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Abstract

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

on NaNbO'; and the solid solution (Na,K)NbO‘;, using both single crystals and

ceramics. \No evidence for ferroelectricity in NaNbO';' was founds however,

the crystal..seems to be antiferroelectric in accordance with the non-polar

' structure reported by Vousden. It is shown that a small addition of xm:og‘
to pure NaN'bog'produoes a nevw ferroelectric phase, the existence of which
suggests a possible explanation of the conflicting dielectric and structural
properties previously reported.

The phase diagram of NaN'bO’;-KNbO’; is given. This, together with
the optical and X-ray studies of pure NaNbog‘, shows that the three phase
transitions in Nt.am:»og1 are quite different in nature from the BaTiOg'-type

3' transitions in KNbO'B", despite a superficial similarity.

B. . A low-temperature adiabatic calorimeter of the Nernst type has
been constructed for specific heat and entropy measurements of phase

transitions., _The theory, construction and operation are described.

Mesasurements made by both step=by-step and continuous heatings.

i S
E Observations are reported on the transitions in KHpPO;, KNbO3, and CdNb07.

C. ~~ An acoustical tank, for electro-acoustic transducer efficiency

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

for such measurements are described. Mechanical and electronic construc-

tional and operational details are presen}ed{
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9 D. Fhase studies of other perovskite-type compounds of the Ba:l‘.‘LOS7
group are reported, including phase analyses of PbeOE and related mixed
crystals. Phase studies of compounds in the pyrochlor group, including

GdSNbSOv?, P'b’ENbéO-? and mixed crystals of these, are also presented.

il

/F/.* A survey is included of experimental and theoretical research on

| ferroelectric crystals, which outlines knowledge of all known ferroelectrics

up to 1952,

}f":‘ 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.
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1.

Final Report:
Investigations of Materials for Pogsible Uge as

Electromechanical Transducer Elements.

Introduction
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 bases for certain physical properties of crystals.
In particular, research has been conducted on the crystal-structural basis
for piezoelectric, ferroelectric and high dielectric behavior, and the
variation of this behavior in various materials with changes in temperature.
Originally, the chief facility of the Laboratory was in the application of
X-ray diffraction techniques in studies of these structural mechanisms. In
order to attain proper coordination between physical properties 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 materials 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-
atomic 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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2.

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 properties of a solid
is its dielectric beshavior as a function of temperature. Relationships between
mechanical and electrical behavior, such as are illustrated by piezoelectric
and pyroelectric activity, are based upon fundamental structural characteristics.
Ferroelectrics are a class of compounds which show large variation of these
properties with temperature. With one questionable exception, ferroelectrics
display very high dielectric constants in certain temperature rangesj they
show discontinuous variations of physical properties at specific temperatures;
and they are piezoelectrically and pyroelectrically active in some regions.
Ferroelectrics, 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
with advantageous dielectric and electromechanical properties is very greatly
aided by knowledge of the crystal-chemical bases for these properties. The
temperature variation of physical behavior is & matter of prime practical
significance.

Three general classes of ferroelectric crystals are now knowng and
it is to be anticipated that entirely new classes await discovery. The known

groups ares

l. Rochelle Saltj certain isomorphous tartrates (particularly

those in which NHL+ ions are partially substituted for K ions)y and
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other tartratas, not isomorphous with Rochelle Salt, such as

LiTIC,H,06°H20 and perhaps LiNH C,H,0¢-Hy00

|
5
|

2., Tetragonal alkali dihydrogen phosphates or arsenates,
such as KHZPOA and isomorphse. |
3. A more general class of compounds which can be desig-
nated as oxygen-octahedra structures, represented by:
8o BdTiOB, KNbOB, and related pseudo-perovskites;
be LiN'bO3 and related pseudo-ilmenitesj
ce CdyNby0n and related pyrochlores.
To this class it may be possible to add certain structures of the
R003 types and unquestionably other structure types, in which small,
polarizable cations are also enclosed in oxygen octahedra, will be

‘ shown to be ferroelectric.

A review of some work to date, entitled Survey of Ferroelectric
Crystals, prepared in 1952 by B. C. Frazer and R. Pepinsky, is included as
Appendix VI, at the end of this report. This may prove of some value as a
summary of previous resultsy but slready several features of the work reviewed

is in need of serious revision.

History of Present Contract Program
The discovery of ferroelectrics of the BaTiO3 group was of tremendous

importance for the development of electromechanical transducer devices. In
contrast with previously-available materials, transducer elements could not
be formed as mechanically and chemically durable ceramics, with practically

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

s
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Ba‘I‘i.O3 extended the useful ferroelectric temperasture 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.
i The specific incentive to the present program was perhaps the
: : discovery of a new group of ferroelectrics, of perovskite and ilmenite types,
by B. T. Matthias. These were the alkali metaniobates and metatantalates,
first reported in 1949. According to their disccverer, the nature of the
coercive forces and dielectric hysteresis in certain of these niobates and

tantalates suggested that they might be superior to the BaT103 group as ;

materials for transducer elements.
An inquiry was made of the Penn State solid state group,; in the %
* Fall of 1950, by Dr. John Wallace of the Naval Air Development Center, i
Johnsville, Pa., as to whether this group could undertake an investigation ‘

of the niobate and tantalate ferroelectrics. After preliminary conferences,

a proposel was submitted to the Physics Branch of the Office of Naval
7 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
y Order was issued for Contract No. Néonr-26919 on 1 April 1951, covering a
| two-year program. Section A of this task order reads as followss
3 "The Contractor shall furnish the necessary personnel and !
5.; ' facilities for, and; in accordance with any instructions issued by

if the Scientific Officer or his authorized representative, shall

2 ot conduct investigations in respect to, and the development of new
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materials for electromechanical transducer elements, relating the
fundamental electric and physical constants of new ferroelectric
and piezoelectric materials to their electromechanical properties.”™

The contract has 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 Acoustics 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. Rosenblattj and these original
plans have been followed rather closely.

Structural and other physical measurements; and theoretical studies
of ferroelectrics, have been carried on in many laborstories. The Penn State
solid-state group is a relative new=-corner to the field. Its program is an
outgrowth of piezoelectric crystal studies; 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, thermal 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 assemhled since
the beginning of 19503 and the present contract research has been involved
in this development.

The fundamental steps in development and measurement of new electro=-

mechanical transducer materials are:

—————
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(1) sSingle-crystal or polycrystalline material preparation,
with particular attention to control of impurities and mixed crystal
constitutions

(2) measurements of dielectric, piezoelectric, dilatometric,
optical, specific heat and crystal-structural variations as functions
of temperature and chemiocal constitutiong

(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 ~hemical, ceramic
and crystal preparation, were already st hands and the present research has
drawn on these facilitiese On the other handy, no low-temperature calorimetric
device was available, no equipment was available for electromechanical
efficiency measurements, and certain expansions of dielectric, optical, and
crystal-preparative facilities were necessitated.

The present report deals with major activities supported specifically
by Contract No. Néonr-26916., The main developments concerned are: preparation
of single crystals and ceramics of alkali niobatesy dielectric, X-ray, optical,
dilatometric and thermal measurements of thesej construction and operation
of the low-temperature calorimeterjy and design and partial construction of

an acoustical tank for electromechanical efficiency measurements. Some work
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has been carried out under this program and a relested 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 perovskite-type crystals, are attached as Appendices II, III, IV and
e\ 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 KNb03, NaNbOB,

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

3
form, for publication in the Physical Review.

-




6.
Section A:
Dielectric Properties and Phase Transitions in NaNb0O, and KNbO,

I. Introduction.

In 1949 Matthias(1)s(2) reported the perovskite-type niobates and
tantalates of sodium and potassium to be ferroelectric. The lattice parameters
of NaT303 and KTaOB were reported by Vousden(j) at room temperature, and the
Curie temperatures were reported as .3°K for KTaOB\A) and 475°C for NaTaOB(l).
However, no detailed investigation lias been published on the ferroelectric
transitions of the tantalates excep’ the dielectric properties of KTa03 near
the Curie point at 13°K.

On the other hand, the ferroelectric transitions in the niobates,
KNbO3 and NaNbOB, have been studied in some detail. Matthias and Remeika(s)
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, according to these workers:

KNbO,: Orthorhombic - 225°C ~ Tetragonal - 435°C - Cubicj

3
NaNb0,: Orthorhombic - 370°C - Tetragonal 480°C - Cubic.

3

The ferroelectricity of KNbO3 below 420°C has been well demonstrated.
The structural changes at the two transitions are quite similar to those of
BaTiO3 at 0°C and 125°C. Moreover, a recent study at our laboratory has
revealed the existence of an additional phase change at -10°C,below which the
crystal symmetry is rhombohedral\7)° Hence the transitions in KNb03 are
completely analogous to those of BaTiOB.

In contrast to this, the situation with NaNb03 is rather confusing.

Consider first the X-ray powder photographs obtained with NaNb03 and KNbOB.

In both the orthorhombic and tetragonal phases, superlattice lines were
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observed on the powder photographs of NaNbOB. KNbOB, on the other hand, shows
a simple unit cell, so that the phases in KNbO3 do not correséond crystallo-
graphically to those in NaNbOB.

A second point of confusion arises from the structural study of
NaNbO3 at room temperature. Vousden(g) reported the structure to be non-polar,
which necessarily rejects the existence of ferroelectricity in the crystal(9).
However, 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(s)Q 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 & strong electric field yielding the observed ferroelectric
phenomena(x». Since no new experimental results either confirming or disproving
this hypothesis have been reported, the whole question still remains open to
conjecture.
‘ Thirdly, there are discrepancies between the X-ray and optical
i observations. Opticalobservations(é) indicate that NaNbO3 cyrstals are still
birefringent above 480°C, and do not become isotropic until 640°C. To add to
E?‘ the confusion, Wood reports that at 300°C NaN'bO3 is orthorhombic by optical

measurement, while it should be tetragonal according to X-ray evidence.

Observations carried out at 425° and 490°C show the crystal to be optically
; tetragonal,while X-ray evidence indicates a cubic lattice. As the result of
- his optical olservations, Vousden reports that NaN‘bO3 changes from orthorhombic
E | to tetragonal at about 300°C, and to cubic at 600°C(3). It should be mentioned

g | ) here that small anomalies in the dielectric constant were observed at -80°C
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by Matthias and Remeika(5) and at 0°C by Wainer and Wentworth(llf. Vousden,
however, failed to observe any structure changes optically down to -17‘5°C(3 l
In order to resolve these questions concerning the phase transitions
and possible existence of ferroelectricity in pure NaNbOB, detailed optical,
X-ray, and dielectric measurements on single crystals and ceramic specimens

p have been undertaken at this laboratory. A study has also been made of the

NaNbO3-KNb03 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(®). A mixture of 5.3 g NazCO3, 13.3 g Nby0 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 plates which were yellow in color. Well-

shaped, thin plates up to 3x3x1 mm, in size were often produced. A spectro- .
scopic analysis,carried out by Dr. Lovell of the Mineral Science Dept. of

Pennsylvania State College, showed the following impurities:

3 K: 0.005%;
E Lit < 0.001%;
4 Rbs .<.0.001%.

Powder photographs were taken of these crystals, using a Norelco

powder camera (1l.4 cm.diam.) and CuKa radiation filtered through a nickel

ics i e

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

splitting due to an orthorhombic distortion of the ordinarily cubic perovskite
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structure. Taking monoclinic axes*, the lattice parameters were calculated
from the (422) and (332) groups, with the results:

al = ¢! = 3,915 £, b = 3.881 £ and B = 90°40'.

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(é),
who gave the multi-molecular unit cell dimensions. A multiple cell structure
was also reported by Vousden in his analysia(s). 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.
However, several thin plates, approximately 1 m in area, showed only a few
domains and very sharp extinction positions. These crystals were used in

an optical study of the phase transitions in NaNbO Measurements were carried

3.
out with a high temperature optical stage of simple design, which permitted

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

*Throughout the paper, the monoclinic parameters a' = ¢', b and B have been
substituted for the orthorhombic unit cell distances a, b and ¢ so that the
lattice parameters can be more conveniently compared with those of the cubiec
and tetragonal phases. The monocliniec and orthorhombic lattice parameters
are related as follows: a = 2a'sin E, b=b, ¢c = 2a'cos E.. The wave length

2 2
of CuKal radiation was taken as 1.5LOSR in all calculations.
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Table 1 .
Lattice Parameters of NaNbO3

at=c'(d)  b(R) a'/b

Wood
Vousden

Shirane-
Pepinsky

3.921 3.885 1.0093
3.915 3.880 1.0091
3.915 3.881 1.0088
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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 45° with the
crystal edges, while the remaining domains showed parallel extinction. This
behavior is quite characteristic of orthorhombic crystals. At 360°C a sudden
change was noted in the optical properties of the crystals; above 360°C cnly
parallel extinction was observed. A less pronounced domain movement was
observed to occur at 480°C. The crystals continued to show parallel extinction
even above these transitions. A third transition took place at 6AO°C, above
which no extinction was observedj 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 480° and 640°C. Furthermore, it was relatively easy to
recognize an optical transition at 640°C, since a change from anisotropy to
isotropy was involveds but the transition at 480°C was observed only with
exceptionally clear, well-shaped specimense

In the two optical phases of NaNbO, between 360° and 640°C, each

3
crystal showed complete parallel extinction. In tetragonal crystasls, parallel
extinction is observed when the c-axis lies in the plane of the plate and no
extinction (optical isotropy) is found when the c-axis is perpendicular to
the plate. The latter case was not observed in the ten NaNbOB crystals we
examined., Since the crystals were all primarily thin plates, this optical
peculiarity is probably due to some special orientation of the crystal habit.
Color changes were observed between 360° and 480°C as the crystals

were heatedo Constantly shifting spectra were observed with white lightj and

!

i
|

y




. il it

~

B
|
l
|
{

12.

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
is not known.

Thus optical study clearly shows three phase transitions in NaNhOB.
Moreover, the symmetry is definitely orthorhombic helow 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. Rustum Roy, of
the School of Mineral Industries, The Pennsylvania State Collegeuz). The

transition temperatures are in good agreement with those given above.

III. X-ray Study of the Phase Transitions in NaNbOB.

A series of powder photographs were taken of NaNb03 over a wide
temperature range, using a Unicem 19 em high-temperature camera and CuKa
radiation filtered through nickeles A sample consisting of powdered NaNbO3
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 CuKa,,a, doublet at an anéle
© = 40° The lattice parameters were calculated from the line groups
N=h?+ k2 + 12 = 25, 2/ 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 cells The intensity of these extra lines rapidly
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Table II. |

; Lattice Parameters of NaNbO; as a Function of Temperature
j r°c) a='®) () a'/b B v(3)
t
| 20 3.915 3.880 1.009 0°41" 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

410 3.921 3.926 1.0014 60.35

420 3.921 3.927 1.0014 60.38

430 3.925 60.44 f
i 460 3.926 60.52
é 480 3.928 60.61 :
;; 610 3.92 61,27 JA

s 4 i
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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), (431) and (422) line groups are well resolved.

The line splitting above 36000 appears tc e typical tetragonal splitting, in

agreement with the optical measurements. It is difficulty, however, positively
to exclude other possible lattice forms, since the distortion is so slight.
Assuming the crystal to be tetragonal, the calculated ¢/a ratio shows 5

a very small deviation from unity, c/a being 1.0023 at 375°C. Moreover, this é

p
distortion continues to decrease with increasing temperature, and at temperatures Q
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 temperatures of 480°C and 640°C. Extra lines
were again observed above 360° (as first reported by Wood)(é), but no definite
conclusions could be drawn as to their characters

Some of the discrepancies observed by Wood between the optical and
X-ray measurements on NaNbO3 have been removed by our measurements. Our X-ray
powder photographs taken at 300°C indicate an orthorhombic, nct a tetragonal
lattice, so there is no disagreement between X-ray and optical observation.
Wood also reported cubic diffraction lines above 370°C, whereas optical

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

— _
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by the combined oxygen-sodium 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, Dielectric Properties of NaNbOB.

Dielectric measurements were made on NaNbO3 single crystals using
rectangular plates 2-3 mm. on edge and having a thickness of approximately
0e5 mme The dielectric constant £ 1is plotted as a function of temperature
in Fige 3. The measurements were made at a frequence of 10 kc/sec using an
alternating electric field of 5 v/em. The sharp change in the dielectric
constant was observed at 355°C, as reported by Matthias and Remeika(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 detected between room temperature and
-185°C, in agreement with Vousden's optical observations(B) but in contra-
diction with previous dielectric measurements(5).

Several measurements employing various techniques were made in an

effort to deteet ferroelectricity in NaNbO First of all, the relation between

3.
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polarization and electric field was investigated using a modified Saywer~Tower's

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

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

for five minutes at 300°C, to enable the domains 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
1 current through the galvanometer on passing through the transitiong but no
discharge current could be detected with NaNbOB. When a similar test is
4 performed on KNbOB, 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 Qtudied. In all known ferroelectrics including Rochelle salt,(13)

(14) (15)
KH2PO, and BaTiOB, the application of such a field drastically reduces the

F‘E dielectric constant. With NaNhO3 crystals, however, the application of a

g ; decs field of 8 kv/cme does not affect the value of the dielectric constant
at room temperature. The application of a similar field at a temperature
f slightly below the transition at 355°C even resulted in a slight increase in
E i the dielectric constant.
The experiments described above gave no evidence for ferroelectricity
in NaNbO3. This result has recently been verified by Crossem»whoalso studied

the dielectric properties of pure NaNbO4 and found no evidence for ferro-
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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 ferroelectricity in NaNbOB. A more likely hypothesis is that

NaNbO., is not ferroelectric but is actually anti-ferroelectric. 7The nature

3
of the 355°C transition and the antiparallel niobium displacement observed

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

V. Phase Diagram of l‘JaN'bO3 - KNb03.

In contrast with the peculiar properties of NaNhO3 just described,
KNb03 shows typical ferroelectric behavior closely similar to that of BaTiOa.
To account for the differences in lNlaN'bO3 and KNbOB, the phase diagram of their
solid solution has been studied in some details Both ceramics and mixed
crystals were used in the investigation. Pure KNbO3 crystals were prepared

fyom K500, and NbsOy by & techuique descrited by Weed'®),
3 5

(a) Dielectric Measurements on Ceramics.

Ceramic specimens were prepared in the desired percentages from
appropriate mixtures of KZCO3, Na2003 and szos. The firing temperatures
ranged from 1050°C for pure KNbO5 to 1200°C for pure NaNb0;e Only by adjust-
ing the firing temperature of pure KNbO3 to just below its melting point could
a suitable ceramic be obtained. Silver paste electrodes were applied to the
ceramics for dielectric measurementse.

The temperature dependence of the dielectric constant was investiga-
ted for an a.c. field of 5 V/ecm having a frequency of 10 kc/sec. The results
are shown in Figs. 4-7. The dielectric behavior of pure NaN'bO3 and pure

KNb03 ceramics proved to be quite similar to that obtained with single orystals,

i P . i e e el
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Figure 4
Dielectric Constant of Ceramic KNb03
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except that the changes in the dielectric constant accompanying the structural
transitions were much sharper for single crystals. No anomaly was observed
in the pure NaN'bO3 ceramic near the temperature of the second optical transition
at 480°C.

One particularly important result came out of the dielectric study
of the KNbOB-NaNbO3 solid solutions. When a small amount of KNb03 is added
to pure NaNbOB, 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 (Na0-95K0.05)Nb03 are shown in Fig. 4. With increasing
KNb03 concentration the two dielectric anomalies continue to appear near 200°
and 400°C, so that the lines joining these transition temperatures for various
compositions extend continuously to the transitions observed in pure KNbOB-

The third and lowest phase transition in pure KNbO_, below which the crystal

3
symmetry is rhombohedral, occurs at -10°C for pure KN‘bO3 but decreases rapidly
in temperature with increasing NaNbO3 concentration.

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

with the dielectric measurements on the mixed KNbO3 - NaNb03 ceramics. A

*Strictly speaking, each phase line shown in Fig. 8 should be drawn as two
slightly separated lines between which both the phases above and below the
phase line coexist as a mixture. However these double lines are never
observed experimentally, principally because the neighboring phases in this
type of compound are so closely related that the line separation is very small
and a long time interval is required for the mixed phase to appear. The
authors wish to thank Dr. Rustum Roy and Professor A J. C. Wilson for a very

illuminating discussion concerning this point.
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]
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 kv/cm. at a
frequency of 60 cycles/sec. As expected, the P-E relationship is always
linear above the upper phase line near LOOOC. Well defined hysteresis loops
were observed in the intermediate phase for ceramic compositions ranging from

pure KNbO, to (Na )NbO,, although the latter gave loops of somewhat
3 3

0.9510.05
questionable quality. Hysteresis loops were also found in the orthorhombic

phase for all compositions from KNbO, to (N‘0-9K0.1)Nb03’ By comparing the
hysteresis loops of a single specimen in both the orthorhombic and tetragonal
phases, we found that the coercive field was much larger and the polarization

much further from saturation in the orthorhombic phase.

The P-E relation is almost linear in the orthorhombic phase for
compositions containing less than 10% KNb03, even for fields as high as 15 kv/cm.
The absence of hysteresis loops might be explained by a sudden increase in the
coercive fieldjy but no reasonable explanation for such an increase is immediately
obvious. The extra lines observed in the X-ray powder photographs of NaNbOB
indicated structural differences in the orthorhombic phases of this crystal and
KNbOB; hence there must be a separating phase line somewhere in the KNbO3 - NaNbO3
80lid solutione. 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 NanOB sides According to our dielectric measurements, the phase
line lies somewhere between (Na

)NbO3 and (Na )Nboa, as indicated

0.90x0.10 0-95K0.05

in Figo 8.
When measured as a function of increasing temperature, the dielectric

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

— S— RROR—
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temperature. This peak is followed by a sharp decrease, obeying the Curie-Weiss

law

-
£= ==y

which is typical of ferroelectrics above their Curie point. It should be
pointed out that even ceramics made up almost entirely of NaNbOB, such as
(Na0.95K0.05)Nb03, obey the Curie-Weiss law quite closely. In pure NaN'bO3
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-Welss relation until well above LOOOC, where the dielectric loss
becomes troublesome. The values of the empirical constants 6 and C as
calculated from the experimental data are plotted in Fige 9 for various
compogitions. In pure NaNbOB, C varies quite appreciably from specimen to

o
specimen, being of the order of 2 to 4 x 105 Ce 6, on the other hand, changes

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

The optical and X-ray measurements previcusly described showed
NaNbO3 to be tetragonal above 360°C, not cubic. Moreover, it will be subse-
quently demonstrated that the mixed crystal (Nao.95K0.05)NbO3 also is
tetragonal above the transition. It is therefore possible that the validity

of the Curie-Weiss law for these particular compounds is only accidental;

but it may also mean that the tetragonal phases of NaNb03 above 360°C actually

are paraelectric.

(b) X-Ray Study of the Phase Diagram.

The lattice parameters of the NaNbO_,-KNbO_ system were determined

3 3
from powder photographs taken with a Unicam 9 cm powder camera employing




Figure 9
Curie Constant C and Extrapolated Curie

Temperature 8, in €= L _, as

a Function of (K,l\m)N‘nO3 Composition
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CuKa radiation. It was difficult to obtain clearly resolved lines, particularly
with ceramics consisting prineipally of NaNbOj. However, after firing several
ceramics under slightly different conditions, we obtained powder 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 NaNbOB,
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_, and KN'bO3 by X-ray measurements. 'Such a phase

3
line should be accompanied by discontinuities in the lattice parameters or by

a sudden appearance of extra lines with increasing NaN‘bO3 content. For the

KNbO3 - NaNbO3 system, the lattice parameters, particularly P, show sharp
changes near pure NaNbOB. Moreover, the intensities of the extra lines
observed in pure NaNb03 decrease rapidly with the addition of small amounts
of KNb03. 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 orthorhombic cells of KNbO, and NaNbOB. 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 KNb03 have been
clearly identified by Wood as being cubic, tetragonal and orthorhombic with
decrsasing temperature. A more detailed investigation of the lattice changes
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
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Figure 10

Lattice Parameters of KNw3-NaNb03 Mixed Crystals
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Table III.

Lattice Parameters of (K—Na)NbOB Solid Solutions

Composition a'=c'(R) v(g) b/a' B
KNbO3 4.036 3.974 1.0156 90°16!
10% Na 4.029 3.969 1.0151 90°16!
20% Na 4,027 3.969 1.0146 90°16!
50% Na 4.012 3.952 1.0152 90°21!"
60% Na 3.99 3.942 1.0145 900241
80% Na 3.963 3.925 1.0097 90°26!
90% Na 3.938 3.908 1.0077 90°27!
95% Na 3.930 3.900 1.0077 90°31!
NaNbO, 3.916 3.886 1.0077 90°40"

32.
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are given in Figs. 11 and 12 and in Table IV. It is obvious from these graphs
that the temperature variation of the KNbO3 cell dimensions is quite similar
to that observed with BaTi0,.

A comparison of Figs. 11 and 12 with Figs. 1 and 2 reveals the follow-
ing important differences between KNbO3 and NaNbOB. The axial ratio observed
in the tetragonal phase is much larger for KNbO, (% = 1.,015) than for NaNb0,

% = 1.002). Moreover, the axial ratio of KNbO3 shows very little temperature
dependence in the tetragonal region and an abrupt discontinuity at the cubic-
tetragonal transition. NaNbOB, on the other hand, shows a marked temperature
dependence and an extremely small discontinuity at the transition. Similar
differences occur in the pseudo-monoclinic parameters a'/b and P, used to
describe the crystal in the orthorhombic phase.

By way of comparison,(Nao.9K0.1)Nb03 shows orthorhombic symmetry at
room temperature,which changes 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 KNb03 than to NaNbOB.

(¢) Specific Heat Measurements.

30 KNbO3 and (Nao.9KO.1)Nb03 were measured

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

The specific heats of NaNbO

a modification of the Sykes'(l8) calorimeter.s 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 1°C./h1n. The heat content of the empty calorimeter was calibrated

using Si0, as a standard substance. The results are shown in Figs. 13-15.
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Table IV,

Lattice Parameters of I(I\Tbo3 as a Function of Temperature

Temp.(°C) a'=c' (k) b(4) b/a B v(£3)
25 4.0375 3.9711 1.0167 900151 64.73
125 4.0374 3.9797 1.0145 900151 64,87
185 4.0363 3.9830 1.0134 90°13" 6489
205 4.0369 3.9839 1.0133 90°14" 64.93
a=b c c/a

220 3.9972 4.0636 1.0166 64.92
230 3.9978 4.0640 1.0166 6495
270 3.9992 40647 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
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The specific heat anomalies observed in XaNbO, and (Nao.9K0.1)Nb°3
are small in comparison with those observed in KNbOB. This result was to be
expected, since the structural anomaly is much more pronounced in KNbOB. The
integrated transition energies listed in Table V were calculated from Figs.
13-15 >fter assuming certain normal specific heat curves (indicated by dashed

lines).

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

The optical study of NaNbO3 crystals showed three phase transitions
at 3600, 480° and 64000, while dielectric measurements carried out on NaNb03
ceramics up to temperatures as high as 500°C showed only the lowest transition.
To complete the phase diagram of the (K-Na)NbO3 system, mixed crystals were
prepared from the appropriate mixtures of NaNbO3 and KNbOB, using NaF as a
flux. The compositions of the mixed =rystals are not exactly in proportion
to the percentages of KNbO3 and NaNbO3 because additional Na is introduced by
the flux.

Mixed crystals were prepared of several compositions between
(KO.SN‘O.S)Nb°3 and pure NaNbOB. Small rectangular plates, yellow or brown
in color, were obtained from the melt. The crystals gave excellent powder
diffraction 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 Fige 10). In this manner it was found that crystals of (N‘0.9Ko.1)Nho3
could be obtained by melting a mixture of equal parts of NaNbO3 and KNb03 along
with a NaF flux. It should be emphasized, however, that the estimated compo-

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




Table V.

Tfansition Energy of KNbO3, NaNb0O3, and (Ko.l’Na0.9)Nb°3

Lower phase change Upper phase change

Composition

KNbO, 85 cal/mole 190 cal/mole

(Kg.19Nag, ) NbO; 20 cal/mole 60 cal/mole
50 cal/mole

NaNbO5




semi-quantitative.
Optical observations of the mixed crystals under a polarizing micro-

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

addition of a small amount of KNb03 to NaNbO3 greatly altered its physical
characteristics. The optical properties of the tetragonal phase in
(NaO.9K0.l)N'bO3 are much more similar to those in KN‘bO3 than to those in
NaNbOB. In mixed crystals such as this we observed both domains of parallel
extinction and plates oriented in the ¢ direction.

The two tetragonal phases observed optically in pure NaNbO, were

3
also observed for mixed crystals containing less than 10% KNbOB. The tem-
peratures of these optical transitions decreased rapidly with increasing
concentration of KNbOB. As in the case of pure NaNbOB, only paresllel extinction
was observed in the tetragonal 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 (N80.9Ko.1)Nb03° The dielectric constant measured
at a field of 10 v/cm and a frequency of 10 kc/sec showed two anomalies,
corresponding to those obtained in optical observations on the crystale.
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 orthorhombic phase.

VI. Discussion.
The optical observations just described point to the existence of
three phase transitions in NaNb0, at 360°, 480° and 640°C, although the latter

two could not be verified by either dielectrioc or X-ray measurement since the
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Figure 16
Phase Diagram of KNbOB-NaN'bO3 System,

Showing Behavior Near Pure NaNbOj Side
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structural perturbation is undoubtedly very small. These two phases are
certainly different from the tetragonal phase in KNbOB; in fact, there seems
to be no known similar phases in any of the perovskite-type ferroelectrics.
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 antiferroelectricity
arising from an antiparallel displacement of the niobium atoms still remains.
Other observers, however, have reported positive evidence for ferroelectricity.
Hysteresis loops were obtained by Matthias and Remika(,5)while Vousdegxs)observed
domain movement under a strong d.ce. field (20 kv/cm).

We attempted to repeat the latter's experiment by observing the
behavior of NaNbO3 crystals in an electric field with a polarizing microscope.
Most of the crystals showed no domain boundary movement for fields of 15-20
kv/em. A few, however, displayed a slight pattern change in the domains just
before an electrical breakdown occurrede 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
NaNbO3 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 phase observed in KNbOB extends to compositions consisting almost
entirely of NaNbOB. The ferroelectric orthorhombic phase also extends to

within several percent of pure NaNbOB. It is also possible that the addition
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of other impurities to these mixed crystals would move the ferroelectric phase
even closer to pure NaNb03. Thus a strong electric field might easily induce
ferroelectricity in NaNb03 crystals containing a small amount of impurity.
This induced ferroelectriec phase would be characterized by all the usual
phenomena accompanying ferroelectricity, including hysteresis loops and domain
boundary movemente In such a case this hypothesis almost exactly fits that
proposed by VousdegE»who assumed the existence of a ferroelectric state which,
under normal conditions, is slightly less stable than a closely related non-
ferroelectric state. According to Vousden, the ferroelectric structure
becomes stable under an applied external field, giving rise to the observed
ferroelectric phenomena. This situation is surprisingly similar to the

2C
"forced transition by electric field"™ observed in PbZrog a%d the Pb(Zr-Ti)03

~

and (Ba-Pb)ZrO3 solid solutionéil%br which ample dielectric and structural
evidence has been given(zz).

In conjunction with this metastable ferroelectric state theory, it
is interesting to note that R.ngsztained a NaNbO3 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 NaNbOB, except that the extra lines are missing. After annealing
the quenched NaNbOB overnight at 350°C, the extra lines reappear. This
quenched phase may be identical with the induced ferroelectric phase described
above; but until the dielectric properties of the quenched phase have been
examined, any conclusion would be prematuree.

It is also interesting to note that the domain movement observed by
Vousden can be explained without resorting to an "induced ferroelectricity™

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




L6,

differ greatly for two unique crystallographic directions, a strong electric
field can create large energy differences in domains of different orientation.
This energy difference may be sufficiently large to cause a domain boundary
movement in such a way that each domain is aligned with the direction of the
larger dielectric constant parallel to the external field. The energy increase

AW may be calculated from the equation

2
§ L
AW=LSEdDa-.1_SEch=—5—£—.
Al 4L 8w

To obtain an approximate order of magnitude of AW, we take & r 1050,

&€ o = 50, and E = 20 kv/cm, giving

AW = 0.005 °—”33= A
cm

Such an energy difference is equivalent to the energy of a crystal having a
spontaneous polarization of 1x 106 coul/cxn2 at a field of 20 kv/cm. This
condition could give rise to the domain boundary movement observed in NaNbOB.
The dielectric constants of crystalline Nal.NbO3 are of the same order as those
used in the calculationj 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 induced polarization could also lead to an

anomalous P vs. E relationsnip observed on the oscilloscopee.
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Section B:

Specific Heat Measurements

I. Introduction

One important phase of the experimental investigation of ferroelectric
compounds is the determination of their specific heats as a function of tempera-
ture, These measurements are significant for two reasons. First, the order of
the ferrcelectric transition can scmetimes be determined from the shape of the
specific heat anomaly, which accompanies the transition. Moreover, the general
form of the anomaly 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 entropy associated with the transition. These gquantities
form a necessary part of the experimental data needed to verify any theoretical
treatment expleining the phenomenon of ferroelectricity.

In some instances it is possible to distinguish the order of a ferro-
electric transition from the shape of the CD anomely. 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 Cp at the transition
temperature, In a transition of the second order there is no latent heat, and
the value of ACp is finite (except in the rare case where the energy curve has a
vertical tangent at the transition temperature). In KHyPO,, for example, Slater's
theory(l) predicts a first order phase change at the transition temperature. Al-
though the corresponding experimental specific heat anomaly shows the character-
istic shape of a X-point transition (i.e.: second order)sz) the sharpness of the
anomaly and the observed large value of ACp indicate that the transition is very

close to first order,
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Frequently, however, the exact shape of the anomeslous portion of the
specific heat curve is difficult tc 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 AC In addition, inhomo-

p*
geneous 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(3) and optical measure-
ments(L) clearly indicate a first order phase change at this temperature. Conse-

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

specific heat measurements.

In contrest, the transition energy, AE, and the associated entropy
change, A 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 Cp vs 1nT curves, respectively. The differences be-
tween these values and the "normal" energy and entropy changes over the same region
give AE and AS. 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 assumption is illustrated
in the case of KH3PO;. In his theoretical treatment of this compound, Slater(l)

predicts a transition entropy change of 0.69 cal/deg-mole. The entropy change
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observed from experiment has been given as 0.73 z a0 cal/deg-mole(z). These
results show excellent agreement.

The value of the transition entropy change is of special interest
in the empirical relation, (Pm)z/é = CAS(5), relating AS with P , 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 temperaturee.
This condition includes the special case of a ferroelectric phase change,
irrespective of the transition order. Both the quantities, Pm and Cy can be
determined experimentally; and consequently any one of the above three quanti-
ties may be calculated indirectly and compared with experiment. Comparisons
of results based on the above relation show good agreement in the cases of
KHZPOL and BaTiOB, and - to a lesser extent - of Rochelle salte.

An important application of the transition energy in the case of
first order transitions is found in the Clapeyron equation, ch/ap = TcAv/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(é) that the quotient
Av/L may be approximated by the ratio AV/AE, where AV is the total volume
change integrated over the same temperature range used in computing AE.

Thus we again have a relation connecting three experimental quantities. The
calculated and experimental values for the shift of the transition temperature
due to changing the hydrostatic pressure are in satisfactory agreement in the
ncase of BaTiOB.

An analogous relation for second order transitions is given by the

Ehrenfest equation, dT,/dp = chAB/th, where v is the volume and AP is
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the value of the discontinuity in the thermal expansion coefficient at the
transition temperature, Tc. In this case, howevar, the same experimental

difficulties arise in the measurement of P as with C_« The uncertainty in

P
assigning definite experimental values for AP and ACp renders the utilization
of this equation less reliable.

One accurate and reliable method of measuring the specific heats
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 thermally insulated
in an evacuated space, and to observe the temperature rise producede The
specific heat is then computed from the equation Cp = AQ/(T2-T1), where AQ

is the heat added in calories and T1 and T, are the initial and final

2
temperatures of the sample, respectively, in degrees centigrade. In practice,
the amount of heat added is small so that Cp thus calculated may be taken as
the value of the specific heat of the sample at the temperature (T + T,)/2.

A series of such observations for consecutive values of Tl enables one to

plot Cp vs T, the specific curve for the sample, over an extended range of

temperatures.

II. Apparatus.
The adiabatic vacuum calorimeter constructed in this laboratory

is similar to the one described by Southard and Brickwedde(7). It was
designed to determine the specific heats of solid compounds between 90°K and
300°Ks 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 investigated. Fige 1 shows a
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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 cylindrical can 1-7/32" in diameter and 2"
deep, is made of copper and fitted with a re-entrant cube 3/16" x 1-3/4" in i
dimensions. Twelve radial copper fins placed vertically inside the container

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

LR, ¥

removable top allows the container 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 weight of the container is

R T e e —

approximately 6l.5 gms and its net volume is 32.5 cc.
The heating element, which fits into the re-entrant tube through a

hole in the bottom of the container, was constructed as followse Number

NN 7./ e

40 B and S D.S.C. advance wire (30.99 ohms/ft), impregnated with varnish,
is bifilarly wound in 124 turns on a small copper 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 108 ohms.
The adiabatic shield form is made in three sections. The side

form, made of copper, is 3" in diameter and 2-3/4" high. The top and bottom

e

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 D.S.C. and glass insulated advance wire (11.9/ft), and secured

in position with Gibbs Bonding Agent R-313. The three shield sections are
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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 couples are employed between the
adiabatic shield and the inner container to indicate temperature differences
between the twoo. A schematic diagram of the difference couple arrangement
is shown in Fig. 2. A single piece of constantan thermocouple wire, with a
copper lead soldered to it at each junction, allows comparison of the tem=-
peratures of any two of the junctions. As a result of the electrical in-
dependence of the shield forms, established by the use of the bakelite connect-
ing rings, the top, side, and bottom shield junctions are soldered directly
to the formse

Junction No. / 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 soldered to the side of the
inner container. Junction No. 5 is soldered to the inner surface of a second
copper envelope which encloses the wires leading from the heater assemblye.
This envelope slides into another clip, one ena of which is soldered to the
bottom of the container. The other end of this clip is held in position by
means of a removable copper screw and a tubular nut which is soldered to the
bottom edge of the container. By tightening the screw, the envelope is
forced into good thermal contact with the container. This arrangement permits
the removal of the container without disconnecting the heater assembly leads.

The vecuum jacket, made of brass, is 4" in diameter and 6-1/2" tall.

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

top, is connected to a conventional glass vacuum system through a copper-

D0 L0 TG e APPR ges Bdie L TICr e T e
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Partial Cross-Section, Showing Difference
Couple Connections
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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
end of the stainless steel section. Separate holes drilled in the bakelite
disk allow the wires to enter the calorimeter individually. Melted 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 were bundled and wrapped in four turns ‘
around this ring, to permit the lowering of their temperature to that of
the bath before going to the shielde After leaving the ring, the shield
current leads (12) were separated and connected to the shield heaters. The
remaining leads (5 copper difference couple leads, 2 current and 2 potential
leads to the inner heater, and 2 absolute couple leads) were wrapped (5 turns)
in a single layer over the side shield heater and secured with Gibbs Bonding
Agent. This was done to permit raising the temperature of these 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
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 container (see above) before reaching the inner heater. The potential
leads were divided between the container bottom and the shield, as recommended

by Scott(s).




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 inner container are broken, releasing the
container. To replace the container, the reverse procedure is usede.

Fige 3 shows a cchematic diagram of the temperature measurement
and energy control circuit. A single Leeds and Northrup type K-2 potentiometer
is used to measure the temperature and the energy 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 batteries, 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 Fige. 4. Only three of the
six shield heaters are used 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 through the corresponding
heater. The total resistance, R, of the combination of the shield heaters

and the control rheostats, acts as a variable resistance of 0 to 1300 ohmse.
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The current for the shield heaters is provided by a constant current
generator shown in Fige. 5. Three 6L6 pentodes are connected in parallel to
furnish the necessary current requirements. The total current available
may be varied from 120 ma to 150 ma by varying the resistance in the cathode
circuite The shield heater control is represented by the load resistance,

Ry in the diagrame. 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 R of from O to 750 ohms produces only

a 6% change in the plate currente Thus a small adjustment in one of the
shield heaters has no effect on the settings of the other heaters. The
positive side of the generator is grounded, to keep the potential at any point
on the shield heaters as near ground as possible.

The galvenometers, not shown in the diagrams, are used in conjunction
with the control apparatuse 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 037 uv/mme The second
galvanometer 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 8
meters. The resulting sensitivity is 0.08 uv/mm. A multiple position switch,
mounted on the heater control panel, facilitates quick successive readings

of the difference couplese.

ITI. Experimental Procedure.

After loading the inner container 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
and partially filled with helium to facilitate rapid cooling of the inner

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

outy 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 radiation 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
length of time. During this heating period, three potential and two current
readings are taken. The current readings are taken at 214 and 79% of the
heating period(9), while the potential readings are taken such that the times
of their observation average to the mid-time of the heating period.

During and after the heating period, additional heat is supplied 8
to the shield heaters to produce a corresponding temperature rise in the ‘

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

£ e T (0

*In practice, the side shield is kept slightly warmer 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 inner container. The amount of i
presetting is determined to give a zero drift rate. The heat transfer be-

tween the shield and the inner container under these 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.ee: a
zero drift rate is obtained), this time at a higher temperature, the temperature
of the inner container is recorded as before. This establishes the afterdrift,
which also serves as the foredrift of the next heating period. The above
procedure is then repeated and in this marner a series of "runs" are taken.

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

heat curve. For a given heating period, the energy in calories 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 general, the slopes of the fore- and afterdrifts are determined
and extrapolated to the mid-time of the heating periode This determines
T, and Ty, the initial and final temperatures, respectively, in microvolts.
In the special case of zero drift, the values of T, and T, are directly
observeds These values are then corrected, using the absolute couple curve,
and subsequently converted into °k using a standard copper-constantan

reference tables The difference, AT = T, = Tl’ is the temperature rise

2
produced during the heating period. The quotient AQ/AT represents the
average specific heat of the system over the temperature interval T, - Tl

in cal/%K. Since AT is generally small, usually 1-4°K, this quotient may be

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

T = (Tl-Tz)/Z.
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The consecutive points, calculated in this manner, 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)
1s‘the specific heat curve of the substance investigated, in ca1/°K per weight
of sample. Multiplying by M/m, where M is the molecular weight of the substance
eand m is the weight of the sample, gives the specific heat data in the more
conventional form of cal/OK-mole.

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 shields
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 container increase in temperature are equal.
Again, any undetected energy transfer between the shield and the inner
container is assumed to be systematic, and may‘be included in the calibration
of the apparatus under the same conditionse

When the equal heating rates of the inner container and the shield
have been established, the time necessary to produce a temperature rise,

AT = Tz-Tl, is obtained by observing the continuous drift of the absolute
couples The value in microvolts, corresponding to the temperature Tl’ is

set on the potentiometer. When the deflection of the temperature galvanométer
passes through its zero point, the time is recorded. The value of T2 is

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

‘
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This procedure is repeated for a predetermined set of T;'s. From the relstion
Cp = aBIt/JAT, the differences of these times are proportional to the specific
heat of the system at the corresponding temperatures Ti + AT/2. 1In practice,
AT is chosen a constant (usually 1°K or 2°K). Frequent readings of the voltage
and current are taken during the run. The plots of these values 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 invegtigateds The entire temperature range of the apparatus
can be covered in from four to ten hours,depending on the heating rate
employed, whereas in the stepwise method a single run takes from 15 to 30
minutese The continuous method, however, is the less accurate, in the sense

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

anomalies tend to be broadened with lower values of ACp.

IV. Results

A partial calibration of the apparatus between 90°K and 160°K was
made by running approximately twenty heating periods in four seperate series.
The experimental values of Cp’ given in cal/®K per weight of container, are
tabulated in Table I and piotted as a function of temperature in Fig. 6.
The extrapolated curve gives a value of approximately 6 cal/°K for the heat

capacity of the container at room temperaturee.
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TABLE I

Specific Heat of the Inner Container

E | between 90°K and 160°K

™k Cpscal/°K T°Kk Cpscal/oK TOK Cprcal/ok ;
88.2 3.29 109.1 4409 | 1329 4LeT2
89.5 3.8 11444 426 | 136 4eBl
95.5 3.61 120.6 2442 | 136.5 485 ,
9645 3.65 127.2 4ebl 145.8 4e99 |
102.2 3.86 130.6 4e70 151.7 5,12
103.0 3.89 131.0 4e69 153.1 5.12
108.5 4410 1.9 476 | 160.9 5420

To check the operation of the apparatus, both the continuous

,‘ i method and the stepwise method were used to determine the specific heat

of KH2POL through its transition region. All measurements were made on a
single calorimeter loading of 39.00 gm or 0.2866 mole. The molecular weight

of mZPOA was taken to be 136.10 gme The results of these measurements ere

: ! ;: presented in Tables II and III, and graphically in Figs. 7 and 8.
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TABLE II
; Specific Heat of KHpPO, between 100°K and 160°K ‘
;f (Continuous Method)

? T°K Cp.cal/"K-mole 79K Cp,cal/°K-mole ' 4
100.5 13.96 120.5 18.25 , i

101.5 13.83 121.5 18.43
10245 14424 122.5 19.65 1
103.5 14:33 12445 20424 |

1045 14424 125.5 22.51

105.5 14441 126.5 28.72

__ 10645 14048 127.5 43.87
: | 107.5 14466 128.5 16.68 |4
3 108.5 14.80 129.5 16458 :

3 109.5 14469 13045 16475
} 110.5 15.11 131.5 17.17 i
3 111.5 15.29 1R.5 17.10 i
2 112.5 15.95 133.5 17.03 1]

3 113.5 15.84 13445 16493
" : 11445 16426 13545 17.10 ]
' 11545 16440 13645 17.03 ‘
k| “ 11645 17.10 13845 17.38 i
F 117.5 17.76 141.0 17.69 J
(_,’ 11845 17.66 15340 18446 : ;

159.0 19440
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70.

L

89.1
90,7
92.2
95.2
98.1
100.6
100.9
103.7
105.2
10605
109.7
111.0
112.1
113.3
11445

TABLE III

Specific Heat of KHpPO, between 909K and 145°K

Cpcal/°K-mole

13.33
13.65
13.96
14.06
14.27
1480
14.90
15.01
14455
14.90
15.15
15,77
16.33
16496
18.22

PYK

115.1
115.3
115.6
116.8
118.0
118.9
119.1
119.4
120.4
120.8
121.1
121.4
121.6
122.1
122.2
122.8

(Stepwise Method)
Cpcal/OK-mole

17.55
18,11
17.45
19.13
20,07
20,31
20.56
21.46
22,27
23.28
25,23
24+46
2394
28,02
29.73
36692

o 4

122.9
123.39
123.43
12305
12462
124.70
124671
12542
125.4
126.8
127.0
128.1
131.4
136.0
139.7
1444

Cpca1/°K-mole

40614
46,31
48416
65.68
22.20
19.30
18.88
18.04
16.51
17.94
17.24
17.00
18.01
18.60
18.71
19.02




e S e DA S5 W

Figure 7
Specific Heat of KHaPO, between 100°K and 140°K

? (Continuous Method)
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Figure 8
Specific Heat of KH,PO, between 95°K and 140°K
(Stepwise Method)
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For the stepwise measurement of KH2POA, the average heating rate
over the temperature interval from 100°K to 140°K was 0.5 deg/min. The
transition appears at 127.5°K, which is approximately 5.5°K above that
reported by Stevonaon(z). The values of the transition energy, AE, and the
associated entropy change, AS, are 77 cal/bole* and 0.62 cal/deg-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 conclusion is substantiated by the results of a second continuous
determination of Cp’ using a slower heating rate (0.25 deg/min). In this
case, the transition temperature was shifted to 1259°K, and the value of
ACp was slightly higher.

As already indicated, Table III lists the experimental values of
Cp for KHZPOA from 90°%K to 145°%K, as determined by the stepwise 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 ACp is considerably larger. The values of AS = § (ACp/T)dT and

*In the continuous method, the value of AE in cal/mole is estimated from the
relation

= VI[(t -ty) - ;(rl-'ro)] s

Here T1-T, is any temperature interval which includes the anomaly, t; and t,
are the times at the temperatures T; and T,, respectively, and At is the
average nc~mal time necessary to oroduce *he temperature rise AT over the
interval. ¥ is the average voltage and I is the average current over the interval,

J is the mechanical equivalent o: neat, and m and M are¢ the weight and the
molecular weight of the sample, respectively. Thus the first term represents
the total energy added to the sample in raising its temperature from T, to T,,
and the second term is the value of the normal energy required to raise the
sample through the same temperature interval.
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The

AE = § (ACP)dT, determined by the graphical integration of the Cp vs T curve
shown in Fig. 8, are 0.72 cal/deg-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 AE = 86.5 Z 4.5 cal/mole).
, The next substance investigated was KNbOB. Dielectric measurements
‘;if on this compound by Matthias and Rameikn(lo) revealed a ferroelectric transition
at 435°C and a second transition at 225°C. Above the Curie point the structure
is cubiec perovskite(ll),whkﬂxtransforms on cooling to a tetragonal structure
and then to &n orthorhombic structure at the above two transition pointse.

The existance of a third transition in KNbO
(12)

3 has been shown by dielectric

measurements carried out in this laboratory. Here the transition temperature

occurs at =55°C on cooling and -10°C on heating*o The structure change is
from orthorhombic above the transition to rhombohedral below. Thus the three

transitions of KNbO, are related to the phase transitions in BnTiOB at 120°C,

3
0°c, and -80°%(6),

To compare further the transitions in these two substances, the

specific heat of KNbO., between -100°C and 10°C was investigated. All measure-

3
ments were made on a 50,34 gm(0.2797 mole) ceramic sample. The molecular

weight was taken to be 180.0 gme Three continuous determinations of Cp, one

of which is tabulated in Table IV, show the transition temperature to be

i
i
')
k.
d
{

=11°C, The average value of AE estimated from these measurements is R cal/mole,
and the corresponding entropy change is 0.12 cal/deg-mole. This value of AE

is approximately three times as large as the corresponding value of AE for

*The values of T given here are for a ceramic sample. The transition
temperature for single crystals appears at -35°C on heating.
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TOK

20045
202.5
204.5
20645
208.5
210.5
212.5
21445
21645
218.5
22045
222,5
22445
22645
228.5
230.5
232.5
23445
23645
23845

Table IV

75.

Specific Heat of KNbO; between 200°K and 280°%K

Cp, cal/%K-mole

20,12
20.37
20.94
20.84
21.09
21.37
21.01
21,27
21.48
21.77
21.73
21.92
22,27
22447
22.69
22,73
22,66
22,95
22,91
23445

TOK

24045
242.5
24405
245.5
246.5
247.5
248.5
249.5
25045
251.5
25245
25345
25445
25545
25645
257.5
25845
25945
26045
261.5

Cp, cal/PK-mole

23.74
23.99
23.88
2/.18
23.87
2/.18
2474
2445
24499
24499
25.56
25.85
25.81
26.78
26.67
27.28
27.53
27.82
27.78
28.07

7oK

262.5
263.5
26445
26545
266.5
267.5
268.5
R69.5
2705
2715
272.5
273.5
2745
27545
276.5
2775
27845
2795
28045
281.5

Cp,cal/%K~mole

27449
27.46
27.75
26424
26.78
26474
26.12
26446
26410
26.10
26.06
26435
26.05
26435
26435
26435
26464
26435
26.64
26.64
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BnTiO3 at its lowest transition. This result is consistent with the comparison

between these two compounds at their other two transitions. The larger values

of AE in KNbO,_,as compared with those in BaTiO_,,are attributed to the larger

3’ 39

lattice distortions in the former. Fig. 9 shows a plot of Cp for KNbO_, as a

3
function of temperature.

The determination of Cp of KNbO3 by the stepwise method was not
satisfactory. The general shape of the curve was irregularj 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
temperature hysteresis exhibited by KNbO3 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, Cd,;Nby0n,
which shows a Curie temperature at about 170°K. These results have been
confirmed in this laboratory('u‘) by dielectric measurements on ceramic samples.
In addition, the probable existance of a second transition is indicated at
85°%€. The crystal structure(l5) of this compound is face centered cubic
above the Curie point.

Theoretically, a small specific heat anomaly in ca2Nb207 is predicted
by the relation (1/2)!’?n = CAS. This equation may be rewritten in the form
AS = W§/9.BPC, where M is the molecular weight in grams and P is the density
in gm/cc === giving AS in cal/deg-mole when P 1is given in ucoul/em?. Teking
the values C = 4000°K and Pm~2 ucoul/cmz,(u‘) we have, AS~0.009 cll/deg-mole
and AE~T AS~2 cal/mole. The value of the density p was taken to be 6 gm/cc.

The determination of the specific heat of CdyNb,O, between 130%K
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Figure 9
Specific Heat of KNbO; between 200°K and 280°K

(Continuous Method)




; st rasadts Fioe 309 abipaLt ik ..___ T ——Sm———
E |
-
Cp (CAL / °K-MOLE )
40
FIG. 9
SPECIFIC HEAT OF KNbO; BETWEEN 200°K AND 280°K
i 35 — ( CONTINUOUS METHOD )
|
|
30 (—
8 l
-
¥ |
I ST i FRUR B Dl B s nd T
1 ] ; 200 210 220 230 240 250 260 270 280 290
\, l ToK
.,‘:- ;




78,

and 210°%K is now in progress. All experimental determinations of Cp obtained
thus far have been conducted using a ceramic sample of 66.15 gm or 0.,1266 mole
(M= 522,6 gm). Four separate continuous determinations of Cp, using heating
rates of 0.5 deg/min and 0.25 deg/min, show no indication of an anomalous
behavior in the above temperature range. The values of Cp for one of these
runs is listed in Table V and plotted as a function of temperature in Fige 10.

Preliminary values of Cp for CdszO7 obtained by the stepwise method
are tabulated in Table VI and plotted in Fig. 1l. In this case, the specific
heat curve shows irregular behavior at T ~160°K and T=174°K, indicating the
possibility of a transition in this region. However, the reality of this
anomalous behavior is extremely doubtful. ACp is approximately 4 percent
of the normal value of Cp’ which is only slightly larger than the limit of
accuracy of the apparatus. In addition, the transition temperature is consider-
ably lower than Tc predicted by the above dielectric measurements. The apparent
value of AE between 154 K and 164 K is approximately 5 cal/mole. Further
measurements are in progress to check this result.

Up to this point, no comment has been made concerning the accuracy
of the results. The absolute values of Cp fer KHZPOA outside the transition
region are 8 to 10 percent higher than those reported by Stevenson. No
attempt has 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

P
to £ 3 percent. That is, the data is a given determination lie on a smooth
curve to within these limits. The measurement of the temperature rise

produced, AT, accounts for most of this inaccuracy. The resultant accuracy
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141.0
143.0
145.0
147.0
148.5
151.0
153.0
15445
157.0
159.0
161.0
163.0
165.0
167.0

170.0

Table V

79.

Specific Heat of CdoNbyOy between 140°K and 200°K

(Continuous Method)

Cp, cal/%K-mole

73.26
34417
34425
34.65
35455
35.91
36.70
37.60
37.65
38.16
38467
39.19
39427
40410

4124

TK

172.0
174.0
176.0
178.0
180.0
182.0
184.0
186.0
188.0
190.0
192.0
194.0
197.0
199.0

Cp, cal/%K-mole

4L0.69
41.83
ARy YA
42431
42 .86
42 .66
43653
43.T7
44 o228
45454
45439
4L5.67
46.61
4614
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oK
132.6
135.4
138.2
141.0
143.8
146.5
146.8
149.2
149+4
151.8
151.9
15444
1546
157.0
157.2
159.5
159.6
162.0
162.1

Table VI

Specific Heat of Cd,Nb,On between 130°K and 200°K

(Stepwise Method)

Cp, cal/®K-mole
33.18
34637
3460
35.16
35.31
35.79
36.97
36489
36426
37.21
37.53
37.76
38.00
41.16
41.08
40.13
42474
40453
41.00

TOK
16446
167.0
168.4
169.4
169.9
170.8
171.8
172.3
173.2
17442
17467
17545
177.1
1794
181.6
183.9
186.2
188.5
191.9
19542

Cp, cal/°K-mole
40.61
4116
40484
40484
4155
41.71
4377
42403
43453
43413
42.90
4377
43.69
43453
44400
4l o0
45490
46429
46.61
46477

A e A BT AR
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, Figure 10
Specific Heat of CdaNbgOy between 140°K and 200°K
(Continuous Method) ;
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Figure 11
Specific Heat of CdgNby0r between 130°K and 200°K 1
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(Stepwise Method) ;
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depends not only on the value of AT, but also on the value of T, due to the

temperature characteristics of the absolute couple.
However, neither of the above errors seriously affect the experimental

value of AE (and therefore AS). As pointed out the chief source of error in
the determination of AE lies in the selection of the normal Cp curvee. The
choice of several possible normal curves for both KHZPO4 and KNbO3 indicates

KA T SRS = =

that the values listed for AE are accurate to within % 10 percent.
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Section C:

A System for the Measurement
of Electro-Acoustic Efficiencies of

Underwater Transducers.
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criterion and is important for practical purposes, We shall use it, to-
gether with transducer input impedance, as bases for evaluation,
Measurements of electromaccoustic effi:iency and transducer im—
pedance will give immediate answers as %o the suitability of a particular
ferroelectric and its method of prasparation i ceramic formj but the sclid-
state mechanism leading to the cbszarved results will not be elucidated by
these measurements. To explain the cbserved behavicr of a particular ferro-
electric transducer, extended and specific measurements on sources of elec-
trical and acoustical energy losses, as well as of elastic constants, piezo-
coefficients, etc.,, will have to be undertaker with single exrystals of the
ferroelectric as well as with the ceramic form. Such a study will eventu-

a

ally be necessary and will Ix iteelf form a major project,

I1I. General Method.

The general method of undertaking measurements of electro—-acoustic H

efficiencies of transducers has already bean discussed in (I), but will be i

—

outlined again here for purposes of centinuity. Essentially, electrical

-

energy is supplied to a transducer by means of an alternating voltage im-

N,

pressed acrcss its electrodes, and the tramsducer is set into a mechanical
vibration through the electromecharmi~al coupling due to the plezcelectric ]

properties of the ferrcelectrii, By pla:ing the vibrating transducer in

+

s, water = acoustic wares are set up in

contact with a medium - in our o
the medium. The problem ther beromes cne of measuring the electrical power
input to the transducer and the acous*lcal power output, Under various re-
strictions to be discussed later, *he ra*tio of these two quantities, the

electro-gcoustic efficiensy, ~an then be calculateds ana this serves as an

index of relative performence among varinus ferroelectrics and conditions




2

~ o

of ceramic prcparation., The inputl electrical impedance of the trausducer
can be obtained simultaneously, and is slso valuable as an index.

Water was choosen as the medium of acoustic propagetion in order
to afford a means of making transducer measurements under conditions simi~
lar to those met in actual application, as well as on the besis of its be-
ing an experimentally convenient medium = more so than air, The method of
measuring acoustic power output depends on the chosen frequency range cf
operation, which in turn is dicteted to some extent by instrumentation come
plexities and available laboratory space for the tank holding the water,
as well as by the frequency intervals covered in practical applicatiens,

On the besis of these considerations, an initial frequency range of 60 kc/se:
to 1 mc/sec was selected. Within this range the tank holding the water can
be limited to a reasonable size and a single instrumental set~up can be used,
Even in this frequency range pulse operation of the transducer must be em-
ployed for some measurements, at leest, in order to overcome difficulties
produced by reverberation in the tank.

Pulsed and/or continuous weve electrical emergy is supplied tc ‘he
transducer through a calibrated network by means of an oscillator and power
amplifier. The power so supplied is calculated from measurements of voltag.
amplitudes and phases at points of the calibrated network, and the input
electrical impedance of the transducer can be calculated from the same set
of measurements, Acoustic power is obtained from iudirect measurements of
pointwise intensities in the beam, and integration of these intenaities over
the solid angle covered by the beam, The intensities, in turn, are cbtained
from measurements of acoustic pressures in the beam, These are mede with a
microphone utilizing a small presaure~senaitive element of berium titanate,

This brief resume of the general method will be expanded in more




deteil in the following section.

I1I. Theory.

The mechanical action of a ferroelectric ceramic transduczer, re-
sulting from the application cf an alternating electrical potential, is
forthcoming only if the ceramic has been previously or is simulitanecusly
polarized by a D,C, biasing field., The electrically polar domains existing
in the many randomly oriented single crystals constituting the ceramic are
partially oriented by this means to give abcomponent of polarization in the
direction of the field, This component cen be made to remsin even after the
biasing field is removed. If, then, an alternating field is applied tc the
transducer, a reversible linear strain occurs (in eddition to the strain
resulting from the domain orientation), which is due to the first-order
piezoelectric 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 electricel voltage and
current into output mechanical pressure and velocity, Such a transcducer
can be treated as a four-terminal network, a viewpoint which will exhibit
the role of electro-acoustic efficiency without necessitating at the pre-
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 meanings:

Eo is the open circuit voltage of an electrical generator.

Z i1s the generator and series impedance external to the
g transducer,

I is the current flowing into the transducer.

s eT———— . : ‘ii
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€
v is the output mechanical velocity of the transd.-er,
Zr is the acoustic radiation impedance presented tc “ne
transducer by the medium with which one fare is 11 oo
tact (we assume no radiation from the other fa e),
£ is the force or integrated pressure at the redia’ing fa e,

The theory of linear four-terminal networks tells us fha'
e IZg =2, I + kv; )
£= -er =k!'I +2Z v.
The nature of the quantities Z,, k, k', Z, can be eluzidated by considering
two special cases. First imagine the transducer to bhe ~lamped so rha*t v = Q.
Then Zb = (Eo - IZg)/I, and Zb is seen to be a purely electrical impedance,
known as the blocked impedance, Next, consider the input terminals ‘"o be
open~circuited while a force, f, is applied to the face of the transducer,
Then I = 0, and Zo = f/v, so that 2'.C is an open circult, purely mechani-al
impedance, The quantities k and k' are electromechani-al -ouplicg roustante,
Equations (1) lead to

s K
~ 1Zg = (&}, = =)L, ()

ZO + 7.

Eo

We can see that the driving poin't or input impedance tons’-*= of
two partss the blocked impedance, and a mctionel impedence whiczh is an elsr -
tricel impedance developad by the mechenical motion, In general the blocked
impedance depends on the dielectric constant and phvsical dimensicns of the
transducer, The moticnal impedance depends on the diele~iric, piezoel= tr

and elastic constants of the transducer materisi. ani -~ througr the -adig’

impedance = on the acoustical properties cf the medium into whi b a ous".

e
(1)

[

r - > | - - g - f£'f 5
that the electro-a-oustis~ effi

ensrgy is radiated. One can also show

¢y, the ratio of acousticel power output to electricsl power input, an be

represented by the following expressior.

%
5
1
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Tty + 1,02 + (x, + 1071 = (et =l et Yz or, )+ (if kot )
(3)

Eff, =

|
{
|
|

where$ T, and X, are the real and imaginary parts of Z_,
|

r,mdx, ® * n n n n R4 |

kj_‘ m l& n n n ] L n ® N

l&" and k;: n n n n ” o ” kl’

Ty is the real part of Zb’

The formulae for electro-acoustic efficiency (eg. 3) and
input eleectrical impedance (eq. 2) show that either of these two
quantities will indicate which ferroelectrics and methods of ceramic
preparation combine large electromechanical coupling constants with
low electric and acoustic losses, This statement assumes that the
transducers being compared possess the same radlation impedance, a
condition which can be substantially satisfied by keeping the ratio
of transducer circumference to acoustic wawe length in water suffi~ |
ciently larget?), An important point to be noted, however, is thab

either of the two criteria mentioned do not separate unambiguousily

4 the influences of coupling constants from those of losses, In other

3 words, the methods we propose to use are capable of giving rapid

| comparative evaluations, but an ingquiry intc complete mechanisms must

lead to a more difficult and time=conswumiig prograa of measuring

| plezoelectric, elasticy, and electric constamis of the transducers as
| well as of single crystals, Such a program would be advisable after

the present approach has picked out those ferroelectrics and methods

of preparing ceramics which are of particular interesti,
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We can now describe the methods employed to measure electro-
acoustic efficiency and input impedance, and acoustical output power -
the three basiec quantities in which we are infterested. Details of the
instrumentation are reserved for a later sectiocn.

Because of the large dielectric constants of ferroelectrics,
the input impedance can be expected to be largely capacitative in nature<3),
and of a relatively low absolute value. In order to drive the transducer
by means of an electronic amplifier, an impedance matching stage should
e used between the plate circuit of the amplifier output staze and the
transducer, this matching network being a step-down transformere. Assuming
that the transducer reactance is capacitative, the addition of a calibrated
inductance in seriesg with the transducer affords a means of tuning 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 should be
a calibrated capacitance.) Furthermore, the possitility of tuning out
the transducer reactance (tunins to resonance) affords a simplification
of the instrumentation necessary to measure either the Input power or
impedance. A block diagram of the basic scheme to be used is shown iIn
Fig. 2. R and L represent a calibrated resistor and inductor, respectively.
These elements should he measured with an impedance bridge. Cs and Ry,
within the dotted lines, represent the equivalent capacitance ana resistance
of the transducer. (Rt also contains the series resistance of the inductor.)
This particular representation of the transducer results from calsculations

/
based on data supplied by the Brush Development Co. '3 for parium titanates.

The same general representation shouid be equally valid for other
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10.

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 out by L, then at resonance

Ry = eoR/(e1-e5), and Cy = 1/0”Le (4)

The electrical input power is given by
Pg = (e1-0p) Ry /R (5)

Thus by series insertion of an accurately known resistance and inductance,
and measurement of e, and ey, 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 probably the accuracy of determining
resonances Since the whole circuit probably does not have a high Q, some
provision in addition to an indication of maximum current is necessarye
To this end, a sensitive phase-meter could be used to indicate the
coincidence in phase of the voltages e; and eje

The other major measurement necessary is the cutput acoustic
power of the transducer. As has been pointed out in (I}, several basic
methods exist for the determination of acoustic power output. Because
of the convenience occuring from the use of a single instrument over the
entire frequency range to be explored, the method of inferring point-wise
intensities from measurements of the pressure in the acoustic field has
been éhosen.‘ The problem becomes one, then. of measuring pressures.
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

L
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the entire pressure distribution and thus the acoustic power, in view of
known formlae for this case. However, an ideal 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 acrogs the face of the transducer, and the con-
commitant 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 knowledge 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, 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 = p?(r,0)/2pc. (6)

Here I is the intensity, p (a function of r and 8 ) is the pressure
amplitude, e.is the density of the medium, c¢c is the velocity of sound

in the medium, r is the distance of the microphone from the center of the
transducer face, and 6 is the angle between the beam axis and r. Iate-
gration of this intensity over the solid angle including the acoustic

beam leads to the acoustic power output as follows:

p =M [ Fa (7)
ac = p% [ [p(8)1? sin 6as.

_ed
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The angle beyond which the beam can no longer be detected is 83. For
greater accuracy, attenuation due to absorption can be taken into account
and the acoustic velocity should be measured at tﬁe ambiant temperature
existing and at the frequency beam used. However, errors due to the
neglect of attemation and velocity dispersion (dependence of velocity
on frequency) will be smaller.

The process of carrying out the acoustic measurements 1s
complicated by the necessarily limited size of the tank containing the
water into which the acoustic energy 1is propazateds A microphone placed
in the tank to measure pressure will, under conditions of continuous
wave operation, measure not 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
therefore 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 still passing by that point. Nor can the pulse duration be
too short, because a sufficiently larse number of cycles must be
included in a pulse to establish gteady-state conditions in the
transducer. Moreover, any electronic cirenits used in conjunction with
sending or receiving these pulses must not distort the pulse shape unduly,
and as a consequence the sending and receiving circuits imst be of low
Q or broad band. On the receiving side these conditions impose a lower
limit on the acoustic signal which the microphr~= can detect because
of the influence of band width on amplifier noisee.

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(5),
or to use a wedged type anechoic lininge 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 sectionj 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~called
reciprocity methode There are several ways of applying this method, and
one in particular, known as the self-reciprocity method(é), wherein but
a single reversible microphone is necessary, is well suited to our
purposese The theory of reciprocity(7), when applied to a reversible
transducer, be it a sender or a receiver, leads to the relation

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. & is the ratio of sound pressure,
at some distance, d,, from the transducer (when the transducer is
driven electrically), to the driving current at its terminal. J is a
constant depending on the characteristic impedance of the acoustic
medium, the distance d,, 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
reversibie microphone acts both as a sender and a receiver by the

auxiliary use of a rigid plane reflecting surface to return the signal
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to the source. This method is particularly amenable to pulse operatione
If the sending current to the microphone and the open circuit voltage
due to the reflected and received signal are measured (by some modification
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 nlate, the absolute sensitivity,

M, of the microphone can be calculated as follows:

M= (er/iS)l/Z(Ldléoc)l/z- (9)
Here e, and ig are the received voltase and sending current respectively;
d is the distance from the microphcne to the reflecting plate;kis the
acoustic wavelength, andIOC is the characteristic acoustic impedance of
the medium. Once M is known,the microphone can be used to measure the
absolute pressures in the radiation fielde It is expected that the
microphone calibration will be valid throughout the proposed frequency
rangees However at higher frequencies the finite size of the microphone
will necessitate corrections to eqe 9 which will be difficult to makee.
Although the above 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 detaile.

IV. Apparatuse

le Tank: The tank in which the acoustic measurements are to be carried
out is pictured in Fige 3. It is a rectangular parallelopiped 5 ft.
long, 4 fte deep, and 4=1/2 ft. wide. It is made of welded 3/16 in.

thick steel plates, and is supported at the bottom by a sturdy steel
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frameworke The tank is supplied with an outlet of attached piping for
drainage purposes. At the center of one end is cut a hole 4 inches in
diameter around which are welded 6 boltse The hole and bolts accomodate

the transducer hclder.

2. Transducer Holder: The transducer holder is shown mounted on the

tank in Fige 4, and an exploded view of it is shown in Fige "« Essentially
it consists of a steel ring with outside and inside shoulders. A rubber
O-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 dimensions is given in the Appendixe A lucite plate holding the
transducer seats on the inside shoulder, and is held in place by another
ring threaded into the first one. Since different lucite plates must be
used with transducers of different dimensions, a schematic diagram of a
typical plate is shown in Fige 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 just at the rime. A thin beading of bees-
wax, applied around the edges of the hole and the edges of the transducer,
holds the ldater 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, and provides a means of connecting this
face to electrical ground. The thicknegs 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 tank, the face of the transducer is in the

J
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Figo be

Transducer Holder:

assembled view.

17.







Figo 50

Transducer Holder: exploded view.







Figo 6.

Lucite Transducer Mount.
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plane of the tank walle 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 approximately like a piston source set into an infinite wall, a
case for which the radiation impedance can readily be calculated and

easily controlled by varying the transducer dimensionse

3o Microphones The microphone used to measure acoustic pressures has
as its pressure-gensitive element a polarized, hollow, barium titanate
cylinder obtainable from the Brush Development Co. The cylinder is

1/16 ine. long and has a wall 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 Fige 7 which shows it im
cross-sectional views The barium titanate element is supported by one
end of the central conductore. Electrical connection between the inner
surface of the cylinder and the central lead is made by means of a 1 mil
strip of copper foil, soldered at one end with Wood's Metal to the central
conductory and held at the other e¢nd in contact with the inner surface
of the cylinder by a Teflon bushinge The central conductor consists of
a short length of No. 22 Formex-covered copper wire to which is soldered
a similar but greater length 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

conductory is used to minimize vibrations which can be transmitted to it
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I Figo iis

Microphone: assembly drawing.
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along the 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 provides electrical continuity at the various joints as
well as mechanical protection. Each joint, and the pressure-sensitive
end, is finally coated lightly with Neoprene priming cement for the
purpose of water-proofinge The capacitance of the entire microphone
assembly is 289;9uf, of which about 25QAsﬂf are contributed by the barium
titanate element. A photograph of the assembled microphone is shown in Fige 8.
The general type of construction used, namely concentric tubes
held apart by small Teflon bushings, and with air spaces 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 beame. 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
transmitted 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.

4e_ Carriasge and Boom: In order to measure the acoustic power output

from the transducer the microphone must be moved from point to point so
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Microphone:

overall view.
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2.
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 horizontal plane is simplest
to arrange for. Since power is the intensity integrated over the solid
angle covered by the beam, the most convenient arrangement is to keep
the microphone at a fixed distance 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 a 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 provide fine motion of the microphone for purposes of measuring
acoustlc wavelength, accurate location of the beam axis, etce. The shaft
which rotates thas boom is vertical and its axis extended passes through
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 Fige
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

ad justment of the tension in this rod provides for accurate leveling of
the toome The boom and shaft assembly are mounted from a sturdy frame-
vork in front af the tank, with adjustment provided so that the shaft
axis can be aligned with the vertical diameter of the transducer facee.
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

keeps the boom from whipping when rotated. The drawings for the various
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Fig. 9.

overall view

Microphone Carriage:
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parts of the overall assembly are given in the Appendix. Except for
attaching graduated handwheels for rotating the boom and for actuating
the carriage feeds, as well as scales with which to measure distances,

the assembly is completeo

V. Drivinz and Receiving Circuitse.

The electronic circuits described in this section are designed
to accomplish the purposes of delivering electrical energy to the trans-
ducery 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 overall circuitry have not yet been designed in detail and
a specific emumeration of these parts will be made at the end of this

section.

le  Overall Electronic System: Fig. 10 is a block diagram of the trans-
ducer measuring systeme The C. Wo output of the master oscillator,
operating at any set frequency between 60 kc and 2 mc; is gated by the
transmitter gate to form R. Fo pulses, which are amplified by the power
amplifier and applied to the transducer. The length of the applied R. Fe
pulses is determined by the rulser. Electrical power delivered to the
transducer is measured by a power meter circuit. If possible, Co We

operation will be used for the electrical power measurementse. However,

reverberation in the tank may very well cause sufficient reaction c¢n
the transducer to invalidate the use of C. /.5 and in this event, power
measurements with pulses will be necessary. It is possible that rough
adjustments of the circuits can be made using C. W. in preparation for

the fine adjustments subsequently made with pulses. FProvisions have

been incorporated in the transmitter zate circuit to switch to Ce We
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Block Diagram of Transducer Measuring

System.
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28,
operation when desired. The pulse repetition frequency of the system
is set by the repetition rate oscillator which supplies periodic trigger
voltages to the pulser. The generation and transmission through the
system of a single isolated pulse is also provided for in the repetition
rate oscillator. Again, because of tank réverberation, the exclusive
employment of a single pulse may be mandatorye.

The transduced signal (together with its reflections) is
received as R. F. pressure pulses by the microphone, which converts
them to electrical R. F. pulsess The latter are then amplified by the
pre-amplifier and amplifier, and applied to the oscilloscope. In order
to measure the overall sensitivity of the microphone amplifiers and
the oscilloscope, switch S provides a means of applying a known voltage
to the input of the microphone pre-amplifier. Th 3 voltage 1s delivered
by the calibrated attenuation of a constant known voltage from the
master oscillator.

In order to measure pulse length, and to identify and dis-
tinguish incident and reflected pulses, time calibration is necessarye.
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 1s 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) e delay circuit is
needed which retards the start of the sweep for a definite time after

application of the original electrical pulse to the transducer.

2. _Details of Circuit: In the following paragraphs the component parts
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of the overall system (Fig. 10) are described in a more detailed fashion.
Master 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 mull 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)
provides a means of checking the oscillator output voltage and waveforme
Transmitter Gate: The transmitter gate stage (Fige. 11) performs
the function of gating a ©. We. 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 ihc oscillator and the gating diodes.
In the quiescent state between pulses the four diodes in the two 6AL5
envelopes are kept conducting by means of 1/2 volt biases applied through
registors R38 and R39. In this state ﬁhe diofle plate resistances are
low and very little signal can be developed across theme. To cancel
this residual signal, which appears on one grid of the 6J6 differential
amplifier, a portion of the voltage from the 6C4 cathode follower is
applied to the other grid of the 6J6. When a negative pulse is applied
to the grid of the 6C4 phase inverter, the resulting pulses developed
across R3s and Ry, change the biases on the diodes which consequently

become non-conducting for the duration of the applied pulse. During

e ” -
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Fige 11.

Transmitter Sections Schematic Diagrame

Unit consists of Master Oscillator, Trans-

mitter Gate, and Power Amplifier.
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5k 1w

10k 1/2w

1 meg. 1/2w
300 ohm 1/2w
1k 1/2w
220 ohm 1/2w
1k 1/2u

5k pote

5k pote

5k pote

5k pote

5k pote

1 meg. 1/2w
82k

3%

18k

10k

4eTk

3.3k

1.5k

820 ohm

390 ohm

180 ohm

10k 1/2w
22k 1/2w

lk pote

List of Components for Fig. 1l.

Ri6

1le5k 2w

1k pote
300 ohm 1/2w
2¢2k 1/2w
50k 1/2w
Tk 2w

5k 1/2w
75 ohnm lw
Ik 1w
100k 1/2w
1k 1w

25k 2w

20k 2w
12k 2w

12k 2w

5k pote
100k 1/2w
600 ohm 2w
40k 2w

1 meg. 1/2w

Ry7 = 470k 1/2w

W‘ T —— e
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List of Components (continued) for Fig, 1l.

€17 - 0-100 rmf.

07 - 1000 mmf. Cp5 = 1000 rmfe {approxe;
i = 7=45 mmfe Cog =~ 450 rmf. (approx.;
C3 - 5600 mmf . 027 - 0=500 mnfe
CL = 0+5 mfde Cog = 1000 mmf .

# C5 = 5600 mmfe Cog = 2 mfde

06 =~ 0-100 mmf. CBO -~ 1 mfd.

E Chp = 10 mmf. I - 3w 100v pilot lamp

L Cg = 82 mmf.

E Cg = 82 mmf.

; C1g - 0-100 rmf.

E
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this time the full siznal from the cathode follower ncw appears at one
grid of the 6J6 differential amplifier, and causes a voltage to be
developed across the plate resistor, Ryge A switeh, 55, is provided for
Ce We operatione When this switch is closed the diodes are biased so as
to become non-conducting and the Ce W. signal appesrs across Rog, which
is the output amplitude contrcls. Potentiometer F,; should be adjusted
to give O volts D.C. between Test Jackg2 and ground. ‘e have found
the gating circuit described to form pulse envelopes which reproduce
faithfully the applied negative pulses Other gating circuits tried have

introduced transient overshootse.

Power Amplifier: The power amplifier (Fig. 11) 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 condenser com=-
binatione. 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 circuitse. From the point of
view of transmitting R. ¥ pulses without envelope distortion or intro-
duction of transients, it would be desirable to eliminate tuned circuits
in this stage. However, because of the nature of the load and cther
congiderations, a tured circuit was eventually deemed necessarye. How-
ever, we expect the 4 of the loaded circuit to he low enough to prevent
aycessive envelope distortion and introduction of transientse An R. F.
volt meter,consisting of a 6AL5 in series with R, ¢ and a 0-150 micro-
ammeter, provides an indication of the R. F. voltage in the plate circuit
of the 807, and thus serves as a tuning indicatore

“igse 124 13, and 14 are photographs of the chassis containing

the master oscillator, transmitter gate, and power amplifier circuits.

wLJ—-———-——___‘-—__——A
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I Figo 13.

Transmitter Section:

——

top view.
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Fig. 140

Transmitter Section:

bottom view.
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Time Calibrsation, Delsy, and Selector Circuits: The circuits

described in detail in this section, although built in bread-bocarc form.
have not yet been mounted on a final chassis. Their descriptions =re
taken verbatim from (II)e To a large extent the delay and time calibra
tion circuits, the repetition rate oscillator, pulser, and selector
circuits are interdependent upon each other in their operation. We

show in Fig. 15 a more detailed block diagram of these circuits in order
to facilitate their explanation. The difficult prcblem to solve is

that of producing time calibration marks on the oscilloscope and inter-
posing them between successive signal sweeps. The train of time calibra-
tion dots must be presented in such a fashion that only time marks exist
on one sweep of the oscilloscope and only the amplified microphone signai
exists on the following sweepe Due to the persistency of the eye and

of the oscilloscope screen, time marks and microphone signal will apparently
coexist. The sequence of events in one repetiticrn cycle, including »
single time mark sweep followed by the microphcne signal presentation,

is as followse A pulse from the repetition rate multivibrator (r. r. m..
triggzers the 90 us pulse former. The resulting 90 us pulse allows =
single 5 s pulse to pass through the trigger gsate tube, and tu tirigger
the delay circuit which then initiates == at a definite time later =
the oscilloscope time sweepe The 5 s pulse is one of a train of pulises
occuring at 100 us intervals, as set by the 100 ke timing oscillator

and 10:1 divider. However, only one such pulse out of this train falils
within the duration of the 90 us pulse, =2nd only this selected 5 us

pulse can ultimately initiate the time sweep. It is important to reaslize

that only one 90 us pulse, and thus only one time sweep, can occur during

a whole repetition cycle. Moreover, that 5 wus pulse which initiates the




Figo 15.

Repetition Rate Uscillator, Pulser,

Delay, Time Calibration Circuits

P and Selector Circuits: block diasgzrame
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t.iming sweep through the delay circuit is synchrinized with the 00U <o
oscillator and 10:1 divider. As a result, on successive repetition cycles
the 100 ke or 10 ke tiring marks (as selected by switch 37! appearing on ths

persistant oscilloscope screen are exactly superimposede At the tims of

wm
()
>

initiation of that 90 us pulse which selects the 5 us delay trigzer pul
a step voltage from the re re mo, 2pplied to the selector circuit, gates

pulses generated either in the 100 k¢ timing oscillator cor the divider
(depending on whether 10 or 100 us intervals between timing dots ls desired
through the timing gate to the oscilloscope Z=-axis. The same step voltage
keeps the microphone signal from the oscilioscope.

This step voltage is terminated in duration by a change of ¢
of the re re me, at which time the latter sends a trigzer pulse to the

pulser. Simultaneously the selector circuit is caused to reverse its

function, allowing the microphone signal to appear at the cscilioscope

4

v

{5)

input and cutting off time mark signals from the 7=axise. The 1

ores
=}

U

pulse received by the pulser causes the latter to emit a rectangular

pulse of determined duration, which is used to gate the master oscillastor

gignal into R. F. pulses.s The initial rise of this rectangulasr pulse is
used to provide a trigger for the delay circuit, thus iInitiating the
oscilloscope signal sweep at a later determined timee.

The net result of these circuits is to present in the followliug
sequence, in each r. re. m. cycle: (1) a time mark swe-p whose shtart i=
always in synchronization with the 100 kc and/or 10 k¢ timing pulses.
and which occupies its own portion of the re. re me cycley (2' the cecond

part of the cycle, wherein a signal sweep is initlated at s delayed time

after the start of transducer operation, and during which microphons

signals are presented. Under norma. oper~tion this sequence Is repeated
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at a frequency set by the r. r. me When no repetition (a single cycle)
is desired, the re r. me must he activated by the single shot trigger
tube, upon mamuial closing of switch 32.

P

We are now in a position to explain the detailed operation of

each of the component circuits described above.

Single Shot Trigger Tube: The function of the se. s« trigger
twube (Fig. 16) is to deliver a single triggerins pulse to the repetition
rate oscillator each time that switch Sy is closeds Normally this switch
is openy then the voltage across Cy is 7ero ané the voltage across 02

is 150 voltse Current flowing through RB and Rg produces a bhias voltage

between grid and cathode of the 2D21 thyratron, which bias is sufficiently
large toc keep this tu'e from hecoming ionized. 'hen switch 35 is closed,
the vcltage across Oy rises exponentlally until the grid to cathode voltage
reaches the ignition potential of the tube. At this point C, is dis~
charged through P 3. The resultant positive pulse developed across R,

is transmitvted through the isolation diode, and appears across Rg in

the repetition rate multivibrator (Fige 17). When 55 is reopened, the
:ireuit returns to its original state.

Repetition Rate Multivibrators A three position switch, Sy

controls the repetition rate of this stage (Fige 17). In positions

1 and 2 the multivibrator operates as an astahle multivibrator whose
period is changsed by a change of the time constant of the cireuit

formed by C3 and Rg or Rpe In position 3 the multivibrator operates in
the monostable state. being trigsered by a positive pulse from the single
shot trigser tube. Gating and trigger voltages to the 90 us pulse

former and selector circuit, respectively, are obtained from the cathode

circuits of the multivibrator. (A trigger to the pulser is also %o be

ARt LM il — Wor—— . i
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Figo 16-

Single Shot Trigger Tube:
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List of Components for Fig. 16.
g Rl - 10 mege Cl - 0.02mfd .
Ry = 5 mege. Co = 0ul mfde
R3 - 5k C3 - 100 mmfo
R, - 10 mege
R5 - 75k
Rg - 100k
k|
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Fig. 17.

Repetition Rate Multivibrator:

schematic diagrame
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List of Components for Fig. 17.

Rl - 22k

R, - 15k

R, =10k
Rs = 100k
Rg - 3 mege
Ry - 1 mege

Rg = 1 mege

Ryp - 10k

200 mfd.

«Q
=
1

0.03 mfd.

«Q
N
]

0.03 mfd.

Q
)
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taken from this circuite.)

100 KC Timing Oscillators The 100 ke oscillator (Fige 18) is of

the crystal-controlied Pierce type. whose output is taken from the plate

circuit. Negative pulses so derived are used to trigger a 10:1 divider

circuit {(which has not yet been developed) and also to supply the 100 ke

timing markse.

Trigzer Gate Tube: The trigger gate tube (Fige. 19); which is

normally cut off, delivers a negative pulse to the delay circuit wheun pulses

from the 90 us and 5 us pulse-formers appear simultaneously at points A

b
P °

and B respectively, as is shown in (Fig. 19

5 us and 90 us Pulse-Formerss The 5 s and 90 us pulse-formers,

similar in form, are represented by the single circuit shown in Fig. 20,

Below the diagram are listed the condenser and resistor values used in

each of the pulse-formers. The circuit is that of a cathode-coupled

monostable {one xick) multivibrator. The desired output pulse of length

determined by C? and RA appears across R5 for each pulse received at the

trigger inpute.

The microphone preamplifier is housed in a small

Preampiifier:

chagsis which is to be mounted on the microphone carriase in the near

vieinity of the microphones This arrangement will minimize electrical

pick-up in the receiver circuit. Two views of the preamplifier cop-

The preamplifier circuit, Fige

struction, are shown in Figs. 21 and 22.

23, consists of a low-noise cathode-coupied input stage followed by five

identical stages of amplificaticn with plate-to-grid feedback in each

stages A cathode follower output stage completes the amplifier and pro-

The overall gain of

vides low output impedance for cable terminstion.

the amplifier is about 1000, and is essentially constant between 50 k¢

and 3 mce



Fig. 18.

100 kec. Timing Oscillator: schematic diagram.
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List of Components for Fig. 12.

Rl - l.g meg.

Cl - 8"50 mmf «

4 Co = 150 mfde

oo i D S

! { :
R L |




Fige 19.

Trigger Gate Tube: schematic diagram.
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List of Components for Fige 19.

100k
100k
10k

369k
120k

001 mfde
0.01 mfd.
0.2 mfd,

Col mfd.




Fige 20

3 5 us and 90 us Pulse Formers:

3 schematic diagrame
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List of

For the

For the

Components for Fige 20.

5 us pulse formere.

10k
6k
1k

500k

150 mmfe

50 mmf e

90 us pulse former.

10k

10k

51




Figo 21.

Preamplifier:

top view.
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List of Components for Fig. 23.

C1
Cr and 03

c, to Cq

100k 1/2w
1k 1/2w

2k 1w

120k 1/2w
220 ohm 1/2w
20k 2w

75k 1/2w
2k 1/2w

50k 1/2w

1k 1/2w

1000 mmf e
O.1 mfde.
1000 mmf'e
0.1 mfde.
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Circuits to be Designeds Of the overall electronic systems
shown in Fige 10 and detailed further in Fig. 15, the calibrated attenu-
ator, the power meter circuit, the pulser, the delay circuit, the se-
lector circuit, the amplifier (all shown in Fig. 10), and the 10:1 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
fecllowing general method of designing ite. According to the basic method
of measuring electrical power already discussed in Section III and dia~
gramed in Fige 2, it will be necessary to measure voltages e; and e,
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 feasiblees The phasemeter would consist essentially
of a differential amplifier whi-h will, in possible conjunction with further
amplification, present on the oscilloscope screen a voltage which is
proportional to the vector difference between ey and e, (attenuated to
the same magnitude as ej). The magnitude of this vector voltage would,
in turn, be proportional to sin(8/2), where © is the phase angle between
e1 and ep. By successive adjustments based on viewing the oscilloscope

patterns, inductor L can be tuned to resonance, at which point 6 - O.
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Appendix

: f Detailed Drawings of Mechanical

Construction.
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Noe 2 Roller Assembly
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Transverse Slide
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Transverse Slide and Clamp
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Vertical Shaft and Yoke
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Fig. 34

Bottom Shaft Bearing Plate
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Section D:

Other Measurements, and Related Activities

1. Mixed crystal studies in the B51193 group.

Appendices II and III include reports of work carried out jointly
under the present contract and Contract No. AF33(038)-12645 with the Air
Research and Development Command, on crystals of the Me+2X+403 groupy where
Me+2 1s Pb*2, Sr*2 or Ba'?, and X is T1*, 2r* 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 papery, by Smolensky and Kojevnikoffy, 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.
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3. Research on Other Ferroelectric, Piezoelectric 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 piezo-
electric crystals, is being terminated due to lack of funds in that agency for
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 KHZPOA, by means
of an X-ray diffraction analysis; a diffraction investigation of the non-ferro-
electric NHAHQPOA 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 LiNH,C,H,0¢°H0 at room temperature,
and a very extensive investigation of the physical properties of this crystal --
whose ferroelectric behavior we doubt seriously -« is in pressj extensive dielectric
and some X-ray studies of other mixed tartrates are in progress; studies of A1F3,
CsCdClj and related structures have been carried out; investigations of the
transitions in CdpNbz07, PboNbyO7, and their mixed crystals 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; piezoelec-
tric examination of these latter compounds is also in progress; and, of course,

a large amount of instrumentation has been designed and constructed for all of

the physical studies involved.
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Section Eg

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, teday an
essentially unlimited variety of such compounds is available, This is the re-
sult of preparation and measurements of a large number of mixed crystals. In
the BaTi0; group, substitution of Pb+2, Ca+2, Sr+2, Cd*? and other bivalent ions
for Ba*e, and of Zr+L, Hf+4, Sn+4, Ce*+ 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 BaT103 group have already been examined for transducer
or dielectric properties; and, among these; some have proved quite superior to
BaTi03. Some measurements have been carried out, under the present program, on
BaTi03 in which a limited amount of oxygen has been substituted for by S. Perov-
skite-like compounds with F or Cl1 in place of O have also been prepared, 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 PbZrO; 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, opticaly dilatometric and
thermal methods, and that the materials must be prepared very carefully (to

avoid impurities and incorrect compositions).

- U—
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C. It is unfortunate that time has not permitted extensive examing-
tion of LiNbOB, LiTa0O3, 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 NaNbOB had reported this material as
ferroelectric. Our measurements clearly establish that it is certainly 323
ferroelectricy but is probably Egziferroelectric 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 out,
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
he finds 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 polarizabilities 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!
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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(NbQTa)OB 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 KTaOB is en-
tirely unlike the KNbOB transition. Until single-domain crystals are at hand
at lower temperatures, X-ray studies of precise electron densities, 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 orthorhombic KNb03 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 CdpNbpO7) 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 obtainedy 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 KHZPOL and tartrate classes of ferroelectrics,
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J. The electro-acoustical measuring equipment described in Section C
was designed and constructed, in conference with Dr. Wallace and Mr. Rosenblatt,
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

crystal lattice and structural stabilities.
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Appendix I.

Proposal for Program on
New Transducer Materials

This proposal concerns a program
for the investigation and development of new
materials for electromechanical transducer
elementss It is to be carried out in the X-
Ray and Crystal Analysis Laboratories, Depart-
ment of Physics, The Pennsylvania State College,
under the direction of Ray Pepinsky, Research

Professor of Physies.




I. Purpose of Program 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 elementse.

IT. Desirable Properties in Transducer Materials.

The choice of materials for electromechanical transducer elements
depends, naturally enough, upon the specific 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 efficiently 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 concommitant with the above
stability properties. The requirements of materials for electrical cireuit
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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ITI. Program for Investigation and Development of New Materisls.

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. 8Single crystals of potassium niobate, lithium tantalate and

related materials will be prepared, by all possible methodse.

B. Measurements will be carried out on these single crystals,
to determine dielectric properties, ferroelectric hysteresis
curves and electromechanical coupling coefficients over a
range of temperatures, frequencies and field-strengths.

Ce X-ray diffraction measurements will be cerried out, to de-
termine the nature of the structural changes 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 genersl search for new trans-

ducer materials.

IV. Expected Period of Performance.
The program is planned for a two-year period, and involving three

full-time investigators and a part-time project director.

' _L_abo;:g §QZ Y Fac ili&iego

The work will be carried out in the X-ray and crystal structure

laboratories in the Department of Physics 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 studies.

N YR

VI. Personnel to be Attached to Project.
A. Project Director: Ray Pepinsky, Research Professor of Physics,

¥ The Pennsylvania State College.

5 : B. Solid State Physicist: Walter Merz (Ph.D., Zurich), Research
; Associate, who has just come to The Pennsylvania State
College after two years of research with Professor von

i Hippel 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 chemistiy 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.
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Study of Phase Transitions

in Perovskite-Type Crystals

Gen Shirane and Ray Fepinsky

This report concerns developments supported at

The Pennsylvania State College in part by Contract No.

et i

Néonr-26919 with the Acoustics Branch of the Office of

Naval Research, and in part t - Contract No. AF-33(038)-

12645 with the Wright Air Development Center, Department
of the Air Force. Crystal preparation and dielectric
measurements were supported under both contractsy specifiec
heat and X-ray measurements were supported by the Air

Force Contract only.
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R. Pepinsk{

Projects Director

X-KRay and Solild State Laboratory
Department of Physics
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STUDY OF PHASE TRANSITIONS IN PEROVSKITE-TYPE CRYSTALS

The discovery of the ferroelectric acitivity of BaTiOB(l) has
attracted many researchers to further studies of related perovskite-type
crystals with molecular formula ABOj3. The perovskite-type crystals which
have shown ferrcelectric activity can be divided into at least three classes:
cne is A+2B+LO3, such as BaTi03; the second is A+1B+503, such as KNbO3; and
the third is A*1a*3B,*40;, such as KLa(Ti03),. Other perovskite-type
materials have also been examined elsewhere, but their 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 PthOB. In the second group we have been interested in the NaNbOB-KNbO

3
system, which shows very peculiar properties, and is discussed in some

detail belowe
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A. PHASE TRANSITIONS IN PHHfO4

I, INTRODUCTION.

Recent studies of PBTiOB(z) and PbZr03(3) have revealed interesting
dielectric properties and relations of these to the crystal structures of
these perovskite-like compoundse P‘dTiO3 is a ferroelectric with a Curie point
of 490°C, and this is very similar to the much-studied Curie point of BaTiOB
at 120°C. The crystal structure(A) of PEI'i0; is distorted to a tetragonal
lattice below its Curie point, and with c/a=1.06&t room temperatures it is
of course cubic above its Curie point. The dielectric properties of PbZr04s
on the other hand, have shown that this crystal is not ferroelectric but
rather antiferroelectric with a Curle point at 230°C, notwithstanding the
close rssemblance of the permittivity vs. temperature curve of this crystal
to those of BaTi03 and PbTi03. The crystal structure(A) of PhZr05 is distorted
to a tetragonal cell, but the axial ratio c/a is less than unity (0.99) =- in
contrast with BaTi0, and PUI105 in which c/a is bigger 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 perovskite crystalse Although there
is no doubt that the large polarizability of the Pb ion in both compounds
contributes to these peculiar phenomena, the essential difference in these
compounds 1is 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 lons, such as
PbeOB and PUThOB, 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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different (probably larger) polarizability. Up to now, however, few studies

were carried out on hafnium compounds because of difficulty of obtaining pure
hafniume We have carried out a dielectric and structural study of PbHfOs,
and observe that this crystal shows antiferroelectric behavior of the same

type as PbZrOB.

II. SPECIMEN PREPARATION.

Ceramic PbeO3 was prepared from PbCOB and HfO,. Equimolar propor-
tions of these ingredients were mixed well and fired at about 1200°C after
preliminary firing at about 1000°C. The specimen was pressed into a pellet
with a pressure of about 108 gm/cmz. The fired specimen is a hard ceramic
with a yellowish color.
The first difficulty in obtaining good PHif04 arises from the
difficulty of obtaining pure HfO;. One gram of HfO, was supplied by Fairmount
? Chemical Cce, which company claimed a purity of 99.5% HfOy, with 0e3% Zrdy
1 and 0.2% Ti0p. Rough estimation by spectrographic examiration, carried out

by Dr. R. Hayes of the Pennsylvania State College, indicating the existence

of Zr in an amount from 0.03% to 0.3%. A second and rather unexpected
b | difficulty 1s the very severe evaporation of PbO from the specimen during the
» courge of firing. A similar difficulty was encountered in the case of PuT 104,
snd alsc (more pronounced) in the case of PtZr04s But in PWHfO, the evapora-
tion is so severe that the color of the surface of the sintered specimen
changes to white and the powdsr photograph of the surface material shows zome
bt : weak diffraction lines due to HfO;. Though the small supply of HfO; did not !
allow us to develop a satisfactory method for preventing the evaporation, |

the foliowing procedure was helpful in obtaining a rather good specimen. A

!
4
{
2
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' few percent of Pb0 was added in excess of equimolar proportion, and firing was
carried out rather quickly in a Pt crucible with a cover to retard the evapora-
tion of PbO, The white surfacs of the specimen was removed by polishing, and
the uniform yellow interior part was used for the dielectric and structural
studiess No chemical analysis was carried out of the final specimen, and

this should ultimately be done.

{IT. _CRYSTAL STRUCTURE AT ROOM TEMPERATURE.

Powder photographs of PbeOB were taken with a Noreleco powder camera
(11e4 omo dimmeter), using Cu Ka radiation. Diffraction lines clearly show
; a distorted percvskite structure, and all multiplets can be well explained by
assuming a tetragonal cell with ¢/a<1l. The lattice constant and axial ratic
caloulated from (510), (431) and (422) lines are shown below, together with

data for PHTiOB and PtZrOB.

Table I
Crystal a~axis c/a unit cell volume
PETiOB 3,905 1,063 63430
P20, 4o159 0,988 71406
P'tinO3 40136 00991 70.06

{(N=1.54058 was used as the Cu Kaq wave length. The

PbZr03 and P‘bTiO3 were recalculated from Megaw's(A)

values for

data with

thls wave length,)

It iz to be noted here that the ¢/a ratio for PbeOB is less than
unity, as in PbZrOBo Moreover, some extra lines can be observed in the PtHfOB

powder photograph begides the main lines due to a perovskite structure. Careful

gy ey TP R




5e

-

comparison of these extra lines with those of PbZr03 showed essentially the
same character of superstructure line not only in spacing but also in relative
intensities. These facts strongly suggest that PbHfO3 has the same type of
superstructure as PbZrOB, wnich latter was studied by Sawaguchi et a1(5) using
a single crystal method, These investigators found an antiparallel displace-
me t or Zr {or Pb) ions as shcwn in Fig. 1. Thus we can expect antiferro-
electricity in Dbe03 gimilar toc that in PbZrOBO Rough estimation of the
intensitles of diffraction patternaz of these twe crystals are shown in Fige. 2.
Supergtructure lines are indicated by open circleso

Begides these very close resemblancas between the X-ray powder
patterns of these two compounds, we can find a large difference in the ratio

of the intenszity of odd N = e + K2 + 12

to that of even N, as easily seen in
Fige 2. This can be explained well by the difference in the atomic scattering
factore of Zr and Hf., Another interesting result is that the unit cell volume
of PthOB s smaller than PbZrOB, which obviously shows that the Hf al ion is

’

slightly smaller than Zr 4" ilono

IV DIELECTRIC_PROPERT [ES.

The specimen for dislestric measurement was a disk 1 mme in thick=-
nese and 0e3 cmo® In area, and silver paste was applied t¢ both surfaces as
electrcdes, Figo 3 shows the dislectric constant vs. tempersture curve at a
frequency of 10 ke/seq.

This curve shows two anomalies In the temperature dependence of
dielectric constant: one is & small ancmaly at 160°C, which suggests the

existence of some kind of phage changes another is a pronounced peak at 210%,

above whnich the srystsl becomes parselectric. From the crystal structure we
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san expest antiferroslectric properties in the phase below 160°C, and there

is no doubt above the paraslectricity above 210°%. To study the dielectric
rasponse of the intermediate phase we examired the polarization vs. electric
field relation under an aec. amplitude of 10 kv/cm. As shown in Fig. 4,

the P-E relation is slmee? linear in all three phases except for a slight
upward curvaturs juszt below the Curie point. No ferroelectric hysteresis loope
ware cbserved even just below the Curie point.

From this we cen concludey taking into account the crystal structure
at room tempsrature, that the lowest phase below 160°C is an antiferroelectric
phase as cbserwsd in PbZr0q {phase AI) and that the intermediate phase is
another antiferroslectric phase {AII) which mist differ from phase AI in some
WEY o

Above the Curie point the temperature dependence of the dislectric
conastant cbeys the Curie-Weiss law £ = 1/(T-TO), with C = 1.0 x 107, T, = 110°C

this Curle constant is very close to those of BaTiOB and PtZr03.

Ve.. STRUCTIURAL CHANGES AROUND THE PHASE TRANSITIONS.

As ghown in Fig. 3, the dieliectric constant vs. temperature curvs
shows two anomaliss, indicsting two phase changes. Now, the interesting problem

is ths crystal structure of Pbﬂfﬂa in the intermediate phase between these two

~
o

phase changes at 160°C and 210, Teo check this point, a series of powier
photographs at varicus temperatures were taken by uzing the Unicam (19 cm.)
high~temperature X-ray powder camera.

Below 160°C the diffraction pattems are essentially the same as at

room temperature, except that the c¢/a ratio tends toward unity and, at the

same time, the intensity of extra lines decreases gradually as 160°C is
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approached from belewo Above 210°C the photographs show & cubic perovskite
lattice without any superstructure lines.

The diffraction patterns at the temperature region is the intermediate
phase iz very close to a cubic pattern, and we can observe miltiplets only in a
few high-angle lines. In such a case it is rather difficult to determine the
structure by using powder photograph onlys but we tried to explain these mul-
tiplets only in a few high-angle lines. In such a case it is rather difficult
to dstermine the structure by using powder photograph onlyg but we tried to
explain these mulitiplets by assuming simple possible cases such as tetragonal
¢/a . 1, orthorhombic &nd rhombohedral. We found that these multiplets can be
well explained if we assume a tetragonal lattice with c/a <1. The lattice
parameters snd c/a calculated from (510), (431) and (422) lines are shown in
Fig. 5 and Fig. 6.

The dielectric test showed that the dielectric properties of this

middls phass may be antiferroelectrice Careful examination of powder photograph
revesls a few rather weak but definite superstructure lines, which are differ-
ent, from those found av room temperature both in spacing end in relative in-
tensity.

The above regults show that the change at 160°C is a phase trans-
formation from tetrsgonal to another tetragonal phnase; with a discontinulty
in the sxial ratic ¢/a. This seems rather strangs. However, we must notice
nare that the powder pattern at rcom temperature indicates a tetragonal lattice
with ¢/a <13 but the structural study of a single crystal of PbZrOB showed
as seen in Fige 1; that the trus symmetry of crystal is not tetragonal btut

orthornombic. We can conclude that the phase transiticn at 160°C is a phase

change from orthorhombic phase to a tetragonal phase; caused by some rearrange-
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ment of the antiparallel displacement of ions. The detailed study of the
erystal structure of the intermediate phase must await a single crystal study.
Sunmarizing, the phase changes in PtHfO3 are shown in schematical form

az followss

. Antiferroalectric I Antiferroelectric II Parselectric
A b bt AR ot el L o e L e DB smm i
Orthorhombic Tetragonal Cubie
(pseudo=tetragonal)
VI, DISCUSSION.

The foregeing experimental results has shown that P":HfO3 is anti=-
farroalectric with a Curie point of 210°C. The interesting and rather un-
axpectsd resulte of these observations ares firstly, the Curis point of
PbeGB is very close to that of PEZIOB, notwithstanding the difference in the
ionle radil and polarizabilities of these crystelss and, secondly, the ex-
istence of the antiferrcelectric intermediate phase between the Ilcowest and
paraslectric phases., At present it is difficult to explain these factsg but
the followlng consideration may be helpful,

5 Tha recent studies of PbZrOB(B) and solid solutionsté) derived from
'5 PhZ?Oj tv replacing Pb or Zr icns by other suitable Ions show the rather
pecuilar phase dlagrams as shown in Figs., 7 and #., In the nases of Pb(Z?—Ti)OB
and th-Ba}Zr039 the rhombonedral ferrcelectric intermediate phase was observed,
and, on the other hand, in the case of (Pb~Sr}Zr03, the tetragonal antiferro-
electric intermediate phase was found. A comparison of superstructure lines
in the intermediate phase of (Pb-Sr)ZrOB and PHif05 showed that the both

vompounds have assentially the same superstructureg consequently they are

1 { provably the same phase.
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Proper explanations of these many experimental results are not yet
possible. However, if we assume that the mmall ioniz radius and large polar-
izability of Hf ion compared with those of PbZr03 have almost compensated
sach other, we can possibly explain =~ or at least expect -- the small change
of the Curie point from PbZrOB to PbeOB, and the existence of the intermediate

phase in PtHfOBo

B. STUDY OF NaNb03~KNb03 SISTEM

I, INTRODUCTION.

The ferraelectric phase transitions in peroveskite niobates were

studied by Matthias and Rem@ikaqv) and by Wood(SD, with the following resultss
Nb04:  orthorhomblc 2207C tetragonal 430°C cuble.

NaNbO4: orthorhombic 370°C tetragonal 4809C cubic.
Concarning KNb03, a recent study(g) in our laboratory has revealed the existence
of & phase change at -20%C, showing the existenca of a lower rhombchedral phase
which gives this crystal the complete similarity to the phase changes in BaTiOBO

On the other hand, the situation with NsNbOB is rather confusing.
First, structural study of this crystal at room temperature by Vdusden(lo)
showed the non-polar structurs which rejects, In any case, the existence of
farrogiectricity in this crystale Second, the optical and X-ray studies by
Weod has suggested another higher phase change arcund 640°C, in sddition to
two phage transitions at 370°C and 480°Cs and an optical study by Vousden led

~Op

that investigator to report two phase changes at 3007C and 600°C.«

These two questionss whether'NaNbCB ie really ferroslectric or not,

and what transitions really exist in NaNbO3 at high temperatures, suggested




18,
the need for a further study of NaNbO; and its solid sclutions with KNbO 5.

II, DIELECTRIC PROPERTIES.

The specimen used for the feollowing experiments were prepared from
K2003, NapC03 and Nb205o These ingredients were mixed in desired proportions
and fired at various temperature, which varied from 1200°C for purs NaNbOB
to 1000°C for pure KNbd4 after preliminary caleinatior. It is rather difficult
to obtain hard ceramics, especialiy toward the pure KNb03 sidey but appiying
a large pressure to the pellet and adjusting the firing temperature to just
below the melting point, we could obtain good ceramics which sre hard enough
for dielectric tests. Silver paste was appiied to both surfaces as electrodss.

Dielectric constant vs. temperature curves were measured at 10 kec/sec
and 10 v/bm. Some of the results are shown in Fige 9 to 11. In NaNbO3 we
observed only one anomaly at 370°C, in contrast with the two phase changes at
376°C and 480°C previously reported by Matthiass and Remeika., When we replace
small amount of Na in NaNbOB by Ky we observe tuwc anomalies as shown in Fige 9
for (KS-NaQS)Nb03° With increasing K concentrstion, these twc anomalies were

o)

observed always around 200°C apd 400“C. The dielectric constant of pure KNb03
shows two anomalies at 320°C and 430°C, in good agreement witn the previous
data of Matthilas and Remeika.

From these messurements, the phase disgram of {KnNa)NbOB was obtained
ag shown in Fig. 12, To study the ferroelectricity of each phase shown in
this diagram, we examined the hysteresis loops of a number of sciid sclutions,

and some of the results are shown in Fige 13. Above the highes! phase line,

' - as expected, the P~E relation is always linear. 1In the Intermediate phase

i : we can get good hysteresis loop even in the specimen near the pure NaNbO, side.
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In the lowest phase, we can get ferrcelectric hysteresis loops, except for

a region very close to pure NaNbOB; tut, comparing the locps of the same
specimen at the intermediate phase, the coercive force is larger and the spon-
taneous polarization is smaller. As shown in Fig. 13, the hysteresie loop at
the lowest phase becomes more and more ambigucus as we approach pure NaNbOB,

although the solid solution such as (K iCﬁNa )Nb03 and (K __-Na 95)NbOB

05 .

show good loops in the intermediate phaseo No hysteresis loops were observed

<90

in pure NaNbOBo From these results we can conclude the paraelectric character
of the highest phase, ferroelsctricity in the middlie phase, and also ferro-

electricity in the lowest phase except for the pure NaNb0..

III, STRUCTURAL STUDY,.

Before discussion of this phase diagram of the (Na-K)NbO3 system, we
mist examine the important point whether this (K-Na)NbO3 system is really form-
ing a solld solution, because the difference of ionic radiil of K and Nas is

large encugh to give us this doubt,

(A} Crystal Structures at Room Temperature.

The crystal structures of KNul4 and Nell504 &b room temperature were
studies by Wood(s) and by Vousdan(31)o Both crystais show the same type of
orthorhombic distortion from cubic perovskite, but Nan&B differs from KNbO3

in one important point, namely, the patterns show "extra lines" which requires
the assumption of some kind of superstructure, This superstructure was studied
by Vousden(lo), who reported the non-polar structure of this crystal, and drew
some strange conclusions from this,

A series of powder photographs were tsaken with the various compoai-

AN WS

tions covering the whole range of the (K-Na! b0, systeme It is rather difflcult
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to get clearly resolved photographs espesiaily on the NaNbCB sideo, This is
prasumably due to the large difference of icnic radil of K and Na, which
inevitably causes a large internal strain., Especially on the NaNbOB side

the replacement of the small Na ion with the large K ion may csausz more strain

than in the opposite case near KNbO3.

From the comparison cf the photograpns of whole solid solution rangs,
we can reach folleowing conclusions:
(1) The lattice constant decreases gradually from KNbOS to NaNb03w and no evi-
dence wag observed for the existence cf a mixed phase,
(2) Powder photographs of solid solutions renging from KNbO3 in (X,50-Na 5005
show sharp lines, and essentially the same characteristics as purs KNbOB.

{3) From pure NaNb0y to (KaLS'Na,RE)NbO the diffraction patterns are essen-

39

tially the same as pure NaNb03§ i1e804y they show the ssme type of extra lines.
L) i , tween (K ,.=Na ,.)Nb0, 4o (K ,.~Na .

(4) In the intermediate regicn betwee (K, jo~Na g o0,y 4o (K 4o Na.,‘,o)NbO3

the diffraction lines are rather diffuse, and it seems that the border-line

betwsen the two orthorhombic phases exists in this region. But the lattice

constants show gradual changes even in this regicne

(B) Lattise Change around the Transi*ionse
To examine the crystal structures of the intermediate phase aud
highest phase in the diagram shown in Fig. 12, we =tudied the temperature

depsndence of crystal structure of KNbO., (K ., =Na

oL o

b-?NbO?, and NaNb03° The
Unicam 19 em. high temperature powder camera was used with Cu Ka radiation.
The crystal structures of KNbO, at high temperatures were already

gtudied by Wood, and our re-sxamination shows complete agreement with the

previcus data, giving the tetragonal structure with ¢/a >1 between 220°C and
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(%) < P,
430°Cy and the cubic structure above 430

(K - ~Na 9,\‘.NW.'J shows the same lattice typs at room temperature
0t o7V

3
as NaNbC33 and It changes %o tetragonal lattice with </a > 1 at the phase
transition of 240°C, end extra lines saem %o dicappear at the same time, This
tetragonal structure, therefore, is the sams lattice type as in the intermediate
phase of KNbOj. The structurs is cuble above L00°C.
The study cf purs NaNbCB shows that this crystal is orthorhombic

low 370°C, and +he diffracticn patterns taken above this tempsrature, LRY-0)
406°¢C, clesrly show the linez of cuble perovekiis, From this we can expect
no mors phase change at highar temperatures.

Thesa results give the structural support for the phase diagram

IVe . SPEGIFIC HEAT MEASUREMENTS.

Specific heat vs. temperature curves of KNbOg, (K°1G=Na°93)NbO3 and
NaNbOB wsTe measured by using an adiabatic calorimeter of Nagasaki-Takag?
type(lz), which is an improvement of Sykesz' calorimeter. Detail of the con-
struction of this calorimster was described in a preceding repcrt(13)o

The specimen is a powdsred ceramic prspared %y the same method as
the specimen for the dielectris and structural measursmentz. About 15 gms
of material was placed in the Pt vessel, and heated at a rate of about 1°C/min.
The heat content of the empty celorimeter was calibrated by using 810, as a
standard substance., The results are shown in Fige 14 = 16.

From thess curves we can easily see that NaNb03 and (KoIO'Na.9O)NbO3

show rather small snomalies compared with the relatively large anomalies in

KNh03o By assuming a broken line shown in the figures as a normal specific
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heat curve, we can obtain the integrated transition energies as followss

lower phase change upper phase change
KNbO4 85 cal/mcle 190 cal/mole
(K,10"Na gp)Nb0, 20 cal/mole 60 cal/mole
NaNb0, SE e 50 cal/mole

Vo__DISCUSSIONS.

Summarizing the above results, we can reach following conclusionss
(1) NaNbOB shows only one phase transition at 370°C, accompanied by a structural
change from orthorhombic to cubic,.

(2) When a small amount of Na is replaced by K, the ferroelectric intermediate
phase can be observedes This phase shows a tetragonal lattice with c/a>1, and
it is the same phase as the intermediate phage of KNbOB.

(3) Concerning the ferroelectricity of pure NeNb0O3, though the phase diagram
suggests ferroelectricity in this crystal, the absence of detectable
hysteresis loops gives us strong doubt. This problem is still open to question,
and rmist await further study.

We must add here the following results, obtained very recently, after
completion of the study of (K-Na)NbOB gystem using ceramic specimen. Single
crystals of NaN‘nO3 were prepared by the method used by Matthias and Remeikas
namely, & mixture of NaNbO3, Nby0; and NaF was slowly cooled from 1500°C. Some
of these single crystals show the dielectric anomalies at 370°C and 480°C in
agreement with previous data and in contrest with our data on the ceramics.
However, this phase change at 480°C may be explained by the small impurity
contained in the crystal, because the phase diagram shown in Fig. 12 suggests

that even small amount of impurity in NaNb03 can easily result in another phase




changes Up to now, no hysteresis lcops were observed in NaNbO3 single crystals.

Further study of single crystals are now under way.
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PHASE TRANSITIONS IN ANTIFERROELECTRIC PbeOB*
Gen Shirane® and Ray Pepinsky

b Department of Physics, The Pennsylvania State College, State College, Pennsylvania

Abstract
Phase transitions in ceramic PbeO3 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 ftemperature range. At rcom temperature PbeO3 has

a tetragonal lattice of the percvskite type with a = 4,1363 and

c/a = 0,991, and a powder X-ray photograph shows some superstructure
lines which have essentially the same character as those of PbZrOB.

This shows that PLHfO; is an antiferroelectric of the PbZr0, type be-

3
low 163°C, The crystal structure between 163°C and 215°C is also
based on a tetragonal 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 antiferroelectric phase, with a different type of dipole

arrangement from that of the lowest phase, At 215°C, it becomes

paraelectric, accompanied by a change to a cubic structure,

Research conducted under Contract No, AF 33(038)=12645 with the Air
Research and Development Command, and Contract No, Néonr-26919 with
the 0ffice of Naval Research,

* on leave from Tokyo Institute of Technology, Tokyo, Japan,
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I. INTRODUCTION,

1,2 and PbZr033’4 have revealed interesting

Recent studies of PBT103
dielectric properties and relations of these to the crystal structures of these
perovskite~type compounds. PbTiO3 is a ferroelectric with a Curie point of
490°C?95, and this is very similar to the much-studied Curie point of BaTi036
at 120°C, The crystal structure7 of Pbrio3 is distorted to a tetragonal lattice
with ¢/a = 1,063 below its Curie point. The dielectric properties of PbZrOB,
on the other hand, have shown that this crystal is not ferroelectric but anti-
ferroelectric with a Curie point at 230°C, notwithstanding the close resemblance
of the permittivity vs. temperature curve of this crystal to those of BaTiOB
and PbTiOB. The crystal structure’ of PbZrO3 is distorted to a tetragonal cell,
but the axial ratio c¢/a is less than unity (0,99), in contrast with BafI‘iO3 and
PUTi0; in which ¢/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 perovskite crystals, Although there is no doubt that

the large polarizability of the Pb ion in both compounds contributes to these

. H, Jonker and J, H. van Santen, Chem., Weekblad 43, 672 (1947).
. Shirane and S. Hoshino, J. Phys. Soc, Japan 6, 265 (1951).

G
G
3. E. Sawaguchi, G. Shirane and A, Y. Takagi, J. Phys. Soc. Japan 6, 333 (1951).
G. Shirane, E. Sawaguchi and A, Y., Takagi, Phys. Rev. 84, 476 (1951).

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) 58, 133 (1946).
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peculiar phenomena, the essential difference in the compcunds is in the ionic
radii and polarizabilities 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 PbHf O3, may give more information about this 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 Ser038 and BaHf039 has been reported as a cubic perovskite
typey and the lattice constants are shown in Table Iy in which comparison is made
with the results on SrZr0O; and BaZr037. It is noticed here that hafnates have
smaller lattice constants than those of the corresponding zirconates., This is
due to the fact that Hf+4 ion has a slightly smaller ionic radius, 0.84A, compared
with 0,87A for Zr+4, because of the lanthanide contractionlQO, Since no measure-
ments on Pbe03 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 PbCO4 and HfO5. One gram of HfOy was }

s

obtained from the Fairmount Chemical Co., with a stated purity of 99,5%, with

0.3% ZrO2 and 0.2% T102. 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 0,03 to 0.3 percent. Equimolar

proportion of this HfO were mivxed well, pressed into a

and reagent-grade PbCO

2 3

8. S, Naray-Szabo, Muegyetemi Kozlemenyek, No. 1, 30 (1947). Monoclinic structure
with double lattice constant is also assigned this crystal,

9. Private ~ommunication from H. Graenicher (1952)., Recently, we measured the
lattice constant of this crystal using a Norelco 11.4 cm., powder camera, and
obtained a = 451723,in good agreement with the Graenicher's result,

10, These values of ionic radii (Goldschmidt radii) are taken from A. F, Wells,
Structural Inorganic Chemistry, (Oxford University Prese), (1951), p. 71.
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pellet, and fired at about 1200°C after preliminary firing at about 1000°C.
A difficulty in preparing PbeO3 ceramic arises from the high volatility
of PbO during firing. A similar difficulty was encountered in the case of PbTiO35
But in PbHfO

and also (more pronounced) in with PbZrO the evaporation is so

3 3
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 surface material
shows some weak lines due to HfOz. The small suprly of HfO, did not permit develop-
ment of a completely satisfactory method for prevention of the evaporatiom, 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 phctographs of this ceramic were taken with a Norelco powder

camera (11,4 cm, diameter), using CuKa radiation, Diffraction lines clearly show
line splittings due to a distorted perovskite structureg and all multiplets can be
well explained by assuming a tetragonal cell with ¢/a less then 1., The lattice
constant and axial ratio caleulated from (510), (431) and (422) line groups are

8 = 4.136 (20,001)4 and c/a = 0,991 (#0.001). The comparison of these lattice

parameters with those7 of Pb‘I‘iO3 and PbZrO3 are shown in Table II. As expected
Al

from the difference in ionic radii of Hf and 2r, PbHfO, shows a slightly smaller

3

unit cell volume than that of PbZrOB.

It is to be noted here that the c/a ratio for PbHf0, is less than unity,

as in PbZrOBQ Moreover, some evtra lines can be observed in the PbeO3 powder
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photograph besides the main lines due to a perovskite structure, Careful comparison
of these extra lines with those of PbZrO3 shows that both have essentially the

same character not only in spacing but also in relative intensities. These facts
strongly suggest that PbeO3 has the same type of superstructure as PbZrOB, which

was studied by Sawaguchi et al.11

s using a single crystal method, It should be
3 noticed here that this superstructure of PbZrO3 is due to an antiparallel dis-
placement of Pb ions in the [110] and [iIO] directions; therefore, the true
symmetry is probably orthorhombic,

Beside the very close resemblance between the X-ray powder patterns of
these two compoundsy we can find a large difference in the ratio of the intensity
of odd N = h2 + k2 + 12 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 temperature 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 anomaliess 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 temperature, 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. 83, 1078 (1951),




ferroelectric properties of PbZrO3 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 kv/cm and 60 cycles/sec, using a Sawyer and Tower
circuit12° The P-E 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 shapey which was observed in pure PbZr034 just below the Curie point

(see Figure 8 of references 4), was not observed in this specimen up to the field

strength of 4O0KV/cm,

The effect of a d.c, biasing field of 10 kv/cm on the dielectric constant
of PbeO3 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
tomperature uniformity. In contrast with ferroelectric BaTiOB, in which the
dielectric constant decreases with increasing biasing field above and below the
Curie temperaturelB, the slight increase of the dielectric constant was observed
Just below the Curie point at 215°C9 and at the same time the transition temperature
is decreased by 2°O°C by this field. No remarkable effect was found around the
lower transition point., These results should be compared with the similar results
observed in PbZrOBI*°

From this we can conclude, taking into account the crystal structure at
room temperature, that the phase below 163°C is antiferroelectric, as observed in

PbZrO, (phase AI), and that the intermediate phase is another antiferroelectric

phase (AII) which must differ from phase AI in some way,

12, C. Sawyer and C, Tower, Phys. Rev., 35, 269 (1930).

13, S, Roterts, Phys, Rev, 71, 890 (1947); also Cross, Dennison, Nicolson, and
Widdington, Nature 163, 635 (1949).




70

Above the Curie point the temperature dependence of the dielectiic
constant obeys approximately the Curie-Weiss law €= C/(T-T,), with C = 0,95 x 10°
and T = 50°C. This value of the Curie constant is of the same order of magnitude

as those of BaTiO3 and PbZrO3°

IV. STRUCTURAL CHANGES 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 takeng using a Unicam 19 cm., diam, high
temperature X-ray camera, A powdered ceramic was sealed in a hard glass capillary
of 0,4 mm. in diameter and 0,01 mm, in wall thickness. Below 163°C the diffrac-
tion patterns are essentially the same as at room temperature, except that the
c/a ratio tends toward unity; at the same time the intensity of extra lines
decreases gradually as 163°C is approached from beiow, Above 215°C the photo-~
graphs show a cubic perovskite lattice without any superstructure lines,

The diffraction pattern at 200°C, which is in the intermediate phase,
is very ciose to a cubic pattern, and we can observe multiplets only in a few
high-angle lines such as (420), (422) and (431) - (530) groups. In such a case
it is difficult to determine the structure from powder photographs only. We
tried to explain these muitipiets by assuming simple cases such as tetragonal
c¢/a § 1, orthorhombic and rhombohedral lattices. It appeared that the multiplets
could be explained if we assumed a tetragonal lattice with c/a< 1. The lattice
parameters and c¢/a caiculated from (510), (431) and (422) l‘nes are a = 4134
($0.001)4 and c/a = 0,997 (%0.001).

The dielectric test showed that the dielectric properties of this

middle phase may be antiferroelectric, Careful examination of powder photographs




|
|
|

80

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<1. 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. Around the phase transition at 163°C, the
c-axls increases considerably while the a-axis shows a small decrease, resulting
in the volume change of about 0015A3o At 215°C, the structure changes to a
cubic lattice accompanied by the volume increases of about 0516A3° To show these
volume changes from another viewpoint and to compare them with the results for
PbZrO39 the linear region in the cubic phase was extrapolated to lower temperature
and compared with the actual volume, The anomalous volume contractions in the
two antiferroelectric phases are

9001623 ( Av,/v

ao°2733 ( Dyv/v = <39 x 107%) at 130°C .

-23 x 1074) at 200°C

The estimated volume expansion coefficients are
20x107/%C below 158%
27x107%/°C above 215°C.
Recent studies of PbZr0. and of solid solutions derived from PbZrO3 by

3
replacing Pb or Zr ions by other suitable ions show peculiar phase diagrams. in

-

the case of Pb(erTi)0314 and (Pb-Ba)2r0,1%, the rhombohedral ferroelectric

14, G, Shirane and A, Takeda, J, Phys, Soc, Japan 7, 6 (1952); also G, Shirane
and K, Suzuki, J. Phys. Soc., Japan 7, 333 (1952).

15, G, Shirane, Phys, Rev, 86, 219 (1952); also G. Shirane and S. Hoshino, Phys.
Rev, 86, 248 (1952) and Acta Cryst, (to be published).
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intermediate phase was observed; andy on the other hand, in the case of(Pb—Sr)Zr0315
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 PbHfO, 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 24 and also the temperature depend-
ence of lattice parameter of PbeOB, resemble very closely the corresponding
results observed in (Pb95-Sr5)Zr03.

The authors wish to express their gratitude to Dr. Franco 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 HfOzo
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Table I, Lattice constant of alkaline earth zirconates and hafnates.
1 srzr0;  4.101% STHEO,  4.069A
3 BeZr0, 4.189A BaHfO,  4.173h
Table II. Lattice parameters of lead compounds at room temperature.
A= 1..54051 was used as the CuKa; wave length.
Crystal a-axis (A) c/a unit cell volume ( A%)
PbTi04 3,905 1.063 63.30
. PbZr0, 44159 0.988 71.06
PHHFO 4136 0.991 70.06

3




Figure 1

Dielectric constant vs. temperature curve of PbHfOg, at 10 ke/sec.
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Effect of d.c. biasing field of 10 kv/cm on the dielectric constant of Pﬂf03.
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Figure 3
Lattice spacing vs. temperature curve of P‘d!fos.

e 08-S S0 TReRRE 7 Sl L3N
Py

. T £ g " . -
- il & s cquitin st s o Ay B S,

QO




o ¥

ALy o G L B0 SRR S TN

Ot

‘0 ‘3¥NLVH3IdN3L

00¢ 002 (0]0]]
€04Had
joucbp.a} -opnasd
o)
2 oy
jouobpaya) -
=
o
. m
: =
__ 2
o z
s 4 £(9,D )
2199 o—o—G £(9:0) ey O
m
2
;)
- 1 k4
| % (v)

D N




T R S VAL kb ot o A AR A i B e Vi S el it e e e e

1y
{ ”
|
8 -1
5 1

PRESE.. -SSR —HT

Appendix IV,
Phase Transitions in the NaNbO;-KNbg3 System.

In pres aical Review.
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Abstract of paper for Rochester Meeting, American Fhysical Society.

Phase Transitions in the NeNbO-KNbO; System"

G. Shirane*, R, E. Newnham and R, Pepinsky
) Department of Physics
The Pennsylvania State College.

il et g

Phase transitions in KNbO3 and Na.NbOB have been examined by dielec-
tricl and X-ray measurements®, The transitions in KNbO, are rather similar to
; those in BaTi0,, the crystal being ferroelectric below 435°C., Though NalNt0,

i was also reported as fenoelectﬁol, cha«:lon3 reported & non-polar space—
group for this crystal, Dielectric, optical, X-ray and specific heat measure-

e

ments have been carried out, in an exploration of the phase diagram of the

WY T

N.m:o,-mj system, using both single crystal and ceramic specimens, No
evidence for ferroelectricity is obtained for pure No.NbO3 by dielectric and

pyroelectric tests, but a ferroelectric phase appears upon addition of a small
: , amount of KNbO3. Dielectric properties and their relations to crystal structure

are reported for the complete NaN'bOB-KNbO3 system,

4 Development supported by the Air Research and Development Command and Office
of Naval Research,

* On leave from Tokyo Institute of Technology, Tokyo, Japan,
1. B, Matthias and J, Remeika, Phys. Rev. 82, 727 (1951).
2. E. A, Wood, Acta Cryst. 4, 353 (1951).

3, P, Vousden, Acta Cryst. 4, 545 (1951).
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Appendix V.,

Phase Transitions in KNbO3.

In press, Physical Review.




Submitted as a Letter to the Editor of the Physical Review.

Transitions in Ferroelectric KNbOB*

G. Shirane, Ho. Danner, A. Pavlovic**

and R. Pepinsky,

X-Ray and Crystal Analysis Laboratory,
The Pennsylvania State College,

State College, Pa.

Dielectric measurements of KNbO3 by Matthias and Remeika(l) revealed
a ferroelectric Curie point at 435°C and a further transition at 225°C. An
X-ray and optical study by Wood(z) revealed a cubic perovskite structure
above the Curie point at ABSOC, which transforms on cooling first to a
tetragonal 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°C(3)° A further transition occurs in BaTiO3 at
-80°C, in which the structure changes from orthorhombic to rhombohedral.
The above investigators found no significant change in the dielectric

constant of KN‘bO3 between room temperature and -190°C(1)

s and no optical
change was observed between 25° and 55000(2)0

A preliminary dielectric study(L) carried out in our laboratory on
K'N‘IJO3 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 carried out on the dielectric, structural and thermal properties
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of this lowest phase.

KNbO, single crystals were prepared as described by Wood(z), using

3
KCO. as a flux and cooling down from 1000°C. The crystals were generally

5|
rectangular, transparent, light-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 mm in thickness.

Figure 1 shows the dielectric constant vs. temperature curve
measured at 10 ke/sec and a field strength of about 5v/cme The heating and
cooling rate was about 1°C/mino In agreement with previous data, this curve
shows a very sharp change in dielectric constant at 220° and 420°C on heating.
In addition to these, there is an abrupt change in the dielectric constant
at -10°C on heating. On cooling, these three transitions occur at £410°,
280° and -55°C. A very large temperature hysteresis of about 45°C at the
lowest phase change appears in the several crystals examined.

Powder photographs of KNbO3 were taken with CuKq radiation in a
Norelco powder camera of lle./ cm diameter. Orthorhombic cell dimensions
a= 5.7212, b= 3.9732, c = 5.69SR were obtained at room temperature, in
good agreement with the previous data(z)(5)a The lowest-temperature phase
was examined in our low temperature camera, 10 cm diam., using CuKa
redistion. Diffraction patterns at ~140°C showed pseudo-cubic lines of
perovskite type, but small alc.hough definite line splittings were observed
in a few high angle lines such as (422), (332) and (420). The line splittings
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 01495 doublet
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and this excluded the possibilities of tetragonal or orthorhombic lattices.
The lattice parameters calculated from (422) and (332) line groups are
a = 4,016 £0.002% and a = 89° 50* t1°,

Since a ¢ 90°, this rhombohedral lattice is derived from an ideal cubic
lattice by an elongation along [111]. This corresponds to the same lattice as
that of the lowest phase in BaT103° 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-determined symmetry of
each phase. 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 ferroelectric which
has been found to show three transitions similar to those of BaTiO3°

To further compare the transitions in these two crystals; a study was
made of the specific heat anomaly at the three transitions in KNbOB. Ceramic
KNb03 was prepared by f<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>