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• Abstract

I A. Optical , dielectric and structural studies have been carried out

on NaNbO~’ and the solid solution (Na ,K)Nb O~~ using both single crystals and

ceramics. No evidence for ferroelectricity in NaNbC~~was found; however,

the crystal seems to be antiferroeleotric in accordance with the non-polar

structure reported by Vousden. It is shown that a small addition of KNbO~~

to pure NaNbO 1produoes a new ferroelectric phase , the existence of which

S suggests a possible explanation of the conflicting dielectric and structural

propert ies previously reported .

The phase diagram of NaNbO~-KNbO~’ is given. This , together with

the optical and X-ray studies of pure NaNbO~’, shows that the three phase

S transitions in NaNbO~ are quite different in nature from the BaT iO~-type

transitions in KNbO~~ despite a superficial similarity.

- 

S 
B. -. A low-temperature adiabatic calorimeter of the Nernat type has

been constructed for specific heat and entropy measurements of phase

transitions. The theory, construction and operation are described.

Measurements 8re made by both step-by-step and continuous heatings.

Obaervatiofxs are reported on the transitions in KH 2PO4, KNbO3, and Cd2Nb2O7.

C. An acoustical tank, for electro—acoustic transducer efficiency

- measurements has been designed and constructed. The theory and procedure

for such measurements are described. Mechanicei and electronic construc—

3 tiona]. and operational details are presented.
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S D. Phase studies of other perovakite—type compounds of the BaTiO3

group are reported, including jMse analyses of P~~fO~
’ and related mixed

crystals.. Phase studies of compounds in the pyrochior group, including

Cd~Nb~O’~, P~~Nb~O~/’ and mixed crystals of these, are also presented.

J~
. A survey is included of experimental and theoretical research on

ferroelectric crystals , which outlines knowledge of all known ferroelectrics

up to 1952.

Three translations of significant Russian publications on ferro—

electricity are appended.

G. A history of the present program, and suggestions as to probable

fruitful directions for future research, are presented.

I
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Final Report:

Investigations of Materials for Possible Use as

Electromechaigcal Transducer Elements.

Introduot ion

The X—Ray and Crystal Analysis Laboratory of the Pennsylvania State

College has been concerned , over a period of several years , with studies of

the internal structural base s for certain physical properties of crystals.

In particular , research has been conducted on the crystal-structural basis

for piezoelectric , ferroeleotric and high dielectric behavior, and the

variation of this behavior in variovs materia] s with changes in temperature.

Originally, the chief facility of the Laboratory was in the application of

X—ray diffraction techn iques in studies of these structural mechanisms. In

order to attain proper coordination between physical propert ies and crystal

structure , however, instrumentation has been developed for measurement of

all of these properties, and a research group has been active in such

measurements. Furthermore, facilities have been constructed for chemical

and crystal preparation of the materialE to be studied, and a group of

chemists has prepared over a thousand compounds for physical examination.

The fundamental purpose of these studies has been the development

of understanding of lattice dynamics, and the nature and influence of inter-

atomi c and intermolecular forces in solids and liquids. Precise knowledge

of the electron distribution in a crystalline solid , coupled with information

as to how this distribution is altered by temperature changes, provides a 

~~~~~~~~~~~ - • _  --
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very strong foundation for theoretical analysis and synthesis in solid—state

physics. Without such structural information, theories are both without

adequate direction or tests.

Among the most structure—sensitive physical propert ies of a solid

S is its dielectric behavior as a function of temperature • Relationships between

mechanical and electrical behavior, such as are illustrated by piezoelectric

and pyroeleotric activity, are based upon fundamental structural characteristics.

Ferroelectrics are a class of compound s which show large variation of these

properties with temperature. With one questionable except ion , ferroelectric s

display very high dielectric constants in certain temperature ranges; they

show discontinuous variations of physical properties at specific temperatures;

and they are piezoelectrically and pyroelectrically active in some regions.

Ferroeleotric s, consequently, provide extremely interesting problems with

respect to dependence of physical properties upon structure.

As is well known , piezoelectric , ferroelectric and high dielectric

materials are of large practical importance. The development of new materials S

with advantageous dielectric and electromechanical properties is very greatly

- - aided by knowledge of the crystal-chemical base s for these properties. The

temperature variation of physical behavior is a matter of prime practical

significance.

r - 

Three general classes of ferroelectric crystals are now known; and

it is to be anticipated that entirely new classes await discovery. The known

groups are s

1. Rochelle Salt ; certain isomorphous tartrates (particularly

those in which NH~~ ions are partially substituted for K4 ions); aid 

~~~~~~~~~~~ -S - -—~~~~~- ~~~~~~~~~~~~~~~~~~~~ ~ . S_
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other tartrates, not isomorphous with Rochelle Salt, such as

LiT1C4H4O6•H20 and perhaps LiNH4C4H4O6.H20.

2. Tetragonal alkali dihydrogen phosphates or arsenates,

such as KH2PO4 and isomorphs.

3. A more general class of compounds which can be desig-

nated as oxygen—octahedra structures, represented by:

a. BaTiO3, KNW
3
, and related pseudo—perovakites;

b . LiNbO3 and related pseudo-ilmenites;

o. Cd2Nb2O7 and related pyroohlores.

To this class it may be possible to add certain structures of the

Re03 type; and unquestionably other structure types, in which small,

polarizable cations are also enclosed in oxygen octahedra , u’ill be

shown to be ferroeleotric .
I

A review of some work to date, entitled Survey of Ferroelectric

Crystals, prepared in 1952 by B. C. Frazer and H. Pepinaky, is included as

Appendix VI , at the end of this report. This may prove of some value as a

summary of previous results; but already several features of the work reviewed

is in need of serious revision . -

Histo~~ of Present Contract Program

The discovery of ferroelectric s of the BaT iO3 group was of tremendous

importance for the development of electromechanical transducer devices. In

contrast with previously-available materials , transducer elements could not

be forme d as mechan ically and chemic ally durable ceramic s, with practically

any required shape and active area. The admixture of certain oxides with
.- -

~
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BaTiO3 extended the useful fe rroeleotric temperature range , and improved

electrical behavior (e.g., permitted the development of permanent electrical

polarization). The materials also served as high dielectrics in temperature

ranges over which previously—available materials were unsatisfactory.

The specific incentive to the present program was perhaps the

discovery of a new group of ferroelectrics, of perovskite and ilmenite types,
S 

by B. T. Matthias. These were the alkali nietaniobates and nietatantalates,

first reported in 1949 , Accord ing to their discoverer, the nature of the

coerc ive forces and dielectric hysteresis in certain of these niobates aid

tantalates suggested that they might be superior to the BaTiO
3 
group as

materials for transducer elements.

An inquiry was made of the Penn State solid state group , in the

$ Fall of 1950 , by Dr0 John Wallace of the Naval Air Development Center,

Johnsville , Pa., as to whether this group could undertake an investigation

of the niobate and tantalate fe rroelectrics. After preliminary conferences,

-
~ a proposal was submitted to the Physics Branch of the Office of Naval

Research, for support of a program for preparation and measurement of these

- : - materials, A copy of the scientific sections of the proposal is attached,

as Appendix I, at the end of this report . A Research and Development Task 
S

- Order was issued for Contract No. N6our-269l9 on 1 Apr11 1951, covering a

two-year program. Section A of this task order reads as follows:
S 

“The Contractor shall furnish the necessary personnel aid

- facilities for , and , in accordance with any instructions issued by

the Scientific Officer or his authorized representative, shall

conduct investigations in respect to, and the development of new 

—- 5- - S~ ~~~~~ s_.
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materials for electromechanical transducer elements, relating the

fundamental electric and physical constant s of new ferroelectric

and piezoelectric materials to their electromechanical properties.’

The contract ~as been administered by the Acoustics Branch of the

Office of Naval Research , with the understanding that scientific liason was

to be maintained as well with Dr. John Wallace of -the Naval Air Development

Center. Cognizant officials of the Ac oustics Branch have been Mr. W. Annis ,

Mr. H. Rosenblatt and Mr. A. W. Pryce. The program was originally planned

in collaboration with Dr. Wallace and Mr. Rosenblatt; and these original
S 

plans have been followed rather closely.

Structural and other physical measurements, and theoretical studies

of ferroelectrics , have been carried on in many labora tories. The Penn State

solid—state group is a relative new-corner to the field. Its program is an

outgrowth of piezoe1~ctric crystal studie s, initiated by the present writer

and students in 1946, while still at the Alabama Polytechnic Institute.

Transfer of the program to Penn State in 1949 permitted expansion of research

to include X—ray studies of ferroelectric and high dielectric crystals , and

particularly to permit development of equipment and methods for measurement

of dielectric , mechanical , the rmal and optical properties over wide temperature

ranges. X—ray diffraction and immediately related facilities in our laboratory

are excellent. Other equipment has had to be constructed or assembled since

the beginning of 1950; and the present contract research has been involved

t in this development.

S The fundamental steps in development and measurement of new electro —

mechanical transducer materials are :
‘ 

-~~

!
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(1) Single-crystal or polycrystalline material preparation ,

with particular attention to control of impurities and mixed crystal

constitution;

(2) measurement s of dielectric , piezoelectric , diletometric ,

optical, specific heat and crystal—structural variations as functions

of temperature and chemical constitution;

(3) evaluation of materials as transducer elements, in

terms of fundamental physical properties and chemical constitution,

Since the new program represented in essence an expansion of activity

on X-ray and other physical measurements of piezoelectric, ferroelectric and

high dielectric crystals, it has not always been possible sharply to separate

the research on the transducer materials from closely related problems. X—ray ,

dielectric , optical , dilatometric and high— temperature specific heat equipment ,

a good deal of low— temperature equipment , and facilities for chemical, ceramic

and crystal preparation, were already at hand; and the present research has 5 :

drawn on these facilities. On the other hand , no low-tempe ra ture calorimetric

device was available, no equipment was available for electromechanical

efficiency measurements, and certain expansions of dielectric, optical, aid

crystal—preparative facilities were necessitated .

The present r~eport deals with major activities supported specifically

by Contract No0 N6onr-26916. The main developments concerned are: preparation

of single crystals and ceramics of alkali niobates; dielectric, X—ray, optical,

dilatometric and thermal measurements of these; construction and operation

of the low—temperature calorimeter; and design and partial construction of

an acoustical tank for electromechanical efficiency measurements. Some work

~ 
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has been carrie d out under th is program and a related contract with the Air

Research and Development Command, Contract No. AF33(038)—12645, on alkaline-

earth and related titanates, zirconates and hafnates. Joint reports, on

various perovakite—type crystals, are attached as Appendices II, III, IV and

I V. Appendices III and IV have been published , and Appendix V is in press

in the Physical Review. Section I of the present report , on KNbO 3, NaNbO
3
,

and mixed (K,Na)Nb0
3 
crystals, will be submitted, in slightly abbreviated

form, for publication in the Physical Review.
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Section A z

QJ,electric ProDerties and Phase Transitions in NaNbO3 and KNbO3

I. Introduction.

In 1949 ~~tthias
(1),(2) reported the perovskite-type niobates aid

tantalat~~ r5f sodium and potassium to be ferroelectric. The lattice parameters

of NaTaO3 and KTaO3 were reported by Vousden
(’) at room temperature, and the

Curie temperatures were reported as .3°K for KTaO 3~~~ aid 475°C for NaTaO3~~~ .

However, no detailed investigation has been published on the ferroelectric

transitions of the tantalates excep~ the dielectric properties of KTaO3 near

the Curie point at l3°K.

On the othe r hand , the ferroelectric transitions in the niobates,

KNbO 3 and NaIJb03, have been studied in some detail. Matthias and Remeika~~~

have studied the dielectric properties of these crystals, and Wood(6) has

reported on both the optical and structural properties. These crystals show

the following transitions, accord ing to th’se jorkers:

S KNbO3: Orthorhombic - 225°C — Tetragonal - 4350C - Cubic;

S NaNbO3: Orthorhombic - 370°C - Tetragonal 480°C - Cubic .

The ferroelectricity of KNbO3 below 420°C has been well demonstrated.

The structural changes at the two transitions are quite similar to those of

• BaTiO 3 at 0°C and 125°C. Moreover, a recent study at our laboratory has

revealed the existence of an addit ional phase change at —lO°C,below which the

crystal symmetry is rhombohedral~~
), Hence the transitions in KNbO3 are

completely analogou s to those of BaT iO3.

In contrast to this, the situation with NaNbO3 is rather confusing. 
S

Consider first the X—ray powder photographs obtained with NaNbO3 end KNbO3.

-
S 

- In both the orthorhombic arid tetragonal phases, superlattice lines were

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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observed on the powder photographs of NaNbO3. KN oO3, on the other hand , shows

a simple unit cell, so that the phases in KNbO3 do not correspond crystallo—

graphically to those in NaNbO3.

A second point of confusion arises from the structural study of

NaNbO3 at room temperature. ~~~~~~~~~~ reported the structure to be non-polar ,

which necessarily rejects the existence of ferroelectricity in the crystai(9) .

H owever , he also observed domain movement under a large d.c. field , which is

usually indicative of ferroelectric behavior, as were the hysteresis loops

reported by Matthias and Remeika(~~. In defense of his space group assignment,

Vousden indicated a possible explanation of this conflicting data by proposing

the existence of a less—stable, closely related polar structure which may be

produced under a strong electric field yield ing the observed ferroelectrio

phenomena(~
). Since no new experimental results either confirming or disproving

this hypothesis have been reported, the whole question still remains open to

conjecture.

Third ly , there are discrepancies between the X-ray and optical

observations. Optical observations (6) tndicate that NaNbO3 cyrstals are still

birefringent above 480°C, and do not become isotropic until 640°C. To add to
S 

the confusion , Wood reports that at 3000C NaNbO3 is orthorhombic by optical

measurement , while it should be tetragonal accord ing to X—ray evidence.

Observations carried out at 425° and 4900C show the crystal to be optically

tetragonal,while X—ray evidence indicate s a cubic lattice. As the result of

his optical observations , Vousden reports that NaNbO 3 changes from orthorhombic

to tetragonal at about 30000, and to cubic at 600°C ~ It should be mentioned
S 

- 

• 
here that small anomalies in the dielectric constant were observed at —80°C 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5,_ 5 - S 5  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~S 5 ~~S~~ 
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by Matthias and Reme ika~5~ and at 0°C by Wainer and Wentwortb~~~’. Vousden,

however, failed to observe any structure changes optically down to —l75°C~~~ .

In order to resolve these questions concerning the phase transitions

and possible existence of ferroelectricity in pure NaNbO3, detailed optical ,

X—ray, and dielectric measurements on single crystals and ceramic specimens

have been undertake n at this laboratory. A study has also been made of the

NaNbO3-KNbO3 
system in order to show the relationship between the various

phases in the two crystals.

II. Specimen Preparation and Optical Study of the Phase Transitions.

NaNbO3 single crystals were prepared by the method suggested by

Wood(6) . A mixture of 5.3 g Na2CO3, 13.3 g Nb2O5 and 8.9 g NaF was heated

- - to 1500°C in a platinum crucible , and then cooled to 900°C in 7 hours. This

method generally gave rectangular plate s which were yellow in color. Well-

shaped , thin plates up t o 3 x3 x l  imn. in size were often produced. A spectre-

scopic analysis, car r ied out by Dr. Lovell of the Mineral Science Dept. of

Pennsylvania State College, showed the following impurities:

K: 0.005%;

Li: - 0.001%;

Rb; ~~0.00l%.

Power photograp hs were taken of the se crystals , using a Norelco

powder came ra (11.4 cm.diam. ) and CuKa radiation filtered throug h a nickel

foil . The photographs taken at room temperature showed well—resolved line

splitting due to an orthorhombi c distortion of the ordinarily cubic perovakit.

S ~~~5-SS~~~~~~~ -S~~~~~• s -S 5~~ 
.~~~~~ 5 S - -  ~~~~~~~~ 5~~
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I structure. Taking monoclinic axea*, the lattice parameters were calculated

from the (422 ) and (332 ) groups, with the results;
S a ’ = c ’ = 3.915 ~~~, b = 3.881 and ~ = 900401.

- - These values are in good agreement with earlier measurements, particularly

- those of Vousden~~~ (see Table I).

Extra lines were observed in NaNbO3 powder photographs by Wood(6) ,

who gave the multi—molecular unit cell d imensions. A multiple cell structure

was also reported by Vousden in his analyeia(~
). A comparison of the extra

lines observed by Wood (see Figure 5 of reference 6) with our own showed the

two sets of lines to be identical.

When the larger NaNbO3 crystals were viewed under a polarizing

microscope, multidomains in extremely complicated patterns were observed. S

[ However , several thin plates, approximately 1 mm2 in area, showed only a few

domains and very sharp extinction positions. The se crystals were used in

an optical study of the phase transitions in NaNbO3. Measurements were carried

S out with a high temperature optical stage of simple design, which permitted

observation under a polariz ing microscope at temperatures as high as 700°C.

*Thronghout the paper , the monoclinic parameters a ’ = a t , b and ~ have been

S 
substituted for the orthorhombic unit cell distances a , b and c so that the

lattice parameters can be more conveniently compared with those of the cubic

• and tetragonal phases. The monoclinia and orthorhombic lattice parameters

- 
. are related as follows ; a 2a ’sin ~~. ,  b = b, a = 2a ’cos p... The wave length

2 2
of CuKa1 radiation was taken as l.54O5~ in all calculations.

t 

-~~ - S - S 5 S S~ -- 
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I Table I.

Lattice Parameters of NaNbO3

b(~) at/b

Wood 3.921 3.885 1.0093 90°40’

Vousden 3.915 3.880 1.0091 90040t

Shirane— 3.915 3.881 1.0088
Pepinaky
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At room temperature the crystals showed two types of domains. In

some domains extinction occurred at positions making an angle of 450 with the

cry stal edges, while the remaining domains showed pa rallel extinction. This

behavior is quite characteristic of orthorhombic crystals. At 360°C a si~~den

change was noted in the optical properties of the crystals; above 360°C only

parallel extinction was observed. A less pronounced doma in movement was

observed to occur at 48000. The crystals cont inued to show parallel extinction

even above these transitions. A third transition took place at 640°C, above

which no extinction was observed; so that it may be safely assumed that the

crystal becomes isotropic there.

Although these results are in good agreement with the three optical

transitions observed by Wood, the following points of interest should be noted.

The optical change at 360°C is much more violent in nature than the

phase transitions at 4800 and 640°C. Furthermore , it was relatively easy to

recognize an optical transition at 640°C , since a change from anisotropy to

isotropy was involved; but the transition at 480°C was observed only with

exceptionally clear , well-shaped specimens.

In the two optical phase s of NaNbO3 between 360° and 640°C , each

S crystal showed comple te parallel extinction. In tetragonal crystals , parallel

extinction is observed when the c—axis lies in the plane of the plate aid no

extinction (optical isotropy) is found when the c—axis is perpendicular to

the plate . The letter case was not observed in the ten NaNbO3 crystals we

examined. Since the crystals were all primarily thin plates , this optical

pecul iarity is probably due to some spec ial orientation of the crystal habit .

S Color change s were observed between 3600 and 480°C as the crystals

S 
were heated. Constantly shifting spectra were obse rved with white light ; aid

________ - - - - - ‘ -s- ~ s- S-~~~~_5S 5 1:~~~ S~55~5S~~~ 
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when the crystals were illuminated with sodium light , a series of black strips

transversed the crystals , one by one . Although there is a possibility that

the phenomenon is due to a thickness change , the exact origin of the effect

S 
is not known.

Thus optical study clearly shows three phase transitions in NaNbO3.

Moreover, the symmetry is definitely orthorhombic ~ilow 360°C and cubic above

640°C; but the supposedly tetragonal phases between the two leave some doubt

as to their true nature. The three phase transitions in NaNbO3 were recently

observed in a differential thermal analysis performed by Dr. Ruatum Roy , of

the School of Mineral Industries, The Pennsylvania State College~~~. The

transition temperatures are in good agreement with those given above.

III. X—ray Study of the Phase Transitions in NaNb03.

A series of powder photographs were taken of NaNbO3 over a wide

temperature range, using a Unicam 19 cm high—temperature camera and CuKa

rad iation filtered through nickel. A sample consisting of powdered NaNbO,

S 
crystals was sealed in a glass capillary having an outside diameter of 0.3 mm

and a wall thickness of 0.01 mm. The diffraction patterns showed very sharp

line splitting, enabling resolution of the CuKa1,a2 doublet at an angle

8 = 40°. The lattice parameters were calculated from the line groups

N = h2 + k2 + 12 
= 25, 24 and 22. The results are tabulated as a function

of temperature in Table II and plotted in Figs. 1 and 2.

Below 360°C the symmetry is obviously orthorhombic , in agreement

with optical observation. Although the parameters listed are those correspond-

ing to a simple unit cell , the extra lines present in the photographs may well

— 
indicate a multiple unit cell . The intensity of these extra lines rapidly

: 
j5

_ _ _ _ _ _ _ _  __ - -
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Table II.

Lattice Parameters of NaNb0~ as a Function of Temperature

F T(°C) a ’=c ’ (X) b(~ ) a t/b

20 3.915 3.880 1.009 90°4l ’ 59.45

175 3.918 3.898 1.005 90°32’ 59.82

300 3.921 3.910 1.003 90°25’ 60.11

350 3.922 3.913 1.002 90°23’ 60.18

a=b c c/a

375 3.918 3.927 1.0023 60.28

390 3.919 3.927 1.0020 60.33

4i0 3.921 3.926 1.0034 60.35

420 3.921 3.927 1.0034 60.38

430 3.925 60.44

460 3.926 60.52

480 3.928 60.61

670 3.942 61.27

g
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16.

decreases as the temperature is raised above room temperature.

At the transition temperature near 360°C , the diffraction patterns

change quite abruptly, so that the line splitting is greatly reduced. For

example , at 375°C only the ( 510) , (43 1) and (422) line groups are well resolved.

The line splitting above 360°C appears tc; -~ e typical tetragonal splitting, in

agreement with the optical measurements. It is difficult, however, positively

to exclude other possible lattice forms, since the distortion is so slight.

Assuming the crystal to be tetragonal , the calculated c/a ratio shows

a very smell deviation from unity, c/a being 1.002 3 at 375°C.  Moreover , this

distortion continues to decrease with increasing temperature, and at temperatures

above 430°C no line splitting can be observed . Thus if a tetragonal distortion

of the cubic perovskite lattice exists above this temperature, the axial

deviation is certainly less than 0,1%. No structure changes were observed

with X-rays at the transition tempe ratures of 480°C and 640°C. Extra lines

were again observed above 360° (as first reported by Wood)(6) , but no definite 
S

conclusions could be drawn as to their character.

Some of the discrepancies observed by Wood between the optical aid

X-ray measurements on NaNbO 3 have been removed by our measurements, Our X-ray

powder photographs taken at 300°C indicate an orthorhombic, nct a tetragonal

latt ice , so there is no disagreement between X—ray and optical observation.

Wood also reported cubic diffraction lines above 370°C , whe reas opt ical

measurements indicated tetragonal symmetry . We were able to observe tetragonal

line splitting at temperatures well above 370°C , although this distortion

became negligible at about 430°C.

Wood hypothesized that the X~-ray photographs gave the symmetry of

the niobium array, whereas the optical properties were determined principally

- ~~~~~~ 5 5
_  — -—  ~ — __ ~~~~~ _~~~~~ - - - — -~~~~~~— _ _ ~~~~~~~
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by the combined oxygen—sod ium array. In this way she was able to account for

obvious differences between the X-ray and optical observations. However , since

the principal differences between these results have been removed by our

measurements, it seems more natural to conclude that the optical measurements

— are simply more sensitive to slight lattice distortions than the X—ray technique.

IV. D ielectric Propertie s of NaNbO 3.
- 

Dielectric measurements were made on NaNbO3 single crystals using

rectangular plates 2—3 mm. on edge and having a thickness of approximately

0.5 mm. The dielectric constant E is plotted as a function of temperature

in Fig. 3. The measurements were made at a frequence of 10 kc/sec using an

alternating electric field of 5 v/cm. The sharp change in the dielectric

constant was observed at 355°C, as reported by Matthias and Reineika(5).

This anomaly undoubtedly corresponds to the orthorhombic-tetragonal phase

transformation observed in our optical and X-ray measurements at 360°C.

An effort was made to measure the dielectric constant in the vicinity

of the second optical transition at 480°C. No dielectric anomaly could be

detected in this region. However, since the loss becomes quite appreciable

above 400°C , a small transition could have easily been obscured by the in—

accuracy of our measurements.

No dielectric anomalies were detecte d between room temperature and

—185°C, in agreement with Vousden’s optical observations~~ but in contra—

diction with previous dielectric measurenients(~~.

Several mea surements employing various techniques were made in an

~~~~~~~~~ :~~~~~~~~~~i 

detect fe rroelectricity in NaNbO 3. First of all, the relation between
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pola rization and electric field was investigated using a modified Saywer—Tower’s

circuit. The P-E relation proved to be quite linear even in fields as high as

15 ky/cm. No hysteresis loops were observed. The relationship was studied

over a temperature range extending from 20°C to 420°C and at a frequency of

60 cycles/sec .

Pyroelectric tests were also carried out to detect any spontaneous

S polarization. First a d-c field of 10 ky/cm . was applied across the specimen

for five minutes at 300°C , to enable the doma ins to at least partially align

themselves in one direction. The electrodes were then connected across a

sensitive galvanometer and the specimen heated to a temperature above the

transition at 355°C. A change in the spontaneous polarization should give a

current through the galvanomete r on passing through the transition; but no

discha rge current could be detected with NaNbO3. When a similar test is

performed on KNbO 3, large discharge currents are observed at both the 225°

and 435°C transitions.

The effect of a d-c biasing field on the dielectric constant has

also been studied. In all known ferroelectrics including Rochelle sait,~~~
S (31k) (is)

KH2PO4 and BaTiO3, the application of such a field drastically reduces the

dielectric constant. With NaNbO3 crystals , however , the application of a

d.c. field of 8 ky/cm. doe s not affect the value of the dielectric con stant

at room temperature. The application of a similar field at a temperature

slightly below the transition at 355°C even resulted in a slight increase in

the dielectric constant .

The experiments described above gave no evidence for ferroeleotricity

S in NaNbO3. This result has recently been verified by Cross~
6)who also studied

the dielectric propert ies of pure NaNbO3 and found no evidence for ferro-

_  
- - - S i -  -
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electricity. Only by assuming the crystal to possess an extremely high coercive

field , even in the vicinity of the transition at 355°C , can we justify the

existence of fe rroelectricity in NaN~~3. A mere likely hypothesis is that

NaNbO3 is not ferroeleotric but is actually anti—fe rroelectric. The nature

of the 3550C transition and the antiparallel niobium displacement observed

by Vousden (8) would tend to support this view.

V. Phase Diagram of NaNbO3 - KNbO3.

In contrast with the peculiar properties of NaNbO3 j ust described ,

KN~~3 shows typical ferroelectric behavior closely similar to that of BaTiO3.

To account for the differences in NaNbO3 and KNbO3, the phase diagram of their

solid solution has been studied in some detail. Both ceramics and mixed

crystals were used in the investigation. Pure KNbO3 crystals were prepared

from K2C03 and Nb205 by a technique desc ribed by Wood (6) .

(a) Dielectric Measurement s on Ceramics.

Ceramic specimens were prepared in the desired percentages from

appropriate mixtures of K2C03, Na2CO3 and Nb205. The firing temperatures

ranged from 1050°C for pure KNbO3 to 1200°C for pure NaNbO3. Only by adjust-

ing the firing temperature of pure KNbO 3 to just below its melting point could

a suitable ceramic be obtained. Silver paste electrodes were applied to the

ceramics for dielectric measurements.

The temperature dependence of the dielectric constant was investiga—

ted for an s.c. field of 5 V/cm having a frequency of 10 ko/sec. The results

are shown in Figs. 4-7. The dielectric behavior of pure NaNbO3 and pure

XNbO3 ceramics proved to be quite similar to that obtained with single crystals, 
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Figure 5

Dielectric Constants of Ceramic Mixed

Niobates: (K0 5 , Na 0 5 )Nb03 and (K 0 1 ,Na0 9
)Nb0
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except that the change s in the dielectric constant accompanying the structural

transitions were much sharpe r for single crystals. No anomaly was observed

in the pure NaNbO3 ceramic near the temperature of the second optical transition

S at 480°C.

One part icularly important result came out of the die lectric study
S of the KNbO 3—NaNbO 3 solid solutions. When a small amount of KNbO3 is added

to pure NaNbO3, a second small anomaly appears in the dielectric constant

near 200°C , in addition to the usual dielectric transition observed around

400°C. The results for (Na0 951(0 05)Nb03 are shown in Fig. 4. With increasing 
-

KNbO3 concentration the two dielectric anomalies continue to appear near 200
0

and 400°C, so that the lines joining the se transition temperatures for various S

compositions extend continuously to the transitions observed in pure KNbO3. -

The third arid lowest phase transition in pure KNbO
3
, below ~thich the crystal

symmetry is rhombohedral, occurs at -10°C for pure KNbO3 but decreases rapidly

in temperature with increasing NaNbO3 concentration. 
S

The phase diagram* shown in Fig. 8 was drawn from the data gathered

with the dielectric measurements on the mixed KNbO3 
— NaNbO3 ceramics. A

* H.Strictly speaking, each phase line shown in Fig. 8 should be drawn as two
S 

slightly separated lines between which both the phases above and below the I
phase line coexist as a mixture. However the se double lines are never - S

observed experimentally, principally because the neighboring phases in this

type of compound are so closely related that the line separation is very si~ ll -
~

and a long time interval is required for the mixed phase to appear. The
S 

authors wish to thank Dr. Rustum Roy and Professor A. J. C. Wilson for a very I
S illuminating discussion concerning this point . f I
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a
standard procedure was used to check each phase in the diagram for ferro-

electricity. The hysteresis loops of a number of different compositions were

examined at various temperatures using an a.c. field of 10—20 ky/cm. at a

f requency of 60 cycles/sec . As expected, the P-E relationship is always

linear above the upper phase line near 400°C. Well defined hysteresis 1oops

were observed in the intermediate phase for ceramic compositions ranging from

pure KNbO3 to (Na 0 95K0 05)Nb03, although the latter gave loops of somewhat

que stionable quality. Hysteresis loops were also found in the orthorhombic

phase for all compositions from 1(Nb03 to (Na0 9 K0 1)Nb03. By comparing the

hysteresis loops of a single specimen in both the orthorhombio and tetragonal

phases , we found that the coercive field was much larger and the polarization

much further from saturation in the orthorhombic pha se.

The P-E relation is almost linear in the orthorhombic phase for

compositions containing less than 10% KNbO3, even for fields as high as 15 ky/cm.

The absence of hysteresis loops might be explained by a sudden increase in the

coercive field; but no reasonable explanation for such an increase is ixinnediate ly

obvious. The extra lines observed in the X-ray po~ ier photographs of NaNbO3
indicated structural differences in the orthorhombic phases of this crystal and

KNbO3; hence there must be a separating phase line somewhere in the KNbO3 - NaNbO3
solid solution. Such a phase line could well be the dividing line between ferro-

electric and non-ferroelectric phases, explaining the absence of hysteresis

loops on the NaN~~~ side. According to our dielectric measurements, the phase

line lies somewhere between (Na0 9o~o 10)Nb03 and (Na0 95K0 05)Nb03, as indicated

5 in Fig. S.

When measured as a function of increasing temperature, the dielectric

constant for the various solid solutions shows a high peak .t the upper transition

_  -_5 - - - -  - -  _ _
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temperature. This peak is followed by a sharp dec rease , obeying the Curie—Weiss

law

E - -
~~~

—

T-e ’

which is typical of ferroelectrics above their Curie point . It should be

pointed out that even ceramics made up almost entirely of NaNbO3, such as

(Na 0 95K0 05)Nb03, 
obey the Curie-Weiss law quite closely. In pure NaNbO3

ceramics the peak dielectric constant is low even for single crystals , but the

behavior of the dielectric constant above the Curie point closely approximates

a Curie-Weiss relation until well above 400°C, where the dielectric loss

S 
becomes troublesome. The values of the empirical constants 6 and C as

calculated from the experimental data are plotted in Fig. 9 for various

compositions. In pure NaNbO3, C varies quite appreciably from specimen to

specimen , being of the order of 2 to 4 x l0 ’ C. 9, on the other hand , changes

little in comparison, generally having values between 60° and 80°C.

The optical and X-ray measurements previously described showed

NaNbO3 to be tetragonal above 360°C , not cubic • Moreover , it will be subse-

quently demonstrated that the mixed crystal (Na0~95K0,05)Nb03 also is

tetragonal above the transition. It is therefore possible that the valid ity

of the Curie—Weiss law for these particular compound s is only accidental;

but it may also mean that the tetragonal phase s of NaNbO3 above 360°C actually

are paraelectrio .

(b) X-Ray Study of the Pha se Diagram.

The lattice parameters of the NaNbO 3—KNbC
3 

system were determined

from powder photographs taken with a Unicam 9 cm powder camera employing

- —  - -— S - --S-- S S —- — S - S — — - 5-— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ A
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-L

Figure 9

Curie Constant C and Extrapolated Curie

Temperature 9, in ~~ ~~~~ as
‘r-e

a Function of (K ,Na)Nb03 Composition
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CuKa radiation. It was difficult to obtain clearly resolved lines, particularly

with ceramics consisting principally of NaNbO3. However, after firing several

ceramics under slightly different conditions, we obtained poiiier photographs

showing sufficient resolution in the (422) and ( 400) groups to permit calculation

of the lattice parameters. The results are shown in Fig. 10 and Table III.

Note that the lattice parameters decrease continuously from KNbO3 to NaNbO3,

so that a solid solution is formed over the entire range of concentrations.

We were not able to define clearly the phase line separating the

orthorhombic phases of NaNbO
3 
and KNbO3 

by X-ray measurements. Such a phase

line should be accompanied by disoontinuities in the lattice parameters or by

a sudden appearance of extra lines with increasing NaNbO 3 content . For the

KNb03 
- NaNbO3 system, the lattice parameters, part icularly ~~~~, show sharp

changes near pure NaNbO3. Moreover, the intensities of the extra lines

observed in pure NaNbO 3 decrease rapidly with the addition of small amounts

of KNbO3. It is not possible , however , to point to any particular composition

as a point of discontinuity for the lattice parameters, because of the great

similarity between the orthorhombio cells of KN bO3 and NaNbO3. Similarly the

low intensity of the extra lines also makes it difficult to tell at what

composition they first appear.

The crystal structure of the three upper phases of KNbO3 have been

clearly identified by Wood as being cubic , tetragona]. and orthorhombic with

decreasing temperature. A more detailed investigation of the lattice change.

in the vicinity of each transition has been undertaken in our laboratory for

comparison with the NaNbO3 data. The unit cell dimensions of KNbO3 were

calculated from the (510) ,  (431), (422 ) and (332 ) line groups observed on

photographs taken with a 19 cm. Unicam high-temperature camera. The results

S ~~~~~~~~ S 5 — - a~~~~~~~~~~ S ~~~~~sS SS S _~~~~S ~~~~~~~~~~~~~~~~~~~~~ 55~~~~ - S -- ___
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Figure 10

Lattice Parameters of KNbO3-NaNtO3 Mixed Crystals
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Table III.

Lattice Parameters of (K—Na)Nb03 Solid Solutions

Composition a’=c ’(~ ) b(X ) b/a’

KNb0~ 4.036 3.974 1.0156 90°16’

10% Na 4.029 3.969 1.0151 90°l6’

20% Na 4.027 3.969 1.0146 90°l6’

50% Na 4.012 3.952 1.0152 90021t

60% Na 3.999 3.942 1.0145 90°24’

80% Na 3.963 3.925 1.0097 900261

90% Na 3.938 3.908 1.0077 90027 t

95% Na 3.930 3.900 1.0077 90°31’

NaNbO3 3.916 3.886 1.0077 90°40’

~~SS~~~~~~~~~~~~~~~~ - S S S  J
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are given in Figs. U and 12 and in Table IV. It is obvious from these graphs

that the temperature variation of the KNbO 3 cell dimensions is quite similar

to that observed with BaTiO3.

A comparison of Figs. 11 and 12 with Figs. 1 and 2 reveals the follow—

ing important differences between KNbO and NaNbO • The axial ratio observed

S in the tetragonal phase is much larger for KNbO3 
(
~ = 1.015) than for NaNbO3

= 1.002). Moreover , the axial ratio of KNbO3 shows very little temperature

dependence in the tetragona]. region and an abrupt discont inuity at the cubic-

tetragonal transition. NaNbO3, on the other hand, shows a marked temperature

dependence and an extremely small discont inuity at the transition. Similar

differences occur in the pseudo—monoclinic parameters a ’/b and ~~~~, used to

describe the crystal in the orthorhombic phase.

By way of comparison, (Na0 91(0 1)Nb03 
shows orthorhombic symmetry at

room temperature,which change s to tetragonal (c/a = 1.01) at 240°C. The

tetragonal—cubic transition takes place at 400°C. In general, the behavior of

this mixed crystal is much more similar to KNbO3 than to NaNbO3.

(c) Specific Heat Moasurements.

The specific heats of NaNbO3, KNbO and (Na K0 )NbO were measured

as a function of temperature using a Nagasaki-Takagi adiabatic caiorimeter (17 ) ,

a modification of the 3ykes ’(~~
) calorimeter. The details of the calorimeter

design and construction have been given in a previous report(19).

The specific heat specimens were prepared by powdering ceramics of

the same type used in the dielectric and X-ray studies. About 15 grams of the

powdered ceramic was placed in a platinum vessel and heated at a rate of

approximately l°C./min. The heat content of the empty calorimeter was calibrated

using 3i02 as a standard substance. The results are shown in Figs. 13—15.
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Table IV.

Lattice F*rameters of KNbO3 as a Function of Temperature

Temp. (°c) a ’=c ’(Z) b(A ) b/a v(13)

25 4.0375 3.9711 1.0167 90°15’ 64.73

125 4.0374 3.9797 1.0145 90°l5’ 64.87

185 4.0363 3.9830 1.0134 90°13’ 64.89

205 4.0369 3.9839 1.0133 90°l4’ 64.93

a=b c c/a

220 3.9972 4.0636 1.0166 64.92

230 3.9978 4.0640 1.0166 64.95

270 3.9992 4.0647 1.0164 65.01

320 4.0023 4.0639 1.0154 65.10

375 4.0048 4.0620 1.0143 65.15

410 4.0080 4.0567 1.0122 65.18

425 4.0214 65.03

- :  450 4.0225 65.09

510 4.0252 65.22

I
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The specific heat anomalies observed in i~iaNb03 and (Na 0 9~0 1)Nb03
are small in comparison with those observed in KNbO3. This re sult was to be

expected , since the structural anomaly is much more pronounced in KNbO3. The

integrated transition energies listed in Table V were calculated from Figs.

13—15 2fter assuming certain normal specific heat curve s (indicated by dashed
S lines).

(d) Further Study of the Phase Diagram of Mixed Crystals.

The optical study of NaNbO3 crystals showed three phase transitions

at 360°, 480° and 640°C , ~hile dielectric measurements carried out on NaNbO3
ceramics up to temperatures as high as 500°C showed only the lowest transition.

To complete the phase diagram of the (K—Na)N b0 3 system, mixed crystals were

prepared from the appropriate mixtures of MaMbO3 and KNb03, using NaF as a

flux. The composition s of the mixed ~rysta1s are not exactly in proportion

to the percentages of KN~O3 and NaNbO3 because add itional Na is introduced by

the flux.

Mixed crystals were prepared of several compositions between

(K 0 5 Na0 5 )Nb03 and pure NaNb03. Small rectangular plates , yellow or brown 
- -

in color , were obtained from the melt. The crystals gave excellent powder

diff raction photographs , showing lines which clearly indicated an orthorhombic

lattice of the perovskite type at room temperature. Approximate composition

values were assigned to the crystals by comparing the unit cell dimensions of

the mixed crystals with those obtained with ceramics of various compositions

(see Fig. 10). In this manner it was found that crystals of (Na0,9K0 1)Nb03
could be obtained by melting a mixture of equal parts of NaNbO 3 and KNbO3 along

with a NaF flux . It should be emphasized , however, that the estimated oompo-

sitiona shown in Fig. 16 are only approximate, so that the results are only 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ SS ~~~ S~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Table V.

Transition Energy of KNbO3, NaNbO3, and (K01, Na0~9) Nb03

Composition Lower phase change Upper phase change

KNbO3 85 cal/mole 190 cal/mole

(~o.1,Nao.9)~~ 0.3 20 cal/mole 60 cal/mole

NaNbO3 50 cal/mole
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semi-quantitative •

Optical observations of the mixed crystals under a polarizing micro- S

scope led to the phase diagram shown in Fig. 16. Again we found that the

add ition of a small amount of KNbO3 to NaNbO
3 

greatly altered its physical

characteristics. The optical prope rties of the tetragonal phase in

(Na0 9K0 1)Nb03 are much more similar to those in KNbO3 than to those in

NaNbO3. In mixed crystals such as this we observed both domains of parallel

extinction and plates oriented in the c direction.

The two tetragonal phases observed optically in pure NaNb0
3 
were

also observed for mixed crystals containing less than 10% KNb03. The tern-

perature s of these optical transitions decreased rapidly with increasing

concentration of KNbO 3. As in the case of pure NaNb03, only parallel extinction

was observed in the te tragonal phases above 360°C. No examples of complete

extinction (i.e., c-axis plates) were found in the 20 or more crystals

examined in this range of compositions.

Single crystals large enough for dielectric tests were obtained from

the mixed crystal growth of (Na0 9KQ 1)Nb03. The dielectric constant measured

at a field of 10 v/cm and a frequency of 10 kc/sec showed two anomalies ,

corre sponding to those obtained in optical observations on the crystal.

Hysteresis loops were observed in both the tetragonal and orthorhombic phases,

for fields of the order of 10 v/cm. The hysteresis loops in the tetragonal

phase show a greater tendency toward saturation , since the coercive field is

somewhat larger in the orthorhoinbic phase.

VI. Discussion.

The optical observations just described point to the existence of

three phase transitions in MaMbO3 at 360°, 4800 and 640°C , although the latter

two could not be verified by either dielectric or X—ray measurement since the

_ _  
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Figure l6

Phase Diagram of KNbO 3-.NaNbO 3 System,

Showing Behavior Near Pure NaNbO 3 Sine 
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structural perturbation is undoubtedly very small. The se two phases are

certainly different from the tetragonal phase in KNbO3; in fact , there seems

to be no known similar phase s in any of the perovskite—type fe rroelectrics.

The dielectric properties of these phases and their relation to the crystal

structure are still very much open to question.

Our experiments on NaNbO3 ceramics and crystals failed to give any

evidence for ferroelectricity, although the possibility of antiferroelectric ity

arising from an antiparaflel displacement of the niobium atoms still remains.

Other observers , however , ha ve reported positive evidence for ferroelectricity.

Hystere sis loops were obtained by Matthias and Remeika~~while Vousde~~obae rved

doma in movement under a strong d.c. field (20 ky/cm) .

We attempted to repeat the latter’s experiment by observing the

behavior of NaNbO3 crystals in an electric field with a polarizing microscope . r
Most of the crystals showed no domain boundary movement for field s of 15—20 5

ky/cm. A few , however , displayed a slight pattern change in the doma ins just

before an electrical breakdown occurred. No positive conclusion could be

drawn from the experiments.

It is obvious that the conflicting results could be explained away

by assuming Vousden’s space group assignment to be in error , or by assuming

NaNbO
3 
to have an extremely high coercive field, preventing the observation

of hysteresis loops in our dielectric tests. At the same time , however , there

is another possible explanation for the disagreement.

The phase diagram shown in Fig. 8 indicates that the ferroelectric

tetragonal pha se observed in KWbO3 extends to compositions consisting almost

entirely of NaNbO3. The ferroelectric orthorhombic pha se also extends to

within several percent of pure NaNbO 3. It is also possible that the add ition

- - -S~~~~~~~~~~~~~~~
-
~~ ~~~~~~~~~ - - ~~~~ - S~~~~~~~~ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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r of other impurities to these mixed crystals would move the ferroelectric phase

even closer to pure NaNbO3. Thus a strong electric field might easily induce

ferroelectricity in NaN b03 crystals containing a small amount of impurity.

This induced ferroelectric phase would be characterized by all the usual

phenomena accompanying ferroelectricity, including hysteresis loops and domain

boundary movement. In such a case this hypothesis almost exactly fits that
(3D)

proposed by Vousden , who assumed the existence of a ferroelectric state which,

under normal conditions, is slightly less stable than a closely related non—

S ferroelectric state. According to Vousden, the ferroelectric structure

becomes stable under an applied external field , giving rise to the observed

ferroeleotric phenomena . This situation is surprisingly similar to the
(2c.)

Nforced transition by electric field” observed in PbZrO3 and the Pb(Zr-Ti)O 3
(21)

and (Ba—Pb)Zr0 3 solid solutions, for which ample dielectric and structural

evidence has been given(2~
).

In conjunction with this metastable ferroelectric state theory, it
(12)

is interesting to note that R. Ray obtained a NaNbO 3 compound which showed no

extra lines in the powder photograph, by quenching the compound near its

melting point . The powder photographs are exactly the same as those usually

obtained with NaN b03, except that the extra lines are missing. After annealing

the quenched NaNbC3 overnight at 350
0C, the extra lines reappear. This

quenched phase may be identical with the induced fe rroeleotric phase describe d

above ; but until the dielectric properties of the quenched phase have been

examined , any conclusion would be premature.

It is also interesting to note that the doma in movement observed by

Vousden can be explaine d without resorting to an “ induced fe rroelectricity”

hypothesis. If the dielectric constants of a tetragonal, non—polar crystal

~ 
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differ greatly for two unique crystallographic directions, a strong electric

field can create large energy d ifferences in domains of dif ferent orientation.

S 
This energy difference may be sufficiently large to cause a doma in boundary

movement in such a way that each doma in is aligned with the direction of the

larger dielectric constant parallel to the external field. The energy increase
55 -. 

~W may be calculated from the equation

E 2
‘- ‘ a c)E

t~W = i S E d D a
_ J

~~5 EdDc =
17 4w

To obtain an approximate order of magnitude of thi, we take = 1050,

C 0 = 50, and E = 20 ~~/cm, giving

t~W = 0.OO5
cm3

Such an energy difference is equivalent to the energy of a crystal having a

spontaneous polarization of lxlOô coul/cm2 at a field of 20 kv/cm. This

cond ition could give rise to the domain boundary movement observed in NaNbO3.

The dielectric constants of crystalline NaNbO3 are of the same order as those

used in the calculation ; and since the orthorhombic distortion is extremely

small , it is conceivable that the domains are reoriented in a large field.

Such a reorientation due to the induce~ polarization could also lead to an

anomalous P vs. E relationship observed on the oscilloscope.

_ _ _  
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Section B:

Specific Heat Measurements

I, Introduction

One important phase of the exper imental investigation of ferroelectr± c

compounds is the determination of their specific heats as a function of tempera-

ture, These measure~1ents are significant for two reasons. First , the order of

the ferroelectric transition can sometimes be determined from the shape of the

specific heat anomaly, which accompanies the transition. Moreover, the general

form of the anoxnaLy- gives some indication of the type of molecular mechanism in-

volved, Second, a knowledge of this anomalous behavior enables one to calculate

the change in energy and entr3py associated with the transition. These quantities

form a necessary part of the experimental data needed to verify any theoretical

treatment explaining the phenomenon of ferroelectr±city .

In some instances it is possible to distinguish the order of a ferro—

electric transition from the shape of the C~ anomaly. Such a transition may be

first  or second order, Ideally, a first order transition manifests itself by the

appearance of a latent heat,leading an infinite value of C~, at the transition

temperature. In a transition of the second order there is no latent heat , and

the value of t~Cp is finite (except in the rare case where the energy curve has a

vertical tangent at the transition temperature). In KH2PO4, for example, Slater ’s

theory (1) predicts a first order phase change at the transition temperature . Al-

though the corresponding experimental specific heat anomaly shows the character—

i s tic  shape of a X —point transition (i .e.:  second order)~
2) the sharpness of the

anomaly and the observed large value of L~ Cp indicate that the transition is very

close to first order.

A 
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Frequently, however, the exact shape of the anomalous portion of the

specific heat curve is difficult to determine experimentally. The form depends

to some extent on experimental technique , and smaller steps in changing the tem-

perature lead to sharper curves and higher values of ~~~ In addition, inhomo—

gene~us samples and the inability to maintain a uniform temperature distribution

throughout the sample lead to broadening of the anomaly. This is particularly

true in cases where the latent heat is small. In BaTiO3, heat capacity measure-

ments show the transition at 120°C to be of the second order. On the other hand,

experimental data on the spontaneous electric polarization~~ and optical measure—

S ment s~’4~ clearly indicate a first order phase change at this temperature. Conse-

quently, in this case s the order of the transition cannot be determined from the

specific heat measurements.

In contrast, the transition energy, AE , and the associated entropy

change, L~S, estimated from heat capacity measurements,are more generally reliable.

The total energy and entropy changes over the transition region are found by inte-

grating the Cp vs T and the C~, vs lnT curves~ respectively. The differences be-

tween these values and the “normal ” energy and entropy changes over the same region

give ~ E and t~ S. The values obtained from these integrations are relatively in—

sensitive to experimental technique, and are valid irrespective of the order of

the transition.

One questionable point in the above calculation is the postulation of

a “normal” specific heat curve from which the normal energy and entropy changes

are obtained. However, the essential correctness of this asrnmiption is illustrated

5 I in the case of ~~2~~4• In his theoretical treatment of this compound , S1ater~~

predicts a transition entropy change of 0.69 cal/deg_mole. The entropy change

- —~~~~~~~~~~~ — ~~~~ S~~~~~~~~ S - S S - -- -~~~~~ - - -
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observed from experiment has been given as 0.73 ± .04 cal/deg_mole (2) . The se

results show excellent agreement.

The value of the transition entropy change is of special interest

in the empirical relation, (Pm)
2
~2 = ~~~~~~ relating ~S with ~m’ 

the

maximum spontaneous polarization reached at low temperatures, and C, the Curie

constant. This relation is valid for all transitions in which a single free

energy function may be used both above and below the transition temperature.

This condition includes the special case of a ferroelectric phase change,

irrespective of the transition order. Both the quantities, 
~m 

and C, can be

determined experimentally; and consequently any one of the above three quanti-

t ies may be calculated indirectly and compared with experiment . Comparisons

of results based on the above relation show good agreement in the cases of

and BaTiO3, and — to a lesser extent — of Rochelle salt.

An important application of the transition energy in the case of

first order transitions is found in the Clapeyron equation , dT0/dp = T0~v/L.

Here the dependence of the transition temperature on hydrostatic pressure is

proportional to the volume change at the transition temperature and inversely

proportional to the latent heat. It has been shown~
6
~ that the quotient

S 

~v/L may be approximated by the ratio ~V/t~E, where ~V is the total volume

change integrated over the same temperature range used in computing t~B.

Thus we again have a relation connecting three experimental quantities. The

calculated and experimental value s for the shift of the transition temperature

due to changing the hydrostatic pressure are in satisfactory agreement in the

case of BaTiO3.

S 
An analogous relation for second order transitions is given by the

Ehrenfest equation, dT0/dp = T0v~~/~C , where v is the volume and ~~ is
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the value of the discontinuity in the the rmal expansion coeffic ient at the

transition temperature, T0. In this case , however, the same experimental

difficulties arise in the measurement of ~ as with C~ . The uncertainty in

assigning definite experimental values for ~~ and ~~~ renders the utilization

of this equation less reliable.

One accurate and reliable method of measuring the specific heats

S of solids at low temperatures is accomplished by the use of an adiabatic

vacuum calorimeter. Essentially, this apparatus allows one to add a measured

amount of heat electrically to a solid sample, which is the rmally insulated

in an evacuated space, and to observe the temperature rise produced. The

specific heat is then computed from the equation C~ = t~Q/( T2—T1), where ~Q

is the heat added in calories and T1 and T2 are the initial and final

temperatures of the sample, respectively, in degrees centigrade. In practice,

the amount of heat added is small so that C~ thus calculated may be taken as

the value of the specific heat of the sample at the temperature (T1 + T2)/2.

A series of such observations for consecutive values of T1 enable s one to

5 
plot C~ vs T , the specific curve for the sample , over an extended range of

temperatures.

A 

II. Apparatus.

The adiabatic vacuum calorimeter constructed in this laboratory

is similar to the one described by Southa rd and Brick wedde (
~

) . it was S

designed to determine the specific heats of solid compound s between 90°K and

300°K. The apparatus consists of the calorimeter proper,and the associated

electrical circuits for determining and controlling the temperature and

measuring the energy added to the substance investiga ted. Fig. 1 shows a

I- 
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Figure 1.

Adiabatic Calorimeter for

Specific Heats of Solids
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cross section of the calorimeter, which consists of three principal parts:

the inner container, the adiabatic shield , and the vacuum jacket.

The inner container , a cyl indrical can 1—7/32” in diameter and 2”

deep , is made of coppe r and fitted with a re-entrant ~ube 3/16” x 1-3/4” in

d imensions. Twelve radial copper fin s placed vertically inside the container

S aid in the distribution of heat. A small hollow flange at the center of the

removable top allows the containe r to be connected directly to the vacuum

line. Thus the container may be evacuated and then filled with helium to

further increase its thermal conductivity. The wei ght of the container is

approximately 61.5 gins and its net volume is 32.5 cc.

The heating element , which f i ts  into the re-entrant tube through a

hole in the bottom of the container, was constructed as follows. Number

40 B and S D.S.C. advance wire (30.99 ohins/ft), impregnated with varnish,

is bifilarly wound in 124 turns on a small coppe r spindle 1-11/16” in length.

After varnishing and baking , this spindle was immersed in Wood ’s metal in

a second copper tube . This second tube , the heater tube , is machined to

fit snugly into the re-entrant tube, assuring good thermal contact between

the heater assembly and the container. The total resistance of the completed

heater is lO~ ohms.

The adiabatic shield form is made in three sections. The side

form, made of coppe r, is 3” in diameter and 2—3/4” high. The top and bottom

forms were made of brass in the shape of right circular cones. Six shield

heaters, two on each form, were bifilarly wound in a single layer using

No. ~36 B and S ID.S.C. and glass insulated advance wire (ll.9/ft), and secured

in position with Gibbs Bonding A gent R—3l 3 . The three shield sections are

- . _~~~~~~~~~~~~ SS~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -  - ----- -5 -- -- S _ S_ _ S _ Si
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connected together by means of two bakelite rings. These connections are

threaded except for the one on the bottom shield , in which a bayonet fit is

utilized to facilitate easy removal of the bottom shield ,

Copper~.constantan difference cou~ les are employed between the

adiabatic shield and the inner containe r to indicate temperature diffe rences

between the two . A schematic diagram of the d i f fe rence couple arrangement

is shown in Figo 2. A single piece of constantan thermocouple wire , with a

copper lead soldered to it at each j unction, allows comparison of the tem-

perature s of any two of the junctions. As a re sult of the electrical in-

dependence of the sh ield forms , established by the use of the bakelite connect-

ing rings , the top , side , and bottom shield j unctions are soldere d directly

to the forms.

Junction No, 4 is insulated , and was made by pressing the soldered

connection in a thin copper envelope lined with mica. This envelope fits

tightly into a phosphor—bronze clip which is soldere d to the side of the

inner container, Junction No, 5 is soldere d to the inner surface of a second

copper envelope which enc lose s the wires leading from the heater assembly .

This envelope slides into anothe r clip, one em of which is soldered to the

bottom of the container. The othe r end of this clip is held in position by

means of a removable copper sc rew and a tubular nut which is solder~-d t5o the

bottom edge of the conta ~ ner. By tightening the screw , the envelope is

forced into good the rmal contact with the container. This arrangement permits

the removal of the containe r without disconnect lrr- the heate r assembly leads.

The vacuum jacke t , made of brass, is 4” in diameter and 6—~/?” tall.

A copper tube , silver—soldered into a hole at the center of the removable

top, is connected to a conventional gless  vacuum system through a copper—

_ _ _ _ _
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to—glass seal. The control leads (23) enter the system through a second tube

soldered to the copper tube 1” above the jacket top . The upper section of

this second tube was made of stainless steel to prevent the seal, through

which the control leads passed , from becoming cold and cracking. The seal

itself was made by recessing a small circular disk of bakelite in the upper

S end of the stainless steel section. Separate holes drilled in the bakelite

disk allow the wires to enter the calorimeter individually. 1~~lted plicene

was poured into the recess and allowed to hardened .

A copper ring , 2” in diameter , was soldered to the inside surface

of the jacket top. The control leads we re bundle d and wrapped in four turns

around this ring, to permit the lowering of their temperature to that of

the bath before going to the shield . After leaving the ring , the shield

current leads (12 ) were separated and connected to the shield heaters. The

remaining lead s (5  copper dIffe rence couple leads , 2 current and 2 potential

leads to the inner heater, and 2 absolute couple leads) were wrapped (5  turns)
- ‘S-

in a single layer over the side sh ield heater and secure d with Gibbs Bond ing

Agent . This was done to permit raising the temperature of the se leads to

the operating temperature of the shield before they reach the inner container.

These leads enter the side form through a 1/4” hole, and then pass through a 
1

copper envelope which fits snugly into a clip soldered to the inner surface

of the side form. The difference couple leads then go to their respective

junctions, and the heater control leads pass through the clip at the bottom

of the containe r (se e above ) before reaching the inner heater. The potential

leads were divided between the container bottom and the shield , as recommended

by Scott(8).

-- ~~~~~~~~~~~~~~~~~~~~~~ - --S _ -5 - - - ---- ii
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The shield is suspended from the copper ring by three threads.

Likewise, a thread suspension is also used to support the inner container.

To remove the inner container, the Wood ’s seal holding the vacuum jacket to

the jacket top is broken and the jacket slipped off. The bottom shield is

then removed and rotated to one side, The heater assembly leads are then

released from the bottom container clip, and the heater assembly is slipped

out of the re-entrant tube . After the side container junction is removed from

its clip , the threads holding the inne r container are broken, releasing the

S container. To replace the con~ ather , the reverse procedure is used .

Fig. 3 shows a :chematic diagram of the temperature measurement

and ene rgy control circuit. A single Leeds and Northrup type K-2 potentiometer

is use d to measure the temperature and the ene rgy added to the inner container.

The potential across the inner heater is measured by observing the potential

drop across a voltage divider , while the current through the inner heater is

determined by measuring the voltage drop across a standard 0.1 ohm resister.

Two lead storage batterie s, connected in parallel , serve as the power source

for the inner heater , and are always stablized prior to an actual heating

period by discharging them through the stabilizing resistor.

The shield control circuit is shown in Fig. 4. Only three of the

six shield heaters are use d in this manual control system , the other three

serving as spares. The three heaters in use are connected in series. The

variable rheostats, connected in parallel across each shield heater , provide

coarse, medium , and fine control of the current th rough the corre spond ing

heater. The total resistance, Pt, of the combinat ion of the shield heaters

and the control rheostats, acts as a variable resistance of 0 to 1300 ohms.
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The current for the shield heaters is provided by a constant current

generator shown in Fig . 5. Three 6L6 pentodes are connecte d in parallel to

furnish the necessary current requirements. The total current available

may be varied from 120 isa to 150 ma by varying the resistance in the cathode

circuit. The shield heater control is represented by the load resistance,

Pt, in the diagram. This method of supplying the shield heaters has the

advantage of essentially independent control of each shield heater. For a

plate current of 120 ma , a change in Pt of from 0 to 750 ohms produces only

a 6% change in the plate current. Thus a small adjustment in one of the

shield hea ters has no effect on the settings of the other heaters. The

positive side of the generator is grounded , to k~A ep the potential at any point

on the shield heaters as near ground as possible.

The galvanometers, not shown in the diagrams, are used in conjunction

with the control apparatus. The first is used for measuring the temperature

of the inner container and the energy supplied to the inner heater. Readings

are made using a telescope and an illuminated scale approximately two meters

from the galvanometer. The net sensitivity is 0.37 ~v/mrn. The second

galvanon~ter is used as a null indicator in reading the difference couples.

In this case a lamp and scale are used with an optical lever of about S

meters. The resulting sensitivity is 0.08 wv/mm. A multiple position switch,

mounted on the heater control panel, facilitates quick successive readings F
of the difference couples. 5

III. ~xperimental Procedure.

After load ing the inner conta iner and sealing the vacuum jacket

in position, the latter is immersed in liquid nitrogen, which serves as a 

~~~~~~~~~~~~~~~~~~~~~~~~~~ _ 
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- refrigerating bath . The calorimeter is then shut off from the vacuum line

S 
and partially filled with helium to facilitate rapid cooling of the inner

container. When the desired temperature is reached, the helium is pumped

5 out , and the temperatures of the shields are brought to the temperature of

- the inner container by adjusting the shield heaters.

- 

- 
When equilibrium has been established —— that is, when the heat

supplied to the shields counterbalances the rad iation losses from the shields

to the refrigerant bath -- the temperature of the inner container is recorded
every minute for a period of from 10 to 15 minutes. This establishes the

- foredrift*. Energy is then supplied to the inner container for a predetermined 
S

- 
length of tiise. During this heating period, three potential and two current

- readings are taken. The current readings are taken at 21% and 79% of the

S heating perioa(9) , while the potential readings are taken such that the t imes

of their observation average to the mid—time of the heating period.

During and afte r the heating period , add itional heat is supplied
- 

to the shield heaters to produce a correspor~ ing temperature rise in the

shield . The amount of heat added is determined by continuously observing

*In practice , the side shield is kept slightly wa rmer than the inner container.

This is done to offset the cold drift of the absolute couple , brought about

by a cold leak along the leads from the inne r container. The amount of

presetting is dete rmined to give a zero drift rate. The heat transfer be—

tween the shield and the inner container under the se conditions is disregarded

on the assumption that , at a given temperature , this transfer is reproducible,

and hence may be included in the calibration of the apparatus.
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the difference couple readings. When equilibrium is again reached (i.e.: a

— zero drift rate is obtained), this time at a higher temperature , the temperature

S 
of the inner container is recorded as before. This establishe s the afterdrift ,

which also serves as the foredrift of the next heating period . The above

procedure is then repeated and in this manner a serie s of ~runs” are taken.

In this method , each heating period yields one point on the specific

hea t curve . For a given heating period , the ene rgy in calorie s added to the

inner container is given by AQ = aEIt/J, where E is the average of the three

voltage readings in volts, I is the average of the current readings in amperes,

t is the length of the heating period in seconds, and J is the mechanical

equivalent of heat. The factor, a, (a 0.9966) is a constant and appears

since a fraction of the current fed to the inner heater passes through the

voltage divider (see Fig. 3) .

In gene ral, the slopes of the fore— and afterdrifts are determined

and extrapolated to the mid-time of the heating period. This determines

and T2, the initial and final temperature s, respectively, in microvolts.

In the special case of zero drift, the values of T1 and T2 are di rectly

observed. These values are then corrected, using the absolute couple curve,

- 3 and subsequently converted into °K using a standard copper-constantan

reference table. The difference, AT T2 
- T1, is the temperature rise

produced during the heating period. The quotient AQ/AT represents the

ave rage specific heat of the system over the temperature interval T2 -

in cal/°K. Since AT is generally sm all, usually 1—4°K, this quotient may be

taken as the value of the specific heat of the system at the temperature

T = (T1-T2 )/2 . 
S

S S

i
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The consecut ive point s , calculated in this manne r , give the specific

heat curve of the system. The difference between this curve and the calibration

curve of the apparatus (i.e., the specific heat curve of the empty contained)

is the specific heat curve of the substance investigated, in cal/°K per weight

of sample. Multiplying by M/m, whe re M is the molecular weight of the substance

and is is the weight of the sample, gives the specific heat data in the more

- conventional form of cal/°K—niole.

A second method for obtaining the specific heat curve, using the

above apparatus, is called the continuous heating method. In this case

energy is continuously added to the sample, and the times necessary to produce

equal consecutive rises in temperature are observed. The sample is cooled

as before; and after the desired starting temperature is reached, the shield s

are roughly balanced against the inner container. Energy is then supplied to

the inner container, and the shield heaters are adjusted so that the rates at

which the shields and the inner containe r increase in temperature are equal.

Again , any undetected ene rgy transfer between the shield and the inner

container is assumed to be systematic , and may be included in the calibration

S of the apparatus under the same conditions.

When the equal heating rates of the inner containe r and the shield

have been established, the time necessary to produce a temperature rise,

AT = T2 —T1, is obtained by observing the continuous drift  of the absolute

couple . The value in microvolts , corresponding to the temperature T1, is

set on the potentiometer. When the deflection of the temperature galvanometer

passes through its zero point, the tine is recorded. The value of T2 is

then set on the pote ntiometer , and the time of zero deflection is recorded.

~ 
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This procedure is repeated for a predetermined set of Ti ’s. From the relation

= aElt/JAT , the differences of the se t imes are proportional to the specific

heat of the system at the corresponding temperatures Ti + AT/2. In practice,

AT is chosen a constant (usually l°K or 2°K). Frequent readings of the voltage

and current are taken during the run. The plots of the se value s give E and I

as functions of temperature, from which the values of E and I can be directly

- . - read for any given time interval.

The advantage of the continuous method is the speed with which a

substance can be investigated. The entire temperature range of the apparatus
S can be covered in from four to ten hours,depending on the heating rate

employed, whereas in the stepwise method a single run take s from 15 to 30

minutes. The continuous method , however, is the less accurate , in the sense

that the resulting specific heat curve is displaced due to heat lag, and the

anomalies tend to be broadened with lower value s of AC

IV. Results

A partial calibration of the apparatus between 90°K and l60°K was

made by running approximately twenty heating period s in four separate series.

The experimental value s of C~~, given in cal/°K per weight of container , are

tabulated in Table I and plotted as a function of temperature in Fig. 6.

The extrapolated curve give s a value of app roximately 6 cal/°K for the heat

capacity of the container at room temperature.
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TAB~~~I

Specific Heat of the Inner Container

between 90°K and 160°K

T°K C~ ,ca1/°K T°K C~,oa1/°K T°K C~~ca1/°K

88.2 3.29 109.1 4.09 132.9 1.72

89.5 3.38 114.4 4.26 136.4 4.84

95.5 3.61 120.6 2.42 136.5 4.85

96.5 3.65 127.2 4.61. 145.8 4.99

102.2 3.86 130.6 4.70 151.7 5.12

103.0 3.89 131.0 4.69 153.1 5.12

108.5 4.10 132.9 4.76 160.9 5.20

To check the operation of the apparatus, both the continuous

method and the stepwise method were used to determine the specific heat

of KH2PO4 through its transition region. All measurements were n~de. on a

single calorimeter loading of 39.00 gin or 0.2866 mole. The molecular weight

of I*12P04 was taken to be 136.10 gin. The results of the se measurements era

presented in Tables II an~ III , and graphically in Figs. 7 and 8.
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TABLE II

Specific Heat of KH2P04 between 100°K and 160°K

(Continuous !‘~ thod)

T°K C~~oa1/°K-mole T°K C~,oal/°K—mole

100.5 13.96 120.5 18.25

101.5 13.83 121.5 18.43

102.5 14.24 122.5 19.65

103.5 ]4.].3 124.5 20.24

104.5 14.24 125.5 22.51

105.5 14.41 126.5 28.72

106.5 14.48 127.5 43.87

107.5 14.66 128.5 16.68

108.5 14.80 129.5 16.58

109.5 14.69 130.5 16.75

110.5 15.11 131.5 17.17

111.5 15.29 132.5 17.10

112.5 15.95 133.5 17.03

113.5 15.84 134.5 16.93

114.5 16.26 135.5 17.10

L 115.5 16.40 136.5 17.03

116.5 17.10 138.5 17.38

117.5 17.76 11.1.0 17.69

4 ,  118.5 17.66 153.0 18.46

1 159.0 19.40

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -—-———.- ~~~~-• .--- .—- 

j



~~
.

70.

TABLE III

Specific Heat of I~12P04 between 90°K and L45°K

( Stepwise ~~thod)

T°K C~ca1/°K—mo1e T°K C~ca1/0K_mole T°K C~oa1/°K—mo1e

89.1 13.33 115.1 17.55 122.9 40.1.4

90.7 13.65 115.3 18.11 123.39 46.31

92.2 13.96 115.6 17.45 123.43 48.16

95.2 14.06 116.8 19.13 123.5 65.68

98.1 14.27 118.0 20.07 124.2 22.20

100.6 14.80 118.9 20.31 124.70 19.30

100.9 14.90 119.1 20.56 124.71 18.88

103.7 15.01 119.4 21.46 • 125.2 18.04

105.2 14.55 120.4 22.27 125.4 16.51

106.5 14.90 120.8 23.28 126.8 17.94

109.7 15.15 121.1 25.23 127.0 17.24

111.0 15.77 121.4 24.46 128.1 17.00

112.1 16.33 121.6 23.94 131.4 18.01

113.3 16.96 122.1 28.02 136.0 18.60

1)4.5 18.22 122.2 29.73 139.7 18.71

122.8 36.92 144.4 19.02

i c. —
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Figure 7

Specif ic Heat of I~H2P04 between 100°K ~~~ )40°K

(Continuoua M.thod)
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Figure 8

Specific Heat of KH2PO4 between 95°K and 140°K

(Stepwise Method)
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For the stepwise measurement of KH2PO4, the average heating rate

over the temperature interval from lOO°K to l40°K was 0.5 deg/min. The

transition appears at l27.5°K , which is approximately 5.5°K above that

reported by stevenaon~
2). The values of the transition energy, AE, and the

associated entropy change , AS , are 77 oal/mole* and 0.62 cal/dog—mole,

respectively. At least part of the discrepancy in the Curie temperature may

be attributed to the thermal lag inherent in the rapid heating of the sample .

This conolusion is substantiated by the results of a second continuous

determination of Ci,, using a slower heating rate (0.25 dog/mm ). In this

case, the transition temperature was shifted to 125°K , and the value of

~~ was slightly higher.

As already indicated , Table III lists the experimental values of

C~, for KH2PO4 from 90°K to 145°K , as determined by the stepuise method. Here

the data was obtained by running approximately fifty heating periods in five

separate series. The transition temperature appears at 123.5°K , and the

value of AC~ is cons1~ierably larger. The values of ~S = 5 (AC~fl )dT and

the continuous method , the value of AE in cal/mole is estimated from the
relation -- —

E — VI [(t t ) At(~ i T )j  MT l o  
-

~~~~~~~ 1 o

Here T1-T 0 is any temperature interval which includes the anomaly , t1 and toare the t imes at the temperatures T1 and T0, respectively , ar~ ~t is the
average n~’-’~nol time necessary to onnduce ‘he temperature rise AT over the
interval . ~ is tz~ average voltage and f is the average currant over the interval,
J is the mechanical equivalent o~ neat , and m and M ai~ the weight and the
molecular weight of the sample , re spectively. Thus the first term represents
the total ene rgy added to the sample in raising its temperature from T0 to
and the second term is the value of the normal ene rgy required to raise the
sample through the same temperature interval .
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AZ = 5 (AC~ )dT~ determined by the graphical integration of the Cp vs T curve

shown in Fig. 8, are 0.72 cal/dog—mole and 87 cal/mole, respectively. These

values are in good agreement with those reported by Stevenson (i.e.~ AS =

0.73 ~ .04 cal/deg—mole and AZ = 86.5 ± 4.5 cal/mole).

The next substance investigated was KNbO3
. Dielectric measurements

on this compound by I4atthias and Remeika(10) revealed a ferroelectric transition

at 435°C and a second transition at 225°C. Above the Curie point the structure

is cubic perovskite(1l) , which transforms on cooling to a tetragonal structure

and then to an orthorhombic structure at the above two transition points.

The existance of a third transition in KN~b03 has been shown by dielectric

measurements(12) carried out in this laboratory. Here the transition temperature

occurs at -55°C on cooling and —10°C on heating*. The structure change is

from orthorhombic above the transition to rhombohedral below. Thus the three

transitions of K!ft03 are related to the phase transitions in BaT iO3 at 120°C ,

0°C , and

— To compare further the transitions in these two substances , the

specific heat of KNb0 3 between -100°C and 10°C was investigated . All measure-

ments were made on a 50.34 gm(0,2797 mole) ceramic sample . The molecular

weight was taken to be 180.0 gin. Three cont inuous determinations of one

of which is tabulated in Table IV , show the transition tempe rature to be

- 
- —11°C. The average value of AZ estimated from these measurements is 32 cal/mole ,

and the corresponding entropy change is 0.12 cal/dog-mole. This value of AZ

is approximately three times as large as the corresponding value of AK for

*The value s of T0 given here are for a ceramic sample. The transition
temperature for single crystals appears at —35°C on heating.

:1 
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Table IV

Specific Heat of KNb03 between 200°K and 280°K

T°K Cp, oal/°K—mole T°K Cp, oal/°K-mola T°K Cp, cal/°K-mole

200.5 20.12 ~~~~ 23.74 262.5 27.49

202.5 20.37 2/.2.5 23.99 263.5 27.46

204.5 20.94 244.5 23.88 264.5 27.75

21,o.5 20.84 245.5 24.18 265.5 26.24

208.5 21.09 246.5 23.87 266.5 26.78

210.5 21.37 247.5 24.18 267.5 26.74

212.5 21.01 248.5 24.74 268.5 26.12

214.5 21.27 249.5 24,45 269.5 26.46

216.5 21.48 250.5 24.99 270.5 26.10

218.5 21.77 251.5 24.99 271.5 26.10

220.5 21.73 252.5 25.56 272.5 26.06

222.5 21.92 253.5 25.85 273.5 26.35

224.5 22.27 254.5 25.81 274.5 26.05

• 226.5 22.47 255.5 26.78 275.5 26.35

• 
- 228.5 22.69 256.5 26.67 276.5 26.35

230.5 22.73 257.5 27.28 277.5 26.35

232.5 22.66 258.5 27.53 278.5 26.64

234.5 22.95 259.5 27.82 279.5 26. 35

2 36.5 22.91 260.5 27.78 280.5 26.64
C 

238.5 23.45 261.5 28.07 281.5 26.64

I ’

-. 
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BaTiO
3 
at its lowest transition. This result is consistent with the comparison

between these two compounds at their other two transitions. The larger values

of AZ in KN~~3,as compared with those in BaTiO3,are attributed to the larger

lattice distortions in the former. Fig. 9 shows a plot of C~ for KNbO3 as a

function of temperature.

The determination of C~ of KNb03 by the stepwise method was not

satisfactory. The general shape of the curve was irregular; and although

positive evidence of an anomaly was indicated , the choice of a normal curve

was rendered unreliable . This situation may be attributed to the large

tempera ture hysteresis exhibited by KNbO 3 at this transition. Thus , non-

isothermal absorption of heat could cause different portions of the sample

to appear to change phase at different temperatures.

Recently Cook and Jaffe( 13) reported a new ferroelectric , Cd2Nb2O7,

which shows a Curie temperature at about 170°K. These results have been

confirmed in this laboratory~~ ’~ by dielectric measurements on ceramic samples.

In addition, the probable existance of a second transition is indicated at

85°K. The crystal atructure (15) of this compound is face centered cubic

above the Curie point .

Theoretically , a small specific heat anomaly in Cd2Nb2O7 is predicted

by the relation (l/2)P~ = CAS. This equation may be rewritten in the form

AS 14’~/9.~~C , where M is the molecular weight in grams and is the density

in gm/cc giving AS in cal/deg-inole when is given in ~coul/cm2 . Taking

the values C = 4000°K end P~
#I 2 cou]./cm2 ,~~4) we have, A S—~0.009 cal/deg—mole

and AE
~~
T
~
AS
~
12 cal/mole. The value of the density p was taken to be 6 gzw’cc.

The determination of the specific heat of Cd2Nb2O7 between l30°K

. .. . ••~~~~~ . •.~~~~~~~~ • . . •~~~~~~~~~~~~~~~~~~~ •~~~~~~~~ • _
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Figure 9

Specific Heat of KNbO3 between 200°K and 280°K

(Oontinuoua Method )
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and 210°K is now in progress. All experimental determinations of C~ obtained

thus far have been conducted using a ceramic sample of 66.15 gin or 0.1266 mole

(M = 522.6 gin). Four separate continuous determinations of C~, using heating

rates of 0.5 deg/inin and 0,25 deg/min, show no indication of an anomalous

behavior in the above temperature range . The values of C~, for one of these

runs is listed in Table V and plotted as a function of temperature in Fig. 10.

Preliminary value s of C~, for Cd2NbO7 obtained by the stepwi se method

are tabulated in Table VI and plotted in Fig0 11. In this case , the specific

heat curve shows irregular behavior at T o~.160°K and T ~- 174°K , ind icating the

possibility of a transition in this region. However , the reality of this

anomalous behavior is extremely doubtful. AC~ is approximately 4 percent

of the normal value of C~, which is only slightly larger than the limit of

accuracy of the apparatus. In addition , the t ransit ion temperature is consider-

ably lower than T0 predicted by the above dielectric measurements. The apparent

value of AK between 154 K and 164 K is approximately cal/mole . lkirther

measurements are in progress to check this re sult.

Up to this point, no comaent has been made concerning the accuracy

of the results. The absolute values of C~ for KH2PO, out side the transition

region are 8 to 10 percent higher than those reported by Stevenson. No

attempt ha~ been made to compute this correction. It is possible that a more

precise calibration of the apparatus will reduce this discrepancy. Experiment-

ally , the relative correlation of the values of C~ in a given run is ± 2 percent

to t 3 percent. That is , the data is a gi.~ren de termInation lie on a smooth

curve to within the se limits. The measurement of the temperature rise

prod uced , AT , accounts for most of this inaccuracy. The resultant accuracy

- ---5 -5 — - -  ~~—-— - . —-• - - — - - - 5 — ._ ~~~~~ -_- - - - -~~~~~~~-- - ---
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Table V

Specific Heat of Cd2N~~O7 between 140°IC and 200°K

(Continuous Method)

T°K Cp, oal/°K—mole T°K Cp,cal/°K—mole

• 1/.1.0 73.26 172.0 40.69

143.0 34.17 174.0 41.83

145.0 34.25 176.0 41.44

147.0 34.65 178.0 42.31

148.5 35.55 180.0 42.86

151.0 35.91 182.0 42.66

153.0 36.70 184.0 43.53

154.5 37.60 186.0 43.77

157.0 37.65 188.0 44.28

159.0 38.16 190.0 45.54

161.0 38.67 192.0 45.39

163.0 39.19 194.0 45.67

165.0 39.27 197.0 46.61

167.0 40.10 199.0 46.14

- 
- 

170.0 41.24

I 

---- .~~~~~~~~- • -~~~~~~~~~~~ • - - - - -  
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Table VI 
- 

-

3pecific Heat of Cd~,Nb2Oi~ between 130°K and 200°K
- - 

fStepwise Method)

T°K Cp, cal/°K-mole T°I( Cp, oal/°iC—mole

132.6 33.18 164.6 40.61

135.4 34.3? 167.0 41.16

138.2 34.60 168.4 40.84

141.0 35.16 169.4 40.84

143.8 35.31 169.9 41.55

146.5 35.79 170.8 41.71

146.8 36.9? 171.8 43.77

149.2 36.89 172.3 42.03

149.4 36.26 173.2 43.53

151.8 37.21 174.2 43.13

151.9 37.53 174.7 42 .90

[ 154.4 37.76 175.5 43.77

154.6 38.00 177.1 43.69

157.0 41.16 179.4 43.53

157.2 41.08 181.6 44.00

159.5 40.13 183.9 44.40

159.6 42.74 186.2 45.90

162.0 40.53 188.5 46.29

L 
- 

162.1 41.00 191.9 46.6].

195.2 46.77
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Figure 10

Specific Heat of Cd2Nb2O? between 140°K and 200°K

(Continuous Method)

Figure II

Specific Heat of Cd2Nb2O7 between 130°K and 200°K

(Stepwise Method)
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depend . not only on the value of AT , but also on the value of T , due to the

temperature chara cteristic s of the absolute couple .

However, ne ithe r of the above errors seriously affeot the experimental

value of ~E (and therefore AS). As pointed out the chief sourc e of error in

the determination of AE lies in the selection of the normal C~ curve . The

ohoioe of several possible normal curves for both KH2PO4 and KNbO3 indicates

that the values liste d for AK are accurate to within ~ 10 percent.

I
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criterion and is importan t ~o.. p~~ - -~~~~ p 4 ~rpr~~~~. ~~~.. ~~~~ u~e i~~, to—

gether with t ransducer Input Iup€-dan:.€ , a:-~ ba~~i~~ for  ~~~~~~~~~~
Meas rene~its of €1 ‘~~rc— ’~~ci f &  effi ~~CnC~~

T ani tr~:~ ducer Li—

- - 

4 

peciance wiL. give innnedia~e an~were as i ;  l ic- c~i~ ~a5iiity of a particular

ferroelectric and i~-~ method of pr~paratior~ I. :- :-~~~cii~ : ~oi~ ; but the solid—

state mechanism leading to the ob~-~- r e ~. result s wiL. not- be elucidated by

these measurements. To e p ~ain t~e c~ er~c-i 5eha~u-~~ of a particular ferro—

elecirLi c:~ niaucor~ •~c 1~eo&ed arif co’~:-Lf~.o nra ~erner ~~ or~ -~our - -~~ of elec-

trIcal arid a~ioustical energy lossc~ , as U e f  as cf ela~t: constants, piezo—

coefficien~s, e~c.) ~TflL na~;e to be ;J - : -:~~c -3:- . ~,Titi: ~in ci: ~~~~t-a s of th-~
ferroelcctr~e as ~eJ.2. ac wi th the r~er a~ac forn. Su:h a stuf y wil~ ~~entu—

ally be necessar and will ~..n i~~r Z f  for-u a naj &~- p ro ~cot .

II. General Method.

The general nethc4-f .~ : ‘ d - ~r~~~~o~ c~ a~-ir~r n e - t •~ of -~ctrc— a~oustic

effii-±on~1e~ of traosduc;ers ~~~~~
- - • - -e;~~y be~! ~~~ssed i~i (:). but will be

outlined again he-re for p .rpor~~ c-f - c . n t : r it~ . E~ sentialiy , eloctrical

energy is supplied t o a 1ar ~~u~~~ r . ~~ ~~ i~.tcrratf:~ oltage ~~~ —

pressed a - r-~s~ i~ o ci t dr~- a~d ~~~ t ~• -~~~ -~~~~r a s sot io~ c a me .riard cal

vibration through +hc~ &Ze~-~::~oe :i~o -il ~oip . :r~ ~~ i-c t~~ p~ c-zcele~ iri :

prcpor~~ ~-i  ~~~~~ ~~
‘
~~~

--
~~~ ~~~~~~ ~~~~~ . ~~~~ ~~~~~ th ~ ‘- -:ot; ~~ trancc-i~er in

~ç)nt.a~~ wi th a~~ed Lu~ ~~~~ ~ c . & - ~~- . ~~~~~~~~~~ a~o~~~i( . ~~~~ ar e se t ~p in

tIi~ m~~~~~;i~, The pr-: l~~: 1 H ~~- hc~ - -o- -c on ~~ ~c-cs-ir~ n~ tbe electrical power

input to U t ~ ~r ii ~l - ~’~er an~ the ~~~u~ 4 - ’. :a pc~~cr o tput. Under various r~-

• • r t ~ or~; t— ~ bc th uc~~d 1a~ or~ br- ~ i~~~ c c~ ~J-~eso ~ :C quant I ties , the

-$ - ‘~lectr -~ -e- ~ ;ot.~~ ~.ff.i :~ e~ -~~ ~~~~- ~c-r~ be ai cZat-ec~ anc his ~‘ - - r~c~ as an

index of reiat~ c~c p~ r.fcr mo~~- - u I J - 4  •a. a -i~~
-
~ for r oc1~~ tr~ r r  ~~ !- ~~ onui~ icr~

• t .

.

,

1
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of cer~nic prcparation. The input electrical impedance of the tra~sd’.icer

can be obtained simultaneously, and is also valuable as an Index.

Water was choosen as the medium of acoustic propagation in ordex *

to afford a means of maid.ng transducer measurements under conditions ~~~
lar to those met in actual application, as well as on the basis or its be-j

ing an experimentally convenient medium — more so than air . The metho—~ of

measuring acoustic power output depends on the -±osen frequency rax~~e d

operation, which in turn is dictated to sonic extent by instrumcnta~- i o n -cn ~-

plexities and available laboratory space for the tank holding the ~ &1~L~
r- .

~ s well as by the frequency intervals covered in practical applications.

On the basis of these considerations, an initial frequency range of 60 kale? -

to 1 mc/sec was selected. ~1ithin this range the tank holding the vat-r i :-an

be limited to a reasonable size and a single instrumental setr.ap can be iise5,

Even in this frequency range pulse operation of the transducer must be em--

ployed for some measurements, at least , in order to overcome diffi~ &Lt ies

produced by reverberation in the tank.

Pulsed and/or continuous wave electrical energy .Zs supplied to -

transducer through a calibrated network by means of an oscillator and po . ’--

amplifier. The power so supplied is calculated from measurements of volt a~,

amplitudes and phases at points of the ealibratod net~.iork , and the input.

electrical impedance of the transducer can be cal~ula4 oc~ from tbc same se~
of measurements. Acoustic power is obtained from iuo~ rec t measuzomeri t s  :~f

pointwise intensities in the beam, and Integration of these intens~ ties o-; er

the solid angle covered by the beam. The intensities, in turn, are cbtas ned j
from measurements of acoustic pressures in t~he beam. These are made wi ~-r~ a.

microphone utilizing a ~in~ 11 pressure—sensitive element of barium ~~~anate .

This brief resume’ of the genera.]. method will b~ expanded i r~ mor~

Ii - ---- - .-~~~~~~~~ 
.. - -~~~~~~~~~ -5 - - . -  -- - - - --~~~~~
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~~~~~~~~~ 
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detail in the following section.

III. Theoj~y.

The mechanical action of a ferroelectra c ceram ic transduccr- . ~~~± -

suiting from the application of an alternating electrical potential Is

forthcoming only if the cerami c has been previously or is s muitane~usly

polarized by a D.C. biasing field. The electricall y polar domains ex.tstl.ng

in the many randomly oriented single crystals constituting the ceram~c are

partially oriented by this means to give a component of polarization tn tie

direction of the field. Thi s component can be made to remain even after the

biasing field is removed. If, then, an alternatIng field is applied to t1~j C

transducer, a reversible linear strain occurs (in addition to the strain

resulting from the domain orientation), which Is due to the first—order

piezoelectrie effect accompanying the ferroelectricity of the substance In

question.

Since the alternating strains produced in the ceramic transducer

are linear functions of the applied field and external stresses, the trans~--
— ducer is a. linear passive one transforming input electrical voltage and

current into output mechanical pressure and velocity. Such a transducer-

can be treated as a four—terminal network, a criewpoint which will exha bi t

the role of electro—acouBtic efficiency without necessitating at t.1~c pro-

sent a detailed analysis of the transducer motion by use of equations of

motion, piezoelectric equations, etc. We can represent the four-terminal

network as is shown in Fig.l. The symbols have the following meani ngs -~

is the open circuit voltage of an e1ootri~ial genera tor.

Z is the genera tor and ser ies impedance external, to theg transducer.

I is the current flowing into the transducer .
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Fig. 1.

Four—Terminal Transducer Representat~ -3n
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v is the output mechanioal veio-:--ity of +J~’ ~:a,- -:~~. ~~~~~.

Z is the acoustic radiation iiapodan~e pr e~~-r ~~ed t c- -‘

r transducer ‘by the medium wi th which one La -c a~’ ~~~:. --c~ -

tact (we assume no radiation from the cr .~;c-r ~a

f is the force or integrated pressure at tho :-adta -~~~ fa •:- ,

The theory of linear four-termina l flC tMOs ~ + ells 1i~~

E — IZ = Z I + ~~0 g b
£ = —z = k ’I + Zr

The nature of the quantities Zb, k, k’, Z0 -an be eLu~~i~t~-a 57 -~on cc~:-:~-~-- ,

two special cases. First imagine the tranc-dii:-er ~o be 1a~p --d ~o ~ - : 0 -

Then Zb = (E0 — IZg)/I~ and Zb is seen ~;c be a p ireiy e -~~ a. u eoa- c~-

Imown as the blocked impedance. Next , consider th = ir~p~~~. t-e r-a~ ~~ -s • c ~~

open—circuited while a force, f , i~ applied to t he  face of ~~e ~~~~~~~~~

Then I 0, and Z0 f/v, so that Z is an open *r~ .ü +, , pu~~i~i me~hani -~~

impedance. The quantities k and k’ are eieccroln ~ an. -al c~p — ~~ ~~~~~~~~~~~~ ~~~~~~

Equations (1) lead to
kk’IZ g = (Z b ‘ )i. I

4; Z o + Z r

We can see that the dr.t;riilE. po~ ~ or’ i~ pu~ LmpE- n- c~ c - s ~ c-f

two parts: the blocked impedance , and a mo~~onai L apedcncc ~~~~~- 
~b ~~~~

-
~~

- .

tricel impedance develop-sd by ~hio mecha nical rn-c -ti -ar :. ç’-:-- ’ - -~.: to-c ~-~c~~~-~-

impedance depends on the dielectric- ~-oc-c-ta~-~ a~ d pl: c:~~ .. d~.~e--: - - c - - f

trensducer. The motional impedano~ depei —l c or the ~~~~~~ p’~~~’-~~- ~~~~~
-

and elastic constants of the tra -d’~cc -r ma~ cr ~~ . an~ ‘~ :c- .: ~~ ~

impedance — on the acoustical prop -~~c-~ cf toc- r n e d l l - n  ~~Y~c- ~to L -
~ c - - ’ -

energy is radiated. One can -cIco c -~-~~ - i~~~~ ~~i~~~
- ~~-c- -:~ ~ c-~~’~~~ ~ ‘ f ’

cy, the ratio of acoustical power ou~ p:~ ~o eL — - - r i  :~ - pc~ er ~~~ -
- 

~~

( ~ represented by the following expro csicc 

~~~~--~~~~~~ ~~ -- -—-— ~~~~~~~~~~~~ - - - ~~~ --~~~~~~~~~~~~~~ - _ _



—

~~~~~~~~~
-- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

‘1~

_ _ _  

(k ’r~ ‘x”~ r~~f = ——n. -e en .~~~ - rne e e  .

~ ~
( + )  + (x~ + x~)~ ] — (k~..k t — ~c~k’ )(- +r )+(kI k~+1c~~t )

(3)

where: a.nd are the real and imaginary parts of 1,,

r0 a n d x0 ~ “ “ ‘~ ‘~ ti

ICr and ft ft ~

~ “ “ ft ~x

rb is the real part of Z’b.

The formu lae for electro—a~oustic efficiency (eq. 3) and

input electrical impedance (eq. 2) show that either of these two

quantities will indicate which ferroeleetrics and methods of ceramic

• preparation coml~.ue large electromechanical ~oupling constants with

low electric and acoustic lossea~, This statement assumes that the

transducers being compared possess the same ra~~a.tion impedance, a.

condition which can be substantially satisfied by keeping the ratio

of transducer circumference to acoustic wawe length in wa.t~’ auffi—

ciently rge~2). An important point to be noted9 however, is that

either of the two criteria mentioned do not separate unsmbIguow~Ly

the inf luences of coupling constants from tbos#~ of losses. In other

words, the methods we propose to use are capable of giving rapid

comparative evaluations, but an inquiry in~o csomplt~te me+~hanj sms must

lead to a more difficult and t -consumf~ g progra~i of measuring

piezoelectr ic, elasti c, and electric constants of the transducers as

well as of single crystals. Such a program would be advisable after

the present approach has picked out those ferroeTLe-c- -i-s and methods

of preparing ceramics which are of particular interest0
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We can now descr ibe the method s ernp loyed to meRsure electro—

acoustic efficiency and input Jrlpedance , and acoust ic ,aI output power —

the three basic quantities in shich we are :nt~rested. Details of the

instrumentation are reserved for a later sec-don.

Because of the large dielectric constant s of ferroelectrics,

- 
- the input impedance can be expected to be largely capacltative in nature~~~ ,

and of a relatively l-jW absolute value. In order to drive the transducer

by means of an electronic amplifier , an impedance matching stage should

be used between the plate circuit of the amplifier output stage and the

transducer, this matching network being a step—down transformer. Assuming

that the transducer reactance i~ capacitative, the addition of a calibrated

inductance in series with the transducer affords a aieans of tunirr~ out the

transducer capacitance , thus lowering the voltages required across the

transformer primary and secondary. ~If the transducer reactance is

inductive over a part of the frequency range~ the series element shou ld be

a calibrated capac itance.) Furthermor e , tne po~ s~ ci1i’ty of tuning out

the transducer reactance (tunin~ to re ar•anc .e) affords ~ simplification

of the instrumentation necessary to measure €- ncr the ~npot power or

impedance. A block diagram of the basic scheme t~ be usea is shown in

Fig. 2. R arid L represent a calibrited re~~~,t:r ar~ ~~ du ct or , respecti vely.

These elements should he r’teasured w~~h an ~~ -o~ --~.:- ’~ or log t .  C.~ arid

within the dotted lines, represent the equl~ i,~~:: c c~ -t, i1nc-c ana resistance

4 of the transducer. (R t also conta.!ns the serlec re~~ st -or ce of the inductor .)

Thfs particular representation of the ~ r i r ~sd-u e r  re~ui~~ from na~~ 1a tioris

based on data ~~ppl1ed by the Brusn ~~ t’V- ~~~~ o~ en~ C ~ tor bar ium t itanate.
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Fig. 20

Transducer Network
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ferroelectrics. The possibility of the equivalent reactance being inductive

rather than capacitative can be handled by replacing L by a capacitance.

If the capacitance C.~ is tuned cut by L, then at resonance

= e2R/(e1—e2), and Ct l/co2Lo (4)

The electrical input power is given by

= (e i—e 2) 2Rt/~
2. (5)

Thus by series insertion of an accurately known resistance and inductance,

and measurement of e1 and e2, the input impedance of an electric power

supplied to the transducer can be determined if the resonant condition is

used. Other than the necessity for corrections due to shunt capacitances ,

the major limitation of this method is probabl y the accur acy of determining

resonance. Since the whole circuit probably does riot have a high Q, some

provision in addition to an indication of maximum current is necessary.

To this end , a sensitive phase—meter could be used to indicate the

coincidence in phase of the voltage s e1 and e2.

The other major measurement necessary ~~ tr • o -~~ t~c~it  a c - ustic

power of the transducer. As has been pointed out in II),  several basic

methods exist for the determination of acoustic power output0 Because

of the convenienc e occur ing from the use of a single Instrument over the

entire frequency range to be explored, the method of interring point—wise

intensities from measurements of the pressure in the acoustic field h~s

been óhosen. The problem becomes one, then 0 of measuring pressure-s.

Ideally, if the transducer is in the form of a circular disc which acts

as a piston , and is in the plane of a large rigid wail•~ the measurement

of the pressure at a single point in the field is enough to establish

‘1’ 
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the entire pressure distribution and thus the acoustic power, in view of

known formulae for this case. However, an idea]. piston source of this sort

is difficult to obtain because of edge effects, mode coupling, and the

influence of the mechanical supports. The net results are a non—uniform

velocity distribution across the face of the transducer, and the con—

coimnitant departure of the field pattern from ideality. Scanning the

field thus becomes a practical necessity. Assuming symmetry about the

central normal to the transducer face (not an unreasonable assumption) ,

a scan of the pressure field in the horizontal plane containing this normal

will give sufficiently detailed knowled ge of the field . In order to relate

intensity to pressure in a simple fashion, the pressure pattern must be

measured in regions far (compared with a wavelength) from the source . In

these regions the acoustic wave can be shown (4) to take on many of the

characteristics of a spherical wave q and in particular the spherical wave

relation between pressure and intensity holds. (This statement should

be a good approximation even if the transducer is not an ideal piston

source.) The desired relation between pressure and intensity is given by

I p2(r , e)/2~~ . (6)

Here I is the intensity , p (a function of r and 8 ) is the pressure

amplitude, e1
~ 

the density of the medium, c is the velocity of sound

in the med ium, r is the distance of the microphone from the center of the

transducer face , az~ 0 is the angle between the beam axis and r. late-

gration of this intensity over the solid angle including the acoustic

beam lead s to the acoustic power output as follows;

~~ 
( + G

p d (7)
ac p0 j  [p  (0) 1 - sin Ode.

- )  
- J 0d
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The angle beyond which the beam can no longer be detected is 8d• For

greater accuracy, attenuation due to absorption can be taken int o account

and the acoustic velocity should be measured at the anibiant temperature

existing and at the frequency beam used . However , error s due to the

neglect of attenuation and velocity dispersion (dependence of velocity

on frequency) will be smaller.

The process of carrying out the acoustic measurements is

complicated by the necessarily limited size of the tank containing the

water into which the acoustic ener~ r is propa gated. A microphone placed

in the tank to measure pressure will, under conditions of continuous

wave operation , measure riot only the pressure in the wave being sent

out from the transducer, but will simultaneously measure the pressure

in the waves being continuously reflected from the tank walls. We must

therefor e resort to pulsed operation of the transducer so that the

primary wave incident on the microphone can be discriminated from the

reflected waves. The pulse length cannot be too great, for otherwise

reflected pulses will be arriving at the microphone while the primary

pulse is st ill passing by that point. Nor can the pulse duration be

too short , because a sufficiently lar-’e number of cycle s must be

• included in a pulse to establish stead y—state cond itions in the

transducer. Moreover , ar~r electronic oircr’its used in conjuncti on with

send ing or receiving these pulses must not d istort the pulse shape unduly ,

and as a consequence the sending and reoeivin~ circuit s isist be of low

Q or broad band . On the receiving side these conditions impose a lower

limit on the acoustic signal which the microphc----~ can detect because

of the influence of band width on amplifier noise.

The alternative to using pulse methods with a tank of limited

- --------- -- — -~~~~~~—- ---- -—---—-.~~~~~~~~~~~~~~~~~~~~ -- -- -~~~~~~~~~~~~~~~~~~~~~~ ----- - 
_
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size is to use an attenuating lining such as that described by Mason (s) ,

or to use a wedged type anechoic lining. However after considering the

difficulty of construction and the probable cost of these methods , the

pulse technique was ultimately chosen.

The final topic to be considered in this section deals with the

microphone used to measure acoustic pressures. A detailed description

of the instrument is presented In a later section; what is under dis-

cussion now Is the method proposed to calibrate the microphone. The

most practical and perhaps simplest type of calibration Is the so—celled

reciprocity method. There are several ways of applying this method , and

one in particular, known as the self—reciprocity method(6), wherein but

a single reversible microphone i~ necessary , is well suited to our

purposes. The theory of reciprocity(7), when applied to a reversible

transducer , be it a sender or a receiver , leads to the relat ion

M = JS. (8)

Here , M is the ratio of open circuit voltage generated at the terminals

of the transducer to the free—field pressure at that location, and is

the desired microphone calibration. S is the ratio of sound pressure,

at some distance, d0, from the transducer (when the transducer is

driven electrically), to the driving current at its terminal. J is a

constant depend ing on the characteristic impedance of the acoustic

medium, the distance d0, and the wave length. The value of J can be

derived under various restrictive assumptions which effectively assure

spherical wave propagation. In the method of self—reciprocity, the

reversible microphone acts both as a sender and a receiver by the

auxiliary use of a rigid plane reflecting surface to return the signal

c i

~

— .-—A
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to the source. This method is p~rticu1ar1y amenable to pulse operation.

If the sending current to the microphone and the open circuit voltage

due to the reflected and r’~ce ived signal are mea sured (by some mod~f Lcation

of the apparatus set up for electric and acoustic power measurements),

as well as the wave length of the acoustic radiation, and the distance

between the microphone and reflecting ~1ate, the absolute sensitivity,

N, of the microphone can be calculated as follows:

M = (er/is)]~
/2(If?/?c)h/2. (9)

Here er and i~ are the received volta—~e and sending current respectively;

d is the distance from the microphone to the reflecting plate; ~ is the

acoustic wavelength, andfl c is the characteristic acoustic impedance of

the medium. Once M Is known , the microphone can be used to measure the

absolute pressures in the rad iation field . It is expected that the

microphone calibr ation will be valid throughout the proposed frequency

range. However at higher frequencies the finite size of the microphone

will necessitate corrections to eq. 9 which will be difficult to make.

Although the aboiie discussion describes the basic method to be used in

calibrating our microphone , the calibration has not yet been carried out

nor have the modified circuit arrangements, as applied to this particular

phase, been worked out in detail.

IV. Apparatu s.

1. Tank: The tank In which the acoustic measurement s are to be carried

out is pictured in Fig. 3. It is a rectangular parallelopiped 5 f t .

long, 4 f t .  deep, and 4—1/2 f t .  wide.  It Is made of welded 3/16 in.

thick steel plates, and is supported ~t the bottom by a sturdy steel
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Fig. 3.

Tank: side view
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framework. The tank is supplied with an outlet of attached piping for

drainage purposes. At the center of one end is cut hole 4 inches in

diameter ~iround which are welded 6 bolts. The hole and bolts accomodate

the transducer holder.

2. Transducer Holder: The transducer holder is shown mounted rn the

tank in Fig. 4, and an exploded view of it is shown in Fig. ~. Essentially

it consists of a steel ring with outside and inside shoulders. A rubber

0—ring gasket fits between the outside shoulder and the tank wall to

provide for water sealing and for alignment of the transducer. A flexible

brass strip, mounted on a lucite stand~off, provides electrical connection

to one face of the transducer . The other face , which is in contact with

water, is the ground side . A drawing of the transducer holder showing

all d imensions is given in the Append ix. A lucite plate holding the

transducer seat s on the inside shoulder , and is he ld in place by another

ring threaded into the first one. Since different lucite plates must be

used with transducers of d ifferent dimensions, a schematic diagr am of a

typical plate is shown in Fig. 6. The lucite plate has a hole slightly

larger than the transducer , and at the bottom of this hole is a shoulder

- - which supports the transducer j ust at the rim. A thin bead ing of bees-

wax, applied around the edges of the hole and the edges of the transducer ,

holds the later in place. A thin circular strip of tin—foil with two tabs

is cemented with conducting silver paint around the edge of the transducer

• face in contact with the water, ond provides a means of connecting this

face to electrical gr ound . The thickness of the lucite plate and the

depth of the hole in it are so chosen that when the entire transducer

assembly is attached to the t ank , the face of the transducer is in the

~~ 

f __ I; 

~~~~~~~ . - - - - _   - - . - - - - _ _ - - - --~~~~~~~-- ~~~~~~~~~~~~~~~~~-__ ~~-- -~~~~~~~~~~-_



-

,

- 

17.

- Fig. 4.

- 

Transducer Holder: assembled view.
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Transducer Holder : exploded view.
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Fig. 6.

Lucite Transducer Mount.
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plane of the tank wall. With this arrangement one face of the transducer

is in contact with water and the other face is in contact with air.

Practically all of the acoustic energy is radiated into the water, an

insignificant amount entering the air . A small amount will go into the

lucite — an amount which will be difficult to estimate. The transducer

will act appr oximately like a piston source set into an inf inite wall, a

case for which the radiation i’-’pedance can readily be calculated and

eaai],y controlled by varying the transducer dimensions.

3. Microphone: The microphone used to measure acoustic pressures has

as its pressure—sensitive element a polarized , hollow, bar ium titanate

cylinder obtainable from the Brush Development Co. The cylinder is

1/16 in. long and has a wail thickness of 0.011 in. Electrical con-

nections are made to the inner and outer cylindrical surfaces which are

coated with fired-on silver. The method of constructing the complete

microphone is best described by reference to Fig. 7 whIch shows it i$

cross—sectional view. The barium titanate element 18 supported by one

end of the central conductor . Electrical connection between the inner

surface of the cylinder and the central lead is mad e by means of a 1 mil

str ip of copper foil , soldered at one end with WoOd t s Metal to the central

conductor , and he ld at the other end in contact with the inner surface

of the cylinder by a Teflon bushing. The central conductor consists of

• a short length of No. 22 Formex-covered copper wire to which is soldered

a similar but greater lengt h of No. 28 wire . The thicker wire is used

to provide a relatively rigid support for the barium titanate element ,

while the thinner wire , constituting the greater part of the central

conductor, is used to minimize vibrations which can be transmitted to it

__________________ 
_ _  
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Fig. 7.

Microphone: assembly drawing .
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along t}~e length of the tubing. The electrical ground of the microphone

is formed by the outer silvered surface of the barium titanate element

and by the tubing. A coating of conducting silver paint followed by

copper —plating pr ovides electrical continuity at the var ious jo ints as

well as mechanical protection. Each joint , and the pressure— sensitive

end, is finally coa ted lightly with Neoprene priming cement for the

purpose of water-proofing. The capacitance of the entire microphone

assembly is 280,Ay.~.f~ of which about 250,Atpf are contributed by the barium

titanate element. A photograph of the assembled microphone is shown in Fig. 8.

The general type of construction used, namely concentric tubes

held apart by small Teflon bushings, and with air space s between the

tubes, should insure that the pressure reading obtained is indicative of

the pressure acting at the pressure-sensitive element only , and not of

those pressures acting along the length of the tubing intercepting the

rest of the acoustic beam. Vibrations due to these undesired pressures

will undoubtedly be transmitted through the tube walls and Teflon

bushings to the central conductor and thence to the barium titanate

element, but it is hoped that discrimination against this source of

spurious signal will be large. We base this hope on the assumption that

the impedance mismatch presented by the relatively extensive air-metal

boundaries will cause almost complete reflection , leaving little to be

transmitt ed through to the central wire. The amount of discrimination

can be ascertained by placing the microphone in an acoustic beam and

noting the difference in signals produced with the pressure-sensitive

— tip unshielded and shielded.

• 

~~~~~ Carr~tj~~ and ~9~~: In order to measure the acoustic power *itput

from the tran sducer the microp hone must be moved from point to point so —

I I  
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Fig. 8.

Microphone: overall view.
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as to measure pressures in the acoustic beam. Assuming the beam to be

symmetrical about its axis, it is sufficient to obtain the pressures in

any one plane containing this axis, and the hor izontal plane is simplest

to arrange for. Since power is the intensity integrated over the solid

ang le covered by the beam, the most convenient arrangement is to keep

* - 
the microphone at a f ixed distanc e from the center of the transducer

face , and sweep it through an arc covering the beam. The arrangement

for moving the microphone consists essentially of a carriage, a boom,

and e shaft which rotates the beam. The carriage (shown in Fig. 9)

from which the microphone is suspended , can be moved along the horizontal

boom so as to locate the microphone at a given distance from the trans-

ducer. The microphone carriage has vertical and transverse slides or

feeds to provid e f ine notion of the microphone for purposes of measuring

acoustic wavelength, accurate location of the beam axis, etc. The shaft

which rotates the boom is vertical and its axis extended passes thr ough

the vertical diameter of the face of the transducer. In this manner the

microphone can be swung in a circular arc centered at the transducer

face. The assembly by which the microphone is moved can be seen in Fig.

3. The vertical shaft is rotated by a worm gear. The boom has attached

to it a guy rod leading to a yoke at the upper end of the shaft , and

~~~~~~~~ 

adjustment of the tension in this rod provides for accurate leveling of

-
• the boom. The boom and shaft assembly are mounted from a sturdy frame-

work 1n fron~ oT the tank , with adjustment provided so that the shaft

axis can be aligned with the vertical diameter of the transducer face .

At the free end of the boom is attached a weighted rope passing over a

swivel pulley (mounted on the opposite tank wall). This arrangement

k eeps the boom from whipping when rotated. The drawings for the various
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FIg0 9.

Microphone Carriage : overall view

t . -
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— parts of the overall assembly are given in the Appendix. E~ccept for

attaching graduated handwheels for rotating the boom and f or actuating

the carriage feeds, as well as oc~ ie~ with whi.ch to mea sure distances,

the assexñb ly is complete.

V. Driving and Receiving Cir cu it s.
0 The electronic circuits described in this section -are designed

to accomplish the purposes of delivering ~lectrica1 energy to the trans-

duc er , measuring the input electrical power to and impedance of the trans-

ducer , and also of measuring the pressures in the acoustic field, Some

parts of the over all circuitry have not yet been designed in detail and

a specific enumeration of these parts will be made at the end of thi3

section.

1. 0verall_~~ ec tronic System: Fig~ 10 is a block diagr am of the trans—

ducer measuring oystem. The C. T-~. outpu t of the mas ter oscillator ,

operating at any set frequency between 60 kc and 2 rio , is gated by the

transmitter gate to form R. F. pulses, which are amplified by the power

amplifier and applied t3 the transducer, Thr~ ien—t . h of the applied R. F.

pulses is determined by the ~u isero  E L o - t r ~ c- i i power delivered to the

transducer is measured by -~ power meter iircuit, If rossible , C, ~~~

operal ion will he used for the eiectrioa~. p-D - Jer ra-~surements. }iowever~

reverberation in the tank may very - -r~~ cause suff~ci~?nt reaction Cr1

the tran sducer to invalidate the uze of C. ~~~ nd in this event s roi~~r

measuremen ts with pulses ~-i~~i~ be nece ssary . I t is possible tb-it roi~gh

adjustment s of the circuits  c n  ~ie made us~~~ C. -
~~. ~ri prepara tion for

~
•
‘- the fine adjustments ~u e~ ue nt~y rn -~ ~e with  pulses. Frr-v~ s~~ns have

been incorporated in the t ransmit te r  ~itO -‘I~~ou~ t to w i t -c h  t- - . 1-f. 

~~.~~---• -~~-- ---- 
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Fig. 10.

Block Diagram of Transducer Measuring

System.
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operation - when desired . The pulse repetition frequency of the system

is set by the repetit ion rate oscillator which supplies periodic trigger

voltages to the pulser. The generation a~d transmission thr ough the

system of a single isolated pulse is also provided for in the repetition

rate oscillator. Again, because of tank reverberation, the exclusive

employment of a single pulse may be mandatory.

The transduced signal (together ‘-rith its reflections) is

received as R. IF. pr€ssure pulses by the microphone , which converts

them to electrical R. F. pulses. The latter are then amplified by the

pre—amplifie~ and amplifier , and applied to the oscilloscope. In order

to measure the overall sensitivity of the microphone amplifiers and

the oscilloscope , switch S1 provides a means of applying a known voltage

to the input of the microphone pre-emt~lifier. Th 3 voltage is delivered

by the calibrated attenuation of a constant known voltage from the

master oscillator.

In order to measure pulse length, and to identify and dig-

tinguish incident and reflected pulses, time calibration is necessary.

Time mark dots are presented on the oscilloscope sweep by applying to

the Z—axis sharpened pulses of proper frequency generated in the time

calibration circuit. These time mark dots appear on a separate sweep

which is interposed by the selector circuit between successive micro-

phone signal sweeps. To use the full oscilloscope sweep for observing

the received signal ( incident and reflected pulses) a delay circuit is

needed wh ich retard s the start of the sweep for a definite t ime after

application of the criginal electrical pulse to the transducer..

~~ Details of Circuit: In the following paragraphs the component part s 

~~~~~~ -0~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ——. -—--—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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of the overall system (Fig. 10) are described in a more detailed fashion.

M~ster Oscillator: The master oscillator(8 (FIg. 11), consist-

ing of a single amplifier driving a cathode follower stage , provides a

constant two volt output at low impedance over a wide range of frequencies.

This oscillator has two feedback paths : a regenerative cathode-to—cathode

loop (through the 3 watt , 110 volt lamp I , which stabilizes the output

voltage by controlling regeneration) and a degenerative cathode—to—

grid loop (which includes a bridged—T network). Oscillation occurs at

the null point of the bridged—T network, so that the net feed—back is

regenerative. Potentiometers R—8 through R—12 provide a means of ad-

justing the amplitude of oscillation in each range. A jack (Test Jack #1)

provide s a means of checking the oscillator output voltage and waveform.

~~~~smitter Gate: The transmitter gate stage (Fig. 11) performs

the function of gating a C. W. signal from the master oscillator into rec-

tangular R. F. pulses of a determined length. A C. W. signal from the

master oscillator is fed to the grid of the 6C4 cathode follower stage ,

which serves as a buffer between tha oscillator and the gating diodes.

In the quiescent state between pulses the f our diodes in the two 6AL5

envelopes are kept conducting by means of 1/2 volt biase s app lied through

resistors R38 and R39. In this state the dio6e plate resistances are 0

low and very little signal can be developed across them. To cancel

this residual signal, which appears on one grid of the 6.16 differential

amplifier, a portion of the voltage from tho 6C4 cathode follower is

applied to the othe r gr id of the 6J6 . When a negative pulse is applied

to the gr id of the 6C4 phase inverter , the resulting pulses developed

across and R37 change the biases on the diodes which consequently

become non—conducting for the duration of the applied pulse. During

—--- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - ----~~ -
~~~~~~~~~~~ - -- -- --~~~~~ - -- - -~~~~~~~
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to

FIg. 11.

Transmitter 3cction~ Schematic Diagr&m.

Unit t~~n~ i~ ts of Master Oscillator , Trans—

“‘itter Gate — .  and Power AmplIfier .

-
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-~~~
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List of Components for Fig. 11.

— 5k 1w R27 - 1.5k 2w

- 10k 1/2w R 28 - 1k pot.

1 - 1 meg. 1/2 w P 29 - 300 ohm 1/2w

R4 - 300 ohm 1/2w R30 - 2.2k 1/2w

- 1k 1/2w R31 - 50k 1/2w

R6 - 220 ohm 1/2w R 32 - 7k 2w

R 7 - Bc 1/2w R 33 - 5k 1/2w

R8 - 5k pot. R34 75 ohn 1w

— 5k pot. — 1k 1w

- 5k pot. R36 - 100k 1/2w

R11 - 5k pot. R37 - 1k 1w

— 5k pot. R 38 — 25k 2w

RU - 1 meg. 1/2w R 39 - 20k 2w

R~~~ - 82k R40 - 12k 2w

R15 - 39k R4 1- 12k 2w

R16 - 18k R42 - 5k pot.

R17 - 10k R43 — lOOk 1/2w

- 

- 
R18 - 4,7k R~~ - 600 ohm 2w

R19 - 3.3k R45 - 40k 2w

R20 - 1.5k 
~46 - 1 meg. 1/2w

R21 - 820 ohm R47 - 4~Ok 1/2w

-~~~ R 22 - 390 ohm

R 23 - 180 ohm
)

- R~~~- 10k l/2w

Ft - 22k 1/2w

-~~~~~~~~~ 

~~~~~~~~ 
- _ _  _ _  _ _  _ _ _ _
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List of Component-s (contthued~ for . 11.

— ioco mmf. ~25 — lcK)C °rif. (r.~ r~rc-x.
’

— 7—45 mmf . 026 — 450 ‘~nf. (cppr ox..;

C3 - 5600 rm!. - 0-500 nrif .

C4 — 0.5 mfd. c26 - 1000 mmf .

C5 - 5600 ~~~ • C2 9 — 2 nfd .

C6 - 0-100 mmf. 030 - 1 mId.

C7 — 10 nunf . — 3w ~~0v D l ~t 1”- rr:

Cg — 8 2 nnnf .

—~q — 8 2 ni~tf.

Cl0 — 0-iCC ~flf,

~~~~~
— ‘

~ — !flIflf .

-11 i 3— 7—4 5 mmf.

0L4 -h~5 1Tffnf.

~‘15 — ~~~~~~~~~ nsf.

016 — 7—45 ~1•

- 0.05 mId .

18 — l000 mmf.

- 
: 19 - 0.05 mId .

~2 0— 1mfd .

~.2 1 — .?OO !nfd .

C22 — 200 mId.

i - - ?~ 
— L.

—‘24 — 1000 mId . 

--- --- -~~~~~~~~~~~~~~ - -
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this t ime the full signal from the cathode follower ncw appears ~t ~ne

gr id of the 6J6 differential amplif ier , and (~ause3 -
~ voltage to he

developed across the plate resistor , 
~26 A swItch , 

~2’ 
is crovir~°d for

C. ~J. operation. ~hen this switch is closed the diodes ~re biased so as

— to become non—conducting and the C. 1?. signal appe ’-.rs across 
~ 26~ ~~~~~~~~~~

is the output amplitude control. Potent iometer 
~-42 should he adjusted

to give 0 volts D.C. between Test Jack0-2 and ground . Ce have f ound

the gating c ircuit describ ed to form pulse envelopes which reproduce

faithfully the applied negative pulse . Other gating circuits tried have

introduced transient overshoots.

Power Amplifier: The power amplifier (Fig, ii) consists of a

conventional wide band 6AG7 driver stage followed by an 807 power amplifier

stage. The plate circuit is tuned by means of a coil and condense r com-

bination. Three coils are provided to cover the working frequency range,

and each coil is tapped as a step—down autotransformer to permit impedance

matching between the plate and transducer circuits. From the point of

view of transmitting ~~. ~~. pulses without envelope distortion or intro-

duction of transients, it wou ld be desirable to eliminate tuned circuits

in this stage. However , because of the nature of the load ~~ c-ther

considerations, a tu—’ed circuit “as eventually deemed necessary. How-

ever , we expect the of the 2 oaded circuit to ho low enough to prevent

- -xcessiv a envelope distortion and introduction of transients. An F. F.

volt meter~ consisting of a 64L5 in series with R46 and a 0-150 micro-

ammeter, prov ides an indication of the R. F. voltage in the plate circuit

of the ~07, and thus ser”es as a tun ing indicator .

igs. 12, 13. and 14 C-re photographs of the chassis containing

— 
- - the master oscillator, transmitter gate, and power amplifier circuits. 

— - - ----——-.- - — - - ---~~ -- - - - - - ----—-~~~ -- - - - - -
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Fig. 13.

Transmitter Section: top view.
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Fig. 14.

- Transmitter Section: bottom view.
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T ime Calibr~ t ion, De1~y, and Selector Circui ts  T~ o ~:r~

described In detail in this section , althou gh built in breac oer~ fc ~r- i-. —

have not yet been mounted on a final chassis. Their descr~pt~ ons ~r~-

taken verbatim from ( I I ) .  To a large extent the delay and time c’-~iibr ’~-

tion circuits, the repetition rate oscillator, pulser, and select-or

circuits rare interdependent upon each other in their operation. We

show in Fig. 15 a more detailed block diagram of these circuits in ~rdf~r
- 

- to facilitate thair explanation. The difficult problem to SOIVO is

that of producing time calibration marks on the oscilloscope and inter

posing them between successive signal sweeps. The tratn of time cai~ bra—

tion dots must he pre sented in such a fashion that ~~~ t~~~c mark s exist

on one sweep of the osc illoscope an d ~ the amplified microphone si~’na i

exists on the following sweep. Due to the persistency of the eye and

of the cscilloscope screen, time marks — ‘nd microphone sI gnal u11 ~-~~~r-~~ --

coexist. The sequence of events in one repetitit -n oyc’ie , i:~cindin- ; -~

single t ime mark sweep followed by the mi crophone s~ gnai presentat :~~~

is as follows. A pulse from the —epe t~ tion rate raiitivirrator (r. r, 
-
~~~~~

trig-~ers the 9( p~s pulse former. The result ir~ ~C- us ~‘t~It se a~ . -tw s a

single 5 ji s pulse to pass throu gh a-he t-r~~~ er -tate tube , and t . - ur~ -~- ;e~

the delay circuit which then initiates — at a definite time l a u c s

the oscilloscope t ime sweep. The 5 ~s puise is one of -a trait of ~- i. s

j occuring it 100 /28 intervals , as set by the 100 ke t~ -i.rxg csc:bstor

and 10:1 divider. ~o- -rever , only one such pulse ou t of this t r a in  f a f s

- r lthin the duration of the 90 .is pulse , ~nr~ only this selected 5 ~is

pulse can ultimate~ y initiate tho time sweep. It is important t~- r e a d ze

that only one 90 ~ s pulse , and thu s only are time sweep, can ~:c~ x dur:~g

_~~~~ a whole repetition cycle. Moreover , that  5 LS p~i 1se -~hic~i i r a~~~:a ~ e~ ~~~

~ 

-—-~~~~~~~-



~~~I~~~~~I±_T~~~~~~~~ ~~T~~~~~~~~~~~~~Ti~~~

Fig. l’3.

Repetition P ” t e  ~-scil 1a-tor~ Pulser ,

Delay , T ime Ca1i~-rat  Ian Circu its

and Selector Circuit s: Thck ila ‘. aa- .

- I

1:

_ _ _ _ _ _ _ _
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t~ m n~ ~ween tb~ ’augh t’—~rc -ielay circuir , is ~‘-~r ic ’-~ cntae - ~ w : r r ~ ttl e

oscillator and 13:1 divider. As a re su it - ,  on s’-i- :~~es s :v e  r : - ii~~-~-n~~ yc les

tac 100 ~c or 10 kc ti ’— ing marks ~as selected h y s~-n~ r~ 5- i ’ ar .. pe a r i : z  _an T~tW

persistent oscilloscope screen -are exactly ~~per Ima~~ e 1. Ac - - f

initiation of that 90 ~is pulse which seiec-t-s tn~ 5 ~s d cThj ~r ~er p-.~ ~c-~

a step v-t lta ~~~ f rorri the r ,  r . m. ,  a ppLied tu the se~ ect c - r- - r ircui’ - ~ tes

pulses generated either in the 100 k_a t~ a~n -~ ~Ec~~i~ n t - r ‘a ~nr : ‘ -  ~~~ -~~~~

(depend ing on whether 10 or ~~0 ir~~- t va~~s -:etr~eer~ t r - ch: t~- :~ u€ ~~red

thr ough the timing gate to the _asc1~~~scJpe Z---ux:s. The same sce~ v_ a~~ a -e

keeps the microphone signal from the os- -:~~~c~

This step voltage is termicat ed in *j r a t :n bc a ~~~~~~~ ~t -~~~~
-

of the r. r. m.,  at which rr~~ e the lat ce r ~~~~ a r r t - - rr ~

pulser . Simultane ously the selector c i r c u i t  is  cau sed t~ v~ r~~e

function , allowing the microp hone sL ~ na~ to ar~~ n a at th~ r i ~~~~~c ce

inpu t and cutting off time mark sIgnals in ~~~~~~ ~~~~~~~~ 
- . foe

pulse received t-y the puiser c-~suses  the Ic. ~- c:- - t - .. ~ui a r e ~ t anc

pulse of determined duration , ~-m~ -ah is user tc ~u~~c the  m a rr~ er -~~~~~i~~~-L-a

r~~ nrrl  int o R. F. au~ ses. Tne i riI ~~~~~ rise cc c- . s r e  ~r -’~icr n’~~se

used to provide a t ri g rer for the d e i ay  eir _au i~ - t~r~c Initi i~~

oscilloscope signal sweep at a ii~t er  det-e r-m~r -:- 1 t r i~.

The net result of these ci u: r~ i~ t n  ): - e - ~~c~ ~ c - - -g

sequence , in each r. r. n. o~’uL e ~ ‘ : ~ t~~~3 fl~~1~ c~ ~ ~ / ‘ t  i t S

in sync :hront7r i t L~~O w~ ~h t ~c 00 k-:- ,~r~d. - -
~~

- 
~~~ . - k- t in a uuice~ -

and wh~oh occupies its c-~ n pci- t:rn of the r ,  
~~~~ a. -y- -: ie -~ ~2 ’ t e  ~ecor ’ a

Part of the cycle,  wherein r~ signal sweep is ir~it : .nte-~ ~- t a dCI-tyeO t~ rre

af ter  the start of tr ansducer op~r n i r i , and chw in - ~ w c : r ~ m~ ’ - r -r- r~on~

signals - r e  presented. Under norm-a .~ ;1:-er tf i t~ s ;eq~v-a :e re~:ea t ed

_ _  _ _  

_  _ _  _____ _______ - -~ ______
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a frequency set by the r . r. an. Whe n no repe t it ior~ ~a sing~.e cycle)

is desired , the r. r . in. rust be activated by the sing le shot tr i g -~er

tube, upon manual closing of switch

~ie are now in a position to explain the detailed operation of

each of the component circuits de scribed above.

Single Shot Trigger Tube: The function of the s. s. trigger

tu~e ~Fig . lb) is to deliver a single triggerIng pulse to the repetition

rate oscillator each time that switch S2 is closed. Normally this switch

is open; then the voltage across C1 is r ’ero and the voltage across C2

~s ISO vuit s .  Current flowing through P 3 and P~ produces a bia s voltage

between grid and cathod e of the 2D21 thy-ratron , which bia s is sufficiently

ia~ ge to keep th i s  tu ’ e from ~-ecomLng ioni -ed. Then switch 
~2 is closed ,

the voltage a -c r - - s e  C~ r~ ses ~;aen tHl l y unt il  the grid t~. -c~ i-hade ~oltoge

re a r r ~es t~o ign it i on  potential of the tube. At this point C2 is dls—

~harged through 
~~~~~ 

The resultant positive pulse developed u cru ss  R 3

~s cr an _ arn i t t ed  through the isolat ion diod e , and appears across R~ ~In

t~ e r e t i r i on  r~ te mult ivibrator  (Fi g. 17) . When 
~2 is reopened~ the

_a i r r ~ Lt re turns to its original state .

flepetition Rate Multivibrator a A three posit ion switch , T3~

cn t r c -cs  tse repeti t ion r-ate of th i  a stage (F i g. ~2 -  • In posit~ -~ns

I and 2 the multlvibrator operates as an aste~ le ~ iltic - i~ r acar whose

period is changed by a change of the time r-an stant  of the ~ircu~ t

formed by 03 and P 5 or F7. Ifl position 3 the ‘-ai l tivibrator operate s in

the m~nostabI~e state , he~ n -  h r : ~~~er ed by a positive pulse fror the single

shot trigger tube . ( .eting and trigger voltage s to the 90 ~s pulse

f ormer and sele ’-tor circuit , re spectively ,  are obtained from the cathode

c ircuits of the multivibrator . (A trigger ta the aulse r is a l s o  to be

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Fig. 16.

Single Shot Tr igger Tube: schematic diagram.
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List of Components for Fig. 16.

- 10 meg. C1 - 0.O2infd.

R 2 — 5 m e g .  C 2 — 0 . l mfd .

R 3 - 5k  C3 — l00 nmif .

R4-lo meg.

R5-75k

R6-lOOk

t{L I 
_ _
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Fig. 17.

Repetition Rate Multivibrator :

schemat ic diagr am.
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List of Components for Fig. 17.

Ri — 2.2k

R 2 — 1 5 k

R 3 - 2 k

R4 - 10k

R~ — 100k

R6 - 3 meg.

R 7 — m e g .

F-’ - 1 meg.

- 2k

R10 - lok

01 - 200 mfd.

02 0.03 rafd .

0 3 - 0.03 rnfd.

— ——- - ---— --
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taken from this circuit.)

100 KC T n g  Oscillator: The 100 kc- oscillato;r ~Flg. 18) is ci

the crystai”controiied Pierce type -C whose output is taken from the p late

circuit, Negative pulses so derived are used to trigger a l0~Ii divider

circuit r which has not yet been developed) and also to supply the 100 kc

timing marks.

Trigg~~ Gate T:~~~~ The trigger gate tube (Fig. 19 ) 9  which is

normally cut off , delivers a negative pulse to the delay circui t  when pulses

from the 90 ~is and 5 ~ s pulse— formers appear simultane ously at points A

and B re spective ly 9 as is shown in ~ ~~g. 
1-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ The 5 y-s and 90 ~is puise--former s r

simIlar in form 9 are repr esented by the single circuit shown in Fig. 20.

Below the dLi grarn are listed the condenser and resistor values usco In

each of the nu I5e --former s .  The c ir cuIt  is that of a cathode—coup led

monostable (- ne ~iok)  r sil t iv ibrator . The desired uutr~ t~ pu~ se of Ienc-tn

determined h~ 02 a nd FL appears across P~ for each pulse received at the

tri g-~er input.

Preampiifier : The n i cr~~;-horie ri-earns c~ fcer is hc-use~ in a sn~ll

cha ssis ~zt~ ch is to be mour ted on the n i cr o ch c n e  c ar r c a - -e in the nea r

~r i c in s ty of tri p- mIcrop hone . This ar ~n~eaer~. w~~J rn ia:r t  — c e i e s t r i c a

pick —up in the receiver c ir cu i -~. Tj ru views of tne n r e - r r r L c o i i  j er  o~ c --

st~ iction r are shown in Fi gs. 21 -a nd 22. ~he a reamc-lc~ ier c~ rcc- i c-~ F i r

23, consists of a low—noise eath ode --c oup ed inp~ t- st-age fo~ i~i- -ied by five

identical eta ~es of ampiif ~ ca t ien with nlate--to-- :rid feedr-ack in each

sta~ e. A cathode follower outpu t .  s t a -~e so m p T~~tes s he- amp f l f ~ er and pro -

vides low outpu t imped ance for ;hle --rrns nstior . ‘i re overall crt r of

the amplifier is about 1000 , -arso :s essentially c-c r~sta~ t between 5) kc

and 3 an- .,  

- ---- -~ —-~---— —--------- - -— -- -—-— 
~

-- ---- —--- -
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Fig. 18.

100 kc . Timing Oscillator : schematic diagram.
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List of Component~s for Fig. l~ .

— 1.~ meg.

- 

R2 - lk

R 3 - 50k

C1 — s 5 0  mini .

C2— l 5O rnfd.

I
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Fi g. 19.

Trigger Gate Tube : schematic diagram. - - :

p
~~- 4

t
I ,

IIi1l ~~~ - - —- - ----——-— — - - - — - — - - -- --—— -------- - - - - - — - - - - - - - - - - -~~~~ -- - --- - -- —- -~~~~- --------- ~-— - - ---



- — 
-- - 

~~~~~~~ 

-

- 

_ H’
- -

INPUT ~ 
6AS6 ___ - 0 OUTPUT

INPUT B

TRIGGER GATE TUBE

TRANSDUCER
DSGN B y

CH EC K ED By DAT E

- - - ~~~~~—---- - - - —- -~~~~~~~~~~~~~~~ --—- -



~: ~~~~~~~~~~

.2•

List of ~onronect s  for Fi . 19.

- R 1 — lOOk

— 100k

RL - l 0 k

R 5 — 3 . 9 k

R6 — 1 2 0 k

I

Cl — C . D I  rnf~i.

C-~ - C . -? mfd .

— fl ,O ~~~~~~~

fl, — ~.l mid .

I
1~
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F .  20.

5 ~is a nd 90 /~‘~s Pulse Formers:

schematic diagram.
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List of Component s for Fig. 20.

For the 5 jis pulse former .

R1- l Ok

R2— 6 k

R3-lk

R4 - 500k

R 5 - 1k

C1 — 150 minI.

C2 —  5O mmf .

For the 90 ~s pulse former .

R1— 10 k

R 2 - 10k

R3 - 1k

R4 — i.~ meg.

R 5 — i k

C1— l 5o nimf.

C2— 500 mini.

‘
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-

- 
Fig. 21.

Preamplif ier: top view.
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Fig. 22.

Preamplifier : bottom view.
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Fig. 23.

Preamplifier: schematic dis~ram
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List of Components for Fig. 23.

R1 100k 1/2w

R2 lk l/2w

P.3 2k lw

I P4 to P~ 120k 1/2w

R9 to P13 220 ohm 1/2w

R~~ to R18 20k 2w

to R23 7.5k 1/2w

2k 1/2w

1 R25 50k 1/2w

R26 lk l/2w

C1 1000 iiimf.

~2 
and C3 0.1 mfd .

04 toG9 l000 mmf.

~
, ‘ C~~ to C16 0.1 mfd.

1 H  
_ _ _ _ _  _ _ _ __ _ _ _ _I ~~~ .~~~~~~~
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56.
Circuits to be Desi~neds Of the overall electronic systems

shown in Fig. 10 and detailed further in Fig. 15, the calibrated attenu-

ator , the power meter circuit , the pulser, the delay oirouit , the se-

lector circuit, the amplifier (all shown in Fig. 10), and the 10,]. divider

( shown in Fig. 15) have not been designed or built. All but the power

meter circuit can be designed in a rather conventional fashion. Some

thought has been given to the power meter circuit , and we propose the

following general method of designing it. Accord ing to the basic method

of measuring electrical power already discussed in Section III and dia-

gramed in Fig. 2, it will be necessary to measure voltages e1 and e2

as well as the phase difference between them, so that L can be tuned to

obtain zero phase difference . If pulse operation is used an oscilloscope

will be necessary for these measurements and can also be used if C. W.

operation is found to be feasible. The phasemeter would consist essentially

of a differential amplifier wP~ - ‘ will, in possible conjunction with further

ampUfl.cation, present on the oscilloscope screen a voltage which is

proportional to the vector difference between e1 end e2 (attenuated to

the same magnitude as e1) . The magnitude of this vector voltage would ,

in turn , be proportional to sin(e/2) , where e is the phase angle between

and e2. By successive adjustments based on viewing the oscilloscope

patterns, inductor L can be tuned to resonance , at which point 8 0. 

- - - - -
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F

Appendix

Detailed Drawings of Mechanical

- 
Construction.
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• Fig. 24.

- Transducer Holder
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Fig. 25.

-c Ring and Contact , Transducer Holder
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Fig. 27.

- 

No. 1 Roller Assembly
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L

Fig. 2R.

No. 2 Roller Assembly
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Fig. 31.

Vertical Slide  
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Fig. 32

Vertical Shaft and Yoke
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Fig. 33

Top Shaft searing Plate
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Fig. 34

Bottom Shaft Bearing Plate
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Fig. 35

Beam Mount
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Fig. 36

Gear Assembly
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Fig. 37

- 
Pulley Assembly 
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Section D:

Other Measurements, and Related Activities

1. Mixed crystal studies in the BaTiO3 group.

Appendices II and III include reports of work carried out jointly

under the present contract and Contract No. AF 33 (038)—12645 with the Air

Research and Development Command, on crystals of the Me+2X+403 group, where

Me+2 Is Pb+2, Sr+2 or Ba+2, and Is Ti+4, Zr+4 or Hf+4. Measurements in

other laboratories have established that some of the mixed crystals, whose

measurements are reported in these appendices, have superior transducer

characteristics.

2. Surveys of Russian Literature on Ferroelectrics,

It has of course been necessary to carry on a thorough literature

survey, throughout the present and related programs, of work carried on in

other laboratories. A striking feature of the literature search Is the large

number and impressive quality of Russian papers in this field.

Because of our interest in these Russian contributions~ we have 
- 

-

translated several of them. Three translations are appended in Appendix VII.

The first paper, by Smolenaky and Kojevuikoff, Is interesting for

the Included survey of compounds. Not all of the compounds listed in Table II

are actually ferroelectric , to be sure., Some of the suggestions and questions

concerning earlier measurements are very worthwhile, particularly in the light

of later observations.

More recent Russian contributions are of much greater interest. It

is anticipated that these will be available in English from one of the several

new translating agencies.

U
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3. Research on Other Ferroelectrlc, Piezoelectrlc and High Dielectric Crystals.

It has been stated earlier that the program reported here is a part

of more general Investigations of ferroelectric and high dielectric crystals.

The chief supporter of the related studies is the Air Research and Development

Command. A contract with the Signal Corps, on structural studies of plezo—

electric crystals, Is being terminated due to lack of funds in tha t agency for
C basIc research. A program on neutron diffraction analyses of ferroelectric

crystals is being carried out~ under the present Chief Investigator, at Brook-

haven National Laboratory.

Among these related investigations has been the study and elucidation

of the structural mechanism for the ferroelectric transition in KH2PO4, by means

of an X—ray diffraction analysis; a diffraction investigation of the non—ferro—

electric NH4H2PO4 transition Is nearing completion; dielectric and other physical

studies of other alkali dihydrogen phosphates and arsenates and their mixed cry—

stals have been completed; a precision X—ray and neutron diffraction analysis of

the ferroelectric phase of Rochelle Salt Is also nearing completion; an X—ray

diffraction analysis of the structure of LiN}!4C4H4O6~H2O at room temperature,

and a very extensive investigation of the physical properties of this crystal —
US -

whose ferroelectric behavior we doubt seriously -.- is in press; extensive dielectric

and some X—ray studies of other mixed tartrates are in progress; studies of Al?3,

CsCdC].3 and related structures have been carried out ; investigations of the

transitions in Cd2Nb2O’7, ~~2~~2O7, and their mixed crystal s is in press; chemical

and crystal preparations of a great number of compounds of possible dielectric

or electromechanical interest have been in progress for several years ; plezoelec—

tric examination of these latter compound s is also In progress; andy of course s

a large amount of instrumentation has been designed and constructed for all of

- 
- the physical studies involved.

-~
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Section Ez

Conclusions

A . Whereas only a few years ago a very limited number of compounds

in the oxygen octahedra class were known to possess useful ferroelectric pro-

perties, particularly for high dielectric or transducer applications, today an

essentially unlimited variety of such compounds is available, This is the re—

suit of preparation and measurements of a large number of mixed crystals. In

the BaTiO3 group, substitution of ~~+2, Ca~
2
, Sr~

2
, Cd~

2 and other bivalent ions

for Ba+2, and of Zr+4, Jjf+4, Sn+4, Ce+4 and other tetravalent ions for Ti+4, has

provided a tremendous range of new compounds. Similar substitution in the alkali

metaniobate—metatantalate group is possible. The complete phase diagrams of

only a very few such mixed crystal systems have been explored. Some of the

• mixed crystals from the BaTiO3 group have already been examined for transducer

or dielectric properties; and, among these, some have proved quite superior to

BaTiO3. Some measurements have been carried out9 under the present program, on

BaT1O3 In which a limited amount of oxygen has been substituted for by S. Perov—

skite—like compounds with F or Cl in place of 0 have also been prepared9 and

measured to some extent.

B. In the present program It has been possible to explore only a

very limited range of mixed crystals. The KNbO3—NaNbO3 system has been quite

thoroughly examined~ and some work on substituted PbZrO3 and PbHfO3 has been

accomplished. It must be recognized that each point on the phase diagrams

have been examined by means of dielectric, X—ray, optical, dilatometric and
‘L , I

thermal methods, and that the materials must be prepared very carefully (to

avoid impurities and incorrect compositions).
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C. It is unfortunate that time has not permitted extensive examina—

tion of LiNbO3, LiTaO3, and the ilmenite system in general. Crystals of some

members of this group have been prepared , and a few measurements accomplished.

These are too incomplete to report at this time. An obviously intriguing Idea

is to examine mixtures in which Li is partially substituted for the other

alkali ions.

D. All earlier workers on NaNbO3 had reported this material as

ferroelectric. Our measurements clearly establish that it is certainly not

ferroelectric, but is probably antiferroelectric in certain temperature ranges.

Addition of other ions in very small amounts tremendously alter the dielectric 
- 

-

and structural properties of this material , - :

E. The extension of these studies of mixed crystal phases is of

prime practical importance. Once a two—component diagram has been worked out9

it becomes possible to prepare a mixture whose properties are best matched to

a set of prescribed conditions. The addition of a third component , and exami—

nation of its influence, then becomes feasible. Without guidance from such

phase studies, the empirical worker is essentially groping in the dark. What j

he find s of a practical nature is largely a matter of luck ; and the number of

variables with which he deals is too large -to provide the best returns.

F. Mixed crystal studies are of prime theoretical importance, be.-

cause they reveal the Influence of ionic sizes and polar izabilities upon

lattice stabilities at various temperatures. It can safely be said that any

theory which cannot take into account the properties of mixed crystals has not

actually accounted for the behavior of simple compounds !



161.

G. It has not been possible, as yet , to prepare crystals of the

alkali niobates which can be made single—domain at room temperature or below.

Preparations and measurements are now in progress on mixed K(Nb Ta)03 compounds,

since KTaO3 has been reported to have its upper Curie point at 13°K - The phase

- 
- 

studies of these mixtures have already revealed anomalies. This approach to

- 

- lowering of the KNbO3 transitions (so that the tetragonal phase persists at lower

temperatures) may not be fruitful, since it is possible that the KTaO3 is en-

tirely unlike the KNbO3 transition. Until single—domain crystals are at hand

at lower temperatures , X—ray studies of precise electron densities 9 and studies

of changes in electron distributions at the transition points, are either of

questionable value or not feasible at all, Efforts at determining the structure

of orthorhoinbic KNbO3 have been unsuccessful to date just because of the complex

twinning associated with domain orientations,

H. Unquestionably, new groups of oxygen—octahedra ferroelectrics

remain to be discovered. The recent discovery of ferroelectricity in the

pyrochlor group (particularly Cd2Nb2O7) appears to be only a first step toward

the uncovering of other groups . A good deal of thought has been given to the

actual formation of new oxygen—octahedra types~ as well as to the most likely

existing structures which must be examined, A discussion of these matters will

be presented in a separate report from this laboratory.

I. When proper single crystals can be obtained, X—ray and neutron

diffraction studies of the precise electron and nuclear distributions should

be particularly pressed. Such studies have already clarified aspects of the

behavior of the KH2PO4 and tartrate classes of ferroelectrics.
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U J. The electro—acoustical measuring equipment described in Section C

was designed and constructed, in conference with Dr. Wallace and Mr. Rosenb].att,
- because facilities for transducer efficiency measurements were not properly

- 
available to the present laboratory. This now appears to have been an unfortu-

nate decision, since this aspect of our activities took a great deal of time and

effort away from the more fundamental physical studies, It is proposed that the

electro—acoustical equipment be transferred to some other laboratory which would

make active use of it , and which would be willing to carry out measurements on

- materials prepared by us.

K. It is our firm conviction that the present program of basic

physical measurements should be continued, not merely because of its practical

importance, but because it provides a pathway to fundamental understanding of

U crystal lattice and structural stabilities.

j
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Proposal for Program on

Ne w Transducer Materials

This proposal conce rns a program

for the investigation and development of new

materials for electromechanical transducer

elements. It is to be carried out in the X-

Ray and Crystal Analysis Laboratories, Depart-

ment of Physic s , The Pennsylvania State Col]age,

under the direction of Ray Pepinaky, Research

Professor of Physics.
- F

r
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I. Purpose of Prog_ram on Transducer Materials.

The purpose of the program herein briefly discussed is the preparation

and measurement of new materials, among which are potassium niobate and lithium

tantalate , for use as electromechanical transducer elements.

II. Desirable Propert ies in Transd ucer Materials.

The choice of materials for electromechanical transducer elements

depends , naturally enough, upon the spec ific applications for which the

elements are required. Chemical , mechanical and temperature stability are

generally essential, and particularly so in military applications. If

high acoustical power is required , the elements must be able effic iently to

generate high power per unit area, and should be capable of formation into

special shapes and large sizes. In applications requiring large electrical

response to low-intensity mechanical power, the electromechanical coupling

coefficient must be as high as possible, again concoxnmitant with the above

stability properties. The requirements of materials for electrical circuit S

filter elements include particular elastic and electric properties leading

to high Q values, low temperature sensitivity and other special characteristics.

The remarkable advantages of barium titanate as a substitute for

Rochelle salt , quartz, the alkali metal dihydrogen phosphates or tourmalino

for use in power transducers are now well known . Recently, however, newer

materials have appeared which seem to hold promise of characteristics

superior to barium titanate. Among these are potassium niobate and lithium

tantalate • It appears likely that other compounds can be found with similarly

superior properties. 
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III. Program for Investj~ation and Development of New Materiel.~

A program has been set out for the preparation and measurement of

new substances for transducer applications. The purpose of this is the

deduction of relationships between superior transductive activity and specific

physical and crystal-chemical properties. This program will take the following

- 

:- courses:
- 

~- A. Single crystals of potassium niobate , lithium tantalate and

related materials will be prepare d , by all possible methods.

B. Measurement s will be carried out on the se single crystals,

to determine dielectric propertie s, ferroelectric hysteresis

curves and electromechanical coupling coefficients over a

range of temperatures, frequencies and field—strengths.

C. X-ray diffraction measurements will be carried out, to de—

J termine the nature of the structural change s at transition

points, to elucidate if possible the crystal—chemical bases

for superior electromechanical properties.

D. New classes of crystals, not related to the above, will be

prepared and examined, in a general search for new trans-

ducer materials.

IV. Expected Period of Performance.

The program is planned for a two-year period, and involving three

ftll-time investigators and a part—time project director.

V .  Labor~torv Facilities.

The work ~-iill be carried out in the X-ray and crystal structure 
5

laboratorie s in the Department of Physic s of The Pennsylvania State College.
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Very excellent X—ray and crystal-measuring equipment is already available in

- these laboratories, and the research group has extensive experience in solid

state stud ies.

- 
VI. Personnel to be Attached to ProJe~~.

-
~ A .  Project Director: Ray Pepinaky , Research Professor of Physics,

I-- The Pennsylvania State College.

B. Solid State Physicists Walter Merz (Ph.D., Zurich), Research

Associate, who has just come to The Pennsylvania State

College after two years of research with Professor von

Hippe]. at the Massachusetts Institute of Technology.

C. Physical Chemist : Elizabeth J. Rock (Ph.D., Penn State), who

has just completed her doctoral research in low tempera-

ture physical chemistry with Professor John Aston at

Penn State .

D. Assistant Solid State Physicist : Robert C. Vernon (M.S. ,

Wesleyan University , Conn. ), Research Assistant ,

admitted to candidacy for Ph.D. at Penn State.

1-4
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II

STUDY OF PHASE TRANSITIONS IN PEROVSKITE-TYPE CRISTALS

The discovery of the ferroelectric acitivity of B8TIO3
(1) has

attracted many researchers to further stud ies of related perovskite—type

crystals with molecular formula ABO3. The perovskite—type crystals which

have shown ferroelectric activity can be divided into at least three classes:

one is A~
2B~
4O3, such as BaTiO3; the second is A~~-B~5O3, such as KNbO3; and

the third is A~~~~~
-A

~~~
3B

2
’4 O6, such as KLa(Ti03)2. Other perovakite-type

materials have also been examined elsewhere , but the ir characteristics are

not considered here because we have had no experience with them.

In the first group we have been studying the properties of PbHfO3,

and have found that this crystal is an antiferroelectric of the same type

as PbZrO3. In the second group we have been interested in the NaNb03-KNbO3

system, which shows very peculiar properties, and is discussed in some

detail below.

~~ t 
~~- - - --~~~~~~~ -- - - - ---

~~~~~~~~-
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A. PHASE TRANSITIONS IN PthfO3

I. INTRODUCTION.

Recent studies of p&rio,(2) and pbz~o3
(
~

) have revealed interesting
dielectric properties and relations of these to the crystal structures of

these perovskite—like compounds. ~tir io3 is a ferroelectric with a Curie point

of 490°C , and this is very similar to the much—studied Curie point of BaT i03
- - 

at 120°C, The crystal structure(4) of ~iir io3 is distorted to a tetragonal

lattice below its Curie point , and with c/a~~1.O 6 at room temperature ; it is

of course cubic above its Curie point . The dielectric properties of PbZrO3,

on the other hand , have shown that this crystal is not fe rroelectric but

rather antiferroelectric with a Curie point at 230°C , notwithstanding the

close resemblance of the permittivity vs. temperature curve of this crystal

to those of BaT iO3 and P~~iO3. The crystal structure~~~ of PbZrO3 is distort-ed

to a tetragonal cell , but the axial ratio c/a is less than unity (0.99) —— in

contrast with BaT iO3 and Ptf~iO3 in which c/a is bigger than unity.

No satisfactory explanation has been given of the reason why such

an ~s~ier~ttal difference in dielectric and structural properties can be

observed in these very closely related perovskite crystals. Although there

is no doubt that the large polarizability of the Pb ion in both compounds

- 
- cont ributes to these peculiar phenomena , the essential difference in these

compound s is the differences in ionic radii and polarizabilities of B ions

in the ABO3 crystals which have Pb as the common A ion. This fact suggests

that the further study of lead compounds with different B ions , such as

PbHfO3 and PlirhO3, may give more information about this interesting phenomenon.

The Hf ion has a rather close ionic radius to Zr and , at the same time , a

---~~~~~~~~~—----—~~~~—— -
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dLfferent (probably ldrger) polartzability. Up to now, however , few stud ies

we re carried out on hafn~.um compounds because of difficulty of obtaining pure

hafnium. We have carrie d out a dielectric and structural study of PbHfO 3,

and observe that this crystal shows antiferroelectric behavior of the same

type as PbZ rO3.

II. SPECI1€N PREPARATION.

Ceram ic PbHfO3 was prepared from P~CO3 and Hf02. Equ imolar proper-.

t- i :,n~ of’ these ingredients were mixed well and fired at about 1200°C after

pre irninary firing at about 1000°C. The specimen was pressed into a pellet

wi th a pressure of abc~~L io~ gr/~~
2. The fired specimen is a hard ceramic

a yel Lowish color ,

The first d ifficulty in obtaining good PU-ifO3 arises from the

di~~f icuity  of obtaining pure Hf02. One gram of Hf02 was supplied by Fairmount

Chemical ~~~~ which company claime d a purity of 99.5% Hf02, with 0.3% ZrG~
ard 0.2% Tt02. Rough estimation by spectrographic exam!r~~ I~)n~ carrie d ~~t-

by Fr, R. H aye s of the Pennsylvania State College , indicating the exist-en ~ -~

~~ Zr Lr- an amount f rom 0.03% to 0.3% . A second and rather unexpeot-~ d

d!~~ i~~Lty I s  the very severe evaporation of PbO from the specimen during the

•:u ~-se of f Iring. A similar difficulty was encountered in the case of P~rio3,
c~~ii a: se (mc:T-e pronou~~-ed ) ir the case of PbZrO 3. But in P~kt fO3 the evapora—

t ion is so severe that the e— ~ or of the surface of the sintered specimen

‘hanges to white and the po~~ er photograph of the surface material shows ~~me

weak diffract ion lines due to Hf02. Though the small supply of HfO~ did riot

allow u~ to develop a satisfactory method for preventing the evaporation ,

the fci’.cwing procedure was helpful in obta ining a rather good apecimen . A

r - r r i

~

- r .
-
- -

~

. - r . - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5-- —— --
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f e w  pe~~ ant of PbO was added in e~~-~ -~s of equimolar proportion , and firing was L

-~~rrled ot t- ra ther quickly ~n a Pt cru c ible with a cover to reta~~ the evapora—

~i ;n  of Pb~~ O The white surface of - the specimen was removed by polIsh ing , arvi

the ~inifo rm yellow interior part was used for the dielectric and structural

s4’~~ies. No chemical analysis was carried out of the final specImen~ and

Xe should u 1 t iinate ly be done

I I rO CRYST AL STRUCTURE AT ROOM TE~~~?~TURE .

Powder photographs of PthfO3 ~re re taken with a Norelco po~~ er camera

-~rn. ame tar ~151ng C~ Ka ra d ia-t~~ -i, Piffraction line s clearly show

a d~ s~-~ r -t-c~ perc~ ek1t e ~truc-ture, and all im.iltiplets can be well explained by

~i~~:-~~n!rg a t~~t ragona 1 cell with ~/a 1. The lattice constant and axial rat~c

ab-uia t~~3 t~ orn (~ .o) ,  (43 1) and (422 ) line s are shown below, together with

~a~n for P~ riO3 and PbZ rO3.

Table l 

-
-~ c/a ~~~ ceLl vo ume

P~-r~0~ -~c~ 1.063 63.30

4.159 O.9~-S 7X. 06

P~~ fO 3 4.~~)6 0.991 7u.06

was c~ ed as ~~~ ~u Ka1 wa-we Le~-~gth. The value-s fo~

en-a ~c i~ r~~
- i ]~~u~ at ed from Megaw ’s(4 /  data with

t r~ c Ware lengf t .)

!o be rcted h~- r~- that -t he c- /a rat -j o  for PbHfO 3 is less than

~;ni
4
~y-. as ~~ PbZr0~ . t4-~re : c e r , ~c rr ~ ~xtr e line s can be obserL’ed In the P~kIf03

~
j 

(._j , — -~r~~r ~-~~~.- -~?-rapn e s ldn ;  th ’: math line s due to a peroveki te ~tr’i~t~re. Carefu~1

- - - -~~~~~~~~ - - -~~~~~~ - - — ~~~~ - -~~~~~~~ -~- - -~~- -~~~~~~~~~~_
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of -he~ -~ ex~~a i Lne~ w~th th:~ e of PLZrO
3 

showed essentially the

:~ ~~rne -~ r-&~: to -c of su -r~oh~i-r- I ~‘c r-~t only in spacing but also I n relative

intensLttc s~ Those fR- -
~~~1 E~r~rg~-i g;e -~t that- PbH I-03 has the same type of

superstroo~-ure as PbZrO~~ ~/r~X~h iotter  was studied by Sawaguch i et- ai(5) using

.5 a sin~1e -ii-y o-tal ir~o ’h- ~
-
~. Tr ~eoc Inve~~:~~z-stors found an ant-Iparallel displace—

m~ t- - --r Zr ~cr P b - )  ~--~o s as shc-wn ~r F.~g. l o  Th~is we can expect ant lferro—

e 1 e o tr ~~c~ .ty ~n ~bHf03 i~~lar to that ~~~~ PbZ rO3. Rough estimation of the

:~-I~~le~ ~-f d~~f f r -ao t- i~ n ~~~~~~~~ cf  these two- crystals are shown in Fig. 2,

Si~ p- -
~~~~~~~

- :
~~~~~~~~~ li ~~~o~~~ ~~~n~~~ated by o~sr: ~~~~~~~~

P - L ~~-s th~ so ve:--~ close r~’semblanc cs hetw~’en tho X—ray powder

p te-~ .~ of fhF~s.~ w~-- -s o rnpouo~ s , ~~ can find a large d~~ ference in the ratio

of the in tecs i~ y of ~~d N # K~ ~ ~2 
~~ that of even N , as easily seen in

F .  2, Tcis cOn i-~c ~~~~~~~~ weal by the difference in the atomic scattering

f h - ~ ors -:- f Zr -or~ Hf. Ar~~~~~r t s t ~x~ e ’ ~T~-t Is t h a k  th~ unit -  cell vc- nrt~e

~ f Pn1-I~~~3 ~s ~
- r then PbZ r-,.~~ wh7o ’c o t~ ion~~ y 

~~~~:-~~~~ ‘b~~ the Hf is-

slI~ r t-iy c~ s i i c r  ~~~~ Zr ~~~ ‘ ‘~on~

Iv. ~ E TI- rO pp- 1pEf ~r r ~~.
SI

~~~~~~ ~~~ ~~~~~~ ~~~~~~ ~~
-- 

~~~~~~~~
• —

~~~~~
-
~~~

- 
~~~~~~ ~ i ~~~

- . L-’ thif lk -

nose ats 1 ~_ . I or .~ ~s ar -~n , -~:~ l s~~ive r ~~~~~ ;-as spplic d to both ~ ir feo~ s as

- - E r : e : t ~~
-
~- - ~~~ Fi ;~, I c - ~w. -‘ i~~~~t- s-~ c~ ’- tans  vs ~ ent erat - -~re -~‘e at a

frc~~~ t~~or ~ oy ~f t~

1 - s  o : v ’ ~
- -

~h- ’w:- tw- -- o~~- - s e ~ l’s, ~ho ~5e Y i r~ da nden-s o of

-
~ Io octs- ~r ~ - t -oY -ne ~or- -s ‘ c - r ne~~ ~~ °~ , r~~c~r ~ci~:ge s- 4

~s the

c-xi~ t--~ s~’ of’ ~oTfl ’— ~- of ~a~- -~’ an~ ’-’; ero ’t o :- -a a pr on’ -~~ -o- 5 po~~’ c1 2 C °C ,

t qb~-~c-e V r- kii ti;’- -‘ r’r~ ~ r~~~ ,iic’~r ~r s-or 1~ -~ •- . F-i--c-s- -ftc cr~s-t~~ s~~~c~~r~ J~

- - S  — ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _
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- so r t  ~x-n~ -c~ ,t ! f s - ~ :- -~~~~~
— 

~~~~~~~ ~s-- r r~ie~ in t~ie p~iase O i - W  160°C , and there

‘~ --- -J  a b - - --o r :  o i ~~o~— - - - ~r~ o~~c y ;ihcve 2 i~i.~’C. To st udy the dielectric

—P s - p 5 r H o  of the ~.:-t ~~~t- - ’ ~ Hit o ~ i - ’ ~SC we examined the polarization vs. electric

field i-~’ 1 a ’~
- -:o - . -- Hi.- r  or . a, ’ . aa-~~ ~ ~sIc ef 10 k-~;/cmo As shown in Fig. 4,

ft ~ P-~E ~~~~~~ - - . ~ &:~ - or’ :~ —~ s- or all thrco pbas~~ except for a slight

s~~~~ th-~ ~~~ p:-:r~
; 
~ N; f ’ -rc&iec-tric hystere~~s loops

wet-c - c-sero-~ ~:vs ~- Y ; _ -c - c

F~-c~s ~~ -~~-~-- -—s- -- - - ~~~ ~Xo , ~a~~!~~g :rtth i- ;o1nt the crystal structure

s- - -:ni ‘~~~~~ a -- -
~ ~~ o~;o 1s-we : ~ pnaso beiow 1~~” T  i~s an antiferroele~tric

phase o; L~~s~-~ d ! i  PbZ - c);~ (pna~~ Ar) and -that the intermediate phase is

a n : f t r  ~i’~~If -s --s: eot r- ;- phs~- - ’ SAIl) Jni:h nr~s~. di ff e r  from phase Al in so~ne

j  
u-ny.

Abs~~ -t rt~ Curi€- p-:int - the temperature dependence of the die1ectr~c

- th-;1 X; :: the Cur ~e -We law F i/ ’T—T~ ;, wit-h C I .~ x ~~~ T 0 ll0°C~
- -:~~~

- 
~~

- th s-hose of B~ir~T~ as - r i  P~~~rO;o 

~~~ 
-
~~~~~~- ~~~~ •~a~~;~ J~~~~~~~~~~~ftP ~~i-~E, J O

A s H j r Y -- . ~~. the d .~~~~~~
-
~ - - - o - - r - ~~ er~ ~~~~ temperature c ur - -s

s-bows t~s -
~t r ; s - s . ~~~~ ~~~~ s~~;r ~g two -nase c cang~ s. N-s w 9 the i.ritei~~stthg problem

~~9 th~ ‘: r y ~H s~ : t - :  ~
-
~
-
~~

‘ -~~ P~~~~l~ in the f -er-rn-?d ~ ate phase between the se two

~~~~~~ - c ~i~~~ c s  e ’ r~~ T ~~ -T- - .~ T- 5r -~~~ 
- p sirt 9 a ~E-c~es of pow3er

a ~or - i :- - i~. r --- ~:~- - - ~~ - - ~ - ~~~~ sa~ -~r b:~ :-~~ng t1e Un — a m (i~ crr ,~

h~ r -srt -i -r n ç€ ~-a~~. X~ r a , t :o  -

Bslcv l~~ °? the - f ra ’- -t ~s-r patte-ri s are essentially the same as at

rs~ -s temp t~r a k ~~ro~ ex ~ -~p ’ t~~e~ ‘ ; - ~ :-‘a ra~ ~ ten th— tnwar-d ‘~n~ ty ~i - sl~ at th~

~a~rc- timG r ~~ ‘r u- - I S r  u 1~ r~es - s~~;-&ses gradually as 16000 is 

-5 - -- - S ~~~~~ 
-5 - -5—  -5- -
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‘1

d p p r o ~~: r~oJ ~ r om beor w~ Above 210°C the pro~t;graphs show a cuh!-o perovskite

~:t h o - ~~ oc;’ ~-~:-c r~-t ruc tu r e  lines. - 

-

The f f-sei~~1on pattern s at the temperature reg ’.c - n is the intermediate

‘ i~ory sisse to a cubic pattern , and we can ub ~er~e ~~ltip 1ets only in a

few hogh - -uno le  1~~1sS5o In stic-h a oase i t  is rather d i f f i cu l t to determine the

~:r ~ - o ~~r-~ r y  s in ~ ç -~.t~er photograph Ofli y~~ ~j Ut we ~-r~ ed to explain these nail—

t ~t H-~ s -r or, a t c ’ -~ r t gh—a ng le lines . In such a case it ~s rather diff icult

~~~ . is s-m~ n e s r~ ~sr ’~;t u : e  by u s ing  powder photograph only~ but we tried to

e~~ :s ixs  ~ne s€ n; : - i e -
~ s oy assuming simple possible cases si~ch as tetragonal

~~ or-;r~orr -ismt!e and rhombohedral . We found that these mult iplets can be

~~~~~~~~ ~~~~~~trsei ~f we assume a tetragonial lattice with c / a< l .  The lattice

parameters ~~~
-id s/a oelciüated fr~-)rn (510), (1+31) and (422 ) line s are shown in

Fig. 5 sn~1 Ftg .  ii,

The ~~ect r~c test showed that the dielectric properties of’ this

m i d ~ F, phase may ce antiferroelectric. Careful exaain at icn of powder photograph

r~ -~~al3 a fe~ rat r i ’- r weak but def th~te super-~tr-~ctui-e lL s e s,  whi ch  are d i f fer -

~~~ I’r:m tr~~se fc-urd at room tempera ture both ~ic spacing and in relative in—

-
.5”

The ab~ v~- ~~~~~~~ st-iow that the chango at ~6O°C is a phe~ e tran s—

f’i- orn ~-r~ gor,al tc anothe r tetr-agonE. pnase , wIth a discontinuity

~r ~— e ‘~~t~H - ~~ 
-i s t ~ r; c / ~i. Tr~ s seems ratrer strange. However n we must notice

““ ‘re s n a t  ‘~r c  s-~ -~ie~ patterr. at noon temperature indicates a tetragonal lattIce

with - :/~ ~~~ co-b. the striictural study of a single crystal of PbZ rC3 showed 9

~~ hr-e s. in F~~s. 1, that the true s~~metry c-f c rystal is not tetragonal but

- r - ~ r c  r r - :~i- st H ~ ar corioT~udp t~at the pr .5ase transitton at 160°C is a phase
5- 

:h a r~~e f-r :cr~ orth~-nusrotI: phase tc a tetragonal phase , caused by some rearrange—

_ _ _  
_ _ _ _ _ _ _  _ _ _ _ _ _  j
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11+.

~f the antiparallel displacement c-~t ions. The de ii~~ i ~tud y cf the

rryC ~~ j ~- -~. 5T -~1 c - t I ] r e  of the in termed iate prie se nr-~st await a single crystal study.

Summarizing , the phase change s in P~~~f0 3 are smm ~x schematical form

as— 1oil-: wc~

Ar ’ :~~~e rroelectric I Antife r’roele-s-tnic Il Parae1eet~ Ic

_ ‘

~ 

---- -~ i C I 1
~C - - - - -- ‘ - - - -

Orthorhombic Tetragonal

~pseic~c- --tetrag--~oal

V I .  D ISCUSSION 0

The foregoing experimental results has shown th~~it  Pd~f0 3 is anti—

f~~~ :~~~~
t n~ s w~tn a ~irie point of 2~ O°C 0 The ir  r~~:—~~in~ and rather un—

;‘:p~’s-t -;d -c ~~1~~ of’ the se obser~rations are s f~ ?- stIy, the ~~ r i-:  p-: uv of

is v~ry close to that of PbZi~ 3, notw~tr st snd ing the d~ fference ‘Ii the

- 
~~~~ d~~~~

’ and polari.zabilities of these crystals; and , secondly, the ex— 
—

t~ r~~ -~f the entifer’roolectr ic int ermed iate phase t~- t~~~s-n the I - s weet- and

- r~~ - -’ ‘ - -
~~~~: r)r1aspe-~ At present it 1s d~ f 1 su t to exi-L~ th~-~ e fost~~ b’~t

f - ’ w

~

r’

~ 

c-n s~ derat ion may be helpful 0

T - -
~~~ 

i-c- r-~~rtt studie s of p~~~~ 3
( 3)  ei ss~~-~ sc-~ uf ~:r: th,: I ~ed i’~~. II

~‘ r~Z’O~ h~- r ’ Th-s-~~nc Pb cr Zr ieos by other ~~~~~~~ ~o~- s :-h-:- w ~~e rai-he~

‘a~ ~h~ se diagrams as sho~~ In Figs0 ‘
~ and ~. t~ ±h~ -- a~es of Pb~Z~ —Ti)O3

s~d ~~r - —~ i)ZrO36 the ‘r I -  p h -~r~~CT-~i I I c - r r - c -  ~‘:5~ ~n -  ~s c — i ~~~~- r~ s se was cb~arved,

end , - r i  the n he r- hand , In the cane -:- f (Pb—Sr~ZrC)3, the  tetracn:na1 arAtfforr~
s_

~-~ e--s tr c Intermediate phase was f :‘w~r 3. A cori p I1 -r~ ~cn of s~rp~ r~ t~~u Ct ~ .5re l ines

~n ~~~~~~ • -~~~ n’- -~ ~n4 -- phase -
~ (P~ — Sr)ZrO 3 sn-i F~-~ FT) J ~n-:~~.-- d ,~~ et  ~~ —-lh

T-rr.
~

- - - - ~~is  - i~ essertially the same superstr ~ t - r ~~-~-~ o~~r se-i niL :, they are

r - - -:s ~ :i 
the same phaa~’. 

-5 -- 
- - - - -  5 - - ---5--—-- -- - -5- 5- - - - — — - - - -. --
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PTCper e-xnThnatiCns Cl  the~-~- •-
~~~

- -
~

- 
~~~~ ~ — im - - -&i r s — - -~i ~ are not ~a~-

~1h1~~e Howaver-~ if w~ Rs~-u n1e t h a t  t, rl f~ ~~slI ~-~r is 
-
~~~~ ~i ’ s snd large poTth~ -’

1zabfl ~~ .y of Hf ion comp ared witl -i t hCee  of PhZ r~J~ he~ e sIrn~-s ’t :~~-n~p eneate d

~-~~_h C Ih e r .  we can ç%sOih1y expl~~~n - -— cr at l e a n t  e~ n-s o t, —~~ toe -~ma1~ cha nge

st ‘h~ Curie point from PbZr3-5 ts. PbHfU 3, and the e x i — t e r - e  of t r.5e Lnt -ermediat e

P~cf~fO 3o

B~ STtJD~ OF NaN bO3 NhO ~ SL STEN

t, TNT ROfl~~TO’T rOTJ ~

m e  fo rroeieo t- r-Ic phase ~~an s~~-i c -ns  pe s--~v -~~~te ~r a ~ were

s-~ -~~~--~ yr Matthias and Renc- a’ d h y Wc- :.~~~ ~~i ’  h the f~-l~ swing re~~l~ az

~:r ’t-h t’hciti--~~ ~-~~~ C t~-s~ i- -a~’- ;r-c .~~~
-) -

~ T; ~~~~~~~ ,

- - ‘~~~~~ic- mn c- ~~C- -~ - te~ ra~-~r’a~, ~~

t r~~ s-1~~Cg ~
ThO

~~ 
a ~~-~-enk. ~~

- - anc- : ~ ~~
- r-v •nss r-e ’-ealed the eyta ter~ e

a at —?O °C , showing the e -~ -heo’ a of a - ‘~~~~
-
~~~ rh-omh-s-heth-al pha~-~

-~~~ -~~~‘ - -~ i:i~~~s s h i a  r;rya t~ai the ~;o~ p~ e k e  ~Un~ i -~s~~y t- pns tI- ~t ;~ es i n  BsT~~) - 0

O~ the other h~ I’d , tr~ si o t i c - c  w t-h N~~~ - -I-~ J a  f - ~ t C~~r - f ’ - : c ~~y~0

, - - - ‘~-ura~ nt~ d y of  t r i s  :rvsse! Bt . 11.5 ~~sp 1 re ~~ r, P~’

nI ~- : -- ~~-~ the C-- ’p -si ri r st~~l: ’- -~r~ whicr ~ ~~~~~~~~ in sc~’ -~~~e • r n e  e~ . n~eoos of

In tn~~n :-ry:-ta 0 S~- i~ t t e  c~1 !ce~. Etr --i X—— r.5ly ~~~ t i s s  bq

~ as suggested another h~ gh~’ r pi s ne Than ~o: ~ t- s- in-: t-- .. - • ~i addi  -
~~ I on to

4 w~ phase ~r ar  i t I sr ~o at ~ C a~d ~~‘
— - - - ;  and ar. - c - ’ ~~~ e 4- - t ~~t~y Vou~den led

‘ - -~~~~ ~r~-estLgator to repsr~. 4 ws pha se oh~ n -~~ y.-~~C and o) O ~ .

The se ~wn ~ue~ t ~-;-n~-- ane ~ter NaNbC~1 a r ” a  i~- t , — r - s - -A :e st r  ic cr not ,

~
r d  wnat transliions really ax -i N oNh- :-~ -~~~~ h~~ gh t ’~nl r :e ~~t ~~~~ c~~ ett-a

L.5

’ 

_ _ _ _ _ _ _ _

- 
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18.

the read for a fu rther study of N aNb O 3 and its ~-~~tI c ~~~ with KNbO3.

j~ __D QTRIC PROPE~~IE~~
The spec imen used for the f c l i - s -~ tng ex~-er~n~ n

1 -~ we~-e prepare d from

K2C0 3, Na2 CO 3 and N’b2O~, Th~ se Lo~rcdIents were mixed ~n desire d proportions 
I

and fir-e d at variou s t € ~~~crnt ~:re , — n t h h  va r ie d fr-om I 2 O ~’ Ci f - r  p~ re NaNbO 3

to 1000°C for pure KNbO~ aft ~’r p~o~ isnirary sal aflC- 0 In Is rather difficult

to obtain hard ceramics , espes~ a.Liy io~ar-:~ ~ho nr~ KNbO 3 side ’; ~ it apply ing

a LFrg a pressure to the pellet and adjlmting the f i r ~ rg t o n p e r atu r e  to just

below the melting point , we o:uld obtain good ceramics wn~ch 
a-r e hard enough

for  ~1e1ect-rio te sts. Silver pa st a was applied -to both ncr-las-es as electrodes.

Dielectric ccnstant vs. temperature curves were measured at 10- ko/sec

and 10 v/cm. Some of the results are :hown in Fig . 9 to 11. In NaNbO 3 we

observed only one anomaly at 370CC , In c n nt r a st with the two phase changes at

37C C and ~~C°C previcncn y reported ny ~~~th~ec  ~riJ R~- m cL~a, Wp er :  we

~esoii smD’lnk- of Na in NaN bO. H K q ~~ c h r ~~ hwc ~~- - yr1-i i E ~~~ 5$ -- - t - -
~~~~: in Fi r , 9 :3

-- 5  (K 5 N~ 9r )N b0 3e With cre-an~r~ K S n I  :~~r~~ra -~ ‘)n • !~~~se tw r  -as :~~1 1i ~CS were

~ñ. ~ot ~iod aiways around 2~/ C  and ~
‘ - - 

~ . The e i e n t r ~ c -s - cr s t a n t  of pc~~ ~,~ I* 3

ab- -w~ Iwo anoma~~Les ~-t 32~’- °C -nod ~~~~~~ in n - ’  • n:- - ’scnt ~c .u-t , t o  previnuc

data o~ Matt-hias and Re meika . *

From the se m ea I- ’~n n-o -~~ c • ~~~~~ I - r -  n~’ - 1 ~~- -ram - -1 ’ ( 1 . -N a ) N b 0 3 was -thta-ined —

as aho~~s ir~ FIgo 12. To st~ r y  ft ~ f r : l e - ’t r i s i t y  ~~~ eath ~-t n so thc—w;; in

thi s ‘I ia -~rnm , we ~x am~ r - d  t -h~--~ r~-~ 4 :-r- n :I.s 1 y’n-:- nf  a ~rci c r  sf  ec~ I -~ oc ly t  j ’ ”s

a r - ~ a-nn ~ of , ’ the re aul t :4  a n- - sL io.r ~n FI~r . flo A t - - -- -~-~ t n-- b~~t1se~~t- r-~ - n-~e l~~nP ,

as expe-th”d , the P—E Tel vr ~ Icr  ~s always ~~ — - T~ ~~ ~: - t - -~ sro-9 at -c phase

w~- can get good h; int eres le  loop cv n in  tn~- ~ p~~- s I : a - - r .  nc-~~r the ts~i-c NaNbO3 ~~~~~

p

A 5-——--- ~~~~~~~~~~~~~~~ 5~~~~~~~~~~~~~~ 5-_~~~~~~~~~~~~~~~~~~~~~~ -5’5~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~
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T’i the 1o~est pha se , we can ~e t - ~~ -- - tr~ -- y - - I ’ :~~~~ li-sr~~. exo~pk f ç a -

a ragion very close to pure NaNb0 3~ lut - , -: -J pa :~~r - n  th-~ sos of the same

speci~ien at the intereediate phase, the coeI-~5- Ivo fo r-no t a  l ar t zer  and the spon—

— taneou s polarization is smaller. As sho’~i in Figo 13, the hysteresis 1ocp at

the A ow e st phase becomes more and more arnb~ tuc’,s aa ~~ arp:casi pure NaNbO .~,

although the solid solution such as • --N a~~~~~N n C ~ -a:~d K ().—Na 95 )Nb03

~-Lsw good ioop s in the Inte~~ned~ a t-e ~nase . N-:- t1y~i ’ f r C C i s  : -:.-ops were -c- n-served

In n - t ~~ NaNb O3. From the se r enu ~ ta ~~ can cons l’c d-c the par  ec tr ~c character

of the highe st phase , ferroelect-r- :s~ ty I x ~ tI e- m~ - a ~~-~ these . and al a-: f err-: -

eieot~t-~oi-ty in the lowest pha se ex o ept  for t n e  pure- N aNb 0 .~o

~~~~~~ 
STRU ~~ URAL STUDY0

Before discussion of this pha~e - a E am of  the (Na —K )NbC 3 system , we

~is-t examine the import.ant point whether t~s is (K—Na)Nb ~~ system is really forn —

a solid solution , because the dIffo ;~s r-e :f ~-ari~s r a d I l  of K end Na is *

large enough to give us this dc-~th~

(A - Cry stal Structures at Room TenT -a t: r’~-.

The crystal structures :1 KNbC-4 a-H r~1e~ oP-a e~ s- -nm 1 -  n~~ sa t : r r e  w~ re

I’

~
$o

~
— i i o e  by and by ~~~~~~~~~~ B~~n - r y ~~~ i~~— ~h - :w  io r  sa:rif- ipa

r~- :r- ~v nn -~r distorUor. 1o~ -~t ccl -~ : y - : - -~--~~~- ~ur P-~ , 
~~ - . ~f ,?ra ~~~~

- -
~~ ~ !bO 3

in coo important ps-m t9 r a r n e i - , r~ :~~ - t ~ y - :- - - ~ - “ — x  :- -t  i~~ - r ’” -
~n i ~~n requires

the ; i - c ’ mp t ion of some k ind s - I’ ~-~~-o r - t - ~~ ‘‘m r -  o Tf ~~~ p’~:s tr c s  t u r e  was st-~xfled

~~~~ 
J o j~~~de5~~~~~

0)
, who reos-r’k~ ~~ r r e -  nc r 

~~~
; - -

~~ 
- r  ~~ ~

- J - - ~~ ’j 1 ’~ ~~- f  th is  cr\ ~~eI • ard drew

- - n e  thange conclusions from th~~~.

A se r i es  of po~~er pt5 ’~~~~~i ; ? .E We t C  ~~~~~~~~~ w~~’~ ~r~- va r iou s compost—

I S f l $  c ove r ing the whole range of I -n€- ( V — N ~ N~sft 4 - — -~ it - is ratt’r diffi-:i~:i-

- - 5 - - - -— - - 5- - - - — --— --~~~~~--~~~~ - -~~--5-- - - - - --  - - - 5 - 5 -- - - - - - - - - Ii
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t o  jet clearly r-ess~ ve-.i photo~ :--eose cap. - :~ - y - - - n- - NaN~~:.~ ~-~ ue This  is

ura~-~t~acly due to the large d~ ffe~ — o’~ — :~n’-: rad~ 1 :: K ~r. d Na. wh1’~h

Inevitably causes a large internal s tr a ~:---~ E~ ;.-~ i a i i v  on the NaNbO 3 side

the replacement of the small Na too wi th  the large K ~.-:‘r. may aau~~ more strain

than in the oppoaite ca se near

From the comparison :f one- to c :  -~ 
- - - of -~o - i e ~~~i-~ H-i t~ ou rar.g~ ,

w~ can reach f’ollcwing c o n c l u si - -r r ~

( 1)  The lattice constant  decrease s gr~ dooiiy f r — r r . KNrjD -. ::- NaNb O 3. and o-- cvi—

decce was observed for the p x i i I e - n~ e- a sc~~

~2 )  P:wder photographs of Solfd so1nt 1:-~~ r a n o : r - ~ ~r :;r: KNW 3
snow sharp lines and es3o rit i ally ‘ on - ‘ r e - - s - s  ~-~s: tIss as om re ~-N hu 3.

(3) Fr -nm si~r~’ NaNhO 3 th CK ~~~ — Nr ~ - :5~NbO 3~ t ~Ii ff:- ‘- r . St r— ~ ar~ e~ s~- n--

tially the  same as pure NaNb0 3~ ‘ .a.,  tb-- - - ctn-o t 5 E  sa:ae :-~~~ of -~X t r a  iloe~~.

(2~~) To the intermediate region b~~-~~er: ~~~ ~~~No3~ ~ 

the- diffraction line s are rather dt ft~cso 3r d ~o ’— r~ t ha t  t t s  bc- er-- i~~r-~

between -the two or-thorhombl-a phase s C~~u i 3  ~~ ‘~~ 5 r -  -~~~ - ~~~ roe ~~~ t I c - ~

n-s~ t~ r :ts show g radual ch ange s  e se’~ th i s  r~-~ -c .

L - a t t  t-~e- Change arcurLi the T m :  s sos. 
—

To examine the cr~rstal stro- :t-ires - I th~~ i r : s e r ~~ d~~ ie phase and

r~~c}~~s-t pha se ir the —i~~ g :d-’ ’’:’ ~~~~~~~ 2 . -
~~ 

- - r ’ ~’d ‘~~~~
- ‘~-n: r--aI :rc

rI~~~ ar r~ rs-e of crystal str ct ’r~- : -  f ~~~t - ~ ~~~ —~a NbC • ~r~ri N q N t O - ~. Th~
-o~ rr- •

~~~~ -c m. hi gh tempe re -Jr ~-- -wd ~~’r carn~ r- ’r -ia s usa- I  w t n  - - n  K i  rad~ e-~-~cs.

‘ f,- ,- r -— ~~ I a 1  ~
—
~~~

-- -
~~~ I’~~~- ~~~~~~~ ‘ -~~~~~~- - :y-  ~ we r-e

~ ~: 
:-~‘xi~ed1 f y  Wood . ~~~~~~ rI~_ exar r I iu~~.i -r :—o- ’ws - . o:- r~~~~- rl : -:~~~~-r~~~ wi Lt ,

pr e v L s’Ls data~ g1v~ n~i the te~ -5 -: - r o - r -n -
~ - -a ~ - -

~~~~- ?2r’°C q~~
j

- — --- - -- - - - - -- -5 --- --- - - j
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I

~i3O : , and t T e  cm of-i ~tr -- i -~ -~re- an -  -
~~~~~ 

~~~~

(i~~~ -N a ~~-r . on-~.u toe :- am~- 1 a t  ~i r ’  y-p~ at -  mo- -rn  temperature

as NaNbC3~ and ~ ihan cea ~no 1 e-~ :: agcera~ ~~~~~~ ..:~ h n 1a -: at the pha se

-transit ion of  2.~-1: °O , asu~ ~~r t; a iroi s :-~en to  d :n t i~ t -  a :- at the same time0 Tht s

t~- a g ~:na :~ :-~~ ~~~~e- , :~~~:~ - t -  
~~~ .~ th~ -sarn’-~ ~

-u-~ as in the intermediate

pha~-e- of hNt L3O  ‘~~r - - ~ 
- - -i-~~~t~~

- - - ~~ -~ ::m~ • j O~~1?- :- e

The- s t o ’~y- - f p’~~-e i~~ft - ’- r n  -~r~ i- ret . t ri o -~ vy~ : a ; r -srthomnooibls -

below 3~~~-:- , ao-3 ~ha -~ 
- - ~~ s t - o~~- s  t ame - n  a :ooa  ~h :o t~~r :ip~ rsture , e.g.

~oc’~o , o:~ e~-:y ‘1O~~~tI ~~~~ o f  ~-o : t :  p eo-- -v~ -~’th. Fr om we oar expect

no mo~~ ~nase - -harge a:- h-’s ~~ ‘r I f  - 5 I5 t0O t ~ 0.

Thn:~ r~~.r :~ ia  g :v~ the e~ -sn-: 4:j ma s’.pp - : r  for  the- onase dIagram

sh-swo f.~r F ig0 ::~. -:

-- ~~~~~~ L~~~~~±
3pe:!f ~~: hoo t  \ 5.  t~ 5~ era t~~~ :i:i ~~- ?a OH K~ bO3, .: :- Ja ,93 )

~~
0

3 
aM

NaNbO3 we-re-- ~sairo re d tn - r s i o ~ an ~-l ian -e  f ’ - - o j - - r  ~rn— 4 ’-i ~ ~ N ’osa’-~

~crpe ( 12 , whish I -~ as hrpr-- :ve-me --i~ c f Sy ke- s~ -- a ~ r - m€ ‘ -i ’- . Do a l l ,  of the c:~r- -- 

-r: of thu -  C -:-~n~~ e-r ~~ s described ir a r r e ~~~~ n~ re~~’~~~~- 3)

The sp es- ncr . is a pr:~~le~~~d -: cra sH -: prs : — ~ tn tho r~mt’ sethod as

the ap acimen for  nt- a - ~rLn arid sr run tuma ~ m e aso—s-s e st r .  About 15 ~~~

~H rr-~-t ci 151 ~-as -a — Lii oga P sos heated at a r aca  - f  cb~’ro~

The heat o c -nsa r t  af the empty -‘5 -r ~j r -- ’~~r wag l ir r a ted  by u-s :sg 5102 as a

etarulard nñ’-sta n s ’  o Th-~ :-~ r s i ’-a are shown In Fi g. ht —

Fr-sri thr-se - - :n~:~ s wa :en  easi y see that NaNbO
3 ~

nc1 (E ,0 —Na 90 )?Th0
3

show rather rmal a- s-r i~~- - s --onpare r~ ~~ ‘ r L the re1sn~ veiy i;rg-~’ aroma l~ es li-i

KN~~3. By es :~urr~i:’~g a broken I : n e  aho -~n ~r- the - r s —; : - .’-s aa a r ’- r-:r 1s~ specific
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:moi t curve, we can obtain the integrated Lransition energ ies as follows~

lower pha se change upper phase change

KN bO3 85 cal/mole 1% r’s1
~/moie

(K 10-Na 90)Nb0 3 20 cal/mole € C : - -a i /mole

NaNbO 3 ~U -~a1~’mole

- - 

V. t TSCUSSIONS.

Summarizing the above re sults D we can reac t followtng conclusions:

( i )  NaNbO
3 shows only one phase t ransi tion at 3t’O°C , a’- :om~:sn~cd by a -structural

change from orthorhombic to cubic .

(2)  When a small amount of Na is re rilaced by K , the ferr-oelectr lc  intermediate

phase can be observed. This phase shows a tetragona lent ice with c/~ 1, and

it is the same phase as the intermediate phase of KNbO 3.

( 3)  Concerning the ferroelectricity of pure NaNbO 3, thoug h the phase diagram

suggests ferroelectricity in this crystal , the absen’-c c-f d.-~4 table

P .- ’-eteresis loops gives us strong doubt . This roh t- r-r i s  nr ~ -~~ c-pen to quest ion ,

rjflr must await further study.

We must add here the fcli - -~wing result-a~ obteloec3 ve ry r o- - r . e n t i y ,  s ’~~~r

acmpletion of the study of (K—Na)Nt0 3 system using ‘eram~ - epecimen. Single

orystala of NaNb0 3 were prepared by the method used by M&thia e arid Rema ika~

namely , a rnix~ure of NaNbO 3, Nb206 a~:d NaF was slcw~y c-o o~ -d from 1-500°C. Some

--f thes-~ single crystals show the d i - s: t r i o  anomefle s  e~ 37g C and J~SD°C in

agreement with previous data and In c 0 ,  eat  wi th our data on the ceramics.

However, this pha se change at L80°C nay n--c explained by the smail impurity

conta ined in the crystal , because the phase diagram sh own in Fi g. 12 suggest-s

t~iat c-v-en small amount of impurity in NaNbO 3 ca n easily resul t In another pha se 

-- -5 
_ _  --- —-
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- ohange. U p to now , no hysteresis loops were -~ -~rved In NaNbO 3 single cr~-~ t~ 1~~.

- 

- 
Fort-her stud y of single crystals are now under way.
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PHASE TRANSITIONS IN Al~Tm~~RoELEc’rRIC PtIifO3
*

Gen Shirane~ and Ray Pepinsky

Department of Physics, The Pennsylvania State College, State College, Pennsylvania

Abstract

Phase transitions in ceramic PbHf 03 have been studied by di—

electric and structural measurements • The dielectric constant is about

90 at room temperature, and its temperature dependence shows a small

anomaly at 163°C and a pronounced peak of 540 at 215°C. The P-E re-

lation, however, is almost linear, showing no ferroelectric hysteresis

loops within this temperature range, At room temperature PbHfO3 has

a tetragonal lattice of the perovsicite type with a = 4, l36~ and

c/a = 0,991, and a powder X—ray photograph shows some superstructure

lines which have essentially the same character as those of PbZrO3.

This shows that PbHfO3 is an antiferroelectri c of the PbZrO
3 

type be-

low 163°C. The crystal structure between 163°C and 215°C is also

based on a tetragona l lattice; but the axial ratio c/a is much closer

to unity (0,997), and the observed superstructure lines are different

from those of the lowest phase, Thus the intermediate phase is

another antifer-r-oelectri c phase, with a different type of dipole

arrangement from that of the lowest phase, At 2.15°C, it becomes

paraelectric, accompanied by a change to a cubic structure.

II
Research conducted under Contract No, AF 33(038)—12645 with the Air
Research and Deve1o~inent Command , and Contract No , N6onr-2.6919 with
the Office of Naval Research,

On leave from Tokyo In~d-i tut-e of Technology, Tokyo, Japan ,
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I. II~rR0DUCTION ,

Recent studies of p~irio3
1’2 

and PbZrO3
3’4 have revealed interesting

dielectric properties and relations of these to the crystal structures of these

perovslcLte—type compounds. P~iTiO3 is a ferroelectric with a Curie point of

490°C2’5, and this is very similar to the much—studied Curie point of BaTiO3
6

at 120°C. The crystal structure7 of P~i~iO3 is distorted to a tetragonal lattice

with c/a = 1,063 below its Curie point. The dielectri c properties of PbZrO
3,

on the other hand, have sho~m that this crystal is not ferroelectric but anti—

ferroelectric with a Curie point at 230°C, notwithstanding the close resemblance

of the permittiv-ity vs . temperature curve of this crystal to those of BaTiO3

and PUPIO3. The crystal structure7 of PbZrO3 is distorted to a tetragonal cell,

but the axial ratio c/a is less than unity (0 ,99), in contrast with BaTiO3 and

PtiriO3 in which c/a is greater than unity.

No satisfactory explanation has been given of the reason why such an

essential difference in dielectric and structural properties can be observed in

these very closely related perovsldte crystals, Although there is no doubt that 
-

the large polarizability of the Pb ion in both compounds contributes to these

1. G. 1-I . Jonker and -I . H. van Santen, Chem.. Weekblad ~~~, 672 (1947).

2. G. Sh.irane and S. Hoshino , J. Phys . Soc. Japan 6, 265 (1951) .

3. E. Sawaguchi, G. Shirane arid A. Y. Takagi, J. Phys. Soc. Japan ~~, 333 (1951),

4. G. Shirane, E. Sawaguchi and A. Y . Takagi , Phys. Rev. ~ 4, 476 (1951).

5. H. H. Rogers , Technical Report 56, Laboratory for Insulation Research,
M.I.T. (1952 ) .

6. Cf. A. von Hippel, Rev. Mod , Phys. 22, 221 (1950).

7. H. D. Megaw, Proc. Phys. Soc. (London) ~~~~, 133 (1946). 
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~~~
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peculiar phenomena, the es sen~Ja1 difference in the compcunds is in the ionic

radii and polarizabilitles of B ions in the ABO3 type crystals which have Pb as

a common A ion. This fact suggests that the further study of lead compounds with

different B ions, such as FbHfO3,may give more information about th is phenomenon,

Compared with a detailed study of titanates and zirconates of perovskite—

type crystals, very little Information is available on the properties of hafnates,

The crystal structure of SrHfO3
8 and BaHf 03~ has been reported as a cubic perovsklte

type , and the lattice constants are shown in Tabl e I , in which comparison is made

with the results on SrZrO3 and BaZrO3
7, It is noticed here that hafnates have

smaller lattice constants than those of the corresponding zirconates, This is

due to the fact that Hf~~ ion has a slightly smaller- ionic radius, 0.84A , compared

with 0,87A for Zr+4, because of the lanthanide contraction10, Since no measure—

ments on PbHf 03 appear to have been published, a detailed study was made of the

dielectric and structural properties of this crystal.

II, CRYSTAL STRUCTURE AT ROOM TEMPERATURE.

Ceramic PbHfO3 was prepared from PbCO3 and Hf02. One gram of Hf02 was

obtained from the Fairmount Chemical Co.~ with a stated ~urity of 99.5%, with

0.3% Zr02 and 0.2% Ti02. Rough estimation by spectrographic examination , carried

out by Prof. R. Hayes of the Department of Chemistry , The Pennsylvania State College ,

indicated the existence of Zr in an amount from O.C3 to 0,3 percent, Equimolar

proportion of this 
~~°2 and reagent .~grade PbCO

3 
were mixed well s pressed into a

8. S. Naray—Szabo, Muegy~tc~ i Koz lern enyek , No. 1, 30 (1947), Monoclinic structure
with double lattice ~onstant is also assigned this crystaL

9. P r i v a t e  ‘ommunicatiori from H. Graenlcher ( 1952), Recently, we measured the
lattice constant of’ this crystal using a Norelco 11,4 cm. pow -~er camera , and

,- -  - -~ obtained a = 4.1721, in good a~ re~~ ent  with the Grae~ lcher~~ result.

~~-) 10. These values of ionic radii (GoJdsch ~idt radii) are taken from A. F. Wells ,
Structural Inor~a~ic Chernistry~ (Oxford University Pre ss), (1951), p. 71.

- - 
_ _—-5 -5- -5 — — - -- -5— -  -5 _
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pellet, and fired at about 1200°C after preliminary firing at about 1000°C.

A difficulty in preparing PbHfO
3 

ceramic arises from the high volatility

of PbO during firing, A similar difficulty was encountered in the case of PbTIO3
5

and also (more pronounced) in with PbZrO3, But in PbHfO
3 

the evaporation is so

severe that, using the ordinary firing process, the surface of the sintered specimen

changes from tan to white, and a powder X—ray photograph of the Burface material

shows some weak lines due to Hf02. The small suprly of Hf02 did not permit develop-

ment of a comt letely satisfactory method for prevention of the evaporation, but the

following procedure was tried.

A pressed pellet was placed between two platinum sheets to retard the

evaporation of PbO during firing. The firing was carried out rather quickly, by

heating to 1200°C in 4 hours and cooling down in 6 hours. The specimen thus

obtained was a homogeneous and hard ceramic, tan in color, This specimen was used

for the dielectric and structural studies. As shown below, it shows well resolved

diffraction lines in the powder photograph, No chemical analysis was carried out

of the final specimen.

Powder photographs of this ceramic were taken with a Norelco powder

camera (11,4 cm, diameter)9 using Cul(a radiation, Diffraction lines clearly show

line spl ittings due to a distorted perovskite structure 9 and all multiplets can be

well explained by assuming a tetra~ona1 cell with c/a less than I, The lattice

constant and axial ratio calculated from (510), (43 1) and (422) line groups are

a = 4,136 (~O.,ool)~ and c/a 0.991 (t0,001), The comparison of these ]attice

parameters with those
7 of PbTIO

3 
and PbZrO

3 
are shown in Tabl i II. A~ expected 

-

from the difference in ionic radii of Hf and Zr, PbHfO
3 

shows a slightly smaller

unit cell volume than that of PbZrO3.

It is to be noted here that the c/a ratio for PbHfO3 
is less than unity,

as in PbZrO . Moreover9 some e---tra lines can be observed ifl the PbHfO powder
- H ;  3 3
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photograph besides the main lines due to a perovskite structure, Careful compar ison

of these extra lines with those of PbZrO
3 

shows that both have essentially the

same character not only in spacing but also in relative intensities, These facts

strongly suggest that PbHf 0
3 
has the same type of superstructure as PbZrO3, which

was 8tudied by’ Sawaguchi et al.
11
, using a single crystal method. It should be

noticed here that this superstructure of PbZrO3 is due to an antiparallel dis-~

placement of Pb ions in the [110] and [110] directions; therefore, the true

symmetry is probably orthorhombic.

Beside the very close resemblance between the X—ray powder patterns of

these two compounds, we can find a large difference in the rat io of the intensity

of odd N = h2 
+ k

2 
+ 1

2 
to that for even N, This can be explained well by the

difference in the atomic scattering factors of Zr and Hf.

III, DIELECTRIC PROPERTIES .

The specimen for dielectric measurements was a ceramic disk 1 mm, in

thickness and 0.3 cm2 in area, and silver paste was applied to both surfaces as

electrodes. The dielectric constant of this specimen at room temperatur e is about

90 at a frequency of 10 kc/sec and a field strength of about 10 v/cm, Figure 1

shows the dielectric constant vs. varying temperature curves. Heating and cooling

rate is about 1°C per minute, This curve shows two anomalies: one is a small

anomaly at 163°C, which suggests the existence of’ some kind of phase change;

another is a pronounced peak at 215°C which can be considered a Curie point, While

there is little temperature hysteresis around the Curie temperatur e, relatively

large hysteresis is observed around the lower transition point. No anomaly was

found between room temperature and —180°C,

From the crystal structure at room temperature, we can expect anti—

11, E. Sawaguchi, H. Maniwa and S. Hoshino, Phys, Rev. ~~~, 1078 (1951),

..—_———_—— —

~
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6.

ferroelectric properties of PbZrO
3 

type in the phase below 163°C, and there is

no doubt about the paraelectricity above 215°C, To study the dielectric response

of the intermediate phase we examined the polarization vs. electric field relation

under an a.c, amplitude of 30 ky/cm and 60 cycles/sec 9 using a Sawyer and Tower

circuit12, The P—B relation is almost linear in all three phases except for a

slight upward curvature just below the Curie point. A double hysteresis loop of

butterfly shape, which was observed in pure PbZrO3
4 just below the Curie point

(see Figure 8 of references 4)
~ 

was not observed in this specimen up to the f ield

strength of 40KV/cm.

The effect of a d.c. biasing field of 10 ky/cm on the dielectric constant

of ?bHf O
3 
was studied with the results shown in Figure 2. The measurements were

carried out in a bath of silicone fluid, to improve the insulation as well as the

t ’mperature uniformity . In contrast with ferroelectric BaTiO3, in wh ich the

dielectric constant decreases with increasing biasing field above and below the :

Curie temperature13, the sl ight increase of the c~ielectric constant was observed

just below the Curie point at 215°C, and at the same time the trans ition temperature

is decreased by 2.0°C by this field, No remarkable effect was found around the

lower transition point. These results should be compared with  the s unilar resul ts

observed in PbZrO3
4,

From this we can conclud e , taking into accoun t the crystal structur e at

room temperature , that the phase below 163°C is antiferroelectric~ as observed in

PbZrO3 (phase A l) ,  and that the intermediate phase is another antiferroelectric

phase (All)  which must d i f fer  from phase Al in some way,

12, C, Sawyer and C. Tower , Phys. Rev, ~~~, 269 (1930).

13. 5, ~~‘~erts , Phys, Rev, ~~~, 890 ( 1947); also Cross , Dennison , Nicolson , and

- 

Widdington , Nature ~~~~, 635 (1949), 

- 5 - 5  -- - -  -~~~~ - -5--~~~~~~~ — ——--- --5 --5
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Above the Curie point the temperatur e dependence of the dielecti~ic

constant obeys approximately the Curie—Weiss law E =  C/ (T~ T 0 )~ with C = 0,95 x l0~

and T0 50°C, This value of the CurIe constan t Is of the same order of magnitude

as those of BaTiO
3 

and PbZrO3,

IV, STRUCTURAL CHA NGES AROUND THE PHASE TRANSITIONS ,

As shown in Figure 1, the dielectric constant vs. temperature curve

shows two anomalies at 163° and 215°C, indicating two phase changes, To study

the structural changes at these two phase transitions , a series of powder photo-

graphs at various temperatures were taken, using a Unicam 19 cm, diam, high

temperature X—ray camera, A powdered cerazxrlc was sealed in a hard glass cap illary

of 0.4 mm, in diame ter and 0,01 mm,, ~n wai l thickness, Below 163°C the diffrac-

tion patterns are essentially the same as at room temperatur e~ except that the

c/a ratio tends toward unity, at the same time the intensity of’ ex-tra lines

decreases gradually as ~6)°C Is approached from oe~ ow, Above 215°C the photo-

graphs show a cubic perovskite lattice without any superstructure l ines,

The diffra :tion pa~ tern at 200°C, wh~-~h is in the ~nt-ermediate phase ,

is very ‘iose ‘o a ~ubt: p a t t e r r~ and we can -: h serve  mu 1’ip~ e ’.s only iii a few

high—angle lInes such as ~~~~~~ (422) and ~,43 ) (530 ) gr oup s~ In such a case

it is difficul t to determine the stru-- :’ure from powder photographs only, We

tried to expi a :rI these m-u~~~~p~ e~ - s by assuming simpl e - ases such as tetragonal

c/a ~ l-~ orthor-ho~ b:i~ and r -hombohedral lat~~ices,  It appeared that the m~ltip 1ets

could be exp1a~ ned ~f we es~u~yied a te~ ragonal ~~t t l c e  w i t h  c/a ( 1, The lattice

parameters and c/a -:~~cuiate~ f r o m  (5io )~ (43i ) and (422) i~ nes are a = 4 l 3 4

(~ O,OO 1)A and c/a ~~~~ (~O,oo;),,

The dieA e :tr~ c test showed that- the dielectric  properties of this

middle phase may be an~~.f e -r o e i e : -t r I c , Carefui ex aminat ~ on of powder photographs

_ _ _ _ _ _ _ _ _  _ _ _ _ _
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revealed a few rather weak superstructure lines~ which are different from those

found at room temperature both in spacing and in relative intensity, This

Indicates that some kind of rearrangement of antiparallel displacement of ions

does occur at the transition point of 163°C, though the both phases above and

below this transition point have the tetragonal lattice with c/a<l, The detailed

crystal structure of the intermediate phase must await a single crystal study,

The temperature change of lattice parameter calculated from the (510)

(431) line group is shown In Fig, 3, Ar ound the phase transition at 163°C , the

c—axis increases considerably while the aS—axis shows a small decrease~ resulting

in the volume change of about O, 15A3, At 215°C, the structure changes to a

cubi’~ lattice accompanied by the volume increases of about 0,16k3, To show these N

volume changes from another viewpoint and to compare them wi th  the results for

PbZrO3, the linear reg ion in the cubic phase was extrapolated to lower temperature

and compared with the actual volume , The anomal ous volume contractions in the

two antiferr-oelectr ic phases are

-.-o,i~~~ C L~v/v ~~- ~23 x 10 
‘
~~

) at 200°C ,

~0,27A3 ( -~ ~—3 9 x 3~~) a ( 1.30°C -

The estimated volume expansion coefficients ar-a

2Ox10~
6/°C below 158°C )

27x1O~~/°C above 215°C.

Recent studies of FbZrO 3 
and of solid solutIon s der ived from PbZrO3 by -

replacing Pb or Zr ions by other suitable ions show peculiar phase diagrams , tn

the case of Pb(Zr~Ti)03
14 and ( Pb— - Ba)Zr03

15 , ~he rhontbohedral ferroelectric

14. G. Shirane and A, Takeda, J, Phys. Soc. Japan ‘-~ 6 (1952); also G, Shirane
and K, Suz uki , J, Phys, Soc. Japan 7~~ 333 (a952),

15. G. ShIrane-~ Phys. Rev, 86.~ 219 (A- ~52) , also (1 - Shirane and 5, Hoshino, Phys.
Rev , 86, 248 (1952) and Acta Crys’, (to be published) .
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intermediate phase was observed; and, on the other hand, in the case of (Pb—Sr)Zr0 3
15

the tetragonal antiferroelectric intermediate phase was found. A comparison of

superstructure lines observed in the intermediate phase of ( Pb95—Sr5 ) Zr03 between

175° and 200°C and those found in the intermediate phase in PbHf 03 between 163°

and 215°C showed that the superstructure lines seem to have essentially similar

spacing and relative intensity, suggesting that they are probably the same phase ,

although these lines are too weak to permit definite conclusion, Moreover , the

dielectric properties as shown in Figs. 1 and 2, and also the temperature depend—

ence of lattice parameter of PbHfO3, resemble very closely the corresponding

results observed in (Pb9 5— Sr5)Zr03.

The authors wish to express their gratitude to Dr, Franca Jona for

helpful discussions and Mr. John McLaughlin for aid in specimen preparation and

dielectric measurements, Thanks are also due to Prof. R. Hayes for the spectro-

graphic examination of the Hf0
2
,

_ _ _ _ _ _ _  - 5 -  _ _ _ _ _ _ _
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Table I. Lattice constant of alkaline earth zirconates and hafuates.

SrZrO3 4.lOlA SrHf 03 4.069A

BaZrO
3 

4.189A BaHf 03 4.1731

Table II. Lattice parameters of lead compound s at room temperature.

\= 1.5405A was used as the CuX a1 wave length.
4 3

Crystal a—axis (A) c/a unit cell volume (At )

PbTiO3 3.905 1.063 63.30

PbZrO
3 4.159 0.988 71,06

PbHf O
3 

4,136 0,991 70,06

p



I

II.

Figure 1

Dielectric constant vs. temperature curve of PbH.f03, at 10 kc/sec.
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Effect of d.c. biaeing fiold of 10 ky/cm on the dielectric constant of PlutO3.
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Figure 3

Lattice spacing vs. temperature curve of PlutO3.
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A~t endix Iv.

Phase Transitions in the NaNb03—KNbO3 System,

In press. Physical Review.
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Abstract of paper for Rochester Meeting, American Physical Society.

Phase Transitions in the NaZubO3—KNbO3~~y5tem4

0. Shirane~, R. E. Newnham and R. Pepina1~’
Department of Physics

The Pennsylvania State College.

Phase transitions in lCNbO3 and NalIbO3 have been y~~ 1 ned by dieleo-

trio1 and X—ray measurements2. The transitions in KNbO3 are rather ~4~~41ir to

those in B.~!iO3, the crystal being ferroelectrio below 1.35°C. Though NaNbO3

was also r.por~.d as f.rroeleotrio1, Vousden’ reported a non-polar space-

group for this crystal. Dielectric, optical, X—ray and specific heat measure-

ments have been carried out, in an exploration of the phase diagram of the

NaNbOçUbO3 system, using both single crystal and ceramic apsolaens. No

evidence for ferroeleotricity is obtained for pure NaNbO3 
by dielectric and

pyroeleatrio tests, but a ferroeleotric phase appears upon addition of & ~~~~1 1

~~~wit of KNbO3. Dielectric properties and their relations to crystal structure

are reported for the com plete NaNbO3—KNbO3 system.

* Develo~~~nt supported by the Air Research and D.v.lo~~~nt Ce~~n~~ and Office
of Naval Research.

~ On leave from Tohyo Institute of Technology, Tokyo, Japan.

1. B. M&ttbiae and J. Remeik&, Pby.. Rev. ~~~, 72? (1951).

2. 1. A. Wood, Lota Cryst. j~, 353 (1951).

3. P. Vousden, Lota Cr yst. 
~
, 545 (1951).
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Appendix V.

Phase Transitions in KNbO~

In press, Physical Review. 
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Transitions in Ferroe].ectric NbO~~

G. Shirane, H0 Danner, A. Pavlovic*~

and R. Pepinaky,

X —Ray and Crystal Analysis Laboratory ,

The Pennsylvania State College ,

State College, Pa.

Dielectric measurements of KNb03 by Matthias and Remeika (1) revealed

a ferroelectric Curie point at 435°C and a further transition at 225°C. An

X—ray and optical study ~~ Wood (2) revealed a cubic perovskite structure

above the Curie point at 435°C , which transforms on cooling first to a

tetregonal structure and then to an orthorhombic structure at the above two

transition points. These transitions are related to the phase transitions

in BaTiO3 at 120°C and 0
0C (3) . A further transition occurs in BaTiO

3 
at

in which the structure changes from orthorhoxnbic to rhombohedral.

The above investigators found no significant change in the dielectric

constant of KNbO
3 between room tempe rature and —190°C ~ , and no optical

change was observed between 25° and —50°C (2) ,

A preliminary dielectric stuoy(4) carried out in our laboratory on

KNbO3 single crystals , prepared without flux , did show a sharp peak in the

dielectric constant at —50°C on cooling and -.35°C on heating , indicating

the existence of a phase transition at this point. A further study has

now been carrie d out on the dielectric, structural and thermal properties

-~~ --- - - -~~~~~~~~~~~~~~~~~~~ - —~~ ------ —- -- - - - - -  --- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~



- ~~~~~~~ -~——-- - .: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~
—-—

~
--

~ ~
-.---

~~~~ v—,-~~ -~~~~- - ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ - - - -~- ‘-~~~-~~~-—--~~-— ~~~~~~~~~~~ -
- - - -~~~~~~~- -  ------ ------- ---—- - - -

2.

of this lowest phase0

KNbO 3 single crystals were prepared as described by Wood (2 ) , using

KCO3 
as a flux and cooling down from 1000°C. The crystals were generally

rectangular , transparent , li ght—yellow plates. Optical observation showed

them to be multi-domain crystals. Dielectric tests were made on crystals

2—3 mm on edge and about 0.3 nun in thickness.

Figure 1 shows the dielectric constant vs. temperature curve

measured at 10 kc/sec and a field strength of about 5v/cm. The heating and

cooling rate was about ].°C/mino In agreement with previous data , this curve

shows a very sharp change in dielectric- constant at 2200 and 420°C on heating.

In addition to these, there is an abrupt change in the dielectric constant
0 0at —10 C on heating. On cooling, these three transitions occur at /410

210° and —55 °C. A very la rge temperature hysteresis of about 45°C at the

lowest phase change appears in the seve ral crystals examined .

Powder photographs of KN b03 were taken with CuKa radiation in a

Nore].co powder camera of 11.14 cm diameter. Orthorhombic cell d imensions

a = 5.721k , b = 3.973A , c = 5.695k were obtained at room temperature , in

good agreement with the previous data (2) (5) o The lowest -temperature phase

was examined In our low tempe rature camera , 10 cm diam. , using CuKa

radiation . Diffraction patterns at -~1h0°C showed pseud o—cubic lines of

perovskite type , but small al~hough definite line splittings were observed

in a few high angle lines such as (422), (3~~) and (420). The line nplittings

could be explained by assuming a rhombohedral lattice and considering both

line spacings and intensities. Special attention was paid to the (400)

reflections, which show no multiplet except that due to the o1,a2 doublet;

a . - - 

- - - -~~~~~~~~~~~~ —- - -—-——~~~~~~~~~~~~~~~~~~~~ -— —~~~~~~~~~~~~~~~~ -—-~~~~~~ — - --



3.

and this excluded the possibilities of tetragonal or orthorhomblo lattices.

The lattice parameters calculated from (/422 ) and ( 332 ) line groups are

a = 4.016 ±0.0021 and a - 890 SOt ±1’.

Since a < 900, this rhombohedral lattice is derived from an ideal cubic

lattice by an elongation along [ill]. This corresponds to the same lattice as

that of the lowest pha se in BaT IO3. Polarizing microscope observations also

showed the three phase transitions, at temperatures of the dielectric anomalies;

and extinction positions are in accordance with the X—ray-dete rmined symmetry of

each pha se. If we reduce the three transition temperatures by dividing by the

Curie temperature, they are 1, 0.69, 0.49 and 1, 0.71, 0.38 for BaTiO3 and

KNbO3 respectively. KNbO3 is the only one perovskite—type fe rroelectric which

has been found to show three transitions similar to those of BaT 103.

To further compare the tra nsitions in these two crystals , a study was

made of the specific heat anomaly at the three transitions in KNbO3. Ce ramic

KNbO3 was prepared by firing a mixture of K2C03 and Nb2O5 at 1050°C . An adiabatic

calorimeter of the Nernst type (6) , holding about 50 grams of KNbO3 powder , was

used for the lower temperature measurements. Another adiabatic calorimeter of

Nagaaaki—Takagi~~~ type , containing about 15 grams of KNbO 3 powder , was used

at high temperatures, The measurements were carried out by heating the specimens

continuously at a rate of 0.5 to 1°C/ruin. Sharp peaks in the specific heats

appeared at the three transition temperatures.

The values of the transition ene rgies integrated from the curves are

shown in Table I , together with data on BaT iO3. The larger transition

energies in KWbO3 could be explained in terms of the larger lattice distortions

in KNbO 3 as compared with the corresponding transitions in B TiO 3. It may

be Interesting to point out that the relative ratio of the three entropy

- —.—---- -- -- - - -  - --~~ -- -~~~~ ——- - - - -—- - - - --------- --- -~- — — ---  — -S  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - — ‘——--—----- -------- --- —-----------—--- - —u-.— ---- —-
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changes are nearly the same in the se two crystals; and , moreover , the entropy

changes at the Curie points of these two crystals are approximately proportional

to their (
~- — 1) values in the tetragonal phase .

-

~ 
- 

j To permit a more detailed comparison of the se two crystals , and

especially to apply the Devonshire’s theory(8) of BaT iO3 to KNbO3, we must

know the values of the Curie constant and the spontaneous polarization at the

— 
Curie point. Unfortunately, reliable values of these quantities in KNbO3

are difficult to obtain , because of the relatively high conductivity near the

Curie point at 430°C.

The authors express their gratitude to Mr. H. E. Newnham for prepa-

ration of the single crystals.

*Reaearch supported by Contract No. N6onr—2 6919 with Office of Naval Research ,
and Contract No. AF33(039 ) —12645 with Air Res~~rch and Development Command .

- - ~~Owens—Il1inois Research Fellow.

(1) B. T. Matthias and J. P. Remeika , Phys. Rev. ~~~~, 727 (1951).

(2) E. A. Wood, Acta Cryst. / ~, 353 (1951).

(3) See for instance, A. Von Hippel, Rev , of Modern Physic s ~~ 221 (1950).
- ¶ (4) H. Pepinaky, H. Thakur and C. MoCarty , Phys . Rev. ~~~, 650 (1952).

(5) P. Vousden , Acta Cryst . 
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Table I. Transition Energy ~E (cal/mole ) and

- 
- Entropy Change ~S (cal/mole degree) at the Three

Transitions in BaT iO3 and ~(NbO ,.

Cubic ---- Tetragonal ---- Orthorhombic -—-- Rhombohedral
~~

E 47~~~50a ,b ,c 16~~~26a ,b ,c ,d
BaTIO ,

0.l2 ’-~0.l3 0.06—0.09 O.O4 ..~...O.O7
L

l9 Ot l5 85 t 10 3 2 t 5
KNbO

0.28 0.17 0.12

a. H. Blattner, W. Kaenzig and W. Merz, Helv . Phys. Acta, 
~~~~, 35 ( 19af~9) ,

b. G. Shirane and A. Takeda , J. Phys . Soc . Japan ~~~, 1 (1952).

c. J. Volger, Philips Res. Rep. ~~~, 21 (1952).

d. S. S. Todd and R. E. Lorenscn, J. Am, Chem, Soc . ~~~~~, 2043 (1952).

-L

3



- - -— T T ~T~ 
-
~~~~

- -

~

.-
-

-,

~~~~~ ~~T ~~~~~~

6.

Figure 1

Die lectric Constant of KNbO3
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Survey of Ferroe3.ectric Crystals

Introduction

About thirty years ago J. Valasek presented a series of papers
-1

in which the dielectric pecularities of Rochefle salt received their first

detailed examination (Valasek, 1920, 1921, 1922 (a) and (b), 1924). He

pointed out the rather striking similarity between the dielectric behavior

of this crystal and the magnetic behavior of ferromagnetic materials. A

number of additional crystals have since been found to exhibit more or

less the same anomalous dielectric behavior. Such crystals have come to

be known as ferroelectrics. They are proving useful in such applications

as ultrasonic wave generation, piezoelectric resonators, computer elements,

4 and many others. This aspect of the field is not considered here, however.

The purpose of this paper is to discuss briefly some of the general

properties of ferroelectrics, with emphasis placed on those features which

appear to be important to the explanation of their behavior.

C

5 —-- -~~~~~~~~~~-~~~~~~~~~~ —---~~~~~~~~~~~~~~ -- ---— _ _
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- ( - The Ferromagnetic Analogy

The following are some of the more important properties of ferro—

electrics that have direct analogues in ferromagnetism:

(1) Spontaneous polarization, reversible by an external field,

appears at a transition from a non—ferroelectric (or parselectric) to a

ferroe].ectric phase, and persists over the ferroeleotric temperature range.

As in ferromagnetism, the transition temperature is called the Curie point.

(2) The dielectric constant rises rather sharply to an abnormally

high value at the Curie point, and has in most cases unusually high values

in the ferroelectri c phase. The temperature dependence of the dielectric

constant is describable by a Curie—Weiss law as the Curie point is approached

in the paraelectric phase. The dielectric constant shows marked field

dependence in the ferroelectric phase.

(3) Hysteresis loops result from measurements of polarization as

a function of field strength.

(4) A ferroelectric crystal is generally made up of many small

spontaneously polarized domains.

Due to inherent physical differences in electric and magnetic

polarizations , it is to be expected that the analogy between ferroelectricity

and ferroniagnetism will have its limitations. There are certain properties

of ferroelectrics that have no counterpart in ferromagnetism (and vice versa).

There are others which appear to further strengthen the analogy, but prove

otherwise on closer inspection. Consideration of’ these points is not of

particular importance here . The analogy has been useful in the develoj ]nent

of phenomenological theories, but a fundamental understanding must come

from the special character of ferroelectricity itself .

L~~~~. —~~~~-—~~~~~~~ -~ ---. --— -~~~~~—~~~~~~~~~ - - - - —------- -- - --~~ A
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Kno~m Ferroelectrios

While the discovery of new ferroelectrics has proceeded rapidly

in recent years, the number of essentially different ones is still rather

small. Seven crystal structure types (in paraelectric phases) are known

to include ferroelectric members, but sufficient similarity exists between

certain of these that ferroelectricity can be discussed in terms of only

three groups: the ferroelectric tartrates, the KH2PO4 type ferroelectrics,

and what will be called here the oxygen octahedra typos.

The ferroelectric tartrates include Rochelle salt, certain mixed

~ vci.~-l.~ isomorphous with Rochelle salt, L1NH4C4H4O6’H 20, and LiT1C4H4O6•H20.
- h~ mixed tartrates were the first crystals after Rochelle salt to be found

ferroelectric (Kurchatov and Eremeev, 1932). The two Li salts were found

much more recently (Matthias and Huim, 1951; Merz , 1951). AU of these

crystals belong to the same crystallographic space group (P21212), but the

cozrrion orthorhombic symmetry probably has little significance insofar as

relating the Li salts to Rochelle salt and its isomorphs. The latter are

tetra.hydrates while the Li salts are monohydrates. X—ray analyses of the

structures of Rochelle salt (Beevers and Hughes, 1941) and LiNH4C4H4O6.H20

(Vernon and Pepinsky, 1952) show two definitely different structures.

The KH2PO4—type ferroelectrics are the tetragona]. dihydrogen

phosphates and arsenates of K, Rb, and Cs. As Will be discussed later, the

NH4 salts can also be properly considered with this group even though their

transitions are not ferroelectric. Work on the KH2PO4 series began with

discovery of ferroelectric transitions in I~2P04 and IQ~ As04 and the seen—

ingly related phase changes in the corresponding aimnonium salts (Busch and

Scherrer, 1935; Busch, 1938). Subsequent studies have disclosed essentially

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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the same ferroelectri e activity in the isoxnorp hous* Rb and Cs salts (RtH2PO4
and RtiI~AsO4, Baertschi et a].., 1945; CsH2PO4, Seidi, 1950; CsH~Aa04, Frazer

— and Pepinsky, ~npub1ished ~ 1952.)

The oxygen octahedron types perhaps include four different crystal

structures:

Pseudo—perovakites: BaTIO3, KNbO3, and sever~ - others;

Ilmenites: LiTaO3 and LiNbO3
~ perhaps;

W03 (distorted Re03 structure) )

Cd2Nb2O7 (pyrochlorite structure).

Barium titanate was the first of the oxygen octahedra ferroelectrics

to be discovered. It seems to have been found at about the same time in

several different laboratories (of. von Hippel, 1950). On the basis of certain

assumptions regarding the oxygen octahedra and the central cationa (Ti in the

case of BaTiO3), Matthias and his associates reported that certain other

pseudo—perovsld.tes were also ferroelectric: KNbO3, IcraO3, NaNbO3, and NaTa O3

(Matthias , Holden, and Wood, 1949; HuJm, Matthias, and Long, 1950). Turning

to other structures that still satisfied his criteria , Matthias reported

ferroeleotricity in LINbO3 and LiTaO3 (Matthias and Reineika, 1949) and in

W03 (Matthias, 1949). As listed above , the Li compounds belong to the iJinenite

system and W03 has a distorted Re03 structure. Additional pseudo—perovslcite

ferroelectrics have been found by other workers . Probably the most significant

of these is PbZrO3 (Shirane, Sawaguchi, and Takagi, 1951). Pure PbZrO3 is

1’ anti—ferroelectri c, but has ferroelectric properties under sufficiently high

* CsH2FO4 and R~~2PO4 also have non—ferroeleotric monoclinic modifications.

( 
The tetragonal modification of’ CsH2PO4 is not easily obtained. 

5- ----- - --~~. -- --- - -— - -- - - -- —- -— - - -— - -—
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field strength. The addition of sini~ll  amounts ( ‘ -‘5% ) of P~TiQ3 produce a

definite ferroelectric phase. Shirane and Pepinalcy (unpublished, 1952) have

found that pure NáNtO3 is anti—ferroelectric , not ferroelectric, but 51riR~1~1

amounts of replacement of Na ions by K ions result in a ferroelectri c phase.

The ferroelectric behavior of the ilmenite structures has not been confirmed.

W03 is apparently antiferroelectric, but high conductivity renders clasaifi—

cation of’ its dielectric behavior difficult.

The most recently discovered ferroelectric is Cd2Nb2O7 (Cook and

Ja.t’fe, 1952). On the basis of Debye—Soherrer photographs these authors assign

the structure to the fluorite system, but in a previous X—ray study it is

described as having the form of pyrochiorite (Bystrôm, 1944). Nb~
5 normally

has 6—fold coordination with oxygen, which is realized in the pyrochiorite

structure • The small cation coordination in the norma]. fluorite structure

is 8, but there are related structures in which an unusua]. 6 coordination

occurs (cf . the C—M203 structure in Wells, Structural Inorganic Chemistx~y,

0~~ord: Clarendon Press, 1950, p. 365). This crystal is tentatively classified

as an octahedron type in this paper. The question of its true structure should

be cleared up. In any case, the discovery of Cd2Nb2O7 as a new ferroelectric

opens up many interesting possibilities.

The Ferroelectric Tartrates

Until 1932 Rochelle salt was the only substance known to exhibit

the dielectric analogue to ferromagnetism. This crystal continues to hold a

unique position even now in that it is the only ferroelectric known to possess

— I two Curie points. The crystal is ferroelectric between the temperatures —18°C

and +24°C, The dielectric constant as measured along the ferroeleotrio a—axis

at low field strengths has a minimum value of about 200 in the fer roelectric

IL~~~ 



__________  ~~~~~ ~~~~~

5.

region, and rises to almost 2000 at the Curie points. This is shown by the

solid curve in Figure 1 (Mason, 1950). The b and c axes show normal dielectric

boh~vior. The strong field dependence of 
~ a is evident from the dotted

curve. A set of P—E hysteresis loops, observed at several temperatures for

Rochelle salt , are shown in Figure 2 (Sawyer and Tower, 1930). The instan-

taneous slope at a point on the hysteresis ioop gives the differential di—

el~ctrj c constant. Observations of almost 200,000 have been recorded for this

~u~tntity.

The ferroelectri c activity of Rochelle salt can be altered in three

uays that should prove to be of considerable importance: deuteriixn substitu—

tiun for hydrogen, hydrostatic pressure, and partial substitution of isoinorphous -

tLrtr~t~s. The substitution of deutorium to give NaKC4H2D2O6.4D20
* spreads

th~ ferroeloctric region, lowers the dielectric constant , and increases the

spontaneous polarization. Changes in the Curie points and spontaneous

polarization can be seen in Figure 3 (Habliitzel, 1939). The minimum in the

dielectric constant curve of Figure 1 falls from about 200 to about 70.

Hydrostatic pressure causes both Curie points to be shifted to higher temper—

atures. The increase in the upper Curie point is the more rapid one, so that

the ferroelectric region is spread. This behavior is shown in Figure 4

(Bancroft, 1938). The partial substitution of’ certain isomorphous tartrates

produces drastic effects on the ferroeleotric activity.~ Very qi~~11 molar

* The Ht s cova].ently bound to C’ s do not seem to exchnr~ge on recrystallization
in D20.

** The principal work on the mixed tartrates was done by Kurclmtov, Eremeev,
Bloomenthal, and Evans. For references and a more complete stu ary of
their work see Cady, Piezoelectricity, New York: McGraw—Hill Company
Inc., 1946, pp.654—S.
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percentages of any of’ the isomorphs, NaNH4C4H4O6.4H20, NaRbC4H4O6.4H20, or

NaT1C4H4O6.41120, cause sharp reductions in the dielectric constant and the

width of the ferroelectric temperature range. The following measurements

of Kurchatov at 0°C show how rapidly the dielectric constant decreases in

Tl case:

Mole % Tl salt 0 0.25 0.50 1 2.5

Dielectric constant 10,000 2,300 1,200 600 120

Only 1% of the NH4 
salt is sufficient to reduce the ferroe].ectric region

to about a half of that for pure Rochelle salt. The ferroelectric properties

disappear entirely on substitution of about 3% of NH4 for K.

Since pure crystals of the above salts are not ferroelectric, at

least down to —190°C, one would expect normal dielectric behavior to result

from increased per centage substitution with Rochefle salt. Instead, the

remarkable result is obtained that ferroelectricity reappears at lower

• temperatures. This is shown for the armionium case in Figure 5. There is

some evidence that these mixtures are really to be considered as a separate

case from pure Rochelle salt. This evidence may be siini~~rized as follows:

1) The amount by which the upper Curie points are shifted to low

temperatures and the discontinuity in the shift above about 80 mole percent

Rochelie salt.

2) The lack of evidence for a lower Curie point. Down to —190°C

the saturation polarization was still increasing.

3) The saturation field strengths are much greater than in Rochelle

salt. A crystal containing 45 mole percent Rochelle salt in the aimuonium
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mixed series haa a saturation field of about 10,000 volts/cm as compared to

loss than 200 for pure Rochefle salt.

4) The saturation polarization measured was several times greater

than In Rochefle salt. The crystal in (3) gave about 3000 ecu as compared

to a nia~d.mum of about 740 in Rochefle salt.

As Figure 5 suggests , it may be that the pure NH4, Tl, and Rb salts

are ferroe lectr ic at very low temper~tu,res. An investigation with this in

mind was started recently by F. Jona and R. Pepinsky at the Pennsylvania

State College.

Dielectric constant vs. temperature curves for the most recently

discovered ferroelectric tartrates, LiNH
4
C4H4O6.H2

0 and LIT1C4H4O6.H20,

are shown in Figure 6 (Matthias and Hula, 1951). A somewhat surprising

result with these crystal s is that the NH4 salt is ferroelectric in the b

direction while the Ti salt is ferroelectric along a. In both cases the

spontaneous polarization is nearly the seine as the maximum value in Rochelle

salt, a factor which distinguishes them from the other low temperature

ferroelectric tartrates. There are other points of interest. One is that

the low dielectric constant of L1NH4C4H4O6.H20 clearly contradicts the ideas

held for some time that high dielectric constants are always to be found in

ferroelectric crystals. Another is the absence of a peak in the dielectric

constant at the Curie point in the case of LiT1C4H4O6.H20. Matthias and

Hula conclude on the basis of this and a similar result with I~ a03 (Hula,

Matthias, and Long, 1950) that dielectric constant peaks do not occur neat’

the absolute zero. The independent study of LiNH4C4H4O6.H20 by Merz (1951)

agrees with the work of Matthlas and Hula. Merz also found that the

C) dielectric constants along the two non—ferroelectric axes remain essentially
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constant in the transition. Merz also reported ferroelectri c activity in

LiRtC4H4O6.H20, but this subsequently proved to be in error . The very low

temperature behavior of both LiTlC4H406~H20 and I~raO3 remains to be confirmed.

1Qi2P04 Type Ferroelectrics

The ferroelectri c dih~ irogen phosphates and arsenatea all have

Curie points well below room temperature. The case of KH2PO4 is shown

in Figures 7 and 8. This crystal polarizes spontaneously parallel to the

tetragona]. c—axis at l22°K. Extended measurements to very low temperatures

show no evidence for a lower Curie point .* More significant differences

with Rochefle salt can be seen in Figures 7 and 8. The most strild.ng is

the large shift in the Curie point (about 900) effected by replacing H by

D (Bantle , 1942). Also, the dielectric constant E a shows a marked change

in the transition, in contrast to normal dielectric behavior for the non—

ferroelectric directions in Rochelle salt. In addition, the ma~iim~n

polarization is about ]4,000 e.s,u. as compared to 740 e.s.u. for Rochelle

salt. Another difference appears in Figure 9, where it is seen that

KH2PO4 has a )i —type anomaly in the specific heat (Bantle, 1942; Stephenson

and Hooley, 1944). Very small to no anomalies have been reported for

I’ Rochelle salt (Rusterholz , 1935; Kobeko and Nelidon, 1932; Wilson, 1938).

Figures 10 and U show that the Curie points of the ferroeleotric

• dihydrogen phosphates and arsenates are related in a more or less predictable

way to the crystal chemistry of the series: the larger the alkali cations

relative to the X04 groups , the higher the Curie points. Since complete

—— H
*

A drop in E. and disappearance of hysteresis loops at about 60°K

4 ~ seemed at firs~ to indicate a lower Curie point . Dielectric behavior be—
low this temperature has since been attributed to freezing—In of the
domains with consequent large values of the coercive field.
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-ry-:tallo~raphic data on the series is lacking, it was necessary to

assume in Figure U that the (p ,o) and (L4 s,O) ~L~1~~.UCt~5 for KH 2PO4 (West ,

1930) and I~I~AsO4 (He]inholz and Levine, 1942) held throughout. Accurate

values of these distances for the individual crystals, and perhaps more

accurate Curie point measurements, might smooth out the kinks in the curves.

It might be mentioned also that the dielectric constants seem to vary in a

regular way in the series: the larger the alkali cations relative to the

X04 groups, the smaller the dielectric constants.

Ammonium dihydrogen phosphate and arsenate are interesting ex-

ceptions to the behavior of other members of the series. They crystallize

with the seine tetragonal symmetry as the others; their dielectric constants

increase as they are cooled from room temperature; they have transitions

at low temperature with specific heat anomalies very similar to those of

the potassium salts (Stephenson end Hooley, 1944; Stephenson ai:’~ Zettlenioyer,

194.4 (a) and (b); Stephenson and Adams, 1944); but neither salt becomes

ferroelectric. Figure 12 shows the temperature variation of E of

NH4H2PO4. The behavior of is practically the same except that its

~ I maximum value is only about a fourth of that for ~ . Accurate measure-

ments below the transition in both the phosphate and arsenate are hampered

by shattering of the crystals in the transitions.

Various mixed crystal studies have been made so as to throw more

light on the nature of these transitions. The first of these was with

• (NH4, Tl)R 2P04 (Matthias, Merz, and Scherrer, 1947). It was found that

up to about 25% Ti the transition was depressed to lower temperatures.

Higher percentages began to bring the transition up again untli a limiting

percentage of about 35% Ti was reached , above which only monodlinic crystals

-~~~~_
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• are obtained. It was not possible to obtain a ferroelectric phase. An

(NH 4, ~)Ix2PO4 study showed that the addition of K at first depressed the

transition temperature without altering the nature of the transition, but

that higher percentages ushered in a ferroelectric phase with Curie points

lower than pure KH2PO4 (Nitta, Kiriyama, and Haisa, 1951). A subsequent
• - study on (NH4, Rb)112P04 yielded similar results (Keeling and Peplnslcy, 1952).

With the case of KD2PO4 in mind, Matthias (1952) studied ND
4D2

PO4,
and found that here too the transition temperature was shifted to higher

temperature by about 900 (from l48°K to 242°K). A similar result was recently

obtained with ND4D 2AsO4 (Frazer , to be published). The case of the arsenate

is a particularly interesting one. It will be recalled from Figure 10 that

substitution of As for P in the ferroelectric phosphates decreased the

transition temperature in every case, the decreases being 25
0
, 350~ and 160

for K, Rb, and Cs respectively. The substitution of As for P in NR4H2PO4
incr~eases the transition temperature, and by about 70°. Substitution of D

for H to obtain ND4D 2AsO4 results in shifting the transition to 31°C. Thus

the shattering or cracking which has usually interf3red with investigations

below the transitions of the aiiunonium salts can be avoided, since ND4D~&s04
crystals can be grown at room temperature directly in the orthorhombic phase.

As will be discussed at more length later, it is now thought that

the aimnonii.nn salts are anti—ferroelectric.

O~ rgen Octahedra Types of Ferroelectrics

Barium titanate crystallizes in hexagonal and pseudo—cubic modi—

fications. Only the pseudo—cubic form is ferroelectric. Thi s crys tal goes

through a series of transitions, as can be seen in Figures 13 and 14 (i’ierz, 

~~• •~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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1949 a and b). In the paraelectric phase above 120°C the symmetry is that

of an ideal cubic perovskite structure, (see Figure 16). The successive

phases at lower temperatures are all ferroelectric, but the polarization

direction changes in each transition. Between 120°C and —5°C the crystal

is tegragonal and polari zed parallel to one of the original cube axes (the

tetragonal c—axis); between —5°C and —90°C it is orthorhombie and polarized

along one of the cube face diagonals; and below —90°C the structure becomes

trigonal with polarization parallel to the cube body diagonal. The relation

of each of these forms to the original cube can be visualized by imagining

a stretching of the cube in the polar directions (cf. Kay and Vousden, 1949).

A Curie—Weiss law is obeyed in the paraelectric phase. A somewhat

unexpected result below the Curie point is that the dielectric constant in

the ferroelectric c—axial direction is quite a bit lower than that parallel

to the a—axis.

A small specific heat anomaly has been observed at the Curie point

for BaTIO3 by a number of investigators (Wu.1, 1946; Harwood, Popper and

Rushman, 1947; Blattner, K~nzig, and Merz, 1949; Shirane and Takeda, 1952;

Volger, 1952; Todd and Lorenson, 1952). Results of one of these studies

(Blattner et al) are shown in Figure 15.

As shown in Figure 17, hydrostatic pressure produces a practi-

cally linear drop in the Curie point of BaTiO3 (Merz , 1950). It is in—

teresting here that in the mixed crystal series (Ba, Sr)Ti03 a linear

decrease of Curie point with lattice constant has been found (Rushman and

Strivens, 1946). Pure Si1~iO3 itself is not ferroelectric.

On the basis of high dielectric constants in other compounds in—

volving titanium and oxygen, rutile for example, Matthias concluded that
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• titanium and its surrounding oxygen octahedron played the important role in

L BaTiO3. The fact that various other perovskite titanates, such as CaTiO3
and SrTi03, did not become ferroelectric was to be attributed to the

necessity of a critical size of the octahedron. He then turned to other

compounds involving octahedra with central ions of electronic conf iguration

— similar to titanium. As mentioned earlier, his first discoveries were also

in psoudo—perov~kite structures: KNbO3, NaNbO3, ~TaO3, and NaTaO3. KNbO3
was found to haveA behavior similar to BaT i03 with a cubic—tetragonal transi-

tion at 430°C and a tetragonal—orthorhombi c ~r~i i ~iur~ ~~ 220°C. A third

transition, which is probably orthorhombic—trigonal , has since been found

at —20°C (Pepinsky, Thakur, and McCarty, 1952 ). NaN bO3 was reported to have

a cubic—tetragonal transition at 480°C and a tetragonal—orthorhombic transi—

tion at 370°C. Curie points of 475°C and 13.2°K were reported for NaTaO3
and I~ aO3 respectively. Question has arisen recently in the case of NaNbO3
(of. Vousden, 1952; Pepinsky, 1952; Megaw, 1952). Shirane and Pepinsky

have clearly shown that pure NaNbO3 has only one transition point above 0°C ,

and that the structure is anti—ferroelectric below the transition point.

Several other pseudo—perovskite ferroelectrics have been found :

PiiTiO3 (Shirane, Hoshino, and Suzuki, 1950), RbraO3 (Smolenald.i and

Kozhevnikova, Kozhevnikova , 1951), and a number of mixed crystals. An

Interesting case among the mixed crystal studies was that of (Ba , Pb)Zr03.

Neither of the pure components is ferroelectric, but ferroelectric mixtures

can be formed (Shirane, 1952).

It was mentioned earlier that PbZrO3 is anti—ferroelectric. A

peak in the dielectric constant is found at the transition point (about

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ::• •
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observed. At sufficiently high field strengths, however, strange hysteresis

effects were noted (see Figure 18). These were interpreted to mean that

tw~ structures, one ferroelectric and one anti—ferroelectric, had nearly

the same energy, and that a high field could induce the ferroelectric

t structure (Shirane, Sawaguchi, and Takagi , 1951). It was also found that

PbZrO3 showed a more pronounced specific heat anomaly then BaTiO3 (about

450 cal/mole as compared to about 50 cal/mole) (sawa guchi , Shirane , and

Takagi, 1951).

Following success with the discovery of additional pseudo—perovskite

ferroelect rics , Matthias set out to find ferroelectricity In other structures

involving oxygen octahedra. This resulted in reports of ferroelectric

activity in LiNbo3 and LiTaO3 in the i].menit~ system (Matthias and Remeika,

1949), and of W03 with a distorted Re03 
structure (Matthias, 1949; ilatthias

and Wood, 1951). The lithium compounds were reported to have perfectly

rectangular hysteresis loops. No Curie points were observed, and an absence

of domains was reported. It appears that W03 is anti—ferroelectric between

—50°C and about 7400C, and ferroelectric below —50°C. The Re03 structure

is related closely to the perovskite, being obtained by removing the corner

atoms in Figure 16. There are conflicting reports on the distortion of

this structure in W03. H. Br~kken (1931) reports a triciriic structure at

room temperature, but Ueda and Ichinokawa (1951) report the crystal to be

• orthorhombic. The latter authors agree with Kehl, Hay, and Wahi (1951)

that the high temperature modification is tetragon al .

The discovery of ferroelectricity in Cd2Nb2O7 will undoubtedly

lead to several new ferroelectrics. In reporting this crystal Cook and

Jaffe (1952) also gave some data on a related crystal, Pb2Nb207. Their
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observations were limited to temperatures above ~1960C, which was sufficiently

low to establish the Cd2Nb2O7 Curie point of —103°C, but not low enough to

reach a transi ion which app eared to be developing in the case of Pb2Nb2O7.

•The~ ~~~~~~~~~ ~~~~~~ o o ~e q i~t~

In this section some brief ittention will be given to current

views on the origin of ferroelectricity in the various crystals discussed

above. This is riot intended as a review of theoretical work in the field,

but i~ rneant only to point out something of the structural nature of ferro—

electricity. A ferroelectric crystal always undergoes a transition in

crystal structure at the Curie point. A correlation of structural changes

with changes in dielectri c properties is obviously of fundamental importance

to any complete theory. Considerable progress has been made in this direction

in the cases of I~i2P04 and BaTiO3. When KH2PO4 has been treated thoroughly,

all of the ferroelectric dihydrogen phosphates and arsenates will of course

be understood, and considerable insight into the ainmonium salts will result

as well, Success with BaT iO3 should open the way to the more complicated

oxygen octahedra types. This leaves only the tartrates in which inadequate

understanding remains; and here the least progress has been made.

An understanding of ferroelectricity in the tartrates has been

severely hampered by lack of sufficient structural information. These

crystals have rather complex structures in the first place, and then the

only two structure analyses in this group leave some important questions

unanswered. In both cases the hydrogen positions were not determined. This

• is not unusual by any means in X—ray analysis, but it is rather important

here since the only structural theory seriously considered today attaches
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• almost exclusive importance to certain of the hydrogens. In the case of the

lithium anmonium tartrate monohydrate structure (Vernon and Pepinsky, 1952),

• I the Li positions were not determined either. All of the atomic positions

(other than hydrogen) were reported for Rochelle salt (Beevers and Hughes,

194].), but even here one cannot proceed with complete confidence. The

structure factor agreement was rather poor. This may mean that the visual

intensity estimates were inaccurate, in which case the accuracy of positions

• is questionable; or it may mean that the positions chosen are not those for

the best fit, again indicating inaccuracy; or it may mean that a certain

assumption in the analysis was not warranted. Beevers and Hughes worked

out the structure in the monoclinic ferroelectric phase on the assumption

that the only departure from the orthorhombic sy~mie try (above the Curie

point) ~ias in the hydrogen positions, which they did not expect to observe

any~zay. Hence any deviations by other atoms from the orthorhombic sy ietry

would be obscured by the fact that no deviations were allowable in their

calculations.

The theory which has developed from the Rochelle salt structure

attaches primary importance to a short hydrogen bond which is part of a

hydrogen bond chain that zig—zags along the ferroelectric a—direction

(Ubbe lohde and Woodward, 1946; Mason, 1950). The chain presumably serves

to transmit effects originating in the short bends. Some success has been

achieved in this approach, but evidence supporting this theory is not

• nearly on such sure ground as the structural theories in the other ferro—

electric types. The small shifts in Curie points by deuteration certainly

do not provide the striking evidence for importance of hydrogen bonds that

t —
) occurs with In fact , one may argue on completely different grounds

IL~~~ _ _ _
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that the observed shifts are due to the small changes in lattice constants.

T1~ t Rochelle salt is extremely sensitive in this respect is amply supported

• b~ Uie results frozu isoxnorphous mixtures and the behavior under hydrostatic

pressure. Also, assumptions concerning a “critical” hydrogen bond length

are certainly on rather shaky ground when one considers the questionable

accuracy with which this bond length is 1~iown in Rochelle salt. In addition,

there is no positive assurance that other atomic shifts are not involved.

In fact, there is some indication from Beevers and Hughes’ electron density

projection on (001) that a displacement of one of the K sets may occur in

the a—direction. These peaks are slightly elongated in that direction about

their syimuetry~-fixed positions on the orthorhombic 2—fold c—a~d.s. This

symmetry is destroyed in the ferroe].eotric transition, as it must be for

polarity along the a—aids. Just such an elongation would result from the

improper inclusion of the 2—fold symme try if slight deviations were actually

present.

It seems clear that understanding of the ferroelectric properties

of Rochelle salt must await better structural information. A coordinated

• X-ray and neutron study would be very helpful, and has been undertaken by

the Penni;ylvania State College workers , utilizing neutron—diffraction

facilities of Brookhaven National Laboratories for determination of B or D

positions and alterations of these at the transition points.

As already mentioned, the case of KH2P04 is in much better shape.

The structure is much simpler than that of Rochelle salt, and is loiown

qu~t -  ccur~tely in the tetragona]. phas~ (We’~t , 1930). It consists of a

hydrogen—bonded three—dimensional network of PC4 tetrahedra apacod on 4

• symmetry axes by K ions at distances o/2 above and below each tetrahedron
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(thinldng of the c—axis as vertical). This is shown schematically in Figure

20. The P positions are not shown, but their locations at the centers of

the tetrahedron are obvious. The dotted lines represent the hydrogen bonds.

- 
- 

It is to be noted that the hydrogen bonds always join an “upper” oxygen of

one tetrahedron to a “lower” oxygen of an adjacent tetrahedron.

Slater developed a statistical theory for ferroelectricity in

• KH2PO4 (1941). According to this theory an ordering of H’ s takes place in

such a way that in one domain H’ s are associated more closely with only the

te~cpE~rII oxygens of all the P04 groups, and in another domain only with the

Itlowern oxygens. H2P04 dipoles, with orientations parallel or anti—parallel

to the c—axis, are then presumed to account for the spontaneous polarization.

The results obtained with ~~2F’04 strongly supported the importance of the

• hydrogen bonds.

An objection to Slater’s theory is that the hydrogen bonds are

nearly perpendicular to the polar direction, and could not of themselves

account for charge displacement along the c—axis. What is further required

in Slater’ s model is that the hydrogen ordering causes other ionic dis-

placements along the c—axis. Such displacements are permitted by the change

of syimnotry in the transition (from tetragona) 142d to orthorbombic Fdd),

and have indeed, been found in a recent X—ray study (Fra zer and Pepineky,

1953). It is not clear yet as to what “triggers” the transition. One

possibili ty lies with the hydrogens, as in the Slater theory; but an

alternative picture is the following. As the crystal is cooled , the hydrogen

• bonds begin to contract. This destroys the equidistance of K,0 bonds for

• the eight oxygoris about each K. This causes a preferred vibration parallel

( J to the c—axis, (observed in electron density maps just above the transition 

~~~~~~~~~~~~~~~~~~~~
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point), which in turn induces a similar preferred vibration in the P04 groups.

Finally a critical temperature is reached, the Curie point, at which the Kt s

ttlock in” to positions displaced along c from their previous centers of

• oscillation. The displaced K’s then exert a polarizing influence on the

P04 groups 
and act electrostatically to order the hydrogens.

The above study did not result in actually following the hydrogen

positions. The other experimental evidence was in accord with the S].ater

scheme for hydrogen ordering. Future verification of the structural role of

the bydrogens is a problem for neutron diffraction.

A logical answer to the different behavior of the ammonium salts

has developed recently. In applying a modification of the Slater theory

to NH4H2PO4, Nagainiya (1951) found that dipole orientations in the a—directions

had lower ener~~ than the c—axis orientation. Examination of Figure 20 shows
to c.

that hydrogen ordering in accord with orientations perpendicul~~~~~~not be

made in any reasonable way so as to produce a net polarization. A logical

arrangem ent can be found, however, for a parallel and anti—parallel array,

that is for an anti—ferroelectric structure. This offers a very reasonable

explanation for the observed dielectric behavior, and some recent optical

and X—ray studies lend further support (Frazer, Keeling and Pepinsky, 1952;

Wood, Merz, and Matthias, 1952; Mason and Matthias, 1952). Further work is

necessary for complete confirmation.

The ideal perovakite structure of BaTiO3 
above its Curie point

was shown earlier in Figure 16. It will be recalled that at the Curie

point thu structure changes from cubic to tetragonal. The tetragonal space

group ( P4mm ) permits displacements of all of the atoms in the c—direction

(from their symmetry—fixed positions in cubic Pfli~m) .  Of the several X—ray
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studies made on BaTiO3 the most significant was that of Evan s (1952). This

was a very carefully executed investigation, which promised accurate in-

formation on structural changes in its early stages , but finally came to

• disappointing conclusions. Despite extremely good agreement between calcu-

lated and observed structure factors, it was not possible uniquely to

determine atomic displacements. This was a result of analytical interaction

of the displacement parameters with temperature correction parameters.

Evans points out that neutron diffraction should be capable of solving the

problem because of the difference in relative magnitudes of the scattering

factors in comparison to the X—ray case, and because these factors do not

damp out at high Bragg angles.

Actually, the work of Evans does have some positive value . The

results tabulated for his best agreement of calculated and observed data

can provide a good idea of what can be expected in the transition. Thi s

is not only of value for someone who tries to clear up the problem with

neutrons , but also provides a good basis for further theoretical work.

The old ideas that only the Ti was displaced in the transition had already

given a good start to theoretical analysis. Following up some earlier

work of Devonshire (1949), Slater worked out the Lorentz correction in

detail for use in the Clausius—Mosotti formula (Slater, 1950). The BaTiO3

crystal structure was taken into account by using calculations by MoKeehan

(1933; 1947) and Luttinger and Tisza (1946; 1947).

The ideas of Matthias were sketched in an earlier section. From

his viewpoints on the importance of the oxygen octahedra and the electronic

configuration of Ti , he was able to predict several new ferroelectrics —

aided perhaps by earlier reports on the high dielectric constants of these
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• compounds . It should be mentioned here that an electronic theory of ferro—

electricity in BaTiO3 has appeared recently (Jaynes, 1952), but the present

writer has not had an opportunity to look over this work .

nc]i ng~Re~~~ks.

In trying to keep the length of the discussion within bounds it

was necessary to leave out a considerable amount of material . Recent reviews

of ferroelectricity have been written by Matt hias (1951) and by Baumgartner,

Jona, and K~inzig (1950). A review of work on BaTiO3 has been written by

von Hippel (1950), and some thought— provo king ideas on this crystal are

presented in a later paper by Megaw (1952). Mason presents his own theories

of ferroelectricity in his recent hook (1950). Rochelle salt is discussed

extensively with regard to Muellers’ phenomenological interaction theory

and the rotating dipole theories of Kur chatov and Fowler in Cady’ a book

(1946).

(
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REPORTS OF THE AC ADENY OF SC~~ NCE U.S.S.R.

1950 . Vol LXXVI , N°4.

PHYSICS

G. A. Smolensicy and N. V. Kojevnikoff

THE PROBLEM OF THE OCCURRENC E OF S!IGN~ rTE-ELECTRICITY

(Presented by Academician A. F. Joffe, Dec. 6, 1950)

Experiments in the last few years have proved that some crystals

of the perovskite—type structure become seignette—electric . The first

seignette—electric of that type (BaTiO 3) was discove red by B. M. Wool

and I. M. Goldman(fl(2)(3). One of the authors of this article suggested that

V the seignette—electric propertie s are inherent in othe r compound s having

a perovskite—type structure~~~. Actually, detailed experiments of the

electric propertie s of titanium, st arinou s and zirconium divalent metal

salt s, In 1948 , resulted in the discovery of the new seignette—electrics :

PtfI’i03
, CdTiO 3, S~’IiO3

, PbZrO
3

.

By the end of last year it had been determined that NaTaO3,

t KTaO3, W03 , LiTaO
3

, and LINbO
3 

are seignette _eiectrics (6 ( ’7)( 8).

On the basis of present experimental data one can now predict

to a certain extent the possible occurrence of spontaneous polarization



2~

• in crystals. The experiments show that the seignette.-electrics are

crystals in which the -~~ y~~~ri octahedra are arranged in a specific way,

and are fully or partly filled with cations arising from atoms with en

unfilled penultimate shell , and having an electronic structure of the

noble gas type , a high cha rge , and a smaU ionic radius. In this

~~~e~ ory the selgnette—electric s containing ions of -~ r~~ -~n are not

t aken into consideration.

The spontaneous polarizatIon in the seigne tte— electr l c s

determined by the ~ip’~-le ;i-~ nen~~ of the elem~ntary e-~ li~ -
~~
‘ the crystal ,

which ~1pcle s form as a re sult of dis~1 oa-~ier~t from the octahedra centers

of cetions enc1~ sed in the oct. ~~~~ • These ~~tic~~ ~ sh~-~ l hei~ e—

forth name central c~ t~ ons. The higher the charge , arid the lower the

ionic radius of the ~~~~~~ ~~c-ns , other cc~n~ itIor.s ‘~~~g un—

~~~~~~~ the large r w~1l he th~ dipole moment of the elementary cell.

In Seignette Salt, 1~ 2PO4, and 1~ 2AsO4, the s?ontaneous

polarization is determined by the displacement of the hydrogen ion s —

which have , because of their small volume , the coordination number two.

The hydrogen ion differs somewhat from the rest of the central ions of

seignette—electr ics. It does not have any electronic shell , but con-

tains a high density of charge q/v (q = charge of the ion , v = its volun~~).

As essential factor is the mutual disposit ion of oxygen

octahedra , which define the magn itude of the inner field of seignette—

electr ica. It is known that  the octahedra in crystals can be connected

through their vertices, faces, or edges. The most favorable structure

• 

-
~ for the formation of seignett e—electr icity is the perovskite type, in 

-



3.

which the octahedra are connected through their ver tices. G. I. Shanavi (8)

was the first to indicate that the disposition of ions in the perovskite-

type structure leads to the formation of a large internal field. If the

octahedra have corm~on edge s , the coefficient of the internal field

diminishes; the d iminution is greater when faces are shared .

One must not forget that the d imension of the oxyge n octahe d ron

plays a substantial role , In structures of the perovskite type , ions

with sufficiently large radius have a coord ination number 12 , and can

separate the oxygen ions and thus increase the octahedra size.

In Table I are assembled cations with the structure of the noble

gas atom , and the hydrogen ion. Their radiu s for the coordinative number

six is also indicated. The ions that arise from atoms with unfilled

penultimate shells are encircled by the frame.

In Table I the central ions v6~, Cr~~, Mo~~, ?fn’~~, Tc7~, and
Re7+ have small radii arid large charges. Consequently one can presume

that if these ions appear within oxygen octahedra in crystals , such

crystals probably possess seignette—electric properties.

In these conclusions the authors have not taken into considera-

tion the effects of change s in homopolar cheracter of bonds within the

crystal, in the case of those ions with lesser rad iu s -— a fact which

could substantially change the expected result.

In Table II are indicate d known seignette—electrics , as well

as addi tional compounds in which at certain temperatures one could

expect the occurence of seignette-electricity. The authors have stud ied

only TbTaO3 
and MoO

3 
experimentally . The properties of other compound s

- - - - • • — --.- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — —-
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listed have not been measured by them.

To reveal seignette-electric nature and determine Curie—point

temperatures, one must establish the temperature coefficient of the rmal

expansion , syimnetry, and axial lengths of the lattice (Table II) for the

crystals under consideration. On the basis of experimental data one can

come to the conc lusion that RbTaO3 and possibly MoO
3 
will show seignette-

electricity.* Their Curie temperatures (very clo sely) are presented

in Table II.

The Curie—point temperature of KTaO3 must lie in a lower region

than that for RbTaO3, in contradiction with the data of Matthias(7).

NaTaO 3 in all likelihood is not seignette—electric. If copper, silver,

and gold tantalates crystallize in structure s of the perov akite type ,

they should possess seignette —electr ic properties.

An analogous discussion can be advanced about niobates of the

univalent metals.

The structures of WO3 
and Cr0

3 
represent a slightly deformed

Re0
3 

structure, which in turn is a modified perovskite structure ABO3
with the ions A removed. MoO~ crystallizes in the anatase structure,

in which each third face along the tetragonal axis of the densely packed

octahedra is not filled ; as a result, a laye r structure appears . In

molybdenum trioxide the octahedra have cossnon edges and two cor~mion

vertices.

*For a final determination of seigriette—electric prope rties of MoO
3 

one

-‘ 

should study the temperature dependence of the lattice parameter. 

~~~~~- •~~~~~~- - - • - - • - - -~~~~~-— _ _
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The tetragonal modifications of FeNb2O6 and FeTa2O6 
crystallize

• in a rutile structure, in which the octahedra also have two common edges.

The formation of spontaneous polarization of such compounds may be hampered

by the fact that the octahedra contain not only the ions or Ta5’

but also other ions (Fe2+). This replacement occurs to a greater extent

in Li2TiO 3.

In the ilmenite structure appear the seignette—electrics LINbO3

and LiTaO3, as discovered by Matthias. In this case the octahe dra have

three common edges and one common face.

In conclusion one should note that seignette—electrics should

be sought not only among crystals in which oxygen serves as the anion,

but also among compounds with other anions.

t• .
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Table I

-~~~

Group

- ~~ r~ .L~~ f 
iv V J VI

Period Valence

+1 +2 +3 +4 +5 +6 +7

— —  ________ _______—.------- 1
_

1 (H)

Li Be B2 0.78 0.31 0.20

3 0.98 Ot~6 
________ 

Ti 
— 

V Cr
1.33 1.06 0.83 O.~~ 0.4 O.3~~~O.4 0.46

Rb Sr Y Zr Nb 
- 

Mo Te

_________ _________ - 

1.27~~~ 1.06 0.77 0.69 0.63 0.56

Cs Ba La Hf Ta 
- 

W Re
6 1.65 1.43 1

~
22

1 
0.84 0.68 0.62 -

Fr Ra Ac Th Pa • U
1.52 __________________

Lentharjjte (+3)

Ce I Pr Nd Pm Sm EuJ Gd Tb Dy Ho Er Tu Yb
1.18 I 1.16 1.15 1.13 1.13 1.11 1.10 [ ~~O5 1.05 1.04 1.04 1.00

0.99
-x 
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• Table II

Parameter
Formulae Type of structure of the lattice Cur4e ~~~(T 2O 25°C) in °K

in

S~’rio3 Perovskite (cubic lattice) a 3.397 ~~~~~~

BaTiO3 Perovakite (tetragonal lattice; a = 3.9860 393(1)
c/a = 1.0100) c 4.0259

Cd T iO3 Pero vskite (lattice with mono- a = 0 = 3.784
clinic-dislocated axis) b = 3.800 50~~’~~

HgTiO3 Supposed perovskite type
structure

PbTiO3 
Perovakite (tetragonal lattice; a = 3.896 78O~~’~

)
0/a = 1.0635) c = 4.144

PbZrO, Perovskite (tetragonal lattice; a = 4.150
c/a = 0.988) c = 4.100 5lO~~ ’~~

NaTaO3 Perovskite (slig htly deformed a = 3.88* 748(6) ?
cubic lattice)

KTaO 3 Perovskite (cubic lattice) a = 3~99*

RbTaO3 Perovakite (tetr agona l lattice; a 3.92~~
c/a = 1.06) c = 4.51 520

CuT aO 3 Supposed perovsk ite type
• AgTaO3 structure

AnT a03

NaNbO 3 Perovakite (slight deformed a = 3.90* 698(6)’
~

cubic lattice).

~~ata by P. Z. Tand our

~~

ata by V. G. Prokhvotiloff

_ _ _ _  

j
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Table II, continued

• Parameter
Formulae Type of structure of the lattice

(T = 20 - 25°C) Curie temp
-• m t  in °K

KNbO3 Perovskite (cubic lattice) a = 4.015* 598(6)’!
RbNbO3

CuNbO3 Supposed perovskite type
AgNb03 structure
AuNbO3
Cr0 Re03 (deformed lattice; a = 8.46

a : b : c = 1.774 : 1 z 1 1.196) b = 4.77
o = 5.70

W03 Re03 (slightly deformed lattice; a = 7.28 (6)
a z b : c 0.978: 1 : 0.510) b = 7.48 not determined

o = 3.82

MoO
3 

Anatase-type structure • a 3.90
Along the tetragonal axis b 13.94 800
each third octahedron is c = 3.66
not filled . (Octahedra are
in a close-packed cubic
array.) MoO~ therefore hasa layer strudture .

FeTaO~~~ Rut lie

FeNb2O6 Rutile

LITaO3 I].menite not dete rmined

LiNbO3 Ilmenite

LI2T 103 NaC1 a = 4.10

The formation of analogous structure is possible by substituting
for the Fe~

2ion a divalent ion of approximately the same radius (Mg 2’, Cc2~ , Ni2~ ,
and others).

- - -“- - --- ~~-•.-- -- •~~~~--~~~~~~~~~~_ _ _ _ _ _ _
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PHYSICS

G. A. Smolensky, !-~. A. Karamyshoff and K. N. Rozgachoff

F~~R0ELECTRIC BEH WIOR CF SOME SOLID SOLUTIONS

• (Presented by the academicion A. F. Joffe 7 V 1951)

• The sign of volume electrostriction (Xv ) of ferroelectrics can be

determined by the temperature dependence of its linear therma l expanai~ r�

coefficient: if the curve showing the temperature dependence of the linear

expansion coefficient of ferroelectr ics has a minimum at the Curie point , then

the electrostrict ion is po sit ive ; if it has a maximum , the e 1ectrostricti-~n is

ne~~tive.

a

4io 

____

3 O—O—-c —o---—c
N “~~~~ 

- 5 
_ _  _ _  _ _  _ _  _ _

-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~_  
0 

_  _  _-

—160 —~ 1.0 —:20 -‘ 00 2 I 4 6 8 100 1 0°C

Fig.1. The temperature dependence of the li~enr exr ’nnsion coefficient of some
solid solutions BaTiO

3 
— BaZrO3. 1— BaTiO 3 BaZr0~~ 95/5 , 2—80/20 ,

3-60/40 (in mol. %) 

- - - ~~ • •~~~~~~~~~~~ •~~~~ _ _________ •. .  — ____



For example, ferroelecticity with a positive electrostriction can be :‘o-:nd

in PbTiO3, and ferroelectr~cit~- Lth a ne~’-tiv e electrostriction in PbZrO2

(that was estahlished by ~.A. Sm - lensky in 1949). It should be noticed that

• the axial r.r~t io c ‘a of the first one is i—rger than unity , and , of the second c

one i~ smaller than unity.

The study of the temperature derendence of the linear expansion

coeffic ient of solid solutL-ns, BaTiO
3 

— BaZrO 3 and BaTiO 3 —B aSnO 3 his sh’~wn

that the electrostriction decreases with increasing concentration of BaZrO3 - •

and BaSnC3 -it the ~-in~ ing, then goes thr~ igh zero and becomes nega+ lve (see Fig. 1). -
~~~

From this, it follows that the axial ratio c/a in the ferroelectric region in -
~~~

solid solutions with small concentrations of BaZrO
3 
(EaSnO

3
) must be more than

unity. Upon further increase of BaZrO3 (BaSnO 3
) ,  the axial ratio must equal unity ,

but later become s smaller than unity.

In addition to the examination of the temperr~ture denendence of the • -

expansion coefficient other properties of these solid solutions were studied. •

Some of the results of these measurements are shown in Table 1 and in F ir . 2 and 3o

Table 1

• Composition Sigh of Spontaneous Induced Coercive
in mol.% electra— polariza— 

6 
polari’a— forc~ ~t

striction tion F~~10 tion at T/O~O.8
—_______ vo)ume cou1/cm~ Curie poin t ky/cm

with E=17 ~~/cm
BaTiO.~ BaZrO , F x in6 coui/cm2

• 1

100 0 > 0 12,7 6,5 3,56

85 15 > 0  — 6 ,9 7 ,0 1,64 
-

•

80 20 —‘0 .—~~,3 9,4 2,00 ( ? )

75 25 <0 —5,8 7,2 2,34
a - .

The stud y was performed on polycrys t a l l ine  samples with the

poros~ ty no t •~cre than 0.5~~, accord ing to the ord inary ceramic technique.

~

—

~
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The examin-ltinn of t h e  res~ito obtained ~-y the study permits the

following dec1uction. B’rium zircornte ‘ d  ~ - r ium ano te ~ire no t by them-

selves ferroelectric. However in solid solutions ~~~ BaTiO3 
— BaZrO

3 
(BaSnO -j

with certain concentrations of D~TiO3 and - t to~per-Itures T<~~, the ZrL+(Sn4+)ions

• align in one direction si’-iul’-’-ly to the Ti~~icns.

4+ 4+
The electrastriottc n c u:ed b:- to ~is~l-~ c~ t of Ti ions m d  Zr

(or Sn4+) ions, shows opposit2 sigo~: -‘ r~ i~ectivel:, Therefcre , - p~ n ~u 1~ i~ ient

concentration of Zr4~ or Sn
4 n~ , the electrost~ iotion and , conme~;ucotiy, the

def~rm”tion , equal zero0 The crystal 3t-iys  in cubic form ~lso in V ‘~rrc-c1ectric

region. The test has shown that uPon further incre-ise of the content -
~~~~

or Sn4+ions the striation changes the oigo ‘nc1 the crystal becomes t~tr’gonal

with the axial r~tio c/a 1.

_ _ _ _  _ _ _ _  
i~c~o _ _ _ _  _ _ _ _  _ _ _ _

____  ____  

4 
____  ____  _____ _ _  ~ ooo _ _

__  

7
~5 I Z

_

—150 —100 --50 0 50 100 150°C

Fig. 2 Temperature dependance ~-f c~lec t~’ic solid soiu t ior F-- TiC ~ - r~~~rC in
weak fields (E = 1 in/nr~) with frequenm~’ 1000 cycie~/sec. 1—-F~TiC ~~~~ r0~=~ 0D0 ,
2—— 90/10, 3——8 5/l 5 4--~ n ’2o , 5--~’5/25 . (~._ ~~~13f l , 7--mfl/40 ( In  inol. ~) 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —• -  • -- ~ • -- ~~~~~~~~ - -—~~~~~~~~~~~~~~~~~~~~~~~ ---~~~----~~-



The elastic tension in the crystal as well as the ferroelectric

tension hinders the displacement of the tetravalent
1
Lons from the equilibrium

position. Therefore, in the absence of electrostriction, the rlielectric constant

qnd the induced polarization of ferroelectrics should attain importance. One should

keep in mind that in this c~’se the electrostriction , which could be caused by

spontaneous aoliri’~ation as well as by application of the external field , is

equal to zero. These ferroelectrics must have an extremely narrow hysteresis

loop, which means a small coercive force. The dielectric constant in depend-

ence on the fiend intensity must go thr~-ug}- the maximum at small intensity. Such

solid solutions become “soft—ferroelectr ics” . Ferroelectrics with a zer o

electrostriction become , to a certain ext~ent , the electr ics correspond ing to

perinalloy.

It is very interesting to see that already po 1ari~’ed solid solutions

with Xv = 0 do not become piezoelectrics, in spite of the fact that these

crystals have fe’-roelectric behavior. The point is that piezoeffect like

electrostriction compensates in these prystals. It is evident that ferroelectrics

with d ifferent signs of electrostriction have different pie’oelect—ic coefficient

signs. *

The same rules must be observed with solid solutions, the

components of which become ferroelectrics with different signs of electrostriction ,

as e.g.

P1~~i03 
- PbTiO

3
, BaTiO 3 - PbZrO 3, SrTiO3 - PbZrO3

and some others.

* In this case one does not consider the phenomenon of dio’-’l’cernent.

-- ~~~ -- - - - - - --~~~~~ - -- ~ J
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/
20 000 —1— — — — — — — —

I
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100

7

— 
0 1 2 3 4 5 6 7 8 ky/CM

E

Fig. 3. Dielectric conatant vs 2icld intensity of solid solutions BaTiO —
BaSnO at reduced temperature T/( = 0,37 and fr equency 50 cycles/sec. 3
1~—Ba~iOy’BaSnO3 l0O/0. 2—-95/5, 3--90/1O, 4-—85/15, 5——75f25 (in mol. ~) .

Table 2 -

Composition Spontaneous Spontaneous Coercive Value of drop
in mol.% Dolarization polarization force at of the linear

~t 0~ T 0 T Oi T/O = 0,95 expansion co-
_______ ________ in conl/citi2 * in coul/cin2 in ~~/cm efficient ‘t

Ci’*’ie point
BaTiO3 Sx’fl03 S(~.10O

100 0 ‘‘— l O ,O 12, 7 2 ,0 26
90 10 8,0 ‘~~~~ 12,0 1~]. —80 20 6,3 10,0 1,05 10
70 30 5,0 7,5 1,0 14
60 40 5,0 ‘,O 1,0 10

• 50 50 8,0 
— 

0,7 9,5
40 60 9,0 — 0,4 9
30 70 >6 ,0 — 0,5 —20 80 — — 0,4 

—10 90

* Oi is point 1 of low temperature phase chan~e.
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Fig. 4. The temperature dependence cf thc dLolectric o~n~t n t  ~ solid
sol utions (Ea,3r)Ti2 with E = J 2  V/cu— = 1000 cy. ’-o a. 1—-. ~~i~~a/
s~~io = 100,/a, 

~~
• - 

~~/lo, 3~-~~/20, ~~~~ ~~ /?Q , ~--E~/4i , ~-~n .

8--30?70, 9—-20/30. 10—-1O/90 (ix. mo~~ 
)~

The dieleotrim oc,r-~ tar~t a t the poal: of the te sted solid solutions

is larger then in the -u- se cf har ~um t -i t ’n ’t ’~- , which is e~p1ained by the

smaller electrostrict ion. The spontaneous polarization c-f mixed titanates

with ~i greater concentration of SrTiO
3 
does not decrease monotonicaVy: in

the reg ion of the m oripo siti—n (Ba ,, 3r ) T~0~ there is a comparative
0. :-  o.4 -‘

miniimiin. By cooling off the solid solutions the increase of the smontaneous

po1ari5 t~xn °nd the deoro- oe of the coerc ive force occur c~t the first point

(01) of low-temperature phase cha”ge~ . 

-
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~t the transition point s in the low—temperatur e reg ion (O1,C2)

- as -‘eli as at the Curie point , the curve representing the temperature

dependence of the linear expansion coefficient has a minimum. The transition

points of solid solutions displace more slowly with the increase of the content

of SrT iO
3
, in the low-temperature reg ion , than does the curie point .

- 
• The authors express high apprecia tion to Professor P.P. Kobeko

for his help and interest given to the ir work.
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b, G. A. &m: L ~~~~~ a~a R. E0 Pasynk~ff

~?resecy ted b:,r the a~ ademioLa: ~ 1. V. Gr-evench~koff :€ V I95~)

:i~ t nermcdynsrnic pc t- ~ iari. ~ - f  a ferroelectr~a with perc~ skite
1- -i \

structure rear the Curie pain 5, as i~ is ::~~“.r~ -~~~‘~~~‘ 
~ 
can be present-ed •i’~ the

following f orm s

~~~ + ÷ 2 )  + c:~~~~~~u ÷ u u  + +

+ ~ c (u~ + + u2 ) 
~ + p2 + p2) + J~~~(p4 ÷ p4 + P4) +2 h h V ~-Z ~~ ~ Y z 2 X y z

+ 
~~~~ 

+ - •  

~:~~~°xx~~ 
‘ 

~~~~~~~~~~~~ 

÷ u~~P~~ i-

~ :p 2~~~p 2 ) + \ ~ (F~~~~F
2’; ÷ u  P~~+ P

2)i+
~~~ )OC Z ;-7 X Z ZZ X y -

+ ~~~~~~~~~~ ~ 
u F ~~~ ÷ 

~ .~
FyF~) 

- - -  E~P~ -- E
~
P5 ~

where P~ the components of the p- • nr ~ atici vector; = ~he o:np ~ ner:~ s of

the tens±or ~ vector r f  the e:ie o~rI -a ~~L r ~~ i .. ~ :e a poae~~-s ~f the ~tra~ o
--

~
1

• tensor; c~ . el~ sfIc constants; q~~. c - 5r~ ta -c1 -r~ a~ ~~
,, and 

~2 
are

efficie nts, ~~~~~~:dici~ -: s r i t emper at ’4r e n : J  ~:re~

Taking ix* a~~oun t ‘5:.~x u-.:ci!Y.ois ~~ -- E°P)/~~P1 = Ei ~~~~

• ~ 
~~~~~~~ 

= — c— . •~~er-~ cr , are u - o r - -n~ • •~~ - --if - - me stress tens r, ye chtHia

the system ni equations (
~

)
~ with -r~ hc~Ip : f  ~h ioh we n~a~ then st-iiy all the

1 ‘ ‘~
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cases of crystal structures which are of interest ~o us, As usua l ti&

cussion refers to single domain crystals.

• Let us look first at the case where E = 0 and a— = 0. A l r e r  ss~ v--
1 13

ing the system (2) with T < 6 (for the tetragc-nal structure):r 4

P P 0; P2 a ~~~o yo zo

11 u -9- P2 ; u  =~~~~
p2 (-~

.
_

~
~cco rio ~cc zo zzo zz zo

= = 
q11c12 — q12c11 2q12c12 — q11(c11 + c1~) ~~f )

ri (c11 - c12)(c11 + 2c12) ~~zz 
= (c11 - c12) (c11 

+ 2c 2) 
- 

—

- (q11 ~~~ 
+ 2q12 v;~

) , (~;)

whereby we conclude from the equilibrium conditions of the d efo rmed posit ion

of the cryst el that ~ 0.

It is ea~~ ~~ prove t h a t  the ~naIy :f heat cor-ac~ty at tie Curie

point equals

- ;  , 2
• ~ae) -

~c ~~~~ —-— ——-- ---- ,

6

Therefore, as a res~lt f t r ~ - -i~’fo roat ion of the o rys ta l  be ’ c~ t L ~

Curie point (of el’~ctrn~ t r - -~~on), t :~ -~’e occur s a higher anonal y of heat

capacity with the growth of spon~ a~~-c 1s -olariradon with increased

temperature.

- -
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Nov let us look at the case where ~1 0 and all = 0. The

polarization P in this case will consist of spontaneous P0 and induced polar-

ization P~. Let us apply a sufficiently weak electric fiei~i along the ferro—

electric axis (E
~ ~ 0, E~ = B

7 
= 0). Then with T ) e ,

~ _~~~~~~~~2ir ; (B)Z a a ’
6

(T~~~e)

2 _ 2
u = u = ~~~~~~ 

E~~ u = ~
7zz E~~ B2 (9)

~~~~ 16i72 zzu Z’ =

where ~~~ repre8ent the deformations which arose as a result of the applied

field Bi.

In the ferroelectric region (T < 9)

Z 
a’0 —T) 

(10)

~~~ = u~~~ = d
31
E
~, 

u~~1~ = d33E5, (11)

where the piezoelectric moduli are

d = 
_ _ _ _ _ _ _  d - ~~ZZ ~~~~~~31 

2 ‘ ~~ 2 )r (~~~ — 9) 
(12)

Equations (io) and (U) were obtained on the assumption that ~~o >> 1’zu
When the external field is directed perpendicularly to the ferro-

electric axis, e.g. along the x axis, then with T > 9:

H E~~~
2
~ = _ _ _ _ _x a’0 (T—e) ’ 13

LL~~~~~~ ~~~~~~~~~~~~~~~~~~ -- - - -  -— -
~~~~

- - - -- -
~~~ 
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~~~~ 2 2
- ,  —

. .,2 . u — _______  2
— 

— 

i6-~72 
— 

1&i72 ~~ 
(14)

wi th T < 8

2~r ~l~~-~~~___________ (15)
a~~~~-. -TY 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

q
12

) 
~~~~~~~~~~~ 

- + q~~~~~/~
’

= 
.~~. ~2 + 

q12 ~~~_:_HI11 ~ q12 ) 
~~~ 

+ 

~~~
~xu X7C 

/3 - 9.
1

(16)

U = — ~
_

~~~~~ • ~
,, ~2 ~l 

+ (q11 q12) (&~ 9;
~

) + 
q~~ S

~~CZ / .2
2

~~ru xx

• - ~~ ~2 ~~ ~:2~~zz + ( q ,  + 
~~~~~~~~~ 

+ C
~44~~XZ/2}E2 —

~zzu ~j xx zz x’ ~~~ 
— d15 B~~,

where the pie~oe1ectrtc modul.i are

q

‘5 4~~~~ 77~~~~1~~~ ~
i c

~~
’ XZ

T:i the absenoe of the external field , the signs of the linear (x~~ ),

trans9-erse x~~~ x~~,) and volume ~K~) -: -~effj~ -ients of the ferroelectric

electrostriotlon are determined by the values 
~~~~ ~

‘xx ’ ~~~~ 
and ~~ 

+ —

r apectiveiyo According to the g tven expe :riments~ BaTIO3 and PbTIO3 have a posi-

tive vuiume electrostriction (2~~xx -s 9~~~~~~ Q)~~ moreover , ~~~Z> O  and ‘
~~L~

-

• 
- 

In the case of PbZrO3 one can observe 
a negative electrostriction volume

(2 ~~~~ + ( 0) and 9 accord ing to the given X-ray structures, 
~~~~~~ 

< 0 , t,~t

a ~~~-- --~~~~ rn~~--~~~ ~~~~ - -—-•_  _ _ _  _
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•
~~~ 11* > O~ Prom (ii , (12), (14 ) and ( 16) it is eviden .5 tha t sipor . ~pp~ ;-:~-

tio~ of the field , the deforma tions, and consequently, the p~e~ oe~ e - ct r L -: a- - d a ~~ :

in the case ~-f PbZrO3, have opposite signs in comparison w~. t-h BaTI0
3
0 T h•s

deduction cannot be extended to the deformation of the displa:emer~~, tri~ ~nara- ~~ r

of which is unknown since no data is available concerning i t .

As follows from (15)9 the slope of the straight lice -
~~~~~

-
~~

- (T) deoreases

with decreasing reaching a minimum with Oo One sh~ u~ 3 . r:~c~te tha~ in

this :as~ = d
13 

= d33 = 0~ this is reasonable if q1- , = q.2 = 0

[see \ 4 ) , (5)~~ o It is possible to show that in the case of PbZ rO3, q 1  > 0 and

q
]2

~~~~~~~~~~~ O -

Up t. now the assumption has been made that the sample can freely

~fefor m (of l , O)~ Now let us turn to the statistical piezo effec-t~ Let us

apply homogeneous hydrostatic pressure c~- = = = P and -~~ 0~ Then
xx yy zz

we oc tath  from (2)

a+P (~~ + 2~~zz xx , i~ )70

where P~ i~~ t~-ie pola rization upon the increase of the pre ssure to tne v a : -~e P .

The CurI e point & will be , with this pressure ,

8: 8 ---- - ~~~~~+ 2-9;~~ -
a

Th is, the Curie point of a ferroelectric displaces with ~y d r =~~t a t •~

pressure 1:~ the low—temperature region with > 0 (BaT~O~ PbTIO3
) and th ~~~

high - temper ature reg ion with X~ < 0 (PbZ rO
3
)o The Curie point of a ferr .

electric ~ i~~h zero vol~~e electrostriction does not depend upon the pre~ sLr ~

~ tt~s given assumption. From ( 18) it follows that the fer r te iec tr~~ p-~~~r~L a : :Jn

- - - -~~-- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- -- -  _
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decreases with 0 in a cert a in temperature with increasing pressure~ ~ t in—

creases witn )~ < 0 and remains unchanged with X = 0.

Now let us turn to the examination of the molecular t-rieorles, exp~a~z. --

jag the ferroelectric properties of BaT103
(2
~4). In one of them~3) i t  is a~~~~mso

that the Ti44 ion forms covalent bond s with O~- ion s arid has wIth~ri the elementary

nucleus 6 local minima of potent ial energy 0 A part of the sponcanec=m p-5~~ r ;za t l - = ;- r~

P~~ dependent on mixing of the Ti4~ -ns is defined by

p = N sh( 4Mp~~ /C3
k 1r )  (20)

2 + eh(4C~~ jP /c k~r )
‘f O d 3

where N is the number of the Ti44 ions in I cm3~ ji is the dipole moment of th~

unit cell; C3 and C’4 are the coefficients calculated for BaTiO3 by Slater~4) ,

and they appear as functions of the polarizability of the unit cell of the lattice

and its parameters. (20) differs somewhat from the analogous equation obtained

by Mason and Mathias, who, as it appeared , committed a series of essential errors.

Upon examination near the Curie point , it appeared that

~od ’~
-
~~° ~~

T)1/2, ~C9~~~
&~/
’2(e _ T)~~/2. (21)

Thu s the Meson and Mathias theory leads to the fact that the transition
- 

- - -~ point of BaTiO3 appears near the critical Curie point0 This result is to be

found in contradiction with experimental facts. Moreover the mathematical method

which the authors adopted for the model they presented appears correct onL y ~

this maximum case , when u 0 >>F /A, where is toe b~i~ ht of the potential curve

between local min ima and the internaL ftelr is F. Ac tunily , u3 ~ F~.s. and , consequenti.y,

the approximate calculation made by Mason and Mathias is rcugh .

Devon shire arid giater (2),L) consider that the titanium ~on is i n  a

broad potential well . As a con sequer~ce the r1ece~~ i r y arise s for the csl.~u~aflon

of the artharmoriic osc illation , which permitted the authors t o  explain th~ 
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7.

formation of the spontaneous polarization0 If we use the calculations made by

Slater , we obtain the expression for the Curie point

f 217C~e~~~ ( )  ~ ‘~~Ne2 — a ) ,  (22 )

where e is the effective charge of the ion~ k is the Boitzxaan constant~ a is the

— constant characterizing the harmonic forces~ b1 and b2 are the constants of

enharmonic foroes~~ (22) shows that 8 will be higher, and the greater ratio

a 
~~ -the more “washed out” the potential hole is and the greater the forces

3b1 +2b~
are which displace the Ti4~ion from the potential mi~imua 

( 2i,C~~ Ne2) 0  Thu s

e is determined by the d imensions of the centrtl ion and ootahe~ ra , and by the

factor ~~~~~~ wh1ch characterizes the internal field0 From Table 1, where are
C3

given the data of the three per ovskite structure combinations, we see that formula

(22 ) is Insuffic ient to explain the circumstance a that 8PbT 103
> 8BaT 103 

and

eph~r03 >GB~TjO3 o  Very likely the model. of Devonshire and Slater cannot be

used for aU the crystals of the perovakite type. It l.a possible that for some

cases which are nearer -to reality because of the increased field of strong

elec trostatic origin 9 the model of Mason and Ma-thias could be used. These ideas

are somewhat supported by the d iscovery of strong discontinu itie s of heat

absorption and of the expansion coefficient- in the- case of PbZrO3 and PtfttO3,
which confirm by the nature of the change -that at the Curie point those crystals

are nearer to the critic a l Cur ie pcin t. than in the case of BaT1O3o

*) In the given case we are studying -the change s of the propert ies of ferro-
electric crystal s when some of the cat ions are replaced by others . Of great
intere st can be the analysis of the influence of the an ion~ which in a certain
measure can occur in a number of solid solutions of BaO.Ti02 - KF~TiO2 or of
BaQoT 1O2 — RbF’T 102 0 
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8.

In conclusion we note that in the case of a number of crystals such
- 

as CaTiO3, Ti02, BaZ rO3, BaSnO3, the increased sign of the dielectric constant

anci its negative thermal coefficient can be explained in all probabil ity only

by taking Into account the enharmonic vibrations.

-
- Table I

-

- 
Formula Radius of Lattice constant C~ Curie point in

the central at temperature -•
~~~~~~ N •10 22 K ( experimental

ion in -~~ slight~y above 03 values)
i nL

BaT iO3 0.64 4.001 8.42 393 ( 5)

piirio3 0.64 3.955 3.84 ~~~ 
(6)

PbZrO3 0.77 4.1 4.95 500 (6)

-
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