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Goldman’s spin-1/2 formalism has been used for describing the
response of an | = 3/2 spin system to a two-pulse sequence in a
pure nuclear quadrupole resonance experiment. A detailed analy-
sis of the polarization evolution and quadrupolar echo generation
is carried out through the use of explicit expressions for secular
homo- and heteronuclear dipolar interactions. In striking contrast
with previous studies, it is predicted that Van Vleck’s second mo-
ments governing a classical solid-echo or Hahn sequence differ from
those obtained by equivalent means in magnetic resonance. In fact,
itis shown that, although measured moments still complement each
other, the combined use of standard sequences does not allow the
separate determination of homo- and heteronuclear dipolar con-
tributions to the linewidth, not even in an indirect manner. In this
context, the importance and potential usefulness of a crossed coil
probe are also briefly discussed. © 2001 Academic Press

Key Words: NQR; spin echoes.

INTRODUCTION

THEORY

(i) Quadrupolar Interaction

The Hamiltonian describing an> 1/2 spin ensamble in the
presence of quadrupolar couplings has the form

1 3¢?
Ho=R Y (15-310+0): wo= 5ot

Inthis expression, the existence of a unique electric field gradier
direction has been assumed and a laboratory reference systt
coinciding with the principal axes of the gradient tensor has
been chosen. For simplicity’s sake, an axially symmetric charg
distribution around the nucleus of interest has been imposed,
situation often found in practicdCl or "°Br spectroscopy.
Given the strong versatility of the Pauli matrices, it will be
useful to express the angular momentum operators in terms
the base of Table 1. Each matrix matches the representation

Over several years, the analytic study of the response sigtia Cartesian components of individual angular momenta in
of an interacting nuclear quadrupolar system to a radiofrequersgstem of two virtual spin-22 nuclei. By a simple calculation,
pulse has been delayed, largely due to the absence of a fornitds shown that
ism capable of describing the problem in an appropriate manner.

In 1977, Pratt{) proposed a scheme for describinglag 3/2

system which was based on a triad of spin operators satisfy-

ing conmutation rules similar to those valid for the Cartesian

components of the angular momentum. In strong analogy to the

situation found in magnetic resonance, this formalism allows
interaction representation, which facilitates the description
the density matrix evolution during the rf irradiation. However,
the contribution due to the secular dipolar Hamiltonian cannot
be entirely expressed as a function of these operators and has
systematically led to an incorrect description of the echo sig-
nal following a pulse sequence in a pure nuclear quadrup
resonance experimerg)(

21, =221+ 2
20y = /3% + XXz + Y1Y2 (2]
2ly = V/3y2 + YiXo — X1 Yo

%J:sing these relations, one finds
wQ
Ho = > ; ZiKZok. [3]

IeThe formal complexity of the quadrupolar Hamiltonian can
%e considerably reduced by noting that the expectation value «

In this study, Goldman’s spin/2 formalism @) has been used any observabl& remains unchanged if all relevant operators

to characterize the complex homo- and heteronuclear dipo‘llaa[;fa replacgd by. those obtained after performing a unitar
interactions governing the evolution of &a=3/2 nuclear spin transformatiorl, i.e.,

system after an rf pulse. On this basis, the generation and gradual
decay of the echo following a standard pulse sequence will be
discussed.

(Q) — Tr{QefiHIa,eth}
= Tr{uQUfe UV tysuTdUHY™, [4]

1Present address: Department of Chemistry, University of California,
Berkeley, CA. From a purely formal point of view, this relation implies that the
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TABLE 1
Matrix Representations of Individual Pauli Operators and Useful Properties

Pauli operators

10 0 O 00
7= 01 0 O . 00
00 -1 o0 10
00 0 -1 0 1
1 0 0 O 01
20 = 0 -1 0 O Xo = 10
0 0 1 o 0 0
0 0 0 -1 00

Some useful properties
Forj =1,2— [z}, xj;] = 2y;
Fork # | — [z}, z] =0,
Forj =12 — zjxj =iyj

[zj,x] =0,

Forj=12->2=xt=y?=1

Finally, Tr{ukvji/} = duvdkjdir Tr{l} foru,v =Xx,y,z

and cyclic permutations

and cyclic permutations

10 00 - o0
01 lo o o -i
ool ™T|i o o o
00 0i 0 0
00 0 - 0 O
00 i o 0 o0
o 1" 2|0 o0 o0 -i
10 0 0 i 0

[Zj ,¥k] =0, etc.

k,j:1,2; |,|/=l...N|

Note. N represents the total number of resonant spins.

real system may be described using a virtual representation(iin Dipolar Interaction

which the HamiltoniarH and the density matrig have been

replaced through the correspondente— UHUT ando —

The standard form for the dipolar Hamiltonian is

UoUT. As will be shown below, the transformation defined by

(5]

O O O
O Fr OO
o

O OO

will be of particular use. After an elementary calculation, the

following correspondence is found

21 — 412, Zp — Zp
X1 = X1, X2 = X1Xo (6]
Y1 — Y122, Y2 — X1Yo.

According to Egs. [2] and [3], it follows that

1
Ho — 5%Q Z Zik,  2lxk—> V/3XakXok -+ Xok — ZakXak
K
[7]

20k = 22z + Zoks 2lyk—> V3Xak Yok — Yok + ZakYak-

Z Z Fk(q) (q).

k;él q=-2

(8]

The funcuoan(“) describes the orientation anﬂxfﬁ) contains the
spin operators:

kI = bk|{|ZkJZ| (|k+‘]l+|k‘]l+)}’ Fk(?)—l 3CO§9K|

3 ) .
A(kfl) Ebkl(lzkjft + |€:Jz|), F(i D = SIN@ COSHy gFiou

3 . -
ATY = = balE s R = sinf e

with

Hoyknh

bg = .
Kl 4m‘§’|

In the above expressio, represents a neighboring spin per-
taining either to the specidsor to a different oneg is the an-
gle between the principal direction of the electric field gradient
(z axis) and the internuclear vectqg, andgy, is the azimuthal
angle with respect to the axis.

In this scheme, the quadrupolar Hamiltonian is found to be for- If, as it will be assumed, the quadrupolar Hamiltonian is dom-
mally equivalent to a Zeeman Hamiltonian depending on tleant, the dipolar interaction represents a perturbation which, a
virtual particle (). Furthermore, since, is a Pauli operator, the usual, leads to the mixing of the eigenstatesigfand induces

level spacing is constant and equakdg. This fact, as shown transitions which affect the otherwise free time evolution of
immediately below, will be of great utility for identifying the any generated spin coherence. In a resonance experiment, st

secular part of the dipolar Hamiltonian.

transitions promote two kinds of effects: on the one hand, the
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TABLE 2
Relevant Spin Operators in the Dipolar Hamiltonian Expressed as a Function of Spin-1/2 Operators

Homonuclear contributions
Lokl = 3(4zacza) + 220 + 22y + 1)z 221
th(llj—ll_ + |k_||+) — %{(X;[(Xi + XZ_I(X;)(ZlkZu —Zik—2z1 +1
+ 304kXT F XgXa) + S 0GXT + XgXq) F V33X + XgXa ) (XakZy + ZkX — Xak — Xar)}
Uzl &+ 1E12) > H—2a0 + XGz2) 2z + (222X, — X3,Z21) 21k
+ (2§22 — 220G) 21 + 220G + X522 + 2v/3(2akXu ZkXG + XakZ1 X5 Z2)
+ V/3(Xu ZakXgy + X1k Z21)}
IENE = HzwznxGxd — zuodixg — zuxgxg + x5 x5
— VBEwxaG X + XKZ X5 XG — XWKGXF — XuXG X3
+ 3506 (KX + XJXi) + 3% Xy + Xqo))}
Heteronuclear contributions
1S — 3(22akZak + Z2)Szl
108 + 10§ = 528" +Xx87) + 0GS" +X287) + V(RS +Xx§")
IS + 1ES) — 3(z(2zu§™ — XGsa1) + (kS + XJeSa1) + v/3Xux 1)

Ic§ — 320058 + 358"+ VIaST)

Note.As in Eq. [7], an arrow has been used to indicate the underlying unitary transformation (see text). On the othef kardk iy.

give rise to satellite lines (in this case,@p < wq); on the to nuclear quadrupole resonance if all homo- and heteronucle
other, they produce a broadening of the main resonance liipolar interactions are represented by means of the previot
usually known as “homogeneous.” This broadening arises fraaction formalism. A list containing all dipolar terms in Eq. [8]
transitions between different configurations of the spin ensesxpressed as a combination of (transforme@) dpin operators
ble, which, nonetheless, do not alter the energy belonging to thees been included in Table 2: all secular as well as nonsecul
reservoirHg. This condition identifies the matrix elements otontributions toHg can be easily detected.
Hp, which, as awhole, give rise to the so-called “secular” part of As a useful example for understanding the 0r|g|n of sec:
the dipolar HamiltoniarHp,. In the Heisemberg representationular parts in quadrupolar resonance, terms IFREF I
the time derivative oHq(t) = €H'Hoe 'H! satisfies the relation in Eq. [8] should be considered: matrix elements dlfferem
q from zero link two spin statest3/2, £3/2) < (+1/2, £1/2),
Ho(t) = —i[Ho(t), H(t)] (£3/2, £1/2) < (£1/2,F1/2), (£1/2, £3/2) < (¥1/2,
dt 1/2), (£3/2, F¥1/2) < (+1/2,F3/2), and &1/2, +1/2) <
= —ie'"{[Hq, HL] + [Ho, Hplle Mt [9]  (F1/2, F1/2). Due to the inherent degeneracy l8§, dipo-
lar transitions betweent3/2, ¥1/2) < (*1/2, #3/2) and
from which it is easily inferred that, by definition, the seculaf+1/2, £1/2) < (¥1/2, ¥1/2) do not alter the quadrupolar

dipolar Hamiltonian commutes witHg, i.e., Hamiltonian energy and, by this means, lead to secular cor
) tributions in Hy, (represented by those terms conmuting with
[Hq, Hp] = 0. [10] z3 =) ziin Table 2). As a final remark, it is worth noting

Giving rise to repeated misinterpretations, this result sho
be used with care: if any term of the dipolar interaction ser
(Eq. [8]) does not commute witHq, it can only be stated that its
contribution to the nonsecular dipolar Hamiltonian differs from 1
zero. On the other hand, nothing can be said with regard to the  H{! — = > {hPzyzy + h(xxg + xgx4)
secular contribution which, in a second stage, should arise from a 2 k£l
ﬁircelz(l;tgramnglyss_of all matrix elements. The situation is simple in n 2h(3)21k n h(4)} [11]

gnetic resonance where, as a result of the partigular
dependence of the (dominant Zeeman) Hamiltonian, all terms in

Hp (Eg. [8]) which do not commute withlz can be disregarded 2 gjip-fiop transitions like £1/2, +1/2) < (+3/2, +1/2) do alter the qua-
as entirely nonsecular. This result should, however, be extendegbolar energy.

t the operatok 1,” + 1,71,* is not completely secul&since
BT S P HQ]?fO
After disregarding nonsecular terms, it results that
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where (iii) rf Field: Rotating Frame

b 1 The presence of a radiofrequency radiation field is formally
h$ = : {F(O) <422k22| — 706 + x2kx2+|)> described through the Hamiltoniadl = 2wqx coswt which,
in the above formalism, should be expressed by the relation

+ 3Fk(|1) (ZaXy + Xy Z2) + 3Fk(f 1)(22kx§|” + X3, Z21)
Hit = 2w1(plx +qly 4 rl;) coswt

3 3
— SF9% x5 — F( Ay x }
27k XX — 7 %X2 — w1 Y (V3xak(PXek + qYa)
k
3ba [ FY 3
h = 4 :I {_ ZI (XaXa + X Xg) — 4F(2)X2kX2| * Zu(2rzac + QYax = PXa)

+ (rzac — Q¥ + PXav)) coswt, (13]
B2, -
1 Fa XX _ , o , ,
with p, g, andr representing the direction cosines of the caoll
bk, 1 axis X with respect to the crystalline reference frame. The
h® = 2RO 22020 + = (X5 + XX : : Y -
kl &KEA T, VK72 2”2 evolution of the density matrixs in the presence of rf ir-
radiation is usually described through the use of an interac
_ §|:(1)(22 Xy — XonZa1) — §|:(*1)(22 X —xizy) tion representation by definindl)(o* = exp{wt } (zwzx)/
kI 2k A2 2k <2 ki 2k A2l 2k <2 . ; -
2 2 2)o exp(—iwt ¥ (ziza)/2). Using the present formalismn*

3F 3F( Dot on becomess* — explwzit/2)Uo U exp(—iwzit/2) which, in
+ 4 K X2kx2| + 4 XaXa turn, corresponds to the standard NMR “rotating-frame” pic-
b 1 ture. Now, assuming that all operators have been convenientl
I — o= i i
hf:,‘) _ {Fkl (sz22| _ Z(erkle + szXET)) transformed, the following equation holds,
3 _ _ 3_. do* . 210
- EFk‘|1)(22kx2, + Xg Z21) — EFlfl (zaxs) + X5z2) = [H* - 17 o } —i[H) + Hi, 0%, [14]
SFOxa 3,:(2) . .
ki XakXal — XoiXal where, for simplicity’s sake, the rf irradiation has been assume:
to be resonant. By this procedure, the rf Hamiltonkghtakes
Contributions due to unlike spins (without quadrupolar co@ the form

plings) give rise to the heteronuclear part
i V3 ,
Hf = w1 Ek - AX1 X5 (1 4 cos 2ot)

HES > 3 (o2 + o) (12
Kl 3
+ %_xylkxgk sin 2wt
with
— . + y 21 Zy COSwt + Z cosdt), [15]
o = - {F( )(ZszSzl + Z(X;'(SJF + X2k§))
5 where
20k F(l)(222k5‘1 — XxSz) — 5 Fkl )(222k§ — XxS21) 1
X = X(PX2k+OIY2k); 2 =p’ta?

3_e 3_(2 _
+ - F( )x2ks1 + - F( )X2k§ } 1
Zy = ;(ZFsz — PXac+ayx); ¥2= (2’ + p*+?

b 1
@_bfrof, __X+++X>
9’ = 3 { W ( as — 708" +Xas") Zy = TZa + PXak — Yok

- ;)F;f.l)(zzkﬁJr + X3 Sz) — ng(f V(s + X580) In the rotating reference frame, those terms varying with fre-
guencyw and 20 do not induce appreciable effects and, for

(2) X5ST — —F( 2)X2k§ } this reason, only time-independent contributiongHjh should
be retained. Furthermore, since the electric field gradient at th

nucleus site has been assumed to be axially symmetric, the re
the indexk(l) running over the (non)resonant spins. erence system may be chosen in a way that0 andp # 0. It
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TABLE 3 In the above expression,*(0,) represents the density matrix
Laboratory- and Rotating-Frame Representations of Different rf ~ immediately after the first pulse atl= t — 7 indicates the
Hamiltonians in a Crossed Coil System elapsed time since the second rf puisis applied; for brevity’s
Coil p q Hy H — sake, it hag been writte;lzz =) ZiZx, yiXe = > VakXok,
etc. If the time separation between pulses is short enough,
1 #0 0 201 coswt 3 Ixk Bpwr Y xawxx  POWEr series expansion enabdegt) to be rewritten as
1 #0 0 2w sinwt Y-y Ixk */75 Pw1 Dy YikXek

o'(t) = {5(0+) —it'[Hp, 6(0:)] —it[H5,5(04)]

2 0 £0 2wy sinwt Y lyk */—éqwlzkylkyz;( 72 L. 2 . L
: — 5 [Hp. [Hp. 601 — S [H5. [H5.6(0.)]

2 0 #0 201 coswt 3y lyk */T‘quwl Dk X1k Y2k

then follows that —t'7[Hp. [Hp, 60N + - } 1l
Hi — éwlplekbk_ [16] Withé = Ra*RT andHp = RH, RT..A§suming that before
2 M the first pulse is applied the system is in thermal equilibrium,

we write, as a shorthand notation,
It is important to note that, even in the case-1 (principal
direction of the field gradient perpendicular to the coil axis), a Oeq —> Z1. [19]
90.0 phase-shifted rf pulse is phy_S|caIIy dn‘f_erent from thgt ObAfter a (/2), pulse, the density matrix takes on the form
tained by means of a second coil perpendicular to the first one
and irradiating in phasgy =0, q' = 1). This situation markedly 0(0,) > e ez dixe — _yx, [20]
contrasts with that found in nuclear magnetic resonance and
could be used for eventual applications: differences are jugkere, as usual, the conditiam, > Hp has been assumed

formal if one applies a unique pulse to a sample in therm@ hold. After combining expressions [17], [18], and [20], one
equilibrium but a second coil could be useful when dealingbtains

with coherences created after the first pulse. A list containing

four different operators related to either the first or the second(Ix)(t) = sin(qot) Tr{yixz Yix, — it H[YiX,, y1Xo]

coil and under different phase conditions has been included in A 172

Table 3. It is worth mentioning that, in the more general situa- —itHplYyiXs, y1iXo] — E[Hg, [Hp, Yixollyixe
tion 0 < A < 1, a similar “angular rotation” in both coils could

be obtained by independently adjusting the rf field amplitude
until getting pw1 = q'w;. Furthermore, a simultaneous irradia-
tion allows the combination of phases and amplitudes so as to
change at will the “rotation axis” for operators only depending
on one virtual particle. At least in part, these concepts will be

: ; o . ‘Where, as a brief notation, it has been defingtk, =
used in the next section when the polarization evolution duri . t ,
. . VWX R', y1X, = Rly1xoR, andH], represents the transformed
a pulse sequence is described.

dipolar Hamiltonian (Egs. [11]and [12]). Formula[21] describes
(iv) Polarization during a Two-Pulse Sequence: Echo Signal in @ general manner the “in-phase” contribution to the resonanc
o ) ) _ signal. Further features of the nuclear response should be o

If, maintaining calculations as simple as possible, the cQllined after defining the phase and length of the second puls

axis is oriented so as to obtain= p=1, the resonance signalR, |mmediately below, two of the most popular echo pulse se
following a rf-z—rf pulse sequence should be proportional to qyences will be studied in detail.

(L) () = Tr{l fo*(t), [17] Case I: Hahr_l-echo sequenger/2)o—t—)o—t). In this
case,R = exp(—imXx1X2/2), so that

2
T2 , .
- ?[HD’ [Hp, yixo]l yixs

—t'z[Hp, [Hp. yixall yixe}, [21]

where (2 + 72)
T
e L , I t) = —sin(wot)Tr{ (Yix2)? + ———=[H}, yixo]?
o*(t) = e Mot ReHoT5%(0, )dHoT RTgHd — Uo*(t)U' (vt @ob) {(yl 2 2 LMo yaxal
” i 1
I} = d Fant| g Fant E(\/L_%xlxz coswqgt —t'T[H), yaixo] RIHp, y1x2] RT}. [22]

—3yixo Sinwgt + X2 — Z1X2). A complete expression forHy, yixo] has been included in
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TABLE 4
Complete Expressions for the Homo- and Heteronuclear Part of the Conmutator [Hp, 3y, %]

Homonuclear part
[HE" 2 viix2i ] = 2ier { (At + Cua)xakzuxa + (Au — Ci)yikZzkya
+3(Ad — Cui + 3 Aa)YikyaZa — 3(Au + Cia)zacxa Xa + 2By ZuckakYu Y2
— 2By x1kz2 + 2By yikyakYa — 2By, YikZokZa + CigXikyal + Cy ZakXok Yu 221}
+ Yku {4AZZacyn Y2 — (At + Cia)xakxa — (A — Ci)Zikyak Y1 2
— 4By X1kZu 22 — 2B YikYakXa — 2By, ZikYakYu Y2 — 4By ZikzakYu 22
— ClyYikZakXa — CigXakzu Y2 + 3CizakYuXa — 3Ciyzaxu ya }
where
Aa = ()R
Ba=(B)FP +FRTY).  Bu=(E)RP -FGY)
Cu=BR)FEP+FRTY). Ccu=(EE)FRD -F?)

Heteronuclear part

[Hp'S, yixe] = 21 Yoy (A yaya — Buaxa + Cia yuzaw)
where

B =3 P50 3R+ ) - 36— )

5 by R 1 = 2 -2 i (2 2
Bu = %{sa + 3(FY + RS V)sa+ S(RY + RS )sa + 3 (RY — RS )y

> FP 3L -1 32 -2 e -2
Cu=3{ - Hsi— %(Fk(|) - FIEI ))Sll + Z(FIEI)+ FIEI ))Syl - Z'(Fk(l)_ F|£| ))le}

o

Table 4. Although the calculations in Eq. [22] seem to be ex- = Z(ZAKI ZiZok — Buzaxok + Cuazakyak

tremely complex, crossed contributions to the trace coming from P

products of different term$p, Ti/p in Hy are always zero. This - ~ - 1S

fact immediately leads to the relation — AaZac — BuXac + Caya) # —Hp~  [24]
R[Tio, Yol R = [Tio, o] [23] even though no heteronuclear contribution affects (to secon

order) the echo amplitude &t = 7. Differences between the

as a condition for independently recognizing those contributior'#ls(‘)R and the NMR cases are stressed if, as an alternativeRpath,

to Hj, which are refocused &t = 7. According to these results, indicates a 90phase-shiftet pulse coming from a 90rotated
it is not difficult to show that the conmutatoH[IS y1Xo] sat- second C(.)'I (see Section (iii)). Although no consequences ar
isfies EqQ. [23] and, from this, it follows that theDH’ahn sequen expected inan NMR Hahn-type sequence, the situation is rath

C . . o
. N cﬁfferent in a quadrupole resonance experiment: in this case
refocuses the whole heteronuclear dipolar contribution.

: . L . R = exp(=imy1y»/2) and sinceRyix,R" = —y1xz, Egs. [22]
To a certain extent, this result should be a surprise: in Stl’lkl%%d (23] hold. On the other hand

contrastwith magnetic resonance, interactions due to nuclei hav-
ing a different spirs give rise to contributions which cannot be ns P . = =
visualized as simple “field inhomogeneitie'1{S,-type con- [HD, yaxe] R = 2i ;(Ak'ylky” + BuaXak — CaYawZad).
tributions) and which, as a consequence, are not inverted after a '

7 pulse. In fact, it is worth noting that (see Table 4 for notation) [29]
RHI/DISRT — RZ(ZAleksz + Buzxak + Cuazikyx leading to only a partial elimination of heteronuclear interac-
tions.
kI
~ ~ ~ : Special attention will now be paid to the homonuclear part
+ Az — BuXok — Cuyx)R of the conmutatorki};, y1xz] which, for convenience, has been

expressed in Table 4 as a superposition of two contributions witl

3 A similar reasoning shows that, with the exception of an echo sign chané@,mplememary properties: after ﬁ)().pmse IS -applled, terms
an identical result is obtained with the alternative pulse sequent®d-r— enclosed within the second summation remain unchanged an
(r)g0—. according to formula [23], lead to a homonuclear Hahn echo a
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t’ = . This implies that the gradual echo decayrasses is Case llI: Solid-echo sequenfer /2)o—t—(7r /2)o0—7). Orig-
due to only a fraction of the homonuclear dipolar Hamiltonian,iaally designed for refocusing the homonuclear part of the (sect
result which, once again, contrasts with that holding in magnetar) dipolar Hamiltonian in the presence of a high magnetic fielc
resonance. (5), the NQR sequence induces partially different effects. In the

The results obtained for homo- and heteronuclear contférmalism discussed, the second pulse should be represented
butions may be summarized by writing the average nuclear

polarization as R =g line [30]
. 1 ...,
(e o« — Sln(th){l - §le' (t'+7)? and, consequently,
- %(Mé’" + M) - )P+ - } [26] YiXp = YiXp = Y1Xe. [31]

In this expressionM}'! (M5'") represents the homonucleaAfter replacing in Eq. [21], the following is found for the solid-

component to the second moment due to terms-6f[, y1x,]  €ChO sequence:

which do (not) satisfy Eq. [23]. Since squares of spji@-bper- PR

ators are proportional to the identity matrix, explicit expressions (L) selt) = sin(th)Tr{(ylxz)z " (te+r )[H’  yixo]?
for each factor in the above series may be obtained from Eq. [22] 2

by rather simple calculations. After some algebra, one gets .
e FUT[H, yxo] RIHD, yil R} 32]
Mt = = 25 {83(1- 33)° + 14472 (1 — »3)
e This expression leads now to the relation
2\2 2 22
+ 31— vi)”+ Bl — Fi) RlTio. Yool R = —[Tio. yox] (33
—36(1 — 3y) (ki — Ba) } [27]
1 b2 for easily detecting refocused contributiofig in Hf,. After a
My = =57 K 36(1 - 32) 4+ 3602 (1 — 12) careful examination, it is found that, contrasting with Case I, ¢
Ni kel 32 complementary fraction of the homonuclear part is now refo-
22 2 2 cused by the solid-echo sequence (first summation in Table 4
+36(1 - Vkl) + 324“klﬂkl}’ A tedious but straightforward calculation leads in this case ftc
. : . the formula
where akl = SIN6Gy COSek, Pk = SINBy SNy, and Ykl =
cosby are the direction cosines of the internuclear vector. It 1
is worth noting that (lx)se o Sin(th){l 5 My (' — )
I /I i 1 b% 2)2 _} M2 £ MIESY (2 2y 4 ... 34
M2 =M2 +M2 :N_ 5{69(1—3]/“) 2( 2 + 2 )( +f)+ ’ [ ]
I kA
+504/3 (1 —12) + 1531 — 1) where MJ'', M, and MJ® have the same meaning as in
oy o ) Eqg. [26]. As found in magnetic resonance, Eqgs. [26] and [34]
- 36(1 - 3Vk|)(°‘k| - ﬁkl)} (28] provide complementary experimental information although, ir

this case, homo- and heteronuclear contributions to the secoi

in complete agreement with the result obtained by Abragam,ment cannot be independently determined, at least by mea

and Kambe 4) by means of an explicit matrix representationyt only these two sequences. At first sight, the high complex

of sp!n-3{2 opergtors. Also in accordance is the heteronuclemy of the homonuclear dipolar Hamiltonian (Eg. [11]) makes it

contribution, which resulfs a rather difficult task to decide whether a different set of pulse

1 1 sequences exhibiting a better performance could be found. Hov

MZ'S = —9(S+1) Z bEI { - (1 — 37’k2|)2 + 67’k2|(1 — szl) ever, this topic deserves a careful examination and will probabl:

Ni 2 be the subject of a future study.

As a final remark, it should be pointed out that, as inferrec

_2\2 from Eq. [28], the contribution to the homonuclear second mo.
(1 Vkl) } [29] . . . . .

ment due to an arbitrary pair of identical nuclei depends on th

azimuthal angle between the internuclear vector and the coil

4 Factor 3in the last term of Eq. [12] in Refi)(probably comes from a typing @XiS. In other words, the resonance linewidth of a single-crystz

mistake. sample depends on its relative orientation to the coil axis, eve

koverl
I overs

+

NIl W
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larization and, consequently, modifies the resonance linewidt
(see Fig. 1). However, this effect should hardly ever be detectec
the contribution to the second moment due toghéependent
part (last term in Eq. [28]) is not greater than 10%. Due to the
presence of uncompensated contributions, this proportion cor
siderably increases if active moments for each pulse sequent
are separately analyzed (Eq. [27]). Even in this case, the gre:
variety of pairs of atoms to be considered in a crystal allows one
to estimate that, on average, linewidth variations remain outsid
observation, at least for standard systems.
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FIG. 1. (a) Virtual single-crystalline sample during an NQR experiment.

After an rf pulse, the nuclear polarization oscillates along the coil axis direction. The author expresses his sincere thanks to Professor. C. Arr8cfor en-
(b) Mutual dipolar interactions are slightly different if the sample is rotated. couragement and a number of helpful discussions of the theory. Thanks are all
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ifitis assumed (as in this study) that the electric field gradient at

the nuclear site is axially symmetric. This fact simply stresses the
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