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The explanation of the premature loss in fringe
visibility probably depends on some other phys-
ical process. One possibility is that since our
photomultiplier response is not fast enough to
record amplitude variations within the 0.56-p. sec
amplitude pulses, we could be missing some
finer structure of these pulses. If t, was re-
duced by an order of magnitude, our model would
predict a loss of fringe visibility as observed.
Another possibility is that spatial coherence as-
sociated with two regions across the beam and
separated by a time delay 7 is degraded with in-
creasing delay length.
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OSCILLATORY MAGNETIC BREAKDOWN IN ZINC
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Previous experimental data on the galvanomag-
netic properties of zinc single crystals have shown
that very large amplitude Shubnikov —de Haas os-
cillations are found for magnetic field directions
near the c axis of this hexagonal close-packed
metal. ' These oscillations are associated with a
very small, needle-shaped portion of the Fermi
surface which contains approximately 10 ' of the
conduction electrons in zinc. The amplitude of
these oscillations appears to be many orders of
magnitude larger than any existing theory would
predict. We have found that these oscillations are
not of the normal Shubnikov —de Haas type as pre-
viously thought, but are caused by a perturbation
of magnetic breakdown by the position, relative
to the Fermi energy, of the Landau levels of the
needle-shaped portion of the Fermi surface. This
magnetic breakdown produces a giant orbit like
that previously found in magnesium. '~

The de Haas —van Alphen measurements of Jo-
seph and Gordon' and the magnetoacoustic meas-
urements of Gibbons and Falicov' indicate that the
Fermi surface of zinc is nearly identical to Har-
rison's single orthogonalized plane-wave model'
as modified by Cohen and Falicov' to take into ac-
count the effects of spin-orbit coupling. The sec--
ond band hole surface (the "monster") of this mod-
el is multiply connected and will support open tra-
jectories parallel to the hexagonal axis.

A thorough investigation of the transverse mag-
netoresistance of several single -crystal speci-

mens of zinc has been completed using magnetic
field strengths as high as 23 000 gauss. The re-
sults of this investigation indicate that the topologi-
cal features of the Fermi surface of zinc are iden-
tical to those of magnesium' with the exception that
the Fermi surface of zinc is open parallel to the
sixfold hexagonal axis. This openness was not ob-
served in magnesium presumably because of mag-
netic breakdown of the spin-orbit energy gap which
is much smaller in magnesium than in zinc.

Figure 1 is a stereographic projection in recip-
rocal space of those directions of H which were
found to produce open trajectories in zinc. Direc-
tions of H are given by the coordinates 8, the angle
between H and the polar axis b„and Q, the angle
between the plane of H and b, and the plane of by
and b, . The periphery of the stereogram corre-
sponds to H in the basal plane. These directions
of H produce open trajectories parallel to b, . The
radial lines which emanate from the pole of the
stereogram are directions of H which produce
open trajectories parallel to the basal plane. These
open trajectories are of the same type as those ob-
served earlier in magnesium4 and are produced by
magnetic breakdown of the energy gap which sepa-
rates the second band hole surface, the monster,
and the needle portions of the third band electron
surface. The longer radial lines are directions of
H which produce the ee type open trajectories,
while the shorter radial lines give rise to the ff
open trajectories, both of which are shown in
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FIG. l. Stereogram of the magnetic field directions
which produce open trajectories in zinc. b&, b2, and

b3 are the basis vectors of the hexagonal reciprocal lat-
tice. The pole of the stereogram is along the sixfold
b3 axis. The crosses show the current directions of the
specimens investigated.

Fig. 2 of reference 4. In addition, there is a
small two-dimensional region of magnetic field
directions (e ~ 1.3') about b, which give rise to
open trajectories in the basal plane. This is also
the region in which a giant orbit is produced.

Figure 2 shows the variation of the transverse
magnetoresistance as a function of the magnitude
of 0 for II parallel to b, for three different crys-
tal purities. All of these curves contain a large

oscillatory component which is periodic in H '.
The period of these oscillations is identical to the
de Haas —van Alphen period of the needle-shaped
portion of the Fermi surface. The magnetoresist-
ance saturates for this particular direction of H,
because the presence of the giant orbit which is
produced by magnetic breakdown destroys the hole
and electron volume compensation. Any fluctua-
tion in the transition probability (i.e. , any fluctua-
tion in the number of giant orbits produced) will
be seen as a fluctuation in the magnetoresistance.

The standard method of treating magnetic break-
down is to assume that the energy difference be-
tween the two bands involved is independent of the
magnitude of H. However, to be completely cor-
rect, we must consider that the transition takes
place between the quantized Landau levels of each
band. %e should thus express the energy differ-
ence between the two bands as the sum of the en-
ergy difference in zero magnetic field, E ', plus
the difference between the energy of the highest
populated Landau level of the respective band and
the Fermi energy, he(H), for a particular value
of H. The maximum value of he(H) for any value
of 0 will be limited by the energy separation of
the Landau levels and is given by

b, e(H) =he@ =SeH/m*c.
max

The de Haas-van Alphen data of Joseph and
Gordon' give a value of m*= 0.01m, for the
needles, while the effective mass of the particles
on the monster is about m„where mo is the
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FIG. 2. Transverse magnetoresistance saturation curves for H parallel to
b3 for three different specimen purities. The quantum oscillations in the mag-
netoresistance are the result of an oscillating magnetic breakdown.
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The oscillations have the periodicity of the needle portions of the Fermi surface

free electron mass. Thus, b e(H) (needl. es)
= 100 Ag(H

max
e(H)m~(monster), and we can neglect

the perturbation due to the monster levels corn-
pared with that due to the needle levels and ex-
press the effective energy gap as

E '=E '+he(H; needles).

The curves shown in Fig. 2 indicate that the mag-
netic breakdown is nearly complete by the time the
magnetic field has reached 2500 gauss. From this
we estimate a zero magnetic-field energy gap E '
of about 0.005 eV. The separation of the Landau
levels of the needles is about 0.006 eV for H = 5000
gauss. Figure 3 shows the variation of the effec-
tive energy gap, Eg', as a function of magnetic
field strength in the limit of T =0 K. It is evident
that the periodic fluctuations of E&' will cause pe-
riodic fluctuations in the transition probability and
hence a periodic fluctuation in the magnetoresist-
ance, and that the periodicity of these fl t at'uc u ions
wi e i entical to the de Haas —van Alphen pe oden peri
o the needles. Note that the fluctuations in Eg

'

are contained between a lower envelope of E '=E '
and an upper envelope of Eg'=E&'+KeH/0. 01 m, c.
These correspond to the lower and upper envelopes,
respectively, of the oscillations in the magnetore-
sistance.

If we look at the curves in Fig. 2 we see that
there is a pronounced hump in the magnetoresist-
ance for 0= 2500 gauss for the higher purity
cur ves. Thiis hump is especially pronounced if we
look only at the lower envelope of the oscillations
which is associated with the breakdown of the zero
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FIG. 4. The oscillatory component of the transverse
magnetoresistance for H parallel to b3. The small os-
cil ations are the result of spin splitting of the Landau
levels.

field gap E&'. Before magnetic breakdown becomes
significant (H &1500 gauss) the magnetoresistance
varies as H'. After magnetic breakdown is rela-
tively complete the magnetoresistance saturates.
The he ump is the result of a transition from the H'
behavior to the saturation behavior. The absence
of a hump in the lower curve is due to the rela-
tively low purity of the specimen, which prevented
the initial H' rise of the magnetoresistance from
becoming larger than the final saturation value.

Using the simple two-band model for the mag-
netoresistance we obtained expressions for the
upper and lower envelopes of the oscillations. The
result of the calculation indicated an amplitude
of oscillation of about 30$ of the saturation value
of the magnetoresistance. This is in quite good
agreement with the experimental value.

Figure 4 shows an enlarged view of the oscilla-
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tory component of the transverse magnetoresist-
ance for H parallel to b, . Note the presence of
the small secondary oscillations which occur on

the left-hand slope of each of the major oscilla-
tions. These small oscillations have a constant
phase relationship with the major ones. Accord-
ing to the foregoing treatment each minimum in

the magnetoresistance must correspond to a maxi-
mum in the transmission probability. Thus each
of the minima on either side of the small oscilla-
tion must correspond to a quantum level being at
the Fermi energy. Hence the small oscillations
must result from spin splitting of the original
Landau levels. If each of the Landau levels is
split into two levels by magnetic interactions, the
effective energy gap F&' will contain a secondary
oscillation associated with the spin splitting which
will be exhibited in the transverse magnetoresist-
ance as a secondary oscillation of the type seen
in Fig. 4. We estimated the effective g factor for
the electrons on the needle from the separation of
the two subsidiary minima and obtained a value of
g=34. While effective g values of this magnitude
have been observed previously in semiconductors
and semimetals, none have been observed, to our
knowledge, which differed appreciably from a val-
ue of 2 in any metal with a large number of conduc-
tion electrons. It is of interest to note that the
effective g value of the needle portion of the Fer-

mi surface cannot be measured by a normal spin-
resonance technique, since the needle contains
only a very minor portion of the conduction elec-
trons in zinc, while the spin-resonance technique
measures the effective g values of the predominant
carriers.

I would like to thank Dr. W. L. Gordon, Dr. T. G.
Eck, and Dr. J. R. Reitz for many interesting and
inf or mative discussions.

*Work supported by the Air Force Office of Scientific
Research.

C. A. Renton, Proceedings of the Seventh Interna-
tional Conference on Low-Temperature Physics, edited
by G. M. Graham and A. C. Hal. lett (University of To-
ronto, Canada, 1961), p. 216.

M. G. Priestley, Proceedings of the Seventh Inter-
national Conference on Low-Temperature Physics,
edited by G. M. Graham and A. C. Hallett (University
of Toronto Press, Toronto, Canada, 1961), p. 230.

M. H. Cohen and L. M. Falicov, Phys. Rev. Let-
ters 7, 231 (1961).

R. W. Stark, T. G. Eck, W. L. Gordon, and F. Mo-
azed, Phys. Rev. Letters 8, 360 (1962).

A. S. Joseph and W. L. Gordon, Phys. Rev. 126,
489 (1962).

D. F. Gibbons and L. M. Falicov (to be published).
W. A. Harrison, Phys. Rev. 118, 1190 (1960).
M. H. Cohen and L. M. Falicov, Phys. Rev. Let-

ters 5, 544 (1960).

SOME OBSERVATIONS OF GROWING OSCILLATIONS IN ELECTRON-HOLE PLASMA

Betsy Ancker -Johnson
Boeing Scientific Research Laboratories, Seattle, Washington
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Highly reproducible growing oscillations have
been observed in electron-hole plasma. The plas-
ma is produced by injection' from current con-
tacts into single-crystal p-type indium antimonide
at 77'K. The circuit consists simply of an essen-
tially constant-current source (pulsed) and a 10-
ohm resistor in series with the sample to allow
determination of the current through it. Since the
pulse lengths are short (-10 ' sec) and the repeti-
tion rate low (&1 sec '), the temperature of the
sample increases by less than 10 ' 'K. Side con-
tacts on the crystal are used to observe voltage
behavior. The sample dimensions are (0.75+ 0.03)
x(0.75+ 0.03) x12 mm with contacts soldered as
shown in Fig. 1.

Two types of growing oscillations have been ob-
served: For one type, observed in sample No. A,
the frequency is current controlled and for the
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FIG. 1. The full amplitude of oscillation at maximum
and the frequency plotted as functions of the current.
The currents at which growing oscillations occur are
indicated. Basic properties of this sample (No. A)
are pa=5. 5 x 10 cm 3, o =4. 5 (ohm-cm), and pp
= 6300 cm2/V-sec.


