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Optical Properties of RbTiOAsQO, Single Crystal
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The longitudinal (LA) Brillouin back-scattering spectra along the [001] phonon direction have
been measured over the temperature range 24-900 °C for RbTiOAsO4 (RTA) single crystal. As
temperature increases, the RTA shows a strong frequency softening which persists above T, ~ 794
°C. The acoustic soft mode begins to set in at 7' ~ 300 °C for RTA. A broad growth was observed
of both damping and susceptibility and is attributed to the dynamic order parameter fluctuations
associated with a quadratic 5?u-type coupling (squared in order parameter and linear in strain). The
refractive indices (ng, ny, n:) and the Cauchy equations were obtained as a function of wavelength
(0.4-1.7 pm). In addition, the LA sound velocity Via and elastic constant Css + (e33/€3s) were also

calculated at room temperature.

I. INTRODUCTION

Rubidium titanyl arsenate (RbTiOAsOy4) belongs to
the family of nonlinear optical crystals with the gen-
eral formula M!'*TiOX5+Q,4, where M = K, Rb, TI, Cs
and X = P, As. [1-6] The high damage threshold and
broad angular acceptance have made such crystals at-
tractive materials for frequency doubling of Nd-based
lasers at A=1.064 and 1.32 pm, and for optical para-
metric oscillators (OPO). In addition, the ion exchange
properties also make them one of the best candidates for
waveguide applications. Potassium titanyl phosphate,
KTiOPO, (KTP), is the most popular among such ma-
terials and has been used successfully in different ap-
plications. However, the orthophosphate absorption at
~4.3 and ~3.5 pm in KTP severely limits the oscillator
output power. In contrast, RTA has a broad infrared
transparency (~0.35-5.3 pm) and exhibits no overtone
absorption between 3 and 5 pm. [4] This makes the RTA
crystal a potential candidate for nonlinear optical appli-
cations.

At room temperature, KTP-type crystals have an or-
thorhombic structure with non- centrosymmetric point
group Cay (mm?2) and space group Pna2 (Z=8). The
crystal framework is a three-dimensional structure made

from corner-linked TiOg octahedra and PO, tetrahedra.
Four oxygen ions of the TiOg belong to POy tetrahe-
dral groups which link the TiOg groups. In our earlier
Raman results, a slight softening was exhibited by sev-
eral LO and TO vibrational modes of RTA. [1,2] How-
ever, there is no typical soft mode observed in the low-
frequency modes of the Raman spectra. This motivated
us to carry out Brillouin scattering measurements to look
for softening in the acoustic modes.

We report here both the temperature-dependent
acoustic phonon spectra and wavelength- dependent re-
fractive indices. The Cauchy equations [n(A\) = A +
B/X\? 4+ C/\] of ng, n, and n, are obtained. In par-
ticular, the first direct evidence for acoustic phonon soft
mode is presented.

II. EXPERIMENTAL PROCEDURE

Single crystal RbTiOAsO4 was grown using the
tungstate flux method. [1] The crystal was oriented by
x-ray diffraction and was cut into rectangular shape hav-
ing (100), (010) and (001) faces. The crystal dimen-
sion is 5.0x2.6x1.7 mm?>. The Brillouin spectra were

obtained from the back-scattering geometry with config-
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Fig. 1. Anti-Stokes and Stokes components of the LA[001]
Brillouin spectra for RTA. The frequency interval (FSR) be-
tween the two Rayleigh (R) peaks is 25.79 GHz. The solid
lines are fits of Eq. (1). Here, the rate of GHz/channel is
0.071.

[3sn b

uration z(zu)z. “u” means that the collection was not
polarization discriminated. Here, z and z correspond to
the crystal a- and c-axes, respectively. The sample was
illuminated along [001] with a Lexel Model 95-2 argon
laser with A=514.5 nm. Scattered light was analyzed
by a Burleigh five-pass Fabry-Perot interferometer. To
determine the positions and half-widths of the Brillouin
components, the damped harmonic oscillator model with
the spectral response function, [7]

xolww3 1

St) = (W2 —w)2 +T2w2 1 — e hw/kT° (1)

was used, where wg and I' correspond to the frequency
and half-width, respectively, xq is the susceptibility con-
stant (in arbitrary units), k is Boltzmann’s constant and
T is absolute temperature.

For measurements of refractive indices, a J. A. Wool-
lam Co. Model VB-200 Variable Angle Spectroscopy El-
lipsometer was used with WVASE32™ analyzing soft-
ware. The refractive indices were determined by mea-
suring the change of polarization between incident and
reflected beams.

III. RESULTS AND DISCUSSION
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Fig. 2. Temperature dependences of different character-
istics: (i) Brillouin shift (open circle), (ii) half-width (solid
circle) and (iii) susceptibility constant (triangle). The dashed
line is the Debye anharmonic calculation with parameters
mentioned in the text. The solid line is a fit of the equation,
w=a(Te— T)l/2 +b. The dotted line indicates the ferroelec-
tric phase transitions at T. ~ 794 °C. The dot-dashed lines
are guides to the eye.

Actual temperature-dependent LA[001] phonon spec-
tra of both anti-Stokes and Stokes Brillouin components
are shown in Fig. 1. The solid lines are fits of Eq. (1),
from which the frequency shift, half-width I" and suscep-
tibility constant xo were obtained. Fig. 2 shows the tem-
perature dependences of the frequency shift, half-width
and susceptibility constant.

In order to estimate the effect of coupling, we calcu-
lated the bare (uncoupled) phonon frequency w,(T") by
fitting the low-temperature measured values. The bare
phonon frequency is defined as the phonon frequency far
from the phase transition. The temperature-dependent
wa(T) can be described by the Debye anharmonic ap-
proximation: [8]

S}
(1) = wa(0) |1- 207 ()] )

where © is the Debye temperature, “A” represents the
amount of anharmonicity and “F” is the Debye function
for internal energy, [9]

(C) 3 O/T 43
F(Z) = d 3
(7) =@ |, wog ¥
as tabulated, for example, by Abramowitz and Stegun.
[10]
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Fig. 3. Refractive indices (n., ny, n.) of RTA. Solid lines
are fits to the Cauchy equations with parameters given in

Eq. (4).

Table 1. Refractive indices and birefringences (n, — ny) of
RTA for two wavelengths.

A (pm) Ny Ny N, Nz — Ng
0.66 1.8089 1.8165 1.8967 0.0878
1.32 1.7806 1.7872 1.8568 0.0762

In Fig. 2, the dashed line in the frequency shift is
the calculation of Eq. (2) with parameters; w,(0)=44.63
GHz, ©=300 K and A=6x10"° K~!. The measured
phonon frequency begins to deviate from the bare fre-
quency at T' ~300 °C which corresponds to the onset of
the acoustic soft mode. In addition, the solid line is fit
using the equation w = a(T.—T)'/2+b, with parameters;
a=0.153 (GHz/°C'/?), b=40.53 GHz and T, = 794 °C.
We note that a zone-center (¢,=0) acoustic soft mode
in the reduced Brillouin zone of the reciprocal sublattice
always has a zero frequency as T — T, i.e. b= 0. [11]
However, the acoustic phonon extends its softening (with
an almost constant slope) into the paraelectric phase re-
gion (T' > T, ~ 794 °C). This behavior has two possible
explanations: (1) the acoustic soft mode is coupled to
some other excitations (perhaps the central mode) as
temperature approaches the point of structural instabil-
ity near T,; (2) for such a high T, the lattice thermal
expansion overcomes the acoustic soft mode and becomes
the dominant softening effect as temperature increases.

With increasing temperature, the phonon damping
(shown in Fig. 2) of RTA exhibits a gradual growth
which even persists for T > T, ~ 794 °C. A similar
phenomenon was also seen in the susceptibility with a
broad maximum near T,. The static Curie-Weiss form,
Xo = B/|T. — T, [11] surely cannot explain this broad
anomaly. Such a slowly rising anomaly is usually associ-
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ated with the dynamic order parameter fluctuations that
are the characteristic mechanism of an n?u-type elec-
trostrictive coupling for longitudinal acoustic phonons.
12]

Figure 3 shows the wavelength-dependent refractive
indices (ng, n, and n,) of RTA measured at room tem-
perature. The solid lines are the fits of Cauchy equations
with parameters listed below:

nz()\) = 1.8432 + 0'0/\22379 _ 0.00}(\)42041
ny(A) = 17773 + 0~0/\12722 _ 0.00/(\)49567 )

nm()\) = 1.7706 + 0.0;;765 _ 0.00521138.

The unit of wavelength (A\) in Eq. (4) is pm. We sum-
marize the refractive indices of two wavelengths (which
could be used for frequency doubling of Nd-based lasers
at A=1.32 pm) in Table 1. The intrinsic optical birefrin-
gence of RTA decreases with increasing wavelength. The
birefringence (n, — n, = 0.0782 at 1.064 pum) of RTA is
smaller than for KTP (n, — n, = 0.0921 at 1.064 um).
[13] This reduction of birefringence makes RTA an ideal
material for frequency doubling at higher fundamental
wavelengths such as 1.32 pm for the Nd:YAG laser line.

Brillouin scattering is a powerful tool to determine
the related acoustic parameters such as elastic constants.
The associated theories and calculations of connected pa-
rameters can be found in Ref. [14]. At room temperature,
the sample density is ~4.02x10% kg/m? for RTA. In our
experiments, the measured phonon is along the [001] di-
rection ( ¢//[001]). By solving the secular equation (3)
of Ref. [14], one obtains

2

2
) = C33+esﬁ (5)

€33

2 )\()AZ/LA
PVia =7 <2n sin(6/2)
where )\ is the wavelength of the incident light in vac-
uum, 6 is the scattering angle in the crystal, Avy 4 is
the longitudinal phonon frequency shift, e;; is the piezo-
electric stress constant, and €, is the static permit-
tivity at constant strain. The related calculated val-
ues for RTA are listed followed; V7 4=5947 m/sec and
Cs3 + €35 /€53=1.42x 10" N/m?.

IV. CONCLUSIONS

From the temperature-dependent Brillouin spectra of
RTA, two significant features have been revealed: (i) as
temperature increases, the acoustic phonon soft mode
becomes visible at T" ~ 300 °C. Specially, the acous-
tic softening of RTA persists above T, ~ 794 °C, which
was attributed to the coupling with some other excita-
tions (perhaps the central mode) and the lattice ther-
mal expansion; (ii) from the temperature dependences of
damping and susceptibility, we conclude that the order
parameter fluctuations (associated with a quadratic n?u-
type electrostrictive coupling) are the dominant dynamic
mechanism for the slowly rising anomalies. In addition,
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the refractive indices (ng, ny, n.) and the Cauchy equa-
tions of RTA were obtained as a function of wavelength
(0.4-1.7 pm).
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