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Abstract: This paper studies the terahertz optical properties of nonlinear
potassium titanyl phosphate crystals with different conductivities in the
spectral range of 0.2 to 2.6 THz. The observed properties are characterized
by several absorption lines lying along different optical axes which
represent the relevant potassium sublattice phonon modes. The peculiarities
of these absorption lines are attributed to the structural order of potassium
ions.
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1. Introduction

Potassium titanyl phosphate crystal (KTiOPO4, KTP) [1-3] is a popular nonlinear optical
material used for frequency conversion, as it has high nonlinear-optical coefficients, a wide
transparency range of 0.35 to 4.5 um and a high damage threshold of up to 15 GW/cm® [4-6].
Its large electro-optic coefficients and low dielectric constants also make it suitable for the
manufacturing of efficient optical modulators and Q-switches. Periodic polarization [7-9] and
waveguide manufacturing [10-12] are utilized to enhance the nonlinear light conversion
efficiency of KTP crystals. KTP is also used as a material for optical parametric oscillators
(OPOs) and amplifiers.

KTP-based OPOs could be used to generate tunable narrowband terahertz radiation in
organic materials [13]. However, any direct terahertz applications of KTP crystals require
detailed knowledge of their optical properties in the terahertz region. These characteristics
were investigated by the methods of Raman scattering and infrared reflection spectroscopy —
although very scarcely [14—17], unlike the well-studied properties in the IR, visible and UV
spectral ranges. The recent introduction of time-domain terahertz spectroscopy has made it
possible to perform the initial measurements of KTP absorption coefficients and refractive
indices at frequencies of up to 2 THz [18,19].

We report the optical properties of KTP single crystals with different conductivities in the
spectral range of 0.2 to 2.6 THz along different optical axes measured by a conventional
terahertz time-domain spectroscopy (THz-TDS) system [20].

2. Experimental setup and sample details

In our THz-TDS setup the radiation of the second harmonic of the Er-doped fiber laser is used
to generate terahertz radiation in an interdigitated photoconductive antenna (Batop Optics,
Germany). Electrooptic sampling in 1 mm-thick ZnTe crystals with antireflection coating is
used for terahertz radiation detection. The generated terahertz radiation is contained in a gas
cell pumped with dry nitrogen, so as to exclude the influence of atmospheric water vapor. The
investigated samples can also be put in a cryostat and cooled down to 80 K.

We studied samples from three ingots (Single Crystals LLC, Russia) grown from
polyphosphate solution-melts. A modified Czochralski method was used for the growth, with
the seed crystal oriented along x-axis in a gradient temperature field. Vibrational methods of
viscosity measurements and phase analysis were used to control melt characteristics and
crystallization parameters. It allowed choosing optimal flux composition and optimum
process regimes for growing crystals with specified properties. In particular, it allowed
adjusting electrical conductivity along the z-axis. It is considered to be a major generic
parameter of KTP crystals as it gives information about their perfection and defines the main
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technical properties of KTP-based devices. For instance, crystals with lower conductivity
have higher electrical and radiation resistance [21].

The studied samples had different direct current conductivity along the z-axis: o; = 2-107°
Ohm™"-ecm™ (low-resistivity, LR crystals), 6,=10""" Ohm™-cm™ (high-resistivity, HR
crystals) and o;=107"2 Ohm™-cm™ (super-high resistivity, SHR crystals). The LR samples
were y-cut and 355-um-thick. The HR samples were x-cut and y-cut, which enabled us to
measure their terahertz properties along all three optical axes, and had a thickness of ca 275
um. The SHR crystal at our disposal was x-cut only. After initial investigation, the sample
crystals were optically polished down to a thickness of about 70-80 pum, so that their
properties could be studied at spectral ranges with higher absorption [22]. The measurements
for the thick and thin samples were then juxtaposed to represent the optical properties of the
crystals at THz region in the most comprehensive way.

KTP is an orthorhombic crystal belonging to the space group Pra2,. Since the
investigated crystals are biaxial, the measurements of their terahertz transmission were
performed in two stages. First, the optical axis z of the crystals was aligned perpendicularly to
the terahertz wave polarization, which made it possible to measure THz transmission along
the x- and y-axes. Next, it was aligned in parallel to the terahertz wave polarization
(transmission along the z-axis). Time-domain terahertz signals and corresponding power
spectra of typical reference and sample pulses can be seen in Fig. 1.
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Fig. 1. Time-domain terahertz pulses (left) and corresponding frequency-domain power spectra
(right).

The optical properties and thickness of the samples were calculated with the help of the
parameters extraction method on the basis of transmission measurement data [23].
Calculations of uncertainties of absorption and refractive index were based on a series of
measurements using procedure from [22] by Withayachumnankul et al. The accuracy of the
sample thickness estimated on the order of 1 pm allowed us to carry out the refractive index
measurements with an uncertainty of less than 0.003. As a result, the complex refractive index
n=n+ix was obtained consisting of the real part n (a refractive index) and the imaginary
part x (an extinction coefficient). Absorption coefficient o and complex dielectric permittivity
& were then derived from the complex refractive index using the following expressions:

o=, ()
c
.9=(n+il()2 =(n2—l(2)+2inl(. )

The optical properties observed along different optical axes were denoted by the
corresponding subscripts (x, y and z).
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3. Results and discussions

The most comprehensive optical properties data — the refractive indices and absorption — were
obtained for the HR crystals at room temperature of 296 K (see Fig. 2). Several absorption
lines can be clearly seen in this figure. Refractive index shows dispersive-like features
corresponding to the pronounced absorption peaks. The crystals exhibit high birefringence of
4n = n~n=0.65 which doesn’t change in the frequency range up to 1.4 THz where the
influence of 1.73 THz absorption line becomes significant. Similarly, the difference between
refractive indices along x- and y-axes remains constant and equal to 0.05 up to the vicinity of
2.15 THz absorption line.

The measured absorption could be fitted using the Voigt and Lorentzian peak functions
with almost the same accuracy. That is why we used a simpler Lorentzian approximation
based on the following formula:

24w,
- 1 1 R 3
VG Y

where A;, w;, f; are the amplitude, width and central frequency of the i-th phonon mode.
Resulting fitting curves are presented in Fig. 2 along with the measured curves.
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Fig. 2. Terahertz absorption (left) and refractive indices (right) of high-resistivity KTP crystals
at room temperature of 296 K. Dashed lines represent Lorentz approximation.

The next Fig. 3 compares absorption and refractive indices of HR and LR crystals along
the x-axis. Absorption is characterized by a pronounced phonon line at 2.44 THz. One more
line at roughly 2.69 THz was measured at the limits of spectrometer capabilities, i. e. with less
accuracy, and it was not plotted in Fig. 3. The measured lines were fitted using the same
Lorentzian peak function of Eq. (3) (see Table 1 for results). It can be seen that the central
frequency of the lowest phonon mode shifts to a lower range by no more than 5 GHz for the
LR crystals, as compared to the HR crystals, and their width is almost equal. The difference
between refractive indices of the crystals is about 0.04. The observed difference is accounted
for the inequality of amplitude and width of 2.44 THz absorption line of HR and LR crystals.

Terahertz properties of HR and SHR crystals and results of absorption fitting are presented
in Fig. 4 and Table 2 correspondingly. SHR phonon absorption line at 2.62 THz is weaker and
narrower than that of HR crystal. This peculiarity explains the fact that refractive index is
lower by about 0.17 in SHR crystal compared to HR at frequencies below 2 THz.
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Fig. 3. Terahertz absorption (left) and refractive indices (right) of LR and HR crystals along the
X-axis.

Table 1. Comparison of characteristics of two phonon lines along x-axis for HR and LR
crystals at room temperature

Crystal fi,THz  w;, THz A4,,10° f>, THz w,, THz A, 10
THz/m THz/m

LR 2.434 0.15 254 2.69%* 0.098* 5.4%

HR 2.439 0.143 23 2.67* 0.091* 4.5%

*The specified line was measured at the limits of spectrometer capabilities and its properties are
considered less accurate due to higher noise beyond the investigated range of 0.2 to 2.6 THz.
The data in the table are presented to the last significant digit.
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Fig. 4. Terahertz absorption (left) and refractive indices (right) of HR and SHR crystals along
the y-axis.

Table 2. Comparison of characteristics of two phonon lines along y-axis for HR and SHR
crystals at room temperature

Crystal f.THz  w,THz A4, 10 /. THz  w,, 4,,10°
THz/m THz THz/m

HR 2.154 0.112 438 2.64% 0.22* 22.0%

SHR 2.152 0.111 5.2 2.62% 0.16* 17.1%

*Position, width and amplitude of this peak were estimated using fitting of the left slope of
the absorption line.
The data in the table are presented to the last significant digit.

The most peculiar properties are exhibited by KTP crystals along the z-axis (see Fig. 5 and
Table 3). The figure shows three pronounced absorption lines as well as a weaker and broader
line at 1.060 THz with a width of 0.4 THz which can clearly be seen for HR crystal on the
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inset. The left slope of the weak line was previously demonstrated in [18] (see Fig. 3b there),
however it was neither discussed nor quantified.

It can be seen from Table 3 that the frequencies of all phonon modes increase together
with resistivity. This effect is also accompanied by the sharpening of the absorption lines. The
refractive indices decrease with resistivity and show peculiarities attributed to the sharp
phonon peaks. For example, LR crystal demonstrate refractive index higher by 0.08 compared
to HR crystal in the frequency range up to 1.65 THz that is explained by a more significant
contribution of the absorption line at 2.71 THz.
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Fig. 5. Terahertz absorption (left) and refractive indices (right) of LR, HR, and SHR crystals
along the z-axis at room temperature of 296 K.

Table 3. Comparison of characteristics of three phonon lines along z-axis for LR, HR and
SHR crystals at room temperature

Crystal  f;, wi, A4,,10° o wa, 45, 10° S ws, 45, 10
THz THz THz/m THz THz THz/m THz THz THz/m
LR 1.720 0.15 2.1 2.181 0.146 5.6 2.71% 0.27* 165*
HR 1.726 0.084 1.9 2.204 0.076 33 2.74% 0.08* 492%*
SHR 1.729 0.061 1.5 2.208 0.067 3.5 2.72% 0.09* 358*

*Position, width and amplitude of this peak were estimated using fitting of the left slope of the absorption line.
The data in the table are presented to the last significant digit.

The results of this study, as well as the properties of KTP crystals obtained in earlier
publications, are presented in Table 4. As can be seen, most of the previous results agree with
those reported herein. Some of the studies conducted in the past lack axis specificity. For
example, not KTP crystals but powder was examined by the usage of Fourier transform
spectroscopy [16]. For this reason, the measurements found in the above work contain the
absorption lines from all three KTP axes. The most comprehensive study of near- and far-
infrared properties of KTP crystals was carried out using infrared reflectance spectroscopy by
Kugel et. al. [15]. The authors found three very strong absorption lines (2.52 THz, 2.76 THz
and 2.73 THz along x- y- and z-axes correspondingly) that significantly distorted IR-
reflectance results at lower frequencies.

In [18], Mounaix et al. studied a KTP crystal by THz-TDS in a narrow range of 0.2 to 1.0
THz along the y- and z-axes. This explains why the authors did not observe any absorption
lines. The KTP properties were also investigated by THz-TDS, presumably along the z-axis,
in [19] by Sang et al. These studies lack our dynamic and spectral range of investigation.
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Table 4. Comparison of phonon modes found in this study with previous investigations,
central frequency, THz

[19], THz- [16], FT- [17], Raman [15], IR reflectance
This study, THz-TDS, HR TDS, axis IR, spectroscopy
crystal not powder
specified samples
X y z X y z X y z
1.06
1.726 1.76 1.74 1.83
2.154 2.14
2.204 2.19 222 2.25
2.439 2.31 2.4 2.4 2.36
2.58 2.55 2.52
2.67 2.64 2.67 2.64  2.64 2.685
2.74 2.76 2.76 2.76 2.73

As a part of the study, we have additionally cooled thick y-cut HR and LR crystals to 80 K
and studied their terahertz optical properties (see Fig. 6). However, the absorption and
reflections of terahertz radiation by cryostat windows lowered the dynamic range of the
measurements, which lowered the accuracy of the results and narrowed the detected spectral
range.

By fitting the corresponding absorption lines using Lorentzian approximations, the central
frequencies of the phonon modes were shown to move up 30 or 50 GHz as the temperature
lowered from 296 K to 80 K, while their width decreased twofold. The frequency shift
between the corresponding phonon frequencies of the LR and HR crystals remained the same
at about 10 GHz.
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Fig. 6. Absorption and refractive indices of high-resistivity KTP crystal at 80 K.

To explain the aforementioned phenomena, we focused on the internal structure of KTP
crystals. It was shown previously that vibrations with wavenumbers less than 200 cm™ were
attributed to the external lattice modes. These oscillations include potassium ions moving
relative to the TiOg and PO, atom groups forming the basis of the KTP crystalline structure
[15]. The main contributor to KTP conductivity is potassium ion movement in spiral paths
along the z-axis [3]. This movement occurs as hopping between two crystallographically
independent positions: the first one is along 9 surrounding oxygen ions (K1 position) and the
other one is along 8 oxygen ions (K2 position). Electron density studies demonstrate that there
are additional stable ion positions (K1’, K17, K2’ and K2”) in vicinity of the main ones, i.e. a
structural disorder is observed. Potassium ions travel easier between the additional positions
that explains why vacancies at these positions allow for better hopping ion mobility.
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The effectiveness of hopping is determined by the distance between different positions
and their population. These parameters depend on the crystal growth conditions and change
with the temperature. For example, ion hopping is frozen at the temperatures below ~200 K
which is indicated by the prevalence of polaron conductivity [24]. At the same time some part
of the potassium ions remain at additional positions or the potential of the main state is
distorted. It was indicated in [25] by Larsen, who observed these additional ion positions for
KTP at 9 K, similar to the ones existing at 293 K, although, their population was very low and
was not estimated. Moreover this was demonstrated on KTA crystals isomorphous to KTP
that the population of additional positions decreased but not to zero if the temperature
decreased from 293 K to 30 K [26].

These considerations suggest that almost all K" ions in KTP crystals with high resistivity
occupy the main positions, whereas additional positions are shallow or located far apart. In
contrast, LR crystals have a large number of ions and ion vacancies at additional positions,
hence their high conductivity. Moreover, the higher level of structural disorder in LR crystals
as compared to HR crystals yields wider terahertz absorption lines. The properties of different
crystals (width and position of absorption lines) were expected to become more uniform at
lower temperatures because of the anticipated phase transition from ion conductivity
(prevailing at T>200 K) to polaron one (characteristic of lower temperatures). On the
contrary, the relations between the corresponding absorption lines in high- and low-resistive
crystals at 80 K remained the same. Seemingly ions continued to occupy some of the
additional positions at lower temperatures. This indicated that the potassium sublattice
disorder remained in place.

4. Conclusion

For the first time, we have experimentally studied the optical properties of super-high-, high-
and low-resistive nonlinear optical KTP crystals in the frequency range of 0.2 to 2.6 THz by
the method of terahertz time-domain spectroscopy. The observed absorption lines were
attributed to the external oscillations of potassium ions. A greater degree of disorder in the
potassium sublattice (vacancies, additional positions, etc.) in the LR crystals as compared to
the HR ones manifested itself in wider terahertz absorption lines and larger DC conductivity
along the z-axis. The relation of width and frequency of the corresponding lines in the LR and
HR crystals remained the same after the temperature had been lowered to 80 K. In our
opinion, the observed behavior indicated that the potassium sublattice disorder persisted and
influenced the terahertz properties of both LR and HR KTP crystals at lower temperatures.
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