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1. Introduction

This report documents work carried out over the period July 1, 1979 to
February 28, 1983, in the Materials Research Laboratory of the Pennsylvania
State University under Contract No. DAAG29-80-C-0008. Our major accomplish-
ments during the above contract period were:

(1) Development of a new family of grain oriented glass-
ceramics with interesting piezoelectric and pyroelectric
properties (Appendices 1 to 8).
(2) Investigation of shape memory effect in PLZT ceramic
samples (Appendices 9 to 10).
(3) Discovery.of a new type of ferroelectricity, called
magnetoferroelectricity and demonstration of the effect
on CrzBeOA.
A briéf description of work on these topics is given below highlighting the
more important features of the work. A full description of the work can be
found in appendices which comprises of published or submitted papers on the

above topics.

2. Polar Glass-Ceramics

During this program, several glass-ceramic compositions have been developed
with useful piezoelectric and pyroelectric properties. All the glass-ceramics
selected for the present study were non-ferroelectric. Major effort was devoted
to optimizing the composition and processing variables to obtain glass-ceramics
with reproducible properties and good mechanical strength. Appendices 1 to 8
contain the work done on piezoelectric and pyroelectric properties of these
polar glass-ceramics.

These glass-ceramics with oriented crystallites were prepared by crystal-

lizing glasses of suitable composition in a strong temperature gradient.




Initially x-ray diffraction and microstructure studies were performed to
evaluate the degree of preferred orientation of the crystalline phases in
the recrystallized glass-ceramic samples.

Our initial work showed the possibility of obtaining a glass-ceramic

>
N
2
3
b
e
i

containing oriented crystallites of LiZSiZOS crystalline phase, by surface

crystallization of Li O--ZSiO2 glasses. These samples showed encouraging

2
pyroelectric response. However, mechanical strength and physical integrity

of the samples was a problem with glass-ceramics belonging to LiZO-SiO2 system.
Efforts were made to improve the properties of glass-ceramics in this system

by adding modifying oxides such as ZnQ or B We succeeded in obtaining

203'
glass-ceramics with both good physical properties and improved pyroelectric
and piezoelectric properties. 1In particular lithium borosilicate glass-

. ceramics gave excel;ent results (Appendix 7).

During the later part of the program, several compositions of fresnoite

(BaZTiSiZOS)’ its germanium analogue (BaZTiGe 08) and their modifications were

2
studied. Several substituents were tried for Ba and Ti sites.
For application in pyroelectric detectors, a commonly-used figure of merit

is p/X where p is the pyroelectric coefficient and K is dielectric constant.

The pyroelectric coefficient of lithium borosilicate and fresnoite glass-

ceramics are in the range 8-12 uC/m2°K and dielectric constants are in the

range 5-15. Hence, a high value of p/K can be achieved even though the pyro-

Taras ]

electric coefficients are relatively low compared to ferroelectric materials.
The figure of merit of glass-ceramics giving the best regults to date are 50%
of that of widely-used pyroelectric materials such as LiTa03.
Glass~ceramics with similar compositions were also found to be good

candidate materials for piezoelectric resonators. The piezoelectric and electro-

mechanical properties of these glass-ceramics are summarized in Appendix 5.
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From the present study it is clear that a wide range of piezoelectric properties

j can be realized by appropriate modification of the composition of glasses.

i A connectivity model was developed for the prediction of piezoelectric and
pyroelectric properties of multicomponent glass-ceramics containing crystallites

of several crystalline phases. The possibility of tailoring both the piezo-
electric and pyroelectric properties has been explored by modifying the composition
of parent glasses (Appendix 8). Lithium borosilicate and fresnoite glass-ceramics
look to be promising materials for surface acoustic wave devices. Several in-
dustries have already expressed interest in carrying out further tests on the
glass—-ceramics for SAW devices.

In summary, our present work on polar non-ferroelectric glass-ceramics shows
that these materials are potential candidate materials for both pyroelectric
detectors and piezoelectric resonators. In device applications glass-ceramics
offer several advantages over single crystal materials. Large area targets
can be prepared at much lower cost. The problem of depoling and aging commonly
encountered in all ferroelectric materials will be avoided in these materials
since they are not ferrocelectric. The pyroelectric and piezoelectric properties

of these materials extend to very high temperatures.

3. Shape-Memory Effect

The recovery of a plastically deformed material to its original shape by
heating is called shape-memory effect. This effect has been extensively studied
in metallic alloys and is generally associated with martensitic phase transfor-
mations. Phase cransformatibns in ferroelectric materials are not martensitic,
but apparently similar effects have been observed in PLZT ceramics as part of
this contract.

In order to understand the mechanisms responsible for shape-memory effect

in PLZT ceramics more detailed studies have been carried out. 1In the present

S PRI IR S UL AP SPUP Sl YT PUr TP AL WAL SPNT WHE 17 S AT WA T WAL RO WP IR WD VO Wi v o Wy W=




study, the shape-memory effect in PLZT (Lead Lanthanum Zirconate Titanate)

. ceramics with composition x/65/35 (4.0 < x < 8.0) was investigated using
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bending experiments and temperature cycling. Relationships between load and
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the degree of bending, together with their temperature dependence, were
determined, and characteristic temperatures associated with the onset and
disappearance of the pseudo-plastic shape change were compared with the
observed dielectric anomalies. Effects of mechanical stress and electric
field on the shape-memory temperatures and the magnitude of strain were in-
vestigated. From these studies it was concluded that domain alignment and the
temperature-dependence of spontaneous strain are important factors governing
the shape-memory effect in ferroelectrics. Preferred-orientation effects

were confirmed by X-ray diffraction analysis. Appendices 9 and 10 summarize

the work on shape-memory effect, done during the present period.

4. Magnetoferroelectrics

One of the accomplishments during this period has been the discovery of a
new class of ferroelectric material possessing a magnetically induced ferro-
electricity which has been called 'magnetoferroelectric'. This effect was

predicted on the basis of symmetry arguments and was experimentally confirmed

- in chromium chrysoberyl CrZBeO4 (Appendix 11).

Ef A negnetoferroelectric develops a reversible spontaneous electric polar-

?E ' ization on passing through a magnetic phase transition. This effect was

?g . demonstrated in CrZBeO4 which undergoes a phase transition from a centric

if paramagnetic state to a complex antiferromagnetic state at 28°K. It was shown
F; that ceramic samples can be poled electrically below the transition temperature
ég to a remnant polarization about five orders of magnitude smaller than BaTiO3.
E? No ferroelectric anomaly is observed at Tc, but both the remnant polarization
Ei and the pyroelectric coefficient can be reversed in sign with a poling field.
-
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Appendix 1
Pyroelectric Glass-Ceramics

G. J. Gardopee, R. E. Newnham, A. G. Halliyal. and A. S. Bhalla

P T P S AP, s aa A s alsa N m .o



.......
-------------------

......
............

- . Pyroelectric glass-ceramics

G. J. Gardopee, R. E. Newnham, A. G. Halliyal, and A. S. Bhalla
Mazerials Research Laboratory, The Pennsylvania State University, University Park, Pennsylvania 16802

(Received 18 February 1980; accepted for publication 4 March 1980)

Highly oriented surface layers of lithium disilicate crystals were grown by crystallizing glasses of

composition Li,Si,0; in a temperature gradient. The polar ¢ axes of the crystallites were oriented

parallel to the temperature gradient and perpendicular to the sample surface. The pyroelectric

response of the glass-ceramic crystallized in a thermal gradient was approximately four times |
larger than that of a touramaline crystal of similar dimensions. The time dependence of the

pyroelectric signal obeys the thin-film equivalent circuit model developed by Chynoweth.
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In several glass systems where the crystallization pro-
cesses of devitrification have been extensively studied, the
crystalline phases have symmetries consistent with both py-
roelectricity and piezoelectricity.' Electro-optic proper-
ties? and switching behavior’ have been reported for glass-
ceramics containing ferroelectric microcrystals of BaTiO;,
NaNbO,, and LiTa0,. Pyroelectricity in a ferroelectric sodi-
um cadmium niobate glass-ceramics has recently been de-
scribed by Layton and Smith.’

However, except for ferroelectric glass-ceramics, where
piezoelectricity and pyroelectricity are induced by electric
poling of the domain structure, little attention appears to
have been given to other techniques for inducing a polar
orientation texture. This study is concerned with lithium
disilicate glass composition for which the equivalent crystal-
line forms are pyroelectric, but not ferroelectric. The glass-
ceramic samples prepared in temperature gradients gave
strong pyroelectric response and are, to the best of our
knowledge, the first examples of nonferroelectric polar
glass-ceramics.

For this study the stoichiometric composition
Li,0-28i0, (lithium disilicate) was selected. According to x-
ray structure analysis,® crystalline Li;Si,O, belongs to orth-
orhombic space group Cec2 (point group mm2). In the polar
[001] direction, the crystals have a dielectric constant of
about 7, and are not ferroelectric.

FIG. . Optical photomicrograph of sample crystallized by isothermal
method ( x 500).

817 Appl. Phys. Lett. 36(10), 15 May 1980

0003-6951/80/100817-02500.50

Rindone’? has studied the crystallization of lithium
disilicate giasses under isothermal conditions and observed a
tendency for the crystallographic ¢ axis to align perpendicu-
lar to the surface. The degree of orientation of the crystallites
was assessed from x-ray diffraction patterns.

In our studies, glasses of composition Li,Si,C; were
prepared by mixing reagent-grade silicic acid (J. T. Baker
Chem. Co., Phillipsburg, NJ) and lithium carbonate (Fisher
Scientific Co., Fair Lawn, NJ), followed by meiting in a glo-
bar furnace. The melt was maintained at 1400 °C for 24 h for
fining and homogenization. Transparent samples were ob-
tained by pouring the melt into a graphite mold, after which
the samples were annealed for 12 h at 400 °C. Polished sam-
ples in the form of thick disks were used for the crystalliza-
tion studies. Crystallization was carried out in two ways: (i)
Isothermal crystallization, in which the entire sample was
uniformly heated to the crystallization temperature, typical-
ly 600 °C, and maintained at that temperature for one hour;
and (ii) Thermal gradient crystallization, in which a tem-
perature gradient was maintained across the sample. In this
method the sample was placed on a hot stage and heated to
600 °C within five minutes, and the temperature increased
slowly to 800 °C at a rate of 3 *C/min, followed by rapid
cooling to room temperature.

The x-ray diffraction patterns of the samples crystal-

F1G. 2. Optical photomicrograph of sample crvstallized by thermal gradi-
ent method ( x 500).

2 ;L' o & o o o

£ 1980 American Institute of PhysiCs 81?
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lized by both methods showed highly oriented growth of
crystallites at the surfaces, with the polar ¢ axis perpendicu-
lar to the sample surface. The degree of orientation was al-
most perfect in the thermal gradient samples. Optical p¥.ato-
micrographs (Figs. 1 and 2) of polished cross sections
showed that needlelike Li,Si,O, crystals form at the surface
of the sample, prior to nucleation and crystallization of
spherulites in the interior. The thickness of the oriented sur-
face layers can be controlled by varying the preparation con-
ditions and thermal treatment. Optimum thicknesses were
obtained in samples crystallized under a thermal gradient.

Pyroelectric response of these samples was studied by
the Chynoweth method.® The voltage response was mea-
sured at room temperature with a chopping frequency of 5
Hz. Carefully prepared samples with highly oriented surface
layers 200-600 u thick were studied. A large pyroelectric
response was measured from the samples crystallized under
thermal gradient. The pyroelectric signal measured by the
Chynoweth experiment is indicative of the figure of merit
p/€pc, where p is the pyroelectric coefficient, € the dielectric
permittivity, p the density, and ¢ the specific heat of the sam-
ple. Using identical sample sizes and experimental condi-
tions, the signals were compared with those obtained from
tourmaline, which has similar ¢, ¢, and p values. Tourmaline
has a pyroelectric coefficient of about 4 uC/m? °C. The pyro-
electric figure of merit of the lithium disilicate glass-ceram-
ics were four times larger than tourmaline, but about an or-
der of magnitude weaker than such commercial pyro-
electrics as lithium tantalate (p = 190 uC/m? *C).

The response from isothermally prepared samples was
about ten times smaller than thermal gradient samples, re-
flecting the enhanced polarity of the samples prepared in a
thermal gradient. Further improvement in the pyroelectric
response is anticipated by reducing the thickness to very thin
platelet form. The mechanical fragility of the specimens
makes this somewhat difficuit.

The waveforms of the pyroelectric response of lithium
disilicateand lithium tantalate were studied at chopping fre-

----- T WL TR ETE TR TR TeETTR TR ST e TR TR R " R W

quencies of § and 0.5 Hz. In both cases, it was observed that
the voltage rises (0 a maximum when the light was turned on
and begins to decay with time. The voltage reverses when the
light is turned off and again decays. The measured time de-
pendence of the glass-ceramic pyroelectric responses obeys
the thin-layer equivalent circuit model developed by
Chynoweth.'® In this model it is assumed that the pyroelec-
tric signal originates in a thin layer adjacen’ to the surface,
and that the signal is capacitively coupled through the non-
pyroelectric bulk of the sample. Reasonably good agreement
between this model and the observed behavior confirms that
the pyroelectric signals in lithium disilicate originate in the
highly oriented surface layers.

Although the magnitude of the signals generated by the
Li,Si,O4 glass-ceramics are small compared to currently
used ferroelectric pyroelectric detector materials, these sam-
ples are the first example of a nonferroelectric pyroelectric
glass-ceramic. The process for making these new pyroelec-
tric materials is amenable to mass production.

We wish to thank our colleagues at the Materials Re-
search Laboratory for their advice and assistance. This work
was sponsored by Defense Advanced Research Projects
Agency (Contract DARPA Project No. P-15124-MS) and
by the U. S. Army Office of Research and Development
(Contract Grant No. DAAG29-78-0033).
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Pyroelectric LiZSizo5 Glass-Ceramics
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PYROELECTRIC Li;Si,05 GLASS-CERAMICS

G. J. GARDOPEEf, R. E. NEWNHAM and A. S. BHALLA

Materials Research Laboratory, The Pennsylvania State University., University Park, Pennsyivania 16802

(Received August 6. 1980; in final form January 6, [981)

Highly oricnted surface layers of lithium disilicate erystals were grown by crystathzing glavses ot the composiion 1.0
$i0:. The thickness ol the vnented layer was a (uacuon of the thermal teeatment. The crsstallites in these lasers were
oriented with their c-axes perpendicular to the sample surface. These layers were found to be prrociestric as Jeere
mined by the Chy auweth techmique. The prroelectric responses ol the glass-ceramics crystadtized 1 g thermal gradient
were approximarely four times larger than that of a tourmaline crystal of similar dimenaons,

! INTRODUCTION

The improvement of existing pyroelectric mate-
rials and the development of new pyroelectric
materials with properties that are superior to
those materials which are currently used. have
been the goal of much of the research in the field
of pyroelectrics. In the area of vidicon targets,
these efforts have led to the development of deut-
erated triglycine fluoroberyllate (DTGFB). The
ferroelectric crystals such as TGS and DTGFB
require careful preparation and arc subject to per-
formance degradation due to depoling. The object
of the present work was to c¢rystailize a non-
ferroelectric pyroelectric phase from a relatively
simple oxide glass in 2 manner which would yield
a composite with a pyroelectric response of a use-
ful magnitude.

The concept of crystallizing an electrically ac-
tive phase from an oxide glass inas been employed
in the past by the electronic materials industry,
Extensive research at Corning Glass Works was

directed towards developing a shiss system from-

which BaTiO, could be crystallized to yield a high
permittivity glass ceramic.'

Electro-optic effects have been reported in
glass-ceramics containing sodium niobate.” The
optical properties of glasses containing crystailites
of both sodium potassium niobate and barium ti-
tanate were studicd for possible use as optical
switching elements.'

Layton and Smith' reported pyroclectricity in

4 Present address: Perhun Eimer Corparation, 100 Waoster
Heghts Road, Danbury, CT 0&310.

glass-ceramics in which the crystalline phase was
ferroelectric. In this study, glasses containing crys-
tals of NaosCdo sNbQO; were poled. Reversible po-
larization and pyroelectricity were measured in
their samples.

Reversible pyroelectricity has been reported in
lithium niobate and fithium tantalate glasses.®
This effect was explained as the result of terroclec-
tricity in the glassy state, but the possability of
contributions 'rom electrets could not be clinunated.

In the present work, lith um disilicate crystals
were crystallized from glasses which had the com-
position of 33.3 mole % Li:O and 66.6 mole «¢ Si10s.

I.1 The System Li.0-Si0,

The system Li;O-Si0; was selected tor study for a
aumber of reasons. The crysualhization behavioe
of these glasses is well known and has been tho-
roughly reported.®

Of the crystalline products 1n tae plass-fornung
region, lithium dJdisilicate was selected tor study.
Licbau reports the structure of hthium dinthicate
to be monoclinic in space group Co and to have a
strong orthothombic pscudosymmetes. Uit celd
dimensions with respect o the arthothombie uni
cellarea =582 A, b= 1466 A.andc = .79 A,
Licbau determined that the structure consints ot
corrugated Si;Qy lavers held togethier by hithium
ions. Projections of the tetrihedeg anto the three
orthogonal planes appear an Froure 1 The or-
thothombic c-axis is the polar avis. Y projection
of the crystal strugtyre onto the (100 plane s
presented in Figure 2, These dragrams clearly
show the acentnic, polar nature of the structure
along the c-avis.
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4 Single crystals of lithium disilicate would be ex-
pected to be both pyroelectric and piezoelectric in
the c-direction. Attempts at growing single crys-
tals have been made. These ¢fforts result in bun-
dles of needle-like crystals oriented with the c-axis
parallel to the long direction of the crystallites.
Optical examination shows that the crystallites are
twinned on a very fine scale. Neither of the two
possible polar directions of the ¢-axis is favored.*
Because of the compensating effects of this exten-
sive twinning, little or no pyroelectricity or piezoe-
lectricity can be detected.

Crystals of lithium disilicate grown in glasses in
the Li;0-Si0; system have been shown to be
I highly oriented in thin layers near the surface of

the glass.”'® These workers reported that the crys-
tals in a thin layer near the surfice have their c-
axes perpendicular to the sample surface. The in-

Z tention of the present work was to take advantage
of this orientation phenomenon to produce a
X glass-ceramic in which the polar ¢-axis is aligned

_— o perpendicular to the sample surface. The mechan-
FIGURE | Arrangement of (Si0.)™* tetrahedra in Li;Si;Os. ical interaction between the glass matrix and the

crystallites might enhance the pyroelectric proper-
ties through the secondary effect.

. 2 EXPERIMENTAL

2.1 Sample Preparation

Reagent-grade acid and lithium carbonate were
mixed in the proportions necessary to form
glasses of composition Li:0:2Si0O;. The mixture
was melted in a platinum crucible in an electric
furnace at temperatures in the range from 1400 to
1450°C for at least 24 hours. The fined glass was
poured into graphite molds. The large residual
stress from the rapid cooling was partially relieved
by annealing for 12 hours at 400°C. Glass disks of
varying thicknesses were produced by grinding
and polishing the glass cylinders. Sample thick-
e nesses ranged from approximately 130 microme-
S Y ters to $ millimeters.
- Two general types of crystallization treatments
I were used. The treatment in which the entire sam-
L“ . 0 L ple was uniformly heated to the crystallization
. , _temperature will be termed “isothermal™. Crystal-
O S, ‘lization in which a thermal gradient is maintained
in the samples will be termed **gradient” crystallis
zation. The isothermally crystallized samples were
O @] crystallized in a small clectric tube furnace. The
FIGURE 2 Projection of the structure of Li;Si;Os onto the samples were quickly heated to 600°C and held at
(100) plane. that temperature for one hour. All samples were
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PYROELECTRIC Li:51;0\ GLASS-CERAMICS

cvoled o room temperature from the crystalliza-
tnen temperature at a rate of approximately
100°C/minute.

The thermal gradient samples were prepared by
polishing one end of a glass cylinder. The polished
surface was placed on the heating element of a
microscope hot stage. A small piece of platinum
foil was placed between the heating element and
the glass sample. The hot stage was heated to
600°C within § minutes to establish a thermal
gradient across the sample. The temperature of
the stage was increased to 800°C at the rate of
200°C/hour. The thermal gradient was estimated
to be approximately 300°C/cm.

After cooling, the thermal gradient samples
were thinned by grinding and polishing the cold
end of the cylinders. X-ray and Chynoweth meas-
urements were performed on the thin ¢rystallized
layer at the hot face of these samples.

At least one sample from each batch of glass
was isothermally crystallized at 600°C and was
ground to a powder. X-ray diffraction analyses
were performed on a Picker diffractometer using
CuK, radiation. The patterns obtained were com-
pared to standard patterns for phase identification.

To determine the degree of crystallite orienta-
tion in the samples, x-ray diffraction was per-
formed on the as-crystallized surfaces. The rela-
tive peak heights from the crystallized samples
were compared to the relative peak heights of the
standard powder pattern to qualitatively evaluate
the degree of orientation.

22 Pyroelectric measurements

The pyroelectric responses were determined at
room temperature using a method described by
Chynoweth.'' Sputtered gold electrodes were ap-
plied 10 both sides of the sample. Fine gold wires
were attached to the electrodes using an air-drying
silver paste. Radiation from a light source is
chopped at a set frequency. The voitage developed
across the sample is amplitied and measured by a
phase-sensitive detector. All measurements were
compared with the signal from a sample of single
crystals of lithium tantalate and tourmaline. The
lithium tantalate standacd also provided a means
to standardize the various cquipment parameters
to obtain reproducible results.

The circuit shown in Fivure 2'was employed to
view the wave form gencerated by the samples. The
signal from the FET amplilier was filtered to re-
move the 60 Hz and high frequency noise and the

filtered signal was displayed on the oscilloscope.
For the 5 Hz wuave lorms, the signal was {irst pro-
cessed through a notch filter to remove the 60 Hz
component. The signal was then processed through
a bandpass (ilter to remove the high and low (re-
quency noise. For the 0.5 Hz signal the 60 Hz
nois¢ was amphiied, inverted, and added to the
original signal to cancel out the noise by destruc-
tive interference. Photographs were taken of the
image of the wave forms as displayed by a storage
oscilloscope.

=l .
=110
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BANQ-PASS
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FIGURE 3 Schematic of Chynoweth apparatus for wave
form display.

3 RESULTS AND DISCUSSION

The powder x-ray diffraction powder patterns for
these glass-ceramics indicated that the only crys-
tallization phase present in detectable quantities
was lithium disilicate. No attempt was made to
determine the stoichiometry of these samples from
the x-ray patterns.

3.1 [Isothermal crysiallization

Soaking times at the crystallization temperature
were varied from one hour or more down to ten
minutes. The samples crystallized for longer
times, regardless of the presence or absence of an
applied field, were completely opaque. Those
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samples crystallized for shorter times were either
translucent or slightly opalescent in appearance.
In these samples, no bulk spherulitic crystallite
growth could be observed with the unaided eve.
These observations correspond to those made
using the microscope hot stage. Surface crystalli-
zation occurs relatively quickly, but the nuclea-
tion and growth of the spherulites is a slower pro-
cess. The short crystallization times result in
surface crystallization but little or no visible crys-
tallization of the bulk of the samples.

3.1.1 X-ray diffraction In general, the x-ray dif-
fraction patteras of the isothermally crystallized
glass-ceramics showed that the sample surfaces
contained highly oriented crystallites. As in the
work of Rindone, the strong (002) retlection indi-
cates that the crystallographic c-axis is perpendic-
ular to the sample surface.” The degree of orienta-
tion was estimated by calculating the ratio of the
peak heights of the (002) to the (040) reflections.
For random polycrystalline or powdered sampiles,
this ratio is about 1:7. A higher ratio than this
would indicate that the c-axis is preferentially
aligned perpendicular to the sample surface. For
the isothermally crystallized samples, this ratio
was typically 100: 1. Ratios as high as 300:1 were
measured. Because of the high degree of orienta-
tion in many of these samples, it was often impos-
sible to resolve the (130), (040), and (111) peaks.
In these cases, this ratio was calculated on the
basis of the height of the next highest peak in the
range from 23 to 25 degrees 2-theta.

The ratios obtained from the diffraction pat-
terns agree well with those obtained by Rindone

FIGURE 4 Optical photomicrograph of surface crystailiza-
tion (500X).

for Li:Si;Os crystals in Li:0:4SiO, glass.” He re-
ported ratios as high as 500: | for glasses crystal-
lized without the additioa of platinum nuclei.
The degree of orientation was dependent only
on the quality of the surface finish. A sample

which had been ground but not polished yielded

an x-ray pattern very similar to that of a pow-
dered sample. No enhancement of the 002:040
peak height ratio occurred unless the sample sur-
faces were highly polished prior to crystallization.

3.1.2 Microstructure Microscopic examination of
all the samples was made. Eiching the samples re-
vealed the oriented surface crystallization detected
by the diffractometer. Figure 4'is an aptical pho-
tomicrograph of a typicai layer. Figures_S-a and

Non=Crystalline
Bulk

-
-
. - - - A
"-‘ - - Py

FIGURE § SEM photomicrograph of onented, crystallized
surface layer: (a) 700X; (b) 3000X.
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PYROELECTRIC Li;Si:Os GLASS-CERAMICS

5-b are SEM photomicrographs which show the
needle-like lithium disilicate crystals in these sam-
ples. The depth of the oriented layer in the isother-
mally crystallized samples varied from as little as
20 um up to 250 um. The depth of this layer was
related to the length of time at the crystallization
temperature. Those samples crystallized for short
periods of time generally had thinner oriented
layers. The bulk crystallization is spherulitic (and
thus not oriented) in nature. The surface crystalli-
zation will grow into the sample until it encoun-
ters these spherulites. [n the thicker sampies the
combination of oriented surface crystailization
and the bulk spherulitic crystallization resulted in
a sandwich structure. Figures 6-a and 6-b are op-
tical photomicrographs ot an isothermally crystal-

(»)

FIGURE 6 Optical photomicrographs of isothermally crys-
tallized glass<ceramic (100X).

P . LSNP .

FIGURE 7 Optical photomicrograph of isothermally crys-
tallized glass-ceramic (200X).

lized sample which was approximately 0.08 ¢m
thick.

The thinner samples consisted of the two layers
of oriented crystallites extending inward from the
surfaces but with no intervening layer of spheru-
litic growth. Figuse.l {s a photomicrograph of a
0.013 cm sample. The two layers have apparently
grown inwards towards the centerline of the sam-
ple faster than the rate of formation of the spheru-
litic crystallites. The thickness of the oriented lay-
ers is approximately 60 to 90 um in these samples.

3.2 Thermal gradient crysiallization

Macroscopically, the thermal gradient samples
appeared to be crystallized on the hot surface to a
depth of about two millimeters. The bulk of the
sample remained non-crystalline with the excep-
tion of a few spherulites in the ceater of the
sample.

3.2.1 X-ray diffraction X-ray diffraction was per-
formed on the crystallized surface. Peak height ra-
tios (002:040) as high as 200:1 were measured.
The degree of orientation was once again deter-
mined to be a-function of surface finish only.

3.2.2 Microstructure The depth of the oriented
layer was as much as | mm, or at least four times
greater than the layers_ia any of the isothermally
crystallized samples. Figures 8-a and 8-b are photo-
micrographs of a typical thermal gradient sample
shawing the oriented layer of crystallites.
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FIGURE 8 Optical photomicrographs of oriented layer in
thermal gradient sample (100X).

This technique enabled the preparation of sam-
ples in which a single oriented layer of lithium dis-
ilicate crystals could be grown to a substantial
thickness.

3.3 Pyroelectric measurements

Table 1| coantains the results of the pyroelectric
measurements on several of these samples. The
voltage recorded in Table | is the voltage after
amplification. All measurements were made at a
frequency of 5 Haz.

The lithium tantalate sample used to standard-
ize the equipment had the largest signal. The sig-
nals generated in the lithium disilicate samples
were much smaller. The inverse relationship be-
tween the sample thickness and the magnitude of
the signal was exhibited by the isothermally crys-
tallized glass-ceramics.

The thermal gradient sample produced the larg-
est signal of the glass-ceramics. For the purposes
of comparison, a sample of single crystal tourma-
line was ground and polished to a thickness close
to that of the thermal gradient sample. Under
identical conditions, the thermal gradient sample
produced a signal which was approximately a fac-
tor of four larger than that produced by the
tourmaline crystal.

It might be argued that the voltage signal in
these samples may be related to effects other than
pyroelectricity. There is, however, substantial evi-
dence that pyroelectricity, whether primary or sec-
ondary due to mechanical interaction with the
piezoelectric properties, is responsible for the
signal.

First, the AC Chynoweth method eliminates

TABLE |

Pyroelectric responses of Li;Si;Os glass-ceramics, lithium tancalate, and tourmaline

Amplified Sampie
Sample Yoltage V Sample Capaciance
Matental  Thickness  Crystallization {(mV) vV LiTaOy ati kK Tan é
LiTa0, 130 um  Single crystal 350 1.0 74 pof .005
Li:S$i;0, 800 um  lsothermal 0.1 29 % 10° 29f ~.007
Li:Si:0y 100 um  Isothermal 19 Ssax10” 1.6 pf ~.007
Li1Siz0s 470 um  Thermal gradient it 31 x 107 4pf ~.007
Tourmaline 450 um  Single crystal 27 1% 4pf  ~.006

Note: Amplifier input capacitance = | pf
Gain = 100: !
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PYROELECTRIC Li:5i;0s GLASS-CERAMICS

many of the DC effects that are often measured as
a material is heated. Thermoelectricity can con-
tribute to the DC current, but the voltage gener-
ated during the time the light is on would rise to
an equilibrium value and would not decay with
time. The thermoelectric voltage would not change
sign on cooling. Photoconduction and the trap-
ping of charge carriers may result in the decay of
the signal with time, but the samplie would not
recover to its original condition during the dark
cycle.!

The frequency dependence of the pyroelectric
voltage response has been described by Putley."
For a true pyroelectric material, the log of the
voltage should be a linear function of the log of
the chopping frequency provided that the chop-
ping frequency is greater than I/r, where r is the
electrical time constant for the detector-amplifier
circuit. This frequency dependence has been plot-
ted in Figure 9 for both the lithium tantalate
standard and a glass-ceramic sample. Note the
linearity of both functions in this frequency range.
This indicates that the frequency dependence of
the signal in the lithium disilicate glass-ceramics
follows the predictions of the pyroelectric theory.

3
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FIGURE 9 Pyroelectinc response vs frequency for lithium
tantaiate standard and lichium disilicate glass-ceramic.

()

(G-}

FIGURE 10 Wave forms of Chynoweth respoases at § Hz:
(a) Li:Si:Oy glass-ceramic: (b) LUTa0; single crystal.

The wave forms of the samples of lithium disili-
cate and lithium tantalate at chopping frequencies
of about § Hz and 0.5 Hz, respectively, appear in
Figures 10 and 1}, The lower trace in the two
photographs is the voltage drop across the photo-
resistor. The voltage of both samples rises to a
maximum when the light is turned on and begins
to decay with time. The voltage reverses when the
light is turned off and again decays towards the
baseline.

Given the tendency of the lithium disilicate
crystals to twin on a very fine scale, the existence
of pyroelectricity in these glass-ceramics is unex-
pected. In order for pyroelectricity to be detected
in the oriented layers, the polarities of the crystal-
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FIGURE Il Wave forms of Chynoweth responses at 0.5 Hz:
(@) Li;Si;0, glassceramic; (b} LiTa0, single crystal.

lites cannot be randomly arranged. There must be
some mechanism operating during crystallization
which favors one polar sense of the c-axis over the
other.

One possible mechanism involves the migration
of alkali ions to the surface during heating. The
explanation of the orientation effect in the surface
layers of these glasses is based on the observation
that the surface of an alkali-containing glass is
higher in alkali concentration than is the bulk."
In a glass containing lithium, silicon, and oxygen,
a high lithium concentration at the surface, if un-
compensated by negative surface charges, must
create an electric field within the glass. The sur-

face of the glass would be expected to be positive
with respect to the bulk. If lithium ion migration
occurs prior to nucleation and crystallization, the
electric field due to ion migration may influence
the polar orientation of the crystallites within the
oriented layer.

An alternative explanation based on lithium ion
migration would be that the high lithium ion con-
centration at the surface favors the nucleation and
growth of one of the two possible orientations
through some mechanism not involving the elec-
tric field created by the ion migration.

If the migration of lithium ions towards the
sample sucfaces is held responsible for the favor-
ing of one scnse of the c-axis polarity over the
other, then it must be true that the polarity of the
two layers of oriented crystallites in the isother-
mally crystallized samples must be opposite to
each other.

The accuracy of this statement can be tested by
examining the phase relations between the light
pulses heating the sample and the resultant vol-
tage. For a single crystal such as the lithium tan-
talate standard, the polarity of the electrodes is
independent of which surface is exposed to the
light pulses. [f the sample is inverted with respect
to the light source, the sign of the detected voltage
will not reverse.

This experiment was performed on the lithium
disilicate samples. The samples which consisted of
two oriented layers of crystallites separated by a
spherulitic region did appear to reverse the sign of
the voltage when'inverted with respect to the light
source. [t was determined that the surface of the
sample which is facing the light source was always
positive with respect 1o the opposite surface. The
samples behaved as if they consisted of two pyroe-
lectric single crystals joined together such that the
polar sense of the crystals opposed each other,
This measurement indicated that the polarities of
the oriented layers were in agreement with the
proposed mechanism.

A further check was performed on samples
which consisted of only a single oriented layer.
Measurements of these samples showed that they
behaved like single crystals. One surface always
became positive regardless of which surface was
exposed to the light pulses.

From these measurements it was concluded that
the polarity of the crystallites in the oriented lay-
ers was not random. Some mechanism, probably
related to the migration of lithium ions, was re-
sponsible for the favoring of one polar orientation
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over the other. The signal detected by the Chyno-
weth apparatus originates in the oriented layers.
In those samples which consisted of two oriented
layers separated by a random, spherulitic region,
only the layer facing the light source contributes
to the signal. The voltage induced across this layer
by the temperature change is capacitively coupled
to the opposite surface. .

This explanation accounts for the relative mag-
nitude of the signals generated by the glass-ceramics.
In the thicker, isothermally crystallized samples,
the signal originates in the oriented surface layer
closest to the light source. The intervening spheru-
litic layer does not contribute to the response. The
thinner isothermally crystallized samples give
larger signals because of the reduced mass (and
thus larger temperature change) but only one
layer can contribute to the signal. [f the tempera-
ture of the second layer changes, it will tend to
oppose the signal of the first layer. There is no
opposing oriented layer in the thermal gradient
samples to reduce the magnitude of the signal.
These samples produced larger signals than the
two-layer isothermally crystallized glass-ceramics.

4 CONCLUSIONS

Glass-ceramics containing highly oriented layers
of Li;Si;O,s crystallites have been made from
glasses having the composition Li;0:4Si0;. The
nucleation and crystallization behavior of this
glass was found to be identical to the behavior of
similar glasses as described in the literature. The
highly oriented layers form at the surfaces of the
samples prior to the nucleation and crystallization
of spherulites in the interior of the samples. The
degree of orientation was found to be dependent
on the sample surface finish oaly.

Microscopic examination of the crystallized
glasses showed that the oriented layers consisted
of needle- or lath-like crystals oriented with their
long axes perpendicular to the sample surface.
The thickness of the oriented layers could be var-

ied by varying the sample preparation and ther-
mal treatment. Optimum layer thicknesses were
obtained in samples which were crystallized by the
application of a thermal gradient.

Pyroelectricity was detected in the crystallized
glasses using the Chynoweth technique.

The existence of pyroelectricity in these glass-
ceramics is evidence that there is a preferred
orientation for the polar direction of the c-axes
during crystallization ot the oriented layer.

Although the absolute magnitude of the signals
generated by these glass-ceramics is small com-
pared to currently used pyroelectric detector
materials, these samples represent the first re-
ported non-ferroelectric pyroelectric glass-ceramics.
The techniques and processes developed in this
study may be applied to other systems to develop
a new class of pyroelectric materials.
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Appendix 3
Polar Glass Ceramics

A. Halliyal, A. S. Bhalla, R. E. Newnham, L. E. Cross
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POLAR GLASS CERAMICS | ;

A. HALLIYAL, A.S. BHALLA, R.E. NEWNHAM, L.E. CROSS
Materials Research Laboratory, The Pennsylvania State University, University
Park, PA 16802, USA

Abstract—Pyroelectric-piezoelectric glass ceramics of polar materials like
(1287205, BapTiGep0g, BagTiSi208, and various compositions in the systems Li20-B203,
Li20-S102-Zn0, Li20-S102-8203 have been prepared by oriented recrystallization of
the glasses under a strong temperature gradient, providing a simple inexpensive
process for preparing piezoelectric and pyroelectric materials. High pyroelectric
responses were observed in these glass-ceramics. Values of piezoelectric d33
coefficients, frequency constants, electromechanical coupling coefficients and
dielectric properties of glass-ceramics were in close agreement with the values of
respective singie crystals.

- INTRODUCTION

In recent years there has been a growing interest ip %he study of ferroelectricity
in glassy state and recrystallized ferroelectric glasses!-10, Dielectric and pyroelec-
tric measyrements have been regorted in glasses of stoichiometric composit‘-ns of LiTa0s3,
L1Nb02. PbsGe3071 and PbTi031-3.

lectro-optic properties, dielectric and pyroelectric measurements and switching
behavior have been reported for giass ceramics containing ferroelectric microcrystals of
BaTi03, NaNbO3, LiTa03, PbTi03, PbsGe3011 and several other materials in a silica or
borate rich glass matrix4=10,  Effect of heat treatment process on porosity, grain size
and on ferroelectric properties of the recrystallized glasses has been studied. All
these studies on glass ceramics are limited to the ferroelectric glass ceramics where
piezoelectric and pyroelectric properties are induced by electric poling of the domain
structure of the microcrystals. Not much attention has been given to studies for indu-
cing polar orientation in the microcrystals in nonferroelectric glass ceramics. Recently
it has been shown that by controlled crystallization of glasses having compositions of
pyroelectric-piezoelectric materials in a strong normal temperature gradient it is
possible to obtain glass ceramics with both crystallographic and polar orientations!l,12,
This paper describes the piezoelectric and pyroelectric measurements done on several
glass-ceramic compositions. Advantages of glass ceramics for various device applica-
tions are discussed.

EXPERIMENTAL DETAILS

g Glasses of compositions Ba2TiGe208, Ba2TiS1208, Li20-2S{02 and several compositions
- in the systems Li20-8203, Li20-S102-Zn0 and L{20-5102-8203 were prepared by mixing
reagent grade chemicals in the desired molar ratios and melting in a globar furnace.

The compositions of the glasses and the crystallization temperatures determined from DTA
runs are given in Table 1. Crystallization of glasses was carried out in a temperature
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TABLE 1
Properties of Glass-Ceramic Samples Prepared in a Temperature Gradient
c Chynoweth

6 Tal0' Chaad™ TGON ressonse
2820-26e0,-T10, 1§ 800 8,76, +6 (=) 20
820-1.8510,-T10, 12 860 B,TS,+Q +3 (+) 38
L1,0-2510, 585 -1 (=) 20
L120-2510,-0.1Zn0 § 570 LS,HSZ+q -3 (<) 70
L1,0-2510,-0.22Zn0 6§ 580  LS,+sZ«q -4 (-)100
L1,0-2510,-0.25Zn0 585 LS, +LSZ+Q -4 (-) 80
L1,0-2510,-0.4Zn0 8 590 LS, +LSZ+Q 0 (<) &
L1,0-38,0, 580  L8,+L3, *+3 ~(e) 70
L1,0-1.8510,-0.28,0, 8 605,680 LS,+LB,+LS +6 (-)200
L1,0-1.33510,-0-668,0, 8 670 LSyHByeLsS +3 (<) &
L1,0-1.8510,-0.12n0-0.18,0, 7 580,670 LS,+LSZ -2 (-) 20
3rer 13 the crystallization temperaturs determined from OTA runs.
blbbnvution for phases.
B,TG, = Ba,T16e,0, LSZ = Li,2nS10,
B,TS, = Ba,TiS1,0, LS = L1,510,
Q = 510, (quartz) LBy = L1y8,05
LSy = Li,S1,0 - LBy = LiyBc0¢4
°Hl=:ured on the syrface facing the higher temperature end of the temperature gradient
axis.

d(:) indicatss the sign of pyroelectric coefficient p.

gradient by placing the polished glass samples, in the form of thick disks, on a
microscope hot stage (E. Leitz, Inc.). A detailed procedure for the preparation of
glass-ceramic samples can be found in references 11-14, The crystalline phases in
the glass-ceramic sampies were identified from x-ray powder patterns. The piezoelec-
tric constants were measured using a d33 meter. For resonance studies, samples in the
shape of circular disks were prepared, polished and gold electrodes were sputtered.
Measurements were made both in the radial and the thickness mode of resonance by reso-
nance and antiresonance method using a Hewlett Packard 3585A spectrum analyzerld, Pyr
electric responses from thin samples (250 um) were measured by the dynamic Chynowetn
techniquelS at a modulating frequency of 4 Hz.

MICROSTRUCTURE OF RECRYSTALLIZED SAMPLES

Glass-ceramics prepared from recrystallization of the glasses in a temperature
gradient showed a high degree of crystallographic orientation. Studies on the degree
of preferred orfentatiun of the crystallites as a function of depth from the hot face
revealed that the oriented crystallites region extends deep in the glass-ceramic same
ples and then tapers off (Figure 1). Needle-like crystals grow from the hot face in:d
the sample along the direction of the temperature gradient. The depth of the orienteq
region was 400 to 600 um. The width of the crysta]?ites estimated from the optical
microscope is in the range 2-5 um.
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Fig. 1.

Optical photomicrograph of
oriented crystallized regicn

in Li20-25102-0.21n0 glass-ceramics
(x100).

Fig. 2.
Resonance spectrum for
Li20-1.85102-0.28203 glass-ceramic
{horizontal scale = 6.8 KHZS
vertical scale = S d8).

FIGURE 1

FIGURE 2

PIEZOELECTRIC PROPERTIES

The piezoelectric d33 coefficients and their signs measured on the surface facing
the higher temperature gradient end are given in Table 1. For Ba2TiGe20g and Ba2TiSi208
glass-ceramics, the sign of d33 was positive. For Li2571205 the sign of d33 was hegative
and remained the same in samples containing small amounts of ZnQ in the composition.
However, the magnitude of d33 increased for compositions containing even a small
amount of ZnQ. Addition of small amounts of B203 in Li2Si205 reversed the sign and
increased the magnitude of d33. This indicated that both the crystallization behavior
and the polar orientation were influenced strongly by the various ionic species present
in the parent glass.

A typical resonance spectrum observed in glass-ceramic samples is shown in Fig. 2.
The elecEromgchanical properties of some of the glass-ceramic compositions are given in
Table 2.14,16 The coupling coefficients kg and k¢ of Ba2TiGe20g glass-ceramics are com-
parable to the corresponding values of simgle crystals. The values for mechanical qual-
ity €actor Q are comparatively higher. The TCR values for Lizo-SiO?-B Q03 glass-ceramics
are comparable to the values of commonly used piezoelectric materials ?1ke LiTa03 and
LiNbO3. In this system, the strong dependence of TCR on the composition of the parent
glass suggests that it might be possible to reduce TCR further by a suitable choice of
the composition of the parent glass. In addition, by employing proper heat treatment
cycles for crystallization, it is possible to prepare glass ceramics with oriented
crystallites of more than one phase from the glass matrix. Hence, in such glass-ceramic
systems, composition and processing parameters are the extra controlling factors, which
can be exploited to tailor the properties of piezoelectric resonators.

TABLE 2
Electromechanical Properties of Glass Ceramics

N N k K TCR
Composition m-zz m-:z zp St e pom/ °C

28a0-26e0,-T10 3100 2500 .4 7.5 0 . 95
2 (0°-100°¢)

B2,T1Ge,0y (single crystal) 2900 2150 6.2 10.0 §50 50
(0°-100°¢)

L1,0-1.8510,-0.28,0, 4500 - 14 - 1000 60
(0°-100°¢)

L1,0-1. 33510, -0. 65,0 4200 - 9 - 400 30
2o 2 2% (30°-60°C)
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PYROELECTRIC PROPERTIES

‘ . The pyroelectric voltage response of the samples measured by the Chynoweth technigue

L are given in Table 1. Pyroelectric responses from grain oriented glass-ceramics were
typically 50% of the responses from the corresponding single crystals. Lithium boro-
silicate glass-ceramics seem very promising for pyroelectric applications. A strong

- pyroelectric response was measured from glass ceramics of composition Li20-1.85102-

- 0.2B8203 and was comparable to the signal from a commercial pyroe]ectr1c such as LiTa03.

ll For pyroelectric detectors and vidicon, the figure of merit is given by P/eaCpK
where p {s the pyroelectric coefficient, € the dielectric constant, ¢ the density, Cp
the specific heat and K is the thermal conductivity of the material. The dielectric
constants of the glass-ceramics 1istad in Table 1 are in the range 5 to 10 and the

Ei' densities are about 2-3 gms/cc. A high figure of merit could be possible in glass-
- ceramic pyroelectric detectors.

SUMMARY

Seyeral piezoelectric and pyroelectric materials can be prepared in the glassy
phase, and it is passible to prepare large area, inexpensive polar glass ceramics by
recrystallizing the glasses under a strong normal temperature gradient. Electrical
properties of glass ceramics are less sensitive to the chemical impurities and the
defects in the samples. The piezoelectric and pyroelectric properties of the glass
ceramics can be tailored to the desired requirements by recrystallizing the multicom-
ponentglasses using a proper temperature cycle. Pyroelectric and electromechanical
properties of glass ceramics are comparable to their properties in the single crystal
form. Such comdosite elements may be useful for device applications based on flexural
resonance mode, in pyroelectric detectors, for resonators, and in SAW devices. The
process for preparing glass ceramics is amenable to mass production.
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Ba,TiGe, 0, and Ba,TiSi.O, pyroelectric
glass-ceramics

A. HALLIYAL A . S.BHALLA, R_.E.NEWNHAM, L. E. CROSS
Materials Research Laboratory, The Pennsylvania State University, University Park,
Pennsylvania 16802, USA

Pyroelectric glass-ceramics of composition Ba,TiGe,04 and Ba, TiSi, 04 wvere prepred by
crystallizing the glasses in a temperature gradient. High pyroelectric responses up to 50%
of the single-crystal values were observed because of the high degree of orientation of the
crystallites in the glass-ceramic samples. The piezoelectric and dielectric properties of the
glasses and the glass-ceramics are also consistent with the properties of the single crystals.

1. Introduction

Pyroelectric lithium disilicate glass-ceramics have
recently been prepared by growing highly orien-
tated surface layers of lithium disilicate crystals
by crystallizing the glasses of stoichiometric glass
compositions Li,O - 28i0; in a temperature gradi-
ent [1]. This technique provides a method of fabri-
cating large and inexpensive pyroelectric devices.
However. one difficulty encountered in working
with the lithium disilicate pyroelectric glass-ceramic
was that thin targets (of thickness, & < 200um) cut
perpendicular to the growth direction (the polar
c-axis of LiySi;O;) were extremely fragile and
could not be prepared routinely.

In this study pyroelectric glass<eramics of
barium titatnium silicate (BTS: Ba,TiSi;Os or
fresnoite) and barium titanium germanate (BTG:
Ba,TiGe;0s) are described, the physical properties
of which are superior to Li;8i;Os. Thin sections
of these glass-ceramics, less than 100 um in thick-
ness, can easily be prepared since they are mech-
anically much stronger. Glassceramics of BTG
and BTS were prepared by crystallizing glasses of
stoichiometric compositions of BTG and a silica-
rich composition (64Si0,-36BaTiO;) of BTS in
a thermal gradient. The dielectric and pyroelectric
properties were measured and compared with the
properties of single crystals.

In the single-crystal form fresnoite belongs to

*). T. Baker Chemical Co., Phillipsburg, NJ, USA.
* Fisher Scientific Co.. Phillipsbucg. NJ, USA.
tE:agle—Picher Industries, Inc., Quapaw, Oklahomu, USA.

the crystallographic point group 4mm and is
pyroelectric [2]. Ba,TiGe,Oy is reported to be a
ferroelastic (3, 4] below 810° C and belongs to the
orthorhombic polar point group mm2. In the
paraelastic phase above the transition temperature,
T., BTG also belongs to the tetragonal point
group 4mm.

Glass-ceramics in the BaTiO,~SiO, system have
been previously investigated. Herczog [5] studied
the crystallization of BaTiO; in a silicate glass
matrix. Dielectric and electro-optic measurements
on transparent glass-ceramics containing ferro-
electric BaTiO; in a glass matrix have also been
reported [6]. However, the primary interest in
these materials has been concerned with the
dielectric and electro-optic properties of the glass-
ceramics. and in the ferroelectric nature of BaTiO,
crystallites surrounded by a glass matrix. In these
studies no efforts have been made to develop
glass-ceramics containing orientated crystallites.
The present study describes the preparation and
characterization of glass-ceramics containing
orientated crystallites of the pyroelectric (but
non-ferroelectric) BTS and BTG phases.

2. Experimenta! details

Glasses of composition 64Si0, * 36Ba0 * 36 TiO-
were prepared by mixing reagent-grade silicic
acid*. barium carbonate® and titanic oxide=.

0022-2461/81/041023-06802.60.0 D Chapmun and Hail I.td. 1023
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followed by melting in a globar furnace. Fresnoite
has a high melting point (1400° C) and thus, it
was difficult to obtain bubble-free glasses of the
stoichiometric composition. To avoid this problem,
a composition was selected which lies near the
eutectic point on the silica-rich side of the
BaTiO;—SiO, binary phase diagram [7]. This
composition lies well within the range of glass
formation in the BaTiO;—Si0, system.

In the case of BTG, reagent-grade barium
carbonate, germanium oxide* and titanic oxide
were mixed and melted in the furnace. In both
cases, the melts were maintained at 1375° C for
24 hours for fining and homogenization. Trans-
parent samples were obtained by pouring the melt
into a graphite mould. The samples which crys-
tallized during pouring of the melt were remelted
and poured again into the graphite mould in order
to ensure transparent glass samples. All the glass
samples were annealed at 600° C for 12 hours and
then cut and polished in the form of thick disks
in preparation for the crystallization studies. To
determine the crystallization temperatures of the
glass compositions, differential thermal analysis
(DTA) measurements were performed on the glass
samples. Exothermic peaks were observed at
860° C in the case of BTS and at 800°C in the
case of BTG, as shown in Fig. 1.

Crystalization was carried out in a temperature
gradient by placing the polished glass samples, in
the form of thick disks, on a microscope hot
stage.” The temperature gradient near the hottest
temperature zone was perpendicular to the surface
of the sample and it was estimated to be about
100° Cmm ™!, Typical heating cycles used for
glass crystallization are shown in Fig. 2. The
heating cycle consisted of an initial rapid rise in
temperature to minimize volume nucleation,
followed by a slow increase in temperature at a
rate of about 3°Cmin~'. After reaching the
maximum crystallization temperature (1100° C for
BTS and 1000°C for BTG), the samples were
held at this temperature for 24 hours. The tem-
perature was then decreased rapidly to room
temperature. The thicknesses of the crystallized
portions of the glasses ranged from 1 to 2mm,
depending on the heating cycle.

The degree of preferred orientation of the

*Eagle—Picher Industries, Inc., Quapaw, Oklahoma, USA.

(5

3
|
(a) (?/‘\

Heating rate: 10°C min™'

— 800°C

Endothermic <> Exothermic

Figure 1 DTA heating curves of (a) BTG and (b) BTS
glasses.

glass-ceramic was evaluated from X-ray diffracto-
meter patterns. X-ray diffraction (XRD) patterns
were recorded on surfaces normal to the direction
of the temperature gradient (Fig.3). The XRD
patterns were compared with the standard powder
diffraction patterns to determine the relative
degree of orientation. The dielectric constants of
glass and glass-ceramic disks were measured with a
capacitance bridge. The piezoelectric behaviour
parallel to the crystallization direction was studied
using a dy-meter.? The samples were thinned
down to about 200 um in thickness and the pyro-
electric response was measured by the dynamic
Chynoweth technique (8] at a modulating fre-
quency of 4 Hz. The pyroelectric signals on glass-
ceramics were compared with the responses from
single crystals of the BTG and BTS. The densities
of BTG, BTS glasses and glassceramic samples
were determined by a mercury porosimeter§ and
compared with the densities of single crystals.

3. Results and discussion

Table I summarizes the data for the glass and
glass-ceramic samples. Single-crystal values are also
listed for comparison.

X-ray powder diffraction patterns of the crys-
tallized samples showed that the principal crystal-
lized phases were fresnoite in the BTS glass-
ceramics and Ba,Ge,TiOg in the BTG glass-
ceramic samples. A few low-intensity peaks of an
unidentified phase were observed in the powder
diffraction patterns of both compositions. The
samples showed highly orientated crystal growth

* Model No. 493, manufactured by E. Leitz, Inc., Rockleigh, NJ, USA.
$model CPDT 3300, manufactured by Channel Products, Chesterland, OH, USA.
$Model] JS-7146, manufactured by American Instrument Co., Silver Spring, MD, USA.

1024

— e A M An &



T v w W,

-
1 -

MR P UEDEEERE P+

ﬂv“v\'”'T‘v-‘.‘ ; o o~

12004

Temperature (°C)

"
100

Time (min)

Figure 2 Heating cycles used for crystallizing (a) BTG and
(b) BTS glasses.

in a direction parallel to the temperature gradient,
with the polar c-axis perpendicular to the hot
surface of the sample. As shown in Fig. 4, the
002 reflection was the strongest in the X-ray
patterns of the crystallized surfaces. The ratio of
the intensity of the 00 2 peak to that of the 211
peak was taken as a measure of the relative degree
of orientation. The intensity ratios are given in
Table 1. Comparison of the intensity ratios in the
glass-ceramic samples with the intensity ratios of
a standard powder pattern, showed a high degree
of orientation of the crystallites in the glass-
ceramics. An even higher degree of orientation
was obtained in the samples with good surface
finish.

— L el ana ek Sea S madt g BN 3

The degree of preferred orientation in crys-
tallized samples of BTS and BTG was similar to
that observed previously (1] in Li;Si;Og. It was
observed that the degree of orientation of the
crystallites in the isothermally crystallized glass-
ceramics was poor compared to the samples
crystallized in a temperature gradient. In addition,
detailed studies of the microstructure of the
crystallized samples showed that the thickness of
the well-orientated region was larger in the case
of samples crystallized in a temperature gradient,
indicating that thermal gradient crystallization is
preferable for obtaining well orientated glass-
ceramics.

The main reason for the orientation of the
crystallites is surface-nucleated crystallization
which takes place in both the isothermal and tem-
perature-gradient crystallization. A higher degree
of electrical and crystallographic orientation is
obtained in the temperature-gradient crystalliz-
ation method due to the absence of volume
nucleation; however, in the case of isothermal
crystallization, the orientation of the crystallites
is limited to a layer only a few micrometers thick
due to the simultaneous occurrence of volume
nucleation. Atkinson and McMillan (9] attempted
to produce a Li,Si,Os glass-ceramic with an
aligned microstructure by a hot-extrusion method.
They were partially successful in obtaining glass-
ceramic samples with the disilicate crystal crys-
tallograpnically-aligned parallel to the extrusion
axis. However, the degree of orientation of the
crystallites was less than that obtained in glass-
ceramic samples prepared by crystallizing the
glasses in a temperature gradient [1].

The density of BTG glass was about the same as

TABLE I Summary of data for glass and glass-ceramic sampies

Sample X-ray intensities, Dielectric Dissipation Density d,, Pyroelectric
1(002) constant, factor* (gem™?)  (x 10'*CN"') response
1211 e
BTG glass - 17 0.003 4.74 — $0% to 60%
BTG glass-ceramic 8s 15.0 0.002 4.56 S5to7 of single-
Ba,Ge,TiO, single crystal 0.2 e, =20 0.003 484 8 crystal
(standard €, =20 value
powder pattern) e;, =13
BTS glass - 15 0.002 401 — 50%
10 60
BTS glass-ceramic 15 125 0.002 3.90 2103 of single. :
Ba, Si, TiO, single crystal 0.2 €, =¢,;,=15 0003 4.4 3.8 aystal
(standard €,,=11 value
powder pattern)
*Measurements were made at | MHz for the glass and glass-ceramic and-at 1 kHz for singie crystals.
1025
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the single<crystal form (Table I), while that of BTS
glass was slightly lower than the density of tres:
noite single crystals because of the excess silica
used in the BTS composition. Only a small
decrease in density occurred on crystallization of
the glass phases, indicating a low concentration of
voids in the glassceramic samples. Samples as
thin as 100um could be prepared without diffi-
culty because of the absence of pores and cracks.
The dielectric constants of BTS and BTG
glasses measured at | MHz are very close to the
mean dielectric constant, (€,; + €33 + €33)/3, of
the corresponding crystalline phases. On crystal-
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lization, the dielectric constants of the glass.
ceramic samples show a slight decrease; the dielec-
tric constant measured in the crystallization
direction is closer to the e;-values of the single
crystals. This is consistent with the fact that the
c-axis is the preferred orientation direction in the
glassceramic, as indicated by X-ray diffraction
analysis.

The loss tangent factors of the glass-ceramics
were similar to those measured on single crystals.

Plezoelectric coefficients, d3;, measured in the
crystallization direction in glass-ceramics were
comparable to the singlecrystal dj; coefficient
values reported {2—4] for BTS and BTG. Opposite
faces of the sample gave opposite signs for the
piezoelectric constant. The large magnitude of
djy-values and its sign reversal suggest that the
crystallites in the glassceramics are not only
orientated along the c-axis in the crystallization
direction, but that most of the crystallites have
the same polarity as well. The fact that the dj-
values remained constant over the entire surface
of the glass-ceramic testifies to the uniformity and
the homogeneity of the samples.

As in the previous study of lithium disilicate
[1], it was observed that the temperature gradient
dictated both the electrical and crystallographic
alignment. In all samples the polar orientation was
antiparallel to the direction in which crystailiz-
ation proceeds into the glass, with the positive
end of the dipole pointing toward the high-
temperature end of the sample, as depicted in
Fig. 3. There may be several causes for the polar
alignment of the crystallites. One possible cause is
the existence of high local electric fields resulting
from surface pyroelectric charges [10]. These local
electric fields might dictate the orientation of the
dipoles as crystallization proceeds into the glass.
A second possible cause is the nature of the sur-
face chemistry. It is known that low charge cations
such as Li* or Ba®* migrate to the surface upon
heating {11]. This higher surface concentration
of cations could influence the nature of both the
crystallization and polar orientation. It is possible
that as the crystallization proceeds into the buik
of the glass, starting from a cation-rich surface,
the positive end of the dipole moments in the
crystallites will be directed toward the hot surface.

The pyroelectric response on the glass ceramics
was studied by the dynamic Chynoweth method.
Pyroelectric voltage responses of between 50 and
60% of the single<crystal values were obtained

reproducibly with the glass<eramic samples. The
sign of the pyroelectric coefficient is negative for
BTG single crystals and positive for BTS. A similar
difference in sign was observed with glass-ceramics.
For a simple pyroelectric detector, the figure
of merit is given by p/e, where p is the pyro-
electric coefficient and e is the dielectric permit-
tivity. The pyroelectric coefficients of single
crystals of Ba;TiGe;0y and Ba,TiSi; Oy are 3 and
10uCm™°C™!, respectively [12]. Since the
dielectric constants of the glass--eramics are com-
parable with those of single crystals, it can be con-
cluded that the pyroeiectric coefficients of the
glass-ceramics are of the same order of magnitude
as those of the single crystals. Specimens of 100 to
500um in thickness were studied during pyro-
electric tests. Samples of large surface area and less
than 100 um in thickness were mechanicaily strong
and gave reproducible results, suggesting their use
as pyroelectric detectors.

4. Conclusions

Glass-ceramics of composition Ba,TiGe,Os and
Ba,TiSi;O4 were prepared by crystallizing the
glasses in a temperature gradient. The glass-
ceramics show preferred orientation, with the
polar c-axis parallel to the temperature gradient.
Pyroelectric responses up to 50% of the single-
crystal values were observed on these glass-ceramic
samples. Measurement of the density, dielectric
constant, and piezoelectric constant gave results
comparable to the reported single-crystal proper-
ties.
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Piezoelectric and Elastic Properties of Barium Germanium
Titanate and Lithium Borosilicate Glass-Ceramics
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PIEZOELECTRIC AND ELASTIC PROPERTIES OF BARIUM GERMANIUM
TITANATE AND LITHIUM BOROSILICATE GLASS~-CERAMICS

A. Halliyal, A.S. Bhalla, R.E. Newnham, and L.E. Cross

Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802

Abstract

Piezoelactric barium germanium titanace and
lithium borosilicate glass-ceramics were prepared
by crystallizing the glasses in a temperature
gradient. The piezoelactric constants sleccro-
mechanical coupling factors and elastic constants
of the glass-ceramics vere measurad by the reso-
nsnce method. Some of the glass-ceramics exhibit
high electromechanical coupling factors and low
temperature coefficient of resonance making them
of interest as temperature compeusated resonators.

Introduction

Several nonferroelectric polar glass-ceramics
have been studied from the point of view of their
application in piezoelectric devices and pyro-
electric detactorsi=3, It has been shown that it
is possible to prepare glass-ceramics with good
crystallographic and polar orientation by crystal-
lizing the glasses in a temperature gradient resule-
ing in glass ceramics with reasonably good piezo-
electric properties. Deatailed studies of the piezo-
electric properties of barium germanium titanace’
and lithium borosilicacte’ glass ceramics showed
that the piezoelectric propertiss of thess glass-
ceramics are comparable to those of coumonly used
piezoelectric materials. Some glass ceramics in
the Li50-5102-B707 system showed high electrome-
chanical coupling coefficients and low temperature
coefficient of resonance (TCR)4. It has been sug-
gested that because of their good electromechanical
properties and a high degree of crystallographic
orientation near the glass-ceramic surfaces,
lichium borosilicate glass-ceramics might find an
application in SAW devicesé.

Glass ceramic piezoelectrics can be easily
fabricated in large sizes and their properties can
be optimized by adjusting the glass composition and
processing parameters.

In the present paper we report elastic and
piezoelectric measuremeants on fresnoite (Ba,5i3T10g)
glass ceramics and a few compositions in the
L120-510,-B203 system. Piezoelectric, elastic and
electromechanical coefficients of glass ceramics of
composition BajGeyTi0g (BGT), Ba2Ge2Ti08-Ba,Si,T40g
solid solution (BGST) with excess silica, and Li0z-
(2-x)$102-xB203 glass-ceramics here investigated by
resonance methods. The measured values are compared
with the reported properties of BayGe2Ti0g and
3825427108 single cryscals.
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Experimental Procedure

The procedure followed for preparing glass-
ceramics with oriented crystallites is essentially
the same as that reported in earlier studies2.3,
The glass samples were prepared by mixing reagent
grade chemicals in the desired molar ratic and
melting in a platinum crucible, using a globar
furnace. The glass samples were crystallized in a
temperature gradient by placing polished glass
disks . on a microscope hot stage®. Details con-
cerning cthe heating cycles employed during crystal-
lization of the glasses can be found in references
1-3. The crystalline phases in the glass-ceramic
samples wers identified from x-ray powder diffrac-
tion patterns.

Piezoelectric constart dij3 parallel to the
crystallization direction was measured using a
d3j-meter™. For resonance studies, samples were
prepared in the form of circular disks 8 mm in
diameter and 0.3 to 0.6 mm in thickness. Gold
electrodes were sputtared on the polished surfaces.
Resonance behavior ia the thickness mode and planar
mode were investigated using a spectrum analyzer'.
The resonance frequency constants, electromechani-
cal coupling factors and mechanical qualicty factor
Q wers determined by measuring the resonance and
anti resonance frequencies. From these values,
some of the elastic and piezoelectric coefficients
vere calculated. The temperature coefficient of
resonance (TCR) was evaluated by measuring the
resonance frequency as a function of temperature at
intervals of 5° {n the temperature range -20 to
100°¢C.

Results and Discussion

The crystalline phases identified from the
x-ray powder diffraction patterns are listed in
Table 1, along with the densities and dielectric
constants. All the crystalline phases belong to
polar point groups, and hence the piezoelectric
properties of the glass-ceramic are not diluted by
inactive phases. The deansities and dielectric
constants of BGT and BGST glass-ceramics are in
close agreement with those of Ba2GeTi0g and
Ba3513Ti0g single crystals.

*E. Leitz, Inc., Rochleigh, NJ,Model No. 493.

*xChannel Products, Chesterland, OH, Model CPDT 330Q
+Hewlett-Packard, Loveland, CO, Model 3585A.
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Table 1.
JPhysical Properties of Glass-~Ceramics

. Dielectric
Crystalline* constant >
Composition Phases €33/€0 gs/ cod
2310-26002-1102 (BGT) szrcz 15 4.8
2310-25102-0002-‘1'102 (BGST) BZTG + B,TS 10.3 4.3
' (ul%d solution)
- u20-1.88102-0.23203 ‘ l.s2 + uz + LS 9 2.3
‘ 2.4.20-1..3381.02-0.663203 Lsz + LBZ + 1S 8 2.3
: 3.20021'108 (Singlecrystal) —— 13 4.86
R thizILOs (single cryscal) ca—— 11 4.45
y *Abbreviacion for Phases: 331Gy = BajGe,Ti0,, 8,75, = BaZSLGOs, Ls, =

As oantioned earlier, the glass-ceramics pre-
parsd by crysctallizing the glasses in a temperaturs
gtadient show a high degree of crystallographic
orieatation parallel to the temperaturs gradient.
Needle-liks crystallites grow from the hot face
deep into the sampl ong the direction of the
temperaturs gradien . The c-axes of the crystal-
lites show preferrad orientation but the a or b do
oot. The alignment of the polar c-axes is responsi
ble for the pyroelectric and piezoelectric pro-
parcies of the glass ceramics. The propertias of
the glass ceramics are isotropic in the plane
perpendicular to the c-axes of the crystallites.

A ferroelectric ceramic material prepared by
couventicnal sintering methods is non-piezoelectric
even though the individual crystals may be strongly
plezoelectric. To convert the ceramic iaco a
piezoelectric, it is necessary to pole the ceramic
with an external electric fiald$,

Thus the symmetry of a poled ceramic body is
wn and for pilezoelectric and elastic phenomena this
is equivalent to hexagonal symmetry 6 mm. Since
the polar glass-ceramics with oriented crystallites
and the poled ceramics both have only one polar
direction, the symmectries are che same (*m). The
independent, non-zero elastic, piezoelectric and
dielectric consrants for this symmetry are s},
812, 813, $33, 855, dj1, d33, dis; €11 and €33.
Additional non zero coefficients are related to
these by symmetry relations.

The values of pilezoelectric d coefficients,
the elastic constants and the slectromechanical
coupling coefficients of the glass-ceramics are
given in Table 2. The values of piezoelectric d
coafficients and elastic coefficients of BGT and
. BGST glass-ceramics are comparable to the values
of BaGeTi0g and Ba54,Ti0g single cryscals, from
) which we conclude that there are no subscancial
L differences in the elastic behavior of the glass
and crystalline phases in the glass-ceramics.

b a0 20 40 Se kg

X

- The electromechanical coupling coefficientcs

s ke and kp of BGT glass-ceramics are lower than the

R corresponding values of Ba;GeTi0g single cryst:a.l3.
but cthase of 3GST glass-ceramics arte slighctly
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L150+2510,, LBy = L120-28703, LS = Li;05103.

higher. The planar coupling kp of Lij0-1.85105s
0.2B204 glass ceramic % is hi;ﬁcr than LiTa03 af
other commonly used piezoelectric materials. T¥
sechsnical quality factors Q are surprisingly
high for the glass-ceramics (300-1000).

A typical resonances spectrum observed in
glass-ceramic samples is shown in Figure 1, and
plot of relative resonance frequency Afg as a
function of temperature is shown in Figure 2,

whers Af. = ET-ERT
Sl
RT
Here, f7 {s the resonance frequency at temperatu
T and fpr 1is the resonance fraquency at room
tsmperature. The temperature coefficients of
resonance (TICR), calculated from the slopes of

Afg vs T plots are lisced in Table 2.

The TCR values of BGT and BGST glass-cerami¢
are larger than those of either Ba2GaTi0g and
BayS127T10g8 single crystals. For lithium boro-
silicace glass ceramics the TCR values are coam-
parable to the values of commonly used piezo-
electric single crystals4. TCR of Li20-1.338109«
0.66-B203 glass-ceramic is 30 ppw/°C in the
temparature range 20-60°C (Fig. 2), the useful
operating range for most piezoelectric devices.

The strong dependence of the electromechani-
cal coupling coefficients and TCR on the cowposi-
tion of the parent glass suggescs that further
iaprovemants in the properties are possible by
suitably modifying the composition. In additionm,
the amount and orieantation of the different
crystalline phases can be controlled by emplying
suitable heat treatment cycles providing another
controlling factor to tailor the properties of
glass~ceramics.

Sugmary

The piezoelectric coefficients and elasti:
constants of several piezoelectric zlass-ceramics
were asasured by resonance methods. It is possid
to fabricate large inexpensive gzlass-cerami:
pliezoelectric devices with substantial eleczrTo-
machanical coupling factors and low TCR. The
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Table 2.

Piezoelectric and Elastic Constants

EI Property ‘ Ba;Ge,Ti0g BGST Ba2Ge,Tilg Ba3812Ti0g L1,0~1.88407~ (Li0-1.335102-
> LS:lan-Ccunic Glass-Ceramic (Single Crystal (Single Crystal 0.28904 { 0.66B8404
> d33x1C™12¢/N 6 6 8 3.8 6 |3
- dax10-12¢/N 1.2 2.1 2.0 2.7 |z | L
- s11x10-122/8 9.2 9.0 8.8 7.6 9.5 ou
-122 i
$12x10" 1%/ -1.9 -2.3 1.9 -1.6 -2.6 -2.8
$66x10"1202/N 22 22 a 17 2 27
c33x16128/m2 0.13 0.12 0.09 0.08 —_ -
N (mt. Hz) 25Q0 2600 2150 -— - -
Np(me. Hz) 3100 3500 2900 —_ 4500 4200
ke 0.07s 0.15 0.10 -- — -
Ky 0.045 0.12 0.10 - 0.14 0.09
%3 | 0.04 0.07 0.06 0.10 0.09 0.05
Q 700 300 - 650 1000 400
ICR ppw/*C 95 >100 48 51 00 30
(0-100°C) (20-60°C)
Z=cut

LXZO- 1. 33510200 .668,0

273

vy 4 HEATING
¢ COOLING

Y » w®»
TEMPERAZTTRE {°0)

Figure 1. Figure 2. Relative resonance frequency as a
function of temperature for Liz0-

1.33510,-0.66B203.

Resonance spectrum for Lij0-1.85107-
0.28203 (horizontal scale = 6.8 kiz
vertical = 5 dB).

piezoelectric properties of the glass-ceramics are
comparable to those of single crystals, and can be
optimized by proper choice of composition and heat
treatment. The glass-ceramic piezoelectric
materials may be useful in temperature compensatad
bulk resonators, in SAW devices and in flexural
mode resonators.
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Study of the Piezoelectric Properties of Ba GeZTiOB
Glass-Ceramic and Single Crystals

A. Halliyal, A. S. Bhalla, R. E. Newnham, L. E. Cross, T. R. Gururaja
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Study of the piezoelectric properties of
Ba.Ge,TiO; glass-ceramic and single crystals

A. HALLIYAL, A.S. BHALLA, R. E. NEWNHAM,

L.E.CROSS, T R.GURURAJA

Materials Research Laboratory, The Pennsylvania State University, University Park,

PA 16802, USA

Glass-ceramics of composition Ba,Ge, TiO4 with oriented crystallites were prepared by
crystallizing the glasses in a temperature gradient. The degree of preferred orientation
of the crystallites as a function of depth was studied. Piezoelectric resonance properties
of both the glass-ceramics and the single crystals were studied. The piezoelectric d ;4
coefficient, the frequency constants and the electromechanical coupling coefficients of
the glass-ceramic were comparable to the singie<crystal values.

1. Introduction

A technique for fabricating glass-ceramics of
lithium disilicate (Li;O - 2SiO;) and barium
germanium titanate (Ba,Ge,TiOy; BGT) has been
reported in our earlier studies [1-3]. It was
observed that the crystallization behaviour of
glassceramics is influenced strongly by the heating
cycle employed during the crystallization of the
glasses. Two kinds of heat treatmen:s were investi-
gated: (a) heating under uniform isothermal
environment and (b) heating with temperature
gradients across the sampie. Detailed studies of the
microstructure and X-ray diffractometer patterns
of the crystallized sampies showed a considerable
degree of crystaliographoc »Jrientation, in both
cases. However, the piezoelestric ¢4; values and
the pyroelectric responses of BGT glass—ceramics
prepared under the temperature gradient were
much higher than the respective properties of the
samples prepared in isothermal conditions, indi-
cating a strong polar orientation in the samples
prepared by the turmer method. In addition, the
d3; value of the BGT glass-ceramic was comparable
to chat of single crystals. These facts led us to
investigate the piezoelectric properties of BGT
glassceramic in greater detail.

Barium germanium titanate is a non-ferro-
electric—ferroelastic [4] below 810° C, belonging
to the orthorhombic polar points group mm2. In
the paraelectric phase above 810°C it is in
tetragonal point group 4 mm. Some of the elastic

and piezoelectric properties of BGT single crystais
have been reported [4-5], but detailed investi-
gations of the piezoelectric properties have not
been carried out. Single crystals of BGT have been
grown by Czochraiski and Bridgman techniques.
However, the Bridgman technique yields a poor
quality crystal, and Czochraiski-grown crystals
often contain a small cloudy core, perhaps asso-
ciated with radial microcracks. Frequently the
crystals contain microtwin domains. Hence, it was
felt that it might be useful to investigate the
piezoelectric properties of BGT glass—ceramics. In
the case of several piezoelectric materials, which
can be prepared easily in the form of glass, it is
possible that simple glass-ceramic processing tech-
niques could be useful in making large-area non-
ferroelectric—piezoelectric resonant elements.
Since the thickness of the highly oriented
region in the glass<eramic depends on the heating
cycle empioyed for crystallization, a systematic
study to obtain well-oriented samples of desired
thickness has been carried out. Also, in the present
study, the piezoelectric resonance properties of
BGT glass-ceramic and single crystai are compared.
To our knowledge this is the first time that
the resonance properties of non-ferroelectric—
piezoelectric glass-ceramics have been reported.

2. Experimental details
The procedure for preparing BGT glass<ceramic
with oriented crystallites is essentially the same

0022-2461/82/010295-06802.60/0 & 1982 Chapman and Hall L:d. 295
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Figure ] Heating cycles for crystallizing BGT glasses.

as reported in the previous study [3]. The glass
samples were prepared by mixing reagent grade
chemicals in the required stoichiometric proportion
and melting in a globar furnace. Differential thermal
analysis (DTA) measurements indicated that the
crystallization temperature of the glass was 800° C.
The glass samples were crystallized in a temperature
gradient by placing the polished glass samples in
the form of thick discs on a microscopic hot stage.”
An alumina substrate (0.5 mm thick) was piaced
below the glass samples to provide a uniform tem-
perature gradient in the vertical direction. Heating
cycles slightly different from the previous study
[1] were used to compensate for the reduction in
temperature near the hot face due to the alumina
substrate. Three types of heating cycles were used,
as shown in Fig. 1. The heating cycle (a) consisted
of an initial rapid rise in temperature to minimize
volume nucleation, foilowed by a slow increase in
temperature at a rate of about 3° Cmin™. After
reaching the maximum temperature (1040° C), the
samples were held at this temperature for 24h.
The temperature was then decreased rapidly to
room temperature. Cycle (b) was the same as
Cyw.e (a), except that it included a two-hour
nucleation step at 840°C. Cycle (c) represents
isothermal crystallization carried out in a furnace,
with no temperature gradient. The thickness of
the crystallized portions of the glasses ranged
from 1 to 2Jmm in the case of heating cycles (a)
and (b).

The degree of preferred orientation of the glass-

ceramic was evaluated from X-ray diffractometer
patterns, recorded on surfaces normal to the direc-
tion of the temperature gradient [3]. The X-ray
dicfraction patterns of the glass-ceramics prepared
by following the above three types of heating
cycles were compared with the standard powder
pattemns to determine the relative degree of
orientation.

The piezoelectric constant dj; parallel to the
crystallization direction was determined using a
d,,-meter.f For resonance studies, samples in the
shape of circular discs of dimensions approxi-
mately 2.5 to 3 mm diameter and 0.5 t0 0.75 mm
in thickness were prepared. From single-rystal
samples grown by Czochraiski-pulling along the
c-axis, circular discs were prepared in a similar
way, with the c-axis perpendicular to the major
faces. Gold electrodes were sputtered onto the
polished surfaces. Resonance behaviour in the pure
thickness mode and planar modes was studied by
the resonance and anti-resonance method using a
spectrum analyser. The resonance frequency
constants, the electromechanical coupling factors
and the mechanical quality factor Q were deter-
mined both for the glassceramic and the single-
crystal samples by measuring the resonance (f;)
and anti-cesonance (f,) frequencies. The tempera.
ture coefficient of the resonance frequency in a
thickness mode was studied by measuring the
resonance frequency at intervals of 5° C.

3. Resuits and discussion

3.1. Crystallization behaviour

The glassceramic sampies showed highly oriented
growth of crystallites in a direction parallel to the
temperature gradient, with the polar c-axis per-
pendicular to the hot surface of the sample [3].
The 002 reflection was the strongest in the X-ray
diffraction patterns of the crystallized surfaces.
The ratio of the intensity of the 002 peak to that
of the 211 peak was taken as a measure of the
relative degree of orientation. The intensity ratios
were measured for glass-ceramic samples at various
depths from the surface facing the hotter tempera-
ture zone by polishing-off successive layers. Fig. 2
shows the variation of [495//5;; as a function of
depth for the glass-ceramic samples prepared bv
following the three different heating cycies men-
tioned earlier. [n general, 2 high degree of orien-

*E. Leitz. Inc.. Rockleigh, New Jersey, USA: Mode{ No. 493.
“Channel Products. Chesterland, Ohio, USA" Model CPDT 3300.
“Hewlett-Packard. Loveland. Columbia, USA: Model 3585 A.
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Figure 2 The degree of preferred orientation as a function
of depth for different heating cycles.

tation is observed in all the cases, at a depth of
about 100um from the high-temperature face. In
all three cases it was observed that the flatness of
the glass surface was lost after crystallization.
Hence, it is possible that the apparent reduction in
the degree of orientation observed near the high-
temperature face is due to the unevenness of the
glassceramic surface after crystallization rather
than to the actual misorientation of the crystallites
near the hot face. This was evident from the fact
that the fog4//4;; ratio showed a maximum value
at a depth where the surface of the glass-ceramic
became completely flat after polishing. As is to be
expected, the samples prepared by following the
Cycle (b), which included a nucleation step
also, showed a poor degree of orientation com-
pared to the samples prepared by following the
Cycles (a) or (¢).

I Saih Aadie Sute Shva | -

Even though the samples crystallized iso-
thermally (Cycle ¢) exhibited crystallographic
orientation to a certain extent, these sampies had a
lower dy3 (3 t0 4 x 10712 CN™') compared to the
samples crystallized in a temperature gradient
(5 1o 7x107** CN™?) (Cycle a), indicating that
crystallization in a temperature gradient leads to a
better polar orientation also. However, the highest
degree of orientation was observed in the case of
samples prepared by following Cycle (a), which
did not include the intermediate nucleation
step. Also, the depth of oriented region was much
greater in this case.

Hence, for studying the piezoelectric properties
of the glassceramics, the samples were prepared
by crystallizing the glasses according to the
Cycle (a). All the piszoelectric properties of the
glass-ceramic samples mentioned in this paper refer
to the glass-ceramic samples prepared by following

Cycle (a).

3.2. Piezoelectric properties

Resonance spectra for the thickness mode are
shown in Fig.3 for both the glass-ceramic and
single-crystal samples. Resonance in the planar
mode was weak compared to the resonance signal
in the thickness mode. Resonance spectra in the
radial mode are shown in Fig. 4. The radial mode
of vibration was very weak for the glass<eramic
samples. This is not surprising, since the crystallites
in the glass-ceramics are oriented only along the
c-direction, there being no preferred orientation
along the g- or b-axes. In addition, there is a glassy
phase surrounding the crystallites. Both these
factors might be responsible for the weakening of
the radial mode vibration in the glass<eramic
sampies. In Table I, the measured resonance
properties of the glassceramic and the single
crystal are summarized. The reported values for

Figure 3 Resonance spectra in the thickness mode. (a) BGT glass-ceramic, horizontal scale = 31 kHz: (b) BGT single

arystal, horizontal scale = 3.06 kHz.
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Figure 4 Resomance spectra in the radial mode. (a) BGT glass—ceramic, horizontal scale = 3 kHz; (b) BGT single crystal,

horizoatal scale = 1.1 kHz.

the 3-3 coupling are also given for comparison.
The measured values of .V, and k, in our single-
crystal samples were higher than the reported
value. This is perhaps because the Czochralski-
grown crystals used in our experiments were of
better quality than the crystals used in previous
studies (4], which were grown by the Bridgman
technique.

The variation in resonance frequency constant,
N, with temperature was studied in the tempera-
ture range — 10 to 150° C. The relative resonance
frequency Afr as a function of temperature for
both the glassceramic and single crystal is plotted
in Fig. 5, where

Afq = T—far

frT

Here fp is the resonance frequency at temperature
T and fpy is the resonance frequency at room
temperature, The temperature coefficients of
resonance (TCR), calculated from the slopes of
Afg against T plots are given in Table I.

The electromechanical coupling factor k, was
calculated by using the equation

ki = [(2/2)feif)) an [(r/2)Af1f]-

The room-temperature values of k, are given in
Table I. The temperature dependence of &, is
shown in Fig. 6. For single crystal, &, is practically
constant in the temperature range — 10 to 150° C,
increasing slightly with temperature. For the glass-
ceramic, K, increases siowly with temperature.

Vaiues of the mechanical quality factor Q are
given in Table I. Difficulties were encountered in
the measurement of Q, due to the small values of
capacitances of the sample. Spurious resonance
signals were observed with large-area glass-ceramic
samples. Measurements indicated that Ba;Ge,TiOg
has a high Q of about 700.

The temperature coefficients of resonance of
some of the commonly used piezoelectric materials
(7] are given in Table II for comparison. The TCR
of Ba;Ge,TiOg single crystals is comparable to
that of Ba;Si;TiOs. It has been reported [8,9)
that Ba,SiyTiOs (fresnoite) is a good candidate
material for surface acoustic wave (SAW) devices.
The shear-mode piezoelectric surface wave of
Ba,Si, TiOs hasa coupling coefficient k% = 0.0053.

TABLE | Piezoelectric properties of Ba,Ge, TiO, determined by the resonance method

Property Glassceramic Single crystal Reported values
in the 3-3 mode
€y5le, 15 13 -
d,y (X107 CN-Y) 5-7 10 -
Frequency constant Ny (Hzm) 2500 2150 v,, = 1900
Thickness coupling coetficient k, 0.07§ 0.10 k,, =0.07
k. =027
k., =0.31
Mechanical quality factor Q 700 650 -
Temperature coefficient of resonance,
T = L &(ppmf O 95 48 -
fedT
Frequency constant.V, (Hzm) 3100 1900
Planar coupling coerficient k5 0.044 1.062
298
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which is three times larger than that of quartz
(k* = 0.0014). It has a small TCR (38 ppm/° C for
X-<ut and Y-propagation) and a small surface
velocity. The SAW characteristics of fresnoite can
be further improved by partial substitution of St
for Ba (i.e., Ba,..Sr,TiSi;04), with almost no
change in the electromechanical coupling factor
(10]. For Z<uts with (1 10) propagating waves,
the TCR drops from S1 to 21ppm/°C at a Sr
concentration of x = 0.8, which is comparable to
the TCR of LiTaOy. BGT also exhibits large elec-
tromechanical coupling in a pure thickness shear
mode with values of k;s = 0.27 and k4 =0.31.
The SAW characteristics of Ba,;Ge,TiO, single
crystal are to be explored and this aspect needs
further study.

The TCR of BGT glass-ceramics is about 95 ppm/
°C, which is higher than the single-crystal value,
However, further studies are necessary to explore
the possibilities of fabricating BGT glass-ceramics
with improved temperature compensation, by
controlled crystallization of the BGT glasses, and
by modifying the composition of the glasses. The
present studies demonstrate the possibility of
preparing glass-ceramic piezoelectric resonant
elements with reasonably good piezoelectric

TABLE Il TCR of some piezoelectric materials
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Figure 6 Variation of k; with temperature.

properties from a non-ferroelectric-peizoelectric
material. Piezoelectric glassceramics in which
the crystalline component has tetragonal or
higher symmetry should have a high degree of
homogeneity in properties for the surface per-
pendicular to the polar crystallite axis and in
consequence should show strong radial coupling.
Such systems may have application in SAW
devices.

Under controlled crystallization a desired
thickness of the thin glass plate can be crystallized
into a glassceramic layer and such composite
elements may be useful for device applications
based on flexural resonance modes.

4, Conclusion

Glass-ceramics of composition BayGe,TiOy were
prepared by crystallizing the glasses in a tempera-
ture gradient. The glass-ceramics show preferred
orientation, with the polar c-axis parailel to the
temperature gradient. The depth of the oriented
region depends on the heating cycle employed.
The piezoelectric resonance properties of the
glassceramics are in agreement with the single-
crystal properties. Measurement of piezoelectric
dy; and electromechanical coupling coefficients

Material Orientation TCR (ppm/°® ) Reference
LiNbO, Y-cut, Z-propagation 94 (71
Quartz ST-cut, X-propagation 0 (7]
LiTaO, Y-<cut, Z-propagation s (7
. o X-cut, Y-propagation 38 {7
Ba,Si, TiO, (+ 10 to + 60° C) Z-cut. (L 1O st 9]
Ba,Ge,TiO, (+ 10¢to + 60° O) Z-cut 48 Present data
Ba,Ge, TiO, (glass-ceramic, 0-60° C) Z<urfaces 9s Present data
(Ba, ,5t,,)Si, TiO, (+ 10 to + 60° C) Z-cut, 110 21 [9]
299
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Appendix 7
Piezoelectric Properties of Lithium Borosilicate Glass Ceramics

A. Halliyal, A. S. Bhalla, R. E. Newnham, and L. E. Cross
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o _ Piezoelectric properties of lithium borosilicate glass ceramics

A. Halliyal, A. S. Bhalla, R. E. Newnham, and L. E. Cross®
Materials Research Laboratory, The Pennsyivania State Uriversity, University Park, Pennsyliania 16802

{(Received 10 August 1981; accepted for publication 16 September 1981)

Glass ceramics in the system Li,0-SiO,-B.O, with oriented crystallites were prepared by
crystallizing the glasses in a temperature gradient. Piezoelectric and electromechanical properties
of the glass ceramics are reported. Some of the compositions exhibit low temperature coefficient
of resonance, comparable to LiTaO, single crystals. Advantages of fabricating glass-ceramic
piezoelectric resonators are described and the possibility of using them in surface acoustic wave

(SAW) devices is suggested.

PACS numbers: 43.88. + q, 43.35. + d, 77.60. + v, 81.20.Pe

INTRODUCTION

Glass ceramics of several polar piezoelectric materials
{lithium disilicate-LS,, barium germanium titanate-BGT
and barium silicon titanate-BST) have been prepared recent-
ly by crystallizing the glasses of stoichiometric composition
in a temperature gradient.'™ These glass ceramics showed
high piezoelectric and pyroelectric responses due to the high
degree of crystallographic and polar orientation. The piezo-
electric resonance properties of BGT glass ceramics have
been reported.* The piezoelectric d,, coefficients, the fre-
quency constants, and the electromechanical coupling coef-
ficients of the BGT glass ceramics were comparable to the
reported single crystal values. The glass ceramic piezoelec-
tric elements may offer several potential advantages over the
respective single crystals. Glass ceramics are easier to fabri-
cate and their properties are less sensitive to the impurities
compared to their single.crystal form. Large area samples
can be prepared simply by crystallizing large area glass sam-
ples.

In recent years piezoelectric materials have become of

-~ increasing importance in the field of surface acoustic wave

(SAW) devices.’® Low temperature coefficient of surface ve-
locities and high electromechanical coupling are desirable
properties for a material to have to be ideally suitable for
SAW device applications. However, an undesirable tradeoff
between temperature coefficient of resonance (TCR) and
electromechanial coupling factor is observed in most of the
materials presently used for SAW devices. For example, ST-
cut g-quartz exhibits zere TCR but shows weak electrome-
chanical coupling. On the other hand, y-cut z propagating
LiNbO, shows strong electomechanical coupling, but exhib-
its a high TCR (94 ppm/°C). Some of the other piezoelectric
materials, which exhibit good piezoelectric properties for
application in SAW devices, present severe crystal growth
problems.®

It has been shown that a high degree of crystallographic
orientation can be achieved on the glass-ceramic surfaces by
crystallizing the glass samples in a large temperature gradi-
ent.*” Since the surface waves in SAW devices are generally
limited to within a few wavelengths of the surface, piezoelec-
tric glass ceramic materials with oriented crystallites near

“Also affiliated with the Department of Electrical Engineering.

2879 J. Appl. Phys. 83(4), Apni 1962

0021/8979/82/042871-04%02.40

the surface might find an application in SAW devices.

In this paper we discuss the possibility of tailoring the
piezoelectric properties in a glass ceramic to produce reso-
nance elements with low TCR. Glass ceramics in the Li,O-
$i0,-B,0; system were prepared and their piezoelectric
properties were studied. The temperature coefficient of reso-
nance of these glass ceramics was also measured. By proper
selection of the glass composition and processing param-
eters, it is possible to prepare glass ceramics with oriented
crystallites of more than one phase from the glass matrix.
This provides an extra controlling factor for tailoring the
crystailine phases and their piezoelectric properties. The
compositions reported here are (1) Li,0-1.8Si0,-0.2B,0,
and {2) Li,0-1.338i0,-0.66B.0,, where the proportions are
molar ratios. .

EXPERIMENTAL DETAILS

The detailed procedure for preparing glass ceramics
with oriented crystallites is described elsewhere.'™ The glass
samples were prepared by mixing reagent grade chemicals in
the desired molar ratio and melting in a platinum crucible
using a globar furnace. The glass samples were crystailized
in a temperature gradient by placing the polished glass sam-
ples in the form of thick disks on a microscope hot stage (E.
Leitz, Inc., Rockleigh, NJ, Model No. 493). The vertical
temperature gradient normal to the surface of the sample
was estimated to be about 100 °C mm ™' near the hottest
temperature zone. Heating cycles similar to those described
in the previous studies'* were used. After reaching the maxi-
mum temperature (760 °C) the samples were held at that
temperature for 24 h. The temperature was then slowly de-
creased to room temperature. The crystalline phases in the
glass-ceramic samples were identified from x-ray powder
patterns of crystallized samples. The piezoelectric constant
d,, parallel to the crystallization direction was measured us-
ing ad,;-meter (Channel Products, Chesterland, OH, Model
CPDT 3300). For resonance studies, samples in the shape of
circular disks of 0.8 cm diameter and 0.3-0.6 mm in thick-
ness were prepared. Gold electrodes were sputtered on the
polished surfaces. Resonance behavior in the radial mode
was studied by the resonance and antiresonance method us-
ing a spectrum analyzer (Hewlett-Packard, Loveland, CO,
Model 3585A). The resonance frequency constants, the elec-
tromechanical coupling factors, and the mechanical quality

© 1982 Amencan insttute of Physics 2871
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TABLE 1. Electromechanical properties of Li,0-Si0,-B,0, glass ceramics.
E —

oy T 4 S F o e 7

Property Li,0-1.88i0,0.2B,0, Li,0-1.338i0,-0.66B.0,
Crystalline phases Li,Si,Oy + Li.B,0y + Li,SiO\(#) Li,Si Oy + LiyB,O; + Li,SiOy (W)
Density (g/cm”) 2.3 2.33

dyyi X 10~ C/N) 6 3

Frequency constant 4500 4200

{Hz-m)

Coupling coefficient 0.14 0.09

(k,)

Mechanical quality 1000 400

(@ factor)

—————eeeee e e e e e

factor Q were determined by measuring the resonance and
antiresonance frequencies. TCR in the planar mode was de-
termined by measuring the resonance frequency at tempera-
ture intervals of 5°.

RESULTS AND DISCUSSION

The crystalline phases determined by x-ray diffraction
patterns of powdered samples are given in Table 1. In the
case of composition |, the major crystalline phase was lith-
ium disilicate (Li,Si,O,). Small amounts of lithium metasili-
cate (Li,SiO,) and lithium tetraborate (Li,B,0,) were also
crystallized. Li,Si,O4 phase showed a high degree of pre-
ferred orientation in a direction parallel to the temperature
gradient with the polar ¢ axis perpendicular to the hot face of
the sample.' In the case of composition 2, the major phases
were lithium discilicate and lithium tetraborate, with lith-
ium metasilicate being the minor phase to crystallize. 1t is
interesting to note that all three phases, Li,SiO;, Li,Si,0;,
and Li,B,0,, belong to polar point groups, and hence the
problem of diluting the piezoelectric or pyroelectric proper-
ties with an inactive phase does not arise. On the other hand
there may be an improvement in piezoelectric and pyroelec-
tric properties due to the additive nature of properties in the
glass-ceramic composite.

Resonance spectra of the radial mode are shown for
both compositions in Figs. 1 and 2. The piezoelectric d,;,
coefficient and other electromechanical properties are listed

F1G. 1. Resonance spectra in the radial mode for Li,O-1.88i0,-0.28,0, at
room temperature (horizontal scale = 6.8 kHz; vertical scale = 5 db).

2872 J. Appl. Phys., Vol. 53, No. 4, Apni 1982
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in Table I. The variation in resonance frequency {f, ) with
temperature was studied in the temperature range ~— 20—
100 *C. The relative resonance frequency 4/, are plotted asa
function of temperature in Figs. 3 and 4, where

fT -fRT

Jar

Here, f; is the resonance frequency at temperature 77and f ¢
is the resonance frequency at room temperature. The tem-
perature coefficients of resonance (TCR), calculated from
the slopes of 4/, vs T plots, are given in Table I along with
the TCR values and coupling coefficients of some of the
commonly used materials for SAW devices.

The piezoelectric 4, coefficient, the frequency con-
stant IV, the mechanical quality factor Q and coupling coef-
ficient k, were larger for composition 1 than for composition
2. The value &, (0.14) for composition 1 is slightly higher
than the value reported for Li,B,O, single crystals (maxi-
mum value of 0.12).

The value of TCR for composition 1 is about 60 ppm/°C
in the temperature range — 20-35 *C and 70 ppm/°C in the
temperature range 35-100 *C (Fig. 3). For composition 2 the
variation of resonance frequency with temperature is inter-
esting (Fig. 4). Below room temperature (below 20 °C) and at
higher temperatures (above 65 °C) the value of TCR is 60
ppm/"C. Near room temperature in the temperature range
20-65 °C, which is the useful operating range for most of the

dfp =

FIG. 2. Resonance spectra in the radial mode for Li;0-1.338i0,-0.668.0:
at room temperature thonzontal scale = 14.9 kHz: vertical scale = 2d%

Hailyal of o/, 2872
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- FIG. 3. Relative resonance frequency
» f a function of temperature for Li,0-
« 1.88i0,-0.2B.0, glass ceramic.
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piezoelectric devices, the TCR drops down to a low value of cient is an important factor, indicative of large bandwidth

30 ppm/"C, comparable to the y-cut TCR of LiTa20, mea- and low insertion loss. Generally k, is determined from sur-

sured along the z direction. The reproducibility of this be- face velocity measurements, and X, is calculated from radial

havior was verified by measuring the resonance frequencies mode resonance frequencies. k, and k, are related through
) of several samples during both the heating and cooling cy- the piezoelectric coefficients and dielectric and elastic con-

cles. stants. Materials with high values of k, generally show good

The reported values of the surface-wave coupling factor ~ SAW electromechanical coupling.® o

k 2 for several single crystals and the measured values of The velocity of the surface wave v, is given by

planar coupling coefficient k } of glass ceramics are also giv- v, = (_C_)m'

enin Table IL. In SAW devices surface-wave coupling coeffi-

0.4
1,0-1.33510,-0.668,0 ‘
L 20-1. 33 2-0. 682 3
0.2 I 4
1
0.0 | ]
F1G. 4. Relauive resonance frequency as
= ! a function of temperature for Li,O-
‘; ) 1.335i0,-0.66B,0, glass ceramic.
S .02 |
s
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T e COOLING )
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TEMPERATURE (°C)
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TABLE Il Electromechanical coupling coefficient and TCR of some piezoelectric materials.
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TCR
Materials Orientation klork}e ippm/"C) Reference
Single crystals
LiNbO, y-cut, 2 prop. 0.0486 94 9
LiTaO, y=cut, z prop. 0.0115 3 9
Quartz ST-cut, x prop. 0.0014 0 9
Ba,Ge,TiO, z-cut - 48 4
Ba,Si,TiO, x-cut, y prop. 0.0046 38 9
2-cut, x prop. 0.016 51
(Ba, ; Sto 1SisTiO, z<cut, (110) 0.015 2t 10
Li,B,0, 2-cut, x prop. 0.009 $2 8
X-cut, Z prop. 0.012 Parabolic 8

Glass ceramics
Ba,Ge,TiO, z-cut - 9s 4
Li,0-1.88i0,-0.2B,0,

(=20t 35°C) z-surfaces 0.020 60 Present work

(35 to 100 °C) Z-surfaces - 70 Present work
Li,0-1.338i0,-0.66B.0,

{=20t0 +20°C) z-surfaces — 60 Present work

120t0 65 °C) 2-surfaces 0.008 30 Present work

{65 to 100 °C) 2-surfaces - 60 Present work
*k } values for single crystals and k } values for glass ceramics.
where c is an effective elastic constant for the wave and p is ACKNOWLEDGMENT

the density. The operating frequency of the device is deter-
mined by v,. To achieve a high operating frequency, which is
desirable in many SAW devices, v, should be high, which
implies that the density of the material should be low. In this
respect the lower density of glass ceramics (2.35 g/cm® for
composition 1 and 2.33 g/cm® for composition 2} is an ad-
vantage.

The strong dependence of TCR on the composition of
the parent glass suggests that it might be possible to reduce
the TCR further by a suitable choice of the composition of
the parent glass. In addition the amounts of Li,Si,Os and
Li,B,O, phases in the glass ceramic can be controlled by
modifying the heat treatment cycles employed for crystalli-
zation. Detailed studies on the preparation conditions, to-
gehter with the piezoelectric and pyroelectric properties of
glass ceramics in the Li,0-SiO,-B,0, system will be report-
ed in due course.
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Polar Glass Ceramics - A New Family of Electroceramic Materials:

Tailoring the Piezoelectric and Pyroelectric Properties
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POLAR GLASS CERAMICS - A NEW FAMILY OF ELECTROCERAMIC MATERIALS:
TAILORING THE PIEZOELECTRIC AND PYROELECTRIC PROPERTIES

A, Halliyal, A. S. Bhalla and R. E. Newnham
Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802

ABSTRACT
Grain oriented multicomponent polar glass-ceramics have been pre-
pared by crystallizing the glasses in a temperature gradient.
Inexpensive, large area piezoelectric and pyroelectric devices
can be fabricated by this method, and by adjusting the composi-
tion of the glasses and crystallization conditions, it is pos-
sible to tailor the properties to meet device requirements.
Based on the growth characteristics and the connectivity pattern
of the crystallites, the piezoelectric, pyroelectric and di-
electric properties of glass-ceramic composites can be predicted.
Two examples discussed in this paper are piezoelectric glass-

ceramics which are not pyroelectric, and pyroelectric glass-
ceramics which are not piezoelectric.

v,

Introduction
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In the past decade, several glass and recrystallized glass-ceramics
belonging to the ferroelectric compositions such as BaTiO3, LiTa03, LiNbOj,
PbgsGe301;, PbTi03 and sodium cadmium niobate have been studied (1-9). The
dielectric, electro-optic, piezoelectric and pyroelectric properties of these
compositions have been reported. Most of these ferroelectric glass-ceramics
have been prepared by crystallizing a ferroelectric phase from a silica or
borate rich glass-matrix. 1In the devitrified glass-ceramics, it is often
difficult to electrically pole the ferroelectric phase because of the low
dielectric constant of the residual glassy phase, and this can be a major
limitation in fabricating devices with ferroelectric glass-ceramics.

Fr*{ il A "'irjl"_l—_‘ 4
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In recent years a number of glass-ceramics have been prepared in which
the crystalline phase is non-ferroelectric but yet belongs to one of the
polar point groups. Detailed studies of piezoelectric and pvroelectric
properties of these glass-ceramics have been reported (10-15) and thev ap-

pear to be interesting candidate materials for piezoelectric resonators and
pyroelectric detectors.
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These glass-ceramics with oriented crystallites were prepared by crystal-

lizing glasses of suitable composition in a large temperature gradient (10-15).

A high degree of crystallographic and polar (electrical) orientation were
achieved during recrystallization of the glasses. Unlike ferroelectric mate-
rials (both single crystals and ceramics), the electrical domain configuration
of the nonferroelectric crystalline phases in these glass-ceramics cannot be
switched by an externally applied electric field. Thus both the crystallog-
raphic and polar orientation must be achieved during the nucleation stage of
the devitrifiction process, and remain the same during the subsequent growth
of crystallites. Hence in these nonferroelectric glass-ceramics, the temper-
ature gradient is the vector driving force for polar orientation of the crys-
tallites, similar to the externally applied electric field in the case of
ferroelectric materials.

In many ferroelectric materials, 180° domains pose a problem. The ef-
fective piezoelectric response is reduced to (1-2a) of that of a single domain
single crystal, where a is the fraction of the domains with opposite orienta-
tion. Many times it is either difficult or very expensive to prepare large
area single domain samples for practical applications. In nonferroelectric
materials there will be no aging or depoling at high temperatures, and hence
polar glass-ceramics have potential high temperature applications, and are
easier to handle during device fabrication where thermal processing is often
required. Apart from single crystals or oriented thin films prepared by
special sputtering techniques, the polar glass-ceramics are the only form in
which nonferroelectric ceramics can be utilized in electronic devices. These
glass-ceramics constitute a new family of electroceramic materials.

In the present paper, we describe the growth behavior of various crystal-
line phases in glass-ceramics of different compositions, and discuss several
possible combinations of piezoelectric and pyroelectric properties in multi-
component glasses. We will illustrate the possibility of tailoring piezo-
electric and pyroelectric properties of these glass~ceramics Yy adjusting the
composition and degree of crystallinity.

Experimental

Glasses of different compositions were prepared by mixing reagent grade
chemicals and melting in a platinum crucible. Glass-ceramic samples were pre-
pared by crystallizing the glasses in a large temperature gradient normal to
the surface of the glass. The details of the sample preparation technique
can be found in references (10-12). Microstructure studies indicate that
needle~like crystals grow from the surface into the bulk of the sample along
the direction of temperature gradient. The crystalline phases in the glass-
ceramic samples were identified from x-ray powder patterns. X-ray diffraction
peak intensities from initial crystallizing surface were used to evaluate
the degree of preferred orientation of the crystallites.

For piezoelectric and pyroelectric measurements, sections were cut normal
to the temperature gradient, then polished and coated with sputtered gold
electrodes. Byer-Roundy (16) and Chynoweth (l7) methods were used for the
pyroelectric measurements. Piezoelectric dj3 coefficients were measured using
a d33 meter and the electromechanical properties were determined by standard
rescnance techniques.
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Compositions of the Glasses and Growth Habit

The composition of the glasses and their crystallization temperatures
are given in Table 1, along with dielectric constants and piezoelectric djj
coefficients. The crystalline phases in glass-ceramics and their point group
symmetries are also iisted. Glass forming systems (10-15) which give glass-
ceramics with desirable properties are Li;0-Si0,, Li,0-B203, Lip0-Si072-B203,
Ba0-510,-Ti0y and BaO-Ge0-Ti0;. The crystalline phases recrystallized from
the glasses within these systems are Lizsizos, Li,Si03, Li2B,07, Ba2T151203
and BajTiGe,0g. One or more crystalline phases are obtained depending on the
composition of the glass. Glass compositions were optimized to obtain glass-
ceramics with useful properties after recrystallization (10-12). Piezoelectric
properties of the glass-ceramics were dependent both on the volume fractiom
and polar orientation of the crystalline phases, and in well-crystallized

TABLE 1

Compositions of Glasses and Their Properties

Composition Tcr Crystalline Dielectric Piezoelectric
(°o)t Phases* ~ Constant Coeff (d33)
(pC/N)
20—25102 585 LS2 6 -1
2O-ZSiOZ-O.IZnO 570 2+LSZ+Q 6 -3
LiZO-ZSiOZ-O.ZZnO 580 2+LSZ+Q 8 -3
L120-25102-0 4Zn0 590 2+LSZ+Q 10 0
leo-l 85102 -Q. 23203 605,630 SZ+LS+LB2 9 +6
2O-l 65102 0. 43203 625,665 LSZ+LBZ+LS 8 +3
20-1 955102-0 .05 Fe203 600 LSZ+Q - -3
20 33203 580 LBZ-H..B3 - +3
leo-l 8Si02-0.l(Zn0,BZO3) 580,670 LSZ+LSZ - -2
BaO-GeOZ-TiO2 800 BTG 15 +7
BaO-l.BSiOz-TiO2 860 BST 13 +3
ZBaO-3SiOZ-TiO2 930 _ BST 10 +7
ZBaO-ZSiOZ-GeOZ-I’iO2 860 BSGT 11 +6

*Abbreviat .n for phases and point group symmetry.

L52 LLZSiZO mm2 BTG - Bazrlcezoa, mm2
LS - L125103, mm2 _BST - BaZTLSiZOS, 4mm

2 L123407, mm2 BSGT - solid solution of BTG and BST
LB 3 LiZB6010’ non~-centric Q- Quar:z

LSZ-LiZZnS.OL, non~-centric

“Temperature of exothermic peaks in DTA runs.
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samples, the properties were comparable in magnitude with those of correspond-
ing single crystals.

= The sign and magnitude of the piezoelectric dy coefficients measured on
the surface from which crystallization commenced (wgich is towards the high-
T! . temperature end of temperature gradient axis) are given in Table 1. The sign
of d33 and the polar orientation of the crystalline phases were dependent on
the composition of the parent glass matrix. For the sake of the present dis-
cussion we define the growth behavior of crystalline phase on the basis of the \
L sign of d33 measured on the initial crystallizing surface. (The sign of d33
!!n defined in this way is different from the actual sign of d33 defined according |
to the 1949 IEEE piezoelectric convention). Here, the same sign of dij for [
two phases means that the orientation of dipoles is similar in both the phases. \
In other words, both phases exhibit identical growth habit. The sign of pyro-
electric coefficient is defined as follows. If on heating a pyroelectric,
o positive charges develop on the surface towards positive dg3 of the crystallites,
the sign of pyroelectric coefficient is positive. The above convention for the
signs of piezoelectric and pyroelectric coefficients will be followed through-
out the discussion in this paper.

Based on the above sign convention for djj, the growth behavior of all
the glass compositions listed in Table 1 can be divided into two groups as
shown in Figure 1. In the case of BajTiSi,0g, BajTiGe;0g, Li30-B703 and Lij0-
S109-B,03 glass-ceramics the sign of dj3 is positive, indicating that the
positive end of the dipoles points toward the high temperature end of the
sample. In the case of Li30-Si0Oj, Li0-Si0,-Zn0 and Li,0-5i0,-Fey03 glass-
ceramics, the sign of d33 1s negative, indicating that the negative end of the

Polar c-axis and the growth behavior
DIRECTION OF A B ~ Crystallographic
. GLASS CRYSTALLIZATION » vy craxis
- a 33 33
S GLASS-
. CERAMIC )
" b 33 33
Lo
[ A B
- 2
P -(2- - | Li,S1,0
e - Lizo (2 x)SiO2 xBZO3 951,04
r " Li,0-2510,-xZn0
BaZIiSizos 2 2
i BaZTiGeZO8
@ _ .
- b is the high temperature end of temperature gradient axis.
FIG. 1
J! Polar Orientation - two types of growth behavior.
b Shminassnesienss imemshetty dsuheninstsienb bttt vkttt
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dipoles point toward the high temperature end. There are several possible
reasons for this growth behavior or polar orientation. The presence of B,03,
Zn0 or Fe203 appears to influence the growth habit of Li;Si;05 crystallite,

. probably by controlling the surface nucleation sites. The presence of Li;Si0;
1! , or Li,B,07 as separate phases, which also belong to polar point groups might
also be influencing the growth habit of LijSi,0g. In any case the present
study indicates that the polar orientation of crystallites and the resulting
plezoelectric and pyroelectric properties depend on the composition of the
initial glass.

Diphasic Glass-Ceramic Composites

A glass-ceramic is essentially a composite of a glassy phase and one or
more crystalline phases. If there is only one crystalline phase, it can be
considered a diphasic system consisting of a crystalline phase embedded in an
amorphous matrix. X-ray diffraction and microstructure studies of glass-
ceramics indicate that the oriented region of crystallites extends deep into
the sample and then tapers off (12). However, not all the crystallites extend
throughout the thickness of the samples. The distribution of crystallites can
be pictured as shown in Figure 2. The crystalline and glassy phases are partly
in series and partly in parallel connection. As the grain orientation is im-
proved, the length of the crystallites increases and the composite approaches
pure parallel connectivity.

: MR TlEilT
3006 U6

Idealized microstructure of the grain-oriented glass-
ceramics and its equivalent circuit.

i
i+
—

FIG. 2

For a composite consisting of two phases, one dimensional solutions for
dielectric, piezoelectric and pyroelectric properties have been presented for
both series and parallel connectivity (18,19). The results are summarized in
Table 2. 1If the dielectric constant, piezoelectric coefficient, pyroelectric
coefficient and volume fraction of the ¢ ystalline and glass phases are de-
signated as leq, 14 3 and €3 3 2v, respectively, expres-
sions for 3, 3 ang P3 of the glass ceram c can be derived by making certain
simplifying assumptions.

For the glass phase, 2d3 and 2p are equal to zero. In many nonferro-
electric glass-ceramics, the dielectric constants of crystalline and glass
phases are roughly the same. With this assumption it is obvious that the di-
electric constant of the composite is the same for both series and parallel
connections.
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TABLE 2
EZ; Dielectric, Piezoelectric and Pyroelectric Properties of Diphasic Composites
;u Series Parallel
.-
o Dielectric 3 ©3 11,22 0
Permittivity €4 12,21 3 €3
<] 37V
. l l 2 2 2 l 11 2 2 2 1
f Piezoelectric dqq e3*' d33 €5 Vi dy3 S337 vV dgq Sy, 2
Coefficient d33 IVZE + lE 12 21
E! 3 v 3 v 533+ v 533
lvl 2E +2v2 ls :
Pyroelectric Py €37 V P3 &5 lvl + 2.2 (3)
Coefficient p, 12 21 P3 & V Pj
v e, +tVe
3 3
l 2 ,2 l 12 2 1
) Secondary ( 33 31 €3 d31)( Gl‘ C!l) (series) (4)
Pyroelectric 13 31 > 51 1
Effect v e3+ v 53)[ v( sll+ slz)+ v( sll+ le)]
12,2 1 1 2
vv(Tas="aq) (Tdgq-7d,,) (parallel) (5)
l 2 +Zvls
S33 33

where coefficients of properties of phases 1 and 2 are

lp3,2p3 = pyroelectric coefficients
1 2
d33, d33 piezoelectric constants

153,253 = dielectric permittivities

1 2 1 2 1 2 - ,
S33r S35 9770 990 S120 812 elastic compliances

lv,zv = volume fractions

la3,2a3 = expansion coefficients

Further, if we assume that the elastic compliance of crystalline and
glassy phases are the same ( S33 = 24 S34 ), the expressions for d3 and p, in

Table 2 reduce to the following expressions for both series and parallel con-
nectivity
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d = °d,.."v and (6)
Py = py V. (7

The magnitudes of d and p of the crystalline phase itself depend upon the
degree of both ctystgilographic and polar orientation of the crystallites,
which is not accounted for in equations (6) and (7). We can conclude that in
the ideal case of complete crystallographic and polar orientation of the
crystallites, the magnitudes of d33 and pj of the composite are directly pro-
portional to the percentage of crystalline phase, irrespective of whether the
crystallites are connected in series or parallel. 1In addition, for this ideal
case, if the glass-ceramics contain a very high percentage of crystalline
phase, the values of d33j and p3 approach the single crystal values of the
crystalline phase. As an example, the pyroelectric coefficients of fresnoite
(Ba,TiSij0g) are shown in Figure 3 for both single crystal and polar glass-
ceramics. The lower value of pyroelectric coefficient pj of glass-ceramic
(about 75% of the single crystal value) can be accounted for by the lack of
perfect orientation of the crystallites. The piezoelectric dj3 coefficient
of the glass-ceramic is also about 75% of the single crystal value.

1. be-0S —_ — - —_— - -
&
E
X F
N
C1.2e-05 | _ | ]
8. Je-06 o 4
53 o " (b)
o - J
o
-
Q 4. %e-06 |
L 4
G. GO Gg R, P e S G . —_._-I—_-h——J.
-22 %} 20 40 60 80 100

TEMP (deg O

FIG. 3

Pyroelectric coefficients of (a) Ba;TiSi,0g single
crystal and (b) 2Ba0-3S10,-Ti0, glass-ceramic.

Multicomponent Glass-Ceramic Composites

Most of the glass compositions listed in Table 1 result in glass-ceramics
with several crystalline phases after recrystallization. 1In such cases, the
crystallites of more than one phase may be oriented parallel (or antiparallel)
to the temperature gradient. If we assume that the crystallites of two or
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more phases preserve their characteristic growth habit in relation to the
direction of temperature gradient, then the piezoelectric and pyroelectric
properties of polar glass-ceramic containing several phases can be predicted

by the analysis discussed below. For simplicity, an analysis for glass-ceramic
composites containing only two crystalline phases will be given here, recogni-
zing however, that the analysis can be extended to more than two phases. For

the signs of d44 and pj, the same convention will be followed as defined in
the previous section.

Consider a polar glass-ceramic consisting of two crystalline phases.
Let the dielectric constant, piezoelectric coeff1c1ent, gyroelectric coeffi-
cient and the volume fraction of the two phases be L €3 3 R pa, Ly and 253,
2d33, Zp sy v, respectively Let us assume that both the phases have similar
elastic Zompliances (1 s33 = 2533) and thermal expansion coefficients, thereby
eliminating any secondary contributions to the pyroelectric effect (Table 2).
To further simplify the analysis, let us assume tha: the properties of glass-
ceramic are not influenced by the glassy phase (3v = 0). Irrespective of
whether the crystalline phases are connected in series or parallel, we get the

following equations for the properties of the .composite, from equations (1),
(2) and (3).

11 2 2

233 Ve, + v 53 ¢:))
11, - 2 2 ‘

d33 = "Vid3zzk vidg, ()
11 2 2

P3 v P3 v P3 (10)

The resultant values of d3j3 and p3 of the composite depend upon the sign
and magnitude of the properties of individual phases, and also upon the volume
fraction of the individual phases. Since ld and 24., can be positive or
negative at the growth end and lp3 and 2p can be positive or negative, there
are 16 possible cases of dj3 and P3» eight of which are listed in Table 3. If
we consider the resulting piezoelectric and pyroelectric properties of the
glass-ceramic, these 16 cases can be grouped into four classes.

The crystalline phases have the same growth behavior in the case of glass-
ceramics belonging to class (a) and (b) and opposite growth behavior in cases
(c¢c) and (d). Depending on the signs of pyroelectric coefficients lp3 and “p
of the two phases, we obtain glass-ceramic composites with completely different
plezoelectric and pyroelectric properties. Glass-ceramics of class (a) are
fully piezoelectric as well as pyroelectric and in the ideal case their prop-
erties can be expected to approach those of single domain single crystal mate-
rials. Glass-ceramics of class (b) are fully piezoelectric but onl{ partially
pyroelectric (or non-pyroelectric) because of the opposite signs of*p, and p3
Glass-ceramics of class (c) are both non-piezoelectric and non-pyroelectric
and hence are not of much interest for devices. Class (d) glass-ceramics are
fully pyroelectric but non-piezoelectric. Glass-ceramics of classes (b) and
(d) are interesting for pilezoelectric and pyroelectric device applications
where the interference of the two properties may be a problem, as will be
discussed below.

Examples of the Four Classes

The growth behavior of glass-ceramics of different compositions has al-
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ready been described. This knowledge about the growth habit and the signs of
pyroelectric coefficients of the crystalline phases can be exploited to design

compositions which give glass-ceramics with properties of any one of the four
classes described earlier.

Glass-ceramics in the systems Lizo-SiO =Zn0, Li,0-5i0,-Fe,01, and Li,0-
$10,-B,03 have negative pyroelectric coefficient, but exhigit opposite growth
behavior (case c). Compositions in the quaternary system Li,0-5102-2n0-B,03
illustrate the reduced pyroelectric and piezoelectric effect (Table 1) char-
acteristic of glass-ceramics of class (c¢).

Two entirely different systems were used to prepare glass-ceramics with
class (b) properties. BayTiSi;0g and BaTiGe,0g phases crystallized from
glasses of composition 2Ba0-3510,~Ti0, and Ba0-Ge0,-Ti0; respectively showed
similar growth habit, but opposite signs for pyroelectric coefficients. A
glass-ceramic of composition 2Ba0-25103-Ge0,-Ti0; which gave a solid solution
phase after recrystallization had almost zero pyroelectric coefficient, but
piezoelectric properties remained the same (Fig. 4). A similar reduction in
pyroelectric coefficient of fresnoite glass was observed when a small amount

of (Li,0-1.85107~0.2B204) was incorporated in the fresnoite composition (Fig. 5).

In both these cases there is no appreciable change in the piezoelectric prop-
erties, whereas the pyroelectric properties are reduced substantially over a

wide temperature range. The properties of these compositions are summarized
in Table 4.

1. 2¢-2S S— v v v Y v .ﬁ:*___‘
& ot b <
E . -

Ne-2e-28 L (a) e 1
hord M ]
": 4, g."ga b 9
Lél' e (b) s |
u (e o
Q¥ T i
b o 3 (c) .......... L
a |.e-

-4,0e-08 | 1

-8. Je-20 N —t

-2. @ 20 49 L 89 192

TEMP (deg ©) |

FIG. 4

Pyroelectric coefficients of glass-ceramics in
the fresnoite system; (a) ZBaO-3SiOZ-TiOZ, (b)
ZBaO-ZSiOZ-GeOZ-TiOZ and (e¢) Ba0-Ge0,-T10,.

Optimizing the Piezoelectric and Pyroelectric Properties

From the examples given in the previous section, it is clear that glass-
ceramics with tailored piezoelectric or pyroelectric properties can be pre-
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(b) 2Ba0-3.8510,-11,0-T107-0.2B203 and (c) Li,0-
1188102-00282030

TABLE 4

Piezoelectric and Pyroelectric Properties of Multicomponent Glass-Ceramics

COMPOSITION P d k(%)
32 33 P
(nC/m°°K) (x10-12¢/W)
znao-as;oz-rioz +8 +7 14
Bao-Geoz-Tio2 -2 " +6 6
ZBao-ZSioz-Geoz—Tio +.8 +7 14
|
—
23a0-35102-rio2 +8 +7 14
L1,0-1.8510,-0.23,0, -11 +6 14
ZBaO-3.8SiOZ—L120— +6 +7 13
T102-0.28203 J
|
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pared by recrystallizing multicomponent glasses of suitable composition. The
growth habit of the crystalline phases provides a means to tailor the piezo-
electric and pyroelectric properties of the final glass-ceramic composite.
Two of the cases discussed above look especially interesting for device ap-
plications - piezoelectric glass-ceramics which are non-pyroelectric (case b)
and pyroelectric glass-ceramics which are non-piezoelectric (case d).

In piezoelectric devices used in ambient conditioms, pyroelectric noise
is usually undesirable. In hydrophone elements fabricated from PZT-polymer
composites, for instance, such noises are reduced but only within a relatively
narrow working temperature range (20).

In a similar way, piezoelectric noise interferes the high frequency IR
pyroelectric signals. In some cases alternate methods are used to eliminate
the interfering piezoelectric voltages developed in such devices. In the
case of LiTaO3 detectors, piezoelectric oscillations are damped by embedding
the pyroelectric element in epoxy (21); and in PLZT detectors, piezoelectric
noise is eliminated by modifying the electronics (22). Piezoelectric oscil-
lations superimposed on the pyroelectric response have been shown to have an
incubation time of 40-60 nsec, and occur after the onset of pyroelectric
signals (<40 nsec). Thus the piezoelectric oscillations occur in the tail of
the pyroelectric response, and hence might be cut off with proper electronics
(22). Hence to avoid these problems, it may be desirable to use materials
which are only piezoelectric or which are only pyroelectric. Several compo-
sitions can be formulated from Table 1, satisfying this criteria.

Piezoelectric glags—ceramics which are non-pyroelectric should satisfy the
relation + 141 Py + 2y = O (case b). Referring to Table 4, candidate compo-
sitions can be found in the solid solution of Ba;Si;TiOg and Ba;GeTiOg. Piezo-
electric glass-ceramics which are not pyroelectric would be useful as pressure
sensors that are insensitive to temperature changes. (Quartz is piezoelectric
and non-pyroelectric, but cannot be used to measure pressure changes because
dyy; + dg9g + d33 = 0. This is generally true for all piezoelectric crystals
belonging to non-pyroelectric point groups).

The second case of interest is pyroelectric glass-ceramics which are not
pilezoelectric (case d). Here the requirement is that lvld = ¢v®d33=0 should
be satisfied. Candidate compositions may exist in the Lij0-B04-S$i05-Zn0
quaternary system containing different amounts of Zn0 and B705. Such pyro-
electric materials will not be sensitive to mechanical oscillations.

Summar

Glass-ceramics of non-ferroelectric materials in which the crystalline
phases belong to polar point groups were prepared by recrystallizing glasses
of suitable composition in a temperature gradicnt. The growth behavior of the
crystallites and the piezoelectric, pyroelectric and dielectric properties of
multicomponent glags-ceramics have been investigated. The studies showed that

(1) 1In well crystallized glass~-ceramics piezoelectric and pyroelectric
coefficients are comparable to those of single crystals.

(2) The growth behavior of the crystalline phases was studied by measur-
ing the sign of d33 on the initial crystallizing surface. The polar orienta-
tion or the growth behavior of the crystalline phases depends on the composition
of the glass.

(3) It is shown that the piezoelectric and pyroelectric properties of
multicomponent glasses can be predicted from the growth behavior of individual
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phases and the signs of their pyroelectric coefficients. The possibility of
tailoring the properties of glass-ceramics is illustrated by a number of ex-
amples. Two of the cases which look attractive for device applications are
plezoelectric glass-ceramics which are non-pyroelectric and pyroelectric glass-
ceramics which are non-piezoelectric.

(4) The glass-ceramic elements have several advantages over single crys-
tals or ferroelectric materials; they are inexpensive and large area elements
can be prepared. Also these materials have low dielectric constants and do
not show aging or depoling, and hence are useful for high temperature appli-
cations.

Acknowledgments

It is a pleasure to thank our colleagues at the Materials Research Lab-
oratory for their advice and encouragement. This work was supported by Army
Research Office (Durham) through Contract #DAAG29-80-C-0008.

References
1. A. Herczog, J. Amer. Ceram. Soc. 47, 107 (1964).
2. N.F. Borelli, J. Appl. Phys. 38, 4243 (1967).
3. A.M. Glass, M.E. Lines, K. Nassau, J.W. Shiever, Appl. Phys. Lett. 31,
249 (1977).
4. A.M. Glass, K. Nassau, J.W. Shiever, J. Appl. Phys. 48, 5213 (1977).
5. M.M. Layton, A. Herczog, Glass Technology 10, 50 (1969)
6. M.M. Layton, J.W. Smith, J. Amer. Ceram. Soc. 58, 435 (1975).
7. M. Takashiege, T. Mitsui, T. Makagura, Y. Aikawa and M. Jang, Jpn. J.

Appl. Phys. 20, L159 (1981).

8. K. Takahashi, L.E. Cross and R.E. Newnham, Mat. Res. Bull. 10, 599 (1975).

9. C.G. Bergeron and C.K. Russell, J. Amer. Ceram. Soc. 48, 115 (1965).

10. G.J. Gardopee, R.E. Newnham and A.S. Bhalla, Ferroelactrics 33, 155 (1981).

11. A. Halliyal, A.S. Bhalla, R.E. Newnham and L.E. Cross, J. Mater. Sci. 16,
1023 (1981).

12. A. Halliyal, A.S. Bhalla, R.E. Newnham, L.E. Cross and T.R. Gururaja,
J. Mater. Sci. 17, 295 (1982).

13. A. Halliyal, A. 5. Bhalla, R. E. Newnham and L.E. Cross, Ferroelectrics 18,
781 (1981).

14, A, Halliyal, A.S. Bhalla, R.E. Newnham and L.E. Cross, J. Appl. Phys. 53,
2871 (1982).

15. A. Halliyal, A.S. Bhalla, R.E. Newnham and L.E. Cross, ILEEE Ultrasonic
Symposium, 315 (1981).

16. R.L. Byer and C.B. Roundy, Ferroelectrics 3, 333 (1972).

17. A.G. Chynoweth, J. Appl. Phys. 27, 78 (1956)

18. R.E. Newnham, D.P. Skinner and L.E. Cross, Mat. Res. Bull. 13, 525 (1978).
19. D.P. Skinner, R.E. Newnham and L.E. Cross, Mat. Res. Bull. 13, 599 (1978).
20. S.Y. Lynn, M.S. Thesis, The Pennsylvania State University (1982).

21. A.M. Glass and R.L. Abrams, J. Appl. Phys. 41, 4455 (1970).

22. M. Simhony and M. Bass, Appl. Phys. Lett. ;3, 426 (1979).

PV W VUSRI SR S W RS




Ty b R e an TN o - L i anods angl
Prr————r—————rTY
.l‘.
r
»
2
[
4
b,
-
%
N Appendix 9

LD At

T

v

T

PR W

The Shape-Memory Effect in PLZT Ceramics

V. K. Wadhawan, M. C. Kernion, T. Kimura, R. E. Newnham

. - a
Aecnd - A o A e b ottoesin -y




e RS - St (b N St M PN o e e - - e v e e S = TR -

zprroeiectrICS. 1981. Vol. 37. pp. 5§75-578 € 1981 Gordon and Breach. Science Pubiisners. Inc.
20150193/81/3701-0575/$06.50/0 Printed in the United States of Amernica

THE SHAPE-MEMORY EFFECT IN PLZT CERAMICS

V.K. WADHAWAN, M.C. KERNION, T. KIMURA, R.E. NEWNHAM
Materials Research Laboratory, The Pennsylvania State University, University
Park, PA 16802, USA

Abstract- The shape-memory effect has been investigated in ferrcelectric-
ferroelastic PLZT ceramic samples of composition 6.5/65/35 by bending and twisting
experiments and temperature cycling. The effect of an electric field on the shape
memory produced by bending is also examined. Ouring the course of these experi-
ments some additional evidence was also obtained for the existence of a region of
microdomains (quasiferroelectricity) between the normal ferroelectric and para-
electric phases of the PLIT composition investigated.

INTRODUCTION

The shape—memorx effect (SME) is well known in a large class of metal thermal rema-
nent recovery alloys'. A bar of such an alloy, when deformed plastically, returns to its
original undeformed shape on heating to a temperature above the recovery temperature, Ts.
Apart from temperature cycling, mechanical stress is the only variable influence usually
employed to investigate and manipulate the SME in these materials. The SME can occur in
nonmetallic systems also. Of special interest are materials which are simultaneously
ferroelectric and ferroelastic. Their ferroelasticity ensures that recoverable spontane-
ous strain is available for contributihg to the SME, and their coupled ferroelectric-
ferroelastic nature implies that the spontaneous strain can be manipulated not only by
10plying mechanical forces, but also by electric fields. Such materials can therefore te
expected to display a richer variety of SME behavier than the alloys.

(Pb,La)(2r,Ti)03, or PLZT, is a particularly important ferroelectric-ferroelastic
SME material because of its application potential. Usually the x/y/z notation is used t2
specify its composition, where y/z is the Ir/Ti ratio, and x denotes the atomic percent-
age of La3* fons. Special attention has been paid to the composition of x/65/35, the
‘erroelastic nature of which was first demonstrated by Meitz13r and 0'8ryan2, For x>4.5
it displays a propertg known variously as penferroelectricity , quasiferroelectricity?,
or the 3=a transition?. Above the Curie temperature T., the dielectric behavior is that
of a normal paraelectric, but normal ferroelectric behavior is not observed immediately
below T¢. Instead, microdomains of dimensions shorter than the wavelength of lignt are
believed to be formed4. Under an external electric field, these microdomains are thougnt
of as transforming into macrodomains, which, however, are not stable and revert to mic-
redomains when the field is removed. The experimentally observed “slim" nysteresis lcoos
are cited as evidence in favor of this modelé4. If the specimen is cooled well below T¢
wnile under the action of the electric field, the macrodomains stay even when the fieid
s switched off, and normal ferrcelectric proverties, in particular "fat" hysteresis
loops, are observed. When the material is heated again (without 2 dias fieid), tne mic-
~comains reapoear at a characteristic temoerature Tp. In Our experiments we nave mea-
surec ang correlated the characteristic tamperatures associatec witn tne 3ME, nameiy e
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acion temperature T¢ and the recovery temperature Tf, with the temperatures Tp
. assoc1ated with dielectric anomalies. It is concluded that the mechanically pro-
.QSME can be assgciated with the onset or disappearance of only the macrodomains, anc
7, cne microdomains®.
Since sufficiently large eiectric fields applied between temperatures Tp and T¢ can
cnange the microdomains to macrodomains, they can affect the SME in a very direct way.
“his was also investigated.

EXPERIMENTAL _

Two types of experiments were carried out to induce the SME in PLZT ceramic samples.
In the first type, about 1 em long helices of composition 6.5/65/35 were prepared by ex-
trusion followed by winding on a mandrel, and then sintering at 1300°C. To demonstrate
the SME, the helix was first heated to 200°C, a temperature well above T (Figure 1.1).

A compressive force of 17 gm was then app11ed to it along its axis, which resulted in an
elastic compression of the helix (Figure 1.2). The compressive weight remained in posi-
tion as the system was cooled to room temperature. Figure 1.3 shows the plastically de-
formed state of the helix after the weight was removed at room temperature, with about
30% decrease in height. When the helix was heated back through the phase transition, it
returned to its original height (Figqure 1.4), thus demonstrating dramatically the SME in
a brittle ceramic.

In the second type of expériments, bending of thin bars of PLZT ceramics, supported
on two knife edges, was used to produce and study the SME. Samples of composition
x/65/35 were investigated for 4.0< x< 8.0. Details of the<e experiments, carried out
in the absenge of any applied electric fields, have been reported in one of our recen'
publications and will not be repeated here.

In another set of experiments of the sec-
ond type, samples of composition 6.5/65/35
were investigated for the effect of electric
field on the SME produced by bending. A bar of
the ceramic of dimensions 15x2x0.35 mm was
electroded by sputtering gold on its two major
faces and voltages up to 180 V were applied
across these faces in different experiments.
The apparatus used for monitoring the SME was
esse2t1a11y the same as that described in
Ref.®. In a typical run the PLIT bar was first
neated to 200°C and then cooled to room tem-
perature (at the rate of ~2°/min) under a
bending load of 49 gm. When the load was re-
moved the bar exhibited plastic bending,wnich
disappeared gradually on heating to tampera-
ture Tf,thus demonstrating the SME once again.
The exper1ment was then repeated with differ-
ent electric fields applied along the thick-
ness of the sample during the heating part of
the temperature cycle (Figure 2). Throughout
the temprature cycling, unless an electric
field was on, the major faces of the bar were
kept in a short-circuited state.

*2) 300°C ~Wt, Added o4] 100°C ~Upon Heating

RE 1 RESULTS AND DISCUSSION
GURE 1. The shape-memory effect i -— s . o= an
s7= ceramic nelix Seemgeitefoicdel:i?s SLIT ceramics of comoosition §.3/63,3%

* mave otolar rhomoohedral crvstallograonic syr-
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-etry at room temperature when in a therm- 0.2
ally annealed state. The polar direction ' ' o ‘ e
coincides with the long diagonal of the PLIT 6.5/65/35
Jnit cell2. When a bar of PLZT ceramic L

|

cally by a load appiied centrally from the g kv/cm

top, the lower layers are extended and the
upper layers compressed. (Similarly, in the
case of a compressed helical specimen, the
maximum torsional shear is experienced by
the material farthest from the axis of the 5.1
helix.) The longer diagonals of the unit
cells (as well as the electric dipoles) J
align preferentially along the direction 50 100
of the tensile foree in the lower layers, TEMPERATURE (C)
wnereas those in the upper layers align
oreferentially along directions perpen- FIGURE 2. The straightaning behavior of a
dicular to the direction of the compress- plastically bent PLZT bar on heating under
ive force. When a static alectric field different electric fields. The electiric fields
is applied along the thickness of the were switched on at 35°C and switcnerd off at
bent bar, it tends to straighten the bar 150°C.
because, in both the lower and the upper
layers, its effect is to align the dipoles r T r ™ -
preferantially along the thickness of the
bar and thus annul most of the effect pro- 4.,
duced by the bending stress (Figure 2).

In another experiment the bending
-load was not removed while a field of 5.1
kV/cn was applied during the heating part
of the cycle (curve 2 in Figure 3). In
this case not only did the straightening
process slow down initially, but even the
recovery temperature T¢ was pushed up by
A30°C., The lower straightening effect of
the electric field can be attributed part-

-

BENDING (am)
o

MAXIMUM STRAIN X 103

150

|
~n

PLIT 6.5/65/38

BENDING (wm)
Y

MAXIHUH STRAIN X 107

[=]

.

-—t
L}
1
-

o

lv to the opposition offered directly by §o = l : TS0 700

100
the bending load and partly to the phase TEMPERATURE (C)
transition caused by the bending load<.
The higher Tf can also be understood in  FIGURE 3. Bending and straightening behavior
terms of the new (probably tetragonal) of a PLZT ceramtc bar. Curve 1: cooling under
phase resulting from the stress induced a constant berding load. Curve 2: heating un-
phase transition: The tetragonal phase der the combined effect of the bending load
has a higher spontaneous strain which and an electric field of 5.1 kV/cm. The elec-
becomes zero at a higher Tf. tric field was switched off at 180°C.

For the geometry employed in the pre- )
.sent experiments, electric field can never produce any bending of the sample. Since it
opposes the effect of the bending 1oad it may normally be expected only to reduce the
bending (Figure 2). Yet in the following experiment electric field could be made_to en-
hance the bending produced by the load in the temperature region between T¢ and Tp:

The PLZT bar was heated to 200°C and the bending load was applied. The bar was then
cooled at the rate of 2°/min. When the temperature fell to 130°C an electric field of
2.9 kV/cm was switched on (Figure 4). The field was switched of at 128°C and then
switcned on again at 126°C and s¢ on until the temperature fell <o 100°C,wnen it was
“inally switcned of and the sample cooled %0 room temperature in a snorz-circuited
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’ - v l condition. Figure 4 snows that when the
(1‘- sample t?mosgature is closer to 100°C
than to 130°C a substantial increase in
PLZT §.5/65/35 bending occurs when the field is switched
off, and a much lower decrease in bending
occurs when it is switched on. There is
thus a2 net increase in the effectiveness
of the bending load in this temperature
region. An experiment carried out at twice
the above frequency for switching the
field on and off did not produce any ap-
preciable change in the net increase in
! | L I bending.
50 100 150 We believe that this experiment pro-
vides a new kind of supportive evidence
for the model described in the Introduc-

FIGURE 4. The effect of an alternating tion which postulates_the ex*Steng of

(- icrodomains between Tp and Tc®» In
electric field on the bending produced microd : D ¢
mechanically as the sample is cooled to the microdomains regime the material is

; . "electrically soft" but not "mechanically
;g;: ::mgggzt?;nggg:ze3z)fhgu;::0l51:°§2:_ soft," which means that when the externmai
ing up indicate the temp;ratures at which electric field is absent the bending load
the electric field was switched on for does not produce any significant amount
curve 2, and the arrows pointing down the of plastic bending. When the electric

A field is switched on, microdomains change
temperatures at which it was switched off. to macrodomains and Ehe material becomes

mechanically soft also. The bending load
now ¢an produce greater plastic deformation. But the same electric field which is instru-
mental in making the material mechanically soft also opposes the bending which the load
tends to produce. Therefore the net increase in bending is not large (it is even nega-
tive for temperatures near 100°C) when the electric field is on. However, when this
field is switched off, the reappearance of microdomains and the loss of mechanical soft-
ness are not instantaneous. Instead there is a finite relaxation time. [t is during
this time (when the straightening effect of the electric field is missing because the
field is zero) that the bending load is most effective in producing an extra amount of
bending (Figure 4).

Since PLZT is a ferroelectric as well as a ferroelastic,it should be possible to
produce the SME entirely with a suitably applied electric field. Experiments employing
an interdigital set of electrodes on the lower face of the PLIT bar are under way in our
laboratory.
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Shape-Memory Effect in PLZT Ferroelectric Ceramics
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Shape-Memory Effect in PLZT
Ferroelectric Ceramics

T. KIMURA, R. E. NEWNHAM and L. E. CROSS

Materials Research Laboratory, The Pennsyivania State University,
University Park, Pennsyivania 16802, U.SA.

{Received April 30, 1981)

The shape-memory effect in PLZT (Lead Lanthanum Zirconate Titanate) ceramics with com-
position x/65/35 (4.0 < x < 8.0) has been investigated using bending experiments and tem-
perature cycling. Relationships between load and the degree of bending. together with their
temperature dependence, have been determined. and characteristic temperatures associated

« with the onset and disappearance of the pseudo-plastic shape change are compared with the
observed dielectric anomalies. Effects of mechanical stress and electric field on the shape-
memory temperatures and the magnitude of strain have also been investigated. It is concluded
that domain alignment and the temperature-dependence of spontaneous strain are important
factors governing the shape-memory effect in ferroelectrics. Preferred-onencation etfects have
been confirmed by X-ray diffraction analysis.

1 INTRODUCTION

The recovery of a plastically deformed material to its original shape by
heating is called the shape-memory effect. This effect has been extensively
studied in metallic alloys and is generally associated with martensitic
phase transformations (Warlimont, 1976; Delaey, Krishnan, Tas. and
Warlimont, 1974). Phuase transformations in ferroelectric materials are not
martensitic, but Schmidt and Boczek (1978) observed apparently similar
effects in PLZT ceramics. Details of the phenomena occurring in PLZT are
not clear.

Applications for PLZT ceramics include a number of different optical
devices (Haertling and Land, 1971, Maldonado and Meitzler, 1970, 1971:
Maldonado and Anderson, 1971). The materials of interest are convention-
ally referred to in the x/y/z notation, where x gives the atomic percentage of
La and y/z is the Zr to Ti ratio. Attention has generally been concentrated

13




Bl i B S A e RSN

Lames Jea peun gk Jans uhak anil i Seit i ind anth Sk St

14 T. KIMURA: R. E. NEWNHAM AND L. E. CROSS

. -.,-,'—.,'_‘.'

- ,. '- I‘l

on materials of composition x/65/35. Those with x > 4.5 exhibit an in-
: teresting phenomenon called penferroelectricity (Mcitzler and O'Bryan,
' 1973), quasi-ferroelectricity (Carl and Geisen, 1973) or B — a phase trans-
Jormation (Keve and Annis, 1973). PLZT specimens with x = 8.0 show
relaxor behavior with a diffuse phase transition.

This paper describes the shape-memory effect in PLZT ceramics with La

0 concentrations between 4.0 and 8.0 at. %. Because of their simplicity,
f“ bending experiments were used 10 investigate the shape change. The effects
1 of stress and La content on the magnitude of bending strain, and on the

! memory effect were determined. The characteristic temperatures associated
. with the shape-memory effect were compared with the dielectric anomalies,
o and it was concluded that ferroelectric domains are the main cause of the

X shape-memory effect in ferroelectric ceramics.

e

- 2 EXPERIMENTAL

:Z_‘_' . Five hot-pressed PLZT ceramic walers with compositions x/65/35 (x = 4.0,
- 6:5, 7.0, 7.5 and 8.0) were obtained from Dr. William Harrison at Honeywell
S Inc. The walers were cut and polished into rectangular bars of width 2 mm,
:‘ thickness 0.35 mm and length |$ mm. and then annealed at 600°C for 15 h.

S Bending experiments were used to measure the shape change. The
. specimen was positioned on two knife-cdge supports separated by 12 mm,
and surrounded by a small brass box. A heater placed under the box could
raise the temperature up to 270°C, as measured by a thermocouple positioned
near the sample. One end of a glass rod was placed at the center of the sample
and the other end attached to a dilatometer probe. Movement of the probe
was measured with a differential transformer. To apply load to the sample,
lead weights were placed on a shelf attached to the glass rod.

The sample was heated to a selected temperature above the Curie tem-
perature. and the load was then applicd. The saumple was then cooled to
room temperature under constant load. At room temperature the load was
removed (except for the 8.6 g weight of the measurement probe) and the
sample was then reheated. During the reheating cycle, the glass rod and
dilatometer probe muaintained contact with the sample to measure the
amount of bending. :

Stress and strain were calculated assuming a circular arc. Since both
stress and strain are functions of position throughout the cross-section of
the bar, the calculated values are for the maximum stress and strain present
on the outside surface of the bar.

Dielectric properties were measured at frequencies of 1, 10, 100 and 1000
kHz. The major face of the bar was electroded by Au-evaporation and poled
with a DC field of 15 kV/cm at room temperature. Dielectric constant and
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SHAPE-MEMORY EFFECT IN PLZT 1s

luss factor were measured by a capacitance bridge at a constant heating
rate of 2°/mm.

The samples with x = 4.0 and 7.0%, La (width 2 mm, thickness | mm and
length 12 mm) were squeezed at 400 kg/cm? (equivalent to the bending load
of 86 g) at 310°C and 800°C, respectively, and cooled to room temperature.
Sample faces, perpendicular and parallel to the stress direction, were ex-
amined by X-ray diffraction using Ni-filtered CuKa radiation and compared
with a diffraction pattern recorded before squeezing.

3 STRESS-STRAIN-TEMPERATURE RELATIONSHIPS

Figure 1 shows the typical behavior of the bending strain with temperature
under several different loads. Application of a 10ad at high temperature
bent the sample bar elastically, and the bending returned to zero upon
removal of the load. The magnitude of elastic bending agreed with the
value calculated using the reported values of s,, (Schmidt and Boczek,
1978; O'Bryan, 1973). On cooling under load, the magnitude of bending did

(A)
1026 -
9 7/65/35 x10
85.4 .
cooling
70.1
0.2 12
€ 485
€
=~ c
g 31.3 °
v -
€ 0.1} {1 v
@ ——
=
~
0.0 —F 0
0 50 100 190

Temperature (°C)

FIGURE I(A) Bending bechavior of a 7.0/65/3.5 ceramic as a function of temperature during

cooling under scveral fixed loads. A load of 102.6 g caused lracture of the sampie during cooling
as indicated by X.
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(B) 10~
0.2¢ 12
E 85.4g 7/65/73 5
€ 70.1 heating
~ 48.5
c <
S 0.1} 31.3 13
< -
@ w
0.0 0
0 50 100
. Temperature (°C)
* FIGURE 1(B) Bending behavior of a 7.0-65 3§ ccrumic ducing heating without load. The
. weights used to produce deformation during the preceding cooling cycle are given beside each

curve.

not change appreciably down to a certain temperature T;, at which bending
began to increase rapidly, and continued increasing to room temperature.
When the weight was removed at room temperature, there was a slight reduc-
i tion in the amount of bending. The reduction in bending agreed with the
L value calculated from the s,, coefficient, indicating that this part of the
= strain was elastic. Reheating without load decreased the plastic portion of
s bending until it became zcro at temperature T,. The original shape was
X completely recovered by heating.

L" The elastic part of the bending increased linearly with the increase in
} load. but the plastic contribution tended to saturate. The amount of load
also affected the characteristic temperature 7,. The initial deformation
temperature T, shifted to higher values under larger loads, but the shape-
recovery temperature T, did not depend noticcably on the size of load
applied during cooling. Further increasc in the load caused fracture of the
re sample during cooling, as indicated in Figure [(A).

b - -

4 EFFECT OF La CONTENT ON THE STRAIN-TEMPERATURE
RELATION

Figure 2 shows the effect of La content on the strain-temperature relation
under various loads. Data showing maximum bending for each composition
were selected; further increases in load caused fracture of the samples.
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(A) x10™?
0.3 3
cooling x load
— 4.0 854g
- —-— 65 62.
€ 02 v ONNL meeee 70 854 {2
E —— 75 1026
1 —_— 80 1645 <
g \ A S
g 0.1 N \\ iy G,"'
© N
N ~——————
0.0 L g
0 50 100 150 200 250
Temperature (°C ) '
(8) x10°*
0.3 3
heating x load
_ —_ 40 854
€ —_—— 65 621
E o2} N 2 eeme- 7.0 854 42
= AN —— 7.5 1026
=4 —— 801645 | ¢
— <]
< s
@ 0.1 vl 1
fa o]
\\ | \
N
0.0 S e\ 0
0 50 100 150 200 250

Temperature (°C)

FIGURE 2 Effects of La content on the temperaturc-dependence of bending during (A) cool-

ing under constant load and (B) heating without load.
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Figure 3 shows the relations between temperatures T, and T, and the amount
of load. as well as the load which caused fracture. '

As judged from the amount of bending and dependence of T; on load, the
shape-memory behavior of the sample with x = 4.0 was different from that
in the composition range 6.5 < x < 8.0. For samples with 6.5 < x < 8.0,
those of higher La content showed less bending at room temperature as well
as lower deformation temperatures T, and restoration temperatures T;.
Larger loads were required to produce an equivalent bending in samples
with high La content. The deformation temperature T, was significantly
lower than T;. Furthermore, T, increased appreciably with increasing load
but T, did not depend strongly on load. For the sample with x = 4.0, the
characteristic temperatures T, and T, were the highest within the com-
position range examined, but the magnitude of bending at room temperature
was about the same as the other samples. Furthermore, T, and 7, were equal
for the 4% sample and did not depend on the load applied.

Stress (MPa )

0 20 40 60 80
250 [
o—0-e X240
— 200 P —_—C Ts
g —o— Ty
=~ o fractured
® 150
-
° 6.5
@
2100} oo 7.0
("
T o/o—o/o—‘ a—t?5
o—a %
50¢ O/O’.
0 . .
0 S0 100 150 200
Load (g)
FIGURE 3 Rclationships between characteristic temperatures T, and T, and the amount of
load.
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Another difference in the x = 4.0 sample was the behavior of bending
during temperature-cycling under no load. After the samples were cooled
under constant load, they were reheated to a certain temperature below
T, and then recooled without load. The bending increased as the temperature
was lowered. For the x = 4.0 sample, the relation between bending and
temperature was the same as that observed originally when cooled under
stress, when the sample was reheated up to 10°C below T,. Reheating above
T, and cooling without load caused no bending. In samples with 6.5 < x < 8.0.
the amount of bending observed during recooling was smaller than that of
the initial cooling under load, and room-temperature bending was dependent
on the temperature at which recooling was begun. For example in the case of
the x = 7.0 sample deformed at 85.4 g (T, = 96°C), recooling from 56°C
reduced the room-temperature bending to 70 % of the original value, and from
74°C the amount was 400 %,

5 RELATION BETWEEN DIELECTRIC AND MECHANICAL
PROPERTIES

The dielectric constant of poled samples with 6.5 € x < 8.0 showed relaxor
behavior in which the temperature of the dielectric maximum T, depended on

- the measuring frequency. Furthermore there was a pre-maximum peak

[ —— Tc
—— Ty
']
ot
e
al100t
£
@»
—
o L 4 " M A

4 5 6 7 8
x

FIGURE 4 Curie temperature T, pre-maximum temperature 7,, deformation temperature
T, and restoration temperature T, as a function of La content x.
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associated with the disapperance of ferroelectric domains. The temperature
of the pre-maximum peak T, did not depend strongly on measuring [re-
quency. In thecase of x = 4.0, there was no pre-maximum peak and T, did not
depend on measuring frequency.

Figure 4 shows the relationship between La content and the characteristic
temperatures T,, T,, T, and T,. The values of 7, and T, were collected from
the data shown in Fig. 2, and the T, values correspond to those measured at
1 kHz. The T, and T, temperatures of the sample with x = 4.0 coincide with
T.. but those of the sample with 6.5 £ x < 8.0 lay between T, and T,. The
dependence of 7, and 7, on La content more closely resembles that of T,
rather than T,.

(A) 4765/35
(200) annealed
e squeezed P
435 - 440 445 450

635 64.0 §4.5 650
28 (deg)
FIGURE 5 X-ray diffraction protiles of anncaled (| —— —)and compressed PLZT (-==-—

face perpendicular, and

face parallel 10 stress direction) for (A) © = 4.0.
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(8) 7/65/35
annealed

squeezed +
q i

37.5 38.0 385 38.0

435 440 445 450
28 (deg)

FIGURE $(contd.)for (B)x = 7.0.

6 X-RAY MEASUREMENT

Seven strong diffraction lines (110, 111, 200, 210, 211, 220 and 310) of an-
nealed and compressed samples were examined. Figure 5 shows a few peak
profiles and Table | lists the diffraction angles. The unit cell of the anncaled
samples was either rhombohedral (x = 4.0) with a = 4.094 A and 2 =
89.76°, or cubic (x = 7.0) with a = 4.086 A, in good agrcement with the
reported structures and cell size (Keve and Bye, 1975: O'Bryan and Meitzler,
1972).

Peaks from the compressed samples shifted to higher values for faces
cut perpendicular to the stress direction, and to lower angles for faces parailel
to the stress. As expected for compression, the d-spacings of the faces orien-
ted perpendicular to the stress dircction were smaller than those of the faces
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cut parallel to the stress. Peaks from the faces perpendicular to the stress
were similar to those of the annealed sample.

Quantitative determination of phases present in the compressed samples
was difficult because good high-angle diffraction data were not available.
Because the Jargest differences in d-spacings between mutually perpendicular
faces were between (220) and (200) for the x = 4.0 sample and between (200)
and (111) for the x = 7.0 specimen, the structures were judged to be rhombo-
hedral (x = 7.0).

7 DISCUSSION

For compositions with x < 4.0, the samples behave like normal ferro-
electrics, but for those in the range 8 2 x = 6.5. domains are not observed
on cooling through T, nor do they disappear at T, on heating. Ordered
domains in a poled ceramic disappear at 7, in this composition range. The
close relationship between the shape-memory temperatures T, and T,
and T, and T, suggests that the domain process plays an important role in
the shape-memory effect. Mechanical stress orders the domains at T(x =
4.0) or at 7,(6.5 < x < 8.0) during cooling, which results in a large pseudo-
plastic strain at room temperature. Heating eliminates the domains and
restores the original shape.

X-ray diffraction measurements on the compressed samples (Figure §
and Table I) gave the largest d-spacings from sample faces oriented paralle}

TABLE |

Diffraction angles of arncaled and compressed PLZT x.65:35 with
x=40und 70

Angle of peak maximum, 20 (°)

x =40 v=70

Anncaled Compressed Annealed Compressed
hki L J . i 1
110 3091 1092 3089 ingd 30.96 30.90
11 38.13 3814 k.10 3818 RART kR
200 .26 43.28 44.24 4428 44.33 4422
210 4979 49.30 49.72 49.84 49.86 49.78
21 §5.00 55.01 54.90 §5.01 55.08 54.93
220 64.46 64.48 64.30 64.47 64.51 64.39
310 7314 73.18 73.07 73.16 73.24 73.07

L Fuces perpendicular to stress.
| Faces parallel to stress.
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to the steess direction. This means that the polar directions are preferentially
aligned perpendicular to the compressional stress.

For samples with La content 6.5 < x £ 8.0, the deformation temperature
T, depends on load, but the restoration temperature T, does not (Figure 3).
Electrically, the discontinuity temperature in polarization shifts to higher
values when the dc bias field increases (Keve and Annis, 1973). This abrupt
change in polarization with temperature is associated with the domain
phenomena occurring at T,. This effect is analogous to the shift in T, and T,
under mechanical stress. Since no mechanical stress was applied during
heating, however, the restoration temperature T, was not influenced by the
stress applied during cooling. Apparently, mechanical stress has similar
effects to an electric field in aligning domains. The anisotropic thermal
expansion coefficients (O'Bryan and Meitzler, 1972) observed in hot-pressed
PLZT (x = 8.0) further supports this view. Radial stresses developed during
cooling in the hot-pressing procedure cause domain alignment below the
Curie temperature. Thermal expansion cocfficients parallel to the direction
of the compressional stress are higher than in annealed material, while
negative coefficients are obscrved in the dircction of tensile stresses.

These facts show that the polar direction can be casily aligned by stress
when the sample is cooled through the temperature at which the domains
form. Tensile stress aligns the polar direction paralic! to the stress direction,
and compressive stress favors domains in the perpendicular direction.

The relationship between bending and temperature shown in Figures | and
2 differs from the results reported by Schmidt and Boczek (1978), especially
with regard to thr  hape of the cooling curve and the magnitude of bending.
They observed a large bending at high temperature. and an elastic compli-
ance about 300 times larger than the value deterrained by resonance measure-
ment. This discrepancy might be attributed to the mcthod of supporting the
sample. Schmidt and Boczek used a cantilever method, in which one end of
the saumple was fixed, but this results in a rather complicated stress state. [n
our experiment, the samples were frecly held by two supports. Under these
circumstances, the stress state at a supporting position is not as complicated.
Since stress levels strongly affect the shupe-memory cffect, the discrepancy
in the results may be attributable to the experimental method.

Schmidt and Boczck (1978) postulated, on the basis of their data. that
the relaxor or diffuse phasc transformation was essential to obtain the
shape-memory effect in ferroelectrics. The PLZT sample with x = 4.0, how-
ever, is not a relaxor. The fact that this sample shows a shape-memory
effect indicates that the relaxor behaviour is not an cssential property. To
confirm this idea, BaTiO, ceramic bar with the same shape and size as the
PLZT samples was examined. Figure 6 shows the bending-temperature rela-
tion. Upon cooling from 180°C under constant stress, bending increased
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FIGURE 6 Temperaturc-dependence of bending of BaTiOy.

abruptly between 125° and 122°C and more slowly below 122°C. When the
sample was reheated after removing the load at room temperature, bending
decreased gradually up to 121°C and then fell sharply to zero between [21°
and 123°C. This abrupt change in shape ncar the Curie temperature (126°C)
coincides with the discontinuity in the lattice parameters, and indicates that
domain formation and disappearance are likely causes of the shape-memory
effect in ferroelectrics.

The maximum room-temperature strain obtained in these exp.riments
was 2.1 x 1072 in the sample with x = 6.5. The stress ficld is.complicated in
the bending test and it is difficult to understand which of the stresses. ten-
sion or compression, govern the struin. However, the obscrved strain can
be compared with electrically-induced struin. In the sample with x = 7.0,
the strains parallel and perpendiculir to the electric ficld at room temper-
ature are 2.1 x 10”2 and 0.5 x 1077, respectively (Smith, 1973). In our
experiment the plastic part of the strain at room temperature in such a sample
was 1.8 x 1073 (Figure 1), which is comparable to the strain parallel to the
electric ficld. Table II lists the values calculated from the data in Table L.
The strains were calculated by comparing the d-spacings between compressed
and annealed samples. In both sumples. the strains observed in the faces
parallel to the stress dircction were larger than those in perpendicular
faces. In the compressed samples. the polar axes are nearly perpendicular
to the stress direction as discusscd previously. The lurge strains observed
parallel to the stress direction coincide with the large strains mcasured
parallel to the electric field.

Large strains under tensile stress have bcen observed in samples with
x = |.3 and 6.0 (Meitzler and O'Bryan, 1971). At room temperature, the
maximum strain in the x = 6.0 sample was 2.5 x 1072, which is almost the
same strain observed in the present experiments. A stractural phase change
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- TABLE Il
. Differences of d-spacing between annealed
! and compresscd samples
: d compressed — d annealed 10°
. x
. d annealed
] x=40 x =80
hkl L d 1 1
110 -03 0.7 -07 1.4
11 -02 0.8 -0.3 1.0
200 -04 0.4 -1 1.3
210 -0.2 1.3 -04 1.1
211 ~-0.2 1.7 -0.7 1.3
220 -03 2.2 -0.6 1.1
3o -0.5 0.9 ~09 11

accompanied by a high degree of preferred orientation parallel to the direc-
t.on of the applied tensile force is the cause of the large strains.

Figure 7 shows the temperature-dependence of the plastic part of the <train
plotted with rcduced temperature T/7, and T, 7. In the case of cooling
under stress, the relationship between strain and the reduced temperature
can be cxpressed by a single curve, except for the x = 4.0 sample. For the
heating cycle, the relations for x = 6.5 and 7.0 coincide but others do not;
alllicunder the curve.ur x = 6.5und 7.0. The behavior of the x = 4.0ceramic
might be attributed to differences in crystal structure. The structures of
the compressed samples were rhombohedral (x = 4.0) and tetragonal or of
mixed phases (x = 7.0). The single curve relating strain and the reduced
temperature shown in Figure 7(A) would imply that the crystal structures
of 6.5 < x < 8.0 are the sume. [n perovskites, the strain associated with a
tetragonal distortion is generally lurger than that of a rhombohedral dis-
tortion. Inversion of the magnitude of strain between x = 4.0 and 6.5 might
result from such a difference in ¢rystal structure.

Disagreement of the rclation between strain and reduced temperature in
the heating cycle for samples with 6.5 < x < 8.0 might be attributed to the
temperature at which the load was removed. To confirm this conjecture, two
additional experiments were undertaken. In the first experiment, the weight
" was removed at various temperatures during the cooling. Figure 8 shows the
b - result for x = 7.0. When unloaded at high temperatures (but below T;), the
reduction in bending was larger than that observed at room temperature.

In the second experiment, the sample was loaded at room temperature
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] and then heated. Room-temperature bending was almost the same as that
] observed when the cooled sample was unloaded at room temperature (Figure
o 1). Bending increased during heating up to a certain temperature, and then
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. FIGURE 7 Relations between bending and reduced temperatures (A) T/T, during cooling
Y] under constant load and (B) T/T; during heating without load.
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FIGURE R Rcduction of bending hy removal of the load at different temperatures in the
sample 7.0/65/3S.

decreased at higher temperatures, as shown in Figure 9. This result indicates
that below T, the stresses caused a phase transformation to a distorted
structure with an aligned polar direction. The magnitude of the bending
up to the temperature at which bending became a maximum is indicative
of the ease of domain wall motion, i.e., the mechanical coercivity decreases
with increasing temperaturc. Decrease in the bending at still higher tem-
perature results from a reduction of the spontancous strain.

Based on these two additional experiments. the following explanation
appears feasible. The presence of mechanical stress forces domain alignment,
so that a single curve expresses the relationship between strain and reduced
temperature in the cooling cycle, as shown in Figure 7(A). Removal of the
stress at room temperature rcleases the cxternal constraint, and the internal
stresses developed during cooling under stress tend to stabilize the structure.
Since the difference between 7, and room temperature are large for x = 6.5
and 7.0, thc domain wails cannot move, and the only reduction in bending
during unloading is elastic in nature. For x = 7.5 and 8.0, on the other
hand, T, is low and some of the domains reorient to a more stable configura-
tion during stress removal at room temperature. In other words, the me-
chanical relaxation time at room temperature decreases with increasing
La content (Esaklul, Gerberich and Koepke, 1980). The reduction of bending
accompanying unloading at room temperature has both elastic and domain
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;'IGURE 9 Temperature-dependence of bending during hcating under constant load of
0.1g '

contributions for x = 7.5 and 8.0, resulting in the different curves in Figure
7(B). '

.The anomalous behavior caused by temperature cycling without load
can also be explained by this idea. For x = 7.0, heating to high temperatures
just below T, causes domain re-orientation, resulting in smaller strains
when recooled to room temperature. But several cycles between room
temperature and 10°C below T, did not lead to appreciable domain re-
orientation.
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8 CONCLUSION

The strains associated with the shape-memory effect in ferroelectric ceramics
can be explained as follows. Above T, the crystallites are cubic. and domains
form when the sample is cooled through the transition temperature under
stress. Mechanical stress causes partial alignment of the polarization direc-
tions {(but not the absolute sense). The degrce of alignment is determined
%. . by the magnitude of the stress, as in the case of electrical poling. In the
- perovskite structures, the polar axis is longer than the other axes. Polar
axes tend to align parallel to a tensile stress. Domains with polarization
vectors perpendicular to the stress direction are favored for compressional
. stresses. The alignment in a ceramic is not complete, however, because of
% random grain orientation and becauses of internal stresses between neigh-

boring grains. After the domain pattern is formed, further cooling has little
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effect on the domain walls. But cooling increases the spontaneous strain of the
distorted unit cell, and therefore the total strain increases as the temperature
is decreased.

When the lattice parameters change discontinously at the ferroelectric
transition temperature, an abrupt change in shape takes place, as in the
case of BaTiO,. When the lattice parameters change continuously, a gradual
shape-change temperature-change is observed, as in the case of PLZT.

When stress is removed at room temperature, the total strain is reduced
by an amount equivalent to the elastic contribution. If domain walls can
move at room temperature, further reduction in total strain occurs by domain
re-orientation as in the case of PLZT samples with 7.5 < x < 8.0.

Upon heating without load, the decrease in spontaneous strain causes a
gradual reduction in total strain. Domain re-orientation near the transition
temperature contributes a further decrease in strain. Finally the spontaneous
strain disappears at T, and the total strain goes to zero. In other words the
shape-memory effect in ferroelectrics is caused by domain alignment to-
gether with the temperature-dependence of spontaneous strain.
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Appendix 11

Magnetoferroelectricity in CrzBeO4
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Chromium chrysoberyl undergoes a phase transformation from a paramagnetic state to a complex
antiferromagnetic state at 28 K. The spiral spin structure of the antiferromagnetic state violates all the
crystallographic symmetry elements, making Cr,BeQ, potentially ferroelectric. Chynoweth experniments
conducted at low temperatures reveal a weak pyroelectric effect which disappears above 28 K. Cr.BeO,
ceramics can be poled electrically between 24 and 28 K, giving rise to remnant polarizations four to six
orders of magnitude smaller than normai ferroelectrics. The pyroelectric coefficient and the remnant
polarization reverse in sign with the poling field, but no anomalies in the electric permittivity or electne

conductivity occur at the Néel point.

PACS numbers: 77.80. —e¢, 75.80.+q, 77.70. +a, 75.50.Ee

Recent research on ferroelectrics has led to a growing
interest in the fundamental causes of ferroelectric phase
transitions, focusing especially on soft modes, order param-
eters, and improper transitions. There has also been an in-
creasing awareness of cross-coupled domain phenomena
caused by electric, elastic, and magnetic interactions. Lith-
ium ammonium tartrate, for instance, is a type of c/astofer-
roelectric in which mechanical strain is the primary order
parameter at the 98 K phase transition. Strain gives rise to
ferroelectricity through piezoelectric coupling with the po-
larization.' The opposite effect occurs in sodium potassium
tartrate (rochelle salt) where electric polarization is the pri-
mary order parameter. Domains can be switched with me-
chanical stress as well as with electric fields because of the
small spontaneous strain resulting from piezoelectric cou-
pling to the polarization. Since the ferroelastic effect has its
origin in an electric instability, we refer to its as
electroferroelasticity.

Four other cross-coupled effects arise when magnetic
phenomena are included. There are a number of examples of
elastoferromagnetism and magnetoferroelasticity and at least
one good example of electroferromagnetism: nickel iodine
boracite.’ At room temperature, Nil boracite is cubic, point
group 43m. Below room temperature at 120 K, it undergoes
a transition to an antiferromagnetic state as the Ni** mo-
ments align; at this stage, the material is an antiferromagnet-
ic piezoelectric, but it is neither ferromagnetic nor ferroelec-
tric. On further cooling, a second phase transition to an
orthorhombic ferroelectric state takes place at 64 K. As the
crystal structure develops a spontaneous polarization, the
magnetic structure is also altered, destroying the balance of
spins in the antiferromagnetic state and producing a weak
ferromagnetism. The ferromagnetic effect is of electric ori-
gin and can be referred to as an electroferromagner. We have
described this effect in some detail because it is the opposite
of a magnetoferroelectric, the subject of this investigation.

A magnetoferroelectric develops a reversible spontane-
ous electric polarization on passing through a magnetic
phase transition. The one-dimensional model in Fig. 1 illus-
trates the principle of a magnetically induced ferroelectric.
At high temperatures, the system is paramagnetic and non-

»On leave from the University of Delaware, Newark, Delaware 19702.
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polar with the paramagnetic cations located on centers of
symmetry. On cooling through the Néel point, the system
becomes antiferromagnetic with spins aligned along the
chain direction. The spins order in such a way that each
magnetic ion has one neighbor with parallel spin and one
with antiparallel spin. The inversion centers are destroyed
by magnetic order, making the chain a polar axis. Small
atomic movements take place because of the differences in
interatomic forces between atom pairs with parallel spin and
atom pairs with antiparaliel spin.

If the cations move in the same direction, asin Fig. |, an
electric polarization is produced. The atomic displacements
destroy the centers of symmetry and make the material pyro-
electric, piezoelectric, and potentially ferroelectric. The ex-
pected polarization is small because most magnetic transi-
tions show second-order behavior with very small magneto-
strictive effects.

No magnetoferroelectrics are known at present, =i-
though three possibilities have been suggested.’ Bismuth
manganate (BiMn,0;), calcium manganate (CaMn,0,), and
terbium chromite (TbCrO,) show the required symmetry
change. We have searched the magnetics literature and
found more than 30 other potential magnetoferroelectrics.
The compilations by Oles and co-workers* and by Connolly
and Coper.haver® were helpful in this regard. Most of the
potential magnetoferroelectrics are antiferromagnetic with
low transition temperatures and complex magnetic struc-

® . @
SICKS, O®
® &
FI1G. 1. Paramagnetic and antiferro-
@ @ @ e @ @ magnetic states in a hypothetical ma{
@ @ netoferroelectric in which arrows ind
S cate spin directions. Centers of
@ @ @ @‘@ @ symmetry are destroyed at the mag-
@ @ netic transition, converting the chain
to a polar axis.
Qe Qe
® @
T>T, T<T,

® 1979 American Institute of Physics 8088
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tures, far more complicated than the model structure in Fig.
1. The material chosen for detailed investigation was chro-
mium chrysoberyl, Cr,BeQ., one of the few good electrical
insulators among the candidate compounds.

Cr,BeQ, is orthorhombic and isostructural with the
minerals chrysoberyl (Al;BeO,) and forsterite (Mg,SiO,).
The crystal structure consists of a close-packed lattice of
oxygen ions with Cr* in octahedral sites and Be™* in tetra-
hedral positions. At room temperature, Cr,BeQ, is paramag-
netic and centrosymmetric and, therefore, nonpiezoelectric,
nonpyroelectric, and nonferroelectric.

Low-temperature magnetic susceptibility measure-
ments® show a cusp-shaped peak at 28 K characteristic of a
paramagnetic-antiferromagnetic transition. The magnetic
structure determined by neutron diffraction’ at 4.5 K is a cy-
cloidal spiral with a periodicity of about 65 A, roughly 12
unit-cell lengths. Antiferromagnetic resonance experi-
ments®*® confirmed the spiral structure and Néel tempera-
ture. The symmetry of the magnetic structure is triclinic,
point group 1, making chromium chrysoberyl potentially
magnetoferroelectric below 28 K.

Chromium chrysoberyl ceramics are prepared by cal-
cining the coprecipitated metal-ion hydroxides. An intimate
mixture was obtained by reacting mixed standard solutions
of aluminum sulfate, chromium nitrate, and beryllium sul-
fate with ammonium hydroxide. The powder was dry
pressed and then sintered at 1300 °C for 48 h to produce
green-colored ceramics with resistivities greater than 10’

{2 m. The crystal structure was confirmed by x-ray
diffraction.

The properties of a magnetically induced ferroelectric
are expected to differ radically from conventional ferroelec-
trics, since the atomic displacements are much smaller. Di-
electric and piezoelectric coefficients are likely to be small,
but domain walls should move easily, just as they do in most
magnetic materials. In this case, however, domain-wall mo-
tion is controlled by electric fields rather than magnetic
fields, and the resultant signal is electric charge rather than
magnetic charge.

Five types of experiments were performed on polycrys-
talline Cr,BeQ,: pyroelectric measurements, thermal de-
poling, pulse poling, complex permittivity measurements,
and optical second-harmonic generation. The first three ex-
periments gave evidence of ferroelectric behavior.

Electrical measurements were made on Cr,BeQ, ceram-
ic disks 2.8 mm in diameter and 0.13 mm thick. The disks
were electroded with evaporated gold and mounted on an
alumina substrate in a TO-5 transistor can using conducting
epoxy. Carbon black was coated on the upper gold electrode
to absorb light. The TO-5 can was then mounted in a re-
cessed copper holder and cooled with liquid heliumin an Air
Products LT-3-110 cold finger.

For the pyroelectric experiments, a buffer FET pre-
amplifier positioned within the cold finger was used to mini-
mize loading capacitance on the sample, thereby maintain-
ing reasonable signal levels. Following the Chynoweth
method," the sample was irradiated by a chopped defocused

6089 J. Appl. Phys., Vol. 49, No. 12, December 1978

ouT

k- SAMPLE 10'a

-
POSITIVE a

8F 15V =8
>
-9 b
=z 4L—
= POLING BY FET LEAKAGE
g r
3
2 ok 4 — ; v .
oo 10 20 10
Q b
z TEMPERATURE IN K
Q-4
[
pu'}
W =
Q
€ -gr
x NEGATIVE

= 15V
-2

FIG. 2. Pyroelectric signal from Cr.BeQ, ceramics plotted as a function of
temperatures.

1-mW He-Ne laser and the resulting pyroelectric signal de-
tected with the aid of a lock-in amplifier.

For the initial pyroelectric measurements, the sample
was poled with a field of 0.12 MV/m while cooling through
the transition region. A signal was observed in the order of
microvolts and was found to reverse in sign when poling was
conducted with opposite polarity. If the supply voltage to the
preamplifier was left on, a low level of poling was observed
due to the leakage through the FET.

Thelevel of pyroelectric signal as a function of tempera-
ture is illustrated in Fig. 2. Because of rapidly changing spe-
cific heat in this region, it is difficult to define the tempera-
ture change 4T, but if a T’ relation is assumed for specific
heat, a more normal pyroelectric response is calculated.

Below about 24 K, the magnitude of the pyroelectric
signal is reversible with temperature. When the temperature
is raised above 24 K, however, the signal degrades and does
not increase significantly with decreasing temperature. It
appears that this is a transition region in which portions of
the ceramic depole may only be repoled by an external bias.

Poling by any method other than cooling through the
transition region under bias was only marginally successful.
Small pyroelectric signals could be induced from a thermally
depoled ceramic by poling with fields of 5§ MV/m at 10 K.
Attempts to reverse poling with up to 6 MV/m results in
anly very weak signals of opposite sign, showing that the
coercive field increases rapidly below 24 K.

Calibration of the polarization levels observed in the
pyroelectric experiments was achieved by thermal depoling.
The absorbing surface of the sample was exposed to light
from a 750-W projector lamp, and the resulting pyroelectric
charge was collected with an integrating electrometer. When
connected in a feedback mode. the system was capable of
measuring charges less than | pC.

The polarization level is defined by the voltage applied
as the sample was cooled through the transition region and
by the discharge temperatute. Once the polarization was in-

Newnham et &/. 6089




POLING FIELD ON WHILE COOLING

3 °\ THROUGH TRANSITION
T\,

% \ 0.6 MV/m
~
Q [ ]
¢
(o] b a
- 2 S ¢
§ |03 MV/m\
3 '~ '
. § .
§ ' . S
Qi MV/m 4 T~ >~
L ~
‘\\ Ve,
! L 1 - \.
s ) 5 20 25
TEMPERATURE IN' K
k "
wo==|  CHARGE
LAMP @:E" ~ | INTEGRATOR
SAMPLE
SHUTTER

FIG. 3. Thermal depoling of Cr.BeO, ceramics.

duced by the poling field, there appeared to be no degrada-
tion with temperature cycling below the transition region
and with waiting periods up to 45 min. As shown in Fig. 3,
Cr,;BeOQ, exhibits a linear dependence of polarization of the
poling field and temperature. No saturation in polarization
at low temperatures was observed in depoling experiments
for poling fields ranging from 0.1 t0 0.6 MV/m. Experiments
at 7 K indicate a linear field dependence over 6 MV/m.

The temperature range in which maximum polariza-
tion is achieved for a given poling field lies between 24 and 28
K, in agreement with the pyroelectric experiments. Poling
below 24 K led to only small polarizations.

Pulse poling was attempted utilizing differential inte-
grators. A 10-ms voltage pulse was applied through an oper-
ational power supply to the sample and a linear capacitor of
similar value. By observing the difference in these signals,
small nonlinearities could be detected. Pulse poling lessens
the effect of leakage current and sample heating that trouble
a normal Sawyer-Tower measurement.

Pulse poling proved no more effective in reversing the
polarization below the transition region than did the steady
application of a field used in the pyroelectric experiment,
even through much higher fields were applied. Field levels
up to-8 MV/m were applied in 10-ms pulses, but polariza-
tions of Iuss than 1 uC/m? could be induced, and these were
not achieved consistently.

The complex permittivity of Cr,BeQ, was measured asa
function of temperature at several frequencies and under dif-
ferent bias fields, but nothing unusual was observed. Capaci-
tance and tand were measured at 1, 10, 100 kHz, and | MHz
using an automatic bridge. A three-terminal configuration
connecting the cold-finger housing and the TO-5 can to the
guard held the stray capacitance to about 0.3 pF. The resis-
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tivity increased on cooling from room temperature to liquid-
helium temperature, but the capacitance remained at
4.040.1 pF over the entir~ range. There were no anomalies
at the Néel temperature of Cr,BeQ.,. Bias fields as large as 1.5
MYV/m had no effect on the results. The measurements were
repeated at high ac fields using a transformer ratio bridge
operating at 100 Hz, | kHz, and 10 kHz. No change in € or
tand was observed in fields as large as 0.7 kV/m.

Chromium chrysoberyl and about 20 other potential
magnetoferroelectrics were also tested for acentricity by op-
tical second-harmonic generation, but with negative results.
Our apparatus is similar in design to the SHG powder ex-
periment described by Kurtz and Perry.!' Second-harmonic
signals as small as 0.001 times that of a comparable quartz
specimen could be detected, but none were observed, either
above or below the Néel points. The sensitivity of the experi-
ment was hampered by absorption (all the specimens were
colored) and by spurious light originating from a piasma in
the evacuated low-temperature sample chamber. In any
case, there was no evidence for acentricity from the SHG
experiments.

In summary, when poled electrically, chromium
chrysoberyl shows a pyroelectric effect in its antiferromag-
netic state. The sign of the pyroelectric coefficients changes
when the bias field is reversed. The reversible spontaneous
polarization in the magnetoferroelectric state is approxi-
mately a million times smaller than that of BaTiO,.

The influence of a magnetic phase transition on the
spontaneous polarization of a pyroelectric has been de-
scribed in a recent publication by Glass and co-workers.
Barium nickel fluoride (BaNiF,) is a normal ferroelectric
with a spontaneous polarization of 0.07 C/m?, but at low
temperatures, the nickel spins align antiferromagnetically
causing a pronouned anomaly in the dynamic pyroelectric
signal. The magnetic contribution to the s, ~ntaneous polar-
ization is 0.9 mC/m?, about two orders of magnitude smaller
than P, and is proportional to the magnetic specific heat.

The reversible spontaneous polarization in Cr,BeQ, is
approximately a thousand times smaller than the magnetic
contribution to the spontaneous polarization of BaNiF, and
about a hundred times smaller than the polarization predict-
ed theoretically.” Goshen and co-workers also predicted"
that the changes in electric susceptibility accompanying a
magnetically induced ferroelectric transition would be too
small to measure. This is consistent with the permittivity
measurements on Cr,BeO..

Magnetoferroelectrics are a type of improper ferroelec-
tric, like gadolinium molybdate, in which polarization is not
the order parameter driving the transformation. Because of
the weakness in coupling between magnetic and electric ef-
fects, magnetoferroelectrics might be termed the ultimate
impropriety.
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