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where the change in 2(A), 5(A, +A.), is plotted
versus temperature for a junction on a glass sub-
strate. These data were taken in the low-power
regime where Methods 1 and 2 were indistinguish-
able. At each of the two frequencies (9.9 and 11.9
GHz), there was an enhancement for T < T, while
(A) was depressed for T = T,. This result is con-
sistent with the observation by Tredwell and Ja-
cobsen® that the critical current of aluminum mi-
crobridges was enhanced by 10-GHz phonons only
when Zv<2A,. The depression of (A) for T =T,
suggests that 10-GHz microwaves do not enhance
the transition temperature of aluminum by Meth-
od 2. Since Klapwijk and co-workers* found that
T, was enhanced by 3-GHz microwaves, the de-
gree of enhancement is evidently strongly fre-
quency dependent.
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Observation of a Charge Transfer During Bi Oxidation as Noted
from the Final-State Changes*}
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By monitoring the change in the conduction-band optical density of states (CBODOS)
and the bonding shifts of the core levels, we observe an electronic transfer from Bi to
oxygen atoms during Bi oxidation. Similar analysis of the CBODOS of other Bi and Pb
chacogenides indicates a partial ionicity in these compounds which correlates with elec-
tronegativities and the chemical shifts of the core levels.

The observation of changes in electronic struc-
ture during chemisorption and/or oxidation has
been confined primarily to monitoring the changes
of the occupied, i.e., valence-band, density of
states (VBDOS) and core-level shifts. However,
a charge redistribution of valence electrons, re-
flecting formation of new bonds, can also result
in changes in the conduction band. We report
here the first observation of changes in the (emp-
ty) conduction-band density of states (CBDOS),
noted during the oxidation of Bi. Because of a
strong spin-orbit (SO) splitting of the conduction
band (CB) of bismuth oxide, we can determine
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the predominant total-angular-momentum compo-
nent of Bi valence electrons which are transferred
to oxygen atoms during formation of Bi,O,. Spe-
cifically, during formation of Bi,O,, we observe
in the CBDOS the onset of a dominant peak due to
states of mainly 6p,,, character which in the
atomic ground state are fully occupied. These
empty 6p,,, states in Bi,O,, reflecting the redis-
tribution of Bi valence electrons, are strongly
localized at Bi atoms as evidenced by their very
small width [~ 0.5 eV full width at half-maximum
(FWHM)]. The bonding shifts (1.9 eV) of the core
levels, observed simultaneously with the onset of
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empty p,,,-like states during Bi,O, formation, in-
dicate that the specific form of the observed
charge redistribution is indeed a charge transfer,
reflecting the formation of (at least partially) ion-
ic bonds in.Bi,O;. Furthermore, the above obser-
vation of the narrow, resonancelike empty densi-
ty-of-states (DOS) peak is in agreement with re-
cent calculation of Lang and Williams® for the
case of chemisorptive cationic bonding. The in-
formation on the CBDOS was obtained by an ap-
plication of synchrotron radiation which monitors
the CBDOS by measuring the electron emission
at fixed kinetic energy E, resulting from the Au-
ger decay of optically excited core holes. The
Auger emission is proportional to the optical
transition rate from a flat core level to the CB,
and thus provides the CBDOS multiplied by the
optical (dipole) matrix elements between the core
level and conduction band, and hence, is the
CBODOS. This technique, known as CFS? (con-
stant final-energy spectroscopy), is a modifica-
tion of photoyield spectroscopy® and allows some
control of surface sensitivity by varying E,, and
hence, the escape depth A, of detected electrons.
Thus this work indicates that the application of
synchrotron radiation allows monitoring during a
chemical reaction the changes occuring in (i) va-
lence states, (ii) empty states, and (iii) core lev-
els.
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FIG. 1. CFS’s between v =23 and v =31 eV normal-
ized and corrected for the varying light flux out of the
monochromator. The core-level indications reflect
the instrumental resolution at these photon energies as
opposed to the visible onset of the peaks. Curve a is
for pure Bi, curve b for Bi+ chemisorbed oxygen, and
curve c is for Bi,0;. (1 L=10"° Torr sec.)

The large (~ 3.1 eV) SO splitting of the 5d core
levels of Bi allows the application of selection
rules to determine the angular momentum char-
acter of empty states in the optical transitions
from the 5d cores to the conduction band. Be-
sides considerable SO splitting of core states in
Bi and its compounds, Bi was chosen for this
study because of interesting properties of oxida-
tion kinetics. Specifically, the onset of the true
oxidation of Bi (as determined by changes in the
VB, CB and a 1.9-eV bonding shift of the core
levels) is preceded by and sharply separated
from a precursor stage of oxygen chemisorption
below a certain critical exposure L,.* This sepa-
ration of the chemisorptive and oxidation phases
makes the system attractive for direct studies of
charge transfer. The experimental details and
interpretation of the ultraviolet photoelectron
spectroscopy observation are presented else-
where.* In Fig. 1 we present the CFS’s for three
representative systems: (i) a pure Bi film, de-

- posited in situ (curve a), (ii) Bi+ chemisorbed

oxygen at an exposure less than the critical oxida-
tion exposure (curve b), and (iii) oxidized Bi,
termed Bi,O, (curve c¢). For comparison, in Fig.
2, we present the VBDOS for the three corre-
sponding cases indicating that the chemisorption
of O, results in attenuation of metallic Bi emis-
sion from the upper VB peak.® Upon oxidation,
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FIG. 2. Corrected valence-band emission from EDC’s
at hv=18.0 eV (inelastic peak subtracted). The three
curves a,b, and ¢ correspond to the same oxygen ex-
posures as in Fig. 1.
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the formation of the valence-band edge at ~-1.9
eV below the Fermi level E; is obvious.

The main interpretation of the data is based on
extracting the angular momentum character of
the final states from selection rules for the tran-
sitions from 5d;,, and 5d,,, to the empty states
for the two distinct cases for Bi metal and Bi,O,.
Curve a of Fig. 1 clearly indicates that the basic
features of the CBODOS of Bi metal are nearly
identical as “seen” from the two SO-split 5d core
levels. This implies that the CB states cannot
be separated into |p,,,) - and |p,,) -like regions,
nor are atomiclike selection rules applicable.
Similar conclusions hold for Bi+ chemisorbed O,
(curve b). Curve c for Bi,O,, however, presents
an entirely different situation, where the CB
“seen” from 5d;,, level is strikingly different
from that “seen” from the 5d,,, level.

Such a situation can be explained in terms of
spin-orbit splitting of the empty states into 6p,,,-
and 6p,,-like states® and at least partial restora~-
tion of atomiclike selection rules in Bi,O,. On
the basis of energies and relative intensities of
transitions from chemically shifted Bi 5d core
states, the following assignments of prominent
features of Fig. 1(c) are made. The region be-
tween kv =25.7 and 28.8 eV represents the CBDOS
as coupled to the Bi 5d;,, core level. The weak
peak X at hv=26.2 eV and broader peak Y at v
=27.3 eV are interpreted to be due to transitions
to primarily 6p- and 6p, ,-like states, respec-
tively. The region above 2v =28.8 eV shows the
same portion of the CBDOS, but as coupled to the
Bi 5d;,, core level. The lower part (p-like) of
the conduction band is now strongly coupled to the
5d,,, core level in contrast to the weakly coupled
5, core level, as evidenced by the strong peak
Z at hv=29.3 eV, which clearly dominates the
spectrum. The remainder of the conduction band
is only weakly coupled to the 5d,/, level (shoulder
at kv =30.7'eV). We consider the strong’ peak of
p1/.-like character occuring in the empty states

TABLE 1. Strengths of optical transitions between
atomic d and p states.

Strength Corresponding
Transition (relative) peak
A5/~ P1/2 0 X
ds/o— P32 1 Y
2V e 2V2) 5/9 i z
d3/2P3/2 1/9
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of Bi,O,, but not of Bi, as evidence of a charge
redistribution during formation of Bi,O,. Simul-
taneous observation of the 1.9 eV increase in the
binding energies of the Bi 5d core levels? clearly
indicates that the observed charge redistribution,
manifesting itself through the onset of the strong
b y/»-like empty DOS peak, is indeed a charge
transfer reflecting formation of (at least partial-
ly) ionic bonds in Bi,O,. The small half-width of
the peak Z (~ 0.5 eV FWHM) further indicates a
strong localization of the empty p,,,-like state at
the Bi site, and is consistent with the charge-
transfer phenomenon. Significantly, the observa-
tion of the resonancelike empty p,,,-like peak just
above the Fermi level is in agreement with the
recent calculation® of Lang and Williams for
chemisorptive cationic bonding, and can be thus
considered as further evidence of the charge
transfer during Bi,O, formation. Table I shows
transition strengths calculated for the various
couplings as if all levels were strictly atomic.
The most obvious breakdown of the “strictly
atomic” assertion is that the transitiond,,,~p,,,
does occur, showing that despite the small half-
width of the peak Z, the localization of final con-
duction-band states in Bi,0, is not perfect (nor is
it expected to be).
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FIG. 3. The CFS’s for pure Bi and the three Bi chal-
cogenides.
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Similar charge redistribution is noted to oc-
cur, albeit to a lesser extent, in the compounds
Bi,Te,® and Bi,Se;, which are isoelectronic to
Bi,0,. CFS’s for Bi and the three other com-
pounds are shown in Fig. 3. For Bi,Te, and
Bi,Se;, we see that the shapes of the CBODOS for
coupling to two separate core levels are not the
same, indicating again the SO-split portions of
the empty states. However, because of a much
lesser degree of the charge redistribution; the
separation of the p,,,- and p,,,-like portions (i.e.,
of structures X,7Y) in the telluride and selenide is
much weaker than in the oxide. (Actually, the
peak X in the oxide is changed into a weak but
definite shoulder in the telluride and selenide.)
The relevant structures and their onsets in the
CFS’s are shifted in photon energy for the four
solids, because the Bi 5d core levels are all
chemically shifted in the compounds (Table II).
Note that for the entire sequence of Bi chalcoge-
nides there is a correspondence between (i) the
size of the chemical shift, (ii) the degree of SO
splitting of the CB appearing in the CFS’s, (iii)
the degree of localization of the final states, and
(iv) the electronegativity of the chalcogen, indi-
cating progressively larger transfer of the bis-
muth electrons to the chalcogen site from Te to
0.

In Table II we show the 5d core levels refer-
enced to the Fermi energy. These binding ener-
gies may be compared to the CFS’s in Fig. 3,
with Bi metal as a neutral case. As the Bi ion
becomes more and more positive, the core levels
shift in response to a slightly more attractive po-
tential. We consider the correlation of the SO
splitting of the empty states with the bonding
shifts of the core levels as evidence of (at least)
partial ionicity in all three Bi chalcogenides.

The ionicity in Bi,Te, and Bi,Se, is indeed much
less than in Bi,0,, and the width of the peak Z is
much larger suggesting more delocalization dur-

TABLE II. Binding energies (below E) of Bi 5d core
levels in Bi, in the three Bi chalcogenides, and the
electronegativities.

5d3/, 5ds/s

(eV) (eV) Electronegativities
Bi 23.8 26.9 2.0 (Bi)
Bi,Te, 24.5 27.6 2.1 (Te)
Bi,Sesq 24.6 27.7 2.4 (Se)
Bi,04 25.7 28.8 3.5 (0)

ing the electron redistribution. The narrowness
of the peak Z (as well as of X) and the separation
of peaks X and Y in Fig. 3 correlates with the
relative magnitude of these structures, and with
the relative degree of ionicity in these com-
pounds.® There is a special significance to this
experimental evidence for the partial ionicity in
the cases of Bi,Te, and Bi,Se, because the strong-
ly anisotropic bonding in this layered solid neces-
sitates the existence of an intermediate, partial-
ly ionic bond, which was previously postulated on
theoretical grounds.®

Finally, the above analysis can be carried over
to the case of lead chalcogenides. There, a sim-
ilar spin-orbit splitting of the final state was ob-
served,’ which in view of the above analysis can
be interpreted as a result of a partial ionicity in
the lead compounds, consistent with their rock
salt structure.

In summary, we have shown that the CFS tech-
nique with synchrotron radiation can be used dur-
ing oxidation to monitor the charge redistribution
by allowing observation of the onset of a narrow,
dominant p ,,,-like empty DOS peak of features
similar to those described in calculations! for
chemisorptive cationic bonding. Simultaneous ob-
servation of the 1.9-eV increase of the binding en-
ergy of Bi core levels indicates formation of an
ionic bond in Bi,O, and suggests that the onset of
the empty p,,,-like peak in the CFS’s reflects at
least partial transfer of p ,,-like electrons from
Bi to oxygen sites. Indeed, this charge-transfer
evidence sheds light on the previously observed
sharp distinction between the system Bi + chemi-
sorbed O, (probably weak, covalentlike bonds)
and Bi,0,.* Evidence of much weaker and broader
|p.2) empty states has been found for other Bi
(and Pb) chalcogenides and is interpreted as an
indication of the partial ionicity expected on bond-
ing grounds to occur in these compounds. The
relative intensiy and the half-width of the empty
P 1/ Peak can be related to the bonding shifts of
core electrons and to the degree of partial ionici-
ty.
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M. Rowe and the staff of the Synchrotron Radia-
tion Center for their fine support during this en-
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Selection Rules in Raman Scattering from Surface Polaritons
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Raman-scattering selection rules for surface polaritons have been studied by experi-
ments using a thin (= 20 um) single-crystal slab of GaP of known orientation. The dis-
persion of the observed mode has been determined by varying the scattering angle, and
comparison is made with the theoretically predicted dispersion of surface polaritons at
the surface of a semi-infinite GaP crystal. The observed selection rules are consistent
with the results of an analysis using the bulk Raman tensors.

Recently, surface polaritons (SP) have been ob-
served by Raman scattering from polycrystalline
films of GaAs.! In these experiments, the au-

thors observed scattering from the upper and low-

er SP modes characteristic of a two-interface,
or slab, configuration where the thickness of the
slab is comparable to the penetration depth of the
surface mode.? Thus far, however, no success-
ful observations have been made of Raman scat-
tering from SP with a single crystal of known
orientation. Consequently, the polarization se-
lection rules for SP have not previously been de-
termined. We report in this Letter the first de-
termination of Raman-scattering selection rules
for surface polaritons.

We have performed near-forward Raman scat-
tering measurements on a thin (~ 20 um) slab of
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single-crystal GaP with (111) faces with known
orientation in the plane. A peak in the Raman
spectrum has been observed, whose frequency
lies between the bulk TO and LO phonon frequen-
cies for GaP (367.3 and 403.0 cm™?, respective-
ly). In order to identify this mode as being the
SP, we determined its dispersion by varying the
scattering angle, and compared it with the theo-
retical dispersion of SP at a single GaP-air in-
terface.® We then determined a set of selection
rules for the scattering by varying the polariza-
tion of the incident light and the direction and po-
larization of the observed scattered light.

The GaP samples which we used in this study
were prepared by cutting oriented rectangular
parallepipeds, =~2.5X2.5X 1 mm?, from a single-
crystal boule supplied by H. W, Verleur. These



