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MAGNETIC RESONANCE BY HELICON-NUCLEAR-SPIN INTERACTION IN CONDUCTING PbTe~
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where + indicates the sense of rotation of the
helicon field around the applied constant mag-
netic field J30,' N is the density of free carriers;
e is the charge of free carriers, negative for
electrons, positive for holes; ~c is the cyclo-
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FIG. 1. Helicon nmr signal of Pb in a single crys-
tal of conducting PbTe at 1.3'K (derivative of absorp-
tion signal by phase-sensitive detection). Top, actual
recording: modulation frequency 318 cps, scanning
speed 4 G per min. The linear variation of the base
line (dashed line) is due to the derivative of the super-
imposed helicon dimensional resonance. Bottom,
smoothed signal after subtraction of the linear helicon
component.

We wish to report what we believe to be the
first experimental evidence of magnetic reso-
nance in the bulk of a single-crystal conductor
obtained with the rotating magnetic field of a
helicon wave" interacting with nuclear spins.
We observed the nuclear magnetic resonance
(nmr) of Pb"' (spin —,', positive nuclear moment)
in a single crystal of P-type PbTe at 1.3'K
(Fig; 1). The sample, of dimensions 3x3.7
x12 mm, has a conductivity of 10 ' 0 cm.
Magnetic resonance was detected with a stan-
dard q meter. '

The usual dispersion law' between wave vec-
tor, k, and applied frequency, +, can be ex-
tended in a straightforward manner to take the
nuclear paramagnetic susceptibility into account:

tron frequency; 7 is the momentum relaxation
time; y' and X" are the usual dispersion and
absorption components of nuclear magnetic
susceptibility which exhibit resonant behavior
at the nuclear Larmor frequency', and e =y/
ly I is the sign of the nuclear gyromagnetic
ratio y. Nuclear moments are coupled with
the propagating wave if the Larmor and the
cyclotron precessions rotate in the same sense.
The depth of penetration of the helicon wave
is (&u ~/n)X, where the wave length X is 0.37
cm at 7.5 Mc/sec in the nmr field of 8450 6
(N = 3 x 10"hole cm '). Many helicon dimen-
sional resonances' were easily detected by sweep-
ing the magnetic field, indicating an &cT val-
ue of at least 50 at 8450 G. One may then ex-
pect a depth of penetration of a few centimeters.

It should be emphasized that the nmr signal
(Fig. 1) is two orders of magnitude greater
than one would expect if ordinary resonance
occurred in the skin depth 5 (5 = 6x10 ' cm).
In the absence of helicons, the fraction g of
the volume of the sample containing magnetic
energy would be q = ~25S/F, where S and P are
total area and volume of the sample; in our
experiment q would be approximately 1/25.
However, the measured signal corresponds to

q = 4 instead of 1/25, showing that the helicon
signal is even larger' than the signal of all the
spins of the sample in the absence of propaga-
tion effects.

A dramatic exhibition of helicon-nuclear-
spin interaction arises from the property of
helicons to propagate with low attenuation along
the applied magnetic field, whereas there is
no propagation in a direction perpendicular to
the field. We can then induce resonance with
the sample out of the coil [Fig. 2(b)], the coil
at the end of the sample being used only to cou-
ple the rf magnetic field into the crystal. When
the magnetic field was along the large dimen-
sion [Fig. 2(b) j, we obtained a signal slightly
less intense than with arrangement of Fig. 2(a);
on the contrary, when the magnetic field was
in the orientation of Fig. 2(c), no signal was
found.

The helicon-nuclear-spin interaction offers
a means for detecting nmr in large single-crys-
tal conducting samples, and provides all the
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FIG. 2. Different arrangements of coil, sample, and
field. (a) Sample in the coil. The signal obtained is
shown in Fig. 1. (b) Sample out of the coil and magnet-
ic field along the sample. The excited helicon wave
propagates in the crystal and gives a signal. (c) Field
at right angles to sample; the helicon wave cannot
propagate along the crystal and no signal is obtained.

advantages of an experiment in the bulk. First,
ordinary nmr, as performed within the skin
depth of, for example, a powder, can be per-
turbed by surface effects. This is the case
of PbTe, where the semiconducting properties
change markedly on the surface. %e have ob-
served the signal from a PbTe powder as a
complex pattern with 100-G linewidth; this is
in contrast with the 4-6 linewidth (Fig. 1) ob-
tained in the bulk by the helicon nmr method.
Second, the fact that the helicon propagation al-
lows nmr to be observed in single crystals leads
to the possibility of the observation of detailed
anisotropic effects which manifest themselves
as complex averages in the powder experiments.
Unfortunately, this method is restricted to the
cases where cyclotron and Larmor precessions
have the same sense, that is, when carrier
charge and nuclear gyromagnetic ratio have
the same sign. It is also necessary that v&v
»1 for helicon propa, gation. This requires high-
purity samples, high magnetic fieMs, and low
temperatures. In the case of metals, a field

.of typically 50 kG or more is required to elimi-
nate the damping of the wave by the Doppler-
shifted cyclotron absorption. ' The case of in-
dium seems to be the most promising one. Fur-
ther theoretical and experimental study of the
effect is in progress.
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*Work performed with the participation of Direction
des Recherches et Moyens d'Essais.
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