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PREFACE

Interest in the physical properties of piczoclectric crystals, as well
as in their practical applications, has become so great as to make the
necd felt for o comprebensive treatise. The prescat book is an attempt
to mect this need, at least in part.

Piczoclectricity is related by so many ties to all branches of physics
that any general text on the subject must be to some extent o trentise
on crystal physics. Thai this book makes no attempt to comprise the
whole of crystal physies is evident from the faet that such topics as
metallie erystals and structure sensitiveness are hardly mentioned.
Even with regard to insulating erystals the diseussion i« confined mainty
to those with piezoelectric properties. Such matters s thermal proper-
tics and plasticity are treated, if at all, only insofar ns they have a bearing
on the ceniral theme. On tho other hand, it seetned desirable to include
chapters on elnsticity, pyroelectricity, and certain optical effects, pro-
sentling the basie principles and those specinl features which relute them
to piezoelectric phenomena.

Considerable space has been given to the theory of the piezo resonator,
its equivalent electrieal network, and graphical methods for the analysis
of resonator problems.

Rochelle salt and other Seignetin-electries have been treated at some
length, because of the interesting problenys they present and their wide
range of present and future applications, The intelligent use of these
erystals in technienl deviees is impossible without a knowledge of their
properties and of the accompanying theory. The noles on ferro-
magnetism in the Appendix were written as an aid in interpreting the
analogous effects in the Seignetc-eleclrics. Those who desire only a
brief treatment of the subjeet will find that various aspects of the proper-
1ics and theory of Rochelle salt are summarized in the opening paragraphs
of Chaps. XX, XXIII, and XXV and also in §8471 1o 476 and 489 to 480,

A new formulation of piczoelectric theory, known as the “polarization
theory,” has recently been made by Prof. 1lans Mueller and Dr. W. P,
Muson in their attacks on the problem of Rochelle galt. Tn Chap. X1
the author has shown how this and still other formulations may be
derived from thermodynamic principles and has developed the polariza-
tion theory in general form, applicable to all piezoclectric erystals.

Those who use the book as & general text on the physical properties
and applications of piezoelectric crystals will find their material chiefly

1x
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in Chaps. I to III, V, VII, VIII, X to XV, XVIII, XIX, and XXVIII
to XXXI, supplemented by the opening sections of most of the other
chapters, and by §§49 to 52 and 172 to-175,

Sinee the book is intended for research workers as well as for students
of physies and radio amateurs who wish to learn more about erystals, it
is unavoidable that some portions place more demands than others on
previous acquaintance with physics, mathematics, and electric-circuit
theory. Not much previous scientific training is required for under-
standing most of Chaps. I, I, XVI, XIX, and XXVIII, as well ag the
introductions to many other chapters, in which general surveys of
various topics are given; Chaps. VIII, XIII, XVII, and XX may be
mentioned in particular,

In genersl, details of electric circuits have been omitted; a few
typical examples are given. Although a laboratory manual on piezo-
electric crystals would doubtless be useful, limitations of space prevent
the present book from going much further in this direction than to
include some paragraphs on the technique of quartz and Rochelle salt.

Here and there in the book will be found material that has not been
published elsewhere. This matenal includes some of the methods of
approach and development, as well as some original eontnibutions to the
field. Mention may be made of considerable portions of Chaps. V, XI,
XTI, XITI, X1V, and XVII; the devices suggested in Figs. 105 and 156
and in the footnote on page 417; and some experimental results obtained
by studenis at Wesleyan University and described in their theses.*

In general, the reference numbers in the text are the numbers of
books or articles listed in the general bibliography at the end of the
book. Book numbers have the prefix B. Special bibliographies, on
electrets and on the effect of X-rays on vibrating crystals, will be found
at the ends of Chaps. IX and XIII, respectively. Text references to
articles in these bibliographies are in square brackets in the respective
chapters.

For permission to use certain illustrations, thanks are extended to the
publishers of the following books and journals and to the suthors con-
cerned: Hermann & Cie, Paris; B. G. Teubner, Leipzig; Annalen der
Physik; Bell Sysiem Technical Journal; Elektrische Nachrichten-Technik;
Ergebnisse der exakten Naturwissenschafien; Helvetica Physica Acta; Pro-
ceedings of the Instituie of Radio Engineers; Annals of the New York
Academy of Sciences; Physics; Physical Review; Physikalische Zettschrift;
Proceedings of the Physical Society; Proceedings of the Royal Society
(London); Telefunken-Zeitung; Mémoires de la Soctéié vaudoise des sciences
naturelles; Zeitschrifi fiir technische Physik.

*To g large extent the gtudents’ investigations were initiated by Prof. Van Dyke
and carried out under his direction, as parts of an extended program of research.



PREFACE x

Thanks are due to the following students and assistants, in addition
to those mentioned in the text, for their efficient aid in experimental
work, ealculations, and the preparation of diagrams: H. P. Blakeslee,
A. H. Butler, R. 8. Cohen, C. A. Dyer, R. C. Hitchcock, G. J. Holton,
H. H. Hubbell, Jr., R. I. Hulsizer, Jr., R. 8, Kardag, G. H. Kent, G. A.
Kolstad, J. F. Miller, D. O. North, E. T. Peabody, Miss E. Ruthven
Tremain, J. E. Walstrom, M. E, White, and P. D. Zottu. Special
recognition should be given to the aid rendered by Dr. H. Jaffe in experi- .
mentation and computation and particularly in the assembling of much
of the material for the chapters on Rochelle salt and atomic theory, For
aid In preparing the data on the structure of quartz the author is indebted
to G. J. Holton,

Grateful acknowledgment is made o Dr. W. P. Mason and the Bell
Laboratories for diagrams, elastic and piezoelectric equations, and unpub-
lished experimental data; to J. K. Clapp and the General Radio Company
for the use of the photograph shown in Fig. 103 and for technieal infor-
mation; t0 the Brush Development Company for Rochelle-salt crystals
and much valuable information; and to the Naval Research Laboratory
for acecess to their bibliography on erystals.

Many sections of the book have been read by the auther’s students,
whose comments and criticisms bave been very stimulating. Certain
portions have been examined by Prof. Hang Mueller, Prof, V. B, Eaton,
Dr. W. P. Mason, and Dr. Hans Jaffe, frorn whom many helpful sug-
gestions have been received. The author i3 especially indebted to
Prof. K. 8. Van Dyke and Dr. W. M. Cady for much patient perusal of
manuscript, constructive criticism, and many invaluable suggestions
during the growth of the book. The careful reading of the manuscript
in its final form by Lieut. F. H. Rathmann, USNR, of the Naval Research
Laborstory, has also led to various emendations, To all these good
friends the author is very grateful. TFor such errors as may still remain
in the text he is responsible, not they.

WarLTEr Guyron Capy.

MippreTowN, CONN.,
January, 1946.
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SYMBOLS AND ABBREVIATIONS

References are given to sections in which the symbols are defined or
first used.

A Amplitude of vibration, real or complex, §56.

a Coefficient of linear thermal expansion, §20.

Gty Dar Piezoelectric stress and strain constants used in the polarization
theory, §189,

abc Crystallographic axes, §4.

8, b e Intercepts of the unit face on the a-, b-, c-axes, §4.

B Dielectric saturation coefficient, §§449, 452.

b Breadth of a bar or plate; electrio susceptance (application to the
resonator in §269).

C Eleetric capacitance; for resonator, see R, L, C, C; below.

Cs Capacitance of gap between crystal and electrodes, §284.

¢ Wave velocity, §55; generalized symbol for an eiastic streas coefficient,
§201.

[ Ilastic stiffness coefficient, §26; superseripts E, P, I, and *denote the

values at constant electric field, constant polarization, constant
total displacement, and constant normal displacement, respectively,
ag explained in Chap. XIIL.
Electric displacement.
Piezoelectric atrain constant, §§23, 124.
Electric field strength, §20.
Thickness of a plate or bar.
Electric spacing = e + kw, §110.
Effective electric spacing of a resonator, §§220, 249,
Piczoelectric stress constant, §§23, 124.
Frictional factor, §56; internal ficld strength, §§113, 486.
Frequency; fy = wo/2x = fundamental frequency, §58.
Frequencies at series and parallel resonance, §276.
In Frequencies for maximum and minimum admittance, §279.
Equivalent stiffness, §62,
Electric conductance (application to a resonstor in §269).
Magnetic ficld atrength; wave constant = fI, §362.
Order of harmonie, §55; ratio of any frequency f to the fundamental
frequency fo, §61.
Electric current; moment of inertia, §74; magnetic polarization, §548.
Mechfnical equivalent of heat, §23.
(=1L
The Boitzmann constant, §114.
Wavelength constant, §56; dielectric constant = permittivity, §103.
Effective dielectric constant for lengthwise vibrations, §229,
Dieleotric constant for field in any direction m; other special paffixes
are explained in §§105, 107, 430,
xxi
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xxii
¥, &

ke/eec

me/sec

mf, mmf
N

N,

n

P

Po

v

ppm

Q

U, v

e g

X .
XYz
X, Yl, zr

SYMBOLS AND ABBREVIATIONS

Dieloctric constants, respectively, of a crystal free and clamped,
§3104, 124, 204.

Kilocycles per second; cccasionally, when there is no ambiguity,
the term is abbreviated to ke.

The Langevin function, §§114, 548; seli-inductance (for seli-induct-
ance of & resonator see B, L, C, C, below).

Length,

Dircetion cosines.

Equivalent mass of a resonator, §62.

Milliamperes.

Megacycles per second; cccasionally, when there is mo ambiguity,
the symbol is abbreviated to me.

microfarad, micromicrofarad.

Number of molecules per unit volume, §113; dymamic torsional
stiffness, §74.

Static torsional stiffness, §35.

shear modulus, §24; measure of dissonance (8 = wg — ), §58.

KElectric polarization.

Spontaneous polarization.

Pyroelectric constant, §§20, 516; coefficient of the generalized Langevin
function, §§114, 552.

Parts por million.

Quantity of heat, §20; torque, §35; electric charge; quality factor =
»/8 = wl/R, §§56, 269.

Quality factor at harmonic h, §232,

Electrocaloric constant, §523; coefficient of the generalizod Langevin
function, §§114, 552; general stifiness factor in vibrational equations,
§55; thermoelastic coefficient, §§20, 23.

Stiffness factors with and without a gap, rospectively.

Equivalent electric constants of a resonator, §232,

Same for a resonator with gap, §232.

Equivalent constants for overtone of order &, §232,

Equivalent serics constants, §271.

Equivalent parallel constants, §273.

Electromechanieal ratio, §233.

Generalized symbol for an elastic compliance coefficient, §§20, 201.

Elastic complinnce coefficient, §26; special superscripts sume ag for ea.

Scale value for admittances on the resonance circle, §266.

Beale valuo for impedances on the resonance circle, §270.

Absclute temperature; torsional compliance, §35,

Time; temperature in degrecs centigrade.

Constant of the gap effect, §237.

Components of displacement of a particle, §26

Potential; potential difference.

Velocity of a particle in vibration, §58.

Equivalent frictional coefficient of a resonator, §62.

Total gap between crystal and electrodes, §110.

Generalized symbol for a atress, §§20, 201; electric reactance (for
reactance of n resonator see §232).

A component of stress, §25.

Orthogonal axes, §5.

Rotated orthogonal axes, §38.
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SYMBOLS AND ABBREVIATIONS xxiii

Driving stress, with orientation indieated by n, in resonator theory,
§228.

Generglized aymbol for a strain, §20,

A component, of strain, §26.

Coordinates in space.

Young’®s modulus, §24; electric admittance (for admittance of a
resonator see §§232, 265, 269).

Electric impedance (for impedance of a resonator see §§232, 265, 269).

Damping factor or attenuation constant, §56; molecular polarizability,
§113; temperature coeflicient (usually with a subscript), §885, 357.

Direction cosines.

Internal field constant, §§113, 484; parameter in theory of forced
vibrations, §57; of thickness vibrations, §250,

Logarithmic decrement per eycle, $56.

Generalized symbols for piezoelectric constants da 211d ems, used when
it i desirable to omit suffixes, §§20, 201, 228, 246.

Second thermodynamic potential, §23.

Dielectric susceptibility, §104; special suffixes and superscripts are
in general the same a3 for k, but see also §§449, 450, 454.

Clamped susceptibility of Rochelle salt, §450.

Angular parameter for expressing general orientation of a plate, §62.

Angle of rotation, §§38, 51; phase angle, §234.

Coeflicients of dielectric impermeability, §106.

Upper and lower Curie temperatures,

A small departure of temperature from a standard value, §20,

Volume elasticity, §24.

Warvelength; Lamé coefficient, §31.

Moment of a dipole, §113.

First thermodynamic potential, §23; vibrational displacement of a
particle, §56.

Denaity; radius of resonance circle, §266.

Summation over integral values of = from 1 to A,

Burface density of electric charge; Poisson’s ratio, §24; seale value for
frequency, §267.

Beale value for frequency, §268.

"Torsional strain, §35.

Force acting on the equivalent mass M of a resonator, §62.

Angle of azimuth, §51.

Reciprocal susceptibility, §106; special suffixes and superscripts same
as for 4.

Angle of skew used in expressing the general orientation of a plate,
§52.

Angular velocity or pulsatance; special subscripts same as for f,

Cyecles; eycles per second; order of magnitude.

Approximate equality.

Identical with.

Some of the foregoing symbols, as well as others not listed, are used
ﬂucally for special purposes. In such cases they are suitably defined.






PIEZOELECTRICITY

CHAPTER 1
INTRODUCTION

Lorsgu’une idée nouvelle naissail dans Uesprit du Vinci, elle ne s’y engendrait pas
d’elie-mdéme ef sans cause; elle y étail produile par quelque circonstance exiérieure, par
Uobservation d’un phénomdne naturel, par la conversation &’ un homme, plus souvent encore
par la lecture d'un Hure. —P. DurEeM.

Man’s earliest production of an clectrical effect came through the
agency of mechanjcal forces. A mysterious attractive power was known
by the ancient Greeks to be a property of elekiron (amber) when rubbed.*
In Iater centuneﬂ, as morc was learned about electricity, its various
mamfesta,mons wore distinguished by qpecm.l Wl prefixes, as galva,n"ﬂ:, volta.lc,
a.mmal frictional, contact, I tramthermallo— tribo-, actino-,
pyro-, piezo~, or strepho-, some of which are now obsolete or abandoned.

It had long bheen observed that a tourmaline crystal when placed in
hot ashes first attracted and then repelled them. This fact first became
known in Eurcpe about 1703, when tourmalines were brought from
Ceylon by Dutch merchants, but the attracting power of the crystal
seems {0 have been recognized in Ceylon and India from time immemorial.
It was spometimes ealled the “Ceyvlon magnet,’”” and in 1747 Linnaeus
gave it the scientific name lapis clectricus. Its electrical character was
established in 1756 by Aepinus, who noted the opposite polarities at the
two ends of a heated tourmaline crystal. In 1824 Brewster, who had
observed the effect with various kinds of crystals, introduced the name
“pyroelectricity.” Among the crystals with which he found the pyro-
electric effect was Rochelle salt. The first definite theory of pyro-
electricity—which most subsequent investigations have tended to confirm
—was that of Lord Kelvin, who, noting that Canten in 1759 had observed
opposite polarities on the freshly exposed surfaces of a fractured tourma-
line crystal, postulated a state of permanent polarization in every pyro-
electric crystal. According to this theory the pyroelectric effect is siraply
a manifestation of the temperature coefficient of this polarization.

* Although a knowledge of this property of amber is frequently attributed to
Thales in the sixth century B.c., the first authentic account that has come down to ua

eppears to be in Plato’s (427-347 B.c.) “ Timaeus,” Sec. 80¢,
1
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Following a conjecture of Coulomb’s that electricity might be pro-
duced by pressure, Haiiy (the ‘‘father of crystallography”) and later
A. C. Becquerel performed experiments in which certain erystals showed
electrical effects when compressed. Their findings—especislly the fact
that positive results were reported with such non-piezoelectric crystals as
calcite—led, however, to the conclusion that what they observed was
chiefly, if not entirely, contact electricity.*

Credit may confidently be given to the brothers Pierre and Jacques
Curiet for the discovery in 1880 that some crystals when compressed in
particular directions show positive and negative charges on certain por-
tions of their surfaces, the charges being proportional to the pressure and
disappearing when the pressure is withdrawn,

This was no chance discovery. Pierre Curie’s previous study of the
relation between pyroelectric phenomena and crystal symmetry led the
two brothers not only to look for*electrifieation from pressure but to
foresee in what direction pressure should be applied and in which classes
the effect was to be expected. It is fitting to quote here, in translation,
the opening paragraphs of their paper in which the discovery was

announced.

“Those crystals having one or more axes whose ends are unlike, that is to say
hemihedral crystals with oblique faces, have the special physical property of giving
rise to two electric poles of opposite signs at the extremities of these axes when they

* Nevertheless, there was something prophetie in a statement by A. C. Becquerel
(Bull. soc. philomath. Paris, ser. 3, vol. 7, pp. 149155, 1820} quoted at the beginning
of Chap. VIII.

 Pierre Curie was born in Paris on May 15, 1859. After attending the Sorbonne,
where he served as preparator in physics and received the master’s degree and later the
degreo of doctor of science, he was appointed to a professorship in the Municipal
School of Physics and Chemistry in Paris in 1895, and in the same year he married
Marie Sklodowska. In 1800 he became 8 professor at the Sorbonne. In addition to
his famous work on radioactivity in collaboration with Mme. Curic and on piezo-
electric and other properties of dielectries with his brother, his researches ineluded the
principles of aymmetry, the design of various-messuring instraments of great deli-
cacy, and especially the effects of temperature on magnetism. IHe died on Apr.
19, 1606.

Paul-Jacques Curie was born in Parisin 1853, At the age of twenty he became
preparator of chemistry ¢ourses in the School of Pharmacy and later preparator in the
laboratory of mineralogy under Friedel, at the Sorbonne. He was associnted with
Triedel in & series of publications on pyrtoelectricity. It was in this laboratory that
he and Pierre Curie discovered piezoelectricity in 1880. For this discovery the two
brothers were awarded the Planté prize in 1805. In 1893 Jacques Curie became head
lecturer in mineralogy at the University of Montpelier. His last work in physics
was his determination of the piezoelectric congtant of quartz in 1910, Suffering from
a serious deafness, he retired in 1925 and died in 1941. (The information ¢oncerning
Jacques Curie was obtained through the courtesy of his son, Prof, Maurice Curie.)
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are subjected to & change in temperature: this is the phenomenon known under the
name of pyroeleclricity. .

“We have found a new method for the development of polar electricity in these
same crystals, consisting in subjecting them to variations in pressure along their
hemihedral axzes.”

These remarks are followed by a brief account of the preparation of
flat plates cut according to the proper orientation, provided with tin-foil
electrodes, and connected to an electrometer. Deflections were observed
on the application of pressure to plates from the following crystals: zine
blende, sodium chlorate, boracite, tourmaline, quartz, calamine, topaz,
tartaric acid, cane sugar, and Rochelle salt. In later papers the Curies
described piezoelectric effects in other crystals, the first quantitative
measurements of the effect in quartz and tourmaline, practical applica-
tions of piezoelectric crystals, and the verification of the converse effect,
to which reference will presently be made.

Great interest was immediately aroused in scientifie circles. In par-
ticular, Hankel took exception to the Curies’ belief in a one-to-one
eorrespondence between the electrical effects of thermal and mechanical
deformation. He contended that the new effect obeyed special laws of
its own and proposed the name *“‘piezoelectricity,” a term that was
promptly accepted by all, including the Curie brothers themselves.

This question of the relation of pyro- to piezoelectricity has been the
object of much discussion, especially on the part of Voigt. He pointed
out that a distinetion must be made between “true’ pyroelectricity
caused by a change in temperature alone and the ‘false’ pyroelectricity
that is due to the deformation which accompanies a change in tempera-
ture and which is therefore of piezoelectrie origin. Nor does it in any
sense detract from the brilliance of the Curies’ discovery to say that the
first manifestations of piezoelectricity were observed centuries before
their time, under the guise of electrification through heat.

The pyroelectric effect is 5o closely related to the piezoelectric that
we shall have frequent occasion to refer to it. According to the die-
tionary (Webster’s “New International Dictionary,” 1939) the two
effects are thus defined:*

*

* S0 many mispronunciations of “piezoelectricity” are current that it may be
well to point out that according to both British and Americen dictionaries the first two
syllables should be pronounced like the words “pie” and *ease.” Although most
authoyities place the accent on the first syllable, in the 1834 and 1939 editions of
Webster it ig shifted to the second. This change deserves general acceptance, as
it makes the word a little more euphonious, besides conforming to the practice in
European languages.

The prefixes “plezo-" and *“pyro-"' are derived from Greek words meaning
““to press” and *fire,” respectively.
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¥ Piezoelectricily. Electricity or electric polarity due to pressure, especially in a
erystallized substance, as quartz.
“ Pyrocleciricity. A state of electric polarity produced on certain orystals by

change of temperature. . . ."”

An electromechanical phenomenon somewhat related to piezoelec-
tricity is electrostriction, for which the dictionary offers this definition:

% Blectrostriction. A deformation produced by electric stress, as the deformation
of a Leyden jar on being charged.”*

Piezoelectricity may be more precisely defined as electric polarization
produced by mechanical strain in crystals belonging to certain classes, the
polarization being proportional fo the strain and changing sign with il
This statement defines the direct piezoclectric effeci. Closely related to it
is the converse effect (sometimes called the ‘“‘reciprocal” or *‘inverse’
effect), whereby & piezoelectric crystal becomes strained, when electrically
polarized, by an amount proportional to the polarizing field. Both
effects are manifestations of the same fundamontal property of the
erystal, and they occupy a position among those physical phenomena
which are reversible. Tt is thoreforc only for historical reasons that the
term “direct”’ is applied to one rather than the other of these two effects.

The converse piezcelectric effect was not foreseen by the Curie
brothers. In the year following their discovery of the direct effect,
Lippmann discussed the application of thermodynamic principles to
reversible processes involving electric quantities, He treated the special
cases of electrostriction, pyroelectricity, and the Curies’ recent discovery,
and he asserted that there should exist a converse phenomenon corre-
sponding to each of these effects. All these predictions have been veri-
fied. The converse of pyroelectricity is the eleetrocalorie effect, which,
also on thermodynamic grounds, had already been predicted by Lord
Kelvin in 1877. Before the end of 1881 the Curies had verified the con-
verse piezoelectric effect, and in a later paper they showed that the
piezoelectric coefficient of quartz had the same value for the converse as
for the direct effect. They also called attention to the analogy between
the interaction of the direct and converse effects and Lenz’s law.

The converse piezoelectric effect has sometimes been treated as a
special type of electrostriction, Although the dictionary definitions
given above may appear to justify this treatment, the two phenomens are
essentially different. 86 far as external effects are concerned, the dis~
tinction lies in the fact that the deformations due to electrostriction are
proportional to the sguare of the applied electric field and therefore are
independent of the direction of the field. That is, to show the effect a

* For more precise definitions of pyroelectricity and electrostriction see §§515 and
137,
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substance need have no special peculiarity in its internal structure.
Indeed, electrostriction is & universal property of dielectries, whether in
the gaseous, liquid, or solid state, The effect is always extremely minute,
and we shall have but little occasion to refer to it. On the other hand,
piezoclectric deformations are directly proportional to the electric field
and reverse their sign upon reversal of field. This is possible only in
substances that possess a certain inherent “one-wayness.” Such sub-
stances are anisofropic, and the only materials with which we shall be
especially concerned are those erystals which possess the requisite degree
of asymmotry.

The phenomenological theory of piczoelestricity is based on thermo-
dynamic principles enunciated by Lord Kelvin. His penetrating and
many-sided applications of thermodynamies to erystals marked a great
advance in the study of crystal physics. The piczoclectric formulation
was carried out more completely by P. Duhem and F. Pockels and most
fully and rigorously by Woldemar Voigt in 1894. To this formulation is
devoted one of the chapters in Voigt’s monumental “Lehrbuch der
Kristallphysik,”* which appeared in 1910 and has ever since been the
bible for workers in this field. By combining the elements of symmetry
of elastic tensors and of electric vectors with the geometrical symmetry
elements of crystals he made clear in whieh of the 32 erystal classes piezo-
electric effects may exist, and for cach class he showed which of the
possible 18 piezoelectric cocfficients may have values differing from zero.

For a third of a century after its discovery piezoelectricity remained a
scientific curiosity, unmentioned in many textbooks, and furnishing
material for a few doctor’s theses. Fven among crystallographers it has
received less attention than pyroelectricity, although it was the chief
cause of most observed pyroelectric cffects, and, properly applied, it
might have served as a valuable aid in erystal classification.

Then came the spur of wartime activity. In France, cradle of piezo-
electricity, Langevin conceived the idea of exciting quartz plates elec-
trically to serve as emitters, and later also as receivers, of high-frequency
(h-f) sound waves under water. At the hands of Langevin and others the
“ocho method” has become a valuable means of locating immers:d
objects and of exploring the ocean bottom.

Langevin thus became the originator of the modern science and art
of wultrasonies. Acoustic waves having frequencies of a million or more
are now widely used, both for measuring various elastic and other proper-
ties of matter and for many practical applications in chemistry, biology,
and industry. The source of radiation may be either a magnetostriction

* Throughout the present book, references to the “Lehrbuch” will be indicated
simply by Voigt, “Iristallphysik,” or ‘“Lehrbuch.”
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oscillator or, more commonly, especially for the highest frequencies, a
vibrating piezoelectric erystal plate (usually quartz). For investigating
the properties of gases and liquids there is the acoustic interferometer,
first described by G. W. Pierce in 1925. Elastic properties of liquids and
solids are studied by various adaptations of the principle of optical diffrac-
tion produced by h-f compressional waves, discovered in 1932 inde-
pendently by Debye and Sears and by Lucas and Biquard.

The exigency of the First World War led to experiments in various
laboratories on the properties and practical applications of piezoelectric
erystals. As ig well known, these investigations have most fortunately
borne fruit in the form of many useful peacetime devices. In the course
of observing the characteristics of Rochelle-salt erystal plates for use in
underwater signaling, the author was led in 1918 to examine certain
peculiarities in their electrieal behavior in the neighborhood of frequencies
of mechanical resonance, Qut of this experience arose the development
of the piezoelectric resonator and its various uses as stabilizer, oscillator,
and filter, for which quartz was soon found to be the most suitable
material. Their operation involves a combination of the direct and con-
verse effects. At the hands of many experimenters, resonators of quartz
or tourmaline have been constructed that respond to frequencies from
the audible range to over a hundred million cycles per second. On the
purely scientific side, by means of observations with piezo resonators
knowledge has been gained of the nature of vibrations in erystalline media
and of the dynamie valucs of the elastic and piezoelectric constants.
Composite resonators have also been constructed, in which, for example,
a bar of metal is kept in resonant vibration by means of an attached
piece of quartz. By this means the elastic constants and frictional
coeflicients of various solids have been determined.

Among the technical devclopments of resonating crystals may be
mentioned their almost universal use in radio transmitting stations, either
for direct control of frequeney in the form of piezo oscillators or indirectly
a8 monitoring devices. The combination in quartz of extraordinarily
low damping with sufficiently strong piezoelectric properties to react
upon and control the frequency of vacuum-tube generators results in a
method for obtaining frequencies much more constant than is possible
by electrical tuning alone. Certain disturbing effects due to coupling
between different modes of vibration, and also the effect of changing
temperature upen frequency, can be largely avoided by cuiting quartz
plates according to special orientations. This precision reaches its culmi-
nation in the quariz clock, in which a vibrating quartz plate or ring replaces
the swinging pendulum, resulting in a timepiece more constant than the
best astronomical clocks. Piezo resonators and oscillators have proved
useful in many kinds of electrical measurement. Among recent appli-
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cations is their use as electric filters for communication lines and radio
receiving sets.

At the same time that the crystal resonator and its applications were
being investigated, there was hardly less activity in the development of
non-resonant applications of quartz and Rochelle salt and, to a less
extent, of tourmaline. Many devices have been invented, especially in
Germany and Japan, for the measurement of explosive pressures and of
velocities, accelerations, forees, vibrations of machinery, etc. In the
United States the progress has been chiefly in the field of acoustics, by
taking advantage of the extremely great piezoelectric cffect in Rochelle
salt. By the ingenious adaptation of plates from Rochelle-salt crystals,
microphones, telephone receivers, phonograph pickups, record cutters,
and other devices have been made that are in most respects superior to
their eletromagnetic predecessors,

The revival of interest in piezoelectricity has led to & vast amount of
research on the electrical properties of Rochelle salt. This substance has
turned out to be the most remarkable of all known dicleetries and the
prototype of a group of erystals known as the “Seignette-clectries.” Our
reasons for devoting to these what may seem a disproportionate amount
of space arc the close relation of their unique behavior to their piezo-
electric properties, their analogy to ferromagnetic materiels, and the
important place they occupy in the theory of polar dielectrics. For these
reasons we shall attempt in later chapters to summarize and eorrelate the
chief results that have thus far been achieved. Investigations in this
field have been most active in the United States, Russia, and Switzerland.

With respect to an atomic theory of piczoelectricity only modest prog-
ress has hitherto been made. Early attempts were put forward by the
Curies, Riecke, and Voigt and especially by Lord Kelvin. The most
rigorous treatment is that by M. Born, who in his general theory of lattice
dynamics included & consideration of dielectric, pyroelectric, and piezo-
electric effects. FHe applied his theory to a few types of cubic lattice.
In 1920 he published, with E. Bormann, the first theoretical calculation
of the piezoelectric constant of zine blende.

X-ray analysis has thrown considerable light on the arrangement of
atoms in quartz. By this means Bragg and Gibbs in 1925 arrived at a
qualitative explanation of piezoelectric polarization in this crystal. The
effect of vibrations in quartz plates upon X-ray reflection patterns has
also been studied, by both the Laue and the Bragg methods. As to
Rochelle salt, ita structure is too complex for X-rays to be of mueh help
in accounting for the piezoeleotric properties, although they have thrown
some light on the problem of the internal field. The molecular theory
of the Seignette-clectrics is still at a very early stage.

Piezoelectricity has been called by Voigt the most complicated
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branch of crystal physics. Considered only in its phenomenological
aspect, quite apart from the difficulties with which the etemic theory is
beset, a complete deseription of the piezoelectric properties of a crystal
involves a treatment in terms of three different types of directed quan-
tities, These are electrie (field and polarization), elastic (stress and

Profeasor Woldemsr Voigt. (The portrait was obtained through the courtesy of hia
grandson, Dr. E. Mollwo, of the University of Gottingen.}

strain), and the piezoelectric coefficients by which they are related. In
mathematical language the three types are, respectively, vectors (first-
order tensors) and tensors of the second and third orders. With masterly
gkill and great thoroughness Voigt worked out all the essential details of
these very intricate relations. He laid an impregnable and permanent
groundwork for the labors of all succeeding workers in this field.*

* {“'Woldemar Voipt was born in 1850. He studicd under F. Neumann, to whese
influence his interest in crystal physics was due. In 1875 he beeame Ausserordeni~
licher Profeasor of phyzics at Konigsberg, and in 1883 professor of theoretical physios
at Gottingen, where ho remained until his death in 1919. Ilc served twice as Rekior
of the University of Gottingen. Besides his monumental work in the physics of
crystals, he made notable contributions in elasticity, thermodynamica, and magneto-
and electro-optics” (translated from C. Runge, Physik. Z., vol. 21, pp. 81-82, 1920).

Voigt came very nesr to being the originator of the piezo rcsonator. In the
Tehrbuch” he gave the differentiel equations for clastic vibrations in erystals,
without, however, montioning the bearing of the piezoelectric effect on such vibrations.
Heo mentioned the use of h-f in the measurement of dielectric constants, recogniz-
ing the fact that anomalous results are to be expected at frequencies of molecular
resonance. What he did not foresee was that similar anomslies would be found with
all vibrating piczoelectric erystals whenever the applied frequency coincided with that
of n normal vibrational mode of the entire crystal specimen. It was the electronic
generator of h-f alternating currents, supplanting the induction eoil of Voigt's day,
that paved the way for the advent of the piezo resonator.



CHAPTER II
CRYSTALLOGRAPHY

An engineer gave me an ashtray
Made of a chunk of smelted blsmuth
The ore, when cooked,

Crystallizes in cubes and terraces,
Condenses in sharp stairs and corners,
Like the ruins of & mimie Cuzco.

O basic and everlasting geometry!
The cordillera itself

In the slack and purge of fire
Boils into right angles,

Takes conventional Inca pattern.
The greatest disorder on earth
Has the instinet of Perfect Form.
' —CHRISTOPEER MORLEY.

1. In speaking of bismuth, it may be said at the start that the great
majority of metallic elements and alloys erystallize with structures that
are too highly symmetrical to show the piezoelectric effect, even if they
were not conductors of electricity. Among the few exceptions are
gelenium and tellurium, which are commonly assigned to the trigonal
holoaxial class, to which quartz belongs. A few intermetallic compounds,
as MgTe and CdSe, also belong to a piezoelectric class, but they are rather
salts than metals.

No familiarity with any branch of erystal physics is possible without
at least a slight acquaintance with the principles of crystallography.
This is especially true of piezoelectricity, if for no other reason than that
without such acquaintance confusion and ambiguity are sure to arise
in the specification of erystal faces, angles of cuts, ete. Until the recent
growth of literature on piezo resonators, such matters as the definition
of positive directions of crystal axes were minutise that concerned only
erystallographers and the few workers in the field of crystal physics.
Such conventions as had been advocated were in a widely scattered
state, not readily available to physicists. It is therefore not entirely
surprising that so many investigators of plezoelectricity have been
inclined to state their own particular *“‘conventions” with regard to
axes and angles—if indeed they did not fail altogether to be apecific.
It is hardly an exaggeration to say that the only general agreement seems

9
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to have been in ignoring such definitions as had already been provided
on good authority. This practice has led to considerable confusion,
especially with regard to the recent oblique cuts in quartz. It is highly
desirable, in dealing with elastic and piezoelectric coefficients, that a
standard set of definitions concerning the positive sense of axes and of
angles be universally adopted as soon as possible. It is hoped that the
present treatment may prove to be a step in the right direction.

In this chapter only those crystallographic principles are given that
are needed for an understanding of the succeeding portions.of the book.
For a general introduction to the subject the reader may consult one or
more of the references given at the end of the chapter.

The ideal crystal consists of identieal unit cells, each similarly situated
with respect to its neighbors, forming a crystal lattice. The unit cell is the
smallest parallelepiped, identical with all others in dimensions and atomie
content, out of which the crystal could be constructed. The particular
group of atoms contained in each cell is usually chosen to conform to the
structural cell, as revealed by X-rays, whenever the structure is known.
The edges of the unit eell are parallel to the crystallographic axes, and,
a3 we shall see, its relative dimensions are simply related to the unit
distances along these axes.

There are, for any given crystal, various directions in which planes,
known as “net planes,” can be conceived as drawn, such that each plane
is populated with corresponding points of unit cells regularly arranged in
rows and columns. The erystal differs from isotropic substances in
external appearance, since in its normal growth certain of these planes
become the faces of the crystal. A more important difference is the fact
that the physical properties of a crystal vary from one direction to
another. This last statement holds for all anisotropic bodies, even a
piece of wood, which has different properties along and across the grain.

The belief is now held that ideal crystals exist rarely if ever. In the
first place an “‘ideal crystal,” for which there existed an exact correspond-
ence between external and physical symmetry, would have to be grown
in entire absence of external forces, such as gravity and stresses due to
changing temperature; and second there is the possibility that the net
planes may not be actually continuous throughout the crystal, i.e., the
erystal may bhave & ‘‘secondary structure,’” as if broken into small frag-
ments similarly oriented and closely joined, but not quite alike in size.
Since this book deals chiefly with large-scale phenomena in actual erystals,
we shall be but little concerned with the question of departure from
perfect homogeneity, except when we encounter the phenomenon of
twinning, and the existence of a so-called “domain” structure in certain
crystals.

The Law of Constancy of Angles. From what has been eaid it should
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be clear that, however much actual erystals of the same species differ in
size and in the relative development of faces, the angles between cor-
responding faces are constant. This constancy of crystal angles is a
fundamental law of crystallography,

2. Neumann's Principle. The most fundamental principle of crystal
physics is the correspondence between geometrical form and physical
properties, first pointed out hy F. Neumann. It is the basis of the
phenomenological theory of every branch of the subject. According to
this principle, when the elements of symmetry that characterize the out-
ward form of the crystal are known, the symmetry of its physical prop-
erties can be predicted. Any given physical property, as density or
thermal expansion or elasticity, may be of higher symmetry than that
of the crystal form (approaching more ciosely to that of an isotropie
body), but it cannot be of lower symmetry.

It is, of course, not to be expected that every specimen will indicate
its exact classification by visible faces. Fundamentally the symmetry
is that of the atomic structure of the umit cell; and while on a given
specimen any of the faces constituting the external symmetry may be
present, still the ensemble of all recorded faces is rarely if ever found.
For example, crystals of quartz and Rochelle salt frequently occur with-
out & visible trace of those faces which alone betray the asymmeiry on
which their characteristic piezoelectric properties depend. The extent
to which such faces are developed bears no relation to the magnitude of
the corresponding physical effects. When present, the faces of low
gymmetry in Rochelle salt are even less conspieuous than the correspond-
ing ones in quartz; yet the piezoelectric effect is hundreds of times
greater.

Neumann’s principle is a rule that works both ways. From the
study of physical properties the proper crystallographic classification has
been made of erystals that were 30 rare or so imperfect that an insufficient
number of faces could be identified. In some cases the morphology as
indicated by the physical properties has later been confirmed through
the finding of new specimens with hitherto unidentified faces.

8. The classification of crystals is somewhat analogous to that of plants
or animals into various orders, families, genera, and spocies. A very
important difference is that, while the number of possible biological
groups is apparently limitless, the number of possible crystal groups is
restricted by geometrical laws to a known finite number. The nearest
approach to freedom from restriction is in the variety of atomic arrange-
ments capable of forming crystals, and this in turn is limited only by
the nurnber of ways in which atots can form compounds. Nevertheless,
every crystal, whatever its composition, must belong to some one of the
finite number of subdivisions.
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The geometrical basis for the classification of crystals can here be
outlined in only the briefest terms. Bravais showed that the number of
types of polyhedron that will completely fill gll space is 7. These
polyhedra are usually represented in skeleton form, as an array of points,
one of which comes at each vertex of the polyhedron. These seven
arrays are the units of the seven simple space-latlices. Bravaizs also
found that, when face-centered and body-centered polyhedra are taken
into account, the number of possible space-lattices Is increased to 14,
Each polyhedron is & unif cell. It is characteristic of space-lattices that,
if the entire lattice is moved without rotation until any given point
reaches the position occupied by some other point in the original position
of the lattice, all points are found to coincide with points in the original
position. The lattice thus repeats itself, and such a translation is the

"gimplest of all covering operations. Other covering operations for the
space-lattices are rotations through certain angles about certain axes
and reflections with respect to certain planes. From the simple lattices
are evolved the seven crystal systems described below; the edges of a
polyhedron are the erystallographic axes, the faces are the pinacoids, or
bagal planes, of the crystal. Each polyhedron of a simple Bravais space~
lattice represents the class of highest symometry (the holohedral class) for
the system in question.

In general, the points that form the space-lattices do not represent
the positions of atoms. They serve merely to define the unit cells, within
which the atoms may be situated in any configuration. The symmetry
characteristics of the unit cell, and hence the elements of symmetry of
the erystal as a whole, depend on the arrangement of the atoms. As
diverse as are the atomic configurations in the thousands of different
crystals, nevertheless they can all be classified in & finite number of
space-groups, all the configurations in each group having certain geo-
metrical characteristics in common. Historically, the theory of space-
groups was fully developed long before X-rays had made possible the
determination of the arrangements of the atoms. It is a purely geo-
metrical theory. The evolution of the space-groups out of the Bravais
space-lattices consists essentially in inserting further points in the unit
cell of the space-lattice, such that the pattern can be made to repeat itself
by a combination of rotation and translation {screw gzxes), or of reflection
in a plane and translation (glide planes), in addition to the cyclic axes
of symmetry and reflection planes that characterize the Bravais lattices.
Through the labors of Schncke, Fedorov, Schoenflies, and Barlow, it has
heen proved that there are in all 230 such configurations. These con-
figurations constitute the 230 space-groups.

The space-groups are divided into 32 peint-groups, each possessing
certain symmetry characteristics with respect to a point (§6). These
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are the same a3 the 32 clusses of the crystallographer. Each point-group
is commonly designated by s symbol indicating the particular rotations
about an axis and reflections in a plane that constitute the covering
operations for that group, The symmetry operations for the point-
group do not include translations of the lattice as a whole. On the other
hand, the symmetry of a space-group is such that a symmetry operation
may result in a new position related to the original one by a translation.
A space-group may be regarded as a combining of the characteristics of
the point-group with those of the space-lattice.

Although the space-group is a more fundamental picture of crystal
properties than the point-group, it cannot be determined by gross
measurements on erystals or by observation of their general physical
properties. A more refined method is needed, and in recent years this
need has been met by X-ray analysis. Since this book has to do with
properties chavacteristic of classes, it is unnecessary to deal further with
space-groups.*

4. Crystal faces are specified in terms of their intercepts on the three
crystullographic azes, called by the crystallographer the a-, b-, and
c-axes (the use of four axes and also of the symbols a1, @, cte., in certain
cases is considered below). In each system the axial directions are
chosen s0 as to make the specification of the faces as simple as possible.
Usually a crystallographic axis is an axis of symmetry or & line normal
to a plane of symmetry or the edge between two prominent crystal faces,
It is of course understood that a erystal axis is primarily a direction with
respect to the crystal; the location of the erigin is entirely arbitrary.

It is customary to take as the unit face for a given erystal a proniinent
face having intercepts a, b, ¢, of the same order of magnitude on all three
crystallographic axes. The quantities of importance to the crystal-
lographer are the azial ratio a:b:ict and the angles between the axes;
when these have been determined, the inclinations of all possible erystal
faces can be expressed at once. This definition of the axial ratio was
adopted by the erystallographers long before the dimensions of the unit
cell had been measured by X-ray methods. It is now known that the
ratio of the three edges of the unit cell is either the same as the crystal-
lographic axial ratio or related thereto by small integers. Any plane
drawn through three points having coordinates a/k, b/k, c/1, is parallel
to & net plane of the lattice and hence to a geometrically possible erystal
face. In accordance with the Iew of rafional indices, h, k, and [ are

* The nature of space-groups and the symbols used to specify them are given in
refs. B8, B14, and B53. The theory has been fully developed by Wyckofl.B87 A good
account of the history of the subject is in Tutton. B4

+ Since the location of the origin is arbitrary, only the ratios of the intercepts are
significant. Ususlly they are so adjusted that b = 1.
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integers, including zero. It is only in the classes of h