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Abstract. Brillouin scattering measurements have been performed on isoseunural ferroelectric 
crystals KXOPOd (KV). Rbl iOFQ (m) and TlTiOPO4 (m) as functions of the temperahue. 
At room temperature. a l l  the elastic constants have been determined. The temperature variations 
in the longitudinal elastic constants (form and RIP) reveal similar behavious; they agree with 
a Landau model for a second-order phase transition where the order parameter is quadratically 
coupled to the strains. An intense quasielastic light scattering s g a l ,  related to the ionic 
conductivity. is observed in the spectra. In addition, a cenhal peak apparently connected with 
the locking of the soft mode is observed for RIP near its phase transition. 

1. Introduction 

Potassium titanyl phosphate KTiOP04 (KIT) is exceptional in its overall properties which are 
very close to matching all the requirements for a material well suited to second-harmonic 
generation. Many chemical modifications of KTP have already been synthesized; among 
them, rubidium titanyl phosphate RbTiOPO4 (RTP) and thallium titanyl phosphate TITiOPO4 
(ITP), which are obtained by cationic substitution, show similar properties. 

At room temperature, the crystal symmetry of these ferroelectric (FE) isostructural 
compounds is orthorhombic, the polar space group being Pna21 (C;J [l]. The primitive 
unit cell contains eight formula units. The crystal framework is constructed with chains of 
Ti06 octahedra linked by PO4 tetrahedra. Such structural elements (Ti06 or PO4) are also 
found in other ms (perovskite-type ATiO3 and KHzPO4). The Ti06 octahedra are highly 
distorted and contain anomalously short Ti-0 bonds associated with the non-linear optical 
properties of these compounds [2,3]. This framework shows channels parallel to the c polar 
axis, through which K, Rb or TI ions can easily move under the influence of an electric 
field. The ionic conductivity is quasi one dimensional; along the c polar axis it is higher 
by four orders of magnitude than perpendicular to it [4,5]. 

Furthermore, KTP. RTP and m undergo a sbuctural phase transition (PT) from the low- 
temperature FE phase to a high-temperature paraelectric (PE) phase at temperatures T, of 
1206 K [6], 1040 K [7] and 885 K [6], respectively. The crystal structure of "P has been 
studied at 923 K by neutron scattering [8]; this shows that the PE phase belongs to the 
centrosymmetric space group Pnan (DL). Thomas et al [9] have suggested a model for 
the PE phase in KTP involving the same space group. The PE-FE phase transition has been 
experimentally studied by various techniques including second-harmonic generation [6], 
dielectric (6,101, refringence [7], birefringence [ l l ]  and Raman scattering measurements 
[12]. These measurements demonstrate continuous changes in the physical quantities at 
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TE, suggesting that the transition is displacive and of second-order type. Pisarev etal [12] 
reported that the cation and the Ti06 octahedron both play a significant role in the PT. For 
m a soft mode related to the Tl+ motion has been observed in the FE phase; its temperature 
variation satisfactorily agrees with a classical second-order transition described by a Landau 
model. For RTP and KTP, soft modes are also observed, but with complicated behaviours 
versus temperature which suggest a coupling to a relaxation mode, giving rise to frequency 
locking [12-14]. 

For a better understanding of the mechanism of the PT we have studied the evolution 
of some elastic constants versus temperature by means of Brillouin scattering. Section 2 is 
devoted to the experimental procedures. In section 3.1 we present all the elastic constants of 
KTP, RTP and TTP at room temperature. Section 3.2.1 deals with the study of the variations in 
the longitudinal constants Cii ( i  = 1,2.  3) versus temperature which, in the case of RTP and 
m, are analysed using a phenomenological Landau model: for KTP, owing to the very high 
transition temperature T, there is severe sample damage around Tc which precluded precise 
measurements of the Cii variations near the PT. Finally, as described in section 3.2.2, the 
Brillouin spectra show additional features centred at zero frequency, partially due to ionic 
conductivity and partially arising from the abovementioned mode coupling. 

M Serhane and P Moch 

2. Experimental procedures 

The KTP, RTP and TTP single crystals studied were grown in the Physics Department of 
Moscow University, using a flux method. At room temperature they show a good optical 
quality. They were cut as rectangular parallelipipeds with (loo), (010) and (001) faces. The 
dimensions of the samples were approximately 2 nun x 2 mm x 2 mm. In the following, 
an orthogonal Cartesian coordinate system X, Y and Z is set with the X, Y,  2 axes parallel 
to a, b and c, respectively. For the orthorhombic crystal classes, these axes coincide with 
the principal axes of the ellipsoid of indices. 

At mom temperature, 90° scattering and back-scattering polarized Brillouin spectra 
were recorded using a five-pass Fabry-P&ot interferometer and an argon ion laser working 
at 514.5 nm. For measurements versus temperature, we designed a furnace, allowing back- 
scattering experiments up to about 1200 K, the temperature was regulated to within about 
f 2  K conceming its absolute value the uncertainty is rather large (IO K). As is well known, 
the Brillouin frequency shift is given by 

where nj and n, are the refractive indices for the incident beam and the scattered beam, 
respectively, at A = 514.5 nm, B is the scattering angle and Vq is the velocity of the studied 
acoustic phonon propagating with the wavevector q. 

As discussed above, the crystals studied show a high birefringence: it is shown that the 
frequency shifts significantly depend upon the polarizations of the incident light and of the 
scattered light. On the other hand, the direction of q and, consequently, the velocities also 
depend upon the indices involved, however, we have verified that, within the experimental 
accuracy, this last effect can be neglected. At room temperature the principal refractive 
indices are shown in table 1; for KTP and RTP they are taken from the work of Zumsteg er 
al [2]; for TTP, they were estimated by Aleksandrov etal 1151 using the Chaulnes method, 
which unfortunately provides very inaccurate values. The values of the refractive indices 
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Value for the following compounds 
Refractive 
index KTP PI P3.P 121 lTP 1151 
nl 1.79 1.82 2.08 
n2 1.80 1.84 2.13 
n3 1.91 1.93 2.18 

versus temperature were estimated using the published data concerning their temperature 
variations [7]. 

In principle, in the FE phase, since the crystals belong to a polar class, the piezoelectric 
coefficients have to be taken into account in the equations of motion. The result is that [16] 

where ui stands for a component of the displacement, is a unit vector parallel to the 
direction of propagation and p is the specific mass. In our analysis we did not take into 
account the temperature variation in p ;  from the previously published crystallographic data 
[71 it can be neglected within the experimental accuracy of the Brillouin measurements. 
In equation (Z), C& is the elastic stiffness modulus at constant electric field, ej.li is the 
piezoelectric stress constant and &;" is the permittivity at constant strain. For KTP-type 
crystals, the non-vanishing C&, ej,ri and .$" are, in Voigt notation, Cfi. C;. C&, C& 
C& C& Ck. Cf3. C&, e15, ex, e31, e 3 ~ .  e33, E ; ] ,  G2 and G3. 

3. Results and discussion 

The abovementioned choice of the sample orientations allows one to study three different 
directions of the phonon wavevector using back-scattering measurements and three other 
directions using 90" measurements. Taking into account the selection rules for Brillouin 
scattering (table 2) 1171, the back-scattering measurements allow observation of only 
longitudinal modes, while the 90" arrangement gives access to the three modes related 
to the geometrically imposed direction of the wavevector. Strictly speaking, this does not 
allow complete determination of the whole set of C&, and ej,S; of the stiffness constants, 
only Cfi, C;, C& C&, C& and CL can be derived. As an example, table 2 shows 
the expressions for the velocities and the selection rules with light propagation in the (001) 
plane. However, as mentioned below, we experimentally found that, within the experimental 
accuracy, the piezoelectric correction can be neglected. The precision in back-scattering 
frequency measurements is better than 0.5% while in 90" experiments the uncertainty can 
reach a few per cent, owing to the geometrically induced line broadening and the lower 
scattered intensity. 

3.1. Room-temperature measurements 
Our analysis of the data has shown that, within the experimental accuracy, the piezoelectric 
contribution cannot be detected: it does not exceed about 2%, which means that lej,/iI is 
smaller than 0.4 C m-* in the three crystals studied. In table 3, we give the stiffness 
constants for the three crystals at room temperature. Our results differ slightly from the 
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Tabfe Z Scattering genmerries and the corresponding values of pV,' in the (001) plane obtained 

quasi-bansverse. When the piezoelectric terms M be neglected, the results for other geometries 
are obvious1y obtained through shaighffmard permulations. The expressions including the 
piemelectric term wn also be derived easily. 

in the olthorhombic phase [17,18]: h longitudinal; T, VYlSVerSe; QL. quasi-longitudinal; Qr, 

previously published partial determinations [15], which, in our opinion, did not properly 
take the birefringence effects into account. For the 'longitudinal' Cjj (i = 1,2,3), which 
were studied through back-scattering, the Brillouin frequency is written as 

where h is the illuminating wavelength and where j defines the common polarization of the 
incident and scattered light. In the case of KTP and m, the j-dependence fully agrees with 
the previously reported values of the refractive indices. We conclude that there is very good 
accuracy in the determination of the absolute values of C11 and C22 (concerning C S ~  the 
higher uncertainty could derive from the neglected piezoelectric term e:3/$). In the case 
of 'ITP, the observed j-dependence allowed us to evaluate the ratios of the principal indices 
of refraction; they differ significantly from the previously published data. Unfortunately the 
Brillouin spectra allow the determination of only the different products nj(C,j)'lz (i # j; 
i, j = 1,2.3); as a consequence, in table 3 the results concerning 'ITP arbitrarily state that 
n1 = 2.10. 

Table 3. Room-temperature values of lhe elastic canslants for KIP. RJP and TI?. The values in 
parentheses indicate previously published results [IS]. 

Value (GPa) for the following COmpouQds 
Elastic 
~ " 1  KIP RlP TIP 

CI I 166 (159-f: 3) 163 (143-1: 3) 156 ( ISS iS)  
Cn 164 (I54 k 3 )  165 (l42* 3) 154 (154 i5) 
c33 181 (175 i 3) 178 (175k 3) 166 (161 k5) 
C44 56 58 (33k7) 45 
c55 54 57(40k8) 49 
c66 45 50 (57k9) 49 
ClZ 37 45 40 
cl3 54 35 49 
C2.3 51 70 63 

The precision in the 'transverse' diagonal constants Cii (i = 4 , s .  6) is lower; it becomes 
significantly poorer for the non-diagonal C . '  (i # j )  which are evaluated in a rather indirect 
way, leading to an uncertainty which can nse to 15%. ? 
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However, from an overall comparative examination of the stiffness constants (table 3) in 
the three compounds, we conclude that, as expected, their elastic properties are very close. 

3.2. Temperature dependence and phase transitions 

3.2.1. Elastic constants. Owing to the above-mentioned uncertainties concerning the other 
stiffness constants. we have restricted our study to the ‘longitudinal‘ elastic constants CII, 
CU and C33 determined by back-scattering measurements. The observed singularities around 
Tc (about 855 K for TTF’ and about 1035 K for RTF’) are nearly identical for TTP and RTF’. 
Figure 1 shows these frequency variations as functions of the temperature for TTP. The 
derived elastic constants for ?TP and RTP deduced from equation (3) are plotted in figure 2; 
we took into account the temperature dependence of the rehctive indices deduced from 171. 
The elastic constant CU does not show any anomaly at Tc. On the contrary, CII and C33 
reveal several interesting anomalies which agree with the previously reported hypothesis of 
a second-order displacive transition. 

In order to discuss our results we make use of a phenomenological expression for the 
free-energy density F as a function of the temperature, of the order parameter 0 and of the 
strain components e,: 

F = F, f F c  + Fm (4) 

( 5 )  F ,, - 1  - ,a(T - Tc)$ + bq4 (a > 0.6 > 0) 

The order parameter 17 is expected to be connected to the soft transverse mode observed in 
the ferroelectric phase 1121 and belonging to the irreducible representation Al. Fc describes 
the coupling of q to the strains; it can be shown by symmehy arguments that the coupling 
terms are even in the order parameter; we kept only the lowest-order terms, which are 
quadratic in 7. A term such as ge$ leads to a typical step-like discontinuity. Anomalies 
of this type are observed in CII only (figure Z(a)). A term such as he2qz does not produce 
any discontinuity but provides singularities observed in C33 only (figure 2(c)). Thus, in 
the following discussion, we take gz = g3 = 0 and hl = h2 = 0. In addition, we 
take into account the thermal expansion of the prototype phase which introduces a linearly 
temperature-dependent term in C:: 

C:i(T) GCTcNI + &(Tc - T)1 (8) 

with 6; > 0. In the static approximation, if we neglect the fluctuations, Cii can be written 
as U91 

With these assumptions, the temperature dependences of the longitudinal elastic 
constants are easily derived. The resulting expressions are listed in table 4. Those related to 
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Figure 1. Temperalure dependences of the BdloUin 
shifts of the longitudinal modes recorded with differenl 
back-scanering geometrical arrangements for m. The 
arrows indicate the transition lempentures. 

Figum 2. Variation in the longitudinal elaslic COnSfanlS 
for UT? and ne versus temperature. The arrows indicate 
the transition temperatures. 

the evolution of CII(T) and Czz(T) do not require any further approximation. Concerning 
C33(T), close to the pT in the FE phase, the order parameter and the strain were expanded 
in powers of T, - T up to the second order. In this approximation, valid in an estimated 
temperature interval of about 100 K, the expected variation is given in table 4; 01 and 
p are functions of the parameters appearing in equations (4H8). The resulting values 
of the adjustable parameters corresponding to the best fits listed in table 5 show similar 
behaviours for TTP and RTP, but with coupling terms stronger in the first compound. In 
figure 3 the experimental data deduced from Brillouin scattering can be directly compared 
with the calculated values. Experimental measurements related to the variation in CII versus 
temperature show a smoothing of the anomaly near Tc. This effect mainly appears above 
T, and is due to fluctuations in the order parameter [201. 
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energy (4) 
Table 4. Temperature dependences of the longihldinal elastic wnstanb deduced tiom the free 

ng Table 5. Values of the parameters comespanding to the best fits with experime 
the expressions in table 4. 

data U 

Elastic C ( T , )  Si g:/2b hiu kfS  
Compound wnsm (CPa) (K-I) (Gh) @Pa) (GPa) 
TIP C I I ( T )  143.3 2.9 x lo-' 4.2 0 0 
TIP C d T )  138.3 3.8 x lo-' 0 0 0 
TIP C d T )  148.2 1 . 2 ~  0 7.6 10-2 3.5 10-4 

RIP C I I ( T )  139.3 3.9 x 2.3 0 0 
RIP CdT) 135.8 4 . 2 ~  IO-* 0 0 0 
RIP C33(T) 149.6 1.2 x 0 5.4 x 10-2 1.5 x 10-4 

3.2.2. Quasi-elastic light scanering. The temperature dependences of the Y ( Z Z ) ?  recorded 
Brillouin spectra are shown in figure 4. In addition to the above-mentioned longitudinal 
lines (L) related to the acoustic phonons, we observe significant quasi-elastic light scattering 
(QnS) .  As the temperature is raised, the intensity of the lines increases roughly proportional 
to the temperature, as expected (in figure 4, all the spectra are normalized to show a constant 
line intensity). On the other hand, the QELS increases drastically: the ratio of its intensity at 
800 K to its value at room temperature is about 20. A similar behaviour for QS Raman 
scattering has been reported by several workers [13.21,22]. In both compounds the QnS 
reaches a maximum at about 50 K below T, and it then decreases abruptly; however, this 
behaviour is not completely reversible and seems to be at least partially related to sample 
damage at high temperature. The Qm extends over a broad frequency range in such a 
way that its frequency dependence cannot be analysed using our Brillouin spectrometer. 
This QELS originates from the cationic motion, as observed in other superionic conductors 
[23]. Experimental measurements indicate that the QnS in ( Z Z )  polarization is significantly 
larger than in the other polarizations; this agrees with the fact that the ions are confined in 
a one-dimensional tunnel and consequently move in the c direction only [Z]. 

Besides this broad Q n S  spectrum we have found a sharper Q E L ~  feature near the FT in 
RTP but not in TTP, as shown in figure 4. It consists of wings which appear in a temperature 
range of a few Kelvin around T, and is probably related to the coupling of the soft mode 
to a relaxator; this coupling which has been intmduced previously in order to explain the 
locking of the soft-mode frequency observed through Raman scattering [ 13,141 could induce 
a Brillouin central peak. The involved relaxator could describe Ti displacements within the 
Ti06 octahedrq as reported in other FE compounds containing these octahedra [24]. 

4. Conclusions 

The polarized Brillouin spectra of singlecrystal KTP, RTP and ?TP have been measured at 
room temperature and all the elastic constants have been deduced. From the variation in 
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- TTP 

Brillouin shill 

Figure 4. Variation versus temperature of the Brillouin speclra in the Y ( 2 2 ) Q  geometry for 
m (T, a 1035 K) and m (T, % 855 K). The arrows indicate the central peak contribution for 
m. 

the ‘longitudinal’ elastic constants Cii (i = 1,2,3) in the vicinity of the transition, we 
have shown that the FE-PE transition is most probably of second-order type and that, over a 
temperature range extending down to about T, - 100, the Cii behaviours can be described 
using a Landau model; the anomalies observed for TTP and RTP are very similar and agree 
with the expression for the free energy where the order parameter is quadratically coupled 
to the strains. On the other hand, we observe significant QELS, related to the quasi-one- 
dimensional ionic conductivity, as previously observed for other supenonic conductors. 
Finally, for RTP only, a central peak is observed near the transition; it is probably connected 
to the locking of the soft mode. 
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