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I ABSTRACT

In this thesis we describe a pulsed NMR spectrometer

™
F

suitable\férrwgrg on solids A novel feature is a simple:

tapped-coil arrangement that enables an impedance match

to be obtained between the‘NHR tuned circuit and the
equipment feeding it. *Also we describe a sample holder
téat enabiéé the Qrientéticﬂ of single‘crystals within
the NMR coil to be varieé about two perpendicufaf axes
The spin-lattice relaxation time {1 of :Na in
doped saturated aqﬁéaﬂs solution of NaNDS and in a s
cr§5t31 of NaCl were measured in order to s
behaviaﬁr of the spectrometer. The T1 of Ng in the
dopedlsaturated aqueous solution of NaNOE was found to he

20.4 ms, in rough agreement with a crude theoretical

estimate. The T, of 23Na in NaCl at 299K was found to

be 14.6#0.15 s. This is in only fair agreement with

other published values. 4

Finally, the orientation dependence of the T, of

zaﬁa in a single crystal of NENDS was measured.

found to be independent of crystal orientation,
dicted theoretically. Also, the Tl value of 6.19 s at 299K

is in excellent agreement with values found by i;zi:gr
. . . . . , \
workers. However, such excellent agreement is fdrtuitous,

since recent measurements with our equipment have shown

that ﬂifferent values of T, are obtained, depending on the

1
control settings of the rf ﬁhase—jsensitive detector.

iv
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Nuclei with spin number I > 1 possess an electric quadru-
pole moment in addition to a magnetic dipole moment. It
-has been shown by Pound (1950) that the interaction of the
nuclear electric quadrupole moment with the timeé-averaged .
electric field gradient at the nucdar site affects the = -
shape of the FHR absorption signad4d. 1In the case of a

single crystal, the interactign causes the NMR line to be
split into several components. For a polycrystalline sample,
it broadens the NMR line. Pound (1950) also showed that

the intepsetion of the nuclear quadrypole moment with a
time-dependent electric field gradient causes spin-lattice
relaxation. The main contribution to the spin-lattice

relaxation is caused by the fluctuating electric field

Wikner et al., 1960; Weber, 1963; Van Kranendonk and Walker,
1968). However, the fluctuating electric field gradient

associated with the rotation of molecular or ionic groups

I3
and with the diffusion of charged defects (Cohen and Reif’, -
1957; Satoh, 1965; Beckeri 1978) through the 1&£tice’aisa
contribute signiffeéﬁtly to Spinilattice relaxation in
certain temperature ranges. -

For nuclei such as EBNS in NaCl which are situated .

at sites possessing cubic symmetry, the time-averaged .

=

-electric field gradient is zero. The nuclear Zeeman levels

are then equally spaced and only a single NMR line
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is observed. Also, mutual spin flips gr spin exchanges of
the type m, m' - m*1, m';l occur éufficiéntly rapidly to
maintain a Baltzmanﬂ'distributiap among the nuclear Zeeman
levels (Abragam and Proctor, 1958). -In that case, the
approach to equilibrium of Hz' the component of the nuclear

magnetization along the external magnetic¢ field direction,

is exponential (Mieher, 1960; Zak, 1964), i.e. is of the
] -t/T _
form Mz =(%£ﬁ%lié 1),ﬁ§ere Tl is the so-called spin-

*

~lattice relaxation time and(ME)Dis the Eqﬁiiibrium value

of M,. For nuclei situated at sites with lower than cubic

symmetry, the spin-lattice relaxation is usually non-
exponential. Fgr example, for a spin system with I = 3/2,
the approach to equilibrium is in general given by the sum
of 3 expégentialsf(Andrew and Tunstall, 1961). The three
relaxation times are 1/zwlj 1/2W§ and 1/2(W1*W2), where
Wl and W2 are the probabilities of Am = +1 and *2 transi-
tions respectively (Yosida and Moriya, 1956). |

- Because of the non-exponential behaviour, experimental
studies of the spin-lattice relaxation of nuclear spins in
non-cubic single crystals are not easy to interpret. There
is also the additional problem thaiiit is difficult to
selectively excite, by-shért rf puises,'individual NMR
1ine§ in multi-line spectra. Most measurements of the
spin-lattice rélaxatign time in non-cubic single ¢rystals
have therefore been made with the crystal ;riented relative

to the external magnetic field so that the quadrupole

splittings are essentially zero, i.e.\ifsiggk all the



resonances overlap. When this is done, a Boltzmann
distribution among the Zeeman energy levels is maintained
by spin exchanges (Abragam and Proctor, 1958), just as in
the case of a cubic crystal. The spin-lattice relaxation
behaviour is then exponential, and is characterized by a
single quadrupole relaxation time Tl’

The ofientation of an external magnetic field rela-
tive to a crystal has 2 degrees of freedom. The requirement
of resonance overlap removes one of these degrees of
freedom. The question can therefore be asked whether the
quadrupole relaxation time T1 is uniquely determined by
the overlép condition or whether it varies with the
remaining degree of freedom.

Bonera et al. (1870) and Avogadro et al. (1971) have
measured the temperature dependence of the spin-lattice
23

Na in NaNOz. Kasahara et al. (1977)

have measured the temperature dependence of the spin-lattice

relaxation time of 23Na in NaNOS. None of these workers

relaxation time of

speéified the ofientation of their crystal with respect
to the external magnetic field, except to say that Ege
crystal was set so that the resonances overlapped. It
would seem that these workeré believed that T1 is umiquely
determined by the resonance overlap condition. '
Hughes and Spencer (1979) have shown that for certain
types of relaxation processes, in particular the Raman-
type two-phonon process, T1 can be'expressed as a 1ingaf

combination of the components of a second-rank tensor,



subject of course to the. constraint that resonance overlap
occurs. It can then be shown that T, is independent of
crystal orientation_for nuclei situated at sites possessing
tetragonal, trigonal, hexagonal, and cubic point-group
symmetries. This is not the case for nuclei situated at
.sites possessing triclinic, monoclinié¢ and orthorhombic
point-group symmetries.

The 23Na nuclei in NaNO3 are situated at sites
possessing trigonal ‘symmetry. The spin-lattice relaxation
time of these nuclei should therefore be uniquely deter-
mined by the resonénce overlap condition, provided that the
relaxation is caused by a Raman-type two-phonon process.
The 23Na nuelei is NaNO2 are situated‘at sites possessing
orthorhombic symmetry. Thus, irr§§pécti§e of the type Qf
‘relaxation!mechanism involved, the Tl of these nueclei is
not uniquely determined by the resonance overlap condition.

The purpose of the work described in this thesis is
to investigate the_theoretical predigtian of Hughes and
Spencer (1979), in particular to confirm that Tl for 23Na
in NaNO, is independent of crystal orientation. This spin
system was chosen in preference to the more interéiFigg

case of 23Na in NaNOz, because more complete resonance

-

overlap can be achieved for 23y, in NaNOg on account of the
smaller SeconQ—order quadrupole shifts. In other words,
the easiér case was treated first.

Spin-lattice ?elaxation times were measured by the

so-called 180°-1-90° pulse methodi In this method, a



GLSD‘ pulse" is applied to tgé mpclear spin system. This
ieverses the direétién of the nuclear magnetization. A
"90° pulse' is applied to the spin system at a time 1
later. This brings the nuclear magnetization into a
transverse direction so that it precesses around the
magnetic field and can then be detected as a rf voltage
induced if the NMR coil. The amplitude of fhe NMR signal
immediately following the 90° pulse is a measure of the
value of M, immediately before the pulse. The spin-lattice
relaxation time TI is obtained from the t dependence of
the amplitude of the NMR signal.

The pulsed NMR spectrometer, which was built as
part of this work, is described in the thesis. Also
déscribed!is the method of data collection and analysis
which avoids many types of systematic errors. Since this
is the first time that pulsed NMR measurements have been
made in this laboratory, some time was spent studying the
behaviour, in particular the limitatiansf of the spectro-

=

meter. These also are described in this thesis.

”
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2.1 Description of NMR o

2.1.1 Energy level description “

If a nucleus possessing a magnetic mgmént § and
angular momentum Al is placed in a steady magnetic field ﬁé
) directed along the z axis, the so-called Zeeman Hamiitcn%an

describing the interaction can be written as

*

D SRR { ; C(2.1)

(2.2)

3

where Iz is the z component of the nuclear spin Tiand Y -is

the gyromagnetic ratio of the nui:léus defined as ,

y = uml. . (2.3)

24

The eigenvalues of. the Hamiltonian are

‘-(2_4)

-

P
L

where m is the magnetic quantum number which may take any

of the 2I+1 values I, I-1, ..., -I.

The energy levels of the nucleus are thus equally

G

-~

LS



spaced with the distance between adjacent ones being Tﬁﬂgi
Transitions between adjacent levels can be induced by an
oscillating magnetic field perpendicular to Ha provided

its frequency satisfies the equation

b, = ﬂﬁa : - (2.5)
© or
w, = YH (2.86)

The frequency wy ié called the NMR frequency.

In thermal equilibrium, the lower energy levels are
more highiy populated than the upper ones, in accordance
with the Boltzmann distribution. Since the prabaﬁﬁiity
the

i

]
W

of an upward transition between a pair of level
same as that of a downward transition between the same pair
of levels, there will be a net absorption of energy by the
nuclear spin systeﬁ from an oscillating magnetic field
satisfying the resonance condition. This abseorption éf
energy will tend to equalize the populations D} the energy
levels, a phenomenon called saturation. However, the
interaction between the nuclear spins and other degrees of
freedom of the sample material, the so-called gpin lattice
interaction, will tend to restore thermal equilibrium, If
a non-equilibrium situation is praéuced, by a resonant
oscillating magnetic field for example, the population
differences will, in the absence of the oscillating
magnetic field, approach their equilibrium values exponen-

L

‘Q\



tially with a time caﬁétant called the spin-lattice
relaxation time Tlg
In practice, the Z;' man energy levels are not sharp

l,cé they are broadened by nuclear magnetic dipole-
dipole interactions and other interactions. By measuring
" the rf energy absorbed by the nuclear Spin system as s
fuﬁetiéﬁ of frequency, the so-called absorption line shape
f(m} can be obtained. An expression for the mean square
width or secand moment of f(w) caused by dipale “dipole

1nteractians has been glven by Van VIEER (1348)

n liquids, the dépale ~dipole interactions are

[ |

averaged out by molecular motions so that the absorption
signals are intrinsically very narrow. In such cases,

the observed width and shape of the absorption signal is
often governed by %he inhomogeneity of the external magnetic

field H . y
O

classical equation of motion for an objp€t of magnetic
moment § and angular momentum hi, situated in a magnetic

field H is

[}
.= . . _ -
du/dt ='yu x H_ . | * (2.7)

It can be shown (Slichter, 1963) that the expectation value

of the magnetic moment fj? is given by a similar



eduati@g, namely R =
dfj}/dt = y<p> x ﬁé_i (2.8)
For a gféuﬁggi nuclei: the total magnetic moment or
macr@SCGP;c magneﬁi;atiaﬂ is given by )
M= ] n A (2.9)

where Ek is the magnetic moment of the kth nucleus. If the
nuclei are identical, the equation of motion for the

=

" macroscopic magnetization is

dd/dt = yil x H_. (2.10)
It is convenient to view the matlan of the magnetization
from a frame of reference rotating abaut ﬁ with an
angular velocity 3; The equation of m@tiaq of the
magnetization viewed from the rotating coordinate system
is (Slichter, 1963)

jdt = M_ (v + &) (2.11)

rot

d!fet

I ’* 3 i % = 3 i .
1f 3 = =v§é, then dHrDt/dt is zero and iret is time ‘\!
independent. This shows that the nuclear magnetization
precesses indefinitely around ﬁ@ at a frequency 2 which

is numerically equal to w, (see Eq. (2.6)). The frequency



‘:
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 is called the Larmor frequency and is thus equal to the
NMR frequency. The senseof the precession is governed
by the_sign Y.

Suppose a rotating magnetic field

) = H (icoswt + jsinutyp (2.129

s

directed at right angles to gg is applied to the siin
system. Viewed from a coordinate system that rotates
about the z axis at the same frequency w as ﬁlg and with
H1 directed along the x axis, the equation of m@ticz of
the magnetization becomes

-+ - = s o 7 -
M . /dt = Hrgtxfivﬁl + k(w+yH ) ]. (2.13)
In this rotating frame, the magnetization precesses about
a static effective!magnetie field

ﬁeff = iHl M k(HD+

- |E

At resonance, when w = iYHQi i.e. when o is numerically

. .
equal to the NMR frequency W

o o 13
L]
ok
o
_—
(%]
-
n
Mt

and the effective field is directed along the x axis of

the rotating coordinate system. If the nuclear

10



11
magnetization is initially parallel to ﬁﬁi as it would be
in thermal equilibrium for example, then the magnetization
will precess in the yz plane about the x axis of the
~rotating frame with a frequency vﬁli If the rotating
magnetic field H1 is applied for a short time IP sayi'i

the angle through which M precesses in the rotating frame

is given in radiins by
g = THlTp’ : ‘ (2.16)

The situation is shown in Fig. 2.1 (a). Of particular
importance are so-called 90° and 180° pulses whose 1engthsﬂig
" (or amplitudes) are thsenisa as to turn the nuclear
magnetization through 90° and 180° .respectively in the
rotating coordin;te system. The effect of such pulses
are shown in Figs. 2.1 (b) gnd (c).l

Suppose a 180° pulse is agpiiéd to a spin system
which was initially in thermal eéuilibriumi Thé pulse
reverses the magnetization so that the z-component Hz is
equal to -lo, where H@ is the'value of the magnetization
in thermal equilibrium. Because of the spin-lattice
1nteraction, the nuclear magnetization will relax toward
M. For a spin system with I = %, the relaxation is
always exponential and the time constant is called the
longitudinal relaxation time or spinilattice relaxation
time T, . Thg time dependent magnetization following a

1

180° pulse at time t = o0 is therefore



N Figure 2.1
Precessiqn of the nuclear magnetization (for Y > 0)
about the x axis of the rotating coordinate system when
a rf magnetic field H1 ié applied along the x axis for
a short time Tp. In case 5a) yleP==6. Cases (b) and
(c) show 90° and 1§O° pulseé where ylep =7/2 and T

»
respectively.



(b)
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M, = HgflsZExp(Et/Tl)]i | - (2.17)

Suppése a 90° pulse is applied to a spin system
which was initially-'in thermal equilibrium. Imm iately
after the puisejithe longitudinalor z-componenty of the
’magﬂetizatianiis zero and we have a transverse component
szmagnetizatiaﬁ ﬁD which precesses around ﬁé with an
angular frequency W, in the laboratory coordinate system.
This precessing magnetization, with its associated time-
‘dependent magnetic flux, induces a rf voltage in a coil
wguﬁd around the sample. This voltage is the so-called NMR
signal. Because of the magnetic dipole-dipole interaction
between nuclear %pins, the transverse magnegizatign decays -
toward ‘its thermal equilibrium value of zero. zhe aop°
pulse and the -decaying NMR signal are shown schematically
in Figi 2.2 (a). The NMR signal, or more precisely its
envelope_indicated by the dashed line in the figure, is
called the free induction decay F(t) say. It can be
shown (Abragam, 1§Sl) that F(t) is the Fourier transform
of the absorption line shape function f(m)r mentioned ié }

the ﬁreviaus section. In some cases, especially liquids

"and gases, this decay is exponential afd thw_time constant
is called the spin-spin relaxation time T, . In solids,
the spin-spin relaxation is usually non-exponential.
However, an effective T2 is often used to indicate the

\}

time scale of the decay of the transverse magnetization.

In liquids and gases, the decay is often. dominated by the

H



-Figure 2.2
Schematic representation of (a) the FID following a
90° pulse, (b) the FID following a 180°-1-90° pulse

sequence.
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the,inhomogene}ty of the external magnetic field.

The spin-lattice relaxation time T1 can be measuréd
6& performing an inggrsion recovery experiment in which a
180° pulse followed a time T later by a90° pulse is applied
to the spin system. Tge 18D° pulse reverses the z
component of the magnetization. This then recovers toward
its equilibrium va%ue in accordance with Eq. (2.17). The
z—comgonent of magnetization, which is not directly ,
observable Ey NMR, is made obse}Vable by app}ying a 90°
pulse which rotates "z into the transverse direction. The
pulse and the free indﬁction decay are shown schematically
in Fig. 2.2 (b). A measurement of the amplitude of the
FID immediately following the 90° pulse is a measure of
Mz at a time 1t after tbe\l§0° pylse. By rearranging

’

Eq.'(2.17), it can be shown that‘
ln(uo—lz) = {n 2Md-r/T1. (2.18)

Thus by plottiqg ln(Mo-Mz) as a function of 1, one can
determine Tl from the slope of a straight line graph.

It can then be noted that it is not essential for
the magnetization to be perfectly revefsed. If the %&9°
pulse is not perfect, Mz will still recover exponentfﬁily\

according to an equation of the form

Ln(Mo—Mz) = A - T/Tl. . (2.19)



Also, the 90° pulse need not be perfect, so long as

T > T2 which implies that T1 >3 TQ. In many solids this

is the case,. so thg

measurements should be free from

systematic errors caused by pulse imperfections.

s
2.2 Nuclear quadrupole interactions
¢
‘For a-nucleus which has a spin number I 2 1, it is

[

necessary - to take into account the electrostatic inter-
action of the nucleus with its surroundings. The electro-

static Hamiltonian is

- . E - i .
M=o (h v av — (2.20)
where o(?) is thejnueleaf charge density, V(?) is the

electrostatic potential of the charges external to the
nucleus and the integral is over the nuclear volume. By
expressing the potential V(%) in a Taylor expansion

about the nuclear center of ma s, the Hamiltonian becomes

\ ]
i
> res AT o h o L de 2. . ) a .
= I p(r)[Vc*':)%(avhxj)ijak ,):i:'(a V/axja;;)a X 4%y + ] av
= ZeV_ + } P(av/axxj + i)‘_ Q! (agwax X, ) +
o S 7o 25 “ik° ) k"o
' JJ Jk
(2.21)
‘where I o(¥)dV is Ze the~nuclear charge,
o(;ﬁﬁdv=kspj the nuclear electric dipole moment,

)
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moment tensor.

Since the first term in the Hamiltonian is Drientaﬁién

independent, it is omitted. Furthermore, because of

parity considerations, the electric dipole moment (and

the electric octapole moment etc.) relative to the

nuclear center of mass vanishes. Thus, the expression

for the Hamiltonian can be written és

S; -, ) L .
M = 5 E ijvgk + hexadecapole term +
Jk (2
where ij * 9 V/axjaxk- The hexadecapole interaction
is negligible in all practical cases (Abragam, 1961).
Therefore we need only consider the quadrupole '
Hamiltonian 7
lz— 3 ’ :
Ho=271Q V., . (2

A

The quadrupole moment tensor Qék-is symmetric and thus

has six tndependent components. It is convenient to
define a simple tensor ij which is both symmetric and

traceless. This is done by writing
’ -

M e~y

Qx = Q5 - Sk

where § is the Kronecker delta function. By

“Jk ‘
substituting ij from Eq. (2.24) in Eq. (2.23) and

Q__ (2.

dv is Q!. the nuclear é&egtric quadrupole

.22)

.23)

24)

19



N .
ignoring the term involving traces since it is independent

of the nuclear orientation, it is found that

1,2 =
H. == Q.. Vv, . . (2.25)
Q65 ik gk

By using the theorem that the corresponding matrix
elements of all traceless, second-rank, éymmetric temsors
are proportional (Ramsey, 1953), it can be shown (Cohen

and Reif, 1957) that the matrix elements of the quadrupole

Hamiltonian are given by

' = ' §. - 2
<m' [¥|m> [eQ/GI(ZI-l)]JZk <m’ | 5 (Ijrknkrj) ijI |m>ka
: (2.26)
where Q is a scalar quantity called the nuclear
quadrupole moment and is dé?ined as
eQ = J o(F) (322-r%) av (2.27)

N
- - -

where p(;) is the nuclear charge density and 2 is along
the axis'gf the spin of the nucleus. By introducing the

raising and lowering spin operators,

I, =I_ ¢ 11y (2.28)

the Hamiltonian becomes

20
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<m' PW|m> = [eQ|4I(2I-1)]<m" ](312 - 12)v0+( 11,41 1)V

2 2
. HI_T 41,1 ) V +IV 41 “V , |m>,
where
VvV =V

o zz 3

vtl = vxziivyz }

1 . )
Veo 2 (vxx—vyy) t 1vxz'

(2.29)

(2.30)

In a representation that diagonalizes the ;eeman energy,

the matrix elements of)fQ are
<m ¥, Im> = Al3m%-1¢ 1+1) 1V

<mt*1 erQIm> = A(zmzl)[a;m)(lzmu)]* Vi1

<m12[Hb|m> - A[(I;m)(I;m-l)(lt_m+1)(ltm+2)]i v

~ L 4

L 4

<m'rkqlm> =0 for Im'—m]>2f

\

where A = eQ/4I(2I-1).

(2.31)

(2.39) .

(2.33)

(2.34)

In the so-called high field case, the quadrupole

Hamiltonian is treated as a perturbation on the Zeeman

energy.

given by

The Hamiltonian of the sﬁin éystem is then



ek =-yhmH | +;HQ (2.35)

where the matrix elements Qf’ﬁb areigiven in Egs. (2.31),
(2.32), (2.33), (2.33).
The energy to the second order in the quadrﬁpale

interaction is (Bersohn, 1952)

5 (V. )(V )
= —vhmH Al W2 1Y1v 4942 __*17""-1
Em = *’Yhmﬂg*A[Sm —I(I*l)]vg*gé BT G THQ m x

i ’ (2.36)
' o (V,)(V_,)
[%I(I*l);l;&mz] - ZAE 2 7—_72

. 2.
] A — m[2I(I+1)-1-2m“]
'vhHD

|

The NMR frequencies are governed by the time-averaged

values of Em and these values are in turn governed by

the timesaver§ge values of the components of the electric
field gradient tensor. To take account of crystfal
symmetry, we choose a different coordinate system from
that used previously. Let xyz be a principal coordinate
system fixed with respect to the crystal so that

?xy = ﬁyz = vxz = 0. The x, y and z axes are tradi-
tianally chosen so that

19| = [vyy|‘§ 19 1. ; (2.37)

4
It is also convenient to define two parameters q and n by (

eq =V (2.38)

Zzz



n = cﬁxi - Vyy)/vzgg : (2.39)

The electric field gradient tensor components obey
Laplace's equation V2V = 0. Thus, n satisfies the

condition
osn s 1. (2.40)

If the nuclei are situated on S—fgld; 4-fold or
6-fold axes of symmetry, v“ and Vyy are equal and n is
zero. Therefore n is called the "agsymmetry parameter'.

- §e denote the polar and azimuthal angles of the
external magnetic field ﬁc with respect to the crystal
coordinate system (xyz) by 6 and ¢ respectively, as shown
in Fig. 2.3. By trénsfafming Eq. (2.36) from the

laboratory coordinate system to the crystal coordinate
system, it can be shown that

m

E = ;TﬁmH —??S (3:@5 a- 1+n513292352¢){m sﬂ I(I+1)}

I

L
L]

g_s—ge [2m{4TI(I+1)-1-8m? }{—siBEBB——ﬁsin 20cos2¢
[#]

ﬂ\ \M
M

. ﬁz(siggeisin§83952¢)} - §{2 (I 1)-1-2m?%} (9sin?e

4

+ 6ns1n%8cos2¢(2-51n20) +n°( cos®2¢sin?6+4(1-s1n26))




Figure 2.3 2
Orientation of the external magnetic field relative to

the principal axes of the crystal.
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= [ 3

where v ig the unperturbed frequency TH /2n.
are given by

|E,_,-E /8. (2.42)

For a spin system with I = 3/2, it can be shown by using

Eqs!!(ziél) and (giég) that the frequency of the so-called

- -

centre line, corresponding to the transition m =
is given by
4 2 2 ) . 5
V.=V = iiiLéLE [Qsinge(geqsgeal);Snsingécc52¢ s
c o) TanLl. .
¢ 192h~v .
J o
-
(10-9sin%8) - 4n%(1-3sin26 + 2sin%ecos26)]. . (2.43)

4
f

Also the frequencies v, of the so-called satellites,

corresponding to the transitions m = 3/2 ++ 1/2 and
\

m= - 1/2 «+ - 3/2, are given by (for + positive y).

2 . - 4
53%3 (32ﬂ$3651+ﬂ513262652¢) + 4ES=Q— {‘Siﬂ 20
y 24h

<
]
<
+i

Yo
n®20cos2¢) + nsin20(1-sin®ecos®2¢)). (2.44)
We see from Eqs. (2.43) and (2.44) that, to first order,
the centre line frequency is not perturbgd by the

quadrupole interaction, and the satellites are equally

spaced relative to the centre line. In this approximation,

1/2 « - 1/2,



it follows that the céntré line and both satellites
overlap when |

EBQGSEBEl*nSiEQBQDSE¢ =0 - (2.45)
Haﬁévgr, it can 31§6'5é>sﬁcwn from Eqs. (2.43) and (2.44)
tbaté when account is taken of t%e second order terms,r
perfect resanance“@vérlaprwili never occur., Tbué,
whether an approximate overlap of the centre line and
satellites can be aghieveé, depends upon the relative
magnitude éf the second order quadrupole shift and the

. ‘
width of the individual NMR lines.

\ W
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2.3 Orientation dependence of the nuclear quadrupole

spin-lattice relaxation in crystals.

Examination of Egs. (2.31), (2.32) and (2.33) in
the previous section shows that the nuclear quadrupole
Hamiltonian couples Zeeman states whose m values differ
by *1 and *2. Usjing Fermi's Golden Rule, the probability

of transitions where m changes by *1 and *2 is given by

21 2
w = 1
m+m+1 B .
[] i 2
n[Zl'exp(-enn)lm |vx,z,-1vy,z,1n>| §(E,,~E_+E__ -E )
) exp(-BE )
n (2.486) -
and
2nA22
w s

m+m+2 R

, . 2
ngvexp(-BEn)l<n ]i(vx,x—vy,y)—ivx,y,[n>| G(En,-EnfEm+2—Em)

) exp(-BE )
n
(2:47)

-

where

-A(2m+1)[(I—m)(I+h+1)]§ o ..

>
0

AL(I-m)(I-m-1)(I+m+1)(I+m+2)]%

P
]



In Eqs. (2.46) and (2.47), the electric field gradient
operators suchrasgvx,z, are viewed from the laboratory
coordinate system x'y'z' in which the external magnetic
field lies along the z' direction. Also B 1is l/kTL; TL is
the lattice temperature, and n and n' are the initial and
final lattice states respectively. It is convenient to
define (cf. Yosida and Moriya, 1956) two quantities Wl and
Wéi'which characterize the nuclear quadrupole spin-lattice

relaxation. They are defined by the expressions

v Lt AL (2.48)
m-em+1 21(21-1)2

W,(I-m)(I-m-1)(I+m+1)(I+m+2)
N s "2 T — — . (2.49)
m+2 21(2I-1)°

b

i
For the case I = 3/2, with which we are concerned in this

thesis, wm+m+1 is zero except when m equals -3/2 or

1/2. Similarly, wm*m+2 is zero except when m equals -3/2
or -1/2. The electric quadrupole transitions for I = 3/2
are shown in Fig. 2.4. It follows from Eqs. (2.48) and

(2.49) that "

2.2
W, = Teq” |
41n

L v lxr . a2, - i .
ngvéxp(EBEn)lfn lvx's"lvy'z'ln}l SCE < E 1~ Ep)
T c W __ . ] ]




Figure 2.4

Nuclear electric quadrupole transitions for I

3/2.
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and ‘
ﬁeg’ 2
w = — x
2 4
. : . losl28/0 o i< -
ng exp(-BE )lfn 13V, x'x Vyry) TiVery [0 1T8(R B B -

exp(-8E )

B e~

It is clear from Eqs. (2.50) and (2.51) that W, and W,

depend up@ﬁ the direction of z', and hence the direction
{ -

of the external magnetic field, relative to the crystal.

It can be shown (Hughes, 1973) by means of the principle of
time reversal invariance that the general oriehtation
dependence of Wl and WE is of the form

) (“)sinze*cgu)s}n49+sin6cnsé(;;u)cas¢+cé“)sin¢)

+ SinseEDSECE(U)CDS¢*E§ )sin¢)+sin E(c(u)g352¢
-~ *ggu)singé) + sin é(c(u)ca52¢+a§§) in2¢)
+ sinaeccse(cgg)casa¢+c(“)5153¢)

+ sin a(g(“)cas4¢+c(“)sin4¢), ‘ (2.52)

where 6 and ¢ are the polar and azimuthal angles of the

external magnetic field meésured relative to a crystal

32
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coordinate system. The coefficients qu) are in general
linear combinations of the components of a real symmetric

fourth-rank tensor (Pietila, 1968; Snyder and Hughes,

1971; Hughes, 1973)

M oggrgr(vm = : R\

) EKP(*BEg){ﬂ'IVGBID§‘{ﬂ'IVG.Sglniﬁ(Eﬂ*Eﬁ-*ﬁnﬂfﬁm

27 nn'
h

é exp(-BE )

where a: B, a', B' = x, y, z. Here xyz are the

axes of a coordinate system fixed with respect to the
~crystal and chosen in such a way as to make full use of
crystal symmetry. The tensor components MESE.E;(u,m)L

are properties of the ¢rystal. 1In general there are

fifteen independent M-t¢nsor components. However, the

presence of crystal symmetry reduces this number. For

independent M tensor components respectively.

The approach to ééuilibrium of a spin system (with
I 2 1) is usually non-exponential. In general, the i
relaxation behaviour of a system of nuclei with spin
number I is governed by 2I relaxation timésv(ﬂﬂdféﬁ and
Tunstall, 196]). For example, for I = 3/2, the éppréaéh

equilibrium is of the form

to

(2.53)

= 2W -2W =2(W +W_ - ;
2W._ t zw;t g(wl Wz)t

Ae ! +Be. 2 4+ Ce . .

T



wher!A, B and C are determined by the initial conditions.
However, if a Boltzmann distribution can be established
among the Zeeman levels of the spin system, the relaxation
behaviour is exponential and the nuclear quadrupole spin-
. lattice relaxation time T1 is given by (Andrew and

Tunstall, 1961) A
TII = [(21+3)/51(21;1)](w1+4i2). (2.54)

Spin exchanges (Andrew and Tunstall, 1961) maintain
a Boltzman distribution among the energy levels of a
spin system if the various quadrup@le=5plit resonances
can be made to overlap. As pointed out in section 2.2,
this can be achieved for a.system of identical nuclei in
a non-cubic crystal by suitably érienting the crystal
relative to the external magnetic {ieldi provided second
order effects are sufficiently small.

For the case of relaxation mechanisms such as the
two-phonon Raman process (Van Kranendonk, 1954; Van
Kranendonk and Walker, 1967, 1968), the energy difference
Em—u-Em is ﬂegligible in comparison with typical lattice
energies En in the delta function in Eqgs. (EQSQ); (2.51)
and (2.53). The H-tensqr components associated with
Wl are therefore essentiallyiequai to thas; assocdated
with Wz. By substituting in Eq. (2.50), it is then found
(Hughes and Spencer, 1979) that

E



. 2.2
T{l = E=S§L§£igl [k1+k251329+sinéc358(k32ﬂ5¢*késig¢)
80IT(2I-1) - - ° )

+Siﬁ29(k5c952§+k

s51n2¢)1, (2.55)

where the coefficients k;, are linear combinations of the
M-tensor components. The angles 6 and ¢ are not
independent, since theygmust satisfy Eq. (2.45) for
resananée overlap. By eliminating 6 using Eq. (éiés) it

can be shown that

e o for1 oenan11/2, 0 ,
T!1 ) g?'2;21+3; - Zkgffz(leE?SEQRJ (§§§as{f§i$1n§)
1 go12(21-1) 1 3 - ncos2é
2(k.cos2¢+k.sin2¢)
r 5 6 — . (2.56)
3-ncos2¢
LY

Because of crystal symmetry, some of the coefficients
vanish. Thus, for ZBHa in single crystals of NaNDS where
the point group symmetry is 3, it can be shown by using

Eq. (2.56) that

§l’ 3 22 T = . s a ,’ 3 _ , -
Ty = (e7Q7/60) (8 Myy)) *+ 8 My 5y + Maqqq). (2.57)

We note that=T1 is independent of the orientation of
the crystal relative to the external magnetic field. This

is not the case in general. For example for EBNg in Naﬂég

where the point group symmetry isan,Ti is given by
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-3.1.1 griéifqggcgiptiggrgf the pulsed NMR spectrometer

In this section we briefly describe theé various
parts of the apparatus and their functional relationships.
Imp§rtant parts of the apparatus are described in more
detail in sections 3.1.2 to 3.1.7.

A block diaéfam of the apparatus is shown in Fig. 3.1.
A Takeda-Riken 3130 frequency syntnesizér suppliés a Ccw
signal to a Matec 515 rf gated amplifier. The gating
signal is provided by a pulse generator. The second
comnection between the pulse generator and the rf gated
amplifier carries the reset pulses to be discussed later.
The clock pulses for the pulse generator are derived from
a cw signal fed from tﬁg frequency synthé5132f, ‘This
ensures that the gating pulses produced by the pulse
generator are coherent with the rf signal being gated.
The frequency synthesizer also provides a cw reference
signal to the phase-sensitive detector. This signal is

passed through a phase shifter in order to allow adjust-

ment of the phase of the reference signal. The phase
shifter uses a variable 10-turn delay line to provide the
phase variation.

The @ufput from the rf gated amplifier feeds a

.37



' Figure 3.1

Block giggriﬁ of the system,
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single NMR coil in which the sample is located. A lumped
ci;cuit duplexer is used to decouple the NMR coil and the
rf phase-sensitive detector when the rf pulses are on.

When rf pulses are off, tﬁé%NHE c@ii is coupled to the

rf phasg-sensifive détéétﬂfisé that the (weak) NMR signals
can be amplified and detected. The phase-detected NMR )
signal is fed to a Nicolet 1170 signal averager.* The
averaged NMR signal can be viewed on a CRT, digitally

read out via a Texas Instruments type 733 ASR eléctronic

data terminal or read out on a Hewlett-Packard 7035B X-Y

recorder.

3.1.2 Sampig;prggg

The NMR sample coil has a length of 0.8 inches and
a diameter of DESS inches. It consists of 21 turns of
g¥lver wire 0.0125 inches in diameter and has a measured
inductance of approximately 7uH. Silver was g?aséﬁ in
bréference to copper because the NMR frequency of copper
is close to that of sodium, and it was important to ensure
that no background NMR signig; were present.

The NMR coil, represented by the inductance Ll in
Fig. 3.2, is connected to a-variable 5-50 pF capacitor
C,- In order to avoid dielectric breakdown caused by the
high voltages present during thé rf pulses, a vacuum

capacitor from ITT Jennings Ltd. was used for C..

*1 am grateful to the Department of Physics, University
of Calgary, in particular Dr. A.W. Harrison, for the loan
of the Nicolet 1170 signal averager.

L]



I

Figure 3.2
Circuit diagram of the sémple probe and the lumped

circuit duplexer.
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The capacitor was physically small enough to be located
adjacent to the NMR coil wifhin the sample probe. . This
kept stray capacitance to a minimum and allowed the NMR
coil to have as many as twenty-one turns. A ferromagnetic
bearing on the capacitor was replaced by a nylon one so
as not to disturb the homogeneity of the external fmagnetic
field.

The output impedance of the rf gated amplifier is
500 -whereas the impedance of the LIC1 combination at
resonance is several tens of thousands of ohms. An ,\)
impedance match was obtained by connecting the rf gated
amplifier across a single turn 6f the NMR coil as shown in
Fig. 3.2. Connection across the single turn was achieved
by soldering two lengths of silver wire 0.0125 inches 1in
diameter to the coil. The tapped-coil behaves like a
transformer, and the impedance ratio is thus approximately
the square of the turns ratio, i.e. 212 or 441. The input
impedance of the NMR coil (measured across the single turn)
was fo;nd to be about 100Q -at an operating frequency of
14.5 MHz when C1 was tuned to resonance. A resistor was
therefore connected across L. and C1 and the value was

1
chosen so that the input impedance was 502 and resistive

3

at the operating frequency. The impedance measurements
were made using a Hewlett Packard 4815A rf vector impedance

- .
metg:. Since the output impedance of the rf gated

*I am grateful to the Department of Electrical Engineering,
University of Alberta, for the use of the Hewlett Packard
4815A rf vector impedance meter. .
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amplifier is ‘ulso 500, the sample probe and gated

amplifier are connected" by ordinary 500 (RG-58) coaxial
cable. This impedance match ensures maximum power
transfer from the amplifier to the probe.

To our knowledge, this is the first time such a
tapped coil arrangement has been used. Most other NMR
spectrometers use ‘a matching network consisting of
se al components. The tapped cpil arrangement is simple
and is also capable of generating large rf magnetic fields
with a relative modest power amplifier.

It is important that the Q factor of the NMR coil
should not be tca-high; Otherwise, fast rise and fall
times for the rf pulses cannot be obtained. The Q factor
the sample tuned circuit was found to be 34, and this

enough for work on EBNa nuclei.

s}
=y,
+

b
oy
e

10

The probe body was solidly constructed to reduce
microphonic effects. Brass was used in the construction,
in preference to aluminum for example, to reduce spurious
ringing signals observed by other workers (Buess and
Petersen, 1978) and also observed by ourselves with a
preliminary aluminum probe.

1.3 Lumped circuit duplexer

In our apparatus, a single coil is used instead of

to

’I.q\

a crossed coil configuratio Thus, it is necessary
isolate the detector from the output of the rf gated

amplifier. One method is to connect the NMR coil to the
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o\ . ,
rf phase-sensitive detector by means of a quarter wave-

length transmission line, with crossed diodes connected
across the input to the detector. During a pulse, the
diodes are turned ¢on and therefore present a low impedance.

i

The quarter-wavelength transmission line is thus shorted

so that its input impedance becomes infinite. In the

Qbiencaf‘a pulse, the diodes present a high impedance so
thidt the transmission line is open-circuited. It therefafé
presents a low impedance and thus allows the NMR signal

to pass to the rf phase-sensitive detector.

The circuit described by McLachlan (1980) shown in

Fig. 3.2 replaces the quarter-wavelength transmission line

=

by lumped cireuit components, and has superior performance

to a transmission line. When a rf pulse is applied, the

crossed diode pairs Dl’ D2 and DB conduct and LE’ C2 and
Rg form a parallel tuned resonant circuit which presents a

high impedance at the resonance frequency. The vql%aggf
appearing across DS which are fast silicon’'diodes is about
0.6 V RMS. The capacitor CS’ in conjunction with the 5QQ
input impedance of the rf phase-sensitive detec;@r,
atténuates}thé voltage further so that only about ' 0.06 V
RMS reaches the detector. When Ehere igs no rf pulse, all

the diodes are open-circuited, and L, and Cazfcrm a series
. 2

tuned resonant circuit. - This presents a low impedance at
resonance and allows the NMR signal to pass to the rf
phase-sensitive deteéfgz;ﬁ_ﬂsf

The purpose of the crossed diodes Dl is to connect
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the rf gated amplifier to the NMR coil during the pulses,

and to isolate it when the rf pulses are absent. The
series resonant circuit is tuned by feeding a signal at
the operating frequency into the probe terminal. The

amplitude should pe small enough so as not to turn on the

crossed diodes. The capacitor C4; i5 tuned for maximum rf
signal entering the rf phase-semsitive detector. To tune

the parallel resonant circuit, switches Sl and Sg are

closed, and C2 is varied to obtain maximum input impedance

at the probé terminal.

3.1.4 R.F. phase-sensitive detector

NMR signals are detected by a Matec 615 tuned rf
phase-sensitive detector. A cw Ievellcqptral adjusts the

amplitude of the reference signal entering the rf phase-

sengitive detector. For the work described in this thesis,
the?Zéntrnl was set at maximum at which setting the cw
reference level indicator read 17%. The unit is provided
with high impedance and low impedance inputs. The low

(509) impedance input was used in order o match the

impedance of the tapped NMR coil. The unit is also equipped

[t
[

with high-Q and low-Q rf amplifier stages. The high-Q
amplifier stage was used in our work because of the better
signal to noise ratio it provides. (The low-Q amplifier

has a shorter recovery time than the high-Q amplifier.

o)

However, we were more “interested in a good signal to noise

ratio than in a short recovery time.) The unit is equipped
~




with a contf§1 which enables the bandwidth to be varied
Retween 0.9 kHz and 2500 kHz. For the work on a liquid
sample, the bandwidth setting was B70, corresponding to a
bandwtdth of roughly 20 kHz. For the work on the érystals,
the bandwidth setting was C70, corresponding to a band-

width of roughly 200 kHz.

3.1.5 R.F. gated amplifier

The Matec 515 rf gated amplifier, when plugged into
the Matec 5100 gating modulator, provides gated rf pulses
with a maximum power of approximately 1 kW. The output
impedance is 502. The pulses from the pulse generator
are introduced through the "External Modulation" -input.
The amplifier is tuned by adjustiﬁg the ”R:Fi Tuning"”
control for maximum output when a 50 ohm resistor is

connected to the amplifier output.

4
i

h The signal averager system consists of a Nicolet
1170 high-speed signal averager with a Nicolet 171/2
signal digitiée: plug-in unit. The data acquisition time

can be varied from 1 us to 99.9 s per point. A post-

trigger delay ranging from 1 us to 99.9 s can be introduced.

Total méhory consists of 2048 channels. The capacity of
each channel is 20 bits.
The signal digitizer plug-in receives analog signals,

digitizes them and transfers the information to the high-

47
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speed signal averager. The analog-to-converter
resolution is 6, 9, or 12 bits. The 12 bit resolution
was used in the present work. For préliminary work on
axiiquid sampl%, a Fabritek 1062 signal averager was
used. However, the slow éequisiticn rate of 200 us per

point made it unsuitable for work on the solid samples.

3.1.7 Pulse generator

The pulse generator used in our system was designed
and constructed by the electronic shop in the Department
of Physics. A schematic diagram is shown in Fig. 3.3.

A synchronous downcounter is driven by a clock signal
éﬁhich is ﬂ?tainéd from the frequency synthesizer. The

initial settings of the down-counter are determined by one

\hU\

réf four sets of decade thumbwheel switches, Pl1, P2, P3

and P4. The first set consists of three decade switches
which can be set between 0 and 999. These determine the
length of the first pulse between 1 and 1000 clock
periods. (The extra clock period is caused by a time
delay in the circuitry.) The second set cansistsAaf a

set of decade switches which cap be set between 10° and
9,999995H108. These determine the separation time between
the first and second pulse. The third set determines the
length of the second pulse between 1 and 103 clodk periods,
The fourth set determines the pulse!sequénce interval, or
the time between the second pulse and tbe?first pulse if

the pulse sequence is repeated. It can be set between 107



Figure 3.3
Schematic diagram of the pulse generator.

indicate the direction of information flow.
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8-glack periods. Since the operating frequency

and Q.SélD
is 14.5 MHz, the pulse lengths can be varied up to 69 us,
and the pulsé separation and pulse sequence interval can
be varied QQ to 69 seconds. 7

At the beginning of a cycle, data is loaded from Pl
into ;;L synchronous da%n!cauntEF via the thumbwheel input
data selector. When the counter reaches zero, data gate

Pl is closed and data gated P2 is opened so that the data

from the P2 thumbwheel switches are loaded into the

iy

2 is

e

counter. VWhen the counter reéches zero, data gate
closed and P3 is opened and the praéédure continues until
the counter has cauﬁtgd down to zero for P4. The logic
signals are fed to the output buffer.

Iﬁdividuél outputs corresponding to P1, P2, P3 and
P4 are provided. For experiments where single pulses are
required, output Pl or P3 is used. 1In another output, Pl
and P3 are added and this provides the gating signal for
a two-pulse sequence such as the 180°-1-90° sequence used
in our?experimentsi The output buffer also provides narrow
pulses which occur at the end of each of P1, P2, P3 and P4.
These are used to reset a pair of flip-flops in the rf

gated amplifier for the reason to be mentioned in section

3.3. ! | ! / _ v
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3.2 Details of Sample

[ ]

.2.1 Description of the sodium nitrate crystal

The sodium nitrate single crystaliused in the work

was the same one as used by Spencer and Hughes (1978).

It was obtained from the Harshaw Chemical Company, Cleve-
land, U.S.A. and a spectroscopic analysis provided by
Harshaw indicated the following impurities: Al, 3 ppm;
Ca, 8 ppm; Mg, 3 ppm; Cu < 1 ppm; Si < 1 ppm. The crystal
is in cylindrical form, 15 mm in diameter and 11 mm in
length. The three-fold axis of symmetry is accurately

parallel to the end faces of the cylinder.

3.2.2 Crystgllag:gphyﬁgg §§593 5
The unit cell of HaNQS is shown in Fig. 3.4. This
material crystallizes in the rhombohedral system (space
group R3c, D®3d) with two molecules per unit cell. There
are nitrogen atoms at each corner of the cell and at 1/2,
1/2, 1/2; the sodium atoms are situated at 1/4, 1/4, 1/4
and 3/4, 3/4, 3/4 as shown in Fig. 3.4. The nitrate
groups are planar, each nitrogen atom being situgied at
the centraid of an equilateral triangle of oxygen atoms
whose plane is perpendicular to the three-fold axis. The
sides of the oxygen tfiangles lie parallel to the projec-
tion of the cell edges on a plane perpendicular to the
three-fold axis, the orientation of the triangles

alternating by 180° along the three-fold axis. There are



Pigure 3.4

Unit»cell of sodium nitrate
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two sodium atoms, situated at sites A and B SAY, per unit
cell of Naﬁﬁa crystal. These sodium atoms have a similar
environment possessing 3 symmetry. Haw%yéri the environ-

ments are in each case differently ariégted in space.

These sodium nuclei have different intrinsic quadrupole
relaxation probabilities, wlAi le’ ng’ and WBB (Hughes
and Reed, 1971). However, the time_averaged electric

field gradient V__ (= —gﬁx = -2V_ ), which determines the

x Yy’
quadrupole splitting (Cohen and Reif, 1957), has the

o]

same vgléé at the A aﬁdfgasitesi Tge resonances from

3Na nuclei at these sites therefore overlap. Since

I = 3/2 for ESNE, the NMR spectrum‘cansistsiaf three lines,
the so-called centre_ line andlsstellites (see section 2.2).
Even though the A and B nuclei imn general have different
intrinsic quadrupole relaxation praéabiiities, they are
strongly éaupled by spin exchanges (AbraFam and Proctor
1958; Bloembergen et al., 1959; Andrew and Swanson, 1960),
which result from the overlapping of the resonances. Thus,
the ZSHa nucledi in—NaN@a behave as a system of #tdentical
nuclei, if crystal imperfections are ignored. The 7
effective quadrupole relaxation probabilities Wl and ig

are the arithmetic means of wlA and '15’ and WZA and '25

respectively (Hughes and Reed, 1971).

3.3 Preliminary check of the equipment

In nuclear magnetic resonance, the higher the

frequency, the better the signal to noise ratio. Also, din



our work it was necessary to achieve good overlapping of
the component lines of the quadrupole split spectrum. To
achieve this, the second order quadrupole splitting must be
small and this, in turn, means that the NMR frequency must
be hagh (see Egqs. (2.43) and (2.44)). However, the maximum
usable frequency is determined by the magnetic field
strength available. We worked with a field of approxi-
ma;ély 13 kilogauss, which is close to the maximum field
of our magnet. The gyromagnetic ratio of the ESNa nucleus
ig1sueh that the NMR itequéncy in a field of 13 kilogauss
is 14.5 MHz. This is ihe frequency for which the sample
probe was designed (see section 3.1.2).

The performance of the pulsed NMR spectrometer was
checked using Ehe EEHE signal from a 2 ml sample of a
doped saturated aqueous solution of sodium nitrate. The
paramagnetic ‘,r'f'e(lﬂti)a):3 in order to reduce the spin-lattice

relaxation time to the order of 10 ms. This is done so

that the spin system could recover quickly from the effects

of a pulse. This allows pulsed experiments to be repeated

at frequent intervals.

e

The gain of the rf gated amplifier was=turﬁed up to
maximum, at which setting the voltage at the input to the
NMR coil (across the single turn) was 600 volts peak-to-
peak (Vpp)' This corresponds to approximately 10 kVpp

across the whole NMR coil. All the measurements reported

in this thesis were carried out using this maximum pulse

>
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amplitude. The FID immediately following each pulse was
observed on an oscilloscope connected to the video output

of the rf phase-sensitive detector. The oscilloscope was

triggered by the trailing edge of the pulse. The repeti
tion rate of the pulses was 1.4 seconds leaving plenty of
time for the spinisystem to relax back to equilibrium
between pulses. The strength of the magnetic field was
varied until a proper FID was observed; if the field is
off-resonance, the nuclear precession frequency is
diiferent from the freqﬁency of the reference signal fed
to the rf phase-sensitive detector and the observed signal
has the féfmgﬂf a damped oscillation.

After the proper FID was obtained, the reference
phase waé'adjusted in order to obtain a maximum signal.
The length of the rf pulses was then adjusted until the
amplitude of the FID was a maximum, i.e. until the pulse

as a 90° pulse. The pulse length indicated by the
setting on the pulse generator was approximately 115 rf
\periods or 7.9 us. This pulse 1eag£h is quite short,
bearing in mind the rf power available. It shows the
effectiveness of our tapped-coil impedance match.
Careful observation of the amplitude of the.FID

following a pulsé of approximately 90° showed an inconsis-

tency. At certain pulse lengths, every fourth pulse was
found to be four rf periods shorter than the others. The
problem was overcome by resetting a pair of flip-flops in

the rf gated amplifier to coincide with the beginning of



the pulses from the pulse generator, as suggested by Mr.
E. Cairns and Mr. W. Siewert. This required a small
modification to the circuit of the rf gated amplifier,
and the provision of narrow 'reset puises' obtained from
the pulse generator.

In order to obtain a 180°-1-90° pulse sequence for
measuring spin-lattice felaxatian|times, the length of
the first pulse generated by the, pulse generator was
increased from zero until the amplitude of the FID
immediately following the pulse was zero. The absence of
a FID means that there is no transverse magnetization and
this implies that the pulse is a 180° pulse. The length
of. the second pulse generated by the pulse generator was
increased from zero until the amplitude of the FID
1mmediatély following the pulse was a maximum, i.e. so
that the second pulse is a 90° pulse. The length of the
180° pulse was found to be 205 rf periods or 14.2 us.
This is slightly less than twice the length of the 90°
pulse. This is pregumably because of phase shifts which
occur at the leading and trailing edges of each pulse.

The operation of the equipment was checked by
measuring T1 of the 23Na nuclei 1? the doped saturated
aqueous solution of NaNégi Theserméasuréments were made
using the Fabritek 1062 Signal Averager, operating at its
fastest data acquisition rate of 200 us/point.

As described in section 2.1.2, the approach to

equilibrium of the z-component of magnetization following
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a 180° pulse will be of the form
fn (M-M_) = A - (&/T,). (3.1)

Experimentally M can be found by measuring the amplitude
of the FID following a 90° pulse and Hg can be found by
meaéufing the amplitude of the FID following a 90° pulse
applied at a time 1 after a 180° pulse. Since the
difference between M@ and Mz is required, it is not
necessary to measure the baselirfe of the FID, provided the
baseline is the same in both cases. Examination of the
baseline showed it to be quite stable, so that it was

only necessary to measure the difference between the
magnitude of the FID's aésaciated with MQ and Hg. These
values were measured in the fifth channel of the Fabritek
Signal Averager, iie.? times 200 us or 1 ms after the

. 90° pulse. To obtain good signal to naié% ratio, signals
were recorded 32 times in the signal averager. In order

to minimize any errar’due to a shange in gain of the system,
values of Mc were measured between each Mz measurement.
Thus, the sequence was MQ; Hg(ti), M 2),

HE(TH), Hai The arithmetic mean of the. two Mé values on

o' M, (T
either side of a Mg value was used in determining £n (HGEHE)
in Eq. (3.1). The data shown in Fig. 3.5 falls on a
straight line,.in agreement with Eq. (3.1). The value of
TEl found from a least squares fit of the data to a straight

line is 20.4 ms. Repeating the measurements gave values

i
Lin]



ranging from 20.0 ms to 20.8 ms, showing reasonably
satisfactory reproducibility. 4
According to Andrew (1955), the spin-lattice

relaxation time Df protons in a M/10 aqueous solution of

ferric ions is 1.15 ms. Since T1 is inversely proportional

to the square of the gyromagnetic ratio of the nucleus .

involved, and since the gyromagnetic ratio of the proton
s 3.78 times as large as that of the ESNa nucleus, the
expected Tl of 23Na in a M/10 aqueous solution of ferric

[~

ions is 16.5 ms. Bearing in mind the uncertainty in the
concentration and the simplifications made in the theory,

the agreement between experimeyt and theory is satis-
factory.

Examination of the MG values obtained with the
doped aqueous solution of NEN@E showed no evidence of any
systematic variation of M@ with time. Thus, it was
decided in future work to use the overall mean value of
HD, rather than the meanigf the MD values measured
immediately before and after each ME

The data shown in Fig. 3.5 were taken with T

increasing monotonically throughout the experiment. This

is not good practiice, and it was decided in future to

y, systematic errors due to a time-varying
. r.. , )

gain or baseline¢ will show up as an enhanced scatter of

the data points| rather than as a curvature of the data

points in the semilogarithmic plot.



Figure 3.5

2

HGEHE versus pulse separation time t for BNa in a

doped saturated aqueous solution of NaNGB at 299K.
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Examination of the data also showed the error in
-5
Hz was due to noise and was independent o0f the value of

T (and was also the same as the error in !a)i Thus, the

[y ]

rror in the M aHZ is the same for each data point.
o

However, the error in lﬁ(HD!ME) is inversely proportional

to (HGEME) as can be seen by differentiation:

é Ln(HQ—Eg) = é(ua—ug)/(nésug); (3.2)

Since (Hasuz) varies by about an order of magnitude in a

typical T1 experiment, the random error associated with

each’data point also varies by about an order of magni-
tude. It is therefore important to perform a weighted
least squares fit to the data. It is also helpful to

determine the error in Tl obtained from the least squares

fit. The remaining T1 values to be reported in this thesis

were therefore obtained by means of a weighted least

squares fit.of the data. Also, two error estimates were
obtained. One is derived from the scatter of the data
about the straight line. The other is derived from the
standarq error associated with each data point. An
estimate of this standard error can be obtained from the
scatter in the various HD valunes. The formulae required to
perform a weighted least squares fit and to calculate

the errors in the fitted parameters,bare presented in

Appendix 1. The method of obtaining the standard devia-

tions and weighting factors needed in our least squares



fitting procedure are described in Appendix 2. -A program

for the Hewlett-Packard 67 programmable calculator that

would calculate T, and the error in T. from values of

1 1
gﬂgélz) and T is;desgribed in Appendix 3.

3.4 Measurement of the spin-lattice relaxation time of

?3Na_in sodium chloride

In order to compare our Tl values with those of

other workers, and to look for possible systematic errors,

we measured the spin-lattice relaxation time of ESNa in

a single crystal of NaCl at room temperature. Even
though this Tl is believed to be independent of crystal
orientation relative to_the external magnetic field (Zak,
1964; Snyder and Hughes, 1971), we aligned the crystal so
that ﬁa was along the 100 direction.

Since the T1 value is approximately 14 s (Schumacher,
1958; Satoh, 1965; Spencer and Hughes, 1978), the pulse

sequence 1nterval was set at its maximum value of &9 secands

or about 5T S0 that the starting magnetization is

1’
(1—23'1)HD,QI 0.987 M_. Because of the long time between
pulse sequenges, the signals were averaged only 8 times,.
even though this sac ificéd the signal to noise ratio.
According to the Matec manual,.our rf phase-sensitive
detector should be linear provided the video putput is less
than 1 V. We kept well below this limit by adjusting
the receiver gain so that the maximum output was only 0.25

V . The bandwidth in the rf phase-sensitive detector was



VA

Y o . o
set at thegOsition C70 corresponding to a bandwidth of

roughly 200 kHz.
Since the decay of FID of EBHE in NaCl at room
temperature is much faster than the decay of the FID of

gaﬁa nuclei in the doped aqueous solution of NaNO,, a

_much faster data acquisition rate than the 200 us per

point of the Fabritek signal averager was needed. We
therefore used the Nicolet 1170 signal averager, boipf§owed
from the University of Calgary, for this work. A data
acquisition rate of 1 us per point was used. Also, a
post trigger time delay of 28 us was introduced so that
the rff§;;53ssensitive detector output during the
recovery period was not recorded. The «t values were
selected in random order ﬂéﬁ the reason discussed in
section 3.3. The FID signals were recorded in a quarter
of the memory of the signal averager or 512 channels.

The data shown in Fig. 3.6 was obtained from the
FID's recorded in the seventeentﬁ channel of the signal
averager. Thus, they were recorded 17+28 = 35 us after
the trailing edge of the 90° pulse. For an ideal crystal,

the shape of the FID should be independent of t. Thus,

it should not matter wherei(iié! at what time) the magni-

tude of the Flﬁ is measgred, provided it is dage;
cgﬁsistently qu all values of r. (Traditionally, the
magnitude of the FID has been measured as soon as possible
after the 90° pulse). Héwever,';n order to check this

point, we measured the FID's in the fourth, fifty-seventh



Figure 3.6

loflz versus pulse separétion time t for

at 299K.

23

Na

NaCl
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and ﬂinety!seﬁenth channels, in addition to the
seventeenth channel. The values of Tl were also obtained
from the same FID's using data in the fourth, fifty-
seventh and ninety-seventh channels. (These channels were
far enough apargrgé that little correlation between the
values is expected). The calculated T1 values are shown
in Table 1, together with the standard (68% confidence)

ssociated with the scatter and the standard error

]

error
associated with the standard deviation per point. These
two types of error estimgtes have been called external

and internal errors respectively (Birge, 1932). It can be
i

seen from the table that the two types of errors are of

similar gagnitudej indicating that the proper fitting

function is a straight line. For purpose of calculation,

the larger of the two errors was used in .each case as

shown in the fifth column of Table 1. The weiggted mean
T, is 14.6%0.15 seconds. This is compared with othér
published values in section 4.

Because the magnet eaclgéuré was slightly warmer
than room temperature, a thermometer was inserted inég-the

sample pfobe (with rf pulses turned off) and the tempera-

ture was found to be 26°C. This was taken to be the .

sample- temperature.

&

D



69

Table 1
+

T, of 23Na in NaCl obtained using data from

1
different channels of the signal averager.
L

I —_ — — — . — —

- L]
Chah@el number T, Error Error T,
’ (Scatter) (Std. dev.) (seconds)

4 14,37 0.20 0.22 14.37£0.22
17 14.91 0.30° 0.23 14.91+0.30
57 14.76 0.34 0.30 14.76:0.34
96 14.57 - 0.31 0.42 14.57+0.42

|
-
"9
o)
o
I+
<
]
n
L]
1]
7]
O
=]
=3
v}

Weighted mean Tl 14.60=+0. 5
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3.5 Measurement of the orientatjon dependence of the

spin-lattice rel;;g;iaﬁ time of E?Na in NaNO,.

3.5.1 Installating&{‘the Hgﬁ@a crystal in the sample
églgg;.
A special sample holder was constructed in sugﬁ a
* way that it could be slid into the NMR coil and so that

the crystal could be rotated inder. ~dently about the two

1]
Iy

axes shown in Fig. 3.7. Axis 1 .- tnhe .xis of the sample
hcléef and the NMR coil. It is perpendicular to ﬁG,
Axis 2 is perpendigular to axis 1. The crystal A was
mounted in a collar B which can be rotated about axis 2.
The collar is equipped with a vernier scale (see Fig, 3.7)
so that its inentatian;can be read with an accuracy of

about one degree. The sample holder can be rotated about

s]

axis 1 in the sample probe. The probe is equipped with

a circular scale C and a vernier which can be read to

,‘ﬁithin one tenth of a degree.

£

1 The crystal was aligned in the collar so that the

tﬁree—f@ldvgxis was along axis 2. This‘was done in the

following way. It can be shown ffrom Eq. (2.44) that the

23

separation of the two "“Na satellite lines in NANQS is

a maximum at 6 = O (and 180°). The crystal was set in the
collar so that the end faces are perpendicular to axis 1.
This is the situation shown in Fig!73i7_ The sample |
holder was then rotated about axis 1 until the satellite

separation was a maximum, i.e. until 9 was 0°. This whs

—



Figure 3.7

Diagram of the gample holder.
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; Axis 1

( Axis2 -
(perpendicular
to plane of |
diagram)



achieved by. setting the magnetic field to be on resanaﬁée
for one of the Sat21iiEi§;£§g rotating the crystal about
axis 1 until the resonant magnetic field was a maximum

or minimum, depending upon the satellite chosen. The

crystal (and the collar) was then rotated through 90°

about axis 2 and the sample holder was again rotated

about axis 1 until the satellite separation was a maximum.

This satellite separation was less than the value corres-
ponding to 8 = 0° because axis 2 and the symmetry axis .
'were not parallel to one another. The crystal was then
rotated in the collar and the above measurements were
carried out again. The process was repeated until there
was no difference in Efé satellite separation when the
crystal was ratatedithraugh 90° about axis 2. Axis 2 and
the symmetry axis were then parallel to each other.

An important consequence of this adjustment is that
rotation about axis 1 changes 6 but not ¢, whereas rota-

tion about axis 2 changes ¢ but not 8. This situatiom

!
the remainder of this thesis.

3.5.2 Choice of crystal coordinate system for HaNQEi

In chooging the crystal coordinate system referred
to in section 2.3 so as to make full use of crystal
‘symmetry, the z axis is selected to coincide with the
three-fold symmetry axis of the crystal. Also, the x

axis is selected so that it lies in a glide plane.
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(Egch glide plane contains the three-fold axis and a
unit‘ge%l edge). The location of the x axis in this
crystal haan;;;;ISEET?*Ueen—determined by means of an X-ray
precession photograph of the crystal (Spencer and Hughes,
1978) . However, there is an ambiguity of 60° in the
orientation of the x axis which is not resolved by the
X-ray method. This ambiguity is removed by arbitrary
ielecting the (righttmndan coordinate system Xxyz so that
the unit cell edge which lies in the xz-plane extends from
the origin into the second or fourth quadrants (rather than
into the first and third quadrants). The orientation of
this axis. was found using NMR, by comparing the width of
the 23Na resonance line at the setting 6 = 54.7° and

¢ = 0° and 60°. The second moment of the centre line in°®
the frequency domain, due to the magnetic dipole-dipole

interaction, is given by (Andrew et al., 1962).

2

S = {29.57-2.97cosze-9.14cos4e+6.Oé(?sinzezsinée)casaé}104Hz?
(3.3)

relative to the crystal coordinate system defined above.
At 6 = 54.7°, the satellites overlap the centre line.
However, the ¢ dependence of the second moment of the
combined resonance line should still be of the same form as
> Eq. (3.3).

It can be seen from this eduaticn that the dipolar
‘second moment for 6 = 54.7° is a maximum at ¢ = 0° and a

minimum at ¢ = 60°. The FID which is the Fourier Transform

. ”~



of the NMR signal in the frequency domain, should there-

fore be narr&qer in the time domain at ¢ = 0° (and 6 =

54.7°) than at 6\= 60°. AThe EBNS FID's in NENQS obtained

for 8 = 54.7° mnd ¢ = 0° and 60° are shown in Fig. 3.8.
The FID's wereiaveraged eight times and then EEZE out

from the signallaverager via the X-Y recorder. It is clear
from the above discussion that the ¢ values associated
with the two FID's are as shown in Fig. 3.8. This
uniquely identifies the orientation of the x axis in our

crystal.

3.5.3 Measurement of Tl of gaNaiinANaND,g

The Na.NO3 crystal was oriented so that $ was equal

to 30° by rotating the collar B about axis 2 (see Fig. 3.7).

The angle 6 was set at 54.7°, where resonance overlap
occurs, by rotating the sample holder about axis 1. The
position of best overlap was taken to be the Gfiéﬂgatiaﬂ
at inch the FID was approximately, Gaussian in shape.
Rotation of the crystal through about 0.1° in either
direction‘caused the FID to ehanée shape significantly and
in particular to overshoot because the satellites became
off resonance. Thus, the setting of the crystal was very

delicate. &

The equipment was allowed to warm up for one hour
before T1 data were taken. Since the Tl of EBNS nuclei is

approximately 6 seconds (Kasahara et al., 1977; Spencer

75



Figure 3.8

23

Free induction decay F(t) of Na in NaNO, at 6 = 54.7°,

3
and ¢ = 0° and 60°.
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used. Also, eleven different t values ranging from 0.1 to

=t

5 seconds were used in random order. Otherwise the method
was the same as for the NaCl crystal. In particular, each'
FID was averaged eight times. Data‘obtained in the fourth
channel (32 us after the end of the 90° pulse) are shown

in Fig. 3.9. As was the case for NaCl, T, values were g

1
also'obtained from the data in the seventeenth, fifty-

se?e’ and ninety-seventh channels, and the weighted mean
was calculated. The measurements were repeated, using the

same T values, with ¢ covering the range 0° to 120° in 15°

[

steps. For reasons discussed in section 4, great care wa
taken to keep the operating conditions, and in particular
the cant;al Settiggsran-the rf“phaSEESéﬁsitivg detector,
the same for all ¢Evaluesg The Tl values are summarized =~
in Table 2.

The temperature of the sample was 299K, as in the

case of the NaCl crystal.



Figure 3.9

RO—MZ versus pulse sepafation time 1 for 23Na in NaNO3

at 299K and ¢ = 30°.
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TABLE 2
: . 23, . » A g0 L S
_Tl of Na in NaNQS at 6 = 54.7° and at various values of

¢. The values in the second, third, fourth and fifth
columns were obtained using data from different channels

of the signal averager.

Error Mean

¢ Tl T1 Tl Tl Error
(4th) (17th) (57th) (97th) (Scatter)(Std.dev.) T,
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CHAPTER 4
DISCUSSION

We found that T1 of 23

,NaCl at room temperature (299K) was 14.60:0.15 seconds,

Na in our single crygtal of

where the error limits include random errors but not
necessarily all types of systematic errors. Other

23

published values of T, for Na in NaCl are 14.2:0.5

1
seconds at 300K (Schumacher, 19582, 14.22Q.5 seconds at
300K (Satoh, 1965), and 14.1%0.2 seconds at 295K '
(Spencer and Hughes, 1978). (Satoh's value has been read
off a graph. He did not explicitly state his error limits.
However, it “can be inferred ghat tﬁéy were approximately
0.5 seconds.) The T, of NaCl is approxinfitely inversely
proportional to the square of the absolute temperature.
Spencer and Hughes' value therefgré Earrespands to 13.75¢+
O.é seconds at 299K. While our value agrees with values
found by Schumacher and Satoh within the combined error
limits, it does not agree with the value found by Spencer
and Hughes (1978) using a cw t;chniquei Satoh, and
Spencer and Hughes, used a single crystal of §EC1, as we
did in our measurements, so the discrepancy cannot be
attributed to using a different type of sample. The reason
for the discrepancy between our value and that of Spencer
and Hughes is not known. However, the fact that our Tl is
longer than all the other published values raises the N

question whether there is a systematic error in our T,.

values, due to nonlinearity of. the rf phase-sensitive
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detector for example.

The Tl of 23Ng in HgNDa at 299K, as measured in

different channels (at different times after the 90° pulse),§
are shown for various of ¢ in Table 2. Values of Tl’
calculated from data obtaindd using different channels,
are in quite good agreement with each other, except for

¢ = 60° where there is a significant tendency for T1 to

increase with increasing channel number.

The resonance linewidth is a minimum at ¢ = 60°
(Andrew et al., 1962) (see also section 3.5.2). The
resonance overlap achieved will therefore be less at this
orientation than at dny other.  However, if this is the
reason for-the dependence of T1 on channel number, one
would expect almcstrthe same trend at ¢ = 45° and 75°,
and there is little evidence of this in Table 2.

Another possible reason why the:measured Tl might
- depend upon the éhannél number is the presence of crystal
imperfections. In an imperfect region of thé crystal, the
satellites will not overlap the centre line properly, and
will not be coupled to it by spin exchanges. In that case,
tne'centre line and satellites will relax independently of
one another. This is shown mathematically by the following.
In the ca§e of a common spin temperature, the relaxation
of the population differences N, between the m = 3/2 and
1/2 levels, N. between the m = 1/2iand =1/2 levels and

0

N_, between the m = -1/2 and -3/2 levels following a 180°

pulse at t = 0, is given by



N, =N, = ggEléz exp{-2(VW, +4¥,)t/5}], (4.1)
"where o is the population difference between adjacent
levels in thermal equilibrium. If there are no spin
exchanges between the centre line and satellites, the
relaxation following a 180‘1131& is given by (cf. Andrew

and Tunstall, 1961)

. v
N, = Bgflaz exp (-2 igt)] : (4.2)
NQ = Bﬂ[i*? exp, (-2W,t) - 4 e;p'(izlgt)]!

(4.3)

-

In imperfe régiaﬁs of the crystal, the satellites will
decay more rapi&ly than the centre line in the FID
following a 90° pulse. Thus, the satellites will contri-
bute less to the FID as time ‘increases, i.e., as the
channel number increases. Values of T1 would then in
general depend upon thelchannel number , théugﬂ it W, and
'2 are eqﬁgl, it can be seen from Eqs. (4.1), (4.2) and
(4.3) that the relaxation is the same whether or not spin
exchanges occur. It can be shown, using ihe M-tensor

components found by Spencer and Hughes (1978), that at

23

6 = 54.7°, 12/"1 for Na in NaNO, varies between 0.967 at

¢ = 0° and 1.178 at ¢ = 60°. Imperfections should thus .
have the largest effect on the measured Tl values at ¢ =
60°. However, it has been shown (Hughes, 1981) that even

if imperfections were such that the centre line alone was .



\

observable in 10% of the volume of the crystal, the
effect would be to reduce the 'I'1 measured at ¢ = 60° by
less than 1%. A rough™®omparison of the amplitude of the
. FID of the-centre line only (at 6 =‘O°) with that of the
.. combined satellztes and centre line (at 8 = 54.7°) showed

that the.volume of the crystal affected by imperfection

is shall. Thus, the dependence of Tlhuggn channel number

at ¢ = B80° is unlikely to be due to crystal imperfections,

\ ,
and the reasam for it is unknown.
4 (]

. The weigh}ed mean values of T1 given in the last
7

column of Table 2 are shown as a function of ¢ in Fig. 4.1.

The data look as if they\zary as -sin3¢. However, . .
this is probably coincidental. When the error bars are

. taken into account, the data fit quite well to the dashed

straight line drawn at the weighted mean value of T1 = 6.19

seconds. Of the nine data points, only four differ from

6.19 seconds by much more than the error bar. Bearing in

mind that the err{r bars represent 68% confidence limits,

that is not too unre le, especially since it has been

R}

found in mapy laboratories that the day-to-day reproduci-
bility of fl
high. We therefore deduce that T1 for 23Na in NaNO3 is
independent of ¢ as'predicted theoretically (Hughes and

Sppﬁéer, 1979) (see also section 2.3). As will be

values measured by the pulse technique is not.

85

/;’

mentioned later, there is evidence of a systematic error in

our values of Tl' However, the experimental conditions

were kept the same for all values of ¢. The systematic

-



Figure 4.1

: s
T1 of 23Na in.a single crystal of NaNO3

function of ¢ for 8 = 54.7°, The error bars represent

at 299K, as a

the larger of the two standard errors calculated by the

least squares.fit.
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=

error shgﬁldithe;efare not affect the form of the

orientation dependence of Tl; 7
: . ] 5 N 2
Our T, value of 6.19 secondd for EBNE in NaNO, at

299K can be compared with two other values. Using fitted

parameters found by Kasahara et al. (19?73, we find & T,

value at 299K of 6.03 seconds. By substituting values

- of the M-tensor components found by Spencer and Hughes

23§a iﬁ

(1978) in Eq. (2.57), we find ‘that the T. of

)

NaNDS to be 6.42:0.08 seconds at 295K, réafrecting this

value to 299K using the temperature dependence of TI
fégnd by Kasahara et al. (1977), we find that T, atésggﬁ
shauld be 6.23t0.08 seconds. -Dur value of 6.19 sec@ﬁds is
1n excellgnt-agfeement with the valﬁes deducgd from Spencer
and Hughes' work and from the medsurements of Kasahara

et al. There is no evidence of the kind of systematic

discrebanc? with:Tl of gaﬁaﬁin Na€l. However, aé‘will* ‘
become clear in the-next paragfaﬁh, this exgelient agree-
ment is probably cainéidentgl.g

Finally, we copsider p@ssib;e defects in our equip-
ment or prccedure that might cause erroneous values of Tl’,
The,measuréments reported in this thesis were obtained wigﬁ
a smaller reference signal (17%rcn the cw reference level
meter) than that recommended in the mandal of the rf phase-
sensitive detector (50% on the cw reference level meter) .
This was because of a loss of signal in the phase shifter.
Recently, measurements made by ?ahdey (1981) iﬁdicate that

the use of a reference signal of the recommended amplitude



>
gives T1 values which are roughly 2% larger than qpose

reporEed in this thesis. Therefore, this cannot explain
the fact that our measured value of Tl‘for 23Na invNaCI
.was longer than other published values, Pandey (1981)
also found that use of the low-Q sefting in the rf phase- 7
sensitive detector, gave T1 values gpproximately 3% °

larger than the values obtaiﬁed_with theihigh-Q sétting

qsed for the measurémedts'reported‘in this thesis.

Generally, quite good agreemehtﬁis found ,between T1 values
.measured on dffferé@t days with the same control settings

on the §f phase—sensitive detector. All this suggests

that the rf bhase-sénSitise detector may not be perfectly
11near and that the nonllnearlty vdr1ss with the contr01‘<§;
sett1ngs of the rf phase sensitive detector. Some confirma-
tion of this has been foynd by reevaluating;ths T1 of 23Na
in'NaN03 using the_lasf six data points (those with t 2\ 5
seconds, see Fig. 3. 9) These T1 values were 1% smaller\

on the average than those found by taking all edeven data
points. This suggests that the equipment may indeed be
nohlinsar. In order td achieve good accuracy of ssy +1%

in T1 values, our rf phase-sensitive detector may therefore

reed to he replaced by a better instrument.

N
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d APPENDIX 1

Weighted least ‘squares fit to gf%;:gight line) and the -

error in the fitted parameters.

A e o . i L » ]
We suppose téat n data points xlylﬁ xgyg, . xny,

are *to be fitted to the straight line
\f;\ : i
y =mx + c. ' (Al.1)
We suppose that the individual points have associated

1’ %or - wn;= According

(relative) weighting factors w
to Squires (1976), the best value of the slope m is
given by : .
(‘i NP Lw (x,-X) y /D, ’ (A1.2)
:ghg;e
i D= §ow (x,-x)%. L (A1.3)

Sihce’ the mean vaiue\i is only ava{lable after all the

data ha%e’beeﬁ in#erted and the fit"has_beeﬁ completed,

it is more convenient to express X in terms ag
summatidhrs—wy follows: <j

e ) wixi/z W _ ~ (A1.4)

.It follows thaf

-
. 2 . 2,¢
D, = ¥ wox,© - 'e) iixi)’/z woeo, (A1.5)

ls;ubstitutinﬁ»u Eq. (Al.2), we find that

{



\
-
Zﬁ Zw X, Zﬁ X, Zwiy N

m - . ; (%L;S)
. zwizwixi - (Zwi¥i) |
. . ‘ - -
This expression agree& with Eq. (6-12) given by i
Bevington (1969) provided W is rePlaced by l/a

where 0, is*the standard error of the ith data point.

Similarly, we find that the best value of c is

\gﬁ given by L ‘
¢c=F - mx . (A1.7)
or _ '
{’—E\\' B _ ‘ Iw Y. Iw x fw Zw r .
| ! c = —A40 1 i Z M 2 . "(A1.8)

2
Zw Zwlxi - (Zwi,i

The standard error in m and c, as determined

“from the Standard error of each data point, is given

by (Bevington, 1969)

a = {Zai‘g/[zai‘zz(xﬁ/ ~(Ix, /0,520t

m

2.2
(e 119021080, "2 8(x, 10 )2 (Ix 10, 22D,
(Al.10)
An equally good, or perhaps better, estimate of
the errpor is provided by the scatter of the data about

the straight line. The standard error in m and c, as

determined by the scatter, is given by (Squires, 1976)

-
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.« a = {Zwidig/(g—2)2wigxi=;€)?}i - (Al.

and )
a, = {[(ll,/):“’i.) + ig./iﬁi(xisi)zﬂwidigfén§2)}é,_; (A1.]
where

is the deviation of the ith data pdint (in the y

direction) from the straight line. Substituting

for x and d using Eqs. (Al1.4) and (Al.13) we can
QF

i : - = P = S 1 3 3
express @ and a, in terms of summations as follows:

(I e 0 x Pzegny ) | ¢ |
. Wi WYy (Al

s (n=- 2)(2? Ew X 2 (Zwisi),) Al.

aﬁd i
S x 2y Tw v 2ec2 2 e %
. = (?wixi ) (Iwyyy ngm ;w ‘i ’%E;wiyi) .

" We have not found these expressions (Al 14) and (Al.15)
. _ R A

in the literature.** However, they are very useful for,

calculating the -standard error in the fitted parameter:

m and ¢ by means of a programmable calculator, since

11)

1.13)

.15)

the data “nheed .only be retained in the form ‘'of summations.




(The only disadvantage

is that large numbers o

sybtracted, Care'must therefore be taken to use enough -

[a]

L]

f

u

he

-~
-

1]

sing Eq (A1.14) and (Al1.15)

arly equal magnitude are

+
4

significant figufes in the calculatien.) ¢

i

N

- ’ -
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. - APPENDIX 2 - " .

Method of obtaining the standard deviations amd weighting -

factors needed in our least squares f;tt;inj’; procedure.

o, Expefimentallf we faqu that the Standard deviation
caueed by random error in Mz'isgindependent ¢f T andis

therefare the same as that asspciated with Mé, This

p-

standard déviatign; a[Mé]. was calculated from therq
scatter of the values of M- Also, the mean value of -
M _, say M , was‘used'ia calculating valueg of leM,;M;).
O O N ;] O =
The staﬁdaqu@eviat}aﬁ_af ;néﬁiﬂz) is given by

*
1 . - e

. o= o :;‘-
s[uﬁ—uzj/(gg—uz)g | (AZ.1)

[l

aﬁln(mgéﬂg)]

If we assume that the errdrs in ﬁ; and M, are uncorrelfted,

then the standard deviation of in(ﬁééME) will be gi#en by

olan(i -M )] = ((olB D2+ olu DA/ M), (a2.2)

. .. )
The standard deviation in M,, viz. G[szj is equsl to the

é[MGj obtained previously. Thé standard deviation of ﬁﬂ[
Jizi‘ﬁfiél Is given by a[M@]/JE, where n is the number

of individual values of HQ used to :gléulate=ﬁci (For
our measurements of Tl of ZSHQ in a single crystal of

NaNO,, n was 12.) Thus, the standard deviation in

3’
Ln(MDiHE) is

oltn(M -M,)] = o[M_] (1 w1/} (‘u{ug) (A2.3)
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.The weighting factor associated with each data point is
- .

inversely proportional to the square of the standdrd

deviation. Thus, the weighging factor associated with

the ith data point is given by-*

g

« (i 2 Fu 112 4
w,o= (M_-M)%/(alM 1 (1

We obtain the value of Tl

squares fit of ln(ﬁoéng) versus

slope of the bestwstraight line

e

error in T1

+ (1/n)}.

T, and finding T1

using Eq. (Al.8).

(A2.4)

J

=

i {
from the

The

is found using Eqs. (Al1.9) and (Al.14).. We

i

N

~ .
manually calculate the standard deviation of (iaaﬂz) which

LS

is given\by the numerator on the right hand side of

\ “

Eq. (A2/3). This'quaﬂtifi, which is the same for all

data points, is then fed‘ta a programmable calculator

which performs the least squares fit,.

The program

evaluates o[zn(ié-lz)] for each data point by means of

Eq. (A2.3). It then takes the inverse square of these

quantities and uses them as the weighting fgﬂtars in

evaluating the summations which ocecdr in Eqs. (Al1.6),

=

(A1.9) and (Al1.14). The standard deviation o, which

appears in Eq. (Al1.9) is of course @[zn(ﬁé!ns)jj and this

has already been calculated.

The program used to calculate T1 is described in

Appendix 3. .

b

‘1\

—~
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APPENDIX 3

e

Program for calculating T, from values of (M -M, ) and 1.

It can be seen from Eqs. (2.19) and (Al.1) that

T1 = -1/m. Also, Qrp the standard error in Tl' is given

, 1

by a, = a,/mg. Two estimates of a,. are obtained,
Tl m / 'I'1

corresponding to ‘the two different estimates of e given

by Egqs. (A1.9) and (Al.14). For convenience in plotting
the data graphically, the progam also computes c, the
intereépt of the straight line, and the car:espﬂﬁéing
vafue of (ﬁasmg)l It also calculates the value of 1 for
which (ﬁa—uz) is reduced by exactly a factor of 10.
The following summations are accumulated in the
registers indicated: *
. Tw ' i Reg. O
lw.x . R;g. 1
Lw,x 2 | Reg. 2
Iw.y, (where y = &n(M_-M ).) Reg. 3

Iw, Xy : Reg. 4

The standard deviation o[M -MZ], which has previously

Q -
been manually .determined, is stored in Reg. 9. )

i
L]

|

he program, which was developed by my supervisor
= k3 = ‘

for the HP.67 programmable calculator, is as follows:
* -

¥



- RCL

RCL

et

L= I w B ]

o

y
STO 6
RCL 7
RCL 8
ENTER

STO+4

RCL 5

RCL

“n

RCL 3

o]
i

FIX S
STO 8
RCL 9

STO+0

STO 8

RCL 8

STO 6

CHS

-
]
(ol
L

I

N



STO 6
STO C

£n

RCL 9

RCL A

N
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To obtain the value of Ti’ the program is first

loaded. Then the A key—isrpressed. This clears the

registers in prgparati@n for the calculation and sets the
correct display. At this point, the value of g[ﬁéﬁlzj is
inserted in Reg. 9. " The first value of 71 is entefedi
followed by the ENTER key. This is followed by the first
value of (!céuz). The B key is then pressed and this
evaluates the summations associated with the first data
point. The second value of 1t is then .entered, followed

by the ENTER key, the éeccné value of (HGEMED, and the B
key in that order. The process is repeated for all the
other data, at which point the summations in Regs. 0 to 5
are complete. Key C is pressed, and this causes the value
of T; to be computed and presented in Reg. A. The external
error in Tl (error due to the scatter of the data p@intsj
is presented in Reg. B. The internal error in Tl (error
associated with the standard deviation of each value of
Zn(i@—ﬂg)) is given in Reg. C.- The best value of ﬁ@=§§§§t '
I = 0 is given in Regi D, and the value of Tt at which

(ﬁﬁ;uz) has fallen by a factor of ten is given in Reg. E.

% e



