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DOPPLER-SHIFTED CYCLOTRON RESONANCE WITH HELICON WAVES IN SODIUM*
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When a transverse electromagnetic field ex-
ists inside a metal in a magnetic field and the
electron mean free path is larger than the wave-
length, the electrons can undergo cyclotron res-
onance even when the wave frequency is very
much smaller than the cyclotron frequency. This
occurs because an electron at the Fermi surface
travels through the wave very rapidly and as a
consequence of the Doppler effect it "sees" an
apparent frequency very much larger than the ac-
tual frequency of the wave. This was predicted
by Kjeldaas' for the case of transverse sound
waves propagating in a metal parallel to a mag-
netic field and later Stern' pointed out that this
should also occur for helicon waves. The maxi-
mum magnetic field at which Doppler-shifted
cyclotron resonance is possible has been called
the Kjeldaas edge. This edge is related to the
Gaussian curvature of the Fermi surface at the
point where the electrons have the largest com-
ponent of velocity along the magnetic field. This
means that for a spherical Fermi surface the
position of the Kjeldaas edge is determined by
the radius of the sphere in wave-vector space.

The effect has been observed in metals using
sound waves' and helicon waves. ' In neither of
these studies was it possible to achieve a precise
comparison between theory and experiment. The
effect has also been observed in the damping of
Alfven waves in bismuth'; in this case the com-
plexity of the band structure of bismuth makes
detailed comparison difficult.

This Letter describes a method of studying the
edge in simple metals which permits comparison
between theory and experiment to an accuracy of
a few percent. This method looks promising as
an experimental technique for measuring the
curvature at points on the Fermi surface.

Helicon waves are circularly polarized electro-
magnetic waves which can propagate through a
metal when &ucv» 1 (&uc is the cyclotron frequency
and w is the relaxation time), and they can be
described as a dynamic manifestation of the Hall
effect. ' An electron at the Fermi surface with
velocity vF (-10 cm/sec) will travel through the
slow helicon wave (velocity -10' cm/sec) of
frequency ~ and wave vector q, parallel to mag-

netic field 8, and "see" an apparent frequency
era given by

=++q v
a

There are two situations to be considered:
(a) At small magnetic fields (ql~ &u 7»1 where

l = vFT) there are always some electrons on the
Fermi surface which see an apparent frequency
equal to their cyclotron frequency; for helicon
waves ~ «coc thus

~qc
a c F

Therefore some electrons will undergo cyclotron
resonance as long as the inequality in Eq. (2)
holds and thus absorb energy from the wave.
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This absorption process will cease at a particu-
lar magnetic field, the Kjeldaas edge, defined by
the equality e~ = ~~ =qvF. At this field, energy
will cease to be absorbed from the wave causing
an abrupt change in the skin depth of the helicon
wave.

(b) At large magnetic fields (~c~&ql» 1) the
above absorption process does not exist and the
wave propagates with the dispersion relation

(3)
C

where n is the number of electrons per unit vol-
ume. The function f tends to unity when &ac 7'

»q/; i. e. , the dispersion relation goes over to
the simple form derived from local theory. '

The field for the edge, Bedge, from Eqs. (2),
(3), and the relation &uc = e&vF/hkF assuming a
spherical Fermi surface of radius kF, is given
by

g, u3+0'
y 5 1/3 1/3

edge 3v e F edge
(4)
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FIG. 1. Block diagram of experimental arrange-
ment. The sample and coil are immersed in liquid
helium. The magnetic field can be swept from 0 to
55 kG.

The experiment measures the surface imped-
ance of polycrystalline sodium with a magnetic
field normal to its surface. At the edge, the skin
depth of the helicon wave will change abruptly and
this change manifests itself as a peak in the re-
sistive component of the surface impedance.
Figure 1 shows a block diagram of the experi-
mental arrangement. A slab of pure sodium (re-
sistance ratio -7500) is placed in a coil at 4'K.
The coil is a component of a twin-T radio-fre-
quency bridge. ' The bridge is balanced and then
unbalanced slightly so that the resistive component
of the surface impedance can be studied. The
output from the bridge is amplified and detected;
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FIG. 2. Variation of the resistive component of the
surface impedance, R, and its derivative as a function
of magnetic field at a frequency of 35 Mc/sec.

the detector output is a measure of the unbalance
of the bridge and is recorded as a function of
magnetic field on an X-F recorder. To enhance
the observability of the edge, the signal from the
detector is differentiated; this is a time differen-
tiation but since the field is changed linearly in
time, it is equivalent to a differentiation with
respect to field. Figure 2 shows the variation of
the resistive component of the surface impedence
and its derivative with field at 35 Mc/sec. Mea-
surements have been made over the frequency
range 14-50 Mc/sec, so that the position of the
edge, &edge, varied from 30 to 45 kG. In this
field range ro&T and ql vary from approximately
50 to 80. A plot of the position of the edge in kG
against the cube root of frequency is shown in
Fig. 3. It is a straight line through the origin
as predicted by Eq. (4).

In order to calculate the Fermi radius from the
slope of this line a value must be assigned to
f edge It has been shown' that as q/ —~, fedge-1.5. From calculation for finite values of q/,
it is found that fedge is essentially a constant
for ql&30. Since f edge enters as a fifth root,
the final answer for kF is relatively insensitive
to the value chosen. The value obtained for the
radius of the Fermi sphere of sodium was
(0. S2 + 0.02) x10' cm '; this is to be compared
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50-

40-

Q
'a

20 corresponds to

92 C.02)xlo cm~

the above accuracy can be improved.
To summarize, cyclotron resonance has been

performed using helicon waves with frequencies
-10000 times smaller than the electron cyclotron
frequency and the experimental technique used
promises to lead to accurate measurements of
the curvature at points on the Fermi surface.

The author wishes to thank R. Bowers for his
encouragement, interest, and support of this
work. He also acknowledges the help of J. Houck
and S. Tallman in the construction of the experi-
ment.
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FIG. 3. Plot of the value of the magnetic field at the
edge against the cube root of the frequency. Measure-
ments were made at 18 frequencies between 14 and 50
Mc/sec.

with the theoretical value of 0. 93 x 10 cm ' ob-
tained assuming one electron per atom and the
lattice constant of 4. 225 A." The principal er-
ror in kF comes from the lack of precision in the
calibration of the superconducting magnet, so
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Bean and Livingston' have recently predicted
the existence of an image-effect surface barrier
to the penetration of magnetic flux into a type-II
super conductor. We report here the exper imen-
tal observation of a greatly enhanced supercon-
ducting to mixed-state transition field in some
regions of an electropolished specimen of
Nbp ggsOp pp7 and in another of Nbp 33 Tap 67 Our
observations are consistent with the predictions
of the Bean-Livingston theory that a plane surface
on a type-II superconductor will produce a nucle-
ation barrier that will increase the initial flux
penetration field to near the thermodynamic crit-
ical field H~, and that roughening the surface
will permit flux penetration near the supercon-
ducting to mixed-state transition field H1. They
are also shown to be inconsistent with the most

plausible alternative explanation that electro-
polishing may have produced a chemically or
structurally altered surface sheath. Joseph and
Tomasch have also recently found experimental
evidence for the existence of the surface barrier
by a different technique than ours. '

The preparation of the Nb, gg30p ppv wire' speci-
men has been described earlier. ' The Nb, 33Ta
specimen was sectioned from a 0. 76-mm wire an-
nealed 291 hours at 1650'C and 10 ' mm Hg.
Electropolishing was carried out in an acid mix-
ture of two parts H, SO~ to one part HF. Several
minutes near 10 V were followed by several min-
utes near 3 V. The voltage measurements were
between the specimen and a platinized platinum
cathode.

Since the existence of locali":ecI imperfections,
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