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This do’ctdral d-isSéft‘atiQn ‘presents a detailed. NMR study of the surprisingly largé :
effects arising from the non-zero duration of strong pulses in spin—% dipolar solids,

and the devélopment of new te‘Ch'x_lique for spin coherence control based on our un- |

"derstanding of the finite pulse effects.

When multiple phase-coherent = pulsgs"'are applied, N MR_experiments of various

" dipolar solids have shown results that conﬂic_t ‘with thé _Conventibﬁal éﬁcpectat'ions

set by the 5—pulse ‘approximation, even when the pulses.are Vunusually' strong. One

- of the most dramatic results is the observation of either a long-lived echo train,

~or a fast decay of echoes, depending on the phase of pulses. This phenomenon is

referred to é,s' the Pulse Sequence Sensitivity .(PSS) in this thesis. -With the help
of simulations,' we demonstratedvthe importance of the non-zero. duration of pulses

for this effecf,."Shiﬁlulatiohs Withb:N spins (4<N<8) and an inflated dipolar_ coupling

* strength can _reproducé the PSS observed in experimerits. Further simulations with

N

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the snapshots of density matrix also indicate that the internal structure of 7 pulses
(the system’s internal Hamiltonian under 7 pulses) opens up extra coherence pathways
that contribute to the long-lived echo tail in simulations.

Using Average Hamiltonian theory, the leading correction terms arising from the
non-zero duration of pulses were identified and their important roles are discussed.
Using the zeroth and first-order average Hamiltonian terms, a new class of spin echoes
were designed and demonstrated in experiments. The good agreement between our
theoretical predictions and the experimental observations indicated that the tiny dif-
ference between hard 7 pulses and their §-pulse approximation could be used as a new
way for coherence control. Using this new technique, new approaches to extreme line-
narrowing (the linewidth a Silicon sample was reduced by a factor of nearly 70,000)

and magnetic resonance imaging of solids are presented.
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Chapter 1

Thesis Outline

This thesis focuses on a detailed invéStigation of the surprisingly large effects arising
from the non-zero duration rof pu'Ise.’s, in NMR _e)‘cperimentsb Where many strong and
phase-coherent 7 pulé_gs a.rer' applied. | | “

The whole story bégins with the obsérvatiori of ‘a‘ discrepancy betwéen twé stan-
dard methods for meé;sutiﬁg.the' Spil’l—S‘p‘iI‘l relaxation. time T,. Based on theb con-
.;vventi'ona,l 5—puls.,er approximétion for strong pulses, thé multiple—#—pulse CPMG mea-
‘surement should agfee with the two-pulse Hahr.llecho measurement. Howeyer, in
experiments on simplé so}ids like Silicon, the CPMG sequence gives a,long—_li,véd echo
téil, 'vx}hich'diverges from thé fast decay of Hahn echoes. Moreover, frlultiple-w-pillse k
ééquénces» using di-fferént pﬁlse phases give dramatically different results, which we
refervto‘as‘ the pulse sequencé sensitivity (PSS) effect. This PSS phenomenon is also
surprising, since thel Spin—echo Adeéz;y.Sh'ould not depend on the phase of 7 pulses
within the 5—pulsé appro;dniatidn;

To explai'nbt_hose‘ observé,tici_rl_s, we first spent a lot of time and effort quantifying
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CHAPTER 1. THESIS OUTLINE | ‘ 9

the experiméntai errors and jimproving the expe_rimental conditions. However, despite
“of all the experimental improvements, the PSS ‘ef,.fect still persistéd in all the test
samples, Which led usito believe that it was an intrinsic effect. ‘We then started to
questiorvlvth‘e‘va,lid'ity éf the' basis for our predicfions: the 0-pulse approxirnation.
Weiuvsed éompﬁter simulations to investigate the effects of the‘ non-zero duration
of 7 pulses us_e'dr in éxperiments. For jusf a few spins and normal dipolar coupling
 strength .(1 X -'B.ij):',‘ the simulations did not show a big PSS. However, we found that
th_e‘vdram.atic PSS effect coﬁld be reprodu‘ced_ in finite-pulse simulétions with just a | .
- few spins provided th@t a lérger than normal dipolar coﬁpling strengtbh (e.g. 25%-Byj) |
was ﬁsed., We made the projection tha’c" if a large enough number of spins »covuld bev
included,* then maybe bsirhulations.with‘ t_h!e regﬁlar dif)blar coupling vstreng};h could
show big PSS effect. This’proj.ection was supported by the discovery that ﬁhe height
| of CPMG echo tail increased with spin number N for the range of N values we tried.
It is import‘al.lt.to stresé the fact that‘ for each single 7 pulse, the diffefénce between
the 4-pulse épproxiri;ation and the exact 7 pulse is tiny. Only when many phase-
: v éoherent T ptﬂsés are 'a,pplied'in‘ai train, the effects from the non-zero duration of
‘pulses will becdme | prﬂonountced.’
To better ‘uhderstvavnd these exact numerical results, we used average Hamilto-
“nian theory to identify the leading-order correction terms arising from the non-zero
duration of }7r. plilses. Simulations wi‘th"l‘eading-o.rder average Hdmﬂtonian sho§v¢d

that the correction terms play an important role in producing the long-lived echo
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CHAPTER 1. THESIS OUTLINE ' , 3

tail. Using»the snapshets of the density matrix and the knock-out manipulations, we
showed that the correction terms arising from the non-zero duration of pulses could
open extra coherence pathwaysv that produc'edb the echo tail. However, we did not
know quantitat_ively how ‘mnch each tern1 contributed to the measured NMR signal
since tne leading-order average Hamiltonian terms were still too complicated to allow
vquantitative analysis. This is what the “uncontrolled coherence flow” in the title
is referring to, i.e., the long-lived echo tail of CPMG is not a result of intentional
coherenee control.
~ We then designed and demonstrated a seriies of spin echo experiments where the
special effects arising from the non-zero duration of pulses could be quantiﬁed using
an approximate average Hamiltenian. The good quantitative agreement between the
thedretical predictiens and the experimental obsertratiens indicated that the effects
~of the non—zere duration of 7 pulses were important in real experilnents, and that
they could be used as a new technique for spin coherence control. - We later used
this technique to de{relop new pulse sequences for extreme line-narrowing and MRI
of solids. |
The outline of tnis thesis is listed below:
Chapter 2 gives the reader an introduction to the basic spin physics and the
fundamentals of NMR theory. This chapter is only a rough sketch of such topics and
the interested reader is encoufaged to refer to some excellent NMR books [1, 23, 60, 84]

for more details.
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ICHAPTER L j’HESIS OL}TLINE_ . | . 4
» Chapter 3 offers dn,overview of the basic hardware' needed té perform high reso-
lution NMR experiments, including the sﬁpercénducting magnet, the sample pfobe»,
the RF vtransmittells albldv‘ fhe quadrature ‘déf‘cegto’r‘. _Again,= t_his chapter Qniy vof‘fers> a .
brief review of such topics and the reader can re_sfer to the qomprehensife':book by E. .
| Fukus_hirﬁa- énd S. B. W. Roeder [27}]‘,for more details.
' Chaﬁte‘r 4 ‘deAscribes:t}he surprising obserikétions-‘in our ‘earliest NMR experimeﬁts '
on- Silicon “(Figure 4.5 and Figure 4.6).”‘ This chaptef first introduces the 5-pulse" ‘
apprbximatién aﬁd the basic NMR éxperimerits, to help the reader understand why
we call those observed effects as “surprising.” |
Ch‘apt’evr 5 presents the resﬁlts of s.iml.llations with non-zero duration 7 pulses. It
first discusses the ﬁnite;pulse simulations using Weék pulses and big Zeeman shifts.
Sﬁch bsimula.tio_nls :ca'n ﬁrodﬁce # long-lived echo tail in CPMG, but the echo tail
height decfe'alses“as the fpiﬂse strength is in»c'reaSed.(Figurel5.2), which contradicts to-
our experimental observation that t’vhe height of CPMG echo tail remains flat over
a large range of puls‘e strength (Figure 5.3). Later, the results from liquid crystal
SCB,eXperiménts‘ inspired us to inflate the ‘di‘f)olar couphng sfrength Bz-j in the finite-
‘pulse simulations. Such simulations: can reprodiiCe. the CPMG lbng—lived echo‘taivl
 (Figure 58) and fhe PSS effect (f‘igure 5.12). Moféo§er, thé height of CPMG echo
tail depencis on the number of spins included in the simulations, which suggests that
if large enough number of spins can be included, the finite-pulse simulafibns may

produce a pronounced echo tail for CPMG and PSS effect even when normal dipolar
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CHAPTER I THESIS oUTLINE | s
c‘ouplihgvstrex_lgth is used.
Chapter 6 describes. how fQ use the average‘Hamiltonian theory fo ide»r.ltifyr the
correction terms arising from the non-zero duration of pulses. It starts with an ou>tlkiiv1e
of the average Ha,miltoni'én theory, then it .shows _hOW to use those formula to célcﬁla,te
the zeroth and t‘he‘ first order average Hamiltonian for the‘ rﬁultiple 7 pulse sequences
~ (Equation (6.20) to Equation (6.27))’.. Included in this chapter are also simulations -
wi;ﬁh the average Hanﬁitonién terms. An impoftan-t result is that the correcfiori terms
in the‘ first order ‘aLvergge;Hamilt’onian play a crucial role in producing the CPMG echo
tail (Figur¢ '6.3); |
~ Chapter 7 inv'_es.tigatesv the extra coherence pathwéys openéd by the correction
térms‘ arising. from thé non-zero duratioﬁ of r pulses. Special density matrix manipu-
lations are ﬁéed to démonstfate fhat such extra céhgrence,pathways can contfibute to‘
the long-lived CPMG echd tail (Figure 7.3 and Figure 7.4). However, we do not have
, é quantitative understanding of how exactly each terﬁ} 'contribvutes. to the spin echo
| téil,_ Therefore; vv,'e.vconsider‘the coheferi(:e ﬂdw in CPMG as uncontrolled, which isin
contrast to thé specially designed and controlled spin echb eXperirriénts preéented in
‘the next two Chapters. Snapshots of the denéi_ty_ma'qrix are also ﬁsed tb coinparé the
dramatic difference between the pulse seciuenceS using multiple 7 pulses and multiple
/2 bulsés‘ (Figure 7.6 ‘a'nd Figure 7.7).
Chapter 8 demonstrates a new series of spin echo experiments d’eéigned With just

the leading order correction terms arising from the non-zero duration of 7 pulses.
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| CHAPTER 1. THESIS OUTLINE - ) 6
This series of experiment‘s serve twofpurposes_; ’I_‘he ﬁrst 1s to further coovinoe the |
-reader that the specia,l‘effeets resulting from the tiny duration Of‘, 7 pulses are not.
experimentél artifacts, but are real. The sélcon.dis'to see if _we eOulo give quantitative
analysis to these echo phenomena since we did not have a'. q,uantifati've explanation
.for the CPMG echo tail. Analogles of the FID, the Hahn echo, the CPMG echo traln
.and the magic echo are presented (Flgure 8. 1 and Flgure 8.2). A new kind of echo»
called quadratic echoui’s also demonstrated V(Figure‘ 8.3). For all these experiments,
our model offers'good ou.antit‘at‘ive explanations to fhe experimentel fesults,which »is
a big improveﬁient froroour. unoerstanding of the CPMG echo taﬂ.
Chaptef 9 pfesents'nev? pulse eeouepces that were designed ba,sed on our under-
' s‘eandiﬁg of the spiﬁ echo pheﬁomena described in Chap’cer 8 and their epplications
in extreme -line-parfowing and MRI of solids. A progress report is gi'\;en for. the
line-narrowing eﬁ:(perimehts .as the performehee is improved from a linewidth reduc-
. tion of ~ 1000 (Figure 9.1) to ~ 10000 (Figure 9.3), and finally to ~ 70000 (Figure
9.5). The possibility of using a new pulse sequence fo achieve MRI of solids is delﬁon-b
strated in the 'Well-reprod‘uced top-hat line shapes (Figlire‘ 911) Our progress toward
3—oimentional imaging of solids is also divs‘cu'ss.ed‘ an‘d‘ demonstratedv (Figure 9.15). .
| A list of symbols and acronyms cah be founo in  the glossary list right vbefore
this Chapter. The appendix offers a detailed instruction to the CPMG 51mulat10nb
. procedure wr1tten in Igor 5.03 that we used to carry out some of the snnulatxons‘

presented in the’ thesis. -
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Chap_te,rﬁ 2

'IﬂtfoduCﬁoh to Spin Physics and

Spin, the iﬁtﬁhsic angular momeriti;m, is a fund‘amental propefty of elementary par- -
'ticle:s such as electroos and“pr:otons,' jﬁst like their ele,ct;‘ic charge and mass. Eaich:
individual u‘npaired: elect_ron, proton énd‘ neutron has a spin of % In thié thesis, we
are going to foous on‘ nuclear,spin‘, the total spin of protons and neutrons fof a given
atom. Ac'cor‘dihg to the shell modei, the nucleons, just like electrons ﬁlling the ofbitals
outside’the nu“cleus,'also fill orvbi‘talrs‘. [14], and t,heif spin can pair up to eliminate,the
“ observable spio; .For.éxarnple, Helium 4He has one protOn pair and one neutron pair,
and the tota.l nuclear spin 1s ZETO. Almost every element in the periodio table hos
“an isotope with‘ a non-zero nuciea’r spin 1. In this Chapter we will review the basics
of spmv physms ‘and the fundamentals of nuclear magnetic resonance (NMR theory.

Many books provide a great. 1ntroductlon to NMR theory [1 23, 24, 27, 84]
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CHAPTER 2. INTRODUCTION TO SPIN PHYSICS AND NMR 8
2.1 Spin Operators

Frdm classicaLl mechanics to quantum mecha,hics, we replace the cléssical dynamical
. quantities by (iuantum opefators [81], for exaﬁlple, we repiace the classical momehfum '
P by —ihy = (—'ih’%, _.ma%, —ihg) where % is the Plank constant divided by 2.
~ However, spin, the' intrinsic angular momentum, does not have a classical e(iﬁivalent,
so we have to usg,new' operators to treat spin in quantum_ méchanics. Pauli came up
with the the special form of ‘spin Qpefators [81], S= (Sz, Sy, S2), wifh the eigenvalués
of £3A for each comf)dnent in the case of spin-3. For simﬁlicﬁty, dimén.sionless“ope'r-‘

atprs I = (Ig, Iy, I;) = %,157 are often used. I, I, and I, have the following importdnt :

commutation properties [81], |

L I} = i, [Iy,fz]"lzifx,“ L) =il 1)
and | | |
I*|4,m) = j(j+1)1j,m> e
L|jm) = m|jm) (2.3)

where | 7, m)‘is a simultaneous eigenstate of I2 and. I,, and there are 2j + 1 possible
values of m. | |

Cm= gt lej—1j (2.4)
Often it is (xmvem’enﬁ to work with the ﬁon—Hérmitian ooperators called the laddef

~ operators [81],

Iy = I i, | | (2.5)
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CHAPTER 2. INTRODUCTION TO SPIN PHYSICS ANDNMR 9

which will raise or lower the quantum number m by 1,

Llgm=iGTD-mmED | jme1)  (26)

and I satisfy the following commutation relations,

‘ A[Ibl—]‘ = 21, ‘ o | (2.7)

1] =+ | (2.8)

In this thesis, we are going to concentrate on spin-1. For spin-1, it is conventional

to use a svimple notation |T) to represent “spin up” state with m = 1, and |]) to

represent. “spin down” state with m =v—% [81],
LI = 5 (2.10)
1 . o .,
AT e

2.2 Matrix Representations and PaulivMatrice_s |

When treating spins m quantum mechanics, it is often convenient to represe.nt the
spin operators with matﬁces. We now show how to represent ah operator by a square -
matrix [84). |

Let us assume operator A has éigenwave‘s | a1),| as),... | an), which form a ket

space with diinensionality of N, and

Ala)=ala), i=12..N | (2.12)
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CHAPTER 2. INTRODUCTION TO SPIN PHYSICS AND NMR 10

The simplest operator in this ket space is the identity 6perator

=Y ladel @13

Inserting identity operators, we can represent operator A as

Mz,

N ‘
A=Y e[ Al ag)a |
. =1 j

. (2.14)

There are N? numbers in the form of (a; | A4 | a]) and we may arrange them in an

N x N matrix with (az | A a;) belng the ith row and j* column. Explicitly, the

matrix looks hke t_hls,

a;|Alar) (a1]|Alar) (ar| A|an) |
Az (a2 | A | a1) (az_|é|a2> - (azlf‘:lilazv) (2.15)
-(aNlAla;) (an [ Afaz) - {an | A]an)

where = stands for “is represented by.”

For the case of spln—— spm angular momentum operator I, has only two eigen-

states, |T) and |]). Applying Equation (2.14), I, can be written as,

= (D)1 DA+ 1) (216)

Applying the following equations,

ME=5 ULD=-3 lLL=0  {{LIH=0

we get the matrix representatioh for I, in the eigenstate space of I, or so-called I.

o360 en

basis,.

[T
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CHAPTER 2. INTRODUCTION TO SPIN PHYSICS AND NMR 11

‘ Getting the matrix representation for I, andb ]y in the I, basis is a little bit trickier. :
From equation (2.5), we get
S
I, = 5(] +17) § - (2.18)
I, = —%(1* -y O (219)
. Using the facts that, -
=0 I"|)=0, IT|h=l, I INH=[)
| ‘We get the following .r_natrix i‘epresentations in the I, basis,
oL (03 _1/0 1)
== (3 8)-30 o)

, ) 0‘,_% 10 - |
=G 0)-s0) e
| These threé_matriées , |

. gz% ((1) _01> ’_. . =- ((1) (1)) ‘-, o ((l) : BZ) }‘ . (?.22> |

are called Pauli ma,ltrices [81].‘

2.20)

~~

2.3 Spin Energy Levels and Magnetic Resonance
For an intrinsic spin f, there is also an intrinsic 'magnetic moment [ that is propor-
‘tional to 7,

i = ki | (2.23)
where vy is the .gy'romagnetic ratio [84]. Some of the most frequently investigated

nuclei are listed in Table 2.1 [49].
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CHAPTER 2. INTRODUCTION TO SPIN PHYSICS AND NMR 12

When placed in a magnetic field, the interact’ion between the magneﬁic moment
i and the external magnetic field H, gives a simple Hamiltonian: |
“H=—-Hy o S (2.24)

Taking Hy to be along the Z-axis, we get

M, = —yhHoI,. D (2.25)

The eigen‘valué‘of I, is simply m, where m = —I, —I+1; - - - I. Therefore the eigenvalue
of H, is
£, =—yhHym, -~ m=—I,~I+1,---I (2.26)

Which cor_resp'ondé to 'avseriesv éf equally-spaced énergy levéls With the difference of
- yhHy between two adjacent ones. A spin in a lower energy level can be excited té a
higher er'iergy: 'le;ye.l'when va photoﬁ‘with its energy métchiﬁg the eﬁergy differencé is
absorbed by the spin. This-is fhe basic concept of nuclear inagnetic resonance (N MR)
or electron spin.resonan'ce' (ESR). |
Nuclear spins' are typically excited using an altema‘tiné magnetic ﬁeid apblied

perpendicular to the static filed Hy. For an alternating magnetic field along X-axis

Nuder -' Spin 1 [ 4 (MEZ/T)

TH 1/2 v 4258
?H , ] 1 -~ 6.54
BC. - 12 - - 10.71
O 1/2 ‘ ~40.08
ST 12 - 846
31p i 1/2 17.24

Table 2.1: Some commonly investigated nuclear spins
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| CHAPTER 2. INTRODUCTION TO SPIN PHYSICS AND NMR ' 13

H; cos (wt)Z, the resonance condition is met when

hw = AE @
where AE 1s the‘ energy diﬁergnce between the initial and final >Spi1.’l states. Take 'H ,
Which is spin‘-%, as an éiarh?le. This nuclear spin has two energy levels in an external
magnetic H'(‘)‘ along the Z direétiqn, the loWer energy level, corresponding to the spih
lining up fco,the'mafgneti,c ﬁeld I-_fo,: ahd the higher energy level, corresponding to‘the
s_pin liﬁing an'_ci—parallel to t’he‘magnetic,ﬁeld ﬁo The enefgy splitting is yAHy. To
achiéve resonance, the exciting magnetic field needs to have the alternating frequency
of w = vH,.
'~ When a group of many spins are in an extérna,l magnetic ﬁeid, the spiﬁ ‘distribution
among thé different energy levels '.ca“n be approﬁijmatéd by Boltzm’aﬁn statistics [54].

: For‘spin-% “r‘mclei, when in equiiibrium the number of spins in the lower’envergy lével

N, is highér than the bnur'nbef of spiri’s in the higher energy level N_ , and they have
the following r_elation, | | |

N_  _aBjr =
o= (2.28)

wheré{AE is the er.lergy'diff.erence between the two leveis, kis Boltzmann’s constant,
and T is temperatﬁre in Kelvin. The net magnetic mpment' of the many Spin system
s proportionai'to Ny ‘— N_, whiéi;, accOrdiné to Equation (2.28), increases with de- ’
creas.ing temperature, and apprbaches to zéro aé"the ﬁempe;ature is incfeésed toward

| iﬁﬁnity. In NMR experiments; gopd signél ‘rel‘ies on a big net magnetic momenﬁ from

the sample, and this is why some experiments are carried out at low temperature.
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2.4 Magnetic Resonance in the Rotating Fréme

-2.4.1 Without Any Pulse

Before we introduce ‘thbe rbtating frame, let us first look at the classical description of |

the motioh of a magnetic rhoment i in a constant external magnetic ﬁeld H,. The

magnetic mbment eﬁ;periencés 'ayb‘torque F = [IX ﬁo, and this torque causes the angular
- 'momént‘u‘m J to .'change acéording to the following equation, |

—

dJ] . =

and since i = fyj, we can eliminate J and get;

d_, . . . ’_
LT=ix(H) (230

This eciuation shows that at any instant fhe change of i is berpendicular to béﬁh f,he
directioﬁ bf.ﬁ and ﬁo AS‘&; feéult, bdth the magnitude of I and the angle 6 between
i and ﬁo is fixed, and the ‘magnetic moment /I precesses around H, with a-constaﬁt ,
- angular veldcity, fqrming a cone. This constant angular frequency &y = 'yﬁo js céllea
~ the Larmor fre'quéncy [84]. - | |
’IVt is obvious that if we jump into a frame that is rotating at the Larmqr frequency
around the eXterﬁal rﬁag'netic field H,, fhen fhe fnagnetic moment £ will appear to
be sfatic. In the Newtonian .clas'.si.cal physics, when considefir_lg an objecf of ma,s‘s m
, iﬁ an dccelerating frame, wé add a pseudb—fofce in the amount of —ma to the object
of interest, where @ is the acceleration of the frame. Siniilérlj}, if we consider 'th'e spin -

motion in a frame that is fotating with angular velocity ﬁ, we add a ” pseudo-torqe”
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