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Notations

(e, B,7) Euler angles

Dy (a0, B,7) Wigner Rotation matrix

wo Excitation frequency

w1 amplitude of RF pulse

wQ quadrupolar frequency (rad/sec)

Co quadrupolar coupling constant (Hz)

H, Zeeman Hamiltonian

Hrr Hamiltonian of RF pulse

Hg Quadrupolar Hamiltonian

T*)a Spherical (spin) Tensor of rank ‘k’ and coherence ‘q’
1) phase of the pulse

b, Phase factor of the pulse

dp Phase factor of the receiver

H, Perturbing Hamiltonian

Hp Floquet Hamiltonian

p(0) Initial density matrix (at time ‘t = 0")

p(ty) density matrix after time ‘¢ =t¢,’

v Nuclear gyromagnetic ratio

Rk Spatial tensor of rank ‘k’ and coherence ‘q’

Ir Floquet diagonal matrix

He sy Effective Hamiltonian

Hy 4 Diagonal component of perturbing Hamiltonian
Hi o4 Off-diagonal component of perturbing Hamiltonian

H,Sm) n'* order Hamiltonian after m** transformation
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Hamiltonian (G) coefficients of n'* transformation
S, coefficients (C) coefficient of n'* transformation
Density matrix (R) coefficients of n'* transformation

Detection operator (P) coefficients of n'* transformation
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Abstract

Understanding the response of nuclear spins subjected to an oscillating field has
remained an active pursuit in methodology development in NMR spectroscopy.
In particular, the response of a quadrupolar nuclear spin (spins with I > /,)
is delicately dependent on the ratio of the quadrupolar coupling constant to the
amplitude of the oscillating pulse. In addition to its duration and oscillating fre-
quency. In contrast spin to I = !/, systems, the time-evolution of the quadrupolar
spins during an RF pulse is less understood owing to the dominant presence of
the quadrupolar interactions. Consequently, analytic description of the excita-
tion process has remained less transparent within existing theoretical frameworks.
As an alternative, the concept of "Effective Floquet Hamiltonians" is explored in
the present thesis to explain the nuances of the excitation process in multi-level
systems. Employing spin I = 1 and 3/, as model systems, a unified theoretical
framework for describing the excitation of multiple-quantum transitions in static
isotropic and anisotropic solids is proposed within the framework of perturbation
theory. The challenges resulting from the anisotropic nature of the quadrupolar
interactions are addressed within the effective Hamiltonian framework. The pos-
sible role of the various interaction frames on the convergence of the perturbation
corrections is discussed along with a proposal for a "hybrid method" for describing
the excitation process in anisotropic solids. Employing suitable model systems, the
validity of the proposed hybrid method is substantiated through a rigorous com-

parison between simulations emerging from exact numerical and analytic methods.
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Chapter 1

Introduction

1.1 Basics of NMR

The phenomenon of Nuclear Magnetic Resonance (NMR)!3 exhibited by a nu-
cleus arises from a quantum mechanical property called ‘spin’. Being quantum
mechanical in nature, the spin of a nucleus is described in-terms of a label com-
monly referred to as the spin quantum number ‘I’. Unlike the spin of an electron
(always restricted to spin S = !/5), a nucleus possess both integral (referred to as
bosons) and half-integral (fermions) values of spin. Along with spin, a nucleus is
associated with a magnetic moment (due to spin) and an angular momentum ‘hl’,

related by,

= ~vyhl (1.1)

where ‘v’ is the nuclear gyromagnetic ratio and is an intrinsic property of a nu-
cleus. When a nucleus (with spin I) is placed in a strong static magnetic field, the
degeneracy associated with the (27 4 1) nuclear spin states, ‘m’ (m = —I — I) is
lifted. This interaction between the nuclear spin magnetic moment (u) and the ex-
ternal magnetic field (By) is referred to as the Zeeman interaction and is quantum

mechanically represented through the Zeeman Hamiltonian* 19,

Hz = —/LBQ = —th]Z (12)



1.1. BASICS OF NMR 2

where, ‘wy = 7By’ is the Larmor frequency and the external magnetic field direc-
tion is chosen along the z-direction. Here in this thesis, we confine our discussion
to isolated single spin systems involving quadrupolar nucleus (say I = 1 and /).
In addition to the interaction with the applied magnetic field, nuclei with asymmet-
ric charge distribution (usually exhibited by nucleus with I > 1/5) are associated
with a non-zero nuclear quadrupole moment. The resulting interaction of the nu-
clear quadrupole moment with the electric field gradient surrounding the nuclei is

commonly referred to as the nuclear quadrupole interaction?!3

. A brief descrip-
tion of the quadrupolar interaction is presented in Appendix-A. To first order, the
quadrupolar interactions are approximated by the quadrupolar Hamiltonian given
below.

e*qQ

Ho =
©T 4121 — 1)

(BI2-1%) = % (312 - 1?) (1.3)
where ‘wg’ represents the quadrupolar frequency and ‘Cy’ the quadrupolar cou-
pling constant. In the absence of the quadrupolar interaction, the energy eigen val-
ues associated with the nuclear spin states in a multi-level system are degenerate®.
A detailed description of the energy level splitting in the presence of quadrupolar
interaction for spin I = 1 (chapter-2) and spin I = 3/, (chapter-3) is presented in
the forthcoming chapters. Subsequently, to induce transitions between the nuclear
spin states, an oscillating field with appropriate frequency perpendicular to the
static field is employed in NMR spectroscopy 4. Quantum mechanically, the in-
teraction of the nuclear magnetic moment with the oscillating field is represented
by,

HRF(t) = Z —277/(4)7;71 cos(wit — Cbz) IZ"oé (14)

=1

where, ‘w;;’ is the amplitude, ‘w;’ is the frequency, ‘¢;” is the phase of the ‘'’

pulse. ‘I; " is the spin angular momentum operator defined along ‘o’(ov = x or y)
axis.
From the theoretical prespective, the time-domain signal observed in typical NMR

experiments is obtained through the solution obtained from the quantum-Liouville
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equation'®,

n 2 — (11(1) ple) (15)

When the Hamiltonian is time-independent, the formal solution to the above equa-

tion reduces to a much simpler form.

o(t) = exp (‘th) p(0) exp (%) (1.6)

In the above equation, ‘p(0)’ represents to the state of the system at time ‘¢ = 0’,

p(t) the state at any later instant of time, ‘¢’ The quantity p(t) is often termed the
density operator and is the quantum equivalent of the ‘density of states’ employed
in the classical statistical mechanics!®1¢. Interestingly, in most NMR experiments,
the spin Hamiltonians are explicitly time-dependent. In such cases, the formal

solution to the above equation has a complicated form.
p(t) = U(t,0) p(0) U'(t,0) = e~ (B pg) () e (1 7)

From an experimental perspective, analytic expressions are desirable both for de-
ducing optimal conditions and quantifying the resulting NMR experimental data.
Below, a schematic of the single pulse experiment routinely employed in the NMR
spectroscopy is depicted.

From a theoretical perspective, analytic description of the evolution operator is es-
sential for optimizing NMR experiments, ‘U(t,0)". From an operational view point,
analytic description of the evolution operator in NMR experiments is confronted
with

e Time-dependent nature of spin Hamiltonians
e Non-commuting nature of the Hamiltonians.

In the present study, the Hamiltonian for the isolated single spin comprises of the

Zeeman, quadrupolar and the RF interactions.

H=H,+ Hg+ Hgp (1.8)
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N
v

Xor¥y —pip ¥V
Pulse l\ ‘ =
AWA

Figure 1.1: A single-pulse NMR experiment portraying the RF pulse employed, the Free Induc-
tion Decay (FID) and its Fourier transformed (FT) signal. The density operators used to track
the time evolution of the system is also shown.

Asindicated above, the complication arises from both the presence of non-commuting
terms and interactions of differing magnitudes. For example, the Zeeman inter-
action/Hamiltonian in the above case is of no relevance in the actual design/op-
timization of experiments. Since, the desired information on the molecular con-
straints is contained in the internal Hamiltonians (say Quadrupolar Hamiltonian
in the present case), the description in the laboratory frame is transformed into

the rotating frame through a unitary transformation described below,

(t) = e () et (19)
mdz—(tt) - [ﬁ(t), p(t)} (1.10)

where, H=H,+ ﬁQ + Hpp, employing secular approximation and dropping non-
commuting terms (w.r.t to the I, operator) the Hamiltonian in the rotating frame

reduces to a much simpler form.

Hy = % (312 1?) (1.11)

H, = —hAwl, (1.12)
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Hpp = —hw I, (1.13)

when the frequency of the oscillating field is matched to the Larmor frequency
(wo), ‘Aw’ tends to zero. Under the above resonance condition, the Hamiltonian

in the rotating frame has only two terms, namely,
H = Hq + Hgr (1.14)

In the case of spin I = 1/, systems, the magnitude of the RF amplitude of the
pulse often exceeds the other internal spin interactions present in the system.
Consequently, the evolution of the system during the RF pulse is approximated
through the ‘RF Hamiltonians’ only, i.e. for the time period from ¢t = 0 to t = ¢,
the system is governed only by the RF Hamiltonian.

p(t) = e~ /nfinrts 5() ¢/nfinrty (1.15)

However, in the case of quadrupolar spins, the magnitude of the quadrupolar
interaction largely exceeds the amplitude of the RF pulse employed in NMR ex-
periments. In such cases, the spin Hamiltonian during the pulse comprises of two
non-commuting terms (Hrp + Hg). To circumvent this problem, the spin Hamil-
tonian is further transferred into the quadrupolar interaction frame, such that the

quadrupolar interaction is eliminated in the evolution.

p(t) = e /et p(t)enttal (1.16)
ihdg—it) - [f{(t), 5(t)] (1.17)

where, H = Hpp and Hpp = e~ /1ot Hpp e/nHat
In the quadrupolar interaction frame, the evolution during the pulse is governed

by a time-dependent form of the RF Hamiltonian (see Eq. 1.7)

ﬁ(t)e—(i/h) I Hpp(t')dt' p(O) e(i/n) N Hpp(t')dt (1.18)
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Although, the spin system during the pulse (in the quadrupolar interaction frame)
is modulated only by the RF Hamiltonian, the RF Hamiltonian in Eq. 1.18 is time-
dependent (modulated by the quadrupolar interaction). This defines the problem
addressed in this thesis.

To facilitate analytic description, the concept of effective Hamiltonians!'™2?/ time-
averaged Hamiltonians?*2° have been employed in the past. In the approach

2325 a time-averaged Hamiltonian (defined

introduced by Waugh and co-workers
for certain duration) is proposed to describe the evolution operator. A brief de-
scription of the Average Hamiltonian theory (AHT) formalism is presented in
Appendix-C. Accordingly, the evolution operator during the pulse is approximated
by a time-averaged Hamiltonian facilitating in the analytic evaluation of the den-

sity operator during a pulse.

U(ty,0) = e~ /nHesste (1.19)
5(%) =U(t,,0) 5(0) UT(twO) (1.20)

In an alternate approach, the time-dependent RF Hamiltonian in the quadrupolar
interaction frame is transformed into a time-independent Hamiltonian using Flo-

22,2629 " 3 time-dependent Hamiltonian

quet formalism. In the Floquet formalism
(described in finite dimension vector space) is transformed into a time-independent
Hamiltonian defined in an infinite dimensional vector space (Floquet Hamiltonian
Hp) via Fourier series expansion.

To overcome the complexity introduced by the infinite dimensionality in the Flo-
quet framework, we proposed the derivation of effective Floquet Hamiltonians
based on the method of contact transformation®’33. The contact transformation
method is an operator equivalent of the standard Rayleigh perturbation theory,
wherein the perturbation corrections are obtained in terms of operators resulting in
an effective Hamiltonian as opposed to the evaluation of the matrix elements com-
monly encountered in perturbative treatments. Although, the method has found
utility in the description of spin I = /53435 the method has not been extended
to quadrupolar spins. In this thesis an analytic framework based on the concept
of effective Floquet Hamiltonians is proposed to describe finite-pulse effects3¢38

involving quadrupolar spins. The simulations emerging from the proposed ana-
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lytic theory are well corroborated using exact numerical methods (obtained using
SIMPSON39! goftware). In Chapter-2, effective Floquet Hamiltonians are de-
rived for describing DQ excitation in spin [ = 1 system, while TQ excitation in
spin I = 3/, systems is presented in Chapter-3. A brief summary of the results

obtained in this thesis, are summarized in Chapter-4.
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Appendix

A Quadrupolar Interactions/Hamiltonian

3

A nucleus with charge ‘Ze’ is distributed over the nuclear volume ‘d°x” with charge

density ‘p(x)" and ‘V(x)’ is the potential arising due to the surrounding electrons

onto the nucleus under consideration, then the Hamiltonian of the system is given

by 10:11
H= /p(x)V(x)dgx (A.1)

Expanding ‘V(x)" under power series about the nuclear centre of mass, where

cartesian components of ‘x’ are denoted by x1 =z, x9 = y, and x5 = 2.

= [ i {mz@vj)owlz(gm) +} (A2

H = ZeVOJrZP ( ) ZQM (a:p axk> (A.3)

where,
/d3x p(x) = Ze (A.4)
/d?’x p(x) x; = P; = electric dipole moment (A.5)

/ d’x p(x) zjz = Q) = electric quadrupole moment tensor (A.6)
As we are interested in understanding the quadrupolar Hamiltonian, we look more

closely into the third term of Eq.A.3. Also,

0%V __8Ej
8xj8:1:k_ oxy,

Vi = (A7)
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4

where, ‘E;’ is the electric field at the nuclear position. Hence, quadrupolar Hamil-
tonian is defined as the interaction between the quadrupole moment with the
gradient of the electric field at the nucleus?®?

For the sake of mathematical convenience and to make the quadrupolar Hamilto-

nian traceless, ‘Q);;" is defined as
Qi = 3Q — 0 Yy Qe (A.8)

Substituting the above equation in the third term of the Eq.A.3, we get

= éz Q]k‘/jk + % (Z Qee> (Z VJJ) (A.9)

The second term in the above equation can be neglected for all the practical

purposes giving rise to the quadrupolar Hamiltonian ‘Hg'’.
1
=52 Qi (A.10)
jik

According to the quantum-mechanical treatment of the quadrupolar Hamiltonian

given by Casimir****, the matrix elements of ‘Q;;,’ may be written as,

eqQ

TETjBQMﬂWﬂQ@+Juﬂ—juﬂhm (A.11)

(Im/| Qji [Im) =

where ‘Q)’ is electric quadrupole moment. Substituting Eq. A.11 in Eq. A.10, we
get

(Im/| Hg |Im) = 2: (I |35 (LI, + L d,) — 6,617 |[Im) Vi (A.12)

Jk

Let us define,

1 .
2 (Vo — Vyy) + Vo

I =1, +il,

3
‘/0 = \/;‘/zz ; V:tl :F‘/xz - vz ; V:t2 =
Vaa — Vyy

eq=V,, ; n= v ;
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Substituting the above relations in Eq. A.12, we get
/ eQ 2 2
(Im'| Hg |[Im) = IeI-1) Im] Vs3I, — IP)WVo+ (LI + 1. 1,)V_y
—(IZ]_ + L LYV + I3V o+ 12V, |Im)

Ho = /Y3312 = W+ (L1 + [.L)Voy — (LI_ + I_L)V, + I*V_y + I*V;
(A.13)

Eq. A.13 represents the quadrupolar Hamiltonian for any arbitrary set of axes.
In the Zeeman interaction frame, the quadrupolar Hamiltonian reduces to the

following form

. 1 H .t H .t
Hg = exp < Zh ) Hg exp (Z hz ) (A.14)

F _ eQ 2 2 72 —iwot
fioll) = 757 =1 (\/ Jo(312 — Iy + (LI, + [.L)V_, e

—(LI-+ I_L)V; ™" + I3V_y e 20t 4 [2V, ¥0f)
(A.15)

Employing the time averaging over the larmor period 7/, the quadrupolar

Hamiltonian is redefined based on Magnus formula* 8,
1) wo T eQ s
HQ = — H, ( )dt m (\/ / (3[ i )Vb) (A.16)

_ /w
MO/ ’ / dt1 HQ ts) HQ(tl)]

VOV L2 (L + 1) + VEVoVal? (I, — 1)
VI AL, (417 = 812 — 1) + 2V, Val, (217 — 217 — 1)} (A17)

where ‘I’ is the identity operator.

In Principal Axis System (PAS), all the off-diagonal terms of the spatial tensor
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are zero without any change in the diagonal terms (i.e. Vi,5 € 2,9,z V;; # 0 and

Vij =0)

Vie 00

PAS
VPAS— | 0 v, 0
0 Vi

with the conventions |V,.| > |V,,| > |Vie|. Also, VFAS is traceless. Therefore,
PAS PAS PAS _
V:’c:r; + ‘/yy + szz - O
3 1
Also, V&A% = \/;eq VBN =0 VEM = Sean (A.18)

In PAS, the quadrupolar interaction is rewritten as'?!?,

2
HPAS:i{SIAQ_IQ Qp_p}
@ 41(21 — 1) (3L )+2(+ =)

To first order, the quadrupolar interaction is represented by,

2
hw
gO €49 gy Mo g Al
where,
B 3Cq ‘ B e2Qq
“o=grpr—1y ¢ YT

B Concept of Effective Hamiltonians

B.1 Floquet Theory

Let us consider the time dependent Schrodinger equation is given by,

d (1)

h
T

= H(t) [4(1)) (B.1.1)
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where ‘)(t)’ is the state of the system defined by N x 1 matrix and ‘H(t)’ is a
time-dependent periodic Hamiltonian (with time period ‘7" and frequency ‘w’)
denoted by N x N matrix .

Since the above equation is a first order differential equation with ‘N’ linearly
independent solutions, the ‘N’ eigenvectors thus obtained can be used to form

columns for a square (N x N) matrix ‘F'(t)’ that satisfies the Schrodinger equation.

F
ihdd—it) =H(t)F(t) (B.1.2)
Since, the Hamiltonian ‘H(t)’ is time-dependent the evolution of ‘F(t)’ is given
by,
F(t) = (e—(i/fa)fffH(t’)dt’) F(0) (B.1.3)

The above equation is very complicated and has to be solved numerically. To solve

Eq. B.1.2 analytically, we use Floquet theory?*?529 where ‘F(t)’ is defined as,
F(t) = X (t)e @ (B.1.4)

In the above equation, ‘X (t)’ is a periodic time-dependent N x N matrix with time
period “T" and ‘@)’ is a N x N diagonal matrix with eigenvalues ‘);” corresponding
to ‘|i)’

Since, ‘X ()’ is a periodic function, we can expand this function in Fourier series

with coefficients ‘F'™’

X(t)y=> Fre™! (B.1.5)

Writing Eq. B.1.4 in the Dirac notation and substituting Eq. B.1.5, we get

(al E(t)]8) = Fap(t) = (al Y F"e™e'%" |) (B.1.6)
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Since, ‘Q|5) = Az |3)’, we have

e |3) = et | ) (B.1.7)

Eq. B.1.6 can be compactly written as,
t) = Z Fllge et (B.1.8)
Since, ‘H (t)’ is also periodic function it can also be written in Fourier series as,
t)=> H,em (B.1.9)

Writing Eq. B.1.2 in Dirac notation,

0 1) = (ol H@ @) 18) (B.1.10)
and substituting Eqs. B.1.8 and B.1.9, we get (put ‘h =1")

- dFus(t)
d

=Y (alH(t) |v) (7| F(t)18)
_ ZZHS mthFm imuwt *”‘Bt (B.l.ll)

differentiating Eq. B.1.8 w.r.t ‘¢’

dt

= Z Fgﬁem“te_“‘ﬁt (Mg — nw) (B.1.12)

n

Equating Eqgs: B.1.11 and B.1.12, and solving

Z Fgﬁeinwte—i)\ﬁt )\ _ nw Z Z pilwt Z F’%eimwte—i)\ﬂt (B113)

n m

Mg Y Fuy=> "> HIFl+nw) Fu (B.1.14)
n ¥ m n
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we get,

)\B Ozﬁ - Z (Z Hg;m + nwaa’y&mm) % (B115)

In the above equation, ‘Ag’ is the eigen value corresponding to eigen vector ‘F5’
denoted by the pair of indices ‘a,n’. The above equation resembles to the well

known equation,
Hy = Evy (B.1.16)

where the Hamiltonian is time-independent infinite dimensional matrix commonly

referred to as the ‘Floquet Hamiltonian’ denoted by ‘Hp

The Floquet Hamiltonian in Dirac notation is written as?7,

(o, n|Hp|B,m) = Hy™ + nwapdnm (B.1.17)

Now, the problem is redefined as,

mdiﬁF(t)

= Hp p(t) (B.1.18)

where ‘p(t)’ is the Floquet wavefunction defined as the linear combination of

Floquet basis ‘¢;,’,

[Vr(t) Z > " Crilt) [bn,i) (B.1.19)
n=—o0 =1

|Pni) = n) @ [¢3) (B.1.20)

Hence, the solution of the Eq. B.1.18 is given by,

Yp(t) = e Mrhpp(0) (B.1.21)



B. CONCEPT OF EFFECTIVE HAMILTONIANS 18

B.2 Contact Transformations

Contact transformation 033

is an operator equivalent of perturbation theory, where
in the perturbation corrections are obtained in the form of operators leading to Ef-
fective Hamiltonians. In the method of contact transformation, a series of unitary
transformations are employed to fold the off-diagonality in the original Hamilto-
nian. The transformation functions/operators employed in the unitary transfor-
mations are carefully chosen to compensate the off-diagonality to the desired order.
The accuracy of the solutions depend on the order of the corrections included in the
Effective Hamiltonians, thus providing a deeper insight into the different processes

arising due to the interaction of Effective Hamiltonians with the spin system.

Let us suppose, the Hamiltonian of the system ‘H’ us expressed as
H=Hy+ \H, (B.2.1)

where ‘H’ is the diagonal term and ‘H;’ is the off-diagonal correction that needs
to be folded.

The above Hamiltonian is transformed by a Unitary transformation (X; = ¢51),
H' =51 [ A (B.2.2)

Expanding the above equation using Baker-Campbell-Hausdorff (BCH) expansion

and equating the like powers of ‘A’ on both sides, we get

Table B.2.1: Different orders of corrections obtained by Contact Transformation

n'* order Expression for the n'* order Hamiltonian
Hamiltonian

Zero order (\°) | HV = H,

Torder (AY) | HY =[Sy, Ho| + H,

I order (\2) | H{Y = —=[S},[Sy, Ho]| + i[Sy, Hi]

1

2l
) 1

IIT order (\?) Hél) = 7%{517 [S1, [S1, Hol]] — 5[517 (S, Hil]
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The Effective Hamiltonians (to the third order) comprises of diagonal contri-
butions from different orders, while the off-diagonal contributions are treated as

perturbations.

Heopp = HV(d) + HM(d) + HSY(d) + HO(d) + .. (B.2.3)
Hy = H (od) + H" (od) + . .. (B.2.4)

The important aspect of the method lies in the selection of ‘S’ S’ is selected
such that the first order correction is free from off-diagonal contributions. Once
Sy’ is selected, higher order corrections are computed using simple commutator
relations. The diagonal and off-diagonal contributions from different orders are
grouped together and the off-diagonal contributions arising from X; are again
folded using a second contact transformation (X, = %), Thus the off-diagonal
contributions arising from different transformations are folded iteratively till their
contributions become insignificant. This is explained in detail in the following

chapters.

C Effective Hamiltonians based on AHT

k23—25

In the Average Hamiltonian (AHT) framewor , a time averaged Hamiltonian

is proposed over a cycle time ‘7.’ based on the formula provided by Magnus*> 4.
In a typical Multi-pulse NMR experiment, the evolution operator during different

stages is represented by,
U(t) = exp (—iHyuty) ... exp (—iHats) exp (—iHity) (C.1)

where ‘t =t; +ty+---+1t, and ‘H;’ is the Hamiltonian acting on the system for
the time interval ‘¢;’ and so-on.
To simplify the description, the series of exponential operators are replaced by a

single time propagator governed by an Average Hamiltonian ‘H’ valid over the
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cycle time ‘7.’
U(r.) = exp (—iHyty,) ... exp (—iHats) exp (—iHyty) = exp (—iHT,) (C.2)

Employing the Magnus formula, the Average Hamiltonian over a cycle time 7. is

derived as given below.

H(r)=HY + H® + H® + . (C.3)
where, ‘H™)’ represents the ‘n’™ order correction given by,
1 [™ =
HY = = [ H(t)dt (C.4)
Te 0
(<i) [ (" (A
27—0 0 0

10 = L [T [ [ e { [, [, ]|

+ [ﬁf(tl), [H(tz),[:{(tg)ﬂ} (C.6)
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Chapter 2

Effective Hamiltonians for Double

Quantum excitation in spin / =1

2.1 Introduction

As discussed in Chapter-1, nuclei with spin ‘I > !/,” have an additional interaction
between the non-zero electric quadrupole moment and the inhomogeneous electric
fields around the nucleus (generated by surroundings). The resulting quadrupo-
lar interactions often dominate other internal spin interactions (such as chemical
shift, dipolar interactions etc.) present in the system. While the inherent rapid
molecular tumbling motion in liquids diminishes the effects of quadrupolar inter-
action, the spectra of quadrupolar nuclei in solids are broadened over Mega Hertz
(MHz). Since 70 % of the elements in the periodic table are quadrupolar in nature,
NMR of quadrupolar nuclei is essential for expanding the repositoire of NMR spec-
troscopy in structural characterization of inorganic materials and clusters. Here
in this chapter, we confine our discussion to spin ‘I = 1’ system. Although, ?H’
and ‘"N’ are the most commonly studied nuclei with spin I = 1, the disparate
order of magnitudes in their quadrupolar coupling constants necessitates different
experimental strategies for detecting them. For example, the quadrupolar cou-
pling constant in solids for N nucleus ranges from 1 to 5 MHz, while, for 2H it
ranges from 100 to 300 kHz!. Since, the amplitude of the RF pulse employed in

experiments varies from 10 — 200 kHz, the optimum conditions for the excitation

21
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may vary and deserves a formal theoretical discussion. Here in this chapter, we
confine our discussion to the excitation of DQ transitions in spin I = 1 systems
both in isotropic and anisotropic solids.

To begin with, in the presence of the static magnetic field (of strength ‘By’), the
degeneracy associated with the (27+1) spin states is lifted. In the absence of other
internal interactions, the two single-quantum (SQ) transition frequencies (corre-
sponding to |1) — |0),|0) — |—1)) are degenerate and result in a single peak as
depicted in Fig. 2.1. In the presence of quadrupolar interactions (to first-order)
the degeneracy associated with the two SQ transitions is lifted resulting in two

peaks (see Fig. 2.1).

w“+w9/2

\\ o wnfwg/z

S n

H

(1)
H, +HQ

A

. :
— 2
, 0,-0,/2 @, o-+0,/2

Figure 2.1: Energy level diagram of Spin I=1 depicting the energy shifts due to Zeeman Hamilto-
nian and the first order quadrupolar Hamiltonian is presented. In the equation of the Hamiltonain
(h =1). Tt is to be noted that the degeneracy of Zeeman NMR signal is lifted due to the pres-
ence of electric field gradient due to the quadrupolar Hamiltonian. The Double Quantum (DQ)
transition independent of first order quadrupolar coupling constant is also shown.

In a powder sample, the spatial anisotropy due to restricted mobility results in
a distribution of quadrupolar coupling constants. Consequently, the NMR, peaks
corresponding to the two SQ transitions are broadened compromising the spec-

tral resolution. Hence, direct detection of *N transitions in powder samples is
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abandoned and indirect detection is favoured.? As an alternative, detection of
Double Quantum (DQ) transitions is preferred in the study of systems with larger
quadrupolar coupling constants. In contrast to the SQ transitions, the DQ tran-
sitions in spin I=1 (]—1) — |1)) are independent of first-order quadrupolar inter-
actions and seem to be an attractive option”. Since DQ transitions are forbidden,
a formal understanding of the excitation process is essential for developing new
experimental strategies and quantifying experimental data involving spin I = 1
nuclei.

To this end, Vega and Pines®? developed a theoretical framework for describing
DQ transitions in spin I=1 system. Employing the fictitious spin operator alge-

10,11 "an analytic expression describing the excitation of double-quantum (DQ)

bra
transitions in single crystal was proposed in 1976. A brief illustration of the de-
pendence of the excitation profile on the quadrupolar coupling constants (Cgp) is
presented in Figure. 2.2 along with a comparison of their analytic results with
exact numerical simulations emerging from SIMPSON'2. As depicted, the simula-
tions emerging from their analytic results agree only in the strong coupling regime
(Co > (“/2,)) and deviate significantly when the magnitude of the quadrupolar
constant approaches to that of the amplitude of the RF pulse.

Since the magnitude of the quadrupolar frequency (wg) is always greater than
both the RF amplitude and the internal spin interactions, the deviations reported
above have often been ignored and remain unexplained. Interestingly, in the case
of studies involving 2H, the quadrupolar coupling constant ranges from 100 — 300
kHz. Hence, a more general framework suitable for describing the excitation pro-
cess in systems with wide range of quadrupolar coupling constants (0.1 — 4 MHz)
is essential. Additionally, the extension of their approach for describing the exci-
tation of MQ transitions in a powder (anisotropic) sample is less straightforward
and has remained elusive!.

In an alternate formulation, Nielsen and coworkers'* proposed an approach based
on numerical methods for understanding the excitation process in isotropic and
anisotropic solids. In their approach, the evolution of the spin system during the
pulse was evaluated numerically using time-ordered integration of the evolution op-
erator comprising of the quadrupolar and the RF Hamiltonians. Although, their

approach yields results in agreement with exact numerical methods, the method-
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ology employed involves numerical diagonalization of matrices and is computa-
tionally less efficient when integrated with iterative fitting routines for extracting
molecular constraints from experimental data. Additionally, lack of physical in-

sights into the excitation process limits the utility of such methods.

(A1) (A2)
1 1
0.5 0.5
o O 0
=) /
© - R
S 0.5 0.5
g -1 A R e
. % 0 50 100 150 200
I3 (A3)
o)
o 1
as 0.5
o
O o

.9
= O

Time (sec)

Figure 2.2: Simulations depicting the efficiency of double quantum (DQ) excitation in static I=1
system (single crystal) derived from analytic®%! (green dotted lines) and numerical (black thick
lines) methods. In the simulations depicted, the quadrupole coupling constant (Cg = “?/3;) is
varied A1) Cg = 2 MHz, A2) Cg =1 MHz, A3) Co = 500 kHz, A4) Co = 200 kHz, employing
an excitation pulse of constant RF amplitude, (“*/2,) = 100 kHz.

As an alternative to these existing frameworks, an analytic method based on the
concept of effective Floquet Hamiltonians'®'® is proposed to explain the nuances
of the excitation of DQ transitions in both isotropic and anisotropic solids. The
proposed effective Floquet Hamiltonians are derived systematically from the con-
tact transformation procedure!®22. Although, effective Floquet Hamiltonians have
found their importance in the description of solid-state NMR experiments involv-
ing spin I='/5 nuclei,?> 2% their utility in the description of the excitation profile in

quadrupolar systems is less realized 1718, To this end, a unified approach suitable
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for describing both isotropic and anisotropic systems is presented in this chapter.
The importance of the interaction frames and their role in the convergence of the
perturbation corrections employed in the derivation of effective Floquet Hamilto-
nians is discussed extensively through comparisons with analytic and numerical
simulations. Additionally, a new hybrid method based on the concept of effec-
tive Floquet Hamiltonians derived from different interaction frames is proposed to

quantify the excitation profiles observed in anisotropic solids.

2.2 Theory and Simulations

To understand the response of the I = 1 spin system under RF pulses, the Hamil-
tonians defined in the laboratory frame (see Eq. 2.1) are transformed into the

Zeeman-interaction frame using the transformation operator, U; = e~ (wot)=

Hig(t) = H, + Hrp(t) + Hg

_ _ _ @ap(2)
= —hwol., 2hwlcosg(:ut ¢1) I + > RETC) (2.1)
H, HRF(t) I;IZQ

Here, ‘H,q(t)” denotes the Hamiltonian in the laboratory frame. The RF pulse is
characterized in-terms of the amplitude (w;), frequency (w) and phase (¢;). The
quadrupolar interaction is expressed as a product in-terms of the spatial and spin

27-36

tensor operators . A detailed description of these operators is discussed was

chapter-1.

H(t) =U; Hlab(t) (]1_1 — 6—(iw0t)1'z Hlab<t) e(iwot)lz

H(t) _ —hwl {(ei(w—wo)t + 6—i(w+wo)t) (I)l (ZT(l)l)
+2
. (ei(w-l-wo)t 4 e—i(w—wo)t) (I)l—l (ZT(I)—I)} 4 Z R(Q)q T(2)q e—iqwot (22)

q=—2
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In the above eq, ®7 = e~ denotes the phase factor of the pulse. When the
frequency of the RF pulse is adjusted to the Larmor frequency, ‘wy’ (i.e., w = wy),

the RF Hamiltonian reduces to a much simpler form under secular approximation.
Hpp = —hw {@iTW! — @71 (2.3)

In a similar vein, under secular approximation, the time-dependent terms in the
quadrupolar Hamiltonian are ignored, resulting in a much simpler form (commonly
referred to as first-order quadrupolar interaction)
~ Qg
Hg=——=T®° 2.4
Q \/6 ( )
Subsequently, the Hamiltonian in the Zeeman interaction frame reduces to a simple

form given below.
7 (1)1 —1,:7(1)-1 hQQ (2)0
H = —hl,dl {(bllT - q)l i } — %T (25)

Depending on the nature of the sample, the form of ‘Qg’ varies. For example,
in the case of a single crystal, Qg = wg, (‘wg’(rad/s) represents the quadrupo-
lar frequency and is related to the quadrupolar coupling constant ‘Cp’(Hz), (i.e.,
wg = 3% o101y 3 Co = ¢*Qq/,); while, in a powder sample, the quadrupo-

lar interaction is anisotropic and is represented by, g = wé; &l

. The orientation
dependence of the quadrupolar interaction is evaluated using the following expres-

sion.

Wl = g {DOQ(QPL) + % (D—20(Qpr) + Dz,o(QpL))} (2.6)

The term, ‘D(Q2pr)’ represents the Wigner rotation matrix37"3®

and essentially
describes the transformation from the principal axis (PAS) to the laboratory
axis (LAS). In the case of a static powder sample, the transformation from the

PAS to laboratory frame is derived through two sets of Euler angles Qp) =
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(apar, Bears vear) and Qv = (s, Barr, VL)

Dyo(Qp1) = Y Dy (par) Do) (2.7)

q=—2

The Euler angles (Q2py) relating the PAS to the molecular axis (MolAS) are unique
and identical for all the crystallites present in a powder sample. The transforma-
tion from the molecular axis to the laboratory axis is orientation dependent (varies
for each crystallite and is represented by €2,,7). In the case of a spinning sample,
an additional transformation defining the orientation of the rotor axis (RAS) with
respect to lab axis (LAS) is defined and the Hamiltonian becomes periodically

time-dependent.

Dqo(2pr) = Z Dqq, (Q2par) Doy a2 (Sa1r) Doy 0($2r1) (2.8)

q1,92=—2

The term, ‘D(QgL) = (w,t, B, 0)” represents the time-dependent transformation
from the rotor axis to the lab-frame (where w, denotes the sample spinning fre-
quency and (3, the magic angle).

A special set (in-situ and operando) of experiments are performed under Magic
angle, without spinning. For such systems ‘D(Qgg) = (0, 8,,,0)” and this condi-
tions is called as ‘Static MAS’ condition throughout this thesis.

As described in Eq. 2.5, the Hamiltonian comprises of non-commuting operators
and in its present form is less suitable for analytic description of the time-evolution.
Depending on the magnitude of the quadrupolar interaction (wg) relative to the
amplitude of the RF pulse (w;), the Hamiltonian in the Zeeman interaction frame
is further transformed. Based on the above criterion, the following regimes are
identified and discussed for both single crystal and powder samples under static

conditions.
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2.2.1 DAQ excitation in Single Crystal (2 = wg)
Regime-I: Strong coupling (wg >> wy)

When the magnitude of the quadrupolar frequency exceeds the amplitude of the
pulse, ‘w;’, the Hamiltonian in the Zeeman interaction frame'® (Eq. 2.2) is further
transformed into the quadrupolar interaction frame, defined by the transformation
operator, Uy = e (797 )T

H(t)=U, H Uy = f:IQ + Hpr(t) (2.9)

In the combined Zeeman-Quadrupolar interaction frame, the quadrupolar inter-

action is time-independent and is described by an offset term ‘A’ (i.e., A =
1

— (wg — N

\/6( 0 — %))

Ho = RAT®? (2.10)
Single Quantum (SQ) Double Quantum (DQ)
- ) —— n
RF, o, + TQ RF; 5
) ————D)
- _% RF?}
— e T

Accordingly, the offset is zero for a single crystal

(A
1
orientation dependent for a powder sample (A = % (wQ — wégaﬂ 7)) ).
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The RF Hamiltonian in the Zeeman-Quadrupolar interaction is time-dependent.

x hw iwot
HRF(t> = — Tl {((I)l (Z T(l)l + T(Q)l) e Q%2

+ P (=i TO 4 T e“Q%)
(ot (=i T @)

£ (i TON = TOT) ) ) (2.11)

To understand the effects of the RF pulse, the RF Hamiltonian (ﬁ grr) in the
Zeeman-Quadrupolar interaction frame is grouped in terms of operators depicting
the possible transitions specific to a given spin system?”. A schematic depiction of
the possible transitions along with their frequencies and operators is illustrated in
Figure. 2.3. A detailed description of the operators along with their relationship

to the spherical tensor operators®® is tabulated in Table. 2.1.

Table 2.1: Definition of the spin operators corresponding to the possible transitions in a spin
I =1 system

H Operator ‘ Tensoral Operators ‘ Frequency ‘

+1 Coherence Operators

RES i TOL 4+ T | = wy —we/,

RE} i TWL— T | = wy + 9%/,

-1 Coherence Operators

RFy — TO=L = T@=1 | () =y — wa/,

REg | =i TO= 4 TAO1 1 = wy 4+ 99/,

+2 Coherence Operators

Dt T(2)2 w = 2wy

-2 Coherence Operators

D~ T@)-2 w = 2wy
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Employing the operators described in Table. 2.1, the RF Hamiltonian (Eq. 2.11)

is represented as follows,

() = ~" L (@, 1 + 7 BE) 7)1 (@7 RE; + @yRE) e ("))
(2.12)

Table 2.2: Symmetric and Anti-symmetric combination of spin operators employed in spin
I =1 system

H Operator ‘ Combination H Operator ‘ Combination ‘

SQY | (@7'RF; + ®,RFF) | SQY. | (97 RF; — &, RFY)

SQ” | (&,RFF + o7'RFy) || SQ%Y | (9,RFf — 07'RF5)
Ds (®2D* + &,°D") Das | (2D —@7%D7)

To further simplify the description, the time-dependent phase factor due to
‘%2’ ig further classified into rotating (e*int/ 2) and counter rotating terms
(e*int/ 2) and the Hamiltonian (Eq. 2.12) is re-expressed in terms of the symmetric
and anti-symmetric combination of spin operators (see Table. 2.2). The final form

of the Hamiltonian in the Zeeman-Quadrupolar interaction frame is represented

by,
H(t) = RAT®0 — {(SQ ”)) (“a'2) 4 (m?) (“Qt/z)} (2.13)

Since, understanding of spectroscopic phenomena under time-dependent Hamilto-
nians is important and less straightfarward, analytic methods based on Average
Hamiltonian Theory (AHT)*2? and Floquet theory?*%¥6 have become impor-
tant. A brief description of the spin dynamics based on AHT along with its limi-
tations is discussed in Appendix.B. Here in this thesis, we employ Floquet theory
to explicate the nuances of the excitation of M(Q transitions. In contrast to AHT,
Floquet theory presents a more general framework for describing the time evolu-
tion (non-stroboscopic detection) of the system in solid-state NMR experiments.

Employing Floquet theorem, the time-dependent Hamiltonian (Eq. 2.13) is trans-
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formed into a time-independent Floquet Hamiltonian and is represented through
a set of operators (Floquet operators) defined in an infinite-dimensional vector
space. Accordingly, in the Floquet framework, the Hamiltonian depicting an RF

pulse is represented by,

wqQ 20 hwl ~_(er) ~ (1)
Hr = 2900 + A (7?0) - 221 ( ) ( ) 2.14
p= rprna @), - 22 {(s087) v (s6f) b e
In the above equation ‘Ir’ represents the identity operator defined in the Floquet

space,

Ir=N®I ; N:in\n)(m (2.15)

n=—oo

where, ‘I’ is the identity operator. The Floquet spin operators ‘(I,),’ are con-

structed from a direct product between the Fourier ‘F,,,” and spin ‘I, operators

I )m=F,®I1, ; F,= i In) (n + m)| (2.16)

n=—0oo

The subscript ‘m’ denotes the off-diagonality in the Fourier dimension and con-
nects states that differ by ‘m’. A detailed description of the Floquet operators is
described in Appendix.C. It is important to realize here that the Floquet Hamil-
tonian derived above (Eq. 2.14) is defined in an infinite-dimensional vector space
and only the non-zero terms associated with the Floquet operators are illustrated
in Eq. 2.14 . Consequently, analytic descriptions have always remained difficult.

To alleviate this problem, the concept of ‘Effective Floquet Hamiltonians’ based

d'9?% is employed in the present study. Al-

on the Contact tranformation metho
though,the utility of the effective Floquet Hamiltonians in the description of spin
I =1/, systems is known, the application of this approach has not been extended
to the description of quadrupolar nuclei. This could largely be attributed to the
presence of the dominant quadrupolar interaction and ambiguities in the definition
of the zero-oreder and perturbing Hamiltonians. Since the contact transformation
procedure is an operator equivalent of the standard Rayleigh-Schrodinger pertur-

bation theory, the definition of the zero-order and perturbing Hamiltonians play an
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important role in the overall convergence of the proposed effective Floquet Hamil-
tonian.

To begin with, Floquet operators that are diagonal ‘(I, )’ are retained along the

Y

zero order Hamiltonian, while, the off-diagonal operators are included along ‘H;’.

Hy = “21p + hA (1), (2.18)

The perturbing Hamiltonian in the present study is chosen to contain only off-

diagonal terms.

me2 (), o)) e

Employing the transformation function ‘S;’, the original untransformed Floquet
Hamiltonian (Eq. 2.14) is transformed through a unitary transformation as illus-
trated below.

Hepp = e Hp 7% (2.20)

5= e f(sel), - (sa5) ] 21)

where,

Wi

Ccl) = —i (—) (2.22)
SQ QQ

The transformation function ‘S’ defined in Eq. 2.21 is carefully chosen to compen-
sate the off-diagonal terms in ‘H;’ and is derived through the procedure!® given
below,

HY = Hy +i[Sy, Hy] = 0

i[Sl7H0] = _Hl

Subsequently, employing Baker-Campbell-Hausdorff (BCH) expansion??, the higher-

order corrections to the effective Hamiltonian are derived and described in detail
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in Table. 2.3. In the description that follows, ‘HS)’ represents the n'" order cor-
rections obtained from the first transformation, ‘S’

In general, the higher order corrections to the effective Hamiltonian comprises of
both diagonal and off-diagonal contributions. In the present problem, the higher
order corrections mainly arise from commutator expressions involving the trans-
formation function ‘S;’ and the perturbing Hamiltonian ‘H;’. The commutator
of the transformation function ‘S;” with ‘H;’ to various orders could be derived

through the expression.

Hg):z;% R TP 1y pr— ] (2.23)

A detailed description of the commutator relations involving the transformation
function ‘S;’ and ‘H;’ to various orders of ‘A’ are tabulated in Table 2.4.

As a standard procedure, the diagonal corrections are often retained, while ne-
glecting the off-diagonal terms. Nevertheless, the validity of such approximations
could only be verified through a rigorous comparison of simulations emerging from
analytic (based on effective Hamiltonians) and numerical based exact methods.
To illustrate the importance of the various perturbation corrections (both diago-
nal and off-diagonal), a systematic study through comparison between simulations
emerging from the effective Hamiltonians and exact numerical simulations based
on SIMPSON (a numerical based software for simulating NMR experiments in
solid state) is presented in the following sections.

As illustrated in Table. 2.4, the higher order contributions comprise of the diagonal
(arising from ZQ (T®?), and DQ (DS)) and off-diagonal (from SQ (SAC)(;’CT)) )
operators. Depending on the magnitude of the off-diagonal contributions, ’g[ﬁe
convergence of the perturbation corrections could in principle, be accomplished
through a single or a series of transformations (often termed as contact transfor-

mations) as discussed below.
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Table 2.3: Description of higher-order corrections to the effective Hamiltonian derived from

BCH expansion

n'* order
Correction

Expression for the n'* order Correction

Zero order (A\°)

I order (A\')
IT order (A\?)
IIT order (\?)
IV order (A1)
V order (A\%)

VI order (\9)

VII order (A7)

VIII order (\®)

IX order (A\?)

X order (A1?)

1Y = H,
HY =[Sy, Ho| + Hy
HYY = _%[Sh [Sy, Hol] + [y, Hy]
Y = —3%[517 Sy, [S1, Hol]] — %[Sl, [S1, Hi]]
HY — %[51, 1S4, [S1, [S, Holll] — 31![51, [S1, [S1, Hu]]
HY = 51'![51, [S1, [S1, [S1, [S1, Holll] + %{Sh [S1, [S1, [S1, Hill]
A = — 150,151,151, [81, 51, S, Hol]]
+%[51, (51, [S1, [S4, [St, HyJ]]]
HY — f%[sh [S1, [S1, [S1, [S1, [S1, [S1, Hollll]
_é[gh Sy, [S1, [S1, [S1, [, Hu))]]
HY = é[sl, 191,151, S0, [S1, [Su. [S1, [S1, Hol I
_%[51, 1Sy, [S1, [S1, [y, [St, [S1, H )]

HY - 91![51, [S1, [S1, [S1, [S1, [S1, [S1. [S1. [Sv. HolllII]

+$[51, [S1, 1S4, [S1, 1S4, [S1, 1S, [Sw, HI
HY — _1%![51, [S1, [S1, [S1, [Sh, [S1, [S1, [S1, [St, [S1, HollN

+9i![51» [S1, [S1, [S1, [S1, [S1, [, [S1, [Sy, H1]]]
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For e.g., the first transformation function ‘S;’ folds off-diagonal contributions to
order ‘X’ while, the off-diagonal contributions to order‘A?’ (arising from the residual
terms from the first transformation) are folded by a second transformation function
‘S’ In a similar vein, the third transformation folds off-diagonal corrections to
order ‘\¥ present in the perturbing Hamiltonian, besides the residual off-diagonal
contributions (to order A3) resulting from the first and second transformations.
Nevertheless, it is important to realize here that the corrections obtained from
successive transformations do not alter the results (coefficients) obtained from the
previous transformations. A pedagogical description illustrating the role of higher
order corrections in the excitation of D@ transitions in spin I = 1 is discussed

below along with simulations.
I. Effective Hamiltonians from first transformation, ‘S;’

Based on Table. 2.4, let the general form of the effective Hamiltonian (comprising
of diagonal corrections only) describing the excitation process (from a single pulse)

be represented by,

Heff — elASI HF 6—2)\51

(,UQ N
Hoss =5+ Gy (Ds) + Gl (1), (225)
where,
. ol 4w
1 _ (CO R C) I o o, .
i=0 i=0
Gy = <ﬁ> — (6) + ! ()° — ! 0)° +... (2.27)
be 2 2 % 0! 4 % 2 6 x 41
n _ w1 1 1 ;5 1 s

GZQ_A+(2)‘/6{ o Dt e O @y 229

In Eq. 2.25, ‘Ggg’ denotes the coefficients obtained from the first transformation
(denoted by the superscript) corresponding to the double quantum operator and
is expressed in-terms of contributions from the various orders (/N; denotes the de-

sired order, power of ). In a similar vein, the coefficients corresponding to the ZQ
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operator are denoted by Gg()g. A detailed description of the coefficients illustrating
the contributions from various orders is listed in Appendix.E.1 (Table.E.1.1).

To have a consistent description, the initial density operator (pr(0) = (I.)o) along
with the detection operator ‘T®=2" (corresponding to DQ transition) is trans-

formed by the transformation function ‘S;.’

pr(0) =™ pp(0) e

o (r) - (er)
= Ry Clay (1) + RS} S(a {(SQAS)H + (SQi )_1} (2.29)

T}(w2)—2 — A5 ng)_Z o~ iAS1
iwots 1 — 1 _ _
= et o { PL) Cloy (T®2), = PYY Sy { (@1RFY) , + (®1RFy) b}
(2.30)
2 A
a =21 Cég e ; Cly=cos(a) ; Sg =sin(a) ; Pg=e?
Qg

where, ‘¢, is the phase of the receiver. A detailed description of the ‘R’ and ‘P’

coefficients is illustrated in Table. 2.5.

Table 2.5: Coeflicients employed in the description of the density operator (Egs. 2.29 and 2.32)
and the detection operator Eq. 2.30

H Operator \ 0 coherence \ +1 coherence \ +2 coherence \
density matrix Rglz) =1 Rggg = % R% =0
Operator 0 coherence | +£1 coherence | +2 coherence
detection operator 0 Pég = % P[(}g? =1

) 3 w
o2icl) ﬁ—( ﬁgggz_agg_g)tm

Opg =2 Ggétpl i Clay=cos(a) ; S =sin(a)

Based on Eqgs. 2.29 and 2.30, it may be verified that at time, ¢ = 0, the
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DQ signal is zero. (i.e., (T®72(0)) = Tr [ﬁF(O).Tg)*Q] = 0). Subsequently, to
induce DQ transitions, the initial density operator (Eq. 2.29) is transformed by the
effective pulse Hamiltonian (Eq. 2.25). Employing Eq. 2.31, the density operator

during the pulse is evaluated,

- —iH ¢4t 5 1H, ¢+t
pr(ty) = exp (%) pr(0) exp (#) (2.31)

(where, ‘¢,;” denotes the duration of the pulse). To simplify the description and
illustrate the development of coherences, the density operator is expressed in terms

of the different coherences present in the system.
Pr(tpr) = pr(tp)zq + pr(tp)sq + pr(tp)pe (2.32)
The Zero-Quantum (ZQ) coherence or the populations is represented by,
pr(tp)zq = Riz Cla) Clopg) (12)g (2.33)

The Single-Quantum (SQ) coherence comprises of

_ B - (cr) i3 () —iB

Pr(tp1)sq = Rsq Sa) (SQAS>_1 e + <SQAS>+1 e (2.34)
where,

. 3 w
Opg=2Gohty ; a=2iCY) ; 5—( 5(;(15—0%—7@)@1

The coherences corresponding to the Double-Quantum (DQ) transitions is repre-

sented through ,

pr(tp1)pg = iRr. Cla) S(ope) (ﬁAs>O (2.35)

As represented above, the coherences corresponding to the ZQ and D(Q transitions
are expressed in terms of diagonal operators, while, the coherences correspond-

ing to the SQ transitions are represented in terms of off-diagonal operators in the
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Floquet framework. Although, from an experimental perspective, DQ transitions
cannot be detected through direct means (they need to be reconverted back to de-
tectable SQ(-1) transitions), the DQ excitation is evaluated through the standard

procedure illustrated below.

(TO2(t)) = Tr [pn(tyn) 77
— 62iw0t2 @% @R {_2 Rglc)zp‘ég (S(a))2 (67,6 _ e_ilg) —|— ZR(I) P(l (C(a)> S(GDQ)}
(2.36)

Substituting the coefficients in the above equation, the expression for calculating

DQ signal reduces to the form

(TO2(t)) = ie™0" B} b {(cos (a))” sin (9nq) — (sin (a))’ sin ()}
(2.37)

To illustrate the importance of the higher-order corrections in the exactness of

the effective Hamiltonians, a systematic study incorporating diagonal corrections

2
to second order (i.e. G (1) Z GDQZ ; G(ZI) = Z G(Z%Z.), and n'™ order (i.e.

%Q = Z G DO G(Zlg? = Z GZQZ) were performed. A detailed description

of Coefﬁaents employed in the effectlve Hamiltonians for the above two cases are
given in Appendix.E.1 (Table. E.1.2).

In Figure. 2.4, simulations depicting the efficiency of DQ excitation are plotted as a
function of the pulse duration (t,;). In these simulations, the diagonal corrections
to second order ‘A\?’ are only incorporated (representing Case:I). As depicted, when
the magnitude of the quadrupolar frequency (wg) largely exceeds the amplitude
of the RF pulse, the analytic simulations are in excellent agreement with those
obtained from SIMPSON. In the strong coupling limit, the DQ signal in Eq. 2.37

reduces to the familiar form proposed by Vega and Pines®?.

(2)—2 - iwots @2 . 2wit,
(TW72(t,)) = ie*™" &7 O 4 sin (2.38)
we
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Figure 2.4: Comparison of numerical (black thick line) and analytic simulations (red dots) based
on effective Hamiltonians derived from a single transformation comprising of diagonal corrections
to order A\?(N; = 2). In the simulations depicted, the quadrupole coupling constant (Cg = “?/3;)
is varied A1) Cg = 1 MHz, A2) Cg = 500 kHz, A3) Cg = 200 kHz, A4) Cg = 100 kHz, employing
an excitation pulse of constant RF amplitude, (“1/2,) = 100 kHz. The simulations correspond
to a single crystal.

However, with decreasing magnitudes of the quadrupolar coupling constant, the
discrepancy between the analytic and numerical simulations increases. To address
this aspect, effective Hamiltonians comprising of diagonal contributions to (n'
order, N; > 2) were employed in the simulations depicted in Figure. 2.5. As de-
picted, the discrepancy still prevails in panels A3 and A4, despite the inclusion of
diagonal corrections to n'® order. Hence, the residual off-diagonal terms ignored
from the first transformation could play an important role in the excitation pro-
cess. Interestingly, the AHT formalism (see Appendix.B) does not provide such a

framework in the derivation of effective Hamiltonians.
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Figure 2.5: Comparison of numerical (black thick line) and analytic simulations (red dots) based
on effective Hamiltonians derived from a single transformation comprising of diagonal corrections
to n** - order A?2(N; > 2). In the simulations depicted, the quadrupole coupling constant
(Cq =“e/3,) is varied Al) Co = 1 MHz, A2) Cg = 500 kHz, A3) Cg = 200 kHz, Ad) Cg =
100 kHz, employing an excitation pulse of constant RF amplitude, (“*/5,) = 100 kHz. The
simulations correspond to a single crystal.

I1. Effective Hamiltonians from second transformation, ¢S5’

To resolve the discrepancy observed in the analytic simulations, the residual off-
diagonal terms neglected in the first transformation were considered in the calcu-
lations. As depicted in Table. 2.4, the off-diagonal contributions comprises of the
single-quantum (SQ) operators. To fold the above off-diagonal contributions, a
second transformation function ‘S;” was employed. A brief description of the pro-
cedure employed in the derivation of effective Floquet Hamiltonians from the sec-

ond transformation ‘Sy’ is outlined below. The diagonal corrections from the first
transformation are included along ‘H,’" and the off-diagonal operators ((S@) )
+1

resulting from the first transformation forms the perturbing Hamiltonian.

w, ~
Hy = “LIp+ Gy (Ds) +G (170), (2.39)
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= ag{(saf), + (s08) ) (240

N1
L _ m _ (¥ 1 2 1 s, 1 6
GSQ_;GSQ,i—(Q){gxl!(Q) 5><3!(9) +7X5!(6) o (241)

In the above equation, the coefficients ‘Gggg = Zﬁilo Ggggﬂ-’ denotes the off-diagonal
coefficients resulting from the first-transformation and are described in Appendix.E.2
(Table.E.2.1). Depending on the desired level of accuracy, the off-diagonal contri-
butions (denoted by value of Nj) from the first-transformation are incorporated
accordingly. Employing the transformation function ‘Sy’, the off-diagonal contri-

butions from H; are folded.
A (7) A (er)
= 2, {(scgs )+1 - (scgs )1} (2.42)

where,

(2.43)

n—

1
i+1 j+1
it => o8 (2.44)
—

J

where ‘5’ takes values from 1 to ‘n — 1’, where ‘n’ is the number of ‘S’ transfor-
mations applied (Here n = 2).

A detailed description of the corrections (both diagonal and off-diagonal) emerging
from the second transformation are tabulated in Table. 2.6.

Accordingly, following the procedure described in the previous section, the effective

Hamiltonians after the second transformation is evaluated and represented by,

Hy=“21r+ G ([)S>O + G2, (T, (2.45)
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@ _ A0 1 @) 1 @) 1 @)
Cba =Cna* {2—0| Chaa~ g Yran 5 GDQ:C*m}
@ _ ~0) 1 @) 1 @) 1 2)
GZQ_GZQ+‘/6{2><01 Choa ™ 35g Cpes T g GDQ’C+"'}

The coefficients ‘G% A ‘G% g are described in detail in Table. 2.6. The off-
diagonal contributions emerging from the second transformation forms the pertur-

bation for the third transformation.
~2) () A (er)
H, = G%) { (s@5")  + (ss )_1} (2.46)

where,

@ _ 1 @ 1 2) 1 2)
GSQ—{3><1! 5.4~ 551 Csen T ) GSQ’CJF"'}

In general, the magnitude of ‘Ggg’ coefficients decreases with increasing'n’ and its
utility is decided by comparisons with the exact numerical simulations. After ‘n’
transformations the magnitude of ‘Ggg)’ decreases significantly and the effective

Hamiltonian reduces to the form given below,

w n - n
Hep = S+ G (Ds) +Gi (1), (2.47)

The final equation depicting the DQ excitation after ‘n’ transformations is repre-

sented by,

(TO2(t)) = ie®0" B} b {(cos (a))” sin (Inq) — (sin (a))’ sin ()}
(2.48)
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where,

o=2iC 52( _G(zc)z—Ggagz__Q>tpl . O =2 Gpyin

Table 2.7: Definition of coefficients employed in the perturbing Hamiltonians for Case-III and

Case-1V
€9)
H G |
Case-111 1
w1 2
o )
(V) ) 3x1\2 ()
Case-1V 1
n _ _ (= 2
(N1 >2) Gsq = (2){3><1!(9)
1 4 1 6
_ )’ —
5><3'()+7><5!() }
> 2
GO Goo
M 2 Ny 2
Case-I1I ZO Gohi+ Zl Gob ZO Gl + Zl ey
i= Jj= = J=
Ny No Ny No
Case-1V Z%) G%g,i + 21 G%J Z% G(Zlc)g,i + 21 G(Z%,j
i= J= = 1=
4&)1 :
0=\5-) : Cuo=cos(t) ; S =sin(0)
Qo

To illustrate the importance of the second transformation, diagonal corrections
to second order (Figure. 2.6) and ‘n'™" order (Figure. 2.7) were included in the
analytic simulations. As depicted, in contrast to the simulations in panel A3
(Figure. 2.4 and 2.5) resulting from the first transformation, the agreement is
much better in the analytic simulations resulting from the second transformation.
Nevertheless, the simulations presented in panel A4 highlights the inadequacy of

the corrections deduced from the present approach.
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Figure 2.6: Comparison of numerical (black thick line) and analytic simulations (red dots) based
on effective Hamiltonians derived from the second transformation. The off-diagonal contributions
to order A" from the first transformation (N; > 2) and diagonal corrections to order A\? from the
second transformation (Ny = 2) were included in the derivation of the effective Hamiltonians. In
the simulations depicted, the quadrupole coupling constant (Cg = “?/3,) is varied Al) Cg =1
MHz, A2) Cg = 500 kHz, A3) Co = 200 kHz, A4) Cg = 100 kHz, employing an excitation pulse
of constant RF amplitude, (“'/2,) = 100 kHz. The simulations correspond to a single crystal.
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Figure 2.7: Comparison of numerical (black thick line) and analytic simulations (red dots) based
on effective Hamiltonians derived from the second transformation. The off-diagonal contributions
to order A" from the first transformation (N; > 2) and diagonal corrections to order A™ from the
second transformation (N > 2) were included in the derivation of the effective Hamiltonians. In
the simulations depicted, the quadrupole coupling constant (Cg = “?/3,) is varied Al) Cg =1
MHz, A2) Cg = 500 kHz, A3) Co = 200 kHz, A4) Cg = 100 kHz, employing an excitation pulse
of constant RF amplitude, (“*/2,) = 100 kHz. The simulations correspond to a single crystal.
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To explain the observed discrepancy (in Panel A4) in the analytic simulations, an

alternate method is proposed in the following section.

Regime-II: Weak coupling (wg ~ w;)

In cases where the amplitude of the RF pulse exceeds the magnitude of the
quadrupolar frequency (wg = 3/2Cg), the Hamiltonian in the zeeman interaction
frame (Eq. 2.49) is tilted such that the RF part of the Hamiltonian is quantized
along the z-axis (employing the transformation function ‘Uy’ (U = €'"/21v)).

hQQT

0 = —ihw; {&, T — 11— (2.49)

H =U, H U;*

hQQ Qg
= —hwy I, + T@0 ( ) P72 4 22 2.50
To further simplify the description, the above Hamiltonian is transformed into
the RF interaction frame defined by the transformation function, ‘Us’ (Us =

exp (—iwitl,))

H(t) =Us H Ut

hQg 9
_ T(2)0 _ ( Q) <I>2 2)2,—2iwit +<I> 2p(2) =2 2iwrt 251

As illustrated above, the Hamiltonian in the tilted RF interaction frame is peri-
odically time-dependent. In accord with the description presented in the previ-
ous section, the above time-dependent Hamiltonian is transformed into a time-

independent Floquet Hamiltonian.

Hp =wlp+ (Zi%%) (T°), - (ﬁ§%2> {(@37*”2)24—(@;27*”‘2)72} (2.52)
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To facilitate analytic description, the above untransformed Floquet Hamiltonian

is re-expressed as a sum of zero-order (Hy) and perturbing Hamiltonian (H).

hQQ 2)0
o=t + (5 2) (1),

H = (E’SZTQ) {(@fT(m)Q + (<I>1*2T(2)*2)72} (2.53)

Employing the transformation function, ‘S;’.

Si = Chp{ (@37@2), — (2727072)_ | (2.54)
where,
W _ (S
Chp = —i (8w1> (2.55)

the off-diagonal contributions due to H; are folded resulting in an effective Hamil-
tonian. The higher order corrections to the effective Floquet Hamiltonian are

derived using the relations described in Table. 2.9.

0
Hepp = HSY = w Iy + =% (T2

2v/6

A detailed derivation of the commutator relations involving the transformation ‘S’
and ‘H,’ to various orders of ‘A’ is tabulated in Table 2.9. As illustrated (in Ta-
ble. 2.9), the diagonal corrections mainly comprise of ZQ operators ( (T(k)o) 0 k= 1),

. (2.56)

while, the off-diagonal contributions are represented through the DQ operators
((T(z)ﬂ) jE2). A pedagogical description analogous to Regime-I is presented be-

low to explicate the role of the higher-order contributions in the excitation process.
I. Effective Hamiltonians from first transformation, ‘S;’

Based on Table. 2.9, let the effective Hamiltonian (comprising of diagonal correc-
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tions only) describing the excitation process in Regime-II be represented by,

Heff — ez)\Sl HF 671)\31

= wilp + G (L) + Gy (T°), (2.57)

Ny 0
Gla=Y G, i Gu=Go,=—% 2.58
1R po 1R 2R 2R,0 2\/6 ( )

Cip = (_TQQ) {+2 i 0 ® 1 i 2! (©"+ 6 i 4] ©+ .. } (2.:59)

and N; represents the order of the corrections from the first transformation.

To have a consistent description, the initial density operator (pp(0) = (I,)o) along
with the detection operator ‘T2’ is transformed by the transformation function
‘Sy] The transformed initial density operator and the detection operators are

illustrated below.

5r(0) = €51 pp(0) e~
= RSC)QA C(EDR) {(q)lT(l)l)H o (®I1T(1)71)71}
+ Bbp Steom { (21T, — (277071 | (2.60)
TI(T?)—Q — iAS1 Tl(f)—2 oINS
— 2iwotz @, {P% (T(2)0)0 _ PéBA Stepn) ((I)?T(l)l)

1 _
+Ps05 Clepn (8177 1)71} (2.61)

EDR +1

where,

éon=i Chp= ; Clg=cos(€) ; S =sin(

A detailed description of the ‘R’ and ‘P’ coefficients employed in the initial density
operator and detection operator is illustrated in Table. 2.8.

Employing the effective pulse Hamiltonian (Eq. 2.57), the density operator during
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the pulse is evaluated,

- —1H 54t . 1H st
pr(tp1) = exp (%) pr(0) exp (%) (2.62)

Table 2.8: Coeflicients employed in the description of the density operator (Egs. 2.60 and 2.64)
and the detection operator Eq. 2.61

H Operator 0 coherence 41 coherence ‘
density matrix 0 RSQ 4= 1
1
RES‘C)QB =1
Operator 0 coherence +1 coherence
V3 1
detection operator - Yo Py =i
P 7Q 7 5 \/5 flc)gA

. 3
on =108 = (Ch-w)tn ¢ Gn=1fs Gt

) C(g) = COS (f) 3 S(g) = sin (f)

To simplify the description and illustrate the development of coherences, the

density operator is re-expressed in terms of the different coherences present in the

system. The Single-Quantum (SQ) coherence comprises of

pr(tp) = {R(sc)gA Clepr) Clear) — Rg%B Stenn) Stean) }e €1n (@1T(1)1)+1

z§1R lT 1)— 1)

1)
SQA &DR C(§2R +RSQB (¢€DR) S(EQR 1

- §1R )1)+1

G (TN (2.63)

(1)
{R £DR C(52R) + RSQB S(ﬁDR S(ézR }
{RéQA (¢€DR) C(§2R) - RSQB (¢€DR) S(§2R }

. 3
Here, §DR:ZC,(311)3 ; 515:—( 11% wl) tp1 5 Sr= \/;GS% tp1
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. 1 1
pF(tpl) = {RgC%)A O(SDR) 0(521?,) - RFS'(B?B S(SDR) S(§2R)}
—i 11 i —1p(2)—1
(6 Gr (9,70 | 4 e6n (@77 )_1)
+ SRS 4 Clepny Crean) + RSop Sepm S
SQA “Y(épr) Y (&2Rr) SQB (£pr) P (&2R)
<e—i513 (®1T(2)1)+1 _ pifir (q)l—lT(l)—l)_l> (2.64)
The coherences corresponding to the SQ transition are represented in terms of

off-diagonal operators in the Floquet framework. Subsequently, the DQ excitation

is evaluated through the standard procedure illustrated below.

(TO2(t0)) = Tr [ pr(ty)- T8
[ 1 ! 1
— _ p2iwotz (CIDR(D%) {Pé'C;B C(fDR) {RE@*()QA C(éDR) C(&R) + Rg%B S(EDR) 5(523)}
—3 1 1 ! &
e~ iR | Pé‘C;A Stepr) {RE@C)?A Clepr) Clear) + RgC)QB Sten) S(&R)} " R}
(2.65)

Substituting the coefficients in the above equation, the DQ excitation (expectation

value) reduces to

(TO72(t,1)) = ie*™™ OF dp {sin (é2r) cos (E1r) + cos (&r) sin (&1r) sin (26pr)}
(2.66)

To substantiate the validity of the effective Hamiltonian derived in regime-II, an-
alytic simulations incorporating diagonal corrections to second order (i.e. GEIR) =
2 2 Ny

;)GS%,@' : Gg% = ;)G;%i, Figure. 2.8) and n'" order (i.e. Gﬁ% = ;G%’i . G

Ny
> GSI%J., Figure. 2.9) resulting from the first transformation were compared with
i=0

the exact numerical simulations. As depicted (see panel A3) the analytic simu-
lations in Regime-II are in good agreement when compared to those depicted in
Regime-1. The minor deviations that are observed in panel A4 are improved further

with a second transformation (see Appendix.D).
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Figure 2.8: Comparison of numerical (black thick line) and analytic simulations (blue dots)
based on effective Hamiltonians derived from a single transformation (in Regime-IT) comprising
of diagonal corrections to order A? (N; = 2). In the simulations depicted, the quadrupole
coupling constant (Cg = “?/3,) is varied Al) Cg = 25 kHz, A2) Cg = 50 kHz, A3) Cg = 100
kHz, A4) Co = 200 kHz, employing an excitation pulse of constant RF amplitude, (“*/2,) = 100
kHz. The simulations correspond to a single crystal.

(AD (A2)
1
0.5
0
-0.5
-1 . 1
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(A4

DQ expectation value

Time (Jsec)

Figure 2.9: Comparison of numerical (black thick line) and analytic simulations (blue dots)
based on effective Hamiltonians derived from a single transformation (in Regime-II) comprising
of diagonal corrections to order A" (N; > 2). In the simulations depicted, the quadrupole
coupling constant (Cg = “?/3,) is varied Al) Cg = 25 kHz, A2) Cg = 50 kHz, A3) Cg = 100
kHz, A4) Co = 200 kHz, employing an excitation pulse of constant RF amplitude, (“*/2,) = 100
kHz. The simulations correspond to a single crystal.
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Hence, depending on the relative magnitudes of the quadrupolar frequency w.r.t.
the amplitude of the pulse, the classification of regimes plays an important role in

the accuracy of the derived effective Hamiltonians.

2.2.2 DAQ excitation in Powder Sample

To further validate the effective Hamiltonian approach, the calculations described
in the previous sections is extended to describe the excitation in a powder sample.
In the past, analytic description of the excitation process have remained hindered
due to the distribution of the quadrupolar coupling constant (spatial anisotropy)
present in a powder sample. As described in the Appendix.B, the higher order
corrections derived from the Magnus formula result in erroneous results and are
ill-suited to describe the excitation in a powder sample. As an alternative, each
crystallite could in principle be associated with a specific interaction frame cor-
responding to a particular quadrupolar frequency, wé?aﬂ ", However, simultaneous
obeservation of all the crystallites at a given single instant of time is untenable
within the AHT framework.

To this end, the Floquet formalism presented in this thesis is tailor made to de-
scribe the excitation process both in isotropic and anisotropic solid samples. As
described in the previous sections, the quadrupolar interaction represented through

(aBv)s
Q

‘0o’ becomes equal to ‘w for a powder sample (QQ = wgyﬂ ”). Consequently,

an anisotropic offset term ‘A’ (A = Qg — wgm 7)) (corresponding to the T op-
erator) is present along the zero-order Hamiltonian.

To investigate the exactness of the proposed effective Floquet Hamiltonians, DQ
excitation in a powder sample is investigated in the following section. For compara-
tive purposes, the quadrupolar parameters (say Co = 1MHz, 500kHz, 200kHz and
100kHz) employed in the single crystal calculations were retained in the powder
simulations (Figure. 2.10-2.13). In the simulations presented below (Figure. 2.10-
2.13), the effective Hamiltonians based on Regime-I were employed to simulate the
DQ excitation in powder samples.

The analytic simulations depicted in panels A1 and A2 are based on effective

Hamiltonians derived from the first transformation (A1, diagonal corrections to
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IT order, A2 diagonal corrections to n'* order), while, effective Hamiltonians from

the second transformation were employed In panels A3 (diagonal corrections to II

order) and A4 (diagonal corrections to n* order).

100

DQ expectation value

150
(A3)

(A2)

0.2
0.1

-0.1

-0.2
L1
100 150

(A4)

o
[
o

0.2
0.1
0
-0.1
-0.2

AR T B A T B
0 50 100 150 0 50 100 150

Time (psec)

Figure 2.10: Comparison of numerical (black thick line) and analytic simulations (red dots)
based on effective Hamiltonians derived from Regime-I corresponding to the quadrupole coupling
constant (Cg = “?/3,), Cg = 1 MHz and RF amplitude, (“*/2,) = 100 kHz. In panel Al (II
order diagonal contributions from S;), A2 (n'" order from S;), A3 (II order from Sy and n'"
order diagonal contributions from S;), A4 (n** order from S; and Ss). The powder simulations
were performed using a crystal file having 28656 orientations (c, 3).

As depicted in Figures. 2.10 (Cgp = 1 MHz) and 2.11 (Cg = 500 kHz) , a minimum
of two transformations (S; and S3) seem mandatory to improve the exactness
of the proposed effective Hamiltonians. This is in stark contrast to the single

crystal simulations based on similar parameters. In a typical powder sample,

the effective quadrupolar frequency (wgyﬂ”))

is always lower than or equal to the
isotropic quadrupolar frequency (wg). Hence, there could be crystallites with
quadrupolar frequencies lower than the RF amplitude.

Consequently, the effective Hamiltonians based on Regime-I might not be strictly
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valid for similar calculations (parameter) in powder samples. This could also be

inferred from the simulations presented in Figures. 2.12 and 2.13.

(A1)

DQ expectation value

oo
N B
.
o
N

1 1 1 1 1 1 1 1
50 100 0 50 100

Time (psec)

o

Figure 2.11: Comparison of numerical (black thick line) and analytic simulations (red dots)
based on effective Hamiltonians derived from Regime-I corresponding to the quadrupole coupling
constant (Cg = “?/3.), Cg = 500 kHz and RF amplitude, (“*/2,) = 100 kHz. In panel Al (II
order diagonal contributions from S;), A2 (n** order from S;), A3 (Il order from Sy and n'"
order diagonal contributions from S;), A4 (n** order from S; and S). The powder simulations
were performed using a crystal file having 28656 orientations (c, ).

As depicted in Figures. 2.12 and 2.13, the effective Hamiltonians (Eq. D.13) in
Regime-I do not accurately describe the excitation in powder sample.

To address this discrepancy, effective Hamiltonians based on Regime-II were em-
ployed to simulate the DQ excitation for quadrupolar parameters corresponding
to Cg = 200 kHz and 100 kHz. As depicted in Figures. 2.14 and 2.15, the analytic
simulations based on effective Hamiltonians in Regime-II yield results in better
agreement with exact numerical methods. Hence in a powder sample there exists

no clear demarcation between two regimes.
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(A1) (A2)

DQ expectation value

Time (usec)

Figure 2.12: Comparison of numerical (black thick line) and analytic simulations (red dots)
based on effective Hamiltonians derived from Regime-I corresponding to the quadrupole coupling
constant (Cg = “?/3.), Co = 200 kHz and RF amplitude, (“*/2,) = 100 kHz. In panel Al (II
order diagonal contributions from S;), A2 (n** order from S;), A3 (Il order from S, and n'"
order diagonal contributions from S;), A4 (n'* order from S; and Sy). The powder simulations
were performed using a crystal file having 28656 orientations (c, ).

DQ expectation value

Time (usec)

Figure 2.13: Comparison of numerical (black thick line) and analytic simulations (red dots)
based on effective Hamiltonians derived from Regime-I corresponding to the quadrupole coupling
constant (Cg = “?/3.), Co = 100 kHz and RF amplitude, (“*/2,) = 100 kHz. In panel Al (II
order diagonal contributions from S7), A2 (n'" order from S;), A3 (II order from Sy and n'”
order diagonal contributions from S;), A4 (n** order from S; and Ss). The powder simulations
were performed using a crystal file having 28656 orientations («, ).
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Figure 2.14: Comparison of numerical (black thick line) and analytic simulations (blue dots)
based on effective Hamiltonians derived from Regime-II corresponding to the quadrupole coupling
constant (Cg = “?/3.), Cg = 200 kHz and RF amplitude, (“*/2) = 100 kHz. In panel Al (II
order diagonal contributions from S;), A2 (n** order from S;), A3 (II order from Sy and n'h
order diagonal contributions from Si), A4 (n" order from S; and S). The powder simulations
were performed using a crystal file having 28656 orientations («, 3).
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Figure 2.15: Comparison of numerical (black thick line) and analytic simulations (blue dots)
based on effective Hamiltonians derived from Regime-II corresponding to the quadrupole coupling
constant (Cg = “?/3.), Cg = 100 kHz and RF amplitude, (“*/2,) = 100 kHz. In panel Al (II
order diagonal contributions from S;), A2 (n*" order from S;), A3 (II order from S, and n'"
order diagonal contributions from S;), A4 (n** order from S; and Ss). The powder simulations
were performed using a crystal file having 28656 orientations (c, 3).
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To have a consistent description with exact numerical methods, we propose the
‘Hybrid method *® wherein the effective Hamiltonian derived from the two regimes

are employed to describe the excitation profile. For crystallite orientations with

(aBy)
a{o)

while for “w((; g W)‘ > |wq|’, effective Hamiltonians based in Regime-I are suitable
(Eq. D.13, D.14) in simulating the DQ excitation profile in the powder sample. A
schematic depiction of the excitation profiles in the powder sample are illustrated

in Figures. 2.16 - 2.18.

¢

< |w1]’, the effective Hamiltonians based on Regime-II are suited (Eq. D.15, D.16),

Total orientations = 28656

(A1) (A2
0.006
0.2 0.004
0.1 0.002
L o 0
= 01 -0.002 Regime- I1
> 02 25538 (89.12 %) -0.004 3118 (10.88 %)
8 .|.|.|.|.|‘0-006'.|.|.|.|.|
= 0 50 100 150 200 250 0 50 100 150 200 250
‘8' (A3) (A4)
o
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o 01 0.1
O o 0
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A PR PR B R A IR IR BPI B |
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Figure 2.16: Comparison of numerical (black thick line) and analytic simulations (blue dots)
based on effective Hamiltonians derived from both regimes corresponding to the quadrupole cou-
pling constant (Cg = “?/3,), Co = 1 MHz and RF amplitude, (“*/2,) = 100 kHz. The analytic
simulations emerging from the effective Hamiltonians derived from Regime-I only (see panel A1),
Regime-1T only (see panel A2), hybrid method (combination of Regime-I and Regime-II) ( in panel
A3) are depicted. In panel A4, the analytic simulations from the hybrid method (combination

of Regime-I (red) and Regime-II (blue)) are compared with exact numerical simulations (black

line). The choice of Regime-I and Regime-II is purely dependent on the magnitude of wgw )

relative to the RF amplitude. When ‘wgm)‘ < |wi|, Regime-II is employed, ‘wgm)‘ > Jwi],

Regime-I is employed. The powder simulations were performed using a crystal file having 28656
orientations (a, ).
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Figure 2.17: Comparison of numerical (black thick line) and analytic simulations (blue dots)
based on effective Hamiltonians derived from both regimes corresponding to the quadrupole cou-
pling constant (Cg = “9/s.), Cq = 500 kHz and RF amplitude, (“*/2,) = 100 kHz. The analytic
simulations emerging from the effective Hamiltonians derived from Regime-I only (see panel A1),
Regime-IT only (see panel A2), hybrid method (combination of Regime-I and Regime-II) ( in panel
A3) are depicted. In panel A4, the analytic simulations from the hybrid method (combination

of Regime-I (red) and Regime-II (blue)) are compared with exact numerical simulations (black

line). The choice of Regime-I and Regime-1I is purely dependent on the magnitude of ngﬁ R

relative to the RF amplitude. When ‘wgéﬁv)‘ < |wi|, Regime-II is employed, ‘ngﬁw)‘ > Jwil,
Regime-I is employed. The powder simulations were performed using a crystal file having 28656
orientations (a, ).

In Figure. 2.16, the excitation profile for powder sample corresponding to the an-
alytic simulations emerging from the effective Hamiltonians derived from the pro-
cedure described in Regime-I (panel A1) and Regime-II (panel A2) are depicted,
respectively. In panel A3, analytic simulations emerging from the proposed hy-
brid method is depicted. In panel A4, the analytic simulations from the proposed
hybrid method are compared with SIMPSON simulations. The powder simula-
tions were performed using a crystal file comprising of 28656 orientations («, ().
Of the 28656 orientations that were employed, 89% of the crystallites had their
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ngﬁv) > |wi]” and 11% had “wg‘fh)

tions emerging from the proposed ‘hybrid method’ are in excellent agreement with

4

< |wi|. As depicted, the analytic simula-

the numerical simulations. To further substantiate this approach, additional set
of simulations corresponding to (Cg = 500 kHz; Cp = 200 kHz) are depicted in
Figures. 2.17, 2.18, respectively. As the magnitude of the quadrupolar coupling
constant decreases, the percentage of crystallites that adhere to the dynamics gov-
erned by Regime-II should in-principle increase owing to the scaling introduced
by the powder averaging. This reasoning is justified in the analytic simulations
depicted in panel-A2 of Figures. 2.17 and 2.18.

Total orientations = 28656
(A1) (A2)

Regime- | Regime- |1

01
9808 (3454%) 02 18758 (65.46 %)
V% "m0 0 2 50 75
(A3) (A4)

DQ expectation value

0 25 50 75
Time (usec)

Figure 2.18: Comparison of numerical (black thick line) and analytic simulations (blue dots)
based on effective Hamiltonians derived from both regimes corresponding to the quadrupole cou-
pling constant (Cg = “?/3,), Cq = 200 kHz and RF amplitude, (“/2,) = 100 kHz. The analytic
simulations emerging from the effective Hamiltonians derived from Regime-I only (see panel A1),
Regime-1T only (see panel A2), hybrid method (combination of Regime-I and Regime-II) ( in panel
A3) are depicted. In panel A4, the analytic simulations from the hybrid method (combination
of Regime-I (red) and Regime-II (blue)) are compared with exact numerical simulations (black

line). The choice of Regime-I and Regime-II is purely dependent on the magnitude of wgw )
relative to the RF amplitude. When ‘wgﬁﬂ‘ < |wi], Regime-II is employed, ‘wg‘ﬁﬂ‘ > |wil,

Regime-I is employed. The powder simulations were performed using a crystal file having 28656
orientations («, ).
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Hence, the choice of the interaction frames (whether it is quadrupolar interaction
frame or tilted RF interaction frame) play an important role in the exactness of the
derived effective Hamiltonians. In contrast to the AHT framework, the effective
Floquet Hamiltonian approach presents a unified description of the time-evolution
for all the crystallites present in a powder sample. The proposed hybrid method
is extremely beneficial in the analytic description of powder samples and could be
employed to build theoretical models for quantifying experimental data involving

powder samples.
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Appendix
A Matrix Representation of Operators and Com-
mutator Relations

A.1 Definition of Tensor Operators for Spin / =1

Table A.1.1: The Basis Tensor Operators for spin I=1

Zero Coherence Operators
roo_ 1 {o 1 0 o= i oo o
V3 0 01 V2 0 0 —1
oo 1 1 0 0
T = —10 -2 0
V6 0 0 1
+1 Coherence Operators
PR 1 B PRI S g
- 1 —_ _
V2 0 0 0 V2 0 0 0
0 1 0] 000
RF{=+210 0 0 RFf =210 0 1
000 000
—1 Coherence Operators
SANSURNIN o | I PP A
V2 010 V2 0 -1 0
000 000
RFy=+2|1 0 0 RF; =20 0 0
0 0 0 010
+2 Coherence Operators
0 0 —1 0 00
T@2=D*=10 0 0| |7T®2=D"={0 0 0
00 O -1 00

A.2 Commutation Relations for Spin [ =1

1. [(7'RFy + ®RF}), L] = (0'RF; — ®RF},)
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10. |

11.

12.

13. |

14.

15.

16. |

17.

18.

19.

[(®~'RF, — ®RF}) . L] = (27'RF; + ®RF})

[(PRF} + ®'RFy) ., L] = — (PRF} — ®'RFy)
[(PRF} — ®'RFy) ., I.] = — (PRF} + ' RFy)
[(P7'RF, + ®RFY) , TW] = —\/g (P~'RF, + ®RFY)
[(P~'RF; — ®RF}) , T®0 = —\/g (P~'RF, — PRFY)
((PRFf + ®~1RF;), T = \/g (®RF{ + &'RFy)

[(PRF} — ®'RFy), T = \/g (PRF; — ®'RFy)

O IRF, + ®RF}) , (92 T?? 4 =2 722

[(PRF; +®'RFy

(@ ) )=

[(P'RF, — ®RF}), (P2 T®? + &2 T®2)] = (d~'RF, —
( ). (0 T2 4 072 T2)2)]
(( ), (@2 )=

— (®'RF; + ®RF})

DRF})

(PRF} + & 'RFy)

[(PRF{ — @ 'RFy), (®* T@? + &2 TP=2)] = — (PRF; — & 'RFy)
[(P'RF, + ®RF}), (@ T®? — 72 T@=2)] = (d~'RF, + ORFY)
[(P'RF, — ®RF}), (®* T® 272)] = — (7'RF, — ®RF})
[(PRF} + ®'RFy), (®* T®? — 272)] = — (PRFS + @ 'RFy)
[(PRF} — ®'RFy), (®* T? 272)] = (PRF{ — ®~'RFYy)

[(P7'RF, + ®RF}), (T®?)] = —@~'RF}}
(97" RE; — ®RFY) . (T?)] =~ RE}

(®RF} + &~'RE;) , (T®2)] = o 'RF}
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20. [(PRF{ — @ 'RFy), (T'®?)] = —@~'RF}

21. [(P7'RF; + ®RFY),(T®7?)] = —®RF

22. [(P'RF; — ®RF}), (T®72)] = ®RF;

23. [(PRF{ + @ 'RFy),(T®?)] = ®RF;

24. [(PRF} — @ 'RFy),(T@=?)] = ®RFy

25. [(2'RF, + ®RF}), (P'RF)] =0

26. [(®7'RF; — ®RES), (P'RFS)] =0

27. [(PRF} + @ 'RFy), (P7'RFY)] = —2T®2 4+ V292 (iTW° — /3T(2)0)
28. [(PRF} — ®'RFy), (®7'RF)] = —2T®? — /202 (70 — /37()0)

29. [(®7'RF; 4+ ®RF}), (P'RFY)] = 2T'®? + 282 (iTM0 + /3T(2)0)

30. [(d7'RF; — ®RFY), (P7'RF})] = —2T™®?2 4 /2972 (iTM° 4 /37(2)0)

vvvv

(@
(@

31. [(PRF; + @ 'RFy
[(

32. [(PRF{ — ® 'RFy

33.

35. [

(2 ), (PREF})

34. [(P7'RF, — ®RF}), (PRF;)] =0
[(PRF; + @ 'RFy), (PRF;)] = —2T®~2 — 292 (iTM° 4 \/37()0)
(( ), (PRFY)

36. [(PRF{ — @7 'RFy), (PRFy)] = —27®72 — /292 (iTW0 + /37())

37. [(P7'RF, + ®RFY), (PRF)] = — V292 (i TW° — \/37(2)0)
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38

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

20.

ol.

02.

53.

o4.

99.

56.

[(P'RFy — ®RF}), (PRFg)] = 2772 4+ /292 (iTW° — /3T(2)0)
[(PRF} + ®'RFy), (PRF5)] =0

[(PRFf{ — @ 'RFy), (®PRF5)] =0

[(®'RF, + ®RF}),(®'RF, + ®PRF})] =0
[(2'RF; — ®RF}), (P 'RF; + ®RF})] =0
(QRF} + @7'RFy) , (07 RF; + ®RFS)] = -2 (V6 70 + (D))

(®RE] — @7 RFy), (87 RE; + @RFF)] =2 (L — (Das) )

[(P™'RF, + ®RF}), (P 'RF, —®RF})] =0
[(D-'RFy — ®RF};), (-\RF; — ®RF};)] =0
(@RF] + ®'RFy), (07'RF; — ®RFf)] =2 (L + (Das))

[(PRF; — ®'RFy),(® 'RF; — ®RF})] = -2 (\/6 TR0 — (f?s>>

(07'RF} + @RFY) , (PRF + ' RFy)] =2 (V6 T®" + (D))
(8" RF; — ®RFS), (PRF} + & 1RF5)] = —2 <IZ + <DAS>>
[(PRF}{ + @ 'RFy), (PRF{ + @ 'RF;)] =0

[(PRF{ — @ 'RFy), (PRF{ +®'RF;)] =0

[(O71RF; + ®RFS), (ORF] — @ 'RFy)] = =2 (L — (Das) )
[(07'RF; — ®RFY), (ORF — @ 'RFy)] =2 (VB T@° - (Ds))
[(PRF} + ®'RFy), (PRF; — ®'RF;)] =0

[(PREF{ — @ 'RFy), (PRE{ — ®'RF;)] =0
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B Derivation of Effective Hamiltonians based on

Average Hamiltonian Theory

To describe the effects of the pulse, the Hamiltonian employed in the Zeeman-

quadrupolar interaction frame is employed.

H(t) = AT
- SH{(@RFf + 07 RrER) ") 1 (07 RFy + 0iRES) (7972 |
(B.1)

As described, the Hamiltonian in the Zeeman-quadrupolar frame is periodic with
2

wQ

time period ‘7, = )’. Employing the Magnus formula, a time-averaged effec-

tive Hamiltonian is derived to describe the excitation process.

To first order, the correction is evaluated using

HOY = tl Otc A(t)dt (B.2)
In the case of single crystal

7Y =0
while, for a powder sample

HY — AT2)0

The second order correction to the effective Hamiltonian is derived using Eq. B.3

HO) = % /0 " ity /0 * ity [Fi(t), (1) (B.3)
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In the case of single crystal the II order correction reduces to,

while, in the powder sample, we have
2
HO = _\/gAwl (O RF] + 7' RFy) = =L (V6 T 4 D)
wqQ 0

Based on the above calculations, it is clear that the AHT calculations are valid in
the case of single crystal (only strong coupling regime) and deviate significantly in

powder calculations.

C DMatrix Representation of Floquet states and

Operators

The spin states are defined as |m)

1 0 0
0 0 1
The Fourier states are defined as,
0
1 0 ! 1
|_ > - ) | > - 0 ) | > -
+oo
F, = Z |n) (n + m)| (C.1)
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“+o00
Ir = E n|n) (n| (C.2)
n=—oo
FL= o4 |=1) (0] +0) (1] + ...
1 0
= +]o ( 0 1 0 )+ 1 ( 00 1 )+
0 0
0o 1 o0 0O 0 0
- 0 0 0 n 0 0 n
0 0 0 0O 0 0
o 1 o0
= 0 0 1
0O 0 0
Py = oot [0) (=1 + 1) 0] + ...
0 0
=41 ( 10 0 )+ 0 ( 01 0 )+
0 1
0 0 0 0O 0 0
N 0 0 + 0 0 +
0 0 o0 o 1 0
0O 0 0
Py = 1 0 o0
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Fo=-+[=1)(=1| +0) (O] + [1) (1] + ...
1 0 0
= +|o ( 10 0 ..)+ 1 ( 0 1 0 )+
0 0 1
1 0 o0 0 0 o0
- 0O 0 o0 + 0 0 +
0o 0 0 0 0 0
1 0 0
Fo = 0 1 0
0 0 1
Ip =4 (=1)|-1) (=1] 4 (0) |0) (O] + (1) [1) (1| + ...

= +(=Df... 0 0o o ..|+Of... o 1 o0
0 0 0 0 0 0
-1 0 0
Ip = 0 0 0
0 0 1

The Floquet states are defined as,

1
0o (00 )]0 10 L)+
0

+ (1)
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Floquet state = Fourier state ® Spin state

([z)n = Fn®[z

For e.g.,
0 ... .0 (L) 0
([Z):[:F1®[Z: PP O 0 1 e ®IZ: e 0 O (]Z)
0 0 0 0 0
0 10 0
= @0 0 0
0 0 0 -1

The above matrix equals to

B,m
o Bom) | L-1) [0.—1) |=L—1) | [LO) [0,0) |-L0)|[L1) [0.1) |-L1)]...
=1 | o0 0 0 1 0 0 |0 o0 o0
(0,~1| o 0 0 0 0 0 0 0 0
(1,1 |... ... o 0 0 o 0 1|0 o 0
(1,0] oo 0 0 00 0 1 0 0
(0,0] oo 0 0 00 0 0 0 0
(=1,0] 0 0 0 00 0 0 0 -1
(11] o 0 0 00 0 0 0 0
©.1] oo 0 0 00 0 00 0
(-1,1| oo 0 0 00 0 0 0 0
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The general form of the Hamiltonian is
H(t) =Y Hp ™" (C.3)

where, ‘n’ is an integer, ‘w’ is the base frequency and ‘H};’ is the Hamiltonian ma-

trix element with ‘4" row and ‘5**’ column (in Hilbert space) of the corresponding
integer ‘n’.

The Floquet Hamiltonian is written as
(a,n|Hp|B,m) = Hyg™ + nwéasdnm (C.4)

The above equation represents a ‘Floquet Hamiltonian’ (Hp) with ‘finite basis’
(cv, B) in Hilbert space and ‘infinite coefficients’ (n, m) in Fourier dimension. Also,
‘a, B € {—1,0,1} and ‘n,m € {—o0, 00}

The commutation relations used are

() Irl =m (o), 5 [(Ta)m s (T8),] = i (1), (C.5)

where, ‘o, 8,7 € {z,y, 2z} defined by [I,,I,| = il,; [I,, 1] =il,; [I., 1] =1il,.

The Floquet Hamiltonian (Hp) of infinite dimension is elaborately written as
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3+ .ﬁl.ﬁm‘m. o.ﬁmm. .ﬁl.ﬁmm MIMMN&. oﬁﬂm :M‘m. ﬁlmﬁum. omﬁum HNHH‘m. _H AH|V
oH o+ %H %o | "H YH WH " H H 1°0)
ol G o+%a| e H o GYH | 'GH H "H 1°T)
leum OHHIIm Hme Hlﬁmm oﬁmm ﬂm Hlﬁﬂm oﬂﬂm :Mm _O Aﬁ|v
e 2 e o %H BH 0 “H TH 0°0)
g O Mo Yim %H GH o olH YH 0°1)
H\NH\\m ONH\\m ﬁmﬂ\\m ﬁ\me OHHHE Hme m— ﬂlﬂmm Oﬂmm Hﬂmm _M|FH|V
o 2 7B e = S » L = g =% WH IT-"0)
= o - YH Mm oH SH o= %H T="1)

4 ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ _tk rdv

(11| (ol (1l [ lo 1=l {o'ol (o'tl| (1—"1=[ {—=r‘ol (—"1i (g
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D Derivation of Effective Floquet Hamiltonians

from ¢S5’ transformation

To improve the accuracy of the effective Hamiltonians, the role of residual off-
diagonal terms neglected in the first transformation is considered in the discussion
presented below. As depicted in Table. 2.9, the off-diagonal contributions com-
prises of the double-quantum (DQ) operators. To fold the above off-diagonal con-
tributions, a second transformation function ‘Sy’ was employed. A brief description
of the procedure employed in the derivation of effective Floquet Hamiltonians from
the second transformation ‘S;” is outlined below. The diagonal corrections from
the first transformation are included along ‘H,’ and the off-diagonal operators

(0% T@*#2)  form the perturbation.

Hy =l + Gij (Ds) +Gi (1), (D.1)
H, — G(l) {(@2T(2)2) 4 (®72T(2)*2) } (D 2)
1 DR 1 +2 1 -2 '
1) Qo 1 2 1 4 1 6
= —= — — ... D.
Employing the transformation function ‘Sy’,
Sy = C2, {(cI)fT(?)?) Y (@;2T<2>—2)_2} (D.4)
where,
G(l)
2
2 <G1R - wl)

n—1
1+1 1+1
ChRt =>"copr) (D.6)
=1
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where ‘2 takes values from 1 to ‘n — 1’, where ‘n’ is the number of ‘S’ transforma-
tions applied (Here n = 2).

In the above equation, the coefficients ‘G DR = Z e}y pr,i denote the off-diagonal
coefficients resulting from the first-transformation. Depending on the desired level
of accuracy, the off-diagonal contributions (denoted by value of Ny) from the first-
transformation are incorporated accordingly.

The transformed Hamiltonian after second transformation is represented by,
Hy=wilp + GO (L), + Gy (T?°), (D.7)

where,

2 1 1 2 1 9 1 9
G = G+ {2><—0' Gita— 1ol Cis+—— 6 di Gile+ - } (D.8)
The perturbed Hamiltonian after second transformation is represented by,
2 _ _
= GO {(@®2) , + (021072) ) (D.9)

2 1 2 1 2 1 2
o2, = {_magg,A b Gy o Gt} (D0

In the above equation, the magnitude of ‘G(g])%’ keeps on decreasing as ‘n’ increases.
The choice of ‘n’ is problem specific and is decided by comparing with the exact
numerical simulations. After ‘n’ transformations the magnitude of ‘Ggﬁ’ becomes
small enough such that ‘H;’ can be neglected and the effective Hamiltonian reduces

to the form given below,
Hy = wilp+ GV (L), + Gy (T?°), (D.11)

The final equation depicting the DQ excitation efficiency is

(TD72(t,1)) = ie*™™ O} dp {sin (&sr) cos (E1r) + cos (&r) sin (&1r) sin (26pr) )
(D.12)
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where,
Spr=1Cpr 3 &r= (Gl — wl) i 3 Sr= 5 Gop

Table D.1: Definition of coefficients employed in the perturbing Hamiltonians for Case-III and

Case-1V
H ) |
Case-I1I1 | 0
— 7@ 2
(N =9) +3x1!(4>(5)
Case-1V 0 ,
N 2Q 2
(M>3) +(4){3x1!(£)
1 4 1 6
xa & ta @ }
Gin a2
N1 2 0
Case-IIT G 4 e ah _ ‘e
1.;0 1R;i ];1 1R,j N
Ny No
Case-1V X%)GS%Z + z:l Gﬁ%’j G%
i= j=
)
=\ — ; = 6 : — sin (0
§ <4w1> ; Cly=cos(0) ; S =sin(0)

In the simulations, presented in Figure. 2.19, diagonal corrections to

e second order (Panels A1 — A4) resulting from the second transformation
CS27

e n'" order (Panels Bl — B4) resulting from the second transformation Sy’

are compared with the exact numerical simulations. In all the simulations, off-

diagonal contributions (to n'* order) resulting from the first transformation *S;’ is

incorporated.
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Hence, depending on the relative magnitudes of the quadrupolar frequency
(wg) and the amplitude of the pulse (w;), the choice of appropriate interaction
frame plays an important role in the convergence of the perturbation corrections

in the proposed effective Hamiltonians. Below, we present a summary of the results

obtained.
Regime-I
) (2)0
Hy = “2Ir + hA (T0),
w " o [
Hepp = 2 1r + G (T®°), + Gy (Ds>0 (D.13)

(T2 (ty)) = ie*'™ @F g {cos® (a) sin (Opg) — sin® (a)sin (5)}  (D.14)

Regime-II

hQQ 2)0
HO = w1]F+ (m) (T( ) )0

Hepp = wilp + GO (L), + GSpy (T?0) (D.15)

0

<T(2)_2(tp1)> = ie2iw0t2 CI)% (I)R {SiIl (523) COS (513) 4+ cos (52]3) sin (glR) sin (2§DR>}
(D.16)
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E Derivation of higher order corrections (Regime-

I)

E.1 For first transformation 5;

Table E.1.1: Description of the coefficients employed in the derivation of effective Hamiltonian

(Eq. 2.25) based on the first transformation

) )
H GDQ GZQ
1 1
G(Dé),() = G(Z%Q,O =A
1
G%Z)J =0 G(Zlc)g,l =0
m _ 1w o _ V6 “1
Gbga = 2><0!<2>(0> G200 2><O!(2>()
1 1
G(Dég,:’, =0 G(Zgg,s =0
o _ L rwiy 8 o V6 iy s
GDQ:4_+4><2!(2>(9) GZQ’4_+4><2!(2>()
1 1
GSD)Q,f) =0 G(Zg)75 =
1 1 w1 5 n V6 wi 5
Chas _6><4'(2><) GZQ’G__6x4!<2>(>
1 1
Gﬁ)zw =0 G(Z()QJ =0
1 _ (Y . 1 1 _ w1 — 1
GDQ(2>{ 2><0!(9) GZQA+<2>\/6{ 2><0!(0)
1 3 1 5 1 3 1 5
+4 x 2! () 6 x 4! () +4 x 2! (©) 6 x 4! (9)
f =
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Table E.1.2: Coefficients employed in the derivation of Effective Hamiltonians for Case-1 and

Case-I1
1 M
H ‘ GDQ ‘ GZQ ‘
Case-I
o 1 w1 \/6 w1
(M1 =2) 2% 0! (?) () T 9% 0! (3) (9)
Case-II , 1
w1 Wy

. (2){_2on ) A+(2)\/6{_2xo! ©)

]. 3 ]. 5 L 3 B 1 5

T T exa } tia @ 6><4!()+""}

0= <4UJ1> ; C(g) = cos (9)

Qo
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E.2 For second transformation S,

Table E.2.1: Description of the coefficients employed in the perturbing Hamiltonian (Eq. 2.40)

| G5 |
Gl =0
G, =0
ch)g,Q =

1
Gf@c)gA =
O 1 w1 4
Gsas " 5x 3! (7) ()
1
Gl =0
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(Eq. 2.39) based on the second transformation

GO G%) %

Gggg,o = 15313; GZQO = 0 GFS‘?Q.U =0

Gy =0 G =0 G, =0

Gl = +55; O o=+ G e, —0
G = G = Gha = +3571 Ooba

0%3)4 Tix 2] CUQ B 04Q4 4\:;, CUQ B G(;(zu =0
Gggg.s =0 G(Zzgg,s =0 Gfs'zr)z 5= T & i[ﬁ! fs'zz)g.B

CBhs =+ Chc O = +500 G G2 =0
G =0 8y =0 =+ O
GoL=GhY +.{ 5 Xl 5 Chaa Goh =Gy + f { o1 O o) = {3 Xl o G5

4><2' Gg‘33+6x14' Gigo+ - } -1><2' Chas (14. bac t - } 7><3’ G5 715. Soct - }

Clg) = cos (0)

[ Aw
Q*GE)

Table E.2.2: Description of the coefficients employed in the derivation of effective Hamiltonian
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F Derivation of higher order corrections (Regime-
IT)

F.1 For first transformation S;

Table F.1.1: Definition of the coefficients employed in the derivation of effective Hamiltonian
(Eq. 2.57) based on first transformation

I Gl | G|
1 1 Qo
G(ui.o =0 G;I;,n = 27\/6
1 J(1
Gl =0 Gy =0
6= 5rq (1) © c, =0
1 1
G(u%,.:; =0 G;I%.S =0
1 1 Qq : 1
6= g () ©° G, =0
Gglfg,s =0 Gélfg.s =0
1 —Qq : 1
Gg{‘:‘),,(i = 6 = 4! <T) (5)5 Géﬂ)’.ﬂ =0
G(111%.7 =0 GSI%] =0
—Q 1 1 : 1 5 Q
G = (=2 . - 3 R G =22
1R 4 x0T O e @ 96
Q
{= (le) Cley = cos (&)

Table F.1.2: Coefficients employed in the derivation of Effective Hamiltonians for Case-I and

Case-I1
I | G | G |
Case-I . o
(N =2) o (%)@ =
Case-I1 _q . ) ‘ L ) Q
(N >2) ( 4Q> {+2><0! © - 5a © *+ e (é)aJr""} %
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F.2 For second transformation S,

Table F.2.1: Description of the coefficients employed in the perturbing Hamiltonian (Eq. D.2)

H Gor |
1
GE);%,OZU
1
GSD%%JZO
1
GE);?,Q:O
wm _ L Q) .0
6= 371 (1) ©
1
GE);M:U
W _ b (O
6= 5373 () ©
1
GE)})’%,():U
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Table F.2.2: Description of the coefficients employed in the derivation of effective Hamiltonian
(Eq. D.1) based on the first transformation

2 2
| G ot
2 1 9
G2, = G4 2 =0
2 2
Gg}%,l =0 GB%J =0
(2) 1 (2) @)
GlR,Q = +2 X O' G1R7A GDR,Q =
(2) (2) 1 (2)
GlR’3 =0 GSQS T T3 11 “DRA
(2) 1 (2) @)
Clra = T 4x 2! Girs Gpra=0
2 (2) 1 2)
GIR,5 =0 GSQ5 = +5 5 Gors
2 1 9 )
GEI%)’,,G = +6 < 4' GSJ%,C G(D;?,,G — O
2 2 1 5
a® — g 1 a2 a2 _ [ 1 @
be ba 2 x 0l 1RA DR 3% 11 DRA
1 (2) (2) ]. (2) ]_ )
_4X2' G1R7B+6X4| 1R,C+' +5X3' GDR,B_m GDR,C_'_'




CHAPTER-3

EFFECTIVE HAMILTONIANS FOR
TRIPLE-QUANTUM (TQ) EXCITATION IN
SPIN [ =3/,






Chapter 3

Effective Hamiltonians forTriple

Quantum excitation in spin [ = 3/ 9

3.1 Introduction

To further validate the effective Floquet Hamiltonian approach proposed in Chapter-
2, we extend the present study for describing NMR experiments involving half-
integral quadrupolar nuclear spins. Specifically, we confine our discussion to spin
I =3/5 systems. Although, ‘"Li’ and “**Na’ are the most commonly studied spin
‘T =3/y systems, the disparate order of magnitudes in their quadrupolar coupling
constants necessitates different experimental strategies for detecting them. For
example, the quadrupolar coupling constant in solids for "Li nucleus ranges from
1 to 50 kHz, while, for 2 Na it ranges from 0.5 to 5 MHz!. Since, the amplitude of
the RF pulse ranges from 10 — 200 kHz, the optimum conditions of the excitation
may vary and deserves a formal theoretical discussion. Here in this chapter we
confine our discussion to the excitation of TQ transitions in spin I = 3/ 9 systems
both in isotropic and anisotropic solids. Specifically, we focus our attention to
the single-pulse based excitation of Triple-quantum (TQ) transitions in spin I=3/,
nucleus.

As described in Figure. 3.1, in the presence of a static external magnetic field
(of strength By) the frequencies corresponding to the three Single-Quantum (SQ)
transitions (corresponding to [*/2) — [Y2),[Y2) — |7Y2),|7Y2) — |73/2)) are de-

91
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generate, resulting in a single peak. In the presence of quadrupolar interactions
(to first order only) the degeneracy associated with the three SQ transitions is

lifted resulting in three peaks (see Fig. 3.1).

e )
l——”
/
/ , 0, +0,
/
s T
4 2
0]
0 o, [3w,
2/ +1 ANEN - 1>
= 2
\ w w0, — 0, L3
\ 0 P * E>
\ - 1)
" H, +H,
i
0] 0]
@, @y~ W, O, o,+o,

Figure 3.1: Energy level diagram of Spin I=3/, depicting the energy shifts due to Zeeman Hamil-
tonian and the first order quadrupolar Hamiltonian is presented. In the equation of the Hamil-
tonain (A = 1). It is to be noted that the degeneracy of Zeeman NMR signal is lifted due to
the presence of electric field gradient due to the quadrupolar Hamiltonian. The Triple Quantum
(TQ) transition independent of first order quadrupolar coupling constant is also shown.

As depicted in Figure. 3.1, the SQ transitions corresponding to the states |1/5) —
|71/5) is independent of the quadrupolar interaction (first order) and is commonly
referred to as the ‘Central Transition’ (CT) in half-integral quadrupolar spins. The
remaining two SQ transitions corresponding to the two pairs of states (|3/2) — |/2)
and |7Y/y) — |73/2)) are referred to as satellite transitions and are dependent on
the first-order quadrupolar interactions.

In a powder sample, the quadrupolar interaction is anisotropic resulting in a dis-
tribution of quadrupolar coupling constants. Consequently, the NMR peaks cor-
responding to the two SQ transitions are broadened compromising the spectral
resolution. Hence, detection of the central transitions is preferred in NMR studies
involving half integral quadrupolar spins. As an alternative, detection of Triple-

Quantum (TQ) transitions (]3/2) — |73/2)) is also explored in studies involving
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spin 3/ nuclei. Although, both the central and the TQ transitions are indepen-
dent of the first-order quadrupolar interactions, the higher resolution offered in
the MQ domain makes T(Q excitation an attractive option for studying systems
involving multiple sites. Since TQ transitions are forbidden, a formal understand-
ing of the excitation process is essential for developing new experimental strategies

and quantifying experimental data involving spin I = 3/, nuclei.

(A1) (A2)

- " PR | | M PR "
0 50 100 150 200 250 O 50 100 150 200 250
(A3)

TQ expectation value

Time (usec)

Figure 3.2: Simulations depicting the efficiency of triple quantum (TQ) excitation in spin =3/,
(single crystal) derived from analytic? (green dotted lines) and numerical (black thick lines)
methods.In the simulations depicted, the quadrupole coupling constant (Cq = “<?/,) is varied
Al) Co = 2 MHz, A2) Cg = 1 MHz, A3) Co = 500 kHz, A4) Cqy = 200 kHz, employing an
excitation pulse of constant RF amplitude, (“/2,) = 100 kHz.

To this end, Vega and Naor? proposed a theoretical framework for describing MQ
transitions in spin I=?/5 system. Employing the fictitious spin operator algebra®?,
analytic expression describing the excitation of triple-quantum (TQ) transitions
in single crystal was proposed in 1980. A brief illustration of the dependence of
the excitation profile on the quadrupolar coupling constants (Cg) is presented in

Figure. 3.2 along with a comparison of their analytic results with exact numerical
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simulations emerging from SIMPSON® 7. As depicted, the simulations emerging
from their analytic results agree only in the strong coupling regime (Cg > (“Y/2,))
and deviate when the magnitude of the quadrupolar constant approaches to that
of the amplitude of the RF pulse. In contrast to the simulations presented in
the spin I = 1 studies (Chapter 2), significant derivations are observed even for
quadrupolar coupling constants, Cg = 500 kHz (see Panel A3).

To address this discrepancy, the effective Floquet Hamiltonians framework pre-
sented in Chapter-2 is employed to explain the TQ excitation in isotropic and

anisotropic solids.

3.2 Theory and Simulations

The Hamiltonian in the laboratory frame is transformed into the Zeeman interac-

tion frame (U; = e~ (wot)l=)

Hia(t) = —hwol, —2hw cos(wt — o1) I, :hQQT(Q)[i (3.1)

H, Hpr HQ

f{[(t) = Ul Hlab(t) Ufl — ef(iwot)fz Hlab(t> e(iwot)lz

= —hw, (Z g) {(ei(wfwo)t + efi(erwo)t) (I)lT(l)l

— (elteteolt 4 gmilomeo)t) o7 ML — pQLTR0 (3.2)

Following description in Chapter-2, under secular approximation and the resonance
condition w = wy, the Hamiltonian in the zeeman interaction frame reduces to a

much simpler form.

H = —hw (\/é) {@iT" — o7 LT — BT (3.3)

The definition of the coefficients in the above Hamiltonian is identical to those

employed in Chapter-2 (g = wg for single crystal, and Qg = wégam) for powder
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sample).

3.2.1 TQ excitation in Single Crystal (2o = wg)
Regime-I: Strong coupling (wg >> wy)

When the magnitude of the quadrupolar coupling constant exceeds the amplitude
of the pulse, ‘w;’, the Hamiltonian in the Zeeman interaction frame® (Eq. 3.2) is

further transformed into the quadrupolar interaction frame, defined by the trans-

formation operator Us; = ¢ (iwat) T
H(t) = Uy H(t) Uyt = e~ ()T fr(p) o(iwat)7° (3.4)
= Hq+ Hpp(1) (3.5)

Accordingly, the quadrupolar and the RF Hamiltonian get transformed in the

Zeeman-Quadrupolar interaction frame.

Ho = RAT®? (3.6)

= 2 3
Hpp(t) = — hw, (cbl <z\/g T 4 2\/g T(3)1>
2 3
ot _'\/j TM-1 _ \/j T7B)-1
A ( V5 V5
heoy {( ( 3 1 \/§ g . (3 1 '
— =By = T[S TN [ 2 T et
2 V10 2 )
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Single Quantum (SQ) Double Quantum (DQ) Triple Quantum (TQ)

"%> ) "%>

4 2
RF; RF;
i B ’ D; | 20+ @, | Df 30,
2 2 2
B . 733 73
REc @y l REc . Dy Dy | |
7 + 5> ‘5> ‘5>
RE, @y — By RF; |5 20, - @, 3 ;
5> ‘5> ‘E>

Figure 3.3: Schematic depiction of transitions along with operators for a spin =3/, system

In contrast to the I = 1 system, the Hamiltonian depicting the RF pulse in half
integral quadrupolar spins comprises of a static term (associated with the central
transition) besides the two time-dependent terms (associated with the satellite
transitions).

Analogous, to the description in spin I = 1 system, the RF Hamiltonian in the
Zeeman-Quadrupolar interaction frame is expressed in-terms of operators depicting
the possible transitions in the spin I = 3/, systems. A detailed description, of the
operators and their relationship with the spherical tensor operators is illustrated
in Tables.3.1 and 3.2. Along with the quadrupolar offset term (A = wg — wg'ﬂ 7)),
the Hamiltonians describing the RF' pulse is represented by,

Hypuse(t) = ﬁ[Q,off + f‘i’c:r + ]—:IST(t) (3.8)
where,

Hoop = RAT®P (3.9)

Her = —hun (dTS> (3.10)

Her(t) = —% { (Stgf;”) eiwat 4 (SQ?) e—WQt} (3.11)

In the above equation, ‘Hep' represents the Hamiltonian depicting the central

transition, while the satellite transitions are represented by ‘H s(t)’
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Table 3.1: Definition of the spin operators corresponding to the possible transitions in a spin
I =3/ system

H Operator ‘ Tensoral Operators ‘ Frequency ‘

Zero Coherence Operators

i

ZQ4 N (70 _ o70)
ZQB % (270 4 T@0)
ZQc % (T 1 376))
ZQp K (370 _ 70y

S

+1 Coherence Operators

3 3 3

RFY i—TO TO! 4 \/; T 7\/; TO! w=wy— wg
3 3 3

RFg Z\/Tio T(l)l — \/; T<2)1 - ’L\/g Cr(d)1 w=wy+ wQ

2 3
RE: i\/gT(m+i\/gT(3)l w=wy

-1 Coherence Operators

RFy 4% 7M1 \@ T 4 z\/g TO ) w=wy—wg
3 3 3
RFyg —z’—lo TMO-1 4 \@ TO-1 4 z\/g TO | W =w+ wg

5 3
RE; fi\/g TO-1 z\/g T®-1 w=up

+2 Coherence Operators

Df T@2 4§ 76?2 w = 2w + wg

Dy T2 762 w = 2wy — wg

-2 Coherence Operators

Dy T2 7G)2 w = 2wy — wg

Dy T2 4§ 7G)-2 w = 2w + wg

+3 Coherence Operators

T+ T3 w = 3wy

-3 Coherence Operators

T TG)-3 w = 3wp
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Table 3.2: Symmetric and Anti-symmetric combination of spin operators employed in spin
I =3/ system

H Operator ‘ Combination H Operator ‘ Combination ‘

CTs | (21RFE + @7 'RF;) || CTas | (®1RES — ®7'RFy)

sQ¢ | (®'RF; +@,RES) | SQU | (27'RF; — ®,RFf)

~_(cr) _ _ ~_(er) _ _
SQg (®1RFf +®'RFy) || SQus | (®1RF{ — ®{'RFy)

Dy (®2DY + 72D7) DY (92DY — ®72Dy)
DY (93D5 + 72D;) DY) (®2D5 — @,%D;)
Ts (OITF + @°T7) Tas (DIT+ — 73T

Following the procedure described in Chapter-2, the above time-dependent

Hamiltonian is transformed into a time-independent Floquet Hamiltonian®¢.

Hp = wqolr + hA (T(Q)O)o — hen (dTS>0 B % {(SQE;T)>1 * (SQE;))+1}
(3.12)

In contrast to the spin I = 1 description, the modulation frequency in the spin
I =3/, differs (equals to wg) and could be deduced from the energy level diagram
depicted in Figure.3.1.

To facilitate the derivation of effective Hamiltonians, the Floquet Hamiltonian
(Eq.3.12) is re-expressed interms of zero-order (Hp) and perturbing Hamiltonian
(H1).

Hp = Hy+ H, (3.13)
Hy = wolp + hA (TP (3.14)

The perturbing Hamiltonian in the present study comprises of both diagonal and
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off-diagonal terms.

Hy=Hy 4+ Hoq

Hyg= w1 (CTs) 3 Hi= - {(S@Ej)) + (5057) } (3.15)
0 2 +1 -1

Such a choice of grouping of the spin Hamiltonians is problem specific and its

validity could only be verified through a comparison with exact numerical simula-

tions. The above classification is equally valid for all half-integral quadrupolar sys-

tems. Employing the transformation function ‘S;’!"2%, the original untransformed

Floquet Hamiltonian (Eq. 3.12) is transformed through a unitary transformation

illustrated below.

Hepp = € Hp e (3.16)
() o (er)
S = C% {(S@s )., - (s )1} (3.17)
where,
o) = <£> (3.18)
5 200

To first-order, the effective Hamiltonian comprises of only ‘H; 4’
HY = —u, (OTS) (3.19)
0

Subsequently, through Baker-Campbell-Hausdorff (BCH) expansion?!, the higher-
order corrections to the effective Hamiltonian are derived. In the notation, g
represents the n'® order corrections obtained from the first transformation, ‘S;".

In the present problem, the higher order corrections mainly arise from commutator
expressions involving the transformation function ‘S;” and the perturbing Hamil-

tonian (‘Hy 4’ and ‘Hy,q’). The commutator of the transformation function Sy’
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with ‘H, 4 to various orders could be derived through the expression.

Hg;:z% [S1, oo o S0 - E) [e— ] (3.20)

n=1

In a similar vein, the commutator of *S;” with ‘H, 4" is derived through the general

expression given below

gY S
H,), _an ) [T [S1, Hioq] v ] (3.21)

A detailed description of the commutator relations involving the transformation
function ‘S;’ and ‘H;’ to various orders of ‘A’ are tabulated in Table 3.3 and 3.4.
To illustrate the importance of the perturbation corrections, a systematic study
similar to the one described in Chapter-2 was carried out to understand the role
of these terms in the TQ excitation process. As illustrated in Tables. 3.3, 3.4,
the higher order contributions mainly arise from the (diagonal arising from ZQ

(T2, CT (CTS) and TQ (TA5>) and off-diagonal (from SQ (SQ(ST cr))ﬂ and

DQ (ﬁ(ST’CT)> ) operators. A pedagogical description illustrating the role of the
+1
higher order corrections is discussed in the following sections.

I. Effective Hamiltonians from first transformation, ‘S;’

To begin with, let the general form of the effective Hamiltonian (comprising of
diagonal corrections only) resulting from a single transformation be represented
by,

Heff — ez)\Sl HF e—z/\S1

= wolp + G, (dT5>O +i G (TAS) + G, (T@0), (3.22)

In the above equation, ‘G(Cl)T’ denotes the coefficients (obtained from the first trans-
formation, denoted by the superscript) corresponding to the central transition op-
erator. The contributions from the various higher orders (N; denotes the desired

order, power of \) are included in G(Cl)T
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Y

In a similar vein, ‘G(Tl(z? represents the corrections corresponding to the TQ
operator, while ‘G(Zlc)g’ denotes the corrections to the second rank ZQ operator. A
detailed description of the coefficients illustrating the contributions from various

orders is listed in Appendix.B.1 (Table.B.1.2)

N1 Ny N1
Gor = Ger, i Gro= Gy, i Ggy= Gy,
=0 =0 =0
w
G == (5){Co+1} (3.23)
w
G =—(5){Cw -1} (3.24)
1 1 1
1) _ 2 4 6
Gag =5+ () {‘m O+ a @ —em @ } (3.25)

To have a consistent description, the initial density operator (pr(0) = (I,)o) along
with the detection operator ‘T®)=3 (corresponding to TQ transition) is trans-
formed by the transformation function ‘S;.” The transformed initial density oper-

ator and the detection operators are illustrated below.

pr(0) = €™ pp(0) e

A ler)

7~ ()
= Rg) ([z)o + R(ZlC)L)A (ZQA>0 + Rglq)z 5(9) { (SQAS) " + <SQAS )1}

(3.26)
Tl(ws)—s — A T}3)*3 e~ AS1
= et o { PO (T972), + P (B1RF),
P {@or),+ @)} 520

A detailed description of the ‘R’ and ‘P’ coefficients are illustrated in Table. B.1.1.
Subsequently, employing the proposed effective Floquet Hamiltonian (Eq. 3.22),

the evolution of the density operator during pulse is evaluated.

- —1H ¢t - 1H,ret
prt) = eap (LY Gi0) e (L2 ) (3.25)
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A detailed description of this calculation along with coefficients is illustrated in
Appendix.B.1. Based on the above calculations, the T(Q signal observed is calcu-

lated using the expression given below.

As represented in Tables. 3.3, and 3.4, the diagonal corrections to odd-orders re-
sult from cross-terms between the SQ (satellite) and DQ transitions operators and
are expressed in terms of the central (CT) and triple quantum (TQ) operators. In
a similar vein, the diagonal corrections to even order results from cross terms be-
tween the SQ satellite transition operators and are represented through the <77’
operator.To illustrate the role of the higher order corrections in the exactness of
the proposed approach, a systematic study incorporating their contributions is
discussed below.

In Figure.3.4, the TQ excitation in spin I = 3/, is depicted for quadrupolar cou-
pling constants ranging from 2 MHz - 200 kHz. Along the first row (panels A1 —
A4) diagonal corrections to order A\? have been incorporated, while, diagonal cor-
rections to n order have been included in the simulations depicted in the second
row (Panels Bl — B4).

As depicted, when the magnitude of the quadrupolar frequecy (wg) largely exceeds
the amplitude of the RF pulse, the analytic simulations are in excellent agreement
with those obtained from SIMPSON. In the extreme strong coupling limit, the T(Q
signal in Eq. B.1.9 reduces to the familiar form proposed by Vega and Naor?.

3 . (3wt
<T(3)*3(tp1)> = —5sin (—2;221)1) (3.30)
Q

However, with decreasing magnitudes of the quadrupolar frequency, the discrep-
ancy between the analytic and numerical simulations increases and is maximum

when the magnitude of the quadrupolar frequency is equal to the RF amplitude.
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To address this aspect, effective Hamiltonians comprising of diagonal contribu-
tions to (n'™ order) were employed in the simulations depicted in the second row
(Panels Bl — B4) Figure. 3.4. As depicted, the discrepancy still prevails in pan-
els A3 and A4, despite the inclusion of higher order diagonal corrections. Hence,
the residual off-diagonal terms ignored from the first transformation could play an
important role in the excitation process.

I1. Effective Hamiltonians from second transformation, ‘S,’

To resolve the discrepancy observed in the analytic simulations, the role of resid-
ual off-diagonal terms neglected in the first transformation were considered in the
calculations. As depicted in Tables. 3.3 and 3.4, the off-diagonal contributions
comprise of the double-quantum (DQ) and single-quantum (SQ) satellite transi-
tions operators. To fold the off-diagonal contributions, a second transformation

function ‘Sy’ is employed. The diagonal corrections from the first transformation
are included along ‘Hy’, while, the off-diagonal operators <(S@> and <ﬁ> )
+1 +1

forms the perturbation H;.

Hy = wolr +Gap (CTs) +i GF) (Tas) + G5 (1), (3.31)

H, :Gggg{@ag)ﬂ (58 }+GDQ{<D<T>)H+ (Dg”))l} (3.32)

As depicted in Tables. 3.3 and 3.4, the coefficient of ‘G(Slc)?’ corresponding to the

(r,er

operators { (S Qg

(commutator between Sy and Hi ,q; [S1, H1,04) ). In a similar vein, the coefficient of

) } results from ‘odd-order’ terms depicted in Table. 3.4
+1

‘GS)Q’ corresponding to the {(Dg"’cr)> operator results from the ‘even-order’
+1

terms depicted in Table. 3.3 (commutator between Sy and H 4; [S1, H1.4] )-
Depending on the desired level of accuracy, the off-diagonal contributions (denoted

by the value of ‘N;’) to the above operators cound be incorporated based on
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Tables.3.3 and 3.4.

N1
a n w1 1 2 1 4 1 6
GSQ_ZGSQJ_JF(?) {3>< 1! (©) 5 x 3! (©) TE (6)" = -

1=0

(3.33)
ZG%Z - - (2\[) (3.34)

Employing the transformation function ‘Sy’, the off-diagonal term in H; (Eq. 3.32)
are folded

5= {(sad), - (5057) b {(09) - () |} e

V3 G5 (68 +0i) + VB 6 (02 o)

0(2) _ ¢

SQ T T 1 02 1 2
V3 (66 +6%) = (6% — we)

1 1 1 1 1

o i [ V3G (GE+GR) + V2 ah, (6 —wa)
(GCT + GTQ) - <GZQ - WQ)
n—1
oy Z oisd o opsl O (3.37)

=1

In Eq. 3.37, 4" takes values from 1 to ‘n — 1’, where ‘n’ is the number of ‘S’
transformations applied (Here n = 2).
A general expression illustrating the various contributions could be derived using

the general expression presented below.

HO) — 22 % [Cp— S A P ] (3.38)

n=
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A detailed description of the diagonal and off-diagonal contributions resulting
from the second transformation are tabulated in Table. 3.5. As illustrated in Ta-
ble. 3.5, the even order terms comprise of diagonal contributions (arising from ZQ
(T3, CT (dT5> and TQ (TAS>) , while the odd-order terms, represent the

off-diagonal contributions (from SQ (SQ(; cr)) and DQ ( Nr)) ).

+1 +1
Following the standard procedure, the effective Hamiltonian after second transfor-
mation is derived systematically to the desired level of accuracy.

.\ 2 . o 2
Heff — ez)\ So ez)\Sl HF e IS e A4Sy

= wolp+ G (dTS>O +i G (TAS) + G2, (T@0), (3.39)

In Eq. 3.39, the coefficients ‘G(CQ)T’, ‘Gg%’, ‘G(Z%’ represent diagonal contributions

resulting from both the first and second transformation.
2 2 9
é%—zacmzaggj =G+ { GO+ G+ GOt}

2 1 1 2 2

Ny
2 1 2 2 2
G2 IZ (ZégﬁZGZQ] b+ { GO+ Gohat GEhy+ .} (3.40)
=0

Analogous to the description in the previous section, the initial density operator
and the detection operators are transformed by the second transformation function,
Ss. A detailed description of the calculations along with the evolution of the
density operator employing the effective Hamiltonians derived from the second
transformation (Eq.3.39) is described in Appendix.B.2.

On further simplification, an approximate expression for calculating the T(Q signal

is arrived at as given below.

(TO(t0)) o { S(5,0) + Swer + Come Sw0z) + Sonr) Cozr}  (3:41)



3.2. THEORY AND SIMULATIONS 110

3wt 3wt
where, Org = 262]31 0 bor = 2wty + 2;227’1 ;. Orp = Wity
Q Q
Bwftpl

020 = (A —wq)tp —
2 Qg
To illustrate the role of the off-diagonal contributions from the first transformation,

two sets of simulations corresponding to

e Off-diagonal contributions to A* from first transformation i.e. Ny = 3 (see
Eq. 3.33, 3.34 and Figure. 3.5)

e Off-diagonal contributions to A" from first transformation i.e. N; = n (see
Eq. 3.33, 3.34 and Figure. 3.6)

were performed.

Table 3.6: Definition of coefficients employed in the perturbing Hamiltonians for Case-III (a,b)
and Case-IV (a,b)

H | Gla | Gh |
Case-III (a) and Case-IV(a)
1/ w w1
(M =3) + (%) © 55 ®

Case-III (b) and Case-IV(b)
1 . w
(N, > 3) + <7> {3 <1 (9)2 *27\/155(3)

2) 2 2
Gor G G
) @ S K@) A0 K@
Case-111 (a) Z;J Gery + 21 Ger; 2;) Gro.it Zl Gra, 2‘6 Grait 21 Gzq;
1=l j= = i= i= j=
3 Na 3 N> 3 No
1 2 1 2 1 2
Case-TIL (b) | 3° Gy, + X Gon, > Gl + X Gy > Ghoi+ X G,
i=0 j=1 i=0 j=1 i=0 Jj=1
N 2 Ny 2 Ny 2
1 2 1 2 1 2
Case-IV (a) | 3 Getr, + X2 G, Y. Gig.+ 3 Gy, 3. Glos+ 32 Gla
7=l j= =l ji= i= j=
Ny Na Ny Ny Ny No
1 2 1 2 1 2
Case-IV (b) | | . Ger+ 21 Géry Z%G(Téz + Zl G, Z;G(%)zz + Zl 78
1= Jj= i= i= = j=

0= <\/§M> i Cly=cos(f) ; S =sin(f)
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In both these sets of simulations, diagonal corrections to second order and n'*
order resulting from the second transformation, Sy, were incorporated. The panels
(A1l — A4) in Figures. 3.5 and 3.6 are based on diagonal corrections to second
order, while, panels (B1 — B4) depict the effect of diagonal corrections to the n'"
order.

As depicted in Figures. 3.5 and 3.6, inclusion of the off-diagonal terms from the
first transformation and the subsequent folding through the second transformation,
So, play an important role in improving the exactness of the derived effective Flo-
quet Hamiltonians. Nevertheless, when the magnitude of the quadrupolar coupling
constant is very similar to the amplitude of the pulse, significant deviations are

still present in accord with the calculations (spin I = 1) presented in Chapter-2.

Regime-II: Weak coupling (wg ~ w;)

To address the discrepancy observed in the analytic simulations (for systems
with smaller quadrupolar coupling constants), the Hamiltonian in the Zeeman-
interaction frame is transformed such that the RF field is quantized along z-

direction using the transformation function ‘U,” (U = e'/21).

H = —hw I, — iQoT®° (3.42)
H=U, i Uyt
= —hw I, + (mTQ) T®0 g (mTQ) (PIT®? + & 2T™72%)  (3.43)

To further simplify the description, the above Hamiltonian is transformed into
the RF interaction frame defined by the transformation function, ‘U3’ (Us =

exp (—iwtl,))

H(t) =Us H U

= <_ ) T(2)0 _ 2 (hZQ) ((I)%T(2)2€_2iw1t + (I)I—QT(Q)—QGinlt) (344)
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In accord with the description presented in the previous section, the above time-
dependent Hamiltonian is transformed into a time-independent Floquet Hamilto-

nian.

(3.45)

To facilitate analytic description in terms of effective Hamiltonians, the above
Floquet Hamiltonian is re-expressed in-terms of zero-order and perturbing Hamil-
tonian. The perturbing Hamiltonian (H;) comprises of both diagonal (H; 4) and
off-diagonal terms (Hi oq).

Hy=wlpH) = Hi g+ Hi o4

Hl’d =+ (%) (T(Z)O)o; Hl,od = - ; <%) {((I)%T(2)2)2 + ((I)IQT(2)72)72}

(3.46)

In contrast to the analytic description present in Regime-I, the quadrupolar in-
teraction acts like a perturbation and plays an important role in the excitation of

TQ transitions in Regime-II. Employing the transformation function, ‘S;’.

Heff — €z>\51 HF e—z)\Sl

S1 = Chr{ (@372), — (@272) ) (3.47)
m _ /3 (%
Cpp=—1t 5 (4w1) (3.48)

the off-diagonal contributions in H; (i.e. Hj,q) are folded and the higher order
corrections to the effective Floquet Hamiltonian are derived using the relations
described in previous chapter. To first-order, the effective Hamiltonian comprises
of ‘Hy 4’

hQ
HY = (—2Q> (@), (3.49)
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A detailed derivation of the commutator relations involving the transforma-
tion ‘S;” and ‘H;’ to various orders of ‘)’ is tabulated in Table. 3.7, and 3.8. As
illustrated (in Table.3.7, 3.8), the diagonal corrections mainly comprise of ZQ op-
erators ((T(k ) k=1,2 3), while the off-diagonal contributions are represented
through the DQ operators ((T (2)i2) ﬂ). Below, a pedagogical description analo-
gous to Regime-I is presented to explicate the role of the higher-order contributions
in the excitation process.

I. Effective Hamiltonians from first transformation, ‘S’

To begin with, let the effective Hamiltonian (comprising of diagonal corrections

only) describing the excitation process (in Regime-II) be represented by,

Heff _ 61)\51 HF 672)\5'1

= wilp + % Gl (TW0) + GSp (T@0), + % GSp (TP0), (3.50)

The ‘G’ coefficients deduced from Tables.3.7 and 3.8 are expanded below.

N1 Nl
Gla=> G : Gip= Z Gipe + Gin= Gin,
i=1 =1
6 = (VB0Q) { e (6) = 1t (08 + oo (67 + (351)
LR ? 2 % 0! 4% 2l 6 x 41 ‘
Q
Gy = (7Q> Cle) (3.52)

Gl = (—@QQ) {+2X10! (€~ 1o (O + g (O° + } (3.53)

and (N; represents the order of the correction from the first transformation).

In accord with the descriptions presented in this thesis, the initial density operator
and detection operator are transformed using the transformation function, S;. A
detailed description of the density matrix calculations is presented in Appendix.
C.1. Based on the calculations, the TQ signal in Regime-II is evaluated.
Analogous to the description in Regime-I (refer Eq. 3.29), the TQ signal expression
comprises of four terms. To illustrate the exactness of the proposed effective

Floquet Hamiltonians in Regime-II, simulations incorporating diagonal corrections
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to second order (Panels A1 — A3) and n'* (Panels B1 — B3)order resulting from
the first transformation are depicted in Figure. 3.7. In the simulations depicted
in Fig. 3.7, the quadrupolar coupling constant was varied from 50 kHz to 200
kHz.

4 )

(T973(0) = (8 #1) { ~§ Sy {0~ 1} {2 Co ~ 1]}
+5 Suen {{Clo + 1} {2 Clg +1})
—g S0sr4) {{% Se) — 1} {% Se) — 1}}
Lo} (s )
. (354)

(AD (A2) (A3)

(B3)

TQ expectation value

3 L 1 L )
0 25 50

Time (Jsec)

Figure 3.7: Comparison of numerical (black thick line) and analytic simulations (blue dots) based
on effective Hamiltonians derived from a single transformation comprising of diagonal corrections
to order A\3(N; = 3) (from Panels A1 — A3) and to the order \*(N; > 3) (from Panels B1 —
B3). In the simulations depicted, the quadrupole coupling constant (Cg = “</) is varied Al,
B1) Cq = 50 kHz, A2, B2) Cg = 100 kHz, A3, B3) Cg = 200 kHz, employing an excitation pulse
of constant RF amplitude, (“*/2,) = 100 kHz. The simulations correspond to a single crystal.
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As depicted in Figure. 3.7, (see Panels A3 and B3), the deviations reported in
Regime-I calculations are resolved through the effective Hamiltonians derived from
Regime-II. The minimum variations observed in the simulations could further be
improved with a second transformation, Sy. A detailed description of the same is

presented in Appendix. C.2.

3.2.2 TQ excitation in Powder Sample

To test the validity of the proposed effective Floquet Hamiltonians in the de-
scription of anisotropic solids, the above calculations were extended to study the
excitation in powder samples. In Figures. 3.8 - 3.10, TQ excitation in powder

samples is calculated based on the effective Hamiltonians derived from Regime-I.

TQ expectation value

Time (usec)

Figure 3.8: Comparison of numerical (black thick line) and analytic simulations (red dots) based
on effective Hamiltonians derived from a single transformation comprising of diagonal corrections
to order A*(N; = 3) (from Panels A1 — A3) and to the order A"(N; > 3) (from Panels B1 —
B3). In the simulations depicted, the quadrupole coupling constant (Cg = “%/,) is varied Al,
Bl) Co = 1 MHz, A2, B2) Co = 500 kHz, A3, B3) Co = 200 kHz, employing an excitation
pulse of constant RF amplitude, (“!/2,) = 100 kHz. The powder simulations were performed
using a crystal file having 28656 orientations (a, 3).
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In the simulations presented, diagonal corrections to II-order (panels A1 — A3)
and n'" order (panels B1 — B3) resulting from the first transformation were em-
ployed. As depicted, significant deviations are observed in the analytical simula-
tions even at Cp = 1 MHz. To address this, the off-diagonal corrections ignored

in the first transformations were incorporated systematically in the simulations.

e To order A3 i.e. Ny = 3 in Figure. 3.9

e To order\"” i.e. Ny = n in Figure. 3.10

TQ expectation value

Time (usec)

Figure 3.9: Comparison of numerical (black thick line) and analytic simulations (red dots) based
on effective Hamiltonians derived from the second transformation. The off-diagonal contributions
to order A3 from the first transformation (N; = 3) and diagonal corrections to order A\? from
the second transformation (Ng = 2) (from Panels A1 — A3) and to order A" from the second
transformation (N > 2) (from Panels Bl — B3) were included in the derivation of the effective
Hamiltonians. In the simulations depicted, the quadrupole coupling constant (Cg = “?/,) is
varied Al, B1) Cg = 1 MHz, A2, B2) Co = 500 kHz, A3, B3) Co = 200 kHz, employing an
excitation pulse of constant RF amplitude, (“*/5,) = 100 kHz. The powder simulations were
performed using a crystal file having 28656 orientations («, /).

Nevertheless, significant deviations are still observed in the analytic simulations

irrespective of the inclusion of the higher order corrections (both diagonal and
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off-diagonal contributions from Regime-I only).
To address this issue, the hybrid method?? proposed in chapter-2 was employed
to describe the TQ excitation in powder samples. For crystallite orientations

: ¢ (aﬁ’Y)
with ‘wQ

< |wi|’, the effective Hamiltonians based on Regime-II were em-

ployed(Eq. C.2.9, C.2.12), while for “wg“ﬂw‘ > |wy |, effective Hamiltonians based
in Regime-1 were employed (Eq. 3.39, B.2.10) in simulating the excitation profile

in powder samples.

(A2) (A3)

TQ expectation value

Time (Jsec)

Figure 3.10: Comparison of numerical (black thick line) and analytic simulations (red dots) based
on effective Hamiltonians derived from the second transformation. The off-diagonal contributions
to order \" from the first transformation (N; > 3) and diagonal corrections to order A? from
the second transformation (Ng = 2) (from Panels A1 — A3) and to order A" from the second
transformation (N2 > 2) (from Panels B1 — B3) were included in the derivation of the effective
Hamiltonians. In the simulations depicted, the quadrupole coupling constant (Cg = “?/,) is
varied Al, B1) Cg = 1 MHz, A2, B2) Co = 500 kHz, A3, B3) Cg = 200 kHz, employing an
excitation pulse of constant RF amplitude, (“*/5,) = 100 kHz. The powder simulations were
performed using a crystal file having 28656 orientations («, ).

A schematic depiction of the simulations based on the hybrid method illustrating

the extent of the contributions of the two regimes is presented in Figure. 3.12
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Hybrid Method

Total Number of crystallite orientations
1

For crystallite orientations For crystallite orientations

g™ >l |05 <l

Hamiltonian from Reg-1 Hamiltonian from Reg-IlI
Is used (TQ signal obtained) is  |s used (TQ signal obtained) is

(T (), (T ().
l J

Total (TQ) signal is I
(o ) = 1), 4 1),

(-200 kHz) (+200 kHz)

Regime-| Regime-I| Regime-|
(0 kHz)
Co
Figure 3.11: A schematic diagram depicting the hybrid method employed in obtaining TQ signal
in spin I = 3/, powder samples.

Total orientations = 28656

Reg-1 =0=0%
(A1) R2) egii=2ses6= 1000 A

Reg-1 = 17254 = 60.21 %

02 0.4
0 0.2
o 02 0
= 04 Reg-| =23304=8164% -02
> 06 Re?‘” = 5262|: 1836 °/‘: -0.4 Reg-11 = 11402= 30.79 % 05
S ¢ 3 s B %% 25 5 0 S
% (B1) (B2 (B3)
5
(@4
QO
1

25
Time (usec)

Figure 3.12: The analytic simulations emerging from the effective Hamiltonians derived from
Regime-I (red thick line) and Regime-II (blue thick line), are depicted along the row-I (see
Panels A1 — A3). In row -II (Panels Bl — B3), comparison of numerical (black thick line)
and analytic simulations (red and blue dots) based on effective Hamiltonians derived from both
regimes (using Hybrid method) is presented. In the simulations depicted, the quadrupole coupling
constant (Cg = “?/,) is varied A1, B1) Cgp = 1 MHz, A2, B2) Cg = 500 kHz, A3, B3) Co = 200
kHz, employing an excitation pulse of constant RF amplitude, (“1/2,) = 100 kHz. The choice
of Regime-I and Regime-II is purely dependent on the magnitude of w(Qaﬁ " yelative to the RF

amplitude. When ‘w(QaﬁW)‘ < |w1|, Regime-II is employed, ‘wg‘ﬂv)‘ > |w1|, Regime-I is employed.

The powder simulations were performed using a crystal file having 28656 orientations (a, 3).
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In the panels (Al — A3), the fraction of crystallites in regime-I and regime-II
are identified for a crystal file comprising of 28656 orientations. As depicted, with
decreasing quadrupolar coupling constants, the fraction of crystallites governed by
effective Hamiltonian from Regime-II increases and is in accord with the results
presented in chapter-2. As indicated, the analytic simulations based on the hybrid
method are in excellent agreement (panels, Bl — B3) with SIMPSON simulations
justifying our strategy.
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Appendix

A Matrix Representation of Operators and Com-

mutator Relations

A.1 Definition of Tensor Operators for Spin / = 3/,

Table A.1.1: The Basis Tensors for spin I=3/2

Zero Coherence Tensors
1000 30 0 0
0100 o1 0 o0
(0o _ 1 (10 _ _i
T 210 010 r 25 [0 0 —1 0
0001 00 0 -3
100 0 10 0 0
0 10 0 0 3 0 0
(20 _ 1 (30 _ _i
r 210 01 0 T 250 0 —3 0
0 00 —1 0 0 0 1
+1 Coherence Tensors
0 V3 0 0 0 1 0 0
. 0 0 2 0 000 0
w1 _,; [1 (2)1:\ﬁ
T Wilo o o va| |t 200 0 0 -1
0 0 0 0 000 0
0 1 0 O] (0 V3 0 0]
(3)1:.\ﬁ00—\/§0 +_10 0 00
r “W5lo o o0 1 RES=10 0 0 0
00 0 0 0 0 0 0
0 0 0 0 [0 0 0 0]
000 0 0010
+ _ + _
RFB_oooﬁ RFC_oooo
000 0] 0 0 0 0]
—1 Coherence Tensors
0 0 0 0 0 00 0
W-1_. /T |V3 0 0 0 Wl:\ﬁ -100 0
T Wilo 2 o of |1 210 00 0
0 0 v3 0 0 01 0
0 0 0 0] [0 0 0 0]
, 1 0 00 B V3 0 00
@)-1_ _; /1 _
r Wilo —v3 0 of |4 0 00 0
0 0 1 0 |0 00 0
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The Basis Tensors for spin I=3/2 (contd.)
0 0 0 0] (0 0 0 O]
_ 00 0 O _ 0000
REp = 00 0 O RFc = 01 00
0 0 V3 0] 0 0 0 0]
+2 Coherence Tensors
0010 00 -1 0
0 0 01 00 0 1
22 _ /1 32 _, /1
r \ﬁ 0000 | Z\ﬁ 00 0 0
0 0 0 0] (0 0 0 0]
0 0 0 0 ] [0 0 —v2 0]
0 0 0 —/2 00 0 0
+ _ +
Dy = 000 0 Dy = 00 0 0
0 00 0 10 0 0 0]
—2 Coherence Tensors
0000 0 0 00
00 0O 0O 0 0 0
2-2_ _ /1 (3)-2 _ 1
r \/g 1o0o0o||T W21 00 0
0100 0 1 0 0
[0 0 0 O] [0 0 0 O]
_ 0 0 00 _ 0 0 0 0
Dl_—ﬁooo Dr=1o 0o 0 0
L 0 00 0 0 —v2 0 0
+3 Coherence Tensors
00 01 00 00
0000 0000
(33 — 7+ — (33 _p— _ _
r =000t r 0000
0000 1 0 00

A.2 Commutation Relations for Spin [ =%/,

1.

2.

w

4.
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I
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“'RFg
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“IRF; + ®RF}), I,

®'RF; — ®RF}), I,
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]
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— (PRF{ -

O~ RFy)
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23.
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24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

[(PRF} + ®7'RFy),(PRF; — @ 'RFg)] =0
[(PRF} + @ 'RFy), (P 'RF, + ®RF})] = —6 T*)°

(®RF} + @ RFy), (07 'RF; — BRF})] = —— (TM0 — 3 TG0)

[(PRF} + ®'RFy),(PRFS + @ 'RF;)] = —\/g (®*D3 + ®72D5)
[(DRF} + ®-'RFy), (DRFY — d~'RF;)] = —\/g (92Df — &2Dy)
(ORF; + @' RFy), (92D} +@72D7)] = V6 ((CTs) + i(Tas))
[(DRF} + ®-1RFy), (#2Df — #-2D;)] =6 ((dTAS) + z’(TS)))
[(PRF; + @7 'RFy),(92Dy + ®2D;)] =0

[(PRF{ + ®'RF;), (92Df — d2D;)] =0

(@RF} + @ 'RFy), ((CTs) +i(Ta))) | = —V6 (92D} + @72D;)

[ —

[(PRF; — ®7'RFy),(PRFf — @ 'RFy)] =0
[(PRF} — @ 'RFy),(P'RF, + ®RF})] = ——= (TW° — 2 TGO)
[(PRF; — @ 'RFy),(P'RF; — ®RF})] = -6 T®°

[(®RF; — ®'RFy), (DRFS + 7 'RF;)] = —\/g (®2Df — @2Dy)

[(PRF} — @ 'RFy),(PRFS — @'RF;)] = —\/g (®*D3 + ®72Dy)

[(P'RF; + ®RF}), (PRFf + @ 'RFy)| =6 T®°



A. MATRIX REPRESENTATION OF OPERATORS AND COMMUTATOR RELATIONS 130

% (T 9 )
41. [(P7'RF; + ®RFY), (P 'RF, + ®RF})] =0

40. [(®7'RFy + ®RF}),(PRFI — d'RFy)] =

42. [(D7'RF; + ®RF}), (P 'RF, — ®RF})]

43. [(P7'RF; + ®RFY), (PRFS + ®7'RF,)]

0
3 B2t —27—
\/;(@DlJr(I) D;)

44. [(P7'RF; + ®RFY), (PRFS — @7 'RF;)] = ; (@*Df — @~2Dy)

45. [(®'RF, + ®RF}), (92°Df + ®72Dy)] =

46. [(D7'RF; + ®RFY), (92D D)) =

A7. [(®~'RF; + ®RF}), (9*Dy + ®72D;)] = —V6 ( (CTs) +¢(TAS))>
18, [(07'RF; + @RFY), ((CTs) +i(T4s))) | = V6 (92D} + 72Dy

o0
V5
50. [(®~'RF; — ®RF}), (BRF{ — ®'RFy)] = 6 T("

49. [(®'RF; — ®RF}),(PRF} + ®'RFy)] = — (T™W° — 2 TB)0)
51. [(P~'RF, — ®RF}), (P 'RF, + ®RF})] =0
52. [(P7'RF, — ®RF}),(®'RF, — ®RF})] =0

53. [(@'RF; — ®RF}), (PRFS + @~ 'RF;)] = (®2Df — &2Dy)

54. [(P'RF, — ®RFY),(PRFS — @'RF;)| = —/ = (®*Df + ®72D7)

mm

55. [(PRFS + @7 'RF;), (PRES — @7 'RF;)] = — (TW° + 3 TG0

Sl
ot ~.



A. MATRIX REPRESENTATION OF OPERATORS AND COMMUTATOR RELATIONS 131

96.

57.

28.

29.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

2
[(®*Df + @72Dy) , (PREFS + @ 'RF;)] = \/; (P~'RF, + ®RF})

2
[(22D3 + ®72D5 ), (PRFS + @ 'RF;)| = —\/g (PRFY + ® 'RFy)

[(PRF} + @ 'RFy), T® 3] = —i 3 (® D)
3
[(PRFf — @ 'RFy), T® 3] = —i 5 (2 Dy)

3
(@ RF; + ®RFS), T3] = z\/; (@ D;)

(@ RF; — oRF),TO] =iy [2 @ Dp)

[(@*Df +@72Dy) , T = z\/g (@* RFy)

[(2°D5 +®72Dy) , T¥?] = —z@ (®* RFp)

ORF; + @ 'RFy),(® Dy)] = V6 (P*RF, —i T®3)

PRF{ + @ 'RFg),(® D3)] =0

®RF} + @ 'RFy), (P*RE; —i T®73)] = —v/6 (® D;)

0

“'RF; + ®RF}), (P D;)]

I
I
I
(@
[(P'RF; + ®RF}),(® Dy)] = —V6 (P*RF, —i T®73)
(@
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2
71. [(®°DF + ®72D5 ), (P*°RE, —i TW™?)] = —\/; (®? RFg + ®* RFY)

B Calculations involving effective Hamiltonians

from Regime-1I

B.1 From first transformation S;

Subsequently, to induce TQ transitions, the initial density operator (Eq. 3.26)
is transformed by the effective pulse Hamiltonians (Eq. 3.22). Accordingly, the

density operator during the pulse is evaluated,

~ —tH rst . 1Hepst
pr(ty) = exp (%) pr(0) exp (%) (B.1.1)

where, ‘t,;’ is the duration of the pulse. To simplify the description and illustrate
the development of coherences, the density operator is re-expressed in terms of the

different coherences present in the system.

Pr(tp1) = pr(tp1)zq + pr(tp)sq + pr(tp)pg + Pr(tp)rq (B.1.2)

The Zero-Quantum (ZQ) coherence or the populations is represented by,

pr(ty)zg =RPY (L)g+ Rha (ZQa)g + Rhe {Cloor) — 1} (2Qc),
+ R(Zlg?D {O(9TQ) —1}(ZQp), (B.1.3)

The Single-Quantum (SQ) coherence comprises of both the central (CT) and non-
central (NCT) transitions.

pr(tp)so = pr(ty)so.cr + pr(te)so.Nor

It is important to realize here that the ‘SQ’ coherence corresponding to the central

transitions is represented through diagonal operators ((dT) ), while the non-
0
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central transitions are represented by off-diagonal operators ((S@) ) in the
+1

Floquet space.

pr(tn)so.cr = Ret Sier) (dTAS)O (B.1.4)

~ ~(cr) i A () —q
pr(tp)sq.ner = R(Sg Clonr) { (SQAS )_1 ¢0za) 4 (SQAS> € (BZQ)} (B.1.5)
where,

QRF = wltpl ) QZQ = (G(ZIC)Q — WQ> tpl

The coherence corresponding to the two sets of Double-Quantum (DQ) transitions

(see Figure. 3.3) are represented through off-diagonal operators ((ﬁ) )
+1

Pr(to) g = Ry Siome) {(fo?)_l ¢ 4 (D) <>} (B.1.6)

In a similar vein, the Triple-Quantum (TQ) coherences are represented by,

pr(tp)rg = R(Tlgg Sorq) (Ts>0 (B.1.7)

As represented above, the coherences corresponding to the ZQ,SQ(CT) and TQ
transitions are expressed in terms of diagonal operators, while the coherences cor-
responding to the SQ(NCT) and DQ transitions are represented in terms of off-
diagonal operators in the Floquet framework. Although, from an experimental
perspective, TQ transitions cannot be detected through direct means (they need
to be reconverted back to detectable SQ(-1) transitions), the TQ excitation effi-
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ciency is evaluated through the standard procedure illustrated below.

(TO=3(t,,)) = Tr [pp( £0). T3
- RCT CIT) SQCT + 2 RDQ DQ SGRF) ( i(02q) + e—z(OZQ))

—f-R(l) P Y S(QTQ) (B.1.8)

On further simplification, the ‘T'Q’ efficiency observed in experiments is calculated

using the expression given below

( N\
- GG L o) 0
<T(3) 3(tp1)> = ((I)?@R) {—1 ‘]1( ) JQ( ) S(QTQ) + 1 J£1) J(—z) S(OCT)
1 2
=5 (80)" Storr) Coz0) (B.1.9)
\ J

\/§w1

Q

In Eq. B.1.9, the notation J*) = cos(f) £n with 6 = ( ) (where (29 = wg))

has been employed.

When the initial density matrix and the detection operator are untransformed
ie., pr(0) = (I, : 7 = edwolz Hp - . the density operator
i 0) = (L), 5 TP = e¥oi op {(T®3) }), the d

after the pulse is evaluated using the standard procedure.

1
pr(tp) = (I.)y — 5 {C(GCT) 1} (ZQc), {C 0ro) — 1} (ZQp),
) 3
+% Sioe) (CTA5> ~ > Sero (TS>0 (B.1.10)

Subsequently, the expression for TQ signal reduces to a much simpler form.

(TO3(t,)) = Tr [pp(tpl).TgS)fﬂ = (2} Op) {—; S(QTQ)} (B.1.11)

The above equation partially resembles to those proposed by Vega and Naor? (it

is opposite in sign and twice in magnitude to their TQ expression).
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Table B.1.1: Coefficients employed in the description of the density operator (Egs. 3.26 and
B.1.2) and the detection operator Eq. 3.27

Operator

‘ 0 coherence

+1 coherence

density matrix

R =1

1 o
R(Zng = —J£1)

1 I o
R(Zggc — Ty J—(Q)
1 1 o
R(Zg)D 79 JQ( )

1 (0
R = 3 7
1
Ry =-—~S
NN

42 coherence

+3 coherence

i

Rp, =+
D Qﬂ

S0

1 L e
Rig=—5 4

Operator

0 coherence

+1 coherence

detection operator

n_ Lo
PéT):§J£1)

42 coherence

+3 coherence

Qg

(1) i W _1 0
PDQ:+2\7@ S) PTQ:§J+1
Oor = 26004, 00 = (G“) - )t L Opp = wit
cr — £Yortpl ZQ = zQ —WQ | lp1 RF = W1lp1
Orq = QG(Tlétpl i Cly=cos(0) ; Sg =sin(0)
3 .
Jﬁz =cos(@)xtn ; 0= V3w ;PN =e?
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Table B.1.2: Description of the coefficients employed in the derivation of effective Hamiltonian
(Eq. 3.22) based on the first transformation

1 1 1
[ Ger Gha [
1 1 1
G(c} 0=0 Gg'()g,o =0 G(Zé,o =A
G((,%’;',l =W G’(I”IL)},I =0 G(Zl()g.l =0
c® ol o o (%) (0)?
ToT2 = TTQ2 T 202 = "\
m L wy e 1wy e W _
Gl =5 (5) ©) Cras =5 (5) @ s =0
1 1 1 ng
G, =0 hy=0 6= (12 0
m __Lwry g W _ 1wy g W _
6= -1 ()0 | atham-L(2)0 6 -
Q% ;
=0 Gy =0 6% = (525 @
1wy g 1wy e W _
Gl =5 (5)® =5 (5)® Gl =
(1) wy (1) Wi\ gy ) 1 2
68 =~ () {Co+1} | 6= - () (o~ 1} | 6% =2+ 00 {755
[V T
2 ma? }
3w
g (V3 | Cloy = cos (6)
Q%

Table B.1.3: Coeflicients employed in the derivation of Effective Hamiltonians for Case-I and

Case-I1
H ol Gl Gl
Case-1 1 1w 1w 0
@y @ | sl
Case-I1
Mi>3) | “Scy 1} | -2 {cwn-1} A+<sz@{—ﬁ<0)2
g O - e O+
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B.2 From second transformation S,
The effective initial density matrix and the detector operators are given by,
ﬁF(O) — ei)\25'2 6i)\51 PF(O) e—i)\sl e—i/\232
2 2
= B} (L)y+ Rgpa (ZQu)y + Ry (ZQp),

i {(5a), - (50%) ) - {00),, - ().

(B.2.1)

ﬁ?)—?’ = V52 NS )3 —iAS —iNSs

700 = s a PR 7 PE. (@2RFS), + PO (S1RFE),
PR (@579 + PG {(9IRFy) ,, + (93RF;) |
PR_{(®iRFY) , + (¥1RF]) ., }

+p? {( Dy (<I>1D2‘)_1}} (B.2.2)

A detailed description of the coefficients employed in Eqs. B.2.1 and B.2.2 are
tabulated in Table.B.2.1.
Employing the effective Hamiltonian (Eq. 3.39) obtained from the second trans-

_|_
_|_

formation ‘S,’, the density matrix during the pulse is evaluated and re-expressed

in terms of the coherences and populations.

pi(ty) = pr(tm)zq + prtn)sq + pr(tn)pe + prty)re (B.2.3)

pr(tn)zo =R (L)y + RYOY (Z2Qa), + R)s (ZQ5),
+ Ryoc {C‘<eoT> ~1}(ZQc)y + RG)p {Clorg) — 1} (ZQp), (B.2.4)

/3 (tp1)sq = pF(tpl)SQ cr + pF(tm)SQ NCT
5 ( pl)SQ,CT = RCT S(GCT) (CTAS>O (B.2.5)
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5 2 2 () »
Pr(tm)sqer = <R~(9¢)21 Clorr) — RE@C?QZ S(GRF)> {<SQAS)+1 ‘ (GZQ)}
2 2 (er) i
+ (Rgc)Ql C(9RF) + R.(S'%Z S(GRF)> { (SQAS )71 e (QZQ)} (B.Q.G)

Prit)pg = <RE)2»21 S(0rr) — Rg)ép C(GRF)> {(D1(42'> e (GZQ)}

+

(R%l Sonr) + R C(eRF>> {(D%))_l ez’(em)} (B.2.7)
pr(tp)rq = R(T% S0rq) (Ts)o (B.2.8)

A detailed description of the coefficients is represented in Table. B.2.1. Subse-

quently, the TQ signal after two transformations is derived and represented by,

(T®3(t,1)) = (R;QQ PA, + R2.PY ) Sore)

2 2
b (REPE ~ RELPEL) Suey

* {2 (RDQl Stonr) + Rz Clonr) )
+3 (R Clonr) + BSg2 Swone) péa
- <RSQ1 Clorr) + RSQ2 (OrF) ) P(2 } i(02Q)
{2 (R(DQl Sonr) ~ R C<9RF>
-3 (ng (OrF) — SQ2 SOrr) > SQ+
+3 ( (SQl Clogr) — SQ2 GRF) } i(0z0) (B.2.9)
[ N
(0700 = (1 ) {_411 K" K% S +%1 KO KO 800

0zqQ)

1
_{5 (5(91))2+ (5(92))2} Sorr) C(azQ)} (B.2.10)
N 4

3
—5 S Sie2) Clowr) S
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Table B.2.1: Coefficients employed in the derivation of the density operator (Egs. B.2.1 and

B.2.3) and the detection operator (Eq. B.2.2) after the second transformation

‘ +1 coherence

Operator ‘ 0 coherence
density matrix Rg) =1
2 0
R(Z%QA = *Jﬁf )
R(Z%B = *2‘](—912)
@ _ 1 e
Rzqc =+5 K=
R L e
zQp = 75 42

R = 4

5 1
(2) _

RSQI = ﬁ 5(61)
2 i

R, = N S0,)

+2 coherence

+3 coherence

R

R

@ _ IS
DQ1 2\/5 (61)

@ _ L
DQ2 — ﬁ 5(92)

2 1 01,0:
Ry = Ky

Operator ‘

0 coherence

‘ +1 coherence

detection operator

®) L)
4 JZ1 Clos) = 4 Jii

Pévjl7 == 5 C(gl) +

2 T0) (6
P =4l 20 1%

@ _, b o
SQ+ = +m J1 Sen)
PY =+ g9 s,
SQ— 3 1 P(02)
+2 coherence +3 coherence
@ _, ! @ _1 L) L 2o
Ppo = AEWG Sey | Pro- =5 Cien + 7 Jo1 Oy — 7 I
2 1 0 0:
P, -7 79 %
6, =6+ 2v3 (i cgcg) S 6, =2V2 (i cgg) 0= (G% _ W) th

Orr = Wity

\/gwl
= (5)

;. for = 2G04,

Jf,z =cos(f) =

Clg) = cos (0)

HTQ = QGgggtpl 5

n K(fnl’%) = cos(6y) £ ncos(6s)

i S =sin(0)
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Table B.2.2: Description of the coefficients employed in the perturbing Hamiltonian (Eq. 3.32)

H s Gho
ch)g,o =0 GS)Q,O =0
1 1
ch)g,l =0 G(DZ),I =0
G5l =0 G, = ——L (0
5Q.2 DO.2 5 \/i( )
1 w
1 _ 1 2 1
G =537 () © Ghaa =0
w _ o _ 1w 3
GSQ,4 =0 GDQ,4 = 3 <2\@> (0)
n L rwiy o o _
GSas= 553 (3) @ Ghas =0
1 w
n o _ + 1 5
Githa=0 6o =5 (55) ®
1 w
1 _ 1 6 n
Csar =735 (?) ©) Chor =10
1 w
G(l) _ (ﬂ) 2 G(l) _ 1 S
1 4 1 6
AR A }
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Table B.2.3: Coefficients employed in the description of the Effective Hamiltonian (Eq. 3.39)
derived from second transformation

| Ger a5 o7 |
G = GE Gy = G G = GS
G(c%>T1 Gg%J =0 G<2229,1 =0
Ga=t GBon | o= Can o= 5 G
Gips =0 Gy =0 Gy =0
GEha = ~3egi Can | O =~ Clhas | O = 13 O
G(C%%,S =0 Gg%,s - G(ZQ?Q,B =

(2) 4 (2) (2) ? (2) (2)
GCT,G = 6 x 4 GCTQ,C GTQ,G = 6 x 4 GCTQ,C GZQ,G = 6 x 41 ~2QC

(2
G, =0 Gy =0 Gl =0

2 1 2 2 1 2 2 1 2
GB =G+ { GO | A= { Oy | GO =Gl { B,

(2) (2) (2) (2) (2) (2)
1GE+ Gyt o} | + Gt GRu+ o} | + G+ Gt

(\/§W1
0 =
)

) ;. Clg)y =cos(0)

C Calculations involving effective Hamiltonians

from Regime-II

C.1 From first transformation 5;

To have a consistent description, the initial density operator (pp(0) = (I,)o) along
with the detection operator ‘T ~%"_is transformed by the transformation function

‘Sy) The transformed initial density operator and the detection operators are
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illustrated below.
pr(0) =™ pp(0) e
= RG)4 1 (1RFS) . + (T RFY)_, t + R4y 1 (P1RFS) | + (®7'RFy)
STA 1 A1 1 A)_1 STB 1 B)41 1 B)_1

+ RoL { (@RFE) , + (07 RFZ)_, |+ R, { (@19, (io°T®~)_ 1

(C.1.1)
TPQS)—3 — iAS1 T}(;,S)_S o iAS1
— Btz G {P}B, (T(3)73)73 4 P}t‘)ﬁ (¢?T(3)3)+3
+Pr- (PEREG)_, + Popy (PIRFZ).,
+Pgpa- (¥IRFY) | + Piga, (PIREY)
+PY, (B2RFy)_, + Py, (@%RF;)H} (C.1.2)

Subsequently, employing the effective Hamiltonian (Eq. 3.50), the evolution of the
initial density operator in Regime-II is calculated. In contrast to the description

in Regime-1I, only SQ and T(Q coherences are created by the pulse in Regime-II.

pr(tp1) = pr(tp1)sq + pr(ty)rq (C.1.3)

A detailed description of the coherences is illustrated below.

pr(tp1)so = pr(tp)sg.or + pr(tpr)so.sT

The SQ central coherence corresponding to the central transition (SQ,CT) is rep-

resented by,
pr(ty)sq.or =Ry {ei(QCT) (P1REE),, + e 0er) (@;1RF5)71} (C.1.4)
while, the satellite transitions (SQ,ST) are represented by,

pr(tp)sqg.st = Rg‘li)“A {ei(esm) (<I>1RF;{)H + e i(fsra) (‘I)IIRFgTA),l}

i RS’}B {62‘(05TB) ((PIRFE)_H + e i(0sTB) (CDI—IRFS—TB)_I} (C.1.5)
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In a similar vein, the TQ coherences are represented by
pr(tn)rg = RY) {ei@m) (i@3T®?) 4 ei(0ra) (¢<1>;3T<3>*3)73} (C.1.6)

It is important to realize here that in Regime-II, both the SQ and T(Q coherences
are represented by off-diagonal operators. Subsequently, the T(Q signal in Regime-
IT is calculated by the expression given below.

(T 1)) = T |pr(t)- 75|
= (im50) { (Pra- ) el?re) = (Pig, ) et}

= (Rg%A> . {(PL%EA_> elisTa) + (PéézA—i-) e(ﬂ'GSTA)}

— (RSCI)“B> ' {(PEE‘;EB—) eli0sTB) + <Pé‘¥B+> 6(—i93TB)} (0'1'7)

On further simplification, Eq. C.1.7 reduces to a much simpler form

4 N

(T973(0) = (8 1) { ~§ Sy {0~ 1} {2 Co ~ 1]}

1
+3 Seer) {{Ci9 + 1} {2 Ci9 + 11}
3 1 2
-~ 8 —= S =134 —= S — 1
3 (GSTA){{\/g ©) }{\/g ©) }}
3 1 2
—= Sosre) 33 —= S 179 —= S +1
3 ”S>{{v§ ¢ }{vﬁ ¢ }}}

(C.1.8)
- J
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Table C.1.1: Coefficients employed in the description of density operator (Egs. C.1.1 and
C.1.3) and detection operator Eq. C.1.2 in Regime-II based on first transformation

‘ ‘ Operator ‘ +1 coherence ‘ +3 coherence

. . 1(1 1 1(1
density matrix RST)A =+4= {— Seey — 1} RU) =4-40— Ci—1
213 TQ 2 1v3

Detection operator Pé(lT) A =+

i i w1
f5<£)*1} Pro-=5{Co+1}

iv3 3
S<s)} Phy, = +3{Co - 13

. <\/§QQ

o ) G =cos(§) ;S =sin(E)
(3 Gia - G5t
5

1 1
(Gl +3 GI) b

f)TQ = 30J1tp1 + 5

Ocr = witp +

(G +5 Gl —2 Gt

(G =5 Gl —2 G t

Osra = witp + 3 Osrp = Wity + 5
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Table C.1.2: Definition of the coefficients employed in the derivation of effective Hamiltonian
(Eq. 3.50) based on first transformation

H Gin | Gi | Gin
Gli =0 Gl =3 Gl =0
Ga = 5 (V32%) (© Gy =0 = 5o (Y22)
Gl =0 Gy = —5 52 € Gl =0
G = g (VE) (9 G, =0 =g (V22) 0
s =0 o= 12 () Gy =0
G = o (V3%) (©)° Gy =0 o= g (V22) 9
G§R7—0 G%,?: *é%(f)ﬁ G(3R7_0
6= (v30) i@ | o= (B2 co | - ( @QQ> {45250
4 xl 2! ©"+ 6 xl 41 ©°+ } 4 xl 2! ©"+ 6 x14! ©+ }
(fﬁQ> ;i Cle = cos (§)

Table C.1.3: Coeflicients employed in the derivation of Effective Hamiltonians for Case-I and
Case-1I in Regime-II based on first transformation

I | [ | Gin | G |
Case-I {(\/3252@) (é)} <52Q> (7(9) % <\/;QQ> (£>}
Q
Case-II (\/§QQ) {Jrﬁ 3 < 2@) Co (\[ ) {
1 3 1 5 ;
&t ea® +} T © 4 © +}
€= <{f@) Ll = cos (§)
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C.2 From second transformation S,

To further improve the accuracy of the analytic simulations, the residual off-
diagonal terms neglected in the first transformation were further considered in
the calculations. As illustrated in Table.3.7, 3.8the off-diagonal contributions in
Regime-II mainly comprise of the DQ transitions operators. To fold the above
off-diagonal contributions, a second transformation ‘S5’ was employed. The diag-

onal corrections from the first transformation were included along ‘H,’ and the

off-diagonal operators ((D) ) were included as perturbations. A brief descrip-
+1

tion of the procedure employed in the derivation of effective Floquet Hamiltonian

from the second transformation Sy’ is outlined below.

Hy = wndp + —= G (TO0) & G (720 4 _5 G (730 (C.2.1)

V5 V5 ’
Hy = GO {(@31®2) , + (0727@72)_ b+ 6l {93792, + (i0279%)_, |

12
(C.2.2)
Ny
W _ o [ V3% 1 21 g, 1 6
(C.2.3)
N 0O
n _ L _ Q
Grr = 121 Grpi = — (ﬁ) St (C.2.4)

where, ‘G%}z = M Gggi’, ‘G(T% =y n G(Tlgw’ and ‘N;’ represents the order
of the corrections from the first transformation. Employing the transformation

function Sy,

S = Chp { (@372, — (@21072)_ L4 O { (0372) , — (i07°T2) _, }
(C.2.5)
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5 5G1 G;R+GTR<2G§2+G§2+1OM)}
1 1 2
{5@3 - Gg+ag+mwg}
5 5G el SN elON <2G§2+G§2+10w1>}

2
o), = 2 1 : - (C.2.6)
{5@3 _zgg+ag+mwg}

2
i -

n—1
i+1 i+1 ’L 1 2 1
oprt =>"opr) oY ZCT; (C.2.7)
i=1

where ‘i’ takes values from 1 to ‘n — 1’, where ‘n’ is the number of ‘S’ transforma-
tions applied (Here n = 2).

the off-diagonal contributions to ‘H;’ are completely folded. In contrast to the
previous description involving single transformation, the higher order contribu-
tions in the present case are evaluated using the commutator between Sy and Hj.
Analogous to the description in Regime-I, the general expression illustrating the

various contributions are presented below.

=Y B ;I P— ] (C.2.8)

The diagonal and off-diagonal contributions resulting from the second transforma-
tion are tabulated in Table. C.2.1.

As illustrated in Table. C.2.1, the even order terms comprise of diagonal contribu-
tions ( from ZQ operators (T, 70 T()0Y)) while the odd-order terms represent
off-diagonal contributions from (D@)+;. Following the standard procedure, the ef-
fective Hamiltonian after second transformation is derived and represented below,

-\ 2 . . 2
Heff — 67)\ So ez)\Sl HF e IAS1 e 1A Sy

—alp 2 GEL(TW), + GEL (1), + 2 G (T



148

C. CALCULATIONS INVOLVING EFFECTIVE HAMILTONIANS FROM REGIME-II

ﬁmﬂ?ﬁ:& ) ! NW F,&%U + Amﬂﬁmﬁﬁh ) NW E@U

5

2

(o) "0+ (o) "0 + (o) ") 7

Ai?ﬁi& 40) NNW m.wﬁ‘mb + ﬁﬂfﬁd& ) NW m..w%vu

Q

cb L) «‘.NMU + ACA::HFD " + CA::FD v.ﬁtmwcv

1

ﬁﬂ?ia& 49)? “WW o+ ﬁﬂ?id.s ) NW m,m%v@

-5

:?EBV NNMC + A:?:;rmv e 4 :A::YD NYM:CV

. z A
*(oerD) 50 ==+ (o) 850 + (o) ¥ ==+ 1110

{7 (-oteton) + ¥ (ozian | (

+ =

Aaxh
[

—m

%

—_——

- - [ - -
(o) (7480 o+ TE0 H9o) o + ?OE + o2 AH (7t o + 74D 495

v

mq - @u + = [[lll'w %5 <] %) @) 5]

aua
G

—_—

{7 (e ")+ Gnzten) } (7480 %0+ 750 190) = {7 (c-ionte'0) + (ontie) } ("85 o+ "o 190) -

i€xg

auz,
@2

}
(oiod) (7490 o+ Vitin Moo ) 2 + ?_;i + o) A )1 (Vo o+ Vg M) g

o

wtte) | (70 Ho+ V0 190) — {7 otate) + ¥ (ania) } (V50 o+ Vi M) -
¢
"owr) (10 o+ o 160) -+ { "o + i) (££) )

@

a
0 Z 0 = A
+ @) §o + o) o o= oH

v|

Fxo
= oH

(,X) P10 TIA

(9Y) P10 TA

An/\v I9PIO A\

(4Y) P10 AT

(¢¥) ®pIo 111

() ®p10 11

(1Y) 0p10 |

(oY) WpiI0 017,

SIUDIOYIO0)) (), OIIZ-UON]

wy POy, oYy wody uorssoxdxyy

[

1

0 Tr 0 r Mr\/ _ g 4 — E
+ o) G50+ o) G S 0= (SH A (JH A (H A gH = T

! Acﬁrmv NMU

URTUO) TR 9AT}IOHH ) Ul SJUSIIYJO0))

Uo19991100)

I9pIo ,u

poAtIop (6'g'D "bi) WeruojIuIe ] AT 91} 0} SUOTINLIYIO0D ([RUOSIP-JJO PUR [RUOSLIP) IOPIo IoYSIY 1) Jo uorpdLIosa(]

[[-oWIS0Y Ul UOIJRULIOJSURI) PUOIDS WOI]

1°¢°D fl9e8L




C. CALCULATIONS INVOLVING EFFECTIVE HAMILTONIANS FROM REGIME-II 149

In Eq. C.2.9, the coefficients ‘G%’, ‘Gg%’, ‘Gg%’ comprises of diagonal contri-

butions from both the first and second transformation.

N1 N2
2 1 2
Gl =D Gini+ > _Gin,
i=1 j=1

1 Z 2 Z 2 Z 2
=G+ { 2—0, G§3)R,A ~ 1<l G§3)R,B to e Ggs)lic + ... }
ZGQR1+ZG2R]

1 { 2 { 9 i 9
:Gw{—gxm 6a = g oo+ g G oo}

N1 N2
2 1 2
Gip =2 Cini+ D Cin,
i=1 j=1
SO N S C R e R C
3R 2 % 0! 13R,A" 4 x 2l 13R,B 6 x 4! 13R,C to

(C.2.10)

The operator form of the transformed initial density operator and the detection
operator are identical to those derived in Eq. C.1.2. A detailed description of the
coefficients is illustrated in Table. C.2.2

Subsequently, the TQ signal after the second transformation is calculated.

(T 3(tp)) = Tr [ﬁF(tm)T}g)—s]
- (ZR%) . {<p(2>7> ((ibra) _ (P%+) e(—iGTQ)}
RCT) {(pg% ) (iber) 4 (PéQT)+> €<_mCT>}

( STA> {( ?A > (ZOSTA)+ (PéjzA+> 6(—i03TA)}

R y) A (Ps) ) 4 (PR, ) etm) b (C21)
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Table C.2.2: Coeflicients employed in the description of the density operator and the detection
operator after the second transformation in Regime-IT

‘ ‘ Operator ‘ +1 coherence ‘ +3 coherence

. . 2 1 1 2 1 \/g
density matrix R(ST)A = {ﬁ {S(gl) — 5(52)} ~3 C’(&)} R(Tg) = {2 {C(fl) — 0(52)} + > Ster)

1 1
RSy = {_ﬁ {Se + S} — 3 0(52)}

) 1 V3
R((‘;“ = {2 {0(51) + C(EQ)} + 2 S(EQ)}

. 2 Z 2 1 \/?:
Detection operator | Py, = 33 {Se) + S} — 1 0(52)} P = {8 {Clery + Cer} + e 5(&)}

2 V/3i 2 3

Py, = {8 {Sen — 5<§2>}} Py, = {g {Cley — C(fz)}}
@) — ‘

Psrp_ = {ﬁ {Se =S} — 7 O(£2)}
2 V/3i

PRy, = {8 {Ste) + 5@2)}}

2 —i iv/3
Fipy = {8 {Ce = Clen} + = 5(@}

L=E+V2 (7?0@?) P &L=V2 (’icﬁ) i Cl=cos(€) ; S =sin(é)

(5 68— i) 1
5

(G +3 G5) tm

Orq = 3wty + 3 ;

Ocr = witp +

G +5 G =2 Gty

-5 6512 )
3 i Osrp = witpy +

5

Osra = Wity +

On further simplification, Eq. C.2.11 reduces to a much simpler form
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P
(T (t)) = (€7 ©r) {—% S(ore) {{{Cten = Clen} + V3 S }
: {{2 Cle) — C(Sz)} +V3 S(&)}}

% Ster) {{{0@1) +Clen} — V3 5(52)}
. {{2 Clepy + 0(52)} - V3 S(&)}}
3

1
—3 Stosra) {{ﬁ {Se)) = Seen } — C(@)}
1
: {ﬁ {2 8¢) — Sien } — 0(52>}}

3 1
_g S(GSTB) {{% {S(ﬁl) + S(éz)} + C(§2)}

' {% {2 Sen+ S} + C(@)}}}

C.2.12)

(
- J

Based on the coefficients described in Table. C.2.2 and considering the leading
30 tp
16 w1

terms, a simplified form of the above equation is derived. | 07¢ = 3wty +

302 t,, 0 302
Ocr = wit CP s Ogra=wity 4+ —2 (11— —2 )t
or = wilpr + 16w, sTA = Witpr + 5 32 o2 pl

Qg 302
0 =wity) —— 1 ——= )t
STB — Wilp1 9 ( 39 w% pl

(T (1)) o {S(QTQ) + Stecr) T Sosra) + 5(95T3>} (C.2.13)
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Table C.2.3: Description of the coefficients employed in the perturbing Hamiltonian (Eq. C.2.2)

H G i |
Gg;?,,l =0 G(leé,l =0
Ghs =0 Gl = =5 % ©)
Gha = 5o (ff;) (e Gy =0
Clha =0 6= (3 @
Ghra=53a (“fj;) ©' Gty =0
G =0 6o =5 (502) ©
Conr =7 . 51 (?\%Q) (©° Gihr =0
=+ () (o @ | o=~ (54} 5
5 i 3l "+ 7 i 51 () - }

|

V30,

4&}1

> i Cl=cos(§) ; Se =sin()
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Table C.2.4: Coefficients employed in the description of the Effective Hamiltonian (Eq. C.2.9)
derived from second transformation in Regime-II

2 2 2
[ Gin G G
2 (2) (2
G(U;.l =0 Gipy =0 G:{Fg, 1=
2 ) @ _ e @ P2
G(ug.z = D) GISR;A GzR,z = b Gz;%,A fog,,z = B) Gl:m,t
2 (2) (1
G(u%.:s =0 Gips =0 Gz{ﬂz,i =
&) L A@ @ i 2 i 2
Gm.q = TAxol Gl:sR.B G2R.4 = TAx 2l G2R.B G:(H%A = TAx 2l G(w)R,B
G(lzg.s =0 G?}r}ms =0 Gz(sr),,s =0
@) ) @) ) @) LA
Gire = 6 x4 Glsre Gare = 6 = 4l Garc Gipe = 6 x 4 “13RC
¥(2) (2) (2
G(um =0 GzR,? =0 fog,,." =0
+(2) _ (1) i@ @) _ ) e ) _ ) ) @
1R — GIR + { m (’13R.A GZR = (’2R + { m ("ZR,A GSR = GSR + { m GUR.A
) ) ) ) (e )
“Ixa Cisn T g gy Cret } <o Canpt g gy Gere oo } ~ ixa Curst g Cisre }

' > i Cle) = cos (0)
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Chapter 4
Conclusions and Perspectives

In summary, the effective Floquet Hamiltonian approach proposed in this the-
sis offers an attractive option for describing multiple-quantum excitation in both
isotropic and anisotropic solids. Depending on the relative magnitudes of the
quadrupolar coupling constant with respect to the amplitude of the RF pulse, the
choice of the interaction frame plays an important role in the convergence of the
perturbation corrections to the effective Floquet Hamiltonians. When the magni-
tude of the quadrupolar frequency (§2g) largely exceeds the RF amplitude (wy), the
effective Hamiltonians derived from the quadrupolar interaction frame (Regime-I)
provide an accurate description of the excitation process. Alternatively, when the
quadrupolar frequency (€2g) is lower than the amplitude of the excitation pulse
(w1), description in the RF interaction frame (Regime-II) is necessary. In both
these cases, the convergence of the perturbation corrections/series is faster and
the number of transformations required in the derivation of the effective Floquet
Hamiltonian is limited to a single unitary transformation. Below, we summarise
the results obtained for the DQ excitation in spin I = 1 and TQ excitation in
spin I = 3/, system. In the strong coupling regime, the DQ excitation is described
by Eq. 4.1, while, in the weak-coupling regime (Eq. 4.2) describes the excitation.
In a similar vein, the TQ excitation (in I = 3/5) in the strong and weak-coupling

regimes are described by Egs. 4.3 and 4.4, respectively.
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(TO-2(1,)) = —i (020 {sin (%Qtpl) } (41)

(TO2(t,)) =i (D7 D) {sm (%) exp <z (wltpl + 2%;”11)) } (4.2)

3 3wt
(TO3(t,)) = — (@3Dg) & Zsin [ 2L (4.3)
2 202
3 . ) Qo't
<T(3)_3(tp1)> = (CD?CI)R) {5 sin (wy tp1) sin? <%>} (4.4)
(A1) (A2 (A3)
1
05
0 0
= 05
5 - A . L1 -1 1 . 1
g O 50 100 150 0 50 100
3 (B1) (B2) (B3)
Q 04 .
g 02
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02
o0 a0 3004 B0 100 150200 280040 B0 oo

Time (JLsec)

Figure 4.1: Comparison of DQ excitation in a single crystal (panel A) and powder sample (panel
B) corresponding to the strong and weak coupling regimes respectively. In contrast to the
single crystal, the DQ signal in powder sample (panel B) decays with time, clearly illustrating
the interference effects between the different crystallite orientations. The following parameters
were employed in the simulations: Al) Cg = 1 MHz, (“!/2,) = 100 kHz, A2) Cqg = 50 kHz,
(“*/2) = 100 kHz, A3) Cg = 25 kHz, (“*/2) = 100 kHz, B1) Cg =1 MHz, (*!/2,) = 100 kHz,
B2) Cq = 50 kHz, (“1/2,) = 100 kHz and B3) Cq = 25 kHz, (“'/2,) = 100 kHz.
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As discussed in this thesis, the above expressions are equally valid for describing
the excitation in both isotropic (single crystal, {29 = wg) and anisotropic (powder
samples, g = wé; A 7)) solids. In contrast to the AHT formalism, the effective
Floquet Hamiltonian framework proposed in this thesis presents an unified de-
scription for all the crystallites in a powder sample. For comparative purposes,
the multiple-quantum excitation (Figure. 4.1, DQ excitation in spin I = 1 and
Figure. 4.2, TQ excitation in spin I = 3/5) observed in single crystal is compared

below with those obtained from a powder sample.

(Al (A2) (A3)

0 500 1000 1500 0 100 200 300 O 100 200

(B1)

TQ expectation value

0 500 1000 1500 0 100 200
Time (usec)
Figure 4.2: Comparison of TQ excitation in a single crystal (panel A) and powder sample (panel
B) corresponding to the strong and weak coupling regimes respectively. In contrast to the
single crystal, the TQ signal in powder sample (panel B) decays with time, clearly illustrating
the interference effects between the different crystallite orientations. The following parameters
were employed in the simulations: Al) Cg = 2 MHz, (“*/2,) = 100 kHz, A2) Cg = 150 kHz,
(“t/2.) = 100 kHz, A3) Cg = 30 kHz, (“*/2-) = 100 kHz, B1) Cg = 2 MHz, (*!/2,) = 100 kHz,
B2) Cq = 150 kHz, (“1/2,) = 100 kHz and B3) Cq = 30 kHz, (“*/2,) = 100 kHz.

As depicted, in the case of a single crystal (panels A1, A3 in Figures. 4.1 and 4.2),
the excitation profiles both in the strong and weak-coupling regimes are oscillatory

(periodic) and resemble to the Rabi oscillations®. Interestingly, in the case of a
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powder sample, (panels B1, B3 in Figures. 4.1 and 4.2) the oscillations decrease
in intensity with time and are no longer periodic. This dissipation of the signal
in the time-domain could be explained through the analytic expressions described
above. In the case of a single crystal (both in strong and weak-coupling regimes),
the excitation profile is described by a single trigonometric function. On the con-
trary, in a powder sample, the signal in the time domain (at each time point) is an
ensemble average over all possible orientations. Hence, the time-domain signal in
a powder sample has contributions from a distribution of quadrupolar frequencies
associated with individual crystallites leading to interference between the different
trigonometric terms. Consequently, the signal intensity decreases with time (or
gets damped) in a powder sample and was also reported recently in a theoretical
study involving spin I = /5 nuclei®.

Based on the above equations, in the strong coupling regime, the efficiency of DQ
and TQ transitions is (a) proportional to the amplitude of the pulse (b) inversely

proportional to the quadrupolar coupling constant.

o 200Kz Total orientations = 28656
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1 1
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Figure 4.3: Comparison of DQ excitation in a single crystal (panel A) and powder sample (panel
B) corresponding to the high coupling regime (Regime-I). In contrast to the single crystal, the
DQ signal in powder sample (panel B) decays with time, clearly illustrating the interference
effects between the different crystallite orientations. The following parameters were employed in
the simulations: Al) Cg =1 MHz, (“/2,) = 100,200 kHz, A2) Cq = 2 MHz, (“'/2,) = 100, 200
kHz, B1) Cg = 1 MHz, (“*/5,) = 100, 200 kHz, and B2) Cg = 2 MHz, (**/2,) = 100, 200 kHz.
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Figure 4.4: Comparison of TQ excitation in a single crystal (panel A) and powder sample (panel
B) corresponding to the high coupling regime (Regime-I). In contrast to the single crystal, the
TQ signal in powder sample (panel B) decays with time, clearly illustrating the interference
effects between the different crystallite orientations. The following parameters were employed in
the simulations: Al) Cg =1 MHz, (“/2,) = 100,200 kHz, A2) Cq = 2 MHz, (“'/2,) = 100, 200
kHz, B1) Cg = 1 MHz, (“*/,) = 100, 200 kHz, and B2) Cg = 2 MHz, (“*/2,) = 100, 200 kHz.
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Figure 4.5: Comparison of DQ excitation in a single crystal (panel A) and powder sample (panel
B) corresponding to the weak coupling regime (Regime-II). In contrast to the single crystal, the
DQ signal in powder sample (panel B) decays with time, clearly illustrating the interference
effects between the different crystallite orientations. The following parameters were employed in
the simulations: Al) Cg = 25,50 kHz, (“'/2,) = 100 kHz, A2) Cqy = 25,50 kHz, (“1/2,) = 200
kHz, B1) Cg = 25,50 kHz, (“*/2,) = 100 kHz, and B2) Cq = 25,50 kHz, (“*/2,) = 200 kHz.
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Figure 4.6: Comparison of TQ excitation in a single crystal (panel A) and powder sample (panel
B) corresponding to the weak coupling regime (Regime-II). In contrast to the single crystal, the
TQ signal in powder sample (panel B) decays with time, clearly illustrating the interference
effects between the different crystallite orientations. The following parameters were employed in
the simulations: A1) Cg = 50,100 kHz, (“*/2,) = 100 kHz, A2) Cq = 50,100 kHz, (“*/2,) = 200
kHz, B1) Cg = 50,100 kHz, (“*/2-) = 100 kHz, and B2) Cg = 50,100 kHz, (“*/2,) = 200 kHz.

By contrast, in the weak-coupling limit, the efficiency of DQ and T(Q transitions is
(a) proportional to the quadrupolar coupling constant (b) inversely proportional
to the amplitude of the pulse.

In the case of the intermediate (2 < “9/,, < 10) regime (panels A2, B2 in Fig-
ures. 4.1 and 4.2) the MQ oscillations are aperiodic both in the single crystal and
powder samples. The non-periodicity in the case of single crystal arises mainly
due to the interference effects between the trigonometric expressions present in the

signal expression (see Eqs. 4.5, 4.6 and 4.7, 4.8.
Spin / =1 (Intermediate)
Regime-1I

<T(2)_2(tp1)> = (e §% O {cos® () sin (Apg) — sin® (@) sin (5)} (4.5)
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Regime-I1
(T 72(ty1)) = ¥ &F Dp {sin (&2r) cos (€1r) + cos (§2r) sin (&1r) sin (26pr)}
(4.6)
Spin I =3/, (Intermediate)
Regime-1
(TP3(1,1)) o {sin (0rg) + sin (Ocr) + cos (Orr) sin (04q)
+sin (Ore) cos (040)} (4.7)
Regime-I1
(T7(tp)) o {sin (0rq) + sin (Bor) + sin (Os7a) + sin (0s75)} (4.8)

As discussed in chapters. 2 and 3, in the intermediate regime (whether Regime-I
or Regime-II), multiple transformations are required to improve the accuracy of
the derived effective Hamiltonians. Consequently, the M(Q signal expression has a
complicated dependence on the RF amplitude and the quadrupolar frequency. In
analytic simulations involving powder samples, the calculations in the intermediate
regime could become influential in improving the accuracy of the derived effective
Floquet Hamiltonians. As described in this thesis, the hybrid method provides an
accurate description in powder samples. Depending on the relative magnitudes
of the quadrupolar frequency with respect to the RF amplitude, the percentage
of contributions from regime-I and II differ and is illustrated in Tables. 4.1 and
4.2 for spin I = 1 and I = 3/,, respectively. In the case of MAS experiments,
the dominant quadrupolar interaction is time-dependent. Consequently, analytic
descriptions based on perturbation theory are ill-suited for describing the spin
dynamics.

In cases where the properties of materials under investigation get altered due to
repeated bombardment of RF irradiation/pulses, real time analyses of the process

in the form of In- situ or operando experiments are preferred®*. The in-situ
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experiments provide us the real time tracking of dynamic processes and short

lived states enabling to extract site- specific data.

Table 4.1: Classification of crystallite orientations of spin I = 1 into Regime-I and Regime-II
based on the relative magnitude of the anisotropic quadruple coupling constant ‘“?/4,’ to the
amplitude of the exciting pulse ‘““1/5;” when RF amplitude is always at “1/5, = 100 kHz

Wyt wg No. of crystallite No. of crystallite Total No. of crystallite
orientations in Regime-I | orientations in Regime-II orientations

1:20 26324 (91.86%) 2322 (8.14%) 28656

1:10 23934 (83.52%) 4722 (16.48%) 28656

1:5 18528 (64.66%) 10128 (35.34%) 28656

1:3 9898 (34.54%) 18758 (65.46%) 28656

1:2 4708 (16.43%) 23948 (83.57%) 28656

1:1 0 28656 (100.00%) 28656

Table 4.2: Classification of crystallite orientations of spin I = 3/, into Regime-I and Regime-II
based on the relative magnitude of the anisotropic quadruple coupling constant ‘“?/5,’ to the
amplitude of the exciting pulse ‘““1/5.” when RF amplitude is always at “1/5, = 100 kHz

Wi Wo No. of crystallite No. of crystallite Total No. of crystallite
orientations in Regime-I | orientations in Regime-I1 orientations

1:20 27364 (95.50%) 1292 (4.50%) 28656

1:10 26064 (90.95%) 2592 (9.05%) 28656

1:5 23394 (81.64%) 5262 (18.36%) 28656

1:3 19512 (68.09%) 9144 (31.91%) 28656

1:2 11228 (39.18%) 17428 (60.82%) 28656

1:1 0 28656 (100.00%) 28656

Several ex-situ experiments are combined with in-situ experiments to cross-check

the validity of the results®. These in-situ experiments are mostly performed under
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static conditions®. We believe that the present study offers an alternate framework
for describing the effects of RF pulses on quadrupolar spins and would be beneficial

in the design/quantifying more sophisticated experiments in anisotropic solids.
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