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Electronic structure of a bismuth bilayer
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Using angle-resolved photoemission spectroscopy, we identified four two-dimensional bandsavliteV
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.
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In recent years, the electronic properties of surfaces an8toughton, WisconsifiFirst, we report a measurement of the
layered materials have been a subject of extensive theoreticalongated electron pocket of the 2D Fermi surf4E€) at

and experimental studiés’ Commonly layered materials . Measurements of the other parts of the Fermi surface can
show a two-dimensiondRD) electronic structure with weak pe found elsewher®&™* A band-structure map through the
interlayer coupling in the bulk. The crystal structure of bis-|ong side of the electron pockétandA) can be seen in Fig.
muth has a layered character, however, weak interlayer intef(a). The red line shows the band dispersiB(k) that was
actions induce a three-dimensional bulk band struct®e.  gptained by fitting Lorenzian line shapéscluding Fermi
the other hand, the topmost bilayer seems to be less bondeghction cutoff and Shirley backgrountb the energy distri-
with the substrate due to the lack of translational symmetrjyytion curves. We find a Fermi momentum df-
along the surface normal. The reduced interaction with the=0.28 A~* and an effective mass of aboutni,, seven
underlying substrate confines electrons in the bilayer whergmes lower than previously reportéﬂA band-structure map
they develop strong 2D electronic properties. Usingthrough the thin part of the electron pockbandA) can be
synchrotron-radiation angle-resolved photoemission speGeen in Fig. (b). It was taken parallel to thE MK line at
troscopy (ARPES and variable photon energies, we havek,=0.645 A"* [see dashed blue line in Fig(al]. The peak
identified 2D states on Bi11) that show behavior similar to appears as a very localized feature in energy as well as in
surface states and surface resonances in which they only emomentum. The dispersion is so steep that the total width of
ist in the projected bulk band gaps or they follow the bulkthe band is within the momentum resolutionAK
dispersion, respectively. =0.032 A1) of the analyzer. Therefore, for this band, an
Bismuth has rhombohedrérseni¢ crystal structure. Its estimate of the dispersion is shown as a red line. The band

space group isD3; (R3m) and the corresponding point Minimum is 22meV and the Fermi momentum ks

. = . ; ; =0.007 A1, This yields an effective mass of 0.00%.
group isD3q4 (3m). It can be visualized as being composed . o
of bilayers that are stacked in ti{&11) direction in ABC The aspect ratio of the electron pocket is 1:40.

fashion. The bonds of the trivalent bismuth atoms are di- Figure 2_shows a combination of band Structu&s)

rected to the three nearest neighbors, which lie within thd"@Ps alond’ M and alongl" K displaying three bandsA
bilayer. Since there is only weak bonding between the bilayB: @ndC) that cross the Fermi level. The red lines show the
ers, Bi single crystals cleave in tii£l1) plane. The integrity fitted band dispersiofE(k). NearI' and M, the emission

of the bilayer has been confirmed by scanning tunnel microintensity of these bands is greatly reduced. We have calcu-

scope measurements which show steps at the surface @ted the projected bulk BS of Bi from parameters of a third
heights commensurate with a bilayer. neighbor tight-binding(TB) calculation by Liu and Aller.

Unlike in the case of 4110) Surfacez there are no dan- Their TB parameters are well suited for our needs since they

gling bonds at th€111) surface which leads us to propose have particularly focused on reproducing the minuscule bulk
that the 2D states originate from the topmost bilayer. Thé=S from experimental data. FigureaB shows the Brillouin
presence of the bilayer electronic structure is further supzones of the bulk and th@11) SBZ. The hatched area indi-
ported by the fact that we have not observed a lifting of thecates the plane that was projected onto Ihil line. The
spin degeneracy. The states also have the peculiar properyojected bulk BS shown as the blue hatched area in Fig. 2 is
that depending on the degree of localization in the bilayetocalized near the Fermi level around theand M points
they show sixfold or threefold rotational symmetry in the because these bands cross the Fermi level neaF e L
surface Brillouin zondSBZ). These phenomena will be dis- points. As one can see from Fig. 2, the 2D bands are limited
cussed in this paper. in momentum space to the region of the projected bulk band
The experiment was performed at the undulator Plangap. Thus, their behavior is similar to that of surface sthtes.
Grating MonochromatofPGM) beamline of the Synchrotron A schematic of the 2D Fermi surface is shown in Fi¢)3
Radiation Center at the University of Wisconsin-Madison indisplaying the sixfold rotational symmetry of the bands.
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Two additional bands were observed at higher bindingde¢ associated with banD but appears shifted in energy
energies. Figure 4 shows band-structure maps obtained @fd/or momentum. In addition, they lack the details of the
two different photon energies. The two 2D bardlsandE  dispersion close td'. These differences are most likely as-
(green and yellow lingscan be easily identified by using sociated with small initial misalignments and coarse angular
variable photon energy. A 3D barfitican be seen at a photon Step widths.
energy of 14 e\[see Fig. 4a)] close to the Fermi level near A peculiar rotational symmetry behavior associated with

the I" point and rapidly dispersing downward. At a photonthe 2D states can be seen in _Fig. 5. The _image shows a
energy of 18 eV, the bulk band cannot be seen in the Speé)_and-structure image along a cnglar pathkispace with

1 . _ —1 . .
trum due to a gap in the final state. The projected bulk bandadius|ky|=0.25 A and center at'. The path is shown in
structure is shown as a hatched area in the images. Both 2fSchematic of the Fermi surface. The anglparametrizes

states lie completely within the projected band structure.the path in polar coordinates andrist to be confused with

Their lifetime broadening is slightly larger than that of thethe angular coordinates of the analyzer. In polar coordinates,

. : sixfold or a threefold symmetric band has a period of 60°
2D states located in the projected band gap. In the sam%{ 120°, respectively. Three 2D bands can be seen. The

energy range, previous experiments_ rz%(:]ged a 2D band th%ands marked with a yelloD) and a greeriE) line corre-
was interpreted as surface-state emis -The band can spond to the bands having surface resonance character and
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FIG. 2. (color onlin@ Comparison of the ARPES band-structure
image with the projected bulk band structufeatched blue arga
near the Fermi level. The image is assembled from three separate
measurements alorligK andI” M. The red lines indicate the band FIG. 3. (color online (a) Bulk (red and surfacéblue) Brillouin
dispersion. The emission from these bands is clearly restricted teone of Bi{111). (b) Schematic of the various 2D-Fermi-surface
the energy-gap region outlined by the projected bulk band structuresegments in BiLl11). (c) Schematic of Bi bilayer structure. Open
The photon energy was 18 eV. The gray scale values vary linearlgircles are above the paper plane, filled circles denote lattice points
from white (zero intensity to black (maximum intensity. below the plane.
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Momentum k (&) Momentum k (A cuts through the 2D band&(red), D (yellow), andE (green. Band
B exhibits the sixfold rotational symmetry of the surface Brillouin
FIG. 4. (color onling Comparison of ARPES intensity image zone, while band® andE couple with bulk states and are threefold
nearT” with the projected bulk band structure at different photon Symmetric.

energies. The electron momentuky is along I M. (a) hv _ _
=14 eV: the dispersion of the 2D banBsandE (yellow and green followed by a reflection through a plane perpendicular to the

lines) does not depend on photon energy. Bandoliows the dis- ~ @Xis Of rotation, reduces @, a rotation by 60°, because

persion of the bulk bandr. (b) h»=18 eV: the bulk bandF) the following reflect!on has no effect in two dimensions. We

emission is suppressed due to a gap in the final state. The gray scdl@nclude from the sixfold symmetry of the bandisB, andC

values vary linearly from whitézero intensity to black(maximum  that the states in these bands are localized in the bilayer,

intensity). whereas the states of the threefold symmetric béhdsdE
penetrate into the bulk. This is in agreement with their re-

show threefold rotational symmetry. The band marked with zseémblance to a surface state or surface resonance, respec-

red line (B) having surface-state character shows sixfoldtively.

symmetry. The sixfold symmetry of ban@d has been dis- Space inversion symmetry requires the energy bands to

cus;ed elsewhers. . _ . ~ transform as(k,1)=E(—k,1), where? and | denote the
Figure 3c) shows a schematic of a single bilayer in bis- spin state. Combining this with time-reversal symmetry
muth. The open and filled circles represent lattice sites of thg(ﬁ 1=E(—K,|), we find E(k,1)=E(K,]) which results

bilayer shifted_by a distang:e aboye and below the Paper in spin degeneracy. The sixfold symmetry of bad®, and
plane, respectively. Upon inspection, a threefold rotationals is 5 clear indication that potential asymmetries in the bi-
axis (perpendicular to the paper plarand three vertical mir- |ayer due to the surface can be ruled out and inversion sym-
ror planes can bg_ldentlfled_. This correspon_ds to _the po'r\tnetry holds. If the spin degeneracy were lifted, the effect
groupCs, . In addition, the bilayer has space inversion sym-y,qiq clearly be visible since spin-orbit coupling is about
metry C;. Combining these two symmetry groups, we haveinree times stronger in BL.5 eV) than in Au(0.47 e\).181°

D3q=Cg,®C; which is the same point group as the | addition, the bands would still have to be degenerate at
bulk***" In momentum space, the bilayer clearly yields anigh.symmetry point§E(0.1)=E(0,])], which we do not
hexagonal 2D Brillouin zone and the energy bands still havgpserve either. Thus, the experimental findings suggest that
to transfo_rm into themselves un_der_all symmetry operationgne pands are spin degenerate.

of the lattice. This has to result in s_|xfold Symmetric energy  The photoemission intensity from the 2D bands are rather
bands as can be seen in the following example. The symmgnsensitive to ultrahigh vacuum surface contamination. In ad-
try operationSg, which is composed of a rotation by 60° gition, attempts to gradually quench the 2D emission by

decorating the surface with Au failed but showed the strong

 TABLEL TP s st e o o3 S St ot B propry reduenty
yer. P " lized in surfactant-mediated epita®%2

4). Unprimed and double primed parameters refer to bonds between It was previously reported that sheet densities did not in-
nearest and third nearest neighbors in the bulk. Single primed pa- hd
rameters consider the interaction of atoms between two bilayers. clude the electron pocket bt.° Including the pocket we find
hole and electron sheet densitiespgf=1.1x 10 cm™2 and
E, -1166 V,, 06 Vi, 0 Vi 0087 ng=15x10"cm? respectively, which is, considering the
E, —0432 Vp,, —0.236 V. 0 Vip- 0.021  uncertainty in the estimates Bt, close to charge neutrality.
Ve 0413 Vi 0 Vi, —0317 \ 0.2 Assuming charge neutrality for the 2D electronic structure,
V

spo 0.396 V¢, 0 Vep, 0518 we find a similar situation as in the bulk: A band overlap —
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] \ | /s6 B6 of the bilayer. The Bi bilayer was simulated by simply set-
td | \/ - ting the second nearest-neighbor tight-binding parameters to
i /\ B5 \/\ zero such that interactions are restricted to nearest and third

nearest neighbors. The parameters entering the calculation
are given in Table I. Figure 6 shows the relevant section of

the calculated layer band structure. As one can see, the band
structure closely resembles our experimental findings. The
Fermi surface is also well reproduced by our calculations.
For the purpose of the present paper, we wanted to replicate
the basic overall features of the bilayer band structure and
accompanying 2D Fermi surface by varying a minimal sub-
set of the tight-binding parameters. The most noticeable dif-
ference compared to the bulk parameters is the need to in-
crease the bilayer thickness from 1.59 A to 2.72 A and

Momentum (A™) decrease the spin-orbit coupling from 1.5 eV to 0.2 eV.

Without these changes, the Fermi surface would contain ad-

FIG. 6. (color onling Tight-binding band structure of a Bi bi- ditional segments not seen in the experimental data. The
layer. The dispersion and symmetry of bailtfs, B6 closely match  change in bilayer thickness is the only degree of freedom in
the bandsA, B, andC in Fig. 2. The dispersion of band&3, B4 at 3 syrface relaxation because low-energy electron diffraction
I' resembles the band3 and E in Fig. 4. The two lower-lying  shows a nonreconstructed pattétrniThe two lower-lying
“ s-like” bands B1, B2 are not shown. “ s-like” bands predicted by the calculation are harder to
o ] ] o ) observe since they coincide with bulk bands, which makes
indirect negative band gap with minimumlaand maximum e analysis more difficult.
atT — leads to “spilling” electrons from the otherwise com- oy gbservationgcrystal properties, symmetry observa-
pletely f|I_Ied valeqce band ]nto the (_:onductlo_n band_resultlnqions, spin degeneracy, band filling, insensitivity to surface
in metallic behavior(see Fig. 2 This scenario requires an contamination, as well as band-structure calculajicasnot
even number of electrons per primitive cell which can onlype gssociated withona fidesurface states but strongly sup-

be provided by a bilayer since it has two Bi atoms in theyot the existence of a 2D electronic structure originating in
basis. Furthermore, Betét al. showed that Bi films grown pe topmost bilayer of BL11).

epitaxially on InAs become metallic at a layer thickness of

two monolayers, while thinner films are semiconductifig. We thank D. L. Huber for valuable discussions. The Syn-
Using the tight-binding parametrized equations by Liuchrotron Radiation CenteiSRO is funded by the National

and Allen® we have performed a band-structure calculationScience FoundatiofNSP under Grant No. DMR-0084402.
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