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called 'magnetoferroelectricity'. A magnetoferroelectric develops a reversible
spontaneous electric polarization on passing through a magnetic phase transition.
The effect was demonstrated in chromium chrysoberyl CrQBeO t.&
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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 Cr 2BeO4 .

A brief 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.
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* 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

containing oriented crystallites of Li 2Si205 crystalline phase, by surface

crystallization of Li2O-2SiO2 glasses. These samples showed encouraging

pyroelectric response. However, mechanical strength and physical integrity

of the samples was a problem with glass-ceramics belonging to Li2 0-SiO system.
2.2

Efforts were made to improve the properties of glass-ceramics in this system

by adding modifying oxides such as ZnO or B2 0 3. We succeeded in obtaining

glass-ceramics with both good physical properties and improved pyroelectric

and piezoelectric properties. In particular lithium borosilicate glass-

ceramics gave excellent results (Appendix 7).

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

" (Ba2TiSi2O8 ), its germanium analogue (Ba2TiGe208 ) and their modifications were

studied. Several substituents were tried for Ba and Ti sites.

For application in pyroelectric detectors, a commonly-used figure of merit

is p/K 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 pC/m 2K and dielectric constants are in the

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

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 LiTaO3 .

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.



From the present study it is clear that a %ide range of piezoelectric properties

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

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 ferroelectric. 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 transformations 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. In the present
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study, the shape-memory effect in PLZT (Lead Lanthanum Zirconate Titanate)

S.ceramics with composition x/65/35 (4.0 < x < 8.0) was investigated using

bending experiments and temperature cycling. Relationships between load and

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 Cr2 BeO4 (Appendix 11).

A cegnetoferroelectric develops a reversible spontaneous electric polar-

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

demonstrated in Cr BeO which undergoes a phase transition from a centric
2 4

' paramagnetic state to a complex antiferromagnetic state at 28*K. It was shown

that ceramic samples can be poled electrically below the transition temperature

to a remnant polarization about five orders of magnitude smaller than BaTiO
3

No ferroelectric anomaly is observed at Tc, but both the remnant polarization

and the pyroelectric coefficient can be reversed in sign with a poling field.

4°
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, Pyroolectric glass-ceramics
G. J. Gardopee, R. E. Newnham, A. G. Haillyal, and A. S. Bhalla
Materials R ch Laboratoy. The Pennsylvania State Univepvty, Uniuenity 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 Li2Si20 5 in a temperature gradient. The polar c 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.

PACS numbers: 77.70. + a

In several glass systems where the crystallization pro- Rindone 7 has studied the crystallization of lithium
cesses of devitrification have been extensively studied, the disilicate glasses under isothermal conditions and observed a
crystalline phases have symmetries consistent with both py- tendency for the crystallographic c axis to align perpendicu-
roelectricity and piezoelectricity. " Electro-optic proper. lar to the surface. The degree of orientation of the crystallites
ties2 and switching behavior9 have been reported for glass- was assessed from x-ray diffraction patterns.
ceramics containing ferroelectric microcrystals of BaTiO3, In our studies, glasses of composition Li2Si2O, were
NaNbO 3, and LiTaO3.Pyroelectricity in a ferroelectric sodi- prepared by mixing reagent-grade silicic acid (J. T. Baker

" um cadmium niobate glass-ceramics has recently been de- Chem. Co., Phillipsburg, NJ) and lithium carbonate (Fisher
scribed by Layton and Smith.5  Scientific Co., Fair Lawn, NJ), followed by melting in a glo-

However, except for ferroelectric glass-ceramics, where bar furnace. The melt was maintained at 1400 "C for 24 h for
piezoelectricity and pyroelectricity are induced by electric fining and homogenization. Transparent samples were ob-
poling of the domain structure, tittle attention appears to tained by pouring the melt into a graphite mold, after which
have been given to other techniques for inducing a polar the samples were annealed for 12 h at 400 *C. Polished sam-
orientation texture. This study is concerned with lithium pies in the form of thick disks were used for the crystalliza-
diuilicate gass composition for which the equivalent crystal- tion studies. Crystallization was carried out in two ways: (i)
line forms are pyroelectric, but not ferroelectric. The glass- Isothermal crystallization, in which the entire sample was
ceramic samples prepared in temperature gradients gave uniformly heated to the crystallization temperature, typical-
strong pyroelectric response and are, to the best of our ly 600 "C, and maintained at that temperature for one hour;,
knowledge, the first examples of noferroelectric polar and (ii) Thermal gradient crystallization, in which a tem.-
glass-ceramics. perature gradient was maintained across the sample. In this

For this study the stoichiometric composition method the sample was placed on a hot stage and heated to
Li2O.2SiO2 (lithium dislicate) was selected. According to x- 600 "C within five minutes, and the temperature increased
ray structure analysis,' crystalline Li2Si2O5 belonp to orth- slowly to 800 "C at a rate of 3 "C/min, followed by rapid
orhombic space group Ccc2 (point group mm2). In the polar cooling to room temperature.
[0011 direction, the crystals have a dielectric constant of The x-ray diffraction patterns of the samples crystal-

. about 7, and are not ferroelectric.

A

so 50"U

FIG. I. Optical photomicrograph of sample crystallized by isothermal FIG. 2. Optical photomicrograph of sample crystallized by thermal gradi-
method (x 500). ent method (.K 500).

817 Appl. Phys Let. 36(10), 15 May 1960 0003-6951/801100817-02$00.50 u 1980 Amoncan Institute of PhysiCs a1l



lized by both methods showed highly oriented growth of quencies of 5 and 0.5 Hz. In both cases, it was observed that
crystallites at the surfaces, with the polar c axis perpendicu- the voltage rises to a maximum when the light was turned on
lar to the sample surface. The degree of orientation was a- and begins to decay with time. The voltage reverses when the
most perfect in the thermal gradient samples. Optical pUoto- light is turned off and again decays. The measured time de-

" micrographs (Figs. I and 2) of polished cross sections pendence of the glass-ceramic pyroelectric responses obeys
showed that needlelike Li2Si-O s crystals form at the surface the thin-layer equivalent circuit model developed by

i of the sample, prior to nucleation and crystallization of Chynoweth.'o In this model it is assumed that the pyroelec-
spherulites in the interior. The thickness of the oriented sur- tric signal originates in a thin layer adjacen, to the surface,

- face layers can be controlled by varying the preparation con- and that the signal is capacitively coupled through the non-
ditions and thermal treatment. Optimum thicknesses were pyroelectric bulk of the sample. Reasonably good agreement
obtained in samples crystallized under a thermal gradient. between this model and the observed behavior confirms that

* Pyroelectric response of these samples was studied by the pyroelectric signals in lithium disilicate originate in the
the Chynoweth method.' The voltage response was mea- highly oriented surface layers.
sured at room temperature with a chopping frequency of 5 Although the magnitude of the signals generated by the

- Hz. Carefully prepared samples with highly oriented surface Li2Si2O5 glass-ceramics are small compared to currently
layers 200-600 / thick were studied. A large pyroelectric used ferroelectric pyroelectric detector materials, these sam-
response was measured from the samples crystallized under pies are the first example of a nonferroelectric pyroelectric
thermal gradient. The pyroelectric signal measured by the glass-ceramic. The process for making these new pyroelec-
Chynoweth experiment is indicative of the figure of merit tric materials is amenable to mass production.
p/epc, wherep is the pyroelectric coefficient, E the dielectric We wish to thank our colleagues at the Materials Re-
permittivity, p the density, and c the specific heat of the sam- search Laboratory for their advice and assistance. This work
pie. Using identical sample sizes and experimental condi- was sponsored by Defense Advanced Research Projects
tions, the signals were compared with those obtained from Agency (Contract DARPA Project No. P- 15124-MS) and

- tourmaline, which has similar e, c, andp values. Tourmaline by the U. S. Army Office of Research and Development
has a pyroelectric coefficient of about 4 AC/m 2 *C. The pyro- (Contract Grant No. DAAG29-78-0033).
electric figure of merit of the lithium disilicate glass-ceram-
ics were four times larger than tourmaline, but about an or-der f mgniude eakr tan sch ommrcia pyo- A. Henzog. 3. Am. Ceram. Sc. 47, 107 (1964).
.. der" of magnitude weaker than such commrcial pyro- N. F. Borrelli and M. M. Layton. J. Non Cryst. Solids. 6, 197 (1971).

electrics as lithium tantalate (p = 190pC/m 2 "C). 3N. F. Borrelli and M. M. Layton. IEEE Trans. Electron. Devices ED-16,
The response from isothermally prepared samples was 511(1969).

about ten times smaller than thermal gradient samples, re- 'A. M. Glass. M. E. Lines, K. Nassau, and J. W. Shiever, Appl. Phys. Lett.

fleeting the enhanced polarity of the samples prepared in a 3, 4(1977).
SM. M. Layton and J. W. Smith, J. Am. Ceram. Soc. 58, 435 (1975).

thermal gradient. Further improvement in the pyroelectric 'V. Liebau, Acta Crystallog. 14, 389 (1961).
response is anticipated by reducing the thickness to very thin 'G. E. Rindone, in Proceedings of the Symposium on Nucleation and C).platelet form. The mechanical fragility of the specimens stallization in Glasses and Melts, edited by M. K. Roser, 0. Smith. and H.pkeet somewhat difficult. Imley (American Ceramic Society, Columbus, 0., 1962), pp. 63-69.

3. E. Rindone, J. Am. Ceram. Soc. 4S, 7 (1962).
* Thewaveforms of the pyroelectric response of lithium 'A. 3. Chynoweth, J. Appl. Phys. 27, 78 (1956).

disilicawand lithium tantalate were studied at chopping fre- '°A. 0. Chynoweth, Phys. Rev. 102. 705 (1956).

18 A.po. Phyt. IAI. Val. 36, No. 10. 15 May 1960 Gardope eta M. 1e
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PYROELECTRIC Li2Si2Os GLASS-CERAMICS

G. J. GARDOPEEt, R. E. NEWNHAM and A. S. !3IIALLA

Materials Research Laboratory. The Pennsylvania State UniversitY. L niversiry Park. J'erns~1tunia 16802

(Rceitned .uguu 6. 1980. i inal form January 6. 19A 1)

Highly oriented surface la~erso li ithium disilicate cr)stai 'acre grown by cvstalliting ifla~wi wi the coimt'%im L..:
StO:. The thickness of the oriented lja~cr was a function o( the thermal trcvltment. The cr %Iwai~iti in thew c ~rs Acre
oriented with their c-axcs pcrpcntltcular to the sample surfacie. These layers -Acre found to he r~~lets .i J,:*cr-
mined by the Ch~niiweth technique. The p~roelcctric responses oft th glass-cerami: %(.~i in 4 thtrt g~radient
were 2pproxitnace) four times larger than that of a tourmaline crys.ta of :iimilir Jimcnmioni.

I INTRODUCTION glass-ceramics in which (fhe crys.talli ne phase w.as
ferroelectric. In this study. 0, asses containing crys-

The improvement of existing pyroelectric mace- tals of Nao.qCdojNbO3 were poled. Reversible po-
rials and the development of' new pyroelectric lai-inadpreetricity were measured in
materials With properties that are superior to their samples.
c hose m~aterials; which are currently used, have Reversible pyrocectricity has been reported in
been the goal of much of the research in the lield lithium niobate and lithiuim tantalate glsic.
of pyroelectrics. In the area of vidicon targets. This effect was explained as% the result of fcrroelec-
these efforts have led to the developmnent of deuc- cricity in the g'lassy state, hut the pts'itlity of
crated triglycine fluoroberyllate (DTGFB). Tile cotiuonfrmecrescldoth ianed
ferroelectric crystals such as TGS and DTGFBIntepsn or.lh'. dlcz rsas
require careful preparation and arc subject to per- were crystallized from glas,.: %hich had the comn-
formance degradation due to depoling. The object position of 33.3 mole 1- Li.() and 66.6 miole I SiO~.
of the present work was to crystalilize a non-
ferroelectric pyroelectric phase from a relatively 11 7 L:OSO
simple oxide glass in a manner which would yield

composite with a pyroelectric response of a use- The system LiO-SiO: %%s selected fbr %-tudy or.
ful magnitude. number of reasons. The cr,*%tlhzaciou behavior

The concept of crystallizing an electrically ac- of these lassiwllkon and hais been tho-
tive phase from an oxide alass :ias been employed roughly reported.'
in the past by the clecronic tnaterials industry. Of the crystalline products tn aii:e la-4frm: ng
Extensive research at Cornine Glass Works was region, lithium disilicate was seklted lor studv.
directed towards devcloping a g'la.s system from. Liebau reports the structure o1 lithium di%iltcalte
which BaTiO3 could be crvstalliLe.d to yield I igh to be menoclinic in space group Cc iand ito hae a
permittivity glass ceramic.' strong orthothombic psexidosynrnetr\. Vflht cell

Electro-optic effects have been reported in dimensions '.%ith respect to tile &itttob unit
glass-ceramics containing qoditim niobate.* The cell are a = 5.82 A. b = 14.66 A. and c =4.79 A.
optical properties of glasses containing crN stallites Licbau dvtermincd that thle %tructurc cit (it o

of both sodium potassium niobite and barium ti- corrugated Si:, lasers held togcther h-.li hitim
tanate were studied for possible use as optical ions. Projections of the ictrahctlri ontco tile three
switching elements.' orihogo~nil planes appear in 1tr . ich or-

li Layton and Smith' reported pyroclectricity in thorhombnic c-axis is tile poliar" ;;\.' \'pioecion
of the crsstal %ruc~urec onto thle W ~ill plane n.
presented in Filzurc. 2.. ThCNC: diagra.ai Ocarb.

tPresent 2ddrcss: Pcrkin Elmer Corrnritton. too Wose show the acentric. polar naiture of tile %itu~turc
Heights Road. Dinbur%, CT UtMU. along thle -s.
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\A/ ,Single crystals of lithium disilicate would be ex-
pected to be both pyroelctric and piezoelectric in
the c-direction. Attempts at growing single crys-
tals have been made. These efforts 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

Z posible olardirections of the c-axis is favored!
Because of the compensating effects of this exten-

__ __' sive twinning, little or no pyroelectricity or piezoe-K"" " lectricity can be detected.

Crystals of lithium disilicate grown in glasses in
the LiiO-SiOz system have been shown to be
highly oriented in thin layers near the surface of
the glass.'' 0 These workers reported that the crys-
tals in a thin layer near the surface have their c-
axes perpendicular to the sample surface. The in-
tention of the present work was to take advantage

Ln of this orientation phenomenon to produce a

F Iglass-ceramic in which the polar c-axis is aligned
perpendicular to the sample surface. The mechan-FIGRE Aran~nemof SiO)" etrahcra n L=SiO . ical interaction between the glass matrix and the

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

• 2 EXPERIMEN'TAL

0 Sample Preparation
Reagent-grade acid and lithium carbonate were
mixed in the proportions necessary to form
glasses of composition Li.O:2SiO!. The mixture
was melted in a platinum crucible in an electric
furnace at temperatures in the range from 1400 to
14500C 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

0varying thicknesses were produced by grinding
and polishing the glass cylinders. Sample thick-
nesses ranged from approximately 130 microme-

Y ters to 5 millimeters.
Two general types of crystallization treatments

were used. The treatment in which the entire sam-
0 Li pie was uniformly heated to the crystallization

temperature will be termed "isothermal". Crystal-
lization in which a thermal gradient is maintained

"S in the samples will be termed "gradient" crystalli-
zation. The isothermally crystallized samples wcre0JO crystallized in a small electric tube furnace. The

FIGURE 2 Projection of the structure of LiaSiO, onto the samples were quickly heated to 600°C and held at
.(00) Plane, that temperature for one hour. All samples were
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cooled to room temperature from the crystalliza- filtered signal was displayed on the oscilloscope.
"t,,n temperature at a rate of approximately For the 5 lz wave forms. the signal was first pro-lUOMC/minute. c€ssed through a notch tlIter to remove the 60 Hz

The thermal gradient samples were prepared by component. The signal was then processed through
polishing one end of a glass cylinder. The polished a bandpass filter to remove the high and low 're-
surface was placed on the heating element of a quency noise. For the 0.5 Hz signal the 60 Hzmicroscope hot stage. A small piece of platinum noise was amphlcd. inverted, and added to the
foil was placed between the heating element and original signal to cancel out the noise by destruc-
the glass sample. The hot stage was heated to tive interference. Photographs were taken of the
600*C within 5 minutes to establish a thermal image of the wave forms as displayed by a storagegradient across the sample. The temperature of oscilloscope.
the stage was increased to 800*C at the rate of
200*C/hour. The thermal gradient was estimated ------ HTzca'r
to be approximately 300*C/cm. $own=

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

At least one sample from each batch of glass
was isothermally crystallized at 600cC and was ET
ground to a powder. X-ray diffraction analyses AMP OMPR
were performed on a Picker diffractometer using CONTROL.
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- NOTC BANO-PAUStive peak heights from the crystallized samples FI.T9R FILTER r~
were compared to the relative peak heights of the
standard powder pattern to qualitatively evaluate " Lou. TRACE
the degree of orientation. . AI-Ass ScOE

FILTER IVRI

2.2 Pyroelectric measurements FIGURE 3 S%;hematic of Chynoweth apparatus for wave
form displaiy.The pyroelectric responses were determined at

room temperature using a method described by
Chynoweth." Sputtered gold electrodes were ap- 3 RESULTS AND DISCUSSION
plied to both sides of the sample. Fine gold wires
were attached to the electrodes using an air-drying The powder x-ray diffraction powder patterns for
silver paste. Radiation from a light source is these glass-ceramics indicated that the only crys-chopped at a set frequency. The voltage developed tallization phase present in detectable quantities
across the sample is amplilied and measured by a was lithium disilicate. No attcmpt was made to

* . phase-sensitive detector. All measurements were determine the stoichiometry of these samples from
compared with the signal from a sample of single the x-ray patterns.
crystals of lithium tantalate and tourmaline. The
lithium tantalate standard also provided a means
to standardize the various equipment parameters 3. Isothermal c?)'s~afi~alion
to obtain reproducible results. Soaking times at the crystallization temperature

The circuit shown in Figure 2 was employed to were varied from one hour or more down to tenview the wave form generated by the samples. The minutes. The samples crystallized for longer
signal from the FET amplilier was filtered to re- times, regardless of the presence or absence of an
move the 60 Hz and high frequency noise and the applied field, were completely opaque. Those
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samples crystallized for shorter times were either for Li2Si:Os crystals in Li:O:4SiOz glass.' He re-
translucent or slightly opalescent in appearance. ported ratios as high as 500:1 for glasses crystal-
In these samples, no bulk spherulitic crystallite Lized without the addition of platinum nuclei.
growth could be observed with the unaided eye. The degree of orientation was dependent only
These observations correspond to those made on the quality of the surface finish. A sample
using the microscope hot stage. Surface crystalli- which had been ground but not polished yielded
zation occurs relatively quickly, but the nuclea- an x-ray pattern very similar to that of a pow-
tion and growth of the spherulites is a slower pro- dered sample. No enhancement of the 002:040
cess. The short crystallization times result in peak height ratio occurred unless the sample sur-
surface crystallization but little or no visible crys- faces were highly polished prior to crystallization.
tallization of the bulk of the samples.

3. 1. 1 X-ray diffraction In general, the x-ray dif- 3.1.2 Microstructure Microscopic examination of

fraction patterns of the isothermally crystallized all the samples was made. Etching the samples re-
glass-ceramics showed that the sample surfaces vealed the oriented surface crystallization detected

contained highly oriented crystallites. As in the by the diffractometer. Figure 4is a= opcai.pho-

work of Rindone, the strong (002) reflection indi- tomicrograph of a typical layer. Fi&ures..-a and
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 samples, . . '
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 (11) 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. Scrysc~aJ. urfce Layer
The ratios obtained from the diffraction pat- sulk

terns agree well with those obtained by Rindone

.

W- - "'

-S,- - ". ~ . .- '" ."

• • ),. ~- _-. -,.

,.-." ' . - " -4 . . . -:

* FIGURE 4 Optical photomicrograph of surface crystalliz- FIGURE 5 SEM photomicrograph or onented. crystallized
tion (SOOX). surface layer: (a) 700X; (b) 3000X.

6-
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S-b are SEM photomicrographs which show the
needle-like lithium disilicate crystals in these sam-
pies. The depth of the oriented laver in the isother-
mally crystallized samples varied from as little as
20 um up to 250 urm. 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-
o ters these spherulites. In the thicker samples the 100 UM

combination of oriented surface crystallization
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 7 Optical photomicrograph of isothermally crys-

tallized $iass-ceramic (20OX).

Kw .1. V.0-.

*., lized sample which was approximately 0.08 cm
- thick.

L _.. 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. Fig aie.Z Is a photomicrograph of a
.. 0.013 cm sample. The two layers have apparently
-.,grown inwards towards the centerline of the sam-

- pie faster than the rate of formation of the spheru-
.-. .., litic crystallites. The thickness of the oriented lay-

I r is approximately 60 to 90 um in these samples.2,C O 'im Z,,.- 1
*". "" 3.2 Thermal gradient crystallization

- "Macroscopically. the thermal gradient samples
-~ *4'' appeared to be crystallized on the hot surface to a

" "/,*sdepth of about two millimeters. The bulk of the
, ~" sample remained non-crystalline with the excep-

.~ . -tion of a few spherulites in the center of the
- sample.

.2.l 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.

. 200 41 3.22. Microstructure The depth of the oriented

S"layer was as much as I mm, or at least four times
, ,- A,- greater than the layersia xly of the isothermally

(l crystallized samples. 'Figumres .- a and S-b are photo-
FIGURE 6 Optical photomicrographs of isothermally crys- micrographs of a typical thermal gradient sample
tallized glass-ceramic (00OX). showing the oriented layer of crystallites.

K.
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U 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.. . i ,' ' " • athickness.

S' ) '.

d "' a" ". *-3.3 Pyroelectric measurements

Table I contains the results of the pyroelectric
measurements on several of these samples. The
voltage recorded in Trable I is the voltage after
amplification. All measurements were made at a
frequency of 5Hz.

. ,0-0' 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 ot
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

f 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.
F, .f, It might be argued that the voltage signal in

ZC0m , these samples may be related to effects other thanpyroelectricity. There is. however, substantial evi-

' dence that pyroelectricity, whether primary or sec-
-: '"ondary due to mechanical interaction with the

-..l) piezoelectric properties, is responsible for the

FIGURE 8 Optical photomicrographs of oriented layer in signal.
thermal gradient sample (100X). First, the AC Chynoweth method eliminates

TABLE I

Pyroelectnc responses of LijSi3O% glass-ceramics, lithium tantalate, and tourmaline

Amplified Sample
Sample Voltage V Sample Capacitance

Material Thickness Crystallization tmV) V LiTaOs at I K Tan 6

LiTaO, 130 pim Single crystal 350 1.0 74 pf .005
Li1Si1O1 800 Ai Isothermal 0.1 2.9 X 10~ .2 pf -. 007
LijijzOi 100 Mm Isothermal 1.9 5.4 X 10"' 1.6 pf -. 007
LiiSiiO, 470 im Thermal gradient 11 3.1 X- 10"' .4 pf -. 007

4 Tourmaline 450 jm Single crystal 2.7 7.7 X 10-' .4 pf -. 006

Note: Amplifier input capacitance = I pf
Gain -100: !

i a
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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

U the signal with time, but the sample 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- (a)
ping frequency is greater than I/r, where -r is the
electrical time constant for the detector-amplifier
circuit. Tbis. 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.

a.

. ILITHIZUM TANTALATE

w2.
inz Z (b'

:" Ilk FIGURE 10 Wave forms of Chynoweth responses at 5 Hz:
•r .(a) Li-Si:0, glass-ceramic; (b) LjTaO single crystal.

* - I.- ,

L. 2 St 2o a ,CLASS-CERAMIC The wave forms of the samples of lithium disili-
.\ cate and lithium tantalate at chopping frequencies
_. of about 5 Hz and 0.5 Hz, respectively, appear in
• Figures 10 and H), The lower trace in the two
,, photographs is the voltage drop across the photo-

resistor. The voltage of both samples rises to a0 .At
Qmaximum when the light is turned on and begins
4 to decay with time. The voltage reverses when the
.. "light is turned off and again decays towards the

baseline.
-1 Given the tendency of the lithium disilicate

0 1 2 3 crystals to twin on a very fine scale, the existence
LOG FREQUENCY of pyroelectricity in these glass-ceramics is unex-

* FIGURE 9 Pyrotlecinc response vs frequency for lithium pected. In order for pyroelectricity to be detected
tantalate standard and lithium disilicate glass-ceramic. in the oriented layers, the polarities of the crystal-
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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 ionml 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 theU sample surfaces is held responsible for the favor-
ing of one sense 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. If 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. It was determined that the surface of the
sample which is facing the light source was always
positive with respect to the opposite surface. The

FIGURE I I Wave forms of Chynoweth responses at 0.$ Hz: samples behaved as if they consisted of two pyroe-
(a) LizSi:O, Slass-ceramic; (b) LiTaO, single crystal. lectric single crystals joined together such that the

polar sense of the crystals opposed each other.
lites cannot be randomly arranged. There must be This measurement indicated that the polarities of

" some mechanism operating during crystallization the oriented layers were in agreement with the
which favors one polar sense of the c-axis over the proposed mechanism.

- other. A further check was performed on samples
One possible mechanism involves the migration which consisted of only a single oriented layer.

of alkali ions to the surface during heating. The Measurements of these samples showed that they
explanation of the orientation effect in the surface behaved like single crystals. One surface always
layers of these glasses is based on the observation became positive regardless of which surface was
that the surface of an alkali-containing glass is exposed to the light pulses.
higher in alkali concentration than is the bulk. 0  From these measurements it was concluded that
In a glass containing lithium, silicon, and oxygen, the polarity of the crystallites in the oriented lay-
a high lithium concentration at the surface, if un- ers was not random. Some mechanism, probably
compensated by negative surface charges, must related to the migration of lithium ions, was re-

, create an electric field within the glass. The sur- sponsible for the favoring of one polar orientation

6.'
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over the other. The signal detected by the Chyno- ied by varying the sample preparation and ther-
weth apparatus originates in the oriented layers. mal treatment. Optimum layer thicknesses were
In those samples which consisted of two oriented obtained in samples which were crystallized by the
layers separated by a random, spherulitic region, application of a thermal gradient.
only the layer facing the light source contributes Pyroelectricity was detected in the crystallized
to the signal. The voltage induced across this layer glasses using the Chynoweth technique.
by the temperature change is capacitively coupled The existence of pyroelectricity in these glass-
to the opposite surface. ceramics is evidence that there is a preferred

This explanation accounts for the relative mag- orientation for the polar direction of the c-axes
S. nitude of the signals generated by the glass-ceramics. during crystallization of the oriented layer.

In the thicker, isothermally crystallized samples, Although the absolute magnitude of the signals
the signal originates in the oriented surface layer generated by these glass-ceramics is small com-
closest to the light source. The intervening spheru- pared to currently used pyroelectric detector
litic layer does not contribute to the response. The materials, these samples represent the first re-
thinner isothermally crystallized samples give ported non-fcrroelectric pyroelectric glass-ceramics.
larger signals because of the reduced mass (and The techniques and processes developed in this
thus larger temperature change) but only one study may be applied to other systems to develop

- layer can contribute to the signal. If the tempera- a new class of pyroelectric materials.
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. ACKNOWLEDGEMENT
These samples produced larger signals than the

This work was sponsored by the Advanced Research Projectstwo-Layer isothermally crystallized glass-ceramics. Agency (MDA903-78-C-0306) and by the U.S. Army Research
Office (DAAG29-76-G-0145).
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*POLAR GLASS CERAMICS

A. HALLIYAL, A.S. BHNALLA, 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
LIZ2120i , Ba2TiGe208 , Ba2TiSf208, and various compositions in the systems Li20-B203,
LiZO-SO-2-ZnO, LiZO-S1O2-8203 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 single crystals.

INTRODUCTION

In recent years there has been a growing interest in jhe study of ferroelectricity
* in glassy state and recrystallized ferroelectric glasses1-10. Dielectric and pyroelec-

tric measurements have been reported in glasses of stoichiometric composit"lns of LiTaO3,
LiNbO3, Pb5G*30ll and PbTiO31-~

.. Electro-optic properties, dielectric and pyroelectric measurements and switching
behavior have.been reported for glass ceramics containing ferroelectric nncrocrystals of
BaT103, NaNb03, LiTaO3, PbTiO3, PbSGe30ll 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 show 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 orientations11 , 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

: in Glasses of compositions BaZTIGe2O8, Ba2TiSi2O8, LI20-2SiO2 and several compositions
in the systems Li20-B203, Li2O-SiO2-ZnO and Li2O-SiO2-8203 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 OTA
runs are given in Table 1. Crystallization of glasses was carried out in a temperature
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TABLE I

Properties of Glass-Ceramic Samples Prepared in a Temperature Gradient
chynowetrCa TcrCec)' Crystaline PiezoC d33 responsed

ZhO- OZT C is oo) phT .6 ()
SOS pC/N p

23&0-26*0 2-TIOLZ 15 800 82TG2  +6 ()20
O-1.8SoZ0-T10 2  12 860 82T32+Q +3 (*) 35

Li20Si0z 585 S -1 (-) 20

Li 2o-2S1 2-0.lZn0 5 570 LS2+LSZ. -3 C-) 70
U2o-ZSI0 2-o.UZnO 6 580 LS2+LSZ+q -4 (-)lOO
LUo-2Si02-0.25Zno 585 LS2 .LSZ+Q -4 (-) so
Ll20-2SI0 2 -o.4Zno a 590 LS2+LSZ+Q 0 (-) 4

U20-38203 580 LB2.LB3  .3 (-) 70
Li20-1. Si02-0.28203  8 605,680 2 +LB2+LS 6 (-)200
U20-1.33S5fro-66 03  8 670 LS2 .. +L8 , (-) 85
Li 2 -1.8: 100.lZno-0.13203  7 580,670 LS2 LS - (-) 20

aTcr is the cystallizatian temperature deterined from OTA runs.
bAbbrevtation for phases.

S2TL s Ba2TiGe2O8  132 L12ZnSiO 4
82TS2 a Ba2TlSi 2O8  LS Li LISiO3
QS 2  Siz (qu-rtz)8 -L 128407
€ a L12 os05  - Lhe Li 60r0

%asured an the surface facing the higher temperature end of the temperature gradient
axis.

d(a) indicates 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 samples 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 analyzerl . 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 orientatlun of the crystallites as a function of depth from the hot face
revealed that the oriented crystallites region extends deep in the glass-ceramic sam-
ples and then tapers off (Figure 1). Needle-like crystals grow from the hot face in:o
the sample alonq the direction of the temperature gradient. The depth of the orientea
region was 400 to 600 urn. The width of the crystallites estimated from the ooticaI
mlcroscooe is in the rance 2-5 urn.
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Fig. 1.
Optical photomicrograph of
oriented c ystallized regO'
in Li20-2S 02-O.ZZIO gla9s.Car&ics

,-. I(zlO0).

Fiq. Z.
Resonance spectrum for
"'20-1 .SV102.0.28203 glass-ceramic
(horizontal scale * 6.8 kHz;
vertical scale - 5 ds).

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 BazTiGe208 and Ba2TiSi2O8
glass-ceramics, the sign of d33 was positive. For Li2Si2O5 the sign of d33 was negative
and remained the same in samples containing small amounts of ZnO in the composition.
However, the magnitude of d33 increased for compositions containing even a small
amount of ZnO. Addition of small amounts of B203 in Li2Si2O5 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 electromechanical properties of some of the glass-ceramic compositions are given in
Table 2.14,10 The coupling coefficients kp and kt of Ba2TiGe2O8 glass-ceramics are com-
parable to the corresponding values of single crystals. The values for mechanical qual-
ity'1factor Q are comparatively higher. The TCR values for LizO-SiO2-8203 glass-ceramics
are comparable to the values of commonly used piezoelectric materia sike LiTaO3 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

k k TCR
Cepssition p t - ppm/°C
mN m-K %m % l m

2Ba0-2GeO2-Ti0 2  3100 2500 4.4 7.5 700 95
(00-100"C)

ki 2l O8 (single crystal) 2900 2150 6.2 10.0 650 so
(0--100-C)

•.20-1.8S$02-0.2B 203  4500 - 14 - 1000 60li  (0-10 0~c)

-L20-1.33 102-0.66b203  4200 - 9 - 400 30-C)-(304-60
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.o PYROELECTRIC PROPERTIES

_U The pyroelectric voltage response of the samples measured by the Chynoweth techniqueare given in' Table 1. Pyroelectric responses from grain oriented glass-ceramics weretypically 50% of the responses from the corresponding single crystals. Lithium boro-

sil,lcate glass-ceramics seem very promising for pyroelectric applications. A strong
pyroelectric response was measured from glass ceramics of composition Li2O-1.8Si02-
0.28203 and was comparable to the signal from a comiercial pyroelectric such as LiTa03.

For pyroelectric detectors and vidicon, the figure of merit is given by P/CoCPK
where p is the pyroelectric coefficient, e the dielectric constant, p the density, Cp
the specific heat and K is the thermal conductivity of the material. The dielectric
constants of the glass-ceramics listed in Table 1 are in the range 5 to 10 and the
densities are about 2-3 gms/cc. A high figure of merit could be possible in glass-
ceramic pyroelectric detectors.

SUMMARY

Several piezoelectric and pyroelectric materials can be prepared in the glassy
phase, and it is possible 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 comoarable to their properties in the single crystal
form. Such corosite elements may be useful for device applications based on flexural
resonance mode, in pyroelectric detectors, for resonators, and in SA14 devices. The
process for preparing glass ceramics is amenable to mass production.
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Ba2TiGe2 O8 and Ba 2TiSi2O8 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 Ba2TiGe2 Os and Ba2TiSi 20 8 were 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 the crystallographic point group 4mm and is
Pyroelectric lithium disilicate glass-ceramics have pyroelectric [2]. Ba2TiGe2O$ is reported to be a
recently been prepared by growing highly orien- ferroelastic [3, 41 below 8100 C and belongs to the
tated surface layers of lithium disilicate crystals orthorhombic polar point group mm2. In the
by crystallizing the glasses of stoichiometric glass paraelastic phase above the transition temperature,
compositions Li2 O- 2SiO 2 in a temperature gradi- Te, BTG also belongs to the tetragonal point
ent [11. This technique provides a method of fabri- group 4mm.
cating large and inexpensive pyroelectric devices. Glass-ceramics in the BaTiO 3-SiO 2 system have

" . However. one difficulty encountered in working been previously investigated. Herczog [5] studied
with the lithium disilicate pyroelectric glass-ceramic the crystallization of BaTiO 3 in a silicate glass
was that thin targets (of thickness, d < 2 0 0 pm) cut matrix. Dielectric and electro-optic measurements
perpendicular to the growth direction (the polar on transparent glass-ceramics containing ferro-
c-axis of Li 2Si2Os) were extremely fragile and electric BaTiO 3 in a glass matrix have also been
could not be prepared routinely, reported [6]. However, the primary interest in

In this study pyroelectric glass-ceramics of these materials has been concerned with the
* ''barium titatnium silicate (BTS: Ba2 TiSi2Os or dielectric and electro-optic properties of the glass-

,"fresnoite) and barium titanium germanate (BTG: ceramics. and in the ferroelectric nature of BaTiO 3
BaTiGe2 Os) are described, the physical properties crystallites surrounded by a glass matrix. In these
of which are superior to U2S 2 05. Thin sections studies no efforts have been made to develop
of these glass-ceramics, less than lO0mm in thick- glass-ceramics containing orientated crystallites.
ness, can easily be prepared since they are mech- The present study describes the preparation and
anically much stronger. Glass-ceramics of BTG characterization of glass-ceramics containing
and BTS were prepared by crystallizing glasses of orientated crystallites of -the pyroelectric (but
stoichiometric compositions of BTG and a silica- non-ferroelectric) BTS and BTG phases.

-rich composition (64SiO2 -36BaTiO 3) of BTS in
a thermal gradient. The dielectric and pyroelectric 2. Experimental details
properties were measured and compared with the Glasses of composition 64SiO2 - 36BaO - 36TiO-
properties of single crystals. were prepared by mixing reagent-grade silicic

In the single-crystal form fresnoite belongs to acid*. barium carbonate + and titanic oxide:.

*J. T. Baker Chemical Co.. PhillipsburY. NJ. LSA.
"Fisher Scientific Co., Phillipsburg. NJ. LSA.
±Eaile-Picher Industries, Inc., Quapai%. Oklhom:i., USA.
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followed by melting in a globar furnace. Fresnoite .j
has a high melting point (14000 C) and thus, it
was difficult to obtain bubble-free glasses of the I
stoichiometric composition. To avoid this problem, w"

a composition was selected which lies near the
eutectic point on the silica-rich side of the
BaTiO 3-SiO 2  binary phase diagram [71. This .o
composition lies well within the range of glass
formation in the BaTiO 3-SiO 2 system.

In the case of BTG, reagent-grade barium o (o} (b
3 carbonate, germanium oxide* and titanic oxide W Heating rate: 100C mrin"

were mixed and melted in the furnace. in both
-" cases, the melts were maintained at 13750 C for Fgure I DTA heating curves of (a) BTG and (b) BTS

case, te mets eremainaind a 1370 Cforglasses.

24 hours for fining and homogenization. Trans-
parent samples were obtained by pouring the melt
into a graphite mould. The samples which crys- glass-ceramic was evaluated from X-ray diffracto-
tallized during pouring of the melt were remelted meter patterns. X-ray diffraction (XRD) patterns
and poured again into the graphite mould in order were recorded on surfaces normal to the direction
to ensure transparent glass samples. All the glass of the temperature gradient (Fig. 3). The XRD
samples were annealed at 6008 C for 12 hours and patterns were compared with the standard powder

then cut and polished in the form of thick disks diffraction patterns to determine the relative
in preparation for the crystallization studies. To degree of orientation. The dielectric constants of

determine the crystallization temperatures of the glass and glass-ceramic disks were measured with a
glass compositions, differential thermal analysis capacitance bridge. The piezoelectric behaviour
(DTA) measurements were performed on the glass parallel to the crystallization direction was studied

samples. Exothermic peaks were observed at using a d33-meter.* The samples were thinned
860* C in the case of BTS and at 800* C in the down to about 200/Mm in thickness and the pyro-
case of BTG, as shown in Fig. 1. electric response was measured by the dynamic

Crystalization was carried out in a temperature Chynoweth technique (81 at a modulating fre-
* gradient by placing the polished glass samples, in quency of 4 Hz. The pyroelectric signals on glass-

the form of thick disks, on a microscope hot ceramics were compared with the responses from

stage. t The temperature gradient near the hottest single crystals of the BTG and BTS. The densities
temperature zone was perpendicular to the surface of BTG, BTS glasses and glass-ceramic samples
of the sample and it was estimated to be about were determined by a mercury porosimeter § and
1000 Cmm " . Typical heating cycles used for compared with the densities of single crystals.
glass crystallization are shown in Fig. 2. The
heating cycle consisted of an initial rapid rise in 3. Results and discussion
temperature to minimize volume nucleation, Table I summarizes the data for the glass and
followed by a slow increase in temperature at a glass-ceramic samples. Single-crystal values are also
rate of about 30Cmin "1. After reaching the listed for comparison.
maximum crystallization temperature (11000 C for X-ray powder diffraction patterns of the crys-
BTS and 10000 C for BTG), the samples were tallized samples showed that the principal crystal-

* held at this temperature for 24 hours. The tem- lized phases were fresnoite in the BTS glass-

perature was then decreased rapidly to room ceramics and Ba2Ge2 TiOs in the BTG glass-
* . temperature. The thicknesses of the crystallized ceramic samples. A few low-intensity peaks of an

portions of the glasses ranged from I to 2 mm, unidentified phase were observed in the powder
depending on the heating cycle, diffraction patterns of both compositions. The

The degree of preferred orientation of the samples showed highly orientated crystal growth

• Eagle-Picher Industries, Inc., Quapaw, Oklahoma, USA.
* tModel 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.
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The degree of preferred orientation in crys-
1200 "  tallized samples of BTS and BTG was similar to

that observed previously (11 in L12Si 2Os. It was
1000- M observed that the degree of orientation of the

crystallites in the isothermally crystallized glass-
0 eceramics was poor compared to the samples
1;O " So crystallized in a temperature gradient. In addition,

detailed studies of the microstructure of the
600- 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

20 40 60 so 1oo which takes place in both the isothermal and tern-
"Time (mni perature-gradient crystallization. A higher degree

Figure 2 Heating cycles used for crystallizing (a) BTG and of electrical and crystallographic orientation is
(b) BTS glasses, obtained in the temperature-gradient crystalliz-

ation method due to the absence of volume
in a direction parallel to the temperature gradient, nucleation; however, in the case of isothermal
with the polar c-axis perpendicular to the hot crystallization, the orientation of the crystallites
surface of the sample. As shown in Fig. 4, the is limited to a layer only a few micrometers thick
002 reflection was the strongest in the X-ray due to the simultaneous occurrence of volume
patterns of the crystallized surfaces. The ratio of nucleation. Atkinson and McMillan [9] attempted
the intensity of the 002 peak to that of the 2 11 to produce a Ui2Si2Os glass-ceramic with an
peak was taken as a measure of the relative degree aligned microstructure by a hot-extrusion method.
of orientation. The intensity ratios are given in They were partially successful in obtaining glass-
Table I. Comparison of the intensity ratios in the ceramic samples with the disilicate crystal crys-
glass-ceramic samples with the intensity ratios of tallographically-aligned parallel to the extrusion
a standard powder pattern, showed a high degree axis. However, the degree of orientation of the
of orientation of the crystallites in the glass- crystallites was less than that obtained in glass-
ceramics. An even higher degree of orientation ceramic samples prepared by crystallizing the
was obtained in the samples with good surface glasses in a temperature gradient [ 1.
finish. The density of BTG glass was about the same as

T A B L E I Summary of data for glass and glass-ceramic samples

Sample X-ray intensities, Dielectric Dissipation Density d3l PyToelectric
1(002) constant, factor* (gcm-') (x 10'CN "1) response
1(211) e

BTG glass - 17 0.003 4.74 - 50% to 60%
BTG glass-ceramic 85 15.0 0.002 4.56 5 to 7 of single-
BaGeTiO, single crystal 0.2 = 20 0.003 4.84 8 crystal• (standard e =20 value

powder pattern) e3 = 13

BTS glass - Is 0.002 4.01 - 50%to607
BTS glass-ceramic 15 12.5 0.002 3.90 2 to 3 of single-
BaSiTiO, single crystal 0.2 e,, = e,, 15 0.003 4.45 3.8 crystal

(standard e s= l l value
powder pattern)

OMeasurements were made at 1 MHz for the glass and glass-ceramic and-at I kHz for single crystals.
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the single-crystal form (Table 1), while that of BTS
glass was slightly lower than the density of fres.

Glass3 noite single crystals because of the excess silica
Glass-cerantic used in the BTS compositon. Only a small

decrease in density occurred on crystallization of
Direction of Direction of the glass phases. indicating a low concentration of
crystallization polar voids in the glass-ceramic samples. Samples as

orintaion thin as 1OOmm could be prepared without diffi-

Surface of the glass culty because of the absence of pores and cracks.
sample in contact The dielectric constants of BTS and BTG
with hot stage glasses measured at I MHz are very close to the

Figre Te drecio ofpolr rietatonin gass- mean dielectric constant, (611 + E21 + e33)/3, of
Feigr 3amThesdrcin.fploretto the corresponding crystalline phases. On crystal-

100fi smpe 211 002

~Z 60

C

30 404004

100 tOO000

~20 -20~s

21

30 40304

~~0 -

2002 211

30 40 30 40

(a 20) (d) 2S(a)

Figure 4 X-ray diffrajction partcrn* of iii BvG:T0 sinjiA 1'odcr diftratnun pattern. (b) BTG glass-iteramic.
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lization, the dielectric constants of the glass. reproducibly with the glass-ceramic samples. The
ceramic samples show a slight decrease; the dielec- sign of the pyroelectric coefficient is negative for
tric constant measured in the crystallization BTG single crystals and positive for BTS. A similar
direction is closer to the e3-values of the single difference in sign was observed with glass-ceramics.
crystals. This is consistent with the fact that the For a simple pyroelectric detector, the figure
c-axis is the preferred orientation direction in the of merit is given by p/e, where p is the pyro-
glass-ceramic, as indicated by X-ray diffraction electric coefficient and e is the dielectric permit-
analysis. tivity. The pyroelectric coefficients of single

The loss tangent factors of the glass-ceramics crystals of Ba2 TiGe2Os and Ba2TiSi2 Os are 3 and
were similar to those measured on single crystals. l0MC m ° C-', respectively [12]. Since the

Piezoelectric coefficients, d3 3, measured in the dielectric constants of the glass -eramics are com-
crystallization direction in glass-ceramics were parable with those of single crystals, it can be con-
comparable to the single-crystal d33 coefficient cluded that the pyroelectric coefficients of the
values reported (2-41 for BTS and BTG. Opposite glass-ceramics are of the same order of magnitude
faces of the sample gave opposite signs for the as those of the single crystals. Specimens of 100 to
piezoelectric constant. The large magnitude of 500/m in thickness were studied d'Iring pyro-
d33-values and its sign reversal suggest that the electric tests. Samples of large surface area and less
crystallites in the glass-ceramics are not only than O0m in thickness were mechanically strong
orientated along the c-axis in the crystallization and gave reproducible results, suggesting their use
direction, but that most of the crystallites have as pyroelectric detectors.
the same polarity as well. The fact that the d33-
values remained constant over the entire surface 4. Conclusions
of the glass-ceramic testifies to the uniformity and Glass-ceramics of composition Ba2 TiGe2 Os and
the homogeneity of the samples. Ba2TiSi2Os were prepared by crystallizing the

As in the previous study of lithium disilicate glasses in a temperature gradient. The glass.
[I], it was observed that the temperature gradient ceramics show preferred orientation, with the
dictated both the electrical and crystallographic polar c-axis parallel to the temperature gradient.
alignment. In all samples the polar orientation was Pyroelectric responses up to 50% of the single-
antiparallel to the direction in which crystalliz- crystal values were observed on these glass-ceramic
ation proceeds into the glass, with the positive samples. Measurement of the density, dielectric
end of the dipole pointing toward the high- constant, and piezoelectric constant gave results
temperature end of the sample, as depicted in comparable to the reported single-crystal proper-
Fig. 3. There may be several causes for the polar ties.
alignment of the crystallites. One possible cause is
the existence of high local electric fields resulting Acknowledgement
from surface pyroelectric charges [10]. These local We wish to thank our colleagues at the Materials
electric fields might dictate the orientation of the Research Laboratory for their advice and assis-
dipoles as crystallization proceeds into the glass. tance. This work was sponsored by the U.S. Army
A second possible cause is the nature of the sur- Office of Research and Development (Contract
face chemistry. It is known that low charge cations Grant No. DAAG29-78-0033) and by Defense
such as L or Ba2  migrate to the surface upon Advanced Research Projects Agency (Contract
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PIEZOE.ECTRIC AND E.ASTIC PROPERTIES OF BARIUM GERMANIUM
TITAIATE AND LITHIUM BOROSILICATE GLASS-CER ICS

A. Ralllyal, A.S. Shall&, R E. Newnham, and L.E. Cross

Materials Research Laboratory
The Pennsylvania State University

University Park, PA 16802
Abstract Experimental Procedure

Piezoelectric barium germanium titanate and The procedure followed for preparing glass-
lithium borosilicate glass-ceramics were prepared ceramics with oriented crystallites is essentially
by crystallizing the glasses in a temperature the same as that reported in earlier studies2 , 3 .
$radient. The piezoe1.ectr-. constants electre- The glass samples were prepared by mixing raagent
mechanical coupling factors and elastic constants grade chemicals in the desired molar ratio and
of the glass-ceramics were measured by the raso- malting in a platinum crucible, using a globar
nance method. Som of the glass-ceramics exhibit furnace. The glass samples were crystallized in a
high electromechanical coupling factors and low temperature sradient by placing polished glass
temperature coefficient of resonance making them disks, on a microscope hot stage*. Details con-
of interest as temperature compensated resonators. cerning the heating cycles employed during crystal-

lization of the glasses can be found in references
1-3. The crystalline phases in the glass-cermic

Introduction samples were identified from x-ray powder diffrac-
tion patterns.

Several nonferroelectric polar glass-ceramics
have been studied from the point of view of their Piezoelectric constant d33 parallel to the
application in piezoelectric devices and pyro- crystallization direction was measured using a
electric detectors 1 35 . It has been shown that it d3 3-mter". For resonance studies, samples were
is possible to prepare glass-ceramics with good prepared in the form of circular disks 8 me in
crystallographic and polar orientation by crystal- diameter and 0.3 to 0.6 me in thickness. Gold

* lizing the glasses in a temperature gradient result- electrodes were sputtered on the polished surfaces.
gi in glass ceramics with reasonably good piezo- Resonance behavior in the thickness mode and planar

electric properties. Detailed studies of the piezo- mode were investigated using a spectrum analyzer7.
electric properties of barium germanium titanate3  The resonance frequency constants, electrosechani-
and lithium borosilicate4 glass ceramics showed ca coupling factors and mechanical quality factor
that the piezoelectric properties of these glass- Q were determined by measuring the resonance and
ceramics are comparable to those of commonly used anti resonance frequencies. From these values,
piezoelectric materials. Some glass ceramics in some of the elastic and piezoelectric coefficients
the Li 2O-SiO2-B 20 3 system shoved high electrome- were calculated. The temperature coefficient of
chanical coupling coefficients and low temperature resonance (TCR) was evaluated by measuring the
coefficient of resonance (TM)4. It has been sug- resonance frequency as a function of temperature at

asted that because of their good electromechanical intervals of 5 in the temperature range -20 to
properties and a high degree of crystallographic 006c.
orientation near the glass-ceramic surfaces,
lithium borosilicate glass-ceramics might find an Results and Discussion
application in SAW devices4 .

The crystalline phases identified from the
Glass ceramic piezoelectrics can be easily x-ray powder diffraction patterns are listed in

fabricated in large sizes and their properties can Table 1, along with the densities and dielectric
be optimized by adjusting the $lass composition and constants. All the crystalline phases belong to
processing parameters. polar point groups, and hence the piezoelectric

properties of the glass-ceramic are not diluted by
* In the present paper we report elastic and inactive phases. The densities and dielectric

piezoelectric measurements on fresnoite (Ba2Si2TiO0) constants of SGT and ICST glass-ceramics are in
" glass ceramics and a few compositions in the close agreement with those of Ba2Ge2TiO8 and

Li2O-SiO2 -B203 system. Piesoelectric, elastic and Sa2Si2TiOS single crystals.
* electromechanical coefficients of glass ceramics of

composition Ba 2 Ge 2 TiOS (BGT), Sa2Ge2TiO8-Ba 2 Si 2Ti08
solid solution (BGST) with excess silica, and Li0 2-
(2-x)SiO2-xD203 glass-ceramics here investigated by
resonance methods. The measured values are compared i5 lan , roct, o sla d, 1, Model CT3.v =h:hereprtedproertes BIGe2i08and**Channel Products, Chostafiend, OR, Model CPDT 33006

* with the reported properties of Ba2Ge2TiO8 and ~ ~ vetPcaLvlnCMdl38A"' tRawlett-Psckard, Loveland, CO, Model 3585A.

Bs2aSi2TiOS single crystals.
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Table 1.

Physical Properties of Glass-Ceramics

Dielectric"""CrystcaJlline* constant .0

Composition Phs 3/c V/=

23a0-ZGeO 2-Ti 0 2 (BGT) I2 TG2 25 4.8

O-2SLO2-_G0 2-Ti0 2 (BGST) B2TGT+ B TS 10.3 4.3
"- (solid sofutiLon)

LL.2 0-1..sO -0.232 03 LS 2 + 2 + LS 9 2.3

n 1.. 20-l.33S=02-0.66920 3  S . + La2 + LS a 2.3

BaGei TiO (Singlecryscal.) - 3 4.84

B a 2Si2?iTOa (sianle crystal) 11 4.45

*Abbreviacion for Phase:. T 2 - Ba2GST B 2 TS - Sa22TO 8 . LS232T• 3 2e 2 i 8  2 2 i2 i 8
U20.2M02, LB2 - LI20.23203, LS -LiZO.SiO 2 .

As mentioned earlier, the glass-sermaics pe- higher. The planar coupling k of Li 2 O-l.8Si02
pared by crystallizing the glasses in a temperature 0.23203 glass ceramic 4 is higger than LiTa03 al
%radieant show a high degree of crystallographic other comonly used piezoelectric materials. T1
orientation parallel to the temperature gradient. mechanical. quality factors Q are surprisingly
.4edle-like crystallite grow from the hot face hih for the glass-ceramics (300-1000).
deep into the samplq ,y1onu the direction of the
temperature &radient- . The c-axes of the crystal- A typical resonance spectrum observed in
litss show preferred orientation but the a or b do glass-ceramic samples is shown in Figure 1, and
not. The alignment of the polar c-axas is responsi- plot of relative resonance frequency AfR as a
ble for the pyoelec.ric and piezoelectric pro- function of temperature is shown in Figure 2,
perties of the glass ceramics. The properties of where fT-fRT
the glass ceramics are isotropic in the plans af -
perpendicular to the c-ams of the crystal.lites. R f.T

e fttc, fT is the resonance frequency at emrt
A ferroelectric ceraic materlH prepared by T and fT is the resonance frequency at room

conventionaL sintering m thods is noi-piezoelectric temperature. The temperature coefficients of
even though the individual crystals may be strongly resonance (TCR), calculated from the slopes of

- piezoelectric. To convert the ceramic into a Af 1 vs T plots are Listed In Table 2.
* piezoelectric, it is necessary to pole the ceramic

with an externial electric field6 . The TCR values of 30T and BGST glass-ceramni
are larger than those of either Ba2G.2Ti0 8 and

Thus the symmetry of a poled ceramic body is Ba2SiZTiO8 single crystals. For lithium boro-
-m and for piezoeLectric and elastic phenomena this silicate glass ceramics the TCR values are con-
is equivalenc to hexagonal symetry 6 mm. Since parable to the values of comonly used piezo-
the polar glass-ceramics with oriented crystallites electric single crystals 4 . TCR of LiZO-l.33SL02o

. and the poled ceramics both have only one polar 0.66-B203 glass-ceramic is 30 ppm/*C in the
direction, the symmetries are the same (-m). The temperature range 20-60C (Fig. 2), the useful.
independent, non-zero elastic, piezoelectric and operating range for most piezoelectric devices.
dielectric con .ants for this symmtry are sll,
s12, s13, s33, s55, d31 , d33 , d1 5 ; C.l and E33. The strong dependence of the electromechani-
Additional non zero coefficients are related to cal coupling coefficients and TCR on the composi-
these by symtry relations. tion of the parent glass suggests that further

improvements in the properties are possible by
The values of piezoelectric d coefficients, suitably modifying the composition. In addition,

the elastic constants and the electromechanical the amount and orientation of the different
coupling coefficients of the glass-ceramics are crystalline phases can be controlled by emply-ng
given in Table 2. The values of piezoelectric d suitable heat treatment cycles providing another
coefficients and elastic coefficients of BGT and controlling factor to tailor the properties of
BGST Slass-ceramics are comparable to the values glass-ceramics.
of 3a2Ge2TL0 and Sa 2 Si 2 TiO 8 single crystals, from
which we conclude that there are no substantial Sumarv
differences in the elastic behavior of the glass
and crystalline phases in the glass-ceramics. The piezoelectric coefficients and elastic

constants of several piezoelectric glass-caramici
The electromechanical coupling coefficients were measured by resonance methods. It is possib

kt and kp of BST glass-ceramics are lower than the to fabricate Large Inexpensive glass-ceramic
corresponding values of Ba2 G42Ti O single crystal3 , piezoelectric devices with substantial ealectro-
but those of SGST glass-ceramics are smlhtly echanical coupling factors and low TCR. The
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Table 2.

Piezoelectric and Elastic Constants

Property Ba2Ge2Ti£O BGST LO2GeTi0j B&S2TiO8 L1,0-l.8SiO:- Li20-1.33Si02-

.Glas-Caram (Gla~ss-Caraac Stal Single 0.Z203 0.66B203

d3 3 xlG'
1 2 C/N 6 6 8 3.8 6 3

d3lxlO-
2C/N 1.2 2.1 2.0 2.7 1.5

s!! lxlO-lIm/N 9.2 9.0 8.8 7.6 9.5 11.]
s]2 xlO

1 2m 2 /N -1.9 -2.3 -1.9 -1.6 -2.4 .8

s66xlO122/N 22 22 21 17 24 27

C3 3X.lNIm 0.1.3 0.12 0.09 0.08 ---

Nt(mt. Hz) 2500 2600 2150 ...- 1.
NP(mt. Hz) 3100 3500 2900 4500 4200

kt 0.075 0.15 0.10 --

k 0.045 0.12 0.10 -- 0.14 0.09

-L31 __0.04 0.07 0.06 0.10 0.09 0.05

700 300 -- 650 1000 400

TCR ppm/°C 95 >100 48 51 nO 30
(0-1000C) (20-604C)

. Z?-cut

ALI e 2 1. I 2.33.0-0.6g003

I

Figure 1. Resonance spectrum for L1 2 -ln8SiO2 - Figure 2. Relative resonance frequency as a
0.2B203 (horizontal scale a 6.8 k~z function of temperature for Li20-

vertical - 5 dB). l.33Si02-0.66B203.
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Study of the piezoelectric properties of
Ba 2Ge 2TiO. glass-ceramic and single crystals

A. HALLIYAL, A. S. BHALLA, R. E. NEWNHAM,
L.E. CROSS, T R. GURURAJA
Materials Researrh Laboratory, The Pennsylvania Stare University, University Park,
PA 16802, USA

Glass-ceramics if composition Ba2Ge 2TiO 8 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 d33

coefficient, the frequency constants and the electromechanical coupling coefficients of
the glass-ceramic were comparable to the single-crystal values.

1. Introduction and piezoelectric properties of BGT sigle crystals
A technique for fabricating glass-ceramics of have been reported [4-5], but detailed investi-
lithium disilicate (1.120 2SiO2) and barium gations of the piezoelectric properties have not
germanium titanate (Ba2Ge2TiOa; BGT) has been been carried out. Single crystals of BGT have been
reported in our earlier studies [1-3]. It was gown by CzochraLk and Bridgnan techniques.
observed that the crystallization behaviour of However, the Bridgman technique yields a poor
glass-ceramics is influenced strongly by the heating quality crystal, and Czochralski-grown crystals
cycle employed during the crystallization of the often contain a small cloudy core, perhaps asso-
glasses. Two kinds of heat treatments were investi- ciated with radial microcracks. Frequently the
.ated: (a) heating under uniform isothermal crystals contain microtwin domains. Hence, it was
environment and (b) heating with temperature felt that it might be useful to investigate the
gradients across the sample. Detailed studies of the piezoelectric properties of BGT glass-ceramics. In
rmicrostructure and X-ray diffractometer patterns the case of several piezoelectric materials, which
of the crystallized samples showed a considerable can be prepared easily in the form of glass, it is
degree of crystallographoc )rientation, in both possible that simple glass-ceramic processing tech.
cases. However, the piezoelectric d33 values and niques could be useful in making large-area non-
the pyroelectric responses of BGT glass-ceramics ferroelectric-piezoelectric resonant elements.
prepared under the temperature gradient were Since the thickness of the highly oriented
much higher than the respective properties of the region in the glass-ceramic depends on the heating
samples prepared in isothermal conditions, indi- cycle employed for crystallization, a systematic
cating a strong polar orientation in the samples study to obtain well-oriented samples of desired
prepared by the to.rner method. In addition, the thickness has been carried out. Also, in the present

S . d33 value of the BGT ;lass-ceramic was comparable study, the piezoelectric resonance properties of
to -hat of single crystals. These facts led us to BGT glass-ceramic and single crystal are compared.

S.investigate the piezoelectric properties of BGT To our knowledge this is the first tine that
" glass-ceramic in greater detail. the resonance properties of non-ferroelectmc-

Barium germanium titanate is a non-ferro- piezoelectric glass-ceramics have been reported.
electric-ferroelastic (4] below 810" C, belonging
to the orthorhombic polar points group mmZ. In 2. Experimental details
the paraelectric phase above 8100 C it is in The procedure for preparing BGT glass-ceramic
tetragonal point group 4mm. Some of the elastic with oriented crystallites is essentially the same

00:-2461/82/010295-0602.60/0 Z 1982 Chapman and Hall Ltd. 295
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izo0 ceramic was evaluated from X-ray diffractometer
24 h .4 h 24 patterns, recorded on surfaces normal to the direc-

1000 ( '' tion of the temperature gradient [3]. The X-ray

800 - - - 01b diffraction patterns of the glass-ceramics prepared
Boo- Zh by following the above three types of heating

W cycles were compared with the standard powder
Z 600 patterns to determine the relative degree of
I orientation.
:+" ,, 400 The piezoelectric constant d33 parallel to the

crystallization direction was determined using a
2OO d5-meter.t For resonance studies, samples in the

shape of circular discs of dimensions approxi-
0. 140mately 2.5 to 3 mm diameter and 0.5 to 0.75 mm00 20O 40 60 80 100 12.0 140
0 T0 40 0 0 10 20 in thickness were prepared. From single-crystal

"(nsamples grown by Czochralsli-pulling along the

Figure 1 Heating cycles for ystaizing BGT glasses. c-axis, circular discs were prepared in a similar
way, with the c-axis perpendicular to the major

as reported in the previous study [3]. The gass faces. Gold electrodes were sputtered onto the
samples were prepared by mixing reagent grade polished surfaces. Resonance behaviour in the pure
chemicals in the required stoichiometric proportion thickness mode and planar modes was studied by
and melting in a globar furnace. Differential thermal the resonance and anti-resonance method using a
analysis (DTA) measurements indicated that the spectrum analyser. t  The resonance frequency
crystallization temperature of the glass was 8.000 C. constants, the electromechanical coupling factors
The gla&i samples were crystallized in a temperature and the mechanical quality factor Q were deter.
gradient by placing the polished glass samples in mined both for the glass-ceramic and the single-
the form of thick discs on a microscopic hot stage, crystal samples by measuring the resonance (A)
An alumina substrate (0.5 mrnm thick) was placed and anti-,esonance (f.) frequencies. The tempera-
below the gls samples to provide a uniform tern- ture coefficient of the resonance frequency in a
perature gradient in the vertical direction. Heating thickness mode was studied by measuring the
cycles slightly different from the previous study resonance frequency at intervals of 50 C.
[11 were used to compensate for the reduction in
temperature near the hot face due to the alunina 3. Results and discussion
substrate. Three types of heating cycles were used, 3.1. Crystallization behaviour
as shown in Fig. 1. The heating cycle (a) consisted The glass-ceramic samples showed highly oriented
of an initial rapid rise in temperature to minimize growth of crystalites in a direction parallel to the
volume nucleation, followed by a slow increase in temperature gradient, with the polar c-axis per-
temperature at a rate of about 3* C min - . After pendicular to the hot surface of the sample [3].
reaching the maximum temperature (1040 ° C), the The 0 0 2 reflection was the strongest in the X-ray

* samples were held at this temperature for 24 h. diffraction patterns of the crystallized surfaces.
The temperature was then decreased rapidly to The ratio of the intensity of the 0 0 2 peak to that
room temperature. Cycle (b) was the same as of the 2 11 peak was taken as a measure of the
Cy, (a), except that it included a two-hour relative degree of orientation. The intensity ratios
nucleation step at 8400 C. Cycle (c) represents were measured for glass-ceramic samples at various
isothermal crystallization carried out in a furnace, depths from the surface facing the hotter tempera-
with no temperature gradient. The thickness of ture zone by polishing-off successive layers. Fig. 2
the crystallized portions of the glasses ranged shows the variation of 1002/121, as a function of
from I to 2 mm in the case of heating cycles (a) depth for the glass-ceramic samples prepared by
and (b). following the three different heating cycies men-

The degree of preferred orientation of the glass- tioned earlier. In general, a high degree of orien-

4 *E. Leitz. Inc.. Rockleigh, New Jersey, USA: Model No. 493.
- " Channel Products. Chesterland, Ohio, USA Modei CPDT 3300.

:Hevett-Packaxd. Loveland. Columbia. USA; Model 5385 A.
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360 Even though the samples crystallized iso-
SQ2 602TWO Gloss-ceramic thermally' (Cycle c) exhibited crystallographic

320 orientation to a certain extent, these samples had a
zuo . lower d3 3 (3 to 4 x 101 CN - 1) compared to the

samples crystallized in a temperature gradient
240 (5 to 7 x 10-12 CN-') (Cycle a), indicating that

a Itiertr cycI le a) crystallization in a temperature gradient leads to a& Tlem~per'ature cycle (b)

S200 e Yeswpr. cycle 1c) better polar orientation also. However, the highest
= tdegree of orientation was observed in the case of

160 samples prepared by following Cycle (a), which
I did not include the intermediate nucleation120- step. Also, the depth of oriented region was much

so greater in this case.
Hence, for studying the piezoelectric properties

40 of the glass-ceramics, the samples were prepared
by crystallizing the glasses according to the

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.S Cycle (a). All the piezoelectric properties of the
Depth from surface (m) glass.ceramic samples mentioned in this paper refer

The deee of prefered orientation as a function to the glass-ceramic samples prepared by following
Fltre ThCycle (a).
of depth for different heating cycles.

tation is observed in all the cases, at a depth of 3.2. Piezoelectric properties
about 100Mm from the high-temperature face. In Resonance spectra for the thickness mode are
all three cases it was observed that the flatness of shown in Fig. 3 for both the glass-ceramic and
the glass surface was lost after crystallization. single-crystal samples. Resonance in the planar
Hence, it is possible that the apparent reduction in mode was weak compared to the resonance signal
the degree of orientation observed near the high- in the thickness mode. Resonance spectra in the
temperature face is due to the unevenness of the radial mode are shown in Fig. 4. The radial mode
gls-ceramic surface after crystallization rather of vibration was very weak for the glas.cerarnic
than to the actual misorientation of the crystallites samples. This is not surprising, since the crystallites
near the hot face. This was evident from the fact in the glass-ceramics are oriented only along the
that the 1002/121, ratio showed a maximum value c-direction, there being no preferred orientation
at a depth where the surface of the glass-ceramic along the a- or b-axes. In addition, there is a glassy
became completely flat after polishing. As is to be phase surrounding the crystallites. Both these
expected, the samples prepared by following the factors might be responsible for the weakening of
Cycle (b), which included a nucleation step the radial mode vibration in the glass-ceramic
also, showed a poor degree of orientation com- samples. In Table I, the measured resonance
pared to the samples prepared by following the properties of the glass-ceramic and the single
Cycles (a) or (c). 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 sngle

crystal, horizontal scale = 3.06 kHz.
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F1fgww 4 Resonance spectra in the radial mode. (a) BGT glass-ceramic, horizontal scale = 3 kHz; (b) BGT single crystal.
horizontal scale - 1.1 kHz.

*'- the 3-3 coupling are also given for comparison. k' = [(ir12)f ]fj tan [(fri2)Af/f5 .
The measured values of N, and k% in our single.
crystal samples were higher than the reported The room-temperature values of k, are given in

, value. This is perhaps because the Czochralski. Table I. The temperature dependence of kt is
grown crystals used in our experiments were of shown in Fig. 6. For single crystal, kt is practically
better quality than the crystals used in previous constant in the temperature range - 10 to 1500 C,
studies (4], which were grown by the Bridgman increasing slightly with temperature. For the glass-
technique. ceramic, k, increases slowly with temperature.

The variation in resonance frequency constant, Values of the mechanical quality factor Q are
:N, with temperature was studied in the tempera- given in Table I. Difficulties were encountered in
ture range - 10 to ISO* C. The relative resonance the measurement of Q, due to the small values of
frequency AfR as a function of temperature for capacitances of the sample. Spurious resonance
both the glass-ceramic and single crystal is plotted signals were observed with large-area glass-ceramic
in Fig. 5, where samples. Measurements indicated that Ba2Ge 2TiOs

f .-fRT has a high Q of about 700.
A = The temperature coefficients of resonance of

AT'r some of the commonly used piezoelectric materials
Here fT is the resonance frequency at temperature (71 are given in Table II for comparison. The TCR
T and fRT is the resonance frequency at room of Ba 2Ge 2TiOs single crystals is comparable to
temperature. The temperature coefficients of that of Ba 2Si 2TiO8 . It has been reported [8, 91
resonance (TCR), calculated from the slopes of that Ba2 Si2TiOs (fresnoite) is a good candidate
AfR against T plots are given in Table 1. material for surface acoustic wave (SAW) devices.

The electromechanical coupling factor k, was The shear-mode piezoelectric surface wave of
calculated by using the equation BaSi2 TiOs has a coupling coefficient k2 = 0.0053,

TAB L E I Piezoelectric properties of BaGe2 TiO. determined by the resonance method

Property Glass-ceramic Single crystal Reported values
in the 3-3 mode

e.3ie. 15 13 -

d, (x I0-" CN") 5-7 to -
Frequency constant Nt (Hz in) 2500 2150 N = 1900
Thickness coupling coefficient kt 0.075 0.10 k= 0.07

k, =0.27
k,. = 0.31

Mechanical quality factor Q 700 650 -
Temperature coefficient of resonance,

I af,
Tfr = -(ppm 0 C) 95 48 -

Frequency constant, v IHzm) 3100 2900
Planar coupling coefficient k, ).044 0.062

298



0.50 0.13

0.30 (a) IGT single crysta
Wh 64T g9ass ceromc

0.10
S0.30 11
0.10

* * 5k2 47 7j06" . O U 0.09". -0.50 . (a) Single crystal
k~tw-4(b) Glass-ceramic

~(b) 0.8
-0.90 " a Heating

007 * cooling
-1.10

-50 -10 10 30 50 70 90 ti0 130 tso 0.06
Tempeature (6C) -20 0 20 40 60 10 100 120 140 160

"fulw 5 Relative resonance frequency as a function of Te7 efture (*C)

temperature. Figure 6 Variation of ks with temperature.

which is three times larger than that of quartz properties from a non-ferroelectnc-peizoelectric
(k2 0.0014). It has a small TCR (38 ppm/4 C for material. Piezoelectric glass-ceramics in which
X-cut and Y.propagation) and a small surface the crystalline component has tetragonal or
velocity. The SAW characteristics of fresnoite can higher symmetry should have a high degree of
be further improved by partial substitution of Sr homogeneity in properties for the surface per-
for Ba (i.e., Ba 2 .,SrcTiSi 2 Os), with almost no pendicular to the polar crystallite axis and in
change in the electromechanical coupling factor consequence should show strong radial coupling.
(101. For Z-cuts with (1 10) propagating waves, Such systems may have application in SAW
the TCR drops from 51 to 21 ppm/ C at a Sr devices.
concentration of x = 0.8, which is comparable to Under controlled crystallization a desired
the TCR of LiTaO3. BGT also exhibits large elec. thickness of the thin glass plate can be crystallized
tromechanical coupling in a pure thickness shear into a glass-ceramic layer and such composite
mode with values of kis - 0.27 and k1 = 0.31. elements may be useful for device applications
The SAW characteristics of Ba2 Ge2 TiOs single based on flexural resonance modes.
crystal are to be explored and this aspect needs
further study. 4. Conclusion

The TCR of BGTglass-ceramicsisabout95 ppm/ Glass-ceramics of composition Ba 2Ge2 TiO8 were
C, which is higher than the single-crystal value, prepared by crystallizing the glasses in a tempera.

However, further studies are necessary to explore lure gradient. The glass-ceramics show preferred
the possibilities of fabricating BGT glass-ceramics orientation, with the polar c-axis parallel to the
with improved temperature compensation, by temperature gradient. The depth of the oriented
controlled crystallization of the BGT glasses, and region depends on the heating cycle employed.
by modifying the composition of the glasses. The The piezoelectric resonance properties of the
present studies demonstrate the possibility of glass-ceramics are in agreement with the single.
preparing glass-ceramic piezoelectric resonant crystal properties. Measurement of piezoelectric
elements with reasonably good piezoelectric d33 and electromechanical coupling coefficients

TABLE 11 TCR of some piezoelectric materials

M Material Orientation TCR (ppm/* C) Reference

LiNb, Y-cut, Z-propagation 94 (7]

Quartz ST-cut, X-propagation 0 [7]

LiTaO , Y.cut, Z-propagation 35 (7]
X-cut, Y-propagation 38 (7]

Ba2SiTIO, (+ 10 to + 60o C) Z-cut, (I 1O) SI (9)
Ba, GeTiO, (+ 10 to + 60* C) Z-cut 48 Present data

BaGejiO, glIass-ceramic, 0-60" C) Z-surfaces 95 Present data

(Ba, ,Sr,,,)SijTiO, ( 10 to + 600 C) Z-cut, 11 0) 21 19]
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Piezoelectric properties of lithium borosilicate glass ceramics
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Glass ceramics in the system Li,O-SiO,-B:0 3 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 3 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.

7PACS numbers: 43.88. + q, 43.35. + d, 77.60. + v, 81.20.Pe

INTRODUCTION the surface might find an application in SAW devices.
Gaa In this paper we discuss the possibility of tailoring the

(lithium disilicate-LS2 , barium germanium titanate-BGT piezoelectric properties in a glass ceramic to produce reso-
Sand barium silicon titanate-BST) have been prepared rcent- nance elements with low TCR. Glass ceramics in the LiMO-
ly by crystallizing the glasses of stoichiometric composition SiO,-B,0 3 system were prepared and their piezoelectric
in a temperature gradient. "' These glass ceramics showed properties were studied. The temperature coefficient of reso-

high piezoelectric and pyroelectric responses due to the high nance of these glass ceramics was also measured. By proper
degree of crystallographic and polar orientation. The piezo- selection of the glass composition and processing param.

- electric resonance properties of BGT glass ceramics have eters, it is possible to prepare glass ceramics with oriented
. been reported.4 The piezoelectric d33 coefficients, the fre- cstallites of more than one phase from the glass matrix.

quency constants, and the electromechanical coupling coef- This provides an extra controlling factor for tailoring the
ficients of the BGT glass ceramics were comparable to the crystalline phases and their piezoelectric properties. The
reported single crystal values. The glass ceramic piezoelec- compositions reported here are (1) Li2O-l.8SiO:-0.2BO,
tric elements may offer several potential advantages over the and (2) LiO-l.33SiO2 -0.66BO,, where the proportions are
respective single crystals. Glass ceramics are easier to fabri- molar ratios.
cate and their properties are less sensitive to the impurities EXPERIMENTAL DETAILS
compared to their singlecrystal form. Large area samples
can be prepared simply by crystallizing large area glass sam- The detailed procedure for preparing glass ceramics
pies. with oriented crystallites is described elsewhere.'" The glass

In recent years piezoelectric materials have become of samples were prepared by mixing reagent grade chemicals in
increasing importance in the field of surface acoustic wave the desired molar ratio and melting in a platinum crucible
(SAW) devicesv' Low temperature coefficient of surface ve- using a globar furnace. The glass samples were crystallized
locities and high electromechanical coupling are desirable in a temperature gradient by placing the polished glass sam-

".properties for a material to have to be ideally suitable for pies in the form of thick disks on a microscope hot stage (E.
SAW device applications. However, an undesirable tradeoff Leitz, Inc., Rockleigh, NJ, Model No. 493). The vertical
between temperature coefficient of resonance (TCR) and temperature gradient normal to the surface of the sample
electromechanial coupling factor is observed in most of the was estimated to be about 100 "C mm-' near the hottest
materials presently used for SAW devices. For example, ST- temperature zone. Heating cycles similar to those described

icut a-quartz exhibits zero T 2R but shows weak electrome- in the previous studies'' were used. After reaching the maxi-
chanical coupling. On the other hand, y-cut z propagating mum temperature (760 "C) the samples were held at that
LiNbO3 shows strong electomechanical coupling, but exhib- temperature for 24 h. The temperature was then slowly de-
its a high TCR (94 ppm/C). Some of the other piezoelectric creased to room temperature. The crystalline phases in the
materials, which exhibit good piezoelectric properties for glass-ceramic samples were identified from x-ray powder
application in SAW devices, present severe crystal growth patterns of crystallized samples. The piezoelectric constant
problems.' d33 parallel to the crystallization direction was measured us-

It has been shown that a high degree of crystallographic ing a d33-meter (Channel Products, Chesterland, OH, Model
orientation can be achieved on the glass-ceramic surfaces by CPDT 3300). For resonance studies, samples in the shape of
crystallizing the glass samples in a large temperature gradi- circular disks of 0.8 cm diameter and 0.3-0.6 mm in thick-
ent."' Since the surface waves in SAW devices are generally ness were prepared. Gold electrodes were sputtered on the
limited to within a few wavelengths of the surface, piezoelec- polished surfaces. Resonance behavior in the radial mode
tric glass ceramic materials with oriented crystallites near 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-
"Also a3illiated with the Department o Electmncal Engmntenng. tromechanical coupling factors, and the mechanical quality
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TABLE 1. Electromechanical properties of Li1O-Si0-B:Os glass ceramics.

Property Li:O-.$SiaO-0.2BO 3  L,0- 1.33iO-r.6 6 8 :O,

.. Crystaline phases Li.Si0, + Li.BO, Li.SiO3 ( W) Li:Si:Os + Li2B.O, - Li:SiO,(W)

. Density (g/cm') 2.35 2.33
*d,4x 10"" C/NI 6 3
Frequency constant 4500 4200
(Hz-m0
Coupling coefficient 0.14 0.09
(k,)

Mechanical quality 1000 400
(a factor)

factor Q were determined by measuring the resonance and in Table I. The variation in resonance frequency (f) with
- antiresonance frequencies. TCR in the planar mode was de- temperature was studied in the temperature range - 20-

termined by measuring the resonance frequency at tempera- 100 *C. The relative resonance frequency 4ft are plotted as a
ture intervals of 5'. function of temperature in Figs. 3 and 4, where

RESULTS AND DISCUSSION Aft = fr -fAt

The crystalline phases determined by x-ray diffraction ftr

- patterns of powdered samples are given in Table I. In the Here,fr is the resonance frequency at temperature Tandfir
case of composition 1, the major crystalline phase was lith- is the resonance frequency at room temperature. The tern-
ium disilicate (Li2Si2O5 ). Small amounts of lithium metasili- perature coefficients of resonance (TCR), calculated from
cate (Li2SiO3) and lithium tetraborate (Li2B4O,) were also the slopes of dfA vs T plots, are given in Table II along with
crystallized. Li2Si2Os phase showed a high degree of pre- the TCR values and coupling coefficients of some of the
ferred orientation in a direction parallel to the temperature commonly used materials for SAW devices.
gradient with the polarc axis perpendicular to the hot face of The piezoelectric d33 coefficient, the frequency con-
the sample.' In the case of composition 2, the major phases stant N,, the mechanical quality factor Q and coupling coef-
were lithium discilicate and lithium tetraborate, with lith- ficient k ' were larger for composition I than for composition
inu metasilicate being the minor phase to crystallize. It is 2. The value k, (0.14) for composition I is slightly higher

* interesting to note that all three phases, Li2SiO,, Li 2Si2O3, than the value reported for Li2B4O, single crystals (maxi-
and Li2B407, belong to polar point groups, and hence the mum value of 0.12).
problem of diluting the piezoelectric or pyroelectric proper- The value of TCR for composition I is about 60 ppm/*C
ties with an inactive phase does not arise. On the other hand in the temperature range - 20-35 "¢ and 70 ppm/C in the
there may be an improvement in piezoelectric and pyroelec- temperature range 35-100 "C (Fig. 3). For composition 2 the
tric properties due to the additive nature of properties in the variation of resonance frequency with temperature is inter-
glass-ceramic composite. esting (Fig. 4). Below room temperature (below 20 "C) and at

Resonance spectra of the radial mode are shown for higher temperatures (above 65 'C) the value of TCR is 60
both compositions in Figs. I and 2. The piezoelectric d.3  ppm/'C. Near room temperature in the temperature range
coefficient and other electromechanical properties are listed 20-65 'C, which is the useful operating range for most of the

...?- k!*." 1;- " q I e..,

["FIG. I. Resonance s pect ra i n t he radia&I m ode fo r L iO- 1. SiO0.-0, 2B:,O, a t FIG. 2. Resonance spectra in the radial mode for Li:O- 1.3 3$iO:.0 669:0,
"iroof" temperature (horizontal scale = 6.8 kHz, vertical scale "- 3 01,) at room tempe~rature ihonzontal scale 1 4.9 kHz vertical scale m, .2 db,
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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/tC, comparable to the y-cut TCR of LiTaO 3 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 k. 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-

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

The reported values of the surface-wave coupling factor SAW electromechanical coupling.'

-k 2 for several single crystals and the measured values of The velocity of the surace wave v, is given by
planar coupling coefficient k ofglass ceramics are also giv- V, (C 1

en in Table 1. In SAW devices surface-wave coupling coeffi-
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TABLE 11. Electromechanical coupling coeffcient and TCR of some piezoelectric materials.

TCR
Materials Orientation k "or k, ppm/tC) Reference

Single crystals
LiNbO, y-cut. Z prop. 0.0486 94 9
LiTaO, p-cut. Z prop. 0.0115 35 9
Quartz ST-cut.:x prop. 0.0014 0 9
Ba.2Ge,TiO, i-cut -48 4
BarSi2TiO, .o-cut, Y prop. 0.004 38 9

a-cut.:x prop. 0.016 51
(Ba,:,Srosu)SijTiO, a-cut. (110) 0.015 21 10
Lils.O, Z-cut. x prop. 0.009 52 8

Glncrmc -cut. a prop. 0.0 12 Parabolic 8

Ba'GeMTOU i-cut - 95 4
UL04-.11SiOt-0.28,0,

I (- 20 to 35 _C) i-surfaces 0.020 60 Present work
(35 to 100 *C) z-surfaces - 70 Present work

Li:CO-1.33Si0 2.0.66B.O,
I- 20 to + 20 'Cl i-surfaces - 60 Present work
(20 to 65 *Ci i-surfaces 0.008 30 Present work
W 6 to 100 *C) z-surfaces - 60 Present work

'k'values for single crystals and kt values for glass ceramics.

where c is an effective elastic constant for the wave and p is ACKNOWLEDGMENT
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mined by u, . To achieve a high operating frequency, which is Office (DAA029-80-C-008).
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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.

Introduction

In the past decade, several glass and recrystallized glass-ceramics
belonging to the ferroelectric compositions such as BaTiO3 , LiTa0 3 , LiNb0 3 ,

*. Pb5Ge3Oll, PbTiO3 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

4i borate rich glass-matrix. In 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.

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 pyroelectric
properties of these glass-ceramics have been reported (10-15) and they 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.

*i In many ferroelectric materials, 1800 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 by adjusting th-

* 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 (17) methods were used for the
pyroelectric measurements. Piezoelectric d33 coefficients were measured using
a d33 meter and the electromechanical properties were determined by standard
resonance 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 d33
coefficients. The crystalline phases in glass-ceramics and their point group
symmetries are also listed. Glass forming systems (10-15) which give glass-
ceramics with desirable properties are Li20-SiO2 , Li2O-B203 , Li20-SiO2-B203,
BaO-SiO 2-TiO 2 and BaO-GeO2-TiO 2 . The crystalline phases recrystallized from
the glasses within these systems are L12Si2 05, Li2SiO 3 , Li2B407, Ba2TiSi 2O8
and Ba2TiGe2O8. 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 fraction
and polar orientation of the crystalline phases, and in well-crystallized

TABLE 1

Compositions of Glasses and Their Properties

Composition Tcr Crystalline Dielectric Piezoelectric
(OC)t Phases* Constant Coeff (d33 )

(pC/N)

Li20-2$i 2 585 LS2  6 -1

Li 20-2SiO -O. lZnO 570 LS 2+LSZ+Q 6 -3

Li 20-2SiO 2-0.2ZnO 580 LS 2+LSZ+Q 8 -3

Li20-2SiO 2-0.4ZnO 590 LS 2+LSZ+Q 10 0

Li 20-1.8SiO 2-0.2B203 605,680 LS 2+LS+LB2  9 +6

Li 20- 6SiO 2-0.4B203 625,665 LS 2+LB 2+LS 8 +3

Li 20-1.95SiO2-0.05 Fe203 600 LS2+Q -- -3

Li20-3B 203 580 LB2+LB3  -- +3
Li 20-1. SSio 2-0.l(ZnO,B 203) 580,670 LS 2+LSZ -- -2

14
BaO-GeO2-TiO 2 800 BTG 15 +7

SBaO-l.8SiO2-TiO2 860 BST 13 +3

2BaO-3SiO2-TiO 2  930 BST 10 +7

* 2BaO-2SiO 2-GeO 2-TiO2  860 BSGT 11 +6

*Abbreviat'-n for phases and point group symmetry.

LS2 - Li2Si2O, mm2 BTG- Ba2TiGe 2 08 , 08 2

4 LS- Li2SiO 3, mm2 BST- Ba2TiSi 208, 4mm

LB2 - Li2 4 079 2 BSGT- solid solution of BTG and BST

LB3 - Li2 B6 010 , non-centric Q- Quartz

LSZ- Li 2ZnSIO,9 non-centric

-Temperature of exothermic peaks in DTA runs.



samples, the properties were comparable in magnitude with those of correspond-

ing single crystals.

The sign and magnitude of the piezoelectric d3  coefficients measured on
the surface from which crystallization commenced (wFich is towards the high-
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
sign of d33 measured on the initial crystallizing surface. (The sign of d33
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 d3 3 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-
S•electric coefficient is defined as follows. If on heating a pyroelectric,

positive charges develop on the surface towards positive d3 3 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 d33 , 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 Ba2TiSi 208, Ba2TiGe208 , Li2O-B203 and Li20-
SiO 2-B203 glass-ceramics the sign of d33 is positive, indicating that the

*.. positive end of the dipoles points toward the high temperature end of the
sample. In the case of Li2O-SiO 2 , Li20-SiO2-ZnO and Li2O-SiO 2-Fe2O3 glass-
ceramics, the sign of d33 is negative, indicating that the negative end of the

Polar c-axis and the growth behavior

DIRECTION OF A B Crystallographic
GLASS CRYSTALLIZATION -+d c-axis

a 3 3  0+d 3 3

11 1 11 1'!Ib 33 33
S I I I1 I

* Li2 0-(2-x)SiO2-xB203  Li2 Si2 05

Ba2 TiSi 2 0 8  Li2 0- ZSiO 2-xZnO

Ba 2TiGe2 08

b is the high temperature end of temperature Sradient axis.

FIG. i

Polar Orientation- cwo types of growth behavior.

.J * . .. *. . . . . . . . -- nb .n .m= - a m ~ nmmm m m mm -
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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 B203 ,
ZAO or Fe203 appears to influence the growth habit of Li2Si205 crystallite,
probably by controlling the surface nucleation sites. The presence of Li2SiO 3
or Li2B407 as separate phases, which also belong to polar point groups might
also be influencing the growth habit of Li2Si2O5 . In any case the present

*study indicates that the polar orientation of crystallites and the resulting
*- piezoelectric and pyroelectric properties depend on the composition of the

initial glass.m
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
Kbe 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.

__ _ IIm- i

FIG. 2

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

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. If the dielectric constant, piezoelectric coefficient, pyroelectric
coefficient and volume fraction of the crystalline and glass phases are de-
signated as le,, ld3  1 , v and 2 d  2 , v, respectively, expres-319 3 3 9 3c c3P

sions for E3, A33 an 3 of the glass-ceramc can be derived by making certain
-V simplifying assumptions.

2 2
For the glass phase, d33 and p 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.



TABLE 2

Dielectric, Piezoelectric and Pyroelectric Properties of Diphasic Composites

Series Parallel

1 2
- Dielectric 3 3 11 2 2

Permittivity C3 v 2 +2 1 3 3
3v 3

Piezoelectric Vd 2 E3+ 2v2d 3 1 v. 2 V +2 v23 1
v33 3 33s3 33 d3 s33  (2)

Coefficient d33  v23 +2vle3 1v2 s33+2v 1s33

1 .1 2+ 2v2 p1
- Pyroelectric V P3 3 3  3 1 1 2 2

Coefficient P3  12 2v vP 3 + vp 3  (3)
3 3

1 2 2 1 1 e2 d 2 1
Secondary 2. vv(3 £3 d- (series) (4)
Pyroelectric 121 2 2 2 1 1Effect (iv e+ V £3) v( S + s)+ v( Sl + s12)]

1 2 2 1 1 2
v 3( c 3 ) d33  d33) (parallel) (5)
I 2 .2 1

33 33

where coefficients of properties of phases 1 and 2 are

1P3' P3 pyroelectric coefficients

"1 2d31d ,d piezoelectric constants
3'33! ";1 21 39 e3 2 dielectric permittivities

1 s 2 1 2 I 2
s33' s33' ill, ill, s12' s12 = elastic compliances
v, - volume fractions

1 2a3, a3 - expansion coefficients

Further, if we assume that the elastic compliance of crystalline and
glassy phases are the same (Is33 - 2s33), the expressions for d33 and p3 in

*-. Table 2 reduce to the following expressions for both series and paralle con-
AN nectivity



d33  d v and (6)

P3  P p3 v. (7)

• 1
The magnitudes of d and p of the crystalline phase itself depend upon the
degree of both cryst lograph~c 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 p3 of the composite are directly pro-
port-onal to the percentage of crystalline phase, irrespective of whether the
crystallites are connected in series or parallel. In addition, for this ideal
case, if the glass-ceramics contain a very high percentage of crystalline
phase, the values of d33 and P3 approach the single crystal values of the
crystalline phase. As an example, the pyroelectric coefficients of fresnoite

I(Ba 2TiSi 2O8) are shown in Figure 3 for both single crystal and polar glass-
ceramics. The lower value of pyroelectric coefficient P3 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 d33 coefficient
of the glass-ceramic is also about 75% of the single crystal value.

KE

U 1.2o-05

LL (a)
LL
LUJo 8. 00-05 b
U (b)

CL 4.0.-05

~~~~. 00 00 ... .. . .. . . . .

-20 0 20 40 60 80 100
TEMP (deg C)

FIG. 3

Pyroelectric coefficients of (a) Ba2TiSi2O8 single
crystal and (b) 2BaO-3SiO2-TiO 2 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. In 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



eQ 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 d33 and P3, 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 coefficient, pyroelectric coeffi-
cient and the volume fraction of the two phases be ir3 , id, 1p3, 1v and 2E2 t "he aehaesiar
"2d33, 2PV 2v, respectively. Let us assume that both t p ases have similar

elastic compliances (1s33 - 2s33) and thermal expansion coefficients, thereby
eliminating any secondary contributions to the pyroelectric effect (Table 2).
To further simplify the analysis, let us assume that 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).

e33  v C3 + v e3 (8)

d v v d -+ 2v2d (9)33 33- .33

P3 r v P3 + v p 3  (10)

The resultant values of d33 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 id33 and 2d 3 can be positive or
negative at the growth end and 1P3 and P3 can be pos tive or negative, there
are 16 possible cases of d33 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) and (d). Depending on the signs of pyroelectric coefficients 1p3 and P3

.- of the two phases, we obtain glass-ceramic composites with completely different
piezoelectric 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 only partially
pyroelectric (or non-pyroelectric) because of the opposite signs of P3 and 2P3.
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 piezoelectric and pyroelectric device applications

4where 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 Li2O-SiO 2-ZnO, Li2O-SiO-Fe203 , and Li20-
SiO2-B203 have negative pyroelectric coefficient, but exhibit opposite growth
behavior (case c). Compositions in the quaternary system L12O-SiO 2-ZnO-B 203
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. Ba2TiSi2O8 and Ba2TiGe2O8 phases crystallized from
glasses of composition 2BaO-3SiO2-TiO 2 and BaO-GeO 2-TiO 2 respectively showed
similar growth habit, but opposite signs for pyroelectric coefficients. A
glass-ceramic of composition 2BaO-2SiO 2-GeO 2-TiO 2 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 (Li2O-l.8SiO 2-0.2B 203) 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 ....,O"-

i. 4. 9e-26
Ln.

(b)

o: ~(c) ........CL

-4. fo-OG

-23. 0 29 43 89 93 19

TEMP (deg C)

FIG. 4

Pyroelectric coefficients of glass-ceramics in
the fresnoite system; (a) 2BaO-3SiO2-TiO2, (b)
2BaO-2SiO 2-GeO2-TiO 2 and (c) BaO-GeO2-TiO 2.

Optimizing the Piezoelectric and Pvroelectric 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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FIG. 5

Pyroelectric coefficients of fresnoite and lithium
borosilicate glass-ceramics; (a) 2BaO-3SiO 2-TiO 2 ,
(b) 2BaO-3.8SiO2-Li2O-TiO 2-0.2B 203 and (c) Li20-
1. 8S10 2-O.2B203.

TABLE 4

Piezoelectric and Pyroelectric Properties of Multicomponent Glass-Ceramics

COMPOSITION p3  d3 3  kp (

(-C/m2°K )  (Xl0-12C/N)

2BaO-3SiO 2-TiO2  +8 +7 14
BaO-GeO -TiO -2 +6 6

2 2
*2Ba0-2SiO -GeO 2-rio2 8+71

2 2BaO-3SiO2-TiO2 +8 +7 14

2 Li20-l.8SIO2-0.2B203 -11 +6 14

2BaO-3.8SiO 2-Li 2- +6 +7 13

TiO2-O0 2B2 03



*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 conditions, 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 glais-ceramics which are non-pyroelectric should satisfy the
relation + vvlP3  v p3 - 0 (case b). Referring to Table 4, candidate compo-
sitione can be found in the solid solution of Ba2Si2TiO 8 and Ba2Ge2TiO8. 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
dll + d22 + d33  0 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" piezoelectric (case d). Here the requirement is that lvld 2 2d33 0 should
d3 3 - dv .n sol

be satisfied. Candidate compositions may exist in the Li20-B203-SiO 2-ZnO
quaternary system containing different amounts of ZnO and B203. Such pyro-
electric materials will not be sensitive to mechanical oscillations.

".-:Suimary

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 gradicat. The growth behavior of the
crystallites and the piezoelectric, pyroelectric and dielectric properties of
multicomponent glass-ceramics have been investigated. The studies showed that

(1) In 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



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
piezoelectric 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.
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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 ferroelectric-
*.: 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. During 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 PLZT composition investigated.

INTRODUCTION

The shape-memory effect (SME) is wel1 known in a large class of metal thermal rea-
* nent recovery alloys1 . A bar of such an alloy, when deformed plastically, returns to its

original undeformed shape on heating to a temperature above the recovery temperature, Tf.
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 ferroelasti'city ensures that recoverable spontane-
ous strain is available for contributitg to the SME, and their coupled ferroelectric-

, ferroelastic nature implies that the spontaneous strain can be manipulated not only by
applying mechanical forces, but also by electric fields. Such materials can therefore be
expected to display a richer variety of SME behavior than the alloys.

(Pb,La)(Zr,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 t'
soecify its composition, where y/z is the Zr/Ti ratio, and x denotes the atomic percent-
age of La3+ ions. Special attention has been paid to the composition of x/65/35, the
-erroelastic nature of which was first demonstrated by Meitzlr and O'Bryan2 . For x>4.5
it displays a property known variously as penferroelectricity quasiferroelectricity4 ,
or the 8-a transition . Above the Curie temperature Tc, the dielectric behavior is that
of a normal paraelectric, but normal ferroelectric behavior is not observed immediately
below Tc. Instead, microdomains of dimensions shorter than the wavelength of light are

K believed to be formed4 . Under an external electric field, these microdomains are thought
of as transforming into macrodomains, which, however, are not stable and revert to mic-
rodomains when the field is removed. The experimentally observed "slim" hysteresis Ioo~s
are cited as evidence in favor of this model 4 . If the soecimen is cooled well below Tc
wnile under the action of the electric field, the macrodomains stay even when the field
is Switched off, and normal ferroelectric prooerties, in oarticular "fat" hysteresis
000s, are observed. When the material is heated again (without a ias 'ieid), :,e Ti:-

"Ocomains -eapoear at a characteristic temoerature 7o. :n our exoeriments we nave -nea-
sur-.c and correlated the cnaracteris:ic temperatures associa:ec wi:- :e SI E, narnel/ "e
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,ion temperature Ts and the recovery temperature Tf, with the temperatures 7p
C€ associated with dielectric anomalies. It is concluded that the mechanically pro-

": s5mE can be assgciated with the onset or disappearance of only the macroddmains, arnc
n.:*e i crodomains 0 .
Since sufficiently large electric fields applied between temperatures Tp and Tc can

,.lange the microdomains to macrodoains, they can affect the SME in a very direct way.
his was also investigated.

zXPERIMENTAL

3Two types of experiments were carried out to induce the SME in PLT ceramic samples.
In the first type, about I cm long helices of composition 6.5/65/35 were prepared by ex-
trusion followed by winding on a mandrel, and then sintering at 13004C. To demonstrate
the SME, the helix was first heated to 200"C, a temperature well above Tc (Figure 1.1).
A compressive force of 17 gm was then applied 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 (Figure 1.4), thus demonstrating dramatically the SME in
a brittle ceramic.

In the second type of expiriments, 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 thete experiments, carried out
in the absen e of any applied electric fields, have been reported in one of our recent
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 15x2xO.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
tseially the same as that described in

Ref. . In a typical run the PLZT bar was first
neated to 200C and then cooled to room tem-
perature (at the rate of ,20/min) under a
bending load of 49 gm. When the load was re-

Imoved the bar exhibited plastic bending,'hici
disappeared gradually on heating to tempera-
ture Tf,thus demonstrating the SME once again.

* ,The experiment was then repeated with differ-
;- ent electric fields applied along the thick-

4 u u ~ ~ Uness of the sample during the heating part of
the temperature cycle (Figure 2). Throughout

l the temprature cycling, unless an electric
1 J field was on, the major faces of the bar were

221 MC -Wt.Ad*" *1 mec m .... l kept in a short-circuited state.

RESULTS AND DISCUSSION
;:SURE 1. The shape-memory effect in a L:T ceramics of comoostion 6.E 5:
'1Z" ceramic helix. See text for details. nave olar rnomooedral crvs~ailoqraoni: s"1--
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• ery at room temperature when in a therm- 0.2 2
ally annealed state. The polar direction
coincides with the long diagonal of the PLZT 6.5/65/35
anit cell 2 . When a bar of PLZT ceramic
p placed on two knife edges is bent mechani- -
cally by a load applied centrally from the Z. Kv/
top, the lower layers are extended and the...l
upper layers compressed. (Similarly, in the .
case of a compressed helical specimen, the M
maximum torsional shear is experienced by
the material farthest from the axis of the
helix.) The longer diagonals of the unit
cells (as well as the electric dipoles) __j
align preferentially along the direction 50 100 I50
of the tensile force in the lower layers, TEMPERATURE (C)
whereas those in the upper layers align
preferentially along directions perpen- FIGURE 2. The straightening behavior of a
dicular to the direction of the compress- plastically bent PLZT bar on heating under
ive force. When a static electric field different electric fields. The electric fields
is applied along the thickness of the were switched on at 3S*C and switcnee 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
preferentially along the thickness of the
bar and thus annul most of the effect pro- 0.2 2 -/
duced by the bending stress (Figure 2).

In another experiment the bending
-load was not removed while a field of 5.1 1 "
kV/cm was applied during the heating part "

of the cycle (curve 2 in Figure -). In
this case not only did the straightening 2
process slow down initially, but even the -

recovery temperature Tf was pushed' up by i
,30@C. The lower straightening effect of 0.-
the electric field can be attributed part- _

ly to the opposition offered directly by 50 163 ISO (to
the bending load and partly to the phase TEWPRATURE (C)
transition caused by the bending load2 .
The higher Tf can also be understood in FIGURE 3. Bending and straightening behavior
terms of the new (probably tetragonal) of a PLZT ceramc bar. Curve I: cooling under
phase resulting from the stress induced a constant berd44ng 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 k/ cm. The elec-
becomes zero at a higher Tf. tric field was switched off at 160*C.

For the geometry employed in the pre-
td .sent experiments, electric field can never produce any bending of the sample. Since it

opposes the effect of the bending load it may normally be txpected 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 Tc and Tp:

The PLZT bar was heated to 2000C and the bending load was applied. The bar was ten
cooled at the rate of 20/min. When the temoerature fell to 1300C an electric field of
2.9 kV/cm was switched on (Figure 4). The field was switched off at 128 0 1 and then

r switcned on again at 1260C and so on until the temoerature fell to lCO0 °C,wnen it was
,. inaily switcned off and the samole cooled to room temoerature in a snort-clr~uieC
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Q_._condition. Figure 4 shows that when the
sample temoerature is closer to 100°C

.//5 than to 130C a substantial increase inbending occurs when the field is switcned
- 2 off, and a much lower decrease in bending

I occurs when it is switched on. There is
- thus a net increase in the effectiveness

of the bending load in this temperature
i region. An experiment carried out at twice
i .the above frequency for switching the

.4 \'field on and off did not produce any ap-
preciable change in the net increase inI I I ' 'I f  -bending.

so 100 0o We believe that this experiment pro-
TEWE RE (cl 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 existe 2ce of

electric field n the bending produced microdomains between Tp and Tc4
, z, . In

mechanically as the sample is cooled tothe mirodomains regime the material ismechnicaly s th saple s coledto electrically soft" but not "mechanically
room temperature (curve 2). Curve 1 is the

soft," which means that when the external
same as that in Figure 3. The arrows point- electric field is absent the bending load
ing up indicate the temperatures at which does not produce any significant amount
the electric field was switched on for of plastic bending. When the electric
curve 2, and the arrows pointing down the field is switched on, microdomains change
temperatures at which it was switched off. to macrodomains and the material becomes

mechanically soft also. The bending load
now can 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 1006C) 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. It 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 PULZT 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 PLZT bar are under way in our
laboratory.
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The shape-memory effect in PLZT (Lead Lanthanum Zirconate Titanate) ceramics with com-
position x/65/35 (4.0 < x 5 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 inveimgated. It is concluded
that domain alignment and the temperature-dependence of spontaneous strain are important
factors governing the shape-memory effect in ferroelectrcs. Preferred-orientation effects 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; Delacy, Krishnan, Tas. and
Warlimont, 1974). Phase 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 (Hacrtling 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/: notation, where x gives the atomic percentage of
La and yi: is the Zr to Ti ratio. Attention has gencrally been concentrated

113
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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 , - phase trans-

formation (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
concentrations between 4.0 and 8.0 at. %. Because of their simplicity,
bending experiments were used to investigate the shape change. The effectsI. 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,
and it was concluded that ferroelectric domains are the main cause of the
shape-memory effect in ferroelectric ceramics.

2 EXPERIMENTAL

Five hot-pressed PLZT ceramic wafers 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

Inc. The wafers were cut and polished into rectangular bars of width 2 mm,
thickness 0.35 mm and length 15 mm. and then annealed at 600°C for 15 h.

Bending experiments were used to measure the shape change. The
specimen was positioned on two knife-cdge supports separated by 1-2 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 dilatometcr 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 applied. The sample 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 maintained 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 I, 10, 100 and 1000
kHz. The major face of the bar was electroded by Au-evaporation and poled
with a DC feld of 15 kV/cm at room temperature. Dielectric constant and

,a
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",'ss factor were measured by a capacitance bridge at a constant heating
ratc of 2"imm.

The samples with x = 4.0 and 7.0% La (width 2 mm, thickness 1 mm and
length 12 mm) were squeezed at 400 kg/cm2 (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 load at high temperature

ri 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)

10 2.6g xlo-
85.4 7/65/35

7cooling

0.2 2
E 48.5

C
31.3

=0.1 1

0.0 0

0 50 100 190
Temperature ('C)

. FIGURE I(A) Bending behavior of a 7.0/65/3.5 ceramic as a function of temperature dunng
cooling under several fixed loads. A load of 102.6 g caused fracture o the sample during cooling
as indicated by X.

H-
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(8) x10-3

=.0.2 2
0. 854g 7/65/35

E 70.1 heating
48.5

31.3 1
S0.11*

0.0 0
0 50 100

Temperature (*C

FIGURE 1(B) Bending behavior of a 7.0,65 35 ccramic during heating without load. The
weights used to producc deformation during the preccdng cooling cycle are givcn 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-
tion in the amount of bending. The reduction in bending agreed with the
value calculated from the s,, coeffcicnt. indicating that this part of the
strain was elastic. Reheating without load decreased the plastic portion of
bending until it became zero at temperature Tf. The original shape was
completely recovered by heating.

The elastic part of the bending incrc'scd linearly with the increase in
load. but the plastic contribution tcndcd to saturate. The amount of load
also affected the characteristic temperature T,. The initial deformation
temperature T, shifted to higher values under larger loads, but the shape-
recovery temperature T did not depend noticeably on the size of load
applied during cooling. Further increase in the load caused fracture of the

*I sample during cooling, as indicated in Figure I(A).

4 EFFECT OF La CONTENT ON THE STRAIN-TEMPERATURE
RELATION

*I 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.

4w
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(A)X1
0.3 3

c ooli ng x load

'0.2. 8.
It 

7.5 102.

0.01
0 50 100 150 200 250

Temperature ( C

(8) xio-3
0.33

heat ing x load

- - 4.0 85 4
E 6.5 62.1

0.2-- 7.0 85.4 2

0. 0 0
0 50 100 150 200 250

Temperature ( C
FIGU RE 2 Effects of La content on the temrpcrature-dcpendence of bending durinj I 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 7;, 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 s x S 8.0,
those of higher La content showed less bending at room temperature as well
as lower deformation temperatures T and restoration temperatures Tf.
Larger loads were required to produce an equivalent bending in samples
with high La content. The deformation temperature T, was significantly
lower than T1 . 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 T were equal
for the 4 % sample and did not depend on the load applied.

Stress (MPa
0 20 40 60 80

250

200 o Ts

-0-- T

e fractured

WI5Q

6.5

0,I1 00 7.0

)* -~ - ~ --. 7.5
-~ o-o 8.0

50

.°l

0 50 100 150 200
Load ( g

FIGURE 3 Relationships 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 wcre 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 IO'C below T7". Reheating above
T7 and cooling without load caused no bending. In samples with 6.5 r. x5 3.0.
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 !s 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

Tf
200- TS

Tp"100 ---

0

cIO-
E

4 5 6 7 8
x

FIGURE 4 Curie temperature ,. pre-maximum temperature T,,. deformation temperature

T and restoration temperature T as a function of La content x.
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-' associated with the disapperance of rerroelectric domains& The temper ture
of the pre-maximum peak 7,, did not depend strongly on measuring fre-
quency. In the case 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,, Tp, T, and Tf. The values of T, and T1 were collected from
the data shown in Fig. 2, and the T, values correspond to those measured at

* 1~ kI-z. The T, and 7;, temperatures of the sample with x = 4.0 coincide with
U T, but those of the sample with 6.5 _- x :5 8.0 lay between T, and 7,. The

dependence of T and T1 on La content more closely resembles that of iT
rather than T,.

(A) 4/65/35

(200) a nnealed

- squeezed -

A1/-

1.3.5 4h.0 4.5 45.0

(20)

615~ ~~ 6406.56.
/ 9, (eg

FIGURE~~~~~~ 5/-a ifato rfl:o.ncl; )ncrpcsdP~(
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(B) 7/65/35

(111)annealed

I: squeezed

37.5 38.0 38.5 39.0

(200) /i

43.5 44.0 44.5 45.0
2 9 (deg)

FIG URE 5 (contd.) for (B)x. 7.0.

0 6 X-RAY MEASUREMENT

Seven strong diffraction ines (110, If 1, 200. 210. 211. 220 and 310) of an-
nealed and compressed samples were examined. Figure 5 shows a few peak
proiles and Table 1 lists thc diffraction angics. The unit cell of thc annealed
samples was either rhombohedral (x = 4.0) with a = 4.094 A and z =

89.76', or cubic (x = 7.0) with a = 4.086 A. in good agreement with the
reported structures and cell sizc (Kcve and Bye, 1975: O'Bryan and Meitzler.K . 1972).

Peaks fromn the compressed samples shifted to higher values for races
cut perpendicular to the stress direction, and to lower angles for faces parallel
to the stress. As expected for compression, the d-spacings of the faces oricn-
(Cd pcrpendicular to the stress direction 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 largest differences in d-spacings between mutually perpendicular
faces were between (220) and (200) for the x = 4.0 sample and between (200)
and (I ll) for the x = 7.0 specimen, the structures werejudged 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 a x a 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 T in this composition range. The
close relationship between the shape-memory temperatures T, and Tr ,
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 TP(6.5 :5 x < 8.0) during cooling, which results in a large pseudo-
plasiic strain at room temperature. Heating eliminates the domains and
restores the original shape.

X-ray diffraction measurements on the compressed samples (Figure 5
and Table 1) gave the largest d-spacings from sample races oriented parallel

TABLE I

Diffraction angles of annealed ind compressed PLZT c.65,'35 with
v = 40 and 7.0

Antie of peak maximum. 20(°)

x=4 0  7.0

Annealed Compressed Annealed Compressed
h k l .

110 30.91 30.92 30.S9 3094 30.96 30.90
IIl 38.13 38.14 38.10 38.15 38.16 39.11
200 44.26 44.28 44.24 44.28 44.33 4422
210 49 79 49.80 49.72 49.84 49.86 49.78
211 55.00 55.01 54.90 55.01 55.05 54.93
220 64.46 64.48 64.30 64.47 64.31 64.39
310 73.14 73.18 73,07 73.16 73.24 73.07

.L Faces perpendicular to stress.
I Faces parallel to stress.

I
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to the stress direction. This means that the polar directions are preferentially
*,ligned perpendicular to the compressional stress.

For samples with La content 6.5 _< x _ 8.0. the deformation temperature
i, depends on load, but the restoration temperature 7r 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 7T and T
under mechanical stress. Since no mechanical stress was applied during
heating, however, the restoration temperature Tf 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 coeffcients parallel to the direction
o( the compressional stress are higher than in annealed material, while
negative coefficients arc observed in the direction of tensile stresses.

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

The relationship between bending and tcmpcrature shown in Figures I and
2 differs from the results reported by Schmidt and Boczek (1978). especially
with regard to th hapc 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 determined by resonance measure-
ment. This discrepancy might be attributed to the method of supporting the
sample. Schmidt and Boczck used a cantilever method, in which one end of
the sample was fixed, but this results in a rather complicated stress state. In
our experiment, the samples were freely held by two supports. Under these
circumstances, the stress state at a supporting position is not as complicated.
Since stress levels strongly affect the sh-pc-mcmory effect, 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 phase transformation was essential to obtain the
shape-memory effect in ferrocelctrics. The PLZT sample %ith 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 essential property. To
confirm this idea, BaTiO 3 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

I
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[.12_ BaTi 03
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FIGURE 6 Temperaturc-dependence of bending of BjTiO3.

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 1210
and 1231C. This abrupt change in shape near the Curie temperature (1261C)
coincides with the discontinuity in the lattice parameters, and indicates that
domain formation and disappearance are likely causes of the shape-memory
effect in rerroelectrics.

The maximum room-temperature strain obtained in these exp..riments
was 2.1 x 10- 3 in the sample with x = 6.5. The stress field is.complicated in
the bending test and it is difficult to understand which of the stresses. ten-
sion or compression, govern the strain. However, the observed strain can
be compared with electrically-induced strain. In the sample with x = 7.0.
the strains parallel and perpendicular to the electric field at room temper-
ature are 2.1 x 10- 3 and 0.5 x 10 ' . respectiely (Smith. 1973). In our
experiment the plastic part of the strain at room temperature in such a sampA'.
was 1.8 x 10- 3 (Figure I), which is comparable to the strain parallel to the

.0 electric field. Table I lists the values calculated from the data in Table 1.
The strains were calculated by comparing the d-spacings between compressed
and annealed samples. In both samples. the strains observed in the faces
parallel to the stress direction were larger than those in perpendicular
faces. In the compressed samples. the polar axes are nearly perpendicu!ar

• to the stress direction as discussed previously. The large strains obser',ed
- parallel to the stress direction coincide with the large strains measured

parallel to the electric field.
Large strains under tensile stress have been observed in samples with

x =- 1.3 and 6.0 (Meitzler and O'Bryan, 1971). At room temperature, the
maximum strain in the x = 6.0 sample was 2.5 x 10- , which is almost the
same strain observed in the present experiments. A stractural phase change

S,
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TABLE i

Differences of d-spacing between annealed
and comprcsscd samples

d compressed - d annealed

d annealed

x 4.0 x 8.0
hikl L I .L

110 -0.3 0.7 -07 1.4
111 -0.2 0.8 -0.3 1.0

K.200 -0.4 0.4 -1.1 1.3
210 -0.2 1.3 -0.4 1.1
211 -0.2 1.7 -0.7 1.3
220 -0.3 2.2 -06 1.1
310 -0.5 0.9 -0.9 1.1

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

Figure 7 shows the tempcraturc-dependence of the plastic part of th," -.rain
* plotted with reduced temperature T/T, and T, T. In the case of cooling

under stress, the relationship between strain and the reduced temperature
can be expressed by a single curve, except for the x 4 4.0 sample. For the
heating cycle, the relations for s = 6.5 and 7.0 coincide but others do not;
all lic under the curve. ,r x = 6.5 and 7.0. The bchavior of the x = 4.0 ceramic
might be attributed to differenccs in crystal structure. The structures of
the compressed samples wcre 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 S x S 8.0 are the same. In pcrovskites, the strain associated with a
tetragonal distortion is generally larger 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 crystal structure.

Disagreement of the relation bctween strain and reduced temperature in
the heating cycle for samples with 6.5 < x < 8.0 micht be attributed to the
temperature at which the load was removed. To confirmthis conjecture. two
additional experiments were undertaken. In the first experiment, the weight
was removed at various tempcratures during the cooling. Figure 8 shows the

4 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
and then heated. Room-temperature bending was almost the same as that
observed when the cooled sample was unloaded at room temperature (Figure
1). Bending increased during heating up to a certain temperature, and then
JiT C

0l
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FIGURE 7 Relations between bending and reduced temperatures (A) TIT, during cooling
* under constant load and (8) T1Tf during heating without load.
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FIGURE X Reduction of bonding hy rcmoval of ihe load at difTerent temperatures in the
sample 7.0,65,'35.

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 cocrcivity decreases
with increasing tcmpcraturc. Decrease in the bending at still higher tem-
perature results from a reduction of thc spontaneous 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 releases the external constraint, and the internal
stresses developed during cooling under stress tend to stabilize the structure.
Since the difference between T and room temperature are large for x = 6.5
and 7.0, the domain walls 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

a"•. .



K ' 7.

128 T. KIMURA. R. E. NEWNHAM AND L. E. CROSS

0.10

7/65/35

E

= 0.05

C

0.00 1

0 50 100
Temperature ('C)

FIGURE 9 Temperature-dependence of bending during hcating under constant load of
70.1 g.

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 10C below T did not lead to appreciable domain re-
orientation.

8 CONCLUSION

The strains associated with the shape-mcmory efTct 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 alignrent of the polarization direc-
tions (but not the absolute sense). The degree 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-
Sboring grains. After the domain pattern is formed, further cooling has little

a"
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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

I 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 BaTiO3,. 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 :58.0.

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 7f, 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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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 ,iolates all the
crystallographic symmetry elements, making Cr 2BeO, potentially ferroelectric. Chynoweth expenments
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 normal ferroelectrics. The pyroelectnc coefficient and the remnant
polarization reverse in sign with the poling field, but no anomalies in the electric permittivity or electrc
conductivity occur at the Niel point.

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

Recent research on ferroelectrics has led to a growing polar with the paramagnetic cations located on centers of
interest in the fundamental causes of ferroelectric phase symmetry. On cooling through the Niel point, the system
transitions, focusing especially on soft modes, order param- becomes antiferromagnetic with spins aligned along the
eters, and improper transitions. There has also been an in- chain direction. The spins order in such a way that each
creasing awareness of cross-coupled domain phenomena magnetic ion has one neighbor with parallel spin and one
caused by electric, elastic, and magnetic interactions. Lith- with antiparallel spin. The inversion centers are destroyed
ium ammonium tartrate, for instance, is a type of e/astofer- by magnetic order, making the chain a polar axis. Small
roelectric in which mechanical strain is the primary order atomic movements take place because of the differences in
parameter at the 98 K phase transition. Strain gives rise to interatomic forces between atom pairs with parallel spin and
ferroelectricity through piezoelectric coupling with the po- atom pairs with antiparallel spin.
larization.' The opposite effect occurs in sodium potassium If the cations move in the same direction, as in Fig. 1, an
tartrate (rochelle salt) where electric polarization is the pri- electric polarization is produced. The atomic displacements
mary order parameter. Domains can be switched with me- destroy the centers of symmetry and make the material pyro-
chanical stress as well as with electric fields because of the electric, piezoelectric, and potentially ferroelectric. The ex-
small spontaneous strain resulting from piezoelectric cou- pected polarization is small because most magnetic transi-
piing to the polarization. Since the ferroelastic effect has its tions show second-order behavior with very small magneto-
origin in an electric instability, we refer to its as strictive effects.
electroferroelasiety. No magnetoferroelectrics are known at present, a-

Four other cross-coupled effects arise when magnetic though three possibilities have been suggested.' Bismuth
phenomena are included. There are a number of examples o! manganate (BiMn20,), calcium manganate (CaMn,04 ), and
elastoferromagnetism and magnetoferroelasticity and at least terbium chromite (TbCrO) show the required symmetry
one good example of electroferromagnetism: nickel iodine change. We have searched the magnetics literature and

. boracite. At room temperature, Nil boracite is cubic, point found more than 30 other potential magnetoferroelectrics.
group 43m. Below room temperature at 120 K, it undergoes The compilations by Oles and co-workers' and by Connolly
a transition t6 an antiferromagnetic state as the Nil' mo- and Coper.haver were helpful in this regard. Most of the
ments align; at this stage, the material is an antiferromagnet- potential magnetoferroelectrics are antiferromagnetic with
ic piezoelectric, but it is neither ferromagnetic nor ferroelec, low transition temperatures and complex magnetic struc-

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 8
spins in the antiferromagnetic state and producing a weak ) G e o ®
ferromagnetism. The ferromagnetic effect is of electric ori-
gin and can be referred to as an electroferromagnet. We have @ )
described this effect in some detail because it is the opposite (3 E (E E) ® (E FIG. I. Paramagnetic and antiferro-
of a iagnetoferroelectric, the subject of this investigation. magnetic states in a hypothetical mal

o us af oelectriciz tion on bpassin thou h a gne tic . netoferroelectric in which arrows indi
A magnetoferroelectric develops a reversible spontane- s cate spin directions. Centers of. A ous electric polarization on passing through a magnetic E IS G (EX& symmetry are destroyed at the mag-

-dimensional model in Fig. I illus- netic transition, converting the chain
phase transition. The one m to a polar axis.
trates the principle of a magnetically induced ferroelectric. ( ) ) ( ® ®
At high temperatures, the system is paramagnetic and non-
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tures, far more complicated than the model structure in Fig.
1. The material chosen for detailed investigation was chro- OUT

mium chrysoberyl, CrBeO,, one of the few good electrical 121 SM LE 10,11

insulators among the candidate compounds. SAM

""CrBeO, is orthorhombic and isostructural with the 15- VI

minerals chrysoberyl (Al2BeO,) and forsterite (Mg 2SiOJ. >
The crystal structure consists of a close-packed lattice of z POLINGBY FET LEAKAGE

oxygen ions with Cr'" in octahedral sites and Be-' in tetra-
hedral positions. At room temperature, CrBeO, is paramag- M . -4-

netic and centrosymmetric and, therefore, nonpiezoelectric, L
nonpyroelectric, and nonferroelectric. TEMPERATURE IN K

Low-temperature magnetic susceptibility measure- 0
ments' show a cusp-shaped peak at 28 K characteristic of a NEGATIVE
paramagnetic-antiferromagnetic transition. The magnetic 5V

structure determined by neutron diffraction' at 4.5 K is a cy- -12

cloidal spiral with a periodicity of about 65 A, roughly 12
unit-cell lengths. Antiferromagnetic resonance experi- FIG. 2. Pyroelectnc signal from Cr:BeO, ceramics plotted as a function of

* ments"' confirmed the spiral structure and N(el tempera- temperatures.
ture. The symmetry of the magnetic structure is triclinic,
point group 1, making chromium chrysoberyl potentially
magnetoferroelectric below 28 K. 1-mW He-Ne laser and the resulting pyroelectric signal de-

,.,* ". Chromium chrysoberyl ceramics are prepared by cal- tected with the aid of a lock-in amplifier.
* cining the coprecipitated metal-ion hydroxides. An intimate For the initial pyroelectric measurements, the sample

mixture was obtained by reacting mixed standard solutions was poled with a field of 0.12 MV/m while cooling through
of aluminum sulfate, chromium nitrate, and beryllium sul- the transition region. A signal was observed in the order of
fate with ammonium hydroxide. The powder was dry microvolts and was found to reverse in sign when poling was
pressed and then sintered at 1300 *C for 48 h to produce conducted with opposite polarity. If the supply voltage to the
green-colored ceramics with resistivities greater than 10 preamplifier was left on, a low level of poling was observed
12 m. The crystal structure was confirmed by x-ray due to the leakage through the FET.
diffraction. The level of pyroelectric signal as a function of tempera-

- The properties of a magnetically induced ferroelectric ture is illustrated in Fig. 2. Because of rapidly changing spe-
are expected to differ radically from conventional ferroelec- cific heat in this region, it is difficult to define the tempera-
trics, since the atomic displacements are much smaller. Di- ture change A T, but if a T I relation is assumed for specific

S." electric and piezoelectric coefficients are likely to be small, heat, a more normal pyroelectric response is calculated.
but domain walls should move easily, just as they do in most Below about 24 K, the magnitude of the pyroelectric
magnetic materials. In this case, however, domain-wall mo- signal is reversible with temperature. When the temperature
tion is controlled by electric fields rather than magnetic is raised above 24 K, however, the signal degrades and does

" fields, and the resultant signal is electric charge rather than not increase significantly with decreasing temperature. It
. magnetic charge. appears that this is a transition region in which portions of

Five types of experiments were performed on polycrys- the ceramic depole may only be repoled by an external bias.
talline CrzBeO,: pyroelectric measurements, thermal de- Poling by any method other than cooling through the
poling, pulse poling, complex permittivity measurements, transition region under bias was only marginally successful.
and optical second-harmonic generation. The first three ex- Small pyroelectric signals could be induced from a thermally
periments gave evidence of ferroelectric behavior. depoled ceramic by poling with fields of 5 MV/m at 10 K.

Electrical measurements were made on CrBeO, ceram- Attempts to reverse poling with up to 6 MV/m results in
ic disks 2.8 mm in diameter and 0.13 mm thick. The disks only very weak signals of opposite sign, showing that the
were electroded with evaporated gold and mounted on an coercive field increases rapidly below 24 K.

- alumina substrate ii a TO-5 transistor can using conducting Calibration of the polarization levels observed in the
epoxy. Carbon black was coated on the upper gold electrode pyroelectric experiments was achieved by thermal depoling.

. to absorb light. The TO-5 can was then mounted in a re- The absorbing surface of the sample was exposed to light
- cessed copper holder and cooled with liquid helium in an Air from a 750-W projector lamp, and the resulting pyroelectric

Products LT-3-1 10 cold finger. charge was collected with an integrating electrometer. When

. For the pyroelectric experiments, a buffer FET pre- connected in a feedback mode. the system was capable of
amplifier positioned within the cold finger was used to mini- measuring charges less than I pC.

. mize loading capacitance on the sample, thereby maintain- The polarization level is defined by the voltage applied
ing reasonable signal levels. Following the Chynoweth as the sample was cooled through the transition region and
method, 0 the sample was irradiated by a chopped defocused by the discharge temperatui e. Once the polarization was in-
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POLING FIELD ON WHILE COOLING tivity increased on cooling from room temperature to liquid-
THROUGH TRANSITION helium temperature, but the capacitance remained at

• N* 4.0+0.1 pF over the entir- range. There were no anomalies
0.6 MV/rn at the N~el temperature of CrBeO,. Bias fields as large as 1.5

MV/m had no effect on the results. The measurements wereS0_2 - repeated at high ac fields using a transformer ratio bridge
0operating at 100 Hz, I kHz, and 10 kHz. No change in e or. •- . tan6 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-
5 10 I5 20 25 periment described by Kurtz and Perry.1 ' Second-harmonic

TEMPERATURE IN K 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 Niel points. The sensitivity of the experi-
ment was hampered by absorption (all the specimens were

LAMP IEAR colored) and by spurious light originating from a plasma in
SMLthe evacuated low-temperature sample chamber. In any• SAMPLE

SHUTTER case, there was no evidence for acentricity from the SHG
experiments.

_ FIG. 3. Thermal depoling of Cr:BeO. ceramics. In summary, when poled electrically, chromium
chrysoberyl shows a pyroelectric effect in its antiferromag-
netic state. The sign of the pyroelectric coefficients changes

duced by the poling field, there appeared to be no degrada- when the bias field is reversed. The reversible spontaneous
. tion with temperature cycling below the transition region polarization in the magnetoferroelectric state is approxi-

and with waiting periods up to 45 min. As shown in Fig. 3, mately a million times smaller than that of BaTiO.
CrBeO, exhibits a linear dependence of polarization of the The influence of a magnetic phase transition on the
poling field and temperature. No saturation in polarization spontaneous polarization of a pyroelectric has been de-
at low temperatures was observed in depoling experiments scribed in a recent publication by Glass and co-workers. "2
for poling fields ranging from 0.1 to 0.6 MV/m. Experiments Barium nickel fluoride (BaNiF.) is a normal ferroelectric
at 7 K indicate a linear field dependence over 6 MV/m. with a spontaneous polarization of 0.07 C/m, but at low

The temperature range in which maximum polariza- temperatures, the nickel spins align antiferromagneticallycauin aeprtr rangene anoal wiic themu dynmicariza-tr
tion is achieved for a given poling field lies between 24 and 28 causing a pronouned anomaly in the dynamic pyroelectric
K, in agreement with the pyroelectric experiments. Poling signal. The magnetic contribution to the . -ntaneous polar-
below 24 K led to only small polarizations. ization is 0.9 mC/m 2 , about two orders of magnitude smaller

Pulse poling was attempted utilizing differential inte- than P, and is proportional to the magnetic specific heat.
Puls poingwas ttepte utiizig dfferntil ite-The reversible spontaneous polarization in CrBeO. is

grators. A 10-ms voltage pulse was applied through an oper-
ational power supply to the sample and a linear capacitor of approximately a thousand times smaller than the magnetic
similar value. By observing the difference in these signals, contribution to the spontaneous polarization of BaNiF, and

small nonlinearities could be detected. Pulse poling lessens about a hundred times smaller than the polarization predict-

- the effect of leakage current and sample heating that trouble ed theoretically. Goshen and co-workers also predicted
a normal Sawyer-Tower measurement. that the changes in electric susceptibility accompanying a

magnetically induced ferroelectric transition would be too
Pulse poling proved no more effective in reversing the small to measure. This is consistent with the permittivity

polarization below the transition region than did the steady measurements on CrBeO,.
application of a field used in the pyroelectric experiment,
even through much higher fields were applied. Field levels Magnetoferroelectrics are a type of improper ferroelec-

.* up to.8 MV/m were applied in 10-ms pulses, but polariza- tric, like gadolinium molybdate, in which polarization is not
tions of h..;ss than 1C/m2 could be induced, and these were the order parameter driving the transformation. Because of
nti of sst n the weakness in coupling between magnetic and electric ef-not achieved consistently. fects, magnetoferroelectrics might be termed the ultimate

The complex permittivity of CrBeO, was measured as a impropriety.
function of temperature at several frequencies and under dif- ACKNOWLEDGMENTS
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