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Electronic structure of a bismuth bilayer
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Using angle-resolved photoemission spectroscopy, we identified four two-dimensional bands within a 1 eV
binding-energy region below the Fermi level. The top two bands that are part of the complex Fermi surface of
Bi ~111! are located in the projected bulk band gap and exhibit sixfold rotational symmetry of the top Bi
bilayer. The two lower-lying bands reside inside the projected bulk band structure. The threefold rotational
symmetry of these bands indicates a weak interaction with the underlying bulk bands. Our data can be
explained with a tight-binding calculation of a bilayer by eliminating the second nearest-neighbor interactions
that determine the coupling between bilayers in bulk Bi.

DOI: 10.1103/PhysRevB.67.113102 PACS number~s!: 73.20.2r, 71.45.Lr, 73.25.1i, 79.60.2i
an
ti

s

is
te

nd
tr
th
e
ng
e

ve

lk

t

ed

d
th
ay

ro
e

-
e
h
up
th
e

ye
e
-

an

in

e

can
e
.

s in
of

n
and

he

lcu-
ird

hey
ulk

-

2 is

ited
and
s.
In recent years, the electronic properties of surfaces
layered materials have been a subject of extensive theore
and experimental studies.1–4 Commonly layered material
show a two-dimensional~2D! electronic structure with weak
interlayer coupling in the bulk. The crystal structure of b
muth has a layered character, however, weak interlayer in
actions induce a three-dimensional bulk band structure.5 On
the other hand, the topmost bilayer seems to be less bo
with the substrate due to the lack of translational symme
along the surface normal. The reduced interaction with
underlying substrate confines electrons in the bilayer wh
they develop strong 2D electronic properties. Usi
synchrotron-radiation angle-resolved photoemission sp
troscopy ~ARPES! and variable photon energies, we ha
identified 2D states on Bi~111! that show behavior similar to
surface states and surface resonances in which they only
ist in the projected bulk band gaps or they follow the bu
dispersion, respectively.

Bismuth has rhombohedral~arsenic! crystal structure. Its
space group isD3d

5 (R3̄m) and the corresponding poin

group isD3d (3̄m). It can be visualized as being compos
of bilayers that are stacked in the~111! direction in ABC
fashion. The bonds of the trivalent bismuth atoms are
rected to the three nearest neighbors, which lie within
bilayer. Since there is only weak bonding between the bil
ers, Bi single crystals cleave in the~111! plane. The integrity
of the bilayer has been confirmed by scanning tunnel mic
scope measurements which show steps at the surfac
heights commensurate with a bilayer.6

Unlike in the case of a~110! surface,7 there are no dan
gling bonds at the~111! surface which leads us to propos
that the 2D states originate from the topmost bilayer. T
presence of the bilayer electronic structure is further s
ported by the fact that we have not observed a lifting of
spin degeneracy. The states also have the peculiar prop
that depending on the degree of localization in the bila
they show sixfold or threefold rotational symmetry in th
surface Brillouin zone~SBZ!. These phenomena will be dis
cussed in this paper.

The experiment was performed at the undulator Pl
Grating Monochromator~PGM! beamline of the Synchrotron
Radiation Center at the University of Wisconsin-Madison
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Stoughton, Wisconsin.8 First, we report a measurement of th
elongated electron pocket of the 2D Fermi surface~FS! at

M̄ . Measurements of the other parts of the Fermi surface
be found elsewhere.9–11 A band-structure map through th
long side of the electron pocket~bandA) can be seen in Fig
1~a!. The red line shows the band dispersionE(k) that was
obtained by fitting Lorenzian line shapes~including Fermi
function cutoff and Shirley background! to the energy distri-
bution curves. We find a Fermi momentum ofkF
50.28 Å21 and an effective mass of about 1me , seven
times lower than previously reported.11 A band-structure map
through the thin part of the electron pocket~bandA) can be
seen in Fig. 1~b!. It was taken parallel to theK M K line at
ky50.645 Å21 @see dashed blue line in Fig. 1~a!#. The peak
appears as a very localized feature in energy as well a
momentum. The dispersion is so steep that the total width
the band is within the momentum resolution (Dk
50.032 Å21) of the analyzer. Therefore, for this band, a
estimate of the dispersion is shown as a red line. The b
minimum is 22 meV and the Fermi momentum iskF
50.007 Å21. This yields an effective mass of 0.004me .
The aspect ratio of the electron pocket is 1:40.

Figure 2 shows a combination of band structure~BS!
maps alongG M and alongG K displaying three bands (A,
B, andC) that cross the Fermi level. The red lines show t
fitted band dispersionE(k). Near G and M, the emission
intensity of these bands is greatly reduced. We have ca
lated the projected bulk BS of Bi from parameters of a th
neighbor tight-binding~TB! calculation by Liu and Allen.5

Their TB parameters are well suited for our needs since t
have particularly focused on reproducing the minuscule b
FS from experimental data. Figure 3~a! shows the Brillouin
zones of the bulk and the~111! SBZ. The hatched area indi
cates the plane that was projected onto theG M line. The
projected bulk BS shown as the blue hatched area in Fig.
localized near the Fermi level around theG and M points
because these bands cross the Fermi level near theT andL
points. As one can see from Fig. 2, the 2D bands are lim
in momentum space to the region of the projected bulk b
gap. Thus, their behavior is similar to that of surface state4

A schematic of the 2D Fermi surface is shown in Fig. 3~b!
displaying the sixfold rotational symmetry of the bands.
©2003 The American Physical Society02-1
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FIG. 1. ~color online! ARPES
intensity images of the electron

pocket ~band A) at M̄ . ~a! Elec-

tron momentumkuu along Ḡ M̄ .
~b! Electron momentum along a

line parallel to K̄ M̄ as indicated
by the dashed blue line. The pho
ton energy was 18 eV. The gra
scale values vary linearly from
white ~zero intensity! to black
~maximum intensity!.
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Two additional bands were observed at higher bind
energies. Figure 4 shows band-structure maps obtaine
two different photon energies. The two 2D bandsD and E
~green and yellow lines! can be easily identified by usin
variable photon energy. A 3D bandF can be seen at a photo
energy of 14 eV@see Fig. 4~a!# close to the Fermi level nea

the Ḡ point and rapidly dispersing downward. At a photo
energy of 18 eV, the bulk band cannot be seen in the sp
trum due to a gap in the final state. The projected bulk b
structure is shown as a hatched area in the images. Both
states lie completely within the projected band structu
Their lifetime broadening is slightly larger than that of th
2D states located in the projected band gap. In the s
energy range, previous experiments reported a 2D band
was interpreted as surface-state emission.12–14The band can

FIG. 2. ~color online! Comparison of the ARPES band-structu
image with the projected bulk band structure~hatched blue area!
near the Fermi level. The image is assembled from three sep

measurements alongḠ K̄ andḠ M̄ . The red lines indicate the ban
dispersion. The emission from these bands is clearly restricte
the energy-gap region outlined by the projected bulk band struc
The photon energy was 18 eV. The gray scale values vary line
from white ~zero intensity! to black ~maximum intensity!.
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be associated with bandD but appears shifted in energ
and/or momentum. In addition, they lack the details of t
dispersion close toḠ. These differences are most likely a
sociated with small initial misalignments and coarse angu
step widths.

A peculiar rotational symmetry behavior associated w
the 2D states can be seen in Fig. 5. The image show
band-structure image along a circular path ink space with
radiusukuuu50.25 Å21 and center atḠ. The path is shown in
a schematic of the Fermi surface. The anglea parametrizes
the path in polar coordinates and isnot to be confused with
the angular coordinates of the analyzer. In polar coordina
a sixfold or a threefold symmetric band has a period of 6
or 120°, respectively. Three 2D bands can be seen.
bands marked with a yellow~D! and a green~E! line corre-
spond to the bands having surface resonance characte
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FIG. 3. ~color online! ~a! Bulk ~red! and surface~blue! Brillouin
zone of Bi~111!. ~b! Schematic of the various 2D-Fermi-surfac
segments in Bi~111!. ~c! Schematic of Bi bilayer structure. Ope
circles are above the paper plane, filled circles denote lattice po
below the plane.
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show threefold rotational symmetry. The band marked wit
red line ~B! having surface-state character shows sixf
symmetry. The sixfold symmetry of bandC has been dis-
cussed elsewhere.15

Figure 3~c! shows a schematic of a single bilayer in b
muth. The open and filled circles represent lattice sites of
bilayer shifted by a distancez above and below the pape
plane, respectively. Upon inspection, a threefold rotatio
axis~perpendicular to the paper plane! and three vertical mir-
ror planes can be identified. This corresponds to the p
groupC3v . In addition, the bilayer has space inversion sy
metry Ci . Combining these two symmetry groups, we ha
D3d5C3v ^ Ci which is the same point group as th
bulk.16,17 In momentum space, the bilayer clearly yields
hexagonal 2D Brillouin zone and the energy bands still h
to transform into themselves under all symmetry operati
of the lattice. This has to result in sixfold symmetric ener
bands as can be seen in the following example. The sym
try operationS6, which is composed of a rotation by 60

TABLE I. Tight-binding parameters used in the calculation o
Bi bilayer. The nomenclature was adopted from Liu and Allen~Ref.
4!. Unprimed and double primed parameters refer to bonds betw
nearest and third nearest neighbors in the bulk. Single primed
rameters consider the interaction of atoms between two bilaye

Es 21.166 Vpps 0.6 Vpps8 0 Vpps9 0.087
Ep 20.432 Vppp 20.236 Vppp8 0 Vppp9 0.021
Vsss 0.413 Vsss8 0 Vsss9 20.317 l 0.2
Vsps 0.396 Vsps8 0 Vsps9 0.518

FIG. 4. ~color online! Comparison of ARPES intensity imag

near Ḡ with the projected bulk band structure at different phot

energies. The electron momentumkuu is along Ḡ M̄ . ~a! hn
514 eV; the dispersion of the 2D bandsD andE ~yellow and green
lines! does not depend on photon energy. BandD follows the dis-
persion of the bulk bandF. ~b! hn518 eV; the bulk band~F!
emission is suppressed due to a gap in the final state. The gray
values vary linearly from white~zero intensity! to black~maximum
intensity!.
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followed by a reflection through a plane perpendicular to
axis of rotation, reduces toC6, a rotation by 60°, becaus
the following reflection has no effect in two dimensions. W
conclude from the sixfold symmetry of the bandsA, B, andC
that the states in these bands are localized in the bila
whereas the states of the threefold symmetric bandsD andE
penetrate into the bulk. This is in agreement with their
semblance to a surface state or surface resonance, re
tively.

Space inversion symmetry requires the energy band
transform asE(kW ,↑)5E(2kW ,↑), where↑ and↓ denote the
spin state. Combining this with time-reversal symme
E(kW ,↑)5E(2kW ,↓), we find E(kW ,↑)5E(kW ,↓) which results
in spin degeneracy. The sixfold symmetry of bandsA, B, and
C is a clear indication that potential asymmetries in the
layer due to the surface can be ruled out and inversion s
metry holds. If the spin degeneracy were lifted, the eff
would clearly be visible since spin-orbit coupling is abo
three times stronger in Bi~1.5 eV! than in Au~0.47 eV!.18,19

In addition, the bands would still have to be degenerate
high-symmetry points@E(0,↑)5E(0,↓)#, which we do not
observe either. Thus, the experimental findings suggest
the bands are spin degenerate.

The photoemission intensity from the 2D bands are rat
insensitive to ultrahigh vacuum surface contamination. In
dition, attempts to gradually quench the 2D emission
decorating the surface with Au failed but showed the stro
tendency of Bi atoms to float, a Bi property frequently u
lized in surfactant-mediated epitaxy.20–22

It was previously reported that sheet densities did not
clude the electron pocket atM̄ .9 Including the pocket we find
hole and electron sheet densities ofps51.131013 cm22 and
ns51.531013 cm22, respectively, which is, considering th
uncertainty in the estimates atM̄ , close to charge neutrality
Assuming charge neutrality for the 2D electronic structu
we find a similar situation as in the bulk: A band overlap

FIG. 5. ~color online! ARPES intensity image along a circula
momentum path atukuuu50.25 Å21. At this momentum, the image
cuts through the 2D bandsB ~red!, D ~yellow!, andE ~green!. Band
B exhibits the sixfold rotational symmetry of the surface Brillou
zone, while bandsD andE couple with bulk states and are threefo
symmetric.
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indirect negative band gap with minimum atL and maximum
at T — leads to ‘‘spilling’’ electrons from the otherwise com
pletely filled valence band into the conduction band result
in metallic behavior~see Fig. 2!. This scenario requires a
even number of electrons per primitive cell which can on
be provided by a bilayer since it has two Bi atoms in t
basis. Furthermore, Bettiet al. showed that Bi films grown
epitaxially on InAs become metallic at a layer thickness
two monolayers, while thinner films are semiconducting.23

Using the tight-binding parametrized equations by L
and Allen,5 we have performed a band-structure calculat

FIG. 6. ~color online! Tight-binding band structure of a Bi bi
layer. The dispersion and symmetry of bandsB5, B6 closely match
the bandsA, B, andC in Fig. 2. The dispersion of bandsB3, B4 at

Ḡ resembles the bandsD and E in Fig. 4. The two lower-lying
‘‘ s-like’’ bands B1, B2 are not shown.
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of the bilayer. The Bi bilayer was simulated by simply se
ting the second nearest-neighbor tight-binding parameter
zero such that interactions are restricted to nearest and
nearest neighbors. The parameters entering the calcula
are given in Table I. Figure 6 shows the relevant section
the calculated layer band structure. As one can see, the
structure closely resembles our experimental findings. T
Fermi surface is also well reproduced by our calculatio
For the purpose of the present paper, we wanted to repli
the basic overall features of the bilayer band structure
accompanying 2D Fermi surface by varying a minimal su
set of the tight-binding parameters. The most noticeable
ference compared to the bulk parameters is the need to
crease the bilayer thickness from 1.59 Å to 2.72 Å a
decrease the spin-orbit couplingl from 1.5 eV to 0.2 eV.
Without these changes, the Fermi surface would contain
ditional segments not seen in the experimental data.
change in bilayer thickness is the only degree of freedom
a surface relaxation because low-energy electron diffrac
shows a nonreconstructed pattern.24 The two lower-lying
‘‘ s-like’’ bands predicted by the calculation are harder
observe since they coincide with bulk bands, which ma
the analysis more difficult.

Our observations~crystal properties, symmetry observ
tions, spin degeneracy, band filling, insensitivity to surfa
contamination, as well as band-structure calculations! cannot
be associated withbona fidesurface states but strongly sup
port the existence of a 2D electronic structure originating
the topmost bilayer of Bi~111!.

We thank D. L. Huber for valuable discussions. The Sy
chrotron Radiation Center~SRC! is funded by the Nationa
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