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Abstract:

The nuclear magnetic resonance spectrum of deuterons in LiN2D5S04 has been studied in detail
between 78 and 458°K. The spectrum at 78° is related to the deuterons of a static N2D5"+1o0n . The
electric quadrupole coupling constants, the asymmetry parameters, and the orientations of electric field
gradient (efg) tensors relative to the crystal axes were obtained at 78, 193, 298, 338, 368 and
438%deg;K. Above 110°K the lines due to the deuterons of the ND3 group broaden and merge to a
single pair of lines which is still evident at 195°C. The lines corresponding to the deuterons of the ND2
group merge to a single pair between O° and 50°C. These line mergers are related to the motion of the
ND3 and ND2 groups and estimates of the activation energy and jump times of these motions are
made. Because of the symmetry of the crystal the absence of line doubling indicates that ferroelectric
domain reversal may be due to reflection of the structure through the ab plane.

Measurements of the electrical conductivity and the ac dielectric constant were made on both
deuterated and undeuterated samples. The c axis ac dielectric constant was found to be quite large.
Estimates of the activation energy and correlation time for the dielectric relaxation were made.

The spin-lattice relaxation times for the merged ND3 and ND2 lines were measured over the
temperature range from 155°K to 422°K. The results are found to be in good agreement with the
assumption that the relaxation is due to fluctuations in the electric quadrupole coupling energy due to
ND3 and ND2 hindered rotations. In addition, evidence is found to indicate that jumping between ND2
and ND3 groups becomes important at temperatures above 75°C. None of the measurements discussed
indicate that the crystal undergoes a ferroelectric transition below 200°C.
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ABSTRACT

The nuclear magnetic resonance spectrum of deuterons
in LiNoD5S04 has been stud1ed in detail between 78 and
4580K, The spgctrum at- 78% is related to the deuterons of
a static NyDs “ion. The 'electric quadrupole coup11ng
constants, the asymmetry parameters, and the orientations
of electric field gradient (efg) tensors relative to the
crysta] axes were obtained at- 78, 193, 298, 338, 368 and
438°K. Above 110°K the lines due to the deuterons of the
ND, group broaden and merge to a single pair of lines which
is“still evident at 195°C. The Tlines correspond1ng to the
deuterons of the NDp group merge to a single pair between
0° and 50°C. These 1ine mergers are related to the motion
of the ND, and ND groups and estimates of the activation
energy ana jump t1mes of these motions are made. Because
of the symmetry of the crystal the absence of Tine doubling
indicates that ferroelectric domain reversal may be due to
reflection of the structure through the ab plane.

Measurements of the electrical conductivity and the
ac dielectric constant were made on both deuterated and
undeuterated samples. The ¢ axis ac dielectric constant
was found to be quite large. Estimates of the activation
energy and corre]at1on time for the d1e1ectr1c relaxation.
were made.

The spin-Tattice relaxation times for the merged ND 5
and ND» lines were measured over the temperature range from
1550K %o 4229K. The results are found to be in good agree-
ment with the assumption that the relaxation is due to
fluctuations in the electric quadrupole coupling energy due
to ND3 and ND, hindered rotations. In addition, evidence
is found to indicate that jumping between ND2 and NDs groups
becomes important at temperatures above 75°C. None of the
measurements discussed indicate that the crystal undergoes
a ferroelectric transition below 200°C.




CHAPTER I INTRODUCTION

An exp]anationﬂqf.thg ferroelectric behavior of
certain hydrogen bonded cryéta]s*”derives %rom understanding
the envirdnment and motion within the crystal of the protons
forming the hydrogen bonds; X-ray and neutron diffraction
studies are commonly used to lTocate the positions of atoms
in the unit cell of the crystal, and may be used to obtain
information on the motion of the atoms; Conductivity and
dielectric constant measuremehts‘é1so yield information
about the motion of the constituents of the crygtaT.

However, the usefuiness of neutron studies to obtain
information on motion is limited in the following respect.
Since exchange between sites, such as hindered rotation of
a group, probably takes place in such a fashion that the
time spent "jumping" between sites is a very small part of
the total time, the neutron diffraction results will reflect
the stationary location of the.group. Because of this,
neutron diffraction studies give good indication of
vibrational or torsional,motions, for which time 'spent out

of the equilibrium site is large, but Tittle information

'fDiseussion'of_hydrpgen bonded fervroelectrics may be
found in reference 1. For a detailed discussion of KHpPOq4,

a representative of this class which has been studied in
detail, see references 2, 3, 4, 5, 6, and 7.
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about motions such as are of primary intérest in this wofk.

Conductivity studies of hydrogen.bonded crystals are
‘difficu]t. The conductivities commonly encountered are
sma]],-"10'8/9 cm or less, and impurities and crystal
defects can introduce relatively Targe errors. At beét,
measurements of conductivity and dielectric constant deal
with bulk properties of the crystal, making it difficult
fo distinguish the various atomic effects unambiguously.

An experiment which has proven particularly useful in
obfaining information about the environment and motion‘of
nuclei is the observation of the nuclear magnetic
resonance (NMR) spectrUm.*

The nucleus of primary interest is the proton. The
NMR spectrum of the proton in solids is‘genera11y a single
wide 1ine,\and proton wide-Tine NMR studie§ are Timited to
measurement of Tine width and of the spin-Tlattice relaxa-
tion time. From such studies much can be inferred about
motion of the protons and their relative location in the
crystal. However, no measure of the Tocal electrical
environment is possible with the proton since it has no
electric moments. Becauselbf their approximate chemical

equivalence it is possible to substitute deuterons for

*Discussion of this type of experiment is included in
references 8 and 9.
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ﬁrotons. This can be done by crystallizing from a heavy
water sqution in the case of most water soluble compounds.
The deuteron has an electric quadrupole moment and interacts‘
with the electric field gradient (efg) at‘its Tocation.
This interaction modifies its NMR spectrum in such a féshion
that the determination of the efg tensor at the deuteron
site is made possible.

Lithium hydrazinium sulfate (LiHzS) is a ferroelectric
crysta1,(10) and neutron diffraqtion studies(11) of the
structure have established that the protons of the hydrazine
group are all involved in hydrogen bonds. Nuclear magnetic

7 nuclei in LiHzS

resonance studies of the protons and Li
have been carried out. (12,13) Based on these studies,
jumping of the protons between bond sites and other motions
have been hypothesized.

Although the studies menfioned above answer many
questions about the structure and indicate that the protons.
undergo certain‘motions, several important questions remain
unanswered. Specifically, what are the motions of the
protons? Is there a ferroelectric transition below the
decomposition temperature of the crystal? What, if any,
structural changes occur in the crystal as it is heated?

Is there any change in the ordering o% the protons when

the crystal changes polarization? This work deals with the

attempt to answer these questions by a study of the nuclear
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magnetic resonance spectrum of deuterons in the deuterated
crystal, LiNyD5S04, and by measurements of the electrical
conductivity and ac dielectric constant of the normal and
deuterated crystals.

The spectrum of the deuterons was studied below the
temperature at which jumping among sites becomes important,
and the results are discussed in Chapter II. The NMR
spectrum at higher temperature reflects inter-site exchange
and the third chapter is devotéd to the measurements which
reveal this motion. A comb]ete study of the NMR spectrum
of the deuterons was carried out to above 150°C. 1In
addition, the deuteron line width was measured as a function
of temperature through the critical temperature regions.

On the basis of these meésuremenfs a calculation of the
exchange probability for the motion causing the ]%ne width
change was done. It was hoped that the electric field
gradient measured at elevated temperatures would reflect

the structural change suggested by Cuthbert and Petch(12)

as a result of their observation of a change in the L17 NMR
spectrum with temperature.

The dielectric behavior was studied because the nature
of the dielectric anomaly at a phase transition indicates
what type of ferroelectric transition occurs.

Finally the spin-lattice relaxation time was measured
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for deuterons of the groups which .undergo motion. Using

the efg data discussed in Chapter III, the relaxation
mechanism was related to the fluctuations in the efg due

to exchange between sites. The activation energies for

the motions obtained by the different measurements were
compared.

Relatively few studies have been cérried out to deter-
mine the values of the efg tensors at\the sites of deuterons
in N-D;..N or N-D...0 bonds. Because of the numerous
analogies to these bonds found in compounds of biological
significance, it wou1d seem that simply the accumulation of
information about the efg tensors and the activation
energies for motion between bonds of this type is worth
while. Summarized in a table in Chapter II is pertinent
information on some of the nitrogen compounds which have

been studied.




CHAPTER II
DEUTERON ELECTRIC FIELD GRADIENT TENSORS AT 770K

" 'STRUCTURE. -

The structure of 1ithium hydrazinium sulfate
(LiNoHgS04) has been studied by means of x-ray(14,15,16)
and neutron(11) diffraction. Table I compares the
coordinates of the constituents of LiHzS found by these
experiments. _

LiHzS is orthorhombic of épace group an21,(]5) with
four molecular units per unit cell. Padmanabhan and
Balasubramanian(11) (hereafter denoted by PB) report cell
dimensions a=9.93, b=8.969, and c=5.178 A. Brown(") has
found for the cell dimensions a=8.99, b=9.94, and |
c=5.18 A.*

The Tithium and sulfur atoms are located at the
centers of tetrahedra of oxygen atoms. As is indicated
in Fig. ]; these tetrahedra have common apices and form
a lattice-work wifh channels running parallel to the ¢
axis. These channels contain the hydrazinium ions which

- are hydrogen bonded to atoms in the surrounding lattice

and to nitrogen atoms adjacent in the c¢ direction. The

*The exchange in the assignment of the a and b crystal
axes by PB will not be followed in this thesis, rather the
assignment made by Brown will be observed.
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TABLE I

Atomic Parameters Obtained by X-ray and Neutron Studies
Standard Deviation Is That Quoted by P & B for Their Data

o Van den(16) -
(i5) Hende & Padmanabhan &(11) standard(11)
Brown Boutin Balasubramanian Deviation

S x  0.1286  0.1290 0.126 0.001
y  0.1579 0.1589 0.159 0.0071
z  0.250 0.250 0.250 0.007
0(1) x 0.106 0.1068 0.106 0.002
y  0.191 0.1870 0.193 0.001
Z 0.519 0.5434 0.533 0.002
0(2) x 0.154 0.1511 0.153 0.002
' y  0.010 0.0132 0.012 0.001
2 0.220 0.2296 0.229 0.001
0(3) x - 0.259 0.2558 0.259 0.001
y  0.230 0.2335 0.230 0.001
2 0.149 0.1626 0.151 0.002
0(4) x 0.497 0.4904 0.498 0.001
y  0.302 0.3048 0.304 0.00]
2 .0.596 0.6016 0.600 0.002

N(1) x - 0.418 0.4193 0.414 0.007T .
y  0.002 0.0285 0.024 - 0.001
z  0.746 0.7405 0.743 0.002
N(2) «x 0.217 0.2137 0.213 0.001
y  0.440 0.4460 0.440 0.001
z  0.742 0.7346 0.739 0.002
L x  0.437 0.433 0.422 0.003
y  0.332 0.339 0. 336 0.003
2 0.253 0.271 0.256 0.003
H(1) x 0.381 0.004
y — 0.118 ©0.003
7 T ' 0.796 0.003
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TABLE I (continued)

Van den(16)

Hende & Padmanabhan &(11) standarq(11)
Brown(15) Boutin Balasubramanian  Deviation

H(2) x 0.467 0.004
y 0.036 0.004

z 0.571 0.004

H(3) «x 0.189 0.003
y 0.345 0.003

z | 0.677 0.003

H(4) «x 0.247 0.005
oy 0.428 0.004

z ' 0.924 0.004

H(5) «x 0.292 0.004
y _ 0.469 0.002

z " 0.601 0.003




Fig. 1 A View of LiHzS Projected Down the c Axis.
(After Brown(15))

+

b . +
N——NH N s
MY ’ ST
o s 0%
s /u'
3 /
N3n——N\M_ ’H;,N—N_\“
0 N 0
3 - W
, \ A
HN it ‘ JN—NH3
o o7
o 'l' o I,
| .
NNy IRt
wHa 3 SH..
\ 0 '." 0
N\ M
+
Y o
[ 0y
/ /
4 H
S +
VTN N—
-~ H3 N~

() )

Fig. 2 Two Alternate Arrangements Possible for
Nty . i N=Hias C?ain if the Hydrogen Bonds Are Ordered.
(After Brown (] )




st
8

group
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proton in a hydrogen bond is found at a position between
the two atoms with which it forms the bond: In general

the proton is nearer to one of the bonded atoms than the
other. The bonded atom which is closest to the profon is
denoted the donor, and the further bonded atom is called
the acceptor. In LiHzS, the donor to proton distances are
about 1 X, and the acceptor to proton distances are

roughly 2 K. The nitrogen is the donor in each N-H...O0
bond. The nitrogen at the NHj end of the NpHg group takes
part in three N-H...0 bondé. The nitrogen at the NH, end
is bonded to one oxygen and two other nitrogens. These
latter bonds form N-H...N-H... chains along the c¢ direction
of the crystal. Following the notation of PB, the proton
sites in these bonds are referred to as site 2 whereas thé
other proton site at the NH, end of the NoHg group is in a
N-H...0 bond and is denoted as site 1. The labeling of
sites 3, 4 and 5 is indicated in Fig. 1. From their
neutron diffraction study, PB have concluded that most'or
all of the site 2 protons are ordered in the arrangement
pictured in Fig. 2a as opposed to the arrangement in Fig. 2b.

They further conclude that no hindered rotation of NH3 or

NHZ groups takes place at room temperature.

NMR SPECTRUM.

The NMR spectrum of deuterons in LiHzS was studied at
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temperaturgs from 789K to 463%°K. The spectrum observed at
78%K does not reflect any motion within the hydrazine
group and will bé discussed in this chapter; The spectrum
at higher temperatures reflects motion and will be
discussed in Chapter III within the context of other
measureﬁents which have to do with motion of the deuterons
in the crystal.

In first order the interaction between the nuclear
quadrupole moment of the deuteron and the electric field
gradient (efg) at the site of the deuteron splits the
deuteron NMR Tine into two lines spaéed equally above and
below the position of the unperturbed line.” Since there
are twenty deuterons in a unit cell, for arbitrary
orientation of the crystal relative to the applied dc
magnetic field Hy, the spectrum consists of forty lines.
However, there are only five sites which are chemically
non-equivalent. For example, the deuteron at site 1T of any
one of the four hydrazine groups of a unit cell interacts
with an efg posseésing the same components as each of the

three other site 1 deuterons of the cell. The four site 1

*Appendix A contains a discussion of the nuclear
quadrupole interaction and the technique of nuclear
magnetic resonance spectroscopy employed in the determina-
tion of the efg tensor carried out in this study.
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deuterons differ qn]y in the direétion of the axes of the
coordinate'systems in which their respective efg tenéors
are diagona1; A result of this chemical equivalence and of
the crystal gymmetry (see‘Fjg: 1) is that if the field Hy
is made berpendicu1ar to one of the crystal axes, at most
ten pairs of Tines are observed;. With H, parallel to a
crystal axis only five pairs of-1ines are observed.

Spectra were obtained at 25° intervals about the three
crystal axes. Fig. 4 q1sp1ays typ{ca1 spectra obtained at
77°K. The data was éna]yzed in the following fashion.
First the position of the spectral lines relative to the
center of the spectrum was measured directly from the
recorder chart and expressed in gauss since the experiment
was .done at fixed frequency. For many crysté1 orientations
the individual spectral Tines were not all distinguighable.
This is shown clearly in Fig. 4b where, of the ten pairs of
lines which should be discernible, five pairs are merged
with the other five. The Tine positions were then plotted
against-the_orientatibn angle, ¢, of the crystal relative
to Hy,. These plots were rough fit by using a set of sine
curve overlays. By using this rough fit it was possib1é to
exclude data points having large error. The remaining
points were used in a Teast squares computer program to

calculate the curve
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Fig. 4-a. 779K Spectrum, Crystal Oriented 10° from
a || to H, with c | to H,.
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V

Fig. 4-b. 21K Spectrum, Crystal Oriented 27° from
a || to Hy with c | to Hj.
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2Av ='A1'f 31 coso f'C]Asiné (2.1)

which best fit the data; Figs;’4;'5; and 6 are plots of
the quadrupole spTitting‘curves for-the five deuteron sites
for rotations about the three crystal axes;

In fhe case that the efg tensor is cylindrically
symmetric, a rotation about an axis pérpendicu]af to the
principal axis of the efg tensor makes 2av proportional to
{1 + 3 cos 26) where o measures the angle between the
principal axis and the magnetic fieid Hy. 24w then ranges
between a maximum positive value for é=0, and a maximum
negative va1ﬁe at 6=90. The negative value is just half
the positive value in absolute magnitude. A rotation about
an arbitrary axis includes the orientation H, perpendicular
to the principal axis, although it does not include Ho
parallel to the principal axis. By examination of the
plots of 24av (Figs. 5, 6, and 7) it can be seen that the
negétive maximum values are abproximate]y the same
independent of the rotation axis. This indicates the
nearly cylindrical symmetry of the bonds §tud1ed. The
values of the components of the efg tensor relative to the
crystal éxes are obtained'from the A, B and C of Eg. 2.1.
The efg tensor was then diagonalized and values of the

coupling constant, the asymmetry parameter, and the angles
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relating principal axes of the efg tensor to the crystal set
were obtained. This data is given in Table II.

The.éstimaied errors included in Table II are based on
the following considerations. One source of ervror is
misalignment of the crystal in the Spectrometer'head,.so that
the rotation axis is not quite parallel to a crystal axis. |
The agreement between the spectra obtained during rotations
about different axes but wfth the same crystal axis presumably
parallel to HO was used to check the a1ignmenf. Sucﬁ checks
indicated that initial alignment of the crysta1 was accurate
to better than %°. The rotation angle was read directly to
10 and estimated to 0.1°. Error in the rotation angle fis
believed to be less than 0.1%, The data points included in
Figs; 5, 6 and 7 are those finally used in the 1easﬁ squares
‘calculation of.the curves. To test the effect of errors on
the values of the efg tensor components in the principal axis
system a set-of variedldata was fed into the diagonalization
program and the estimates of error Qere based on the resulting

variation in the output.

DISCUSSION.

The deuteron efg results are related to the LiHz$

structure. (See Appendix C)
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Fig. 5 Quadrupole Splitting Patterns for Rotation about the
a Crystallographic Axis at Liquid Air Temperature.
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¢l Hy

Fig. 6 Quadrupole Splitting Patterns for Rotation about the
b Crystallographic Axis at Liquid Air Temperature.




Fig. 7 Quadrupole Splitting Patterns for Rotation about the
c Crystallographic Axis at Liquid Air Temperature.
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TABLE I1I

Coup]ing Constant eqQ/h, Asymmetry Parameter n; and

the Angle Formed Between the Principal Axis of the efg

Tensor and the Crystal Axes, for the Deuteron Sites

Indicated in Fig. 1.

Also Listed Is the Ang]é Formed

Between the Principal Axis of the Field Gradient and the

Vector Between the Nitrogen and Proton Involved in the

Bond. (A11 Estimated Errors for Angles Given Are x1°),

¢ ‘
Temp. eqQ/h zz,
Bond N-H
0 kHz n 0 ) G
K X y z angle.,
qeg.
1 208+1 0.16%0.07 107 19 97 9
2 178+x1 0.12+0.07 114 6 155 4
77
3 166+1 0.05+0.07 73 162 97 10
4 1671 0.10x0.07 114 4 25 7
5 162+1 0.05+0.07 8 70 131 1
1 2011 0.15+0.07 108 20. 98 7
193 ‘
2 178+1 0.08+0.07 114 5 155 4
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next largest components of the efg tensor will be denoted
as first principal and second prfncipé1 axes respectively.
As can be seen from Table II; the first principal component
lTies ‘nearly along the N-H bond direction at each deuteron
site. The angle so forﬁed ranges frbm 1% for bond 5 to
about 10° for bonds 1 and 3. (See Table ITI for bond
lengths.)

If the angles formed between the efg principal axis
direction and the crystal axes for.one of the five sites of
the unit cell are denoted oy, Oy and 85 then the three
symmetry related sites of the cell have the corresponding
angles, 0y, m-0y, 6,3 m-06y, ey,'ez; m=0ys m-0y, 6z. This
makes the efg tensor prinﬁipa1 axis of site 1 of mo]ecuie
1 and site 3 of molecule 4 almost parallel and site -2 of
molecule 1 and site 4 of molecule 4 nearly parallel. These
similarities would make the assignment of efg tensors to
bond sites ambiguous on the basis of structure alone.
Fortunately, the evidence that the deuterons of sites 3, 4
and 5 undergo hindered rotation makes it possible to assign
the efg tensors of sites 1 and 2 at 1939K where the NMR
spectra of the sites 3, 4, and 5 are merged.

The second principal component is found to lie approxi-
mately along the normal to the p]ane'defiﬁed by N]—Né—D.

The angles formed between the second principal component
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and the norma] to the plane of N1 N2 D are 770, 16°, 149,
12° and 5° for sites 1 through 5 respectively. The
est1mqted.erwor 1S'i30, somewhat Jarger- than for the first
principa] combonent because the efg tensors are nearly
axially gymmetric. Similar results have been found by
Chiba (17) for the 0-D...0 bond. The slight change in the
efg tensor orientation of the 1 and 2 site deuterons
between 77°K and 193°K is smaller than the experimental
error. |

The spectrum observed at an orientation with c¢ | Hj
and near b|] H, showed some evidence of a splitting of the
lines corresponding to s1te 1. This may indicaté that "the
~deuteron of site 1 can be found at either of two almost
jdentical positions. The only region of the rotation
spectrum in which this splitting was evidenced is that
corresponding to maximum splitting, for which the field H,
ié almost along the first principal axis of the field
~gradient tensor. ‘

It was assumed that such a splitting might be
‘associated with structura] differences corresponding -to
ferroelectric domains in the crystal. Ordinarily the
domains of opposite polarization of a ferroelectric are

related by reflection. Observation of such a splitting as

described would indicate that in LiHzS domains are not
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re]ated by reflection and m1ght be cons1dered a new type of
A,.ferroe1ectr1c F]4) An unsuccessfu] attempt was’ made to ‘
"observe~the effect of e1ectr1c f1e1ds% of the.order -of
154'y/mw on tne‘soecbrum; -The‘trystab.was prepared by
cutting and polishing foces perpendicular to the c akis;
Sifver oontaobs were‘then-pafnbed_on these,faoes in_tne.
form of E in order to minimize rf cnrrenbs: fne signal to
noise réiio wes SO degraded,'by~the'introduct{on into the
sample region_of'these po]arjzing‘p]ateswAthab the Tine
spldtting was no longer observed i The Tow:tempenature
'spectrum showed no other evidence of doma1n effects
.\ su:f1cvenc1y 1arge JAUmbersof- hyorogen bonded systems )
'fof the’ type 0-H...0 have been’ stud1ed tofa11ow correlation
of the coupling constant eqQ/h, W1th 0...0 bond ]engths and
with the-0-H stretch1ng frequenc1es VOH- (]8) . The number ot
similar studies of N-H...X systems is small. Table IV Tists:
the coup]ing constant and other pertjnent informetion_for
several such systems | | o
0...0 bond 1engths range from 2 40 A to about-3 A
The range (26) of N...0 bond lengths 1is approximate]y_2.85 K
to_3;05 X}f A]though a plot of eqQ/h égdinst bridge Tength

'These estimates do not inc]ude weak or bifurcated
bonds for which the br1dge Tength may be considerably
1onger -




NﬁH{{.X.Bond Angles and Intra—bOﬂdeéfgths Calculated

‘from the Room Temperature Data of Padmanabhan ‘and

Ba]asubramanian.(]])

. =24

TABLE II1 .-

N-H...X" H~-bond Dimensions, X
(H—bond)
Bond Angle, Deg.  N-H T N___X
1 118.2 1,02 2.35 2.97
2 156. 4 1.02 2.09 3.05
3 166.3 1. 02 1.84 2.84
4 146.1 T.01 200 2.89
5 150.3 1.05 2.03 2.99

for 0...0 bonds shows a strong correlation, an attempt to

correlate bridge length with eqQ/h for N-H...0 bonds was

not successful. Within the ND3_grbup of LiDzS the

dependence of eqQ/h on (1/ry_p)3 is consistent. The

slope of such a plot can be used to estimate the effective

charge of the nitrogen nucleus in the crude approximation

that no other nuclear site contributes to the efg'at‘the




TABLE 1V

Coupling Constants and Asymmetry Parameters for Some N-D Bonds.

Compound Bond Temperature qu/H(kHz) n Reference
N-D;...0 208°K - 210.8%1 0.139+0.010

Urea d : N-D2...O 2989K 210.7=%1 0.146+0.010

. 4 N-D;...0 2980k 206.3x1.2 0.138+0.010 19
single crystal 2
Glycine N-D...0 1500K 168 0.00
polycrystalline N-D...0 1509k 188 0.00
(bond types are ND, average T>2500K 80 0.24
conjectured) _ND3 average T>2500K 71.2 0.40 20
Glycine , " Principal
single crystal component
(bond type is ND, average 298°K 51.10 : .22
conjectured) ND3 average 208°K 51.46 .22 21
NDgD,PO, o - -
single crystal N-=D...O 298%K 130 0.0 22
ND,C1 : :

4 - Ok - R -0.00%
single crystal N-D...CI 113°K 180.1+1.0 0.00+0.01 23
ND3 N-D...N 75%K 156 7
polycrystalline ND3 average 1850K 72.5%.9 24

(ND,),S0, N-D...0 . 77% 180 0.0 25

_G2.
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of Compounds Except for the MN-H Bonds of LiHzS as Indicated.

(After Blinc & Hadzi)(18)

deuteron. Such an estimate yields a value of 0.45e for
the effective nuclear charge of the nitrogen.

Fig. 8 shows a plot of eqQ/h against the square Qf
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the 0-H and N-n(27.28) streﬁching frequencies. Bﬁnds
represented 1n ﬁhe upper right region of the plot are
0-H...0 bonds of crystal hydrates, whi]e the 0-H...0 bonds
found in phosphates and selenites are represented in the
_]ﬁwer Teft region. The stronger bonds of the crystal
.hydratés ;how a larger dependence on vZOH than the bonds

of thé.phdsphates and selenites.. The points corresponding
to the nitrogen-hydrogen bonds of LiHzS fall near the
transition between the two general 0-H bonds represénted.in

this plot.




CHAPTER III DEUTERON MOTION

'CONDUCTIVITY- 'AND DIELEGTRIC ‘CONSTANT. -

An electrolysis experiment carried out by Vanderkdoy
demonstrates that the c axis conductivity in LiHéS is due
to protons. Electrical conductivity measurements by
Vanderkooy, Cuthbert and Petch(29) (hereafter referred to
as VCP) show that the c axis conductivity is two to three
orders of magnitude greater than conductivity in the a or b
direction. Their expgriment§ were carried out on crystal
samples of approximaté]y 8.mm‘th1§kness with electrodes of
area about 0.5 cm2; A dc voltage of 290 vp]ts was applied
to the sample and an electrometer was used to measure the
current. A1thou§h care was taken to avoid meaéuring
polarization currents by waiting a time after application
of the voltage before measuring the current, no mention is
made of the use of a guard ring circuit in the.experiment.
Values found for the conductivity in the a, b and c axis
directions are given in Table V, The c'axis conductivity
as a function of temperature found by VCP is displayed in
Fig. 9. It was found that the a and b axis conductivities
could not be represented by a single activation energyvbver
this temperature range. |

The conductivities of LiHzS and LiDzS reported herein

have been measured by a slightly different technique. The
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TABLE V -

Conductivities and Activation Energies for Normal and

Deuterated Lithium Hydrazinium Sulfate

o(Q cm)-1 Axis
Measured at Activation Compound Measured Reference
Room Temp (eV) Along
0.93+0.09x70~ 1! LiHzS a VP
0.80+0.09x70-1] LiHzS b veP
0.23+0.09x10"8 0.85 L1iHzS c VeP
0.4x10"12 0.34 LiHzS a
(Irregular Sample)
0.15x10" 12 0.58 LiDzS a
0.4x10"12 0.47 LiDzS b
0.12x10"2 0.65 LiDzS c
0.10x1078 0.51 " LiHzS c

experiment is described in Chapter IV._

The room temperature

conductivities for deuterated and undeuterated crystals are

~given in Table V. Activation energies are also given.

These are somewhat Tower for LiHzS than those found by VCP.

In addition the a and b axis conductivities of the
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'deuterafgd cqmpeund were measured. Although they éou]d
not be described by a single activation enefgy over the-
entire temperature range sfudied; the data between room
temperature and about 110°C appeared 1inear'and was best
fit to get an estimate of the activation energy for this
region. Two a axis and'bne b axis studies were used,
~giving the activation energies indicated in Table V. Above
170%C all three of these log conductivities vs 1/T curves
indicate activation energies of‘more than 1.5 eV. The c
axis.log conductivity vs 1/T curve has a constant s]opé‘
over the.éhtfre-temperaturé,range and the best fit to this
"is shown in Fig. 9.

The dielectric constant of LiDzS has been measured'in
this laboratory. The results of.these measurements are
displayed in Figs. 10, 11 and 12. Pepinsky et a],(]o) who
first examined the dielectric constant of the crystal,
found no anomaly 1in the die1ectr1C'constant.between -196°C
and 140°C. Our study has shown no dielectric peak up to
205°¢. | | |

According to the Debye* equations ;' « 1/(1 + szz)

2'1“2:).

and " « w?/(1 + v Log ' and Tog e" plotted as

%A discussion of the dielectric .loss may be found in
Chapter 11, Dielectric Behavior and Structure by Charles
Phelps Smyth, McGraw HiTl Book Co., Inc., Mew York, 1955,
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functions of é for several fixed tempefatures show negative
s]obes.near -0.5, as shown in Fig. 10. This behavior is not
consistent with the Debye equations, which result from the
assumptfon of a sing]e're]akation'time T. It agrees quite
well with the assumption of a distribution y(t) of relax-
ation times in the relations .

o o]
)dr €
wZ

”y . " wty(t)dr

e' = g+ (
o 1 + L2 1 + w272
1}

0

if y(t)

for t>1 . For this y(t), if wrm>>], the dielectric constant

(a—])Tma"]te(O)—ew]Ta"] for O<t<t, and y(t) = 0

becomes

m(a-1)[e(0)-ex]

e.= eg'-je" = g_+ - =
2 (wT

{atl)m

m sin
2

The Cole-Cole plot of €" versus &' in Fig. 11 shows that
-LiDzS almost obeys this expression'at 25°C for é = 0.5.
A more concentrated distribution of relaxation times is
éxhibited by the curve for LiHzS at room temperature, for
which the contribution cdc/sow to " made by the dc con-
ductivity mechanism has been subtracted out. A single relax-
ation time would give a semicircle centered on the &' axis.

| Activation energie5~for the re1axation mechanism are
estimated from Fig. 12. For the deuterated compound-twb-,\
contributions are evident, a low temperature contribution of
0.4 eV and a contribution of 0.7 eV in the temperature

region above 100°C.
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" 'PREVIOUS 'NMR :STUDTES.
: TWO'pheviqu§ NMR studies have been carried out on
Lins:(]2’13) In the first of theSe;'the'§econd mbment of
the protons and the quadrupolar splitting of Li’ were
measured; In the later work; the sécond moment measurements
of the first work were extended and the spin Tattice
relaxation time of the protons was measured. The first
study of the second moment was carried out before the
neutroﬁ structure study was done; On the basis of the
second moments measured at various temberatures in powder
samples and in single crystals at various orientations,
the arrangement of the protons was deducgd and the NH3 aqd
NH2 motions were hypothesized. Fig.-13 shows the proton
second moment as a function of temperature along the Li/
satellite separation; Becausé of the change in the
sate]]ite separation, Cuthbert and Petch(12)suggest that the
crystal undergoes a gradual structural change which is
" complete at about 165°¢C.

The reduction in the second moment between liquid air
temperature and 80°C was attributed to the onset of hindered
rotation of the NHg group. The further reduction between
20° and 150°C was thought due to whatever mechanism provided
exchange between sites 1 and 2. The final drop in second

¥

moment to the very low value of about 0.5 gauss2 at 200°0C
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was thgught tq,be due to. either rapid diffusion of the

protons through the crystal or to tumbling of the entire

N2H5,group:. These authors suggest that the ferroelectric
property of the crystal is associated with ordering of the
N-H;;.N—H;.; chains(Fig; 2); It was then pointed out fhat
on the basis of this model, exchange between sites 1 and 2
would lead to a loss of order of these N-H dipoles and
hence a ferroelectric transition;

The second moment measurements presented in the later
study are in general agreement with those of the earlier,
although the knee in the curve at about 8.8 gauss? was not
repeated (Fig. 14). The spin lattice relaxation time of
the profons was measured. Fig. 15 shows a plot of Ty Vs
1/T. Below a temperature of about 190°K the relaxation fis
attributed to molecular reorientation of the NH3 group with

activation energy 0.7182 * 0.013 eV. It is assumed that

above about 60°C the NH, reorientation mechanism is

responsible for the decrease in T4 and the activation

energy is found to be 0.43 + 0.09 eV.

In summary, the second moment studies of the protons
suggest that the protons of sites 3, 4 and 5 undergo a
hindered rotation, and that this motion becomes important
in the temperature range between 100 and 150°K: _The-

protons of sites 1 and 2 begin to undergo some sort of
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of the Proton Absorption Signal from Powdered LiHzS.

(After Reference 13)

exchange between sites in the region near 0°C. Above 150°¢C

either a very rapid diffusion of protons between NpHg

groups starts to occur or else the groups themselves begin
to tumble and translate through the crystal. The T,
measurements yield activation energies for the rotations.

Li’ quadrupolar splitting studied as a function of
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Fig. 15. Temperature Dependence of the Proton Spin
Lattice Relaxation Time Ty in Lithium Hydrazinium Sulfate.
(After Reference 13)

temperature implies a structural change to a higher symmetry

form which is complete near 165°C.




| -41-
HIGH TEMPERATURE ‘SPECTRUM.

If the quadrupolar interaction is a perturbation on
the Zeeman interaction as in these'experiments; when a
deuteron changes sites its energy level scheme is changed
jf there is a change in the e1ectfic.f1é1d_grad1ent
component parallel to Hy. When the rate-of site change
becomes large enough, the spectral lines corresponding to
individual sites are broadened and disappear. If the
exchange. frequency becomes higher still;\a new pair of
spectral lines may appear, corresponding to an efg which is
the average over the sites between which the jumping occurs.

Evidence dfscussed in the previous section indicates
that protons 1in the NH2 and NH3 sites undergo hinderéd
rotation; By studying the NMR spectra of deuterons in LiDzS
it has been possib]e'to determine unambiguously the type of.
motion taking place, along with estimates of the frequency
of the motion, and the activation energies invoTvéd. .

When the deuteron NMR spectrum (Fig. 16) of.LiDzS is
studied as a function of temperature it is found that the
lines in a spectrum corresponding to sites 3, 4, and 5
- broaden and vanish near 110°K. ‘As the temperature is
further increased a new péir of lines appear near 140°K,
These lines are very strong and are still in evidence at

465°K; The splitting of these lines as a function of the
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Fig. 16. NMR Spectra Taken with b||Ho at Temperatures Indicated. ‘
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Fig. 17 Quadrupole Splitting Patterns of the Two Sets
of Averaged Lines for Rotation about the a
Crystallographic Axis at 95°C. Dashed Lines
Indicate Regions in which the Spectral Lines
Could not be Observed.
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Fig. 19 Quadrupole Splitting Patterns of the Two Sets
of Averaged Lines for Rotation about the c Crystallo-
graphic Axis at 95°C. Dashed Lines Indicate Regions in
which the Spectral Lines Could not be Observed.
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éng]e bgtween crystal ‘axis and magnetic field is shown in
Figs. 17, 18, and 19. Near 285°K, the lines in the
spectrum corresponding to sites 1 and.2; broaden and
disappear. A new pair of 11nes; dge to the average of sites
1 and 2, appears at abou£ 33OQK: These 1ines; however, are
not evident for all orientations of the crystal relative to
Ho. Figs. 17, 18 and 19 show the splitting for these 1lines,
indicating as well the.angu1ar region in which the lines are
not observed.

The complete rotation spectrum of the deuterons was
studied at']93°; 2980, 338°%, 3689, and‘438°K: Because the
spectrum is not sensitively dependent on the temperature,

a variation of i56C was allowed. This produced variations
in the spectrum well within experimental error. The results
of these measurements are tabulated in Table VI.

The va]ﬁes of eqQ/h for the averages over sites 3, 4,
and 5 show a consistent decrease of about 10% from -80°C to
165°C. If all the contehfs of the unit cell were to expand
at the same rate, the efg would vafy as’(]attice.
parameter)’3; Using the average of the anisotropic thermal
expansion coefficients,(30) this temperature yields an efg
decrease of about 2.5% from -80°C to 165°C. Two possible
origins for the remainder of’the.decrease are the increase

with temperature in ‘the amplitude of the torsional




TABLE VI

Coupling Constant eqQ/h, Asymmetry Parameter n, and the Angles Between the First
Principal Axes and the Crystallographic Axes for the efgs Resulting from
Motional Averaging over Sites 1 and 2 and over Sites 3, 4 and 5. Calculated
Averages Based on efgs Measured at 78°K for Individual Sites. Are Given for
Comparison.

Temperature eqQ/h, kHz ' n ) 9 )

(error, all angles x 0.5)
--80°¢C 48.9 + 0.5 0.29 + 0.05 37.1 127.4 89.0
Measured for 250¢ 48.6 + 0.5 0.22 = 0.05 38.0 127.5 89.9
average due to : _
sites 3, 4 and 5 }65°C 47.5 * 5 0.18 £-0.05 38.4 128.3 88.4
95°¢ 46.3 + 0.5 0.16 = 0.05 39.1 129.0 87.6
165°¢C 44,0 + 0.5 0.20 + 0.05 40.1 130.0 87.5
Calculated average
for sites 3, 4 and 51.0 0.46 36.9 126.7 88.5
5
Measured for (error, all angles = 2.0)
average due to , ,
sites 1 and 2 959¢C 91.0 = 3 0.90 + 0.15 64.0 52.0 131.0
165°C 89.4 * 3 0.75 £ 0

.15 64.1 61.3 139.5

Calculated average ' o
over- sites 1 and 2 97.8 0.98 . 64.2 45.8 124.8

_Zéf
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osci]]ations-qf the,NDB_groups, and the structure change
indicated by'theﬁdecr¢a5¢ in thg dffference between the
quadrupolar ép11ttings qf thé*two'Lﬁ7'sites: The
direction of the first principal axis of the ND3.group
average'forms an angle of;3:6°‘at room temperature; 2:60
at 95°C and about 1° at 165°C with the Ny-N, direction as
ca]cu]afed from the neutron diffraction data obtained at
room temperature.

A somewhat similar NDslgroup has been studied in
~glycine (Table IV). This group is of thé form C-ND3-as
oppdsed to the N-NDg found in LiDzS.” The coupling constant
for the g]ycine'ND3 average is between 70 and 80 kHz as
compared to 48.6 kHz in LiDzS at 25°C. The asymmetry
parameter for the group in glycine is 0.22 as compared to
0.22 + 0.05 in LiDzS. This would suggest that either the
effective charge of the nitrogen in a N-N bond is less than
that in an N-C bond or that the N-D distances are greater
in LiDzS than in glycine, or a combihat&on of these two.

The efg resulting from motional averaging over bondé
1 and 2 did not change meaéurab]y between 65 and 95°C. The
efg at 165°C showed a change and its coupling constant,
asymmetry parameter, and angles are given in Table VI.

Because of the limited angular range over which these Tines

could be observed, the estimated error is larger than for
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the D3—p4-ps_ayerag¢.i At‘QBOCithg'firs%‘principa1 axis 6f
the[D]:Dé-averagg 11¢s'withih12°'qf the plane defined by

Hy-Ny-H, and within 4°% of the Tine bisecting the Hy-N;-H

172

angle.

Values of the coupling constant, asymmetry parameter,

“and the angles between the first principal axis and the

crystal axes are given 1in Table VI'for a calculated average
over sites 1-2 and over sites'3—4~5: This calculated
éverage is obtained from an efg whose‘componen;s in the’
crystal frame are the sums of the Eomponents of the efg
tensors for the individual sites in the crystal frame
divided by the number of sites. The agreement between the
calculated averages and the values obtained at Towest

temperature measured is good. The type of motion which

~gives rise to these averages can be understood from the

measurements discussed above. The ND3 exchange takes place
symmetrically about the N-N axis by means of hindered
rotation through 120° stéps as was suggested by Cuthbert

and Petch(12). The Dy, D averaging takes place by

2
interchange between sites 1 and 2 bonded to the same
nitrogen. This does not indicate a rotation about the N-N
bond direction as had previously been suggested as a

possible motion;(]3)
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‘EXCHANGE 'PROBABILITY.

Abragamﬁ 8)-dfsgu53¢s a_general method for calculating
the exchange probability per unit time; Q; for nuclear
exchange between sites from a knowledge of the Tine width.
Since in principle the £echnique is—aﬁp1icab1e to the case
of jumping between any number of nuclear sjtes; it is
possible to estimate the exchange probability as a function
of temperature and also the activation energy for the
exchange of deuterons of both NDy and NDg sites. Chiba(3T)
has applied a similar method to the case of D,0 in
Ba(C]03)2°D20.

.The calculation of the relation between intersite
exchange probability and 1ine width is based on the
following assumptions. The probability that the Larmor
frequency of the nucleus, o, has a value Wy at the time
t' =t + At when it is known that 1f had a value wy at
time t is: o
1. 1independent of the values of w prio} to t
2. dependent on the times t and t' only through the
difference t' - t = At and can accordingly be written as
w(m1|w2;At).

The absorption

I(w) = re ? G(t)e'iwtdt‘ | (3.1)

i

is obtained by calculating the relaxation function
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G(t)=<exp{1}w(t')dt‘}>. . (3;2)
: 0
It is found that
G(t)=W-exp{(154F)t}°f, (3.3)
which makes |

I(0)=re{W-A"1.T} . (3.4)

W is a vector whose components, w&, are the probabi]itiés
that at any time t the frequency of the system is W - A-T

is the inverse of the matrix
A=i(5—w])fF : (3.5)

— - . - - - | = 6
where » i$ a diagonal matr1x.w1th components (w)as 9. 8ag?
(1) yg=m(wy,wg) the probability of transition between Tevels

w, and wgs T a unit matrix, and « a constant. A is of rank

o}

n where n is the number of deuteron sites among which jump-

ing occurs. The matrices

_Je- @
T -(Q y | (3.6)

_ w+d o :
w =( -w_d) o (3.7)

where 25 is the line separation (see Fig. 20) give'for the

and
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ND_ case

A=
Q

( j(w+s+iA)-Q

f

i(w-8+ia)-Q

where A is the unbroadened line width;

The resulting absorption for the

ND, case 1is

2

{ if(-w+6-1A)-(w+a+iAX]-497
I(w)=re

(§2+A2-w2)-2A0+2iw(0-4)

For the ND3 case the matrices

e a/2
T = /2 -
Q/2 /2
and
w+6 o
E = 0 w
(o] (o]
yield
j(wts+in)-o
A = Y

Q/2
Q/2

-

Y

i(w+in)-Q

Y

Y

Y

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)

i(w-6+in)-0




sists of two lines split by 75 kHz (Fig. 20). For the ND

=
y

- 54-.
A s the.unbroadened 1ine width and'y=9/2. The absorption
is then ca]gu]aﬁed to be : . '63;13)

| ~
( 3iuw(a+28)-30a-(30/2)2-62+3u2-342 ‘

L{w)=re , e
(} i[;w3¥3wA2+w62+(9/4)92w+6ﬂwé]+[éw2A-A3_529+39w2‘

~3002-(9/4)a2s |

The Tow temperature spectrum observed for the ND2 group con-

3
group three Tines are involved and the Tine separation is

indicated in Fig. 20. I(w) is approximated for two Timiting
cases, 9<<§ (low temperature) and 9>>8 (high temperature)
and from the resulting relations the line width is identi-
fied.

The ND2 Tine widths are:

WLT-= Q@ + A ‘ Low Temperature
: (52/29) + A High Temperature

The ND3 1ine widths are:

WLT = Q t A -Low Temperature

= 4/9 62/Q + A High Temperature

=
=
—
I
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'_These exbressians are then so1ved-f0r Q. ‘The Tine width
va1ue,.w, is obta1ned by measuring the s1gna1 to noise ratio
(S/N) as a funct1on of temperature. The Tine width is assumed .
to be the. rec1proca1 of the quant1ty C(T/Ty)(S/M) where /T,
compensates for the decrease in popu]at1on difference and
hence S/N with increasing temperature T For the NDZ group
the constant C is obtained from the value (2.3x104/sec”1) of
the 1ine width at a temperature low enough to insure no Tine
"broadening due to the motion of interest. The width of the .
merged Tine is apbroximate]y the same so the same value of~C
is used for both the high and Tlow temperature cases. The
1tne width for the ND3 group merged lTines 1is 1arger
(3.9x104/sec"1) than that for the unmerged 1ines so a
different value of C was used for the high temperature than
for the Tlow temperature. The value of § used in the
calculation for ND3 group was obtained by taking the average
of the separation of the three unmerged 1ines giving

§ = 110 kHz. The value of & used in the calculation for the
NDé'group-was taken to be half the splitting of the two
unmerged Tines (see Fig. 20). The resulting values of Q'are
plotted-against 1/T in Figs. 21, 22. The ND, data for the
ﬁnmerged and merged regions is fitted to the Tine shown

yielding an activation energy for the NDo motion Ey = .46eV.
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The ND3 data for the merged Tines shows a much steeper
s]ope:than for the unmerged region;'"The'Straight line
showﬁ {n Fﬁg. 22 corresponds to an activation energy of
.19eV,'and approximates a best fit to the data shown.

The method discussed in this section is not as
dependab1e.a téchnique for determing the activation energy
for such motion as is the measurement of the deuteron spin-
lattice relaxation time, Ty. The sTope of the curve @ versus
i/T is dependent on both the Tine §p1itting § and. the line
width A. The value chosen for § 1is unambiguous only is the
splitting is such that the averaged line falls on the real |
average of the positions of the unmerged lines. 1In the
case of the ND3 motion the idealized spectrum and the real
spectrum differ markedly (see Fig. 20). The primary
advantage of this type of measurement is that it may provide
an estimate of the activation energy for a particular motion
on the basis of a much Tless complex and expensive épparatus

than is required for Ty measurements.

DEUTEEON SPIN-LATTICE RELAXATION.

The spin-Tattice relaxation time Ty for deuterons 1in

LiDzS was measured by a double 90° pulse technique. The
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first pulse is applied to the system in equi]ibriuh and
theﬂnuclear’rgqunse'a.given'time after the end of the
pulse has a magnitude So; The second pulse is sebarated
from the first pulse by-a time't: The response S(t) to

the second pulse ‘was measured and fitted to the relation

So - S(t) = Sye -t/Ty (3.14)

It can be shown* that for the three level deﬁteron system
(m =\-1, 0, +1), Eq. (3.14) holds only for the experiment
carried out with fhe lines corresponding to transitions
between m = (0«>+1) and m = (-1++0) merged so that the
population differences between the m =0, m =1 and m = 0,
m= -1 levels are symmetrically reduced to zero. The
equilibrium populations are then re-established with a
single time constant; Ty = (Py + 2P2)'1, where Py and P,
are the probabilities for a am = 1 and aAm = 2 transition
respective]y.# .

Fig. 23 shows the Va]ues of 1/T4 obtaihéd by this
method plotted against 1/T. Because of the complexity of
the spectrum in the region below 0°C it was not possible to

carry out the experiment on the_ND3 1{nes at a crystal

-

*Appendix B contains a development of the equations
pertinent té6 this section.
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.orientation fqr which the 1{ne sp]itfing was zeroL Attehpts
to do so resulted 1n'QPRQHEOUS response; bekause'the Fourier

" spectrum of the 90° pulse contained components at the fre-
quency of nejghbgring 1in¢s and consequently the resbonse
was modulated at a frequency determined by the separation
between these 1ines.' The same brob]em was encountered when
measurements of Ty for the ND, lines were attempted at the

zero crossings. Consequently the ND, and low temperature

NDé experiments were done with the crystal oriented with
a || Ho.

The experimental results for a llHo and for the
transition m = -1 to-m = 0 appear to depend on only a
'single relaxation time which is taken to be the experimental
Ty. The values of T] measured (Fig. 23 ) for the orientation
a llHo were obtained by saturating the m = 0 to m = -1
transition and analyzing the résponse to determine this
single relaxation time T]. The theoretical response* for
the experiment in which only one of the transitions is

saturated is (3.15)

w
(=)
!
w
—_
l-l'
~
\]

‘.% So [3 exp(-3P])t f exp -(P] f 2P2)t] .

prpendix B contains..a development of the equations
pertinent to this section.




TABLE VII

Values of Electric Field Gradient Tensor Components in the'nystal
System Multiplied by K = 3eQ/2h, in kHz, for the Five Deuteron Sites in
LiN,DS0,.

Site " Koyy Koyy Kez7 Kexy Kexz Kéyz

1 ~96.7  264.6  -167.9 -126.9 - 28.8  51.9

-2 -71.2  -115.8 187.0 0.0 -152.3 -50.0
3 -99.3  221.8  -122.5 90. 3 15.1 62.2 ,$
a -58.0 -128.0 '186.0 0.0  136.2 -17.7

5 50.0 - 96.5" 46.0 75.7 -186.3 -84.3




TABLE VIII

Values of Electric Field Gradient Tensor Components in the System
z'|} a Multiplied by K = 3eQ/2h in kHz for the Five Deuteron Sites in

LiNyHgS0,.
Site Rox'xt — Keyty'  Réziz' = Kéxty' - Réxtzt  Kéy'z!
1. 264.6 -167.9 - 96.7 51.9 -126.9 - 29.8
2 -115.8 187.0 - 71.2 - 50.0 0.0 -152.3
3 221.8 -122.5 - 99.3 62.2 90.3 15.1
4 -128.0 186.0 - 58 - 17.7 0.0 136.2
5 - 96.5 46.0 50.5 - 84.3 75.7 -186.3

fséf-




TABLE IX

Values of the Electric Field Gradient Tensor Components in the System
z' in the Plane of a,b and 189 from z'|£a Multiplied by K = 3eQ/2h in kHz .
for the Deuterons of Sites 3, 4, and 5 Separately. Also Included Are the
Dy Average efg Tensor Values (Same Orientation).

Site Koyry? K¢y'y' Ko1 50 -K¢x'y' Koyr 40 K_¢y.z-7.
3 -122.5 © 381.7  -259.2 - 54.5 336 - 94.4
g 186 -120.9 - 65.1 - 58.9 124.3 20.6
5 - 46.0 -126.8  80.8 - 22.7  -203.2 43.2
ND4 36.7 ©  28.5 - 65.2 - 16.3 7.0 10.7
(+720) '
ND3 36.7 -36.5 - 0.2 . 9.1 -15.2 - 10.7

(-729)

-9~
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The values of .the components of the field gradient tensors,
¢1j;_were bbtaingd by transforming from the tensor ‘expressed
relative to the crystal system by a rotation about the
appropriate crystal axis through an.ang1e o to bring the
~z axis para11e1‘to the field HO; Table yII gives the
components of the efg tensor in the crystal system for the
bonds used in the analysis. The components of the efg
tensor relative to a system in which z' 'la are given in
Table VIIT and the components of the efg tensor relative to
a system in which the crystal is rotated about the ¢ axis |
through the angle 72° from z' Ilb are given in Table IX..
The transition probabilities were calculated on the
assumption that the exchange causing relaxation is
associated with rotation of the ND5 group or ND, group, as
- opposed to exchange between neighboring NZD5'groups. Using
the values of Py and P, (see Table X) calculated for tHe
a I‘Ho data, values of (50 - S(t)) can be plotted on semi-
lTogarithmic paper against t. For va]ue§ of S, -S(t) > 0.15
these plots are almost Tinear which explains the fact that
the experimental response seems‘to depend on a single
re]axétion time. By fitting a straight Tine to these plots
a sing]e.effective rejaxation time is found. This effective
relaxation time T1e is calculated foriboth the ND, and the

ND3 groups with a I‘HO. The relaxation time for the NDj
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TABLE X

Calculated Values of-the am = 1 and am = 2 Transition
Probabilities for the Cases of Interest

=

2
-ND3(HO H a) i
WT << 0.845x101 17 /sec? 2.02x10" T _/sec?
o >>1 0.845x1011 0.505x1011
¢ wlT _ sec? wlr  sec 2
c c
. ND3(720 from H, b about ¢ axis)
ch<<1 0.993x10”Tc/sec2 1.48x10”TC/sec2

ND,(Hy 1l )

oT >>1 _0.152x]0]1/w2Tcsec2 0.355x10]1/m2Tcsec2
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_groupjwith z' in the ab plane 72° from the b axis is
obtained directly from T = (Pq + ZPZ)"]. Thesé calculated
Fe1axatidw times_él1 depeﬁd on T., the COrre1atidn.time._
The ‘frequency w = 2n x 14.020: MHz was employed for the entire.
sexperiment. The assumptioﬁ is made that T. = Toexp(E5/kT)
so that the calculated relaxation times depend on the
parameters. Ey énd To-

In:the temperature région~be]ow 2500k (1/T > 4 x 1073/°K)"
a maximum in the 1/T1 curve is evident. The slopes 6f the
curve in‘the regions above and below the peak are equal in
magnitﬁde, and depend through- - T, on the pérameters Eg and T,.

For temperature regions above and below the peak Ty is

2TC respectively. The assumption

pfoportiona] to 1/fC and w
is made that at the peak the high temperature Ty must equal
the Tow temperature Ty. This equation contains only the
variables w and Te- Since w is known, the quation is solved
for T, and it is found that T, = 1.02 x 1078 sec. By
comparison the value obtained from the iine width measure-
ments at this temperature is To = 4,3 x 10'? sec. The solid
curve (Fig. 23) through this region is obtained by
calculating 1/Ty = 5P1 * P2 for 7_ in the region of

1.6 x 1078 séc. This eipression was obtained from the

initial slope of the return to equilibrium of the population

following a 900 pulse. The value of Tq calculated from the
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value of'Téfat the intersection is T; = 7.6 x 107% sec. The
' 'bést fit to the data gives an activation energy
Eq = 0.20 + 0.07eV and 7, .= 1.6 x 10714 sec. The activation
énergy found by the line width technique is E, = 0.19eV. By
comparison E, = 0.182 # O;O]3eV for the NH3 hindered rotation
Cin LiHZS(]Z) and T, = 3 X 10714 sec for deuteron intrabond
motion in KD,P04.(7) A displacement in the best fit line
occurs because of the difference in the values of Tj
depending on the orientation at which the measuremenf'was
made.‘ |

As the temperature increased, the value of 1/Tq for the
NDg Qroup begins to increase near 1/T = 2.80 x 10'3/°K. This
must be explained by some different mephanfsm. Three |
explanations are considered. First, it is possible that
there is reorientation ofﬁthe entire NoDg group. McClement,
Pintar and Petch(13) éuggest that such a motion might cause
the large reduction in second moment and the frequency
dependent relaxation times observed for 1/T x 103/T(°K)
smaller than 3. However, the fact that the spectral 11n¢s
due to the ND3 average are still observed at 2.2 and do not
appear broadened, imp1ies a T, for such a motion larger than
107° sec. This‘1arge value for Te leads to impossibTy large
differences in field gradient values (of the-order 102 or 103

larger than those measured) in order to achieve the short
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‘relaxation times observed. Thus tumbling of the hydrazine
groups is not the mechanism for relaxation.

Secondly, diffusion may take pTaﬁe,bétween ND3 groups.
If such a motion is assumed the ND3 average field gradient
values %or neighboring hydrazine group$ (Table IX efg axes
oriented at i729) can be used to determine T. from the T4
- values measured in this temperature region. Using
Ty = 100 milliseconds which is the value observed at
1/T = 2/3 x 1073709k T, 1s calculated to be 1.6 x 1077 sec.
This value of T corresponds to wl, << 1. However, the slope
of the 1/T] versus 1/T curve observed in this region
corresponds to wT. >> 1 which- makes diffusion between ND3
~groups an unacceptable explanation. | |

This leaves the possibility of jumping between ND, and
ND3 sites.

The T1 measurements for the ND, group were carfied out
with the crystal oriented a || Hy, making the relaxation
behavior the same as that for the ND3 g%oup with a I Hge Py
and P, are given in Table X and by best fitting Eq. (3.15) for
these values of P] and P2, the dependence of T] on T. is
obtained. The Tq values for the NDo group are 10 to 100
times shorter than those values predicted for the NDj

retaxation time on the basis of jumping between NDj sites.

It is reasonable that the jumping between ND, sites is ‘the
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primary relaxation mechahism for the deuterons of these siteél
When a 90°_puiseiis applied to the ND, system, the: ND, system :
stays &pproxfmate]y in equilibrium with the Tattice since ft
hés a much shorter T] than the ND3 system.  Th1s'means‘that
the relaxét%on time measured for the ND3 system is really a ’
measure of the time for mixing bgtwéen ND2 and ND,
popuTations.* Let this time be denoted Ty, and assume that
Tn = Tmoe Ea/kT. The best fit for the NDy relaxation then
gives E5 = -.75 = 0.05eV and an unusually long infinite temp-
erature mixing time; Tmo = 1.3 x 10717 sec. |

The effect of the mixing on the relaxation of the ND,
}gnoup=cadnot‘be_neglected; When the ND, system fs'subjected
to a 90° pulse, the contribution due to mixing is 3/2 the 1/71
for -the ND3 site since it can be assumed that the ND5 system
stays nearly in equilibrium with the lattice during the short
time that the'ND2 system relaxes. The factor 3/2 is intro-
duced because the 1/T] fof the ND3 is proportional to the
fraction of the number of deuterons occupying ND3 sites
exchanging with deuterons of ND, sites. There are only 2/3
as manleD2 sites as ND3 sites so the jumping 1nv01ves'a
fraction of the ND2 sites 3/2 larger than the fraction of ND3'

sites. The 1/Tq for ND, sites, since it is proportional to

*See Appendix B for discussion of equations governing
this exchange process.
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the “fraction of NDy sites jumping, must be.proportioné1;to
"3/2uthe 1/T] for ND3 sites. WHen this cprrection_'fs made,

the‘neSQJtifé the dashed line fanjg1 é3. The. correlation

‘.ffmeidue to NDz‘hindered rotation has.activation energy

0.50 + 0.02eV.and TO = 2.2 X 10"14 sec. By comparison the -
activation energy obtained by means of the Tine width study

" is 0.46eV.

DISCUSSION..

The measurements described in thié chapter“p]éar]y”'
fndicate certajn motions ofuthe deuterons ﬁn the'crysta1;
_The‘deuterons of the NDg3 group undergo.a hindered rbtati&n,
- This rofatfdn proviaes the-pﬁincipé]‘ﬁebhaniSméfcr sthe
relaxation of these'deute}ons up to‘abouf 650p. The
' corre]ation time for thjs motion as 1ndipated from the’11ne
width study is ~ 1074 séc at 100°K. -

The deuterons of the ND, group‘excﬁange at a lower rate.
On the basis of the Tine width measurements, a correlation
. ’c1’me_'0f/10_5 sec is predicted for this‘exchaﬁge near room
femperature. The merged lines observed due to the averagé.

over the ND, sites appear near 50°C and the_primary'relaxaﬁ

2 g .
tion mechanism for these deuterons is provided by the.
exchange. between ND, sites over the entire range studied,’
namely from T = 50°C to T = 110°C,

Méasurement of the dielectric constant reveals two
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contributjons to the re1axafion méchanism. The Tow
temperature contribution has an acfiVation ehergy ~0.40eV
cbmparabTe to that for the D2 exchange, while the high
temperature contribution has an activatipn‘energy of about
0.70eV. | |

Jumping between' the ND, and NDj sites explains. the
re1axatﬁdn of ND3 site . deuterons from 659C to the upper
Timit of'the temperature range available with the apparatus.
The activation energy for this mechanism is 0.75 = OiOSeV
which is slightly larger than the quoted ¢ axis dc
conductivity activation enéréy of 0.65eV. However, the
activation energy for the high temperature contribution to
the dielectric relaxation of 0.70eV is in good agreement.

The agreement between the activation energies for the
very large c axis dielectric constants aﬁd those for the
ND, exchange, and the ND, to ND3 jumping indicates that the
- NDp motion ﬁay be associated with the mechanism responsible
for the dielectric relaxation.

As is indicated in Fig. 1 there are n glides, b glides
and twofold rotation axes in the crystal cell. Because of
this symmetry of the crystal, ref]ectfon through the ab
plane of a hnit cell gives rise to a deuteron splitting
spectrum identica1.t0 the spectrum observed for the

unreflected cell. This coupled with the absence of any
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pdéitive indication in either the Tow temperature speetrum
“or the high temperature spectrum of aAdoub1ing of spectral
lines:. is consiatent with the idea that domain reversal»takes
-place by way- of reflection through the ab plane. ‘

A]though the deuteron spectrum above —85°C shows change.
‘whlch is poss1b1y due to structura1 change in the crystal 'no.‘
definite conclusions can be made a§ to. the exact nature of
the change. Certain1y_no indication of a ferrbe]éctrie
transition is obtained below 190°C. This is in agreement
with the absence of an anomaly fin the dielectric constant -
below 200°C, which substantiates ear]ier,c1a1ms(10) that,nd‘
ferroe]ectr1c trans1t1on takes place below the decompos1t1on

temperature of the crysta]




CHAPTER IV EXPERIMENTAL

"CRYSTAL'PREPARATION.

Single crystals of L1N2H5504_were prepared‘by
dissolving stoichiometric amounts of LjZCOé (reagent grade)
and (NHZ)Z-H2504 (reagent grade) fin water; and crystallizing
by slow évaporation. Large_(2;95cm X 3:05cm X 5;6cm; 34g.)
single crystals with well developed (100), (110) and (101)

. faces can be grown by this technique; In order to obtain
deuterated samples, the crystals of L1‘N2H5SO4 obtained as
described above were dissolved in 90% Dp0 and recrystallized.
An estimate of the percent of deuteration of these crystals
was made by comparing proton signal gtrengths from two |
sambles of equal size. The results indicated that the
crysté] was about 50% deuterated. A seéond recrystalliza-
tion from 99% DéO was then carried out. The crysta11ﬁz%ng
dish was placed in a desiccator during this process in

order to minimize water vapor exchange with the atmosphere.

NMR SPECTRA.

A Robinson(sz)circuit employing frequency modulation
between 900 and 1500 Hz and operating at 14 MHz was used to
obtain most of the NMR spectra. A solid state modification
of this circuit(33)yas used to obtajn‘the room temperature
data.

The permanent magnetic field for the experiment was
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provided by a 15" Yarian e]ectromagnet w1th Model V-FR-2703
Fieldial contro] . The crystal was or1ented relative to

the permanent field Ho by visually aligning it with a
crystal axis parallel to the ;péctfometer tub%: The
spectrometer tube was fixed perpendicular to the circular
spectroheter base plate, which was calibrated in degrees.
The speétrometer then rested on its base in a circular
holder in such a faéhibn that rotating the spectrometer in
its holder rotated the tube and hence the crystal about the
_crystal axis perpendicular to the fie]d:_ The rotation angle
was read from the circular base p]ate;

The spectrum corresponding to a particular crystal
orieﬁtation was typically obtained in the following fashioﬁ.
The field dial was set so that the sweep center coincided
with fhe center of the NMR spec¢trum and then the'magnetic-
field was swept over the range inc}dding the spectrum. The.
sweep range varied from 50 gauss.to 500 gauss depending on
crystal orientation and temperature. Sweep times between 1
and 25 minutes were used.

The room temperatuire spectrum and parf-of the 779K
spectrdm were obtained using a Princeton Applied Research
(P.A.R.) Model JB-4 Tock-in amp]1f1er as the modulation
source for the spectrometer, and signal detector and

amplifier. A1l the remaining data was obtained using a
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P.A.R. Model HR-8 lock-in amplifier. The output of the Tock-
fn was ordinarily fed difect]y to either a_Bristé] time base
chart recordér (Eig. 4 shows typical spectra) or a Moseley
7000 AR X-=Y recorder (Fig. 16 shdws typical spectra). The X
dirive for the X—Y plotter was provfded by an output from the
Fieldial magnet sWeep contro1. Thé dperating freduemcy of the
spectrometer was monitored by a Hewlett Packard 5245L
electronic counter with 5261A preamplifier. M

”Podr signal to noise ratio made necessary the employment
of a signal averaging techniqﬁe in order to obtain the spectra
for certafn.orientations. The outﬁut of the iock-in détector
was fed to a Vidar Model 240 voltage-to-frequency converter
and the cutput of the converter was then stored in a Technical
Measurement Corporation Model 401D 400 channel ampiifier. The -
magnetic field sweep was coordinated with the storage rate of
the multichannel analyzer. The accumulated storage of from
3 to 10 sweeps was then called out of the multi-channel
analyzer and recorded in a form suitable for analysis. A
btock diagram of the experiment is‘shown in Fig. 24.

Témperatures for this experiment were held within +50¢
for obtaining spectra, and within £19C for the Tine width

study. The 779K spectrum was obtained by submerging, in a .
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Dewar of 1liquid air, ﬁhg.sa%b1e and sample coil which weré‘
sealed in a braSS'can:ﬂ The femperatdre at the boiling
point of Tliquid air at Bozeman is 77.3%K.. The 193°K
épectrum was obtained by submerging the sample sealed in a
braés can in a Dewar of methano]! The temperature of the
methanol was controlled by the addition of Tiquid air. A
chromel-alumel thermocouple was used to measure the
temperature of the bath. Some of the measurements ﬁaken at
650 and 95°9C were obtained using as a bath silicone oil
heated with a resistor.. The 1ine broadening of the NDZ»
~group was studied in this same fashion. The remainder of
.the measurements at elevated temperaturefweré made by .means
of an e]gctric heater in good therma1‘contact with a brass
can surrounding the samp]e.# A stainless steel insulating
tube was placed around the heating coil, thermal connector
and samplie to provide thermal isolation for the system.
The temperature control emp1oyéd to obtain x1° tolerance
for the 1ine broadening data at low temperature was
effected by means o%'a spectrometer tube built as an
integral part of a liquid air reservoir;% The neck
separating the samp]E‘coiJ from the reservoir was wound

with a heating element and control is exercised by means of

*The two temperature control devices are pictured in
detail in reference 34. :
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the.curhent_ﬁassed through the heating element.

 GONDIUGTEVITY D DIELECTRIC GONSTANT.

Samples suitable for‘both conductivity and die]ectriﬁ.
cdn&ﬁant measurements were obtained by cutting smé]] wafef
shaped sections from large single crystals with a string
saw. Care was taken to guarantee that the normals to the
large surfaces or faces of these wafers were para11e1 to a
crystal axis.- These. faces were then polished with a damp
paper and contacts were painted on them. One contact was a

round dot with average area of 4x10" 2¢cm2,

A guard ring was
then painted around the circular contact. The average
thickness for the samples was about 0;15 cm.,

A block diagram of the conductivity experiment-is

shown in Fig. 25. The conductivity is

| et
pod
o=

where t = crystal thickness, A is the area of the circular
contact, and RC is .the resistance of the crystal. (The
crystal equivalent circuit is shown in Fig. 26). The
current through the crystal is the sum of the current
through Ré and Rq. Rg represents the resistance throggh
the crystal té the guard ring, including the surface

between the ring and the contact on the opposite crystal'
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face. RS is the resistance between guard ring and the
center contact on the same face, and Rc is the crystal

resistance.

& ]
\/c) %
Ps p
S R i
3 4

2 R
Lt

Fig. 26. Crystal Equivalent Circuit

then the current

If R is made small compared to RC and Rs’

through R is negligible compared to that through Rc’ SO
the current through the electrometer resistance R is
approximately the current through RC and since IR<<IR, the
voltage V, is dropped almost entirely across R.. Thus

Re = %2 to a good approximation, where V, is the applied
voltage and I is the current measured through the
electrometer. For voltages between 10 and 300 volts a
Dressen Barnes 5-300F regulated power supply was used to

supply V,. The voltage was measured with a J. Fluke Model
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'881-difféfgn?fal'yoltméﬁgr._,B¢1ow TO volts the differential
Yo]tmefer was usgd as thé'Sourée'ﬁf Vé: ?ypTCai vélues for
the crystal resistahcé fange bétweén 107 and 1015 ohms for
the assortment of samples and temperatures sfhdied.
Electrometer resistance was held at Teast 100 times éma11er
than Ree In order to accomplish this, a General Radio Modetl
1230A e]ectrometer,was used as a Kéith?ey Model 148

nanovoltmeter.

Elevated temperatures.wére obtained by placing the
sample probe within a leak-proof container and submerging
the assembly in a bath of mineral 0oil. The bath temperature
Qﬁs controlled by controlling the current through a resistor
in the bath. Lower femperatures Were obtained by using
methanol as a bath and adding liquid air in small amounts.
The temperature was measured with a chromel-alumel
thermocouple, which was used to provide the x axis drive
voltage for the Moseley 7006 AR X-Y plotter. The output of
the electrometer was fed into the y axis input of the
plotter. This allowed a continuous measurement of the
crysfa1 current -vs temperature. The voltage applied to the
sample was reversed periodfcai]y in order to minimize build-

up of high resistance layers adjacent to the electrodes

(electrode "polarization"). Upon reversing the voltage,
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large tfansient"current was obsérVed; Tﬁe average cdrreﬁt
indicated after the decay of the tranéient was taken to be
: rehreséntatiye bf'thé'crjstaT condUctﬁvity:

The ac dielectric constant was heasured~w1th a bridge
circuit. . A diagram of the circuit is shown in Fig: 27.'
The crystal holder is piétured in Fig; 28;* A Tektronix
541A oscilloscope with a Type 1A2 dual preampi?n the
subtrgct modé, which provides for superposition of the
signals in the two channels of the preamp, was used to
detect the .balanced bride condition. For measurements

~of fhe a axis dielectric constant the P.A.R. Model HR8
lock-in .detector with the. preampiifier in the difference

- mode waé used. With the bridge balanced the capacitance
and resfstance of the sample are in the same ratips to CV
and Ry as Cq and Ry are’to 02 and Rz' The fo]]owing. |

equations are then used to calculate the real and imaginary

parts of the dielectric constant e = ¢' - ig&"
¢ - tC u .t
€ = c I3 = e
' e0AR
€A . 0 c

Here Cc,'RC, and t are the sample cqpacitance, resistance

and thickness respectively, A is the area of contact, and

'fThe crystal holder was designed and constructed by
Prof. V. H. Schmidt.




I_f_&r_a_sial Shield Provided by Copper Screen Cage
g e
| l
I 4, \%@ CV I
| “ R |
H.P. | . v |
200CD /\ l
@ | | |
Wide I |
Range | |
R R
Osciljator | 1 2 |
i 2 :
| |
A T T i TN RNl 5.9
A Tektronix 541A X B
() Oscilloscope
@
(o
1A2 Dual Trace Preamp in Subtract
Mode
. :
) N
" 1 PAR-HR-8 Lock-in Amplifier with
Type A Preamp in Difference
Mode O
‘Ei}ﬂ o o Monitor Out E]
g Reference Out
Fig. 27. Diagram of Dielectric Constant Measurement

Gilrcuit,




Brass
Frame

Spring-loaded
Center
Contact

Stainless
Lead Shield

Flgs  éB.

R

Constant Measurement.

Ceramic
Supports

Spring-loaded
Guard Ring
Contact

Base

Contact

Adjustable

L__Ceramic
Support

Sample Probe Employed for the Dielectric




- 86~
w the angu]ar'frequency qf.the'ac voltage at which the
measurement is made:' ' | '

‘The temperature of the crystal was controlled by
placing the sample hq]der in its protective brass container
in a bath of fine sand: Tehperatures above réom temperature
were obtaingd by'passiﬁg a éurrént through a resistor buried
in the sand bath. To lower the temperature; the bath was
cooled by adding smal1'quantities of liquid air: The

temperature was measured with a chromel-alumel thermocouple.

‘RELAXATION TIME.

The spin-Tlattice relaxation time measurements were made
with a double 90° pulse sequence. The initial trigger was
supplied by a pu]sé_generator supplying single pulses at 1.3
sec to 5 min intervals. The trigger was fed to a Tektronix
Type 162 waveform generator, which produces a sawtooth of
variable Tength as well as a pulse. . The pulse and sawtooth

were .fed separately to two Tektronix Model 163 pulse

~generators to allow the 163 triggered by the sawtooth to

fire at a time after the 163 triggered from the pulse.
This time was controlled by changiﬁg the point along the .
sawtooth at which the voltage had risen to a value
sufficient to trigger the pulse generator. Pulse Tengths

and separation were measured with a Hewlett Packard 5245-L
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eTéc#fqnic.COUnteﬁ with'BZQéA time interval unit and an
,H:Pf.5321A time inﬁerva] uﬁit: The outputs from the
pulse generators were fed to a pu]se“amp]ifiér and then to
an rf_gating.circuit.whith:derfves rf input from a crystal
controlled 14.020 MHz oscf]1ator; The 0utpﬁt of the rf

~gate drfves an rf pulse transmitter.® The output of the
pu]se_transmitter.js fed to a crosseﬁ coil pulse head. (34)
The nuclear decay signal is picked up in the sample holder
and'féd to a preamplifier and then to a pulse receiver.
The signal-output of the receiver was measured with a
boxcar integrator, the output of which is measured by a
Minneapolis Honeywell poténti@méter, Model 2730. A ‘block

~diagram of the apparatus is pictured in Fig. 29.

A typical measurement. is obtained by subjectﬁng'the
sample to two 909 pulses separated by a time t. The
nuclear signal is measured during the tail following the
second pulse by feeding the dutput of the pulse receiver
during a brief period of the tail into the boxcar
iﬁtegrator. By repeating this procedure for many pulse
sequences, noise is averaged and the output of the boxcar

is measured with the potentiometer. The time t separating

*The pulse apparatué was constructed by Robert
Parker and Fred J. Blankenburg. The basic design is after
Clark et al.(35,36)
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tﬁ?;;Wp ﬁujses is changed and fhe entire procedure is .
repéated._:Tbe s]ope-of-a.sgmﬁlpg;p]of of sfgna],vo]tége
.:VEPSUS fimakes poséibTé the ca]cd1atibn of the spin—1aﬁtice,"
nel@xétion.time’T1. , . B

' Témpémature control is.-achieved by passihg hot or Egldu
air‘inta'ﬁhe pulse Heéd in such a fashion that the air fs"
direéte& Qniformly'over'the cryéta]. Cold air is provided'
by boi?—offnfrom a container of liquid air. Heated air is
obtﬁiﬁed by passing air from the‘PhySTCS‘Bui1d1ngtcbmbressed
air system through a regulator, then throuéh a tube‘
containihglan electric heating-eiemént and_fina11ylint§ a
,“pufSe»h@@d._ The”¢empérqtureuwas;mgq&ured~with a-chromel-
. alumel thermacoup1e attached to the crysta1.A"Temperature
variation for the measurements above room temperature was

“+10¢ and below room temperature +1.5°C.




APPENDIX A
Nuclei of spin I > 1 may possess an electric quadrupo]e
' moment,_' If such a nus]eus is p]aced at a site of non-
vanishing electric field gradient (efg); and 1nteract1on
between"fhe nuc1éar‘quadrupo1e moment and the efg may be
vobserved; The Hamiltonian of such an 1nteraction; HQ;‘is
‘given by the tensor product of the nuclear quadrupole moment
tensor with the efg tensor. Transitions between the energy
states of the system can be induced by coupling the magnetic
component of a resonant radio frequency field (E = hv) with
the magnetic moment of the nucleus. In this fashion it is
possible to measure the interastion energy characterized by
Hq. ' |
Three important cases are distinguished with regard to
this problem. The first case, that ferﬁed pure nuclear
quadrupole resonance, 1s'out11néd above. The second case,
called the weak field or Zeeman case, consists of subjecting
the system of nuclei at sites of nonzero efg, to a weak
permanenf magnetic field Hy (~10 gauss). The Hamiltonian
for the system‘is then Higt = HQ + Hmag’ where the magnetic
interaction is treated as a perturbation on the quadrupolar

interaction energy. The third case consists of subjecting

Genera] discussion of the topic of this appendix is
found in references 37 and 38.
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a system of nuc1e1 where1n the quadrupolar 1nteract1on is
re1at1ve1y sma]] to a strong magnetic field (- 104 éauss)
The,Hami1ton1an:1s then Htot[; Hmag + Hg with Hg the
perturbationf* |

- In the present work the problem. was the determination
of the efg tensor at the hydrogen s1tes ~In order to do
this, deuterons (Q = 2.77 x 10'24 cm ).were substituted for
protons (Q=0). The experiment falls in the category of case
3. The ca]cu]at1on of the energ1es proceeds by choos1ng a
representation in which 12 and I, are simultaneousTy

diagonal. The basis states are denoted, |I,m,n), where

12[I,m,n) = I(I + 1)|I,m,n)

I,{I,myn) = m|I,m,n)
The energy to zeroth order is the magnetic interaction
-energy
Eg = (I,m] - yHgI,|I,m) (A.1)
yHom
where H, is the permanent magnetic field directed along the
z ‘axis, y is the gyromagnetic ratio, IZ is the z component

of the nuclear angular momentum operator, and m is the

magnetic quantum number. The perturbation is

¥This case is considered by Volkoff(39) and the
experiment is descr1b§d in detail in the work of Volkoff,
Petch and Smellie.
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(A.2)

. ....'." 2 : e
= eQ [ o 2 ]/6 .
HQ L 2I(21I-1) (BIZ. : I')(VE)O ¥ .2 (IZI+ * I+IZ)(VE)_]

f"_@(xzxi_ + 1 1,)(VE),, f"'%f_1+2(v5)_2 8 1 2(ve)

+2
e is the electron charge, Q the nuclear quadrupole moment
and I is the nuclear angular momentum. The raising and
lowering operators are defined I, = (IX + in) and the
.components of the efg tensor (with the z axis established

by the magnetic field Hj) are given by

VEy = = b2z . - . (A.3)

(VE) g = = L (650  i6y,) : (A.4)
/6

(VE)iZ - 2/_;___ (¢xx - ¢¥y * 21¢x_y) . - " (A.5)

The first order correction is

Eq = é_I‘('_;%f_T)EmZ.- I(1 + _”] (VE)g - - (A.6) |

The second order correction is
2

e s N
Ez_(zl(z?q-n |gH, (m[M(IH) ] Sm])I(VE)ﬁI

_gsao (m [21(1~+ 1) - 2m 1] HWE)iZ'} . : (A'_”

2.
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In general lv§ﬁ12(ﬂ = #1,2) can be expressed in units of
. * . . © . - o ’
eq = $1,v. relative to z 1|H0‘w1th X, y arbitrary. . Then
[VEW| ™ = ezqz'lvl-_iulz - (A.8)
and setting Eﬁﬂg = K(coupling constant) and ggHy = hv|

(v|, the Larmor frequency of the nucleus)

Eq = 21(% - '” 3m? - I(1 + 1)]‘ (VE)q (A.g)
and E, = 3h K 3ml 41(1 + 1) - 1 - 8m2])l(VE) 12
21(21 - 1)2 v +1

- 3(m [21(1 + 1) - 2n? - 1] (B, 1% |- " (A.10)

It can be seen that K/vL measures the magnitude of Eo

relative to Ey. The maximum value for the coupling constant

is about 200 kHz. The Larmor fréquency is 14 MHz. This

5
K K - _2 x 10
makes v 1.4 x 107

magnitude from first order effects. ' The shift in the center

and E, down some two orders of

of the pattern resu]ting'from the second order effect WOuld.
then be of the same magnitude as the line widths observed.
This is about the same size as the estimated error in the
experiment, hence the second order effect is not studied.

It can be seen that the first order correction depends-on

. *2¥ denotes the axis of the largest component of the
efg tensor expressed in diagonal form. .
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the nuc]ear spin I, the nuc]ear quadrupole moment Q, and

the. quant1ty (VE) where ¢zé is the second der1vat1ve

2¢zz
of thg e]ectrostat1c potent1aJ at the nuclear s1te,,w1th z
parallel to Ho:

For deuterons the energy is given by

E = -yH,m + eQ (3m - 2)3%£~ . | (A.11)
The magnetic Tevels of the deuteron are shifted by the
quadrupole interaction, causing the single absorption line
at yHy, to split into two lines spaced equally on both sides
of the unperturbed line, as pictured in Fig. 36. These

lTines are separated by a frequency 3 eQ/h(VE,).

a ' b
m=-1 yHo ' yHo * g% ¢z2
m=0 0 :
N '%Q $z2
m=1 -yHg -yHg * "g'¢zz
a b
h = vH
Vo Y 0 H- 3 . H.+3
hv+ . : hv+

Fig. 30. -a) Zeeman Levels and Transition Frequency
b) Zeeman Levels Shifted by 1st Order Quadrupole
Perturbation and Corresponding Transition Frequencies.
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Changing the qrientatién of the samb]e relative td

the constant fie]d Ho;-chahggs the component of .the efyg

tensor'a]ong.Hb; The'Yesu1t'1s that the splitting observed

between the speétra] 11ne§'changes; éecause,the efg tensor

is symmetric (vxE = 0) and traceless (v+E = 0)_1t has only

five independent components. The tensor can be put into

the form
~eq(1-n)/2 0 0
$ij = 0 . =eq(1+n)/2 0 (A.jz)
0 ' 0 , eq

where eq is-the largest and -eq(1-n)/2 the smallest
component, making |(oytyr - ¢y'y') $,1,1| = n Tie in the
“range 0 < n < 1. The values of n, eq, and three 1ndependént
direction cosines specifying the orientation of the diagonal
tensor re]aﬁive to the crystai axes conétitute.five
independent quantities.

A transformation can‘be carried out between the crystal
and laboratory systems which relates the efg tensor to the
system fixed in the crystal, through Eq. (2.71). The A, B
and C of Eq: (2,]) are related to the components of the efg
tensor in the crystal system as follows:

Aj ¥ §%%'(¢jj o) ="§%% 114 | (A.13)
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L 3e0 (g - g . |

B; 222 (¢JJ ¢kk) _ . (A.14)
3e

C; = - —5% jks 1,3,k = x,¥,2 ‘ - (A.T5)

As was discussed in Chapter i, the experimental curves of
splitting frequency versus angle for rotation about the three
crystal axes determine values .for the A, B and C frdm which’
are~found the components of the efg tensor in the prysta1 |
system. This tensor is then diagonalized and the values.of
thé coupling constant, asymmetry parametér and the orientation
of the efg tensor principal axis system in the crystal are

" obtained.




APPENDIX B

Thg.deuteron sysfgm'{s a three level system so that
re]éxatiqn“prq;eSseS'may takg'pTace by way of am = TkP])\or
am = é(Pz) transitiqns; In order to calculate the
probability of a.transition between levels of the system;
it is assumed that the mechanism responsible for the‘
transition is the fluctuation in the nuclear quadrupole
interaction due to deuteron jumping between'sites of
different e1ectr1c field gradient; The calculation
proceeds( 9) by taking as the.probabi11ty per unit time of

a transition between states k and m

@

Pk = 7%2.-£ Gmk(T)e'i(m-k)TdT . (B.1)

where the correlation function is defined

B (1) = (m[HTEYTK) (KTHg (£ + 1) Tm), | (B.2)

the bar denoting an ensemble average over all values of
(mlHQ(t)lk). The value of Gmk(T) must be determined for
two cases, exchange between two sites (NDZ.group) and
exchange aﬁong three sites (ND3,gf0up). Having determined
the values for G, (T) for these two cases, it is then
possible to calculate P, for the two cases. The
relaxation times are then calculated from a knowledge of
the population distributions immediately following a 909°

pu]se; Substitution of the values for Py and P, calculated
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above yig]d gxpressions for thé rg]axation times dependiﬁg
only on thé cof?g]atiqn %1mg TC; and ‘the Larmor frequency
of the'huc]éus: |

Consider first the ca]cu]aﬁion of Gmk for the case of
jumping\bgtwgen two sites: Dénoté the sites as site 1 énd
site 2 corresponding to the deuteron positions indicated in
Chapter II. Let fm = E and fik = E; so that
(m - k)'=(EE;%;E£) = ». Assume that exchange takes place
as follows. Let there be n nuclei equally distributed
between sites 1 and 2, and consider nuclei that at T = 0
é) occupy site 1 or b) occupy site 2. The element of the
ensemble avérage corresponding to a is then
El "P.(T)Fq + P (T)F ] ‘where F;(i = 1,2) denotes that
2 1 1 2 2 N 1 -
part of the Hami]toﬁfan representative of the environment

of site 1 which differs from site 2, so that as the nuclei
exchange from site 1 to‘site 2 the interaction energy
changes. For the case under consideration, Fy represents
the factor in the matrixle1ement of HQ containing the efg
components.. Pi(T> is the probability that at time T, the
nucleus will Be found at site 1. The remaining element of

the ensemble average is

| ;_2 [P] (T)Fq + PZ(T)Fz]
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corresponding to b. Then - (B.3)

.............

. F(o)F(T) 5';1 R](T)F 2] FZ[‘ T)F] + P (T)f%] .

‘To determine P1(T) and Po(r), choose an ensemble with ni
nuclei in site 1-and ny nuclei in site 2: Let ny + np, = n
and denote the probability of rotation through +180°
between sites 1 and 2, P., so that P, = P ='EL, P, being

. 2 .
probability of exchange due to + or - 180° rotation. The

" equations describing the pbpulations are, denoting'a% by -,
ny = -Pypny * Puny, = -np (B.4)
n2 = —Prnz + Prn]

which are satisfied by np = % + %e'ZPrT and
~2P 7
np = +0-1 Y. then Py(r) = N =1 (1+e ZPFT) and
2 2 n
= P2 - 1(1-e”?PrT akin
Palr) = &= 5(1-e ) making
. -‘1’
—_— Fil 1 op ' ] -ZPrT
Flo)f(ny =z | 2(Ire rFy v plize TIT,
e 2p . % .|
P2l 101-7 P Tyry # 1ee ™ T)F,
2 |2 2 o

- ~2P .1
= constant + El{? ZPY?Flfe 2Py F;]

- -2P.7 ~2P T . o
+_;§ e "F+e "F j} : (B.5)
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The cqnstant term does not contr1bute to the .relaxation and

is dropped;. This 1eaves

- 1 2 -7/T,

Flo)F(r) = 7 (Fy - Fp)%e . where 2P = ]/TC"

Then for the Am 1 transitibn;

3.2

G m+ 1) 7|

I+

m)(I

I+

210 = ey (2n 2 )| (1

gFy - F2e T (pe)

_ 1 . . . :
Here F; = ?(¢xx1 - ) i1¢xyi’ (i = 1,2) denoting sites

Pyyi
1 or 2. Specializing to I = 1 makes

| o2 ' -T/7
6,(1) = SL(Fy - Fpfe e (B.7)
and 2 © 242 -T/Te-1wT
_ 4 e Q- 2 _ 2 c
2.202 ‘
4h?Z [‘ xz) (.¢yz) 1+w2Tc2

where A¢4; means 9ij(site 2)—¢1j(§ite 1). For the am = 2

transition

 a202 -
6yp(T) = 2 2 (Fy - Fp)Ze™™/Tc (B.9)

which gives for the transition probability

2 ©..202 2 : 7T/Tcgi2wT . .
= 4; [ & 2 (Fq° - F22)e dr . (B.10)
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=rZe Q7 a(g. . - ¢, )"+ A, )5l € . (B.11)
XX ' .. (B.
g X vy Xy 1+4w2Tcz
The same arguments are then applied to the case of jumping
among sites 1, 2 ‘and 3. Transition probabilities obtained

for exchange among the sites 1; 2 and 3 are

Py = ﬂz;igz [(A]2¢XZ)2 * (A13¢3252 ; (’323‘1’xz)2
+ (A1z¢xy)2'7“ (A13¢y;)2 + (A23¢yz)2} ;%T— (B.12)
' : c
" F2 - %3— [A12(¢xx - dyy) ]2 ;[A13("’xx - ¢yy)‘jz
+ 8300,y - ‘byy)]z * 4 [(‘}12¢.xy)2 * (A13¢xy)21
¥ (_A23¢xy)zj 1+w;§c2 ' (3.13).

where Aab¢ij = (¢ij)a 7.(¢1j)b,‘q and b denoting site
numbers. |

These expressions fof the am = 1,2 transition
probabilities will now be used to éa]cu]ate the re1axatiqn
times for the cases under consideraﬁion; The first 6f these
is saturation of the two lines at a crogsing'point: The

three levels are populated at equilibrium with N_1; Ny and




_]ps_
Ny nuclei in them = -1, m = 6'and m = +1 levels
réspgctiveTy. Bgcauge thg levels'aré a1ﬁost equally
spaced; one cah tq_good approximatidn Tet N, - N_1 = ng
and Nyy - Ny = no:“Let'n1; n, and ny denote variations
from équi]ibrium of the populations of levels m = —1;0

and +1 respectively. These populations then may be pictured

as in Fig. 30, where ny = -np-nz. The signal obse?ved at
time t is proportionai to 2n., where ng = ng-npng.
- N3 = mngPymngPytnyPy-nginy )Py

but ny = 0 and n, = 0 so that ny + (P1+2P,)ng = 0, which

has the solution.ng = -noe'(P1+2P2)t, and by symmetry

ny = noe"(P1+2P2)t. Theh ng = ho-noe‘(P]+2P2)t

n0(1-e’t/T]) where 1/T)

N

P1+2P, and thus
So-S(t) = See~t/T1 where S, is equilibrium signal height.
Now for the case wherein only one of the Tlines is
saturated, the popu]atibns are disturbed as pictured in
Fig. 31. The signal at time t is proportional to ng and
ng = nz-(-n0+n]).
ny = -nq(P1#2Pp) * ny(Pq-Py) , ~ (B,15)

and ny = -2Pyny + Pyny - Py(nytng) = -3Pqn,. (B.16)




m=+1 nptns

ng(t)

m=0 no

m=-1 -np+ni

t=0

Fig. 31. Relative Populations of Nuclear Levels as a
Function of Time for Symmetric Saturation. At t = 0, a 900
Pulse Saturates the System.

m=+1 no+n3
i - SO e ———— e e—
m=0 no PR TS TSR ich 1.0 ST P
/ ns(t)
m=-] -n0+n] .
t=0

Fig. 32. Relative Populations of Nuclear Levels as a

Function of Time for Saturation of Siqg]e Line.
90° Pulse Saturates m = (0<«>-1) Transition.

At t = 0
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Zngen3Pyt

These equations are satisfied by n, = ‘and

=3Pyt . h.:fKP]fzpz)t

R
| = 0e.. - 0g making
4 4
= _3a- -(P,+2P,)t
ng = n0(1-%e 3P1t-%e (Py+2P5) ) and
' : -3P4t -(P1+2P5)t
Se-S(t) = L(3e T 1+ e (Pr32pa)tys . (3.15)

FinaT]y the mechanism proposed for relaxing fhe ND4
deuterons by exchange to ND2 sites is considered.
| The population of the m = -1,0,+1 levels are denBted
as pictured in Fig. 32. Since thefe are three ND3 sites éo
every th ND2 sites the pbpu]ations‘afe mu1f1p1ied by the
appropriate numerical factors. The experiment {s carried
out at a crossing, guaranteeing symmetric séturation of the
ND3 system. This makes ng3p = Q for all t, ny,3 = -npy, and
ngz = -nzq. Then the rate eqdafion.governing n3q is given
by . . “
N3y = -p(n3]—n21) : (B.17)
where p denotes the probability that a deuterqn at an ND3 .
site jumps to an ND, siteé
The rate equation foﬁ the corresponding Tlevel of

deuterons of the NDz_group is

n2'| = —(P-|+2P2+%p)n2]+:;’.pn31. (8'18)
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P]+2P2 is identified as 1/T] governing relaxation for the
case of symmetric saturation of the three level deuteron
system and will be denoted P.
By substitution, the following differential equation

for n3y is obtained
r.]é]+_g_p[.]3-|+Pl:]3]+Ppn3'l =0 . (B']g)
No confusion will be encountered by dropping the subscript 1

.since the ND3 as well as the ND2 rates are symmetric in

levels 1 and 3.

3np+3n33
3n3p ///////”/’ﬂ———__
3np+3n3;
£=0
2ngt2n,g |
2n22
=2ng*2n2] ———————

Fig. 33. Relative Populations of Nuclear Levels as a
Function of Time for Symmetric Saturation of the ND5 System,
Indicating Coupling with NDp System.
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Assuming ﬁhe sotution ng = nagcltEnBeCZt; with ngtnp = ng,
and that P>>p,” " a solution ng = nae'Pt+hbe'Pt is obtained.
Now since'P>>p; TLe:, the jumpihg between ND3 and ND,
sites occurs mﬁch-more slowly than the relaxation of
deqterons of the ND2_group, tﬁe relaxation rate is 1imited
by p, because naud'and nbcno; with the result that
n3zn0e'pt°
If the ND2 system is saturated, the relaxation is due
primarily to jumping between the two ND, sites. Since
nyg = 0 it follows from Eq. (B.18) that the time constant
’for‘the return to equi]ibrium is (P1+2P2)+%p. However, the
experimént for the ND2 group 1is not.carried out at a
crossing, so the Ti due to ND, hiqdered rotation is
governed by Eq. (3.15), rather than (Py+2P,), plus the

correction %p due to jumping between ND2 and ND3 sites.

‘%The latter assumption is justified since the basis of
the proposed mechanism is the experimental observation that
deuterons of the ND, group relax via Py and Py much faster
than the deuterons of the NDj3 -group “relax.




APPENDIX C

Table XI and Fig. 34 summar{ze the recently available
structural-1ﬁformation(4¥) on giN2D5SO4f The N-D distancesr
indicated in Table XI are not'in_good agreement with the
- N—H diﬁtances included in Tahle III. However, the_genefa]

features of the structure are much the same.
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TABLE XI
Bonded Distances
Bond Distance Bond Distance
S -0(1) 1.484 N(1)-D(1) 1.018
S -0(2)  1.487 N(1)-D(2) 1.030
S -0(3) 1.467 N(2)-D(3) 1.015
S -0(4) 1.476 N(2)-D(4) 1.022
N(1)-N(2) 1l425 N(2)-D(5) 1.024
Non-Bonded Distances ‘
Li-0(1)"  1.942 D(2)-N(1)" 2.042
Li-o(2)" 1.993 D(3)-0(1) 1.907
Li-0(3) 1.949 D(4)-0(2) 1.932
Li-0(4) 922 D(5)-0(2) 2.064

1.

‘"and " = related by symmetry operation




Fig. 3¢.  Stereoscopic View of a Unit Cell of LiN,DS0,. View Is Down
¢ Axis with Positive a Axis to Right of Viewer. (After“Ross and Hamilton(40))
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