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Phonon anomalies in optical spectra of LiNbOj3 single crystals
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Abstract: LINDO; single crystals were grown by the Czochralski technique in an air atmo-
sphere. The critical crystal diameter D, = 1.5 cm and the critical rate of rotation w, = 35 rpm
were calculated by equations from the hydrodynamics of the melt. The domain inversion
was carried out at 1430 K using a 3.75 V/cm electric field for 10 min. The obtained crystals
were cut, polished and etched to determine the presence of dislocations and single domain
structures. The optical properties were studied by infrared and Raman spectroscopy as a
function of temperature. With decreasing temperature, an atypical behaviour of the phonon
modes could be seen in the ferroelectrics LiNbO;. The obtained results are discussed and
compared with published data.
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INTRODUCTION

Litium niobate (LiNbQO3) is an extremely versatile non-liner crystal material. Its
electro-optic and non-linear optical coefficients are used for various photonic applica-
tions. The growth, chemistry and physics of ferroelectrics lithium niobate LiNbO3 sin-
gle crystals have been the subject of extensive studies!3 for more than three decades.
These crystals are promising for volume holographic storage. For this reason their
photorefractive properties and light-induced charge transport are of special interest.#
Application of optical-wafer grade LiNbO3 in integrated optics include switches, in-
terconnects, multiplexers, waveguide lasers, and non-linear optical wave guides.
Auvailable as boules, cut crystals or wafers, LINbOj3 single crystals possess an attractive
combination of piezoelectric and electro-optic properties which enable them to be
widely used as frequency doublers, for Q-switches, waveguide substrate, surface
acoustic wave (SAW) devices and so on.> A new world of applications of LINbO3 sin-

*  Corresponding author.
#  Serbian Chemical Society active member.

493



494 GOLUBOVIC et al.

gle crystals has appeared by using a predetermined order to the domain structure,
which can be roughly divided in two classes, opposite domain (ODLN) for acoustic
devices® and antiparallel periodic poled (PPLN) for second harmonic generation
(SHG) in blue-green laser technology, optical parametric oscillators (OPOS) and re-
cently inhibition of photorefractive damage.”-10

Several authors have investigated the optical properties of LiNbO3 single crys-
tals!!~13 in order to study phonon properties and the ferroelectric phase transition.
These included symmetry group analysis of the material below and above the critical
temperature at 1438 K and soft mode behaviour. Infrared (IR) and Raman spectra were
recorded mostly at high temperatures close to 7¢. In this study, infrared and Raman
spectra were measured at low temperature far removed from the critical temperature
looking for possible anomalies or precursors of the phase transition. Soft phonons
were found both in IR and Raman spectra, as well as anomalies of the Raman scatter-
ing tensor in the range between 100 and 200 K. These results could contribute to a
better understanding of the vibrational structure of LiNbOj3 single crystals and suggest
possible new applications.

EXPERIMANTAL

Single crystals of LINbO3 were grown by the Czochralski technique using a MSR 2 crystal puller
as described previously.!%!5 The pull rates were generally in the range 56 mm h™!, and the best results
were obtained with a pull rate of 5 mm h~!. The crystal rotation rates were between 35 and 45 rpm. The
best results were obtained with a crystal rotation of 35 rpm. The crucible was not rotated during the
growth. After the growth run, the crystal boule was cooled at a rate of about 50 K/h down to room tem-
perature.

Single domain inversion was carried out in a horizontal cylindrical furnace. The temperature was
1430 K, the applied electrical field 3.75 V/em, and the time of inversion was 10 min. ¢

A solution of HF : HNOj in the ratio 2:1 at 338 K was found to be a suitable etching solution. After
exposure for 90 minutes, dark and bright areas due to domain concentration could be clearly seen. Do-
mains could not be seen after etching for as long as 17 h at room temperature. !5

Annealing was performed in a horizontal resistance furnace in an air atmosphere.

Infrared spectra were recorded on a Bomem DAS8 Fourier-transform spectrometer. The newest
Bomen's hypersplitter was used for the wider far infrared region (from 30-1000 cm™') and a standard
KBr beamsplitter for the infrared region (400-5000 cm™). All spectra were obtained using a near normal
incidence configuration at different temperatures (7= 75, 120, 200 and 298 K). The polarisation was £ L
¢. The c-axis was perpendicular to the plane of spontaneous cracking and slices were obtained by cutting
parallel to the c-axis.!* Structure properties were determined by the XRD powder technique.'> Unpo-
larized Raman spectra were recorded on a Jobin—Ivon U1000 spectrometer and excited by the 488 nm
line of an Argon ion laser at an average power of 10 mW. The measuring temperatures were 20, 80, 120,
200 and 298 K.

RESULTS AND DISCUSSION

The quality of crystals grown by the Czochralski technique is related to the shape
of the liquid-solid interface during the growth process. It is well known that good
quality crystals are obtained when the interface is flat, whereas a non-flat interface
could be the principal reason for the generation of dislocations and consequently for
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many undesirable effects, such as inhomogeneous distribution of impurities, strains,
cracks, low-angle grain boundaries, gas bubble entrapment, etc.17 It is known that the
hydrodynamics of a melt are governed by buoyancy-driven convection or free convec-
tion, by forced convection due to crystal rotation, and by thermo-capillary surface con-
vection. Three dimensionless numbers can describe all these flows: Grashof (Gr),
Reynolds (Re) and Marangoni (Ma) numbers. The Ma number does not change signif-
icantly if a small temperature gradient exists over the surface of a melt,!8 and so the hy-
drodynamics are governed mainly by the Re and Gr numbers.

It was presumed, as Carruthers!® did, that there was no change in kinematic viscos-
ity at the melt/crystal interface during the growth process and there was equilibrium Gr=
Re2. There is, during this time, a flat melt/crystal interface with critical rotation rate w,
and critical diameter d,. It was decided to use the relations derived by Carruthers in the
calculations for our experimental system. These relations are in a good agreement with
the experimental data of many authors20-2! and it was assumed that they could also be
useful in our case. In this way, by applying the hydrodynamic forms, values for the criti-
cal rate of rotation w = 35 rpm, and the critical diameter d. = 15 mm were obtained. The
rate of crystal growth was experimentally found to be 5 mm/h.22

The crystal structure of LiNbO3 below the ferroelectric Curie point does not be-
long to a perovskite type. It has an ABO3 lattice with oxygen octahedrons?3 with a
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Fig. 1. IR Spectra of LiNbOj single crystals at different temperatures for the polarization £ L c.
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Fig. 2. Unpolarized Raman spectra of LiNbOj single crystals at different temperatures. P denotes plasma
peaks of the Ar ion laser.

transition metal ion (Nb) in the centre. In the edges of the pseudocubic unit cell, the
cations (Li) are to be found.24 Ferroelectricity in this materials results from a slight
antiparallel shift of the oxygen octahedra and the centre ions, which leads to a perma-
nent dipole moment. The crystal space group below the T is R3¢ (C3,%) and the primi-
tive cell contains two formula units. An irreducible representation of C3v consists of 4
A1, 5 Ay and 9E optic modes. For the polarization £ L ¢ below the Curie temperature,
only the 9 E modes are infrared active while Raman involves both 4A | and 9E modes.
The A, modes are neither IR nor Raman active.2

The infrared reflectance spectra in the region 70—-1100 cm! are presented in Fig, 1.

The spectra were measured at 75, 120, 200 and 298 K. TO and LO modes were
calculated by Kramer-Kronig analysis (KKA).22 Attention was focused only on the £
L ¢ polarization due to the fact that it possesses a mode with a large TO-LO splitting
and a strong anharmonicity. An additional reason concerns a previously reported?>
phonon softening for this polarization.

It is known that some of the properties of LiNbO3 are dependent on stoichio-
metric defects.26 When defects are present a phonon can be missing or be quite small.
The quality of the obtained LiNbO3 single crystal was checked by the XRD powder
technique. The appearance of splitted Koy and Koy showed that the obtained single
crystal was of high quality as only crystals with high quality can split Ko radiation.22



LiNbO3 SINGLE CRYSTALS 497

35854
35804 Ennde
3575
!
35704
B 1
;g 33635 T T ¥ T T
£ :

316 T T T T
0 10 150 X0 20 30
Tarpeature [K]
Fig. 3. Anomalous behaviour of two IR active modes in LiNbOj5 single crystals. The line denotes a polyno-
mial fit.

Hence, all active modes could be observed. In this study interest was focused on
phonon anomalies of the E modes. For this reason EJ|C IR spectra were not considered
as they do not contain active E modes below the Curie temperature.2

The unpolarized Raman spectra in the region 120-1000 cm™! and direction ELC
are presented in Fig. 2, which shows all 13 Raman active modes (9 E modes and 4A
modes) below T as functions of temperature. P in Fig. 2 denotes the plasma peaks of
the Ar ion laser. All theoretically predicted modes in the literature were ob-
tained,25-27-28 the Raman spectra reported by Okamoto et al.l! seem to be of lower
quality and the peaks less resolved than our spectra, as is the case for the A (TO) mode
at 332 cm~l. The peaks at 571 and 680 cm! probably represent anharmonic
two-phonon modes, as was previously proposed in the literature.13:22:25.28 The peak at
871 cm! is assigned to a vibrational LO mode of Nb-O in isolated groups such as,
NbOg, and the peak at 614 cm! is probably associated with another TO mode in the
same octahedra. The peaks at 253, 271, 326 and 614 cm! belong to A; (TO) modes,
and those at 148 and 231 cm! to E (TO+LO) modes.!3 Two smaller softening modes
at 320 and 359 cm 1, previously seen in IR spectra,2? were also obtained and they are
presented separately in Fig. 3.

Anomalous behaviour of these phonon modes can be clearly seen from Fig. 3.
The Raman scattering spectra were analysed by convolution of a Loretzian and a
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Fig. 4. Function /= f{T) for Raman active modes in LiNbOj single crystals.

Gaussian curve. Relations / = f{T) for the 13 obtained modes are presented in Fig. 4.
The insert denotes phonon energies in cm~! at room temperature.

Figure 5 shows the anomalous behaviour of the modes at 326 and 359 cm™! in the
Raman spectrum.

It was found that beside the well known soft mode in ferroelectric LiNbOj3 there are
several modes that show softening or anomalous behaviour in the range 100 to 300 K as is
presented in Figs. 3 and 5, which show phonon softening in the IR spectra (a few wave
numbers)?2 and anomalies of the Raman intensity and half-widths, respectively. Phonon
softening were not observed in the Raman spectra, probably due to insufficient accuracy of
the monochromator which could not resolve the small phonon energy shifts of the order of
1-2 cm™L. These anomalies could have different causes. Regarding the Raman anomalies,
a spontaneous polarization effect has to be excluded. Namely, the intensity of Raman
(Stokes) scattering / for modes that are Raman inactive above 7;, could be given to a first
approximation as a function of the spontaneous polarization?8 1 ~ const - |0¢,-j|2 ~ const - P2
~ const - (T, — T), where ¢;; is the Raman tensor and Ps the spontaneous polarization. Un-
fortunately, the temperature dependence does not match the experimental findings. The
other possibilities concern strain effects, anharmonic effects?? or small A;-E coupling that
could arise from grown-in imperfections.28 A possibility that the observed anomalies,
found in both the IR and Raman spectra, represent precursors of the phase transition seems
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Fig. 5. Anomalous behaviour of two Raman active modes in LiNbOj single crystals. The line denotes a
polynomial fit.

to be unlikely as the measured temperatures are far removed from 7. Further investiga-
tions are necessary to resolve this issue.

CONCLUSION

The conditions for growing LiNbO3 single crystals were calculated by using a
combination of Reynolds and Grashof numbers.

The unpolarized Raman and IR spectra of LiNbOj3 for the £ L ¢ at different tem-
peratures were recorded. All 13 Raman active E modes were found. The presence of
small softening modes at 320 and 359 cm!, which observed previously in our work
on the IR spectra of LiNbOj3 single crystals, were confirmed. As well as in the IR spec-
tra, phonon anomalies both in the intensities and half-widths were found in the Raman
spectra in the range 100-300 K. Below 100 K, the phonons start to harden as is to be
expected.
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N3BOO

AHOMAJTIMIE ®OHOHA Y OITTUYKHNM CITEKTPUMA MOHOKPHCTAJIA LiNbO;
AIIEKCAHIAP FONTYBOBUR*, PATOII TAJUR**, UBAHA XUHWUR* 1 AHIPEJA BAITUAR**+

*Unctuuiiyi 3a usuxy, Ipezpesuya 118, i. tp. 68, 11080 3emyn, ** Hnciuuitly 3a ¢husuxy, Monitiana yrueep3uttieiti
Jleoben, @panc Jocegp Ulitipace 18, 8700 Jleoben, Aycitipuja u ***Texnoaowko-mettiarypuiku paxyaitieii, Kaprezujesa 4,
11000 Bezpao

Moxkpucramu LiNbO3 cy fobujeru MeToioM pacta no JoxpasuckoM Ha Bas3nyXy. Bpennocru
KPUTHIHOT MpeYHrKa Kpucrana D, = 1,5 cm 1 BpeJHOCT KpUTUIHE Op3mHEe poTaije o, =35 o/min cy
onpeberne nomohy jenHaunHa guHamMuKe (iaynaa. MoHOTOMUHM3aNM]a je 0O0aB/beHa Ha TeMIle-
patypu ox 1430 K, npu enextpuynom nosby of 3,75 V/em y Tpajamy of 10 munyta. [lobujenn
KPUCTAJIU Cy CEYEHH, NIONUPAHN ¥ HarpU3aHu f1a OM ce OfpefusIo NIPUCYCTBO AUCIOKALMja U JO0U-
jame MOHOJOMEHCKE CTPyKType. OnTHiKe 0COOUHE Cy NpoydyaBaHe MH(palpBeHOM 1 PamaHOBOM
CIIEKTpocKonujoM y (pyHKIMju Temneparype. Ca omajameM TemIiepaType MOXKe fa ce BHUIH Y
¢epoenexrpuunom LiNbO; aTUMMYHO NoHaIIame (HOHOHCKUX MOAoBa. [loOHjeHu pesyiTaTu cy
MUCKYTOBaHU 1 ynopebuBaHu ca MofanumMa 13 Jureparype.

(ITpumsbeHo 29. okToOpa, peBuaupaHo 25. renemopa 2003)
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