VOLUME 87, NUMBER 17

PHYSICAL REVIEW LETTERS

22 OCTOBER 2001

Fermi Surface of Bi(111) Measured by Photoemission Spectroscopy
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Synchrotron radiation angle-resolved photoemission spectroscopy of Bi(111) shows that the Fermi
surface consists of six elongated hole pockets along the I'M directions surrounding a ring-shaped electron
pocket centered at T, all of which have two-dimensional character. The associated hole and electron
sheet densities are p, = 1.1 X 103 cm™2? and n, = 5.5 X 10'> cm™2, respectively. A weak emission
feature associated with the bulk hole pocket in the Fermi surface was identified. The Fermi momentum
of the bulk hole band near the T point is kr = 0.013 = 0.003 AL
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Bismuth, a group-V semimetal, has unique electronic
properties. Its Fermi energy is only about 25 meV, the
effective masses are highly anisotropic and can be up to
3 orders of magnitude smaller than the free electron mass.
As a result of these properties the electronic de Broglie
wavelength is about 40 nm, which is more than a factor
of 100 larger than in regular metals. These characteris-
tics make Bi a prime candidate to study the quantum size
effect (QSE) in solids [1-8]. It was argued that the over-
lap between electron and hole bands is gradually removed
while decreasing the film thickness [9]. At a critical thick-
ness of d = 23-32 nm a band gap is predicted to develop
for Bi. Even after 30 years of active research the experi-
mental verification of a thickness dependent semimetal-
semiconductor (SMSC) transition, a key element in the
theoretical considerations, remains a controversial issue
[10]. Itis further argued that the lack of drastic changes in
the low-temperature conductivity may be associated with
majority-hole carriers originating from surface states and
band bending effects. Experiments showed that the ef-
fective carrier concentration scales inversely proportional
with film thickness. In the thin film limit magnetotrans-
port measurements by Hoffman et al. [2] indicate surface
charge carrier densities of p; = 8 X 102 ecm™2. Con-
sidering an intrinsic bulk charge carrier concentration of
2.5 X 10! cm™3, it is apparent that surface or interface
related contributions dominate the transport properties for
films d < 30 nm layer thickness.

From the existing experiments it is not obvious if these
additional charges are a result of impurities and poor film
quality or if they are associated with surface states originat-
ing from highly ordered and abruptly terminated epitaxial
films and are as such unavoidable in measurements where
the Bi-surface is vacuum terminated.

To further expand on these questions we have studied
the electronic bulk and surface band structure of a highly
ordered Bi(111) single crystal. This Letter reports Fermi
surface (FS) measurements obtained by angle resolved
photoemission spectroscopy (ARPES). These measure-
ments provide strong evidence that the additional hole-
majority carrier density, which is in violation of the bulk
charge neutrality condition, is indeed associated with sur-
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face bands. In addition we present first measurements of
the bulk Fermi surface near the 7" point where the hole
pocket is located.

Bi crystallizes in a thombohedral (A7) structure (two
atoms in a basis) which can be constructed from two in-
terpenetrating face centered cubic (fcc) lattices that are
stretched and displaced along the (111) axis. The accom-
panied change in symmetry is in large part responsible for
the semimetallic character of Bi. The reduced symmetry
also changes the two L points along the trigonal axis in the
Brillouin zone (BZ) into T points, resulting in six L points
and two T points [11].

So far most of the Fermi surface properties of Bi were
indirectly deduced from magnetotransport measurements.
From Shubnikov —de Haas oscillations in the magnetoresis-
tance and de Haas—van Alphen oscillations in the suscep-
tibility a parabolic ellipsoidal model of the Fermi surface
evolved consisting of a hole pocket along the trigonal axis
and three electron pockets in the plane that contains the
bisectrix and the binary axes [12—14]. As a result of the
typically low intrinsic carrier concentrations in semimetals,
the Fermi surface of Bi occupies only about 0.1% of the
Brillouin zone volume. From these experiments a Fermi
surface model evolved that was capable of describing most
of the experimental findings.

Band structure calculations identify the location of the
valence band maximum at the 7 point and the conduction
band minima at the L points [15-19]. Assuming para-
bolic energy bands for electron and hole carriers, it was
suggested that the Fermi surface consists of a rather pro-
late ellipsoid of hole states from band 5 (almost completely
occupied p-like band) centered at the T point and oriented
with the long axis parallel to the trigonal axis and three
prolonged ellipsoids of electron pockets from band 6 (al-
most completely unoccupied p-like band). The electron
ellipsoids are slightly tilted from the trigonal plane and
centered at the L points.

Photoemission studies are in agreement with the basic
features of the bulk band structure calculations but do
not report some of the rather miniscule effects stemming
from a small k-space region centered on the trigonal axis
[20-24]. A more recent study by Hengsberger et al. [25]

© 2001 The American Physical Society 177602-1



VOLUME 87, NUMBER 17

PHYSICAL REVIEW LETTERS

22 OCTOBER 2001

provides first indications that the electronic structure close
to the Fermi level is dramatically different from the well-
established band structure. We performed experiments to
determine the FS in the highly localized region near the T
point of Bi(111). The momentum resolution was experi-
mentally verified to be Ak < 0.023 A~!. The spectrome-
ter parameters were set such that the energy resolution
(determined from Au Fermi level measurements) was
25 meV for band structure maps and 40 meV for Fermi
surface maps (FSM). Clean sample surfaces were ob-
tained by cleaving samples of single crystal Bi in situ. The
sample orientation was done using standard Laue tech-
niques and confirmed by FSM’s of the extended zone
scheme displaying multiple I' points. The base pressure
was ~107% Pa. Sample cleanliness was monitored indi-
rectly through surface features whose emission intensities
did not change noticably over the course of a day. In or-
der to minimize phonon-related broadening to the photo-
emission spectra the sample was cooled to 50 K which is
significantly below the Debye temperature of Bi (@p =
120 K). Contours of the FS as a function of the parallel
electron momentum components can be obtained by mea-
suring the photoemission intensity at the Fermi level and
scanning the electron analyzer along the polar and azi-
muthal directions relative to the sample normal. The FSM
shown in Fig. 1 was measured with ~zv = 18 eV photon
energy. The image displays raw data normalized to the
beam current of the storage ring. The image is not sym-
metrized or averaged, but was acquired by scanning the
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FIG. 1 (color). Intensity map at the Fermi level of Bi(111)

measured at hy = 18 eV. The angular steps were 0.25°. k, and
k, are the parallel components of the electron momentum along

the T M and the TK direction, respectively.
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electron analyzer over the entire momentum range as
indicated in the figure.

The FSM displays a narrow ring centered on the crystal
normal (trigonal axis) surrounded radially by lobes, which
are 60° apart from each other. As will be shown later, the
features displayed in this FSM are of a two-dimensional
nature. The center ring encloses electron states, whereas
the six lobes enclose hole states. To visualize the size and
orientation of the Fermi surface we have superimposed an
outline of the FSM from Fig. 1 onto the BZ, as shown in
Fig. 2. One clearly sees that the Fermi surface contours
enclose only a very small fraction of the Brillouin zone.

For rhombohedral systems bulk features are expected
to show a threefold symmetry around the trigonal axis;
however, the rotational symmetry of the ovals around the
trigonal axis is sixfold indicating two-dimensional nature.
This sixfold pattern is oriented in k space such that the
ovals point to the center of the hexagonal face of the sur-
face Brillouin zone (SBZ), i.e., they are located along I'M.
From the energy dispersion of the band associated with the
lobes it will become clear that they indeed cross the Fermi
surface (see Fig. 4 below).

From the intensity map in Fig. 1 it is not possible to
identify whether these features are associated with hole-
like or electronlike bands. To further clarify the character
of the FS pockets we used angular resolved energy dis-
tribution curves (EDC’s) to determine the band dispersion
E(kj) along a lobe direction. Figure 3 shows the EDC’s
measured from —3.25° to 12.75° in 0.5° steps along I'M.
The indicated peak positions were determined by fitting
independent Lorentzians and an inelastic background mul-
tiplied by the Fermi distribution function to the EDC’s.

From the momentum dependence of fitted peak positions
we obtain the band structure E(k) along the I'M direction.
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FIG. 2. Projection of the bulk Brillouin zone (solid lines) onto
the (111)-surface Brillouin zone (dashed lines). The trigonal
axis is perpendicular to the paper plane.
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FIG. 3. EDCs of Bi(111) measured at hv = 18 eV. Dotted
line: kj = 0 A™!. k spacing between EDC’s at chemical poten-
tial u: 0.016 A~!. The energy axis is relative to u.

Figure 4 shows the fitted band dispersion of peaks P1 and
P2 (solid lines) superimposed with the intensity image of
the experimental band structure map.

P1 is a rapidly dispersing band with an energy mini-
mum at Eg = —32.0 = 3.0 meV. The dispersion is nearly
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FIG. 4 (color). Band structure of Bi(111) at hv = 18 eV. k)

along TM. Solid lines: Polynomial fit to peak positions. Ener-
gies relative to chemical potential w.
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parabolic with an effective electron mass of m, = 0.22 *
0.04. The band associated with peak P2 is also centered
at I' with a minimum energy of £y = —83.4 = 1.0 meV.
The band starts out at k| = 0 to disperse parabolically but
is fitted to a higher order polynomial as it crosses the Fermi
level at k = 0.197 A~!. Extrapolating the polynomial fit
above the Fermi level, the band reaches a maximum at
kj = 0.255 A~! with an energy of Ey = 11.9 meV and
reenters the Fermi level at k| = 0.312 A~!. The effec-
tive hole masses at the Fermi level crossings are mj =
0.45 = 0.01 and mj, = 0.70 = 0.02, respectively.

The dispersion of bands P1 and P2 is two dimen-
sional in nature. Varying the photon energy from hv =
8-32 eV, we found that bands P1 and P2 do not vary
with k,, while other emission features located deeper
in the valence band structure, however, do show three-
dimensional dispersion.

Having identified the hole pockets at the Fermi level as
truly two-dimensional features, it is straightforward to esti-
mate the hole-carrier density. From the absolute k-space
area occupied by the six lobes we find the hole-sheet den-
sity at the (111) surface of Bi to be p; = 1.1 X 103 cm 2.
This unambiguous determination of the hole-carrier den-
sity compares well with p; = 8 X 102 cm™2 estimated
by Hoffman et al. from low temperature magnetotransport
measurements from thin Bi films. From the inner ring, with
a radius of kj = 0.059 A~! at the Fermi level, we extract
a sheet electron density of n; = 5.5 X 10'2 cm™? which
is not too far off from n, = 2.75 X 102> cm™? reported
by Komnik et al. for their thin film approximation [6].

Knowing that the generally accepted bulk Fermi surface
model of Bi consists of an elongated ellipsoid centered at
the T point one might be tempted to assign the inner ring
feature seen in the FSM of Fig. 1 to be the perpendicular
cross section of the ellipsoid. This is not the case, because
the band associated with the ring feature has truly two-
dimensional character and is an electronlike band rather
than a holelike band as expected from the bulk band struc-
ture. The radius of the ring, the Fermi momentum kg, is
constant and independent of k, . However, by changing the
excitation energy, we do see additional structures evolve in-
side the ring. These features can be seen most pronounced
in a momentum distribution curve (MDC) rather than the
more commonly used set of EDC spectra. The photon
energy dependence of the emission features around the
Fermi level is shown in Fig. 5 for selected photon energies.

The spectrum in Fig. 5a shows two peaks which can be
attributed to the band P1 in Fig. 4. The position of the two
peaks is independent of photon energy as expected from
2D features; however, as shown in Fig. 5b two additional
features (BS) emerge between the two peaks (SS) reaching
maximum separation at hv = 9.5 eV. The two inner
peaks (BS) are bulk features, because they appear and dis-
appear as a function of photon energy, indicating three-
dimensional behavior. They can be attributed to the
valence band forming the bulk hole pocket at the 7' point.
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FIG. 5. MDCs of Bi(111) measured at the Fermi level at (a)
hv = 17 eV and (b) hv = 9.5 eV along I'K. The outer peaks
can be attributed to a two-dimensional state and the inner two
peaks show the band forming the hole pocket.

The MDC data can be simulated by a free fit with four
Gaussians. The two outermost peaks (SS) have a full width
at half maximum momentum broadening of I'ss = 0.024 =+
0.003 A~'. The bulk states (BS) are slightly broader with
a width of I'gs = 0.028 = 0.003 A~!. We have found
that the momentum broadening and the relative intensities
of the SS and BS features critically depend on the cleavage
quality of the crystal surface. The intensity asymmetries
of the SS and BS structures are due to slight misalignment
of the crystal axis with respect to the analyzer plane. From
the fitted positions of inner peaks (BS) we obtain the bulk
Fermi momentum kr = 0.013 = 0.003 A~'. This value
compares well with values obtained from de Haas—van
Alphen measurements and band structure calculations
ranging from ky = 0.01-0.014 A~ [17,19].

In summary, we have measured the Fermi surface of
Bi(111) single crystals by angle resolved photoemission
spectroscopy. The Fermi surface map is dominated by
two-dimensional hole and electron pockets. In addition
we identified a rather localized emission feature of the bulk
Fermi surface. The cross section of that feature is in the
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plane containing the 7 point (hole pocket). The bulk Fermi
momentum in this plane is kr = 0.013 + 0.003 A~!. The
surface charge carrier densities of the holes and electrons
are 1.1 X 10" and 5.5 X 10'2 cm ™2, respectively. Our
results show that the majority carrier concentration origi-
nating from the surface can be a major contribution af-
fecting the quantum size effect measurements in Bismuth
nanostructures.
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