
General Disclaimer 

One or more of the Following Statements may affect this Document 

 

 This document has been reproduced from the best copy furnished by the 

organizational source. It is being released in the interest of making available as 

much information as possible. 

 

 This document may contain data, which exceeds the sheet parameters. It was 

furnished in this condition by the organizational source and is the best copy 

available. 

 

 This document may contain tone-on-tone or color graphs, charts and/or pictures, 

which have been reproduced in black and white. 

 

 This document is paginated as submitted by the original source. 

 

 Portions of this document are not fully legible due to the historical nature of some 

of the material. However, it is the best reproduction available from the original 

submission. 

 

 

 

 

 

 

 

Produced by the NASA Center for Aerospace Information (CASI) 



sa^I
W ^}

u

4.

INVESTIGATION OF SINGLE CRYSTAL

MICROWAVE ACOUSTICAL DELAY LINE MATERIALS

by

M. Kestigian, R. Kedzie, J, Worley, R. Damon
W. Croft and A, Smith

FINAL REPORT
Contract No. NAS 12-571

August 1968

'^	 I	 I

W

z: w o
0
M

0

 ̂  d *1 4

u

voo wVoA As1110vi

Distribution of this report Is provided in
the interest of information exchange and
should not be consftw-d as endorsement
by NASA of the material presented, Re-
sponsibility for the contents resides In
the organization that prepared it.

Prepared for

ELECTRONICS RESEARCHARCH CENTER
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

CAMBRIDGE, MASSACHUSETTS

by

SPERRY RAND RESEARCH CENTER
SUDBURY, MASSACHUSETTS 01776

1

+S P EMT 1°11\D RESEARCH CENTER
SUDBURY, MASSACHUSETTS 0177E



SRR('A—("'jR- -60-39
0

INVESTIGATION OF SINGLE CRYSTAL

MICROWAVE ACOUSTICAL DELAY LINE MATERIALS

by

N1, Kestigian, R. Kedzie, J. Worley, R. Damon
W. Croft and A. Smith

FINAL REPORT
Contract No. NAS 12-571

August 1968

Prepared for

ELECTRONICS RESEARCH CENTER
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

CAMBRIDGE, MASSACHUSETTS

by

SPERRY RAND RESEARCH CENTER
SUDBURY, MASSACHUSETTS 01776

+SPERRY RAND RESEARCH CENTER
SUDBURY, MASSACHUSETTS 01776



PRECEDING "PAG9 * BLANK NOT EILM10.

TABLE OF CONTENTS

Section ran

I SUMMARY 1

11 INTRODUCTION, 2

III DISCUSSION 3

A.	 Crystal Growth and Poling 3
1.	 Li.Nb03 and LiTaO3 3
2.	 MgO-Doped LiNb03 and LiTa03 7

B.	 Crystal Cvnluation Techniques 9
1.	 Piezoelectricity Measurements 9
2.	 Optical Measurements 11
3.	 Acoustic Measurements lU

IV CONCLUSIONS 26

V REFERENCES 27

APPENDIX A -- Publications A-1

APPENDIX B — New Technology Disclosure B-1

- iii -

R



PRECEDING PAGE BLANK NOT FILMW.

LIST OF ILLUSTRATIONS

Fi ug,^rqq , Le

	

1	 Schematic, diagram of Czoehralski single crystal growth
apparatus,	 4

	2	 Photograph of LiNbO 3 single crystal boule,	 5

Diagram of electrometer setup used for checking complete-
ness of poling.	 10

	

4	 Views along the c-axis of LiNbO3 (a) and Li:l'aO3 (b) obtain-
ed using crossed polarizers and parallel illumination.	 12

	

0	 Conoscopic image obtained by viewing LiNbO 3 in convergent
polarized light,	 12

	

G	 Conoscopic image obtained by viewing LiTa0 3 in convergent
polarized light.	 13

	

7	 Conoscopic image obtained by viewing LiTaO3 in convergent
polarized light.	 13

	

8	 Schematic diagram of Mach-Zehnder interferometer used to
check optical quality of single crystal materials. 	 14

	

9	 Interference patterns obtained with the Mach-Zehnder inter-
ferometer in (a) a LiTa03 crystal, (b) a LiNb03 crystal,
and (c) a badly-strained YAG crystal.	 15

	10	 Schematic diagram of the 9 GHz pulse apparatus for
measuring acoustic attenuation as a function of temperature. 17

11 Longitudinal acoustic-wave attenuation in two samples of
c--axis oriented LiNb0 3 as a function of temperature at X-
band frequencies.

12 Temperature-dependent attenuation of shear elastic waves
compared at X-band frequencies for MgO-doped and undoped
LiNb03 single crystal rods.

	

13	 Longitudinal-wave attenuation vs temperature for pure
and MgO-doped LiNb03 at 2.75 GHz.

	

14	 Temperature-dependent longitudinal acoustic--wave
attenuation in c-axis oriented LiTa03 rods at X-band
:frequencies.

	

15	 Temperature-dependent shear-wave attenuation in h c-axis
oriented LiTa03 single crystalline rod doped with 0.1
mole % MgO and a 5 mole % excess of Ta 205.

19

20

21

23

24

-v



LIST OF ILLUSTRATIONS (cont,)

Figure	 ft, gle

16	 Longitudinal-wave attenuation vs tempernture for pure
and MgO-doped LITnO3 at 2.75 G[1z.	 25

- vi -



s

INVESTIGATION OF SINGLE CRYSTAL
MICROWAVE ACOi ^)TZCAL DELAY LINE MATERIALS

by

INI. Kestigian, [t. Kedzie, J. Worley, R. Damon
W. Croft and A. Smith

SECTION I

SUMARY

Single crystal growth of LiNbO S and LiTaO3 by the Czochralski
method is described. Growth conditions are discussed in detail, and
procedures for annealing and poling these crystals are also given. The

effects of adding MgO to the melt are described too, since it was found
that this innovation resulted in improved crystals.

Several measurement techniques for evaluating the quality of the
grown crystals are described. Among these are measurements of the piezo-
electric activity, optical measurements, and microwave acoustic attenuation
measurements. Special emphasis is placed on the latter technique, as it is
an extremely sensitive method of noting subtle differences between crystals
of high quality. Measurements of the attenuation vs temperature at 2.7 GHz
are presented for both pure and MgO-doped LiTa0 2 and LNbOS . 'these data
indicate that the temperature ,-independent portion of the attenuation i s re-
duced by MgO doping, thus indicating that doping results in the growth of
more perfect crystals.
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I NTI OM CTION

A number of interesting and potentinlly useful new piezoelectric
crystals have been synthesized recently. Among these are the materials
lithium metatantalate (LiTn0 3 ) and lithium metaniobate (L NWj), which have
been chosen for this study. These materials have been found to exhibit
extremely low attenuation (Refs. l-) of microwave acoustic waves. This
property makes them very nttrnctive for use in delay lines and acoustic -sig-
nal processing devices operating at microwave frequencies. In addition,
other authors (Refs. 6 . 10) ha ,Ye reported optical properties of these materials
which mike them well suited for many electro-optic and photoelastic nppli-
cations. However, of pnrticular interest in this study are the acoustic
properties of these materials, since these properties are important to delay
line applications (Ref. 17). These applications are of considerable impor-
tance because there is an increasing need for microwave acoustic devices thFat
can provide real-time delay of microwave signals. Solid state delay lines
operating at microwave frequencies can provide many advantages over conven-
tionol delay techniques, including lower loss and smaller size.

Because lithium niobate and lithium tantalate are both piezoelectric,
they are well suited to acoustic applications where broadband devices are
desired, since with piezoelectric materials resonant plates or thin films are
not needed to generate the acoustic waves. Instead, a nonresonant process
in which acoustic excitation (fiefs. 10-20) takes place at the end surface of
the rod, is used.

In this program, single crystals of both I.i'VbO3 and LiTaO 3 have
been grown. The Czoehralski direct-melt crystal-growth technique was employed
for growing- both MgO--doped and undoped single cr y stals. The growth procedures
and the methods for annealing and poling to obtain single-domain piezoelectric
materials are described in some detail. Difference between the niohate and
tantalate systems are discussed, with specific reference to controlling the pro-
blem of coloration, which is related to oxygen deficiencies in the melt.

The as-grown crystals were fabricated into rods and polished for
evaluation as microwave acoustical delay line materials. Acoustic attenua-
tion measurements were performed on both the doped and undoped samples. The
temperature independent portion of the attenuation was observed to be lower

•	 in the MgO-doped samples than in the undoped samples. These results are dis-
cussed in terms of the scattering of acoustic waves by crystal, imperfections
and the influence MgO doping has on crystal quality.

2



SEXTION' III

DISCII SSION

A, G*RYSTAL (,'HOWT11 AND POLING

1. LiNbO 
13 

and LiTnU 
11

Lithium metatantalnte 
and 

lithium metaniobnte single crystals were
grown from the direct melt by the Czoehrnlsl(l technique (Refs, 21,22), the most
successful method of growing large, high quality single crystals, A schematic
drawing of the crystal growth apparatus is shown in Fig. 1, and a picture of
a typical boule Is shown in Fig, 2, In this approach, a rotating crystal seed
is lowered into a melt of appropriate composition and then slowly withdrawn
through a temperature gradient. Rotation of tho seed eliminates spurious
nucleation and also helps provide vibration-free, uniform mechanical movement
of the seed holder. The crucible acts as the heat source for the melt as it
converts energy radiated from the rf coil into heat. (An alternate technique
which has been used to grow some crystals of this type, uses resistive heating
elements instead of the rf coil; however, the ri-coil setup is preferred because
it provides a means of almost instantaneous temperature control. The rf coil
method was used to grow all tne crystals prepared under this contract.) The
alumina insulation holds the heat within the cylinder, while the quartz shield
is required because carbon is given off as the Li2CO3 in the melt calcines.
the quartz shield prevents the carbon sand irldium when an iridium crucible is
used) from passing through the porous alumina cylinder and depositing on the
rf coil. Ono of the more important advantages of the. Czoehralski technique IS

that the crystal can be observed during the growth process and adjustments of
growth conditions can be made. In addition, the crystal growth is fairly
rapid, usually 0.125 to 1.0 inch per hour. An inherent disadvantage of all melt
tochniques 

is 
the pos

s
ibility of container contamination, but In the Czoehralski

technique this problem is not as severe as in methods in which the crystal is
actually formed within the container.

The materials used in the melt to grow LiNb0 1 were Li2CO3 and Nb20C-,,
Li 2CO3 and Ta205 were used to prepare [,IT	 T	 i	 fhe purity o the U 2while	 a03#	 e	 803

was 99.999'/'0 and the purity of the Ta205 and Nb205 was 99.99%. The melt tem-
perature was approximately 75°C higher than the melting point of the crystal
being grown. In the case of LiNbO 3 the melt was held in a platinum crucible;
an iridium crucible was used for LiTa03- It was found that the optimum with-
drawal rate was about 0.25 inch per hour with a seed rotaLion rate of 20-26
rpm.

The most common method of obtaining colorless single crystals of LiNbO3
is to grow them in an oxygen atmosphere. Oxygen prevents the formation of
oxygen vacancies within the crystal lattice which give the crystal a light yellov,
or yellow-green color, An alternate method of producing colorless single crystals

A
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-- ---- -- Platinum seed holder

*—.--:-Alumina cylinder
heat shield

Quartz shield

Growing crystal

I^- -- 
r f coil

Fire brick insulation

Crucible

Melt
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FIG. l Schematic diagram of Grochralski single crystal growth apparatus.
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FIG. 2 Photograph of LiNbO 3 single crystal boule.

is to grow them in air under atmospheric conditions and then anneal them for

twelve hours at 1000 0C in an oxygen atmosphere. We found the latter method

preferable since it produced crystals having less strain. In the case of

LiTa03 , we found that neither method produced completely colorless single crys-
tals. Since both methods gave about the same amount of coloration, we chose

to grow 1-i'I'a03 crystals in air under :atmospheric conditions with subsequent
anneal in oxygen, as with LiNb03.

In order to determine the nature of the coloration in LiTaOq, various
refinements in the growth process were tried. Container material was one of
the first variables to be examined in this study. The high melting point of

5



LiTno,j (161000 precludes the use of pure platinumcontainers with an rf heat
source because platinum melts at 177dOC, Although pure rhodium and platinum-
rhodium alloy crucibles have been successfully used in the preparation of
LiTa03 single crystals,the crystals have been of poorer optical duality than
those normally obtained using iridium crucibles.

It has been shown that only a limited variation in composition (Refs.
213, '24) is possible for LiNbO single crystals; however, this is not the ease
for the metatantalate system Ref. 25). The stuichiometry of the LiTn03 melt
plays n major role in the composition of the single crystal that is grown.
Therefore, we have also examined the effect of malt stoichiometry in an effort
to obtain higher quality LiTa0;3 single crystals. Crystals were grown from melts
which contained as much as five mole percent excess of Ta205 or Li2CO3. It was
found that the crystals grown from melts containing 5 mole percent excess Li2CO3 were

slightly lighter colored than crystals grown from melts containing the same
amount of excess Ta20t,. however, in neither case was it possible to obtain
colorless crystals.

It is assumed that the coloration (light yellow--yellow green) of LiTa03
and LiNbO?j prior to annealing is caused by thermal, reduction of pettavalent tan-
talum or niobium with n corresponding har e-compensating deficiency of oxygen.

LiTaO3 and LiNbO3 are of the form A+IB+50 3O , where the A ion (.lithium) has a
valence of +1, and thf B ion (Ta or NO has a valence of +5. However, Ta and
Nu can also hhve a valence of +9. If LiTaOS or LiNb03 crystals grow with some
of the Ta's or Nb's having this lower valence, then some of the oxygen lattice
sites must be vacant in order qro achieve charge balance. These oxygen vacan-
cies cause the crystal to be colored and, as we will see later, also affect the
acoustic attenuation of the crystal. Annealing in oxygen has been cited as one
way to reduce the number of vacancies. Another way is to introduce a divalent
cation in a concentration equal to the tetravalent Ta or Nb present; this should
eliminate the oxygen vacancies, producing a colorless single crystal. Single
crystals of LiTa03 and LiNb03 were therefore grown from melts which contained
MgO as a minor constituent. The residual coloration was not completely elimi-
nated from LiTa03 by this method, but the crystal quality was improved and the
acoustic attenuation was reduced. No change in the coloration of LiNbO3 was
noted due to the addition of MgO to the melt, LiNbO 3 being normally colorless
when prepared as described above. The effects of M90 doping are discussed in
detail below.

The as-grciwn LiNb03 and LiTa03 single crystals exhibit a random arrange-
ment of ferroelectric domains (Refs. 26, 27). Single-domain material has been 	 K

obtained by three different methods (Refs. 26, 28). These are:

(a) addition of impurity oxides to the melt from which
the crystal is grown;

(b) application of an electric field to the growing
crystal;

(c) a two-step process; in which the single crystal is
grown and subsequently subjected to an electric
field while being heated at a high temperature.
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Techniques (b) and (c) have been shown to yield material of comparable high
quality. However, the electric poling procedure, in which the single crystal
Is annealed, i5 more desirable beeouse it also minimizes the thermal stresses
that may cause the raw boule to fracture during the fabrication of samples.

The detailed poling procedure for LiNbO3 is as follows, On a boule
which is 2 to	 (,,m long and 1. cm in diameter, a voltage of 0,6 V is applied
and a current	 about 2 mA flows at a temperature of 1190 0C. Voltage and
current are scaled appropriately for boules of different shapes. We found
this temperature to be high enough for successful poling, although the pub-
lished value (Ref. 29) of the Curie temperature is 12100C. In early attempts
to pale this material, higher voltages and currents were used (i.e., approxi-
mately 6 volts and 20 W, but discoloration due to electrolytic reduction of
the crystal was observed. This coloration can be removed without depoling by
annealing the crystal. at 1000 to 1100 0 C for about 12 hours in an oxygen atmos-
phere. However, by using the lower poling voltage mentioned above, electro-
lytic reduction is avoided and subsequent oxygen annealing is unnecessary.

A much higher voltage is required for poling LiTnOg crystals. About
700 V is used on a 2-3 cm long boule at a temperature of 700 oC. A current of

about 5 mA flows in a	 l cm diameter boule at this temperature. No objec-
tionable discoloration due to electrolytic reduction results under these con-
ditions. A much lower temperature can be used for this material than for
LiNb03 because the Curie temperature of LiTaO3 is only 665 0C (Ref. 26). Prior
to poling, LiTa03 crystals are annealed at 10000 C to 11000C in an oxygen atmos-
phere for 12 hours to relieve any strains that might be present.

When poling grown crystals of LiNb0 3 or LiTa03, several different ways
(Ref. 28) of making electrical connections to the boule may be employed. A
"clothesline" configuration (i.e., the sample is suspended by the platinum
wire- used to make the electrical connections) is used for single crystals
half an inch or less in diameter. Crystals of large diameter, on the other
hand, are poled by a sandwich arrangement. In this procedure, flat ends are
first cut and one end of the crystal is positioned upon a thin platinum-foil
electrode in a furnace muffle. The second platinum electrode is held on the
top of the single crystal by a refractory block.

2. MgO-Duped LiNb03 and LiTa03

In addition to the growth and evaluation of very pare LiNb03 and LiTa03
single crystals, we have also studied the effect of magnesium oxide additions,
since magnesium ions could reduce the number of lattice vacancies in the manner
discussed in the previous section. Doped LiNb03 single crystals were grown by
the Czochralski process from melts which contained 0.01 and 0.02 mole percent
MgO. These crystals were poled in the same manner as the undoped crystals.

LiTa03 single crystals with MgO doping were prepared from stoichiometric
melts which contained 0.1, 0.2, and 0.3 mole percent MgO. Single crystals of MgO-doped
lithium metatantalate were also grown from melts which contained up to five
mole percent excess Li2CO3and from melts with five mole percent excess Ta205.

7



Molybdenum o;
grown. The presence
domain Li VbO3 single
in LiNbO3 invariably
of MoO,i-doped Li Nb0 3
methods of obtaining
previous sectio ►► ).

,ddo t11o%) doped LiNbO,3 sincllo crystal:, have also been
of molybdenum has been reported (flea, 2(3) to yield single-
crystals, We found that the incorporation of molybdenum
yielded a single crystal of poorer quality. The growth
single crystals was discontinued bemuse the two other
single-domain single crystals were highly successful (see

A representative group of 1190-doped boules has been nnalyxed by emis-
sion spectroscopy. The results of the analysis of LiTa03 crystals lire shown
in the following table.

TABLE I

Analysis of LiTaO. Crystals

Mole nr') Mg 0
a(kted to melt

MgO present
in crystal	 (ppm)

a°r) excess excess
Li2CO3 in TngO	 in

L1123LYra03 LM03

011 00 120

0. 135 56 ?30

These data show that the crystals grown from MgO-doped melts which contained
excess Ta9O5 had the highest magnesium content. This result was expected,
since the magnesium is believed to go into the crystal structure on vacant
lithium sites.

As may be seen in the following table, the magnesium content in MgO-
doped LiNb03 is independent of the amount in the melt.

TABLE II

Analysis of LNb() 3 Crystals

Mole %' MgO PPM MgO present in
added to melt LNb03 single crystal

0.01 74.5

0.01 75.0

The magnesium addition therefore seems to be entering the crystal only in the
amount necessary to compensate a small fixed number of oxygen vacancies. This
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result, however, contra r !:cts the results of Nassau (fief. 30), who found a
smaller percentage of N9g in the grown crystal and observed that the amount
in the crystal was proportional to that in the melt.

We found that MgO doping appears to lower the voltage which must be
applied to pole LiTaO3 crystals. Exhaustive data are not yet available, but
it has been our experience that electric fields of 20 to 40 V'/cm are suffi-
cient to pole MgO-doped LiTaO3, whereas a field of more than 100 V/ Cm is
required for reliable poling of undoped samples. 	 We also found that LiTaO3
samples grown with excess Li20 in the melt are much more difficult to pole
than are samples that are stoichiometric or have excess Ta205. We do not
presently understand the exact cause of this observed dependence of poling
on composition.

B. CRYSTAL EVALUATION TECHNIQUES

In this section, we consider several methods of monitoring and com-
paring crystal quality. First, we describe methods of checking whether complete
poling has been achieved. Next, optical inspection for strains is discussed.
Finally, we will discuss comparisons between crystals made on the basis of
microwave acoustic measurements.

1. Piezoelectricity Measurements

It is important for both the electro-optic and acoustic applications of
LiTa03 and LiNb03 that a given sample constitute a single terroelectric domain.
A number of methods are available to determine whether the desired state has
been successfully achieved by the poling procedure. In one technique (Ref. 27),
the domain Co nfiguration is made visible under a microscope by etching or by
polishing one side of the crystal. However, we have found it more convenient
to employ a simple measurement of the piezoelectric constants. This measure-
ment is made with the simple electrometer setup shown in Fig. 3. This method
permits routine checking of all boules for the presence of a single domain prior
to any fabrication.

In order to use this method, the ends of the crystal are cut flat so
that electrodes can be applied as indicated. Usually the electrodes are bonded
to c-axis faces which have been silver painted to ensure good electrical contact.
With crystals of approximately !^-inch diameter, meter deflections of the order
of 1 V are obtained with forces of the order of 1 kg. By use of this apparatus,
the effective piezoelectric constant (Ref. 31), g , can be calculated from the
meter reading by using the equation given in the figure. The value obtained
for g using this circuit will be the same as the published value (Ref. 32) of
this constant if the sample is completely poled. If the sample is incompletely
poled, the contributions from different domains will tend to cancel, giving a
lower meter reading, which indicates that the sample needs to be repoled.

9



Electrometer

Piezoelectric crystal

A
g=F
	

Cs,

A,.Q = sample area, length
Cs = sample capacity

Cm = meter capacity

V = meter reading

FIG. 3 Diagram of electrometer setup used for chocking completeness of poling.



2. Optical Measurements

One of the standard methods of checking the quality of single crystal
materials is to examine them under a polarizing microscope (Ref. 33), We have
used this technique to examine polished oriented crystals of these materials
in plane polarized light using both parallel and convergent illumination. The
results of these measurements on typical crystals are as follows,

Goon crystals of both L.iNb0 3 and LiTaO3 showed an absence of strain-
induced birefringence when viewed clown the [10 0] and [ 110' (hexagonal) di rec-
Lions. In certain crystals we observed incipient cleavage planes that could
not be seen under ordinary illumination, These potentially fractured crystals
could thus be eliminated by this type of examination. Viewed in parallel illu-
mination down the [0011 direction (c-axis), good L NbO3 crystals are uniformly
bright (see Fig. 4a) during rotation of the crystal. On the other hand, even
the best LiTaO3 crystals usually show an irregular pattern of many extinction
areas (see Fig. 4b). On a 4 mm thick slice, the interference colors (Ref. 33)
vary between black and first-order gray, indicating a small variable bire^-
fringence which is too small to be measured by the usual Berek compensation
Lechnique,s.

Both the niobate and tantalate are reported to crystallize with a rhom-
bohedral unitcell (Refs, 34, 35) which would make them optically uniaxial.
When conoscopically observed (Ref, 33) in convergent polarized light along the
optical axis, LiNb03 gives a uniaxial interference figure with a large number
of rings (Fig. r) since it has a rather large birefringence (Clef. 6)
(ne -no =-0.066). The interference figure for LiTa0 3 is relatively simple
(Figs. 6 and 7) because of its low birefringence (ne e -no = +0.002), but is very
strain sensitive. Most LiTaO3 crystals show a biaxial figure over part of the
observed area. Scanning over a LiTaO3 crystal in conoscopic observation, the
isogyres are seen to separate in many areas by an amount corresponding to an
angle between the two optic axes of up to several degrees. Since all LiTa03
crystals show these optical variations to a certain degree, these measurements
provide a sensitive method for comparing relative amounts of strain in differ-
ent crystals.

We have also tested the optical quality of our lithium niobate and
lithium tantalate by inserting fabricated crystals into one arm of an inter-
ferometer. All crystals tested had been fabricated into rectangular parall-
epipeds 2.5 x 2.5 x 8 mm long for acoustic measurements. The ends were polished
flat and mutually parallel. The Mach•— Zehnder interferometer, shown in Fig. 8,
provides a simple and convenient means of testing such samples. Photographs of
the resulting fringe patterns are shown for a LiNb03 sample and a LiTa03 sample
in Figs. 9a and 9b, respectively. These figures shown that strain-induced opti-
cal distortions in these crystals are so small that displacements of only a half
fringe or less result. Many of the boules recently grown and all of the crystals
used for acoustic measurements are of this level of optical quality. For com-
parison, Fig. 9c shows a fringe patter; produced by a poor quality YAG crystal
of similar dimensions. This s9nple exhibits distortions which can be charac-
terized by a displacement of approximately 20 fringes.

This interferometric technique does not yield direct information as to
whether or not the crystals are single-domain. This is to be expected, since

11



(0)
	

(b)

FIG. •l Views along the c-axis of LiNb03 (a) and LiT803 (b) obtained
using crossed polarizers and parallel illumination. (Sample
cross section: 3 X 3 mm; sample thickness: 4 mm.)

FIG. 5 Conoscopic image obtained by viewing LiNb03 in
12	 convergent polarized light. (1 mm thick sample

viewed parallel to the c axis.)



FIG. 6 Conoscopic image obtained by vi('4Ning LiTa03 in
convergent polarized light. (1 mm thick sample
viewed parallel to the c axis.)

FIG. 7 Conoscopic image obtained b) viewing LiTa03 in
convergent polarized light. (4 mm thick sample 	

13
viewed parallel to the c axis.)
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(a) Li Ta 03

( b ) Li Nb03

(c) YAG

FIG. 9 Interference patterns obtained with the Hach-Zehnder
interferometer in (a) a LiTaO3 crystal; (b) a LiNoO3
crystal; (c) a badly-straired YAG crystal.
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the I ntIttx of ref ronet Io n t Io its not ehang t o when the tit reet it) n (if domain ptflfir I zn-
tion !s revorsi l d by IM) det.1rees, Any, change of index within 

the 
dom.,tin walls

tlivinsi l lves would probably not be notod with this toehnique bevaus p suffiritint
in; it	 Sine(l more dir et mot.1nifleation of thp image was not provided, 	 P	 P hods or

( w heeking for incomplete poling are avnilnblo (sm' , above), it was not felt noeoss-
sary to adapt this teehnit1u p to domain studies.

It should n1so be noted thni our Inferferometer monsuromonts linvo been
made onl

y
 on c-axis vrysanls, It has 

been 
roportod (Ref, .16) that intorf( ► rom-

(tter inspection nlonq the "n" ., xis can be used to reveal very smill variations
In the optirnl refractive Index which occur due to very smnll vhnn(,jos in chemi-
elil composition in th(t growth direction (i,e., nlontj the "c" nxis). Another
technique (Ref. 16) for viewing these small index gradients along the "c" axis
is hy using crossed polnrizors.

3. Acoustic Measurements

The eleetrometer andoptical checks described above nr(t useful for
detecting gross defects such as incomplete poling or the presence of large
strains. For detecting more subtle degrees of (,,ry g tnl quality, however, other
methods are required. The measurement of acoustic attenuation is one very use-
ful method of comparing crystnls, since the nttenuntion rate Is very sensitive
to certain crystal imperfections, Beenuse of this and because these mnterinls
are often used for neoustic applications, it seemed appropriate to make the
series of attenuations measurements described below.

The ultrasonic attenuation o observed in single crystal materials
(Ref. V) may be categorized by two terms:

­ A -+ Bf M

where A and B are oonstants for a given material nn6 M) approaches zero
at T=O	 During the growth of a single crystal mnterinl, crystal imperfec-
tions may develop which contribute to the temperature independent acoustic n'tten-
untion represented by the first term, These defects may take the form of impuri-
ties, strains, or lattice site vnenneies; they lend to a scattering of the acous-
tic waves such that there is 

a 
net loss of energy. The temperature dependent

second term results from the interaction of acoustic waves with the thermal lnt-
tice vibrations. This term may be changed by the addition of impurities to the
melt from which the crystal is grown, since there now would bo, different masses
at some of the lattice sites. In our present work we were primarily interested,
however, in lowering the temperature independent part of the attenuation by
improving the quality of the Grystal.

Figure 10 shows a schematic diagram of the 9.0 Gliz pulse apparatus used
for mensuring acoustic attenuation. A 9.0 GfIz magnetron triggered by a pulse
modulator transmits rf energy through an attenuator, circulator, and tuner to
the rod-shaped sample, one end of which is placed in the strong rf electric
field of a microwave reentrant cavity. The sound wave pulse travels from the
generating anoint at one end of the rod to the other end surface, where it is
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FIG. 10 Schematic diagram of the 9 GIIz pulse apparatus for measur-
ing acoustic attenuation as a function of temperature.
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reflected. After retracing its path to the generating point, a portion of the

sound wave is reconverted to electromagnetic energy and is coupled out of the
cavity through the circulntor to n mixer preamplifier. The intermediate fre-
quency, obtained by benting the signnl from the cavity with the output of a
local oscillator, is amplified, detected, and displayed on an oscilloscope.
The attenuation measurements are made by a pulse-echo technique which consists
of comparing the amplitude of the first echo with subsequent echoes,

a. L thium Metnniobnte. Figure 11 shows the nttenuatz on of longitude,--
nnl acoustic waves men.sured in LiNbO3 as a function of temperature. Tile. upper
curve represents the lowest attenuation data obtni~ied from measuring several
samples without MgO. The lower curve shows the results obtained with a (loped
sample. The difference betweenthese two curves is typical of the differences
we have noted between (loped and undoped samples. Thnt is, the attenuation at
very low temperatures is decreased, but the general shape of the attenuation
vs temperature characteristic is not altered. This would lead one to believe
that the addition of MgO to the melt has resulted in a more perfect crystal
because crystal perfection determines the attenuation at very low temperatures.

In general, crystal imperfections are the only mechanism which can scatter the
acoustic beam at low temperature , since interactions with thermal phonons only
become important at higher temperatures, This can be seen by the rise in the
attenuation data above 40 K. These interactions with thermal phonons are not
appreciably affected by MgO additions, indicating, as expected, that the addi-
tion of MgO does not make gross changes in the pho,lon modes of the crystal..

The results of shear-wave studies at 8.5 GHz for a doped and the best
►andoped samplo are shown in Fig. 12, The attenuation at low temperatures is
, pproximately 201% lower in the MpO-doped sample. Although this change is
small, we are convinced that the difference is real, A slight change in the
slope can also be seen in this figure.

It should be stressed in connection with these last figures that the
measured value of attenuation can be affected by sample dependent variables,
such as nonparallelism or lack of flatness of end faces, as well as by the
properties of the material itself. However, caref»1 sample preparation and
the occurence of the same behavior witIN several other samples leads us 'to
believe that the results shown in these figures represent real differences
between the properties of doped and undoped LiNb03 crystals -

In addition to the X-band measurements described above, we have also
made measurements of the longitudinal-wave attenuation in LiNb03 at 2.75 GEiz.
At this frequency, the attenuation is low enough to make measurements over

the entire 4-3000K temperature range. The results of such measurements on
doped and undoped crystals are shown in Fig. 13, Here we have subtracted the
40K value of attenuation from each curve before plotting, so that we can com-
pare the temperature dependent portions of the attenuation. These curves show
a slightly lower attenuation in the doped crystal. Further measurements on
other samples will be required to determine whether this difference is signi-
ficant.
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b. Lithium Metatantalate. Acoustic attenuation measurements were
also performed on single crystals of LiTaO3 suitably fabricated for microwave
transmission experiments. The results of longitudinal acoustic wave genera-
tion in several single crystal rods are compared in Fig. 14. The solid lines
were drawn through data obtained from single crystals grown without additives.
The open circles are the data points obtained for LiTa03 doped with 0.1 mole
percent MgO and 5 mole percent excess of T8205. Note that although a much
smaller temperature-independent attenuation region exists at low temperatures

the attenuation between 40K and 180K is less than the better sample without
additives. Several other interesting features of the data are readily appar-

ent. The rate of increase in attenuation with increasing temperature is more
rapid for the MgO--doped sample than it is for the undoped samples. This seems
to indicate a shift in the thermal phonon distribution which produces a greater
interaction with the sound waves. In addition, a sharp reduction in the atten-
uation rate occurs for both the doped and undoped samples between 35 0K and

580K. This effect may be related to a similar plateau in lower frequency meas-
urements, discussed below, but more work will be required before its origin is
known for certain. The reduction in the temperature-independent attenuation
has allowed us to observe a single longitudinal echo at room 'temperature for
the first time at X-band frequencies.

As with the LiNbO 3 samples, another Li.TaO3 sample was studied at liquid
helium temperatures to confirm that the lower attenuation in the doped sample
was not due to sample dependent effects. This second sample gave similar results.

Previous attempts to generate shear-wave echoes in undoped LiTa0 3 at
X band were unsuccessful. The improvement in crystal quality achieved by the
addition of MgO has now allowed us to make the first X-band temperature depend-
ence measurements of shear--wave attenuation in LM0 3 . The results of this
experiment are shown in Fig. 15. Note that a region of temperature-independent
attenuation does not exist, and a very rapid rise in attenuation occurs at
relatively low temperatures. This behavior is .similar to that observed in
LiNb03 (Ref.  2).

As with LiNb03 , we also measured the longitudinal-wave attenuation of
LiTa03 at 2.75 GExz. The results are plotted in Fig. 16. In contrast to the
LiNb03 data, these preliminary results show that the temperature--dependent ports
t :,n of the attenuation is larger in the MgO-doped crystal. However, if both
the temperature dependent and independent terms are considered, the total room
temperature attenuation is about the same in these two samples. The plateau at

500K that is evident in this figure seems to be related to the presence of
reduced tantalum ions. This conclusion is indicated by preliminary measurements
on a number of LiTa03 crystals with different stochiometries. These latter
measurements are being made at the Sperry Rand Research Center under a program
supported in part by Wright-Patterson Air Force Base under Contract No.
F33615-68-r,-1099.
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SECTION IV

CONCLUSIONS

Single crystals of tiTaOS and LiNbOS have been grown and evaluated,
and procedures for annealing and poling these crystals have been developed.
The growth experiments on these crystals were designed to optimize crystal
quality by closely correlating changes in growth conditions with the results
of measurements on the grown crystals. These measurements included meas-
urements of the piezoelectricity of the crystal, optical measurements, and
microwave acoustic attenuation measurements. Special emphasis was placed on
the latter, since these measurements reveal sable differences between crystals
which are not evident in the other methods. The emphasis on acoustic meas-
urements is also appropriate because of the frequent use of these materials
in microwave acoustic devices,

In the course of growing and evaluating LiNbO S and LiTaO3 crystals,
we have discovered that a significant improvement in crystal duality can be
obtained by adding MgO to the crystnl melt. We found that the tempernture-inde-
pendent portion of the microwave acoustic attenuation was reduced by such
additions. We tentatively attribute this improvement to the presence of
oxygen vacancies in the undoped material. These vacancies occur because of
niobium or tantalum ions existing in a reduced valence condition in the doped
material. Adding magnesium, which enters the structure on a lithium site,
makes it possible for oxygen to occupy all the appropriate sites, resulting
in a more perfect crystal.
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EFFECT OF MgO DOPING ON THE ACOUSTIC WAVE ATTENUATION IN

Li Nb03 and Li TaOS'`

J. C. Worley, A. B. Smith, M. Kestig .an , and R. W. Kedzie t
Sperry Rand Research Center

Sudbury, Massachusetts

MgO has been added in varying amounts to the melts of Czoehralski-
grown single crystals of Li,NbO3 and LiTa03 . The effects of this impurity on
the longitudinal acoustic wave attenuation at 2.75 G Hz have been studied by
means of the pulse--echo technique. The attenuation was studied as a function
of temperature between d o and 2500K. Measurements have shown that the Mg has
altered the temperature dependent part of the attenuation and possibly also
affected the residual attenuation observed at low temperatures.

Supported in part by the U. S. Air Force Material Laboratory, Wright-
Patterson AFB under contract No. F33615-68-C-1099 and by the National
Aeronautics and Space Administration under contract No. NAS 12-571.
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i;MXT OF 1tg0 DOPING IN REDUCING,  ACOC STIC W'AV1 ATTEMATION rti
UN,b03 and LiTaO3 CRYSTALS

S[` TMARY

Because of their low acoustic loss, a number of single crystal. nsu--
lating materials, such as YAG, ruby, sapphire L1Nb03 and LiTa0 3 , have found
a,-plication in microwave acoustic delay lines i and in elasto-optic signal pro_
cessing devices .2 It is of great importance to the practical utilization of
these devices that the acoustic loss in the material be low. We have developed
a method of reducing the acoustic loss in two of these single crystal materials.
The two materials in question, LiTn03 and LiNb03, are ferroelectrics whose
growth procedures have been reported in the literature. 3 We have modified these
procedures by adding MgO to the melt while the crystal is being grown. h'e find
that this addition results in the growth of more perfect crystals exhibiting
lower acoustic attenuation.

(1) During tine growth of single crystal materials, crystal imperfec-
tions .pay develop which will lead to a temperature--independent attenuation of
acoustic waves. These imperfections may take the form of impurities, strains,
or lattice site vacancies, Thus when measurements are made at a low temperature,
the amount of attenuation measured will serve as a gauge as to the quality of
the crystal structure. In order to study this mechanism, single crystals of
Li-bO3 and LiTaO3 were grown from melts having different stoichiometries and
different amounts of MgO added to the melt. Briefly, the result of these experi-
ments was that the addition of MgO served to lower the temperature-independent
portion of the attenuation. (Tile detailed results are presented in the semi-
annual progress report on Contract No. NAS 122-571.)

(S^ "n addition to the tomperature-independent term just discussed,
the attenuatiu , j observed in single crystal materials at room temperature includes
a temperature-dependent portion which is caused by the interaction of the sound
waves with thermal phonons. Recent tentative results indicate that this tem-
perature--dependent portion of the attenuation in LiVb03 and LiTaO3 is also re-
duced by MgO doping.

(3) There are several possible explanations for the improvement in
acoustic quality which results when MgO is added to LiNbO 3 or LiTaO3 melts.
First of all, the addition of small amounts of an impurity ion (such as magnesium)
lowers the melting point of the WM0 3 or LiTa03. A lower temperature results
in less thermal strain in the single crystal. The use of a lower temperature
minimizes thermal decomposition (loss of oxygen),thereby also resulting in
obtaining a more stoichiometric single crystal.

(d) A second possible advantage which results from adding magnesium
oxide to a melt of LiNbO3 or LiTa03 is related to the condition of the melt
itself. The melt becomes more fluid (less viscous) upon the addition of MgO. A
more fluid melt enhances the movement of ions and should result in obtaining a
more homogeneous single crystal.
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tit The third possible advantage in adding magnesium oxide to a MNbO3
or 1,iTa03 melt involves the filling of vacancies in the lattice caused by the "
presence of reduced niobium,, This process could take }Taco in the liquid phase,
single crystal, or both. The formula 1A (1 _x) Mg( X ) i)5I_ (l_x)IN")41	 93 would
apply. The presence of d1vnlent magnesium would fill A-type vacancies and, by
charge ompensation with equal amounts of any reducod niobium that is present,
prevent oxygen vacancies,

(6) Although chemical analysis has been shown that Mg ions do go into
the grown crystal (see 10th and 11th monthly progress reports for Contract NAS-
12 .571), it is not yet clear whether the improvement in acoustic quality is due
to charge compensatiL., according to the above ,formula or whether it is due to
one or more of the other possible mechanisms mentioned above. No matter what
mechanism is involved, it does seem clear from our acoustic measurements that
MgO-doping does result in a more perfect crystal. The MgO doping techniques
should thereforealso be valuable in preparing LiNb03 ,)and LiTa03 for non-acoustic
application such as for use in electro-optic devices.-
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