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Abstract

Objectives. Advances in laser physics over the last decade have led to the creation of sources of single-period
electromagnetic pulses having a duration of about 1 ps, corresponding to the terahertz (THz) frequency range
and a field amplitude of several tens of MV/cm. This allows the electrode-free application of an electric field to a
ferroelectric for observing not only the excitation of coherent phonons, but also ultrafast (at the sub-picosecond
timescale) dynamic polarization switching. To detect polarization switching, a pump-probe technique is used
in which a THz pulse is used with an optical probe. Since its intensity is proportional to the square of the polarization,
the signal of the optical second harmonic is used to measure polarization switching under the action of a THz pulse.
To evaluate switching efficiency, both linear (refractive index and absorption coefficient) and non-linear optical
characteristics (quadratic and cubic susceptibilities) are required. For any application of ferroelectric crystals in the
THz range, knowledge of the relevant linear optical characteristics is also necessary.

Methods. The technique of THz spectroscopy in the time domain was used; here, a picosecond THz pulse transmitted
through the crystal is recorded by strobing the detector with a femtosecond optical pulse. The THz -induced dynamics
of the order parameter in a ferroelectric was studied by detecting the intensity of a nonlinear optical signal at the
frequency of the optical second harmonic.

Results. The transmission of a THz wave and the intensity of second harmonic generation on a lead germanate
crystal doped with silicon in the time and spectral domains were measured. On this basis, the absorption coefficient
dispersion and cubic nonlinear susceptibility were calculated in the range of 0.5-2.0 THz. The presence of a region
of fundamental absorption near the phonon modes was confirmed along with a resonant enhancement of the cubic
nonlinear susceptibility for two phonon modes Q, = 1.3 THzand Q, = 2.0 THz.

Conclusions. The proposed technique is effective for analyzing the dispersion of the optical characteristics of ferroelectric
crystals. The significantly improved spectral resolution (0.1 THz) increases the accuracy of determining nonlinear
susceptibility due to the detailed analysis of the linear and nonlinear contributions to the second harmonic intensity.

Keywords: terahertz radiation, ferroelectrics, spectroscopy, optical second harmonic generation

© V.R. Bilyk, K.A. Brekhov, M.B. Agranat, E.D. Mishina, 2023

38


https://doi.org/10.32362/2500-316X-2023-11-3-38-45
mailto:brekhov_ka@mail.ru

Dispersion of optical constants of Si:PbGeO crystal Vladislav R. Bilyk,
in the terahertz range etal.

e Submitted: 12.12.2022 ¢ Revised: 14.01.2023 ¢ Accepted: 24.02.2023

For citation: Bilyk V.R., Brekhov K.A., Agranat M.B., Mishina E.D. Dispersion of optical constants of Si:PbGeO crystal

in the terahertz range. Russ. Technol. J. 2023;11(3):38—-45. https://doi.org/10.32362/2500-316X-2023-11-3-38-45
Financial disclosure: The authors have no a financial or property interest in any material or method mentioned.

The authors declare no conflicts of interest.

HAYYHAA CTATb4A
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Pe3iome

Llenu. Ycnexu nazepHon Gunsmkn nocnegHero AecatuneTns NnpuBenn K CO34aHUI0 UCTOYHMKOB OAHOMNEPUOAHbIX
3NEKTPOMArHUTHBLIX UMMYAbCOB OAUTENbHOCTbLIO Nopsaka 1 Nc, 4TO COOTBETCTBYET Teparepuyosomy (TIu) anana-
30HY HaCTOT, C aMNAUTYAOW NONsi B HECKONbKO AecaTkoB MB/cM. OT0 MO3BONNN0 NPUNOXUTL 31EKTPUYECKOE none
K CEMHETO3NEKTPUKY 6e3 3NEKTPOAOB 1 HAbNAATb HE TONbKO BO30OYXAEHME KOrePEHTHbIX (POHOHOB, HO U CBEPX-
ObICTpOE, B cy6NMKoCceKyHAHOM MacLuTabe BpeEMEHU, AUHAMUYECKOE NepeKioveHne nonspusaumm. na obHapy-
XEHNS NepekioyeHns NoNsapmn3anmm NCNob3yeTCcs MeToA Hakaykn-30HAMPOBAHUSA, FAE B KA4ECTBE HAKa4Ky UC-
nonbdyetcsa Tru-umnynbc, a 30HA, ABASETCS ONTUYECKUM. Mepon nepekstoyeHmnsa nonspmaaumn nog gencTBMemM
Tl u-vMnynbca CAYXUT CUFHAN ONTUYECKON BTOPOW FAPMOHUKN, MOCKOJIbKY €€ MHTEHCMBHOCTb MPONOPLMOHabHa
KkBazpaTy nonspudaumn. Jns oueHkn ahOEKTUBHOCTY NEPEKITIOYEHMS TPEDYIOTCS Kak IMHEeNHble (noka3aTenb npe-
JIOMJIEHUS N KOIDDULMNEHT MNOTNOLLEHNS ), TAK U HENVHENHbBIE ONTUYECKME XapaKTEPUCTUKN (KBaapaTuiHas 1 kyouy-
Hasi BOCNPUUMYNBOCTN). 3HAHME NIMHENHBIX ONTUYECKUX XapPaKTEPUCTUK HEOBXOAMMO TakxKe AJist NoObIX NPpYMeEHe-
HUIA paccmaTpuBaeMbIX KpUCTannos B T L -Anana3oHe.

MeToabl. Vicnonb3oBaHa MeToauka TeparepLoBOi CNEKTPOCKOMNUN BO BPEMEHHOW 061acTn, B KOTOPOI Ha Belle-
CTBO HaNpaBngeTCs NMMKOCEKYHAHbIN TI L-UMNynbC, a peructpmpyetcs T u-mmnyabc, NpoLeawmnin Hepes BeLecTBo,
nyTem CTPobUpOBaHMs AeTekTopa GEMTOCEKYHAHBIM ONTUYECKUM MMNybcoM. MccnepnoBaHue Tl u-nHOoYyLMPOBaH-
HOV AMHaAMUKM NapamMeTpa nopsiika B CErHETO3NEKTPUKE MPOBOAMIOCE NYyTEM OETEKTUPOBAHUSA MHTEHCUBHOCTU
HENNHENHO-0NTUYECKOro CUrHana Ha 4acToTe BTOPOM ONTUYECKOM FaPMOHUKN.

PesynbTaThl. Ha KprcTanne repmaHara CBMHLA, NErMPOBaAHHOIO KPEMHUEM, N3MepPEHbI NponyckaHne T L-BOAHbI 1
VWHTEHCMBHOCTb FreHepaL BTOPOM rapMOHWKM BO BDEMEHHOW 1 CNEKTPanbHON 061acTsX, Ha OCHOBaHWM YEro paccym-
TaHbl AMcnepcus KoagbuumeHTa noraoweHns n KyOUYHON HeJIMHEIMHOM BOCNPUMMYMBOCTY B Anana3oHe 0.5-2.0 Tlu.
O6HapyxeHo Hannyne 0bnacT GyHAAMEHTaIbHOrO NOrfoLEeHUs B6M3K HGOHOHHBIX MOZ, a TakKe Pe30HaHCHOE yCu-
neHne KyGrHHON HENMHENHOW BOCIIPUUMYMBOCTU ANS ABYX GOHOHHBIX MOA, Q= 1.3 TMumn Q,=2.0Tlu.

BeiBoabl. [pennoxeHHan metoguka addekTrBHa Ans aHanmM3a MCNepcum ONTUYECKNX XapakTePUCTUK CErHEeTO-
anekTpuyeckmnx kpmctamnos. CyLeCTBEHHO YNy4yLLIEHO CMEKTPabHOE pa3peLleHme, COCTaBnAsIoLEee B AaHHOM pa-
60t1e 0.1 Tl'u, a TakXke TOYHOCTb ONPeAENEHNS HENMHENHOW BOCNIPUNMYNBOCTY 3@ CHET AeTaNlbHOIO aHanM3a JINHen-
HOrO Y HENIMHENHOr 0 BKNaA0B B MUHTEHCMBHOCTb BTOPOW FAPMOHMKU.

KnioueBble cnoBa: teparepLoBoe nasiyd4eHme, CerHeToanekTpukn, CnekTpockonma, reHepauna BTOPOWN onTuye-

CKOW rapMOHUKN
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npospalmocn: d)MHaHCOBOﬁ AeAaTesibHOCTU: ABTOpr HEe nMeloT d)I/IHaHCOBOI‘/JI 3anHTEepPeCoBaHHOCTW B nNpeacTaB/ieH-

HbIX MaTepmnanax nnm MetTogax.

ABTOPbI 3a9BNSIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

INTRODUCTION

Lead germanate crystals (PbsGe;O,,, PGO) are
uniaxial ferroelectrics having a Curie temperature
T = 450 K [1]. Along with silicon-containing solid
solutions based on them, these crystals exhibit
features of spontaneous polarization switching as
well as pyroelectric and photorefractive effects that
have a number of potential applications. By changing
the silicon concentration in the solid solution, the
Curie point can be controlled in order to transfer the
main features into the temperature range from room
temperature to 7., thus significantly expanding the
potential areas of application of these crystals, including
as elements of pyroelectric receivers and ferroelectric
memory devices. While a number of works deal
with the structure of these materials, as well as their
dielectric, piezo- and pyroelectric, mechanical, and
other properties, these have mainly been focused on the
low-frequency region [2].

The frequency domain of 1-10 THz is of great
interest for studying ferroelectrics, since it is in this
domain that phonon modes, including soft phonon mode,
occur. Until recently, the Raman spectroscopy technique
has mainly been used to study incoherent processes in
this domain [3, 4].

Advances in laser physics taking place over the
last decade have led to the creation of sources of
single-period electromagnetic pulses with a duration of
about 1 ps, which corresponds to the terahertz (THz)
frequency range and a field amplitude of several tens of
MV/cm. By this means, an electric field can be applied
to a ferroelectric without electrodes to observe not only
the excitation of coherent phonons, but also ultrafast
(at the sub-picosecond timescale) dynamic polarization
switching. To detect polarization switching, a pump-
probe method is used, in which a THz pulse is used
as pump while the probe is either optical or X-ray. The
theory of coherent oscillation generation in THz pump-
probe spectroscopy is described in [5].

As well as being used to distinguish between
linear and nonlinear modes of mode oscillations [6, 7],
the optical probe is capable of detecting dynamic and
permanent polarization switching if the latter occurs [8].
The measure of polarization switching under the action

of a THz pulse serves as the optical second harmonic
SHsignal, its intensity being proportional to the square of
polarization. Both linear (refractive index and absorption
coefficient) and nonlinear optical characteristics
(quadratic and cubic susceptibilities) are required for
evaluating switching efficiency. For any applications of
the crystals under consideration in the THz range, it is
necessary to obtain information concerning their linear
optical characteristics.

THz time domain spectroscopy (THz-TDS), in
which the passage of a picosecond THz pulse through
the substance is registered by gating the detector with a
femtosecond optical pulse, is applicable for determining
both linear and nonlinear optical constants. Since the
generation and detection schemes are sensitive to the
effect of the sample on both the amplitude and the
phase of the registered THz radiation, it can be used
to obtain both real and imaginary parts of optical
constants.

The THz-TDS technique is widely used to determine
the dispersion of optical constants, especially in organic
materials (see review [9]). While certain successes have
also been achieved in the study of phonon modes of
ferroelectric crystals [10, 11], the results obtained by the
majority of studies are based on low-power THz sources
with standard parameters providing so-called broadband
spectroscopy, where the generated spectrum region
when pumped by a picosecond pulse is 0.5-2 THz
with a center in the 1 THz region. However, in many
ferroelectric materials, the phonon spectrum—including
the most interesting soft mode—Ilies in the region above
1.5 THz.

In this connection, PGO represents a truly unique
material, its pronounced ferroelectric properties
occurring at a relatively high phase transition
temperature (about 450 K) with a soft-mode frequency
close to 1 THz; thus, there is a fairly wide range of
phonon modes falling within the operating range of
desktop installations. Results of a previous study [12]
into PGO crystal using broadband spectroscopy with
spectral resolution of 0.25 THz include a determination
of the spectral dependencies of the electrically-induced
optical SH.

In the present paper, narrow-band THz spectroscopy
is used for the first time to determine the absorption
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coefficient and nonlinear (cubic) susceptibility of a
silicon-doped PGO crystal. The accuracy of nonlinear
susceptibility determination is substantially improved by
carrying out a detailed analysis of linear and nonlinear
contributions to the SH intensity obtained at a spectral
resolution of 0.1 THz.

EXPERIMENT

The silicon-doped PGO crystal Pby(Ge, 1,51 ,4)30;
(made and provided by A.A. Bush, MIREA -
Russian Technological University, Russia) is used
for experimental studies. At this stoichiometric
composition, the Curie temperature decreases to 346 K,
as compared to the undoped crystal [2]. The thickness of
the crystal under study is ~1.1 mm. The crystallographic
orientation of the surface is (100); at this orientation,
the polarization vector is aligned in the surface plane.
The phonon spectrum of the crystal under study allows
exciting effectively several frequencies of crystal lattice
vibrations lying in the range of exciting THz radiation
including the soft phonon mode frequency [13].

The narrow-band THz pulses generated using
the Cr:forsterite laser system described in [12] have a
wavelength of 1240 nm, pulse repetition rate of 10 Hz,
and duration of 100 fs. The organic crystal OH1 serves
as the generator of THz pulses [14].

For generating narrow-band THz pulses, the amplified
laser pulse is divided into two, each passing through one
of the arms of the Mach—Zehnder type interferometer.
By varying the delay between these pulses before their
subsequent compression in the compressor, beating
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optical pulses can be generated at a given frequency. The
resulting frequency-modulated optical chirp irradiates the
OHI1 crystal to generate narrowband THz radiation [15].
The broadband pulse energy of 90 uJ is sufficient to
generate narrowband radiation having a spectral width
of ~200 GHz. According to measurements of the electric
field strength profile using the THz-TDS method, such
pulses, which comprise ~5 periods, have a duration of
about 5 ps. The energy of the THz wave as measured by
the Golay cell averages 4 pJ.

The THz-induced dynamics of the order parameter
in the ferroelectric is studied by detecting the
nonlinear optical signal intensity at the optical SH
frequency [12].

Figure 1 depicts the typical time and spectral shapes
of the incident THz wave, the THz wave passed through
the sample, and the optical SH wave induced by the
electric field of the THz pulse.

The energy of the incident wave changes (to a
maximum atthe frequency of 1.2 THz) when its frequency
is changed. In the time shape (Fig. 1a), only the period
changes, while the character of the dependence remains
approximately the same for all frequencies in the range
0f 0.5-2.2 THz. For 0.9 THz, the pulse duration is ~8 ps.
When trying to further increase the frequency, the signal
becomes indistinguishable from noise. In the frequency
domain (Fig. 1b), the pulse frequency shifts, its half-
width changing weakly in the range of 0.25-0.3 THz
(which corresponds to the observed pulse duration).

The crystal transforms the incident pulse
significantly. The amplitude of the passed wave decreases
sharply (at the incident wave frequency of 0.9 THz,
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Fig. 1. For the 0.9 THz frequency, time (left) and spectral (right) dependencies of the incident THz wave (a), (b);
of the THz wave passed through the sample (c), (d); of the optical SH wave induced by the electric field of THz pulse

(e), (f)
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the field amplitude is reduced by 30 times). Within
the time dependence, the periodic function resembling
the incident pulse is shifted by half of the pulse at
its beginning while the aperiodic signal dominates.
Accordingly, the frequency of 0.7 THz, i.e., decreased
in comparison with the incident field frequency, appears
in the spectrum of the passed THz pulse. In addition,
the low-frequency component of 0.25 THz appears. It
should be noted that 0.9 THz is the frequency of a sharp
change in the transmittance character of THz radiation.
At lower frequencies, a higher-frequency maximum
dominates, its frequency approaching that of the incident
wave. At higher frequencies, the pulse amplitude drops
sharply, and only a low-frequency peak remains in the
transmitted radiation. This corresponds to the absorption
boundary found in broadband THz radiation in [12].

While the intensity of the SH looks like the incident
pulse in the time domain, the two frequencies appearing
in the frequency domain are those of the incident wave
and its upper octave. This corresponds to quadratic
dependence of the SH intensity on external field (on
polarization in ferroelectrics) in the presence of the
significant inactive by field contribution (non-switching
polarization in ferroelectrics).

The SH intensity in the THz field can be represented
as the decomposition either by the THz field E, in the
case of a non-ferroelectric crystal, as follows:

129(Eg) oc (0@ + 4 E)2(19)2, (1)

or by polarization P(E,) in the case of ferroelectric
crystal, as follows:

120(P(Eqy)) o (B + xS P(EQ)*(I2),  (2)

where ¥ 2w, ®, ®) is crystallographic quadratic

susceptibility; xg)(Zm, Q,m, ) is cubic susceptibility.

Obviously, relations (1) and (2) are identical in the
case of linear dependence of P(E,), for example, in weak
fields. In general, the dependencies of the SH intensity
on the THz field should be studied for distinguishing (1)
and (2).

When decomposing the square of sum, two field-
dependent terms that are linear /, and quadratic I,
appear, as follows:

3
I, <y Eg. (3a)

3
Iy o= () (Eg ). (3b)
It is these in the Fourier decomposition that give,
respectively, the signals at the fundamental Q and
doubled 2Q) frequencies of the incident wave.
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Fig. 2. Dispersion of the absorption coefficient and
nonlinear susceptibility of PGO crystal

The dispersion dependencies of the absorption
coefficient and nonlinear susceptibility of PGO crystal
are shown in Fig. 2. The absorption coefficient (Fig. 2a)
grows significantly up to the frequency of 0.7 THz where
the accuracy of its determination does not exceed 5%. This
is close to the value obtained earlier using the broadband
THz spectroscopy technique. At higher frequencies, the
error increases significantly. This is due to the fact that
in narrow-band sensing the spectral lines of radiation are
significantly deformed as they pass through the crystal
(Fig. 1d). Finding the ratio of spectral amplitudes of the
transmitted and incident radiation beyond the FWHM (full
width at half maximum is pulse duration at half amplitude
level) of the incident wave results in “division by 07, or
rather, by the noise signal. Similarly, beyond the FWHM
of the passed wave, the division of the noise signal by a
non-zero spectral amplitude occurs in the region of the
incident wave spectral amplitude maximum. It is also
possible to find spectral regions where both signals are
noisy. At frequencies above 1.4 THz, the signal does not
stand out against the noise.

The nonlinear susceptibility is calculated on the basis
of spectral dependencies of the SH intensity (Fig. 1g) for
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maxima at fundamental frequency by formula (3a) and at
the doubled frequency by formula (3b). The result is
shown in Fig. 2b. The dependencies are normalized to the
maximum nonlinear susceptibility. It should be noted

that the dependencies x(z)xg) and XS) practically

coincide. This implies the absence of spectral features in
the THz range in the crystallographic susceptibility ¥,
which corresponds to the nature of this susceptibility
being the electronic type susceptibility. Thus, ¥@ is
simply a constant in the problem.

Cubic susceptibility xS) clearly shows two maxima

at Q, = 1.3 THz and Q, = 2 THz. While it has not yet
been possible to measure the second maximum in more
detail, attention is drawn to the measurement error at this
point. The observed maxima correspond to the phonon
modes of PGO crystal.

The studies show that in the case of THz spectroscopy
in the area of phonon resonances, the generation technique
of the SH induced by the narrow-band THz field is more
informative compared to the commonly used TDS
technique due to its significantly higher spectral resolution.
This is due to the presence of the resonance denominator at
the frequencies of  the phonon modes

XS) o (-0 —iy)~! in the expression for the cubic
nonlinear susceptibility [16]. In addition, the distortion of
the spectrum in propagation of the THz wave does not play
a significant role, since the resonance itself “selects” the
frequencies at which the resonance amplification occurs.

CONCLUSIONS

The presented investigation of the spectral
characteristics of the absorption coefficient and

nonlinear susceptibility based on the techniques of
TDS and THz induced electric field generation of the
optical SH demonstrates the presence of the region of
fundamental absorption near phonon modes, as well
as the resonance amplification of the cubic nonlinear
susceptibility for two phonon modes Q, = 1.3 THz and
Q, =2 THz. The results are consistent with both earlier
results from broadband TDS spectroscopy (absorption
coefficient) and the results of Raman spectroscopy to
determine the phonon mode frequencies. The spectral
dependence of the cubic nonlinear susceptibility in the
THz range is obtained for the first time. The results are
important for understanding the physics of interaction
processes of THz radiation with ferroelectric crystals.
The obtained values of the absorption coefficient
can be used for developing THz devices on PGO
crystals.
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