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Hypersonic anomalies and optical properties of RbTiOAsQ and KTiOPO, single crystals
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The longitudinal(LA) Brillouin back-scattering spectra along tf@01] phonon direction have been mea-
sured as a function of temperature for RbTIOASRTA) and KTiOPQ (KTP) single crystals. As temperature
increases, the acoustic-phonon frequencies of RTA and KTP show a clear softghioly reaches a turning
point atT.~800 °C for RTA. We conclude that the transitions in RTA and KTP are either weakly first order
or of second order. It seems likely that the alkali ions' (& Rb") are strongly involved in the soft mode. A
broad damping evolutiofwhich attains a maximum &t.~800 °C in RTA was observed for both crystals and
can be attributed to the dynamic order-parameter fluctuations. The optical transmissions, refractive indices
(ng,ny,n,) and the Cauchy equatiorfior RTA) were obtained as a function of wavelength. The[Q@]
sound velocitied/ , and elastic constan@33+(e§3ls§3) were also calculated at room temperature for both
crystals.[S0163-18209)10501-0

[. INTRODUCTION mission and refractive indices. The Cauchy equations
[n(\)=A+B/\?+C/\] for n,, n, and n, are also ob-
Rubidium titanyl arsenate (RbTiOASD(RTA) and po- tained for RTA. Direct evidence for acoustic phonon soft
tassium titanyl phosphate (KTIORD(KTP) belong to the modes in both RTA and KTP is presented. In particular, a
family of nonlinear optical crystals with the general microscopic mechanism for the phase transition based on a
formula M**TiOX>"O,, where M={K,Rb,TI,C§ and X  “point-charge model” is proposed.
={P,As.1"8 The high damage threshold and broad angular
acceptance have made such crystals attractive materials for

frequency doubling of Nd-based lasers\at 1.064 and 1.32 Il EXPERIMENTAL PROCEDURE

um, and for optical parametric oscillatof®PO. In addi- Single crystals of RbTiOAspand KTiOPQ were grown
tion, the ion exchange properties also make them one of thesing the tungstate flux methddihe crystals were oriented
best candidates for waveguide applications. by x-ray diffraction and were cut into rectangular shape hav-

KTP-type crystals have an orthorhombic unit aghich  ing (100, (010), and(001) faces. The surfaces for measure-
contains eight formula unitsat room temperature and a ments were well polished to be optically smooth. The Bril-
ferroelectric-(FE) paraelectric(PE) phase transition with a louin spectra were obtained from the back-scattering
change of symmetry mm2 (space group Pna2)-  geometry with configuratiorz(yu)z. “u” means that the
mmm(Pnam).® The crystal framework is a three- collection was not polarization discriminated. Heyeand z
dimensional structure made from corner-linked J8tahe- correspond to the crystdl and ¢ axes, respectively. The
dra and PQtetrahedra. Four oxygen ions of the Gilelong  sample was illuminated alon§001] with an Innova 90
to PG, tetrahedral groups which link the Ti@roups. In our  plus-A3 argon laser withh=514.5 nm, so the longitudinal
earlier Raman results, a slight softening was exhibited byhonons with wave vector aloi§01] were studied. Accord-
several LO and TO vibrational modes of RTA and KPA  ing to the theoretical calculation for an orthorhombic struc-
transition to a higher symmetry structure was evidenced byure (all classey there should be no transverse acougti&)
the disappearance of th&,, (LO) stretching mode of the mode in the case of backscattering due to weak intensity
TiOg group nearT, for both RTA and KTP-? However, factor® Scattered light was analyzed by a Burleigh five-pass
there is no typical soft mode observed in the low-frequencyFabry-Perot interferometer. In our experiments, the free
modes of the Raman spectra. This motivated us to carry owgpectral range$FSR of the Fabry-Perot are determined by
Brillouin-scattering measurements to look for softening inmeasuring the LA phonon shift of fused quartz. The free
the acoustic modes. spectral range was 25.18 GHz for the RTA spectra and 29.05

We report here the temperature-dependent acousticGsHz for the KTP spectra of this paper. To improve the spec-
phonon spectra and wavelength dependences of optical transal resolution, the Brillouin doublet was adjusted to appear
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in the second order with respect to the Rayleigh lines. The 20 -
laser line half-width(for A=514.5 nm is about 0.02 GHz
determined by the spectrometer. To avoid sample heating,
the laser power incident on the samples was kept less than ;
~120 mW. An optical furnace with maximum temperature 14
near 1000 °C was used with a K-type thermocouple. To de- 7
termine the accurate positions and half-widths of the Bril-
louin components, the damped harmonic-oscillator model
with the spectral response function,

10

Xonw% 1
(02— w02+ T2 T e helkT (1)

S(w)=

Intensity (arb. units)

was used, wherey andI'(=T",,9 correspond to the phonon ]
frequency and observed half-width, respectively, is the 6
susceptibility constantin arbitrary unit3, k is Boltzmann’s ]
constant, andT is the absolute temperature. For back-
scattering, the broadening due to collection optics is
negligiblel® In this case, the natural-phonon half-widl,
is given byl pn="T ops— Lingt- 1% In 0ur experiments, the half- -
width of the Rayleigh line from fused quar{avhich was
assumed to have a Gaussian distributiaras taken as the (@)
instrumental broadening;,s;~0.006 FSR.

For measurements of optical transmission,Varian
Model Cary 5E UV-Vis-NIR Spectrophotomete(0.2—3.0 ;
um) and aPerkin-Elmer 2000 ModeFTIR (2.0-6.0 um) 6]
were used. AJ. A. Woollam Co. Model VB-200 Variable
Angle Spectroscopy Ellipsometeith wvAsE32™ analyzing ]
software was utilized for determination of refractive indices. 10 +
The refractive indices were determined by measuring the |
change of polarization between incident and reflected beams.

15
Ill. RESULTS AND DISCUSSION

Actual temperature-dependent [0901] phonon spectra of
the anti-Stokes Brillouin component are shown in Figs) 1
and Xb) for RTA and KTP, respectively. The solid lines are
fits of Eq.(1), from which the frequency shift and half-width
I' ,ps Were obtained. The temperature-dependent phonon fre-

Intensity (arb. units)
8
]

quency exhibits a negative couplitgpftening with increas- . e
ing temperature for both crystals. Figurega2and 2Zb) 1 100 °C
shows the temperature dependences of the frequency shift 31

and half-widthI",,. Comparing the half-widths, we notice

that the average damping value is stronger in KTP. Also, due

to uncertainty of collection angle which can appreciably (b)
broaden and distort Brillouin line shape, the half-width data

[Figs. 4a) and 2b)] show scattefwhich is more pronounced FIG. 1. Anti-Stokes components of the [@01] Brillouin fre-

in RTA).**"*?Such an uncertainty can be associated with theyuency spectra fafa) RTA and(b) KTP. The solid lines area fits of
temperature-dependent refractive indices and slight misaligreq. (1).

ment of sample orientation. The phonon frequency reduction
(in the measured temperature rangee about 9.3 and 8.8 % [}
for RTA and KTP, respectively. wy(T)= wa(O)[AG)F(?) } 2

In order to estimate the effect of coupling, we calculated
the bare(uncoupled phonon frequency,(T) by fitting the  where ® is the Debye temperature, A" represents the
low-temperature measured values. Here, we assume thamount of anharmonicity andF” is the Debye function for
room temperature is far away from the coupled region sincénternal energy?
the ferroelectric phase transition occurs Ta#&=800 °C for In Figs. 4a) and 2b), the dashed lines are the calculations
RTA andT~930 °C for KTP. The bare phonon frequency is of Eq. (2) with parameters given in Table |. The measured
defined as the phonon frequency far from the phase transphonon frequency begins to deviate from the bare frequency
tion. The temperature-dependent(T) can be described by atT~500 °C(for RTA) andT~650 °C(for KTP). It implies
the Debye anharmonic approximatith; that the acoustic soft modes begin to set in nEa500 °C

1.4 1.6 1.8
Frequency (cm'!)
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FIG. 2. (i) Brillouin frequency shift(open circleg and (ii) half-
width I" 5, (solid circleg vs temperature of the L/®01] phonons for

(@ RTA and (b) KTP. The dashed line is the Debye anharmonic
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TABLE |. Parameters from the fits of Eq2) to room-
temperature values of frequency shift.

w,(0) (GH2) 0 AK™
RTA 44.28 300 1.08< 1074
KTP 53.80 300 6.80< 10°°

be detectablé® Based on the dielectric and spontaneous bi-
refringence results, a nearly second-order displacive phase
transition has been proposed for KTP, RTP (RbTiQP&nhd
TTP (TITIOPQ,).”® The solid lines in Figs. @) and 2b) are
the fits using the equatiom=a(T,— T)¥?+b, with param-
eters listed in Table Il. We note that a zone-centg#(Q)
acoustic soft mode in the reduced Brillouin zone of the re-
ciprocal sublattice always has a zero frequency as approach-
ing T, from the ordered phase, i.e[— T, , for a second-
order transition® Therefore, the nonzero minimum of
frequency shift aff, implies that the structural instabilities
(as T—T,) in RTA and KTP must be associated with a
more complicated mode, or else it implies that the transition
is weakly first ordef® Furthermore, the phonon frequency
shift of RTA begins to deviate from the solid line at
~720°C. It indicates that a hardening mode begins to de-
velop asT approache3; . Such a phenomenon is stimulated
by the structural instability and implies a new structural sym-
metry to be built for the high-temperature pha3e~(T;). As
temperature increases, the phonon shift of KTP also shows a
rapid softening. However, the Brillouin signal became unde-
tectable abovd& ~900 °C, probably due to rapid oxidization
on the KTP sample surface.

The phonon dampindsolid circles in Figs. @) and 2b)]
of both RTA and KTP exhibit a gradual growth from room
temperature up to nedf.. Such a slowly rising anomaly
reveals that order-parameter fluctuations are the dominant
dynamic mechanism. Qualitative estimates of this fluctuation
contribution are given by the dot-dashed curves in Figa). 2
and Zb) (with a maximum peak nedaf,~800°C in RTA.
The dynamic fluctuation contribution is a characteristic of a
7 u-type electrostrictive coupling, squared in order param-
eter and linear in straitf.

The ferroelectric nature of the titanyls appears to result in

calculation with parameters given in Table I. The solid line is a fitlarge part from the alkali cations being displaced along the

of the equation,w=a(T,—T)¥2+b, with parameters given in

polar axis. In KTiOPQ, in the notation of Ref. 15 which has

Table Il. The dotted lines indicate the ferroelectric phase transition$) instead of the usual choiasfor the polar axis, the Kions
atT,~800 and~930 °C for RTA and KTP, respectively. The dot- are displaced by 0.642 A along the negativaxis from the
dashed lines are qualitative estimates of the order-parameter flugrsitions required for a mirror plane afb=0.5 which

tuation contributions.

would destroy the polarization. This pseudomirror plane is
clearly seen in their Fig. l001] projection. In this figure, the

and T~650°C in RTA and KTP, respectively. The fre- K(1) ion is (from their Table I) at y/b=0.31201. Its

guency reductioribetween~500 and~800 °Q in RTA due . . . .
to the soft mode is about 4.8%. For a typical FE phase tranp_)seudomlrror image partner, seen almost above it in their

sition, the transition temperature occurs where the frequenc@'g' 1, is aty/b=0.566 90 because it is the, Zcrew-axis
shift curve has an abrupt change. In RTA, the acoustic- ) _

phonon frequency reaches a turning point near 800 °C. Thus, TABLE Il. Parameters from the fits of equatiom=a(Te
the FE transition temperature of the RTA single crystal is_ ) P 0 measured values of frequency shift.
T.~800°C. This value is close to th€,=795+5 °C of

; GHz/°CY b (GH T. (°C
RbTIOPQ, (RTP).5 a (GHzI°C™) GH e 0

Ferroelectric transitions are known to be associated with a RTA 0.204 38.76 794
soft mode of lattice motion. Lines and Glass point out that if kTP 0.172 48.70 934

the transition is strongly first order, mode softening may not




254 TU, KATIYAR, SCHMIDT, GUO, AND BHALLA PRB 59

partner of K2) which from their Table Il is aty/b 100

=0.06690. The meany/b position of K1) and its 5 ] KA
pseudomirror image ion is (0.312010.56690/2 1

=0.439455, which is 0.060545, or 0.642 A, below the 60

pseudomirror plane ag/b=0.5. On a point-charge model, 40

with charge+ e at the K" sites, and with eight formula units |

per orthorhombic unit cell of siza=12.814 A ,b=10.616 20_,

A, and c=6.404 A, this 0.642 A displacement would con- O e e

tribute —0.0944 C/r to the spontaneous polarizatiéh . 10002000 3000 4000 5000 6000

In a similar way, one finds that the other point-charge
model contributions t&, are—0.055 22 C/ffrom the oxy- 80 - KTP
gens (charge —2e) not bonded to phosphates;0.055 87
C/nm? from PQ,~2 ions considered as- 3e charges at the ]
phosphorus sites, an#l0.0045 C/m from those Tt* ions 40
which are not already on the hypothetical mirror plane. ]
These contributions provide a total spontaneous polarization

Transmission (%)

100
60

20

of Ps=—0.2010 C/M, and the potassium ions are respon- R I I I I IR
sible for nearly half of this amount. MeasurementsPqfin 10002000 3000 4000 5000 6000
these titanyls are hampered by their high electrical conduc- Wavelength (nm)

tivity. Howevgr, a value 01:1)65: 02144 Cinf has been mea— FIG. 3. Optical percent transmissions of RTA and KTP ob-
sured in CsTiOAsQ (CTA),™ which is near the magnitude ggned in the001] direction.
of our calculated value for KTP. The sign Bf depends on

which direction of the polar axis is chosen as positive in the , .
crystal coordinate system. strong overtone absorption at3.0-3.5um and begins to

The rms thermal vibration amplitude for the"Kons is ~ droP at ~4.3 (~5.3 um in RTA). The sharp absorption
0.24 A, considerably greater than for the other iGhac- ~ bands at 2803 nnffor KTP) and 2862 nmifor RTA) most
cordingly, the transition may result from the thermal ampli-kely represent the O—H stretching band and indicate that
tude becoming large enough so that the ions assume avera'fc']'e has been incorporated into the structtf€. The absorp-
positions consistent with conversion of the &mmetry el- 10N beginning at~4200 nm(in KTP) and ~5000 nm(in
ement to a mirror or glide plane. The symmetry of the high-RTA) correspond to the molecular (FQAsQ,, and TiQ)
temperature phase of KTP is not certain. The authors of firdg@nds:" The broad absorption regions &{3000-3500 nm
x-ray study considereBnmaandPn2,a as possible room- (10r KTP) and ~3800-4300 nnifor RTA) are attributed to
temperature structuréd.They obtained considerably better the overtones of molecular (ROAsG,, and TiQ,) absorp-
fit for Pn2,a, but their consideration d?nmaand viewing tion bands? As a r.esult, the orthophosphatg absorpt!on at
of their ¢ projection (their Fig. D indicate thatPnam (in %3 @nd~3.5um in KTP could severely limit the oscilla-
standard notationis a liekly possibility for the paraelectric ©F output power. In contrast, RTA has a broader infrared
phase'® However, Allanet al” considerPnan more likely ~ ransparency~0.35-5.3um) and exhibits no strong over-
as the high-temperature point group in their report on a highgone absorption. This makes the RTA crystal a potential can-

pressure x-ray study of KTP. They propose as the transitioff/daté for nonlinear optical applications.
mechanism “polyhedral tilting in the TiEPO, framework
being driven by the softening low-frequency Raman mode 2.00
near 56 cm™.” Kourouklis et al!® found this mode had a ] RTA
small discontinuity at the phase transition at 5.5 GPa at room ]
temperature, indicating that this pressure-driven transition is
weakly first order. This Raman mode has been associated
with the K* ions!®

From our Fig. 2a), the temperature dependences of the
frequency shift and half-width for RTA both exhibit rather
weak cusps centered @t. The softening in KTHshown in
Fig. 2(b)] has progressed further than it did even at the RTA
transition. From the above considerations, we propose that ]
the transitions in RTA and KTP are either weakly first order 1.80 ]
(as for KTP’s pressure-driven transition discussed apove ]
of second order. It seems likely that the alkali ions, tor 175
Rb") in these two cases, are strongly involved in the soft '
mode.

The optical percent transmissio(®.2—6.0um) of RTA
and KTP measured in tj601] direction are shown in Fig. 3.
As compared to RTA, KTP has a higher optical transmission FIG. 4. Refractive indicesr(,n,,n,) of RTA. Solid lines are
between~0.35 and 2.8um, but its transmission shows a fits to the Cauchy equations with parameters given in(8g.

1.95
1.90 -

1.85

Refractive Indices

300 600 900 1200 1500 1800

Wavelength (nm)
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TABLE Ill. Refractive indices and birefringences{—n,) of TABLE IV. Refractive indicesn, (A\=5.145 nm, LA[001]

RTA for four wavelengths. sound velocitied/ o and elastic constant333+(egale§3) measured
at room temperature.

N (um) ny n, n, n,—ny — - -

0.532 1.8278 1.8374 1.9247 0.0969 - Via (M9 Cost (634259 (107 NI

0.66 1.8089 1.8165 1.8967 0.0878 RTA 1.930 5888 1.39

1.064 1.7859 1.7925 1.8641 0.0782 KTP 1.895 7305 1.62

1.32 1.7806 1.7872 1.8568 0.0762

is the piezoelectric stress constant, aﬁpis the static per-
mittivity at constant strain. The related calculated values for
both RTA and KTP are given in Table IV. One can expect
that the smaller sound velocity and elastic constant in RTA
are mainly due to the heavier atomic masses of rubidium and
arsenite. Here, the refractive index of KTP was taken

Figure 4 shows the wavelength-dependent refractive indi
ces ,, ny, andn,) of RTA measured at room temperature.
The solid lines are the fits of Cauchy equations with param
eters listed below:

0.02379 0.0002041 from Ref. 22.
n,(\)=1.8432+ "z o
IV. CONCLUSIONS
(V)= 17773 0.01722 0.0000567 3 A main feature of the LF001] acoustic-phonon spectra of
Y ' A2 A RTA and KTP is that a temperature-dependent character has
been observed in both the phonon frequency and half-width
0.01765 0.0004138 I'yh. As temperature increases, the acoustic-phonon soft
Nx(\)=1.7706+ N2 A\ . modes appear near 5@ RTA) and 650 °C(in KTP). In

RTA, the phonon frequency reaches a nonzero turning point

The unit of Wa_vel_engtmx) in Eq. (3) is um. We summarize  (associated with a maximum damping peak T,~800°C
the refractive indices of four wavelengtitwhich could be  which is the transition temperature. We conclude that the
used for frequency doubling of Nd-based lasers Aat transitions in RTA and KTP are either weakly first order or
=1.064 and 1.342um) in Table Ill. The intrinsic optical of second order. It seems likely that the alkali ions; for
birefringence of RTA decreases with increasing wavelengtth+) in these two cases, are strongly involved in the soft
The birefringencerf,—n,=0.0782 at 1.064um) of RTAis  mode. From the half-width temperature dependences, we
smaller than that for KTPr(,—n,=0.0921 at 1.064um).”*  conclude that order parameter fluctuations are the dominant
This reduction of birefringence makes RTA an ideal materialcontribution for the broad damp|ng evolutions in both RTA
for frequency doubling at higher fundamental wavelengthsand KTP. A quadraticy?u-type electrostrictive coupling is
such as 1.32um for the Nd:YAG laser line. considered to be the main contribution to the acoustic pho-

Brillouin scattering is a powerful tool to determine related ngn softening in both crystals. The data of optical percent
acoustic parameters such as elastic constants. The associaigthsmission shows that RTA has a broader infrared trans-
theories and calculations of connected parameters can %rency(~0.35—5.3um) and exhibits no strong overtone
found in Ref. 10. At room temperature, the sample density isipsorption as compared to KTP. In addition, refractive indi-
~4.02<10° kg/m® for RTA and ~3.03x10°® kg/in® for  ceg 0,ny,n,) and the Cauchy equations of RTA were ob-
KTP.*#*In our experiments, the measured phonon is alongained as a function of wavelength. The [081] sound ve-
the [001] direction (@ll[001]). By solving the secular equa- |ocities V,, and elastic constant8a,+ (e2/e5,) were also
tion (3) of Ref. 10, one obtains calculated at room temperature for both RTA and KTP.
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