
TWO-ELECTRON BAND- TO-BAND TRANSITION IN SOLIDS 1399

*Work supported by the Deutsche Forschungsgemein-
schaft.

1K. Betzler, T. Weller, and R. Gonradt, Phys. Rev.
Letters ~26 640 (1971).

2K. Betzler and R. Conradt, Solid State Commun. ~10

7e (1972).
W. Heisenberg, Z. Physik 32, 841 (1925).
D. J. Stukel and R. N. Euwema, Phys. Rev. B 1,

1635 O.970).
A. R. Beattie and P. T. Landsberg, Proc. Roy. Soc.

(London) A249, 16 (1958).
6E. O. Kane, Phys. Rev. 159, 624 (1967).
'J. Aengenheister and R. Conradt, Solid State Commun.

10, 321 (1972).
W. Michaelis and M. H. Pilkuhn, Phys. Status Solidi

36, 311 (1969).
9L. M. Blinov, E. A. Babrowa, V. S. Vavilov, and

G. N. Galkin, Fiz. Tver. Tela 9, 3221 (1967) tSov. Phys.
Solid State ~9 2537 (1968)].

K. G. Svantesson, N. G. Nilsson, and L. Huldt,

Solid State Commun. ~9 213 (1971).
~~R. N. Hall, Proc. IEE 106B, Suppl. No. 17, 923

(1959).
~2%. C. Dash and R. Newman, Phys. Rev. 99, 1151

(1955).
D. Long, J. Appl. Phys. 33, 1682 (1962).

~4W. H. Kleiner and W. E. Krag, Phys. Rev. Letters
25 1490 (1970).

~58. J. Sudhanshu and N. Bloembergen, Phys. Rev.
171, 891 (1968).

~6J. J. Wynne, Phys. Rev. Letters 27, 17 (1971).
~VA. G. Chynoweth and K. G. McKay, Phys. Rev. 102,

369 (1956).
R. Conradt and W. Waidelich, Phys. Rev. Letters

20, 8 (1968).
~9J. I. Pankove, L. Tomasetta, and B. F. Williams,

Phys. Rev. Letters ~27 29 (1971).
20L. Huldt, Phys. Status Solidi 8, 173 (1971).

PHYSIC AL REVIEW B VOLUME 6, NUMBER 4 15 AUGUST 1972
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The hot-electron characteristic of n-germanium at room temperature is theoretically
derived taking into account the effects of the (100) valleys and the nonparabolicity of the (ill)
valleys. It is shown that the experimental results may be explained by theory only when

both these effects are included.

I. INTRODUCTION

The electron drift velocity in n-type germanium
at high fields is experimentally found to be almost
field independent. ' But early hot-electron theo-
ries considering only parabolic (111)valleys
fail to give a field-independent velocity when the

energy loss through both the acoustic and the optic
phonons are taken into account. The velocity be-
comes field independent only if the energy loss
through the acoustic phonons is neglected. How-

ever, even then the calculated values of the elec-
tron temperature are too high, and the value of the
deformation-potential constant for optic scattering,
required to fit the experimental values of the drift
velocity, is lower than that obtained from the anal-
ysis of low-field results. It was shown by the

present authors in an earlier paper that if the ef-
fect of the (100) valleys are included in the usual
simple theory, the velocity becomes field indepen-
dent even when the energy loss through the acoustic
phonons is taken into account. The electron tem-
perature is also found to be reasonable, but the
value of the optical-deformation-potential constant
which gives fit between theory and experiment is
almost unaltered. In this paper the alterations in
these results caused by the incorporation of the

nonparabolicity in the (111)valleys and the associ-
ated overlap corrections are discussed.

II. METHOD OF ANALYSIS

High-field-conductivity characteristics con-
sidering the nonparabolicity of the (111)valleys
have been recently obtained by Dumke. ~ In this

analysis, the effect of the nonclassical excitation
of the acoustic phonons was also considered and the

symmetric part of the distribution function was
obtained by the Levinson method. However, on

detailed computation we find that the nonclassical
excitation of the acoustic phonons has negligible
effect. The distribution function obtained by Dum-

ke from his detailed analysis is also almost Max-
wellian at room temperature. The small deviation
at low energies is unlikely to affect the results
significantly. The analysis may, therefore, be
much simplified by assuming a Maxwellian distri-
bution function with an electron temperature de-
termined by the energy-balance condition. The

equations giving the momentum relaxation time
and the electron temperature for the nonparabolic
(111)bands assuming a Maxwellian distribution func-
tion and classical excitation of acoustic phonons
are given in the following:
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J, is the current due to the carriers in the valley,
T~ and T, are the lattice and the electron temper-
atures, and the other symbols have the same sig-
nificance as in Ref. 7.

The electric field has been assumed to be ap-
plied along the [100]direction, so that all the (111)
valleys may be considered equivalent. The ex-
pression for the relaxation time for a particular
carrier energy simplifies to that corresponding to
parabolic bands as the effect of the nonparabolicity
is canceled by that of the overlap correction. The
average relaxation time is, however, affected by
the nonparabolicity through the density of states.

The integral giving the energy loss due to acous-
tic-phonon scattering [Etl. (3)] has been obtained
from the corresponding equation for parabolic
bands' by including only the first-order cor-
rection in the density of states, p(E). The ex-
pression should be considered approximate, since
the effect of the overlapping of the wave functions
and that of the nonparabolicity in the angular aver-
age have been neglected. The approximation, how-
ever, causes little error as the total contribution
of acoustic-phonon scattering to energy loss is less
than 25% even at the highest field considered. The
constant 8', is related to the deformation-poten-
tial constants for dilation and shear and is reported
to lie between (2) W and (2. 5) W.

In Fig. 1, we give the velocity-field character-
istics derived from the above equations using the
parameter values of Ref. 7 [curve (b)]. In ob-
taining this curve, we have approximated the term
1 —TI,/T, in Eq. (3) by unity, thus considering
only the spontaneous emission of acoustic phonons,
and have put W, = W. Comparing this curve with
the corresponding curve of Ref. 7 [marked (a) in
Fig. 1), we find that our simplified analysis gives
results agreeing with those of Ref. 7 to within 5%.

The electron mobility in the (100) valleys has
been estimated to lie within 700 and 900 cm V
sec '. " The change in electron temperature in
these valleys would, therefore, be negligible up to
the highest field (- 6 kVcm ') considered in this
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D~2, 5~~2, and X~2 represent the deformation-
potential constant, the energy quantum, and the
occupation number of the intervalley phonons; d
is the density of the material, 6 is the energy
separation between a (111) and a (100) valley, and

n& and I„& are, respectively, the carrier concen-
tration and the normalizing integral for the ith
valley. The label i takes on values 1 and 2 for a
(111)and a (100) valley, respectively. Also,

paper. The electrons in the (100) valleys may
hence be assumed to have a field-independent mo-
bility.

In order to include the effect of the (100) valleys
we have to add terms in (1) and (2) arising from the
nonequivalent intervalley scattering. The equa-
tions incorporating these terms are given in the
following:

1/7 = 1/7„+ I/~., + I/~„,
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III. RESULTS AND DISCUSSION
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The electrical conductivity of the blue-phase potassium molybdenum bronze Ko 30Mo03 has
been extended down to 4'K. Below 10'K, 0. is weakly metallic. Above 10'K, there is an acti-
vation energy for conduction of 0.025 eV. Above 180 'K, 0 becomes metallic again with a dis-
continuity only in the slope. Several models are suggested to account for the semiconductor-
to-metal transition in the absence of an antiferromagnetic Noel point or heat effect at 180 'K.
Included are the Mott-Hubbard model with a short-range electron-hole attraction proposed by
Ramirez, Falicov and Kimball, and the excitonic-insulator model on the semimetallic side.
The latter, although semiquantitatively consistent with the electrical conductivity, the Seebeck
coefficient, and the weak temperature dependence of the magnetic susceptibility, cannot be
distinguished from a correlation-free model involving only a simple lattice distortion on the
semimetallic side. The exciton binding energy is calculated to be 0.021 eV in satisfactory
agreement with the low-temperature-conductivity activation energy (0.025 eV).

I. INTRODUCTION

The term bronze has been given to a series of
highly doped formally mixed-valence metal oxides
which in'some cases have a very high metallic
luster. The tungsten bronzes M„WQ3, where M
is usually an alkali or alkaline-earth metal, have
been the most thoroughly studied. They form sim-
ple-cubic perovskite structures each cube corner
being occupied by a WQ6 octahedron sharing cor-
ners with neighboring octahedra and with the doping
atom M sitting in the center of the cube. They
are highly metallic with a room-temperature con-
ductivity o = 2. 6& 10 0 ~ cm for Ko 4WO~ as an ex-
ample. The conductivity is for the most part in-
dependent of the kind of dopant and only depends on
the dopant's concentration.

The dopant donates its valence electron to the
conduction band of the host which in the case of the

tungsten bronzes contains states which are made up of
a linear combination of antibonding tungsten 5d(t2~)
orbitals and oxygen 2P, orbitals. This bonding
scheme for the tungsten bronzes was first suggested
by Sienko and further clarified by Goodenough

for the general class of perovskites. Within this
general framework it was possible to understand
the metallic electrical properties of the tungsten
bronzes as arising from an almost-free electron
interacting with polar modes of the lattice to form
large polarons. 3

The significant decrease in the radial extension
of the wave function in going from 5d to 3d raised
the question as to the importance of d(t2~) P, over--
lap for bronzes of the 3d-transition-metal oxides.
Based on a wealth of information it appears that
for the vanadium bronzes M„V&Q~, the dopant
again donates its valence electron to the host, but
due to the absence of d(t2, ) p, overlap, the band--


