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Nuclear-quadrupole-induced electric signals are measured as a new resonance response mecha-

nism that is the reciprocal of the Stark e6'ect in magnetic resonance. In single crystals that have

noncentrosymmetry with respect to the sites of precessing nuclear-quadrupole moments, the elec-
tronic polarizability of atoms and chemical bonds on opposite sides of the nuclear-quadrupole mo-

ment is not the same. The oscillating electric field produced by the quadrupole moment induces a
net electric dipole moment in its neighboring electronic environment. The coherent summation of
these dipole moments over the Boltzmann distribution of the nuclear ensemble produces an oscillat-

ing macroscopic electric dipole moment. The sample is placed between the plates of a capacitor
that is tuned with an inductance to the nuclear precession frequency. Coherent nuclear precession
is initiated following a rf magnetic field pulse that tips the nuclear spins into the precession mode.
The voltage signal from the capacitor gives rise to an oscillating current in the series circuit and

magnetic flux in the inductor. Stray magnetic induction pickup signals are balanced out. The flux is

coupled to a dc superconducting quantum interference device (SQUID), which produces a voltage

output at the nuclear-quadrupole resonance frequency of -30 MHz for "Cl nuclei in NaC103 at 4.2
K. The 'Cl nucleus induces electric dipole moments in nearby oxygen atoms bonded to the Cl
atom. Measured free-precession electric signals are compared to the predictions of a point-oxygen-
atom polarizability model applied to the Cl—0 bond. The technique is sensitive to chirality and to
bond angles.

I. INTRODUCTION

In this investigation we present the results of an experi-
ment that demonstrates the inverse or reciprocal proper-
ty of the linear Stark effect in spin-resonance experi-
ments. The linear Stark effect in electron spin paramag-
netic resonance' (EPR) and in nuclear-quadrupole reso-
nance (NQR) results from the application of strong elec-
tric fields to spins located in noncentrosymmetric crystal-
line environments. Small frequency shifts of the spin-
resonance frequency are observed with static electric
fields, and oscillating electric fields applied at the ap-
propriate spin transition frequencies produce absorp-
tion. These measurements provide information on the
crystal structure and a body of data for the analysis of
chemical bond and atomic wave functions. Instead of
measuring frequency shifts or absorption due to external-
ly applied electric fields, we show that similar informa-
tion is provided by means of a transient pulsed NQR
method. A preliminary report has been given of this
method. The coherent emission of an electric signal is
observed from the atomic polarization induced by an en-
semble of precessing nuclear-quadrupole moments in a
noncentrosymmetric crystal. This reciprocal method is
free of effects which must be taken into account in the
direct Stark experiment, where strong electric fields

( —10 V/cm) produce significant ion and bond angle dis-
placements. These displacements must be included as

corrections to the fundamental electronic polarization of
bonds and atoms which we assume is the primary mecha-
nism of the reciprocal Stark effect. In the radio-
frequency range it will be shown (in contrast to EPR
Stark absorption experiments)' that the reciprocal-pulse
transient method permits one to discriminate clearly
against stray magnetic signals which may accompany and
obscure the desired electric signals.

Oscillating electric signals derive from induced electric
dipoles in atoms in the neighborhood of precessing
nuclear-quadrupole moments. The summation of these
induced moments over the sample results in a macroscop-
ic polarization which induces a voltage on capacitor
plates placed across the sample. The spin levels are first
placed in coherent superposition by a rf magnetic field

tipping pulse which couples to the nuclear magnetic mo-
ments. Following the pulse a free-induction-decay (FID)
electric signal is emitted by the sample. The sample in
the capacitor, which is part of a tuned LCR circuit, gen-
erates a current and therefore a Aux which is inductively
coupled to a dc SQUID (Ref. 5) (superconducting quan-
tum interference device). In fact, if it were to be per-
formed at higher temperatures the experiment would not
necessarily require the high sensitivity of the SQUID. A
rough estimate of the electric signal size using a "stick
and ball" model is confirmed by our initial experiments,
and shows that the signal from this effect is generally
large enough to be detected by conventional amplifiers

1988 The American Physical Society



SLEATOR, HARN, HEANEY, HILBERT, AND CLARKE

and integration methods. The "stick" represents the dis-
tance r between a point "ball" nuclear quadrupole Q and
the neighboring point "ball" atom which has polarizabili-
ty a. The initial electric signal amplitude which directly
follows the magnetic rf pulse is assumed to be a function
of the coordinates of the polarizable atoms in the neigh-
borhood of the nuclear quadrupole, the atomic polariza-
bility a, and of the nuclear-quadrupole moment Q. These
quantities r, a, and Q cannot be rigorously evaluated sep-
arately from the experimental data. Numerical estimates
of these quantities combine to give a reasonable predic-
tion of the measured signals. Although the mechanism of
polarizability is basic in modeling the reciprocal Stark
effect, a more sophisticated wave-function analysis is
necessary for rigorous treatment.

The electric signal amplitude can serve as an extra de-
gree of freedom for the study of atomic motion in solids.
At the same time, of course, the local motion of charges
and atoms will produce small frequency Auctuations and
possibly extra relaxation because of the electric quadru-
pole interaction. These effects are included in the FID
decay envelope of the electric signal which is the same as
that for the magnetic FID when both signals occur at the
same frequency. Although the electric signal is generally
smaller than the corresponding magnetic induction signal
(by a factor 10 ' —10,depending on the sample and nu-
clear quadrupole Q), the sensitive dependence of the elec-
tric signal amplitude on local lattice dynamics and struc-
ture should serve as a new and useful feature of the re-
ciprocal Stark method.

II. THE ELECTRIC POLARIZATION
FID SIGNAL

We first make a rough estimate of the signal-to-noise
ratio expected from the experiment. A reciprocity rela-
tion will show that the electronic polarizability mecha-
nism relates the direct Stark effect to our reciprocal ex-
periment. The relation of the direct observation of
nuclear-quadrupole radiation to our experiment is also
outlined.

A. The electric signal-to-noise ratio

Our experiment is carried out with a single crystal of
NaC103, where the Cl nuclei exhibit a NQR precession
frequency of Q)0 jzm=30. 7 MHZ at 4.2 K. A rough esti-
mate of the signal-to-noise power and voltage ratios is
presented in this case. The precessing nuclear-
quadrupole moment Q produces an electric field

eQS/r ——at a neighboring atom a distance r away.
The Sternheimer nuclear-quadrupole enhancement fac-
tor 5 has not been calculated for the Cl—0 bond but is
probably between 10 and 50. The net induced dipole mo-
ment is

po egaS /r——

of magnitude = 10 S esu cm. We have chosen the
0

magnitudes Q =10 cm, a=10 cm, and r =1.5 A
(the Cl—0 bond length in NaC103). The net induced
macroscopic electric polarization is P =NPpo

=1.6)&10 S esucm, where N =10 atoms/cm and
the Boltzmann factor @=irido/2k& T = 1.6X 10 at
T =4 K for a two-level system. The voltage generated
across the sample capacitance C is V, =PA, /C where

A, =0.7 cm is the area of our 0.4-cm-thick sample
placed between two metal plates. This capacitance is
connected in parallel with a tuning capacitance C, to give
a total capacitance of C =C +C, =10 em=10 PF. The
average electric power dissipated in the circuit resistor R
is therefore

P, /P =po/p =10 S (2)

where we have used @0=10 5 and taken p= 1 nuclear
Bohr magneton. Nuclear Sternheimer factors S range
from about 1 to 100. The corresponding voltage ratio
(P, /P )'hz=10 ' —10 implies that the electric signal
relative to the magnetic signal is not necessarily very
small in all cases. Even with the small filling factor of
(=0.014m applicable to the case of NaC103, the signal-
to-noise ratio is quite generous, and could be increased
several times by increasing g provided the total capaci-
tance does not become so large that it lowers Q, . Given
these signal-to-noise ratio estimates it is quite feasible to
consider the use of a conventional input amplifier in place
of the SQUID.

B. The reciprocal Stark relation

In the direct NQR Stark effect the applied dc field EI
produces a shift component hq k

——b,
~
V@o

~

.
k in the field

gradient tensor at the position of the nucleus, where each
of the j,k, l indices is any of the x,y, z directions. The
nuclear-quadrupole Hamiltonian is given by

P, = V, /2R =P A, coog, /2C =2m.g, co OPu, g .

For the circuit quality factor Q, =l/cooRC=1500 in our
experiments, P, =1.8)&10 ' S %'. The volume of the
sample is given by U, and the sample filling factor is

g =a.A, /4mdC =0.014' in our experiment, where d is the
sample thickness and ~=5.4 is the dielectric constant.
Corrections due to modifications of P by the dielectric,
and to fringe fields in C are neglected. The Nyquist
noise power generated in R in a circuit bandwidth 8 =20
kHz is P„=4k&TB=4.4X10 ' W. fhus, given an
amplifier with negligible noise, the electric signal-to-noise
power ratio is P, /P„= 2208S, corresponding to a
signal-to-noise current ratio of I, /I„=47S. In our exper-
iment the dc SQUID and post-amplifier contributed noise
temperatures of about 0.5 and 1.5 K, respectively, so that
the signal-to-noise ratio established by the Nyquist noise
in R was not significantly degraded.

One may compare the electric power P, with the opti-
mized magnetic signal power P obtained by placing the
sample in the inductor. The expected emitted magnetic
FID power is P =2mg, cuoM u, g, where M =NIBS, g is
the filling factor in the inductor, and U, is the sample
volume. For equivalent circuit parameters and signal in-
tegration in both experiments, the ratio of electric to
magnetic powers becomes
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and is nonzero only in a noncentrosymmetric crystal
where the &0

~

and &i
~

states are of mixed parity. The
applied electric field E may be constant or oscillating.
The main quadrupole interaction Kg in Eq. (4) includes
diagonal and off-diagonal operators, and may be ex-
pressed alternatively as

Hg ——g e,P= —g e, ro Cg .
q q

Here P and 8g ———VP are respectively the potential and
the electric field produced by the quadrupole Q at the po-
sition of a single polarizable point atom ("ball" ) which
contains charges eq. Therefore the final form of the per-
turbation may be written in operator form as

Hg ———CgaE (5)

where a= g g, ev&0)ro~ )i &&i (re (0&/(W, —Wo) is
the polarizability tensor, and 8g depends upon quadru-
pole moment operators. The perturbation H can be ex-
pressed for N polarizable atoms as a dyadic macroscopic
reciprocal relation

Hg „———XPu, @g a E

= —P& Ev,

= —PE'Cgu~

(6a)

(6b)

(6c)

where Pg NPu, a Cg and——PE ——jtj'Pu, a E. In our re-
ciprocal experiment the quadrupole-induced oscillating
polarization Pg in Eq. (6b) automatically provides the re-
action field E= —4mP&, which takes the place of an "os-
cillating applied field" E(tu, t) With free .precession

~
Pg(t)

~

=P cos(tot), the time derivative of (6b) results in
the emitted free-precession electric power
P, =2vrP u, gQ, after one takes the time average and in-
cludes factors of Q, and g. Consequently electric quadru-
pole coherent radiation damping occurs because an oscil-
lating electric field gradient induces transitions toward
the ground state to provide the power P, . The reciprocal
Stark relation (6a) therefore implies an electric field gra-
dient perturbation Aq, at the site of the nuclear-
quadrupole moment. This perturbation can be explicitly

Hg ——Hg+Hg

where Q is the quadrupole tensor and Hg ———Q V@o.
The perturbation H& which corresponds to a frequency
shift Av~k may be written as

IHg Ijk=i~~jk=e QQItjklEI
I

where 8 kI
——Bq,k /BFt is the tensor determined empirical-

ly in Stark shift experiments. Consider q charges in a sin-

gle atom which has polarizability a characterized by
ground- and excited-state energies Fo, F; and ground-
and excited-state wave functions &0

~

and &i ~, respec-
tively. The perturbation in our model which may ac-
count for both absorption and frequency shifts is given by

evaluated from the stick and ball model calculation, as
discussed in Sec. VI.
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FIG. 1. (a) Experimental configuration. (b) Geometry of
sample capacitor and cancellation coil.

C. Equivalence to detection of nuclear-quadrupole radiation

A sample of precessing nuclear-quadrupole moments
contained in a quadrupole capacitor (two plates at right
angles) will induce a direct oscillating electric quadrupole
radiation signal across the plates. However, the expected
signal is unobservably small, of the order of 10 ' small-
er than the corresponding NMR signal which would be
obtained by placing the sample in an inductor. A direct
experiment of this nature implies that one could observe
the hm =k2 transitions directly corresponding to quad-
rupole moment operators Qz . In effect the induced po-
larization experiment measures these transitions by using
the local polarizability of atoms in the neighborhood of
quadrupole moments to magnify the otherwise negligible
direct quadrupole signal.

Consider a sample of n uniformly distributed precess-
ing quadrupole moments eQ per unit volume. The result-
ing quadrupole moment density p=neQ gives rise to a
surface electric dipole moment density p, where the po-
larization P =Vp, and therefore a potential drop
V =4m p = 4m neQ occurs across the surface of the sample.
If we now relate this potential drop to that discussed in
Sec. II A, the induced polarization in our sample given by
P=npo results in a voltage V =4nPd =4nnaeQd/r,
where d is the thickness of the sample and po is given by
Eq. (1). Since the atomic polarizability a is on the order
of an atomic volume, we take a —r and find
V =4nneQ(d—/r). . With d -0. 1 cm and r —10 s cm, this
voltage is therefore on the order of d /r = 10 times larger
than that achieved in the direct method imagined for ob-
serving nuclear-quadrupole radiation, and is suSciently
large for detection by the reciprocal Stark method.

III. EXPERIMENTAL CONFIGURATION

The configuration of the experiment is shown in Fig.
1(a). A rf pulse at the NQR frequency was coupled into a
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cold transmitter coil in a Helmholtz arrangement. The
pickup capacitor C containing the sample was centered
in the transmitter coil with the plates perpendicular to
the direction of the applied rf field 2H, , which we define
as the laboratory x' axis. In addition to H&, a small stat-
ic magnetic field Ho (ranging from 0 to about 10 G) was
produced by a superconducting Helmholtz coil arrange-
ment (not shown) and applied to the sample along the x'
axis. The capacitor C, in parallel with a tuning capaci-
tor C, (C + C, =C), was connected in series with an in-

ductor L, „an effective resistance R;, the input coil L,
( «L, ) of a SQUID, and a series array of hysteretic
Josephson tunnel junctions used' to protect the SQUID
from the rf pulse and shorten the recovery time of the cir-
cuit. By adjusting C, from the top of the cryostat we
could tune the circuit to the NQR frequency. Current in
the input circuit produced a fiux through the SQUID
loop and a voltage across the SQUID that was amplified
by a room-temperature amplifier and mixed down with
the signal from the rf generator. After the rf pulse was
turned off, the mixed-down signal was recorded.

In addition to the induced electric signal P, the conven-
tional NQR magnetic signal M is also present. The ratio
of electric to magnetic signal powers P, /P & 1 expressed
in Eq. (2) implies that a stronger magnetic signal is
present at the same frequency as the electric signal. Un-
less one is careful to eliminate this stronger magnetic in-
duction signal, it will be picked up by stray inductance
and may dominate the electric polarization signal. The
inductance L, ( «L, ), in series with C [Fig. 1(a)] and
closely coupled to the sample, was used to pick up a mag-
netic induction signal and thereby to cancel the spurious
signal [Fig. 1(b)]. By rotating a thin rod connected to the
top plate of C, we could vary the number of turns of
wire in L, and cancel out the stray magnetic induction
while leaving the electric signal unaffected. Details of the
probe design are shown in Fig. 2.

Each sample was cut into a cylindrical shape 0.4 cm
thick and 0.95 cm in diameter. We prepared two sets of
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(a)

FIG. 2. Probe configuration of the quadruple-induced elec-
tric dipole experiment: (b) fits into (a).

samples, one with the crystal [100]direction along the cy-
lindrical axis and the other with the [111]direction along
the cylindrical axis. From NQR measurements in a weak
static magnetic field, " we determined that the growth
planes of the crystal are perpendicular to the three [100]
directions. This information made it easy to position the
crystal in the saw accurately (within a few degrees). Each
crystal was irradiated with y rays to reduce the spin-
lattice relaxation time T, to about 2 min.

IV. CALCULATION OF THE SIGNAL

The cancellation scheme discussed in the previous sec-
tion is effective only if one can distinguish the electric po-
larization signal from the stray magnetic induction sig-
nal. In this section we make a detailed calculation of the
expected electric polarization signal following the appli-
cation of a rf magnetic field pulse. We assume that a
small magnetic field Hp is applied to the sample. We also
derive expressions for the magnetic signal relevant to our
experiment, following Bloom, Hahn, and Herzog. " It
will be shown that the electric and magnetic signals have
different modulation envelops in the presence of the field

Hp and can therefore be distinguished.

A. Outline of the calculation

Before proceeding with the calculation for the case of
NaC103, an outline of the calculation is presented for an
arbitrary quadrupole system in a solid.

(i) From the Hamiltonian, which may have both a qua-
drupolar part and a Zeeman part, we compute the spin
states of the quadrupole nucleus for times after the rf
pulse.

(ii) From these states, we calculate the expectation
values of the various electric quadrupole moments (Qz )
using the convention

Qz ——[eQ/2I(2I —1)][3I,—I(I + 1)],
Q2

—' ——+ [i/6eQ/4I (2I —1)](I,I+ +I+I,),
Q2

— ——[i/6eQ /4I (2I —1)](I+ )

Henceforth the Sternheimer factor 5 is understood to be
included in Q above, where Q = QOS and Qo is the
unshielded value of the quadrupole moment.

(iii) We determine the electric field 8= —VP (hence-
forth 8 is written in place of I &) in the region surround-
ing the nuclear quadrupole from the value of (Qz ) us-
ing'

2

$(rl)=(4n. /5)' (1/r ) g (Q ) Y* (0,$),

where )=r(r, 8,$) is the position in local coordinates re-
ferred to an origin at the nuclear quadrupole.

(iv) We compute the total electric dipole moment p in-
duced by a given nuclear quadrupole by summing the di-
pole moments p(i);) induced on each atom over all the
neighboring atoms, so that p= g,- p(il;)= g; o', ;8(q;).
It is assumed that the atoms are pointlike with polariza-
bility a, which is isotropic.

{v) The signal induced by each nucleus is summed over
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all of the nuclei in the sample to yield the total electric
polarization.

Note here that the conventional NMR signal M is
determined by the expectation value of the operators
p+ ——yAI+, which permit bm =+1 only. The induced
electric polarization P, however, is determined by the ex-
pectation values of the quadrupole operators Q2, which
permit hm =0, +1, and +2.

B. Calculation of the nuclear-spin wave function

A unit cell of NaC103 is shown in Fig. 3. In the experi-
ment, the Cl nucleus (spin I = —,') is first prepared in'a su-

perposition state by the application of a rf field pulse
defined by H(t) =2H icos(cot). During the short pulse of
width t, where 1/t ~&yHO, the Zeeman splittings
caused by a small static magnetic field Ho may be
neglected, and therefore Ho is omitted in the general
Hamiltonian

H{)= —Q'7~0 —}'T'AI'[Ho+H(t)]

where Vga is the field gradient tensor at the site of Q.
For long times t p t the spin superposition states must
take into account the Zeeman splittings by connecting
amplitude coefficients of the spin wave functions directly
after the pulse (when HO=0) to those which include the
Zeeman splittings (when Ho&0).

The electric field gradient tensor is symmetric about
the local z axis, which is along the direction of the
Cl—Na bond. In the absence of the external magnetic
field the eigenvalues are

FIG. 4. Direction of 00 and H& with respect to the local
coordinates; z is the local quantization axis and x is chosen so
that the azimuthal coordinate P, for H, is zero.

In the presence of the field Ho the eigenvalues and eigen-
states are shown in Fig. 5. The wave function at any time
can be expressed in the basis of angular momentum
eigenstates

3/2
~P(t})= g C (t)~m, ).

m = —3/2

W = [e qQ/4I(—2I —1)][3m, —I(I+1)]
=+e qQ/4

The wave function before the pulse (t &0) can be ex-
pressed by

for spin I =—', . The eigenstates are
~
m, ), where m, is

the component of angular momentum along the z axis.
The directions of Ho and H& are defined by the angles 80,
$0, and 8& as shown in Fig. 4. The x axis is chosen so
that $, =0 and lies in the plane determined by z and H, .

C3/2 1/&2, C 3/3 e'/&2, C, /3
——0,

where p is the random phase factor over which one aver-
ages when computing expectation values. Immediately
after the pulse

C (t )=C (0}exp( icy t„)—,

where

C3/2(0) =(1/~2)cos(2 '~3', t sin8, ),

C, /z(0) =(I/~2)sin(2 '~3', t sin8, ),

Pe
687 A

FIG. 3. Structure of a unit cell of NaC103.

C 3/2(0) =e' C3/2(0)

C, /2(0) =e'~C, /2(0),

with cu, =yH&. After the system has evolved for a time t
(in the presence of Ho) we find
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FIG. 5. Energy-level diagram for spin I= 3 quadrupole interaction in a small magnetic 6eld Ho. The parameters are
a =(cos80/

I
cos80

I )[(f—1)/2f]' ', b =[(f+1)/2f]' ', and f=(1+4tan'80).

C3/2(t) = C3/z(0)exp(io]ot/2+i Q"t),
C 3/3(t) =C 3/3(0)exp(ie]ot/2 —i Q"t),
C, /2(t)=exp( i toot/2—)[(b e'"'+a e '"')C]/2(0)+2abi exp(iso)sin(Q't)C, /z(0)],

C, /2(t)=exp( icuot/2—)[(b e'"'+a e'"')C ]/2(0)+—2abi exp( —iso)sin(Q't)C]/2(0)]

where

coo ——e qQ/2R,

=
2 QpcosOp,

Q'= —,'Qof cos8]],

Qp ——yHp,

a =(cos8o/
I
cos8o

I )[(f —1)I2f]'/

b =[(f+1)/2f]'

f =(1+4tan 8o)'/

C. Calculation of the magnetic response
from a single Cl nucleus

(10)

]u+ ——(&3/2)yfisin(&3o]]t sin8])[sin(o]ot)]

X [a exp( i Q, t ) +—b exp( i Q b t ) ]—,
where

Q, =Q"+Q'= —,'Q]](3+f)cos8o,

Q], ——Q"—Q'= ,'Qo(3 ——f)cos8o.

Thus,

p=(&3/2)yfiWI [a cos(Q, t)+b cos(Q], t)]

Xx—[a sin(Q, t)+b sin(Qbt)]yI

(12)

where

The expectation value of the magnetic moment
is =y fi ( I ) is evaluated from

/ + =/ .+]t,=y&&P
I
I

The result is

]M+ ——&3yA'(C3/2C]/2+C ]/2C 3/2)+2yfiC]/2C ]/2 .

We drop the term 2yC*, &2C, &2, which has low frequen-
cies 0 and 20', because we are interested only in frequen-
cies near ~p. Evaluating the coeScients C we find

2

&=sin(&3o]]t sin8])sin(o]ot)

expresses the pulse -tipping angle" e=v'3~]t. sin81

D. Calculation of the quadrupole moments ( Q z )

We now calculate the expectation values of the quadru-
pole moment operators Q2, retaining only those terms
with frequency near o]0. From Eq. (3) we find

(Q2 ) = (Q I
3I, I(I +1)

I
Q), —

2I (2I —1)
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which involves only terms with frequency 0 and 20';

NB

—e
(C3/2 i/2 — i/2 3/2)V'2

rN —4.0 A

and

2&2
—i[a e '+b e ']R (13)

0

0
CI &I& j

r = 1.46 A

= X

e
(C3/2C i/2+Ci/2C 3/2)v'2

abR sin(Q't)exp[ i (Q"—t —$0)],v'2

where R =sin(v'3coit sin8i)cos(toot).

E. Computation of the electric field 4

(14)

(a)

FIG. 6. Bond lengths and angles for a single molecule of Na-
C103. (a) side view, (b) view of C103 ion from the +z direction.

iI)o
—— 5+2n /3

5+4m /3,

6,„=(—,')'/' —sli18cos8(g,')e '~+H. c. ,r4

8,e= —( —,')'/ —(cos 8—sin 8)(Q2 )e '&+H. c. ,
T

8,&
——( —,

' )'/2 —cos8( Q2 )e '~+ H. c. .
T

(15)

Equation (8) with b,m, =+2 yields the electric field com-
ponents produced by ( Qz ):

g,„=(3)' '—,sin'8(g', )e "&+Hc.

At this point we divide the calculation into two parts
by calculating the high-frequency responses from ( Q2

' )
and (Qz ) separately At .position coordinates r, 8,$ the
electric field 8, produced by ( Q2

' ) is obtained from Eq.
(g) with hm, =+1:

where each term on the right refers to one of the three
oxygen atoms in the C103 group. All other neighboring
atoms, including Na, are neglected since they are too far
away to provide a significant contribution to p( 8-1/r ).
The polarizability of the oxygen atoms is not necessarily
isotropic. One can deduce from the threefold symmetry
of the C103 group about the z axis that the polarizability
a has a principle axis along P. If the other principle axes
lie along 8 and r, then p„(il; )=a„@„(rl;),
pe(rt;)=aerie(rt;), and p&(g;)=a&6'&(g;). Since a„, ae,
and a& are unknown, we assume for simplicity that the
polarizability is isotropic and write p= g; aC(rt;), where
the summation is over the three oxygen atoms.

Before the various terms are summed, the dipole mo-
ment induced in each oxygen atom p(rt, ) is written in
Cartesian coordinates as follows:

p, (g; ) =p„(rt; )cos8 —pe(g; )sin8,

p„(rt; )+ip (rl; ) = [p„(rt; )sin8+pe(rt; )cos8+ip&(rl; )]e'~ .

Bee= —( —,') '/ —sin8cos8( Q2 )e '~+ H. c. ,
T

82~ ——( —,') '/ —sin8( Q2 )e 'i'+ H. c. .
T

F. Computation of the electric polarization
response for a single site

(16)

(a) Response from Qz term With 8;(.rl;) from Eq. (15)
and p(rt; ) =a@(rl; ) substituted into Eq. (17) one obtains

p „(i);) = ( —,
'

)
' —(Scos 8sin8 —sin8)

T

X & g,' &e -'~+H. c. ,

The electric dipole response p induced by a single Cl
atom is p= g, a;C(g;), where a; is the polarizability of
atom i located at position g; relative to the Cl nucleus.
Figure 6 shows the configuration of a single NaC103 mol-
ecule, giving the bond distances and angles. The angle 5
sh'own in Fig. 6(b) is the angle that the Na-Cl-0 plane
makes with the Na-Cl-x plane. The angle 5 depends on
the direction of H, since the x axis is defined by the
direction of H, . Thus

pi„(~, )+lpiy(n, )= (3Y)i/2 —4(5sin28cos8 —2cos8)
T

X((g,')e '~+H. c. )e'~ .

To sum the response we note that since the Cl-0 azimu-
thal angles P are at 120 with respect to one another,

+i/ y +2ig

and
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1=3, (18)

where the sum is taken over the positions of the three ox-
ygen atoms to give the total polarizability
p;= +3,p;(i);) with the components

p] ——0,

Q„Ab ). The electric polarizability p, also precesses
clockwise but is initially a maximum along the local y
axis. The polarizability pz is initially zero due to the can-
cellation of the frequency components 0, and Qb. How-
ever, each frequency component initially makes an angle
of 35—Po with respect to the +x axis and appears to pre-
cess in a counterclockwise direction.

p, „+ip, = 33/3/2 —
( 5 sin 8 cos8 —2 cos8) ( Q 3 ) .

7

We substitute ( Qi ) using Eq. (13) to give

p„+ip, »
= ik—,poR [ a exp( i A—, t)

+6 exp( i Ab—t)],

(19)

(20)

G. Computation of the total electric response

To compute the total response of the sample we must
sum the response for each molecule over all the molecules
in a sample. A unit cell' (shown in Fig. 3) consists of
four molecules of NaC103. The orientations of the four
molecules can be specified in terms of the direction of the
z axes relative to the crystal axes:

where, according to the parameters L90
——111' and ro =1.5

A in Fig. 6,

k, =(3v'3/4)(5 sin 8ocos80 —2 cos80) = —1. 10

and

po=eQa/ro .4

The value of k, was computed using the value of
Oo ——111'as shown in Fig. 6.

(b) Response from Qz term We use. Eqs. (16) and (17)
with p(rl; ) =a@(ri; ) to find components

pz, (ii, )= —( —', )' —5(sin 8)cos8(Q2)e '~+H. c. ,

p2„(g, )+ip2 (g;)= —( —', )' —5sin 8
T

z, =[1,1, 1]/3/3, z~=[1,—1, —I]/&3,
z3=[ —1, 1, —1]3/3, and z~=[ —1, —1, 1]/&3 .

The directions of the Cl—0 bonds can be specified with a
single parameter 50, the angle between the plane defined
by zi and the Cl(1)-O(1) direction and the plane defined

by the directions z, and zz. It is found that 50=+19.75'
depending on whether the crystal is the "right-handed"
isomer or the "left-handed" isomer (Fig. 7). In our exper-
iments the fields Ho and H

&
each point either along the

laboratory x' axis or in the opposite direction. For the
remainder of this calculation we assume that Ho and H,
point in the same direction (i.e., 8O=8, and $0=0) and
along the x' axis. To consider the case where Ho is re-
versed, we allow the magnitude of Ho to be negative
(Ho (0).

Application to Eq. (18) and

i 35 3 i35

yields

p2, ——0, (21)

1. Crystal (1,1,I) direction oriented along +x '

The situation where the crystal [111]direction is point-
ing along the I )x' axis is shown in Figs. 8(a) and 8(b)
for the two different sample orientations. First notice

Z)

p2, +ip2 =(—,'}' —3e' ( —5sin 8)(Qz)' .
r

We substitute the quantity (Qz )' given by Eq. (14) into
Eq. (21), to find

pzx + tp2y
———ik2poRab

&& I exp[i(Q, t+35 —Po)]

exp[i ( Ab—t +35—$0) ]I, (22}

where

kz ——(153/3/8)sin 8O ——2. 64 .

INa ( I)

Cl (I )

(a)

Z2

O(I)

CI ( I )

It is interesting to compare the electric responses p&
and p2 [Eqs. (20) and (22)] with the magnetic response
[Eq. (12)]. The magnetic moment It is initially a max-
imum along the local x axis and appears to precess clock-
wise (if one looks down upon the xy plane for positive

FIG. 7. Absolute orientation of NaC103 molecule: z& and z2

are the quantization axes for two Cl atoms in a unit cell. (a)
Side view, (b) view from the +z& direction. 50 is the angle be-
tween the Cl(1)—O(1) bond direction and z2 projected onto the
local x, -y, planes.
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HO, Hi, x' Ho, Ht. x' 70. 5

0 1 109.5

Z4

Z1
ik

Z2

Z3

Z1

Z2 Qo
——0, f =5.74,

a =0.413, b =0.587, ab = [+I0.492,

Q, = j+ I(1.46)QD, Q„=[+}(0.46)Q0,

50——( + ) 19.75',

60+~
5= '~

0

(23)

Z2

H0, H, . x'

fh

X1

cos35 =
I
+ ] cos35c = I + ] 0. 5 1,

sin35= t+]sin38c= I+](+ )0.86 .

The upper (lower) expressions in the braces I ] corre-
spond to [111]pointing along (against) x (see Fig. 8). The
upper (lower) expressions in the angular brackets ( )
refer to the right- (left-) handed enantiomer.

To sum the polarizations p resulting from all the Cl
atoms in the sample we first sum over four sites in one
unit cell. We note that

4 4

Z4

(c)

Z3

FIG. 8. Direction of local coordinate systems relative to the
laboratory x' axis for the crystal [111]direction along {a) +x ',

and (b) —x'. (c) Direction of local coordinate systems relative
to the laboratory x' axis for crystal [100]direction along x '.

that the site z& produces no response since it is not
affected by H, (Oi ——0). The other three sites zz, z3, and
z4 are all equivalent since they transform into each other
upon a rotation about the [1,1,1] axis. For sites 2, 3, and
4, the various parameters are

1=2

so that p does not contribute to the total response. The
total response in the x direction for one unit cell is along
the direction of H] and is

4

p„„;,„li——(sine, ) g p„=3(sin8&)p„.
1 =2

To obtain the total response from the sample we multiply
this expression by the effective number of unit cells
PNi4. In addition, we introduce a phenomenological
damping factor D(t) to account for spin-spin relaxation
and inhomogeneous broadening,

P =P, +Pz ,'PND(t)(sin9, )p„——=—0.71PN(p, „+pz„) .

Using Eqs. (20), (21), and (23) we find

and

p, = I3NpoD (t)sin(&—3co, t sin8, )cos(coot)[0. 32 sin(Q, t)+0.46 sin(Qbt)]

Pz =0.9113NpoD (t)R I cos(35c)[sin(Q, t) —sin(Qbt )]+sin(3QD)[cos(Q, t) —cos(Qbt)]]

= NpcD (t)sin(&3', t sin8, )cos(coot)

X I O. 46[sin( Q, t ) —sin( Qb t ) ]+ ( + )0.78[cos(Q, t ) —cos(Qb t ) ] ] .

(24)

(25)

(26)

We follow similar arguments to find the total magnetic
response

M (t }=—,'PN (sino, )p,

Figure 9 shows the plot for the particular combination
P(t) =1.2P, Pz, where P, and —Pz are given by Eqs. (24)
and (25}. The reason for this combination, to be applied
to our experimental results, will be given in Sec. V.

= —PNyfiD (t)sin(&3', t, sinO, )sin(coot)

&& [a cos(Q, t)+ b cos(Qb t)] . (27)

2. Crystal (IOO] direction along x'

The situation where the crystal [100] direction points
along x' is shown in Fig. 8(c). Here, there are two sets of
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c0
CCI

N

0)
C

(g) 1 1 1
1

I
1

unit cell (UC) is along the direction of H, and is

4

pUC=(sin8, ) y p„.
i=1

There is no contribution from Q2
' [Eq. (20)] since

gp =k,poRa g sin(I+ j&3Qct)=0 .

The induced dipole moment is therefore given entirely by
the Q2 term [Eq. (21)] as

p Uc
——(sin8i ) g k 2poRab [—sin( Q, t +35 ) + sin( 35)]

(b) 1 1 1

= (4.0}poR sin(35o}[1 co—s(&3Qot)], (29)

o 0
C5
N

t5
0
CL

0.2
I I

0.4 0.6
time (ms)

I

0.8 1.0

FIG. 9. Calculated free-induction signal response (arbitrary
amplitude) for HO=8. 8 G in crystal [111]direction along x':
(a) magnetization M ( t), (b) electric polarization P ( t).

P (t)= —(+ )0.86PEpoD (t)sin(&3', t~sin8, }

Xcos(riot)[1 —cos(&3Qot)],

and the magnetic response for the [100]orientation is

M(t}= 0.24PNyAD(t)sin(&3coit sin8, )

&& sin(riot)[2+cos(u'3Qot)] .

(30)

(31)

Both P(t) and M(t) for the [100] orientation are plotted
in Fig. 10.

where we have inserted the parameter values given in Eq.
(2S) and taken the sum over the four Cl atoms in a unit
cell. The total polarization is

equivalent sites, those for which cos8o & 0 (sites 1 and 2),
and those for which cos8o&0 (sites 3 and 4). The values
of the various parameters are as follows: 9O

——54.7' and
125.3' are the angles between x' and z],z2 directions and
z 3 z4 directions, respectively;

(a) 100

0
——0,
=3,

a = —,', b =—', , ab =I+j&2/3,

Q, = t+ j &3Qo, Qb ——0,
5,= &+ )19.7S, (28)

0
0
N

Q
C
Q)
CI5

E

(b) 100

5 =
60+ m.

cos(35) =
I
+ j cos(35 ) = [+j 0.51,

sin(35)= I+jsin(35o)= [+j0.86 .

The upper term in the square brackets refers to sites 1

and 2, and the lower term refers to sites 3 and 4. We
must sum over sites 1 —4. Since p =p and p =p we3'

1 P4

find

g p~y, . =0 and g p~y;=0,

0 0
65
N
L

R

0,2 0.4 0.6
time (ms)

I

0.8 1.0

i =1,2 i =3,4

so there is no contribution from p . We also note that
since p„=p and p =p, the total response for one

1 2 3 4

FIG. 10. Calculated free-induction signal response (arbitrary
amplitude) for HO=8. 8 G in crystal [100] direction along x':
(a) magnetization M(t), (b) electric polarization P(t).
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V. RESULTS AND DISCUSSION

We now compare the magnetic response M [Eqs. (27)
and (31)] with the electric response P [Eqs. (24), (26), and
(30)] and discuss whether they are in principle distin-
guishable. Common to both electric and magnetic signals
is the term sin(&3', t sin8, ). The tipping angle
a=v'3', t sin8, reflects the degree to which the excited
and ground states are mixed by the pulse. In addition,
both electric and magnetic signals oscillate rapidly at fre-
quency coo/2n(-. 30.7 MHz) indicated by the factor
sin(coot) in the magnetic signal and cos(coot) in the electric
signal. This difference in phase might lead one to think
that the magnetic and electric signals could be selected
individually by choosing the appropriate phase on the
phase sensitive detector. This is not the case, however,
because the coil that detects the magnetic signal
differentiates the signal, giving it the same phase as the
electric signal. In addition to an overall envelope decay
in a time T2 the rapidly oscillating electric and magnetic
signals are modulated at frequencies Q, and Qb, which
vary from 0 to 20 kHz in our experiments. It is this
modulation envelope that allows one to distinguish the
electric signal from the magnetic signal. For the case of
the [111]direction along x' [compare Eqs. (24) and (26)
with Eq. (27)] and the case of the [100]direction along x '

[compare Eq. (30) and Eq. (31)], the modulation en-
velopes of the magnetic and electric signals are different.
In addition, when HO=0, 0, and Qb are also zero [see
Eqs. (10) and (11)]and there is no electric signal, whereas
the magnetic signal remains. For arbitrary crystal orien-
tations there will in general be an electric response, even
in the absence of the external magnetic field Hp.

The above results suggest the following experimental
procedure. We choose a crystal orientation so that in the
absence of an external static magnetic field there is no
electric signal. Any signal that appears is therefore due
to stray magnetic induction. One adjusts inductor L, un-
til the signal is reduced to zero, indicating the absence of
magnetic pickup. We then apply the static magnetic field
and record the mixed-down electric signal. The signal
obtained by this procedure is shown in Fig. 11 for the
[111] direction along x' for Ho ——0 to +13 G. Figure
11(a) shows the result of balancing out the magnetic sig-
nal in zero field (note that a very small magnetic signal
remains). Also shown in Figs. 11(a)—11(i) are fits to the
data using Eqs. (24) and (26) for P, and P2. To make the
fit we first determined the function D (t) by the empirical
fit of a magnetic induction signal D (t) in zero field Ho =0
to that shown in Fig. 12(c). With this empirical deter-
mination of D(t) we varied Ho and the overall ampli-
tudes of P, and P2 to make the fit to the data. The values
of 0, and 0& are determined by Hp but the ratio 0, /0b
is fixed by the theory. Although our model predicts the
electric signal should be given by P =c,P, +c2P~, where
the parameter ratio c, /c2 ——+1, we measure the best fit
to be obtained for P =1.2P& —P2 and c, /c2 ———1.2. We
will discuss possible explanations for this discrepancy
after presenting the remaining data. The good quality of
the fits obtained with these parameters (involving Ho field
reversals and variations in magnetic signal leakage) gives

the correct functional form of the polarization induced
by Q2

—' and Q2 but not the correct amplitudes.
Figure 13 shows the signal obtained with three

different values of the inductive coupling for Hp ——0 and
Hp ——8.8 G. The total signal 4 can be written as
4= U(magnetic signal}+ V(electric signal) for some con-
stants U and V. As the amount of inductive coupling is
changed, we expect the amount of magnetic signal U to
vary but the amount of electric signal V to remain fixed.
To make the fits to Fig. 12 we first determined the
amount of magnetic signal by fitting the signal in zero
field (left figures). With this amount of magnetic cou-
pling, we adjusted the amount of electric signal to pro-
duce the best fit (right figures). While the amount of
magnetic signal U varied from + 7 units to —95 units
(scale arbitrary), the amount of electric signal V varied by
about 20%. The variation in V may have been due to a
slight change in the electric coupling, since the adjust-
ments of the inductor L, causes the top plate of the pick-
up capacitor to rotate slightly. Alternatively, it is possi-
ble that a change in the gain of the system occurred dur-
ing the time required for adjustment. By comparing Fig.
12(c) with Fig. 9(a) we see that even with the large mag-
netic coupling the electric signal still makes a significant
contribution to the overall signal.

When Ho is reversed, the signal changes its shape (Fig.
13). This same change in shape would occur if, instead of
reversing Hp, the sample were flipped 180 about an axis
perpendicular to x ', as one can prove using the
definitions II, = [+j(1.46)@HO and Qb ——[+](0.46)yH0
[Eq. (23}and Eqs. (24) and (26)]. However, one can show
in general for any sample orientation that the electric sig-
nal obtained after reversing Hp is the same as the signal
obtained after flipping the sample 180' about an axis per-
pendicular to x '.

If one knows the sample orientation and the direction
of Hp, one can distinguish the two possible enan-
tiomorphs of the sample. For example, if we assume that
both Ho and the [111]direction point along +x' then
both 0, and Q& are positive in Eq. (26). A fit of the data
would yield the relative sign ( [+] ) of the two terms on
the right side of Eq. (26) and therefore identify the enan-
tiomorph.

The experiment was also performed with the sample
[100]direction along x ', and the results are shown in Fig.
14 for several values of Hp. In this case we expect no
contribution from Qz, as discussed in Sec. IIIGb. A
visual inspection indicates that the calculated signal

(Dt)[1 —cos—(&30ot)] fits the data fairly well. When
Qp=yHp is reversed, however, the measured signal un-

dergoes a slight phase shift as indicated in Fig. 14, which
is not predicted by the theory. We have already stated
that reorientation of the sample 180 about an axis per-
pendicular to x ' is equivalent to reversing the direction of
Ho. Since the [100] direction is equivalent to the [100]
direction, such a reorientation can have no influence on
the signal. Therefore a reversal of the direction of Hp
can have no effect on the signal. However, a small phase
shift did appear due to imperfect alignment of the sample
or of the fields H, and Hp. This shift was easily incor-
porated into the fits by adding a small term proportional
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FIG. 11. Measured polarization signal envelope for the crystal [111]direction along x' for different values of Ho Smooth curves.
shows fits to P(t) =1.2P, —P„Eqs. {24)and (26). At Hp =0 the magnetization pickup signal is balanced out. For times &0. 1 ms the
circuit is recovering from the rf pulse.
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FIG. 13. Effect of static field reversal on electric polarization
signal for crystal [11 1] direction along x '.

to sin(&3Qot). These fits are shown in Fig. 14. The only
fitting parameter varied when we obtained the data in
Figs. 14(a)—14(d) was the value of Ho. An examination
of Eq. (30) indicates that for the crystal [100] direction
along x one can in principle distinguish the two possible
enantiomorphs of the sample. To make this distinction,
however, one must be able to determine the phase of the
signal (at too) relative to the phase of the applied rf pulse.
One can measure this phase by comparing the signal to a
magnetic induction signal picked up by a coil with known
helicity.

The experimental plots which compare to theoretical
curves in our discussion result from free-induction signals
induced in a tuned circuit, with response time of the cir-
cuit limited by the high figure of merit Q =1000—2000.
In addition, a slight misalignment of the NaC103 crystal
mixes in most importantly a very small phase distortion
of the expected signal. Therefore Figs. (11)—(14) show
plots of theory curves [linear combinations of P(t) and
M(t)] which are slightly shifted in phase to fit the experi-
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FIG. 14. Measured polarization signal envelopes for the crys-
tal [100] direction along x' for several values of Ho. Smooth
curves show fits to P(t) given by Eq. (30). For times (0.15 ms
the circuit is recovering from the rf pulse.

mental curves, amounting to time delays of about 0.01 to
0.02 ms.

We now return to the discussion of the discrepancy be-
tween theory and experiment in the relative amplitudes of
P, and Pz for the case of the [111]orientation. In our
calculation we have assumed that the atomic polarizabili-
ty is isotropic. A generalization of the theory to include
anisotropic polarizabilities affects the relative contribu-
tions to Qz+' and Q2 but not to a sufficient degree to ac-
count completely for the discrepancy. Let us consider
the very unlikely possibility that in our sample the oxy-
gen atoms are rotated 60' about the Cl—Na bond from
the positions given by the x-ray data' (i.e., 50—+50+60').
Under this transformation, cos(350) and sin(350) become
—cos(350) and —sin(350) and the sign of P2 in Eq. (25)
changes, removing the discrepancy. The above scenario,

presumably fictitious, gives one an idea of the sensitivity
of the signal to the polarizable environment of the quad-
rupole nuclei. One must realize that our calculation was
based on a model in which the atoms are located at
discrete points. A correct calculation of the signal re-
quires a model that properly takes into account the elec-
tronic wave functions of the C103 ion. There is no
reason to believe that the polarizable environment of the
Cl nucleus described by the "ball and stick" model is the
same as that described by the electronic wave functions.
For example, since 6'-1/r we expect the polarizable en-
vironment close to the Cl nucleus to dominate the signal.
On this basis the direction and magnitude of maximum
polarizability in the region close to the Cl nu'cleus may
differ from that in the direction of the Cl—0 chemical
bond. In view of the absence of a rigorous quantum-
mechanical analysis, one is restricted to using the polari-
zability model to account for the discrepancy in the [111]
crystal orientation data. '"

We can estimate the induced dipole moment p0 from
the data. Since the induced voltage across the total ca-
pacitance is V = PA, /C, we find

P =I/A, Q, coo .
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The current in the circuit I = V/R, is determined from
the SQUID calibration, and Q, = I/RtppC is determined
from the ring-down time of the circuit, as described in
the Appendix. For a tipping angle 1.4co0=6)&10 us-

ing Eq. (29) and the data in Fig. 14 we find pp = 3)& 10
esucm, an order-of-magnitude agreement with our a
priori estimate provided S= 1 —50.

In our experiment the choice of special crystal orienta-
tions to cancel out stray magnetic signals appears to be a
difficult requirement. In principle if the theory is known
for both electric and magnetic signal shapes, a fit of the
data to the theory can be carried out without the need for
canceling the stray magnetic signal. However, one can-
not rely entirely on the theory using the stick and ball po-
larization model, as found in our measurements of Na-
C103 for the (111)orientation. If it were possible for the
sample to contain a known concentration of spins with
I = —,', the magnetic signal from the precession of these
spins could serve to correct for the stray pickup in the
electric experiment. In a proposed electric experiment
(see Sec. VII), in systems involving two photon transi-
tions between states nominally separated by hm =+2,
the magnetic rf excitation of any allowed hm =+1 tran-
sitions (because of neighboring state admixtures) can pro-
vide magnetic signals for calibration of stray magnetic
pickup.

VI. STARK EFFECT BY EXTERNAL FIELDS

According to Eqs. (5) and (6) the induced electric di-
pole model may be applied to estimate the eFect of an
externally applied E field on the quadrupole resonance.
An oscillating field E (tp, t ) applied at the quadrupole
transition frequency co will induce atomic dipole mo-
ments in the neighborhood of nuclear-quadrupole mo-
ments Q. Oscillating electric field gradients from these
induced dipoles in turn will induce quadrupole transi-
tions. Alternatively it is convenient to express the quad-
rupole interaction in terms of applied field components
which couple at resonance with "oscillating" atomic elec-
tric dipole moments p& induced by nuclear-quadrupole
components Q . These dipole components may be evalu-
ated explicitly frotn Eqs. (19) and (21) in the calculation
for NaC103 as pt

——Rt Q2. Here 1=x,y, z refer to the
quadrupole coordinate frame, m =+1,+2, with Q2 re-
tained here in operator form, and Rl is the correspond-
ing coefficient. Thus for a single Cl-0 interaction the
perturbation may be written in a form similar to Eq. (3)
as

Hg ——e g g Rt Q2 E((tp, t) .
I m

According to Eq. (3) we may define hq2 (cp, t)
=Rt Et(tp, t) as the oscillating electric field gradient at
the site of the quadrupole moment, which is produced by
the induced dipole moment PI

Nuclear-quadrupole frequency shifts occur for con-
stant applied E fields, in which case the m =0 index must
be included above. As an example in which only m =0
applies, consider an external field E, =ED applied parallel
to the quadrupole axis of symmetry in the direction of the

Na~C1 bond. The frequency shift hv may be estimated
for the zero-field (B =0) transition b,m, =+—,'~+—', using
the formalism of Eq. (5). For a single Cl—0 bond

eaQ', S
~ Hg ~

= (E„+Ee) V—(3cos 0—1),

where Ee ———Epsin0, E„=Epcos8, Q2 is given in Eq. (7),
and we assume the polarizability n is isotropic. After
summing over three equivalent oxygen atoms, the
difFerence in

~ H& ~

for Q2 (m =+—,
'

) and Q2 (m =+—,
'

)

gives a positive frequency shift

9eaQpEpS
hv= (5 cos 8—3)cos9=1.9S,

2Wr4

in which we use the parameters for NaC103 applied ear-
lier, and take Ep ——1000 V/cm. The choice of S=50 as a
reasonable value of the Sternheimer factor yields
Av=100 s '/kV as an estimate close to the value which
has been observed.

VII. FUTURE DIRECTIONS AND CONCLUSIONS

As stated previously the observation of the
quadrupole-induced electric dipole does not necessarily
require a dc SQUID at liquid-helium temperatures. If we
were to perform the experiment at liquid-nitrogen tem-
perature (T =77 K) using a low-noise room-temperature
amplifier with a noise temperature of about 100 K, the
signal power would be reduced from that of our experi-
ment by a factor ( —',,') =400, and the noise power
would increase by the factor '~ =25. The signal-to-noise
ratio would therefore be about 10 less in power than that
in our experiment for a single pulse of the same tipping
angle. Given, however, that T, for NaC103 ( =1 s) at 77
K is 10 times shorter than the T~ (=20 min) at 4.2 K,
the signal-to-noise ratio per unit time would be reduced
from the value in our experiments by only a factor of 10
in power, or a factor of 3 in voltage (in this estimate we
have not considered the lower Q or increased losses that
would occur at liquid-nitrogen temperatures). The ability
to perform the measurement at liquid-nitrogen tempera-
ture is important for samples where T& at 4.2 K is so long
that it would be impossible to perform the experiment.

We now discuss two possible extensions of our experi-
ment. One variation would be to observe the electric sig-
nal from a system with spin I & —, in a high magnetic field

Hp (1 flHp ))eqQ), where the levels are unequally spaced.
After a rf pulse is applied at a frequency coo, exciting a
two photon transition, ' the superposition of states
separated by Am =+2 results in a quadrupole-induced
electric signal of the form Q2 at frequency 2cop. Hence
one avoids the stray magnetic induction signal at top (cor-
responding to b, m =+1), and is required to cancel out a
very small contribution at 2mo arising from state mixing.
The relaxation times T, and T2 of the electric signal
would be di8'erent from the relaxation of the magnetic
FID signal which pertains to Am =+1 transitions.

For the second extension, we note that since the capa-
citor containing the sample is part of a tuned circuit, the
electric polarization signal results in dissipation of energy
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in the resistor R; in the circuit as pointed out in Sec. II B.
This loss of energy from the spins must be accompanied
by nuclear-spin transitions from the excited state to the
ground state. These transitions must be due to the back-
reaction of the circuit by means of an oscillating electric
field across the sample. Just as this electric field causes
transitions by polarizing atoms in the sample, one could
in turn apply oscillating electric field gradients indirectly
to the quadrupoles as discussed in Sec. VI. A pulsed "re-
ciprocal" experiment is possible in which one applies an
electric field at cop (or 2tpp), inducing quadrupole transi-
tions. After the electric pulse these transitions may be
monitored by observing a magnetic induction signal or a
decrease in polarization, as observed by Tantilla and co-
workers. The application of the oscillating electric field

may be accompanied by spurious oscillating stray mag-
netic field, which may produce Am =+1 transitions. One
can perform the experiment only if one distinguishes the
effect of the applied magnetic and electric fields, perhaps
by observing the shape of the magnetic induction signal
after an initial rf electric field pulse, or by applying the
pulse at a frequency where hm =+1 transitions are high-
ly improbable or absent.

In summary, the reciprocal Stark effect in spin reso-
nance has been observed in terms of FID electric signals
emitted by an ensemble of precessing nuclear-quadrupole
moments. After these moments are placed into superpo-
sition states by a rf magnetic field pulse, they induce
coherent oscillations of atomic polarization in a noncen-
trosymmetric crystal. The summation of these polariza-
tions over the excess Boltzmann spin population provides
macroscopic electric signals from the sample placed be-
tween the plates of a capacitor in a tuned circuit. Experi-
ments on the NQR of Cl in a NaC103 single crystal
show Zeeman beat patterns for the electric signal which
are different from the magnetic FID Zeeman beat pat-
terns. Stray magnetic induction signals are canceled out
by a series pickup coil in proximity to the sample, leaving
out the electric signal. By proper choice of the orienta-
tions of the single crystal of NaC103 in our experiment
we achieved this cancellation because the electric signal
vanishes in the absence of a Zeeman field, while the stray
magnetic signal remains to be canceled. This procedure
was necessary in the case of NQR where the level separa-
tion provides a single frequency at which both electric
and magnetic signals occur for hm =+1 and hm =+2
transitions. In high magnetic fields involving systems
with more than two levels, one may excite magnetic two
photon transitions and thus observe electric signals corre-
sponding to bm =+2. This approach should allow for
isolation from stray magnetic signals by several orders of
magnitude. In this case it appears that measurements of
the electric signal from powdered samples would be best
carried out.

Although the electric signal is smaller than the mag-
netic signal, there is in general sufficient signal power to
allow measurements at higher temperatures with conven-
tional amplifiers. The signal signature is indicative of the
local polarizability of near-neighbor atoms and their
structure, and is particularly sensitive to bond angles.
The single-crystal Zeeman beat pattern of the NQR-

induced electric signal predicts the identification of crys-
tal enantiomorphs, provided one knows the crystal struc-
ture and the polarizability of the wave functions. Given
the appropriate nucleus and noncentrosymmetric crystal
structure, the electric signal can serve as a monitor of lo-
cal atomic rearrangements and fluctuations —a supple-
mentary source of data to that provided by the effect of
electric quadrupole interactions on magnetic signal stud-
ies. Phase transitions, charge density waves, or charge
carriers produced by means external to the crystal are ex-
amples of phenomena that can be studied by the recipro-
cal Stark electric signal.
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APPENDIX

A quantitative estimate of the electric polarization sig-
nal P is made from measurement of the signal at the out-
put of the mixer (see Fig. 1). The induced voltage across
the total circuit capacitance is given by V=PA, /C,
where A, is the area of the sample in the sample capaci-
tor (see Fig. 1), and C is the total circuit capacitance.
The current I = V/R, through the SQUID input coil can
be written as

I =PA, Qtpp,

where Q = I /R cppC is the quality factor of the circuit and

cop is the circuit resonant frequency (assumed to be equal
to the signal frequency). The circuit Q is measured by in-
jecting a small rf pulse into the circuit through the
transmitter coil and recording the ring-down time
r =Q/cop.

The current amplified by the SQUID can be calibrated
by making use of the saturation properties of the
SQUID. We assume that the voltage across the SQUID
is sinusoidal in the input flux so that V
= Vpslll(2%4/4p). Given an input fiux /=4 sin(tot),
where 4 is a slowly varying function of time, the voltage
is V(t) = Vpsin[2~4 sin(cot)/@p]. The amplitude of V(t)
at frequency co is

V = —f Vpsin[2m4 sin( r) ) /+p]sing d g

where g =cot. We apply the general rule

sin(z sing ) =2 g J„(z)sin( n r) )
n=1

to obtain

V=2Vp J, (2m4/4p),



8624 SLEATOR, HAHN, HEANEY, HILBERT, AND CLARKE 38

where J„ is the nth-order Bessel function. The first max-
imum occurs at 4=0.29+o and the second minimum is
at 0&=0.61@o. Since I/0&=1/a(L;L)' =1.7 pA/4o we
have I= (1.7 pA)4/4o, where I =I sin(cot); thus the first
maximum occurs at I =0.5 pA. The following procedure
was used to calibrate the input current. A small signal,

0.5 pA peak to peak, was injected into the input circuit
through the transmitter coil to produce the first max-
imum in the SQUID output. The injected signal was re-
duced by a factor of 10 to 0.05 pA, a current range over
which the response of the SQUID is approximately
linear.

'G. W. Ludwig and H. H. Woodbury, Phys. Rev. Lett. 7, 240
(1961); A. Abragam and B. Bleaney, Electron Paramagnetic
Resonance of Transition Ions (Clarendon, Oxford, 1970), pp.
209—216 and 659—664.

2N. Bloembergen, in Proceedings of the XI Colloque Ampere
Conference on Electric and Magnetic Resonance, Eindhoven,
1962, edited by J. Smidt (North-Holland, Amsterdam, 1963),
p. 39; F. A. Collins and N. Bloembergen, J. Chem. Phys. 40,
3479 (1961).

J. W. Culvahouse, David P. Schinke, and Donald L. Foster,
Phys. Rev. Lett. 18, 117 (1967); E. Brun, R. Harm, W. Pierce,
and W. H. Tantilla, ibid. 8, 365 (1962).

4Tycho Sleator, Erwin L. Hahn, Michael B. Heaney, Claude
Hilbert, and John Clarke, Phys. Rev. Lett. 57, 2756 (1986).

5C. Hilbert and J. Clarke, Appl. Phys. Lett. 43, 694 (1983);
IEEE Trans. Magn. 21, 1029 (1985); J. Low Temp. Phys. 61,
263 (1985).

6R. W. Dixon, in Proceedings of the XIII Colloque Ampere, Ein
dhouen, 1964, edited by L. Van Gerven (North-Holland, Am-
sterdam, 1965), p. 213; L. Duchesne, M. Read, and P. Cornil,
J. Phys. Chem. Solids 24, 1333 (1963).

7R. M. Sternheimer, Phys. Rev. 95, 736 (1954). An ab initio cal-
culation for the Cl—0 bond would predict an induced elec-
tric dipole moment as well as an enhancement of the Cl
nuclear-quadrupole moment.

8N. Bloembergen and R. V. Pound, Phys. Rev. 95, 9 (1954).
M. Bloom and M. A. LeGros, Can. J. Phys. 64, 1522 (1986).

' C. Hilbert, J. Clarke, T. Sleator, and E. L. Hahn, Appl ~ Phys.
Lett. 47, 263 (1985).

' M. Bloom, E. L. Hahn, and B. Herzog, Phys. Rev. 97, 1699
(1955).

'2C. P. Slichter, Principles of Magnetic Resonance, 2nd ed.
(Springer-Verlag, Berlin, 1978), Chap. 9; J. D. Jackson, Clas-

sical Electrodynamics, 2nd ed. (Wiley, New York, 1975), p.
136; C. Cohen-Tannoudji, B. Diu, and F. Laloe, Quantum
Mechanics (Wiley-Interscience, New York, 1977), p. 1064.
Different authors use different conventions for Q2. The
choice of convention is arbitrary provided the expression for
the potential [Eq. (8)] is consistent with the definitions of the
quadrupole moment operators [Eq. (7)].

' W. H. Zachariasen, Z. Kristallogr. Mineral. 71, 517 (1929); G.
N. Ramachandran and K. S. Chandrasekaran, Acta Crystal-
logr. 10, 671 (1957); M. E. Burke-Laing and K. N. Trueblood,
Acta Crystallogr. , Sect. B 33, 2698 (1977); S. C. Abrahams
and J. L. Bernstein, ibid. 33, 3601 (1977).

' The sign and magnitude of the induced dipole effect have been
calculated quantum mechanically for the HD molecule as a
test case. A molecular orbital (MO) calculation at the equi-
librium H—D bond distance of 0.74 A has been carried out
by R. A. Harris, C. J. Grayce, and Erwin L. Hahn, Chem.
Phys. Lett. 147, 443 (1988). The dipole moment induced by
the D nuclear-quadrupole moment (0.0027 b) in the molecule
is evaluated. Numerical results in first order give an induced
dipole moment p = —1.9)& 10 " D, assuming a time-
independent quadrupole interaction due to the Q2 term. In
the asymptotic limit of the MO method, extended to the equi-
librium bond distance, the induced moment becomes

p =+1.7)(10 D, as expected according to the stick and
ball model. Although in this example the quadrupole-
induced dipole effect would be too small to measure, it is
confirmed that the minus sign for the value of p can be pre-
dicted by the MO method as opposite to the sign required by
the stick and ball model.

' H. Hatanaka, T. Teraar, and T. Hashi, J. Phys. Soc. Jpn. 39,
835 (1975); D. G. Gold and E. L. Hahn, Phys. Rev. A 16, 324
(1977).


