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Abstract:
Nuclear magnetic resonance and electrical conductivity-measurements were used to study the motions
of hydrogen nuclei in deuterated sodium trihydrogen selenite crystals.

From electrical conductivity measurements, deuteron spin-lattice relaxation time measurements and
direct deuteron interbond jump time measurements, an activation energy of 0.73 £ 0.07 eV for deuteron
interbond jumping was obtained. This motion provides the dominant contribution to the spin-lattice
relaxation time above 40°C. In the temperature region from about 10°C to the ferroelectric transition
temperature (-25°C to -35°C in the crystals studied) a high frequency motion, such as deuteron
intrabond motion, was found to dominate the spin-lattice relaxation process.

The activation energy for this motion was found to be 0.055 £ 0.01 eV. Below the ferroelectric
transition, the deuteron spin-lattice relaxation time was found to be too short to be due to spin diffusion
to paramagnetic impurities. This implied the presence of some molecular motion in which the
deuterons are involved below the transition temperature, and a possible explanation was found in
considering the contribution of torsional oscillations of Se03 groups to the spin-lattice relaxation time
of the deuterons. The temperature and frequency dependence of the spin-lattice relaxation time of Na23
nuclei were similar to thgse of the deuterons over the same temperature and frequency ranges. The
possibility of deuteron motion contributing to Na23 relaxation was therefore considered. In the 30°C to
80°C range, where deuteron interbond jumping is the dominant deuteron relaxation mechanism, it was
found that the Na23 relaxation showed too small an activation energy (0.35 eV) to arise from deuteron
interbond jumping. The indication of deuteron intrabond motion in the paraelectric phase is indicative
of a dynamic order-disorder type ferroelectric phase transition. Evidence that the transition is not
exclusively of this type, however, was found in the fact that the suppression of intrabond motion with
the onset of polarization cannot explain the decrease in the deuteron spin-lattice relaxation time
observed in the temperature region below the transition.
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ABSTRACT

Nuclear magnetic resonance and electrical conductivity
measurements were used to study the motions of hydrogen
nuclei in deuterated sodium trihydrogen selenite crystals.
From electrical conductivity measurements, deuteron spin-
lattice relaxation time measurements and direct deuteron
interbond jump time measurements, an activation energy of
0.73 £ 0.07 eV for deuteron interbond jumping was obtained.
This motion provides the dominant contribution to the spin-
lattice relaxation time above 40°C. In the temperature
region from about 10 C to_the ferroelectric transition
temperature (—ZSOC to -35°C in the crystals studied) a
high frequency motion, such as deuteron intrabond motion,
was found to dominate the spin-lattice relaxation process.
The activation energy for this motion was found to be 0.055
* 0.01 eV. Below the ferroelectric transition, the deuteron
spin-lattice relaxation time was found to be too short to
be due to spin diffusion to paramagnetic impurities. This
implied the presence of some molecular motion in which the
deuterons are involved below the transition temperature,
and a possible explanation was found in considering the con-
tribution of torsional oscillations of Se0O., groups to the
spin-lattice relaxation time of the deuterdns. The tempera-
ture and fggquency dependence of the spin-lattice relaxation
time of Na nuclei were similar to those of the deuterons
over the same temperature and frequency ranges. The possi-
bility of deuteron motion contributing to Na relaxation
was therefore considered. In the 30°C to 80°C range, where
deuteron interbond jumping is the dominaag deuteron relaxa-
tion mechanism, it was found that the Na relaxation showed
too small an activation energy (0.35 eV) to arise from
deuteron interbond jumping. The indication of deuteron intra-
bond motion in the paraelectric phase 1is indicative of a -
dynamic order-disorder type ferroelectric phase transition.
Evidence that the transition is not exclusively of this type,
however, was found in the fact that the suppression of intra-
bond motion with the onset of polarization cannot explain the
decrease in the deuteron spin-lattice relaxation time ob-
served in the temperature region below the transition.




CHAPTER 1I: fNTRODUCTION

The alkali.trihydrogen selenite crystals are primarily
of interest because of their dielectric propertiesgl) of
the crystals in this family, the ferroelectric properties
of sodium trihydrogen selenite (NaHs(SeOS)2 ﬁereafter ab-
breviated STSe) and thelcontrastihg properties of the deu-
terated énalpgue of this crystal-(NaDs(SeOS)2 or DSTSe) are
most unusual. A? 47§0C, STSe.undergdes a transition of
second order from its paraelectric o phase to a ferro-
eléctric B phase.(z) Af -172.50C, STSe exhibits another
phase transition(s) to a second ferroelectric v phase.

This transition exhibits a thermal hysteresis of iO.SOC

: and is therefore of first order. The péraele;tric a ﬁhaSes
of STSe and DSTSe are isomorphic but DSTSe exhibits only
one phase trans;tion, at —Z.SOC,(4) to a ferroqlectric

(7)

phase(s’é) which is appérently isomofphic to the lower
ferroelectric y phase of STSe. 1In DSTSe; there is no
phase analagous to the B phase of STSe. These crystals
are-hydrogen-bonded, and the important changes in proper-
ties upon deuteration imply that the hydrogen-bonding plays

an important role in the ferroelectric behavior.

Nuclear magnetic resonance (NMR) techniques have




proved useful in determining the electrical environment
of nuclei with electric quadrupolar moments, and in de-
tecting motions executed by various nuclei. The electric
field gradients in a hydrogen bond can be studied by
measuring the splitting of the deuteron Zeeman levels by
the interaction of the deuteron's electric quadfupolar
moment with the electric field gradient tensor. Changes
in the electric environment of deuterons, and other

23, caused by

nuclei with quadrupolar moments, such as Na
ferroelectric phase changes, can be detected from NMR
spectra of these nuclei. Furthermore, motions of nuclei,
such as.hindered rotations of molecular grbups, single
deuteron interbond and intrabond jumps, and random
fluctuétions of latfice modes of vibration may cause
changes of magnetic fields or electric field.gradients of
fhe proper frequency to cause nuclear relaxation. Nu-
clear spin-lattice relaxation time measurements there-
fore provide a means of studying nuclear motions in
crystals. For nuclei with I > %, an electric quadrupolar
iﬂteraction is usually more effective in causing nuclear
'relaxation than is a magnetic dipolar interaction.

It was the intent of this investigation to study the

environment and motions of hydrogens in a hydrogen-bonded

' material by NMR techniques. Sodium trihydrogen selenite




was chosen because of the possibility that some of the
motions which might be detecfed could be related to the
important ferroelectric properties of this material.
Deuterated crystals were used because of the possibiii—
ties ofladditional informafipn obtainable.from inter-
actions‘with the deutéron.quadrupolar moment. Various
experiments (to'be discuséed in the next chapter) have
indicated that fhe phase transitions in STSe and DSTSe
involve both ordering of the hydrogens and atomic dis-
placement. Measurements of the NMR spectra‘of various

2

nuclei (Hl, H", Nazs).in these Crystals_héve been reported

(8,9,10,11) and will Be discussed in Chapter III. These
studies provided additional ciéar'evidence for the pres-
ence of-both elements in the nature of ?he frangitions.
This investigation dealé_primarily with spin-lattice
relaxation‘time (Tl) measurements and measuremepts in- .
tended to clarify the interpretation of the deuteron

T, measurements, which are discussed in Chapters IV and V.

1
They reflect the presence of deuteron interbond and intra-
" bond motion in the temperature range between the melting

point and the ferroelectric transition. Below the .transi-

tion, no effects of interbond motion are oBserved; and

the dominant mechanism for deuteron spin relaxation seems




to arise from lattice vibration fluctuations and/or SeO3
motion rather than single particle (deuteron) motions.
This does not mean that all deuteron motion stops below

T but it indicates that other motions become more im-

C’
portant than individual deuteron motions in causing spin-

lattice relaxation below the phase transition tempera-

ture.




CHAPTER II: KNOWN PROPERTIES OF STSe and DSTSe

Three x-ray investigations of tﬁe crystal structure
of STSe in the paraelectric phase have been made.(s’ll’lz)
Unterleitner claims that the space group of this phase is
P21/a, class Z/m, while Chou and Tang* claim that the Na
and Se atoms conform to spacg.group Pzi/a but to include
the oxygens, the space group Pn, class m, is applicable.
In P21/a, all SeO3 are related by the symmetry oper;tiong

of the space group, while they are not in Pn. (Fdr com-

parison, LiHS(SeOS)2 is of class m, and two types of SeO3

groups have been identified by Pepinsky.andeedam(z) in

this crystal.) Detailed structural analyses of the lower

. temperature phases to locate all atomic positions have not
" been made on STSe, but approximate cell dimensions and sym-
' metries have been determined. These results, based pri-

marily on Unterleitner's work**, are summarized in Tables

I and II. To date, no structure studies have been done on

either phase of DSTSe,.but the paraelectric phase is

E3
This translation of Ref. 11 is from Roger P. Kohin, Clark -
University, Worcester, Mass.

o :
Anderson(9) found that these results were more consistent

with the directions of O—H...0 bonds implied by his efg
tensor measurements of deuteron sites than the results of

Chou and Tang.




TABLE I: CELL PROPERTIES OF NaH, (Se0 )

2
Paraelectric Ferroelectric Ferroelectric
PhaseO ghase I o Phase II

T > -79% - -79°C to -172°¢ T < -172%
Crystal Symmetry Monoclinic 2/m -Triclinic 1 Monoclinic¢ m
Space Group , P Zl/c C
a cell dimension 10.36 A° .20.60 A° , 10.4 A°
b cell dimension 4.84 A° 9.57 A° 9.57 A°
c cell dimension 5.80 A° 5.76 A° 5.75 A9
Cell angle 90° 89936 ' 90°
Cell angle : 91°10" 91°

Cell angle | 90° | 90°18" 90°




TABLE II: ATOMIC COORDINATES

(Dimensions in Fractions of Unit Cell Dimensions)

Atom X y z
Na 0.0 0.0 0.500
Se 0.170 0.380 0.0
0; 0.051 0.159 0.860
O11 0.145 0.281 0.290
0III 0.301 0.185 0.951

265.05

(079%,04)
NO H3(5903)2

(STANDARD DEVIATION OF ANGLES«%5%) |

Figure 1: SeO3 Pyramid in NaH3(8e03)2
(2),

(after Vedam, Okaya, & Pepinsky




assumed to have the same symmetry, space group, and inter-
atomic distances as the o phase of STSe. Most evidence
indicatés that the structure of the lower temperature
phase of DSTSe is similar to that of the .y phase of STSe.
Figures 2 and 3 illustrate the hydrogen-bonding of
the crystal. Of the three hydrogen bonds per molecule,
two (N and N', Fig. 2-— length 2.56 AO) are identical.
This is not evident from the figure bat is from the x-ray
studies and NMR spectra.. The third bond (S - 1enéth
2.61>A°) is special in that its center -is also a center
of symmetry in the unit cell! We therefore useufhe fol-
lowing designations in réferring to the two types of

. bonds:

TABLE III: BOND PROPERTIES (PARAELECTRIC PHASE)

length, A° designation number/cell
2.56 N (non-symmetric) : 4
2.61 S (symmetric) ' 2

From Fig. 3, it is evident that there are physically two
types of N bonds and two types of S bonds, each having
different directions. From‘x—réy studies.by Pepinsky;(z)
or from the atomic coordinates listed in Table 2, the di-

.meﬁsions of the SeO3 pyramid are obtained. Fig. 1 sum-

‘marizes these interatomic parameters.




--- Hydrogen Bond

Figure 2: a, ¢ Projection of Unit Cell

108
of NaH3(SeO3)2 (after Cvikl )




Figure 3:

a,b Projection of 4 Unit Cells

——— Hydrogen Bond

of Nai,(Se0;), (after cvik1(® )
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No neutron studies of either STSe er DSTSe have yet
been reported so the locations of the hydregen atoms have
not yet been determined by direet measurement. However,
some NMR measurements, discussed in the next chapter, give
unambiguous evidence about which oxygens are connected
'through hydrogen bonds and indicate the probable locali-
zation of hydrogen in bonds.

Crystals of various concentfatione of deuterium have

been studled by various workers(3 4,5,6,13,14)

. mostly in
connection with the measurement of d1e1ectr1c and ferro-
electric properties. It is generally agreed that the
structure of the paraelectric phase 1is the same, regardless
‘of deuteron concentration. It is further agreed(4’13)

that the dependence of the transition temperature on con-
centratlon is a hyperbollc function, as dlscussed by Jano-
vec. (15) In undeuterated crystals, Maklta( 6) was first to
report a third y phase, also ferroelectric. Makita and

ok

Zherebtsova and ReEtuntsova(ls) report its onset at 94 + 4
while Ivanov et al( ) report that upoﬁ warming, it occurs
at 111 K, and upon cooling, the transition occurs at
100.5°K. Polarization in the intermediate B phase 1is

both along the xz plane (different authors pick these two

axes differently) and along the y axis. The presence of

polarization along the y axis rules out monoclinic sym-
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metry: the crystal symmetry in this phase is believed to

(3,13)

be triclinic 1. Both Russian groups agree that it

is likely that the polarizations along the y axis and in

the xz plane are due to different mechanisms. Ivanov(s)
suggests that the xz polarization is due to proton order-
ing while the y polarization,-although frobably triggered
by proton rearrangement, is due to Na™* displacement along
the y axis. 1In the lower phase, the y axis polarization
disappéars and in some crystalsg13) all polarization dis-
appears. Ivanov aﬂd Shuvalov(s) find that for the vy
phase, the symmetry revgrtéito monoclinic,.this time of
system m. As deuteroﬁs are added, Zherebtsova'and Ros-

: tuntsova(ls) claiﬁ that the temperatﬁre of the B +~» Y’

‘ transition goes down. Their experimental obsgrvatiohs con-
sist of the observation of this fransition at 94°K for 10%
deuteration. They apply a Hyperbolic dependence of the
transition’ temperature on concentration to these results
and illustrate the results in the diagram of Fig. 4. This

yiﬁdicates that the B phases of STSe and DSTSe  are analo-
gous and that the y phase is no longer present above 55%
deuteron concentration. However, Shuvalov et glg6) find
that the lower phase of completely deuterated DSTSe is

monoclinic of class m which would make the lower phase of

' DSTSe analogous to the y phase of STSe. The B phase of
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260 1 | et
220 1 et
180 1
140

] 00 ’-1\._'

60 .\‘\\\55\55\\\\\\\\\‘\*

1 L) L) 1 T 1 T T

0 0 4 .6 .8 1.0
(13))

Fractional D Concentration x (after Zherebtsova

Figure 4: Na(H(]_x)DX)3(SeO3)2 Phase Diagram

260 It
T,
o R AL -
»4“’”—*~—’—’—“'f”—
180 -

speculative projections

6 O 1] T T 1 T T T i 1

0 2 o .6 .8 1350
Fractional D Concentration x

Figure 5: Na(H(]_X)DX)3(Se03)2 Phase Diagram
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triclinic structure is, according to their study, the
phase which is absent in crystals of high deuteron .concen-
tration. Their results are sketched in principle in Fig.
*5: the exact location of £he m <+ 1 phase bbuhdary is not
known. | ' ’ A

When the first thorough.study of the dielectric and
ferroelectfic properties of DSTSe was pﬁblished, Blinc et
gl.(s) interpreted the observance of double hysteresis
loops in the lower phase as.efidence of an antiferroelectric
state. Added to the shift in transition température;
this difference would make the effect of deuteration
very rgmarkable. More recently, howevef, because of the
observation of.a shift in transition temperature with high
applied'field, Blinc et gl.(7) have indicated that this
transition may actually be ferroelectrié. Furthermore,
Shuvalov et gl.(6) have recently reporfed the observation
of normal hysteresis loops in freghkcrystals of DSTSe, and
‘therefore conclude that double hysteresis loops, which they
also observe in older crystals, are results of ageing
effeéts,'not of an antiferrdélectric state. In STSe, the
o <> B transition is second order while the B <+ vy transi-
tion is first order, on the basis of the presence of ab-

sence of thermal hysteresis. For the transition of DSTSe,
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however, Shuvalov et gl.(6) list several indications of a
second order transition.

For comparison, the basic ferroelectric properties
of the other alkali trihydrogen selénites and ammonium
trihydrogen selenite are summarizéd in Table IV. Unlike
STSe, potassium, rubidium and cesium trihydrogen selenites
exhibit only one phase transition, lithium trihydrogen
selenite retains its ferroelectric ﬁhase until it~ melté
at 1110C,.and ammonium trihydrogen selenite shows no ferro-
electric or antiferroelectric phase. Work done in thié

(17) indicates that deuteration

laboratory by Kenneth Hsu
of KTSe and CTSe raises the transition temperature of fhese_
materials: discontinuities in the slopes of the dielectric
constanf were observed in DKTSe at 3°C and in DCTSe at
—IOQOC. The percent deuteration in these crystals has not
yet‘been measured, but is bélieved to be 60 to 85%. These
- measurements, together with those of othef'workers summa-
rized in Table IV, imply that the hydrogen bonds play an
important role in the ferroelectric ﬁroperties of at least
potassium\iéd cesium trihydrogen selenties, as well as in
sodium trihydrogen selenite.

" Infrared absorption studies on STSe and DSTSe have

been reported by several groups. From a spectrum at room

temperature in'the 55 - 170 cm_1 range, Myasnikova and




TABLE IV:
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SOME FERROELECTRIC PROPERTIES OF

ALKALTI AND AMMONIUM TRIHYDROGEN SELENITES

Transition
- Temperature
LiHs(Seos)zcls)
LiD4(Se05), -
KH, (Se0,) , (1% | -62.5°C
lKDS(SeOSJZ(Zo) +24°C
RbHS(Seos)zcl) -114°C
(CsHg(Se0,), (1) -128%
ECst(Seog)2 >100°C
’NH4H3(Se03)2 -

Nature of Lower
Temperature Phase

Fergoelectric to

. 110°C melting

point

Fergoelectric to
110°C melting
point

.Antiferroelectric

Ferroelectric

Probably anti-
~ ferroelectric

Paraelectric
only

Crystal
Class

‘m

mmm<~>1 or 1

222
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(22)

observed four absorption bands, at 57, 74; 80,
-1

Arefev
and 113 cm The intent of their study was to observe
a ferroelectric mode but they do not specifically associate
any of rhese absorptions wifh any particular type of motion.
From a study of STSe in the 600 cm ! to 3000 cm 1 range,
Blinc and Pintar(zs) identified broad OH stretching bands
at 2750 cm 1 and at 2200 - 2400 cn”’ and OH deformation
bands at 1580 cm™ ! and at 1000 - 1230 cm”'. The 2200 -
2400 cm-1 band appeared to be split, and tne splitting in-
creased in the ferroelectric state. “No_large shifts in the
spectra'Were,observed on passing to the ferroelectric state.
In a study over the 300 to 4000 om;l ranée, Khanna, Decius,
and L1ppencott(24) have 1dent1f1ed many SeO3 and hydrogen
bond absorption lines in STSe and DSTSe ‘at room tempera-
'ture and at 77 K. They observed absorptions characteristic
of SeOZ*bending and stretching vibretions et room tempera-
ture and absorptions charecterrstic of HSeOs— and H,Se0,
vibrations at 77OK._

Makita(%5’26) has measured the specific heet anomalies
" of the phege transitions in STSe and DSTSe and has ob-
tained the transition energles and entropy changes given

in Table V. For a purely order dlsorder transition, the

entropy change, 85, should equal.R 1n2 or 1.37 cal/mole®K.
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The observed values are close enough to be consistent with

such a transition, but the discrepancies from this value

also imply the presence of additional causes, such as some

atomic displacements in the transitions.

TABLE V: TRANSITION ENERGIES AND ENTROPY CHANGES
IN PHASE TRANSITIONS OF NaHs(SeO3) AND NaDB(SéOS)

2 2
‘Transition Energy Entropy Change
cal/mole cal/mole °k
NaHy (Se0y) , 201 % 9 1.05 = .05
47 * 8 ‘0.5 +* 0.1
NaD, (Se0 ) S 274 % 27 1.0 % 0.1

2 S -

From this discussion of previous studies of DSTSe and
STSe, certain evidence (the near agreement between experi-
mental and order-disorder theoretical values of §S at the

transition and the spiitting but lack of significant shift

in OH stretching and deformation frequencies) implies the

"presence of proton ordering in the ferroelectric state,

while other evidence (doubling of thé unit cell size and
slighf deviations of the experimental value of §S from
that predicted by order-disorder theory) imply atomic dis-
placement in the phase traﬁsitions of.STSeT In the fol-

lowing chapter, additional conclusive evidence for the
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presence of both elements in the ferroelectric mechanism

of STSe and DSTSe will be discussed.




CHAPTER III: NMR SPECTRA IN STSe-AND DSTSe

Studies of the line width of the proton NMR signal
in STSe have been made by several people. Blinc and Pintar
(23) observed a small increase in the second moment of the
proton line as the first ferroelectric stafe is attained.
This change is comnsistent with a change from a dynamical-
ly disordered to an ordered proton arrangement. The magni-
tude of this change in second moment is linear with proton
concentration,(27) implying that upon partial deuteration,
deuterons populate all types of-bonds'with equal proba-
bility.* The'angular depéndence of the second moment of
the proton line was also studied by Gavrilova-?odol'skaya
et al (28) By using the positions of the other atoms
as determined by x-ray studies and assuming reasonable
positions.for the protons (only O—H...0 bonds shorter than
3.5 A° were assumed) , the orientational. dependence of the

second moment was calculated for three different assumed

sets of proton locations. Good agreement with experiment

= .

It will be shown later, that at room temperature and
above, there is substantial evidence that deuterons.ex-
change sites. Since crystals are generally grown in this
temperature range, the linearity of the second moment of
the proton line with proton concentration should therefore
be interpreted as evidence of the dynamical concentratlon
of protons and deuterons being equal in all sites.
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was obtained only for a ﬁodel in which every oxygen par-
takes in one hydrogen bond. Thié set was not the same set
which is illustrated in Fig. 2, however. Instead of con-
necting SeO3 groups in planes along the [101] direction,
as in Fig. 3, the set of bonds proposed in Ref. 28 connect
SeO3 groups in planes parallel to the [001] direction.
These connect planes of SeO3 groups in which all Se atoms
are on the same sides (relative to the b axis) of their
:planes of oxygen atoﬁs. To calculate the second moment of
the,protonhline, for each ée@ of bonds, it was assumed
that each proton is midway between the okygen atoms of the
bond. | |

Ihgxnuclear magnetic resonance spectra of deuterons
in DSTSe were studied by Anderson,(g) by Cvikl,cs) and by

(10)

Blinc and Zupancic. The Naz3 spectfa in both STSe and

DSTSe were studied by Zupancic, Blinc, and coworkers,
(5,7,29) and by Soda and Chiba.(so) Both H? and Na?3 have
electric quadrupolar moments which interact with the elec-
tric field gradients of the local environment. Since the
effect of this electric quadrupolar interaction on the
magnetic Zeeman levels of thé nucleus 1s prerequisite to
the discussion of spin-lattice relaxation time measure-

ments in the subsequent chapters, a discussion of this
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effect will be given here for the case of deuterons. A more
detailed development of the interaction is to be found in
the literature.(3l’32)
The energy level diagram of the spin 1 deuteron due to
a magnetic field, Ho’ is three equaLly_spaced levels (Zeeman
levels) of energy sepafation uHO.L The transitions between the
two pairs of levels (-% <> 0 -and 0 <> +%) are therefore at the
same frequency, Vo T uHo/h, cglled the Larmor freduency. The
.éffect of the interaction of the deuteron electric quadrupolar
. moment with the electric field gradient is to shift the Zeeman
levels slightly (Fig. 6), dividing the single absorption line
at v into two lines at frequencies Vg * Av. For the ﬁag-
‘netiCyﬂaeld strgngths (7 - 22 kilogauss) used in the experi-
:ments discussed here, the quadrupolar splittiné of the Zeeman
;levels may be accurately treated as a firét order per-
‘turbation. The splitting (f&v) is independent of the mag-
netic field in this approximation and is_giﬁen by

2Av = K¢z'z" where ¢Z is the electric field gradient

lz'
tensor component which is along the applied magnetic field
and the constant K = 3eQ/2h, where e is the deuteron
charge and Q is the deuteron electric quadrupole moment.

By measuring the deuteron NMR spectrum as a function of

angle for rotations about three mutually perpendicular
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Figure 6: Splitting of Nuclear Zeeman Levels
by the Quadrupolar Action for I = 1
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axes, the electric field gradient in tﬂe coordinate system
. of these three axes is obtainéd. By .diagonalizing this
tensor, éne obtains the efg componentsAin the principal
coordinate.system and thé direction cosines between the
principal components and the axes of rotation. (A con-
venient formulation of this pfobiem has been_given by Vol-
koff, Petch and Smellie. (1)) |

The angular depéndenée of the quadrupoiar sblitting
was measured for rotations about three mutually perpen-
dicular axes. These'éxes; illustrated in'Fig.A7, were
chosen because the prbminent faces of the parfiéulér crystal
stﬁdied made alignment along these axes convehient. For

rotatiqns about X, Y, and Z, the symbols x> Oys and 6, are
used. These represent the angles between Y aﬂd.ﬁo, Z and H_,
respectively. The laboratory reference frame (x', y', z")

is also right_handed, with z' alohg the applied magnetic
field.HO,_and with y' coinciding with the\crystal axis

X, Y, or Z) of rotgtion. The angles refer to counter-
clockwise rotations of the crystal frame (X, Y, Z) with
respect to the 1abofatory frame. (x', y', z'). The split-
ting 2Av is plotted as a function of angle in Figs. 8 and

9. It is customary to express the efg components of the

principal system as K¢xx’ K¢yy’ and K¢zz in units of
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kiloHertz, choosing IK¢XX[ < Ko | < [K¢ZZ], and to

yy
assign a positive sign.to K¢Zz. Since these componeﬂts
satisfy Laplace's equation? the'threé numbers can be-sum—
marized in terms of the two parameters equ/h = (2/3)K¢ZZ
(designated the quadrupolar coupling constant) and

n = (¢xx - ¢yy)/¢zz (designated the asymmetry parameter).
The reéults obtained from this data are giyen in Table VI.

TABLE VI: ELECTRIC FIELD GRADIENT COMPONENTS
OF DEUTERON BONDS IN DSTSe AT 25°C

N bonds . , S bonds
eQ¢ | o o ‘
_“ITZ—Z_ - 124 + 7 kHz © 146 = 9 Kz
n - 0.15 * 0.04 0.19 * 0.04
K¢xx o rgo + 5 kHz ' -89 + 5 kHz
K¢yy ' -;07 t 6 kHz - -131 * 8 kHz
K¢zz +186 * 11 kHz +220 * 13 kHz
Since the studies of Andérsoncg) and Blinc(lo) became

available shortly after these measurements were made, further
studies of the deuteron splitting in the ferroelectric phase
were unneéessary. From these studies, and the later work by
Soda and Chiba, several conclusions were'drawn{(zg’so).

a, Above,Tc, the directiqn cosines of the ¢zz components.

are consistent (within 1° for the N bonds and within 5° for

the S bonds) with the O - O directions determined
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from x-ray studies(lz) of STSe. Since the direction of the
largest principal efg component is generally along the
0 - 0 bond directiongss) this result confirms the iso-
morphism of the paraelectric phases of DSTSe and STSe.

b; Above TC,'the direction cosines of the second largest
principal efg components are roughly betweeﬂ the.normals to
the Se—0...0' and 0...0'—Se' planes, indicating that the

deuteron, within a time equal to the inverse of the split-

ting frequency, sees an average effect of the two SeO3 to

‘which it bonds.

c. Below TC; the deuteron bonds distort into gix chemi-
cally inequivalent types. A b axis'rotatién'(Fig. 10) |
illustrates the resulting deuteron NMR spectra. This im-
plies.that the celllsize do&bles éo that two kinds of S.and ;
two kinds of N bonds result and it also.indiéates that the
fwo N bonds per cell which'Were equivalent now are no longer
equivalent.

d. The direction cosines of the ¢zz components, and the
coupling éonstants and asymmetry parameters, do not change
very much, which indicates that, while some atomic displace-
ment occurs at the transition, no great changes in the bonds
occur. | ,

e. Below Tc’ the direction ‘cosines of fhe second largest

principal components roughly coincide with the normals to
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Figure 10 : NaD3(Se03)2 Deuterium
Quadrupole Perturbed NMR (after B]inc(lo))
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Se—0...0' planes, indicating that, during a time of the
order of the inverse of the splitting frequency, the elec-
tr;cal environment of a deuteron is detefmined by one SeO3
tetrahedron. This is consistent with a deuteron bond model
having tﬁo Qquilibrium sites for the deuteron in a bond
above T_, with the deuteron moving back and forth between

the two sites rapidly (with frequency > splitting frequenéy),
while below TC the deuterons order in preferred equilibrium
sites.

| From their deuteron NMR rotation spectra below the
transition, each groﬁp (Blinc, Stepisnik and Zupancic(zg)
and Soda and'Chiba(SO)) has proposéd an arrangement of deu-
terons in preferred ends of bonds. These aséignments dis-
agree on which is the preferred end of the bond.for one

type of‘N deuteron. Eoth studies were done well below the
transition temperature (Blinc at 1530K,,Soda at 134OK) énd
both arrangements agree with the proposéd symmetry and size
of the unit cell which has been confirmed by other measure-
ments. At present there is no other evidence to diétinguish'
between these two cases. Schmidt(34) has observed thét'seven
additional possibilities of aeuteron arrangements on pre-

 ferred ends of bonds exist. These also contain only DZSeO3

- . ‘s + .
and DSeO3 groups in addition to Na ions, are reversible,
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and are consistent with the symmetry of the m class and Pn
space group. These nine possibilities are summarized in

Table VII, using the notation defined in Fig. 11. The
1.(29)

ordered arrangement of deuterons proposed by Blinc et
is given in Fig. 12 to further clarify the notation of Table
VII. ' |

The groups of Blinc(7’29) and Soda(so) also made simi-
lar studies of the quadrupolar perturbation for Naz3 in all

phases of both STSe and DSTSe. . The results are summarized

as follows:

a. In both STSe and DSTSe, above Tc’ there are two

23

physically inequivalent Na sites related By a mirror

plane. These two sites are chemically equivalent. Coupling

{ constants, asymmetry parameters, and direction cosines in

the two crystals are in close enough agreement to imply
isomorphic states.

b. Below the first transition, Na23 lines in STSe split
into four lines, indicating four times as many inequivalent
sites and douBling of unit cell dimensions in two directions.

c. 1In the lower phase of DSTSe and the second ferro-
electric (v) phase of STSe, there are twice as many Na23
lines as in the paraelectric states, indicéting a doubling

of unit cell size in only one direction in. those states.
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This symbol represents this

HSe03- Group

@
O

Letter Representation of Possible HSeO3

Selenium
Oxygen

Hydrogen

and H,SeO

2 3 Groups

\

[ T
¥l
6 l
/
b o-
c —0 o o e
I T
d o o f

Figure 11: Simplified Notation for HSe0

3

and H25e03 Groups
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GROUPS*®

TABLE VII: POSSIBLE ARRANGEMENTS OF Hseos" AND H,Se0,
I. a a II. " a  a. I1I. b b
£ 4 b ' d - b £
b b f £ £ f.
d f d b f b
Iv. a a V. b b - VI . c. C
' f ¢ f a a e
d d "4 d d d
c £ a £ e a
VI, a a VIII. b b ‘ c €
d c ' d a c e
e e e e e e
c d a d e c

S . _ .
The notation used here is defined in(§6 ure 11. Arrangement I
is the one assigned by Soda and Chi?%g)' and arrangement VIII -
is the one assigned by Blinc et al.
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Figure 12: a, b Projection of a Unit Cell
Ferroelectric NaD3(SeO3)2 (after Blinc et gl.(zg))
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Again, the coupling constants, asymmetfy parameters, and

" direction cosines are sufficiently similar to imply iso-

morphic states. Two sites are electrically similar to tHose'
of the paraelectrié state, while the other two sites show
much.greatef asymmetry és well as other changes.

For future reference, Vgiueé of the effective charges
uséd to manufactﬁre the room temperature Nazs'efg tensor
;alues‘via a point chgrge model aré_given in Table VIII.

The Sternheimer anti-shielding factor (1 - Yw)(SS) was
6. (29) N |

‘. TABLE VIII: EFFECTIVE IONIC CHARGES

FOR FITTING Na’> EFG TENSOR IN STSe (29)

Na ‘ 1.0 e
" Se. L 1.1 e - (e = 1 positive
' ' electronic charge) .
0 -1.0 e

H : - ‘ 0.9 e




CHAPTER IV: DEUTERON MOTION ABOVE TC

SECTION I: Electrical Conductivity
Many hydrogen-bonded solids have been shown.to.be
semiconductors and in many cases, including ice,(36) potas—'

(37).and lithium hydrazinium sul-

sium dihydrogen phosphate
phategss) direct coulometric measuremgnts have indicated
that protons are the cafriers in theée materials. The
electrical conductivity of STSe and DSTSe was measured for
samples of single crystals of these materials cut so thaf
électric fields could be'épplied along the respective crys-
talline axes. The techniQué'used for these measurements is
described in Chapter‘VII. Tﬁe results of thése measure-

i ments are given in Table IX. Over the temberature range
‘,fbr whiéﬁ the giﬁen activafion energies are valid, the
conductivity changed by four to five orders of magnitude.
The acfivation energies and pfe~exponentia1 factors (UO]
were obtained by’é least squares fit té the experimental
points. Uncertainty in fitting these points.is negli;
gible - the largest errors in these measuremenfs arise

from uncertainties in the thickness (1%) ana contact area
(4%) measurements for the individuallgamples and'in.vafying

quality of individual crystals. The magnitude of this .

-




TABLE IX: ELECTRICAL CONDUCTIVITY ABOVE Tc

”Crystal Temperature‘ E(eV) o at 25°C

Axis Range °K A (ohm-cm)—1
a 253 to 323 0.76 4.3 x 10°°
NaH,(Se0;), b 270 to 322 . 0.74 1.2 x 107°
c 222 to 294  0.82 5.4 x 1077
| a 253 to 328  0.79 - 3.2 x 107
NaD, (S€0,), b 263 to 351 0.74 9.3.x 1072
e 256 to 5.4 x 1077

328

0.79

(ohm-cm)-1
2.8 x 10

4.0 x 10°
3.8 x 10°
3.9 x 104
1.9 x 10°
1.1 x 10°

8¢
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latter effect is difficult to estimate reliably.

The samples of DSTSe were cooled to below their transi-
tion temperatures. Upon passing throughifhe transition,
the crystals cracked but did not crumble, so the crystals
were cooled further, until the_conductivitf became too
small to be measureable. Discontinuous jumps in the con-
ductivity'occurréd in about a 20°C range belqw the transi—”‘
tion, but in all cases, the conductivity‘agéin became expo-
nential with temperature. The activationignergies in this
“femperature range are more Variéd than those oBtainedlanve
the transitién (Table X). The results in this.temperature
range were not particuiarly'meaningful, however, because
cracks in the crystal form paths for surface conduction,
allowing‘the same inherent errors as a measurement of the

conductivity without using a guard ring.

TABLE X: ELECTRICAL CONDUCTIVITY BELOW T_

Axis X Range - Activation Energy
a 238°%K to 222°k 0.60 eV
b © 2189K to’ 194°K . 0.66 eV

c 247°K to 192°K 0.53 eV
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SECTION II: Spin-lattice Relaxation Time of Deuterons
The term "spin-lattice relaxation time'" (designated
Tl) refers to the time which i; characteristié of the re-
turn of nuclei in a magnetic field to a Boltzman distri-
bution (of the spins in their qliowed energy levels) at
the lattice temperature, when this thermal equilibrium
has somehow been disturbed. Many and various processes,
causing both electricai (if the nuclear spin has an elec-
tric moment) and magnetic interactions can contribute to
Atﬁis relaxation¥*. For exémple, any random deuteron_motién
which includes change of electric field.graéient tensor

components as the deuteron moves from location to loca-

tion can contribute to spin-lattice relaxation: there is
1 B -
an interaction between the deuteron quadrupolar moment

:and those  efg tensor fluctuations which occurkat the Am =
aﬁd Am = 2 transition frequenéies of the.nucleus. Spin-
lattice relaxation time measurements for thé deuterons
were made to try to relate the observed values of T1 and
its temperature and frequency dependence to possible deu-

teron motions which cause efg fluctuations.

%Despite the term "spin-lattice" relaxation time, pro-
cesses contributing to T, need not be direct interactions
‘between nuclear spins and the types of lattice vibra-
tions usually designated as phonons.

i
i

1




41

The temperature.and frequency dependence of T, were

1

measured with the crystalline b axis perpendicular to the
applied magnetic field Ho because the_deuteron bonds which

are related by the mirror-plane reflection of the mono-

clinic Ceilzgive identical NMR spectra for this relation

of the b axis to Ho' This has the dual advantage of higher
line intensity and fewer lines to interfere with the study

of the relaxation of azgifen line. Furthefmore, thésé studies
were made where the quadruﬁolar splitting of the Zeeman

" levels is zero. (8 = 8, 61, 150,° in Fig. 10.) Be-

sides ﬁnother.gain in intenéity of the line under considera-
tion, these locations also have the advantage of being the
only locations where it is coﬁvenient to alter the popula-
tions of the levels and obserye‘retUrn to equiliﬁriﬁm via

a single time constant. This is true for any interaction

for which Am = 1 and Am = 2 transitibns can occur, and is
evident from a consideratioﬁ of the rate equations for the
populétions of the 1eveis. Let W1 and W2 be the transition
probabilities for Am = 1 and Am = 2 traﬁsitionsfrespec—

1 Yo
populations of the m = 1,0,-1 levels and let Nl(t), No(t)

tively. Let N and N_; be the thermal equilibrium

N_l(t) be the populations of these levels at time t. De-

th

fine the deviation of the'i level from equilibrium at




42

time t as n, = Ni(t) - Ni' The rate equations for return to

thermal equilibrium are:

1 : -

g - Wiy -mg) - Wp(mg - my) (1a)

an ) '

T —Wl(n0 - nl) -_Wl(no‘- n_l) (1b)

dn_, T S

gt - Mg momg) - Wy -mg) | (1c)

" Now let n_ = n; - ng = Nl(t) - N1 - No(t) + N0 (Za).

n_=mn, - n_1I= No(t) - NO - N_l(t) +.N_1 (2b)

dn, T

b —Wz(n+ +n_) - W1(2n+ - n_) - (3a)

dn_ | , .

I - -Wzgn_ + n+) - W1(2n_ - n+) (3b)
Ifn, =n_, gg— = -2W, - W, and relaxation occurs via the

single time constant T, = l/CW1 + ZWZ); If n, and n_ are
different, the time constants 1/(W1 + 2W2) and 1/3W1 are both
present. '

If a resonant rf field ié applied equally to both
+1 <> 0 and 0 «> -1 lines, n_ = n_ throughout the experimeﬁt

and relaxation occurs via the time constant 1/(W1 + 2W2).

This is most convenient to do when the two lines coincide.
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The temperature and frequency dependence of T. (i.e.

1
1/(2W2 + Wl)) for three such locations is pletted in Figs.
13, 14 and 15. In the subsequent discussion, it will be
assumed thet the relaxation is due entireiy to quadrupolar
interactions caused By deuteron motions, i.e. it is assumed
that there is no significant contribution to deuteron relaxa-
tion from the relatively temperature 1ndependent process of

spin diffusion to paramagnetic impurities. ThlS mechanism

is often dominant(sg) for nuclei of spin I = %,. for these

nuclei have no electric quadrupolar moment, and may become

(40) and other nuclei which have quadru-

dominant for deuterons
polar moments when the substance is at a low enough tempera-.
ture that nuclear and molecular motions are negllglble The

assumption of negligible sp1n dlffu51on contrlbutlon to the

"relaxation is based on a comparison of the spin-lattice re-

laxation time of the protons (13%)% present in the samples
studied with the spin-lattice relaxation time of the deu-
terons. This estimate is discussed in more detail in Ap-
pendix A. If one calculates the retio of deuteron Tl to

proton T1 for a deuteron to proton ratio of 87/13, assuming

. _ :

This. calculation was determined from the transition temperar.
ture using the tra%ﬁition temperature vs concentration curve
,of Blinc and Vovk. :







































































































































































































































































































