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1.0 TECHNICAL REPORT SUMMARY

1.1 Technical Problem

The technical problem is to determine why known ferroelectric and ferro-
elastic materials are temperature-compensated and to predict such occurences.
Knowledge from such a determination will be used to grow and characterize
suitable crystals from the tungsten~bronze crystal family using liquid phase
epitaxy techniques. The end goal is to provide high-coupling, temperature-

compensated materials for minimum shift keyed (msk) surface wave filters.

1.2 General Methodology

A literature survey of the known tungsten-bronze compounds is providing
the data necessary for the development of a phenomenological model based on
Gibb's energy function to explain the nature of temperature compensation in
these types of crystals. Experimentally, films of tungsten-bronze crystals
are to be grown via liquid phase epitaxy. Material characterization will pro-
vide experimental confirmation or indicate needed modifications to the

theoretical model.

1.3 Technical Results

During the first and second quarters of the present contract, an initial
literature survey of all known tungsten~bronze rompounds was completed. Pre~
liminary formulation of the Gibb's energy function for ferroic materials to
describe the phase transitions has been accomplished. Apparatus to perform

LPE growth of tungsten-bronzes has been constructed and several suitable flux

systems for the growth of strontium-barium-niobate (SBN) films have buen

found. TFrom an analysis of the chemistry of SBN, several new compounds have
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been identified and may be readily obtained by element substitutions within

the SBN structure.

1.4 [Implications for Further Research

During the third and fourth quarters of this contract, we will apply
the phenomenological model to the data available ror SBN as well as other
tungsten-bronze ferroelectrics. Crystal growth of SBN will be performed and

the elastic, piezoelectric and dielectric properties of this material measured.

1.5 Special Comments

At this time a limited supply of bulk SBN crystals has been obtained
from the University of Tokvo, Honeywell Research Laboratories, and
Stanford University. These materials are being used for bulk crystal charac-
terization studies and also as seed crystals for our own crystal growth pro-
gram. We expect a larger supply of SBN substrates for LPE growth to result

from our IR&D program.
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2.0 RESEARCH RESULTS

2.1 Literature Survey

The initial digest of the literature on the ferroelectric bronze
~amily of 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
separate compounds all chemically distinct compositions AxByCz...O30 where
X,¥,2... are whole numbers.

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

The purpose of the present data compilation is two-fold:

1. To provide accessible structural information so that the range of
choices for host and epitaxial film compositions can be rapidly
evaluated.

2. For the phenomenological analysis, and its extension to solid solu-
tion 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
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form, it is now possible to re-tabulate at will, sorting according

to any particular physical parameter. In the tabulation given in

R
1 Mg Ml

Table I, for example, the compounds have been ordered in descendiug
ferroelectric transition temperatures (TC).

A second advantage of using the computer for this function is the avail-
ability of a number of excellent graphics packages for the computer system.
Further, since we shall be running much of the computation for the phenomeno-
logical analysis on this system, which is hard-wire interfaced with a larger
system, appropriate storage techniques, handling, and processing of the pro-
perty data should be greatly facilitated.

In the present phase, most of the available compound bronzes have been
id:ntified. 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.

The problem of handling the data Zor the many possible solid solutions
in the bronze systems is cur major concern in the first half of this study
phase. Listings for two-component solid solutions are being mac up in the
form shown in Table 1I. Unfortunately, much of the originai data are for
ceramic (polycrystal) systems so that tensorial constants for the elastic,
plezoelectric, and dielectric data are, as we expected, rather scarce. The
major trends in dimensions, phase stability and Curie temperature are, how-

ever, available as starting points for the phenomenological analysis.
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2.2 Theoretical Treatment of Tungsten-Bronze Ferroelectrics

The present approach to a phenomenological descrir “on of the elasto-
electric behavior of the tungsten~bronze family of ferroclectrics is predicted
on the assumption that if a material has a direction of propagation for a bulk
wave in which the delay time is independent of temperature, it will be of

interest also for surface acoustic wave devices (SAW) and will have a high

g
o L M

probability of also having temperature-compensated directions for SAW. This

"

”

is especially true if the bulk shear modulus is temperature-compensated.

. -

»1 % % %a
fo T
st

The conditions which dictate the temp:rature coeificien. of delay for a

bulk wave have been given as

L LA LEL e
LR R,

~
a® o a5l

2 1(31) .y 1, .11(d
r(a'r)P % "2 % ZC(dT)P (1)

where as is the linear thermal expansion covefficient in the direction of

propagation, av 1s the volume expansion coefficient, and

d ,.d NN

- E pij qki'P q
ijke ihkl X NN
rs r s

is the effective elastlc constant tensor for the piezoelectric. The first

L
bt

!.l

)
LIt o

term in Eq. (2) is the adiabatic elastic constant at constant electric field.

et
i
2w

The second term is the piezoelectric stiffening term which depends not only

o
- By

on the piezoelectric tensor, but also on the dielectric permittivity tensor

.
Pt

and the direction cosines of the wave vector K (the st).

!‘ .

B ]

The elastic constant which appears in (2) can be for a general direction,
thus for an orthorhombic bronze the temperature coefficient of delay is con-

= trolled by nine elastic, five pilezoelectric, and three dielectric constants
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and their temperature derivatives, and three independent thermal expansion
coefficients, While in the tetragonal bronze the situation is only slightly
easier with eight elastic, three piezoelectric, two dielectric constants, and
two independent expansion parameters.,

It would indeed be a daunting task to measure up all of these constants
and derivatives in the full family of bronze composition which have been
identified. On the other hand, because of the complexity of the bronze struc-
ture, it is not yet possible to go back to first principles and derive from
atomistic models values of the parameters and derivatives which woul.d be
meaningful. What is possible, however, is the separation of those features
of the béhavior which originate in the ferroelectric and ferroelastic properties
of the bronze from those which are characteristic of the higher symmetry
tetragonal prototypic state.

The procedure for such a separation is to set up a phenomenological
elastic Gibbs function for the prototype, which contains the appropriate higher
order terms which are symmetry-permitted and which are required to stabilize
the known ferroelectric and ferroelastic transitions.

Since the symmetry of the tetragonal prototype is common to all bronzes,
the form of the functions does not change throughout the whole family. The
magnitudes of the parameters and their temperature coefficients will, of course,
change, but experience with other simpler systems suggests that the major
temperature dependence is confined to only a few characteristic parameters.
Identification of the parameters which are responsible for the phase changes
into the different ferroic phases is an important first task in the

phenomenological description.

11

P =

LT IR S A R S B G WA e R Tt I
B R L P W D R € R

3¢
S - o ey 'y



‘l‘ Rockwell Internetional

Science Center
SC5162.2SA

Formally, the Gibbs function may be split into three components.®
4G = ¢, (np) + ¢, (XP) + 2, (XPnp)

¢1 is a function of the independent components n and p of the
order parameter which characterizes the improper ferroelectric

phase.

¢2 contains the contributions related to the elastic, dielectric,

and elasto-electric (electrostrictive) energies of the crystal.

®. represents the coupling between the order parameters for
o

the ferroelasticity and the stress and polarization components.

The function ¢1 must contain up to sixth-order invariants to describe the

thermodynamically first-order nature of the ferrcelastic phase change, i.e.,

o, = 5o’ + 0% +3 8, + 0% + 28077 + 2y (0% + 0%

1. 22 2 2
+5 YN e (n + 0% @)

The function ¢2 must also be expanded to include the first permitted sixth-
order terms to describe thermodynamically the first-order proper ferroelastic

phase changes,

ST P TS
e, ,‘l\‘_'__e Nat )-"Lt".h".h}iﬁ.!“‘ ~5 l.i? Py ) .:742;1.1-
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2.2 2,2
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+

P
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+

X 6 6 1 P 2 2
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p 1 P2 2 .2
S13(X) #X Xy = 7 835X - (X, + X

2 2 2 2
Qu3(Py¥g + PyXy) + Qg (BX) + PyX))

2
P X3 + QAA(P P.X +P PxX

+ Qy5F, 2P4%, + PyP Xo)
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while the lowest order interactiou terms give

-
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2 2 2 2
cbs = el[xl +x2][n + p°] + ezx3[n + 07)

Yo

X5

2 2...2 2 2,2 2
+ pltPl + PZ][n o 02P3[n + 0]

2 2
+ vltxl - letn -p7] + V,Xene

At any temperature the stable or metastable states of the bronze crystal are

given by

.
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The coefficients which are strongly temperature-dependent and which
dominate the balance of phases are
o (T - 6.)

1 1(o) 1

X X
oy a3(o) (T - 62)
and
o = ao(T - 83)

If 91 < 92, and certain other conditions are satisfied on the higher
order terms, the prototypic phase will transform first on cooling to an ortho-
rhombic ferroelectric phase (mm2). For the condition 92 < 61 the transition
will be into a tetragonal simple proper ferroelectric phase.

The coefficient €, determines the temperature of the onset of improper

3

ferroelastic phases.
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The procedure which we are following involves the following steps:

l. From the dielectric constant, data for a wide range of bronze

crystals to determine the magnitudes of ul( ) and of a3( )

2. Using the polarization as a function of temperature to obtain

values of the aij and aijk'
3. From the lattice constant measurement as a function of tempera-
ture to extract values for the spontaneous strains, then using
the experimental and calculated PlP3 values to derive values for
the electrostriction parameters Qll’ le.

4. Wherever data are available, to calculate from the known Q and
P values the piezoelectric constants and their temperature
depandence.

5. To compute values of the sEj from sij and the known Q and P

values.

The basic objective of the approach is to sort sut by the phenomenological
method the prototypic lattice behavior from the total response which contains
major contributions from the ferroelectric and improper ferroelastic insta-
bilities.

Based on similar studies in the complex perovskites, the expectation is
that there will be a very slow regular mutation in the parameters of the pro-
totype, with only a limited range of values encompassing the whole.field of
stable compositions, and that the major "tuning'" of the properties which is
required for the particular device can be accomplished by the major manipula-

tion of the ferroic transition temperatures and relative stabilities which can

be embraced.
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2.3 Crystal Chemistry and LPE Growth Techniques

A specific task of this contract is to establish techniques and construct
suitable apparatus for liquid phase epitaxial (LPE) growth of selected materials

identified in the above literature survey. During the first six months an LPE

furnace, described in section 2.3.1, and its associated controls was constructed.
As a result of the above literature survey and other considerations, it was
decided the first member of the tungsten~bronze family to be studied would be
strontium-barium-niobate (SBN or Srl-xBabeZOG)' Flux systems suitable for the

LPE growth of SBN are described in section 2.3 2. The compositional range, X,

.

for SBN is exceptionally large, 0.25 to 0.75. The crystal chemistry of new

el el
: o

tungsten-bronze solid-solutions that might be expected from element substi-

'
-

ww

! g W

tutions is discussed in section 2.3.3.

2.3.1 LPE Growth Apparatus

During the first part of this investigation, the LPE growth
apparatus shown in Fig. 1 was constructed. The basic furnace consisted
of a vertical platinum-wound resistance furnace capable of reaching 1500°C.
It has an overall length of 20 inches with 2-1/2 inches internal diameter
and external shunts at 2-inch intervals for adjusting the temperature pro-
file. The temperature 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 0.1
to 10°C/minute. Growth temperature is carefully monitored by placing two
90%-10% Rh=Pt thermocouples, one incside and the other outside the melt.

The system also contains a substrate preheating furnace, 630-700°C, located

16




‘J' Rockweii Internationial
h

Science Center
SC5162.25A

LAl hterew &4 &4

\NRNARNNANRNNIA

aanp )

\

AVART RURARRNNAAN

QR

Fig. 1 Diagram of furnace for liquid phase epitaxy.
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above the growth chamber, which isolates the substrate from any undesirable
vapor during a preheating period. A lead-screw drive is used to lower or
raise the substrate assembly holder through a predetermined distance from
the top of the furnace to the appropriate immersion 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.

2.3.2 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. Viscocity 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, Lhese 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,? 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 composi-
tion Sr xBabe 0 Table II documents the melting temperature, eutectic

1- 276"

temperature and crystallization range for the flux systems thus far studied.
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Qur initial results indicated the oxides of VZOS and UO4 wvere

very volatile when incorporated in flux systems. Their use has been
discontinued and the alkali or alkaline earth vanadates and tungstates
are now being used to determine the crystallization range of Srl_xBabe206.
The LiV03, K2w04 and LiZWO4 fluxes are relatively well known and have been
used by ourselves as well as others to grow LiNbO3 films.375

The results of our experiments indicate that Srl-xBabe206 can
easily be crystallized as a stable phase from the systems
KVO3-Sr1_xBabe206, NaVOS-Sr

1_xBabe206, and BaV206-Srl_xBabe206.

X-ray powder diffraction technique has been used to determine the

The

existence of the desired composition as well as to warn of the presence

of undesirable compounds such as BaZKNbsols, SrZVszols, and BazNaNbSO15

which also have the tungsten-bronze structure. A careful determination
of the lattice constants of these phases is in progress and will provide
a needed standard against which to compare thin films grown by LPE.

Experiments with the flux BaV,0_.-S Ba_Nb,O. indicate that the tungsten-
276 "1=-x T x 276

bronze phace of SBN is stable over much of the BaNb206 and SrNb206 phases.

Since BaNb206 and SrNb206 belong to a different structural family, it

appears possible to control the Sr:Ba ratio in the Srl-xBabe206 system

through the BaV206 flux.

The remaining two flux systems, LiVOS-Srl—xBabeZOB and

LiZWOA—Srl_xBabeZO6 did not pronduce a stable composition of SBN until

at least 70 nole % of Srl_xBa‘Nb206, and would require a dipping tempera-

ture of at least 1200°C. LiNbo3 was found to be a major phase on these

systems and we conclude these fluxes are not suitable.
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In summary, of the total number of flux systems investigated for
the LPE growth of SBN, barium-vanadate and potassium-vanadate were found
to be the most desirable. Further work on these flux systems is in
progress to establish eutectic temperatures, crystallization ranges, and

compositional control parameters.

2.3.3 New Tungsten-Bronze Solid-Solution Systems

Strontium~-barium-niobate, Sr Ba Vb206, belongs to the tetragonal
tungsten-bronze family and exists over a wide compositional range,® i.e.,
0.25 €KX < 0.75. This in itself implies some degree of material parameter
control is possible by the ratio of Sr to Ba. A goal of this research is
to investigate such a control and to extend its range by additional
component substitutions within the tungsten~bronze lattice. Our primary
concern for this investigation shall be to determine the temperature
stability of the material pilezo-elastic constants and to alter them in
such a way as to achieve a temperature-compensated piezoelectric material
sultable for acoustic signal processing devices.

To synthesize new or modify existing bronze solid solutions based
on the Srl-xBabe206 system, two modified crystal systems have been

investigated using X-ray powder diffraction techniques:

ot
l -X x/2 x/2

I.

\IbZO6

where M+ = K, Na or Li

M3+ = La, Fu, Gd, or Ho

20 ’

E & . o’ T T T L S _l
i " ‘u‘a.."-\.‘ﬁ-',:'(x 4.- ‘ J~‘ ';‘) > * }'!"-' J‘ :'_.-P_ IR RS e S



‘l‘ Rockwell International

Science Center
§CS5162.25A

b, u*o

1L Bal-x x "2-x"x 6

where M3+ = La or Gd

M4+ = Zr, Sn or Ti

All of the materiuls 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. Follcwing these procedures, X-ray diffrac-
tion techniques were used to identify phase purity and to determine the
lattice constants for the different tetragonal tungsten-bronze solid-

c solutions observed.

For either of the two cases studied above, the end-member,
BaNb206, possesses two polymorphiz structures. The hexagonal form is
stable within a narrow temperature range just below the melting point,
1450°C. The orthorhombic form is stable at lower temperatures. In
either structure the short ¢ lattice dimension is almost exactly equal
to that of the tetragonal bronze type PbO'X(szos) structure, where
1.5 S X 3.0, Although BaNb,0, does not belong to the bronze family,
thie addition of the M+ + M3+ ions for Ba2+ or the addition of M3+ for
Ba2+ and M4+ for Nbs+ introduces the tetragonal tungsten-bronze solid
solution.

For the type I substitution, the assemblage can be represented as

+ 3+

. a pseudo-binary, BaNb206-M M Nb206. Both of these phases do not belong

to the bronze family. K 5oLa 50Nb206 is isostructural with the paraelectric
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phase of PbTa206. The crystalline solid-solubility of

BaNb206-K.50La.50Nb206 has been studied and the X-ray diffraction results
indicate that the assemblage having composition 0.25 < X < 0.65 belongs to
the tetragonal tungsten-bronze structure. These phases are well crystallized
and can easily be indexed on the tetragonal bronze structure.

The replacement of K+ by Na+ in Ba Nb,O, has been

505,258, 25220
accomplished. Similarly, the substitution of other rare-earths such as

Eu3+, Gd3+ or Ho3+ for La3+ in Ba

50X, 2512, 25NP,0q and Ba g,Na ,5Lla ,5Nb,0,
3+
has been demonstrated. In addition, the synthesis of Ba.SOLi.ZSM.ZSNb206’

where M3+ = La, Gd or Ho, produced a mixture of the tungsten-bronze and an
unknown phase indicating that partial replacement of K+ by Li+ might be

possible in the present systems. Such substitutions in the bronze struc-

7.8
tures are known, °*° e.g., KBLiZNb5015’ K3L12Ta5015.
For the type II stem, Ba, _La Nb M4+0 here Ma+ = 2Zr, Sn or
° > P sy ’ 1-x"3x P2-x 'x " WHET €D °
Ti, tetragonal tungsten-bronze solid-solutions have been found. The

crystalline solid solubility of M3+ + Ma+ ions 1is, however, limited as

compared to the solid-solubility of M+ + M3+ ions. The tetragonal tungsten-

bronze structure exists in the compositional range 0.15 < X < 0.40 on the

Ba, _La_Nb Zr4+0 . The substitution of Sn4+ or Tia+ for Zra+ and Gd3+
l-x "'x 2=x X 6

has beer. demonstrated. It is expected that the substitution of other

rare-earth ions for La3+ might be possible in the present system. The

substitution of Tia+ as Ba6T:i.2Nb.,030 is known to exist in this family,®

4+ 4t ;
however, Zr or Sn containing tungsten-bronze phases are not known.

The inc>rporation of Zra+ or Sn4+ may play a significant role in this

structure.
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3.0 FUTURE PLANS

3.1 Theoretical Analysis

During the third and fourth quarters, the theoretical modeling to
explain why known ferroelectric and ferroelastic materials are temperature-
compensated will be coniinued. The procedure which we will follow is detailed
in section 2.2. The objective is to sort by a phenomenological method the
prototypic iattice behavior from the ferroelectric and improper ferroelastic

instabilities.

3.2 Crystal Growth

During the third and fourth quarters of the present contract, crystalline
films of strontium=-barium-niobate (SBN) as described in section 2.3.3 will be
grown on tungsten-bronze substrates by liquid phase epitaxial techniques.

The flux systems described in section 2.3.2 will be used. At this time a
limited supply of bulk SBN crystals has been obtained from the University of
Tokyo and Honeywell Research Laboratories. We anticipate a larger supply to

result from our own bulk crystal growth program now in progress.

3.3 Measurement of Elastic, Piezoelectric and Dielectric Properties

During the third and fourth quarters of the present contract the elastic,
piezoelectric and dielectric properties of tungsten-bronze crystals will be
measured and compared to known values wherever possible. Particular emphasis

will be given to SBN. These measurements will provide the basis for continued

A

theoretical work based on the elastic Gibbs function discussed in section 3.2

above. In addition to the bulk elastic properties, temperature coefficient of

L
” " ’
h.‘-’.‘“n“w:.'n"

delay for surface acoustic waves will be investigated using experimental and

theoretical values for the appropriate constants.
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