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Basic acoustic properties of five MgO-doped LiNbO3 rectangular parallelpiped specimens, having
X-, Y-, andZ-cut planes, with different MgO dopant concentrations ranging from 0 to 13 mol % are
investigated by line-focus-beam acoustic microscopy. The investigation is conducted to characterize
the optical-use MgO:LiNbO3 crystals and wafers and to establish large-diameter crystal growth
conditions. Leaky-surface-acoustic-wave~LSAW! velocities are measured on each crystalline plane
of each specimen as a function of the wave propagation direction and are compared with the
measured chemical composition ratios of Mg/Li/Nb, densities, and lattice constants. It is shown that,
as the dopant concentrations increase in the experimental composition region, the LSAW velocities
increase almost linearly for all the surfaces and all the propagation directions. The LSAW velocities
are linearly proportional to the lattice constants, but inversely proportional to the densities. ©1999
American Institute of Physics.@S0021-8979~99!01511-X#
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I. INTRODUCTION

LiNbO3
1–4 is a very attractive ferroelectric material use

for optoelectronic and surface-acoustic-wave~SAW! de-
vices. For optical use, LiNbO3 must be doped with MgO
ZnO, and In2O3 to suppress optical damage.5–8 MgO-doped
LiNbO3 crystals have been extensively investigated to
velop large-diameter crystals with optically homogeneo
properties.9–12 The technology for analyzing and evaluatin
crystals is of fundamental importance in establishing
growth conditions for high-quality crystals, for which cry
talline perfection and compositional homogeneity must
evaluated precisely. X-ray analysis, differential temperat
analysis, inductively coupled plasma analysis, electron pr
microanalysis, and other methods are usually employed
evaluation. However, these evaluation techniques still h
the following problems: insufficient accuracy, unavoidab
destruction of samples, very long examination time, and v
high cost. Although such conventional evaluation techniq
have been improved, a new analytical and evaluation te
nique should still be developed to perform nondestructi
noncontacting inspections. Line-focus-beam~LFB! acoustic
microscopy13 has been considered one of the more promis
methods to meet such requirements.

LFB acoustic microscopy enables very accurate m
surements of the propagation properties, especially phase
locity, of leaky-surface-acoustic-waves~LSAWs! excited on
the boundary between a solid specimen and water as
acoustic couplant.13 We have applied LFB acoustic micros
copy to LiNbO3 crystals for SAW-device use to determin
the relationship of the LSAW velocities to the chemical co
position ratios of Li/Nb and densities. The results ha
proven that changes in chemical composition and density
very easily detectable elastically as variations in LSA
7860021-8979/99/85(11)/7863/6/$15.00
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velocity.14 Furthermore, this ultrasonic method has been
plied to MgO: LiNbO3 crystals, and the sensitivity and res
lution for other chemical and physical properties, such
chemical composition, lattice constant, refractive index, C
rie temperature, and density, have been shown to be m
greater than those of conventional methods.15

This article seeks to collect basic data on the acou
properties of LSAW velocities, related directly to the chem
cal compositions, before applying the method to the pract
problems of characterizing MgO-doped LiNbO3 crystals and
wafers and establishing large-diameter crystal growth con
tions. Several MgO: LiNbO3 crystals specially grown with
different MgO dopant concentrations ranging from 0 to
mol % are prepared. LSAW velocities are measured for th
basic crystal surfaces,X-, Y-, andZ-cut planes, of each spec
men as a function of the wave propagation direction. T
LSAW velocities are discussed in relation to the chemi
composition ratios of Li/Nb/Mg, densities, and lattice co
stants.

II. LFB SYSTEM

The method and system for LFB acoustic microsco
have been described in detail elsewhere.13,16 With this sys-
tem, LSAWs are excited and propagated on the water-loa
sample surface. The propagation characteristics, viz., ph
velocity and propagation attenuation, can be determined
analyzingV(z) curves, which are the transducer outputs
corded by changing thez distance between an LFB ultrason
device and a specimen. The material is evaluated with
phase velocities in this study. Figure 1 shows the typicalV(z)
curve measured for theZ-cut, Y-propagating, undoped
LiNbO3 at 225 MHz and the final results analyzed by a fa
Fourier transform~FFT!. According to theV(z) curve analy-
3 © 1999 American Institute of Physics
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sis procedure13 and using the physical properties of distille
water as reference, the phase velocities of LSAWs,VLSAW ,
can be obtained from the oscillation intervalDz in the V(z)
curve as

VLSAW5
VW

A12~12VW/2f Dz!
, ~1!

whereVW is the longitudinal velocity of water, andf is the
ultrasonic frequency. The system measured LSAW velo
with a relative accuracy exceeding60.005% for a single
measurement and60.01% over the entire scanning area
75375 mm.16

III. SAMPLES

Five rectangular parallelpiped specimens, Nos. 1–5
about 839310 mm were prepared from MgO:LiNbO3 crys-
tals with different Mg/Li/Nb ratios at the Institute of Acous

FIG. 1. TypicalV(z) curve measured for aZ-cut, Y-propagating, undoped
LiNbO3 specimens at 225 MHz and final spectral distribution analyzed
FFT for theV(z) curve shown above.
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tics, Beijing, People’s Republic of China. Each surface
shaped intoX-, Y-, and Z-cut planes. The composition o
each specimen was determined by inductively coup
plasma spectrometry, as shown in Table I. The densi
were measured by the Archimedes method, and the la
constants ofa andc, by x-ray diffractometry using the Bond
method for comparison with the LSAW velocities obtain
in the following experiments. Table I also presents the d
measured for the 75-mm diameterZ-cut LiNbO3 wafers with
0- and 5-mol % MgO dopants, commercially available fro
Yamaju Ceramics Co., Seto, Japan. It can be seen tha
general, as the MgO concentration increases in the exp
mental range, resulting in the subsequently different ratios
Mg/Li/Nb, the density decreases monotonically and the
tice constantsa andc increase almost linearly, as reported b
Grabmaier and Otto.10

IV. RESULTS AND DISCUSSIONS

First, the angular dependences of the LSAW velocit
for the five specimens were measured at the center of
specimen surfaces ofX, Y, and Z crystalline planes at 225
MHz. Figure 2 shows the results for each surface, in wh
the velocities vary significantly with the propagation dire
tion, reflecting the crystal symmetry. The propagation dir
tions of 0° and 90° for theX-cut planes in Fig. 2~a! corre-
spond to theY andZ axes, respectively; those for theY-cut
planes in Fig. 2~b!, to the X and Z axes; and those for the
Z-cut planes in Fig. 2~c!, to theX andY axes. As the MgO
concentrations increase, the LSAW velocities increase
most linearly on each surface and for all propagation dir
tions. Figure 3 shows the increasing rates of the LSAW
locities for all directions, calculated from the maximu
differences between samples No. 1 and No. 5 along e
propagation direction in Fig. 2. The increasing rates dep
remarkably upon the crystalline surfaces and propagation
rections. The rates on theX- andY-cut planes are generall
larger around theZ-axis propagation directions than those
the Z-cut planes, especially the largest around the propa
tion direction of 120° forX-cut planes. On theZ-cut planes,
smaller variations of the rates are observed, although
rates exhibit minima around the equivalentY-axis directions.

In the above, the full information of the LSAW velocit
variations for all propagation directions on the three ba
crystalline planes~X-, Y-, and Z-cut planes! was obtained.
When applying the system to evaluate the crystal or wa
quality and to improve the crystal growth conditions, t

y

TABLE I. MgO: LiNbO3 specimens and their chemical compositions, densities, and lattice constants.

Sample
No.

Composition~mol %!
Density
~kg/m3!

Lattice constant~Å!

MgO Li2O Nb2O5 a c

1 2.45 47.01 50.54 4639 5.1504 13.8670
2 6.46 44.29 49.25 4632 5.1517 13.8720
3 9.43 43.28 47.28 4620 5.1526 13.8767
4 11.97 41.57 46.46 4609 5.1537 13.8812
5 12.62 41.94 45.44 4605 5.1537 13.8810
6 0 48.42 51.58 4643.0 ¯ 13.8658
7 4.89 45.84 49.27 4638.2 ¯ 13.8704
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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propagation directions should fundamentally be selec
along the principal axes on each basic plane. However
the X-cut planes, theY- and Z-axis propagation direction
might not be suitable for accurate measurements, as
power flow angles of LSAWs are not equal to zero. In th
case, the 16°Y and 117°Y directions, where the power flow
angles become zero, might be better, as seen in Fig. 2
the Y-cut planes, theX and Z directions can be utilized fo
measurements, while, on theZ-cut planes, theX andY direc-
tions can be utilized. It is therefore meaningful to graph a
discuss the interrelations among the chemical compositi
LSAW velocities, densities, and lattice constants for th
six directions on the planes.

Figure 4 shows the relationship between the MgO c
centrations and the LSAW velocities, including the data
the undoped and 5-mol % MgO-doped,Z-cut LiNbO3wafers.
The solid lines were obtained by linear approximation us
the lest squares method. The LSAW velocities incre
monotonically with the MgO concentrations in the expe
mental range. The velocities for the undoped specimen

FIG. 2. Angular dependences of LSAW velocities onX-, Y-, and Z-cut
planes of MgO:LiNbO3 as a function of MgO dopant concentration.
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relatively separated from the solid lines. It can be dedu
that the velocity could increase with the higher increas
rates in the more lightly doped region. The relations of t
LSAW velocities to the densities and the lattice constanta
and c are presented in Figs. 5, 6, and 7. From these th
figures, we can completely understand the interrelati
among the MgO concentrations, LSAW velocities, densiti
and lattice constants. The LSAW velocities and lattice co
stants are linearly proportional to the MgO concentratio
and the densities are inversely proportional to the LSA
velocities. Through the velocity measurements by the L
system, we can obtain information of some changes
chemical composition, density, and some other physical c
stants related to the compositional changes.15 That increasing
MgO dopants causes the densities to decrease can be e
understood from the fact that Mg atoms with an atom
weight of 24.312 replace Li atoms with an atomic weight
6.939 and Nb atoms with an atomic weight of 92.906, res
ing in the ratios of Mg/Li/Nb shown in Table I. The LSAW

FIG. 3. Angular dependences of increasing rates of LSAW velocities
MgO dopant concentration onX-, Y-, andZ-cut planes of MgO: LiNbO3.
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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FIG. 4. LSAW velocities in typical propagation directions as a function
MgO concentration.L andl: data for samples No. 6 and No. 7.

FIG. 5. LSAW velocities in typical propagation directions as a function
density.L andl: data for samples No. 6 and No. 7.
Downloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject to AS
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FIG. 6. LSAW velocities in typical propagation directions as a function
lattice constanta.

FIG. 7. LSAW velocities in typical propagation directions as a function
lattice constantc. L andl: data for samples No. 6 and No. 7.
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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velocities decrease with the densities, so that this ultras
method enables us to measure local densities on the s
men surfaces, although the LSAW velocities are determi
with the acoustical physical constants, including the dens
associated with the propagation directions.

As the velocity increasing rates are greater on theX-cut
planes than on theY- andZ-cut planes, it is much better t
employ theX-cut planes. However, in general,Z-cut sub-
strates are mainly employed for optoelectronic devices,
sometimesY-cut substrates are used for particular appli
tions. The characterization must therefore be made by u
the characteristic velocity information on these planes
well.

To study crystal growth conditions, velocity measur
ments along the crystal pulling axis, and the crystal diame
axis of specimens vertically cut and prepared from a cry
boule might present accurate information on chemical co
positions for evaluation.

During the experiments, some changes in velocity w
found in sample No. 1, depending upon the positions on
surface. Two-dimensional velocity measurements were t
performed, for example, for theY-axis propagation on the
Z-cut plane in 1-mm steps over a scanning area of 535 mm
shown in Fig. 8. The results exhibit a remarkable elas
inhomogeneity in which the maximum difference in LSAW
velocity is as large as 14.7 m/s~0.38%!. Elastic inhomoge-
neity was easily and clearly observed. This inhomogeneit
considered to be mainly caused by the distribution of che
cal composition rates of Mg/Li/Nb, based on the data o
tained above and reported previously14,15 and to be associ
ated with local aggregation of Mg.12 Compositional
homogeneity in MgO: LiNbO3 crystals is a necessary cond
tion for practical use.

In the above experiments, we discussed the case o
relatively greater variations of chemical compositions. W
also obtained fundamental and general knowledge of
LSAW velocity variations related to the densities, latti
constants, and other physical quantities. However, for a m
practical and interesting evaluation of specimens from
single crystal boule, we might have to examine chemi

FIG. 8. Elastic inhomogeneity detection onZ-cut plane of specimen No. 1
for Y-axis propagation.
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composition variations of much less than 0.1 mol % alo
the crystal diameter axis and along the crystal pulling ax
For two-oxide compound crystals such as LiNbO3 and
LiTaO3, the interrelations among the chemical compositio
LSAW velocities, densities, and other physical quantities c
be completely determined. However, for three-oxide co
pound crystals such as MgO: LiNbO3 treated here, more de
tailed experiments must be conducted to clarify the contri
tions of atomic components of Mg, Li, and Nb to the LSAW
velocity variations. This will include measuring bulk prope
ties, as well as LSAW properties and determining the aco
tical physical constants for MgO: LiNbO3 crystals with dif-
ferent compositions. Preliminary data of bulk properti
were reported for some components of the elastic, piezoe
tric, and dielectric constants.17

V. CONCLUDING REMARKS

In this study, we applied LFB acoustic microscopy
elastic investigation of MgO: LiNbO3 single crystals to ob-
tain basic information of the relationship of the acous
properties, characterized by the LSAW velocities, to t
chemical compositions of Mg/Li/Nb, densities, and latti
constants. Our purpose was to establish an LFB system
experimental procedure for evaluating large-diameter cr
tals for optical use in the growing process conditions. LSA
velocities for five MgO:LiNbO3 specimens with MgO con-
centrations from 0 to 13 mol %, resulting in the differe
composition ratios of Mg/Li/Nb, were measured at 2
MHz, and the interrelations among them were determin
The LSAW velocities vary almost linearly with the MgO
contents for all the surfaces and all the propagation dir
tions. They are inversely proportional to the densities a
linearly proportional to the lattice constantsa and c. These
results mean that it is possible to analyze and evaluate
distributions of chemical compositions or local densities
measuring the LSAW velocities using an LFB system.

The ultrasonic method can be the most useful and f
damental analytical technology, since elastic homogen
primarily means compositional homogeneity, which is ess
tial for obtaining high-quality MgO:LiNbO3 crystals with op-
tical homogeneity. By applying the system to evaluate a
ries of crystals such that Gramaier and Otto grew a
studied,10 we can determine the congruent compositions
three-oxide compounds of MgO/Li2O/Nb2O5and the growth
conditions. Significant variations of the acoustical physi
constants should be accompanied by variations of the che
cal compositions.17 The precise determination of the con
stants associated with the needed different composition ra
of Mg/Li/Nb especially around 5-mol % MgO dopants fro
the industrial point of view, is highly desired as basic info
mation for understanding the relationship between
LSAW and the bulk properties.
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