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The absorption coefficients of Al, Si, and SiO were determined in the extreme uv with high
spectral resolution, using synchrotron radiation. A detailed comparison of the Lyy 11y edge
in the metal and in the semiconductor shows important differences. The spikes observed at
the edge in Al are at least consistent with the predictions of recent theory. The silicon L
threshold shows the expected spin-orbit splitting of the initial states, but the shape just be-
yond the edge is not in good agreement with the results of one-electron band theory. The Ly
edges are located at 117.4 eV in Al and at 151 eV in Si. Great similarities are noted in the
broad structure, 15 or more eV beyondthe Ly 17 edges in the three materials studied and also
in Na and Mg films. It is suggested that electron-hole transitions accompanied by collective

excitations are involved.

I. INTRODUCTION

The threshold for excitation of the 2p electrons
or Lyy, 1y shell of aluminum occurs near 73 eV in
the extreme uv. The corresponding edge for
silicon, the next element in the periodic system,
occurs at about 100 eV. In the first case, that of
a metal, the optical transitions near threshold en-
ergy are to unoccupied final states close to the
Fermi level, whereas in the second case, an in-
sulator or semiconductor, the transitions are to
states near the bottom of the conduction band. In
the present paper, we present new high-resolution
data on the transmission of thin Al and Si films
obtained with the use of synchrotron radiation as
a continuum light source. Quantitative values of
the absorption coefficients are given so that a
detailed comparison can be made between the metal
and insulator.

Recent theoretical work'™® shows that the Ly, 1
absorption and emission edges of metals will be
modified or enhanced because of the effect of the
potential of the core hole on the many electrons
near the Fermi surface. Such x-ray singularities
or spikes are to be found in the early experimental
literature, but recently they have been clearly re-
solved with the use of synchrotron radiation for
the cases of sodium, magnesium, and aluminum.®'!°
In this paper we present new results on the absorp-
tion coefficients of Al and Si at room and at low
temperatures. In addition, the optical spectrum
of SiO in the range of quantum energies 80-250
eV is reported for the first time.

Although superficially similar, the structure
observed near threshold in silicon is less singular
than the spikes seen in Al. Moreover, the shape
of the silicon edge cannot be adequately explained
in terms of density of states from the one-electron
band theory. It would appear that besides correct

evaluation of matrix elements, exciton, or other
many-body corrections are required. Beyond
threshold, the spectra for the two materials Al and
Si are remarkably similar and suggestions are
given which may help to explain the broad struc-
ture above a high-energy edge. The experimental
results discussed all involve optical excitation
from well-defined initial states to final band states.
They illustrate the usefulness of high-resolution
spectroscopy in the extreme uv both for revealing
many-electron effects in high-energy excitations
and for the analysis of band structure in solids.

II. EXPERIMENTAL METHOD AND SAMPLE
PREPARATION

The absorption coefficients were obtained by
measuring the transmission of thin films of known
thicknesses as a function of photon energy using
the synchrotron continuum radiated by the 250-
MeV electron storage ring at the University of
Wisconsin Physical Science Laboratory, 3toughton,
Wisc. (Supported in part by the Air Force Office
of Scientific Research.) As is well known, !!
synchrotron radiation from high-energy electrons
covers a spectral range extending from very long
wavelengths out to a cutoff in the far uv. This
high-energy cutoff shifts to higher energies with
increasing electron energy. For the 250-MeV
storage ring at Stoughton, useful radiation was
found at wavelengths as short as 50 A. One of the
advantages of a storage ring over a synchrotron
is that the electrons are truly monoenergetic, and
their energy can be varied simply by changing the
field in the bending magnets. This allows one to
select the most appropriate input spectrum and so
to identify and overcome order problems in the
spectrometer.

The experimental arrangement is shown in Fig.
1. A narrow cone of synchrotron radiation from
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FIG. 1. Outline showing the apparatus used for the
measurements. A narrow cone (~ 2 mrad at 100 A) of
synchrotron radiation is transmitted by the thin film
filters and sample and is analyzed by the grazing in-
cidence spectrometer. A common vacuum chamber with
ion pumps is not shown.

a small segment of the electron orbit passes
through a collimator on a path tangent to the orbit.
A common vacuum system used ion and turbomo-
lecular pumps so as to be compatible with the 10-1°-
Torr vacuum in the storage ring. The purpose of
the collimator was not so much to define the beam
as to provide a pumping impedance between the
ring and the spectrograph where the vacuum was
in the range 10~"-107% Torr.

The undispersed radiation after passing through
selected filters and samples was focused at 4°
grazing incidence by means of a gold surfaced
mirror onto the 10-u entrance slit of the spectro-
meter. This spectrometer was a 2-m grazing
incidence instrument'? fitted with an exit slit
moving along the Rowland circle of a 576 lines per
mm grating. Photon counting was employed using
a Bendix extended-cone Channeltron as detector
moving some distance from, but in phase with,
the exit slit. During experimental scans, the sig-
nal counting rate was recorded digitally on tape
together with the wavelength settings and a signal
from the monitor proportional to the beam intensity.
The data were processed later by computer in
order to yield" the absorption coefficients of the
samples as a function of photon energy as briefly
described in a previous letter. **

The wavelength calibration of the spectrometer
and the determination of its resolution were ob-
tained by observing the known absorption lines of
krypton near 90 eV. " For this purpose, a gas
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cell with polypropylene windows thinner than 1 u
was inserted into the light path in the sample
position. The spectral resolution was found to be
better than 0.1 A in agreement with the calculated
value of 0.09 A. The results of the calibration
were in excellent agreement with a calculated ta-
ble obtained by a computer analysis of the spectro-
meter geometry.

The unbacked aluminum films employed in the
present investigations were obtained both com-
mercially!® and by evaporation in the laboratory.
In the latter case, thicknesses were determined by
the Tolansky method. In the photon energy range
covered beyond 70 eV, the reflectivity of the sam-
ples was quite small so that the absorption coef-
ficients could be determined reproducibly from the
observed transmission and film thickness.

Silicon films were flash evaporated from a
tungsten source onto NaCl substrates in a vacuum
better than 10~ Torr. It was ascertained that not
enough partial pressure of oxygen was present to
form appreciable amounts of silicon oxides during
the brief periods of evaporation. After floating
off onto water, the silicon films were supported
on thin Formvar over 80% transparent gold mesh.
In each case, the transmission of the supporting
substrate was determined prior to measuring the
sample. An electron diffraction analysis showed
that the evaporated silicon layers were polycrys-
talline. In addition, the initial part of the silicon
Lyy, 111 edge was measured for an etched single
crystal of silicon, and the results were consistent
with those for the evaporated layers. Finally, the
silicon monoxide layers were evaporated onto a
Formvar substrate from an enclosed source in a
standard fashion.

III. RESULTS AND DISCUSSION
A. Aluminum Ln,m Absorption

Figure 2 shows the observed absorption coef-
ficient in cm~! for aluminum. The values are in
reasonable agreement with previous results, 61
and they can be integrated to show that, although
only a small fraction of the L-shell absorption is
concentrated near the threshold, the total effective
number of electrons per atom saturates at about
11 or 12, well before the K edge. It can be seen
that sharp spikes are evident at the threshold close
to 72. 8 eV corresponding to excitation of one of
the Ly 15 core electrons to states near the Fermi
surface.

The threshold region is shown on a greatly ex-
panded scale at three different temperatures in
Fig. 3. Note that two edges are apparent with
positions (300 °K) of maximum slope at 72. 71
+0.01 and 73.15+ 0.01 eV. The separation of
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FIG. 2. Absorption coefficient of unbacked aluminum
films showing the Ly 117 edge with spikes near 73 eV and
the broad peaks to higher energy. The absolute values
of absorption are accurate to within about 20% or better.

these edges corresponds to a spin-orbit splitting
of 0.44+0.02 eV. This spin-orbit separation
agrees with the absorption results of Codling and
Madden'® and with the emission data of 3kinner. 2°
It cannot be compared with the separation of the
Ka, and Ka, lines?! unless a correction is applied
because of the effect of the K-shell hole on the
Ly, 1y splitting. It is interesting to compare the
above value of 0.44 eV with the theoretical split-
ting obtained from a Hartree-Fock calculation.
By interpolating between the Herman-Skillman
results® for Z =12 and Z =14, the calculated split-
ting for aluminum should be close to 0.48 eV.

The width of the threshold rise in Fig. 3 can be
understood in terms of a combination of instrument
bandwidth (0.04 eV), the effect of temperatures
on the Fermi surface, and the width of the initial
states due mainly to lifetime effects. From
Skinner’s emission data, the intrinsic width of
the initial states is known to be of the order of
0.02 eV. Note that a slight increase in width
of the threshold is discernible upon warming from
low temperature. Presumably, this is due to ther-
mal broadening of the Fermi surface. The tem-
perature shift of the threshold is small and difficult
to verify.

In contrast with the rising portion of the curves,
the singularities or spikes at threshold are little
affected by cooling to low temperature. Perhaps
the lack of a strong temperature dependence is not
surprising, since their widths are of the order of
0.2 eV, which is much greater than k7. As dis-
cussed by Hopfield, ® the spike phenomena are
associated with the creation (by the transient
change in core potential) of a very large number
of low-energy electron-hole excitations near the
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Fermi energy. The dynamical behavior of a core
electron excited to a state near the Fermi level is
influenced by these many-electron excitations.
The x-ray edge problem is analogous to certain
infrared divergences involving phonons.

The existing theory!™® of x-ray singularities
says that, in the case of a p initial state, the
imaginary part of the dielectric response €, = 2nx
=nac/w should decrease approximately as
(E - Ey)™ /2 beyond a threshold E,. The asymptotic
value at high energy is not given by the theory
and so must be taken as an adjustable parameter.
Our L edge occurs at 73 eV where » ~1, and we
can neglect the w~! dependence over the narrow
range of energy of Fig. 3. Consequently, it is.
reasonable to fit the absorption data of Fig. 3
(above background) by superimposing two singu-
larities of the same shape displaced by the known
spin-orbit splitting and weighted 2:1 as expected
for the Lyy py initial state, i.e.,

a=ag+a/(E~E )%+ Lag+a/2(E -E,+4)Y2. (1)

Here E; is taken as 72.70 eV, A=0.44 eV, and the
two adjustable parameters are found to be

@(=0.52X10°cm™" and a=0.1x 10%°cm™! (eV)"/2.

The fit is quite good over the range of Fig. 3, and
the asymptotic value @, is reasonable. This re-
sult is consistent with, but does not confirm, the
approximate — 3 exponent of theory. If we treat
the exponents in the denominators of Eq. (1) as
adjustable, a log plot indicates that these exponents
must lie somewhere in the range — % to — 1 for
reasonable values of a,.
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FIG. 3. Showing the Ly, 111 edge of aluminum for three
different temperatures approximate on a greatly ex-
panded scale. The two lower-temperature curves have
been displaced slightly upwards for purposes of clarity.
The instrument bandwidth is 0. 04 eV.



2 PHOTOABSORPTION NEAR THE L, ;;; EDGE- -

The origin of some of the structure on the high-
energy side of the Ly 1y edge is clear. For ex-
ample, the position of the L; level in aluminum
has been measured by means of electron emission
spectroscopy. Early estimates of the L; position
have been found to be grossly in error; however,
the revised value of 117.4 eV with respect to the
Fermi level has been given by Siegbahn and co-
workers. % This value is indicated in Fig. 2, and
it can be seen that a peak occurs in the absorption
spectrum at just such an energy. Slight structure
near 76 eV can also be seen in the figure. It is
quite possible that this is due to absorption in the
thin (approximately 40 A thick) layers of aluminum
oxide which are usually present on the surfaces of
specimens such as these. 18 Further remarks
about the structure beyond 73 eV are more specula-
tive in nature. The band structure of aluminum
has been calculated and is well known.?* On the
other hand, the density of states and matrix ele-
ments are not known far above the Fermi surface,
nor has an optical spectrum been calculated even
in the one-electron approximation, 242

It is probably worthwhile to make some generai
remarks about the broad structure at higher ener-
gies. For example, it can be seen that a relatively
small amount of the oscillator strength associated
with the six 2p electrons is concentrated in the
vicinity of the spikes at the threshold. The absorp-
tion rises to much higher values beyond 90 eV.
Sagawa and co-workers® have suggested that
centrifugal barrier effects are important and that
the broad rise beyond the edge is due to the in-
creasing importance of 2p to nd transitions. Such
atomic effects occur especially in elements of
higher atomic number. %6 An enhancement in ab-
sorption cross section beyond the ionization thres-
hold is also characteristic of certain light elements
and has been explained in atomic theory by taking
many-body effects into account.

It may be useful to point out certain systematics
about the high-energy structure and to suggest
that plasmon or collective excitations play a role.
Broad peaks can be seen beyond the 73-eV edge in
Fig. 2 at 97, 112, 125, and 155 eV. Incidentally,
at least the first three of these peaks can also be
seen in electron energy loss data.?"?® A glance
at Fig. 4 shows that the general shape of the opti-
cal spectrum beyond the Ly;, 1y edge is quite simi-
lar in silicon. A peak corresponding to the main
97-eV Al resonance also cccurs in Si as well as
structure higher than the L; edge. A similar
statement can be made about the spectrum above
30 eV in Na and above 50 eV in Mg. ® We suggest
that satellites occur which correspond to a band-
to-band transition plus one or more plasmonlike
excitations. The situation is somewhat analogous
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to longitudinal optical sidebands which frequently
occur in lower-energy optical spectra. Whether
or not plasmon sidebands are important depends
upon how much the electron charge distribution is
distorted by the x-ray transition and the predomi-
nance of a collective mode. The idea is not entirely
new and, in fact, was first discussed by Ferrell®
and later by Noziéres and Pines® as a kind of col-
lective Auger effect. These authors, however,
have considered the possibility of an electron-hole
excitation together with the production of an ordi-
nary volume plasmon.

Usually the plasmon frequency for a solid is
determined experimentally from electron energy
loss data or from the optical constants and loss
function. In many cases, including the simple met-
als, a crude estimate of the plasmon frequency w,
can be obtained from

wh=41e®N/mV,, (2)

where N is the number of valence electrons per
atom and Vy=A/Lp the atomic volume. In Al, for
example, N=3, Vy=1.65x10"2% cm? so that if the
free-electron mass m is used, Eq. (2) yields w,
=15.8 eV corresponding to the observed value of
15 eV.

The slight peak superimposed on the rise at
86 eV in Fig. 2 could conceivably be due to a one-
plasmon replica of the 73-eV edge and spikes. In
the present work on the L edges, we are concerned
with a much higher energy range than usual, which
brings up the question: Can a collective excitation
involving the core as well as valence electrons be
excited at energies beyond the 2p threshold ? In-
serting N=9 into Eq. (2) corresponding to six in-
ner plus 3 outer electrons yields an 7iw;=27.4 eV
as shown under Al in Table I. Evidence for such
collective modes together with a core electron
excitation might then be found about 27 eV beyond

TABLE I. Plasmon energies 7w, calculat,ed from Eq.
(2) for N valence electrons per atom and Zw, for N’ =N +6
to include the 2p core. The experimental values in the
last column were taken from periodicities observed be-
yond the L edge as explained in the text.

Observed Observed
Vy(10-® em® N fiwyleV) fiw,eV) N’ Hw,(eV) o,
Na 4,00 1 5.9 5.8% 7 15.5 17¢
Mg 2.32 2 10.9 10.6° 8 21.8 22¢
Al 1.65 3 15.8 15.0° 9 27.4 26f
Si 2.00 4 166 16.6 10 26.3 25!

2C. Kunz, Phys. Letters 15, 312 (1965).

bC. J. Powell and J. B. Swan, Phys. Rev. 116, 81 (1959).
¢ Reference 27.

dReference 31.

¢ Reference 10.

f present work.
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the L edge in Al. Thus, the well-defined peaks in
Fig. 2 at 97, 125, and 155 eV could well be assoc-
iated with the excitation of a 2p electron to the
Fermi level plus one, two, or three 27-eV collec-
tive excitations. Swanson and Powell?” have noted
that the 112-eV peak in Al is just 15 eV higher than
the main 97-eV peak. It is possible to make very
similar assignments for peaks observed!® beyond
the 2p edge for Na and for Mg, where the large
plasmon energies are simply calculated at 15.5
and 21. 8 eV, respectively. See Table I. Detailed
theoretical as well as further experimental work
is obviously called for.

B. Silicon Ln,m Absorption

The absorption spectrum for silicon at and be-
yond the Ly; ;y; threshold is shown in Fig. 4, and
the edge is shown on an expanded scale in Fig. 5.
These data were obtained from a number of evapor-
ated Si films (thicknesses ranging from 200 to
2500 A) as well as a thin section etched from a
single crystal. Notice that Fig. 4 has the same
energy scale and can be directly compared with
Fig. 2 for Al, except that the L;; edge of Si occurs
at 99.6+0.02 eV rather than at 72.7 eV as in Al.
Little change was observed in the absorption spec-
trum for silicon when the samples were cooled
from 300 to 77 °K. The threshold did not appear
to become appreciably steeper; however, the broad
peak at 100. 6 eV became slightly more prominent.

The dashed curve in Fig. 4 shows how the effec-
tive number of electrons per atom N, rises above
the L threshold. For this purpose, the value of
Ny which contributes to the absorption in the
range to E; was evaluated from the equation:

Nt E ) = (2mVy/e?h?) f:l E<,(E)dE, (3)

where E =7w and the atomic volume Vy=A/Lp as
before. The reasonable assumption was made that

N
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FIG. 4. Absorption coefficient of silicon at and above
the L edges.
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FIG. 5. Showing the measured Ly 117 absorption edge
of silicon on an expanded scale. The dashed line was
constructed from the final band density of states as de-
scribed in the text.

Noge= 4 just before the Ly edge. ! It can be seen
that only a small fraction of the six electrons
which make up the 2p shell contribute to the ab-
sorption in the vicinity of the edge.

The general features of the spectra on the high-
energy side of the edge in Si may be explainable
as in Al. At least the Si L; edge can be readily
seen in Fig. 4 at 151 eV. This is in good agree-
ment with the interpolated value of 149 eV from
electron emission data given in Ref. 23. Perhaps
the most important similarities between the spec-
tra for Si and Al are (1) only a small percentage
of the 2p absorption (N, less than 0.1 for Si) is
concentrated within 5 eV of the threshold, and (2)
the absorption rises strongly to broad peaks which
begin 15-20 eV beyond the edge. Again, we sug-
gest that this main part of the L absorption is due
to an electron-hole excitation plus a kind of collec-
tive Auger effect. The volume plasmon frequency
for silicon determined from the optical response
and energy loss function is 16.6 eV.3! Structure
with this periodicity is not evident in Fig. 4, ex-
cept possibly on the low-energy side of the large
peak at 125 eV. On the other hand, an estimate of
the valence plus core plasmon energy in Si from
Eq. (2) gives a value of w;=26.3 eV. See Table L
Therefore, it may be that the 125-eV peak, ab-
sorption just under the L; region, and a peak near
172 eV correspond to the electron-hole transitions
plus one, two, or three such collective excitations.

In analyzing the high-resolution data near the
silicon edge (see Fig. 5), it should be noticed
that the first component rises to half-height in
about 0.4 eV which is a slow rise compared to the
aluminum edge. The instrument bandwidth at 100
eV is about 0.07 eV, and from emission data®® the
width of the initial states is again about 0.02 eV.
Figure 5 also shows that two components separated
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by about 0.6 eV are just observable, and these are
followed by a decrease which is about one-tenth as
fast as in Al. These results are in agreement with
earlier data on the silicon edge, *'*® but here the
high resolution attainable by use of the synchrotron
continuum reveals the exact shape of the edge.

Although it is possible to accurately measure the
energies of core levels by electron emission spec-
troscopy, the precise interpretation for insulators
and semiconductors is somewhat uncertain. It is
thought34 that even in the case of insulators, the
binding energy measured by emission (and quoted
in the tables®) refers to the Fermi level. Hag-
strom and Karlsson®® have measured the K-shell
energy in this manner for evaporated silicon,
which may have contained some oxides, but was
probably mostly Si. By comparing with L-emis-
sion data, they position the Ly; level at 99.0 and
the L level at 99. 6 eV with a percentage error
of 0.4. The band gap of silicon is known to be
1.1 eV; therefore, 0.55 eV should be added to the
above numbers in order to locate the inner levels
with respect to the lowest unoccupied states of the
solid. This value of 99. 55 eV is remarkably close
to the edge position of Fig. 5 and may be fortuitous
considering the stated error and uncertainties in
locating the Fermi level under the conditions of
the electron emission experiment.

It is interesting to compare the observed L spec-
trum for Si with that expected from the point of
view of one-electron band theory. Here the situa-
tion is very different from that for aluminum. A
pseudopotential calculation has been carried out
by Brust®®® and the imaginary part of the dielec-
tric response function evaluated for comparison
with the observed near-uv spectrum corresponding
to direct transition between valence and conduction
bands. A similar comparison has been made by
Dresselhaus and Dresselhaus® using a Fourier
transform band theory. In addition, the far-uv
spectrum out to about 10 eV has been calculated by
Brust and Kane, * including the effects of electron-
electron and electron-phonon scattering. Finally,
Herman®! has carried out a self-consistent band
calculation in which a small adjustment has been
made to fit the experiment.

In principle, the optical spectrum depends upon
a summation over initial (filled) and final (empty)
bands including an integral over the Brillouin zone
as follows®:

eg(w):(4172e2h’/3m2w2)nzg fBZ[Z/(27r)3]

x8[w, (&) - w]|M, & |2d%, (4)

n,s(
where wn,s(l?) = [E &) -E,® )

and 'Mn,s(ﬁ) '2: I(Uﬁ,nllei,s),zy
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the square of the dipole matrix elements between
periodic parts of the initial and final Bloch functions
(direct transitions). Brust found that the matrix
elements evaluated between the uppermost valence
and the lowest conduction bands were roughly con-
stant over % space. This is not necessarily the
case for the 2p core to lowest conduction band, nor
is it true for the next highest band. It is instruc-
tive, however, to consider the matrix elements as
constant and equal to some average value as a first
approximation. In this case €, is given by

€5(w) = (47%%/ 3mPw?) | Mg |22 J, (), (5)

where J, (w) is a joint density of states for the
bands » and s. Thus J, (w)Aw is equal to the num-
ber of pairs of states in bands » and s for ES(E)

- E (k) lying within a range 7 Aw about 7iw. The
joint density of states together with the 1/w? fac-
tor in Eq. (5) is, therefore, the important quantity
for determining the optical spectrum (assuming
constant matrix elements). 3ingularities or criti-
cal points in J, (w) are thought to determine the
important spectral features.

Although the data shown in Fig. 5 give the absorp-
tion coefficient a(cm™!), this quantity is closely
related to €, through the relation €,=2nk ~a)/27
since the index of refraction » is very close to 1.0
in the high-energy region of the spectrum. Brust
and Kane® find that their calculations of €, for
Ge and Si agree quite well with available reflec-
tivity measurements in the high-energy range out
to 10 eV. Their results for 3i yield a value of €,
=1.2 at iw=10 eV. If we extrapolate this to 100
eV using a 1/w? dependence, the result is €,
~0.012. This value of €, corresponds to an ¢ =6.1
x10*cem™?, which is only a little larger than the
value observed just before the L edge at 99 eV in
Fig. 4. On the other hand, a 1/w? dependence
would follow from constant matrix elements, and
it is hard to see why this is the case. For ex-
ample, another factor of w'/2 enters if a free-elec-
tron density of states applies at very high ener-
gy. Undoubtedly, matrix element effects are im-
portant and the problem should probably be treated
more like the L cross section for atoms. *2

Transitions in the edge itself at 99.6 eV are
almost certainly from the well-defined p-like ini-
tial states to the lowest unoccupied states in the
conduction band (A7"). Refer to Fig. 6. Applica-
tion of the selection rules for the irreducible rep-
resentations involved shows that such direct
transitions (i.e., Azto A,, etc.) are allowed. The
same is true for vertical transitions at L, and at
X, but not at I'y;. In any case, the initial density
of states are approximately constant, and as a
first approximation let us take constant matrix
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FIG. 6. The lower conduction bands, valence bands,
and the 2p levels for silicon. Energy is plotted vertically
and % vector horizontally in the [100] and [111] directions.
Notice the discontinuity in energy scale between the
valence bands and core levels. An Ly transition to the
AT conduction-band minimum is indicated.

elements so that Eq. (4) applies and €,(w) reflects
the final density of states.

The dashed curve in Fig. 5 is constructed from
Fig. 10 of Ref. 38, which shows the density of
states of the lowest two conduction bands calculated
from the pseudopotential theory. For this purpose,
the tlireshold (A}") was aligned with the observed
edge. Two density-of-state curves were super-
imposed weighted in the ratio 2:1 and shifted by
0.6 eV according to the Lyy 111 spin-orbit split-
ting. 2,3 1t j5 seen that rather poor agreement
with the edge shape results. The density-of-state
curve rises too slowly and forms a double peak
much wider than the spin-orbit splitting. In fact,
the experimental curve shows two components
separated by an amount which is quite close to
the calculated spin-orbit value of 0.68 eV. %

It may be that part of this discrepancy can be
removed by a more correct evaluation of the opti-
cal spectrum including the matrix elements. There
may also be uncertainties in the band calculations
along the lines pointed out by Herman. 41.0n the
other hand, it is hard to see how the particular

spectrum observed can arise from the one-electron
theory. The calculated final state densities rise
too slowly from threshold, and there will almost
certainly be peaks as shown to higher energy. We
suggest that important effects due to the core hole
are involved, so that the edge is enhanced at the
expense of later band-to-band transitions. The
formation of an exciton of small binding energy
might be the principal effect involved, but the lack
of a temperature dependence to the edge is unusual.
In this regard, the edge behaves more like the x-
ray singularity in aluminum. More theoretical
work both on the band and on the x-ray problem

is obviously called for.

Finally, in Fig. 7 we show the measured absorp-
tion coefficient for an evaporated film of silicon
monoxide. A chemical shift for the L edge of
several electron volts is seen. Also, this spec-
trum is superimposed upon a background absorp-
tion which is considerably larger than in the case
of elemental Si. The SiO spectrum is actually
very similar to that reported® for 3i0,, except
the relative heights of the peaks at 106 and at 109
eV are different. It has been suggested43 that some
layers of SiO contain appreciable amounts of Si
and of SiO,. In this regard, the SiO edge rises at
102~-103 eV, and no trace of the Si Ly;; edge at
99. 6 eV is observable in Fig. 7; therefore, we can
say at least that a large percentage of Si was not
present in the evaporated SiO layers. This illus-
trates the potential use of high-resolution spec-
troscopy in the extreme uv as an analytical tool.
Again the silicon L, transition in the oxide prob-
ably contributes to the structure near 155 eV. The
general shape of the over-all spectrum beyond the
Ly, 111 edge is quite similar to that for both Al and
Si, a fact which, as before, suggests the import-
ance of similar atomic or collective effects.

T - T T T v T
TE 30k SILICON MONOXIDE .
S 300°K
0
o
=
W 25F N
(&)
e
o
w
38
= 2.0} n
[}
=
Q.
x
A
o 1.5 .
<<

1 1 1 1 1 _J

80 100 120 140 160 180 200

PHOTON ENERGY (eV)

FIG. 7. Absorption coefficient of evaporated films
of silicon monoxide.
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and F. C. Brown, Tenth International Conference
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