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Abstract

Measurements of the F-’ nuclear spin-lattice relaxation time Tj
have been made in doped calcium fluoride over the temperature range
extending from 300°K down to about 2°K. The doping element was the
rare earth neodymium. Data were obtained by a pulsed nuclear res-
onance method for two orientations of the crystal with respect to
thg magnetic field.

The experimental results were analyzed by means of a general
expression for Tl valid for intermediate cases as well as.for the
diffusion limited and rapid diffusion limits. Dependence of the
barrier radius on the temperature and the relaxation time of the
paramagnetic impurity is takgn into accourt in this expression.
There is reasonablé agreement between the experimental measurements

and the theoretical expression over the entire temperature range.
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I. Introduction

Bloembergen 1

proposed a mechanism to explain the nuclear spin-
lattice relaxation time in insulating crystals doped with paramagnetic
impurities. 1In his theory, nuclear spin magnetization diffuses from
nucleus to nucleus as a result of dipole-dipole coupling. 1In the
vicinity of a paramagnetic impurity, Zeeman energy can be transferred
to the lattice via the impurity through dipolar interaction between
nuclear and impurity spins. He derived a diffusion equation for the
magnetization which, when solved numerically, gave qualitative agree-
ment with measured relaxation times. Later investigators 253,k found
analytic solutions to the diffusion equation and obtained relaxation
times Ty for limiting cases. Rorschach > derived a general expression
for Tl from the diffusion equation. In his paper the effective static
moment of the impurity is calculated in order to make a better esti-
mate of the barrier radius, the distance from the impurity within
which spin diffusion is cuenched due to Larmor frequency shifting.

Ty is'a function of the temperature, the impurity spin-lattice relax-
ation time, the impurity concentration, and the magnetic field.

This thesis describes the results of a pulsed nuclear resonance
experiment on a single crysﬁal of calcium fluoride dilutely doped
with the rare earth neodymium. Fluorine nuclei have spin 1/2 so
there is no quadrupole moment, and iﬁ CaFp they occupy sites of cubic
symmetry. EPR work 6 has indicated that the neodymium goes primarily
into interstitial sites of tetragonal electric field symmetry as
Na3# ions; the akis of axial symmetry is a (100) direction. The

crysfal field splits the hI9/2 ground state into five Kramers doublets,
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with the first excited doublet lying about 60 cm.'1 above the lowest
doublet.

: Tl was measureg from .. 2" deérees Kelvin to 300 degrees for two
orientaﬁions of the saﬁple with respect to the magnetic field. From
Tl the impuriiy spin—lattice relgxation timelgycan be calculated.
Comparison of these calculated values with EPR measufements of Y
at low temperatures and theoretical predictionslat-highef tempera-
tures serves as a check on the expression for Ty. At the higher
temperatures o is too sh§rt to be measured'directly by EPR. There
would also be a signal to noise problem for low impurity concentra-

tions. This method can thus provide éxperimental values of/g in

cases where it cannot”be measured directly.

II. Nuclear Relaxation in Insulating Crystals

A. - Spin Diffusion

Dipolar inte:actions between identical ngclei give‘fise to
nucléér spin diffusion, a process in which mutual spin flips occur.
In this way, Zeeman energy is éransported to the vicinity of para-
magnetic impuritieé wheré it can be given up to tﬁe»iattice. The

dipole-dipole interaction perturbation can be put in the form

I, ‘:: (,4 #B*C‘v‘_D) + h.Co

".} :A—"l’— l;a f’-a- (/; 3 cea’e), )
g=-%I'L7(1-3 s, )
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D=" "4 I, l—l o6, e
k.c., = hermitian conjugate

I , = spin of nucleus i

Lattice vibrations, if taken into account.in terms C and D, would
provide a direct mechanism for relaxation of nuclei by the lattice.
However, it 'has been shown that this effect is negligible in comparison
with the relaxing effect of paramagnetic impruri’oies.l Term B is re-
sponsible for the simultaneous spin flips of two interacting nuclei.

From first order time-dependent perturbation theory, we calculate a

transition probability

Y*h
Y-S'

N .
(B+8T) | m.=-% m=%)

WQ.J:-é-—]<M¢=é )m.l:“-i-l ) 2

e-,:(s;-f,)é/a -] %
x |
E;-Ep '
E; and Ep are the initial and final energies.
"Q;‘j -Ep )/13 T W mw, ' » vhere W, is the Larmor frequency

of nucleus i.

Fluctuating local fields cause a spread in Larmor frequencies.
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Integrating over the frequency distribution,"

o
\VQ,J lb v r (’ -3 con 6941 ) AT,
A depends on the distrlbution function and is of the order of 1.

T, is the spin-spin relaxation time.

B. Relaxation by Paramagnetic Impurities

Nuclei are relaxed by the paramagnetic impurities through a
dipolar interaction H, s between the impurity spin S and the nuclear

spin I,

zs= ['“.r =

(;‘]"?)(.&‘7—3‘?}]
4 " 'r.:a

Y L My=-/ 9§
? is the experimentally determined g tensor. The expanded form of

""}T contains terms similar to those in I"Sz will be the dom~

%
inant nuclear relaxing term since this requires much less energy
(#uj) than does 5%, (AL &g 24}]); therefore the latter term will
be neglected. In Appendix A the coefficient of I’QSz is obtained for
arbitrary orientation of the magnetic field H. For the orientations
involved in the analysis later in this thesis, H will be either. par- .
allel or perpendicular to the impurity symmetry axis #'. If Hiz' s

the term of interest is

| :’*r[é? ?QJJOJ:"@ oo © e~‘¢]f.f;? ihe, = /([1‘52 2 h.C.

If H I z', g, is replaced by 8y
The above interaction Hamiltonian relaxes nuclei by inducing
transitions from the spin -1/2 level to the spin 1/2 level. An

approximate transition probability can be derived from a semi-



-5-

classical treatment for time-dependent pert.urba.tions.8 Sy is time-
dependent because of spin flipping due to coupling with the lattice.

For the case HLz', the transition probability is
- ! + -
Wogss = o5 (5 IKI +k*I7)-45

x (L IKIT 47712 Twr) |
J'(p) is the spectral density of S;. A neodymium impurity ion has
an effective spin of 1/2 (lowest Kramers doublet). Using this spin,
it is shown in Appendix B that choosing an exponential correlation

function for S5 leads to

2 2 2
Jus) =27 GmhX u) & L (- tanks) Py

X=BYNf kT

For temperatures of concern in this thesis

2
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Insertion into the expression for the transition probability yields

the result :
2 ;
| ¥489,) , o3 r - _C
Worst & (979) (,3) =
2 2 2 re ( I+/o’w1’_" 2¢v 6

when averaged over all angles,

C. Diffusion Equation

At nucleus i, let _\J.{,;za = §,. . Including both mutual
spin flips and impurity-induced transitions, we can write an expres-

sion for the total probability for the tramnsition m = =~% -»ng=% ,

WL" =Z WLJ pJQ( + SL Q(
J‘#(‘
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where P; is the probability that m;=1/2 and Q, is the probability

that my= -1/2. Similarly,

Wl W, QP + S F
Jx¢
The magnetization density in the neighborhood of nucleus i is
- proportional to P;-Q;=n;. An expression for the rate of change of

ny follows from the relation
%’% = \‘/4. 1‘ ° W¢ d
:Z Wt}(%'ﬁ) "S}(QPL"U
IFC '
since Pj4Q,= 1. Therefore
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For the magnetization density s, = #7(7, )

ddM;rc)z Z \4/() [m'(f;‘) - m'(ii)] - 2 Sg W' )

Jd ¥

m'(F): m@) - m(7)
This equation can be approximated by one involving the magne-

tization at only one position by expanding the magnetization density
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in a Taylor's series centered at ?i.

) = @) 4 [ (3E) 4]

Y‘C
b [ (5T b ] e

We truncate after second order. First order terms and cross terms
cancel on summing due to lattice symmetry. Also because of symmetry,
the coefficients of the partial derivatives are equal, and we have

finally, dropping the subscript i,
-6
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This is the diffusion equation for the magnetization derived by

Bloembergen.1

D. Solution for the Spin-Lattice Relaxation Time

Rorschach's5 solution of this diffusion equation for the

relaxation time of the total magnetization M is

o Tew) I os8)

i 3/
=Fmr ND —_

Tl & <) f’(%) "I?/‘(.(s)

aM (M"Mo)

¢ 7,
= :i:? * = C
S 0 = D

N = ,'m/aam.f” corices-
dration
1),(5 ) is the modified Bessel function. b is the barrier radius,
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the maximum distance from the impurity at which spin diffusion is
quenched. Quenching occurs because the dipolar field Hp of the para-
magnetic impurity shifts the Larmor frequencies of adjacent nuclei.
At the distance b this shift becomes so great that mutual. spin flips
cannot occur. b can be estimated by setting the change in Hp cver a
lattice spacing & equal to the local nuclear dipolar field =M, /33
which determines the nuclear line width:

°)Hl")a': M

Sr/y o’

/'/P: Ae , where Yo is equal to the magnetic moment of the impurisy
-3

" effective in quenching diffusion. We obtain for the barrier radius

5%

4

b= a (3He )

As sketched in Appendix D, an approximat.e expression for e is
Ba ) (5‘BH 2'i3n-g27rﬁ
= ( ) T 21

if Hlz'. T2 is the mean lifetime of a nucleus against spin diffusion.

5

Combining results, the final expression for the spin-lattice

relaxation time is

T =A ( f -iq-. I—?/q.(:)
\ (4"91«); 1‘34(:) .
- r~ 4 2, = ~r 27T/ 4
J '(/-/-/0’“’1‘) B (44 7 Tan T )
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A~N D
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When S(( | , the expressibn for Tp goes over into the rapid



diffusion equation

'TH
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When & >>1, the diffusion limited equation obtains:

Pk |
T = A(sa) © s L (8) = I08).

III. Experimental Procedure

A. Sample

The calcium fluoride sample under observation was a single
crystal obtained from Harshaw Chemical Company. It was_cut in the
shape of a right circular cylinder with the cylindrical axis along
a (100) direction. The nominal neodymium doping concentration was

0.005 weight-%.

B. Pulsed Resonance Apparatus

A receiver coil to sense nuclear signsls was wound around the
sample, and after x-ray alignment the unit was mounted inside a
lucite sample holder. The sample holder also served as a form for
the transmitter coil, oriented perpendicular to the receiver coil.
This assembly was attached to the end of two thin walled stainless
steel tubes which extended into a helium dewar. With a copper wire
inner conductor separated from the wall of the tube by spacers, eﬁch
stainless steel tube served as a coaxial cable.

Pulsed nuclear resonance apparatus capable of supplying high
amplitude alternating field pulses as short as 3 microseconds was

used to measure Tj. Specifically, an rf oscillator, a gated amplifier,
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and a pulse sequence generator were the source of driving pulses for
a kilowatt amplifier. The output of the power amplifier was coupled
to the tfansmitter coil enclosing the sample. A 1.5 KGauss magnetic
field orthogonal to both coils set the Larmor frequency at 6 mega-
cycies per second. Nuclear induction signals were amplified and de-
tected by a receiver designed to recover from complete saturation in
about 5 microseconds. Since a short time had to be allowed for the
receiver to recover from saturation, the transient signals were ob-
served, on an oscilloscope, at a fixed time after a pulse by delayed
gating. Figure 1 is a block diagram of the apparatus.

Pairs.of gating pulses could be produced with vériable separa-
tion between the pairs and between the pulses making up a pair.
Figure 2 outlines the circuitry by which this was accomplished.
These gating pulses 1ift the grid in the first stage of the gated
amplifier from its cutoff-biased condition so that an output rf
pulse can be obtained with a continuoué rf oscillator input. There
is negligible leakage between pulses. The pulse width was adjusted
for 90 degree rotation of the magnetic moment 6f the nuclei (about
3 1/2 microseconds).

Further details on the apparatus can be found in the thesis

by Waldrop.’

C. Relaxation Time Measurement
The measurement technique is based on the equation for the ex-

pectation value of the nuclear magnetic m.oment.9

d ¢y
ot

where H is the total magnetic field at the nuclear site. Neglecting

=RYXYH
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interactions, which lead to relaxation, this equation holds for the
tétal magnetization M. It implies that M maintains a fixed angle
with respect to the static magnetic field H while rofating about H
at the Larmor frequency Wy = Y H.

If a magnetic field 2 M, coewlalternating at the Larmor freg-
uency is added perpendicuiar to the static field, M still rotates
about the static field at the Larmor frequency, but the angle of in-
clination & chaﬁges' such that -6 =yj i‘u; ty Spulse width. We
take Hi{z. A pulse éf alternating field satisfying the relation
-'g_-" = b’/-l,f‘w will rotate the magnetization vector from the equilibrium
z-direction into the xy-plane. A receiver coil whose axis is in the
xy-plane will then produce an induced voltage proportional to the
z-component of magnetization prior to the 90 degree pulse.

Measurement cannot be made immediately after the pulse because
some time must be allowed for recovery of the receiver from satura-
tion due to the large amplitude of the transmitter pulse. While
waiting for recovery, the signal voltage across the receiver coil
is decaying as a result of the rapid transverse relaxat;ion of the
nuclei. However, if the shape of the decay curve is independent of
the initial magnitude of the magnetization, measurements at a fixed
time after the pulse will be proportional to the initial magnitude.

The procedure in determining the spin-lattice relaxation time
T, & measure of the rate of change of M, toward equilibrium, is to
use two 90 degree pulses sebarated by.a variable time t, Immediately
after the first pulse, M, =0. The purpose of the second pulse

is to measure M, at the time t. The equilibrium value of My
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can be determined by a measurement after a pulse separated from the
previous pulse by a time long compared to Tl'

' T, can be determined graphically from the measurements in the
following way. The theory presented earlier predicts that if the
magnetization deviates from the equilibrium value, it returns toward
equilibrium according to the relation

d Mq /
47 - -;;3* (?44§1-/910) .

Solving,

-7
MQ:M°<I“Q /7;)9

Or,

-
1%9 (1- A@%ﬁo) = 2.307,

Therefore, plotting l—MZ/Mo versus t on semi-log paper should produce

a straight line whose slope is -1/2.30Tj.

D. Temperature Control and Measurement

A metal helium dewar was used because it had a narrow tail for
insertion between the magnet pole pieces and because it provided es-
sential electrical shielding. Heat transfer from the tail of the
dewar to liquid air in the nitrogen jacket gave a siow enough tem-
perature drop for measurements in the 300-80 °K range. Temperatures
from 80 to 4.2 degrees were obtained by controlled transfer of
helium from a liquid helium storage dewar. Témperatures below 4.2
were obtained in a pumped liquid helium bath. |

A copper-constantan thermocouple in good thermal contact with
the sample holder was calibrated during each run at 4.2 degrées 80

4
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that between 4.2 and 80 degrees the temperature could be measured to.
within 0.5 degrees.lo The reference junction was at boiling nitrogen
temperature for measurements in this range and at the ice point for
the measurements above 80 degrees. Helium vapor pressure measurements
with a mercury manometer permitted temperature determination below

L .2 degrees, The scale used was T55E'11

IV. Experimental Results and Analysis

Nuclear spin-lattice relaxation times Tl were measured between
2°K and 300°K for two orientations of the sampie with respect to
the magnetic field: H 1} (100) and H I\ (110). These data are plotted
in Figures 3 and 4 the error bsr represents the estimated experi-
mental error. The two curves are qualitatively similar, but there
is.a little difference in magnitude of T below 4 degrees and a
significant difference between 50 and 200 degrees. The behavior
in the latter range is not understood. Waldrop 7 obtained similar
curves for other rare éarths in CaF, at higher doping concentrations.
Only the data for H 1) (100) has been analyzed using the theory
presented earlier. In this case, since the impurity axes lie with
equal probability along any (100) direction, 2/3 of the axes are
perpendicular to H and 1/3 are parallel to H. For the former, the
g value to use is g, ; for the latter, g, . If other orientations
were involved, some of the theoretical development would have to
be elaborated. As all angles have been averaged over, the different
ion axis directions will be taken into account only by replacing g,
by 2/3 g,¥1/3 g,,.

Analysis requires a knowledge of the temperature dependence of



FIGURE 3

NUCLEAR RELAXATION TIME T AS A FUNCTION OF

TEMPERATURE; H 11 (100).
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FIGURE 4

NUCLEAR RELAXATION TIME Ty AS A FUNCTION OF

TEMPERATURE; H W (110).
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P the impurity spin-lattice relaxation time. Measurements of o
have been reported in the literature 6 for neodymium in calcium fluor-
ide in the temperature range 2°K to 7°K. The doping conceﬁtration
there was 0.28 weight-%, compared with 0.005 weight-% in this work.
Only the g, resonance relaxation time was measured as a function of
temperature, but at 2 degrees the g” relaxation time was also meas-
ured and was found to be twice that of the g, resonance. Investi-
ga£ion of anothér rare earth, cerium (CeB%), in CaFp reveals a con-
centration depenéence of/a . This concentration effect appears to
be negligible below 0.2 weight-%. Theoretical work in agreement with
low temperature experimental results for rare earth relaxation times
predicts. that o decreases rapidly as the tempersature increases.12’13
Since ,0 is not accurately known, the best procedure of analysis
is to calculate p from the measured Tl and note whether this gives
values compatible with the data from the literature and with theoret-
ical expectations, Iteration is necessary since A cannot be solved

for directly. The expression for Ty is

o /° % L-%(§)
.7: = A ( / 4n/°31~&? ) 1:'%44(J~)

oA
P YA 0.005 2 7 -~ 2P \¥
= ( /-#-/01"'--&a ) B ( T 2 e lan 7 ).

A computer program was written to iterate for 0. In this program
I. 3/40’) /1' 3/4(.7' ) was evaluated either from asymptotic expres-
sions or by interpolation between tabulated values, depending on

the value of § .
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We first require estimates of the diffusion constant D and of
T;. Considering only nearest neighbor coupling, Bloembergen obtains

for a simple cubic lattice

! :Z.\‘/L):"—'L"

"'T;" Jr( S-OT.:- .
Khutsishvili 2 estimates
az
- 2
D= 2 W X =
Y ) 2h) ZoT,
Using e
g, =139 T, & 3X10 sec.
- -8
9 = 4.4l a = 2.T25 % 10" em
3 -y | -
we calculate B: L5 Xxio s ? 5 2_1__1__7:: - ‘-h‘leOy S ’,

*
Since A~N"1D"3/ l‘, an estimate for A is even more uncertain

then for B or Tg. A more accurate value can be obtained by setting
=5 =0 at 16%, where the T, curve exhibits a minimum. In the
diffusion limited case, this gives WA =) at the minimum, or
/°='2, 5x|o' 8.3‘, In the other extreme, rapid diffusion, due to the
._c,:" % Zan™’ 2 wr )3/3 .

3/8 power dependence of ( = >

the relatively high temperature 16°K at the minimum, &P =/ still

and

gives a fair approximation of Q2 at the minimum. This value and

the measured T, at 16 degrees was used to calculate A.

1
' Curve a, Figure 5, results from iterations for P at several
temperatures between 2 and 300 degrees., Curve b is the measured
da’ta for the g, resonance. § values were also recorded (Figure 6)
dufing the calculation, and these show that the diffusion limited
equation holds at temperatures near the Ty minimum so that the re-

lation &P =/ is adequate at the minimum.  -calculated is seen to



FIGURE 5

IMPURITY RELAXATION TIME , AS A FUNCTION OF
TEMPERATURE:

Curve a:  calculated from T,.

Curve b: , measured by EPR.

Curve c: ,° calculated from T; after

adjusting parameters.
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FIGURE 6

BESSEL FUNCTION ARGUMENT § AS A FUNCTION OF

TEMPERATURE.
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continue to decrease with increasing temperature as theory predicts.
It is seen from Figure 5 that the calculated values are lower
than the measured values by a factor of 10 at 7°K and a factor of
100 at 2°K. This discrepancy might be due to incorrect estimates
of the parameters B and Tg, resulting in part from the uncertainty
in D and T2. An attempt was‘made to obtain better agreement between
calculated and measured relaxation times. Varying the parameters by
orders of magnitude (and recalculating A) showed that better low
temperature agfeement was possible and also provided initial esti-
mates for an iteration method for the parameters. The iteration
method was only partially successful, apparently because the T;
data could not be fitted simultaneoﬁély at 4, 7, and 16 °K using
the EPR p measurements, However, an improvement is evident from
curve c, Figure 5. The final calculation of the iteration forced

oy’
a fit at 7°K; final values of the parameters are B<22.3 X »o'*x ;

[}

A/ = L4 Xt s

V. Conclusions

Measurements of the FL9 nuclear spin-lattice relaxation time
in CaF,:Nd reveal a dependence of T on the orientation of the crystal
with respect to the magnetic field. This was expected because the
diffusion constant D depends on the orientation, as do the g factor
and relaxation time of the impurity. Using Rorschach's 5 theoretical
expression for'T;, values of the impurity spin-lattice relaxation
time were computed from the T data. When compared with EPR measure-

ments and theoretical predictions, the resulting curve is seen to
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exhibit the correct qualitative behavior over the entire temper-
ature range, 2°K to 300°K.

In view of approximations made in the development of the nuclear
relaxation theory and in the analysis, the agreement between experi-
mental results and the theoretical formula is probably as good as
could be expected. The transition probabilities were calculated
from simple models using first order perturbation theory; all angles
were averaged over; and the barrier radius was only estimated.
Possibly, spin diffusion does not cease at the barrier radius that
was calculated for another reason: near the impurity second order
effects may be important. There is one more possible reason for
lack of close agreement between theory and experiment. The doping
concentration was low enough that impurities other than neodymium
probably have a significant effect.

There are some refinements of the theory which might Be profit-
able. The assumption of a barrier radius within which spin diffuion
does not occur and outside of which spin energy diffuses freely is
not a very good approximation, and attempts should be made to cir-
cumvent this apvroximation. The averaging over angles which was
necessary in order that the magnetization density be a function of
r only could be avoided by numerical methods. Consideration of nuclear
relaxing mechanisms neglected so far might be helpful. For instance,
the neglected dipolar term S¥I* could be significant in some temper-
ature range.

Since in Rorschach's formula, T; is dependent on the magnetic
field strength H and the impurity concentration N, experiments in

which Ty is measured in crystals differing in N, and experiments in
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which H is varied, would further indicate how well the nuclear
relaxation time behavior is understood. An investigaﬁion of pro-
ton relaxation in a single crystal, a hydrate containing Nd3/ im-
purities, in which both H and the temperature were varied. has

been cerried out at temperatures below h.2°K.1h Analysis employing
the rapid diffusion and diffusion limited formulas gave order of

magnitude agreement with the experimental results.
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VI. Appendices

A, Coefficient of Dipolar Term S,_I’[

The dipolar interaction between a nuclear spin and an impurity

spin is
--—L— — — — a —
Mrs = o [ Mg ad, - 3 (G 0) (e )]
A___?_ - - - -
FEE T T 2T sk

Labeling as z' the impurity axis of axial symmetry, the g tensor in

the primed coordinate frame is

. (&) (41
\ . q‘L
9 =1© 3 °
© e a" ¢

In another frame obtained by rotation through an angle 7 about the -
x!-axis
3=A3'A _ A=|o cworn oy

o -A)n7 Y <%}

Since there is aac:Lal symmetry, this is a general rotation because
x' can be any direction perpendicular to z'. The magnetic moment

vector is then
9,._ SX
Mg = =B(9)(S) = -F |9, Sy+ag S,

435‘54 3& “Q
49 zcony o.;'or? (9”-91)
Yo G, 0my + g, o2’y

9, = glcr«lz? # 9,,40‘«"7 .
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Our interest is in the dipolar term SZI%, so we retain only

terms containing I, and Iy; thus )bz.takes the form

- ~YEA

X(43 49 Sa +od3 9, $3)]
Substituting polar coordinates for the direction cosines,
and simplifying,

B r. . :
Mrs = %3 [4 a9 + (a9 PN O i

tq, pm0c008)3 e"“"]g; 1t +he,

B. Spectral Density of S,

The spectral density Jiw) of S, is related to the correlation

function G(x) = Sz(f-) S’w@., ) , Where the bar denotes an

ensemble average:

oo -l
Tw) '-"-{OQG-O:) THEY e

-

Assuming the paramagnetic impurities to be in thermal equilibrium
with the lattice, G(0) and G(ee) can be calculated using the Boltz-

mann distribution., If Hlz',
~ig
2 -
> oo /RT y Em” A9 M

(1]

Ge)= ST

"
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We choose an exponential correlation function consistent with the

above conditions,
-7
Ga,:{;_tanhlx ++'.(l‘ﬁn‘\aX) e R

In Appendix C it is shown that T, is equal to the impurity ion re-
laxation time ,» . Substituting into the formula for the spectral
density and carrying out the integration,

2 Te
/*T:N‘v

Jw) =amdtanh®x Sw) + % ((-tankx)

C. Equality of the Correlation Time and the Impurity Relaxation
Time

For small T the correlation function can be calculated. Let-
ting P1/2 be the probébility of spin 1/2, and letting W, be the

probability per second for the spin transition -1/2-»1/2,

Gr) = S_{(o) Sate)

= [ F_',i][(\‘/"r)(-l/,,) +(I~W¢)(1;,)] 0
t[eh) Py [ (Wp o)) +Uwp)e£)]
' o can be expressed in terms of Wj and \I‘, and these two

transition probabilities are related to each other. First,

d B |
= P Wp - Py W, @)

and the observed impurity magnetization is proportional to

VRN RPN A

anm _ , 4P
4t aT

= - }’)Z ( Wf -/-W‘) + (Wf - \q/‘) after algebraic

manipulation. :



-28-

Introducing the equilibrium magnetization

= e e o)

Therefore, by definition of the relaxation time,

l‘l

_ )
P = Wp + Wy {3/

At equilibrium, Pl/g and P_l /2 are related by the Boltzmann

distribution. We then obtain from equation (2)

Wroo Pyl | -ax
Y
X

@;9_4._{."} _Qxﬁ-r
2kT __)_,L 0

Applying equations (3) and (4) to the expression (1) for G¢v')

and simplifying,

Gee) = 4 — —‘;-;'; oach X

Returning to the assumed correlation function of Appendix B, we can

expand the exponentié.l for small ¢,

- il
@\T):—& tank *x +—,‘,:(;-ta«4’x)e e

= & Bwnh*c + 4 (1-Gak®x) (1 - ’%e )
L

This is exactly the same as the calculated expression with P

replaced by T, the correlation time.
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D. Effective Impurity Magnetic Moment

To estimate the static moment u gof the paramagnetic impurity
effective in quenching spin diffusion, we begin with the definitions

of the correlation function Kitnd the spectral density }(w) .

o
KCT) = ULG@) ahg(t#7) -'2,7./ Jwr e %ot
- OO

By Fourier inversion

o
éww) =/ K ) e

Thus the ensemble average of the square of the magnetic moment is

~ w

T
Ar

resolved into spectral components,

o0
I - —_ d
M2 = k) -»;é‘,—[”é‘“w’

. . . . 1 "
Frequencies effective in quenching diffusion have a period % >7; .
Tg is the mean lifetime of a nucleus against spin diffusion. We

can now find ,“e:

2 =L 2 Q) o w.
'“C 27T aT }
e /7_1’

From,' Appendix A, ifzﬁ.L z'y

M; = "A 31 S_z.

' 2

oy )(w) :(ﬁj‘) J )
™ 2 QW"LXIS(N) .J-.__E.../f—-
=(r9,) (27 % + % /4-/o’w“)

The approximation is very good for temperatures greater than 2°K.

Carrying out the integration,

ug =(B2) (x* 4 ™ L
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