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Photoemission study of the carrier bands in Bi(111)
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Abstract. We present high-resolution photoemission data from the Bi(111)-surface. The electronic struc-
ture of the semimetal close to the Fermi level has been found to change dramatically with respect to the
well established bulk band structure. The Fermi surfaces observed for the electron and hole bands resemble
those of the next group-V element, antimony, probably as a consequence of surface relaxation. This results
in a relatively high surface charge density. The observed temperature dependence of the electron Fermi
energy confirms this result.

PACS. 79.60.-i Photoemission and photoelectron spectra – 73.20.At Surface states, band structure,
electron density of states

1 Introduction

Bismuth is the last of a series of semimetals in the group V
of the periodic table of elements. Its bulk properties have
been widely studied in the last decades and have led to
the discovery of important experimental methods (for a re-
view, the reader is referred to the article of Édel’man [1]).
Calculations of the electronic band structure of bulk Bi
demand very refined numerical models, including rela-
tivistic effects owing to the heavy atomic mass and to
the small energy scales involved [2–5]. Bi crystallizes in
the rhombohedral A7-structure emerging from the simple
cubic lattice by two independent distortions: an internal
displacement of the two intercalating fcc-sublattices and
a shear along the trigonal [111]-direction [4,6]. In hexago-
nal coordinates, the lattice can be represented as a stack
of layers along [111], each layer comprising two hexago-
nal planes [7]. The slight lattice distortion in line with a
strong spin-orbit-coupling causes a small overlap of two
bands around the Fermi energy, resulting in an almost
filled band with small negative effective mass, i.e. the hole
band, and an almost empty electron band. The carrier
density of about 3× 1017 electrons or holes per cm3 [8] is
comparable to that of a fairly doped semiconductor. The
Brillouin zone (BZ) is almost identical to that of a fcc-
structure except for the hexagonal (111) zone faces which
are inequivalent to those of the {[100]}-directions. The cor-
responding symmetry points in the center of these faces,
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Fig. 1. Brillouin zone of the rhombohedral lattice. At the top,
the SBZ is shown for the (111)-surface. The projection of the
ΓTULX-mirror plane of the bulk onto the (111)-face yields the
M′ΓM-line of the SBZ. The position and topology of the bulk
Fermi surfaces are indicated by the grey shaded ellipsoids (size
not to scale).

commonly named T and L, respectively, are the centers of
the hole and electron Fermi surfaces [2–5] (see Fig. 1).

Bi has achieved renewed interest in the last years due
to its peculiar band structure which makes it a suitable
candidate for experiments on a nanometer scale: in an
isotropic electron gas, the same carrier density along with
a Fermi energy of 23–27 meV [8,9] yields the following
properties: parabolic dispersion with an effective mass of
0.06 times the electron rest mass m0, a Fermi wavelength,
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important for quantum size experiments, of the order of
100 Å, and a Thomas-Fermi-screening length of roughly
30 Å. These length scales render the observation of quan-
tum size effects [10–14] or the formation of interfaces in
heterostructures [15–18] in large geometries possible. The
(111)-surface is particularly important, since the growth
of Bi films on substrates like mica or GaAs stabilizes for
large thicknesses in this orientation [10,19]. This surface
does not reconstruct and is chemically inert, and its elec-
tronic structure is generally believed to be representative
of the bulk. This is a crucial point if experiments are car-
ried out using surface sensitive methods as photoemission
(PE) and electron-energy-loss spectroscopy. The damping
of quantum oscillations with decreasing film thickness in
thin films [20] and the occurrence of superconductivity
in granular systems with high surface/volume-ratio [21]
suggest indeed changes in the electronic structure due to
the bulk termination. Several photoemission studies es-
tablished the presence of strong surface states and res-
onances [22–25] and a large surface core level shift [23].
The most intriguing result, however, is the appearance
of a strong Fermi edge in normal emission spectra, con-
trasting with the expected low density of states of this
material [23]. Aim of the present work was therefore to
verify, whether the bulk carrier bands can be observed in
PE spectra, and to look for differences between the bulk
and the surface electronic structure.

In this work we present the first photoemission study of
the bands close the Fermi energy of Bi, which are relevant
for the thermodynamic properties. It is anticipated that
the observation of the carrier bands sets stringent con-
straints for the photoemission experiment. At 48 K [26],
the Debye temperature of the Bi(111)-surface is very low,
and cooling to liquid He temperature is therefore indis-
pensable if phonon-assisted indirect transitions are to be
minimized [27]. The typical band width of the carrier
bands is of the order of room temperature, i.e. 25 meV,
and some effective band masses are of the order of 0.05m0.
A reasonable signal intensity can only be achieved if the
angular resolution is lowered, and, as a consequence, the
corresponding resolution in k-space is not sufficient to re-
solve the dispersion in directions of small effective mass.

This paper is organized as follows: in Section 2, the
experimental apparatus and the sample preparation are
described, in Section 3 we will present the photoemission
results, followed by the conclusion in Section 4.

2 Experiment

The sample was mechanically polished prior to insertion
into vacuum and cleaned in situ by cycles of sputtering
(1 keV Ar ions) and annealing (160 ◦C). Cleanliness was
checked with Auger electron spectroscopy and X-ray pho-
toemission spectroscopy. The surface order was verified
by low-energy-electron diffraction (LEED) and exhibited
a sharp trigonal pattern [28].

The spectrometer is equipped with a hemispherical
electron analyser and two He discharge lamps, the angle
between the incident light and the detector being fixed to

±45◦. Spectra at different emission angles are taken by ro-
tation of the sample in the plane spanned by the electron
analyzer and the incident light beams. A quartz capillary
serves as light guide for one of the photon sources. Use of a
double-focusing monochromator with the second source to
separate out the various excitation lines has the additional
effect of producing highly linearly polarised light (about
90%). The monochromator unit can be rotated in order
to place the polarisation vector either in, or perpendicular
to, the measurement plane, respectively referred to here-
after as p- and s-polarisation. All spectra presented here
have been taken with HeI-photons (21.2 eV). The two-
dimensional detector of our spectrometer allows further-
more the angular distribution of the photoemitted elec-
trons to be recorded within about ±5◦ perpendicular to
the measurement plane. The energy and angular resolu-
tions of our spectrometer were set to 5 meV and ±0.5◦,
respectively. The corresponding resolution in reciprocal
space is better than 0.037 Å−1. The sample can be cooled
down to 12 K by use of a He flow cryostat.

3 Results and discussion

The Brillouin zone (BZ) of the A7-lattice is shown in
Figure 1 together with a sketch of the bulk Fermi surfaces.
The (111)-surface BZ (SBZ) has been added. The symme-
try points are labeled according to the commonly used
notation [2]. The plane of interest is the mirror plane σ
or ΓTULX (Fig. 1), whose projection of the (111)-surface
corresponds to the M′ΓM-line. The latter is emphasized
in Figure 1.

The bulk Fermi surface of Bi consists of electron pock-
ets centered at the six L-points of the bulk BZ and hole
pockets at the T-points (see Fig. 1). Projected onto the
(111)-surface under investigation here, one expects there-
fore to observe a band with very small negative effective
mass crossing the Fermi level twice symmetrically around
normal emission and a free-electron like band, centered at
M, along the ΓM-direction of the surface BZ, i.e. the hole
and the electron bands, respectively. Spectra, taken with
p-polarised HeI-photons at these symmetry points, are dis-
played in Figure 2. The inequivalence of the two directions
ΓM and ΓM′ is unambiguously reflected in the spectra.
We want to focus our attention on the features highlighted
by arrows in Figure 2 and refer to the strong peak seen in
normal emission as the hole band, to the weak structure
at M as the electron band. As can be seen in the inset,
this latter peak is observed in both directions. Because of
the small signal intensity in the spectrum taken at M′, we
restrict the analysis to the M-point.

Furthermore, the peak observed at about 1.2 eV bind-
ing energy in normal emission can be used to locate the
probed wavevector in the three-dimensional BZ: the ex-
trema of this band correspond to initial state energies of
about 0.8 eV at Γ and 1.4 eV at T [7]. A simple compar-
ison yields a wavevector in the vicinity of the T-point for
normal emission and HeI-photons.
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Fig. 2. Valence band spectra, taken with p-polarised HeI pho-
tons at various symmetry points. Arrows indicate the features
of interest. The inset shows a zoom onto the Fermi level at the
border of the SBZ, where the electron bands are observed.

3.1 Electrons

The spectra displayed in Figure 3 show the appearance of
a peak at about 13.5◦ dispersing slowly towards the point
of maximum binding energy at 22.3◦. This angle corre-
sponds to the border of the SBZ or the projection of the
L-point of the bulk BZ onto the (111)-surface. At higher
angles, a slow upward dispersion is observed. The spectra
have been taken with the unmonochromatised lamp. Us-
ing the monochromatised source, the peaks appear only
if excited with p-polarised light. The initial state belongs,
therefore, to a wavefunction with even symmetry under
reflection at the mirror plane. In accord with band struc-
ture calculations it can be attributed to the electron band
with even L4-symmetry at the border of the BZ [2,29]. A
second band is observed at slightly higher binding energy.
Its dispersion is roughly parallel to that of the electron
band. No evidence of a band with expected mirror-like
dispersion [2,9] was found around the M point. The next
observation is the peak intensity which diminishes at the
M symmetry point. The second band observed in the spec-
tra even vanishes at this angle indicating that a gap in the
final state bands probably opens up at the zone boundary
corresponding to M. Attempts were made to measure the
dispersion perpendicular to the symmetry plane by direct
imaging of the second detector dimension, but the strong
dispersion could not be resolved in angle.

Thus, at a first glance, the measured electron band
resembles to what is expected from band structure cal-
culations and measurements of the bulk Fermi surface.
Centered at the border of the SBZ, it disperses in a
quasi-parabolic manner towards the Fermi energy with
the heavy mass direction along the bisectrix in the mir-
ror plane (Fig. 4). The transversal effective mass, i.e.
along the binary axis of the crystal lattice, is several or-
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Fig. 3. Series of selected spectra around the M symmetry
point, taken with unpolarised HeI photons at 12 K in the
ΓTULX bulk mirror plane. Θ gives the emission angle with
respect to the surface normal. The dashed lines underneath the
spectra denote featureless background.

ders of magnitude smaller. The bulk value of the heavy
mass being of the order of the free electron rest mass [1],
a comparison with our data however shows that the ob-
served heavy mass must be much larger. As visualized in
Figure 4, this effective mass can roughly be estimated to
yield 7.5m0. Furthermore, spectra taken at 300 K (not
shown here) reveal that the Fermi wave vector does only
slightly depend on temperature over the whole temper-
ature range. Thus, the heavy effective mass seems to be
independent of temperature.

3.2 Temperature dependence

Additional information about the dispersion of the elec-
tron band can be obtained from the temperature depen-
dence of the occupied width of the electron band [30]. The
change of the band width with temperature gives some
rough indication of the energy gap between the two bands
at the L-point (M) and the effective mass tensor [9]. In
our experiment, the electron band width is measured as
the initial state energy relative to EF at the M-point.

Photoemission data, which have been recorded at
12, 60 and 300 K, are displayed in Figure 5. The back-
ground, as extrapolated from valence band spectra at
higher binding energies, is indicated as dashed line.



606 The European Physical Journal B

-200

-100

E
ne

rg
y 

 (
m

eV
)

1.00.80.60.4
k||   (Å

-1)

EF

 exp. data, 12 K
 exp data, 300 K
 theory (bulk)
 fitted parabola

_
M

Fig. 4. Plot of the peak maxima vs. wave vector k‖ along ΓM:
Open triangles denote the Fermi momentum at 300 K, solid
symbols peak maxima at 12 K (triangles, diamonds, circles for
data obtained using unpolarised, s-polarised, and p-polarised
light, respectively). The bulk dispersion, calculated using a
tight-binding scheme [5], is indicated by the thick lines. The
dashed line corresponds to parabolic dispersion with an effec-
tive mass of 7.5m0.

For the low temperature spectra, the peak shapes were
then fitted with Lorentzians, multiplied with the Fermi
function. The values found were 24 ± 3 meV at 12 K
and 28 ± 3 meV at 60 K, in excellent agreement with
those reported for bulk Bi (≈ 27 meV for T ≤ 80 K [9]).
In the high temperature spectrum, however, the strong
background and the thermal broadening render a reliable
fitting almost impossible. The most successful, but nev-
ertheless ambiguous, way to find the peak position has
been to divide the spectrum by the Fermi function and
to fit the result by a Gaussian. In this way, a value of
12± 2 meV is found, thus a slight reduction of the occu-
pied band width with increasing temperature. Heremans
and Hansen have computed the bulk electron Fermi en-
ergy assuming different temperature dependencies of the
effective mass tensor [9]. A value of 12 meV at 300 K would
be in accord with the calculation, if the heavy mass were
temperature-independent, thus in agreement with our ex-
perimental findings described in the preceding section.
However, in order to reconcile thermopower data and bulk
band structure calculations at high temperature, a fully
temperature-dependent effective mass tensor and contri-
butions from the thermally depopulated second band at
the L-point have to be assumed at high temperature [9].
This results in an increase of the electron Fermi energy
with increasing temperature, in contradiction to our re-
sults. Hence, the temperature dependence of the electron
band width together with the observed large effective mass
give clear evidence that the dispersion of the electron band
is strongly altered at the sample surface.

3.3 Holes

The band structure near EF around normal emission is
quite complex and contains several features. The most
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background, as extrapolated from the valence band spectra at
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detail in the text, the vertical lines denote the corresponding
initial state energies. The dashed-dotted line in the 300 K-
spectrum is the Gaussian shape resulting from the fit prior to
multiplication with the Fermi function.

contrasted spectra can be obtained by use of s-polarised
light. Some selected curves are displayed in Figure 6a.
They have been taken at 12 K and are normalized to the
measurement time. They show a peak at normal emis-
sion moving towards the Fermi level with increasing neg-
ative angle (direction ΓM

′
), crossing EF at about −4◦

off-normal and moving back at about −8◦. For positive
angles, a similar behaviour is observed, but with less inten-
sity. The same observations hold for p-polarised light (not
shown here), but the structures are smeared out due to
the presence of a strong second peak dispersing in the op-
posite direction. The initial state contains therefore sym-
metric and antisymmetric contributions with regard to the
mirror plane, as it should be for the bulk hole band (sym-
metry label λ45 [2]).

A more figurative view is obtained if the spectra are
displayed as greyscale plot with the abscissa and ordinate
corresponding to the emission angle and binding energy,
respectively. This is shown in Figure 6 for p-polarised (b)
and s-polarised (c) light. Some of the spectra have been
interpolated in order to get a continuous picture. The cal-
culated dispersion of the bulk hole band has been added
for comparison. The intensity seen around normal emis-
sion at energies below −200 meV stems from the surface
state in the spin-orbit gap [22]. It is obvious that the hole
band at the Fermi level is centered off normal emission
for negative angles. The same holds for the opposite direc-
tion ΓM, whereas no indication for a bulk-like hole band
is found. The observed band has a negative effective mass
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the expected dispersion of the bulk hole band. (d) Direct image of the detector, displayed for an emission angle Θ = −6◦. It
represents the dispersion of the band perpendicular to the actual measurement plane (unpolarised light, 300 K).

as shown in Figure 6d by a direct image of our detector in
the direction perpendicular to the symmetry plane (emis-
sion angle Θ = −6◦, indicated by arrows in parts (b) and
(c)). The image was taken at 300 K and reported on a log-
arithmic intensity scale in order to follow the dispersion
as far as possible beyond the Fermi energy. In a parabolic
approximation, i.e.

E(k) =
h̄2k2

2m?
+E0,

the dispersion corresponds to an effective mass of about
m? ≈ −0.04m0 and E0 − EF ≈ 15 meV. The hole band
can be observed over an energy range of about 170 meV
between Γ and the M-point, yielding roughly 185 meV of
total band width. This, compared to about 2.6 eV for the
bulk band [5], gives further evidence for surface character
of the carrier bands.

Finally, in order to establish the symmetry of the found
Fermi surface and to exclude a possible sample misalign-
ment, a Fermi surface mapping was carried out (Fig. 7).
It was recorded with s-polarised HeI-radiation at 12 K,
integrating over an energy window of 20 meV centered at
the Fermi energy. It shows three intense pockets elongated
within the mirror planes in ΓM

′
-direction and an analogue

set related by inversion at the Γ -point with weaker inten-
sity. The surface has a priori no inversion symmetry, nor
exists a reciprocal lattice vector to relate the two sets via
umklapp scattering. The presence of the second set in-
dicates that contributions of at least the two bilayers are
observed since one bilayer possesses trigonal symmetry [7].
This explains at the same time the difference in intensity
between both sets.
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Fig. 7. Fermi surface mapping of the hole surfaces. The
photoemission intensity (right panel) at EF (energy window
±10 meV, s-polarised HeI photons, 12 K; black = high inten-
sity) was probed as function of emission angle, corresponding
to momenta within the dashed rectangle on the left-hand-side.
Three pockets with high intensity and a similar set, rotated by
180◦ around the trigonal axis, are observed.

4 Conclusion

Summarizing our results we can propose a band structure
for the Bi(111)-surface, which is displayed in Figure 8 be-
side the projection of the bulk band structure. Effective
mass and Fermi wave vector of the electrons are much
larger than the corresponding bulk values. Although no in-
formation is available on the third dimension of the Fermi
surface, the suggestion of a much higher carrier density
for the surface seems to be reasonable.

The measured Fermi surfaces are very similar to
the Fermi surfaces of bulk Sb, i.e. six hole pockets
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Fig. 8. Comparison of the bulk band structure of Bi [5], pro-
jected onto the (111)-surface (on the left-hand-side), and the
proposed surface band structure (on the right-hand-side). The
grey parts of the bands are a reasonable continuation of our
data; the dashed line denotes the dispersion of a weak feature
in the spectra and is likely to be related to contributions from
the adjacent bilayer.

in the reflection planes and large electron pockets around
the L-points of the bulk BZ [29,31]. The only difference
between the Sb and the Bi crystal lattice apart from
the inter-atomic distances is the deviation from the cu-
bic structure, larger by roughly 4% for Sb than for Bi.
Supposed that the topmost layer of the Bi surface differs
somewhat from its ideal structure by a slight relaxation
of the surface atoms, the surface electronic structure of Bi
could become to a certain extent “antimony-like”. Since
the carrier density in bulk Sb is roughly two orders of
magnitude higher than that of bulk Bi, our results could
explain the high density of states on the Bi surface [23].
This is partially confirmed by calculations of the surface
electronic structure using the Green’s function transfer
method [32]. The authors conclude that bona fide surface
states can be obtained in calculations only if the surface
atoms are allowed to relax.

In conclusion, we presented the first photoemission
study of the carrier bands in Bi(111). This study con-
firms that the electronic structure of Bi close to the
Fermi energy depends very critically on lattice parame-
ters. It is therefore not quite surprising to observe that
UV-photoemission spectra of Bi(111) do not probe the
carrier bands of the bulk which offer exceptional condi-
tions for testing quantum size effects. Our assumption of
an “antimony-like” character of the Bi states in the sur-
face region provides a quite natural explanation of our
data but needs to be confirmed by an experimental de-
termination of the surface relaxation and a surface band
structure calculation including the local deviation from
the bulk parameters.

We are indebted to W.-D. Schneider for the loan of the Bismuth
single crystal. This work was funded by the Fonds National
Suisse de la Recherche Scientifique.
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