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Tem per at ure dependen ce of the opt ical rotator y p ow er ( £ ) alon g the

optical axi s of pure and deuterated Rochelle salt single crystals has been
given . T hree phases of both crystals w ere examined and found to b e op -
tically active. T he relation b etw een spontaneous electrogyratio n ( £ s) and
spontaneous polari zati on ( P s) can be describ ed by £ s / P 2

s . Moreo ver , the

antip olar domains of pure and deuterated ferro electric Ro chelle salt crystals
w ere found of the rotation tw in- typ e not occurring in the enantiomorphic
form, in contrast to those in other ferro electric crystals, e.g., T GS-typ e and
Pb 5 Ge3 O11 .

PACS numb ers: 77.80.Bh, 78.20.Ek

1. I n t rod uct io n

Sodium potassium ta rtra te tetra hydra te (Na K C4H 4O6 Â 4H 2O), kno wn as
R ochelle sal t (R S), has been the Ùrst ferro electri c m ateri al discovered [1]. The
crysta l structure of RS in two paraelectri c phases, below T c1 = 255 K and above
T c 2 = 297 K, is ortho rhom bic (spa ce group P 2 1 2 1 2 ) ; in the interm ediate ferro-
electri c phase i t is m onocl inic (spa ce group P 2 1 ) [2]. Deutera ted Rochelle sal t
(Na KC 4H2 D 2O6 Â 4D 2O | D RS) is isostructura l to R S but T c1 = 251 K and
T c 2 = 308 K [2].

Opti cal acti vi ty (OA) can occur in al l three phases of R S and D RS crysta ls
in agreement wi th thei r sym metry . The OA of RS crysta l was found by D ufet [3]
long before i ts ferroelectri c pro perti es were discovered. Opti cal ro tato ry di spersion
(OR D ) of RS wa s studi ed by Ko zik [4] at room temperature. Further discussion of
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the OR D and circul ar di chroism (CD ) of the RS as wel l as DR S crysta ls at room
tem perature was reported by Ko ra lewski and Mr §z [5].

The Ùrst m easurements of tem perature dependence of OA along the opti cal
axi s of RS were perform ed by Levy [6] who related OA di rectl y to the sponta neous
polari zati on (P s ). Ho wever, these resul ts were not conÙrm ed by the later studi es
of Herm elbracht and Unruh [7], and Vl okh et al . [8]. Vl okh et al . [8] reported tha t
for the electri c Ùeld (E ) greater tha n the coercive Ùeld (E c ) of R S the opti cal ro ta-
to ry power (£ ) does not depend on the sign and the value of the externa l electri c
Ùeld. The sam e autho rs [8] pro ved tha t the shape of £ ( E ) dependence was cl ose to
the hysteresis loop of the butter Ûy-typ e, in contra st to the analogous dependence
observed for T GS-typ e [9] and Pb 5Ge3 O11 crysta ls [10]. A m ore deta i led di scus-
sion of the £ ( E ) dependence for RS and TG S crysta ls was given by Ko bayashi
et al. [11]. These autho rs establ ished experi menta l ly tha t the anti polar dom ains
in R S are not enanti omorphi c and are uni ted by hemi tro pe twi n mechani sm. The
m ost recent measurements of Ko bayashi et al. [12] showed tha t sponta neous gy-
rati on in the di recti on of the ferro electri c x -axi s was proporti onal to P 2

s . For the
opti cal axi s di recti on a sim ilar relati on m ay be expected, however, ti l l now there
is no exp erimenta l evidence.

The tem perature dependence of DR S single crysta l as wel l as the ẽ ect of
deutera ti on on OA have not beendi scussedup to date, so these and the am biguiti es
in the hi therto reported tem perature measurements and thei r interpreta ti on have
lead us to underta ke a study of the tem perature dependence of OA along the
opti cal axi s of RS single crysta l as wel l as its deutera ted analogue.

2. E x per i m en t a l

Single crysta ls of R S were grown by slow evaporati on of satura ted aque-
ous soluti on at room tem perature. Single crysta ls of D RS were grown accordi ng
to the pro cedure described by Holden and Ma son [13]. Both crysta ls of size of
¿ 2 0 È 3 0 È 5 0 m m3 were colourl ess, tra nsparent, and showed a good opti cal
qual i ty . The degree of deutera ti on (D ) was estimated accordi ng to Holden and
Ma son [13] on the basis of the higher Tc 2

and lower T c 1
Curi e points, and found

to be D ¤ 9 0% and D ¤ 5 5% for two di ˜erent crysta ls. Crysta ls wi th higher
(T c 1

= 252 K and T c 2
= 306:8 K) and lower (T c 1

= 253:7 K and T c 2
= 300:7 K)

degree of deutera ti on wi l l be labelled as DR SI and D RSI I , respectivel y. The sam -
pl es were prepared in the form of rods of 5{ 9 mm in di am eter and 3{ 7 mm in
length, wi th the axi s paral lel to one of the opti cal axes of the crysta l . The di -
recti on of the opti cal axi s wa s determ ined and contro lled duri ng the tem perature
m easurements by m eans of the conoscopi c metho d. The experim enta l set-up was
the same as described previ ously [9, 14, 15]. The m easurem ents were carri ed out
usi ng a He{ Ne laser (Ñ = 6 3 2 : 8 nm ) as a l ight source.
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3. R esul t s an d d iscu ssio n

Mea surements of the opti cal ro tato ry power of RS and DR S crysta ls in the
ferro electri c phase have been made in the externa l electri c Ùeld who se value was
increased up to 200 kV / m, thus, much above the coercive Ùeld of these crysta ls
(E R S

c ' 20 kV/ m , E DRS
c ' 40 kV/ m [2]), and whose sign was al terna ted. It

wa s shown tha t the sign of £ does not change and only the value of £ changes
slightl y when the polari zati on is reversed. The changes could be described by a
butterÛy- typ e hysteresi s loop. A typi cal relati on £ ( E ) for the crysta l D R SI I i s
shown in Fi g. 1. The hysteresi s loop observed for DR S is sim ilar to the gyra ti on

Fig. 1. T he hysteresis loop of the optical rotatory pow er of DRS I I crystal at 290 K .

T he closed, open, and crossed p oints denote the direction (see also arrow s) of the electric

Ùeld changes.

loops reported by Vl okh et a l. [8] and Ko bayashi et al . [11] for pure R S crysta ls.
Theref ore, we can conclude tha t the domains in DR S are not enanti omorphic |
sim i larly as in the RS crysta ls. Thi s woul d mean tha t, accordi ng to the nom encla-
ture of Shuv alov et al . [16, 17], the anti polar domains in RS and D RS crysta ls are
of the rota to ry twi n-t yp e. The asym metri c shape of the hysteresis loop observed by
us and by other autho rs [8, 11] indi cates a certa in insta bi l i ty of the dom ain struc-
ture of RS and DR S crysta ls, whi ch woul d at least partl y expl ain a signi Ùcant
scatter of measuri ng points in the tem perature and electri c Ùeld dependences of £ .

The opti cal ro ta to ry power of RS and D R S crysta ls was measured in the
tem perature range of 245{ 315 K. For a few tem peratures £ wa s m easured both at
E > E c and at E = 0 . The values obta ined in these two series of m easurem ents
were com parable wi thi n the experim ental error and were characteri zed by a sim -
i lar scatter. Theref ore, system ati c m easurements of £ in the above tem perature
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Fig. 2. T he optical rotatory pow er £ versus temp erature for RS and DRS I I crystals,

£ s is the spontaneous optical rotatory p ower.

range were carri ed out for E = 0 after a prel iminary m ulti ple polari zati on rever-
sal of a given sam ple in the Ùeld E > E c. The resul ts are shown in Fi g. 2. The
observed changes of OA at the phase tra nsiti on temperature T c 2 are conti nuous
(Fi g. 2), whi ch conÙrms the conclusi ons fol lowi ng from other data [2, 18] tha t the
phase tra nsiti on is conti nuous in both studi ed crysta ls. In spite of the fact tha t the
tem perature changes were very slow and at each tem perature the sampl e was sta-
bi l ized for about 2 hours before maki ng a series of m easurem ents, the results show
a certa in scatter of £ values. Thi s scatter and a signi Ùcant uncerta inty of m easure-
m ents much exceeding the uncerta inty of the measuri ng set-up is a consequence
of the above-m enti oned insta bi l i ty of the domain structure, hi gh del iquescence of
the crysta ls, and the pro cess of thei r decompositi on above a certa in tem perature.
The rate of dehydra ti on, tha t is the loss of crysta l l ine water [19, 20], depends on
tem perature and pressure condi ti ons. At 309 K the R ochelle sal t decom posesinto
K 2 C4H 4O6 Â

1
2
H2 O and Na2 C4H 4O6 Â 2H2 O, whi le at 323.5 K these sal ts underg o

the i rreversi bl e decay [19]. Thi s process determ ines the upp er l imi t of tempera-
tures in the high- tem perature paraelectri c phase, in whi ch the OA of RS and D RS
crysta ls can be studi ed. The low- tem perature l im it wa s not so drasti c, but below
273 K when the sam ple was under reduced pressure, in vacuum , the pro cess of de-
hydra ti on wa s faster. The occurrenc e of these pro cesseswas l im i ted by al l possible
m eans, but a to ta l elimina ti on of thei r inÛuence on the results of m easurements of
£ was impossible.

The uncerta inty of m easurements and the scatter of the values of £ for RS
and D RS crysta ls are sim i lar to tho se obta ined by Herm elbra cht and Unruh [7],
and Vl okh et al . [8] for R S. Our values of £ determ ined for RS are in very good
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agreem ent wi th the resul ts reported in [7, 8] for al l the three phasesbut are con-
tra dicto ry to the resul ts obta ined by Levy [6] for the ferro electri c phase. The
change Â £ in the range from + 1 8 £ C to À 1 8 £ C observed by Levy gave a sym m et-
ri c bell -shaped curve wi th a m axi mum of À 1 : 6 £ m m À 1 at 0 £ C. The tem perature
dependence of Â £ Levy interpreted as related to the tem perature changes of the
sponta neous polari zati on. As we wi ll show, his supp ositi on about the correla ti on
between Â £ and P s i s correct, but the absolute value of the Â £ changes and thei r
sign are doubtf ul in a vi ew of our results and tho se given in [7, 8].

The tem perature changes of the opti cal ro ta to ry power of D RS are sim i lar
to tho se observed f or R S. In the paraelectri c phase the opti cal ro ta to ry power of
D RS is smal ler tha n tha t of RS whi le in the f erroelectri c phase the reverse rela ti on
£ DRS > £ RS i s true (Fi g. 2). The inÛuence of deutera ti on on the opti cal ro ta to ry
power is i llustra ted in Fi g. 3. The reverse relati on in the ferroelectri c phase can be

Fig. 3. C hanges of the optical rotatory p ower of the RS crystals in the paraelectric

phase at ( T T 10 K and in the ferro electric phase at T T K for

di ˜erent degrees of deuteration D .

a result of an increase (about 1.5 ti m es) of P s in the deutera ted crysta l (see [2]).
The opti cal ro ta to ry power of the ferroelectri c phase cannot be related di rectl y to
the value of P s , as suggested by Hel m erbracht and Unruh [7]. The di scussion of the
relati onshi p between OA and P s requi res an estim ati on of the sponta neous contri -
buti on to the tota l value of £ in the f erroelectri c phase. Because of a smal l range of
exp erimenta l ly avai lable tem peratures in the high-tem perature paraelectri c phase
of R S and D RS, and rather large uncerta inty of the £ values, a separati on (analyt-
ical or graphi cal ) of the contri buti on related to the paraelectri c phase is di £ cul t
and charged wi th a large uncerta inty . Neverthel ess, such a separati on is the onl y
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possibi l i ty of determ inati on of the sponta neous opti cal acti vi ty along the opti cal
axi s. The £ s( T ) was determ ined as i l lustra ted in Fi g. 2. The sponta neous opti cal
ro ta to ry power was found graphi cal ly as the di ˜erence between the bro ken and
sol id l ines representi ng the contri buti on of the paraelectri c phase to OA and the
to ta l OA in the f erroelectri c phase, respectivel y. The estim ated values of £ s are
smal l . For com pari son wi th som e other opti cal ly biaxi al ferroelectri c crysta ls they
are col lected in the T able. It is worth noti ng tha t the character of the tem perature
dependence of £ in the paraelectri c phase is m ore pro nounced for the LA T [21]
and NA T [22] crysta ls from the R S fam i ly, for whi ch the ferro electri c tra nsi ti on
points are better separated from thei r tem peratures of decom positi on.

TABL E
Spontaneous optical rotatory power £s for some

opticall y biaxial ferro electric crystals (k k optical
axis, Ñ = 63 2: 8 nm, j T c À T j = 20 K ).

C rystal £s [ £ mm À 1 Ref s.

RS 0.06

DRS 0.08

LA T 0.62 [21]

T GS 0.17 [14, 15]

DT GS 0.23 [9, 15]

T GSe 0.49 [9]

The tem perature vari ati ons of £ reÛect the tem perature changes of the com -
ponents of the g tensor and the change of the angle 2 V between the opti cal axes
as wel l as the tem perature changes of the l ight refracti ve index. The OA of RS
and D RS crysta ls along the opti cal axi s in the paraelectri c pha se can be described
by the fol lowing relati on:

£ =
¤

Ñn
( g cos V + g sin V ) ; (1)

where n denotes the l ight refracti ve index along the opti cal axi s, g and g |
the components of the gyra ti on tensor g ; V | the hal f of the angle between the
opti cal axes and Ñ | the vacuum l ight wavel ength.

Ma ki ng use of the matri cesdescribing the gyra ti on tensor g , l inear electro-
gyra ti on tensor Û and the tensor describing square electrogyra ti on Î [23{ 25],
and ta ki ng into account the fact tha t in the ferro electri c phase of R S and D RS
P = P s , the gyra ti on G can be expressed as

G = g l + g l + g l + 2 Û l l P s + Î l P 2
s + Î l P 2

s + Î l P 2
s ; (2)

where l are the di recti on cosines of the wa ve norm al of the l ight.
In the ferro electri c phase the indi catri x of the l ight ref racti ve indi ces rota tes

about the x -axi s by an angle ' s as a result of the l inear electro opti cal e˜ect
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induced by the sponta neous polari zati on. The opti cal plane makes an angle ' s

wi th the plane (010), whi ch m eans tha t al l three di recti on cosines wi l l be di ˜erent
from zero: l 1 = cos V ; l 2 = sin V sin( Ï ' s ), and l 3 = sin V cos( Ï ' s ). The gyra ti on
surf ace and the indi catri x ro ta te synchro nously [8]. For a smal l angle ' s we can
wri te

' s = a 1 P s: (3)

The a 1 coe£ cient, accordi ng to the relati on given in [12, 26{ 28], can be wri tten as

a 1 =
Û1 4

g2 2 À g 3 3

=
r 1 4 n 2

2 n 2
3

n 2
3 À n 2

2

; (4)

where r 1 4 and Û1 4 describe the l inear electroopti cal and l inear electrogyra ti on
e˜ects, n 2 and n 3 denote the l ight ref racti ve indi ces along the axes y and z ; g2 2

and g 3 3 are the com ponents of the gyra ti on tensor gi j (see for deta ils papers
[26{ 28]).

Accordi ng to Eq. (3), the gyra ti on G in the ferroelectri c phase can be wri t-
ten as

G = g 1 1 cos2 V + g 3 3 sin 2 V + P 2
s g2 2 a 2

1
sin2 V + 2 P 2

s Û1 4 a 1 sin2 V

+ P 2
s Î 1 1 cos2 V + P 2

s Î 1 3 sin2 V + P 4
s Î 1 2 a 2

1
sin2 V : (5)

Thus, ta ki ng into account Eqs. (1), (4), and (5) the sponta neous opti cal ro ta to ry
power £ s along the opti cal axi s in RS and D RS crysta ls can be wri tten as

£ s = Î ef P 2
s + À ef P 4

s ; (6)

where

Î ef =
¤

Ñn 0

ç
3 g 2 2 À 2 g 3 3

( g2 2 À g 3 3 ) 2
Û2

1 4 sin2 V + Î 1 1 cos2 V + Î 1 3 sin2 V

Ñ

(7)

is the e˜ecti ve coe£ cient of the sponta neous electrogyra ti on determ ining the m ag-
ni tude of the contri buti ons of the second order wi th respect to P s and

À ef =
¤ Û 2

1 4
Î 1 2 sin2 V

Ñn 0 ( g 2 2 À g 3 3 ) 2
(8)

is the e˜ecti ve coe£ cient of the sponta neous electrogyra ti on determ ining the m ag-
ni tude of the contri buti ons of the fourth order wi th respect to P s . Neglecti ng the
fourth order contri buti ons in Eq. (6), as i t was proposed by Ai zu [29] in hi s phe-
nom enological descripti on of OA, and ta ki ng into account tha t for the crysta ls
showi ng conti nuous phase tra nsiti on P s / (T c À T ) 1 = 2 [30], we arri ve at

£ s / ( T c 2 À T ) : (9)

The sponta neous opti cal ro ta to ry power of R S and DR SI I i s a l inear functi on of
( T c 2 À T ) wi thi n the l im its of experim ental uncerta inty . Thi s relati on is f ulÙlled
in the tem perature ranges of ( T c2 À T ) = 2 0 K for R S and ( T c2 À T ) = 2 5 K for
D RSI I (see Fi g. 4), whi ch m eans tha t relati on (9) is held for these crysta ls.
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Fig. 4. T he spontaneous optical rotatory p ower versus ( T c 2 À T ) for RS and DRS I I

crystals.

In vi ew of the above, the R S and D RS crysta ls can be classiÙed as belonging
to the group of ferroelectri cs for whi ch the sponta neous opti cal ro tato ry power is
pro porti onal to the square of the sponta neous polari zati on. It has been shown tha t
for these crysta ls the relati on (9) is ful Ùlled, whi ch m eans tha t they belong to the
cl ass of hi pergyro electri cs, conÙrm ing the Ai zu postul ates [29].

4 . Co n cl u si on

(i ) The changes of the OA of the R S and D RS crysta ls induced by an externa l
electri c Ùeld can be described by the butterÛy- typ e hysteresis loop and the
sign of £ does not change when the sense of the electri c Ùeld is reversed.
These Ùndi ngs evi dence tha t the anti polar dom ains of both crysta ls studi ed
are not enanti omorphi c and are uni ted by the hem i tro pe twi n m echanism.

(i i ) The tem perature dependence of £ shows a conti nuous behavi our when the
crysta l passes the tra nsiti on point in agreem ent wi th other exp erimenta l
observati ons.

(i i i ) The sponta neous opti cal rota to ry power £ s of RS and D RS is qui te small
and charged wi th hi gh uncerta inty , however, i t was establ ished tha t £ s in
the Ùrst appro xi matio n depends on the square of P s .

(iv) It was found tha t the relati on £ s / ( T c2 À T ) i s fulÙlled for both crysta ls
studi ed, whi ch m eans tha t they belong to the hi pergyro electri c class as pos-
tul ated by Ai zu [29].
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