
PHYSICAL REVIEW VOLUME l66, NUMBER 2 10 FEB RUARY 1968

Sensitive Detection of Nuclear Quadruyole Interactions
in Solids*

R. E. SLvsHEzf

University of California, Berkeley, California and Bell Telephone. Iaboratories, Murray Pill, Sew Jersey)
AND

E. L. HAHN

University of Cali'fornia, Berkeley, California

(Received 28 August 1967)

The pure nuclear quadrupole resonance of a low-abundance spin species in zero 6eld is observed for molar
concentrations as low as one part in 10' by the application of a nuclear-double-resonance method. The
quadrupole resonance is measured in terms of a decrease in the magnetic order of abundant nuclei which are
dipolar-coupled to the low-abundance nuclear species. The double-resonance process is analyzed from the
point of view of two energy reservoirs coup1ed by a dipolar perturbation, and spin diffusion among abundant
nuclei is included phenomenologically. Radio-frequency power, which causes the main quadrupole transitions
of rare spins, is frequency-modulated to provide saturation in the rotating frame and to enable identification
of unknown spin transitions. The pure nuclear quadrupole resonance of Na and Cl nuclei near impurities and.

imperfections in NaCl is measured. Particular attention is given to the resonances associated with K+ and
Br ions injected as impurities into the NaC1 lattice. An unsuccessful search in zero 6eld has been made for
the naturally abundant 0.0156% deuterium quadrupole resonance in CaSO4 ~ 2H&O and CipHS where the
proton resonance is monitored as the abundant nuclear species. The proton dipolar absorption in zero magnetic
field is anomalously broad and overlaps too much with the deuterium quadrupole resonance to permit inde-
pendent observation of the latter. A narrowing of proton dipolar absorption in zero field is observed for
strong radio-frequency fields larger than internal dipole fields.

I. INTRODUCTION

'UCLEAR-DOUBLE-RESONANCE techniques' '
have been applied to detect Zeeman and electric

quadrupole-resonance transitions of nuclei at very
low radio frequencies or at very low concentrations
in solids. Further developments of an ultrasensitive
method' for detecting pure nuclear quadrupole inter-
actions are described in this paper. The spectroscopy
is carried out by observations of strong nuclear-reso-
nance signals from an abundant nuclear spin species
prepared in an ordered metastable magnetic state.
This state is often referred to as existing in a rotating
frame of reference, which implies that the abundant
nuclei are ordered or aligned with respect to rotating
radio-frequency fields, or with respect to internal
dipolar 6elds. The literal concept of a rotating frame,
however, is not always possible, and the ordered state
is more generally conceived as a transformed one in
a new interaction representation. The entire spin en-
semble is characterized as metastable because it is
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no longer in thermal equilibrium with the lattice. After
its preparation the spin order normally dies away in
a spin-lattice relaxation time, which is chosen to be
long. If a second radio-frequency field is applied to the
sample during this metastable condition, it is possible
to excite the spin resonance of a foreign spin species
(8 spins), which is dipolar-coupled to the observed
species (A spins), and therefore induce an additional
loss of order among the A spins. The apparent relax-
ation loss rate of the order in the 3 spins can. then be
increased from the natural spin-lattice relaxation rate
T~~ ' to a rate T~~ '+R~s, where R~s is the transfer
rate of spin ordering from the 3 to the 8 system. For
long relaxation times Tlg, of about 1 min, concentrations
of 8 nuclei estimated to be as low as 10 moles per
mole of A nuclei can be detected. In order to achieve
this sensitivity, the spin order, which is transferred
from the 3 system to the 8 system, must be continually
destroyed by saturation of the magnetization which
builds up along the effective field applied to the 8
spins in the rotating frame. Otherwise, the order in
both A and 8 systems reaches a dynamic equilibrium
or a "common spin temperature, "and further reduction
of the order in the A system ceases. A novel scheme
for achieving this saturation in the rotating frame
(rotary saturation) is introduced in this investigation
by modulating the frequency of the main rf excitation
which is at resonance with the 8 spins transition. It is
also shown that the modulation method allows a direct
identification of the particular 8-spin-species which
is associated with a given nuclear-quadrupole transi-
tion.

Nuclear-quadrupole interactions in NaC1 are studied
here as a good example of information to be gained
332
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FIG. 1. Low-field double-resonance sequence. The rf field H&~ is
usually phase- or frequency-modulated.

by the double resonance method. Pui'e NaCl is a
cubic salt; the Na and Cl nuclear-quadrupole moments,
each with spin I=-,', are at sites of zero electric 6eld
gradient, unless they happen to be near impurities
or lattice imperfections where the cubic symmetry is
destroyed. For example, a K+ ion which substitutes
for a Na+ ion will cause displacement of neighboring
ions, and will induce characteristic electric dipoles
and electric field gradients in its immediate neighbor-
hood. The Na and Cl pure nuclear-quadrupole-reso-
nance transitions (NQR) expected near such impurities
may range from 10 kc/sec to about 5 mc/sec. It is
the NQR of these Na or Cl nuclei in noncubic sites
which are dealt with here, and not with the NQR of
the substitutional impur'ities themselves. It is possible
however, for substitutional ions to be quadrupole-
coupled if they are located at sites where the electric
field gradient is 6nite. The double-resonance method
can be applied as well to investigate the NQR of rare
isotopes such as D, O', S",Ca", etc. , in suitable crystals
which can provide a strong resonance from an abundant
nuclear species. In zero magnetic field, amorphous
solids and crystalline powders can be studied because
the NQR transition is uniquely determined by internal
electric fields and is not smeared out completely by
magnetic 6eld broadening. In a high magnetic field
the NQR splitting which accompanies the Zeeman
transitions can only be measured with precision in
single crystals. In this case the double-resonance
technique' can also be applied, but it is modi6ed from
the experimental procedure emphasized in this paper,
and will not be discussed here.

Figure 1 shows the time sequence for detecting a
8-spin zero-field quadrupole resonance. First the A
nuclei are polarized in high magnetic field (HO=10 kG)
for a high-6eld spin-lattice relaxation time Ti. In
NaCl the abundant A nuclei will actually consist of
both Cl and Na nuclei in cubic sites, although the Na
nuclear resonance signal will be the only nuclear species
observed directly. The 8 resonance of rare Na and Cl
nuclei is excited at noncubic sites near impurities
after the sample is removed from the magnet to a
region of zero external field for a time period t—Tp.
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FIG. 2. Decay of Na" magnetization after I,=70 sec in zero
static magnetic field. For HI~=0, the upper slope is a ineasure of
Tip, the zero-Geld spin-lattice relaxation. The lower curve is for
vg of 280.5 kc/sec. The 8 nuclei responsible for the added double-
resonance relaxation rate were identified as CP' nuclei near K+
substitutional impurities. The sample was a powder with K+ molar
concentration of 0.1/&. Nonexponential behavior may 'be caused
by inhomogeneous H».

In general, the sample demagnetization is performed
adiabatically in a time short compared to the spin-
lattice relaxation time t (a) to (b) in Fig. 1]. In the
demagnetized state the entropy of the A system is
formally preserved. However, the order it represents
in terms of alignment of nuclei along local dipole
6elds will decay in a modi6ed spin-lattice time constant
T&&, which is generally shorter than the high field T&.

The 8 nuclei are irradiated with an rf Geld intensity
HiB at the time points (b) to (c), lasting for a time
rp of the order of T'~~, indicated in Fig. 1. The double-
resonance cross-relaxation rate LAB is then greatest
when

PBII1B=QA~L
and

VB=Vq,

where hL is the mean local dipole field at the sites of
3 nuclei, y is the gyromagnetic ratio, and v@ is the
quadrupole resonance frequency of the 8 nuclei. At
point (c) the sample is adiabatically remagnetized by
the former polarizing 6eld. Any remaining order of the
A nuclei is measured by applying a 90 pulse at time
point (e), and the intensity of the free nuclear-induc-
tion decay is recorded. The sequence of Fig. j. is repeated
following each remagnetization. As each sequence is
repeated, the frequency vB applied to the 8 system in
search of NQR transitions is adjusted. to a new value,
increasing by 1 kc for each successive sequence. A
decrease in magnetization at point (e) signifies the
onset of a spin resonance. Figure 2 shows a plot of the
free-induction amplitude of the Na resonance in NaCl
as a function of time 7.p in zero field for fixed irradiation
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Bipolar interactions among A nuclei are represented
by H~~, where H~~ has the same form as II~y, (I is
used to denote A nuclear-spin operators, 5 for 8
nuclear-spin operators). The rf 8 interaction is repre-
sented by H, fII. The 8 nuclei are assumed to be rare
and spatially distributed so that mutual dipolar inter-
actions among them may be negelcted. The interaction
of the 8-spin electric-quadrupole moments with elec-
tllc ficld gradlcllts ln thc solid ls given by

~here the single spin operator is
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The electric field gradient is

eq„=V„
Fxo. 3. Low-field double-resonance apparatus. Sample is

shown in low-field position where H1~ is applied. Right side shows
apparatus for producing II1II, left side shows apparatus for mea-
suring A-spin magnetization in high magnetic field.

in the principal axis frame, where the field-gradient
tensor is diagonal, and we choose

frequency vg. Figure 3 gives a block diagram of the
experimental apparatus. so that the asymmetry parameter is .

II. ZERO-FIELD NUCLEAR-DOUBLE-RESONANCE
THEORY where

A. NucIear-Quadrupole interaction Representation

s=L I
1'.*I —

I
1',

I j/I I'-I

The Hamiltonian of interest for the nuclear-quadru-
pole double-resonance process in zero field is

where the magnetic dipole interaction between A and
8 nuclei is

A,B
H~e=gh~s;. ,

j'&k

+2
hAB Q hAB

hge' BP,S, (I 8)/3——j, —
h~s' =C{I,Sp+I~S,),
h~a'= &(I+S+),

I3= ,'(3h2y y, ) D1 3cos-e,/r j, —

C= —,'(35'ygys) L(sin0 cos8)/r'j exp( iy), —
E=-', (3h'ygye) L(sin'8)/r'j exp{—2'). (3)

Only the 8 nuclei are assumed to interact appreciably
with the linearly polarized applied rf field. Therefore

Hpf s — 25yj3 cosG)sing HgspSyjp

where the p index pertains to x, y, or s directions. For
the 8 spins we will assume an axially symmetric elec-
tric field gradient with q=o and 5=23. Therefore,
only the x and y components of Eq. (10) will effect,

transitions between the two quadrupole energy levels

I
nz, )= I ~—,') and

I m, )= I a-2). The resonance condi-

tion for transitions between these levels is given by

The 3 and 8 spin-lattice relaxation interactions
are assumed to be very weak and independent of the
interactions represented by II», H, f &, and H». The
A reservior of spins can be directly assigned a spin
temperature Tg in the laboratory frame if the nuclei
are at equilibrium among themselves. For T~ indepen-
dent of lattice coordinate r, the density matrix of the
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A system is

expL —(HAA/&TA) ]PA= (12)
Tr[exp( HA—A/IiTA)]

where it is assumed that the energy in the interaction
HA~ is negligible compared to the HAA interaction.
During the polarization process in high field Ho (see
Fig. 1) the spin temperature TA(Ho) approaches the
lattice temperature Tl.. After adiabatic demagnetiza-
tion the spin temperature becomes

The matrix for Uq can be expressed in terms of subsets
of Pauh spin matrices. For spin S=& the 4&&4 matrix
representation for single-spin operators can be decom-
posed into four 2X2 matrices. These submatrices can
be then written as linear combinations of Pauli spin
matrices. Using this notation we obtain

Uo ——exp[—2(iM j) g(~.„—~„;)j

where
TA (0)—(hj./Hp) Tj., (13)

B
HrfB =fbbilB2~~+(rrzzj+rrbzj) r

hj.'= Tr{HAA'}/Tr{Mz'}, (14)

and M, =fi+,~,I,, is a sum over all the nuclei which
contribute to h&, the mean local field established by
the A-spin reservior. Without double-resonance cross
relaxation, the spin temperature of the 3 spins in-
creases as

TA(t) =TA(0) exp{ t/Ti&}, (15)

where O.„is the Pauli spin matrix 0., in the a corner of
the 4)&4 matrix

8 ,'I
(21)

where it is assumed that TA(t)«Tj, and Tid, is the
spin-lattice relaxation time in zero external field.
For Hb 10 kG the ra—tio Ti(Hb)/Tiq ranges from 2 to
10', depending upon the type of lattice coupling and
the lattice temperature. In the presence of the double-
resonance interaction, Eq. (15) becomes

Also,

1
2

A,B
HAB Q~ABj b (22)

where

TA(j) = TA(0) exp{t[(1/Tip)+(1/rAB)]}, (16)

&&AB 7AB ~

—1

where, for a given spin pair,

h»" ——-', BI,S.

In order to evaluate 7A~ the state of the 8 nuclei
must now be described. Spin temperature cannot be
ascribed to the 8 nuclei in the laboratory frame be-
cause H, g ~ is time-dependent, and no time-independent
equilibrium state can be dehned for the 8 spins in the
laboratory frame of reference. Therefore, we use the
unitary transformation

U =exp{——,'(i t) +[35„—Sj']}

to obtain an interaction representation where the
Hamiltonian Eq. (2) with &=0 becomes time-inde-

pendent; namely,

H*= UoHUo ' —(ficoB/6K) HoB

= [1—(fuse/6K) ]HoB+HAA+HAB*'+H, jB*'. (18)

Primed terms indicate that components of H* oscil-
lating at + and 2' are dropped since they average to
zero.

The transformation which conveniently expresses

Uo in Eq. (17) has been demonstrated previously. '

7 G. W. Leppelmeier and E. L. Hahn, Phys. Rev. 142, 179
(1966};see also M. Goldman and A. Landesman, ibid. 132, 610
(1963}.

+6 (I~~3) [(jimrriy+jib~rri++rrz liz +rr~ji-b )-—
+Vz rrb-+ rrz jiiy]— —

+C(I.~ +&.ji )+-C*(I.0i++ ~.jii+)

+&Lk~~(l~~ +j~~ )+j
+E*[2~3(ji.—

iran-+jib

—«+) +jii+«+jr (23)

A,B B
=HAA+g hAB'b +g firf B ~(24)

Consider the energy levels for a single 8 nucleus in
this representation. h,g~*' can be diagonalized, and
we find the following eigenfunctions and eigenvalues

and C* and E* are complex conjugates.
The symbols 0- and p, represent Pauli spin matrices

for 8 and A nuclei, respectively, and for the A spin
we take I=~ in anticipation of treating the problem
of NQR double resonance in NaCl. In obtaining Eqs.
(20) and (21) the exponential operators have been
expanded and the direct commutation and multipli-
cation rules are applied. For the applied rf field at the
exact 8-spin quadrupole resonance expressed by Eq.
(11), the effective Hamiltonian in the interaction
representation is
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using the [ m, & states:

Rig enfunctions

L +p& — +p&7/v2
L

—
p )— —

p &7/v2

L +$)+ +p)7/v2
L

—
p )+ —

p )7/~2

Eigenvalues

+p v340$iip

2 V3flcoygg.

These levels are broadened by the interaction H»*'.
The terms H, g

~*' and H~~ can be thought of as estab-
lishing two energy reservoirs coupled by H»*'. H, &

&*'
is time-independent and a spin temperature T~ can
be used to describe a Boltzmann occupation of the
levels above if the 8 nuclei are in contact with the A
nuclei at a uniform spin temperature T~. Therefore,
we can write the quasiequilibrium density matrix

p~*= Lexp( II r s*'/kT—'s) 7/Tr(1) (23)

and the total density matrix in the interaction repre-
sentation is

p"'=pal+pa*

ture by virtue of their contact with neighboring A nuclei.
Randomly distributed 8 nuclei in a lattice of A nuclei
with position-dependent temperature connot be assigned
a unique spin temperature, but can be considered to
have an ensemble averaged temperature Ts(t) .

T~(r, t) will be assumed to be a function of radius
from the 8 nuclei, and the diffusion among the A
spins is therefore assumed to be isotropic. This is only
an approximation, since diffusion in a cubic crystal
is expected to be faster along (111) directions than
along (100) directions. A qualitative representation
of the model is shown in Fig. 4. 8 nuclei interact
directly with A nuclei out to a radius ro, where the
A-8 dipolar interaction becomes very small compared
to the A-A interactions. From ro to —,'r~~ the spin
disorder propagates due to A-spin diffusion, .where
ra~ defines the mean distance between 8 nuclei. Con-
servation of energy shared among the A and 8 reser-
voirs, assuming negligible spin-lattice relaxation, re-
quires that

BP~ (t) /Bt = pBPii—(t) /Bt, (27)

—1—[&»/kT„Tr(1)7 —[Q„s*'/kTsTr(1)7. (26) where pz and ps are 1/kT& and 1/kTs, respectively;

B.Double-Resonance Dynamics

Using the interaction representation and energy
reservoirs described above, a simple phenomenological
model will now be shown which describes in second
order the dynamics of the double-resonance process
for rare spins. It will be assumed that H~~*' can be
treated as a small interaction compared to the 8-spin
Zeeman interaction with Hi~, and to the intradipolar
interactions among the A nuclei. This makes possible
the use of perturbation theory which describes the
transfer of disorder from the 8 to the A nuclei by simple
rate equations. In reality this perturbation approach
does not appear to be strictly valid since the double-
resonance condition, Zq. (1), suggests that the intra-
dipolar A-spin interaction is of the order of the per-
turbation interaction H»*' in our study of NaCI.
However, for 8 nuclei near impurity levels in the NaCI
lattice, there exists a series of quadrupole-split Na
and Cl nuclei as r increases from the 8 nuclei to the
purely dipolar-coupled A nuclei in cubic sites. These
quadrupole interactions restrict dipolar spin Qips to
nuclei in the states pertaining to the lower spin de-
generate (5= (-', ) quadrupole levels, and decreases
the effective H~~*' interaction. The perturbation
approach therefore becomes plausible, but only approxi-
mate in this case.

The A- and 8-spin energy reservoirs are assigned
temperatures T~(r, t) and Tii(t), respectively. Since
the 8 nuclei may be spaced apart by hundreds of
lattice parameters, one must consider the possibility
that Tg is a function of position in regions devoid of
nuclei because of the 6nite spin-diAusion rate among
A nuclei. 8 nuclei may be assigned a spin tempera-

p= Tr(H, i s*")/Tr(H~g') Eii/E~(ysHis/7~br) (28)

is the ratio of the 8 and A heat capacities; and

BPg Av BPg„v—&V BP~r

Bt U Bt V Bt
(29)

The bar indicates a spatial average; the subscript
ro indicates the spatial average over a volume 8 t/" out
to radius ro, where

a t/= ~~ro', (30)

The erst term in (31) is the driving term caused by
the externally rf-excited 8 nuclei, and the second
term represents diffusion through a spherical surface
into the region At/ from the bulk A nuclei at radius
ro, according to Fick's law. The choice of ro is somewhat
arbitrary. It is defined as a mean radius at which the
direct dipolar coupling between 8 and neighboring
A spins at r=rp falls off to a value such that BP~,/Bt
in (29) depends only on (BP&/Br ~„„. namely where
Pz, is affected by spin diffusion and not by negligibly
weak A-8 dipolar interactions. In principle ro has a

8 N. Bloembergen, Physica 15, 386 (1949).

and the subscript r indicates the volume average from
rp to prss. The first term on the right of Eq. (29) is the
weighted average of BP~ (r, 3)/Bt over the region where
A and 8 nuclei interact directly via dipolar coupling.
In this region the phenomenological diffusion equation
can be written as

BPg„Upas 47rDrp'V BPgB'=
~V ' '""+

~V B
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slow time dependence upon (BpA/Br) I„„but the
crudeness of this model does not justify further refine-
ment beyond the assignment of a time-averaged empiri-
cal value to ro. 5AB is identified as the coupling rate of
8 to A and is expressed in this model as

4z C r'dr 1 TAA
~'AB =

hV r ~AB ~AB

with
TAB TA.B(TAB/TAA) I. (33)

where TAB is of the order of the A-8 spin-fIip time,
TAA is the A-A mutual spin-Qip time, and C is of the
order of fPyA'yB'EATAA. t/t/"AB can be approximated
in more detail using the density-matrix master-equation
approach, ' ' ' but an order-of-magnitude estimate is
all tha. t is relevant to this model and our experimental
results. It is assumed here that the resonance condition,
Eq. (1), is satisfied. D in Eq. (31) is the A-spin diffu-
sion constant, approximated by

D='o'/50TAA,

where a is the internuclear spacing. The A nuclei far
removed from the 8 nuclei become disordered, in
terms of the reciprocal temperature pA„, at an average
rate

Bp~,/Bt= [4nD—«p'/(V AV)]—(ripA/dr) I„, (34)

and the 8 nuclei increase in order at a rate

(35)BPB/Bt = WAB (PA„p PB) . —
The double-resonance-coupling and spin-diffusion proc-
ess within the spherical volume bounded by radius
—,'r» defines the cell geometry of this phenomenological
model. It has been assumed that

D WAB (1+e)V p)pA

G (V—DV) (7t

' R. E. Slusher, Ph.D. thesis, University of California, Berkeley,
(:ahf. (unpublished).

(~pA/~r) I-(s=0 at «=-', r», (36)

as shown in Fig. 4. pA can be related to the gradient
of pA at rp using Eqs. (27), (31), (29), and (34),
yielding

erat „, aV 8'» aP aP at/'

pA can be expanded in a Taylor series about rp, as

PA(», t) =A. (t) I. +(»—«p) (itPA/rir)

+-', (« —«.) (a pA/ar) I„,+'", (3g)

where only the first three terms shown will be retained.
Using Eqs. (37), (34), and (36), the rate equation
of interest is obtained as
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8 nuclei interact directly with A nuclei out to a radius ro. Tem-
perature for r&ro is nonuniform because of spin diffusion among
A nuclei. Tz) T~ is maintained by 180' phase shifts of the rf Geld.

where

r~ ~/2

G=(AV/r, ')((V—AV) ' r'dry(r)
r0

rp—V—' r'd 5: («r) I, (40)
0 )

and
F(r) = (r —rp) —

I (r—rp) '/(rBB —2rp) ]. (41)

For the case of interest where ÃB«XA, then ro«rBB,
and

G= (3/40) rprBB. (42)

Equation (39) simplifies in two limits of the parameter

D/GWAB=4B, 'TAB'/15r()«BB TAA'. (43)

If D/rp«BB»WAB, spin diffusion among A nuclei is
sufFiciently rapid to maintain a spatially uniform
spin temperature for A nuclei, and there is no diffusion
limiting for transfer of disorder between A and 8
nuclei. However, a diffusion bottleneck might be,
expected when WAB»D/rprBB, since A nuclei near the
8 nuclei will disorder more rapidly than more distant
nuclei, For parameters typical of experiments described
here,

WAB=2X 10' sec ' and D/rprBB 1sec ', —
so that the diffusion-bottleneck limit is of interest.

First consider the simple case for D/rprBB»WAB,
where Eq. (39) simplifies to

it'pA/Bt'= WAB(1+e) BpA/&t— (44)

The average bars have been dropped, since a uniform
spin temperature is assured for this case. Using Eq.
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(27),

P (~) =P 'I1—~E1—P ./P ~jD —exp( —~1V (1+~) )3I pg(«}—pgo exp( —s «b) . (50)

where the subscript i signi6es initial value. Equation
(45) applies during each period between 180' phase
shifts of Big. Irnrnediately after a 180' phase shift

(46)

where P~ is the reciprocal 8-spin temperature
immediately before the phase shift. After m phase
shifts, each separated by v. seconds,

P&(«)=A (0) (1 «&)" (47)

where 0. becomes constant at some value in the range

«L-=(1+P.-/P. ;)j&2,

Equation (50) is the optimum double-resonance rate
expected, and the decay constant at resonance is of
the order of ew/'gg, which predicts detectability of as
few as E~—10 7E~, if the 2 nuclear-resonance signal
can be detected with a signal-to-noise ratio of 10':1,
and the low-field spin-lattice relaxation time permits
coupling the A and 8 nuclei for a period of the order
of 100 sec. This sensitivity is comparable with other
double-resonance techniques. "' It is interesting to
write explicitly the dependence of the douhle-resonance
rate on H~~. The quantity S~~ can be shown' ' to vary

1&»=(&»/&~a'-) expl —&(vs%a&»)'], (51)

i) =1—expL rW—»(1+&)j.
for Hyg Inuch larger' than the A-8 dlpolal interactions)

(49) and substituting t for «one obtains

in'~(~)/P~(0) 3=—&»'(~~/r) (Vs/v~&~)'(&s/&~) I1—expL —(r2'»/2'»') exp( —3(vs&»T»)') jI. (52)

Notice that the double-resonance rate is optimum for resonance condition Eq. (1), and decreases rapidly for
larger H~~ as the exponential factor begins to dominate.

Finally, consider the double-resonance relaxaton for slow spin diffusion, D/ror~~&&lV~B, for which Eq. (39)
becoIIles

~'P~ eV D BP~

BP BP
+ 1V» 1+—+—lV»

G N

Using Eq. (27), the following set of equations are obtained:

p~* ~pa p~'+l4
pg EL pex(m

——r)+—exp(m 7.)j+ +c '
exp(m r),

1+6 1+&

m+ ———(D/4G) (1+eV/d V)-',

m =—lV»(1+&V/AV),

'))'~ )) ()+ vlkV) —jl ()+ )+)) L()' av)/5V j)—
(1+&) (1+~V/6 V) W» (D/4G) (1+&V—/AV) '

Ps= P~ +(1/—~) (P~' 8~) '—
Pg„= (E/eIV») Lm exp(m r) —mp exp(espy) ]+t (Pg; —P4)/ej —Pa

+[(P~;+Ps )/(1+~) j-(1+~V/~V) exp(~-. ) (56}

Equations (54), (55), and (56) apply during each
period between 180 phase shifts. Together with
initial conditions at the beginning of the experiment,
they form a complete set of equations necessary for
describing p~, p~, and p@„ throughout the experiment,
as 180 phase shifts, e in number, are applied in peri-
odic fashion. Figure 5 shows computer plots of the
envelope of p~ as a function of over-all time t=«=ro,
for various values of r, hV/V, and D. e was taken as
10—' and W~~ as 2&10' sec ', typical for experiments
described here for NaCI. The initial A-spin temperature

was taken as 0.01'K after adiabatic demagnetization,
and the 8-spin temperature was initially infinite. For
6 Of 10 ~ fgg~100g~ arid

6V/ V= (ro/50a) '.
ro is expected to be of the order of a few lattice param-
eters because of the A-8 dipolar interaction. Solutions
for p~„, (not shown) reveal that for smaller values of
hV/V and D, the A nuclei near the 8 spin heat up
during the initial relaxation period and limit the rate
at which the 8 nucleus can disorder the A nuclei. This
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diRusion-bottleneck behavior is seen in the initial
curvature of the relaxation in Fig. 5. These solutions
show that for e in the 10—' range the diffusion bottle-
neck is not expected to decrease the double-resonance
relaxation rate by more than an order of magnitude.

C. Rotary Saturation by Frequency Modulation

Frequency modulation of' H~~ has proved to be a
more versatile method for continuously disordering
the 8 nuclei. This method is similar to a rotary-satu-
ration technique of Red6eld, ' which uses audio-fre-
quency fields to saturate the nuclear magnetization
along a high-frequency rf 6eld. Audio-frequency rotary
saturation has been used for nuclear double resonance. ' 6

However, in zero 6eld, an audio-frequency 6eld would
saturate and disorder the A nuclei, since the audio
frequency required, y~H~p, is of the order of yah~. We
will now show that this impasse can be avoided by
using an e6ective audio-frequency 6eld caused by
modulating the frequency of H~g about the quadrupole-
resonant frequency co@, as expressed by

(5/)

~here ~~ is the modulation frequency, and Ace is the
frequency deviation. The effective 6eld H~ is de6ned

2H~y~=—h~. (58)

Integrating (57) we find

l00

P„( a')

O.t

t(sEc)

I"IG. 5. Computer plots of envelope of p~ as a function of over-
all time t=mv. The double-resonance relaxation applies for 180'
phase shifts applied at a period of v seconds, where the sequence
occurs n times in a measurement. Parameters in the range of
interest for the experiments described here are (a) ~=1 msec,
(AV/V) = (2/50)', (8/4G) =1; (b} =1 maec, (AV/V} = (1/50)',
(D/4G) = 1; (c) v = 21nsec, (6V/V) = (2/50) ', (D/4G) = 10;
(d) v =2 Insec, (hV/V) =(2/50)', (D/4G) =0.1; (e) v=2 msec,
(hV/V) = (1/50) 3, (D/4G) =10; (f) v =2 msec, (0 V/V) =
(1/50)', (D/4G) =0.1.Notice the initial curvature away from the
dashed line (no diffusion-limiting case) resulting from local
heating of A nuclei near the 8 nucleus, as shown in Fig. 4.

First-order perturbation theory" can now be used for
IE~* to show that frequency modulation disorders
the 8 nuclei at a rate

(65)

where

His(i) =HIIso COS(ceqt+rle Sincesri), (59)
for the resonance condition,

(66)

is the modulation index. In order to transform out the
time dependence of Hjp, we use the unitary transfor-
mation

Uo=expI —ee(~oi+~ »n~~i) Z [3~ '—S']I (6&)

XQ [3&.is —sir]+H~~+H. I a*+Hen*, (62)

where we have assumed that H~ is much less than
local dipole fields and H~~. For a single 8-spin we can
write the Hamiltonian

/eB Ilrfs +IIAB +4f+) (63)

IIII = —2SHII'yn[cxp('kesei) +exp( erose') ]—
)&[5,' —5(5+1)]. (64)

'0 A. G. Redfield, Phys. Rev. 98, j.787 (1955).

in place of the transformation Eq. (20) . The interaction
representation Hamiltonian becomes
H =—AH~pg cosNMI

[scc clgcnvalucs of Eq. (24) ]. In order to IIIRIIltalll

the 8 nuclei in a state of maximum disorder, we require

This effective rotary-saturation technique makes
it possible to determine the y~ of the 8 nucleus, since
HIS and the resonance value [Eq. (60)] of ceII can
be measured. H~~ is the projection of the applied rf
6eld on a plane perpendicular to the s principal axis.
Therefore, if y~ is known and g is zero, the orientation
of the electric 6eld gradient principal axis can be deter-
mined by rotating the polarization of Hgg. If g is
nonzero, 8 spin energy-level spacings in the inter-
Rctloll icplcsclltatloll differ f loni those of Eq. (24),
as shown in the Appendix. The accuracy for deter-
mining y~, H~~, or the 6eld-gradient orientation depends
on the 8-spin interaction representation linewidth,
which is determined by H»*' or inhomogeneous
electric field gradients.

For a static deviation of Hj~ frequency from the
8-spin quadrupole resonance by an amount 6, the
effective Hamiltonian in the interaction representation

"A. Abragam, The Prirccipies ef ENcieor Mogmeiism (The
Clarqgdog. Press, Oxford, England, 1961),p. 40,
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I IG. 6. Nuclear-quadrupole-resonance spectra for commerical-
purity NaCl, using 180' phase shifts of HI~. Each rotating com-
ponent of HI~ was approximately 2 G. A single crystal from the
Harshaw Chemical Company with HI~ parallel to the (100)
direction is shown in (a). Spectrum of reagent-grade powder
(100—150@,) is shown in (b). Both samples were at liquid-nitrogen
temperature.

ized in the 10-kG field for a period of the order of
T, (typically 1 to 10 min) . After polarization the sample
is pulled to a zero-field region above the magnet by
a nylon rod attached to a small elevator mechanism
Ltime points (a) to (b) on Fig. 1].A Helmholtz coil
is used to cancel any remaining fields to within +0.5 G
over the volume of the sample. The sample slides freely
in a bakelite tube which is wrapped with a solenoid
used to generate the rf field II~~. The solenoid is part
of the tuned output load of a linear rf amplifier made
up of a video amplifier and two parallel 813 tubes
operating as a class 3 amplifier. Phase-shift or fre-
quency modulation of H» is determined at the input
of the video amplifier by a 180' electronic phase shifter
or a fm signal generator. 180' phase shift is accom-
plished by transistor-switching from an anode-follower
amplifier to a grounded grid amplifier, both using a
6DJg dual triode tube. His is applied to the sample for
a fixed period in zero field, t = so, and the frequency of
II» is fixed during each cycle but is changed in incre-
ments of from 0.1 to 10 kc/sec during each polarization
period in high field. The magnetic order of the A nuclei
decreases during the period in the zero-field region
because of spin-lattice relaxation and cross-relaxation
with the irradiated 8 nuclei. After ~0 seconds in zero
field, the sample is remagnetized by dropping it back
into the 10-kG field, where the remaining A nuclear
magnetization is measured by a 90' rf pulse (10 mc/sec
for Na in Nacl and 40 mc/sec for protons) [time points
(c), (d), and (e) in Fig. 1]. If H» is applied at the
quadrupole resonance of a set of 8 nuclei, the measured
magnetization is expected to vary as

ha*(6) =ha*+hrf 8* +hAB* +%V*, (6&) W, («) =m, (0) expI —»L(1/T„)+(1/.»)]I. (»)
where

8' = +-,'fi (5'+3(oia2) '~'. (&0)

Frequency modulation (fm) now causes maximum
disorder for 8 nuclei when the resonant condition

oiiiI —(g2+3oiia2) 1/2

is obtained.

III. EXPERIMENTAL RESULTS

A. Experimental Apparatus

As indicated in Fig. 3, the sample and rf coils are
mounted in a 10-liter Dewar filled with liquid nitrogen
and mounted between the poles pieces of a 10-kG
electromagnet. Timing of the entire cycle (Fig. 1) is
automatically controlled by a series of Tektronix 160-
series waveform generators. First, the sample is polar-

h&~= a (AA) L35,' —5($+1)3. (69)

Considering h~* and h~~* as small perturbations,
ha*(A) can be diagonalized, and one finds the eigen-
values

This behavior is shown experimentally in Fig. 2. If
the frequency of H» is off the 8-quadrupole resonance,
rg~ is infinite and we therefore expect 8-quadrupole
resonances to appear as a, dip in M, (ro). Immediately
after measuring M, a series of twenty 90' pulses at
10-msec intervals is applied to completely saturate
M, to zero value.

B. Pure Quadrupole Spectra in Impure NaCI

NaCl single crystals were obtained from The Harshaw
Chemical Company in the form of 2-in. -diam cylinders
1-,' in. long. NaCl powders were obtained commer-
cially or crystallized from aqueous solution. Crystals
were mounted in TeQon cylinders which slide between
the high- and low-field region. For Na" nuclei at
liquid-nitrogen temperatures in both single crystals
and powder, T& in a 10-kG field was about 300 sec.
In the zero-field region (&0.5 G), Tip varied between
50 and 100 sec, depending on the purity of the sample.
Na" nuclei were used as the A nuclei in hope of de-
tecting quadrupole interactions of Na and Cl nuclei
at noncubic sites near imperfections and impurities.
Using the 180' phase-shift method the spectrum iq.
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FIG. 7. Nuclear quadrupole resonance after adding K+ (0.1
molar %} and Br (0.2 molar %). Experimental conditions are
the same as in Fig. 6.

Fig. 6 was obtained for commerical-quality NaCl
single crystals and powders. Other resonances found in
large single crystals but not shown were at 560 and 820
kc/sec. Searches extended up to 1.5 mc/sec. The 180'
phase shift occurred during a period 5, (typically 50
to 100 psec), which varied with the Q of the B,q circuit.
If 6, is too short, sidebands are produced which broaden
the observed resonances. If 6, is too long, the phase
shift will be adiabatic for the 8 nuclei, and 8-spin
disorder will not be maintained.

Commercial powders were found to have spectra
similar to large single crystals, but with a few additional
resonances. Relative intensities of various resonances
depended on the commercial source. Since cubic sym-
metry is destroyed at crystal surfaces, the number of 8
nuclei with quadrupole interactions (~10" cm ') is
in the observable range for 100 p, cubic crystals. After
the single crystal, which provided the data for Fig. 6,
was crushed into small crystals (50 to 100 p), small
resonances appeared at 100 and 125 kc/sec, while
other resonances remained unchanged. The 100-kc/sec
resonance appeared in all powders and never in large
single crystals; therefore, it may be associated with
surfaces, vacancies, grain boundaries, or cracks. None
of the other resonance intensities changed appreciably
with crystal size. Absorption below 100 kc/sec is
caused by direct nuclear absorptions from low-frequency
quadrupole- and dipole-coupled nuclei with energy
levels which overlap from neighbor to neighbor.

eo
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0 200 300 400
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FIG. 8. Nuclear-quadrupole spectra after addition of Ca++ to
NaCl. Experimental conditions are the same as in Fig. 6.

In order to identify the source of the electric ield
gradients responsible for the observed resonances,
small crystals were grown from saturated NaC1 solu-
tions with various added impurities. All samples were
annealed in vacuum. As shown in Fig. 7, resonances
3, D, Ii, 6, and H increased in intensity after adding
E+. Resonances 8, C, and E increased after adding
Br—.Other resonance intensities remained at the level
found in reagent-grade NaCI, and a few new resonances
appeared. Preliminary identifications' of the resonant
nuclei were made from this data assuming the quad-
rupole frequency decreased with the distance from the
substitutional impurity. CP'—Cp' doublets can be iden-
tified because of their frequency ratio, " 1.27, deter-
mined by the ratio of their quadrupole moments. How-
ever, the frequency-modulation technique was later
used, as discussed in Sec. IIIC, to show that these
initial identifications were incorrect.

Other substitutional impurities such as Ag+, I,
F, H, Li+, and Cs+ would be interesting to study,
but no attempts were made to grow crystals with
these impurities. Divalent metallic ions caused a
complicated spectra as shown in Fig. 8. Various charge-
compensation configurations probably contribute to
the width and complexity of the spectra. Quadrupole
interactions near Ii centers and other paramagnetic
impurities are probably not observable by this tech-
nique because of large contact and dipolar fields at
neighboring nuclei caused by the unpaired electrons.

Unfortunately, it is difficult to determine the number
of isolated substitutional impurities in NaCl. It is
not known how many impurity ions from solution
are included in the crystal or if impurities form clusters
or migrate to grain boundaries. Annealing effects the
observed resonances as shown in Fig. 9. An interesting
resonance appears at 430 kc/sec for powders annealed
in the atmosphere instead of vacuum. It has been
shown" that OH concentration increases when NaCl
is heated in a moist atmosphere, which suggests that

"T.C. Wang, Phys. Rev. 99, 566 (1955).
"D.A. Otterson, J. Chem. Phys. 33, 227 (1960).
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the 430-kc/sec resonance is a Na nucleus near a OH
substitutional ion.

Figure 10 shows the A-spin signal after a fixed period
in zero field as a function of Hirt. Equation (52) pre-
dicts an Hjg' dependence for H1~ small compared to
the A dipolar fields. This initial slope, which was ob-
served as shown in Fig. 10, can be used to estimate the
number of 8 nuclei. Table I shows the density of CP'
nuclei (8 spins) estimated using Eq. (52) and Fig.
10. The site of this quadrupole resonance we show to
be located at coordinates (111) from the K+ substitu-
tional ion, where symmetry requires the asymmetry
parameter g to be zero. Thus the effective II~ field is
well defined and can be measured experimentally as
shown in the following section. X~, the density of K+
ions, is 6S~, since these are six Cp' neighbors con-
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K
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z
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FIG. 10. A-spin signal as a function of II» and ~ for CP' nuclei
at a (111) position from a K+ substitutional ion. vq was 280
kc/sec. III~ is aligned along the (111)axis of the single-crystal
sample. n is the number of 180' phase shifts during a 54-sec period
in zero 6eld. Solid lines show initial slopes used to estimate density
of K+ ions in crystal.
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I'IG. 9. EGects of annealing on quadrupole spectra. Experimental
conditions are similar to those of Fig. 6.

tributing to the resonance for HUt parallel to the (111)
direction.

Notice that the initial slopes decrease with increasing
r. Assuming fast spin diffusion, Eq. (52) shows that
this behavior provides a measure of T~~'. For these
data, T~~' is of the order of 500 @sec which is in the
range of 200 psec, expected from the T~g for NaCl in
high field. However, these data do not resolve whether
or not spin diffusion plays a role in the relaxation rate.
It is difficult to determine 1V& independently, and it
is not known to what degree the impurities tend to
cluster. X~ might be larger than the estimates of Table
I if spin diffusion decreases the relaxation rate. How-
ever, as seen in Fig. 5, the theoretical estimates for
spin-diffusion limiting are not large in this range of
concentrations (e Artt/Ar~ 10 ' to 10 '). Also, for
the Harshaw single crystals, X& is expected to be in
the range from 10" to 10' cm '. Finally, note that the
exponential Hist dependence of Eq. (52) becomes
evident in Fig. 10 at fields of 1 to 2 G, which is in good
agreement with a calculated value LEq. (14)j of 1.3 G
for h» in zero field for NaCl.

TABLE I. Estimated density of quadrupole coupled CP'
nuclei E~ near K+ ions.

v (msec) Ã~(cm-3) iV~(cm ')

1.35X104
2.7X104
1.08X10'

2

0.5

2.6X10»
2X10»

1.7X10»

4.3X1017
3.3X10"
2. 7 X1017

co =MB & (co,tr —3M tt ) (73)

If ~~ is less than V3y~IJjg, there is a single resonance
that decreases in intensity as or~ decreases. If we fix

C. Identification of Quadrupole Resonances by
Frequency Modulation

8 nuclei can be maintained in a magnetically dis-
ordered state if co& is frequency-modulated about so@,

as shown in Sec. IIC. The experimental parameters
of interest are the magnitude PHitr of Eq. (58)] and
resonance frequency Lco~ of Eq. (66)j of modulation.
For NaC1 the requirements are ~itr/2tr in the range
from 2 to 10 kc/sec and A~ of about 1 kc/sec. Fre-
quency-modulated 8 rf was generated by a 10-mc/sec
fm generator. This signal was mixed with an unmod-
ulated signal at 10 mc/sec plus t tt to obtain the differ-
ence frequency v& modulated in the same manner as
the 10-mc/sec fm signal. Frequency deviation Ace was
not measured accurately but was held constant at
near 0.1-kc/sec for all data. ~~ was determined by the
audio oscillator input to the fm generator.

The shape of the quadrupole resonance depends on
v~ as shown in Fig. 11. This is the behavior predicted
by Eq. (71). For Mir greater than %3»H», there are
two resonances at
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the frequency of Hgg at a)q and vary ~~, vie expect the
resonance of Kq. (66) . Figures 12 and 13 show several
~~ resonances for Na and Cl neighbors of K+ and
Br nuclei. %e can now de6nitely identify the source
of each resonance. Resonances (a) and (b) in Fig. 12
are identified as CP~ and CP', respectively, since

i si(vq ——220 kHz) yciu=0.81+0.2 =0.83, (74)
iM &Q ~ Yoi

and the quadrupole-frequency ratio is 1.27 as expected.
Similarly, the high-frequency resonances G and H are
also a CP~—CP' pair, and because of their high frequency
they are identified as K+-Cl(1, 0, 0) sites. The 220-
280-kc/sec Cl doublet is then a K+—Cl(1, 1, 1) site.

Symmetry requires both (1, 0, 0) and (1, 1, 1) sites

to be axially symmetric; therefore, Kq. (66) applies,
and we can determine the effective value of Bj~ as

2.84&0.05 G. The effective component of Hi~ is

perpendicular to the s principal axis of the electric
field gradient, vrhich symmetry requires to lie along the

(111) direction. Since Pin was applied along the

8Q—

Resonance
frequency

Resonance p~ (kc/sec)
Impurity

center
Resonant

neighbor nucleus

100
125
158

191.5
205
210
220
259

~ ~ ~

~ I ~

e ~ 0

K+

~ e ~

~ ~ ~

~ ~ e

~ ~

Na23 (1, 1, 2)

Na"
Na"
Na'3
Cla' (1, 1, 1)
Cla' (P)

TABLE II. Rare quadrupole resonances in NaCl.
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I'IG. 12. Na and Cl resonances near K+ substitutional ions as a
function of modulation frequency l ~. ~~ was Gxed at vq. Irradia-
tion period 5=v 0 in zero 6eld vras 54 sec.
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FIG. 13. Na and Cl resonances associated with addition of Br
are shown in (a) and (b) as a function of modulation frequency
v~. A powder with 0.1 molar 'p0 K+ is shown in (c); the u~ res-
onance should be compared with Fig. 12(c).

suggests that the resonance may be caused by (1, 1, 2)
sites. The three resonances lie close to the values
expected for a (1, 1, 2) site assuming axial symmetry
and a radial direction for the s principal axis, but these
properties are certainly not required for electric
field gradients at these distant sites. Note that one
can distinguish the Na resonance in a powder where
H&si is random, as shown in Fig. 13(c).

Resonances which increased with addition of Br
are quite enigmatic. The resonance at 328.5 kc/sec
was thought' to be a C18' (1, 1, 0) site near a Br- ion.
However, its v~ spectrum [Fig. 13(a)] obviously
does not compare with the Na (1, 1, 0) site near K+.
Even more surprising is the v~1 spectrum for the
resonance at 191.5 kc/sec [Fig. 12 (b) g, which is almost
identical to the Na (1, 1, 0) resonance for Ns, near K+.
However, the only possible sites for Na near an isolated
Br substitutional ion are (1, 0, 0), (1, 1, 1), and

(1, 0, 2) . If the 191.5-kc/sec resonance were the (1, 0, 2)
site, there should be other higher-frequency quadrupole
resonances for the (1, 0, 0) and (1, 1, 1) sites, but
none was found. It can not be a, (1, 0, 0) or (1, 1, 1)
site, since symmetry requires only one v~ resonance
for each of these sites. Suggestions for the source of
these resonances are discussed in Sec. IV.

Table II summarizes the quadrupole resonances
observed to date by this zero-field double-resonance

(111)direction for all data for this section, geometry
requires [see Fig. 14(a)] that the effective component
of Jrig ls

klB

Thus we obtain an applied 6eld of 3.02 G from the v~
resonance. This compares with 3.3&0.5 G measured
from the voltage induced in a small search coil. Two
other resonances, at 158 and 258 kc/sec, were observed
to increase with the addition of K+. As shown in Fig.
12(c), there are two via resonances for vs fixed at the
358-kc/sec quadrupole resonance. This vii resonance is
obviously Na", since the v~ resonance is too high for
the chlorine isotopes. The eRective values of II~I3 are
3 and 1.73 G. If we assume that the s principal axis at
(1, 1, 0) sites is along the (110)direction and the field
gradient is axially symmetric, we obtain two inequiva-
lent sites [see Fig. 14(b)g. His of 3 G is applied
along the (111}direction, and we obtain effective
values of 3 and 1.73 G, which are in excellent agreement
with the data. However, a (1, 1, 0)-site symmetry
does not require an axially symmetric field gradient,
and one should perform orientation experiments using
the results of the Appendix to con6rm the orientation
and asymmetry parameter for this site. The resonance
at 158 kc/sec is also obviously Na", from the spectrum
in Fig. 12 (d) .However, there are clearly three inequiv-
alent sites, which eliminates the (0, 0, 2) site and

(a) Na AND Cl NFIGHBORS OF K IN THE(IIOj PLANE

0
l

lO) PLANE

I PLANE

'(b) TWO INEQUIVALENT SITES FOR K+- Na AT ll0

FIG. 14. Ionic arrangements near a K+ substitutional ion show-
ing the effective components of III~ perpendicular to the electric
6eld gradient s axis (assumed radial and indicated by arrows).
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technique. In addition to those listed, there are the
complex resonances seen after addition of Ca++ and
high concentrations ()1%) of Br and K+. Small
resonances were often seen in the range from 400 to
500 kc/sec. It is obvious there is much to be learned
about the observed spectra and many interesting
impurity centers not yet studied.

D. Zero-Field Double Resonance in Proton Solids

50
I I I I I I

--H1= 0

I I

~ y ~
~ ~

H = 19.8 GAUSS

Protons in solids seem to be an excellent 3-spin
system for nuclear double resonance because they have
no quadrupole interaction, large magnetic resonance
signals, and strong dipolar coupling. Proton magnetic
resonance in solids with no internal motions is some-
times experimentally difIicult because of the broad
homogeneous linewidth caused by strong dipolar
coupling. For example, in CaSO4 ~ 2H20 (gypsum)
and CioH8 (napthalene), the free-induction decay-
time constant is in the range from 5 to 50 @sec at
liquid-nitrogen temperature. For zero-field double-
resonance experiments, one must usually work at
liquid-nitogen temperature or below to freeze out
hindered rotations and other internal molecular motions
which make the ratio T, (HO)/T&& so high that cycle
time exceeds the patience of the experimenter. This
ratio should be as small as possible. For CaSO4 ~ 2H20
(gypsum) and CioHs (napthalene) at 77'K, Ti(Hp)
is determined by paramagnetic impurities or molec-
ular motions near impurity centers. For experiments
described here we used polycrystalline U.S.P.-grade
napthalene and natural single crystals of CaSO4 ~ 2H2O
from Ward Geological Supply irradiated in a Co"
source to introduce OH paramagnetic centers. The
following relaxation times were found at liquid-nitrogen
temperature:

T, (HO=10 kG) (sec)
T,„(H,(h, ) (sec)

CaSO4 ~ 2H20
500

C10H8
32
18.5

' W. D. Phillips, J. C. Rowell, and L. R. Melby, J. Chem. Phys.
41, 2551 (1964);D. M. Ellis and J.L. Bjorkstam, Bull. Am. Phys.
Soc. 12, 468 (1967)."C. J. Gabriel, Ph.D. thesis, University of California, Berkeley,
Calif. (unpublished) ."T.Chiba, J. Chem. Phys. 39, 947 (1963)."G. W. Leppelmeier and E. L. Hahn, Phys. Rev. 141, 724
(1966).

Interesting 8 systems for the solids above include
D (natural abundance, 0.015'P&), S" (0.74'P~), and
0" (0.03'P~). Deuterium quadrupole resonances are
expected in the range from 50 to 200 kc/sec "in CioH8
and at 170 and 190 kc/sec for D20 ""molecules in
CaSO4 ~ 2H20. Spin quenching" may reduce the sensi-
tivity for detecting deuterium by a factor of as great
as 100.0"quadrupole resonances are expected between
500 kc/sec and 5 mc/sec. Zero-field double resonance
requires the resonance condition, Eq. (1) and maximum
sensitivity is expected for H» of nearly 50 G for D

z 20—
Q
vl

z0
CL'
0 10
Q.

(a)

0
170

V

O
~ 250
LLI

Q
A

Z
O 230

210
0

J J ~ I

190 210 230
p (kc/sEc)

I I

I I I I

250 270

)C

190
0.2

x

I I I I I I

0.5 1.0 2.0 5.0 IO.O 20.0 30.0
HI IN ZERO Ho REGION (GAUSS)

I'IG. 15. Zero-field rf absorption for CaSO4 2H20 single crystal
at liquid-nitrogen temperature. Period t=ro in zero field was 2
sec, and HI was in a plane perpendicular to the (010) direction.

"A. G. Anderson, Phys. Rev. 115, 863 (1959); 125, 1517
(1962).

and O' . Peaks of the broad direct dipolar absorption'
by protons were found at 35 and 50 kc/sec for C&0H&
and CaSO4 ~ 2H20, respectively.

While attempting to find the deuterium quadrupole
resonance, some interesting eA'ects were found for
direct proton dipolar absorption with H1~ greater
than hr, (in the range from 2 to 10 G for proton solids) .
As seen in Figs. 15(a) and 16(a), direct dipolar absorp-
tion obscures the region of interest for deuterium quad-
rupole spectra if the irradiation time and intensity
of II1~ are at the values required for detecting deute-
rium in natural abundance. An absorption edge at
these frequencies is disappointing for detection of
deuterium, but not too surprising after calculating"
the eGective relaxation rate caused by the rf field.
An interesting and unexpected effect is shown in Figs.
15(b) and 16(b). As Hi becomes larger than hr, , a
narrowing of the direct dipolar absorption is observed.
This is possibly explained by a transfer of the A dipolar
order into magnetic order along the rotating 6eld II1.
It may also be related in part to line-narrowing in
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APPENDIX INTE RACTION REPRESENTATION
FOR NONZERO ASYMMETRYY PARAMETER

Consi~er a single nucleus with spin 5=-' in

hqri=EP5. 2 5(5+1)+-,',g'(5~'+—5 ') j, A1

where

Iv. DISCUSSION AND CONCLUSIONS
E=e'qQ/12, (A2)

These experiments show th ta rare quadru ole
moments in concentrations of th do e or er of IO ~ of an
abundant nuclear species can b d t d ma—e e ected in zero ma-a u d mag-

'
g is ouble-resonance technique.

entification of the rare nucleus is m

frequency-mo ulation technique seem t 11ms o a eviate
difFiculty in single crystals and to a 1

ln owd
n o a esser extent

p wders. The major advantage of the
techni ue

e o e zero-6eld

ln o

'q is the abihty to observe quadrup 1rupo e resonances
powders which would be severely broadened

'

high magnetic field.
verey roa ened in a

"M. Lee and W. I. Goldberoldberg, Phys. Rev. 140, A1261 (1965).

h, oi 2fiys coscootQ 5———Hindi (A4)

~o = (~'&Q/2&) (1+sr') '". (A5)

. G. DIck, Phys. Rev. 145, 609 (1966 ."H. Kawamura, E. Otsuka and K. ' ', . ys. .ocsu a, and K. Ishiwatari, J. Phys. Soc.

~=( I ~**I —
I
I'- I)/ I ~- I «(A3

Harniltonian terms in 5+' and 5 2an 5 ' mix the zero y
s a es m)=

I
&-', ) and Im)=sacs m = —', =~ 2. As

b h
~ ~

so a r heldwill ex'
o quadrupole energy levels, and

e r - e ~amiltonian at resonance is
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We are interested in finding the energy levels of h, rs and
in an interaction representatiog, obtained using the
unitary transforlnation

Uo2= exp( 2h—os'/fc) .

H+ ——', (His-+iHIS„),

H = ,'(HI-II, iH—,S,). (A11)

hqg ls diRgonRl In thc p representation, %'herc thc bRsls
functions are

&p, = cos8 j
+-', )+ sin8

~

—-,'),

Using Pauli spill Illa'tl'lccs to cxpl css Eq. (A9) alld
dropping diagonal terms which only cause smaH fre-

ucncy shifts) wc obtain

II~I s = —5'rsLCXP {2Mof) +cxP ( Ado—f) )
&p2

——cos8 ) +2 }—sin8
)
—

2 )„

v2= cos&
I
—2}—»» I+2}

q, = cose
~

--', )+ sine
~

+-', }, (A7)

+E2 r12 (0++++5+)+2 r28&u +—2r12 (&o +0-5 )—
+-'2r22*~1++rls(~I. +~..) $ (A12)

Finally, using transformation Eq. (A6), we find

tan8 =lt/(%3L1+ (I+-',q2) "2])-

In the y representation we obtain

h, r s ———Kysfexp (uoof) +exp (2s)ot) g

0 0
(A13)

[0 2f13 'r12 0 J

(A9) where the prime denotes that terms oscillating at
~@ and 2' have been assumed to average to zero.
The matrix of Eqs. (A10) is easily diagonalized and
we 6nd the eigenvalues

X=+-2, (rig, ) {4r12'+
~

r12
~

')'I'. (A14)

r»= 2 (3HIS.) 5 c»'-0 —
2 (»n'~) j

r22 ———', (3HIS,) t.", ( cos'tt) —sin'8j,

r12——H+ cose sin8+-'2v3{H+ cos'8 —H sin'&),

r23 ——II cos28 —&3H+ sin8 cos8,

&&3= —2II&p& sln8 cos8,

Note that nonzelo g docs not 1lft the dcgcnerRcy of the
energy levels of h, g

~~' in the interaction representation.
However, the frequency-modulation resonance (see
Sec. IIIC) occurs at a frequency which depends on
II1Bg) II1By) 8nd +18g. Orlcntatlon studlcs could ln
principal give an experimental value for y if Hq~ is

(A10) known from an independent measurement.


