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A convergent perturbation scheme known as the layer-doubling method is used to deter-
mine the chemisorption position and bond length of an oxygen P(2 && 1) overlayer on W(110)
surface. The use of perturbation treatment allows accurate and economical determina-
tion of surface crystallography on this strong-scattering material. Using eight phase
shifts and 89 beams in the calculation, the oxygen atoms are found to occupy threefold-
coordinated binding sites with a bond length of 2.08 A.

The transition metal tungsten is probably the
material most used as a substrate for chemisorp-
tion of gas atoms and molecules on its. different
crystal planes. Studies of surface properties of
clean tungsten and the chemisorption of various
gases on its surfaces have been carried out for
many years using different surface-sensitive tech-
niques. However, partly because of the very large
atomic weight of the tungsten atom, there has
been no accurate surface-structure determination
of adsorbed atoms on any of the tungsten surfaces.
%'e report here the first successful determination
of surface structure of chemisorbed atoms on a
tungsten surface. The binding location and chemi-
sorption bond length of the P(2&& 1) oxygen over-
layer on W(110) surface are determined using a
convergent perturbation calculation' of the dynam-
ical low-energy-electron-diffraction (LEED) ap-
proach. Our results here also differ from previ-
ous surface structures of overlayers determined
on other metal substrates' in the following way.
In all previous studies, the adsorbed foreign at-
oms settle at those surface sites that an atom of
that substrate material would adsorb at, i.e., the
bulk structure of the substrate extends into the
overlayer. However, in the present case we find
evidence to suggest that the oxygen atoms ad-
sorbed on the W(110) surface do not reproduce
the bulk structure of the substrate, but rather
choose a site of higher coordination number to
the substrate (a threefold-coordinated site).

The structures of clean W(100) and W(110) are

first determined. ' Our results show that for
W(100) there is a possible contraction of about 6%
of the topmost tungsten layer. On the W(110) sur-
face, we find no contraction, expansion, or lateral
shift of the topmost tungsten layer. Details of
the surface structures on clean W(100) and W(110)
are presented elsewhere. ' Recently Lagally,
Buchholz, and Wang4 have used the constant-mo-
mentum-transfer averaging sch'erne on W(110)
and come to the same conclusion that the (110)
surface does not deviate from the bulk structure.
In their averaging method, they concentrated on
incident electron energies above 150 eV, because
below 150 eV the averaging scheme is much more
difficult to use. Since our dynamical analyses
are primarily done at energies below 200 eV (15
to 200 eV), the agreement between our results
and those of Ref. 4 on the surface structure of
clean W(110) is significant as it demonstrates the
consistency of the two methods using experimen-
tal data with almost mutually exclusive energy
ranges.

For the p(2&& 1) oxygen overlayer on W(110), a .

number of surface structures have previously
been suggested. However, the results of Lagally,
Buchholz, and Wang4 showed that, contrary to
previous speculations, there is no reconstruc-
tion of the tungsten atoms by the oxygen overlay-
er. Because they worked at energies above 150
eV, the averaging technique cannot tell the posi-
tion of the oxygen atom. For a simple p(2&& 1)
oxygen overlayer on W(110), we show in Fig. 1
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FIG. 2. Experimental (middle curve) and calculated
I-V curves for the (20) beam (averaged over domains)
diffracted from the W(110) + p(2 x 1)O surface. The cal-
culated curves apply to the threefold site with interlay-
er spacings 1.1 to 1.4 A. . The experimental curve is
taken from Ref. 7

FIG. 1. Possible chemisorption sites of the W(110)
+P(2 x 1)O surface. Large circles denote bxogsten at-
toms, small circles denote overlayer atoms. (a) Ad-

sorption in the threefold sites, (b) center sites, (c)
peak sites, (d) and (e) two nonequivalent bridge sites.
All the geometries shown produce the diffraction pat-
tern in (f), with the half-order spots denoted +; an

overlayer domain mirrored in the x-z plane would pro-
duce the half-order spots denoted O.

the different likely adsorption sites that an oxy-
gen atom may occupy. The "center" site (b) is
the bulklike position that a tungsten atom would

occupy if another tungsten layer were added. The
threefold site (a) is the position we suggest for
the oxygen adsorption. At this location, the oxy-
gen atom sits equidistantly above three tungsten
atoms, so it has three nearest neighbors, com-
pared to only two nearest neighbors at the center
location. Figure l(c) shows the "peak" site and

(d) and (e) show the "bridge" sites. The two

bridge sites differ in that bridges can be directed
crosswise to the one-dimensional rows of oxygen
atoms that characterize the overlayer [shown in

(d)], or they can be directed parallel to these
rows [shown in (e)j. In the threefold site, the
p(2X 1) oxygen overlayer has no two-dimensional
symmetry (mirrors or axes), whereas all the
other sites have twofold rotational symmetry
axes.

In the calculation for the LEED intensity-ener-
gy (I-V) spectra, the layer-doubling method is

CO
d-SPilcl

I4A
LLJI-

aA

I 1 I 1 I I I I

W(llO) + p(2xl)0
8=0' T= 300'K 3-fold site

am (averaged)

exp~)rimer t
Buchholz 8Lagal' y

40 80 120
FNERGY(eV)

l60 200

FIG. 8. The same as in Fig. 2, except for the (11)
beam.

used. This is a convergent interation method

which is accurate and fast. Eight phase shifts
are used for both the oxygen overlayer and the
tungsten substrate, and a maximum of 89 beams
are included. At each energy, the number of
iteractions and number of beams are carefully
chosen to ensure proper numerical convergence.
For the tungsten substrate, two superposition po-
tentials are tested' and they are found to give
very similar calculated I-V curves. For the oxy-
gen overlayer, a superposition potential obtained

by overlapping atomic charge densities is em-
ployed. ' A constant inelastic damping of 5 eV
and an inner potential of 10 eV are used. These
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FIG. 5. The same as in Fig. 4, except for the (2 2)
beam with the threefold, center, and peak positions.

FIG. 4. Experimental (bottom curve) and calculated
I-V curves for the (20) beam (averaged over domains)
diffracted from the W(110)+P(2 x 1)O surface. The cal-
culated curves apply to the five adsorption sites shown
in Fig. 1 at the interlayer spacing 1.8 L. The experi-
mental curve is taken from Bef. 7.

values are the same as those used in the clean
W(100) and W(110) analyses. ' Time-saving fea-
tures such as exploiting symmetry between re-
flected beams and calculating multiple-overlayer
positions without recalculating the substrate dif-
fraction make the computation cost substantially
lower than if done by conventional dynamical
LEED methods. Since tungsten is one of the
strongest known electron scatterers, the success
in obtaining numerical convergence by the layer-
doubling method indicates the general applicabili-
ty of this perturbation scheme.

We compare our results with data measured by
Buchholz, Wang, and Lagally. ' In Figs. 2 and 3,
we show the comparison between theory and ex-
periment for the threefold adsorption site with
different overlayer-substrate interlayer spacings.
It is clear that the interlayer spacing of best fit
is between 1.2 and 1.3 A (all calculated intensi-
ties have been averaged over the different domain
orientations that the overlayer can have on the
substrate). After considering five different beams
we determine the optimal interlayer spacing to be
1.25+0.1 A. In Figs. 4 and 5, we show the com-
parison of various coordinated sites at the 1.3-A
interlayer spacing. From Fig. 4, the comparison
between theory and experiment for the (20) beam
clearly rules out the two bridge positions. The
peak, center, and threefold positions are com-
pared in Fig. 5 for the (—,', ) beam and we find that
the threefold site is favored over the other two
locations. We have analyzed the level of agree-
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FIG. 6. Quantitative and visual methods for com-
paring the agreement between theory and experiment for
the different binding sites. The five adsorption sites
a-e are the same as those shown in Fig. 1. (a) Vis-
ual merit of the five sites versus different interlayer
spacings. (b) Besults of the various rating schemes for
the five adsorption sites at interlayer spacing 1.8 L.
The threefold site is preferred in each rating scheme.

ment between theory and experiment for the dif-
ferent coordinated sites with several simple quan-
titative methods. The findings are shown in Figs.
6(a) and 6(b). By (i) counting the number of peaks
that match between experiment and theory to with-
in a window of 4 eV, by (ii) calculating the mean
deviation between peak positions, by (iii) adding
the total energy range in which experimental and
theoretical I-V curves have slopes of opposite
signs, and by (iv) visually rating the agreement
between curves, we find that each scheme invar-
iably indicates that the threefold adsorption site
is preferred. A second (less likely) choice is
the center site at 1.25 A, while the peak and two
bridge positions can be completely ruled out as
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possible binding sites.
From the determined threefold binding site at

1.25+ 0.1 A, the oxygen-tungsten chemisorption
bond length is found to be 2.08+ 0.07 A, which is
very close to the sum of covalent radii of oxygen
and tungsten (rw+ ro=2.12 A). The oxygen-tung-
sten bond length determined here is consistent
with the trend observed for c(2x 2) and p(2&& 2)
oxygen chemisorption on nickel. " Given an ex-
perimentally measured" work function change of
4y = 0.7 eV, we estimate the amount of charge
transfer from tungsten to oxygen to be q/e = 4.4/o,
where e is the electron charge.
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dation Grant No. GH-40626.
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Very Shallow Trapping State in Doped Germanium
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Submillimeter photoconductivity in doped germanium has been studied with a lamellar
grating spectrophotometer. The observed photoconductivity is ascribed to a shallow
trapping state such as D or A+. However, our spectral peak energies and shapes are
quite different from those previously reported by Gershenzon, Qol'tsman, and Mel'nikov.

Submillimeter photoconductivity in doped- Ge
and -Si crystals has been investigated by Ger-
shenzon and co-workers" using backward-wave
tubes (BWT). In the case of Ge, they observed
photoconductive response peaks in the energy re-
gion of 1-2 meV depending on the kind of impuri-
ty used as dopant. They ascribed the responses
to electrons (holes) bound to neutral donors (ac-
ceptors); that is, to D (A') states.

In the present experiment, we study the photo-
conductivities in Ge crystals doped with As, Sb,
and Ga impurities using a Fourier transform
spectrometer with a lamellar grating, and ob-
serve photoeonductivity spectra having peaks
near 3 meV and spreading widely from 1 to 7
meV. However, we do not observe any photo-
conductivity structure at the energy positions
reported by Gershenzon, Gol'tsman, and Mel'ni-
kov. ' The observed photoconductivity is con-
firmed to be due to a trapping center and it is iri-

ferred that the D (A') state is also the most
probable candidate for the center.

The spectrometer used was a Beckman LR-100
lamellar grating spectrophotometer designed to
operate over the region 3-70 cm '. A combina-
tion of a low-pass filter and a cooled quartz fil-
ter was used to emphasize the required spectral
range and to reduce the room-temperature back-
ground radiation above 250 cm '. The measured
relative photoconductivity intensities were cali-
brated by measuring the spectral distribution of
the light source (mercury vapor lamp) just at the
front of the sample using a Unica, m Golay-cell
detector. The accuracy of the wavelength scale
of the spectrometer was verified by measuring
the absorption spectra of a hexa-iodobenzene
(C,Q) powder disk. The Ge specimens for the
measurements were cut and shaped into about
4 && 5&-0.5 mm' pellets, mechanically polished,
and CP-4 etched after being tapered to avoid in-
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