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SPONTANEOUS B I R E F R I N G E N C E IN B O R A C I T E S -
M E A S U R E M E N T S AND A P P L I C A T I O N S 

H . S C H M I D f and H . T I P P M A N N 

BatteUe Geneva Research Laboratories, CH-Î227 Carouge-Geneva, Switzerland 

(ReceivedSeptember 18. Î977) 

The techniques and results of measurements of the spontaneous biréfringence versus température are discussed for the 
fully ferroelectric/fully ferroelastic phases of Mg-CI. Cr-Cl, Mn-CI, Mn-Br. M n - I , Fe-Cl, Fe-Br. Fe-I, Co-Cl. Co-Br. 
Co-I . Ni-Cl . Ni-Br, Cu-Cl, Cu-Br, Zn-Cl. Zn-Br. Z n - I , Cd-CI, Cd-Br and Cd-I boracites. Three types of phase 
séquence occur: 43m •^mml-'-^ m *-*3m (Fe-Cl, Fe-I. Co-CI, Zn-CO. 43m *-^mm2 •-v3m (Fe-Br) and 4 3 m « m m 2 (ail 
other compositions). Ail transitions arc of first order. The magnetie ones are excluded from discussion. 

Crystallophysical and potential technological applications of the spontaneous biréfringence are commented: 

— Light gâtes (dispiay, page composers, holographie storage): the favorable symmetry species 43mFmmm2, A2mFm, 
43mF3rn and the high spontaneous biréfringence of boracites allow light gatc dcvices with longitudinal électrode 
configuration. Feasibility studies on single crystalline Fe-I and of epitaxial growth of N i -C l boracite show that the 
development of zéro shear compositions is mandatory. Potential ways of their realization are discussed. 

— The study of the statics and dynamics of domains and of their walls. 
— The obligatory simultaneous optical control of the sample state during physical measurements, which is considcrcd 

for the time being as one of the most important applications of spontaneous biréfringence of boracites. 

1 I N T R O D U C T I O N 

Boracites form a large crystal family^"^ with the 
gênerai formula MjB^O^^X, where M stands for Mg , 
Cr, Mn , Fe, Co, N i , Cu, Zn, Cd and X for O H , F, 
Cl, Br, I , N O 3 / S, Se and Te. I f M equals lithium, 
the formula becomes Li4B70i2X for X being a 
halide,^ and LigB^Oi^X for X being a 
chalcogenide.^t 

Most—but not ail—compositions transform from 
a cubic high* température phase (point group 43m) to 
one or to a séquence of "fully ferroelectric"/"fully 
ferroelastic" (for nomenclature, see Réf. 7) phases 
with point symmetry mml, m and 3m.''''* At low 
températures many of them become ferro-
magnetoelectric (see Réf. 9, p. 135). 

At the températures of the onset of the ferro-
electric/ferroelastic phases the spherical optical 
indicatrix of the cubic phase deforms "spon-
taneously", and in accord with the symmetry of 

t New address: University of Geneva, Department of 
Inorganic, Analytical and Applied Chemistry, Sciences I I , 
CH-1211 Geneva 4, Switzerland. 

:t In this paper the boracite compositions will bc abbreviated 
by M - X . 

thèse phases becomes a rotational ellipsoid (3m) or a 
triaxial ellipsoid {mml, m). We are interested in the 
magnitude, orientation and température dependence, 
and in the technological and scientific applications of 
the spontaneous biréfringence, A T I ^ , , in the principal 
sections of the indicatrix ellipsoids, and we call it 
"spontaneous" in analogy to spontaneous 
polarization, spontaneous déformation, etc. 

2 H I S T O R I C A L R E M A R K S ' » " ' ^ 

Volger remarks in his monograph on boracite (1855) 
that the children of the German town Lûneburg 
probably are the discoverers o f boracite. They 
certainly played at dice with their "Wiirfelstein" long 
before G. S. O. Lasius officially discovered "Cubic 
Quartz" on Lùneburg 's nearby "Kalkberg" (1787). 
Since Westrumb (1788) found that the material 
contains boric acid. M g and Ca, Werner baptized 
the minerai "Boracite" (1789). 

The minerai boracite, MgjB^Oj jCl , is orthorhom-
bic, hence biréfringent below 265 ° C . Some well-
grown spécimens show beautiful large domains, but 
the majority complicated lamellar configurations. 
This was a tantalizing problem for researchers in the 
past century. 
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As early as 1821 Sir David Brewster found that 
"from the optical point of view boracite does not 
satisfy the requirements of the regular system", he 
thought boracite to be optically uniaxial and 
trigonal. Then B. Biot (1841) tried to explain the 
anomalous biréfringence of cubic crystals by their 
composition as a set of plates, acting similarly on 
poiarizcd light as a set of glass-plates. Once the 
famous crystallographer Franz E. Neumann had 
discovered (1841) that optically isotropic bodies 
may become biréfringent owing to uniaxial pressure 
or to a thermal gradient, Marbach (1855) took up 
this idea and thought the biréfringent layers of 
boracite were due to a pressure acting during 
crystallization. Others foUowed step (Reusch, 
Klocke 1880). Volger (1854) tried to prove that 
lamellar biréfringent inclusions—"Parasite"—are 
formed during some kind of pseudomorphosis. This 
idea was tenacious: Decloiseaux still advocated it in 
1863 and Klein in Gottingen (1880, 1881) claimed 
obstinatcly that a skeleton of parasite forms first and 
that boracite cornes next. In the meantime Greinitz 
(1876) realized that even fresh and undecomposed 
boracite biréfringent. Mallard in Paris (1876) 
carefuUy measured extinction directions and the 
principal refractive indices, and he was finally able to 
give the correct answer: boracite is a twinned 
aggregate of differently oriented blocks or lamellas 
of orthorhombic parts. He also was the first to state 
qualitatively (1882) that "the strength of the bire-
fringence decreases with increasing température" 
and disappears at 265° C, After a véhément ex­
change of opinions between Klein and Mallard, 
Mallard's explanations survived. 

3 E X P E R I M E N T A L 

3.1 Sample Préparation 

3.1.1 Single crystals and chemistry Except for 
M g - C l boracite, a natural crystal of which—from 
Eime-Hannovert—was used, ail single crystals 
were grown by gas phase transport.'^ The natural 
crystals contained tiny amounts of Mn++, as 
detected by EPR.^^ 

3.1.2 Crystal platelets Two principal sections 
of the mml indicatrix lie in cubic (110) planes and 
the third one in a cubic (100) plane, one of the 

t Courtesy of Professer Saalfeld, Institute for Mineralogy, 
Hamburg University. 

principal sections of the m phase (J- b-axis) and the 
sole principal section of the 3m phase lie in cubic 
(110) planes, therefore only platelets eut parallel to 
cubic (100) and (110) and polished with 1 ^m 
diamond paste were prepared with 30 to 100 
thickncss for the higher biréfringence compositions 
(e.g. Cl and Br boracites) and with up to 400 ,um for 
small biréfringence compositions (e.g. Fe - I , M n - Ï . 
Z n - I ) . 

3.1.3 Préparation of single domains The require-
ment of stress frcencss of the samples for the correct 
measurement of spontaneous biréfringence, An^, of 
ferroelectric/ferroelastic phases nécessitâtes fully 
poled samples or stress free domain patterns. One or 
another of the following methods was used to fulfil 
this requirement. 

3.1.3.1 Electric field poling In the présent 
study electric field poling was applicable in the case 
of the mml phases only. The polished and etched 
platelets were electroded after outgassing ( - ' 400°C) 
in ultra high vacuum by means of a transparent gold 
layer, deposited after applying a short fl ash of 
chromium in order to increase adhérence. Two 
sample forms were used: 

— (lOO)çyi, eut thin platelets for measuring An^ 
perpendicular to P^ 

— (110)^^,^ eut rectangular platelets with the short 
dimension parallel [100l^.^j, for measuring Aw^ 
in the orthorhombic a, c and planes, as 
described earlicr.^^ Depending upon the 
resistivity of the material, both cooling in an 
electric field through T^. and switching more or 
less below were used for poling. 

3.1.3.2 Ferroelastic poling of the mm2 
phase I n the mml phase of boracites (Aizu species 
à^mFmml) single domains can be obtained by 
applying stress along [110]^^,,. For this purpose 
some thick (400 //m) (100)̂ ^ !̂, eut samples (Table I) 
were squeezed by means of micro jaws. Simul­
taneous observation along 10011^ ,̂,, under the 
polarizing microscope is mandatory to avoid crack-
ing. The method is useful i f high electric conduc-
tivity, e.g. above 2 0 0 ° C , impedes electric poling. 
Saturation is usually achieved in the central part of 
the samples only, owing to inhomogeneous stress. 

3.1.3.3 Domain size enhancement by annealing 
and température cycling I f poling by stress or 
electric field is not applicable, annealing above the 
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TABLE I 
Methods used for obtaining single domains for measuring 

spontaneous biréfringence 
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CA-I -
mm2/43m phase transition and(or) repeated slow 
cooling through often yields a convenient size of 
orthorhombic single domains. The method proves 
the more successful. the fewer growth centres and 
polishing defects there are. 

The lamellar structure (see Section 4.3) of the 
trigonal and monoclinic phase cannot be fully 
reduced by this method; it can be largely simplified, 
however, i f an orthorhombic single domain is 
produced first. 

3.1.3.4 As-grown and as-cooled samples 
sometimes dispiay large domains (e.g. N i - C l , N i -
Br) which can be used directly for measurements 
(see Table T). 

3.2 Measurement Technique 

I f not otherwise mentioned. An^ has been measured 
at A = 546 nm by means of an Ehringhaus 
compensator'* and compensating the path différence 
visually. For measurements vs. température the 
sample was lodged in a silvered quartz Dewar tube 
with plane parallel Windows. The sample bathed in a 
température stabilized (±0.2 deg) nitrogen gas flow. 

The high compositions were measured on a Leitz-
hotstage. The accuracy of the absoiute values of An^ 
is usually 1 to 5%. 

4 RESULTS 

4.1 General Remarks 

In Figures 1 to 17 the results of the biréfringence vs. 
température measurements are presented. As a rule, 
endeavours were made to measure An^ in ail three 
indicatrix principal sections of the mm2 phase, but 
it has been possible so far to collect An^ perpen­
dicular to only for ail compositions studied. This 
is also the most interesting An^ for technical 
applications (see Section 5.4). For some com­
positions An^ of only two principal sections was 
measurable. Then the third one has been obtained by 
combining the values of the two measured ones 
(curves without dots in figures). 

I t has not been possible to detwin the m-phase 
entirely. Only lamellar packages composed of two 
kinds of w-domain, which originated from one 
orientation of mm2 domain, have been isolated 
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FIGURE 1 An^ of Mg3B,0,,CI vs. température (natural 
crystal from Eime/Hannover). 
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FIGURE 2 An^ {±P^) of Cr,B,0,jCl vs. température. 
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FIGURE 4 Art̂  of MnjB^O^Br vs. température. 
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FIGURE 7 Art, of Co3B,0.3CI vs. température (data on 3m 
phase are facking). 

9 2 

100 
TEMPERATURE ["C] 

FIGURE 5 Art, of MujB^O.J vs. température. 
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FIGURE 8 Art, of C03B,0,3Br vs. température. 
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FIGURE 9 An^ ( U ' , ) of CojB^OijI us. température. 
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FIGURE 12 An^ of NijB-jOijBr vs. température. 
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FIGURE 10 Dispersion of An^ (XP^) of CojB^Oi^I at 
- 7 8 ° C . 

C u , B , 0 „ C I 

TEMPERATURE ['C] 

FIGURE 13 Art, of Cu^B^OijCI vs. température. 

FIGURE 11 Art̂  of NijBjOijCI vs. température. FIGURE 14 Art̂  ( l J ' , ) o f CujB.OnBr vs. température. 
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FIGURE 15 Artj of Zn3B,OijCl vs. température. 

(Figure 18). Therefore the An^ measurements of the 
w-phase were made on the pseudo-orthorhombic 
principal sections of thèse stacks of domain. 

Spontaneous biréfringence of the principal section 
of trigonal Fe-Cl, Fe-Br and Z n - C l boracite has 
been measured (Figure 6 and 15), whereas the 
corresponding one of Fe - I and Co-Cl boracite has 
not been accessible to measurement so far. 

0 4 0 80 120 160 200 240 280 320 

TEMPERATURE [*C] 

FIGURE 16 Art, of Zn3B70i3Br and Zn^B^OijI vs. 
température. 
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FIGURE 17 Art, (-LP,) of CdjB^O.jCl, CdjB^OijBr and 
CdjB^OiJ vs. température. 

FIGURE 18 Réversible splitting of two rtîrti2 head-head (tail-
tail) domains into two mutually perpendicular stacks of lamellar 
rtî-domains: (100)̂ .u(,-cut. 

As a rule. An^ increases for a séries of com­
positions i f the métal ion is kept constant and the 
halogen is changed in the direction I Br -* Cl. The 
Curie températures increase in the same d i r e c t i o n ^ 
(Figures 6, 16 and 17). 

4.2 Types of Optical Indicatrix Observed 

mm2-phase The optical indicatrix of ail 
orthorhombic boracites studied so far (see Table I I ) 

TABLE I I 
Type and character of optical indicatrix of mrtî2 boracites; 
orientation corrélation "principal indices/a,6,c-parameters/ 

(glide planes) ferroelastic shear" 
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photo^mpha^ no brackets; corrélation conrïmed by 
preceBiion phato^rraphi (̂ ^ ) 

For d e f i n i l l D n o f A and B lee 19 
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Nota: I n fomat ion on the mutual o r ie r i tat ion of indicatr ix» 
fe r roe lant ic shear » senae of P and otch fi^cuTH ia 
found in r é f . t ^ ^ l . 
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A 

FIGURE 19 Type " A " and " B " of optical indicatrix of mm2 
boracites (compare Table II) (a) type A, (b) type B. 

is biaxial positive. However, two types thereof can 
be found: 

Type A: the optical axes lie in the a, è-plane, i.e. 
perpendicular to (Figure 19a), with parallel to 

and and n^. parallel to the orthorhombic a and 
b axes, respectively, i f a, b and c are defined by the 
standard setting of the International Tables of 
Crystallography. AU chlorine and bromine boracites 
seem to belong to this type. 

Type B: the optical axes He in the è, c-plane with 
parallel b and parallel P^ (c-axis) (Figure 19b). 

This type is known so far for Fe - I and M n - I 
boracite, and is supposed to occur in other iodine-
boracites. 

m-phase The type of indicatrix of the m-phase has 
not been elucidated so far because detwinning has 
not been achieved. There is, however, orthoscopic 
and conoscopic évidence that its form and orien­
tation are very close to that of the mml phase 
(Figure 18). 

Sm-phase The optical character of the uniaxial 
index ellipsoid of the 3w-phase of Fe-Cl. Fe-Br and 
Zn—Cl boracite, is négative.'^ That of the 3m-phase 
of Co-C l and Fe - I boracite is probably négative, 
too. 

4.3 Relation Between the Domain Orientation in 
the Phase Séquence mm2 •^mT^3m 

The différence in magnitude of A«^ of the mml-
phase and the pseudo-orthorhombic one of the m-
phase of a certain composition is usually very small. 
In spécial crystallographic directions the différence 
may even vanish completely or fall into the accuracy 
limits of measurement (e.g. n^^-cuX of Fe-Cl, Figure 
6). Therefore the w-phase was overlooked in early 
investigations of Fe-Cl and Fe- I boracite.^'^ More 
careful measurements led, however, in the case of 
Fe-Cl, Co-Cl , and Z n - C l boracite to the obser­
vation of a monoclinic phase of point group m, 
intermediate between the mml and 3/?7-phase^ 
(Figures 6, 7 and 15). The mml m transition is 
characterizcd by the splitting up of a mml single 
domain state into a package of fine lamellar twins of 
thickness 1 ^m and less, with their composition 
plane perpendicular to the former mml polar 
direction (Figures 18 and 20). This twinning is 
consistent with point group m. For the species 
43mFm twelve domain orientations are possible, but 
if one mml single domain is cooled to the w-phase 
one observes that the crystal—in an attempt at 
minimizing mechanical and electrostatic 
energy—chooses only that lamellar twin pair—-out 
of the six possible ones—the monoclinic individuals 
of which are related by the lost symmetry éléments 
of the original mml domain. This relationship has 
successfuUy been used for interpreting EPR spectra 
of lamellar packages of Mn^+ doped Z n - C l 
boracite 

On further cooling to the 3m-phase'' the mono­
clinic packages of lamellas transform as a rule into 
packages of rhbmbohedral lamellas with the same 
orientation of the composition planes (Figure 20). 
For the sake of plausibility, the monoclinic and 
rhombohedral tilt with respect to the cubic cell, 
respectively 9 0 ° - ^ and 90°-^^, has been exaggerated 
in Figure 20 (boxes 5, 7), Hkewise the til t of the 
direction of P, and the extinction directions of the m-
phase (box 5). In reality, the déviation of the 
extinction direction in the m-phase (box 5) relative to 
that of the mml phase (box 3) is hardly perceptible, 
nor does the conoscopic figure o f the lamellar array 
difTer from that of the mml single domain (Figure 
18). 
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FIGURE 20 Corrélation of réversible domain orientations in 
the transition séquence mmlr^m^^'im (déviation of monoclinic 
and rhombohedral angles /î and a', respectively, from 90° is 
exaggerated). 

Owing to high coercive fields of the rhombohedral 
phases,'' large 3m single domains can be obtained 
only by electroding and poling very thin (111) eut 
slabs. Thèse are not adéquate for measuring An^ in 
the principal section. Therefore An^ of the 3m phase 
of Fe-Cl, Fe-Br and Z n - C l boracite (Figures 6 and 
15) had to be measured on (110)^^,^ cuts on 
spontaneously formed domains of lamellar form and 
moderate width. Thèse domains were, however, not 
necessarily stress/strain free. 

4.4 Comments on the Measurement of Spon­
taneous Biréfringence versus Température of In 
dividuaî Compositions 

Mg-Cl-boracite The principal biréfringences at 
room température have been reported earlier for 
natural crystals: 

0.01074 
n^.: 0.00597 white 
n^^\7 light (22) 

0.010 
0.006 
0.004 

sodium 
light (23) 

Our data at A ^ 546 nm, measured on a natural 
crystal from Eime-Hannover (Figure 1), are iden-
tical with those of Réf. 23. The température 
dependence (Figure 1) of is typical for most 
orthorhombic boracites. 

Cr—Cl-boracite Only An^ perpendicular to has 
been measured (Figure 2) by means of a Scnarmont 
compensator and photoelectric détection on a 
domain stable at zéro electric field. Domain stability 
was, however, a problem for most other C r - C l 
samples (see Section 4.5.4). 

Mn-boracites The température dependence of An^ 
of M n - C l and M n - B r boracite shows the M g - C l 
type behaviour (Figures 3 and 4), whereas that of 
Tï^p (J-Py) of M n - I is unusual. The type of the indi­
catrix of M n - I is analogous to that of F e - I (Type B. 
see Table I I ) . The température dependence of ^ 
i-LP^) of M n - I (Figure 5) does not seem to rcflect 
the température dependence of the order parameter, 
whereas that of An^ ^ and A«^^ seems to do so. An 
identical température dependence has been obtained 
by calculation from measured A / i ^ ^ and A m ^ ^ and 
from an indépendant direct measurement on another 
sample. However, a différence in absoiute value 
subsists (Figure 5) which largely exceeds the accur­
acy of measurement. It turned out that this effect is 
caused by an apparent thickness dependence of biré­
fringence, larger values of An^ being found for 
thicker samples. This queer phenomenon is probably 
not an intrinsic one, but due to a monotonous 
change in supersaturation of the M n l ; and I ^ 
pressure during growth. I t needs further study. 

Fe-boracites The iron boracites (Figure 6) demon-
strate nicely how the magnitude of An^ and that of 
the transition températures increase in the sensé I - , 
Br-, Cl-boracite. The thermal hystérésis of ail phase 
transitions—except for the 3m ^ m ^ mm2 
transitions of Fe-P"—was <0.2 degree owing to 
good quality of the samples. The indicatrix of ortho­
rhombic F e - I is of the type B (Table I I , Figure 19) 
with n^^ perpendicular to P^ (data with full Unes 
from Réf. 25). 

Co-horacites For C o - C l boracite, only measure­
ments on the (UO)çub eut have been made. The 
différence in An^ between the m and mm2 phase is 
extremely small (Figure 7). In a good quality crystal 
the m ^ mml hystérésis was 0.2 degree or smaller; 
in less perfect crystals, up to 10 degrees hystérésis 
was found. I t is noteworthy that measurements of 
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the Môssbauer effect on Co-Cl boracite did not 
reveal the transition m ^ mml?^ 

For Co-Br boracite, only An^ perpendictilar to 
was measurable (Figure 8) because of high coercive 
fields (Table I) . In a poor quality crystal with sector 
structure, T^. was lower by six degrees in some 
régions and An^ ^ 12 percent lower than in good 
crystals. 

Co-1 boracite is strongly absorbing^^ and has 
necessitated a small thickness of sample (48 frm) for 
correctly interpreting the inference order. Domain 
instabilities required the maintenance of a bias field 
of 20.6 X 10^ Vm~' . The température dependence of 
A/ij perpendicular to P^ (Figure 9), measured at A = 
500 nm, is not unusual but contrasts with that 
reported^** for X — 632.8 nm, which shows a sign 
reversai at about —85°C (Figure 9). In order to 

larify this point we have measured the dispersion of 
An^. (Figure 10) at —78°C. which is closely below 
i—lS^C). An anomalous dispersion is observed with 
a maximum of A^^ peaking around A 540 nm. 
Because of the présence of absorption maxïma at 
about 445 nm and 580 nm* '̂ measurement below 
480 nm and above 560 nm was not possible with an 
ordinary tungsten lamp. The decrease of An^ above 
550 nm probably continues with increasing 
wavelength and may lead to a sign reversai at about 
620 nm. This would explain the results reported^** for 

632.8 nm. 

Ni-boracites Measurements of the température 
dependence of Art^ of N i - C l and N i - B r boracites 
were performed e a r l i e r . I n Figures 11 and 12 im-
proved measurements are presented which have been 
performed on (110)̂ .̂ ,̂ eut slabs containing large 
domains both of «^^^ and n^^. 

The low température phase of N i - I boracite has 
^ot been studied. A discussion o f the parasitic biré­
fringence of the cubic phase of N i - I has been 
published recently.^*' 

Cu-boracites The slope of fj^ ^ i-^Ps) with tem­
pérature of Cu-C l boracite (Figure 13) is the 
steepest one observed among ail mm2 boracites 
studied. This reflects a "close to second order" phase 
transition, also évident from Raman effect^' and 
piezoelectric measurements." A strong température 
dependence of spontaneous polarization (high 
pyroelectric coefficient) was therefore expected, and 
has been confirmed experimentally" (see below). 
The second order tendency is not found for Cu-Br 
boracite (Figure 14). 

Zn-boracites The behaviour of Z n - C l boracite is 
very simiîar to that of Fe—CI boracite, except that 
a larger thermal hystérésis has been found for the 
former (Figure 15). It is noteworthy that Z n - C l has 
the particularity that large crystals in the 3m state 
usually consist of only one stack of lamellas made 
up of two out of the four possible domain states. 
This fact facilitated very much the interprétation of 
EPR data.^^ The behaviour of Zn -Br and Z n - I 
boracites (Figure 16) conforms to that of the 
majority o f the mml phases. 

Cd-boracites Only tiny samples ( < 1 mm2) with 
even smaller single domains (narrow-bands) were 
available for the measurements. Therefore only An^ 
( ± P j ) has been measurable for Cd-Cl , Cd-Br and 
C d - I boracite (Figure 17). The observed small and 
usual température dependence does in no way 
indicate an additional phase transition which was 
expected to exist on the basis o f D T A -
measurements^* in C d - C l and Cd-Br, around 298-
315°C and 248-270"^C respectively. 

4.5 Some Possible Sources of Erroneous Results 

4.5.1 "Forbidden" orthorhombic 180° head-head 
(tail-tail) domains In some orthorhombic 
boracites ( M g - C l , N i - C l , Zn~Br) unexpected 
electrostatically and ferroelastically unallowed 
180°C domains with (001)^,^. as composition plane 
have been observed'^ (Figure 21). They often occur 
in small depth (e.g. 5 fim) beneath the natural 
surface of cubic (100) facets. For opposite sensé of 
P^ thèse domains give rise to an apparently smaller 
Artç perpendicular to P^. Therefore, testing for 
symmetric path différence for opposite field polarity 
is mandatory. 

A 

B 
FIGURE 21 "Forbidden" composition plane (001)^^ ofmm2 
180" head-head (tail-tail) domains. 
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4.5.2 Superposition of growth sectors Often dif­
férent growth sectors having différent Curie tem­
pératures are superposed in a sample, This situation 
may lead to steps in the An^ {T) curve (e.g. Co-Br) . 
The most spectacular différence in Curie tem­
pérature among différent growth sectors has been 
observed for Cu-Br boracite: 

clear (100) sector: - - 3 3 . 3 ° C (cooling), 
- 3 0 . 0 ° C (upheat), 

dark (111) sector: - - 4 3 . 1 ° C (cooling), 
-3S.2°C (upheat). 
The very low (—53°C) reported elsewhere'^ may 
be due to a (111) sector grown under somewhat 
différent conditions. 

4.5.3 Superposition of aîlowed 180° C 
domains Poled (110)pjjb-cut platelets may appear 
homogeneous on the (110) facet. In reality spike like 
domains with antiparallel polarisation may be visible 

FIGURE 22 Normal mml i 80*=* domain spikes disturbing A«, 
measurements on (110)̂ ^ ,̂ cuts. 

on tilting the sample by 90° and observing along 
P^. Nucleation of spikes from and propagation at 
45° to (110) facets is fréquent (Figure 22) for the 
field free state. 

4.5.4 Anomalous température—electric field-— 
phase diagram In some crystals of C r - C l boracite 
an anomalous switching behaviour in the electric 
fîeld was observed. In Figure 23, it is shown 
that a (100),,^,^ eut platelet with P^ perpendicular to 
its large facet undergoes between —90 and —120°C 
a spontaneous switching o f P^ into the plane of the 
platelet i f cooled down in zéro electric field. The 
phenomenon is réversible on upheat. At a fixed 
température, e.g. —40°C, the same séquence of 
States can be run through by increasing and 
decreasing the electric field strength. The location of 
the frontiers delimiting the régions A. B, C differs 
from crystal to crystal. For the majority of C r - C l 
crystals state A is stable at any field strength 

- K O - l î O -100 -aO -60 -'.Q - 2 0 D 

TEMPERATURE [ 'C ] 

FIGURE 23 Phase diagram " tempérât ure/electric field 
strength'' of anomalous mml CzyB^O^^CX. 

(including zéro) and at any température (normal 
behaviour). 

In some boracites the reverse situation on Figure. 
23 has been observed, i.e. région C coming dow 
into the zéro and small field strength région and 
région A shifting up to high field strength (e.g. N i -
Br, Cu-Cl) . This would be the séquence expected in 
an electric field, whereas that of C r - C l is unusual. 
Growth-induced anisotropies are probably causing 
the great variety of anomalous behaviour. 

4.5.5 Apparent thickness dependence of àn^ As 
shown for M n - I boracite, An^ dépends on 
thickness. This effect is probably caused by 
variations of the synthesis gas composition. I t merits 
further study. Small An^ compositions (I-boracitcs) 
may be particularly afïected. 

4.5.6 Température gradient I f too thick crystal 
platelets are used O0.4 mm) the orthorhombic-
cubic transition may appear of second order because 
of slow propagation of the Â3mlmm2 phase boun-
dary in the direction of a thermal gradient along the 
microscope axis. 

The examples of error sources (Sections 4.5.1 ti. 
4.5.6) show that utmost care is required for 
measuring An^ and other properlies of single 
domains. 

5 APPLICATIONS OF SPONTANEOUS 
B I R E F R I N G E N C E 

5.1 Information on the Température Dependence 
of the Order Parameters 

In order to explain the origin and température 
dependence of the measured An^ data and to check 
current phenomenological théories, a knowledge of 
the clcctro-optic and piezo-electric coefficients, 
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Spontaneous polarization, déformation, etc. would 
be necessary. Owing to absence of such data, only 
some rudimentary statements can be made: 

The phase relationship cubic-trigonal {T/ — Cj^) 
of boracites is proper.'^'^' Thus spontaneous 
polarization is the order-parameter and An^ 
(= — n^) can be expressed (see e.g. Refs. 38 and 
39) in terms of P^, the linear and quadratic electro-
optic coefficients, f/i and ^ ^ 4 , respectively) of the 
cubic phase and the refractive index n„ of the cubic 
phase: 

V'3 
- - y " c ! « , ^ , - Wsi,P,' (1) 

The coefficients and g^^ are understood to 
'^ontain the direct and elasto-optic contributions, 
l'he quadratic term being probably smaller than the 
linear one, An^(T) of the trigonal phase is supposed 
to reflect essentially Pj(7). 

I f the phase relationship T/ — Clv in boraches 
would be of the proper type, the three principal A/i^ 
values of the orthorhombic phase would take the 
following form i f spontaneous elasto-optic contri­
butions owing to P^-independent components of 
spontaneous strain are disregarded for reasons of 
simplicity: 

A" . . ( l , 2 , ( -^ . ) = ^5(3, (2) 

^ " s ( i . 3 ) = V . + 5"o '^.'(3) igu-ên) (3) 

A"Ç(2. 3) ̂  -WPaAO) + I«o'A',3, (Su - ë.l) (4) 

However, the T^^ — C^^ transition of boracites is 
jmproper. Thus P̂  is no longer the primary order 

arameter. Therefore, Smutny and Konâk^® take 
account of contributions from the transition 
parameter Çj, q-j to the polarization constant B^: 

^ 6 = *^i^i?2 + "^2^.(3) (Çi' + *?2') +/5i^.(3> (5) 

where the coefficients are température independent. 
Equation (2) thus takes the form 

^'î.(i,2,(-l -P.) - - V A S , = -n,' ( / § , - D')P,,3) (6) 

where D' describes the improper contribution: 

D' ^ ' ' (7) 

Here ^^d y are coefficients of the 
thermodynamic potentiaP^ and Xp the susceptibility. 
Analogous correction terms wil l be required for the 
hnear and quadratic terms of Eqs. (3) and (4). In 
case of negligible improper contributions, Eqs. (2), 
(3) and (4) are probably a good approximation. 

Experiment shows that for orthorhombic Co-Cl , 
Cu-Cl , Z n - C l and Zn-Br boracites (Figures 7, 13, 
15 and 16) A M J J ^ . J ) and An^^^^2) (i-^- ^v~^h 

— are nearly equal in magnitude, opposite in 
sign and nearly half the value of A«^^, (i.e. — n^) 
as required by the linear terms alone of Eqs. (2), (3) 
and (4), and as manifested by indicatrix type A 
(Figure 19a). The relative importance of the terms 
linear in P^^^y of Eqs. (3 and 4) decreases (see e.g. 
Figure 6) in the sensé C l Br -» I-boracite, leading 
finally to a situation where A^^.^, ( ' ^ . Î ) li^s in 
between An^^^^2) ^'^^(1,31 manifested by 
indicatrix type B (Figure 19a). Fe - I and Mn-T 
boracites are examples of the latter type (Figures 5 
and 6). For the time being it is not possible to décide 
whether this tendency is due to an increasing relative 
importance of improper contributions, to the spon­
taneous quadratic electro-optic terms, or to both of 
them. 

5.2 Simultaneous Visual Control of the Domain 
State During Crystallophysical Measurements 

Vérification of current théories of phase transitions 
(e.g. for improper ferroelectrics) requires most 
reliable data on the tensorial properties of many 
crystallophysical phenomena as a function of tem­
pérature, such as susceptibilities. elastic and piezo­
electric coefficients, spontaneous polarization. etc. 
Going through the literature and checking the 
reHability of published data, the present-day 
situation for boracites appears as alarming. The 
main reason is the neglect by many workers of 
simultaneous visual control of the domain state, 
which has proved indispensable throughout the 
entire température range of measurement. For that 
purpose an exact knowledge of the indicatrix 
properties is mandatory. 

As an example, let us discuss reported measure­
ments of spontaneous polarization of boracites: ail 
available data have been coUected in Table I I I . I t 
can be seen that in those cases where the magnitude 
and orientation of An^ has been used to check the 
single domain state during the measurements (Co— 
I , ^ ^ Fe-I,*'^ C u - C l " and C u - B r " ) , the spontaneous 
polarization is of the order of 1 to 4 / i Cb cm"^. This 
is in good agreement with the predicted upper limit 
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TABLE I I I 
Data of spontaneous polarisation in boracites (comparison of 

results with and without visual control of domain state) 

Optical control 
durinp neaaurcHnt 

Thickneat 

S»wyer-Tover 
(200 - 265°Cl 

insuffle i«nt 

0,075 

0,035 

- 173 
121 P st T [ i tat ic ) 

»t T on de-
tvinnBiri l cryat»!; 
3P /9T on p l r l iB l ly 
tvinned crystal 

O.OBS 

0,OT5 

-, 207 

£65 (T 1 

not reported 

,0TB • 15< 

,070 • 15* 265 (T ) 
»P /n Btatii:, 

P Vf intégrât i 

not reuorted "douin Btructure: 
coefficient of m i 
polarity cloae to 

0,OT 
0 , 0 9 

265 

230 

not reported 

aP /9T i t a t î c , 
P iTsteprati 

not reported 

not reported 

0 , 3 5 (3=) 
0.22 ilK2) 

liT - 12T 
127 - 227 

0,22 O ) 

0 . 1 5 (-=2) 

100 - 130 

130 - 227 

3P /ÎT ï t a t i c , 

p by intégrât i 

iden 

not reported 

3,9 * 0,1 

3,7 * 0.1 
25 

7 2 I T ) 

1 ) Smyer-Tower 
21 Clnlibel-pulii 

«Chod 
3) pyroelectric 

current [20-72"c) 
i l at T by charge 

intégration o' 

0 , 0 6 ( ^ ) 

D , 0 2 ( K 2 ) 

150 

270 - 330 

ap /JT « ta t i c 

- 73 ( T , l ultra-Blov hyateres: 
cycle (1" X 1 0 Hi) 

< -73 (T^l 
T indépendant 

- 73 fT_) 
BiultidOBaîn ganple 

0 , 0 8 Sawycr-Tover (50 Hi 
on (llOl-cut 

not reported 

1,85 {oeu- l 
1,7». l » e » i . l 
1 ,00 ( e i t r . l 

1-3 

9 6 (T ) 

Cenlibel puis 
neEhoâ 

3,2 
2,6 - 3,0 

-110 

- 35 

Canlibel P U I B 
nethod 

0.1.7 

0 , 5 1 -123 Diltidomain la&ple 

of of about 5 M Cb cm"^ for "3-dimensiona! ferro­
electrics'"*' to which the boracites belong. Many of 
the published P̂  data—coUected without or with 
insufficient optical control—fall, however, short by 
one to four orders of magnitude (Mg—Cl,"*^"*^ Cr— 
C I . 4 4 . 4 7 Fe-Br,"'*- ''̂  Co-C!,"*' Co-I,^*' N i - I , ' ' ^ 
Cu-Br.^^ This does not seem to be accidentai. 

The discrepancy between the measurements of P^ 
with and without control of Aw^ can be well seen for 
C o - I and Cu-Br boracite (Table I I I ) and for 
measurements of Pj of Cu-Cl-boracite with 
Camlibel's puise me thod .^^ - In the latter case, P^ 
follows the curve P, - P, (20°C) An{T)/An{20°C) 

from 20 to 4 0 ° C ; thereabove, P^ falls ofTapparently, 
which is due to visually observed backswitching and 
concomitant ill-defined initial and final domain 
patterns. 

The polarizability of ail 3rf-transition métal ions is 
very similar, the structure of the cubic phases,^' 
and that of the orthorhombic phases" is similar, 
and so is An^ among the chlorine, An^ among the 
bromine and An^ among the iodine boracites 
(Figures 1-17). I t is therefore Ukely that many 
of the reported P,-data (Table I I I ) will turn out 
to be much higher when careful optical control is 
applied during P^ measurements. 
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FIGURE 24 Krequently occurring domain configuration in 
Fe-I boracite leading to optical cross-talk if Pj within plane of 
platelet. 

5.3 Information on the Statics and Dynamics of 
Domains 

Because boracites are fully ferroelectrics/fully ferro-
elastics, the optical indicatrix is oriented differently 
for ail possible domain states. Ai l domain states can 
therefore be distinguished by magnitude or orien­
tation of An^ using orthoscopic or conoscopic 
techniques: 

5.3.1 Static domain patterns of some boracites 
have been studied, based on this principle for the 
mml phase^ '̂̂ ^) 3m-phase^'''" and m-phase (see 
Sections 4.2 and 4.3, Figure 18 and 20 and the 
review^'*). 

5.3.2 Effects of ferroelasticity The contrast due 
to An^ between orthorhombic 180° and 90° 
domains on (ÎOO)^^h"Cuts has been used to study the 
influence of the magnitude of the ferroelastic shear 
angle cet on the switching behaviour of F e - I 
b o r a c i t e . O n e important conclusion: domains, 
being embedded in an antiparallelly poled matrix, 
switch back elastically for shear angles above - 2 
minutes. Sometimes the crystal avoids the elastic 
back-switching—without breaking—by accom-
modating the ferroelastic stress by the formation of 
spikes having in the plane of the platelet (Figure 
24). This phenomenon leads, however, to optical 
cross talk.^^ 

5.3.3 Studies of the domain walî velocity The 
good contrast—due to 90°—rota t ion of the in­
dicatrix—between 180° domains for (001) eut 
orthorhombic F e - I has been used to study elegantly 
and rapidly the domain wall velocity vs. field and 
température by means of photoelectric détect ion." I t 

t Définition: et = 190" - 2 tg-'a!b 

TABLE IV 
Phase transition température l°K| of some boracites as 

determined by measuring An^ 

J3ir m ^3» m 
t . '* t . t - t l 
mn? 

Mg-Cl 53ft N i - C l 
ficflt 

• ' 1 

Cr-Cl ?&x n i -P r 358^ 
359* 

Kn-Cl f.HC 

Mn-Br ^••^ Cu-Cl •«a 

Mn-I 1.07 CL,-Br ZU^ 

ÊOy •M Z n-' , 1 -23 
56i>' 1-7?' 

Fe-Eta­ 7n-3r 5fi5 

pe--" 201* 
2ia* 

7,n-T 379 

Zo-ci 53S Cd-Cl 79') ' 
797' 

^c- l j r 1.66 Ctl-Hr 733 ' 
735' 

Co-t i J 8 t Cd-I (il* 

has been shown that the velocity of 180° domain 
walls is an exponential function of the reciprocal 
electric field s t r e n g t h . a law which has also been 
found for the optically indistinguishable 180° 
domain walls of BaTiOj^^^-^ by means of a 
laborious etching technique. The exponential law 
simply means that there is no threshold field for 
switching. 

5.4 Potential Components for Optical Page-
Composers, Optical Storage and Passive 
Dispiay 

With the advent of the idea put forward by 
Rajchmann (see e.g. Réf. 60) of the "optical 
computer" a feverish search for components thereof, 
such as page-composers and holographie storage 
materials, began in laboratories ail over the world. 
Ferroelectrics permitting optical contrast upon 
switching were considered as one of the potential 
solutions, e.g. as a photoconductor/ferroelectrics 
sandwich for bidimensional holographie storage, or 
as an electrically matrix-addressed page-composer. 
In this context especially Bi^Ti^Oj;, Gd2(Mo04)3 
(GMO), Pb5Ge30,i and PLZT-type materials have 
been studied. For a detailed discussion of advan-
tages and disadvantages of thèse materials, see 
Ref.* '̂. As regards boracites, the following advan-
tages sprang to the eye: (i) high An^, permitting thin 
A/4 wave plates (e.g. 7 ^m for N i - C l boracite). 
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hence allowing in principle small addressing vol­
tages, (ii) small ferroelectric shear angle, avoiding 
cracking, etc.. and (iii) advantageous symmetry 
permitting a 9 0 ° rotation of the elliptic indicatrix 
cross section, thus allowing a 1 0 0 % light transmis­
sion in the "on" state. i f reflection losses are 
disconsidered. This is why a study of the optical 
memory properties of Fe - I boracite single crystals 
and a feasibility study of synthetizing layers of N i -
Cl boracite have been undertaken at Battelle-
Geneva. 

5.4.1 Single crystal studies on Fe-I 
boracite Since A/i^ (-LPJ of Fe - I boracite is about 
0 . 0 0 4 at room température, A / 4 wave plates can be 
made with 3 4 and 1 7 /^m thickness for transmission 
and reflection, respectively, and addressing voltages 
lOx smaller than for G M O are possible because Am^ 
(_LP^.) ^ 0 . 0 0 0 4 for the latter one. I t has been shown 
that fatigue free switching is possible for isolated 
memory éléments, for at least 10^ cycles, but that 
mechanical and optical crosstalk effects do not allow 
a cross-bar access owing to the finite ferroelectric 
shear-angle of about 2 m i n . " Arrays of stripe-like 
éléments can, however, be operated satisfactorily, as 
is the case for GMO."-*"^ 

0 ^ mole'/. Fe-CI-B 100 

12,300 

l ij 

H 12,100 

< 
L L ) 
I 12,000 

zerc 

Zn-C 

shear ^---^ 

-B 

1 J 1 

Fe-Cl-B 

1 1 1 1 

-9 -7 -5 -3 -1 0 »1 »3 .5 .7 .9 
SHEAR ANGLE [min.] 

FIGURE 25 Location of zéro shear angle composition in the 
rhombohedral pseudo-binary system Zn-Cl/'Fe-Cl boracite 
(schematic). 

5.4.2 Studies of epitaxial layers of Ni-Cl boracite 
on Cr-Cl boracite For industrial application, the 
préférable form of an optical component of boracite 
would be a "thick'* layer. Therefore the feasibility of 
C h e m i c a l déposition of boracite layers has been 
successfuUy studied.^'' For the System orthorhombic 
N i - C l boracite on cubic C r - C l boracite as sub­
strate, it has been shown that layers between 2 and 
100 p.m thickness can be produced by C V D using a 
closed (ampuUa) or an open (continuous flow) 
S y s t e m . Good contrast 1 8 0 ° domains with a size 
down to < 1 pm have been achieved. 

5.4.3 Suggestions for future developments I t has 
been demonstrated^^-^''*'* that the key requirement 
for using the switching of A « j of boracites—as well 
as of any other ferroelastic ferroelectric—is the 
development of a composition having a zéro or a 
tiny shear angle « 1 min of arc) in order to prevent 
cracking, elastic back-switching, optical and mech­
anical cross-talk, fatigue, etc., and in order to allow 
poly-nucleation which leads to short switching times 
of a memory élément of a given size.'" We can see 
three ways of approach in order to realize such 
désirable "shear free" or "shear-poor" compositions 
of boracites: 

i) The trigonal phase of Z n - C l boracite on the one 
hand, and that of Fe-Cl and Fe-Br boracite on the 
other hand, have opposite shear relative to the 
boron-oxygen skeleton. Therefore, at a given Z n -
Fe ratio and at a given température, a zéro shear 
composition must exist (Figure 2 5 ) in the pseudo-
binary phase diagram of Fe—Cl/Zn—Cl and Fe— 
B r / Z n - C l boracite. Figure 2 0 (boxes 0 - (2) and ® -
(D) depicts the geometry aUowing contrast. 

ii) In the mni2 phase of Fe - I boracite the shear 
angle approaches zéro when the température 
approaches that of the transition mm2 ^ m ^ 
3m.^'*'^^ Opération in the mml phase close to the 
transition to the m-phase is characterizcd by absence 
of back-switching and by poly-nucleation.'^^ By 
synthesizing mixed crystals (e.g. Fe-I /Fe-Br) it may 
be possible to shift the small shear région to room 
température. 

iii) Possibly there exist différent orthorhombic 
boracite compositions having shear of opposite sign 
relative to the boron-oxygen skeleton as do the 
trigonal phases. (Zn/Fe boracite pairs are potential 
candidates.) I f the switching of any ferro-
elastic/ferroelectric boracite is ever to be used tech-
nologically, the development of the production of 
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layers or of large single crystals is mandatory. For 
reasons of symmetry the substrate for layers has, 
however, to have a binary axis perpendicular to its 
surface in order to achieve contrast. 

5 .5 Studies of Surface Layers and Defects 

Spontaneous biréfringence has been successfullv 
used to visuahze surface layers of about 5 //m 
thickness of N i - C l boracite, which behave 
dynamically differently from the bulk crystal and are 
probably due to a change of supersaturation during 
the cooling phase of the g r o w t h . T t would be 
rewarding to study the surface layers in boracites 
and other ferroelectrics permitting direct 
visualization via owing to favorable symmetry. 
This might shed more light on the still very obscure 
problem of surface layers of ferroelectrics in gênerai 
(see e.g. Ref 66). 

workers in the field. Why deny the use of a pattern 
récognition machine with a computer on line? There 
exists a priceless, simple, but marvellous System 
which is ready for most of you: a polarizing 
microscope plus your eyes, plus your brains! 
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6 CONCLUSIONS 

It has been shown that measurement of spontaneous 
biréfringence vs. température is a simple but sen-
sitive and powerful means of studying phase 
transitions, twinning and defects in boracites, even 
more sensitive in many cases than x-ray analysis and 
Môssbauer spectroscopy. 

The results presented for twenty-one boracite 
compositions are expected to be useful for obtaining 
information on the order parameters' température 
dependence, although they will still have to be 
complemented by measurements of electro-optic and 
elasto-optic coefficients, spontaneous polarization, 
etc., before definite conclusions on the various 
contributions to A^^ can be drawn. 

The symmetry properties of the boracite species 
43mFmm2, A3mFm and 43mF3m are unique in the 
sensé that they allow optical contrast in a lon­
gitudinal mode upon switching of or of a 
component thereof along [001]̂ .̂ ^ -̂ Chemical and 
physical feasibility studies show that thèse properties 
may be exploited technologically, but more develop­
ment work would be required with respect to the 
synthesis of shear free compositions in the form of 
layers or of large single crystals. The most important 
present-day application of spontaneous biré­
fringence of boracites—as well as that of other 
ferroelastic ferroelectrics—lies in the field of 
research: control of the domain state at any 
température of measurement o f crystallophysical 
properties cannot sufficiently be recommended to ail 
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