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abstract

Nuclear magnetic resonance lock~-in absorption moge and
dispersion mode spectra of polycrystalline samples of CaF,,
potassium caproate (KCg), and lithium stearate (LiclS) have
been obtalned at varlous levels of saturation. The line widths
narrow and the line shapes change in both the absorption and
dispersion mode spectra on safuration. This béhaviour is not
predicted by previous theories of saturation, but is predicted
by the new magnetic resonance saturation theory of Provotorov.
The effects of modulation saturation have also been demonstrated.
They are in agreement with Goldman's extension of Provotorov

theory to include the audio modulation field.

An important prediction of Provotorov-Goldman theory 1is
that saturatlion narrowing and modulation saturation do not
affect the signal at the centre of resonance (within certain
limiting conditions) and so the signals at this point are
expected to saturate with the normal saturatioﬁ factor: 2Z(0) =

[ 1+ ¥%m,°10,£(0)/2]7, where H, is the rf field amplitude,

1
£f(A) is the absorption line shape function normalized to 21T,
and A 1s in rad/sec. Therefore the progressive saturation of

the lock-ln dispersion signal, ul(O), has been studied in the
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Can, KCG, and LiclB samples at room temperature. The results
verify the above prediction and yleld the spin lattice relax-

ation times (Tl) of the samples. The CaF, result of 0.385

2
z 0.03 sec compares well with 0.45 : 0.05 sec, the value found

by adlabatic rapid passage.

A modified Linder signal decay technique has also been
used to measure T, values in KCg and I1Cyg+ The innovation
being that the signal u;(0) was used instead of the lock-in
maximum absorption signal., The results are in good agreement
with the progressive saturation results. It 1s concluded that
one 1s flnally in a position to measure correct Tl values in

solids by CW techniques.

A technique for recording the true shapes of rapid
passage signals has been developed. Using the shape 6f the
rapid passage signal as a criterion of whether or not the
passage was also adiabatic, it was found that the Bloch
adiabatic condition, dH,/dt <« 1H12, is also applicable to
solids. The inequality, however, must be larger for sollds

than for liquids.

The width at half its peak height of an adiabatic rapid
passage (ARP) signal in a solid was shown to beA[le(H12+HL2)]%,
where HL2 = <&3H2:>/3, HL is called the local magnetic field,
and <?5H2> is the Van Vlieck second moment. ARP signéls were
used to find local fleld and second moment valueé in poly-
crystalline and single crystal forms of CaF, and also in
polycrystalline LiclB’ all at room temperature. The results

are in excellent agreement with theory and CW measurements,
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It 1s believed that this is the first time this method has

been used.

The ARP technlque was also used to measure Ty values.
A symmetric sweep method was used for the above samples and a
two pass method (equivalent to the - 77/2 sequence used in
pulse spectrometry) was used for a very pure crystal of
maleic anhydride. A value of 76 min was found for this sample
at room temperature. This is a particularly good example of
the usefulness of the ARP technique since it is difficult to

measure such a long T. by the usual pulse method.
1

Normal and saturation narrowed lock-in absorption spectra
of L1018 have been obtalned over the temperature range 250 to
193°C. There are two phase transitions in this reglion. They
were revealed by both the normal and saturation narrowed

spectra,
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chapter 1.

SATURATION I.
SATURATION THEORIES

I. BLOEMBERGEN, PURCELL, and POUND THEORY

A, Introductlon

The BPP /1/ theory of nuclear magnetic resonance saturation
in solids 1s based on the following three assumptions which are
nicely set out in Redfield /2/.

(1) The first 1s that the effect of the spin lattice interaction
is to relax the spins to their equilibrium state with a time con-
stant Tl.

(2) The second is that the spins interact strongly with one
another. Then any energy absorbed at one frequency of the di-
polar broadened resonance line 1is quickly transferred to all the
spins whether or not they are in a local field exactly corre-
sponding to the resonance value for the applied radio-frequency
fleld. Thls appears to be Jjustifled because of the possibility
of mutual spin flips between neighbouring nuclel brought about

by the dipolar interaction.

(3) The third assumption is that the complex rf magnetic
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susceptibility X = %' - 1iX" 1s proportional to the difference
in population of the nuclear sbin levels and 1is not affected by
the presence of the rf fleld except via the spin level popula=-
tibns, which are., When the spin system becomes saturated, the
populations of the nuclear spin levels become more nearly equal,
It follows then from this third assumption that both the real X'
and the imaginary X" parts of the rf susceptibility saturate

1n the same way.

B. Fundamental Equation of BPP

Consider a system of spins I placed in a magnetic field
EO (taken to be along the z-axis) and subjected to a radio freq-~
uency field of amplitude El perpendicular to Eo and rotating
with an angular frequency W close to the Larmor frequency '
Wy = 'UHO of the spins., The fundamental equation of BPP theory
for this system is the following spin transition rate equation
which includes bothf thermal processes (the spin-lattice relaxa-

tion) and transitions induced by the applied rf field:

fn(e) - %_n_(n - 2 n(t). (1)

Here n(t) 1s the difference in the populations of the two levels
between which the rf field induces transitions; n(0) 1is the
equllibrium population difference before application of the rf
fileld; Ty is the spin-lattice relaxation time; W = K2H121Tg(ad/2
and is the probability per unit time of a transition by a spin
betweén the two levels inducedugz the rf field; & = (oo - W3

and g(a), normalized to eﬁ/g(l:.)dA = 1, is the shape function of

the unsaturated resonance line.
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Since the nuclear magnetism M; of a system of spins in a
magnetic field HO’ which 1s taken to be in the Z direction,
will be proportional to the spin population difference n(t),
we can, following Abragam /3, chap 3 and 12/, use equation (1) to

obtain a rate equation for the Zeeman energy of the spins:

4 (- Mz Ho) = -(Mg - Mz) Ho , 20 My Hy | (2)
T
1

where the equlllbrium magnetization Mg, :lj(o Hog and KXo 1s the
static magnetic susceptibility. In the steady state, equation (2)

glves us the energy transferred per unit time to the lattice:

M, = M,) Hy = 2W Ms H
(_Q____.&) 0 0 0 (3)
T, I +ont -

which is equal to the rate of rf energy absorption by the spins.

C. RF Power Absorption

The rotating fleld Hl is actually produced by a linearly
polarised field Hy = 2 Hl cos wt, the counter-rotating éom-.
ponent having a negligible effect., If thls excitation is suffi-
clently small, the response Mx(t) of the spin system may be

assumed proportional to 1t and can be written:
Mo(t) = 2 I-I:L {X' (w) cos wWt + X"(w) sin wt}, (4)

where the rf susceptibility K = X' - 1X".

The rate of rf energy absorbed by the spin system is:

P = - aT =

(5)
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Using Hy = 2 H, cos W t and equation (4), and evaluating equation
(5) by integrating, we find P = 2 H12 X" w . (6)
Equation (6) also indicates why X" 1s usually called the

absorption component of X.

D. Magnetic Susceptibllities

We can now find the imaginary or absorption part X" of
the rf susceptibility. Equating expressions (3) and (6) and sub-
stituting for W we have:

Xo Wo ﬁé{b)/a . (7)
1 +¥%H % 1 Tg(a)

X“ =

Finally the dispersion part X' of X can be deduced from
X" by the Kramers-Kronlg relations. Although the K-K relations
aré not valid in the presence of saturation it was generally
believed that the saturation behaviour obtained from them would at

least be qualitatively correct.

At the centre of resonance when A = 0, equation (7)

becomes:

: 1 +%¥2H2 1, Tg(0)

and for very strong rf fields when ¥2 ng T T g(o) 1

X" (0) = Xo “o = M (9)

2 2 2
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E, Comparison of the Various Theories with Experiment

While in principle equation (1) provides a correct description
of absorption observed in the region of weak saturation, that 1s,
up to values of H; such that ¥° Hl2 T, TMegla) = 1, 1t
strongly disagrees with experiment in the regioﬁ of strong satur=-
ation /2,4/., PFor example, both X" and X' become narrower and
nearly Lorentzian in shape on saturétion and the dlspersion signal
does not decrease nearly as rapldly as that of absorption with
increasing H;. Equation (7), on the other hand, indicates that
the absorption line should widen with 1ncreasing H for all

1
values of Hl‘

Although the above effects were observed in metals by
Redfield /2/ in 1955 and by Abell and Knight in 1954 /4/, they did
not seem to become widely known until recently. Abragam /3/ in
"Nuclear Magnetism" (1961) chap 12, mentions Redfield% obser-
Gation of the anomblous behaviour of the X' signal amplitude

but not a word about narrowing of the lines.

It was the observation of suspiclously narrow absorption
lines in ‘some fatty acid salts in 1962 while the author was
working on his Masters Thesis that led to the work presented here.
The narrowing was observed in dispersion also and was found to be
caused by the inadvertent use of high rf levels. Fortunately, at
about this time Provotorov's théory, "Magnetic Resonance Satur-
ation in Crystals" /5/ was published in English and did predict
saturation narrowing in solids., Unfortunately it did not come

lmmediately to our attention. When it did, however, it happily
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made our task somewhat easier although it made much of the work
already done of diminished importance. These experiments did

at least glve us a feelilng for the practical aspects of saturation.

Before going on it is useful here to anticipate another of
the results of Provotorov. If & = 0 the BPP equatlions agree
with Provoterov theory even for strong saturation. Equation (9)
also agrees with a theory developed by Redfield /2/ which is
appiicable to solids only at very high rf levels. Unfortunately
the field modulation and lock-in amplifier technique usually
used to record wide lines in solids yields the first derivative
of X"(A) which is zero at A = 0. One might consider taking
complete : %75 )(30&) curves and integrating them to get
X'(0) and study saturation but we shall see that other compli~-

cations arise,

II. REDFIELD THEORY

A. Introduction

The results of BPP can also be obtained using the concept
of a spin temperature distinct from the lattice temperature,
The assumption that the complex susceptibility is proportional
to the difference in population of the adjacent nuclear spin
levels 1s equivalent to the assumption that the spin system
behaves as 1f 1t were at equilibrium at a spin temperature
(referred to the laboratory frame of reference) higher than the

lattice temperature, the equilibrium corresponding to the actual
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distribution of nuclear spins among the 2I + 1 levels /2/.

In order to explain the NMR signals he observed in the solilds
4127 and Cu63-—-the important feature being that the dispersion
does not saturate at the same level as the absorptlon, although
both X' and X" Vbvecome narrower in width on saturation -
Redfield /2/ propoéed that, when a strong rf magnetic field is
applied, the spln system can be described by the existence of a
spln temperature in a frame of reference rotating about Hp with
a frequency w. In addition the spin temperature can be different
from the lattice. A theory was then developed which 1is applicéble
only to solids at high rf field intensities when ¥ 32 Hleﬂ'g(a)' i
and which was 1n reasonable agreement with his experimental obser-
vations. Redfield transforms the spin system Hamiltonian which
includes dipole-~dipole interactlions and also interactions of the
splns with Hy and with Hl(u» into the rotating frame described
above, The resulting time-dependent parts of thevspin-spin
interaction are weak perturbations on the time-independent part,
and can be ignored. Statistlical mechanics is applied to the
remaining stationary spin Hamlltonlan; specifically 1t 1is
assumed that the spln system is in a canonical distribution of
quantum states with respect to the transformed spin Hamiltonian.
It is also assumed that the spin-lattice interaction is small
compared to that of the rf fleld.

B, Rotating Frame Formulation

The Schrodinger equation describing the behaviour of a spin

wave function 4 in a fixed coordinate system 1s:
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Y = HY .
Transformation to the coordinate frame rotating about the z-axls,

direction of Hy , wlth angular frequency W is péfformed with
the unitary operator /3, p 23/,

G, = eiet Iz _ -iut Z,1y,
so that

Y

where the subscript r designates quantities relative to thils

[

rotating frame. If this transformation 1s applied to the

Schrodinger equation we obtain:

CA L& w?z + ?r'lﬁ ’U\r‘] ‘Yr s

[-h WEZ + ﬁr] \Yr ’

Ner Y- (10)

where HNer 1s called the effective Hamiltonlan in this rotating

frame,

If the lattlice 1s neglected; l.e., no relaxation, the

Hamiltonlan for our spin system 1s:

D o (11)

x)

-~ o L
Her ZI' +

N

= 2, + )JD' + time dependent terms.

)

The first term is the Zeeman energy of the system

Z, = -vK Her .Zi I3 (12a)
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in which Hg, 1s the effective external magnetic fleld in the

rotating frame and is:

(12b)

Flg. 1 - Effective magnetic field in the rotating frame.,
‘The axes of the rotating frame have been chosen so that

Hy = Hogk, H = H 1, 8and W= - wk,

~ I~
r~ ~ —~ r~

Hye, then is constant 1n time and we see that the transformation
has made the solution to the motlion of the system much simpler.
The time independent portion of the dipolar energy of the spiuns

?5‘, sometimes called the truncated spin-spin Hamiltonian, is
given by:

~ E 182 x2 2 f
)‘i' - > 3 (3 cos ¢i - 1) [Ii. I -3I1 Iv]
D 159 Ty J ~A z Jz

(12¢)
Here, ¢1J is the angle between the vector rij Joining two
spins Ei and E and the z-~axls. We have supposed that indirect
spin-spin interactions are absent.

-

The time-dependent terms of N have a frequency of the

er
order of W and 2w and can connect states which differ in

effective energy by +# Aw or + 22w, vwhereas the eigenstates
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of ﬁer (time independent part) differ by about Y H (Hg, + Hy)
which 1s of the order of tens of kHz rather than the MHz radio
frequencles of w . Therefore the time dependent terms will be
ineffective in perturbing the eigenstates of 5Q§r and will be
ignored. The "local fleld" Hjy will be defined later.

C. Spin Tempergture and Canonlcal Distribution

The hypothesis of a spin temperature and a canonical distri-
bution in the rotating frame means that the occupational proba-
bility Py of the energy levels of the system is given by the

Boltzmann distribution:
Py oc exp (Ey/kTg)

where Ei is an energy level of the spin system as viewed by
an observer in the rotating frame, and Tg; 1s the temperature of
the spin system in the rotating frame. The spin system can then

be described by a density matrix of the form:

o = 2@ (- ¥ /kD,) (13)

T [o%p (- Wer/ET,)]

With ?} one 1s able to calculate the canonical average

expectation value Q(Q}j of an observable Q whose operator is

3, by a trace calculation <Q> = tr (§ ?r)‘ LK,
sometimes denoted 253 » 18 also called the ensemble average of
{ Q) and occaslonally Just thermal average. The second bra-ket
or the bar are frequently omitted in the literature to simplify
the notation. We shall do the same, The situation is clarifiled
if we remember that whenever the density matrix is used, the

canonical average is intended.
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~~

On applyling the above relation to the energy operators 2,
and jQD' one obtains /6/,

2> <Hp> | A MHep . oy I(z+1)¥?n (14a)
= - kT
Hep HL2 Her® + HL2 ? s

where N is the number of spins and

: 37 112
5.2 - ¥ (Hp') 1 2 (14b)
L t3222I2=3<AH>
r (3T 4 1 iz ) ‘
HL is called the local field and <£>H2> is the Van Vleck
second moment of the unsaturated absorption line. Using the total
magnetlization operator :fg_ = ¥A8 21 Ii it is found that the
observable magnetization <M), which will also be called gr,
1s along H,,. and equals /6/,
<}£> = -<Zr>

fr (14)

D, Spin Lattice Relaxatlon

-~

We now wish to determine the expectation value of %%r vwhen
the spin-~lattice interaction is taken into account. Redfield
assumes that the effect of the interaction is to relax each
nucleus 1ndependéntly into 1ts equillibrium state with a time
constant Tlf

({I> - <(IX)
| - - <~Q_1‘1 (Ix) (15)
sL'~ | |
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where the left-hand side is the spin-lattice contribution to the
time derivative of the expectation value of Ij, and (I )0 is
the static thermal equillibrium value of I

~’

given by:

IS5 = &8 I(T+1)H
<%

3 kT ~
Here g 1s the nuclear g-factor, @ is the Bohr magneton and ;i
is the applied field which can be closely approximated by HOE,

since Hl<$ Hye The fileld §_ is used above rather than Hg,
because 1t 1s assumed that electrons are responsible for the
relaxation and they are little affected by the rf field and see

only the large fleld HO.

It 1s also assumed that the spin-lattice interactlion does
not perturb the spin system canonical distribution appreciably

except to bring about a slow change 1n.<}gr? « The contribution
of the first term in equation (15) to the variation of (M%r> is

!

-‘%t_— <)'/er7ﬂ = -<§r> - 2<T}{D> . (16a)
1 1 1

The effective Zeeman energy <Zr> is linear in the spin operators

EJ’ and thus expected to decay to zero ﬁith characteristic time

’I‘l. The spin-spin energy <77D'> , on the other hand, is

quadratic in the splin operators and is therefore expected to decay

at twice the rate of the Zeeman energy; thus the factor of two

in the second term of equatlion (l6a). The contribution of the

second term of equation (15) is:

MO H r cos © , (16b)
T

1

e

%%- é(){er>' = -
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where we recall that EO = 'Xo Ii f,:;xo HO I’c__ and is the total

nuclear magnetization in the fixed frame,

We can now obtain the steady-state value of M, by using
equations (14) and setting the sum of equation (16a) and (16b)
to zero. The result is Redfield's equation 38 (Red. 38),

MOI‘ = I‘fg cos © .
2, 2
1+ 2 Hy /Hep

E, Complex Magnetic Susceptibility at High Hy

The dispersion is given by X' = My, sin 9/2H1
thus (Red. 40)
T A
X - 9 = ; - (17)
2{a? + v2[5,2 + 20,2]}

and we see that the dispersion i1s Lorentzian for strong saturation.

The dispersion derivative at resonance is (Red. 41)

Mo .
2 ¥[H,2 + 2 8. ) : (18)

If M, 1is along Hg,, as equation (14c) indicates it 1is

~

X
24

ll&:O

immediately concluded that there 1s no component in the x
directlon and therefore no absorption. Actuwally M, 1s not

precisely in the Her direction and at any rf level there is a

N

finite absorption which can be predicted by lnvoking conservation
of energy in the system, as was done in the previous section.
The rate of energy transfer from the spin system to the lattice

-H, (M, - MO)/T1 is calculated and equated to that absorbed by
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the splin system from the rf field, 2(»H12')T, and one gets
(Red. 43)

)C' = MO { 1 P — £ ;2 ...} -l, (19)
T 2 2 2 2
2¥H "L 32 [5,2 + 202 ]

which is again a Lorentzian line. At resonance, equation (19)
agrees with the BPP asyﬁﬁtotic value of X" at high Hl’
equation (9). This agreement corresponds fo the fact that, for
both theories, at the 1limit of very large &y, M, >0 and 'X"
is uniquely determined by this simple conservation of energy
argument. Thls agreement indicates that a progressive saturation
method of obtailning T; using equation (8) may bve correct. This
is not necessarily true of the absorption derivative observed by
lock-in detection; however, because Redfield /2/ found that
energy can also be absorbed from the audio modulation field

(rotary saturation), and this effect perturbs the true absorption

curve.

Redfigld's rotating frame spin temperature hypothesis has
been tested and explolted by & number of experimenters, Sblomon &
Ezratty /6/, Goldburg /7,8/, and Slichter & Holton /9/. These
references are also quite useful in understanding Redfield's
theory. In addition Redfield has refined his methods 1n a
"Statistical Theory of Spin Resonance Saturation" /10/ and

feaffirmed his earller hypothesis.
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ITI. PROVOTOROV THEORY

A, ;ntrodﬁction

We now have a theory for saturatlon of a spin system 1n a
s0lid under a very weak rf irradiation and a very strong one,
but do not know how to find the behaviour 1ln between. Provotorov
/5,11/, using powerful statistical mechanical methods, has found

the solution to this problem,

Provotorov considers a spln system in a large magnetic
field in which a single spin species glves rise to a single
ordinary NMR absorption line, the width of which is mainly due
to dipole-dipole couplings. He then assumes that such a system
can be described as a superposition of a number of subsystems,
A "Zeeman" subsystem and a "dipole~dipole" subsystem. A weak
apblied rf field can be conéidered as an éddi£10n31 subsysten.
The coupling inside each subsystem 1s strong, whereas the couplings
between subsystems are weak., As a consequence, the subsystems
reach internal thermal equilibrium independently of each other
and one can ascribe a temperature an energy and an entropy to.each
of them, A theoretical discussion and Jjustification of these
ideas has been given by Philippot /12/.

B, Derivation of the Density Matrix

Following Redfield, Provotorov transforms into the rotating
frame; however, he splits up the Zeeman energy term into 1its
main field and rf field components so that the total effective

Hamiltonlan in the rotating frame 1s written:
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- - ”~ -~ ' o~
= Wy + #n¥H T, (20)
where f;, f& and ?z are the projection operators of the total

spin on the coordinate axes. If Hy 1s small so that H, « H,
¥ Hy ?:x can be considered as a small perturbation which will
couple the operators -ﬁzsf; and 'ﬁg'. He goes over into the

interactlion representation so that:
i 1 37
'én = eh 7(0 t ’él e-‘K )(O t

where ’?" is the density matrix in the interaction representation

(21)

and ?' the denslity matrix in the rotating frame.

Assuming'the usual high temperature approximation
('ﬁ;rég k Ts) and allowing for different Zeeman and dipolar
term temperatures in )ﬁo, a density matrix for the spin system

in this representation is proposed to be of the form:

”~

" () =s (8) I, + @(v) Hy' (22)

A kinetic equation for '6" (t) (the master equation) is
obtained using Zwanzig's method /13/ in which the density matrix

18 requlred to obey the Liouville equation:

bA"t - =1 < “n
_,o.e%_(_l = a-[““"?,‘“]

’ (23)
where
i 7/{\ - =
A oy t P
X (t) = A¥H ed 0 I, eﬁ)‘(ot .
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“>n

A projection operator is then applied to extract from Q the
diagonal part ‘?1 and the nondiagonal paft '62. The Lioﬁville
equation becomes a pair of equations and solutions are found for
?i(t) and ?é(t). From these solutlons Provotorov then derives

the nuclear magnetic resonance equations. In doing so he assumes
I/T) &K ¥Hp
however, this condition is usually fulfilled in solids and

presents no problem.

Co Evolution of the Spin Temperatures

The result of the Hl perturbation is to cause a slow
evolution of 'a" with time, and this is manifested as a variation
of o(t) and ' a(t). -The diagonal part of the density matrix
ylelds the power absorptlion equation and the conservation of

energy law:

‘%1? tr (P (t) )70) = 0 (24)

In the course of his derivation, Provotorov obtains the
foilowing equations for the ensemble average values of E;(t)
and 7-71)(‘0) (Prov. 34),

K1,y = M) T 1,2

(21 + 1)V

My = BLe) tr (Kp')?
(21 + 1)

H

(25)

where N 1s the number of spins in the sample, and the variation
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of <I,> with time (Prov. 33")

%%‘<IZ> = - 32 Hlaﬂg(A) [o((t) -ﬁag(t)] . ‘ (26)

Substitution of o(t) and @(t) from expressions (25) into
equation (26) yields (Prov. 35)

F<p = -2 2Tala) <1y - A)] (27)
in which
i) = 52040 , and HZ = (X, )2
o Hp? tr T.° (28)

Z

Hy =34 HL where Hy, is the local fleld of Redfield theory.
An expression for dﬂ(t)/dt is obtained using the conservation
law equation (24)

%(}(ﬁ + Bod (1% = o0

s0

(%
o
P o
o+
A
"

2,2
f—‘—?—— T g(a) [(Iz> - fl(t)] (29)
fp

D. Spiﬁ Lattice Relaxation

Taking into account the spin-lattice interaction in the
manner of BPP /1/ the following system of equations are
obtained (Prov. 36,37):

%?(Iz) = -82 Hleng(A) [( Iz> - E(t)] + [(Iz>o - <Iz>]

ey

T

(30)
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a_ At) = 122 ¥ PTe)[<1) - hA(t)] + [100) - h(s)]
at H""""Da 2 Th

(31)

Here <Iz>b and ﬂ(o) are the initial values of Eg(t) and
B(t), wnile 1, ana T, are the spin lattice relaxation times
of (I, end ()ﬁ;). We note that for the centre of resonance
when A = o, E(t) = 0, equation (30) reduces to the Bloembergen,
Purcell and Pound equation (1). This means that the average value

of the energy of the dipole~dlpole interaction in the case A 0

H

is not changed after the rf field 1s turned on, and the ensemble
P
average value of the projection of the total spin Iz(t) tends

to zero at high H; 1in accordance with equation (1).

A completely different situation arises in the case A FE O
In this case the absorption of each quantum of rf energy is
accompanied by a change of HA in the dipole-dipole emergy. As
a consequence Provotorov finds that (Iz(t)) no longer approaches

zero as in BPP theory but reaches an equilibrium value of (Prov. 27)

2
<Iz) = <Iz>0 A ' '
0 Az . HD2 (32)

The spin process involved can be described in the follo#ing
way: one photon of energy HAw 1is absorbed (w 1is close to ub),
one spin flips, but the difference in Zeeman levels is H# w =-ﬁ7§Ho,

0
so the balance of energy goes into the dipole-dipole system

fw + A W, = ia = O
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This system will then tend to relax back to its equilibrium value

exchanging energy with the lattice with a time constant TD'

E, Power Absorption

The energy absorbed per unti time in steady state 1s found
using equations (30) and (31) and the property that 11(0)« (1270,

(Prov. 38)
P(a, Hy) = ﬁ“’2"(15)[«(2)51:. - 21st]
= szw'(A) <I§>0 (33)
1+ 20(a) [ 1 +4°%a% ) :
2
Hp” Ty

where we recall that 2W(a) = G ng'lT g(a).

The solution to the non-diagonal part of the density matrix
Qe(t) 1s necessary to determine the dispersion signal. The
solution yields the equations (Prov. 45, 46)

<1y

KHl’ITg'(A)[ K1,y - ) + &_(&u] (34)

(Iy) XHl’U’g(A)[<IZ) -h(t)l . | (35)

Here g'(A) 1s the dispersion line shape function (-Jl(A)/Tr in
Provotorov) obtained from g(A), the absorption line shape

function, by the Kramers-Kronig relation.

F. Complex Magnetic Susceptibllty

Using the steady state solutions <Iz7%t and Est from
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equation (30)and (31) Provotorov obtains expression for X' and

X" (Prov. 47, 48)

)C = U_ﬁ_ I
5H <x>st
1
= 5% ¢y [T ¢ 3" WP @/g®) Taa) 1y ) (36)
2 z/0 1.,,7; H21Tg(A)T1 [1+TDﬁAJ
— 2
I, Ep

Our equation (36) is obtained from Provotorov's equation (47) by
substituting g'(A) :-Jl'(A) .

X" = ﬁ (Iy>s't
' 1
£ < | T ()
= Ay (I I_gia (37)
5 o 2 g 2 PEN
1+ 32 H 2T g(a) 14 [1 + T, BEA
2
I, Hy
1. Dispersion component
At a low rf level 2w(A) T,« 1 and X' Dbecomes
1 _. 2 ' - '
X = %i..!g_ (1), 8&'(a) = TH Tg'(a)/2 (38a)
At a high level 2y(a) Tl » 1 and > g'(A) so
X' = Mo A (38b)
. 5 > ,
2 |1 8 A
5 £2

which is Lorentzian and agrees with Redfields result, equation (17)
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At the centre of resonance where A = 0, equation (36)
becomes a form which we shall see i1s quite important to us
experimentally:

[} 2 f

x'(0) = 17 <1>,Ts'(0)/2

' 1+ ¥%H 2mg(0) T,

. (39)

The denominator in this equation is identical to that in our BPP
equation (8) for X"(0) and so equation (39) is said to describe

a normal saturation; Since the derivative 1s not zero at the

centre of resonance, it appears that we can do a progressive saturation
experiment using the usual broad-line techniques to determine

Tl' In section IV we shall see what limiting conditions are

necessary to get its true value,

The dispersion derivative at high H, is:

1
ax' _ T 1 - 2 &2 (40)
3 2 \1. 5.2 .2 T g2 2 [’
1°D A 21D A%
T_n2 1 52
D D
and at &= 0
2
ax! _ M y°H i (41)
T80 a=0  2%(1/1) 52

On setting 4 X'/d& = 0 in equation (40 we find the dispersion

line width at high H, to be:

1

!i“ H
= 2 —]—'.-—20
A&(&hs 7 >

D
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If the line width 1s measured 1in gauss we have:

alg, = 2(0 B
Tp

2. - Absorption Component

At a low rf level we have the same result as we would get

from BPP equation (7):
X"' = !_i__‘b’; <Iz>o Te(a) = WM, T gla)2 (43)

and at a high level the Loretzian curve

2 -1
x" = Mo R (44)
2 . 2
2 XHl Tl TD HD

which agaln agrees with Redfield. We see that X' , which was

a replica of g(A) before saturation, now contaiﬁs no information
about the lline shape function., It 18 particularly interesting to
note that at A= 0 equation (37) Provotorov, and equation (7)
BPP, are identical for all rf levels,

The absorption line width (from maximum to minimum slope)

at a high rf level 1s:

A(,;)as::g_ E_LHD,
VT, ®
and in Gauss:
_ P _ T a2\ 3
AHas__Q__’,TL H, = 2 T;_(AH) ) (45)
J3Yip D
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Thus we have a means of measuring the Tl/TD ratio since

equation (45) ylelds:

-T_:!‘. = % (AHas )2
Tp {aE®)

We could also use the dispersion curve.

G, Narrowing of the line on Saturation

Provotorov's theory predicts line narrowing on saturation.

Let us consider an absorption curve of gaussian shape:

2
g(x) = g(0) exp (- x=__)
. 2 0.5
where x = HO - H and 0'2 1s the second moment <AH2>Q
The unsaturated line width will be AH_ = 2<§$H2)% so the

saturated to unsaturated width ratio is:

Algg _ 1 J T1
AH, 7

Tp

and the absorbtion curve will narrow in the course of saturation

ir T

Anderson and Redfield /14/ have obtained an expression for
the ratio Tl/TD = & in the case of relaxation by fluctuating
flelds due to the conduction electrons in metals. The fluctuating
field on spin 1 1is denoted by '21(1-;). They find

- 6 /< -6
5§ = 24 K_,ﬁkrjkts/}_ Ty

bk Pk
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jk is the distance between spins J and k, and Kjk expresses
the degree of correlation between the fluctuating fields at rj

and Iy due to the conduction electrons i ‘”f?

= () 0 /By

Here <~>Ev denotes the time average. Ky = 1 for complete
correlation, and zero if the fields at r:J and r, are

statistically 1lndependent.

Thus we can have a value of & between 3 and 2, the
latter being the value proposed by Redfield /2/ previously for
independent relaxation of spins, and we expect saturation
narrowlng, The above relaxafion-Correlation theory will not
necessarlly be true for othef sollds and other relaxation
mechanisms, but does appear to be applicable to relaxation by

paramagnetic impurities as is the case in CaF2 /6/ .

Papers that have been useful in understanding Provotorov
have been published by Goldburg /7/y Jeener et. al. /15/ and
Goldman /16/.

IV, GOLDMAN ANALYSIS

A, Introductlon

We now have an adequate theory for saturation in solids which

covers the entire saturation reglon assuming only that El<< HL

and 1/@1<§TH1. Provotorov did not, however, calculate the
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effects of the audlo modulation of the external magnetic fileld
one usually uses in conjunction with a lock-~in amplifier and
detector 1n order to record the weak signals from sollids.
Fortunately this has been done recently by M. Goldman /16/ using

Provotorov's methods.

For a very low level of rf irradlation, one records the
derivative of the absorptlion or dispersion curve using field
modulation and lock-in detection. PFor a very high level, one
records more complicated signals which have been analysed by
Solomon and Ezratty /6/. Goldman extends thls analysis by means
of Provotorov theofy to the intermediate region. He finds that
the recorded signals will not be the derivatives of the true
absorption and dispersion»curves because they are perturbed by
field modulation saturation (rotary saturation of Redfield /2/)
when the spin-~lattice relaxation times are long. His analysis is
developed under restrictive conditlons which simplify the
calculations, but they correspond, nevertheless, to practical

experimental conditions.

The field modulation is parallel to the applied field HO
of amplitude ap and angular frequency,{l » The following
conditions are imposed:

(1) ‘Sm 1s much less than the line width so that the derivation
can be limited to first order, |

(2) (L. << D where D = ¥Hy, éo that A varies very little during
the time 1/D and that the spin system can be characterised at
every instant of time by the density matrix used by Provotorov /5/,

(3) 1/§0 & Ty, Tp,
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(4) a0 « @1, T, where 2i(a) = ¥° H° £(a)/2,
W 1s the transition probability, and Goldman normalizes the
line shape function f(A) to 217T.

B. _General Remarks

Modulation saturation (absorption of energy from the modu-
lation) occurs if there exists a component of magnetlzation
in quadrature with the modulated field. For a high rf level the

magnetlzation follows H

Hop as we have seen in Redfield theory.

Therefore we have a component perpendicular to H and can have

=0
absorption of the audlo energy. At a low rf level, when

WK N, this magnetlism is much less and the modulation saturation
willl be small, Goldman states that the modulation saturation will
be a maximum for values of Hl such that 2W={. The study is
divided into two areas: the region of low rf level defined by

the condition 2W<LKQl and the region of high rf level. Since we
already have the condition of 1/ & Ty» Tp; the situation

for medium saturation 2WT 2WT.. ~ 1 corresponds to 2 & Q.

1’ D
We shall report here only the results for the lower rf level
region. Thls means we must confine our studies to the region

where Q %> 2W and » l/Tl, l/TD.

Cs Absorption Signal

The expression Goldman obtains for the lock-in detection
absorptlon signal is: (Gold. 14)
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v, = S, ¥ H Mo/2 ag@) - ® 222 1,8
1+ ¥ gy [1 , Inafl) da 2 p 2
2 TP
(46)

The flirst term is proportional to the absorption curve derivative
and 1ts saturation is normal. It goes through a maximum when
2W Tl ~1 and decreases afterward. The second term, on the other

hand, does not saturate but tends toward a constant.

The study of a lock-in absorption signal is unsuitable

therefore for the measurement of Tl.

D. Dispersion Signal
The lock-in dispersion signal is (Gold.15)

Am ¥ Hl Mo/2

2 4 2 2]
14+¥ H,“f(A) T [1+TpD
1= 1[ TD'?]

1l

(47)
{df‘a o) ¥2E2 pay Tn_e_},
da 2 2°
where f'(A) 1is the dispersion line shape function, Again the
first term saturates and the second does not, However, the
derivative of the dispersion line shape function 1s not zero at
A =0 as 1t is for absorption, and we can study the saturation
of the dispersion signal at the centre of the line. The seoond

terms becomes zero and we have:
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1
as'(0)
w (0) = 3 Op ¥ H M ia (48)

S~

2 5 2
1+7% H)¢ 14 £(0)/2

which saturates normally.

B, Tl By Progressive Saturation of Dispersion

We are finelly in a position to do progressive saturation

experiments in solids and be sure we are measuring the true Tl's.

At 8 low Hl level when there is no saturation we have:

!
¥ (0) = 24O, % M, 4f (0) let this = ¢
B, 2 ia ,

I, can then be determined by the following procedures:

(1) We can increase H; until u,(0)/H; =¢C/2, at this point
¥2 1,2 7, £(0)/2 = 1.

(2) A better method is to plot Hl/ul(o) versus le since

from equation (48) | |

H = 1
-'ui—('ﬁ) = 5 @+ ¥2u21 £0)/2) (49)

An extrapolation of the straight line of slope % ¥2 £(0 Tl

2

to the abclssa ylelds the intercept value of - (Hl*) so that

2

% 31*2 7, £(0)/2 =1 .

One can determine f(0) by integrating unsaturated lock-in

absorption curves, then

£(0) = 2171__@) _
o _wf\;(A) aA (50)
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gauss

2

1 predicted by

Fig. 2 - Plot of Hl/ul(o) versus H
| equation (48).

F, The Chameleonic Local Field

. The reader has probably noticed that the local fileld has
apparently been defined three different ways in this chapter,

Summarized they are:

Redfield

tr (}.')2 2

HL2 = Aﬁé ) gauss (14b)

tr (8 A2 1, °)

Provotorov
2 tr (%‘ )2
-~ 2 - L
tr I :
Z

Goldman

D = ‘6’2 Hy (r:a.d/asec)2
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The relationship between Redfield's and Provotorov's local fileld
is obvious but with Goldman's it is not because he also defines

hils local fileld D as:

5.2
2 tr ()'ID')
D = —
tr Iz
The problem is resolved 1f we examine the spin-spin Hamlltonlan
he is using. He apparently has defined it as does Abragam /3,
p.546/ so that

“'AN = ]

Goldman Provotorov

Consequently his local field differs by a factor of A,
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chapter 2,

SATURATION II.

PROGRESSIVE SATURATION IN CALCIUM FLUORIDE

I. INTRODUCTION

In this chapter we present the results of some steady state
nuclear magnetlc resonance saturation experiments on a powder

sample of that perennial favourite CaFQ.

CaF, was one of the first sollds to be studied by progressive
saturation. Bloembergen /1/ measured Ty 1in several samples:
natural and commerclal sources, crystal and powder forms. The
measured relaxatlon times T, disagreed vlolently — smaller by

more than a factor of 1010

— with values calculated using previous
theories of relaxation, Waller /2/ BPP /3/. These theories
proposed that the dipole-dipole interaction between magnetic

nuclei in conjunction with the thermal varlation of their space
coordinates provided the heat contact between the spins and the
lattice. Bloembergen showed that the relaxation time Tl was
determined by paramagnetic impurities in the lattice. An order

of magnitude theory was developed taking these impurities into

account,
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Bloembergen observed the progressive saturation of the
maximum value of the lock-in absorption signal. Since the Hy
values were not known, only relatlve Tl's were obtained this
way. Another restriction was that the two samples compared
had to have similar line shapes. The receiver galn was turned
down each time the generator was turned up so that the signal
was proportional only to g&gﬂ — Absolute Tl's were
obtained by comparison with a sample for which Tl could also be

‘measured by a direct method: recovery from strong saturation

observed with a very weak rf fleld.

We now know that T obtained by this progressive

18
saturation method could be in error because of saturation
narrovwing. The method 1mplicit1y assﬁmed that the line shape be
constant. Redfield /4/, in order to measure T, in aluminum
and copper, avolded this problem by integrating the recorded
lock-1in absorption curves to get the relative absorption at
resonance., The rf fleld was calibrated so absolute Tl's were
obtalned. He later decided that his first measurements were in
error /5/. Modulation saturation also affects the line shape

and may have caused the errors.

We shall show that a true Tl can be found by progressive
saturation of the lock-in dispersion signal at the centre of
resonance, Thls method avoids the effects of saturation
narrowing.and modulation saturation., With improved techniques
the measurehent could be done»in less than an hsur. The
expression obtained by Goldman /6/, using Provotorovs' . theory

/7/, that describes the behaviour of this signal is verified.
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II. EXPERIMENTAL

A, Spectrometer

The NMR spectrometer used was essentlally a Varlan Associates
model VF-16 wide line spectrometer with a V-4007 gix inch electro-
magnet and V-2200B power supply. The magnet gap was 1% in.
initlally, later changed to 1-5/8 in, The signals were recorded

on a Varian model G-10 strip-chart recorder running at 16 in/hr.

The magnet was cooled with a low-~cost closed-loop cooling
unit designed by the author. The reservoir water, contained in
a 16 gal plastic garbage can, was cooled with city water running
through a 25 ft coll of % in.copper tubing in the reservolir. The
reservolr temperature was kept constant to with + 0.2 deg C
by controliing the city water with an ASCO selenold valve operated
by a Sun=~Vic thermal delay relay in conjunction with a Jumo
mercury contact thermometer. The reservolr water was circulated
through the magnet with an Eastern 1/8 hp centrifugal pump. Magnet
protection was provided by a Fanwal thermo switch in the reservoir

and a flow switch in the magnet water outlet line.

The magnetlc field sweep was callbrated using side bands
from a liquid sample that were generated by frequency modulation
of the rf unit carrler frequency with a known audio frequency.
The audlo signal was obtained from a Hewlett Packard model 200CD

oscillator whose frequency was measured with a Hewlett Packard
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(England) 3734A counter. The standard V-4210 rf unit provides no
means for audio modulation so a varlcap circuilt was added to the
oscillator stage. The author 1s indebted to Mr. Ken Abramsqn
for the initial version of this modification. The modulation
wldth was measured from overmodulated ligquid signals. The

observed line width then 1s 2Hm.

B. H, Calibration

_-l

A Jjack was installed in the rf unit so that the sfandard
panel meter, 2% in. Simpson 100 ma dc panel meter, which indlcated
rf field level; could be replaced by an external meter. A 4-3 1in,
Simpson 100 ma dc panel meter with an accuracy of 2% was used.
Its 2000 ohm internal resistance was the same as the bullt-in one.
It was found that the meter readings for rf fleld switch ranges
x10 and x100 were in error by a factor of two compared with the
x1 position, so new values were determined for the series resisfors.
R133 was changed to 100 kno. and R132 to 7.0 Ma . The error between

adjacent ranges was then about + 5%.

H, was callbrated using the method of Weston Anderson /8/
which is suitable for a strong rf field. One performs a nuclear
resonance experiment in the rotating frame. The resonance
frequency w 1in this frame 1is:

w' = FHy = [(¥Hg -w)2+X2H12]% . (1)

A weak rf fleld 1s needed to stimulate thls resonance and it can
be obtalned by a small modulatlon of the magnetic fleld. A
- resonance 1s then achlieved when the audio modulation frequency

wn satlisfies the condition
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wm2 = (74, - w)? + ¥ H12 (2)
As long és w, » Hy, this equation will be satisfled at two
values of Hy. To measure H1 one measures the distance d
between these signals as a function of @, and plots a2 vs “52‘
" The intercept of this stralght line plot is ({ﬁl)a. In order
to detect these small sideband signals 1n the presence of the
large main resonance the Varian V-4270 lock-in amplifier was used.

See Anderson /8a/ for more details,

Por this method to yield precise Hy values the stability
of the radio frequency had to be improved. This was accomplished
with a crystal oscillator —bullt by the chemistry department
electronics shop — connected to the sync input of the rf unit.

It was a one tube (6CL6) oscillator operating on the fundamental

or first harmonic of a 4.000 MHz crystal.

The experiments in this chapter were done with a radio
frequency of 16 MHz. The Hl was measured at seven polnts oﬁ
the meter xl}range and four on the x10, using a water sample
and the Varlan 12 in, magnet with super stabllizer and slow

sweep of the DP60 spectrometer system.

C. Sample

The CaF, powder sample was British Drug Houses precipltated
CaF, laboratory reagent grade. The sample was placed in a 15 mm
dia test_tube, evacuated at 150 to 200 %c for three days then

sealed off with a torch. The spectra were run at room temperature.
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D. Second Moment

The second moments of the NMR absorption derivative curves
were computer calculated on an IBM 7040. The FORTRAN program

used the expression®

N
2 . 2
SM = B8cale_ g_;_‘:_&-ﬁm (3)

’ 5 *
n y
1 n

where SM 1s the second moment corrected for modulation
broadening; y, 1s the curve intensity in arbitrary units, n
increments along from the centre of the line; scale 1s the

number of gauss per increment; N 1s the maximum value of n;

Hy is the peak modulation amplitude. The moments were calculated

for each half of the curve then averaged.

E. TLine Shape Function at Resonance

If the line shape function in equation (1-48) is measured

1

in units of gauss™— and denoted G(0) then

12 le T4 £(0)/2 . becomes THle Tl G(0)/2, (4)
and equation (1-50) becomes:

G(0) = 2 mTv(o) | (5)

fra) dx

-ob.

# A numerical integration form of equation (5) in Andrew /9/.
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where x = Hy - H. G(0) was calculated from absorption

derivative curves using the numerical integration

+N
> v
G(o) = 1T =N
Lo scale +N
nyn
-N

The variables have already been defined (section D).

F. Line Shape Fitting

The derivative of the Gaussian function 3 = a exp (-x/2 o

is

-
2' = - 532

55 X e
o

The maximum and minimum values o{ 3' occur for x°

2 - al '
it X, ) so the constant a = e X, g max®

38

(6)

(7)

2)

(call

The derivative of the Lorentzian function & = ¢/(1 + bx2)

(8)

is
2' = =2 bex
(1 + px°)2
In this case we get Z'max for x° = 1/3b =and the constents
' o 2 _ 8 '
are b = 1/3xL and ¢ = T ¥ 8 hax’ The Gaussian and

Lorentzian curves calculated were fitted to experimental curves

accordingly at &' and &'
mi

n max*
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ITII. RESULTS AND DISCUSSION

A. Absorption Saturation

1. Absorption spectra at various rf levels

Lock~in absorption-mode Flg NMR spectra of CaF, powder at
various rf levels are shown in Fig 1*. We see here the line
narrowlng and shape change caused by saturation. The spectrum
for Hy = 2.82 mG 1is only slightly saturated. Its second moment

is 6.25 gausse. The average from three such spectra is

2, The theoretical second moment 1s 6,47 gauss2 /10/.

6.19 gauss
In Table I are llsted the line widths of the spectra in Fig 1.
The unsaturated line width is 6.7 to 6.8 gauss (based on four
spectra). It broadens a little at H; = 12.1 to 21.4 mG and

then narrowsdown to 3.2 gauss at 78 mG.

In Pig 1 the modulation frequency V, = 20 Hz, the peak-
to~-peak amplitude 2 H, = 1l.32 G for the two lowest rf
level spectra and 0.6% G for the others. The arrow
indicates 0.66 G. The value of H for each spectrum
is glven In mG. The time 1s given for & sweep of 10 G
and this distance is indicated by the calibration line,
The szeep directions alternate. The rf frequency Vo

is 16 MHZ.



CaF, Powder

4 ImG

55mG |

- 20H,—1—

J .
|10 gauss | —1 15 min,

6¢ dz

Fig 1 - Absorption spectra of CaF, powder at various rf levels. |
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Table I - Line widths of spectra in Fig 1.

Trace Hy Line Width  Trace Hy Line Width
milligauss gauss milligauss gauss

142 2.82‘ 6.7 145 21.4 T4

143 4,1 6.8 146 38.8 6.8

149 7.35 6.8 147 78 : 3.2

144 12,1 7.3 148 155 2.55

In Flg 2* Lorentzian and Gaussian derivative curves are
fitted to a palir of CaF2 absorptibn spectra: normal and
saturation narrowed. The line widths are 6.8 and 2,65 gauss
obtained at H; = 4,7 and 260 mG respectively. The 2.65 gauss
line is broadened about 7% by modulation, the 6.8 gauss line
less than l%l/l/. We see that the normal line is a squared
off Gausslan; viz, the wings go to base line faster and the
centre is a little flatter than the computed Gaussian curve,

The saturatlon narrowed line shape is quite different from the
normal one. One might call it super Lorentzian, since the wings
do not go to base line as qulickly as the computed Lorentzian

curve.

In Fig 2 Vm = 20 Hz, 2 Hp = 1.32 G. The arrow indicates .
1.32 G, the callibration 1line 5 G.



| orentzian o Gaussian e

1

| L
5 gauss I

Flg 2 - Fitted normal and saturation narrowed absorption spectra of CaF2 powder.’

Ov aF
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The cause of the extra peaks in the saturation narrowed
spectfa (especially noticeable in Flg 1) and the reason the
curves are not truly Lorentzlan as predicted, is probably
modulation saturation. Additional evidence for this explaination
is found in Fig 3™ in which saturation narrowed spectra run at
different modulation frequencies, 40 and 80 Hz, are shown.

In the 80 Hz spectrum the peaks to high and low field are quite

obvious, but in the 40 Hz spectrum they cannot be seen.

2. _Ratlo of the Zeeman and Dipolar relaxation times

From eqﬁation {1=45) it was found that:

-

) (AHp)® | (9)

T = % {aH?)

o

‘where AHg,g 1s the saturation narrowed line width in gauss,
<&3H2) ~is the second momént in ggussQ, and Tl/Tb is the ratio
of the Zeeman énd dipolar spin-latticeQrelaxatiqﬁ times. Table II
lists the Tl/TD -ratio calculated from sevéral eatﬁration
narrowed spectra (20 Hz modulation frequency) using the
theoretical second moment of 6.47 gauss2 /10/. The ratio

appears to decrease with rising H, and varies from 3.55 1o

2.25, It is expected to be constant, however, sd we again invoke

In Fig 3 the arrows indicate p-p modulation 0.59 G at
40 Hz end 0.70 G at 80 Hz., The calibration line indicates
10 G. Hy 1s 207 mG. )
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C_sz Powder

| } _
IO gauss | | V7.7 min.

Fig 3 - Saturation narrowed spectra of CaF5, at 40 and 80 Hz
modulation frequencies. '
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modulation saturatlion as the culprit and conclude that we are

not measuring the true saturation narrowed line width. Jeener /12/,
using pulse techniques (NMR frequency 28.7 MHz), has measured pig
and Tp 1in a single crystal of CaF,. The ratio is T;/Tp =

1.14 sec/0.38 sec = 3.00. A ratio of 3,00 means that there is
complete correlation between the fluctuating flelds (responsible
for relaxation) at different spins according to Anderson-Redfield
/13/ and Solombn-Ezratty /14/ relaxation theoriés.

Table Ii - Tl/TD ratlo from saturation narrpwed curves.

Trace ': Hy ~ Line Width 11

milligauss gauss ' E;.

147 78 3.2 3.55
4 120 3.05 3.3
16 . 120 | 2.95 . 3.0
148 155 2.55 2,25
6 230 2.7 a5

9 230 2.65 2,45

260 2,65 2,45
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3. _Progressive saturation of the absorption signal

In Fig 4% the absorption signal vy(max) eand vy (max)/H;
from the spectra in Fig 1 are plotted against the rf field H;.
If there were no complicatlons (no line narrowing or modulation
Saturation) vl(max)/Hl would be proportiohal to the maximum
slope of the absorption susceptibility %ﬁﬁi max 2nd %o x"(0).
The plots separate at high Hy. The lower branchés were obtéined
by measuring vy ata constant distance from the centre of the
apectrum-éfthe point for vl(max) in the uﬁsaturated curve., This

simulates the Bloembergen method /1/. The upper braches follow

vi(max) as the line narrows.

In Flg. 5 Hl/vl(max) versus H.2 1is plotted., If v, (max)/Hy

1
were proportional to ¥"(0), the plot should be a straight line

since we recall that both Provotorov and BPP theory predict:

*(0) = Xowo g(0)/2 (1-8)
: 1 + ¥° H° T, Tg(0)

The plot is not linear and we shall see that it does not yield

the correct Tl.

In Filg 4 the absorption signal is actually plotted in

102 mm units. This is because the peak~-to-peak absorption
signal was measured in mm on the recorder trace and then
adjusted for different modulation levels and amplifier
galns; v,(max)/H; is plotted in cm/G. If we had an
absolute Calibration, vl(max) would of course be in

gauss. ) _
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B. Disperslion Saturation

l. Dispersion spectra at various rf levels

Lock-in dispersion mode F19 spectra of CaF, powder at
various ff ievels and a modulation frequency of 20 Hz are shown
in Fig 6*."We'see that the shape changes; ‘the ratio of the
signal above the base line to that below increases, the middle
of the curve narrows, and finally fine stfucture appears on the
shoulders of the JY\ shaped curve. .The spectra in PFig 7  were
obtainedAwith a modulation frequency of 200 Hz. The overall
behaviour 1s similar to that at 20 Hz but 1t is remarkable
that'thefe'is no hint of fine structure on the éhoulders of the

curve at high Hy.

Theéé“spéctra demonstrate that the signal at the exact
centre of resonance ul(o) saturates and decreases with H1
whereas fhé shoulders continue to grow. Loék-in dispersion
spectra ovaaFQ at very high rf fields have been studied by
Solomon and Ezratty /14/.

In Fig 6 the modulation 2 H_ = 0.72 G and 1s indicated by
the arrow. The H, values are in mG., The rf frequency
is 16 MH=z.

# 'In Fig 7 the modulation 2 Hy = 0.90 G. Complete curves
were not always taken because the wings extend a very long
way out, To find base-line then the modulation was turned
off at a sultable distance from the centre..



10 gauss —— 7.7 min.

i Fig 6 - Dispersion spectra of Ca
- frequency of 20 Hz.

20 Hyy =1~

F, powder at various rf levels and -a modulation

it 'd:;"
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10 gauss ——— 9.0 min.

PFig 7 - Dispersion spectra of CaF. powder at various rf levels and a modulation

‘frequency of 200 Hz. 2

|
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2. Progressive saturatlon of the dispersion signal

The dispersion signal ul(o) was measured on the recorder
for a serles of rf levels by scanning back and forth through
the centre of the line. This was done because the magnetic
field and/or the rf frequency were not stable enough to sit on
the point of the signa1|—-especially where the point sharpens
at high ﬁl. The modulation was swltched off periodically to
find the base line. It took three hours to run the serles.,
The dispersion signal u,(0), and u,(0)/H; which is
proportional to Qiééigl are plotted against H; 1in PFig 8.
The modulatlon frequency is 200 Hz, the peak-to-peak amplitude
2 Hy = 0.90 G. We were fortunate that the CaF, sample did not
have a T; time any ionger than it did -~ there are Just two
polints that shown.negligible saturation., The minimum useful
reading on our rf level meter was 1 x 1 a and it corresponded

to 2.1 mG.

When the distance from resonance (and the modulation Hm)
1s measured in gauss, the expression for u,;(0), equation (1-48),

becomes !
1 dG'goz
T Hp Hy Mo aH

u; (0) - 5
+¥H;° 1y 6(0)/2

(10)

and if this expression is obeyed, a plot of Hl/ul(o) versus

2 should be a straight line. This 1s done in Fig 9. We see

Hy
that the plot does yleld a straight line and so it appears that

equation (1-48) is correct.
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3. Spin lattice relaxation time

The value of the line shape function at =x=0, G(O),found
by integrating the H, = 2,8 mG absorptlon spectrum in Fig 1,
is 0.89 gauss‘l. The average from four such spectra is
0.896 gauss™l with a maximum deviation of 0,018 gauss”l. The
abcissa intercept in Fig 9 is 2.3 + 0.1 x 10™% gauss2. We call
1t (#;*)° and this is the value for which the saturation

parameter

2

s(0) = ¥H,° Ty 6(0)/2=1 . (11)

These results yileld a spin lattice relaxation time Tl of
0.385 sec wlth an estimated error of 4+ 0.030 sec when errors
in H; calibration are also included. Fig 8 also gives us the
value of Hy*. When S(0) = 1, ul(C)/'Hl is down to 1/2 1its
unsaturated value and this occurs for Hy = 15.0 # 0.2 mG. This
value agrees quite well with 15.2 mG, the square root of the
Fig 9 intercept.

On the other hand 1f we attempt to get Tl from our
absorption signal graphs we find from Fig 4 that Hy# = 18.5 mG
so Tp = 0.26 sec; and from Fig 5 we find that (Hl*)2 varies
from 2.8 to 4.0 x 10~%4 G2 (Hl* from 16.7 to 20 mG) so T

1
could be from 0.32 to 0.22 sec.

4, Check on restrictions

Now let us see 1f we have complled with the restrictions

assumed by Goldman when he derived his equations. The conditlons
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were;

1 1. «N«KD, and 2W &L Q . (12)
1 Tp

The modulation frequency M,
(1 = 21rpa = 1256 sec'l. Assuming Tl/’rD = 3.0 we have

in Fig 8 and 9 is 200 Hz so0

1/1) = 2.6 sec™l and l/TD = 7.8 sec™l, The local field D |
in rad/sec = 3.70 x 10% sec=l calculated from the theoretical
second moment (D= ¥H = X((AH2>/3)§ (2. 517)10" (6. 47/3)5
The line is straight in PFig 9 to about Hy = 38 mG and at this
point the transition probability term 2W(0) = 16.3 sec!

(2W(0) = ¥H;Z 6(0)/2 = (2.517)10% (3.8)% 10™% (0.896)/2).
Summing up we have (in units of sec~l): 1/1‘D = 7.8, {1 = 1256,

= 3.7 x 107

, and 2W = 16.3. We see that the experiments
reported in Fig 8 and 9 conform to the restrictions /12/. But

if Hl/ul(o) for the Hy = 52 mG point in Fig 8 is plotted on an
extended version of Flg 9 we find that 1t falls below the stralght
line yet at this point 2W 1is only 30.6 sec'l, which is still

<€ 1256 sec™l. There is one other condition we have not discussed
yet — namely, that thé fleld modulation amplitude be much less

then the line width — and this condition is probably no longer

satisfied at this point.

If we look back at Filg 1 we see that at Hy = 38.8 mG the
saturation narrowed component of the spectrum has nearly reached
the intensity of the normal line, and at Hl = 52 mG it will
probably be the more intengé one, In Fig 9 the p=-p modulatioﬁ
2 Hp = 0.90 gauss and 8o the line width to modulation ratio AAHa/2Hm
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for a normal line such as the Hj = 4.1 mG one in Pig 1 (line
widths in table I) 1s 7.6. The narrow component is about

3.2 gauss wide (téken from the saturation narrowed curve at

H, = 78 mG) which means the ratio is down to 3.5 and the
modulation amplitude probably can no longer be considered much

less than the line width.

In Provotorov theory the magnitude of the saturation
‘parameter S(a) = 2W(a) Ty determines the region at which the
line shape changes and 1s therefore a more useful measure of -
saturation. Also S(0) can easily be found experimentally using
a plot like that in Pig 8 since there is a simple relationship

between S and the traditional saturation factor Z — viz,
, -1 %2 » .1
z2(a) = [1+s@)] =[1+¥ 8" 1 ra/2] (13)

which 1s the ratio of the saturated to unsaturated magnetic
susceptlbility for a given rf level. Or, S(0) can be calculated

once G(0) and T, are known, s{0) = 11.8 at H., = 52 mG, and

1l
6.3 at H; = 38 mG. BSo we conclude that when our modulation
amplitude is taken into account, the practical saturation limit
is reached in this case for 6.3 & S(0) € 11.8. The observed
signal after thié is too large. What probably happens is that
the wldth of the modulation allows some contribution from the
second term in equation (1-47), and thils term does not saturate.
When the modulation amplitude 1s very small, so is the contri-
bution., But, when the modulation amplitude is not so small and

the first term in equation (1-47) has been reduced due to satur-

ation, the contrihution from the second term becomes significant.,
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Just when this happens depends not Jjust on line width and
modulation amplitude, but on several factors as we can see from

equation (1-47).

As stated in the Goldman sectlion of chapter 1, the modulation
saturation 1is stronges£ for 2w = f). Now look back at Fig 3 in
which we showed strongly saturated absorption spectra run at
different modulation frequencies; viz, 40 and 80 Hz, or in
rad/sec, 251 and 502 sec'l respectively. Hl was 207 mG

and this gives us 2W(0) = 483 sec™

which is very close to {1
for the 80 Hz spectra, This confirms our previous assignnment
of the extra peaks in the 80 Hz spectrum to modulation
saturatlon effects and explains the remarkable difference between

it and the 40 Hz one.

C. Comparison with T, Measured by Adiabatic Rapid Passage

During the course of these studles 1t became apparent that
an independent measurement of Tl was highly desirable. The
adiabatic rapid passage (ARP) method was selected because, being
a transient method, saturation is not involved and Tl is
obtalned directly. The gquipment avallable was the other factor
in 1ts choice. The ARP experiments are discussed in detail in

a later chapter.

The ARP result 1is T, = 0.45 gec with an estimated uncertainty
of + 0,05 sec, The progressive saturation of dispersion (PSD)

result of 0.385 sec + 0,030 sec 1s about 14% smaller, If
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the uncertainties are considered and we remember that these are
values obtalned by entlirely different methods, we can say that

the results are in good agreement.

IV. CONCLUSIONS

Equation (1-48), the equation for the lock-in dispersion
signal u,(0), derived by Goldman /6/ using Provotorov theory /7/,
correctly describes the saturation behaviour of u,;(0) 1n CaF,.

It saturates wlth the normal saturation faétor:
-1
2(0) = [1+ #2821 £(0)/2]7,

where f(A) 1is the line shape function normalized to 21T and
A= Wy -ws The lock-in absorption signal vl(max) saturates

in a more complicated manner,

The progressive saturation of disperslon signal experlment
ylelds the true T, relaxation time. The experiment can be done

with an ordinary wide-line NMR spectrometer.

The 1imiting conditions imposed by Goldman appear to be
correct except that for practical modulation amplitudes, the degree
of saturation that can be lnvestigated is further restricted.

The saturation parameter S(A) is a more useful measure of

saturation than just the transition probability 2w(a).

The effects of saturation narrowing and modulation saturation

have been demonstrated.
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chapter 3,

SATURATION III.

PROGRESSIVE SATURATION IN
POTASSIUM CAPROATE AND LITHIUM STEARATE

I. EXPERIMENTAL

The spectrometer used was a Varlan Associates model DP 60
dual purpose NMR spectrometer., The calibrations were performed
in the manner described in chép 2. Hy was measured for a -20 db
attenuation setting on the rf unit. The precision attenuators
in the rf unit are accurate to + 2% according to Varian, so
the other Hl values were determined from the attenuator settings.
The signéls were recorded on a Varian model G-10 strip-chart

recorder running at 16 in/hr.

The potassium caproate sample (abbreviated KO6) was dried
but not fused in the course of preparation. The detalls have
been presented previously /1/. The anhydrous lithium stearate
sample (Licla) was not fused on preparation either, and also has
been described before /2/. The samples were in 5 mm dla sealed
pyrex tubes with thinned down walls., A 5 mm dia insert was

used in the NMR probe. The spectra were run at room temperature,
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II. RESULTS AND DISCUSSION

A. PotassiumACagroate

1, Absorption spectra at varlious rf levels

Lock-1n absorptlon-mode proton magnetic resonance spectra
of potassium caproate at three different rf power levels are

shown in Pig 1*, The spectrum at H, = 1.26 mG 1s only a little

1
saturated, The one at H1 = 4,0 mG 1is interesting because it
shows the point at which the saturation narrow component
intensity 1s roughly equal to that of the normal curve. The
one at Hl = 22.4 mG 1is the saturation narrowed spéctrum.

1
at gl = 22.4 mG., Lorentziasn and Gaussién derivative curves

The line width is 8.5 gauss at H, = 1.26 mG and 3.9 gauss

have been fitted to the normal and saturatioﬁ narrowed spectra,
The wings of the normal spectrum drop off more iapidly than
the Gaussiah curve. The satﬁration narrowed spectrum is
intermediate between the Gausslan and the Lorentzian curves,

but 1s at least more Lorentzlan than Gaussian.

In Fig 1 the modulation frequency V_1is 80 Hz of
p-p amplitude 2 H_ = 0.72 G. The rT level- Hy is

glven in mG. The Pf frequency vb 1s 60 MHz.™ The
.calibration line indicates 10 G.
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-ﬁFig 1 - Absorption spectra of potassium caproate at three rf
field intensities.



chap 3 ' 54

The second moment of the Hy = 1.26 mG spectrum in Fig 1
is 9.9 gausse. The average of this result and three others

(obtained from two H1 = 0.40 mG and one Hl = 0.71 spectra)

is 10.4 gaussa,# the maximum deviation being + 0.5 gauss2. The
average saturation narrowed line width ASHaS obtained from four
spectra at high rf levels (two at Hy = 22.4 mG one of which

is shown in Fig 1, and one each at Hy = 12,6 mG and Hy = 7.1 mG )
is 3.85 géuss with a maximum deviation of + 0.15 gauss. The
modulatioﬁ was the same as for Flg 1. There was no significant
variation 1n AH, with} Hy over this range - viz, H; = 22

to 7.1 mG. From the abéve average values we calculate, using

equation (2-9), an apparent Zeeman to dipolar spin-lattice-

relaxation-time ratio Tl/TD of 3.2.

2, Progressive saturation of absorption

In Pig oF the absorption signal vl(max), from a series

of spéctfa is plotted against the rf field Hl. The solid line

follows vl measured at the normal line width;‘.the dashed line

This value is different from the 40 MHz second moment

at 295 %K reported for KCg in ref /1/ because the modu-
lation corrections were in error there, Peak-to=-peak
modulation amplitudes were used by mistake in the correction
term -H_2/4 instead of just the peak amplitudes. The
correcteﬁ KCg second moments in ref /1/ should bg 22.5 +
0.8 guass® at 77 °X and 10.1 gauss2 at 295 °K. The_
corrected second moment for KCgq at 77 9K is 23.0 gau352
(the error here was only 0.1 gausse). The error for Kclo
was negligible. :

# In Fig 2 VY, = 40 Hz, aH, = 0.76, bb = 60 MHz. Complete
spectra were run.
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Vl(max) of the saturation narrowed curve. Note that this is a
log=-log plot. The Vl(max) behaviour here is quite different
from that for CaF, in Fig 2-4., In Fig 2-4 the 'Vl(max) line
has already turned over by the time the narrow component appears,
but here in PFilg 3~2 the line 1s still linear and it 1s remarkable
that 1t extends on through Vl(max) of the saturation narrowed

CUIrves.

This graph was actually obtained quite early in the course
of this thesls work and was done to see whether or not two-
quantum transitions were responsible for the observed narrowing.
Two-quantum transitions are ones in which the energy is supplied
by two quanta and they had been observed in the electron spin
resonance spectrum of atomic oxygen by Hughes and Geiger /3/.
The two-quantum lines appeared 3 way between, and were 3 the
width of, the normal lines., Thelr intensity, after they appeared,
grew faster with increasing Hl than that of the normal lines.,
These features were explained by second-order-~time-dependent
perturbation theory and it was postulated that multiple-quantum
transitions could also occﬁr in NMR, They were observed in
liquids by Anderson /4/ and Kaplan and Meiboom /5/. The theory
for multiple~-quantum transitions in NMR was developed by
Yatsiv /6/ using Bloch-Wangsness‘/7/ NMR theory. It was found,
in part, that for a transition of multiplicity n; the line width
1s roughly n times as narrow as the corresponding line width
for n =1, and the observed signal grows as HIEn-l before
saturation beglns., The_slopg, then,'of a log-log plot of the
signal strength versus the rf field Hl yields the multiplicity
directly. Although Bloch theory was really only formulated for
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spin systems like those found in liquids and gases, 1t was felt
that it had some validity in solids; In Pig 2 we see that in
the low rf region the slope of the line is nearly 1 (actually
0.95, error may be in H, calibration) and this is what we
expected. But the same line goes through the saturation
narrowed signal points, whereas, the slope for a double-quantum
transition would be 3. Consequently we had to look for some

other explanation.

Another thing we have learned is that the usual test for

saturation ~~ viz, increasing H, and seelng whether or not

1
the signal increases proportionately — 1s not reliable. One
might belunfortunate and choose to run anvabsorbtion spectrum

of K06 at Hl = 10 mG; Flg 2 shows that one éould increase Hl
up to a factor of 2.5 and find the signal linear in Hy all
the way; yet we know that this is in the saturation narrowed

region.

3., _Progressive saturation of dispersion

The dispersion signal 4u1(0) in KCg was measured for a
number of rf levels and a fixed modulation. The result ul(o)/Hl

is plotted against H in Fig 3.%* The first point is at

1l
Hy = 0.29 mG yet there still appears to be some saturation -
the slope would be zero if the saturation were negligible, We

therefore are unable to get Hl* from this type of plot as we

In Fig 3 Y, = 200 Hz, 2H; = 1.02 G, W, = 56.4 Mz, The
signal u (8) was measured in the manier described in
chap 2. %he sample was at room tempersture.
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could for CaPF,; but we can get it from the Hl/ul(o) versus

H12 plot shown in Pig 4., The intercept Hl‘”'2 = 25 x10~5 gauss®.
Also, since this plot is a stralght line; we have another

verification of equation (1-48).

Three absorption spectra were integrated for G(0). The

1

average value is 0,73 gauss™— wilth 2 maximum deviation of

0.03 gauss'l. These results yleld a spin lattice relaxation

time Ty = 4.11 sec,

Let us see if we have conférmed to the experimental
restrictions imposed by Goldman, Tl/TD was found to be 3.2
80 l/TD is 0.78 sec™l., The angular modulation frequency Q
is 1256 sec™l and the experimental local field in rad/sec is

1 -6

5.0 x10% sec™. The point at H,2 = 82 x20™° 62 (H; = 9.06 mG)

1l
in Fig 4 1s not far off the straight line and at this point
2W(0) = 0.80 sec=l, These values satisfy the conditions in

equation (2-12).

Now what about the line width to modulation width restriction?
The modulation 2 H; for the run reported in Fig 3 and 4 is
1,02 gauss, Taking line widths from Fig 1 we find line width
to modulation with ratios AHa/sz of 8.3 at H; = 1,26 mG
and only 3.8 at Hy = 22.4 mG when the curve is saturatlion
narrowed., The saturation narrow component is about the same
intensity as thevnormal component for Hl = 4,0 mG. Looking at
Flg 4 we see that Hl/ul(o) is st11ll on the line at Hy = 6.4 mG
(le = 40 x10°6 G2) .but>ié off, as we have mentioned above, by

the time H, = 9.06 mG. At this point S(0) = 3.3 and we have
reached the practical saturation 1imit for this case. This point
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has been discussed in more detaill in chapter 2.

B, ILithium Stearate

1, Absorption saturation

Three lock-in absorption-mode proton magnetic resonance
spectra of 1lithium stearaté are reproduced in Fig 5.% A normal
spectrum at Hy) = 0.45 mG, one at Hy = 4.5 mG 1in which the
normal and narrow components are about the sahe intensity‘and'

a saturation narrowed one at H, = 14.3 mG., The line widths

are 14,1 gauss and 8.3 gauss at Hy = 0,45 and 14.3 nG
respectively., Gausslan and Lorentzian curves have been fitted to
these two. The normgl spectrum again cuts off more rapldly than
the Gausslian curve, The saturation narrowed curve is almost

pure Gausslan and, although is not what Provotorov theory predicts,
the change in shape on saturation is at least in the right
direction - viz, the wings do not go to base.line at as fast a
rate as the normal spectrum. Modulation saturation may again

be perturbing the spectrum,

The second moment of the H = 0.45 mG spectrum in Flg 5
is 22.1 gausse. The average second moment from this one and

three others at the same rf level is 21.6 + 0.4 gauss?, where

* InMg5 ), =40 Hz, 2H = 1.78 G, Vy = 56.4 MHz.

Hl is given in mG. The sample is at room temperature.
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0.4 gauss2 is the maximum deviation., The average saturation
narrowed line width obtained from six spectra for Hl = 14,3 mG
(the spectrum in Fig 5 included) is 3,85 + 0.15 gaussz, 0.15
being the maximum deviation. The modulation was the same as
for Fig 5. These values yield an apparent Zeeman to dipolar
relazation time ratio . ,/Tp of 7.3 in LiCg at room

temperature.

2, Progresslve saturation of dlspersion

The dispersion signal ul(o) at a fixed'modulation was
measured in Licls for a series of rf levels. The result
uy (0)/H; 1s plotted against H; 1in Fig 6" ana H,/uy(0) versus
H12 in Pig 7. The latter 1is a straight line énd again confirms
the theory. Its intercept Hl*2 = 8.8 x10~6 gaussz. The average
value of 'G(O) calculated from three hormal absorptlon spectra

1s 0.487 géuss'l, the maxlimum deviation being 0.008 gauss'l.
The relaxatlon time Ty ‘then is 17.4 sec.

Are the Goldman restrictions obeyed? Tl/TD in IiC,g was
found to be 7.3 and so 1/1, is 0.42 sec™t, (U = 1256 sec™t
and D experimental is 7.3 xlO4 sec-l. In an extended'version
of Fig 7lwe find Hl/ul(o) deviates from the straight line at
Hy2 = 40.8 x10™° 6® (M, = 6.4 mG). 4t this point 2W(0) = 0.266
sec™l ana S(0) = 4.6, The conditions in equation (2-12) are

# InPlg 6 Y, =200 Hz, 2H = 2.12 6, V= 56.4 MHz,
The .signal uy(0) was measured as in chap 2. The sample
was at room %emperature.
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satisfied; Now let us consider the modulation width restrictlon.
The modulation 2 H, for the run in Fig 6 and 7 is 2,12 gauss.
Taking the line widths from Fig 5 we find AH,/2H; ratlos of
6.7 at H; = 0,45 mG and 3.9 at H; = 14.3 mG when the curve
is saturation narrowed. The narrow and normal components are of

apparently the same intensity for H, = 4.5 mG. At Hy = 6.4 mG,

1
8(0) = 4,6, Hl/ul(o) versus le is no longer a straight line
and we have reached the saturatlion limit for practical modulation
widths. The S(0) value at this limit is a little higher in
LiClB than that for KGs « The difference is proﬁably due to
line shape and Tl/TD ratlo differences. This point is discussed

in more detall 1in chapter 2.

III., CONCLUSIONS 5

The saturation of the lock-in dispersion signal ul(o) in
potassium caproate and lithium stearate 1is déscribed by equation
(1-48). This is further evidence for the validity of Provotorov=-

Goldman saturation theory.

One must take great care to aveid saturation to be certain
that the observed lock-in absorption curve is the true absorption
derivative spectrum. To dd this the spectrum may have to be
obtained for a wide range of rf levels. This is not usually
possible with the marginal oscillator NMR spectrometers used in
many laboratories. In fact it can happen that for samples with

long spin lattice relaxation times, only a saturation narrowed
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curve can be obtalned with this type of spectrometer and the

experimenter can be unaware of this fact at the time, Grant /8/.

Even in the normal spectra.shown in FPig 1 and 5 there is
some saturatlion and now that the Tl values are known we can
calculate how much., For the KCg normal spectrum at H; = 1,26 mG
the saturation parameter S(0) = 0.059 and so the saturation
factor 2(0) = 1/1.059. For the LiC;g normal spectrum at
H, = 0.45 mé we find S(0) = 0.023 and 2(0) = 1/1.023. At
these low saturation levels we are probably observing the true
linesshaﬁe. The signal to noise ratio in the Licl8 spectrum
1s already lower than we would like and this is with the sample
in the 5 mm 1insert., It appears that some saturation cannot be
avolded. The situation would become even wWorse if the sample
were in-the variable temperature apparatus, It ié probable
that much of the work reported in the literatufe was done under
partiél saturation conditions, particularly that done with
marginal oséillator spectrometefs. We have foﬁnd,'however, that
phasé transitions in L1018 can be found using saturation
narrowed spectra.* Sudden drops in the line width versus
temperature curve correspdnd in temperature to similar ones in
the same plot for normal width spectra. This is not unexpected
because the saturation narrowed line width AH, g is related to
the second moment of the unsaturated spectrum, equation (1=45),.
One must be sﬁre, however, that‘one is not operating close to the
saturation narrowing region, otherwise a change in T, with
température could cause the other component ofvthe line to appear

and cause oné to éhink that a phase transition is occurring.

rr _
Detalls to be presented in a later chapter,
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chapter 4,

SATURATION IV,

SIGNAL DECAY EXPERIMENTS IN
POTASSIUM CAPROATE AND LITHIUM STEARATE

I. INTRODUCTION

In this chapter we report on experiments using a direct
method of measuring T; called the signal decay technique.
The steady state solution of equation (1-1) is:

-1
n(st)/n(0) = [1+ @821 2a/2] = 2 (1)

where n(st) 1s the steady state value of the population
difference n(t) and 2Z 1is the saturation factor - also defined
in equation (2~13). We are interested in the rate of approach

of the spin system to the above steady state, and this 1is given

by the following solution to the differential equation (1-1):
Andrew /1, p 21/

n(st) = n(t) = [n(st) - n(0)] exp (-t/1,2). (2)

Thus the approach to the steady state in the presence of an rf
field has a characteristic time le. When the amount of

‘saturation is negligible, the characteristic time becomes Just

Tl.
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The signal decay technique to measure Tl in solids appears
t0 have originated with Linder /2/ in 1957. It has been revived
again by Smith /3/ in 1962. In this method the spin system was
allowed to equilibrate in the fixed magnetic field corresponding
to one of the extrema of the absofption derivative spectrum. A
partially saturating rf field was applied and the lock-in
absorption signal vl(max) observed as a function bf time,
fhe signal decayed from its initial amplitude ao to 1its
partlially saturated equilibrium value a. If BPP theory 1s
assumed, equation (2) says that the signal decays exponentially
with time constant T2, where 2Z = as/ao. This particular
signal decay method, however, suffers from the same deficiencies
as progressive saturation of the lock=in absorption signal e

namely, saturation narrowing and modulatlion saturation.

We now know that we can avoid these complications by
observing the lock-in dispersion signal ul(o), and that 1s how
the signal decay experiments reported here were done.

II. EXPERIMENTAL

A. Samples

The potassium caproate (Kcé) and Lithium stearate (Licls)

samples were the ones described in chapter 3,

B, Spectrometer

The spectrometer was the Varian DP60 descrived in chapter 3
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and was operated at a radio frequency of 56,4 MHz. The rf field
was turned on for a signal decay measurement with a SPST

coaxial switch made from an Amphenol type 83-1T "T" adapter.

The switch was builf by the chemistry departmentlshop according
to a design by Bernard W. Joseph of General Motors Research

Laboratorles, Warren, Mich.

The 5 mm dia NMR probe insert was used for measurements at
room temperature, the 15 mm one at 77 °K. For this temperature
the sample tube was in the finger of a Dewar containing liquild
nitrogen, the finger fitted into the 15 mm insert.

The signal decay curves taken at room temperature were
recorded on a Sanborn model 151 thermal strip chart recorder in
conjunction with a Sanborn model 67-300 preamplifier. The decay

curves for Licl8 at liquid nitrogen temperature (where T is

1
quite long)vwere recorded on a Varlan model G-~10 strip-chart
recorder running at 20 in/min. The response time for this
recorder to reach the signal voltage Jjust after switching on
the rf field was reduced by the following technique: the servo
was switched off and the pen moved to the top of the scale, then
after the spin system had reached equilibrium, the rf field

and the recorder servo were switched on simultaneously. This

way the pen had only a short distance to move before 1t began

recording the slgnal.

C. Method

The method used was the same as the Linder signal decay

technique /2/ described above, except that the lock-in dispersion
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signal ul(o) was observed instead of the absorption signal
vl(max). in'this case we know that the equation for the decay

(aésuming the necessary conditions are obeyed) is:

a~-a; = (a =~ ag) exp (-t/TlZ(O)) (3)

where we recall that a 1s the observed signal, a, is 1its
initial value, ag 1is its partially saturated equilibrium value,

and 2(0) = ag/a,.

Typical dispersion signal decay (DSD) curves, KCg trace
# 119 and Licla trace # 406, taken at room temperature are

shown in Fig 1. (The small circles mark a obtained from the

o
semilog plots). The recorder was run for some time before and
after the signal decay at a slow speed in order to establish
a good average base line, it was also switched to the slower

in each case,

speed to get a nolise averaged value for ag

A semilog glot of a - a; versus time ylelds, according
to equation (3), T,2(0) from the slope and a, from the

intercept. Then Z(0) 1s calculated eand T obtalned. The

1
semilog plots from the decay curves in Fig 1 are shown in

Fig 2 and 3 for KCc and L1018 respectively.

III. RESULTS AND DISCUSSION

A. Potasslum Caproate

The results from the measured KCg decay curves are listed

in Taﬁle I. They were all taken at room temperature,
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Table I = K06 dispersion signal decay results

Trace Hy 2Hy ¥ z(0) Ty
number milligauss gauss sec
104 9.1 1.02 0.232 4,08
110 Te2 1.02 0.315 3.99
113 9.1 2.12 0.214 3.96

114 9.1 2.12 0.198 4,19
119 Te2 2.12 0.308 3.83
average 4,01

¥200 Hz modulation frequency.

We have chosen to analyse decay curves for Z(0) 1lying

roughly in the range 0.2 to 0.3 as this allows ag to be

measured with reasonable precision and'still leave a reasonable

amount of signal decay to plot. The aVerage value of T

obtained this way is 4,01 sec, the maximum deviation being 0.18 sec,
This agrees very well wilth our progressive saturation of dispersion
(PSD) result of 4.11 sec reported in chapter 3. We expect the

DSD value to be the more accurate one as 1t does not involve

any calibrations. .

B, Lithlium Stearate

The results from the measured I1iCyg decay curves taken at

room temperature are listed in Table II,
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signal decay results

Table ;; - ;1018

Trace Signal# H 2Hm* 2 T1
number mode milligauss gauss sec
406 D 6.4 2.12 0.210 16.4
408 D 6.4 2.12 0.205  15.4
410 D 6.4 4,23 0.202  16.4
412 D 6.4 4,23 0.194  16.9

' average 16.3

414 A 6.4 2.12 0.498 23.0
417 A 14.3 2.12 0.342 18.9

i

#D - dispersion signal ul(o), A - absorption signal
vl(max)> '

#200 Hz modulation frequency.

The average of the DSD Tl results is 16.3 sec, the maximum
deviation being 0.9 sec or 5.5%. This compares quite well with
our chapter 3 PSD result of 17.4 sec, the PSD value being only
6.7% higher,

The results from two absorption signal decay (ASD) curves
are also listed in Table II., Trace 414 was taken at the same
Hi value as the DSD curves, but 2 is much larger (the degree of
saturation much smaller) and the T, obtained is about 41% higher,
This is what we expect for Z - the line shape functién (o)
and thus the saturation parameter S(A) decrease as we move out
to the inflection point — but, if théré were no complications,
T, would net change with 2. Trace 417 with z = 0.342 yilelds
a T; of 18.9 sec, a value still 16% higher than the average DISD

result,
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We were fortunate that the Tl's of KCg and LiClB at
room temperature were such that they could be measured by both
our continuous wave (CW) methods and the results compared. We
have also measured the spin lattice relaxation time of L1018
at 77 °K, where it is too long td measure by PSD, by the DSD
technique. The results of the two decay curves #419 and #421
are 95 and 96 sec respectively; (Hl = 4.5 mG, 2Hp = 2,12 G
at 200 Hz, Z(0) = 0.0806 and 0,0817) since the amount of
saturation was qulte high here, the time constant of the output
unit was»increased in addition to going to a slower recorder

speed whlle the base line and a_, were being recorded in order

to improve the accuracy of the a_ measurements.

8

IV, CONCLUSIONS

'fhe siéﬁal decay technlque ylelds correct spin lattice
relaxation.times in solids provided that the lock-in dispersion
signal ul(o) is observed rather than the absorption signal
vl(max). VThe.complicationsvof saturation narrowling and modulation

saturatlon are then avoided.,

The slgnal decay technique 1s particularly sultable for long
relaxation times and this is fortunate because the signal to noise
is much too poor to do an accurate progressive saturation

experiment in this sisuatilon.

We have two complimentary CW techniques for measuring spin

lattice relaxation times in solids: DSD, dispersion signal decay
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for long Tl's, and PSD, progressive saturation of dispersion

for short Tl's.
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chapter 5,

ADIABATIC RAPID PASSAGE I.
THEORY AND REVIEW

The nuclear magnetlic resonance (NMR) adiabatic rapld-passage
(ARP) experiments were originally begun just to measure spin
lattice relaxation times Tl by a direct method that was not
dependent on a theory for saturation,in order to check our
saturation results., The ARP technlque appeared to be the next
best thing to a pulse spectrometer and would not require much
building of equipment. These ARP experiments soon became a
major research probleh, however, when 1t was found that 1t was
not generally known what all the requirements were for valld

ARP results in solids, nor how to explain every detall of ARP
experiments already in the literature /1, p 550/.

We think we have determined,with the help of experiments,
what the proper conditions for ARP in solids are. We have then
gone on to use this technique to measure the spin-lattice
relaxation time and local fleld HL in a few solid samples —
viz, C‘aF2 single crystal and powder, and lithium stearate powder.

We think that this is the first time that Hy, has been measured
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by ARP, and we think that this technique has great promise since
Hy ylelds the second moment of the unsaturated absorptlon line
by e simple calculation: <{AH2Y = 3(Hp)Z.

ARP signals can be obtalned from solids even when T is so

1
long that it 1s impossible to get a slow passage lock-in absorption
spectrum, The method has the speed of the pulse technique, and

the data reduction for second moment determination is much

simpler. With our apparatus we were able to measure Tl values
from about 1/2 second to over an hour. Shorter times could be
megsu:ed with more sophisticated equipment. The method is
partiéularly suitable for long Tl's since exact resonance

condlitions do not have to be maintalned as is the case in the

pulse technique.

I, INTRODUCTION

Since the initial NMR experiments on ARP were done by Bloch,
Hansen, and Packard /2/, the technique has been developed as a
method for measuring Tl's in 1iquids by a number of workers.
Drain /3/, Conger and Selwood /4/ and Chiarotti et al /5/ are
some of the early ones. In addition to being easier to perform
than NMR pulse experiments, ARP can be used to measure Tl's
for chemically shifted sets of nuclei, Nederbragt and Reilly /6/,
Powles /7/.

The requirements for an ARP in a liquid are /1, p 65/
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(1) the Bloch adiabatic condition for a complete inversion of
the nuclear magnetization

dH
- « ¥? (1)

dt
(2) the rapid passage condition - viz, the effects of relaxation
must be negligible during the time of passage tp through

resonance

dt

These requirements are not difficult to satisfy for
experiments on liquids, however, in solids it is very difficult
to meet condition (2) in view of the very short T, encountered
there. Redfield% énalysis /8/ shows that the passage time t

p

does not have to be short compared to T, but only to T Even

lb
so, only a few workers have used the ARP technique in solids.
Redfield /9/ has measured Tl in copper and aluminum. He states

the ARP conditlons 1n sollds to be:
: -1
T3 » t, >> the smaller of (gH;)  or T,. (3)

Also, H must be several times the value required to

saturate”the resonance under steady-state conditions. (4)
Abragam and Proctor /10/ have studied spin temperature using a
LiF crystal, Slichter and Holton /11/ have studied adiabatic
demagnetization in a rotating reference system using a Nacl
crystal,

Perhaps the reason that ARP has not been used more in solids
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1s that 1t was not clear how Redflield arrived at the conditions
(3, 4), (at least not to us) or perhaps the fact thaf Hl might
have to be greater than Hg /1, p 550-4/ may have discouraged
others from attempting the technique.

ITI. ADIABATIC RAPID PASSAGE SIGNAL

A. Adlabatic Variatlion of the Magnetlzation

Redfields hypothesis of a spin temperature in the rotating
reference frame leads to an adequate description of the ARP
slgnal. From equations (l4a) and (l4c) in chap 1 we obtain the
following expression fbr the magnetizatlion in the rotating

reference frame:

- = ={H.p> ( ) ¥2n2
'BEI'= <£’£> - 2er s Eer = N I(I « 1 "6 h ger (5)

Her + Hp 8

and we recall that the local field Hy was given by

B2 - ( Xp' )2

2 2 2
t  x I
T ( 2:1 iz

= %(AH2) . (6)
)

Equations (l-l4a,b,c) were obtalned neglecting the lattice (mo
relaxation) and so equation (5) conforms to the rapid passage

condition (2).

We now wish to determine the change in M_. for an adlabatic

(in the thermodynamic sense) variation of the effective field
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Hoo For an isolated system, the variation d(){er) of the
o~

internal energy of the system is equal to the work done by the
applied forces /12/

akH, > = =M aH (7)

which combined with d()(er> obtained from equation (5)

yields
2
er o HL 4 Her
' T T 2.2 TE . 8
Mp Hep® + Hy er (8)

On integrating (8) from the definite limits M, and Hy to

M, and Heys» and assuming ’Ho » Hiﬁ we obtaln

u = ot 3 (9)
- 2 2 9
r A[Her + Hy ]° |

We remember that ‘%r is aligned along Heyr @s shown here in

Fig 1.

H, - ub/i ) Her

s

Fig 1 - Magnetization M, and effective field Hey in
the rotating reference frame. {1 is the angular velocity
of Hgp durling a passage.
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B. The Rapld Passage Experiment

Abragam /1, p 547/ nicely describes the rapid passage

experiment and gives us a physical understanding of equation (9).
[ ]
z Say,

far above the resonance value Ho = - Qb/t' (so that the angle

The main magnetic field is swept from an initial value, 'H

between HZ and ger is effectively zero) to another Hz" far

below., The magnitude of the effective field starts with an

initial value Hg, [01 - Ho + HIQ]%, goes down to a
] " -
minimum value Hl, @hen up again to Herf = [}Ho - Hz‘)2 + Hla]%.
The postulates of a spin temperature and demsity matrix of the
form |
p =< exp (= Hyp/kTg) (10)

leads to a spin temperature variation
2 2]% .
Ts °< [Her + HL ] . (11)

The magnetig moment along Her then varies as Her/Ts and 1is
given by equation (9). Thus My starts from an initial value
Mg which is the thermal equilibrium value if one hsas Waitéd
off-resonance fdi a time appreclably longer than Tl, passes

through a minimum

M. H
M, = 01 (12)

[8,2 + 2]

at resonance, and returns to the value MO along Her far
below resonance, Since Hop is then antiparallel to HO’ 80

also is My.
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C. ARP Signal Shape

‘The axis of our NMR signal pick-up coil is perpendicular to

H the effective fleld and the magnetic moment move in the

29
z-X plane of the rotating frame, so to observe the ARP signal
induced by M, we tune our spectrometer to detect the signal
voltage in phase with the rf fleld. That 1s, along Hy (the
x=-direction) in the rotating frame. The observed signal 1is

proportional to the transverse component of the magnetization

which is equal to

H + M, H
M = + 1 M, = Z 0 1
xr -— om— — m—tnms,

where h = Hz - HO is the distance from resonance and we have
substituted H,2 4 n2 = H .2, The sign in (13) is + or -
depending on whether the rapid passage was started from above

resonance or from below,

If we define &H as the width of the ARP signal at half
its peak height, equation (13) glves us:

$H = [12 (H12 +HL2)]% . (14)

If Hl <4 HL’ the line width is Jjust §H = J12 HL' The second
moment corrgsponding to the unsaturated absorption line canA

then be calculated using equation (6).

It 1s interesting to note that ARP slgnals in solids have
the same shape as the curves obtained by Slichter and Holton /11/

in thelr rotating reference frame adiabatic demagnetization
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experiments. But this 1s not surprising since an ARP indeed
involves an adiabatic demagnetization and magnetization in the

rotating frame /1, p 547/.

III. ADIABATIC INVERSION CONDITIONS

A, Bloch Adlabatic Conditlon

Slichter /13/ proves the following theorem: the magnetic
moment M. in Fig 1 will follow H,, if

THepr DY O . | ‘ (15)

Assuming g} to be a constant in the y-direction, Slichter
transforms to a new frame rotating with this angular frequency.

The effectlive field in this frame is:

Eeff = Hep + Q/%¥ , (16)

~

and makes an angle @ with H,,. such that
tan;ﬁ = ﬂ/ﬁHer . (17)

M. will precess about Hgrp, but M. and Hg. can be kept

effectively parallel if Cl/ﬁHer'QL 1.
At resonance (2 will be at i1ts maximum value dHO/ H) o
dt

also Her will be at its minimum value. Hl and so expression

(15) ylelds the Bloch adiabatic condition

aHy/dt & ¥H)D (1)

78
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B. Possible Weaker Adiabatic Condition

Powles /14/ says that an ARP 1s a non-resonant perturbation
experiment in the rotating frame and that the adlabatic

condition is then

/T & ¥H, - (8)

where T 1is the time of appliqation of the perturbation. In
the case of a liquid 7= 1s obviously Hy (dHO/dt)'l and we
get condition (1) again. If in the case of a solid the
perturbation time is supposed to be Hp (dHo/dt)'l, expression

(18) becomes:

dHy/dt & ¥Hy Hp . (19)

If this conditlon were valid for solids it would represent an
appreciably weaker condition than (1) and one_which is more
accessible with a normal CW commercial spectrometer. The
experimental results in the next chapter will show that it is
not, and that condition (1) 1s the one that must be satisfied.

C. Comments on the H, _to Hy Retlo; Spin Temperature, and I,

The features of ARP in sollds become very simple if H1 $7 Hye
‘"The fact that the magnetlzation aiong the effective fleld remains
6onstant until affected by the spin lattice coupling can be
expressed simply by saying that in the rotating frame the spins
are quantized along that field and that the spin-splin coupling
is unable to provide the large quanta Y 4 Her required for the
reversal of a spin quantized along Hg.,/1, p 550/."



chap 5 80

The concept of a spin temperature in the rotating frame,
however, correctly describes ARP‘results even when H,y is 1less
than H;. Slichter and Holton /11/ demonstrate that the
magnetisation go (Na23 in NaCl) can be inverted by an ARP with
H, much less than HL'* We have measured Hy in several solld
samples using ARP signals obtained with Hl less than HL’ These
results agreed very well with calculated and other experihental
values, They are presented in the next chapter., What remains
then is to state the criteria for application of spin temperature.

Goldburg /15/ shows that the rotating frame spin temperature
assumption is valid 1if

- ¥° H12 7, Me(0) » 1 (20)

and 1if Ho and Hl are large enough so that the time~dependent
terms in the dipole Hamiltonian .HBF produce negligible effects.
This is the case when /9, 11/

HyY Hy emd H ) H 2 /H, . (21)

In order to explain the final detalls of the ARP experiment
we need to review the superposition of subsystems concept used
in the Provotorov /16/section in chapter 1. A spin system in a
solld placed in a large magnetic field can be dgscribed as a
superposition of a "Zeeman" subsystem and a "dlpole-dipole"

subsystem. The couplings inside each subsysfem 1s strong whereas

Their results should be analysed a little further than
they have done, however, in order to be certain of this
fact. This is done in appendix A.
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the couplings between subsystems are weak, Consequently one can

ascribe an energy, and entropy..., to each of them /17/.

Thus the order of the spin system that exists along Hgyp
(the Zeeman subsystem) before the ARP (or the demagnetization
and magnetization) is not lost when Her goes below HL but is
transferred to the dipole-dipole subsystem. This can happen
because the coupling between-them becomes strong when Her
becomes less than a few times the local field Hy /18/. The
time constant for this strong coupling is probably of the same
order as the spin-spin (or dipole-dipole) interaction time T2.
So, for the process of energy and order transfer between

subsystems to be reversible, one requires the restriction

t, M I, | (22)

5 is

approximately XHL and has been defined as TTg(O),/l, p 543/,

on the passage time through resonance. In solids T

. Note that condition (22) for solids is just the opposite of

the condition required for liquids; viz, expression (2).

IV. MEASUREMENT OF THE RELAXATION TIME T,

A. ARP Two Pass Method

By the Two Pass Method we mean the followling experiment which
is similar to the 1T -TI/2 pulse sequence commonly used in NMR
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pulse spectroscopy. The spin system 1s allowed to reach thermal
equllibrium at a magnetic field Ho{h some distance abové
resonance, (far enough so that Hg, 1is effectively along Hg
but we shall assume for simplicity that h &« Ho) then twd
consecutive adiabatic rapid passages separated by a time t

ére performed, the field being swept down to Ho-h and back up
again to H0+h. The experiment can bé repeated‘for varioﬁs
values of t, and T obtalned graphically. We shall consider

two cases.

1. Complete inverslon of the magnetisation

The Bloch /18/ equation for the rate of change of the
magnetization M, +to its equilibrium value M, for a system

of spins.placed in a magnetic field H, (in the z~-direction)

m, = =My - M) : 23
'E% Z‘Tl (23)

On integration we obtain:
M, -My = Cexp(-t/T;) . (24)

If the first pass completely inverts the magnetization, then we
can set our initial condition (Just after the pass) as
M, (0+) = -Mo g0 C = =2M
Mo -M, = 2M, exp(-t/Tl) . (25)
The relationship of the ARP signals one observes to the
magnetization is the followilng: the sign of the signal on the
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first pass (the down pass) is the same as M, and of opposite
slgn on the return pass. Thus the signal obtalned on the first

pass equals

Sg = kM , (26)

where k 1s the constant of proportionality and we mean S to
be the peak signal amplitude., The signal obtained on the feturn

pass some time t after becomes:
Sy = =k M, , (27)

the long time asymptote signal will be:

S. = -k My , (28)
and a plot of (S_, - St) vs t will obey equation (25) in
the forms |

See = Sy = 25, exp(-t/1,) . (29)

So if we plot 1n(S_ - St) vs t we expect a straight line of
slope -1/Tl and intercept 1n 2S5, . Equation (29) also gives
us a qulck method for measuring T1 since the time at which St

passes through a null is
typyy = T 1m2 . (30)

Some scope pictures of ARP signals from doped water that nicely
demonstrate the behaviour predicted by the above equations can

be found in Abragam /1/ Fig III=-S.
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2, Incomplete inversion of the magnetism

We now conslder the case when the Bloch condltion 1s not
well satisfied and the inversion of the maghetism is not complete.
Let us suppose that the two rapid passages each invert a fraction
x of the magnetization. Our initial condition then Just after
the first pass will be:

Mz(0+) = - xMj + Mo(l -x) = M0(1-2x) R (31)

the lntegration constant becomes:

¢ = My(1-2x)-M; = -2xM) , (32)
and the formula for the magnetization is:
M, = M, - 2xM, exp(-t/1,) . (33)

The signal on the return pass in this case wlll be proportional

to -xM, so equation (33) becomes:

. .
-8, = kxMo - k2x M5 exp(-t/Tl) . (34)

and on substituting for the long-time signal
. 0 we get
See = S, = 2x5, exp(-t/Tl) . (35)

We see that a plot of 1n(S, = Sg) vs t will again be a
straight line and the slope glves us Tl even though the rapid
passages are not performing a complete inversion. The inversion
factor x can be obtained from the intercept 1n 2x8, . We

cannot, however, just use the null method for measuring Tl
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Since in this case
t = Tl 1n2x . (36)

null

B. ARP Symmetric Sweep Method

In this method we perform a periodic symmetric sweep through
resonance and observe the amplitudes of the ARP signals after
thelr steady state values are reached, We shall again consider
two cases. The first being that we have complete inversion of
the magnetization on each passage, that is, that we have proper
ARP condltions; and the second being the case when the inversion

is incomplete,

l. Complete lnversion of the magnetization

Suppose that Just before a rapid passage Mz = Ml and

just after it M, = -Ml. Then if we call the time of this
passage "time zero", the integration constant in equation (24)

becomes C = =M; - My and the magnetization

M, = Mo[l - VM) pet/M (37)

Now suppose at some later time t, that Mz(tl) = Ml’ then
on substltuting thls value in equation (37) we get an equation
for the steady state value of M, developed by periodic symmetric

sweeps separéted by a time tl

M, = M [1 - e=*2/"] . (38)

o [ o]

1l +e
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If a different interval between sweeps t2 is chosen, we will

obtain a different steady state value of magnetization, say M2 ,

and get the result of Chiarotti et al /5/

My [1 - e-tl/Tl] [l + e-t2;EEJ . (39)
T
1] -

ﬁ; [1 + e-tl/Tl] [1 - e-tz

oo, M, =M (and MO for h « HO) and we obtain

If t2 =

the relation:

2 0

EE = [1 - e-t/Tl] , (40)
Mo [l + e-t ) :

where t 1is now the interval between sweeps.

The signals observed for a partlicular periodic sweep
interval t wlll be proportional t; M, but of alternating
sign, and will.obey the relations (39) and (40). Pictures of
signals of this type can be found in Abragam /1/ Fig III-6.

If the Mt/M,o ratio in equation (40) is called r, we

have the followling convenient relation*:
(1 -r)/(1 +1r) = exp(-t/Tl) . (41)

We can then obtain T; from the linear plot of 1n (1=r)/(1+1)
vs t and take advantage of the data smoothing and averaging

possible with a plot such as this.

We are indebted to Dr. L.G. Harrison for pointing this
out to us.
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2., Incomplete inversion of the magnetism

Let x, the fraction inverted, be the same for both sweep
directions. Then suppose agaln that Just before a rapld passage
Mz = M. But in this case just after it M, = Ml(l - 2x) and
this initlal condition results in the following equation:

: -t/T
Mz(t.) = Mo[ -e't/Tl] + Ml(l-gx)e /1 . (42)

This time our cholice of %, such that Mz(tl) = My glves us:

[1 - e 8/m]
O - (1 - 2x)e-v1/T1]

The fact that the signals here are proportional to xM; presents

. (43)

M = M

no problem as we only measure signal ratios in the symmetric
sweep experiment, however, the plot of 1ln (l-r)/(l+r) vs t

1s no longer linear and the determination of Ty Dbecomes
complicded. Graphical or successive approximation methods have
to be used and we cannot get Tl without finding x some

other way.

The analogous equation to (39) in this case is

R e"‘l/Tl]L 1 _]L- 1 - 2x)e't?/T£]. . (44)
My [1 -(1 - 2x)e-t1/T1 [1 - emt‘?/Tl ]

We see that for the same Tl and the same pair of sweep

intervals (assuming t, € t2) equation (44) ylelds a larger
Ml/M2 ratio than equation (39). Consequently if we have
symmetric sweep signals obtained under incomplete inversion

conditions and Just use equation (39) the T result will be

1
too small,
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chapter 6.

ADIABATIC RAPID-PASSAGE II.
RAPID PASSAGE EXPERIMENTS

We first exhibit the experlments that have helped us
determine the proper conditions for adiabatic raplid passage 1in
solids. Then we present our local field measurements (which
also gives us the second momgnt) in powder and single crystal
samples of CaF2 and in 1ithium stearate. Finally our T, values
for the above samples and a very pure single crystal of malelc

anhydride are given.

I. EXPERIMENTAL

A. Spectrometer

The experiments reported here were done on the NMR
spectrometer system described in chap 2 but with some modifications

and additional equipment. The in-phase component of the NMR
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signal was selected with the appropriate probe leakage (dispersion
paddle ).

An attempt was made to get higher Hl values at 16 MHz
than the Varlan rf unit could produce. An Eico 90 watt amateur
transmitter was modified for use with a Varlian V-4360C power
supply (300 V B+ and 12.6 V dc filament supply),and was connected
to the NMR probe. An Hl value of about 1.5 gauss was obtalned
and ARP signals were observed, but a coil in the probe burnt up

and so thls project was abandoned.

1, Magnetic fleld sweep

The rapid passage was accomplished by applying the square-
wave output from a Hewlett-Packard 202A low-frequency function
generator to the sweep input of the V-2200B magnet power supply.
The magnetic field sweep rates obtained this way varied from 154
to 340 gauss/sec debending on the square-wave voltage and magnetic
field intensity; fhe sweep ranged. from + 64 to + 135 gauss about
HO. For sweep intervals longer.than could be obtalned with the
202A generator, the sweep input was derived from a 1.5 volt

battery which was controlled by a hand-operated reversing switch,

The negative sync pulse from the 2024 generator was used to

trigger the oscilloscope for presentation of the ARP signals.

2, Signal display

Since we wanted to observe the true raplid-passage signal

shapes, the slignal was taken out of the receiver in the V-4210 rf
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unlt Just after the diode detector., 1In thls way the distortion
caused by the a-é coupled output amplifier was avoided.

Initially a DuMont model 304H oscilloscope with a long persistence
screen (P7 phosphor) was used. An external capacitor bank was

bullt to get the slow sweeps necessary for T measurements,

1
Measurements made by visual inspection of traces on this_scope
indicated that T; and H; values could be obtained by the ARP
technique., Also the dependence of the ARP signal shape on Hl
was observed for a fixed magnetic field sweep rate.

More precise measurements were desired, however, and this
was accomplished as a result of the kindness of the UBC Electrical
Engineering Department who made available the following:
Tektronix model 561A scope with a P7 phosphor CRT, model 2463 and
2B67 plug-ins (differéntial amplifier and timé base units), and
a Tektronix model Cl2 scope camera wilth Polaroid roll film back.

The camera lens magnification was X0.9.

3. ARP spectrometer system

A block diagram of our ARP spectrometer system is shown in
Fig 1. The probe leakages used, result in a constant voltage
output from the dlode detector of about 1 to 2 volts. The rapid
passage signal voltages were much less than this, so in order to
use d-c coupling in the scope, a buck~-out voltage was applied
to the =-ve input of the scope differential amplifier. Buck~out
voltages were obtained with a 25 k1 potentiometer across a

1.5 or 3.0 volt battery.



DUMONT 304H ‘ TEKTRONIX 561
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Fig 1 - Diagram of Adiabatic Rapld Passage Spectrometer

Magnet System Not Shown.
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In order to observe the shape of the ARP signal, a fast
scope‘sweep is needed which can be delayed with respect to the
start of the magnetic fleld sweep (point at which the 2024
generator puts out the scope tfigger pulse).‘ Often this effect
could be accomplished by using the 5X sweep expansion of the
Tektronix scope; However, not enough effective delay could be
obtained this way for narrow ARP signals from liquids. Therefore
a Trigger Pulse Delay Unit was buillt. It 1s a battery powered
solld=-state unit and the circult diagram is given in appendix ﬁ.

A simple RC low-~pass fllter was bullt to attenuate the
high frequency noise in the ARP signals. With the filter
connected to the Tektronlx scope, the roll-over frequencles

(-6 db points) were calculated to be 7.6, 13, 27, 54 and 160 xHz.

The Dumont scope was connected to the usual audio signal
output jack of the V-4210 rf unit and used to tune-up the

spectrometer and monitor the rapid passage signals.

4, Calibrations

The H1 calibrations described in chap 2 were used for
rapld passage experiments done at the 16 MHz frequency. Hl at
8 MHz was callbrated using'the Anderson method (for a reading of
50 x 10 pa on the rf level meter). Since the X10 meter range
was linear in Hl at 16 MHz, it was assumed that one calibration
point on this rangé at 8 MHz was enough. Hl at 13 x IOO/Ma
was found by comparing the ARP signal widths in liquid trifluoro-

acetic acid and CaF2 powder,



chap 6 93

The magnetic fileld sweep rates at resonance dHo/dt were
obtained by measuring the width-at-half-height ($H) passage time

tp for liquid sample ARP signals. For liquids &H = {12 Hy.

B, Samples

The CaF2 powder sample was the one described in chap 2,

The CaF2 crystal sample was a colourless naturally occurring
single crystal kindiy'supplied by the Geology Department., It
was cleaved along the (111) planes and some of the edges chipped
away until 1t fitted 1n§1de the 16 mm dia probe receiver coil
with the [dil] crystal directlion perpendicular to the coil

plane.,

The lithium stearate (LiCIB) powder sample was in a 15 mm
dia test tube and was from the same batch of not-fused soap

used for the LiC,g sample described in chap 3.

The maleic.anhydride single crystal was in a sealed-off
15 mm dla glass tube. The sample came to us from the National
Research Councll of Canada, Pure Chemistry Division. Dr. W.G.
Schneidér of N,R.C. requested of Prof. L.W. Reeves of this

department, a measurement of T in this very pure crystal.,

1
Dr. Reeves' pulse spectrometer was not suitable for solids and

so we agreed to attempt the measurement by ARP,

The samples were at room temperature for all the experi-

ments in this chapter.
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C. Method

1, CaF2 crystal mounting

The CaF2 slngle crystal was attached to the bottom of a
15 mm dia test tube with the [011] crystal direction along the
tube axis., This put [011] perpendicular to the field EO when
the tube was held in the NMR probe with the Varian sample holder.
The crystal could then be rotated about the [011] axis to place
H, along the [111] , [011] or [100] crystal directions. The
(111) cleavage planes gave us the [111] directions and a paper
scale marked in 5° intervals taped to the probe was used to
position the holder for the others. It was estimated that the
errors in the crystal orientations obtained this way were not
greater than 4+ 39, Although this alignment is not as precise
ae that obtained by other workers /1, 2, 3/, we did not use .
the NMR experiment to get it as they did.

2. Signal shape and H, measurements

The spectrometer system shown in FPig 1 was used to make HL
measurements and to study the dependence of the rapild passage
signals on H; and dHO/dt. Although sweeping back and forth
by means of the 202A generator was not necessary for these
experiments, this method provided a convenlent means for scope
triggering, optimizing amplifier settlings, and scope cemera

operation.
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3. I, measurements

The set-up in Fig 1 and the symmetrlic sweep method was used
to measure the Tl values in the CaF, and LiClS samples. The
following procedure was developed: The steady-state signal
amplitudes for a serles of sweep intervals, each differing by
a factor of 2, are measured. The signal ratios S(4t)/S(t) -
are tabulated (where t 1s the interval between sweeps). Then
t/T

and hence Tl are found graphically from the universal

1
plot R(#t/Tl) vs t/Tl, where:

[l - e-4t/T1][l + e-t/Tll

(4t/T = . (1)
A R P74 N 76

Expression (1) is just equation (5-39) for a particular case.

#*
See Pig 1 , ref /4/ for a serles of R(nt/Tl) Vs t/Tl curves,
The best results are obtained when we have a S(4t)/S(t) ratio

in which t = T If t = T, » an error of 6.3% in the

l [
S(4t)/s(t) measurement results in a 10% error in the Tl value,

We can also use the S(2t)/S(t) ratios and the appropriate plot
to get T, but an error of only 3.1% in the ratio now yields

a 10% error in Tl.

The curves in this figure were calculated by T.J.R. Cyr
on the U.B.C., IBM 7040 computer, The author established
the technique of doubling ARP symmetric sweep intervals
and hand calculated values for the initial R(4t/T.) vs
t/T1 curve., See appendix C for further comments on
ref~/4/.
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The relation (5-41) was discovered after the experiments
described here were completed and the author had left the
university. Thus the signal values proportional to M, were
not measured and we cannot use the 1ln(l-r)/(l+r) vs t plot
described in chap 5 to obtain Tl values from our symmetric

sweep measurements.

The long 1T, value in the maleic; anhydride crystal was
measured by the two pass (T~ T/2) method. The magnet sweep
was controlled with the hand operated switch., Several equili-
bration times had to be tried. The final experiment was performed
after the sample had been in the magnetic field 14 hr.

II. RESULTS AND DISCUSSION

A. Signal Shape and the Adiabatlic Condition

In order to simplify notatlion let us rewrite the Bloch
adiabatic condition (5-1) as

A = “6H12/(dHo/dt) » 1 . (2)

Expression (2) also defines the parameter A and its value will
tell us to what degree we have satisfied the above condition.
Similarly the weaker condition (5-19), obtained from the Powles
adlabatic condition (5-18), becomes:
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B= YH) Hp/(aH /at) » 1. (3)

Since we shall be examining rapid passage slgnals obtained
under various conditions, let us write down now for comparison
the slignal expected when the rapid passage is adiabatic. The
transverse component of the magnetization‘ Mxr during an ARP
is given by eqn (5-13) and since the ARP signal is that induced

by M, ,» the form of the signal 1is:

s(h) = 4k MyH
[£2 + n2 + 8.2 ]%

’ | (4)

ﬁhere k 1s a proportionality constant and we recall that h

is the distance from the centre of the line in gauss.

Fig 2 shows the variation of the rapid passage signal shape
(Hl resonance ) in LiGe with Hy for a fixed magnetic field
sweep rate. The rf frequency is 16 MHz ahd dHo/dt = 226 gauss/sec.
The Hy values ahd adiabatic condition parameters A and B

are listed in Table I.

Table I - Conditions for LiClB signals in Flg 2

-
. Trace H #
/ number ga&ss A B
27a 0,207 5.1 62
b 0.155 2.85 47
c 0.104 1.30 31
28a, 0.078 0.71 23.2
b 0.052 0.32 15.6
c 0.037 0.16 11,0

* abeled a,b,c, from top to bottom for each scope plcture.
L = 2.53 gauss by ARP,.
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We see that for low Hl (0.037 G) the signal is the steady-state
disperslion curve and that the shape transforms as Hl is
increased until at H1 = 0.207 we have a tface of the shape
expected for an ARP signal. We propose that the signal shape

can be used as a criterion of whether or not the adlabatic
condition is fulfilled. For Trace 28c (H1 = 0.037 G) the Powvles
adiabatic parameter B equals 11.0 and this is D> 1. Yet we see
that the signal shape is that of a dispersion curve. Thils suggests
that the weaker condition (3) is not a satisfactory criterion

for adiabatic passage. The shape of Trace 27a (H; = 0.207 G)
appears tb be reasonably close to that expected for an ARP signal
(equation 4) and one might expect that the correct adiabatic
condition to be largely satisfied. Here A = 5.1 which is
reasonably large compared to unity in conformity with the Bloch
condition (2).

Similar results at 16 MHz (Fl? resonance) were obtained with
the CaF2 powder sample. Also an experiment was done in which Hl
was constant and dHo/dt varied. The same dependence of signal

shape on A was observed.

In order to use higher values of Hl and thus obtain a
larger range of A and B values, the following experiments
were done at 8 MHz. The rapld passage signals obtained from the
CaF2 crystal ([100] along HO) for various H, values are
reproduced in Flg 3. We again see the transformation of the
slgnal from a dispersion curve at the bottom to an ARP signal

shape at the top. The data for Fig 3 are given in Table II.
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Table II -~ Conditions for CaPF signals in Fig 3*.

2
Trace H A B#;
number gau%s
36a 0.800 50 131
b 0.574 26 94
c 0.287 6.5 47
d 0.144 1.62 23.5
3Ta 0.075 O.44 12.2
b 0.075 0.44 12.2
c 0.034 0.09 5.6
d 0.017 0.02 2.8

dH /dt = 319 gauss/sec.
# HL = 2,07 gauss from theoretical second moment /5/.
We see in Fig 3 that traces 37a and 37b still have & large degree
of dispersion curve character yet B = 12,2, A, on the other hand,
1s 0.44 at this point. The shape of trace 36c appears to be
satisfactory and here A = 6.5.

Pig 4 shows that CaF2 crystal rapild passage signals obtained

at various H, values when [111] 1s along H For thils crystal

o
direction H; 1s only 0.86 gauss (from theoretical second moment
in ref /5/). Thus H; has to be larger to achleve a given B
value, but there is still a significant amount of dispersion
character in the trace for which B = 11.2 (51.b). 4 = 1.9 for
this trace. The adlabatic condition is probably satisfled for
trace 49b. The signal has the shape expected for a true ARP
except for a little bump on the left side which we shall discuss
later. The Bloch adlabatic parameter A for this trace equals
7.7, a value large with respect to 1. The data for Fig 4 are

listed in Table III.
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Table III - Conditions for 0aF2 signals in Fig 4*.

Trace H A B Trace H A B
gaﬁss gaﬁss

50a - 0.238 5,0 17.9 482 0.534 25 40

b 0.208 3.8 15.6 b 0.475 20 36

5la 0.178 2.8 13.4 c 0.416 15,2 31

b 0.148 1.9 11,2 49a 0.356 11.1 27

c 0.119 1.2 8.9 b 0.297 T.7T 22

* dHO/dt = 288 gauss/sec.

The abbve results strongly suggest that condition (2)
determines the rapid passage signal shape. The following
observation makes us more certain of this. Trace 5lc in Fig 4
has a characteristic shape that‘makes for easy comparison.

A = 1,2 for this trace and B = 8.9. Now one should look at the
LiclB and CaF, signals in Figs 2 and 3, and interpolate to

find the A and B values for the points at which the shapes

are about the same as 5lc., One finds that A ~ 1.0 for both,
whereas the B values are about 27 gnd 18 respectively. Therefore
we conclude that the signal shape depends on the adiabatic
parameter A and the Bloch adiabatic condition (2) is the
condition that must be safisfied.

What remains now 1s to decide how large A 1s required to
be. As mentloned above, the CaF, trace 49D (A= 7.7) in Fig 4
has a 1little bump on the left side of the signal. It appears to
be some vestigal Qispersion signal and is gone when A = 11.1,

There might be a similar bump in the CaF. trace 36 ¢ (A = 6,5) in

2
Fig 3, but we cannot be sure because of the noise, There is a

bump on the IiC,g trace 27a (A = 5.1) in Fig 2. It is much
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smaller in a signal obtained with A = 7.7 and is probably
completely gone when A = 10. Therefore in view of the above
results we suggest that adiabatic conditions are obtained and
the inversion of magnetization is complete during a rapid

passage when A 2 1O,

The above requirement is a little stronger than that
calculated by Benoit /6/. Benoit solved the Bloch /7/ equations
with an electrdnic analog computer for the rapld passage
experiment. He found and tabulated the inversion factor
F = Mf/Mi , where M; and M, are the magnetic moments in the
z-direction before and after the passage, for various A values.
For example: F = =~0,92 for A= 2, ~0.99 for A = 3.13, and .
=0,99995 for A = 10, These results have been verified experi-
mentally for rapid passages in ligquids /6, 8/. 2Zhernovoi /9/
has recently solved the Bloch equations for this case analytically

and obtalns the equation
F = 2-exp(-1Ma/2) -1 . (5)

He says that it agrees very well with;iBéﬁbit's values.

B, ILocal Fleld Measurements

l. Measurements at 16 MHz

Fig 5 reproduces a pair of ARP signals (F19 resonance )
obtaiﬁed at 16 MHz for which the rf level and field sweep rates
are identical., See Table IV. Number 17 is of the CaF2 powder
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sample and 19 of liquid trifluoroacetic acid (TFA) in a 10 mm dia
tube., We recall that the ARP signal width at half helght 1s

SH = [12 (Hl2 + HLQ)]% (equation 5-14), The measured ratio

of the tp's (CaF, to TFA) in Fig 5 1s 5.83/1.0 (t, = 8H/(dHp/dt ),
base lines are grid lines 1 cm from bottom of scope screen).

This yields a Hy value of 1.47 gauss for powdered CaFy. Hyp
calculated from the theoretical rigid lattice second moment for
polycrystalline OaF, /5, 10/ is also 1.47 gauss. This excellent

agreement gave us confldence in the method and so we went on to

measure Hy in other samples.

ARP signals from the CaF, single crystal with [111], [011]
and [lOO] successively along ED are reproduced in Pig 6. The
conditiqns are the same as above., In fact the magnetic field
sweep and rf level settings were not touched. Thus the field
sweep rate calibration obtained from trace 19 (liquid signal)
can be used here, The data and results for Fig 6 are also listed

in Table IV.

There is again very good agreement with theory. The per=
centage differences between the experimental and theoretical Hp,
values are 2.3, 0.4, and 4.0% for the [111], [011] and [100]
directions respectively. The line width for the [111] direction
is quite orientation-sensitive /1/ and any misalignment results
in a significant error in the measured Hp. After these experiments
were done it &as found that_the narrowest signal was obtained when
the crystal was rotated about 2,5° frbm the orientation we had

thought corresponded to [111] along H The direction in which

00
our results deviate from the theoretical values 1is compatible
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with such a misalignment - viz, [111] Hy a little too high
and [100] too low.

#
Table IV - HL measurements in CaF2 at 16 MHz

Ho  Scope® SH'T % H, B
Trace Sample direc- sweep pic. expt. tﬁeo.
tion ms/em  cm msec  gauss  gauss
19 TFA 11iq. 2 1.63 3.62
20 Xtal  [111] 10 1.16
21 " " " 1l.17 12,9 0.88 0.86
22 " lo11] " 1.65 18.3 1.27 1.275
23 " [100] " 2.55 28,3 1.99 2.07

TMeasurement in plcture which is scope screen size X0.9,
"1 = 0.256 G, dHy/dt = 245 G/sec, A = 6.7,

#Past sweeps. The slow sweeps that can be seen in the

Xtal signals were used to help establish base line
position.

**calculated from the theoretical second moments in
ref /5/.

The local field (Hl resonance ) was also measured in a'L1Cl8
powder sample at room temperature. The callbration signal was
from water in a 6 mm dia tube, (Hl = 0.255 G at 16 MHz, dHo/dt =
227 G/sec, A = T.7). The measured t, ratio, 9.95/1.0, yielded
Hy = 2.53 gauss. This is less than 6% different from 2.68 gauss
the HL value calculated from the experimental average second

moment value given in chap 3.

The above results were very good in spite of the fact that
the values of the adiabatic parameter A were less than we would
have liked them to be. Some asymmetry which we have ascribed to

residual dispersion can be seen in all the solid sample ARP
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signals in Figs 5 and 6. The small amount of dispersion appears
to add a little to one side of the line and subtract a little
from the other with the net result that the error in the width-at-

half-height measurement is quite small.,

2. Measurements at 8 MHz

The following measurements were done at 8 MHz to make use
of the higher Hy 1levels avallable at this frequency. ARP
signals could then be obtained’for high values of the Bloch
adiabatic parameter A., Examples of the ARP signals obtained from
the CaF2 powder and TFA liquid samples are shown in Fig 7
(H) = 0.594 G, dH,/dt = 329 G/sec, A = 27, #40 is CaF,, #39 1s TFA).
We see that trace #40 is quite symmetric and shows no residual
dispersion. Two CaF, powder ARP signals for Hy = 0;594 G were
measured. A palr of TFA liquld sweep calibration signals were
obtailned for each., The data and results are listed in Taﬁle V.

Table V - Hyp measurements in powder CaF, at 8 Mz

Scope 8H . H

Trace Sample sweep pic. p L
ms/cm cm msec  gauss
33 TFA 10 0.56 6.22
34 K 4 1.%0 6.22
35 CaF2 10 1.54 17.10 1.52
38 TFA 4# 1.38
39 " 4 1.43 6.25
40 6aF, 10# 1.50 16,67  1.47

i-*'Hl = 0.594 G, A = 27

#Fast sweeps., The slow sweeps seen in Fig 7 are 0.5 sec/cm
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These H, results (1.52 and 1.47 G) are in excellent

L
agreement with the theoretical value of 1.47 gauss (the 1.52 G

result differs by only 3.4%).

ARP signals in the CaF, single crystal for the usual three
crystal directions were aléo observed and photographed at 8 MHz.
The data are listed in Table VI. Unfortunately HL values could
not be obtalned here because we did not record a calibration
signal from a liquid sample for the particular fleld sweep
settings used nere®. The square wave amplitude setting on the
202A generator was the same as that used for the measurements

listed in Table V (CaF2 powder) but the frequency was different.

Table VI - &H measurements 1in the CaF, crystal at 8 MHz

HO &H 8§H :
Trace direc- pic. ratios % Diff.
tion cm obs, calc,
45 [111] 1.41 0.83 0.775 6.6%
44 [011] 1.70 1.00 1.00
43 [100] 2.42 1.42 1,48 4.1%

*For Hy = 0.77 G and theoretical H; values from

second moments in ref /5/.
The longér Tl in the CaF2 single crystal dictated a longer
period between sweeps. (The field sweep rate calculated from
trace 43 is 285 G/sec and so A = 52,) We therefore have listed
in Table VI the observed ®H ratios, with respect to §H for
(011] along Hy, for comparison with calculated ratios.

#*

Unfortunately this was realised after the author had
left the university.
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The agreement is qulte good considering the fact that H,; here
is approaching HL and so an error in its calibration is

‘reflected more strongly in $H +than in the 16 MHz measurements.

3. _Second moments

The root mean square second moment (AH2>% is eQual to
IB‘HL. The root second moments obtained from our average result
for Hp in polycrystalline CaF, (av. of 2 at 8 MHz and 1 at
16 MHz) and from our H; Tesults for Hy along [111], [011]
and [100] 1in the CaF, single crystal (at 16 MHz) are presented
in Table VII.

Table VII - (aHe)% in gauss, for F'° in CaF,

- Hy ARP Pulse CcW Theory
Sample direc- this
tion work Lowe Bruce O'Reilly
powder - 2.58 2.51  2.49% 2,55
Xtal f111] 1.52 1.47 1.55 1.49
" {0111 2.20 2.18 2.2 2.21

" [1001] 3.45 3.54 3.49 3.59

#*
‘This work. Other results: 2.53 (Lowe), 2.65 (0'Rellly).
Lowe: From free induction decay signal /3/.
Bruce:  Averages of moments from CW spectra /1/.
O'Rellly: Theoretical moments for a rigid lattice /5/.
The moments determined by Barnaal and Lowe /3/ from free-induction=-
decay curves, the averages of the moments reported by Bruce /1/,
and the theoretical moments calculated for rigld lattice
parameters by O'Reilly and Tsang /5/ are also given in Table VII,

Our results compare very well with those obtained by Barnaal

and Lowe using an NMR pulse spectrometer. In fact our result
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for CaF2 powder (where there is no error due to misalignment)

is slightly better. Thelr results represent nine years of
refinement of the free-inductlon~decay-shape measurement
technique /2, 3/. See also references in /3/. The photographed
fid-curves have to be measured, corrected for finite pulse
widths and recelver bandwifh, and a power series or other
function fitted to them /3/. Our ARP method only involves a
pair of line wldth measurements and an H., calibration. Also

1l
the apparatus 1s simpler than that for pulse spectroscopy.

Like the pulse experiment, the ARP experiment 1s performed
in less than a second. Therefore second moment versus temperature
studies can be done by ARP in much less time than by the usual
CW technique. In addition the ARP method 1é‘potentially more
accurate, There seems to be less chance of error in the ARP
signal line width measurement than in the result of the
‘numerical double integration of the CW derivative spectrum.

Also a second moment measurement can be made by ARP even 1if the
spin lattice relaxation time is very long and the normal CW

signal 1s saturated.

C. Tl Measurements

1, CaF2 single crystal

Some typical ARP symmetric sweep signals are shown in Fig. 8.
| They were obtained from the CaFy single crystal sample at 8 MHz.
Hy is along [111], Hy = 0.76 gauss and A 1is about 62, The scope
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b%tween sweeps and scOpe ranges are given in figure.
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slow sweep rate (lower trace) was 1.0 sec/cm for plates 72 and
74, 2.0 sec/em for 76, and 5.0 sec/cm for 77. The fast rate

was 10 msec/cm for all four. Other data and the results for this
run are listed in Table VIII. This table also shows how the
scope photographs are measured and Tl calculated., A summary

of the Caf‘2 single crystal Ty results ebtained by ARP symmetric

Table VIII - CaF, ARP sym, sweep data for Fig 8 run,
Hy along [111] .

Plate t Scope Signal” S(4t t7 7
# sec mv/cm cm nv S(t Ty 1
77 25 100 .62 362
76 12.5 50 5.95 }

75 12,5 " 5.93 J 297

T4 6,25 " 2.87 194 1.87 1.16 5.4
73 3.13 20 5.30 }

72 3.13 " 5.35 ) 107 2.79 0.63 5.0

;Peak-to-peak signals. F*2 resdnance at 8 MHz.
From graph like that in Pig 1, ref /4/.

sweep 1s presented in Table IX., The run at H, = 0.208 gauss

1
(an rf field that can also be easily achieved at 16 MHz) was
done 1in order to see if Tl's obtained at a low value of A
were valld, We would then know whether or not correct Tl's

could be obtained at 16 MHz., Unfortunately A for this run
turned out to be a 1little higher than we expected from preliminary
calibrations. The average T, value for H, = 0.208 gaués

(A =7.1) was 5.0 4+ 0,3 sec, This 1s a 1little less than

5.2 + 0.2 sec, the average-value of the Tl's obtained at high

Hl, but the difference could be due to errors caﬁsed by the

poorer signal-to-nolse-ratio at the lower Hl level., If the

difference were real, 1t would mean that the lnverslon of the
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of the magnetizatlon is not quite complete during the rapid

passage when A = Tele

Table IX - T, in CaF, by ARP, M9 at 8 MHz, H, along (111]
Plates Hy dH~/d4dt A T T
&
gauss G/sec se se
5463 0,208 154 7.1 5.3 4.7
 64-T1 0.77 154 97 5.5 5.0
72-77 0.76 241 62 5.4 5.0

Ty in CaFg, with Hy along [111]; was also measured by ARP
symmetric sweep at 16 MHz. The conditions were: H1 = 0.253 G,
and A =.5.4. The results of a single run were 7.2 and 8.7 sec,
the average being 7.9 + 0.8 sec, S(2t)/S(t) ratios were used
to avold comparing signals on different scope voltage ranges.

A Ty value of 7.6 sec was found by recovering from saturation
(3 curves). The obsérving rf level was quite low (Hl = 0.4 mG),
thus the slignal-to-nolse~ratio was rather poor, and consequently
the accuracy is not expected to be better than 20%. The average
value of Tl obtained from a larger number of recovery from
saturation curves from the same sample is reported in ref /4/.
The result therein is Ty = 9.3 # 1.8 sec (& 1.8 sec is the
standard deviation calculated from the 27 runs made)., An ARP
two-pass ( = 1T/2 type) measurement, T, = 9.5 £1sec, is also
reported in ref /4/. Our ARP sym. sweep result of 7.9 + 0.8 sec
is less than both of the above results (although it is within
the standard deviation of the recovery from saturation value)
and thls suggests that the inversion of the magnetization is not
complete when A is only 5.4. The ARP sym. sweep Tl value
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#
given in ref /4/ for this sample is only 6.5 # 1.0 sec. This
must correspond to a somewhat lower value of the adlabatic
condition parameter A than we report here., More work needs

to be done to clear up these points.

The difference in the Tl's obtained at 8 and 15 MHz is

not unreasonable for a sample of this purity. See Bloembergen

/11/.

2 CaFa_powder sample

The ARP sym. sweep signals obtained from the CaF2 powder
sample at 8 MHz are shown in Fig 9 (Hl = 0.76 G, A is about

62)., Fig 9 yilelds Tl values of 0,45 and 0.47 sec.

The Tl value found at 16 MHz 1s 0.45 & 0.05 sec.
Conditions were: H; = 0.253 G, A = 5.3. The independence of
Tl on HO in this sample égrees with the results and theory
of Bloembergen /11/. Apparently the adlabatic condition is

reasonably well satlsfied in this case.

3. LiC 8 powder sample

: 1 :
A Tl value of 12.1 sec (H resonance at 16 MHz) was found

in the not-fused L1018 sample at room temperature by ARP sym.

sweep. Conditions were: Hl = 0.253 G, A = 5.6. This sample

is from the same batch as the sample used in chapters 3 and 4.

Unfortunately the magnetic field sweep rates for the
ARP T, measurements in ref /4/ were not measured.
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T, 1in the latter sample at room temperature and 56.4 MHz was
found to be 17.4 sec by progressive saturation of dispersion
(PSD), and 16.3 sec by dispersion signal decay (DSD). The lower
value observed by ARP at 16 MHz is not unreasonable /11/. At
77°K and 56.4 MHz a Ty value of 95 sec was found by DSD. The
results reported in ref /47 are for a difference batch of LiCl8
(different stearic acid purification and preparation procedures).
The amount of paramegnetic impurity (which is bellieved to be
primarily responsible for spin-lattice relaxation /11/) may be
different by reason of the v;cissitudes of the preparation.

4, Maleic anhydride sample

The signals from an ARP two pass (T - T/2) experiment on a
single crystal of malelc anhydride are shown in Fig 10. The
sample was allowed to equilibrate in the magnetic field (just
above resonance) 14 hr before the first pass was made. The
return pass was made 20 min 35 sec later.v We see that the signals
are both of the same sign and so Tl i1s longer than the 1lnterval
between the sweeps. The result 1is Tl = 76 min., The equilibration

time then was 11 times greater than. Tl and should be sufficient,

This is a particularly good example of an application of
the ARP technique. A signal could not even be seen by conventional
CW NMR spectroscopy /12/. The Tl measurement could be made by
the usual pulse teéhniqﬁe, but it is difficult to maintain the
exact resonance coﬁditions required by this technique for long
periods of time. In the ARP method we walt off resonance between
sweeps., Therefore high fieid stability is not requlred and very

long T; values can be measured.
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chapter 7,

VARIATION OF THE NORMAL AND SATURATION NARROWED
LINES IN LITHIUM STEARATE WITH TEMPERATURE

I, EXPERIMENTAL

The samé Varian DP 60 spectrometer described in chap 3
was used except that a sbecial Varian "proton~free" insert and
probe were used., The insert was 15 mmvin diameter'and accepted
the temperature apparatus described in ref /1/. We obtained
thls 1lnsert and probe after observing that the back-ground
signal at high Hl levels from the usual system was nearly as

large as our L1018 signal.

The purification of the stearic acid used to meke the LiCyg
has been described in ref /1/ and /2/. The stearic acid had a
freezing point of 69.600 (1t is incorrectly given as 69.500 in
ref /2/). The preparation of the two L1018 samples, both dried
but only one of them fused, is described in reference /2/. The

sample not fused is the same one used in chapters 3 and 4,
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II. RESULTS AND DISCUSSION

Normal absorption line widths aH, for the Licl8 fused on
preparation and for the Licl8 not fused on preparation are shown
in Fig 1 as a function of temperature., Evidence of two phase
transitions can be seen., In the sample not fused, the first of
these transitlons occurs between 110° and 119°C, and 1s thought
to be a change from one crystalline form to another. The second
occurs between 184° and 191°C and has the character of a change
from a crystal phase to a waxy phaée. We see that in the sample
fused on preparation the crystal phase transition 1s not as sharp
and that both transitlons occur at lower temperatures. The
behaviour of the fused sample over the temperature range -196o
to 230°C has been discussed bvefore /2, 3/. Data and spectra for
the not-fused sample in the reglion 136o to 193°C are also presented
and discussed in these papers. We have now extended the stpdy of
the not-fused sample down to room temperature and have included

the crystal phase transition.

Saturation narrowed absorption line widths 'AHas for the
not-fused Licl8 are shown in Filg 2 as a function of temperature.
The normal line wldths from Flg 1 are reproduced here for comparison,
We see that there are sudden drops in the AHyg vs temperature
plot similar to those in the usual AH, vs temperature curve and
they occur at about the same temperatures. Thls 1s not unexpected
because the saturation narrowed line width is related to the

second moment of the unsaturated absorption line, thus
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Fig 1 - Line width in fused and not-fused lithium stearate as a function of
: temperature.

#11T 47



gauss

Line width

16

s

N

o

LiCig
not fused

saturation
narrowed

100

150 200

Temperature °C

250

Flg 2 - Saturation narrowed and normal line widths in not-fused lithium stearate

as a functlon of temperature.

41T 43



chap 7 115

IT‘ o %
aH,e = 2|71 {bHS)” . (1-45)
54T,

Second moments of the unsaturated absorption line as a function
of temperature in Licla, fused and not-fused, are given in

Fig 3. The more abrupt drops 1ln these curves correspond to those
in the normal absorption line width vs temperature plots in Fig 1
and so the saturation narrowed line widths are expected to do so
too. We have seen in Fig 2 that for the not fused sample this

does occur,

It therefore appears that one might be able to study phase
transitions by using saturation narrowed spectra, In samples
with very long spinllattlce times this may be the only type of
spectrum that can be observed, Even in other cases when the
normal absorption spectra can be observed, the saturation
narrowed spectra have a more favorable signal to noise ratio and
hence would be useful in observing transltlons in samples when

the packing factor in the probe 1is poor,

More work needs to be done, however, to see whether or not
the above procedure can be used. If we look at Flg 2 and Fig 3
again, 1t 1s apparent that the Ti/TD ratio can also change with
temperature. The saturation narrowed width does not change
between 25° and 110°C, yet the second moment decreases by about
32% over this range. We do not know how-much this phenomenon
will complicate the use of saturation narrowed spectra in
detecting phase transltions in sollds, It would seem to be worth
investigating further. Ideally one would like to measure aH,,

<an®y, aH

as’ Tl, and TD for a variety of samples as a
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function of temperature. This could be done if both a CW and

a sultable pulse spectrometer were availablé.
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APPENDIX A

Iwo Pags ARP with Low then High H,

Slichter and Holton /1/ in "Adlabatlic Demagnetization in a
Rotating Reference System" as well as studying the title subject
did some two pass ARP experiments of the T - fI/2 type. The

23 resonance in a single

experiments were performed on the Na
crystal of NaCl. The static magnetic field was along the [lOO]
directlon. According to Goldburg /2/, Hy in this direction is
0.61 G, theoretical and experimental. Goldburg suggests that
Slichter and Holton's Hl calibration was probably in error
because they found experimental values of 0.88 to 0.95 G although

their calculated value was 0.57 G.

Two passes were made through resonance, the first pass with
low Hy (H;=H;/4), the return pass with high H, (H; = 2.5 Hp).
The Bloch adiabatic condition seems to have been satisfied for
each case, The return pass will invert the magnetization
completely and the question is, "will the first?". PFig 7 was
exhibited as proof that the firsi pass inverted-ﬁhe magnetization
and it was.stated that the results thereih behave Just as one
would expect if the first pass inverted M

0?
relaxation took place before the return pass. We have analysed

and if spin-lattice

the experiment a little further and filnd that one can get the
slgnal behaviour shown in Flg 7 even if the first pass only
partially lnverts Mye

The equations we need have already been derived in chap 5.
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If the first pass only inverts a fraction x of the magnetization

MO’ the formula for the magnetization is equation (5-33)
M, = Mgy - 23My exp (~t/Ty) . (A1)

Now since the return pass is made with high Hl the signal Si
equals -kM, (k being the proportionality constant), rather than
-kxM, as 1ln case 2 in chap 5, we get the following equation

Then on substituting for the long-time signal S_ = -kMo we
get

Swe = Sy = 2xS,, exp (-t/T;) , (43)

which 1s identical to equation (35). We see that a plot of
1n (S., = S¢) ve time will still be a line of slope -1/Tl.

Therefore obtalning a correct T this way 1is not proof that

_ 1
the first pass completely inverted the magnetization. However
we can tell whether or not x = 1.0 1f we examine the intercept

of this plot which is 1n 2xS_ .

Slichter and Holton's "long-time asymptote" signal S
is 2,0 divisions and so 28,; = 4,0. This is clése to the
intercept value 3.7 from thelr semilog plqt.. If the difference
is real, we can find x by setting 2x2.0 = 3.7. The result is
Xx = 0.92 and thls suggests that the first pass may not be
performing complete inversion. However, the inversion 1is
probably complete; x = 1.0 requires an experimental error of

only 8% in their S., value.
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Another dlfference from the case of complete inversion on
both passes is that now S¢{ passes through a null when
tyu1y = 11 1ln2x  instead of Ty1n2. If just the latter formula
is used we get Ty = 11 sec from thelr results. This compares

well with T; = 12 sec found by Wikner et al /3/.

(L) C.P. Slichter and W.C. Holton, Phys. Rev. 122, 1701 (1961)
(2) W.I. Goldburg, Phys. Rev. 128, 1554 (1962)

(3) E.G. Wikner, W.E. Blumberg, and E.L. Hanhn,Phys. Rev,
118, 631 (1960). '
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APPENDIX B

WRJ Trigger Pulse Delay Unit

- . Delay range 1is 1.5 to U450 milliseconds.

10K % 10K - o linear
‘ 500K
. 50 prf
oo * hLO 01’ | 100K
N3t | |
IN oAt L
| a1 M3
e "N
L ]
100K§, So.2x | 4T0K
=L | |} 1lo.ad lo.1lo.02
0.001 : ---i )
-2.8 + 22-2— .
o 8

'3N81 is a General Electric silicon controlled switch.
Capacitance 1is in microfarads unless marked otherwise.
INPUT: - will trigger on a -18 volt 1.3 microsec pulse.
OUTPUT: - a +10 volt pulse then a delayed -11 volt pulse.

*vThe output pulses have half—widths of about 5 microsecs.
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APPENDIX C

Comments on "Adiabatic Raplid-Passage Experiments in

Some Sollds" . .by Janzen, Cyr, and Dunell /1/

The reader may be wondering why we are presenting now in
section 1 of chapter 6, Tl measurements which are still
somewhat crude, whereés supposedly more refined results have
already been published in ref /1/. The reason for this is that
the present author, having completed his experliments in June
1967, left the University to take up employment in early July
1967. The work was carried on by another student. The author
regrets that communicatlons were not very good and that magnetic
field sweep rates were not measured for the ARP T, measurements
and for Fig 5 in the above paper,

(L) W.R. Janzen, T.J.R. Cyr, and B.A. Dunell, J. Chem. Phys.
48, 1246 (1968).



