aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Evolution of the electronic structure in ultrathin Bi(111)
films
Lin Miao, Meng-Yu Yao, Wenmei Ming, Fengfeng Zhu, C. Q. Han, Z. F. Wang, D. D. Guan, C.
L. Gao, Canhua Liu, Feng Liu, Dong Qian, and Jin-Feng Jia
Phys. Rev. B 91, 205414 — Published 12 May 2015
DOI: 10.1103/PhysRevB.91.205414


http://dx.doi.org/10.1103/PhysRevB.91.205414

Evolution of the electronic structure in ultrathin Bi(111) films

Lin Miao,! Meng-Yu Yao,! Wenmei Ming,? Fengfeng Zhu,! C. Q. Han,! Z. F. Wang,? D.
D. Guan,3 C. L. Gao,"? Canhua Liu,""3 Feng Liu,? Dong Qian," 3 * and Jin-Feng Jia''3

YKey Laboratory of Artificial Structures and Quantum Control (Ministry of Education),
Department of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China
2 Department of Materials Science and Engineering,

University of Utah, Salt Lake City, UT 84112, USA
3 Collaborative Innovation Center of Advanced Microstructures, Nanjing 210093, China

By combining angle-resolved photoemission spectroscopy (ARPES) and first-principle calcula-
tions, we systematically studied the electronic structures of ultrathin Bi(111) films (< 5 bilayers)
epitaxially grown on BisTes. High-resolution low-energy band dispersions and Fermi surfaces of ul-
trathin Bi(111)/BisTes films as a function of thickness were experimentally determined. Our results
also indicate that the electronic structures of epitaxial Bi films are strongly influenced by the sub-
strate compared with free-standing films. The substrate effects mainly include two aspects. First,
the in-plane lattice constant of Bi(111) films is compressed, which increases the bandwidth of the
surface-state-like bands. Furthermore, the band dispersion near T' point is significantly modified as
well. Second, there exists a strong hybridization at the Bi /BixTes interface, and the hybridization

effects spatially extend to three Bi bilayers.

Bismuth (Bi) is a heavy element and its electronic
structures are highly influenced by the spin-orbit cou-
pling. Bulk Bi crystal is famous for its novel spin-split
surface states caused by the large spin-orbit coupling! .
Along <111> direction, the stable and smallest unit of
Bi is the bilayer (BL) structure!. Theoretically, these
surface states show very interesting behavior in ultra-
thin films®. In theory, ultrathin free-standing Bi(111)
BLs exhibit a semiconductor to semi-metal transition
with the increase of thickness and the crossover thick-
ness is 4 or 5 BLs depending on the strength of inter-
bilayer coupling®%. Theoretical calculations predicted
that ultrathin semiconducting Bi(111) BLs were two di-
mensional (2D) topological insulators (TT)%®. However,
such kind of free-standing Bi(111) BLs have not been
realized experimentally. It is only very recently that
Bi(111) films were successfully grown on BigTes(111) (or
BiySes) substrate from single BL to multi BLs 15, which
made the experimental studies of the electronic struc-
tures of ultrathin Bi(111) films possible. BisTes is a
3D TI with topological Dirac-cone like surface states!S.
Recently, electronic structures of 1-BL Bi(111)/BisTe;
were studied by ARPES and density functional theory
(DFT) calculations? '2.  Though the band structures
are very different from free-standing 1-BL Bi(111) and
strong hybridization between Bi and BisTes’s surface
states occurs, the non-trivial topological properties were
confirmed in 1-BL Bi(111)/BisTes by scanning tunnel-
ing microscopy and ARPES?1913:17 " However, no high-
resolution band structures have been reported on multi-
BL Bi(111)/BigTes films. It is important to know how
the electronic structures changes from 1-BL to multi-
BL in Bi/BisTes system. It is also very interesting to
know the interaction or hybridization between Bi and
BiyTes beyond single-BL Bi(111) films. By combining
ARPES and DFT calculations, in this paper we studied
the electronic structures of Bi(111) films (< 5 BLs) on
BiyTez substrate. The energy bands and Fermi surface
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FIG. 1. RHEED patterns of (a) 40 QLs BizTes grown on
Si(111), (b) 1-BL Bi(111) and (c¢) 5-BL Bi(111) films on
BisTes. (d) RHEED intensity line profiles with the increase
of film thickness. The position where the intensity line profile
was taken is marked by red dashed line in (a). (e) In-plane
lattice constant of Bi films as a function of film thickness.
Solid line is for eye-guide.

(FS) topology were experimentally determined. The ef-
fects of substrate were discussed in detail. Surface-states-
like states in Bi(111) are modified due to the stress of
Bi/BisTes interface. Except single-BL Bi(111), there is
no hybridization between Bi and the Dirac-cone surface
states of BisTes. Hybridization between Bi and BisTes’s
bulk bands exists within 3 BLs from the interface.

BigTes(111) films of 40 quintuple layers (QLs) were
grown by MBE on Si(111) wafer. Bi(111) films were
grown on BisTez at 250 K. ARPES measurements were
carried out with helium discharge lamp (He-121.2 €V) us-
ing Scienta analyzer and in Advanced Light source beam-
lines 4.0.1 and 12.0.1. Energy resolution is better than
25 meV and angular resolution is better than 1% of Bril-
louin zone (BZ). The sample temperature was kept at
100K during measurements. DFT calculations were car-
ried out in the framework of generalized gradient approx-



—~
()
~

<

Binding Energy(eV)
T g

o

N
&
'S
<

0.4 04 3

0.6 ——
04 04 0

-0.4 0

-0.4 0 0.4

04 -04 0

20 Ay
-04 0 04
Ap(e/A)

04 -04 0 0.4

Momentum (A")

FIG. 2. (a) ARPES spectra of 40QLs BisTes(111) film along K-T-K direction. Blue dashed lines mark the surface states and

valence bands. (b-f) ARPES spectra of 1-BL Bi(111) to 5-BL Bi(111) films along K-I'-K directions.(g-k) ARPES spectra of

1-BL Bi(111) to 5-BL Bi(111) films along M-I'-M direction. The green dashed lines are the calculated spectra from top 2 Bi
BLs. White arrows in (b) and (g) mark the bands that cross the Fermi level to form Fermi surface. Blue dashed lines in (c) are
from (a). Quantum well states are marked by ”QWS”. Outmost hole-like band and Rashba-type splitting bands are marked
by ”S1” and "X”. Red dotted lines in (i) and (j) present the hybridization bands. (1) The side view of 3-BL Bi(111) on BizTes
and differential charge density near interface. 1 QL is 1 nm and 1 BL is 0.4 nm. Z=0 is the interface.

imation with Perdew-Burke-Ernzerhof functional using
the VASP package'®. The in-plane lattice constant of
Bi(111) films was strained to match the substrate lattice
parameter. All calculations were performed with a plane-
wave cutoff of 600 eV on an 11 x 11 x 1 Monkhorst-pack
k-point mesh. The substrate was modeled by a slab of
6-QL BiyTes, and the vacuum layers were over 20A thick
to ensure decoupling between neighboring slabs. During
structural relaxation, atoms in the lower 4-QL substrate
were fixed in their respective bulk positions, and Bi BLs
and upper 2-QL of the substrate are allowed to relax until
the forces were smaller than 0.01 eV/A.

The sharp line-like reflection high-energy electron
diffraction (RHEED) pattern of BizTes (Figl.a) indicates
a high-crystalline-quality and flat surface. After the Bi
deposition (Fig. 1(b) and 1(c)), the line-like RHEED
pattern remains. Layer-by-layer growth mode of Bi on
BisTes was observed by RHEED intensity oscillations
as reported previously!?. The distance between two ad-
jacent lines in the RHEED pattern is inversely propor-
tional to in-plane lattice constant. Fig. 1(d) shows the
intensity line profiles (red dotted line Fig. 1(a)) with
the increase of Bi thickness. Zero-BL refers to the sub-
strate. By tracing the relative change of peak position
in Fig. 1(d), we obtained the in-plane lattice constant
of Bi (ap;) as a function of thickness (Fig. 1(e)). Thin-
ner than 3 BLs, ap; is nearly the same as the substrate
(4.38 A) within the experimental uncertainty. Then ap;
increases slightly. Thicker than ~ 7 BLs, ap; begins to
increase quickly until about 15 BLs. After 15 BLs, ap;
reaches ~ 4.5 A that is very close to bulk Bi (4.54 A).
Smooth change of ap; and lack of dislocations confirmed
by STM indicate that strain in the films is very likely

released through continuous increase of ap; in each BL.

Figure 2 presents the ARPES spectra along high-
symmetry directions. Spectra of BisTes are shown in
Fig. 2(a). Blue dotted lines mark the Dirac-cone like
surface states and valence bands of BizTes. In Fig. 2(b)
- 2(k), green dotted lines are the theoretical bands (Note:
though DFT calculations were carried out with substrate,
the theoretical bands we plotted did not include the spec-
tra of substrate. The thickness of 1-BL is about 0.4 nm.
Because ARPES probing depth is about 1 nm, we only
plotted contributions from top 2-BL Bi for 2 - 5 BLs Bi
films to compare with experimental spectra). Accord-
ing to previous calculations, free-standing Bi(111) films
(ap;=4.54 A) thinner than 5 BLs are semiconductors®
and strained free-standing Bi(111) films (ap;=4.38 A)
are semiconductors below 2 BLs'3. Experimentally, we
found that the Fermi level did not locate in the energy
gap for all films. There is charge transfer between the
films and the substrate. The Te atoms on the BisTes
surface would have a larger electronegativity than the Bi.
This charge transfer phenomenon was confirmed by DFT
calculation. In Fig. 2(1), we show the differential charge
density, defined as Ap = ppit Bi,Tes — PBi — PBisTes, fOT
3-BL Bi(111)/BiyTes. Substantial charge transfer at the
interface occurs. Ap is negative in Bi side and positive in
BisTes side, which means that electrons are transferred
from Bi to BisTes.

ARPES spectra of 1-BL Bi (Fig. 2(b)) are very dif-
ferent from other thicknesses. The agreement between
experimental spectra and DFT calculations is very good
for 1-BL film. Since we have discussed 1-BL results in
our previous reports'?14, we will not discuss it in detail
here. The main conclusions on 1-BL film are that there is
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FIG. 3. (a) Fermi surface of 1-BL and (b) 2-BL Bi(111) films. white arrows mark the outer and inner Fermi surface sheets.(c)

Experimental FS and (d) The calculated bands along the M-I'-M direction of 3-BL Bi(111)/BizTes film. (e) Experimental
FS and (f) The calculated bands along the M-I'-M direction of 4-BL Bi(111)/BisTes film. (g) Experimental F'S and (h) The

calculated bands along the M-I'-M direction of 5-BL Bi(111)/BizTes film. Calculated bands only include the contributions
from top 2-BL Bi. The Fermi levels (green lines) in calculated bands are adjusted based on the size of FS originate from S1

band.

strong hybridization between Bi and BixTes due to close
energy proximity, which results in appearance of Dirac-
cone-like states in Bi layers'2. No strong chemical bond
exists in Bi/BigTes system!>!2. In Fig. 2(c), for 2-BL
film, the calculated spectra agree with the experimental
spectra very well except some spectral features near I’
point. We overlaid the bands of BisTes substrate from
Fig. 2(a) in Fig. 2(c) (blue dotted lines). Actually, the
bands from BisTes fit those spectra very well. For 3 to
5-BL films, no clear signals from the substrate were ob-
served and the calculated spectra of top 2-BL Bi are in
good agreement with the experimental results along K-
I'-K direction. There are some minor discrepancies along
M-T-M direction (we will discuss it later in Fig. 3 and
Fig. 4). In Fig. 2(d) - 2(f), two features do not change
dramatically with the increase of film thickness. First,
the outmost hole-like band (labeled by ”S1”) are simi-

lar. S1 band has larger Fermi vector (kp) along M-I'-M
than along K-I-K. According to previous calculations®,
S1 band is "surface state” like. It is not real surface state
but will develop to real surface state in very thick films or
bulk Bi. Second, there are hole-like bands with Rashba-
type splitting centered at ~ 0.5 eV below Fermi energy
(labeled by ”X”). Between Sl-band and X-band, we ob-
served more and more bands with the increase of film
thickness. Consistent with previous calculations, those
bands are quantum well states of Bi valence bands (la-
beled by "QWS”)5.

Figure 3 shows the Fermi surfaces of Bi films and cal-

culated bands along M-I-M. Fig. 3(a) and 3(b) show
the measured FS of 1 and 2-BL films. The FS of 1-BL

film consists of two Fermi sheets. The outer big hexago-
nal sheet originates from the outmost hole-like band (la-
beled by 71”7 in Fig. 2(b)). The inner FS is a small circle
with six horns along I-M directions. The inner FS is
an electron pocket originated from band ”2”, band ”3”
(labeled in Fig. 2(b)). For 2-BL film, F'S also consists of
two sheets. Different from 1-BL film, both sheets are hole
pockets. The outer FS sheet is hexagram-like. The inner
small sheet is rounded. FS of 3-BL film (Fig. 3(c)) shows
two hole pockets, which is similar to 2-BL film. The outer
FS is related to S1 band and the inner circle is related
to QWS. According to DFT calculations (Fig. 3(d)),
there are two surface-state-like bands (labeled by ”S1”
and ”7S2”) near Fermi level. In bulk Bi(111), S1 and S2
are two real surface states caused by Rashba-type spin-
orbital splitting. In free-standing thin films (ap;=4.54 or
4.38 A), due to the interaction between upper and bot-
tom surfaces, the degeneracy of S1 and S2 bands at T and
M points is removed®'3. Especially, there opens a large
energy gap at M point. Different from free-standing film,
our calculations shows that the splitting between S1 and
S2 bands is nearly zero at I' point for Bi/BigTes. Usu-
ally, the calculated Fermi level is not exactly the same as
experiments, so we have to adjust the Fermi level of the
calculated bands to compare with experiments. Based on
the experimental kr, the determined Fermi level of 3-BLi
Bi (green line) cuts through the bottom of S2 band (Fig.
3(d)), which results in a tiny electron pocket. In contrast,
no electron pocket was observed along I'-M direction in
3-BL film. In Fig. 3(f) and 3(h), with the increase of Bi
thickness, the energy gap between S1 and S2 bands at M
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FIG. 4. (a) Calculated band structures of 5-BL Bi(111) with
uncompressed in-plane lattice constant (ap;=4.54 A) (from
reference [5]) and of 5-BL Bi(111)/BizTes with compressed
in-plane lattice constant (ap;=4.38 A) along the T-M di-
rection.(b) The sketch of the strain effect on S1 band.(c)
Calculated band structures near I' point of 20-BL and 5-
BL Bi(111)/Biz Tes with compressed in-plane lattice constant
(api=4.38 A).(d) Experimental FS of 20-BL Bi(111)/BizTes
with (api=4.5 A.)

point decreases and the size of electron pocket related to
S2 band increases. ARPES spectra show the same trend,
though the observed electron pockets are smaller than
calculations.

We believe that the discrepancy between experiments
and calculations along T-M direction is related to ap;.
In our DFT calculations, we assumed that ap; of Bi films
is uniform and the same as substrate. In real films, it is
not. Each Bi BL can have different ap; that is larger
than the substrate. S1 and S2 bands are sensitive to the
lattice constant. To illustrate the how the in-plane lattice
compression affect S1 and S2 bands’ dispersion, we com-
pared the DFT results of uncompressed (ap;=4.54 A)
and compressed (ap;=4.38 A) 5-BL Bi(111) in Fig. 4(a).
There are two main differences between two cases. First,
S2 band is much flatter in uncompressed film. As Fig.
4(a) shows, the electron pocket related to S2 becomes
smaller when ap; is larger, which explains the discrep-
ancy between experiments and DFT calculations along
T-M direction. Second, the dispersion of S1 band near
T point changes a lot. As illustrated in Fig. 4(b), S1
crosses Er twice in uncompressed film and once in com-
pressed film. This effect is thickness independent if ap;
does not change. We did DF'T calculations on 20-BL film
with ap;=4.38 A. In Fig. 4(c), S1 bands in 5 BLs and
20 BLs Bi(111) (ap;=4.38 A) have the similar dispersion
relations near I point. Experimentally, we also measured
FS of 20-BL Bi/BiyTez (ap;=4.5 A). Because of the large
api, the measured FS is the same as bulk Bi(111)! (Fig.
4(d)). S1 crosses Ep twice to form six hole pockets.

Finally, we discuss the hybridization effect between
Bi and the substrate. Figure 5 shows the layer depen-
dence of the projected spectra in DFT calculations for
4-BL Bi/BisTes. Films of other thicknesses have sim-
ilar results (except 1-BL). Fig. 5(b) and 5(g) present
the spectra from the top 1-BL (4th BL from the inter-
face) Bi along T-M and I'-K direction, respectively. S1
and S2 have large spectral weight in the top 1-BL. In
Fig. 5(b), there is a large energy gap of about 0.4 eV
at T point. In free-standing films, similar gap exists®.
Away from T point, there are some weak spectra coming
from QWS of Bi conduction bands. Fig. 5(c) and 5(h)
present the spectra from the bottom 1-BL (1st BL from
the interface) Bi. The band-"X” is very strong in top
1-BL but has no spectral weight in bottom 1-BL. Very
different from top 1-BL, in Fig. 5(c), strong electron-like
bands (labeled by "H1”) exist within the gap. In Fig.
5(h), other electron-like spectra also exist in the valence
bands (labeled by "H2”). H1 and H2 bands are caused
by the hybridization between Bi and BisTes. According
to DFT, H1 bands can extend to the third BL from the
Bi/BisTes interface. Fig. 5(d) presents the total spec-
tra from the top 2BLs of Bi. H1 bands already exist in
the gap, though the spectral weight is weak. There is no
H2 bands in the top 2BLs. Because H1 bands are above
Fermi level, we can only detect H2 bands experimentally.
In Fig. 2(j), on 4-BL Bi, we did observe spectra of weak
intensity(guided by red dotted lines) from H2. In Fig.
2(k), on 5-BL Bi, no sign of H2 bands is resolvable. Con-
sidering our ARPES depth length (~ Inm ~ 3BLs), we
think H2 states should locate 2 or 3 BLs below the surface
for 4-BL film as DFT suggested. By combining DFT and
ARPES results, we suggest that the hybridization effects
can extend spatially to the third Bi BL (H1 bands) from
the interface. Fig. 5(e) presents the total spectra of 4-BL
Bi and 1-QL BisTes. Dirac-cone states of BisTes appear
at about 0.2 eV below Fermi level (labeled by ”D”). Fig.
5(f) presents the total spectra of 4-BL Bi. Obviously, no
Dirac-cone states exist in Bi layers. From DFT calcula-
tions, we know the sharing of Dirac cone only exists in
1-BL Bi film.

In summary, we experimentally determined the low-
energy electronic structures of ultrathin Bi(111) films
grown on BisTes (< 5 BLs) with the help of DET calcula-
tions. Bi(111) films we studied are all metallic. The com-
pressed in-plane lattice constant increases the bandwidth
of Bi(111) films’ surface-state-like bands and changes
their dispersions near the I' point. The strong hybridiza-
tion between Bi and the Dirac-cone states in BisTes ob-
served in 1-BL film previously'? do not occur in other
thicknesses. On the other hand, the hybridization be-
tween Bi and BisTes’s bulk states can extend spatially
to 3 BLs from the interface.
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