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Ferroelectric displacement of atoms in Rochelle salt
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The crystal structure of Rochelle salt in the ferroelectric phase is studied by means of x-ray diffraction. The
structures of the two paraelectric phases are also redetermined to obtain the displacements of the atoms owing
to the phase transitions. Cooperative displacements of the atoms responsible for the appearance of the spon-
taneous polarization are obtained. The displacements consist of the movements of the tartrate molecules and
the water molecules in a frame composed of K and Na ions. During the successive phase transitions there are
several interatomic distances maintained constant. The direction of planes made of carbons of the tartrate
molecules is practically unchanged throughout the phase transitions.

I. INTRODUCTION mixed Bragg intensities of the two independent quadrants in
the monoclinic crystal system. It seems that many works
Rochelle salt, NaKgH,Og-4H,0 (abbreviated as R3s a  have not attained the true structure because of ignorance of
well-known ferroelectric. This crystal exhibits ferroelectric the domain structure.
properties between 255 and 297 K, and the spontaneous po- We have studied the crystal structure of RS in the ferro—
larization P4 appears along tha axis*? The symmetry of ~electric phaseT=273 K) as well as the two paraelectric
the crystal structure in the two paraelectric phases is orthd?hasesT=243 and 308 Kin order to clarified the precise
rhombic (space groug®2,2,2), and that in the ferroelectric Structural changes associated with the spontaneous polariza-
phase is monoclini¢space groug?2,11).2 tion. The x-ray diffraction study in the ferroelectnc_phase
X-ray structure analysis of RS was first reported by(T=273 K) has been performed under a monodomain state;
Beevers and HughésThey have pointed hydrogen bonds the spontaneous polarization has the maximum value at the
running among tartrate molecules and water molecules, an@mperature. The monodomain state is realized by the appli-
they intended to account for the ferroelectric behavior. Theyation of the dc field.
have particularly emphasized the significance of the hydro- In the paper, we report the atomic displacements giving
gen bond between @) and 410), which lies parallel to the the spontaneous polarization and show the collective dis-
direction of the spontaneous polarization. In order to deterPlacements composed of the tartrate molecules and water
mine the locations of the hydrogen atoms assumed bwolecules observed in the phase transition. Discussions are
Beevers and Hughes, Frazer, Mckeown, and Pepinsiy ~ Made together with the dielectric, NMR studies.
ried out the investigation of two-dimensional neutron diffrac-

tion on deuterated RS in the ferroelectric phase. They re- Il. EXPERIMENTAL AND LEAST-SQUARES

ported that an orientational motion of the hydroxyl group REEINEMENTS

O(5)-D is possibly responsible for the appearance of the

spontaneous polarization. Single crystals were grown in saturated aqueous solution

On the other hand, Shiozaki and Mitshiave commented of RS (the purity of the reagent exceeds 99)5% room
by x-ray study that the electron density peak, which is lo-temperature after three cycles of recrystallization. A sample
cated on the position of the hydrogen atom db2H in RS crystal was prepared in a cylindrical shape the length of
is sharp in the two paraelectric phases, and it seems thathich was about 2.0 mm and diameter of which was about
0O(5)-H make the intramolecule hydrogen bond tq2D0 0.7 mm. The cylindrical axis was parallel to the ferroelectric
Recently, Iwata, Mitani, and Shibuy& have carried out a axis. Silver paste was used as electrodes for the purpose of
neutron-diffraction studies on deuterated RSmaintaining a monodomain state by applying a dc bias field,
(NaKC,0OgH,D,-4H,0) in the two paraelectric phasgd  and the sample was sealed in a glass capillary tube to avoid
=313 and 78 K. They have shown that there is no indication dehydration and deliquescence. A nitrogen-gas flow system
of the reorientational or the anisotropic motions of5@2D. was used to control the temperature of the sample. In all
They have especially commented on the existence of the flipsases, the temperature stability was better than 1.0 K. In the
flop motion of the water molecule JO(8). Their results ferroelectric phasétT=273 K), the applied dc electric field
show that the hydroxyl group has no important role on thewas 200 V/cm: the coercive fiel, at this temperature is
phase transitions. about 130 V/cm. A four-circle diffractometéRigaku AFC-

It is essential to observe directly the structure of the ferrobR) with pyrolytic graphite-monochromated Mée« radia-
electric phase in order to clarify the structural change. Sincéion (\=0.710 73 A was used. During the collection of in-
the crystal in the ferroelectric phase has domain strucfurestensity data in the ferroelectric phase, the reflecti®50)
the preparation of the crystal of the monodomain state isvas monitored: the intensity of the reflectig®50 is very
required for the diffraction study. The use of the sample havsensitive to the temperatut@.
ing the domain structure results in the measurements of The reflections withF ,>30(F,) were used for the least-
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TABLE |. Summary of the data collections and structure refinements of RS at the three temperatures.

TemperaturgK) 243 273 308
Number of
reflections 1157 4301 2330
measured
Number of unique
reflections 1012 2690 1310
observed
[Fo>30(Fy)]
Bravais lattice Orthorhombic Monoclinic Orthorhombic
Space group P2,2,2 P2,11 P2,2,2
Number of
formula unit in 4 4 4
the unit cell
Number of
parameters 183 361 183
refined
R? 0.0490 0.0744 0.0912
wR? 0.0593 0.1140 0.1297
Lattice constanfs
aA) 11.860 11.882 11.927
b (A) 14.244 14.268 14.292
c (A 6.215 6.222 6.225

aR:2||F0|_|Fc||/E|Fo|-
By R=[ S w(|Fo|—|F)7Ew|F,?]¥2. The weighting function isv™ 1= ¢(F )+ (0.05F)2
‘Reference 15.

squares calculations, wheFg is the observed structure fac- . STRUCTURE DESCRIPTION

tor ando(F,) is the standard deviation estimated by the sta- OF THE FERROELECTRIC PHASE, T=273 K
tistics of counts of x rays. The observed intensities were
corrected for the irradiated crystal volume as well as Lorentz
polarization and absorption. A summary of the data collec- ) ) )
tions and the refinements at the three temperatures is given in In the ferroelectric phase, the two-fold screw axis, which
Table 1. In the least-squares refinements of the paraelectri Parallel to theb axis of the paraelectric phase, disappears.
phases, the positional parameters reported by Beevers andus. the space group changes frét2,2,2 to P2,11, and
Hugheé were used as initial ones except for hydrogen atthe asymmetric unit in the fer.roelectnc phase becomes twice
oms. Those of the hydrogen atoms were obtained from thEhat in the paraelectric phageig. 1). In this paper, the num-
difference Fourier maps. In the ferroelectric phase, the reIgers assigned to the atoms in _the ferroelectric phase are suf-
finements were started by using the parameters obtained tixed A or B. The atoms suffixed\ are related to those
Mitani et al!* In the ferroelectric phase, the origin was fixed SuffixedB by the twofold screw axis parallel to theaxis in

on K(1) during the refinement. The full-matrix least-squaresthe paraelectric phase. _
calculations were accomplished WADIEL,*2 and in the The obtained result can be used to calculate the relative
course of the refinements the correction for isotropic seconddisplacements between two molecules in the asymmetric
ary extinction was carried out. The least-squares calculationgnit. In the ferroelectric phase, the two molecules are related
were made by minimizing the functiolsw(|F | —|F)? with py a pseudp—@OlO] operation. The. pseudosymmetry opera-
w™t=g?(F,)+(aF,)? wherew is weighting functionf.is  tion is applied to the atomic coordinateg(,yg,zg), and the

the calculated structure factor, aads an adjustable param- resulting coordinate is compared with the atomic position
eter. We have chosem=0.05 in the way that the value of (Xa,Ya,Za). The differences between these positions are
SW(|Fo|—|F)? remains constant when the reflections aredefined: — dx=a(xa+xg—0.5),  dy=Db(ys—yg+0.5),
grouped in|F,| or sin@/\ intervals. The atomic scattering 8z=c(za+2g—1.0), and A=(6x*+ sy*+ 6z%)%° (Table
factors and anomalous scattering factors were taken frortl). In those calculations, the lattice constants by the
International Tables for X-ray Crystallograply The ther-  Bronowska&® have been used. The large relative displace-
mal parameters of hydrogen atoms were treated as if thements of atoms were obtained for(1D), O(3), O(8), O(6),

had a common valu&J,,: the valueU,=0.025 gave the and Q4) (A>0.06 A). Those displacements of the oxygens
minimum R factor. Finally,R factors atT=308 K, T=273  except @6) have large components along theaxis. Also

K, and T=243 K were 0.0912, 0.0744, and 0.0490, respecithe displacement of @) is large along the axis (6x>0.03
tively. The final results of the atomic positions and theA). It is clarified that the carboxylate anion(8-C(4)-O(4)
equivalent thermal parameters at 273 K is given in Table Ilin the tartrate molecule has a large relative displacement

A. Relative displacements associated
with the phase transitions
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TABLE IlI. Final positional parameters in fraction and the equivalent thermal parameters for the nonhy-
drogen atoms of Rochelle salt &=273 K: U¢=(1/3)2U;a af" a;- ;.

X y z Upq (x10* A?)
Na(A) 0.26844) 0.49331) 0.47634) 223(15)
Na(B) 0.23224) 0.99322) 0.52005) 24215)
K(1) 0 1.00091) 0.04643) 510(11)
K(2) 0.00043) 0.50111) 0.15952) 286(7)
C(1A) 0.15446) 0.188@4) 0.282511) 187(28)
C(1B) 0.34496) 0.68834) 0.71849) 180(27)
C(2A) 0.12526) 0.27414) 0.421810) 18227)
C(2B) 0.375%7) 0.77344) 0.57649) 191(28)
C(3A) 0.17876) 0.26394) 0.64169) 167(26)
C(3B) 0.32256) 0.76384) 0.352710) 18228)
C(4A) 0.15387) 0.35164) 0.77648) 204(28)
C(4B) 0.34947) 0.85084) 0.221710) 236(31)
O(1A) 0.12025) 0.10873) 0.34989) 23924)
O(1B) 0.38055) 0.60933) 0.65178) 21322
0(2A) 0.20916) 0.20363) 0.11737) 265(25)
0(2B) 0.28946) 0.70283) 0.88018) 261(25)
0(3A) 0.23536) 0.40493) 0.81229) 338(30)
0(3B) 0.27047) 0.90724) 0.189710) 368(31)
O(4A) 0.05496) 0.36284) 0.84459) 29928)
0(4B) 0.44896) 0.86014) 0.15208) 301(28)
O(5A) 0.16177) 0.35743) 0.321710) 256(27)
0(5B) 0.33576) 0.85703) 0.67387) 22223
O(6A) 0.29576) 0.24844) 0.62129) 250(26)
0(6B) 0.20505) 0.74843) 0.36848) 23925)
O(7A) 0.39536) 0.08233) 0.484410) 286(28)
o(78B) 0.10526) 0.58304) 0.517711) 31330)
O(8A) 0.24048) 0.03934) 0.88288) 43236)
0(8B) 0.25538) 0.54184) 0.112110) 43338)
O(9A) 0.437§7) 0.30096) 0.035814) 51947)
0O(9B) 0.06257) 0.80476) 0.962812) 465(44)
O(104) 0.42567) 0.39935) 0.418315) 50243)
0(108) 0.07776) 0.89325) 0.569812) 42538)

along thea axis, and the oxygen of the water moleculé80 planarity and the direction of the plane made b{1)aC(2)-
also has a large relative displacement in the opposite dire&=(3)-C(4) is not affected through the phase transitions. These

tion. results show that there is little deformation in the tartrate
molecules with the phase transitions.
B. Change of interatomic distances in the ferroelectric phase Two hydrogen bonds related tq & have different behav-

K(1) is coordinated by six oxygens, which are Iocatediors associated with the phase trgnsitions. The _distances
within 3.2 A. The distance K)-O(10) is so large that the ©O(8A)-O(3B) and O(&)-O(3A), which are nonequivalent
K(1) atom is not strongly interacting with (@0). The other crystallographlc_ally in the ferro_electnc phase, are almost
potassium atom, K) is coordinated by eight oxygens, Same to those in the paraelectric phase. On Fhe_ pther hand,
which are also located within 3.2 A. The circumstances ofthose of O(&)-O(2A) and O(&8)-O(2B) are significantly
K (1) differ largely from those of K2). different. Q10) has three hydrogen bonds; two are related

In the ferroelectric phase, there are two kinds of the disto O(4) and Q1) in the carboxylate anions and one is related
tances for K1)-O(8) and also for K2)-O(8) (Table IV). It  to O(6) in the hydroxyl group. Among the three bonds, the
shows that O(8) approaches Kl) and O(&8) displaces distance @6)-O(10) is longer a little than the ordinary hy-
away from K1). The significant displacements of the atomsdrogen bond length. In the ferroelectric phase, it becomes
are observed around the cations, and they are responsible fovo significantly different mates[O(6A)-O(10A) and
the appearance of the spontaneous polarization of RS. THg(6B)-O(10B)]. These results show that the distanc&8)©
changes are most remarkable among many other changesO(2), O(9)-O(2), and d6)-O(10), which connect the water

The interatomic distances and angles in the tartrate molmolecules to the tartrate molecules with hydrogen bonds,
ecules at three temperatures are practically unchanged. Tiheake significant changes through the phase transitions.
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TABLE lll. The relative displacements of atoms due to the ap-
pearance of the spontaneous polarization. They are defined as fol-
lows: dx=a(xap+Xg—0.5), dy=b(ya—yg+0.5), 6z=c(zp+2zp
—1.0), andA=(8x*+ 8y%+ 6z%)%5. In the paraelectric phase, the
values oféx, 8y, 6z, andA are zero.

0(9 ’ x (A) sy (A) 6z (R) A A)

o 108) K(1)

f Na 0.0099) —0.00X4) —0.0225)  0.02420)

jooo C(1)  -000714)  0.00411)  0.00812) 0.00920)

N c@) 0.01Q15 -0.00911) -0.01X11) 0.01727)

M(ﬁ c@) 0.01414 —0.00211) —0.03411) 0.03734)

*‘;‘:‘2 c(4) 0.03816) -0.01X11) —0.01411) 0.04242)

" o) 0.00811)  0.0088) 0.01410) 0.01522)

02  -001§14 -0.0128 —0.0169  0.02530)

0B 0.06315  0.0329) 0.009411)  0.07X52)

o(4) 0.04614) —0.037111) —0.02410) 0.06350)

O5)  —002915 —0.0058 —0.02710) 0.04Q39)

' 0(6) 0.00813 —0.0069) —0.06410) 0.06540)

g) o(7) 0.00714)  0.0079) 0.01313  0.01626)

0®  —-0.05219  0.03211) -0.03¥11) 0.06858)

0(9) 0.0016)  0.05417) —0.00716) 0.05446)

0(10) 0.04q15 —0.08614) —0.07316) 0.12Q77)

mechanism, it is very important whether the order-disorder
behavior is observed or not with diffraction study. The ther-
FIG. 1. Schematic view of the atomic displacements in themg| parameter of @) does not have any spec|a| anoma|y
ferroelectric phaséT=273 K). Arrows indicate the directions of during the phase transition. The thermal parameters of all
the displacements responsible to the appearance of the spontane@jfer atoms also has no anomalous behavior.
polarization. Thick broken lines indicate the hydrogen bonds whose o results can be supported by many other experimental
lengths are kept constant through the phase transitions. Thin brokg -t a5 follows. The complex dielectric dispersion of RS at
lines indicate hydrogen bonds whose lengths are chararadri the microwave range has been measured by Sandy and
(Ref. 14 was used. Jones® They have found the critical slowing down phenom-
IV. RESULTS AND DISCUSSIONS ena at the two tran;ition points _in the frequency range from
4-12 GHz. The critical relaxation phenomena seem to be
The characteristic features are summarized as follees  mainly originated in these collective motions and show the
Fig. 1. Several interatomic distances change through thé&ehavior of the cooperative dipole interaction between them.
phase transitions. Among them there are interatomic disk is generally believed that such phenomena in this fre-
tances that split into two significantly different ones in thequency range are an evidence of the presence of the relax-
ferroelectric phase: K)-O(8A) and K(1)-O(8B), and K(2)-  ational motion of the orientation of molecules, and they are
O(8A) and K(2)-O(8B). Also it should be pointed that there observed in other ferroelectrics such as TGS, NaNOGP,
are two distances between oxygens to split into significanthand(NH,),S0O,, etc., which are considered to be of the order-
different pairs through the phase transitions; the pairs oflisorder type. Blinc, Petkovsek, and Zupantdiand Miller
O(8A)-O(2A) and O(8)-0(2B), and also O(8)-0O(10A) and Casabelld have shown that the displacements dBD
and O(@8)-0(10B). and 45)-H contribute to the temperature dependence of the
The oxygen @) behaves as a common nearest neighboelectric-field-gradien{EFG) tensor around Na atoms. Our
atom of Na, K1), and K?2). It is situated at almost the study shows not only that the displacements @B)Cand
middle point between Kl) and K(2) and has the large ther- O(5) affect the EFG tensors but also those of all neighboring
mal motion directed to them. It is considered that the inter-oxygen atoms surrounding Na atoms, especially) Caffects
actions between @) and the two K atoms cause the strong because the octahedron constructed by the neighboring oxy-
anisotropic thermal motion. gen atoms displaces against the Na atoms in the ferroelectric
In the process of the ferroelectric phase transitiof8)O phase. Trontelf have carried out NMR studies on flipping
makes the considerably large displacement alongathgis, = motions of the four water molecules. Their results show the
while C(4), O(3), and G4) atoms(carboxylate aniondis-  flipping motions are not affected during the phase transition.
place in the opposite direction. These facts show that th&@he behavior does not contradict the fact obtained by our
displacement of (B) is accompanied by the movement of x-ray analysis that the thermal behaviors of the four oxygen
the tartrate molecule keeping the distance betwe@) énd atoms of the water molecules display no clear change with
O(3) constant. It is considered that the displacement @O the phase transition.
must have an important role for the ferroelectric phase tran- Our study has revealed that the tartrate molecules and
sition; however, the sign of an order-disorder behavior is notvater molecules displace against the flame composed of po-
detected. For the establishment of the phase transitiotassium and sodium ions. Especially the displacements of
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TABLE IV. Selected interatomic distances of the three phases.

T=243 K (paraelectric phase T=273 K (ferroelectric phase T=308 K (paraelectric phase
Distance(A) Distance(A) Distance(A)

Na-O(3) 2.4604) Na(A)-O(3A) 2.4737) Na-O(3) 2.4658)
Na(B)-O(3B) 2.4387)

Na-O(8) 2.3695) Na(A)-O(8B) 2.3767) Na-O(8) 2.3849)
Na(B)-O(8A) 2.3556)

K(1)-O(8) 3.1035) K(1)-O(8A) 3.0789) K(1)-O(8) 3.12110)
K(1)-O(8B) 3.1279)

K(1)-0(10) 3.3987) K(1)-O(10B) 3.4658) K(1)-0(10) 3.36311)
K(1)-0(10A) 3.3419)

K(2)-0(8) 3.1175) K(2)-O(8B) 3.10510) K(2)-0(8) 3.13q11)
K(2)-O(8A) 3.15410)

0(8)-0(2) 2.7576) O(8A)-O(2A) 2.7837) 0(8)-0(2) 2.74710)
O(8B)-O(2B) 2.74398)

0(8)-0(3) 2.6945) O(8A)-0O(3B) 2.7018) 0(8)-0(3) 2.697110)
0(8B)-0(3A) 2.7128)

0(9)-0(2) 3.1348) 0O(9A)-0(2A) 3.09011) 0(9)-0(2) 3.11321)
0(9B)-0(2B) 3.107111)

0(6)-0(10) 2.8927) O(6A)-0(108) 2.93510) 0(6)-0(10) 2.927111)

0(6B)-O(108) 2.85610)

order disorder. It would be necessary to clarify what atoms

O(8), O(9), and Q10) around K1) are large(see Fig. J, and have the order-disorder features by crystallographic work.

those oxygen atoms and(K have large thermal motion in
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