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Nuclear-Magnetic-Resonance Study of the Ferroelectric
Transitions in NaH, (SeO,), and NaDs(Seas) s
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The angular dependences of the proton, deuteron, and Na2~ magnetic-resonance spectra have been
measured as a function of temperature in both normal (STSe) and deuterated (D-STSe) sodium tri-
hydrogen selenite, and the electric field gradient tensors at the sodium and deuteron sites have been deter-
mined. These data show that the two ferroelectric transitions in STSe (2/m-+1-+tu) are accompanied by
a doubling of the unit-cell edges in the a and b directions with respect to the paraelectric unit cell, whereas
there is just one transition in D—STSe (2/m-+ra), which is connected with a doubling in the h direction
only. The triclinic ferroelectric phase which exists in STSe between —79 and —173'C thus does not appear
in D-STSe. The transitions are accompanied by an ordering of hydrogens (which in the paraelectric phase
are rapidly jumping from one equilibrium site in the H bond to another) as well as by a distortion of the
SeOg and Na+ network.

INTRODUCTION

t 1HE interesting dielectric properties of NaHs-.. (SeOs)s—henceforth designated STSe—were first
discovered by Pepinsky and Vedam, ' who observed a
transition from a paraelectric (2/m) to a ferroelectric
phase (1) at Toz ———79'C. Below —79'C, spontaneous
polarization was observed along both the e and the 6
axis. Later it was found'~ that there is a second
transition at Tczz= —173'C, which is connected with
the disappearance of the spontaneous polarization in the
b but not in the a direction.

Although the structure of STSe in the paraelectric
phase (space group I'2z/u with two formula units per
unit cell, a= 11.76 L, b= 4.84 A, c=5.80 L, P= 118.5')
has been solved by Unterleitner, 5 there is very little
known'' about the structure of triclinic ferroelectric
phase I, and practically nothing about the monoclinic
ferroelectric phase II.Since interesting ferroelectric and
antiferroelectric properties —which seem to be some-

what analogous to the ones found in STSe—were
observed as well in KHs(SeOs)s, RbHs(SeOs)s, and

CsHs(SeOs) s by Shuvalov, Ivanov, and others, ' ' it was
felt that a study of the nature of the phase transitions
in STSe might be worthwhile and might throw some
light on the dielectric anomalies in the whole tri-
hydrogen selenite family.

An additional reason for our decision to study this
crystal was the rather drastic changes in the dielectric
properties upon deuteration. 4 Whereas it is well known

that the replacement of hydrogen by deuterium pro-

r R. Pepinsicy and K. Vedam, Phys. Rev. 114, 1217 (1955).
~ N. R. Ivanov, L. A. Shuvalov, R. M. Fedosyuk, and K. A.

Pluzhnikov, Zh. Eksperim. i Teor. Fiz. Pis ma v Redaktsiyu 4, 220
(1966) (English transL: JETP Letters 4, 151 (1966)j.

3 Y. Makita, J. Phys. Soc. Japan 19, 576 (1964).
R. Blinc, A. Levstik, J.Stepisnik, Z. Trontelj, and I.Zupancic,

Phys. Letters 26A, 290 (1968).
s F. A. Unterleitner (private communication) .
e Y. Malrita, J. Phys. Soc. Japan 20, 1567 (1965).
~L. A. Shuvalov, N. R. Ivanov, and T. K. Sitnik, Kristallo-

gratiya 12, 366 (1967) LEnglish transL: Soviet Phys. —Crist. 12,
315 (1967)j.' R. Blinc, A. Jovanovic, A. Levstik, and A. Prelesnik, J. Phys.
Chem. Solids 26, 1359 (1965).
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duces signiGcant isotope eGects in the dielectric
properties of hydrogen-bonded ferroelectrics such as
triglycine sulfate, KH2PO4, etc. , in all these compounds
the crystal structures of the undeuterated and the
deuterated compounds are isomorphous. In STSe, on

the other hand, it seems4 that deuteration suppresses
the occurrence of ferroelectric phase I, and the crystal
mak. es a transition from the paraelectric phase to the
ferroelectric phase II directly. In order to elucidate these
effects on the atomic level and to determine the nature
of the phase transitions, we decided to measure the
nuclear-magnetic-resonance spectra of H, D, and Na"
as a function of temperature and crystal orientation.

EXPERIMENTAL

The proton and Na" magnetic-resonance spectra have
been measured at 9900 0 with a wide line NMR
spectrometer, using a Pound-Knight-Watkins (PKW)
regenerative oscillator, whereas the deuteron data were

obtained at a Geld of 13400 G. In the case of the Na"
resonance, both the first-order splitting of the satellites
and the second-order shift of the central line were

studied. The shifts were measured relative to a NaNO3
water solution placed in a separate coil in the same mag-
netic Geld. The Xa" signal of this solution was measured

by a nonoscillating XMR detector obtaining the high-

frequency power from the regenerative oscillator. The
values of the quadrupole shifts thus do not critically
depend on any magnetic field or oscillator frequency
drifts.

RESULTS

A. Proton Magnetic Resonance

The angular dependence of the second moments of
the proton resonance absorption lines have been

measured about all three axes in the paraelectric phase
and in ferroelectric phase I, whereas in ferroelectric

phase II the data have been collected only for a rotation
around the b axis (Fig. 1).The angular dependences of

the second moments in the two ferroelectric phases are

very similar and have approximately the same form as

732



NMR OF FERROELECTRIC NaHe(SeOe)e AND NaDe(SeOs)s 733

in the paraelectric phase but the magnitude of the
second moment increases by about 50% on cooling
below Tqz. This result agrees with the measurements of
the temperature dependence of the second moment of
polycrystalline STSe where ari increase at Tcz by about
50% was also reported s' Although these data unam-
biguously demonstrate that the transition from the
paraelectric phase to the ferroelectric is associated with
a rearrangement of the hydrogens, very little can be
concluded on a quantitative basis about the nature of
the changes involved.
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The angular dependences of the first-order quad-
rupole splittings between the two ~-,'—+~-,'Na" transi-
tions in STSe have been measured for crystal rotations
about three mutually orthogonal axes in the para-
electric phase at 20'C, in the triclinic ferroelectric phase
I at —162'C, and in the monoclinic ferroelectric phase
II at —182'C.

The electric quadrupole splitting can be obtained as a
Grst-order perturbation of the quadrupole Hamiltonian

Xo= feQ/6I(2I —1)g g V,7,(I;Is—IkI; 8;qIs). —

First-order perturbation yields the equation

2(Ao), = a,+b, cos25't +c sin28„

where 2(Ao), is the frequency difference between the
two satellites in the spectrum. The angle 8, is the angle
of rotation measured between the Y axis of the crystal
and the constant magnetic Geld. The a.„b, and c are
related to the elements of the electric Geld gradient
(EFG) tensor by

.=-'( Q/&) V +&.*)

b.= (eQ/h) (A.—0-),
c.= —(eQ/h) lt „,

for a rotation about the X axis of the crystal. The
equations for Y and Z rotations are anaogous and can
be obtained by cyclic permutation of the subscripts.

After diagonalization of the quadrupole coupling
tensor, the quadrupole coupling constant and the
directional cosines p are obtained. . These results are
presented in Fig. 2. The orthogonal rotation axes were
chosen to be parallel to the b, c and b zcc crystallo-
graphic axes. The quadrupole coupling tensors (Table I)
were calculated from the I"ourier coeKcients of the
rotation patterns using the method of Volk.o6," and
agree rather mell with the ones obtained from the
angular dependences of the second-order shifts of the
—',—+—

~ transitions. Only the second-order quadrupole

' R. Blinc and M. Pintar, J. Chem. Phys. 35, 1140 (1961)."G. V. Gavrilova-Podolskaja, ProceeChngs of the Interneteonat
Conference on Ferroetectrectty (Prague, 1966), Vol. 2, p. 390.

» G. M. Volkoff, Can. J. Phys. 31, 820 (1933).

FIG. 1. Angular dependence of the second moments, of the
proton magnetic-resonance absorption spectra in all three~tphases
of NaH5(Se05)e.

shifts of the —,'~—zs transitions have been measured for
D—STSe (Fig. 3) for crystal rotations about the a, b and
8, x b axes. The results are presented in Table II.

In the paraelectric phase of both STSe and D—STSe,
there is just one chemically nonequivalent Na23 site.
There are, however, in agreement with the structure
proposed bv Unterleitner, two physically nonequiv-
alent Na23 sites which are related by a twofold screw
axis parallel to the b direction. The largest principal axis
of the Geld-gradient tensor lies approximately in the
(a, b) plane, making an angle of 12'30' with the b axis.
The Geld-gradient tensor is nearly axially symmetric.

The differences between the normal and the deu-
terated samples are within the limits of experimental
error so that the paraelectric phases of STSe and
D—STSe seem to be isomorphous. Paraelectric D-STSe
thus as well belongs to point group 2/nt with two
molecules (and Na" atoms) per unit cell.

On cooling below Tcz= —79'C, the number of Na"
lines in STSe increases by a factor of 4. The results are
consistent with a symmetry change 2/m~1 and with a
doubling of the unit-cell edges in the u and. b directions,
so that there are eight nonidentical Na" sites in the
unit cell. To a rather good approximation one can,
however, describe the Na" spectra by retaining the
apparent symmetry relations about the b axis. In this
approximation (Table I), one may say that the eight
Na" sites are physically nonequivalent but that only
four of them are chemically nonequivalent. The
asymmetry parameters and quadrupole coupling con-
stants are larger than. in the paraelectric phase.

The second ferroelectric transition of STSe at —173'C
results in another drastic change in the Na" spectra
(Fig. 2). The number of Na" lines is reduced by a
factor of two, and there are now only four physically
nonequivalent Na" sites in the unit cell with two of
these positions being also chemically nonequivalent.
This result is consistent with a symmetry change from
1-~m and with a disappearance of the doubling of the
unit cell in the a direction, whereas the doubling in the
5 direction still persists.
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Fro. 2. Angular dependence of the first-order quadrupole splitting of the Na~ spectra of NaHS(SeO&) r in the paraelectric phase and
in the two ferroelectric phases.

TABLE I. Na" quadrupole coupling tensor elements f of NaHS(SeOS)s in kHs. Q stands for the quadrupole coupling constant, e for
the asymmetry parameter, p„pb, and p, for the direction cosines of the largest principal axis of the Geld gradient with respect to the
u, b, and c axes, respectively.

Paraelectric
phase (+20'C)

Tl

Triclinic ferroelectric
phase (—162'C)
T3 T4

Monoclinic ferroelectric
phase (—182'C)

TB TT

Paa

Pbb

Pea

Job

Pge

fbg

Q
7I

—564
+1120
—556
&330
—10

&170
1198&8
0.082

~0.010
0.183
0.979
0.093

—576
+1224
—648
&320
—180
&228
1299&8
0.331

~0.010
0.158
0.982
0. 100

—656
+1196
—540
~280
—116
&298

1280&8
0.260

+0.010
0.133
0.979
0.152

—648
+1140
—492
&440
+72
%56
1245&8
0.225

%0.010
0.228
0.973
0.041

—768
+1236
—472
&260
+90

&126
1280+8
0.274

~0.010
0.129
0.989
0 ' 078

—488
+1204
—716
&442
—78

wl58
1321&8
0.197

~0.010
0.234
0.970
0.066

—904
+1175
—264
&602
—222
~10
1342&8
0.679

~0.010
0.262
0.965

—0.030
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Fjo. 3. Angular dependence of the secondorder shifts of the —,'-+—$ transition in the high- and low temperature pase of NaDs (SeOs)s.

The Na" spectra in D-STSe demonstrate (Fig. 3)
that NaDs(SeOs)s does not have a triclinic phase and
at —3'C makes a transition from 2/m~m which is
accompanied by a doubling of the unit cell in the b

direction. Within the limits of experimental error the
Na23 quadrupole coupling tensors in the low-tempera-
ture phase of the deuterated crystal and in the second
ferroelectric phase of the normal crystal are identical
(Table II). In both cases at two of the four non-
identical Na23 sites the quadrupole coupling tensors
suBer only a small change, whereas at the remaining
two Na23 sites the changes are very pronounced and the
asymmetry parameter, in particular, is quite large.

C. Deuteron Magnetic Resonance

The angular and temperature dependence of the
deuteron resonance spectra have been measured (Fig.

4) for crystal rotations around the b, c and b x c axes,
and the deld gradients at the deuteron sites were again
determined, using the method of Volkofp' (Table III) .

In agreement with the results of Chiba" we Gnd that
there are six nonidentical deuteron sites in the para-
electric unit cell of D-STSe. Four of these belong to
one chemically nonequivalent set—the so-called P
deuterons —and two to another chemically nonequi-
valent set, the 0, one. This agrees rather well with the
structure of Unterleitner, s according to which the
various Se03 tetrahedra are connected by two types of
hydrogen bonds: by a relatively short one,

E(02—Dp —-03) = 2.56 A,

"T.Chiba and G. Soda, in Magnet& Resonance end Relaxation,
edited by R. Slinc (North Holland-Publishing Co., Amsterdam,
1967), p. 722.
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TAnLn II. Na" quadrupole coupling constant Q (in kHz) asymmetry arameter and
direction cosines of the largest principal axis in NaD, (Se03 s.

Paraelectric phase
+20'C

Ferroelectric phase—30'C

TJ, 1215~15 0.14+0.05

Tg 1248+15 0.06+0.05
Tg 1285+15 0.63&0.05

0.215
0.245

0.972 0.088
0.970 0.020

0.191 0.975 0.091

Paraetectric
tlhaga

g2

I

CPI

Na 93(Se 93j2 l D0% deutcrated)

Ts ~ 0 ti L H;+c, H ~ 6'
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Fxo. 5. Temperature dependence of the P-deuteron spin-lattice
relaxation time in NaDz(SeOq)s as obtained by a "signal decay"
method.
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+ T. Chiba, J. Chem. Phys. 41, 1352 (1964) .
r4 R. Blinc and D. Hadzi, Nature 212, 1307 (1966).

and by another one of medium length

g(01—D —-01)= 2.61 l,
in the midst of which there is a center of symmetry (see
Fig. 6). The values of the two quadrupole coupling
constants, (egg/h)s=127 4Hz and (esqQ/h) =148
kHz agree moderately well with the relations" "
proposed for the dependence of the quadrupole coupling
constants on the 0—0 bond distance. The direction
cosines of the largest principal axis of the field-gradient
tensor of the P deuterons agree within one degree with
the direction of the 02—03 hydrogen bond, thus
conhrming the x-ray structure of Unterleitner and
supporting the statement derived from the Na" data
that the paraelectric structures of STSe and D—STSe
are isomorphous. For the e deuterons this agreement is
not quite so good—within 5'—but it can still be taken
as evidence for the isomorphism of the two paraelectric
structures and the essential correctness of Unterleitner's
model. The observed deviation of the q„direction from
the direction of the 01—D —-01 bond might be due to
the inQuence of the nearby sodium ions.

The direction cosines of the second largest principal
axis of the deuteron EFG tensors agree rather well with
the bisector of the angle between the normals to the
S- -0—-0' and 0—-O'—Se' planes, indictaing that
above the Curie point the deuteron sees an EFG tensor

averaged over the two equilibrium sites in the 0—-0
bonds. The lifetime of the deuteron near a given Se03
group should be thus much smaller than the inverse of
the quadrupole splitting frequency. This result is
consistent with the preliminary deuteron and Qa23

spin-lattice relaxation time measurements, which both
show a nearly identical temperature dependence and
a Tt maximum in the paraelectric phase (similar to the
one observed in KD2P04, '5 indicating that the relatively
slow deuteron interbond motion dominates the Na" and
the D relaxation times at higher temperatures and the
fast deuteron intrabond motion at lower temperatures
close to the Curie point (Fig. 5).

Below the Curie point one Gnds twelve nonidentical
deuteron sites, six of which are chemically nonequiv-
alent. This is consistent with the Na" data and
conGrms the doubling of the unit cell along the b axis.
The n sites split into two (crt and o.s) and the p sites into
four (p» p» p» p4) chemically nonequivalent ones. The
directions of the second largest principal axis change on
going through the Curie point, and below T'q they
coincid. e, within a few degrees, with the normals to the
various Sc -0—-0'planes. This indicates that below Tg
the deuter ons see the instantaneous electric Geld.
gradient; hence it suggests deutron ordering in one of
the two possible equilibrium sites. The data suggest that.
two p deuterons (pt and ps) are localized at 02 and two
(ps and. p4) at 03. If one combines this statement with
the rule that one may have only HSeOs and HsSeOs
groups io the structure, a complete assignment of the
deuteron arrangement can be made (Fig. 6) .

The fact that the largest principal axis of the EFG
tensors still approximately agree with the 0—0 bond
directions disagrees with the suggestion which has some-
times been made in analogy" with LiHs(SeOs) s, namely,
that below Tq the 0. deuterons form a free 0—D group,
s,nd are no longer hydrogen-bonded. The slight changes
in the quadrupole coupling constants and q„directions,
on the other hand, demonstrate a distortion of the Se03
groups resulting in six H bonds of diGerent length as
compared to two nonequivalent ones in the paraelectric
phase.

The coincidence of the paraelectric and ferroelectric
lines at the Curie point further seems to show that the
transition is of first order.

+ J. L. Bjorkstam, Phys. Rev. 153, 599 (1967).
&s Jan H. Van den Hende, Acta Cryst. Suppl. 16, A184 (1963).
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TABLE III. Quadrupole coupling constants Q (in kHz), asymmetry parameters and direction cosines p,„ps, and p, of the largest
(q„) and the second largest (q») principal axis oi the field gradient at the deuteron sites, in NaDI(SeOS) s as compared with the R(0--0)
direction and the normals to the Se—0—-0'planes (Ns o o ).

R(0--0)
direction

Normal
to the plane
S"--0--0'

Paraelectric phase T=20'C

Q=127+2
g =0.098

Q=147+2
g =0.172

p =0.172
pa=0. 779
JMc =0.576

p, =0.339
pa=0. 704
JM, =O.642

0.198
0.788
0.589

—0.437—0.703
0.560

—0.882
0.384-0.270

—0.682
0.640
0.351

-0.743
0.436.—0.325

—0.702%
0.6588
0.273

Ferroelectric phase T=—100'C

Tag

Ta'I

Q = 167+3
q =0.184

Q=138+3
g =0.134

Q=148&S
q =0.302

Q=111&S
q =0.209

Q= 14/+3
g =0.377

Q=138+3
g=0. 188

JMO= 0 I 231
JMa

=—0.788
p,,=—0.570

p =—0.040
pa= —0.840
p, =—0.541

JM» = 0.222
p,a= —0.765
p, = -0.608

8 =0.229
pa =Oe 762
p,,=0.605

p = —0.390
pa= -0.724
p, =0.570

p =—0.312
pa= —0.717
JM...=0.623

-0.198—0.788-0.589

—0.198—0.788—0,589

—0.198—0.788—0.589

—0.198—0.788-0.589

—0.437—0.703
0.560

—0.437-0.703
0.560

0.938—0.336
0.083

0.531—0.476
0.701

0.431—0.631
0.644

0.972—0.210—0.104

—0.902
0.423—0.080

0.744-0.592—0.308

+0.957—0.284—0.038

+0.957—0.284—0.038

0.530—0.588
0.611

0.530-0.588
0.611

—0.702
0.658
0.273

—0.702
0.658
0.273

~ Average.

DISCUSSION

The above results elucidate the structural rearrange-
ments and the changes in the deuteron motion con-
nected with the phase transition in D-STSe at —3'C.
The transition is of the mixed type: It is an order-dis-
order transition of deuterons combined with a distortion
of the Na+ and SeOg- network in which the deuterons
move.

The situation is much less clear in the undeuterated
compound. From the Na" data, one may conclude that
the ferroelectric phase I of STSe (stable between —79'C
and —173'C) does not occur in D—STSe, whereas the
paraelectric phase and the ferroelectric phase II of STSe
are isomorphous with the disordered and ordered phases
respectively of D—STSe. The low-temperature values of
the proton second moments (Ss) of a powdered sample
(2.30 G') as well as the observed angular dependence
of S~ measured on a single crystal in the ferroelectric
phase II (at -182'C) agree within th- relatively
large limits of experimental error with the theoretical
values calculated on the basis of the "rigid lattice"
deuteron positions. The values of the proton second
moments in the paraelectric phase, however, are smaller
than what one would expect if the only proton motion

Oa

hydrogen bond
0 P

0 IIG

Se Se03

Fxo. 6. Proposed deuteron arrangement in the low-
temperature phase of NaDs(SeOs) s.
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would be gandom jumping of protons between the two
equilibrium sites in the H bonds. A hindered rotation
of the HsSeOs and HSeOs groups (or what amounts to
practically the same, a proton interbond motion) could
explain the observed second moment data in the para-
electric phase. The relatively large change in the proton
second moment on going from the paraelectric phase to
ferroelectric phase I indicates a freezing in of both
hindered rotation and intrabond proton jumping. The
changes in EF6 tensors (f) at the Na" sites, however,
cannot be understood on the basis of proton rearrange-
ments alone. The proton ordering —like the deuteron
ordering in D—STSe—is accompanied by a distortion of
the Na+ and Se03 lattice. Unfortunately, there are too
many unknown parameters, so that a unique model of
ferroelectric phase I cannot be extracted from our data.
It should be pointed out, however, that the existence of
free 0—H groups is excluded on the basis of the infrared
spectra. On going from ferroelectric phase I to ferro-

electric phase II, the angular dependence of the proton
second moments is only slightly changed, but the Na"
EFG data indicate a rearrangement of both the hydro-
gens and the Se03 and Na+ ions.

Finally, one may add that from the room-tempera-
ture EFG tensors at the Na" sites one obtains —using
the point-charge model —the following effective charges
for the various ions:

ewe= e, eye= 1.1e~ eo= —1.0e, and eH =0.9e,

where e stands for the elementary charge, and an
antishielding factor (I—y ) = 6 was used.
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High-temperature series expansions for the spin-spin correlation function of the classical anisotropic
Heinsenberg model are calculated for various lattices and anisotropies through order T 8 (close-packed
lattices) and 7 s (loose-packed lattices). These series are combined and then extrapolated to give the
high-temperature critical mdices 7 (susceptibility), v (correlation range), and a (speciiic heat) as functions
of anisotropy. Our results are consistent with the hypothesis that the critical indices change only when
there is a change in the symmetry of the system, e.g. , in interpolating between the Ising and isotropic
Heisenberg models, indices remain Ising-like until the system becomes isotropic, at which point they appear
to change discontinuously. Previous results for the limiting cases are confirmed and extended.

r. INTRODUCTION

"UCH of the recent study of critical phenomena,
. both experimental' and theoretical, ' has centered

on the determination of and interrelations between the
values of the critical indices (exponents), which
measure the type and strength of the singular behavior
of various physical quantities at the thermodynamic
critical point. The most striking fact about the critical
indices is their remarkable insensitivity (for fixed
dimensionality) to the details of both dynamics and

*Alfred P. Sloan Foundation Fellow.
A review of this work, containing extensive references, has

recently been given by L. P. KadanoB, %. Gotze, D. Hamblen,
R. Hecht, E. A. Lewis, V. Palciauskas, M. Rayl, J. Swift, D.
Aspne s, and J. Kane, Rev. Mod. Phys. 39, 395 (1967). See also
P. Heller, Rept. Progr. Phys. 30, 731 (1967).

~ M. E. Fisher, Rept. Progr. Phys. 30, 615 (1967), which gives
ex tensive references.

kinematics s It is now appreciated, however, that,
within this context of broad similarity, there are small
but nonetheless important diGerences in critical indices
between systems with diGering dynamics and/or
kinematics. Note, as an example, the variation of the
high-temperature susceptibility index y in three dimen-
sions between the spin--', Ising model' ' (y—1.250), the

~ More precisely, some of these differences are actually not so
small, for example, a change in sign of the interaction (dynamics)
of the two-dimensional spin-$ Ising model on the triangular
lattice converts a ferromagnet to a paramagnet having no phase
transition )G. Wannier, Phys. Rev. '79, 357 (1950)j. However,
we are emphasizing here the strong parallels between the critical
behavior of, for example, the liquid-gas system and the ferro-
magnet (experimental) or the somewhat weaker similarity
(theoretical) of the three-dimensional Ising and Heisenberg
models.

4 C. Domb and M. F. Sykes, Proc. Roy. Soc. (London) A240,
214 (1957).' G. A. Baker, Jr., Phys. Rev. 124, 768 (1961).


