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ABSTRACT

The general case of the dependence on crystal
orientation of the frequency splitting of the nuclear
magnetic resonance absorption line in a single crystal
sample into Z2I components due to the coupling between.the
nuclear electric quadrupole moment and the electric field
gradient in the crystal at the site of the nuclei in quest-
ion is examined both theoreticallﬁ and experimentally. |

The theoretical part of this thesis consists of
a détailed exposition of the first order perturbation theory
applicable to crystals with axially symmetric fields which
was outlined in condensed form by Prof. R. V. Pound, and
of the extension of this first order theory to non-axially
symmetric cases suggested by Prof. G. M. Volkoff.

The experimental part of this thesis consists of
the description of an exploratory experiment proposed by
the author, and performed by him, with some assistance from
Mr. H. E. Petch, for the purpose of obtaining a preliminary
check on the theory, and of demqnstrafing the feasibility
of a 1atér more carefully performed experiment. Such an
experiment with an improved crystal mount has since then

been performed by Mr. Petch.

A single crystal of spodumene was used, and the

for Li’
angular dependence of the frequency splitting,was measured
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as the crystal was rotated about the C-axis of its monoclinic
structure. The apparatus used was an oscillating detector
type of nuclear magnetic resonance spectrometer previously
designed and built by Dr. T. L. Collins. The axis of
rotation of the crystal was kept perpendicular fo the uniform
magnetic fleld of the spectrometer. The direction of the
b-axis 6f the crystal inferred from this rotation was found
fo coincide within experimental error with, K its orientation
as obtained later by standard optical methods.

An “experiment was designed to indicate the relative
magnitudes of the spin-lattice relaxation by-magnetic dipole

and electric quadrupole coupling is proposed.
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ELECTRIC QUADRUPOLE INTERACTION IN THE

NUCLEAR MAGNETIC RESONANCE
INTRODUCTION

Nuclear paramagnetic resonanées absorption (PTP)
or nuclear induction (BHP) provides a means of observing
the iInteraction between atomic nuclei and their surroundings.
These interactions may be either of a magnetic or electric
type. For nucleil of spin 1/2, the interactions are of
necessity magnetic only. ©Nuclei of spin I greater than
1/2 may possess an electric quadrupple moment which will
interact with the gradient of an electric field at the
nucleus., In liquids, where the electric field at the nucleus
is oscillating rapidly due to random}motions of-neighbouring
ions, this electric quadrupole interaction may weli»be the
dominating mechanism for the thermal or spin-lattice relax-
ation process (P50). In ionic crystals, the oscillating
electric fields due to lattice vibrations also give rise
to an electric quadrupole interaction which will be the

dominating relaxation mechanism if paramagnetic impurities



are absent (B48, PS1). In some crystals, there will be a
steady component of the electric field gradient at the
sife of the nucleus under study, and the nuclear magnetic
resonance absorption line will be broken up into 2I
compbnents due to a perturbation of the normal Zeeman
levels of the nuclear spin system.

The frequency separation between components
depends on crystal orlentation, since the latter deter-
mines the relétion between the external magnetic field
and the principal axes with respect to which the 3X3 matrix
representing the rectangular componenté of the electric
flield gradient tensor is diagonalized. The angular
dependence of the frequency splitting of the satellite
absorption lines for the Li7 resonance in crystalline
LiAl1(Si03)2 serves as an illustration of the general case
-of the electric quadrupole interaction in a crystai with
non-axial symmetry.

R. V. Pound, in the pioneering work in this
subject (P50) has examined the electric quadrupole inter-
action in crystals possessing an axis of symmetry. The
present work investigates the more genefal case of
crystals with non-axially symmetric fields. It is found
that the analysis of the angular dependence for three
rotations about mutually perpendicular axes yields the
coupling energy for the crystal, the electric field grédient'
asymmetry, and the orientation of the principal axes of

the electric fleld gradient tensor.



CHAPTER I
THE PHENOMENON OF NUCLEAR PARAMAGNETIC RESONANCE

Since 1ts conception in i946 by the groups at
Stanford (BHP) and Harvard (PTP) the phenomenon of nuclear
paramagnetic resonance absorption or nuclear induction has
received-much attention both theoretically and experiment-
ally. Several excellent review articles have been written,
to which the reader is referred (Pu48, R48, Pa50). 1In viéw
of the large volume of existing literafure, only a brief
discussion will be given.
If ajggégg%¥% dipole is placed in a magnetic

fiéld Ho it will precess about the field direction with a

frequency called the Larmor precession frequency which is
independent of the angle between Ho and M, the magnetic
dipole moment. A nucleus of spin I, magnetic moment AU may
exist in a magnetic'field in one of a discrete set of energy
levels called the Zeeman levels. These levels correspond
to different values of M, the projection of the nuclear
anngular momentum or spin vector I on the field direction.
The energy levels are such that a transition between adjac—
ent levels involves the emission or absorption of a quantum
of energy of frequency equal to the Larmor precession

frequency, One experimental technique involves placing a



small coil excited by an r-f. voltage with its axis at
right angles to the steady magnetic field Ho and detecting
the absorption of r-f. energy by a sample placed within

- the coll when the Larmor precession frequency is reached.
Since the probability for absorption of a photon by the
nuclear spin system is the same as the probability for
induced emission, there will be a net absorption in the
'sample only if the number‘ of nuclei in lower enefgy
states is greater than the number in higher energy states.
This is realized because of the Boltzmann factor.

If a sample containing nudlear magnetic moments
is suddenly thrust into the gap of an electromagnet
producing a high field, the excess number of nuclei in
lower energy states will initially be zero and will
approach the equilibrium value defined by_the:Boitzmann
distribution according to the relation

n = ho [1 - exp ( —t/Tl)}
where Tj7 is called the spin-lattice or thermal relaxation
time. T1 is.determined by the interaction between the
nuclear spin system and fields of frequency at or very
near the Larmor precession frequency caused by random
motions in the surrounding lattice. It is a measure
of the time required for thermal equilibrium to be estab-
lished in the sample. Tj; also determines the rate at
which the spin system "relaxes" after it has absorbed

r-f. energy, in other words, transmits energy to the



lattice and returns to its original energy state. For a
given r-f. level in the driving coil, T, must be sufficient-
ly short or the sample will saturate.

- | The relative phases of precessing nuclear spins
will be destroyed in a time of the order of T2 , the spin-
spin relaxation time. To is a measure of the reciprocal
of the 1line width of the nuclear magnetic resonance absorp-
tion line. This line has a finite width because of the
variation in local field at different positions within the
sample, giving rise to a slight spread in the Larmor
precession freguencies.

A nucleus may interact so strongly with its
surroundings that, in the absence of strong fluctuations
in fields set up by the surrounding medium, an otherwise
single absorption line may be broken up into several
component lines. There are two sources of this "fine
structure". Firstly, neighbouring magnetic dipoles may
be sufficiently close that their mutual magnetic inter-
action perturbs the normal Zeeman levels in a manner
dependiﬁg;on the relative orientations of the two dipoles
(Pa48, GKPP). Thus transitions will occur at frequencies
slightly different from the normai Larmor precession
frequency. Secondly, an electric quadrupole interéction
may perturb the normal Zeeman levels in such a way that
the 2I possible transitions between adjacent levels occur

at slightly different frequencies.



Other sources of line structure and line broadening
will not be discussed. They are useful for determining

structure and internal motion in solids (GP).



CHAPTER II

THE APPARATUS

The apparatus used for the present research was
the nuclear magnetic resonance spectrometer built by Collins
(C50). It consists of a stabilized electromagnet to
provide the steady magnetic field Ho, together with an
oscillating detector, used to detect the nuclear magnetic
resonance absorption. Only a brief description of the
apparatus will be given. The reader is referred toc the
theslis of its origlnator for details.

The mggnet current is controlled by a bank of
- 19 twin triode 6AS7 tubes. D-c. stabilization is obtained
by comparing the voltage across part of a 1 ohm potentio-
meter with 3 volts from a palr of dry cells., The difference
voltage is amplified and applied to the grids of the
6AS7's. A-c. voltages appearing across the magnet coil
are fed into the third stage of this d-c. amplifier and
also cause a compensating voltage to appear on the grids
of the 6AS7's. The magnetic field is also stablilized by
means of a proton resonance signal to better than 1 part

in 100,000. An osclllating detector of a design similar

to the one used for signal detection is in use.

The sample being investigated is placed in the



oscillating detector's tank coil which is mounted in the
magnetic fleld. The oscillating detector is a weakly
oscillating oscillator whose amplitude 1s very sensitive
to the absorption of eneréy from the tank coil. As the
frequency of the oscillator is varied, the amplitude drops
sharply when appreciable absorption of r-f. energy by the
sample takes place. The fleld Ho is modulated at an audio
frequency by means of small "sweep coils" mounted on either
side of the tank coil with axes in the Ho direction. Thus
when the oscillator frequency is near resonance, the total
field (Ho + audio) sweeps over part of the absorption line.
We then have a modulated r-f. output from the oscillator
which is amplified and then detected. The resulting audio
wave 1s amplified by several stages. A phase-sensitive
or "lock-in" detector rectifies signals in a narrow frequency
band about, and nearly in phase with, an applied audio signal.
This signal is obtained from the same audio oscillator which
supplies the coils for magnetic field modulation, but it
passes through an adjustable phase shifting network before
reaching the phase-sensitive detector. The rectified gudio
wave 1s smoothed using an adjustable time constant, passes
into a vacuum-tube voltmeter (VW) and the output is recorded
on an Esterline-Angus Recording Milliameter.

The exploratory work on the nuclear electric
quadrupole interaction described in this thesis was performed

using a single crystal of spodumene mounted in a slot on the



end of a bakelite roq: and inserted in the tank coil of
the oscillating detector. The method of measuring angles
of rotation of the crystal was rather crude and will not

be described. An improved bmount has been consfcructed by
Mr. H. E. Petch and will be described in a forthecoming paper

(VPS).
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CHAPTER III
THE NUCLEAR ELECTRIC QUADRUPOLE INTERACTION IN CRYSTALS

In a crystal in which the symmetry is such that
the electric field gradient does not vanish at the site of
a nucleus under study, the nuclear magnetic resonance
absorption line is split up into 2I components. If the
interaction is not too strong, so that first order pertur-
batioﬁ theory is adequate, it is found that the separation
in freQuency between the components is proportional to the
electric field gradient in the Ho direction and to the
electric quadrupole moment of the nucleus under study. 21
components occur because the electric quadrupole interaction
perturbs the normal Zeeman levels of the nuclear spin
system in such a way that the 2I allowed transitions between
adjacent levels occur at slightly different frequencies.
For example, for I = 3/2,

Perturbed 1levels

Normal levels
Upper Satellite

e Line
Central Line
(undisplaced)
—m— ‘
Lower Satellite

e Line

The above diagram is for a positive coupling



energy. For small interactions, such as the 117 interaction
in spodumene, the central resonance line 1s undisplaced,
the phenomenon being described using first order perturbation

theory.

Theory

The theory presented below is a more detalled
exposition of the brief sketch given by Pound (P50) for
axially symmetric fields, and an extension of Pound's work
to non-axially symmetric crystals suggested by Prof. Volkoff.

The electrostatic energy of interaction between
a system of nuclear charges 1 and an external charge

distribution j 1is given by

V__ € €
= E = . 1
o AT (1)
Expanding -%r in Legendre polynomials this may be

. \tj
written

€i€; T "
V- 5 Z<r> P (eoe ) (2)
L) oG

The term corresponding to k = 0 represents the energy of
the total nuclear charge concentrated at the origin of
coordinates in a potential determined by the external
charge distribution. The k = 1 term represents the energy
of an electric dipole in the electric field of the external

charge distribution. However, since nuclel do not possess

1]
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electric dipole moments, this term will be non-existent
In the nuclear case. The k = 2 term represents the
energy of the nuclear electric quadrupole in the electric
field gradient at the origin of coordinates.

By using certain theorems pertailning to spherical

harmonics, we may express V as

v Z“LZ( )21 '€ CL0)

ke -t (3)

i always refers to the nuclear charge configuration, }§

to the external charge configuration. Following Racah

C: = ifg_%]‘i qu (Cos &, i“) ,
q iy¥
Y: (COS 9, ¢) = @l_r;_)_} -G; (COS 9) 6

(R42),

b

and Condon and Shortley's definition (CS) for the normal-

ized Associated Legendre Polynomials is used, viz.

‘6’ (cos 9) = ) [Lk”)(k Q)} in'o d’ - Pk(COSQ;

2.(k+q). (d cos &)

The electric quadrupole interaction is expressed by the

k = 2 term in (3),
Z he-‘-—-“- Zﬁ‘ C (L) C-.‘(J) (4)

We may also express the electric quadrupole interaction



as the dyadic (second rank tensor) scalar product

- 2 1
Pen.vE - ) QlvE), (5)
q=-2
where Qq = Z €. ﬁz C:Q—) (6)
; . 2 ..
(VE}'-a - JZ %" C.qd) - (7

To obtaln B and V E 1in the above form, we may first of
all consider the rectangular components of VE and show
how to transform these components into the form (7). The
components of the electric quadrupole moment operator
transform in an analogous fashion.

The 3X3 matfix representing the rectangular

components of VE, viz.

9Ex  2Ex amx\
29X 275 dz

2Ey 2Ey oEy
ox oY 2z

JEz 9Ez 2Bz
\ax o7 0z

may be simplified when it is considered that E = ~VV,
hence VXE = 0, i.e. the tensor is symmetric, reducing it
to six independent components. The requlrement thsat
div E = 0 reduces it to five independent components.

From the definition E = = %?’J ,
j J

2FE = _Z_g_e‘lé-r‘: + ?s.[ , etc. and
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(1 ax L3NV _8xz )

LSRN o n’ e
3xy, A _ 3% _ 3yz | @

VE = E . GJ - . r:i’ s r3
T J ‘J d
3x,2] _3¥%2, 4._ 3z

—-— 5 rs r}.‘, r‘f /
J d

\ Yy

The C's may be written in the form
2 _ |\ (3 z_._'_r")
Co—?(‘z‘z 2

—-\3 xzt.i.zz :
+V-2,— r2 (10).

C2

-yt) ¥ 2ixy
' C:z =V_Z_— L yjr\z

It may be shown that (VE), , (VE), , (VE ), bear

the same relation to the rectangular tensor components (9)
as the above C's (10) do to the spherical harmonics

defined in Racah's notation (3), 1In fact,

= 2E;
we). = -+ (3 % -4VE)- -4 2=
(VE>:. =tv“‘6:(aaE£ z '%%) | (11)
| Ex 9E '_?_é(.. *
(VE)., ‘zﬁ-“(?x -5y T4 ay)

By analogy, the electric quadrupgle moment operator

Qq@) = Z &, r_tva':@)

* Factor of 1/2 in this expression is missing in Pound (P50 )



is expressible in components

_ el 2 I+
Q. = zrazy P T )]

Qe = + 1/2‘ 2?(?&0[@":”’)1“*l;(r”tir’_)](lg)

Qe = Ve, [(I ) Iy)]

2 2]:(21 )

where Q 1s the scalar nuclear electric quadrupole moment
defined in the usual manner (C36,FL).
The first order energy perturbation on the

normal Zeeman levels of the nuclear spin system is given

by the matrix element of the quadrupole interaction term
F defined by (5)

(ml"_"") - 21:(2I¢ [3'" IU*')](VE) (13)

Thus in the first order theory only the component

(VE), occurs. The other four components of V E need not
be known unless second order calculations are contemplated.
The remalnder of our problem'is now the determination of
(VE)y for the general case of no axial symmetry. The
electric field gradient tensor may be transformed to a
coordinate system in which the 3X3 matrix representing

its rectangular components is dlagonalized. When this is

done, we may choose our z-axis along the principal axis

aEz - eq

having largest component, and

where £q = Z: Ei (36;‘::;& ')
5 ]




(VE>o -5
(VE),, = ©
(VE);; = E-;[—E-neq | (14)
aEx' 962"
where n = 9”';Eé"9y"
2z’

Here; the (double
in which ( VE) is
conntinue to refer
which z is in the
handed orthogonal

between the x y z

primes) refer to the coordinate'éystem
diagonalized. The (unprimed) axes will
to a laboratory coordinate system in

Ho direction and x, y, z form a right-

set. Let the transformation matrix

system and the x" y" z" system be:

X Yy Z
"
X" P13 P1o P13
" Poj P 220 Pos (15)
2" Pzy Pzo P a3

The tensor (V E) transforms in exactly the same way as

the tensor C 2
2
raCQ =

—

3

7?'2
s (
Z (P

2

_ L

2

L} "
ax Pzi Y"z * PJ;Z'_‘Z + 2pisPas XY

16



2 papss X2t 2puPnyZ) -zt

Substituting for x"<2, y"'2, z"2 _ xM"yn" x"z" Y"z"anhsing
s b4 ’ ’ ’ ’A

do AR -~

relations (10) snd %fae “ust bhat D0 - 0
l4

we“obtain a relation for 08 in terms of the C? 's.

Then, by analogy, and making use of the fact that 67591.=(9,

(ve), = —-P.ahf_(vs)*z _ "@7’_)"] -
v 3 P [—)f—?(vf): - 3‘-(75)00] s 2

Substituting relations (14),
(VE e"[j*/s” -1+ n(pa - PzS)J (16)

It remains now to obtain explicit expressions
for Pi3 (iz= 1,2,3) in terms of crystal orientation. ILet
us introduce a set of any three mutually perpendicular
axes fixed with respect to the crystal which aré easily
recognizabie externally, to be referred to as theb(single
primed) set. We may choose, if we wish (though it is not
essential) some of these single primed axes to colncide
with some of the crystallographic axes of the crystal.

Let the transformation frém the (primed) to t he
[double-primed) systems of axes be defined by the nine

direction cosines: zi (1 = 1,2,3), which define the



orientation of the x' axis with respect to the (double-
primed) sét, and M1 and Vi (for the y' and z!' axes respect-
ively). Further, let the (primed) system be rotated ‘about
an axls fixed with respect to both the x',y', z' and the

X, ¥, 2 (lab) systems. We have chosen z to coincide.with
Ho. We choose an axis of rotation perpendicular to Ho,
designating it y. We now consider rotating the crystal

in turn about its x', y', z' axes, making the axis of
rotation in each case coincide with the y-axis in the

lab 'system. If we label fhe three rotations respectively
X, Y, Z and choose the initial positions.of the crystal =o
that x', y', z', initially coineide with y, z, X (for the
X rotation); x, y, z (for the Y); =z, x, y (for the Z),
then the three transformation matrices are defined by the

following Table:

X
x vy Z
x! 0 1 0

y' sin©x 0 cos € x

z' cos®; 0 -sin &,




Y
X Yy Z
x!' cos Oy 0 -sin G
y! 0 1 0
z' sin®y 0 cos Oy
Z
X y z
x' sin 6, 0 cos &3
y' cosBGr O ~-38in 6,
2! 0 1 )

The product of the transformation from x", y",

z" to x', y', z', and the transformation from x', y!,

to x, ¥y, z then gives:
(Piz),= Mi cosf - Y
(Pi3)y= V1 cosGy- Aq
(P%s)z: Ri COSB'Z-/L(i

where the cyclic permutation is

sine’x

sin Gy (1= 1,2,3)

8ing,

evident.

z !

(17)



Substitution of tnese into eq. (16) then ylelds:

(VE), = &L (ac+ be o5 28, + ¢, 5in 26,)  (18)

ay = %(ﬂ? SR 2ty Yy
R YRS SCREY -

be = 2t -0 e Bl -0 - o)

Cx = = 3y ¥y + %(,u,.z —/62//)

Two similar sets for Y and Z rotations are obtained by
cyclic permutation.

From eq. (13) it follows that the frequency
splitting between lines corresponding to transitions

mem -1 and = (m - 1lje= - m is given by:

) \

v = _..?_—-———" - VEQ
2oy = & 2T (21-4h 3 (2n-1)(vE) (1)
A+ B Ces 26 + C Sinl® (20)

where A = 2 ka, B = 2 kb, C =2 ke,

k- €98 3 (2m -1) (I1)
h 8T (21-1)

Performing the three rotations X,Y,Z it appears
that one obtains nine relations of the form (1, I1I1)
involving nine experimentally determined A B C's.
However, these are not all independent. Thus (VE),

SEx

=-1 222 33 the same for €% =0 and € =~ 30
2 2z

20



and in both cases equal to —

- <2 (a- k)
Similar expressions hold for Y and Z axes, and

JEy
?2‘ ayy‘ - ?(“x"’”)’

Laplace's equation then guarantees that ax + ay+az = 0
(also bx + by+b, =0),. Thus only any one pair AB is
an independent palr, the others being related to it.
Thus, experimehtally we obtain from three rotations only
five 1independent constants: the three C's and any two
of the following three:

x= A =By = Ay + Bz = - 2Ax

g = Az-Ba= Act By = ~ZH

Ax‘sz A7+B)'-: - 2Az
(p(+ﬂ+f=0)

Since experimentally we cannot determine which

Y = (TDI)

of the two lines is m=<=m - 1 and which -(m - 1)== -~ m,
we obtain only the relative signs of Cx, Cy , Cy , &,
/A8, ¥ but not the absolﬁte sign. |

‘Of the nine direction cosines only three are
independent ( by virtue of six orthonormality relations),
since only three parameters.are required to describe the
orientation of one set of axes with respect to the other.
These three directon cosiﬁes plus the values of 7 and k
form a set of five unknowns determined by our set of

five independent constants.

21
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The Spodumene Crystal

A single crystal of spodumense, diﬁensions about
37 mm., x 8 mm. x 3 mm. was used in the experimental work.
It originated in the Minas Geraes region of Brézil and was
purchased from Minerals Unlimited by Dr. R. M. Thompson
of the Department of Geology and Geography. The orient-
ation of the crystallographic C-axis was determined'by
Dr. L.D, Mantuani, using a polarising microscope. The
orientation of the b-axis\was-described by the supplier.
The unit cell of monoclinic spodumene (WB) cont-
ains four Li atoms, ‘but these atoms have similar electrical
surroundings. This equivalence of the arrangemeht of
neighbouring atoms is due to the existence of two-fold
rotation axes and screw axes in the b-direction within
the structure. The symmetry is such that the electric
field at two of the Li nuclei is equal in magnitude but
opposite in direction to that at the other two Li nuclei.
The electric field gradient (V E), , being of the second
rank, will have the same sign at all four sites. In other
words, the orientatlion of the coordinate system in which
VE is diagonaliyed 1s the same at all Li nuclei, thus
‘giving rise to a unique set of experimental results.
If this condition did not hold, there would be a super-
position of two or more different frequency splitting

patterns at each crystal orientation.
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The symmetry properties of spodumene are also such
that the b-axls coincides with one of the princibal axes

of the electric fleld gradient tensor.

Experimental

The Li”7 resonance was located at about 11.84 Mec.
in a field of about 8000 gauss. The crystal was rotated
about the C-axis into positions where the direction which
was believed to be the crystalline b - axis made various
angles with the direction of the magnetic field Ho.

Traces of the three -~ line nuclear magnetlc resonance
absorption line spectrum for the 117 resonance were obtained
at angles differing by 22.5°. A few intermediate readings
were taken as checks. Typical traces of the absorption
line derivative as a function of frequency as recorded by
the Esterline-Angus recording milliameter are shown in

fig. 1. Frequency readings were taken at various points
along the trace while the frequency was varying slowly
through the region of the three resonances. For the well-
resolved resonances, the frequency difference between the
tﬁo satellite absorption lines was measured directly from
the chart. For unresolved resonances, the recorded deriv-
ative curves were integrated using a planimeter and the
separation of the satellites estimated from the integrated

absorption curves. The angular variation of the splitting



Y .
180° 90’ 18d
—11-20 o
-+40
b axis Ol10 plane +b axis 010 plane

Fig. 2 -- Frequency splitting in kilocycles of satellite absorption lines as a

function of angle between +b axis and Ho, for the three-line Li7 nuclear
magnetic resonance absorption spectrum in spodumene. Circles represent

experimental points. The solid curve is 2ay = 13.1 + 51.9 cos 2{0+A7°).
The c- axis of the crystal is vertical, i.e. perpendicular to Hoo



of the satellite lines is shown in fig. 2, Circles repres-
.ent experimental points; the solid curve is

2aY = (31 +51-9 Cos 2(0+ 4.7")»
which 1s of the form‘(20).

Thié relationship, using the originaily - specified
axes, does not agree with the knoWn fact that one of the
principal axes of V E coincides with the b=axis of the
crystal. This implies that the curve be symmetric about
the b-axis. Thus, an error in the original assignment of
axes as shown in fig. 2 was suspected, and it appeared
that the b-axis should be shifted either to & = 43° or

6 = - 479, Very recently, Dr.K. C. MacTaggart examined
a ﬁhin section of the crystél optically and found that the
b-axis: should be in a gposition given approximately by
© = 459 (see fig. 2). Allowing for an error of about 2°
in measurgments, the cufve is symmetric about the true b-
axis and in terms of this correct designation,

24y = 131 =519 Ces 2¢
where ¢ 1s the angle between the b-axis and Ho. Or, since

only relative signs for the splitting are discernible,

2oV = -3 +« 519 Ces 2¢

This agrees within a few percent with subsequent

. measurements made for the same rotation by Petch (PSV)

and also by Pske (Pa5l).
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Conclusions

The angular dependence obtained above 1s consist-
ent with the theory of the general case of the angular
dependence of the nuclear electric quadrupole interaction
in erystals with asymmetric fields and is the first exper-
imental treatment of it. Pfevious work (P50) has been
concerned with the angular dependence about an axis of
symmetry. From subsequent results (PSV) obtained for this

and two other rotations by H. E. Petch,

_%_ = 756G kc./sac.) NnN=0793

Itu&%pd%ﬁmene. Other results, such as'the orientation of
the principal axes of the field gradient tensor, are'quoted '
in the reference. 1In order to deduce a value of the
magnitude of the nuclear electric quadrupole moment of Li"7
from these results, it is still necessary to know eq, for

this crystal.



CHAPTER IV
SUGGESTIONS FOR FURTHER WORK d

an éxperiment similar to the one described in
this thesis might well be performed with a single crystal
of jadeite, NaAl(Si03z)2, using the Na?3 resonance. The
crystal structure of Jjadeite 1s almost identical with that
of spodumene. An estimate of the quadrupole moment ratioc
QNa23 / QLi7 might be obtained.

Work on the splitting of the nuclear magnetie
resonance absorption line due to magnetic dipole=-dipole
interactions between neighbouring nuclei (Pa48) might be
carried out using the proton resonance in various hydrated
crystals, such as the minerals analcite, NaAl(SiO3z)g.HoO,
goethite, Fep0z.Ho0, and diaspore, Alp0z.HoO. In cryolite,
NagalFg , the A127 resonance should show a fine structure
due to magnetic interaction with the large magnetic moments
of neighbouring F19 nuclei, which are located a mere 1.840
away (NS). If the gradient of the electric field at the
Al sites in the crystal is non~zero, an electric quadrupole
interaction would also :take place, since A127 has a large
quadrupole moment (L49)., This would provide a striking
illustration of both effects.

The present apparatus 1s particularly adapted to
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the search for unknown resonances and the measurement of
line splitting due to eleétric gquadrupole coﬁpling. For
more accurate work on line structures and relaxation times,
a bridge type circuit with variable r-f. input would be
invaluable. The method of progressive saturation (BPP)
could then be used for the determination of the spin-lattice
relaxation time T7 . The following proposed experiﬁent
might shed some light on the relative magnitudes of the
relaxation by magnetic dipole as compared to electric
quadrupole interaction.. The relaxation time Ty for a series
of nuclei which are roughly known to have progressively
larger eléectric quadrupole moments could be measured. For
example, one might compare the Li7, Na23 and A127 reson-
ances in solutions of the sulphates of lithium, sodium and
aluminum, all at the same concentrations. Of course; the
strength of the;interaction would also depend on the ionic
radii of the atoms whose nuclei are being compared, and

this would have to be allowed fbr. T7 could also be measured
for several nuclel of épin 1/2 under conditions similar

‘to the above, and the results compared with the results

for Li, Na and Al, where the relaxation is supposedly
through the electric quadrupole hechanism. In this way,

one might discern whether or not the electric gquadrupole
interaction is actually the dominating mechanism for thermal

relaxation for nuclei of spin I > 1/2.
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