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Angle-resolved photoemission study of the submonolayer phases of Pb on Ge(111)
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The (&3X &3)R30'a and y submonolayer reconstructions of the Pb/Ge(111) system have been stud-
ied with angle-resolved photoemission spectroscopy utilizing synchrotron radiation. The a phase con-
sists of 3 monolayer (ML) of Pb adatoms in T4 sites, whereas the y phase consists of an equal mix of Pb

( 6 ML) and Ge ( 6 ML) adatoms, forming a mosaic phase. Dispersions of the adatom-induced surface

states of the y and a phases have been probed along the I M and I KM directions of the surface Brillouin
zone. Our results indicate that despite their structural differences, the a and y phases have essentially
the same electronic structure. Comparisons are made between this system and prototypical
metal/Si(111)-(&3 X &3)R30' systems and with theory.

I. INTRODUCTION

Much effort has been made in recent years towards an
understanding of the geometric structure of clean and
adsorbate-covered semiconductor surfaces. Several stud-
ies have succeeded in explaining the connection between
the adsorbate bonding geometry relative to the substrate
and the measured surface band structure as probed by
angle-resolved photoemission. The most notable
successes are the Si(111)-(&3X &3)R 30' reconstructions
induced by various group-III and group-IV adatoms:
Ga, ', In, ' Al, and Sn, ' as well as the Si(111)-(7X7)
surface. ' ' In comparison, little angle-resolved photo-
emission work has been published on metal/Ge(111) ad-
sorbate systems.

Pb overlayers on Si and Ge substrates have received
some attention recently. Since Pb is insoluble in Si and
Ge, the complications arising from intermixing of the ad-
sorbate and substrate atoms are eliminated. Conse-
quently, the Pb/Si(ill) and Pb/Ge(ill) systems have
been probed with numerous techniques, including our
own detailed core-level and angle-integrated valence-
band studies. ' '" An intriguing characteristic of both of
these systems is that each has two diff'erent
(+3Xv'3)R30' reconstructions in the submonolayer re-
gime. In addition to the expected —,

' monolayer (ML)
phase (labeled the a phase), each displays a "mosaic"
(&3X ~3)R 30' reconstruction, whose ideal Pb coverage
is —,

' ML. This reconstruction will be referred to as the y
phase. A mosaic phase has also been observed for the
Sn/Si(111) system. ' Based on our previous photoemis-
sion studies as well a scanning-tunneling-microscope
(STM) study, ' these mosaic y phases consist of an equal
number of Pb and Ge (or Si) adatoms on the surface, each
occupying so-called T4 sites. A natural question arises as
to the electronic structure each of these different types of
adatoms may give rise to when Pb and Ge (Si) adatoms
are present on the surface simultaneously. Do the
differing dangling bonds and back bonds yield distinctly
different surface bands, or do they result in shifts of the

bands found in the a phase? The purpose of the current
study is to probe these differences in electronic structure
with angle-resolved photoemission.

II. EXPERIMENTAL DETAILS

The photoemission experiments were performed at the
1-GeV storage ring Aladdin at the Synchrotron Radia-
tion center of the University of Wisconsin —Madison. A
small hemispherical analyzer mounted on a two-axis
goniometer was employed to detect electrons emitted
from the sample with an angular resolution of about
+1.5 . All binding energies were measured relative to the
Fermi level, which was taken from a gold foil in electrical
contact with the sample. The photon energy used to ac-
quire all angle-resolved data was 20 eV, and the angle
which the incoming photon beam made with the sample
normal was kept at 45'. All spectra were acquired with
the sample at or near room temperature. The Ge(111)
sample used was oriented with the Laue technique and
polished to a mirror finish. The sample was then chemi-
cally etched prior to chamber insertion. Final prepara-
tion of the Ge(111) surface was accomplished by multiple
cycles of Ar+ ion bombardment at -500 C, followed by
a 15-min anneal at 800 C. This procedure consistently
yields very sharp c (2 X 8 ) reflection high-energy
electron-diffraction patterns along with strongly pro-
nounced surface core levels and surface states. High-
purity (99.999%) Pb was evaporated from a tungsten
crucible heated with a feedback-controlled electron beam.
The deposition rate was determined using a quartz-
crystal thickness monitor. The coverage units used refer
to the unreconstructed Ge(111) substrate: 1 ML =7.21
X 10'~ atoms/cm =one-half of a Ge(111)double layer.

III. RESULTS

The y and o, phases were prepared by depositing —,
' or

3

ML of Pb, respectively, onto a clean Ge(ill)-c(2X8)
substrate held at a constant temperature of 200'C. Al-
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though these phases will form on a Ge(111) surface at
room temperature, our previous study revealed that the
long-range order of the reconstructions could be
significantly improved by deposition at elevated tempera-
tures, or by postdeposition annealing. " Note that the an-
nealing temperature of 200oC is far below the desorption
temperature of Pb ( -350'C), so that the amount of Pb
on the surface is unaffected by the annealing. Ge 3d and
Pb Sd core levels as well as angle-integrated valence-band
spectra were checked after deposition and annealing to
confirm that the surfaces were of similar quality to those
studied by us previously. "

Figure 1 shows the real-space and corresponding
rec~irocai-space diagrams appropriate to the
(&3 X &3)R 30 reconstructions. The (&3X &3)R30
and (1 X 1) unit cells are shown as solid and dashed lines,
respectively. Pb atoms in the a phase occupy the so-
called T4 sites, which are threefold-coordinated sites situ-
ated directly above Ge atoms in the lower half of the first
double layer. These T4 sites have been shown to result in
a lower free energy as compared to the H3 sites, which
are also threefold sites but lie above Ge atoms in the
second double layer. ' Angle-resolved valence-band spec-

tra were acquired along the principal symmetry direc-
tions in the (+3X&3)R30' surface Brillouin zone (Fig.
1). Note that the symmetry of the reconstruction elimi-
nates complications that arise in multiple-domain recon-
structed surfaces, such as the clean Ge(111)-c(2X8) sur-
face. The directions probed were the [110] and [121]
bulk directions, which correspond to the I M and I KM
axes, respectively.

Figures 2—5 show the angle-resolved photoemission
data. In each of these figures the spectra are shown in
stack-plot form for increasing electron emission angles 0.
Normal emission corresponds to 0=0 . The parallel
momentum of the photoelectrons, k~~, increases upwards
in each figure, and decreases as the binding energy in-
creases at a given emission angle. The labels I, K, and M
in each figure denote the (approximate) zone boundaries
of the (&3X&3)R30' surface Brillouin zone. In all of
these figures surface states are clearly observed, which
move in binding energy as the electron emission angle
(parallel momentum) is changed. Many bulk features
were also detected in the 10—2.5-eV binding-energy range
(not shown in Figs. 2 —5); the dispersion of the bulk bands
has been mapped out in other work. '

Figure 2 shows four separate and distinct surface-state
features along the I XM direction for the o, phase. These

/
/

/
/

/
/

/
/

/ M &, 1 M = [110] Pb/Ge(111) —a phase
kg along [12 1 j

S~
e(deg)

55

50

40

30

X

0
~ W
M
N

0
A

80
K

15

10

(v3 xv3) R30'

FIG. 1. The real-space and reciprocal-space diagrams ap-
propriate for the Pb/Ge(111)-(&3 X &3)R30 system under
study. Large and small open circles depict the first double layer
of Ge atoms present at the (111) surface. The larger hatched
circles show the Pb atoms arranged in a (&3X &3)R30 T4 ada-
tom geometry. The solid and dashed lines denote the
(&3X &3 )R 30' and {1 X 1) unit cells, for both the real- and
reciprocal-space diagrams. The symmetry points in reciprocal
space are indicated.
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FIG. 2. Photoemission spectra acquired from the a phase
along the 1 KM, or [121], direction. The photon energy used
was 20 eV. Emission angle 0 increases upwards in the figure.
The binding energy is with respect to the Fermi level. The
dashed lines indicate surface-state features.
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are labeled S&, S&, S3, and S3. State S& is observable for
emission angles 7.5 ~ 0 ~ 20 and 35 & 0 ~ 52.5, whereas
the weak shoulder feature S*, is visible at emission angles
around 17.5' and 40'. States S3 and S3 are prominent for
emission angles 17.5 ~0~37.5. The S3 state is also
visible at large emission angles &45 . The broad feature
first visible for 0=0' at binding energy Eb = 1.5 eV is due
to emission from bulk bands, as has been observed previ-
ously. ' SI is first visible at a binding energy of 0.15 eV,
and disperses upward to a maximum value of Eb =0.50
eV. S& has a nearly constant binding energy of -0.15
eV. The S3 feature has minimum and maximum binding
energies of 1.08 and 1.35 eV, respectively, whereas S3
ranges from 0.85 to about 1.00 eV. The bandwidths of
the S&, S3, and S3 bands are thus approximately 0.35,
0.27, and 0.15 eV, respectively.

Figure 3 displays the data for I KM direction collected
from the y phase. As discussed in the Introduction, this
surface has the same periodicity and basic surface struc-
ture as the a phase, but with half of the Pb adatoms re-
placed with Ge adatoms. As can be seen in Fig. 3, in ad-
dition to the surface bands present in the o. phase, one
new feature, labeled S2, is visible for a narrow emission
range 2.5'~0~17.5' with Eb ranging from 0.70 to 0.85
eV. The state S& is again observed but over a somewhat
wider emission range, and appears slightly better defined
as compared to the a phase. The intensity of the S& band
is reduced for the y phase, as compared to its intensity on

the n phase. The intensity of the S3 band appears to be
roughly the same for the two phases. The S3 band is not
as well defined on the y surface as compared to the n sur-
face.

The angle-resolved photoemission spectra acquired for
the a phase along the I M direction are shown in Fig. 4,
where again the dispersion of four separate features S&,
S&, S3, and S3, are clearly visible. The S& surface state is
visible for emission angles 7.5 ~ 0 ~ 25' and
45'~0~62. 5, with binding energies ranging from 0.15
to 0.35 eV. The state labeled S*, appears at 35 at a bind-
ing energy of -0.5 eV. The S3 and S3 features are also
visible over a wide range in momentum space, but the
mapping of these features is ambiguous in light of the
spectra obtained at emission angles around 0=50'. At
this angle there appear to be at least four bumps detected.
The S3 surface state is first visible at 0=15' at a binding
energy of —1.0 eV. It disperses upward to a value of
1.65 eV, yielding an overall bandwidth of 0.65 eV. S3 ap-
pears for emission angles 15' ~ 0 ~ 22. 5 a d 50' ~ t9 ~ 65',
with binding energies ranging from 1.35 to 0.83 eV. The
bandwidth of this surface state is thus approximately 0.52
eV.

Figure 5 displays spectra obtained from the y phase
along the I M direction. Once again, in addition to the
SI S ] S3 and S3 states, the feature labeled Sz is ob-
served. The S2 state is visible only over a small range of
angles, 2. 5' ~ 0 ~ 7.5', with binding energies from 0.65 to

Pb/Ge(111) —y phase
k~~ along [12 1

8(deg)
--=- 50

45

~ 40

Pb/Ge(111) — a phase
k~~ along [110]

8(deg)
---- 65

60—55
M

50
== 45
—--40

0
~ M
N
M

0
C4

--- 30

25

~ 20

~15
~ 10

5

—0
I I I I I I I I I I I I I I l I

2 1 E —1F
Binding Energy (eV)

0
~ W
M
M

0
A

35
r

-30

25

==- 20
M

15

-=-- 10

5

0 r
I I I I I I t I I I I I I I I I

2 1 E —1F
Binding Energy (eV)

FIG. 3. Same as Fig. 2, but for the y phase.
FIG. 4. Same as in Fig. 2, but now the emission angle is

varied along the I M, or [110],direction.
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FIG. 6. The energy dispersion of the surface states detected
for the a and y phases along the I KM direction. The circles
and triangles indicate results for the e and y phases, respective-
ly. Solid (open) symbols denote strong (weak) features in the
photoemission spectra.
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FIG. 5. Same as in Fig. 4, but for the y phase.

0.80 eV. As opposed to the a phase, emission at 6I=50
and nearby angles appears to be less ambiguous for the y
phase. As was seen before along the [121]direction, the
S, intensity appears to be reduced for the y phase in
comparison to the a phase. The intensity of the S3 state
again appears unchanged. The other major difference be-
tween the a and y phases in the I M direction is the
binding-energy position of the S3 band. For the y phase,
the position of this band is shifted about 0.15 eV to
higher binding energy for emission angles 30 .

IV. DISCUSSION

In Figs. 6 and 7 the energy dispersions of the surface
states detected along the I EM and I M directions, for
both the a and y phases, are plotted versus the parallel
momentum of the photoelectrons, k~~, in units of A
Figure 6 (7) represents the data shown in Figs. 2 and 3 (4
and 5). Some additional data (angles), which are not
shown in Figs. 2—5, also appear in these figures. In each
of these figures, the solid symbols indicate strong features
whereas the weak features are denoted by open symbols.
Circles correspond to surface states detected for the cx

phase; triangles denote those observed on the y surface.
The solid vertical lines denote high-symmetry points of
the (+3X &3)R 30' unit cell (see Fig. 1).

Upon inspection of Figs. 6 and 7, it is immediately ap-
parent that the electronic structure of the y and u sur-
faces is essentially equivalent. The main differences are
(a) the presence of the S2 state for the y phase, (b) the S3
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FIG. 7. Same as Fig. 6 except that the momentum varies
along the I M direction.

states differ in binding energy by about 0.15 eV near the
second 1 point along the [110]direction, and (c) the in-
tensity of the S& state is reduced by approximately one-
half on the y surface as compared to the a phase.

Most of the surface electronic structure displayed in
Figs. 6 and 7 is known to arise from the adatom-substrate
bonding interaction. Features similar to S3 and S3 have
been found on several metal/Si(111)-(&3X &3)R30 sys-
tems, and are known to be due to the back bonds which
comprise the T4 adatom complex. As first shown in a
theoretical study by Northup for the Al/Si(111)-
(&3 X &3)R 30' surface, these "back-bonding" surface
bands arise from adatom p and p orbitals coupled to
"dangling" substrate p, orbitals. In the present case the
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FIG. 8. A comparison of the experimental dispersions found
in this work with theoretical ones as calculated in Refs. 5 and 6.
The solid and open symbols represent part of the data taken
from Figs. 6 and 7, whereas the solid lines are the calculated
adatom dangling-bond (X, ) and back-bonding (X3) surface
bands (from Refs. 6 and 5, respectively). The dashed lines are
the surface bands detected for the Pb/Si(111)-(&3X&3)R30
mosaic (y) phase from Ref. 16.

substrate is Ge(111) and the adatoms are neither Pb
atoms only (for the a phase) or a combination of Pb and
Ge adatoms (for the y phase). This coupling gives rise
to two surface states, labeled X3 according to Northup's
notation, ranging from 0.8 to 2 eV below the Fermi
level, depending on the atomic species of the
adsorbate/substrate.

For group-IV adatoms (Si, Ge, Sn, Pb), an additional
state has been observed in the 0—0.5-eV binding-energy
range. ' ' This surface state, being dispersive, shows a
strong emission intensity, especially around the K points
in the surface Brillouin zone. For the Pb/Si(111) (Ref.
16) and Sn/Si(111) (Ref. 1) systems, this S, state follows
the periodicity of the (v'3 X&3)R30 Brillouin zone,
whereas for surfaces such as Si(111)-(7X7) (Refs. 4 and 7)
and Ge(111)-c(2X8) (Refs. 17 and 18) it follows the
bulk-terminated (1 X 1) periodicity. The atomic origin of
this S& state is known to be due to adatom p, orbitals
coupled to substrate dangling bonds. In the case of
group-III adsorbates, this band is above the Fermi level,
whereas for group-IV adatoms this band should be half
filled, ideally. The model (V3 X&3)R 30 group-IV-
adatom reconstructed surface is thus metaOic. This state,
labeled X& according to Northup's notation, is often re-
ferred to as a dangling-bond state.

For group-III adatoms (Al, Ga, In), a state has been
detected at about 0.3 eV below the Fermi level. ' These
S, surface states have very little dispersion and are usual-
ly weak structures. For some time it was believed that
the origin of these surface states was due to domain boun-
daries. ' STM study determined instead that the origin of
these states is due to varying concentrations of Si ada-
toms on these surfaces in T4 sites; i.e., due to the pres-
ence of mosaic phases. '

Figure 8 summarizes the dispersive behavior of the sur-

face states, detected from the a and y phases, in the re-
duced zone. This figure displays a partial set of data tak-
en from Figs. 6 and 7, along the I KM and MI segments,
respectively. Also shown in this figure are some of the
theoretical bands, as calculated by Northup et al. , for Si
and Al adatoms. ' The calculated adatom dangling-
bond X, band [based on the Si/Si(111)-(&3X&3)R30
system] and back-bonding X3 bands [based on the
Al/Si(111)-(&3Xv'3)R30 system] are shown in Fig. 8
as solid lines. The theoretical studies have found that the
energy position and bandwidth of the X& and X3 bands
vary with the type of adatom present, but that the gen-
eral shape of the dispersions are qualitatively equivalent.
The choice of theoretical data for the X3 band yielded the
closest qualitative agreement in energy position with our
data. Clearly, the general shape of the predicted bands
follows the experimental ones well. We note that the in-
tensity dependence of the S3 and S3 bands with k~~ is also
consistent with theory. ' '

Another observation consistent with the theory is that
these Pb/Ge(111) a and y phases are metallic. As was
observed by us previously in our angle-integrated study, "
the density of states at the Fermi level is quite significant.
It follows therefore that the S& band must cross the Fer-
mi level. This Fermi-level crossing is discernible at
several angles in Figs. 2—5. For example, the S, state ap-
pears to go below the Fermi level as the emission angle is
varied from 5' to 7.5'. Based on our data and the infor-
mation in Figs. 6—8, we deduce this Fermi-level crossing
to be approximately —,

' of the way between the symmetry
points along the I M and I K directions.

It is interesting to note that the submonolayer
(&3X&3)R30 phases of the Pb/Si(111) system, which
are identical in structure and Pb coverage to the
Pb/Ge(111) u and y phases, are semiconducting. Our own
angle-integrated valence-band data, ' as well as a recent
angle-resolved study by Karlsson et al. ,

' have indicated
that each of these phases for Pb/Si(111) has a very small,
if not zero, density of states at the Fermi level. The
angle-resolved results for the Pb/Si(111) mosaic (y )

phase are summarized in Fig. 8 by the dashed lines. Note
that the S, state is detected throughout the entire surface
Brillouin zone in this study, and is clearly below the Fer-
mi level. The S3 and S3 states appear slightly shifted by
0.1 eV to lower binding energies for the Pb/Ge surface as
compared to the Pb/Si system.

The theoretical work discussed above does not, howev-
er, predict the presence of two distinct states near the
Fermi level. We therefore propose that the very weak S&
emission is derived from a density-of-states feature. This
interpretation is consistent with the observations that S

&

is detected on both the a and y surfaces and is disper-
sionless within our experimental error. For data taken
along [121]and [110] (see Figs. 6 and 7), the Si feature
can be associated with the high density of states near M
and K, respectively. Note that the y phase has a mosaic
structure, and the mix of the Pb and Ge adatoms can give
rise to scattering and mixing of difFerent wave vectors of
the adatom state. This explains the fact that, for the y
phase, the S

&
feature is generally more pronounced, and

the S, intensity is reduced, compared to the a phase.
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As opposed to the S, (S,' ) states, the S3 and S3 states
are very similar for the two phases. Along the [121]
direction, these bands for the two phases simply over-
lapped each other. A shift of approximately 0.15 eV was
detected along the [110] direction near the second I
point. The fact that these states have essentially the same
intensity on both the a and y surfaces indicates that the
Pb and Ge back-bonding states are essentially equivalent.

The S2 state cannot be accounted for based on previ-
ous work on adatom-induced surface electronic structure.
The energy position of the S2 state and the fact that it is
only detectable over a small portion of the surface Bril-
louin zone may indicate that it is the result of vacancy
defects. Areas where the T4 sites are not occupied by Pb
or Ge adatoms would give rise to one substrate dangling
bond in the first layer per (V 3 X&3)R30 unit cell.
These "rest-atom" dangling p, bonds could give rise to
surface states similar to rest-atom states found on the
Si(1 1 1)-(7X7) (Refs. 4 and 7) and Ge(111)-c(2X8) (Refs.
17 and 18) reconstructed surfaces. We note that the S2
state found in a recent angle-resolved study of the
Pb/Si(111) mosaic phase may be accounted for by these
vacancy defects as well. '

V. SUMMARY

The Pb/Ge(111) system has been probed with angle-
resolved photoemission spectroscopy. The Eb(kii) depen-
dence of the adatom-induced surface states on the a and

y reconstructed surfaces have been mapped out along the
[121] and [110] directions. For the a phase, the elec-
tronic structure follows what has been predicted and ob-
served in several prototypical metal/Si(111) systems. The
dispersions of the adatom-induced back-bonding surface
states follow both the general shape and intensity varia-
tions as predicted by Northup for T4 complexes. ' Our
results indicate that, despite their structural differences,
the a and y phases have essentially the same electronic
structure. The differing dangling-bond states are essen-
tially equivalent on the two surfaces. The only difference
is a slight shift for the S3 (S3 ) band over a small portion
of the surface Brillouin zone.
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