
One Pulse Spin-locking in NQR * 
B. Bandyopadhyay , G. B. Fu rman , S. D. Goren , C. Korn, and A. L Shames 
Department of Physics, Ben-Gurion University of the Negev, P.O. Box 653, 
84105 Be'er Sheva, Israel 

Z. Naturforsch. 51a, 357-362 (1996); received December 12, 1995 

The response of a quadrupolar spin system in zero applied magnetic field to a long if pulse, for 
both single crystal and polycrystalline samples possessing broad Lorentzian-shaped resonance lines 
has been studied. The dependencies of magnetization on frequency offset, linewidth and power are 
investigated both theoretically and experimentally. The problem of the effective field direction in 
both single crystal and polycrystalline samples is also discussed. For a polycrystalline cuprous oxide 
( C u 2 0 ) sample it is observed that the magnetization after a long pulse in on-resonance condition 
does not become zero for time t P T2, in agreement with theoretical results. It has also been shown 
that the magnetization increases with increase in the width of the resonance line as well as with the 
decrease in the excitation power. 
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1. Introduction 

The spin-locking technique in N M R and N Q R ex-
per iments is usually implemented by applying a 
phase-shifted two pulse sequence [1]. The same effect 
can be achieved in bo th N M R [2] and N Q R [3, 4] with 
a long off-resonance pulse. In this case, the magnetiza-
tion does not decay dur ing the time T2 <t T, (Tx 

and T2 are spin-lattice and spin-spin relaxation times, 
respectively). According to [3] and [4], no signal should 
be observed after an excitation lasting a few times T2 

when applied at on-resonance condit ion. The theoret-
ical results are in good agreement with the experimen-
tal da t a for samples having narrow N Q R lines [3, 4], 

In the present paper , we study the resonance of a 
q u a d r u p o l a r spin system with arbi t rary spin in zero 
applied magnet ic field to a long if pulse in both single 
crystal and polycrystalline samples. 

2. Theory 

Let us consider a spin system with spin S > 1 and 
retain in the Hami l ton ian J f ( r ) only those terms 
which are necessary to the description of the dynamics 
of the spin system dur ing the time interval t < T t . The 
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evolution of the spin system influenced by a field 
can be described by the state opera to r Q (r) which is a 
solution of the equat ion (h = 1) 

i ^ - =[jf(t),Q(t)) 
at 

with the Hami l ton ian 

j f (t) = J^q + + Jf,^ (r). 

Here 

eQq2 

T4S(2S-\) 
3 S ' - S ' + l i S ^ + S t ) 

(1) 

(2) 

(3) 

represents the interact ion of the nuclear quadrupo le 
momen t with the electric field gradient (EFG) in the 
principal E F G frame, e Q qzz and r] are the quadrupo le 
coupling cons tant and the asymmetry parameter of 
the E F G , respectively. is the Hami l ton ian of the 
dipole-dipole interaction. J^ {At) defines the interac-
tion between the spin system and the i f field as 

j f ; / ( r ) = col [m • S ) c o s c o ^ f , (4) 

where = y H t , y is the gyromagnet ic ratio, H t is the 
ampl i tude of i f field, and the unit vector m determines 
the direction of the i f field, given in the principal E F G 
frame as 

m = {sin 6 cos (p, sin 6 sin cp, cos 6}. (5) 

To take into account the time dependent par t of the 
Hami l ton ian (2), it is advantageous to consider (1) in 
the interact ion representat ion [5] with an effective 
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t ime independent Hami l ton ian 

^ = A/3 + a ) r / ( 0 , cp, r j ) I l + J f d , (6) 

where A = c o j s — coQ is off-set, coQ is the resonant 
N Q R frequency (Fig. 1), 

f(9,cp,r1) = (RR* + KK*)1'2, (7) 

and R = R{9, cp, t]) and K = K (9, cp, q) are matr ix ele-
ments of the opera tor (m • S) in representat ion. 
is the secular par t of the dipole-dipole interact ion 
Hamil tonian relative to [5], The componen t s of the 
Hermit ian opera tor I ( / l 5 / 2 , / 3 ) , defined in [5], satisfy 
the commuta t ion relat ions 

Vi, Ij] = t i j , k ' ilk • (8) 
The effective Hami l ton ian (6) can be represented in 

the form 

J f e = coe(e- I) + 

where coe is the effective frequency 

coe = [A2 + co2f(9, cp, n)]1/2. 

(9) 

(10) 
OK 

e is the unit vector a long the effective field He = — e 
and can be expressed as ' 

1 
e = 

co. 
0 ^ / 1 - , 0 , 0 K m - * ) 

+ c o 1 / ( - , 0 , 0 ] m (11) 

where k is the unit vector along the offset field. We 
stress that the vector k in general does not coincide 
with the z axis of the principal E F G frame, i.e., 

(m k) = 1 - f 2 ( 9 , cp, q)/f2[ 0, 0 
1/2 

. (12) 

In general, the unit vectors e, m and the z-axis of the 
principal E F G frame do not lie in the same plane 
F r o m (11) we can obta in the angle between the t / field 
and the effective field a long which the magnet izat ion 
is locked: 

1 
cos oc = (tn • e) = — {A (m k) + co, [1 - (m • *)2]}. (13) 

CO, 

The effective Hami l ton ian being time independent , 
it may be assumed that dur ing the time ~ T2 after the 
beginning of the i / pulse the spin system will reach a 
quasi-equilibrium state [1] with the state opera tor 
given as (in the high tempera ture approximat ion) 

Qe = l ~ ß e K (14) 

for coe~co l G C , where coloc = T r { J f d
2 } / T r { 5 2 } is the 

dipolar linewidth, 

and Qe = \ - ß s c o e ( e - l ) - ß d J f d (15) 

for coe coloc. Here ße, ßs and ßd are inverse tempera-
tures of the spin, Zeeman and dipole systems respec-
tively, in the interaction representat ion. 

Case I. coe ~ coloc 

In this case, during a time ~ T2 we can neglect the 
absorpt ion of the i / field energy by the spin system 
and use the low enery conservation 

T r { e ( 0 ) ^ e } = T r { e e J f e } , (16) 

which gives 

I L = COq coe (k • e) 

ßh CO2 + CO,2oc 

where ^(0) is initial state opera tor given by 

q( 0) = l - ß L S f Q , 

1 
in which ßL = and TL is the lattice tempera ture . 

kTL 

Using (11), (14) and (17), we obta in the observed 
componen t of the quasi-equilibrium magnet iza t ion 

(17) 

(18) 

Mn 
Mr 

coe (k • e)(m • e) 
(19) 

where M 0 is the magnetizat ion immediately after the 
90° pulse. 

Equa t ion (19) shows the decrease of the observed 
quasi-equilibrium magnetization, indicating that the 
energy exchange between the quadrupo le and dipole-
dipole reservoirs takes place dur ing the t ime ~ T2 . 
Moreover , the magnetizat ion is now aligned in the 
direction of the effective field with s imul taneous disap-
pearance of the magnet izat ion componen t s which 
were previously perpendicular to the effective field. In 
the on-resonance case we see f rom (11) and (19) that 
the observed magnetization is zero. A similar observa-
tion has already been made earlier for a sample pos-
sessing a narrow N Q R line [3, 4]. In a more general 
case, i.e., taking into account the dis tr ibut ion of reso-
nant N Q R frequencies (Ar) over the real line with 
non-zero linewidth (<5), (19) must averaged over the 
line: 

+ 0O M = f 

0 / Ar - 00 M 0 

(20) 
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Fig. 1. The Lorentzian distribution g(Ar) given by (21) as a 
function of linewidth (£) and frequency deviation (Ar). A, the 
frequency off-set, is the difference between the resonance fre-
quency (CDq) and the t f frequency (co t f ) . 

where g(Ar) is a normalized function of zlr (Figure 1). 
The numerical analysis of such an averaging for the 
Gaussian lines has already been done by Pra t t et al. 
[4], However, they have not discussed the on-reso-
nance case. Here, let us consider the Lorentzian distri-
bution of frequencies over a line having width Ö, 

g( 4 ) = -n d2 + A2 ' 
After averaging according to (20), we obtain 

0 / A r 

where 

= (mk)[l-b(b + \)A]+°^[\-(mk)2]A, 

6 (22) 

(23) 

(24) 

(25) 
(26) 

(27) 

A =-[a2+(b- l)2], 

b l = ^ K 2 [ l - ( m - * ) 2 ] + < c } , 

d = (a2 + b2 - l)2 + 4 a 2 , 

and cu* = coj • / ( — , 0, 0 

In the case of on-resonance A = 0, and it follows 
from (22-27) that the magnetization 

M 0 

is not zero. 

(ntk) 

1 +b 
(28) 
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For polycrystalline samples, the quasi-equilibrium 
magnetization given by (22) must be averaged over the 
angles 0 and cp as 

C • •) e. = J d0 J dtp | sin 0 1 . . . . Z 71 
(29) 

For example, let us consider a spin system with 
S = 3/2. In this case 

f(6,V,ri) = 
1 

y i + s (30) 

1 / 2 'tl2 1 
— + - sin2 0 (3 — w2 + 21; cos 2 cp) 
3 4 

F rom (28), for rj = 0 and after averaging as in (29), 
we obtain 

40 
M r 0 / \r/ 9. <p 3 « ! 

— (5 In 

V l ^ l + ^ l o c - ^ l o c 

«5 + , / l c ü f + cüj 
Ö + (ÜV 

(31) 

In the case of polycrystalline sample having a nar-
row resonance line we may obtain the angle between 
the i f coil and the effective field direction, 

(21) <(™-e)>0,P = 
3zl 

4cu2 

1 3zl2 \ + l2"^fJarCSm 
14-

3 A 
4to2 

(32) 

Case II. a>, P co. 

In this case, the spin system is characterized by two 
motion integrals, namely coe(e • I) and Using the 
conservation law we obtain 

ßh 

and ßd ^ 0. 

(33) 

(34) 

From (11), (15), and (33) we obtain the observed 
magnetization 

Kn 
M0 

= (k • e) (m • e). (35) 

This result shows that, in contrast to the previous 
case (given by (19)), the decrease of the magnetization 
is now entirely determined by its alignment along 
the direction of the effective field at time ~ T2 . Equa-
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tions (22) to (27) are valid with the substitution of 
b by b, =co*2[l ~(k m)2]/ö2. 

3. Experimental 

All measurements wer performed at room tempera-
ture on a sample of polycrystalline cuprous oxide 
( C u 2 0 ) in zero applied magnetic field using a Tecmag 
Libra pulsed N M R spectrometer. The sample was 
subjected to 4 / pulses of variable length, frequency 
and power. To avoid the drift of the resonant 
frequency due to increase of temperature during a 
long signal acquisition time with high power pulses, 
the sample was placed in a continuous dry air 
flow. In order to reduce the errors in the magnetiza-
tion measurement, the F I D signals were treated by 
Fourier transformation, baseline and phase correc-
tions and then the magnetization values were ob-
tained from the peak intensities of the absorption 
lines. Two resonance lines were found at frequencies of 
about 24.06 M H z (6 5Cu) and 26.01 MHz (63Cu). Both 
these lines exhibited the Lorentzian line shape with 
linewidth H H F W = 1 0 + 1 kHz and relaxation times 

= 166 ± 35 ms and T2 = 60 ± 10 ps for 6 5Cu; 
Tj = 116 ± 7 ms and T2 = 40 ± 5 ps for 6 3Cu. The re-
sults as described below were the same for both cop-
per isotopes, but all detailed measurements were made 
on the more intensive 6 3 Cu N Q R line. 

The experiments were mostly done at a fixed if 
pulse amplitude such that the 90° pulse length was 
4 ps (or 3.9 • 105 rad/s). The pulses at this amplitude 
and with a duration of 300 ps were used for long pulse 
experiments. The pulse repetition rate was set at five 
times . The dependence of the magnetization on the 
off-resonance excitation by the long pulse was ob-
served upwards from 30 kHz below the exact value of 
the resonant N Q R frequency in steps of 5 kHz until 
30 kHz above resonance (Figure 2). The points in 
Fig. 2 are drawn at the real off-set values measured as 
a function of the shift of the absorption line from the 
resonant frequency found for the short 90° pulse. The 
result of two independent measurements are plotted 
on the same graph. This figure clearly shows that the 
magnetization measured after a long pulse is not equal 
to zero even at the exact on-resonance condition. 
Moreover, the position of the minimum in the intensi-
ties is found to be shifted from the zero off-set position 
in the direction of higher frequency (negative off-set 
according to Figure 1). 

-40000 -20000 0 20000 

Off-set (Hz) 
40000 

Fig. 2. Intensity of the magnetization observed after a long 
300 ps pulse as a function of the frequency off-set. The inten-
sities have been normalized to that of the 90° pulse. 
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Fig. 3. Magnetization observed after a long pulse of varying 
power (OJ !), normalized to the magnetization due to excita-
tion by a corresponding 90° pulse, plotted as a function of 
power and frequency off-set (A). 

Figure 3 is a plot of intensities after excitation by 
300 ps if pulses of varying power at different values of 
off-set. For each power setting (coj), the intensities 
were normalized with respect to the corresponding 
90° pulse. This graph shows the unusual increase of 
magnetization for both the on- and off-resonance 
cases when the power is reduced. The drop in the 
magnetization at the low power side of the scale for 
large off-sets is also very remarkable. 

4. Discussion 

Both the theoretical and experimental results pre-
sented above show that for the dipolar coupled spin 
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Fig. 4. Dependence of the magnetization on off-set values. 
Simulation of (22) averaged over different orientat ions for the 
polycrystalline sample having S = 3/2, t] = 0 for three differ-
ent values of CJ1oc. 
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Fig. 5. Dependence of the on-resonance magnetizat ion on 
the if power. Simulation of (31) for three different values of 
a),oc. The circles denote experimental data . 
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Fig. 6. Dependence of the magnetization on the if power for 
three different values of off-set A. Simulation of (22) averaged 
over different orientations for the same polycrystalline sam-
ple. 

system excited by a long pulse, there exists a non-zero 
magnetization. The excitation of such a system by a 
single long pulse creates a spin-locking state for both 
the on- and off-resonance cases; the magnetization is 
locked along the direction of the effective field. The 
orientation of the effective field with respect to the t f 
coil axis depends on the excitation parameters such as 
frequency off-set and amplitude of the long pulse. 
Equations (11) and (13) clearly show that the variation 
of these parameters changes the orientation of the 
quasiequilibrium magnetization. 

Figure 4 shows the computer simulation of (22), av-
eraged over different orientations for the polycrys-
talline sample having S = 3/2, rj = 0. It is found that 
the magnetization at on-resonance increases with in-
crease of the width of the resonance line. The shift of 
the minimum from the position of zero off-set be-
comes more pronounced for the broad lines. Both 
these effects have been observed experimentally (Fig-
ure 2). 

Let us now analyze the power dependence of the 
magnetization for the on-resonance case. The lines in 
Fig. 5 show the magnetization values calculated ac-
cording to (31) for different dipolar broadening. For 
the sake of simplicity we show only the case <5 = <yloc. 
For the narrow N Q R line, the magnetization after a 
long pulse at high power is close to zero and grows 
slightly with power reduction. For samples possessing 
broad lines, we get a higher on-resonance magnetiza-
tion and its growth due to power reduction becomes 
more pronounced. The simulation with the parameter 
Ö = coloc = 8000 rad/s (Fig. 5, dashed line) gives a good 
fit to the experimental data for cuprous oxide (Fig. 5, 
circles). The analysis of the power dependence data at 
different off-set values for polycrystalline samples 
(Fig. 3) requires simulation of (22) averaged over all 
orientations. The results of such an averaging with the 
parameters above are plotted in Figure 6. Although 
we were unable to normalize the data to fit them to the 
experimental results, these curves qualitatively de-
scribe both the upward shift of the power dependence 
for the off-resonance case and the drop of the magne-
tization at low powers for the large off-set that has 
been observed experimentally (Figure 3). 

6. Conclus ions 

For systems possessing a Lorentzian-shaped N Q R 
line, the spin-locking state with non-zero magnetiza-
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tion can be obtained by applying a single long t f 
pulse for both on- and off-resonance excitation. The 
magnetization is oriented along the direction of the 
effective field which depends on the excitation 
parameters such as frequency off-set and applied 
power. It has also been shown that the magnetization 
increases with increase in the width of the resonance 
line as well as with decrease in tf power of the excita-
tion. 
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