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Abstract. High-temperature Raman and infra-red spectra measurements have been per-
formed on KTiOPQ, single crystals in a temperature range from room temperature to
1000 K. Special attention is paid to the low-frequency Raman spectra which exhibit an
anomalously large quasi-elastic scattering: this appears with anincrease intemperature. The
Raman spectra were fitted using a response function involving one oscillator and two Debye
relaxations. The resulting parameters are analysed and discussed in order to clarify the phase
transition mechanism and, more specifically, the influence of the potassium (K} ion on this
transition and on the ionic conductivity, The high-temperature infra-red reflectivity spectra
were fitted for the two polar modes configurations A ; and B, and have been analysed critically
within the previously-mentioned framework.

1. Introduction

Single crystal titanyl orthophosphate KTiOPO, (kTP) continues to be the subject of a
growing number of investigations because of its optimal mechanical and optical proper-
ties, especially from the point of view of non-linear optical applications. This compound,
which is currently used as a second harmonic light generator (sHG) for 1064 nm laser
radiation (Liu e af 1981), is also a potential candidate for optical parametric generation
(Vanherzeele e al 1987) and optical waveguide modulation (Bierlein and Arweiler
1986). In normal temperature and pressure conditions, KTp is a high-temperature ferro-
electric belonging to the orthorhombic system with mm2 (C,,) point group and Pra2,
(C3,) space group. Structural studies have shown that KTp undergoes a structural phase
transition at 934 °C from the polar space group Pra2, to a high symmetry mmm point
group and Pnma space group (Tordjman et al 1974, Yanovskii and Voronkova 1986).
Dielectric and second harmonic generation (SHG) studies, birefringence and refraction
indices measurements indicate a second-order nature of the phase transition. High-
pressure light scattering studies (Kourouklis es ai 1987) reveal the existence of two
additional phase transitions near the critical pressures of 5.5 and 10 GPa. Furthermore,
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KTE is known to be a highly one-dimensional ionic conductor (Kalesinskas et af 1982) in
which the mobile potassium cations K* may play an important role, especially on the
ferroalectric phase transition mechanism.

The crystailine structure of the xTp sample is different from the well-known ferro-
clectrics KDP or ABQ; but, nevertheless, contains the typicai elements of the perovskite-
type ferroelectrics ABO3 and the order—disorder ferroelectrics of the KH,PO,-type, for
instance the oxygen octahedra of titanium, and the phosphate tetrahedra respectively.
As in perovskites, the Ti ions are located inside an octahedron which is, in this case,
strongly distorted and which contains anomalously short (1.718 A) and long (2.161 A)
Ti~O bonds, forming chains along the ferroelectric axis. The other oxygen ions of the
octahedron are shared with the tetrahedral PO, groups, which are only slightly distorted.

Room and low-temperature Raman scattering and infra-red reflectivity measure-
ments, performed on a pure KTP single crystal, have been extensively analysed in terms
of both internal and external vibrational modes (Kugel ez af 1988). These measurements
clearly indicated that no structural phase transition occurs between room and low-
temperature. Furthermore, the main contributions {about 75%) to the Raman light
scattering and the strongest infra-red active modes have been shown to be due to
vibrations of the TiO, octahedra and, more specifically, to the anti-phase motions
involving the previously mentioned Ti—O chains. As 4 consequence, we believe that
these specific chains are also responsibie for the strong optical non-linear character of
the crystal.

In classical ABO; perovskite, the microscopic origin of the strong non-linear sus-
ceptibilities is often connected with the drive mechanism of the structural phase tran-
sition {Kuge! er al 1988). It is important to understand if such a consideration is also
applicabie to the case of kTP,

In the present paper, we study experimentally and theoreticaily the inelastic light
scattering as well as the infra-red reflectivity spectra of KTP as a function of high tem-
peratures up to 750 °C. Previous high temperature investigations using various exper-
imental methods pointed out the following features:

(i) an appearance around 500 °C of a large bump in the low freguency dispersion of
the £1, dielectric constant {Yanovskii and Voronkova 1986);

(i) a strong dielectric divergence at T, (934 °C) where the intensity of SHG vanishes;

(iii) a strong ionic conductivity along the polar axis (033);

(iv) asharp strengthening and narrowing of the central peak near T, (Voron'ko ez al
1989},

The main task of our optical investigations is to extend the analysis of the phonon
and relaxation dynamics to high temperatures and eventually to relate them to the
mechanism driving the phase transition as well as to the previously-mentioned exper-
imental features,

2. Experimentai results

2.1, Experimental conditions and crystal

The spectroscopic measurements have been performed on single crystals which were
grown by one of the authors (GM) from a high temperature solution using a flux method.
The samples were cut and polished to optical quality allowing the study of the A, A,,
B, and B; active modes.
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Figure 1. Raman spectra recorded in KTiOPO, Figure 2. Raman spectra recorded in KTiOQPOQ, at
between O and 400 cm™! as a function of tem- 600 °C for the four symmetry species A,, By, A;
perature for the A, — (x{zz)y) symmetry. and B».

For the Raman measurements, the experimental set-up has been described in detail
elsewhere (Kugel et 4/ 1988). For high temperature measurements, the crystal was
mounted in a furnace, rigorously controlled by a PID regulator. However, when heating
the sample to temperatures of about 600 °C, a strong decrease of the optical quality and
a loss of transparency. due especially to the occurrence of surface opalescence, has been
observed.

This feature strongly restricted our high temperature investigations particularly in
the vicinity of 7, and above.

The infra-red reflectivity spectra have been measured from 20 to 4000 cm™! by the
use of a Scan Infrared Interferometer, Brucker Model IFS 113C, at the CRPHT of
Orléans. The temperatures of the sample were 27 °C, 416 °C and 580 °C with a crystal
orientation allowing determination of the A, (E||¢) and B, (E||#) symmetry species.

2.2. High temperature Raman scattering

Figure 1 shows the A, symmetry Raman spectra recorded in kTP for the frequency range
from 0'to 400 cm™* and for various temperatures. Consistent with the analysis presented
in our earlier work (Kugel et al 1988), the most intense structures of the Raman spectra
are those which appear at room temperature at 260 cm™! and 213 cm™!; in terms of
internal modes, they correspond to vibrations of symmetry vs and v, of the TiO4
octahedra. The v, (TiO,) mode, located near 323 cm™? corresponding to the bending
mode, is less intense.

The vibratjons of the PO, tetrahedra, of symmetry »,, are measured at 370 cm™".
Furthermore, the structures with energies lower than 190 em ™!, which have been shown
to be strongly influenced by K7 ions substitution, are external lattice modes in which the
alkali ions are mainly involved together with the motions of the PO, and TiO4 boxes.

The main features concerning the temperature dependence of the Raman spectra
recorded in KTP can be summarized as follows:

(1) the energies of the structures related to internal PO, vibrations seem to be rather
independent with temperature, while those which correspond to the TiO4 groups present
a noticeable shift in frequency as well as an increasing damping;
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Figure 3. Infra-red reflectivity spectra recorded in KTiOPO, at 416 °C and 580 °Cfor the A,
symmetry species. Experimental results: dotted curve; calculated results: full curve.

(i) the low-frequency modes below 190 cm™' show only a small down-shift in fre-
quency but strong damping;

(iif) a strong quasi-elastic scattering appears progressively near 200°C, and rises
slowly in intensity for temperatures between 200 °C and 600 °C, and more strongly above
600°C. The precise observation of this quasi-elastic scattering enables two different
slopes in its profile to be distinguished.

Figure 2 shows the four symmetry species active in Raman spectroscopy and obtained
at 600 °C. As at room temperature, the A, and B, symmetries are revealed to be the
most intense. The non-polar A, modes are very likely temperature independent: in
particular the lowest frequency mode appears at 68 cm™! at room temperature,

2.3. High temperature infra-red reflectivity measurements

Figures 3 and 4 display the infra-red reflectivity spectra recorded at 416 °C and 580 °C
for A, (E|lc) and B, (E||b) symmetries respectively. Atroomtemperature, the reflectivity
spectra are very similar to those presented and analysed in our previous work at 7K
(Kugel et al 1988, Wyncke et af 1987). Three main differences can be seen in figures 3
and 4 between the high-temperature (416 °C and 580 °C) and the room and low (7 K)
temperature reflectivity spectra,

(i) The low-frequency infra-red active modes, from 20 to 200cm™, due to the
external lattice vibrations, are not observed at 416 °C and 580 °C. Thus, from the 33 A,
and 35 B, infra-red active modes at 7 K, only 16 A and 19 B, modes are active at 416 °C
and 580 °C.

(ii) The high-temperature reflectivity A spectra reveal an important increase of the
low-frequency refiectivity level (figure 3); while this level remains constant for the B,
symmetry spectra with increasing temperature (figure 4}, in spite of the disappearance
of the low frequency external modes. The different behaviour of the low-frequency
reflectivity level along the c and b axes, isin agreement with the temperature dependence
of £33 and &5, reported by Yanovskii and Voronkova (1986).
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Figure 4. Infra-red reflectivity spectra recorded in KTiOPO, at 416 °C and 580 °C for the B;
symmetry species. Experimental results: dotted curve; calculated resuits: full curve.

(iii) The higher frequency reflection bands (>200cm™'), corresponding to the
vibrations of the PO, and the TiO, groups, exhibit aslight decrease in frequency together
with an important increase in their damping, both of which are normal temperature
effects.

3. Analysis of the experimental results and discussions

3.1, Infra-red reflectivity analysis

The experimental reflectivity spectra have been analysed in the same way as in our
previous publications (Kugel et af 1988): first, there is a preliminary Kramers—Kronig
analysis in order to determine the transverse (T0) and longitudinal (LO) optic fre-
quencies; then a fitting to a classical dispersion model with the following function:

Q%o
&) = . + 213 Agig TR —— (1
where ;10 and y;po are the frequency and the damping of the jth TO mode and Ag;isits
oscillator strength; &. is the high-frequency dielectric constant. The Q; 5 frequencies
were then calculated by searching the solutions of Re (e(w)) = 0.

Equation (1) fits well the A and B, experimental spectra at 27 °C with the 25 A, and
26 B, infra-red active modes (tables 1 and 2). The static dielectric constants deduced
fromtheinfra-redreflectivity spectra, 14and 10.4 for A, and B, symmetries respectively,
are in good agreement with those obtained from our earlier work at 7 K (Kugel et af
1988), and with the direct measurements of Bierlein and Arweiler (1987).

In order to explain the increase of the low-frequency reflectivity level observed in
the A, reflectivity spectra at 416 °C and 580 °C below 80 cm™~! (figure 3), we have added
a relaxation of the Debye type to the dielectric function given by (1):

en(w) = Sp/(1 + iwTp) (2)

where Sp, is the Debye oscillator strength, and 7 is the relaxation time. Using values
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of the relaxation rates, yp = 1/7p. of 12.5cm™! and 19cm™! at 416°C and 580°C
respectively, and an oscillator strength Sy, of 20 for both temperatures, together with 16
vibrational modes, the fits of the A, reflectively spectra at 416 °C and 580 °C are in good
agreement with the experimental data (figure 3).

The fits of the B, reflectivity spectra using (1) with 19 vibrational modes are also in
satisfactory accordance with the experimental results, as shown in figure 4. In tables 1
and 2 are listed the TO and LO frequencies of the optic modes, the damping and the
oscillator strengths of the To mode, for the two symmetry species A, and B,, at the three
temperatures studied.

The present study clearly shows that the low-frequency A, and B; external lattice
modes, in which the motions of the K* ions are involved (<190 cm™), disappear with
increasing temperature (tabies 1 and 2). This behaviour can be related to the increasing
mobility of the K* ions along the c-axis, leading to a disordered high temperature state,
in which the weak external modes lose their activity. Even the A, mode at 86 cm™!,
which is the strongest external mode, disappears at 416 °C due to the disorder of the k1P
structure.

Contrary to the external modes, the vibrational modes of the PO, and TiQ, groups
are observed at high temperatures (tables 1 and 2), showing a small down-shift in
frequency and a strong increase of their damping with rising temperature.

3.2. Analysis of the Raman results

The temperature dependent Raman spectra of A symmetry [x(zz)y] show, together
with the lowest frequency mode (56 cm ™! at 20 °C), an increasing quasi-elastic scattering
widely extended in the frequency range. Our earlier low temperature Raman measure-
ments clearly indicated that no phonon structure occurs below 56 cm™'; this means that
the structure at 56 cm™! is the lowest frequency optical phonon peak. Furthermore, as
already mentioned, this mode is observed quite independent of temperature up to the
highest temperature analysed with our measurements.
The main characteristics of the quasi-elastic scattering are the following:

(i) the central scattering presents, equivalently with the general Raman spectra, a
strong anisotropy with a very intense scattering for the (zz) and (yz) symmetries (figure
2);

(ii) two evolution regimes of the scattering are detected: a continuous increase
between 200 °C and 600 °C followed by a strong enhancement above 600 °C;

(iii) the central component seems to present two separate contributions: one widely
extended in frequency and one more closely located at low frequencies.

Recent temperature-dependent Raman scattering measurements performed by
Voron’ko et al (1989) indicate, equivalently to our results, that no phonon mode
coalesces to the central peak—which has been seen strengthening and narrowing near
T,. These authors interpreted the central peak as a damped soft mode which they
assumed was of a purely relaxational type.

In order to explain the various characteristics of the central scattering measured in
our experiments, we used a light scattering response function including, as low frequency
excitations, a damped oscillator and two Debye-type relaxations. Several fitting tests
withone unique Debye relaxation motion, together with the resonator, clearly failed and
could not reasonably fit the frequency and temperature dependence of the experimental
light scattering. This is due to the change of curvature in the low frequency range as



v

High-temperature effects in KTIOPO, 0497

270
E 210t
N
‘a
g 150
£t
o
g s0f
& L
la) ) . ) ) 30 . oo
4] 0 40 60 0 20 40 &0
Wovenumber {cm-3) Wavenumber (cm?)

Figure 5. (a) Typical comparison between the experimental Raman spectra and the theor-
etical response functions calculated at 600 °C for A, symmetry: x{zz)y. Full curve: exper-
iment; broken curve: calculated values. (b) Separate contribution of each relaxation
associated with the resonator calculated with the same parameters as the global form of
figure 5(a) A: narrow quasi-elastic diffusions; <: broad quasi-elastic diffusions.

already mentioned. The three motions have been considered to be uncoupled. This
leads to a response function which can be written as

nlw, T+ 1
n{ew, T)

where y”isthe imaginary part of the linear dielectric susceptibility which can be expressed
as:

Ko, T) = K{ } ¥(@, T) (3)

(@0, T)=w1,5,/(1+0?t2) + 01,S:/(1 + @ 1}) + woil S /[(0f — w?)? +T§w?]

(4)

where K is a factor function of the sample volume and temperature, §, and S, are the
Debye oscillator strengths and t,,, Ty, the corresponding relaxation times; g, I'pand 8,
are respectively the frequency, the damping and the oscillator strength of the lowest
frequency phonon. The Bose factor (n(w, T) + 1) refersto the Stokeslines while n(w, T)
refers to the anti-Stokes line; n{w, T) is given by:

n(w, T) = 1/(e*/*sT — 1), (5)

“The subscripts n and b stand for the narrow and broad central peaks with relaxation
rates given by v, and y, with:

Yo=1/1, 7 =1/7. (6)

The parameters Sq, Iy, @y, T, Tw, S, and 5, of the response equation have been
determined for the A ; symmetry as a function of temperature by using anon-linear least-
squares fitting routine. A typical comparison between the theoretical curve and the
experimental one is represented in figure 5(a). The theoretical curves describe quite
accurately the experimental one. In order to illustrate the necessity of considering the
two relaxations, the separate contribution of each relaxation motion together with the
resonator is given in figure 5(5). The dependence on temperature of the parameters
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corresponding to the two relaxations v,., §,, yu» and Sy, is represented in figures 6 and 7
and is critically analysed in the next section.

3.3. Discussion of the results

According to the experimental Raman results, our calculations indicate that the lowest
frequency phonon mode shows no critical condensation with temperature on approach-
ing the Curie temperature. On the contrary, the relative damping constant of this mode,
similar to other modes in which the K* tons are involved, exhibits a high value compared
with the TiQ4 or PO, modes (figure 8). This observation is in agreement with the results
of Voron'ko et al (1989) who measured, using a constant frequency method (Gorelik
1987), an additionally sharp strengthening and narrowing of a central peak near the
structural phase transition; they claimed it isindicative of a damped soft mode of a purely
relaxational type. A different behaviour has been observed in TITIOPO,, (Pisarev et af
1990) and RbTiIOPO, (Kugel et af 1990) in which condensing soft modes associated with
broad centraj scattering bands, have been clearly in evidence.
These various experimental results clearly show that the alkaliion plays a major role
in the phase transition mechanism of this family of compounds. TITIOPO,, and to a
certain extent RbTiOPQO,, behave rather like classical ferroelectrics contrary to KTp in
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which the low frequency motions, and presumably the driving mechanisms of the phase
transition, are mainly connected with diffusion modes related to the ionic conductivity.

As already mentioned in the previous section, the numerical treatment of the quasi-
elastic scattering needs to take into account two separate relaxational modes, each of
which presents its own critical behaviour with temperature. The two osciliator strengths
$,and S, show, with increasing temperature, a gradual and continuous increase between
200°C and 600°C and then, a more abrupt increase. The relaxational rate y,, cor-
responding to the low-frequency (narrow) central peak, presents values with magnitudes
around 0.05cm™! (1.5 GHz) and exhibits a small increase with temperature. On the
contrary, the relaxation rate of the broad central peak has rather high values in the
temperature range between room temperature and 400 °C (from 5 to 10 cm™!) with a
strong divergence in the vicinity of 500 °C and with final values of about 30 cm™?.

Similar to the Raman results, the infra-red reflectivity spectra did not show any
critical mode behaviour with increasing temperature. As already mentioned in section
3.1, the interpretation of the A, infra-red reflectivity spectrum needs to take into account
a relaxational mode, for which the relaxational rate grows from 12.5em™! to 19 cm™!
when the temperature rises from 416 °C to 580 °C, while the oscillator strength keeps a
constant value of about 20. This relaxational mode corresponds to the broad quasi-
elastic scattering (b), used in the numerical treatment of the Raman spectra (section
3.2). This mode contributes to the increase of the static dielectric £33, and manifests the
disorder of the kTP structure due to the oscillations of the K* jons along the c-axis.

The necessity of considering a quasi-elastic light scattering response function, includ-
ing two Debye functions, results from a double contribution to the scattering process.
The question is to define the motions which can be involved in these mechanisms. We
believe that in our case two different dynamics have to be considered:

(i) relaxational dynamics of an on-site moving nature;
(ii} diffusive dynamics leading to ionic conductivity.

The relaxational dynamics are related to the on-site motions of the K* ions, mainly
duetothefact that these ionsare located in weakly bonded crystalline sites, the symmetry
of which provides channels allowing degrees of motional freedom (both oscillatory or
diffusing) along the screw axis 2,; this leads to a low frequency motion of the K* ions
(often called the attempt frequency) of the order—disorder type around their central
positions of an anisotropic character.

The motions of the jumping type, which yield the ionic conductivity, involve two
different typical times: '

(i) a flight time ¢ which is the mean-time necessary for the jumping ion to go from
one site to the next one,
(ii) a dwell time ¢4 which is residence time on one site,

Consequently, the jumping mechanism yields two separate contributions to the low-
frequency light scattering process. The assignment of one of these mechanisms to the
quasi-elastic scattering is, in our case, rendered particularly difficult because of the loss
of transparency of the sample during heating. Obviously, this last feature brings some
participation to the broad quasi-elastic scattering, especially in the temperature range
near 600 °C. Indeed, at this temperature, the central peak shows strong modifications
and leads to model parameters S, and ¥, having rather unrealistic physical values,
probably owing to this spurious scattering.
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The intrinsic value (5 cm™!) of v, (before its anomalous increasing), which implies a
relaxational time of about 1 ps, as well as the temperature dependence of this rate,
favours the interpretation of relaxing on-site motions of the K* ions in the picosecond
time scale. The fact that T, decreases with increasing temperature is a pure temperature
effect and shows that this on-site motion does not present softening when approaching
T, and is consequently not connected to the ferroelectric phase transition. The infra-red
results support the interpretation well. The subsequent problem is to know whether the
flying process, with its typical time scales, is involved in the broad central peak. In
usual jonic conductors such as RbAg,ls, and in accordance with Field et al (1978) who
expressed the frequency Af = (271;) 7, the typical flying times of 4 ps detected with the
light scattering measurements correspond to the frequency of 40 GHz. In our case, the
relaxational frequency of 5 cm™! yields a time of about 1 ps corresponding to a flying
speed somewhat larger than in RbAg,I; but physically reasonable. It is not excluded
that this process brings, together with the previously mentioned one, a contribution to
the broad central peak.

The narrow central peak presents relaxational frequencies with values between
0.04 em™! (1.2 GHz) and 0.07 cm™! (2.1 GHz). Since the corresponding time has a value
of about 150 ps, this scattering may be connected to the dwelling or residence time ¢, on
the site between two flying processes. This second relaxational mode of a very low
frequency cannot be observed in the infra-red reflectivity spectra, which are limited at
20em™L,

Following the calculation of Klein (1976) concerning relaxational processes of ions
in a lattice of translationally inequivalent sites, and using the interionic distance d
between the two K, and K, potassium sites as determined by Massey et al (1980)
(d(K, - K,) = 4.288 A), we calculate the diffusion coefficient D corresponding to the
dwell time ¢;.

D=d*/6t,=243 x 10" cm™* s}, (7)

This value is of a similar magnitude to the one obtained by Field er al (1978} in
RbAg,ls (3.7 X 10~ cm™25~1). Following (6), the diffusion coefficient D presents a
temperature dependence proportional to that of the relaxational rate y,. From figure 6,
which represents v, as a function of T, one can deduce that the diffusion cogfficient D
follows a law in which there is a clear change of the activation energy in the vicinity of
500°C.

The dwelling—flying picture implies that the intrinsic infensities of the two central
components should be equal to the mean-square fluctuation in the polarizability assoct-
ated with the motions they represent weighted by the fraction of all the ions undergoing
such motions. These weighting factors should be proportional to #; and #. Since, on the
one hand, the narrow component has a relaxation strength about 40 times higher than
the broad one and, on the other hand, the ratio of #;/t, is of the order of 100, the model
implies that the mean-square polarizability change of the flight process is higher than its
change at two different sites. Furthermore, the temperature dependences of the oscil-
lator strengths corresponding to the two central peaks show a behaviour which is
consistent with the dielectric measurements of Yanovskii and Voronkova (1986) dis-
playing an extra-broad maximum in the & curve in the temperature range between
150 °C and 500 °C. These authors also mentioned that the values of £,5, contrary to those
of &, and &, strongly depend on the frequency of the measuring field. The comparison
of these results with our calculations confirms that both the quasi-elastic scattering and
the extra-dielectric behaviour can be attributed to the motions of the K* ions including
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the attempt oscillations of relaxing character and the jumping motions leading to ionic
conductivity.

To conclude the discussion of the low-frequency scattering and its temperature
dependence, it is obvious that no specific critical behaviour connected to the structural
phase transition is detected either by our Raman scattering or by the infra-red refiectivity
measurements. This can be due to the fact that our highest temperature is stiil too far
from T,. Furthermore, the occurrence, with increasing temperature, of both ionic
conductivity and optical opalescence obscures such an eventual behaviour. The phase
transition in KTiOPO,, contrary to the case of TITIOPO, and RbTiOPO, in which clear
soft modes are observed, seems to originate from an instability of the global lattice
induced by strongly diffusive modes of an ionic conductivity nature. In other words, the
fact that, with increasing temperature, the K* ions are allowed to jump from site to site,
can modify the complex equilibrium of the force constants and lead to a structural change
of the whole lattice. The analysis of the temperature dependence of the infra-red
reflectivity spectra agrees with these conclusions and indicates an increase of disorder
in the KTP lattice with increasing temperature: disappearance of the external modes
below 200 cm™, activity of a relaxational mode in the A, symmetry spectra and an
important enhancement of the damping of the external modes is shown in figure 8.
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