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ABSTRACT

An exhaustive survey oI inorganic piezoelectric materials was made in an efiort to de-

velop improved crystals, particularly for underwater sound gear. The field of water-soluble

materials was covered thoroughly enough that further prospecting appears unprofitable.

The results of this survey, together with all major surveys by previous investigators, are

presented in a single table. Sufficient data are presented, concerning the piezoelectric ac-

tivity of each of the materials investigaled to indicate whether they justify further investi-

gation for various applications.

INtnotucrIor.i

This survey was undertaken in an efiort to provide improved materials

for piezoelectric applications, particularly for underwater sound gear, a

goai which influenced both the selection of materials to be investigated

and the extent to which each material was studied. The essential prop-

erties required for sonar gear are maximum sensitivity, chemical and

mechanical stability, and high dielectric breakdown strength'

on this basis, water-soluble inorganic materials replesented the most

ignored. For example, it seemed likely that activity would be greatest

when there was a large difference in electrochemical potential between

constituent ions. It was also suggested that hydrogen bonding, or largely

ionic coupling, were necessary; but existing data were not suficient to

only those compounds which were unsuitable for other reasons' e.g.'

poor chemical stabil ity.*

* As a result of the survey, the factors which influence piezoelectric activity can be out-

lined somewhat more confidently and will be discussed in a paper to be released shortly by

S. Zerfoss et al.
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TBsr Pnocnourr
'rhe 

eliciency and reliabilit-v of the investigation depended as much
on developing new techniques for detecting and measuring piezoelectric-
ity-as on the abil ity to grow crystals. The general goul *ui to be able to
make tests on as small specimens o, porribl" i '  o-rder to save growing
time.

A "click" test, usi'g a rnodification of a circuit by Giebe and scheibe
was used for the first indication of activity. rn general, welr-formed
crystals down to 100 mesh can be tested on this device. The r/RZ design
of this apparatus has proved highry reriable and free of spurious responses
so that a click is positive evidence of piezoelectric activity. Mo*o,u.r,
the loudness of the click is a rough quantitative -.uru.. of activity.
Several other factors incrudi'g e (iniernar mechanicar and electrical
iosses), dielectric, ancr erastic constants contribute to the magnitude of
the click; but the variabil ity of these factors between mosL Irystals is
relatively small so that the piezoelectric coupling is the dominating
variable.

Absence of any respo'se is ress positive proof of lack of piezoelectric
activity because the indication may be swamped out on very weak
Tl"tlul. by a low p or by high conductivity. IJsually, however, these
difficulties can be easily identified by a characteristi i sizzring noise so
that for all practical purposes the click test is reliable.x*

For more quantitative d,ata, a dynamic test procedure was adopted
rvhich depends on accurate measureme't of the resonant and antireso-
nant frequencies of the specimen. A row capacity crystal holder and the
associated circuits were perfected to the point where reasonabry ac-
curate data can be obtained on weil shaped specimens as sma'as 2 mm.
cubed' The results of these tests on small crystars have proved in every
case to be within 25/6 of precise measurements on full sized specimens.T

Basrs ron SBrBcrrNc ruB MerBnr;rrs Ixcrunno rm Sunvny
'Ihe 

first step in compiling the list o{ materials to be investigated was
an exhaustive search through the riterature for ail inorganic co'-porrrrd,
which had ever been reported as having a symmetry structure which
permits piezoelectric activity. All such colnpou.rcrs were considered even

:tors in this test procedure and the design of
r fmproved Apparatus for Detecting piezo-

i:;l';T[!ri,,fT:ll' -*" presented in an
-"n:. :l Small c-r),stals,,by Elias Burstein; ;H,:1,:;"ff"i;:';::;T;t;:iriir#";;:;;ments, 18, 317-327 (194n.
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iJ the more recent structure investigations indicated a non-piezoelectric

would be Profitable.

DnscnrPrton or RESULTS
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tions even though some of the crystals in that class may be strongly
piezoelectric.

The second column indicates the results of previous investigators by
number as listed in the bibliography. Only the six principal s,irrreys by
previous investigators are listed, but these cover essentially all past
work. Less than a dozen other references were located, 

"u.i 
of which

referred to a single compound. The remaining compounds were new to
i/Rz with the exception of the weil known developments of BaTio3 and
the isomorphs of ADP.*

The third column lists the results or NRLtests. An adjective descrip-
tion is the result of click tests. A fr varue refers to the piezoerectric cou-
pling coefficient. This is a measure of the interaction between the electrical
and mechanical behavior of the crystal, and forms a useful ,,figure of
merit" for most applications. fn a few cases, the fr given is an approxi_
mate value obtained by test of a small specimen of unknown orientation,
but for the most part, it represents confirmed data for the strongest
activity along the various axes. Repeated observations on many mate-
rials indicated that a materiar classified as "moderate,' by the ciick test
had a coupling coeficient of approximately 0.1, which it is generally
agreed is the minimum necessary to be usable for any applicatiJn. Thus,
any material with less than a moderate response can confidently be re-
garded as having no practical value, and a response of ,,moderate,, or
better indicates that further consideration is jusiified. The data incruded
are not intended to be suficient for evaluating possible applications but
do narrow the list which must be more thoroughly investigated. For
example, a material with a & of less than 0.2 could offer no 

-advantage

ot1e1 
Jhe 

present crystals used for underwater sound gear. Materials
with ft as low as 0.1 can be considered for high fr"querrcioscillator con_
trol, providing they are in symmetry classes having desirable modes of
vibration.

A number of materials are listed which were not investigated at 1[,R2.
Some of these compounds are obviously not piezoelectric:by well con_
firmed symmetry data-but are included so that no material considered
in previous surveys is omitted. other compounds are included which are
repo-rted to be in a symmetry class that uilo*, piezoelectricity but have
not been tested at NRL or by previous investigators. The ,.uro., for this
lack of attention is described in the final corumn. comments are also
included for some of the materials tested to indicate a limiting factor in

+ rt was later found that a number of these compounds had also been tested by H. Jaffeof the Brush Development company. Fo. 
"xa-p'ie, 

iisoo.uro, valuable for its srronghydrostatic response, was being developed ,.ra". tl" *-puoy code name Z_8.
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Tlsr,u I. Cnvsrer-s Ixvrsrrcalno lon PrtzourcrRrcrrl

Schoenfliess

chemical compound H:|if
Structure

Previous NRL
Investi- Investi- PracticalLimitations
gation gation

AgrAsOe
AgaAsOr
Ag3AsSa
AgBrOr
AgCl
AgCN
AgClOr
AgClOr
AgrHgIr
Asr
AgIOr
AgK(CN)z
AgNOz
AgNOa
Ag3POr
AgTl(NOr)z

AlAsOr

AICIs
AlFs
Al(Pot3
AIPOr

AuIs

BAsOr

BPOr

BaBrz'2HzO
Ba(BrOs)z'HzO
BaCdClr'4HrO
BaClz'2HzO
Ba(ClOr)r 'HzO
Ba(CNS):
BaFe(CN)o'6HzO
Ba(NOz)z'HzO
Ba(NOa)z
BaPt(CN)r'4H:O
BaSOr
BaSzOe '2HzO

Ta
Ta
Co"
Da6, Va

Or'
Ca"
Va
Ta (208 'C .
Va
Ta, Ce'
Rhomb?
Dad
Dzt
V, Cz'

Or,, Ta

V. Weak Unstable
Unstable

+1 Insol'-DecomP'

Neg.
-5 Neg.

Mod' HYgroscoPic

Neg.

Neg.
-l-5, -3 Neg.

+5 Mod. Insol'-DecomP'
- 4 ,  - 5

V. Weak HYgroscoPic

-3,  -4 Neg.
V. Weak

Neg.

Va

Da
Da
Ta
Ds

Req. hYdrothermal

sYnthesis
Deliquescent
HYgroscoPic

Mod.

Unslable

Non Piezo' symmetry

most likelY

Non Piezo' symmetry

most likely

Neg.
Neg.

Neg.
Neg.
Neg.
Neg.
Weak Unstable

Neg.

Mod.

Cr

Sr, Va, Dol

Sr, Va, Dol

Czt
Cer'
C i
Crr'

T, To

Czr
Vr

- J

- 5
_ J

- 5

_ J

+s
- l

- 5

+6
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Ttr.tE I-Continued,

Chemical Compound

Schoenfliess _
Svmbol to. 

Previous NRL

Reported lnvesti- Investi- PracticalLimitations

Structure gatron gation

BaTiO:
BeO
BeS
BeSOr.4HzO

Bi(CNS)r
Bich.3SC(NH,) ,
BiIs
BiKF4
BiKI4
BiuOs

CaF"
CaPd(CN)r '5H:O
caPt(cN)4.sHrO
CaSOn.2HzO

CdF,
CdIL
cdKrs
CdS, Se, Te
CdSO+.rHzO

CeF3
CezOr
cer(so4)s 8Hro
Ce(N&):(NOr)5.4H,O

Co(CNS)z.3HzO
CoCI2
Co (NHr) *(NOs)*(NOtv(SO{),

CoS, Se
CoSO: 6HzO

Crz(SOn)s

CsNOs
CszS:Oo

CuRr

Co"
Ta, Vor,, Va
Va

Cr*
Ca
Ci

V6, T, C2

Or'
D2
D2

Crr

Or'
Dra, Co,

Ce', To
Crr

Du,o, Do
D3
C i

Crl, Crt
C:"
Dr, Drl

- 5
- 5
- 5
- 5

Active

Decomposes
k - 0 . I

Neg.
V. Weak

fnsol.-Decomp.
Neg.
Neg.

fnsol.-Inverts

Neg.

Neg.

Neg.
Neg.

Conductivity
Neg.

Insoi.

N"g.
Strong Conducts-Deliquescent

Neg.

Deliquescent
Neg., Large series of com-

V. Weak plexes, all relatively
unstable

Conductivity
Mod. Unstable

Neg.

Weak

V. Weah

Unstable

- 5
- 5

Dun, Cuu
Cs

Cst
D6

Ta
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Ten:'o l-Continueil

Chemical ComPound

Schoenfliess previous
SYmDol ror 

Investi-
Reported 

sation
Structure

NRL
Investi- PracticalLimitations
gation

CuCl
CuF
CuzHglr
CuI
CuK2Cl4.2HrO
QuI\TaQl3'*HrO
CuSOr'3IIgO
eugse3.2HrO
CuSeOr'SHgO
CuSOr'5HzO

FeNHrClr
Fe(NIL)aFo
Fe(NIIr)z(SODz
FeSO.r' (NH,)sSOA' 6HrO
FePOr

FeS

Ta
Ta
Dea
Ta
Drr

k:0.  12 Unstable
IIYdrolYses

Neg.
Unstable

Neg.
Neg.
Weak HYgroscoPic

Neg'
Neg.
Neg'

Neg.
HYgroscoPic

Neg.

Req. hYdrothermal

sYnthesis

ConductivitY

L s

Dz
C i
C i

T, T6, 01, C2t

Ds
Cru
Da

- 5

Coo

Da
Csn

Czu
Va
Va

GeOz
GeSs

HIOa

Q2r, Clrr

Ta

-L )

+2, +3
+3
- 5

+2, +3

k:0.3 HYgroscoPic

Neg.
Unstable

Weak
Unstable

Mod.
ConductivitY

HgBrz
HgCN
He(CN)r
Hs(CNO)z
HgIz
HgS

ICN

InzOs

IrClr

KAI(Sor, '12HrO
KBr
KBrOs
KBsOe'4HzO
KClCrOa

D36, D3, C3, +3' +5
Ca', Cai

Ds

Tr
or'
C:o, D3

Czu
Czr

- J

- 7

-3 Neg.

+2,  +3  k :O '23
Mod.
Neg.
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Trnr;x,I-Continued.
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Chemical Compound

Schoenfliess -
Symbol for ft"utllt
Reported lnvestl-

Structure gauon

NRL
Investi- PracticalLimitations
gation

KCN
KCNO
KCe(NOr)a'1*HzO
KCd(NO)s
KzCd(NO)r
KCIOs
KCI04
KrCu(CN)r
K:CrOr
KrCreOr

KDzPOT
KeFe(CN)o
KrFe(CN)e '3HzO
KHF2
KHzAsOr
KII,P04
KzHs(CN)r
KaHg(NOz)o.HgO
Kros
Kr04
KgLa(NOr)s. 1*HeO
KLiSO4
KLiSeOa
KMgPOr.6HzO
KaNa(SOdz
KaNa(CrOr)z
KNII4S04
KzM(SOr)r '6H,O
KNOz
KNOa
K,PdCI4
KzSuOa'13HzO
KzSOr
KzSzOo
KzSrOe
KzSzOg
KzSnCle
KzTeOa
KzTeOr
KzTlCloG)
Kln(CN)r

T, ot
Dc'

G"

Vr'
Ccl
Vl, Ta
D3
Vr
Ci

Va
Csl
Czu

Dr
Va
Va
Or,
Vr
Perov.
Con
Czt
Co
Ce
Cz'
Dsa

a-
Vr', Cr"
Va
Cr"
Vn
Dr
c"
Ci
Ou

Neg.
-5 N"g.

Neg.

- 5

Neg.
Neg.
Quest.

-3 Neg.
-2, -4, Neg,
-3 ,  -5
-r
-3 N"g.
-3 Neg.

{ ' l ,  {2  k -0 .1
+ l  k : 0 . 1 I
- 5
- 5

Mod.
Neg.
Weak

+2 rt:0.04
+6

Neg.
Neg.
Neg.
Neg.
V. Weak

-3 Neg.

V. Weak
-3
+6 Mod.

SIight

Neg.
Neg.
N"g.

- J

+s

Unstable

Unstable

lnsol.-Decomp.

Symmetry quest.

Unstable

Inactive structure
proven

Vr'

Or.
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Ttr.tn l-Conlinueil

Chemical Compound

Schoenfliess previous
SYmDol ror 

Investi-
Reported 

sation
Structure

NRL
Investi- PracticalLimitations

gation

LaFa
LazOa

LizBeFr'HzO
Liclor
LiClO4'3HrO
Lir.3H'O
LiIOr
LiKSOn' CrOr(?)
LiKSO4.MoOr(?)
LiNHTSOT
LiNaCOs
LiNaSOr
LiNar(Cron)z 6Hzo
LiNa3(MoOtr'6HrO
LiNas(SOa)z'6HzO
LiNar(SeOa)z'6HzO
LiRbSOr
LisSOr'HrO
I.izSeOr'HzO

Mg(NHa)s(SOn), 6H,O
Mg(CIOa): '6HzO
MgCrOr'7H:O
MgSOr'3HzO
MgSOa'6HzO
MgSOr'7H:O

NaBrOr
NazCa(COa): '2HzO
Na:COr'HrO
NaCN
NaCNO
NaClOr
NaClOr
NalFe(CN)e' l2HrO(?)
NazFe(CN)sNO'2HzO
NaH:AsOr'HrO
Na2HAsO4'7H2O
NaHzPOa'H:O
NaIOa
NaIOn
NaIOr'3HzO

Do
Ds

Cri

Cut
Co"
De
Ce
Co
Vr,
Drr'
,C:"

Cr'
Ct"
C:'.
Cr'
Co
C:
Cr

Crr,
C:,
V
Cr'
C:
v

+6
+6

A

Neg.
Mod.

Quest'
Mod.

Neg.
Mod.

+ 6  h : 0 . 0 4

+ 6

+6

+1 f r :0 .3s
+6 Weak

Neg.

V. Weak
Weak

f t : 0 . 06

+1 f t :0.06

+2,  +3  k :0 .04
+6 V. Weak

Mod.
V. Weak

+1 f t :0 .03
Neg.

- 5
-5 Neg.

Neg'
f r :0 .05

-5 Neg.

f6, -5 Neg.
- 5 Neg.

T
Czu

C:'
Cz"
Cat

Tr'
Tr,, Ta

Ilygroscopic

Unstable

Dr

Dz
Vn
Clr'
L3
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Chemical Compound

Schoenfliess -
^ :  , ;  Previous NRL
rymDol ror 

Investi- Investi- Practical Limitations
KeDorted gatlon gallon
Structure

NazMg(CO:)r
NaNHTHPOT'4HzO
NaNO:
NaNO:
NazSzOr
NazSzO: 5HzO
NaaSbSn'9HzO
NazSeO:
NazSeOr
NaSiO:'5HsO
Na2WO4'2H2O

Nd(BrO;)r '9HrO
NdF3
NdzOs

(NHr):AlFo

NH4B6O8'4HrO
NHaBr
NH{CdC13
NHrCdBrr
NH4Cd13
NH4CI
2NH4CI CuCI: '2H:O
NHaClOz
NH4Cl04
(NHDzCrOr
(NHr)zCr:oz

NH4F
NHrH:AsOr
NH4HTP04
(NHr)sHz(MoOr)o

NH4rOs
NHrMgAsOr 6H:O
NHrMgPOn 6HzO
NH4NOs
(NHr)zPtClo
(NHl)zSnCls

(NH4)rSiF6

NiCa(CN)r 5H:O
Ni(NH4)'(SO,2 6H'O

NiNOs'6HrO

Ca
Csh

Dra

L2l)

T

Slight
-5 Neg.

Weak

+6 Nes.
Neg.
Neg.

+ l

Neg.
Neg.
Slight
Neg.

-.)

Deliquescent

Conductivity

Unstable

Unstable

Hydrolyses

ADP

Vap. Pres.

Vap. Pres.

Vr,

Vr'

T

Or,
Dzr,

Ce"
Do
Dr, Drd

or -3
Drr  -5

Cr'
Vr,, Ta -5

Cu, Cun - 5
Czl

Co' +5
Va
Va
Cr,, - 5
Crr '  +5
Lz'
Cr '
'I, 

V6, Vr'
Or '  -5

or'
Or '  -5

Weak
Neg.
Neg.
Neg.
Neg.
Neg.

Neg.
Neg.
Neg.

h , : 0 . 2 4
f r :0 .30
Neg.

Neg.

Neg.

Neg.

Dz

Czr,
C:r

Neg.
-.)
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Trsr.n l-Continueil

Chemical Compound

Schoenfliess -
" rrevlous

Svmool Ior
: , lnvestr-
I(eDorted

satron
Structure

NRL
Investi- PracticalLimitations
gation

NiS
NiSOa'6HrO
Niso{.6Hro
NSO4'7HrO
Nisbs

PbBrz
PbCI,
Pb(cNS),
PbsGe(CI9o)z'rH:O
PbMoOr

Pb(NOa)z
PbSzOe'4HzO

RbB6O8.4H2O
Rbcl04
Rbfe(CN)o'2HsO
RbNOs
RbgS:Oo

Sbla
Sbzoa

ScFa

sic
sio,

Sr(ClOa)z
Sr(IO:)z
Sr(NOr)z
SrSzOo'4HzO
SrSzOo

Tlclo{
TIF

VzOs

ZnBeFe'7HzO
ZnKz(SOr)z'6HsO
Zn(NHr)z(SOr)z'6HrO

Cg'

Cs
Dr
v
T

Conducts
Mod.

+1  h :0 .06
+2 Weak

_ J

Npo

_ J

Neo

-2, -4, Insol.
_ J

- 1 Neg.

Vr
Vr

Cl, Cm, Co

T, Tt
Ds

VI, Ta
Cr
Ca'
Da

Ca
Or

Da

T, Cr'
Dg

Drl, Cz*

T, Tr
Dr
Ds

VN, TA

Veh

Cz"

Mod.

+5 Weak
V. Weak

- 5

- ' )  - ?

h : O . r

V. Weak
Neg.

- 1 Neg.
Weak

+6 Mod.

Hydrolyses

Quartz

Deliquescent

Hydrolyses

Deliquescent

Neg.
Neg.

Czr
Czt

- 3
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Trste I-Continueil
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Chemical Compound

Schcenfliess -
rrevlous

bvmbol lor
: Investr-
I(eDorted qatron
Structure

NRL
Investi- PracticalLimitations
gation

ZnO
Zn(OH)2
Znt(POe)z'4HzO
ZnS
ZnSOr.THzO

Cu" -2

v
D2
Ta +2, +3 k:0.02
V +r ,  +2  k :0 .07

Gelatinous
Insol.-Inverts

their value even though the piezoelectric activity is strong enough to be
of interest.

AcrNowrnrGMENT

The material investigated for this report required the combined efforts
of both the chemists and physicists of the Crystal Section. Much of the
early crystal growing was done by A. A. Kasper, with extensive contribu-
tions from G. Kennedy, W. S. Twenhofel, and C. Pelto. More recently
this work has been done by S. Zerfoss with L. R. Johnson and I. I. Fried-
man. The piezoelectric measurements were under the direction of Paul L.
Smith with assistance from !V. Fry and originally performed by G. Mason.
Improved techniques were devised by E. Burstein and instruments de-
signed by R. Stokes.
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