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Raman and infrared reflectivity spectra of potassium lithium niobate single crystals
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The tetragonal tungsten bron@EB) type potassium lithium nioba{&LN ) single crystals were grown using
the conventional pulling method. The molecular formula can be writtenag K o/Nbs (0,5 based on the
crystal atomic absorption spectra. The lattice constants arel.2575+0.0001 nm andc=0.3997
+0.0001 nm. The Curie temperature is 43®°C. Homogeneous and crackfree samples of abou? 7
x5 mnT were used to study the lattice vibration spectra using Raman and infrared reflectivity spectroscopy.
Compared with the lattice vibration spectra of other TB type crystals, we see that the influence of the Li ions
in the C sites in the KLN on the characteristic Raman and infrared reflectivity spectra of the Nb-O octahedral
ions is striking. Specially, the symmetric bend vibration medewas split into three Raman lines, and the
antisymmetric stretch vibration mode and the antisymmetric bend vibration modg were all broadened
greatly.[S0163-182897)08521-4

. INTRODUCTION clude 99.99% KCO;, Li,CO;,, and NOs. According to the

mol fraction of NBOg in the phase diagram of KLN

During recent years, many related studi€shave sug- crystals® these materials were well mixed. After ballmilling
gested that the tetragonal tungsten bro(zB) type potas- in pure alcohol for 4 h, the mixtures were dried and pressed
sium lithium niobate(KLN) single crystal is a potentially jnto disks, with a diameter of 30 mm and a thickness of 25
useful material for nonlinear optical applications because ity The disks were put into a 350 ml Pt crucible and melted
is remarkably stable to intense laser radiation and has excel; 1000 °C by induction heating in air for 12 h. The melt was
lent second harmonic generatiol§HG) and secondary cuoled down to the temperature close to its melting point,
electro-optic effects. Specially, it is expected to be a usefubng the crystal was pulled from the melt using an SBN:60

material for the blue laser radiation by SHG in a wavelengthyeeq. The pulling rate was 1—3 mm/day, and the rotating
range from 790 to 920 nm, which takes place at room tems5ie about 30 rpm.

perature and enables noncritical phase matchiAdso, it The crystals as-grown along tHa00] orientation are

has found applications in the surface acoustic wave and pisypes about 1820x 40 mn?. but those grown along the

ezoelectric devices. However, some of its undesirable proppo1] orientation are cylindrical, with a diameter of about 25
erties have limited its practical applications. A big problem i 'and a height of 30 mm. In the latter, there is a transpar-

is that the KLN crystals are easy to crack when coolingant zone of about 010X 10 mn?, with the pale yellow.
through the paraelectric-ferroelectric phase transition. Thq’hey were annealed at 800 °C for 24 h to reduce residual
useful bulk of centimeter dimensions was not obtained due tQiass formed during growth. The crystal structure was
cracks induced by the change of composition and structurglpocked by a D/MaX-rA x-ray powder diffractometer at
characteristics. Also, the change of composition in KLN qqm temperature. Their lattice constants calculatedaare
crystal affects the electro-optical and nonlinear optical ef-_ 1 5575-0 0001 andc=0.3997+0.0001 nm. The crystal
fects because of the considerable change of the birefringen%mpositions were determined using a 180—80 atomic spec-
with variation of lithium content. Recently, various fiber trum absorptiometer. The molecular formula can be written

KLN crystals grown by the laser-heated pedestal gI’OWﬂhS i b The Curie temperature is 430
method and the very thin acicular KLN crystals grown by +3 ol%gd' 19MP5. 01015 P

the micro-pulling-down methddcan provide some practical The.crystals were cut carefully, alorsg b, andc axes
applications. This paper studies the crystal growth and its . samples the size of aboub<77>'<5 m? t'hen were op’-
lattice vibrational spectra by Raman and infrared reflectivitytically polished. These samples are crack'free homogeneous
Spectroscopy at room temperature, and compares these speg, transparent. Room-temperature Ramaryw spectra weré
tra with those of other filled and unfilled TB type crystals. measured on a J-Y U-1000 Raman spectrometer with a inci-
dent slit width of 20Qum, using a 100-mW argon ion laser at
514.5 nm. Infrared reflectivity spectra at room temperature
The KLN crystals were grown using a pulling method were obtained by a NIC-20SX FT-IR spectrophotometer
with a Crystalox MCGS-3 system. The starting materials in-with a fitting of Specular Refl. Model 500, using the method

Il. EXPERIMENT
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TABLE I. The reducible representations fBdbm at I point.

Seitz {1/000] {2[001] {47[001] {47[001] {m[010] {m[100] {m[110] {m[110]
operator |o} |o} |o} |o} [T(1/2, |T(12, |T(1/2, [T@s2,
12,0 12,0} 120} 12,0}
Position a8l 24 0 0 0 0 0 0 0
and 4 12 0 0 0 0 0 2 2
character D 6 -2 0 0 0 0 2 2
2a 6 -2 2 2 0 0 0 0
of difference spectrumthe controllable resolution was se- 2b:1A;+1B,+2E;
lected as 1 cm', and the infrared reflection radiation was
collected 60 times. 2a:1A;+1A,+2E.

IIl. GROUP THEORETICAL CONSIDERATIONS The_ atomic positions in the_ KLN crystal are shown in Table
Il with the aid of the experimental results in Ref. 9.
FOR LATTICE VIBRATIONS . . . .
Using the results shown in Table II, the irreducible repre-
The KLN single crystal has a completely sentations of the lattice vibration of the KLN crystal are the
filled TB type structure with the filing formula following:
(A1),(A2)4(C)4(B1),(B2)gO53y and the space group
P4bm at room temperature. There are the two chemical for- 21A; +16A,+ 158, +20B,+ 3%E.
mulas of the KLN in a unit cell. The reducible representa—NSO, the Raman- and infrared-active optic phonon modes

tions for the space group4bm at the centel” point of the  are optained, in terms of the character table of the point
first Brillouin zone are given in Table I, using The Interna- group 4mm, as follows:

tional Table for Crystallograph).
Based on the factor group theory, the reducible represen- T",, =20A;(R,IR)+ 15B;(R) + 20B,(R) + 38E(R, IR).

tations shown in Table I can be reduced as follows: _ _
whereR and IR represent Raman and infrared active, respec-

8d:3A;+3A,+3B;+3B,+6E; tively. It is clear that theoretically observable Raman peaks
and infrared reflection bands are not more than 131 and 58 in
4c:2A+1A,+1B,+2B,+ 3E; number, respectively. The Raman scattering tensor$ are
|
a 0 o0 c 0 O 0 d O 0 0 e 0 0O
Ai(2):{0 a 0|, B;:|0 —c 0|, B,;fd 0 0|, EX):{0 0 O, E(Y):|0 0 e
0 0 b 0O 0 O 0 0O e 0 O 0 e O

The symmetry specie&;(Z), E(X), andE(Y) show dipole some crystals, such as the unfilled TB type SBN crystal with
moments oriented along th& X, andY directions, respec- the point group mm * the filled TB type BNN crystal with
tively. Due to equivalence of the ax@sandY for the mea- the point group 2am'® and the non-TB type LiNb@®
surement of Raman spectra of uniaxial crystals with the point

group 4nm?!! the interesting scattering configurations are TABLE Il. The atomic position.

X(Z22)Y, X(Y2)Y, X(YX)Y, and X(YY)Z, corresponding

to the symmetry species,, E, B, and (A, +B,), respec- Atom Position Lattice site
tively. Obviously, for the scattering geomet®(Y Y)Z, the Nb(1) b B1
symmetry and the vibrational mode of the extraordinary Op'Nb(z) sd B2
tical phonons are undefined because of an angle of 45° ir5.873 K1)/0.127 Li % AL
cluded between the phonon wave vector and the optical axiﬁ%g K2)/0.011 Li I A2

which can roughly show the directional dispersion _of theO 942 Li/0.058 Nb & c
extraordinary phonons. For the measurements of the infrared

reflectivity spectra, the electric fields of the incident light areO(1) 8d
aligned along theZ direction for the symmetry species;  0(2) 8d
with the longitudinal dipole moments and perpendicular too(3) 4¢
the Z direction for the symmetry specids with the trans-  0(4) 2b
verse dipole moments, respectively. We have seen that thg(s) sd

lattice vibration spectra of the octahedral ipNbOg]’~ in
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FIG. 1. Raman spectrum recorded in the KLN at 298 K for the
symmetry specied, with the scattering geometi¥(Z22)Y, which FIG. 3. Raman spectrum recorded in the KLN at 298 K for the
concerns e_xtraqrdin_ary transverse optical phonons propagating,mmetry specieg with the X(Y2)Y configuration, involving or-
along the[110] direction. dinary transverse and_extraordinary longitudinal optical phonons

propagating along thgL10] direction.

crystal,;” are similar to each other and show a common char-
acteristic. An octahedral molecukYg with the symmetry normal vibrational modes; . They can be represented from
O, has 15 internal vibrational degrees of freedom or sixgroup theoretical considerations as

|14

['lip=A14(R)+ Eg(R) + 2T (IR) + T4(R) + Ty (inactive),

where the subscriptg andu represent symmetric and anti-
symmetric vibrations, respectively,, v,, and v; are all

_ stretch vibration modes and,, vg, and vg are all bend
vibration modes. Thus there might be three characteristic Ra-
man peaks and two strong characteristic infrared reflection
i bands belonging to the internal vibrational modes of the oc-
tahedral ionf NbQs]”~ in the KLN crystal. In a primitive cell

of the KLN crystal, there are ten Nb-O octahedral ions.
— Hence, in the experiments, the observable Raman peaks and
infrared reflection bands are much fewer in number than
those calculated by the group theory.

Reflectivity
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Wave number (cm™!) IV. RESULTS
Figure 1 shows a typical Raman spectrum of the crystal
8 with the octahedral ions, recorded in the KLN at room tem-
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FIG. 2. (a) Infrared reflectivity spectrum recorded in the KLN at o

298 K with the electric field of the incident light along thedirec-
tion for the symmetry specigs, . The data are shown by the points FIG. 4. A selected scattering geometsy, the polarization di-
and the theoretical fit by the solid cur®) The dispersion curve of rection g; of the incident light(b), and the polarization direction

the imaginary part of the permittivity. The arrows point out the eg of the scattering lightc). y is an angle parameter anglis an
resonance frequencies of the oscillators. angle variable.
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40 — T T T FIG. 6. Raman spectrum of nonpolar lattice vibration modes
[ ! recorded in the KLN at 298 K, belonging to the symmetry species
N - (b) B, with the X(Y X)Y scattering configuration.
‘E’ 30 |- .
| . characteristic infrared-active optical phonon modes of
20 L R [NbQs]”~ in the KLN are assigned by a classical multioscil-
- lator fit'® to be 680¢3) and 340¢,) cm™* as shown in Fig.
- . 2(b). We notice the great broadening of the modgsand
10 - ! 4 v,. There are three weak reflection bands, originated from
C y ! the external vibration fofNbQsz]”~, superposed on the
strong stretch vibration band, and their resonance frequen-
o 11 11 I | 'Y l 14 11 I | S l 1 1.1 1 I Ll 1.1

cies fitted are 587, 742, and 840 ch respectively. On the
strong bend vibration band, there are five superposed weak
reflection bands with the fitted resonance frequencies of 280,
» , 352, 447, 480, and 500 cm, respectively. We can see that,
FIG. 5. (a) Infrared reflectivity of the KLN for the ordinary ray. from Fig. 2a), the influence of the weak bands on the strong
The data are shown by the points and the theoretical fit by the soli ands is ver),/ striking when the weak bands are superposed
curve.(b) The dispersion curve of the imaginary part of the permit- around the longitudinal frequency of the strong bands. No
tivity. The arrows point out the resonance frequencies of the oscil- - . '
lators. reflectlog1 band in the frequency range f[om 1100 to
4800 cm! is observed. And from 50 to 200 ¢y the re-
flection bands of the external vibration are very weak and not
perature in a frequency range from 50 to 1000 ¢nwith  plotted for the ratio of signal/noise degrades.
the scattering geometX(Z2)Y, corresponding to the sym- Figure 3 shows a room-temperature Raman spectrum of
metry speciesA; and concerning extraordinary transversethe KLN for the X(Y2)Y scattering configuration, which

optical phonons propagating along {i€0] direction. Com-  corresponding to the symmetry speciesind involves ordi-
pared with the Raman spectrum of the SBNt is easy to

determine two of the three characteristic Raman peaks of
[NbOs]”~ in the KLN to be 876¢,) and 645¢,) cm %, the
third (vs) might be split into 207/238/290 cr for every
B1 site andB2 site in the KLN possess a distorted octahe-
dron and deviation fromO;, symmetry will result in line
broadening or even splitting. The modesandv, were only
broadened but not split, the splitting of the mademight be
the result of the influence of the Li ions in ti@sites on the
internal vibrations of NbOg]”~. The occurrence of a peak of
352 cm * which belongs to an external vibrational mode for
[NbQOs]”~ is attributable to the Li ions which caused a polar
lattice vibration.

Figure Za) is a typical infrared reflectivity spectrum for
the crystal with the octahedral ions, recorded in the KLN at "50 2;’0 + 6'00 * 1000
room temperature in a frequency range from 200 to Wave number (cni™)
1100 cm?, corresponding to thé\; symmetry representa-
tion with dipole moments oriented along tlee direction. FIG. 7. Raman spectrum recorded in the KLN at 298 K, with the
Compared with the same spectrum recorded in thecattering geomet(Y Y)Z with an angle of 45° included between
KNSBN,®° the resonancéransversgfrequencies of the two the phonon wave vector and the optical axis.

100 200 300 400 500 600 700
Wave number (cm™t)

Raman intensity (10* Counts/S)
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TABLE lIl. The assignments of the lattice vibration for the KL(Malues in cm?® exceptAe).
Symmetry
species Aq(2) E(XY) B, A1(E)+B;
Raman azz ayz ayx ayy
results (TO) 54/59(TO/LO) 58 54
58 91 (TO+LO) 91 74
77 116 (TC+LO) 215 91
91 145 (TO+LO) 273 153
108 182 (TCG+LO) 327 180
133 223/269/297 (TOLO,ws) 513 207
207/238/290¢s5) 360 (TO+LO) 542 290
352 550 (TG+LO) 632 426
447 641 (TO-LO,v,) 897 542
480 876 (TO-LO,vy) 632
500 876
645(v,)
876(v1)
Infrared wTo w0 Ae Iy w10 w0 Ae Iy
results 280 285 0.020 20.0 220 222 0.407 30.0
340(v,) 345(v,) 0.900 65.0 2384,4) 245(v,) 0.902 30.0
352 367 0.250 45.0 272 274 0.107 40.0
447 449 0.003 12.0 307 310 0.092 45.0
480 482 0.015 20.0 360 362 0.012 65.0
500 503 0.009 17.0 420 426 0.014 10.0
587 592 0.045 45.0 540¢) 550(v3) 0.809 135.0
680(v3) 688(v3) 0.600 65.0
742 744 0.200 65.0
840 846 0.060 37.0

€0=2.1984+0.0002
€=4.2970+0.0002
3 Ae=2.102

€9,=2.0412+0.0002
€=4.3842+0.0002
3 Ae=2.343

opticalln Fig. 4, if the angled—0 and the angley—0, then
phonons propagating along th&10] direction. In Fig. 3, X[(Z+AY)(X+AZ)]Y—=X(ZX)Y. (2) In the view of
only one pair of transverse/longitudindrO/LO) modes, Loudon?® the scattering effectiveness is calculated as
split owing to the polar lattice vibrations, was recorded as
54/59 cm 1. Obviously, the action of long-range static force
in the lattice of the KLN is not striking, and this crystal polar
lattice vibration is slightly stronger than that in the SBN.
Compared with Fig. 1, the count intensity of the low-wave-
number peaks increases largely.

Here, separating TO and LO modes is simply discussed as
follows. (1) A scattering geometry is selected as shown in
Fig. 4 and has a relation given as

nary transverse and extraordinary longitudinal

Sils-0y—0=Si(ESo) =0.5e?acog (5~ v),

Sl 5-0y-0=S2(ETo) =0.5€?*(a+ B)*cos'(6+ v),

wheree is a scattering tensor elemeit,is a constantg is
directly proportional to polarization field strengtly,is an
angle parameter is an angle variable, and the superscripts
o0 ande of the modeE represent the ordinary and extraordi-
nary optical phonons, respectively. Therefore,

X[(Z+AY)(X+AZ)]Y=X(ZX)Y+X(AYX)Y
+X(ZAZ)Y+X(AYAZ)Y.

if 6=v, then S; has a maximum(S;)n.x and §;>0,

if 6=—1v, then'S, has a maximum(S;,),.x and 6,<0,



RAMAN AND INFRARED REFLECTIVITY SPECTRA G- . ..

14 897

measured under the same conditions. It roughly implies that
short-range molecular force in the KLN is weaker than that
in the SBN, and this weakened anisotropism would affect the

ol . ! . -
Q:‘g{‘, ‘%,:, ! piezoelectric properties of the KLN crystal. It is well known
\'\"1”/ " that the piezoelectric constanty; of the KLN and the
o % N ! SBN:60 are 5% 10 *? and 130< 10 2 C/N, respectively-
‘‘‘‘‘‘ Pe

c Figure 7 shows a room-temperature Raman spectrum of
the KLN, with the scattering geometn{(YY)Z with the
angle of 45° included between the phonon wave vector and

® the optical axis. For the Raman spectra measured in the
SBN, only the Raman spectra of thé(YY)Z and the
Y(XX)Z were measured to be not equivalent, which was
explained as the randomness of vacancy ofAtsites, but in
the KLN there is no such phenomenon. Comparing Fig. 7
with Figs. 1 and 3, there arBE modes in Fig. 7, which
roughly implies that the directional dispersion of the extraor-
dinary phonons in the KLN is striking.

In fact, for the TB type crystals, whether their TB type
structure is filled or unfilled, all Raman lines except the three
characteristic Raman lines, originating from the external vi-
bration for[NbOg]’~ and showing mainly at the low wave
number, are very broad. The count background of all scatter-

o dl ing configurations at the low wave number is very strong. It

© shows the influence of the distorted octahedral ions

[NbOs]”~ on the external vibrations.

The frequency assignments of the lattice-vibration modes
of the KLN crystal and the relative parameters are reported
in Table Ill, wherea,,, etc. represent the polarizability ten-
sor elementsAe is the oscillator strengtH, 4 is the damping
constantg, is the short-wavelength dielectric constant, and
is long-wavelength dielectric constant.

FIG. 8. (@) Schematic diagram of TB type structure projection
along [001]. The orthorhombic cell and the tetragonal cell are
shown by solid line and dotted line, respectivells) Schematic
diagram of instantaneous orientations of the dipole momepntnd
P5. (c) Same agb) for P, andP,.

i.e., 6, and é, are strictly symmetric on the longitudinal axis
(S axig). (3) For a degenerate mode, wave numb€rO)
=yp(LO), then

S3l 5-0,y—0=S3(E) =S1(ETo) + Sy(Efo)
=0.52a?cog(5— )
+0.5%(a+ B)%cog(5+ ).

V. DISCUSSION

Comparing Fig. 8a) with Fig. 2(a), the infrared reflectiv-
ity in Fig. 5(a) is larger than that in Fig.(2). It implies that
the influence of the external electric field of the incident light
on the dipole moment depends on its orientation, and the
interaction between the longitudinal external electric field
and longitudinal dipole moments is weaker than that between
Whenédis selected as some valdg betweens; andd,, the  the transverse external field and the transverse moments. We
maximum ;) nax emerges. As seen, it is easy to judge andknow that, in general, the stronger the interactions between
to calculate the degenerate modes or the TO/LO splittinglipole moments and electric field, the higher the interaction
modes by selecting the angleand changing the angl&in energy is, and the less stable the dipole moments are. Hence
the experiments. Figs. 4a and Ha imply that the influence of the external
Recorded in the KLN at room temperature, the infraredfield on the dipole moment oriented along Beaxis are the
reflectivity spectrum of the symmetry speciBswith the  weakest. That is to say, the longitudinal moment is more
transverse dipole moments is shown in Fi¢e)5The reso- stable than the transverse moment in the external field. If the
nance frequencies of the modes and v, are fitted as 540 KLN crystals are polarized into a single domain, the polar-
and 238 cm? as shown in Fig. ). There is a great influ- ization will be stable for some period of time.
ence of a weak band, with a fitted resonance frequency of In the KLN crystal theC site is nine coordinate(Fig. 8).°
420 cni’l, on the bend vibration band. Also, no reflection The influence of the Li ions in th€ sites on the modes,
band is observed above 1100¢th and between 50 and andw, is shown in Figs. &) and &c), respectively, where
200 cm'%, the measurements are similar to those mentionethe P, represents an additional dipole moment caused by the
above. Li ion’s absolute atomic displacement of 0.0114 nm from the
Nonpolar lattice vibration modes, belonging to the sym-mean oxygen atom layer involving an(4) and two Q5).
metry specie8,, are observed in the KLN at room tempera- The P3 represents the longitudinal dipole moment originat-
ture with theX(Y X)Y scattering configuration, and the Ra- ing from the antisymmetric stretch vibration pNbOg]’~
man spectrum is shown in Fig. 6. In a unit cell, the atoms ofwith the modev;; and theP, represents the transverse di-
the KLN are five more in number than those of the SBN, butpole moment originating from the antisymmetric bend vibra-
the Raman lines in Fig. 6 are not more than those of the SBNon of [NbOg]”~ with the modev,. It is rather difficult to
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exactly explain the influence of the. on the P; and the are much fewer in number than those calculated by group
P,. However, in terms of the dipole-dipole interactions, theory because of the largeNbQOz]”~ in the unit cell.(2)
Figs. &b) and &c) intuitively show that the dipole moment The larger damping constants are selected to fit the curves
P5 is more stable than the dipole momemRj, when the because of the larger damping force originated from the non-
dipole momentP, occurs. harmonic interaction of the ions includifdNbQg]’~ with

As mentioned above an Li ion in th€ site is slightly the larger ion mass(3) The modesv,;—vg can approxi-
displaced from the plane formed by the three nearest oxygemately represent the internal vibration characteristic of
ions. The average Li-O distance to these nearest oxyggNbOg]’~ with O,, symmetry.
neighbors is 0.2153 nthThe six next-nearest oxygen-ion  Comparing the lattice-vibration spectra of the KLN with
neighbors form a trigonal prism about the Li ion at an aver-those of other TB type crystals, such as the SBN and the
age Li-O distance of 0.2542 nm. The short Li-O distance iSKNSBN crystals, we can see that the influence of the Li ions
very close to the average Li-O distances measured for siin the C sites on the characteristic Raman and infrared-
coordinated Li, e.g., 0.2176 nm in LiTa®’ 0.2153 nm in  reflectivity spectra of NbOg]”~ in the KLN is striking. As
LiNbOs,*® and 0.2148 nm in LiTiO5.2° It can be seen that mentioned above, the change of lithium content in the KLN
the influence of the Li ion in th&€ site on the internal vi- affects the electro-optical and nonlinear optical effects. Pos-
brations off NbOg]’~ is very strong so as to largely broaden sibly, because th€ sites are completely occupied by the Li
the modesv; and v, and completely split the modes. ions the KLN is easy to crack. Understanding what the origin
However, why the Li ions in theC sites have almost no of crack might be, how to overcome this problem, and inten-
influence on the symmetric stretch vibration modgsand  sifying the crystal electro-optical effect and nonlinear optical
v, and are similar to those measured in other filled and uneffect are obviously subjects of significance. Perhaps, a new
filled TB type crystals is still unknown. Also, why some KLN crystal with incompletely filled TB-type structure is
infrared-active modes, e.g., 587, 742, 840 ¢netc., are not  worth study.
recorded in Raman spectra is difficult to explain, too.
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