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tween optical and thermal activation energies
suggests intrinsic conduction.? It seems likely
that the metallic impurities are incorporated in
phthalocyanines in such a way that they do not
influence the conductivity, i.e., the metal ions
substitute for the H, core in the metal-free
phthalocyanine. It is found from electron spin
resonance® that the wave functions of the metallic
core do not spread over the entire molecule and
have little effect on the 7 orbitals which provide
the current carriers.

The sign of the Hall voltage may be explained
by using the following molecular model. The
conduction process involves an intramolecular
excitation and the intermolecular transfer of the
carrier., The former process involves an activa-
tion energy; the latter is a measure of the mo-
bility. The electron is raised to an excited state
where the overlap of the excited-state wave func-
tion is greater than the overlap of the lower lying
ground-state functions. The hole left behind in
the ground state may be considered to be some-

what less mobile.
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Recently, Esaki! has reported anomalous breaks

in the current-voltage relations for bismuth at
high electric fields when a magnetic field is ap-
plied perpendicular to the direction of current
flow. These breaks occur at an electric field ap-
proximately given by Ey 1 =Hu/c, where u is the
velocity of a transverse acoustic phonon in bis-
muth. His qualitative explanation of the phenom-
ena noted that this Eki is the electric field in
which the cycloidal transverse drift velocity of

electrons and holes (which drift in the same direc-

tion) would be equal to the velocity of sound. He
attributed the kink to a change in the electron-
phonon scattering of quantized orbits when Vdrift
=u. We suggest instead that an additional force

is present represented by the possibility of travel-
ling wave amplification, that this force is a collec-

tive force involving the drift velocity (rather than
the Fermi velocity, which is two orders of mag-
nitude larger), and that the occurrence of the ob-

served megacycle oscillations is a reasonable out-

come for such a collective process. The model
also gives a good qualitative description of the

measured E -I characteristics.

Consider a classical positive charge moving in
a magnetic field #, and an electric field E,. The
existence of a phenomenological damping time 7
is assumed. We further assume an additional
force F in the x motion. This force is assumed
to be directed opposite to v to be zero for |v |
<u, and to increase very rapidly with increasing
v, for va! >u. The equations of motion are

mo e[Ey (Lx/C)H] mvy/T, (1a)

)Y
md =e( /c)H+F -mv /7. (1b)
x y x

The equations for the drift velocity are obtained
by setting the left-hand side of (1) equal to zero.
If F increases rapidly enough as a function of the
drift velocity v, , when E is greater than some
critical electric field, Eq. (1b) will have a drift
velocity solution v, =, and the current density
will be given by

. ne’r 1 Hu 1
= E —_—
- (1 + (wCT)2>’ Ex< c <l * (wCT)§>’ (22)

311




VoLUME 8, NUMBER 8

PHYSICAL REVIEW LETTERS

APRIL 15, 1962

2 1
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where n is the density of charges.

Equations (2) give a qualitative description of
Esaki’s published curves, including the constant
differential conductivity above the critical field,
the high-field magnetoresistance below the criti-
cal field, and a reason for the critical field to lie
above Hu/c. The zero-field resistivity obtained
by extrapolating the high-field magnetoresistance
data of Esaki to zero magnetic field in fact agrees
fairly well with the above kink differential resis-
tivity, as predicted from (2). (The actual zero-
field resistivity is, however, much lower.)

That both holes and electrons are involved is
important because their transverse drift produces
no Hall field. The model, of course, neglects all
quantum effects, effects of mass anisotropies,
differences in relaxation times of electrons and
holes, etc.

This model is reasonable only if an explanation
for a very sharply varying force at v, =u can be
found. We pose the following question. Why, in
bismuth, does not the kind of phonon amplifier
described by Hutson, McFee, and White? exist
when an electric field is applied? The answer
seems to be: Because electrons and holes drift
in opposite directions in an electric field, the con-
dition of charge neutrality (a strong limitation in
a semimetal) precludes driving bunched electrons
and holes with an electric field.

Esaki’s experiments, however, produce a trans-
verse drift of electrons and holes in the same di-
rections. These can be bunched in a travelling
wave without violating charge neutrality.

In a one-dimensional scalar model an analysis,
similar to that of reference 2, for the case of
deformation potentials and an induced drift ve-
locity v for electrons and holes yields

an(x,t) - an(x,t) _nlx, ) +V(8z/0x)N

at 9x Teh
82z a2z an(x,t)
oy L4V J
Por Y ax®™ Tax ®

for the equations of motion of the lattice displace-
ment z and the deviation of the electron and hole
concentration n(x, {) from its equilibrium value.
V is the difference in the electron and hole defor-
mation potentials, N is the density of states at the
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Fermi surface, and 74}, is the electron-hole re-
combination time. These equations yield the ap-
proximate relation for left-running waves:

V3N 1/wr | -i(l+v/u)
eh

2 2|
L (1+v/u) +(1/w‘reh)

k(w)=uw+ 2Y‘re

for the relation between wave vector k(w) and fre-
quency w. As in Hutson’s case, for v > -u, the re-
sult is an acoustic loss. For »< -u, the phonons
show a net gain. The maximum gain/unit length
attainable is approximately

V:Nw/Yu,

of the order of 0.3 cm™ for 1-Mc/sec sound waves
and parameters appropriate to bismuth. The w
dependence is weak, so a band of acoustic waves
could be amplified.

Gain to the sound waves represents an effective
force opposed to the velocity of the electron mo-
tion in the x direction. The magnitude of this
force is a complicated function of the acoustic
properties of the crystal. When this force in-
creases rapidly enough with velocity, however,
the nature of the E -I curves are independent of
the details of the force. This force can become
large if the phonon gain becomes sufficient to
overcome usual phonon losses, and coherent pho-
non waves of sufficient amplitude are generated.
The observation by Esaki of megacycle oscilla-
tions suggests that this coherent travelling-wave
amplification occurs.

It thus seems possible to understand the behav-
ior of the additional force due to the onset of trav-
elling-wave amplification, which is possible in
bismuth only when the electrons and holes drift
in the same direction. It should be emphasized
that this energy loss mechanism is a collective
effect involving the drift velocity. The model
seems therefore to give a plausible description
of the dominant effects in the kinks observed in
the magnetoresistance of bismuth.
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