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ABSTRACT

New temperature-compensated high pilezoelectric coupling crystals are
needed for acoustic surface-wave matched filters, encoders, decoders, and
related signal processing devices. Elastic ccefficients , together-with their
pressure and temperature derivatives, are also important in materials science
and in geophysics., Oxides show several correlations between -structure type
and elastic behavior. Stiffness coefficients of silicate minerals are generally
larger in the direction of Si~0 bonding. A simple mechanical analogy in which
atomic bonda are simulated by springs connected in series and parallel is used
to estimate the size and anisotropy of the elastic moduli. Magnitudes of the
temperature and pressure derivatives of the stiffness coefficients are also '
predicted by the model. Crystallochemical factors conducive to anomalous _
elastic béhaviot'qra examined, with special attention to materials which beéome .
stiffer with increasing temperature. Internal rotational moticns involving

.bending qf,the atomic bonds appear partiqularly’impor;aht in this class of
‘waterials, o o <
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Now temperature-compensated hlgh pieaoelcccx;e coupling crystals are

: needed for acouscic surfoce-wave matched filters, encodugs. decodcrs, and

1related signal” processing devices. Elastic coefficients , together with thelr

. pressure and ‘temperature dnrivativea are also imporcanL in materials science
and in geophysics. Oxides show several rorralatioans betwean structure type "

‘and clastic behavior._ Qtiffnass coefficients of silicate ninerals are benarnlly
~larger in ‘the direction of $1-0 bonding. : A simple mechanlcnl analogy ia which
atoaie bonds are ginulated by springs connected in series and pdrallel is used

1:9 éstimate the size and .anisotropy of the elastic moduli., Magaitudes of the
tcmparature and pressure derivatives of the stiffness coefficients are also.

, predicted by the wodel. Crystallochenical factors conducive to anomalous

- glagtie behavior are examined, with special attention to materials which bcuome
uciffer with {ncreasing temperature, Internal rotational motions iavolving

bending of the atomic bonds appear partitularly 1nportant in this class of
naterials.
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ELASTIC PRbPERTIES OF OXIDES AND THE SEARCH FOR
TEMPERATURE-COMPENSATED MATERIALS

-

R. E. Newnham
Materials Research Laboratory
The Pennaylvania State University

INTRODUCTION

Recent development of acousto-optic and surface-wave.devices has re=-
newed interest in the elastic properties of oxides. New temperature-compensated
materials with large piezoelectric modull are especlally needed. In a delay~
line medivm, an electric signal is converted to aﬁ acoustic wave which travels
at a slower velocity and is subsequently re-converted to an eléctric gsignal.
Blastic coefficlents govern the velocity of the acoustic wave, and hence the
trausit time. |

Elastic properties of oxides are also important in'the-geoaciences,
since most minerals in the_earth's-crusc are qiides. Sciffﬁéas moduli bear
- spectal ralevance to our understanding of rock mechanics and seismic wave velocities.

Proﬁ ptevibus work it appears that packihg density is the p;imary var-
_ isblc cffeeting the elastic modult of oxide compounda. Birch (1961a, 1961b) showed
“that nos: common minerals have about the same mean atomic weigh: (molecular

veight divided by che number of atons in thn chemical formula), and that




longitudinal sound velocity is roughly proportional to density. Shear *

velocities also increase with rock density (Simmons, 1964), Anderson and

L

Nafe (1965) plotted bulk modulus (reciprocal volume compressibility)

g against volume per ifon pair, demonstrating that most oxide data follow the

AR E N T R

same relation, Bulk modulus is inversely propertional to volume, regardless

of whether the volume change is caused by picrsure, compositional variatjon,

RIEA T N Ny
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temperature, porosity, or phase changes. As might be expected, bulk modulus

increases with density because short-range repulsive forces make it increasingly

IO S A )

difficult to compress the solid as the atoms move closer together.

B ’ ' ) STRUCTURE~-STIFFNESS CORRELATION
- All solids change shape under forces. Under small stress, the strain €

is related to the 'stress ¢ by Hooke's law, (0) = {c)(g). The elastic stiffness

RIS

coefficients (c) comstitute a fourth rank tensor in which the numbef Qf

S
SRS

E independdnt coefficients depends on symmetry (Nye.'1957); .in.contréctéﬁ'matrixA.;
‘VAnocaticn Gi - cijeJ where 1, J = 1‘2 3 refer to lohgituaiﬁal‘sttéSSQBAéﬁd e
strains along axes xl. xz and X3, respuctively. For shearing motions about
each of the axee, i. j = 4,5,6, The. discussion which follaws will be concetued
with the relntive values of €110 €22 and u33, :he coefficienta relating change )
o dn length nloug a principal diteccion to & parallel component of stress. )
-‘,_-  ' 7 AT: ‘The stiffuess coefficients for silicate m!netals gresented in Table 1 _
- | _show a correlation between;elastic anisotropy,and struccure-typo;'.All.
silicatcs contain (510“) tetrahedra and, dependiug on how the tatranedra are
linked toapther, can be Llnssified as. framework. layet. chain or ring silicates.

In framcwork silicaces such as quartz and silica glass. the tetrahodra

farm~three-dimensiona1 networks.,,Since the bonding is ncarly isotrop;c,_:heré

ia_uo'cleavage-and littlé anisotfcpy in hardness or clasticity. ,COnpnre_tho;.n




Table 1

"Longitudinal Stiffness Constants Expressed in Mégabars (HEARMON, 1966)

Framework Silicates

Q-quartz 10, | €y7+® Cyp = 0.9, cgy = 1.1
‘silica glass s10, €11 7 Cyp = a9 = 0.8
Single Chain Silicates (pyroxenes)
i | w = =
aeger.ne _ NaPeSi206 T 1.9,»022 1.8, Cqg = 2.3
augite | (CaMgFe)8103 ¢4y * 1.8, Cyy = 1.5, 33 = 2.2
ddopside  CaMgSi,0, en ™ 20y egp = 1.8, 5y = 2.4

©33

'Double Chain Silicates (amphiboles)

- -

© homblende ‘C“"‘“""z ~3 (g Fe, AD (sx.m.)a 2.‘,(cm)2

€1 = 1.2, ¢ “22 ° = 1.8, "'33 2° :'1

- i;Riﬂg_Sil}cétes -
" tourmaline (Nn,Cn) {u,ng.m 3(31 Fe, :~m> 6(01()&(803) s“e w

?1’1" “zz - 2.7, e33.= 16

ntqyer Silicntes : : : o
U btettte ._,x(sts.re)3(»\1siaolo>(mt)2 gy cgp = 1.9y gy = 0.5

.mnwue  W}A5ﬂm1 &@mz‘j'cn?tnwla ¢ -06

. 33
R phlosopite - L &Fga(é.lgiaelo) (Oll) 2 " _‘ jéll - iczz ,-. 1_.6, Cay " Q'

-~




longitudinal elastic moduli"givcn in Table l When corrected for density
(= 2.65 gmsfc.c, for quartz aud 2.2 gms/c.¢. for silica glass) the
stiffness constants are nea_rly identical for the two forms of SiOrz, sub-
stantiatir;g the relation }_)etween bulk modulus and volume {Anderson and
Nafe, 1965) . |

The influence of ctystal structure becomes nore obvious in the chain
silicates. Pyroxenes contain 5103 single cbaihs,_ and amj)hibolcs 816011 ddgblre '
chains as shown in Fig. 1. Elastic coeffiﬁients iﬁ Table 1 are referfed to
the meésurcment divections denoted by arrows in Fig. 1. Boudiné is strong;fj
along the cﬁain direction giving rise to pronouncea cleavage, w;,alsa expect?r.
the crystal to be stiffer in this &irectioa, tesulting in larger noduli{
-hxperiment confirms this suggestion. the stiffness pnrallel *o the chain (c33)

~ is the latgest in pyroxenes and amphiboles., wc aiso note that c22 haa ingreasgd"f

H

e -

' considctably in horublende, possibly becanse of the iucreasc of chain width
"in this diractiﬂn._
Beryl ﬂnd tourmalinc, two ting silicnteﬁ. shaw a similar cotrﬂlntion
"bctwcen aciffuess and s:ructure. Bath contain 31 18 riuga as illus;rated
schcaa;ically 1n.?1gg,1. Ve cxpucc atrong bonding and greater stixiness in-
- tﬁe'piana ofvthg ring, hence c33 should be smailg: thar gll aud Y as observed
 }Bery1 1s not very anisocropic:bcéaube 6f tﬁg'qtroﬁg_npwo’and Al-0 bonds.
,-connecting the rings. ' - . |
4vhan_31601 rings adjn.n one another, ths tgt*ahedrnl Iaycr £0und in _
micas is formed, Thc cleavage nnd atiffness anisotropy bccomc Ver obvious in
laye~ silicatcb. where 11 nnﬁ ¢y, are three times larger than c33. This s

: :he mnxtmum elastic auisotrbpy observed for roasous that arve explainnd later.




Fig, l. Arrangements of 510, tetrahedra in silicates.
(a) Sinigle chain s&licates. (b) Double chain .
silicates. (¢) Ring silicatas. (@) Layer
silicates, ' _ , :

o _V(o)"
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MECGHANICAL ANALOG

« In the lattice theory of eclastic coefficients, stiffncss coefficionts

are velated to atonic force constants by deternining the eucrgy associated

with various strain componente. The calculation is cumhersome for a mon-

atomic simple cubic lattice (t.fttel, 1953), and would be overwhelming for

rost mineral structures. To avoid mathematical complexity and gain further

physical Insight regarding the causes of elastic aniéotropy, we nake use of a
sinple mechanical sysﬁcm.

The analogy used to describe elastic anisotfépy is one in éhich two-
{mechanical springs represeat atomie bonda with force constants k and K. Tables .
of force constants (Wilson, Deciué and Crocss, 195%5) derived.from infrared
vibraﬁiouéi spectra show that typical values are within an ordes of magnitude
of 10° ﬁyﬂ&SICﬂ.(l.wdfi): Strotching foree constants ara plocr*l as &

~£uncpion of iateratomic drscance {a Fig. 2. As might be ‘Apcc:ed. the. force
 cdnstqu; dacreases with 1nerea§1ng band langth, though it is rvather surpr;sing:

that so many”differénc typus fall along the same line, In general the strongest bouds

have the largest forcd coustants becsuse deop potential we115 have larger second
derivatives wison woll-shapes are sisilar. *hus. for cxamplﬁ, it £s fouad :ha: the
stretehing force constants for C-C, C=C, and € are abeu: 5, 10 and 16 nd/&.

gespecgjvgxy,_aar bending motiouf. the force. .c“;:s*:s Tin 4wy thg rgnge

- 0.1 - 0.8 ﬁdii‘ Beading force constants are much gnailer'thaﬁ.acrctchiug.forcé'
constauts becaure the repulsive owéflap-potentiai doﬁlnates vhen ucons zuve
toward one- anathex. intrnasing the force coastaa: for stretching ao'ion.

To explain the clastic prop@ttios of solids containtug both s;rong and

weak bonds, congidsr the Sﬂta"g systoms {llustrated fn Fig. 3. bhcn sctan~
and weak springs ave connected in series, most of tha elastic energy is

stoered in the weak springs, while in the parallel coanection the strong spring




Fig. 2. Relationship between force constant and interatomic distance. Stretching
force constants are from Wilson Decius and Cross (1955), and inuteratomic
distances from Sutton (1958).
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contains most of thé energy. Let K and k be the force constants of two bonds
arranged in Qeries-and parallel positions, as shown. This'is a schematic
_ fepresentation of the bonding in mica. In.muscovité $i~0 and K-0 bonds are in
series for tonsile stresses applied perpeﬂdiculér to the shegt aﬁd in parallel
when the applied fo;ces lie in the plane. In pyroxenes, tbg pafaliei connection
ggplies fo measﬁrements along the.silicate chaiﬁs,laﬁd éerieé connections to the
tvo perpendicular direction. | o 2T | o .
Analyzing the series arrangement for an applied tahuile force F givea‘"
= UA = nKug ko= cséésslls vhere ¢ is the stress acting on a suxrface -
of cross—sectiongl area A containing ng chains u /£ is the resulcing strain
iu.the éeries (s} connection whose overall stiffness is Cgr Uy and u, are the
displacements of the spfingé with force constants K and k. _An identical force
applied té the parallél'arrangement gives an analogous expreésion. F= ahp =
npKu +nku =cA u/l . For the series connection both springs experience

K" pk pp p'p

the same force so that their restoring forces are equal, uKK = ukk. "The total

displacement uslﬂ u * Uy, giving uk = us/$1.+ k/K) ané up f us[(l f'K/k), and

n £

_58_ Q)
"8 8 ( k+K) T

In solving the parallel chain system, it is obvious that the_displgcgments-ﬁf.‘_1'ff1

the different springs are equal and that up " Zuk = ZnK,‘.Substi;utién in the. -

~ force equation gives the elastic constant

. “p['g k+K, .-
P Ap .2 :

@

Yote that ey aud c§ are unequal, even when all the asprings are identical (k - K).
" The elastic coefficients depend on bond lengths through £ and on :ha’numhef of

chaing . por unit area in different directions.
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To determine the effects of strong and weak bénding on the elastic con-

stants, assume that the geometric factors are about equal so that n £ /A

PP P

nals/AB giving the ratio.cs/cp = AkK/(k&K) . In Fig. 4, the quantity cB/cp is

plotted as a function of K/k to illustrate the effects of mixed bonding, When

K/k = 1, all bonds have the same force constant, and the elastic conatants are

of course the same for series and parallel connection, so that cs/cP -],
Aﬁ the other extreme cslcp + 0 as K/k =+« , but the approach to zero is very
slow. For K/k = 2,c8 = O.9cp and even for K/k = 10, cg = 0.3cp. Since force

constants for various chemical bonds are all within an order of mégnitude of

one another, the expected maximum elastic anisotropy is about 3:1, as observed-

" 4n muscovite (Table 1). 1In all cases ¢, > g a8 observed experimentglly.

It wOuld Ye useful to predict the magnitude of the observed- stiffness
.-coeffJCiEHLS (Table 1) as well as thelr anisotropy., ?or’qhains identica;'in;;r*

size, nuuber and force constants, equations (1) and_(Z)' feduce f§£

e mBL g T
Cp TGS TR R . S

Q":in; Ly and A can be evaluated from the érystal sttdcturé, but kﬁcannét;j'rypidnlf--':’

~valuﬂs for k are 0.1 to 1 0 millidynes/A for bending force conatnnta and 1-10 Af
md/& for stretching constants. Both t:ypcuu of deformation come. into. play
 in minorcla. -When aan Si04 tctra\edton is sttessed for. 1nscanc3 both strctching f.

: and bending will tnkc plncc.. Si-o force constunts (Hntossi, 19&9) arc fairly

typical with atretchina cox\atnnca 4=5 md/;\ and bendina constantso 6 to. 0 9udfl
while those involving Al are 10-204 amnller (Hidalao and Serratosn. 1956).

' curoful analyaia would bc rcquired to dotermine the cerrcct force conataut to"




Fig. 4 . 8tiffness anisotropy for series and parallel
- connections plotted as & function of spring

constant ratio K/k. The series connection is
far more pliant when K>>k,
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use in (3): but in any casc all the atomic force constants have not been

determined from spectroscopic data. When an average value k %1 md/& is sub~
stituted in (3), elastic stiffness cc:fficients of the right magnitude are
obtained., Taking 2 ~ 3k, Efw 1/22 ﬂ'olﬂ-z glves g‘N3_x 1012 QXE%E = 3 megé-
bars, comparable to the experimental values (Ta$le'l).' o
PRESSURE DEPENDENCE OF THE ELASTIC STIFFMNESS

* The: pressure derivatives of the elastic coefficients of-miner&ls detefmiue
changua in seismic wave velocitiea deep within the L&tth, and are: strong
indicators of the onset of phaee transfoxmation. rIASCic stiffness coefficients

and their initial pressure derivatives for £oxt oxides* are listcd in. Table 2.

Using the spriug nodel just described threa ochrvaclous are to ba

‘ rraticnalized.AA

(1)*_Thé preséure dcriVa;iVeé.arc all,ahoﬁtrqne ﬁo teh“mégaba:[@cgﬁﬁat{"" i

v?(dimenoiouless)

g2) Largc stiffnu sesy. usually show graacer pressura derivatives than
Bc : Bc -
AR

3P o . _ , o
(3) Frcssura derxvatiV€a of thc stif£uesses arc positivc in deusa»packcd Lo

structures but iu open scruccures are occnﬁioually nugative. uuatt~ S0 -

bexry? Qdch hnvc one nagative de&ivative but the closa~pac&cd corundum anﬂ

Aforstcrit& acruuturcb show noue.

To estimate the prcswurc d«pendence~of chc elaa:ic stiffnass e agnin B

uaka t:lw apprax:muon r.imt nlﬁ "~ 119, s thei o o klﬂ.. and

sett - um (Bk/aP) - (it (aum. Assuning an isotx‘opic wltd,. m..cw cem_f o
so that . Ac 18k Lk ‘

B E @




“able 2 13

Comparison of glastic stiffness and their initial pressure derivatives
. for four oxides, Adiabatic stiffness ejq are expressed in negabars,
‘and the pressurce derivatives acijIGP are dimensionless.

-

Bervl Quartz. ‘ Corundum Forsterite

13 ¢4y 3cij/3P ' ey acijlaP ¢ 3613/3P cyy acij/GP_

11 3.09 4.5 0.87 3.3 4,98 - 6.2 3,29 8.3
22 U "w o w w " " ' 2,01 5.9
33 2.83 3.4 - 106 10.8 502 5.0 . 236 6.2
440,66 .~0.2 - 0.58 2.7 . 147 2.2 - 0.67. 21

55 ".‘ T R   -" ’ " || ‘ 0.81, A 1.7

660,00 . 03 040 -2.7 - 168 L5 0.6l 2.3
1z 129 3.9 3 ;_10,07;';'33.7V U163 33 0,07 43

L1339 3300 002 8.0 L7 U3 .07 w2

T = e 08 L9033 01 e

"~ Refercace - Yoon, 1971 . MeSkimin, - . - Gicske and - 0 Graham and .
oo e T Andreateh &0 Barsch, - - Barsch, 1969 - o -

© . Thurstow, - . 1968 - e LoD e
S M6 e e e




' -vefy_lodsé'bogding.along X,. From argunents préviously'preaented.cll > cpoe

-  V6w'consider théir‘presshte derivacives. From eq.(3)  the chanoe ia stiffness'

"::-;u/A._ Thﬁ?ufﬁte cn increases rapidly with pressu:ﬁ.

14

A rough value for Ak/AR can be obtained by exanining how k varies w}tﬁ.-'
interatomic distance, Short strong bondg have larger stiffnesses than long
bonds. The bond stiffness for Si-O is about 10% larger than that for Al-0,
and the bond 1cnnth is about 10% shorter. Therefore Ak/AL is roughlyw—Zmd/ﬁz.
Stretching force constants are plotted as a function of interatomic distance

in Pig. 2. For distances greater than 1.5A, the relation between k and £ is

. o
nearly linear with a slope of about -2 md/Az,
Substituting this value in (4) along with ¢ = 3 x 1012'dyne/cm2, k = 1 nd/k

and & = 3} gives. Ac/AP ﬂ,lo(dimensionless), the right ordef of wagnitude.

To explain the second observation consider the anisotropic structure in

; Eig;'sn. The ‘structure contains tightly bonded atoms in the X, direction and

- with pressure is ralnted to the changa in the number of chains per. uniL nrea ”{ o

""3;”,nIA. . thair repeat diﬁtance 2, and bond stiifness k. B

"Jﬁ}Ac';

'.A “7&2. nk Aﬁ 'ng—‘éjﬁ" o Af L '_ -
& .%»-—L—M} + 2 AAP+ 5 ¢ AR P © B

' fUnder preasura the ecructurc will comptess mainly along xz burause of the weak

| '  bonding in thaL directiou, giving the exaggetaced defonmaciOﬂ 1n Fia. Sb. j:

?er tho xl ditecttan thare will be little chauge in 2 and kl so that

'}\"ffl(dc l/AP)NE A(u/A)IAP. “The number oE chains pcr unit arca iucrcasea rapidly

"i“:f$1th presanro because of tha big reduc:ion in £ ' decrensing A and 1ncreasing SR

T




Fig. 5. Anisotropic model at low (a) and high (b) pressures.

®
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For direction xz, there is little change in n/A with pressure bacause
£1 hardly changes. Therefore "Ac /AP =z (n/A) [k2 (AL /4P) + 22 Ak /AP). The
22 2 2
length and spring constant are inversely related to one another so that the

increase in spring sonstant is partially offset by change in length. Hence Cyp

will not increase rapidly with pressure.

The third observation regarding the pressure dependuncc-is the occurrence.
of negative derivatives in open structures like berylraud qunrtz, When a
close-packed structure is compressed, the atoms move cluqnp tonether but this

need not be crue in am open structure wheze rotationq cin taku place, To

fdetcrminc the effect on the clastic conetants, consider,pquu¢1on.(5):desrribjugV"}

the pressure dependence of the sciffness._ The new featunu hure is’ the pra,sureifﬂ

' dependence of the stiffnesa k._ If we are considering thc nLif[nesg along xl,

,for example;.kl way decreaso with P because at high prﬁnnulc a stress along

._xl ptoduces & bending rather than a st:etching motion. 1hy stiffncsa co- _:;‘;_1,3

B ,effieients for bcnding nre considerably smaller than fﬂa utrctchins. Thus
R 1rotation cat. laad to negaf,vo pressute depandence of »h‘;rL“& stiffnegs cgﬂ'_" I

‘f'refficicngs,,f" ?" '

Thmpernture dependﬂnca of the elastic stifrness

: Hbat nnteriaia eoften a8’ they beccme warner, ao that the alascic stiffness

~ldecreaaes as . temparature incraaaes. -SGme-repr&santative valuea of dc/d1?£or

 oxides are 5£veu 1n-Tuble'3. tue fractionnl chanse in stiffueaa (lfc) Cdcfdt?

wly-

-:1n of the ord&r -2 % 107" per °C. The variation of the elastic cnefficients

= 91th :enperacure 15 of sume geophysical interest because of the inctttle in ]

tenparatnre with depth. Stiffveaa 1ncreasea vith' prelnura 8o tﬁat acoustic uaves o

o 1nctease speed wzch depth, but the increate 48 partly offset by the tempvraturq

",afttct, Thg cgmpqra;ute_dependence of the elastic constgncg;isAalto<1npottap:




-

Table 3; Temperaturé coefficients of elastic stiffness for several oxides.

T, = (1/c)(dc/dT) and is expressed in units of 1074 per °C.

ng Tcll -‘~2.3 o ché = -l,9 ,
- sariq3 Te,y = -2.6 I Tey, m_-l.l
qsipz ‘ 'Tclx»y —p.$=,, : . T§33 = -2.1
'Tc_,m - fl’.ﬁ o e Tnéﬁn fl.ﬁ
.
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in acoustic delay lines and 1in pilezoelectric oscillators and filters. Variations
of the delay time or resonantAfrequencies_are undesireable in these devices.

The mechanical spring.modél just discussed-also provides an.explahatian of
the temperature dependence of the,e;astic stiffness. To estimate the size of
dé/dT, we assume an iaotropic model of idéntical éprings, for which c-- ndk/A=

k/€, as shown previously. k is the force constant of the spring und £ :he lensth. '

- The temperature derivative is

dc dk -k, d€
”““'dr <z> ;5 2‘3"-3‘?.

The second tgrm is directly proportional tojthezlineat thermul éxpaugion~cbefficient :

o= (1/2) (a8/41).  The fiﬁét tern depends on the chgnge:inﬁfo:ca'constaut-with

:eaperdturé, Cheuicdl bords grow weaker with increasing length aﬁd_che;forcg'con~

_stant becomes snallér‘,'if wéfassuma;that the -change in k‘aeﬁends'ﬁriﬁarily on £,

thea (dk/dT) o €dkld 2) (¢d/41), and tha‘yarigtion,etiffﬁé;s'w;ch~¢enpetatuteﬁbé¢¢u35{.ff-"

e o dk ko
-__:dr““af -z-“.'

A% shoun m t.h; pmvious. secuon. dk/dt ~ -2 nﬁ/& k 1 ud;A L. 3A cmd céxlc

12
dynas/cn . 'rheml expansiou caef‘ici&nts for oxidcs are about 1073 per °t.. _

Suhstiaunxng thaso vulues gives a £rac:1033x chnnsc (1{c)(dc/d13*-10“‘i°c,

7 ‘which is the tighr. order of mgns‘.:u&e. "'his vuue is mu. byt is swaral _
' unes l.wger tlum the thermal expansion coefiicianc a. mis-is inpertnnt EERRE
‘because the thersal ex:r.:mion wafﬂciems are crucial in dclay line and

.';'ft'«iuency‘-atnndard deviccs. Thus in searching for zem-tenpent“fe c‘""“i"i‘“‘“' S

" utexials viux muu e.‘."tic propcr*ies are neaded. i ¢ parucular, it 4s

f'xnpsrtant to fiod materials thh gositive cezperature cosfftcients (1/c)(de/an).

" In the next section ve coosider the circﬁn;tgnces under vhich this might occur.
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Temperature - Compensated Materials

The transit time t in a delay-line medium is givea by the transit distance
£ divided by the acoustlc vélocity el .« ¢ is the apptopriaté‘stiffneéé co-
efficient and p the déhsity. Temperature variations altgr the transit time,
-causing problems. The temperature detivatiﬁe-(l/t)(dt/dT) = (1/2)(de/dT) -
QU2 ) (de/dD) + (12 p)(dplaT The first tern on the rightiie the linear |
thermal expansion coeffieient o, measured pdrallel to the transi: d;rectlon.'
" The thizd term is also related to a. For an isotropic materlal (llp)(dp/dr) = =30,
“Thus the temperatnte driﬁ: of tbe dulay time is governed by the thermal expansion

coctficieatu and by the change iu stiffneas uith tempcratnrez

| ¥ ""' (llk)(ét/dT) -1/2(a + T e

A T ia (lic)(dc/dT) the frnctioaal "hanse in stiffn&us coefficieut uich temg«t&ture,

and is npproxiaamly -2:m /*‘c, as dismssed- in t%ze prewions aeetion; _ 'memal

,»i_'_exvansiua caeffiuienta are usual;y poeitivu aud soaawhat snsllex. about +10 5]”6‘:-

“The . :enpetacute,variation of the :ransic time is therofora uetatnxaud by i

_ '~-;_fand is about 10 6[“@. Observed;vnxues of T, rapur:&u for su*face unve devicea

" Lare slightiy sualler, ubout 3&—90 ppaf®C (Carr, 1972).

TeNparaturevyoapunsanion requires :ha: T v thn tenpetatnre coasticiaac of
..tha transit tine, ba zegﬁ. Fo: BO8E. aaterials. T is pos&rive becauss alascic

.‘_otiffnnae decreasen vith 1ncreassns teapetanuxe, alouins dusn the acaus:ic vaves -

o and lens:hauing the trﬂﬁsit time, Dennity alsa dccreasa w&th ccﬁporature, apezdiag

L vp the wavaa snd sbarteaing thy ttanait tina. but tkis ﬁﬁftct is. genarully aaaller “..
1Tthtn that due to the nlnneie coustants. < | | '

S Xateriale +ith unuaunl valuei of T a:a .horefora oi lpecill 1ntereaz for - _

~ tunpar.ture—calpenlated deviccn. Quartz is suth tx:e:ial since r for obe:t :hout

ebe T-axis 1. pos&ttvu (Tahle 3). iha structures of a aad B~ qusrtt (Fin. 6) |

'_ provide an undetatandiug of tals behavier, The u-quatta'utructvre is a partia11$~
‘:oIIApoed derivative of 8-quu:ez. At higher te-peratures the s;o‘ tetrnhndru B
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Fig. 6. Arrangement of silicon atoms in quartz., Oxygens are located approximateiy
midway between neighboring silicon atoms. ' ' :

i
i
e
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xaﬁaéé ;o:gé-ageg, §3l1ynexpaq¢e§ structure, undergoing a displaciveﬂpﬁqsc

: transitiqn'ét.§?3°c gb i&é ﬁ:qua%tz structure, Quaréi‘shows‘a ;aéhgr_%;gh~ra;e of

thérmaljexpaﬁaiﬁﬁ“at'ré?m témperaépre due to the rotation of the Fét%ahedra.
- Thermal expansicﬁ-cteffiu_engs become even larger just Selawjﬁhe ;féns»

formacioq;:emperature and_then déézease abruptly to near-zéio-when theiféllv- :-ﬁ

expanded sﬁrugture’is a&hféied._ Quantltatlve calculations (Taylos, 1972},

- show fhat tha thermal %xpan51or ei quartz 1s due chiefly o tat &hedraﬁ rotatioés,

with only afﬁiror.contriaution from thermal motion. Tha anomsicus valne of Tc 5

.

is'related to the xotatlﬁd effecLiA 66 1elates a shearing strésé aboat the
z-axis to 2 shearin straiv about tPe same axls - rh same tyﬁe of mccion invo;ved
in the rotatlon of tetraheira in transforming from @ to B quartz. At ream |
temper ture the Si - 0 - 8t bonds are quite bent, (Fig 7a) but *hey straigh e
with increasing tempetture (Fig"7ﬁ) as the structure grous~closet Lo nguartz.sﬂi
Consider the efféct‘of mechanicaL ntresr-on such arrangemeuts. When the bent
structure is stretched,~~he zetrahedra rotate as well as deform (Fig. Ic), rewulting
in a sizeable strain. "ius the stiffness is rather ”mall at room »emperatux;tf :
When the high-temperature structure_is stressed (Pig. 7d), only deformatioh'cccdggi
since the structure is toco straight to permit rotation. As‘a resﬁlt, there is
less strain and the stiffnesc fncreases with temperature. A positive vﬁlué of
Té can he relat1 to rotational effects in this way. . B

In an earliﬁf section, the temperature coefficient of the elastic stiffness ¢
was describedin terms of a mechanical spring model. There it was 8hoqn that
T, = (1/c)("c/dT) = (1/22)(di/dT) = (e/e%e) (d814T)

. I this equation, £ is the lehgth of the spring and k is the spring constant.:
Sor most water! ls, Tcis determined by the first tarm on tﬁgvright, resulting -
from the change in sprin_, constant with temperéture. The sécond term arises from
thermal expansion, and is generally smaller. The spring congtant_ﬁsualiy decreases
with temperature because of thermal vibrations, so that dk/dT is ﬁaually:negative

and so is Tc
\




RS - TN ?‘: mndeis udiqating Lh«forigiﬂ of: poeitivc Tk coefficients ia- open cryethi.é
& gtruciures,  {ay shows ‘three atoms: connccted by bent bonds: © At higher temperatures
o (b} ithe hond stsigheins: ¥hon stresscd, ‘the bent” bonds both lengthen and rotate,  * -
8% shown du (¢} 9 ‘When the ‘strajgit.bonds are ‘stvesscd, only lengthening takes o

lagé {d)}s (c)?‘hnws a large*&over 111 change ia lenwth ‘than (d), hence the low--

Alﬁé?ﬁftgtu 2 stivctere is more -cumplisnt.  The bent busds in G-quarcz’are shown -

“dn- \h},s~& ‘hvarxnﬁ stress _about’ X, pr duces tension along the bond direction, -

‘qaltan in. bond rotatisnas well as exctension. For the high tcmperatur '

’tuna (f}, _a bcnglug gecurs in ais pxojeutlon.,

‘

O oxygen o SoE T
O sificon o 0 -
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* This need not be so when rotations occur because rotational spring constants
are smalief then stretching ~pring constants. For S$i-0 bonds, the stretching
~constant is about 5 md)X while bending spriﬁg constants are less than 1 md/z.

In the kirked bonds (Fig. 6a) both stretching and bending occurs-under stress
(Fig. 7c). The effective-force constant is smaller .than in the high-teuperature
case (Figs. 7b and 7d) where only stretching takes place. In this situation
dk/dT is positive, aS‘;s Tc, becgqse the force constant changes pharactervwith

increasing temperature.

Paratellurite, one of the pdlymorphs of tellurium dioxide, exhibits unusual
elastic behavior similar to quaftz. Temperature-compenéated cuts of para-
tellurite have been used in surface wave devices, although the pilezoelectric
,coupling parameters are small (Carr, 1972). In.TeO2 the shearing stiffness
g 1/2 (cll - °12) hae a positive temperature coefficient. The crystal

structures of the paratellurite and rutile polymorphs of Te¢O, are. illustrated

2
in Fig, 8. Paratellurite is a partially-collapsed derivative of the rutile
form. When paratellurite is heated, the bent configuration straightens,

similar td the changes observed in quartz, fhus the shearing spring'conatant
increases with temperature making dc/dT pdsitive;

In ;earching for new materials with positivé temperature coefficients, we
~ look to open structures in which sizeable rotations can ocour. Coordinatibg
numbers are usually small in open structures, so that oxygens are bonded to
only 1, 2, or 3 neighbors, Close~packed structures are generally not conduci#e |
to rotational movéments, although thefe are exceptions to this. SrTi0, shows
a beuutiful rotational transition near 110°K which 1s accompanied by anomalous
elastic behavior. The Ti-0-Ti bonds are kinked in the low-temperature structure._'
Leucite, cristobalite, anorthite, and other silicate minerals show 'pncker;ng'f

transitions similar to quartz but unfortunately these materials are not piezoelectric,




2

. {ngig: 8. Crystal structures oﬁ paratcllurite (a) and rutile (b) viewed along S TR
-the ¢ crystallographic axes. The tilting of the Teo6 oqtahedta in paratelluti;g _

’*‘leads to bond-beﬁding ‘and anomalous elasttc behavior.-
* :
:
gé .
3
i‘\j} .
p)
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\fhase transitions are a sécond clue to the océurrenCe of positive T, s

'values,rsince rotations sometimes lead to a change in scructure. "Poled’ ferro~i 
electrica such as L*Iaoa or ferroelastics are - therefore of 1nterest. ' To. pre- |
‘vent domain fo:mation, the ttansitiou should not be,ggg; room temperature.ljg;f'
material SUCh as Bi,W0, ‘Tc "950°C) misht bé of interest. ~Ihe.elasticAc§nstauts;~ -
. of bismu;h tungstats have not been'determiped;"Bizwds,1§4p51ar”§;gtqq¢:£emé?,: .: .
' erature but not fetxéelectrie; 5p1kgflifhiuﬁ;§;obgpg;f;;,iggg ﬁfrgggg!;fgxggg;»-i
:Aelectric. .f”' L A O : o '. SR
Anomalous elaacic proper:iea are alao observed,in BazNaNbs 15, known

_ colloquially as bananas. The complinnce coefficianta 86& and 355 decrease

with 1ucreasing tempetature (Yamada, Iwasaki and &iizeki, 1970) As with.Sioz

and Teoz. the nnusual behavior is associatnd with a phase transition :o hishex V i”'

,_f "symmetry.- Barium sodium niobata undergoes a diSplacive phase transi:ion ac

:‘300’6 which 1s primarily elnscic in charncce:. rhe x and y axes of :he room-:'
'i temperatute orthorhambic.scructura are rntaced by 65‘ fteu thos; of :he high-A
temparatuwe uecxagonal phase, 582N3Rb5 ITE eahibits laxsa piezoelactric

 “-'coupl;ng cans:auts in cextain ditections. 35' o
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