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NMR in solids: Thermodynamic effects of a pair of rf pnlses

on a system with two spin species
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NMR pulse experiments performed simultaneously on Li and ' F in a LiF crystal, provide a quantitative

verification of various theoretical predictions about relations between the Zennan and dipolar components of

the free-inductionMecay signals, and the efficiency of transfer of Zeeman order into dipolar order by a phase-

shifted pulse pair. An internal relaxation time of about 400 @sec is observed on the dipolar subsystem when

the 6eld is along the [111]direction. An interpretation is proposed for this "slow"' approach to internal

equihbrium.

1. INTRODUCTION

In a previous paper' we described the theory of
the efficiency of the transfer of Zeeman order into
dipolar order by a pair of phase-shifted rf pulses, '
and we presented experimental results which pro-
vide a quantitative verification of some of the the-
oretical prediction in the case of a single spin
species ("F in CaF, ). These experimental results
are compatible with the assumption that, after one
or two pulses, the state of the spin system can be
described as a state of internal quasiequilibrium
(completely specified by the values of the two quasi-
invariants Zeeman energy and dipolar energy)
as soon as the free precession signal has died out.

In the present paper, me present a quantitative
verification of some of these theoretical predic-
tions in the more complicated case of two spin
species (LiF).

We have also observed a new "long" internal re-
laxation time after transferring Zeeman order into
dipolar order when the large external field H, is
parallel to the [III] axis of the LiF crystal. In
this crystal orientation, all first-neighbor Li-F
pairs are at the "magic angle" with respect to H„
so that the Li-F interactions are definitely weaker
than the Li-Li or F-F interactions. If we make the
very rough short-time approximation of neglecting
the Li-F interactions completely, the dipolar sub-
system breaks down into two independent subsys-
tems, one associated with the Li-Li interaction
and .one with the F-F interaction. In this approxi-
mation, a transfer of Zeeman order into dipolar
order by irradiation of Li, for instance, will
create Li-Li order, but no F-F order, a situation
in which only the Li (and not the F) absorption
spectrum or pulse response will display dipolar
order. Of course, one anticipates that the weaker
Li-F interactions will rather rapidly bring the
dipolar subsystem into the usual state of internal

equilibrium in which Li and F both display dipolar
signals. We have observed these short- and long-
time behaviors and our experimental results are
in good quantitative agreement with the predictions
of the proposed model, as far as the magnitude of
the signals are concerned.

II. DENSITY-MATRIX CALCULATIONS

A. Generalities

We shall consider the same type of spin system
as in Ref. j. and use the same notation: the spin
Hamiltonian X is the sum of a large Zeeman term
Xo for each spin species a and a much smaller
spin-spin coupling term 3C~ and does not involve

atomic motion or any other mechanism for spin-
lattice relaxation. As usual, X~ will be decom-
posed into a "secular part" X' which commutes
with Q,X,' and a "nonsecular part" R" which does
not, and the effects of X" will be neglected.

For convenience, the spin Hamiltonian will be
decomposed in such a way that the operators X',
X", and the various X,' are traceless and ortho-
gonal to each other.

We shall assume that the independent thermo-
dynamic quasi-invariants of the motion are the
Zeeman energies E' associated with each spin
species a and the spin-spin coupling energy ED so
that the quasiequilibrium density matrix p„will be
given by the usual expression (in the high-temper-
ature approximation}

where the various temperatures TD and 1"are the
inverses of the partial derivatives of the spin en-
tropy with respect to the corresponding quasi-in-
variant component of the spin energy.

Following standard practice, we shall use a
frame of coordinates with a Z axis pointing in the
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direction of the external magnetic field Hp and

simplify a number of calculations by means of the
representation defined by

A =exp +— X,'p Aexp —— 3Cp'

a a

(2)

which, as far as the spin variables of spins b is
concerned, is equivalent to the use of a new frame
of reference rotating around the Z direction at the
Larmor frequency of the b spins.

A short intense pulse of transverse rf magnetic
field at the Larmor frequency u of the b spins
has an appreciable effect on the b spins only, which
can be described in the rotating frame of coordi-
nates by the rotation operator

R(8, rp) =exp[-i 8(Z,,' cosrp +2'„sing)J,

where y' is the gyromagnetic ratio of spins b and
the subscript a denotes x or y. As a preparation
for the evaluation of the trace in Eq. (5) in the

([ (m'}, n)} representation, we note that p„and
R(8, —,'w) both have real matrix elements in this
representation, so that the matrix elements of
R(8, —,w}p„R (8, —,w) are also real. Furthermore,
JC' is a diagonal operator so that Q(t} is also a
diagonal operator with matrix elements given by

((m'},n ) Q(t) [ (m'}, n) = exp[-iE'((m'}, n)tP], (6)

and, of course, the matrix elements of g,' are still
real and those of J'„pure imaginary.

Let us now evaluate M'„(t) using Eq. (5) in the

([ (m'}, n)} representation:

M, (t) = y 'h p (v I 7', [ tv&(w ) R (8, -w)p, .R (8, —,'w)[ v)
where 8 is the angle through which the b-spins
magnetization is rotated, y is the rf phase of the
pulse and Sg is the total angular momentum of all
b spins.

V, ttt

xexp -i E' w -E' v

B. Symmetry properties of the free-precession signals

As a starting point in this discussion, let us con-
sider the representation (~(m'"})}for the states of
the spin system which is the tensorial product of
the "standard representations" for each individual
spin I'". This is the representation in which tr aces
are usually evaluated, in which each individual I,""
is diagonal, each I„""has real matrix elements and
each I'„~has pure imaginary matrix elements. In this
representation, X' and each Kp' have zeal matrix
elements. As a consequence of this reality, there
exists a representation (~ (m'}, n)} the basic kets
of which are linear combinations of those of
(I (m'"})}with real coefficients, and which simul-
taneously diagonalizes 3C' and each X',:

X'[ (m'}, n) = E '({m'},n}[ (m'}, n),

X~[ (m'}, n& =m~Ku&
~
(m'}, n& .

(4)

The quantum numbers m' are integers (or half-
integers} and n denotes all the additional quantum
numbers which are required to completely specify
each state.

Let us now assume that the spin system is initi-
ally in the state of quasiequilibrium described by
Eq. (l), and that at time t =0 it is subjected to an
rf pulse at the b-spins frequency such that y = &m

in Eq. (3} ("H, in the y direction in the rotating
frame" ). At later times, the components M,'(t) and
M~(t} of the b-spine magnetization in the rotating
frame of coordinates will be given by

M~ (t) = y 8 Tr[2~ Q(t)R (8, ~ w)p«R (8, 2 w)Q (t)],

(5)

where ( v) and ~w) denote basic kets of the repre-
sentation. M, (t} is a real quantity, and the coeffi-
cients of the exponentials in the double summation
are also real, so that only the real part of the ex-
ponentials effectively contribute to the sum and, as
a consequence, M, (t) is an even function of t. A
similar discussion, using the fact that the matrix
elements of J', are pure imaginary, leads to the
conclusion that M~(t) is an odd function of t.

In the present case, we can further use the
traditional argument that X' and thus also Q(t) are
invariant for 180 rotations around the x or y axis
to show that M, (t) only arises from the Xo term in
p„and M'„(t) only from the X' term in p„.

C. Predictions to be compared with experiment

We can now write the components of the free-
precession signal in the usual form

M', (t) = y'5(E'/8') sin8g(t),

M (t ) = y 5 (Eely)F(t, 8),

(8)

(9)

where

F(t, 8) = —,'(sin28)f(t) + (sin8)h(t),

where F(t, 8), f(t), and h(t) are odd functions of t,
whereas g(t) is even, E' and Ev are the amounts
of b-spins Zeeman energy and spin-spin coupling
energy present before the pulse, and k' and G are
amounts of b-spins Zeeman energy and spin-spin
coupling energy which would give equal contribu-
tions to spin entropy. The function f(t) arises
from initial couplings among b spins whereas h(t)
arises from initial couplings between b spins and
other spins.

By considering the limit of small values of 8,
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FIG. 1. Double-tuned sample circuit (sample in L &).

one can show easily that the functions f(t), g(k), h(f)
are related by

Q(f) &T~(~)]V" -'
dt [f(t) +h(t)] g(Tr((go)2])ll~ [

&)
. (10)

When the spin system is in complete equilibrium
with the lattice, the amount of spin-spin order
(E~/S) is much too small to give rise to observ-
able effects. Various methods have been proposed
and used for generating observable amounts of spin-
spin order at the expense of the observable amounts of
Zeeman order (E'/I'), which are easily available
in equilibrium with the lattice. A convenient fig-
ure of merit for comparing these methods is the
ratio K~s~ of the amount of spin-spin order (Ee/D)
effectively created to the amount (E'/8'), which
would be created by a reversible transformation
of the initially available b-spins Zeeman order
into dipolar order.

The phase-shifted pulse pair technique for per-
forming this transfer of order, in which a (8„rp, )
pulse is applied to the b-spins at t =0, followed by
a (8„y,) pulse also on the b spins at f = T, has a
theoretical efficiency of transfer of order Kz e
(see Ref. 1):

Kz D
= sin8, sin(y, —(p, )F(T, 8, )/g(0),

where Z is Zeeman and D is dipolar.

pie crystal structure and of the possibility of ob-
serving both the "F and the 'Li free-precession
signals.

The spectrometer is very similar to the one de-
scribed in Ref. 1, except fox' the fact that the pres-
ent spectrometer enables us to generate rf pulses
at the ' F and 'Li resonant frequencies (28.7 and
12.8 MHz) in rapid succession and to observe the
two components of the free-precession signals at
either frequency. A single coil, double tuned,
sample circuit provided a reasonable compromise
as far as filling factor, homogeneity of the rf field,
and easy manipulation of the crystal are concerned.
The sample volume was approximately 0.8 cm'.

Figure 1 shows the circuit surrounding the sam-
ple coil L, The L,C, circuit was first isolated
and separately tuned to the lower of the two NMR
frequencies (12.8 MHz), and the L,C, circuit was
similarly tuned to the higher NMR frequency
(28.7 MHz). The whole circuit. was then connected
together and returned to both NMR frequencies
by adjusting C, and L,. We used an active damping
circuit for the large rf signals, whereas small rf
signals were effectively damped (without unneces-
sary addition of noise) by the input impedance of
the fid signal amplifier.

The experiments have been performed at room
temperature on a single crystal of LiF supplied by
Harshaw. This crystal was strongly irradiated by

y rays in order to decrease spin-lattice relaxation
times to convenient values, with results similar to
those of Lang and Moran, ' as shown in Table I.

B. Experimental investigation of relations (10)and (11)

These experi, ments have been performed using
pulses only at the 'Li NMR frequency (of about
12.8 MHz) always starting with the spin system in
equilibrium with the lattice.

In a first set of experiments, dipolar order was
prepared using the values 8, = —,'w, y, —y, = 2' and
8, = e,„which maximize the efficiency of the trans-
fer from Zeeman order to dipolar order. After
this, the spin system was left to relax for a time

long enough for all transient effects of the
pulses to have died out but much shorter than the

TABLE I. Spin-lattice relaxation times of the y-irra-
diated single crystal of LiF used in the present experi-
ments.

III. EXPERIMENTAL TECHNIQUE AND RESULTS

A. Pulse spectrometer and sample

The experiments described in the present paper
have been performed on a single crystal of LiF.
This compound has been chosen because of its sim-

T,z for 'Li
T,z for "F
~ID

Ho along fiii]
(sec)

7.7
3.2
0.070

Ho along I ii0]
(sec)

io. i
3 ' 3
O. i05



15 NMR IN SOLIDS: THERMODYNAMIC EFFECTS OF A PAIR- ~ ~

IO 0I iP

gl o I+ooopi

(a) jmoIe

TIME

I —"~II
I l~ 1III I gII %1

I ~I

(a)

I00

l I

t e(microsec)

25
I

50
I

75 &00
K or t(microsec)

I

25

~ o
0

~ ~
I I

50 75
t microsec)

50

Q+ ~ ~ ~~ ~ ~

t00

~ ~ ~ s E t~ ~ ~ 0 ~

t (microsec)

FIG. 2. Behavior of Li signals in LiF in a field of
about 7 kG oriented along a [110]direction. (a} Compar-
ison of the t dependence of the dipolar component of the
free-induction-decay signal (circles) with the 7 depend-
ence of the efficiency of transfer of Zeeman order into
dipolar order (crosses). The circles were obtained with
7 at the maximum of the curve and the crosses with t
at the maximum of the curve, always with the same
short gate. (b) Comparison of the t dependence of the
observed Zeeman component of the equilibrium free-
induction-decay signal (circles) with the t dependence
of the corresponding signal derived from the observed
dipolar signal by graphical integration using Eqs. (10)
and (11) and the value of Tr[PC')2] evaluated from the
known geometry of the crystal (squares). The vertical
scales are the same, with no adjustable parameter.

FIG. 3. Behavior of Li signals in LiF in a field of
about 7 kG oriented in a [111]direction. Crosses,
circles, and squares have the same meaning as in Fig.
2.
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spin-lattice relaxation time of dipolar energy, a
"read pulse" of angle 8=8,„was then applied and
the resulting dipolar free precession signal M~(t)
was observed by averaging during a short "gate
interval" at time t after the pulse. The observed
signal is expected to be proportional to the product
of the efficiency Kz D of the preparation of dipolar
energy (which depends upon v) with the "shape" of
the dipolar signal (which depends upon t). Figure
2 clearly shows that, as indicated by Eg. (11), the
T dependence of the efficiency of transfer of order
Kz D exactly duplicates the t dependence of the di-
polar free precession signal. This enables one to
obtain direct experimental information about the
function F(t, 8) for short values of t without the
usual limitations due to the recovery time of the
pulse spectrometer.

In a second set of experiments, we made a quan-
titative verification of Eqs. (10) and (11). This
implied obtaining experimental information about

0-
0

t, (millisec)

FIG. 4. Behavior of the amplitude of the dipolar
component of the ~Li free-induction-decay signal as a
function of the delay t& from a preparation of dipolar
order by a phase-shifted pulse pair applied on F, in
a LiF crystal in a field of about 7 kG oriented in the
[110]direction.
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in which the assumed and fina1 values coincided.
Figures 2 and 3 show that the functiong(t) directly
observed as the Zeeman free-precession signal is
in very good agreement with the function g(t) eval-
uated by a time integral of the dipolar response,
as explained above. At the optimum value of all
pulse parameters, the efficiency K~ ~ for the
transfer of 'Li Zeeman order into dipolar order in
LiF is 32% when the external field is in the [ill]
direction, and 3')% when it is in the [110]direction.

C. Approach towards quasiequilibrium after the pulse pair

e ~ '~ ~ ~ ~
~ ~

~ ~ ~
~ ~

~ ~

~ ~~ ~
~ ~ (b)

0
0

t, (mitlisec)

FIG. 5. Behavior of the amplitude of the dipolar com-
ponent of the Li free-induction-decay signal [(b) cir-
clesJ or the ~SF free-induction-decay signal [(a) crossesJ
as a function of the delay t& from a preparation of di-
polar order by a phase-shifted pulse pair applied on F,
in a LiF crystal in a field of about 7 kG oriented in the
[111Jdirection. The amount of " 9F- F energy" cor-
responding to one unit of the (a) vertical scale is meant
to be the same as the amount of " Li- Li" energy cor-
responding to one unit of the (b) vertical scale. For
this purpose, the scales have been adjusted in such a
way that the ratio of the two observed signals in com-
plete internal equilibrium (t& ~ 2 msec) has its theoreti-
cal value of 1.55 calculated from the known spin-spin
Hamiltonian, in the rough approximation which leads to
Eq. (12).

Immediately after the second pulse of the pulse-
pair transfer of order, the spin-spin energy of the
system (the average value of 3C') has the "large"
value which we are interested in, but the state of
the spin system is far from quasiequilibrium. It
seems plausible to assume that, for most pur-
poses, the spin system can be considered to relax
from this initial state of nonequilibrium to a state
of quasiequilibrium [Eq. (1)]with characteristic
times not much longer than the duration of the ob-
servable free-precession signals. This is indeed
what has been observed' in CaF, .

We have investigated this problem in LiF by pre-
paring a state of appreciable dipolar order by the
phase-shifted pulse-pair technique applied either
to 'Li or to "F, and by observing the response to
a "read pulse" applied to the same or to the other
spins a variable time t, after the second pulse of
the preparation sequence.

E(f, 8) in the limit of small values of 8. For this
purpose, we prepared dipolar order using the
optimum values Hy Qz cp2 )pe /AT and T = T „and
a range of values of 8„and we measured the
amount of dipolar order by means of an optimum
read pulse (8= 8, ,„) followed by averaging during
a wide "gate interval. " We did not observe any in-
fluence of 8 upon the t dependence of F(t, 8). A
last problem was the presence in Eq. (11) of the
initial values g(0) of the Zeeman free-precession
signal, which we could not measure directly be-
cause of the rather long recovery time of our
spectrometer. This difficulty was solved by as-
suming some value of g(0), using Eqs. (9)-(ll)
with the known values of Tr[(X')'] and Tr[(g', )'] to
evaluate dg(t)/dt for all values of t, and integrating
this quantity to obtain a final value of g(0). Only
one value of g(0) led to a self-consistant solution

~e

~ ~

e ~ ~

0
0 3 4

t, (millisec)

FIG. 6. Same as Fig. 5 except that preparation and
observation of dipolar order both occur on 7Li.
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When the external field is in the [110]direction,
the spin system behaves in the usual way: the re-
sponse to the "read pulse" is independent of EI

whenever t, exceeds a few hundred microseconds,
as shown in Fig. 4 for instance (in that case, the
approach to the long -t, value is roughly exponen-
tial, with a characteristic time of the order of 80
psec).

When the external field is in a [ill] direction, a
much slower evolution towards quasiequilibrium
is observed, with a characteristic time of the or-
der of 400 p. sec. The various features of this slow
evolution, which are shown in Figs. 5 and 6, can
be understood in the following way.

When the external field is in the [111]direction,
all pairs of first neighbor Li-F are at the "magic
angle, " so that these dipolar couplings are inef-
fective and the largest terms in the spin-spin
Hamiltonian are the couplings between like spins
(essentially "F-'9F and 'Li-'Li).

In a very rough first approximation, let us ne-
glect all couplings between unlike spins: thus 'Li
and "F spins completely ignore each other so that
the 'Li-'Li coupling energy and "F-"Fcoupling
energy are now independent invariants of the mo-
tion.

A phase-shifted pulse pair applied to 'Li, for
instance would then create 'Li-'Li spin-spin order,
and this would cause the 'Li pulse response to
show a "dipolar" signal, but have absolutely no
effect on the "F pulse response. Of course, in
reality, "F and 'Li spins are coupled by the third-
neighbor dipolar interaction which does not disap-
pear when the field is in the [111)direction. As a
consequence of this, we anticipate that the rough
first approximation described above will be useful
in the limit of very short t„and that the tempera-
tures of the 'Li-'I. i and ' F-"F subsystems will
thereafter progressively come to a common value
(at constant total spin-spin energy). In this simple
model we have

(X') =(X'„,. ~,. ) +(X'F „.)
= -P, , Tr[(X'„,. „,. )'] —P „„Tr[(X'„)'],

(12)

and the observable Li dipolar signal is proportion-
al to P„,. „, The experimental results shown in
Fig. 5 clearly indicate that the slow decrease in
"F-"Fcoupling energy is accompanied by an
equal increase in 'Li-'Li coupling energy, thus
keeping total spin-spin energy a constant.
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