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NUCLEAR DOUBLE RESONANCE STUDY OF KB, PO,

Per~Erik Nordal
Inofganic'Materiais'Réséarch Division, Lawreﬁce_Berkelényéboratory
‘and Department of Physics; University of California

Berkeley, California ' '
_ ABSTRACT ‘

NMR pnlse methbds ére uéed to study\NMR/NQR sﬁectra'and:reiaxation.
phenomena in'single.crysfals of KH,PO) (KDP). The main emphasis’ié on
elﬁcidating the lattice dynamics at the ferroelectric phase tfansition
via-the temperature dependénée of the ferroelectric—hode induced épinf

9 .39 '

39. K”” spin-lattice relaxation time measurements

lattice relaxatioh of K
are performed'with a new high-sensitivity muclear double resonance method.
which employs an unmodulated radio—fre@uency (r.f.) field at the "rarev

~spin" frequency. The method is developed and evéluated'theorétically,,

and verified:expefimentallybon K39. vIn addition to being applicable in

casés with very shért spin—iattice relaxation times, the method yields
'double‘resonanCe lineshapes with strﬁctﬁre‘whiéh depends_critically on

spin resérvoir ﬁaraﬁeters;"lnstead of exhibiting an increaéing;line

depth as the line céﬁter is‘approachéd, there are’typically 2 line depth
-maxima‘symmetfically located about the 1ine'center, with a minimum'line‘
depth;éxacﬁlyt§n résonance; |

| The K39'relaxation.rate ié found to inéreasé‘rgpidly'with fhe

'temperature &ﬁove approximafely_2006K,.and-a strbng inérease in,'thAe'b
?elaxétion rate is aléo detécted as tﬁe Cufie températurevTc is approached.
The increased feiaxation rate at Tc.is attfibutéd to spin—phohqn coupling-

tb the .ferfoelectric mode , and in a temperatﬁre range extending from the Cu?ie

pdint to approximately 155°K the ferroelectric-mode induced relaxation
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' rate can be described well by a ferroelectric-mode rééponée.function of
diffusive orlheavily damped harmonic-oscillator type. The daté tend to
-favqr a logarithmic singularity in the relaxation—réte in thig temperature
.range, indicating strong anisotrop& in the ferroelectric'Quasi~dipole
interaction.

_The proton relaxation time following adiabatic_demagnetization in the
rotating frame (ADRF) is measured as é.function of temperature. Above
250°K, HZPOh rotations about é single axis are observed, characterized by
an activation energy of 0.5 eV and a correlation tiﬁe of approximately
1 sec at 250°K. In the region ldO°K to 250°K the relaxation rate remains
eséentially constanﬁ, but has a slight increase in the viciﬁity of the
Curie point. Proton relaxation measuremeﬁts in the laboratory frame do not
exhibit this anomaly, which may be linked to proton motion.

Conventional ADRF double resonénce methods were used to study the
spectra of K39 and Khl and their teﬁperatﬁre depéndence. The results
agree with those of dther.authors.v Double>resonance data on other spin
sbecies-in KDP are also presented.

| 'Expressioné forvthe effgctive gYIomagnetic ratio in.thé rotating
framé-are derived for‘spin 3/2 pérticies in a strong, resonént r.f. field.
For ﬁhe first time,,thiS'probiem isitreatéd with no resfricfionsjonr
the reiative_magnitudes of the quadrupole and Zeeﬁan interécfions in’
the laboratory fréme, in the case ‘ﬁher.e the static field K  is per-
~ pendicular to the é.f.g. ténsor principal:éxis. The results are
verified for K39 in KD?. At a given temperaturé, the numerical values
of theveffective gyromagnetic ratibs corresponding to the allowed
laboratory frame transitions are found to vary b& an érder of magnitude;
depending on whiéh transition is excited..
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Theoretical expressions for'quadrupolar'spin—lattice relaxation times

in the spin-Jock state are derived for the case of spin 3/2 particles with

laboratory frame quadrupole and Zeeman'interactions which may be of the

same order of.magnitude. The results. are applied to the general problem

of ferroelectric-mode induced spin-lattice relaxation.
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I. INTRODUCTION -
Phasé transitions are of fundamental importance in nature, and one
class of phase transitions that is currently being intensiVély and

successfully studied by NMR methods is the transition in ferrpélectrics

‘between the unpolarized (para-) and the spdntaneously'polarized (ferro-)

phase.
'Early descriptiohs of férroelectric phase transitions were

formulated in terms ofcequilibrium thermodynamicé%’2 During the last.

few years; howevef;_it has been realized that‘anvadequate description”

of microscopic and macroscopic aspects of.the phase transition can be
obﬁaiﬁed'byvdynamic modcls involving the.eiementa@y_excitaﬁions in the
crystal laﬁtice. Several the§retié§l works on diffefent typeé of
ferroelectrics have'bcen published, and-ieviews are found in references
3, L, and'S. Using g slightly simplified,picture, the ferrqelectric
tranSifion can .be described in terms of lattice dynamics cy a specific
vibration mode , the "ferroclectric" or "soft" mode,_whose.characteristic

frequency approaches‘zero és the_txansitioﬁ“temperature Tc is approached.

At Tc, the mode becomes unstable, and in the ferroeléct;ic phase below

Tc an atomic displacement pattern'is "frozen in" with a éymmetry équal'
to.that‘pf ﬁhé ferroelectric mode above'Tc; In contrast'tc thevﬁhermody'

namic treaﬁment of the phase transitién, the description in terms of the

"ferroelectric mode alloststﬁdies on the relationship'between microscopic

paraméters of the ferroelectric solid and macroscopic- ferroelectric
properties.

Experimental studies on thejnature'of the ferroelectric mode'in

the vicinity ‘of the Curie point have been reported for a variety of



of $olids, using Rémap- énd Brillouin—scatterihg,_neutron scattering,
-ultfasonics aﬁd NMR ﬁethodsf The total amount of experimental data in
ﬁhis field is still relatively small, ho'wever. A main obvj‘ective of this '._vn
thesis has been to exploit the advantageé of a high-sensitivity nuclear
double resonanée method to obtain»expérimental daﬁa on the ferrbelectric
‘mode in'KHéP_Oh (common abbreviation: KDP)_which are not pbtaingble by
direct NMR methods. To achieve this goal it was necessafy to derive
nev theoretical résults and develop e#perimental procedﬁres which should
be of more general interest in NMR.,

-'Traditionally, NMR/NQR techniques used to study.lattiée dynamics
ana structural changes in solids include measurements qf.linéwidths and
" of the temperature dependence of quadrupole coupling parameters. Receﬁtly,
it has.been demonstrated that it is possible to eXtract qualitative
‘and qudﬁtifative information pertaining to ﬁhe ferroelectric mode from
measurements of the nuclear spin-lattice relaxation rate in a temperaiure
interval around the'Curie point. The basic argument can be summarized _
as follows: The épectral density of.the stationary random fluctuations
in the electric fieldvgradient tensorvcomponehts, due fb lattice
yikrations in a ferroelectric.at thermodyﬁamic'equilibrium, can be
vrélated anéiytically to the.imaginary part of the‘generalizéd'dielectric | -
”'sﬁsceptibility by ‘means of the flﬁctuatioh dissipation.théorém,6“Closé
fo the Curie point the dominént éontribufion tb_thié_suséeptibility will
come ffpm the ferroelectric méde, which is’strongly excited as the
température T approaches Tc'  Thgs,‘by the Kramers-Kronig relations,
the total ferroelectfic mode'résponse function (susceptibilifY) in the

femperature region around,TC_cén be related to the spin-lattice relaxation'



tiﬁe;Tl’.if the functional form of Tl ip terms of,spéctrai dehsities

of the e.f.g. tensor fluctuations is knoﬁn. One finds that the ferro-
electric;mode.induéed spin—lattic'relaxation rate should exhibit a_shaff_
maximum at Tc’ with diminishingvmagnitﬁde as |T —_Tc' increases. This
Eemperature depeﬁdéﬁée arouhd fc.is expectéd to dependAéensitively on the
ferroelectricAmode responsé function aﬁd on the nature of the interactions
in the ferfoélectric‘wh;ch precipitate the transitioh; Invpractice, the

relaxation rate that is measured contains contributions from sources

such” as spin diffusion to paramagnetic impurities and migration of

nuclei in the lattice, in addition to the ferrelectric-mode contribution

of interest. Since the ferroelectric-mode ‘induced relaxation rate

“diminishes as IT - Tcl increases, it will ultimately be masked completely

by the other relaxation contributions. Therefore, the spin-phonon coupling

must be sufficientiy strohg such that the férroelectric—mode induced spin—’

lattigevrelaxation rate can be extracted from the total relaxation rate
‘with small relativeverrOr in a témperatﬁre range around Tc large enough
- to allow.reliable determination of the.température dependence. The

CStrength/of the spin-phonon coupling may vary greatly for different

nuclear species in the same ferroelectric. Nuclei prossessing a quadrupole
) v ‘ )

- moment cen interact strongly with the lattice vibrations through the

coupling to the local glectrip fiéld;gradient,“while spin 1/2 nuclei and
other purely magnétic‘nuclei‘(protdns, f.ex.) generally experieﬁce much
weéker épin—phonoﬁ coupiing via-magnetic dipble interaction with fhe
local magnetic field'froﬁ paramagnets or local charge tranéport in the
crystal.. | |

The work.reported hére is a geared primarily tgwards.determination

o

G b
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of the ferroelectric—modevinduced spin-lattice relaxation rate of K
in KDP as a function of temperature, and'analysis'of theSe data in terms v

of ferroelectric—mode response functions. In light of what was written

39

,above it is now apparent why K nuclei, which are unobservable by

conventional NMR, are more interesting as microscopic probes than the

easily detected Hl or P3l: K39 has & nonzere quadrupole coupling con-

stant, while Hl and ?3lvare spin 1/2 particles with zero quadrupole

coupling. The consequences of this for the ferroelectric-mode induced

spin-lattice relaxation rates are quite dramatic and will be shown later.
. KDP is representative of a family of hydrogenebonded_ferroelectrics.

T

The followiﬁg list is from Landolt-Bernstein tables:

Table 1.1. KDP isomorphs (Geuterated analogs in parentheses).

Substance TC[°K] ' Ferro-/Antiferroelectric
KH PO, (KD,PO,) = 123 (213) .  Ferroelectric
i - ‘_ : "
RngPOb(RbDQPOh) }1h7 (218)
CsH, PO, 159 -
o o _ i | )
KHeAsOh(KDgAth) _ 97 (161-159)

"o
RszAth(RngAsou) 110 (173) |

CngAth(QsD2AsOh_ 260 (212)_ - o "
‘NHuﬂgPQh(NphDgAsOh) 148 (242) | Antiferroelectric
. 5 ' "
NHthAsOu(NDhDQAsOh) 216”(3oh) .

The crystsal structure of KDP in the paraelectric phase is shown on
Fig. I-1. Paraelectric KDP beiongs to the tetragonal space group 1h24.
The PO)4 groups are connected by a network of 0-H . . .0 hydrogen bonds

such that the two oxygen atoms on the upper edge of each oxygen
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o Flg I.1. otructure of KH PO in the paraelectric phase.
(after J. West9§ '



tetrahedron are linked to two oxygen atoms on the lawer edge of two

" are the directions

j separate neighboring Poh groups. "Up'" and "down
‘parallel and antiparailel to the c—axis.' The hydrogen bonds are within
1/2 degree of being perpendicular to the c-axis and are mutually parallel

or perpendicular. Potassium atoms and PO, groups alternatevalohg lines
. L .

parallel to the'c—axis; In the ferroelectric‘phase, the crystal sfrucfure
is orthorhombic,FddQ. Reiativé to their positions in the paréelectric
phase, the potassium atoﬁs and POh groups argvtranslated in Qpposite
directions along the.c—axis. Neutron scatte?ing studies of KDP in the
paraelectric phase reveal a proton distribution smeared out along the
bond,'symmetrically about the bond éenter. “In fhé ferroelectric phase,
v thé pfotons become locaiized toward dne end of the bond, such'thét each
prhosphate group has protons adjacent to it dn the two upper bonds and
'distant_from it on the two lower onés, or vice vérsa, depending on thé '
directioﬁ of polarization. Substitution of protons by deuteroﬁs not
only incréases-the transition'témperéture, but also changes»other ferro-
electric parameters.

In principle, NMR methods should be eSpecially well suited to the
study of’KOP, since there are paramagnetic isotopes atAallvnuciear sites:

Table I.2. “Magnetic nuclei in KDP of natural isotopic composition.

Isotope Abundance Larmour Frequency Spin I Quad. Moment Q
, % (MHz/10K Gauss) = Muylt. of h e - lo-zﬁ cm?
HY 1.19.107° 42.576 1/2 _—
' ;.56410”2 © 6.536 1 ' 2.77-10'3
k7  93.08 1.987 32 .07
K 1.19-107° 2470 b —
g 6.91 | 1.092 32 -
ot 3110 5712 5/2 41073
3t 100 17.236 12 e




In practicé, eiperimeﬁtal'seﬁsiti&ifyfproﬁleﬁs limit the isotopesoﬁ—’

| servable by conventional NMR to-lH and 31P. Despite high abundance,

39K requires high-sensitivity detéction methods>due tb its low gyfomag—;‘
neticvrafio and modérate quadrupole coupling,fo the lopal electric.field.
 gradient. Becéuse.of this, the only spin-lattice relaxation studies

on the ferroelectric modé in KDP reported so far8 haVe'been'dQne

on p31 in KDP. Due to weak spin—phonénicoupling, and proton inter- and

intrabond jumping;' P31

and Hl are poorly suited for fﬁis application.
Séme KDP-isomorphs do contain quadrupole.coupled nuclei that are ob-
servable byvdirect methods, and data onvthe'temperatﬁre dependence of
the spin;lattice felaxation in the vicinity of the transition pointt
‘haVe been published recently for D2? AéTS, Rb87 and CslS3Iin some
'isomorphé (cfr. ¢hapter XI). Data-obtainéd on isomorphs do not
'_necessarily apply to'KbP howevér; .beuteration alters the intrinsic
ferroelectric properties greatly, and different'masses and coﬁpling
st?engths of nuclei at K and P sitéé may lead £0 qualitétiye
differencés invlattiée dynamics. 'If is therefore of interest'to
ébtain spin-lattice relaxatiOn:data,on.each isdmorph'separately and then
compare résults;* At prééent, KDP is'by'farvfhé mbst‘exﬁensively studied
oflthebisomorﬁhs; and.this'provides.fichervmaterialIforfCOmpariSOn of
data on the ferroelectric mode obtained by differenf metﬁods.

The concepts and experimenfai procédures involved in high-éensitivity
ﬁucleai double rééonance are reviewed in Chapters II'aﬁd'III; Nuclear
‘ doublé‘resonance should in pfiﬁciple make it_possibié to do's?ecfroscopy
on all magnetic isotopes in KDPIlisfed abovék. As far as sﬁudieé of

~ ferroelectric properties are concerned, considerable information on
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lattice dynamiésvénd structural.changes can be gathered from spectros;opy
on quadrupole-coupled nuclei like K39 at varioﬁs témperatures. Suchxdata
for K39 and Khl are presehted invChapter X. As will be described in
Chapters II through V, double reéonance methods have a wide range of
'applications_in gdditionlto pure spectroscopy, and in certain cases it
'ié.possible'to measure thé spin-lattice relaxatioﬁ times of nuclei that
requiré_high—sensitivity methods for detéction. For K39 in KDP, however,
the spin-lattice relaxétion time was so'shOrt‘that no'metﬁod'existed

that was capable of ﬁeasuring it, and s new\method was devised.9 vThe
methodvinvolves a very simple form of double resonance which has not
previousiy been'analyéed caréfully or exploited experimentally. The
analysis is preéented in Chaptef Iv, and it is shown hbw spin-lattice
relaxation timés can 5é defermined éxperimentally for nuclei like K39

iﬁ KDP.. According to results in Chapter IV,.the dbubie resbnance-methbd
also yields an unusual double resonance lineshape and can give infdrmation
on parameters of general interesf in dpuble resonance (thefmal reservoir
“heat capacity'ratios‘aﬁd crossvrelaxation rates). The analytical results

of Chapter IV arevcompared with experimental data on K39 in Chapter IX,

and good &greementlis found, bptﬁvqualitatively and‘quantitatiVely. This

has been ﬁékén as.sﬁfficient juétification for using.the.method tov

determine the K39_spin—lattice relaxation fimes at variéus temperatures.
Invorder to obtain suffidient information.for analysis, it was.

39

‘necessary to measure the K spinflaftice relaxation rate_throughoﬁt a

large temperature range. A potentially important parameter, the strength
of the r.f. field at the K39 transition frequency, was monitored by

10,11 ¢

audio resonance rotary saturation) so as to obtain the necessary



consistency between data at all points throughout thevtemperature raﬁge.
Here one encounters'the problem that tﬁe oniy studies on theerelationship\.
between the audio resonance frequency and the r{fL.field'strength
"(expressed in terms of the "effective g&romeghetic‘ratio") have been
made for the two iimitiﬁg.cases where the nueleus has eiﬁher zero quad-
.rubole"or zero Zeeman interaction. Tﬁe measurements reported here were
pefformed on a‘nuclear species (K 39) w1thbquadrupole and Zeeman 1nter->
actions ef the same ordef ef magnitude,_and with the quadrupole 1nter—
aetion dependent on the sample temperature. In Section V.A, the effecti?e
gyromagnetic ratio is computed for fhe general cese of spin 3/2 particles
witﬁ quedrupole and Zeemen interactions of arbifrary reletive magnitudes,
since the analysis might be of interest beyond the preseht application.
'The somevhat surprising results were verified experimentall& on K39
in KDP, as described in Section I¥-B.

‘ Before the spin-lattice relaxation data can:be used tp study the
ferroelecfric-mode response function, it.is necessary to:obtain anA
analytic expressionifor the'spin—lattiee relaxation ratevin'terﬁs of
spectral densiﬁies of the lattice-vibrations; or, more specifically,

of the'fluctuations in the'different electric field gredient tensor.

Y

components., No such expre581ons appllcable to the present case of K 9

in KDP is te be found 1n the llterature This problen is therefore
treated in some detail in Sectlon V B, fof the case of a séln 3/2 particle

.Wlth quadrupole and Zeeman 1nteractions of arbitrary relative magnitude.
e E#pres51ons for the quadrupole spln—lattlce relaxatlon rate in the-
spin-lock state (i.e. in a strong resonant field) are-derlved.

All the necessary theoretical foundations and eXperimental procedures



39

héye thusvbéén established, and the experimental results on the K
sﬁin—lattice relaxétion rates are presentedvand’analyzed in Seétions
XI—A_and XI-B. -The final results on the ferroelectric mode are coﬁpéred
with data from neutron, Raman and Brillouin scatteripg studies.

‘It is expected that other, more cohventional nuclear double resonance
methods could be helpfﬁl in the study of strﬁctural qhangeé and micro-
scopic motion in KDP, and preliminary work on. double resonance speétro—

39

scopy and transient oscillations in the (K”7) rotating'frame;l is

presénted in ChépterS_X and XII. Of special interest is spectréscopy
 on lTO and QH; since botﬁ are quadrubole coupled to their local electric
_ field grédients and thus provide iﬁformafion on.static and dynaﬁic
changeé in their local environments. The double resonance sensitivity
for detection of deuterium provided to be much poorer than expected,
eiceét fof double quantum transitions. A similér_effect has previously
been observed in gypsum,12 and measurements on KDP enriched in deuterium
~ Were berformed.io determine wﬁéfher a mechanism like thé "spin quenching"
 déscribed by Gabriel; et al.l3 is responsible., Suggestions for further
work are made ét:the end bf Chapfer XiI.

| Thg preparation of'the-sampleé used is_deScribed_iﬁ Chapter VII.
Since KDP'is piezoeléctric, épecial care had to be takéﬁ td suppreés
meéhanical ringing after the'strong_rff. puises. | | |

In Chapter 'VI the experimental apparaﬁus is‘reviewed briefly.

of greatest interest here is bqssibly the NMR r.f. equipment, which
was Qf the-singie—coil, pulsed type; with r.f._powef at two generally

Qﬁite different frequencies alternately being applied to the same coil.

The system offered a wide choice of r.f. pulse sequences and field
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modulatioh (phase and amplitﬁdé); and pulsed audio fields could also

be'épplied from a second coil}':The transient signal from the r.f. coil

was amplified, phase sensitively detécted; and captured by a'qucar

integrator.’ Special problems‘arose~due to the finite time required

for the receiver to recover from the strong transmitter pulse. A brief
descriptionvis given of measures taken to protéct the receiver and
reduce the récovery time, including a transmission line arrangément-

with éables of specific lengths in relation to the'r}f. wavelength.
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- IT. .SOME COﬁCEPTS AND TECHNIQUES iN PULSED NMR |
Below is a shoft feview of subjects éf specific pertinénce to
the presgnt work. 1In this chaptef, emphasis ié on a single spin species;
thlé coupling between different spin épeéies is considered invmore
detail in thé next chapter.

II-A. Spianemperature

The concept of spin temperéturés distinct from the lattice tempera-
ture is essential in the present work, and accounts for much of the
success achieved in aéplications of pulsed NMR. Consider f.ex. a spin
system characterized by the hamiltonian | |

I = Hg + 3 |
-.where M; represents a sum of Zeeman and quadrupole interactions, eithervof
which can be zero, aqd Hi representé magnetic dipole-dipole interactions
between the 5pins.' R.f. fields are aséumed absentﬂ 'In solids, motional
nérrowing is generally nét capable of causing large reductions in the local
fields, and in mény impoftant‘experimental applications, situations ariée
where (ﬂ;) 3'(ﬂi).A quaptqm mechanical déscription éf the coupled spin
system then represents a many-body problem of great complexity, But it
.lends itself'idéally to treatment by.tbérmddynamics and statistical
méchanics,'which does not'depend on a détailed knowledge of the struéture
of the.system. |

An éxtensive literatﬁre exists on. the subject of spin temperatures,
and in additibn to references given in this éhgpter, discussiqn will

1k 15

be found in the article by Jeener ' and in Goldman's book.



-13-

Sihgle nuclear speciés in bigh field: e(ﬂg)?i> (ﬂi)

In high fields, the spin system cen be vieved as individual spinse
w1th energy levels defined by ﬂ', whlle K’ causes the spiﬁ System'to
come 1nto 1nternal equilibrium. The spln—lattlce relaxatlon time Tl
will be assumed along compared to the spin-spin relaxation timevTé. Ihv
thermal eguilibfium with the lattice, the maeroscoﬁic observables of
the sysfem can be'computed by the density matfix

p(T,) = exp(H /kT, )

N

where TL is the lattice temperature. ' Populations Qf_the»ﬂ;aeigenstates_

with energies E; will be, f.ex.:

Pi(.TL) « exp(—Ei/kTL) _
If the spin system is'irradiated'by a CW r.f. field causing transitions
between energy levels Ei’ the system is still describable by a spin-
16,17;18

temperature if the energy levels are equidistant, and'ihe new

density matrix is

'p(T

S) « exp(éﬂg/kfs)‘ . .e,‘ f : :(II%l).

vwhere TS is different from TL; and can be 1nterpreted as the teﬁperature
of a spln system in 1nternal equlllbrlum. weakly coupled to the lattice.
The process of energy transport within the sp1n system (spln diffusion)
is reviewed by Abragam.l8- Equation (II l) also applies when strong ‘
r.f. pulses ere applied to the semple, after the’spln system has been »
allowed ﬁo'attain‘internal eﬁuilibrium. Population iﬁversions,~caused
by e m pulse, f.ex., arevdeecribed hy negative epin temperaturee,'which

stand on the same footiné'as positive spin temperatures in this
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-formalism.%7 Equidistance df energy-leveis‘is notvsufficiént for'thé

spin temperature concept to he meaningful‘during f.f. irradiation, and

one must also require that off-diagqnal elements of p be zero. This

~.follows from the time'indepgndence-of macroscopic observables in thermal

eqﬁilib?ium. The spin temperature concept does not apply ., therefore,

during free inductidn.decay foilowing'a ﬂ/2_pulse,'vhen g rapidly décaying'

transverse magnetization exists. | | |
In an analysis of the spin temperature concept, Abragam and Proctorl

concluded that it is convenient but dispensable in the high-field case

with equidistant ehergy levels. If energy levels are non—équidistant

due to quadrupole  interaction, mutuél spin fiips are réstricted from

takiﬁg place due to ehergy'conservétion requinmmnts, and.the spin system

can in general not reach internal equilibrium describable.by a spin

temperature different from that of the lattice,.if_originally in a non-

equilibripm state. 1In lowvfields,_howevef, the spin temperature

approach yields results that are definitely non-trivial and not attainable

by alternative methodé.

Single nuclear species in low field (ﬂ5> S¢<uf

Assume for sim?licity_that ﬂ;'ingludes.oply ﬁagpetic interactibn
‘with a magnéficifield which is lowered towardsbzero. When the externﬁl
field approaches the logal dipola? fields in magnitude; fhevsimple
Maxwell-Boltzmann apprbximation of.coﬁpled‘spiné‘with individu@liy
defined énergy levels breaks down. In low and zero appliéd field
the Gibbs description in terms.of eigenéﬁates‘and epergy_levels of the
ggg;g.spin‘systém must be used, and although the formal description .

in terms of spin temperature is unchanged, the correctness of the spin .
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temperature assumption is not gelf evident. Abragam = has reviewed

experimenﬁs which demonstrate clearly the inadequacy of the Maxwell-

-Boltzmann description at low fields, and also the viability of the

spin temperature concépt down to zero applied field. He discusses
these results in terms of the ergodic theorem.
Analogies with the low-field results in the laboratory frame can

be drawn in the cases of low effective fields in cerdinate‘systems

rotating in synchronium with the pfeéessing spins, cfr. below.

Spin temperatures in the rotating poordinate system
redriold® for : 19 X
Redfiel found that the BPP theory ~ does not apply when the
rotating r.f. field component H1 applied at the spin resonance frequency

2T T >>1).

is so strong that the transition is saturated (i.e;, Y2Hl 175

He showed that his results were cthisﬁent with the assumption of ‘a

spin temperature in the rotating ffameﬁ(i.e., the_coordinaxé system
wherevthe r.f..field vector rofating in the same sense as spin bréceésion
is stétiohafy). In Supportvof'fhis assumption, he arguedvtﬁat thé

spin syétem will evolve towards the most-prbbable state, which is

‘characterized by a Boltzmann distribution between energy levels in the

rotating'frame. Aﬁﬁndant experimeﬁfal supporf for'hiskhypotheéis has
since been aécuﬁulated; and Goidbﬁrggoﬂand Siiéhtef and'Holtongl‘héve
extended hiS’resuits to épply‘in caées wheré r}f.-fiéld émplitudes'are
conSidérably lower than the locél fields.  In_adiabatié)demagneﬁization
experiments in fhe‘rofatiné frame, Anderson and'Hértman&%BﬁaVe‘shown |
thaﬁ the spihbtempeféture éséumbtiop apﬁliés»é&en in'gggg applied r.f.
field.. Since_thélappliea static field HO diéappears in the rotating

23 , v :
frame on resonance, the only remaining fields in the latter case
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are the locai dipole fields, and fhe rotating framévtemperatnre is
defined hy the state of the dipoiewdipdle system, in analogy with‘the
zero field casevin the laboratoryvframe. Thus, in high fieldsband with
no r.f. irradiation, the total spin system can be described by twovépin
tempefatures which may be guite different, one'pertaiﬁing to the Zeemén
and one to the dipole~dipole subsystem. This aspect has Been sfudied

2h-27

in detall by several authors, who also treat the casé of severél
spin species with weaklmutual inferaction. In strongvr.f. fieids one
can similarly define two Zeeman subsystems, and in the‘spin lock state
described below one may have a lab frame Zeeman sﬁbsystem at infinite
température and a rotating frame Zeemén sUbsystem at very iow tempe;ature.

After all thié,-it is'someﬁhat alarming that Waugh, et al. recently
have performédAexperiments28‘wﬁich demonstrate.violation of the spin
temperafure concept. Their expefiﬁents exploif.miérofeversibility in
the sﬁin system, héwever, corresbondiﬁg to finé grain averaging in _..
phasé space, whereas the dpuble resonance applicationé in this work and
all ofher experiments quoted abo&e depeﬁd on coa:ée grainﬂaveréging.

So far; only mutﬁally isolated or weakly interactiné spin sQecies
have been.treated. The important caée-ofﬂstronglyvcoupled.spin species

will be discussed separately in connection with double resonance applica-

~tions (cfr. Section III-B).
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'II-B. Spin Locking and Adisbatic Demsgnetization
in the Rotating Frame (ADRF)

The'pr0cedures of spin_locking and ADRF are used extensively in
obtaininé the low spin temperatures in the rotating frame‘which are
necessary in high-sensitivity nuciear'double resohance aod invstudies

‘of ultraslow motlon by the ADRF technlque descrlbed below.

The spln—lock state can be produced several ways, and will depend
on whether the.laboratory frame spin hamiltonian is Zeeman or quadropolar
'Con31der for 51mp11c1ty pulsed spin locklng in the pure Zeeman case
(I '= 1/2 or cublc crystal),. Wthh is of specific 1nterest here. Only
a quelitative description will be given, but a.quahtitatire anaiysis of
spin locking end adiabatie demagnetization in this case will be found
in the.oaperlby”Andersoﬁ and Hartinenn:22 |

.The procedﬁre is most easily understood when viewed in the'rotating
frame shown in Fig. II-1. Starting out with a thermal equilibrium
magnetization Mo‘along the laboretory'frame.magnetie field.ﬁé | z,tan
r.f, field isvapplied'on resonance at time t = 0. in the rotating
frame, the r.f. fleld vector Hl is statiOnaryvalong_the.z~axis'and.will
be assumed much larger than the local flelds H | (A more-étringent

definition of HL will be. given later.) M Wlll preceus about Hl,'and

2yﬁ it will point along the y-axis Y 1s the
effectlve gyromagnetlc moment in the rotatlng frame, whlch is equal
to the one in the laboratory frame When the laboratory frame hamlltonian

is purely Zeeman. At time t ='tw, the phase of the r. f fleld is sw1tched

by 90°, and H beoomes parallel with Mo' If the r.f. is left on, the

1

magnetization will decay only slowly (time constant %Tl), and one may -
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say that the magnetization is "locked" to H.. Since H_.and H

1

1 HL,_thé

initial magnetization in the spin-lock. state will differ only little

from the original labofatoryzframe maghetization, and theAprocess is

" essentially iéentropic. The initial spin temperature in the spin lock

state 1Is then:

- H) ,
ls(tw),= T, - ﬁ;' << Ty

(11-2)

‘and a cooling has been effected. ©Suddenly turning off the r.f. results

in a free induction decay, since the spins then are free to dephase.

The free induction signal amplitude will be ¢T;1.

Adiabatic demagnetization in the rotating frame, or ADRF, prdceeds

exactly as described above, but'instead of suddenly cutting off the

r.f. pdwer‘after the spin-lock staté has been obtained,vthe'amplitude

é; Thermal

equilibrium within the spin system is then maintained during demagnet-

is smoothly reduced to zero in a time much longer than T

ization, which is isentropic, and the spin temperature will be proportional

v . ' ' 22
to the instantaneous effective field in the rotating frame:
' o 1/2 |
Hi + Hi . ' o
Ts =T\ 2. .2 (11-3)
H + H o
“\o L
' . After demagnetization, the temperature is (HO >> HL)t
o Hp .
= = -
Ty ET g T (11-k)
BT o : -
'The explicit form of HL follows from the quantitative treatment
leading to Eg. (II—3)::
Hy = e _/Lr M (11-5)
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Here ﬂé is fhe uéﬁal two-particle dipqie—dipole cﬁupling hamil£oniaﬁ;
and the dash,inaicates that only secular terms are ﬁo-bé:included_(ﬂue '
to their rapid time dependence in the rotating frame, the npnsecular
terms éffectively'average to zero). ‘In Eq.v(II—S), one also has:

Mz - YIz

The demagnetization process is shown in Fig. ITb: Due to the finite
linewidth, individual -spins experience off-resonance fields in the
rotating frame, und in Fig. IIb are shown examples of spins with

resonance frequencies slightly higher or lower than the center_frequencyL

During demsgnetization preferential alignment along Hl(>>HL) is thus

converted to preferential alignment of individual spins along their
local fields (cérresponding to the segﬁlar parts of the dipéle interaction).
Since the local fields are réndom, the net magnétization is zero evén
though this "dipolar" state is highly ordered. The initial dipolar

order after ADRF Vill decay slowly, and one can define & dipolar spinv

lattice relaxation time T which is distinct from the spin lattice

1dip

relaxation times in the spin-lock state,'TlS L and in the laboratory

frame: Tl. |
The spin temperature,in the dipolar state can be sampled by:
l)'Adiabatic remagnetization to an r.f. field Hl >> HL’ followed

by suddenly cutting off the r.f. field. A free induction signal .ensues,

'in'analogy with the sampling of the spin-lock state temperature. . The
s , _ o
2) Application of an r.f. 6 pulse, where m/k < 6 < m/2, cfr. Anderson

‘maximum signal amplitude is «T

and Hartmann.22 The 6 pulse stimulates a free induction signal
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which starts from zero"immediately following the 8 pulse, grows to &

‘meximum, and decays.’ This "dipolar signal lasts a time *Té, and the

maximum signal'émplitudé is“Tg . The Qualitative shape of the dipolgr'
signulvand its phqse rélationship to the appiied r.f. folléw from |
simple thsical arguments, but sface does not1allow furthér discussign
of this subject. ” |

A commén féature of_the free induction_decays derived from the

spin—lock,and'dipolar_states is that the‘precéssing magnetization is

in phase with the r.f. that précedes the free induction decay. This

is in contrast to the free induction decay following a m/2 pulse applied

to & spin system in thermal equilibrium in the laboratory frame ("Zeeman

signal"), where the magnetization is in exact Quadrature} " This festure

allows discrimination between "Zeemap" and'"dipolar"‘signéls by using
phase sensitive detection.
Finally, it should be mentioned that alternativé:methods of spin-’

locking and ADRF have been‘demonstrated,9 based on adiabatic fast

_paSsage.' A spih system in a strong resonant field can also be brought

into a spin lock state by’exchahging energy with another spin system

~ which'is at low temperaturé; An example of this. is the double resonance

method outlined in Chapter'IV.' The pulse procedures'described above o

" have also been applied to puré'quadrupblevsystems: H =% + Mi,

Q

(H Y>> §ﬂi)). ¥ represents the quadrupolar interaction of the

Q Q

nucleus with the local electric field gradient, while li represents:'w

Athevcoupling hetween spins (e.g., dipole;dipole). Spin locking in

the pure quadrupole and pure Zeeman cases differ in some respects. In

the quadrupole casé.with I =3/2,n=40, f.ex., the effective gyromagnetic:
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- ratio in the rotating frame is /3 Y, where Y is the gyrqmagnetic ratio.
'in the laboratory freme. This implies that the 90° pulse duration will

be
il

t 2 e———
2 /3y H,

w

In thevspinélock sﬁaté, there will be 2 counfer-rotéfing.fraﬁés,'with

a magnetization in each that couples to the r.f. fieid cdmponent that

is stationary in each frame. Such differences have ﬁo import on practical
applications, however, and as has been éhown eXpliCitly3o for spin 1-and
3/2, the procedurés apply équally well to Zeeman or Quadrupole systems.

ITI-C. Detection of Ultraslow Atomic Motion

Motion of nuclei or groups of nuclei leads to two tjpes of detectable
effects ithMR, which héve been used fo great advantage in the study
of,microscopic dynamics‘in 1iquids and solids:

‘.First, rapid motion leads to an effectivé averaging.of local

dipolar fields, and the linewidth is reduced to
- 2 ' o
Ao = (Amo) © T (11-6)

" where (Awo) is the rigid lattice linewidth and T is the correlation
line for the motion ("time between jumps"), Narrowing becomes effective

A -1 _ ’ . . . .
when T << (Awo) = (TQ)R,L.’ where (TE)R.L. is thg rigid lattice

spin?spin relaxation time (typically ~100 Jsec).

'Sécbnd, fluctuations in thé local field seen by the moving nuclei
 1eads to spin;lattice relaxation,'as deécribed by the following
epression due to Bloemhergen, Purcell and Poundl9 (BPf):

(r,)7* o (117)
T . o — : : II-7
1'motion (1 + wi f'TE) S .




—23-

)-l

where (Tl motion.

is the motional contribution to the total spin-lattice

relaxation rate (T

l)‘;’ and wo.is the La?mour frequency @Zeeman systems).

- The temperature dependence of T can be inferred from Eq. (II-7) by

is the

X . o, SR |

measuring T, as a function of temperature, if the ratg (Tl)motion
dominant contribution to the relaxation:

-1 . -1 =1

(Tl) - (Tl)mbtion * (Tl)other
: (11-8)
-] -]
>>
(Tl)motion (Tl)other

From Eq. (II-7), the maximum relaxation rate occurs. when T = 1/@0, which

isle_T - 10—8 sec in-usual NMR applications.

Thus, conventional NMR methods can be used to detect motion with

-h

T< 10 sec. In contrast, ultraslow motion'teéhniques,allow detection

of'motion where T S T ; where T may be minutes of hours. Below is

1 1

given a qualitative introduction to the physical principles behind the

ultraslow, motion methods. For a recent review ofbthis subjecf, the
reader is referred to the_articlé by Ailibn.3l

The trick used in}ail’uitréslow motion techniques is to réduce
the spin'transigibn'frequency wo in Eq. (1157) to very low values.

)"l will shift to longer T's, -

As w_decreases, the maximum in (T B
o] - - v motion

1

and contributions from slow motion will be more pronounced.

To date, all ultraslow motion‘éxperiments have been performed in
the rotating frame: In pulsed_spin—laftice relaxation measurements,

one starts cut with a spin system which is far from thermal equilibrium

- with the lattice. GSince low fields are necessary in the ultraslow

motion measurements, spin system cooling by adiabatic demagnetization

is indicated. This is more quiékly and efficiently performed in the
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rotating‘frame, where very_iowheffgctiVe fields can ﬁg‘bﬁfaihed

(cfr; Section iI—B).' At thé same time, oﬁe retéins'gopd detectébility

of NMR signais due to the high laboratory frame transition frequencies,
The BPP expression (Eq.‘(II—7)) was derivedvundér the gssumption

of high~field conditions (“b >>-An6). When w_ Awé,‘the description

éf the spin system in terms of coupled individual spiné with_well—

defined energy levels breaksvdown and the relevant eigenstétes will

be those of the entire coupled spin system. A more correct descriptidh

" is then obtained By replacing wo with Awo in Eq. (II-7). Combining

Egs. (II—?) and (II-8), one then finds that the relaxation rate

contribution due to motion will dominate the other contributions if

by 2 o |
T < (fB;) (T1) other - (Tl)other ’ (11-9)

in.thé'slqw motion limit (w T >> 1). This is the fundamental condition
for the.applicaﬁility of ultraslow motion methods .

Some resefvations must be made on results derived frbm the BPP
éxpression (Eq. II¢7),.however. Not'ohly was Eq. (II—T) derived for
the high—field casé, but it also deséribes a situation where éertﬁrbations
' ~ due to the motion are inefficient in felaxiﬁg'thegspins, such that many
jumps afe requiréd.fdr completé loss of ordér ("weak collisions"). The

5 both in high and low fields.,

weak collision theory applies when T << T

In situations where 7 > T2 and w, = Awo,'however, few jumps are

sufficient in déétroying'spin order, since the dipole-dipole interaction
no longer can he considered as a perturbation term in the total
"hamiltonian of the spin system ("strong collisions"). It follows that
‘motion

in the limits of weak or strong collisions, one will have T << (Tl)

and T = (T

l)motion respegtlvely.

o
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A étrong collision theory for ultraslow motfon in &eék fieldé‘
was first proposed by Sliéhter and Ailion,32'who.appli¢d their'theory_
to vaéancy diffusion'and molecular reorientation. (Latéf theories
involving weak and strong coliisibné are reviéwed'in thé article by

31.) Slichter and Ailion used an approach leaning heavily on

Ailion
the spin temperature concept in the rotating frame. The requirement_
of thermal equilibrium within the spin system between each jump then

- limits the region of validity of their results to T > T They also

5
assumed that the jumping time is much less than a Lqrmour period,
which means that spins retain their,originai driehtatibn during jumps
(”sﬁdden apfroximation“). In practice, Jumping times are of the.
order of 10“12 sec. Slichter énd Ailién found that in the-case‘of
molecular_reorientation, the.spih—iattice réiaxatién fété due to

motion-can be written
Ol @

whéré P is_a'measure of the change of local field seen by a spin in
a-single.jump,;i.e., of the'"étrength" of the chlisiOn. _If the field
after the jﬁmp'is.completely raﬁdom cdﬁééred to the original field,
 'p =0 apd (Tl)mofioh = , | | - _

Severalvekperimental methodé cah be used tovdéteét uitraslbw'
motion,B; and two progedureé tﬁat are much used are spin locking aﬁd.
ADRF, which create lqw temperéture spinvstates.in-Weak fields (cfr.
SectionHII;B): Sloﬁ motion and oﬁher>mecﬁanisms, such és spin diffusion

to paramagnetic impurities, cause irreversible loss of order in the

spin lock and dipolar states. This leads to a gradual increase in the

N
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rotating frame spin temperatures, uhich_are'easily~sampled (in relative
units) by one of the methods outlined in Section II—B The rate of
change of the spin temperatures defines the spin lock and dipolar state .
spin—lattice relaxation times, which can be measured by repeating
the spin lock or ADRFE cycle with,different time spans between preparation
and sampllng of the spin system order in the rotating frame

Since slow motion contributions to the relaxation in low fields are
strongly dependent on low—frequenoy perturbations, discrimination
between relaxation rate comtributions due to slow motion and other
mechanisms can te achieved via the dependence of the relaxation rate on
the transition frequency. The transition frequency can be varied by .

adJustlng the r.f. field strength H. in the'spin lock state. Alternatively,

1
one can compare rotating frame and laboratory frame relaxatlon rates as
‘a function of temperature, cfr. Section VIIIfC. ‘Strictly speaking, one
must know how the two relaxation rates depend om the relaxation pertur-
bations inlthe latter case; In cases uhere the classical speotral
density amelysis applies,33 however, fluctuation frequency components
at lou frequencies (Qﬂwo'orvyﬂ)'are effective in causing'relaxation

in the rotating frame oniy, while perturbations with flat fluctuation
spectravat‘NMR frequenoies cause relaxation in ooth iaboratory_and

rotating frames (see f.ex., the article by Leppelmeier and Hehn3h).'
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III. " NUCLEAR DOUBLE RESONANCE
Many  elements have isotopés which.posseés a'nonzero‘nuclear'magnetic

moment and thus are potential candidates for NMR studies. Due to low

: isotopic abundance or low transition frequencies (weak>quadrupole interaction

or low gyromagnetic ratio), however, many such isoﬁopes cannot be detectéd
by standard NMR techniques.- NMR specfra or relaxation charactefistics of _
such hard-to-detect nuclear species mgy often yield'ihformation which

is unobtainable from studies on more €asily detectable nuclei in the sample

-

enhance NMR sensitivity.

.One standard approaCh for detection of nuclear’spécies with weak
NMR‘signais is. to use coherent gignal éveraging by.eleétronic means, in
conjunctiongwith pulsed (Fourier transform) or kaspectréscoby. Here
one will révieﬁ an enfirely different metth, namely high;sensitivity
nuclear doublé resonance, which represents one of the'mést striking

and elegant applications of the spin temperature and spin subsystem:cong

cepts introduced in the previous chapter; In addition to yielding

_ high detection sensiti?ity; double resonance makes possible a wide

variety of studies on spin dynamics in solids.

- In .this chapter,‘emphasis will be on'qualitative physical undefstanding

of the phenomena involved. Lack of rigor or'completenéss is sought
'compensaied fér by the literature references. Aigeneral déscription."

" of basic principles in nuclear»double'resonance is given in Section III-A.

In Section III-B, attention is focused on the:Specific'double,resoﬁance

‘method used in this work (double resonance after adiabatic demagnetization

in the rotating frame). A transient double resohaﬁce'phenomehon of interest
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in a later chépter (efr. Section Xsé)é is revievwed in Secfion III-C.
III*A. General |

The'theory of high—sensitivity nuclear dOublé resonance_ﬁas first
developed and verified experiménﬁally a decade ago Ey Ha;tmann and Hahn,35
‘and many nuclear’ double resonance methods based on the same fundamental
. prineiples have been develdped since. In its simplesf form; nuclear'
double reéonance involves two spin species in a given‘sample:

»An abundant spin species which is easilyvobserved.by sténdard NMR
tééhniqﬁes, henceforth called "A" spiﬁ species.

Thg spinfspecies to be studied, which is undetectable by conventional
methodé. Henceforth called "B" spin species.

The basic principle in nuclear double resonangé is to study the B
spin speéies indirectl&, by monitoring their effect on the easily
obséfﬁable A spins when the sample is irradiated near a B spin transition
frequency. Resonantly absorbéd energy invthe Bvspin syétem must be
transferred to‘the A spiﬁ system; and the_necéssary A—B coupling is.

- obtained hy prppef adjustment of extérnal radio frequency (r.f.) and
DC,mégnetié field pafameters.

The_dogble resonanée analysis of Hartmann and Hahp was‘based on
the éssumption that the A and B spin épecies can be treaxed as'séparate
thermal reservoirs with well defined temperatures; also.during A-B
energy transfer. This assumption is not triviél, in lighf of ﬁhe non-
eQuiliBrium ﬁatﬁre of the problem andApossible low B séin diffusion
rgtes, but it hasvproved vaiid in allvdouble resonancevinvestigatibns
to date, and the thermal reservq;p model Vill be used e#tensively’in

the foilbwing. In Fig, III-1, the A and B spin species are represented
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1. Large NMR i. Nuclear dipole- I Unobservable

signal - dipole couplmg.. . NMR signal .. (May be resonant) -
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vFig. IiI-—l. Thermal reservoir model of fhe ‘double .

resonance process.
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by thermal reservoirs with temperatures T, and TB.  The thermal lihks_
to the lattice represent A and B spin—latﬁice reléxation, and the

- thermal link between the A and B reservoirs can belopened or closed

at the-diécrétion of the experimenter (by adjustment of external field
parameters such that A-B spin flip-flops induced by magnetic dipolar

coupling terms of the type SA+',S conserve enegy).

B—-
A double resonance cycle starts by adiabatic demagnetization of
the A spins, which brings the A reservoir to a low temperéture (a few

mdeg K). In the absence of coupling to other spin reservoirs, TA will

approach the lattice temperature with a time constant T

lA,'the A spin-
lattice relaxation time. In spin calorimetry, the lattice can be
considered a thermal reéervoir of infinite heat capacity, and.the

lattice temperature will remain constant, While the A reservoir is

still at low tempefature, the thermal switch.betwéen the A and B reservoirs
is clpsed, and a strong, oscillating magnetic field ié applied to the
sample. If the frequency is well sé?arated from the A transition
frequenéies, but matches a B transition frequency, energy'wiil>be absorbed
in the B reservoir and transferred to the A reservoir via the A-B.

coupling. A more rapid rise.in the A reservoir temperature T, results,

A

-as long as the B reservoir is kept. "hot". T, can easily be sampled

A

(efr. specific exampies given in Chapter II), and the B spin resonance

can be detected by monitorihg T, at a fixed time t

A b after 1n1t1at10n of

each double resonance cycle. When the B search field is far off resonance,

no B reservoir heating will take place, and TA will be the same at thé



moment of temperature sampling (t =

Clearly, very long T
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t_) whether the B search field is

on or off.

i

‘Instead of continuous B reservoir heating during=the‘double

resonance process, the B reservoir may be repéatedly.be heated and.

‘brought in contact with the A reservoir. Due to the low B spin abundance
and/or transition frequencies, the B reservoir heat capacity is usually"

‘much less than that of the A reservoir, and the increase in T, will

A

: ' ' : ' L 3 _ L
be small during each A-B contact. In practice, a large number (103-10 )

of thermal -contacts w%th B regeérvoir re~heating can be made during
each.doubie fesonance cyéle, and a detectable heaiingveffect on the
A reservoir results.

lNuqlear double resonance owes its'high.sehsitiyity to the:intégration

effect obtained by the gradual transfer of energy from the B to the A

system, With.aCCUmulatioh'in the A system. One important parameter

for the obtainable sensitivity is obviously the maximum length of time

that can be allowed for B-A energy transfer, which is of order T he

1A® k

A gpin-lattice relaxation time. (If sampling'df:TA is made at s

time t_>> T , spin-lattice relaxation will have brought T close to

1A A

~ the latticevtemperature, which .is very'high in this conteit. Conse-

quently the A spin signal 5, « T'-l will be very small or unobservable.)

A TA ‘
lA's are‘desired_fof high”doub;e resonance sensitivity. 
On th§ othef hapd,jthe preparationhbf the low A spin température ét.the
Beginning of each double resonance cycle then becomes very fimé con-
suming, sincé one must-allow'the‘A spins to polafize before the adiabatic
demagnetization procegs;_ A spin cooling can be speeded up f.ex. by
ﬁsing & superconducting polarizing‘magnetvor by cross—reiaxation between

: _ 3
the A reservoir and a third, pre-cooled reservoir. Hartmann and Hahn >
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have eStimated the detéction sengitivity that can be achieved by nuclear
double resonance. Using typical parameter values for solids, they
find an ultimate sensitivity capable of detecting spins inrcoﬁcentrations

down to approximately 2 ° lO13 UB/cer In practice, sensitivities of

_ 1o;h—1016 uB/cm3'have been aéhieved, represénting improvements of 3
to 5 orderé of magnitude 6ver.conv¢ntional NMR. |

Compared.to alternétive methods, double resonance suffers certain
drawﬁacks: It requires the presencé in the samplé of a nuclear species
with.a strohg NMR signal. Also, interpretation of the double resonance
lineshape is complicated, and it may under certain circumstances be
iﬁpossible to eétabliéh the A-B éoupling,'due to so-called "spin
. Quénchingﬁ.13’36When thévmethodvddes apply, however, it offers spécific
advantages:

The information gathering rates in rare spin spectroscopy can be
several orders of magnitude'highervthan those obtainable by signal
averaging. |

Ld&*field-doublé resonanée methodsvhave been developed which are .
capable of measuring weak quadrupoles couplings in amérphous or péwdéred
samples. Sensitivity—enhancement by the high fields obtainable in
superéonducting magnets cannot be uééd in such cases. |

Double fesonance methods can be used to obtain information about -
.rare and abundant spin species in solids extending'far beyoﬁd their
spectra. Examples are measurements.of B spin transverse and.longitudinal_

relaxation times,

T2B and TlB’ and fluctuaﬁion spectra of the A-B dipolar

coupling hamiltonian (cfr. Ref. li).
The proliferation of double resonance methods has been more than

matched byba proliferation of acronyms; a few_of>those most commonly
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encountered are listed:

’SEDR{ Spin.Echo Double Resoﬁance. _A,precﬁrsof of the Hartmann
énd Hahn method. Essentially'different iﬁ principle'from methods
refiewed in this.chapter, and not as.sensifivevin solids. | |

SLbR:' Spin Lock Douhle‘Resonaﬁce; fhe;dfiginal Hértmann and Hahn
method. |

ADEF—DR:A Double Resonaﬁce after Adiébatic Démagnetization in the
Rotating Ffame (cfr. Section IIIQB).

LOWDOR: Low Field Doubie Resdnance. A-B coupling is estaﬁlished
in low dr‘zero extérnal magnetic_field'and Zero eiectric field gradient.
Encompasses ILNDRF (Low Field Nuclear Déuble Resonance via Rétational |

- Frames ) and LNDLF (Low Fiéld.Doubie Resonance via Laboratory Frame).

Iﬂ‘connection with SLDE,.ADRE-DR and LOWDOR, one may encouﬁfei
RSDR (Rgtéry Saturation_Double-Résonance), whicﬁ_is usuélly termed
audiO-resbnancé.in this work, and the éeneral RFDR (Rotating Frame
DoublevResonancé).

ITI-B. . Nuclear Double Resonance Following Adiabatic

Demagnetization in the Rotating Frame (ADRF-DR)

‘The ADRF-DR method was used extensively in this thesis. Much of
the discusSion below also.applies to SLDR'and LOWDOR. |

’The.ADRF;DR pulse sequenée ih one déuble.resonénée cycie is shown
;ﬁ Fig., III-2: First, the A reservoir_is brought to a low temperatﬁré
through ADRF. While the A reservdir;isvStill’at.low temperature , &
search radio—fréquency (r.f.) field is appliéd to the‘B system? and
finally the A‘spin temperature is Sampled by fhe application:of'a
[ pulse.» For a doﬁble resonance-heating of the A resefvoir to take

place, one can list the-following requirementé which will be treated
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.separatgly‘belqw: a) Energyrmust be conserved dufing_the A-B spin
- flip-flop which constitutes the A—B créss—éoupling mechanism. b) A
nonzero time averaged coupling must exist'bétween‘the A and“B spin system..
c)_The,B spin system must be kepf disordered ("hot")'during the double
fesénance'prOCess. | ‘. o

a. A—B»Enérgy Conservation

- In spin.flip processes where one A and one B spin is involved,
one must create A and B spin system states with common transition
fréquencies, so that net energy_absorption inva fiipéflop is.zerd.,
. This isbeaéily achieved in the rotating:ffames'by adjustiné the.strengths
of the applied resonant r.f. fields. In the A rotating frame after ADRF
the A system will have a spectrum of transition frequencies’determined |
by local magnetié dipole fields. Tﬁe spectral width cén be.described

by the local dipolar field H_,, which was defined in Eq} (II-5). 1In

LA
the B roteting frame, the B transition frequency is (assuming the B.r.f.-

£ w, = w_ ):
_ ;eld applied on resonance Wy = Bo)

“B,rot. frame - Yerf,B = 1B

where Yeff B is the effective gyromagnetic ratio in the rotating frame
. - > . . . N

(efr. Section V-A), and Hyp is the strength of the B r.f. field

component, which is stationary.in the B rotating frame. Thus, by

adjusting the magnitude of H

1p? one can satisfy the matching condition

~ (Hahn condition):

Yafa * Yerep “ hip ¢ - (171-1)

If the B r.f. is applied off resonance, H

1B must be substituted by the

effective-field
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~ b. Strength of A-B Coupling

A and B spins couple by magnetic dipole-dipole intéfactidn. Since. .
_the'coﬁpling process takes place.in the A and B rotatiﬁg frames,'it is
necéssary to transfprm:the dipolar'interaction hamiltonian into the
proper interaction representéfion and there detefmine'the effect of
those A-B coupling terms which do not a&erage to zero. The following
is a brief outliné of McArthur's12 treétment’of the cross-relaxétion
problem.

Assumé for simplicity that the A and B'spin sPecieé pbssesé no -
quadrupole moment, andbneglect‘A and B spin-lattice relaxation. The
high.témperature.approximatién

<< kT,
YAHo k'I‘.A

will always apply in the following.
In the laboratory frame, the total hamiltonian during the application

of the B r.f. search field is:

¥ = ﬂA + M@ + MAA +.ﬂg§ + ﬂg f,

1AB z z dd

f.f (ITI-3) -

‘where ﬂﬁ_and ﬂf are the A and B spin system interactions with the static

magnetic:field H . mgg and ﬂgg are the magnetic dipolar A-A and A-B

interactions (in high-sensitivity nuclear double resonance, B-B “

interaétions can be neglected), and Hﬁ £ ;s the inferaétién of the

B spin system withvthe applied r.f. field, assumed near the B transitién
: frequeﬁcieé. R.T. intefaction with the A system will be negligible,
since A and B laboratory frame transition frequencieé are assumed

widely different.
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The standard technique%’l’35

is to ‘transform the laboratory frame
density matrix_pLAB into the double rotating-frame representation,

which is accomplished with thé_operator
T(t) = exp[i(ﬂi\ - wBSB)t]' : (IIT-L) |
whefg qﬁvis'thé angular frequency of the B r;f. In’the following, I
and S‘will be A and B spin operators;.respectively. Tﬁe_new‘density-
matrix in the rotating frame will then evolfe as determined by the.

approximate Liouville equation:
dp'Rg ~ ! ot - . .
w7l eyl R
The épproximation inVélved is that only the“secular‘parﬁs df the
-transfofmed hamiltonian |
(e - (0 - wS,)
.have.béen included.” The discarded'pérts have é faﬁid,time dépéﬁdence,
and théir‘effect-averages to zero (here assuming slowly'varying spin

temperatﬁres). One finds

. J{" - .J{‘B' N J(B' + J(AA(S) + 3('3?(5) .' . 1 ) (III__6) .

R z Br.f. - dd
o . S _ v r
where the s.in parentheses indicate secular parts. -ﬂg -.and ﬂé r.f
represent the B spih interéction with the effective'magnetic field in
the. B rotating frame, and ﬂdd(s) and ¥_.(s) are the secular parts of
the A-A and A-B magnetic dipolar interactions. Equation (III-6) can .
be simplified further by applying the rotation R(6) = exp(-ifSy),

which tilts the/coordinate system in the B rotating frame such that

4

the new‘z—axié coincides with the effective magnetic field vector -
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ﬁeB (cfr. Fig. III§3). In this new coordinate system one finally has:

dp, . - | L
St = G . el | |
where = - 'vv_ S I o -
_ B ‘
He = “ﬁ(s) * Mﬁz * aﬁi * ﬂi
witho o ' o o ' ©(I1I-7).
. AB | .
J('“I = - = I
dz (ZAik Izi‘ Szk) cosd cos® lz
ik ' o
' AB . _
= - ’ = - ¥
ﬂgﬁ .( Aik IZi Sxk) 51n6' .51n9 1x

i,k

J(;eB BES: Sz - _erff,B i VHeB . Sz_

The Aﬁi are standard A-B dipolar coupling coefficients.

Iﬁ Eq. (III-7), ﬂg(s) repreéents the A dipolar reservoir, the'v

) temperature of which is mbnitbred to detect double resonance, and

ﬂg fepfesgnts the B.Zeeman reservoir in the B roﬁating frame. -Hﬁf apd'

. ﬂéﬁ are obvious:candidates‘for providing A-B cdup%ing, buﬁJCﬁf commutes

with ﬂg. ' One finds that AB coupling'is'providgd by ﬂﬁi, while Kﬁg is‘

coupled to fhe A dipolar reservoir only; ana‘can be lumpea‘with it in_a‘,'

 sing1e dipoleédipoie reservoir with spin teﬁperature Tos and hamiitonian NN
| X Evﬂg(s) +Vﬂﬁf o ' R (1I11-8)

As.discussed by McArthur%Tit ié_reasbnabie.tp assumé fhat the B syétem-: )

is descfibahle by a:spin'temberature'TB durihg cross-felaxation,-at

.:_least when the B r,f.'is applied:oh resonance (ws = wBo),'and the

density matrix for the ensemble of A and B spins can be approximated by
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expl-HH, B (8) + Kyt B (eD))/1r ()

pRgt) =
‘where ‘ o
_ U A
SSS('t‘) T K T (t) 7 QB(t) T K ) TBZt)

'In order'to calculate the effect of theé cross relaxation term ﬂdx on
. _ o _ dx

the dipolar reservoir temperature Tss’ it is.convenient to transform

into a new interaction representation by applying

T(8) = expl1(, + X )] -

‘The new density matrix will then'have the equation,of'motion
| o * . . ' o
o= i (8) L 0] - (171-9)

where

ﬂ'(t) = - 5inb :E: Aik.Izi(t)(SXk,cosweBt + Syk_s;nweBt) (111-10)
and R
’ 1t it

: = e¥'ss ss : - -
I;(t) =e e - (I11-11)

'The-time evolution of T s'ls llnked to that of p (t) = pR( ).: From

(III—9) 1t is apparent that ﬂ’(t) must be static or slowly Varylng '
in order to cause a slowly varylng o (t).i ThlS is poss1ble if I i(t)
'(whlch\represents the fluctuating: dlpolar flelds at the B spln s1tes,

due to the A splns) has Fourier frequency components at w B*

U31ng the master equatlon and second order perturbatlon theory,

it ‘can be shown that: 37
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ss
0

ox y o=t | et e x5 01, 3, - S22
at “ss  ~ Tri{1} , ss|” YT S KT kT,
This can be related to fhe»rate of change of TSS

. |
@ (M - {1} Trﬂnz } )

to yield the AB croSs—relaxatioh time TAB in terms_of the correlation -

function (for definition of . _, See Eq. (III-T):

g (1) = Trli ¥ (1)} . (II1-12)
TR isvdefiped by
d (ly o _ € ml_ oL _
dt (Tss) - T, II'ss 'TB ) (111 ;3)

AB

where € is the ratio of the B and A reservoir heat capacities:

£ = = R (III-1k)

CA and C, are the nuclear Curie constants.

_ 11 o ) o
McArthur, Hahn and Walsted found for Ca-F in CaF2 that a‘gx(T)

proportional to the Lorentzian
£(r) = (1 + 2%/0)7t o (I11-15)

_ gave'é very good fit to the experimental data, and similar results have

38

sirce been reported for the Li~-F coupling in LiF. With the form

(Eq. (Ili—ls)), the cross relaxation rate becomes:

- 6) -
“l_mo 2, 2 WepTe!
Tag = 3 sin Q {A@B)BA TC(Q) e ¢ (I1I-16) -

. where 0 is the'angle between H and the laboratory z-axis (cff. Fig.

eB

III-3) and <AwB¥BA is the VanVleck second moment due to AB-coupling.
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c. Heating of the B Reseryoir

Imagine that a "celd" A dipolar reservoir'and a "hot" B Zeeman
reservoir (in the rotaﬁing frames) are brought in thermal contact.
During A-B cross relaxation, ofder which originally resideq in the
alignment of A spins along their local dipolar fields will be transferied
into the B system vand the B spins will be preferentially aligned'elqng

the effective magnetlc field vector H in the B rotating frame, Thus

eB

a low temperature B spin lock state results, and if the Br.f, is

sustained CW,_the low B spin temperature will pefsist for a time of

Qrder‘TlS.L. which is comparable to tne high-field B spin-lattice

; relaxation_time.‘ This was discussed in Section IIQB. AlthOugh B

system heating via B spin-lattice relaxation can be used to adventage

in certain applicatione (cfr. Chaptere IV and XI), a much higher heating

iete is required to obtain optimalvdouble resonance .sensitivity. |
‘B reservoir heating is.acnieved.by saturation of the B roﬁating

frame Zeeman‘transitions. This can be done by sudden epplication of

the B r.f., or by one of several resonant methods, as described below.

The corresponding pulse sequences are shown in Fig. III-2.

 Audio resonance (rotary saturation): ‘This method wes'first

o . 10 -
demonstrated by Redfield -and has been analyzed in detail by McArthur,

Hahn and Walstedt.'' An osc1llat1ng magnetic field H (t) is

1Audio

applied to the sample at the B rotating frame tran51tion frequency
W, g (typically 0-20 kHz):. The configuration of static and oscillating

(t), H

(%)) is chosen such that nonzero

- megnetic fields_(HO, H 1audio

1B

audio field perturbation matrix elements exist between the B rotating

frame (B interaction representation) eigenstates.  Usually, one has
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the linearly polarized fields

(t)

i io(F) ; HlB

1 Aud (t> ﬁ B bz | (IIIe17)

5 H) pudio
In ADRF-DR,>the audio field does not destroy the A dipolar order
~ directly when the A spin species has a purely Zeeman laboratory frame
hemiltonian. With the configuration (Eq. (III-17)), the A spin
lAudio

interaction with H (t) is still directly proportional to I, when

3

transformed into the A rotéting frame, wherevone has

[Hés(e) R IZ] =0

A Qualitatiﬁe definition of ﬁgs(e)-was given,above.':A¢cidentai aﬁdié
field compbnénts élong the x- and y-direéfiohs will not affect the:A
.dipolér feéervdir, since only high—frequencj (i.e.:>> YAHLA) fiel@
ICQmponentsvresult after transform§tioﬁ into the A rotating frame.

‘Audib‘saturation is inapplicable or poorly(suited.in SLDR and
LOWDOR, hoWevef, Since'direct-destruction of A_dipolai order is possible
in those cases{' To'get around thié problen, the méthod-of frequency"

modulation was'deVised:

“Fregpency modulation:39 This method is similar to audid'saturation
‘in mahy respects. If the B r.f, frequency;mB differs from the B laboratory

’ frame transition frequéncy'wBo, there:will be an off—resbnancé‘field

AHBlziggBovf.wB)/Yeff;B

in the cqordinate1sysfém rotating at wBb' If;wB'is modulated sinuéodialxy:\,

wB = wﬁo * A"013 ) cosQeBt

Ais the rotatiﬁg:frame transitiOn frequency, then AH will

twhgr? wéB

oscillate along the z axis in the fotating frame (cfr. Fig. III-3) at



AQB can he chosen large enough such that saturation

the frgquegcy‘weB. .
of the B rotating frame Zeeman levels then results, in analogy with audio.

résonance saturafion. This naie picture is‘verified by formal trans-
formation into the B interaction-representation.30_.Obviously, selective B
.reser&pir.hegting is possible with.this schene, . if thévA and‘B iaboratory
fraﬁe transition frequencies are widely separated (frequency separation i
>> A.dipolar'linewidth).

Pulsed B r.f.: Consider for simplicity the case where the B r.f.

field is applied on resonance-(wB = wBb) at a moment when no phase memory

from previous r.f. pulses exists in the B system. If the B r.f. is
turned on in a time much shorter than the B precession period ZW/MBO,

the nét magnetization along H in the B rotating frame will initially

1B
be zero, corresponding to an infinite B reservoir temperature. If conditions
for double resonance are met, A-B thermal equilibration will take place

in a time of order TAB’

Re-heating of the B reservoir is accomplished by suddenly turning off

‘leaving the B reservoir at a low temperature.

.the B r.fa;_allowing the B spiné to lose phase coherence (i.e:, waiting

a few B-spin—spin reléxation times T2B)’ aﬁd then sﬁddenly turning the
B_r;f, on_agaiﬁ.  Apart from the slightly increased Avreservoif temperatufé,b
the situation is then analogous to that at the start of the previous.

Br.f. puiée;' The B heating/A-B thermal contact/B spiﬁ de—phasiﬁg can

be repeated a large number of times (~lQ3—th)‘in a.single double resonance
cycle by épplying a string of B r.f. pulses to thé sample , and a cum-

ulative heating of the A reservoir results.

Phage shifting:35 After the initial A-B fhermal equilibration has

taken plase, the B Zeeman system in the rotating frame is a state of low



spin temperature, manifested hy the net magnetization

MB = CB HlB/TB

where C are the B system nuclear Curie constant and spin

B B
temperature, réspectiVeLy. If the B r.f.'is suddenly phase shifted

and T

by 180°, the vector‘ﬁlB'will be inverted in the rotétingvframe. The

magnetization MB cannot follow, however, if the phase shifting is

fast (i.e., in a time <<1/w, ), and a negative spin temperature Ty

Bo
resuiﬁs irmediately affer the phase shift. If phase shifting;is
repeated at inﬁervals‘<hAB, which is roughly the build-up time.for MB’
the B reservoir temperatufe wili fluctuate through infinity between
high.pOsitéve and negative values, yieldipg high double resonance sensi-
tivity. Phasé‘shifted Br.f. is not‘as well suited as pulsed B r.f.

for‘quantitative_measurements (of T tc);ihowever.

AB? Top» ©

_III—C._ Transient Oscillations in the Rotating Frame

Whén strbng Br.f. pﬁlses are applied iﬁ double resbnance,’thé
energy éssocia£ed with_the‘A—B dipolar.coupling'ﬂhB will oécillate for
a tiﬁe df order_T2A, the A spin-spinbrelgiatiop‘time, and the effect
,_can be picked up by nuglear doubie resonance with.ﬁulsed’B‘r.f. As
'bshowﬁ in Réf;'llg the effect is due to tragsient'oscillations qf the’
in the rotating frame, with,associated_oscillationé

B spin magneﬁization MB

in the A-B dipolar coupling energy represented by the hamiltonian ﬂd (s)
 iIn Section II-B. : 1
A qualitativé understanding of the transient oscillations is most

easily obtained by considering separate B spins in the reference frame

rotating at the B resonance'ffequency‘wBo (cfr. Fig. III-4): 1In the
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Fig. II1I-4. Precession of two different B spins in their
instantaneous effective fields, at beginning
of the B r.f. pulse (A®W_ = 0) (after
D. A. McArthurl2), B
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absence of applied r.f. fields, A-B and A-A dipolar couplings will

quickly (in a time of order T2A) lead to a situation where B spins
are préferentially aligned along theif»local.fields HLB,,which by

A

- bypothesis are chiefly of A dipoiar origin. If a strong B r.f. field

is suddegly applled_on or near thg B frequency wBo (AwB =_wBo —.va: O),
the effective field for each spin K in the B rotating frame will be the
vector sum of the applied field Hi and the dipolar field component
‘(HLB)

(H

B

K. Each.Spin K will'thén precess about the local effective field
)K, as shown on Fig. III-4, No macroscopic B magnetization exists,

however, due to the random distribution of the H

eB)

LB’
H

If the precession frequency (w

‘K 2A°

eB)' is <pot then

| K =:(Yeff,B~.
(H, ,)

will change little during avprecession preriod, and the total

HLA K

A-B dipolar-cbupling energy will be modulated at the frequency weB'
Detection: The A-B dipolar reservoir is strongly‘coupled to the

A dipolar reservoir (cfr. Section_II—B)f

ih(s) , 131 # 0.

If the B r.f. is suddeﬁly cut off, the topal coupled reservoir represented

by

X = ¥hs) + Ho(s)

ss d
can be describéd by arcommoh spin temperaturé.Tss'after-a time Of order
T2A' Ts; Will deﬁehd in parfvon the energy (ﬂgB(s)> aﬁ the moment when
the B r.f. was cut off, and by varying th¢ length T of the B r.f. pulse

vand monitoring the A reservoir temperature Tss’ one could map out the

oscillations in principle. Since (Mﬁ (s))/(ﬂ§>v<< 1, a string of
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" identical B r.f. pulses, spaced by a time >>T2A; T,g» is required .
in practice to yield an obseryvable effect on the A reservoir temperature.
In their‘theory of transient oscillations in the rotating frame,

. , 11
McArthur, Hahn and Walsted  calculated the quantity §(t), defined by

_§(1) ___sA(n)
e 5 (a1}

- (III-18)
A o

where SA(n)-is the A signal strength obtained if the A reservoir tempera-

ture is sampled after n B r.f. pulses (sampling time t_ fixed), and T

b
is the length of each B r.f. pﬁlse. If the A signal strength with no

B r.f. applied is normalized to one, Eq. (III-18) yields:

8(1) = %..'ln 5, (n) | (IiI-ig)

where N is the total number of pulses applied. The experimentally
obtained §(T) as determined by Eq. (III-19) can be fitted with the

theoretical expression:

NB‘Tr{H?S} : . _ . ' '
§(1) = =——22~ (1 -F(1)) - (I11-20)
g Trﬂﬂg(s) } ' o
where NB is the B sbin concentration and
e (T Loy da(t) -
F(t1) = g(1) cos(wlBT) -2 at' cos(wlBt') s -
- : ' '0 S (111-21)
T £ o ' a2(t") B '
+ f dt"_f at" cos(wlBt") —E——dt" _ " '

0 0
Here, g(T) is the A-B dipolar coupling correlation function introduced

in Section IIT-B.

~L
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’ IV; NUCLEAR DOUBLE RESONANCE WITH A° SINGLE
~ UNMODULATED Br.f. PULSE

. In this chapter, it will be assumed that the B sﬁin species has

-high abundance, but requlres double resonance methods for detectlon

because of low gyromagnetlc ratlo and small quadrupole coupllng con- -

 stant. jAs will be shown, it is then possible to create a B spin

reeerVoir wifh sufficientiy large heat capacityvso that a sihgle heat
centaet between the "cold".A system and a "hot" B system, with no re-
heating of the B system, produces an observable change in the A spin.
tempereture. Since this double resonance method yields much.information
in éddition to the B spin tranéition_freqﬁencies, it will be treated in
detail belew.

IV-A. Thermal Reéseryoir Model for the Double Resorisnce Process
~With No B Spln Saturation in the Rotating Frame

The»rff, pulse sequence is shown in Fig. III-2: The time scale is

‘chosen so that the B r.f. puléevstarts'at t=0,_etops'at t=t_ ., and

Br.f’.
the A r.f. 6-pulse is applied at t=t5.

Immediately after low A spin temperature has been obtained through’

ADRF, an unmodulated square B r.f. pulse is applied, not necessarily on

exact resonance.  The final A spin'temperature is measured by sampling

the remaining»A-epin-dipolar order with a 6(=m/)) pulse.
In the following, we will assume that the A,spih system, B spin
system, and lattlce can be described by separate, unlform temperatures

T T and T (spln temperatures were dlscussed in II-A) and that

A’ "B lattl
there is thermal contact between the three systems. The lattice heat
capacity will«be assumed infinite.

The problem can then be treated as a simple example of calorimetry,

ofr Fig. TTI-1.
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The A and B spin systems and the lattice are thermal resérvoirs:
characterized‘by their heat'capacitiéé and_temperétures. If the temper-
atures are not all,eq;al, heat will flow between the lattice and the
A (B)'reservoir ét a raté proportioﬁal to the thefﬁal coupling consténts
.'lYTlA_(l/TlB); -A $imilar heat trangfer at a rate.éropértional to l/TAB
wiil téke.plaée between the A and B reservoirs when the thermal switch
‘betweén them is closed, i.e. when the B r.f..pulse is on. Actually, the
B reservoir:in the form treated here exists ohly when the B r.f} field
is appliéds_but this will not affect the following analysis. The heat
~capacity éf the A reservoir'canibe defined by
/dTA - ' A o (v-1)

c,(T,) = a8,(1,)

"where B

(T ) is the thermal energy in the reservior. C_(T_.) can be
At s - € , “B\'B .

defined analogously.

The parameters in this model ﬁust.bé properly identified ‘and
described'invterms of spin reéonance languagé. As described in Chapters .
IT and III, the thermal reservoir model fér coupled spin systems has
been extensively analyzed in connection with studies on double resonance
i dynamicé, and the results'carry over as follows in‘the presént case: |

‘l) EA.énd.EBvare thevA'and‘ﬁ spiﬁ:sysﬁem.énérgieé;in thé‘interaction
representatioh: vFor the A spins after ADRFkthis is the dipoiai energy,
for the B spins if is tﬁevZeeman energy iﬁ the B rotating.ffame.. Even
atbthe lowest spin'témperatures obtainea following ADRf,‘the high”tempers
atufe Curie expressions for thé energies ére vaiid'(hw'= kT for w/2mw =

L

100 kHz, T = 4 x10™ °K) :

e
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L2 2

h » +
g ooty il o
A o 3kT LA
. (Iv-2)
NhSy S s(s 1) i
E. = - B B - H 2
B o 3kTB | ~eB
Here; NA and_NB‘are the number of spins’per unit volume;_YA and Yg are

the A and B spin'gyromagnetic.ratios in the A and B rotating frames,
respectively; I and S are the A and B spin quantum numbers; TA and TB"

are the spin temperatures in the A and' B interaction representations.

2
H,° - Te{H(s)? /T O ). H

is the effective field in the reference frame rotating at the B r.f.

HLA is the local field at A-sites:

.frequency-wB, which may differ from the B resonanée frequency wBO' .Iﬁ

this rotating frame, the applied B r.f. field corresponde to a static

‘magnetic field H B and Hgg is the vector sum of HlB and the off-
: 2 " ' . ,

resonance field AH =-—J1——:ﬁ§

B Yy

Throughout this chapter, it will be assumed that H

1

o : ~ ] RN
, (cfr. Fig. III-3): Her_\[HlB + (AHB) .

1B is much stronger

than the local dipolar fields at the B spin.sites.

WithAEA and Ej defined as in Eq. (IV-2), it is apparent that the heat

. capacities'CA(TA) and-CB(TB) may be strongly'tempereﬁure dependent.

Also, with these definitioné, infinite spin temperature eorreSponds tQ
‘zero energy, while low spin temp. correspOndS to a large, negatiVe enefgy;

2)  TiA-and T5 are the rotating frame spin-lattice relaxation

times for A and B spins, and are generally different from the laboratory
spin-lattice times. This definition'of the thermal cbupling constants

l/TlA and'l/TlB applies to thevrate eqﬁations for the spin energies in

"the case where the thermal coupling between the A and B systems is zero

v

(l/TAB‘z Q):
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dEA/cit = —4(1/T1A)EA | ; ‘d‘r:B'/'d't.= s.(‘l/:TlB)EB _ (IV,¥3')

Here,>E and E_ relax toward zero. Strictly spegkihg, E_ will relax

A B B
toward zero only when the B r.f. pulse is exactly on resonance: wﬁ =_wBo
For off—rgsgnance pu}ses TB will approach a value ‘I‘lattice or higher,

depending on w,. Since EB (T ) is negligible in this context and

B lattice

the laptice'heat capacity - is vastly larger than CA and,CB, it will lead.

only to insignificant errors to assume in the following tﬁat the lattice
- has constant and infinite temperature during the relaxation process.

3) TrB is the cross-coupling time constant for energy transfer

between the A and.B systems during double resonance. It is defined by:

(Heat flow between A and B reservoirs) = - —i—-(E (T.) = E_(T,));
TAR BB B A
| (Iv-b)

Thus the B reseroir.energyirelaxes>toward'EB(TA), the energy it would

have had at the instantaneous A reservoir temperature, with a rate

AB

voir temperatures are the only parameters in Eq. (Iv-2) that change

constant 1/T,.. Here and in the following it is assumed that the reser- .

vduriﬁg cross—felaxation. From one pulsé cycle tq_the next , however,
HLA éna Heﬁ may change‘if‘tﬁeAsémpie température varies, and HeB wiilv
also depend on the B r.f. field_stfength. These and related;effeéts
will be treated in the next éecfioq. _ |

One can.novaroceed to.set Upvthe thermédyngmic eqqatiénéffdr thé
system in Fig. III—l. The A.ande resérviors gaiﬁ or lése enérgy in two

- ways: First, if one disregards the cross—goupling,v(l/TAB = 0), spin-

lattice relaxation will generate heat flows as given by Eq. (IV -3)



are assumed decoupled from the lattice, (1/Tl
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" between each reservoir and the iattice.' Secohd, if the A'and‘B reserviors

A= l/TlB = 0), cross relax-

ation creates an exchange of energy between the reservoirs.  Then, by

Eq. (IV-4): |
'.’ o .;L_ ' ! L
Eg(Ty) = - o (B5(T5) - ER(2,))
which can bé rewritten:
By(T,) = - == (Ey(1,) - € E,(T,)) (1v- §)
AB A
- where
. EB(TA) ) CB(TA)
EA(TA) - ¢, (T,)

ATTA

€ is the ratio of the heat capacities of the B and A reserviors at the

instantaneous temperature T

It In the preSentvcase:

. N , |
N.S(s + 1) w™ S : ‘ o
e = 2 eB ' (Iv-6)

K .NA;(I +1) w

2 .
LA

and € is therefbre'independenf of the instantaneous temperature TA during

~ cross-reluxation. ‘However, a change in the sample temperature or B r.f.

field strength”will‘altéf é_through its depéndence on weB and wLA. ‘In

double resonance work on rare spin species, € is usually very small

(typically 10—2.t§‘10-h), In order to make use of the results derived
in this chﬁpter’for quantitative measufements, one typically needs

ES;O.l‘corresponding to an A spin signal to noise ratio of ~50. A

~ lower signal to noise ratio would reQuire'é proportionately larger ¢

for_the‘same application. - Since S(S + 1) and I(I +-1) are of approxi-

oo

. PR = 2 s
mately the same magnitude and Wop ¥ W, (cross relaxation condition),
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E'; O;l'wiil édrrespbnd-to NBf; 0.1 NA;  Th¢réfore, the B spih'speciés
must be fairly abuhdant, énd the methods of this'chépter apply to B

spins species that require dduble resonance methods‘for detecfion due .
to low germaéneticfratio and/or weak quadrupole in?eraction with the
lattice. If no energy exhahgevwith the latticé takes place during the

c e

A-B cross relaxation, bne'has by energy cbhsérvatioh: _EA(TA) = < EB(TB),
" and ﬁA(TA)‘is.immediately given by Eq. (IV—S). | |

One can now combine the contributions of energy flows into each
reservoir. After tﬁe thermal switch between the A and B‘reserviors has

been closed, the A and B reservior energies will evolve as described

by the following homogeneous differential equation systemi

Sy
ac - - Gyt OB
- {Iv-T)
& - % CAEB
whére _
€ 1 1
10T TlA 2" Tup .
(Iv-8) "
€ o : ' 1 1
C, = — o Cp, =7+ 7"
3T bt T

The temperatures in the arguments .of EA(t) and EB(t) have been omitted,:
' sinée they, from now on, are always the instantaneous temperatures of

the A and B reserviors respect}vely: 'EA(TA’t)';,EA(t)’ EB(TB,t) = EB(t).

The geheral solutions of Eq. (IV-A-7) are of the form;

B(8) =) N am () N vy

.
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N

is turned on, will generally be high, and depends on.the frequency w

_SS_

() = k(%) e +° 4+ L-'B_(..r)‘e“k..'t _ o (IVflO)

where

- | | : h( h - C C ) ‘ o :
A =1/2(c, +C )L+ - (Iv-11)
+ 1 L (c. +¢C )2 .
The conStants'EA(i) and E

B(i) are determined by the initial conditions.

‘The time reference is as shown in Fig. (111—2): At t=0 the B r.f. is

turned on,'and the A and B spin reservoir energies are EA(O) = EAo and
Eg(0) = E__, respectively. The set of Egs. (IV-7), (IV-9) and (IV-10)

~then yields,

B (+) = (C) - A By, = Cofgy LB () = (3+-’_01)EA0+ Cotpo
RN > A A, - A
; - - + -
| _ v o . (Iv-12).
- (+)~; —C3EAO + (CH._ A_)EBd B 5 _ C3EAo +..‘()\+ ;'Ch)EBo
B : A - A ’ BT A, - A

+ - o : ) + -

Immedlately after ADRF, the A spln temperature is very low , and there—

fore’ EAO is large. " The B spln temperature 1mmedlately after the Br.f.

, .

.of the applied field.  This prohlem is discussed in Appehdix B, under. .
the assumptlon that the B r.f. fleld is turned on so rapldly that the

'B spln quantum states at the beglnnlng of the B r.f. pulse are 1dentlcal--.

to those.lmmedlately precedlng 1t (sudden approx1mat10n) In thev

. remainder of this section} it will be assumed that the B r.f. is. exactly
on resonance, while the off-resonance ease”ie'discussed in Section IV-B.

On resonance, E =0 or TBo = ®_  gccording to Appendix B, and the

Bo

general solution for EA(t) simplifies to:
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o A=C. - =A o A=A i
E (w.=w_ 3t ) = E ;t;El e e r.f. | El__: - +tB r.f.
A''B Bo’ B r.f. Ao \A -2 . vy . -
at t = tg p p > i.€., at the end of the B r.f. pulse.

We are interested‘in the Yaluevof EA at the timevt = tb‘when the
A syétem order is sdmplea (cfr. Fig. iII—Q). vAfter'fhe Br.f. pulse
is'turned off, the A and B systems are decoupled and the A Spins
undergo spin-lattice reléxgtioﬁ at the rate I/TlA during the time ffom
t ='tB s tovt = tb. Thus one can write:
)= o o (1v-13)

E, (wp=wp sty

E “tp/Tyy - AyC ST ) by e Cp=r =02 )ty L
Ao © I 1+ - e
~ + - + 71 :

The reason for-arranging the expression for'EA(tb) in this fashibn will
become apparent after we analyze the physical signifiéance and the
relative magnitudes of thevquantities involved. Substituting for the

C's in A_, one obtains:

aB << Ty s Tig

, . (Iv-1k)
= TAB© T1A 1B
: 1 1 -
h.< £ 4 + )
T,,.T T T T, T )
1+ 1 - -VAB 1B ABYlA “1A ;B .
<€.£+'l . Tl . Tl. > N
AB 1A - "1B '
So far, no approximations have been made.
The expression simplifies considersbly if
T, << T . | (Iv-15)

Then, Eq. (IV-1Lk) yields the approximate expressions:
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79‘+=€r'l
~AB
1 /e 1 o
A= ( + ) (IV =16)
- ev+_l TlB TlA _
L e+ 1
A, = A=, = S
AB

The relationships Eq. (IV -16) are exact for TAB/TlA AB/TlB =
In what follows, it will be assumed that the approximate expressions,
Eq. (IV -16), are valid. One can now go back to the expression,

Eq. (IV -13), for the A reservoir energy EA( By ) at the end of

the B r.f. pulse. The second term in the parenthesis has a time depen-

+1
dence essentially governed by A+, since A+ - A = A 0= ET _; . This

, | Tt T

time dependence reflects the strength of the A—B.coupling thrOugh TAR?

1a° T B) trans;ent,

and also describes a relatively rapid (compared to T
Physically, this

T

since the term d s T ” PR et
ince the term disappegxb for FB _— T+ &
describes the initial equilibration of TA and TB as the A and B reservoirs

are brought into thermal contact with each other. If no heat exchange

‘with the lattice takes ‘place during this process (IiA’ T1B >> TAB)’ the

A reserv01r energy after complete equlllbratlon (t ) w1ll

; . . >> AB
Do : Br.f. 1+ ¢

be determined‘solely by €, given the initial conditio_nszoriEA and EB-

- ' This result is giveh by the term
‘ ' , . ooet+l e 1
-C '
MG s T Taa
Ap= Al e+ 1. e+ 1
4B
for
T
AB
C—
T <1
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- S ' : . At
The other variation With.tB p.p, comes from the factor e "- = ~ B r.f.,

and is much slower, sinee A+_>> A (efr. Eq. (IV=16)). _X_ in Eq. (IV-16)

. - v
depends on e, TlA and TlB’ and the factor e - tB r.f. reflects the

transfer of heat from the lattice to the A system by two routes Direct

A-spln-rattlce relaxatlon and B—spln—lattlce relaxatlon with transfer of
' T

AB . .
energy from the B to the A system. For tB ,.F. >>.l s and with assump-

T and T as above, the expression for EA(t | can

tlons on TAB’ 1A 1B b)

be written to a good approximation as:

}_:(m'=w~‘-,t)z : v . _
A''B ~ "Bo’ b : - ; - - (v=-17)

g - 1 éng e(l_'l't f_lt$
Ao € + 1 € + 1 lB TlA 3 r.f. TlA b

Assume now that t, = . “is varied, while t, 1is kept fixed.

Then, after the initial rapid equilibration of A and B spin temper-

atures, there will be an exponential'decay_at the rate- £ SN .
v _ _ _ 1+¢ TlB T
< ; : e s , > Bi
When TlB‘ TlA the_slope will be as shown, when TlB TlA thezspln energy

will decrease rapidly to a maxiﬁum, then slowly increase, and for the

special case T, = T , one expects that EA(tb) will- decrease exponentially

with a rapid time const ~T,. to & 1évé1 which.then remains-unchanged.

AB

It is ‘easy to explain this dependence of the A spin heating rate

-on the relatiVe values of TlA and TlB by considering the coupled thermal

reservoirs shown in Fig. III- l If the thermal contact is broken 1mmed1—
"ately after 1n1t1a1 equillbratlon of the A and B temperatures, the A
reservoir will heat up at a rate determined by TlA’ and at t=tb the

energy EA(tb) will have reached a certain value. Keeping the thermal



]

and E, (t. ) will be independent of t

'EA(tb) smaller),‘the longer the coupling time t

._59.. .

connection with the B reservoir on after equilibration may increase.or

A Db’

flows between the reservoirs.

decrease E_(t.) relative to this value, depending on which way heat

When the A and B reservoirs heat up at the same rate'(TlA = TlB)’ '
the resérvoir temperatures will remain equal after equilibfation. Thus,

no A-B heat transfer takes place even if the thermal contact is left on.
A "D Br.f.*

If TlA > TlB,'the B reservoir heats up faster than the A reéervoir,

and heat will flow from the B to the A reservoir as long as the thermal =

coupling remains on. At_tb, the A temperature will be higher (i.e.,

Br.f.'

, For TlA‘< TlB’ heat flows out of the A system via the thermal A-B

coupling during t ' As t increases, the A reservoir will be -

Br.f.’ Br.f.

progressively colder at t = tb’ compared to the case where no A-B heat

transfer takes place after initial equilibratidn.. The resulting positive

_BEA(tb)/atB rf does not mean that the A reservoir is cooling down,‘of

course, but rather that the rate of heating has been reduced.
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IV-B. Double Resonance Lineshape With and Without
' B Spin Saturation in the Rotating Frame :

So far, the influence of the B r,f._ffequency on the double resonance
process4has not been considered. There are three main.effects of specific
- importance in the present case. Two of them stem from the same cause,

namely the increase in we =’YBHeB'off resonance. - Therthird is due to

B

the frequency dependence of the B spin temperature at the beginning of
the B r.f. pulse.

1) T;; depends on the B r.f. frequency. If the A spin correlation

time T, is << T (which should apply to most cases of interest here),

AB

the cross coupling rate will be (efr. Section III-B):

J(w ) '
-1 _ L s 2n _ .2 eB : .
T,p = const, - sin“@ J(weB) = wjp 5 const, (Iv-18)
w .
eB
Here,_ -0 is the angle in the B rotating frame between z-axis and the
HeB vector: -
. 1B _ “1B
51n6=g—=-w—
eB eB

- J(w) is the spectral.density of the local field flﬁctuations at the B
spin sites, due to the A spins. In thé‘fast correlation_case it is a
L= + :

B v'wlB (AwB/ , where
w . will always increase as lAwB] increases, while J(&

monotonically decreaéing function of w. Since wi

)

Mog = W = W, W.p eB

will decrease. Therefore, the cross coupling rate 7,, will decrease as

AB

wB-goes off resonance in either direction.

2) For constant H oo E(wB) increases off resonance. From Eq. (IV-6):
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2 2 |

'y _ _eB . o .. .eB e
€(wB) = we ;onst2 = e(wBo) w2 | | (IV 19)
LA - 1B .

wLA will be unchanged as long asvthe sample temperature is constant (wLA
will be essentially'independent'of the B spins in all experiments where “
. double resonance methods are necessary to study the B spin species, since

then the. B spins have either low gyromagnetic ratio, low . abundance, or

both). Therefore, the increase in e(w,) off resonance reflects directly

B

the increase in the rotating-frame effective field HeB off resonance.

-HeB determines the B reservoir heat capacity, which increases symmetrically

-around wy  as ]AwBI inecreases. . |
3) ‘When the B r.f. pulse is applied suddenly; it creates a B thermal

reservoir at a témperatufe which depends on wB. If the B reservoir is at

thermal equilibrium with the lattice before the pulse, the B reservoir

energy immediately after the pulse starts will be (cfr. Appendix B):
-w.) =K + Aw .o (1v-20)

where K is a céﬁstant.' ~ Thus, wﬁ is.aﬁ'important.Parameter in de-
términing the initial conditions for thp'thermal relaxation process
between the A and B-reservpirs and‘the léttice. AWhén-itvdoes notbappear '.
ékplicitly in this and'féilowing formulas; one should bear in ﬁind that

| EBO,'E aﬁd-f afe hot:fixed paramefers, bﬁtﬁdepend on W, in thevmanner

AB B

.described above.

Beforevtreating the linéshape thainéd after the ADRF—double,resdn4:
@nce sequence in Fig; ITI-2, using a single, unmodulétede:r.f. pulse, it
will_beféf interest to see what the predicted lineshape will be if'the

B spin reservoir is kgpt at infinite temperature during the double
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resonance process. This can be done in practice by continually heating

it, using one of the methods outlined in Chapter III. By the definition
(Eq. IV-2)) , E, = 0 for T, = @ , and the rate equation for E simplifies
to '
dE . :
A ' : 4 € .1
— = -C.E where = C, = — + =0
l L]
t A 1 TAB TlA
With EA(t = Q) = EAo as before, the solutlon:for EA-1§:
£ 1 >
: _ - [+ =]t
E (0 t ) = E - e <TAB TiA B r.f.

If the A reservoir energy is sampled at a time t=ty, the result isi

| by mtg )
- ‘ . T n
Bplwgs b)) = Fplug, tp ¢ ) " e A (TVep1)
€ 1
- =t -t
E e Tap BT-f. Ty, D
Ao

" The B spin double resonance.lineshape‘is'recofdéd experimentally with

constant tb, tB L TlA andleB. ?q.»(IVf2l)vthen shows that the
lineshape-is determined by the dependence of ;E—- on wB. From Eq. (IV-18)
. AB i
and (IV-19): '
w2 . _
€ _ -1B ’
T = const, ;Ef— - J (weB)

Since Wi g and Wy are constant during a sweep through the B line, one

has:

oo _ ' ..'-const T (w ) sty . (IV-22)
EA(wB,‘tb) = const) - e > eB B r.f.
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=. w2
eB 1B
off resonance. From Eq. (IV -22), then, it is immediately clear that

J (w + (W, - w, )7) is a maximum for w, = w, and decreases

“B Bo B - "Bo

this yields a double resonance line with maximum depletibn of A spin

energy for wB = wBO,.and gradually reduced deplétion to either side of

resonance.

For the case where no reheating of the]B'spin reservoir takes place -

after it has been brought into contact with the A spin'reserVOir, i.e.,’

when an unmodulated square B r.f. pulse is applied with no audi¢ reson-

- ance heating, the lineshape can be had from the expressions in

Egs. (Iv-9), (IV-11) and (IV—lQ).,’EA(wB, tb),can be written in the form:
EA(wB;tb) =
—t /. /- c (A - o (V-2
t/T1a) (MG Co  Epg ) ~OA-1/Ty 05 g (Tv-23)
o O\ T E )0 T |
o A e o .

A _ :Ce .'EBo)e_(A+-l/TlA) s r.1.
WAL T A By

where all parameters are defined in section IV-A. Exactly on réSongnce;

EBo = 0, and one recovers Eq. (IV-13). ‘As wé is swept through the line

ap Wg s the parameters will change, and if tB'r.f. is consldered as a

- fixed parametef, Eq.'(IV-23) yields the lineshape directly} ‘However,

TAB varies over a wide range of values-throughout:the line and it_is not

pérmissiblevto make assumptions on the relative magnitudes of TAB’ TlA

and TlB to obtain a-simplified formula describing the whole line. Since

the physiéal meaning of Eq. (Iv-23) as it stands is obscure at best, it

might be helpful to»con51der the two limiting cases TaB <<_T1A’ TlB-and

>> 0 VA
Tag 7~ T1a0 T3
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1) Ton << T, . As is apparent from Eq. (IV-18) this would

1A° "1B _ ‘
correspond to the region around wBo’ if at all. (In double resonahce

work in.solids, T ande are generally at least an order of magnitude

1A 1B »
larger than TAB on exact resonance.) If the aséumption on TAB holds,
one obtains from Eq. (IV-16) and (IV-23):
€ 101
E'(w ) = Epo /T 1+ Epo o 1¥E <T1B —_T1A> *Br.r.
AR T Tve © E,. ) |
(Iv-24)

1+€ i
K - =1
+<€_ BO)e TAB Bl".f.}
E
Ao

which descrites both the thermal equilibration between the A and B
reservoirs and the slow spin-lattice relaxation heating of thé coupled
A-B reservoir. If one is only interested in thevslow hegting of the
coupled reservoir, one can make the additional assumption that the

: R o 'AB
A-B thermal equilibration t?an51§nt has died out: tB r.f. Ite °

which leads to:

| 1 | e (1 1 1
E (0 ,t )= (E_+E )= x expd- ( - )t S
v + + .f.
A" B°D | Ao Bo’ e+1 vS 1 TlB TlA Br.f TlA b
(Iv-25)
This differs from the on-resonance formula in that EAO has been sub-
stituted by EAO + EBo" This form is expected, since after the initial

transient, the>two strongly coupled reserveoirs behave as a single thermal

reservoir with initial energy EAo + EBO' The only quantities that will

. The dependence

vary as wB is swept through the line will be € and EBo

of T on w_ does not show up here since the assumption t

AB B .77/ (14E)

Br

was made. From Egs. (IV-19) and (IV-20) one obtains éxpressions for

e(w.) and E

o Bo(wB)’ which substituted into Eq. (IV-2L) yield:
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E (w_,t.) =(E +K - A ) 1B - x
3 - Aw " <
A\ B?"b ( Ao B R~ 2.
e(wBo) YeB T g '
o (1v-26)
.'g( )w2 - _
exp | - B0’ ( 11 )_t R S
L 2 2 - AT T. J'Br.f. T b
e(wBo)weB + wig 1B 1A S T1A

o . _ 2. 2 2
where, as.before. AQB = Wpl - wB-and Wog = Wig f (AwB)

The value of E t

b) when the termK - Aw- is ignored will

A(wB’

be deflnea as EA( - b)s etric’ One observes that fer Tv lA’
b)

symmetricaily about wB as wB goes off resonance in either direction.

EA(w , t is depleted the least for w, = W , and increases

symmetric B Bo

Instead of a minimum signal at wBo’ as was the case with continuous B

saturation, one here has a local maximum! This paradoxical result is

only valid as long as the condition T, B << T T, is fulfilled, of

'AB 1A 71B
course. - ‘
EA( B’ tb) is obtained from EA(w . tb)s etric by "adding ﬁhe |
the obv1ously antlsymmetrlc term K - AwB EA( B, ’tb)s‘ etric/EAo' Thds,

(w., t.) will be depleted more

“p> "’
, Jdess rapidly on the low-

'for-w >'w . Aw is negatlve and E

B -Bo A

’rapldly on the hlgh—frequency side of Wy s

f . i o
requency side as comp&red to EA(wB’ tb)symmetrlc

| As IAwB].increases, TAB will increase, and the conditiOn'TAB << TlAf
,TlB:will be‘progreésively poorly satisfied. Physically, the A-B heating

transient will take longer time when TAB

l - L3 = - 'S :
. no longer has died out at t = tg r.f. the depletion of EA(wB, tb) will

increases, and when the transient’

d
be reduced compared to the case TA 1A"~1B
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>>. g N S .
2) TAB_ TlA’ TlB Slpce TAB + ®© gg AwB .W,_lt is always possible
to satisfy this condition by goiﬁg sufficiently'fér into the wings of the
| ) . t . ) ' -
line. L - means that the thermal coupling between the A and B
TAB T1m - - '

reservoirs is much weaker than the thermal coupling of thé B reservoir

to the lattiée. Therefore, the B reservoir_temperature TB

will relax
toward T . at a rate much greater than the rate at which it relaxes
lattice . v v

toward-TA}v_Starting now at the time t=0 immediately after ADRF, TA will.

be very low, corresponding to the energy EAo' The initiai TB will be

very high, corfesponding to a low energy E Because the B reservoir is -

Bo”®

strongly coupled to the hot lattice, E_ will always be close to zero,

B

but as long as the A reservoir is at a low temperature so that heat is

flowing from the B to the A reservoir, EB

will depart slighfly from zero,

since_5£-is finite.
1B

This can be cast in a semi-quantitative form. Since the equilibrium

value of EB at the lattice temperature is negligible in this context, it

is sufficient to treat the case where EBO-= 0, and EB relaxes toward-zerq

in the rotating freme. Then, according to Eq. (IVflO) and (IV-12):

' c -2t ot
- e 3 (.. +Br.f. . -Br.f. (Iv-27)
Bp(tp poe.) = Bpo " X TR ( e v |

A, as given in Eq. (IV-1L) can be expanded to first order as a good

approximétioh if

>> 1 : -~ (1V-28)




In the special case where T =T

g e ) * e T 3
e e T

~ zero. Onevhas for the maximum value of E

. _67;"

AR lA’ TiB)’ provided TlA is

which is valid in the present case (T >> T

not = TlB' ‘In the case of interest here, € is not'necesserily negligible

" compared to 1. Assuming that Eq. (IV-28) is satiSfied,.one finds:

A, = El_ | o (1V-29)
sV U ' : - S

1 L S S

x == : : (Iv=30)
- T ' o

>
R

1A 1B° onevobtains'the'exact expressions:

s
o

1B 1A

' When Eq. (IV-28) is satisfied, Eq. (IV-27) takes the form:

- RET I
E . " Ty, | - .f.

<e ‘T B.r.f..__e T1B Brf>
T

18 Tia/ - : - (1v-31)

The temporal behavior of Ey in Eq. (IV-31) is just as predicted by the

qualitative arguments above: At t = 0, the energy E_(0) is zero in
: - S . Br.f. - o :
this approximation. It grows to a maximum value and then decays to

B

B
[

. L 1 : v a ‘
Ep max. < Fao T ( 1 1 ) (Tv-32)
- ATy Ta/ o
If Eq. (IV-28) is valid, this means that:
E. (1. >>T 1. )<Ke- EAO' -~ (Iv-33)

B,max. AB . 1A°71B
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‘ E, +E :
By Eq. (IV—ZS),'féflgge-' € is the energy in the B reservoir after
equilibration of TA and TB if there is no heat transfer’to the latticé,
in the cagse T, <<T T._. Thus

AB 1A, 1B

)_<<E (1_<<T. T )}

>
(Tpp > T1yoT B,max' AB 1A’ 1B

By max'TaB ™ T1a°T1B

In the Wings of‘the line vhere T + @ the B reservoir energy therefore

AB

always remains very low, corresponding to a high:spin temperature, and
one has a situation similar to the one with continubus-B reservoir
heating.

1A° TlB’

| 3 w . ) . T
Frgm the behav1or of EA( B) in the two regions AB

=\
it is now possible to describe the whole lineshape. . For simplicity,
| 11 .
v . - . R _ < . ,
some spec1gl cases possible when <TlB TLA>‘tB r.f. 1l will

not be considered. In the far wings of the line, TR >> TlB’ and TB oo,

EB ~ 0. Thus all relevant parameters are almost idéntical to the ones

in the case where thé B reservoir was kept at infiqiteAtemperature by
V continuous saturation. The'lineshapes.will overlap and arevdescribed
by Eq. v(iv_gl).  As IAwBl deéreases, the depletioh ofvEA(tb) ("line
depth"),_wiil be less when the square, unmodulated B r.f. pﬁlse is applied )

than in the case with continuous saturation in the rotating frame. This

is because the B reservoir temperature becomes-lower as TAB

increases

‘towards TlB’ and the heat transfer from the B to the A reservoir is

AB

both cases. Approximately in the regions on both sides df wBo where

reduced relative to the case with saturation, since T,_ is the sameé in

Tap ™ TlA’ TlB, there will be a maximum in the dépletion qf the A reservoir
the. depletion will decrease as IAwBI

energy. For lower values of IAwB[,

decreases, and reach a minimum at A = 0. Between the points of maximum
A Wy p _

depletion, an asymmetry in the line will be evident. The depletion on



the high—frequency.side of W

* the lineshape in the reglon Wy = Wy . Increas1ng w
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5, Will be largest, and this also applies to

'>'the two depletion maxima,

It-is-apparenf from Eq. (1v —Qh)'that the sfrength of the B r.f.

fleld, i.e. the magnitude of" wlB’ is an 1mportant parameter in determlnlng

will depress the

B Bo 1B

1peak in EA(mB, tb),at wBo’ and also the ourvature at theApeak will be
reduced, since a relative change in € due to a given change in AQB will
be less for a larger Wy ge

IV-C. Applications

The~resﬁlts'derivedvin Sections IV-A and IV-B have some obvious
applications which can be grouped into two classes;

First, one can devise experimentsl techniques that provide data

on material or double resonance parameters that»may_or,may not be obtain-

able by alternative methods. Of special interest here is the B spin

rotating-frame spin-lattice relaxation_time'T B® which can be measured

1

by a technique described below. It will also be shown how the ratio €

of the A and B reservoir heat capacities and the A-B cross-relaxation
time TAB can be measured. The method is experimentally simpler than

others used to measure'these parameters previously, and'it is the only

method developed so far to thls author s knowledge, that is capable of

'measurlng short B spln—lattlce relatlon times.

Second, one_has'at one's disposal a new set offphenOmena thatfcan
provideea sensitive test of the thermal reservoir model for the double

¥
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resonance'procéss. The experimental procedures developed in this chapter

for measuring € T and Tl cannot be'applied with confidence before

> AB

the validity of the thermal reservoir modei has been established for each

B

specific case. Also, the importance of such a test extends beyond the

scope of double resonance with unmodulated B r.f., as will be discussed.

AB and Tl

IV-C-1. Measurement of €, T B

Consider first the case where the B r.f. is applied on resonance:

w, = W, . The A reservoir energy at time t

B Bo is then expected to depend

b

on the parameter t as given by Eq. (IV -17). Experimentally, this

Br.f.
can be verified by repeating the double resonance cycle several times, varying
tB rof by steps through the range from zero to a time slightly less

'than.tb, and keeping all other parameters_constanf from one cycle to

and T to

1B

the next. The cycle repetition time must be larger than TlA

‘allow the A aﬁd B reservoirs to come into thermal equilibrium with

the léttice béfore each pulse Sequence,vunless a correction term is
introduced into the equations above. If the thermal reservoir model

for theidouble résonance process as described abéve applies‘(cff Section
IV—Ce2),'experimentai curves of the type shown in Fig. IX-4 should be -

obtained; and:extrapélation of the straight portion of the semilogaritmic

graph to t =0 yields: . . : -

Br.f.

.t
o

3

I
)extr. = Epo T e 1€

EA(

ty 1A o (Iv-ih), .

Equation (IV —3h) was obtained from Eq. (IV -17.-), which describes that

, by formally

(t Br.f.

. part of EA

Br.f.

b) which has exponential dependence on t

setting t = 0. The true value of E (fb) when no B r.f. is applied,

A

is of course:
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t

E(t,;t. . =0)=E, ‘e T1a

STATD? B or.f. Ao

»_Tgklng ﬁhe'ratlo between EA(tb)extr; and EA(tb; tB-r.f; f 0), one finds:

Egltys tgpp, =00
E_(t,) =erl
A" b'extr.
and € can be determined from the graph as:

c = Epltys tg pp, =0~ Eplt) e (1v-35)
' _ CE, (%) . '

A' D ektr._'

Once € is known, it is simple td méasure TAB' Making a new plot with

- all parametefs:unchahged, exéept that now the B sYstem:is kept at infinite

o temperature (by B r.f. phase-shifting, f.ex.) one obtains.a'straight line

fallihg,off-steeply from.EAd’at tB r £ = 0, as described by Eq. (IV-21):
' - re' ty pr. " Tl by :
E (Wt ) = E, e AB T T1A 0 (1v-36)

A""B’™®

The slope —_?E— , combined with € determined from Egq. (Iv-35) , gives
Tap* | |
Going back to the original curve which yielded €, one can determine
TlBﬂas'folldws;_ The slope A of the straight portion of the'graph is, :
éccordinévto Eq. (Iv-17): A ' v

SR e (1 1
slope = A = - - ( - _)'
- eI \Tiy Tia
 énd“therefofe _ »
LN, g
1B ' 1A

With € determined fr@m the same curve, as described above, and TlA

.
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obtainable from a direct measurement on the A spin species, TlB can be
calculated. Equation (IV—;}T) applies for both A € 0. 1In the special

T., and it is not necessary to determine €.

case vhere A = O,,TlB.= N

A modified version of the experimental procedure is possible, where

Sty is allowed to vary from cycle to cycle such that ty = tB ?vf + At.

At is a fixed time interval which is much shorter than tb' The equations

for EA(tb), etc, will change slightly, but the same. informatién on €,

TAB and TlB can be obtained and no additional physical insight is gained

from the method.

Returning now to Eg. (IV-37) and the procedure for measuring Tig>

it is apparent that with the exception of TlB >> TlA’ the method can

be applied for a wide range of TlB

- in cases where TlB is short (but still > T

'values, and is especially well suited
AB)’ In this‘respect it com—v
plemenﬁsfyery well the method used by.McArthur, Hahn and Walstedt,ll which
can be briefly déscribéd as follows: The B reservoir in the rotating

- frame at 6 :.h5° is first cooled by cross relaxation with an A reservoir
which is at lbw temperature after ADRF. After the B cogpling puise

is turned off, the laboratory frame B system will beAin a state of low
spin temperature since thé Br.f. was appiied_off resonance, .The B
"éyétem,heats ﬁp by 1lab. fréme spin-lattice rela#atiOn;.and after a suit-
able time the B‘feservoif temperature is samplea.' This is achieved.by_
first bringing the A dipolar reservoir fo infinite spin‘témperature

 with a series 6f Saturating.éulses5 and then aéplyiné an off resonance

B r.f..coupling puls¢ similar to the first one. If the B reservoir

still retains a IOthemperatufe, the A.systém will be cooled down during

the contact, and a dipolar signal will be stimulated by the 6 pulse.
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Compared with the method based on Eq. (IV- 37), this method is .
poorly suited tO'medsure short B spin—lattice'reléxation times unless

'TABvis very shortL_ Since the gogpling'pulse is appiied off resonance,

'TAB will be longer thah in the on-resonance case, with a cdrfespondingly

" longer coupling pulse for complete'A—B"thermal equilibraticn. For good .

definition of'TlB,'thé coupling pulée.lehgth’Should be much smaller
than TlB' This method is well suited in cases where T

-éVer,'whére the method developed in this chapter fails. Thus the two

1p 18 long, howf

méthods together cover the whole range of TlB valﬁes from apProximétely

TAﬁ to ;nfipify.
| It SHquld be‘mehtioned that the method*developed here‘measures

a rotating-frame spin—lattice relaxation_time, while_thé other @easureé
relaxation times in the lab. frame. if the relaxatioﬁ is iﬁdﬁced by

é randomly fluétuatingihamiltonian vié direct'pfocesses, fhe laboratory
- frame spin—lattice rélax;tion‘time can be wfitten as a”éum of spectral
densities infolving yarious components-bf’the fluctuating hamiltonian

ét thé_léboratqry ffame transitiop freQuéncy QBo'v As will be demon-
.‘Strgted'in seétion V-B for a specific field configufatioﬁ,'the rotating-
'ggggg,sﬁin-lattice relaxation time Q1111in addition.depend on the
spectréi denSiﬁieS'at_thé réféﬁihg¥fraﬁé.ﬁfaﬁéitidﬁ frequehéy.called
' weﬁ abo&e, and aﬁ thevsum and différence.frequencieé'wﬁo'i weB: In certain

cases, this will be of no.fundaméntal imertance, but it may‘also

-ﬁrove»to.be very useful: If T._ is of such magnitude relative to other

iB
-~ relevant parémeters that_both methods can be'used,’it may be p¢ssible
to combine the two sets of data to pick out'specific spectral density

components or cqmbinations of these that would be inaccessible from each

data set separately.
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- Finally, one should consider the case where the B r.f. in applied

off ‘resonance. All equations in this section will remain unchanged,

Bo AB B?

Nothing new needs to be added to the discussion of the on-resonance case,

but the parameters E and T will vary with w as‘discussed earlier.

but one can note the following:

‘The rotating~-frame effective field is: _
1/2

(0. - )2
_ Bo ~ “B’ eB
Hoyp = B2+ —p— ===
| B Y8

By varying the frequency wB and the B r.f. power level, one obtains a
rotating;frame transition frequency that varies over a wide range. As
v‘described above for the case wB = wBo’ the rotatihg—frame TlB will in
 certain cases be sensitive to the Spectrai density’compocent of the

fluctuating hamiltonian at the frequency weB' Here one has the oppor-

tunity to vary wéé throughout a range at the very low end of the fre-

quency spectrum, and record the corresponding variation in TlB'

IV-C-2. Test on the Thermal Reservoir Model
- The main underlying assumptions for the‘thermal reservoir model
. analyzed'above were briefly ouflined at the beginning of this chapter,
and have also been discussed in a generel manner invChapters IT and
III.‘.They.cen be'spelled'out as follows':

. In the absence of applied resonant r.f; fields, the A spihs after
'ADRF are strongly coupled mutually in the rotatlng frame, weakly coupled
to the lattlce, and completely decoupled from other spin species in the
eample.» The macrostate'of the coupled A spins can be described by a

temperature T = ® yhen thermal equilibrium with the lattice

LATTICE

~ has been achieved.‘ If a strong r.f. fleld is applled at a B spin

tran51t10n frequency, the B spins w1ll experience a strong mutual
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coupling, a weak‘éoupling to the A spins- and the lattice, and no coupling:

to other spin species. The B fotating frame macrostate is describable

by a temperature. The r.f. field affects the A spin species only in-

directly through the A-B coupling, which is assumed weak compared to the

. mutual interaction between the A spins. If the A-B coupling could be.

severed without destroying the B reservoir, the A and B reservoir tem-

peratures would relax exponenﬁlally towards TLATTICE’ with time constants

TlA end TlB’ respectively.

Asvdescribeﬂ in Sections II-A and ITI-B, these assumptions may be
rehdered invalid by a’number of compiicating'factors in é given substance.
Sinee the B spiq_abundance ﬁill be fairly.high in the cases that apply
here, spin diffusion and thermal gradient problems may not be as importent

asvinteractions with other nuclear spin species in the sample and slight

‘overlap between the lowest B_spin lab. frame frequencieg and the high
- frequency tail of the A spin dipolar spectrum. Also, careful experimental

‘tests on the thermal reservoir model have so far centered on the special

cases of pure magnetic or pure quadrupole laboratory frame hamiltonians.
The model analyzed in this chapter will be assumed applicable to cases

of mixed quadrupole—Zeeman hamiltonians, and it is not trivial that

'confifmatiqns'of the thermal reservoir model in the pﬁre magnetic or

qﬁadrupele cases:apply in the mixed case, with B r.f. spplied on/off
resonance.

The anaiytic resuits of this ch&pter,vand'by.inference the
thermalvreserfeir mddei, wefe'tested experimentaliy for a specific
A—B system; as described in the nexﬁ chapter. One determined whether

and T

1B’

the experimentally determined parameter values €, Typs TlA
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combined with the exact analytical expressions based_onvthe thefmal
reservoir model; can describe the observéd A~-B épin relaiation behavior
and the double;resonance lingshape quantitatively. In these tests,.

ali paramgters in thevtheory are uniquely determined_by the éxperimental

data, at each value of W

" Parameters thét govern T. (sample temperature; f.ex.) are

1A

independent of W ‘As mentioned in the preceding section; TlB may

B"
in certain cases, depend on wB’ but this case will not be treated here.

At the center of the line, T will be a minimum,,and the condition

AB
(Eq. (IV-15)) will be closest to being satisfied. Therefore, if the

expression for EA(tb) applies in the range around wBo’ which can be

asceftained experimentally, then it should certainly apply at wBo with

& sufficiently high accuracy so that reliable values of € and TlB can

be obtained at that point by the methods described previously. If

: e(wBO) is the value of € at w_ = W s then e(wB) will be given by

B
Eq. (IV-19). An anélytical relationship between Ton and Wop with

general applicability to different samples is not available, and it

is therefore necessary to determine TAB(wB) experimentally for each =
value of wB. How this is done was described above in chnection with
-Eq. (IV-36). One should bear in mind, however, that Trp is obtained

from the line with continuous B reservoir heating, while it is applied
to the case'with unmodulated B r.f. where the ;ineshapé, relaxation
'rates,‘etc;,are'generally quite different.

Since these areveffecfively no adjﬁstable parémeters, a critical
test on the internal consistency of the thebny is obiaihed, and a good
| theoretical fit of experimental data will be taken as sufficient

Justification for the model in. subsequent applications.
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V. .SPIN 3/2 PARTICLE IN A'STRONG,-RESONANT,r;f. FIELD.
CASE WHERE QUADRUPOLE AND ZEEMAN ENERGIES ARE OF ARBITRARY

: RELATIVE MAGNITUDES '

Although this problem is of special interest'in nuclear double
resonance, the nuclear species under study will be treéted as isolated
from other spin ;ystemS»in this chapter. In‘SectiOn A, the effective gyrd—.
magnetic.ratio in the rotating f:ame, (as meééured by rotary saturation
(audio resonaﬁcé))? i; derived for a given field configuratioﬁ. For the
same'field configuration, the guadrupolar spin—laﬁtice relaxation rate
is calcuiated in Section B,.as a function of the'spectral densities

of the stationary random lattice vibrations.

V-A. Transformation into the Intéraction.Rgpresentation«
Effective Gyromagnetic Ratios in the Rotating Frame

To the author's knowledge, the only explicit computations of effective
'gyrdmaéneticlratios made so far have pertained to one of two special
cases: |

1) Quadrupole intefaction'negligible-or zefo compared to thé
Zeeman iﬁteraction in high field. This yiélds a rotating~frame effective
10

gyromagnetic ratio equal to the laboratory frame YLAB'

2) Zeeman-interaction negligible or zero compared to the quadrupole

interaction: For a spin 3/2 nucleus in zero field one can define two

counter-rotating frames of precession. A resonant circularly polarized .

r.f. field couples to the magnetic moment in the frame rotating in the same

direction with an effective gyromagnetic ratio /g-YLAB'36

"In the'follOWing,'no restrictions will be placed on the relative

- magnitudes of the gquadrupole and Zeeman interactions, which means that

perturbation treatments cannot be used. The experimental configuration
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will be assumed as follows: The'principél e.f.g. tensor symmetry

axis is aiong the z-axis, and the asymmetry parameter N is taken as

Zero. Thé main laboratory_fieid-Hd is along the x;axis._ Two oscillating .
fields are-applied to the sample: A linearly polarized r.f. field of

peak magnitude 2H. parallel to the z-axis, and a linearly polarized field

1

at audio frequencies and of peak magnitude 2H

Aud parallel to the x—gx1s.

The hamiltonian for the nuclei being studied is:

JC:JCQ+J(Z

o+ X X -
e, P aa T (v-1)

.. d
where (h = 1):

ﬂé is the quadrupole hamiltonian with n = O:

o ﬂi is the Zeeman hamiltonian in the laboratory frame:

H o= - '
. YEI

ﬂ; o 1s the interaction with the r.f. field oscillating at a
frequency'w;

x = -
r.f. 2YH;I cos ub

w is not necessarily equal to one of the transition frequencies. The
- peak field strength has been defined as 2H_, to give a rotating-frame

field strength Hy

ﬂkud'is the audio resonance hamiltonian:
4 . =‘_ ' - ’
: QYHAud Ix cos waud t

Aud

. Wl includes interactions not mentioned above, specifically the
randomly varying component of the quadrupole interaction due to lattice

vibrations.
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Lq_=jexp(1ﬂgt) = exp {1 (
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Siﬁce the laboratory frame energy levels are defined by

JC(‘)': ¥y * %,
where the qﬁédrﬁpble and Zeeman interactions may bé'approk;‘equal, fhe_
rotating-frame picture does not apply in the conventional sense, énd‘_
what hés been loosely termédv"in the rotating frame" above should properly
be termed "ih_the intéractioﬁ representation of Hg".
',It-ﬁight.bé helpful to outline briefly the scheme that will'be

followed: First, we shall perform a transformation into the interaction .

representation of ﬂ;, which yields an interaction representation Hemiltonian

H* = i3 t) K - -
.exp(l Ot)v exp( 1ﬂgt) A
= * SRR - : : -2)
Ko P ™ v 9 ' | (v-2)

ﬂi*‘will be important in the next section (V-B), but will be dropped here.

Second, the eigénvalues of the secular part of ﬂ; % will be computed, .

f.

which yields the rotating'framé energy levels. Finally, matrix elements -.

* will be computed, to find

Aud. T

. which trénsitions'are being observed. Knowledge of the rotating frame

transition frequency as a function of the rotating—frame'field strength .
Hl then yields the effective gyromagnetic ratio.
- The transformation operator'Lq into‘the ﬂg interaction representation
is obviously no simple rotation pperator: .
)

hI.(ZIF— 1) (3I§ - .I<I + l))- YHOIX)) ‘t; (V—3)

'One way to make qumore tractable is to try to expand the exponential . .

in a spin operator power series, but although this is'possible with
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exp(ilgﬁ).and eXp(iI#t) separately, f.ex. by usiné_thevPauli>3pin operator
formalism of Leppelmeier and Hahn?h.it-is not feasible in tﬁis case sinée
the operatérs Ig and IX do nét commute with each othef nqr with their
commutator'[ii, IX]?g Successive transformatiohs into the ﬂé interaction
répresentatipn aﬁa then the Hé interaction representation is not feasible:’
Since the guadrupole and Zeeman energies.may be of comparable magnitude,

it is not legitimate to.discard'time depehdent terms after the first

transformation, and the large number of resulting terms in Mi* which do

| not commute makes the nexf transformation exp(iﬂé*t)‘even more difficult
than the original one: exp(iﬁgt).

It is still possible to perform fhé transformation into the'ﬂg
interaction representation, bﬁt one must forgo the convenience of a
'reﬁresentation—independent description. By first transforming the.fotal
hémilfonian H into a representation where ﬂg is diagdnal,'called the
Be-or eigen-representation'in what follqws, the transformation operator
Lq becomes trivially: |

exp(iElt). _
exp(iEzt)
L =1| » : ' ,exp(iEBt) ‘
" ) exp(iBt) / o
whére the Ei's are the energy eigenvalues of ﬂg.

The diagonalization procedﬁre,becomes less laborious ifvone.writes

the'hﬁmiltonian H; with YHO as energy uhité:
¥

o A2 15 : |
i =2 B - -1 j e (v=5)

T~
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. where

, I>\ _ e%0Q/21(2T = 1)

YH,

is defined so as to conform with Parke'r'sllo definition.. Thus, in the

- limiting cases where

' : - 00
quadrupole interaction/Zeeman interaction -0

one has.
— 0
A

— 0

Arespecti#ely, It is convenient to divide up the analysis which follows
v _ }

N

intq-two pafts, corresponding to the cases 0 S A <1 and 0 < e 1.

Consider first the case 0 < A < 1. In the representation where IZ

is;diagonal,<called the A repfesentation in the following, one obtains

5

the secular determinant:

ol
o)

_Y3

2

N Jw
>
1
3

‘corresponding to the usual IZ eigenvectors, in row form:

'S =’(5 L8, s 68" ) .
J -3— ) L ] .‘.];- » -; K

Here, the eigenvalues Ti yield the ﬂg eigenvalues Ei = YHOTi. The secular

equation is:
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S - B S -
Ty =2 (AT + 5Ty + 34T, + 72 (947 + 247 + 1) = 0 (v-7)

or, in factored form:

The roots are

+

(-
(2

In the A representation, the eigenvectors corresponding to these roots are:

10 \/h + 61 + 9A2 ) 3 Root 1: + Root 2: -

1+

- o

T3 L \Iu - 61 + 9>\2) '; Ro.ot 3: + Root L: -

o
B
|E> = v
§

. For A ¥ 0, the states are generally nondegenerate. We define the gquan-

“tities:
235 . ) =3 : -
Ai =35 A Ti-, Bi : Q‘A +_Ti _ (v 8)

. In terms of these, the eigenvector components are:.

6 22,4 v of.2.03 s -3 _ 5\, =23
Bi_@Aiai’Yi—(-/g— 2AiBi>ai.’(,Si »'('eAi’Bi)“i'zAi i,(Vf9)

where ai may be adjusted to give the eigenvectors ]EB_ unit»length. As
shown in Appendix A, one has for arbitrary A:
%, 7 01,2 5 B o T Y 0 503, = 035 By ) T Y3

for components of the same vector, and

for components of different vectors.
This réduces the number of indepeﬁdent components to four, which will

be defined as:



a:ocl=62=Y2=dl_ R b:a2-=—Bl'=le-62 .
‘ . ' (v-10)
The e:I.gém/'_ec'tors|E):.L corresponding to éigenvalues Ti’ Ei are:
a- b c d
' -b a -d c o
) = ) = ) = ) = -
5 b |5 a =, a B = | o) (v-11)
&y v/ | R “37
These define the orthogonal (since lEi real) matrix
Upp = (|Ef |E2)1E3)|Eh))A (V-12)

which generates the transformation from the A to the B representation.

Transformation of ¥ and ¥ intoc the ¥ interaction representa-
v r.f. Aud o ,

tion is now straightforward. will be treated first,; since it defines

r.f.

the energy'levels in the interaction representation:

' Transformation into the B representation yields:

(v-13)
| 3ac + bd . 3ad - be
o1 D A 0 3be - ad 3bd + ac
Uia x;.f_ Uyg = 52YH1 cos wt 3ac + bd 3be - ad
- 3ad - be  3bd + ac 0 B
and in the Hg intefaction representation one finaily has
o -1 -1 dwt -iwt ' ,
Hee. "~ Lq Yap Hop, Upp by =-YH(eTT + e ) S (V-14)
(3ac+ba)et F17E3) (30qpc)et (BB )T
O . . . v‘ -.' ) )
_'(3bc—ad)el(,E2’-E3)t;(3bd+ac)el(E2_'Eh)t

(3ac+bd)ei(E3;Ei)t;(3bc—ad)ei(E3-E2)#

(3ad-bc)ei(Eh_El)t;(35d+ac)ei(Eh_E2)t_
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-If the energy'le&els Ei are'well separated from each other (i.e. by
more than a few linewidths), the nonzero elements in the matrix will be

1wt'+ e—lwt).

highly time dependent before multiplication by (e By
adjusting the frequency w of the r.f. field so that it matches one of
the transition frequencies Ei - Ej , however, one pair of symmetrically

located uatrix elements in ¥

o ¥ can be made secular while the others

~remain highly_tiﬁe dependent;.lt iS'assuﬁed herevthat fhe tranéition
frequenciés corresponding to different sefs of energy levels are separated
by at least several linewidths.

Let us assume that the r.f. is aﬁplied.on resonance_for one of the

transitions, say w = El‘- Ehl. The secular part of x; *  yhich

.I.

determines the audio resonénce frequency and the effective gyromagnetic

ratio, is (the dash indicates that only secular terms are included):

K % =-yE(3ad-be) |

B

The éigenvalues of ﬂ; ¥! yield the rotatiﬁg framevenergy_levels;

f

% = . ; _ . * = * = . -x-"= _  - : _ ,. _ _

E _yHl(gad _ be) E, :EB  vo 5 E* = YHl(3ad. be) ) (Vv-16)

‘VgThe cofrespondihg eigenvectofs:are: - o y _> - '(V-lT)

o 1 - _ 0 03 1\
BTSN 1[0 .11 : 1 ;
B == 3 |B%H == clE == (1) o =2 8
R} 0 L 1 3 =\-1 L 0
Vo 1 V2 0 _ 2l 5 2\_;

B : B o B ' ~’B

’ It now remains to determine-which.transitions are excited by ﬂAud'v

In order to compute matrix elements between the states |Ei*), the audio
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hamiltonian is transformed into the Mg interaction répresentation by a

I = -W/3 ab+hp”

III'= (2/3 (a b7

V= <W/3 cd - udg

VIL = (2/3 (c®-a°)

where now_the ﬂg

L

~ procedure analogous to that used to find ﬂ} ¢ * above:
o | | | N 3 0
-1 l : II1 IV .

*: ¥ = -
Hpud” Lq Usp “aua Uas Tq YHpug €08 Wpuq t

' g o v vi /)

VII VIII
B
(v-18)

Here;

; 1T (2/5 (a°-b°) - lab)e (hl )t

— "'2
_ Lab)el (h El)t ;0 IV = L4v/3 gb + ha

; VI (2/‘ (c2-42) + hea)et(EgEy)t

+ hcd)ei(Eh'Eg)t , VIII = h/§ cd - kdz

Formally, the matrix above can be written

( ‘ )
E, | ﬂkud*lEj B

eigenstates in the B representation are just:
81,1
|E)Y =

2,1
i'B 63 i

h i

~ where 8, j=1ifd = §, and zero othervise. ‘The matrix élements of |

interest here are:

=
]

=y
K',K

.Z. <EK_'*|E1) g Ei|:"CAud*|E'j>}3< Ej"lEK*)B

K|y - ® # .
B ¥ 7 a™ 1B 5 | o
' (v-19)

=;leE£)B
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one finds -

= * o (E. | %
Mg+ x 2 :CK'i oy ¢ £ e 1B g
1,

Finding the expansion coefficiénts CKJ is trivial in the B répresentationi

1 gm '
= (B +YIE3>B)

- 1 . '
|E.®_ = —="(|E)_ +|E).) ; |E¥) =
18,5 "'I'B ¥ B’ 2B 3
o - (V-20)
IE2*>B = ——.:.1... (|E2>B - IE3>B)3 'El&*)B = —}: ('IEl)B - IE)_'_)B) |
=T Ve - o V2 ‘
To save Writing labor in the following, one can define:
(g *ED = (4 N
The matrix elements MK’ g can now bé written out frém EQS. (V417); (v-18)
) > : » .
and (V-19) by inspection (all cij's real):
. = * 3
RN Z °1,i% Sy, (103)
- i,J=1 ' .

(V-21)

1l
1
E {(l,l) - (4,1}

cos w, t {(-4/3 ab + %) - (13 cd - 4a%))

= - E-YHAnd
= 2YH . cosw t {~/3 (ab + cd) + b° - a°}
“Aud A ) :

Z . - -2 2 : i(E, - E_)t
| Ml’e = ’fYHAud cosigm;t {(/3 (av.—-b_) -~ 2ab)e } el |
v (/3 (2 - @®) + 2ca)et By T EYy

_ o : 2 2 L i(E. - Et

R W cos t {(/3 (& - %) - 2ab)e’ 1 2

- (3 (c2 ; d2) + 2cd)ei(Eh f E3)t}

t {(/3 (a° - b9) -:2ab)ei(E2 - E)t

= _YHAud cos Wy |
-1(E3‘— Eu)t}

 — W3 (c? 4vd2)v+ 2cd)e

M3,4 ) ’YﬁAud cos y, t {Q/§'(a2:- b?)ei(Eg - El)t .
| | s (/3 (P - d®) + 2ca)et(By By
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Here, one notes that all matrix élements Are generaily nonzero, but
all‘elements excepﬁ Ml,h contain é hiéh—frequéncy time depéndencé cor-
respohding to a perturbation hamiltonian which is strongly fo—resOnance
‘and thus does not affect the rotétingfframe population léveis.

The transition being excited by the audio field is therefore between

'states lEl*Y-and IEM*>-’ and the effective gyromagnetic ratio is

E ¥ - Eh*' o |
CYees = T w, - 2(38d - be) Ty

in the rotating frame of an r.f. fiéld”vectOr oécillafing af the transition
frequency betwéen Hg eigénstates [El) andviEh). The effeét.of audio field
coﬁponents along the y and z-axes can be evaludtéd,by'the same method. .
One findé that éll matrix elémeﬁ£s are either zero bf highlylfime depén-
dent, and'éccidental misalignment_bf the'audio field will therefore not
affect the results defived above.

So far, it has been assumed that the r.f. was applied at a frequency

'matching the transition energy between the two labdratoryvframe eigen-

, states'IEl) and ]Eu). For spin §-nuclei in the case with 4 nondegenerate

2

laboratory frame eigenstates there are in general 6 distinct transition

-frequencies. Each transition can be treated in the_samé manner .as . for .

7'|E1> © IEh)’ and for the field configuration assumed in this chapter the

effective'gyrbmagnetic ratios are given in the following table:
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Table V.1. Effective gyromagnétié ratios in the rotating frame.

Leb. Frame _ Lab. Frame Effective Gyromagnetic Ratio
Transition (Def.) Transition Energy in the Rot. Frame
3 E, - E2 Forbidden Transition
E, - E ' .
L L - Ey 2(3ac + vd) - vy ,p
1 E, - E) 2(3ad»— be) YLAB
6 E, - E3 2(3bc - ad) YiAR
2 E2 - Eh 2(3bd + ac) °* YiAB
> _E3 - Eh Forbidden Transition

 So far, only the case 0 < A < 1 has been covered. The range

0 < %-<_1 can be treated in & manner analogous to the above. To avoid
singularities when ﬂ; >0 (i.e. %-* 0), it is appropriate to define
2

the main hamiltonian ﬂ; in terms of the quddrupole'energy term hI?”T 1)
‘ _ : oT=-1

With this modification and A defined as before; the expressions for

ai(k) and Ti(A) leading to the transformation matrix UAB will be different

from those given for the case 0 < A < 1, but the elements of UAB remain

the same when expressed directly in terms of the parameters appearing
in ﬂg. Thus one finds for the whole range 0 < A < © that the effective
gyromaghetic ratios are as given in Table V.1.

Some caution is in order, however, when teking the limits A - O

J

‘and %-+ 0, corresponding to pure Zeeman, respectively pure quadrupole

laboratory frame hamiltonians. In these special éases, the values of-
Yeff are already known, and one may compare with results derived in
this chapter. Obviously, one must use the proper expressions with

] e2qQ . . . fps .
YLAB Ho or MI(2I—1) as energy unltsvté avoid singularities, asvmentloned
'previously. ‘More interesting, perhaps, are the following two pitfalls<

First, when the limits of pure quadrupole or Zeeman laboratory

frame hamiltonians are apprdached, all the transition frequencies wi



-elements in the r.f. hamiltonian matrix ﬂ?'f

will no longer be well Separated, and fhe overlap leads to additional
This in.turn changes
the rotating frame eigenstates, and thus it is_necessary fo go'back,tb _
the'secular rff. hamiltonian in order tovobtain theveffective gyromagnétic‘
ratios. The procedure ié'identical'to the one outlined above, and

leads to the expected result Yeff in the case where A = 0.

Secbﬁd, laboratory frame states may arigﬁ which are not connected

by the f;fQ perturbation. This is illustrated in the pure gquadrupole

: 1 " . . e2gg
= = = X
case (A 0), whére the quadrupolar hamllﬁonlan Q II(21-1)
.‘(eli - I(I + 1)) obviously commutes with the. r.f. hamiltonian ﬂ; r=

_ 2yHiIZ cos Wt. One may still find effective gyromagnetic ratios for

the pure Quadrupole case by assuming that the r.f. field is applied

-in another direction, say the x direction, and using the same methods

as outlihed above. In this manner, one finds that the retating frame

.eigenstatés are doubly degenerate with a leveivseparation YLAB-Hl-/gl

The'correéponding effective gyromégnetic ratid in the rotating frame
is therefore /ghYLAB’ which is the value already cited for this special
caise »

_ Comparisohvwith Eq. (V-13) shows that for a.givén1transition

between two laboratory frame eigenétates, there is a direct propor-

‘ ‘tionality between the ﬂ; £ matrix-élements of those eigenétates and

the effectiye gyromagnetic ratio in the rotating frame. Formally;

- therefore, one can define the effective gyromagnetic'ratio of a for-

- bidden transition to be zero. As the field configuration is gradually

changed so that the matrix element of H; for the forbidden transition

.f.

goes from zero to a nonzero value, the effective gyromagnetic ratio
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will also inerease frem zero.  For an allowed transition with a small
effective gyromagnetic ratio ene woula expect‘a weak'double resonance
1ine;"

The special case of an e.f.g.»fensor with n = 0 and the principal
axis perpendicular to the static magnetic field has been treated here,
since it wiil be ef interest in a iater chapter.l A more genersal case
wifh’an arbitrary angle O between the principal e.f.g. axis and the
magnetic field, and a nonzero asymmetry factor can be treated by e
straightforward, 5ut laborious application of the technique shown
‘above. In the special case where n = 0, © = O one has.[ﬂ’, ﬂé] =0,
and derivation of the effective gyromagnetic ratios in the rotating
frame can be performed entirely in operator form.

Finaliy, it is easy.to show that the rotating frame transition energy
Yéff, . Hl determined by audio resonance is the same one. which is in-

. volved in cross-coupling processes with other nuclei in the crystal, a
fact which is important in nuclear-doﬁble resonance; f.ex. Cross-
couplinglcomes about by perturbation of'tﬁe rotating'fraﬁe eigenstates
due to interaction between theAspin magnetic dipole moment end the |
fluctuafing local magnetic‘fields,jand the interaction hemiltonian-can

l "be written on the form}

1“' . R N R .
Kt At) I, B(t) Iy : .C(vt)v Iz
A(t), B(t) and C(t)'can be treated as c-numbers in this context. To

see how M} affects the rotating frame populations, one can proceed

nt.

- in direct analogy with the audio saturation case, but now weighting

‘matrix elements with the spectral densities of A(t), B(t) and C(t) at
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the rotaiing framé transition freéuenciés.' As was the case with audio
resonance, one finds that regardleés of which laboratory frame»transition
is being excited by the Q'f;.field’-ﬂint. can oniy cause transitions
betwegn the fwo_most widély-separated rotating frame energy levels.. Thﬁs,
the same two levels are involved regardlesé of whether energy exchange

takes place due to flipping neighboring dipoles or to externally generated

" fields, and one has effectively a 2-level system in the rotating frame.

V-B. Quadrupolar Spin-Lattice Relaxafion in
the Spin-Lock State

It is well known that .the spin-lattice relaxation time for a given

~nuclear species ih a solid can only be a uniquely defined quantity of

" one specifies the’sgates between which the relaxation takes place. The

reason fqr this is as follows: By suitable preparation of a given spin
system it is possible t6 define several sets of spin system eigenstates
(in appropriatg.reference frémes) where the state of.the system and its
e?dlution.in time is describable by a spin temperature. Each set of
eigenstafesvwill generally be different, ana.the perturbation’hamiltoﬁian :
which causes relaxétion will not transform into each reféfence framé
in the same manner, leading to fundamentally differént sﬁin4laiticev
relaxation tiﬁes. |

ihisvhas_been démonstrated by Leppelmeier -and Hahny+in.the case of
a system with pure quadrupole interaction in the iabdrafory frame; with

35 in chlorate salts: .In zero magneticvfield,

35

Cl has two doubly degenerate levels in the laboratdry frame, and

relaxation between these levels in described by a single relaxation time

35

'I‘l LAR" Anothér relaxation time can be defined if the Cl”” system is
3 . . . . :
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subjected to a spin lock sequence followed by continuous irradiation

35

by a strong r.f. field at the C17~ laboratory frame transition'fre- 

‘quency. The macroscopic magnetization along the rotating—framé magnetic

field vector will then decay with a characteristic time Tl S L . Finally, *
- N ’ - -

if one performs adiabatic demagnetization in the rotating frame‘(ADRF)

35 system which leaves the spin system in a dipolar state

on the Cl
(Cfr. II-B),then the spin order evolves towards its‘final thermal'equili-

35

brium value at a rate 1/T For the same nuclear species, Cl1%7,

‘ 1.ADRF’
Leppelmeiér and Hahn found that the three'relaxgtion times Ti.LAB’ Tl,S.L.
and Tl,ADRF Were»different:ih their analytical dependence on the relax-
ation perturbatién and had numerical values that were different, although
of the same order of magnitude.

‘The same three relaxation times may be defined and analyzed in an
analogoué mannef for nuclear species with pure Zeeman hémiltonians in
the laboratory frame, althbugh.thé perturbafion hamiltonian may be
difféfént (magnetic dipole instead of quadrupole inﬁeraction). This

leads to the familiar T for the equidistant laboratory frame Zeeman.

1,07
while relasxation after ADRF

1,LAB )
»'levels. Relaxation in the spin-lock stat¢ (i.e. described by T
haévbeen studied by Rédfieldlo and ot,her,?l’3h
. for.the‘strong~cdllision case first.waé anélyiedAby Slichfer and Aiiion.32

The casé wifh mixe§ quadrupole and Zeeman laboratory frame hamiltonians .
of arbitrary felafive magnitudes.is more.difficult. Apart.from increasedv
ahalytical complexity, there ére two reasbns fof tﬁis; 'First,.since-there'
- now are in general several»distinct laborafbry frame transition frequencies;

mutual spin flips will no longer contribute towards establishing a

Boltzmann distribution between the laboratory frame energy le#els and
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it may not be possible.to'define a_sPinélattice:relaxation.time.' For

the spin temperature description to be'valid, it is then necessary to
postulate that other mechahisms, like couplingato_other spin species,

' maintain a Boltzmann distribution, or'that the.system is initially in
.a state'describable by .a spin temperature, and that changes in popu~-
lations causedvby the relaxation perturhation are‘sUCh that the Boltzmann
distribution is conserved.during the time evolutioh of the system. " Second,
a ﬁixed Zeeman?quadrupole system will permit transitions characterized
by different relaxation rateslfl An example of this’is a.Zeeman system
with a quadrupole perturbation'(static).f_The perturbation eauSes'an'
admiXture of the pure Zeeman states, and as a result relaxation tran;
sitions with Am = 2 become allowed in addition to the Am = I trahsitions
allowed in the pure Zeeman case. The transition rates will be different
for am = 1 and Am =2, and thevrelaxation behavtor of the system cannot
he descrihed’by'absingle time constant. A similar result applies for
the Zeeman-perturbed quadrupole‘leVels in the laboratory frame.

Beldw the spin-lock state relaxation time T will be computed

1,8.L.
for spin 3/2 nucle1 with no restrlctlons on the relatlve magnltudes of
the Zeeman and quadrupole laboratory frame hamlltonlans l ,S.L. was .
chosen s1nce it is of interest in the experlmental part of thls thesis,

'but there are also more fundamental reasons why Tl S. L, ‘may be preferred

. ) s .

£ : i .
or study rather than Tl LAB l,ADRF' As was described at the end

~ of Section V-A, the spin system~in the spin-lock state can be treated

as a two-level system, and one thus avoids the problems of non-Boltzmanﬁ

population distributions and of non—exponential relaxation that were
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'ipvo}véa in the anéleis:of Tl,LAB' Expressiohs for'spin—iattice rela#—'
- ation times in the dipolar staﬁe (Tl,ADﬁF) cannot.be written with a;
much_generality as in the spin-lock case, since the dipolar state spin-
lattice relaxatioﬁ.timé will depend strongiy on the lattice symmetry |
and-parameters. |

Before plunging intb the com?ufations necesséry fof extracting
Tl,S.L.’ it might be a poésifle mofivating factor to gonsider what
additional'iﬁformafion,.if any , may be obtéined by extending an inves-
tigation to include; say , épin—lattice relaxation tiﬁeslin the spin-
" lock and dipolar statés in.additiOn-tb the laboratory'fraﬁe relaxation
time.. One obvious illustration of this appears in the experimental part

of the thesis, wheré.T was the only relaxation time which was

1,S.L. _
eXpérimentally obtainable at all for K39 in KDP! More generally, however,

one can éxplo;t the fact that Tl,LAB"Tl,S.L.'énd Tl;ADRF depehd on the
symmetry components of the lattice vibrations (or microscopic motion)
vinvdifferent ways, and aiso will exhibit different sensitivity to the
varidus parts.df ﬁhe fluéﬁuation spectfum of the rélaxation perturbation.
Thus , one can to some extent selectively study‘specific modes of motion,
and perhapé the»most stfikiég_exampleof this ié thévuse-?f_Tl,AﬁRF—
measurements in inveétigationsloq_ultréslow motion. Also, given a
set of analytical expressions.for Tl,LAB’ Tl,S.L. an@ Ti,ADRF in terms
of spectral déhsities ofilattice fluctuations (see f.ex; Leppéimeier
and Hahn3h), it isbin_principle'pOSSibie to express the spectral densities
 or linear.cémbinations of these in terms of the spin-la£tice relaxation
vﬁimes; Expgrimental deﬁermination of Ti,LAB’ Tl,S.L. and Tl,ADRF would’
- then yield considerable information -on the state of motion of the lattice.
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. V-B-1. Quadrupole Relaxation. General

The physical background of quadrupolar relaxation can be sketched
as follows: The relaxing nucleus, which must necessarily possess a

quadrupole moment, can be in one of the energy eigenstates of a time

vindependent.hamiltonian. This static hamiltonian may be purely magnetic,

.arising from interaction with an externally épplied magnetic field, it

may be purely quadrupolar and due to interaction with the local electric
field gradient; or a mixture of both. These energy levels are perturbed
by a time—dependent interactionlwhich.causes relaxation,; and in quadru-
polar relaxation, lattice vibrations cause the perturbation by altering
and redistribuuing the charges thaf are fhe sources of fhe electric
field gradlent at the nucleus. The ‘nuclear Quadrupole moment couples
to this time varying electric fleld gradient, and this Wlll stlll be .
the case when the“statlc (unperturbed) hamiltonian is purely magnetic,
f.ex. when the‘nucleus>occunies a,site of cubic symmetry with a resulting
zero static quadrupole interaction. A’deﬁailed anélysis will be given
'belou.

The quadrupole interactidn can provide a strong spin-phonon coupling,
end in pure 1nsulat1ng SOlldS at lattlce temperature ~(:b bye’ quadru—
polar relaxatlon may domlnate over other. contrlbutlons to the nuclear

spin-lattice relaxation rate. BelaXation can come about by either a

direct process where a single phonon'at the nuclear transition frequency

is absorbed, or by one of several indirect_processes, ~of which the two-

:.phonon Raman process is the most impcrtant. A'Raman’prpcess involves

annihilation of one phonon at a frequency W, and creation of another at w

j’

such that w - ub is equal to the nuclear transition frequency; In the
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:hlgh—temperature region, T ~ GQ)bye’ the two—phonon process will generally
be by far the most lmportant one, since the direct process only can take
place in a very narrow region at the extreme low-frequency end of the
lattice fluctuation spectrum, while the Ramaﬁ process ronges over all
frequencies in the'fluctuation spectrum. Since the direct.processv
depends‘on the spectral density of:the lattice fluctuatibns at the nuclear
transition fréquency, the difect_process relakation time will in general
be a function of the transition frequency. This is in contrast to the
indirect case, where integration of relaxation contributioné from all
parts of the fluctuation spectrum leads to o frequency-indepondent relax-
ation time.

The,first detailed analysis of indirect process quadrupolar relaxation
was made by Van.Kranendonk%2 Uéing a model with ionic point charges as
sources of the fluctuating electric field gradient (e.f.g.), and with a
thermally generated acoustic-mode disfufbance of the lattice, hevfound
the Raman process_relaxation veryAinefficient at temperatures moch
lower than the.Debye,temperatureCEﬁebye."At lattice temperatures

1/2(:%eb , the leading ternm ih the reiaxation rate.was foundvto

vary as T s 8 typlcal feature of Raman relaxatlon Latcr theories
oﬁ Raﬁan'process relaxatlon have extended the Van Kranendonk‘theory

.to include other sources of e.f}g. modulation, such as fluctuations in
electronic bondingfa’hh and lattice wvibrations of both acoustic andvoptic
type?l Tﬂe fesults did noﬁ depart dramatically from those of Van'Kranendonk.

In a few, but important cases, the direct procesé can be dominant,
namely whgn the spectral density of the lattioe fluctuations in the nuclear

transition frequency region (i.e., at very low frequencies compared to
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éverage phonon frequencies) becomes very much larger than predicted by

" the standard Debye spectrum. Ultrasonic techniques may be used to

generate such high phonon densities, but of more interest here is the

existence of highly excited low fre@uency lattice modes, or so-called
"soft modes" in' ferroelectrics near the Curie temperature T, As T~>T,,
theispectral.density'of ﬁhese modes increases enérmoﬁsly in the low
frequency region, and sufficiently close'ﬁd TC the direct process relax;

ation may become very rapid.

V-B-2. Computation of Spin-Lock State Relaxation Times

- In thié section, analytical epressions will be obtained for direct
Process quadrupolér spih—lattice relaxation times in tﬁe spin~lodk staté.
The reléxing nuclei will be assumed té havevspih‘3/2, and their static
magnetic and quadrupole interactions in the laboratory frame can be of
arbitrary magnitudes. Crystal orientation, fiéld configuration and
vhamiitonian parameters will be assumed identical to those in Section V=A,
and the resulﬁs'derivéd there can be used directly. Results for other
field configurations and crystal orientations are obtained by a straight-
forward eitension of the procedure_outlined‘belqw.

The spin iock state ﬁas discﬁssed'invChapter II,,énd Refield's
hypothesis of'a'spih.temperature_in thebrotétihg‘ffaﬁe waé presented.
Abﬁndant'éxbefimenta; verification of_the hypothesis has been reported
iﬁ the literatufe3 and in the following,.it will be:assumed that the _v
behavior-of the spinlsyStem‘in the spin-lock state can be described by“

a spiﬁ témperéfure. This musf be verified in each specific case, f.ex.
by\makingiexperimental comparisons with the.results in Chapter IV.  The

assumption will also be made that the rotating frame effective field,
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1 on fesonance, is much larger than local .

i.e., the r.f. field strength H
dipolar fields. This simplifies fhe aﬁalysis in théﬁ the energy feéervoir’ '
of the.dipolé—dipole couplings can be ignored, and there will be only
‘one thermal reservoir of purely Zeemﬁn character in thé.rbiating frame.

 The spin—lattiée relaxation time can be defined as the épin temper-
ature decay time, if the spin'temperature‘varies exponentially in time
tovards .a value correéponding to thefmal equilibfium with the lattice.
The expectafion value of>any traceless operafor will decay at the samé
?aﬁe as the spin teﬁperature, and thus the spin-lattice relaxation
process in the spin-lock state'can easiiy be visuaiized by considering
the magnetization: Immediately after spin_locking,.the spin temperature
is genersally low, éorrespohding to a large magnetic moment aligned along
the effective field in'the rotating frame. _Spinflattice relaxation will
cause the. rotating frame spin temperature to increase,vand the magnetization
veétor shrinks, while always being parallel to the effective field. The
final magﬁiﬁude of thé magnétizatioh depends on the equilibrium value of
‘the spin temperéturé.

 The spin-lock state spin-latticevrelaxatidn time will be deterﬁined.
here‘by computing:the exponential rate of change of the rotating-frame
spin temperature’tbwards.equilibrium, using'tﬁe.master equation in

45 The density matrix apprcach

opergtor fofm for the density matrix.
is eSsentially equivalent to cdnventionai time dependent perturbation
theory, but yields the perturbation results in a.more useful form, since
tﬁe density matrix and fhe spin temperature afe very simply reiated

when the system 1s describable by a spin temperature. Consider now the

mixed quadrupole-Zeeman system described in Section V-A. The description
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of the spin system given there was incomplete, since the quadrupole

interaction was treated as time independent. Now, the total guadrupole

hamiltonian will be divided up into a static part corresponding to the

time averaged interaction ¥. and a time dependent part ﬂi(t) which

Q

represents the instantaneous difference between the total quadrupole

hamiltonian and the time averaged one:

| J(Q(;) = x, + in(t) S | (v-22)

: ﬂé, combined with the Zeeman hamiltonian #_, defines the energy levels

of the nucleus in the labofatory frame, which are eigenvalﬁes of the
time independeéent main hamiltonian:
K o=+ ' I' » V-
N T )

The total léboratory hamiltoﬁian can then be written

H(e) =+ 3 o (6) +30() (V-24)

~ Where H} £ (t) respresents the interaction with the strong r.f. field,

‘as given in Eq. (V-1).

Hi(t) represénts a stationary,'fdnddm perturbation which causes
transitions between eigenstates in the reference frame of interest.

Bearing in mind that the master equation is a perturbation result , one

must reQuire'that-<ﬂi(t)> << AJ* ), where H* is the static hamiltonian
' which defines the energy levels between which relaxation takes place.

~ In the semiclassical treatment of the problem,_ﬂl(t) can be expanded as

% (1) = 5 70 (g) 4@ , (v-25)

Here, F(Q)(t) are expectation values of lattice‘operators, and appear

in the formalism as stationary random functions of time representing
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the random lattice fluctuations coupling to the spin system. A(Q)

are
spin operators, not necessarily Hermitian, and in order for ﬂi(t) to be

Hermitian it is usual to make the convention

. 4 +
pl@) (1) = p(-2)e.c. and ala) o p(-2) (V-26)
where the c.c. superécript indicates eomplex conjugate. In the case
of quadrupolar relaxation, ﬂi(t) can conveniently be expanded in the
form (Eq.(V-25)), with:
ale) . 3I§ - (r-1)
(#21) _ /8 : | - P
= —— + -
A | s (LI, +I1,1) (v-27)
(x2) _ V6 .2
A = Ii

where, as‘gsual I+..=,Ix t in, The F(q) defined by this expansion represent

the stationary random fluctuations in electric field gradient tensor com-

ponents of ﬂi(t), and will not be specified explicifly,

Master equation in opefator form. Laboratory frame.

The master equation in operator form can be written

_——dedét = —12‘- > Jq(wp(Q)) [Bp(—q) ’ [Bp(q) ot )] (v-28)

This expfession is weil established in the literaturehS and wili not Eé
derived here, but it_ié necessary to define its scope of applicability
and the'variqﬁs quanﬁities involvedu First, it muStlbe noted that-
“(Eq.'(V-QB)) as it stands appiies to the case with no strong r.f. fields

applied to the crystal. The laboratory fraﬁe hamiltbnian of the system is

H(t) = K + ¥ (t)
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where ¥ is £h§:time indepéﬁdenf'ﬁain hamiltonian and ﬂi(t) a sfationary
random perturbatioﬁ. As shoﬁn by ﬁeppelmeier, 'h0wevef, the master
equation that applies td‘the spin iock state éan be derived using qu,
(V-28) as a starting point. The.quantities 0*(t), Jq(wp(Q)) and Bp(q)_
.will thereforé_be éonsidered in some detail: |
’ é(t) ié.fhe ﬁrédﬁced" density matrix defined by

a(t) = p(t) - pl=) | (v-29)
where p(t)”is the standard léboratory frame spin system’densify matrix, |
and p(w) is_the density matrix at t>e . Aé'the spin system approaches
thermal_equilibrium with the lattiée, one therefore has O(t)fO.v If the

spin system is in internal equilibrium at a spin temperature Ts, the

density matrix operator can be written

p = f%—- e oBs ' : . (v-30)
where_Bs = E%—’. -In the high temperature approximation one may write

B - | |

LA | - (-3)

if all spih éperators iﬁvolved in the analysis are traceless. As in
.Section VQA, avstar denotes a quantity in the interaction representation,
ana‘thﬁs iﬁ.the'preSent case: |

o (t) = et o(t)e™ ot = (1) = -'Efif<ss(t) - B (=))% (v-32)
Thus , thevmaster equation (V—28) has been:derived in.fﬂe'interaction
Arepresentatioﬁ, ﬁhich;is freqﬁently'used_to simplify the problem by
géttipg‘rid7of the large static_interaétion ﬂg; The fight-hand»side of
fhe master'eqﬁation then depends qnly on the perturbation hamiltonian

* . o .
ﬂi(t) in the interaction representation.
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The BD(q) in Eq. (V-28) arise when the perturbation hamiltonian
ﬂi(t) is transformed into the interaction representation:

ﬂi(t)* = %5 F(;q) eiﬂgt A('q)"e_.i}(ot

(lattice and spin operators commute). One may define

. _i%
'elﬂgt A(q) . 1_Ot

i

A(q)(t)

which can be expanded as

' o (a)
A = o (O ey T (v-33)
b
. P
- where (a) are transition frequencies between Hg eigenstates, and
Bp(q) are operatbrs connecting the same eigenstates. ' This can be seen

by taking matrix elements of A(q)(t)

between eigenstates of Mb. The
+ ’ ’
(a) o ,(-a)

condition A mentioned above imposes the requirement

’ t . (-q) v e (a)
,' 2:'Bp(_q)g i, d t _ )> Bp(q) 10y 4y
v 5 "

and one choice compatible with this is

=W

(-q) p(Q') ’ | (V=3L)

.f.
B (~a) =B (@) and - W
b p p

In the semiclassical case (infinite lattice temperature), and

(Q) '.S

assuming that the_random phase approximation_applies_for the F .
- one can write to a good appfokimation:
(a)T

Jq(wp(Q))-= u/ﬁ .F(q?(t) F(q)(t—r)* efiwp dt (V-35)

- 00
and Jq(wé(Q)) is therefore the spectral density of the lattice fluctuation

parameter F(q)(t> atva(q).
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. Master equation in operator form. Rotating frame.

Consider now a spin system with a total laboratory frame hamiltonian

H(t) = H + ¥, (6) + 3 (2] (V-36)

" (t) (Cfr. (V-1)) has been included.

It will be assumed that the r.f. frequency is exactly on resonance for
one of the laboratory frame transitions. ﬂb and Mi(t) are as before.

Transforming into the Mg interaétion representation, one is left with:

o) = ()" + % ()" ©(v=37)

7

* %1
s denoted by ﬂ}

As noted pfeviously, only the secular part of M} £ £»

needs be retained,:since it defines the rotating frame (or interaction

represehtation)benergy levels. The nonsecular part represents a negligible

'perturbation; In the rotating frame the relevant hamiltonian is therefore:

J{( )* J(’ %1 J{‘ ( *
t Truncated ~ " r.f. TN t)

*1 . *
uhereva} £, now is time independent,.while the fluctuating ﬂi(t) causes

- relaxation between rotating frame eigenlevels. Note that mi(t) has picked

np a coherent oscillation in addition to the stationary, random fluctuations,
vhich is due to‘the transformation into the rotating frame.

~Assuming that the spin lock state can be described by a spin température

TS L (S.L. stands for spin lock) in the rotating frame, the reduced rotating

frame density matrix can be written in analogy with Eq. (V-32):
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o (t) = -7 (8

| o
Tri (£)) = Bg g, (=) 3

S.L. (V'38)_

f.

Comparing now the haﬁiltonians‘pertaining to thevsﬁin system in-the
rotating frame with those given above in the laboratpry frame with no
f.f. field interaction, ome sees that the tﬁo cases are fundémentally
equivaleﬁt, and complete analogy.exists at each step in the derivation‘
of the master equation. This implies that the masfer equation in the

spin=lock state should have the form:

% ' :
do_ (t) . 1L (q) (-q)* (q)* * ¥
FT— = -3 LI e I3 T, [BSYT 0T (v-39)
q,B v
where
%% : -m#' ¥* 'ﬂﬁ[ * ' 4
o (t) = et r.f.t o (t) e * r.f.t =0 (t) (v-ko)
Jq(wp(q))is defined as before, but the spectrum of frequencies

. , *
ws(q) is different, c¢cfr. B (q) below.

(a)

The Bs(q) appear in analogy with the Bp when transforming the

_ _ . v %
perturbation hamiltonian ﬂi(t)* into the ﬂ; interaction representation:

.f.
. o A (q) L
#% - (-q) i _t _ (g) iw "t -iK .t
| ﬂi(t) = 2: F e r.f. Bp | e" p e r.f.
b,a . )
‘where one may expand

| (a) - a0t (q) A = B(q)* eiwr(q)t. (v-h1)
Bs (t) = e r.f. Bp V™% £, pr

, .

Here_Béi) and_u}(q) are new quantities defined by Eq. (V-kl). Since

. s . 4
ﬂi(t)v is hermitian, one can write in analogy to Eq. (V-33):

(q), (v-42)

(w (q)+wr(q))t - 2: %(_q) 5 (q)* Lot
, s
gs

LA (-q) L(q)* i
H(t) = EELF Bpg et
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S

'w (a)

~transformation operator e o

105

() _ (=) 2 (@), , (&)
s P T .

(q)* _ <3 (—Q)*)T = B(g)* W

S : P
() are typically level sepérations in_the laboratory and

and w
8

and W
he r

rotating frames,-respectively.v

From Eq. (V-39) it is seen that if the double commutators yield some

* %

(V%
number times ¢ (t) for all Bs(q)

, then the spin-lattice perturbation

*% . . '
, and in a given

will only cause an o?erall scale factor change in ©
representation, no new elements will be introduced into the density
matrix where only zero elements existed before. lIf the density matrix

is initially of the form (Eq. V-38)) with a spin temperature T (t=0),

S.L.

then Eq. (V-39) shows that T (t) will decay exponentially towards an

S.L.

equilibrium value T (t>). The exponential time conétant can be’

S.L.

defined as the spin-lattice relaxation time in the spin lock state: Tl S'L
N N ’ - .

The master equation (V-39) can now be applied to the case of a mixed

.Zeeman-quadrupole laboratoryvframe.hamiltohian, with a strong r.f. field

applied to the sample. The procedure is quite simple in principle:

*%
to find ¢ (t).

f. .
. L k% ) .
2. Compute ﬂi(t) » from which the different B_

* 1
1. Compute ﬂ;
(q)* can be extracted

directly.

' : ’ —q ) ¥ . * %%
3. Evaluate double commutators»[Bs( a) . [Bs(q) , 0 (t)]] and solve

‘the master éqﬁation.

Iﬁ practice, however, one immédiaﬁely_runs into trouble, because fhe
‘ ﬂ't = ei(ﬂéﬁﬂi)t cannot bé expanded directly'in'
spin opérators. This problem is.circﬁmventeds as in Section V-4, by going
into eiggnrepresénﬁaﬁions and ekpréssing spin opefators explicitly in
maﬁrix fofm.. |

. * 1 : '
Results. for ﬂ} were already obtained in Section V-A. Depending

f.
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on which of the four allowed laboratory frame transitions was driven by

H_ . (t); one obtained (Cfr. (V-14)):

r.f.
: *®
‘s jc*' - ' T ol T
Transition a@ w =E - B;: £ 1 —Y—YHl(3ad - be) T =-3 T
*
=B -E: X . (304 - ac)'T. = - 2 .
Wp = Ep = By Hpp, 0T TYH(3Rd mac) T, = - Tt
| * (V-43)
ﬂyv . : : )T, = wh r
N P -YH, (3ac + bd)-T) = - —— -T),
_ : *
' S r % p
o = By = Egi ¥y ¢ g = “YH(Sbc - ad) Ty = - = oIy
Here, one has defined wi as the transition frequency in the rotating
frame corresponding to the laborafory transition at wi, and>madé use of
. the rotating frame effective gyromagnetic moments derived in Section
V-A. Also, it proved'convenient.to introduce the definitions:
- ' 0 0
0 1 0
r. = T, =
1 6 0 1|
0 0 ‘B

‘It is assumed that all tranéitionsrwi (1 =1, 2, 4, 6) are well separated
so that the lines do noﬁ overlap, and the reason for this was discussed

‘at the end of Section V-A. Substitution of the different H

r.f.,i (1_="

1, 2, 4, 6) into Eq. (V-38) yields four expressions for the reduced

denSity_matrix which can conveniently be written:

oM = op(t) = (Bg L (t) - By L

S.L, i

()0 T, (v-kb)
with

O o= o YHl(3ad - be) , ete.
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It might seem alarming’from a spin-fempérature standpoiﬁt.that the T
: ' o i
given by Eq. (V-43) and thus_oi (t) are non-diagonal, but it should be

noted that the F; are expressed in the B representation. In the repre-

* 0

sentation where ¥

. . P . . .
r.f..i are diagonal, the 5 will be so also

'v*ﬂi(t)** ié computed in two steps,'starfing withzﬂi(t) as defined
>by Eq. (V-25) and (V-27). First an expression for ﬂi(t) in the ﬂb
interaction represeﬂtatiOn, ﬂi(t)f, is deri?ed,_which is common to all
_transitions.wi. Second, ﬂi(t)* is transformed into the interaction
representation of thg secular.r.f. hamiltonian in the rotating frame.
Four different expressions for ﬂi(?)** are thus obtained, depending on

| o N
which ¥ . is used.
~r.f,i

First interaction representation.

(q)

The operators A are first written out explicitly in matrix form,

in the usual representation where Iz and 12 are diagonal (denoted by
subscript_A). They are then transformed into the ﬂ; eigenrepresentation

__(denoted by subscript B), using the transformation matrix UAB derived

in Sectign"V—A. In the ﬂg éigenrepresentation the transformation matrix
i ¢ . as . ‘ ' . .
(e7 o )B is diagonal (cfr. (V-4)), and one now finds easily:

i, w0k = D rt) (P L @)y (- 3 el ()

T f B’ AB A AB . "
(V-45)
with R : : L '
v S ' 4(&2—b2) 2ab'elw3t
o . ' 0
L)% o)rt [ zapreiwst (8207 ,
(A7 )= A7) =6 = — :
| | ' (c“-a%) oedet¥st
0 .
2cd'e__lw5t —(cg-dg) B




t

Q(ac+bd)e‘imit -(bé+ad)e'

0 “(a2-p2)e 3" | _(beraa)e™™t  (ac-ba)e™1
2. 2\ ~iqt ' ; ;
(a™+b%)e .1“_)3 E 0 _ (_ac-bd)elw6t (bc+ad)em2t
: —imt ' . _.. . U i
~(bctad)e 4" (ac-ba)e “6" 0 ~(cPra?)etst /-
(ac-bd)e™* w?e (be+ad )e—l,QQt. ( +d® )e“im5t 0 B -
 -2ab (a°-p°)elws® ~(be+ad)el™s®  (ac-ba)ei®1t
' _a2—b2)e_lu_j3t 2ab '_(,a,c-bd)elw_6t (bc.:+z3.d)elwz‘)G
(bc+za.d)e._1 wht - ac-—bd)e'_let 2cd ~( c2~—d2 )elwst
Twyt '—02—d2)e—1w5_t7 =2cd.

-Q0T~



Second interaction representation

* , *% ' )
-Given Hi(t) , the desired Wi(t) is found for the transition Wy of -

interest by evaluating (in'mafrix form) :

® : L s

C A I M G N I T O M Gt X NN
which yields:
WD L I iy ) (e‘l"":'f i%)
. 'B. 4 > /B . 'B B

Since the procedure is identical in all four rotating frames, it will be

*%
sufficient to ocutline the derivation of Ki(t) for one transition, say

the one at‘w :

1° ) .
v | % .
Using the expression Eq. (V-43) for ﬂ’ £.,10 the transformation
operator is’
x
_Hﬁ'_ Y F.t
CerMrf. =Tt T2 1

' By noting that the matrix Fl in the B representatioﬂ satisfies

3.
r°=r

the expansion of the exponéntiai can be brought to the form:
*

28 .
: *
il —%—-T t

| Nt o & @)t (9 )+. & (= (@
= "P1§ (2801 ( _1F1§(2m+l)!(

cos %—t 0 0 #i sin %_—t
_ 0
T 0
o * © *
1
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®x .
Computation of the (A( q), )., is then "strajightforward but somewhat

)

B

tedious, and the different Bp(q can easily be picked oﬁt, keeping in

-:mind that'ws(g)'='; ws(—?),vand checkinéVthax BS(Q)* = Bs(_q)*f.v Nonzgro
Bs(q) are found fof |
q=20 -:ws(o) =0, % wl*
q=4+1: ws(ﬂ) = % wl*. R t‘(w:L + wi*) ,'t‘ (wl‘- wl*j | (V—h6.).
q=1%*2 :jws(i2) =0, tw ,¢ wl*‘, + (ml ; wl*) R # (Ql - wl*)

According to thé mastef equation (Eq. V—39),_for each ugcl) the spectral
: -q ) ® * %%
density Jq(wS(Q))vis weighted by the magnitude of [Bs( q)_,[Bs(q) 0 (t)]].

The double commutators can now be worked out, and choosing as an example

g
| ~1 0 0-1 -1001 0001
_J3 '}2 : 0000 .0000 0000
<F/§(ac‘bd) (BS.L.(t)_BS.L.(w))Cl oo0ao0/°\ cooo0/>looo0o0
1001/ B1o001/y \Mooo
- otacba)? (6, - (1) (@), = 9(ae-ba)%s, " (&)
= 9lac-bd)” (Bg 1 (t)-B5 1 (=))C;T) = 9(ac-bd)7c) (¢

Here it is worth noting that the double commutator does indeed lead to
*% ‘ .

0 (t) times a number, which is important for reasons discussed above.

. Analogous results are obtained for all Bp(q) (in some.cases the double

‘commutator is zero), and plugging the results into the master equation,

one obtainsg:



-111-

2

oI S (8 ;(t>-Bs,L.<“>> - - %ﬁcifl(ss;tj(t>-ﬁs.L.‘ )){36(a2—b2+02-d2) x

114t S.L

JQ(wl%)+1hh(ab%cd)2J2(ui%)+36(aé—bd)?(Jl(wl+wl*)+Jl(wlfwl*)+J2(wl+w;)+J2(wl-wz»}“

Obviously, a solution

( ' : y ooT
(Bg,;, () = By (=) = (Bg | (0) = Bg | (=) e "1,8.L
exists,awith
- ) . | ) ‘ *
S = 18( 2-b2+ 2 d2) J (w )+72(ab~cd)2J (w. )+18(aC—bd)2{ (w.+w. )
T . o 1 : oY1 1\*¥17%
1,5.L _ .
( I * 3, (w *)}
+ Jl (1)1-(1)1 ) 5 u)l+wl + ]_ ]_
Where T -~ can be identified as the spin-lattice relaxation time in

1,5.L.

the spin-lock state of transition w, -

Results for the three other alloWed transitions are obtained in the
same manner and may be summarized as follows:

Table V 2 Spin-lock state spin-lattice relaxétion rates.

Laboratory Fra.me ' Relaxation Rate
Transition : L '
w, (1 =‘1,6) . ; o 8(_2 b2+c2_d2)2J (w )+72(ab cd) J (w )
o l.an. ey
o+ ~bd ‘ - _ W, -W
_lS‘ac bd) {Jl(qi+wi)le(wi Qi)+J2(wi+wi)+J2(_i i)}
W, = 2.h ' B % . 5 %
f=2.h) 1,2 b2-c?+a®)J (W, )+T2(ab+cd)ZT (w) )
T, o i _ 21
158.L. S o
. ) L% * : % . *
+ - ; -
18(abrrcd) {3, (g 47, (g <y (4] 143, (0, - )}
-wi(l =-33$) ‘ e not‘defined.  (Forbidden transition)

Ty s.1.
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Fof reésons‘df comparison, oﬁe méy apply thé méthod outlined above
-té the case of a pure quadrupole laboratory frame hamiltonian, where an
.analytic expression already hés'been thained by Leppelmeier and Hahn,3%
using an operator formalism where higher order spin operators are -
represented by Pauli matrices. |

Pure quadrupole intefaétion cofreéponds to the limit 1/A -+ 0, i.e.,
a=c =,l//§-and b =4d4d=0. In this limit, the r.f. perturbation will
‘ not connect the doubly degenerate laboratory frame eherg& eigenstates,
with the field configuration assumed in this chapter, and the resﬁlts
pfesented in Table V.2 cannot 5e used (cfr; comments at thé end of
Section V-A).'_An r.f. field applied in‘fhe x-direction, with the
experimental configuratioh‘otherwise unchénged, leads to nonzero
transition probabilities, however, and‘the procedure outlined above

applies. In this case the r.f. hamiltonian matrix contains twice as

many elements as in the nondegeneraté case (cfr. Eq. (IV-1k)). One

obhtains:
1 N N * . o *
= + w + W -w ) + W+w ) + W -w
7 18 J (@) +9[d (0w +w ) + I (w~w ) + I, (0 +w ) + I, (0 ~w)]
1,5L . .
where w = 3e2qQ/2I(21 - 1) is the'laboratory freme transition frequency

* . ] B
and. W - ='/§-YLAB HI is the transition frequency in the rotating frame.

This result is identical to that of Leppelmeier and Hahn.
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- VI. EXPERIMENTALYCONSIDERATIONS
A pulsed, single-coil NMR spectrométer was usgd in cpnjuction with
a Varian 12-inch magnet and Varian gas flow sample temperature control
syétem. Parts of fhé electronic systém, especially gate circuits and
'traﬁsmitters, were the same.thaivﬁave been described in detail by

12 : ' :
McArthur, - © and will only receive a brief treatment here.

VI-A. Pulse Sequence and Timing -

In the doublé resonance experiments of interest here, magnetic
fields were applied to the sample at three different frequencies:’
"A spin" transition frequency in the'laboratory.frame;- 11.011 MH%2 (fixed)
"B-spin"_trénsition frequéﬁéy in the laboratory'frahe: Appéfatus tunable

- from ~260 kHz to ~3.25 MHz | |

"B spin" transition frequency in the rotating frame: Audio range
The fields:had to be accuratel& modulated in»phése and amplitude; an
exémple’is,the ADRF douBle resonance éycle'shown in Fig.'III?Q; A
. mastér_timé unit (Digital Pulse Genéfator-—Modei ") initiated‘each‘_
cycle of pu;ses-ahd confrdliéd the.séquence of events throﬁgh a series
of pulse delay units'and gated pulse generators, cfr pulse steering
‘shown - in Eloék_diagram of the apparatué in'Fig, Vi-1. Thevmaster time
| ;ﬁnit contained a crystal 63cillator for time referénce, and digital logic
éircuits vhich controlled.start and stop times for three separate gates.
" Using the start of oné of these gatés as tiﬁe referehce, the starting |
times bf theitwo othersvcduld be delayed up to 99.9Amse¢ in éteps of
O.l.mSEC. Géte stop time for all three channels could be set individually
from 0.001 sec to 999.999 sec in steps of 1 msec. in,addition, shortv

triggiﬁg pulses were provided, marking the leading and trailing edges of
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Fig. VI-1. Siniplified block diagram of the ADRF double resonance apparatus. .Master time
) unit, pulse amplifiers and pulse delay units not shown. :
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the pulse in each channel. The cycle repetition rate.could be set from 10 mséc
to 999.99 sec, in steps of 10 msec. :The master_tfme unit énd the pulse
delay units providing gates'for signal sampling (béxcar gates) were
designed and built by‘the Physicé Departmént Electronic Shop.  No cifcuit
description of these units will be given here. The rest of the pulse
:deléy units and pulse generators were Tektronix 160 series modules,
.triggered and géted directly from the.master time unit via pulse amplifiers,
or cascadéd. |
Five.differeﬁt subéystems which required timing control will be
described separately below. They are;
‘“A" trénsﬁitter éystem
. "A" receiver gysfem
fB" trénsmitter system
Audio system
Sighal Sampling system

As usual, A and B pertain.to abundant and rére'spin species, respectively.

VI—B. .Cable and Coil Arrangémént

A single c6il served both as A aﬁd B trapsmitfer chl.and as A
feceiver coil. Partly, this was poésible due to the difference in A
and B ffeqﬁéﬁcies, gnd_partlyibécausé B-r.f.vwaé_only_app;ied when A r.f.
_ was néithef trénsmiftédnﬁéf received. Thé relay circuit disconnectiﬁé
;fhe_A Sysﬁem during B/r.f. irrédiétiqn is_shown in Fig. VI¥2. . In order
to avoid relay contact-ageing or damage due to ﬁhe high current levels |
during.the‘A'r.f. transmitting period, and especially to enéure low
cbﬁtact resistance and noise'during the“feceiving period, mercury
wetted contacf reléys were used (C. P.VClare Type HG1003). The A

~tank circuit tuning capacitor was located in the relay box. The
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distance’hetween the capacitor end fhe'A“coii was epproximateiyxl m,
ompared to the free space wvavelength of 27 m at ll MHz.

Sample coils were made of #16 1nsulated Cu w1re, relnforced with
eéoky.- Approx1mately a third of the w1nd1ngs in the center of the c01l
made up the A coil, which was connected by wires soldered to the 51de of
the coil. The total length of_the coils, i_.e.1 the B portion, was from
4 to 8 cm;'withu30-£o 40 windings. Typieal inducfences were 1.3-2.6 uH
and'4.7—5.7 uH foi the A and B portions of coil, respectively. The B
. cqil was appfoximately twice as long as the samples and thus provided
a hqmogenequs.B r;f. field at the sample, which isbnecessary for
sharbl& defined energy levels in the rotating frame. The relatively
shert A part of the.solenoid might have resulted in some loss of A
signal, since a varying A r.f. field strength over the sample volume
leads.to different ﬂ/2lpulee-requirements‘and poorer spin'locking
- efficiency. |

Since the same coil.connections'were used both.in transmitting
and reeeiving at the A frequency,‘special care had te be taken to keep.
_f f. power from leaklng 1nto the receiver durlng the transmitting perlod
V_A seheme descrlbed by Lowe and Tarrh7 was edopted where one made use of ‘the
impedance_transforﬁation properties“of a Ak ceble, cfr. Fig. VI—3:

.Connecting cables were made. of such length_that the electrical

distance at 11 MHz was. A/2 along the cables from trensmitter to sample

tank circuit, and A/2'from the sample tank circuit to the receiver
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ihput. AS.Shown in Fig.‘VI~3; a bank of series crossed diodes were

interposed in the transmitter arm close to point A, and a bank of

- crossed diodes led to ground at the receiver input (point B). Six to

eight pairs‘of;IN60hvwere used at both.points. The distance A-B waé'
by | | S |

The diodés h',avev' low for'wa.rd'impedan'ce at the high voltage and
cﬁrrent levels during transmitting, and high impedance at the low voltage
levels ({1vmV) during'feceiving. Thus, when the r.f. power is applied,
the diodes at A pass the current with little attenuation, while the
heavilyvCCnducting diodes at B keep thé voltage at the receiver input
clamped at a low levéi'and effectively constitute a short on the line.

This short transforms to an -open ended circuit as seen from the distance

A4 at A, and ideally all power flows from transmitter.to tank circuit,

which should bé natched to thé line when on resonance. In the receiving
period; all diodes have high impedance. The series diodes at A isolate

the transmitter from the tank circuit and receiver, while the diodes.

" at B have regligible effect, and the receiver is matched to the tank

circuit. The electrical distances'aIOng the cables“ffom the tank circuit.
and to the_transmitter-and receiver were each chosen equal to a half
wavelength.' Thesellengths ére ifrelevant when perfect matching to the

line obtain55 but make matching requirements less critical. One may |

:note here that the distributed A tank circuit with funing ,capacitof at

a distance from the coil provided stable capacitance values and ease

.of tuning, but might have had some adverse effect on the impedance-

matching to the cahle.
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As pointed out by-Léwe'and Tarr, the siﬁgle—poii’design outlined.'
ahove is'vefy efficient in its ﬁsg of r.f. power to produce a large
rotating field éémponenﬁ at the sample §i€e. It aoesrnot involve the
critical halaﬁcing:of‘a cfossed coil or bridge circuit,'and features
short rééo&exy times.

The A/B coil axis yaé vertical; i.e., perpeﬁdicular to the magnetic
field Ho’ and the sample was insertedrffom above at the end of a mounting
rod. The internal coil diaméfer was 13.5-14 mm, énd a good filling
factor was obtéined with lé—lB m ¢ c&lindricalvsamples. The lower part
of the mqunting:rdd was of teflon to reduce thermal conduction from
the sample. and possible disturbance of the r.f. field pattern.in the
coil, The sample . axis was parallel ﬁo the magnet pole faces within 1°.
'Samples could be rotated about the vertical axis by turning the sample
rodiwhich extended Qut 6f the samplé Dewar; and aﬁéles of rotation
could be measured and reset within #0.5°. |

A Helmholtz coil pair with the céil éxisvparalléllfo HO was used
to_creaté'homogeneous audio fields,at the sémple."

VI-C. The A System

Both the A transﬁiftér and receiver systems are shown in the block
 aiégram.dn.Fig. VIi-1l. 1In the ADRF operatihg modé, a single tfigger
puise from'the mgster time unitvstarts the ADRF pulse séquence by
tfiggering the firstﬁof threeiponﬁected pulse delay units. A long
(seferal secdnds) gaﬁe pulse from the master time ﬁnit'then activates
thebrelays which diéconnecf the A coil during B r.f. irradiation. After

the relays have returned to resting position, a single trigger pulse
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from the méster time unitjcahsas'ffanSmitting éf the § éample pulée,
and at the‘same time starts the‘pulsé generators which provide samplingx
: gates,fof the reéeiviﬁg syétem. By bloéking_the_ADRF and 90° phase
shift gates, the-zero reference for dipoiar signal could be obtained,
aﬁd fhe’gatg-pulseé could éasily be modified to yield m/2 - W/2 sequences,
'etcé | |

A ffeé—running crysfal contrdlled'll MHz OSCillator-prbvided
CW'r.f. to the A_r.f.,gaﬁe aﬁdfa.bhase Sensitive detector_in.the receiver’
system, crf. schematic on Fig. VI-k, The oséil}atdr frequency.11.0119 MHz
was stabie to l:ld6 o&er periods of ﬁeeks.v
VI—C—l.».Transmitfer

The-electrdnics in the A R.F. GATE AND 90° PHASE SHIFTER, and the
MODULATED A R.F. POWER AMPLIFIER‘have'beén described in detail by |
McArthur,12 and only a functional déscriptign will be_given‘here.
:Schematicslare shown invFigé;'VIfS, VI-6 and VI-T. R;f. frém the 11 MHz
oscillator will énly'pass thrdugh'the'A r.f. gate as longvas the gate
pulse is oﬁ. Thé.f}f.vwill be ihaSe'shifted by 90° whenever A r;f. gate .
-and phasé shift‘gate puléés aie suppliedlsimﬁitaheously.v Thé ﬂ/? pulse -
“‘spin'locking wd&efdfm is.thus obtained byvdelaying the]phase shift gate
by "t"”_,' the Tr/2 pulse w_iat‘n_. “I;h‘e’;gat»evd and ph‘ase'vs'h_i_f“t‘ed Ar.f. then
» passes-into the firét'stagé'of thé modulated A r.f. power‘amplifier,
thich.coﬁsiéts of aﬁ ADRF wave shaper and'éathode fdlldﬁer; a preamplifiers
a driver, pulse taii dampiﬁg Cifcuits and fin#lly.avpower amplifier.
Application of the ADRF pulse leads to a'smooﬁh turn-off of the r.f.,
with a time constant less than 1 mséé. The A.r}f. gate, 90'O phase shift
gate and‘AbRF gate were chosen considerably longerbthan this (typically

L. L msec,v5,2 msec and 5.2 msec, respectively) to ensure that the
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adiabatic turn-off he éomplefe. The pulse tail dam?ing circuits
suppfessed ringing in the 11 MHz turned transmitter circuits when the
dfiving pulse was turned off. An 813 class C amplifier dri?en at
1300-1500 volts Vas[used in tﬁe final power stage. The system produced
an li MHz rotating fiéld component of B.h gauss peak in the sample coil.

Tuning of the transmitter éystem was done successively af the
sample tank.circuit and at the Qutput'df the transmitter. A leakage
monitor signél from the power stage and. the Zeeman free induction
signal after a =n/L pulse were maximized. The 90° phase shift adjustment
was monitdred by leaking part of the output from the A r.f. gate and
phase shifter directly into the phase sensitive detector signal input.
VI-C-2. Receiver

The reéeiver was of the wideband type. With a preamplifier
recovery timev<h us, tﬁe total system recovery time (<4 ps) was
determined by the sample tank ciréuit'at 11 MHz.

'Signalsvfrom the sample first passéd through the PREAMPLIFIER and
PHASE SENSITIVE DETECTOR. The detected signal was gmpiified further
invthé VIDEC AMPLIFIER, énd could then be mbnitored on an oscilloscope
or capfured by the BOXCAR INTEGRATORS. The boxcar output was recorded
- continuously on a MOSELEY 680 CHART RECORDER.-

Unity signal to ndise,ratio for thevtdtal systeﬁ was obtained at
‘O,h'uVﬁMs,-referred tovthe preamplifier input, and at a detected signal
frequency of 120 kHz. A receiver géin and linearity check was madé at this
frequency by feeding a Qalibrated low-level signal from a Hewlett-Packard
606B oscillator ipto the preamplifier input. The 60TB freguency wés set

to give beats at 120 kHz, which was well within the preamplifier and
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phase sensitive detector handwidths, and heat amplitndes-were measured

as a function of input signal. Voltage gain was found to be 3 -+ 10

and was linear within measurement errors (2%) in the input signal range

0-50 uv, which covers thé range of signals from the sample.
The PREAMPLIFIER was designed by Dr. M. Schwab and co-workers at

LBL, Livermore and featured short recovery time (2-k US); wide bandwidth

(5 MHz at 6 db and 11 MHz), and a voltage gain of approximately 700 at 11 MHz.

As shown on Fig. VI-8, the preamplifier consisted of three equivalent push-
pull stages coupled'by Relcom wideband trahsformers. Transistors in
each stage were thefmaily balanced by a common heat sink. The crossed

diodes at the input were in addition to the bank of crossed diodes

‘before the receiver input, and therefore not essential. Special care had

to.bg taken in the~lay—putﬁto avoid instability.

The amplified 11 Mz signal was fed to the PHASE SENSITIVE DETECTOR,
along with a rgferenée signalvfrom‘thg PHASE REFERENCE'UNIT, as shown
oﬁ Fig; VIi-9 : 'The 11 MHz CW signal ffom the crystal controlled oscillator

could be phase delayed by slightly more than 360° in the AD-YU 505B

" delay line. Phase shifted r.f. was then amplified and limited to make

the reference output stable and insénsitive\to delay angle, and . a

cathOde follower provided low impedance output. During early'experiments, 

,phéSe drift due to temperature variationé in the delsy line was a problem.

The delay'line'ahd connecting leads. were therefore encased cbmpletely in
molding styrofoam, with some improvement in signal‘stability,_ The phase

reference output into 50 2 could be varied up to approximately_o.h VRMS'l

Phase sensitive detection was achieved with a Relcom double balancéd mixer

type M6D, which has.a flat frequency response from 50 kHz to 200 MHz: The



— —6v
.Olp,f. : __L» '.v

L2248 N
T S L, B e
330 ' 330n : : 330 .
471‘1 ‘
o MIXER
| AND
13 ¢ G = | TR¢l VIDEO AMP _
Lle v LaRpl " | 'ﬂ
f | T3 Ta s, Te  qrC 77]7 =
.0l . @
_ | — — —i '
NOTES: _ : ) :
o Ea H E FERRITE .
T,- RELCOM BT8 . _ BE ADS '
T,,T,.T,-RELCOM BTS N ’ Iﬂ» +6v
T,, Ty ,T,~RELCOM BT9 2.2pt ' | ‘ | A7 pt
-~ ;E CERAMIC - : TANTALUM
ALL TRANSISTORS-2N2857 v _ : _ ,3;
R,, R, —220.a

ALL DIODES - FD6666 |
. XBL732-5704
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reference suppliedlaf the L port was at‘least an ofder of magnitude
1above the signal leyel. Current direCtion in the diode bridge would
then be such that the effective ground potential created by voltage
division in the bridge‘wasbsﬁitched once every half period from one end
of the signai transformer secondary to the other:‘ If a CW signal of
the same frequency as'fhe reference is supplied at fhe Riport, a vqltage
with fixedlpolaritybrelative to ground will appear at tﬂe output port T,
since the gfouhd reference is switched in step with the current direction
in the signal tfansformer.secondary. " The output signal will vary
sinusoidelly about zero as the reiative_phaSe between reference and
signal is changed.
‘ The detected output was amplified iﬁ the VIDEO AMPLIFIER, which
was built by the.Physics Departmenf Electronic Shop. As shown on Fig. VI-10,
the unit consisted of a DC- coupled operatlonal amplifier with stabilizing
feedback; Voltage gain was approximately 50 at DC, and dropped by 7T db
in going fb'250 KHz. (Rise'time of typical signals from the sample was
approx1mately 10 us 'R |

Slgnals were recorded w1th 8 double BOXCAR INTEGRATOR system
as‘shown on F;g¢, VI-1l. = The box cars were des1gned and built
By'the“Phyeics Departmenf Eiectronic Shop, epd cperated in twe modes:
_When a gate pulse ﬁas supplied, theftransient signal Vouid charge up
an RC-cireuit to a voltage depending on the éignal level.and the adjuétable
RC time constant. In the holding mode, this veltage was kept.consfant
',‘by.a circuit which compensated for leakage eurrents.” Minimum holding

/
~time, aefined by 1% deviation from initial voltage, was 10 seconds. In
practibe; the chart recorder could be run continuously from the boxcar -

t
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output wifh‘né detéctahle drift, even vhen time‘hétwéén samplings was
several.minutes. :In order to eliminate slow drift»in the backgrouhd-
.lével‘due ﬁo yariatioﬁs in r.f. leakage or thermal drift in the receiver,
two becars_were rﬁn in parallel. One:boxcar'sémpled a portion of the
‘transient signal about its peak value, whilé the other éampled the
background level after the signal transient had died éut. The background
sampling gate was made very wide (200 pus-2 ms) to reduce contributions
to.random noise from the background sampling. The background was sub-
tracted from the sample signalvin a DIFFERENTTIAL AMPLIFIER of Physics
Department Electronic Shop construction. The output from the differential
amplifier was recorded continuously on a MOSELEY 680 CHART RECORDER.

In a check on the differential amplifier and chart recorder linearity

and chart recorder hysteresis, one found that the rgspbnse for the
differential amplifier/chart recorder combination Qas linear within 0.5%
at DC signal levels 0-0.5 V. Signals from the sample were usually in

this range.

Finally, a wofd'about r.f; leakage into the receiver, which was
'one of the most'serioué'headaches eiperimentally. Space does not allow
a-descriptionbof shielding arrangements, but one canvmention thét
leakage froﬁ.units fed by the 11 MHz master oscillator resulted in a
slowly varying DC bias at thé detector output. Heavy low-pass filtering
at the preamplifier DC'power connections was essential to Block this
kind of r.f. pick-up from the pover supplies and power lines. R.f. pick-
up from autonomous os§illators'resulted in beats at the detector output,

which were recorded as noise or cyclical variations on the chart recorder,
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‘depending on relatiye frequency differences and phase stability between

the 11 MHz oscillator and the r.f. pick~up source. An example of this

was pick-up from the 100 kHz oscillator in the master time units. The

'r.f. leaked into the receiver via the'line to the relay coils in the

relay box where switching_between'A and B coils operation was done.

" A low-pass filter was interposed.between line and relay box. A third.

kind of pick-up resulted in random ndise at thé deteétor output. As

an exampie, the thermocouple leads seemed to act as receiving antennaes,
and especially the leads to the juﬁction on the sample wefe efféctive

in injectipg;noise into the receiver. This:probiem was sought overcome
by.shielding_the thermocouple leads, with only scant success.

VI-D. The B System

The B'r.f.-system was operated in one of three pulse modes:
a) A Squafe pulse lasting from 0.1-0.2 sec and . up to 15-20 sec b) Same
as a) but with sudden 180° phése shifting at intervals of approximately.
1 msec ¢) A traih of equai pulses‘laSting from a.few usec to several

msec, and spaced by time intervals of comparable magnitude.

, A Hewlett-Packard 606A oscillator provided CW r.f. at the B system

frequency. The r.f. was gated, phase shifted and'amplifiéd’by the ﬁnits

shown on Figs. VI-11, VI-12 and VI-13.

Gate pulses for the B r.f. phase shift and B r.f. gate were génerated

O . . . i .
in two ways: A digital logic unit connected with the master time unit

could be'triggered to deli?erffrom 1 to 999 pulses‘of given lehgth and

"mutual spacing. Repeated triggering yeiilded multiplés of this pulse number.

Alternatively, several gated Tektronix 160 Series pulse delay units

could be combined to produce the pulse train.



_13h—‘

PHASE SPLITTER ' CATHODE FOLLOWER

+225 < o et e et < e s e = OV —
L 7
2w

He o

-1 150 pF
ol I 150 pF = |y ;
CW B RF INPUT P— -\ 6048 58 IN98
(HP606 A) "‘j
474 Im OKa OKa
— IICDKné = _L ye
= |ooxn§ 100a onr 3 =
o
. —
GK.n% 1
o o PHASE SHIFTED
sSQuAReE  © 56Ka 10K ow 1
WAVE INPUT WA WA
(VAR. AMPL ) .
00Kn S350k TO08AF
W = POT.
-170 <

NI 6T6-4170

Fig. VI-11. B r.f. 180° phase shifter (chassis 9)
g (after D. A. McArthurl2).

oL



. _135_

> +325v
_L f (KEPCO)
= 0.1 {HB-4am)
39Kn
W
: . 047 8RF DRIVER
. X OUTF’UT 10
0008 8.2Ka BRF TRANS
. ‘ = IO DF =
PHASE 9-516”5 . Lo Ka 27Ka
¥ R, » =4 8 RF MON
s.‘nnﬁg B RF | :7077 NGaD = l l
Cw BRF (HPE06A) N\ 0.00! | 5000F 2505F
—i —1 1L L I
o be- o . tKa | - - -
ﬂ = . W = 350 pF
o B RF GATE -

2w hd

Y 4
2-144
_ - - $33Ka
-170v G— ’

gsso Ka

BRF ORIVE -

ABL ©76-4171

‘Fig. VI-12. B r.f. gate and pream llfler (chassis 9)

(after D. A. McArthuri?



+225v
-

'LOJ : + 0-600 vDC
l’ O.}I-— __unres | (KERCO 8158)
. .
i 73 = L +600v 2 ka I o TO It MHz TRAPS
Y 5W . AND B RF
- + coiL
7 c 3300pF
F-6 f6  7H,150m0 = ‘
——D—{ LI .
‘ i» "LIOFF == IOuF = 7
¢ 600V 600v
{ .
- L = . = —
n0v{- . I OJJ:
A\ e ¢ . = :[
3A < 000I5= =
—D
F-6 F-6 4
=t 39kaS 39Ka I0Ka.
¢ Ol }} }> oW oK
( 0|I; ' :
— T . 2204
-
-|170v

_o.a]I-:
XBL676-4172 A

Fig. VI-13. Tunsghle B r.f. powyer amplifier (chassis 10).

'REGULATED

-9¢T-



-137-

The B r.f. gaté and phase shift circuitsbwillgnot be>described
heré (cfr. McArthurlg). Noﬁe, hbwever; that the sharpness of thé'
180° phaée change and symmetry between O? and 180° phése pulse envelopes .
could.be pontrolled_tb éome exteﬁt by'adjusting fhe‘B r.f. phase shift
éate’pulse dmpiiﬁude‘(nominalLy +25 V) and ‘the biaé pot. meter. Smooth’
'shifting is désirable to reduce sidebana content in the B r.f., but
foo slow shifting results in reduced B spin reservdir heating. The
driver stage tuning rangé was from 265 kHz to 3.15 MHz.

Power was supplied to the B coil from the TUNABLE B R.F. POWER

AMPLIFIER, which was an 829B ClaSs C amplifier with the B coil in a

tuned plate circuit. Since pulse power stability was important in

many of fhé expériments, KEFCO 815B regulated powér supplies were
used instead of the internal plate and screen voltage supplies. B r.f.
powervdrbp dﬁring long pulses was less than 1%. |

Frequency compdnenté~at 11 MHz in the B r.f. power amplifier output,
iﬁ practice higher harmonics of the B frequency, were effective in

destroying the proton signal and could create a false "double resoﬁance"

. signal. To avoid this, traps tuned to 11 MHz were inserted into the

line leading to the B coil, cfr. Fig. VI-1L. With the traps, no

direct depletion of proﬁon signal due to harmonics was observed. In

méasuremedts on KDP,vsignél depletion was observed when harmonics hit'
the P31 reser?oir;’however. The proton and phosphorous reservoirs are

strongly coupled and exchange energy rapidly. This effect was no serious

problem in the experiments described here.
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B r.f. power during long pulses was measuredvat‘the monitor point

 shown on Fig. VI-1k, with a Hewlett—Packard'thB‘VTVM. Using rotary

saturation on Cah3 in CaF the VTVM reading was related to the rotating

2 9
B r.f. magnetic field component at the sample sits. With the coil
used in most of the experiments, one found

Vv (Volt) o

RMS

= - . . +
HlB(gauss) —;;—TEEET—f (1&0 + 2)

Depending -on frequency, plate and screen voltages, etc. the B r.f., system

could deliver pulses lasting several seconds with H up to 30-50 gauss.

| 13
After the stfong A r.f. pulses, finging was observed at the receiver
outﬁut. The oscillations were traced to the B circuit, but it was not
determined whether the 11 MHz.poﬁer pulse eicited the B tank. circuit or
'the,ll MHz traps. Since ringiﬁg occurredvduring the signal sampling
périod after the 0 pulse, the liﬁe to the B r.f. trénsmitter was severed

by a relay during the A transmitting and receiving periods. The relay

C

in parallel, and with diode and resistor protection for the +DC pulse

vas a Potter and Brumfield 11 DG 24 VD relay with two 10 Amp contacts
amplifieridriving the relay. Thusvtwo sets of relays were activated
during the B'r,f. pulse: One set switched the receiver cable leads.

from the A coil connections to'ground, wvhile the other connected the

. B coil to the'B r.f. transmitter.
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VI-E. ‘Audio System

Pulsed audio power was generated as follows: The CW output from
an AUDIO OSCILLATOR (Hewlett-Packard 202C) passed a RELAY GATE which
was driven -in parallel with the B r.f. gate. The gated audio wave
was amplified and fed to a Halmholtz coil pair in the magnet gap
by a 100-WATT AUDIO POWER AMPLIFIER, which had a flat frequency
response throughout the audio fange. |

The system is described in more detail by McArthur.12

VI-F. Electromagnet and Field Stabilization

A Varian 12-inch magnet in connection with a Varian V 2100 power
supply provided the magnetic field, which was monitored by an NMR
proton probe at a fixed position in the magnet gap.

The magﬁetic field was set so that the proton Larmour frequency
at the sample site was equal to the frequency of the il MHz master
oscillatof ((11011.65 * 0.05) kHz, long term). When this condition
obtained, no Beats between free induction signals and the 11 MHz
reference woula be genérated during phase sensiti&e detection. Accurate
field setting was obtagined as follows:.

“The 7/2 pulse proton free induction signal at the output of the
video amplifier was monitored on an oscilloscope. The phase reference
for the phaée‘sensitive detector was adjusted to yiéld zero signal
during the .initial parts of the free induction decay, and the magnetic
field set at a value where no beats in the free induction signal was
observed.. The signal was then zerc during the entiré free induction
decay period, and both phase and field setting were éptimai for the ADRF

cycle (Zeeman and dipolar r.f. Signéls are in quadrature). In this way,
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'the'magnetic field could he adjuéted to give a bheat frequency of less
then 300“H2, as compared to the 11 MHz Larmour frequency.

Given the fiela setting, the measured~fie1d at the monitor probe
position Qas.used to maintain the magnetic fieldvat its initial set
value. Dﬁe to field‘gradieﬁts in the gap, the proton Larmour frequencies
at the sample and in the monitor probe differed by approximately 2 kHz,
and a.separate r.f. source with.continuously variable frequency was
reQuired to excite the pfobe; At the seme time strict stability
requirements had te.be imposed on this r.f. source, since the long—term
field stabilization is limited by the relative freQuency stability of
the monitor system. A Hewlett-Packard 606B_oscilletor phase locked
to a crystal oscillator controlled'Hewlett—Packafde8708A Synchronizer
was used. “This combination had a frequency stability better than
=7’

2 * 10 ' per 10 min (manufacturer's specifications). The 606B output

"was fed into the reference signal path in a Varian F-84 Fluxmeter after

e bypassed internal oscillator. The Varian F-8l Fluxmeter excited
4the monitorvprobe MNR head and field sweep coils, compared the probe
Larmour frequency to the reference frequency and'provided an efrof
eignal which could be fed direcfly to the Varian V2100 magnet power
supply for automatic field regulafions. .Alternatively, the error
signal coﬁld.be used for manual regulation of the field.

Due to the near coincidence of the Larmour frequencies at the sample
ana probe;sifes, r.f. leakagelfrom the monitor system led to‘2 kHz
beats on the signal at the receiver output. ©Shielding and low—leﬁel

operationi of the monitor system reduced the heat amplitude to a few

 percent of.typical signals from the sample. Due to phaee drift between
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the th oscillators between samplings; the beats weré’detectéd on the
chart recorder as additional noise. In expériments where a maximum signal
tc noise ratio was important, the probe was not,eicited during signal-
sampling, and manual adjustment of the field was made periodically

(every l/h-l/Q hour). Because of the high inherent stability in the
magnet and power subply system, periodic control was fully adequate,

but substi%ution of the original proton sample in the Fluxmeter probe
by a sample containing other nuclei (Flg, P31) was considered as an

alternative.

VI-G. Temperature Control System

"The sample temperature was controlled by a Varian Variable Temperature
Control system Type V-425T7, which consisted of a Dewar gas flow conduit
and an electronic control unit:

Pure, dry N2 gas from pressure bottles passed through a spiral heat
exchanger in a liquid N2 bath. The cooled gas entered at the bottom
of the Dewvar containing the sample and r.f. coil where a hot filament
brought the gas temperature to the desired level. The gas then passed
a Pt resistance wire which served as feedba&k temperature sensor for
the electrqnic control unit, beforé flowing over the sample and
exhausting into the air through é vent at the top of £he Dewar. During
éperation at low sample temperatures, condensatioﬁ at the exhaust vent
and on the electrical feed-throughs into the Dewar was a,probiem. The
whole volume hetween the magnet:§01e faces was therefore enclosed in‘
a plastic bag which was slowly purged with dry N2 gas, and exhausting
N, from the Dewar was led out of the bag with a 2 foot piece of plastic

2
tubing.
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In the electronic cbntrol unit, the desired sémplé temperature could’
be set continudusly on & dial. According to manufacturer'sspecifications,

the temperature range was -185°C t65+300°C, with a temperature resettability

of #2°C (at sample) and temperature control'tl°C (at‘sensor). Throughout
the range:of tempefatures of_interest here, our measturements with liquid

N, as a coolant and N 'gaS‘flowing in the system indicated a temperature

2 2

reéettability within *1°K and temperature control within #0.5°K, both

- referring to the sample site.

Sample témperatures were measured with'Cu—constantan thérmocouples,
2'a§ referencesi Thermovolfages were
measured on a Hewlett Packard VTVM type L425A in the_early stages of

this work. The bulk of the K39 épin—lattice relaxation time measurements

were done with thermoVoltages being measured on a Keithley Digital

Multimeter Model 160. With an average thermocouple response of 28 uv/°K

~in the range 80°K to 280°K, the maximum voltmeter error (Keithley 160: 0.1% -

of range) éorresponds to less than 0.2°K temperatﬁfe.error in all cases.

In order to eliminate errors due to thermovoltages at the voltmeter

input connections, heasurements were checkéd_by switching the connectors.
vao‘sets of Ehefmoéouples weré.used: In one set, the sensing junction

Was‘permanehtly mountéd.l cm above fhe top edge of the sample r.f. coil,

i.e., approximately 6 cm downstream in the N,

flow compared to the

sample center. Calibration curves at 10, 20 and 30 SCFH gas flow rates
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were used to déterﬁine sample témperaturés'from readings,obtaihed at .
fhis junction. The other thermocouple set had thé éensing Junction

in a groove in the sample crystal. Sample and junction were wrapped
in tefloﬁ.tape and fitted into a thin-walled téflon tube. Thermal
insulation provided by the teflon increased the time constant for heat

exchange between the N, gas and the sample, which is desirabie for good

2
sample temperature stability, but might have accentuated the r.f. sample
heating during long, powerful B r.f. pulses. Due to r.f. heating in
the Jjunction itself, the sample temperature rise could not be measured
directly, bht from the observed thermocouple readingé during and betwéen
r.f. pulsés, one can infer that the sample témperature rise due to r.f.
heating always was <0.5°K. Another consequence of the thermal insulation
of the sample could have been reduction of thermal gradients across
~the sample, since heat fluxes into and out of different portions of
ﬁhe sample is reduced.

The madbr reason for temperature gradients in the sample seemed

to be that the cold N, gas gradually warmed up on passing downstream.

2
To check on this, measurements were madé on the axial thermal gradient
in a teflon cylinder at the sample site. The cylinder was 38 mm long
and with 12.mm diameter (typical KDP sample size), and had thermocouple
Junctions lodged in small bore holes, approximately_Y mm inside each
end surface. Both'thermocouple wires were led close together and
entered at the upper end surface. .Thérmal contact at the junctions

was sought improved with GC #8101 Transistor Z-5 Silicon Compound.

Connecting the two junctions, the temperature differences between the
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two siﬁés were obtained at.different gaé flow rateé. As expected, the
gradient increases as the sémple temperature and.gas;flow‘rate are
lowered. In‘the region around the KDP Cﬁrrie’temperature 'I'C = l23°K,

the température differencé‘between top and bottom of the teflon cylinder
is-2°K at Lo SCFﬁ’and 3°K at 30 SCFH. Measurements on K39 transition
frequencies close to TC, hbﬁever, showed that the gradient must be less.
in the KDP éamples, with 1°K as an upper limit aﬁvT = Tc’ and 30 SCFH
flow rate. This could ﬁe due to the difference_in:thermal conductiyities

and the teflon thermal shielding of the KDP sample, as me?tioned above.
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' VII. CRYSTAL GROWING AND SAMPLE PREPARATION.
PIEZOELECTRIC SIGNAL SUPPRESSION

.The KDP samples used in this investigation were single crystal
cylinde£s of diameter 10-13 mm and length 25-30 mm; " They were of
optical quality, but with roughly ground surfaées. ‘There were three
sources of crystals: |

(a) Crystals used in proton spin-lattice relaxation and most
double resonsnce measurements: These were gréwn by Dr. D. A. McArthur
and Dr. R. E. Walstedt and this laboratory by the method aescribed
for these crystals was aéproximately 33 sec

1
(ecfr. VIIT~B). A specific sample with the crystallographic Z-axis parallel

below. High-field T

to the sampie cylinder axis will be termed the Ystandard sémple" in the

following. It was used extensively throughout this investigation, and

39

specifically in the measurements of the K spin-lattice relaxation times.

(b) Twénty~-five percent deﬁterated cfystals: These were supplied
by Isomet.Cdrp., Palisades Park, N. J. According to Isomet, they were
made fromvaﬁalytical grade raw material. High-field Tl was initially
longer than necessary for do&ble resonance applications; and the saﬁples
were therefbfe Y-irradiated from a Co60 source. A dése of 4.78 x th Rads

brought the high-field T. down to approximately 52'Sec.

1
(c) Other KDP samples of natural isotopic composition and deuterated

by 4% were prepared as described below and had initially very long

'high-field Tl values. Measurements on the samples of natural isotopic

-composition showed that even a dose 10 times that given the 25%

below 200 seconds,

deuterated crystalé did not bring the high-field Tl

although a reduction in Tl was detected. Irradiation caused no visible
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discoloration of the samples. The samples, especially thosé with 1%
deﬁteration,iwere prepared for‘applications of the type deScfibed under
Section XII-C (Suggestions for Further Work). Further irradiation of
fhe samples was not done, since it was decided that these applications
would carry outside the scope of this work.

Crystal Growing

KDP single crystals were grown from an aqueous solution by the

cooling method. Analytic gfadé KH2POu granules were dissolved in a

‘glass vat containing approximately 8 liters of distilled H20, so that

the solution was saturated at TO°C. Where partial deuteration‘was
desired, D20 was added to the solvent, and the degree of deuteration
was estimaied from the initial D2/Hl probortion in the saturated
solution: Theoretically, the deuteron/proton signal stfengths shou;d
also indicaﬁe degree’of deuteration. From KDP'crystals at hand, seeds

were cut in the form of slices approximately 4 cm x 5 cm X 0.7 cm

perpendicular to the crystallographic Z—éxis. The seeds were fastened

oon a special mounting rod ("spider") so that when the rod was immersed

in the solution and rotated about its axis, liquidvflowed perpendicular

to the 001 surfaces. For a brief period after immersion, the solution

temperature.was raised 3-5°C abové the saturation temperature to
dissoivé'away'unwanted KDP microcrystals. A motor continuously

rotated the mounting rod throughout the growing process, the direction

of rotation being reversed every 15 sec or so. This provided mixing

of the solution and even growth of the'crystals; The temperature

of the solution was controlled by a'balanced bridge'éircuit with a

temperature sensor (thefmistor) in one arm of the bridge and a reference
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resistor in another. Bridge unbalance voltage was fed into the power
amplifier providing heating current to the glaés vat; The reference
resistance was slowly varied by a motor to lower .the temperature by
approximately 2-3°C in 24 hré, and the system provided temperature
‘control within 2°C. The glass vessel coﬁtaining the solution was
thermallyvinsulated on its lower half only. On the”inside walls above
ligquid level and 1lid water condensed énd dripped down,.ﬁhich might
have helped avoid spurious seeds from forming at the liquid surface,

The seeds quickly formed 101 pyramids on the 001 éurfaces, and
grew as straight prisms cépped by pyramids in the (00l)-direction.
At approximately 40°C the sides of the prisms started to curve away
from the Zfdirection; and this.beéame more pronounced as the temperature
was lowe;ed further. A similar effect has beeﬁ reported earliér
on adjusting the solvent P.h. The crystals obtained‘were large (typically
5cm X 6 cm X 12 cm; weight 60dg), of optical quality and with well-
defined surfaces. | |

Sample Cutting

The KDP single cfystals were very sensitive to mechanical and
thermal Streéées and preéise cutting and grinding of;samples without
créating internal cracks was ﬁot quite straightforward. The method
finally adopted was string-saw cutting by dissolving, The string was
a taut rubber O—riﬁg that was wetted by a sponge and driven through
pulleys and guides by a motor. Final rounding of“fhe samples was
made by careful grinding on a sharpening stone, uéing water paste and

grinding powder.
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- After final mounting in the NMR coil, the sample alignment
deviatéd less than 1-2° from the optimal, as evidenbed by rotation

39 ana Khl spectra (cfr. X-A).

patterns of the K
At the ena of this investigation, it was élso demonstrated that

a disc saw with diamond powder could be used to obtain precise cuts

with little or no damage; The crystal was then glued to the saw table

and the saw advanced very slowly, with no coolant.

‘Piezoelectric Signal Suppression

KDP is piezodelectric, and special ?recautions had to be taken to
avoid "ringing" after applichtion of the strong r.f. pulses. Peak-Pesak
voltages across the sample coil reached very high levels OO(lOOVi)
during fh¢_pulses, andbthe‘oscillating eleétfic fields would set up
glectromechanical vibrationé in the sample. Theée vibrations cecould

persist after the r.f. had been turned off, and were observed as a

'strong, damped oscillation-superpbsed on the NMR signal.

It is interesting to note that straight, cylindrical samples

with end surfacesvperpendicular to the axis were less prone to ring

.than samples with more irregular shapes. The lattef were straight

cylinders with the lower end surface at an angle to the axis, or with

' sliceé-taken_off two opposite sides of the cylinder. -

Séveral methods are known to get rid of piezoelectric ringing, a
and the methods are based'oﬁ introducing either mechaniéal or electrical
losses.

Effeétive mechanical damping (good impedancé.match) can be

obtéined by immersing the crystal in a liquid, but this was impractical

- in the present case; both because of space limitations and because
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measureﬁents were made down té low temperatures (approximately 99°K).
No proton-free liquids with suitable melting and boiling points were
available. An adhesive tape wrapped around the sample is a trick that
was not tried, but it Seemed that gluing the end surface of the sample
to the mounting rod helped.

The chief means of suppression were electrical, however. A2 mil
Mylar film with a 100A Al layer was wrapped around the sides of the
sample. To avoid eddy current damping of the r.f. pulse, thin strips
of Al were removed parallel to the cylinder axis and at intervals
of approximately 0.5 mm. ©Since the skin depth of Al is ﬁlOSA at 11 MHz
and 99°K,.the Al did not provide appreciable shieiding of the r.f.
fields, but would cause damping of the free vibration of the crystal.
The sample with the Mylar Al foil and teflon mouﬁt were enclosed in a
cage of insulated #39 Cu wire at ground potential,_which shielded from
the r.f. fields. ‘The wires were glued side by side'at maximum density
and parallel to the sample cylinder axis. ElectfiCai connections to
the wires were made so that the shielding should create low losses
and disturbance on £he applied r.f.‘field.

These precautions proved sufficienf to eliminate ringing in all
cases. The-mbst dramatic improvement was in the.region from the

ferroelectric Curie tempefature TC and up to approximétely TC + 8°K.
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VIII. MEASUREMENTS OF PROTON SPIN-LATTICE RELAXATION
' ' TIMES IN KDP. ULTRASLOW MOTION

VIII-A. General Considerationsv

Préton‘spin—lattice relaxation measﬁrements were:made partly becauée
of their.intrinsic‘information on the state of motion in the crystal,
partly because protons were used as abundant (A) spin species in double
résonahce:experiments: As was discussed in Chapter-III, the A spin-

lattice relaxation times pertinént to the specific double resonance

‘method to be used are essential to both the maximum double resonance

sensitivity‘and\information gathering rate which is possible with a
given‘expérimental set-up. - The proton relaxation data presented here
pertain to relaxation in the léboratory frame and in-the rotating
frame after ADRF, and are thus relevant to ADRF double resonance.

| In this aﬁd'later chapters, it is necessary to.spgcify the direction
ofvthe applied static magnetic field Ho relative_io_the KDP crystal

axes. Figure VIII-1 shows a convenient convention for cases where

the magnetic fiéld is ?erpendicular to one of the crystallographic axes

(x,y,2). Except for accidental misalignments, this will always be the
case in the work reported here. The structures of KDP in the para-
and ferro—phases were described in the Introduction, where the X,y.,z

(a,b,c)_axes were defined. In the para-phase, rotation about

" the z axis by 90° reproduces a given field/crystal“structure config-

‘uration, and also there are in general two sets of equivalent protons.

These correspond to hydrogen bond directions nearly parallel to either

" the x~ or y-axis (called x- and y-bonds in the following). In the

“ispecial case GZ = (45° £ ne90°, n = integer number ), all protons are

equivalent.
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As.described in Chapter VII,vseve¥él_éDP cr&stals were available
with widely varying laboratory frame,vhigh—field spin-lattice relaxation
times. Thé data in this'chaﬁter were obtained with different cuts from the
crystals gfown:by McArthur and Walstedt. _fhese wéré the Saﬁples with
the highest impurity contents, as ihdicated by their short laboratory

frame spin-lattice relaxation fimes.

VIII-B. High-Field Spin-Lattice Relaxation Times
: ‘ " in the Laboratory Frame ‘

The relaxation times‘wefe measured by Qonventional pulse methods
throughoutkaftemperaturé-range extending from room'témperature and
down to 926K._ fhe bulk of-the measurements were'madé by saturating
the iaboratory frame transition by a strong'(rotéting’frame field Hl ~ 60
gauss) burstAof resonant'r.f.\field aﬁd recording thé recovery of
laboratory frame magnétiiatién by applying a m/2 pulse at various times
after the saturating pulse.

The relaxation curves thus obtained Pproved +to be non-exponential
in various degrees, with stegper initial 310p¢s. Relaxation times
determinéd from the lowest slopes on the relaxation curves were from

5% to 30% longer than the ones determined from_therinitial slopes.

Since the scatter in the data points on the relaxation curves was

relatively larger at long times, the largest.discrepénciesvreported

above need'not haVé been .entirely due to néneexponential relaxaﬁion.
The following checks #efe made to eliminate cértain.triviél explanations
for the non-exponential beha&ior:

Nonlinear receiver response: Direct measurements of receiver

linearity as described in VI-(C-2 showed that the feceiverAcould not
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bebthe source of the nbn—exponential reléxation curves. This was
confirmed by.two additional measurements: Before entering the pre-
amplifier, the signal from the coil was attenuatedvby lO dB, and
relaxation curves were recorded. When renormalized, the new curves
coincided (well within the experimental scatter) with the curves
obtained with no attenuation. In the other test, tap water was used
instead of thevcrystal sample,‘and exponential relaxation curves obtained.
Expefimental technique: The Zeeman signal after complete saturation
evolves as‘

/T
s(t) =8(») (1 -e 1.LAB,

where t is the time elapsed between the saturating pulse and the m/2
sampling pulse, and S(W) is tﬁe maximum proﬁon signal, obtained for

long times t. Since relaxation curves were derivéd from

[S(W)'; S(t)]/s(»), an error in S(®) will lead to apparent non-
exponential relaxation. To avoid systematic errors in S{«), the longest
times t that were used in recordiné each relaxation curve was typically
2L0o sec, corresponding to 6-9 times the average lab frame spin-lattice
relaxation times that were measured. The difference in signal from

the case where t + ® is then 0(10-3)3 which is negligible compared
ﬁo'the noise, at a signel to noise level of approximately 50. Another
possible soﬁrce'of error is detection of dipélar signal components due to
ordér accidenfially being created in the dipolar reéefvoir during the
saturating pulse (as described below, the dipolar‘Tld is much shorter

than Tl LAB). The reference phase for the phase sensitive detector

exhibited both short-and long-term drift, which would have led to



-155-

detectiOn.of possible dipolér signal components and to variable gaiﬁ .
.for the Zeeman signal. It seems improbable that such effects should
yield reproducible data of the typé observed, but to check. whether the
non-exponential behavior was related to the experimental method used,
several alternative'saturating pulse sequences were tried: a) A long
(approximatély 20 msec) square r.f. pulse. Sincé the proton T2 as
* determined by free induction decay méasurements was approximately 40 us,
the spin temperature at the end of the pulse'should efféctively be
infinite, both in the laboratory and rotating fréme. b) A single w/2
pulse gave poorer Saturation than in a), but the rélaxation behavior
was the'same.b c) A comb of ld ﬂ/2;pulses gave a high degree 6f saturation,
but unchanged relaxation behavior. d) Inverting thé lab frame population
with a T pulse yielded the same cﬁrve shape as before, when renormalized.
As mentioned in Section VIII-A, there are two sets of eéuivalent
profons in KDP for Gz + (45° + n+90°), which c6rrespond to the two
different angles between the Sﬁatic magnetic fieid-Hé and the hydrogen
bond direction. Tb check whether there were two.sets of protdns which
relaxed at diffefent rates, measurements were made to determine the
reléxation behaviorva§ Gz = 45°, ‘The relaxation time‘Tl.LAB was found
to be longer than at GZ = g)é but the nonééxponential‘behavior was
the same. | i
Cryétal imperfections could lead to differént relaxation rates,
but such perturbations were not 6bservedvin the electric field
gradient datavfor K37 (efr. éhapter X).

The main object of the T measurements was to establish the

1.LAB

maximum permissible double resonance cycle repetition rates at different
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temperatures. No further experimentél or theoretical attempts were
therefore made to determine the reason for the non-exponential behavior,
and one made no special effort to obtain a large body of accurate

Tl.LAB_data'

Since the slopes of the relaxation curves were relatively constant
during the first 15-20 seconds of relaxation, these were used in
defining the relaxation time. Most of the relaxation times were

recorded with the crystal orientation ez =90%(z L Ho" x). This was
39)

the orientation used in the Tl(K - measurements, and the results

in Fig. VIII-2 were obtained with the same sample called the "standard

sample" in the following. Also shown in the figure are T, 1ap values

obtained with GZ = U5° and at two different sample temperatures.
The results in Fig. VIII-2 are consistent with a nearly temperature

independent relaxation time Tl LAR throughout the temperature range -

from room temperature to 99°K. In the paraslectric phase (T > 123°K)

and for‘ez =90°, one found T ~ 33.3 sec. Below approximately 110°K

1.1AB

‘ = = o ~ i
1.1AB - 37.5 sec. At GZ = 459, Tl.LAB > 39 sec in the

paraphase. With the estimated error limits indicated in Fig. VIII-2,

one found T

one should not pay much attention to minor temperature trends in the

1.LAB appears to be slightly longer at low temperatures,

and any anomaly at the Curie temperature must be weak. The longer TLAB

data, but T

at GZ = U45° is possibly due to different spin diffusion rates at the
two orientations. The temperature dependence of Tl LAB indicates
that the dominant relaxation mechanism is spin diffusion to paramagnetic

impurities. This affords one possible explanation to the non~exponential

relaxation behavior, namely inhomogeneous distribution of the paramagnetic
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impurities which act as relaxation centers. Clearly, if measurements

of are to yield information on lattice motion in the crystal,

Tl.LAB
a much higher degree of sample purity is required., Measurements of

this type have been made by R. Blinc, et al.h9

VIII-C. Rotating-Frame Spin-Lattice Relaxation
Times After ADRF. Ultraslow Motion

" As described in Section II-B, the ADRF sequence preferenﬁially
aligns the protons along their local fields in the rotating frame. We
shall assume that dipole-dipole couplings rapidly establish a state
for the whole proton system which can be described by a spin temperature
which initially is very low. Due to spin-lattice relaxation, the spin
temperature will evolve towards the.lattice temperature at a characteristic
rate which will be defined as the dipolar spin;lattice relaxation time

Tl.dip 51pce it pertsins to the dipole~dipole coupled systemn. Tl;dip

i1s generally dlfferent fraom Tl.LAB'
Dipolar spin~lattice relaxation times were measured by applying
an ADRF pulse sequence to the sample and recording the decsay of the

dipolar signal as the time separation t. between the ADRF sequence and

b
the /L sampling pulse was increased. In contrast to the measurements
of Tl.LAB’ oné here had to allow the protons to comé into fhermal
equilibrium with the lattice before each pulse seqﬁence. Typically,
the protons were allowed to polarize at least 120 sec after the m/h
sampling pulée, before the next ADRF sequence was applied. For the
 KDP standard sample (z 1 HO) this led to proton signals that were

slightly lower (~2%) than would have been obtained from a proton system

is equilibrium with the lattice. This discrepancy was less than typical
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measurement errors due to drift and noise, however,

Relaxation curves (proton dipolar signal vs t )‘were obtained with.

b

the standard sample and other sampies fromvthe same crystal batch.
These curves also exhibited de?iations from exponential behavidr, but
here fhe.shape of the Curves depended on the‘température in a very
interesting.ménner: At sample temperaﬁures below approximately 210°K
the curves were ciose to exponentiai throughout the‘range of tb—values

< 15 sec. For t longer'than

used, which generally was 0.2 sec €'t b

b
this, a tendency towards a more shallow slope was ohserved. At high
temperatureé a steeper initial slope becomes evident, and above
apprdximately ESO?K one can cleariy resolve twé exponential decay curVes,
At temperatures 300°K and above the data are uncertain, but indicate that
the two relaxation times approach.each other SO fhat there is only a single
_averaged relaxation time at high temperatures. These results are

typical for all samples that ﬁere studied in this way. In Fig. VIII-3

are shown T values obtained witﬁ the KDP standard Samplé.at Ho I x.

l.dip

The relaxation times in the high temperature region are plotted
separately in Fig. VIII-L4, where data obtained with'another*crystal
(Il z) are also included.

Before going on to a physical interpretation of the T -data,

l.dip

' one can nov- assess hoﬁ well protons in these specifié éamples are
suited for use as indicator spins ("A" spins) in ADRF double resonance '
applications. Since the dipolar signal decays due to spin-lattice

.,relaxafion, T will define an ubper limit for how long the time t

1.dip b

can be, and thus also for the time the double resonance A-B coupling
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can be maintained. The choice of tb depends on the signal-to-noise

ratio required, but tb = Tl.dip

in Figs. VIII-3 and VIII-k show that T

can be used as a rough guide. The data
1.dip is ﬁeariy constant and
equal to approximately 1l sec at temperatures below 240°K. Assuming
typical cross-relaxation rates, ete, this should be adequate for high-
sensitivity detection of all rare nuclear species in KDP, given a -
signal/noiéé ratio of 50 at tb = 10 se¢. As the temperature is increased
above 250°K, however, Ti.dip rapidly becomes shorter, which ultimately
makes the A-B coupling time too short for detection of the rare spins.
The temperature where this occurs, depends on the abundance of the

rare spin species, the A-B cross—coupling time, apparatus parameters,
what type of meusurements are being made, etc, but for.K39 and Khl in
KDP one found that double resonance spectroscopy could be done up

to 290-300°K. Quantitative measurements of double resonance signal
amplitudes required lower témperatures, however. The Tl.LAB—data
indicated that quantitative signal amplitude measurements could be
done with cycle repetition times as short as 120 seconds, and one can
conclude that protons are well suited as double resonahce indicator

spin in these samples.

As described in Section II-C, a temperature dependent Tl dip

combiﬁedlwith a nearly temperature independent Tl.LAB:indicates that
ultraslow motion is taking place. _Both the present-results and data
pubiished in. the literature éstablish clearly that this ultraslow
motion in KDP can be linked to the pfotons. Schmidt and Uehlingso

have studied the dynamics of deuterous in the deuterated isomorph

and were able to show that two distinct types of deuteron motion takes
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place: A rapid intrébondvmdtion, where deuterons. jump between two
adjacent.équilibriuﬁ»positions on a given hydrogen bohd, ahd a much
slower interbond motion, where deuterons juméyfrom one bond to a
neighboring one. Schmidt and Uehiing used electrical‘cdnductivity and
NMR data, and later measurements with similar methods have established that
protons in KDP behave in the same manher, cfr. belqw;, It is réasonable that
large—scale>low—frequency motion in the temperature fange of interest
wouid Be linked to.the'protons which are boﬁnd by the relatively weak
* hydrogen bbnd, rather than the stronger covalent and/or ionic bonds
of the othér_huclear species in the crystal.

Tﬁrning ﬁow to Fig, VIII-3, it is. evident that one must consider
seVeralvdifférenf chfributions to the total relaxation rate’l/Tl.dip
a) A neariy temperaturégindependenﬁ contribution from paramagnetic
impurity relaxation with an average vaiue 0.068 secfl, cérresponding
io a felaxation time 1L.7 sec. b) A contribution at high temperatures
(TS 230°K). " c) A contribution which has its maiimum,at‘or close to
the Curie temperatﬁre Tc = 123°K. b) and c) are treéted sepgrately
belbﬁ;

,rp)'Relaxatioﬁ,at high‘pemperatures (T'S é3o°K)

Detaiis df‘the relaxation Behévior'in this te@péféture range are
. shOwn'onvFig. VIII-L for ﬁﬁo'samplés_with x HO and z H Hof respectively.
Subtracting‘the impurity relaxatién conﬁribution, oﬁé obfains felaxation 
iates-that_élearly ére goVefned by an activation énergy Ea’ as shown.
" This is evident for both the fast and slow relaxation rates observed
simultaneously in this'temperature range. For the slow relaxation com-

ponent, one found Ea = (0.51 + 0.05) eV for the x.H Ho sample, with
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Ea 10% smaller in the z | Ho.sample; vThese fesulﬁs are typical for.
measurements_on other samplee also. Within experimental uncertainty,
the aame'activation energy was found for the rapid relaxation component
in samples of both orientations. The data spread does not alloﬁ a
guantitative comparison of activation energies in the two orientations
for the rapid relexation coﬁponent." |

Affer these data had been recorded, similar.resuits for KDP and

o1 Their data on

two isomorphs were published by Blinc and Pirs.
KDP, obtained with z ”'Ho’ were essentially in agreement with those
presented above, but they do not report dual relaxation rates in the

high femperature region,'nor an inerease in re;axafion rate at Tc' The
activafion energies measured by Blinc and Pirs were: In KDP:(0.6L4 + 0.1) eV
(singie crystal), in RszPOh:(O,82 + 0.03) eV, (powder. sample), and in
CoHePOh:(l.h + 0.4) eV (powder sample). Blinc and Pirs concluded

that the relaxation was due to hinderedvrotation‘about a single axis,

and that it is the eize of the cation that controls the retation and

nof the hydrogen bond energy, which is roughly theveame in all three
isomorphs.  From these data and‘spin—lattice relaXetion measﬁremenfs

in the spin—lock:state, they also found tha£ the rotation correlation

time had e teﬁperature dependence

T, =T exp(Ea/KT) | (VIII-1)

where Tc ='l.2--lO_3

sec at 300°K and rapidly decreases at higher
temperatures. Our data agree well with this, and frem the relaxation

rate one may roughly estimate TC = 1 sec at 250°K. Using the value

E = 0.51 eV, Eq. (VIII-C-1l) then yields a pre-exponential factor T
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of the order of magnitude 10“lO sec. These results apparently contrédict

the measurements of Séhmidt and Uehlingso of deuteron interbond jump

times T_ , which are so long that they cannot be recohciledbwith the
correlation times above. As pointed out by Blinc and Pirs, however,
the discrebancy can be resolved by taking into account th?t_TXy pertains
specifically to_motion betweeh X~ anq y-bqnds, whiiele.dip is sensitive
to jumps bet%een two x-bonds or two y-bonds as well.

It is inieresting to ndtevthat the observed activaﬁion energiés
are the same; within expefimental gncertainty, as those obtained from

. 50,52

deuteron and proton conductivity data. This demonstrates that

proton transport by HQPOh rotations defines the rate of change transfer

51

and thus the electrical conductivity in KDP. _Also,'the observed

activation energy of 0.5 eV is in itself a strong indication.that the

proton motion is rotation of H2DOh groups, i.e., a cooperative process,

51,53

rather than profon interbond jumping: Single—proton diffusion

~ or interbond jumping requires the breaking of a hYdrogen bond of energy

5 eV, which is roughly ten times thé observed activ&tion energy.

| One may noﬁ'list some possibie expianétions fof_fhe double exponential
relaxationvobservéd'in the dipolar'state at high‘températures. . Clearly,
imperfect samples is a possibility; but nontrivial explanations cannot
be ruled out. Blinc and Pirs did not report double.exPonential relaxation

5L

. oo 1 s ' '
in their paper,5 but according to Bline, such behavior was observed in

some cases. -Also, as was especially evident in some cases, we observed

two well defined relaxation rates, rather than the continuous distribution

which one would expect due to random perturbations from crystal imperfec-

tions or an inhomogeneous impurity distribution. A striking feature
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of the déuble exponential~reléxati6n rates is that both relaxation rates
exhibitig témperature dependence corresponding fo the same activation
energy. This suggests that also thé fast relakatioh is related to
hindered rotation of H2POh groups;v One possibility is that x-bond and
y-bond protons relax at different rates, depending on the angle between
each bond and the magnetié‘field HO. In that case, a single relaxation
rate would be observed in the z |l Ho orientation, where all bonds are ™ ° -
equivalent. This was not fqund to be the case experimentaslly. Before
leaving the subject of the double.relaxation rates, one should mention
that the protons after ADRF are coupled by mutual dipole-dipole
interactions to the other nuclear species in KDP, éf which the most

3land possibly K39. It is conceivable that the cross-

important are P
relaxation and spin-lattice relaxation rates could depend on the
temperature in such a way that they would lead to”thé observed proton

relaxation behavior.

c) Relaxation rate anamaly at T = Tc'

As is evident from Fig. VIII-3, there is a small, but definite
increase in the relaxation rate close to ﬁhe Curie temperature, with
an apparent maximum at ch A somewhat similar anqmgly at TC has bgen
reported Ey Blinc and'Zumer,S.who measured high—field spin-lattice
relaxation ﬁimes for P31 in very pure KDP samples. 'Blinc and Zumer
concluded that the.perturbation mechanism reSponsiblé for the relaxation
anomaly at TC was proton-phosphorous magnetic dipble interaction,

modulated by a specific low-frequency lattice mode), the "ferroelectric
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mode". This mode, which is discussed further in'Chaptef XI, becomes
strongly excited and lower in frequency ('"goes soft") as the Curie
point is approached. The same explanation Probably does not apply

in the present case, since the correlation frequency is restricted to

. the kilohertz range, as indicated by the absence of an anomaiy in the

Tl LAB data. = All experimental evidence obtained on. the ferroelectric

mode in KDP so far, shows that the ferroelectric-mode fluctuation

'spectrum is essentially white throughout the frequency range of intereSt'

here (a few kHz to 11 MHz), even within millidegress K of the Curie -

point. Also, a comparison with the Blinc and Zumer results suggests that

the impurity le#el in ourvsamples was so high that reiaxation by phonon-

modulated magnetic dipole coupling would be too slow to be observed.
As was described above, however, ultraslow pfoton mdtion can be
effective in relaxing protons in the dipolér state after ADRF. A
possiblé.pérturbation mechanism at T = Tc is proton-ipterbond mqtion
either by §ingle—proton jumping or rotation Qf HgPQh_groups.' (The
correlatibn fime of intrabond motion is too short;vcfr. Ref. 49.) 'This
is supported by Schmidt'and Uehlihg's measuremeﬁts éf the x-y bond jumping
rateso which indicate an anomalous rate increase a$ T:*‘Tc.

In connéctién with the reiaxation rate anomély éf Tc Qne.should.

mention that Blinc, et al. have found a different typé of anomaly in

'highéfield laboratory frame proton_relaxation times for very pure

kg L
9 These results show a BPP-type relaxation rate

samples of KDP.
maximum below Tc. With the low purity crystals used in the work reported
here, the relaxation anomaly reported in Ref. h9'wduld be small compared

to the relaxation rate due to paramagnetic impurities. Still, it is
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disturbing that no such anomaly was detected either in our T, [ o or
T, dip data even though few data were obtained in the temperature region

in question. Later measurements by R. Blinc, et al. have thrown doubt
on the data in Ref. .49, however.s‘h The more recent data yielded a
protion relaxation rate maximum at T = Tc which is interpreted as being

due to the slowing down of the proton motion in the hydrogen bonds.

To conclude, then: Préfons are well suitea"ésmﬁu(sf'inaicafb})'
spins for ADRF double.resonance in the KDP samples investigated. In
addition, ﬁhe following items can be listed which suggest further
experimental investigation:

The difference in activation energy for HQPOu—rotatiens in the
orientations z 1 HO and zll Ho.

.The two relaxation rates observed in tﬁe high temperaﬁure Tl.dip-
relaxation curves. |

The anomaly in T at the Curie temperature.

lﬂdip

Although these phehomena might yield valuable infqrmation on KDP
lattice dynamics, a main goal in this investigation was to develop and
apply alternafive methods capable of supplementing information of the
type shown above.. Thus, timé_did not permit more éafeful and

encompassing measurements of the type presented in this chapter, and

work on proton relaxation in KDP was not pursued further.
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IX. TEST ON THEORIES DEVELOPED IN CHAPTERS IV
AND V: PROTON K39 SYSTEM IN KDP

In Chaﬁ%er’IV, explicit expressions were obtaiqea that apply to
double resonance with a single, unmoduiated B r.f; gulse, and in
Chapter V effective gyromagnetic ratioé in the rotating frame were
computed for the case where laboratory‘fname quadrupole and Zeem;n
interactions are of arbitrary relative:magnitudes.. |

Here; experimental verification ofbtheée résulfs will be sought by

1 39

double resonance in KDP. H™ and K are used as A and B spins in double

resOnaﬁce with unmodulated.B r.f., and effective'gyrbmagnetic ratios in

Athe'rofating ffame afé measured directly fbf K39 by éudio-saturaﬁion
double resonance. These spin systems offer)specific advantages, to be
listed below, but iﬁ is necessary to investigate the effect of a third
spin species; P3l, on the double resonance mechanisﬁ described in

~ Chapter IV.  Also, the analysis in Chapter V applieé for a single spin
species, and the effects of double resonance'detgction musﬁ beltakén ‘

into account. Other interactions between K39, Kho,-Khl,O17

and H2 can '’
be neglected, due to low abuhdances or low gyromagnétic"ratids. For
" the purp05és of this analysis, the total spin hamiltonian dﬁring Br.f,

irradiation can be written:.

aeitai® i ax vl (D)
o] O [¢) P o : . ‘

" where
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31

A, Band C represent protons, K39 and P77, respectively. Furthermore,

ﬂﬁ ’ ﬂg ‘_are Hl and P31 Zeeman hamiltonians.
39

mixed Zeeman-quadrupole hamiltonian.

mﬁ is the K

represents the magnetic dipole interactions within the coupled

39

50
dd
A, B, C system. ad has been omitted due to the low K

gyromagnetic ratio.

-39

is the K7 interaction with a strong r.f. field which is

39

:

I,

assumed on resonance for one of the K™ transitions. The
r.f. frequency is assumed for removed from A ana C transition
-frequencies.
As indicated in Chapter III, the coupling and'energy transfer
between the A, B and C spin systems is analyzed by transforming the

hamiltonian into the roteting frames of the spin systems involved. The

appropriate transformation operator in thevpresent case is:

Lq = exp[i(?ffg + Jff* Jfﬁ)t]

Only secular terms in the interaction representation:hamiltonian
. _ .
b g =LlJ{L - (.
: q qQ -
need be considered, since these terms contribute to A~B-C energy transfer

in the rotating frames and define the energy levels in the B rotating

frame

Y

1'(s) = 3, (s) + 1, (o) ()
Here,

(s) = 1A% (5) + 3857 () + 3% (s) + 32" (5) + 357 (s)

ﬂ*
dd
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Stars indicate interaction representation, the s in parenthesis indicates

secular part.' The AA, CC and AC couplings are very strong in the present

31

éase due to the large Hl,and P gyromagnetic ratios, and one can define

a single thermal reservoir for the A and C spins,_ﬁith one spin tempera-

ture. This reservoir is represented by
* ol C* v _
KA (s) + KIS (s) + WS (s) (1%-3)

In the double resonance applications below, the coupled spih system

Hl-P31 can therefore be treated as a single thermél‘reservoir, where the

heat capacity now is determined by the hamiltonian:Eq. (IX-3). For
31

simplicity, the coupled Hl—P system will be termed the "A system" in
Sections IX-A and IX-B below and in subsequent -chapters.
' The effective gyromagnetic ratios in the B(K39) rotating frames

are affected by magnetic dipolar couplings to the A(Hl) and C(P3l) nuclei,

represented by the hamiltonian terms:
. AR# * : :
02 (s) + 3 (s) (IX-4)

The approbriate hamiltonian fpr qalculationsiof B rotaﬁing frame
eigenlevels is a sum of‘ﬂfff;(s) and those parts.of.Eq} (IX-4) which do
not commute with ﬂfff;(s). As the B r.f. field strength is reduced,
ﬁhe dipolar field interaction will gradually become mére important, and
ultimately ﬁhé caicuiations of Yeff in Chapter V Yill no.longer apply.
Statié dibolar field,components_in the B rotating‘frame'are of order

1 gauss in the presenﬁ case (cfr. f.ex. TsutsumiSS). "If the B r.f.

field component H_,_ is not much larger than this, the rotating frame

1B

transition frequencies will be higher than those compufed from Table V-1

in Chapter V, and will not be proportional to HlB'
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.‘In this chépter; a detailed knéwledge of the_K39 transitions
- involved is‘hot necessary, and the transitions.will simply be identified
by a number, as defined in Chapter X. Also, the center frequency and
the crystal orientation relative to the statié'fiéld HO are sufficient
for identification.

IX-A. Verification of the Thermal Reéervoir Mbdel for Double
’ Resonance With Unmodulated B r.f.

As was stressed in Chapter IV, the analysis is iny relevant to
double resonance applications where the B spin species has high abundance,

and yet requires double resonance methods for defection. This applies

ideally to K39, vhich has a natural isotopic abundance of 93.08% and

weak quadrupole and Zeeman interactions in the laboratory frame (cfr.
data in Chapter X).

ﬁelow, the internal consistency of'the results in Chaepter IV will
be tested quantitatively. Thedretiqal and experimental dependence on
specific parametérs appearing ih’the theory will be compared by curve
fitting. Data'sets of two main types were recorded:

a) The B r.f. irradiétion time was varied stépWiSe thfough a certain
range, typically from 0 to apprqximately 10 sec, kéeping all otheri
parameters constant. This yielded the time variation of the-proton

39

energy’ due to proton and K spin-lattice relaxation. Curves were

obtained for different values of wB’ wlB’leA and TlB‘

b) In another series of measurements, the B r.f. frequency was.swept

39

stepwise through the K line, with all other external parameters kept

constant. This was done for different values of W and t , and

1B Br.f.

thus families of characteristic line shapes were obtained.
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The experimental procedure is perhaps most easily uﬁderstood by
referring ﬁo Fig. III-2, which shows the»r.f. puléé requence. In bgth
recording modes mentioned above, the‘double reéongﬁceicycle would
t&pically.be repeated at intervals of 120_séé, i.e., 3 to 4 times the

proton laboratory frame T This éllowed the>protons_to reach nearly

l-
(3 95%) equilibrium polarization along the applied field Ho before

each'cycle.' The sweep in w_ or tB was obtaihed'by varying the

B r.f.

relevant parameter - in steps from one cycle to the next. A typical

cycle would be initiated with proton ADRF, followed after 0.1 sec by a
39

square, unmodulated r.f. pulse at the K™~ transition frequency. The

irradiation time t was essentially limited by the proton spin-

Br.f.

lattice relaxation time after ADRF, since the relaxation gradually
destroys the proton signal. Depending on the signai to noise ratio

that was required, maximum irradiatioﬁ times were usually in the range
from 8 to 18 seconds. 1In the recbrdingvmbde ﬁheféithe duration of

the B r.f. field was the parameter being varied, the protbn T/4 sampling

pulse was applied at a fixed.time t, for all valueé of.t in a run,

b Br.f.

after the Br ¢ ~field had been turned. off. (With time origiﬁ at the

beginning of .the B. ¢ pulse, one used: t. = t (max) + 0.1 sec)."

b B r.f.

In the line shapebrecording'mode; both t5>and tB s were constant,

+:0.1 sec. Baseline measurements of zero proton

with by =ty L

signal were usually made at least once beforé and after:each sweep of.
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either W_ or t ', by the following,procedure;' Dufing the

B Br.f
ADRF-sequence, the spin-lock phase shift and adiabatic turn-off
of the B r.f. was omitted, with loss of thé”ordefed dipolar state. As
-a check, runs were made periodically both with no B r.f. applied and

39

with safuratibn of the K77 system. No residual dipoiar brder was
detected eitﬁer by this indirect saturation érvafter direct m/2 pulse
saturation of the proton system. Unit amplitude fof the nbrmélized
proton signal would then correspond to: |
1= (proton signal with no B_f.f. -'proton sighal with
' disrupted ADRF)

It is convenient to look at data obtained in the two recording

modes separately:

- IX-A-1. Time Variatjon of the Proton Energy During Proton—K39
: Coupling

The proton energy as a'funcfion of B r.f. irfadiation time was
given by the exéct expression Eq; (IV-23 ). Exact invthis connection
means thatlno assumptions were made on the relative_magnitudes of the
parsmeters involved. Equétion (Iv- 23) is difficult to intérpfet
directly,.howéver. Since the measurements descriﬁed_in this paragraph
were not done.in the wings of the line where TAB is.largest, the
approximate formula (Eq. (IV- 2&)) which requires TAB/TlA’ TAB/TlB << 1
might apply.v Below, Both exact and approximate formulas have been
used for comparison withlexperimental data, and whére'the ﬁpproximate
expréssion proved valid, the data confirmed very well the intuitive
picture of the double resonance process which can be based on Eq. (IV-2L ).

To recapitulate, Eq. (IV- 24) predicts that:
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Immediatély following contact ﬁith K;? reservoir, fhe protoﬁ
reservbir enefgy drops rapidly towards‘a value corresponding to thermal
equilibrium between thé twovfeservoirs. The equilibfation is exponential;
with a time'constant ' _ .

T & TAB/(l + ej
Aftervthefmal equilibrium has.beeﬁ esﬁablishedrbetweeﬁ fhe two feservoirs,
thelbrotén enefgy will vary eiponentially_in_timé; and_fhe normalized
proton signal is (cfr. Eq.. (IV-25)):

E
l+—§Cl

: E o N E. 1 1 :
S = _—-A.Q. . exp (_ » 7 ( - . )t )
AT Txe \" T e\t "1, )" r.r.

If the K37 reservoir isvképt hot by saturation, the normalized proton
signal during thermal contact>between the reservoirs is expected to

vary exponentially as described by Eq. (IV- 21):

Here,,theAbroton signal decay tiﬁe is T = TAB/S,_and ﬁhe inifial slope
of the protdn signal decay curve is_Steeper than‘in the case>with-no.v
B r.f. phase shifting.

A large amount of expérimentél datg‘has beed thaiped which vérifies
qﬁantitati#ely the bebaviorbdescribéd above._ Staﬁistically significant'
deviatiéns frbm the:theory were not obser#éd.v Some typical e#perimentalv
datea are preéented in’the figurés below, where solid lines correspond

.to best fit theoretical'éufves (Eq.. (IV--2k)). Experimental condiﬁions

were adjusted so that parameters in the theory were varied in different

ways:
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wg = W . Sample temperature constant.w._ (i.e. B r.f. field

B 1B

strength) varied

The results are shown on Fig. IXfl. Two B r,f.'power levels
Cw = + = +
were used: “iB/gﬂ (4.35t0.05)kHz and w g/2m (7.2 0.2)kHz. The
curves clearly have the expected qualitative behavior;”with an initial
rapid decay of the proton éignal due to thermal eéuilibration between

the proton and K39

reservoirs, followed by en exponential decsy
(straight line in the logarithmic graphi due to epinelattice rela#ation
heating of the coupled reservoirs.

By fitting with the expression (Eq. (IV-2L)), one can construct
the two theoretical curves shown in the figufe. The parameter
values used are shown beside each curve. The TlB-Values were determined

by using the value T = 14,7 sec_ebtained from s separate measurement.

1B
As a quick check on the internal consistency of these results, one can
form the ratios of the squared rotating frame transition frequencies

and of the heat capacity ratios:

(3432—5E5)2$0;361Q02;Eéﬁééé_éﬁ%)=-O.365i0.09
7.2 kHz €(7.2 kHz R
Aceording to Eq. (IV:-19) the ratios should-be‘equal, which they certainly
~are within theAe#perimental'errors. The error limits on the €'s are the
Same as were obtained in the approximate treatment be}ow. AwlB/2W:'O.15 kHz.
: Least'squares fitting of the seme datsa withvtheiapproximate

expression (Eq. (IV- 25)) yields:

wyp/2m = 4.35 kHz.: e(h.35 kHz) = (0.29£0.05) Tiﬁ = (3.9%0.6) sec

7.2 kHz : (7.2 kHz) = (0.6120.10); T._ = (3.7+0.7) sec

w /2™ 1B~
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Fig. IX-1l. Double resonance with unmodulated B r.f. at two different B r.f.
field strengths. Curves were computed from Eq. (IV-2k4), with
parameter values as shown in the figure and with T  =1L.7 sec

5 =0- 1A
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With the observed error limits, the expression (Eq;‘(VE2h)) must .
be used to obtain a correct €-value for tﬂe 7.2 kHz curve, while
Eg. (IV—25V) is sufficiently accuréte for analysis of the ﬁ.BS kHz curve.
This is hot surprising, since the approximation error is expected‘to
increase with €. If dats précision were'inéreased substantially, f.ex.
by data accumulatién, the exact expression should also be used in
anelyzing the h.BS kHz curve. |

Figure TIX-2 shows hoﬁ the proﬁbn signal decays Qhen the K39
reservoir is kept hot by phase shifting.thevB r.f. field by 7 once
every millisécoﬁd. Curves.are shown corresﬁonding to the two B r.f.
power levels wlB/Zﬂ = 1.28 kHz and 7;2 kHz.l The decay is clearly

exponential. Using €-values obtained from separate measurements and

assuming that Eq. (IV-21 ) holds, i.e., Ty,g = T'€, one obtains

Curve A: T1,.(1.28 kHz) = (0.10+0.03) sec .

AB

Curve B: (7.2 kHz) 5(1.0&0.2) sec

TpB

Thus TAB»increasés with wlB’ as antiéipated in Section IV-B. According

to Eé..(IV -2k4), the cross relaxation térms in the expression for the
proton energy cén be dbtained by subtracting the spin-lattice relaxation
térm (straiéht line in Fig. IX-1)  from fhe experimental data. This
was done_for the 7.1 kHz curve in Fig. T7X-1 , which due to the slow

- cross relaxation is best suited-for analysis.' Normalizing'the differénée
to one.af t = 0, curve C on Fig. IX-2 was.obtained. Assgming

Br.f..

an exponential time constant T = 1,./(1 + '¢), one finds:

AB

"Curve C: (7.2 kHz) = (1.1#0.3) sec

Tan
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Fig. IX-2. Measurement of A-B reservoir cross- -relaxation rates at 2 B r.f, power levels. Curves A

and B: Phase shifted B r.f, Curve C: - Computed from A—B thermeal equilibration tra.nswnt on
Ta2 kHz curve, Flg IX-1. :
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Due to the uncertainty in the data used for'COnstfucting curve C, this
result can only serve as a rough check on the theory. Also, Eg. (IV-_Qh)

is based on the approximation T, << T For the 7.2 kHz curvé,

AB 12> T1p°

TAB/TLA < 'TAB/TlB' = 0.20

which in relation to the criterion above represents one of the worst
cases in the work reported here.

It is interesting to note in this connection that a best

fit of expression (Eq. (IV-24)) to the 7.2 kHz data in Fig. IX-1

‘= (1.0%0.1) sec.  Thus, one can conclude that the three

yields TAB v

methods used in determining T

AB_for the 7.2 kHz case yield mutually

consistent reésults.

w constant. Sample temperature constant. w

1B Varled.

B

In Fig. IX-3, two curves are shown which were recorded at the
same temperature and with the same B r.f, field strength. One was
obtained with the B r.f. 2 kHgz below, the other S kHz above the line
center frequency wBO/Qﬂ = l33l.kHz: wB/EW = 1329 kHz and 1336 kHz. )

The curves look different in several respects. The initial thermal
équilibration is obviously slbyer for the 1336 kHz cufve,.which is
farthesf-from’resonance. This‘is'ekpected due to the larger W g and

the smaller value of (sin 6)-2, where 0 is the ﬁe tilt angle in the

B
rotating frame, cfr. Eq. (IV-18.). As before, the curve with the larger

w ., i.e., the 1336 kHz curve, has the steepest slope in the
eB v
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Fig. IX-3. .K39 double resonance_#ithvunmodulated'Bur.f..and at different
- - ‘degrees of resonance. Curves show best fit of Eq. (Iv-24)
with: ' : : .

5 | L -1
wB/2v=1329 kHz , €=0.16 ,_‘(1/T1B—l/’IlA)-O.l7 sec . TAB*O-.2O.sec

B : . ) . _ . =1 .
‘ =13 =0 - )= T =0, )
@B(2n 1336 kHz , € 0.25 ,‘(l/TlB 1/TlA):O';9 gec > Top 0 25‘seé



-182-

T : . _ .
» “AB . . S 39 R \ .
tB s T+ ¢ reguﬁe, reflecting the.larger K | reservoir hea# capa01ty.
Extrapolation to tB r.f. = 0 yields
€(1329 kHz) _ 0.149 _ 0.6L
£(1336 kHz) 0.235 '

According to Eq. (IV-19) this ratio should be the same as the squared

ratio between the weB's, On resonance (wB = wBO) one found by audio
' o , 2 2,2
resonance : wlB/Qﬂ =.5,2 kHz. Using Wop = Wt (AwB) , one hgs

2 v B
w, (1329 kHz) i <5.6 kHZ>2 oo
weB(1336.kHz) 7.2 kHz /- OV

which agrees well with thé value 0.64 above.

39

- The K spin-lattice relaxation time is readily determined from

thevtwo curves. With-TlA = 1k.5 éec determined by an independent

measurement, one finds by Eq. (IV-B-8):

1329 kHz: (_l/T1B - l/mlA) = 0.180; T g = 4.0 sec”

0.187; TlB = 3.9 sec

wB/ZW

‘ . . )
wB/z.‘ 1336 kHz: (1/T1B 1/T,)
The data derived from Fig. IX-3 for the crystal orientation H Hz ‘and.

39 '
- for the K (:)trans1t10n are of course not 1mmed1ately comparable w1th

the other results obtained in thls section for the case’ HIIz and K39(:)

transition.
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o : s _ C » N 1
R R cohst. -Sample temperethre,v;.ef <TlB TlA)'varled

If one assumes that the theory developed in Chapter IV is valid, then

‘ddta to be preeented in Chapter X shows that Tl(K ) varies over a w1de

range-as the sample temperature is brought from room temperature to below
the Curie temperature TC = 123°K. By comparisoh»withAthe proton relakation
results in Chapter VII, it becomes clear that one can make (—;;'— L) = 0

: . ' - Tig Tia .
by adjusting the sample temperature. According to Eq. (IV- 25), the

proton energy during double resonance with unmodulated'B r.f. should

. e 1 1 v _ v . _ R

- - : >> + .

vary as.exp ( T+ ¢ (T T )tB r.f.) for ty o > T,p/(1+€)
. ST1B 1A g v

This behavior is borne out quite clearly in Fig. IX-4, where data

recorded on the K39(:>—line at different.temperatures are presented.

‘The data ohtained at the lowest temperature T = 99°K are especially

. striking. There T >>TlA, and the pfoton eignal increases after thermal

1B

equilibration'betweenvthe two reservoirs has been achieved. 1In this

low temperature range, the slopes  are very shallow. This is partly

dﬁe to the small spin-lattice relaxafion rates, but also to the near—h

1A 1B

and one therefore immediately knows that TlB = Tlh' As will be shown

equal values of T and T._. Curve B in the figufe'has zero.slope,

in Section IX-B, this feature can be used to advantage in certain cases.

IX—A—Q. Dohble Resonance Lineshape

The two approximate eXpressionef(qu.“(IV—QM) and IV—QS))

shquldvalso‘describe the doﬁble resonance lineéhape, sinee'the lineshape . yf'

recording mode only corresponds to a different choice of parameters -

being varied. In order to compare with theoretical lineshapes, twb

sets of experimental double resonance lines are shown in the-fqilowing.
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1.0

sample temperatures.

The curves were computed from Eq.

with parameter values as shown in the figure.
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‘ Fig. IX-L. 39 double resonance with unmodulated B r.f. , at four dlfferent

(1v-2L) -
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In one set, four lines were recorded with different values of the B r.f.

. “constant. In the . other set,

ield . ,. t 1.
fle. strength wlB/Yeff’ bu w1th_tB ..

four lines were recorded with different tB s but the sgme wlB/Yefff

t constant, w

B r.f varied.

1B

If is of interest to check lirieshapes prediéfed by both the

approximate and exact expressibnsv(Eqs.(IV-b25) and (IV—QSI)); The

same set of experimentai data was used in both cases, and the results

are shown on Fig. IX-5. By iﬁspection, it is immediéteiy clear that

ﬂseVeral of the salient features’ of the.lines are as predicfed by the

theory: -The lines have a double minimum with the on-resonance maximum

depressed more and more as the B r.f. field_strength,'i,e., the B

reservoir heat'¢apacity, is increaééd. The curvafure of.the line at

wB = wBb‘decreaSes-as the B r.f. fiela stréngth is increased, reflecting
Aw,, . S '

f~innthe_rotating

, eff . , ,
increases. The line depth is slightly larger on the high-

the reduced sensitivity to the off-resonance field

frame as HlB

frequency side of Woyd corresponding to the large initial B reservoir energy

(nggative spin temperatures) when the B r.f. pulsebis furned_on suddenly; _
.First,'the quanﬁitative analysié Vill berdone for the approximate  |

eXpression (Eqg. (Iv- 25)). Since thefapproﬁimatién is_better, the shorter .

nTAB’ the appréximate lineshapes Should give the-best.fiﬁ to experimental

data.close“to the line center. This islborne;out’cleari& in Fig.IX-5,

wﬁere the brbken lige curveé‘we}é obtaiﬁéd from Eg. (IV— 25) by plugéing

in aPPropriate values forve, TlA"TlB"EBo and ?B _— at each frequency Wy .

efr. Eq. (IV-26). The parameter values used are listed in Table IX.1.
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Fig. IX-5. Double resonance lineshapes at different B r.f. field strengths. Dots/
open circles represent data obtained with/without B r.f. phase shifting. ’ :
Theoretical curves computed from Eq. (IV-23) and Eq. (IV-25) are drawn with
full and dashed lines, respectively. Curve parameters are given in Tables
IX.1l and IX.2. '
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Table IX.1l. Parameter sets used in computing theoretical
lineshapes by the approximate formula (Eq. (IV- 25)).
Curves drawn with broken lines in Fig. IX-5,

wlB/2n e(wBO) T T. g Asymmetry Sinst. p—
[kHz ] ' [sec] [sec] ' [rad™™ sec]

1.30 | 0.022 | 14.7 | 3.3 0.0015

2.68 | 0.095 | 1k.7 3.7 | ~ 0.0015

k.35 | 0.250 | 1k.7 3.3 ©0.0015

7.20 { 0.685 | 1k.7 L | 0.0015

Here, t was measured directly, and T, was found by a standard

B'I‘ef. lA

protoh relaxation time measurement after ADRF. € was determined from

on-resonance curves like those on Fig. IX-1, using Eq. (IV-25). 1In

order to test the theory as severely as possible, the €-values at all

frequenciés and for all four curves were computed from a8 single

measurement of the oh-resonance_e(wBo) at /em = 4.35 kHz. 1In-

W .
_ Audio
each curve, the off-resonance values of € were related to the on-resonance

1p ¥as measufed separateiy for each line from

proton signal decay curves like fhose on Fig. IX-1, and was taken as
cénstaht thrpughouf éach iine.- The assumﬁtion of:a,conétant TlB is
partly.justifiéd below by tﬁe measurea sﬁall~dependenée éﬁ'e:within the |
appfopriate E~-ranges.

The asymmetry’cohstant C _deserves a closer description. The

Asymm

frequency dependencé of the initial B system rotating frame energy EBo

ig -derived in Appendix B, and was indicated by._

EBo = K - A.wB
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in Section IV-B. With
EAO exp(—tb/TlA) =1,

‘the relevant parameter describing the degree of lineshape asymmetry

in both the exact and approximate expressions (Egs. (IV-23) and (IV-26)

becomes

T EBo 1 K

c - _
. w
hsymm. By, Aog By
Explicit expressions for EBo and E, = are obtained from Eq. (B-9) in
Appendix B and from Eq. (II-L4). Since the temperature in question
here is the lattice temperature, the high temperature approximation can
‘be used:

Ng b Buwp(E) - E) o 1

C =
Asymm. LT N Aw
_NAI('I + 1) YAHoHL_A - B

All gquantities appearing in this expression were defined in conneétion
with Eq. (B-9) and Eq. (II-k). 1In the present caée,:one has I = 1/2,

and one may write:

B - Bo

=
=
e ,
E

where .

N_/N, = 0,93/2 = 0.47 (K39/proton’abundance$)_

B VA

Wg o = (Eh—El)/h = T48 kHz (line center frequency K C) )

W= Y,H = 11 Miz (proton Larmour frequency)

w = . = . - 5 N . . s y
LA YAHLA 3.2 kHz (proton Larmour frgquengy in loca} d}pola;

field HLA = Of73 ).
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With these values one obtains

o -1,-1
CAS ‘ O.QOlS (rad sec ) .

This may be compared with computér best fits to the ekperimental curves

which yielded values in the range

0.0010 (rad sec™¥)™! S ¢ <0.0016 (rad sec 1)7t
) : Asymm. :
One may now return to the broken curves in Fig. IX-5. For
the lines with lOW-BAr.f. power,‘the agreement between'expefimental_
data and theoretical curves is very good in the frequency region about
Wge s and significant errors only start to develop as the lineshapé

minima on either side of wﬁo are approached."At the hHighest B r.f.

power'levél, is larger and the agreement is poorer. It is interesting

TaB
to note that the theoretical curVés generally lie below the experimental
ones, This is expected, since the theoretical curves do . not include

the off-resonance increase in T B’ which gives a bottleneck effect in

A
the depletion of the proton signal.

‘Lineshapes generated from the exact expression (Eq. (IV— 23)) are
shown in Fig. IX—S,v (full dfawn lines). The same exberimental data
were used as above, with theAaddition of.data poinfs’obtainea with‘
phaée shifﬁed B.r.f. The curve fitting was done by tﬂé procedure
outlined in.Section-IV—Cu g and TiB‘at wy = wBb were determined by :
‘:the exact éxﬁyession.(Eq. (IVf,23)),.and’TAB(wB)_was determined from
computed.values of e(wB) and thé lineshape data>obtained with phase

shifted B'r;f. The parameter sets are given in ﬁhe_Table IX-2:
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Table IX.2 . Parameter sets used in computing theoretical-
lineshapes by the exact formula (Eq. (IV- 23)).

Curves drawn with full lines in Fig. IX-5.

wlB/QrT

)

e{w

T

o

Asymmetry Const. C

Bo 1A 1B _ -1 . Asymm.
[kHz ] [sec] [sec] [rad = sec] :
1.30 0.024 | 14.7 | 3.3 0.0015
2.68 0.102 | 1k.7 3.7 0.0015
k.35 0.270 | 1k.7 3.3 0.0015
7.20 0.740 | 14.7 | k.0 0.0015
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For‘each'curve3there is good agreement in the regions around the lihé_
center and in the wings of the line.. In the regions ébout the liﬁe
minima, the fheorétical éUrves‘tend to lie too high.. One possible
explanation for the discrepancy is that the cross coupling times TAB(QB)
used fqr computing the théoretical curvés were too loﬁg: Around the

line cehﬁer'and the wings of the line the lineshape is almost insensitive
" to variations in T,,. At the line center this is.becguse TaB there

AB

has its minimum value, and also t

B r.f. was chosen so long»that the

thermal'equilibration transient had died out. In thé wings,of the line
the B reservoir energy.is only.pertﬁrbed veryblittlevﬁj the slow A-B
energy excﬁanée.‘ Consequently, errors in fhe determination_ofvTAB
would show up mainly in the regions Vhere>discrepancies WerevaServed
in Fig. IX-5.

used here is convenient and fits smoothly

The method of determining TAB

into the theoretical framework that was built up in Chapter IV, but it
‘is vulnerable to systematic errors. Two effects will be mentioned in

AB
the effective reduétiOn-of'the B r.f. amplitude during phase shifting.

. particular, both of which lead to too long T,,-values. FirSt,‘there is

DﬁringHeach phaseléycle, the B_rff. power-envelqpe went from Zerd to a
maximum and back to zero again. As.described'in Chapter XTI, the‘tﬁrn-on
aﬁd turn-off was made_smoothly\in bfder to avoid sidebands, And as a
_.conSequenqe.the mean B r;f} field stréngth was réughly 3% lower'dufiﬁg.v
phase shifting. Tﬁe power reduction.was monitored on a VIVM in each case
gahd the-cﬁrves invFig. IX-5 obtained‘with phase shifted B r.f. havé‘been.
"corrected for ﬁhis b& a siightly increased depth. Insfead'of trying to |

do the correction analytically on the basis of Eq. (IV-18) which requires-
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knowledge of J(w_.) that is not available,in the present chse, the

slight' correction waé made“by interpéléfion and exfrapqlatiqn of
.daté obtained from thé phase'shiftéd'lingé in Fig. IX-5 vat eaéﬂ QB;
| For gaqh line the VIVM pOwer réadings‘with énd’withoutiéhase shifting'.
of the B f.f..weré usedf vThe secohd.sourée of systemafi¢'errors.in TAB
isjthat the B r.f. éhése shifﬁing ﬁay not havé kept fhe B reservoir :
at an infinite.temperaturé. The.ph&éé'éhifting method>wés described
in Section III-B, where one'assumed ideéliéed conditions (insfanténeous
phase shift by exéctlyAn radians, etc); Unfortunatéiy, it is ‘difficult
to make even a very rouéh assessment of the degree of saturation attained
in the curfent.experiment."The results above do éstablish that each
. phase cygle was much less thén all TAB'S in que;tipn, and:thus iowefingv'
éf the B reservoir temperature by chss rélaxafion cooling:should_be
39 | |

T. in the rotating frame is lacking,

negligible. Information oﬁ-the_K -

however, and one'cah therefore not rule out posSiBlé phése coherence ﬁ
effects. The details of the-phaée shifted B r.f. Wa&e, f.ex:'with
respect to hérmohic_conteﬁt and the-pha§é behéﬁior during éa§h phase
cycle, ére notvaccurately kﬁéwn. in aadition to this there.are ﬁncertéin'
points'regardiné the satg:aﬁionfefficiencj er'different valués of wB-
off_reéonaﬁcé}

: wlB constant ; tB r;f, varled..‘

' As was shown above, the approximate formula (Eq. (IV-25)) gives
a ‘good qualiﬂative descriptionbdf'the center ridge in'the double

resonance line obtéined_with unmodulated B r.f. It can be written
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Splugs tg oy p 0 =8y, (up) exp(=fylug) by o)
where £ (w;) and £,(u;) are defined by Eq. (IV-25). If
tB r.f. a'tB‘r{f. * 4, one has
Splwgs tg o o * 8) =Sy (ug, by o ) exp(=fylug) - 4)
Since fé(ub) is a posiﬁﬁe, monotonously increasing function ih'ub, an

increase in t tends to decrease the overall signal level and thus

Br.f. _
ultimately the curvature of the'center ridge in the line. On the other
hand, as A increases, the'off—resonance sigﬂal is reducéd felativeiy

~ more than‘thé on—resonahce'one. The net effect is that the cenfral
ridge in fhe line remaiﬁs quite*pronounced eyen’for 1ong'tB f.f. Vhere
the depletion of the proton signal is large.” This behavior was indeed
verifiedféxperimenﬁally,_as shown on Fig. IX-6: The qualitative
difference in saturafioh behaﬁior from the case where the B r.f. field
stréngth was varied, is quite_clear.- |

IX-A-3. Conclusion

For fhe case of K39 in KDP, and fof a widevrange of expgrimental‘
Conditions; excelient_agreément has been founa between thé thermal
.reservoir tﬁeory.deféiopéd in Cha?tef»IV‘andveiperimeht. As diséﬁséed
‘in éection IV—C,~é§mpa;ison invdlves no adjustable paraﬁeters, since.‘
all parémeters are uniquel& defermined from experimental data. On the
basis of this, one -can conélude that the thedry applies to K39 in KDP
wifhin the rangé of expérimental parametgrs that appear in the analysis
above,:at the very least:  Experimental dafa ha&e.been:obtain¢d3,moreovér,

indicating that.the theory apﬁlies to other lines and field configurations
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Fig. IX-6. Double resonance lineshapes with unmodulated B r.f.
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as_weil. Also, 'the deriyation of the theory waé quite general, and

one can expect that the results should apply equally well ‘to other =

»nuclear species and other substances. ‘The‘amountfof'experimental

evidence obtained so far thus aads another élement to the mass.of
evidence supporting:the thermal feservoir modéi for ddﬁble resonance
in geneéral, | |

The'simplifiea expressioné deriVedvin.Chapter IV were shqwn to
approximate fhe experiméntal_data with the éxpeéted degreg of preciéibn.

Ekperimentally,'parameter sets were encountered above where the apprcximate.,

~theory introduced errors into € that were comparable to the experimental

errors. For high-accuracy measurements, therefore, the exact version
of the theory must be used unless the ratio of the cross-coupling times

TAB to TlA and TB are much smaller than in the case above. The appfoximate

expressions are valuable in making quick estimatésrof € and TlB’ however.

Also, thé approximaie}expressions_providé intuitive understanding of
experimental results like those preéented abové, ahd of how the parameters
in the theory influence those results.

IX-B. Measurements of Effective Gyromagnetic
Ratios in .the K37 Rotat_ing-Frame

IX-B-l. Introdﬁction

7 in KDP is well suitéd for téstingvthe results in Chapter V, -

since Zeeman and quadrupole interactions which defihe the laboratory

frame eigenlevels are of comparable magnitudes and. yield a“wide_range

g, in the laboratory freme. As will be
shown in Section X-A, the K39

of transition frequencies Vv

-quadrupole coupling constant in KDP is

@ function of temperature, and it is therefore possible to vary A,

defined by:
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.1}\ _ e%qq/e1(2T - 1)

AE T YLABHO
_ .without altering the étatic magnetié field}st?éngth Ho. “Thus the»

’ dependeqce of Yeff on A can be measured-without the need tovfetunevthe
A.syétem at each valﬁe of A. Finally, K39 yields a sfrong double resonance
éignal, and the rOtatiné ffame tfansitionffrequenéies can easily be

determined by audio saturation'double'resonanée, as described in Chapter III.

IX-B-2. Experimental Resulté'dnd Discussion

A single cfystal KDP sample.was used (the "standard sample" described
in Chapter VII). The field configuration was as aséumed invthe_cal—
culations ih Chapter V, with the crystallographic‘x—axislparallél té
the static magnetic field HO and the-audio'field vécfor direction, and

the z-axis parallel to the axis of the B r.f. coil.

Measurements of Yéff were made by ADRF double resonance, with protons

as A spins and K39 as B spins. The results‘reported here were all
39

obtained withvthe B r.f. exactly on resonance for each K~ transition,
and with proton Larmour freQuency equal to 11 MHz. The magnitude of

the B.r.f. rotating field component HiB was determined by measuring

the RMS voltage across the B coil and using calibration data from'
audio resonance on Cau3 in a CaF2 sample, cfr. Chapter VI. With a

- rotating frame transitiOn frequency Vv measured byjaudio resonance,

Audio

the, experimentally determined Yeff then is by definition:

(1%-5)

RS

v ; vAudio '
- eff & HlB
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Two series of measurements Oh-Yeff will be described: a) At 'a fixed
| 39

temperature, the Yeff corresponding to all observable K: laboratory

frame transitions were determined. b) For a specific transition,'yeff

I3 . -

was measured as a function of temperature (i.e., as a function of A).

~a. Pixed Temperature, Different Trahsitibns

) . . ' . ) '_ - vo.
The experlmentally determined valges of Yeff/YLAB at T 158°K

Y1AB = 0.1987 MHz/k gauss). Also listed are

theoretical values computed from the expressionsvin Table V.3. Yéff_for

are shown in Table IX.3 (
‘forbidden transitions have been set equal to zero, Cfr; the discussion in
Section V-A. The trdnsitionAnumbering was defined in Section V-A.

TablevIX.3;_ Effectivé gyromagnetic ratios in the K39 rotating'
frame (QX = 90°, A = 0.513, T = 158°K.

Transition VBo  Vaudio g . '-(Yeff/YLAB)

Number _ [KHz] [KHz) [Gauss] . Experimental Théoretical
1 Th2 4.4 15.7 . 1.41+0.08  1.462: 0.007
2 838  3.70  1h.T  1.26 + 0.0T - 1.29% * 0.005
3 1580 . Not Observed o 0
. 190 Uncertain o 2,483 + 0.006
5 932 Not Observed - - = 0 "_._; o
6 1770 0.5 9.5 0.26 % 0.13 _o.ih6 +0.002°

‘The agreement between theory and experiment is very good,. with the possible"
exception of Yeff at transition Q. Indicated error limits in the_experif

reflect an estimated 4% error in H. (VIVM-reading and cali-

mental Yef_ 1B

?

bration data], and-individually determined measurement uncertainties in

" were large at low frequencies, due

. " Relative errors in.vV, ..
S_ ~Audio

VAudio

to linewidths up to apprdximately 1 kHz. Sources of error in the

theoretically determined Y stem from measurements of sample temperatures:

eff
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X T AT = 1.-710 at A_-‘Q:513, AT = 2°K
and K39 laboratory'frame traneition_frequencies‘vBO
L d ey . 5 L1073 a4t A= 0.513 , AV .= 1 KkHz
A dvy _ SR S

Poseible error due to.sample misalignment bas been neéleéted5 since
dlscrepanc1es between all observed and theoretlcally computed VB vere:
less than C.6 kHz, and thus'f measurement errors. vIn connection with
the data in Table IX.3, one may note specificallytv
Transition5’3 and 5 are forbidden (cfr.‘Section V—A) in the present

field configuration} A Siigbt miealignment causes.sufficient admixture
of states for the transitions to be observed, however; and weak lines
at the 3 and 5 transition.freQuencies vere obeervedion several'occasions,
The data in Table:iX.3.were'obtained witn a e—rotation sample, and'while
" the 3 transition was.not'detected a weak'line at the SItransition

frequency was observed at certain- z~rotat1on angles. In order to Cheok'v
that the line was observed due to sample mlsallgnment the line depth
was monitored duringva.full 2ﬂ rotation:of the sample about an axis
: L H_. If the cr&stallographic ieaxis did not coineide with the rotation
uxis, thete uhouid be two angleo of Iotatlon, qeparated by m, where" |
Z l H B yleldlng Zero llne 1nter81ty Thls.was indeed observed experi—:f
'mentally. As shown in Section V—A. a direct proportionality exists' .
between the matrix elements of the Br. f hamlltonlan between B spin ‘
" laboratory frame elgenstates, and effectlve gyromagnetlc ratlos.ln the
corresponding rotating frames. Forbldden tran51t10ns are thus repreeented

by Yéff = 0. It is interesting to note that at the angles where the -
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5 tran;ition wasvobserVed,>the cofréépénding yeff/YLAB.wés vgry:}ow, of
order'O.i. : .
Trapsition‘h has aléfge yeff} and-should hgﬁe béen Qbsérﬁed,
Unfortunately,,the‘tfansitiéﬁ fréqueﬁcy_of lQOAkHz'ﬁaé'well below the
lowést tuning frequency (apprbximately 265 kHz) fof-the B driver amplifiér;
‘and it was necessary to'dé’the meaéurements off fesonance for this ﬁniﬁ.’
This might have affected.thé B r;f phase:$hifting which was used for
B reservoirvheating,',A weék.line,séémed.to be indiéated at‘l90 kHz , but
_the'signgl.to noisevratiq‘was.so.closé'to 1 tﬁat‘no definiﬁe conélusioné'.
could bé drawn. An aﬁdio résongnce searqh'af 190.kHz was_negative, :
but the H

calibrétion data.aﬁailablé'were_dubidgs in this low f?e-'
lquepcy range, and the audio:ffeQﬁencyv5weep might not*hévé‘been exteﬁsive
enoughf Evenvthough.the offéresﬁhéncé traﬁsieﬁt response‘of;tﬁe B r.f;
system is not known,‘pulSed E r;f, satﬁratiqn might have been mére
suitéble than phése shiftiﬁg or .audio resohahce in the ﬁresent:éase.

This was ﬁot tried.  - |

b. Fixed Transition, Different A

'ExPefiﬁental conditiqhs wére'és.undér parf‘é.bbeforé, but now with the
sample téﬁperature éé é Qéfiaﬁle(parameter.. Measﬁfements were made.
.-in the temperature range frdm.lé5°K to 2h69K,'where X_vgries neafly:
lineérly from O.SQH‘(af lé5°K)'t6 0;533 (at 2&66K), iﬂja field
'Ho #.2590 G.l Traﬁsition‘;'wéé chd;éﬁ5 ﬁainly‘bECauée it wasfused in B
the K37 spiﬁ—iéﬁfice relaxation‘timévmeééurements_deééribed'ih
 Chapter XI. . o B | |

Experimental and'thegretiéal ﬁalues‘éf yéff/yLABare,éhown,in-.

Fig. IX-T, as a function of temperature. All data were recorded with
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v . = k. , ' ee V= V- . , iy einole—
Audio 4.4 kHz and on‘resonance BT BO(T) Errors in 81ngle
measurement experlmental and theoretlcal Y ff/YLAB - values‘were as

" shown for transition 1 in Table IX 3. ‘ As is apparent from Fig. IX—Y,
~the tempcxuture dependence of Y ff/YLAB is small, but is borne out clearly
‘y.the experlmental'data, and experlmental and theoretlcal values.agree
within the established error limits. |

As mentloned at the beglnnlng of thlS chapter, local dlpolar flelds
cause dev1at10ns from proportlonallty between the tran31tlon frequency

and B r.f. field etrength H in the rotatlng.frame; when H is small.

1B 1B

A rough check to eliminate this'source of error in the measurements

described above was made by measurlng A ff/ALAB for tran51t10n 1at 3

values of HlB' For HlB 31, 19 and 9 gauss, one found A ff/ LAB =-1.393,

1.415 and 1.hoh, respectively, indicating no systematic.trend. This is

as expected at theSevrelatively large fields.
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X. DOUBLE RESONANCE STUDIES ON k39 anp k! 10 KDP
X-A. Spectroscopy, Conventional Double Resconance Methods

43 56

The spectra. of K39'and K™ in KDP were already published during

the early phases of this in?éstigatioﬁ, and will thefefore'only be
'given a brief treétment here{. Knowledge of'specffa and quaarupole
coupling constants. is_necéssa&y'ih thé bresént‘cbntext to identify.
transitions~and to éompute quantities of interest? sﬁéh as the effective
gyfomagneticvratio in the rotating frame. |

The ADRF double résohance méthimldescfibed in Section III-B were

39 ° 41 31

ﬁsed, with protons as A'spins and K r K as B spins. The P77 will:

“affect heat cépacity rétios_and poésibly cross-relaxation rates, but

can be ignored in the following analysis.  Other nuclear species have

too weak interactions,with K39 and Khl to be of importance..

39

We recall that K7 and K 1 are both spin 3/2 particles with natural

isotopic abundances 93.08% and:6.9l%, respectively. K39 requires -
déublé resonance methods for detection, despite high abundancé, due to
its weak quadrupole and Zeeman interactions.

X‘A‘lw Spectrai Rotation Patterﬁs.  Sample Alignment -
39 -

Both K and.Kul are quadrupole coupled to the.local e.f.g., and

" will in- general -have six allowed transitibns.“ The hamiltonian defining

‘the laboratory frame eigenlevels is
K=K o+ X
.z' Q

where H; is the usual Zeeman interaction: Hé = -y hI H . K represents

B "z o0 Q

the quadrupole.interaction. Since the crystal structure changes on going

_thfough the'Curie.point. 'Hé wili_héve two forms, cdrresponding to the

para- and ferroelectric phase,'and the two cases will be treated separately.
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T - | ‘ o o .
For'both_K39 and K ; in KDP, the guadrupole and Zeeman interactions:
are of the same order of magnitude, and perturbation treatments cannot
be used.

Paraelectric. Phase

As demonstrated in Ref. L48, crystal symmetry considerations show
that the e.f.g. tensor at'the‘potassium_site is axiélly symmetric about
the crystallographic z-axis and that all four potéssiﬁm atoms in the

unit cell are equivalent. Thus, a single set of resonance'frequencies

39

: ' L , i
is expected for both K and K 1; and "energy eigenvalues are defined

by the hamiltonian'
S -

R o o, L
J(' = e € -— .
I Y et - 1y (3T - T+ 1))
The energy eigenvalues have been computed numerically by Parker for
several:different crystal orientations and for several'different_ :

values of the parameter X:

_ e2qq/er(e1 — 1)
T YhH :

This quantity is identical to A as defined_inlchaptér V. -

A

. The épeétra were récorded at various cryéfa1 Qrieptation$:relatiVe
to the magnétic;fiela H_. .Typiéally,-one of the'cfyallqgraphic.axes 
was kept perpendicular to thé‘magnetic'fie;dvvéctor, whilé the Sample~
wés rotéted:stepwise about this'axis. 'Depéndiﬁg on the éxis of'rotation}_
the‘spectra will'be.feferred.to_as x-;'y— aﬁd‘z—roﬁation'?atterﬁs, |
Efr. Fig5 VIiIii-i. | | -
| In.Fig.1 X-lgare Shovﬁ thé obserﬁedvi;rofétion tfahsition.frequéncies

for K39

and Khl at 240°K. (Due to. the symmetry of the e.f.g. tensor in
the paraelectric phase,vthe Yy énd z rotatiors yield no additional

~information). The curves show theoretical transition frequencies
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corresponding to A = 0.532 for K°7 and A = 1.32 for K ~. Wlth.Hb = 2586G,
one has for the quadfupole-cqupling éonstanfs:

(1.64 % 0.01) MHz

0% |eqa/n]

K Jefaam]

(e;éu i:Q.Ol) MHz
at 2hO°K.V As will be'shown egplicitlyFBelow,’the_Strength_of the Quadrupole
Qoupliﬁg vafies with temperature. . | |

The laboratory frame.energy level scheme is shown ;n'Fig. X;l,'where
the‘different trahéitions'are definédiby a number., At a'generalraﬁgle
ex, the eigenstate; are linear_superpositions of several Zeeman
eigenstgtés;{mi), butvat ex-; 0°, Qne hés Ho" g and ﬁhu;v.

, , M1 =0 _ _ .

At_this ahgle, the ]mi) Wili be eigenstates of‘the total hamiltonian,;

X'=_ﬂ; + # , end the energy eigenvalues are:

Q
4 . _ - e®qg 2 B =
By = yRHm + h1(21 - 1) (3m” - T(T+ 1)
One can identify: | . _ | : _ : . v
v = 1-3/2, lup = [-12, |y = [3/2, vy = |1/2 .

Sinqe no mixing'df Zeemgn‘eigenstates is present at ex.;'o° and thé
'vsélecﬁion rulé.Am = %1 épplies; if isbcleafbtﬁat1thé only'éllowed.'
trgnsitic%né are @ s @and @ Eiperinientally', the | J_.ineé_@ ,.@ and @wére' .
not observed at GX = OQ,Ier. Fig. X—i. Qﬁly a'slighﬁ rofafion away;

from 6# = 0° was sufficient for the lines to be observed, however.
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Ferroelectric Phasev

In the temperéture range béldW'£h$ Cufié point C% ?11239K)5'the
crystal symmetry is orthorhombié‘FddQ.v-The e.f.g. tensor at.the,K39'
sites has .a nonzefo ésymmﬁtfy_factdf N in the ferréeleétric phase, and
as pointed out in Ref. h8,.this implies fhét fhere are two nonequivaleht
potassium sites in the unit Céll (when a magnetic field ié éppiied at
an-anéle to the z axis)._ These sites will be called A and B. In the
ferroélectricﬂphése, domains e?isf ﬁith pdlarizations either parallel
or antiparallél to the z~axis; _Denoting thé A and B éites in the'two
types of dqmains as.A, B and A', B"fésbéctively, one finds'that there
arerin general four nonequivalent potassium sites in thevunit.cell
éorresponding.to A, B, A'land Bf.'uThus‘four sets of-transition frequencies

39 L1

are expected at a general briéntafiqn, for both K and K. The set

GZ =0%°+n *90° (n=an integef) fepresents an exception,-siﬁce
A, B' and A', B become equivalent at.thése angles. In the x-rotation,
_Only twozsetsvof ﬁrangiﬁion frequéncies are observed, sipcé A éndtB( .
‘are.equivalent‘ét X lJHO; and likewiée A',and B; -

.Even though symmetry considerétiéns?éh@y that the z axis'is a
principal axis bf the é.ffg; tenéof, £he aéymmetric é.f.é; compdnents
aﬁd number of nonequivalent potassium.sifes maké'the extraction of.the :
quadrupble~coupling.constant and asjmmetry parameter sbmewhat involved;

57

was used in Ref.48 to determine

39

'_ The procedure of Brown and Parker
.all relevant quédfupole coupling pgrameteré.fqr K af 77Q°K,_apd the'

data were iater‘extendedSB'fé'éovervthé fémperature fang§.from.77_°K:

and up to roam temperatﬁre. In light.of this, novsysfematic effdrt

was made to obtain Quadrupole coupling parameters in the ferroelectric
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phaée. Partial z—rotaﬁionvspeétf& ﬁefexfecorded’h§wéver, both in.ofdér'
vfo identify transition$>used in Chapter‘Xi, and tb_check‘énvsample
alignment. InvFig. X-2 are shown transition ffequencies.obtéinedviﬁ:'
 the Z—rotation, as a function of'sambleitempéfafure:' In the ferroeleétric'
phase, all data were recorded with sz= 906-

Significant.liné broadening‘was observed in the féfroeléctric phase
_ébove approximateiy'118°K. The_broadening can be explainéd By'large—
séale étomic fluctuations which iead to a-time dependent‘quadfupole
.hamiltbnianr 'If fhe fluctuation gorrelation time T is Shqrt comparedl
o tovthe-inverse statié lihewidth,.the mbtional narroﬁing forﬁula yieidé:

(M)« (J(‘é.(t)),T

1 where'ﬂé(t)‘is:the diffefence betwégn.the instahténeoﬁs_and the.time
a?eraged Qhadrupéle hamiltohians,‘andir is-the‘fiuctuatidn.cdfrelation
time. If this'formula épplies, line broédening éan come aboufvbdth by.
increased fluctgafion amplitudesvand by éloﬁér fiuétuations. vNo attemptv
was made to obtain q;antitative line broadehing.data forva thorough'_ |
_analysis,;hpwéyef. = |

.A:z-rotétioh samples were_used;eXtensiveiy in théfméasurements of =

e

spin—lattice‘rélaxatidh, and the spectra_provided a quick procedure. '  
for checking on the sample élignment.in.situ:

In the paraelectric phase5 the e.f.g; tensof is axially:symmetficyaboutf

"the’z—éxis, and the energy levels aré unchangéd when the sample is

39

_rotated about this axis. Thus all K- -and.Khl.transition fréquencieé
 _ should be stationary-uhder the z-rotation. If the angle between the

- magnetic field and the crystallographic z-axis is different from 90°,
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.the tfansitioh frequeﬁcies willveseillete twe-full_periods about theif
vaiues at 90° as the sample is reteted'once ebout the zeaxis; As. an
eexample, the(:)llne at 2hO°K shifts by approx1mately 2 kHz when the angle
between the z-axis and the magnetlc fleld is changed from 90° to

(90 —.l)°. In the ferroelectric phase; the trans1t10n‘frequen01es

depend strongly on the z-rotation aﬁgle. At 62-=_O° ¥1n_' 9O°'(n_-
integer) the transition freqhencies peftainingifo A, B' sites ahd_

A’; B sites are equal and the z-rotatlon tran51t10n frequency pattern

is symmetric abouﬁ_the GZ = 0° + n 90 p01nts j For certaln trens1tions,
only a slight rotation away from QZ =0° +n - 90° is sufficient'to'
split and shift the lines.substantielly, erf. Fig. X-3. In practice,
the z—reﬁation.spectra eould be used £o>determineethe'x(y) axis

. orientation.with.an’accuracy bettef than.lo.

X-A-2, Temperature Dependence of K 39 Quadrupole
' Coup+1ng Constants ‘ :

Since the'Zeeman interaction ﬁas the same at all temperatures,
Fig.e.X—é demoﬁstrates that the quedrupele EOﬁpling energyvcheﬁgesvwith_l
temperatgre. In.the_pareelectfic phase? the only hamiitenien paremefer
which vafies‘is the e.f.g. paiameter}q in the'quadrupole coupling“‘
'censtent;' Using the'Qbservea'ﬁraneitipn'frequencies;,one caﬁ determine
: e2qQ as a’function of temperatureg_as'shQWn-in Fig. X-h. The results
are coneistentbwith similar data repo?ted'ﬁreviously.SB bThe'éuadfupelev'
coupiing constanf increases linearly with temperafure.from.l;SSS MHz_
at 124°K to 1.670 MHz at 291°K; correspdﬁding to a relativebslope .

TiT'(g£%l>f'= h.6o . 107 [°Ki1]«

at mid-range (190°K)
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The increase in the quadrupole coupling constant with increasing

temperature is contrary to What'is usually observed, and thermal'expanéion
. : '559,60,61

would also lead to an opposite temperature trend. Measurement

.8 | '

on Rb 7 quadrupole coupling constants in the KDP isomorphs RbHeAsOh

and RbHEPOh have yielded an anomalous temperature behavior of the same

type.. This problem has been discussed at some length in Ref. 59 and 60 ,

and it seems. clear that the anomalous e.f.g. temperature dependence in

the paraelectricvphase is linked to the collective atomic fluctuations

which trigger the phase transition at Tc.' No quantitative verification

39

of specific dynamic models has been obtained so far for the K aﬁd

87

Rb data (the long range ionic origin of the e.f.g. at the cation

sites makes analysis difficult). As shown in Ref. 60, however, experi-

5

mental As e.f.g. datavfor CsH AsOh-demonstraxe that a strong proton-

2

"lattice coupling exists. In this model, As nuclei take part in the
.collective atomic fluctuations, and the temperature dependence of the
e.f.g. tensor reflects the dynamic proton, disordering between the six

possible Slater configurations (cfr. Ref. 62). The model also yields

39 and Rb87 quadrupole

correct qualitative temperature dependence for K

33

coupling constants. The Csl quadrupole coupling constant in GngAsOh

‘was found63 to be temperéture independent in the paraeléctric phase,

.in strong contrast to the K39 and,Rb87

133

.results. This can be compared

39

with a qualitative difference in Cs and K spin-lattice relaxation

temperature dependences in the paraelectric phase. A further discussion.

will be given in Chapter XI, where experimental data on K39 spin—lattice

relaxation times are presented.
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XeB. Aspéctrbscopy on'K_39 With a Sing;e,.Unmodulated'B:r.f. Pulse .

The thermal reservoir model for double resonance with a single,

- unmodulated B r.f. pulse was introduced in Chapter IV and verified

' experimentally in Chapter IX. It is elesar that information can be

extracted from the spectral lines obtained in this double resonance

mode, which is not available by the usual double'resonanée'methods

39

with'B spin saturation. Double resonance spectra of K77 in KDP and at -

high temperatures demonstrate this clearly:

As the sample temperature was increased from 152°K to 287°K, one

observed the dramatic,changevin_line structure which is shown in

 Fig. X-%. In addition to the overall shift towards higher frequencies,

‘due to the change in the K39 quadrupole coupling constant, the,characterr
istic center ridge'was'gradually'smegfed out and disappeared completely.

At the same time, thé line narrowed and the depth at the line center

' increased.

. Explanationtof this behavior is étraightfdrward with the aid of

~ the thermal resefvoir model: The fact that the line depthbat the center

of the line increases with.increaéing'£emperature, while the curvature
of the center ridge becomes less sharp, implies unambigously that the

heat capacity ratio

: 22
_ NGS(S + 1) YgH

£ = - 55
NyI(T + 1) yyHp,

39

system heat'capacity was
39 o

rdtating frame transition frequéncy

and consequently the local dipolar field H in the proton rotating’.

LA

frame must decrease at high.temperatures. This is consistent with the

N
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obserjed'line harrowing at high temperatures, which,implies an increase
AR As demonstrated in Chapter IX,

TAB increases as the B r.f. power is inereased, which is related to

in the A-B cross coupling time 7

the requirement of energy conservation during A-B cross relaxation:

Y T Hep T Yy T Hpy

As the sharply defined YBH B is increased matching to the quasi—centinuous

proton dlpolar spectrum represented by Y, H becomes poorer (cfr.

A LA’
Section'III—B). Equivalently, in the present case YBHeB is constant
at a given frequency offset from the'line center, while the dipolar
speetrumvbecomes_narrower‘as the temperature is increased.

The lineshape is‘thus consistent with a narrowing -of the proton

dlpolar spectrum at high temperatures A plausiBle mechanism for this

- is thermally activated motlonal narrowing, and one can now turn to the data

presented in Chapter VIII on proton spln—lattlce relaxatlon tlmes 1n

the dipolar state. Comparing Figs. VIII—h and %5, one notes that both

39 lineshape data start to exhibit the

motional effect atfapproximately 240°K. - Thus it is highly probable

that the éhange-in the K39 iineshape is caused by'ultraSlow retation

of H. PO)4 groups It is interesting to note ‘that in the onset region

39

the change in the K lineshape appears to be an even more sensitive

indicator for such motion than the proton relaxation rates.’ One potential

application of the thermal reservoir model in this .context is to determine

how the fluctuation correlation time T of the local fields vary with
temperature. € can be measured by the methods described in Chapter IV,

and thus one obtains a measure of the relative change in HLA as a function
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of temperature. In cases where the local fie;dé~seen by the moving
nuclei are mpdulatéd within a fixed range, Such as in rbtation, the
motionally narrowed linewidth

1

dwy = 35 (FYAHLA,static) Yoot
. ' o ' : . PR -
will have a temperature dependence governed by T, and since AwAmHLAae 5
.one has _ .
(1) « e(1)" /2

These formulas apply w@en on/T >> YAHLA,statiéf 'Unforfuhately,'motionally
induced reduction .in TlADRF made itvdifficulf'tormeasure € .accurately
at temperatures above 270-296°K, while T only reacheskthe kiiohertz
range at approkimately.300°K.51 This aoes not rule out the feasibility
of this method‘in abplications to other subétances, however.
Finally,.it should be méﬁtionedvthat‘the K39 line structure changed
' whenvapproaching TC{‘ In the températufe_region from approkimateiy'lSOOK
to 125°K,"the center ridgetin the line gradﬁally smoothed out and
almbst diééppeéred-at 125°K. Separate‘measuremenfs did not
fevéal anyvéhange’in € in.this rggion?‘but'Tl(K39)'décreasea rapidly
'oh apprégching'Tc, which is evident from’the‘overall increase in‘line )
depth. The éhbrt Tl(K39) ééhnotvexplain the smoothing bﬁt.of the center

ridge, however, which was not explained,
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X-C.. Trensient Oscillations in the Rotating
Frame: Proton-K39 System .

- A brief description of transient oscillations'in the rotating
fraﬁe vas given in Section III-C. This effect was studied‘in KﬁP with
profons as A spins and K39 as B spins, and qualitafively different
resolts werevobﬁaiﬁed iﬁ fhe:para— and ferroelectric phases.

X-C-1l. Experimental Results

MeaSUremehts were made with the crystal X—axis parallel to the
magnetic field H . The pulse sequence was 1dent1cal to the one used
1n ADRF double resonance . w1th pulsed B r. f., but here the B r. f. was
always kept on resonance (wB = wBo)’ while the proton dipolar;signal

A wes measured as a function of the pulse length (cfr.

Fig. X-6). The total number of pulses, n, and the time between>the

“start of successive pulses was kept constant in each run.

Some results obtainéd‘ih the parafvand ferroelectric phases are
shown in Fig. X-6:

At T = l6h°K are shown two runs w1th HlB = 31 gauSS'and 48 gauss.

-The 0501llat10ns are’ qulte promlnent and the osc1llat10n perlod at

o~ 2ﬂ

each H is & .

‘ At T = ll9°K a 51ngle run at H _ = 33 gauss is shown There 1s.,

1B

‘no clear ev1dence of osc1llat10ns at all Pulse trains at hlgher power '
_had to .be kept short to av01d heating the sample towards the Curle

_ point,_and‘therefore yielded low double resonance-sensitivity, No

transient oscillations. were observed at HlB = 56 gauss}
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:l-:

phases. K39—proton system. Crystal orientation :

= 90° (x I H)



'Tc is typically of order.10-100 ‘us ‘and the 35sumptions on T, T, and T,

"-2194

X-C—2. Diecussion'I"

- There is llttle doubt that the observed osc1llat10ns in Fig. X-6

"~ (para-phase)- are of the type descrlbed in Section III- C At all‘HlB’

the oscillation frequency agreed within experimentalverror wlth_wlB ae
measured by'audio.reSOnances.and §(1) as comﬁuted from experimental'
oata by Eq. (III—I9) exhibits a transient oecillatory behavior com-
patible wlth’ Eq. (III-—ZO) and Eq. (III-QI),‘ cfr. Ref. 11. By adjustment -

of parameter values, Egs. (III-20) end (III-21) can_also yield a behavior

. qualitatively similar to that observed in the ferro—phase.

A quantruﬂnve analy51s of the tran51ent oscillations is of 1nterest

‘]expec1ally as it pertalns to the fluctuatlon spectra of the A-B coupllng

hamlltonlan. Unfortunately, no concrete information 1s-ava11able
on the AfBbdipolar coupling correlation function g(t) in the present

case, and thus transient oscillation_data must be supplemented by

- careful ‘experimental studies on double resonance cross relaxation rates

aé described in Ref. ll' f.ex. A possibility-in the absence of euchv_

hard and fast data is to try data flttlng wlth a plauslble g( ). Here

- one w1ll only call attentlon to some qualltatlve phy31cal arguments :

whlch mlght help explaln the observed data in Flg X—6
The theory in Sectlon III C was derlved under the assumptlons

of ' 'extreme narrowlng"‘(Ic <K T1,.) and T << Thp* ,At the B r;f.'fleld

AB
strengths of interest here,vTAB = 0(1 sec), while T = O(I'msec);

AB,
are well justified. The presence of a third interacting spin species

(@3

is a complication which should be considered more closely, but



- -220-

as,discuésedlin Chapter IX, fhe bréﬁbnféhosphorous coupling'ié so
strong thaﬁ it éeems Justified to treét both Hl and P3l as a composite
A spin species here. |

A rough picﬁure of.paraméteré which inflﬁence:thé oscillatory
-béhavior can be had by assuming for g(1) a.Lorentzian_(Eé. (III;lS),

. . 43
as observed by McArthur, Walsted and Hahn for the Ca 3—F19

system.’

Differehtiating Eq. (III-21) twice with respect to T and combiniﬁgA

with Eq. (III-20) obtains: | |

QEQLIL a.w2 g(f) cos@ T

2 ‘B et -

- (X-1)

&(uiB (1 +'T/fc)—l éoswlBT' '

which indireétiy éxhibits the damping ouﬁ_éf the'oscillatiéﬁs in &§(1)
as T increases.:‘According‘to Eq. (X-1), strong B r.f.-fiélds

(Zn/wlB << Tc) should Be.used to observe clear o§Cillgtory behavior.

Given a Loréntzian‘g(I)_and w,, =~ const., the disappearance of .

1B
~oscillations on gbing from the para- toithe férro-bhase can thus be'
 _ih£erp?eted as a redﬁétibn of T;,in thé fefrophase.. Thié is not-
"implausible in light of the'change in‘crystal struéture.at ﬁhe Curie'
pbinf, éﬁd thé ordering of pfoténé'on the hydrogen bondé in the ferro-
~ phase. | |

~ Another factor which will'affect the ‘transient oscillations results

fis the éffeétive.halving'qf the number NBvof>K39 Spih$ participating in.
- the A-B coupling in fhe férro—phase,Aas compared to the para-phase-

(at the fiéld'gonfigﬁratioh.of-intérest heré;._HO [|x), This is due to
the.increased number_ofinonrequi?alent potaésium sites in the ferro—

phase, cfr. Section X-A. As is evident from Eq. (III-20), &(t1) cEI\IB
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‘as a first approximation, end the halving of NB

‘will thus lead to a
ﬁeakerfdeuble resonance'signgl,’but'no.qualitative ehange ih the |
"oscillatory behaVier. | "

._ Other factors whieh.ﬁill not be'coﬁsidefed-here’.are;';a) Effective
K39"gyrbmagﬁetic moment in ferfo—phaSe; b) Effeet ef.ferrOelectric |
‘mode close to Tc. ) Possibility of iphomogeneous broadening (magﬂetic
or quadrupolar). 4) Possible A;B deceupiing mechanisﬁs in ferro—phase;

' Finallj, it Should-be pointed eﬁtvthat no systematic measurements
haNevbeen‘perfermed en the temperature dependence of the'transient
oscillatidns. Suchmeeeurements sheuld'be_made_throughggt the para-
and ferreeiectric phasee; _Pafallel-rigid—lattice calculations of
chand experimentally determined proton sﬁin—spin relaXatien times
might theﬁ helpvidentify the mechanism responsible for'fhe disappearance

of the transient oscillations in the ferro-phase..



-000-

XI. MEASUREMENTS OF K57 SPIN-LATTICE RELAXATION
TIMES IN KDP. THE FERROELECTRIC MODE

In.chéptér IV, a new methgd was_introduqed which makes.it poésible
to méésure spin—laftice reléxétionvtimeé of nuclear species‘thaﬁ require’
double resonance techniques fér.detection.' The spiﬁ—létﬁiCe relaxation
ﬁime_ﬁeing measufed is pertinent to the spin-loék state, and describes
the raté.of deéay of a ﬁagnefizationtlécked to the stationary r.f. field

‘vector in the rotating frame.b As‘was demonstrated in.Section X-A,
the method caﬁ be used on K39Aiﬁ KDP, and in Section'XI—A'below, it is

39

used to-determine>K spiﬁ—lattiée‘relaXation times in KDP as a function
of sample temperature. Thgse data contain infofmation-on.the state
~ of motion ip ﬁhe crystél, and an.énaiysis of this is made in Section XI—B,
with special emphasis oﬁ ‘8 relaxation raté,singulaiity at the Curie
point.

‘The ’39 gpiﬁ¥1attiCé’relaxation time in the sbin—lock staté will -
.Be written:Tl(ng) in the-following. rProtoqs wiil‘bevreférred to as ;

A spins, K37 nuclei as B spins.

"XI-A. K37 Spin-lattice Relaxation Times in the Spin-Lock State

As is evident from the analysis in Chapter Iv; the double resonance

AB

transient is over in a short time ébmpared'to the total time of contact.

cross-relaxation time T, must be so short that the A-B thermal equilibration >

'between.the A and B reservoirs. This suggesté thaﬁ_one.should use a

39 transition frequency. On the other hand,

., weak r.f. field at the K
the heat capacity bf the B reservoir should be large to ehéure an
“easily detectable depletion of the A reservoir eﬁergy; which indicates

= 0.3 sec

that a strong r.f. field be used. In the present case,.TAB



observed rélétionshipbbetween w

" thermal contact is sufficient. If T = Tl(K39) =

003

was chosen as a suitable comprdmiée, The ¢orresponding B r.f. field strength
as detérmined by the transition frequency in the rotating framevof the
k39 (:) transition (Cfr. IX-A), vas weB/2n =L} KHz . Measurements ‘on

TAB at fixed B r.f. field strength revealed no_tempefature trend, and the

and T, is consistent with a 1 of

eB AB AB
the form o
Tyg & exp(-w g + const) |
This is the same as has previously been f‘oundll for'Cah3fF19 cross-

relaxation i CaFé}

All_Ti(K39) dafa_in‘the'séfies_were taken on exact resonance for

" the K39 (:)‘line; and with the crystallbgréphic x—axis parallel to

the magnetic field‘Ho. The maximum A-B thermal contact time was typically.
8-10’se¢onds,'at temperatures below approximately_210°K. " Since the

proton relaxation time T : decreases'rapidly as one goes to. higher

1dip

températures, the'maximum thermal'contaCt times were shorter there, a

: typical value at EMObK was 5 seconds.

'EVidenfly, there is é.maximum'tempefature'abovelwhich measurements
cannot be mgde by the methd used Here: On raising the sample temperature,

the proton dipdlar order. after ADRF ultimately decays éo rapidly that

‘the proton dipolar. signal falls below the detection limit by the time the

-~ A-B thermal equiiibration is completed.  The praétical limit for application

of thé'method is'at temperatures,well’below_this, and was at approximately

2LO°K in the present case. There is, however, one special case where

- qualitative measﬁrements of the proton engrgy décay'curVe during A-B

at some temperature,

1ldip 1
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one finds from Eq. (IV- 2L ') that the proton éignalvshould:varj as

B(,/1) Gy (1 + € exmlety, o (661)/7,0))

e+l Br.f.

Bplug = wposty) = By

regardless of the relative magnitudes on TAB and Tl' Thus, the proton

signal is independent of the thermel contact time aftefvthe initial
transient. Conversely, if one can find a sample temperature where the
proton decay curve‘has zero slope after the initial transient, one can

.,conclude that T (K39 T . 5 and a direct measurement of T, .. 1is
1di p ldip

sufficient to determine bothﬁ Ap example of this is shown in Fig. IX-L.
39)

€ and'Tl(K were calculated from the data using the exact formula

(Eq. (IV- 13 )) for the on-resonance case and T -data from Chapter VIII.

ldip

Tv(K39) as a function of'temperature is'shOWn.in Fig. XI-1. The exact
formula was used, due to the relatlvely long cross—relaxatlon time

TAB’ and the short T (K39 in the high temperature reglon and at T > T .

Ti(K39) dats in Fng XI-1 were extracted from.raw data as follows:

39)

l) Firét € and T were adjusted s1multaneously to yleld a

least Squares fit in the logarlthms of the proton s1gna1 levels.
This_resulted in.aviarge number of ¢, Tl(K39).sets; A salient feature
of the g-data was that ¢ had two -distinct values in the'temperature

‘range from 99°K to 2L0°K.

T<T
c

eAver'age 0.18? * 0.015 f

=+ .

- 7. < ohno . ‘
T, < T-X 2ko°K € pverage 0.279 * 0.002

At the highest temperature in the series, T = 2L6°K, a higher value of £
was found:

T = 2L6°K: 'eAverage = 0.330 * 0.020
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Fig. XI-1. -"K39 spln—lattlce relaxatlon rates in. the spin-lock state, as a function of temperature. The
"high temperature proton relaxation rate TZ_lelp (dashed curve) represents a lower limit on the ‘high-
- temp. Ty(K39)- -1 up to and beyond 218°K. Data were obtained with the KDP. "standard sample" described:

1n Cha.pter VII. , _ . _ . :



_226_

The unéertainﬁiés represent one standard deviation on the average in

-each group. Within éach group, no temperature trend in € could be
detected.

Thié result is not surprising. The heat capacity ratio was defined

by Eq. (IVF6)vas:

' NS(S + 1) of

- B " . _eB

: 2

NAI(I 1) W

-

where
wlB = Yfo,B HlB on resOnange; wB = wBo
and : o :
. v ‘ v 5
2 _ 2.2 . 2 ﬂA 2
sy = Vs = YyT 06 (s) b}

In the expression for €, the quantities Ny, w_p and W, may change on’
going from the para—:to the ferrophase:

NB: As described in Section X-C-2, the increased number-of’ﬂon-

equivalent pbtassium sites in the ferroQPhaSe effectively halves NB in the
present case.

wer The B r.f. field strehgth was checked by audio'reéonance during.
each run. All para-phase. data were recorded at weB/ZW = 4.} kHz._'Ih the

férrd—phase,.one had weB/2ﬂ = U.6 kHz. Line broadening could have increased
the B reservoir heat'capacity, singe wiB - wiBsz,‘but such an effect must

- be small,'as indicated by lineéhapé data.

Before taking possible changes in wLA into account, these falues'for
N_ and
e

B B wouldvyleld a ratio
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€(ferro-phase) _ . -
€ (para-phase ) = 0.55%0.05

as cémpared td the 6bserﬁed ratio 0.66 1_0.06.
wLA ié.detefmined.by the.trage of tﬁe secularipgrﬁ of the dipqlag'

hamiltonian. Dipolar coupling is'chiefiy proﬁon-prbton an@ proton~
phoéphorous. Since the cry;tal Structure_changes in goiﬁg ffom the

v_paraelecfric to the ferrcelectric phase, a change in.the average logal

. dipoiér fields is expected, but no‘afteﬁpﬁ at quantitatiﬁe_assessment df'
this effect_will be madé here. Motionai narrowing is a,pétentially |
important factof at‘high.temperatureé, whefe thermally activated proton _
iﬁterbond motion takes placé kcfr. Chapter VIII). Narrowing of the
proton'diﬁolar spectrum was iﬁdicated by the high temperatﬁre K39vlin¢si
,in'Figﬁ X-5, and might explain the high.values of € reéorded at T = 2L46°K,

. but since f 2 10~2 sec,even'at 273°K fhe effect should be quite small.

- One can coﬁciude, then, that bothxéxperiﬁent and theory indicate |
a constant € throughoui each raﬁge; T < Tc za.r'ld.T.C <T §,2%0°K-

This ;uggésts the next step in the data analysis.

v'2)' Using a fixed € equal to the avefage measured in the pertinent.
témperature‘range,vthe least squares fitting wéé reﬁeated;_with-OnLy
.Tl(KB?)'asftﬁe Qariable parameter. These are theAdata'showh in Fig..XI—l.
 3) . In aadition tovfhé data at fandomly choseﬁ temperétures, seﬁeral
' :data'sets were accﬁmulated af each of a seriés of temperatures. At
eachvof théée'teﬁperatufes,'simultaneous.leaét squares'fiﬁfing.was
performed with respect to g;; data ét that iémperature tdvyield a single
sefie and TI(K39)' Thié Vas‘dbne both with € and Tl(K39).as'variable
parametefs, gnd with:€ fixed at the averagé.value for the appropriate

temperature range. The two methods yielded Tl(K39) values that agreed

very well mutually (within 0.3 sec at most temperatures).
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L) As is evident from the large experimental séatter at 2h6°K, the
highest temperature in the series, this temperature represents an upper

limit for the practical applicability of the method. In the special case

where Tl(K39) =T s however,ithe proton signal after A-B thermal

1ldip

equilibration will be independent of the B r.f. irradiation time (cfr._
Section IV-C-1 and the 118%K curve on Fig. IX-L), which can be ascertained
by a gqualitative measurement. As one may recall from‘Chapter VIII, Tldip'

starts decreasing'rapidly at femperatures above apprbximately 250°K, and
39)

"if the decreaée is more rapid than that in Tl(K , a temperature exists

39y = :
where Tl(K ) = Tldip'

(x> <

" An experimental search up to. 2T0°K established

that T 'up to this temperature, and this has been indicated

1 Tldip

in Fig.}XI—l by a portién of the l/flaip curve a£ high temperatures;
vwhich feﬁresents a lower bound: on l/Tl(K39).

Finally, it should bevmehtioqed that an attemét was madé at measuring
thé laboraiory ffame:Tl(K39) by £he McArthur, Hahn and Walste@t methédll
“which is described briefly in Section IV-C-1. This proved impossible
wifh the preéent éppératus,.since the maximum prdtqn sigﬁal obtained
had a signal to nbiseuratio in the range 1:1 to'2:1. ’This result is.

‘not unexpected: The‘méthod:requires off-resonance B r.f.'irradiatioﬁ

at a high level;_which”iﬁ_this specific application 1ead$ to so slow

cross-relaxation (TAB 21 sec, cfr. vChapter X) that SPin_order'is
'destroyed by protdn and K39 spin—lattiée relakation before sampling can-

be performed.
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XI-B. Analysis of KO Spin-Lattice Relaxstion Data.
.The Ferroelectric Mode. :

XI-B-1. Spln—Lattlce Relaxatlon by the Ferroelectrlc Mode

Durlng the last decade, it has been establlshed that a.mlcroscoplc

:descrlpt;on of ferroelectrlc phase tran51tlons can be obtained'in terms of

:specific lattice modes of Vibratidn. Due to gnharmonic phonon inter-

CS

where the mode frequency_goes to zero, accompanied by a Btrong increase
in amplitude (hence the term "soft modes"). Below Ty, the atomic dis-
placement patterh corresponding to that'of the soft mode above Tc

is "frozen in", leading to a spontaneous dielectric polarization, which.

is defined as the transition order parameter.' This soft mode picture

~ was originally applied to "displacive" transitions, but has also been

applied with considerable success to describe trahsitions,of.the

"order-diszorder" type, efr. below. In:certain cases, it is necessary
‘to consider several modes which couple close to.T,, and the critical

‘temperature correSpOndihg to a giVen soft mode'therefore does not

necessarlly coincide exactly w1th the phase trans1t10n temperature.

‘The current theoretlcal descrlptlon of soft mode lattice dynamlcs

can be traced back to several papers publlshed about 1960 6h 1655 66

s‘where transltlons in dlspla01ve-type ferroelectrlcs were linked with the

: _softenlng of a long-wavelength T 0. mode near. T Later extensions

of the lattlce dynamic approach 1nclude qua31 spln—wave descriptlons of ,
67,68

order—d;sorder transltlons ~~ and the quasi-spin-wave phonon modes

69

discussed_by Kobayashi. The latter gre of specific interest in
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the present context, and ﬁill be described.criefly iﬁ Section Xl—B—2;’
Recent'reviews'on the_dynsmic description of.ferroelectric phase -
transitioﬁs are found in Ref. 3, TO‘and T1.

'The slow, lerge—amplitude soft mode atomic displacements close to
ZTO perturb the nuclear'energyplevels by modﬁlating the magnetic dipolee
dipole interactions or the.nuclear quadrupole moment interaction with
the local electric field gradient. In.certain cases the.soft mode
contribution may dominate the total spic—lattice relaiation rate due .
to all.relaxation,mechanisms, in a teﬁperature region sround Tb which
is sufficiently large 80O thst thebtemperature dependence of the soft-
ﬁode‘réiaxation contribution can-be determined. This temperature
dependence-can‘be related to specific models for tﬁe:ipteraction between
microscopic polarizable units in the ferroelectric (e.g. quasi—spins)
which triggers the phase trans1tion. Several thenreticel and experimeﬁtal
MR studles of thls type have recently appeared in the literature,
b.and a brief sketch of the underlying theory for the method used here
is given Below. The presentation follows that' of Ref 72 but emphas1s 2
is‘on ultimate appllcatlon to the cage of spin-lattice relaxation in

39 in KDP:

the splnwlock state for K
The ferroelectric w1ll be represented by 1nteract1ng dlpoles on -
;a'lattlce. _The interaction may be isotropic or anistropic, and the
n‘dipoleS'will be assumed to havel2 allowed'orientations. This model
is_not unreasohaple for KD?, in light of the proton tunnelling between
2 eouilibrium sites on each hydrogenvbond, and.the KAPOM dipoles thati
flip along the crystal Z-axis (cfr. Section XI—B—Q). To simplify the

_analys1s, the soft mode w1ll be assumed overdamped which should apply

for kpp.T+> 73
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The dominant spin-phonen relexation process_in.the csse ef heavily
aamped pnonon'modes is direct.72 The expressions for‘spinalattice -
nrelakation rates obtained by the spectral density approach in Sectlon V-B
should therefore apply for the ferroelectric;modefcontrlbution‘to the
K39 spln—lettice relaxatlon rate in Kb? (quadrupolar spin-phonon coupling
is dcminant here;'cfr, Reft 7@. lhese relaxation rates can be written-
ionvthe form (cfr.,Table sz): o | | B

" where T is the spinvlattice relaxation time in the spin-lock

18.L.

state, Cuh are constant coefficients (at a given.temperature), and

_Ju.(wn) are spectral densities at the different nuclear transition

_ frequencies_wn:

J (Qn)

& .I!‘.exp(—iuhr)s<Fp(£).rﬁ(ts— tl} crz‘ - »(XI—?)

Here Fu(t)fare the lattlce fluctuatlon parameters 1ntroduced in

‘Section V-B, representlng the tlme dependent electric field gradlents

- at the nuclear sites. (W rather than q will be used as a labeling index

here, to avoid ccnfu81on w1th the wave ‘vector q),,

nIn the'model'introduced'above,‘One can write:

F(t)=ZEL4A o (t) - (X1-3)
e
where summation over i represents contrlbutlons from all N dlpoles 1n
the sample 0 = %]1; and A. 1s the difference caused in F (t) when

dipole no, i flips between its 2 positions. A11 and ci(t) can be expressed

in wave vector space by their Fourier transforms o(q,t) and Au(a)‘
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ci(t),%’i%% :E;.o(i’,t)'exp(—iifF;)  . o
a : . o (XI=b)
:E: (q ) exp(-ig'F,)

In the random phase apprQXLmatlon, substitution of Eq. (XI-k) into -

(X1-2) yields:

- L =y ¥y : ' ' = '
Ju(wn) = Iy EAu(q) Au(q)f vexp‘(—lwn'r)< o(q,0) o(-q,T)) at
q . =0 ' .
Explicit evaluation of the autocorrelation function {G(E,O) o(~q,T))

- for the polarization fluctuations can be ayoided by resorting to the
fluctuation-dissipation theorem, which relates the spectral density'
" of G(E,t)_to thevimaginary part of the generalized dielectric susceptibility

X. Thus, in the high temperature'approximation;

* exp (i = - OKT  ywym 3y
exp(~iw t) ¢0(g,0) o(-g,t)) at = - &= x"(q,w )
-00 . ' : o n
Equation XI-1) can then be written:
— Y o .._.._k .];_ (o * .n pt ' -
T = »:E: Con 20 0 :E: Au(q) Au(q) x"a,w ) (XI-5)
18.5L. im -

Here, the spin—lattibe felakatioh rate depends on whether.the fields
creating.the local electrié fiéld grgdiehts'are ibng— br short~range,
which determines the i—dépendence of Au(i); Thé e.f.g. from point.

~ charges or dipOlés fall off aS»r—3_§r fastér; It is tﬁerefore reasoﬁable
to assume a short-range form'fof Ai , and thgs'an.Au(a) wﬁich is nearly
-independent of a. In fefroelectric_transitions'the long-wavelength
modes get strongl& excited near TC; and fhe dominant contribuﬁion to

the sum in Eq. (XI-5) comes from terms with q ~ O, As a result?-one

can write

.
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. ;L = § o ’2‘3 |A ) %:X"(q,w ) (x1-6)
Equetion'(Xi—6) can bevevaluated expliéitly for specific‘models by
approx1mam1ngthe sum over all Q' 5 by an 1ntegral over the Brlllouln

' Zone., Two models are of relevance here, in. llght of Kamlnow and
Damen's res,ults.:73

' One‘iévthe purely re1axétional*or'diffﬁsive m‘ode,75 ._characterized
5y the response functioﬁ;-

wherev ' o .
o - ST
X@.0) = §5 ¥ 1@ = oy
'J(q) is'the‘Fourier transform of the dipoieédipole interaction between
_the Ising splns, whlle T 1s tﬁe relaxatien time with the dipole—dipoie
1nteractlon turned offl "For ferroelectrlcs vhere the lattlce 1nstab111ty
.occure at the Flp01nt in the Brlllouln zone the general form of J(q)
'w;ll be
) 2 300) (1 - oa® - 82 cos0) (x1-8)
:'ﬁhe?e o andeG-are COnstants, and 8 1s‘the’angle between q{veétor and
‘.vtheeaxis.of.fefroelectric poiarization,
eThe:other soft mode model is that ofiéhe generalized_demped

oscillatorz6 where the>responsevfﬁnctioh ie.eimilar inbfdrﬁ'to ﬁhat
,Qf a single-particle damped oscillafer; bﬁt with 8 q—dependent
resonance frequeney; due to fhe'ihtefaCtion-between'the.polarizable
microscopic units in the fefroelectric. In the limit where the mode

r,frequencyew(q) always is much higher than the frequencies w > one may
. . , 1



oghe

write the‘géneraliZed.damped oscillator*response function

: - 2= ' - , . _
( , ) = X(an) w=(q) o~ - X(QJO) : . . (XI-9)
XHe wz(a) -+ izlw w <<.wlq) 1+ iw :22F. ' o
' R (q)
with
x(@,0) = 2
. : 2(q)‘

W
T is the'soft mode'damping constant, and A is a material constant. The
soft mode frequency w2(q),'defined as the poles of the response function,

can be ﬁritﬁen on the general form -
W@ = a(T -~ T_) + Y§-+e cos?6 | (X1-10)

ﬁhere_anisotrépic interaction is introduced»throuéh the e-term. a and
.Y‘are consfanﬁs,‘and To is the critical‘temperatufe

S - TOIE-J(O)/k =
ComparisonvbetWeen'Eqs, (XI—Q)Iand (XI§7) shows thatvfér-w << w(q),
%(3,0) has the same qualitative form for both the diffusive mode
aﬁd the generalized damped oscillaﬁor_sbft mode, aﬁd evaluation of
qu'(XI-6) yields the same type‘of temperature dependence:for the
relaxation rate;singularities in the two casgs.’ This éppliés both
for isotropic and anisotropic intera@tions:

-1 1/2

Isotropic interaction: T, o [ < (T - TO) S (T - TO) >0, '(Xl—l;?’
Anisotropic interaction: 'Tl S.L. « 1n(T - To) + const ; (T - To) +> 0,

(X1-12)



~ dipoles and on the Brillouin zone size.

~-235~

In the theory outlined here, the expression for Tl;s . in the

“case of isotropic interaction; as givén in Eq. (XI;ll),,always applies

sufficiently close to the Curie. point (for criteria on applicability,

see f,ex, Ref. 77 ). A more general expfession for the isotropic
case. is

-1

T s.L.

¢ (T‘—,:c)“n o S (Xi—lé)

where 045 <_n <2, depending'on ihé;distéhce_betWeeh thé fefroelectric'
. . _ v 77,78

' One must keép'in.mind that these feéults,pértain to short range
source fie;dS'for the e}f.g.? énd Should tﬁerefofe apply well for
.covalently bénded nuélei. When the e.f.g.vis of ionic origiﬁ,
however,'thé Au(i) termé iﬁ'Eq. (XI-T) may have to.be retained in
the a—sum,vleading to a weakér singulaiity ét Tof

: In'ﬁhé ferfofphase, aﬁ anélysis similar to the one outlined abéve
iéads fo an expféssidn for the relaiatidn rate singuiarity at Tc -

whichvcontains'the_factor (1 ~ pg).-gp is the order parameter, where

p=sQand p =1 cbrrespond to Completé dis¢rdér and complete order,
respectively, -

XI-B-2. Analysis of the-K?g'Spin—Léttice,RelaxatiOn Data.

A salient feature in the spinelatticé relaxation data in Fig. XI—le’ S

is- the strong relaxation rate increase as T +_Tc. This increase can .

- be related to the ferroelectric mode, and a brief recapitulation of

current knowledge about the lattice dyhamics in KDP near the Curie

point is iﬁ ofder:
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The‘ﬁmportance'df thé protbn d&namics‘waé reéognizedféarly,; :
dueifo the strong shift in Cﬁrie temperature on degtgration‘ ' v v
(l2é?K *'213§K). ‘Thepretical and experimental inveStigatioqé67’Y9’80>
have demonstrated that the protons tunnel between two potential wells
f,on'each.hyarogen bond; ana'vié theif'mﬁtﬁal couplingé,.avquasi—spinvwave
can be sétxup whiéh exhibifé an instability aﬂ a critical1temperaturé.
Cther degrees of freedom for the soft méde.afomic displacements must
be included, however. The hydrogen bonds are nearly perpendicular to
the direction of spontaneous po;arization (crystal Z-axis), ahd protons
coptribute_mﬁch less to thé.ferroelectric pbiariéation-fhan the K+, Psf
-and sz’ions which'in the ferrobhgse érevdisplacéd'glong the éblarization
direction?l.Alsq,'pfoton ordering cannot explain the magnitude of
the isotope effect on the saturated polarization ubon deuferation.

vAn optigaﬁode.model invol§ing dispiaceménts of KvahvaOh ions
in_opposité‘dirééfions along the.Z—éxis has also been shown to lead
to aiphase transifiqn?2 but experimeﬁtal evidenée-seems to favor a:
coupied mode.model;wheré a”phoﬁop mode and é_proton tﬁnneling_modé
interact to bring about thé‘ihstabiiity. Coéhpags_ and‘Kbbayashi
vhave‘diséuséed.the-case 6f stroﬁg coﬁpliné between the modes, and.
found that the freqhenc&‘éf thé“ferrbelectric ﬁode (Cochran w_—mode¢
cff, Fig; XI;2) yaries'as,‘ |
Wl
in'fheir modélvfor the‘tfansitibn in‘KDP_(cfr:vK{ (XI—lO).v,The
.same relatichshi? haé béen found to apply in displaciVevférroelectrics.

The KDP ferroelectric mode model shove leads to a mixed order-disorder

and displacive transition.
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Fig. XI-2. The ferroelectric mod
(w ) (after K. K. Kobayashi®?).
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Also, theories have heeﬁ propoeed which take iﬁto'account a
temperature dependent decoupllng of the phonon and proton tunneling
" modes at T * T . Thge, the anamalous increase in the e.f.g. at the

k37 sites as the temterature’is increased (cfr. Fig. X-4) can be
exﬁlained‘by a gradual increase in phase coherenee betﬁeen the motion
of potessium nuclei and protons as T > Tc’ in analogy with_the results

if Blinc, et al. on RbHQPOh.59

.Finally, the Raman scattering experiment of Keminow and Damen73
should be mentioned, since it is of particular relevehce.for the
following aealysis. Kaminow and Damen found the ferroelectric mode
in KDP to be.ovefdambed; with a spectral deqsity distribution which
peaks strongly.around zero frequency as Tv* TC; In the range of
temperatures and frequenciee of interest here (T - T, 2 29K, wn < 11 MHz),
the spectral’densityjdistribution is essentiallj flat, however. These
results have been corroborated by others?h and the assumptions made
in der1v1ng formulas (XI—ll) above should therefore be valid for.KDP;

Below, an attempt will be made to extract from the:relaxation
date on Fig, XIw~1 contributions due to different relaxation mechanisms.
At least b temperature ranges Vith‘different temperature dependenees
can.oe'eingled‘out: | | |

T £ 110°K: Relaxatlon rate nearly temperature independent

T

R

Tc: Relaxatlon rate peaks strongly at T ot
160°K S T £ 200°K: Relaxation rate nearly temperature 1ndependent.

T 2 200°K: Relaxation rate steeply 1ncrea31ng with temperature. -
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It éeemé easieét to ééparaté out the diffgrént contriﬁuﬁions to the
total félaxation rate by‘starting in'thé region:

‘,T f 100°K; where the relaﬁation‘rate iérgmall (=O;Oﬁ sec*l)'and
ﬁearly temperature indépendenf. This confribution appears due to
_péramagnetic impurities, in‘which case a constaht rélaxatién rate
coﬁtribufibn is eipected throughout the temperatufé rahg¢ covered by
ﬁhe present investigation. The rate.of 0.0k sec‘”l séemé high compared
té the proton relaxation rate T;lADRF = 0,05 sec“l in thersame temperature
range, in light of the large protop'gyrdmagnetic ratio: 'Yproton/YK39 o 21
(Roughly épeaking, the theofeticai ;até_is proportionél to Y2, cfr.
ﬁRef.VBS). A direct compariéon is not stfictly relevant, however.
AFrom:the diécussion'in Séétion V-B, one may anticipate that relaxatién
of K39 in‘the-spin-lock state and of protons in the diﬁolar,state
after ADRF will depend differé.nt-ly on the spectral density of the
 perturbing impurityvdipolar_fields, and different. spin diffusion rétes
may also'yielﬁ differenﬁ overall relaxatién rates. Comparison ﬁith,
thebhigﬂrtemperature relaxation rates suégests that spin-phonon
relaxafion below 110°K must be small, and:one can‘ét the very 1easﬁ,
establiéh the raté 0,04 sec™ ™ as an‘ﬁpperflimit;fér paramggﬁetic
impurify'reiéxéﬁioﬁ; This rate is small relative to the total
.re;axation-ratés observed'above Tc, and therfollowing analysis is
relatively insensitive to fractibnal chahgés in a background level
=0.0h-éec—l. Regéfdlés§ 6ﬁ theArglaxétion mechanism below 110°K?
extrapolation to the region 7 = TC énd_iﬁmediately above should nof
intrdéduce serious errors, due to the steép incréase in relaxation

rate on approaching Tc from below, which leads to a short extrapolation

range,
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110°K_§ T 2 T,¢ A ?elaxation rete singularity at Té'is clearly

indicated, but the data in this temperature range do not warrant a
quantitative analysis. The relaxation rate falis off much more
steéply.below Tc than above, which might reflect the increase in thé
order‘parameter in the ferrophase (cfr. the temperature dependence

of the spontaneous polarization in the”fempérafure region immediately
below Tc,86'and the comments at fhe,end of Section XI—B—li.

Tc'f:T S 160°K: The relaxation rate increase as T approaches

| Tc from above suggests that relaxétion by fhe ferroelectric mode is
an important or dominant relaxation mechanism in this temperature
'range. o

In order to establish the net:rélaxafion rate -.due to other
mechanisms than paramegnetic impurity relaxation, & constant rate
= 0.0l secwllwas"subtracted:from the observed rateswthfouéhéut the
paraelectric éhase, on the implicit assumption that the-obserVed
rate below 110°K is due to péramaénetic.imburity rélaxation which
‘is temberature independent in the region of intérest.

The température deﬁendence of the netvrelaxation rate close to
Tc waé thep compa;éd with thQse.predicted by the expressions
Eqs. (XI-12) and (XI-13). The resvults'are shc.)wn‘ in Figs. XI—SIa.nd
XI-k, where the net relaxatioﬁ réte (Tl(K39)—l - 0.0k) [sec—l] is . -
plotted Vs ﬁemperéture, with scales chosen so as to reveal a
iogarithmic or a poﬁer }ow»singﬁldfity at Tc; respectivel&; In both
représentations a sharp change in temperature dépendehce'is'evident
gf 150-160°K, This can be-explained as follows; '150°-160°K constitutes

the transition hetween temperature regions where different relaxation
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Fig. XI-3. le(1<39)'-1_ - 0.0k sec™ (from Fig. XI-1) plotted in a

semilogarithmic representation. The3straight line represents

the function: Ty (K39)" -0.0} sec 4 (o 131 In +0.09)
secl. Functions A T V(T-T,J1/2 with A adjusted’ —¢ for.best
fits at 125°K and 148 eK are represented by dashed curves.
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' mechanisms are dominant:; Béiow,ithe largest conﬁribution to the_

-relaxation rate is spin-phonon relaxation by the ferroelectric mode.

Above approximately 160°K, other relaxation mechaﬁisms become import?nt,'

as evidenced by the steep relaxation rate increase at high temperatures;A

Eyéluation of the ferroelectriCemode confribution to fhe relaxation |

rate was therefofe restricted to the.temperature range Té 5 T 5 160°K;
From'Fig; XIF3'it is seen fhat the following expression yilelds

é'very good fit tq the data in this femperafure range:

| 1/2

(z7t

1 - 0.08) see™ = (0.13 In(T /(T - T)M2 + 0.09) sec”!

(XT-1k)

The dashed curves in Fig, XI~3 represent a.power law dependence‘as

- given by Eq.(XI-13) with n = 0.5, and with paremeters adjusted for

optimal fit at 125°K and 148°K, The experimental data indicate a
much weaker singularity at'Tc than thé veakest one compatible with

Eq. (XI-13), which corresponds to»n:= 0.5. This is borne out clearly

- by the slopés‘of the stréight 1ines'in Fig. XI-k, vThé data fit

indicated by the solid line yields an n = 0.2k, i.e,, well outside

the range of n-values compatible with Eq. (XI-13), and the fit is

”Soméwhat poorer than thapﬂobfained with the logarithmié expression

Eq. (XI-1b). .

Within the'framéwork of the theory outlined above, one can thus .
conclude that the observed relaxation rates definitely indicate a

logarithmic singularity at Tc, corresponding to thevheavily damped '

‘or diffusive ferroelectric'mode'model'with anisotropic interéction_

between the.ferroelectric‘dipo;es.
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T 4 l60°K" Here the relaxatlon rate is nearly temperature
1ndependent up to 210- 220°K and increases sharply at higher temperatures.'
The 1ncrease at hlgh_temperatures is in strlklng contrast to spln—lattlce'
relaxation results'obteinea on cs’33 1n CSLEASO;_(cfr. Ref., 87)
and on Rb85 in RbHéPOh ‘(Ref.‘Sh); ~ These nuclei are located at’
lattice_eites equivalent to those of K39 in KDP, and elso posses a
quadrupole moment .

Analysie of:the relaxation-behavior‘at high teﬁperatures wae

made dlfflcult by the short proton T P which set an upper limit

1 ADR ‘
for the temperature at which data could be recorded, and ied to the
large.deta-spread at éh69K. Another factor is the ferroelectric mode

v relaxation rete contributioh; which is weekly temperaturebdependent

in the model used here, and cannot be neglécted in the hiéh temperature
region.b'(with«the high—teﬁperature relexation:models considered
hvbelow,vthe latter complioation wes hot encountered ih.extraoting the
:ferroeiectric—mode relaxation eontrihution close to Tc).. Extrapolating
the logarithmic temperature,dependence in Fig. XI—3 to temperatures
‘;vhigher than l60°K, | one finds a ferroelectric-mode contributionvto the
relaxation rate at 240°K which is’approximately-b.9 sec—l. "This implies
that a correction for the ferroelectrlc—mode contrlbutlon must be made
throughout the hlgh-temperature range when trying to determlne the
"relaxatlon mechanism whlch domlnates in that region. The logarlthmlc
dependence 1nd1cated by the straight llne in Flg XI-3 will be used
here, 51nce it ylelded a good flt with experlmental data below approx1mately

160°K. Other models yielding flts to the experlmental data in the range

T, < T < 160K are only expected to lead to significantly different
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ferroelectric-mode relaxatlon rates at temperatures >>160°K where
the ferroelectr1Cﬁmode contrlbutlon to the total relaxatlon rate is
small.

The net hlgh temperature relaxation rate was obtalned by sub—

“tracting the paramagnetlc 1mpur1ty contrlbutlon (0. ok sec” ) and the
: ferroelectrlc mode contrlbutlon (as given by the strelght line in
 Fig. XI-3) from thevobserved relaxation_rate. As shown in Fig. XI~5,

‘and Fig. XI~6, the net rate is negligible below approximately 160°K and

increases strongly at higher temperatures. The spread in experimental

data is large, and no positive identification of the dominant high

‘temperature relaxation mechanism is attempted on the basis ef date
aveilable'at present. Some possibilities are listed below.

' a)rTwo-phonon Raman process: Experiments have demonstrated that

nuclei possessing an electric quadrupole'moment in many cases experience

a strong spinfphqnon_coupling via the fluctuating local'e.frg., leading
to spin-lattice reilaxation rates.that may dominate over those due

to other relaxation'mechanisms. Quadrupolar relaxation by the

direct process was discussed in'Section V-B. . In the absence of
condensatlon 1nto low frequency modes of the type encountered at

T = TC in KDP however the domlnant high—temperature spln—phonon

: reiaxetion,mechanism will be a~two—ph0n9n Raman process. Van Kranendonk

‘found the fellowing temperature dependence for Reman'quadrupolarv

relaxation by acoustic modes in ionic solids:

T;lejaT?_—'b” : ' o (X1-15)

‘where a and b are constants. Equation (XI-15) applies at temperatures
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L induced di: ioh n i -
5 Debye An in gced. 1lee relaxatlon_meghan;sm by long-wavelength

.optical.modes was later analyzed by Wikner, Blumberg'and Ha.hnl‘:l At high

tempersatures., their results deviate little from Eq. (XI—lS)'when the
degfee of bonding covalency_is low.v Yosida and Mofiya have»considered
. the case of quadrupole relaxation in fhe case of covalent»bonding,h3
which is of 1ittle interest in this context since the e.f.g. at the
potassium sites in KDP:mainlj_is of‘ionic origin.

In Fig.vXI-S, the experimentai results are compared‘With the
relaxation rate temperature.depéﬁdence in Eq.(XI-15). The net high
temperature spin-lattice relaiation rate, defined as {total relaxation
rate - reléxation rate due to paramagnetic impurities Q-ferroelectric
mode induced relaxation raté}; is plotted vs. 72, A best fit to the
dafa above 200°K is obtained with a function of thevtypé in Eq. (XI—lS),
and with parameters a = 0.16 ° lO.—br [sec—l °Kf2] and b = 0.63 [sec—l].

b)_Hindered métion:. The net high temperature relaxation rate
as defined in a) and Fig. XI-5 increases from zero at ﬁemperatureé

1dip and K39-lineshapes with unmodulated

where proton relaxation'fates T
vB r,f, indicafe the onéet*of slow hindered proton motion. va the_
‘K39 spin—lattice relaxation rate atvhighltemperaturgs is dominated
by'ﬁhis oriSome other‘hiﬁdefed ﬁotibn contribution (proton inter-

bond migration or K39Ajumping between quasi—stéble sites_aléng the
z=-axis, f.ei.), thén thg_motional correlation time'énd thus the:
spin-lattice relaxation time will depeﬁd'exponentially on the activation>
engrgy Ea in the slow mofion regime QiT > 1 (wi: nuclear transition

frequencies, T: motional correlation time):

-1 i
T, = exp(—Ea/kT) A , (X1-16)



. Observed a logarithmic  singularity for P

. dipolar state after ADRF, and K
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The observed net high temperature relaxation rates should thus lie

aloné a straight line in the plot oanig, XI-6. As is evident frbm

- Fig. XI-6 , a good fit to the experimental data is obtained with a

function of the type in Eq. (XI-16) and E_ = 0.13 &V.

XI~C. Discussion

Interest will be focused on the mechanisms responsible for the

39

observed strong K™~ relaxation rate increase at T = T and T < 180°K.

" XI-C-1. Relaxation rate anomaly at T, -

_Asfshgwn in Figs. XI-3 aﬁd XI-k, the:ferroelectric—mode induced
spin—latﬁice relaxaﬁion rates clearly exhibit”a_logarithmic (cff..
Eq. (XI—12))‘rathér then a power law (éff. Eq. (xi—13)) temperature
dependence at Tc and above. Ekpérimentaibdata_on spin¥léttic9 relaxation
rate anomglies in ferroelectrics near the Curie.pqint‘Tc are still
relatiVély écarce,'buﬁ available daté‘génerally‘exhibit logarithmic or
weaker felaxation'rate'singularities at Tc; Blinc and Bumer  have

31 laboratory frame spin-

lattice relaxation in KDP, and attribute the singularity to magnetic

"dipolar coupling to the ferroelectrié mode.8’88 The maéhetic dipolar

interaction yields a weak spin—phohén.perturbation,‘and in order to.

observe the P3l_relaxatibn rate anomalieé at Tc’ exceptionally pure

' crystals;énd stable apparatus are required (PB; and Hl are spin 1/2

- nuclei, and quadrupolar spin-phonon coupling is absent). In this

connection, it is instructivé?to compare Figs., VIII-1, VIII-2 and.Xifl;

which show proton relaxation raﬁes‘invthe laboratory frame and in the

39

relaxation rates in the spih lock:

39

states, respectively. As expected on the basis of the K quadrupole



' deuterons in KD¥P, KD*A and CsDéAsOh, and on Cs

_attémpted_hefe.. Several possible extensions of the K
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coupling to thé local €,f.g., the férroeiectric—mode induced spin-
lattice relaxation rate is much larger in the'K39 case, and this was
one of the motivating factors for the work presented in this thesis.

KDP does not contain any quadrupolar nﬁélei ﬁhich are easily

accessible to spin-lattice relaxation measurements by conventional

NMR methods, but several isomorphs do, Measurements have been made on

5

133 in CsD2AsOﬁ, As in

AsOh'and CngAsOh, and Rb87 ianngPOh?h’TS’ 81, 89, 90 The results are

' 39

2

generally similar to those for K

KH
above, with logarithmic or near-

logarithmic ferroelectric-mode relaxation rate temperature dependences at

133 in CsD AsOuAa relaxation rate singularity somewhat weaker

2

than logarithmic has been reported87 which was attributed to the ionic

T . For Cs
(]

character of the sources éf the local e.f.g. tensor\at the Csvsites
(cfr. remarks at the end of Section XI—B;l). |
Having'established'the'logaritﬁmic reiaxation rate singuiarit&
at Tc,'indicating strongly anisotroﬁiq interéption befween thé "ferro;
electric dipoles";'a logigal néxﬁ sfep would be to relate it to the
microscbpié'structure and atoﬁic motion in KDP. This ﬁill not be -

39

spin-lattice

relaxation measurements will also have to be left undone due to time

and space limitations; Some examples:

1 SL(K39) on rotating and
b

a) The theoretical dependence of T
laboratory frame transition frequencies was given in Table V-2, for
the different allowed transitions. . The parameters a, b, ¢ and d can

be computed in each specific case, and thus in principle a qualitative

measure df the ferroelectric mode spectral density in the low frequency



of Na°> in NaNO

higher than the Na®
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- region could be obtained by varyingithe rotating frame (or laboratory

frame) transition frequencies, This ﬁould.provide a check on the
aesumptioﬁ implicit in the.analysis above, of a felaxation perturbation
with "white" spectral density at NMR frequencies. This assumption was

3 vho-

basedvon the Ramanvscatteringvreéults of Kaminow and Damen,
found a large and constant ferroelectric'mode damping, and a characterietic

ferroelectric mode'frequencyt

(99 em™h) I(T - v )/r1t/2

mo/zrr

Thus ,' the ferroeiectric mode freQuency should be much higher than 11.MHz
. down to approximately Tc'+ lo—th, and combined with the large demping

this leads to an essentially "white" spectral density at all NMR

treﬁsition frequencies of interest. .A'eheck of.this type ﬁas‘made by
Bonera,, Borsa and Rigamonti72 on the spin lattice'relaxation rate
3'at 8 MHz and 84 MHz. They fognd:no clear teﬁperatuje :

dependeﬁce, indicating'fhat the ferroelectric mode frequency wae much
‘ 23 Larmour frequency at all temperatpres included
in their data. | |

- b). The fluctﬁating eﬂf.g. teﬁser ﬁhich'is_reeponsiblevfor thei
ferrOelecfriC'mode-indueed spih-lattice'relaxation-dees not neeesearily '

have the same symmetry as that of the static e.f.g. tensor. One

A :?ossiblevconsequence would be an anisofropic'relQXation rate in the

Z rotation. Such an anisotropy should be most prenouhced close to
T, where,relaxation by'the ferroelectric-mode dominates over other,
isotropic relaxationemechanisms, and the‘temperature dependence df the

enisotropic couldvbe an aid in extracting the ferroelectric-mode
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induced relaxation rate fram the totél bbserved rate. Given relaxation
~rate expressions of the type présented in Table V-2, anisotropy data
could be used to determine the symmetry and parameter values of the

fluctuating e.f,g. tensor, cfr. Ref. T2.

XI—C-Z. Relaxation Rate Increase at High.Temperatures.'

To the author's knowledge, no relaxation rate increase at high
. temperatures has been reported for any other heavy nuélei.in KDP or
its isémorphs. 'Protons.(deuterons) represent a special casé, since
they participate in the hindered rotation of H2P0h groups. The

39

qualitative difference between the K7 high temperature relaxation rate

89 133

reported here and data reported on. Rb and Cs in the isomorphs

Roli PO, and CsD,AsO, is surprising view of the similarity in crystal

sfructure, ferrcelectric properties, etc.

A weak link in the anélysis of thé high'temperature K39 relaxation
behavior is the subtraction of the ferroelectric—mode induced spin-~ v
lattice.relaxatibn rates, as re?reSented by the extrapolated curve
in Fig. XI-3, fram the total_ébserved rate. Estimated extrapolation
errors have been included in Figs. XI-5 and XI—6 below, but these
errors do not reflect the possible éystematic efrors which would be
intréduced.if the ferroelectrié-mode.induced réléiation rate has a
témperature dependence different from logarithmic in the extrapolated .
region; Some épecific high temperature relaxation’models are discussed
below;

a) Quadrupolar two~phonon spin—lattice.relaxation. As is.apparent
from Fig. XI-5, thé relaxation data abofe approximately 200°K can be

described hy an expression of the Van Kranendonk form (Eq. (XI-15))



“to spinélattiée relaxétion in the spin-lock state, while the Rb

- frame Tl
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wifh paramétér values as shdwn, but a separate mechanism must'be,inferred
to explain the dats below 200°K. In brinciple, the:parEMeter values
cénfbe computed theoretically, but only a qﬁalitative discussion seems .
warranted at this stage. The larée data spread pérmits_wide latitude
in'ihtérpreﬁation of the data, and é quantitative analysis would require

an effort outside the scope of this wprk.

39

133

The discrepancy between thé K “relaxatioh’data of high temperatureé,

87 ought to be explainable by

39

and the cited data for Rb ~ and Cs

data pertain

871

qualitative arguments, however. One may note that the K

and Cs133 relaxation rates pertain to the laboratory freme. Raman
relaxation rates are insensitive fo NMR transition'frequencies wi,
however, and in the high temperature approximation (huﬁ/kT << 1), the

temperature dependence of the Raman relaxation rate enters only thrbugh

.the equilibrium phonon occupation numbeis,‘yielding the general high-.

temperature results T“l « T2. This would indicate that the laboratory

1
(k31

also should increase rapidly at high temperatures, in -

qualitative disagreement with the Rb87 and Cs133

ekplanatibn is that Rbs'7 and Csl33 exhibit the same qualitative

“results. A possible

39 .

~'relaxation behavior as K77, but that the high—temperature relaxation -

- rate increase is either much weaker or appe&ars at high temperatures

where no data are available,'due fQ weaker spin—phonon couplings

(Quadruﬁoiar‘Raman relaxation rates.are'alng, where Q is the nuclear

quadrupole moment). Straightforward comparisén of‘quadrupole moments

is not'sufficient for estimatesrof‘the relative relaxation rates,

however, due to antishielding effects. No estimates of relative
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quadrupolar Raman relaxation rates for-K39, Rb87 and Cs 33 in KDP,

RbH,_PO) and CsD,AsO) will be attempted here.

b) Spin—lattice'relaxation vy hipdered eretion.of H2POu groups '
has already been identified'as the mechanism responsibie for the'repid
increase.in,the proton relaxation-rate'in the 8ipolar state and at
high temperatures (SeétioanIII—C),.and it-is interesting to note:that

:the observedvonset of the reiaxatioq rate increase occurs at'roughly
| ’ 39

the same temperature for protons and K ~200°K). An ekplanation

39

‘close at hand is to attribute K7 slow motion relaxation to hindered

_H2POh rotation, since protons contribute to the e.f.g. at the potassium
sites. Assuming that an activation energy governed slow motion is

39

" responsible for the rapid K°° high temperature relaxation rate, one

finds an activation energy Ea = (0,13 % 0.04) eV. This is much lower

‘thenbthe actiration energy-Ea (Q.Sli0.0S) eV deduced from the
proton relaxation data intFig. VIII-#; which again is'much lower than
the 5 eV required for proton interbond diffusion. Proton slow motion
by H PO rotation or 1nterbond diffusion therefore seems unable to

39

account-for the observed K " relaxation rate increase at high temperatures.b
One pdssibility is motieﬁ of the potassium nuclel themselves.

Bline ahd'Mali have'discussedsg the'mqtion of Rb nuclei iﬁ the KDP

isomorph ﬁbH2AéOh, where Bb'occupy sites equivalent”to those of Kin. 

81 quadrupole constant which increased with

_KDP. They observed'a Rb
temperature, and showed that this could be attributed to Rb Jumplng
along the trystal Z axis between close-lylng equilibrium p061t10ns.

Associated with the Rb motion they postulated a coupled proton motion

along the hydrogen bonds, the degree of Rb and proton motional correlation



~relaxation rates observed for K

 on the other. In Eq. (XI-17),

-255+:

being temperature dependént with'compiete découpling at high temperatures.

_An increasing‘quadrupole coupling'constant with increasing temperatures

39

was also observed for K39 in KDP (cfr.'Sectioan—A)?‘and K™ motion is

o indicated, in analogy with the Rb motion in RbHéAsOh. If the motionai

~correlation time T is long in the temperature region of interest, than

very simple érguments based on the BPP (Bloembergen, Purcell and

Pound, cfr. Ref. 19 ) formula.

. : : W.\2

-1 2 T . ( d)' 1
e T = (A) .1 (x1-17)
Al_ d 1 +.w§T2-(wot>>1) W, T

OffGTSa,straightforwardnexplanétion of the differences in high temperature

39 871 133

on the one hand and Rb and Cs

Wy is a measure of the strength of the

perturbation causing the relaxation, while wo is the NMR transition

frequency:

K39 spinélattice relaxation:raﬁes wefe recorded in the spin-lock
e L o BT 133 ,
state, with w, = L,4 kHz, while Rb and Cs laboratory frame rates

were obtained with ab'in the_MHz rahge.' In the éase of slow.motion;
relaxation rates gre'in&ersely'propoftiongl to wi aé'is evident
from Eq. (XI-17), and this-is the bésisiéf the slow motion methods
diSCussed.in‘Séction ii—C. ' |

‘Equation‘(XI—IY)'aiso suggeSté a possible method of discriminating.
betﬁeén slow:m0tion‘and Ramaﬁ'relaxation, since the lafter should be

indepéndént of wa. If slow motion relaxation is dominant at high
39)—1

temperaﬂures, Tl (K is expectéd to be increasingly dependent on

wo from apprdximately 190°K and upwards, A systematic check.on the

~ frequency dependence was not made, but Spot checks at 200°K and 238°K
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did indicate a frequency trend in rough agreement with Eq. (XI-17).
Thus, at 238°K, the net high temperature relaxation rate increased
from (0.36 * 0.15) sec™™ to (0.67 % 0,3) sec—l on lowering wo/2ﬂ from

h_.ls"kHz to 1.9 kHz. The observed ratio: T;l (1.-90"}:}1z)/T;L (k.15 kHz) =

(2.1 £ 1.3) may be compared'to the value predicted by Eq. (XI-17):

(k.15 kHz/1.90 kHz)2 = 4.8. A close quanﬁitative agreement cannot be

expected with the data uncertainties here, but the trend is clear.

XI-D. Concluding Remarks

Within the framework of the theory reviewed in this chapter the analysis

39

of the K77 spin lattice relaxation data close to Tc is unambiguous and

’reVeals a ferroelectric mode which 'is diffusive or heavily damped, and

with anisotropic interaction between the ferroelectric dipoles.

E&perimental data on the sfrong relaxation rate increase at high

temperatures are difficult to interpret, mostly due to large data

scatter, and both Raman spin~phonon and motional relaxationvare’

compatible with the data at high temperatures, but the Raman mechanism

yiélds a poor fit below approximately 200°K. Some simple extensions

of the present measurements can be made, however, to aid in a positive

identification of the dominant relaxation mechanism at high temperatures:

The Tl(K39)_l'data in Fig. XI-1 should be supplemented with similar

*

data obtained at different'rotatingvframe»tfansition frequencies W,

A relaxation rate dependence on wi could then be interpreted as being

due to motional relaxation.'

‘Measurements of spin lock state relaxation rates for Rb87 in

33

RbHQPOh and Csl" in CstAsOh should be performed to check whethér the

‘high temperature relaxation behavior is similar to that reported here
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above for Rb ' and Cs
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for K39'in'KDP. If so, slowsmotidn is strongly indicated, which would

explain the difference between our .T
87 133

)™

1 results and those cited

spin-lattice relaxation in the_laboratory-frame}
. Several other highly speculative relaxation models might be con-
sidered, but sufficient space has already been devofed to the preéently

available high temperature data.
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XII. DOUBLE RESONANCEiSPECTROSCOPY ON -VERY LOW ABUNDANCE
- NUCLEAR SPECIES IN KDP. PRELIMINARY
RESULTS AND SUGGESTIONS FOR FURTHER WORK

The high—sensitivity double fesonance methods described in Chapter’
III should in prineiple allow detection of all nuclear species in
KDP that possess a magnetic moment, as listed in Table:IfQ in the
_ Introduetion. Detection of'rare spin species was not of primary interest
in this thesis, but_several transitions ndt dne to Hl, P3l; K39 or Khl
were observed dﬁring the experiments. Parts of these results are
presented here, and may serﬁedas_stsrting points for fﬁrther irivestigations.

© XII-A. Deuterium

Deuterium‘has a natnral isotoﬁic abundance of 1.56 °* 10_2%, and
cannot be detected by conventional methods. The dafa that exist on
spectra of deuterium in naturaliabundance are searce, and mostly limited
to organic snbstances. v As of ﬁhis writing, no detection of deuterium
in natural abundance in KDP has been repofted, butvnumerous deuterium
magnetic resonance studies have been_made on the fully deuterated

isomorph xkp*p,~027+79°

»Deuterium_has a nonzero quedrupoie'moment,_and
deuterium spectfa therefore contain information-about fhe local
eleciriC-field gradient.tenser. The spectra Qf-deuterium_in iow
abundances are of speéific intereS£ in,light of the pronouneedi

.ferroelectric'isotope effecﬁ on deuteration.

The fifst deuterium magnetie resonance study on KD¥P was made by
| Bjorkstam snd Uchlling.g1 Some of their-resnlts of pafticular relevance
'-here, will bevsummafized briefly;s_Only the_peréelectric'case will be

discussed:

X %
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Deuterium has spin 1 and. therefore 2 transitions which are rendered

non-degenerate by the quadrupole interaction. As.will be shown in the

) -present case, the quadrupole 1nteract10n can be treated as a perturbatlon.

on the magqetlc dipole 1nteractlon w1th the statlc field H , and to
first order the frequency splitting of the»degenerate Larmour lines is:

(28v), = k¢ZZ k(¢XX YY>'¢oszeZ o (XII—l)'

in the 2 rotation (cfr. Fig.VIII-1). X, Y and Z denocte the crystal axes

a, b, ¢ shown in Fig. I-1, GZ is the angle between Ho and'the:XAaxis,'and

¢ ; (;,j =*X,Y,Z) are the electric field gradients at the center of the
s : . . : :

‘ hydrogen bonds K is defined by

H]

3eQ
K 2h

iExpressions'for the X~ and'Yerotationsvare‘obtained,from Eq. (XII-1)

by permuting the subscripts.

" The hydrogen bonds are nearly‘parallel with the‘crystal'X—'and

Y-axes, and will be classified as X~ or Y-bonds:. The bond angle with

respect to’the'XY.plane is 0.5°. Crystal SYmmetry'considerations show

‘that the Y (or X) axis is a principal axis for the e.f.g. tensor*at_the

center of X (or Y) bonds. Experimental-data.revealed that the bond

direction is a principal axis; and'the-third principal aXis makes an

,angle 0}5° with the Z axis. For a general direotion of the'magnetic

field H relatlve to the crystal axes, there are 4 non-equlvalent

,deuterons in each unit cell and thus altogether 8 trans1t10ns. In

the special cases where H is in the XY, Yz or XZ planes, some of the
lines coalesce. .Thus, in the Z rotatlon deuterons‘on the two bonds -

parallel to the X-axis have common transitions. The same applies for
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the two Y-bond deufefons, and h,transiﬁions'ére observed in all. In

the X—{and Y-rotations, deutérous on the bonds'parallel to the a#is of
rotationvhéve common transition freQuencies, and there are in general
6 transitions. With the crystal axes aefinéd'by X, Y; Z and the e.f.g.
“tensor priﬁcipal axes by x, ¥y, 2, Bjorkstam and Ueﬁling found the
following X—bond deuterlum coupllng constants in the fully deuterated

isomorph KD*P

Kbyy = 179.2 KHiz 3 kéyy = <85.2 KHz 3 ko,, = -94.0 kiiz

YY ZZ.

or.

leQ¢ ,/nl = = 119.5 kHz

unm

n= (8, -0 )/0,, = 0.0k9

22

The iargest e.f.g. tensor component is thus along the bbnd directioﬁ,
and the e;f.g. is slightly asymmetric abdut that direction. These
e.f.g. tensor components féﬁresent the time avérage "seen" by the
vdeuteron during intrabond jumping. | '

It is now possible to check on the perturbation approach, which

only included first order terms. The second order correction is

(2) o (28v)2
A m v 12

k¢zz is the maximum splitting between the quadrupole satellites on either

| vL(Hg) ~ 0.45 kHz and thus negligible. Here (24v) =

side of vL(HE).

Turning now_fo_deuterium in natural abﬁndance, the symmetry
'argumenfs Quoted'above shpuld app1y, assuming no clustering of deuterium.
As will be shown below, the change in deuterium spectra was small in
going from 100% to 25% déutérium abundance, with all transitions

contained in the range ~1600 kHz to ~1780 kHz, in the present field

Ho = 2590'G. Seversal double resonance swéeps were made in the range
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~1590 kHz to ~1800 kHz on KDP of natural isotopic COmposition; and

‘some sweeps with HO L 7 are shown in Fig;'XII—l. The transition at

l769’kHz can be readily identified as_K39(:), but the remaining line
patterns are not consistent with the observed deuterium line-patterns in .

KD*¥P. A weak line was observed atvtheideuterium Larmour frequency

vL(He)

~ 1690 kHz. The line was only observed at high B r.f. power
levels, and its center frequency did not depend on the crystal orientation

or sample température (T = Tc), which‘would'be-typical characteristices

of a deuterium double quantum transitibq m=-1+m=+l. To check on

this, the magnetic field Ho was varied within the limits set by the
A r.f. system, and the line shift was recorded. The results, shown in

Table XII-1, are consistent with the assumption of a deuterium double

'quantum_transition, and reflect no magnetic dipole interaction shift

from nearest neighbors.

Table XII.1. Check on field dependence of line
: at the deuterium Larmour frequency.

Protoh-Larmour : , ) Deuterium Observed
Frequency ' - Larmour Freq.  Line Freq.
[kHz] - Orientation [kHz] [kHz]
10985.4 : H-O Nz - 1686.4 1687.3%#1.0
10998. 4 H Nz +1688.2 1688.4+1.0
11011.7 H.L .z . 1690.Lk 1690.0%1.0

In Fig. XII¥2 is shown a recording of this line in the orientation

HO I Z. The signal to noise ratios were approximately 10:1 &t high

B r.f. levels (rotating frame field components HlB

~ 14 gausé), and it is

puzzling that thevdiréct deuterium trahsitions_apparently were niot

observed. To clarify this problem, double resonance measurements were
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- Fig. XII-2.
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made on KDP samples with deuterium iniES% isotopie abuhdance.' Very
strong lines which could readily be identified with deuterium were ‘
observed efen at low B r.f. power levele (signal/noise‘loil to 20:1 at
H, * 1.2 gauss). The Z-rotation pattern is shown in Fig. 211-3, where .
4the theoretical curves have been fitted according to Eq. (XI‘I—l). High
B r.f. power was still required in order to observe the traﬁsition at
the deuterium Larmour frequency. The Z-rotation.in Fig. XII-3 must be
supplemented by another rotation pattern in order to determine allb
three quadrupole coupling parameters K¢i,i (i = x,y,z), but this was
not of specific interest here. The deuterium trahsitions at the various
angles GZ in Fig. XII—3 have been indicated in Fig. XII-1, for reference.
One may now ﬁry to establish why the double quantum transition
was observed for deuferium in natural abundance, While'the direct
traneitions were not. It should be mentioned fhat a similar case has
been reported for,naturally abundant deuterium in gypeum,12 and there is
a possibility that a double resonance "quenching" mechanism is respoﬁ—
sibleiv.Here, one might recall the "spin quench" e'ffect,'l3 where
asymmetrie field gradients at the deuterium sites leadto expectation
value zero‘forvthe deuterium angular momentum_components_and thus no
double resonance coupling; Since e-magnetic field 1lifts fhe quenching;
this mechanism cannot be responsible here, howeQer, and the strong - o
deuterium lines observed in the 25% deuterated.saﬁple also indicate
that no effective Hl--'H2 deéoupling is present.
Iﬁ-is possible to determine ﬁhe expected intersifies of the direct
transitions (m = #1 = m = 0) on the basis of the data above: A rough

10 v . .
estimate shows that the double quantum and direct transitions should

be of equal intersities when the rotating B r.f. field component is
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H g = 97 (u° - 1) gauss

where | is thé_éo;ine of the angle between the z pfincip#i'axis of the
e.f.g. tensor and the mggnetié field Ho.v Thus, for Ho I x, f, difect
transitions should be observed with a signal-to—hoise ratio at.least
equal to that ofvfhe double quantum transition, which was 5:1 to 10:1

in samplés Qf natural isotopic gompoéition. One must, howevef, take

into account that the direct transitions have linewidths double that

of the double quantum transitions. Also, all deuterium nuclei contribute
to the doubie quantum line,.while there are up to 4 non-equivalent
'deuterium sites for a general directionvof ﬁo with respect to the crystal
axes. In the Z-rotation, thére are 2 nonequivalent sites for GZ + 459,
‘and including the line broadening effect one arrives at an anticipated
signal to noise ratio for direct transitions équal to 1:1 to 3:1. This
is so closge to the detection.limit thaf it might.expiain why the tran-
sitions wgre not observed. A mére careful inveétigatioﬁ is required,

' however, in order to fésolve this_problem..vFﬁrther diécussion is

deferred to Section XII-C (Suggestions for Further Work).
’ 17

XII-B. Unidentified Transitions. Kho and O

By elimination, the observed transitions not due to H', H, P°T,

K39, Khl-or highe{ harmonics‘of fhe transitions frequencies of fhese v
nuclei should be due to either o’ (épin I = 5/2, abundance 3.7 X 10-2%)'
or Kho'(spin I= L, abundanée l.9,X‘id-2%). .Detecfion of impurities
or‘crystal imperfections is élso a p&ssibility. Since no systematic

' ' T or &0

search was made for O1 r K ~, the results reported here are not complete,

but indicate the existence of hitherto undetected nuclear specles in
KDP which yield easily observable double resonance lines. Some uni-

dentified transitions that were observed are listed in Table XII.2.
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Higher harmonics of the proton and phosphorous Larmour frequencies have
" been excluded.

Table XII.2. Unldentlfled tran51tlons observed at . H bz,

H = 2583 gauss, = 2L0°K.

Cenfer FreQuency  Line Halfwidth : Coﬁﬁénts_
[kHz] [kHz] ‘ |
1100 ko | | Strong
1216 6 - Weak
1224h.5 - 6 Weak
1278‘ - | 8 . | Strong
11553 20 . Weak

1770 % Wesk
184k ' 320 ‘ | " Strong
1879 A O Possibly Several Transitions

It is edsy to compare these data witp the expected Kho transition
frequenéies.éf this field cbnfiguratioh;:éihée the z principal axis
“of the e.f.g. tensor at. the K39.and Khl”éites ié parallelltovthe crystal
Z axis and thus H . Assumlpg‘that the e;f.g. s?mﬁetry to thé same at

‘all pqtaésium sites, the energy eigenvalues are:

.5 ‘ , .
e 2 '

E = fvhf; mt T o1y (3n - I+ 1)),
vwhere m is the magnetic_quantum number;r Using the'ratio96
Qo
Qho = 1.24k

39

- . . ) o . . " o
one finds the following set of K'Q transition frequencies which can be

compared with the data in Table XIT.2:
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. Table XIT.3. Theoretical Kb'O transition frequencies in KDP.
H oz, H = 2583 ‘gauss; T = 240°%K. - '

V. : A%

VBo Bo
[kHz] [kHz ]
256 693
365 802
O 911
583 . 1020

These frequencies do not match any observed trénsitions. A mocre
‘systematic and carefui search is_necessary, however, before it is possible
to exclude the possibility of Kho détection under the experimental
circu@stances in question. Double resonance lines for Kho are expected
to be weak compared to those of K39 or Khl, due to the.large number
of Kho transitions (spin i = L leads to 8 allowed transitions at ﬁo|| 7),
and the lower abundance. |

.The only isétope in KDP that remains for identification with the
transitions in Table XII.2 is 017; Unfortﬁnatély, the large.number of
‘non—equivalentvo#ygen siteé for a general direétion of ﬁo relative to
the cryétal axes cdmplicates_the interpretatién of observed spectra.
No,atteﬁpt at analyéis will be made here. One may note, however; that
'_ifvtﬁe deuﬁerium.quadrupoie'coupling undefgoes no dramatic changes from
25% to.nétural isotopic abuﬁdance, then none of the transitions in
Téble XIT.2 can be due to deuterium. 'Also, ianig; XII-1, the
asymmetric line pattern about the deuferium Larmour frequency cannot

be due to deuteriumvalone."Kho is also ruled out, since the transition

frequencies shifted in the Z-rotation (cfr. Fig. XII-1).
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XII-C. Suggestions for Further Work

. The preliminary data abee demonstfate thé possibility‘of obtaining
the spéctra of spin species not detected before.in KDP, which ié of
some - interest in itself._ More accurate and complete data complementing
those presented aﬁove are desirablé;for mofe fundamental réasons, howe&er,_

. oy . i .
and a few comments and suggestions are made below in this connection.

B°: Tt is still notquite clear why the direct transitions

were not. observed in the sample bf natural isotQpic Compoéition. A

KDP sample with deuterium in 4% isotopic abundanée wés prepared in order
.to study the deuteriﬁm spectra af this concentration,vbut,time did not
allow this project to be'carriéa-furthér. If necessary, one could
Prepare severél samples with déuterium abundancevbetwéen 25% and the
ﬁatural‘abundance, andvmonitor the.deuteriﬁm linés as the abundance'

"~ was lowered. One important parameter,'the deuterium linewidth, could
fhen be.monitored-as’a function of deuterium cqncenﬁration. Some line
broadening is expected due to theiihcreased local dipolar fields as

the proton concentration increases (Y(Hl)/y(H2) = 6.5)? and in certain
cases this may be importaht for.tﬁe'deuteriui detectability.93' A
possiblé'shiff inle.f.g. parametérs wifh:the degree of deuteration might
also be Qf interest (f.éx. with respect to deuterium/proton dynamics).
The sliéhtxdiséfepancy betﬁeen ﬁhé e.f.g. tensor components for the

25% deﬁteraﬁed‘sample (above) and in the fuliy'deuterated:case-(Ref. 91)
could thus be an isotope effecﬁ, but'fufthér_ieésuremenﬁs are feqﬁired
‘to establish a possible tfénd,

KhO: !No'new information.about e.f.g.>symmetry or strength at

potassium sites is expected from the K 0 spectra, but data on the

*quadrupole momenth(K O) are -sparse, and an independent determination
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~of equ(KhO)/egq(K39) would be of interest3f

1T e ens 017

0" : Apart from impurities, is the most likely cahdidate for

7

o3

expléining the unidentified resonances. The first detection of 0
in natural abundance was made recentlygT in varioué quinones, and few -~
data on O 7vquadrupole coupling parameters exiét so far. In KDP, e.f.g.

tensor data for oxygen sites would have a 5ear1ng on the degree of

vdlstortlon of Poh tetrahedra and the contribution to the e.f.g. tensor

from the hydrogen bond is glso of interest. The large number of 017
transitionsvfor a general direction of‘the,magnefic field ﬁo relative
to the crystal axes:makes interprétation difficult;-as>1ong as all

17

observed transitions  cannot be possitively associated with O Several

simplifying considerations cah'be made, however. In the special case

v 1 ' :
i Z, f.ex., all O T in the unit cell yield the same set of

where HO
transitioné._ Discrimination against Khoﬂtransitions can easily be made

by éhecking whether thé frequencies shift in the Z;rofation. An example.
of this is shown in Fig. XII-1, whefe‘the Kagﬁbtransition is stationary
at 1769.kHz; while the‘other transitions shift With GZ. Ah additional aid
in identifying transitions'is'the_use of audio résonanqe saturation once
all transitions have been lo;alized: Overlapping transitions are more |
easily.resolved by audio fesonance‘than f;ex. by phase sﬁifted Br.f.

due to the narroﬁ audio resénance lines; Discriminatidn'can also_be

made in certain cases when the effective gyromagnetic ratios in the

rotating frames diffef-significantly.
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: APPENDIX A
EIGENVECTORS AND DIAGONALIZING MATRIX FOR THE

HAMILTONIAN Ho = HQ + HZ OF CHAPTER V.

1
- — = + .
As shown in Sectlon Vv A the hamiltonian : YH ﬂg , ﬂ' ﬂé
'_. _ 15y = (n ° -
(3I ) I, has eigenvectors IE)i —-(ai, Bi’ Yy 6i)A in the repre-

sentation where IZ is dlagonal, and the fol1owing relationships hold:

, o .
B, =-=4A.a Y, =-"5a --= ABa ;0
i 5zt i 2 /3 111 1

' Ti 5 = %.( + \,h + 6) + 9A2) ;'eRoot 1: + | éoot 2: -
T3 L = %-( + \[1-; 6A + 9A2) ; Root 3: + = Root y: -

The 16 different vector-components are ihterrelated, and as will be shown,
the number of different components is 4 for the case of general ) .

First, consider components which belong péirwise to the same vector.

U31ng the notation Bl o '71;2 foreBl = Yl end By = Yy it 1s.easy to
show: '
%o =8, 3 By o T Yy 05 03,7 855 B3, = Y3, (a-1)

Take, for exémple,.a = 8 .: From the above; one has:

o ; . 1’2 .1’2..‘ _ v ,

’- L (3 : _ 1 (3,9 2"2,)
=-z \u*t 0, L, F o ————— [ =+ & AT -
°1,2 A (h e ,Bl,2>al,-2 "3, (u A - T
1,2 ; ; R W o _
2 1,2 _ .

Using the secular eguation'invfactored form which correspends to roots

, | _ ,
1 and 2, (Eq. (V-7)), one can substitute for ] o
9

..



' The result is:

For components belonging to”different.vectors,‘one can show:

o, = -Bl 5 0g = 8&"; ), =_‘-B3 _ (a~2)

"Since orthonormal vectors are needed for the diagonalization matrix, one

must have, using the results above, ‘

' o 2 2y _ 1
Vectors 1,2: (ai? Bi’ Bi’ ai)A rNormallzatlon. (ai + Bi ) =5
‘ ' , _ ‘ , 5 N ; (a=3)
Vectors 3,h: (ai, Bi’ fsi,_—ai)A -Normal;zatlon: (ai; + Bi ) = 5
Thus for all vectors::
| . » ' ' ' sgn (4,)
a, == - 5By = -£ AjQ, = —— a, (a-4)
N ek A i)
: 371 o L 2
, . : AS

The expre»ss'ion_forvai establishesvnormalizationbof each vector, o, = 82

_if, for all A:

Sgn (52)v= +
b2 31 )
3IMTL T o kA =g
: %

The first ¢ondition obviously holds since A is always positive:_

52—2)\+2 1+_\lh+6>\,+‘9>\ )
Secondly:"

172
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Analogously, one finds:

Sgn:(Al) = - ; Sgn (A3) =.— ;.sgn (Au)‘= +; and A3A4 = —-%

which establishes the rest of Eq. (a-2).
Together, Eq. (A-1) and:(A—2)-reduces the 16 components to L sets

of different components. The quantities a,.b, c and d are defined by

a=a =8 =B,=Y, bEIo,=6,=-B =1

|
1
(%)
=
I
I
w
(]
<

c=a3:—63=8h=—yh :ah-
The transformation matrix from the representation Where Iz is diagonal

(called the A representation-in V-A) to the eigen-representation of

Ho =H_ + HZ (B representation) .is therefore:

Q
a b ¢ 4d
. -b a -d c
U = -
AB -b a d -C
b =c -d .

Obvioﬁsly, the eigénvectérs are'mutually orthogonal.r Since a, b, c and

' , o SRS R
d are real, UAB is orthogonal. UAB-f UAB'



 Zp75-

APPENDIX B o
ROTATING—FRAME ENERGY IN A STRONG r.f. FIELD. SUDDEN APPROXIMATION

An intuitive‘understandlng of the problem‘can:best be obtained by

~looking at a simple sysﬁemvfifSt, namelyvthat of a spin_l/2 nuclear

,species with no gquadrupole moment,.iﬁ a high static magnetic field
‘HO’U X. | |

Assume that the spins are allowed to reach a state of thermal
‘equilibrium, characterized-by_Boltzmann distribﬁted energy level

populations and the absence of macroscopic'phase'coherence between

'spins;' In this state, there'Will be a macroscopic magnetization

M =CH/T o N (B-1)

where C'is.the Curie‘constant (the fleld conflguration is chosen so
.as to conform to that in Chapter V).

Here, one will.make use of the'"sudden apprOximation": Sif a stroﬁg
£ vis the rotating

C.W. r.f. field is. turned on in a time <KWH1, where Hl

r. f field vector then the state of the system 1mmed1ately after

'appllcatlon of the r. f fleld will be approx1mately equal to that

_ precedlng the pulse

‘The magnetlzatlon (Eq. . (B—l)) w1ll ‘remain unchanged after trans-

formation into a rotatlng frame where the r.f. fleld vector is statlonary

If the r.f. frequency is w(ﬁwo = YHO), the magnetization M will couple v

to the off-resonance part of the rotating-frame effective field

.

2_2fj25'[

o | 2.1/2.
Heff. B [Hl +;(wo.— w)=/Y B+ Aw AN
to yleld the initial rotatlng—frame energy'»-'
_ CH Aw ‘ ' :
E = - —2>— ' (B-2)

o YT
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vahus, éﬁactly on resonance, EO = O,iand.Eo wili.be positive or negative
depending on the sign of W - w. The result (Eq. (B-2)) is also ”
obtained by a quantum mechanical analysis.

"One may now proceéd to the more Qifficult ﬁaserf:spin systems
where quadrubqle and Zeeman laboratory frame interactions are of
arbitrary rélatiVe‘magnitudes,_and‘ﬁhere:the'field configuration is
as.déscribed in Chapter V. In this case, an intuitive classical
descriptibn is no longer possible. Instead pfvthe simple rotating frame
in the pure Zeeman casé, one must now seek out the frame of refereﬁce
Qhere the full hamiltonian including fhe r.f. perfurbation,has a
non—vanishiné'time average, which is necessary for the existence of
time independent "rotating—frémeﬁ.energy and eigenstatgs; This is
achieved by transformation into a répresenfation where the hamiltonian
becomes staﬁic (with the excébiion of high-frequency terms due to
other trahsitions'Orva couﬁter—rotatihg r.f. field vectér),

As an éxémple, take the case of an r.f. field exciting transitionms
hetwveen states i and 4 aS'defined’in Chapter V. vIn the interaétion ,
representatidn of thé static laboratoryvframe guadrupole and Zeemanv

hamiltonian Hg, the total hamiltonian can be written (cfr. Eq. (V- )):

: o 0 0 0 exp(idwt) .
H = - Y h H 0 00 0
r.f.* _eff. 1 0 00 o - (B-3)
exp(-iAwt) O O- 0

td
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. B.is the'eigenrepresentation'of Hé,"and one has_defined

' 4@ = (El'-:Eh)/h — w

Yéfsz Ypap2(32d - be)

Tt is assumed that W = (E

1 Eh)/hs so that matrix elements. corresponding -

to other transitions can be neglected.

In Eq. (B-3), a nonzero fw will make’ﬂ} £

that case, it is possible to transform into a new interaction representation,

‘time dependent. In

'._and-it-is convenient to #rite (henceforth, zero matrix elements will not

" be written»explicitly):v '

'* e 1 . SR Y o o . |
X o, =-3 | ¥ i osi ,

r.f. 3 Yeff h Hl posAwt + i sinfwt

: v -\ B -1 -'B

Defining the following 4 by L matrices in analogy with the Pauli spin

()

the same comm_uta-tion and multiplication rﬁles apply, a.nd"'in. particular:

matrices 0_, 0 , O :
x? Ty’ Tz

—
»
i
N
A
B
> o
~ .
<
T :
-
o
H .
]
._l
S—”
—
(&)
1

eXP(-irZ¢) Tx Exp(irz¢)'?'rx Cos¢;f Fy s1n¢

One mey then’write

=
*
!

= —_Yeff h Hl[po§Awt : TX - sinbwt 'vaJ

g . o o 3 -
._Y Hl exp(leAwt).Fx exp(vlfzéwt)

eff
Recalling the interaction representation transformation formula for

general ﬂi.ﬂ;.and F(t)
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*
X

I

exp(iF(t)/h) H_ exp(-iF(t)/h) - aF/at

'one obtains in the present case with F(t)'= —FZAuht

A (W
Wt =l h BT +AwTl.
v r.f. Yeff 1'x @ z S
: : _ - : (B-b)
_ 1\ 1 \ '
= o h 1 +h
_Yeff Hl . 3 Aw N
- B B
Here, all time dependence'hés”beén transformed ouf,
The energy in this interaction representation-cén be evaluated by :
®% T ( **.i}* ) o (B; )'
B, = Nghrip r.f. . , )
C ew _ o | . N ;
vhere p ' 'is the density matrix and N the nuniber of nuclei. 1In the
laboratory frame:
o = L exp(<_/xm)
A 0
where
= +
ag‘ ﬁ@uadrupole aéeeman
and 7 is the partition function. Obviously,
* _ L
P = exp(il t/i) p exp(-iX t/h) = p
"and one also finds - .
*% ® S - -
p=p =p . : ' (B-6)

In the thermal equiiibrium state immédiétely_before application
of the r.f. pulse, P will be diagonal'in the B'representation, and one

has trivially:
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exp(-El/kT)'

éxp(-Ea/kT)

©
i
N |

,'eip(fE3/kT)' | o (B-7)
eip(—Eh/kT) 5

Combining Eqs. (B=4), (B-5), (B-6) and (B-T), one obtains:

.E:* = NB‘E%Q-(exp(-El/kT) - exp(—Eh/kT)) (3-8)

In the high temperature approximation,

Z=Trl=2I+1=1)

~and

L NAAW(E, - E.)
E:*""“"‘ e - (B-9)
LKT o

Extension to‘thevother iaboratbry frame transitions is trivial.

0 for Aw = 0,

- * %
From Egs. (B-8) and (B-9) it is apparent that E

which' could have been ascertained diréctly from Eq. (V-14), using

' Eq. (B=5). vAs in the case of a pure Zeeman laboratory frame hamiitonian, -

*% .
EO changes sign as Aw is swept through zero.
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