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We have also obtained samples of high-conductivity

(-10 ~ cm ~) and low-conductivity (-10 4-10 50"~
cm i) MGS crystals from Dr. L. V. Interrante of the
General Electric Research and Development Laborato-
ry. We find strong signals in his high-conductivity
crystals, with EPR parameters completely identical to
our values. Practically no signals could be discerned
in his low-conductivity MGS. The crystals measured
were typically - 0.3 mm thick by ™1 mm long,
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Surface-state transitions on ordered silicon (aoo)2x 1 and {111)7&&7 surfaces have been
observed by electron energy-loss spectroscopy. The surface transitions were identified
by comparing the clean ordered surfaces with clean disordered surfaces, and with dis-
ordered surfaces due to submonolayer quantities of absorbed oxygen. Three transitions
are observed corresponding to surface states near the top, near the middle, and at the
bottom of the valence band. These surface-state transitions are stronger on the (ill)-
7 && 7 surface than on the (100)2 && 1 surface.

Characteristic excitations of solids can be ob-
served in the energy distributions, N(E), of in-
elastically scattered electrons. For most near-
ly free-electron materials such as aluminum,
energy-loss spectroscopy (ELS) reveals bulk
plasmon oscillations at a loss energy Ei =S(4nne'/
m)'12h&u~ and surface plasmon oscillations at a
smaller energy h+, =K+~//2. " Silicon is ex-
pected to be such a free-electron-like crystal
since the interband transitions occur at low en-
ergies in the range 3-6 eV, and previous mea-
surements have reported both bulk plasmon and
surface plasmon oscillations. ' ' In this paper

we show that atomically clean silicon surfaces
exhibit surface-state transitions in addition to
the bulk interband transitions and plasmon tran-
sitions previously observed. ' ' The surface
states were identified by adsorption of oxygen or
by Ar' ion bombardment. In addition to surface
states near the top of the valence band (previous-
ly observed in photoemission"), these measure-
ments give evidence of surface states near the
bottom of the valence band similar to those pre-
dicted.

Single crystals of n-type silicon (n = 5 x10"
cm ') were oriented, polished, and cut into 10
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TABLE I. Surface transition energies (eV) .

S2

a, Ion bombarded
Q, 2x1
c, Oxide, 8=0.3

a, Ion bombarded
b, 7x7
c, Oxide, 0=0.4

2.8+0.4
1.7 +0.4

2.4 + 0.4
2.0 + 0.4

Si(100)

8.4+ 0.8
~ 0 0

Sj (111j

7.4+ 0.4

14.7 + 0.6
14.7 + 0.8

14.4+ 0.6
14.5 + 0.4

7.2 + 0.4

7.2+ 0.4

the clean ordered 2@1 and 7&7 structures, and
has essentially disappeared with adsorption of
0.3-0.4 monolayer of oxygen. "

The transition $, appears as a shoulder below
the surface plasmon tra, nsition for the (100)2x1
surface, but is a well-defined peak for the (111)-
7x7 surface. This transition occurs only on the
clean ordered surfaces. The transition $3 oc-
curs on all clean surfaces studied. It is a broad
shoulder below the bulk plasmon transition on
both (100) clean surfaces and on the Ar' bom-
barded (111) surfa. ce, but is a strong peak on the
(111)7x7 surface. In addition to the intrinsic
surface-state transitions, we observed a transi-
tion O„at 7.2+ 0.4 eV due to the formation of a
surface oxide. This transition is more easily ob-
served on the (100) surface than on the (111) sur-
face where it overlaps the $, transition.

A summary of the surface-related transition
energies is given in Table I. These correspond
to the peaks and shoulders shown in Figs. 1 and

2 and are probably somewhat larger than one
would obtain in an optical-absorption measure-
ment. For bulk transitions optical absorption
measures Ime(&u), while El S measures 1m[1/
e(&u)], where c(cu) is the complex dielectric func-
tion. This results in 0.3-0.8-eV shifts to higher
energy in ELS compared with optical-absorption
results. Similar shifts are expected for surface
transitions.

Because of its low energy the $, transition can
be associated with initial states due to dangling
bonds at an energy near the top of the valence
band. The dangling-bond states may exist in
more than one layer for the ion-bombarded sur-
face and should therefore have the greatest
strength for this surface condition. Oxygen ad-
sorption tends to saturate the dangling bonds
(which are energetically unstable) as does the
lattice reconstruction to some extent. Thus one
expects the dangling-bond effects to decrease in

strength from curves a to c in Figs. 1 and 2.
The transition $, is present only on the ordered

2&&1 and 7&&7 surfaces. Thus it appears to be as-
sociated with surface states below the upper (-
like part of the valence band an'd is formed by
reconstruction or by relaxation of the lattice.
The $, transition could also involve higher unoc-
cupied surface states with the same initial state
as $,. The transition $, is narrowest on the
(111)7x7 surface, and from its large transition
energy, 14.5+0.4 eV, one can estimate that the
initial state would be at least 9.5 eV below the
top of the valence band by assuming that the final-
state energy lies between the vacuum level and
the Fermi level. This gives strong evidence for
surface states associated with the bottom of the
bulk valence band. A detailed understanding of
these transitions requires a better understanding
of surface lattice reconstruction than has been
previously achieved. However, in the absence of
any knowledge of matrix-element effects and
available final states, an approximate model for
the surface density of states can be obtained by
assuming a single final state. This is shown in
Fig. 3 only for the (111) surface since the transi-
tions S, and S, are much narrower on the (111)-
7 x 7 surface than on the other surfaces studied.
The solid curve in Fig. 3 is the calculated bulk
density of states for silicon" and is similar to
several other theoretical calculations as well as
to so called "optical density of states" measured
by photoemission" and soft-x-ray emission
spectroscopies. " The dashed vertical lines are
obtained from the transition energies given in
Table I by assuming a single final state and by
placing the initial state for $, at the top of the
valence band. This results in surface-state en-
ergy positions corresponding to low densities of
bulk states. Of course, the model assuming only
one final state is probably not correct, but even
when one allows for a relatively large uncertain-
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ber of helpful discussions with J. A. Appelbaum,
H. D. Hagstrum, D. R. Hamann, J. C. Phillips,
J. C. Tracy, and J. A. Van Vechten. The techni-
cal assistance of S. B. Christman in taking some
of the data and of E. E. Chaban in constructing
some of the apparatus is also greatly appreciated.
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FIG. 3. Schematic model of surface-state ELS transi-
tions for Si(ill)7x7. Solid curve, Kane's theoretical
bulk density of states. Dashed vertical lines, approxi-
mate surface-state positions, assuming only one final
state. Symmetry considerations based on the calcula-
tions of Ref. 8 indicate that there should be two final
states.

ty of + 1 eV in the positions of initial states
shown in Fig. 3, there is still very little overlap
between the strong peaks in the bulk density of
states and the surface-state density.

The qualitative picture of the surface-state
density shown in Fig. 3 is remarkably similar
to a recent theory by Appelbaum and Hamann'
of the surface-state density for a relaxed (111)-
1 x1 surface. They find extra surface states be-
low the top of the valence band which occur as
a result of an increase in bond strength (over the
bulk value', for bonds between the first and sec-
ond layers. Although some details of their cal-
culation are not expected to apply to the (111)-
7x7 surface or to the (100)2&&1 surface, the oc-
currence of additional surface states due to
changes in the bonding of the first and second
layers seems to be a general result. A more
detailed understanding of the relationship be-
tween surface states and surface lattice struc-
ture is possible by combining the EI,S measure-
ments with ultraviolet photoemission measure-
ments and by studying additional surface struc-
tures. Such experiments are currently in pro-
gress and will be reported at a later time.
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