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a temperature shift of —20 K due to the imaging
electric field is assumed, the conflict would al-
most disappear. '

In conclusion, whereas the comments be Seid-
man, Wilson, and Nielsen' brought up some dif-
ficulty with our proposal of free migration of in-
terstitials at 15 K in W, the issue seems not yet
decided, and their results could be reconciled
with our proposed model.

In line with the greater importance that di-in-
terstitials seem to play, we have revised our in-
terpretation of the 27-K peak. In Ref. 2, the 27-
K peak was considered to correspond with the
peak by DiCarlo, Snead, and Goland' at 30 K.
Good agreement in a peak height expected from
the Frenkel-pair concentration between neutron
and electron irradiations had led us to discard
the possibility of di-interstitials as the defects
responsible for the 27-K peak; these defects
were considered to be the interstitials trapped
by impurity atoms. However, close examination
of the results, including those of impure speci-
mens, indicates that the peak reported by Di-
Carlo, Snead, and Goland at 30 K does not cor-
respond with the 27-K peak in the present experi-
ment, but possibly with the 30-K peak, which ap-
pears half buried in the 27-K peak in the pure
single-crystal specimen. Therefore, the defects
responsible for 27-K peak are more likely to be
di-interstitials. In the neutron irradiation, the
high-energy primary knock-on atom produces a
cascade where the local defect density is suffi-
ciently high to give a large chance for the inter-
stitials to form di-interstitials. Since the local-
ly high defect density in the cascades remains

almost the same as the irradiation dose increas-
es; so long as overlap of the cascades does not
occur, the number of di-interstitials and also
the 27-K peak height increase linearly with ir-
radiation dose. Cn the other hand, since DiCar-
lo, Snead, and Goland irradiated the specimen
with electrons at 20 K where the free interstitials
were mobile and the formation of di-interstitials
was scarce, they could not observe the large 27-
K peak. A detailed account, will be published else-
where.

D. N. Seidman, K. L. Wilson, and C. H. Nielsen,
preceding Comment fPhye. Bev. Lett. 35, 1041 (1975)].

S. Okuda and H. Mizubayashi, Phys. Rev. Lett. 34,
815 (1975). In lines 21-22, left-hand column, page 815,
(nominal purity 99.99%) should read (nominal purity
99.999/p).

3D. O. Thompson, T. H. Blewitt, and D. K. Holmes,
J. Appl. Phys. 28, 742 (1957).

4D. W. Keefer, J, C. Robinson, and A. Sosin, Acta
Metall. 13, 1135 {1965).

~H. M. Scanlan, D. L. Styris, and D. N. Seidman,
Philos. Mag. 23, 1439, 1459 (1971).

K. L. Wilson and D. N. Seidman, Cornell University
Materials Science Center Report No. 2346, 1974 (un-
published}.

THere, we have taken seriously their statement that
essentially no change at 6-18 K was observed in FIM
experiments. If we take only their results of annealing
above 15 K, reconcilation of their results with ours
seems possible by a temperature adjustment of less
than a few degrees.
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I have calculated the correlation energy and effective mass of electrons in a two-dimen-
sional electron gas. The results on the effective mass show good agreement with experi-
ments on Si. However, when the finite thickness of the inversion layer is taken into ac-
count the effective mass is reduced. The difference between our results and those re-
cently published by Ting et al. is due to their use of an approximation to the Dyson equa-
tion. Dispersion in the insulator and a finite insulator thickness have been considered.

The possibi. lity of studying many-body effects recognized for some years. The g factor has
on an electron gas in the inversion layer of a met- been measured by Fang and Stiles' and the effec-
al-insulator-semiconductor structure has been tive mass for motion para1lel to the surface was
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measured by Smith and Stiles' as a function of
carrier density. Some theoretical calculations
on the electron-electron interaction in a two-di-
mensional electron gas have been published.
Chaplik's' results on the mass are valid only in
the high-density limit. Janak' and Suzuki and
Kawamoto' used various static approximations to
the screening and obtained some agreement with
experiment for the g factor. However, the static
approximations lead to a mass which is lower
than the bulk value (at least for N& 3x 10"cm ')
in qualitative disagreement with experiment.
Very recently Ting, Lee, and Quinn' have calcu-
lated the g factor and effective mass based on dy-
namic screening in the random-phase approxima-
tion (RPA) and the Hubbard approximation with
greatly improved results.

I have performed calculations on the correla-
tion energy and effective mass. The calculations
employ dynamic screening in the approximation
to the RPA screening suggested by Lundqvist'
and by Overhauser. ' For the effective mass we
get results which differ from those of Ting, Lee,
and Quinn. ' The difference can be traced to their
use of an approximation to the Dyson equation.

The self-energy' is given by (k = 1)

Z(k, E)

. "d gd(d
G(k Q, E cu),

where the bare Coulomb interaction is e'/2qe „.
e„is the permittivity of the surrounding medium,
in this case the average dielectric constant of ox-
ide and semiconductor. G(k, E) is the one-parti-
cle Green's function. The Lundqyist-Overhauser
approximation represents the imaginary part of
the propagator for density fluctuations by a 5
function:

Im -1 = —— 6 (d-(d+.1T (dg, (q) (2)
s(q, (d) 2 co~

The strength and the effective plasma frequency
~, are determined by the requirements that (2)
fulfill the f sum rule" and the sum rule for z '
x Im[eje(q, &o)]. Thus v~'(q) = ,'qNe'/—e m,"and

2 o (q

age(q, 0) —1 '

where m is the bulk mass for motion parallel to

t

the surface. The RPA result of Stern" is used
for e(q, 0):

e(q, 0) = e „+e, s(q)/q, s(q) = (2n„e'm/4m', )(1—8(q —2kF)[l —(2kF/q)']"'). (4)

Using the free-particle Green's function and carrying out the integration over co, one obtains the self-
energy

Z(k, E) =Z„(k)+Z, (k,E),

(6)

d'q e' (o,'(q)" 8(k~ —tk-Qt) 8(tk-Qt -kp)
(2w)2 2e„q 2(u, E —$(k - Q) +u), E- $(k —Q) —(o,

where $(k) =(k2-k~')/2'. The exchange energy
Z„(k) has been calculated earlier by Chaplik' and
by Stern, " In order to determine the energy of a
quasiparticle with momentum k one must solve
the Dyson equation":

E+ p, =k'/2m +Z(k, E), (6)

where p, is the chemical potential of the interact-
ing electron gas.

Figure 1 displays the results for the self-ener-
gy of particles at the Fermi level. The parame-
ters used in the calculation are those of a Si(001)-
SiO, interface: q „=7.8e„nz =0.1905m„number
of equivalent valleys e, = 2. It can be seen that

i the self-energy considerably lowers the chemical
potential.

Solutions of (8) for k values below the Fermi
level show that the band is still very nearly par-
abolic with a mean mass 14/0 above the bulk mass
for K= 10" cm ' and decreasing with increasing
density. Thus, at the bottom of the band, the cor-
relation energy compensates a major part of the
exchange energy (if only exchange is considered,
the mean mass is -3 the bulk mass for N=10"
cm ' and always smaller).

The effective mass defined by m* '=k 'dE/dk
is obtained upon differentiation of the Dyson equa-
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FIG, 1. Fermi energy eF, exch~age energy e~, cor-
relation energy e, , and self-energy Z, all at the Fer-
mi level, as a function of carrier concentration in the
bvo-dimensional limit.

FIG. 2. Effective mass as a function of carrier con-
centration. Solid curve: present work. Magnetocon-
ductivity measurements from Ref. 2: D at B=1.56 T,
+ at B =2.59 Y. Dashed .curve: theoretical results
from Ref. 6. Dash-dotted curve: present work, ef-
fect of finite inversion layer thickness included.

tion (8):

rn~
1

BZ 1 m BZ
(9)
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Figure 2 shows the results for the effective
mass as a function of carrier density. Also
shown are the magnetoconductivity results of
Smith and Stiles. ' The theoretical results are
seen to be 0.005~, below the experimental re-
sults over the whole range of the experiment.
Since the theory is based on the limit of zero
magnetic field, comparison should preferably
be made with the lower-field results.

Ting, Lee, and Quinn' used the full RPA ex-
pression for the dielectric function. They fur-
thermore used an approximation to the Dyson
equation (8) in which the energy variable in the
self-energy is replaced by the noninteracting val-
ue $(k). Thus by differentiation they obtain

rn~ rn 8Z BZ1+— +
m k Bk BE

If one uses Eq. (10) instead of (9) results are
obtained which closely resemble theirs, which
are shown dashed in Fig. 2. This shows that the
diff erence between the Lundqvist-Overhauser ap-
proximation and RPA is small. I find that bZ/BE
varies from —2 to —0.5 in the density ra,nge 10"-
10 em . Thus the difference in Fig. 2 between
my results and theirs is almost entirely due to
their using the approximation (10) rather than Eq.
(9). This strongly suggests that RPA and Eq. (9)
would give much lower values of the effective

mass.
In the Lundqvist-Overhauser approximation it

is simple to calculate the effect of the finite thick-
ness of the inversion layer. As shown by Ando

and Uemura" and Stern, ' use of the variationa, l
wave function" in the z direction f(z) =(b'/2)'i'z
x exp(- bz/2) leads to an effective dielectric func-
tion of the medium

1 1 8+9x+3x 1 ~sl slog
6~(g) equi 8(1+x) Esq esi +tsio2 (1+x)

where x =q/b. All the previous expressions hold

except for the fact that e „is now a function of q.
Lee, Ting, and Quinn" have shown that taking

this effect into account has a strong influence on
their RPA results. This is also the case in my
calculations. I have used 5 values varying with
densjtyx from b =0.0978 A-i at 10zz cm-2 to
=0.1761 A"' at 10"cm"' corresponding to a bulk
doping of 10"cm"'. The results are not very
sensitive to the bulk doping.

The magnitude of the exchange part of the self-
energy at the Fermi level is reduced by roughly
25% while the correlation part becomes very
nearly a, constant of —6 meV. The self-energy
varies from —11 to —48 meV in the density range

. 10" to 10" cm ' to be compared with —18 a,nd
—100 meV in the strictly two-dimensional case.

The results for the mass are shown by the dash-
dotted curve in Fig. 2. It can be seen that the
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thickness of the inversion layer strongly reduces
the enhancement of the mass. The agreement
with experiment is now only qualitative. In view
of the discussion of Eq. (10) it should be pointed
out that the good agreement reported by Lee,
Ting, and Quinn" is due to their use of Eq. (10)
rather than Eg. (9).

Other contributions to the magnitude of the
many-body effects have been studied. It is known
that the dielectric constant of SiO, shows disper-
sion at an optical-phonon energy co, of about 55
meV. " The oscillator strength S is about 0.8.
The Lundqvist-Overhauser approximation for
such a system is the usual oscillator model with-
out losses. When the total dielectric function is
formed by addition of the polarizability of the
electron layer (in the same approximation) one
is led to a mixed mode problem with two poles in
the density fluctuation operator. Calculations
show that the effect of the dispersion is to in-
crease the magnitude of the self-energy at the
Fermi level by 24/o, 13%, and 8% for N= 10",
10", and 10"cm"', respectively. The effect on
the mass, however, is very marginal. The
change is predicted to be an increase in the mass
of at most 0.6%.

The effect of the finite thickness d of the oxide
has also been studied. If the metal gate is con-
sidered perfectly conducting and one assumes +
«cq, the effective dielectric function of the sur-
rounding medium is easily shown to be"

e„(q) = —,'[cs,. +as,.o coth(qd)j.

The oxide layer has to be very thin in order to
make any change. For d = 100 A the magnitude of
the self-energy at the Fermi surface is decreased
by 16%, 7%, and 3%% for N=10", 10", and 10"
cm"', respectively. For the extreme value d = 50
A the changes are 29/o, 14%, and 6%, respective-
ly. The effective mass is slightly enhanced by a
finite thickness. For d = 100 A the enhancement
is 5%, 1.5%, and 0.3% for the same densities. It
should be mentioned that strong cancelation oc-

curs since the changes in the derivatives of the
self-energy are much larger (about 25% at N
=10"cm ')

The contribution from the deformation potential
electron-phonon interaction has been studied but
the effect is very small.

The author is grateful to L. J. Sham and
F. Stern for many valuable discussions. He is
also grateful to the authors of Refs. 6 and 16 for
forwarding results prior to publication.
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