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Technical Summary

(1) Technical Problem

In the past few years surface acoustic wave (SAW) devices have been
developed and applied to perform a variety of signal processing functions,
including (but not restricted to) correlation, pulse compression and
matched filtering. Applications of SAW devices include communications
and Radar systems, such as multichannel communications, secure anti-jam
communications, miniature avionics and electromagnetic counter measures.

The performance of SAW devices is based on the generation and propa-
gation of Raleigh-type surface waves on a substrate consisting of a piezo-

electric material. The substrate material most widely used at present is

Q-quartz because in o-quartz temperature compensated cuts exist which result
in performance characteristics independent of temperature, and which are
essential for applications in whieh transmitter and receiver operate at
different temneratures. However, the relatively low electromechanical
coupling factor of o-quartz limits the operating frequency and/or bandwidth
of SAW devices and constitutes a serious disadvantage.

The objective of the work under this contract is to search for new

temperature compensated piezoelectric materials for use in SAW devices with

properties superior to those of a-quartz, that is with larger electromechanical

coupling, and with ultrasonic attenuation smaller than, or comparable to
that of a-quartz.

(2) Methodological Approach

Exploratory and systematic crystal growth experiments have been started

in order to obtain single crystal specimens of a group of potentially useful

materials that have been selected earlier under AFCRL Contract F 19628-73-

C-108 on the basis of theoretical considerations. The single crystal specimens
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are intended for the measurement of the pertinent physical properties,

also to be performed under the present contract, especially of the elastic,

thermoelastic, piezoelectric and dielectric properties, in order to determine

suitability of these materials and their superiority to a-quartz for SAW
devices.

(3) Technical Results

During the first six months of the present contract, research on the

following topics was performed:

A. Crystal Growth: The crystal growth effort centered on BaZGeZTiOB’

Ba,Si TiOS, and szKNb 0 Both Bridgman and Czochralski crystal growth

2772 5715°

experiments were performed, and large good quality crystals of BaZGeZTiO8
were obtained from the latter pulling experiments. The quality of these

crystals is hampered by a core in the boules. BaZSiZTiO8 was synthesized in

polycrystalline form, and initial growth exp:riments were carried out.

Attempts to grow szKNbSO contin-ed, but cracking has remained a problem.

15

The cracking problems in szKNbSO15 were examined as a function of the
variables: 1liquid 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. Crystal growth of

B-LiAl1Si0, by flux methods was successful in that crystals of suitable size

4

and quality for property measurements were obtained.

B. Measurement of Elastic, Thermoelastic, Piezoelectric and Dielectric

Properties: The data analysis of previously startec measurements of the

elastic, thermoelastic and piezoelectric constants of A1P04, berlinite, was

completed. Temperature compensated cuts on this material for bulk waves with

orientations similar to those of AT and BT cuts in a-quartz are predicted and
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show up to 250 percent larger electromechanical coupling than quaitz. The
five independent single crystal elastic constants of B-LiAlSiOa, B-eucryptite,
were measured as a function of temperature and pressure. The temperature

and pressure coefficients of all elastic constants are negative. In spite of
the negative thermal expansion coefficient parallel to the hexagonal axis

no temperature compensated cuts exist, and on the tasis of the meacsured
piezoelectric stiffening contribution the electromechanical coupling is
expected to be small. Therefore, B-eucryptite does not appear to be a
suitable substitute for a-quartz.

(4) DoD Implications

The electromechanical coupling factor of a-berlinite has been found to
be up to 250 percent larger than for a-quartz for bulk waves, and one may
expect a significant improvement of the electi.umechanical coupling factor for
surface acoustic waves as well. Thus by replacing quartz as a substrate
material in surface acoustic wave (SAW) devices by berlinite 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 improved.

(5 Implications and Further Research

By demonstrating the superiority of a-berlinite over a-quartz for electro-
mechanical device applications it has been shown that the search for new
temperature compensated materials with properties superior to those of a-quartz
through the approach used under the present contract is meaningful. One may
there ore hope that a continued systematic search for new temperature compen=

sated materials under the present contract may, even with the modest funding
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level, eventually lead to the discovery of additional, perhaps even more
suitable, materials.

(6) Specific Comments

No specific comments are offered at this time.

i
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1. Technical Problem

The objective of the research of this contract is to fina 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 coefficient of the delay time.
The electromechanical coupling factor should be substantially larger than

for a-quartz, which is presently used in temperature compensated SAW devices.

2. Methodological Approgch

The research consists of: (A) both exploratory and systematic crystal
growth studies on a variety of materials which are expected to te temperature
compensated for bulk waves and which have been selected earlier under AFCRL
Contract F19628-73-C-108 on the basis of certain heuristic criteria, and (B)
measurements of the single crystal elastic and thermoelastic properties of
the above grown crystals to determine whether they possess temperature
compensated crystallographic directions for bulk waves, and measurements of
piezoelectric and dielectric constants and their corresponding temperature
coefficients to check the suitability of these materials for surface wave
device applications.

2.1 Crystal Growth

The crystal growth research is being performed on materials grouping

selected from the following list:

(1) Ba,Si,Ti0g (4) BiMoO (6) Bi,Si0g
BaZGezTiOS Bizw06 BiZGeO5
Ba, (S1,Ge) ,Ti0, Bi,, (Mo, W)O, Bi, (5i,Ge)0g
(2) B-LiAlSiOA (5) LiZSiO3 (7) BiZPbszug
(30 BB ENbE0, 3 Na, 5105 (8) NaAlSio,
(Li,Na)ZSiO3 KAlSiOA
(Na,K)A1Si0
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Our approacn is to use crystal pulling (Czochralski) and directional
1 solidification (Bridgman) techniques for the growth of these materiais when-

wver possible. These techniques usually yield the largest crystals with the

lezst 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 tuchniques will be used on materials that do not .ieet the
above requirements, and materials that readily solidify into glasses upon
cooling their melts. A flux-pulling method will be tried first for these
solution grown crystals.

We are attempting to first prepare the crystals that appear to be the
ezsiest to grow so that samples will be available for property measurements.
The order of the above material groupings is the approximate order in which
the materials are being studied.

2.2 Measuremont of Elastic, Thermoelastic, Piezoelectric and Dielectric

Properties

Since the main purpose of the proposed work is to find new temperature
compensated materials, the most important properties to be measured are the
temperature coefficients of all single crystal elastic constants. We do this
by means of ultrasonic velocity measurements as a function of temperature.

For the evaluation of the temperature coefficients of the elastic constants

from these data, the thermal expansion coefficients are also determined. They
are also required for the calculation of the temperature coefficients of the

»ulk and surface mode delay times. If some of the effective elastic moduli
which determine the ultrasonic velocitiers -how positive temperature coefficients,
a more complete assessment of the suitability of a given material for ultrasonic

surface wave signal processing devices also requires the measurement of the ]

piezoelectric and dielectric constants and their temperature coeificients.

These measurements will be done either by the x-ray method or by *the resonance
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technique for the piezoelectric properties, and by means of the admittance

bridge technique for the dielectric properties.

3. Technical Results

3.1 Crystal Growth

3.1.1 Barium Germanium Titanate: Our major crystal growth effurt has

centered on barium germanium titanate, BazGezTiOS. Both Bridgman and
Czochralski growth experiments have been carried out, but good crvstals were
obtained only in the latter pulling experiments.

Bridgman experiments wcre performed in attempts to dnplicate the success—

ful growth of BazGe TiO8 reported by Kimura et al. (1), bu: all the boules

2
obtained were cracked and milky in color. In attempting to remedy cthe poor
quality of material obtained, better temperature control equipment was used,
four different crucible lowering rates in the range of 0.5 to 3 mm/hr were
tried, and temperature gradients near the freezing point goth breater 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 are not clear, and further attempts will not be pursued.
Czochralski crystal pulling experiments utilizing an rf-powered A.D. Little
model M.P. crystal puller produced good quality single crystal boules except
for a central core region which was vieled. 1In six of the seven growth
experiments, the crystal was nucleated on a Pt or Pt/10% Rh wire 0.030 to
0.040 inches in diameter. The nature of the necking down procedure and the
shape and size of an average crystal of BaZGeZTiOS grown in these studies can
be seen from the xeroxed photograph shown in Fig. 1. A seed crystal was used

in one experiment, but the quality of the resulting crystal was worse than

when nucleation on the metal wire occurred. This was in spite of the fact

P .
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that the seed crystal was oriented in the czue direction it was initially
grow1, and the seed was partially melted before the new crystal was grown.

In all of the crystals grown, a cioudy core was present which varied in
size depending on the pu:iicular growth conditions. A scan with the

electron microprobe across this region suggested a slight increase in

Figure 1. Typical BazGe?_TiO8 Crystal Boule
Pulled from Its Melt,

0

No., 2 - 20 rpm rotation No. 3 - O rpm rotation No. 4 - 20 rpm rotatio:
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 Indicated.
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in germanium content, but these results are very tentative. The effects of
crucible insulation and crystal rotation on the size and shape of the central
core are illustrated in Fig. 2, whiéh shows schematic cross sections of
crystal boules.

During all the crystal pulling experiments on BaZGeZTLOS, a small amount
of material vaporized from the cru_ible and condensed in an amorphous state
on the water-cooled chamber walls. A qualitative spectrcscopic analysis of
this material indicated the deposit was almost entirely germanium (probably
Ge02), with minor amounts of Pt (0.02 - 2%) and traces of Ti and Ba (<0.02%).

At present we are analyzing the infurmation we have on the BaZGe TiO

27778
crystal growth and are preparing for experiments on BaZSiZTiOS' We have large
enough quantities of good quality Ba2Ge2TiO8 crystals for at least preliminary

property measurements, and perhaps enough for ai’ the measurements.

It was attemptnd to eliminate the central core imperfections in the grown
crystals. We reasoned that if the central core was related to thermal losses
or voltages set up across the platinum rod on vhich the crystal nucleates,
then shortening and insulating this rod from the rest of the apparatus would
have an effect on the core. We grew a crystal with an insulated rod, but
noticed no effect on the core.

3.1.2 Barium Silicon Titanate (Fresnoite): Polycrystalline starting

material of barium silicon titanate (fresnoite), BaZSiZTiOS’ was synthesized

by 1200°C heating of pressed pellets of the proper stoichiometric amounts of

BaCo SiOz, and TiO In growth experiments, the high melting point (reported

3 2°
to be 1360°C, but nay be 50-100° higher) has caused problems in attaining
sufficiently high temperatures in the center of an insulated platinum crucible

without almost melting the crucible. Various heat shielding arrangements

around the crucible were tried, as were various reflectors and shields above

the crucible. Melting was attained and several crystal boules were obtained,
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but they were of poor quality and were cracked extensively. Similar cracking
problems were observed in the BaZGeZTiO8 crystals when we atternpted to use
shields and reflectors above the crucible. Erosion of the platinum crucible
through the formation of platinum oxides is relatively large. An iridium
crucible is being considered so that we can go to higher temperatures without
the top shielding, but crucible oxidation can be a problem in air. We ran
growth experiments in argon with a platinum crucible to see if the titanium
in the compound would be reduced to a trivalent state. Some reduction may

be occurring, but ihis piroblem does not look severe.

3.1.3 Lead Potassium Niobate: Single crystal growth experimints on lead

potassium niobate, PbZKNbSOZS’ that were started under a previous contract are
continuing with the use of the rf-powered A. D. Little crystal puller. Although
the procedures reported by Yam¢la (2) have been followed, the resulting

crystal boules have cracked in many places, and the single crystal regions are
twinned. Various shielding assemblies and cooling procedures have been tried
without success. Several compositions either rich or poor in each of the
respective components were prepared and studied in an attempt to understand

more about the phase equilibria of the PbO-K.0-Nb.O system, and thus under-

2 275
stand the growth of the PbZKNbSO15 from molten compositions in this system.

In a recent paper by Nakano and Yamada (3) it is stated that good crystals
were obtained from melts with compositions Pbl.90—l.95Kl.2-l.le5015° Several
runs were made using these compositions, but the results were the same as with
other compositions richer in lead and poorer in potassium. Different cooling
rates for the grown crystals were tried, but had little effect. Smaller

diameter crystals were grown (6-8 mm), but cracking persisted. The shielding

above the crucible was varied, and in a few runs removed, but the effects were

small. Several fairly large crystal pieces have been obtained from the cracked

boules, so several more runs will be made to see if enough large pieces can be
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obtained to make property measurements on. Without a thorough phase and
crystallographic study of this material, it appears that the crackinz problem

will not be conquered.

3.1.4 PB-Eucryptite: The crystal growth of B-eucryptite, B-LiAlSiOA, also
begun on a previous contract was successfully completed, and crystal large
enough for property measurements were obtained. Winkler's method (4) of
using a lithium cryolite flux was followed, and yielded single crystals with
linear dimensions up to 10 mm and volumes up to about 200 mm3. The crystals
obtained are transparent ~nd appear to be of good quality and relatively free

of inclusions.

3.2 Elastic, Thermoelastic and Piezoelectric Properties

3.2.1 o-Berlinite: Our work on o-berlinite, a-AlP0O,, begun under a

4

previous contract, has been completed, and the results have been submitted
for publication (5).

The six single crystal elastic constants of a-berlinite (crystal class
D3(32)) have been measured by means of the ultrasonic pulse superposition
method between 80 and 293°K, and the thermal expansion behavior has been
determined from 293 to 950°K by the x-ray powder diffraction method through
the a-B transition at about 857°K. The specimens used were cut from a crystal
which had been grown hydrothermally at the Signal Corps Engineering Labora-
tories, Fort Monmouth, New Jersey.

The thermal expansion data indicate an abrupt change in the lattice
parameters at about 584°C, resulting from the a-f transformation, and are
qualitatively and quantitatively very similar to those for quartz (6). In
Table 1 the room temperature values of the two lattice parameters, of the
linear thermal expansion coefficients and of the temperature coefficients of

the linear thermal expansion coefficients are listed. For the lattice parameter
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a the data from 23° to 397°C, and for ¢ the data from 23° to 556°C were
included in the least squares fit. The lattice parameters agree very well
with the values reported before for berlinite (7) (a=4.942& and c=lO.97K).
The linear thermal expansion coefficients perpendicular and parallel to the

trigonal axis are 17 percent and 34 percent larger than for a-quartz (6,8)

respectively.
Table I Lattice parameters (at 296°K), linear
thermal expansion coefficients, and
temperature ccefficients of the linear
thermal expansion coefficients (at
298°K) for berlinite
Y
L a c
L(A) 4.943 10.974
o = %%)(lo-sﬂ(-l’) 1.59 + 0.06 0.97 + 0.11
!
da (10'8°K'2) 1.5 + 0.6 1.5 + 0.8
dT |
As for a-quartz, the elastic constants cE cE cE cE and E decrease
. 4 J e 11° €33 Sas’ C12 €13
with increasing temperature, but the shear modulus c§6 and the modulus c?a

increase with increasing temperature. The transit time for the X-cut shear
mode, polarized parallel to the Y-direction shows a minimum at about -8°C. On
the other hand Mason (9) reported a maximum for the resonance frequency of the
Y-cut thickness shear mode, polarized parallel to the X-direction, at =-40°C.
This result is in contradiction to our own data, which show that the directly
measured transit time for this mode decreases monotomically with increasing
temperature. It is suggested that the discrepancy arises from mode coupling

effects in the resonance type experiments of Mason (9).

B . o i R

s

&
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In Table II the room temperature values of the elastic constants and
their temperature derivatives are compared with the corresponding data for
o--quartz. Also included are the elastic constants of AlPOA obtained by Mason

(9,10). It is apparent that, with the exception of c,,, the present data

14
differ significantly from those of Mason (9,10). With the exception of c

44’
the present data are considerably smaller than Mason's results. Although
Mason's data were obtained | 7 means of the resonance technique the large
difference cannot be attributed to the different experimental methods used.
One possible explanation is perhaps that the sample measured by Mason was not
pure stoichiometric AlPOA. On the other hand, the present results are
systematically smaller than the data for quartz, with the differences (referred
to quartz) smaller than about 25 percent.

Most of the temperature derivatives of the elastic constants of AlPOA are
less than half the values for SiOz, except for Ch4? which is only 33 percent
smaller, and for ¢ and Cq3 which are up to 25 percent larger.

The eigenvalues of the ultrasonically measured Christoffel tensor contain,
in addition to the elastic constants cEv, piezoelectric stiffening terms,
which depend on the piezoelectric and dielectric constants. Since in our
investigations twelve independent modes were measured as a function of
temperature, the stiffening terms could be separated from the six independent
elastic constants. In order to obtain the piezoelectric constants and their
dependence on temperature from the piezoelectric stiffening terms the dielectric
constants and their temperature dependence must be known, respectively.

Approximate room temperature values of the piezoelectric stress constants
€. were obtained by using a value of eil = 5.88, calculated from the value

i

of the dielectric constant for constant stress, eTl = 6.05 given for AlPO

1 4
The results are listel in Table III

33°

by Mason (9), and by assuming eil




Table II Comparison cf present results for elastic constants (in 102 dynes/cmz)
and their temperature derivatives (in 108 dynes/cm2 °K) for a-A1P04
with the corresponding data for a-SiO2 and with other elastic constant

data for a-A1PO, at 298°K.

4
11 33 44 66 12 13 14
cEv ALPO, (present)| 0.640 | 0.858 | 0.432 | 0.284 | 0.072 | 0.096 | -0.124
H +,007 +.003 +.003 +.006 +,013 +.006 +.003
AlPOAa 1.050 | 1.335 | 0.231 ] 0.379 | 0.293 | 0.693 | -0.127
5102b 0.869 | 1.058 | 0.582 | 0.399 | o0.0714| o0.120 | -0.181
(acf:v/ ar)p ALPO, (present) | -0.485 | -1.87 | ~0.677 | +0.292 | -1.07 | -0.38 ~0.089°
i +.016 +.03 +.018 +,013 +.03 +.01 +.010
[}
| 5102° -0.385 | -1.693 | -1.021 | -0.748 | -1.92 0.66 -0.21

aCalculated by Bechmann, reference (10), from elastic compliance data of Mason, referencz (7).

chSkimin, reference (9).

€Zelenka and Lee, reference (11).
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Table III Piezoelectric stress constants elu (in C/mz)

and their temperature coefficients (Beiu/BT)p

2

(in 10—4 C/m” °K) for a-A1PO, and a-SiO,.

4 2

The sign of e for All'c4 was chosen so as to

agree with that for dextrorotary u-Si0O

9"
iy 11 14
a
eiu a—AlPO4 (present’) -0.30 0.13
b
a-AlPO4 =0.27 0.12
a-SiOZC -0.17 | 0.040
a,d _
(BenfaT)p a—AlPO4 (present ’") 0.80 0.73
e
a—SiO2 0.27 -0.58
3calculated from Eil = 5.88 (calculated from EIl = 6.05; Mason,
reference () on the basis of the assumption Eil = €§3.

bCalculated from the piezoelectric strain constants and from the

elastic constants of Mason, reference (12).
CBechmann, reference (13).

dCalculated by using the relative temperature coefficients
(1/efi)(aefi/ar)p(1=1,3) of the dielectric constants for a-quartz

from reference (10).

eBechmann, reference (14).
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and are seen to agree within about ten percent with the values calculated
from the piezoelectric strain constants given by Mason (9). The constant
e is almost two times, and €14 almost three times larger than the corres-
ponding values for a-SiOz. Considerably smaller values of the piezoelectric
stress constants were given by other authors (15,16) but this may be due to
the presence of micro-twinning.

Since the temperature coefficients of the dielectric constants of berlinite
are not known, and since these quantities represent only a small correction
in the calculation of the temperature coefficients of the piezoelectric
constants from the piezoelectric stiffening terms, the values for a-quartz
were used. They are (10): (1/a§1)(aafl/ar)p==o.28 and (1/e§3)(aa§3/ar)p = 0.39

4 -1

(in 10~ (°K) 7). Temperature coefficients of the plezoelectric constants

obtained in this manner are also listed in Table III and are for ell three times,

and for e, 26 percent larger than for a-SiOZ.

The round trip delay time of an ultrasonic wave travelling through a

piezoelectric crystal plate of thickness t and in the direction N is given by

~
[}

2e/V (1)

<3
I

= Yel/p (2)

is the ultrasonic velocity as determined from the eigenvalues ¢ = c(N) of
the Christoffel tensor, with the pizzoelectric stiffening terms included.
By differentiation of equ. (1) the temperature coefficient of the transit

time can be expressed in terms of the volume thermal expansion coefficient s

the linear thermal expansion coefficient a = a(ﬁ) and the effective

elastic constant c through the expression

1 oty _ . _1_ _1 3
T Grp T2 % - 7%, (3)
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For small electromecharnical coupling factor the resonance frequency f of the
same crystal plate is g:iven by the reciptrocal of the transit time, so that
(L/f) (0£/93T) = - (1/1)(31/3T). For large electromechanical coupling factor

the resonance frequency of an uncoupled mode is given by (17)
f = (v/me)X (4)
where X is the solution of
2
tan X = X/k (5)

and where k is the electromechanical coupling factor.

In order to investigate the existence of temperature compensated
directions in AlPO4 the round trip delay time T, the resonance frequency f
and the temperature coefficient of both quantities have been calculated as
a function of orientation for the rotated Y-cut thickness-shear mode, assuming
a plate thickness t = 1 mm. In a crystal plate with infinite lateral dimen-
sions this mode is for all angles of rotation around the X-axis independent
of the other two solutions of the Christoffel tensor. The effective elastic

constant is for this mode given by (17)

(e§6)2
r = ' | —
“66 = 66 ¥ T, (6)
22
The electromechanical coupling factor is given by (17)
2

(el,)

= L

“66 “22
The elastic, piezoelectric and dielectric constants for the rotated crystal

are given by

e W S S —
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Voo 2 2

66 66 x" + Sy Y + 2c14xy (8a),
' B e

6 (ell x + €4 y)X (8b)
. _.8 2,5 2 r
€2 = 11 ¥ * E33 Y (8

where x = cos ¢ and y = sin ¢, and ¢ denotes the rotation angle around the
X-axis according to the IRE standards (18).

In Figs. 3 and 4 the results for the delay time and for the resonance
frequency, respectively, are shown as a function of rotation angle. The
plots in Fig. 4 are qualitatively very similar to the corresponding plots for
a-quartz (19). The resonance frequency passes through a maximum at -60°, and
a minimum at 29°. The rotation angles for the corresponding BC and AC cuts
in a-quartz are -58° and 31°, respectively. At -44° and at 30° the temperature
coefficient of the resonance frequency passes through zero. In a-quartz the
orientations for the corresponding BT and AT cuts are -51° and 35°, respectively.
Comparison with Fig. 3 shows that the angles for the minimum and maximum of
the delay time, corresponding to the orientations denoted by BC' and AC',
differ by only one or two degrees from those for the BC and AC cuts referring
to the resonance frequency. The same is true for the orientation of the AT'
and AT cuts. However, the angles for the BT' and BT cuts differ by about 7 p

In Fig. 5 the calculated orientation dependence of the electromechanical
coupling factor is shown. The values of the coupling factor for a-quartz
corresponding to the four cuts indicated in the graph are 0.040 (BC), 0.054
(BT), 0.098 (AC) and 0.089 (AT). From Fig. 5 it is apparent that the
corresponding coupling factors for a-berlinite are up to 250 percent larger
than for oa-quartz. As for a-quartz, other temperature compensated directions
exist which are in general of less practical use because of mode coupling

and/or smaller electromechanical coupling factor. For example, for the
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Calculated round trip delay time T for plate thickness of
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Fig. 5
Calculated electromechanical coupling factor k for

rotated Y-cut crystal versus angle of rotation &.
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X-cut rotated by *2.5° around the Y-axis the temperature coefficient of
the delay time is zero, but the electromechanical coupling is very small.

The results of Figs. 4 and 5 suggest that a~-berlinite may be a more suitable
piezoelectric material for use in bulk wave ultrasonic devices that a-quartz,
as the larger electromechanical coupling 'would lead to lower insertion losses,
higher frequency limit, and larger bandwidth. For the substantiation of this
conclusion a more accurate determination of the piezoelectric constants and
the direct measurement of their temperature dependence and of the dielectric
constants and their temperature dependence are required.

3.2.2 B-Eucryptite: The five single crystal elastic constants of

B-eucryptite, B-LiAlSiOA (crystal class D6(622)), their temperature coef-
ficients and their pressure coefficients have been measured by means of the
ultrasonic pulse superposition method. The results are listed in Table IV
and show that all pressure and temperature coefficients are negative.

By making measurements for 8 independent modes it was also possible to
obtain the piezoelectric stiffening contribution to the effective elastic
constants, as well as the temperature and pressurederivatives of this quantity.
Since very recently the dielectric constants of B-eucryptite have been measured
as a function of temperature and frequency (20), it was possible to calculate
the piezoelectric constant €4 and its temperature coefficient from the

stiffening ter.. Using the approximate values corresponding to 20 MHz (20)

ell = 85 ; e33 = 500

= op =1 . . - spa—l
(aellla'r) = 0.1(°K) 2 (3;.33/31') = 10(°K) R

one obtains (at 20°C):

- 2, % 2,
e, = 1.76 Coul/m” ; (8e14/8T) 0.019 Coul/m“°K
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According to equ. (3) the temperature coefficient of the delay time may
be zero even for materials with negative temperature coefficiencs of the
elastic constants, provided the quantity a-av/Z is negative and large enough,
so as to cancel the last term in equ. (3). For B-eucryptite the two linear
expansion coefficients are (21,22):

6 -1

all = - 18.4 x 10 ° (°C)

al = +8.6x 10° (°C)"l

Because of the large negative value of all, the thermal expansion coefficient
in the direction of the hexagonal axis, it would appear that such a cancel-
lation of all terms in equ. (3) is possible. Therefore the transit time T,
the resonance frequency f, and the temperature coefficients of these two
quantities were calculated as a function of direction N = (cos ¢ sin 0,

sin ¢ sin 0, cos 6) for the following cases:

(1) ©

90° , ¢ variable

(2) &= 0°, 0 variable

(3) ¢ = 30° , O variable

(4) ¢

60° , 6 variable

For none of these directions did the temperature coefficients of the truamsit
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

((Lit) (31/3T) = 4 x 1078kt

(°K)”"" for 6 = 40° and O = 140°, with ¢ = 0°, 30°,
60°). Thus it appears that for bulk waves R-eucryptite is almost a tempera-
ture compensated material. The existence of temperature compensated cuts for

surface waves, however, cannot be ruled out altogether and requires appropriate

computer calculations.

R o T



-21-

The electromechanical coupling factor for the thickness-shear mode of
the rotated Y-cut as defined in equ. (7) 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 a-quartz (0.054 for BT and 0.089 for
AT). Although the value for B-eucryptite is subject to a large experimental
error, because the piezoelectric stiffening term is experimentally determined
as the difference between two large numbers, it is unlikely that an independent

more direct determination of the piezoelectric constant e,, will drastically

14
alter this result.

Another undesirable property of B-eucryptite are rather large dielectric
losses parallel to the hexagonal axis (20). At 30°C the loss tangent decreases
from a value of 1.2 for 30 Hz to a value of 0.1 for 105 Hz (20).

Based on the available evidence one may conclude with a high degree of
probability that B-eucryptite is not a suitable temperature compensated
piezoelectric material for use in bulk or surface acoustic wave devices.

However, this tentative conclusion needs to be substantiated through

independent measurement of the piezoelectric constant and its temperature

coefficient.

Although B-eucryptite, B-LiAlSiO,, itself appears to be of no immediate

A

practical interest it may be a useful starting material for improving its

properties through compositional variations. For example, partial substitution
! of Ge for Si (up to 20 percent) does not affect the anomalous thermal expansion
behaviour (23), and it is conceivable that with only slightly different

temperature coefficients of the elastic constants the temperature coefficient

of the bulk mode delay time will become zero.
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It is apparent from equ. (7 ) that the large values of the two dielectric
constants, especially of 833, are the cause for the small electromechanical
coupling factor. 1If it were possible to reduce the dielectric constant without
much reduction of the (relatively large) piezoelectric constant e, the
electromechanical coupling factor could be substantially increased. Since
the large dielectric constant and the large dielectric losses in B-eucryptite
have been attributed to the large mobility of Li ions along the open channels
in the direction of the hexagonal axis (20) one may expect that both quantities
may be reduced by partial substitution of Li by heavier alkali metal ioms,
such as Na. Neither the solid-solubility range ror the effect of such sub-
stitution on the elastic and thermoelastic properties are known at this time.

The anomalous thermal expansion behaviour poses, of course, an interesting
challenge to understand this behaviour in terms of composition, crystal
structure and chemical bond. Such an understanding could initiate a search
for other crystal structures and materials with similar, but otherwise more
favourable properties.

As a first step in this direction one may calculate the Grueneisen
parameter on the basis of the anisotropic elastic continuum model (24). The

Grueneisen parameter obtained in this manner is given by
= < >
Ye1 Yy (9)
with the mode gamma define. as
Y= = (@ 1n w, /3 1n V) (10)

Here wy denotes the frequency of the ith mode, and V the volume of the crystal.
In the anisotropic elastic continuum model (24) the frequencies are expressed

in terms of the elastic constants, the mode gammas Yi are expressed in terms

of the pressure derivatives of the elastic constants, and the mode average in
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equ. (9) is extended only over the three acoustic branches, thereby neglecting
dispersion and all optical modes. In Table V the results calculated in this
manner from the elastic data of Table IV are compared with the thermal

Grueneisen parameter,

y =5 (11)

(B = volume thermal expansion coefficient, BS = adijabatic bulk modulus,
P = densitv, Cp = specific heat for constant pressure). For the specific
heat a value of Cp = 1.312 joule/g°K was used, which was calculated from the

elastic Debye temperature of 6 = 314.1 °K.

Table V Comparison of elastic and
thermal Grueneisen parameters

of B-eucryptite

Elastic Thermal
Yo -1.59 unknown
Yo -1.07 -0.050
|

It is apparent that in the high temperature limit the elastic Grueneisen
parameter reproduces the negative sign of the thermal Grueneisen parameter,
but its magnitude is 20 times larger. This may be attributed to the omission
of dispersion and of the optical modes in the anistropic elastic continuum
model (24). One may conclude therefore, that on the average the omitted modes
have positive mode gammas. On the other hand, the low temperature limit of
the thermal Grueneisen parameter must agree with the long wavelength elastic

limit calculated in the anisotropic elastic continuum approximation, so that




=9k=

ore may predict a strong temperature dependence and considerably more negative

values of the thermal Grueneisen parameter at low temperature.

In order to account for the Grueneisen parameters Y;; and Y, corresponding
I 1

to the individual linear thermal expansion coefficients all and él on the
basis of the anisotropic continuum model the third order elastic constants
must be known (24).

The occurrence of all negative signs of the pressure coefficients is
unique among crystalline solids, as pressure coefficients of elastic constants
normally are positive, and no other crystalline material with all negative
pressure coefficients is known. The negative pressure coefficients have
implications for the high-pressure phase diagrams and suggest the existence
of several distinct (stable or metastable) high-pressure phases. In fact,

a transformation of 8 kbar to an as yet unidentified phase has been very
recently observed by Morosin and Peercy (25), and Neuhaus and Meyer (26)
report that between 30 to 55 kbar and at 1000°C a-eucryptite decomposes into

a-spodumene and lithium aluminate.
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