Appendix

A. Irreducible tensors

Basic relations:

iy = I, +il,
il= 1 (fi I’ (A.1)
i, = $(iL-1i)
Single spin irreducible operators:
. i
T1,0 = I,
A Ny
Tl = F5 (IzizIy) . (A.2)
Irreducible tensors for two spin system coupled via dipolar coupling:
T = L (3 If -1 IJ)
i sinj | 2iz]
Ty, = T3 (Iin +I:|:Iz) (A.3)
i si 2
Tyyy = 51403

We can drop indexes in equation (A.3) and for two spins I’ and I7 we will write (o = x, 9, 2

and k =0,1,2):
I,

Tsy

(A4)

With the help of these definitions the relations in Tables A.1 and A.2 can be derived.
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112 Irreducible tensors

Table A.1: Effect of dipolar Hamiltonian Hp= —\/ng TQ’() on spherical tensor operators.

. o S 2
62\/§ TQ,othpA e—l\/g T270th

5
I. I, (invariant)
Tg,o Tgyo (invariant)
(Tg,g + TQ,_Q) (Tg’g + TQ’_Q) (invariant)
I, I, cos(wpt) —i(T9y +To_1)sin(wpt)
I, I, cos(wpt) — (T2 — T2 _1)sin(wpt)
(T271 + T27_1) (Tg,l + T27_1) coswpt —il, sin(wp t)
(Tg,l - TQ,,l) (Tg’l — T27,1) coswpt+ fy sin(wp t)

Table A.2: Effect of 90° r.f. pulses x,y on spherical tensor operators, respectively.

p eq:ZQfxﬁe:ting eq:i%fyﬁe:ti%fy
i. i i,
I, I, (invariant) 1,
I, +1, I, (invariant)
Tz,o —%Tz,o - \/g(Tm + Tz,—z) —%Tzo =+ \/g('ﬁm =+ T2,—2)
(T21 +T21) —(To1+To 1) F(T22 —Ta )
(T2,1 — T2,71) :Fi(T2,2 — T2,72) —(T2,1 — T2,71)

(T2 +To—2) —\/§T2,0 + %(TQ,Q + Ty o) \/g'fzp + %(Tzz + Ty o)

(T2,2 — Ty ) :Fi(T2,1 - TZ,fl) i(T2,1 + T2,71)
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B. Wigner rotation matrices

The coordinate transformation with Euler angles (¢,4,1) is described by the Wigner
rotation matrices D( ) given by ([SR94, Hae76])

D (,0,8) = e *e di) () e | (B.1)

where factors d,(f()](ﬁ) relevant for this work are defined in Table B.1.

A useful relation of the Wigner matrices is their ’addition theorem’. It relates the
Wigner matrices of two successive rotations A—B and B—C to the Wigner matrices of
overall rotation A—C:

P (Qac) = Z D) () DY, (Q5c) .- (B.2)
m=—L

Euler angle Qa0 = (pac, Yac, ¥ ac) represents overall rotation A—C, etc.

Table B.1: 9 dependent factors d,(j()l(ﬂ) of the Wigner functions D,gq)((p, 9,1).

A2 () q=2 q=1 q=0
k=2 (1 + cosd)? —2(1 + cosd)sind \/gsin219
k=1 (14 cos?)sind  $(cosd — 1) + cos? —\/gsin 29
k=0 \/gsin219 \/gsin 20 $(3cos? ¥ — 1)
k=-1|3%(1—cos?)sind %(1+ cosv)— cos®V \/gsin 20
k=-2 (1 — cos¥)? $(1 — cos)sind \/gsin2 v
di)(9) g=-1 g=-2

k=2 —2(1 — cos?)sind 1(1 — cosd)?

k=1 (14 cos¥) —cos?¥  —%(1 — cos®)sind

k=0 —/2sin 20 V/2sin®d
k=—1|4%(cost—1)+cos’? —3(1+cosd)sind

k=-2 (14 cos9) sind 1(1 + cosd)?
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C. Intensity of the DQ coherence for two spins-% coupled via

dipolar coupling

Intensity of the signal S; just after the reconversion period in MQ experiment is going
to be calculated. System of two spins-' coupled via dipolar coupling isolated from the
surrounding will be only considered. It will be shown that DQ signal just after the recon-
version period is stored in the longitudinal magnetization. Considering this assumption no
evolution during purging period between reconversion and detection pulse (see e.g. Fig-
ure 2.20) take place because of the vanishing commutator relation [T, I.] = 0 valid for
dipolar coupled spins (see also equation (1.59)). Under this circumstance DQ signal just
after the reconversion period is assumed to be the signal detected just after the detecting
pulse.

In addition if so-called total spin coherence ([Wei83, Mun87]) is excited during excita-
tion period all coupled spins are active in MQ coherences, therefore, no evolution (during
evolution period) under total dipolar Hamiltonian (equation (1.59)) take place. Assuming
this condition signal intensity just after the reconversion period can be written as

T { 1. Urel e o 0,0}

Sy = T&'{fz cfz} . (C.1)

ﬁezc and U}ec are propagators for excitation and reconversion period, respectively. Initial
state of the system is p(0) = ol .. Invariance of the trace from the cyclic change of the
operators can be used for equation (C.1) and we will get (Tr{l 22 } = 2 for two spin-Y
system)

n

Sp = %Tr {ﬁrecfzﬁrec Uechsz;c} , (C.2)

We will for the moment assume that U .. = U ;C = ¢'Hpat This is good valid for static
solids. In general it is also valid for rotating solids with an exception that reconversion
Hamiltonian is in addition rotor modulated (see e.g. equations (2.52) and (2.48)). To

calculate equation (C.2) it is enough to concentrate to the evaluation of the term

fOYoLo, (C.3)

where U will be expressed in the form U = e~Hpat, At this point it is good to define DQ

. L 2 -~ ] . .
Hamiltonian in the general form Hpg =", jwij Top + wy; Ty _5 which represents time

independent average Hamiltonian during excitation period as well as during reconversion
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period for particular pulse sequence (see e.g sections 2.5.1.1 - 2.5.1.3 or section 2.4.1.2).

Propagator of the time independent average Hamiltonian is than given as

i (e B, )

U=¢ 12 i<cj\Wij L2 oW Lo o ] (0'4)
In general operators in exponent do not commute and thus we will now assume only two
spin approximation. Hence, in the limit of two spin system interaction summation from

equation (C.4) can be removed. Substituting propagator U in equation (C.3) with above

equation we will get
. = 1] sy . . ~ 0] % rmid
f(t) _ e—z(w Tyo+tw T2Yi2)t Iz ez(w Ty otw T2,72>t . (05)

Differentiating of this equation by time up to the second order and using commutator

relation valid for two spin-Y, system

i s - ij
Ty 10, 1.]=F2T5 45, (C.6)
we will get
: . =1 w’f’gjz-i-w* T;j,Q t ~ 0] % A s g w’f‘éjQ—&—w* T;j,Q t
f(t) = —ie ’ ’ WwTos+w Ty o, 1]e ’ ’
_ g e T ) (w T, — w1y 2) pi(w Taater Ty )t (C.7)
; —i(w Byt TY o)t [ i « il ~ij i i(w Tt T o)t
ft) = 2e WT5o+w Ty _5,wTse—w Ty sle

(g ~ij NTEeT (g i
— 4 (w ) w*) efz(w T o tw™ Tz,fz)t [ngjg, T;{_z] ez(w Tso+w Tz’,z)t ' (C.S)

In the limit of two spin interaction we can write commutator in equation (C.8) as
I, +12) =

z

I., (C.9)

|
B |

(T35 T3 5] =
so second derivation of the f(¢) can be now directly evaluated
Ft) = e (T Tt (o Thr Ta)t e ey (o)
This represents differential equation with the formal solution
f(t) = Acos(|w|t) + Bsin(|w|t) . (C.11)

Arguments A and B can be simply derived comparing results from equations (C.5), (C.7)

at t =0 (f(t=0), f(t =0)). It can be found that

A=, and B=2i (% Ty — T”gf_2> . (C.12)
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If f(t) is already known intensity of the signal Sy at the end of the reconversion period
can be calculated (see equation (C.2)). Under the assumption U e, = Ij;c and relations

valid for two spin-Y system
the signal intensity gets the form
9 e L L '
St =T {f(t)2} = $Tx {17 cos?(wlt) | + T {2(T5 7Y _y + T T, sin*(wlt) }
(C.14)
The second term in this equation correspond to the DQ signal and the first one represents
the polarization of the spin system and has to be filtered out from the spectrum. The first
term also can not by manipulated through e.g. TPPI (see section 2.4.3) and will appear
at the different frequency position as DQ coherence. Using the condition valid for two
spin-Y system
Nij i N i

intensity of DQ coherence from equation (C.14) can be simply evaluated

SP9 — sin?(|wlt) . (C.16)
The rest magnetization of the spin system is than

M, = cos?(|wlt). (C.17)

In the case when U, . #* ﬁ;a the result given in equation for DQ intensity is not more
valid and equation (C.2) has to be solved in more details. One has to calculate separately
differential equation for reconversion period and the result will end up with the following
equation!

SP? = @, sin(|wreclt) sin(|weze|t) , (C.18)
where

P — Lree Weze T Wree Weae
- =
2 ‘Wrec’ ’wezc‘

(C.19)

Complex terms weze and wye. represent amplitudes and phases of DQ excitation and
reconversion Hamiltonian one by one. @, is the phase of the DQ signal. t is excita-
tion/reconversion time usually marked in this work like 7. To write equations (C.18) and

(C.19) in more convenient way it is useful to separate amplitude and the phase from w so:

We will assume that duration of the excitation and the reconversion period is equal teze = tree = t.
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Wree = |Wree|€®re¢, Wepe = |wese|e? Peze. Using this definitions equations (C.18) and (C.19)

will become more transparent. It holds that
DQ : .
S7 = cos(Prec — Peze) SiN(|wree|T) sin(|weze|T) - (C.20)

The phase modulation of the DQ signal is from above equation evident from cosine factor
co8(Prec — Peye). It has to be noted that this phase modulation has no influence to the

signal originating from the polarization of the spin system described by equation (C.17).



