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The ‘D and lBsCs NMR spectra of deuterated and protiated single crystals of antiferroelectric cesium 
trihydrogen selenite have been studied in the high- and low-temperature phases. The number of 
chemically nonequivalent hydrogen bonds, their lengths, and directions in the unit cell were deter- 
mined from deuteron electric field gradient tensors. The deuterons of centered hydrogen bonds have 
been found disordered in the paraelectric phase over two equivalent sites on either side of a center of 
symmetry. The antiferroelectric phase transition is accompanied by order-disorder phenomena of the 
H system and displacive behavior of the heavy-ion system. 

CsH,(SeO,), belongs to the family of al- 
kali trihydrogen selenites and shows anti- 
ferroelectric properties below - 128°C [I]. 
Although the literature on these crystals is 
quite extensive, little in known about ce- 
sium trihydrogen selenite (CTHS), its prop- 
erties and the nature of its phase transition. 

The crystal structure of the paraelectric 
phase of CTHS was studied by Sato [2] and 
Tellgren and co-workers [3, 41. Two for- 
mula units crystallize in a triclinic unit cell 
with centrosymmetric space group Pi. The 
heavy atom unit consists of a Cs+ ion and 
two SeO, groups linked via hydrogen 
bonds. There are five nonequivalent hydro- 
gen bonds, four of them lie across centers 
of symmetry. The position of the protons 
were found by two-dimensional neutron 
diffraction data [2] and by three-dimen- 
sional single-crystal X-ray [3] and neutron 
d&action [4] data. The disordered-hydro- 
gen-atoms model was assumed in these pa- 

pers for centered hydrogen bonds. The low- 
temperature structure data are absent. 

In the phase transition range, dielectric, 
optical, thermal, and pyroelectric proper- 
ties were studied by Makita [I]; ir spectra 
by Khanna et al. [5]. The results of these 
few investigations do not permit one to de- 
scribe fully the phase transition. A large ef- 
fect of deuteration on the transition temper- 
ature found by Gavrilova-Podolskaya et 
al. [6] indicates an order-disorder transi- 
tion with a significant role of hydrogen- 
bonded protons in the phase transition 
mechanism. Sato, Rhanna et al., and Tell- 
gren have suggested that the paraelectric 
phase contains disordered configurations of 
H,SeO, and HSeO; and the transition to 
the antiferroelectric phase is accompanied 
by an ordering of the hydrogen atoms. 

In this paper, in order to elucidate the 
phase transition mechanism, the role of hy- 
drogen bonds, and the heavy-atom system, 
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ZD and ‘Ws NMR spectra of the deuterated 
(CTDS) and protiated (CTHS) single crys- 
tals were studied. 

Experimental 

Cesium trideuterium selenite was synthe- 
sized by the reaction of SeOz with CszC09 
in DzO. Single crystals were grown by grad- 
ual evaporation of a solution of this com- 
pound in DeO. As determined from the 
dielectric constant and ‘“Cs spectra 
measurements, the transition temperature 
TC was found to be -90°C. The SD and l=Cs 
NMR spectra were recorded in a magnetic 
field about 13 kG. Angular dependences of 
the first-order quadrupole splittings of the 
spectra were measured for crystal rotation 
about three mutually orthogonal axes in 
both phases. The rotation axes were delined 
as folk%: the 2~ axis is taken to be parallel 
to the crystallographic c axis; the X axis, in 
the (010) plane perpendicular to the c axis; 
and the Y axis, perpendicular to the X and Z 
axes. From the rotation patterns, the prin- 
cipal values and the direction cosines of the 
electric field gradient (EFG) tensors, the 
values of the guadrupole coupling constant 
e&/h, and the asymmetry parameter r) 
were determined by the Volkoff method [7]. 
The results are tabulated in Tables I-III. 
The estimated errors in the principal values 
are about +-2 kHz; the error in angle is 
within ?2”. 

Results 

Deuteron Magnetic Resonance 

Five pairs of DMR absorption lines were 
observed in the paraelectric phase. Four 
pairs of lines D(2)-D(5) are of nearly equal 
intensity and one pair of lines D(1) was 
about two times as intense as the lines 
D(2)-D(5). Figure 1 shows the rotation pat- 
terns of the DMR absorption lines at + 15°C 

TABLE I 

PRINCIPAL VALUES AND DIRECTION COSINES OF THE 
PRINCIPAL AXES OF THE ‘D FIELD GRADIENT 

TEN.WRS IN CESIUM TRIHYDWGEN SELENITE 

Directioncosines with mspct to 

eQqJh 
(kHz) X Y  Z 

Pamekctric 
phase (+IPC) 

D(I) 

D(3) 

D(4) 

D(5) 

Antifemoekctric 
phase (-125T) 

D(I). 

D(lh 

o(2) 

o(3) 

o(4) 

D(5) 

56.8 +0.6441 -0.1903 to.7647 
77.5 -0.1319 +0.9819 to.1356 

134.3 +0.7535 +0.1882 -0.6299 
61.9 +0.0461 co.9421 -0.3321 
79.8 -0.3794 +0.3240 +0.8660 

141.7 to.9241 to.0861 +0.3724 
58.8 -0.4034 +0.5483 co.7325 
79.6 +o.m99 +0.7579 -0.2314 

138.4 to.6821 -0.3534 co.6402 
61.9 +0.2190 to.9757 -0.0078 
73.5 +0.9700 -0.2185 -0.1066 

135.5 +0.1057 -0.0157 +0.9942 
55.9 to.6373 +0.3315 +0.6959 
19.4 to.2652 +0.7532 -0.6019 

135.4 to.7235 -0.5681 -0.3922 

50.9 +0.6006 co.0602 CO.7972 
14.4 -0.2164 +0.9722 to.0896 

125.4 to.7696 +0.2264 -0.5969 
46.2 tO.6101 to.0347 +0.7915 
71.7 -0.1238 +0.9909 +0.0519 

117.9 +0.8726 +o. 1297 -0.6089 
67.6 to.0274 to.%58 -0.2578 
87.8 -0.3764 to.2468 +0.8924 

155.5 +0.9260 to.0726 +0.3704 
64.8 to.4216 -0.5732 -0.7026 
90.5 CO.6143 +0.7507 -0.2437 

155.3 +0.6670 -0.3288 to.6686 
61.5 +0.1928 co.9806 -0.0348 
82.6 +0.9773 -O.l%l -0.0822 

150.2 to.0874 +0.0182 +0.9960 
65.2 +0.6510 +a.3869 +0.6518 
87.5 +0.2273 to.7194 -0.6463 

152.7 +0.7242 -0.5755 -0.3799 

there are five chemically nonequivalent 
sites in the triclinic unit cell of CTDS corre- 
sponding to the five strong hydrogen bonds 
proposed from X-ray and ND studies. Cal- 
culated from e&/h values in connection 
with [8], the lengths of the hydrogen bonds 
are in the range 2.51-2.53 8, (X-ray data 
2.54-2.58 A) (Table II). Each EFG tensor 
was assigned to an individual hydrogen 
atom in the hydrogen bond system O(1) 
. . . O(6) or O(i) . . . O(i)’ (i = 2, 3, 4, 5) 
bv means of the emnirical relation that the (dotted lines). According to the DMR data -, -.-- .--. ~- ~~~. r 
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TABLE II 

EXPERIMENTAL DATA’ 

R (0. . .o,A 
(Pu ffz % 

X-Ray DMR :; (“I (“) (“I Assignment 

Paraelectric 
phase (+ 15°C) 

D(1) 

D(2) 141.7 
D(3) 138.4 
D(4) 135.5 
D(5) 135.4 

Antiferroelectric 
phase (- 125°C) 

D(l), 
D(l), 
W-3 
D(3) 
D(4) 
W5) 

125.4 
117.9 
155.5 
155.3 
150.2 
152.7 

134.3 0.15 

0.13 
0.15 
0.09 
0.17 

0.19 
0.22 
0.13 
0.17 
0.10 
0.15 

2.582 2.51 3 2 0(1)-D(l). . .0(6) 
42 O(1). . .D(l)-O(6) 

2.577 2.53 4 7 O(2). . .D(2). . .0(2)’ 
2.546 2.52 2 2 O(3). . .D(3). . .0(3) 
2.573 2.52 3 5 O(4). . .D(4). . .0(4)’ 
2.561 2.52 5 3 O(5). . .D(5). . .0(5)’ 

- 2.50 3 5 
- 2.48 4 5 
- 2.56 1 5 
- 2.56 2 1 
- 2.55 1 2 
- 2.55 1 4 

a Deuteron quadrupole coupling constants eQq/h, asymmetry parameters 7, assignments of the held gradient 
tensors to the hydrogen bond system, and hydrogen bond lengths of CsD&eO&. Angles cp. are between the qrt 
directions and the assigned hydrogen bond 0 . . . 0 directions, angles vu are between the quu directions and the 
calculated directions perpendicular to the Se-O . . . 0 plane. Angles a, are between qn directions in para- and 
antiferroelectric phases, angles ay are between the quu directions in para- and antiferroelectric phases. 

TABLE III 

PRINCIPAL VALUES AND DIRECTION COSINES OF THE 

PRINCIPAL AXES OF THE lssCs FIELD GRADIENT 

TENKBRS IN CESIUM TRIHYDROCEN SELENITE 

Direction cosines 
with respect to 

Temp. eQdh 
PC) (kHz) X Y Z 

Cs%(seO& +I8 308 to.7169 -0.ooo6 +0.6971 
167 -0.1722 +0.%91 +0.1763 
141 -0.6755 -0.2464 +0.6949 

-101 325 +0.7234 -0.0306 +0.6897 
201 +0.2%4 +0.9160 -0.2702 
124 -0.6235 +0.3999 +0.6717 

CS(l) -144 375 +0.7128 +0.0535 +0.6993 
240 +0.3486 +0.8382 -0.4194 
135 -0.6086 +0.5427 +0.5788 

csm -144 284 +0.7176 -0.0438 +0.6951 
196 +0.0347 +0.9990 +0.0273 
88 -0.6959 +0.0047 +0.71s4 

CSD$(seO& + 18 313 +0.7110 -0.0470 +0.7010 
183 -0.3010 +0.8811 +0.3641 
130 -0.6348 -0.4705 +0.6120 

principal Z axis of the EFG tnesor is nearly 
parallel to the hydrogen bond direction. 
The notation of the oxygen atoms are those 
labeled by Sato and Tellgren and co- 
workers. The deuterons D(2)-D(5) lie in 
hydrogen bonds O(2) . . . O(2)’ O(3) . . . 
O(3)‘, O(4) . . . O(4)‘, O(5) . . . O(5)’ 
crossing the symmetry centers (Fig. 2). It is 
possible for these bonds to have central 
location of the deuterons in a symmetrical 
single-minimum potential or disordered lo- 
cation in a double-minimum potential. So 
far as the quadrupole coupling constant 
value is related to the length of the hydro- 
gen bond and the deuteron position in this 
bond, we can distinguish between these 
two cases from the DMR data. From eQq/h 
values [8] the estimated D . . . 0 distances 
are 1.47-1.50 A when 0 . . . 0 distances 
are 2.5-2.6 A. Thus, deuterons D(2)-D(5) 
are located not in the center of the bonds 
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but are displaced and therefore must be 
disordered to keep the center of symmetry 
of the cell. 

Conflicting results relative to the position 
of D(1) deuterons in hydrogen bonds O(1) 
* . . O(6) were obtained in [Z, 41 by the ND 
method. According to Sato, protons H( 1) 
are ordered and lie in an asymmetric single- 
minimum position near O(1). Tellgren and 
co-workers concluded that the bonds O(1) 
. . . O(6) are also disordered and H(1) 
atoms are unequally distributed over two 
possible sites, the site closer to O(1) being 
the more occupied. The DMR results agree 
with the Sato data. The D(1) deuterons 
need to localize near 0( 1) in an asymmetric 
single-minimum potential in accordance 
with the values of the cp,, angles (Table II). 

On the whole, the DMR data for pa- 

raelectric phase CTDS confirm the X-ray 
and ND structures of CTHS [24] and 
show evidence that protiated and deuter- 
ated crystals are isomorphous. 

On going through the Curie point, the 
resonance line D( 1) splits into two D(l), 
and D(l),, but the number of D(2)-D(5) 
resonance lines does not change below T, 
and, in the low-temperature phase, the 
DMR spectra consist of six pairs of lines of 
nearly equal intensity. The angular depen- 
dences of the spectral splitting in the or- 
dered phase were measured at - 125°C and 

FIG. 1. Rotation patterns of the DMR absorption lines of CsD&QO,),. Solid curves indicate the 
antiferroelectric phase (- lWC), dotted lines signify the paraelectric phase (+ WC) (a) Ho I X, Bz = 
<Y, H,,; (b) Ho I Y, 0, = <Z, Ho; (c) Ho I Z, 8, = Cy, Ho. 
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FIG. 1 .-Continued. 

are given in Fig. 1 by solid curves. They 
correspond to six nonequivalent hydrogen 
bonds. The lengths of these bonds are given 
in Table II together with (rz angles charac- 
terizing the change of their directions at the 
phase transition. The directions qzx and qyy, 
principal axes of the EFG tensors, vary 
within 5”. 

‘33cs Magnetic Resonance 

‘?s magnetic resonance has been stud- 
ied in CTHS and CTDS crystals. The ‘=Cs 
nucleus has a high nuclear spin (Z = 3) and 
the quadrupole-split spectrum consists of 
seven equally spaced lines for each non- 
equivalent Cs+ ion in the unit cell. The an- 
gular dependences of the first-order quad- 
rupole splitting between the two +# f* +* 
ls3Cs transitions in CTHS have been mea- 
sured for crystal rotation about X, Y, Z 
axes in the paraelectric phase at + 18°C and 
- 101°C and in the antiferroelectric phase at 
- 144°C (T, =-126°C). In CTDS crystal, 

the temperature dependence of 2Av has 
been measured with the specimen oriented 
so that the magnetic field lies in the (010) 
plane and makes an angle of 50” with the c 
axis (ZZ, is nearly parallel to qzz), T, = 
-90°C. The results are given in Figs. 3 and 
4. 

In the paraelectric phase, two Cs+ ions of 
the centrosymmetric unit cell are equiva- 
lent and the measured angular dependences 
correspond to one EFG tensor. Its principal 
values and direction cosines are given in 
Table III. At room temperature, the quad- 
rupole coupling constant for protiated com- 
pound is equal to 308 + 2 kHz and in- 
creases to 326 + 2 kHz at - 101°C. In the 
antiferroelectric phase, each satellite line 
splits into two and the observed spectrum 
of Ws at - 144°C is a superposition of the 
two quadrupole-split spectra. The angular 
dependences 2Av in the ordered phase are 
given in Fig. 3. They correspond to two 
nonequivalent Cs sites in the unit cell with 
quadrupole coupling constant values of 284 
+ 3 kHz and 375 + 3 kHz. These results are 
in agreement with the crystallographic pre- 
dictions of Sato and Makita, according to 
whom the centers of symmetry in the mid- 
dleofthe0. . . 0 bonds disappear below 
T,, and the unit cell doubles along the c 
axis. Two Cs+ ions of the initial unit cell 
become nonequivalent in the ordered 
phase, them correspond two EFG tensors 
(Table III). The doubled unit cell of the 
low-temperature phase is triclinic centro- 

FIG. 2. A projection of the crystal structure of 
CsH,(SeO& on the (010) plane. Dotted lines indicate 
hydrogen bonds. 
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I T  > T ,  

H,lX 

FIG. 3. Rotation patterns of the first-order quadru- 
pole splitting of the ‘“Cs spectra of CsH&SeOs)z (the 
transitions 23 ++ -cf). On the left: paraelectric phase T 
= - 101°C; on the right: the antiferroelectric phase T = 
- 144°C. The designations of the 0 angles are the same 
asinFig. 1. 

symmetric and contains four Cs+ ions, but 
only two of them are crystallographically 
nonequivalent. The gradual change of the 
EFG tensor in the paraelectric phase, the 
distortion of the structure at the transition 
in the antifetroelectric phase, and the es- 
tablishment of an ordered state in the range 
30” below T, are followed from the tempera- 
ture dependence of the ‘Ys spectra split- 

ting (Fig. 3). Changes of the principal 
values and direction cosines of the EFG 
tensor at the phase transition (Table III) 
indicate distortion of the Cs+ and SeO, net- 
work. 

Discussion 

The disordered structure of the paraelec- 
tric phase of CTHS crystals is reliably 
enough determined. The diffraction 
methods give a well resolved peak on each 
side of the center of symmetry in hydrogen 
bonds O(i) . . . O(i)‘. The deuteron quad- 
rupole coupling constant values on the 
other hand indicate noncentral and there- 
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FIG. 4. Temperature dependences of the quadrupole 
splitting of the 92s and *D spectra of CsD,(SeO,),. 
W2s spectra splitting was measured with magnetic 
field H, I Y and 0, = 140” (Fig. 3); *D spectra splitting 
was measured with magnetic field Ho I X and 8, = 68” 
(Fig. la). 
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fore disordered deuteron arrangement in 
these bonds. At the same time, the charac- 
ter of the disorder and the mechanism of 
the transition into the ordered phase are not 
clear. Static disorder is proposed in [2-S] . 
This assumption was first reported by 
Khanna in his ir study of the phase transi- 
tion of CTHS. Sato and Tellgren and co- 
workers supported this model. They de- 
scribed the crystal cell of CTHS as being 
composed of hydrogen-bonded chains of 
statistically distributed H,SeO, molecules 
and HSeO; ions resulting in a disordered 
structure. However, static disorder is not 
argued for sure in ferroelectric order-disor- 
der and the microscopic mechanism of such 
transitions into an ordered phase is not 
clear. 

In well-known H-bonded crystals under- 
going an order-disorder transition, such 
as KDP, NaH,(SeO,),, KI-I&eOs),, and 
others, the disorder is dynamic and is ac- 
companied by rapid jumping of hydrogens 
from one equilibrium site in the H bond to 
another. When the temperature is de- 
creased through T,, the jumping motions of 
the protons are frozen, resulting in protons 
ordered in one of the equilibrium sites. 
Such type disorder was confirmed by inco- 
herent neutron scattering [9, 101 as well as 
by DMR [II -131 measurement of these 
crystals. Some properties of the CTHS 
crystals may show evidence of dynamic 
disorder. The large isotopic effect indicates 
that the role of proton dynamics in the 
phase transition may be important as in the 
case of KH2POI. The lengthening of the 
disordered H bonds on going to the antifer- 
roelectric phase of CTHS equals 0.032- 
0.038 A (Table II) and is the same as that 
found from ND data in KDP crystals [/4]. 

The DMR method has a possibility in 
principle of distinguishing between dy- 
namic and static disorder in case of a dou- 
ble-minimum type potential. Such conclu- 
sions is based on analyses of the directions 
of the principal axes of the deuteron EFG 

tensor. The direction of the qyy axis is 
nearly perpendicular to the Se-O . . . 0 
plane. From analysis of the ‘p,, angles be- 
tween qVV and the normal to the Se-O . . . 
0 plane, one can determine which of the 
two oxygen atoms the hydrogen atom is 
attached to. When the hydrogen atom is 
jumping back and forth between equilib- 
rium positions of a double-minimum poten- 
tial with a rapid rate (usually of the order of 
l(rHz), the observed qvU axis direction is 
approximately the bisector of the angle be- 
tween the two plane normals. In CTHS 
crystals the O(i) . . . O(i)’ hydrogen bonds 
cross the symmetry centers and the EFG 
tensor of the D(2)-D(5) deuterons must be 
the same when these deuterons are cova- 
lently bonded to O(i) or O(i)’ or dynami- 
cally disordered in a double-minimum po- 
tential. Therefore, the DMR results will be 
the same for dynamic and static disorder 
and, from static deuteron EFG measure- 
ments only, it is not possible to determine 
the disorder character. 

The data on the hydrogen bond network 
in the ordered phase (their lengths and di- 
rections with respect to the X, Y, Z axes) 
are obtained in this work for the first time 
and are given in Tables I and II. The hydro- 
gen bond network changes little on going 
through the Curie point. The disordered H 
bonds are lengthened by 0.03-0.04 8, and 
ordered H bonds are shortened by 0.02- 
0.03 A below T,. The changes of the direc- 
tions of the H bonds are 3-4” for D(1) sites 
and l-2” for D(2)-D(5) sites. These 
changes may be caused by slight rotation of 
the SeO, groups. 

One can suggest the next mechanism of 
the phase transition. In the paraelectric 
phase, the deuterons D(2)-D(5) are disor- 
dered and disorder is rather dynamical and 
connected with the deuteron motion in the 
two-minimum potential well. Below T, this 
motion is frozen and deuterons are fixed in 
one minimum. The paraelectric unit cell 
loses the symmetry center and is doubled in 
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L L \  

0 (1,O.O) 

FIG. 5. Proposed hydrogen bond network and 
deuteron arrangement in the antiferroelectric phase of 
CsDd=M,. 

the c direction. Order-disorder of the hy- 
drogen bond system is followed by distor- 
tion of the heavy-ion system. Appearance 
of two nonequivalent Cs sites and two non- 
equivalent O( 1) . . . O(6) hydrogen bonds 
is connected with the ordering. At the same 
time, the O(i) . . . O(i)’ hydrogen bonds 
remain equivalent in the ordered unit cell 
because this cell has a centre of symmetry 
[I, 21 and D(i) and D(i)’ sites are centro- 
symmetrically related. Such an arrange- 
ment of deuterons causes the dipoles which 
are ordered alternately to cancel one an- 
other, resulting in antiferroelectric behav- 
ior. On the base of this model, Fig. 5 shows 
schematically the structure of the low-tem- 
perature phase and the arrangement of the 
deuterons. The structure consists of DSeO; 

ions and D,SeO, mo!ecules, bound by hy- 
drogen bonds. The Se(l)Os groups trans- 
form into D,SeO, molecules and the 
Se(2)Os groups transform into DSeOS ions. 
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