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Bulk and surface electronic structures of the semimetal Bi studied
by angle-resolved photoemission spectroscopy
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An angle-resolved photoemission study of the (Bl1) single crystal has been carried out in order to
investigate in detail the bulk and surface electronic structures. The valence-band photoemission spectra of the
Bi (111) single crystal exhibit the features derived from the Bi@erived bulk valence band, the surface state
in the spin-orbit gap, and the surface resonance state. From the detailed angle-resolved photoemission spectra,
the dispersion relations of the bulk valence band of Bi were determined alofig thdigh-symmetry line in
the bulk Brillouin zone. These experimental band dispersions are compared with the theoretical results of the
band calculations, obtained by a pseudopotential method and a recent third-neighbor tight-binding method. The
dispersion relation of the surface state in the spin-orbit gap and surface resonance state difiedian
surface were also determined experimentally alonglth symmetry line in the surface Brillouin zone.
[S0163-18299)11703-X

[. INTRODUCTION standing of the features near the Fermi surfaces, reports of
the overall electronic band structures, such as the photoemis-
The physical properties of semimetal Bi, as well as thesion studies, are very few to date for the bulk Bi single
other group-V semimetals, have attracted much interest afrystal.
many investigators for a long time. Bulk Bi single crystal has In this work, we carried out an angle-resolved photoemis-
a rhombohedral A7) crystal structure with two atoms per sion study of Bi(111) single crystals epitaxially grown on Si
unit cell, which is distorted face-centered-cubic lattice along(111) substrates so as to elucidate the bulk electronic struc-
the (111) direction! This distortion yields a rather compli- tures of semimetal Bi. Angle-resolved photoemission spec-
cated electronic structure. For example, bulk Bi exhibits aroscopy has been used to determine the electronic structures
weak overlap between the valence and conduction banddjrectly, however, to our knowledge there is only one recent
which leads to a small number of free electrons and holes. Iteport of an angle-resolved photoemission study by Jezequel,
has also small indirect energy gap in the vicinity of the FermiThomas, and Pollid? to date that highlights the bulk elec-
level? Connected with this peculiar electronic structure, bulktronic structures of semimetal Bi. In order to understand the
Bi shows small effective masses along certain axes, higheverall electronic band structure in detail, it is necessary to
carrier mobility, and a long mean-free patiMoreover, observe the electronic band structure along the various high-
guantum size effects in semimetallic nanostructures recentlgymmetry lines in the Brillouin zon€BZ) with better energy
have attracted much interest. In a semimetallic nanofilm, thand angular resolution. In addition, spin-orbit coupling is
confinement of carrier&lectrons and holgsn the direction large in bulk Bi single crystal as is well known, and the
normal to the nanofilm leads to quantized electronic statesxistence of a surface state in the spin-orbit energy gap has
of both carriers as a function of the nanofilm thickness.been reported!® In this paper, we report the results of the
On decreasing the semimetallic nanofilm thickness, thangle-resolved photoemission measurements at low tempera-
semimetal-to-semiconductor transition should occur whenure for bulk Bi(111) epitaxial crystallites employing a bet-
the energy shift due to quantum size effects become larger energy resolution of about 40 meV and angular resolution
enough to raise the lowest quantized two-dimensional elecof about+0.4°. From these results and comparison with the

tron subband to an energy higher than that of the uppermogkeoretical results of the band calculations, we discuss the
quantized two-dimensional hole subband. Bismuth is considyy|k and surface electronic structures of bulk Bi in detail.

ered to be an ideal material for the study of the quantum
confinement effects in semimetallic systems, since it has a
small effective mass and long mean-free path as described
above, so that the energy shifts due to quantum confinement
effects may be remarkable in Bi nanofilms. In order to elu- Bulk Bi single crystals used in our experiment were
cidate these quantum size effects on the semimetallic Bgrown by molecular-beam epitaxfBE) using a JPS-100
nanofilms, it is indispensable to understand the bulk elec(ANELVA Co. Ltd.) MBE system connected directly to a
tronic structure of parental bulk Bi single crystal. However, ARUPS 10(VG Scientific Co. Ltd) photoelectron spectrom-
most of the experimentil® and theoreticdl'? studies for  eter. The base pressure of the MBE system was in thé 10
bulk Bi have been carried out in order to investigate thePa range. The substrates used in the epitaxial growth were Si
carriers(electrons and holgghemselves and the shapes of (111) single crystals. After a chemical treatment by the
the electron and hole Fermi surfaces. In contrast to an undemethod of Ishizaka and Shiraki,Si (111) single-crystalline
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FIG. 2. Angle-resolved valence-band photoemission spectra at
various photoelectron emission angle in thelL-X plane of the
o . bulk Brillouin zone for the Bi(111) epitaxial film with a thickness

_ FIG. 1. Bulk Brl_lloum zone of the rhombohedral structure with of 150 nm excited by the Heresonance lin¢ hv=21.2 e\} at 40
hlgh-symmetry points gnd extendgjler sgheme offte-X K. Solid circles(peakA), solid trianglegpeakB), and bargpeaksa
plane. High-symmetry line along thié-M direction in the surface  andp) represent the main photoemission peaks. The polar emission

Brillouin zone are also indicated. Open circle represent the Coreangles with respect to the surface normal are indicated for each
sponding free-electron-like final state with Heresonance line  gpectrum.

(hv=21.2 eV.

wafers were introduced to the growth chamber of MBE Sys_reported here were recorded at low temperatdeK) using
He refrigerator in order to minimize the phonon-assisted

tem. The substrates were annealed around 850 °C to obtath ™€ €™ . . .
the clean surface prior to epitaxial growth of Bi. The Bi contributions to the photoemission spectra, since the bulk Bi
single crystal has a low-Debye temperature of 12¢*K.

(111 substrates at room temperature. The deposition rate-ghe photoemission spectra showed no change in the course

for Bi were about 0.01 nm/sec as determined by a quartﬁd)f the _megsburements._ The I_:ﬁrmi I(T(\jle}!l ofdthe s_arr:jple V\éas
thickness monitor. In this work, we carried out angle- 9€t€rmined by comparison with a gold film deposited on the

resolved photoemission measurements on the samples witkﬁﬁmple surface.
thickness of 150 nm. The cleanliness and structure of the
sample were checked by Auger electron spectroscopy, x-ray IIl. RESULTS AND DISCUSSION
photoemission spectroscopy, and low-energy electron dif-
fraction (LEED) patterns. By the above method, we observed Figure 2 shows angle-resolved valence-band photoemis-
a clear sixfold LEED pattern, indicating a rhombohedralSion spectra at various photoelectron emission angles, mea-
(111 crystallite, and succeeded in getting the(Bi1) epi- sured at 40 K for Bi111) epitaxial film with a thickness of
taxial films identical with the bulk Bi single crystal. 150 nm excited by He ( hv=21.2 e\). This photoelectron
The thus-prepared samples were transferred into the phéletection plane corresponds to thiel -X plane in the bulk
toelectron spectrometer through the ultrahigh vacuum chanmBZ and also thd’-M symmetry line in the surface Brilluoin
ber without exposure to air. Angle-resolved photoemissiorzone(SBZ2). The present angle-resolved photoemission spec-
measurements were performed with the IHesonance line trum with a normal emission geometry 8£0° (the normal
(hv=21.2 e\) as the excitation source. The base pressure ofmission spectruiris identical with the previously reported
the photoelectron spectrometer was also in the®1@a ones for the bulk single-crystalline Bi(111) clean
range. Total energy resolution for the measurement excitesurfacet>~2° This indicates that the electronic structure of
by He 1 resonance radiatiothv=21.2 e\} was about 40 our present Bi(111) epitaxial film with a thickness of 150
meV, and the angular resolution was abaifi.4°. From the nm is identical with those of the bulk single-crystalline Bi
orientation of the observed LEED pattern, we decided on th€111) clean surface. Therefore, this thickness is large enough
photoelectron detection planes for the angle-resolved photdhat quantum confinement effects may be ignored. As shown
emission measurements. Figure 1 shows a bulk Brillouirin Fig. 2, the normal emission spectrum of Bil1) epitaxial
zone of the rhombohedral structure with high-symmetrycrystallite shows sharp structures with the higher intensities
points. The measurements in the present work were carrieground 0.3 and 2.5 eV binding ener(peaksa andb). From
out in the photoelectron detection plane with the high-the previous results of the photon-energy-dependent photo-
symmetry line in the bulk BZI'-T-U-L-U-X-U-T-T' (ab-  emission studies with synchrotron radiafidi and the
breviated td-L-X) plane. All photoemission measurements “crud” test (Ar adsorption and Ar ion sputteringor the Bi
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M we discuss the Bi p-derived bulk valence-band states. The
0.5 solid lines are drawn to guide the eye for the energy bulk
' valence-band states. The solid lines are drawn to guide the
. eye for the energy dispersion relation of the prominent Bi
6p-derived bulk valence-band statgseaksA andB in Fig.

; 2) which we can trace by increasing the photoelectron emis-
.l sion angle to the region around the zone boundary. These
bulk electronic features denoted by the solid lines will be
discussed below. In the photoemission process, photoelec-
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Binding Energy (eV)
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tron momentum broadening in the direction normal to the

3 ] sample surface, which produces a small ambiguity in the
S initial states along the direction normal to the sample sur-

4 P face, takes plac¥ This causes the initial states with a high

. i density of states, such as electronic states at high-symmetry

5 * L i points, to appear as the distinct structures in the photoemis-
T——— U sion spectra, and electronic state originating from several
11: )L( high-symmetry lines to be often observed only due to the

conservation of the wave vector parallel to the sample
surface'® Compared with the bulk BZ for the rhombohedral

FIG. 3. Experimental energy dispersion for Bill) in the stru_cture(see F.'g' 1 the presgnt photoelectrd_hL-X de-
I'-L-X plane of the bulk Brillouin zone. Wave vectors parallel to tection plane lnclude_s the high-symmetry line along the
the surface corresponding the high-symmetry lines alongTti, -U, I'-L, andI'-X directions. Due to electron momentum
T'-L, andT'-X directions in the bulk Brillouin zone and along the Proadening as described above, there is a possibility that
I-M direction in the surface Brillouin zone are also given. Solid ®l€ctronic states originating from the high-symmetry lines
and open circles represent prominent and weak structures in tHdong theT-U, T'-L, andI'-X directions in the bulk BZ are
valence-band photoemission spectra, respectively. Solid and dashe@served in the angle-resolved photoemission spectra de-
lines are drawn to guide the eye for the energy dispersion of the Biected in thel’-L-X plane. The corresponding wave vector
6p-derived bulk valence-band statgseaksA andB in Fig. 2 and  parallel to the sample surface of each high-symmetry line is
the surface-derived statéseaksa andb in Fig. 2), respectively. also given in Fig. 3. As shown in Fig. 3, both electronic

states traced by the solid lines exhibit a relatively flat disper-
(111) clean surfacé*!®these structures originate in surface- sion around the wave vector corresponding to théigh-
derived electronic states on the @il1) clean surface. From symmetry point of the bulk BZ. This indicates that these
a comparison with previous angle-resolved photoemissio®bserved electronic states have a high density of states at the
study obtained in normal emission with a tunable synchroU high-symmetry point of the bulk BZ. Therefore, it is con-
tron radiation:® the observed structure around 0.3 eV corre-cluded that these observed energy dispersion, denoted by the
sponds to the surface state in the spin-orbit gap atlthe solid lines in Fig. 3, originate in the dispersion of the Bi
symmetry point of the SBZ, while that around 2.5 eV 6p-derived valence-band states along tfieU high-
corresponds to the surface resonance state, which is not lsgmmetry line in the bulk BZ. The additional structures ob-
located in the energy gaps and hybridizes with the bulk elecserved near the Fermi levelhich is not traced by the solid
tronic states. This observation for the present(Bil) epi- line in Fig. 3 may also originate in the dispersion along the
taxial film confirms again the existence of both the surfacel-U high-symmetry line, which contributes to the hole
state in the spin-orbit gap and the surface resonance state packet at thel' high-symmetry point. However, the degree of
the Bi (111 clean surface as determined in previousthe electron momentum broadening normal to the sample
studiest*'® In addition to the surface-derived electronic surface depends on the materialectronic band structure,
states as described above, the normal emission spectrum e¥¢) and the experimental conditioriexciting photon en-
hibits small structures. It is considered that these structuregrgy, photoelectron detection angle, gtthe other interpre-
originate from Bi -derived bulk valence-band states. tation in terms of direck, -conserving transitions has also

As shown in Fig. 2, it is found that the binding energies ofbeen adopted successfully for the interpretation of the angle-
the bulk and surface-derived electronic states observed in tHesolved photoemission for a number of metals and semicon-
normal emission spectrum change as a function of photoeleeluctors. In the normal emission geometry of the present
tron emission angle. This means that these electronic stat&eork, electronic states in th@11) direction(fromI' to T in
have an energy dispersion along the direction parallel to theeciprocal spageof the bulk BZ are sample@see Fig. 1
sample surface. In order to clarify the dispersion relation ofThe difference in the electron wave vector between the initial
each structure in the valence-band photoemission spectrurand final states for the photoexciting process is 2.36 &t
we plot the binding energies of these electronic states versube photon energy ohy=21.2 eV. Thereciprocal lattice
the wave vector parallel to the sample surface in Fig. 3. InvectorG in the -T-T" direction is 1.547 A*. This leads to
Fig. 3, the dashed lines are drawn to guide the eye for th&, =|2.36 A"1-nG|=0.814 A ! for a photon energy of
energy dispersion relations of the surface-derived electroniby=21.2 eV!® The corresponding free-electron-like final
states(surface state in the spin-orbit gap and the surfacestate excited with He resonance line is represented by the
resonance state, as assigned apawvel the other points cor- open circle through the extended zone scheme in Fig. 1. As
respond to the Bi p-derived bulk valence-band states. First, shown in Fig. 1, the photoemission spectrum at the normal

Wave Vector k, (A
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T Y . . I-dependent term; ands,, a term representing the spin-orbit
Experiment|| EPM Cal.|| TB Cal. coupling. This EPM band calculation also includes a spin-
i 1 7 orbit coupling parametek. It successfully reproduces the
effective mass anisotropies and optical data, but the magni-
tude of the effective masses differs from experimental data
by a factor of 3. On the other hand, the third-neighbor
empirical TB band calculation by Liet al. includes spin-
orbit coupling and third-neighbor interactions, and has 14
adjustable  parameters: Es, Ep, Vsgs Vsprs Vppos
Vppﬂ'! Vé&r! Vépa’ V;l)pa! Vépw' Vgs«r' V’S,pa" V;;po'
and V’l;pﬂ. Here,Es and E, are the on-sites- and p-orbital
energies, respectively. The unprimed, primed, and double-
b primed parameters are the nearest-neighbor, next-nearest
0 05T uT U neighbor, and third-neighbor interaction parameters. This TB
Wave Vector (A™") band calculation successfully reproduces the small overlap of
valence and conduction bands, the electron and hole effec-
FIG. 4. Experimental and theoretical valence-band dispersioiye masses, and the shapes of the electron and hole Fermi
along theT-U high-symmetry line in the bulk Brillouin zone for g, taces. From a comparison of our experimental valence-
bulk Bi. (&) Experimental valence-band dispersion along The band dispersions with the EPM band calculation as shown in

high-symmetry line as shown in Fig. 2. Solid lines are drawn to_. . .
guide the eye for the energy dispersioft®. Theoretical valence- Figs. 4a) and 4b), it seems that the calculation reproduces

band dispersion along thieU high-symmetry line by means of the the qualitative tendency of each band dispersion. Since it
empirical pseudopotential method by Goliic) Theoretical also reproduces the features near the Fermi level, the first Bi
valence-band dispersion along tAeU high-symmetry line ob- 6p-derived band is reproduces relatively well. However, a
tained by means of a third-neighbor empirical tight-binding methodlarge quantitative difference in both binding energy and
by Liu et al. bandwidth of the second and third Bip&lerived valence
bands is found. In order to improve the agreement in both
emission geometry using a Headiation for Bi(111) single  binding energy and bandwidth between the experimental re-
crystal investigates the electronic states near Theigh-  sults and this EPM band calculations, it is considered neces-
symmetry point of the bulk BZ, and angle-resolved photo-sary to modify the ternv,., the termV,, and the spin-orbit
emission spectra at various emission angles in the presepgypling parametex in particular. That is, by adjusting the
photoelectron detection plane with the Headiation may (grm Viee, the bandwidths may be increased, so that by ad-
trace theT-U high-symmetry line in the bulk BZ. It is con- justing the termv, and the spin-orbit parametar one may
sidered that this is consistent with the fact that band disperg oo ang Shift the second and third Bi-Berived band in

sions originating from theT-U high-symmetry line are spectra, and lower the lowest Bp4&lerived band, lead-
dominantly observed for the wide wave-vector region as

shown in Fig. 3. Incidentally, the structures observed around'? to the improvement of the agreement with the experi-

3 and 4.5 eV binding energies at small photoelectron emismental dispersions. Jezequel, Thomas, and Pollini also com-

sion angles may originate in the electronic states around thg2"€d their experimental dispersion along teT high-
T high-symmetry point due to electron momentum broadenSYmmetry line with this band calculatid. However,
ing. Hence, we will discuss in particular the bulk valence-J€Z€quel, Thomas, and Pollini observed only one structure
band structure around tHeU high-symmetry line below. around 0.3 e\( binding energy,_orlgmatmg from the surface
As shown in Fig. 3, it is found that the binding energies atStates(peakA in Ref. 13, and discussed about only one Bi
the T high-symmetry point are 0.6 and 1.0 eV and those afp-derived bandpeakB in Ref. 13 corresponding to our
the U high-symmetry point are 1.7 and 4.4 eV. It is also present third Bi ®-derived band. On the other hand, we
found that the bandwidths of the second and third Bidistinguish three structures around 0.3 eV and observe the
6p-derived valence bands along theU high-symmetry line first and second Bi p-derived band as described above.
(peaksA andB) are about 1.1 and 3.4 eV, respectively. In Therefore, we have expanded the discussions about all Bi
order to study these experimental energy dispersions of thép-derived bands along th&-U high-symmetry line in the
bulk Bi single crystal in more detail, we compared them with present work, and confirm again that this EPM band calcu-
the theoretical results of band calculations by means of afation fails to quantitatively reproduce the experimental dis-
empirical pseudopotential modéEPM) method by Golil®  persion of all Bi é-derived bands. As shown in Figs(as#
and a recent third-neighbor empirical tight-bindif§B)  and 4c), it is found that the TB band calculations by Liu
method by Liu et al!? Figure 4 shows the experimental et al.also reproduces the qualitative tendency of each experi-
valence-band dispersions along fheJ high-symmetry line  mental band dispersion. In addition, the agreement with the
of bulk Bi single crystals, together with the theoretical dis-present experimental valence-band dispersions seems im-
persion curves obtained by Goffrand by Liuet al'? Inthe  proved compared with the EPM calculation. Especially, the
EPM band calculation by Golin, the pseudopotential isagreement of the bandwidth of each Bp-8erived valence
formed by a few adjustable parameters in order to reproduckand improves in this TB calculation. However, a quantita-
the experimental results, and consists of three distinct termsive difference in both binding energy and bandwidth is
Vi @ local potential that is the dominant teridy, an  found as before. It also seems that the agreement with the

Binding Energy (eV)
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r M theF—symmetry pointalong thel-M symmetry line of SBZ

Bi (111)
Surface-derived State |

is on the order of 2 eV and that this dispersion relation is
almost the same as that along théK-symmetry line of the
SBZ obtained in previous work:*® An important point to
note is that this surface state dispersion, denoted by the
dashed line in Fig. 3, intersects the bulk By-@lerived va-
lence band, denoted by the solid line, at a finite wave vector
parallel to the sample surface. This indicates that the surface

Binding Energy (eV)
N

3t . state becomes a resonance far fromIth&mmetry point of
b the SBZ. However, the wave vector where the surface state
4t : becomes a resonance is not specified exactly, since there is

no band calculation for bulk Bi, which describes the overall
valence-band structures quantitatively as discussed above,
and therefore the projection of the bulk electronic states
on the SBZ is not specified. However, it is possible to
FIG. 5. Energy dispersions of the surface-derived electroniccon_CIUde th_at at least this surface state at the wave VeCtF’f
statestpeaksa andb in Fig. 2) along theF—l\W-symmetry line of the Of intersection becomes a resonance state. As shown in

surface Brillouin zone for the clean BL11) surface. The solid lines Fi9- 5, it is also found that the dispersion of the surface
are drawn to guide the eye for the energy dispersions of the surfacéesonance state, observed at a higher binding energy than
derived states. The observed energy dispersions with lower andne above surface state, is a rather complicated one, and is on
higher binding energies correspond to the surface state in a spithe order of about 1.3 eV. The energy dispersion of this
orbit gap (at theI" point of the surface Brillouin zoneand the  surface resonance state on clean(Bil) is definitely deter-
surface resonance state, respectively. mined in the present work for the first time. We believe that

_ tal di ionfor th d Bi-erived val the rather complicated energy dispersion of this surface reso-
expermental dispersionior the secon ERi- erived valence  ,ance state is due to hybridization with the bulk electronic
band is worse. These results indicate that it is also necessary. .o

to modify the TB parameters and the spin-orbit paramgter

even for the TB band calculation in order to reproduce well

the present experimental dispersions. Both band calculations

have been carried out in order to fit the bands to the detailed IV. CONCLUSION

experimental data in the vicinity of the Fermi level, such as We have performed an angle-resolved photoemission
band overlaps, effective masses of electrons and holes, sha dy of Bi (111). In the valence-band photoemission spec-

of the Fermi surface at the electron and hole pockets, an tum, we observed features derived from the Br-derived

3$ZECéng§gtSt?l?(?t,urlensfl'ehaec:’ef?)]:’eC(i):s(;?dee”rn'?o ;Sﬁ givsirlj’lsnbulk valence band, a surface state in the spin-orbit gap, and a
j ’ y Jurface resonance state. From detailed angle-resolved photo-

the experlmeptal val_ence—band dlsper5|ons, a aewmitio emission spectra, the dispersion relations of the bulk valence
band calculation, which pays attention to the overall valence;

band structure would be necessar bands of Bi were determined along tfieU high-symmetry
) Y. . line in the bulk BZ. From a comparison with the theoretical
The next step in the present work is to discuss the surface-

; : fesults of band calculations obtained by EPM and empirical
derived electronic strucutrdpeaksa andb), denoted by the TB method, it is found that both band calculations fail to

dashed lines in Fig. 3. As described above, the observed o X
surface-derived electronic states with the lower and highequam'tat'VEIy reproduce _the present e>_<per|mental_ results.
owever, the TB calculation seems to give results in better

binding energies originate in the surface state in the spin-

orbit gap and the surface resonance state. respectivel K’lgreement with the experimental valence-band dispersion. In
gap ar L . » TESpectively. addition, the dispersion relation of the surface state in the
shown in Fig. 3, it is clear that the dispersion relations of

these surface-derived electronic states are symmetric Witﬁpm_Orblt gap and surface resonance state ofLBl) were

respect to thevl symmetry point of the SBZ, indicating that also determined experimentally along tlheM-symmetry

h ; derived states h odicity withid line in the SBZ. From a comparison with the bulk experi-
€S€ surlace-derived states have a periodicity witr . _mental valence-band dispersion, it is found that the present
wave vector on the SBZ. In order to clarify the dispersion

- . . surface state in a spin-orbit gap becomes a resonance at the
relation of these surface-derived states on th€lRil) clean b gap

" . finite wave vector parallel to the sample surface far from the
surface, we replot the binding energies of these surfac

; -symmetry point of the SBZ.
derived states versus the wave vector parallel to the sample y yp

surface along th&'-M symmetry line of the SBZ in Fig. 5.
As shown in Fig. 5, it is clear that both surface state and
surface resonance on Bill) have an energy dispersion
along thel'-M symmetry line of the SBZ and the dispersion  This work was supported by a Grant-in-Aid for Scientific
relation of these surface-derived electronic states were defResearch from the Ministry of Education, Science, and Cul-
nitely determined in the SBZ. These dispersion relations aréure of Japan and a grant from the Core Research for Evolu-
indicated by the solid lines in Fig. 5. It is found that the tional Science and Technolog€REST), Japan Science and
energy dispersion of the surface state in the spin-orbitlgap Technology CorporatiofJST).
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