VoLuME 10, NUMBER 3

PHYSICAL REVIEW LETTERS

1 FEBRUARY 1963

noise level that is due to the electron beam and
its standard deviation, (c) the contribution from
the “laser noise,” and (d) an oscilloscope trace of
the laser output.
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POINT-BY-POINT MAPPING OF THE FERMI SURFACE
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The recently discovered phenomenon of mag-
netoplasma oscillations or helicons in metals!™®
suggests a new method to determine the shape of
the Fermi surface which for simple shapes should
permit a point-by-point mapping of the surface.
The helicons are observed in the limit when w,7
>1, where w, is the lowest cyclotron frequency
of the electrons and 7 is their relaxation life-
time. In this limit and for the wavelengths that
have been experimentally excited, the attenuation
of these oscillations is small. However, if fre-
quencies higher than those already observed but
still much less than w, are excited, a new mech-
anism for absorption of these oscillations should
appear. The wavelength of the oscillations at
which this new attenuation mechanism appears
depends on the geometric property of the Fermi
surface and, in particular, may depend on the
geometric property of a single point of this sur-
face.

The physical origin of this attenuation can be
easily understood. If in the metal a helicon of
frequency w and wave number %y propagating
along the magnetic field is excited, then an elec-
tron of average velocity EH along the magnetic
field experiences, because of the usual Doppler
shift, a frequency

W EwEt, k P (1)
If w’ coincides with the cyclotron frequency of the
electron w,, the absorption of the energy of the
helicon by the electron will occur. In metals an
estimate of the frequency w at which this absorp-
tion will occur indicates that w < w,, and thus
absorption occurs when

k (1)

T H*H

is satisfied for some electrons in the metal. The

theory of this Doppler-shifted absorption has al-
ready been given for simple models of solids®:’
and plasmas.® The form in which (1’) can be ex-
pressed for an arbitrarily shaped Fermi surface
will be given here.

Experimentally it is possible to measure both
w and kg of the helicon. However, only &z en-
ters in (1), and thus experimentally one obtains
information only on the ratio w, /v,,. The effect
of the magnetic field, in a semiclassical picture,
is to cause the electrons to move in the orbits in
reciprocal space (k space) determined by the in-
tersection of planes normal to the magnetic field
and the Fermi surface, and satisfying the equa-
tion®

fi(dk/dt) =ev xH. (2)

The period of revolution of an electron T is ob-
tained directly from (2) to be

n dky

T=—¢ —

eHJ v’ ()
where dk; is an element in reciprocal space tan-
gent to the orbit, v, is the instantaneous com-
ponent of the velocity of the electron in the plane
normal to H, and the integration is around the
orbit. The average velocity of an electron along
H, vy, is given by

h Z)Hdkt
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where vy is the instantaneous component of ve-
locity of the electron along H. Since w, =21/T,
a combination of (4) and (1’) gives that

I)H -1
kH=2neH<hfIdkt> . (5)
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Using the relations that

v, =v siné,
UH =v cosb,
dkt=pld¢>,
p =psing, (6)

where 6 is the angle between the normal to the
Fermi surface and H, ¢ is the angle in the plane
of the orbit between the normal to the orbit and

a fixed direction in the plane, p is the radius of
curvature of a normal section of the Fermi sur-
face formed by the intersection of the Fermi sur-
face and the plane which includes the normal to
the Fermi surface and the tangent to the orbit,

(5) can be written in the form

kH=2neH(h dpcosfde) L. (57

In this form it is seen that &y depends only on
the geometric properties of the Fermi surface.
The onset of the Doppler-shifted absorptions
will occur for that orbit where (5’) is a minimum.
In the case of a sphere (5’) is a minimum at a
point; in particular, at that point whose normal
is along H. In general, if (5’) has a minimum at
a point on the Fermi surface, it is always at that
point whose normal is along H. In this case (5)
reduces to

by =eH[R(pyp,)"?] 7, (7)
where p, and p, are the two principal radii of
curvature of the Fermi surface at the point. In
general, there will be more than one point whose
normal is along H, but not all of these points will
contribute to the absorption. The helicon is a
circularly polarized wave, and only when the di-
rection of the angular frequency of the electric
field observed by the electron is in the same
sense as its rotation in its orbit will it contribute
to the absorption. Holes, for example, have to
move in the opposite direction from electrons in
order to contribute to the absorption. Thus, for
the case of a sphere, only one of the two points
will contribute to the onset of the absorption
since they correspond to electrons moving in op-
posite directions.

One can imagine Fermi surfaces where (5) is
not a minimum at a point but on some finite-
sized orbit. It is important to be able to dis-
tinguish between this case and that of a point in
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order to be able to interpret the experimental
data unambiguously. The manner of the onset
of the absorption permits this distinction. One
can show that the real part of the conductivity

o, for a helicon, as a function of &y has the gen-
eral form, when w7 > 1,

dz?H -1

al(kH)=[B(kH)vJ_g$dkt] (kHZlZ,_,) , (8)
where B(kH) is a complicated nonzero function
of the shape of the Fermi surface and the varia-
tion of v, over an orbit, the integration is over
the orbit that satisfies (5’), and v, is an average
of v, over this orbit. When the onset of the ab-
sorption occurs at a point, oy (k) =0 because
both v, and ¢dk; are zero. It can be shown that
doy(kg)/dky is finite also in this case. However,
when the onset of the absorption occurs for a
finite-sized orbit, o(kg) is nonzero and doy(kg)/
dky is infinite. Thus the case of a point or finite-
sized orbit is clearly distinguishable by the man-
ner of the onset of the absorption. For the spe-
cial case where the Fermi surface is a sphere,
(8) becomes®

3mne? w, 2
o, (k)= [1—( ) , w Sv .k
1"H 4p0kH v R c OH

0O'H

=0, w, >v Ok I°e
where p, is the Fermi momentum, v, is the con-
stant Fermi velocity, and » is the number of
electrons per unit volume.

In summary it has been shown that the wave
number at which the onset of the Doppler-shifted
absorption occurs is dependent on only the shape
of the Fermi surface. If this onset is compara-
tively slow, it measures the geometric property
given in (7) of a point on the Fermi surface whose
normal is along H. If this onset is abrupt, it
measures the geometric property given in (5')
of the finite-sized orbit for which (5’) is a min-
imum.

For simple convex shapes of the Fermi sur-
face such as one expects to find in the alkali met-
als, it is expected that the onset of absorption
will be caused almost entirely by points on the
Fermi surface, and a point-by-point measure-
ment of the Fermi surface should be possible.
All present methods of measuring the shape of
the Fermi surface measure a geometric property
of a complete orbit and are not as sensitive to,
say, small deviations from a spherical shape as
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a point-by-point measurement would be.

The method proposed here can also be used to
determine the shape of the Fermi surface in semi-
metals and semiconductors. In fact, measure-
ments of this effect in bismuth have already been
made. !° In these materials it is not always true
that w <w,, and the equations given here have to
be modified accordingly. In particular, kg in
Eqgs. (1), (5’), and (7) has to be replaced by
ky(l-w/w:)"!. Inthese materials, because w
*w,, the same equipment that measures the
properties of the helicons (w and kj) can also
measure w, and thus determine the same geo-
metric properties as for metals.

It has been pointed out to the author after this
paper was written that the analysis presented
here for helicons has already been done for the
case of circularly polarized transverse sound
waves. 1»12 The general ideas in the analysis
for both helicons and circularly polarized sound
waves propagating along a magnetic field are the
same, but the details are somewhat different.
However, helicons appear to be a much more
useful means than circularly polarized sound
waves to study this onset of the Doppler-shifted
absorption. It is not possible to produce circu-
larly polarized transverse sound waves except
along a few high-symmetry directions. !»!2 Hel-
icons do not have this limitation and can propa-
gate in all directions. It also appears that the
distinction between the onset of absorption at a
point or at a finite-sized orbit is more striking
for helicons.

In conclusion, a caution should be inserted.
The derivation given here has assumed an inde-
pendent-particle model for the electrons in the
metal. If many-body effects are important they
may invalidate the results given here.

The author is happy to acknowledge very in-
formative correspondence with Professor T. Kjel
daas, Professor A. B. Pippard, and Professor
R. Chambers.
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The classical experiment of Onnes,! in which a
persistent current is induced in a closed super-
conducting circuit and the trapped magnetic field
observed over a period of time, has been repeated
several times.?"® From the length of the period
of observation and the accuracy of the measure-
ment, one can set a lower limit to the time con-
stant of the circuit. Apparently the highest value
to this limit was set in the experiment of Collins?®
at a value of approximately 250 years.

To extend this limit by several orders of magni-
tude, we undertook to apply modern nuclear mag-

netic resonance (NMR) techniques to the measure-
ment of the field. A double layered solenoid of
984 turns of 0.020-in. diameter Nb-25% Zr alloy
approximately 4 in. in diameter and 10 in. long
as shown in Fig. 1 was constructed to provide a
homogeneous field. The measured axial field pro-
file of the central 0.5 in. is shown in Fig. 2. The
terminals of the coil are permanently connected
by spot welding.

After inducing a persistent current in the coil,
its magnetic field was measured by NMR tech-
niques and recorded with time. The first run ex-
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