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Abstract 

The density matrix of a spin-5/2 system excited by two in-phase pulses separated by a delay 72 is calculated from the 
equilibrium state to the end of the second pulse. The interaction involved throughout the computation is the first-order 
quadrupolar interaction. Consequently, the results are valid for any ratio of the quadrupolar coupling to the amplitude of 
the radio-frequency pulse. It is shown that single- and multi-quantum coherences developed during the first pulse are 
detected at the end of the second pulse through single-quantum coherences. Other two-pulse sequences with various phase 
cyclings as well as the rotary echo sequence are also discussed and illustrated with the nuclei 27Al in a single crystal of 
corundum Al,O,. 

Keywords: 27Al NMR; quadrupolar interaction; spin-S/2; two-pulse excitation 

Introduction 

There is a great deal of interest in spin-5/2 systems, for instance, “4 ]1,2], “0 [3] or 95Mo [4] in 
inorganic chemistry [5] have led to both experimental and theoretical developments in solid-state NMR. 
These nuclei are sensitive to the electric field gradient (EFG) of their surroundings. Therefore, they 
should provide valuable information about their local symmetry. The major technique applied for 
determining the physical parameters (quadrupolar coupling constant e’$Q/h, asymmetry parameter n, 
and second-order quadrupolar shift 6o,) is the popular magic-angle spinning of the sample at very high 
speed [6,7]. Other techniques like two-dimensional Fourier transform methods [8-101, or cross-polariza- 
tion [ll] are also investigated. Surprisingly, the spin-echo sequences [12-161 in common use for 
recovering broad lines lost in the dead time of the receiver are not well studied. Lost of 27Al signals 
happens very often in zeolite characterization [17,18] with a single radio-frequency pulse excitation. 

The present paper, which extends our previous study [19] on the time domain response of a spin-5/2 
system excited by a single pulse, represents an important step toward the investigation of the Solomon 
echoes [15,161. A second in-phase pulse is introduced after a delay T* from the first pulse. The analytical 
expression of the line intensity of the central transition and those of the two satellite transitions are 
obtained using software called Mathematics. As a result, the spin dynamics at the end of this second 
pulse is discussed. Furthermore, other two-pulse sequences with various phase cyclings and the rotary 
echo sequence are also analyzed and illustrated with the nuclei 27Al in a single crystal of corundum 
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Theory 

The Hamiltonians throughout the paper are defined in angular frequency units. Neglecting relaxation 
phenomena and second-order quadrupolar effects, the dynamics of a spin I = 5/2 system excited by two 
--x pulses (Fig. 1) is described, at the end of the second pulse, by the density matrix p(t,, 7*, t,) 
expressed in the rotating frame associated with the central transition: 

p(t,, 7*, t3) = exp( -iSV-“4,) exp( -iS!Q)r2) exp( -iSC”)t,)p(O) 

X exp(iS-“)t,) exp(i#J%,) exp(i#-“)t,) (I) 

where 

P(O) =I* Pa) 
&f=%fIx (3 

3e2qQ 
wQ = 81(21- l)fi 

[3 cos2p - 1 + 71 sin2p cos 2a] (24 

c%$’ = fo,[31,2 - I( I + l)] (2d) 

xc---x) = qf + ,_&u Pe) 
J?$) is the first-order quadrupolar interaction. The Euler angles (Y and /3 describe the orientation of 
the strong static magnetic field in the principal axis system of the EFG tensor. In particular, od and wQ 
are the amplitude of the pulse and the quadrupolar coupling defined experimentally by half of the 
frequency separating two consecutive lines in a spectrum of a single crystal (a definition among others), 
respectively. As relaxation phenomena are not considered, the value of 72 must be much smaller than 
the duration of the free induction decay (fid). Eqn. (1) can be expressed with n and T,, the matrices of 
eigenvalues and eigenvectors of &?C-x) [19], respectively, 

p(t,, r2, t3) = T, exp( -iRt,)T;’ exp( -i% #)r2)p( tr) exp(i@)r,)T, exp(iLJRt,)T;l (3) 

The density matrix p(tr) and its associated parameters describing the spin system at the end of the first 
--x pulse were obtained previously [191. The three components (X, +, Y,,,*, Z,,> of the six normalized _ 

4 , x2 , t3 
time 

I I- 

Fig. 1. Hamiltonians and time domain parameters associated with the sequence { - x)-Q-( - x)-[acquisition(y)]-recycle delay. 
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TABLE 1 

Parameters defined for a - x pulse (m = 1,2.3) from ref. 19 

X 
X,+ Ynl+ 

m+=---- Y rnf 
z-.-.-Z_ 

Q 

E,, 

Q mi 

xmt= 
%+ 

Wrf S- 

t 

4- 
w,_=-f2 

2 
- cos- 
3 3 

q+ = z (160~; f 36~1++ - 1440;~) 

3q+ 3 
cos+_=2s_ y 

/- 

z - 
znli 

mi 

$rf 
X m_=- 

b I?- 

y,_=l 

6% 
Z,-=-- 

b mi =$lJQ+&+Wmt 

eigenvectors associated with the six eigenvalues w,+ are gathered in Table 1. On the other hand, the 
- components of p(tl) written as ‘line intensities’, 

( Z,pn> = Tr[ p( tl)lkmsn] (4) 

10 

3 
; 
y 

-? 
x ,z 0 

5 
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it 
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Second pulse length t, (ps) 

Fig. 2. Theoretical line intensity A$‘$,, t,), eqn. (lo), versus t3 for three couples of (wQ /27r. t,) values: n (0 kHz, 5 I1s). + (50 
kHz, 3 us), and A (1 MHz, 1.66 ps); wrr/2a = 50 kHz. 
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are given in Table 2 where the symbols IT are fictitious spin-l/2 operators [20]. This 6-by-6 matrix is 
described only be eighteen independent elements because the density matrix is hermitian. The compo- 
nents associated with the polarizations are located, as expected, along the usual diagonal of the matrix, 
whereas the other diagonal is occupied by the y-component of the on-resonance coherences. The 
off-diagonal terms are described by both x- and y-components of single-quantum (1Q) and multi-quan- 
tum (MQ) coherences. There is no doubt that, during the pulse, MQ transitions are excited but 
unfortunately not detectable with a one-pulse experiment. Another property is worth noticing: some line 
intensities remain unchanged when the --x pulse is changed to an x pulse. This is the case for 
polarizations, 2Q and 4Q coherences. Only the line intensities of odd-quantum coherences change the 
sign with that of the pulse. 

As previously [19], the matrix multiplications in eqn. (3) are performed using software Mathematics. 
Actually, only the components of the density matrix related to 1Q coherences, namely, ~&tr, TV, t3), 

P&,, r2, la), and ~~,Jrr, 72, t,) are required for our propose. The component pJfl, TV, t,) has the 
following expression, 

P~,~(L,, 72r &) = i{(1,2~5>C, + (Ii,6>C2 + (1,3,4>C, 

+(1,2*5)c4 + (1,‘$6>C, + (1,3,4)Cb 

+ (<I,‘,“) + U,2,4>)(c7 sin 27,wo + C, cos 2r200) 

+ ((I,‘,“) - (I,‘,“))( -c, sin 27200 + C,, cos 2~~wo) 

+(<I,? + (I,‘+)(c,, sin 47,oo + C,, cos 4~~~o) 

+ (<I,‘,“> - (I,,?)( -c,, Sin 47,Oo + C,, COS h2WQ) 

+((Q3) + u,“4))(c15 sin 6r2wo + C,, cos 6r2wo) 

+ (U,‘,3) - U,‘,4))( -c,, sin 67,wo + C,, cos 6~~61~) 

+((Iy’*3> + (I;T~>)(C, cos 2~~wo - C, sin 2r2wo) 

+((I;,3) - (Z_T,4))( -C, cos 2~~wo - C,, sin 2r2wo: 

+ (<Iy’~2> + (I~~“))(C,, cos 4~~wo - C,, sin 47zoo) 

+(<$“> - <Z;‘5>)( -cl3 COS 47,0Q - cl4 SiIl 4T2WQ) 

+((I$") + (Ii,4))(C,5 cos 6~~wo - Cl6 sin 672wo) 

+ ((Ii,“) - ( I,fx4))( -Cl, cos 6r2~o - C,, sin 6~~0~)) (5) 

~~,~(tr, TV, t3) is a pure imaginary quantity. The functions Ci, defined in Table 3, depend on the second 
pulse length t, whereas the line intensities ( Ip*n > depend on the first pulse length t,. The component 
~3,2(tl, TV, t3) has the following expression, 

P3,2(fl, 72, t3) = - (1,2’5)(Al + iB,) - (Ii’6>(A2+ iB,) 

- (Z,3,4)( A, + ill,) + (I,“,“)( A, + iB,) + (1,‘*6)( A, + iB,) 

+(I,3,4>(A6+iB6)+((Z~*3)+(I~-4)) 
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X {( A, + iZ3,) cos 27,wo - (A, + iB,) sin 272wo} 

+((Z,2.3)-(Z~*4)){(Ag+iBg) cos 2~~wo + (A,, + iZ3,,) sin 2r2~o] 

+ ((I,‘,‘) + (I,‘,“>){( A,, + iB,,) cos 4~~0~ - (A,, + iB,,) sin 4r,wo} 

+ ((Zir2) - (Z$‘>){( A,, + iB,,) cos 47,wo + (A,, + iB,,) sin 4~~~0~) 

+ (( Zi,‘) + (Z~~“>){( A,, + iB,,) cos 67,oo - (A,, + iB,,) sin 6r2~o) 

+((Z,‘,3) - (Z,1,4)){(A,, + iZ&) cos 67,wo + (A,, + i&s) sin 6~2wo} 

+ ((I,‘,“) + ( Zzs4)){ - (A, + 3,) sin 27,wo - (A, + iZ3,) cos 2r200} 

+((Zjk3) - (Zt*4)){-(A9+iBg) sin 27,wo + (A,, + iB,,) cos 27*wo} 

+ ((Ii,‘) + (Zj,“>){ - (A,, + iB,,) sin 47,wo - (A,, + iB,,) cos 4r200) 

+((ZJ,“> - CZi,‘>){ -(A,, + iB13) sin 47,wo + (A,, + iB,,) cos 45wo) 

+ (( Zi,“) + ( ZiY4)){ - ( AI5 + iB,,) sin 67,oo - (A,, + iB,,) cos 672wo} 

+(<Zj,‘> - (Z~~4))(-(~17+i~17) sin 67,oo + (A,, + iB,,) cos 6r20o) (6) 

The functions Ai, defined in Table 4, depend on t,. The terms Bi are deduced from Ai in substituting 
Nmj, sin(w,jt3) and -cco~(w,~t,) for Lmj, cos(~,~t,) and sin(o,jt3), respectively, with 

N,j=Ym+Xj_-Z,+q- (7) 

The component ~~,r(t,, 72, t3) has the same expression as eqn. (6) except that Ai and Bi have to be 
replaced with Ri and Si, respectively. The functions Ri are defined in Table 4. The terms Si are 
deduced from Ri in substituting Qmj, sin(o,jt3) and -co~(w,~t,) for Pmj, cos(~,~t,) and sin(o,jt3), 
respectively, with 

Q,j = X,+yi_- Ym+Zj_ (8) 

Knowledge of these three terms of the density matrix allows the determination of F,?14(t,, r2, t,), 
F,2,3(t,, r2, t,), F:3(t,, TV, f3), FJ,%,, r2, f3) and F,_?*(t,, r2, t,), the rekztive intensity of the central line, 

TABLE 3 

Functions C,(t,) of the density matrix component p4,3(tl, T-~, t,). For clarity, the symbol X~=IX~=, in front of each term has been 
omitted 

Cl(tj)=Y,+Z,+X,_Yj- COSWm,13 C4(t3)=Ym+Zm+X,_Yj_ sin o.J~~~, 
c,(t,) = x,, z,, xi_ zj_ cos timit C&J = x,, Z,, Xj_ Zj_ sin Omit3 

C&J = z,, Z,+ Xj- Xj- COS O,,t3 C&J= Z,+Z,+Xj_X,_ sin mmjtJ 

C,O,) = Y,+ z,, xj_ xj_ cm W&g C&tJ=Ym+Z,+Xj_Xj_ sin Omit3 
C,(t,)=Zm+Zm+Xj_Yj_ COsw,jt3 C&J = Z,, Z,, Xj_Yj_ sin wmjt3 
C&J= x,, z,, Xj_Yj_ cos Omjf3 C&J= Xm+Zm+Xj_Yj_ sin wmjt, 

C,,(t,)=Ym+Zm+Xj-Zj_ cos urnit C14h3)=Ym+Znl+Xj-Zj- sin mmjt3 

C&J = Xm+ z,, x,_ xi_ cos Omit3 C&J = x,, Z,+Xj_Xjm sin m,,t3 

C17(tj)= Z,+ z,+ Xj- Zj- CDs Wmjt3 C,&t,)= Z,+Z,+Xj_Zj- sin wmjt3 
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the JL and x-components of an inner satellite, and those of an outer satellite, respectively, defined by: 

iF,?4(t,, 72, tj) = & Tr[p(t,, 72, t,)3iZ,?4] = &~~,~(tr, T?, t3) (9a) 

2fi 
F2J(tl,r2, t,)+iF;*3(t,,~2, 13)=&Tr[p(t,,r2, L3)~(Z.:73+iZi,3)] =- 35 P3&17 727 f3) 

(9b) 

26 

F$*(t,, r2, t3) + iZ$‘(t,, r3, t3) = & Tr[p(l,, r2, Q\j5(Zis2+ $‘)] = ~~~~~~~~~ r2. f3) 

(SC) 

An important property clearly shown by eqns. (9a)-(9c) is that MQ transitions (symbolized by ( Zr*n)), 
not detectable with a one-pulse experiment, are observed indirectly at the end of the second pulse 
through 1Q coherences. Furthermore, the measurement of the relative line intensity, for a series of the 
second pulse length t,, allows the determination of quadrupolar coupling ho [21] for a single crystal, or 
of quadrupolar coupling constant [22] for a powdered sample. 

It is worth noting that these three relative line intensities contain terms that do not depend on the 
interpulse delay r2. They correspond to the first six elements in eqns. (5) and (6). Experimentally, they 
are verified with an inter-pulse delay r2 as short as possible [23]. For the central transition, the expression 
is 

/y( t,, t3) = g<z;qc, + (z;qc, + (z;,4>c, + (Z,23C4 + (zz”6xs + (z~,4q (10) 

Fig. 2 shows the graph of Ay(t,, t3) versus the second pulse length t, for three values of wo/2n-. In the 
hard pulse excitation case (ma GC orf), the line intensity of MQ coherences is negligible. Eqn. (lo), with 

TABLE 4 

Functions Ai and R,(tJ of the density matrix component pj,Jtl, TV, t,) and g&,, T?, t3), respectively. For clarity, the symbol 
icb_ ,C:= 1 in front of each term has been omitted 

A#,)= L,;Y,+Yj_ sin u,,tj 
A,(t,) = LmjX,+ Z,_ sin mmjt, 
A,(t,)= L,,Z,+Xjm sin mm,t3 
A,(t,) = L,,Iy,+ x,_ cos Omit3 
A&,)= L,,Z,,+Y,_ cos W& 
Al*CtjlEL,jX,+Y,_ CDS W,jts 
A,,(t,)=L,jY,+Zj~ COS Wmjt3 

AI,( L,jx*+ Xj- COs Wmjt3 
A,,(t,)= L,jZ,+Zj_ cos Omit3 

with L,j = Y,+ X, 

A&,)= LmjY,+Yj_ cos urnit 

Ag(t3)=L,,X,+Zj_ cos Omit, 
A&,) = LmjZ,+ xi_ cos cornit 

A&t,)= L,jym+ X,_ sin Wm,t3 
A,JtJ)= L,jz,+yj_ sin @,fijt3 
AJtJ= L,jX,+Y,_ sin Wm,t3 
A,&t,)= Lm,Ym+Zj_ sin Omit3 
A,&,)= LmiX,+X,_ sin cornit 
A,&t,) = L,;Z,+ Z,._ sin cd/t3 

+z,+Y,& 

R,(t,)= P*jY,+Y,_ sin o,jfj 
R&t,)= P,jX,+Z,_ sin q,,,t3 
R&t,) = P,,,,Z,+ Xi_ sin comjt3 
R,(t,)= PmjYm+ Xl- COS Wmjt3 

R,(t,)= P,,Z,+Yj_ COS Wlnjt3 

R,,(t3)= P,,X,,Yjm cos Wmj13 
R,,(t,)= P,jY,+ Z,~ COS Wmjt3 

RI&) = P,,,jXm+ X,m cos mmjt3 
R,,(tJ)= Pmjz,+ Zj- COS Wmjtj 

with P,, = X,+Y,_ 

R&t,)= P,,,,Y,,,+Y,_ cos mmjt3 
R,(t,)= Pm,X,+Zjm cos wmjt3 
R&t,)= P,,,jZ,+ Xi_ cos cornit3 
R&,1= P,,Y,+ Xj_ sin comjt3 

RI&,)= P,,,jZ,,,+Y,_ sin umjt3 
RJt~)=P,jX,+Y,_ sin wm,t3 
RI,(tx)= PmjY,,,+ Z,_ sin timjt3 
RI&,)= Pm/X,,,+ Xj_ sin wmjt, 
R&J= PmjZ,+ Z,_ sin com,t3 

+ym+zi_ 
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X 

+ time 

Fig. 3. Rotary echo sequence {x){ - x)-[acquisition(y)]-recycle delay, the two pulse lengths are equal. 

the first pulse length corresponding to a 7r/2 pulse (o,.$,~ = r/2), is equivalent to those given by 

Weisman and Bennett [161: 

I I 

250 0 -250 

v/kHz 

Fig. 4. 27Al spectra of a single crystal of A1203 acquired with one-pulse excitation. 

Pa> 
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a --z 9(cos2~[cos4~ - 6(cos 4 sin c#~)~ + 3 sin4+]’ 

- sin2# [ 3 cos4d, - 6( cos I$ sin 4) * + sin441 “) (IIb) 

where 24 = urft3 is the second pulse flip angle. In Fig. 2, the curve corresponding to weak oo value is 
exactly (except the sign because of --x pulses used in the present paper) that of Solomon [15,16] or eqn. 
(lib). 

Even- or odd-quantum detection 

The central line intensity [eqn. (5>] depends on a couple of off-resonance coherences, one even- and 
one odd-quantum. As mentioned above, odd-quantum coherences developed during the first pulse 
change their sign with that of the pulse. In contrast, even-quantum coherences do not. As a result, 
alternating the phase of the first pulse without changing that of the receiver (y) will cancel odd-quantum 
coherences. In other words, the sequence, { -xl-TV-{ -xj-[acquisition(y)]-recycle delay-{x)-T,-{ --x1- 
[acquisition(y)]-recycle delay, will detect polarization and even-quantum off-resonance coherences. As 
their line intensities are only important for medium ho values, these line intensities are observed mainly 
in this condition. The relative intensity of the central line becomes 

iF,“‘(t,, r2, tJ = &P4,3(tlP 721 t3) ( I2a) 

with 

p4,J t,, 72, t3) = 2i{(1,2,5X4 + <Z,‘,“>C5 + tIz3’4X6 

+U:‘4)[(C7+C9) sin 27,wo + (C, - C,,) cos 2~~~~1 

+ (I;‘“)[ (C,, + C,,) Sin 47,~~ + (c,, - c,,) COS ‘h2WQ] 

I I I I I I 

2 4 6 8 10 12 14 

Pulse length t,/ ps 

Fig. 5. Fit of 27Al experimental line intensity of Fig. 4 with eqn. (9a), and the parameters: tI = 72 = 0, w,/ZP = 56.4 kHz and 
wQ /2rr = 47.6 kHz. 
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+ (I,‘“)[ (C, + C,) cos 27,~~ - (C, - C,,) sin 2~~0~3 

+ ( Zip5> [ (C,, + C13) cos 47,~~ - (C,, - Cl,) sin 4r2wo] 

+ (I,‘,“> [ (C,, - C,,) cos STOWS - ( Cl6 + Cl,) sin 67+~~]} ( 12b) 

In contrast, alternating the phase of the first pulse and that of the receiver simultaneously will cancel 
polarizations and even-quantum off-resonance coherences. In other words, the sequence, (--x}-T~- 
{ -x)-[acquisition( y)]-recycle delay-(x)-r,-{ -x}-[acquisition( -y)]-recycle delay, allows the detection 
of odd-quantum coherences. The relative intensity of the central line becomes 

W(tl, 72, t3) = &~~,~(t~, 72y t3) ( 13a) 

I I 

250 0 -250 

v/kHz 

Fig. 6. “Al spectra of a single crystal of Al,O, acquired with the sequence described in Fig. 1. 
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with 

~~,~(t~, TV, t3) = 2i{(Zz*5X1 + (Zi*6>C, + (1,3,“>C, 

+U,2S3)[(C7-C9) sin 2~~0~~ + (Cs + C,,) cos 2T2wQ] 

+(Z,‘*2>[(C,, -C,,) sin 4T2Wo + (C,, + C,,) cos 4T2WQ] 

+ (Z,‘.4)[( C,, + C,,) sin 6~~w~ + (C,, - C,,) cos 6~~~~1 

+ (Z;.“>[ ( C7 - C,) cos 272wQ - (C, + C,,) sin 2~~0~1 

+ ( Z;‘2)[ ( Cl, - C,,) COS 4T20Q - ( C,2 + C,,) sin 4T2WQ] 

+ (Zi.4) [(Cl, + C,,) cos ~T~wQ - (C,, - C,,) sin 6~~~~1) ( 13b) 

The expressions of the line intensities in both sequences are simpler than those of the original sequence 
[eqns. (5) and (9a)]. As a result, the data fitting time will be reduced. 

Rotary echo sequence 

From now, we deal with the rotary echo sequence ({xl{ -x}-[acquisition(y)]-recycle delay) described 
by two consecutive pulse of opposite phase but of same pulse length (Fig. 3). This sequence represents an 
alternative way for determining tiQ. The component p4,3(tl, t, = t,) of the density matrix is simply 
deduced from eqn. (5). The relative intensity of the central line is 

iF3(C)(tl, t3 = tl) = &P4,3(tl, 13 =t~> ( 14a) 

0 2 4 6 8 10 12 14 16 

Pulse length t,/ ps 

Fig. 7. Fit of 27Al experimental line intensity of Fig. 6 with eqn. (9a). and the parameters: 1, = 2.5 KS, 72 = 10 KS, CIJ,~ /27r = 56.9 
Hz and w0 /27r = 47.5 kHz. 
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with 

p4,Jfl, t, = tI) = i( -(Z,2,5>C, - (Z,1,6>C,- (Z,3,4>C, + (Z,2*5>C4 + (Z,‘,6)C, + (Z,3,4)C, 

-((Z,“,“) - (Z,2,4))Cs - ((Z,“,“) + (Z,2,4& 

-(<z,,“> - (Z,‘9)C1, - (<z,‘J> + (zy))cl, 

+ ((Z,‘J) - (zy))c,, + ((Z,‘J) + (z,,4))c,, 

-(<Iy”‘V - (r,2,“>)c,+ ((ry”3> + (r,2*“>)C, 

- ((ZjJ) - (zy))c,, + ((ZylJ) + (z;‘5))c13 

+(<z$9 - U;,4))c,s - ((I:,“) + (y))c,,) ( 14b) 

Because the first pulse is an x pulse, the signs of odd-quantum line intensities have been changed. 

250 0 -250 

v/kHz 

Fig. 8. “Al spectra of a single crystal of b&O3 acquired with the sequence: { - x)-T~ -{ - xl-[acquisition( y&recycle delay-(n)- 
72 -{ - xl-[acquisitionc y&recycle delay. 
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0 2 4 6 8 10 12 14 16 

Pulse length t,/ps 

Fig. 9. Fit of 27Al experimental line intensity of Fig. 8 with eqn. (12a), and the parameters: t, = 2.5 ~FLS, TV = 10 ps, w,r /2~ = 57.4 
kHz and o. /2~ = 47.2 kHz. 

250 0 -250 

v/kHz 

Fig. 10. 27Al spectra of a single crystal of Al,O, acquired with the sequence: { - Y)-T~-{ - x}-[acquisitionc y&recycle delay-{x)- 
T?-(- xl-[acquisition(- y&recycle delay. 



\ 

I I I I I I I 1 
0 2 4 6 8 10 12 14 16 

Pulse length t,/ p 

Fig. 11. Fit of *‘Al experimental line intensity of Fig. 10 with eqn. (13a), and the parameters: t, = 2.5 ps, Q = 10 ps, o,~ /2~ = 57.1 
kHz and w. /ZP = 47.6 kHz. 
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I I 

250 0 -250 

v/kHz 

Fig. 12. 27Ai spectra of single crystal of AI,O, acquired with the rotary echo sequence (Fig. 3). 
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Experimental verification 

Several analytical expressions of relative line intensity are obtained without taking into account the 
spin-spin relaxation phenomena as mentioned at the beginning of the previous section. They are 
required for the study of the Solomon echoes. Otherwise, these relative line intensities can be obtained 
using numerical methods. In this section, we check their validity with 27A1 NMR signals of a single crystal 
of corundum Al,O,. 

27Al signals were recorded at room temperature with a Bruker MSL 400 multinuclear high power 
pulsed NMR spectrometer operating at 104.2 MHz. The high power static probehead was equipped with 
a 5-mm diameter horizontal solenoid coil. w,/2~ = 47 kHz and the associated 7r/2 pulse length 
t,, = 5.3 ~LS were determined using an aqueous solution. For the one-pulse experiment, the pulse length 
was incremented from 1 to 14 pus by steps of 1 ps. For the two-pulse experiment, the acquisition 
parameters were: t, = 2.5 ps, r2 = 10 ps, t, = 1 to 16 ps by steps of 1 ps. For the rotary echo 
experiment, the pulse length t, was incremented from 1 to 16 ps by steps of 1 ps. In all cases, an 
acquisition delay of 10 ps, a recycle delay of 10 s and a spectral width of 500 kHz were used. The 
experimental value of the quadrupolar coupling, which is defined by half the frequency separating two 
consecutive lines in the spectrum of a single crystal, is wo/27r = 48 kHz. 

Figs. 4, 6, 8, 10 and 12 show a serie of 27Al spectra acquired with one-pulse excitation, the sequence 
represented in Fig. 1, the sequence { -x}-r2-{ -x}-[acquisition(y)]-recycle delay-{x)-r,-{ -x}- 
[acquisitiom y)]-recycle delay, the sequence { -~}--7~-{ -xl-[acquisition( y)]--recycle delay-lx&r,- 
{ -x}--[acquisition( -y )&-recycle delay, and the rotary echo sequence represented in Fig. 3, respectively. 
Due to the large spectral width, only the central line in all the spectra was properly phased. Figs. 5, 7, 9, 
11 and 13 present the fit, with the procedure Simplex, of experimental line intensity corresponding to 
Figs. 4, 6, 8, 10 and 12 with eqns. (9a), (9a>, (12a), (13a) and (14a), respectively. The values of 
(o,r/2a, wo/2~> determined with these five sequences are (56.4 kHz, 47.6 kHz), (56.9 kHz, 47.5 kHz), 
(57.4 kHz, 47.2 kHz), (57.1 kHz, 47.6 kHz), and (54.7 kHz, 49.8 kHz), respectively. The amplitude of the 

0 2 4 6 8 10 12 14 16 

Pulse length t, / p 

Fig. 13. Fit of “Al experimental line intensity of Fig. 12 with eqn. (14a), and the parameters: w,/~T = 54.7 kHz and 
uQ /2~r = 49.8 kHz. 
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pulse determined by the fit procedure is about 20% higher than that measured experimentally with an 
aqueous solution. Otherwise on the whole, the values of do determined with the fit of the central line 
intensity terms the pulse length are comparable to those provided directly by the spectrum. This 
represents an alternative way for determining ho when satellite lines are not available. For powdered 
samples, in cases where the popular MAS method is not applicable, in particular at very low or high 
temperatures, application of these sequences represents an alternative way for determining the 
quadrupolar coupling constant and 7. As a result, the contribution of the second-order quadrupolar shift 
(6,,) to chemical shift can be calculated [2]. The main limitation of these techniques is that they are 
useful only for a single line. In case of line overlapping, two-dimensional techniques are required to 
separate lines in the second dimension. 

Conclusion 

With the help of Mathematics, we have extended the study of spin-5/2 system to two in-phase pulse 
excitation by including the first-order quadrupolar interaction throughout the experiment. Our results 
clearly show that (i) single- and multi-quantum coherences developed during the first pulse are detected 
at the end of the second through single-quantum coherences; and (ii> the line intensity depends not only 
on the pulse lengths t, and t, but also on the quadrupolar coupling wo and the amplitude orf of the 
pulse as well. They are valid for any ratio of oo/w+ The main restriction is that the interpulse delay 72 
must be short compared to the duration of fid. Finally, measurement of central line intensity versus 
pulse length allows the determination of quadrupolar parameters. 
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