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Results are presented of a theroretical consideration of the nuclear quadrupole resonance and
spin-lattice relaxation for a sample containing nuclei of two different types coupled by strong
heteronuclear dipole-dipole interactions and influenced by an external continuous or pulsed ra-
diofrequency magnetic field acting only on the nuclei of one sort with spin 7> 7/2. A kinetic equation
is obtained from which the time dependence of the magnetization of the sample is derived. The
kinetic coefficients are calculated as a function of the concentration and distribution of the nuclei

of both sorts.
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Introduction

In [1-3] on spin lattice relaxation in solids via para-
magnetic impurities coupling with nuclear spins by a
dipole-dipole interaction we have shown that the
growth of the nuclear magnetization in the absence of
spin diffusion is described by

M(t) ~exp(—AtY, (1)

where the fractional power « and the slope A are
strongly dependent on the concentration and distribu-
tion of paramagnetic impurities and nuclei. For a ho-
mogeneous distribution, x=D/6 and A~ I (1—D/6),
where D is the space dimension of the sample and I'(z)
is the Gamma function. If the distribution is inhomo-
geneous, the sample can be regarded as consisting of
subsystems, each of which includes a paramagnetic
inpurity surrounded by nuclear spins, packed in a
d-dimensional space. This leads to a=(D+d)/6 and
A~T[1—(D+4d)/6]. The experimental data from a
wide range of sources confirm this description [1-3].

In the present paper we apply this theory to pure
NQR for a sample in a zero dc magnetic field contain-
ing nuclei of two types coupled by strong heteronu-
clear dipole-dipole interaction and influenced by an
rf field acting on the nuclei of only one type. The local
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magnetization of the I-spin system, locked in the effec-
tive field [4], changes most rapidly near the nuclei of
the S-spin system, resulting in a spatial distribution of
the magnetization [4]. The rf action leads to partial
averaging of the dipole-dipole interaction [5, 6], which
hampers the diffusion process so that only direct re-
laxation takes place.

Applying a suitable averaging procedure to the lo-
cal magnetization will give the global magnetization
of the sample. Some experimental data are explained
by means of this theory [1-3].

Theory

Let us consider a spin system of I>1 and S=1/2
spins in zero dc magnetic field, influenced by an rf field
(continuous or pulse) acting only on the I spins. As-
suming that the main relaxation mechanism of the
I-spin system is its coupling with the S-spin system by
heteronuclear dipole-dipole interaction and retaining
only those terms in the Hamiltonian #(t) which are
necessary for the description of the dynamics of a spin
system with strong heteronuclear interactions, one
has

H) = Hy + His + Hss + K (0), ©)

where

Ho=x 2= |3 pylgziy| g
e aIpI-nT” 2
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represents the interaction of the /-spin system with the
electric field gradient (EFG), eQq.. and 5 being the
quadrupole-interaction constant and the asymmetry
parameter of the EFG respectively. 5,5 and #g are
the Hamiltonians of the dipole-dipole interactions be-
tween [ —S and S—S spins. J# (t) gives the action of rf
field on the I-spin system:

t)=2271"H1f(t)cos(wt), 4)

where |H,| and w were the rf field amplitude and
frequency. f(t) gives the times of appearance of the
rf field pulses and equals 1 for a continuous rf field.
In the operator representation used in [5], the
Hamiltonian (1) can be written in the form

H()=f)w.(eX) + H75° + Hss, 5)

where w, and e are the effective frequency and unit
vector of the effective field [5, 6], and X is the effective
spin operator satisfying the commutation rule [, 2]
=iZX,[5, 6]. #7s¢ is the secular part of # relative to
Ho

LA ©)

mnm'n’ l_] mnpmn

H s = Z 2
ij mam'n’
Here the projection operators e',, for spins I and p;,,
for spins S=1/2 are defined by their matrix elements
<m | efn’n‘ |n> = 6mm’ 51»1' and <m | p{nn | n> e 6mm‘ 5nn' and
commutation rules: [e 1=0,

mn> pm'n

d

mnm’'n’

D:inm n’ (5"]" + 5"!"_)’ (7)

A= —n,and DY, r;;> are the matrix elements of the
Hamiltonian 5 in J#,-representation [5, 6].

The kinetic equation for the local magnetization
m;(t) of the I-spin system can be obtained using the
method of the nonequilibrium statistical operator

[7, 8], which in this case gives [3]

M e i,'(mi(t)'—

dt mia) ’ (8)

where m,, is the local magnetization immediately after
the action of the first rf pulse [5, 6]. The relaxation time
T/ characterizes the change of the local magnetiza-
tion caused by direct heteronuclear dipole-dipole in-
teraction:

=X ©)
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where
sin? »
=§[2 PE jdte !
i li Y Kll
é <( mnm’n’ dmnmn K )( mnm nh mnmn ( ))>’ (10)
<(Zmnm'n mnmn K ) >
K3, (1) = exp (i #ss t) K exp (=i Hss 1), (11)

satisfy the commutations rules

(12)

The operators K%,
[(82),K ] - len?

where [=0, +1/2, +1 [5, 6], but for specific cases some
terms may be absent. For example, if =1 and n=0
there are only terms with I= +1/2 [6].

Since the local magnetization m;(t) of the I-spin
system is distributed throughout the sample and de-
pends on position, a suitable averaging procedure
must be performed in order to obtain a global magne-
tization of the whole sample [1]. First, for the sake of
simplicity, we replace B;;, which depends on the spher-
ical coordinates 6; and ¢;; of the vector r;; connecting
the i I-spin with j* S-spin in the prmmpal EFG
frame, by its average value B={B;;>. Second, let us
consider two models of the distribution [1]: (1) homo-
geneous and (2) inhomogeneous, in which the spin
system can be regarded as consisting of subsystems,
each of which includes an S-spin surrounded by I spins.

In the case of the homogeneous distribution, the
normalized relaxation function takes the form [3]

R (oo MO=M()
hom 2T M (0) — M (o0)
27”2 (1 — D/6) Cs(Br)P'®
=P~ DI (D)) » (13)

where Cg is the concentration of the S-spins and I'(z)
is the Gamma function.

In the case of the inhomogeneous distribution of the
spins I and S, the relaxation function becomes [3]

R, (1) = AA/’;(I)—M(OO)
(0) — M (o0)
4nP+O2 (1 —

) B44)C, C, (Bry+ S

=exp{ — (14)
D(D +d)I'(D/2)I' (d/2)

where C, is the concentration of the I spins. Equations

(13) and (14) describe the non-exponential behaviour
of the relaxation process.
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Discussion

The above results are now used to explain some
experimental data. First, the spin-lattice relaxation of
35CIl in Ba(ClO;)H,O0 under the continuous spin-
locking condition was “far from exponential in char-
acter” [9] in accordance with expressions (13) and (14).
For multiple-pulse spin locking, the time dependence
of the magnetization was also “essentially non-expo-
nential” [10]. It can be seen from (13) and (14) that the
increase in relaxation rate with increasing concentra-
tion Cg of the S spins is in qualitative agreement with
experiment [11]. Unfortunately, the original data of
the time-dependence of the magnetization were not
presented in [9-11].

Recently, multiple-pulse irradiation has been ap-
plied to polycrystalline trimentylamine which con-
tains '*N, a spin-1 nucleus, in the axial EFG to ob-
serve the long time evolution of the spin system [12].
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