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1.0 PROGRESS AND TECHNICAL REPORT SUMMARY

The objective of the present research investigations are to determine
why known ferroelectric and ferroelastic materials are temperature compensated
and predict such occurrences. Knowledge from such a determination will pe
used to grow and characterize suitable phases from the tungsten bronze family.
The end goal is to develop high coupling, temperature compensated materials
for minimun shift keyed surface wave filters.

Considerable progress has been made in several areas and it is dis-
cussed in detail in subsections of this report. A literature survey of the
known tungsten bronze structural family has been completed and compiled. This
information is to provide the data necessary for the development of a phenom-
enological model based on the Gibbs energy functions to explain the nature of
temperature compensation in these types of phases. Over the past several
months, the efforts (at Penn State University) have been concentrated on the
simple ferroeletrics in the tungsten bronze family, i.e., materials in which
the elastic Gibbs free energy ¢ and the order parameters n and p are always
zero, and thus, all components of the terms ¢; and ¢3 in Gibbs function AG =
dy(np) + ¢2(XP) + ¢3(XPnp) are zero. The information obtained from these
studies will provide adequate descriptions of dielectric, piezoelectric,
elastic and thermal behavior of the simple ferroelectric phases. This work
has been extended to specific bronze phases such as tetragonal Sry_,Ba,Nby0g
and the orthorhombic PbNb,Og. The theoretical aspects of this work has been
described in detail in Sections 3.1 to 3.3.

Solvent selection and experimental setup for the liquid phase epitaxy
(LPE) work of Sry_,Ba,Nb,0g (SBN) compositions have successfully been estab-
Tished. Several systems including BaV,0g-Sry_,Ba,Nby0g, BaBg0;3-Sry_,Ba.Nby0g
and SrV,06-Sr_yBay,Nby0g have been found to be most suitable to develop epi-
' layers of SBN compositions. This is an important step for this growth work
and the LPE work is in progress. The Z-cut SBN substrates and the BaV,0g-
Srl_xBabezos system will be used for this process.

The SBN substrates used in the LPE thin film work have been produced

1
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in our laboratory to provide continuous supply of substrate materials. This
work has been supported under IR&D funds and the crystals of the composition
Sr_g1Ba, 3g9Nbp0g have been grown by the Czochralski method. The growth process
has successfully been developed and, to date, it is possible to produce 1/2
inch in diameter and 4 inch long crystals. This is a significant accomplish-
ment in the present work and thus a breakthrough for our program, for sub-
strates are no longer a problem. The results of this research will be pub-
lished in the Journal of Crystal Growth. The structural and ferroelectric
properties of the Sr_giBa 3gNbp0g crystals have been studied and it was found
to have an exceptionally strong piezoelectric activity in all poled sanples of
SBN crystals.
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2.0 TUNGSTEN BRONZE FERROELECTRICS

2.1 Literature Survey
2.1.1 Introduction

The initial digest of the literature on the ferroelectric bronze
family materials has amply confirmed the expected variety in the chemistry of
the bronzes. With the considerable flexibility of the tetragonal bronze
prototype, it is difficult to separate compounds from solid solutions, and a
limited range of mixed oxide off stoichiometry is to be expected in all the
compounds listed. For the purpose of these studies, we have chosen to list as
separat2 compounds all chemically distinct compositions AXByCz...030, where
XsYsZee.. are whole numbers.

So far, using the data compilation by Landolt Bornstein (Vol. 3 and
9), the Digest of the Literature on Dielectrics, and the ORNL literature
guides as starting points, 80 separate ferroelectric bronze compounds have
been identified and original literature has been traced for 68 of these com-
pounds listed in Table I.

2:1.2 Organization of the Data

The purpose of the present data compilation is two-fold: i) to pro-
vide accessible structural information so that the range of choices for host
and epitaxial film compositions can be rapidly evaluated, ii) for the phenom-
enological analysis and its extension to solid solution systems, the data base
in properties which have been measured on well characterized single crystals
of the end member compositions is fundamentally important.

With the escalating size and complexity of the listing of the bronze
structure compounds, it was decided that translating and storing the data in
computer format would be worthwhile. For the small extra effort required to
put the data into this form, it is now possible to retabulate at will, sorting
according to any particular physical parameter. In the tabulation given in
Table I, for example, the compounds have been ordered in descending ferro-
electric transition temperatures (T.).

3
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A second advantage of using the computer for this function is the
availability of a number of excellent graphics packages for the PSU systen.
Further, since we shall be running much of the computation for the phenomeno-
logical analysis on the ADAGE systems which is hard-wire interfaced with the
system 370 in our computation center, with appropriate storage techniques
handling and processing of the property data should be greatly facilitated.

In the present phase, most of the available compound bronzes have
been identified. The property information is now being taken from the
original papers and cross-checked with subsequent studies wherever possible.
Indication of this build-up is given in Table I (a-d).

2.1.3 Bronze Solid Solutions

The problem of handling the data for the many possible solid solu-
tions in the bronze systems is our major concern in the first year of this
. contract. Unfortunately, much of the original data is for ceramic (poly-
crystal) systems so that property data are, as we expected, rather scarce.
The major trends in dimensioms, phase stability and Curie temperature are,
however, available as starting points for the phenomenological analysis.

4
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| Table la
| Tungsten-Bronze Compounds
XURTCRBLE DATAC
! LATTICE CONSTANTS
t COMPQUNDS stal| 1 THERM PYRO | PIEZQ | ELASTIC
| € L %o € ayj €ij Ps| 21 | dige | Cije84j
|
i !
Poilb0g ] 560 | 17.51 17.31 7.73 * T
Saz.‘laﬂbsols 0 560 17.591 17.625 | 7.992 " T T T
Pboiabgdys 0 531 17.606 17.928 | 3.856
! PDoKNbg01 5 0 460 17.78 13.05 3.917 T * *
| - i KsLiszsals T 420 12.560 4.039 T
l | 3agNaNbyTidgg | T | 414 12.50 4.00 T T
. | 3a48i Fepibg0sq T | 400 12.53 3.960
. 1
‘ | 3axKiibg0y5 T 373 12.55 4.019 *
: ! 3&2;"33"‘!)10030 306 12.41 3.924
' 3azXilbgR103q T 290 12,52 4.01 T
\ X;Thlibgd)s T | 280 | 12.440 3.910 *
! Kzaj?ibsaxs T 220 12.431 3.903 E
Basrkiibgly3 T 278 12.520 3.975 !
|
i 1. T-Tetragonal, Q-Orthorhombic
| 2. *-Data reportad
1 T-Data reperted as a function of temperature
i x-Data reported as a function of composition
|
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Table Ib
Tungsten-3ranze Compounds
XVKTCABLE DATAC
1 LATTICE CONSTANTS
COMPCUNDS STR T; THERM PYRO | PIEZO | ELASTIC
(*<) 34 ) c aij SF Ps| 21 | Yigk | Cijesij
3asSriaNpgly 5 T 274 12.443 3.945 X
Srzf‘dNbs'JlS T 266 T
BaCaKhibgdy5 T 266 12.442 3.954
PbTaslg 0 | 265 | 17.68 | 17.72 | 7.754 . T
KoGdNbgdy 5 T 250 12.450 3.912
s 3asMagiNbyglyg | T | 220 | 12.400 3.900
gapila 3DyNan30 T 220 12.405 3.393
KEuNbgdy s T | 205 | 12.457 3.914
. BagSrolbgTigOgg| T | 200 | 12.44 3.34 .
K,Smiibg0y 5 T | 195 | 12.474 3.917
SraCasiibgTizdagl T | 170 | 12.27 3.86 .
BajNajCalbyglgg| T | 170 | 12.417 3.895
< oNdNbgy5 T | 160 | 12.497 3.924
‘5'|5Nb97i030 T 157 12.36 3.80 T

T-Tetragonal, 0-Ortherhombic

. =*-Data reported

T-Data reported as a function of temperature
x-Data reported as a function of composition
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Table Ic
Tungsten-8ronze Compounds
f AVATCARLE DATAS
- LATTICE CONSTANTS B |
COMPOUNDS STR* | TE THERM 'PYRO | PIEZ0 | ELASTIC
(°) 3 % < a5 €ij Ps | P | dijk | CijeSij
| ‘ .
SrpKNbgd) 5 T |16 | 12,47 3.942 e B
BajNasEuldyg0gg| T | 185 | 12.429 3.502 |
Ba3.‘la‘!meO30 T 1145 12.423 3.933 { | L
]
SroRbND50; 5 T ! 139 12.51 3.949 .
SrgibgTizd3g T |130 12.36 3.89 T
G 8a3odaFeqiivgdsgy T | 130 ! '
| BagSmpfepidgdag T | 130 12.46 3.926 P !
3aSriibgdy, TO|15 | 12.40 3.930 * T | %] » * *
Sr5KNbgTi04g T | 1e 12.38 3.90 ADE o
| SrpKTagds 0 |10 17.550  17.660 | 3.890 ;
| BaCapiibgTigdygl T | 30 | 12.37 3.9 » |
| BajNaGdliby o039 7' 20 | 12.449 3.934 |
| KslipTaglys 0 7 17.78 17.83 | 3.931 : : . j
332NE3L3 010030 T i =25 12.460 3.955 i i |
l. T-Tetragonal, 0-Orthorhombic
2. *-Data reportad
T-Data reported as a function of temperature
x-Data reported as 2 function of composition
7
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Table Id
Tungsten-3ronze Compounds
AVATCNBLE DATAC

! LATTICE CONSTANTS | ; 1 ‘ g t
COMPOUNDS sl T | THERM ' PYRO | PIEZ0 |ELASTIC |
(°%) ) (% | % sy | oty | Mgk | Sk | Sk |
| : e | |
SagMalalioygOsg | T =50 | 12.475 | 3.950 } { { i |
KoLaNogdys T -9 | 12.58 | 3.93 § { ﬁ l ‘ |
Roglatbgdys | T -120 i 3.945 1 { i i
BaNa,iib50 4F |1 | 12.369 | 3.928 ; | , t
Srtibglg T 17.720 ‘ 7.760 | ; | I
BaMa 2{.321‘|b10030, T 12.475 l 3.904 i : i l
KlaMosdys | T 12.545 | 3013 | i { | I
KoPribgdys | T 12530 | 3.918 ; | i E |

KoHoNbgdq 5 s 12.426 | 3.399 : : ‘ {
Kfbglys | T 12.428 | 3.901 } - ; ! ;

BazﬂdgFE3ﬂb703& T 12.43 ! 3.929 | . % a |
BapSigFegiby0sg T 12.46 | 393 I o | | .
PoolidgFeqibyOsg T i 12.43 i 3.92 | Lo ! ; |
T ; 12.54 i i { ! {

1

81,4dgFeghibg03g)
|

" =

. T-Tetragonal, 0-Orthcrhombic
. *-Data reported

T-Data reported as a function of temperature
x-Data reported as a function of composition
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3.0 THEORETICAL FORMULATION OF TEMPERATURE
COMPENSATED FERROELECTRIC MATERIALS

3.1 Introduction

For the first year, the theoretical studies have been concentrated on
simple ferroelectrics in the tungsten bronze family, i.e., materials in which
the elastic Gibbs free energy, ¢, the order parameters, n and p are always
zero, and thus all components of the terms ¢, and ¢3 in Gibbs function

AG = ¢1(np) + ¢2(XP) + ¢3(XPnp) (3.1)
are zero.

The objectives of these studies have been: a) to determine the level
of expansion necessary to give an adequate description of the dielectric, pi-
ezoelectric, elastic, and thermal behavior of the simple ferroelectric phases,
and b) to show bronzes which exhibit strong diffuse phase transitions (cor-
responding to a broad distribution of Curie temperatures), the static proper-
ties can be described by using a distribution of Curie temperatures in the
phenomenological function.

3.2 Derivation of the Phenomenological Relationships

If the elastic Gibbs function may be writtan in the form

_ 2 2 4 4 4
AG = al(P 2 ) + a3P3 + all(Pl + P2 ) + a33P3

p 2.2 p %

2 2
a3(Py P37+ Po7P3T) *+ aypp

2 6
PLP," + agyqPs (3.2)

1

(P 6+ P 6) 1

ap Py Py - 5128142

1. 1 |
- Sp3(Xpr X)Xy =5 Sy3 X - g Syu(Kge 45T

2 2 2 2
+ 3P X3 PyTXg) = 23y (PTK + PR NS)
9
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2
+ Q33(P37Kg) + Qqa(PyP3Xq + P1P3Xe)
* Qg6 P1P2%s

The first partial derivatives with respect to the polarization give

the field components

dAG _ _ 3 2
tnl E) = 200 + day P> + 2a.5P Py
2 5
+ 2a12P1P2 + 60111})1
* Q3P Xg + QuaPsfs + QP %g
IAG . 3 2
ET:’; = E2 = 2a1P2 + 4a11P2 + 2a13P2P3
2 5
+ 20 PP % + 6ay (P, (
3.
* 23 X3+ QuaPaky + QP 1%
3G _ - 3 2 2

+

5
BagysPy” + 03,P3(X)+ Xp)

+ 233P 3K + Quy(PXy + Py Xg)

and the second derivatives therefore give the isothermal dielectric stiffness

2 aE
3% %E1 2 2 2
PR S 2a) + 1201, P17+ 20 5P 57 + 2057,

4
* 30ap) P+ 203Ky

10
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2 3E
3%aG 2 _ 2 2 2
o2 T ap, T Mgyt 2ay 7 12 Py + 2015057 ¥ 2015P
3P2 2
+ 300111P14 + 2013X3
(3.4)
2 5E
3°AG 3 _ 2 2,p 2
2Py 3
+ 30a,,.P.0 + 2044 (X4+ X,)
333" 3 31\ 4
+ 2Q33X3
32 3E
AG 1
= = X = 4a P P
PP, 7P, 12 127172
* 32 3E
AG 1 )
3737 35, - K13 = %3P Pyt Qugks
12P3 3
32 af
A6 %% )
P,aP5 - 3P, - ez 7 a13PaPy + Qagky

In many cases, for higher frequency AC behavior, the adiabitic stiff-
nesses are required. If, as will be the case for the simplified description,
only a; and a3 are functions of temperature T and take the form

a] T a)g (T-el) and @3 = a3 (T—93)

In this case, the adiabatic correction which is given simply by

2
£) - () (@) /3) o
(a 5 P /; a—T’P/(:TTP
takes the form
11
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( aEl)
T/, 2a1gPy
( aE2 )
3T/, = 0™ (3.6)
5E
3) _
(‘ar_ o 2a3P3

Orthorhombic solution Plz = P22 0 P32 =0

_ 3 5
1 = 200P * (Bayg* 2a15)P)7 + Bap )Py + 2003P X5+ QP Xg

- 3 5
E, = 2aP) + (8a);+ 2a1,)P7 + 6ag Py + 2013P Xy + QP Xs
Ey = QgqPy (Xy* Xg5)
[}
Spontaneous states
P =0 o0r0=2a + (Ba i+ 201,)P 12 + 6ay (P "
1 1 117 “%12/"1 11171
P,=0or0=2a + (4a;,+ 2a,,)P 2 4 6oy, Pt
2 %1 117 “%12/71 11171
Py=0

Dielectric stiffnesses (pseudomonoclinic axes)

K11 = 2ap + 12011P1% + 2a15P % + 30apyyPy?
Xp2 = 2(11 + 12&11P12 + 2(112P12 + 300111P14
) (3.7)
X33 = 2a3 * 4a13P)
a2 = dagPy’

12
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Adiabatic stiffnesses
) 2 4 2.2 T
Xy, = 2a1 + (12a11+ Zalz)Pl + 303111P1 + 40.10 Pl o
_ 2 4 2, 2 T
Xpp = 2a1 + (12a11+ 2012)P1 + 30a111P1 + 4a10 Pl 'l (3.8)
x33 = 2a3 * dayP)”

i 2 2 2 T
X2 = dayP *dag P oTE

The elastic strains are given by the negative of the partial deriva-
tives of AG with respect to the components of stress as follows:

% e = = Sus Xe = ek = SiaKo + QuiP 8 4 QuaPa2 4 QuiPol
3%, R S R TR VAV IR K uk I S SAS 1272+ Q31P3
e S ST T T T Qi P2+ QP 8+ QarPal
3%, 2 11 X2 = 5128y = Sk v QP QP+ U3y,
3G
R 2 _ 2 2
Fy S T (X{ * X5) - Sga¥q + Qus(P7 = Pp7) + Q40P

3G,

Er A S L S 1 T

26

7 Tl S44%5 * QqPiP3

3,

W T % T 366’5 T Y6t172 (3.9)

Jrongrhonoic spontaneious strains P12 = P22 0 P3 = Xisg = 0

13
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P .
T N
xp = (Qu + Q2P
}‘ 2
-xp = (Qq1 *+ Q2)P
-X3 = 2013*’12
_)(4 =0
-X5 =0
) 2
-Xg = Q66P1
Similarly, the piezoelectric b coefficients are expressed by the
second partial derivative of G with respect to X and P in the form
3X1 3X1 3X1
P, by = - 2Q11P W, " boy = - 201,P, E2% b3y = - 2Q31P3
ax2 3x2 :9x2
EN b, = - 2Q5P, W, " bop = - 2Q1)P, w0 b3y = - 2Q3,P3
(3.10)
3X3 3)(3 3X3
P, bj3 = - Q3P W, bpz = - 03P, P, b3z = - 2Q33P;3
8)(4 3X4 3X4
ELFU U VAL e A T | T L O T T
8x5 ax5 ax5
FN S T i B L P S T L LI H
ax6 ax6 ax6 b_p.n
EL D16 = = s 2 7, Bog = = Py E 20366P1°273
14
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o117 - A7) by = - APy b 3= 0 |
b1p = - 2P by = - AP by = 0 (3.10)
by3 = - 3P by3 = - 20137 b33 = 0
b1g = 0 byg = O Doy = = QugPy
byg = byg = 0 byg = - Qgg?)
916 = - Qg™ bos = - UgePy byg = 0

by by b3 O 0 By

Doy by b3 00 by

0 0 0 by by O

In general, there are seven possible ferroelectric species which can
occur from the prototypic 4/mmm symmetry of the paraelectric phase of the
tungsten bronze, each of which corresponds to a different combination of non-
zero (spontaneous) values of the P; components. Practically, however, just
two of these solutions encompass all presently known simple ferroelectric
bronzes. These are

(a) P32 £ 0 Pl =py=0; (b) Pi2=P2#0 P3=0 (3.12)

The species (a) has domains in point symmetry 4im and corresponds to
Shuvalov? species 4mmn(1)D4F4rm.1l with two equivalent polar states tPg along
the 4 fold prototypic axis. The second species (b) is one of the two subtypes
of 4mum(2)D2Fmm2.11, with Ps along the 2 fold axis, which nake angles of 45°
2 _ P22)

With the 1 and 2 prototype axes (P and four equivalent ferroelectric

domain states.

Substituting the conditions (a) into the general equations derived

15
Z1354A/SN




——v—

g

’k‘ Rockwell International

above gives the following conditions for stability:

- - _ 2 - 5
Pl = PZ =0 0 = 2&3 + 4033P3 + 0a333P3

The 1sothermal dielectric stiffnesses are

T 2

X)p = 2ap * 2a3P3

T 2
Xpp = Cay + 2ajsPs

T 4

= 2a

+

2
X33 = 2a3 * 2a33P5" + 30az33P

T - = =0
X12 ~ X137 X3

The adiabatic stiffnesses are

S _ 2
Xll = 2a1 + 2a13P3
X7 = 2ay + 2015P5°
S 2 4 2
X33 = 203 + 12a33P3 + 30a333°3 + 4a30P3 T/CP

The tetragonal spontaneous strains are given by

-x) = Q31P3° Xg = x5 + xg = 0
) 2

-xp = Q31P3

-x3 = Q33P3°

and the piezoelectric b coefficients by

16
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by = 0 by = 0 b3p = - 203,73
01p = 0 b2 = O b3z = - 2Q31P3
by3 = 0 by3 = 0 b33 = - 2Q33P3 (3.17)
b1gq = 0 bog = - QgqP3 B34 = 0
b5 = - QqqP3 bpg = 0 b3s = 0
b1g = 0 bog = 0 b3g = 0

For the case (b}, the corresponding equations take for form, for the
stability conditions '

. 2 _ 52 . 2 . - 4
Pl = PE 0 = 2(!1 + (4(111 + 2“12)P1 + Oalllpl
(3.18)
P3 = O
[sothermal stiffnesses are
T _ 2 2 4
Xyp T 2oy ¥ 2appP e 20 ,Py 7+ 300y Py
T 2 2 4
Xon = 20y * 2a4,P,7+ 2a,,P," + 30a,,,P
22 1 11'1 121 111' 1 (3.19)
T 2
X33 = Za3 * dap3Py
T 2 . -
X3g =t P17 xq3 T xpy 7 0
ind for the adiabatic coefficients
5. T . 2.2 -
Xll = )(11 -10.10 Pl 7/ CP
17
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s T 2.2
s T
X33 T X33
- s T 2.2
\ X12 = X * dayg Py T/CP

g It may be noted that the coefficients here are expressed with respect
" to the original prototypic axes and thus satisfy pseudamonoclinic syruetry.
However, a simple rotation of the matrix by 45° in the 1,2 plane would reveal
the true orthorhombic symmetry.

Spontaneous elastic strains take for form

]
% - 2
| -xp = (Qq1 + Q12)P

-xz = Q1) + Q12)P12
- (3.21)

2013*’12

_X3
-Xg = QgP1? X4 = X5 = 0

and the piezoelectric coefficients are

byp = - 2Q1,P) bpy = - 2Q1,P) b3; = 0
byp = - 2Q;Py by = - Q117 b3p = 0
F
b1z = - 2Q13P; Dp3 = - 2Q13P; b33 =0
P (3.22)
o1 = Y 02g = 0 b3g = - Qg
k
015 = 7 bp5 = 0 b35 = - Q44
(]
, S1p % - eyl 925 = HheFl Doy =
s
13
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The relationships derived above contain the following implicit assumptions:

a) The Taylor series expansion of AG contains all allowed terms up
to 4th power, but only the first sixth power terms in
polarization.

b)  The coefficients ay and ay carry the major temperature
dependence and have the form

a1 = alo(T-Ol) and a3 = a30(T-63)

c) The coefficients a1g, a3g, and all higher order coefficients are
constants for any given bronze composition and do not change in
magnitude at the paraelectric:ferroelectric transition.

3.3 Applications of the Phenomenology

3.3.1 General Observations

The essential requirements which make it possible to use the pheno-
menological relationships in a predictive manner are: a) that the temperature
independent constants maintain rather similar values across many different
compositions with the same prototype structure, b) within a given solid
solution family, both the lowest order and the highest order stiffness terms
mutate only slowly and continuously with changing composition.

Experience within a very wide range of perovskite structure ferro-
electrics has shown that the above conditions are satisfied in this family of
oxygen octahedron ferroelectrics. In the tungsten bronze structure materials,

we note:

a) for the prototype symmetry, seven different ferroic species are
possible, yet within all bronzes that have studied to date, only two species
are, in fact, found. This must imply that there are a number of special
relationships between magnitudes in the higher order terms dictated by the

19 |
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bonding in the bronzes, which are preserved across the whole vast fauily of
bronze compositions. For exampie, it may be expected that since solution

Plz = P22 # 0, P33 = 0 occurs, but P12 7 0, p22 = P32 = () does not, the coef-
ficient aj, must always be negative. Similarly, since solutions involving

non-zero values of Py and P3 do not occur in the bronzes, though they can in
the bismuth oxide layer structure family which have the same prototype sym-
metry, it is expected that a]3 is positive.

Since the solutions (a) and (b) are not symmetry related, it may be
expected that they are controlled by different mode softening and we postulte

a) = alo(T-el) a3 = u30(T-93).

Clearly, if 81>63 and ajp is negative, the orthorhombic solution (b)
will occur for temperatures less than 61, while if 63>6;, the tetragonal
solution (a) will pre-empt the ferroelectricity.

The task is then to determine the constants for as wide a range of

. the tetragonal and orthorhombic bronze structures as possible, to determine
the range of each parameters and the adequacy of the phenomenological expan-
sion. Unfortunately, we find the difficulty of this task compounded by the
exceedingly “spotty” experimental information. For no ferroelectric bronze
are there really adequate and complete measurements which would permit simple
verification and cross-checking. Thus, it is necessary in many cases to re-
sort to indirect approaches. Two examples of the type of study being
accomplished are:

3.3.2 Determination of the Phenomenological Constants for PbNb,0g

Lead metaniobate was one of the first tungsten bronze structure
ferroelectrics to be studied, and there are extensive dielectric, some piezo-
electric, and a little elastic data available which have been measured on

single crystal samples.1

In the solid solution system with BaNvo0Og, there is
a morphotropic boundary occurring at a composition near 0.35 nole% 8alb,0g
separating an orthorhombic (b) type species in the lead-rich compounds from a

tetragonal (a) type species in the barium-rich compositions.

The T. for orthorhombic ferroelectric phase decreases linearly with

20
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Ba content up to 0.35 mole%, while after that composition, the Curie tempera-
ture T. for the tetragonal phase (a) increases continuously. Extrapolating

this tetragonal phase back to pure PbNb,0g suggesta a 83 =276 in this
material.

In the paraelectric phase of pure PbNb,0g, the dielectric stiffness
should be given by

x11 = 2a19(T-87)

and

x33 = 2a30(T-83)

Curve fitting to these data gives
a1q = 3.58x10° = 3.9x10°
10 = 3 a3 = 3-9x
8) = 550 83 = 280

Thus, there is good agreement between the two 83 values derived.

Now we may make use of the relations (3.19) and (3.20) to derive from

th measured €4, ey, and e values of the single domain single crystal values
for the higher order stiffnesses.

This process is illustrated for aj3, which may be derived from the
relation

s T 2
X33 = X33 = 2a33(T-63) + da;4P)

giving values of a3 = 25a3q-

Similar direct and indirect applications of the phenomenological
relations are being applied in a range of bronze compositions to build up
values and value ranges for the higher order terms in the phenomenological
expansion.

21
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3.3.3 Diffuse Phase Transitions

A problem with many of the tungsten bronze composition which may be
of interest for these studies is that they exhibit diffuse or broadened ferro-
electric phase transitions. This phenomenon is attributed to short-range
compositional heterogeneity giving rise to a distribution of local Curie
temperatures.

The phenomenon is most obviously exhibited in a rounding off of the
sidrp changes in ¢ and P, which are associated with the first-order ferro-
electric phase change.

As a first approach to a thermodynamic treatment for the mere diffuse
materials, we have been experimenting with using a Gaussian distribution func-
tion to describe the smearing of Curie temperatures, and with calculating the
response function as the sum of responses for the individual volume fractions
in each state.

The simple example given here (Fig. 1) shows the curve-fit results
for Ba'SSr.5Nb206. The best fit was obtained for a Gaussian distribution
function which has a half-width of 8°C.

Rather than remeasure the many Pg vs T curves in the literature, a
technique has been developed to digitize the plots directly from the publi-
cations. These data are then used with a genrealized curve-fit program to
determine the approximate temperature distribution of the phase transition.
The x-axis and y-axis scales in Fig. 1 are dimensionaless, and were chosen
because they could be readily applied to a variety of materials.

22
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Fig. 1 Calculated plot of spontaneous polarization as a function
of temperature.

MGl s e o g o

23

e
¥
4




e

Bnnne  aaaaesas ~ oo

TPy

e aaae o o oy

et AUt A it et e e i e e e S

SC5162.0AR

4.0 MATERIAL GROWTH RESULTS

4.1 Apparatus and Flux Systems

A specific task of this contract is to establish techniques and con-
struct suitable apparatus for liquid phase epitaxial (LPE) growth of selected
materials identified in the above literature survey. A LPE furnace, described
in Section 4.1.1 and its associated controls were constructed. As a result of
the above literature survey, it was decided that the first member of the
tungsten-bronze family to be studied would be strontinum-barium-niobate (SBN
or Sry_,Ba,Nby0g). Studies were then made to find suitable flux systems for
the LPE growth of SBN. These fluxes are described in Section 4.1.2. The
compositional range, x, for SBN is exceptionally large, 0.25 < to < 0.75. The
crystal chemistry of new tungsten-bronze solid-solutions that might be ex-
pected from element substitutions is discussed in Section 4.2

4.1.1 LPE Growth Apparatus

During the first part of this investigation, the LPE growth apparatus
shown in Fig. 2 was constructed. The basic furnace consisted of a vertical
platinun-wound resistance furnace capable of reaching 1500°C. It has an over-
all length of 20 inches with 2-1/2 inches internal diameter and external
shunts at 2-inch intervals for adjusting the temperature profile. The temper-
ature control system consists of an SCR power supply, high-stability supply
controller ($0.2°C), and a temperature ramp generator for linearly varying the
growth temperature up or down from Q.1 to 10°C/minute. Growth temperature is
carefully monitored by placing two 90%-10% Rh-Pt thermocouples, one inside the
other outside the melt. The system also contains a substrate preheating fur-
nace, 600-700°C, located above the growth chamber, which isolates the sub-
strate from any undesirable vapor during a preheating period. A lead-screw
drive is used to lower or raise the substrate assembly holder through a pre-
determined distance from the top of the furnace to the appropriate imnersion
depth in the melt. This system is capable of traveling as slow as one inch
per 20 minutes up or down, and rotating at 0.1 to 10 rps.

24
c1354A/Si

‘l‘ Rockwell International




Nh';"-.’“ DR B T S N 1 e DR St A Sl St Ml A AADEE ST DA S S 4 AR S i SEh S AN\ e s 6

b RN
b

'; ‘1 Rockwell International

y

L‘ SC5162.6AR

|

"
1+
1
F
!

| =

'R _ T
]
w0

0 4

N
N\

=

w
PR e e R R N

o 1
S| o

PS4SR R E Nt

. 27 =
==

‘1‘: — e

S ee——q ¢

=Nl

1 :

AUV

N

1
\ \

AN N

31 -
— , L~
> .
L ( Fig. 2 Diagram of furnace for liquid phase epitaxy.
+
b
¢
g
| 25
¢

Lu e e L S ]

it A A AP P . 2 homdn i B A Bm & % . o om'ea o A a_m = a a w etV




SC5162.6AR

4.1.2 Tungsten-Bronze Solvents

In order to grow films by LPE, a suitable solvent flux must be found.
The following information is being studied:

1. Liquidus temperature as a function of composition.

2. Crystallization range of the phase to be crystallized and its
stability at elevated temperature.

3.  Viscosity as a function of composition and growth temperature.

4, Density as a function of composition and growth temperature.

In order to grow high-quality films, these parameters must be known.
Since the present systems contain five or more components, the determination
of a complete phase diagram in such a situation is impractical. As described
by Roy and White,2 such systems can be treated as a pseudo-binary system with
the phase to be crystallized as one component (solute) and the flux (solvent)
as the other. Using this concept, several flux systems have been investigated
for tungsten-bronze crystals. In particular, our goal was to crystallize the
tungsten-bronze phase having the composition Sry_,Ba,NboOg. Table Il docu-
ments the melting temperature, eutectic temperature and crystallization range
for the flux systems thus far studied.

Qur initial results indicated that the oxides of Vo0g and MO3, where
M = Mo or W, were very volatile when incorporated as flux. Their use has been
discontinued and the alkali or alkaline earth vanadates and tungstates are now
being used to determine the crystallization range of Srq.xBa,by0ge The
LiV03, KoW04, LioW04 and KVO3 fluxes are relatively known and have been used

by ourselves as well as others to grow LiNb0; films. 32
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Solvents for the Tungsten-Bronze Compounds

Melting | Eutectic
emp (°C)| Temp.
Systen of Flux (°C) Phases Present Remarks
BaV206-Srlthabe206 700 685 SBN + BaV206 Long-useful crystal-
lization range
BaBg0y3-Sry_,Ba,Nby0g 890 -—-- SBN + BaVo0g Long-useful crystal-
lization range
SrV,0g-Sry_,Ba,NboOg | 750 --- SBN + SrVo0g Long-useful crystal-
lization range
KV03-Sry_,Bay,Nbsy0g 520 490 SKN + Unknown Long-useful crystal-
lization range
NaV03-Sry_,Ba,Nby0g 630 ~560 SNN + Unknown Long-useful crystal-
lization range
Vo0g-Sry_Ba,Nby0g 690 --- SBN + Unknown Short-not suitable
KoW04-Sry _,Ba, Nby0g 920 -—-- TB + Unknown Composition is not
known
LiV03-Sry_,Ba,Nby0g 700 -— LiNbO3 + Unknown Not suitable

1) SBN + Sry
2) Kl SrZKﬁb 5,
3) SNN + SrZNaNbsb

27
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For the determination of crystallization range of the Sry_,Ba,Nby0g
tungsten bronze phase in the different systems, several specimens of different
conipoistions were prepared by mixing oxides, carbonates or nitrates in the
required proportions. sufficiently mixed powders were slowly heated beyond
the melting temperature in a platinum dish for a few minutes, and then
quenched rapidly to room temperature. The specimen thus prepared was crushed
into fine powder and then the flux was washed away with either water or dil.
acids (HC1 or HNO3). The residual products was carefully studied by the x-ray
powder diffraction technique. The results of this study indicated that the
tetragonal tungsten bronze phase Sry_,Ba,NbpOg can easily be crystallized as a
stable phase from the BaV,0g-Sry_,Ba,Nby0g, SrV,0g-5rq_,Ba NbyOg, and BaBg0p3-
Srq_yBa,lbs0g systems. Further, it has been found that the Sr;_,Ba,Nb,0g
phase exists over a very wide compositional range in all three systems.

Since the tetragonal tungsten bronze structure extends over a wide
compositional range (0.25<x<0.75) on the Srib,0g-B8aNbo0g system,6 it is very
important to establish the Sr:Ba ratio for each composition crystalized from
the BaV,0g-Sry_,Ba,Nby0g system. This has been accomplished by establishing
the lattice constants ag and cA for each composition, and then these constants
were compared with known reported for the Srj_,Ba,Nb,y0g solid solution systen.
Figure 3 shows the variations in the lattice constants az and cg for the
Srq_xBa,Nbo0g solid solutions prepared in this work by the solid state re-
actions technique. It was found that the lattice constant ¢z is much nore
sensitive as compared to the lattice constant az to determine the Sr:Ba ratio
in the final phase. Table Ill summarizes the results of this work.

The work on the BaV2-6-Sr1_xBabe206 system was continued to estab-
lish the composition-temperature relation using the differential thermal
analysis (DTA) technique. Since the present system contains five or iore
corponents, the determination of a complete phase diagrain in such a situation
is impractical. Therefore, the systen was treated as pseudo-binary. Figure 4
shows a cormposition-temperature relation (Phase Diagram) for the BaV,04-
Srq_yBa,iibsdg system. A pseudo-eutectic occurs at 15 molei of Sry _yBaylibylg,
above which the Sry_x3a,Nby0g phase was crystallized. The saturation
temperature, i.e., the liguidus temperature for the pure Sry_,Ba,NbyJdy phase,

23
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is between 750 to 1500°C. The supercooling range for the system is about 10
to 13°C, which will be very useful for the thin filix growth work.

The system Ba88013-8r1_xBaXNb206 has also been found to be very use-
ful for the thin film growth work and further work on this system is in pro-
gress (DTA work). The results of this study clearly indicate that both these
systems are useful for the thin film growth work and will play important roles
in this investigation.

The systems KV03-Sry_,Ba,NboOg and NaVO3-Sry_,Ba,Nb,0¢ were examined
carefully and it was found that, although the tetragonal tungsten bronze phase
was crystallized on both the systems, the composition of the phase was dif-
ferent in each case. SrokNbgOjg and SroNaNbgO;g5 types of bronze phases were
identified. Both these phases belong to the tetragonal bronze structure and
are useful ferroic materials.

The remaining two flux systems, LiV03-Sry_,Ba,Nb,o0g and Li, W04~
Srq1.4B8a,Nby0g did not produce a stable composition of Sry_,Ba,Nby0g until
75 mole% of Sry_,Ba,Nby0g, and would require a dipping temperature of at least
1300°C. LiNbO5 was found to be a major phase on these systems, and we con-
clude these fluxes are not suitable in the present work.

In summary, of the total number of flux systems investigated for the
Tiquid phase epitaxy growth of Srl_XBabe206, barium vanadte, strontium
vanadate and barium borate systems were found to be the most desirable for
this task. The LPE growth experiment has been initiated using the BaV,0;-
Srl_xBaXNb206 system and the Z-cut SBN substrates. The main emphasis in the
coming year wil®* be to develop epilayers of the SBN compositions and new
bronze phases having high coupling constants and temperature compensated
orientations.
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Phase Analysis of the BaV206-Sr1_xBabe206 System

Composition

Phases Present

Remarks

BaV,05-Srib,0g
Bav,0g-5r ggBa
BaV,0g-Sr goBa
BaV,0g-5r 5Ba
BaV,0g-Sr 4qBa
BaV,04-5r 3Ba
BaVZOG-Sr.25Ba
BaV,0g-Sr ;5Ba
BaV,0g5-Balb,0g

.20Nb20¢
.40Nb20g
.50b20g
.60NP20g
. 70Nb206
.85M20¢
.35Mb20¢

SBN*

SBN

SBN

SBN

SBN

SBN

SBN + BaNbyQg**
BaNb,0g

BaNb,0g

Sr,60B2, 4oNb20g
Sr, goBa, 4gb20¢g
Sr.508a.50Nb206
Sr, 5082, 5oNbo0g
Sr, 4582, 55Nby0g
Sr, 3582, 65Mby0g

SBN* » tetragonal

tungsten bronze phase Srl_
Bailby0g** » does not belong to the tungsten éronze family.
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4.1.3 Bulk Crystal Growth of the Sry_,Ba,Nb,0z Compositions by the
Czochralski Technique

This bulk crystal growth program has been supported by the internal
(IR&D) funding to provide continuous supply of substrate materials for the LPE
work proposed in the present project.

7 indicate that the composition

Most recent data from the literature
Sr_g1Ba, 3gNbo0g is only congruently melting composition of the entire series,
e.g., Sry_,BayNby0g, 0.25¢x<.75. This suggests that a crystal should be
pulled from the composition Sr giBa 3gNDy0g to obtain striation-free crystals.
The melting temperature for this series is ~1500°C, and one can use either

iridiun or platinua crucible for the growth experiments.

Initially, the crystals were pulled on a platinum wire in Ar atmos-
phere. It was found that the crystals had a tendency to grow along the c-axis
corresponding to the crystal puller. The crystal obtained by using platinum
wire were oriented and cut in to seed crystals, which were used for further
pulling experiments. To date, it is possible to produce 1/2 inch in diameter
and 4 inch long crystals. This is a significant accomplishment in the present
work, and we expect to produce still bigger size crystals. The crystals are
large enough to initiate the LPE work on these crystals.

C-axis grown boules were cut and the wafers were approximately 1 mm
in thickness with c-axis normal to the major surface. The wafers were then
electroded using 508 of chrome and 2000A of gold. The Curie temperature was
measured by monitoring wafer capacitance and conductivity as a function of
temperature over the range 25 to 150°C. For a composition of SBN-61 (61% Sr),
the Curie temperature was approximately 72°C. The wafers were poled by
applying approximately 15 kV/cm at 60°C for 30 minutes.

Exceptionally strong piezoelectric activity was observed in all poled
sanples. To measure piezoelectric coupling, the wafer was mounted in a 503
transmission fixture and RF transmission observed over the range O to 10 MHz
with an HP3570 network analyzer. Plotted is the strength of mode vs the fre-
quency of series resonance, fp. Coupling K was calculated from a weasurenent

of series resonance and anti-resonance, fy freguency.
A q
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Coupling strengths were typically greater than 10% for both fundamental shear
and longitudinal modes. Future work will explain the observed mode spectra of
Fig. 5 in terms of elastic and piezoelectric constants, using the well known
elastic wave equation and Maxwell's equations. In addition, surface wave
devices will be tested on SBN, and the SAW velocity compared to calculations
based upon the above elastic constants.

4.2 Crystal Chemistry
4.2.1 Structural Information of the Tungsten 2ronze Family

The tungsten bronze (T.B.) structure is characterized by the network
of octahedra sharing the corners, and it would be safely said that this struc-
ture stands intermediate positions between the perovskite and pyrochlore-type
structures. The tetragonal bronze unit cell is shown in Fig. 6 in the pro-
jection of the (001) plane and can accommodate metal iens in five different
sites designated Ay, Ap, C, By and B,. Most of the bronze compounds and solid
solutions belong to the tetragonal bronze structure. The structure basically
consists of a complex array of distorted BOg octahedra sharing corners in such
a way that there are three different types of interstices between them, which
are available for cation occupation. These three types of sites are referred
to as follows:

A] sites in the pentagonal tunnels parallel to c-axis of which there
are four per unit cell, each surrounded by 15-oxygen atoms.

A, sites in the tetragonal tunnels parllel to the c-axis of which
there are two per unit cell, each surroundet by 12-oxygen atoms.

C sites in the trigonal channels parallel to the c-axis of which
there are four per unit cell, each surrounded by 9-oxygen a:oms.

82 sites surrounded vy the A2 sites, while 81 sites are located at
the center of the unit cells rectangular faces.
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Fig. 5 Strengtn ur mode as a function of the frequency.
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The unit cell formula may thus be described as (A;)sa(A2)oCh(37)7
(82)8030. As shown in Table 1V, a wide variety of substitutions are possible
in the various sites of bronze structure. The tungsten bronze family emnbraces

30 or more known compounds and solid solution systens (Given in Tables 1 a-d).
Within this extensive group, several inembers have high Curie temperatures,
high coupling coefficients and temperature compensated orientations. Ferro-
electric: Ferroelastic transitions are known to occur, and a very wide range
of imutual solid solubility between end members is possible.

It is clear that although the bronze family is vast and complex, it
offers an opportunity to develop bronze compositions of desired structural and
physical properties for various applications such as electro-optic, pyro-
electric, or as temperature compensated devices. In the present study, we
picked the tetragonal Sry_xBayNby0g and orthorhombic PbNb,0g bronze compounds
as prototype host, and efforts are being made to improve or alter their prop-
erties by adding specific impurities. The tetragonal Sry_,Ba,Nb,0g solid

: solution itself is very useful for several device appliations.
Sr_7gBa_ oglby0g has the largest e]ectro-optic8 and pyroelectric coefficient?
of any well-behaved materials. According to unpublished work by Cross,10
Sri.xBayNboQg solid solution possesses temperature compensated orientations.

4.2.2 Preparation of New Bronze Solid-Solutions

The substitutions were made in the chosen host materials as follows:
¢ .
- ot 3+,,+ Wt tadt
] 1) (1-x) M Nb206 + X M.SM.SNbZOG ———- AI_XMXMX sz 6
wlt
where M = Sr, Ba or Pb
‘ MY =K, Na or Li
% M3+ = Y, Bi or rare earths
q
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Table 1V

Ions that Enter Varicus Sites of the Tungsten Bronze Structure

Crystallographic Site

Cations

SITE - A
CoN. = 15

SITES Al and A2
C.Ne = 15 and 12

SITE - Ay
CoN. = 12
SITE - ¢
CoNe = 9
SITES B; and By

Rb*, Ti*, Cations M~0-M
(M = Nb, Ta, Mo or W)
Na®, K¥, Ag*
Cal*, sr2*, Bal*, £ul*, ppé*
v3*, a3, ce3*, prdt, ndad*, smd*, Eudt, Gad*
Tb3*, Dy3*, Ho3*, Yb3* and Bi3*
g2t

Li*, Mgt and A13* etc.

Li*, Mg2*, v2*, Felt  ol*, Nil*, cu*, nlt

CNe = 6 V3, Mn3*, Fed*, Ti%t, zrtt, snft, ot
vo*, Npd*, Tad*, Wt
MoB+, Wbt
Anion Site F-, 02'
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2+ 3+ 4+ 2+ 3+ 4+
2) (l-x) M Nb206 +12(_M2 MZ 07 R M] X x NbZ X X 06
3+ -
where M~ '= La, Bi or Gd
TR Ti, Ir or Sn.

All of the materials are prepared by the solid state technique using
analytical grade materials. After calcining around 800-1000°C for four hours,
each batch mixture was ball-milled in acetone for four hours, dried and
pressed into disks. The disks were sintered at 1350-1400°C for 10-15 hours in
air. Following these procedures, x-ray diffraction techniques were used to
identify phase purity and to determine the lattice constants for the different
tetragonal tungsten-bronze solid-solutions observed.

The results of the x-ray powder diffraction measurements indicated
that the substitution of M 53+ 5 Nb206 and M23+M24 07 phases is possible in all
the metaniobates M2* Nb,0g and introdued the tetragonal tungsten bronze solid
solution in all systems studied. 5La gNbo0g 15 isostructural with the para-
electric phase of PbNb,Og, while M?' M2 +07 belonas to the pyrochlore structural
family. Both theses systems can be represented as M+ Nbs0g-M gM_ gNbo0g and
HEilb,06-My7*w, S0,

The crystalline solid solubility of BaNb,0g-K gla gNb,0g was studied
in detail and the results of this investigation has been presented in Fig.

7. although both the BaNb,0g and K gla glibo0g phases do not belong to the

tungsten bronze family, the addition of K _gla gNby0g in BaNby0g introduced the
tetragonal tungsten bronze solid solution over a wide compositional range, and
it extends between 0.25¢x<0.65. All the phases were well crystallized and can

be easily indexed on the tetragonal bronze structure. The replacement of k*
by Na* in Ba ggK_ psla_,gNby0g has been accomplished. Similarly, the substi-
tution of other rare-earths such as Eus*, Gd3*, Dy3* or Ho3* and Y3* or i3t
was successful in both the Ba gpK ogla, pg5NboOg and Ba ggNa, ogla, oghiby0g cor-
positions. Although the substitution of Li* in the tungsten bronze structure |

11,12

is known, €4Ge, K3Li2Nb5015 and K3LisTagdys, the synthesis of

Ba ggli, pgka, oglbp0g was successful.
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PbNb,0g belongs to the tungsten bronze family and has an orthorhombic
unit cell at room temperature. As shown in Fig. 8, it is interesting to note
that both the orthorhombic and tetragonal tungsten bronze phases exist on the
PONby0g-K gla gNbyOg system. A similar situation has also been reported for
the Pbq_,Ba,Nby0g solid solution system.13 This system appears to be most
attractive for the undertaken work, since both the orthorhombic and tetragonal
ferroelectric phases co-exist in the same system. The replacement of K™ by
Na* and La3* by Gd3*, Eu3* or Bi3* has been shown to be successful in the

present system;

For the second type of system, Bal_xLaXsz_xM4+O6, where M = Ti, Ir
or Sn, tetragonal tungsten bronze solid-solution have been reported. Figure 9
shows the results of the present work on the BaNb,0g-LapZrp0; system. The
crystalline solid solubility of M3* and M3* jons is, however, limited as com-
pared to the solid solubility of M* and M3* jons. The tetragonal tungsten
bronze structure exists in the compositional range 0.15<x<0.40 on the
Bal_xLabez_erxOG system. The substitution of Ti% as Ba5Ti2Nb8030 is known
to exist in this fami]y;14 however, Zr4+ and Sn4+ containing tungsten bronze
phases are not known. The incornoration of zr** and sn?* may play a signifi-
cant role in this structure.

4.2.3 Dielectric Data

The Curie temperature, Tc, is known to be one of the fundamental
characteristics of ferro- and anti-ferroelectrics. This measurement gives the
origin of the spontaneously polarized state, and is considered important for
characterizing the piezoelectric materials. In the present work, the T. for
the different solid-solution systems has been obtained by measuring the di-
electric properties as a function of temperature. The technique is relatively
simple and the measurements are made routinely using a capacitance bridyge
(HP4270A). The test samples (disks) used for the dielectrical rnieasurements
are approximately 1.3 cm in diameter and .3 cm inches thick, and coated on
each side with platinum by the standard vacuun evaporation technique.

The T, was measured for the tetragonal bronze solid-solutions having
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compositions Baj_p,K,La,Nbs0g and Bal-xLabeZ-xM4+06’ where M = Ti or Zr. the
TC occurred below room temperature and it varied with composition between

-110°C to -20°C for both systems. The results are reproducible and these
4+

containing

findings are consistent with the results reported for the Ti

bronze phases,!® e.g., SrgBiTisNbj039 (T, = -10°C), BaslazTighbglsg (T, =

-130°C), and BagBi,TigNbg03q (To = -31°C). However, it is interesting to note
that LaS* and Bi3* free tetragonal bronze phases having compositions

L] BagTioNbglsy (T, = 245°C) and BagKNbgTiOzg (T, = 290°C) had their T. above

200°C.14  The work on the other systems is in progress and we expect that some

of these phases will be useful for the undertaken work.

3 PbNb,Qg 1s an interesting ferroelectric material, and exhibits the

H' ferroelectric phase transition around 570°C. 14-17  The dielectric measurements
on the orthorhombic solid-solution, Pby_o,K,La,Nbs0g have already been made,
and it was found that the addition of K,gLa, gNbpOg in PblNb,Og favors the T,
shift towards a Jower temperature. The T, shift is moderate for this system

* and the TC renains above room temperature for the samples studied. The mea-

surements on the tetragonal bronze solid-solution, Pby_.K,La,NboQg, are also
in progress.
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5.0 FUTURE PLANS

5.1 LPE Growth and Characterization of Bronze Phases

During the second year of this contract, the LPE process will be
established for the SBN compositions using the flux systems described in
Section 4.1.2. Once this technique is developed, the process will be applied
9 to other tungsten bronze compositions having high coupling constants and
f‘ temperature compensated orientations. Studies will be made in characterizing
the bulk single crystals, as well as thin films of bronze compositions in
terms of its piezoelectricity and temperature dependence of surface acoustic
wave for given direction of propagation.

5.2 Crystal Chemistry

a4
The work on the M2*Nby0g-K_sM3*iby0g and M2*by0g-M, M, %%0, | where

M2* = Pb, Sr or Ba; M3* = La, Gd, Y, Dy or Bi and M** = Zr, Ti or Sn, will be
continued to prepare new tetragonal and orthorhombic tungsten bronze solid-
solutions. The selected compositions from these systems will be studied in
detail to obtain the dielectric, piezoelectric and thermal expansion data
before they are tried for the LPE work.

5.3 Application of Phenomenological Model

The phenoinenological model derived at the Pennsylvania State

- University will be applied to determine the composition of SBN epitaxial films
to give large electromechanical coupling and still reamin temperature compen-

[> sated. In order to ascertain the validity of the phenomenoloyical model,

A sixth order electrostrictive constants for SBN hve to be experimentally de-

termined. These constants are important in relating to the polarization

dependent on acoustic wave velocity, the magnitude of electromechanical

coupling constant, and temperature dependent of the acoustic wave velocities.

P
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Dielectric Properties of Pb1-2xM3+Mbe206 and Pbl_xM3+Nb2_xM4+O6 Systems,"
{in preparation).

PRESENTATIONS
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