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The pure nuclear quadrupole resonance of a low-abundance spin species in zero field is observed for molar
concentrations as low as one part in 107 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 coupled 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 CI 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 NaCl lattice. An unsuccessful search in zero field has been made for
the naturally abundant 0.01569, deuterium quadrupole resonance in CaSO4-2H0 and C;oHs, where the
proton resonanceis 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
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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 fields. 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
(B 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 A spins can then be
increased from the natural spin-lattice relaxation rate
T4 to a rate T1a'+ Rap, where R4p is the transfer
rate of spin ordering from the 4 to the B system. For
long relaxation times 7’4, of about 1 min, concentrations
of B nuclei estimated to be as low as 10~7 moles per
mole of 4 nuclei can be detected. In order to achieve
this sensitivity, the spin order, which is transferred
from the A system to the B system, must be continually
destroyed by saturation of the magnetization which
builds up along the effective field applied to the B
spins in the rotating frame. Otherwise, the order in
both A and B systems reaches a dynamic equilibrium
or a ““common spin temperature,” and further reduction
of the order in the 4 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 B spins transition. It is
also shown that the modulation method allows a direct
identification of the particular ~B-spin-species which
is associated with a given nuclear-quadrupole transi-
tion.

Nuclear-quadrupole interactions in NaCl are studied
here as a good example of information to be gained
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by the double resonance method. Pure NaCl is a
cubic salt; the Na and Cl nuclear-quadrupole moments,
each with spin 7=3, are at sites of zero electric field
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 Nat 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 impurities themselves. It is possible
however, for substitutional ions to be quadrupole-
coupled if they are located at sites where the electric
field gradient is finite. The double-resonance method
can be applied as well to investigate the NQR of rare
isotopes such as D, OV, S8, 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 field 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 modified from
the experimental procedure emphasized in this paper,
and will not be discussed here.

Figure 1 shows the time sequence for detecting a
B-spin zero-field quadrupole resonance. First the 4
nuclei are polarized in high magnetic field (H:=210 kG)
for a high-field spin-lattice relaxation time 7;. 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 B 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 7.
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F16. 1. Low-field double-resonance sequence. The rf field H;p is
usually phase- or frequency-modulated.
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F16. 2. Decay of Na® magnetization after =7, sec in zero
static magnetic field. For Hiz=0, the upper slope is a measure of
T4, the zero-field spin-lattice relaxation. The lower curve is for
vp of 280.5 kc/sec. The B nuclei responsible for the added double-
resonance relaxation rate were identified as CI®® 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,p.

In general, the sample demagnetization is performed
adiabatically in a time short compared to the spin-
lattice relaxation time [(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
fields will decay in a modified spin-lattice time constant
T1a, which is generally shorter than the high field 73.
The B nuclei are irradiated with an rf field intensity
Hyp at the time points (b) to (c), lasting for a time
7o of the order of T4, indicated in Fig. 1. The double-
resonance cross-relaxation rate Rup is then greatest
when

veH 1552yl )
and

VB =7q,

where %z is the mean local dipole field at the sites of
4 nuclei, v is the gyromagnetic ratio, and »g is the
quadrupole resonance frequency of the B nuclei. At
point (c) the sample is adiabatically remagnetized by
the former polarizing field. 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. 1 is repeated
following each remagnetization. As each sequence is
repeated, the frequency vz applied to the B 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 7o in zero field for fixed irradiation
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shown in low-field position where Hp is applied. Right side shows
apparatus for producing Hip, left side shows apparatus for mea-
suring A-spin magnetization in high magnetic field.

frequency vp. Figure 3 gives a block diagram of the
experimental apparatus.

II. ZERO-FIELD NUCLEAR-DOUBLE-RESONANCE
THEORY

A. Nuclear-Quadrupole Interaction Representation

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

H=Hgp+Hya+H:i p+Has, (2)

where the magnetic dipole interaction between 4 and
B nuclei is

4,8
Hip= ) hapj,

i<k

42
hap= D hap™,

M=
has"=B[1.S.— (1-8)/3],
hag'=C(I.S.+1,.Ss),
hart=E(I,Sy),

B=4%(30*vavs)[(1—3 cos*,/r*],
C=1(3#2yayn) [(sind cosh) /] exp(—i¢),

E=%(3k*yavs) [(sin®) /r*] exp(—2i¢).  (3)
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The internuclear distance r makes an angle 8 with the
chosen z axis, ¢ is the azimuthal angle, and

hAB—A[= (hABIII) T.

Dipolar interactions among 4 nuclei are represented
by Haa, where Hy has the same form as Hap (I is
used to denote A nuclear-spin operators, .S for B
nuclear-spin operators). The rf B interaction is repre-
sented by H.¢ . The B nuclei are assumed to be rare
and spatially distributed so that mutual dipolar inter-
actions among them may be negelcted. The interaction
of the B-spin electric-quadrupole moments with elec-
tric field gradients in the solid is given by

Hop= i hopj, 4)
where the single spin operator is
hor=K[3S2—S(S+1) +i(S2+S52)]1,  (5)
and
K=¢eqQ/45(25—-1). (6)
The electric field gradient is
€q::=V:. (7)

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

[ Vee | 2 | Ve [ 2 [ Vi |, (8)
so that the asymmetry parameter is
77=[1V=51I—[Vw/']/lvzzl: 9

where
1>%>0.

Only the B nuclei are assumed to interact appreciably
with the linearly polarized applied rf field. Therefore
B
Hrf B= —Zﬁ‘}/[g COSwBlz H]B“S“j, (10)
Ik

where the u index pertains to #, y, or z directions. For
the B spins we will assume an axially symmetric elec-
tric field gradient with 7=0 and S=3%. Therefore,
only the x and y components of Eq. (10) will effect
transitions between the two quadrupole energy levels
| m,)= | +2)and | m.)= | £3). The resonance condi-
tion for transitions between these levels is given by

wp=wo=¢Q/2h=6K/Hh. (11)

The A and B spin-lattice relaxation interactions
are assumed to be very weak and independent of the
interactions represented by Haa, H: g, and Hsp. The
A reservior of spins can be directly assigned a spin
temperature 74 in the laboratory frame if the nuclei
are at equilibrium among themselves. For T4 indepen-
dent of lattice coordinate 7, the density matrix of the
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A system is

_ exp[ — (Haa/kT4)]
pa Trlexp(—Has/kTa)] ’

where it is assumed that the energy in the interaction
H,p is negligible compared to the Haa interaction.
During the polarization process in high field Hy (see
Fig. 1) the spin temperature T4(H,) approaches the
lattice temperature 7'.. After adiabatic demagnetiza-
tion the spin temperature becomes

TA (0) = (hL/HO) TL;

(12)

(13)
where
h 2=T1‘{HAAZ}/TI'{M¢2} y (14)

and M,=%hY_svil., is a sum over all the nuclei which
contribute to %z, the mean local field established by
the A-spin reservior. Without double-resonance cross
relaxation, the spin temperature of the A spins in-
creases as

T4()=T4(0) exp{t/Tua}, (15)

where it is assumed that T,(¢)<<Ty, and Ty is the
spin-lattice relaxation time in zero external field.
For Hy=210 kG the ratio T1(Ho)/Tia ranges from 2 to
108, depending upon the type of lattice coupling and
the lattice temperature. In the presence of the double-
resonance interaction, Eq. (15) becomes

T4(t) =T4(0) exp{t (1/Twa)+(1/745) ]},

where

(16)

Rap=7ap™".

In order to evaluate 745 the state of the B nuclei
must now be described. Spin temperature cannot be
ascribed to the B nuclei in the laboratory frame be-
cause H,¢ p is time-dependent, and no time-independent
equilibrium state can be defined for the B spins in the
laboratory frame of reference. Therefore, we use the
unitary transformation

B
Uq=exp{—%(iwpt) D_[3S.#—S]} (17)
J
to obtain an interaction representation where the
Hamiltonian Eq. (2) with =0 becomes time-inde-
pendent; namely,

H*= UQHUQ_I— (hwg/éK)IIQB
=[1— (fws/6K) JHop+Has+Hap*+Hwp*. (18)

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

The transformation which conveniently expresses
Uq in Eq. (17) has been demonstrated previously.”

7G. W. Leppelmeier and E. L. Hahn, Phys. Rev. 142, 179
(1966) ; see also M. Goldman and A. Landesman, sbid. 132, 610
(1963).
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The matrix for Uq can be expressed in terms of subsets
of Pauli spin matrices. For spin S=% the 4X4 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

B
Uq=exp[ —} (iwt) 2 (0azi—00s5) ]
7 (19)
and
B
Hep™ =honp3V3 ) (uzitovas) (20)
J
where o, is the Pauli spin matrix o, in the a corner of
the 4X4 matrix

I
+5
a ”
+1
__________________________ (21)
—1
2
l b
—3
2
Also,
AB
Hap¥ =2 happ*, (22)
ik

where, for a given spin pair,
hap* =3BI.S.
+%(BV3) [(par o1t +msr01+0uttatoups)
F o1y toupy]
+CIou—"t Sepu) +C* (o1 + Sapy)
+ E[3V3 (Mot 0u—tpo100-) +pu0u—]
+ E*3V3 (pao1pto—o1y) Farpor ],

and C* and E* are complex conjugates.

The symbols o and u represent Pauli spin matrices
for B and 4 nuclei, respectively, and for the 4 spin
we take I=3% in anticipation of treating the problem
of NQR double resonance in NaCl. In obtaining Egs.
(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 B-spin quadrupole resonance expressed by Eq.
(11), the effective Hamiltonian in the interaction
representation is

(23)

A,B B
H¥=Has+ D happ™+ D et 5™

i<k 7

(24)

Consider the energy levels for a single B nucleus in
this representation. /. p* can be diagonalized, and
we find the following eigenfunctions and eigenvalues
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using the | m,) states:
Eigenfunctions Eigenvalues
[1+8)— | +5))/v2
R S 3570 B e
LI+ DI s

CI=8)+1-5)1/v2

These levels are broadened by the interaction Hyp*.
The terms Hy¢ z* and Haa can be thought of as estab-
lishing two energy reservoirs coupled by Hap*. Hy p*
is time-independent and a spin temperature T can
be used to describe a Boltzmann occupation of the
levels above if the B nuclei are in contact with the A4
nuclei at a uniform spin temperature T4. Therefore,
we can write the quasiequilibrium density matrix

pB*=[CXp(—'Hrf B*,/kTB)]/Tr(1)7 (25)

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

p*=patpp*
S —[Haa/kTaTr(1) ]—[Hy p*/kTpTr(1)]. (26)
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,p* can be
treated as a small interaction compared to the B-spin
Zeeman interaction with Hip, 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 B to the 4 nuclei by simple
rate equations. In reality this perturbation approach
does not appear to be strictly valid since the double-
resonance condition, Eq. (1), suggests that the intra-
dipolar A-spin interaction is of the order of the per-
turbation interaction H,s* in our study of NaCl.
However, for B nuclei near impurity levels in the NaCl
lattice, there exists a series of quadrupole-split Na
and Cl nuclei as 7 increases from the B nuclei to the
purely dipolar-coupled A nuclei in cubic sites. These
quadrupole interactions restrict dipolar spin flips to
nuclei in the states pertaining to the lower spin de-
generate (S=<3}) quadrupole levels, and decreases
the effective Hsp* interaction. The perturbation
approach therefore becomes plausible, but only approxi-
mate in this case.

The A- and B-spin energy reservoirs are assigned
temperatures T4(r,{) and T'p(f), respectively. Since
the B nuclei may be spaced apart by hundreds of
lattice parameters, one must consider the possibility
that T4 is a function of position in regions devoid of
nuclei because of the finite spin-diffusion rate among
A nuclei. B nuclei may be assigned a spin tempera-
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ture by virtue of their contact with neighboring 4 nuclei.
Randomly distributed B nuclei in a lattice of 4 nuclei
with position-dependent temperature connot be assigned
a unique spin temperature, but can be considered to
have an ensemble averaged temperature T'5(?).

T4(r, 1) will be assumed to be a function of radius
from the B nuclei, and the diffusion among the 4
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. B nuclei interact
directly with 4 nuclei out to a radius 7,, where the
A-B dipolar interaction becomes very small compared
to the A-A4 interactions. From 7, to 37pp the spin
disorder propagates due to A-spin diffusion, where
rpp defines the mean distance between B nuclei. Con-
servation of energy shared among the 4 and B reser-
voirs, assuming negligible spin-lattice relaxation, re-
quires that

3B (t)/ot=—edBr(1) /01, (27)
where 84 and Bp are 1/kT4 and 1/kT, respectively;
e=Tr(Hy %%/ Tr(Haa?)~Np/Na(ypHip/vahr)? (28)
is the ratio of the B and A4 heat capacities; and

Ba_ (A_I_/') B, (V—AV) 0B
ot v/ ot 14 ot

The bar indicates a spatial average; the subscript
7o indicates the spatial average over a volume AV out
to radius 7y, where

(29)

AV=-‘3‘-1I'7’03, (30)

and the subscript 7 indicates the volume average from
7o to 37pp. The first term on the right of Eq. (29) is the
weighted average of 984 (7, £) /3¢ over the region where
4 and B nuclei interact directly via dipolar coupling.
In this region the phenomenological diffusion equation®
can be written as

Bary_ VeWAB> . (
at :< Ay ) BeBan)+ AV ) or

The first term in (31) is the driving term caused by
the externally rf-excited B nuclei, and the second
term represents diffusion through a spherical surface
into the region AV from the bulk 4 nuclei at radius
7o, according to Fick’s law. The choice of 7 is somewhat
arbitrary. It is defined as a mean radius at which the
direct dipolar coupling between B and neighboring
A spins at r=r, falls off to a value such that 984,/9¢
in (29) depends only on (9B84/97 |,; namely where
Ba- is affected by spin diffusion and not by negligibly
weak A-B dipolar interactions. In principle 7, has a

4w Dr¢ V) 9B (31)

70

& N. Bloembergen, Physica 15, 386 (1949).
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slow time dependence upon (984/d7) |r, but the
crudeness of this model does not justify further refine-
ment beyond the assignment of a time-averaged empiri-
cal value to 7o. W4p is identified as the coupling rate of
B to A and is expressed in this model as

411'C r“’dr 1 TAA
Wip=—— —_— = , 32
4B V Jay 7t Tag' Tag® ( )
with
Tup'=Tap(Tan/Tas), (33)

where T4p is of the order of the A-B spin-flip time,
T44 is the A-A mutual spin-flip time, and C is of the
order of A2ya*yg?NaTsa. Wap can be approximated
in more detail using the density-matrix master-equation
approach,®%® but an order-of-magnitude estimate is
all that 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’Eaz/SO TAA,

where ¢ is the internuclear spacing. The A4 nuclei far
removed from the B nuclei become disordered, in
terms of the reciprocal temperature B4,, at an average
rate

0Bar/It=—[4xDre/(V—AV)1(884/37) |0,  (34)
and the B nuclei increase in order at a rate
0B/0t=W 45 (Bar,—Bs) . (35)

The double-resonance-coupling and spin-diffusion proc-
ess within the spherical volume bounded by radius
37zp defines the cell geometry of this phenomenological
model. It has been assumed that

(8B4/37) |r552=0 at r=3rpp, (36)

as shown in Fig. 4. B4 can be related to the gradient
of B4 at 7, using Eqs. (27), (31), (29), and (34),

yielding
Aoy 3 2
wretD e“‘[ 1 98 66(1 eV )] (37)

94 v
ardt |, AV Wap 8 ' o2 \" ' AV

B4 can be expanded in a Taylor series about 7, as
Ba(r, t) =Ba(t) |rt (r—10) (8B4/37) |ro
+5(r—10)2(8%84/07%) |rgt+++, (38)

where only the first three terms shown will be retained.
Using Egs. (37), (34), and (36), the rate equation
of interest is obtained as

3Bs B4 eV D/ VvV
W*W[WAB(”E)%(V_M)]
+9WAB(1+€)V%=O, (39)

G (V—AV) ot

®R. E. Slusher, Ph.D. thesis, University of California, Berkeley,
Calif. (unpublished),
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F16. 4. Model used to estimate double-resonance relaxation
rate. Concentration of B nuclei is 107¢ of 4 nuclear concentration.
B nuclei interact directly with 4 nuclei out to a radius 7. Tem-
perature for #>7, is nonuniform because of spin diffusion among
A nuclei. 75> T4 is maintained by 180° phase shifts of the rf field.

where

G=(AV/ro2)<(V—AV)—1 ()

0

—y / mrzdrif(r)) . (40)

0
and

F(r) = (r—r)) —=[(r—20)*/(rer—2r0)]. ~ (41)

For the case of interest where Np<<Ny4, then 7<<L7gg,
and
G==(3/40)ryrg5. (42)

Equation (39) simplifies in two limits of the parameter
D/GWAB§402TAB2/157’OTBB TAA2. (43)

If D/rogp>>Wap, spin diffusion among 4 nuclei is
sufficiently rapid to maintain a spatially uniform
spin temperature for 4 nuclei, and there is no diffusion
limiting for transfer of disorder between A and B
nuclei. However, a diffusion bottleneck might be,
expected when W.5>>D/ryrpp, since A nuclei near the
B nuclei will disorder more rapidly than more distant
nuclei. For parameters typical of experiments described

here,
Wap==2X10*sec? and D/rypp=1sect,

so that the diffusion-bottleneck limit is of interest.
First consider the simple case for D/rg@pp>>Was,
where Eq. (39) simplifies to

0284/ =—W 45(1+€) B4/ 0t. (44)

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



338 R. E.

(27),
Ba(?) =Bai{1—e[1—Bpi/Ba: J[1—exp(—tWap(1+4¢) )}

(45)

where the subscript 7 signifies initial value. Equation
(45) applies during each period between 180° phase
shifts of Hip. Immediately after a 180° phase shift

Bri=—B5p", (46)

where Bp~ is the reciprocal B-spin temperature
immediately before the phase shift. After » phase
shifts, each separated by 7 seconds,

Ba(nr)==84(0) (1—ead)™, (47)

where @ becomes constant at some value in the range

. 0<[a=(1+B57/B4:) 1<2, (48)
an
d=1— exp[—7Wap(14¢)]. (49)
In[B4(#) /B4 (0) J=

SLUSHER AND E.

—Hy5*(at/7) (vB/vahr)*(Np/Na) {1— exp[ — (rTua/Tas?) exp(—=3(vsHisT44)*) ]}
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For large # and small ¢,
Ba(nr)=2B4o exp(—neasd).

Equation (50) is the optimum double-resonance rate
expected, and the decay constant at resonance is of
the order of eW 45, which predicts detectability of as
few as Np=210—7N,, if the 4 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 4 and B 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 double-resonance
rate on Hyp. The quantity W4p can be shown®? to vary
as

(50)

Wap=2(Taa/Tas?) expl —3(veH1sTa4) 2], (51)

for Hip much larger than the 4-B dipolar interactions;
and substituting ¢ for #7 one obtains

(52)

Notice that the double-resonance rate is optimum for resonance condition Eq. (1), and decreases rapidly for

larger Hyp as the exponential factor begins to dominate.

Finally, consider the double-resonance relaxaton for slow spin diffusion, D/r¢p<<W 4z, for which Eq. (39)

becomes
%64 9%Ba 9Ba -
‘(:%74‘52— WAB(1+—‘—>+ —Wap— ot =0. (33)
Using Eq. (27), the following set of equations are obtained:
Ba=K[exp(m.r) —exp(m T)]+5A1— B e(EAi+BB—> exp(m_r) (54)
* - 14+e '\ 14 -
where
my.=—(D/4G) (14€V/AV)Y,
m_=—Wap(14+€eV/AV),
and
_ eWan (EAi(l'HV/AV) —Buarsi(14€) +B5~e[(V—AV) /AV]) .
(1+€) (14€V/AV) 45— (D/AG) (14-€V/AV)2 ’
Bs=—PBs~+(1/€) (Bai—Ba); (55)
and
Bare=(K/eW a5) [m_ exp(m_r) —my exp(myr) J+[(Bai—B4) /e]—Bs~
+[(BaitBs7)/(14e) J(14-€V/AV) exp(m_r). (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 B4, 8z, and B4, throughout the experiment,
as 180° phase shifts, #» in number, are applied in peri-
odic fashion. Figure 5 shows computer plots of the
envelope of B4 as a function of over-all time ¢{=nr=r,,
for various values of 7, AV/V, and D. ¢ was taken as
10~% and Wup as 2X10° sec™?, typical for experiments
described here for NaCl. The initial 4-spin temperature

was taken as 0.01°K after adiabatic demagnetization,
and the B-spin temperature was initially infinite. For
e of 10~%, 75p=¥100a, and

AV/V2(ro/50a)°.

7o is expected to be of the order of a few lattice param-
eters because of the A-B dipolar interaction. Solutions
for B4, (not shown) reveal that for smaller values of
AV/V and D, the A nuclei near the B spin heat up
during the initial relaxation period and limit the rate
at which the B nucleus can disorder the A nuclei. This
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diffusion-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 Hyp has proved to be a
more versatile method for continuously disordering
the B nuclei. This method is similar to a rotary-satu-
ration technique of Redfield,’ which uses audio-fre-
quency fields to saturate the nuclear magnetization
along a high-frequency rf field. Audio-frequency rotary
saturation has been used for nuclear double resonance.®:®
However, in zero field, an audio-frequency field would
saturate and disorder the A nuclei, since the audio
frequency required, vgHip, is of the order of yakhz. We
will now show that this impasse can be avoided by
using an effective audio-frequency field caused by
modulating the frequency of Hyz about the quadrupole-
resonant frequency wg, as expressed by

wp =wQ+Aw COSMt, (57)
where wy is the modulation frequency, and Aw is the
frequency deviation. The effective field Hy, is defined
as

2Hyyp=Aw. (58)
Integrating (57) we find
Hip(1) = H1p° cos(wgl+m sinwpt) , (59)
where
m=Aw/wyr (60)

is the modulation index. In order to transform out the
time dependence of Hiz, we use the unitary transfor-
mation
B
Uq=exp{ —¥i(wot+m sinwyt) Y, [35.2—S7#]} (61)
J

in place of the transformation Eq. (20). The interaction
representation Hamiltonian becomes
H*= "‘ﬁHM’YB costt

B
X > [38.2=S2 )+ Haa+Hee p¥+Hap*™, (62)
7
where we have assumed that Hjs is much less than

local dipole fields and H;p. For a single B-spin we can
write the Hamiltonian

hp*=hp™ +hap® +ha™*, (63)
where
har* = — 31 Hyyp[ exp (twnt) +exp( —iwnt) ]
X[S2=S(S+1)]. (64)

10 A. G. Redfield, Phys. Rev. 98, 1787 (1955).
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Fic. 5. Computer plots of envelope of 84 as a function of over-
all time ¢=#r. The double-resonance relaxation applies for 180°
phase shifts applied at a period of 7 seconds, where the sequence
occurs # times in a measurement. Parameters in the range of
interest for the experiments described here are (a) 7=1 msec,
(AV/V) =(2/50)3, (D/4G) =1; (b)r=1 msec, (AV/V)= (1/50)3
(D/4G) =1; (¢) 7= 2msec, (AV/V)=(2/50)3, (D/4G)=
(d) 7=2 msec, (AV/V)—(Z/SO)3 (D/4G) =0.1; (e) =2 msec
(AV/V)=(1/50)%, (D/4G)=10; (f) 7=2 msec, (AV/V)=
(1/50)3, (D/4G) =0.1. Notice the initial curvature away from the
dashed line (no diffusion-limiting case) resulting from local
heating of 4 nuclei near the B nucleus, as shown in Fig. 4.

First-order perturbation theory' can now be used for
hy* to show that frequency modulation disorders
the B nuclei at a rate

1/1'M=8HM2’YB2TABI (65)
for the resonance condition,
oy =V3wip (66)

[see eigenvalues of Eq. (24)7]. In order to maintain
the B nuclei in a state of maximum disorder, we require

7'M§TAB'- (67)

This effective rotary-saturation technique makes
it possible to determine the v of the B nucleus, since
Hip and the resonance value [Eq. (60)] of wy can
be measured. Hyp is the projection of the applied rf
field on a plane perpendicular to the z principal axis.
Therefore, if v5 is known and 7 is zero, the orientation
of the electric field gradient principal axis can be deter-
mined by rotating the polarization of Hyz. If 7 is
nonzero, B spin energy-level spacings in the inter-
action representation differ from those of Eq. (24),
as shown in the Appendix. The accuracy for deter-
mining vy, Hip, or the field-gradient orientation depends
on the B-spin interaction representation linewidth,
which is determined by Hap* or inhomogeneous
electric field gradients.

For a static deviation of Hp frequency from the
B-spin quadrupole resonance by an amount A, the
effective Hamiltonian in the interaction representation

A, Abragam, The Principles of Nuclear Magnetism (The
Clarendon Press, Oxford, England, 1961), p. 40,
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F16. 6. Nuclear-quadrupole-resonance spectra for commerical-
purity NaCl, using 180° phase shifts of H,z. Each rotating com-
ponent of Hip was approximately 2 G. A single crystal from the
Harshaw Chemical Company with H;p parallel to the (100)
direction is shown in (a). Spectrum of reagent-grade powder
(100-150x) is shown in (b). Both samples were at liquid-nitrogen
temperature.

for a single B spin is

hs*(A) =ha*+hot p* +has™ +ha*, (68)

where

ha*=%(hA)[352—S(S+1)]. (69)
Considering %y* and h4p* as small perturbations,
hg*(A) can be diagonalized, and one finds the eigen-
values

E=3h(A-3ws?) 2. (70)

Frequency modulation (fm) now causes maximum
disorder for B nuclei when the resonant condition
wyr = (A243w;p%) 12 (71)

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-
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ized in the 10-kG field for a period of the order of
Ty (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
[time 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 Hyz. 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 4 amplifier. Phase-shift or fre-
quency modulation of Hp 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
6D]8 dual triode tube. Hyp is applied to the sample for
a fixed period in zero field, ¢=r, and the frequency of
Hp 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 4 nuclei
decreases during the period in the zero-field region
because of spin-lattice relaxation and cross-relaxation
with the irradiated B nuclei. After 7o 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. 17. If Hyp is applied at the
quadrupole resonance of a set of B nuclei, the measured
magnetization is expected to vary as

M. (7o) =M .(0) exp{ —7o[ (1/T1a) +(1/745)]}.

This behavior is shown experimentally in Fig. 2. If
the frequency of H,p is off the B-quadrupole resonance,
74p 1s infinite and we therefore expect B-quadrupole
resonances to appear as a dip in M, (7). Immediately
after measuring M, a series of twenty 90° pulses at
10-msec intervals is applied to completely saturate
M, to zero value.

(72)

B. Pure Quadrupole Spectra in Impure NaCl

NaCl single crystals were obtained from The Harshaw
Chemical Company in the form of 3-in.-diam cylinders
1} in. long. NaCl powders were obtained commer-
cially or crystallized from aqueous solution. Crystals
were mounted in Teflon cylinders which slide between
the high- and low-field region. For Na? nuclei at
liquid-nitrogen temperatures in both single crystals
and powder, 77 in a 10-kG field was about 300 sec.
In the zero-field region (=4=0.5 G), 714 varied between
50 and 100 sec, depending on the purity of the sample.
Na® nuclei were used as the 4 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 in
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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 A, (typically 50
to 100 usec), which varied with the Q of the By circuit.
If A, is too short, sidebands are produced which broaden
the observed resonances. If A; is too long, the phase
shift will be adiabatic for the B nuclei, and B-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 B
nuclei with quadrupole interactions (~10Y cm=) is
in the observable range for 100 u cubic crystals. After
the single crystal, which provided the data for Fig. 6,
was crushed into small crystals (50 to 100 u), 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.
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F16. 7. Nuclear quadrupole resonance after adding K+ (0.1
molar %) and Br~ (0.2 molar %,). Experimental conditions are
the same as in Fig. 6.
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Fic. 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 field
gradients responsible for the observed resonances,
small crystals were grown from saturated NaCl solu-
tions with various added impurities. All samples were
annealed in vacuum. As shown in Fig. 7, resonances
A, D, F, G, and H increased in intensity after adding
K+. Resonances B, C, and E increased after adding
Br~. Other resonance intensities remained at the level
found in reagent-grade NaCl, 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. CI¥-CI% 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 Agt, 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 F 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

2T, C. Wang, Phys. Rev. 99, 566 (1955).
18D, A. Otterson, J. Chem. Phys. 33, 227 (1960).
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T16. 9. Effects of annealing on quadrupole spectra. Experimental
conditions are similar to those of Fig. 6.

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 His. Equation (52) pre-
dicts an H;p® dependence for Hip 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 B nuclei. Table I shows the density of CI®
nuclei (B 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 7 to be zero. Thus the effective Hyp field is
well defined and can be measured experimentally as
shown in the following section. Nk, the density of K+
ions, is $#Np, since these are six CI¥® neighbors con-

2 -
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a2 n=1.35x 104
« n=27x104
» N=108 x10%

H3 (cAuss)?

Fic, 10. A-spin signal as a function of 15 and 7 for CI*® nuclei
at a (111) position from a K* substitutional ion. »o was 280
ke/sec. Hip 1s aligned along the (111) axis of the single-crystal
sample. # is the number of 180° phase shifts during a 54-sec period
in zero field. Solid lines show initial slopes used to estimate density
of K* ions in crystal.
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tributing to the resonance for H;p parallel to the (111)
direction.

Notice that the initial slopes decrease with increasing
7. Assuming fast spin diffusion, Eq. (52) shows that
this behav1or provides a measure of T4z’. For these
data, T4p’ is of the order of 500 usec which is in the
range of 200 usec, expected from the T44 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 N independently, and it
is not known to what degree the impurities tend to
cluster. Nx 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 (ex~Np/N4~10"5 to 10~%). Also, for
the Harshaw single crystals, Ng is expected to be in
the range from 10% to 10V cm3. Finally, note that the
exponential Hjp 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 [Eq. (14) ] of 1.3 G
for Ay, in zero field for NaCl.

TasiE I. Estimated density of quadrupole coupled CI®
nuclei Np near K+ ions.

n 7(msec) Np(cm™3) Ng(cm™3)
1.35X10¢ 4 2.6X108 4.3X10v
2.7X10* 2 2X10 3.3X107
1.08 X105 0.5 1.7X108 2.7X10v7

C. Identification of Quadrupole Resonances by
Frequency Modulation

B nuclei can be maintained in a magnetically dis-
ordered state if wp is frequency-modulated about wq,
as shown in Sec. IIC. The experimental parameters
of interest are the magnitude [Hy of Eq. (58)] and
resonance frequency [wy of Eq. (66)] of modulation.
For NaCl the requirements are wy/27 in the range
from 2 to 10 kc/sec and Aw of about 1 kc/sec. Fre-
quency-modulated B rf was generated by a 10-mc/sec
fm generator. This signal was mixed with an unmod-
ulated signal at 10 mc/sec plus »5 to obtain the differ-
ence frequency vp modulated in the same manner as
the 10-mc/sec fm signal. Frequency deviation Aw was
not measured accurately but was held constant at
near 0.1-kc/sec for all data. wy was determined by the
audio oscillator input to the fm generator.

The shape of the quadrupole resonance depends on
var as shown in Fig. 11. This is the behavior predicted
by Eq. (71). For wy greater than V3ypHiz, there are
two resonances at

3ers?) 1. (73)

If wy is less than V3ypH;p, there is a single resonance
that decreases in intensity as wy decreases. If we fix

w=wp= (wr—
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lation.

NUCLEAR SIGNAL (ARBITRARY UNITS)

23

Na

285

280

275

the frequency of Hip at wg and vary wy, we expect the
resonance of Eq. (66). Figures 12 and 13 show several
wy resonances for Na and Cl neighbors of K+ and
Br~ nuclei. We can now definitely identify the source
of each resonance. Resonances (a) and (b) in Fig. 12
are identified as CI¥ and CI®, respectively, since

VM(VQ = 220 kHZ)
VM(VQ =280 kHz)
and the quadrupole-frequency ratio is 1.27 as expected.
Similarly, the high-frequency resonances G and H are
also a CI¥-CI® pair, and because of their high frequency

they are identified as K*+-CI(1, 0, 0) sites. The 220-
280-kc/sec Cl doublet is then a K+-CI(1, 1, 1) site.
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TaBiLeE II. Rare quadrupole resonances in NaCl.
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Symmetry requires both (1, 0, 0) and (1, 1, 1) sites
to be axially symmetric; therefore, Eq. (66) applies,
and we can determine the effective value of Hip as
2.8440.05 G. The effective component of Hip is
perpendicular to the z principal axis of the electric
field gradient, which symmetry requires to lie along the
(111) direction. Since Hyp was applied along the
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onance should be compared with Fig. 12(c).

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

11131_=%\/2—H1[;.

Thus we obtain an applied field of 3.02 G from the vy
resonance. This compares with 3.340.5 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 vy resonances for v fixed at the
358-kc/sec quadrupole resonance. This v resonance is
obviously Na®, since the »3 resonance is too high for
the chlorine isotopes. The effective values of Hyp are
3 and 1.73 G. If we assume that the z 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)]. Hiz 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 confirm 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
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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 z 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
Hip. 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 CI® (1, 1, 0) site near a Br— ion.
However, its vy spectrum [Fig. 13(a)] obviously
does not compare with the Na (1, 1, 0) site near K+.
Even more surprising is the vy spectrum for the
resonance at 191.5 ke/sec [ Fig. 12(b) ], which is almost
identical to the Na (1, 1, 0) resonance for Na 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 vy 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

(110) PLANE

e

/10N
)~ (110) PLANE

1
\
~

(b) TWO INEQUIVALENT SITES FOR K*- Na’ AT 110

F16. 14. Tonic arrangements near a K+ substitutional ion show-
ing the effective components of Hyz perpendicular to the electric
field gradient z 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 (>19%,) of Br~ and Kt+. 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

Protons in solids seem to be an excellent A-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 difficult because of the broad
homogeneous linewidth caused by strong dipolar
coupling. For example, in CaSO42H:0 (gypsum)
and CyHs (napthalene), the free-induction decay-
time constant is in the range from 5 to 50 usec 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 T1(Ho)/7Twa so high that cycle
time exceeds the patience of the experimenter. This
ratio should be as small as possible. For CaSO4+2H,0
(gypsum) and CypHs (napthalene) at 77°K, Ty(H,)
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 CaSO,+2H,0
from Ward Geological Supply irradiated in a Co®
source to introduce OH~ paramagnetic centers. The
following relaxation times were found at liquid-nitrogen
temperature:

CaSO4' 2H20 CwHS
T1(Hy=10kG) (sec) 500 32
Txd(H0<hL) (sec) 15 185

Interesting B systems for the solids above include
D (natural abundance, 0.015%), S® (0.749,), and
0O (0.03%). Deuterium quadrupole resonances are
expected in the range from 50 to 200 kc/sec ™ in CyHy
and at 170 and 190 kc/sec for DyO 15:16 molecules in
CaS04+2H,0. Spin quenching” may reduce the sensi-
tivity for detecting deuterium by a factor of as great
as 100. OV 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 Hip of nearly 50 G for D

14 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).

15 C.(T. Gabriel, Ph.D. thesis, University of California, Berkeley,
Calif. (unpublished).

16T, Chiba, J. Chem. Phys. 39, 947 (1963).

(1‘7 G). W. Leppelmeier and E. L. Hahn, Phys. Rev. 141, 724
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and O". Peaks of the broad direct dipolar absorption's
by protons were found at 35 and 50 kc/sec for CyHg
and CaSO0,-2H;0, respectively.

While attempting to find the deuterium quadrupole
resonance, some interesting effects were found for
direct proton dipolar absorption with Hiz greater
than %z, (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 Hip 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 effective relaxation rate caused by the rf field.
An interesting and unexpected effect is shown in F igs.
15(b) and 16(b). As H; becomes larger than /;, a
narrowing of the direct dipolar absorption is observed.
This is possibly explained by a transfer of the 4 dipolar
order into magnetic order along the rotating field H,.
It may also be related in part to line-narrowing in

8 A. G. Anderson, Phys. Rev. 115, 863 (1959);

125, 151
(1962). » 1517
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the rotating frame at the “magic angle,” as described
by Lee and Goldberg,”® and to the suppression of
proton-proton spin diffusion to paramagnetic impurities
because of spin decoupling due to saturation. The latter
effect is shown by the proton signals in Figs. 15(a)
and 16(a), which increase above the value for zero H;.
The decoupling of protons from paramagnetic electrons
causes an increase in the zero-field spin-lattice relax-
ation time.

IV. DISCUSSION AND CONCLUSIONS

These experiments show that rare quadrupole
moments in concentrations of the order of 107 of an
abundant nuclear species can be detected in zero mag-
netic field using this double-resonance technique.
Identification of the rare nucleus is more difficult than
in high-field double-resonance techniques, but the
frequency-modulation technique seems to alleviate
this difficulty in single crystals and to a lesser extent
in powders. The major advantage of the zero-field
technique is the ability to observe quadrupoleresonances
in powders which would be severely broadened in a
high magnetic field.

19 M. Lee and W. L. Goldberg, Phys. Rev. 140, A1261 (1965).
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Resonances observed in NaCl can be compared
with theoretical calculations of Dick.? Only for the K+
center are the data understood well enough for com-
parison. As shown in Table V of Ref. 20, the experi-
mental and theoretical electric field gradients agree
within a factor of 2 except for the more distant sites.
The Na?* at the (1, 0, 1) position seems to have a
radial electric field gradient principal axis which dis-
agrees with theoretical predictions (see Table IIT of
Ref. 20).

Resonance signal amplitudes that increase with
addition of Br~ are not clearly identified. The Br~ ion
in an isolated substitutional site should occupy a cen-
trally symmetric position because of its large ionic
radius. Kawamura ef al.*' found evidence for clustering
of Br~ions in NaCl, which suggests that a (Br—)2 center
may be responsible for the observed resonances. In-
creased vacancy concentration has also been found for
Br~ in NaCl. Complex configurations of Br~ or Br~
with vacancies may be responsible for resonances
observed between 200 and 210 kc/sec.
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APPENDIX: INTERACTION REPRESENTATION
FOR NONZERO ASYMMETRY PARAMETER

Consider a single nucleus with spin S=% in an asym-
metric electric field gradient. The nuclear quadrupole
interaction is

hop=K[352—S(S+1) +3n(S:2+52) 7, (A1)

where
K=640/12, (A2)
and

n=(lez|_]Vw‘)/‘szl #0. (A3)

Hamiltonian terms in 5,2 and S_? mix the zero 7
eigenstates | m,)=|+%) and |m,)=|=£i). As
a result, all components of a rf field will excite tran-
sitions between the two quadrupole energy levels, and
the rf-field Hamiltonian at resonance is

hytp=—2hyp coswet ), SuHipy, (A4)

where
we=(e*qQ/2h) (14-37%) . (AS)
2 B. G. Dick, Phys. Rev. 145, 609 (1966).
2 H. Kawamura, E. Otsuka, and K. Ishiwatari, J. Phys. Soc.
Japan 11, 1064 (1956).
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We are interested in finding the energy levels of /g
in an interaction representation obtained using the
unitary transformation

Ugr=exp( —ihgpt/h). (A6)

hgp is diagonal in the ¢ representation, where the basis
functions are

¢1= cosf | +3 )+ sind | —3),
2= cosf | +1)— sinf | —3),

3= cosf | —%)— sinf | +3),

4= cosf | —3 )+ sinf | +31), (A7)
and
tanf =74/ (V3[1+ (1+37%)"2]). (A8)
In the ¢ representation we obtain
It = —Tiys[exp (iwgt) +exp (iwet) ]
N 12 713 0
71* £2] Y93 —713
X ,» (A9)
13 rg® —ry 112
0 —713 r¥ —rm
where
ru=1%(3H;z,) [ cos®d—%( sin%f) ],
ree=2%(3H1p.) [3( cos?) — sin? ],
r19=H cosf sinf+3V3(H, cos’—H_ sinf),
re3=H_ cos?0—V3H . sinf cosf,
ri3=—2H;p, sinf cosf, (A10)

DOUBLE-RESONANCE DETECTION

347

and
H,=3(Hp,+1H15,),
H_=3(Hp,—iHp,). (A11)

Using Pauli spin matrices to express Eq. (A9) and
dropping diagonal terms which only cause small fre-
quency shifts, we obtain

It 5= —Tiys[exp (iwgt) +exp( —iwgt) ]
X[Gro(oartoby) +irsou—+t3r*(cotos)
+irn*ortrs(ontou) ] (A12)
Finally, using transformation Eq. (A6), we find

0 712 27’13 0
1’12* 0 0 - 21’13
Ins %= —%(fys) ,  (A13)
2713 0 0 712
LO - 21’13 7’12* 0

where the prime denotes that terms oscillating at
wg and 2wq have been assumed to average to zero.
The matrix of Egs. (A10) is easily diagonalized and
we find the eigenvalues

AN=FL(hyp) (dr2+ | 712 [ .

Note that nonzero 5 does not lift the degeneracy of the
energy levels of /¢ 5* in the interaction representation.
However, the frequency-modulation resonance (see
Sec. IIIC) occurs at a frequency which depends on
Hip:, Hip,, and Hip,. Orientation studies could in
principal give an experimental value for 5 if Hyp is
known from an independent measurement.

(A14)



