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Real-time observation of phonon-polariton dynamics in ferroelectric LiNbO3;

in time-frequency space

Yuki Ikegaya, Hiroyuki Sakaibara, Yasuo Minami, Ikufumi Katayama, and Jun Takeda®
Department of Physics, Graduate School of Engineering, Yokohama National University,
Yokohama 240-8501, Japan
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We demonstrate the real-time observation of phonon-polariton propagation in ferroelectric
LiNbOj; using a single-shot spectroscopic setup that employs an echelon mirror. The echelon mir-
ror provides a spatially encoded time delay for the probe pulse; therefore, the ultrafast transient
behavior of materials can be detected on a single-shot basis. Using optical Kerr gate apparatus,
forward and backward propagating E-mode phonon-polaritons were simultaneously induced via
an impulsive stimulated Raman scattering process, and subsequently, their dynamics were readily
mapped in time-frequency space using heterodyne detection. The two phonon-polaritons appeared
on opposite sides of the central probe wavelength and were symmetrically imaged against the or-
dinary and extraordinary probe lights. By taking into account coupling of the lowest E-mode
phonon-polariton to a low-frequency relaxational mode, not only the phonon-polariton dispersion
but also the wavevector dependence of the damping rate was unveiled and quantitatively eval-

vated. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4928480]

Ferroelectric materials are of great interest for use in
various types of nonlinear optical applications such as har-
monic generation and electro-optic modulators. Furthermore,
intense terahertz (THz) generation at more than 1 MV/cm
has been recently realized using ferroelectric LiNbO;.'™
Under intense THz field illuminations, the nonlinear and
anharmonic properties of materials have been demonstrated,
such as THz-field-induced anharmonicity of the ferroelectric
soft mode in SfTiO3,4 THz-field-induced photovoltaic effects
in LiNbO3,5 resonant and non-resonant material control,6
and nonlinear electron delocalization.’ Therefore, it has
become increasingly important to elucidate both the linear
and nonlinear characteristics of light-induced lattice vibra-
tions (phonon-polaritons) that are observed in the THz fre-
quency region in ferroelectric materials.

Although the spatiotemporal characteristics of phonon-
polaritons have been studied via sophisticated time-domain
measurements,® ' information is still required on their
dynamic behavior in time-frequency space; this is necessary
to develop a fundamental understanding of the phonon-
polaritons. Multidimensional spectroscopy will become a
key technique to overcome this limitation;'" in this context,
we have developed a single-shot time-frequency two-
dimensional (2D) imaging spectroscopic method,'*™'* which
enables the time-frequency 2D mapping of ultrafast transi-
ents on a single-shot basis. Recent use of this technique led
to the single-shot observation of irreversible amorphization
processes in phase-change chalcogenide alloy thin films
(GeZszTeS).15 In this letter, we report the real-time observa-
tion of phonon-polariton propagations in ferroelectric
LiNbOj3. This work showcases not only the dispersion rela-
tion of the anisotropic E-mode phonon-polaritons but also
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the wavevector dependence of the damping rate, which was
unveiled via real-time monitoring in time-frequency space.
Figure 1 shows the experimental setup used in this
study. Using a four-focusing configuration, a reflective eche-
lon mirror with 500 steps acted as a spatially encoded time
delay optic for the probe pulses; each step had a step-width
of 20 um and a step-height of 5 um, yielding a temporal step
and a total time delay of 34 fs and 17 ps, respectively. The
optical setup of our single-shot spectroscopy is described in
detail elsewhere.'* We used a Ti:sapphire regenerative am-
plifier with a 1 kHz repetition rate, a 795 nm central wave-
length, and a pulse duration of 130 fs. The amplifier output
was divided by a beam splitter (BS) into two beams: the
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FIG. 1. Schematic of single-shot imaging spectroscopy. The inset in the
dashed square illustrates the polarization directions of the pump and probe
beams relative to the c-axis of the LiNbO; thin plate. BS: beam splitter and
Pol: polarizer.
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intense pump (70%) and probe (30%) beams. The pump
pulse and the probe beam with a spatially encoded time
delay were focused on an x-cut LiNbO; thin plate (I mm
thickness). After passing through the sample, the transmitted
probe was precisely imaged onto the entrance slit of a spec-
trometer with a 2D charge coupled device (CCD) detector to
obtain a time-frequency 2D image of the ultrafast responses
of LiNbOs;. The polarization of the pump was set to 45° with
respect to the LiNbOj; crystal c-axis, while that of the probe
was oriented along either the ordinary or extraordinary light
direction. Using an optical Kerr gate configuration, an aniso-
tropic E-mode phonon-polariton could be induced via an im-
pulsive stimulated Raman scattering (ISRS) process.'™'® By
tilting the second polarizer slightly away from the crossed
configuration of a set of two polarizers (Pol. 1 and Pol. 2),
we were able to detect phonon-polariton oscillations via het-
erodyne detection.”® When evaluating the time resolution of
our optical setup, we measured the instantaneous electronic
response of the LiNbOj crystal itself using the completely
crossed configuration via the optical Kerr effect.”! The time
resolution was estimated to be approximately 150 fs. This
time resolution allowed us to pump and probe only the low-
est E-mode phonon-polariton (<4 THz).

Figure 2(a) shows time-wavelength 2D images indicating
the ultrafast responses of the extraordinary and ordinary
probe lights. Although the 2D image could be obtained even
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FIG. 2. (a) Time-wavelength 2D images of ultrafast responses in LiNbO3
for the extraordinary and ordinary probe lights. (b) Fourier transformed
spectra of the oscillatory components in (a). The dotted ovals indicate the
E-mode phonon-polaritons induced by ISRS. (c¢) Time evolutions of the
phonon-polaritons at different probe wavelengths for the ordinary probe
light. The solid curves show the lines of best fit to the experimental data,
using the expression for equation f{r) defined in the text. (d) Temporal pro-
files of the electronic responses at 800 nm probe wavelength under the com-
pletely crossed and heterodyne configurations.
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with a single-shot detection, these images were averaged over
100 laser shots (100 ms) to precisely evaluate wavelength-
dependent physical quantities such as phonon-polariton fre-
quency and damping constant. Following an instantaneous
electronic response at time #=0, oscillations due to the
E-mode phonon-polariton were clearly observed for both
polarizations. The electronic response disappears at shorter
wavelength region in case of the ordinary probe light, whose
reason is unclear yet. Fourier transformed spectra of the oscil-
latory components are shown in Fig. 2(b). As indicated by the
dashed ovals in Fig. 2(b), the two phonon-polariton modes
that appeared at approximately 3 and 4 THz are symmetric
about the central wavelength (795 nm) of the laser pulses for
each probe polarization. The mesh-like unessential artifacts
appeared in Fig. 2(b) might be due to the interference
between the probe and crosstalk stray lights. The temporal
behaviors of the oscillatory components of the ordinary probe
light at different wavelengths, which were obtained from sli-
ces of the observed 2D image, are shown in Fig. 2(c). The
temporal profile at shorter and longer probe wavelengths can
be described by a damped harmonic oscillation, whereas that
around the central wavelength shows a modulation between
the two modes at approximately 3 and 4 THz in Fig. 2(b).
Note that the observed dephasing time of the shorter wave-
length (~1.7 ps) is slower than that of the longer wavelength
(~1.3 ps). Figure 2(d) displays the time evolutions of the in-
stantaneous electronic responses for the ordinary probe light
under the completely crossed and heterodyne configurations.
The electronic response measured via the heterodyne detec-
tion shows a decay profile after time ¢ = 0, implying the exis-
tence of a low-frequency relaxational mode.*?

In order to explain these results qualitatively, the pump
and probe processes of the E-mode phonon-polariton via
ISRS, together with the dispersion relations of the phonon-
polariton, are schematically displayed in Fig. 3. In case of
the pump process, since the refractive index of LiNbO; dif-
fers in the extraordinary (e) and ordinary (o) directions, the
two-phase-matched phonon-polaritons can be simultane-
ously induced via ISRS: backward and forward propagating
phonon-polaritons with opposite propagation directions
(Fig. 3(a)). Because of the broad spectrum of the laser
pulses (indicated by crosshatched areas in Fig. 3), each of
these forms a wavepacket with different wavevectors (indi-
cated by dashed circles). When probing the phonon-
polariton with ordinary light, as shown in Fig. 3(b), the low
frequency (Q_) backward propagating phonon-polariton
appears at a shorter wavelength, due to the sum-frequency
generation ({0, +Q_), while the high frequency ()
forward propagating phonon-polariton emerges at a longer
wavelength, due to the difference-frequency generation
© Q.). In contrast, when probing phonon-polariton
propagation with extraordinary light, these two modes are
observed in the opposite conditions: the backward propa-
gating phonon-polariton appears at a longer wavelength
due to the difference-frequency generation (a)l(f;z)be —-Q),
while the forward propagating phonon-polariton emerges at
a shorter wavelength due to sum-frequency generation
(a)(e) + Q). Therefore, the two phonon-polariton modes

probe
located at approximately 3 and 4 THz are symmetrically
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FIG. 3. Schematic of the pump and probe processes of an anisotropic E-
mode phonon-polariton in LiNbOj;. (a) Phase-matched backward and for-
ward propagating phonon-polaritons with different phonon frequencies (Q_,
Q) and wavevectors (k_, k,) can be simultaneously driven via ISRS using
the extraordinary (e) and ordinary (o) light components of pump pulses. (b)
Backward and forward propagating phonon-polaritons can be detected via
the sum-frequency and difference-frequency generation processes, respec-
tively, for ordinary probe light, while this relation is reversed for the case of
extraordinary probe light.

imaged about the central wavelength of the laser pulses in
time-wavelength space, as shown in Fig. 2(b).

Next, we quantitatively discuss the dispersion relation
and fast dephasing time of the E-mode phonon-polariton
observed in our experiments. Note that the propagation or
escape of the E-mode phonon-polariton away from the
detected area does not contribute to the observed fast dephas-
ing time. In ferroelectric LiTaO3, an anomalous high damp-
ing rate was observed for the lowest frequency A, phonon-
polariton via ISRS measurements. In order to explain this
high damping rate, coupling of the polariton to a weakly
Raman-active low-frequency relaxational mode was sug-
gested.”? Since the ferroelectric properties of LiNbO; are
similar to those of LiTaOs, here we apply the same formal-
ism to the E-mode phonon-polariton in LiNbO;. The disper-
sion relation can be derived from the following equations of
motion, by taking into account bilinear coupling of the low-
est polar optic mode to a relaxational mode:

d? d
00 00 | o oqt) = ank(n) + g, (). (1)
dq.
D 1) = angl). @
p(t) = axnq(r) + axkE(r). (3)

Here, q(t) is the vibrational coordinate, E(7) is the electric
field, 7 is the decay time of the relaxational mode, p(¢) is the
polarization, and the a’s are the coupling constants:
apay = w%oeo[so — &), 22 = &0[éxc — 1], and ay,a,; is the
coupling of the lowest polar optic mode to a relaxational
mode, where & and &y, are the low and high frequency
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dielectric constants. By removing the coupling constant of
airan, the formalism is reduced to a harmonic oscillator
model, where wro and I' are the natural frequency and decay
rate, respectively, of the pure transverse mode.'®?? On the
other hand, under the phase-matching condition, the wave-
vectors for backward and forward propagating phonon-
polaritons, k_ and k., can be expressed by the following
expressions:

Ne o
ke =—w; —— (0 —Q), )
c c
Ny Ne
k+:7w1—?((u1 _Q+)7 ()

where n. (=2.18) and n, (=2.26) are the refractive indices of
LiNbO; for the extraordinary and ordinary lights, respec-
tively, m; is the laser frequency, c is the speed of light, and
Q_ and Q. are the lowest polariton frequencies with differ-
ent wavenumbers. Using previously determined physical pa-
rameters for LINbO5 of wro = 152ecm ™!, o = 198cm ™',
I'=14cm™ !, and Eoo = 22.5,23’24 together with the observed
relaxational mode decay time of v = 0.26=0.06 ps, which

was estimated using the slope of the electronic response after
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FIG. 4. (a) Estimated dispersion relation and (b) wavevector-dependent
damping rate of the lowest E-mode phonon-polariton with and without bilin-
ear coupling. The coupling constant was set to ay,a,; = 10*cm ™2 in order to
reproduce the experimental results. The insets show the intersection areas
between the dispersion curves and the upper and lower limits of the phase-
matching conditions. All data obtained for the ordinary (triangles) and extra-
ordinary (squares) probe lights, which came from the wavelength-resolved
phonon-polariton frequencies observed in Fig. 2(b), lie within these areas.
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time = 0 (Fig. 2(d)), we can predict the dispersion relation
and wavevector-dependent damping rate of the lowest E-
mode phonon-polariton in LiNbOs;.

The estimated dispersion relation and wavevector-
dependent damping rate with a coupling constant of a;,a,;
= 10%cm ™2, whose value is almost equal to that of
LiTaO3,22 are indicated by solid curves in Figs. 4(a) and
4(b), respectively. Dashed curves indicate results obtained
without coupling. The upper and lower limits of the phase-
matching conditions are indicated with dashed lines in Fig.
4(a), and the intersection areas are magnified in the insets.
As shown in Figs. 4(a) and 4(b), the experimental data are
well reproduced by this model. According to the model, the
temporal behavior of the phonon-polariton, f{(t), is given by
f(t) = Aexp(—y.t)sin(Q=t + ¢) + Bexp(—t/7). By substi-
tuting the obtained values of 7y, (y,=0.77 ps ' and
y_=0.59 psfl), Q. (Q,.=3.85 THz and Q_ = 2.98 THz),
and 7 into this equation, the time evolution of the phonon-
polariton can be also well reproduced, as shown by the solid
curves in Fig. 2(c). These results indicate that the inclusion
of bilinear coupling between the lowest polar optic mode
and a relaxational mode is indispensable in a quantitative
discussion of the E-mode phonon-polariton dynamics in
LiNDbOs.

In conclusion, we demonstrated the real-time observation
of phonon-polariton propagations in ferroelectric LiNbO;
using single-shot spectroscopy with an echelon mirror.
Optical Kerr gate apparatus and heterodyne detection were
employed in order to evaluate anisotropic E-mode phonon-
polariton dispersion in real-time. By considering coupling of
the lowest polar optic mode to a low-frequency relaxational
mode, the dispersion relation and the wavevector dependence
of the damping rate were revealed and quantitatively defined.
We expect that our single-shot spectroscopy method will be
widely utilized in unveiling various types of ultrafast phe-
nomena via real-time monitoring in time-frequency space.
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