
VOLUME 44, NUMBER 1 PHYSICAL REVIEW LETTERS 7 JANUARY 1980

Dundee, Scotland, 1977), p. 3, and references therein.
P. G. LeComber, A. Madan, and W. E. Spear, J.

Non-Cryst. Solids 11, 219 (1972).
3A. R. Moore, Appl. Phys. Lett. 31, 766 (1977).
4J. C. Knights, D. K. Biegelsen, and I. Solomon,

Solid State Commun. 22, 133 (1977).
5J. R. Pawlik and W. Paul, in Proceedings of the

Seventh International Conference on Amorphous and
Liquid Semiconductors, Edinblrgh, Scotland, l977,
edited by W. E. Spear {G.G. Stevenson, Dundee, Scot-
land, 1977), p. 437.

W. E. Spear and P. G. LeComber, Philos. Mag. 88,
935 (1976).

TB. von Roedern, L. Ley, and M. Cardona, Phys. Rev.
Lett. 39, 1576 (1977).

R. Fisch and D. C. Licciardello, Phys. Rev. Lett.
41, 889 (1978).

D. Adler, Phys. Rev. Lett. 41, 1755 (1978).
t W. Y. Ching, D. J. Lam, and C. C. Lin, Phys. Rev.

Lett. 42, 805 (1979).
J. D. Joannopoulos and F. Yndurain, Phys. Rev.

B 10, 5164 (1974).
i J. D. Jo~~nopoulos, Phys. Rev. B 16, 2764 (1977).
"J.D. Jo~~~opoulos, J. Non-Cryst. Solids, 32, 241

(1979}.

' D. Vanderbilt and J. D, Jo~~nopoulos, Phys. Rev.
Lett. 42, 1012 (1979).
~5K C. Pandey, T. Sakurai, and H. D. Hagstrum,

Phys. Rev. Lett. 35, 1728 (1975).
'~K. D. Pandey, Phys. Rev. B 14, 1557 (1976).
~YD. Allan and J. D. Jo~~~opoulos, to be published.
' We have argued that only nearest-neighbor SiH's

can account for the structure below —6 eV when topo-
logical constraints are relaxed. If there are many
second-neighbor SiH's, however, a qualitatively simi-
lar structure is observed, for example, in the DOS
calculation of Si(111)».H with relaxed topology t F. Yndu-

rain and E. Louis, Solid State Commun. 25, 439 (1978)].
The quantitative results, however, are very sensitive
to the Hamiltonian, and we have found that calculations
on Si(111):Hwith relaxed topology using Pandey's
realistic Hamiltonian (includirg second-neighbor inter-
actions, Ref. 16) give quantitative results which do not
agree with the more approximate HamQtonian of Yndu-
rain and Louis nor with experiment for a-Si:H.

~~R. A. Street, J. C. Knights, and D. K. Biegelsen,
Phys. Rev. B 18, 1880 (1978); B.von Roedern, L. Ley,
M. Cardona, and F. %. Smith, to be published.

'OS. R. Ovshinsky and D. Adler, Contemp. Phys. 19,
109 (1978}.

Resolution of Shubnikov-de Haas Paradoxes in Si Inversion Layers
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In two dimensions the frequency of magnetoconductivity oscillations measures the
sum of Fermi-surface areas when the Landau levels are sharp. This explains why

{100}Si inversion layers with two occupied subbands show only one frequency. It also
explains why the frequency observed on {111)surfaces simulates a valley degeneracy
of 2, even though six valleys are occupied.

In a recent experiment by Stallhofer, Kotthaus,
and Abstreiter' it was shown that in Si(100) in-
version layers under uniaxial stress two masses
could be observed corresponding to simultaneous
occupation of both subbands E, and E, However,
in a subsequent experiment by Gesch et a/. ,

' in

which cyclotron resonance and Shubnikov-de Haas
(SdH) oscillations were observed on the same
sample and under identical conditions, the oscil-
lations showed only one frequency corresponding
to all the electrons. One would have expected a
superposition of two frequencies. In this Letter
we show that this apparent discrepancy is to be
expected in a two-dimensional system with sharp
Landau levels. In the same way the long-stand-
ing problem of the unexpected (apparent) twofold
valley degeneracy on (110) and (111)surfaces' '

can also be understood without resorting to an

extremely high strain at the surface. '
On the (100) surface the electrons in the inver-

sion layer are quantized into two different types
of subbands': The two valleys of the conduction
band of Si that have their longitudinal mass per-
pendicular to the surface give rise to one set of
subbands (0, 1,2, . . .) which has a small effective
mass ~ =0.19', for motion parallel to the sur-
face. The other four valleys give rise to another
set (0', 1', 2', . . .) which has a greater mass m'
= 0.42, . Usually, only subband 0 is occupied,
but application of uniaxial stress can move two

of the four other valleys down in energy, so that
the 0' subband gets populated. Furthermore, a
magnetic field applied perpendicular to the sur-
face causes the subbands to quantize into Landau
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levels which ideally are discrete:

Ec„=Ec+(N+2)h&u~,

EciN=Eni+(N+ p)h(u, ', N=O, 1,2, . . . ,

where E, (E,.) is the bottom of subband 0 (0') for
zero magnetic field, and &e, =eB/I (~,' =eB/m').

The number of states in each Landau level is

N = 2g„(t, /h )B
independent of effective mass. We neglect spin
splitting for clarity, and g„=2 is the valley de-
generacy. The levels will in reality be broad-
ened. In the following calculations, which are
only meant to illustrate our argument, we as-
sume a Gaussian shape with a constant width pa-
rameter 1", so that the density of states is given
by

r(2 )'"'~ 2 r ~ "p
2 r

t g-p N=p

Furthermore, we take as a rough measure for
the conductivity at temperature 0 the square of
the density of states at the Fermi level E„. Sup-
pose that subband 0 contains np electrons, and
subband 0', np electrons. If the Fermi level were
constant, the conductivity would have maxima
whenever E,„=EF or E, „=8F and have two oscil-
lation periods in 1/B: X = 2g„e/hn, and A.

' = 2g„e/
lf +p and one should be abl e to determine np and
np, from the oscillations.

However, the Eexmi energy is not constant.
The total number of electrons n is constant, and
this means that for sharp levels EF gets locked
to the Landau level that is being emptied with in-
creasing B. When the level is completely empty,
EF jumps rapidly to the next lower Landau level
from either subband 0 or O'. At this field the con-
ductivity is minimal. Since the number of states
in each Landau level is independent of subband
system, the minima will have a spacing x = 2g„e/
hn reflecting the total number of electrons re-
gardless of the relative population of the two sub-
bands. In the lower frame of Fig. 1 this is illus-
trated for extremely small broadening. The
square of the density of states at the Fermi level
for constant total inversion-layer density is plot-
ted as a function of 1/B. The difference in sub-
band energies 6 =E, -E, is chosen so that 0.5V

of the electrons are in subband 0 and 0.43 in sub-
band O'. Clearly the period of the oscillations re-
flects only the total number of electrons. The
two spikes correspond to two Landau levels cross-
ing each other at the Fermi level.

We now consider broadening. It is important
to note that two mechanisms can broaden the
measured signal. First, the intrinsic broaden-
ing of the Landau levels due to scattering will
tend to reduce the oscillations and give addition-
al structure because of the larger field ranges
in which two Landau levels overlap at the Fermi
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FIG. 1.. Square of the density of states at the Fermi
level as a function of reciprocal magnetic field when
both subband 0 and 0' are occupied. Lower frame:
Very sharp Landau levels. Upper frame: Broader lev-
els and inhomogeneous broadening as described in text.
Inset: Density of states for B=0.

! energy. Second, one can expect broadening from
inhomogeneous strain at the interface, which
causes a fluctuating difference in subband ener-
gies and population ratio. This mechanism also
reduces the oscillations, but tends to reduce
even more the additional structure arising from
overlapping levels. In the upper frame of Fig. 1
we illustrate these effects. The parameter for
intrinsic broadening is chosen to be F =0.25 meV.
The inhomogeneous broadening is simulated by
taking an average over signals from nine subband
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strain-induced valley splitting since "twofold de-
generacy" was reported.

V,"e have pointed out that the usual interpretation
of SdH measurements is not valid when the Lan-
dau levels are sharp. As the width of the level
grows, the motion of the Fermi level becomes
less and less pronounced. If just one electron
system has low mobility, the Fermi level will be
fairly constant, so that the usual superposition
of oscillations can be observed. We believe this
is the case in measurements reported on p-chan-
nel Si inversion layers" and on other semicon-
ductor materials. "
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The superconducting properties of thin granular lead films provide evidence for the
existence of clusters which mitigate electrostatic charging effects and allow Josephson
coupling to remain favorable in samples with normal-state sheet resistance near the
maximum metallic resistivity of 30000 0/sq. The disappearance of zero-resistance
transitions together with the precipitous onset of temperature broadening in this range
is therefore most likely associated with the localization of electronic states.

The resistive transitions of thin two-dimension-
al (2D) granular superconducting film typically
exhibit a broadening in temperature' as the nor-
mal-state resistance per square R N approaches
the maximum metallic resistivity' of 30 000 0/sq.
Recent measurements on thin films of Pb, Sn,
and Al also confirm that a transtiion to zero re-
sistance will not occur if Rg" is greater than
30000 0/sq. ' In this report we describe experi-
mental observations on thin (-300A) granular lead
films with R~"s30 000 Q/sq which provide new and
convincing evidence for the presence of clusters4 '
which we shall demonstrate play an important

role in maintaining Josephson coupling across re-
gions of the film containing a relatively large
number of grains. The appearance on the I-V
characteristics of uniformly spaced voltage steps,
separated by twice the energy gap (2d) of lead,
is a direct manifestation of the fact that Joseph-
son phase-slip processes are occurring along the
oxide boundaries separating these macroscopic-
size clusters of grains. Our data show that the
clusters decrease in size with increasing Rg"
and yet remain large enough to mitigate the ef-
fects of electrostatic charging' for films with Rg"
=30 000 0/sq. We argue that the absence of transi-
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