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An electric field-nuclear-magnetic-double-resonance experiment is described which enables
the resolution of certain weak resonances otherwise concealed under a nearby, much stronger
resonance. In Ag*-doped NaCl, the weak resonance of the nearest-neighbor sodium nuclei
to the Ag* impurity is concealed by the strong resonance of the sodium nuclei far from the im-
purity due to the small quadrupole splitting of the nearest neighbors. The technique is based
on the fact that the Ag* ion breaks the inversion symmetry of the near neighbors, whereas the
distant nuclei remain at sites of inversion symmetry. As a result, an external oscillating
electric field can induce Am =+ 2 transitions in the near neighbors but not in the distant ones.
The absorption is detected by monitoring the saturation of the magnetic resonance of the dis-
tant nuclei as a function of electric field frequency. The nearest-neighbor sodium nuclei were
found to have a static quadrupole coupling constant vg=12,5+ 0.2 kHz with an asymmetry
parameter of 7=0.28+0.04. A simple theory is developed which explains the intensities of
the quadrupole lines as a function of the orientation of the electric and magnetic fields. A
dynamic quadrupole coupling constant vp is defined. For the nearest-neighbor sodium nuclei
vp~3x10°% Hz/(V/em) and for the next-nearest-neighbor sodium nuclei vp~ 3 x10™* Hz/(V/cm).

I. INTRODUCTION absorption even in the tail of the main line. This

Recently, pulsed nuclear magnetic double reso-
nance (PNMDR) has been used to measure quadru-
pole splittings of the Zeeman energy levels of nu-
clei that are near neighbors to substitutional im-
purities in alkali-halide crystals.!™® Mallick and
Schumacher! and Spencer, Schmid, and Slichter?
have studied the NaCl system with an Ag* substitu-
tional impurity. In their studies only the second
shell of sodium nuclei, containing the (2,0,0)
neighbors with respect to the impurity site at (0,0,
0), was observed and found to have a quadrupole
coupling of 40 kHz. The first shell of sodium nu-
clei, containing the (1,1, 0) neighbor, was not ob-
served.

Based on the experimental results of Hartland,®
Nelson and Ohlsen,? and the calculations of Dick®
and Satoh et al.* suggested the possibility that the
first shell of sodium nuclei may have a smaller
quadrupole coupling than the more distant second
shell. If that is the situation, the smaller split-
tings could place the quadrupole lines close enough
to or under the main sodium absorption line, so
that the small absorption from the first shell would
be swamped by the main absorption of the vast
majority of sodium nuclei far from the impurity.
This can be visualized upon examination of the
double-resonance spectra from Spencer ef al.? in
Fig. 1. It is impossible to resolve quadrupole
lines residing within 15-20 kHz of the main line
absorption centered at v,, the Larmor frequency
for Na??. Although the linewidth of the Na?® reso-
nance is only about 2.3 kHz, PNMDR yields a large

8

is a specific example of a general problem en-
countered in nuclear resonance and a problem

dealt with in this paper; it is difficult and some-
times impossible to observe weak resonances from
low-abundance nuclei that reside under much stron-
ger resonance of an abundant species.

In this paper an electric field-double-resonance
(EFDOR) technique is described which has enabled
us to overcome this problem. We report the ob-
servation of the quadrupole spectrum of the first
shell of sodium nuclei in a NaCl single crystal with
0. 5-at. % Ag? doping and verify the hypothesis of
Spencer et al. that it is concealed by the main line
when one uses conventional methods.

The technique is based on an idea first suggested
by Bloembergen.” He predicted that if the nuclear
site lacked inversion symmetry and had a quadru-
pole moment, spin transitions could be induced by
applying a time-varying external electric field to a
crystal lattice at a frequency corresponding to res-
onance between two nuclear-spin levels. He also
predicted that transitions of |Am]|>1 could be in-
duced. In addition, Armstrong, Bloembergen, and
Gill® mentioned the possibility of double-resonance
experiments in which transitions induced by an ex-
ternal oscillating electric field could be monitored
by the magnetic Am =+ 1 transition. These ideas
have been demonstrated by Brun, Hann, Pierce,
and Tanttila’ in GaAs; by Luukkala!® in NaClO,;
and by Kushida and Silver!! in ALO,.

Our interest arose upon the recognition that these
features had special advantages for the defect prob-
lem in NaCl: Ag. The success of the experiment
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FIG. 1. Nuclear-double-resonance spectra for NaCl
single crystal containing 0.1-mole% Ag* impurities. The
angle between the (100) direction and the external mag-
netic field was 0°, 10°, and 20° for A, B, and C, respec-
tively. v, is the Larmor frequency of the Na? nucleus
(after Spencer et al.).

presented in this paper hinges on the fact that the
sodium nuclei that are near neighbors to the silver
impurity are not at sites of inversion symmetry
whereas the sodium nuclei far from the impurity
are. By applying an electric field at 2wg+ wg,
where w, is the Larmor frequency of Na?® and wq,
the quadrupole frequency, spin transitions of Am
=+2 are induced in the near-neighbor sodium nu-
clei, but not in the distant ones. Thus, a symme-
try selection vule has been invoked. The absorp-
tion of the near-neighbor nuclei is then detected by
monitoring the destruction of magnetization of the
distant nuclei as a function of electric field fre-
quency. In this manner it is possible to observe a
quadrupole splitting which is otherwise obscured
by the huge absorption of the main line.

In Sec. II the details of the EFDOR processes
are discussed along with the experimental pro-
cedure and apparatus. Section III presents theory
and experimental results.

II. EXPERIMENT
A. Detailed Explanation of the EFDOR Process in NaCl : Ag

The abundant nuclei, those sodium nuclei far
from the impurity, are at sites of cubic symmetry
and thus the electric field gradients (EFG’s) are
zero. They are also at sites of inversion symme-
try. Since I=3 for Na??, the Zeeman Hamiltonian
yields four energy levels spaced equally by an
amount Hw,.

When the Ag® ion is substituted for the Na* ion,
the lattice relaxes about the impurity destroying
the cubic and inversion symmetries of the rare
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nuclei, the near-neighbor nuclei. As a result, the
EFG’s are nonzero at the rare nuclear sites with a
resulting quadrupole splitting of the Zeeman energy
levels.

An external oscillating electric field modulates
the relative positions between the nuclei in the lat-
tice creating time-dependent EFG’s at the nuclear
sites. As a result, electric spin transition of Am
=+1 and Am=+2 can be induced. However, be-
cause of the difference in inversion symmetry be-
tween the rare and abundant nuclei, the behavior of
the two species is vastly different.

Consider the electric field to be oscillating at
2wy +wgq. For the abundant nuclei, inversion sym-
metry implies that the electric field gradient (EFG)
must vary quadratically with displacement. Since
displacement is proportional to the electric field
E, the EFG’s oscillate at a frequency of 4w, +2wq.
Not only would the transition rate be second order
and thus weak, but there are no energy levels with
spacings of 4w, + 2wq and thus no transitions are
induced. For the rare nuclei, since inversion
symmetry has been destroyed, the EFG’s vary
linearly with displacement and therefore oscillate
with a frequency 2w, +wg. Transitions of Am==2,
between the —% and + 3 levels are induced. Thus
the symmetry selection rule is explained.

An electric field frequency of wy+wgq was not
applied since it was expected that the inevitable
stray magnetic fields would still dominate the
energy absorption.

Experiments that have observed quadrupole split-
tings as a function of an applied dc electric field
have been done on Ga%, Ga™, and As™ nuclei in
GaAs!? and on the I*®" nucleus in KI.»® In both cases
for E=0, the quadrupole splittings are zero, but in
GaAs the nuclear sites lack inversion symmetry,
whereas in KI the I'*" nucleus is at a site of inver-
sion symmetry. In GaAs, electric fields on the
order of 20 kV/cm yielded easily observable quad-
rupole splittings that varied linearly in E. How-
ever, in KI no quadrupole splitting was observed
although an electric field of 50 kV/cm was applied.
These results give strong experimental foundation
to the assumption of a symmetry selection rule in
the EFDOR experiment. They also remind us that
though the electric field gradient may be small
(even zero), it may still have a change linear in E,

It must be emphasized that by virtue of the sym-
metry selection rule, the electric field coupling is
expected to decrease rapidly as a function of dis-
tance from the impurity site, a fact verified ex-
perimentally.

In the EFDOR experiment the energy levels of
the rare and abundant spins are essentially the
same since the near-neighbor quadrupole line in
question is under or close to the main line. It is
just that line position that makes the standard
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PNMDR experiment ineffective but ensures the
success of the EFDOR experiment since the rare
and abundant spins are in good thermal contact.

This good thermal contact yields the possibility
of an enhanced sensitivity to the rare spins when
compared to the sensitivity of direct observation.
Consider the electric field to saturate the rare
spins, which, because of good thermal contact,
come into thermal equilibrium with the abundant
spins. This one cycle occurs in a characteristic
time 7. The initial and final abundant-spin mag-
netizations for one cycle are

M,/M;=1/(1+e¢),

where ¢ is the ratio of the heat capacities of the
rare spins to the abundant spins. For identical
spins with approximately equal energy-level spac-
ings, €~c,y, where c,, is the effective concen-
tration of sodium nuclei excited by the electric
field. For N such mixing cycles,

N
,A!l; _.1_) ~pNeerr
M, Licen

for small c,,,, Where
N=T,/T.

Thus, for T, >7, the sensitivity of direct observa-
tion is increased by N, the enhancement factor.

The characteristic time 7 is the sum of the cross-
relaxation time 7., the spin-diffusion time 7,4, and
the electric field interaction time 7. In the case
where there is no spin-diffusion bottleneck, for
Tg > T the enhancement factor is 7,/7,. However,
if 7,.> T, a cross-relaxation bottleneck occurs
and the enhancement factor becomes T,/7,,.

B. Experimental Procedure and Apparatus

The experiment was done at liquid-nitrogen tem-
perature 77 °K giving a T, of 400 sec. In order to
decrease the dependence on gain stability, a 90°-
180°-90° pulse sequence, shown in Fig. 2, was

} 90° puise

180° pulse  90° pulse (FID)

M(t=)+

}effecr

- }effect
> ¥

M, (1)

- - i
100 200 300 400 500 607700 tisec) ——
—— No electric field interaction
——— Electric field interaction
FIG. 2. Magnetization as a function of time during the

90-180°-90° pulse sequence.
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used so that a null was obtained in the absence of
the effect. However, in order to obtain a stable
null, the pulse sequence was timed by counting a
10-MHz crystal clock.

rf phase sensitive detection was used for the
measurement of the free-induction decay (FID)
which followed the 90° pulse. The FID was inte-
grated and recorded on a digital double boxcar.
The receiver coil was solenoidal and was connected
to a receiver multiplex box via 3 ft of Microdot
cable. In the box were two capacitors in series
connected across the cable. One capacitor was
~500 pF and the other ~ 50 pF. These were ad-
justed so that the receiver-coil circuit was tuned
at 10. 5 MHz and so that the large capacitor was
at 50 @ in order to match the 50- input of the
Varian receiver,

In order to obtain an H, of 30 G at low input
power, the receiver coil also served as the trans-
mitter coil. Crossed diodes in series with the
transmitter and crossed diodes in parallel with the
receiver protected the receiver during H, pulses
and isolated the low-@ transmitter circuit from
the receiver during the FID measurement.

The samples were grown by Spencer and are
described in his paper.? The sample holder was
a cylinder, with a 3-in. diam and about a 1-in.
length. In it was placed the sample which was
cleaved in the (100) direction. A hole was drilled
between the windings of the receiver coil so that
the face of the crystal would be seen through the

slits of the nitrogen Dewar. Since the quadrupole
spectrum is a sensitive function of angle, it is

necessary to know the angle of the crystal axis
with respect to H, reasonably well.

Alignment was accomplished optically as follows.
A split prism was positioned in the magnet gap by a
spacer between it and the magnet pole face, so that
one prism face was accurately parallel to the mag-
net pole face, and the prism was approximately the
same distance from the pole face as the sample
crystal. A laser beam was aimed at the split prism
from outside the magnet gap. The laser was po-
sitioned and aimed so that its beam was approxi-
mately parallel to the magnet face. The prism
divided the beam. One portion reflected from the
prism interface, making nearly a 90° turn, hit the
magnet face, was reflected back to the prism, was
turned again through roughly 90°, and emerged from
the gap heading almost back towards the laser. The
other beam passed through the prism, hit the sam-
ple crystal, was reflected back through the prism,
and also emerged from the gap nearly at the laser.
If the sample were turned until the two emergent
beams coincided, the exposed sample face was nor-
mal to the magnet face. The angle could be deter-
mined to within + 3°., For this orientation  was
defined as zero.
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Developing a large voltage across the sample at
21 MHz was accomplished by employing a shorted
quarter-wavelength cable, shown in Fig. 3, with
the sample placed at the infinite impedance end.

A 300-W cw transmitter was connected to the cable
via a 50-§ cable to a 50-% tap built into the cable.
A motorized vacuum capacitor, connected in par-
allel with the cable just outside the Dewar, was
used as the tuning element. A standing-wave radio
meter was connected in series between the trans-
mitter and the 50-Q tap. Obtaining a minimum in
reflected power by varying the capacitor indicated
that the cable was tuned.

The high-power and high-rf electric field created
heating and voltage-breakdown problems. Since the
shorted end of the cable carried a great deal of
current, the cable had to be water cooled to pre-
vent tuning drift, All cables were fabricated using
Teflon spacers to minimize rf heating from the
electric fields. An Emerson and Cuming product,
Eccomax HI-Q, a low-loss epoxy that is easily
machined, was used. To obtain as high an electric
field as possible, the sample was cleaved into two
pieces, approximately 1.6x0.6x0.3 cm each. A
center plate of 0.03-in. copper, with all edges
smoothed, served as the high-voltage plate and copper
foil on the outside crystal faces served as ground.
Teflon spacers of 0.01 in, were properly placed in
the sample holder to prevent voltage breakdown, a
configuration allowing about 5 kV/cm to be gener-
ated.

Because of the close proximity of the receiver
coil and the high-voltage plate, the receiver coil
was weakly coupled to the electric field. The in-
duced voltage was used to monitor the electric
field. During the electric-field irradiation, a co-
axial relay switched the receiver cable to a moni-

tor circuit consisting of a diode and a capacitor with
a digital voltmeter for measuring the resulting dc
voltage. The electric field voltage could be main-
tained to within + 1% for the duration of the experi-
ment, limiting the signal-to-noise ratio to 50:1.

IIl. THEORY AND EXPERIMENTAL RESULTS

A. Quadrupole Spectrum

The rotation of the crystal was about the (010)
axis so that H, rotates in the {100}-{001} plane.
For H, along the (001) direction, §=0°.

Using the symmetry arguments for the nuclear
sites discussed by Anderson and Forslind, !* the
quadrupole spectrum for the first shell of sodium
nuclei is given in Table I.

Since the directions of the principal axes of the
field-gradient tensor are known, only one rotation
about a crystalline axis is needed to completely
determine 7 and vq, ! if indeed the first shell is
observed.

Although the (2, 2, 0) nuclei have the same angular
pattern as the (1, 1, 0) nuclei, the spectrum is attrib-
uted to the latter, since it is judged unlikely that
the (2, 2, 0) nucleus would have both static and dy-
namic quadrupole coupling larger than the (1, 1, 0)
nucleus.

TABLE 1. First-shell quadrupole splittings as a func-
tion of angle.

Na® sites Predicted quadrupole splittings
(1, 0, +1) vigr =+ (Grg{(L+m) — (38 -1) sin26}
(+1, 0, ¥1) vior= Grg{@ +m) + (3 =) sin26}

(1, £1, 0) (1, 1, 0)
(0, +1, £1) (0, 1, 1)

vi10=F (3vg) (1 +m) {1+ 3 cos26}
vogy = F (dvg) (1 +m) {1 — 3 cos26}
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B. Quadrupole Line Intensity

Abragani'® has derived a formula for the magne-
tization as a function of time for NaCl when irra-
diated by ultrasonic waves at twice the Larmor
frequency. In his derivation he assumed that: the
spin-lattice-relaxation mechanism can be described
by a single spin-lattice-relaxationtime 7y; the spin-
spin interaction maintains a Boltzmann distribution
between population levels. Thus, he derived the

result
dalrL,) (L) -1
=gl Me/ 70 8
dt Ty 5A<I‘>’ (1)

where A is the transition probability per unit time
for Am=1+2 transitions.

This equation is valid for our experiment, pro-
vided that the cross-relaxation time 7, is suffi-
ciently short and the fact that only a small number
of nuclei are being excited is taken into account.
Thus, for M,x(I,) ,

— T - 2 2
dt T T, ’ (22)
where
5 5
== . 2
T =8A 8T 0, (20)

T'; is the transition rate induced by the electric
field. Solving for M,(¢), for Tp> T,, at any time
t,, the relative destruction of magnetization caused
by the electric field is

AM/M=-Ty/Ts . (3a)

Since Tz <E,
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AM/ M« E? (3b)

Again, this is valid only if Tz > Ty and T, < 7.

The relative intensities of the quadrupole lines
in a standard PNMDR experiment depend on the
type of transition induced and the number of equiv-
alent nuclear sites. In addition, as a result of the
fourfold symmetry of the NaCl lattice about the
(010) direction, all of the quadrupole spectra infor-
mation is contained between §=0° and §=45°, since
the spectra are identical for 6 and 90° - 6.

This is not the case in EFDOR, since the values
of the matrix elements that contribute to An=+2
transitions also depend on the angle between E and
H,. In this experiment the electric field is fixed
with respect to the crystal. By symmetry one can
see that there is twofold symmetry of E with re-
spect to H,. Therefore, all the quadrupole line
intensity information must be contained between
6=0° and 90°. Although the quadrupole splittings
of the spectra of §=0° and 6=90° are identical,
the quadrupole spectra should be different since
the relative line intensities are different.

To explain the relative intensities of the quadru-
pole lines, a simple model based on symmetry
arguments will be presented. Since the silver ion
and sodium ion interact differently with the lattice,
the application of the electric field must cause the
silver ion to have a displacement relative to the
sodium fcc lattice. Figure 4(a) illustrates the rel-
ative motion of the silver ion with respect to the
(1,0, 1) sodium site, with the electric field in the
(100) direction. Figure 4(b) shows the components
of the motion along the vector (called the radius
vector) directed from the equilibrium position of

FIG. 4. (a) Relative
motion of the Ag* with re-
spect to the (1,0,1) Na*
site. The subscript ¢ de-
notes crystal axes, (b)

s~ N (b)

Component of the relative
motion along the radius
vector. (c) Component of
the relative motion per-
pendicular to the vector.
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the silver ion to the (1, 0, 1) site. Figure 4(c) shows
the component of the motion that is perpendicular

to the radius vector. Note that the x’,y’ 2z’ axes
shown are the same as the principal axes of the
static EFG tensor,

In order to establish which elements in the EFG
tensor change linearly in E, consider Fig. 4(c), in
which the components perpendicular to the radius
vector are shown, The effect of the motion of this
component can best be visualized by considering an
x'% 9"} 2" coordinate system, rotatingaboutthey’y’’
axesbyanamount A¢, where A¢p <E. The rotation
is suchthatthe 2’/ axis approximately follows the sil-
ver ion. In the double primed axes, by symmetry,
whatever change in EFG that might exist must be
the same for + A¢. Thus in the double-primed sys-
tem there is no change in EFG to first order in E.
In transforming from the double-primed system to
the primed system, by symmetry, there can be no

first-order change in E in the y direction. Defining
;W
" BE '

we see that V,:.y,, V;,y., Vy’.,, are zero., The com-
ponents V,.,, and V,.,. transform as cosA¢ and thus
only possess second-order variation in E. The
only term that transforms in first order in E is the
V,',z, term. For the motion in the radius vector
direction, symmetry dictates that only the V...,
Vyy, and V., terms should be nonzero. So for
the (1, +1, 0),(+1, 1, 0), (£1, 0, 1), and (1,
0, +1) nuclei,

0[,: 0 V E
Vas =|0  a, O Vi
Vv 0 oa, 2

where V, a,., a,, o, are constants; E/V2 is the
component of the electric field along and perpen-
dicular to the radius vector. By Laplace’s equation

Qe + Qe + @, =0,

Note that this tensor must be constructed at the
nuclear sites with the x’, 3, 2z’ axes shown in Fig.
4, Defining a dynamic asymmetry parameter

TID: (ax, - ay’)/az‘

and a constant R that yields the relative strengths
of the two motions

R=a./V ,

the two parameters R and 7, completely define the
tensor.

For the (0, 1, 1) nucleus the electric field only
moves the silver nucleus perpendicular to the ra-
dius vector from the Ag* equilibrium point to the
(0,1, 1) site. The relationship of the perpendicular
motion to the nearest-neighbor chlorine ions for
the (0,1, 1) Na* ion is different from the similar
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relationship for the other first-shell Na* sites.
Although the mechanism is the same, the value of
the tensor component must be different. Assign-
ing the proper x’y’z’ axes, the only nonzero tensor
element is V,,.,. = V;.

For the (2, 0, 0) nucleus one can easily see that
the only nonzero terms are V/., V., and V...,
where Vi = V)i ==2V,, =-2V, Likewise, for
the (0, 0, 2) and (0, 2, 0) nuclei the only nonzero ten-
sor element is V) . = V5.

In order to obtain the intensities as a function of
angle, the same transformation that was used to
find the rotation patterns are also used to find the
relative intensities as a function of angle. The
square of the matrix elements of the various lattice
positions are given in Table II. The subscripts on
M denote the nuclear site. Each expression has
taken into account the number of equivalent nuclei
contributing to the intensity; B,=(1R)(n,+1)-2,
By,=B;+4, By=3(3-1np)R, By=—R(np+1), p=cosb,
£=sing, and D=$eQ.

C. Data and Comparison to Theory

In addition to the two parameters v, and 7 that
define the static quadrupole splittings as a function
of angle, the intensity parameters for the first
shell V, V;, np, and R and the intensity parameters
for the second shell V, and V; must be determined.
Mallick and Schumacher! have measured v,=40 kHz
and =0 for the second shell,

The parameters n and v, for the first shell and
the parameters for describing the relative inten-
sities of the first shell were determined by com-
paring computer generated spectra to the data for
6=0° 90°, 85°, 80°, 70°, 65°, and 55° for E=1.1
kV/cm. Inspection of the data determined that
Vi = V3=0 (the reason behind these choices will be
discussed shortly). As a result of these choices,
only 1, and R had to be determined for the relative
intensities of the first shell since the parameter V
was then only a multiplicative factor to be deter-
mined by the actual value of the destruction of mag-
netization. Gaussian lines were used with a half-
width at half-height defined to be 0. Thus, first

TABLE II. Electric field interaction matrix elements
for first- and second-shell sodium nuclear sites.

Matrix element Function

1z (V2D'E?) {Byi + ByE?+ 2Byut — B,

1 (V:D*E® {Byi® + By£2+ 2Byut — B Y

3 (VID’E% {Byu® + By£® - By + 3 (VID*ED) BIu?
16 D2Vt + 4DPE V2

$VID2EY!

2 Dzngzyzgz

2 D*VIEW?

| Mygy 12
| Myg_q 12
| Mygo! 2
| Moy | 2
| Mago! 2
| Mgy | 2
| Mgy 2
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FIG. 5. Quadrupole splittings as a function of angle
for the first and second shells of Na nuclei in NaCl : Ag.

shell spectra were generated for various values of
Ve 7, Mp, R, and o until the best fit was obtained.

AM/M

LANG, AND SLICHTER

| o

The best values for the first shell are n,=0.60
+0.05, R=-0.60+0.05 v»,=12.5+0.2 kHz, 7
=0.28+0.04, and 0=2.3+0.1 kHz,

Figure 5 is a theoretical plot of the quadrupole
splittings for the first and second shells as a func-
tion of 6. The circles drawn on the plot designate
identifiable peaks in the data and line edges are
represented by error bars. This figure is a sum-
mary of the data and theory.

Upon comparing the data to the theoretical be-
havior expected of the first shell, two factors must
be kept in mind. First, since the (0, 1, 1) nucleus
was not seen in the theoretical plot, it was as-
sumed that the (0, 1, 1) nucleus has a small dynamic
coupling constant with the electric field along the
(100) direction, thus V;=0. Second, because the
remaining three lines of the first shell are crowded
into a small frequency range of 12 kHz, first- ver-
sus second-order changes of line positions and
widths with angle, as well as line positions as a
function of angle, become important features.

Figure 6 is a plot of the data points and theoret-
ical fits at §=90° and 6=0° for E=1.1 kV/cm.
They differ because the experiment has twofold
rather than fourfold symmetry. Figure 7 is a plot
of the curves and theoretical fits at §=90°, 80°,
70°, and 55° at E=1,1 kV/cm, We conclude that
the theoretical curves are a reasonably good fit to
the data. Upon examination of the fit and the data
we see that the assumption that V; =0 may not be
exact., However, since the (0, 0, 2) nucleus is not
seen, i.e., V3=0, and since the (0, 1, 1) and (0, 0, 2)
nuclei both have the same relative position with
respect to the electric field, there is internal con-
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0.06

T

0.05

T

004

T
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002
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FIG. 6. Data and com-
puter generated spectra
for 6=0° and 6 =90°, E
=1.1 kV/cm; O=0° and
A=90°,
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0.0l

0.00

FIG, 7. Data and com-
puter generated spectra
for 6 =90°, 80°, 70°, and
55°, E=1.1kV/cm.

2 4 6 8™ 10

sistency in assuming V3= V;=0.

Figure 8 contains the rotation pattern for 6 =55°,
6=45°, 6=40°, and 6=30°, The curves taken at
45°, 40°, and 30° were taken at an electric field of
E=4.5kV/cm, a power level of four times the level
for the 90°-55° curves. Initially, data taken be-
tween 0° and 45° were taken at this higher level in
order to obtain as much destruction as possible for
good signal to noise. However, it was discovered
that the cross-relaxation bottleneck distorted the
spectrum at those high-field levels (direct evidence
of this problem will be shown shortly). At E=1.1

g
nN
4
N
-
P,

ELECTRIC FIELD FREQUENCY vp IN kHz

kV/cm there is no observable cross-relaxation
bottleneck. No low-field data (E=1.1 kV/cm) be-
tween 6=0° and 45° were taken. However, the 45°
and 40° spectra can still be compared to the 55°
spectrum because the general features of the two
curves are correct. The theory predicts that if the
(1, 1, 0) line is strong, and the (0, 1, 1) line is weak,
the spectrum should exhibit a first-order change in
width as 6 goes from 55° to 40°. This behavior is
quite obvious in Fig. 8.

Figure 9 shows the data for 6=0°, 10°, and 20°
for E=4.5kV/cm. For 6=20° the (2,0, 0) line is

FIG. 8. Data taken at
0=55°for E=1.1 kV/cm
and at 6 =45°, 40°, and
30° for E=4,5 kV/cm.
The data are normalized
. t0 0.1. A=55°, 0=45°,
X=40°, @=30°,

0.2 T T T T T I

0.10% 4

o.oe‘: - 300 .
g 006} 2:?; i

0.04 6 =55°

0.02+— -

O'OO? .’1‘_ f} (|5 s 0 14 16

2 ELECTRIC FIELD FREQUENCY v IN kHz
Yo E
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0.08

AM/M

0.06

0.04

0.02

FIG. 9. Data for 6 =0°,
- 10°, and 20°; E=4,5 kV/
cm, O0=0° A=10° and
X =20°,

1 | |
0.00 5t

at 13 kHz. 2 This line is evident for §=20" in
Fig. 9.

All the features mentioned up to now are sum-
marized in Fig. 5. Taking this summary along
with the reasonably good theoretical fit for 6=0°,
90°, 85° 80° 70°, 65°, and 55°, we conclude
that the first and second shells of sodium nuclei
have been observed and that the simple model ex-
plains the relative intensities.

SLOPES = E2 DEPENDENCE

1000

T

O kHz(8=0°)

100 14 kHz(8=20°)

AM/M(ARBITRARY UNITS)

4.5 kV/cm

Ll Ll
IOO.I 1.0 10.0

ELECTRIC FIELD VOLTAGE
(ARBITRARY UNITS)

FIG. 10. log-log plot of the relative destruction of
magnetization as a function of electric field taken at v=0
and v=8 kHz for 8=0° and at v =14 kHz for §=20°.

4 6 8 10 14 1
2v, ELECTRIC FIELD FREQUENCY v IN kHz

16 8 20

Direct evidence of the cross-relaxation bottle-
neck can be seen in Fig. 10, in which a log-log
plot of the relative destruction of magnetization as
a function of electric field measured at 6=0 for
v=8 and 0 kHz and at 6 =20° for v;=14 kHz is
shown. Note the E? dependence in both cases. For
the electric field available it was possible to create
a cross-relaxation bottleneck at 8 kHz but not at 0
kHz., At E=4.5kV/cm the 8-kHz line is about 70%

O.14 T T T T T T

Q2

008

AM/M

006

0.04r

0.021-

1 1 1 1 I
000 0.1 02 03 04 05 06

Ag® CONCENTRATION(at.%)

FIG. 11. Intensity of the 7-kHz peak for §=20° as a
function of concentration. Horizontal bars include un-
certainty of concentration and absolute value of E. Verti-
cal bars include limitations in signal to noise and uncer-
tainty in angle.
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TABLE III. Experimental values for Ry sgeye.

Nucleus Material Ry x10° cm Ref,
Ga® GaAs Ry33=10.5 12
Ga™ GaAs Ryy3=9.0 12
As™ GaAs Ry3=15.5 12
c1% NaClOs Ry33=2.1 17
a¥ cal, Rgg5=5.0 18
A% ALy R3zz=—2.9 19

smaller than it would be with no cross-relaxation
bottleneck. Figure 11 shows that as expected the
destruction of magnetization varies linearly with
concentration. The intensity of the 7-kHz peak at
6=20° is plotted as a function of concentration for
0.007-, 0.11-, and 0. 5-at.% Ag’.

At 9=55°, the strong (1, 1, 0) nucleus has zero
quadrupole splitting. It is the main contributor to
the destruction of magnetization which is 10%+ 1%.
Since at v=0 there is no cross-relaxation problem,
for small destruction

AM/M=0.1 . (4)
Thus, using the measured 7, and Eq. (3a),
T =4000 sec. (5)

For a perfectly homogeneous sample, c.,=0.02,
thus Eq. (3b) becomes

Iy=8x10" sec! . (8)

Assuming negligible saturation and Lorentzian
lines,

Tz~ QTy/r?) (|2 . (7)
Defining a dynamic quadrupole coupling constant as

vp=eQV/2h (8)
and equating Eqs. (6) and (7),

v ~3x%10 Hz/(V/cm) 9)

for the first shell. Similarly,
v® ~3%x10-° Hz/(V/cm)

for the second shell,
With this value for v,, the electrically induced
transition rate for 1 V/cm is

I';~3%x10" sec!

for the first shell. Kushida and Silver!! found that
the electrically induced transition probability for
Am =% 2 transition in A1?" in Al,O4 was 1.5x10~"
Hz/(V/cm). In addition, Luukkala!® observed the
transition rate in Na® in NaClO, to be on the order
of 10-8 Hz/(V/em). Although there is no basis for
direct comparison of these values, their proximity
implies that the experimental value of I'y is rea-
sonable,

ELECTRIC FIELD NUCLEAR DOUBLE RESONANCE IN . . . 1933

A third rank tensor T,.4,. can be defined such
that the change in quadrupole frequency Av g,

Alesl = VDZ) TalBIYIEyl N (10)
b4

where y’ is summed over x’y’x’, the principal axes
of the static electric-field-gradient tensor. Equa-
tion (10) can be used as a second check on the order
of magnitude of v, by comparing its value to the in-
duced quadrupole splitting caused by a static elec-
tric field in a linear Stark experiment.!217=1% In

these experiments a third-rank tensor R, is
defined such that
A(eq)glﬂl = ’Z'Z Ra'B'y' E,y N (11)

where A(eq)E.;. is the change in field gradient

caused by the electric field. Table III gives a
summary of some typical values of R,,, for the
various experiments.

Except for the fact that v is defined in the context
of a time-varying electric field, one would expect a
reasonable order of magnitude agreement. Multi-
plying Eq. (10) by 2h/eQ and comparing the result
to Eq. (11), for a’=y'=x'=1, and B'=2z'=3,

R131 ~ VDT1312I’I,/€Q .

Taking 1 - v, to be 5.5, 2° where v, is the Stern-
heimer antishielding factor, the data yield

Ryy~3.7x10% cm! |
which compares favorably with Table III.
IV. SUMMARY AND CONCLUSIONS

The first and second shells of sodium nuclei in
NaCl:Ag* have been observed by the EFDOR tech-
nique. vg=12.5+0.2 kHz for the first shell proves
the assumption that the quadrupole coupling is
smaller for the first shell than for the second shell.
The asymmetry parameter for the first shell is
7n=0.28+0.04. The quadrupole lines are approx-
imately gaussian with the half-width at half-height
of 2.3+0.1 kHz.

A theory, developed to explain the relative inten-
sities of the quadrupole lines, was reasonably
successful. The dynamic quadrupole coupling con-
stant for the first shell is v,=3%10"% Hz/(V/cm)
and for the second shell is v,=3x10" Hz/(V/cm).
The cross-relaxation bottleneck was demonstrated.

The EFDOR technique presented here should
work for defect problems, ingeneral, provided that
the sample has the proper symmetry. It comple-
ments the standard NMDR technique by allowing
observation of spectra under the main line.
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