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coupling between the C-H (C-D) molecular modes
along the chain direction. This again is consis-
tent with the particular importance of the TCNQ
chains, and it appears that this observation may
contain the microscopic reason for much of the
behavior of TTF-TCNQ.
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Modulation was used in a transient nutation experiment to remove dipolar splitting. %'e

calculate this new effect and demonstrate it for an isolated two-spin system. The rela-
tively simple technique works efficiently for line narrowing in polycrystalline solids and
preliminary results indicate that it should be useful for uncovering chemical-shift and
heter nuclear-coupling information obscured by homonuclear broadening.

Modulation has been used extensively in NMR

spectroscopy, especially for detection in solid-
state experiments and for both detection and de-
coupling in liquid-state studies. Recently, there
has been considerable interest in the effect of
strong modulating fields on the Larmor frequen-
cy of spins in both optical and NMH experiments.
The phenomenon of "photon dressing, " in which
the modulation frequency is much greater than
the Larmor frequency, has been of particular
interest. ' In this communication, we report a
new coherent averaging process in magnetic res-
qnance which is effect:ed by the use of modulation.
By adjusting the modulation frequency and index,
it is possible to reduce the homonuclear dipolar
coupling among spins, suggesting a relatively

simple new technique for obtaining high-resolu-
tion NMR spectra in ordered media.

Consider a coupled two-spin system subjected
to modulation of the static field II, as well as
continuous rf irradiation at the center of the spec-
trum. The Hamiltonian viewed from a reference
frame rotating with the frequency ~0 of the reso-
nant field is'

K = —(dg(lxg +I~2) —K(d~ cos&dd) (I ~) +Iz~)

A(3I~iIz2 Ii'I2) ~ (1)

where , = VII„and 2JI, is the peak amplitude of
the linearly polarized rf field. The first term
represents the Zeeman interaction in the rotating
frame and the last term is the truncated dipolar
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interaction. The second term, which is the one
of most interest, couples the spins to R linearly
polarized modulation field parallel to H, . No
constraints are placed on the frequency, w„, or
on the peak amplitude, II», g = yH»/&u» is the
modulation index. We have solved this problem
numerically using a data- simulation language
(DSL/360)' and the results of the calculation
agreed so well with our data that it was possible
to use them to optimize experimental conditions.
However, in order to arrive at a more physical
picture of the spin dynamics, we sought an ap-
proximate analytical solution as follows: If ~,
» A, then the dipolar interaction may be treated
as a perturbation. The remaining rotating-frame
Hamiltonian has the same form as an off-reso-
nance laboratory-frame Hamiltonian with the sub-
stitutions Z- X, uo- cu» u- u~, and 2JI, —JI».
In the laboratory-frame experiment, where yH,
= ~,« ~„ the rotating-wave approximation per-
mits solution of the equation of motion'; however,
in our experiment, where ylI~= geo„- ~„ this ap-
pl oxlITlRtlon fRlls since the counte1 1 otRt1ng com-
ponent of ~~ has a strong influence on the spin
motion. Therefore, a theory which calculates
these effects to a much higher order of approxi-
mation was used. ' Briefly, the method permits
calculation of the best approximate time-evolu-
tion operator for the rotating-frame spin Hamil-
tonian comprised of the first two terms in Eq.
(1). The operator is generated by a series of co-
ordinate transformations consisting of alternate
rotations and tilts about the X and 7 axes, re-
spectively, of the rotating frame. The same
transformations must be applied to the dipolar
coupling term when added as a perturbation, and
the result is

K~, = —,'A(3 cos-'P —l)(3I»I» —I, I,),
where p 1s oIle of the tilt Rngles and 1s g1ven by

and x is a solution of the equation

K(1 —x) = 2J, (vx)(u, /u)~ .

Z, (zx) and J,(gx) are Bessel functions For ~.
& ~, and ~„/~, ~ 1.4, ~ can be adjusted so that
3 cos'P =1. Thus, the dipolar splitting can be re-
duced to zero by appropriate adjustment of the
modulation parameters. The theor y gives results
which agree to within 5@ of the numerical calcu-
lation for If. ~ 1. Several spectra simulated using
the numerical method are shown in Fig. 1(a).
The calculation of the frequency shift of the cen-
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FIG. 1. (a) Theory: Fourier-transform spectra of
modulated transient nutations calculated for a coupled
two-spin system. The rf is centered on the doublet with

~& =17.58M and ~z/~, =1.168. (b) Experiment: Fou-
rier-transform spectra of modulated transient nutations
of the two coupled '~F nuclei in 1, 1-difluorotetrachloro-
ethane oriented in a nematic liquid crystal solvent. To
match theory, the rf (23 MHz) is centered on the labor-
atory-frame doublet (splitting = 710 Hz, A =237 Hz)
with ~, =3982 Hz and ~~=4661 Hz. The value of the
modulation index, K, is shown with each pair of plots.

ter of the doublet also reproduced the numerical
calculation quite well.

In order to demonstrate the effect clearly, ex-
periments were actually performed on an isolated
two-spin system by orienting a molecule with two
fluorine atoms (1,1-difluorotetrachloroethane)
in a nematic liquid crystal solvent (Eastman nem-
atic mixture, No. 11900). The chlorine nuclei
a.re quadrupole relaxed too rapidly to couple to
the fluorines, so that only a sharp doublet is ob-
tained in the laboratory-frame "F spectrum. '
The rotating-frame experiment without modula-
tion was performed as follows: rf irradiation
was turned on suddenly at the center of the doub-
let spectrum, and the time evolution of the mag-
netization (transient nutation) was observed. '
This was done quasicontinuously by using time
sharing; a train of rf pulses was applied and the
receiver was gated on between pulses. ' With
care in the choice of flip angle, the spins experi-
ence a continuous rf field of reduced amplitude.
Several factors confirm that the pulses pla, y no
role except to facilitate observation: (1) Rotary
saturation experiments, ' where the rf is truly
cw, were performed with similar results; and
(2) all calculations were done with cw rf fields,
and, as indicated previously, were in good agree-
ment with experiment. The nutation is then Fou-
rier transformed. The result s of an on- reso-
nance nutation without modulation is shown in
Fig. 1(b). The splitting is half of the laboratory-
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frame value, as expected. ' The results of a ser-
ies of runs using different values of modulation
index are also shown in Fig. 1(b). The agree-
ment between theory and experiment is clear.

Other preliminary results have been obtained:
(1) The experiment works efficiently in polycrys-
talline solids —we have succeeded in reducing
the linewidth of the proton spectrum in adaman-
tane by two orders of magnitude. Since the line-
width at this point is the same as that of a liquid
sample, rf-field inhomogeneity appears to be the
limiting factor. (2) Reduction of the dipolar coup-
ling is just as dramatic when the rf is off reso-
nance, and we have observed preservation of
chemical-shift structure in liquids under these
conditions. Thus, the potential exists for uncov-
ering chemical-shift anisotropies and heteronu-
clear couplings obscured by homonuclear broad-
ening. (3) The experiment works as well with
frequency modulation of the rf field, and also
for &su& ru, . (4) A variety of multiple-quantum
transitions are observed when modulation is
used. (5) No reduction of the dipolar coupling is
achieved when the requirements for photon dress-
ing (i.e. &uu» v, ) are met.

These and other aspects of the experiment are
under investigation and will be reported on in
more complete form.

We thank R. D. Kendrick for technical assis-
tance, F. F. Abraham for help with DSL/360,
and D. E. Horne for help with the spectrometer.
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Two-dimensional angular correlation of two y s from positrons annihilating in alumi-
num have been measured with a multidetector apparatus and compared with momentum
densities based on orthogonal-plane-wave electron wave functions. Anisotropy in the mo-
mentum distributions and direct evidence for annihilation with the high-momentum com-
ponents of the conduction band are found.

In this Letter we report the first two-dimensional (2D) angular correlation measurements of 2y anni-
hilation radiation from oriented single crystals of aluminum, and compare the results with theoretical
predictions. The experiments were performed to test the sensitivity of the technique to the electron
and positron wave functions and, in particular, to study the nature of the high-momentum components
(HMC) of the correlations in a simple metal.

The applicability of the positron technique to the study of electronic band structure' and particularly
of Fermi surfaces' (FS) is well known. In the independent-particle model (IPM) the momentum distri-
bution p(p) carried by the annihilation photons from a periodic lattice at zero temperature is given by'

p(p) = const Q~ fd'r exp(- ip r)u, '(r)u-, , (r)exp(ik r) ~' = const+ QAo(k, n) ~'5(p-k-G), (1)
k, rt k, n G

where u, '(r) is the ground-state (k =0) positron Bloch wave function u k „(r) exp(ik. r) is the electron
wave function with crystal momentum k and band index n, 0 is a reciprocal lattice vector, and

u, '(r)ur, „(r)=QAp(k, n)exp(iG r);
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