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fact the case, this class of materials forms a new
and interesting addition to the list of ferroelec-
trics,
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The photoabsorption coefficient in crystalline Si is computed in the 100-eV region (I ij,
L n1) on the basis of core excitons, using an adaptation of the effective-mass theory. The
line shape is in good agreement with experiment, and, using experimental evidence from
the phosphorus impurity in Si as to the central-cell correction, we find the absolute value
to be compatible with experiment.

The absorption spectrum of semiconductors in
the extreme ultraviolet and soft-x-ray region
has recently been investigated in detail using
synchrotron radiation as a continuum source. '
In particular, very high-resolution measure-
ments of the L&q i~& absorption threshold of crys-
talline silicon have been performed. " The in-
adequacy of the one-electron theory to reproduce
the sharp rise in absorption at the threshold en-
ergy, even if account is taken of the k dependence
of momentum matrix elements, ' has been pointed
out, as well as the need for a theoretical inves-
tigation including the effect of the electron-hole
interaction. ' '

The purpose of the present Letter is to carry
out an analysis of the role of Coulomb interac-
tions at this soft-x-ray threshold; we believe
that, despite the various simplifications used in
the following, the present calculation provides
evidence for important excitonic effects in core
electron transitions to the conduction band.

Absorption transitions from the 2p levels in Si
begin at about 100 eV. A simple picture of the
final state of a transition from a 2P core state
can be obtained by starting with a description of
the ground state of the crystal in terms of anti-
symmetrized localized atomic wave functions
for the core electrons (equivalent to Bloch func-
tions, since the shells are filled), and of the usu-
al Bloch representation for the valence electrons.

%hen an impinging photon removes one of the
2P electrons, the corresponding hole is a very
localized and "heavy" positive charge, which,
far from the origin, appears to be pointlike. If
we neglect, as is customary in semiconductors, "
exchange effects in comparison with the Coulomb
term in the electron-hole interaction, the situa-
tion is, except in a region very close to the ex-
cited atom, similar to a donor-impurity prob-
lem, in which an extra nuclear charge is intro-
duced into the crystal. One can therefore use an
effective-mass approximation for the excited
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electron, while describing the hole in the tight-
binding limit. This intuitive argument ean be
foxmally justified by carrying out the usual der-
ivation of the effective-mass exciton theory, ' re-
placing everywhere the hole wave function with
RQ atoxQle state Rnd taking px'opex' Recount of its
loca1jzation. Accordingly, sereenjng effects ax'8

included, , far from the excited atom, in the static
dielectric constant.

One then recovers the familiar hydrogenlike
spectrum, w'ith R gx'ound-state binding enex'gye
R = 39-40 meV. - The theoxy of optical transitions
to exeiton states in the effective-mass approxi-
mat1on, predicting R series of discrete lines Rt
Eau =E~ -R/n' with strength decreasing as n ',
and a continuum enhanced near threshold, can
also be extended to oux' case; it is appropriate

to replace the anisotropic inverse-mass tensor
near the 4, conduction-band minima rvith an

Rvex'Rge scalRx' invex'se mass p
At this point, it is important to remember that

the lifetime of the exciton state is rather short,
heing essentially equal to the radiative and Auger
Metime of the deep hole. Therefore, it is to be
expected that the discrete lines will not be re-
solved.

Ignox'ing for the moment the actual structure of
the si conduction band, i.e. , the degenex'acy of
the six h, , valleys and the anj.sotropy of the in-
verse-mass tensor, as mell as central-cell cor-
rections, we compute the thxeshold absorption
o. (K&) by convoluting the discrete and continuum
contributions" with R Lorentzian of half-width I',
that is,

, 4s'sm, l /2s~(I~)=lpl', , Z I&.(0)I' l@„(~„/„.)).,-~./4

8 2p,),
~ gjm . 2 F/21T8 -E,)"Ip..(0)l fk. ,,]„,-/4 . ()Bl ch) 8 j wary)s &d — +

Here lp(' is the absolute square of the momen-
tum matrix element between the 2p atomic func-
tion and the Bloch function at the bottom of the
conduction band, and l&(0)(' is the absolute
square of the envelope function Rt the origin, i.e. ,

shape is quite satisfactory. For smaller values
of I' the m =1 exeiton peak is not completely
smeared out Rnd appears Rs a little bump on the

,eo —I I I I

fox the discrete states, and

i~. (0)l'=~t "~/. .h(.~)l

fox' the continuum stRtes, wh818

=tft/(~'-~ )P" (4)

Kn order to tW6 into account the spin-orbit split-
ting of the 2p core level into the Lqtq and the 1,&t

states, we further superimpose the spectrum (l)
with an analogous one, shifted" by 0.6 6V and
weighted by a factor ~.

The line shape coDlputed on the University of
Rochester IBM 360-65 for I'=O. l 8V Rnd R =0.04
eV is shown in Fig. 1 as the dashed curve w'hich
has been normalized to the observed" (solid line)
optical density curve at - 0.1 eV in this figux6.
It has been shown'3 that this value of the hole
lifetime broadening px'ovides a good fit to the
emission spectrum associated with the 2P hole.
Despite our simplifying assumptions, which ~ill
be discussed in the follow'ing, the agreement be-
tween the theoretical Rnd the experimentRl line
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FIG. l. Solid line, experimental optical density of
Si near the Z„,„,edge (ref, 12). Dashed line, the-
oretical line shape (present work).
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low-energy side. On the other hand, if I is made
larger, the steepness of the increase of I' near
threshold is accordingly reduced. Good agree-
ment with the data is obtained for I" between 0.09
and 0.12 eV, and this is consistent with the value
suggested from emission data in Ref. 13. If the
experimental linewidth in the experiments of Ref.
12 were too large, small structure predictable
for F&0.09 eV might not have been observable,
so that smaller values of I cannot absolutely be
ruled out. If one does not invoke excitons at all,
by removing the first term from the right-hand
side of Eq. (1), and the Sommerfeld factor from
the second term, the computed shape bears no
resemblance to that which is observed.

It is not possible, however, to ignore the de-
viations from the simple effective-mass theory
in a more ambitious calculation aiming at the
prediction not only of the shape but also of the
height of the absorption shoulder shown in Fig. 1.
This is because the absorption coefficient (1) is
proportional to the absolute square of the enve-
lope function at the origin, that is, the region in
which the validity of the effective-mass approxi-
mation breaks down, , so that the expressions
Eqs. (2) and (3) are no longer adequate. The
amount of deviation from (2) is expected to be
particularly large for n= 1, and in Eq. (3), for
E' very close to E~. It is indeed known'~ by anal-
ysis by ENDOR data that in the case of the phos-
phorus donor in Si the actual lE(0) I' for the
ground state exceeds the effective-mass value
by a factor of about 10. (For Si, Z =14, for P,
Z = 15, so that the conditions are quite analogous. )

Bearing this in mind, we estimated the height
of the first absorption shoulder in Fig. 1, corre-
sponding to the onset of the I ~&~ absorption, us-
ing for the matrix element of P the value ob-
tained from the full zone k p procedure as given
by Ref. 13, and the more accurate calculation of
Ref. 4, which are in substantial agreement with
each other. Taking proper account of the degen-
eracies of the initial and final states, one ob-
tains an absorption coefficient enhancement from
the background (associated with transitions of
the valence electrons) of 10'-10' cm ' if the ef-
fective-mass expressions Eqs. (2) and (3) are
used. If a correction of the order of magnitude
10 discussed above is included for the lowest
discrete state as well as for the continuum states
immediately above the gap (for which the wave
functions are large at the origin), the result is
in semiquantitative agreement with the enhance-
ment of -6x &0 cm ' observed experimentally.

In order to discuss the role of the simplifying
assumptions, it is important to remark that the
main feature of the computed curve, i.e. , the
appearance of a steep absorption shoulder within
a tenth of an eV, is essentially independent of
the details of the density of states used, since
the shoulder is mainly contributed by the n =1
peak and the continuum very close to the band

gap, where the band structure is parabolic. Far
from the threshold region, we expect the com-
puted curve to differ from the experimental one,
because the nonparabolicity would be reflected
in a changed density of states, and because the
central-cell corrections mould become smaller
and smaller, implying a decrease of absorption
with respect to that obtained by Eq. (1), normal-
ized to experiment by the extra factor of order
10 discussed above.

Furthermore, the relative contribution of the
n) 1 levels with respect to the n= 1 level is ac-
tually given by a factor much smaller than 1/n',
since the first peak is enhanced by central-cell
corrections. However, since the contribution of
higher peaks is already small when evaluated ac-
cording to Eq. (1), this correction does not affect
the computed curve. The valley-orbit interaction
can also be ignored, its effect consisting only of
a negligible modification of the binding energy
for the n=1 exciton.

In conclusion, it has been shown that a simple
extension of the effective-mass theory to optical
transitions from core states provides good agree-
ment with the observed line shape and a reason-
able estimate for the absolute value of the ab-
sorption coefficient. It is difficult to see how this
line shape could be reproduced without taking
Coulomb interactions into account. We therefore
believe that the present calculation provides evi-
dence for the importance of excitonic effects in
the I.» &j& absorption threshold of Si.

The authors are grateful to Dr. J. P. Van Dyke
for kindly communicating unpublished details of
the calculations in Ref. 4, and to Professor F. C.
Brown for the data in Ref. 3, Fig. 1, reproduced
here in Fig. 1.
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The first high-x"esolution valence-band x-ray photoemission spectra for Ge, GaAs, and
ZnSe ax'e compared with pseudopotential density-of-states calculations. The general agree-
ment between the experimental and theox'etieal results is quite good. Fox' ZnSe the photo-
emission spectrum shows the Zn % states to be higher in energy than the lowest valence-
band s state. In order to obtain this ordering of states in the theoretical calculation, a pseu-
dopotential with an explicit energy dependence i.s required.

Much theoretical and experimental effort has
been devoted to the study of the band structures
of tetrahedrally coordinated semiconductors be-
cause of their numerous applications. Most ear-
lier measurements (optical spectroscopy, trans-
port properties, etc.) have been useful in yield-
ing information concerning electronic properties
near the Fermi energy. Only recently have there
been any experimental data (e.g. , soft-x-ray
spectroscopy) which yield information about the
density of states in regions neax the bottom of the
valence band.

%e report here the first high-resolution x-ray
photoemission spectra for all valence bands in
the isoelectronic series Ge, Gahs, and ZnSe.
These experimental results are compared with

theoretical valence-band density-of states calcu-
lations using the empirical pseudopotential meth-
od (EPM). ' Since the lattice constants and ion
cores axe essentially constant for the series, the
band spacings are used to obtain information
about the increasing ionicity from purely covalent
Qe to the more ionic ZnSe. The experimental re-
sults also yield information about the asymmetric
part of the pseudopotential.

High-purity single cx'ystals mere cleaved in a
dry-nitx ogen atmosphere immediately before in-
sertion into the spectrometer vacuum (- 8 x10 '
Torr). The spectra were obtained on an HP
5950A electron spectrometer using monochroma-
tized A1Ku x rays (1486.6 eV). The possibility
of using this method to study the valence-band


