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Values of e~ are included in Table I aIMI are seen to be
smaller than the experimental activation energies by a
factor of almost two. However, as Price was careful to
point out, there are many uncertainties in the theo-
retical development of the Mott model.

Finally, we draw attention to the fact that our ex-
perimental activation energies are derived empirically
from the specific resistivity, which depends upon both
the density of carriers and the mobility, so that, if the
mobility is a strong function of temperature, the activa-
tion energy relevant to the density of carriers is difer-
ent. If, for example, the mobility were to vary as 1/T,
as suggested by Conwell, 9 then the activation energies

for the density of carriers alone would be about 15%
larger than the values we have quoted.
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Pulsed Nuclear Resonance Spectroscopy*

M. EMSHWILLERp E. L. HAHN, AND D. KAPLANf
Department of Physics, University of Cabfornia, Berhetey, Catifornlt

(Received November 2, 1959)

A technique for the detection of weak nuclear resonance interactions in solids is carried out by a pulsed
method which obtains nuclear double resonance. The resonance of the unknown species to be detected does
not require a Boltzmann population difference in spin orientation, but must have a sufBcient dipole-dipole
interaction with a second spin species. At resonance, a single 180' pulse reorients the unknown spins at the
time of the 180' pulse in the 90'-180' pulse sequence necessary to obtain the observed spin-echo signal of
the second species. A reduction of the spin-echo signal signifies double resonance due to changes in local
dipolar fields, coupled to the observed spins, which scrambles their precessional phases. Nuclear quadrupole
coupling interactions of K, Cs, and Rb isotopes are measured in the chlorates of these ions, where the Cl3~

nucleus provides the observed nuclear quadrupole echo. An analysis is presented for the case of low con-
centration of unknown spin species. Double quantum transitions and special properties of nuclear quadrupole
spectra are observed.

A SENSITIVE method for the detection of weak
nuclear resonance interactions is successful in

solids where strong spin-echo signals can be observed.
This is carried out by observing the change in spin-echo
dipolar relaxation of a spin group A, due to the effect of
the pulsed resonance of a nuclear neighbor (spin group
f3) obtained in the same crystal. ' The particular experi-
ments reported here deal with pure quadrupole reso-
nance, 2 but the principles involved apply to any spin
resonance system satisfying certain requirements. At
all times, the relaxation of the A spins is observed in
terms of the attenuation of a two-pulse 90 —180' spin-
echo amplitude. The B spins are subjected to double
resonance by the action of a single pulse. They may
also undergo a continuous rf (radio-frequency) excita-
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tion, ' which is less effective and hence has not been
used for the purposes of spectroscopy reported here.
The A spins are particularly sensitive to any disturbance
of the Larmor frequency and phase re,tionships which
are necessary for spin-echo formation. For a given time
spacing r between 90' and 180' pulses, the echo ampli-
tude at time 2v for the A spins will correspond to a cer-
tain degree of phase memory. If the A-8 dipole-dipole
coupling is modulated or suddenly changed by double
resonance, phase relations are upset and the echo ampli-
tude is modiied. In the case of pulsed double resonance
in solids, the echo is reduced in amplitude.

L PULSED DOUBLE RESONANCE IN LIQUIDS

The effect of pulsed double resonance is clearly indi-
cated by the study of proton (A-spin) echoes coupled
to phosphorus nuclei (8 spins) in an aqueous solution
of phosphorous acid, HPO(OH) s. The indirect spin-spin
interaction occurs between H and P nuclei in the HPO
group, described by JIB Ip in frequency units, where I
is the spin operator, and J/2sr=708 cps (cycles per

' B.Herzog and E. L. Hahn, Phys. Rev. 103, 148 (1956).
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second) is known. ' The H concentration involved in the
coupling is about g of the total proton concentration in
the sample used. A 90'—180' double-pulse sequence is
applied to obtain the proton echo, and a third pulse is
applied at the P resonance at a time t' with r'espect to
the Grst 90' proton pulse. Consider only the macro-
scopic magnetic moment Mo due to those protons
coupled to the phosphorus, and let them have an off-
resonance angular frequency hew with respect to a frame
of reference rotating at a Larmor frequency ~~ in the
absence of J coupling. In the time interval from 0
to t', one-half of the protons precess at a frequency
5&o+J/2 in this frame, and the other half precess at
a frequency d,&o

—J/2 because of the J coupling due
to two possible orientations of P nuclei with spin Ip= 2.
Let the P nuclei be excited into a superposition of
these two states by action of a 8 pulse at t', where
8=+pIIyk, Hy is the rf Geld intensity of the rotating
component, yp is the phosphorus gyromagnetic ratio,
and t„is the pulse width. A simple solution to the
time-dependent Schrod. inger equation leads to the
result' that the fraction of P nuclei which undergo the
quantum transition (&—', —& %sr) is P=sin'(8/2), and
the fraction which remains unchanged in orientation
(&rs—+ &—', ) is n= cos'(0/2). If,we let t'= r and neglect
relaxation, the proton echo calculation' yields, for t~ r,

Vx (t) =—iVo(expL —s(pro+ sJ)r3
X{nexpLs(ace+-', J)(t- r) $
+p expLs(~~ —-'J) (t—r)j}
+exp/ —s(hco —-', J)rj
X{nexp[i(Da& sr J) (t——r)$

+P exp(s(tlco+-', J) (t—r)j}). (1)

At $=2r, the proton echo maximum is

V~(2r) =No(n+P cosJr), (2)

which is a convenient formula to apply when v is varied.
If t'/v, then

Vg(2r) =MoLn+p cosJ(r i
r t'i)$ (3—)

is convenient when t' is varied in the experiment. The
measurement indicated by Fig. 1 was carried out for a

8=180' pulse (n=0, p=1) by superposition of photo-
graphs of the proton echo for a range of t' values. The
beat modulation due to the coupled protons is propor-
tional to the function cosJt' for t'~7, which undergoes
a phase shift of Jr at t'= ~.

By extending the above calculation to a system of
E neighbors of type 8 with I=-,', the echo amplitude
of the A spins is given by

N

Vg(2r) =M'o g (n+P cosJ;7). (4)

For large X, n= 0, and P=1, the average echo amplitude
is given roughly by

(VA(2r))Av Mo exp( —reJ&„/2),

where JA„'is the mean-square average of J,. For a con-
figuration of 8 spins with I~&—

„

it is convenient to use
the Majorana-Bloch-Rabi formula' for evaluating
transition probabilities which play the role of n and P
in the above case.

The effects of the tensor dipole-dipole interaction in
solids cannot be given the straightforward treatment,
which leads to the result given by Eq. (4). We see,
however, that the observed echo, which is inQuenced
by the double resonance, is made up of a superposition
of component echoes, where each echo has a given phase
determined by one of a distribution of local fields caused
by neighboring 8 spins. For a general spatial distribu-
tion of many neighbors, the value of V&(2r) is always
smaller than its value for p=0 and n=1 (when the
double resonance is not obtained).

In former spin-echo modulation experiments in
liquids, the double resonance effect was essentially
taking place. In those experiments, two inequivalent
proton groups, having different chemical shifts defined
as b&—62=b, also displayed a J interaction. For the
condition 8))J, the above calculation predicts the be-
havior of the echo modulation, if one group is first
looked upon as the A spins and the other group as the
8 spins. Finally, the signal from this calculation must
be added to the signal obtained when the roles of these
groups are reversed, and the observed spin-echo modu-
lation is obtained.

FIG. 1. Modulation of proton echo envelope due to double
resonance' of P nuclei in HPO(OH)z as a function of time t' Lsee
Eq. (3)g. The oscillogram pattern extends over a total time of
10 milliseconds. The phase shift occurs at a time r=6.2 mBli-
seconds. Zero echo amplitude baseline is below the oscilloscope
face.

'H. S. Gutowsky, D. W. McCall, and C. P. Slichter, J. Chem.
Phys. 21, 279 (1953).

~ I. I. Rabi, Phys. Rev. 51, 652 (193'/).' E. L. Hahn and D. E. Maxwell, Phys. Rev. 88, 10'IO (1952);
E.L. Hahn, Phys. Rev. 80, 580 (1950).

II. PULSED DOUBLE RESONANCE IN SOLIDS

In our spectroscopy experiments, single crystals or
the powder form of the alkali chlorates have been
studied, where the CP' echo. was observed as the A
group, and the 8 spins included Na'3 K~ K4' Cs"3,
Rb ', and Rb". A pulsed pure quadrupole resonance
search-was made for the alkali ion by varying the carrier
frequency v& of a 180 pulse, applied at time v', when a
180' pulse was also applied to the CP' spins. The CPS

quadrupole resonance in the C103 group occurs' in the
7 F. Bloch and I. I. Rabi, Revs. Modern Phys. 17, 237 (1945).
T. P. Das and K. L. Hahn,

'
SOHd-Sgete I'byes, edited by

F. Seitz and D. Turnbull (Academic Press, New York, 1958),
Suppl. 1, p. 102.
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FIG. 2. Double resonance pulse e8ect of spin echo attenuation.
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(2r) = P (hA B) cos (7AkA B ' 2 &)vthA B

=exp( —2(h~iv')A. r'), (5)

where (b~~s)Av (y~ (h~iv')A„) is the second——moment of
the A resonance line. This model can be extended to
include the static dipolar coupling involving A—A, A—8,
and A—8' types of interaction, where 8' is a third spin

range of 20 to 35 Mc/sec, whereas viv occurs below one
megacycle/second.

A simple description of the double resonance eGect
in solids can be given in terms of the spin-echo vector
model. First, all effects due to Ts (mutual spin-spin
fiipping) and Ti (spin-lattice) relaxation times are
neglected. Let static local magnetic ields at A spin
sites originate from the s components of magnetic
moments p,~ of unlike neighboring 8 spins. Assume all
spins are quantized in the direction of a strong external
6eM. To a first approximation, this can be realized for
A-8 spins occurring in isolated pairs, where each pair
has a random distance of separation r~~ about a mean,
so that there is a distribution in local ield h+Iv pIv/rg JP
at the A sites, giving an inhomogeneously broadened
line. Figure 2 indicates a 90'—180' pulse sequence
(1+2) acting on the A spins, which causes the normal
rephasing of particular moment vectors rr and p contri-
buting to the spin-echo amplitude Egs(2r) = 1 at t =2r.
If, howev'er, a 180' pulse is applied to the 8 spins
(pulse 3) at time r, all local fields kgiv at the A-spin
sites reverse sign, as viewed in the frame of reference
rotating at Larmor frequency v& of the A spins. Con-
sequently, the reversal of phase of the A spins made
possible by the 180' pulse (pulse 2) is prevented by
pulse 3.The spin echo therefore disappears, and the free-
induction signal remains after pulse 1 (indicated by
the dotted curve in Fig. 2). If we assume a Gaussian
distribution,

P(&») = (2w(hAB')sv) ' expL —(&AB'/2(&AB')Av)],

in the local 6eld, the free-induction signal amplitude
which remains at t=2r is given by

species. Now the application of pulses 1 and 2 alone
implies a virtual double resonance acting on the A spins,
because the local field component h~~ p~/r~zs changes
sign. The echo signal amplitude at t=2v is then given by

V(2r) =Eggiv (2r)Tgg(2r) v (6)

where E»g (2r) =1 is the normalized echo amplitude
if the A —A interaction is absent. If A spins are present
only, Tzz(2r) =exp) —(8&s)A„(2r)'/2j would be the
observed free precession signal following a single 90'
pulse, where (vI&')Av ——y&'(hag )Av. Later, when spin-spin
relaxation is considered, Kq. (6) will have Ezzrv (2r) (1,
and the A echo also is severely limited in amplitude by
T~~(2r), which still behaves very much the same as
above. Obviously, in a sample containing only a single
species of A spins, it is impossible to obtain a 90 —180
echo. This can be rigorously shown, even in the presence
of spin-spin relaxation. However, an echo somewhat re-
duced in amplitude wouM occur with application of a
90'—8 pulse sequence, where 8/e+ and e is an integer.

H the pulses 1+2+3 are applied, where 3 excites
the 8 system, a later analysis will show that the A echo
is given by

Vd(2T) =EBB& (2'T) TAB(2r) TAA (2r) .(7)
The echo given by V(2r) is reduced by double resonance
to an amplitude Vq(2r) because of the attenuation
mainly due to Tzs(2r) =exp( —2(biz')Avr'). The reso-
nance of the 8 system is measured as a function of v&

when the difference between (6) and (7),
AV= V(2r) —Vg(2r), (8)

is a maximum.

III. EFFECT OF RELAXATION ON THE
DOUBLE RESONANCE

A rigorous description of spin echoes in solids which
includes spin-spin relaxation is an unsolved problem,
while the rigorous treatment of the eGect of double
resonance would be even more dificult. Lowe and Nor-
berg' have treated in a rigorous fashion the case of free
precession following a sharp 90' pulse in pure magnetic
resonance. Instead an expression is formulated here for
the echo in terms of the properties of the free precession
signal following a 90' pulse by applying methods of
correlation function theory.

Consider a collection of A spins throughout the sample
which precess in phase after a 90' pulse at an initial
angular frequency 8(0) at t=0. At some later time,
this frequency will assume another value 8(t) because
of spin-spin interactions caused by coupling with all

types of neighbors. Here TI is assumed to be in6nite.
In this case, the relevant dipolar Hamiltonian for an
A—8 system is

Kgg ——Q (C;sI; Is+D;I?„I.s)+ Q. (Cv'g, Iv' . Ip
k&g Qr) ~'r

+Dv's I*pl.s )+Z E,s I.;I.s, (9)

' I. I. Lowe and R. E. Norberg, Phys. Rev. 107, 46 (1957).
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where

and

C s ——(yzhtz'r s s/2) (3 cos'8, s —1),

D s= —-sy'A'r;s '(3 cos'hl;s —1)i

2r

(10) E/n (2r)= expi J
bn (t')dt'

(11)
biz (t')dt', (19)

pa t

S(t) =exp i~" h(t')Ch',
0

(13)

in the frame of reference rotating at frequency v~. The
average value of S(t) over the spin ensemble, written
as (S(t))=T(t), expresses the measured free-precession
signal. Let

h(t ) =h&(h )+b&(h )+h&'(t ) (14)

which assumes that the Larmor frequency h(t') in the
moving frame is a superposition of local fields caused
by neighboring A, 8, and 8' spins. At t=r, the 180
pulse acting only upon the A spins imposes the trans-
formation in the phase Lexcluding the sign reversal of
h~(r)j of Eq. (13) as follows:

r T

exp +iJ h(t')Ck' —+exp i 5(t')dt' . (1—5)
0 J 0

E,s = (1—3 cos'hl;s. )yy'iz'r;s (12)

Radius vector r;k is the line joining the two spins, which
makes an angle 8jI, with respect to the axis of quantiza-
tion. The jk and j'k' terms refer to the A and 8 spins,
respectively, and the jk' terms refer to coupling between
A and 8 spins. The extension of this Hamiltonian to
include a second 8' foreign species is obvious. The
Quctuations in b(t) occur because the terms involving

Cj Ig and Cj g do not allow the Hamiltonian 3C~tj to
commute with the operators I„I,~, I„'I,~ and I„I,~ .

The transverse magnetic moment of a group of A
spins characterized by h(0) at t=0 can be written as

Av

pzr

Tgg (2r) = exp i
J

b~ (t')dh
0 ~ Av

(20)

Equations (18), (19), and. (20) are written as averages,
if we assume that these terms are uncorrelated. For no
double resonance in this case, the echo V(2r) appears
to be a product of three virtual signals: the two signals
E»(2r) and E» (2r) appear to be individual echo
terms due to the presence of 8 and 8' spins only, with
the A—A interaction absent; and the third signal
T~~(2r) is the free-precession A signal term which
occurs for the A—A interaction present and the A—8,
A—8' interactions absent. Here, the statement "inter-
actions absent" means only the expressions given
formally above. For example, the frequency bz(t'),
which expresses the A—A interaction, is actually
modified by the local fields of 8 and 8' through the
effect of the C, D, and E terms in (9).

If we obtain the 8-spin double resonance with a 180'
pulse and formulate AV according to (8), we obtain

6V= [E~Ir(2r) T~Jr(2r) jE~—~i(2r) T~g(2r), (21)

where T~n(2r) =(expLz Js"b~ii(t')dt'j). Consider the
case where we wish to detect a very low concentration
of 8 spins compared to a much higher concentration of
8' and A spins. The line width of the A resonance is
therefore determined mainly by A and 8'. Here, the
echo measurement is made at a time 27. such that the
exponential terms E»(2r) and T»(2r) are not much
smaller than unity. Upon expanding these functions
to first order, noting that they must be even functions,
the coherence

For t) r, the average transverse magnetic moment, de-
6ned by the average of (13), is written as V(t) to define
the observed echo, rather than T(t), namely,

Egin(2r) Tgii(2r)—
f2 r

h„g(t') dt'
J,T r+t

JV(t) = exp —'
I

- Av

z
J

b(t )Ch exp +z

0

hyper(t')dt' h~ii(t')dt' (22)
T - Av

bg h' +bii t' +h—n t' dt . 16
results. It can be shown' easily that the second average
above can be written as

Note that a minus sign prefixes the term B~(t') because
the local field due to A spins is reversed by the 180'
pulse. The echo at t=2r can be written as

2T -2 -2

hgs(t')dt —4 4n(t')Ch' . (23)
0 - Av 0 - Av

where

V(2r) =E»(2r)E»i (2r) Tg~(2r), (jy) Therefore,
r -2

" -(') ' -( ) -( ). ( )
0 - Av

, (18)
Av

E~n(2r) = exp i ii bn(h')dt' bhr(h')dt'—
. "T 40

I A. Abragam, Cours sur les phenomenes lids a la resonance
magnetique (Notes), Saclay, France (unpublished).
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V. PURE QUADRUPOLE RESONANCE

Excitation of pure quadrupole coupled B nuclei with
spin I& 2 produces special eGects upon the A-spin echo.
Consider the case I~=~, where q is an axial electric
field gradient, and Q is the nuclear quadrupole moment.
In the presence of a magnetic Geld Hp such that
T'ItIaHp«eqQ, two energy levels occur for each value
of es& —,':

Ey =A! 3tn' —I(I+1)7+mkTH cpos8, (29)

where A = e qQ/4I(2I+1) and 8 is the angle between the
direction of Hp and the axis of quantization. These
energies correspond to pure states f+ and f respec-
tively. In general, mixed states are obtained in place of
pure m= ~2 states, given by

$~=fyt SIIlit&lP~ cosg,

having energy eigenvalues,

E~——AH —I(I+1)7%(f/2)TAH p cos8, (31)
where

f=$1+(I+~)' tan'87&

tan ~= L(f+1)/(f—1)7'.

A 280 pulse applied at the B-spin resonance frequency
co(m~ rw+1) = (3A/h)(2!m!+1) can pick out, at most,
I—

~ resonance transitions. These transitions are dipolar
Geld broadened by an amount of hH due to neighbors,
and may be strain broadened in addition because of a
distribution in q. An externally applied Geld Hp will
produce discrete Zeeman splitting, particularly for
single crystals, but there is evidence of discrete lines,
to be shown later, in the case of powdered samples
because of the preferential excitation of the rf Geld H~g
upon crystallites oriented in a specific direction with
respect to Hp. If the 280' pulse width t„is suKciently
shortP so that V3TsHit~= pr (for I= 2P) and 1/t~)&y~Hp,
y~hH, then the double resonance of the A spins, seen
in terms of AV(~Li) =1—Vq(2r), measures a broad line
having a width 1/t~. The chlorine echo in the absence
of double resonance is normalized to unity. In single
crystals, where the intensity and. direction of H» can
be made the same for all B nuclei in certain salts, such
as K in KClOp, Fourier components of the pulse appear
in the function hV(vz), as the frequency i s of the pulse
changes slowly through the line. This structure will be
discussed further in the next section.

Assume that the axes of quantization of the A and I3
spins are the same, which is the case for K and Rb
chlorate and nearly so for Cs chlorate. A 180' pulse
that excites the cp(tN ~ms+1) transition for m)-,' causes
the s component of local Geld at the A nucleus to
change by

AH, =&T~AIs (1—3 cos'8~~)/r~~' (32).
When the pulse excites transitions between states f~t
and the mixed states f~, a more complicated change in

VI. EXPERIMENTAL RESULTS

A block diagram of the apparatus is shown in Fig. 4.
The instrumentation is essentially the same as that
used in early double resonance experiments, ' except that
the B coil is now' excited by pulses, and a signal-inte-
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Fxo. 4. Double quadrupole resonance apparatus,

local Geld occurs. Assume that a sufficiently large
external Geld Hp is applied so that a given pair of A—B
spins are decoupled insofar as transitions f+~P are
concerned. The orientation of a B nucleus in either of
the mixed states P+ is such that m=+2' and tv= —

p

are no longer good quantum numbers which describe
constant projections of angular momentum along the
quadrupole s axis of quantization. The unitary trans-
formation T=e' y "&, which carries out a rotation of
angle 2p about the y axis, deGnes a new z' axis of
quantization at an angle 2p with respect to the quadru-
pole axis of quantization. Along s' the spin appears to
be quantized in pure states Tf+. This proves to be the
case, since

(33)

The eGective change in local Geld at the A nuclei is
therefore larger for the lowest quadrupole transition
frequency &o =6A/gati involving the f+ states. This transi-
tion causes the double resonance signal EV(2r) to be
stronger than the eGect due to all other transitions. For
example, when 8=s/2, then g=pr/4, and the change in
local field becomes pPAH, instead of AH, given by (32).
In addition, another constant component of Geld

appears in the x direction, given by hH = &AH, . If Hp
is sufficiently small so that the A and B quadrupole
systems can couple near zero frequency when they
occur in P+ states, the simple picture above then
breaks d'own. In performing the actual experiment, it is
helpful to apply a value of Hp sufhcient to reduce this
coupling so that discrete changes in hH, and h,& aid
in producing an observable double resonance eGect.

The detection of frequencies a&(tv ~m+1) for nt, )-,'
prove also to be more dificult to detect than the lowest
frequency, as m increases, because quadrupole strains
broaden the line to be observed by an amount propor-
tional to nP.
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wh««= [3ys'&ia + (era —~)')». As an approximation,
let J; represent the local field due to the jth 8 spin, and
apply the formula given by Eq. (4). V&(2r) may be
written as

Vq(2r) =g [1—2P sin2(J;r/2))

=[1—2P sin'(JA„r/2))+, (35)

FIG. 5. K" quadrupole double resonance spectrum
in KC103 for 8~=0.64r.

grating "box-car" recorder" is used for obtaining
greater sensitivity.

The high sensitivity of the double resonance spectros-
copy method for detection of 8 spin resonance is
illustrated very well in the case of the K4' quadrupole
resonance in KC10q, as pointed out in Sec. IV. A further
demonstration of the intrinsic high sensitivity may be
seen in the excellent signal-to-noise ratio of the K"
resonance curves shown in Figs. 5, 6, 7, and 8. The
K39 pure quadrupole resonance signal would be marginal,
at best, in a cw spectrometer with a narrow banded
detector. The resonance frequency for K+ (KCl03) is
526.5&0.5 kc/sec at 26'&1'C. From the above data,
the K"/K" quadrupole moment ratio is 1.22, in close
agreement with the value 1.225 obtained from mole-
cular beam techniques. "

These figures also illustrate the effect of diferent
pulse widths t on the appearance of the double reso-
nance line shape, hV= 1—Vq(2r), as co~ passes through
the quadrupole resonance having its center frequency
at &a =su(~~ ~—,'). Let the externally applied 6eld II0=0,
and apply an rf field B»)&AH&, where AB& is the line
width of the 8 nuclei expressed in gauss. Also the
condition 1/t »y~hH~ applies. The fraction of 8
neighbors excited by the rf field II~~ is given roughly by

P= (K3y~'/a') sin'(et~/2), (34)

" "'4.""~~~

jK4!G'"'-': .".::"'- '

,'8
'-

ik.:j»;.jiji~i

,
'-'j:=."eel',h::,-:

FiG. 6. K" quadrupole double resonance spectrum
in KClpl for 8~=~.

'~ D. Holcomb and R. E. Norberg, Phys. Rev. 98, I074 (1955).
» C. A. Lee, B. P. Fabricand, R. O. Carlson, and I. I. Rabi,

Phys. Rev. 91, 1395 (1954).
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7. K" quadrupole double resonance spectrum
in KC103 for Hg=3~.
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FIG. 8. K" quadrupole double resonance spectrum
in KC10~ with Zeeman splitting present.

through maxima and minima, is symmetric about the
resonance at cog —co=0. The maxima occur when
(~s—co)~=&(2'/t )[e(++1))». The integer +=1, 2,
3, . pertains to successive satellite maxima in the
order of decreasing amplitude of 5V. Figures 6 and 7
show a rough agreement with this prediction. The
maxima do not occur exactly as predicted but are
shifted slightly toward the center because of the effect
of attenuation oG resonance. The pulse width t, applied
to give the signal in Fig. 7, is adjusted to be about twice
the value used to obtain the plot in Fig. 6. Figure 5
shows the broadening effect of a much 'shorter pulse.

if we let JA„be an average local 6eld and note that
n+P = 1. The signal, hV= 1—Vq(2r), which varies
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If a very wide pulse is used with the intent of eliminating
the above Fourier components, it is again dificult to
obtain a true measure of B-resonance line shape,
because H~~ becomes comparable to or less than bH~,
and 1/t„&yAH&. A unique 180' pulse at resonance
therefore cannot be de6ned, making the analysis of
b, V extremely complex. The amplitude of hV is then
described better by the steady-state double resonance
analysis, ' in which case AV provides a more reliable
measurement of the B-resonance line shape. The double
resonance of powdered samples is, of course, much
more dificult to analyze because of a distribution in rf
fields for both the A and B resonances. Externally
applied magnetic 6elds Hp further complicate the situa-
tion. The pulsed double resonance method is obviously
not convenient for line shape measurements.

If a small magnetic 6eld Hp is applied to the single
crystal, a Zeeman splitting of the degenerate quadrupole
energy levels will be produced. ' The speci6c form of the
splitting is, in general, a function of the relative orienta-
tion of the crystalline axis of quantization and the
magnetic 6eld direction. For a system with spin I= ~,

Fxo. 9. KBect of K" double reso-
nance upon the CP' echo amplitude
in KC103. Frames 2, 2, 3, and 4 show
respectively the 8 pulse width (below
each chlorine echo trace) for 8 values
of 0', 180', 360', and 540'.

four lines at most can appear, such as in Fig. 8, which
shows the double-resonance spectroscopy of K~ in a
magnetic field of Hp=14.9 gauss.

Equation (35) predicts a sinusoidal dependence of
the A echo amplitude upon the B pulse width t„,when
co =co&, making P = sin'(V3y~Hqgt„/2) = sin'(8/2). In
Fig. 9, the frames 1, 2, 3, 4 show the eGects when t is
adjusted to give 8 values of 0', 180', 360', 540' re-
spectively in monocrystalline KC103. In polycrystalline
KC103, the variation in echo amplitude, although less
pronounced because of the random orientation of spin
quantization axes, is still easily observable.

From the simple model expressed by Eq. (3), it is to
be expected that the perturbing eGect on the A spin
echo of B spin double resonance depends upon the
application time t' of the B pulse with respect to the
pulse sequence creating the A spin echo, assuming an
average over many J values. In particular, for fixed B
pulse width, a maximum A echo degradation is ex-
pected when the B pulse application time t'=r. No
eGect should occur if t'=0 or 2r. When the A echo
amplitude for NaBr03 and KC103 is measured, with
the application time t' of a B-system 180' pulse varied

TABLE I. CPS nuclear quadrupole resonance in chlorates at 24 C.'

Substance

NaC103
KC103
RbC103
CsC103

Frequency
Mc/sec

29.90
28.08
28.81
28.37

T]
millisec

45
2i
29
52

The TI measurements are accurate to %2 milliseconds.

between 0 and r, the predicted echo amplitude depend-
ence upon exp( —t"/Tzzs) is found to be closely fol-
lowed, where 1/T»s= JAP/2 and J'Ay 4(8+gj)Ay.

Rubidium

The RbC103 and CsC103 compounds were studied
in powder form, since it was dificult to obtain single
crystals of these compounds. The alkali resonance line
widths in NaC103 and KC103 appear to be intrinsically
narrow, since the double resonance line shapes were
determined primarily by the B pulse spectrum. In
rubidium chlorate, the indicated lines were quite broad,
shown by the fact that only the most intense narrow
pulses could increase the apparent line width (Fig. 10).

Although a powdered sample is studied, the presence
of a magnetic 6eld can give rise, surprisingly, to a
Zeeman pattern in the double resonance experiments.
The coil that excites and receives the signal from the
CP nuclei responds mostly to those nuclei which have

'4 M. Emshwiller and E. L. Hahn, Bull. Am. Phys. Soc. 3, 318
(&958).

'

VIL QUADRUPOLE RESONANCES

Chlorine

The nuclear quadrupole resonance frequencies of CP'
in the alkali chlorates have been reported in the
literature, ' except for LiC103. We have made an
unsuccessful search for the chlorine resonance in this
compound. The strong deliquescent nature of LiC10&
apparently prevents the formation of a de6nite crystal
structure.

The Cl" spin-lattice relaxation times (T~) were
measured by the growth of the free-precession tail
following the second of two 90' pulses. With the ru-
bidium and cesium chlorates, it was necessary to
measure the growth of an echo, since the free-precession
tails were masked by piezoelectric vibrations. The pulse
program consisted of a closely-spaced 90'—180' sequence,
followed at a variable delay by a similar 90'—180'
sequence. The 6rst two, pulses saturate the sample, and
the second pair forms an echo with an amplitude pro-
portional to the spin-lattice relaxation that takes place
between the two sequences. Both methods above were
compared in the measurement of the chlorine relaxation
in sodium chlorate, and the measurements agree within
experimental error (see Table I).
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their axes of quantization perpendicular to the coil.
The alkali nuclei also have a similar preferential plane
perpendicular to the B coil. In all cases studied, the
CP' and alkali ion axes of quantization are essentially
the same. In the experimental apparatus, the two coils
are mutually orthogonal, and hence only those crystal
orientations which provide axes of quantization per-
pendicular to the axes of both coils will contribute
strongly to the double resonance echo degradation.
This selection of a preferred direction, although some-
what dN'use, allows a Zeeman structure to be manifested
in the double resonance line. An increase in double
resonance sensitivity by roughly 20% to 40% is
obtained in powdered samples if the A and B coils are
parallel, because most crystallites, with their quantiza-
tion axes lying in a plane perpendicular to the common
axis, participate in the resonance.

In the Rb line, at 2 Mc/sec, there is a clear split of
the central line and indications of two satellites or
shoulders. These traces were made with a small movable
permanent magnet placed near the sample in order to
maximize the Cla' echo lifetime. The strength and

orientation of this Geld, not determined with any
accuracy, accounts for some of the line width of the
observed lines. In particular, this eGect would lead to a
broader Rb" line than the Rb" lines, since the former
nucleus has a larger gyromagnetic ratio.

In the case of spins larger than —,', it is expected that
the transitions among higher m values, excluding the
transition ru(-,'++ss), provides smaller values of hV,
according to the discussion in Sec. V. This can be seen
from an inspection of the signal-io-noise ratio of the
resonances shown in Fig. 10.

Cesium

The small quadrupole moment of Cs'ss (I=-,') gives
rise to low quadrupole frequencies, ranging from 9 to
54 k%ec /see Table II and Fig. 11(a)). Ratios of
1:2:3 are observed, approximately, for the single

stable isotope having I=-,', coupled to a nearly pure
axial held gradient.

Upon increasing the intensity of the pulse Geld H»,
additional lines appear LFig. 11(b)] in the absence of a

TABLE QI. Alkali chlorates, alkali resonance.

Alkali
nucleus

Na~
K89
K~
Rb88

Rbs~
Cs188

Abundance

1.00
0.93
0.07
0.73

0.27
1.00

Spin

Quadrupole'
moment

)&10 cd
~.i

0.07
0.085
0.31

0.15
0.003

Transitions

g o

Q~S

$ ~

6m=2

Frequencyb

396.0 kc/sec &0.5 kc/sec
526.5 kc/sec &0.5 kc/sec
639.2 kc/sec ~0.5 kc/sec

2.00 Mc/sec&0. 01 Mc/sec
4.00 Mc/sec&0. 01 Mc/sec
3.22 Mc/sec&0. 01 Mc/sec

18.2 kc/sec &0.3 kc/sec
35.2 kc/sec ~0.3 kc/sec
53.0 kc/sec &0.3 kc/sec

9.0 kc/sec &0.3 kc/sec
27.3 kc/sec &0.3 kc/sec
44.0 kc/sec &0.3 kc/sec

W. A. Nierenberg, Ae+24al Resins of Nuclear Science (Annual Reviews, Inc. , Palo Alto, 1957), Vol. 7, p, 849.
b Data taken at temperature T =26'%1'C.
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field Hs, which are attributed to double quantum
transitions" occurring at frequencies

res ——(1/2A) (E —E~s),
for sr'=-,' and s, corresponding to frequencies 44.0 kc/sec
and 27.3 kc/sec. A third transition at 9.0 kc/sec occurs
between the m=+~3 levels and the lower levels which
are in mixed states. Double quantum transitions become
highly probable, since the rf field energy pAI&H» can
be made comparable to the low quadrupole coupling
energy eqQ. The change in Cs dipolar Geld at Cl sites is
increased by a factor of two for these transitions, and
indeed the echo signal degradation hV is actually larger
than, or at least equivalent to, the dV due to the
single quantum transitions. As seen from Fig. 11(b),
the double quanttlrn transition at 44 kc/sec causes a
greater change in echo amplitude than the single
quantum transitions at 36 and 54 kc/sec. The 18 kc/sec
single quantum transition produces a large effect due
to the presence of mixed states, as pointed out in Sec. V,

At low pulse power, double resonance transitions also
track the presence of a smal'1 Zeeman splitting when a
small field Hs is applied, in this case, perpendicular to
the plane defined by the A and B coil axes as seen in
Fig. 11(c).The double resonance is particularly effective
for those crystallites having Ho parallel to the axis of
quantization, since H» is perpendicular to Ho. Figure
11(d) now indicates how double quantum transitions
sense the Zeeman splitting as well, with increased
pulsed power.

Close examination of these frequencies of low pulse
Gelds H» reveals that the resonant frequencies of Cs
in cesium chlorate are not in the ratio 1:2:3.This
implies a Gnite value for the asymmetry Geld gradient
parameter g, in terms of second derivatives of the
potential V, defined as

rl= (&xx—&rr)/&zz,

I Vzzl ~
I
l rrl +

I l »I.
The energy levels as a function of g have been calcu-
lated by Cohen' for one-tenth-integer values of p. The
measured frequencies are 18.2, 35.2, and 53.0kc/sec,
accurate to ~0.3 kc/sec. These frequencies are in the
ratios of 2.06, 3.98, and 5.99, with an accuracy of l%%uz,

which compares with the-data of Cohen best at a value
of q=0.1 for theoretical ratios 2.071:3.978:5.994. The
estimate of the asymmetry at the cesium sites is,
therefore, g =0.1~0.02.

VIH. CONCLUSIONS

General features of the spectra produced by pulsed
nuclear double resonance have been described. The
shape and magnitude of the 8 spin signal depend upon

"V.Hughes snd L. Grabner, Phys. Rev. 79, 314 (1950); P. P.
Sorokiri, I. L. Ge11es, and W. V. Smith, Phys. Rev. 112, 1513
(1958).

rs M. H. Cohen, Phys. Rev. 96, 1278 (1954).
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FIG. 11.Quadrupole double resonance spectra of Cs'n transitions
in CsC103. (a) Low 8 pulse power snd magnetic field HO=. O. (b)
High 8 pulse power snd magnetic field HO=0. (c) Low 8 pulse
power snd magnetic field Ps/0. (d) High 8 pulse power and
magnetic fiel Ho&0.

the rf pulse field intensity applied to the J3 spina, the
rf pulse width, the amount of dipole-dipole coupling
between A and 8 spins, and the spin-spin relaxation
caused by the dipole-dipole coupling. The signal
strengths obtained by the pulsed method can exceed,
by orders of magnitude, those signal strengths obtained
by direct observation of the conventional nuclear
resonance.

We have featured a novel technique iri this paper,
and are not interested in presenting arguments here
which account for the nuclear quadrupole interactions
in alkali chlorates measured by our method. Bersohn"
has discussed a method of machine computation for'

components of the electric field gradient at the sites of
alkali nuclei. in alkali chlorates. Upon incorporation of
the appropriate Sternheimer electric shielding factor"
with these computations, Bersohn obtains values of
e'qQ for Na in NaNOs and NaCIOs. These theoretical
values are in rough agreement with measured values,
if Q values are taken from the results of molecular
beam measurements. We have applied Bersohn's cal-
culation to the case of K~ and K4' -in KC103 and Gnd
such an agreement also, but have not extended it to
other cases xn.easured by us. Aside from studies of the
alkali metals, it should be possible to amass data for

~r R. Bersohn, J. Chem. Phys. 29, 326 (1958).
's T. P. Dss snd R. Bersohn, Phys. Rev. 102, 733 (1956);E.G.

Wikner and T. P. Das, Phys. Rev. lll9, 360 (1958).
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the little studied interactions of nuclei such as D' and
N' in crystals. Application of a magnetic Geld, of
course, permits the measurement of gyromagnetic
ratios of nuclear moments as well.

A clear interpretation of resonance line shapes and
splittings in solids does not appear to be available from
pulsed double resonance spectra, although -the sym-
metry displayed enables the resonance frequency to be
accurately determined. Line shape analysis is difhcult
because of complicated eGects due to Fourier frequency
components in the 8 spin pulse, and because a rigorous
quantum mechanical analysis of echo signals in solids
does not exist. In spite of these weaknesses, a stochastic
Gaussian model for spin-spin interactions accounts, at
least qualitatively, for the observed signal shapes, and
allows for a rough determination of the component mean
square local Geld due to 8 spins which are coupled to
the A spins. In cases where the A and 8 spins are
coupled in relatively isolated pairs, it would be possible
to measure the direction and rough magnitude of the
dipole-dipole coupling by measurement of the double
resonance signal amplitude AV as a function of orienta-
tion angle ggg.

In liquids the indirect spin-spin interaction constant
J can be measured in general between diferent nuclei
by the pulsed double resonance method. However,
identical information can also be obtained by applica-
tion of conventional nuclear magnetic resonance
spectroscopy.
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APPENDIX A

Let c(t) be a correlation function which expresses
the remnant precessional coherence of an ensemble of
spins after a time t. Assume that

S&(t)=exp i~ b(t')dt' = exp(ibpf)c(t)+Z(/) (A.1)
0

is the precession vector of a packet of ~A spins
having a Larmor frequency bo in the moving frame
at t=0, and Z(t) is a complex vector having a random
distribution of phases at time t. At t=0, c(t) =1 and
Z(0) =0. Also (Z(t))~„——0, (exp(Qot)) =(U(t))=To(t),
(Z(t) exp(ibg)) =0, and (Z(t)Z(t'))WO, where t' can be
diGerent from, or the same as, t. First the A=A spin

The 90'—180' free-precession function is given by

pT

SA, B,B =exp i —8(f')df +i
~0

s(t')ch'

r+t
l

=exp 2i —h(t')dt'+i b(t')dt'
~0 &0

={exp(—ivor) c(r)+Z*(r) )2

X{expgi50(r+t) jc(r+t)+Z(r+t)), (A.2)

using (A.1). Upon multiplying out (A.2) and carefully
evaluating average values of the cross terms, the
average echo amplitude at time t is given by

2TO(t —2r) T(r)'T (t)
(SA,B,B'(~)) EA, B,B'(~) ~ (A 3)

Tp(v.)'LTp(t)+ T(t)j
The echo maximum occurs roughly at t=2g and
T0(0)=1. Equation (A.3) accounts for the interaction
of A spins with 8 and 8' spins. Inclusion of the A—A
spin interaction is approximated by writing

EA, A, BB' (/) =E, A, B, B' (/) TdA(/) ) (A.4)

where Tdd(t) now includes the C;b and D;b terms. If a
180' double resonance pulse is applied to the 8 spins
at t=r, the expression Ed, B (t) replaces Ed, B,B (t) in
(A.4), meaning that the 8 spins are excluded from in-
fluencing the virtual echo term Ed, B (t), and is con-
sidered instead in an added factor Td B(t). The reduced
amplitude then becomes

EA, A, B, B'(/)doub. res =EA, B'(/.)Tdd($)TAB(/). (A.S)

interaction is neglected by dropping the C;I, and D;I,
terms in Eq. (9). The expression (U(t)) is a measure
of the free-induction signal computed from (9), ex-
cluding the terms C; I, , while the expression (T(t))
=(S(t))=(exp(Q&)c(t)) gives the free-induction signal
which includes the effect of these terms. Let the eth
moment of the resonance line be given by (Ao&0") when
Cpi, is excluded, and by (hco") when it is included. Then

12~(+M ~)~n

To(t) =p
and

pn(g&n)~a
T(~)=Z
















