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Ferroelectricity 
Bernd T. Matthiasl 

Bell Telephone Laboratories, Marray Hill, New Jersey 

u NDER THE NAME OF FERROELEC- 
TRICS one classifies those materials which 
exhibit dielectric anomalies phenomenolog- 
ically similar to the magnetic behavior of 

the ferromagnetics. Perhaps it would have been more 
logical to use the term Rochelle electrics, thus empha- 
sizing the similarity in the dielectric behavior to that 
of Rochelle salt, for which this behavior was first 
discovered by J. Valasek (1). 

I n  this discussion the known ferroelectrics will be 
listed, and the various theories that have been created 
to explain them will be examined. 

FIG. 1. Hysteresis between dielectric field and polarization. 

Rochelle salt, the potassium sodium tartrate, was 
the first crystal to be shown to haxe extremely high 
dielectric constants-of the order of lo3. This, how- 
ever, is confined to the temperature interval between 
- lSO C and + 24O C and to one crystallographic direc- 
tion, parallel to the a-axis. I n  analogy to ferromag- 
netism, the two temperatures above and below which 
the ferroelectric behavior disappears are called the 
two Curie points of Rochelle salt. Simultaneously with 
the change in the dielectric constant, the piezoelectric 
constant dl, goes through very high values. I n  the 

1 On leave of nbsence at  the University of Chicago. 

ferroelectric range a hysteresis loop between electric 
field and polarization is observed, indicating the ex- 
istence of a spontaneous polarization. Outside the 
ferroelectric range the dielectric constant decreases 
and the spontaneous polarization disappears. (Figs. 
1 9  2.) 

Until now none of the crystals isomorphous with 
Rochelle salt had shown any similar dielectric anoma- 
lies. The only changes which did not drastically alter 
the ferroelectric activity of Rochelle salt were a par- 
tial substitution of hydrogen by deuterium, and hydro- 
static pressure. These result in a spreading of the 
ferroelectric range. Otherwise hardly anything else 
could be done to the salt which would not destroy the 
ferroelectric properties. If  only a small percentage 
of potassium is replaced by rubidium, ammonium, or 
thallium, for example, the dielectric anomalies disap- 
pear entirely. 

Only recently (2) it was noticed that Scholz's (3) 
measurements on LiNH,C,H,O,. H,O a t  tempera- 
tures above 125O K show a steep rise in certain piezo- 
electric moduli for this crystal with decreasing tem- 
perature, a reasonable extrapolation indicating that 
the piezo-moduli become infinitely large in the neigh- 
borhood of 100° K. This behavior leads us to expect 
the occurrence of ferroelectricity in lithium ammonium 
tartrate a t  low temperatures, a hypothesis that has 
now been confirmed by experiment (2). 

Fig. 3 shows the temperature variation of en, the 
plate with the electric field parallel to the b-axis of the 
crystal. The sharp peak at  98.5' K marks an upper 
Curie point, below which the crystal becomes ferro- 
electric. Polarization versus electric field exhibits the 
well-known hysteresis loop, though the average value 
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FIG. 2. Dielectric constant of Rochelle salt (17). 
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RIG. 3. Temperature variation of dielectric constitnt Li 
NH4C4H40,. 13,O. 

of the dielectric constant is low compared to aver-
age values for other ferroelectric crystals, including 
Rochelle salt. The absence of a lower Curie point may 
be inferred from the monotonic variation of E, from 
the upper Curie point down to 1 . 3 O  K, the lowest 
temperature of measurement. 

The above discovery immediately raised the ques- 
tion as to whether a similar type of ferroelectric be- 
havior might occur in other isomorphous crystals, or 
whether lithium ammonium tartrate would turn out 
to be another singular case like Rochelle salt. Although 
the only other isomorphous crystal studied by Scholz 
( 3 ) ,LiKC4H40,. H,O, gave no marked variation of 

RIG. 4. Temperature variation of dielectric constant Li 
TIC4H40,. H,O. 

piezo-moduli with temperature, this did not seem un-
reasonable in view of the difference between the K+ 
and NI-I,+ ions. It is obvious that ferroelectricity will 
be less disturbed in the replacement of NH,+ by the 
more nearly isosteric Rb+ or T1+ ions. 

Fig. 4 shows the temperature variation of the di- 
electric constant, e,, of a crystal of LiT1C4H40, .H,O 
with the electric field applied parallel to the a-axis. 

RIG. 5. Shift of the transition point of (NH,, T1) HSO,  with 
varying TI-content ( 5 ) .  

With decreasing temperature E, showed an unusually 
rapid rise between liquid hydrogen and liquid helium 
temperatures, but for a given field strength eventually 
passed through a very flat maximum and tended to 
a steady value as absolute zero was approached. At 

BIG.6. Dielectric constant RbH,P04 and RbH,AsO, powder 
( 6 ) .  

liquid helium temperature, however, e ,  was extremely 
sensitive to small changes in field strength owing to 
the fact that below 10 (t1) K the crystal exhibited, 
as expected, a ferroelectric hysteresis loop. 

In 1935 two other ferroelectric crystals were dis-
covered by Busch and Scherrer ( 4 ) .  They were the 
tetragonal potassium dihydrogen phosphate and the 
eorrespondil~g arsenate, KH,P04 and KH,As04. Only 
one Curie point mas  ol>berved, the temperature below 
which the crystals became and remained ferroelectric. 
I n  the case of the corresponding ammonium salts, as 
the temperature is lowered an ammonium transition 
intervenes and a ferroelectric condition does not occur 



F I G .  7. Dielectric constant o l  llornlal and heavy potassium 
phosphate ( E l ). 

( 5 ) . The ammonium transition is due to the quadru- 
pole moment interaction of the NH, groups. 

Their ordered arrangement below the transition 
temperature modifies the internal field to an extent 
which prevents the final occurrence of ferroelectricity. 
Screening the NH, ions by spherical symriietric thal- 
lium ions weakens the interaction and therefore low- 
ers the transition temperature (Fig. 5 ) .  But it was 
possible to show later that all other crystals, iso-
morphous to the K-salt a t  room temperatures, such as 
the rubidium salts ( 6 ) , do also become ferroelectric. 
If hydrogen is replaced by deuterium in KH,PO, the 
Curie point is shifted to considerably higher tempera- 
tures (Figs. 6, ?). 

The next ferroelectric crystal to be discovered was 
BaTiO,. This was found more or less simultaneously 
in the United States, England, and Russia, after 
titanate ceramics with high dielectric constants had 
been investigated for the preceding 15 years. Single 
crystals of the compound were first grown in Zurich 
(7). Again there was only one Curie point, and i t  
could be shifted to higher or lower temperatures by 
partially replacing the Ba ions with lead or strontium. 
However, it was then not possible to detect ferroelec- 
tricity in any other of the isomorphous titanates. In  
these earlier stages of investigation it was therefore 
not yet quite clear whether barium titanate was again 
an isolated case like Rochelle salt. 

I n  1949, in following up a hypothesis which will be 
discussed in detail later, several new ferroelectric 
crystals isomorphous to barium titanate were dis-
covered, in the alkali niobates and tantalates (8). As 
the assumptions made were almost independent of the 
crystal structure, two new ferroelectric crystal classes 
were found subsequently in the ilmenite (9) and the 
ReO, (10) structures. The crystals in the first system 

May 25, 1951 

were lithium niobate and tantalate, and in the latter 
tungsten trioxide. 

Theoretical aspects: Rochelle salt. Many theories 
have been advanced in attempts to account for the 
ferroelectricity of Rochelle salt, the phosphates, and 
barium titanate. I n  addition, several review articles 
have recently appeared which deal with these mate- 
rials (11,lZ). 

Rochelle salt, though the first to be discovered (some 
70 years ago), is still the hardest to explain. Early 
theories about rotating dipoles have long been for- 
gotten. Today a possible way seems to be Ubbelhode's 
application (13) of Huggins treatment of the free 
hydrogen bond (14). This bond presumably changes 
from a one- to a two-well potential if the bond length 
exceeds 2.59 A. This is just about the length of the 
hydrogen bond in Rochelle salt (15). This fact can 
explain only the lower Curie point, however. Even 
from a phenomenological point of view, it is difficult 
to account for the two Curie points. 

Mueller's interaction theory (16), however, should 
be mentioned with respect to a phenomenological ex-
planation of both Curie points. He arrives a t  the con- 
clusion that two Curie points occur as a result of the 
electromechanical interaction. If  the corresponding 
properties of a completely clamped crystal could be 
measured, then the dielectric susceptibility should 
show one maximurn only near 5' C. No experimental 
verification could as yet be obtained. 

The small change in ferroelectric properties with 
the replacement of hydrogen by deuterium (17) cer-
tainly does not stress the importance of the hydrogen 
bond. It looks much more as if Rochelle salt is merely 
an accident of nature which happens to fall upon a 
stoichiometrically well-defined compound. Sufficiently 
outside the small range of temperature or crystallo- 
graphic dimensions no anomalies can be observed. 

I n  comparing the recently discovered ferroelectric 
tartrates with Rochelle salt, it  has to be borne in mind 
that, although the crystal symmetry is the same in 
each case, the axial ratios are quite different, and in 
addition Rochelle salt has four molecules of water of 
crystallization compared to one molecule in both of 
the new crystals. I n  view of this fact, it  is somewhat 
surprising that practically the same value of sponta- 
neous polarization is observed for each crystal, which 
may indicate again that the water molecnles play n 
relatively unimportant role in the ferroelectric be- 
havior. The low value of the dielectric constant and 
unusual ( b )  direction of f erroelectric behavior in 
lithium ammonium tartrate are possibly the result of 
an interaction between ammonium ions of the type ob- 
served in NH,H,PO, ( 5 ) .The new results strengthen 
the assumntion that the lower Curie noint in Rochelle 
salt is somewhat accidental. A comparison of the 
lithium thallium tartrate data with those for potas- 
sinm tantalate (8) seems to indicate that sharp di- 
electric constant peaks do not occur near absolute 
zero, presumably because of an increase of time of 
alignment. 



T h e  dihydrogen phosphates. The tetragonal dihy- 
drogen phosphates and arsenates have permitted more 
insight. Comparison of the isomorphous crystals shows 
the tetragonal H,PO, lattice to he ferroelectric in gen- 
eral. The PO, tetrahedra Are linked one to another by 
hydrogen bondb. The statistical theory of the positioli 
of these hydrogens was carried out by Slater (19) in 
a well-known paper. As the hydrogen bond is nearly 
perpendicular to the direction of the spontaneous 
polarization parallel to the c-axis ( Z U ) ,  this polariza- 
tion seems to be created rather by the induced rnoment 
in the PO, groups than by the moment of the hydro- 
gen bond itself. Replacing the hydrogen by deuterium, 
the Curie point of KE-I,PO, is shifted to higher tern- 
peratures (21). This is excellent confirmation of the 
essential role of the hydrogen bond as the cause of 
ferroelectricity in this case. The zero point energy of 
the deuterium is about 1.4 times smaller than that of 
the hydrogen, and a larger thermal energy is  there- 
fore required to destroy the ordered state (22). 

Order-disorder and displecive transitions. Thiz 
brings us to the differences in ferroelectric transitions 
first pointed out by Tisza (23). I n  Rochelle salt out- 
side the ferroelectric region there seerrls to be no 
ordered state, a t  either high or low temperatures, 
which has to be overcome by the thermal motion. 
We have here a displacive transformation, whereas 
the transition in KH,PO, is an order-disorder phel 
nomenon. 

According to Tisza, no dipoles are present in 
Rochelle salt outside its ferroelectric region, whereas 
they continue to exist in KII,PO, above the Curie 
point in a disordered arrangement. This point of view 
has been strengthened by the small anomalies of the 
specific heat in the case of displacive transforma-
tions. 

For barium titanate the srr~all anomaly of the spe- 
cific heat a t  the Curie point again indicated clearly 
a displacive transformation like the one in Rochelle 
salt. The atomic mechanism is, however, quite differ- 
ent. TiO, and several metatitanates all have very high 
dielectric constants, ranging up to 400. Thc salntb 
mechanism in barium titanate causes a dielectric corl- 
stant which is so large as to produce a spoiltaneons 

FIG.9. Sp01lta1leo118l~olarisation of a RaTiO, single domain 
crystal  (Mera, W. Phlls. Rev..  76, 459 119491). 

polarization below a certain critical temperature, the 
Curie point (Figs. 8, 9). 

I n  the case of bariurn titanate, fortunately, the 
structure is well known, atid no ailibiguities exist such 
as the positions of hydrogens. The crystal structure is 
that of perovskite, the urlit cell of which is a cube in 
the idealized case (Fig. 10). The Ba-ions occupy cube 
corners, the oxygens face centers, and the titanium 
is in the cube center. One of the first explanations 
was the "rattling" theory, which originated in Eng- 
land and which assumed the motion of the titanium 
ion within a too large oxygen ortahedron (24). The 
order of magnitude for the amplitude of the titanium 
can be evaluated from the saturation polarization. 
Considerations of the ionic radii, as well as x-ray in-
vestigation, finally spoke against this assurription. 

A different approach was that of Jonliers and van 
Santen (25). According to these investigators, BaTiO, 
is one of the few cases in which the polarizability per 
unit voluilie increases to the limit where a spontaneous 
polarization will occur. This is easily seen in Clausius-
&tosotti's formula for the dielectric constant : 

The summation extends over ionic as well as electronic 
polarizabilities of the simple oxides which are the con- 
stituents of the whole compound. RaO + TiO, now give 
a value which brings the right-hand side of equation 
(1) close to unity, thus giving an infinite dielectric 
constant. Doubts have been raised a s  to the validity 
of this partial summation, which in itself, further- 
more, only reduces the problem of double oxides to  
that of the single one. These theories, as well as the 
ones to be mentioned later ( 2 6 ) ,  confirm barium 
titanate as a ferroelectric, but do not permit any pre- 
dictions concerning the occurrence of ferroelectricity 
in other compounds or systems. A different approach 
was therefore tried a t  Bell Telephone Laboratories. 

Prediction of new displacive ferroelectrics: perov-
skites. The dielectric constant of TiO,, as well as those 
of all pseudo-cubic (perovskite) rnetatitanates, was 
unusually high. One had therefore to assume that it 
was primarily the Ti-O (titanium surrounded by 6 
oxygens in form of an octahedron) octahedra which 
contributed to the high dielectric constant, and by 
some coincidence caused ferroelectricity in barium 



II'IG. 10. Unit cell of the itl(~alizec1 l~erovskite structrrsc~. 

titanate. The problem was therefore once again to ac 
count for the high dielectric constant of rutile, a 
matter that had already been attae1cc.d by Eucken 
and Beuchner as early as 1934 (27). As later show11 
by Slater (26) and by Jaynes and Wigner (28), it 
seemed reasonable to consider the o,ztahedron as ;I 

whole, the high polarizability of oxygen being cs-
sential. I t  shol~ld therefore be possible to obtain the 
same high polarizabilities in other siiiiilar oxygen 
octahedra that had a central atorn otlicr than titan- 
ium; yet the corresponding stannates and zirconates 
gave conlparatively low dielectric constants. S!I+~ did 
not have a noble gas configuration, however, and Zri4 
was much larger than Ti+4. This viewpoint has bccn 
strengthened in two recent papers fro111 Japan. Start- 
ing from the hypothesis for the critical size of the 
Ti-0 octahedron, Nonlura and Sawada (29) have re- 
peated a coincidence sirililar to barium titanate by 
forming solid solutioizs of strontium and lead titanate 
which again were ferroelectric. On the other hand, 
reports on an anomaly of the dielectric constarit i.1 

PbZrO, indicate quite a di8erent behavior (30). No 
spontanrons polarization can be detected, and the 

KCb03 SINGLE CRYSTAL 
f = 150 KC 

TEMPERATURE IN DEGREES € 

FIG.11. r ) i ~ l ~ c t r i c  of a KChO. crystal. constanl 
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large anomaly of the specific heat points to an order- 
disorder transfornlqtion. I11 order to obtain oxygen 
octahedra in which the oxygen to central atom dis- 
tance was close to that in the Ti-0, octahedron, and 
in which the electron configuration of thc central ion 
was that of a noble gas, one had to turn to the 
rnetaniobates and tantalates. They indeed proved to be 
ferroelectric (8)  (Fig. 11). Since niobium and tan- 
talum in the noble gas configurati~n are pentavalent, 
the valency of the big cation had to be reduced by 
one in order to restore electric neutrality. This leads 
to the alkali rmetaniobates and tantalates KNbO,, 
NaNbO,, ICTaO, and NaTaO,, all of which proved 
to be ferroelectric with Curie points between 13O K 
and BOO0 I< (18). 

One step further in the direction of similar octa- 
hedra leads to tungsten trioxide ( l o ) , which again 
proved to be ferroelectric. Although the above-men- 
tioned compounds are still isornorphous with barium 
titanate, WO, crystallizes in a somewhat different 
crystal structure, which is a pseudo-iilorpli of ReO,. 
This is a perovskite systeni in which the cube corners 
of the unit cell are olriitted. 

Ferroelectrics in the ilmemite systern. I t  was ink-
portant to realize that the hypothesis of the oxygen 
octrahedra of critical size anti electron configuration 
worked as well even in different crystal classes. There- 
fore eorllPounds in the ilineiiite system were considered 
next. So far, most theories, i11 order to prove their 
respective statements, rmade use of the fact that di- 
electric constants of double oxides, crystallizing in the 
rhonlbohedral ilrrienite system, were very low com-
pared to those in the perovskite system (12, 25, 26). 
These assuinptions are quite erroneous, however. 
Single crystals of the hexagonal bariurii titailate al- 
ready had shown dielectric coiistauts up to 200 (31). 
I n  the perovslcite systeni it had become obvious that 
the Ti-0, octahedra were less favorable for creation 
of ferroelectricity than the niobium or tantalum octa- 
hedra. We therefore began an investigation of corre-
sponding compounds of the ilmenite system: LiNbO, 
and LiTaO,. The dielectric constants measured in the 
beginning were quite low, betwecn 1 5  and 30-that is, 
of the same order of magnitude as those reported for 
the other double oxides in the ilmenite system, meas- 
ured on ceramics. Upon increasing the electric field 
strength it immediately became apparent that these 
crystals were very strongly polarized, and only the 
extremely high coercive field prevented the detection 
hy bridge measurements (9) .  The hysteresis loop a t  
200' C-e.g., the dependence of the dielectric polari- 
xation upon the electric field-was a perfect rectangle. 
The value of the saturation polarization of 25 
Clb/crn2 so irleasured was nearly twice that of the 
crystals in the perovskite system (Fig. 12).  Cera~nic 
samples of these compounds gave hardly any effect 
a t  all, however. This is understandable, considering 
the nluch lower synlmetry of the ilmenite systenl as 
compared to the perovskite structure. I t  would there- 
fore be necessary to investigate single crystals of the 



FIG. 12. Dielectric behavior of a LiTaO, crystal. 

rhombohedra1 metatitanates before any conclusions 
as to their dielectric behavior could be reached. 

We have tried to show that all metal-oxygen 
octahedra which fulfill certain conditions will always 
cause very high polarizabilities and are therefore the 
cause of ferroelectricity in those compounds that 
do not contain hydrogen. Other octahedra which do 
not satisfy the conditions may give rise to many 
different kinds of transitions, but never give high 
dielectric constants or ferroelectricity (32). The 
theoretical aspects concerning these octahedra have 
been and will be published by Jaynes and Wigner 
(28). The recent paper by Slater (26) on the cor- 
rection of the Lorentz factor in barium titanate con- 
fines itself to this compound. Slater comes to the con- 
clusion that the Ti0  strings running through the 
lattice are the essential factor for the occurrence of 
f erroelectricity. 

Lower Curie point in LiTaO,. Except for Rochelle 
salt, there never had been observed a lower Curie 
point-that is, a temperature be low which the spon- 
taneous polarization disappears completely. Only re- 
cently in LiTaO, a sharp decrease of the spontaneous 
polarization with decreasing temperature has been 

measured (9). A numerical treatment will be able to 
decide whether this is due to the stronger interaction 
between neighboring octahedra on account of their 
closer contact with each other. I n  the ilmenite struc- 
ture neighboring octahedra share corners and edges, 
whereas in the perovskite system the octahedra only 
share corners. 
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Technical Papers 
The Mucopo~ysaccharides of the Ground rheumatic diseases, as well as on some not classified 

Substance of Connective Tissue1 as rheumatic, have forcefully reemphasized the im- 
portance of the connective tissues in the mechanism 

Karl Meyer and Maurice M. Rapport of a variety of disorders. It seems remarkable that 

Department of Medicine, we still know so little about the biochemistry and 
Columbia University College of Physicians and Surgeons, physiology of the mesenchpa, even though its con- 
and Edward Daniels Faulkner Artbritis Clinic, tribution to biological processes and its paramount 
Presbyterian Hospital, New York importance in pathology had been recognized long 

before the advent of c&isone. 
The dramatic effects of cortisone and adrenocortico- In the past 20 the ground substance(s) of 

tro~hic On the manifestations of the mesenohpa have been studied extensively. The 
Supported in part by a grant from the Helen Hay Whit- reawakened interest in these tissues was due in part 

ney Foundation. This paper was presented in part a t  the 
June 1950 meeting of the American Rheumatism Association. to the isolation and characterization of some of the 


