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Electronic band structure of the two-dimensional surface-state bands
of the (1X 1) and (1X2) phases of Bi/GaSh(110)
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Department of Physics, University of Rhode Island, Kingston, Rhode Island 02881

A. B. McLean
Department of Physics, Queen’s University, Kingston, Ontario, Canada K7L 3N6

R. Ludeke and H. Munekata
IBM Thomas J. Watson Research Center, P. O. Box 218, Yorktown Heights, New York 10598

N. J. DiNardo
Department of Physics and Atmospheric Science, Drexel University, Philadelphia, Pennsylvania 19104
(Received 26 April 1993)

The surface-state bands of the (1X 1) and (1X2) phases of Bi/GaSb(110) have been probed using
angle-resolved ultraviolet photoemission spectroscopy with synchrotron radiation. Four Bi-induced
surface-state bands have been identified for both the (1X1) and the (1X2) phases. The bands with the
lowest binding energies (S' and S™) have been attributed to intrachain bonding in the Bi overlayer and
the higher-binding-energy bands (S™ and S™) to overlayer states involved in the back bonding of the
overlayer to the substrate. Based on initial-state dispersion measurements, we conclude that the Bi
chains in the epitaxial overlayer remain intact throughout the phase transition. We propose a model for
the overlayer structure of the (1X2) phase of Bi/GaSb(110).

I. INTRODUCTION

Over the past decade the epitaxial overlayers formed
by Sb and Bi on compound semiconductors have been a
topic of intense interest. This is primarily due to the epi-
taxially ordered, atomically abrupt interfaces which form
between both Sb and Bi on the (110) surfaces of many
III-V compound semiconductors.! ”3 Due to the covalent
character of the semimetal-semiconductor bonds, infor-
mation about overlayer-substrate bonding and structure
can be understood by probing the surface-state bands.

The most extensively studied of these systems is
Sb/GaAs(110).°7 13 The accepted model of the overlayer
structure of this system is the epitaxial continued layer
structure (ECLS), which has been verified with low-
energy electron diffraction (LEED) and scanning tunnel-
ing microscopy (STM).? In this model, the Sb overlayer
consists of zigzag chains which run parallel to the [110]
direction, and are registered above and between the GaAs
substrate chains. However, recently there has been
speculation regarding the universality of this structure in
the case of Bi overlayers.” In a tight-binding total-energy
calculation by Bowler et al.!* of both the ECLS and epi-
taxial on-top structure (EOTS) of Bi/GaAs(110), they
have predicted an energy difference of only 0.06
eV/atom/unit cell between these two overlayer struc-
tures. This suggests that energetically favorable over-
layer structures other than the ECLS may exist.

With LEED,!® dislocations have been observed every
12 adatoms along the overlayer chains of Bi on
GaAs(110). The overlayer strain of Bi/GaAs(110) is 0.16,
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which is larger than the corresponding value of
Sb/GaAs(110) (0.11). Here we have quantified strain as
the difference between the lattice spacing of the adatoms
on the surface [which is equal to the substrate surface lat-
tice spacing for a (1X 1) overlayer] and their bulk lattice
spacing divided by their bulk lattice spacing. It has been
proposed that this larger mismatch between Bi and GaAs
induces excessive strain within the overlayer which is re-
lieved by the introduction of dislocations along the
chains.!® Consequently, a compound semiconductor with
a larger bulk lattice constant may better accommodate
the larger size of Bi relative to Sb, and thus eliminate the
dislocations. This has been verified by STM of
Bi/InAs(110) where an epitaxially ordered overlayer, free
of dislocations, has been observed.!” The overlayer strain
of Bi/InAs(110) is 0.10, which is nearly identical to that
of Sb/GaAs(110).

These results suggest that overlayer strain due solely to
a lattice mismatch may be insufficient to disrupt the epi-
taxial ordering of the semimetal overlayers provided the
lattice mismatch is comparable to, or less than, that of
Sb/GaAs(110). Since the overlayer strain of
Bi/GaSb(110) is 0.10, lattice-mismatch-induced strain
may not be an issue when considering the overlayer tran-
sition from the (1X1) to the (1X2) phase. Meade and
Vanderbilt!® have pointed out that a significant contribu-
tion to surface strain is the chemical interaction between
the adsorbate and the substrate, which in turn will affect
the hybridization of the overlayer-substrate bonds. The
effects of overlayer strain on the structures of Sb and Bi
overlayers on III-V(110) compound semiconductors has
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yet to be rigorously studied.

While Sb and Bi form p(1X1) overlayers on many of
the (110) surfaces of III-V compound semiconductors at
room temperature, Bi/GaSb(110) is the only system
which exhibits a surface phase transition from a p (1X1)
to a (1X2) structure. Ford et al.'®> observed that the
commensurate (1X 1) overlayer structure is metastable
and can be driven into a stable incommensurate (1X2)
structure by annealing at 200°C. The doubling of the
unit cell is perpendicular to the overlayer chains in the
[001] direction [see Figs. 1(a) and 1(b)].

The fact that the overlayer makes the transition to the
(1X2) phase by annealing at a temperature of only 200 °C
suggests that the metastable (1 X 1) structure may not be
the ECLS and that an alternative overlayer structure may
favor the more stable (1X2) phase. In addition, the
overlayer-substrate bonding of Bi/GaSb(110) may be
significantly different from the other group-V semimetals
on ITI-V(110) compound semiconductors. In the theoret-
ical models of the overlayer structures of these systems,
overlayer-induced surface-state bands have been attribut-
ed to either intrachain overlayer bonds which contribute
to the bonding of the overlayer to the substrate, or intra-
chain bonds which do not. By probing the occupied
surface-state bands of the (1X1) and (1X2) phases of
Bi/GaSb(110), we hope to identify which bonds are
affected by the transition. This in turn should provide in-
formation about intrachain and overlayer-substrate bond-
ing, as well as the structural changes which take place as
a consequence of the transition from the (1X1) to the
(1X2) phase.

II. EXPERIMENTAL DETAILS

The experiment was performed on beamline U12B at
the National Synchrotron Light Source (NSLS),
Brookhaven National Laboratory. The radiation was
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dispersed using a toroidal grating monochromator.! The
surfaces were prepared in a magnetically shielded UHV
chamber with LEED and Ar-ion sputtering capabilities.
The base pressure was <1X 107! Torr. The chamber
was equipped with an angle-resolved hemispherical elec-
trostatic energy analyzer’® with an angle of acceptance of
+2°. The overall energy resolution was better than 200
meV. The sample was oriented such that the A vector of
the incident photons was parallel to the mirror plane of
the substrate [see Figs. 1(c) and 1(d)].

The sample consisted of an intrinsically doped, thick
molecular-beam-epitaxial (MBE) -grown GaSb(110) film
on an InAs(110) substrate. The sample was mounted on
Ta foil which was supported by Ta wires. Current was
passed through the Ta wires to resistively heat the sam-
ple. The temperature was monitored with a thermocou-
ple attached to the Ta foil backing plate near the sample.
The backing plate was mounted on a manipulator with
rotational capabilities about two independent axes.

The sample was cleaned by Ar™ sputtering followed by
a 10-15 min anneal at 520°C. This procedure resulted in
reproducible valence spectra which compared favorably
to previous photoemission spectra of Chiang and East-
man?! for a clean cleaved single crystal of GaSb(110),
demonstrating the integrity of our MBE-grown sample
and surface preparation technique.

Bi was evaporated onto the clean GaSb substrate from
a boron-nitride effusion cell. During evaporation, the
chamber pressure did not exceed 3 X107 !0 Torr. After
deposition, the sample was subsequently annealed at
100°C for 5 min. The p(1X2)-Bi phase was obtained by
annealing the p (1X1)-Bi overlayer at 250 °C for 7 min, at
which time half-order spots appeared in the LEED pat-
tern along the T'-X’ symmetry line. The Bi thickness was
determined from timed exposures to the Bi evaporant
beam. Deposition rates were established with a crystal-
thickness monitor. We have assumed a linear relation-

T X T X
[001} 0.257 A
B 0.515 A X'/2! —IM/2
[110] ¢ 0729 A '
X 0729A7 M X M

(©) (d)

FIG. 1. (a) The surface Brillouin zone of
GaSb(110). (b) The reduced surface Brillouin
o zone of the p(1X2) phase of Bi/GaSb(110).
(c) The real-space unit cell of GaSb(110). (d) A

diagram of the experimental geometry.
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ship between the sticking coefficient of Bi to the sample
and the thickness monitor. We estimate the accuracy of
the overlayer to within 25%, with a reproducibility of ap-
proximately 10%. One monolayer of Bi is defined as two
adatoms per unit cell of the GaSb(110) substrate
(7.57X10"™/cm?). The integrated intensity of the Bi 5d
core level was observed to decrease by 5—15 % during the
overlayer transition from the (1X1) to the (1X2) phase.
This is well within the experimental uncertainty of deter-
mining the completion of the first monolayer. Therefore,
we have attributed the decrease in the Bi 5d core-level in-
tensity associated with the overlayer transition from the
(1X1) to the (1X2) phase with the desorption of Bi
exceeding one monolayer.

All the photoemission spectra presented in this paper
and used to carry out our analysis of this system were
recorded at a photon energy of 36 eV. Due to interfer-
ence from photoemission peaks excited with second-order
light from the monochromator, we found only a very nar-
row window around 36 eV which yielded useful spectra
for the valence band.

III. RESULTS

A. The p (1X1) phase of Bi/GaSh(110)

We have probed the occupied two-dimensional surface
bands of the (1X1) and (1X2) phases of Bi/GaSb(110)
using angle-resolved photoemission. The experimental
geometry is presented in Fig. 1(d). The photoemission
spectra have been acquired along the high-symmetry lines
of the surface reciprocal lattice [see Figs. 1(a) and 1(b)].
In this manner it is possible to map the two-dimensional
band dispersion of the Bi-induced surface states. The
parallel component of the wave vectors of the photoelec-
trons are calculated using the standard equation,
k,=(2mE /#)'*sinf,, where k is the component of the
photoelectron’s wave vector parallel to the surface, E is
the kinetic energy of the electrons, m is the electron’s
mass, 7 is Planck’s constant divided by 2, and 0, is the
angle of emission of the photoelectrons with respect to
the sample normal.

In Fig. 2 we present the normalized photoemission en-
ergy distribution curves of the valence-band spectra of
clean GaSb(110) and the p (12X 1) phase of Bi/GaSb(110).
The spectra were acquired at the X’ point of the surface
Brillouin zone (SBZ) using a photon energy of 36 eV at an
incident angle of 65°, and are referenced to the experi-
mentally determined Fermi level of the sample holder.
Similar to Bi/GaAs(110) (Ref. 16) and Bi/InAs(110),% it
is at the X’ zone boundary of the SBZ that the Bi-induced
surface states are observable simultaneously. Unlike pre-
viously studied systems where only three Bi-induced
states are observed, in the case of Bi/GaSb(110) four Bi-
induced states have been identified. Following an earlier
convention,®® we have labeled these states from lower to
higher binding energy as S! (—0.60 eV), S (—1.22 eV),
S (—1.83 eV), and ST (—2.76 eV).

In Fig. 2 we have labeled the single substrate feature
A. We attribute this feature at least partially to emission
from a GaSb(110) surface state associated with the Sb
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FIG. 2. Angle-resolved photoemission spectra of clean

GaSb(110) and of monolayer coverages of the (1X1) phase of
Bi/GaSb(110) at the zone boundary X'.

dangling bond, in analogy with our previous studies of
GaAs(110) (Ref. 16) and InAs(110),%? and in agreement
with experimental®»?* and theoretical® investigations of
GaSb(110). This peak is at least partially quenched upon
the deposition of Bi, which supports this assignment. In
the case of Bi/InAs(110),22 the corresponding substrate
feature was at the same binding energy as a probable Bi-
induced surface state. Consequently, it was not possible
to verify that this state was specific to the Bi overlayer.
This is not the case with Bi/GaSb(110), where none of the
Bi-induced surface states are at the same binding energy
as the substrate feature A. It is for this reason that we
can identify four Bi-induced surface states rather than
three.

Similar to Bi/GaAs(110) (Ref. 16) and Bi/InAs(110),%
the overlayer-induced surface states of Bi/GaSb(110) are
better resolved in the second SBZ along the X'-T', direc-
tion. In Fig. 3 we present a sequence of valence-band
spectra of the (1X1) phase of Bi/GaSb(110) acquired
along the X'-T', azimuth. A comparison of Fig. 3 with a
similar set of spectra of Bi/InAs(110) (Ref. 22) demon-
strates the similarities between these two systems. In Fig.
3 we see that ST and S disperse very little across the X'-
T, region of the SBZ. In contrast, S™ and STV have
significantly larger dispersions.
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FIG. 3. Angle-resolved photoemission spectra of the valence
band of monolayer coverages of the (1X1) phase of
Bi/GaSb(110) acquired along the X'-I'"’, azimuth of the second
surface Brillouin zone.

In Fig. 4 we present the complete initial-state disper-
sion of the surface bands of the (1X1) phase of
Bi/GaSb(110). The symbols represent the Bi-induced
surface bands, while the hatched areas are the theoretical
bulk band projections.® Unlike Bi/GaAs(110) (Ref. 16)
and Bi/InAs(110),%2 where there is substantial overlap be-
tween the bulk bands of the substrate and the higher-
binding-energy Bi-induced surface states, which makes
mapping difficult, the surface bands of Bi/GaSb(110) can
be resolved across the entire SBZ. The positions of the
surface states were determined by fitting the valence-band
spectra with Gaussian distributions on top of linear back-
grounds.

Bi/GaSb(110) is the only system of group-V elements
on III-V(110) compound semiconductors reported so far
where S! and S are resolved along the T'-X azimuth. It
is not until the X zone edge that S* and S™ become indis-
tinguishable. Similar to Bi/InAs(110),”* S' and S ap-
pear as one degenerate, or nearly degenerate, band along
the X-M-X' directions. While S! and S are relatively
dispersionless along the T'-X' azimuth, from Fig. 3 we see
that they disperse significantly in the T-X direction. The
opposite is true of S™ and S!V. These states disperse
significantly in the T-X' direction, but disperse much less
in the T-X direction. In Table I we have summarized the
bandwidths of the surface bands of the (1X1) phase of
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E-E; (oY)

FIG. 4. The dispersion of the surface-state bands of mono-
layer coverages of the (1X 1) phase of Bi/GaSb(110) referenced
to the sample Fermi level. The symbols are the experimentally
determined dispersions of S, S, S™, and S'V. The hatched re-
gions are the theoretical bulk band projections from Ref. 8 of
clean GaSb(110).

Bi/GaSb(110) across the '-X and the T-X' azimuths.
The significance of the bandwidths of the surface bands
will be addressed in the discussion.

B. The p (1X2) phase of Bi/GaSb(110)

From analysis of the photoemission intensities of the Bi
5d, Ga 3d, and Sb 4d core levels, we have determined
that the (1X2) overlayer phase corresponds to a cover-
age of one monolayer of Bi. This is consistent with the
findings of a LEED study of Bi/GaSb(110)."® In Fig. 5
we present spectra of the (1X1) and (1X2) phases of
Bi/GaSb(110) acquired near the second zone edge T, of
the (1X1) SBZ. We have borrowed the convention ap-
plied to the surface states of the (1X 1) phase and labeled
the states of the (1X2) phase from lower to higher bind-
ing energy as ST, ST, SU. and SV. When we compare
the spectra of the (1X2) phase with that of the (1X1)
phase, we see that S and S persist after the surface
structure transition, with S' shifting by ~200 meV to
higher binding energy. Two higher-binding-energy states
have been observed for the (1X2) phase, but are not easi-
ly resolved in the second zone of the SBZ, and subse-
quently are not observed in the spectrum of the (1X2)
phase presented in Fig. 5.

In Fig. 6 we present the dispersion of the two-
dimensional surface bands of the (1X2) phase of
Bi/GaSb(110) across the reduced SBZ [see Fig. 1(b)]. The
symbols are the experimentally determined Bi-induced

TABLE I. The bandwidths of the surface-state bands of the
(1X 1) and (1X2) phases of Bi/GaSb(110).

T-X r-X r-X' 2

(1X1) (1X2) (1X1) (1X2)

St 1.09 eV 0.83 eV 0.31 eV 0.10 eV
N 0.35 eV 0.79 eV 0.19 eV 0.04 eV
s 0.68 eV 0.19 eV 1.26 eV 0.16 eV
S 0.59 eV 1.31 eV 0.12 eV
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Bi/GaSb(110)
hw=36eV
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FIG. 5. Angle-resolved photoemission spectra of monolayer
coverages of the (1X1) and (1X2) phases of Bi/GaSb(110) near
the second zone edge T, (k;=1.24 A™").

surface bands and the hatched areas are the theoretical
bulk band projections of GaSb(1 10).8 The bulk band pro-
jections along the M /2-X'/2 symmetry line are not avail-
able; consequently, we only show the experimentally
determined surface-band dispersions for this zone in Fig.
6. Similar to the (1X1) phase, the dispersion of the
lower-binding-energy surface bands of the (1X2) phase
can almost be mapped across the entire SBZ. Since the
binding energy of S, ST, S and SV of the (1X1) and
(1X2) phases are almost equivalent at T of the SBZ, it is
possible to make a one-to-one correspondence between
these bands of the two phases.

The most pronounced difference between the band
structure of the (1X2) and the (1X1) phases is the
breaking of the degeneracy between S' and SU at the
zone boundary, X, after the overlayer phase transition.
This suggests that a larger asymmetry exists between the
two types of bonding of the overlayer to the substrate,
i.e., Bi-Ga versus Bi-Sb, or that there are changes in the
bonding of the overlayer chains to the substrate. Across
the T-X'/2 azimuth, the bandwidths of ST and SU de-
crease in the (1X2) phase relative to their corresponding
widths in the (1X1) phase. In Table I we have summa-
rized the bandwidths of S* and S™ in both the (1X1) and
(1X2) phases. With the exception of the bandwidth of
ST across the T-X direction, which increases from 0.35 to
0.79 eV, the bandwidths of S! and S are observed to de-
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FIG. 6. The dispersion of the surface-state bands of mono-
layer coverages of the (1X2) phase of Bi/GaSb(110) referenced
to the sample Fermi level. The symbols are the experimentally
determined dispersions of S¥, ST, S™ and S'V. The hatched re-
gions are the theoretical bulk band projections from Ref. 8 of
clean GaSb(110).

crease as the overlayer passes through the phase transi-
tion from the (1X1) to the (1X2) structure.

Two bands S™ and S'V are not as well resolved in the
(1X2) phase as they were in the (1X 1) phase. The over-
layer transition appears to have had a much stronger
affect on these two bands than on S and S™. The band-
widths of S™ and SV decrease significantly as the over-
layer passes through the transition to the (1X2) phase
(see Table I). In fact, the dispersion of S™ and SV by
~0.60 eV to halfway across the T-X' zone of the (1X1)
phase is substantially larger than their bandwidths of 0.16
and 0.12 eV, respectively, along the T-X'/2 direction of
the (1X2) phase. These results, as well as those present-
ed above, should provide useful insight into the effects of
the transition on the overlayer intrachain and overlayer-
substrate bonds, as well as the nature of these bonds.

IV. DISCUSSION

A. The surface bands
of the p (1X 1) phase of Bi/GaSb(110)

There are presently two schools of thought regarding
the assignment of the surface bands of group-V semimet-
als on III-V(110) compound semiconductors. In a num-
ber of models (ECLS and EOTS), the two uppermost sur-
face bands, which we have designated as S and S, are
overlayer states which contribute to overlayer-substrate
bonding, and the higher-binding-energy bands S™ and
SV are overlayer intrachain bonds which do not contrib-
ute to overlayer-substrate bonding.”~*1* Others have ar-
rived at the opposite conclusion.>?> Consequently, the
assignment of which overlayer bands contribute to the
bonding of the Bi chains to the substrate, and which do
not, has yet to be resolved. We have inferred that the Bi
adatoms couple to form chain structures on GaSb(110) in
the (1X 1) phase based on strong similarities between the
dispersion of the surface bands of this system and those
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of Sb/GaAs(110),"? Bi/GaAs(110),'® and Bi/InAs(110),2
where the formation of chains has been verified with
STM.2’3’17

It has been argued that dispersion along the T'-X'
direction is due to substrate-mediated interaction be-
tween the chains.!* However, the large bandwidths of
S™ (1.26 eV) and SV (1.31 eV) of the (1X1) phase of
Bi/GaSb(110) along the T'-X’ symmetry line, which is in
the direction perpendicular to the Bi chains in real space,
suggests that there must be considerable interaction be-
tween the overlayer chains and the substrate. It is un-
clear if this is indeed the case for Bi/GaSb(110), or for
Bi/InAs(110) (Ref. 22) and Bi/GaAs(110) (Ref. 16) which
exhibit the same behavior, since this suggests that the
substrate-mediated interactions are more extensive than
intrachain interactions. It can be argued that the zigzag
nature of the Bi chains will result in some dispersion per-
pendicular to the chains. This may be the case with S v
which from Fig. 4 we see disperses almost equivalently
along the M-X' direction as along the T'-X' direction.
Even if there is some dispersion perpendicular to the
chains, as a consequence of the zigzag geometry, we ex-
pect the electrons within this band to be more delocalized
in the direction parallel to the chains than perpendicular
to them. If we also consider the fact that the bandwidths
of these states are almost a factor of 2 smaller in the T-X
direction (see Table I), which is in the direction of the Bi
chains in real space, we are inclined to conclude that
these bands are involved in the bonding of the overlayer
to the substrate.

Upon examination of the bandwidths of S! and S Tin
Table I, we see that these bands disperse more in the r-x
azimuth (1.09 and 0.35 eV) than in the T'-X’ azimuth
(0.31 and 0.19 eV). This behavior has also been observed
for the corresponding states of Bi/InAs(110).22 The
larger dispersions of S! and S in the direction of the
chains suggests that these bands are localized along the
Bi chains and are not heavily involved in overlayer-
substrate bonding.

B. The surface bands
of the p (1X2) phase of Bi/GaSb(110)

The system of Bi/GaSb(110) is a very useful system to
study for two reasons: (1) Of all the systems of group-V
semimetals on III-V(110) compound semiconductors,
Bi/GaSb(110) is the only one which passes through a sur-
face phase transition from a metastable (1X1) structure
to a stable (1X2) structure.!® (2) The (1X2) phase corre-
sponds to a monolayer coverage of Bi. If we first assume
that the Bi overlayer consists of chains, then the doubling
of the surface unit cell in the [001] direction, while the
[110] direction is unaffected, suggests that the chains
remain intact. This is supported by polarization studies
of Bi/GaSb(110) where only small changes are observed
between the polarization dependence of the surface state
bands of the (1X 1) and (1X2) phases.?®

Bowler et al.'* find from a total-energy minimization
calculation that the EOTS and ECLS of Bi/GaAs(110)
differ in energy per adatom per unit cell by only 0.06 eV.
The annealing temperature of 250 °C needed to drive the
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(1X1) phase of Bi/GaSb(110) to the (1X2) phase gives a
rough estimate of 0.045-eV/adatom/unit cell for the en-
ergy difference between these two phases. While we are
not suggesting that the overlayer geometries of either of
the two phases is necessarily the ECLS or EOTS, this
comparison does give us an idea of the energies involved.

The transition from the (1X 1) to the (1X2) phase may
involve the coupling of neighboring chains. A doubling
up of the Bi chains would probably have only a small
effect on the bands associated with intrachain bonding.
Larger effects may be expected for overlayer bands which
contribute to overlayer-substrate bonding which may be-
come strained in order to allow the Bi chains to couple.
An alternative scheme for generating the (1X2) over-
layer structure could involve the buckling of every other
chain, but this is unlikely since there is no reasonable ex-
planation for asymmetric buckling of every other chain.
In order to maintain the unit cell in the [110] direction
after the phase transition, it would be necessary for the
buckling to be uniform along the chains.

In Fig. 6 we see that the two uppermost surface bands
ST and S™ remain intact. From Table I we observe that
the dispersions of S! and S™ actually increase. This sup-
ports our earlier conjecture that these bands should be at-
tributed to intrachain bonds which do not contribute to
overlayer-substrate bonding. At the same time, we see
that ST and S™ are no longer degenerate at the X point of
the SBZ, relative to the (1X1) phase. In theoretical
band-structure calculations of isolated Sb chains, Mailhi-
ot, Duke, and Chadi® found that the lower-binding-
energy states were degenerate at the band edge X of the
SBZ. Only until the Sb chains were brought into contact
with the substrate was this degeneracy lifted as a conse-
quence of the asymmetry of the bonding of the chains to
the different constituents of the substrate. We propose
that the breaking of degeneracy between S! and S of the
(1X2) phase of Bi/GaSb(110) is analogous to the above
results by Mailhiot, Duke, and Chadi.> We therefore sug-
gest that the (1X2) structure increases the asymmetry
within the Bi chains due either to changes in the interac-
tion of the Bi adatoms with the GaSb(110) substrate, or
to chain-chain interactions.

We can still identify what appear to be the original
surface-state bands S™ and S!V of the (1X1) phase in
the (1X2) phase. Upon comparing their dispersion in
Fig. 6 with their corresponding dispersion in the (1X1)
phase (see Fig. 4), we see that they are not as well
resolved. In addition, the dispersion of S™ and SV half-
way along the T'-X' azimuth is ~0.60 eV, which is sub-
stantially larger than their bandwidths of 0.16 and 0.12
eV, respectively, across the reduced T-X'/2 zone of the
(1Xx2) phase. If S™ and SV of the (1X1) phase are at-
tributable to intrachain bonds with very little involve-
ment in overlayer-substrate bonding, we would expect
them to be relatively unaffected by the transition, similar
to what we have observed for S! and S. Since S™ and
SV do change significantly, this supports our earlier sug-
gestion that these two bands of the (1X 1) phase are in-
volved in the bonding of the overlayer to the substrate,
which we do expect to be strongly affected by the over-
layer transition.
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FIG. 7. A proposed geometry of the (1X2) phase of
Bi/GaSb(110) utilizing a combination of the ECLS and EOTS
models to couple neighboring chains.

In light of the surface band-structure measurements of
the two phases of Bi/GaSb(110), we are of the inclination
that the Bi chains remain intact after the transition from
the (1X1) to the (1X2) phase. In Fig. 7 we present one
possible overlayer structure of the (1X2) phase. In this
model, the geometry of the overlayer consists of a com-
bination of both the ECLS and the EOTS. Neighboring
chains couple together with one chain registered above a
substrate chain (EOTS), while the other occupies a bridge
site above and between two substrate chains (ECLS).
This geometry will leave rows of Sb atoms of the first lay-
er of the substrate, which are between the double chains
of the Bi overlayer, with dangling occupied orbitals while
satisfying the remainder of the substrate bonds. This
overlayer structure will achieve the (1X2) structure,
while leaving the chains intact. This geometry has the
added advantage that it would introduce the necessary
asymmetry to explain the breakdown of the degeneracy
of ST and S™ in the (1X 1) phase after the surface transi-
tion.

V. SUMMARY AND CONCLUSIONS

We have probed the occupied surface bands of the
(1X1) and (1X2) phases of Bi/GaSb(110) using angle-
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resolved photoemission spectroscopy with synchrotron
radiation. For the (1X1) phase, we have identified four
Bi-induced surface bands from lower to higher binding
energy S!, S, ™ and S, respectively. S' and S
were observed to disperse significantly along the T'-X az-
imuth, with little dispersion along the T'-X’ direction.
Consequently, we attribute these bands to intrachain
bonds within the Bi overlayer. S™ and SV exhibited the
opposite behavior with little dispersion in the T'-X direc-
tion, while dispersing significantly along the T'-X' az-
imuth, which lead us to the conclusion that these bands
derive from intrachain bonds which are also involved in
the bonding of the overlayer to the substrate.

The integrated intensity of the Bi 5d core level was ob-
served to decrease by only 5-15 % during the overlayer
transition from the (1X 1) to the (1X2) phase, indicating
that the (1X2) phase also corresponds to a coverage of 1
monolayer. The surface-state bands S! and S™ of the
(1X1) phase were left intact after the transition to the
(1X2) phase. Bands S™ and SV of the (1X 1) phase ap-
peared to be intact after the surface phase transition, but
with significantly reduced bandwidths. From these re-
sults we conclude that the Bi chains of the overlayer
remain intact after the transition from the (1X1) to the
(1X2) phase. The degeneracy of S' and S™ at the zone
edge X lifted after the transition. We surmise from this
that a larger asymmetry exists within the overlayer of the
(1X2) phase, relative to the (1X1) phase. Based on
these results, we propose an overlayer structure of the
(1X2) phase which involves the coupling of neighboring
Bi chains in a combination of the epitaxial continued lay-
er structure and the epitaxial on-top structure.
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