17 and (8Q3) =0.26 /u A, which are an
order of magnitude smaller than the amplitudes of these
coordinates around 2 and 3.1 /u A (see Figs. 1 and 2),
in reasonable agreement with the approximation used. At
room temperature, the fluctuations become twice as large
for the ferroelectric mode, but still small enough, and little
change for the high-frequency infrared mode. I note that these
fluctuations relate to phonon coordinates and, through Eq. (1),
affect their averages defining polarization. At the same time,
the relative fluctuation for macroscopic polarization, defined
as a dipole per unit volume, is inversely proportional to the
square root of the number of dipoles per unit volume and is
therefore extremely small.

Recently, high-intensity sources of far-infrared electro-
magnetic fields (more than 3.5 MV /cm), tunable in the range
from 4 to 18 THz, were reported in Ref. [56]. These fluences,
however, are not high enough to switch polarization by reso-
nant pumping of the ferroelectric mode (Fig. 3). In Ref. [57], a
very high-intensity source of a terahertz single-cylce pulse (up
to 22 MV /cm) was reported, but its frequency is only about
1 THz. Thus the resonant reversal of the ferroelectric mode in
LNO currently seems unattainable.

My calculations show that the polarization can eventually
be switched in the absence of a depolarizing field (Fig. 2).
To screen this field, one can use a metallic wire drawn in
gold in Fig. 5. The relaxation time of this screen v = RC
is determined by the resistance R &~ pL/(h+ d)5 and the
capacitance C = ggoh of the wire. The resistivity and skin
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FIG. 5. Sketch of the screen (in golden) on the top of the crystal

around the pump laser spot and the electric charges distribution (free
charges are in circles).

depth for gold at frequency 10 THz are p ~ 10~7 Q@ m and
6 ~ 30 nm. The metallic wire length, height and width are
about L ~ 400 um, h ~ d ~ 10-100 pum. This yields a re-
laxation time less than t ~ 0.1 ps, which is enough to follow
the polarization dynamics (Fig. 2).

Anharmonic oscillations of the lowest frequency E mode
in LNO under resonant excitation by a single-cycle pulse
with the electric field of about 1 MV /cm have recently been
investigated [58]. At the same time, it would be interesting
to see the dynamics of the ferroelectric mode Qp induced
by the resonant excitation of £ modes, Eqs. (4) and (5),
especially given the orthogonal polarizations of the A and E

modes. The calculated ab initio frequencies of the E modes in
LNO [20,22] differ significantly in the para- and ferroelectric
phases, indicating possible strong coupling constants of these
modes with the ferroelectric mode.

VII. CONCLUSIONS

The calculations of the ferroelectric mode dynamics in
LNO, determined by the parent phase symmetry-invariant
thermodynamic potential, well reproduce the transient rever-
sal of polarization under the high-frequency mode excitation
[19] when the electric field of bound charges is taken into
account. The estimated strength of this field is consistent with
the polarization value in LNO and the expected depolariza-
tion factor of the transiently created polarization domain. I
argue that the polarization can eventually be reversed if the
depolarizing field is screened, for example, by a metallic wire
on top of the crystal around the pump laser spot. I predict
that similar polarization dynamics in LNO can be obtained by
resonant excitation of the £ modes orthogonal to spontaneous
polarization. A good indicator of other materials with strong
nonlinear phonon couplings to the ferroelectric mode can be
the change in the frequency of infrared phonons during the
ferroelectric phase transition.
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