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,~ (1) Extensive crystal growth investigations were carried out for

~—LiAlSiO4 
(~ —eucryptite), Pb

2
KNb

5
O15 , Li

2
SiO3, Ba2Si2TiO8, Ba2Ge

2
TiO

8 
and

Bi
2

MoO
6
, using Czochralski , Brid3man or flux—pulling methods.) For S-LiA1SiO4

and Pb
2

KNb
5
O15 single crystal specimen of suf f icient size and quali ty for

physical property measurements (5 to 10 mm linear dimensions) were obtained .

The crystals obtained for the other materials were either smaller (mil l imeter

size) or showed cracking , twinning , or the presence of inclusions.

(2) The single crystal elastic constants , the piezoelectric constants ,

and the temperature derivatives of these quantities have been measured by

~ieans of the ultrasonic pulse superposition method for ~-LiAlSiO4
, cz—A1PO4-‘ 1 f l~~’

(r~—berlinite), and Pb
2

KNb
5

O
15

. For ~—LiAlSiO 4 
the pressure c o e f f i c i e n t s  of

the elastic constants were also measured . For ct-A1PO
4 
and for Pb

2
KNh

5
O15 the

thermal expansion behavior , and for Pb
2

KNb
5
O15 the dielectric properties and

the composition dependence of the ferroelectric Curie temperature were also

investigated.

(3)~. The direction dependence of the resonance frequency and of

the ultrasonic delay time , of their temperature coefficients , and of the

electromechanical coupling factor was investigated, theoretically with the

above property data as input. ~-LiAlSi04 
was found to be almost temperature

compensated for bulk waves, but to show smaller electromechanical coupl ing

than ct-quartz. For ct-A1PO
4 
temperature compensated directions for bulk waves

with orientations similar to those for the AT and BT cuts in cr-quartz, but

with electromechanical coupling factors 2.5 times larger than for cr-quartz

were foujid. For Pb
2

KNb
5
O15 the available data suggest the existence of temper-

ature compensated directions with coupling factors comparable to, or larger ,

than for a~-AlPO4.

(4) The capability for measuring piezoelectric constants by means of

x-rays has been developed.~~ The theoretical equations required for the experi-

mental determination of the complete set of piezoelectric constantr by

measuring the changes of the Bragg ang les induced by an electric field have

been Uerived for all 20 crystal classes exhibiting the piezoelectric effect.

The method has been applied to the measurement of the piezoelectric strain

constant d
11 

of c~—AlPO4. Pre l iminary results indicate that this constant (and

consequently thu’ ejectromechanical coupling factor) could be about 20 to 30

percent larger than the value obtained from the ultrasonic measurements.
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1. Technical Summary

1.1 Technical Problem

The ob)ective of the research pursued under this contract was to find

temperature compensated materials for use in surface acoustic wave (SAW) signal
processing devices , i.e. materials with large electromechanical coupling , low

ultrasonic attenuation and a vanishingly small temperature coeff icient of the
delay time for surface acoustic waves. The primary goal was to find materials

with electromechanical coupling factors substantially larger than for ct-quartz,

which is at present the most widely used substrate material in temperature compen-

sated SAW devices.

1.2 Methodological Approach

The research performed consisted of

(I) both exploratory and systematic crystal growth studies on a variety of

materials which were expected to possess temperature compensated crystallographic

directions and which had been selected earlier under AFCRL Contract Fl9628—73-C—l08

on the bas is of certain heuristic criteria (Barsch and Newnham, 1975),

(II) measurement of the single crystal elastic, therinoelastic , piezoelectric

and dielectric properties of several promising candidate materials for which

suitable single crystals were obtained , and

(III) the theoretical determination of temperature compensated crystallographic

direction’- f a ultrasonic bulk waves and their associated electromechanical coupling

factors from the experimental data obtained under (II).

Based on the results obtained under (II) and (III) the existence of temperature

compensate l cuts for ultrasonic surface waves for the materials studied and their

suitability for SAW devices was investigated by the scientific staff of the Rome

Air Develepment Center under supervision of the Contract Monitor , Dr. P. F. Carr.

1.3 Techrical Results

1.3.1 Crystal Growth

Cryst~ 1 growth research has been performed on the following promising

candidate rnator;a ls :

—1— 
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(1) ~—L iAlSiO 4 ( 4 )  Bi 2MoO6
( 2 )  Pb.KNb 0 r (5) Li SiO2 S l a  2 3

(3) Ba
2Si 2TiO8

Ba
2Ge2

TiO
8

Sufficiently large and hi’~h quality single crystal boules suitable for the

physical properties measurements were obtained for ~_eucrystite,* ~—LiAlSiO4, and

lead potassium niobate ,* Pb
2

KNb
5
O15 . ~-eucryptite was grown by the flux method*

and yielded single crystals wi th linear d imensions up to 10 mm and volumes up to
about 200 mm

3
. Lead potassium niohate was grown by the Czochralski method ,* but

the boules had a strong tendency to crack . The cracking problems in Pb2KNb5O15
were examined as a function of the variables: liquid composition, cooling rates

of grown crystals, size of crystals , and the design of the heat shields above the

crucible. No major solution to this cracking problem was found , but a few fairly

large crack—free pieces have been obtained from some of the boules. The largest

single crystal specimen that could be prepared from a boule consisted of a rec-

tangular parallelepiped 4.1 x 2.9 x 2.7 mm
3
.

Boules of Ba
2Si2TiO

8 
were pull ed both from stoichiometric melts and from

Ti02-rich melts. However, good quality crystals were not obtained in either case.

Although .~ single crystal boule of Ba2Ge2TiO8 
of about 10 mm diamete r could be

grown , its core region contained a high concentration of crystal imperfec tions.

X-ray and hot-stage microscopic studies show that the as -grown boules concain

microtwins which would require strain-annealing in attempts to obtain suitable

specimens for the ultrasonic measurements of elastic constants. Moreover , x-ray

data on Ba
2Ge2TjO8 indicate its symmetry is monoclinic rather than orthorhombic .

Therefore, crystal growth efforts on these materials was discontinued in order to
focus attention on other materials which appear to promise a more rapid payoft.

Crystal growth experiments were initiated on bismuth molybdate , Bi2MoO6
.

Its peritectic melting behavior required using a flux-pulling method with Mo03
-rxch

solutions. Although cracking has been a problem as with the other oxide crystals,

special efforts to maintain stable thermal conditions during growth and cooling

*
This work was begun under a previous contract ( F 1 9 6 2 R — 7 ~~-C-01O8)

— 2 —  
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resulted in obtaining crack-free sections of 2 to 3 mm across and about

3 mm long.

With lithium metasilicate , Li
2

SiO 3, di f f i cu lties were encountered because

of supercooling of the melt and cracking of the boules. Only polycrystalline

boules have been obtained so far.

1.3.2 Physical Property Measurements and Suitability for Temperature

Compensated SAW Devices

The independent single crystal zero—field elastic constants cE
v
, the piezo-

electric stress constants e , and the temperature derivatives of these quantities
have been measured ultrasonically by means of the pulse superposition method for

~—eucryptite, B-LiA1SiO4, for cr_berlinite,* cx—A1PO4, 
and for lead potassium niobate ,

Pb2KNb 5O1r • For ~—eucryptite the pressure derivatives of the elastic constants

were also measured . For berlinite and for lead potassium niobate the thermal

expansion behavior , and for lead potassium niobate the dielectric properties and

the composition dependence of the ferroelectric Curie temperature were al.;o

investigated . An independent experimental determination of the piezoelectric

constants by means of x-rays was begun for berlinite.

1.3.2.1 ~—Eucryptite

~-eucryptite exhibits the most unusual behavior in that both the temoera-

ture coef c i”n t s  and the pressure coeff ic ients  of all f ive  independent elastic

constants are negative . Because of the anornolously large negative linear thermal

expansion coef f i c ien t  in the direction of the hexagonal axis the angular ~ependence

of the ten perature coeff icients  of the ultrasonic bulk wave delay time exhibi ts

sharp n inin a , which correspond to very small positive values of the temperature

coeff ic ient s . Thus for bulk waves ~— eucrypti te  is almost a temperature compensated

mater ia l .  It has been shown by O’Connell and Carr ( 1977) that  for sur face  acous t ic

waves temperature compensated directions do exist in ~—eucryptite. Although for

these dire2tions the piezoelectric coupling factor is two times larger than for the

ST cuL of ~—quartz thu beam steering angle is as large as 18° and renders 3—eucryptite

less usefu l than quartz. Thus ~—eucryptite is not a suitable temperature compen-

sated piezoclectric m tcrial for use either in bulk or in surface acoustic wave devices

*The property measurements  for be rl i n i t e  were begun under a previous  contract
(F]. ‘(~~8—~7;— (T—01 ()B)

—3— 
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1.3.2.2 a—Ber linite

The elast ic  and thermoelas t ic  behavior of ct—b erlinite was found to be rather

similar to that of ct—quartz , but its piezoelectr ic  propert ies  t u r n e d  out to be

superior to those of a—quar tz .  The shear modulus c~6 and the modulus c~ 4~ 
incr -e ;e

with increasing temperature , and the remaining four independent elastic constants

have negative temperature coefficients. Temperature compensated cuts for- tB bulk

wave delay time and resonance frequency were found to exist in x—ber 1inite with

orientations very similar to those for Ct—quartz, but with electromechanical coup l i i ;~
factors up to 250 percent larger than for ct—quartz (Chang and Barsch , 1’)76) . Cart

and O’Connell (1976) and Jhunjhunwala et a]. (1977) have performed computer calcu-

lations with the above experimental data as input and found temperature compen-

sated directions for surface waves with electromechanical coupling coefficients 4

times larger than for ct-quartz. These results suggest that ct—berlinite should be

a superior substitute for a—quartz , both in bulk and surface wave signal processing

devices , provided high—quality single crystals with ultrasonic attenuation comparable

to that of ct-quartz can be grown .

1 .3 .2 .3  Lead Potassium Niobate

Elastic and piezoelectric properties of lead potassium niohate were first

investigated by Yamada (1973; 1975) who reported opposite signs of the temperature

coefficients of the resonant frequencies for different crystal—cut plates , which

suggests the existence of temperature compensated cuts along intermediate directions .

In addition , large electromechanical coupling factors (up to 0.73) were reported

(Yamada 1973; 1975). We have measured the complete set of the elastic , pie7.o-

electric and dielectric constants, and the temperature coefficients of these quanti-

ties , for lead potassium niobate. Our results are in qualitative agreement with

those of Yainada (1973; 1975) in that the temperature coefficients of the ultra-

sonic delay time for propagation along different crystallographic directions arc

of opposite sign , and large electromechanical coupling factors are found . However,

significant quantitative differences betw’~en Yamada ’s (1973; 1975) and our elast ic

and piezoelectric data were found which  may be tentatively attributed to difference;.

in the nature and chemical composition of the samples . The existence of temperature

compensated directions for bulk waves could be established . The magnitude of the

electromechanical coupling factor for these temperature compensated cuts i~ s till

the subjoct~ of ongoing investigations.

~

—- - -
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1.3.2.4 X— Ray Determination of Pie.~oelectric Constants

For assessing the suitability of a given material for bulk and surface wave

applications the electromechanical coupling factor has to be calculated from the

elastic, piezoelectric and dielectric constants for wave propagation aloi~ the

temperature compensated dir- ’ctions. However , the i ’zo~ l e ct r ic  - on ; ; t . i n ;t a  -t e r r ~ined

by the ultrasonic pulse superposition method and by tea resonance  met . ud cou l O  be

subject to large uncertainties. Therefore the x—ray technique first used by

Bhalla et al. ( 1 ) 7 1 )  has been employed to determine the piezoelectric :onstants of

berlinite directly and independently . The theoretical equations for the x-ray

determination of the complete sot of the piezoelectric constants for crystals of al l

twenty crystal classes which exhibit the piezocle’ctric effect have been derived

(Barsch , 1976) . Preliminary experimental results indicate tha t  the ~iezo~ lectr1c

strain cornstant d
11 , and consequently the electromeel—tanical coupling factor for

the tempe,-at ur e  compensated directions could be as much as 20 to 30 !)ercez~t lj i ~~er

than the ultrasonically determined value . Pending experimental substantiation of

this value and independent measurement of the piezoelectric strain constant

this result supports our ea r l i er concl u sion tha t  -1-ben m ite should have cr f o r man c e

properties in temperature  compensated bulk  and s u r fa ce  wav e  dev i ce s  supe r io r  to

those of ~—uu irtr .

1.4 DOD lmylia 5t ions

et a-st at  c f u t  un - -’ engineering applications of SAW devices include military

vi ~.a; comirun ica t  ions an;! ~a;1ar systems , such as mul t ichannel commun cat lots; ,

secure ant  — -~ari communicat ion  for sa te l li t es , m i n i a t u re  a~ ;on Cs and e1ectr~”assnet ic

cou n t e r  me. ;;ur ~’s. The m a i n  pe r fo rmance  l im i t i ng  f actor of cu r ren t  SAW dev ices  is

that i t  ~;a ; .  t soon possible to s imul taneous ly  achieve h igh  f igu r e  of met i t , w h i ch

increases ‘n n i t  in c reas ing  e lec t romechanica l  coupling f a c t or , and sma l l t e m s t - r . i t u ; t -

c o e f f i c i a n .  of t im e  d e l a y .  For appl ications  whet -c t e m per a t u r e  compensated lier formar ice

is e s a e n t i. i l , as in SAW code correlators  and in circulating store d e v i c e s , auantr

has he”n u - a l  a;; a subst ra te  m a t e r i a l  , ~~~i~si has a rel it i v e ’ l y  small  bandwidth  a nt i

11 gun  - ‘ - r i

1- ;r I w a I i  mater a is I live;; t i gated un dt ’ r t h e  p rese t ;  cont~ i set ofle l’si\’

expect the ‘ x ~ t ‘ne ’ of  t e mp er a t u r e  comp en sa te~i t i n ts  f o r  I s ; ;  I K and su r f - t ee  \~ave ;;

w i t h  Oil ~~~ , ’ u . t t . t l l y i t i t t o r  e le ct r om e c h a n i c a l  c o u p l i ng , b a n d w i d t h  and fiqure of mer it

t h a n  for  s— !ua? t . One of the  ma te r i a l s  inves t  i g t t  ed , h i t  I i t t  i t t ’  , was fount;  t h i v e

— r~—
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temperature compensated cuts cuts with electromechanical coupL.ng factors for

bulk waves 2.5 times larger , and for surface waves 4 times larger than quar tz .
The second mater ial , lead potassium niobate , could be still better. Thus by

replacing quartz as a substrate material in surface acoustic wave (SAW) devices

with one of these materials insertion losses can be reduced and the operating

frequency and/or bandwidth can be increased. In this manner the efficiency ,

reliability and capability of military communications and Radar systems utilizing

SAW signal processing devices can be significantly improved .

1.5 In~p1ications for Further Research

It has been demonstrated that the search for new temperature compensated

materials with properties superior to those of ct-quartz through the approach used

under the present contract can be successful . One may therefore hope that a

continued systemati c search for new temperature compensated materials under a

future contract could lead to the discovery of even more suitable materials.

To this end continued crystal growth efforts are required to obtain suitable single

crystals for the physical property measu’ements , which are necessary to assess the

use of a given materials for SAW device applications.

1.6 Special Comments

No special comments are offered at this time .

2. Crystal Growth Results

Our approach was to use crystal pulling (Czochralski) and directional

solidification (Bridgman) techniques for the growth of these materials whenever

possible. These techniques usually yield the largest crystals with the least effort ,

but the compounds must melt congruently and must have reasonably low vapor pressures

at the melting temperature. High temperature solution growth , i.e., flux growth was

used on materials that do not meet the above requirements . A hybrid flux—pulling

method was used for some of these so1ut1~ o grown crystals.

— 6--
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2.1 ~—Eiicryptite, ~—LiAlSiO4

Single crystals of ~—eucrypt i te , wi th  l inear dimensions  up to lh mm and

volumes up to about 200 mm 3 were grown * by the flux method with lithium cryolite

flux (Winkler , 1948). The crystals obtained are transparent and relatively free

of inclusions. Oriented crystal platelets large enough fnr the ultrasonic dcteirni -

nation of the elastic , thermoelastic and piezoelectric properties could he preparcu

from the specimen obtained .

2 .2  Lead Potassium Niobate, Pb
2K~~ 5O15

Single crystal growth experiments on lead potassium niobate have been

performed* with a i f-powered A.D. Little crystal suiler. Although the procedures

reported by Yamada (1973) have been followed , the r e s u l t i n g  crysta l  boules were

cracked in many places , and the single crystal regions were twinned . Various

shielding assemblies and cooling procedures have he r ; t r i e d  wi thou t  success. Several

compositi )r-.s either rich or poor in each of U;: t - c - ’ -o t l v , - crn~;onents were prepared

and studi3d in an attempt to understand more about th~ phase equilibria of the

PbO—K
2
0—Nb

205 system , arid thus understand the qrowt.h of Cs Pb2KNb5
O
15 

from molten

compositl ini-: in this system.

In a later paper by Nakano et al. (1975) it is stated t I it  good c r y s t a l s  Wer e

obtained fro’~i melts with compositions Pb 1 g 0 1 9 5 K
1 2 1 1

Nbçd15 • Several runs went-

made using C r-se compositions , but the result-; were not siqn; ficantl y different

f r o n  th n s~ n --i n i i e r  experiments.

:mal er dLam.2ter crystals were grown (6—8 mm ) , but ;- kinq persiste i .  The

shielding -ih - ,vo rh o  crucible was varied , and in a f,-w run;; removed , but the e f f t - c t ; ;

were r;ma l - . f’ ; s ~rying the content of lead ox; - I in the malt , a few sma l

wart- grown; in wI i d ;  the cracking was reduced . e- - v e r t i  O r i e n t  ~- i  and parallele~ i r e 1 —

shaped s e : .1 rn - n;; wore prepared for the u ltr a :5~5j fl -; . ;;nn,’ment . When ~‘iewe tinder

i p01 ariza - . i ;n m i - 
~ cape one specimen ~~~~~ eared t Pt  - hors q - n  a Ut-; and fret- of

i n  t - as s - a a .

5’- - pc t y  ‘ ; i - ; ; ; i t e m e n t s  obt-~i ; i i  on the ,thsv- - 1”~~t~~! f o t  .1 t i  -i r a niobate ;pec  tO ’ - ; ; :

ind ; c-ired L o s  n n i t - r i a l  may be very ;~~.- rr;;t i r s 1 .  ‘~‘5 i ’ f ’ t t  ‘, S decision U terminate

*
These cr  - , nx ’w t h invi n t i q i t  n o n ; ;  were k - ; n  - i n  I ’ ;  a n - v ;  - i i  contract
(F I -n~2e— 7 e - — - - I [ss )

— _- ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ 
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further crystal growth efforts was reversed . Since the cracking problems with

this material were not eliminated by changing various growth parameters such as

composition , temperature gradients, and cooling rates , the new effort ; were aimed

at (1) utilizing more stable temperature conditions both during growth and during

the cooling cycle , (2) maintaining the boule diameter as constant as is possible

without constant—diameter—control equipment , and (3) using oriented seed cr ’ -;tols .

These new efforts could only be carried to their initial stages during tn i s  contr~~

A new rf feed—back unit for temperature control was installed on the A.D. Litti-

crystal puller and significantly reduced fluctuations in temperatures measured by

a thermocouple touching the bottom of the crucible. Diameter control was enhanced ,

but only a few runs on this material were made. A new temperature programmer was

installed to increase our temperature stability during the cooling cycle.

Nucleation on a platinum rod results in preferred growth along the crystal-

lographic c-axis, the direction in which cracking had been a problem . Seed

crystals with different orientations were used in further attompts to eliminate or

at least reduce the cracking problems , but the growth direction did not appear

to change the tendency to crack. These crystal boules were pulled from the melt

without problem at 2 to 4 mm/hr, and tended to exhibit facets. At high temperatures

the boule-; appeared transparent and crack—free; cooling through the transition

temperature of about 500°C apparently caused toe cracking. Utilizing an after—

heater cooled at 10°/hr from temperatures of about 600°C to room temperature helped

to reduce the cracking but did not eliminate the problem.

2.3 Lithium Metasilicate, Li
2

SiO
3

Polyc r y s t a ll i n e  I i ,Si0 1 synthesized at 900°C from Li 2CO 3 and Si0 2 was used

in attempts to grow single crystals af this phase f r om i ts  me l t  by both Brid gunan

and Czochralski techniques. Milky, pnlycrystalline boules were all that could be

obtained arom the bridqutan directional solidification experiments , even when slow

growth rates of 0.8 mm/hr were used . The temperature qradient at the melt-crystal

interface was about 25 C°/inch in those xis-riments.

Czochr-alski crystal pulling experiments on Li 2SiO 3 
were performed with two

different r ti -e;; of equipment. The- first experiments used an Arthur 0. Li ttle

model MI’ puller n - - i t t - - ; by an rf induction generator. Since cracking of boules

persisted even a(t~’r using various shieldinq and insulation si homes , subsequent

—8—
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experiments employed an NRC puller equipped with a special platinum resistance

furnace built for this puller. The furnace was equipped with a }ro~-;:rtiona l

controller and a Data-Trak for programmable heating and cooling cycles. A special

“cover” for shielding above the crucible was fabricated so that the tempe rature

gradients for the first three inches above the melt could be varied from about

70°/inch to 200°/inch . This cover , the stability of t~ e t U r r ; ~ i~ ;e- (less than ~I/2°

fluctuations) , and slow pulling rates of about 2 mm/hr greatly increased the

perfection of t h t -  boules, but they remained polycrystallinc . Nucleating a crystal

on the platform extension to the pulling rod and the necking of crystals was a

problem because of (i) viewing difficulties caused by nt-ar black—body conditions ,

(ii) good shielding and resultant reduced temperature gradients above the melt

surface , and (iii) the extreme sensitivity of the crystal diameter to the f;irnac-

temperature. A water—cooled pulling rod used with a short platinum extension f°r

nucleating the crystal was then installed in an attempt to avoid the supercooling

problem. The nucleation on the platinum rod r c m a i n i t ; d  extremely difficult , and

it appears that a seed crystal I ;-; required to avoid this problem .

The possibility of a phase transition causing the cracking in Li
2
SiO

3 
was

examined by DTA and high temperature x-ray experiments. The DTA experiments showed

a small er~dc-thermic peak at about 1030° and then the meltinq point at 1200°C. high

temperature x—ray clif fraction patterns taken at h15° , 1060°, and 1156° showed only

the expected thermal expansion of the orthorhornbic unit cell; no new peaks were

observed .

2.4 Fresnait or il Der i vatives , 
~~~~~~~ ~

-
~~

‘
~—~~-2 -~-2~

.
~~8

Fresnoite , b a ;~i TiO
- - ---- ----2 - — 2—-8

Pol yc r yst a l  l in e starting material of b ar i um  silicon totanate (fresonite)

Ba 2Si2TiOH was synthesized by 1200°C heating of stessed ~n-l1eU; of the prover

stoichiome ric amounts of BaCO3, Si02, and T j t . in; growth experimel as, the h i g h

melting p o i n t  ha;; caused problems in attain ; sq sufficiently h i gh  tc- , ratur -s in

the center  of an insulated platinum - - ; :;~ ibjt ; wi Li - - - i t  al most m e l t i n g  the c ru c i b l e .

V i r i e n - ;  heat: s t i i t - I l i n q  ar r an q nn n r ; - ; around I P ci  i c i l l e  w - n - t r i e d , as were various

r e f i t -to rn n i l  ; ; ; i e i d s  above t u e  C ;  ~~~~~ , , - - ~t a j t  t u g  W I ;  i t  t i m - I  and s e v e ri l  n a -  t a l

boul ;, w - r - ‘ l t ; u i ; - l , ; ;~~~ H; y wi re of ~ ooi f ; ; l  ity n i l  we; - n icked  e x t e n ; - ; i e e l y .

In  i s - i o n - I  af ~~ n - o - i t  t~~ t s c r - a - k l a n  - ui . - .;; , f l u x — ; - ; l  ~ in q • xpt - r i m - n ; t s  w e t

t f - O p t  t- -~ s i n  t P na - r a t  i r e  r - - p i ;  ; - -o n ;  i - a  a a . \ - t - i v  sma l c i v a t  u s

— - - - - -- -~~~~~~~~~~ -~~~ -



of fresnoite  were grown by slow cooling of Ti0
2-rich melts at the National Bureau

of Standards, and our own DTA experiments indicated that additions of Ti02 to

stoichiometric fresnoite lowers the melting temperature significantly. We added

various amounts of Ti02 ranging from 5 to 30 wt% to fresrioite in our experiments ,

and in all instances Ba 2Si 2TiO8 could be pulled from these molten solutions .

However , all the crystal boules contained numerous cracks and appeared more and

more milky with increasing amounts of Ti02 in the melt. With 30 wt% excess Ti02
the melting point was lowered about 150° so that a boule could ~e grown without

extraneous heat shields, but the boules were still cracked . A thin slab of crystal

observed under the polarizing microscope showed appreciable amounts of Ti0
2 

f l ux

intergrown with fresnojte . Even with slow pulling rates of about 2mm/hr , the Ti02
flux inclusions were still a serious problem.

In pulling from the pure melt , erosion of the platinum crucible through the

: 1 formation of platinum oxides was relatively large . To avoid this problem , a few

growth experiments were run in argon to see if the titanium in the compound would

be reduced to a trivalent state. Some reduction may have occurred , but the problem

did not look severe .

Bar iunm Germanium_Titanate ‘-~~~2~~~2~~ 28
Our major crystal growth effort during the early part of the contract

centered on barium germanium titanate , Ba2Ge2
TiO8

. Roth Bridgmari and Czochralski

growth experiments were carried out, but only the latter pulling experiments were

successful.

Bridgman experiments were performed in attempts to duplicate the successful

growth of Ba2Ge2
TiO8 reported by Kimura et al. (1973), but all the boules obtained

were cracked and milky in color. In attempting to remedy the poor quality of

material obtained , better temperature control equipment was used , four different

crucible lowering rates in the range of 0.5 to 3mm/hr were tried , and temperature

gradients near the freezing point both greater and smaller and greater than 30°/inch

were used . However, none of these changes resulted in crystal boules of even half

decent quality. The reasons for these poor Bridgman results were not clear , and

the experiments were terminated in favor of pulling methods.

Czochralski crystal pulling experiments utilizing an rf—powered A .D. Little

model M.P. crystal pul ler produced good quality single crystal houles exci st fon

central coi a n g ion ;  which was viewed . In six of the seven growth e x p e r i men t s , the

-10-



crystal was nucleated on -. Pt or  l t - 1 ~~ R1~ W i r e ‘3.Q~ () t ;  - . 040 inches in diameter.

The nature of the necking law ; pa ce a; . - on t h e  ; ; l s i i - ; -  ~ r - J  size of an average crystal

of Ba 2Ge2TiO8 grown in ti .; - ;  a s L t nj ; a;; can; b sean f i  a:; the  photograph shown in

Figure 1. A seed c rys t a l  wa s us ed  in ;  o ;;~ -x p - r i ment , bu t  the q u a l i t y  of the

resulting crystal wan w a r  se t h i;; when n u c lea t i o n  on the metal  wire  occurred . This

was in spite of the f ac t  tha t  t i n -  c - I  - - r y s ta l  wan o r i e n t e d  in the same direction

it was initially grown , and t b -  ~ee i  w i n  p a r t i a l l y me l ted  before the new crystal

was grown.

Figu re  1. Typ i c - a l  ha c ;  Tie - C r y s ta l  Boul ;
P u l l  ad fr - -a ; it ;; M - i t

In all of the cr y s t ~~i l - ;  g: w; , 1 claui y ;- ,r.- was present which varied in size

depending on the particu l-it ;r -wt I i  : ‘ o t I dj t i ) ; ; S .  A st- in ; w i t h  the electron microprobe

across this region suggested a s I  i ;h t  tn;cr ’ -1-;e in germanium content , but these

results are very t e n t a t i v e. The e f f - : t a  at  crucible insulation and crystal rotation

on the size and shape of t he  1 r I  ar e  a n e  il ]u ;;t r.i tei in Figure 2, wh ich shows

the schematic cross section;; of crv ’;tal b - n i

During all t h e  - n - y s l  1 iii niq - - x p - n  j ar -n i t ; on I t ;  h - 2 TiO~~, a small amount of

material vaporized I rem t he  ci ;;-~
- i h i ’  i n - i  - n  I en ; a e d  in  . in i  amorphous  state on the

water—cooled chambe r w a l l s . A i n H i t i i v .  u p - t n n ; ; -op ic  i n u l y s i s  of th is  m a t e r i a l

indicated the de1 e ; n  t w i ;  i i ; ; ;  at  , - r ; t  t n e l y  -n - r n  m ien  ( i — n  -l ub l y Ge0 2
) , with mi ni on

amounts of Pt ( 0 . 02  — H ) - m d  t i - i - - - - - - t  - U i  m i i i g i  (~~0 . C l 2 + )  

- - - -  -~~~~~~~ - _ _ _ _ _ _ _ _
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~o. 2 - 20 rpm rotation No. 3 - 0 rpm rotation No. 4 - 20 rpm rotat ion
No crucible crucible crucible
insulation insulated insulated

Figure 2. Schematic Cross Sections of Crystals Grown Under
Various Conditions of Crystal Rotation Rates and
Crucible Insulation . The Size and Shape of the
Cloudy Core Region is Ind icated

Elimination of the central core imperfections in the grown crystals was

attempted, but these e f for t s  were terminated af ter  x-ray data obtained on

Ba2Ge2TiO 3 showed its crystal symmetry to be monocliruic rather than orthorhombic.

Thus, thirteen independent single crystal elastic constants would be required to

determine the complete set of elastic constants and their temperature coef f ic ients.

In additi-Dn , the x—ray and hot-stage microscopic studies indicate that the as-

grown boules contain microtwins which would require s t rain-anneal ing in attempts

to obtain suitable specimens for the ultrasonic measurements.

2.5 Bismuth Molybdate, Bi
2~~~~

Survey crystal growth experiments on bismuth molybdate , Bi2MoO6
, wera begun

during this contract.  Czochralski crystal pul l ing methods were used since th is

technique usua l ly  will  yield the largest crysta ls  in the shortest  period of time .

However , the reported unsuccessful attempts of Miyazawa et al. (1974) to grow

crystals of this phase indicated spec ia l  care would be required .

bismuth molybdate melts peritectically to give a liquid rich in molybdenum

oxide and a solid r ich in bismuth oxide (Chen and Smith , 197 5 ) .  A li quid composi—

tion of about (45 mole% Bi
203 

• 55 mole% 14003
) and a f l u x - p u l l i n g  method allow for

the pulling of Ri2MoO6 
boules below the phase transition of t h i ; ;  phase. (‘omposi t  i o t a -

-1 2-
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of the l iquid a i c h e n -  in 1400 3 reduce the  p u l l i ng  I er l i s -ra tu re , but f l u x  n n ciu s  n m;

were found t a  be more of - i p rob lem.  V a por i zat i on of the 1 iqui .1  was s i g n i f i c a n t

hut x — r a y  a na l y s i s  01 the condensed vapor showed the pa t t e rn s  of Bi2MoO 6.

Both h iq i (~ ) and low (~ ) t empera ture  poi ymorj -ihs were observed , dependent  on the

temperature of t h e  su t fa c - on wh i ch condensat ion oc c u r r e d .

As w i t h  tb .  et h e r  cr y ; ;t a a .  u tud i ed i n  tb ; ; [ r ogn . i iTm , c i , i c k i n ; ; w e ;  a i~ n o l - l i n a .

Flux  in c  lii;; ion ;;  were  al so  e v i den t  when qrowt l ;  c-ond it  ions ware  not a t alJ~ - . These

problems w a.- - i t  ; t ; -k~’;l by u s i n g  s low growth  i -j t  en of 2 mm/br , r o t  it  ion r u t ; ’;; of

20— 30 rpm , t emper at u re  f l u c t u a t i on s  on the ou t side  of the  c ruc ib le  of less than

1° , a t t empt s to c a r - f i u l  l y ~-ont  n d  t ime  d iam e t e r  of the boulc’ , r ed uct ion of COfl—

vect ion con - r e n t s  in th~’ rn, I t , -itid coo l ing of the grown bou lea  i t  0 °/ h r .  Tb;’

temperature grad; • i ~
- ;; in ; the a tue ibi a were ;- i d m i c - ;-d to reduce convec t ion  curl - an t ; ;

in the m e  It  . ‘Ph i a was done by mod i f y in q  the  heat shie lds  and by removing the

i n s u l a t i o n  f ront  t i m e  hot t orn of  t i ; ~ c r ime  ib  Ia . ‘l iii ;;; t ine temperature of the  t o~ - and

bottom of th e mel t w a n  - brough t  ; 1  on e t  t o g i ’t i i - r  . Boules Wi Lb crack— f ree  neat  I on ; ; ;

of 2 to 3 mm n , ; - )ss and about. 1 nnun long w a r ’  n i t , ;  i n i - I  as a r a n  i t  of these  pre-

cau t ions .

3 . E l a s t i c , ‘1’~;,-tm ce ’l ,I; ; t m c , Pi e ;n - - 1 - -L n m a  and l)m; l ectri’ I t o l e r t i c s

3.1 ~‘- — [-:tm ~ - ‘~.-~ - t  i t  (-

‘i’ltc f i ve  ‘ i n ;  ~ l u ’ c n - -a ta ~ el,u ; t Ic ; - i~~u ; ; t u ; ,  a i - f  -uia ry l t tt; ’ ~—LiAlSiV 4
( c ry a t d n a ~~~i 5 5  D ( ( i 2 )  I , hi ’ i i  t - i m p - i  u i ; ; ; ,  co a t~ 3 - - - - n ; t s  and t h e i r  pressure a ’e t  —

f i e i e i it s  i i . u v . - bean r n n e , mau n  ad by Deans of t i . -  m i l l  - - n i l - . - h u l a -  ;;uperposlt ion  m e t h - u n .

A l l  ~ n .‘a ; ;mi and l u - n i p - . - ;  u t  u rn  c o e f f  i i - u t ; ;  . m  ‘ i t  i a ’ . I~~ snaking  me .iaum emt -nit s

t o r  0 in ;~; -1 , ; t t nm g -md, ’a i t  ~~~~~ al s o  j a n ; ; ; : ;  - I~~ ; ;‘ .h t  m m  a t h e  
~~~ • ‘zoel act n ic ;- t  ; tfe ni ni ;n

a. i t i t  t but  - a ; - t hit ’ - - I a - t i Va ‘l is t  i i - - - on :  - t  - u s  I ; , - I;; wm~ 1 1 a;; t i m e  t tampa n it  t i n . ’ at  1

h;ri’saur e -~ ‘ m  ; ‘ f i t  iv es  ‘ i t  t i i ; ;  q u a n t i t y .  Ii i  coal-u i- I i o n  wi i i  t ine dielectric i - u. n c ;t m t

- l . m t ~~ of . - - - i c l  : 1  i f . ’ b ’’ ; ‘hji i (10 7.) i t  Wa ;;  t i u . - u ;  p ‘a ’ ;ihlm- t o  -a li - milata - tI;;’~~ - uar

e L . ’c t r i - . ‘ ‘ m  t i n t  ‘

~~~~ 

u - I  it;; t -rj - . ’ n . m t : ,  - ‘ - t ; u c I - m i t  f i r  t i m e  ; ; t u f f e n i n g  t e r m .  A l l

-x i . t ’l im , ’ r i t . m  I a u  I ’  have bm ’en u j l v - : u  kU s u n  Pa n a t — A n m i - ; u i l  t - - ’ - i t i i , , ; l  l~ej-on t No . 1

(Bar;;ch i i  - i n  , I ! - )

[‘h. n I I i , .  a - m u  I ~ ‘ - I- ’ - 
~

- I in - t • t i i .  - m - - - , ~ - i ’ ~~~~~ - - I t . - - t i  ‘ u -  -a  f , - i t ; : t i m e  I .‘m~ e it I I I ; ’

- - 0 . 1 1  i e j . - i u t  i t- - i i . - ; - ’ 1 w ;  i , m t  i t  , - ‘ ;  e m -  , u h c i i I m ! , - i  I n  ~ t a u t i i ;  - i  d u e t  u ’n .

l- ’or n- ’n ; ’ i n  ( h i - - l u r e . t n - t i -  I ; ; ’ - -  I ;q , . t . - , i l u - i  t i - - ‘ -i nu ~.r- n u t  i n -  a - - I I  i , t , -t u t : ;  0 !  t h ’

— 1 1—-- 
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transit time or of the resonance frequency become zero. However , the angular

dependence of the temperature coefficients exhibit rather sharp minima , and the

values of the temperature coefficients at these minima are very small

((l/T)(~ T/aT) = 4 x 1.0 6 (° K) l for 0 = 40° and 0 = 140° , wi th  cIS 0°, 30°, 60°,

where 0 is the angle between the propogation electron and the c-axis , and ~ the

polar angle in the XY plane , with the X—direction along the a - a x i s) .  Thus it

appears that for bulk waves ~—eucryptite is almost a temperature compensated

material.

The electromechanical coupling factor for the thickness—shear mode of the

rotated Y—cut was calculated as a function of direction and found to show a maximum

of k = 0.027 at an angle of 32° 40 ’ with the Y—axis .  This value is considerably

smaller than the coupling factor for the temperature compensated cuts of ct-quartz

(0.054 for BT and 0.089 for AT) . Although the value for ~—eucryptite is subject to

a large experimental error, because the piezoelectric stiffening term is experi-

mentally determined as the difference between twc large n umbers , it  is un l ike ly  t h a t

an independent riore direct determination of the piezoelectric constant e14 will

drastically alter this result.

Another undesirable property of ~-eucryptite are rather large dielectric

losses parallel to the hexagonal axis; at 30°C the loss tangent decreases from a

value of 1.2 for 30 Hz to a value of 0 , 1  for 10~ Hz (B~ hm , 1975) .

Cart and O’Connell (1977) have shown on the basis of computer calculations

in conjunction with the above elastic and piezoelectric data that for surface

waves temperature compensated directions exist, and that the associated electro-

mechanical coupling is two times larger than for a-quartz. However , the power

flow angle of 18° iS considerably larger than for quartz .

Based on the available evidence one may conclude with a high degree of

probability that ~—eucryptite is not a suitable temperature compensated piezo—

electric material for use in bulk or surface acoustic wave devices. Because of the

smallness of the electromechanical s t i f f e n i n g  term in the Kristoffel tensor it is

unlikely that this conclusion would he subject to revision as more accurate piezo—

electric constant data become available.

The occurrence of a l l  negative si gns of the pressure coefficients is unique

among crystalline solids , as normally pressure coefficients of elastic constants

are positive , and no other c rysta l l ine  m a t e r i a l  wi th  a l l  neqat ive pressure

—1 4— 
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a u - i l  1 m : i - - : t - ;  i s  k r iuw ni .  ‘ l ’ hu . -  n. q . ut i v e  p r e n ; : ;u r e  c oef f  t e n - n i t ; -  h ave  m l i i  i t a t  u i - l u  ! u t

t h’ - hi -a . —; - t ‘ : - ; E ~t ‘~ ph~;;;.’ - I i  , i q r am ; ;  and suqqe ;;t  the e x i s t e n ce  of s i- ver a l  d i  :0 m i t

( ; t - m l ; l ,  - r r a st a st a b li ’)  h igh —p r e s s u r e  phases .  In f ac t  , a t i su n ; ; ; f or n n a t  ion ot  .1 kl~- ut

t i  an as yet  u n i d e n ti f i e d  phase has been observed by Moron inn  and Peercy ( l~~ -” - )

and N e u hau s  and Meyer (1965) report that  between 30 to 55 kbar  and at 1000 0 1

u- ; - ; c r y; - t it e  decomposes into  ;m—spodumene and l i t h i u m  a lu m i n a t e .

The Gruene i sen paramete r  of ~— e u c r y p t i te  has been c a l c u l a t e d  f r o m  t 1 us !  u-

data on the basi ;-; of t i ne an iso t rop ic  e las t i c  con t inuum model (Bruqge r  and F’ r i t a ,

1967). The calculated value ( — 0 . 0 5 )  has the correct n e g a t i v e  sign. r e f le - t i t ; ; t H  -

noqative volume thermal expansion coefficient of ~l—eucryptite (ilumme l , 1)51; - -- Pu! ; ,

1974), but is smaller than the thermal value (—1.07). This suggests that thin

microscopic Grueneisen parameters of the phonon modes in the dispersive ra n -j .- ho tom

the optical branches) arc considerably more negative t han  in the lonq-w avel--n ;t 1

l i m i t  w h i c h  is  de t e rmined  by the pressure c o e f f i c i e n ts  of the e l a s t i c  corn ; ! u n i t ; - ; .

Thus l~— e u c ry p t i te  appears  to occur in an u n u s u a l l y  m e t a s tab l e  crystal ; ; tm u c t i ; r ;-

which  under  pressure  becomes unstable with respect to a v a r i e t y  of d e f o r m a t io n  rn od u ’m ; .

3.2 ct_Berlinite*

TI-ic six single crystal elastic constants of ct—berlinite , a-AlpO
4
, have been

measured between 80°K and 298°K by the ultrasonic pulse superposition method , and

ti; - thermal expansion behavior has been determined from 293°K to 950°K by I h~- X—ray

powder diffraction method through the ct— 13 transition at about 857°K. All n -st ilts

are very sirr 3 Lur to those for  c t— q u a r t z .  W i t h  the exception of and c~ 4
, all

el a s t i c  const an t s  decrease wi th  increas ing tempe rc iture , bu t  c~
’
~ ,nn ~l i ’

j 
m c ; .‘a;;.-

monotoniral ly. As a result , temperature compensated cuts with i’- .’ro t empm’ r i t ; um ,-

c- -. ef f i c i e n t  of the resonance frequency , m t  2 5°C , m r u -  found , w i t h  . ; r 1 . - ~; t  i t t o r i ; ;  s i m m  l i i

ti ’ those for the AT and BT cuts in ct—quartz , but with an (31 eat rom-c I; ,un; meal coup! j i m - i

f , i a t n r  2.5 t ime;; l a r g e r  t han for q u a r t z .

tx~~a r  im er m t a l  d e t a i l s  and r e s u l t s, and tb. ’ ca lcu la ted  or i e n it .-m t i ou ;  ; I e F - , - n i i h. -nco

a- the  u i  ‘lay t ime , of the re som ;anc ;-  f r - i - -  p m~~r - r  , of the tem } erat  u rn  cot ’ f t  i t - I  ( Su it s  01

4 - ’v- ’ qu a n t i t i te a , and of the  e lec t romechanica l  coupl ing  f a c t o r  l a m u n - a t  a t  i - ,i

V — c u !  a r v s t . u  I have h i - a n t  i ’ m  osented e lsewl ;- ’re (Chang and R ar sch  , 1°7 u . )

r h , - ; ; - n n ; v e - ; t  i ; . u t  I - - n i ; w ’ r i -  begun unde r a pr .’v ;ou ;;  - m ; m i t I , m c !  ( F l ~~~- .’ 0 — 7 3 C — 0 l ; i H )

— :e_ ~~
- — c’~~~~ -i --: - - - -
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Computer calculations by Carr and O’Connell  (1976) and by Jhunjhunwala

et al .  ( 1977) based on these data show that for surface waves temperature compen-

sated cuts exist with  s imilar  orientations than for a—quartz, but with electro-

mechanical coupling factors 4 times larger than for a—quartz. Thus in berlinite .i

suxtaole substitute material for a—quartz has been found that should exhibit

superior performance characteristics in bulk and surface wave devices.

3.3 Lead Potassium Niobate

Lead potassium niobate , Pb
2

KNb
5
O15 , occurs in the tungsten bronze structure

and belongs to the orthorhombic crystal class mm2 (C2v)~ 
It is ferroelectric ,

with the spontaneous polarization along the b-axis and a Curie temperature of

450 ± 10°C (Nakano and Yamada , 1975). Electromechanical coupling factors as large

as 0.73 have been reported (Yamada , 1973; 1975). Since the temperature coefficients

of the resonant frequencies of d i f fe rent crystal cut s have oppos ite signs (Yanmada ,

1975) one nay expect this material to be temperature compensated for intermediate

directions.

Under the present contract the 3 linear thermal expansion coefficients , the

density , the 9 independent elastic constants cE , the 5 piezoelectric stress constants

e. and the 3 dielectric constants c . . have been measured as a function of temperature111 1]

between room temperature and 100°C. In addition , the dependence of the ferroelastic

transition temperature on composition has been studied for the pseudoternary system

xK2O + y PbO + z Nb
2
0
5 

in the vicinity of the stoichiometric composition Pb
2

KNh
5
O15.

The latt ice parameters and the linear thermal expansion coef f ic ien ts  have been

presented im our Semi—Annual Technical Report No. 2 (Barsch and Spear , 1976i). The

lattice parameters agree well with those of Yamada (1973), but the thermal expansion

coefficients differ significantly and in one instance they show even opposite signs.

The density values (Bar sch and Spear , l976a) are in fair agreement with those of

Yamada ( 1973) .

The elast ic  and piezoelectric constants were measured by means of the ultra-

sonic pulse superposition method . In TaLl-’ 1 the effective elastic constants ob-

tained as eigenvalues of the Christoffel tensor with the piezoelectric stiffeninq

term includel are shown for the 18 modes corresponding to propagation direct ions

along the x 1, x 2 and x 3 ‘u xes , and in direct ions forming an angle of 45° each w i t h

the x 1
, x 2 

axe ;; , x 1, x 3 axes , and x 2 ,  x 3 axes. The choice of axes fol lows the 194°

IRE convention . A c c o r i h in q ly ,  the x
1
, x 2 , x~ axes form a right handed cartesian

- 16—
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coordinate system w i t h  the coord inate  aXe s  p a r a l l e l  t i i  t ; ; - - a n  y ; ; I  ,u i i o qr ap iu’  - u

b and c — d i r e c t i o n s , which wer e  chosen in such a manner  t h a t  the lattice c~~n ;: ;t ,u ; t —

obey the inequa l i t i e s  c a < b. According to this i-hoi-a e the  spontaneous j’o am 1—

zation is a long the b (x ,) direction , so that tPuc ~-o i rm t i ;roi lp ci i r r e spon d S  to m2m.

Of the  18 modes l isted in Table  1 , th ree  were not measured (modes number ;; 3 ,

7 and 18) because of large u l t r a s o n i c  a t t e n u t a t i on .  The mn , ’ asm ,; n r d  vr ’l o c i t  i l i t , i  tat

the remaining 1 ’  modes were used to determine the 9 e l a s t i c  ci n ;atanu t ;-  and t Pm’ ‘

piezoelectric constant: ; by means of a least  square;; f i t , w i t h  V a n ; e i , u ’ s (1’~7b) va l ue;;

for the 3 dielectric constants as input. The results (aorra , ;i- mnul i;;o t - ’  a Variaflc,-

of s2 
= 3.9 x io l6 (N / rn 2 ) ) a r e  l i s te d  in - i  Table  2 .  For comparison t im e  r e s u l t ; ;  oPt ,; cm ii

by Yamada (1975) by means of the resonance technique are al;;o included . It is -up }a; act

that most e las t ic  and piezoelectr ic  constants  d i f f e r  s ig n i f i c a n t l y  f rom t hose r e l - o r t e ~i

by Y amada (1975) . Al though the p iezoelect r ic  cons t an t s  are  not q u i t e  as l ar g e  a;;

those of Yamada (1975) relatively large electromechanical coupling factors arm ’ ob-

tained . rhus it is l ike ly  that the’ coup l ing  fac tors  for the  t empera tu re  c o n n p e n 3 s 3 t m -d

d ir ec t ion s are still larger than for ct—b erlinitm - .

The differences between the present data and t hose of Yamada -ould arise f rom

differences in chemical composition of the samples or from the diffarent nature of the

samp les. It appears that Yanniada ’ s samples were free of 180° (electrical) domains , but

d i d  ~‘on t a  in a la rge  amount of 00° (clad jc) d o m a i n s .  (‘n i t i m e o the r  hand , :hm ’  samp les

USed in the  p resen t  work were free of ~~~~~ doma ins , bu t  con tai n e d  180° domain s .

In an . ~it t enpt  to e l i m i n a te  both types  of uloma i ns the c m v ; ;  t a  I s inves t  i qat ed  by

\‘am ,uj a we r ‘ st ;,m i n  a n nea l e d  in anu e l e ct r i c  f i e l d  (Yamada  , 1 (37 
~ N a k a n o  ,;cc; \‘ama’i.i

1 07’.) . h owever , in t h i s  man - in n  r on lv  the  180 ‘~ domain;; could h- removed coop l e t  ‘ - I y ,

hut. .1 1 i t o ’ amount  of ~ 0 ° doma in:; remained (Nakano and ‘u’,irnada , 10 -
, f _ i )  . ( ‘ri the other

hand , t.ne cryst.i I s  used in the  pr ee. -n ;t  work are I r e ’  of 11(30 d o r n a i n s  •ind m u  t erna  1

;;tr euam ’s I begin ; w i t h , as could be v e r i f i e d  by v i e w in g  the c n v a t a l s  unde r a

pola r m i r ig mi  c roe ; ‘-~ }5 ’ . S i n -e t lie or-i ly : 1 1  go it t  cant - - I fact - f  I 0h ’~ -it-eta ; r~s is a sign

reversal of some of t h e p i r - -z amc ’ie et n c  , r m n m ; ; t , m n t ; ;  , ctr t! d i l 1 ( ’( ’ •ic ’comd I;;,; t a Tabl e 1

the l’It’zoe .‘u;tric cons tan t s  , - m ; 1 - - i - the l l a ; ’ t’ l t ’ i t  n c  -~ t i f f e n i n ~n t e r m  in  t he  K n i r -;t o f t - I

I en ; ; ; ; clUcici rat i ca I ty  n t is  r laus  ib l,e to ,i ; ;sume that t t i e I r 5 s e n c m ’ of 1 110° ,I- ‘nc,u Iris

does not ; i q m ;  i ~ i cant  ly i f  1~, - - - t t i - i i i ;  m , 1 ; ; o n m  i - ‘ vel i,;c i t  ; r ’s , p nov 1 deml the dom,i in  d i  men—

s ion m u are larqe’ - - nmp i m e l  W I !  Ii  t in . ’  wave len;qth t~ I t I ;  - m i l l  r , is~~m ; 1 - , wave;-, . t o m  t i m i

e,l . ;- ’n ; , u i - i  is’~ - ,;u :;m’ of the I m i u m i c ’ i t s -  o f  ‘ics’d , ium ~l suit i clan ;! i v  l , m r q e  , - m v a t  ,u l Slset ’ i f l merl

ava i l ab le  no at  t empt  Wa;; made ! -- rem os ’,- 1800 Jori,i Iii;; I m o i n  the samp les ;;;a ’ ,j n o n  1 ;

— 1 0 —  
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Table 2. Elastic Constants c = cE 
( l0

11 N/rn 2 ) and Piezoelectric

Constants e. (C/rn
2
) of Pb

2
KNb

5
O

15 
at 20°C Obtained from

Simultaneous Least Squares Fit of all 9 Elast ic  Constants

and a l l  5 Piezoelectric Constants to Measured E ff ec t i ve

Elastic Constant Data for 15 Modes , and Comparison w i t h

Data of Yarnada (1975)

Present  Yamada

1.027 1.61

C22 1.368 1 .24

C33 1.456 1.66

c44 0.600 0.30

0.398 0.63

0.450 0.31

0 .232  0.41

c 13 0 .254  0.37

0.196 0 .45

e
16 

6.00 15

e ,1 0.84 1.4

2. 4h 6 .9

e23 0.94 0 . 4

e 34 10.12 14
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u l t r a s o n i c  inves t iga t ions. The presence of 180° domains  ( co r r e spond ing  to reg ions

w i t h  the spontaneous po l a r i za t i on  along the p o s i t i v e  and n e g a t i ve  h — d i r e c t i o n )  in

the spec imen used in the present work could be inferred from t he  d i e l e c t r i c  r e s u l t s

obtained by the  capac i t ance  method . While the dielectric constants C 11 
.‘ r d  F 33

(perpendicular to the direction of the spontaneous polarization) agree very well

with the values given by Yamada (1975) for the free di el ectric constants , the value

for  € 22 was found to be one order  of  m a g n i t u d e  l a rge r  t h a n  Yam ad ;u ’ s value ’ . A l so

no resonance behavior could be detected at 60 Hz and in t h e  r ange  f r o m  1O~ to l0~
Hz. A weak reproducible resonance curve was measured on a p l a t e l e t  w i t h  o r ien ta -

t ion perpend icu la r  to the b — d i r e c t i o n , which  had been st r b l e c t e d  at  150 °C fo r  two

— days to a pulsed e l ec t r i c  f ield of 20 kV/cm . This suggests  the  presence of 180 °

domains in all crystals used in the present ultrasonic e x pe i im en t s .

In order to de termine  whether  the  d i f f e r e n c e s  in the e l a s t i c  p roper t i e s  could

arise f rom d i f f e r e n c e s  ~n s to ich iomet ry  the ferroelectric transition temperature

T and the composi t ion fo r  three samples grown in this  l a b o r a t o r y  were  d e t e r m i n e d .

The transition temperature was measured on mi l l ime te r  s ize s ing le c r y s t a l s  b y us ing

a polarization microscope and a hot stage , and the  compos i t i on  was de t e rmined  by

means of -f lect ron  microprobe analys i s .  The resul ts  have been presented  in our

Semi—Annual Technical Report No. 3 (Barsch and Spear. 1976b) and show differences

of 200° C. The s t rong var ia t ion  of T w i t h  composi t ion suggests  that the tml ,istic

and thermoelastic data may also significantly depend on compos i t ion .  I dea l l y ,  th i s

composition dependenc e should therefore be measured . Because of the  difficulties

of growing suitable sufficiently large single crystals for varying composition ,

this task was beyond the scope of the present contract , but will be tackled under

a future contract from RADC .

The analysis of the temperature variation of the elastic , dielec~ r ic and

p iezoelec tr ic cons tan ts , the determination of the temperattmre compensated directions

and their issociated electromechanical coup l ing factors, and the assessment of lead

potassium njobate for bulk and surface wave devices are still in progress and wil l

be completed under a future contract.

4. X— ~~~ D e t e r m in a t i o n  of P l ez o a l e c t r i a  Const unt s

For he m i u l c u l a t  i on  of t i r e  e l e c t r o m e c h , i n m f c a l  c i m u p l  i n g  f ; mm ’ t m m r  as a f ua c t ion

o t  ci - vs - o g i  - ;  - l i l t -  a r ien tat  ion and thus  f o r  a~~ses~ l u g  t h e  s u i t  ;ih i i  i t  v ol  a g iven

ma t e r  ia l  f u r  h u l k  and s u rf a c e  wave d e v i ce s  l m -  cm i m p l et  e s ’ t  of  t i m e  ‘I ;m s t ic . die! ~~~! n I ,-
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and piezoelectric constants must be known . The exper imental  de t e rmina t ion  of

the piezoelectric constants from ultrasonic velocity measurements is sublect to

rather large experimental error since the piezoelectric ;;tifferuing term in the

Kristoffel tensor is obtained as the difference between large quantities. On the

other hand , results obtained by the most widely used resonance t ’cJinique can be

seriously in error as a resul t  of mode coupling . For t~~- ; s - -  r eason~- - i t  was

decided to perform independent and direct measuremeats of the piezoe i ’ctric

constants by using the x-ray method of Bhalla et al. (1971) . These authors have

measured the piezoelectric constant d11 of ci-’~uartz by the x-ray method and found

good agreement with data obtained by other methods. Under the present contract

the x-ray determination of the piezoelectric constants of berlinite was bequru ,

and preliminary results will he reported below .

4.1 Theoretical Basis

In the x—ray method the piezoelectric constants are determined by measuring

by means of x-rays the elastic strain which is induced in a crystal by an applied

electric field . The theoretical equations required for the experimental deterrriina-

tion of the complete set of piezoelectric constants from x-ray measurements have

been derived (Barsch , 1976). For this purpose the expression for the quantity

(BO/~E), where 0 denotes the Bragg angle and F the magnitude of an applied electric

field has been calculated as a function of the field direction and the reflecting

lattice plane normal. For all 20 crystal classes exhibiting the piezoelectric

effect exp licit expressions have been given for the longitudinal and trant verse

piezoelectric e f fec t , corresponding to pa ra l l e l—f ie ld  and pe rpend icu la r—f ie ld

reflection , respectively. For the 19 piezoelectric classes of the monocl inic ,

orthorhomb ic , tetragonal , triqonal , hexagonal and cubic systems explicit expressions

for (~~e/~ E) in terms of the Miller indices of the reflecting plane have been given

for the simplest crystal cuts with respect to the symmetry elements present.

4.2 Preliminary Results for ct-Berlinit--’

A pentagon-shaped X-cut platelet  with face orientation , dimensions an-I shape

as shown in Figure 3 was prepared. On the bas i s  of the equations presented else-

where (Barsch , 1976) the pm - :~om ’lectric constant d11 can be determined from the electric

field coefficient of the Bragg angle of the (110) re f lm-m -tion , and the constant 
~14

from the (014) and (014) reflections , with the electric field direction alonq the

X— axis.
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Figure 3. Dimensions , orientation and shape of X—cut platelet of berlinite

sample xPl used for x—ray determination of piezoelectric const 3nts .

• The plate thickness is 1.09 mm. The orientation of the right-handed

cartesian coordinate system corresponds to the 1949 IRE convention

(Proc . IRE 14 , 51, 1378—1395 ( 1 9 4 9 ) ) .  The pentagon shaped faces

(210) and (210) (equivalent to (110) and (110) , respectively) were

electroded .

A double crystal spectrometer was used to measure change . in the Bragg angle

of the (22-i ) reflection induced by electric field values from ± 20kV/cm to 30kv/cm.

For an electric field of 30kv/cm the change in Bragg angle was of the order of

seconds. A total of about 20 runs was made , each run consisting of the measurement

of the line profile of the Bragg peak at about 70 non-equidistant values of the

angle over a range of about 600 seconds , with most data points taken over a range

of about 200 seconds. At each value the intensity was determined with a Geiger

counter in connection with a digital readout. For each value of the electric field

the line profile was least-squares fiti- ” ~o a Gaussian and to a Lorentzian curve ,

and from the shift of the centerline with electric field the p im-zoelectric strain

constant d
11 

was determined . The results for the measured Bragg peaks obtained

in four typical consec,~tive runs with alternating values of the 
electrical field ,ire

shown in F i g u r e  . The least—squares fitted Lorentzian c u r v m - c  i r e  a l so  shown .

The s h i f t  of the  l ine  center  positions r e s u l t i n g  from t 1 i~~’ p o l a u i t y  r m - v m - r m ; , f l  of t i 
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Figure 4. Line profile of (220) reflection of ber li n it ,

sample XP2 under the i n f l u e n c e  of an ex t e r n a l l v

appl ied e l e c t r i c  f i e l d  of ~ 21)OOV. ( T h e ’  ~- lir t ’ ’~-

are d isplaced v e r t i c a l l y  in m u 1 t i ~ - 1 ’ s  of i l l
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electric f ie ld  is shown in Figure 5. The systematic d r i f t  of the data which is

apparent from Figure 5 was eliminated by calculating the average shift iSO . accord-

ing to

= -
~
- (0~ + O~ ) — 0 . (la)

i 2 i— i i+l 1

and

~u0 . = (0  + 0 ) — (lb)
i 2 i—l i+l 1

Here ~~~~~
‘ denotes the l ine  center position of the ith run with positive (or negative)

polarity of the electric field . The results obtained from the Lorentzian curve fit

are systematically from 1 to 5 percent larger than for the Gaussian fit. This could

be due to a change of line shape under the electric field. The values of d11 
ob-

tam ed for all runs range from 0.3 to 0.9 x 10
_li 

rn/V. Many of the original runs

showed large scatter of the data resulting from ,t faulty qoniometer gear. The

average obtained from the four runs considered to be the best runs is

• d
11 

= — 0.60 x i0~~~ ~~
- 

~ 20% (2)

This value includes the low value of 0.3 x i.0~~~ rn/V which was obtained on a

sample of reduced size and should according to the comments below be excluded from

the data analysis. If this is done the resulting average value is —0.68 x 10 
11 

rn/V.

For t~me class 23 (D3
) the piezoelectric stress constants e11 and e14 are

related to the strain constants according to

e
11 Cc 11 

- c
12
) d

11 
+ c14 d~~ 

(3a)

2c
14 

d
11 

+ c
44 

d
14 

(3b)

Thus wi th  Dn ly  one s t r a in  constant determined from x-rays so f a r  i t  is not

possiole to calculate the stress constants. However , with both stress constants

e11 and e
14 

previously determined j o i n t l y  wi th  the e las t ic  constants  from - i lt r a -

sonic velocity measurements (Chang and Barsch , 1976) it is possible to calculate

the s t r a i n  constant-i from these values , which resul ts  in

= — 0.53 x 10
_ i_ i 

~ ,

‘ 20% (4a)

= 0 0.3 x 10
_ li 

~ (4b)

It ~hou1d l-~’ n ot - - cl here tha t  the errors in ( 4 a )  and (4b )  o r ’  based only on the

statistical errors , but do not i n c l u d e  c;ystenmit ic ~- r n  arm which may or i -~~ e~;i-e c 1al ly

from the a-i hoc -umv :umptions on tie - ~l i ’ l ’ct r re c~ flOt 1 S t  - ;  d)f  boi l m i t  a (Chang and

~~~IL



- -
~~~~
--

~~~
- 

--t--~~
--~ -- -~~~~~- _ c _L_~~~~~~~

_ _ - -

-

• I I ~ I 1~~~I 1 J I I U I I ~ I I I

4045 - 
~ 

° 0 +2500V
- 

A 
A 4 2500Vo

C 0

2 4Q4Ø 0
• A
o Aa.

• A 0

:4O35 -~ 
A

C-) 0
A

C

4030 — -‘ -~ I I L 1 I

Run Number i
Figure 5. Line center position of (220) reflection of berlinite

sample XF1 for successive runs under the influence of

an externally applied electric field of ~ 2500V
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Barsch , 1976) . The x—ray value for d
11 is of the same order of magni tude  as ,

but larger than the ultrasonically determined value. Thus it appears l ike ly  that

the electromechanical coupling factor for the temperature compensated directions

will turn Out to be still larger than previously predicted (Chang and Barsch , 1976).

However , for a full independent confirmation , the accuracy of the x-ray method must

be improved and the strain constant d
14 has to be measured also by the x-ray method .

In addition, the two dielectric constants of berlinite must be determined . However ,

revisions in these data are not likely to have a drastic effect on the electro-

mechanical coupling factor, since the relatively large values of this quantity

arise mainly from the large value of the piezoelectric stress constant e11
.

The discrepancy between the x—ray value (2) and the ultrasonic value (4a)

lies within the joint experimental error of both values. While the accuracy of

the ultrasonic value cannot easily be improved there are several possible ways to

increase the accuracy of the x-ray method. Especially by microfocussing of the

beam , and/or using larger samples edge effects arising from the mnhomogeneous

electrical field and strain distribution near the lateral sample faces can be

reduced . Increasing the applied electrical field is possible in principle , but

limited in practice by the dielectric strength of the material. The Iinewidth of

the Bragg peak could be reduced if more perfect single crystals were available.

The measurements were interrupted because in the course of one run dielectric

breakdown through or around the sample occurred as the electric field was increased

to below 3000V. As a result a segment of the sample broke off. After rerroving

the damage-i portion of the sample and repolishing and etching the surface the x-ray

measurements were restutied but gave much smaller piezoelectric effects than before .

Since the etch pattern obtained by etching the sample in hydrofluoric acid was

drastically different on the large +X and -x faces, but uniform on either of these
two faces the presence of Dauphine twins could be ruled out. In the light of

Saint-Venant’s principle it appears that the reduction of the piezoelectric effect

is caused by edge effects since the lateral dimensions of the sample remainder

(1.5 to 2 mm) are comparable to its thiakness (1.09 mm). A new platelet sample has

been prepared , and the measurements will be resumed under a new contract from

RADC .

— 2u -—
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5. Conclusions

The results obtained under the present contract suggest that temperature

compensated performance and large electromechanical coupling factors in ultra-

sonic bulk and surface wave devices are not mutually exclusive, and that the

performance characteristics of presently used acoustic wave devices are not yet

optimized wi th respect to the choice of the best possible material . The results

indicate further that the approach used in our systematic search for new temperature

compensated piezoelectric materials with larger piezoelectric coupling than

a—quartz has been very successful. This approach consisted of the following four

steps:

(1) Selection of promising candidate materia ls on the basis of heur istic

criteria ,

(2) Growth of single crystal specimen sufficiently large for physical

property measurements,

(3) Measurement of the complete set of the elastic , piezoelectric , dielectric

and thermoelastic constants,

(4) Computer calculations to determine the temperature compensated directions

and their associated coupling factors for bulk and surface acoustic waves.

Based on the previous success of this approach which led to the identif ication

of a-berlinite as a superior substitute for a-quartz one may expect that through a

continued systematic search new materials with still better properties could be

found.

6. Reconunendations

Since a—berlinite has been found to be superior to a-quartz for bulk and

surface wave applications it would seem appropriate to initiate crystal growth

research and development for production of high quality (low ultrasonic attenuation)

crystals of ci—berlinite on a larger scale.

It appears also promising to continue the systematic search for new tempera—

ture compensated materials on the basis of the approach used previously, wh ich could

lead to the discovery of new materials with still better properties than ci- berlinite.

Specifical ly, it is recommended to continue crystal growth efforts for subsequent

property measurements on the materials investigated under the present contract

(Pb 2
KNb

5
o
1~~

, Li
2
SiO

3
, Bi2PbNb2O9, Bi 7MoO~ ) and on materials selected from a previoum~lv

compiled list of promising materials (Barsch and Newnharn , 1975).

L 
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In order to find more precise , dependable and useful criteria for predicting

new temperature compensated properties lattice dynamical investigations into the

atomistic origin of positive elastic constant temperature coefficients and large

piezoelectric coupling factors of known temperature compensated materials (such

as a—quartz) are very desirable.
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