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Spin thermodynamics is used to predict relations between various aspects of pulsed spectroscopy
in the case of pure nuclear quadrupole resonance (NQR) of spins +: pulse response for states of
quadrupolar or dipolar order, and efficiency of transfer of quadrupolar into dipolar order by a pulse
pair. Experimental results are presented on the NQR resonance of **Cl in NaClOjs single crystals.
Although there is a very satisfactory overall agreement between the observations and the predictions
based on the usual assumptions underlying spin thermodynamics, experiments suggest that the
choice of the quasiinvariant(s) related to the spin-spin interactions in sodium chlorate should be

reconsidered.

I. INTRODUCTION

Nuclear-spin thermodynamics®? in solids is usually
based on the assumption that spin-spin interactions rapid-
ly bring the spin system into a state of internal
quasiequilibrium characterized by a small number of
quasiinvariants: The populations of the single-spin energy
levels (or combinations of these populations) and the total
spin-spin coupling energy. A large number of experimen-
tal results have been predicted, understood, and correlated
by means of this simple and plausible assumption, mostly
in the case of spin Hamiltonians dominated by the interac-
tion of each spin with a large external magnetic field.

However, the basic assumption about the nature of the
quasiinvariants (and specifically the invariant associated
with spin-spin couplings) has seldom been investigated ex-
perimentally in a detailed quantitative way. Such investi-
gations have been carried out, as an example, on single
crystals of CaF, and LiF in large external magnetic fields,
in which it is clear that the relevant invariants are the Zee-
man energies of each spin species and the secular part of
the total spin-spin—coupling Hamiltonian.>*  This
straightforward choice of invariants does not always apply
to slightly less simple crystal structures or spin Hamiltoni-
ans, as shown by the example of the protons in gypsum
(CaS0O,4-2H,0), again in a large external magnetic field, in
which the marked difference between the couplings of
protons in the same or in different water molecules causes
the appearance of three independent quasiinvariants relat-
ed to spin-spin couplings.’

In the present paper, we present a quantitative compar-
ison between some predictions of spin thermodynamics
and the results of the corresponding pulse experiments in
pure nuclear quadrupole resonance in single crystals of
NaClO;. The overall agreement between predictions and
observations is very satisfactory, but one group of results
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suggests that the secular part of the total spin-
spin—coupling Hamiltonian might not be the only quasi-
invariant related to spin-spin interactions.®

II. SPIN-HAMILTONIAN AND DENSITY-MATRIX
CALCULATIONS

Sodium chlorate monocrystals have a NaCl arrange-
ment of the ions, distorted to accommodate the ClO;~
anions in such a way that the overall symmetry remains
cubic.” The cubic unit cell contains four molecules. The
four chlorine atoms, on one hand, and the four sodium
atoms, on the other occupy equivalent lattice sites. Since
oxygen is essentially nonmagnetic we neglect its presence
in the discussion of the properties of the spin system of
sodium chlorate. The molecular bonds, joining chlorine
atoms and the associated sodium ions, are parallel to the
body diagonals of the cell. The electric field gradients
(EFG’s) at the location of the sodium and chlorine nuclei
show axial symmetry, resulting from the (1,1,1) direction
(parallel to the molecular bonds) being a threefold-
symmetry axis.®’ Sodium and the two isotopes **Cl and
37C1 of chlorine all have spin % As a consequence, only
one quadrupolar transition frequency is associated with
each of the chlorine and sodium isotopes.!®!!

The nuclear-spin Hamiltonian can be written as a sum
of single-spin terms describing the interactions of each nu-
cleus with external magnetic fields and local EFG’s and a
sum of bilinear two-spin terms describing spin-spin cou-
plings (mainly direct dipolar couplings in the present
case). In the absence of external magnetic field, and for
the spin-3 nuclei >*Na, **Cl, and *’Cl in a perfect NaClO,
crystal, all single-spin terms in the spin Hamiltonian have
twofold-degenerate upper- and lower-energy eigenstates
with the same energy difference for all nuclei of the same
kind. It is convenient at this point to emphasize this sim-
ple structure by writing the single-spin Hamiltonian for
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spin i under the form #o'”.*?, where w'” /2 is the reso-
nance frequency for spin i, and the operator .#*¥ is one-
half of the sum of the projectors on the two upper-energy
eigenstates minus the sum of the projectors on the two
lower-energy eigenstates (always for spin i). The eigen-
values of 4" are 4+ and — .

We can now write the complete single-spin part of the
spin Hamiltonian under the form

%ozﬁwm)mza)+%(35)_/V<35)+ﬁw(37)J,/<37) , (1)

where .#?* is the sum of the .#*? operators for all *Na
nuclei in the crystal, and #*3% and #*37 are associated in
the same way with all 33Cl and all ’Cl nuclei. The Her-
mitian operator .#3%, for example, is the quantum ob-
servable corresponding to one-half of the difference be-
tween the numbers of *°Cl spins in the upper and lower
single-spin energy eigenstates. The eigenvalues of 413
range from — 53N> to ++NG% in steps of 1, where
NG9 is the number of **Cl spins in the crystal.

The spin-spin—coupling Hamiltonian 5, is much
smaller than the single-spin Hamiltonian %7, so that, fol-
lowing standard practice, we shall approximate the effects
of 77 by first-order perturbation of the eigenvalues of
the spin Hamiltonian, keeping the zeroth-order eigen-
states. In this approximation, 57 is replaced by the part
#p which is secular with respect to 57, and the nonsec-
ular part 27} is ignored.

In the absence of rf irradiation, the relevant part of the
spin Hamiltonian can, thus, be written as

PP P NP REL AL INC L JAC LI 2
(V)

where the four orthogonal and traceless operators 4?3,
A3 43N and ) all commute with each other.
Clearly, the average values of these four operators are in-
dependent invariants of the motion. The secular spin-
spin—coupling Hamiltonian 2’} contains “flip-flop”
terms which presumably prevent the existence of other
thermodynamic invariants, so that we can write the
“high-temperature” approximation of the quasiequilibri-
um density operator for the spin system under the usual
form,

1 Epb |1 _,
Pe=Trny |'T |2 |2 %P
E® | 50
7035 | 7065 A 3)

where the ellipsis stands for similar terms for 3'Cl and
2Na nuclei, and the nuclear-spin entropy is given by

S =S (complete disorder)

x [Ep |° EG9) ]2

2 g 7(35)

k

T2

4

where the ellipsis stands for similar terms for *’Cl and
BNa nuclei. Ep is the average value of '}, and E® is
the average value of %> .43, 22 and (Z®%)? are ra-
tios of traces of spin operators appearing in expression (2)
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of the spin Hamiltonian.

The pulse experiments described in the present paper
were performed with a single-coil spectrometer tuned to
the NQR frequency of **Cl (the nuclei which gave, by far,
the largest signals). The Hamiltonian 57 describing the
coupling of the spins with the linearly polarized rf mag-
netic field can be written as

I = —AK (t)cos(wgt + ) , (5)

where w/27m and ¢ are the frequency and the phase of
the rf field, the real function of time K (z) describes the
pulse envelope, and the Hermitian operator A4 is the pro-
jection of the total-spin magnetic moment on the direction
X of the spectrometer coil,

A= 2 ‘}/,'I,"X ) (6)
all spins
where y; is the magnetogyric ratio of spin i. The observ-
able A is also the property of the spin system which will
eventually be measured by recording the emf induced in
the coil. When attention is focused on 3°Cl nuclei, it is
convenient to decompose 4 into a sum of terms which
have simple commutation relations with .#*3%,
A= 3T Am),
m=—1,0,+1

with
[0, 4G 1=mA () @)

Further discussions of spin dynamics will be simplified by
the use of an “interaction representation” in which a
transformed operator

B(t)=explit#o/%)B(t)exp( — it o/#)

is associated with each operator B(t) defined at time t.
This interaction representation has the same advantages as
the “rotating frame” used in conventional NMR, but it
does not have the same simple geometrical interpretation.

Using this interaction representation and neglecting ir-
relevant terms which oscillate at high frequencies, we can
write the equation of motion of the spin system (including
rf irradiation at the resonance frequency of ¥Cl: w.
=w®'>) under the following form:

iﬁ%ﬁ(t)= ([#+1K 04 (@)1} ,

where (8)
AP (@) =4 e P+ A{Z e .

Whenever no rf pulses occur in the time interval from ¢,
to ¢, a simple formal solution of Eq. (8) for p(z) is

ple)=Q(t; —10)pt0)Q (11 —10) , ©)
where the unitary operator Q is given by
Q(ty—ty)=exp[ —i(t, —1ty) p /H] . (10)

In our experiments the peak rf magnetic field during
the pulses was much larger than the local fields so that
' p can be neglected during the pulse. In this approxi-
mation, we can describe the effects of an rf pulse as
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ﬁiust after=Rﬁiust before R f > 11

where the unitary operator R is given by
R =exp[ —(i/2)SA ()] , (12)

where S is the integral of K (¢)/% over the pulse. R is a
product of unitary operators R‘(6’p) operating on each
individual *Cl spin i. The “rotation angle” 6" is given
by

9(i)= ?7(35)“ I Sina(i) , , (13)
where a'? is the angle between the rf magnetic field and
the EFG symmetry axis at the location of spin i. The di-
mensionless quantity 8 has the usual cyclic property of a
rotation angle:

R(i)(g(i)+2,n.,¢)=R(l')(e(i)’¢) .

In a perfect NaClOj; single crystal, there are four possi-
ble directions for the EFG symmetry axis so that any 3°Cl
spin will belong to one of four subsets, and an rf pulse
will, in general, have different effects on spins belonging
to different subsets. Fortunately, when the rf field is
oriented in a [100] direction, |sina'” | has the same value
V'2/3 at all spin locations, making all spins equivalent in
their interactions with the rf magnetic field and in their
contribution to observable 4. All experimental results re-
ported in the present paper have been obtained under these

|

(4(6,8,1)) =Tr[AQ()R(0,4)p,. R (6,4)07(1)] = l

+

where the 6 and ¢ dependences of the quantities M can be
written as

M'35(0,t)=sinm %z) ,

""(35) at "(35)
M (0,t)=sinfOfm (), (16)
Mp(6,t)=sin@hp(t)+ + sin20 np(t) ,

M}(6,t)=sin@ hj(t)+ 5 sin20nj(1) ,
where m 33(¢),. . .,nj(t) are traces of the general type

Tr[4,0(1S,0% (1],

where A, denotes A(_ES)“T/ 2) for single-primed terms and
A4'7%(0) for double-primed terms, and where the spin
operator Sy, arising from the effect of the pulse on pg, in-
volves single resonant spins for m, coupling between pairs
of resonant spins for n and coupling between resonant and
nonresonant spins for 4. All double-primed quantities are
even functions of ¢, whereas all single-primed quantities
are odd functions of ¢ The six functions
m'33¢),...,np(t) and their low-order time derivatives

E(35
Z(35)
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simplifying conditions.

We shall now examine the influence of various simple
sequences of short rf pulses on the nuclear-spin system of
NaClO;, using the techniques outlined in Refs. 2—4. All
pulses will be applied at the exact 3°Cl resonance frequen-
cy. The results of the calculations will be given only in
the particular case of an rf field linearly polarized in a
[100] direction. Each pulse can then be completely
characterized by its rf phase ¢, the common value 6 of the
rotation angle of all spins *°Cl, and the time at which it
occurs.

Assuming quasiequilibrium [Eq. (3)] before a single
pulse of rotation angle 6 and phase ¢, applied at ¢ =0, the
quasiinvariants immediately after the pulse can be ex-
pressed easily in terms of the quasiinvariants immediately

before the pulse,
(E®) 0= CE® )t etore s
(B = (B e »
(E®) per=(E Yy gore cOSO
(Ep atter=Ep Dvcforel | — (1 —cosO)P,
—(1—co0s20)0,1],

where P; and Q; are ratios of traces of spin operators
which can be evaluated easily. The pulse response of the
spin system can be written as

][M"35’(9,t)cos(m‘35)t +)+M"3(6,1)sin(w3t +¢)]

E
— |[Mp(6,t)cos(0 ¥t +¢)+M[(0,t)sin(w5t +¢)], (15)

-

can be evaluated easily immediately after the pulse (i.e., at
t =0). For instance, m 33(0) is different from zero, and
the five other functions are zero at t =0, also the second
time derivative of m "®%(¢), at t =0, is very simply related
to the trace of the square of the commutator
[4 (_35) (0),27p ], as expected for such a “second moment.”
This whole behavior is quite analogous to that of the
single-pulse response of a spin system with a purely Zee-
man unperturbed Hamiltonian. The only qualitative
difference is that dipolar couplings in Zeeman systems
lead to symmetric Zeeman absorption lines and, conse-
quently, quantities analogous to m 33)(¢), hj(¢), and nj(z),
which are identically zero at all times. In the present qua-
drupolar case, these quantities are in general different
from zero, with the consequence that the ‘“quadrupolar”
(i.e., proportional to E*%) and “dipolar” contributions to
the pulse response do not have the nicely constant and
mutually orthogonal rf phases which are usual in the Zee-
man case.

Pursuing the analogy with the Zeeman case, we can
transform “quadrupolar order” (E®*/Z3) into “dipolar
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order” (Ep /%) and vice versa by applying a sequence of
two rf pulses separated by a time interval of the order of
the duration of the pulse response. Starting again with a
spin system in quasiequilibrium characterized by amounts
of order (E®¥/Z35), (Ep/D )y, ..., we apply a first
pulse of angle 6; and phase ¢ at time O, followed by a
second pulse of angle 6, and phase O at time 7. The quasi-
invariants of the motion immediately after the second
pulse can be evaluated formally as, for instance,

Ep
9

2 R (6,0)0 (1)R(6,,4)

=Tr 7

2

X peR1(0,6)0T(NRT(6,,0) |, (1D

and they can be related to the invariants before the first
pulse,

Ep . (35) X Ep
g 2“ D35 Z(35) + D«D @ 0 ’
E03%) (35) Ep
=Ks3se35 | g | T Kssen | | > (18)
z09 |, z% |, D |,
EGD EGN E®3) E23
ZON | Tz | |z | T | Z2

The efficiencies of transfer of order K defined here are
normalized in such a way that, as an example, Kp_;35=1
would describe a reversible transfer from quadrupolar into
dipolar order (i.e., at constant spin entropy).

Let us now focus our attention on the efficiency Kp_ 35
of transfer from quadrupolar order (available in complete
thermal equilibrium with the lattice) into dipolar order
(virtually absent in complete thermal equilibrium). The
traces which appear in the evaluations of A (6,4,t) and
Kp 35 are very closely related, and Kp_35 can be ex-
pressed as

KD<—35( 61’¢a 9277)

—sinf;—— (o7 M85, coss -+ M (6, 7)sing]

m n(35)

(19)

Kp. 35 depends upon the rotation angle 6; of the first
pulse by the same simple factor siné, as, for instance, the
quadrupolar part of the response to a 6; pulse.

The 6,, ¢, and T dependencies of Kp_35 can be visual-
ized as follows: Start with a spin system in quasiequilibri-
um in which (Ep /%) is the only quasiinvariant different
from zero, and apply an rf pulse at time 0, with phase O,
causing a rotation angle 6,. Now, wait for a time 7 after
the pulse and focus attention on the component of the
pulse response (A4 (6,,0,7)) with a fast time dependence in
sin(w3%t +¢), ie., phaseshifted by (7/2—¢) with
respect to the pulse rf field. The 6,, ¢, and 7 dependencies
of this quantity are exactly the same as those of Kp__3s,
except for an overall scale factor. As a consequence of
this, maximization of Kp, 35 and optimization of the ob-
servation of the dipolar component of the pulse response
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are essentially the same thing. If the quadrupolar absorp-
tion line were symmetric, as in the Zeeman case, Mp(6,,7)
would be identically zero and the ¢ dependence of Kp,_ 35
would be through a factor sing independent of any other
parameter. In practice, in the quadrupolar case, the lines
are not far from symmetric and the optimum value of ¢ is
very close to /2.

Further exact relations between various aspects of the
pulse response of the spin system can be obtained by con-
sidering the limit of very small pulses

g—t-m'(35)(t)=y(35)H£35)[hﬁ(t)+n1')'(t)] )

L 50 = —y B (1) + (0] 0)

where
(H P =Tr[ (b P1/Te [ (#39)] .

Clearly, in the limit of small pulses, these equations make
it possible to predict the exact relation between the qua-
drupolar and dipolar responses corresponding to equal
amounts of quadrupolar order (E®%/Z3%) and dipolar
order (Ep /%), and to end up with an exact prediction
about quantities such as K, 35, for instance, starting only
from the observed quadrupolar pulse response. A quanti-
tative comparison between Kp_j3s predicted in this way
and Kp. 35 derived from the observed dipolar pulse
response can provide a very sensitive overall test of the set
of assumptions on which the calculations are based.

Let us now briefly discuss the “local field” H}**> de-
fined above. Tr[(%))?] and thus also (H;*)* can be
decomposed into a sum of terms according to the various
types of spin-spin couplings involved in NaClO;. Assum-
ing direct dipolar couplings between nuclei on an undis-
torted rigid lattice, the dominant contribution (7.050 G?)
comes from 2*Na-2Na interactions, 2>Na->3Cl interactions
contribute 3.285 G2, #*Na-*’Cl interactions contribute
0.742 G?, and all other interactions provide almost negli-
gible contributions, the sum being (H*>)?=11.19 G%.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS
A. Experimental techniques

The NaClO; monocrystals used in the experiments were
grown by slowly evaporating an aqueous solution at room
temperature. Crystals of about 1 cm> were grown in 3—4
weeks. Care was taken to avoid spurious line distortions
from magnetic fields and temperature gradients
(do®/dT is about —8r kHz/deg in NaClO; at room
temperature). The sample was enclosed in a u-metal box
in which stray fields were less than 5 mG. This box and
the rf coil around the sample were thermally connected to
a thermostat regulated to better than 0.01°C at about
40°C. The average rf power input to the coil was kept
constant during each complete sequence of experiments to
ensure that changes in pulse sequences did not cause
minute temperature excursions in the crystal.

We used a single-coil coherent rf pulse spectrometer
providing 8=7/2 pulses on 3*Cl which lasted 35 usec (at
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©3 ~2730 MHz). The transmitter (with active damp-
ing), the sample tank circuit and the amplifier were con-
nected together with the cable and diode arrangement
described by Lowe and Tarr.!? A piece of thin insulated
copper foil was wrapped closely around the crystal as a
slightly overlapping open cylinder in order to improve the
rf magnetic field homogeneity. The phase of each rf pulse
with respect to the master oscillator was adjustable in in-
crements of 7/2. The *°Cl nuclear-quadrupole-resonance
(NQR) signals were amplified, processed by two (approxi-
mately) orthogonal phase-sensitive detectors, digitized, ac-
cumulated, and transferred to a minicomputer.

The components of the NQR signal in phase and out of
phase with the rf pulse were computed using the tech-
niques described in Ref. 13, which perform complete
software corrections for the overall phase shift of the
spectrometer and for the (small) instrumental misalign-
ments such as nonorthogonality of the phase-sensitive
detectors, difference in their sensitivities, and offset be-
tween the exact NQR frequency and the frequency of the
reference oscillator. These corrections are exact if they
are derived from observation of pulse responses of a spin
system with a symmetric absorption line. All experiments
were started with the 3°Cl spin system in the same initial
state of pure quadrupolar order

(35)
_ th eq
- Z(33) >

(where th eq denotes thermal equilibrium) by just waiting
for a time of at least 0.7 sec, much longer than the qua-
drupolar or dipolar spin-lattice relaxation times measured

on ¥Cl.

Ep
g

E(35)
Z(35)

~0

B. Pure NQR signals

The pure NQR signals of 3°Cl were observed as the
response to a single rf pulse of a crystal which was previ-
ously in a state of pure quadrupolar order. If the pure
NQR absorption line of *Cl was exactly symmetric, the
software processing of the pure NQR pulse response
would have resulted in an exactly zero m'‘*)(¢) in-phase
component and exact corrections for overall phase shift,
frequency offset, etc. Figure 1 shows that m' %)(¢) is dif-
ferent from zero as anticipated. Using a NMR signal, we
have checked that our instrumentation and data process-
ing leads to an essentially zero m’(¢) in the case of a
(presumably) symmetric absorption line. The in-phase
component of the pure NQR pulse response was some-
what variable from crystal to crystal, and very much
smaller than the out-of-phase component in all cases. We
have not investigated this small signal any further, except
to conclude that its existence did not appreciably disturb
our software evaluation of the spectrometer overall phase
shift and frequency offset from the observed pure NQR
pulse response.

We have also checked that the time dependence of
m "35)(t) for times ranging from 80 to 400 usec is very
close to a Gaussian with the second moment
((Aw?))=8.28 kHz? evaluated for the perfect NaClO,
rigid lattice. Finally, experiments on spin-lattice relaxa-
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FIG. 1. Pure NQR signal of 3°Cl spins in a sodium chlorate
monocrystal: Spin response to a single rf pulse (at the quadru-
polar resonance frequency ©**' /27 of the 3°Cl spins) applied to
the spin system in a state of pure quadrupolar order. Trace 4
represents the out-of-phase component m "**(¢). Both traces B
and C represent the (slightly misaligned) in-phase component
m’35(¢t), the former with the vertical scale sensitivity used for
display of trace A4, and the latter with a vertical scale sensitivity
having been enhanced with a factor 32.

tion have shown an exponential recovery of the quadrupo-
lar signal, with a spin-lattice relaxation time 7'y of 39
msec at 40°C.

C. Dipolar signals and Kp_ 35

In sodium chlorate, the local field at a **Cl nucleus ar-
ises mainly from the dipolar interactions with the neigh-
boring *Na nuclei. As a consequence of this, we antici-
pate that the 6 dependence of the dipolar pulse response
and the 6, dependence of the efficiency of transfer Kp_3s
will be dominated by the sinf and sinf, contributions.
The pure NQR pulse response in NaClOj; is almost exact-
ly out of phase with the pulse. This indicates that the di-
polar pulse response will be mainly in phase with the pulse
(Mp very small) and that the ¢ dependence of Kp__ 35 will
be dominated by the sing contribution. We have checked
that these expectations are indeed valid and, for simplici-
ty, most experiments have been performed with /2
pulses and +7/2 phase shifts ¢.

The results of all experiments on dipolar signals were
corrected for overall phase shifts and frequency misalign-
ments using values of the correction parameters derived
from observations of pure NQR pulse responses taken at
regular intervals. Further isolation of the dipolar pulse
response from contamination by the small in-phase com-
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ponent of the quadrupolar pulse response was achieved by
alternating the phase shift between the two pulses used to
prepare dipolar order in successive experiments (thus
changing the sign of Ej and not that of £%) and sub-
tracting the corresponding responses to an observation
pulse of constant phase.

Figure 2 shows the result of an experimental verifica-
tion of Eq. (19) for 6,=6,=m/2 and ¢=m/2. Each ex-
periment started with the spins in complete thermal
equilibrium with the lattice (pure quadrupolar order). An
observable amount of dipolar energy was then created by a
sequence of two /2 pulses, phase-shifted by /2, and
separated by a time interval ¢;. Immediately after this
pulse sequence, the spin system is clearly not in a state of
internal quasiequilibrium (for instance, a pulse response is
present). After waiting for a time interval ¢; longer than a
few lifetimes of the pulse response, the properties of the
spin system do not change any more, except for a very
slow evolution due to spin-lattice relaxation. We shall as-
sume that under these conditions, the spin system can be
described again by a quasiequilibrium density operator of
the type (3), with the same values of the quasiinvariants as
immediately after the pulse pair (except for the small ef-
fects of spin-lattice relaxation). A /2 observation pulse
is then applied and the dipolar pulse response can be mea-
sured as a function of the time z, after the observation
pulse. In a first set of experiments, the separation ¢, be-
tween the preparation pulses was varied and the observa-
tion time ¢, was kept at the maximum of the dipolar pulse
response (#,~300 psec). In a second set of experiments,
the separation time ¢; was kept at the maximum of the ef-
ficiency of transfer Kp_3s (#;~300 usec) and ¢, was
varied. The very good agreement between the results of
the two experiments strongly supports the whole scheme
of spin thermodynamics and, in particular, the assump-
tion that the spin system has reached internal quasiequili-
brium during the time interval ¢; between preparation and
observation of dipolar energy.

1.0
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D. Absolute magnitude of the dipolar signals

Using Eq. (19) for Kp_35 and the experimental results
shown on Fig. 2, we can evaluate the efficiency of transfer
Kp. 35, which turns out to be 0.27 in the most favorable
case 0,=0,=m/2, ¢=m/2, and 7~300 usec. Having
prepared a known (and relatively large) amount of dipolar
order in this way, we can predict the exact magnitude of
the corresponding dipolar pulse response to a small pulse
(normalized to the quadrupolar pulse response) by using
Eq. (20). We have also performed the corresponding ex-
periment. Prediction and experiment are in perfect agree-
ment as far as the shape of the dipolar pulse response is
concerned, but the observed signals are significantly larger
than the predictions of Eq. (20) by a factor which ranges
from 1.5 in our best crystal to almost 2.0 in less perfect
crystals.

In an attempt to understand this discrepancy, we exam-
ined a conjecture in which only part of the dipolar spin-
spin coupling would contribute to the quasi-invariant
which gives rise to the in-phase component of the 3Cl
pulse response. In this conjecture, Eq. (19) remains valid,
so that the conjecture is compatible with the experimental
results shown in Fig. 2. On the other hand, the conjecture
leads to relations similar to Eq. (20) with 5}, replaced by
the part of the couplings which contribute to the conjec-
tured invariant. This would of course decrease H}>> and
increase the predicted dipolar signals. In such a conjec-
ture, the rest of the spin-spin couplings would presumably
contribute to an additional quasi-invariant. An experi-
mental indication that such an additional quasi-invariant
indeed exists is given by our investigation of the (presum-
ably spin-lattice) relaxation of the dipolar signals prepared
and observed at »®: The relaxation is nonexponential
and many results can be described as a combination of a
“short” relaxation time of 19—29 msec and a long relaxa-
tion of 180—350 msec, depending upon the crystal. These
results will be described and discussed in a forthcoming

paper.
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FIG. 2. Starting from complete thermal equilibrium, dipolar order is prepared by a pair of phase-orthogonal rf pulses (on 3°Cl)
separated by a delay #,. The spin system presumably relaxes to internal quasiequilibrium for a long time 75 ~5 msec, and a third
pulse is used to observe the in-phase dipolar response of the **Cl spins (shown on the vertical scale). Triangles correspond to a fixed
value of ¢, (set at the maximum of the dipolar response) and variable ¢, =t (shown on the horizontal scale) causing a variable efficien-
cy of transfer of quadrupolar into dipolar order. Dots correspond to a fixed value of ¢, (equal to the fixed value of ¢, used for the
other set of experiments and providing maximum order transfer), and variable ¢, =t shown on the horizontal scale.



1182

IM. Goldman, Spin Temperature and Nuclear Magnetic Reso-
nance in Solids (Clarendon, Oxford, 1970).

2J. Jeener, Adv. Magn. Reson. 3, 205 (1968).

3J. Jeener and P. Broekaert, Phys. Rev. 157, 232 (1967).

4P. Broekaert and J. Jeener, Phys. Rev. B 15, 4168 (1977).

SH. Eisendrath, W. Stone, and J. Jeener, Phys. Rev. B 17, 47
(1978).

6C. Segebarth, Ph.D. thesis, Vrije Universiteit Brussels, 1976

(unpublished).
7R. W. G. Wyckoff, Crystal Structures (Interscience, New York,

1964).

8Yu Ting, E. R. Manring, and D. Williams, Phys. Rev. 96, 2,
408 (1954).

9J. Itoh and R. Kusaka, J. Phys. Soc. Jpn. 9, 434 (1954).

29

C. SEGEBARTH AND J. JEENER 29

10For an extensive discussion of quadrupolar spectroscopy, see,
for instance, T. P. Das and E. L. Hahn, in Nuclear Quadru-
pole Resonance Spectroscopy, Supplement 1 of Solid State
Physics, edited by F. Seitz and D. Turnbull (Academic, New
York, 1958), p. 1.

11The quadrupolar resonance frequencies of the chlorine and
sodium isotopes are the following: 400—500 kHz for the 2Na
nuclei (isotopic abundance 1), about 23.5 MHz for the *’Cl nu-
clei (isotopic abundance 0.248), and about 30 MHz for the
35Cl nuclei (isotopic abundance 0.752).

121, J. Lowe and C. E. Tarr, J. Phys. (Great Britain) Sect. E 1,

320 (1968).
13J, Jeener and C. Segebarth, Rev. Sci. Instrum. 46, 11, 1478

(1975).



