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Abstract: We investigate the optical properties of LilnS&lSe) by THz
time-domain spectroscopy (THz-TDS). The experimental results indicate
that LISe has excellent transparency in the THz frequency region. We
determine quantitatively the birefringence of LISe. The refractive index and
absorption coefficient along the three dielectric axes of LISe are reported
in the THz frequency region. The lattice vibrations of LISe are analyzed on
the basis of the THz-TDS measurement in combination with infrared and
Raman spectra. The origin of the low-frequency vibrational modes below 3
THz as interatomic bond-bending modes is revealed.
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1. Introduction

THz time-domain spectroscopy (THz-TDS) [1-3] enables the investigation of optical proper-
ties of materials in the far-infrared frequency region. It provides a sensitive method for the
study of low-frequency transverse optical phonon resonances in crystals. Polarization depen-
dent measurements allow the mapping of the dielectric tensor and to determine the polarization
of IR active phonons.

LISe is a nonlinear chalcogenide biaxial orthorhombic crystal with high optical quality [4].
It belongs to LiB"CY family compounds, which exhibit a tetrahedral lattice structure [5].
The structural and electronic properties of LISe have been reported previously [6,7]. Although
optical properties of LISe in the mid-infrared range have been studied theoretically and experi-
mentally [8,9], its optical properties in the THz frequency region is not yet completely revealed.

In this paper, we investigai®, b- and c-cut (a, b and c denote the crystallographic axes
of LISe crystal)3-NaFeQ-type LISe single crystals [6,10] and calculate the optical constants
such as the refractive index and the absorption coefficient in the frequency range of 0.3 to 2.3
THz using THz-TDS measurements. The orientation dependence of the refractive index of LISe
crystal demonstrates significant birefringencedrandc-cut crystals and circular-like refrac-
tive index ellipsoid in theb-cut crystal. Large birefringence of LISe enables phase matching
[11], which is essential for THz emission from this crystal. The pronounced absorption of each
crystal below 3 THz reflects Se-related lattice vibrations, which agree well with the calculated
TO modes in accordance with the valence force field method [12]. Combining the damped
multiharmonic oscillator model with the infrared and Raman spectra of LISe crystals cut in
different principle axes, the frequency dependent dielectric constants can be obtained with the
parameters such as the resonance frequency, damping constant, and oscillator strength.

#208591 - $15.00 USD Received 20 Mar 2014; revised 5 May 2014; accepted 6 May 2014; published 6 Jun 2014
(C) 2014 OSA 1 July 2014 | Vol. 4, No. 7 | DOI:10.1364/OME.4.001336 | OPTICAL MATERIALS EXPRESS 1337



2. Experimental setup and method

Our experiment setup (Fig. 1(a)) employs high-speed asynchronous optical sampling (ASOPS)
with two Ti: sapphire femtosecond lasers with repetition rates of approximately 1 GHz [13].
The repetition rate offset of the two lasers is stabilized to 2 kHz by a phase-locked loop. Com-
pared with a mechanical delay line, high-speed ASOPS provides a higher scanning speed and
thus a higher sensitivity for ultrafast time-domain spectroscopy. One laser with higher repeti-
tion rate serves as pump laser and excites under normal incidence a microstructured large-area
photoconductive THz emitter [14]. The emitted THz with linear polarization is collected by the
first 90° off-axis parabolic mirror and is then focused onto the sample by the second parabolic
mirror. After interacting with the sample, the transmitted THz beam is collimated and focused
by the other two parabolic mirrors to a (110) ZnTe detector crystal [15]. The other laser with
lower repetition rate serves as probe laser and is overlaid with the THz spot on the detector
crystal through a hole in the fourth parabolic mirror. The center wavelength and duration of the
pump and probe lasers are approximately 800 nm and 50 fs, respectively. In order to eliminate
water absorption in ambient air, the enclosure including the THz beam path is purged with ni-
trogen gas during the measurement. The probe beam experiences a polarization change due to
the THz electric field based on the electro-optic effect in ZnTe. It is focused onto a single de-
tector after passing throughd4 wave plate and a polarization beam splitter. The time-domain
signal of sample and reference data are obtained by measuring with and without the sample in
the THz beam path, respectively.
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Fig. 1. (a) Schematic sketch of the high-speed ASOPS THz-TDS setup; (b) linear polarized
THz beam is split into the fast and the slow components due to birefringence of the crystal.

By performing a Fourier transform to the easily separated main pulse in the transmitted time-
domain spectra, the frequency dependence of the refractive index and absorption coefficient of
the sample can be quantitatively determined by extracting the amplitude ratio and phase shift
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between the sample and reference signal:

ns(w) =1+ od Q)

2
as(@) =~ gin( " T) @

where|T| and® are the amplitude and the phase shift extracted from the complex amplitude
ratio between frequency-domain spectra of the signal and reference,aauttl are the light
speed in vacuum and the thickness of the sample, respectively.

3. Experimental resultsand discussion

THz transmission spectroscopyasf b- andc-cut LISe crystals are measured at room tempera-
ture. The LISe crystal is mounted on a 360tation stage with its rotation axis parallel to the
propagation direction of the THz beam. The THz beam is focused onto the crystal under nor-
mal incidence (Fig. 1(b)). Therefore the orientation of the crystal with respect to the incident
THz polarization can be manipulated by rotating the crystal. The three crystallographic axes
of LISe crystal compose an orthogonal coordinate system. Therefore, if the refractive index is
orientation dependent, when a THz pulse is hormally incident to a crystallographic plane at an
arbitrary angle with respect to one of the two crystallographic axes inside the plane, the incident
THz pulse will be separated into two sub-pulses with polarizations perpendicular to each other
after passing through the crystal due to the birefringence.

As illustrated in Fig. 1(b)xyz is the chosen coordinate system. Thaxis polarized THz
beam is incident parallel to theaxis and perpendicular to one principle plane of the LISe
crystal in theyzplane. The transmitted pulse is separated into the fast and the slow pulses. The
direction of the polarization of the fast and the slow components are denoted fasatie the
s-axis of the crystal, respectivel§.is the angle between thieaxis and the polarization of the
incident THz pulse. After propagating through the crystal, the phase delay between the fast and
the slow components can be expressed as:

IN=wd(ns—ns)/c 3)

wherens andng are the refractive index of LISe crystal along theand thes-axis, respectively.

To measure the birefringence of the LISe crystal, it is necessary to locate the directions of
the f- and thes-axis in theyz plane. This is realized by rotating the crystal and measuring
the position of the THz signal in the time domain. When fher thes-axis is parallel to the
polarization of the incident THz wave, there will be only a single THz pulse in the time domain.

Figure 2 shows the transmitted time- and frequency-domain spectra of the three LISe crystals
cut in three principle axes, respectively. From the time-domain spectra of the transmitted THz
waves, we can see that the waveform can be modulated by changing the orientation of the
crystal with respect to the polarization of the incident THz pulse. The incident single pulse
is broken into two pulses with polarizations perpendicular to each other, which is caused by
the different group velocities of the fast and the slow components. From the frequency-domain
spectra of the transmitted THz waves, we can see a spectral modulatiorbwherither O
nor 90'. Nonetheless, the spectral modulation will disappear when eithefr-tbe the s-axis
is parallel to the polarization of the incident THz pulse. Additionally, derand c-cut LISe
crystals (Fig. 2(a) and Fig. 2(c)), the amplitude modulation is much more significant than that
for b-cut LISe crystals.
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Fig. 2. The transmitted time- and frequency-domain spectra (insets)at(#).1Se crystal
with 0.50 mm thickness, (b-cut LISe crystal with 0.70 mm thickness, (c)kut LISe
crystal with 0.60 mm thickness; (d) orientation illustration of incident THz field, LISe
crystal and transmitted THz field.

In LISe crystals, the crystallographic axash andc correspond to its dielectric ax&s X
andZ, respectively. TheX-, Y- andZ-axis compose an orthogonal coordinate system, so the
refractive indices along the three dielectric axes can be calculated from the transmitted spectra
of the crystals. Figure 3(a) illustrates the calculated real part of the refractive index of a LISe
crystal when theX-, Y- andZ-axis are parallel to the polarization of the incident THz pulse in
accordance with Eq. (1).
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Fig. 3. (a) The refractive index and (b) the absorption coefficient of LISe crystal when the
X-, Y- andZ-axis are parallel to the polarization of the incident THz pulse.
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The refractive indices of the LISe crystal exhibit orientation dependence, which was also
observed from the polarization-resolved THz time-domain spectroscopy of lgAR). The
values ofny andnz are very close, which indicates that the refractive index ellipsoib-in
cut principle plane is close to circular. Therefore the LISe crystal can be regarded as a quasi-
uniaxial crystal in this frequency range. All the three refractive indiggsy andnz exhibit
weak frequency dependence in the whole investigated frequency region except for a dispersive-
like feature at around 2.15, 1.90, and 1.34 THz, respectively. In previous work, the refractive
indices along the three dielectric axes in the visible region (e.g. at 632.8 nm) were determined as
nx = 2.387,ny = 2.435,nz = 2.437, respectively [17]. From our measurement, the refractive
indices along the three dielectric axes in the far-infrared frequency region (e.g. atr300
i.e. 1 THz) were determined a5y = 2.464,ny = 3.025,nz = 2.985, respectively. Obviously,
the refractive indices in the far-infrared region are larger than those in visible region. We also
calculated the birefringence m, a-, andc-cut principle planes at these two wavelengths. The
birefringenceAn of LISe in the three principle planes am — nz|, [nz — nx| and |nx — ny|,
respectively (Table 1).

Table 1. Birefringence df-, a-, andc-cut principle planes of LISe crystal.
BirefringenceAn

Wavelength b-cut a-cut c-cut
632.8 nm 0.002 0.050 0.048
300.0um 0.040 0.521 0.561

As illustrated in Table 1, the birefringence in the THz frequency region is larger than in the
visible region in all three orthogonal principle planes of the LISe crystal. As expectéeliine
principle plane shows much smaller birefringence tharath@nd thec—cut principle planes.

Figure 3(b) illustrates the absorption coefficient whenXheY- andZ-axis are parallel to
the polarization of the incident THz waves on the basis of Eq. (2). Pronounced absorption peaks
occur ataround 2.15, 1.90 and 1.34 THzig, oy andaz, respectively. These absorption peaks
are attributed to lattice vibrations and are responsible for the dispersive like featmgain
andnz at the same frequencies. We can also seeakhahows much smaller values tham
andaz. Moreover, a slow increase in the absorption coefficient is observed, which stems from
the low-frequency wing of higher-frequency TO phonons [18].

LISe with B-NaFeQ structure containing perfect InsSeetrahedrons and weak Li-Se cova-
lent bonds has point grougy,. The Li-related lattice vibrations are corresponding to higher
frequencies due to the small mass of Li, so the vibrations in low- and middle-frequency range
are only corresponding to In-Se covalent bonds [6].

According to infrared and Raman selection rules [19], the irreducible representation of the
optical modes ofi-NaFeQ-type LISe can be expressed as:

11A; © 12A,® 11B, ¢ 11B, (4)

where theB,, B; and A; optical modes are infrared active for the cases thatther- and
Z-axis are parallel to the polarization of the incident THz pulse, respectively.

Based on the damped multiharmonic oscillator model, the frequency dependence of the com-
plex dielectric constant of LISe crystals is given by [12]:

V
_em+Z 3110 5)
V2o — V2 +iyv
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and
N

Za = &) — &w (6)

1=

whereg., andgy are the high- and low-frequency dielectric constéhthe number of transverse
optical modes, and, vro; andy denote the oscillator strength, the frequency and damping
constant of théth TO mode. With the infrared and Raman spectra of LISe [6,20,21], we can
determine the optical lattice modes and calculate the complex dielectric constant, and then
obtain the refractive index and the absorption coefficient on the basis of the relations:

(7)

(8)

whereg; andg; are the real and imaginary parts of the dielectric constant.

Figure 4 illustrates the refractive index and the absorption coefficient calculated from Eq. (5),
Eq. (6), Eq. (7) and Eq. (8) by choosing the lowest 5 TO modes for the three cases mentioned
above, respectively. The peaks at around 2.13 THz, 2.09 THz and 1.31 T4z &y andaz
are corresponding to the phonon frequencies observed Xgni- and Z-polarized infrared
and Raman spectra, respectively. The peak at around 1.90 THlz is clearly observed in
our THz transmission spectra. The parameters used for simulation of the refractive index and
the absorption coefficient in Fig. 4 are shown in Table 2 where the oscillator strength
given in % relative to the phonon mode with the strongest oscillator strength. The damping
constanty is a fit parameter. The theoretical simulation reproduces the calculation from the
experimental data well except for a low frequency absorption of about 48 noy andaz.

The experimental data show an additional off-set with slight linear increase in absorption. The
origin of this difference in absorption may stem from a stronger broadening of high frequency
phonon modes (modes above 6 THz are not considered in our model) or impurities, and is under
further investigation.
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Fig. 4. Simulated refractive index (a) and absorption coefficient (b) of LISe wheK-the
Y- andZ-axis are parallel to the polarization of the incident THz pulse.

The frequency of the lattice vibrations are determined by the interatomic forces in the crys-
tal. Without considering the contribution of long-range Coulomb forces to the elastic constants
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and the influence of the dipole-dipole interactions on the transverse optical mode, the inter-
atomic forces can be decomposed into bond-stretching and bond-bending forces according to
the valence-force-field (VFF) approach [12,22]. The force constants in the tetrahedral unity of
LISe was described by the Keating model [23], and the relation between TO mode and the force
constant is given by [24]:

k1 +k;
2 kitke
Vio = e 9)

wheremeg is the effective mass of the vibration paki. andk, are the bond-stretching and
bond-bending force constants with the relatigr- 0.28(1— f;)k;, wheref; is the spectroscopic

bond ionicity. The necessary parameters for calculating the TO mode using interatomic forces
arek; = 43.1 N/m, f; = 0.599 [25,26].

Suppose that only the Se atoms vibrate with In atoms remaining still, the corresponding
TO phonon frequency induced by bond-stretching and bond-bending forces are around 5.77
THz and 1.93 THz, respectively. Therefore the high-frequency vibrational modes are related
to bond-stretching forces and the vibrational modes in the three dielectric axes shown in Fig.
3(b) are related to the bond-bending forces of In-Se covalent bonds [27]. The difference of
the vibrational frequencies for LISe crystal wits, Y- andZ-axis parallel to the THz electric
field is attributed to the lattice symmetry BfNaFeQ structure. Furthermore, the frequency
offset between the calculated vibrations and the experimental result is probably due to the exact
values of the effective mass and electric forces.

Table 2. Parameters used for simulating the refractive index and the absorption coefficient
of LISe with theX-, Y- andZ-axis parallel to the polarization of the incident THz pulse.

axis £ €0 vro(THz) y(THz) s (%)
2.13 0.10 20

2.51 0.10 25

X 6.10 5.47 2.69 0.12 15
3.50 0.13 20
5.84 0.15 100

1.34 0.09 2

1.90 0.10 30

Y 8.45 5.47 2.09 0.10 10
2.46 0.12 60
5.24 0.15 100

1.31 0.05 20

1.89 0.10 2

Z 8.45 5.25 2.10 0.12 2
2.58 0.14 60
4.85 0.15 100

4. Conclusion

In conclusion, we demonstrate significant birefringence of biaxial LISe crystals in the THz
frequency range. Both the refractive index and the absorption coefficient of LISe are orienta-
tion dependent and the frequencies of the pronounced absorption peaks agree well with the
vibrational modes obtained from infrared and Raman spectra. Our investigations of the lin-
ear optical properties of LISe in combination with reported nonlinear coefficients suggest that
phase matching for THz generation by optical rectification seems feasible. Additionally, the
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low-frequency vibrational modes below 3 THz mainly stem from bond-bending forces of the
In-Se covalent bonds in the LISe crystal.
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