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NUCLEAR DOUBLE RESONANCE DYNAMICS

David Alexander McArthur

Inorganic Materials Research Division, Lawrence Radiation Laboraﬁory,
. and Department of Physics, '
University of California, Berkeley, California
ABSTRACT

This is the first detailed, quantitative study of the validity of
the master eqﬁation with spin temperature assumptibn as used to describe
the nuclear double resonance detecfion of a rare séin species,

The technique of.ﬁuclear double resonance following adiabatic demag-
netization of F7 nucleivin‘the rétatiné frame (ADRF), has been used to
study the resonance of‘.IB% abundant Cal}5 in CaFé. ‘Radio frequenc& (rf).
pglses were applied near’the Cal’t5 Larmor frequency after ADRF, and a

19

study of cross-relaxation between F 7 dipolar energy and Cabf3 Zeeman

energy in the rotating;frame effective field ﬁeB’ measgred the F19 dipolar
spectrum in CaFQ for this kinq of_transition. The measured cross-relaxation
rate decreéses exponentially with increasing HéB at 6 = 900, 60°, h5°; and
30°, and:is proportional to sin29 where O is the ahgle between the labora-
tory'mégnetic field, ﬁo’ and ﬁeB' A thermal-reservoir model of the
cross—relaxation procéss, assuming sibﬁly-varying spin temperatureé for

both the'Fl9 and Ca15 nuclei, and assuming infinitely fast spin diffusion
among Fl9 nuclei, agrees witﬁ experiment at all Valuesvof 8, if a five-

to ten-degree misorientation of the crystai'wifh respect to ﬁo is postulated.
Audio saturation double resonance measurements of cross-relaxation rates
yielded results in agreement with the pulsed experiménts.' Pulsed experi-

19

ments showed no evidence of a finite F'” spin difquion rate, The first-

~order change in the crossQrelaxation rate for small random quadrupole



~viii-

: I U | - A , , | o
splittings of the Ca_5‘resonance line 1s shown to wvanish, and the second- -
ordér corréctioniis partially_calculated;' The first measurements using”'7

double resonance were made of the transverse‘(Té) and longitudinal (Ti) L

. . : L3, ) ' '
relaxation times of a rare spin species (Ca 5)4 Audio saturation double

' resonance following ADRF was lsed to separate the dipqlar,and inhomogenéous

' ok ' . c ' '
broadening of the Ca 5 resonance linej; -a method was also devised Lo measure

) N o _ , _ o ,
the Ca-j free induction decay indirectly. Both these methods showed that
. : . 4

motionally narrowed dipolar broadening of the Ca line was dominant for

H_ parallel to the [111] and [110] directions in CaFé} the quadrupolar

contriﬁution togthe linewidth being only about 200 Hz., A method was de_
 vised to'measure indirectly the spinflatﬁice relaxgﬁion_time Tl-bf-CaABY
in QaF2.  The temperatﬁfe dependence of Tl\agrees Qith-the eiectric ‘ '}
' Quadrﬁpolér rélaXation.meéhanism,‘and the values are: 'Tl(300°K)_= 236427 sec,

T (355°K) - 169425 sec.

The technique of double resonance foilowing ADRF was also used to

‘ o . : : ol . ' .
search for resonances of the rare spins D, 017, Ca > and S33 in gypsum,
C&SOH-2H20}i A double quantum spin transition of D'was observed near the

D Larmor frequency, and other resonances were observed which are tentatively

pp)

, . . L
associated with Ca 5 and S 7.



I. INTRODUCTICN

A. Definition of Nuclear Double Resonance

Many diamagnetic compounds contain more thén oﬁe species of nucleus
- with nonvanishing spin; but: some of the more interésfing isotopes ha&e very
weak nuclear resonance signals beéause of theif iow‘natufal abundance or
o smail magnetic moments.:L But man& compouhds contain in addition.ét least
one nuclear species with a large natural abundance and magnetic moment
(e.g., Hl, PBl, Flg, Naej, 0155, C157), which yields a large ﬁucleﬁr mag-
‘netic or quadrupole resonance signal. The nuclear double resonance method
takes advantage of-ﬂhe presence of this abundant spin species to observe
indirectly the interesting rare-spin nuclear resonance in the_same compound.
| The nuclear dauble resonance method fifst places the ensemble of abund-
ant spins (the A" spins) in an ordered magnetic state which persists for a
time To secoﬁds, of the ordér of the A spin-lattice felaxation time TlAf’
This ordered magnetic statg of the A spins can be a state of phase coherence
 (as when an A magnetization is "locked" along a radio ffequenéy (rf) fieldg),
o} it can be an ordered dipolar. state created by isentropic demagnetization
in either the laboratory frame (LOW DOR)P’LL’5 or the reference frame rotat-
ing ét the A Tarmor frequency (ADRF~DR)..6’7 Then during the relatively long.v
time T, ~ TlA'an rf field (the B rf field) is applied near the reSonancg
frequency of the rare spin of interest (the "B"‘spin), which causes the B
spins to médglate the nuclear dipole-dipole and exchange couplings between
the A and B spins. This modulation represents a coupliné which transfers
energy befween the-Avénd B spin systems, until they reach a dynamic equil-

Ibrium, and A spin order is transferred to the B spins.  If by some means

this acqulred B spin order is continually destroyed as the A-B cross-



'relaxetidn'preeeede,the moduletion eflthefiocai;field:aﬁ'the_A s@in.sifes |
near e B'épiﬁ‘SIeﬁlyiaéstfeys theuorde?ed megnefic“e;afevof the A spiﬁs.. |
The emount;of’AdSpiﬁ'ordef remaining afteffﬁhisf“dodble:resonance.procees";V
'1aetdng}é Toiseeonds;'cah.be'sampled'b& ﬁechniqdee whieﬁ-depend od'the
nature quthe:ordered A spin Sfate. SﬁppeSe the.double resonance'eXperihedt.
is repeated irany times, sweeping the frequencjiof.the.B rf field;-then(since.
thevA-B coupldng isfefrongly moduieted only when‘the B rf field-is near the';*
B nuclear reseneﬁce frequency fBo; the double resbnancedindieatien is a:.

o sudden decrease in the femaining'A-signal, when the B ff frequency fB.is

neer the B-spin resonance freduency f (see Flg. i)?

Hartmann and Hahn2 developed the theory of spln -locked double resonancef»
(SLDR),_and experlmentally-verlfled the double-resonance llne_shape as a” |
function of fB’ the expdneﬁtial double reSOnance decay of the A signal, add
the need to periodically deetroy the B spin order to obtain a large double

L1

| resonance signal if the B spins are rare. ‘They studied the K39 and K °
| »resonehces iﬁ.KCldgﬁin zero laboratory magnetic field, by usihg the Cl55
signal, " Also in zero fleld RedfleldBVmeasured the'pure quadrupelevres-
'jonances of Cu nuclel near Ag and Zn impurltles in metalllc Cu, and Slusher
and Hahnh etudled_the pure quadrupole resonances of Na23_and Cl55 and 0157
v.nuclei near rare impufities in Naél‘b A | h
”,vSeveIal double résonance studles have also been made in high fleld
) Bloembergenvand Sorok1n8 investlgated cross—relaxatlon between two abundant
spin spe01es, Hartland9 observed the hlgh fleld quadrupole splittings of

_:K59 nuclei around 1mpurit1es in KF via the F 9 nuclear signal, and Schumacher
3 has,observed quadrupole splittings around Ag impurities in the alkall halides.
The hlgh fleld double resonance work which 1s closest to that described -

in this thesis was done by Lurie and Sllchter,ll who tested a simple but
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~he

vexactiy caiéulable equilibrium thermodynamic-resérvoir model of the double
resonénce Procéss by applying rf pulses at.fB.= fBo following spiﬁ locking
or adiabatic demagnetization in the rotating frame (ADEF), They studied -
the resonance of 7,&5% abundant L16 in ILi metal using the 92.57%.abundant
; Li7; their theory of the double resonance process assumed that each B rf.
pulse lasted so long that the A and B systems came.completely to fhermal ‘
equilibrium with each other during the pulse,_ They derivéd an expression
for the A-B crdssfrelaxation rate, assuming a Gaussian form for the A
dipolar spectrum; and made a brief sfudy,of nonequilibriuﬁ effects, but

“they obtaine@,éxperimental rates for large H p which were too large.

B. Purpose of This Investigation

There are af leaét three kinds of applicétions which can utilize the
fechnique of nuclear double resonance: (l)p Chemical studies which involve
the observation of quadrupole splittings_of rare spin species such as 855,
017, and D in a series of different chemical compounds,12 (2) the direct
measurement of the unknown electric quadrupole moment interéction of a
rare spin species, and (5)=étudies of the spin dynaﬁics of a rare spin
species, which can in prinéiple“differ significantly from those of an
abundant_spinvspécies." | |

| The spin dynamiéé of a.rﬁre spin species in a solid is of intefésfv
because ohe‘of the approximations often-vélid for;a systenm of abundant
spinsvin a solid,'fhe aésumption of a slole varyiné spin temperature‘
during dynamic procésses,.is notvnecessarily’valid for a rare spln species.
.', The assumption Qf a gspatially th§geneous,spin temperature for an eﬁsemble
of nuclear spins reqﬁireS»a.strong nmeans of internal coupling which can
restore internal fhegmal equiiibrium in the ensemble faster than ﬁhe ex-

ternal perturbation (spin-lattice relaxation, rf field, coupling to:rother

species of nuclear spins) can disturb it from_equilibrium. In a solid



—

this coupling consists of the nuclear dipole-dipole coupling between like

spins: the I+i I . terms cause mutual spin flips between neighboring ruclei

which are allowed because they conserve the Zeeman energy in the laboratory
magnetic field.lB’lu This mutual spin flip process provides for spatial
diffusion of spin energy and tends to restore a Boltzménn population dis;
tribution to the Zeeman levels if.the distribution is disturbed.

‘But this dipole-dipole ccupling is proportional ﬁo.(r;?j where Ty is
the distance between neighboring like spins, so for the rare spins it is
negligible. This means that theories of spin-lattice relaxation and ross-
relaxat}on processes which assume spin temperatures for the nuclear speciles

-éfe not necessarily correct for the rare spins. Therefore it will be of
'interest to measure Tl’ T2, and cross-relaxation~rates for a rare spih
specieé. The double resonance process itself relies aiso upon “the spin-
.diffusion.process between abundant spins to carry the energy out from the
isolated rare spin sites to the bulk of the abundant nﬁclei. If thiz spin
diffusion‘process is not fast compared to Aéﬁ cross-relaxation rates, in
calculating the double resonance rate it would be‘necessary to take into
account the actual spin temperature.distribution of the A spins aréund
each B spin. |
{The.bulkAof this thesis will be concerned with the high-field double

b3 9

resonance dynamics of the B spin Ca ~ in CaFg, using as A spins the F-

nuclei (see Fig. 2 and Table I).

‘Table I. Properties of the nuclear.species in CaFp.

Nucleus . spin Abundance (WB/QW) (kHz /gauss)
115 A ‘ . "70/
Ca 7/2 0.1%% .2865

i | 1/2 100% h.0055
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Fig, 2 TIattice of CaFé near a Ca15 spin site, showing
the eight nearest Flg neighborsy a 1s the edge
of the cubic lattice of F~ ions .
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To test whether rare spins obey the same dynamics as abundant =pins,

we shall make our calculations assuming that theCau5 spins are described

by:a spin temperature during'cross—relaxation."We shall also assume
(justifiably):'infinitely_fast spin diffusion amoﬁg Flg spins, so the Fl9
.spins will be described during A-B cross-relaxatlon by a spatially homo-
geneous spin teﬁperature. .Then if there is significant disagreement be-
tween theory and experiment, and if thié disagreement cannot be completely
explained by such pérturbations as random gquadrupole splittings, we shall
have an idea of the impéftance of finité A spin diffusion rates, or lack
of a B sbin.temperature in some processes, | |

b3

The case of Ca ~ in CaF2 is particularly attractive because it should
allow a precise comparision between thebry and experiment:
"~ (1) No other A or B spin species are present to complicate our cal-
. s

culations, and the average concentration of isolated Ca -~ mnuclei is ac-

curately known\becauée it is a natﬁrally—occurring isotope rather than'ag

impurify, which might form clusters. . |
(2) Because the sbin'=.% Fl9 nﬁclei_have no quadrupole splittings

near the evef-presenﬁ crystélline imperfecﬁions,'spin diffusion rates

should be exactly calc‘uléble.15 It is conceilvable that the low relatlve

abﬁndance of Ca%5 in7CaFé WOuldlintroduce spin diffusion effects which

- might be important for ldrge croés—relaxation rates (see Appendix‘A forA

a discussion of this point). The experimental results, however, show no

effects of diffusion in this case.

N

:(5) Because CéF2 is an insulator and readily;available in large singlé
crystals, our results will not be éompiicated by skin deﬁth effects or
- powder averages.ll‘ We are also able to vary the A-B dipolar coupiing.over
a, wiqe ranée by rotating the crystal with respect'tb the laboratory magnetic

field H .
o]
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(%) In nigh fiéldeé‘the A—A; A-B, and B-B_spiﬁQSpin>Familténians
simplify conéiderably; and since the reiati#é abundaﬁce of Ca is aboutﬂ
10_2 of thg feiative abﬁndanée of Li6 in Li>Metal, we can neglect the B-B
coupling entifély. |

(5) Becausé the environmént of Ca15 in CaF, is cubic there will Dbe
no quadrupole splittihg of the Cah3 resoﬁancé.line (é%cept by crystalline
impérfections), S0 calcﬁlations can be éarfied out in an operator formalism,
rather than dealing with explicit B eigenstates. On the other hand, it is.
vfortuhate for our iﬁvestigation of B spin temperaturé‘effécts that Cau3
»poSsesses an electric qﬁadrupble moment, because the presence or absence
of‘a spin temperature during relaxation affecté the details of the quadrd%
polar spin-lattice relaxation.mechanism, which is expected to be dominant :

3

for Ca ~ at room temperature.

- In the work reported here the ordered A spiﬁ sﬁate was formed by

adiabatic demagnetlzatlon in the rotating frame. (ADRF), for three reasons:
| (1) Double resonance on this ordered state requlres only one rf field, so
conly. its amplitude and frequency require setting and monitoring. (2) Only
with this orderea A spin state can one use the rotary saturation method of
Redfielci16 and of Anderson-and Hartmanh6 to destroy the B spin order, be-
‘jcauge only the ADRF state of the A spins is not affected dlrectly by bhe
;applled audio fleld. (3) A study of the A dipolar - B Zeeman cross-
.'relaxatlpn rate traces out the A dipblar.spectrum for this kind of cross-
"~ relaxation transition (see Fig. 5).

The following is é list of the original work reportéd in this thesis:
: (1)4 A detailed study was made of the cross—rélaxation process be@ween
.'Fl9 dipolar»eﬁeréy, and the Ca26 Zeéman energy of the Cal’3 spins in the

- effective field H g in the rotating fraom (see Fig. 7). A digital computer



'Analogues of this oscillation have been observed before,

-9-

was used to extract the A-B cross-relaxation parameters from pulsed -
B rf double resonance measurements related to those of Turie and

. 11 . . .
Slichter. The exact cross-relaxation equations were used, Including

the effects of finite A spin-lattice relaxation and large B spin he:zs

_capacity. As a result the A dipolar spectrum for the cross-relaxation

type of transition was obtained as a function of the angle O which the

effective field He in the B rotating frame makes with the laboratory

B
z-axis, This study confirms that the spin temperature assumption for
the B spins during cross-relaxation is a good one, since the 6 % 90°

measuremehts show that Ffirst-order time dependent perturbation theory

is sufficient to calculate the rates, and the first-order transition -

 'probabilitieé presérve a Boltzmann distribution during relaxation. The

cross-relaxation spectra, which are usually assumed to be Gaussian in

shape,e’ll were measured to be accurately exponential for high frequency,

L3

which implies that the correlation function of the local field at a Ca

~spin site is Lorentzlan in time, for short times.

' 1
(2) A small transient oscillation of the Ca6 magnetization along

the field H__, at the beginning of each B rf pulse, was also studled.
eB

17’18 but this is

the first such case involving two different spin species, and it is rel-

l'atively easy to calcuiate the expected shape of the oécillation. The decay’

of the oscillation is related to the local field correlation.funcfion
mentioned above, and was found to be,in.agreement with theory.

(3) A detailed study has been made of the rotary saturation ("audio

‘saturation”) method of destroying the B spin order. Audio Saturation

‘double resonance was alﬁays used to measure tﬁé B effective field HeB

in the rotating frame, and the angle 8 which the B effective field makes
——— T T .
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with the laboratory magnetié field (see Fig. 7). Audio saturation was
. used to measure a cross-felakation’paraméter which determineé.the maximum

possible double resonance rate at a given HeB

Y

and 6. A study was made of .
the audio saturation iinewidths as-a function of 6, which allows separa;

tioh of the dipolar contribuéion from the quadrupolar and'inhomogéneous
contributions to the ordinary B spin linewidth.

- (4) An indirect method of measuring the free induction decay of

) . . _ ‘
Ca > magnetization transverse to the laboratory field was developed, and

this free induction decay was related to the A dipolar spectrum for the
. 3 ‘

case of Ca - in CaFQ;

(5) An indirect method of measuring the 0.13% abun_dantCa.15 spin- -

lattice relaxation time T,_ was devised to look for anisotropic or non-

b3

1B
exponential relaxation of the Ca

magnetization along'Ho. No anisotrbpy:; L
‘was found, which confirmed certain properties of the noise'spectrum Whichif; -
ceuses quadrupole relaxation. This is the first type of measﬁremeﬁt‘in
whiéh sbin~lattiée relaxation of a.iow abundance nucelar speciles has been:' ,
. carried out; ‘

(6) In addition to the Workvreported above c;‘n‘Ca)'6 in CaFe,‘a search
for rare-spin quadrupolé regonances in gypsum (CasoquHQO) was made,,usiﬁg.
the protons in waters of hydrétion ag the A Spinsf. A doublélquantum,spin

transitlon of naturally-occurring deuterlum was observed, but no ordinary

quadrupolar satellites. ce lines were observed which

s .
. are probably associated with the rare splns Ca 2 and SBB,
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TI. DOUBLE RESONANCE FOLLOWING ADIABATIC .
DEMAGNETIZATION IN THE ROTATING FRAME (ADRF)

A. Qualitative Description of ADRF Double Resonance

1. Definition of the A Dipol&r Sysfem :

Since we are interested in high-field nuclear double resonance, we

shall restrict our discussion to the cage of A and B nuclear spins in a

laboratory magnetlc field H much larger than the local fields (~l gauss)
produced at a nuclear spin site by neighboring nuclei, and much larger

than any rf fields HlA or HlB which are applled to the sample. Then if

‘we work with nuclear spin temperatures TS > lO—5°K, the high_temperature_

approximation holds: ﬁmb/kTs << 1, where ®_ = YH , and ¥y ls the A or B
spin gyromagnetic.ratio.

To describe the A'dipolar state we shall assume that no audlo or rf
fields ore applisd to the sample, and consider only the effects of the

laboratory magnetic field, and nuclear dipole-dipole coupling between the '

A and B spins. We also neglect A and B spin-lattice interaction, and

assume that the A and Bvspins have no large electric quadrupole inter-
actions, as is the case for Ca45 in CaFe. We shall write our Hamiltonians
in angular frequency units because of the many exponentilal operators used

in the theory. Then the total Hamiltonian becomes:
B ~AB
'_ﬁﬂLab=h(Hg+Mz+NgA+Eg)

where Mé and.Mg are the Zeeman interactlons of the A and B spins with Ho’.



-

‘:_}& =_37BHQ E. S ‘wBO z

.':.and I h and Skh are the angular momentum vectors for the kth, A and B - :¥: . @
spins; respectlvely. ﬂgA and Hg are the nuclear dipole-dipole inter-,-- |
actions among‘Abspiné, and between A and B spins, 9 We néglect dipole-
dipole'coupling between the rare B spins'Because they are on tﬂe average

:far from each oﬁher; and the'dipolar'fieid falls off a5 .

Because we are iu high fiéld, the dipolar terms are a small ﬁerturba-v.
tion oniﬂi + Hf,'so we can retain only the diagonal,‘or secular; parfs.qf ”T;
' HQA +ZH§?' in the representation in which_'(ﬂ%. + ;HZ) is‘diagonal. Theréf'"
fore we separate each term in the dipoiér ﬁamilténian into secular. (s) = - :

and non-secular (ns) parts: v
,. HQA = Ng(s) + Hg(ns).

Then the approximate Hamiltonian including:only'the:secularﬂdipolar térmSl_f

. "becomes:? -

) . B . ) . ' . . - '
,iﬂiﬁab = ﬁ(}a{‘; + ¥, + lfg(s) +N§B(s) ),
Wheré' :
LAOR 24 (AiJIziIzj Bﬁj [Iinxj * Iinyj])
AB ABL *
' ,‘Hg- (8) = 2 ApTiS;c s -
1,k
A o, . 2 .3
,Aigj = y,4 (Il-Bcos eij?rij , ‘
“and
AB

b=
i

. . o) S W3
ik = qhyhh (l—}cos_eik)rii.

5 |
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-
Te .

B.. is the angle between the laboratory magnetic field and thé vector 13

1d
connecting the i th and J th nuclear spins.
1 nition ¥ ana 3 they are
Since by definition 7 and d(s) commute, they are approximately
independent, being coupled only weakly in high field by the non-secular
perturbation.ﬁg(ns). Philippotgo has shown that 1if Ho is large and the high -
temperature condition above is satisfied, the Zeeman Hamiltohians l@ and
B .
;ﬂz in the absence of rf fields can be assigned spln temperatures inde--
pendently of the spin temperature.of the ﬁdipolar" Hamiltonian Mg(s) +
:HgB(s); :Hg(s) is responsible for the close coupling among sbundant spins
mentioned above, since the Iinxj terms cause mutual spin flips between
neighboring A spins}
If there are two speciés of abundant spins (A and A') in the sample,
| 2 " t. . -
HQA (s) will strongly couplelﬂg(s) and.Hg (s) since it does not commute
with elther of them. This means that in the absence of rf flelds there

exlsts only a single secular "dipolar" reservoir for all the spiﬁs in the

sample, with spin temperature T &nd Hamiltonian l%(s)z

Ho(s) = Hy(s) + 3% () + 3 (o) +3%(s) + 3 ).

The presence of more than one A spin species in the sample may increase the
sensitivity of ADRF.double resonance,‘since all A spin spécies in the totai
.dipolar reservoir will couple to the B spin of interest. Perhaps A"-B
couéling will compensate for the weakness of A-B dipolar coupling for ‘

 certain directions of Ho' : B

2. Formation-of the Ordered Dipolar State . ..

We assume that there is no quadrupole Interaction 1n the A Hamiltonian,.
elther because the A spin I = %5 or because the crystal 1s cuble. If the

A spin éystem is allowed to come into thermal equilibrium with the laftice,
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EA( ) and:%? will be at the lattice temperature TL _ Because EA >>-EA‘

" most ofzthe A spin order w1ll reside in the A magnetization, which is- shown :

parallel to the laboratory z-axls in Fig.. Ba.

If we now apply an rf- field with rotating'component H,, at the A Darmor -

1A

frequency, and view the A system from a reference frame rotating at this

frequency, the ‘effective field HeA = HlA wlll be constant and perpendicular""

) ! 3 L [ 4 . . g ) ..
~ to HO 51noevwe are on resonance, If HlA >> HLA and 1s applied for a tilme

+ - - T
tw = 55— » Where ® , = VA 17

90° perpendicular to HlA' If at time tﬁ,the phase of the rf fleld is v

. [+] & . - .
shifted by 907, HiA will lie along MoA'

thesis of a spin temperature in the rotating frame, the A dipolar inter- “:f

'actioanA( ) and.l@

Arf - 1B
rotating frame, but this will not change MA much 1f H D> HLA This

» spin locked" state wlll not decay except by A spinflattice relaxation, in-

1A

According to Redfield'sl6 hypo- v:f

= - I will come Into thermal equilibrium in thef‘;t

]

the A'magnetization MoA will rotate through

a time of order TlA If H >>-H’LA, the rotating freme A spin temperature

in the "spin locked“ state is then given by

moo_ AeB ; _EE
AT M o T << Tpe )
: oA 0 . S -
If 1A is now reduced to zero in a time long compared to T Tops the internal
thermal equllibration time of the A spin system, the demagnetization is

1
isentropic and the A system Spln temperature IA obeys the law: >

/

- 2 t2 .
Ta= § B *

PRAr

. where

(%)
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(@) SPIN LOCKING

90° A RF PULSE

Moa

90° A RF

HIA PHASE SHIFT H|A

(b) ADIABATIC DEMAGNEIZATION

A

o] HIA
(>>Hpa)
v H ())
) He() T

A2

XBL 676-4150

Fig. 3 ADRF process viewed from a frame. rotating
at the A gpin Larmor frequency
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and .

1t

Mf{ Yaler

The A dipolarvspin temperature TAi’ after ADRF, 1s thus
. i 13 . v H t ) ‘
(T,5) = T4 ) N 1 14 T .
Al - L\ H Ho L =

2 o)
+ t
Hig Hra
As can be séen in Fig, 3b, preferential allignment of each spln zav.long.H:LA

it

has been converted by the adiabatic demagnetization process into prefer-
ehtial alignment along the local fleld each A épin'sees at 1ts spin gité;'.
Since these local fields are random there is no nef magnetization agsocl-
“ated with this ordered dipolar state. This ﬁrocess'is called "adiabatic
aem&gnetization<in the rotating frame" (ADRF).6~

To sample the order in the dipolar staté an rf pulsebof width 6° atl
the A larmor frequgncy can be applied <11{§ 6 < g), which resﬁlts ir_l a
"dipoler" free induction decay of a characteristic shape6 (see Fig; kv),
- 90° oﬁt.of phase with the rf field producing it. The amplitude of this
' free induction decay 1s proportlonal to 3—%, where ?Af ié the A dipolgr'
spin temperature.following the double resbnance process. Another way of
éamplihg TAf which 1s particularly useful for fhe case of-severgl abundant
spln species In the same sample is to reverse the adlabatic demagnétization
process, lncreasing HlA until it is >>-H£A, so that an A magnetization MﬂA
" develops along Hypso Then if H,, is suddenly turned off, the A magnetiza-
.tion will produce an ordinary A Zeeman free induction decay, the amplitude

A
in larger signals when there is more than one kind of A spin, because all

of which is agaln proportlonal to T—%. Adiebatic remagnetization results

A spin speciles contribute to the order in the magnetization MfA'
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1
Fig, ba F ? Zeeman signal at detector; horizontal:
20usec/div. ; vertical: 2 volts/div.;

B | {1117 in CaF,

XBB 677-3643

Fige Ub 7o dipolar signal at detector; horizontal:
20psec/div. ; vertical: 1 volt/div.;
HOH[lll] in CaF,
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3. Mechanism of the ADRF Double Resonance Coupling ="

If an rf field with freguency fﬁo and amplitude PH, , large nompared.,

to local dipolar fields gpplied to the sample,vﬂgB(s) 1s no longer part of .
the "dipolar" Hamiltonian, but instead couples tng Zeeman energy of the B
spins.in HiE to the dipolar energy of the A system, The Bnrf‘field .
Hamiltonian can be written (neglecting theVéffect of Hiﬁ on the A:spins
benause oo 4 f

.B ’ . . :
‘}&mf;= VBQHIB cos(EWTBot),Sx.

In a reference:frame rotating around HO at the frequency fBo’ ana in the
same sense as the prgcéssion of the B spins aroundeo, one of the rotating
components Hlﬁ of the'oscillating'B rf'field is stationary. As the B spins
precess around HlB in the rotating frame, they produce local flelds os- |
c111ating along the H direction at their A neighbors. These oscillgting
local fields induce transitions between the eigenstates of the A-dipoiar
Hamilnonian.ﬁg(s); causing cross;relaxétinn.' If thé crystal is thought
of as broken up into subsystems,,eagh.subsysten containing one B‘épin plus
the average number of A spins per B spin,'then the dipoiar elgenstates of
':Hg(s) wiil be unknown, but their energies should be well represented by
a continuum, as in'Fig. 5,'because‘thére are So man& A spins per'B gplin
(~1540 in CaF,). Since HQB(S) does not commute with either-thé B Zeeman
Hamiltonian in the rotating franézﬁg;f,. |
5.
Hoe = Yfyp S
orIRé(s),IHiB(s)_induces transitions in which the A dipolar system goes

between two A dlpolar levels separated in energy by nyBHlé in the
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A
Eop

T\UJ|B . | | .‘ T\UJ|8

m-{

—— N (Egpp)

DIPOLAR ENERGY LEVELS. ZEEMAN ENERGY LEVELS.

XBL 676-4152

Fig. 5 General type of A dipolar-B Zeeman cross- -
' relaxation transition; N(E%IP)'is the density .
of A dipolar energy levels having A dipolar

‘ A
. energy EDIP
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"continuum",'and a B spin simultaneously mekes a transition between two
“of lts 28 +. 1 equaily4spaced Zeeman_leVels.inzHlB,f Iﬁ this way energy :

is exchanged between the A and B systems until they reach a common. spin L

temperature.

Ly . Thermal Reservolr Model of the A-B Cross-relaxation Process

<

: ‘BecauSe there is strong dipolar coupling between A spins and because
the A-B coupling'is a_small pertﬁrbation on the A dipélarISystémiif théva

..spins-are raré,'it is rea;onablevto'regard the A dipolér System as a thermal‘

” reséfvoir:with a 8pin temperatgfe TA(t)\which qhanges slowly becguse‘of thé
- A-B couplings The B Zeeman gystem does not have a similar mechanlsm for'  
:  réstoring Internal thermal_edu}iibrium if the B.systém is distuﬁbed-from a
Boltzmann pbpﬁlation distributiong , But_it ﬁay be possible to describe the
B éystem during crossérelaxatiog b& & varying spin temperature-TB(t), if
the ﬁ~system starts out in a‘Bolﬁzmann distribution and the matrix elementéi..

- of fhe A-B coupling are.proportiqnal fo Sg? Which_preserves a high-temperatﬁre'jA
 .:Boltzmanh distribution‘ 'TB(t) is then realiy a pérameter describing the | '
approach of'thé B system.toward ﬁhe A'spiﬁ temperature TA,'rather than a
" true spin témperatﬂre.. |

If we regard both the A:and B spln systems as thermal.reservﬁirs, tﬁe
lheat capaclty of the A reservoir-ﬁill be much larger than the B heat capac-

ity beéauseltﬁe:Bxspins are.rare. -We define the coupling rate WABAﬁ 7Z§
for the exchange of energy between the reservoiré; and dénote the ratio of

. heat cepacities (at the same temperature) by et

cy()  Cgh

B'1LB

e::—T-)—:: << 1,
Gl CAHLi o
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The ADRF process places the A reservolr in a state of low spinltemperature a
(see Fig. 6). When the B rf field is turned on the B reservoir is created,
with TB much higher than TA, and if fB = fBo and'H1

resonant AB coupling transfers energy from the hot B Zeeman system to the

p 1s not too large, ‘the

cold A dlpolar systéﬁ'with time consgtant TaR® If we can neglect A and B

spin-lattice interaction, the total energy wlll be conserved:

. EA<t> o+ EB(t) = const,’ .}-  <;)

Tap Tp = Ty

according to the definition of e, since E = -TC(T),

For t >> , and the energy flow will stop; in this condition

- | E T S | (2
If our initial conditions were Ep =0, B, = E, , Egs. (1) and (2) imply:
= L ;
E,(t> 37,4 75T Epor

Tﬁus a single cqntact 5etween the-cold‘A reservoir and'ﬁhe hét B reservoir
“will result in an unobservable change in the A signal if ¢ 1s small, It ié
therefdfe necessary to contlnually reheat the B reservoir and bring it into
contact again.and agaln. This reheating can be accomplished in several ﬁaysr
(1) 180° phaée shifting of the B rf about every v,n éeconds,e’u (2) pulsing
~the B'rf4on'for severai'fAB and then off for.Several T;%, or (3) continually
.saturating the B magnetization in the rotating'frgme by an gudio field .
parallel to Hos which satisfiés the’Redfield rotary saturation condition

® o = 7leB.6’7. Methods (2) and (3) have been mrticularly useful for the
case of Ca15 in CaF,y foy measuring ¢ and TAR® In a.ﬁime t ~ Tldip‘~HTiA’b.f
N= t/3 T,p Pulses can'be applied (if Tpp < ?AB)’ resulting in the

following deéay of the A dipolar energy:
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- A . B», o
RESERVOIR RESERVOIR
" 1.LARGE NMR I NUCLEAR DIPOLE- |. UNOBSERVABLE (MAY BE ,
SIGNAL DIPOLE COUPLING NMR SIGNAL RESONANT)
2. LARGE HEAT - 2. SMALL 2. SMALL HEAT ‘
CAPACITY PURTURBATION CAPACITY
'3.SPIN TEMP,  3.RESONANT AT - 3.NO SPIN
Ta

Wao - TEMP IN
| USUAL SENSE

XBL 676-4153-

 Fig. 6 ‘Thermal reservolr model of the rare-spin double:
' resonance process
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-t e/§“’rAB_

EA(N) - < 1 )N .'E e'-l\T = e
EAo . l.+ € o

Thus (e/jAB) 'is a paremeter characterizing the strength of the double

resonance rate.

B, Derivation of the A Dipolar = B Zeemsan

Cross-Relaxétion Equations

1. laboratory Frame Hamiltonian

Now we proceed to calculate the equation which describes.the eross
reléxation between the Caml6 Zeeman energy in theifotétiné frame, and the
Fl9 dipolar energy. Suppose thaﬁ we are doing pulsed ADRF-DR, so that |
when an rf pulse is applied to the sample, the laboratdry frame Hamiltonlan

EHL is given by

=1 H +31{_+HAA+-MAB+HB +.:ﬂgi.'f’ (3)

ui ZA ZB dd dd " Brf -

7, =
whére we neglect the spin-lattice interaction of both the A and B spins,
and negleét the dipole-dipole coupling of the'rére B spins because the
averége distance between B spins is sp large. l&A and l&B'are the Zeeman
interactiqn of the A and B spins with the laboratory magnetic fleld, ﬁgg :
gnd:ﬂgg are the dipolé—dipole interaction between abundarnt A spins and
between ébundant A and rare B:spins, respectively, and N%ff and Ngff are
 the coupling of A énd.B spins with the rf field near the B resonance frefv
quency. - The léboratory frame deﬁsity matrix oheys the equation:

dp




2ho

‘_Since theGAvande'spins are assumed_to»have‘different“resonance
frequencies, the B rf pulse:is far_offiresonance for the A spins and
has no direct effect on- them, so. }@Qf can be dropped from the Hamil~"

tonian.

2. Transformation to the Rotating Frame

‘The near-resonant B rf field in conjunction with the A-B,cross_
‘relaxation can cause a phase coherence to develop'among'the B spins,

and thus a large component of B magnetizationgprecessing,perpendicular

to the laboratory magnetic_field, But this implies that the laboratory ‘=[f ?f

frane density matrix P Will have large off:diagonalvcomponents,vso
the B spin system cannot be described by a spin temperature in the
‘,laboratory frame, Therefore;'in the presence of a resonant rf.fieldhd
. itris necessary to transform to.a'frame rotating with the in-phase
,‘comnonent of the rf field, in order to,obtain an approximately time-i,if%,g:
independent Hamiltonian whose.behavior can be-described byhslowly— |
vyarying spin temperatures.

The transformation to the rotating frame is accomplished by the 5,k

R}

operatlon

v o -1 .
L " .

where pﬁ is the rotating frame density matrix and .
T(t) = exp {+1(M wBs )t} . o - (5)

- One can derive the equation of motion of pR by using the definition (5) of

T(t) and the equation of motion (h) for pr,t
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dp!

a‘_EB' = -i[}{ﬁ: p{{] g o . (5&.)

The approximation in Eq. (5&) is the neglect of time dependent terms in
:H}E{ which are non-secular because they osclllate at frequencies of the
order of wA ’

ance' frequencles, Hﬁ is given by1

Bo’ which are much greater than any rotating-frame reson-

My = 3 U M06) e,

where
-
3:{Z = _-(.wBo ,"wB) %Szk’
Bt
Hope = s F S
Hi(s) = =z {Aij " +213A (LgTey * LT ;5)}’ 6)
. B ’ v .
SRORE 1%k Kip T1S0 ' (7
.and where
2 2
i Y #(1 ~ 3cos’ 613) o
A= T3 ”“I*Egy,_ (8
13 .
and

AR ' VA'y (1 - 3cos 911:)
ik © . D
' ik

e - (9).

Yy ‘and Yg 8re the gyromegnetlc ratios of the A and B spin specles, 6,13

%s the angle between the laboratory magnetic field and the vector ?i .j'
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connecting the 1th and Jth nuclear spins, and Iﬁ and Sh are the A and B

angular momentum vectors, respectively.

~ The two terms Mg' + EiB '-form-the eff‘ective' field in “the rotating
frame, which mekes an. angle e with the laboratory z~axis (Fig. T)e Since ﬁf*
the rf field H is chosen to be much larger than the local fleld at a Bi“
-spin-site due to 1ts A neighbors, to a first_approximation the strong
Zeemanginteraction With the effective fleld H‘B forms the B spin Hamiltonian B
in the rotating frame‘ Thus one must satisfy the larmor resonance condl-
tion in the rotating frame:- which corresponds to"yB o = Y not &i“= 7@ 1B
»The existence of a double peak as g is swept (for the condition ¢%udfv
“>‘YB lB)’ and the 0 # 90‘<> audio resonances confirm that'ﬁgs_is the correct:
zero-order Hamiltonian in the.rotating frame,-at least'ior'large HlB'(see -
Fig. 1). lt has been shown experimentally that.this‘approximation bresks -
down for small HlB 2l . ln order to single out the zero-order (effective‘ ’

field H ) part of the B spin Hamiltonian, 1t is convenient to rotate the

axls of quantization of.the_B spins through 9 degrees about the y-axls in R

(o]

. the rotating freme to lle along HeB’ _Defining. ® g = Amb + @y 7SO that:

1ng, ¥+ 3B 1tt
A@B = ®_ o cos@ and Wp = Oy s8ing, g .+ Spe can be rewr .en.4

Bt Bt R \
MZ' + HBrf = @eB(cos.e. s, * sinGVSX)'

-igs - Hes
y y

~ e . B e
= eB © - z . %

. :

“Thus the transformation R = o185y will make the new 2-axis.lielalong‘HeB;
Furthermore, since R is not & funotion of time and ﬂﬂg(s); Sy] = 0, the

‘new density matrix.-pR and the new Hamiltonian.ﬂéfwill be given'hy
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XBL 676-4154

Fig. 7 Definition of the B spin effective field in the
rote.ting frame s Hops ‘viewed from a frame rotating
at the B rf frequency g3 the z' axls 1s the frame
in which the zero-order B Hamiltonlan is diagonal
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dpR :
w10 eyl | (10)
and
vl
3 = Rr(6) 3 R7(0)
< B
R RS )
where |
¥ o (s MB 1 g cost = coso ¥ (11)
dz 1,k ik “zizk v 1z’ :
o |
Hox -<i§k A Izisxk) Sing = -sind Xy, RN
and ’
5 |
Jie = =08 . (13)

5+ Spin Temperature Assumption During Crosg-Relsxation

The question now.arises a8 to whether both Jig‘z and :&g are perturbations.
Note that ﬂﬁ is coupled strongly to :Hg(s), since [Hg(s), ﬂg] 4 0, but it is
not coupled to Hfa 312‘2 corresponds to the component of thg A local fileld
‘. whiqh is parallel to HeB at a B spln slte. Hg: does not transfer energy into
:HB, so 1t should be a good é.pproximation to lump it with Eg(s) into a "Epin-
spin" reservoir MSS’ with a spin tempefature TSS' The rest of the A-B
céupling, ZHAB, gives the local fleld component perpéndicular to HeB; and

dx
this component is the perturbatlon which ié responsible for the cross-

relaxation energy transfer.
4 At thls point we must ask whether we can deseribe the energy changes
which ta.ke'placé in the spin-spin and Zeeman regervolrs by slowly-varying

spin temperatures. ' The spih-epin reservolr has s mechanism (in the form



3
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of the A-A mutua} spin_flip) which can reétore a Boitzmann population
distribution if the spin-spin reservolr is disturbed from thermal equil-
ibrium. As long as-the cross relaxatlon rate is much smaller than the
thermalzéquilibrati§n réte of the spin-spin reservolr (T;§'<< Téi), we

can use the spin temperature approximation for the changé of l%sx

4((s) +H)

PR % PrPss pBexp{ & TgglE) } /1.1
: r

(1)

' Note that the Eq. (14) implies a SPatially uniform spin temperafure
for(%he A spins, which_cannot'be true for those A spins near a B spin, as
discussed below in Appendix A. But this approiimaﬁion 18 surprlsingly
Weli Justifled in CaFe, as shown by the‘experimental results.

Now we come to the questién ofiwhethef the growth of the B magnétiza-

tion along He can be described by a spin témperature, TB(t). When 6 = 90°,

B
and.fhe Nﬁﬁ term in the Hamiltonian vanishes, the transition probabilities
(to the second order in Hgi) between the B Zeeman states in the rotating
frams are proportional to |{ m ISX [mg) ]2 . But these matrix elements
are the usual ones for rf saturation of a ‘spin system and will preserve

& Boltzmann population distribution if the B system starts out in one.

Thus for 6 = 90°, and MB(initial) = O(TB = », that 1) we should be able

to use a spin temperature for the B system during'croﬂs—rélaxatioh, be~

cause the B system starts out in a Boltzmann distributlon, I1s maintalned
in one by the perturbation, and tends toward a Boltzmann distribution as
TB approaches TSS'

For 6 # 90° the situation is not so clear. -To second order in the
small quantities_l%x? Lﬂég‘ the above arguments hold, but to third order

there exists an interference between l%x and (l@i l@i)vwhich glves transition
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probabilities proportional to (m’l S ] m )( m'[ S ] m") . ( m"[ S [ m) e

These matrix elements will not preserve a Boltzmann populatlon dlS-

tribution, but their effects may be small if the A-B coupling is really a gfu'”'

small perturbation on the spin spin system; so that: perturbation theory to

second order 1n:HA is 8 very good apprOXimation. For the time being we
will assume that the B spin system 1s still described by a spin temperature.b
| TB(t) during the cross-relaxation process, even for 6 %'90°. o
To describe tne'cross-relaxation process, we will then assume that the

' density matrix of the ensemble of A and B spins is given approximately by:

3o ﬂB v | - ig;l
oxp { o ( :: - Em ) } (). o

It

pg(t)

where : _ ' S

B o ' -
Hog = H(s) +30, DT CLO
v and:HS is given by Eq. (13). We are interested in calculating the change = .
of :HSS caused by cross-relaxatlon, because the velue of Tog at the end -
of the B rf pulse determines the size of the dipolar signal obtalned from_},

the F*2 nuclel (this neglects a small increasemin T.o» Which occurswhen'.'~

Ss
l%s comes into thermal equilibrium w1th.lﬁ' within a few T2A following the
end .of the B rf pulse; this change is associated with transient oscillations
described in Section II.C and is of the order of (1L + 8), where

b 5 (ogyfed) s 207

4,  Solution of the.Density Matrix Equation

'Since we.are interested in calculating the change of one of the zero- .
‘order parts of the rotating frame Hemiltonion HR’ it 1s possible to derive
an equation of motion for the approximate density matrix pR(t), which is

accurate to decond order in the perturbation'ligi. This equation of motion: .
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for p, can then be used to derive equations for (M) end (M, )., which’
we can solve exactly and compare with our e@erme_nta.l'results. To derive
this equation it is useful to transform out the rapid time dependence of

MR caused by :Ho = MSS + 3:{]: ,'so we make & transfoma_tion to the interaction

represéntatio‘n', where the density matrix (p*) is given by:
px() = T 8) g ()T (16)
I R I ' : .

where

"_vL‘I(t) = e;cp'(i Ho,t) . _ (17)

As beforé, the equation of motion can be obtained from the equation for

Using Eqs. (17), (16), and (10) we have:

pR'
* X ’ '
o= = 1M (1), o1, | (18)
where ) , iﬂ » ' |
' ~iH %
- ,
W) = et M e
Using
. = . B : ”
- S Blgg H1 =0
and ,
;iasz +io, -
e T 8,e = (S 1 COS + S sinoz)-

. L <
we can rewrite ¥ (t) in the form:

| :H*(t) = -s.ine(:ﬂ]x(t) cosw b + :ﬂly_(t) sinw;B_ﬁ), - (19)

where

AB |
H(8) = 43y Ay T,4(8) Sy

() - (y)
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210 7S e :

As we'see from Eq. (19), lﬁ(t) contains two kinds of. time dependeﬁce:
& coherent oscillation at frequencyiweB.associated with precession around -
HeB,‘and an approximately random fldctuatihg field.given by Izi(t). The

AB
ik "zi

" quantity $ A,, I .(t)/yB can be thought of as a fluctuating local field .
z a8 a .

~at the kth B spin site caused by its A neighbors. If we lmagine analyzing '

Izi(t) into its frequency components,‘the coﬁponent at CRS will combine'with_

the coherent oscillation at wéé to give e secular perturbation which changes

p*(t) slowly; but the effects of the fluctuating components of Izi(t) at

-

other frequencies than W will average to zero, even when combined withA‘l '

B
the coherent oscillation at wéﬁ”

We can characterize the "slow" (slow compared to wg% and the corre--

lation time TC of'Izi(t))ﬁime-development of p*(t) by plotting one of the : -

‘temperatures which appears in it (see Fig. 8). Egquatlon (18) can be used "

to calculate p*(t + A) if p¥(t) is known, and an equation for the diagonal

* * .
part - of %%E to second order in ¥ (t) can be found, which averages over

o YR _ . ,
the rapild fluctustionscof # (£) to find the long-term effects on p*(t).

- In Appéndix B a crude but hopefully understandable derivatlion of the

do¥*

: approximate equation (the master equation) for the diagonal-part of =

is given; for a more complete treatment of the derivation and examﬁles of

« 23,24 6
its use, many references can be given. ;’2 ’25’26'

The result of Appendix.B is an equatidn of motion for any operator

C , : . B
Ovhich commutes with both zero order parts of the Hamiltonian (l%sy l%):

LS
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Fig. 8 "Diagram of various times involved in the
cross-relaxation calculation
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d . o o S .
FO= e { [H*<o ) B2, 9(6) ] TN
Since we have assmned that pR is- given by assuming a spin temperature for.

ESS and :H during cross—relaxation, Egs, (16) and (17) state thatt

*(t) - (t) e |nfs 3 | | by
- p¥(t) = pplt) = expr{ - —-;I.-S- '.ij"]'a' ./T;'_ {1} . “ _ (23—)' |
Since i’imm, T, << kTA, kTB we can use the high temperature expansion
for p*(t), so that Eq. (20) becomes (with O = :HSS) .

where
a=Tr (1) .
B B ... - O
g N i 3 Wy By N (Mg, 5)
kT kT, ° kT., kT .. kT R

ss .- B S8 B B

so that Eq. (22) becomes

IR

4
at <3”‘ss)

'EE_ f: at T | Mg [m(b)‘3 [34*( ~7)s ﬂes]] Tos - Th

o, ) e | |
But 1t can be ‘shown” that the second term in Eq, (23) vanishes, since 1t
_ is proportional to the correlation function ef':lf*(’c) for T > 1, the

o - *
- correlation time of the rendom function H'(t). This result is to be ex-

pected on physical grounds because Eq. (23) then implies that cross- -
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relaxation stops when the épin-spin and Zeéeman systems have reached the
same spin température.
To relate the left side of Eq. (23) to a spin temperature we use

Eq. (21) and the high temperature approkimation to glve

’Qiss) = Tr {'pRﬁSS} = Tp {p*JiSs}

e

H 2
OszSS 8s

so that_

dt

. @)

! I | jo!
—a—E‘(hﬂSS):-* Tr {:H }

ok

Using Eq. (2L4), Eq. (23) becomes sn equation for the rate of change of

26 ,
TSS! | _
L (x )_ f ar TT% ss[ﬂ*(O) [34*( 1), :ﬂss]]i < 1 T;) E
Tr:ﬂ . : .
(25)
R R (26)

When we put in expressions for ¥ (t) from Eq. (19) we can write the

trace in Eq. (25) as:

T 3iss i:bl*(o), I}_‘*("T) vﬂss]” |

Tr.

i . -
g [Py [Hnter) oo | } coms 3
= sin°0 . W (27)

Tr as

N @lx’.-[‘ﬂl.y(_fr ) :uss]] } st 1
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The ¢ommutators appearing in fhe correlation functlons above can be re-
'duced-to_time derivatives of the correlation functions by noting the
followlng relatlonships:

d : o d
'&?(%x('.”) s @

(28

1

USing the relations

!

e (4 [B,C])

-and

|

S mE - - BAT . (0)
wé find o o | v L f

Tr {_Jiss' M., [ﬂm(_T), " :&S.SH}.
= I { M, | Mg '[Mss’ 'Hbc<“7)]] } :

Usiﬁg Eq. (28) twice enables us to show finally

'Tr%@ﬂss.[ﬂm [Hmﬁb Mss]]g o N (1)’

S . dg ()

- d X L
e e Tr - (-'r)} ) B - gy
. art o ar

_and-

= (=1
{ 3:[s o '[ngy( "‘)’ N’ss]]}
(=

. o i :
= i—-é- Ty (-T)%) E-i:z- gxy(—'r).‘

Tr {[4,B] C) ;1 . 3 . (29) -
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But it can be shown that gxy(—'r) vanlshes, by consldering a rotation

of the entire spin system by 180° around the x-axls?

I »:I- . 4 S —» S

X X X X
T o I S - -8
v Ty ¥y~ Ty
IZ -3 -IZ | SZ e d —SZ

. Under this rotation, J‘lA(s) s B and H._ are unchenged, but M. changes
L Ty S\l Fag 1y 1%
sign. Thus gxy(-"r) = -gxy(—'r), 80 ﬁhat gx_y(-'r) = 0.
Before attempting to evaluate gx(—r), we flrst note that it 1s even

in v since

i

g (-1) = TeOL M (-0)) = w0l (0¥ )
+Z[J3I T -mss‘l'

= Tr(}{b(e S8 :Hlx e }

g}(('f)»v

We can also show that the cross-relaxation rate 'r;; is proporﬁional '

to the Fourler component of the 'ﬁuctuating local.field at ®,p the B spin

Larmor frequency in the rotating frame. Using Eqs. (27), (25), and (31),

we find:
2
e o dTg (7)
Io dt sin"6 :1—-5—-‘——-— cos ® o7
£ - . T (32)
B T (o) -
S8

If we integrate Eg. (32) twlce by parts, using the results that gx('r) is

even In T and approaches zero a.symptotiéally for © >> Ta = T'EA-' we find: -

I ‘,. 2 | 2
i -gin eweB 00

€ . ’
S [ at cosw__t g (T) - ' (33)
TAB Tr{J_:{SSE] ° B X .



Thus e/TAB) is proportional to the gpectral component of the fluctuating

v local field at frequency w,

In prlnciple one can eveluate the correlation function g (r) exactly,3
but in practice the Hamiltonien terms are so complicated that gX(T) can
only be written down for small T. It is thus necessary to assume a func- -
tional form for gX(T), and use the expansion for small T to find the
constants appearing in the functional form. Expansion‘of gX(T) to order
Tg'yields the following approximatiénx

o -
g (r) = g(0) T-—5)
- T
c .
In Appeﬁdik c the following expresgsions for_g(0)7and'7c_2 are derived,

along with values of the lattlce sums for the case of'Cang

slos(0) = () ee  (h)

'Tc(e)-e =" % ; [Hss’ Mlx]ég/']’r ;3:(1225 ‘

Suppose Wwe let the assumed functional form of 8y (1) be given by

g(r) = g0) (). 5)

UsualLy the functional form assumed for f(?) is a G&ussian in 712 11,26

or) = o e

- If we insert this_into Eqe (33), we find that'the cross-relaxation rate

should be g Gaussian'in ¢EBX

. \2 2 !
e "wéB'Tc /4
ThB
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But the experimental data, as seen in Figs. 43 and hh, fit an exponential -

function of @ mich better. This implies thet £(T) is closer to a

Lorentzian in time:
‘ -1
2, 2
£((r) = (1+77/7)

If we assume that f(7) has this form, and use Eqs. (34), (15), (11),

and (6) and evaluate the traces explicltly we find as before

2
CBHeB

e = X

LA

2 ’

: =L
T :
but for AB

5 | w7 (8)
o S GRS~ 2 . eBe
Tyg = 5 sin"o <AwB>BA.Tc(9) e
Here C, and CB'are the nuclear Curie constants, HLA'is an effective local

field for the A splns given by
L 2
e

2 2 | : 19
- and QNQA)AA and Q@b BA> are the V@n Vleck second moments.

1 2 2

If we calculate Cﬂz ) in & similer manner from Eq. (20) we find an
equation (36) analogous to Eq. (25) for %E <l/TB)' ‘Equations (36) and
;(57) can be used to calculate the behavior of the A dlpolar and B Zeeman

systems during cross-relaxation, when isolated from the lattice:

9.1._<_;1_.)=, - S < (36)
dt Ty TAB

= ]
i
B
o I+
g
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Fquations (36) and :(57)varé: the foundation of. thev. "a'nalys;is vo:f‘ our dou'ble'}
‘resonance data. Their solutions with audio saturation effects and A spiﬂ; :
-latﬁice relaxation'faken into account ﬁiil be discussed in Sec. II.D.4 andv'
II.E, and comparison with experiment ﬁili be made.

Equations (36) and (37) are a special case of the equations.derivedv V 
bvachumac’her27 fo aescribe'éross-félaxation betﬁeen the‘Zeéman energies -
of two spin speciles in low laboratory magnetic field. The sets of equatioﬁs‘
are the same,:because they both freat the cross-relaxétién as a small per-
turbation 6n the main energy reservoirs of the two spin systéms,vand bothg_:
assﬁme_spin'temberatures for-the'energy reservoiré during relaxation;v
‘Although he gave theoretiéal'expreséions for TAB'l'and;e TAB-%’ Séhumécher:'»'
did not calculate them:explicitly;' In his work he was concernéd with strongi'i
spin—laftiée interaction, wheréas We‘are'intérested in spin-lattice inter;v'.hu
action'only as a 'small perturbafion on the‘simpie equations (36) and (37). )

We note here that for ouf purposeé it has been necessary to make a .
 , more ;ccurate calculation (to < %-% error) of the Van Vleck second moment

formula for a simple cuble lattice. Van Vleck28 finds

b2
_ 2 7 bbb N : v
| (e, ) o= 1—6_& (12.3) (o + B f.y - .187),1(; + ,1),‘ f

while we find (using a computer to evaluate the sums in the {111] and [110]
.directions to r < 5a, and making an integral correction for farther neigh-

bors):

ho o . '
2 My R [ (o + 8"+ “’h)v - 1948) ] .

a

M
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This additional accuracy has been necessary because for large ® B’ a small.

error in the value of T (in the exponential) produces a large discrepancy

, -1
in-TAB .

5. Relation of the A Dipolar Correlation Function to the B Spin Free

Inductlon Decay

Instead of assuming a functional formvfor the trace obtained in the
eTAB-} calculation; we can apply a method.first used By Clough to calculate
the relaxation time between dipolar energy and rotating;frame Zeeman energy
of an abundant spin species.29 If quedrupole and Hb inhomogeneiﬁy effects
are negligible, this method relates the unknown correlation function in
the limit 6 —; Oo, to the ordinary free induction decay of a trenSverse B
magnetization in high field, ' .

If we calculate %F (Sz) instead of %E CHSS) by the method of Sec.

II.B.4, the same spin temperature and commutation assumptions lead to an

~1 -1
expression for TAB Ty insteadvof GTAB b
SRS - WA ‘ BRI
TAB‘ = sin™6 {S dT:gB(-T) cosméﬁT, (38)
:n where
o e . a1 2
gB(»fT) = .'I_'I’;{_SZEZH. > 3:{13{(‘/7)) Sz]] /TI‘ {SZ }
: T + T
M (_’r) = ei‘HSS . 3:{ e mﬂs .
1x o 1x ’
- and 4 ] o
H = Hg(s) + cosf 32{12.,

ss
Clough pointed out that for 6 # 90° the zero order spin-spin Hemiltonian :

:HSS is related to the perturbétion Hamiltonlan l&x through



~lhoo

:}ﬁx:f_iﬂﬂss’ S&]/6036; 

since

mg(s), s1=0.

Using the invariance of the trace under- ¢yclic permutation of the

and using
| [M_sé’ 5,1=0,
gB(—T) can be rewritten:
| 2 c DRI i'mss’r
, Tr{sz}gB(TT)'*F?*: - Tr{[Sz, }&xl e

But

[sx, Mg sy]] =108, %

so that Eq. (38a) becomes

'. 'T:',.':::zlf.? Tr{si} 83( -T) =coan29~'1‘r {Sxtyss? :Hss’ Sx(n.r)])” |

where

- r MY 7

ss 88 .
Sx(-T) = e S .

" Direct differentiation shows that

. 2 N
- - d
[}iss; Mss’ Sx("'r)J = 75 Sx(-'r),
' _ ar .
8o that gB(-T)'becomesf.
. , |
d 86( —'f) d2-

87 =t = - Ly ()

ar

operators,

+£Hssf} .v (38a)

Xe SN

o

et s e i v = o o 1y . et et o e aoe a1
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where ‘
_ 1N o7 ~1H o7 5
ge(T) = Tr~{SXe_ S 8.8 S } /Tr (Sz} .

, ’ ' ag,
Integrating by parts twice in Eq. (38), and using the facts that —Eg (t) = 0

at T = 0, and_ge(m)‘= 0 yieid:

-1 2
TAB weB

]

2, & '
tan 6, fo ar cosw .7 ge(T)

it

'2 —2 '
® o tan 9@? O(wéB)'

At 8 = 0°, the funétion ge(T) is just the dipolar-broadened free in-
duction decay envelope of a transverse B magnetization,l9 andﬁé'b(wéB) is
the ordinary B line>shape relative"toano. Since the B resongncé line is
motionally narrowed by mutual spih flips between A spins, and experimentally

. "weBT ,

we know that for large ®, 5 T;; x e €, it is reasonable to use for

dyo(weB)'a functional form similar to that of Anderson and Weiss,Bo but with

an exponential instead of a Gausslan to cut of f the wings of the Lorentzian:

% (o) - (0 7 (0) (1 + 6y 5(0) )T e

where - 4
2
)

B Te?

-1 T
T-(O)cé-(Aw o

2

and N(0) is a normalization constant, If we generalize)ﬂ%o(wéB) to include

0 % O°'by assuming Tc 1s independent of 6, and thus replacing TQ(O) by
1.(8) = T,(0)/cos?8
2 ar=/mTm

- we find



R

R
057, MO)ey 7,%(0)

2,
-1, . sin O eB ¢
T . (9) w )= e g L 2
_AB : 5" TQzQ: : ' cos 8 + wiBng(O) -
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But as in Sec. II.B.%, use of the Fourler inﬁegral theorem”™ on the general

formula (38) for TA% requires that

-

1

() st0%0 = 2 [ an_ AB( ) (39)

sin GgB(O) 5

_ 2 N(G)singe ® ax x° e 7HX
CTonB0) o (8% k)

where p'=vTcT271(O) and B - cos 0., Therefoie, N(G)‘iézig-

M) = 1 - glet(Datn £ - si() cont) |
- whére v  | | '
- eorfor 7, h0) - Tendfo rf mly,
i) = - [ Soat a, _
and

. o .
si(x) = - [ SE g |
X - .

At 0 = 90° TAB reduces to the gimple éxponenﬁial, gince g =

LT 2 eBc - o
| -1 S
but for 0 % 90 T (9 O) = 0. TAB increases, proportional to ® 5 to

be within lO% of the exponential form Eq. (39a) if ® > 5'cos26 Tg"l(o)




b5

(that is, ® 5> 2m(2kHz) for 0 = 50°,'parallel to‘Ho[lll] in.CaFE).

B
Even when ® o >> 3 cosQB;TQ-l(O), there is a deviation from the sin-8
law because of the normalizatiph'requirement on-the T;B .spectrum, since
for 0 # 90°, N(6) > 1. Figure‘hé shows this deviation from the sin-0
law for Ho pgrallel to [lllj in CaFE. If inétead we use the calculated

TC(G) when we define T2(9), the deviation from the sin26 law 1s still large,

'C. Transient Oscillations in the Rotating Frame

L. Qualitative Descripfioﬁ

When no rf pulses are being applied to the sample, there is a éoupling
befween the spin-spin energy of the Fl%:Hg(s),'and the spin-spin energy
between 7 and Ca%agMgB(s), impiied by ﬁHg,;HgB] # 0. This coupling
briﬁgs these two parts of the Hamiltonian rapidly to a common spin tem-
perature, in a time of order TEA; This process can be viewed as follows:
The Ca%éépins have a long spin-lattice relaxation time (TlB = b ox 106T2A),
and the Ca-Ca inte;action is negligible (TQ(CaQCa) = lOYTQA), S0 between
BRF pulses the <Szi> for each Céh§ spin is a constant, to a very good

‘ 3

 approximation. Thus for times of the order of TEA’ the Ca épins produce

fixed, inhomogeneous magnetic fields for their Fl9 nelghborg. But the Fl9

neighbors can adjustvto these fixed magnetic fields in & time of order Tpp?

through the Fl9-Fl9 mutual spin slip process. Thus after a few TQA we can

say, approximstely,

o2 exp (n(is) + M)A o)

The order repreéented by thils low spin temperature corresponds to a

non-zero, time-averaged Fl9 local fileld In the direction of each Cza.')'L5

b3

v Spinv
This may not éorrespond to any F19 magnetization 1f the Ca ~ spins are '

randomly oriented.



“between all spin species must be considered a single‘thermal reservoir,

. Cah5ymagnetiiation'along HlB’ which-decays to & steady state value because

6.

Therefore in- d01ng ADRF double resonance, as long as no rf pulses are-

actually belng applied to the sample, the secular ‘spin-spin 1nteractions

The spin temperature T of this whole spin-spin.reservoir determines the -
size of the’ dlpolar signal dbserved from a single spin sPecies, when &

resonant rf pulse 1s applied at 1ts Larmor frequency.6 ‘Therefore a double

‘resonance effect (i.ev, a change in Tsé).will-be observed whenever this |

spin;sPin~reservoir is disturbed in any way,;>The "secrambling" in an »rf -
pnlse'of a'part of this reservoir°(the,secnlar part of‘the dipole-dipole o
coupling-between Ca and F spins) ls responsible for the transient oscill-’
ations in the rpﬁating'frame. | |

The physical’basls~of this”"scnambllng"jeffect can be understood‘as
follows: When an rf pulse near theCa15 larmor freduency is apélied tottne"
sample, the major transfer of energy takes place between the dipolar energy -
of the F 9 nuclei, and the Cal‘L3 Zeeman energy in the rotating frame.‘ But
1n1tially there exilsts also the spin—spin energy of the Cauj

in the ‘local field from thelr Fl9 neighdbors, and when the B rf pulse is

~ applled, these Ca16 nuclel precess in the resultant fleld composed Of.HlB o

_ and the non-zero-average flelds from,their_Fl9.neighbors, (see Fig. 9).

The magnetization components perpendicular to the plane of the paper cancel,

for spins i(HlB)'. This precession leads to an oscillating component‘of

. Thus the‘sﬁin~sPin interactionlof the F19 nuclel quickly restores Internal

thermal equilibrium within the 77 dipolar part of the spin-spin reservolr,

‘when the'nature of the spin-spin reservoir is‘perturbed by the actlon of the

external’fleld HlB'

20,18"

nuclel aligned R '

. the random. fluctuations of HLB-dephase the different B splns as they precess.17 .
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Flg. 9 Precession of two different B spiiis in their
 instantaneous effective flelds , at beginning
of the B rf pulse (AmB = 0)
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If;wle>>~wLB and wiA, the average field‘which the Ca 2 spins produce

=2 neighbors approaches zero because the F

. at their I sPins cannot follow

the ca™ local field, since w, > 1/, - Thus for times long compared to

1B
CHAB) — 0, and the energy which formerly resided in the CahéF*9 spin-'

'-}TQA,
spin interaction is required by conservatlon of total rotating frame energy
to reside in_the Cah5lZeeman interaction in the rotating frame. But the |
transient osclllatory eXchangerbetween'the 0545 Zeeman energy and Cah3- 9 |
lspin—spin energy is very small because only a very small part of the initial '
"spin- spin order can be . destroyeda ' |
The usual cross-relaxation energyVexcnange produces_the‘major double-
' resonance»effect,band this nrocessican 5e'made very weak for short‘tines
by meking T AR VEry longa Thatvis, ihe spin temperaturevcorresponding tofift_;
the»Fl9'signal we observe is determined not only by‘ﬂA( ); but to a small‘vi
extent <CﬁAB)/CﬂA) < lO-.3 ) by HA (s), as well. TFor the ‘case H g > HLB’e'%
the destruction of order ocrresponding to these transient oscillations A
increases the_observed (ESS)E hCHg(s) +:H3B(s))- by an amount correspondingla

to:ﬂgB(s) ~>O.v Since nCHgB(s)) i< ﬁCHi(s) +:H3B(s)) = E, only a

- small heatling of the Fl9 dipolar reservoir is possible.

2. vcalculation of the Transient Oscillatilons

This snall:effect can be made observable by applying‘gggzvshort Brf
' pulses.to the‘sample after ADRF, and observing the:resuluant destruction -
of order in the spinfsbin sysfems. Figure 10 shows one of these E rf pulses
and the'accompanying-values of spin-spin and Zeeman,energy; _The time'T
between the pulses is always > T ops T2B’ so Just before. a B rf pulse is
applied (t = -Bt),ZﬂA( ) and lﬁB( are in thermal equilibrium with each
other at a spin temperature (T )ii as discussed above. At t = O the B rf

pulse begins and the rotating frame Hamiltonian changes from ﬁA( ) 4'&@B(s)
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Fig. 10 Properties of B‘rf pulses applied to observe
transient oscillations in the B rotating frame;

Eqq is the instantaneous spin-spin energy



;50- 
ﬁolﬂg(s) +ngB($)‘+:H§ ;'Cﬂg(s)),(ﬁgB(s)),.(éﬁdeHg}', evolve under this
. Hamiltonian un_‘.c,i_l',the end of the B rf pulse (t = %-ét_) s whefe T > Tyl
‘e density matrix t?eatmeﬁt gf this evolutiénrvélid for H) 5 >>-HLB‘Qill be
given below. When the B rf pulse is turned off éuddenly, no change occurs -
in the ekpectatién values, éxcepﬁ that work is done on the B ffisystem éo.

.that the CahB-Zeeman.energy goes to zero:

e'T~

t = T- Bt ( -

£((s))

Bot ) +5Q%(s)),_ + 50E),

oot Jmt = ﬁ?WQI(s))_T; + ﬁ(lig‘]é(s}),,-

b= T+ Bt (B

But for times t ~ TEA:<< Typ» Typs the spin-spin interactions are

iéolated, and the total energy'iﬁ the rotating frame is.consefved. Afﬁef

a period'of several TEA,:HQ(S) and MQB(S> have again come to a common spin .
.temperature (Tss)f, so that
) ROy B, \rr S SR
R CHORE A (s))/zg(mss)f}/m(l;, (k0)
'TAf detefmines the size of the Fl9 signalﬂmeaSured after the B rf pﬁlse;
and we can cealculate TAf by using the conservation of rotating frame energy

during the thermal equilibratibn_time»just after the end of the B rf pulse:-

T N

n

1

5,01 = (3,

or

R+ G, = 06y + M)y

e

Lot +28%0) (- 5Pl o ehace )

1



~51- |

Thus to calculate the decrease of SA'by this process, 1t will suffice to

calculate CHQ(S))T; and.@ﬂgB(s))T_ in terms of the initial spin tempera-

- ture (TSS)i before the B rf pulse was applied.

Since the change in Tqq Produced by this "scrambling" of the weak

A-B Interaction by the B rf pulse is small, we can define

s,(6)  (rgg)y Ry
then :
(0 -5, (g, - (1/rg0);)
5,0 7 (Mgl

(e P .1) = -Rp'(rr).' |

n

Calculation of Cﬂg(s)) and CHQB(S))

During the B rf pulse'the density matrix of the spin system.chahgeé

according to the equation
SE

dp., . |
R

where -

. ol :HR = h(}ig(s) + MQB(S> + :H?),‘
":Hg(s) and MQB(S) are given b& Egs. (6)iand (73 an@ N

B A
Ho o= - vgHpg = Syt

As mentioned above, we need to calculate
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pR<r> (MA +MAB s)){
Since in.thesé-eXpefiments;
e o GBS AB
) > ol SN . _
Hp 2?2 g»,HLB, | 54, then Zbleﬂ» Jig (s) _
'so it 1s useful to transform to the interaction representatlon to cal-

~culate pR(T).. If p* is the transformed density matrix, then

Rl

) e-'fT(t)' a(t) TH(E)

s0 thét

L) - TH) M T L ()

where

0(e) = o 1) <)o o
‘:Thén‘b%(t> obeys o ‘ |
. e i"- ’n . v:, N f.. E SIS
S -apfw), o1 B
Wi(e) = o(e) W) THE),
and>uSing- : -
é-iGSx S-e+iOle = 8 éose - Svsine,
7 b4 Y

PRI ':H*(t) = Z AAB i(t) (S cosaiBt - S sin )

= H(8) comyp - M (6) stney . ()
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 Here we @efine . _
1 i(t)v,g e;cp(i Ng(s)t) _izi exg (-.1_32(3)1; ) .

The sum Z Aﬁi Zi(t) can be regarded as & randomly varying local fleld

at the kth B spin site. Now we can calculate CEA )) + CHAB(S)) , by

Egs. (42) and Tr (AB} Tr {BA} :

0(e) + 1) - s () + M)}
{lﬁb (+) } + cosw, ot Tr{ l<t) p (t)}

O N £ N CO 0% S C©)

Equation (45) is still eXact, but we now need to solve apprbximately

for p (t) as a power series in the small perturbation NgB(s); by iteration .

of Eq. (43):

* * . s ]
NCIEFAOREY @aﬁ‘(t‘» (0)]

+ (1) f f e 1), B, o)1)
. (46).
vwhere p™(0) 1is given by
| Mi(s) + ¥
oz i | 1. )) 7

Tr{l} { © " k(Tés)i
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(An additional term - h’wBoSé/k Tﬁi -can be added to p*(Q) to account -

- for an initiel‘B magnetizafion along,the laboratory z-axis, but it doesA

© " not change the:results»ﬁOBSecondhorder in,'HAB s).), Putting Eqs. (M6)

. and (47) into qu (45) and keeping only terms which are second order or

lower in ﬁA the following expression for (hCHA( + lﬁ'(s )) results

" from & calculatlon which does not 1nvolve any further approximations (an ,_; N

example of each of the features of the calculation.will be gilven below)

Wln.ere. - o : |
s ,
o s m T AN
a = Tr 1y, . i
A o
MO = - Em T ) oyt
’ M)t iMA(s)t
EORE 2 ON HE(s) e .
. = r £¥ c-osw gigiq_')-‘ ,
YB(t) ——-(_—Tss - fdtf ;d'r‘ o, T yu-aatl

- To demonstrate the calculational procedures ‘involved, we will carry

. through the most complicated calculation in Eq. (48), that for the term

| B(t)“above. It originates in the following term of Eq. (45) above:

Lo < D o0, .

(%9)

’{ﬁ Jig(-s) +'3i33(s) o= c + A(L) + B(t) :(ﬁ8>-f“ﬁ,:‘*}‘ N
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First we put in the explicit forms of M* and p*(0) from Egs. (44)
and(h?),and use the fact that some of the Tr { } Vanish, to reduce fg.' -

(M9) to the follow1ng forms
angg—yj J/thﬂ/r_ at" [Tf LEA( )&H (t* ),ﬁH (t")ZHA(s)]]f cosay ttcosa) tn
ss’l o o » .

3 lﬁxs)[ (6 )13, (") 1%( ){]$ sinwiBt* sinwi t"] (59) 

. Next, using

Tr(BAi = Tr{AB) o o - (51)
and . | |
T, o) B
Eﬂg(s), e © J -0

we fiﬁd, for'i = l;‘2r
= 434000) [ 3, (600, 03 { - = Trfﬂvf“‘( o),y (675" ), By () ]f

| | ()
Using the inverience of the trace (52) under a rotation of the B
spins through 90 about the x-axis (so that y =z and Z —>-y) and defining

T =t - t" we see that

{[14{; #), 3,00 | [34ce), ¥ <~r)]} - Tr{[:ﬂ‘*( ), ¥ o)] [MA<s>, ]}
- (53) -
50 thaf‘the two correlation functions in Eq. (50) are actgally identicals

 Teking account of Eq. (53), using & trigonometric identity, and changing

the varilable of integration in the second integral, we find that Eq. (50)
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becomes s

-

g [ o e o, 0] (o | o
: | | (54)

The trace in Eg. (54) can now be rewritten, using Eq. (51) and noting

© that

. dt :L<t> w W) - | o .3“(1'“)]
- we have - . _ _ , _ \ ; IR
. gfﬂg}(s),ﬂff(s)J mg@)-,aai(-r)]f ;i%rgﬂg%s,) S (b
. . . L

~§_?__ B s =d2g7
= =5 .Tr.{ yg.(s)l&ﬁT)} —‘—g;é*%  .f

dT

" Thus our final expression for Eq. (49) becomes:-

oo @%g(ry o .

att ar w, T Lelr) o

ss i f f coé 1B d‘7'2 b4 » . ‘ . (55)
',whefe, | :
8(7) g5 Tr 5 ﬁiB e _}ﬁ e ; 8X<Tf

This term in (h(ﬂg(s) + ﬁAB(s») éiven by Eq. (55)‘resembleé an

. earlier expression for T;%, since it involves the same correlation func-

‘ f tionvfor the local field, gX(T). Slnce g, (T) eventually approaches zero

as T >> T, :(thé correlation time of gk(?) ), the.if &7 will approach &

constant, and Eq. (55) will represent a constant rate of exchange of energy

between the Ca,L6 Zeeman reservoir, and the Fl94spin—spin_reservoir.- In.
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fact, for t > 7 o 1t can be shown that Eq. (55) 1s just the leading term
in an expans1on in powers of t, of the exponential approach of ﬂA (s) + ﬂA
and:HZ to a common spin temperature: That is, for times t such that

T Kt KL T g’

. . 5. 4t ‘ '
o :
R - . d g('r) = €t
B(t) = OLRZTSSMA[dt/O‘ AT cosy pF =3~ = - 7— .

ar AB

Thus we see that the second-order expension of CHA(S) +-ﬂ§ (s)) mist

become inaccurate if ¢ >~TAB, since the exponential cross-relaxation func- :

‘tion can no longer be represented by its linear term., Therefore the simple

- theory given by Eqg. (48) will fail for le'S 2kHz, where Thg ™ Ims or less.

- We now need to relate the calculated values of Ess(t) to the ex-

perimentally observed quantity, SA CNpulses, length T). As can be seen

from,Fig; 11, the initial condition fer each pulse is specified completely

by (Tss)i’ since,MB = 0. Thus the effect of a single B rf pulse on 8, can

be represented by a factor E(& < l)z' SA(n)}= ESZ(n—l). The signal ob-

served after N pulses will be glven by S (n) = N

"Suppose we let & = e Rp. R.p is thus the logarithmic decrease of SA -

caused by a single B rf pulse. Since Rp = 10 > < 1, Rp can be calculated

approxlmately (to accuracy ® 1/2%) by

5, (n) | R

-t = Pz 4.
W = § e 1 Rp,-‘

= 5,(i-1) - 8;(n)  E_(n- 1) - B (n)
SA(H-]-) - Ess(n l)

»

&
&

R 3

: o o S
‘Using the equallty between Esg(n) and‘%SS(T-) from Eq. (41), the value .

. .
of p (0) from Eq. (47) to calculate Ess(n—l), and the expression for g(T)-
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‘glven by experiment as explained above,,wé'find for RP(T)!

R (Tj ~<l+8) <l - f(T) coswlﬁr - Té—‘/(f dt:/f dT cosw, .7 ——iizl (56)

where .
,,1
£(r). = (l +T /T %,
w0 - 2, .. 2
EgiB/.A TA 7 ~ HiB = {50 fvgy
~and wiB =lyBHiB; 'For H parallel to the [111l] direction in CaF,,

8 = 1,07 x410'5;

D...Theory of Audio Saturation Double Resonancé

1. Appiications of Audio Seturation Double Resonance

Audio saturation double resonance is very useful because it cen

reveal much information about the fare'spinnresonance being studiled:

(i) Audio saturation'double_fesonanéétidéates the center of the -
rare spinvrésonance iiﬁe as a function-of wB very accurately, fy making
usevof the symmetrically-placed resonances which occur on either side
.'of the line centef (w = /) fofLééftain special conditions.,

(2) When the B rf frequency wB is at the center of the B resonance
line (aé = ), an audlo resonance mee.sures the magnltude of the B rf
) field in the rotatipg frame ;f the B spin gyromagnetic ratilo Y5 is known.
- (3) 1f ®p, - is known, then AHy = A&B/VB can be used together with the
- measured vaiué of H B= mgé/yB;frqm‘ an aﬁdio resonance,'ﬁo determine the

~ angle 0 between the efféétive field In the rotatihg frame (HeB) gnd the

laboratory magnetlic fleld direction.
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(4) . The width of the audio’resbnance lihé gives,inforﬁation abdﬁt
- the broadening of the rare spin reéonaﬁce line;w(hich'is.uSéful because_i
.this width is not easily found from the double reéonance’iine width as a
function of Wy |

(5) For the case of rare spin double résoﬁénces which infolve quadru-
pole splittings, the audio résonahce'ih‘the rotating frame (or the F-M
résonance)5 can help to identifj the species‘of rare sﬁih under study.

In this‘sectidn'wé shall develop the equatlons describing the audio
saturation double resonance process, solve them for simple special caseé,
| and glve the exact solutlons to these'equations for cqrrections to be made-
to the simpler solutions, for the cases of short A spin relaxatlon t1ime

TiA’ and . large rare-spln heat capaclty.

2. Symmetrically-Located Resonances

We first conéider the origin of the two resonances symmetrically;_
located on either side of therare spin resonance centef (ng), which help
fo locate 1t more accurately.7 Fof %hé.case.df double r esonance following
adiabatic.demagnetization in the fotating frame (ADRF), the double reson-

ance cross-relaxation rate TAB is large only if energy can be conserved

inh the croés-relaxation process: that is, .

O = Veenp SV | (51
:whére HﬁA is a magnetic field characterizing the-width of the A dipolex
: '. » g L3 ~ \)+
spectrum. But for the case of Ca ~-in CaF,, v, % (wk/l ), so large
effective fields HeB still satisfy°@7% Thus for almost all our measurements
. 4

HeB is much larger than any other local mgnetic flelds seen by the Ca ~

nuclei, and ﬁhe energy ievelsvin the rotating frame are glven to a good

- approximation by
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AvFigure 7 shows the'effective field HeB for a partiéﬁiar value of w_. If o

B

Dag is held constant while wBlié SWept'through the rare spin resonance )

5o’ the effective field decreases to its minimum valuevof'HlB at

= @y and ihcreases'again'onwthe other.side of the resonance center,

at w
: _ | |
Two cases may then be distinguished, depeﬂding on the relative sizes of o

aua 270 V' p!

dage 1. &éud_S!YBHlB

-case II: 'wgud >TYBH1B'

As Wy is swept:for case I the audio resonance conditidn‘in the rétafing

frame,

Cang = Vplleps

(59) ..~

is never satlsfied or 1s satisfied only at resdnance‘(wh =vaO). Both

" these conditionsvgive rlse to only a single double resonmance line.
But:for case II, the audio resonance condition (58) is satisfled

. . ) . e i -
twice during the sweep of w,_, at equal §ffect1ve flelds HeB —-wﬁud/yB'_

on elther side of the minimum value HeB = HlB' The open circles j'_n'_ij_g__,'. 1

- show suéh a pai? éf symmetfical resonances. The case IT mode of operation
is very useful when meking searches for rare spin resonances,‘fbr_two‘
reasons: '(l)vit doubles the chance that a weak resanancé will be.seen,'and

V(E) since the audio resonance condition will not be satisfied perfecﬁly
during a search, and since the audio résonance near 0 = 90° can be quite:
narrow, it is poséible that almost n& resonance line at-ail will be seen

_ even though ®nd = Wy s if case I searches are attemptéd. (For the case

'of éahB in CaFg, the double resonance appears only when Warnd is very close

to @y When w . . approaches wqp from below, )
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- These.symmetrical resonances can be used té locate the center of &
rare spin resonance by the following proéedﬁrex choose a small, filxed
value of @ 5 =‘YBH1B’ Make audio resonances for this fixed valué of wlB;
but with two slightly different values of B rf frequency, wB<l> and 'coB(Q).'

Then the following equations may be solved for the unknowns W) gy Wy, 1

LR gt
.

The solution for Wro is1

( mél) . (2)) .1 aud Poud

- 2‘ ((51(31) - wgz))

. (wu)? (2)2)

1
Ppy = 3

This valuve of wBO may be checked by maklng audio resonances at ab = wBo
* AwB, and checking that the audlo resonance centers are at the same
frequency.

The improved accuracy of thils method comes from the high accuracy

with which the adulo resonance frequencles can be measured,'bécause the

audio resonances near 8 = 90° are narrow.

Je -.Equatiohs-for Audio Saturation Double Resonaﬁce

The.conditions meantioned above for the vallidity of Eqs. (36) and (37) “
-are well satisfied for CahB in CaF because the experiments described '
iﬁnSec. V.C, performed using pulsed double resoﬁance, agree with the form .
of:these equations to wlthin the experimental error of a few percent.
(As noted in Sec.vII.B.h;,Eqé.'(Bé) and (37) neglect the transient os-

cillations which die out in a time of order TEA after the B rf pulse is
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turned onj; these OSClllatlonS die away as soon as tne A system has come -
to internal thermal equilbrium following the turn-on of the A-B perturbation.)

By inspection of Egs.. (36) and 37) it can be seen that the eross— ‘
relaxatlon proceeds until the A and B spin systems reach a common spin
temperature, since theilr steady -gtate solutlon is given by ?A = T .Anf ;-v" -
other important property of these equatlons is that the "total energy" is
conserved’during the eross~relaxation process. Thls_can be seen by re-
'expreesing the equatione in terms of the A dipolar energy EA .and the B

Zeemén energy.EB:

.
%

- . 84
A T,
. _‘CBHiB
B Ty

— oz = = (€]} - E o o 5
dat : Trm A "B/ : M

and

& B
3
}._l

‘By inspeetionnit_can be seen that

d

7 (By +Ep = O

which expresses the conservation of rotating frame-energy ifvone“neglects
A and B spin lattice interactlons, and if no audio frequency fields are

applied to the sample.
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The-effeét of the audio fileld applied parallel to the laboratory.
magnetlc field Ho dufing audio saturation double resonaﬁcé is to sat-~
qrate the B spin magnetizatlion parallel to HéB in the rotating frame,
without affecting the A spin dipolar order directly.r The audioc field
componentbparallel to Ho will be unchanged by ﬁhe transformatlion to the -
rotating frame, and if a finite B rf field B

1B
" the sample, the audlo fileld will have a component perpehdicular to HeB’

is also belng applied to

If ® ud ®.p ‘this componert can induce transitions between the

equally spaced B Zeeman levels in the rotating frame, tending to saturate

n

any B spin magnetlzation along HeB’
‘The fact that the audio fleld does not directiy destroy the A dlpolar

order can be seen by noting that the A dipolar Hamiltonian }%S(G) contains

only the secular terms or those which commute with the operatdrvéxp(iQAb;Zt).

for the transformation to the rotating frame. Since the audilo perturbatioh'< 7

on the A spins is of the form:

ﬁﬁ:ud = —EYAHEréﬁd‘cos(waudt)fi ’

and this perturbation commites with the A dipolar Hemiltonlan, the zw
.component of the audio field cannot affect the A dlpolar order directly.
The accidental components of audio perpendicular to Ho can be heglected,

since they are at a frequency W ud which 1s far off the A resonance

u
frequency aho_é 2n(ilMHz). The audio saturation method of double resonance
cannot be used with SPin—iocked double resonence (SLDR) because the Z-
component of aundlo would tend tovdestroy the locked component of A

magnetization as well as the B magnetization.

The effect of the audlo perturbation on the B mégnetization may be

calculated by noting the analogy betweeﬁ audio saturation in the rotating- -
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frame effective'field'HeB, and saturation_bffa magnetization in a labora-
tofy field Hb by'an rf field near the resonance frequency.l 2 The audiol,‘a

 field tends tovdestroy the B magnétization accbraing to the equétibn:

vwhere

W
-1 aud '} 2 : _
Taud = < weB>mB Hi aud f(waud)--
isvthe audid saturation rate. This expression for T;id assumes a spin
temperature for the B Zeeman levels even during audio irradiation, and
' assumes that the audio field is a small,perﬁurbationAon the B Zeeman system
(this requirement may be violated in the case of extreme saturation). Since
the audio saturation linewidth is not always much smaller than the audio
?esonance cente? frequency agB,'it 1s necessary to retain the'(ahud/meB)
factor in front of the usual T;id' Here we implicitly assume that the
correlation time of the broédening mechanism giving rise to the lineshape
fanulon f(a%B) is much shorter than Thp’ Since TR determines the rate.of.
change of the spin temperature TB(t), even though the energy difference be-
tween the mﬁh and (m-l)th B Zeeman levels fluctuates, the population of the
mth level will be determined by the average positibn E(m) = —hméﬁm'of the
mﬁh level, rather than the instanﬁaneous position caused by the brqadening.
. -1 =1 2 '
This means T . o (aﬁud weB) rather than 7 =, « (whudﬁmeB) .
" The effects of A and B spin-lattice interactions may be Included by

adding terms to Egs. (36) and (37), since these processes are independent

~ of the cross-relaxation process. Strictly sPeaking, the terms to be added

are:
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(dEA ) : o , | o
- = - = (B, = E, ), (59)
It /g o T,(8p) A " o | -
and
< aE, . ,
VAt g T T (Ep - Ep,) + . (6O)v '

But beceuse of the very low initial spin temperature ofjthe A dipelar system
~after ADRF, the A dilpolar energies whlch produce observable'signals are much
larger than the thermal equilibrium A dipolar energy (EA(initial) ~ lOOOEAoi"',
This means fhat the B magnetizations are also vefy large, so it 1s a good '
approximation tb‘negiect Ejos Bp, in Egs. (59). and (60). Finally; in our
experiments in'CaF2 it is found that’TlB 2 QGO.sec, which cen be completely
neglected in comparison with the other, shorter-ﬁime constants intthese
equations (TAB < TlA(dip) = 4.3 sec). |

Thus the set of equations expected to describe the audlo saturation

data for Ca15 in CaF2 ist

E

B ‘ o
A 1 ( A '
Ao (e, -m) -2, (61)
at T ATUB TT 7
and

aE E ‘ -
B_ 1 B

i = 7o (B - - (e

AB aud

4,  Solution of the Audio Saturation Equatlons

Initial Conditions. The initial conditions ‘EA(o) and E;(0) to be inserted

in Eqs. (61) and (62) are clear for the case 8 = 90°, Because EB(O)

‘represents the Zeeman enefgy of the initial B magnétization allgned along -

HeB when the B rf pulse is filrst turned on, there 1s no such component 1f



66

_HeB is perpendicular to the laboratory magnetic field_Ho'(we assume that

there exist.no initial B magnetization components perpendicular to H,

: ' ) . o 0
since a time much greater than TEB will have elapgsed since the end. of any
preceding B rf pulse). Furthermore,EA(O) will always have the same value

EAO

completely to therﬁal-equilibrium with the lattlce between experiments,

for each experimental point, since we allow the A spin system to come

and then apply a constant ADRF pulse sequence which results in the same
initial A dipolar energy. Therefore. for 6 = 90° the initial conditions

are clearly:

R0 =3, 50 - 0. )

o

I 0 # 90°, EB(O)‘may be nonfzere, 1f there remains a component of ;;'“'
B magnetization MBi~along the laboratory magnetic field after the last
double resonance sequence. Thils remaining component also depends on the )

_ value of Tqpt If 7y, is. short compared to TlA’ then MBi w1ll always be 1;

1B
given by the thermal equillbrium value MBo’ and the equations m&y be

solved for this case, but if T1p >>-T1A, as is the case for Canl5 in CaF2
MBi depends on the details of the preceding experiment‘ If ‘there were no

audio saturation, M_, could be as,lafge as (e/l+e)EAocose. For the audio

Bi
resonance experiments to be described here, this effect.is probably small

' because of the smallness of ¢, and because audlo saturation begins to re-
duce Méi sharply just when ¢ begins to incresse it. Therefore we shell‘

solve Eqs. (61) and (62) using the initial conditions of Eq. (63), even

for 6 4 90°

Solutions for Tip, Tqg= «. If T,, 1s much longer than ty . or T,.,

~ we .can neglect it in Eqs, (61) and (62), vhich then become
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EA,, N .-CEEB R (6L4)
Eg= C3B) - CEp (65)
where
¢, = G/TAB = Cy
1
Co = Thz
- and
-1 -1

4CM = TpB + Taud

The two coupled first order equations invqlving both E, and Ej are
equivalent to two uncoupled second-order equations for EA(t) or EB(t)
separately. TFor examples |

'EA + (cl+lcu)3A‘+ (clch- 0205) = O4

Thus the time constants involved in EA(t) and EB(t) are glven by:

#(C10),- CpCy

. N
N o= aletey) 1oz /1- , (66)
+ 2 71 % (-Cl+ Ch)
where
ALt . : , B
B(8) = By(H) e T+ my(s) e, (67)
.and ' ‘ |
S ‘ ALt o
By(t) =By e T 4 B(-) e L (68) -

To simplify working with Eqs. (64) and (65) it is useful to introduce
 the parameter Z, which is an "sudio saturation parameter" in the sense

that 1t is zero if there 1s no audid, and 1s large if the audio saturation

‘is large:
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R o I A OO PR CO N

where .

®) eud = YB'L aud’.
and f(waud) is an avdio resonance lineshape function which depends on the o
broadening mechanisms important for the audio resonance. A Torentzian
-lineshape 1s appropriate if the two main soﬂrdeS;ofvaudio.resonance broadnrf
ening are (1) Lifetime broedening by the A-B interaction itself; and (2) -
motionally-narrowed dipolar broadening by the A-B dipolar:L'.m:erac’c:‘Lon,''::J'.f>"”1

6 # 90°. For'avLofentzian lineshape z becomes:

L N\2 : aud.
: (@) aua)” TagTe
. z - " 2
o o 2, aud, "
l * (¢Eud - weB) (TQ . )

Atvtne'cénﬁer‘of‘the audio resonance (maud'= o, ) z is exactly analogous
to the usual saturation parsmeter for magnetic resonance, if 7AB is |
regarded as an "effective'Tl" for the audio regonance In the rotating "
freme; The resnlts about to be derived do not depend on the detaiis of -
the audlo resonance llneshape, so. it can be left unspeclfied.

Using the initial conditlons '(63), Egs. (64) and (65) yleld the

» R4

initial values of B, and_EB. These conditions together with Eq. (63)_Y

determine the constants EA(i) and_EB(i) in Eqs. (67) and (68). ThusAthe :

. . : N el
exact solution (for TlA ©, and T,g°= m)‘for EA(t) ;s given by:

EA< £y o) = .EAo<l "(_bi/ ""*‘)) ;".—an.ﬁ:f 1+ Cp-M- e‘<?\£f>~->‘°ﬁ rf
G CE V) R I W)

(70)
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: -(M—K')tBI‘f -
The second term in Eq. (70) which involves e may be neglected

;f tB rf >> TAB', Since 1n.our‘experiments
o g :
l - .
—} = e <.2
<)‘+ - Cl> . -
then if -
bppp 2 3Tpp/(L T €)s ()

" then

(cl - A2) -(x+-x_)tB of

s -0y) ©

This second term 1s the decrease in A dipolar energy caused by thermal

< .0, ('72)

equilibration between the A and B_reserﬁoiré. If tB rfv>>'TAB’ this
equilibration will have proceeded to completion, and its effects are then

contained in the factor

(- c)
Condition (71) is satiéfied‘in all our.audiq saturation experimenté'on' ’
Ca16 in CaFg, S0 we can neglect the second term in what follows.

Forvthe case of rare spih double‘resonahcé, € is usually a small
quantity because the heat capacity of fhe rare”spin specles is lbwered
“by its small natﬁral abuﬁdance. Thus it 1is poSéible to expand,fhe solu-
tion (70) in powers of the small quantity €. Such én expansion for fhe
quantities Ce and A_ ylelds: ; |

’ €
C 2 1 - ————
e. (1.+32)%



and j”;T;!;‘;5e;vaj'3“7*;;e”%j;;“’f:;:g;;if; A
) e Ce 3 Bk + e R " .
S (TAB)(%-‘» -%)-. | [ fn +".z>2] -

- C differs appreciably from unity only if € 1is’ large while Z « (Hl aud)

1s-small. But. s1nce € « HQB; and experimentally it is known that

*AB o« eXp(+0H ), this criterion is not easily satisfied unless TlA is

_very long s0 that observable double resonance signals can be seen even :}jf'd;ﬂ
. .with very small audio fields, or unless we are far in the wings of the ﬁkﬁ”

. audio resonance. - Il “the audio field is large so that Mﬁ never grows to,”tﬁ‘""

a large value,-then Ep

Coo l,-: et ) N\ i
R _ e . Brf\ -
E(t) =.E e ) - — >. v :
A '.'K.Aof;‘ f:<"*TABT L

: The correction term e/(l + z) "is less than five percent for all 0 h5

=0, so ‘that the simple solution of Eq.. (6&) should

“apply:

}audio saturation data in CaFe, which is less than the experimental noise.—"j

If the audio saturation data are normalized by div1ding by the A

dlpolar signal for no double resonance effect,

8 (B rf, audio) 7 |
SA,N =i S (no B rf no audlo) o

';then if C 1s approximately unity it is reasonable to define a- double
' q.resonance time constant TAB by the equation- |

e Brf . AT Tanwa? 0
T, = - i B L. (1)
: AB.;_-.gn,(SA,N) c € . :

'?If the correction terms are important, an expansion of Eq. (73) to second

4‘order in e, meking use. of the. relation
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- _ o
im(l +X) = X -;—'x .
' yieldé an approximate expression for the effective:double resonance time |

constant TAB:

. .
|

t . (T T ) - .
: B rf : ~ AB - "aud -1
3% TR, - v (™)

where

T ' '
. ['aB 1 €
SV o= l+ - -
S <B f>z<(l+~7 (1 +2)*
Equation (74) is the basis of interpretation of the audio saturation

data to be discussed in Sec.vIV.A.' Since_both € and T are small for

o , AB
small HeB’ the equation reduces to
o (g aud) CTAR (L + )
Ty = = et (75)

AB € . €
for small HeB' This equation has a simple interpnetation in terms of the

thermal reservoir model of the double resonance process., As can be seen
from Fig. 6 the audio energy feeds continuously'through the B reservoir

into the A reservoir, raising its temperature. If elther T aud or.TAB is

long there igs a corresponding decrease in the double resonance rate Al

' since in such a gseriles chain of energy flow, one bottleneck can block the

flow.

If the simple Eq. (75) is valid, it is possible to measure the double .

resonance paremeter G/TAB by plotting .E.TA versus ‘. The slope of the '

'resulting straight line will give the minimum double resonance time constant

TAB/G. As will be seen in Sec. IV.A. 1, if (H ) TAB is plotted versus

1 aud

) instead ﬁhe intercept at H =0 will give the audlo resohance. -

( l aud 1 aud

line width.
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Solutions for TAB KTy <o, TlB 'f{;rf‘TlA is ot infinlte, the

f‘equations (6&) and (65) remain almost unchanged w1th the exception of the.

v coeffic1ent Cl’ Whlch now becomes

o ' i hy L
where n=T AB Tii is assumed to be a small quantity.: Tne.definiﬁions:of-~%
ki, z, (+) and EA( ) in Eqs. (66), (69), (67), (68), and (70) remain

funchanged,aand the condition (71) for neglecting the ‘second term also re-. _elrf

.mains'Valid'. It is only necessary “to expand ‘the expressions for C and K
" to second order in the three small quantities (r B/tB f ¢, and n, in
' order to obtain the first order corrections to the audio saturation double
",resonance,rates. But if TlA < © 1t is necessary to change the definition-
'ofltne_normalizedvsignal'by 1ncluding theidecay of the ordered A dipolar_:ﬁ;
‘~f»snate: . | - ‘ | | | | B
. | _VISAkB rf,‘audio)
. PA,N T SA(nO;$ rf, no au@ioy__

: x £

L voyell
C g (O) o g rf/ “lA
n ’ A N )
ST -A =T S
e T e

Tne'approXimate'ekpressions‘(correct to first order in the small
SN R Ly |
'qnantities above) for ce,s(x,v- TlA),‘ana rAB are.givenvby.

1

n -

o
e

1/ ),



- -1 ~ € Z _ € _. n
RRRTR el Rl ol |

and
: : ' t . -
T = t B rf ~ B rf + (X - T"l) l
. A-B - zn(SA’I\p =in Ce = l-A
(1 + z)r .
~ AB -1
& — vy, (76)
vwhere

m

vt

1+ TAB - 1 € | ‘
\tp L/ B(IHE) )' (1+2)2' - E{IEET i

Tt will be noted from Eq. (76) that even for z — 0, that is in the

wings of the audio resonance line, there exists an effecﬁive double

resonance rate

-1 : € e '
T (eff) = - .
AR  Y3er Tia

~ This doub}e reéonance rate represents a compefition between two processes:
On the one hand, the decrease of the A signal through thermal equilibra-
fion'between the A and B systems leads to & normalized A signal (if

T and tB rf >>77AB)

1
SN = <‘1‘ F e) ’

which yields a double resonance "rate" (if ¢ is small):




On the other hand, when Z O and T’ << TlA’ “the A and B systems are

" AB
coupled closely into one total system, which is being relaxed primarily

be the A spin- lattice interaction 1f Tl is very long compared to TlA

Then ?A ~ E, so that EB =: A’ and Eqs. (61) and- (62) (including T, )
<:f’predictz
(L+ )k 28 0 = T Lg ,
A ',A B 1A _A’
50 that é'feduced reléiation "ra’ce 1+ 'é}T T holds for the A system

when a B rf field is applied near the. B resonence. Normalizing this s1gnal'5?

to the A,s1gnal at t'=t w1thout any B rf pulses results in a normalizedﬁl}"

B rf

ﬂ"signal

(]/(l €>T y l/ : ) v.:'+'€lt1»3 r.lf/ (l+€)T1A : “ ;

or_a "double resonance" rate which is negative:

-1 : - ‘e

. AB‘: . ‘Zl +}€ST1A;' o ’TlA' SRR TR

‘ The approximate form (Eq. (76) y of the exact solution to the: coupled

Eqs. (61) and (62) exhibits these two- effects clearly in the limit z,—;O.

S Audio Resonance Llneshapes

. Measurement of HEB.: As mentioned in the introduction to Sec.IIfDif Hyg

and fB are kept constant and only ® o is swept the only quantity in the

'_equations describing E (tB f which changes 1s the audlo saturation para-

meter z. The center of the audio resonance line is given.by the minimum

of SAKwaud)’ which in turn is glvenvby

‘-
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% _._.(?.S;A_)( % )
adhud oz aud L

38, | - | o .
Since =  1s necessarily not zero, the center of the audio resonance

Oz
line is then given Dby

For most of our data the observed linéshapes are approximatély Lorenﬁzian,
At small f_. the <aaud weB)vfactorvin the definition of z can shift the .
resonance slightly toward a higher frequency than feB’ iIncludihg the

'<&hud/wéB) factor in z and using the Lorentzian form of-f(wéud)’ we find

the center of the resonance line to be

o B ] 2!
?a = feB~ V/ 1+ (Sf/feB)

where 8f is the audlio resonance finewidth, The apparent line center is
shifted because the line is not quite symmetrie about féBz the absorption

of energy on the high side of feB 1s greater than on the low slde, since -

the quanta ﬁaﬁud being absorbed are larger. This effict is negligible .

unless 8f is large and fe is low, It results In a correction of a few

B

percent to some audio resonances atAféB 2 kHz, for 6 = 45° and 6 = 30°. .

11t

AudiovResonance Linewidths. There ‘are four posslble mechanisms of

broadening of the audlo resonance lines: broadeﬁing by inhomogeneity of

the B rf fileld appliéd to the sample, lifetime broadening from the finite.
lifetimé ThAB of a B spln in a given state.gaused by the A-B cross—rélaxaﬁion
process,Abroadening by the secular partlbf the A-B dipolar Interaction if

0 % 90°, and broadenipg of the resonance line“by random quadrupole splittings

around crystalline imperfections.



Broadening by inhomogeneity of the B rf field over the sempievwas
reduced by us1ng a solen01dal B rf c01l about three times as long as
i the cylindrlcal sample.. The B rf inhomogeneity should be a fixed fraction
of the Birf amplitude, since it is determined by the dimensions of the B rf N
'7c01l. ThlS would give rise to a contribution to the audio resonance 1ine—7'
Width which is proportional to_the‘audio resonance frequency feB; This
component‘ie expected to.be less than one percent of féé; since the static.-~ﬂh
geuss per amperevover the‘samplevvolune.is mea.sured - to befconstant‘within
' -one percent.b‘Inhomogeneous broedening should be lergest at 0 = §O° s1n¢é7!f,

AH contribntes'no'inhomogeneous'broadening to HéBx,

B
-H.eB. = &g VF B/AHQ) . o

The lifetime broadening given by the uncertainty—principle relation

j adds a linewidth' ,

o - : -l
(5914 retine = e AB)
" This component of nroadening therefore decreeseé exponentially with' o
effective field magnitudet
_ Y 2)' .T Cw T
(af) '='IMBBA‘0 e‘eBc
lifetime - . I : _

" For the [111] direction and 6 = 90%this component varies from 270 Hz at

lﬁ':QkHztol7Hiatf = 12 iz,

f
v One of the most important sources of broadening for the audio reson-
_ances at 0 % 90° is caused by A-B dipolar couplingo The secular component
 of the local field produced at a B spin site by its near.A neighbors 1s

alwajslpérallel,to thevlaboratory magnetic field because of:the_difference

in the A and B spin Larmor frequencies.‘va e % 90°, this.local'field has
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a component proportional to cosf parallelxto HeB‘in.the foﬁatiné franme,
which broadené the audlo resonance, ‘This local field fluctuates with a
correlation time T, because of the mutuai spin flips between A neighbors,
so it 1s less effective in broadening than indicated by its rms value,
This fluctuwation results in a motionally narrowed‘Lorentzian lineshape

of width55

Loy w2 2
Ta (8) = CﬁmB) cos Bch

Another approach to the calcuiation.of the secular A-B'dipolér contribution
to %he linewidth indicates:a motionallyfnarfowed Lorentzian line by sfudy—
ing the.ratio of the second moment to the fourth moment of the audio
resonance line. The total Hamiltonlan of the A and B‘spinvsystems in.

the rotating frame is (with the B-spin quantization axis‘rotatéd paralléi '

to HeB)f

_ L aAB, . B
‘Méot =:Hg(s) - w8, - sinﬁﬂg (x) + cosaﬂg (g).
The linewidth of the B Zeeman resonance 1s determined by that part of the

Hamiltonian which commutes with Sz’ the zero order Hamiltonian for the

B spins:

}q_= Hg(s) + cosb Hgg(z).

~

Because of the low matural abundance of the Bvspins, Nﬁ(s) >> cosf NSB(Z);
but:Hg(s) does ﬁof contribute to the second moment M, of the B spins '
V'becauée it commutes with Sx.l9 But because ﬂﬂg(s), H%B(z)] %lo, :N@(s)'
confributes to the fourth moment Mh’ making N%‘>>'Mé’ and\iﬁdicating a
Lorentzian, motionally narrowed lineshape,. A more exact treatment of

this problemaO results in approximately a Lorentzian-line of wldtht
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'-'-‘*”fi,‘TE‘(e),-= QQBB)BA Te cos 6
if the correlation time T is independent of 6

This is an important mechanism for ] % 90° since: it is independent

of £ and is large._ For H parallel to ‘the" [lll] direction in CaF,,

Z (Aan)BA' Tc x 7;7 Hz .

.In fact, for CauB in CaFg, this is the maaor contribution to the audio p;

resonance linewidth for 6 £ 90°,

- In’ cubic crystals,»crystalline imperfections are an important broaden-fpi; _

ing-mechanism for nuclear spins with large quadrupole moments, because of
fthe randomly—varying electric field gradients around each imperfection.,‘ ?}”.
Because quadrupole splitting effects on the Cah? resonance in CaF are iv
observed to be small we shall assume that the first order quadrupole

splitting of the Ca11L5 resonance is small compared with the audlo.resonance'f”

frequency f eB*. ‘Then the quadrupole effects are & small perturbation on

the B Zeeman levels in the rotating frame and can be calculated by pertur-v o

bation theory.,
b3

We shall calculate the quadrdpolar—split energy levels of a Ca spin .
with a glven quadrupole splitting parameter va, and then average the
'results over e Gaussian random distribution of vaL. Because the quadf-
‘rupole splitting ls a small perturbation in,the.rotating frame, it*is
certainly a small perturbation on the Zeeman‘states in the laboratory<
field H, so only the "secular" part of the‘quadrupolar Hamiltonien (that
part which commutes withpSé) is retained in.the rotating_frame hamiltonian: :

B 27rv¢ifk [se -'.-‘Sgs'i'l)‘] .

QK 2 zk T3
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“The parémetef va is here defined so that qﬁadrupole éateliites are ob- .
served in the laboratory magnetic field Hy at VL’ vy, ¥ Qk’ v 2 Qk,etc.,
where VL = (VBHO/EW). We further specialize to the case of 6 = 90° because
vat this angle the A-B dipolar ccupling is absent, and quadrupole broadening
effects would be most easily measﬁred. . We then rotate the axls of Quantiza~'
tion through 90°_to lie along Hle so the quadrupoldr perturbation becomes

(SZ—’-> - SX):

!
X
<
&
o .
g
o
w
w
+
’
-

The diagonal part of this perturbation ylelds in first order pefturbatibn

theory:BA

v ) '
2 (n - 3))

‘ 7i(Em4l'-Em)rot.framév='h(le

'Thus'in the rotating fféme 0 = 90f audilo resonancé the quadrupole satéllifes
of a glven spin k’afé‘épaced'at one-hélf’the dlstance of the satellites in 
the laboratory frame. This means‘thatgappreciable quadrupolér bfoadening _f
should be.detectablé in the aﬁdio resonances, 1f 1t is present.'
To calculate the observed audio resonance lineshapé for ‘a. random
distribution‘of<va, we assume eaqh satellite has a‘Lorentziaﬁ lineshape

with a width T, independent of m, and average over the contributions from

2.
the range of v..
| . '

o A . ] a@QT
f(maug) =./fé.dka ?(va) mf-fz (1 : Am (m,k)T 5, (77)

=CO
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4

3
R S
 "' .
5

0

I

La]

where S
ava ~ T1p - 2 (m- 5 )
a(m) « |<m 1 l S, l m)l - (Stm) (8-mt1),
“and e . : :
vP('erk)- = NB“e.xvp(-va/EvQ N2 Vqr

The function (77) hasvbeen evaluated numerically on an IBM 1620TT computer”

Q},

of a sharp oentral peak (since the i%.line is not split) with broad wings.l'

containing most of the area of the 1line. But if (EﬂTe)-l > %—(;&/2 > ,

- for‘sevefallvalues of v, and Ty f (2ﬂT2)41'<< ;é/E , Eq. (77) consists

'the:line'is_very close to Lorentzian in shape, belng only a little
ﬁarrower at fhe top and having sllghtly broader ﬁings. Also, the half
width at half masximum 1s about 15% less than the sum of the quadrupolar S
‘and homogeneous linewidths, If appreciable guadrupolar broadeningvis'
:present 1t shoﬁld ﬁanifest-ltself in the audio resonances as e non-

'Lorentzian lineshape or. a smaller double re sonance effec’c at the audio
‘a'resonance center because only the +£ transitlon is being saturated. The' .
audio resonance quadrupolar linewidth is one-half the laboratory resonancel
quadrupolar linewidth, | | A |

It is 1nteresting to note that for O # 90°, the quadrupole satellites

- in the rotating frame are given by

E' . -E = hyg-h -2 (5c08°0 - 1) (m - 3)

B
)
}..l
=
)
td
o

This means that at 6 & 55° quadrupole broadening of the audio resonance
line is absent in first order., This fact may be useful in cases_of'ex—

Vtreme'quadrupolé broadening, as a means of narrowing the audio resonance



-81-

line to measure HeB more accurately;.-Uhfortunately,Vfor the éase of

'Ca.L5 in CaFQ, tﬁe A-B'dipdlar coﬁéiing at 6 = 55° cqhtributés about 250 Hz
to the linewidth. Since the audio resonance 1inéwidth§ at 6 =.90° are
about iOO Hz, if this.linewidﬁh‘were caused entifely by.quadrupole Splitt-i
.vings, its disappearance at 0 = 55° wou1d.probably be masked by the A-B

dipolar contribution to the linewldth.

Audio Resonance Line Shape at Large Audio Ampiitude. " The Cau3‘audio

resonance wes studied as a function of the peak audio amplitude H, to
'check whether large audio emplitudes would introduce'any error into the -

HeB measured by audio resenances. Here the audio Hamlltonilan is glven by

. .
ﬁﬂaud(t) =~y Héﬂcos(whudt) S, -

a =A7§HeB was observed

No shift of the first order audlo transition at ©

.ds the audio amplitude was increaséd, until the resonance peak became
poorly‘défined fhrough.audio broadening and compiete destruction of the
v Fl9 dippiar'orde?. No linesjwere observed at~§~weB,of 2 w,p 88 reported
by Franz and Slichtér,21~probably because ofvthe siﬁplicity of the secular
A-B diﬁolar Hamiltonian.iﬂgB(s) and its sﬁall size compafed'with thé H g
Zéeman interaction. Therefore the audlo reSonénce shépe’is not dlstorted
by audio flelds ﬁuch larger than necessafy to observe stroné iines in
CaFé, so no error is introduced into the mea sured HeB’ |

At 6 = L5° forvﬁé 2:2.05 gauss and H g = 40,7 gauss or 29 gauss, small
@udio resonance lines About half as wide ag the unsaturated main transition

were observed at abéut w

— weB/e’ These can be interpreted either as

caused by about l% second harmonic audio distortion, or as audio double

quantum transitions which are analogous to the proton multiple quantum



: ";géé .

\

, trans1tlons studled by Wllking55 and by Dederichs and Leibfried.36 These7"
authors have shown that for a spin ; 1/2 system the double quantum transi-_ '

tion occurs at‘a frequency-

- wéB _ Hz ) ° | o . : .f:_
Paud T T2 ['l * (‘EH’ ) sin® 45 (78)
and has'an:amplitude proportionel'tO'l;f'

s

H: H Sinee-oosee .
Z eB » :
AL H = 29 geuss and the meximm H,& = 3. 0 gauss,’ the. frequency

shift in Eq. (78)'is negligible “(~10 3), s0 1t cannot be used t0.
distlngulsh between audio harmonic distortion and audio double quantum |
transitions. . The observed lines are at 1eastlpartly caused by harmonic t“
distoftion, since.even at 6 90° small lines are. observed at w =, /2.'i I

- But the slightly stronger lines observed at 8 = h5 obey the H A ahd?

H;% dependence approximately, so there is probably some contribution
ffom'double.quantumvtransitions. This investigation'has notvbeen :

'pursued'beoause it is difficult to eliminate the harmonic distortion .

over a wide frequency range.
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E. Theory of Pulsed ADRF-DR Measurements

" 1. 6 = 90° Case

The spinftemperature density matrix ealculation of the cross-relaxation

A; neglects A and B'spin lattice interactions. If these are now

included, Egs. (56) and (37) for the 79 dipolar energy (EA), and CalLB

rate T

Zeeman energy in the field HiB(EB) become 3

aE E :
= - €E, - ) -5 , (19)
™"y AT T, | » .
B l \ 1"31 to ) :
Rl €E, - Bp) - T3 By | (80)

Since TL = BOO X >>-T (i) ~ «1 K, we can assume that the A and B’ energles

effectively approach zero for CaFé Since the measured value of T (Ca 5) ~

230 sec >> T (Fl9) = 4,3 gec >> TAB; we can neglect TlB completely in

what follows for CaFé

5 but not necessarily TlAf- :
A study of the parameters e and Tap ©F Eas. (79) and (80) as a func-

tion of 6 and ®_., will enable us to trace out the. spectrum of the local

eB
field correlation function gy(r), and to check whether the thermodynamic

model of the cross relaxation procéss-describes our results even when the

spin diffusion time constant T sp 2 > TR

The 6 = 90 case 1is simpler than the 6 % 90 cagses becguse the initial

value of E, for each B rf pulse 1s always zero, if'To >> gEB (see Section

B

VI for the T < gEB case);vthe componenﬁs of B magnetlzatlion parallel to

_YHlB from the preceding pulse will have decayed to zero in & time of order

T’EB'

The © + 90° case is more complicated because (1) the initial Céuﬁ Zeeman
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l energy along H (EBi varles from pulse to pulse 508" matrix must be

usedfto relate (E (1), E (T)) to | (EAi’ EBi) for each pulse; (2) for

-8 % 90° the B system in prineiple cannot be descrlbed by a spin- temperature
udurlng cross-relaxation, because the transitlon probabilities are no longer

- given by matrlx elements of S alone, and (5) Clough 9 has shown that a |
‘shape change 1n the spectrum of the dipolar system occurs for 6 % 90

| For s1mplicity we begin by neglecting A in Eqs. (79) and (80) and o
t:findlng the solution for E (T), E (T) at the end of & B rf pulse of length 2

T by mu,ltlplylng (79) by € and sub‘bracting (80) from it
: . ~(1 +e)t/
e B, (1) - EB(T) = (<E,(0): - (o)) e AB

- .Using the censervation of rotating frame energy
By (1) + By(7) = E,(0) + Eg(0)

we‘can solve for.EA<T)’ EB(T) in terms,of‘EA(o>,-EB(o)xfi

CEN(T) = 0y () E(0) + Gy(r) By(0) ;_'i._-(.s;)- ; o
- Eé(T)_? ¢3(f) EA(O) +vch(T>‘EB(O):;;‘Z’J;;.:ji;;:<82)‘
Here o T . !
| G (n) = (L+e BN/ (1+e) - (83)
M=l @Yara
o) e E ()(we)
o ;%h)=kaﬁHﬂl+df'
ama L E(r) = emp(-(1+ e)e/ryg)

Using our initial condition EB(O) = 0 for 6 = 90°, we can write the.s

‘value of Ep (nth pulse).in terms of EA((n-l)th pulse)t -
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Ep(n) = ([1 + eB(7))/(1 + €)} Ey(n-1) ,
so the effect of a sequence of N B rf pulses is (6 = 90° and.neglecfing

Ty o T:LB) t

EA(N)=[ }-—t—e—M]N E,(0) ,

(14€)

A crude account of TlA can be made by assuming cross-relaxation and A

" spin-lattice interaction are independent, so that
~NCT+TO)/T1A

E, (W) .2 [--—--—-l“*eE(T‘) ! e

Tre E,(0) -

We can normalize the signals we obtain by dividing by'(sA)NBrf to take

_ , : . , ' 19
account of TlA relaxation., (SA)NBrf ;g ﬁhe vg;gg of the F 7 dlipolar ‘
signal if the sequence in Flgi 1 is repeated, but without B rf pulses

applied. Then we can fit the normalized data to the following functional -

form, in the least squares senset

sA(N)' i E, (M) _ [1‘+eE§;r) ! (831)
(SA)NBrf EA(O)éHIWTMO'7 Lt 4

TlA-

Since N 1s known, the least squares fit57'gives us experimental values

of ¢ and T,. for the particular value of HlB chosen.

AB :
The effect of TLA in Eqg. (79) can be included, but this results in

‘a much more complicated functional form for the normalized A signal.than

 Eq. (83')s The derivation‘bf this functional form (vdlid for all TlA) o

is deseribed in Appendix E, but for_small Tag (<< TlA) and small e, the

normalized A signal change caused by oﬂe B rf pulse i1s given approximately

by
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u§

ne

'-l{ | 2ex
(re) 12 - el

where ' A

= e(l;e)}i{i ;vax(l+e)'i] ‘. 

=

-1

- \-L)
a) = e(1+e) T A
. a1 Ll
a, = (1+e) TaB [l fwx(lfe) ] -
' R B -1 -1
and . X —'TAB<1+€> Ty o

T

The form (84) is very close to (83), simce x/l+e < 1/40 for all owr .

«

6 = 90° measurements.
The effects of'TlA can be interpreted as follows: Normalization of

the A signal compares spin lattice relﬁxation of the combined A and B -

spin systems during the B rf pulse, to the spih lattice relaxation offﬁhei’ '

A system alone, Thus 8y in Eq,. (84) is positive because the slightlyb

‘binstion relax more slowly'toward the lattice temperature than the A system
alone woulds - The thermal equilibration rate &, is smaller because of the
additional heating from the relatively hot .lattice, As can'be seen from

Eda (80), for T,, << T,., thethermal equilibration rate for EB should be-

1A AB ‘
" given by the smaller value‘l/TAB rather than'(l+€)/TAB‘as fbr isolated

A and B systems, since EA will rapldly approach zero, The small negative

correction in 2y represents the beginning of this effeet.

To meke certain all T

lA'effects were included in the data analysis,

pe T ane NEN

o

larger (~(1+€)) heat capacity of the combined A and B systems mekes the comsina

IO

1Y
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a computef program using the exact 6 = 90° equations of Appendix E was
used to obtain the 6 = 90° data in Figs. 43 to 45. For this particular
set of data € was affected less than 1% by the TlA correlation, while

TpB was changed less than the;experimental error,

2. 6 £ 90° Case

As mentioned in the introduction in Section II.B.?, there exlsts
the possibility‘ﬁhat the A-B‘crossqrelaxation for O %'90° might not be
described by a spin témperature, thermal reservoir model, To investigaté
this effect and see whether it isbimportant,'it 1s useful to try inter-
preting the 6 X 90° data in terms of the thermal reservolr model. If we -
do ﬁhis, deriving "experimenta;" € Tpp from the SA(N) data we are
assuming that Eqs. (79), (80) hold. It is possible that even the form
of these equations may be wrong, but in the gbsence of a detalled theory ..
of this resuit of higher;order-perturbation theory'we can still check the
importance of this_modification by studying the magnitude and sign of the
@iscrepancies with the simple theory. The probable efror derived from the |
'  least squares fit of the data to Eq. (1) will indicate whether a drastic
modification Qf the form of the équations‘ié necessary.

If 6 + 90°, the general formalism of Section IL.B can be used to
calbulate‘TAB and €, assuming that the secular part:ﬂlz cog 6 of the
| Ca-F coupling can be lumped withlﬂg to form a total "spin-spin“ reservoir,
The form of Egse (E.1l) and (E,2) of Appendix E remains unchanged, so the
expressions for,EA(T) and EB(T) at the end of a B rf pulse of length T
should be calculable from Appendix E, 1f the initial values EAo? EBO are
known. | |

‘Once” these relatively small changes of €(€) and TAB(Q) are made,



the major modification of the 9 % 90° theory then consists of taking

L
5. magnetization from the preceding pulse,

)

-into account the component of Ca
Awhich remains along H after the transverse component of Ca magnetization‘
' has decayed between B rf pulsess Suppose EB(n—l).giveS'the B energy'just
before the‘eno of the preceding pulse; then the value of the magnetization'
aligned_along:HéB‘ie_given by . ‘
| -Eg(n,L)t)

NLB(T) n-lv). = ""'—i"{"“"“ '

eB

- If the B spin p0pulations along H ére given by‘e high-temperature‘BoltzQ
mann distribution, the cos O projection law 1is obeyed 38 so the component
of MB remaining along H after several T is M3 ME(T, n-1) cos 9 and

. when HeB is turned on agaln at the beginning of the next B rf pulse the

"initial value of EB 1s given by
-H M (7,n-1) cos20 = E (n-1) o820 .
: eBME ’ B A

If we neglect (T,n—l) is unchanged during Tog.so using Eqse (81) -

1A7 .
and (82), we find the following setvof equations which describes the effects

 of one B rf pulse "¢cycle" on the A and B spin energies (see Fig. ll)h-'
() = 04(€) By(a-) - () c0s O Ky My(nl) . (85)

@( ) =228 0 ¢ c,(x) ® (n-l) + c0s0 0, () Mg(n—l) (86)

3

1

Equations (85) and (86) cen be written as a matrix which relates the "vector
(E (n-1), M?(n l) at the beginning of a B rf pulse cycle to the value at
.the end - '
EA(n) "—‘M EA(n-l)

My(n) My(n-1) |
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™ B RF PULSE (n+1)™ B RF PULSE
r o 7
K ‘] |
M2 (n-1) - M, ME()
Ea(n-t) ) Eal(T,n) Ea(n)

Fig. 11 Properties of B rf pulses used in pulsed
ADRF double resonance
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of a power of the matrlx Mx

‘The flnal value of E after N B rf pulses can be easily'written in termsv

M) ) Mfm)

1

o ' .
-Here = ‘ C - C
o : - 2
. ' .

C, c : : L

;

and the Qi can be found by inspection from (85) and (86). The values of
the elements of MN can be written down easily using the fact that a matrlx o
. satlsfles,its;characteristic equation. As a result 8 2x2 matrix such as

MN can be writtentas & linear combination of M and the identity matrix Ir -
W zqT+pM

o and B can easlly be determined from two-equations.satisfied by‘theleiéen;j
values ) A_ of M;59 Explicit expressions for o and B for the case of
neglect of TlA are given in AppendixAE¢ These expressions indicate that -
vfor T > TAB s the initial value of M? affects the results appreciably,

80 care must be taken that NP has the same initial value for each sequence
of B rf pulses during a run, The easiest initial condition to maintain |
is MB(O) = O.. Thig large dependence on-MP(O)‘comes'fromythe unusually

- large amount of-energy transferred between the A and B spin systems during
the first B rf,pulse, if NQ(O) = Oy - The 8 = 30° have been ‘analyzed with a
computer program written to include~this effect; TlA’ and the effects of Mi

remaining between B rf pulses.
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IIT. EXPERIMEI_\ITAL APPARATUS

A, Arrangement of Coils and Sample

Figure 12 is a schematie diagram-of the arrangementjof the A rf coil, -

the B rf-Receiver coil, and the audio coil. A B rf coil with large gaussv'-

L3

per ampere 1s required because of the small Ca gyromagnetic ratio, but .

H also muét be very homogeneous over the sample volume if details. of the o

1B

audio resonance lineshapes are not to be obscured by large inhomogeneous
broadening., For this reason a solenoid aboﬁt three times as long as the
‘sample was chosen for the B rf coil, and oriented ﬁérpendicularAto the
laboratory magqgtic field Hd' A portion.of this solenoid about -as long
‘as the sample 1s switched to the input.té the réceivgr during part of
the experimental cycle, and acts as a recelver coil at the 11 MHz A rf
frequenéy.‘ Tﬁis arrangement was possible beéause the B spin ffequency
is muech lower than the A rf frequency. PerpendiCular'to both Hb and the
B rf-Receiver coil is the axis of the A rf_cqil,fchosen to be a Helmholtz
palr to give good A rf homogenelty over the sample for good spin lodkiné
‘and sharp_pulse conditions. . The audio field parallel to Hd is provided .
by the outer set of coils, fdrming approximately a Hélmholtz pair for
good audio hoﬁogeneity over the relétively small sample volume,

The axis of the B rf-Recelver coilwas vertical, and a rod was
glued to the cylindrical CaFé sample, which fit snugly into the B rf-,"
‘receiver coil, The rod passed through a hole in the table over the magnet
;andla pdinter and a plece of circular graph papér, calibrated in degfees,
-weré used to set the angle of the saﬁple. 'Since the cylinder axis of the
cubie cylihdef'axis of the cubig c?ystal was épproximately parallel to the

‘v‘(llO] direction, rotation about this axis could bring HB along the (1111,
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'TO B RF.
TRANSMITTER
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HELMHOLTZ .
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TRANSMITTER
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Flg. 12 Arrangement of sample, audio Helmholtz coil,
A rf Helmholtz coil, and solenoidal B xf -

" recelver coily the small section of the B rf

coil between the two taps serves as s recelve

coil :
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(110], or [lOO] directions., The angle of rotation of the erystal (9) was
| resettabie with.this arrangement to leésvthan 0,5 degree; The rotation
rod was pafallellto the magnet po;e faces within .5 degree. |

The angle Q corresponding to a particular crystalline direction ﬁas.
measured by mea;uring'the ahgulaf variation of T2(F19). The [111], [lloj'.
and [100] directions are all extfema of Té(Flg) as the crystal is rotated ..
around the [110] direction, with.TQ(F}9) decfeasing in the order [111],
[1101; and [lOO].19 The angles corresponding to the [111] and [110]
extrema of Té were measured to %1 degree by recbrding the amplitude of the
Fl9 free induction decay as a function of Q, The directlon of the cylinder
axis of the crystal was measufed with x-rays to be rotated from the [llO]‘
axis abouf five deérees toward the [100] axis andAthree degrees foward the
[111] direction., This agrees_ﬁith fhe T2(Q) measurements since this small
crystalline axis misorienfation changes'primaril& the magnitude of T2(F19),
and not the angle O at which the extremum oeccurs,

During the measurement of the temperature aependence of Tl(Cauj)
the A rf, B rf-recelver, and audio coils were enclosed in an ihéulating
: box made of;stjrofoam and masdnite, and the temperaturévof the sample was
regulatéd by passing hot alr into the bottom of ﬁhe box., A copper-constantén
v . thermocoupie Junction was glued to é slot cuf in the slde of the,sample,
hand the témperature of thebsample was measured by récording the thermocouple
voltage between an icé'bath reference and the sample, with a Moseley 680
recorder, The input air waé heated by passiné over a resistance, the current
B through which was controlled by a reéistance bridge. The bfidge contrélied
:; a relay whichvchénged‘the phase ofvabout ten percent 6f the current through

the résistance, so that it added to or subtracted from the main current,

‘The main current was set with a Varlac, aﬁd the one arm of the reslstance
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' bridge contained a thermistor which was glued to the sample near the
-thermocouple junction. Because of severe heat leaks down the various

rf inputs. to the box, this arrangement was only able to hold the tempera—,.
“ture steady'within ﬁ2 degrees at 355 K but this was adequate to check ‘

u5)‘

the temperature dependence of T (Ca
: To measure the audio amplitude a small'sensing coil with ite axis
parallel to ¥, was inserted into the audlo Helmholtz coil, and the voltage o
induced in the sensing c01l was observed with a sensitive Tektronix |

. 55/5MD Plug-Ing "The minimum sen31ng coil: voltage observable was about f”i-
1 mv peak, so that an audio amplitude H > .05 gauss peak at f wd = 1 kHz f&“

'could be measured.

B, Electronics:

»l..vMagnetic Field Regulation v
: ,Figure 13 is.a block diagram of the magnetic'regulator'system. The“}'-uf

F19 NMR frequency is fixed by an 11 MHz erystal reference oecillator, so - -

ifhe'laboratory magneticbfield-must be set to a fixed value Hg at the Café

rvsample. For this purpose the probe of a Varian F-8 A Fluxmeter'containing N

" & proton sample is placed at another point in the magnet gap. A very B

stable but adjustable frequency source 1s necessary to set Hu via'the

' proton resonance, because in general the magnetic field inhomogeneity

”'in the gap makes the required proton frequency f5 vary with the F-8A

probe position. The Gertsch FM—6 Frequency Meter produces a frequency

in the '20-40 MHz range which is stable to a few parts in 106 per day when

it 1s properly locked. The EM—6 frequency is divided by 10 in the Gerstsch

‘~IFM-5 Frequency Divider and multiplied by 3 in the'Varian F-8A Fluxmeter

to_produce the required :f'3 ~ 11.6 MHZ; -

The magnetic field Hg was set by first adjusting the phase sensitive
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f, = 39 MH, f2 2 3.9 MH,
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Fig. 13> Block diagram of magnetic fleld (Hb) regulating system
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, dectector so that 'Zero signal was: obtained at the beginning of the F19

| free induction decay. If ('YAHO> 27T 2 (ll MHz) exactly, ’chere will be .“ D
no phase drift between the nucledr signal at 7 Ho, and the reference o

\ ;oscillator at a& = 21 (11 MHz) But if the resonancevcondition'is not".

satisfied, the resnlting phase drift ylelds a signal which 1s proportiondii

| £0 time: _i B | . | |

Iy \ ' .
< /2'?[5) sin [(a)rv- AHo)t].

Thus the correct value of E% is that which ylelds zero Zeeman signal for

LR

SA(’C)

all time, if initially the phase~is adjusted to glve zero signai. By thi§ xj
- method f (and thus Hy ) couldvbe“set with an error of less than #300 Hz .
out of ~11,6MHz. This results in an error of setting fBo of (;\) (Af )
i2O Hz. Once f

3
ment of the rf head‘or the Varian F-8A NMR probe could change Bg, so long :

= ¢3f was. set by this method, only mechanical displace- -

as f5 was monltored occasionally;: Because f3 = VA Hb, some 11,6MHz rf is"
picked up by the recelver coil to produce ~ 600 kHz beats at the phase
sensitive detector output, but these beats are integrated out in the
gated integrator. |

During‘accurate measurements of double resonance rates it was fonnd
edvisabie not to use the automatic regulation feature of the F—8A, because\
the FM-6 would sometimes "Jump" into another stable state separated from
the desired one by 1-2 kHz,(this 1s probably caused by instebility in one
of.the frequency dividers in the FM-6). If the F-8A were sutomatically
regulating it would pull Hb to the new value of f}’ but if this system
',isvused as a monitor alone, such a '"sudden Jump in field" CQuld be easily
‘recognized as a sudden Jump in f.- instead, and corrected on this basis.

3
Some noise might also be contributed by the automatie regulatlon because

~



-97-

of the constant, relatively slow "hunting" of H: around 1ts mean value,

and because of drift in the zero setting of the F-8A discriminator.

2, A RF System

Figure 1L is é block diagram of the entire double resonance apparatus
with the exceptions of the magnet regulator system and the Tektronix
pulse genérators which produce the controlling gates shown on the diagram.
There are four mailn sﬁbsystems: the A rf system, the receiver_system,
the B rf system, and‘the audio systems |

The A rf system supplles to the A rf coils the ADRF waveform, the
saturating pulse for signal-zero measurement, and the 6° sensing pulse
to read out the remaining A dipolar energys, The fA = 11MHz ecrystal
oscillator prbyides ew rf to the phase sensitive detector and the A rf
system. The A rf gate (Figq 15) ecircuit uses a TOT7 tube with grounded
grid, the plate of which is pulsed positive to turn on the A rf. When a
© +100 V pulse is.applied to the A RF GATE input the FD 200 diode is back- ;
bilased and the bC voltage atvthe,7077 plate rigses to 125 volts, allowing .‘

the f, = 11MHz rf to be amplified and.appear at the output tank circuit.

A
Unless the output DC level of the amplifier providing the A RF GATE is
less than about -10 V, this circuit will allow some LIMHz to leak
through.

If zero voltage is appliedAto’the A RF PHASE SHIFT input, the
capacitor Cﬁé”is effectively not in the’7077 tank c1rcuit 5ecause the
diode I2 is back-biased, The other capacitors in the 7077 tank eircult

ik
This detuning of (f)tank provides a 45 degree phase shift across this

are then adjusted so that (f) . . ;s.higher than f, by about :A/Qtankf

circult if D2 is back-blaseds, When a +100V pulse ié spplied to the A RF

PHASE SHIFT input D2 1s forward-blased, putting Cpé into the tank eircuit
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Fig. 14 Block diagram of the ADRF double resonance apparatus'
audio coil and sample not shownj rf gating pulses
provided by Tektronix pulse generators
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Fig., 15 A'rfbga'te and 90° phase shift circuit (chassis 2)
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and lowering (f>tank belOW‘fA by about]%fA/Qtank’ vhich introduées a
:AS degree phase shift into the A rf., The application‘of the A phése

shift pulée thus'éaqsesva total phase shift df 90,degre¢s in the A rf
appearing at the'input to the 5678 cathode follower;v Following the

cathode follower is a sfandard 6CL6 amplifief stage. The small résistd}s
and the inductor in the grid and plate leads of some of the stages are to
stop parasitic oscillations, | ‘ |

The best method of adjusting C£ aﬂd Cps to pro&ide eXactly'a 90§
phase shlft but no amplntude chance of the A rf was, to use leakage into
the phase sen31t1ve detector (PSD) All stages following the 6CL6 ampll-bju
fier were turned off, and the PSD phase was adjuéted to give maximum signa;
.ﬁith no phase'shift.pulse. T@en the‘phase éhift was turnea on and cpS
adjusted to givé zero sign§1>at the PSP ogtput(just aftervthe Beginning
of the phase shift pulse, 'since a 90° phase shift implies orthogohality
-to the PSD iefefence rf.. To adjust the equality of the A rf before and

aftef the 90° phése shift, the PSD phase was changed by 45 degrees to givé
equal welght to the unshifted and shifted A rf, and then C and Cps werév
adjusted for equal. 31gnals at the PSD output Since these two adjustments
1nteract they must be repeated several tlmes.

The gated. and phase shlfted A rf now passes into the MODULATED A RF
POWER AMPLIFIER (Fig. 16, Fig. 17, Chassis 1), which generates the power
‘needed for the A rf pulsés and decreases the A rf smoothly to Zero during
the ADRvaulse{ There are-first'two stageé-of élass c powef amplificaﬁion
(tubes 6éL6 and 5726), the screens of which are bropght exponentiélly to
a slightly negative voltagesby‘the.ADRF.pulse from the cathode fdllowef
V6DJ8., The grids éf the 6DJ8 are nbrmally held at 4225V, so the capacitor c1

is fully charged. Then the ADRF PULSE AMPLIFIER (Fig. 18, Chassis 13)
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Fig. 16  Modulated A rf power amplifier (chassis 1)
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prov1des a negative pulse to the cathode - follower, which allows Cl to
,dlscharge with a tlme constant T~ 2msec determined by Cl and Rl and
the power requirements of the sereens.. The modulated A rf waveform then‘
d:iVeS‘thetgrid of the 813 class C final.amplifier to produce the ADRF
pulse train4' The variable alr capacitor C) tunes the A rf output together '
with L and L(A rf coil). The A rf system could produce a rotating
component HlA = 705 gauss peake | | v_

If leekage fnom the ADRF wawefbrm is obseryed'at the PSD output, tnere‘
is a large apﬁarent phase shift of the A rf near the point where tne'A
rf is finally cut off, This may be a'neal phase‘shift occurring in the
nodulated anplifien stages when the scieens éo slightly negative, or it -
may be only an apparent phase shift caused By the phase of the leakage -
from the 813 circuitsvis finally eut.off; This sudden "phaee shift"
does not appear to affect the dipolar signal?to noises. |

The two diodes (5726 and 6AXkL) are designed'to damp the ringing of |
the 11 MHz tuned eircuilts after'the o° pudse by ecting‘as loads on these
eircuits as long as no rf.power‘is drdving tnenu The time constant.T
of the RC network in the cathode circuit'is chosen to be much longer‘then‘
' dn A rf period but shorter than the ringing time constant 7 = (Q/ZﬂfA)
of the tuned eircuit, If.no rf 1s dpplied to the tuned ecircuit the capaciton
C remalins charged to the DC voltage at the dlode plate, When rf power is
applied C charges{rapidly to tne peak rf voltage, and draws little power
,Afrom the A rf waveform since T >> ?A_lq, Then when the A rf drive to the
tuned c¢ircuit ceaees, the averdge voltage on C falls more rapidly than

the ringing rf voltage because.1 < 2”% When V, falls below the peak
A ‘ .

rf voltage,power 1s drawn from the ringing tuned circuit to recharge C.

It 1s necessary to have separate filament supplies for these diodes because
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-of the large positive volbages reached by the cathodes during A rf pulses.

3, Receiver System

" The purpose of tﬁe Receiver gystem is‘tolamplify-and detect the llMHi’
signals proportional to the F19 dipolar energy and dlaplay them In s
graphical form on a chart recorder. It consists ofAthe RECEIVER-B"RFPRELAY
 BOX, the 11MHz NON BLOCKING RECEIVER, the 11MHz CRYSTAL OSCTLLATOR, the
PHASE SENSITIVE DETECTOR, the IOW FREQUENCY AMPLIFIER, the GATED INTEG?ATOR,
and. the CHART RECORDER; |

' The RECEIVER-B RF RELAY BOX. (fig; 19, Chassis 6) opens the receiver
coil connectioﬁé In the middle of the B rf coil durlng the B'rf pulses,
and getes the gudlo field Hﬁ on at the same timevif degired. During'the
B‘rf'pulse both sides of the input to the réceiver wére grounded by the
relay to prevent harmonic generation in the IN95 shorting diodes by B xf I il
leaking across the reiay contactsy IT fB 1s near g subharmonic of fA’

a very small amount of harmonic'generated in these diodes can feed back
across the relay contacts and destroy some of the A dipolar order, glving
rise to a false "double resonance" gignal, This was a serious problem in
the gypsum double resonance studies, The capacitors in series with the
leads from the relsy té the B RF - RECEIVERAcoil are to prevent burning
out the shorting dlodes if B rf should acgidentally be gated on ﬁithout
also switching the relay, Since f, << f,, these capacitors'are g short

B A

for fA’ but a relﬁtively large impedance for fB“ The capacitor C tunes

the input to the receilver when the relay 1s in its normal positlon shown

in the schematie, The TEST IEAKAGE INPUT is used to leak some 11MHz rf

into the recelver for tuning C.

The relaey power circult shown is barely adequate to operate the relay
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Fig. 19 Receiver - B rf relay box (chassis 6)
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when only a 50 V'pulse from a 162 is.applieddv For some of the later
experiments:involving short B rf saturating pulsés énothef relay power:
_ circuit was used which gave moré poSifive operafioﬁ (chassis 15 and 16,
Fig. 20), In these later experiments the audio géte was separated‘from_
the B ff - Receiver relay because 11MHz rf leaked.into the 100 WATT AUDIO
AMPLIFIER, causing it:to pulse the laboratory magnetic fileld away from
the resonance va;ue Hg,during the long ADRF pulse,

The 11MHz NON-BLOCKING RECEIVER (éhassis 5) consists of a.caécode
input stage followed by four similar "long-tall pair” stagés, designed
by Blume, The gain of the receiver was about 104 and the reéovery timev
was about 15 microseconds after the end of short (< 100psec) A rf pulses¢ 
Unfortunately the recelver blocked for‘~200usec, after A rf pulses lasting
longer than 100useq, go it could not be used to_study'sﬁin~1dcked double
. resonance, |

The balanced output of the recelver feeds directly into the PHASE
SENSITIVE DETECTOR (Fig. 21,'CHaSSis 4), The reference rf at £, = llMﬁz
from-the‘crystal oscillstor can be shifted in phase by slightly more than
360 degrees in the AD-YU delay line. The reference rf is then'ampiified,
limited to provide a stable reference level, and amplified agaln in the
cathode follower eireuit which drivés the detector circult, The detector
consists af the 6AL5 diode and associated Qircuitry. The lk.Q potentio-
meter is adjusted to give zero DC level at the output., The reference rf
ét the input to the detector is -about 36 volts peak, much larger than the
rf signals coming out of the RECEIVER, so the reference rf controls the
flbw of current through the 50 pF capacitors leading to the RECEIVER.
This current flow charges the 50 pF capacitors to DC levels determined

by the reference rf amplitude,jandlfhe time consfant for the change of




. .108-
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'Fig. 20 TImproved relay power circuit for ga.ting' audio,
- and switeching B rf - recelver coil (chassis
15 and 16) .
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Fig. 21 Phase sensitive detector (chassis 4)
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E cherge'on'theecapacitofsfgs‘givenbe"(jbebfjé)(59ekib) :.l.25 pseec >> ~%¥ .

If a smail sighal isvgmesentvet thevRECEIVER output it will add its.smalﬁ.-‘

contribufibn toethe_eurrent in ﬁhevcapacitofs proauced‘by the reference

rf, shifting the voltage'read by the second cathode follower from the

potentiometer tap., The PHASE SENSITIVE DETECTOR and RECEIVER coﬁbinatioﬁ

is linear within'two percent for signals uplto about 8 volts peak at'thev

VPSD output. _

“ The LOW FREQUENCY AMPLIFIER (Fig. 22, chassis 7) has a gain of about

.'seven with feedback, and is llnear_w1thin 2% for output pulses up to 50 V.

vThis amplifier was used to drive the GATED. INTEGRATOR (or box car). when ‘.

observing very small A dipolar 51gnals, When T (Ca 5) wa.s being studled

“.the audio amplifler gain was Increased to BO.v Because the GATED INTEGRATOR

was de81gned to sample large ( 50 V) signals it was very helpful to amplify.:

- the input signals to make drlfts‘in the integrator as negligible as possible;
t‘The GATED INTEGRATOR (chassis 8) is a Relchert-Townsend type using -

. operational amplifiers.AO The Integrator was used in.ﬁhe sampling mode,

in wﬁichva single FLg dipolar free induction decay charges a capacitor

' to & fracdtion of the signal voltage during theytime T2(F19),. This charge

is then held constant byebuekiﬁg out leakage currents, and is sampled Witﬁ

an operational amplifier; Between 6° pulses In successive double resonanee

eyecles the gempiing capacitor is shorted out by a relay, which is opened

Just before the next 9°Vsampling pulse.‘_The'saﬁpling capacitor holds the

" charge 'oniy_’ldng enough for the Mosely 680 chart recorder to deflect ,‘

(~ 5 seconds) so very long“holdiné times are not neceésary.  The boxecar

is lineer within one percent'forAstitive input signals'less thaﬁ~l7

voltse
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Fig. 22 Iow frequency amplifier (chassis T)
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4, B RF System :
The B rf system gates, phase shifts,'and amplifies the ew output

of the Hewlett—Packard 606A‘os0111ator to provide the B rf pulses._ The_
B rf PHASE SHIFTBRu(Fig. 25, chassls 9) shifts the phase of the B rf

. from the oscillator by 180°'when a + 25 ) pulse is»applied to’the SQUARE'B
AWAVE INPUT. Because of the common cathode connection In the phase splitter i.
'l stage the rf voltages at the two plates are 180° out of phage with each B
other. The 250k Q potentiometer provides a variable negative bias which
~ allows only the rf from the second plate to reach the cathode follower

| stage, unless 8 positive pulse is applied to the SQUARE WAVE INPUT.
Adjustment of the square1wave amplitude Vvand the blas potentiometer
allows some‘control over.the sharpness of.the 180 degree phase change,

which may. be useful to eliminate some of ‘the sidebands from the phase-".

- shifted B rf waveform and narrcw the observed double resonance spectra.

Phase-shifted or cw: B rf is then gated and amplified in the B RF¥ GATE»
AND PREAMPLIFIER (Fig. 2h chassis 9) ‘The B rf gate can be either a
sequence of short pulses or a single long pulse and the gating[circuit
is analogous to the. 11MHz one. The B rf driver stage is a class C
amplifier with one tuning capacitor and a selection of coils which can be
'switched.in to’cover'the rahge from 265kHz to 3i15MHz. The cdmbinatiopito
of 3L and the 47 Q resistor in the 6CL6 plate circuit is a parasitic |
'_oseillation suppressori
- The TUNABLE B RF POWER AMPLIFIER (Fig. 25, chassis 10) consists of
~an 829B elass C power amplifier stage with variable capacitor C whicﬁ
. tunes the B rf-Recelver coil when the relay,has opened the receiver connec-:

tions. The screen voltage may be varied by the 10k O potentiometer to
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Fig. 25 Tunable B rf power amplifier (chassis 10)
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regulate the ﬁ,rf Emplituae.’-For most of theimeasurements?describedvhere;
separate, regulated plate end;screen‘supplles:were used‘because the

~ unregulated ones»shown in the diagram resulted‘in 5-10% droop on the'B>
rf wave form'for long 3B rfvpulses. The ihternal supplies'are auequate

for searches using pulsed or 180 phase shifted B rf, since the B rf
'amplltude is not so critical. Tuning the B rf 829B stage during a search
is difficult, and the best arrangement so far has been to use a variable
‘speed motor, such as the Electrocraft Series‘E-l50-h motor with the
1800:1 gearhead, to drive the tuning capacitor C in step with the tuning
_of the 606A oseillator, o |

| To reduce.the harmonic content near fA Of,th? B rf as much as possihle,
: traps_tuned.et'fA were inserted'betweeh the.B rf amplifier end the B

. rf-Receiver coil (chassis 11). Figure 26 shows these trape and the
essoclated monitor point for the B rf amplitude. The B rf amplitudevfor
long CW pulses was monitored et thils point with a Hewlett—Paekard 410B
vacuum tube voltmeter. The B rf amplitude was stable wlthin less than ..

C 3 pereent’when the regulated plate and screen supplies for the 829B.were
used, S0 only a.single audlo resonance was hecessary to determined Hle-

No evidenee of desctruction of SA byrB xrf harmonics wes observed, even

A
To generate triggers for thepten B rf-saturating pulses of length

1 3
though fB = (jjr) f, for Ca ~ in CaFé.

7' (sp) the TRIGGER GENERATOR (Fig. 27, chassisrlh)'Was gated on at the
end of each long B rf pulse, to produce the desired number of pulses.
The time between trigger pulses can be adjusted around the value 1 msec

with the 25k Q potentiometer. The train of trigger pulses triggers s

Tektronix 163 pulse generator which controls 7 (sp)
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5. Audio Systemv

The audio'systém §onsists of the AUDIO OSCILLATOR, ATTENUATOR, AUDIO
GATE, 100-WATT AUDIO POWER'AMPLIFIER, end the AUDIO MONITORING SYSTEM.
The audio oscillator was a Hewlett-Packard 2020, the output of which was
attenuated with a ten-turn Helipot for ease of setting audio amplitudes.
The AUDIO GATE portion of the RECEIVER-B RF RELAY BOX 'is shéwn in Fig. 19,
and the 100-WATT AUDIO POWER AMPLIFIER was used oﬁ 1ts feedback mode for
less distortion at low and high audio frequencies, The audio monitoring
system consisted of the sensing coil inside the audio Helmholtz coil, a
Helipot attenuator, and a Tektronix 551.oscilloscope with 53/5h D1 milli-
volt plug~-in, Tﬁe Heliport was 'set at each faud to attenuate V (sensing
coil) by an amount proportional to,(f;id), so during an audio resonance
it was only necessary to keep‘the attenuated sensing coll voltage at the
.oscilloscope constant, to mainta;n Hé constapt.

Figure 20 shows the more reliable relay gating eircuit used to control
the audio separately from the B rf when ten short B rf saturatiné pulses

were applied between the longer B rf pulses for the O % 90d measurements.,
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~iV§’ EXPERIMENTAL "RESULTS OF AUDIO SATURATION

DOUBLE RESONANCE IN CaFé

A,. Measurement of the Maximum Double Resonance Rate, iﬁ (min)

Y

: /
l. Experimental Method -

As mentioned.above‘in Section‘II.D;kx, & study of the effective
double:resonance time constant_jAB as a function of the audio Saturation'vff
parameter 7 enables us to measure the maximum possible‘audio saturation .
'double resonance rate

' ' ' -l e
| TAB(m;n)”

LI g and H p are held constant, the effective fleld H , has a w
fixed magnitude and makes a fixed'angle 6 with-the 1aboratory magnetic;n.7
. field. This means that “the ratio of heat capacities e, the A-B cross=
relaxation time constant Typs and the -audio resonance linewidth (T aud)-l
are all constant. To vary the saturation parameter z it is only necessary |
to change Hl aud since Z O (Hlaud) . To obtain the greatest range of. z for A
a given maximum value of Hla a it is useful to work at the center of the

_audio resonance, where

' 3 . \2_, aud :
2 =83 = (0p00) T Tap e
Wb?kiﬁs.near w gﬁé:; o -also hes two other advantagest- 1t allows us to

check that He is at 1ts proper value, and it reduces noise caused by

'fluctuations of HeB and &audf since we. are at a stationaryrpoint of SA (waud)'

Because the audlo resonances-are so narrow at 6 = 90°%, 4t 1s useful
»vto do audio saturation double resonance near 0 = 456, where the A-B dipolar
-coupling broadens the audio resonance, but where 7,5 O (stinze)"l is still

reasonably small, .

s
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One of the major experimental problems of audio saturation double
resonance is the measurement of H_
rates depend on (Hlaud>
the presence of the metal close by in the magnet pole faces, The metal

1 aud’ since the measured double resonance

a ThlS calibration of H1 1s complieated by

makes the effective gauss pér ampere of the audlo coil depend strongly on
the ‘andlo frequency, and to some extent on the aﬁdio amplitude, To

measure the audio amplitude a small sensing coil was placed inside the

- larger audlo coil, with 1ts axls parallel to the dxis of the audlo Helm-

holtz coil. The voltage induced in this sensing coil: was measured as a o

function of audio freqﬁenoy, with a sensitiﬁe oscilloscope, while the

rf head and audio coil were outside the magnet gaps For constant audio

amplitude the sensing coil’voltage wa.8 proportionsl to the audio frequency
within 2%, Using tﬁe measured statle. gauss per ampere of the audio coil,
and the A-C current through the audio coil measured through a resistor in
series wlth the coil, a relation between sensing coil voltage and peak
audio field and frequency could be derived. This relation remains valid

even when the audio coll 1s in the magnet gap, since the audlo field is

" Just sampled by the sensingﬁcoil, and not distorted by the very small

amount of current flowing in the sensinglcoil. To characterize the audio
amplitude a parameter VSc wa.s introduced, which is the sensing coll voltage
divided by the audio frequency, normalized to a standard frequency., There~
fore for any audio fréquency VSc is proportional to the audio fileld, so
that | | | |

>2 II@ud T

5
By =g (Hoq)” Ty Tap

aud A ' 2
= 'YB‘:K2 sc =1 V:c ,

where %(is Independent of audio fregquency.
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The'zero of the F;9‘aipdlar signal waé determined by turning off the

90 phase shift of the A rf during the ‘ADRF pulse sequence, so that the
inltial Fl9 dipolar signal was negligible (that is, less than or equal
to the small thermal equilibrium value ). |

To measure the effective double resonance tlme constant IAB’ the
ekperlmental procedure shown in Fig. 28 was used. First,'the effect of
19

spin-lattice relaiatipn of the ¥~ dipolar energy was allowed for, by

pefformingithe procedure of Flg, 30 ekactly as in the double resonance ;!V‘

experiments, except that‘no audio or B rf fields were applied to the

sample after the ADRF pulse sequence. The Fl9 dipolar sighal 80 obteined:v»

was used to normalize the double resonance datat

‘SAb(ne andio, no B rf) = 8po *

LI

. Then at a'given value of H oo (or Vg ), a sequence of measurements .

1
using the proeedure of Fig. 28 was made, while sweeping O ud thfoﬁghva

small:range near the audio resonance center, wéB.' The minimum ELg signal. - 3

from thiS-sweep (averaging over noise) was taken as the audio saturation é

double resonance signal for this value of Hlaud‘ The double resonance

time constanf TAB‘was calculated according toy

AB ( A(audio Brfﬁ
: Iin

,SAo

As discussed;}n Section II.D‘M.,.if Tpg << tppp 80d € <1, T, can

be expressed in terms of the satufatioﬁ parameter z byl
TAB L+z

| AVTAB = v2 [ Vic]

B Sl 4 e
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‘Experimental procedure for audio saturation double

resonance following ADRF (times not to scale);

0 <t <ty1 formatlon of ordered A spin dipolar

state; 1, <t <t double resonance occurs;
n?ng A dipolar order is sampled
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Thus th?iPIOt of'VidTAvaersus Vid will be approximAtely a straight
~line (for'sufficiently’small TAB'and e).' The,slope'sg of'this'straight

line yields directly the minimum audlo saturation double resonance time

> constant T (min) for this value of H_, end o1
-
- AB _
TAB(min) = =8, .

-The intercept I of this straight line 1s related to the audio resonance -

line width (Taud)~l

2 2 audy-1 _
28 (e a)

2. - Results and Discussion
. . ) . ‘ N ‘ . ‘V2 /'/- .»‘ :. ~ . i )-"5 . . -
Figure 29 shows stich a scTAR plot for the case of Ca ~ in CaFé.
The calculated SAturation pareneter Z is based on a value of Tgud o
" assuming only motionally narrowedvdipolar broadening of the eudio
resonance, since T,, = 6OTaud at this value of H_p. These calculated
* fz could be in error by .20% because of the large angular dependence of
By (a sin.')+ 0 cos 6), and error In measurement of Hla q¢ This assumption ’

“does not affect the measured values of T (min) The values of the

: intercept I might be affected by the presence of inhomogeneous broadening,

3

_however. v
Figure 30'shows the valuen of W@B AB dbtained from the audio
saturation data by measuring T, (min) at several values of H B’ for__
kﬂseveral different angles Oy .Since the audio saturation method does not
glve € directly, we have,used the value of ¢ measured by theApuléed double'

resonance technique (Figs. 45 and 46):

€ = l.O9><lO'5 fiB (kHz);
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CALCULATED SATURATION PARAMETER
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~ Fig. 29 Measurement of TAB(min) by “ai;cl‘io saturation

double resonsncej H_ | [111] in CaFQ, HeB =

28 gauss, 6 = 45°, TAB(min) = 0,4 sec
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Flg. 30 A dipolax-B Zeeman érossqrelaxation“spectrum;

uses audio saturation measurement -of TAB(min)
and pulsed measurement of e(weB);'Hb I [111]

in CaF,, 0 = 45°; straight linés are least-~ ,
squares Wy at 6 = 90°, 45° and 30° from pulsed"

- ADRF-DR mgasurements
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71 19 then given by;
AB .

-1

Tpg = te 'TAB(min)]‘l :

For comparison with the pulsed,TA; data, thé’lines obtained from the
least squares fits to the 0 = 90°, 45°, and 30° pulsed data are shown’
- in Fig. 30, It is seen that, within the experimentdl error, the audio
saturation method yilelds thelsame.magnitude and functional form for T;B
as found by the moreiaccurate pulsed double resonance method.

The error in TAB(min) becomes very laigg at smail f,p» Decause the
slope of £he VééTAB curve becomes smaller than the experimental scatter.
fAlthough T, data . were taken at feB = 2kc.for 9.= M56, the slope was 80

AB
small that no useful value of ?Aﬁ (min).:could be measured.

At low HeB large audio filelds a,I"e required to produce appreciable
saturation of the audio resonance, since TAR (the analog of Tl) 1s ex-
popentially becoming smaller. But these largé gudio fields begin to
approach HEB in size near feB = 2KHz, and since Hiaud 1is no longer a
perturbation on the B Zeeman system in the rotating frame, another apprbach
must be used to calculate the double resonance effect, It might be more
appropriaste to take fhe vector‘sum of HeB and Hlaud(t) as g zero-order
Hamiltonian, and conslder the moduldtion that this total magnetice field‘
produces on the A-B dipolar coupling, .Such a modulaﬁioh of the A-B coupling
would effectively "oypass" the resonant nature of the B Zeeman system,
because it would résuit in absorption of audlo energy by the A‘dipolar.

. system at any audio frequency, so long as the audio frequency is within
the A dipolar spectrum. The strength of this ﬁon~respnant audlo absorption
should be proportionai to the angle through which the tot@l magnetic field

=H _ + o
Htot HEB Hlaud(t) varles during one audio cyecle,
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date shown in Flg. 30, the Bloch-Siegert's shift of the

AB
audio resonance center is not important, since the maximum audio fields . _

~ For the T

used were z.i.gauss, while at feB = WkHz, HEB ;vlu gauss.f'Then‘the maximum

Bloch~Siegert shift for this'daﬁa is giVen by1
. 5 5
~ * ~ .
® = o (l + (—Eg) )-— GEB“(l’OOOl)

Figure 31 shows a quantity proportional to.the unsaturated'éffectiVe:

“audio resonancé line width (Tgud)-l for various values Of'HéB at 6 = 45°,
The intéréept J% must be multiplied by fiB to remove the frequency de-

pendence of e, Since at 6 = 45° the major contribution to the audio

resonance line width comes from motionally narrowed A-B dipolar coupling,

aud. -1
(5"

TAB is negligible at-feB = thz,‘and'quédrupole broadening would be'constanﬁ_::f 

‘should be a constant because the HeB—dependent contribution

_(a contribution from B rf ihhomogeneity'would probably be proportiohal,  o -

~ to H_g, but the observed B rf inhombgéneity'is small), As can be seen from .-

[

"vFig. 31, the audio resonance line seems to broaden suddenly for feB > 1QkHz,A‘;
Since this brdadening,sets In Just at thg point.whe;e‘the audlo resonance
1s completely saturated, even for thé smallest‘audio fields usea, this7.
broadening,may bérrelated to doubly-rotating frame effects, or caused by
,‘the bresence bf some inhomogeneous broadening of. the audio rgsonahce, as
noted.in Section II.D.5. |

Thé audio saturation double resonance method .glves results in agfeef .
- ment with the pulsed double resonance method, but 1s less ﬁseful for
measuring doub;e résonance rateg for three reasons: (l) The agdio method

does not measure € and TAB independently, but only givés the ratio e/TAB,

unless the unsaturated audio resonance line width (Tgud)-l is accurately
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known, (2) At small H it is dLfficult to.simulﬁaneously‘satisfy the

'.reguirements thathia a produce appreciable saturation, and yet remain

8 small perturbatidn on H "this makes it difficult to interpret the

data, 31nce the correspondence between “the saturation parameter and the '.

observed double resonance signal is complicated by the possible presence

- of non-resonant. absorptionu (3) Experimentally, it is dlfficult to

measure the audio field Hl ng? 5° the (Hi d) dependence of Z introduces .
¢ AB

- In the audio saturation datas« But audio saturation double resonance is

:appreclable error into the Vi T versus Vic curves, causing more scatter

a very accurate means of measuring HeB’ since the center of the”resonance__&;vw
_curve is not affected by these complications, so long as H aud is constant o

'over}the small frequency region near the audio resonance center,'end tERF~ U

is long so that very small audio fields can be used.

'Be Audio Resonance Linewidths

1. Experimenﬁal Method

If we neglect the small corrections to $A;( ') caused by iarge'

B spin heat capaci’cy and finite A spin~lattice rele,xation, the observed

¢,

'donble resonance rate is given by ‘ _ \

( aud) B Tig ( 1+z) ’ . ] _.(87>
where o oz o= (wéud/wEB)ﬂaiaud Tap f(weud)” ,
end - - g z(w )= T o ) .
S . R ’ > eB laud ~AB eB’ .

.o

Since all'observed>audio resonance lineshapes are approximetely Iorentzian,

' ' : | <1, then
we assume this form for f(weud)’ If @ oud is chosen so that z < 1, then
: . ‘ -1
for all @ . Z(asud)-<< 1, and Egq, (87) shows that TAB is proportionad to.

. f(waud); 50 the audlo resonance lineshape can be read directly from the
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-1
TAB
the audlo resonance line must be much larger than the minimum observable

data. Since the double resonance rate TA%(aEB) at the center of

deemmmmemmmewethMrmﬂmmm:

1

Rutn << Tap (9ep) = € 26/(1425) 7y
€7 : _ . A
~ G20 2 - aud ;
TAB laud 2 :

1

: o, ud - | ,
. but.in order.to read ﬁg directly from the TAB (waud) data we require

7 << 1t
o : ‘ .
.2 . aud

z: T @ ud TAB T2 <1l, . _ (89)

The opposing requirements (88) and (89) result in the reasonable require-

'ment that the minimum observable double resonance rate R ; be much less

than the maximum possible double resonance rate e/TABf

R gy << €/TAB , (90)
Sincé € o whilé 1t exp(-Y,H .t ), ¢/1,, has a peakvat o= (2/t )
eB AB T T BeBe”’ AB . eB c’*
For Ca)1L3 in CaF,, this condition (90) means that only near fp = bkxHz will

it be possible to deduce the unsaturated audio resonance linewidth (TSUd)"l

directly from the T;% (agud) date, In the general case it is better to

“use the measured maximum double resonance rate (e/TAB) obtained from
pulsed double resonance data, and solve Eq. (87) for z(wéud)’ which then

fvyields T;ud directlyt

a(w,, o) = /(L)

where ' -1 -1
| N =Thp (waud>/¢€T?AB)
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For large:é'if.iS'also7necessary.to includé'thé corrections mentioned in =

Section II.D.hL, resulting ih.a'mbre complicatedAexpressioh'for kaaud)'
A computer program hes been written which solves for z(ahud) including

these corrections, and fibs the resulting i(waud) to a Lorentziah form: -

" The audio saturation equation for z(méud) (correct to first order in the

small;quantities_§5 ?AB/tBRF’ and TAB/TlA can be written:

(1+z)™n = (1+u)z + q - m)- TR : (91) :
"~ where v : ' ‘ '
o -1 Ly
@ = Tpp(bppp - J_A>
~and o ' . . A =1

!

The term -AeZ (1+z)‘1 1s not important in the wings of the line, as‘is?.'fj i
the correction g, so we first solve Eq. (91) neglecting the term'prdporQ;:*l"

tional to A, The-appfoximﬁte solution Z satisfies (91) (to second order ..

in q)3 | |
| ' : '(:L+z‘)2 n 2 (Ltz )z, + g

, e +/ %4

where 2, = n(l'ﬂ) RE Sl (1‘ﬂ)‘-
_Thé effects of the remaining small term in Eq. (91)‘afe foﬁnd by solving
- (91) to first order in the perturbation parameter A, after settings

= -+ ; : -
z z, A Zl_ ‘

The approximate solution to (91) 1s (to first order in A)s

z =z
+

+ en, (1grz+)"1 (1422, - en(1+z+)')‘l . < .(92>-

This last correction increases the observed linewidths by less than two




~133-

percent,'so all higher coriections are probablj negligible,

" The computer giveé least=-squares values for both the amplitude of
the audio iesénance line and its linewidth, For‘thevéaée of appreciable
Inhomogeneous broadening of the audio resonance line the theofy of the
calculation of T;id must ﬁe modified since it implicitly assumes g

homogeneously broadened audio resonance line, That 1is, the expression

for T—l

aud (waud) is the same one that would be obtained by assuming the

B spins obey Bloch's equations, in which TAB replaces Tl and Tgud replaces
T2, and one calculates the rate of change of EB = _MéHeB' Blogh's

equations are appropriate for a liquid,‘in which the spins are lsolated
from each other but see randomly varying.local fieldsgwhich relax thenu_

The case of rare B spins in a solid being influénced by the A-B dipolar
coupling satisfies éxactly these requifements if we consider a single B

spin "iéochromat" in the inhomogeneously broadened audio resonance line,

‘If there is significant inhomogeneoﬁs broadening of the audio:resonance

1line (by quadrupole splittings or B rf inhomogeheity), we can still solve
Bloch's equations for each B lsochromat and then average over the inhomo-

geneous distribution h(x) of width (2;)-1, But the "amplitude" of the

* - .
audio resonance line and its observed linewidthl (T2> 1 are now no longer

- related by the simple normalized lorentzian curve because the "emplitude™

and width are measured in physically different ways. The "amplitude" z,

(1.8g.) is determined by the amount of energy per unit time belng fed into

the A spin system by the sudio field, while the wiath (T ") '(1.sq.)is

determined by h(x) if inhomogeneous broadening s dominant. It is possible

theat zo(l.sq.) can be small if the saturation-broadened homogeneous line-

-1

~ 1% -
width (Té) 1 15 mueh smgller than (T2 )""« To see this we note that in a
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h homogeneousiy:hfoedened-linehof Widﬁh'( é)l all the spins eventually
' pass'hhrough the_freduency'waud. But for inhomogeneous broadening the |
'audio field'affectshonly those spins within (?2)vl of ®oud rather thanv"'
~all the. spins sphead out overﬂ(Té*)~l, 50 the saturaﬁion effectiveness
should be rednced by about (T'*/Tr). Explicit calculationl for a Lorenf—hj"
zian distridbution of inhomogeneity h(x) shows that the actual reduction tni
factor at the line center is’(T /T )l/zﬁ But the measured 1inewidth ”
b.(ig*)'l still gives fhe inhomogeneous distribution linewidth (Te)
.since the homogeneousvlinewidth does not chenge from isochronat‘to
~isochromat.- | |
For best signal to noise end least distortion of the audio ‘resonance hi

lineshape by excessive saturation, tBRF was set to ~ 6T1A, and a value _Ab
:of Hivand chosen_which reduced SA at the center of the audio resonance w.’ l
to about e":L of'iﬁs initial value, This vaLue of Hl d was 1ess than :
0.k gauss peak in all resonances studied. The_B rf amplitude was‘moni—f‘;
: tofed with a VIVM and jb was checked with a Hewlett-Packard 524D electronich :
counter before and after the audio resonance sween. During the sweep the' .
| ‘audio frequency at each point was set end monitored with the electronic
connter and fand is accurate to #*,01 kHz, The time tBRF was measured
with the electronie counter; using a‘Hewlett-Packard 526B Time Interval Plug-

BRF
by measuring the sensing coil voltage at faud when a known sudio current

In, so t is aceurate to *,01 sec, The value of‘Hléﬁé.was calibrated

was pasging through the audio coil (outside the magnet_gap). ‘The statie

gauss per ampere of the audio coill then relates sensing coll voltage to

 peak audio amplitude. The SA(weud) data were converted to T, (ahud)

. rates using the measured tppp, and the resulting zh(whud) calculated from

Eq. (92) were fitted to a Lorentzian functional form with varleble
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amplitude, width and center frequency, The rms deviation between the
least-squares curve and the data points was usually'iess than two percent

of z (L.sq.) for the given audio resonance.

2. Results ana Discussion

To separaté the contributions tQ the audio résonance linewidths in
,CaFQ'it 1s useful to analyze the O = 90§ audio résonaﬁées first. As noted.
in Section II.D.5,-at 0 = 906 the secular A-B dipolax contribution to the
linewidth vanishes, while the inhomogeneous broadening from HlB'iS laigest
‘and. the quadrupolar broadening is at a local maximum. The maximum experi-
mental error of setting 6 near 6 = 90° resultéd in an AB coupling linewidth
of less than 8 Hz. Figures 32 and 33 show such narrow audilo resonance

lines at 8 = 906. As Fig. 34 shows for CaL)Jr3 in CaFé the audio resonance

aud-1
T, ) .
is constant at 125415 Hz, within the experimental error, The rms deviation

linewidth_(Qﬂ over the range from le = 2,44 xHz to le = 12,65 kHz.
between the least-squares ILorentzlian and the data was less than 2% and
the curves seem Lorentzian within the experimental error as seen in Fig., 35,

The sum of (21T -1 and one percent inhomogeneity broadening shows

AB)
- congiderable curvature over this region, while the data aré constant within
the experimental error. Thus there is no evidence of a significant com-
ponent propOrtional to le, S0 we may conclyde that the magnetiec inhomo-
geneous broadening is less than one percent of f,g+ The constancy of the
linewidth suggests that 1t may be cauéed mainly by quadrupolar broadening.
If so, the rms quadrupole splitting in the l&boratory frame would then be
T/Q = 240 Hz. It is puzzling that the 1inewldth at le ~ 2,44 XHz 1s less
than the linewldth caused by:TAB lifetime broadeniﬁg alone, but thefe is

considerable experimental scatter, and the computer program does not
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Fig. 33 Fit of Lorentzian line to derived audio resonance
wa)s By I [111] 1n caF,, 6 = 90°,
= 0,085 gauss

lineshape z(:f‘a

and Hlaud
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preperly £ake account of inhomogeneous broadening,
The least-squares %AB and z;uq together with the measured‘vaiue of .
'Hiaud yleld a theoretical value of z_, (zo(th)), which may be compared.
with the least squaree Z (1,sq. ) obtained from the data. As the‘homo-

\ -1 . T%y-1 .
geneous linewidth (277,_ )"~ becomes much less than (QWTQ )", Fig. 3k

AB
shows that R = (zo(l{sq.)/zo(th)) becomes much less than 1, as would be
expected from an inhomogeneously broadened line.
Since theve = 90° data show linewidths of the ordef of 120Hz, but

the © ¥ 90° data have much larger linewidths (see Fig. 35), we may
attribute the 0 ¥ 906 linewidths largely to secular A-B dipolar coupling.
At 6 = 45° for the [111] direction, the calculated value of the linewldth
“based on ‘the T;; least squaree data is 310 Hz, The measured valﬁes of the

linewidth in Fig, 36 are 330420 Hz, in reasonable agreement with theory.
The measured velues of z, are approximately constant‘and the ratie
R, = l.k. Since the error in measuring K oud could be about 20%, this
is reasonabie agreement between theory and experiment. It 1s possible
that better agreement could be obtained by doing the audio resonance |
’ theery to inelude slight inhomogeneous broadening, but it would be very
complicated because a single homogeneous spin temperature cannot be used
‘to describe the B spins, énd a neW'EB would have to be caleulated by
averaéing overvh(x); in order to define
IS R | o

T = AN
aud ZEBS dt | / audio



- 05

03

02

 '_1uo—.’i_

04

- 40 . 50 . 6.0
faud (KC.) ' _

XBL 676-4182

..Fig, 35 Raﬁ,gudié resonance data at 9’;'506,;showing

mbtiOnally-narrowed dipolar broadening; solid N
curve is Iorenmtzian; H_ | [111] in CaF,




§

(2 T899t (Hz)

-1h1-

400 l T T T T | 20
]
o a
300 A .
) g i
[2)
a o
o
200~ -0 Z
7]
P
1%}
=
100 4 &
o 3
o} I ! | I | 1 0
Y] 2 4 6 8 10 12 14

fes (kHy)

XBL 676-4183
Fig. 36 Derived audio resonance linewldth, &, and

fraction df<theoreticél”Saturaﬁion parameter,
R,3 H | [111] in CaF,, 6 = 45



| -1&2;

Ve EXPERIMENTAL RESULTS OF PULSED DOUBLE RESONANCE IN CaFé

A, Transient Oscillatlons in the Rotating Frame

Wé’conéider‘the transient oscillations;first beéeUse for iOW‘féév.
€ is of. the order of &, and the. presence of thevoscillations might disfort
onr least—squaree valuee of € and TR if we do not‘take aecount'of the o
oscillationsvin fhe;iunctional form which we fit to the data. Figure 37
shows the curve calculated from EQ. (56) of Section IT.C.2 as a function
-'of the pulse length T,vusing the Lorentzian correlation function; wnich
agrees with the_dlough-function for 6 = 90°, Here Hiﬁ = 4l gauss and
HLB = 3, 5 gauss, so the. oondition Hp > HLB 1s well satisfied. The datd
agree w1th the theory as far as the period of the os01llations, order of .
-magnitude of the decay time constant,,and the.added_term et/TAB are conf
cerned. The magnitude of the oscillatione is not as large as 1t ehould_ a
‘be, and this is not understood. | -

Figure 38 Shows the'shepe of the oscillations in a region where'Hlﬁlvﬂf:
is not much greater than HlB’ since HlB = 8.5 gauss. Therefore the simple g
theory does ‘not apply, and it can be seen that the small oscillations -

present fluctuate around a‘function of roughly the form

e(1 - e_t/TAB);

" Therefore the oscillations should not seriously affect the_measurement

, of € and TAR by the least squares fit method.

" B, MEasurement of ¢ and TAB'at & = 90°

1l. Experimental Procedure .
The sample was a HhrshaW'singleEcrystal of CaF2 in the form of a

cylinder with the cylinder axis approximately parallel to the [110] éxis.
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Fig. 37 Transient oséillations-in.the~B.rotating frame;
6 =90° f,5 =12.6 xHz, B | [111] 4n CeFys
solid curve is theoretical RP(T)
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Thé éample'Was rotated with this axis perpendiéular to the laboratory
magnetic field.
Before a measurement of SA(I) was made, the freqﬁencies of the
Gertsch oscillator regulating thé Laboratory magnetic field, and the B
'rf oseillator were checked with an_electrbnic'counter. Then the amplitude
of the B rf pulse was set to approximately the desired‘value with the
osellloscope monitor or VTVM, and an audio saturation double resonance
.plot at_this value of B rf was made, to measure HlB in the rotating
- frame (Fig. 28). The value of the minimum 5f the audio resonance curve
(SA VSe méud).was taken as the measured value of le in.all cases, and

the aﬁdio frequency was monitored with an électroniq counter. Another
audiovresonance was teken as a check after each run at a giveaniB, and
the two values usually agreed to less than *,05 kHz.

Then the sequence of rf pulses of Fig. 39 was applied to the sample,
keeping‘the eyele time (fo +-T> = t,, the number of B rf'pulses N, and
the amplitudé.of the B rf constant during the entire rﬁn; Only the |
pulse length 7 was’véried, betweeh,the limits T =0 and T = tc-ems, since
1t was necessary to allow all transverse components of MB to decay com-
pletely between pulseé. The_pulse lengths T were measured with an elec-

tronic counter and are accurate to i;2%, the main error coming from pulse
length instability of the Tektronix pulse generators. At each value of

T, two SA(T) points were taken, plus one value of S, with no B rf pulses‘

g

%

applied to the sample (SK%NBﬁF)), and two zero points.of §,, with and
without B rf pﬁlses. The:zero péints were obtained by applying a lérge :
.CW pulSe of A rf lasting about 5 ms ﬁo‘saturate the Flg dipolar and Zeeman
reservoirs, and then recording the‘resulting signal after the 45° A pulse,

in its usual_posiﬁion in the sequence, These zero-signal points were
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Fig. 39 Experimental procedure for pulsed 'do,uble resonance °
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aQeraged and subtracted'from the SA(T) and_(SA)NBRF signalgn Without
these zero-signal points‘a false {ﬁk}.signal~zéro might have beén caused
'by'small amounts of Fl9 Zeeman signal édding_to the dipolar signal, if
the.phase of the phase sensitive detector were set'improperly, or drifted
from the cérrect setting. It was not sufficient to delete the 90° A rf
phaée shift from the ADRF wave form to obtain the zero'points, probably
because a small off-resonance component of magnetic fiéld AHA could allow
some order to be transferred from a small spin-locked magnetization
: 5MA ~ M oA cos(m/2 + 80) to the fgéipolar.system during the rest of the
ADRF wave form., This would yleld a small dipolar signaih again giving a
false zgro for SA' The phase'of the phase sensitive detector was adjusted
by applying one of the saturating A rf pulses above and adjusting for
zero signal after the 6° A sensing pulséo

The normalized Flg dipolar signals as a function of T were obtained
by subtracting the average "zero" signal from the signal at 7, and dividing
the result by the averaged Fl9‘dipdlar signal with no B rf pulses:'

5 n)-(0)

SA(NBRF) ~ M(0)-{0)

These normalized signals were fitted to.the theoretlcal expression in
Appendix E.usiné an IBM 1620TT computer (see Fig. 40).

In order that these'léast~squares € and TAB be meaningful, they
should be independent of Tméx, the length of the longest B rf pulse applied
during a measurement at fixed H . For éxample, if v ' 1s too short for
: : o } : max
a particular value of HlB’ the least SQuares fit will yileld € and TR
values which are too small because thé A and B spin systems have not come

completely to thermal equilibrium. TFor ﬁhese'experiments, at each value
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of Hp, Tmax was set atl5.5 Tp 8nd SA(T) wag§ measured aﬁ fifteen equally-
spaced points within the intervel O <1 < T o Figurefhl shows +he

dexrived least—sQuafes € and ¥ for several experiments at constant HiB’

AB
‘using this procedure but with varying'Tmax. It can be seen that if

T >_3,TAB, the values of € and 7,. are found.to be independent of -

max -~ AB

Tmax' Figure L2 shows that the ieast-squares € and T,p 8re independent

of the number N of B rf pulses applied to the sample. .

2. Experimental Results
The above procedure for measuring € and'TAB was repeated at many
values of H , for H; approximately parallel to the [111] ana [110]

. . - -1
directions of the CaF2 crystal. Plots of the TAB (le) and e(le) data

(Figs. 43-45) showed that they obeyed the following functional forms

within the experimental efror:

(93)

-1 : g
Tap (le) = A.exp (-om Ty le)

e,(le) = C ;ﬁB (EHZ>.f

s and C, the € andVTAB

To determine the values of A, T data were fitted

c
to these functional forms, and the least squares values of these parameters

are shown in Tables II and III.

Teble IT: ;Hbﬁﬂ.[llo]

A(ld5 sec™) Tc(10"6 sec) .C(lO-5 kHsz)

1%

TheOI‘y' 2¢ 6)4‘6 . . ‘ 60' 5 ‘ . 5286

Experiment

(no sat. pulses) 2,17(%.04) 57.2(£.4) 484 (%, 008)
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Fig. 43 A dipolar-B Zeeman cross-relaxation spectrum,
measured by pulsed ADRF double resonancej
curves are theoretical spectra for H exactly

| [111] 4n CaF,, 6 = 90°
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Fig. hh A dipolar-B Zeeman cross-relaxation spectrum,
measured by pulsed ADRF double resonance; curves

are theoretical spectra for. H exactly H [110]
in CaF,, 6 = 90°
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Fig. 45 Ratio of heat capacities, €, measured by pulsed
ADRF double resonance in CaF.; solid lines are
theoretical dependence of e, assuming the relative -
ebundance of Ca™d is 0.13%
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 mable TIr: CH b [112]
' A(lO5 sec’l)' : Tc(10’6 sec) ‘C(lOiB kHzfa) )
Theory L. 636 o B0.6 - 1.165   1. -
Experimentvu : . ' |
(no sat. pulses) 3.89(%.09) - 78.L4(%£.5) ' 1,03(%.03)
Experiment | . : v e '
(sat. pulses)  3.77(%12) = -80.0(.6) : 1.10(*.05) .
Table v shows the'relation between'the experimental and'theoretical?;‘s
values of A, To and Ca
Table IV: Ratio of experimental to theoretlcal values .
A/Aﬁﬁ Tc/(rc)th o vC/Cth ‘ Area/(Area)th-;5}f'
[110] (no satura- _ - . A
(1121 (no satura=- .- | - -  ',;:
ting pulses) Bk A -88 ' _'87_ RS
© [111] (saturating o o IR '_ S
~pulses). n ' f8l b o9 . 3'1'f9h = o .f82 .
™
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3, Discussion

a. Effects of.crystalline mlsorientation. Table IV shows that the ex~

perimental values of A, Tc and C are all somewhat‘smaller than the theo-~
retical values. But Table IV shows that the [111] data taken at 6 = 90°
with 10 saturatingipulses (explained in detail in sectién V.C.) agrees
within experimenfal error with the data without satufating pulses. This
is to be expected since for 6 = 906 there should be no remaining component
of B magnetization parallel to %g for the saturating pulses to destroy.
The discrepancies between the theoretical and experimental values of
A, Ta and C are outside the experimental error if ﬁg is exactly parallel

to the [111] and [110] axes. The axls of the cylindrical sample has been

"measured on one end by a back-reflection Lauve photograph, and it was found

that the cylinder axis is dlsplaced from the [110] axis about five degrees

toward the [100] axis, and about three degrees toward the [111] axis.

The axis about which the cylindrical sample was rotated in the laboratory .

magnetic field was measured to be parallel to the magnet pole faces within

+,5 degrees. Because the [110] and [111] directions of the Café erystal

‘are both stationary points in the A-A and A-B dipolar interaction, this

measured angular disorientation produces only small changes in Cﬁmg)BA,
T oo and C, as can be seen in Table ¥V, This 1s still not enough to bring

the experimental values Into agreement with theory, unless the average

orientation of the bulk of the érystal deviates from the orientation of

i

the end face measured.’ Adding only one degree to the angular errors
quoted ebove increases the error quoted in Table V by about 50 percent,
S0 we are just‘on the edge of rapld varlation of A, T and C with angle,

Since the Laue photographs did show some evidence of lineage,he 1t is

~perhaps possible that the crystal orientation is the primary cause of the

.discrepancies in ¢ and TAB.
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Table Vi Effect of cfystai miSOriéntation

M)y /Gy f./_(_c_)_fza Area/(Area),
[11111. s o o ~982
(1], .986 .99l .98 .95
[110] ~  .887 90 .5 9Tk

bs Magnitude of e€s  The fact that the measured e values are about 10% .,
low means that the double resonance process is not as efficient as 1t ..

S, (N )}l/ .

~ should be on the basis of the simple theory, because (1 + e)’l 2 NN )]

L -

: _ A
" .'The curves of Pig. 45 use the more recent value for the natural abundance
- hn A - ' S . ‘
of Ca® , that is, .15%1‘5 rather ‘than the .145% measured in 1938. Hh The
43 relative’abundance 1s

experimentél error in the measurement of the,Ca
, ébouﬁ 15%;45 which brings the experimental value of‘e into_agreemenﬁ(with='
thedry Within.the experiﬁentél error, | | h .
A small quadrupole perturbation would bevexpected to incréase the
| B.spin heat‘capacity slightly, but this increase l1s less ﬁhan the'
‘experimental.error'for high le?_anq prqbably'éould not bévdetectéa_.

except at fiB < 2kHz« The perﬁurbed € is given by

eé.= e, [1 +:(5é/le>2] y
g

wherevﬁQ‘is the rms quadrupole splitting of the Ca ~ iesdnanceliine;

There 1s no evi@éncglfor this contribution at these 10w values of le  
e | -
L 'Ah ahalysis of the sensitivity of_e to thé signal zero.of SA Showé_
that for largé total destruction of A Signal; there cOuid be sizeable

amount of error in €, if the A signal zero is inaccurate. In the limit
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T >> T pn? and neglecting TlA’ the erroneous measured heat Capaciﬁy ratio

e, is defined by:

(SA(N) +05,) (X +4,) @
= = + ¢
(8,(0) +88,) (L +4,) n

>'N',

where AS, is the A dipolar signal-zero error, X = SA(N)/SA(O), and

O, the true € 1s given by

It

A =ASO/SA(O). If AS

0 0

X=(1+e) N,

where usually .2 <X < 1. Since A, and € are small, e ~ (1-X)/N, and

we find the relative errors in €n ist

ey ©)

p ~ AO/X ¢

Since X varied from run to run, thils source of error should produce
scatter in the values of €, rather than a consistant error in e. About

a 3% error B, would be required to éxplain the 10% discrepancy in e,

but the variation of the zero of SA when slightly different methods were .
used to measure it was usually about 1 to 2%, so this source of error is

probably insufficient to explain the observed discrepancy.

AB®
evaluated explicitly, the form Ae"B:f':LB assumed for TA; 1s justified only

¢. Magnitude of 7 Since the correlation funetion gx(r) cannot be

by its agreement with experiment. To determine whether other functional

forms for,gx(f) would fit the data better, the following functlons were

tried (each has the expansion (1 + A 72) for small T):



C L el p@ocosepprdr
), / e, (oY)
R R P 2 o LR |
' cosw, T   '  o  1'”w : . |
-_T;é__— (el >BA Z— g = (M) (95) ]
cosh (;7— ' N

and

TAB = (&J’\B>BA 0 | W—'—)E— _,) :tCV:_ (Tcﬂé>_' v _- (9)

Fo£m$t<94)iand'(95).§ie1d T;;'spéctra which are éénéave"déﬁnwa¥d on.a :‘
‘seﬁilog'p;ot versﬁ$ fl5, while (96) is concave upwaid.but approaches :?ﬁﬂ?
infinify as le approaches zero. The data do not_shOW'any evidgnce 6f: H
beingvconcave within the.experiméntal-error, and usihg‘the theofetical 
values .of Té and Qﬁm@)BA in (94), (95) aﬁd (96), yields Tgé..curyéé ﬁhichvi'“
deviate'significantly from the.data at intermediate'and high le. Thg; ﬁii! -:f
,usual assumptioﬁ of a'gaussian cdrreiation function gX(T) yields,é_Tgé th:

vSpectrﬁm which does not,agree at all with experiment, as shown in Figs, -

3 v)-\¥5f=and;.1hh: - | s o
. NF “0p T,
=L N S
TAB Q&pB)BA e. - .
The exponential spectrum (39') and spectrum (96) both are physically -~
unsatisfying because they have a "cusp" at fp ='O, while spectra (94) -

and (95) do nots It is possiblé to remove the cusp from-the exponentiai
spectrum by adding more parameters to'the functional form. For examplé;
if R © Bf
Ll A(le + fd) e

AB _ -Bf

1B

" (97)
lB)- .
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it is readily seen that the cusp is removed since d/dle(TA%) =0 at

le = 0. To determine the third parameter fo theoretically it would be

Lo :
necessary to expand gx(T) to order v . If fo were much less than 1kHz,

(97) would still agree with the form of the observed TaB. *
It should be noted tha? the Fourier transform relation between gx(T)
and A (o) = TA% [Eq. (58)] requires that the total area under)g(aﬁ be
a constant, independent of the shape of,éi(w).' This means that it will
be difficult to fit the experimentally measured points with any form
of correlation function since the area under the measured,gi(w) seems
definitély smaller than the theoretical value, unless one assumes & very
~long tail to the & (0) function, which does not show up at fig < 12KHz.
'This éeems unlikely'because our data fit the assumed exponential func-
tional form very well in this region, |
The decrease of TA% at lOW’le might be caused by inhomogenelty in
HB, which should change the direction of HeB away from HlB if the in-
homogenelty were large enough., The T;; data for the.[lll] direction cén»
be f;tted at loW‘le (though not very well at high le) by assuming a -
Lorentzian distribution of inhomogeneity with a width of about 500 Hz,
But the magnetic fileld inhomogeneity is given also by the shape of a
free ihduction decay of a liquid proﬁon sample, which has =a (Te)p'E’Ems.

Thus ' .
Yp(LH) Y :

_ 'B inh 1 B =1 _
(Af)B) e < <~><V_A> ('I'E)p = 6 Hz,

Thus, the measured inhomogeneity of Hg 1s far too small to account for

the decrease of TAB at low le.

The B rf field HlB should be very homogeneous over the sample (f;%

inhomogeneity over the sample volume has been measured for the case of a



static field in the B rf coil);e'The relativeeamount_cf inhomogene ity ;:.

vshould.be ccnstant.as.tne'Size of HlB'is.changed,VSOlB'rf'inhomogeneityi
should result in an cverall decrease of T;él. A particular average value i

‘of HlB is measured . by the audio resonance and this average should not differ -
- greatly from the average represented by'TA;, particularly since the dis- :
trlbution of HlB is so narrow, The 6 = 90° audio resonances indicate that

- the B rf inhomogeneity is less than one percent of le AIf we assume. a .

- Gaussian B rf 1nhomogene1ty distribution of width W = fialB’ so that ; o
| o s . -
'(‘”fwiB) /205
and, average the exponential form of TA; over this distribution, the

new value Qf T -1 is given by-

AB
(Tap)s = Ty [e’FP(fﬁ 138 Tc/z)] S B

w (R = .

[e]

TY/Ty feT,
Since the measured value of fi is < Ol, it is clear that (T;%)i'shoulai"
;equal (T ) w1th1n ~(f2 c/2) = 2x10™ “for our experiments, becauseltne
integral above is very nearly‘unity. Tne_effects of B rf ihhcmogeneity.'
also seem to have the wrong sign to explain'our results;'
Another more likely explanation of the discrepancy at low leAwpuld‘

" be small random quadrupole splittings of the CaL5

resonance line by im- |
purities, dislocations, and other lattice defects in the CaFé crystal.
"f,These quadrubole splittings would influence TA; most-strongkvfor small HlB’ i

to : ) .
since the eigenstates of the new totdl Hamiltonian # GHS'+;H§ ) in the rotating



s

~and the transition probabilities between the new Ca
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frame would deviate significantly from the simple Zeemaﬁ eigenstates
assumed for the theory in Section II.B.: Thus at lOW’HiB tﬁé matrix
elements of Sx would be very different from those of the simpler theory,
" eigenstates |m>
in tﬂe rotating frame might change sufficiently to lead to a non-Boltzﬁann” o
populétion distribution as well.

It has been shown in Appendix D that the matrix elements of the

dipolar perturbation between states |m > (with quadrupole perturbation)

- do change to first order in (VQK/le), and a first order éplitting of the

audio resonance in the.roﬁating frame does occur. But when the rate of
change of the total B spin énergy is caleculated, the first order changes
cancel out,'leaving.only a second order change in TAB. This is'in agree;v
ment with part of the results of the density'matfix calculation of the
guadrupole splitting effeet in Appendix D.‘ This calculation shows that

an rms quadrupole splitting ; = .6kHz.1s necessary to fit the data, but

Q

a quadrupole splitting as large as ;é/Q = 300Hz is not seen in the audio

resonances. However, as explained in Appendix D; the density matrix

calculation is probably seriously in error so conclusions from it cannot

be trusted.

The finite spin diffusion rate between ﬁggpins should in prineiple

- affeet the theoretical value of the CaAB-F;g cross-relaxation rate T;%;

‘ _ 1
The simple theory of Section II.B. assumes that spin diffusion among F J

spins is much faster than T;%, because the effective heat capacity of

: : ‘ Ly
the Flg spin system 1is chosen as though any energy flowing from the Ca 5

spin into the s spih system were shared immediately by all thevFl9
nuclei, In fact, those nearest Fl9 spins must rise to a higher spin

temperature, thus inhibiting the energy flow into the A spin system. If
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we deflne a spin'diffusioh.time coﬁs+ant TSD as aftime'which allows
all 1540 Fl9 nuclel to communlcate with .each other (see Appendlx A),_

we would thus expect a decrease in the coupllng rate when Tap < Tap®

'For the [111] TAB data we_do not observe a lowering of the cross relaxafion

rates for T z 3 msec,. so we conclude that v, 1s poésibly more..

AB < Tep

closely related to immediate. communication offeach’B,spin with its nearest

AB

A‘neighbors, and it 1s perhaps only necessary for each B spin to share,
energy immediately'with a few A spins, without literally having to share

' it.with its average number.

C. Measurement of € and T, at 6 £ 90°

1. Experimental Procedure

Measurements of € and TAB for angles Gkofher>than 906 were ﬁnderﬁakeniv
“in splte of the added compllcation of M§ remalnlng between B rf pulses, |
for several reasons: _
(1) Clough has shown that the dipolar specﬁrum vaﬁishes'aﬁ @ = d o
if o %,90°; possibly;leading to an observable change.of T;% (QEB)‘
'(E)A'Iﬁterference between the A-B dipolar perturbetionslﬂlx and:le
" in second order time-dependent perturbation theery.could leed to ehanges:'f
in TA%'(eee Section II.B.3. ) Beéause the B Zeemén eigenstates withllarge |
|mB1_wouid tend fo come to thermal equilibrium with the A spin sysﬁem fastef

This might result in a cross-relaxation

vthen the eigenstates with low
: bottleneck, and would mean that a thermal-reservoir model of the'B-spin '

system during croes—relaxation would lead to incorrect predictions for

-1
AB®
(3) If the B Zeeman populatlons deviate s1gnificantly from a high-

T

" temperature Boltzmann distribution as a result of higher order contribu- N

tions to TA%, the cos 6 law for the projection of a B magnetization onto.the
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38

laboratory z-axis would no longer hold.

(4) It is of interest to check the thermal reservoir model of the

cross-relaxation process by measuring whether Tag & sin?@, and whether

€ « f2‘, even for 8 + 90° .
eB :
As discussed in Section II.E.2., it 1s possible to measure ¢ and

TAB by assuming the cos 6 projection law, the thermal-reservoir equations

(79) and (80) for the change of E,» By, and putting the B system in a
definite state (say’M§.= 0) before applying the sequence of B rf pulses
to the sample. A computer program could then be used to take account of

the B magnetization projection between B rf pulées and of the initial

condition on Mp. But it is theoretically easier to interpret the SA(T)

b3

i1f the Ca

data in terms of € and T magnetization remaining along Ho

AB,'

18 destroyed following each B rf pulse, so each B rf pulse sees the

initiai condition EB(O) = O« Saturating the B magnetization has several
advantages: (1) For a given number of B rf pulses the doubie resonance
signal is much larger for-small:lsin 9], since each B rf pulse does the
magimum amount of heating of the A dipolgr system; (2) neglecting the

projection complication greatly'simplifies the function to which the SA(T)

dafaAfor 6 = 90° are fitted, which makes it more believable that the

least squares € and TAB have the meaning ﬁhey have in the simple ﬁhermal—
reservoir equations; aﬁd finally, (3) the questionable assumption that
the cos € projection laW'fér a magnetization holds 1s removed. |

To saturate ény B‘magnetization before each B rf pulse, a sequencef
of 10 B rf pulses of lengthjr(sp> spaced Top Z..9 msec >> T2B = .2 msec

apart were applied to the sample, The first set of 10 pulses was applied

. béfore ADRF on the Fl9 spins, and thereafter the satﬁrating pulées fbllowed

each B rf puise. At each angle 6 and each féB’ t(sp) was chosen so that



TS

‘ rotétion‘of'the:maghefization ME around"HéE-tﬁrqugh an angle
¢O(9) = weBT(sp> would brihg-MB into the‘x;y'plane‘perpendiculaf'to H -

»Durlng the t;me,fop >>-IéB, Mﬁ wou}d decay tp zeros Thls was repeated .

ten times to_enSure complete saturation,; because of possible errors in

Cen” _
: pehdicular”to.Hég but for O =.5O6 the same process as above with

' ) ‘ . . . : o T, iewn 10
‘wéBT(sp> = T resulted in reducing M, only by a factorv(pos (60°Y)

'8, and t(sp). For O 2 L5° it is always possible to bring MB per- .

42'.001.
: Tb take aécountlofvthis small ‘remaining magnetization, the computér
p?ogram mentioned eariier in Section II.E'2 ﬁas used ?o interpret the
data, but cos 9 was replaced by (cosze)

The saturating pulses also destroyed some A s1gnal because they
chianged the local field at neighboring A spin sites as in the case of

the transient oscillations (Sectioh II.C.) To subtract out this effect

* from the double resonance effect of the long B rf pulses, the SA(T) datal;:

were.hormaiized to the value of the A signal when dnly the Saturating
pulses were applied, SA(sp):

] _ 8,(sp,7)
' . _ . TA,norm. S, (sp

For small féB.(and thus small €), the number of B rf pulses required tb_bi:f'

observe a large double resonance signal was 0ver 100. But the effect of

the saturgtiﬁg pulses alone on SA also incréases for small feB’ because

T (sp) (o = 1 ) approaches Typ (a eXp(a%BTc> ). . Thus SA(sp) becomes
eB - T

much smeller, so the € and 7,5 data fpr 6 4 90° and small f.p are mgch "

noisiér than the 6 = 90° data taken without.saturating‘pulses.
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2. Experimehtal Results

’ Figﬁres 46 and h7 show the experimental € and T;;, respectively,'
for 6 approximately equal to‘9o°, 60°, 45°, and 30°s The ¢ data are
proportional'to‘fiBy where n = 2,08, or within 4% of the theorefical
'.value of n. The values df € for all four values of O are equal, within
the exferiméﬁtal error. This can be seen in Fig. 48 where the e data at
‘each. value of © ha&e been fitted to fhe form € = CfiB' Figure 47 shows
that within the»experimental error the form of T;é (feB).does not change
witﬁ e. ‘The.least-squares values of A and Tc aie showh in Figs. 49 and
50,,respectivelyf The wvalue of T, seems to decreaselslightly as GIde;
creases, which is in quaiitgtive (but not quantitative) agreement with
the calculation of Appendix C. The values of Tc.for O = 905 with and
without saturating pulses do not quite agree within the experimental
error derivedvfrom tﬁe least-squares fit. However, It is not cléar_whethéi'
the'slight decrease of Tc with décreasing O'is real or Just experimgntal .
scattgr.‘ Figufe L9 shows that the least;squares values of A as a function
of © obeys the sin29 law valid for constant Tcawithin'the experimental
érrof, and that the values of A at 9.= 909'ﬁith and without saturating
pulses agree within experimental error. But if we use the calculatéd.‘
TC(G), A(6) should be proportional to s1n°0 Tc(e), vwhich is slightly

- smaller than singe, The normalized Clough B-dependence for constant T

is the upper curve shown in Fig. L9.

3. Discussion
. e \ .

These experimental results indicate that the thermal reservoir
model of the cross-relaxation prdcess is bbeyed very well, the main

discrepancy being that the correlation time'rc does not become as small
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as the theory indicates for small Gw.'If we éssume‘that the small variation
of T, We measure s the result of experimeptal_géatter, then it is con-
sistent for the sin29 law to be obeyed.

But if we beliéve the calculation of Tc(9> for the'exponential
spectrum, then the lower curve, which 1s almost within the experimental
error, should be obeyed., The measured variation of Tc(e) is then not in
agreement with experiment,
| If we use the Clough method of evaluating gB(f),‘assuming v, is

practically constant (as experiment indicates), and requiring the area

-1
AB

curve for N(G)sinee. The disagreement between the data and the Clough

under the T (weB) curve to be proportional to sin?e, we obtaln the upper
function O-dependence seems to be outside the experimental error. There
should be. little error in using the least-squares A(O) from the exponentiai
' spectfum fit to compare directly with the quantity N(G)sin29 of the Clo.ugh'~
| fheory; because for all the data bointsin theAleast-squares fits (except
for f_, ~ OkHz), the Clough function is equal to the exponential within
< 3% |

This disagreement is not understoodul Perhaps we should find the
correlation function corresponding to the Clough spectrum fdr O X 965,
: and expand this function to order 12,‘to evaluate the constants appearing
in the spectrum. It should be noted that a combination of smallef To 88

8 faod , and the loss of area near we = 0 would tend té;cgmpensate each

B
other, but this does not restore the sin?@ dependence, and such a large
TC(G) dependence 1s not observed either. In conclusion, to within about 5%,'
the 6 % 90° data show that the spectrum obeys the sin29 law, and Tq 1s

constant.
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'*VI,‘ MEASUREMENT OF e FREE INDUCTION -
L * -DECAY IN CaF,

i“A;-_Physical»Basis of the Mebhod ,“’”;
The double resonance lineshape-as_a funetion of mheis in general
very complicated, since 6 and méBbchange'as wp 1s swept througb the

BO*',The_double resonance‘parameters €y Tpp? and- 7, are

¢

Bj in.addition, no matter which method

- of saturatlon of the B resonance is used’ (B rf pulses, audio saturation,

resonance value .

'complicated functions of 6 and w

or FM), the effectiveness of the saturation mechanism also depends on 6.

- A more easily intepreted method of measuring the B lineShepe makes use
.iOf the Fourier'transform relationship between the B;lineshabe in frequency |
. space and thevtransient decey‘of e B magnetization transverse to the o
1 laboratory magnetic,field,lQ Tnis ﬁfree induetion decay" shape for the
rare spin can be measured indirectly using the.pulsed double resonance _i
metnod,jby simply placing the_B'rf pulses "too close toéether"; ‘The strengthi
of the pulsed double resonance’ process depends on & complete decay of the
B magnetlzation between B rf pulses, or a complete heating of the B spin
reservoir back to,infinite spin temperature.v Suppose a train of a fixed
number N of B rf pulses is applied to the sample after AﬁRF? each pulse
: neving.a constant lengthrr, but_separeted from i1ts neighbors by a variable y
time T ~ T, A Bvrf master oscillator is used, so the B rf phase is 3
.coberent from bulse to pulse, end for Ty S < Ié"the B rf field at the begimming

o

of g pulse "catches‘ the remaining B magnetization from the preceding pulse.
‘This means that the B spin reservoir begins the cross-relaxation process in
a somewhat "colder state than_would occur if the B magnetization were

‘allowed to'decay.completely between Bvrr bulses. It T < T2B’ SA'will rise

toward a maximum (or minimum‘double resonance effect), but for Ts >> TQB’
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-of double resonance sensitivity, which could be regainéd by letting 7 =7

g Yoah3 (T o
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A
SA(TO), for constant T and N, will yield the free induction decay of the

S, will approach a minimum (meximum double resonance effect). A study of

transverse B magnetization. .

.This'method ﬁiil be applicaﬁle to ahy situatidn.in which a_fairly
large double resonance effect 1s dbservablé. To. make interpretation‘of.,
thé experimental data egsier.it is convenient to‘choosg T >> Tpp? SO that
drops out of the thermodynamic equations. Thils entails a certain loss
AB)
bﬁt-using more compiicated equations tdvcalculate the free induction decay.

shape. A further édvantage of letting 7 >> TAB is that more time is

allowed for spin diffusion betweenvthe gbundant spins, so spin diffusion

effects are minimized.

B. Contributions to the Céhﬁ'Linewidthain CaF,

L3

Three possible mechanisms of broadening of the Ca ~ resonance in

CaF, are: (1) magnetic field inhomogeneity, (2) dipole-dipoie broadening

b3

caused by the‘Fl9 neighbors of the Ca - spin, and (3) quadrupolar bfoadening-

caused by lattice strains around impurities or dislocations, since 8 = 7/2

L3

for Ca . The magnetlc fleld inhomogeneity is small, because‘the"l‘:2 of

-protons in a liquld sample is about 2 ms. This implies that (T2B)inh =

~ 30 ms.

The dipolar broadening by Fl9 neighbors 1s expected to be large because

the T neighbors are so close (rik ~ -52) and have large magnetic moments,

and because the angle between Hb and the crystalline axes has been chosen

' to maximize the Ca-F dipolar coupling for maximum double resonance rates.

But the correlation time of the i local field (Tc < 8Ous> is shorte? than

the time constant characterizing the Ca-F dipolér coupling
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, 2'; S : L . - - o B
) <v<Q&D.> ) l/ > lTOus) y SO most of the Ca15 spins precess less‘than
one cycle in the’ local- field from their Fl9 neighbors before this local

=2 spinv

field changes its value. - ThlS random walk of the phase of a Ca
means that the Ca-F broadering mechanism is less effective because it is o
' motionally-narrowed.

The extent of the motional narrowingvcan be changed by rotating the

crystal with respect to the laboratory magnetic field, since the requirement»”

for motional narrowing is p = \’(Aug) T, << 1, For H  parallel toithe

[111] direction this parameter is ~.149, but for the [110] it is =~.32. Since

. p is not << 1 for our case, we should expect to'see incipient rather than o

complete motional narrowing{ The completely narrowed resonance has a

50,33

Iorentzian lineshape, corresponding to an exponential free inducation

decay. If the Ca-F dipolar coupling is the dominant broadening mechanism,"

. we should observe a free-induction decay with zero slope for t = 0, which *n\f"

" becomes an exponential for times long compared with the local fleld corre~ -
lation time T

The third mechanism 1s quadrﬁpolar broadening caused by random strainei‘

S ‘ ' e 43 -
in the CaFé‘lattice, which destroy the cubic symmetry near a Ca 5 spin eite'

. , , ; IR
and result in random quadrupole splitting of the Ca >

resonance line. »?his.

broadehing should be independent of the angle between the magnetie field and

‘the crystalline axes 1f the strains are random; so the amount ofvthie con- -

‘ tribution to the Ca16 line width should be deriveble from the anisotropy

of the linewidth. This broadening would be difficult to estimate because

the quadrupole moment of C_a16 and.the antlshlelding factor of Ca are difficult
45 -

to estimate,
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- C. Theory of the Method

As mentioned above, we want fo apply many B rf pulses of 1ength

T >> TAB_to the sample, HiB must be large enough so £hat the major
K ! 24_3 '

double resonance effect comes from the bulldup of a Ca ~ magnetization

along HlB: that is,
I ' 2
c = CB 1B 5 = CBHLB

—

- 21
Calla - Callg

Then we can neglect the transient oscillations and use Eqs. (81) and (82)

»

o relate the values of EA and E_ at the end of the B rf pﬁlse to their

B

initial values.
We will also negleet TlA in these equétions, becauvge T <<‘TlA and
"€ << 1. The effect of the strong‘Cal@-F"l9 coupling during cross-relaxation
on the F19 spin-lattice interaction 1s to cause the combined Ca-F system
o 1 :
to relax at a slightly slower rate toward the lattice temperature.
. ‘ Zl+e5TlA , .

For short times T

AB and small €, this effect 1s characterized by:

exp { - . .
< il+€5TlA.> : e | .
. ~  =.eXp m}z |

We are Justified in usiﬁg T rather than Nt here because we are studying a.

parameter of a single B rf pulse, so all observed signals will be taken

v ﬁhe (f%;)' pPOWer. .The denominator "arisés:bécausé‘we=divideiﬁniTJ':'
B ~ ) ,
SA(N,T) by sA(o). For H_ parallel to [111], eT/(l+e)TlA = 1.5x10 b << 1,

@

so the effects of T., are negligible,

b3

1A

Figure 51 shows theFl9 and Ce. ~ energles in the rgtating frame whlle
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Fig. 51 Properties of B rf pulses used to measure Q(Cah5

57, ST, (Ca 3), T >> 1

)
~in caF.
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B rf is on, but at'the Beginning‘and end of B rf pulses. The simplified
equations (58') and {58") are used, which have the solutions for T >> Tpg?

. EA(n-l) EB‘(n—l)
BN = e T

eEA(n—l)
EB(T,n)_f (1T+e) +(1+e) B

R

Since we neglect TlA’ we cansaeccount for the values of'EA, EB et the
beginning of the next pulse by assuming EA remains constant, and Mé _

'décays according to some arbitrary function of To? which approaches zero:

for large ot

il}

My (vg) = Mp(r) £ (7)) .
men  Ey(m) = (e )iy = (e g £(r) = By(r,n) £z,
Thus the relation between EA(n), EB(n), and EA(n-l), EB(n-l) can be repre-

sented by a matrix M, and the effect of N B rf pulses by a power of Mg

. i ' N '
EA(T) ) ('1“}55> | (ﬁ_e') E,(0) . E,(0)
2, (W) ef(r,) ef(r) 7(0) \£y(0)

- (I+e) (1#e)

- As with the case of the Ca-Fvcross relaxatlon caleulation for

6 % 9Qd, M can be written as a polynomial in I and M using the eigenvalues:

i—i—ef('rfo) N-1
1+e

and since for 6 = 90§,'EB(0) = 0, we have

l+ef(¢o’) ]N EA(O)

EA(N)=[-_1T€_* [Tres(= )T o)



To solve: for. f(T ) we take ‘the Nth root of Eq. (97 ) and ‘use the’ fact

ef(T. L
that - B - Sr_g—2§%9~— << l for our experiments: i

T e v :1/N; . 1/N o

ey [ ] ) P
. (98)

_ [ref(r )] e ‘ : -
1+e '] [i+€ f—(T 7]

. N

5 RS o , e
'Since.f(fo'f>m),= 0, n=) = 7372y » 50 we can find £(r ) to a very -
fgoed approximation by expanding the denominator in Ed. (98) -

13

‘iTo derlve Eq.. (99) for f(T ), the only assumption we have made about its' 
‘properties is the very ‘reasonable one that f(w) = O.- 3 .

A theoretlcal expression for f(r )} can be feund from the Anderson-ii\
Weise mpdel of a motionally-narrowed broadenlng mechenlsm, by us1ng.thesff"'
information we already possess abont.the correlation fnnction ofithe. |
local field at a Ca43 epin site. The.beét fit‘te_oni'rgé measuréments:}'
: at 0 = 90° indicates.that this cerreiation functionvis given 5yx

o
Qﬁ@B>BA

(l+¢ /Tc

G

g(t) =

"_ The Anderson-Weiss model finds the free induction decay shape by

vcalculating the slow accumulation of phase using the correlation function v

b3

of the broadenlng mechanism, w ¢ (7)e Suppose the kth Ca spin under-

:,goes a transition from state m to state n and we let Aw(k) be the change
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in the diagonal matrix elements of the broadening mechanism (Ca-F‘dipolar

coupling). Then
Aw(k) ¢ =alPy (m-n) a.( )
mn -\ i ik "Zi HLB k

But Aa§§> is the analogue of Anderson's Awij’ so we have the result that
the correlation function Q&D(T) appearing in Eq. (31) of reference L6
is Just the correlation fUncfion of the local field at a Ca16 spin site,
This is a reasonable result because it is physically obvious that the same
- fluctuating local field both causes crossfrelaxation and qontribuﬁes to
the decay of a transverse Ca,LLB magnetlzation,

The theoretical curves in Fig. 52 are calculated using the Anderson-

Weiss theoretical expression for ¢(t), the free induction decay envelope:

b(x) = exp (-éui [ e <fr-x>¢m<;~>)
/ (x

. o 2 _ _ 2 .
wWhere o) = g(o) = Q&wB)BA , and
' \
1
)|

Lorentzian (l + Tg/Ti)

it

and -T2/T2
. e

"

Bpl7) (99")

Geusslian

"‘ The.asymptotic exponential decay is determined mainly by the spectral den-
.sity oflthe correlation function near zer§ frequency in the rotating frames
Since the gaussian ?@Q(T) in (99") spreads.the spectral density over a

wider range near'lOW'fréquencies; it produces a slower decay of Mé. For

our case, the asymptotic decay rates are
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' Flg. 52 Free induction decay of Ca15 in CaF, for
- H) || [110]; £5 = 5.5 KHz, T = 25 msec,
N =32 B rf pulses; theoretical curves = o
calculated from Anderson-Weiss model using B o : -
correlation function of local field at Cah: . '
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{1\ s 2,
<T2>' = = (Buplp, T
Lorentzian :
1 ' .VGT 2y
<T2> =5 Duplpy 7,
/Gaussian

D. Experimental Results and Discussion

This experiment requires very good stabilization of the B rf frequency.
‘ghd theviéboratory magnetic field, because alsmall Aah during the time T
between'pulses can give a spuriéus cohtributidn to ﬁhe observed relaxation:
rate. That is, if during %o the B magnetilzation precesses an angle

= AﬂéTo in the x-y plane, the initialAB energy for the sﬁcceeding B rf

‘pulse will be multiplied by cos Db 3

.E (Qfl) = cos A f(T )-E (T,n)

" Then what is measured using Eq, (99) 1is ftrue(T ) cos Oppe  The largest_
drlft of fy durlng a T,p run was Afy ~ 25 eycles, sO cos(A¢B) for To'= 1 ms

is approximately

| . G )2
'cos(A¢>B) =1~ =5 = 12,012

(Here we ngglect.the drift of Hé sinée,it‘is locked to the Gertsch oscillator
which drifts oniy 1-2 cycies during a run. We assume that larger but
short-tgrm fluctuations of Hb'average out over the many experimental
points taken on each curve.)

‘This source of eiperimental error always ténds to make T2B lqok
too short. It canndt account for the agreement with_é Iorentzlan corre-
lation function instead of a Gauséian, because A¢B wouid have to be ~60°,

or AfB = const ~ 170 cps, which is lafger‘than,the obgerved drift, or
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error'of‘setting,'df-f l This is- probdbly the source of much of the -
experimental scatter, however. : | |

The timee To'were measured with an electfehiefeeenﬁéf to .lps, but
are actually aceurete dnlyzto ~% 10us becaﬁSe ofrthe-finite'rise and fall.

" time of the B rf pulses at the B rf coil. .

_ne(a) and € in Eq. (99)'were found by aVeraging'5 values'of:ﬁ fer : '“ J
o T 20, 2.5,‘and 7.0 s >> Topr The aCCﬁTaCY of setting the laboratory '5
.magnetic field parallel to-tlll] and [110] was <% i5é:vin31uding the érfér "
| . of “the~cx"y's’c,zatl'axj_,g,;l '

The slope of the asymptotie exﬁonential decay ofbMﬁ defines an effec-;{

tive TQ(Cau;). In CaFé, these meaeured.Té values ares

"T.([lil]){ - (217+18) psee 3 V

. ([110])| = (h21447). psec.

The calculated values are T ([lll]) = 216 usec, 22([110]) 378 usec;

_The angular dependence and magnitude of ( ) (slope of the asymptotlc

part of f(Tb)) are- approximately glven by assuming ‘the Anderson-Weiss

'i_:model.with a Lorentzian correlation function for Hy pe To see this, suppose )

we assume that the Gaussian correlation function is actually correct, but. .

.add a term caused by’randem quedrupole splittings:

'eThen 1f we attempt to fit the data in.the‘flll] and [110] directions with.

(lOO), we'-derive two different values of (T, )Q differing by ~50%t

P, _ 3
(TeB)Q,Llll];‘ 1.69x10

(13 )Q [110] = -95X10°

-< Top > - <?2B > . -< B > o (o)
SN 57 obs Gauss B Q o

RTINS SR 4
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On the other hand, we could assume that we have an anisotropie céntribution

-1
to TéB

arbitrary magnitude, and add a constant quadrupole contribution., We then

from Ca-~F couplihg, with the theoretlcal angular dependance but

find from. the [111] and [110] data that (TE%)Q is vefy small but negétive,
and the megnitude of (Té%)AB is spproximately equal to the Iorentzian
‘ contribution. Thus 1t seems that the quadrupble broadening of ’ctha15
rescnance is very'smali, especially since we also observe ﬁéry?little{glb
guadrupole broadening of the audio resonances,

As mentioned above?,spin diffusion should not affect thése reéults,
because the time constant TéD calculated.in Appendik A 1s much shorter
fban T Therefore during the B rf pulse of length 7t the entire»aVerage

\nﬁmber of A spins can communicate with each other and»the B spin.



18- -

VIi,’ SPIN- LATTICE RELAXATION OF CaAB’iN'Café

' TA. Introduction d :

" The neighborhood of ‘a nuclear Spln in a cubic crystal is eubic only

"~ if all ions of the crystal oceupy thelr equilibrium.positions. But thermallﬂt'

v1brations destroy‘the instantaneous cubie symmetry, giving rilse to.an

’interaction between the instantaneous €lectric fleld gradient and the

nuclear quadrupole moment. Since the time—average field gradient vanishes,akff

the effect of the fluctuating field gradients is to produce relaxation of ;-if-

the nuclear spins toward the lattice temperature. . Van Kranendonk has

calculated- the transition probabilities caused by this process between the‘” oo
h73'f“>

_Zeeman eigenstates of the nuclear'spin in the laboratory magnetic fleld.

Van Kranendonk finds that there exist both |Aml =1 and IAmI = 2 processes; o
* which would not conserve s Boltzmann pobulation distribution’during'relax-ff;Jti#:v“'

~ation; he also finds that the transition probabilities depend on the angle™* '

the laboratory magnetic field mekes with the erystalline a.‘xes.l’t7

.The:spin-lattice relaxation process of a rare spin species with a
quadrupole moment ls of particular interest, because 1t is possible ‘that.

'the relaxation might have t6. be deseribed by more than one time constant;f'

. and because the relaxation time constants might depend on the angle the_"”

laboratory magnetic fleld makes with the~crystalline axes. For the case
of an abundant spin speciesiwith a gquadrupole monent in a cubic environ-
ment, the.equal,spacing of the‘Zeeman energy levels allows mutual spln
_;flips~tovtake place between.neighboring abundant spiné,; because in this"
process thebzeeman energy in the laboratory magnetic field 1s conseivedf
The quadrupolar spin-lattice transition probabilities are anisotropic and

tend to set up a non-Boltzmann distribution, but this-strong coupling

-
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between neighboring spins tends to restore a Boltzmenn population distribu-

: tion,-‘Thus_in'the case'of an abhndaﬁt spin species; it is a good approxi-
matiqn to calculate the spin-lattige relaxatlon by assuming that the populﬁ-.
tion dlstribution is‘dlways Boltzmann du:ing relaxation; this assumption

causes the anisotropy and non-exponential behavior of the relaxation to

- 48

cancel out, leaving a single, isotropic T, .
4 , o %
" In the case of Ca 5 in CaFé, the Ca++ sites have cubile symmetry and
the quadrupole interaction venishes, so the Ca43 elgenstates in the labora-~

tory magnetic field are the equally-spaced Zeeman levels, But the low
b3 b3

natural abundance of Ca - means that the averagé_distance between Ca

spins is large, so the rate of mutual spin flips between-Cah3 neighboxrs
£6). Not only

L3

neighbors very weak, but two Ca

1s much lower than for neighboring 79 nuclet (T(flip);l o r
, 3

~ is the dipolar coupling between Ca

neighbors may be "detuned" from each other considersbly at any instant of

k3 19

time.by the large. local fields produced at each Ca site by its close F

neighbors, The weak dipolar‘coupling between Cau5 spins 1s modulated rapidly

with a time constant T , 50 the resulting mutual-spin-flip time for

L3

o~ Top

two Ca ~ spins is glven approximately by55_

Ve (13 cos0)Pr?

1 T > X
T(fiip) ~ 5 0 : 2A < 500 sec

Since the measuréd gpin-lattice relaxation timeé of CanB in CaF2 are
Tl(500°K) ~ 240 see and «11(555°K) ~ 170 sec, T(flip) > Tl(Cal*?), and during .
the spin-lattice relaxation the Cau3 spins may be treated as isolated

from eacﬁ others ‘Thﬁs Vaﬁ Kranendonk's transition probabilitles should
describe the relaxation process of naturally-abundant Cal}3 in CaFé,

'possibly‘leading to a non-exponential decay and an anlsotrople Tl(C&AB)o
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B, Theory of the Method :

In the following, We will use TlB to representtaﬁeharacteristic

time of the CalLB spin-lattice interaction, The measurement of T (CahB) |
in CaF observes the spin lattice relaxation of Ca)+5 indirectly, using |

the sbundant Flg nuclei of the sample twicet (1) to polarize the Ca45
sp;ns in H to & magnetization Mﬁi >>’Méo CBEB y and (2) to sample the;'
5

Ca ~ magnetization remaining along Hb after 1t has been allowed to relax_

utoWard the lattice temperature for a suitable: time. As will be seen below,

this method makes use of ‘the fac:ts“tha,t-for.C‘a;5 in Café, we can simul- _

taneously satisfy the requirements:

Hi, <<Hgy o - (101)

&

Tag << Ty T o v,[._“' _ ”(Mﬁ)v

- and B
' € coseG' (
—5 >
(14e)

-%f4k,

where‘?/{A iS'the signal to noise of the Fl9 dipolar signai;' Requirement

-(103) simply states that the F 9 signal characteristic of the remaining

b3

Ca magnetization must be greater than the noise.

Figure 55 shows the sequence of operations performed to obtain one - |

point on'a curve of M(CahE) versus ‘t. - First the F™2 dipolar reservoir '

is placed:..in a state of low spin temperature ((T «<T ) by the ADRF

' ss)1
lproeess. Then a long off-resonance B rf pulse (6 = 45°) with large H p
.1s applied to,the samples Since T >> TaAB (H ), the Fl9 and Ca16 spins

- come to a common spin temperature in the rotating_frame. Since € 1s still

relatively small, thls common spin temperature is nearly equel to the

43

initial, very low, A dipolar spin temperature. Thus the Ca ~ magnetization

| , : _ Y3
~in the rotating frame 1s much greater than the Ca 5 magnetization obtained
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BRF PULSE
(6 = 45°, fog=I5ke) .
e NS | SeC,——en 43 » l
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y —
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SATURATE F19 DIPOLAR
F!° DIPOLAR SYSTEM
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XBL 676-4199

Fig. 55 Experimental procedure for measuring spin-lattice
relaxation time T (Ca 43); Fig, 53a shows B spin
polarization process, and relaxation period; Flg.
53b shows procedure for sampling remaining B mag-

- netization, MB(t
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by allowing the Cauj spins to come into thermal equilibrium in H at room
temperature. Assuming (102) (which does not quite hold for Ca16 in CaFQ),

and assuming that the thermal—reservoir model of‘the cross-relaxation

~ process holds, the initial B magnetization Mﬁ parallel to H after the _ff

B rf pulse of length T >> ThB is given by'

cC.H C.H coseH

: - cosfév € ) , : V‘. B eB ~ Bo eB
= -E 0 = 9 ¢ =
Mps = g (l+e 4(0) = cos (II')(TSS) T (1+e)HLA

since (Tg0), = TL(m/HO) .

For these measurements, H' ~. 52g, H}A;z «855¢g, énd,e = ,25,Rso that

- My ~ 35 Mpos so the Ca15 magnetization eorresponding to thermal equilibrium -

witn theviattice would give ~ -35 of the F 19 gignal eorresponding to the -
maximum.MB = MBi( ‘We can ‘then .say th&t the Céhsimagnetization relaxes'v
-:essentiallyitowerd7zero, becauée our Fl9'signal.to noisevis not large
.enough to see this small thermal equilibrium.magnetization‘_

Once the inltlal Cah5'magnetization Mﬁi 1s formed by’the first B rfg

- pulse, 1t 1s allowed to relex toward the lattice temperature for a Variablefv

‘time .. The long Ca’® relaxation time makes 1t possible to work with

R
' the longest T, of the F¥ (H_ parallel to the [111] airection), but still
measure T__ for other angless It is possible to rotate the crystal quickly

“1B
to another angle in the ldboratory magnetic field for the relaxation time

- tR, and then rotate it back to the reference angle just befbre sampling
43 ' '

-

‘_ the»remeining Ca magnetization.'f

» After the relaxation time tR, the remaining CahBImagnetiZationvie
'eampled by using the Ca~F double resonance process agein. Just before
the second long B rf pulse the dipolar and Zeeman reservoirs of the Flg "

system are saturated by applying several 45 A rf pulses to the sample.
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These pulses do not affect the--CaILB magnetization, but ensure that .

EA(O> = 0 for the second B rf pulse, and make the errors caused by small

amounts of Fl9 Zeeman signal as small as possible, Since the Fl9 dipolar
b3

reservoir is now hot, the remaining Ca -~ magnetization cools it, resulting
in a small Fl9 dipolar signal proportional to MB(tR)‘ This dipolar signél
can be calculated from Eqs. (81) and (82), assuming that 7, << 7,

EA(O) = 0, and

5(0) = - (1, R () cosd) E_,

where'%a(tR) gives the spin-lattlice relaxatlon of the .Ca15 magnetization,

The small dipolar signal is then (using 8, = EA)

SA(tR) ] vEA(tR) € cos29 VQL(tR) . (103")

Sat Bar 0 (e)®

Equation (103') shows that this method of.measuring TlB 1s useful only ir
the rare spin.species is sufficiently abundant, since the signal propor-
tional to Mﬁ(tR) is oflorder e cos~0 times the maxipum signal from the A
spin species. In general, omne cannot arbitrarily increase HEB’ since then
TAB becomes very long because the cross;relgxation gquantum falls in the
wings of the A dipolar specfrumu The‘competition between requirements
(lOé)‘and (103) above leads to an»obtimum,HeBm

In the CaF, case, where 7, < T , so that assumption (102) does not

2 AB 1A
hold, and'r>[>TA3,-we must use the exact solutions of the thermodynamic
equations in Appendix E, Assuming EB(O) = 0 for the first B rf pulse,

Eq. (E.10) ylelds EB(T), so that
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~cog O

“eB - TeB

-cos 6 € N -ROQ<1+X)B _M

: Eealll i) 20| e rl——yqu

‘Equation (E.9) also ylelds the value'of,EA(T) caused by the remaining
"CaABjmagnetiZation after time to: ‘

-\ T

malrta) =R ) 0 5O | fomm (e
N . ccos20 o . . - 3 P .>.';;
- ;“@(tR) W -EA(O)" 1;2(1) S (th)w.v

. The correction factor K(t) is given exactly by the>following parameters
appearing in it, to the extent that the thérmodynémicvmodel 1s correct
for 6 = 45°, Approximate expressions (accurate to about 3% for x < .2)."

 are also given (e = ;25 here):

p - ()
(o] TAB
. | X = VTAB .
7 ()T, |
Q= ﬁ/l-(hx/[(l%e)(l+x)2] 
A= ggbm)(2Q>;(gi )O. ﬁfgd
RQ() <,};> ) - 2ze) )
o - fi-
 "Zlix5Q - (l * mxl+e€) )

*R5Q<l+x57 :2_
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~ L5 sec, € = .25, x ™ ,2, T, = 4,3 Sec),

~For this experiment (7 = 1 see, 7 1A

k(1) 2 65%.

AB

‘C. Experimental Procedure

The ADRF wave form in Fig. 53a was the samerhe employed for all
other'aouble'résonance meésurements.' The angle O was set by chéésihg
AfB f feB/cos 0, and adjusting the B rf amplitude to give an audio resonance
cen%éféd at 15 kHz. The values of 0 and f p are pot eritical as long as
they“éré constént, since they determine the overall amplitude of the small

dipblar signal, not its behavior as a funetion of t The relaxation time

R
ﬁR was varied in 30 sec steps from 30 sec to 210 sec for each run, and
was timed with a watch. The erystal was rotated by hand at the beglinning
apd‘end of the time tR’ requiring less than one second for each rotation.
The sécond part of the process, Flg. 53b, was initiafed by hand following
thé'rotation back to the‘refereﬁce angle ([111] - direction). 8Six 45°
pulses spaced by,~160 ﬁseg were applied to saturate the Fl9 Zeeman and
L3

dipblar reservoirs before sampling the remaining Ca < magnetization. The

small dipolar signals were amplified in a gain of 30 AC amplifier and.
sampled with a gated'integratorlof the Reicherf-Idwnsend type.uo The DC
‘level from the integrator was displayéd on a recorder, the output of which
was shorted between samplinglevents‘to prevent excessive drift, The.
-lérgest dipolar éignals-SA(tR ~ 15 sec) had a signal to noise of 3 or 4
‘to 1, in rough agreement with the values expected from Eq. (10Lk),

At each value tR tws zero-signal points were obtained by bringing
the‘B épin system into thermal contact with the relatively hot (room

temperature ) Flg dipol;} reservolr three times to destroy any remaining

) .
Ca > magnetization, and then using the signal obtained from the sampling
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sequence . (Fig. 55b) as the zero of signal. Three one second B rf pulses L

separated by a time 5 secv~ T (dip.) were applied, which reduced
6e 1
“I0

The sequence of operations in Fig. (53) was repeated five times for .

: Mé(remaining) by a factor < (—-—) cos

each value of t and the results averaged to yield one point on a graph g
of Mé(t ) such as Fig. 54, The error bars in Fig, 5& are the rms error
calculated from the deviations from the average of the five measurements.

’The error in t caused by rotation of the crystal and variations of the

R .
starting time of the sampling sequence (Fig.v Bb) was i2 see, The average
MB(t ) values for each angle and temperature were fitted to an exponential

-tR/TlB

Idecay law -

Mﬁ(tR) =‘M§(O)é

'uwi£h an IBM.l6EOII cbmputer, since the data did;not shoW‘any repeatablerh'
deviationsvfrom a,single exponential. Figurel55TShows the temperature'f
dependence, anisotropy,vand yms error of the Ca15 Ti derived from these”"
least squares;' fits, | |

The error of resetting tne angle Q between the crystalline axes and

H  was $1°, The [lll] and [110] directions were determined by measuring

the maxime and minima of T2(F19) to-il , by looking at the F;9 Zeeman =

free induction decay with a constant integrator sampling pulse for a range .
of Q. One Junction of a copper constantan thermocouple was cemented to
the CaFé

- point and the sample temperature was measured with a Moseley recorder,

single crystal and the thermocouple voltage between the lce

" The sample temperature was regulated by heating a stream of inflowing air,
| the heating current being controlled by a resistance bridge connected to
_althermistor on the sample. The temperature was aceurate to #2° C at 82° c,

and to *1°C at 27°C.
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| Fig. 55 Angulﬁr dependence of spin-lattice relaxation time
T.(Ca*3) in CaF,, at two .different temperatures;
r%s error from the least-squares fit is shown
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D. Experimental Results and Discussion

.Asvcan be seen from Fig. 5&,-the’poor signal to nolse ratio may maék
2 small non-ekponential behavior, especiall& since two nearly equal time
constants would be very hard to detect;lo But‘as mentioned in Section
IT.B.3., for 6 X 90° thefe_exist small |Am| = 1 transition probebilities
proportional to m% (s + mB)(S.~ mB+l), which.gould lead fo a non-Boltzmahnv
‘ initial population distribﬁtion for the Cau5 spins (corresponding to Mﬁi)'-
This non-Boltzmann initial disﬁribution would also lead to a non-exponential
spin lattice relaxation, and would confuse the interpretation of the
' relaxation data. But our 6 X 90° cross-relaxation measuremehts confirm
that these higher order processes are unimportant. Within the experimental
signal to noise, non-exponentialify from both these effects appears to be
unobservable.. | |

It has been ‘shownh9 ‘that the nuclear spin-lattice relaxation can be
deséribed by a‘singlé, isotropic time constant (that is; the Bloch-
equations apbly); even for the case of the quadrupolar relaxation mechanism,
under the following set of assumptions:

(l) The ensemble of relaxing nuclei can be consideied to interact
separately with thelr molecular environment so the behavior of tﬁe'whole
'sample can be found by summing.the céntributions.from the independent
.relaxing spins. -

.(2) The Larmor freguency'wBo of the nueclear spin in the laboratory
~magnetic field, and the characteristic fluctuation time l/w*”of thé'per-’
tufbations?on“the.isolated'nuclearAspin satisfy the relations:

(0", wg)) 5> (=, ),

2B - wlB
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(3) The high temperature approx1mat10n holds,' v

vﬁLDBo <<kTL_ .

and (L) The molecular surroundings are isotropic and have a characterlstic

. .
frequency >>»w

Bo®

The theory of reference 5 does not allow.us to calculate the effects
of both the Ca-F dipolar coupling and the quadrupolar spin lattice relaxation ‘.
-because the characteristic frequency w of the Fl9.dipolar interactions, |
does not satisfy the criterion.af >> wbb‘stated in assumption (4), and -
" also may not satisfy w >> Tg%’ since w* T 2A _,h T > 1. But since
'we do not expect: any 1nterference to occur between the dipolar broadening
and the quadrupolar spin-lattice relaxation, we can use the Wangsness-Bloch:h
theory to calculate the quadrupolar contribution to the qaiand Tl of the |
Cau5 resonance, but use the Anderson-weiss exchange narrowing theory of.

Section VI.B, to find the magnetic contribution to T of Cah5. _The

L9

Wangsness-Bloch theory results in ( ) ( )Q’ but the quadrupole
' 2

(200
larger nuclear dipole-dipole broadening

line width (k%%)é = (===) sec” Loy be completely nasked by the much
2 .

Ay N IS |
(¢2B)magnetic - 2X;O Sec .

Ir wé treat these two perturbations.independently as_above, the crucial
assumption to ohtain a single;~isotropic Tl.is that thenmolecular surroun&-
__ings be isotropic._ Although this has not been proved,'it,seems to be a
- reasonable assumption and could yield the isotropic single exponential;‘Tl

" wWe seem to.observe.
Figure 55 shdws the_temperature dependence'and anisotropy of the Ca15
T, derived from.the leaét squares fit for each angle and temperature, The

l B
data do not show any repeatable anisotropy of the Ca16 Tl's although again
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we camnot exclude a small anisotropy (10 to 20%), of the order of the
experimental nolse. The dotted lines represeht:the average. of all data

L3

polnts weighted equally. Thé expected anlsotropy of the Ca - transition

- probabilities has not been calculated explicitly, although the calculations

for the CsClL structure5o

should apply to the CaFg-case sinee only the
nearest neighbors of the relaxing lon appear in the Van Kranendonk calcu-
lation. But it has been“shown51 thaﬁ for positive ions In alkalil halide
crystals, an importawh contribution to the Quadrupolar spin—latticg relaxa~
tion comes from electric dipole moments induced on neighboring negative

ions by long~wavelength optical phonons, Caleculation of this mechanism
requires knbwlédge of the optical phonon densities of states, the dipolar

' polérizibilities of the Fl9 ions, and requireé.modification of the van
K:anendonk theory to include non-equlvalent ions.5o No caleculation of the
anisotropy of.Tl caused by the induced-dipéle mechanism has been made, so
even if the anisotiopy of the simpler ionic displacement model of Van'
Kraﬁendonk were known for this crystal strﬁcture; the theoretical anisotxopy
: would still neglect the anisotropy of fhe important induced-dipoleAmechanism.
For a rough estimate of the expected_anisotrdpy of the Van Kranendonk

’ ionic model we note that for the NaCl lattice Van Kranendonku7 found that

' the Am = %1 transition probability in the [111] direction was about 50%
larger than in the [100], while the Am =2 transition prpbébility was 10%
smaller in the [111] than in the [lOO].' Mieher found for the zineblende
lattice a smalier anisotrbpy: for Am = *1 the transition probébilities
were l5% smaller for [lil] than for [100], while the Am = #2 transition
probabilities were 4% smaller in [111] than in [lOO]._u8

Since we observe an exponential spin-lattice relaxation of ME, and.

anlsotropic Tl for Cahj within expefimentai error, 1t 1s reasonable to
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calculate the temperature dependénce of the average Tl‘.bf_Ca43 using the

.single~exponenf?al? ;sotrépig véiue for»Tl éaiéuléted_g&‘ﬁiéhe;;g8i‘Thefe

ié a sﬁall différehce.bétwéenvthe temperature dependence calculated for'.v
‘the Van Kranendonk model, and that for the optical mode.relaiation mechanism;
which we neglect. The temperature dependence of Tl 1s given b&'the funcfibn
l/Tl = T*QE(T*),;where T = (T/9D>, and.®D is the Debye:temperature. For-

caleium fluoride 8, = 510°K, so the calculated ratio of T, is given by .

| Tl(55.5:K) _ (:589)° B(.589) _ L685
T, (300°K) ~ (,696)2 E(+696)

Thé'éiperimental value of this ratio, based on the'a?erage.Ti's of Flg." 55 o

is in agreement within the experimental error::

T (355°K) .
' : =.T2 *
T, (300°K] . e E 15 .
The contribution to Tl of the Cah§ from magnetic spin;lattice
| relaxation_through paramagnetiC'impurities should be very small'becauée ¢:

b3

of the small magnetic moment and the low abundance of the Ca ' ” spins.

The low abundance prevents spin diffusion from carrying the spin energy

from the Ca16 spin to the paramagnetic. impurity., The same paramagnetilc |

43

impurities will relax both the Fl9 and the Ca ~ spins, so a rough calcula-

tion of the ratios of T 's of Ca15 and Fl9 due to the same paramagnetic

1
impurity is given by’(assuming the spin-diffusion-limit case, and assuming
43 spinsSQ(:

the diffusion concept 1s valid for the widely-separated Ca
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)
—_— = \1/L 3/k4 2 \1/4 22 \1/4
( 1 /[ C8 Dy B ey
1 “\ s D, “\. 2" 2D
s C A Y T+ T
(TlA ) A B g
2 3/k
1.4 rg Top
a
T(ca)
-5 l+u§j2 1/h
S l!-a 75><lO 55 ) 9
1+w_ T
B
using 'TS(Ca) > 500 secs
Since the observed ratio =
Tp. ' -2
- 0 = 1.8x10
(Ta) _
300°K
this would imply:
l+a§12 . l+(l96)a§12
—5 | =(385)" = 5 < 196,
l+ﬂbT 1*“§T

Thus it is impossiblé to find an electronic relaxation time 7 which will

give agreement between the Ca,16 and F}9 relaxation times, 1f we assume

. both species of spin are relaxed to the lattice by the same kind of

paramagnetic impurity with a Lorentzian spectruhh
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' 'IVI.II; RARE SPIN DOUBLE RESONANCE ™ GYPSUM

A;* Introduction

A search for rare spin double resonances was made in gypsum
(CaSOu . QHQO), using the protons in the waters of hydration as the
abundant A spins, and u51ng the ADRF double resonance method¢ Gypsum has

a monoclinic lattice of symmetry Cgh,55 80 electric fleld gradients at the

'~ nuclear spin sites will not in general vanish. Thus we may expect quadru-;:

ﬂ_ pole splitting of the Larmor resonance lines of spin species w1th spin

5> 1/2. A search was made for possible quadrupolar split double resonance. -

53 .

s CahB, and 577

17

. lines from the follow1ng rare spins: deuterium (D),

In gypsum, lengthy searches for the resonances of O17 and D in waters " -

of hydration are not necessary, simce-the—waters—of hydration are noi

 greatly distorted on going into the gypsum lattice. We can thus infer the -

approximate D and O17 quadrupoie splittings from previous measurements on )
deuterated waters of hydration or free water m.olecules.5br’55 A study of.
the gquadrupole splittings of naturally—occurring deuterium and O 17 would .

" be of interest for four reasons (1) 1t would-demonstrate the ability

of the double. resonance techniquetto detect the resonances of spin species

" about an orden of magnitude less sbundant than.CaABz Di(.Ol56% abundant )
land'017 (.QB?%). (2) It weuld check.the influence of Quadrupole splittings
on double resonance intensities, A-B cross-relaxation, and audio resonence
,freqnencies. (3) It would allow us to check the valldity of the thermal

~reservoir medel of the double resonance process for the case of A spins

grouped into strongly interacting pairs. It is possible that spin diffusion

rates and A-B cross relaxation might be modified by thls strong interaction.

(4) Tt would investigate the ability of audio saturetion double resonance

~N
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to ldentify resonance lines observed, and to separate overlapping resonance

lines with widely differing effectlve gyromagnetic ratios Veff in the

rotating frame.

B. Experimental Procedure

The arrangement of A rf and B rf-recelver colls in Fig, 12 was wound

‘on a machined Teflon form and placed in the tip of a glass dewar, unsilvered

near the fip. ‘The dewar walls orlented the coils approximately with respeét
to the magnet pble faces. The audio saturation coil (approximately a
Helmholtz pair) was slipped over the outside of the deWar tail, between
the dewar wall and the magnet pole faces.

The gypsum sample was & qylindrical single crystal from Ward's of
California which was ground to fit snugly inside the B rf-receiver coil.
The cylinder axis, measured by cleavage planes of the crystal,55 was
parallel to the (010) plane (Wooster's axes), making an angle of about
99° with Wooster's [lOO] axls, and about 52.5° with Wooster's [001] axis.

A rod was attached to the sample so 1t could be rotated about its axis

~in the vertical B ;rf-receiver‘coil, perpendicular to HB; The sample,

B rf-recelver coils, and A rf coil were immersed in liquid nitrogen.

The gypsum crystal was lrradiated with y-rays in a Co_60 bomb to reduce

" the proton Zeeman Ti to (59 % 6) seconds at T7°Ks The proton dipolar T,

was (8 * 1) seconds at T7°K, probably determined by hindered rotation of

the waters of‘hydration.56 Rotation about the cylinder axis varies the

splitting between the two components of the proton line in gypsum, which

is split by the close nuelear dipole-dipole coupling between protons on
the same water molecule.57 Figure 56 shows a proton dipolar free induetion
decay for the orientation which produces maximum splitting of the proton

line.' The beats on the slgnal decrease the signal to noise at the gated
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Fig. 56a Proton Zeeman signal at detector; horizontal:
20usec/div. ; vertical: 1 volt/div.;

H, approximately [|(010) in gypsum
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Fig, 56b Proton dipolar signal at detector; horizontal:
20usec/div. ; vertical: 1 volt/div.;

H approximately'H(OlO) in gypsum

I
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integratdi output, because 1t is necessary’tévuse a small sampiing capacitor
(which inereases boxcaridrift) and a short'sampling time (which decreases
the signal size). |

Several audio resonance studies were made to determine the effective

gyromagnetic ratio in the rotating frame, Weff' .Veff 1s defined by

s
Yers = 2T Toua/Hip

where o is the center of the audio resonance, and Hi is the rotating
. Taud B

component of rf field calculated from the peak B rf amplitude VE, the

inductance of the B rf coil LB, and the gauss per ampere of the.B rf coil

(g/a)B:
HiB = E§35~ (g/a)B vi

There is'af'leagt 10% uncertainty in H g, and the eudio resonances are
broadened by the large audlo fields necessary to observe an appreclable
double resonance'effect. Without detailed knowledge of the B spiﬁ states
between which the transition 1s taking place, fhere is no way to calculate
Veff and thus check the value of HiB' (In practice‘it mlght be useful to |
have a test sample of CaFé to calibrate the gauss pervB-rf volt of £he B
rf coil, uéing the Ca16 double resonaﬁce.) Much of the scatter in the
Veff reported here may be caused by not being able to sgt fB during each

audlo resonance exactly at the center of the B resénance 1ine because of

the broad resonance lines. Thus

o 1 2 2 -
Toud 57 Werr HZlB +owy (105)

where‘Aaé is unknown, or Eq. (105) has to be averaged over an inhomogeneous

' distribution, yieiding an asymmetric audio resonance line with a meaningless
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center fieduencyu -In the case of an inhomogeneously broadened B resonance,
it is probably beSt tO keep YBHlB large compared ‘to the inhomogeneous .:~f
line w1dth when measuring 7y o7 if possible.» ' | |

The audio eaturatiOn double resonance tecnnique mey be useful 1f the»y

phase-snifted double resonance method yields twovoverlapping lines. If

the vy ot of the two lines are - sufflciently dlfferent and the audio resonances -

suff1c1ently narrow,'lt may be possible to satisfy‘the conditlon (106)

for optimum double resonance intensity for species (l),
Oona = Vers(D) Tp = Va - - (206)
but have for species (2)1 .

aud

or

Oug > Verpp(R) Hjg <<y Hp o R

Then the double resonance intensity for spin species 2 should be decreased,‘:

especially if condition (107) hoids, since the sudio resonance conditionfie”d a

never satisfied for species 2 at any AaB(Q),

C. Results and Discussion -
Figure 57 shows the rotation spectfa obtained in gypsum at TI°K, in
the region 500 kHz to 2.2 MHz, The B rf amplitude was adjusted to be .

proportional to fy so H p = 22 gauss for all f B and the B rf was shifted

in phase;by 180° everylmillisecond. These spectra are not simple quadrupole‘

splittings of Zeeman fesonance lines, and‘vHo ~ QHVQ, so calculation of
the resonance'frequenoies must be done exactly. The linewidths vary from =

5 kHz to about 50 kHz, and the double resonance time constants from

Tan AB

29 sec. to T, =80 sec. Some of the resonances seem to be inhonogeneously
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Flg. 57 Orientation dependence of ADRF double resonance

spectra in gypsum; Larmpr frequencies of rare
spin species D, 017, EZRE, and S35 are shown
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-, broadened because they have relatively narrOW'audio resonance lines, buu
broad resonances as & function of f are obtained 1f a sweep is made,'

satisfying the audio Tesonance condltion atpthe,line center:

(£, D awess = Fovdde - g+
- aud sweep -- ‘ aud fb = fBo

. ..The most striking feature of the data is the weak resonance line at
about 1692 kHz, approximately equal to the Laxmoxr frequency of deuterium"v

(fL(D) —.1688.5 kHz). The signal to noise of this line is about four to

one, and at some.angles a smallvsplittlng (~ 1 - 3 kHz) of this line into ...

- two components is:observed. This line is interpreted as a double quantumi
trans1tion between the mp = +l levels of naturally-occurring deuterium
-v(.Ol56% abundant). The gquadrupole splitting parameters for deuterium in

+ B 0 at 77°K have heen measured to be (e g Q/h) = 2&7.17i‘05 kHz

BaC10
P50
3 2

dnd N = .1o5t.oo6,58 so that vy

© pole interaction should be close to the HDO deuterium quadrupdle interaction

' in gypsum, we see that the second order frequencysshift v( ) .. v /l2 f D) = ;,‘”'

| ¢7 kHz lS negligible, and first order perturbation theory should give the -
deuterium quadruypole splittings accurately; Then the My = %1 levels of D
are displaced.equally'by'the quadrupole interaction, and to first order-the'
- energy difference (E_ - E ) = 2hf (D) Thus in a double quantum trensi--
tion the two quantavabsorbed will have frequency Vo= fL<D) to first order.‘
Tne,signal corresponding to the double quantum transitiOn is large because‘u
211 four inequivalent deuterium sites in the gypsum wnit cell maey contribute
e it equally in spiterf variations in quadrupole splitting from,site to |
site. An exact dlagonallzation of the deuterium Hamiltonian shows a small
upward shift of the (E_l - E ) energy difference for reesonable VQ, and

the observed splitting is probably caused by magnetic interaction with the

= 371 kHz, - Sincebthe DEO deuterium quadru;l“'

TR

[P VAN o 4 g g iy
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néighboring protons.on the DHO molecule, which causes a splitting varying
with orientation between O and 8.74 kHz. The b2 transition could not be
observed when the proton line splitting was largeét, probably because of
poor signal to noise. |

The intensity of this kind of double quantum transition has been -
calculated by Hughes and Grabner.59 They find that thg intensity of tﬁe
double quantum transition is as large-qs the ordinary first order

transitions (Am) = #1) if
(hw+ (B -5, )]~ (-1v ] 0) , (207")
wherel -
. Vd = dth g 5 -
Since the observed transitions ar¢ always near w = EHfL(D), then condition

(107') becomes (assuming nié 0, Hp = 26 gauss, and Y(D)/2m = .654 kHz/g).

2 .
e, - 2 (55)-2 2 2w,
V2
where.u is the cosine of thé ahéle between Hb and the z principgl axis of
the field gradient tensor. The double gquantum transifion intensitiés are
, also larger because they are half as wide as thé firsf order transitions.
Thé’first-order‘quadrupole satellites corresponding to ﬁhis‘double4
quantum.transition have not been observed, probably‘beéaﬁse of boor experi;
mental signal to noise. 'Tﬂere are four physically inequivalent déuterium
sites in the gypsum unit cell, and all the deuﬁerium sites may contribute
~ to the double quantum transition. Then 1f each of the first-order transitions

~-has a different frequency and is at least twlce as broad as the double-

quantum transition, it is reasonabie to dlvide the signal to noise of the
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flrstdorder tiaﬁéitieﬁs, This factor Wouldfreducelthe experimental signal -
to noieewto 1/2 to .1, maklné these lines unobservable; The~first-orderl
satellites might also be much broader because of “the crystalline im- ;V‘d
perfectlons, whlch do not affect the double—quantum tran31tions. :
- Other prominent features of the spectra in Flg. 57 are the sets of -
narrow lines (H.W;HLNL ~5 to 10 kHz) symmetrlcally located around

Ty 5 1715 kHz and f = 858 kHz. An attempt was made to attribute the upper. 
set of lines to dedterium or 017-1n water molecules of gypsum, but the-
- large "secohd.order shift".of theserlines from fi(D)'or'fi(Ol7) reduired: l;“
us to assume VQ was were several times as'large as previously measdred_‘
values;5h’55’58 An eXact diagonalization (using an IBM 709k computer)'of'.

the § = l.and‘S'= 5/2'Hamiltonians for arbitrary quadrupole frequency and»‘ﬁé'b

principal.axes as measured earlier yielded Iines whose shape didnot r;¢}!.
b'wlth‘these Iines. The four inequivalent deuterium 51tes and the two
ineqdivalent O17 s1tes also ylelded many more theoretical lines than the :
experlmental ones to be explained. :

The lines centered at f_ = 1715 kHz are broader than the lines centerede

B
at fﬁ-; 858 kHz, and are at almost twice the frequency. It is tossible
that the upﬁer lines are first order;transitions between two_B spln_eigeﬁ-
states and the lower linesjcorrespond.to_two-quantum transitions between
- the same elgenstates, The Véff mea;ured for tﬁe upper~pair_of lines varied
:frOm .05 kHz/gadss to ,lBBYKHz/gauSS, while Yors for the lower lines was
about .19 kHz/gauss. It is likely that these”are Ca15 lines because of
their 1oW Y 4ps high intensity, end narrow width.

| The remaining lines in Fig. 57 are much broader and have Yere in the
range from 5 kHz/gauss to 2 kHz/gauss. Therbreadth of these lines may

introduce appreclable error into the measured Yeff’ although 1t is difficult . -
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to say whether this is HiB broadening or inhomogeneoué broadening. These
| 53

are probably S lines; gsince the sulphate tetrahedra are known to be
distorted in gypsum,6o_and the lines are intense.

An attempt was made at Q = 59? to use audlo saturation to separate
two broad , overlapping resonances located at 2063 and.QOBO‘kHz. The
resonance with lower Veff at 2063 kHz was narrowed from 12IkHz to‘5 kHi
by’ﬁsing audio saturation rather than phase shifting the B rf. The back-
ground caused by the 2080 kHz resonance was still unimportant. But wheﬁlv
the audio resonance condition was satisfiéd for the 2080 kHz resoﬁance,
the line was still'broad and some background from the 2063 kHz ﬁas visible.
In conclusion, we have seen resonances in gypsum from néturally-occurriﬁg
deuterium, and probdbly from’naturélly—océurring CaL’L5 and 855. For initial
searches it seems best to use phase—shifted B rf for simplicity and because
the resonance lines are bfoader. But the audio saturation techniqﬁe.cah
be used to help distinguish overlapping fesonances, to narrow double
resonance lines for more.accurate measureménts, and to measure the gyro-
magnetic ratio in the rotatingvframe, Véff’ Not enough 1s known about the"
.B'spin eigenstateé in gypsum'either to calcitlate the expected veff or
double resonance sensiti&ity, 50 novconclusions can be drawn about the

importance of spin diffusion among closely coupled proton pairs.
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IX.  CONCLUDING REMARKS

A Suggéstions‘for'Further Work

~The Cloughmethpé évaiuation of.the»cfossfrelaxétion éorfelafion
fgnction.should be investigated in a case where the distortion of the‘
’c%ossFrelgxatidn spectrum from the exponential form 1s larger for largerr
feB than in CaFé. This would require lafger A—B»dipolér interaction and
longer Tos both thesg cfiteria would be:satisfied férvthe case of larger_;§~"
,vB and smaller VA‘ | | -

I vA i;lsmaller and vais larger, the first-order perturbatioﬁ theéfy
Wouid not be as good, and second order effecﬁs might become detectable.

Therefore, it would be interesting to repeat the experiments of Lurie

and Slichter; but uée theputsed—method—of évo{"n+ﬁng the cross-relaxation N
parameteré € and TAB for several valués of 6. They reported evidence of

a second exponential in the cross-relaxation process, but perhaps- their
data would-Be completely explained by the assumption of an exponential
cross-relaxation spectrum.

'Dr. Russell Walstedt has sﬁggested the study:éf isotropic exchangé
couplings in_CaFé typé cryétals, by”meééuring‘the cross;relaxation~rates'
of positive ions heavier than Ca++. For HB parallel:to the [iOO] direc-’
tion, (miB>BA drops té ebout 3% of its value in the [111] direction, so
contributionsAto T;; from eXchange couplings may be detéctable,vV

Work should be done on the measurément of cross-relexation parameters

and Tl of a rare B spin species, when TlBAf fAB" Presumably no double

resonance heating would be;ggces§?;y for TlB'<< TaR? and if TlB < T AR’
oy RS 33

perhaps applying larger an?flafﬁgi audio fields during double resonance

could help to separate the TlB and TAB'contributioné;
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It would be interesting to study ADRF dquble résonance in a sample
with several A spin species,rsuch as KDP (KHEPOh)’ It @ight'be'possible
to study cross relaxation between the A and A' dipolar reservoirs, by
doing ADRF on the A speciles and immediately remagnetizing on the A' species.
It would be ihteresting to see what change in the double resonance sensi-
fivity for a rare B spin occurs, if there are ﬁwo A spin species.

For the case of a quadrupolar-split B spin'transition (as in gypsum),
the thermodynamic reservolr model of the A-B cross-relaxation procéss aﬁd
the influence of the B spin states on Yo s should be checked. It would also
be interesting to measure the T2‘of a ‘quadrupolar-split transition using

pulsed double resonance.

B. Conclusions

A detailed study of audio saturation double resonance and'pﬁlsed
double resonaﬁce following adiabatic demagnetizatipn in the rotating frame
has shown that'thesé two methods of doing double resonance complement ea;h
other nicely. If inhomogeneous Broadening of the rare spin resonance line
is smaller than the B rf field, audio saturation can be used to locate the
B spin resonance line center accurately,vto separate dipolar broadening from
other broadening mechanisms of the B resonance line, to measure HeB and 6
in the rotating frame, to identify}quédrupolar-split double resonance lines;
and to measure the méximum double resonance rate G/TAB. The puised double
resonance method has been used tg study the oscillations assoclated with
. the approach to equilibrium of the F19 dipolar system, to study the validity
of a thermal reservoir model of thé A-B cross-relaxatiqn process, to make
© the most accurate and independeﬁt measurements of the cross-fel&katioﬁ

parameters € and T7,., and to measure.the free induction decay of a rare

AB
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spin species indi£e¢£ly;v‘if‘ﬁhe B spih'héatiéapacityxis large eﬁough,
and thé‘B épin-;attice re;axatién time ilﬁ is iohg éﬁmparéd 0 T,ps the 
puised metﬁod can be used fo meaéure TlB’ o -
The‘fhermal reser#oif model oé the déubie fesohanée process} uéing
first-order timevdepehdent perturﬁatibh thegry, is accurate for Cév.h'5 in

CaF, to gbout 5%, even for 6 % 90°, The dross-relaxation spectrum of

.v the Flg dipolar reservoir is aécurately expdnential in the Wings, and
k5 resonance‘line in.CaFé_is_,

b3

the major broadening m¢Chanism of the Ca
motionally narrowed dipolar broadehing by Fl9 neighbors. The Ca - quad-
"rupolar épin-iattice relaxation mechaﬁism.is not greatly affected by the

i . . - L
lack of a Ca 5_spin temperature during relaxation, within the experimental -

error. No conclusive evidence for spin diffusion.wéakening of double
i )

' .résongﬁce'senSitivity could be found for Ca > In CaF,.
In gypsum (CéSOuQEHéO), a weak douﬁle*quéntum transition of
' néfufally—occufring'deuterium (.0156% abundent ) was observed; Other double
;resonahce lines ﬁéré observéd.ﬁhich were tentatively identified aS‘Cah3_
and S?B lines, on the basls of audio saturatiqn'measurements Of.yeff’

In conclusion, é digital_computer can be a great ald in analyzing

the  dynamic of nuclear double resonance. Most of the work in this thesisl

would havelbeen Ampossibly: laborious without a computer. - : '-;
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~ APFENDIX A |
”erN DIFFUSION AMONG A SPins'f?"

During the double ‘resonance process; disorder is put into the laffice

| of ordered A spins at randomly located B spin s1tes.- But-the dipole-dipole

| interaction between nuclear spins is a short range interaction (H ~ i%),f-
" .. 80 that each B spin affects only its closest A nelghbors directly. In iact,
the transition probability between A dipolar energy levels.will,be proportional L
to the square of the A-B dipolar perturbeﬁion,52 so the strength of the .
direct double resonance éoupling vill'be proportional to (1-3 °03291k>2/rik
(here r, ‘

ik
"bor i it is perturbing);l Because of the short range of this_direét inter-

is the distanee betWeen the B spin k and the particular A neigh-

action we must rely on spin diffusion between abundant A neighbors to

carry the disorder from the cldsest A spins out'to the rest of the A spins |

far from the B spin. | | |
To get some - feeling for the orders of megnitude involved, we may

consider ‘the case of’ Ca)1L5 (s 13% sbundant) in CaF,. The average number of

. F19 spins per CalL5 spin is about 1540, which occupy a sphere of CaF2 with:

radius r = T.2a (a = Flg-FlQ-distence in the cubic lattice of fluorine

_ mielei in'CaFg). As Hb:isﬂrotated wifh respect to the erystalline axes‘

. in CaF,, the strongest A-B dipolar coupling occurs for the laboratory

2
magnetic field (H ) parallel to the [111] direction. In this direction -
. about 95% of the A-B eoupling (~.§ (l~3 cos eik) /r ik) 1s contributed byﬁ
the eight fluorine nearest-neighb;rs of the Ca15 at a dlstance (:%§>

a ;e.866a (See Fig. 2).61 If we include the.additional 24 second neighbor
fluorines at a dlstance Gfiiyé) a = 1,66 a, we see theﬁ each Ca16 inter-

acts directly with only about 32 fluorine neighbors, or (32/15L40) ~ 2%
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b3

of the average nunber per Ca ~ spin, Clearly the spin diffusion process

‘between A spins will be involved if we see double resonance signals corre--.
spoﬁding to more than a few:percent decrease in the A dipolar signal during
the A spin;lattice relaxation time (TlA ~ bsec in,CaFe), because each Cagj
muist destroy an appreciaﬁle amount of‘the order at ali 1540 of the A spins
associated with it.dn the éveragé.

An approximation often used to describe this spin diffusion ﬁrobkwx

L 2,62-6k
em _

1 is to neglect any anisotropy of diffusion and to use a diffusion

equation to describe the change of a spatially-varying spin polarization

(or spin temperature):

3B, (%) . s
73%  =D V?‘ﬁA(r,t) -C2 I:-r

n

Sl (aa)

where

() B e, -

where‘ b 1ls approximately equal to the distance from a B spin to its

nearest A heighbor, n ranges over the B spin éites,'and QA = ( L >.

7 (r)

TLowe and Gade have shown that D is quite isotropic for a simple cubic

lattice.15v.The description of fhe A spins.by a spiln temperature necessarily
meéns that the spin temperature must ﬁot véry too rapidly in ;pace, because -
we must be able to divide the crystal up into small régions; each of which
cbntains'é "maeroscopic” nurber of A spins at nearly the same temperature.

Because of the anisotropy of the A-B interaction, and because at most only

about 30 (and perhaps as few as 8) A spins interact with each B spin

directly in CaF2 it does not seem likely‘thaf a spin temperature can be

used to describe the double resonance process close to the B spin. Although



'the Spln temperature approx1matlon may be‘a useful one for dlstances far
from the B spin, “the- questlon of how best to describe the double resonance
process close to the B spln remarns open.~ |

It mlght be thought that the symmetry of CaF would allow us to

select only certain Fl9 nelghbors of the Ca15

~and do an exact quantum~
mechenicel caleﬁlation of their eigenstatee tovﬁreat this problem, Then '
ore could'perheps find the initial absorptien of energy from.A-B couplihgv
leyjthiérsubsyetem.. Bﬁt‘for Hbvparailel to [lll], even though the Ca-F
coupling 1s so anisetropic'that 2 _Qf_’che'F:L9 neighbors interect 9 times

as strongly with the CaA5Aspin as do the other 6 F}g neighbors, each of.

19

- these 2 Fl9'neighbors is coupled:strongly'to at leest 12 other ¥~ neigh-

bors. On the other hand, for H parallel to [lll] not only is each F 19

7 4o 82)

Spin coupled to MEny Tther 3 eyrua ~T—e—8)5—but the (a.F coupling

-,is very ieetropic se we must consider the,direct interaction of many

"Fl9 subsystems” with the Ca%3 spin. .: | L o o K  ”.v.f‘ .
It may'be that in a monoelinic syster or one'involving relativeiy o

wisolared water molecules, such as gypeum (CeSOAGEHéO), one ébuld‘ChOOSéa-f'”

65,66

such a subsystem of A spins to treat quantqumechanically;

SPIN DIFFUSION AND MAXIMUM DOUBLE RESQNANCE RATES
To obtain a Very Crudelﬁhysical feeling for the possible effect of"

spin diffu51on on the dodble resonance process we can use the solution of

67-A

' the diffusion equation for a delta- function of heat input at the origin° _ L

| o,(218) allr )7 ex(i/e%)]
- "where B (%) ; VGET?,

R = Pael
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To make thls very crude estimate we use only the Gaussian spatial dependenée
of the solution, and require that p(TSD) = r, where r 1s the radius enclosing

the average number of spins per B spin:

p(TSD)u= r =N4D 1 .

sD

Then in a time TSD

B spin at the origin;. Thls yields

all the A spins will be appreciably -influenced by the

T
"sp T TP
e Fl5 e =12 .
For H_ parallel to the [111] direction in Ca » s D= 3,4x10° 77, so

SD AB

observed cross-relaxation rates.

T £ 3.3 msec. Thus for T,_ Taps spin diffﬁsion might lower the
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- APPENDIX B

©© SIMPLIFIED DERTVATION OF THE MASTER EQUATION

Thé simplified-defivation'of fh¢ master'équatioh:given in_this'

. appendix assumes that wé‘are only interéstea in the chanée of expectation
 vaiueslof’the zeroforder parts of the Hamiltonian. If‘Oi and 02 ére two
commuting parts ofvthe iero-order Hamiltohian which’are coupled by the pe?Af ;:
ftufbation?_énd we wqu in a representatian iﬁ thch'Ql.and QQ.are.diagonal; 

we geeys -

e

" ,(ol}. Tr {p O} =i: P (oi)nﬁ (; =12) | (B.l)'v‘__

and

cafo ) g : :
L o (2 0y =32 (0,
n ’ -

it

[eQ¥) (6av) o

The spin'temperaturé assumption for the density matrix leads to such a
,diagbnal'denSity matrix,
Equation (18) can be formally solved by iteration:

i ] .

| --‘p*’(.“c’rA) = p*(’é) —“if

A

e ), o)
t . . |

o R N X, N ¥ .
+ 12f dt”»/‘ dt" [34 (1), (¢"), p-(t")]:]’ o (B.2)
R A
© The Qbservable quantitieé,of interest are‘CHSS) and (SZ), where both ofl'%
- these operators commute with p (t) and Jio. But if Eq. (B.2) is used to
: ' A ) " )
calculate either of these expectation values, the term linear in ¥ does

not contribute: using'(l6),'(l7) and the fact that ﬂHO, DR] = 0 gives
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d
-4t

(0) = Tr (OpR}"’

|

i

‘ 5 * .
SN 8
TI’{O E_E—}a

 But because
Tr {BA} = Tr {AB} ,

the term linear in ¥ in (B.1) vanishes:

A o *,
-ifdt' Tr ;o (), e (t)]‘
t -
o t+A g ) S
= -i/dt' T‘r:{H*(t') [pR(t), o]} =0
t . ' '
Then if we neglect the linear term in (B.1) and let A << T gy Where
TR is the cross relaxation time constant, we can write an.apﬁroximate

S *
expression for the derivative of p

1" -+ B () - o'(8)
at FAN
( 1)2 tA 4! Pﬁ* iﬁ;. ; N ]
= foatr foagt [H(e), (), o (7))
R [

(Ba3)

If A is sufficiently short'cbmpared_to Tap Ve only need to calculate the

lowest order contribution of %f-z——; but t" lies between t and t+4, so we

' : *
can use equation (B,2) to relate p (t") to p*(t);
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e p_(t”)u='p,(t) +.itemS‘proportional'tofﬂ ’ CH )"",*' S

Since we are: 1nterested in the lowest order change in P (t) (since t <

: TaR and we are calculating the . derlvative) then for ‘our purposes

¥ ,
p (") =0 (t)- Thus Eq; (3.3) reduces to

i

ﬁii%)[zfjﬁ%"[ﬂ(v)ﬂﬁﬁﬂ, tﬂ](RM

o

e

t Tt

We will only be interested in the equations for expectatlon values
of operators 0-that commute with:H o7 SO let us calculate _Et (0) because

an imnortant simnliflcatlon oceurs’ in (B,4) 1f we can use the properties

of the Tr'{, 3, and the random variation of:H (t). Us1ng Tr {BA} = TT{AB},

_ .
ﬂﬂo, 0] =0 and [p , 0] =0, we have

PR """G‘*A.‘t' S o .
L0y = 77¢€§—~4fd 'J(}t"vmrﬁ{gofﬂf(t’),[}ﬁkt"):»p*(t)ll}
.‘ ' | POV jl. L AN
g [ Ll gpaten] e Sl

ﬁ='“::"'i’“/gﬁ g;" {[o X (o)] [H* t"-t') P (’G)J}
. v t :
' o (B.5)

or .
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S
O .
1R

- -Aly. /dt'/ldt" Tr ;o[ﬁ*(o),‘ [H*(t"-t’),p*(tﬂ”
T % ‘ . L o
| (B.6)"

The trace in (B.5) is the’corfelatibn function of the random local

field at a B spin site, at times t' and t", This local field must have

" a correlation time of the order of Top since mutual spin flips between

neighboring flourine nuelei change it, What we have shown in Eq. (B.6)

is that this correlation funection depends only on the difference of the

two times t' and t". If We'define

t' =t"+ 1,

Eq. (B.6) can be rewritten, after a change of variable:

tA  tr-t

o ) _g_/tdtfﬁf e ;_o[ﬂ*w),.tﬂ*(-m é*(\m]f (B.7)

But if A >> (t'—t)’>> Ty? the integral over 7 in (B;7) approaches &

' constant independent of tj and the first integral-can be.evaluateds . : [,

dt

4 <o>'; i)/.mgw T;; o[lﬁ*(o),ﬂﬂ*(-f), p*(t)]] ;. ; | <é'8).
0 - S |

This 1is the result obtained by Provotorov and Abraganu25’25
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EENDIX C
EVALUATION OF CROSS RELAXATION CORRELATION FUNCTIONS

Using the :f‘ermal expans1on68 for My, (x) ana (29), (50) we e
g () = { ( if[ﬁss, I
| + L [Hss,[ﬂss,:ﬂ H)} F
Tr{‘“li} i o {igg l M, ) }+§2 {[J:ISS, lx | .2} o
PR (- 23 S o " y

By a rotation on;the B spins, Tr'{ﬂlx} =-Tr§HLZ }.

e

1l

‘Tﬁﬁsﬁ - '
(O)-—Tr{ﬂiz}'
R % TI{FHss’ lx]

e e C e

Using expressions(7) and (9).and explicitly evaluating traces over the o

A and B spin systems glves the follow1ng values of g(O)x

g(0) = aI(I+lgs(S+l) NBF ? (Aik)
o eme ey, aemm

" where the sum@atibn index 1 ranges over the A'neigthrs of a B sPih;“

'and ( 1s the Van Vleck second moment of- the B spin absorption: line

B BA
'caused by A-B dipolar coupling. Evaluation of the lattice sums ylelds

43 in CaF.:

. ‘ a2y .
-the followlng approximate expression for CﬁwB)BA for Ca 5
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003

9

o

(c.1)

2.2 | o
1 ,I(I+l)’)’i’yB’f1 : . Loh.oh

BA T3 - ab : 5899_3 - 57{35 (O""B +Y ] _
Here a is the flourine-flourine distancé) and a,‘B, énd»v are the direc-

tion cosines of the laboratory magnetic field HO wilth respect to the cubic

crystalline axes of CaF,. The lattice sums leading to (B.4) were -done.

on a computer'for'Ho'parallel.tovthe [111] and [llO]‘directions, for all

A neighbors at rik'< '051/4‘a. An integral correction for all farther

. neighbors was added to the computer results,‘and the resultihg [111]

and [110] points were fit to the angular functional form derived for
Qﬁwé)BA. Equation (C.1) is accurate to less than 1/2% error.

Inserting :HSS andlﬂgg‘from (15) and (ll), and noting which Try {1}

vanish, we find for Tc(e)v

(eetfitcay, 3, ] + ;os?é o[22 ] 2y

)2 - %
o ° Tr'{lili}

m@

The numerical values of.ré.calculated from (C.2) in CaFé show that s is

 from 50 to 100% larger than T,(F-F). The first term in (C.2) is the

~ value of the correlation_time when 6 =90°, and the additional term pro-

portional to cosgevshortens Tc by abdut 25% when"@ = 45°, Tt is possibie

:that this shortening of"rc is related to the broadening.of the B spin
‘resonance line in the rotating frame, when 6 X 90°. At 6 = 90° the B

| spin line is a delta function, except for lifetime broadening.

Putting Zblg(s), M, anady  from (6), (12), and (11) into (C.2),using
the commutation relations between A &nd B spin operators, and evaluatlng the '

traces which appear in (C.2), we find:



where o E ; :‘:;f,.> 2 ‘ . - Adﬁé”)
- y o, AB AB AB
R =,,g,1<;+l>iij B‘J (Aik Ajk Aik)/<2 a2 )
- and o - : _ S
- 0520 (312+3I 1) AB h ABE. 2 o !
- Lg =" v
I ; (AB1k>
I

‘The summatlon index i ranges over the A neighbors of a rare B spin, and :

: the-A B?j are given by (8) and 9) For H parallel to [lll] in

CaF, (usmng only a rough approximation to Z (AB ) )we find for © (6),

- including the_off—resonance correetlon-term 12}

T (e)‘2 zo (90 )4? '1‘; 55529 (.fg)

Thus at 0 = 145 5°, :Tc 61 us, but at 9 90 s T, is 80¢5 us.' .

T (90 ) was evaluated by computer to about l% accuracy for H parallel

',to [lll] and [110] in CaF s and these values are quoted in connection with ;5':_,':

;experimental results.
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"“v.. APPENDIX D

EFFECT OF SMALL RANDOM QUADRUPOLE SPLITTINGS
ON THE CROSS-RELAXATION EQUATIONS

l. Effects oh €

We consider here the-quadrupole splittings caused at some B spin sites
in a cubic crystal by random lattice defects and lmpurities., We shall
make the approximation that the distance between quadrupole satellites of

‘a particular B spln k is va << le and speclalize to the case of 6 = 90°

for simplicity., If (VQK)A>> le the dbdble resonance line will be reduced

. 5 je ot . ' f
in intg?g?ty by le/(va) << 1, and may not be observable. If Vo Z. 1B

L : - 6
the’ situation camnot be handled by an "effective spin 1/2" formalism 9

since
‘all the quadrupolar split B spin levels will interact strongly with HiB’
so the effeet of the quadrupole splittings would have to be taken account

of exactlys

If'va << le, then only the secular part of the total quadrupole

Ha.milt,onianﬂQk need be added to the'B-spin rotating frame Hamiltonian:

! 4 (B ' A B
Hog =30+ 4 Hy(s) + yf(s)_+ o

‘Where

3B % ;2‘” »VQ12{(5-“2_1>$ [82

S(5+1)
Qk Zk ~ T 3

o
o [Sz _ sgs+12} .

zk 3
3nguse we know nothing sbout the particular value of-va at any B spin

site, we shall assume that va 15 given by a Gausslan random distribution

~of width GQ; normalized to the number N of B spins per unit volume:

= '.NB | e ’ [VSK;/Q%J . - (p.1)
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P(vop)d vox
.?egion VQkf'Vkaf‘vak’ﬁj

then gives the number of B spins with VQ {3“é'1‘}’ in the

The restriction to‘fiB”>>-ka or'i-/Q 1is notnnecessarily'very'serious;o-”'
. bechuse a "minimum”‘vaiue of fiB
the'double resonance rates fall to.zero with decreasing le, and‘forbthef_

'has.already'entered_into the theory:

thermal reservoir model to hold we must require +that H be >> HLB S0
:'that the A-B interaction is a small perturbation on both the A and B
? systems.' | ,

Qk

Since:H' commutes with :ﬂ ( ) 1s it natural to include it in the
\zero-order B Hamiltonian. g. « |

o o S v-:v }
- - Qk 2 7 8(s+1)
o =+ F [ - K52

Thevparameter ¢ 'is the ratio of the A and B spin'energies or heat capecitiee‘
:at'the,same‘spin temperature,-so the only modification fo-e,consists of -

adding a new térm to the B spin energy:

y . AL 2
<EB) = Tr { p'”isfh ;ﬂBk} = ST % '.I.‘r {#Bk} ‘
"Therefore f L '3fir
. » i
zﬁm“ ZTI“{H Poa
CBut Tr-{ﬂgk}
‘D?.B (es+1)s(s+1) . (hs +hs-3) gy
- 5 [ 60 (le) ]

V'Since / va,k P(va) = .NB
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averaging over the Gaussian.distribution of‘quadrupole’spiittings yields:

e[ ()]
=€ 1\+£-2@~] (for 8 = 7/2) . | o ' (ﬁ.2)
| B . ‘ -

Thus any.quadrupole splitting effeets on € would noticeable only near

letf ;Q; where the perturbation treatment is probably no longer valid.

2, Effeects on TAB

If:H is lumped with -, 8 to form a new B "spin Hamiltonianlﬂ
' dE

then the density matrix derivation for —— remains upchanged down to the -

dat

p01ntzv

2

o i?% = a—%—‘jo‘d: Tr{ﬂg[m(o); 3:[*(-1.), 342]}('1‘;1 - Tgl.) , (D.3)

" since HBk still commutes with the.density matrix and_With;Ng,'and the
._corfelation funcﬁion'stiil‘vanishes for long times, |

" Here

H(s) = z Aik T(8) (Tp(£)8,, 75 (8))
witﬁ _ _ ‘
TB(t) = exp'[iHBt] H exp [ﬂHBk, ]>, 

so that we can write the time-dependent B factor sas a function of only

- the kth B spin operatort

-
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A TBIE
~As before, by'thé properties of the trace
A
Tr{?ﬂ [34 (035 (- T),J:t J}

m { (0 >[ 7 (-w)]}

“ﬂF AB .
34 (t) = 2 Ak Zi(t)s k(t)
! :» , -
= ZAk(t) 5 "-(t>.=‘z,1f"(t>; R
zk k R
wahere o ' \e. Ak(t) = Z Aik Zl(t) :
o 134 A T
a s ()=e g e B
, - SRS - Uk ' "”»'.
By the properties of the'Trée{ }, terms in (D,3) which are of the
" following form vanish, -~ . - . . e A R
: L A [ ¥, Ay W ' A
[dT Tr{:ﬂa[:ﬂb(o);:ﬂ 1("1')}}1 l})
J T X . d.} g
0 .
if k k', because then s Zic! (- T) and 8, (O) commute with everything,'*?':i~v5"
can be taken outs1de the commutator, and have vanishlng trace over the -‘¢' \
.B 'spins. Then Eq. (D.3 ) becomes a sum of separate contributlons from ’;f Qf
' each B spin in the sample:‘
=4 ()
| | Cdt dt X
B S T T e Y| DR PR
= ok T-'T“kf.,d"r al Be(0ds B lmds Egfg
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Since Sék(-r) containsvonly B épin operators it can be brought outside

the commutator:
A A ¥, A A ' | '
Has l_{d’ ﬂk(-T)] - [Md’ Ko Ak(-T)] S (1)
Then the previous relation between a time derivétive and a commutator
can be applied ﬁo‘yield:
' WX A A ¥ _
Tr {H;(O) [:Hd_; :Hd, ﬁk (-—T)]}

_ 42 | '

= Tr, {Ak(o) 2 Ak(-'r)} VTrB{SZk 8 (-T)}

L |
d g,
=[ dT§<-T>] gy(-1),

The majbr differehée between the.caSe“with quadrﬁpole splittings and
without_quadrupole_splittings is that the B spin.“eorrelétion functioh
is simply propqrtiénal to cos(aiBT)'in the latter.case. The ;mall
quadrupole splitting case then reduces to the evaluation
TrB,{ 8,,8,,.(-) }

. It is at this point that‘ﬁhe perturbatioﬁ approximation va<<flB
becomés necessary, because we shall evaluate TrB‘{Sszzk("T) } to second

érder in the small quantity ,ka, using ‘the approximate operator identityx7o

B ~
eA kB = eA [1+ NSy

+ A8, ] | (D.5)
where . ‘
. "1 ~Ax  Ax

o

and



.-i.é3o-,' -

5 =ff Xddere Be e o
 We intend to evaluate o |
e ey mA
R [iiT(;v“’iBSka'}‘"%&Se ')]?e Bk v T S

by (D.5) .'éndbthen set A = 1, so "

A= g8, end B =% e,
where_: l o e L .
f 0] :mlBT o and‘ »-€_= “)Q’k'f/g '

The term « S(S+1) in EBk' commutes with everything S0 1t éan be neglected e

A

. in. the exponentlal. ;

| Some of thg integrals 1n Tr ibzk zkk 17? '

v‘such_as e -Ax B e_Ax are first evalua‘bed a.nd Tr. { } is brought under the

integrals_;, since _ma.ny of the’ Trg{,} vanish, and parts of the integrands | L
‘ T . .

" cancel when the sign of T is cha.ngéd, Expansion of e’ "Bk using (D.5) , .

yields:
where M ( l+}"M1(+)+>“ M2(+)

T 9 : _
=1+ A2 I(+)o + 32 z F()P,_
Tim R P 17

o

and for example
2

B - I (+) —f dx ( iE,) cos (d)x), = S,

2(+) f dx( ié)( sin ¢x cos <1Jx), = (8 k yk. S;';rkszk)



231

_ (. 2 3 R
_13(+) = fo.dx( 1@) sAin ¢x, O ~syk
,F:(+)_ 1de<1§) §<1> (1_;'sin2¢x)
1 .—-/O' cos x é- —m——
i
Pl = szk 4

ete. ‘The Ii(—) and Fi(-) are'obtainéd from Ii(+) and Fi(+)'respectively

by changing the sign of T,'that is of both ¢.and €. Changing this sign

| -in the explicit expressions yieids for the integrals the symmetry proper-

tiesé | | v _ ‘
n(-) = (Db @), Re) = M Re. (@)

Expansion of the B spin cofrelation funetion to second order in x2

., using (D.5), (D.6), (D.7), and vgnishing of some of the‘TrB{ } yields,

after a lengthy calculation: B

o o M

T
Bk Bx' ) .
Try {szk e s, e }

= TrB{Sik}céswlBT
4?(%)2['1‘1‘ F(w T)+TI‘ F( T)]

b, Tr,, ~Trgsz 52

L .
where Tr, = Trp {s Si yk Sk yk} ’

¢? cos ¢-¢ sin ¢
~F(¢) o B

But according to Egs. (Ds%), (D.1), and (24)

- F(9)

ea »‘F2(¢)

H



"ejéQ;’ .

=2 )E v o) oo | S| eg(er)
o <'dt' > .kak‘( TA, -._TB}' 1[&2 A _ _ B

- j}i{- (Tl_- -Ti'->f av Q,kP(VQ,k)f dr gp( -'r) gA(-'r)

il
1
Q
G
/\
H‘)—‘
S——
i
. 1
s
m
/\
Hf}_’
]
)'3’)—'
N—

S0 that if we let A =L

(ﬁ-)f at. f"('r.) F (w | %)(Tr ~Tr. )]

/\
@l
£~
\./
ey
o
S
'—b

(D.B)

and (Tr; - Tr, ) = (22,9911-16.9911) for § = 7/2, ~ and if we assume .
the' same form for gA(-T) as in Section ILC. «s Eq. (56). |

The correction term in (D.8) has been evalua'ted numerica.lly for

“both Torentzian and Gaussian gA(T) for H_ parallel to the [111] directiqn"v ol e

" ('r - 80.6 sec, ( %A 3.65x107), The value of ('r ) is given by

i 2 o
[ ]

i:f‘ we use Eqa (D.2) for eQ

a"\o_( ) 1s given by (for To 80.6 sec, (Am ) BA —.r3.63><_107):

e

[P
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Table VI HlB dependence of quadrupolérjcorréctidﬁ terms

le(kHz) .0 2,0 3.0 40 5.0 6.0' 7.0 8.0 9.0 10.0

7;3é7 11.80 13.49 12.36 8,43 1,685 ~7.86 -20.2 -35.4 -53.3

11,0 12,0. 13,0 14,0

740 9Tk -123. 1524

- The change of slgn of JS(le) occurs also for the Gaussian gA(-t),

but at a smaller value of le. This behavior eould be qualitatively

understood by noting that at low f.. the changes in matrix elements of

1B
. the A-B dipolar perturbation might lead to a smallei T;;’ while at high

_le the higher-lying quadrupole satellites allow a greater energy exchange

between A and Bvspin systems. But perhaps the most disturbing feature

of this calculation is that as f,, = ®, the quadrupole effects. do not

1B

"jbecome negligible, since<2f(fiB) Ilncreases faster-than fﬁB‘ This probdbly

is the result of expandihg g function for small T and then using this
expansion in an.f édr,.which.is obvipusly‘dangerous unless the fUnction_l
gB(T) really obegs the approiimate form out to where gA(-T) cuts off the
'integrand. Because the perturbation is obviously becoming relatively

more important for large.le, it would be dangerbus to draw any conclusions
| based on this caleulation,

| . Instead of using-the density matrix method of calculatihg TA;, one

" can calculate fhe individual créss-relaxation transition probabilities,

and use the expression of Lurie and Slichterl; for T;;!



e

.-_--T..l ,'-:.rs gk (a) )(a) ) (§IS |r)(rls IS) *

- Here |T) and IE) ére: the B_Zeeman'statés: pefturbéd by ‘the quadrﬁpole"‘ |

- inte'zfactio'n', i‘ﬁm};s = ﬁr- - ES, and the index k ranges over the B spins in ..~ .
_' thé crystal, each having a différent valué, of wQ,k'. "By first order per:-. S
turbation theory,
' 'wm-l,'m' = %13 (1 + Am)’ o
and = i e
|<m-1ls lm>| _l (-1l Selmly ()
" where ; . :
| A = a—f‘-k— (m-1/2) .
, 1B ' :
~Therefore the first-order changes in wrs and the matrixX element. ¢ancel, -
. leaving only the change of ® in the spectrumt
o=l 1 ag Aml (m—ll SX|m> I‘O
s(typ) o 2 (x)op 2
T k,m A ol (wedls [m)[g
 But' this term vanishesllif Am and Am-‘l;i are written out, because - k Lo
o {s) s, =0=1r {8, ; .
J ' %
; »
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APPENDIX E

EXACT soI.Uf.r.'IoN OF THE CROSS-RELAXATION EQUATIONS
Equations (79) and (80) of Section II.E,l may be rewritten as

E, = - 0, + 0,F, ) (E.1)

5 = OEy - OpEp - (E.2) -

L, m=L
where a, = G/TAB + T s

and _ .a3=€TAB'

 Equations (E.1l) and (E.2) are equivalent to two uncoupled, second~-order

differgntial equations for Eps EB.; in the solutions, the exponential time

: 5 R L
constants N, s A~ are the same for both EA and EBx
. At -\_t ,
EA(t) =E,, e +E, e (E.3)
-A b -\t '
| EB(t) = Ep, € | +Ep e « (E. )
Epx and EB . are constants to be determined from the initial conditions
| Ao"EBo’ gnd Ny are.given by' |
(alﬂz)[l'_-t\/l-lf y 1
)\t = s
2
where ’
y = x(1+ €) . (l+x2)'l ,
' -1 -1
and : X = TAB(l-f-e) TlA "

The .constants EAt’ E}3i are found from EAKO) and EB(O) using equations

(E.1) and (E.2), and the definitions EA(Q) = EAo'f EB(Q) = Ep 1




5,
Ak

-

..23;"6'-- o

) R

Bo

S0y

Ao

E nl EAQ * Sné.'EBQ_.' o 4(E..5)» '

Y

(al-}\+) - 0o o

w

Pro o ey
Sy R, (0

_ OtBE Ao

N _ - o:Q)EBO '

3

RS = tBy * 6Ty s (BT)

Bao ¥ ('a2’>‘+)EBb '=

(A~ 2y) = 8 B 8o Bpo (8.8)
- .+ . o ) T

' Uéing‘(E,3), (E.4) and (E.5) through (E.8) we can finally write out o

" where

and

>
jea)
o

\O

~-

=
~

~4
It

Z I'l\E ‘l‘Z.)l-?\.E'\
1V a0 TPV o

P
a

~or -
no

= -z5(1) Eyy Zh(T) EBo i i'. g;. . (R.10)

CwN T ~k;r

|
=3
H(D
o+
W
@

: —h;r R ,  4K;T
T]Qe - +nj+_e v

-&+T : ' -K_T

|
A

‘ " N

Equations (E¢9) and (E,10) only deseribe what happens to the energies during

«f the B rf pulses During the time s between B rf pulses E (T) relaxes accord-

O

| ing to its exponential law, and the component of Mé perpendicular to H

~decays in a time of order T >p?

-t/

EA(t)-= EA(T) e lA.l'(T>s f <T+ T;)
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, | E (1) ‘ o
and w oo B sin 6 £(t) (t<t< 7+71) 4
X H - - . o]
If T >> 2B’ Mi —aO, s0 we can wrilte (for 6 = Qod'case)
_ -1 /T
_ _ o 1A
EA(?fTo) B EA(n) = Z® ‘ Epo
- o T1A
= z.e EA(nt-]‘_)v

Therefore the normalized A signal change for one B rf pulse (for the
= 90° case) 1is glven byi
E,(n) ‘ 4 T/TlA

= g7 ' o i Ecll)
EA,(n-l) e-(’fo'f’l‘ )/TlA _ le » ) (

‘_Assuming x is small and expanding Eq. (E.ll) to first order in x glves the

‘equation (84) for the first order effect of T., on the normalized A signal,

1A
| The exact computer program flts the normalized signals to Eg, (E.ll)

To analyze the 0 = 50 data we find the eigenvalues x of the metrix

Mz

(¢t +¢) -
Ay = -—:-L—-Q———-l-*- * % }/(ci-c;*).g +hoges

Then ¢, B are given by:

N . .N
AN = AN

. | . | (;\+. - }\'.-.)

NNy
(n, - 20)

(n, =n))

ThenAEA(N) is given by
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<N> . (a + 80} ) (o) +8 c'MB(o)
[ ec EB(O) o o >
The para.meter ' — Iy which measures the relative dependence - .
: QH’ﬁC" O) . o . o \
o:f‘ E (N) on Mlza(O), varies between: 0 for T = 0.and ~. e cos 6 for v >> TAB
Here E (O) < eEA(O) since the largest value of MB is likely to come |
. from contact with the cold A spin reservoir during the preceding B rf
| pulsex
RSt
‘..' 's ..'- - . v. ‘
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