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ABSTRACT

Semiconductors interfaced with heavy elements possessing a strong atomic spin-orbit coupling are important building blocks for the devel-
opment of new spintronic devices. Here, we present a microscopic and spin-resolved spectroscopic investigation of ultrathin Bi films grown
onto a Ge(111) substrate. At monolayer coverage, a Bi wetting layer is formed, characterized by a semiconducting behavior and a
(V3 x v/3)R30° superstructure. The wetting layer supports the subsequent growth of Bi islands with a pseudo-cubic structure similar to
that of Bi(110), showing a well-defined orientation with respect to the substrate high-symmetry directions. We performed photoemission
and spin-resolved inverse photoemission experiments at off-normal electron emission and incidence, respectively, along the substrate 'K
direction. Inverse photoemission, in particular, highlights the presence of a spin-polarized empty Bi state, not reported so far, due to the
strong spin-orbit effects characteristic of the Bi surface and thin layers. Finally, scanning tunneling spectroscopy is employed to link the
observed spectroscopic features to either the wetting layer or the Bi islands.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0048275

INTRODUCTION

Bismuth thin films are the focus of many research efforts
since the advent of advanced growth and characterization techni-
ques capable of investigating and controlling the peculiar morphol-
ogy stemming from the Bi interaction with its substrate.”” On
semiconductors, Bi is generally reported to grow according to the
Stranski-Krastanov mode, ie., by forming 3D structures with a
structure resembling that of bulk Bi above a first wetting layer com-
mensurate with the substrate lattice.>* At larger Bi thickness,
islands coalescence can be promoted in order to flatten the surface
morphology and achieve long range crystallographic order.™”® The
presence of an abrupt interface with the substrate with no intermix-
ing,”" the possibility of realizing a variety of growth morphologies,
and the particular electrical and transport properties (see, e.g.,
Ref. 9 for a review) make Bi films an ideal playground to investigate
many different physical phenomena. Among others, we recall
quantum and finite size effects,'’™'? semimetal to semiconductor
(SMSC) transitions,”” and thermoelectric'>'® and magnetoresis-
tive'>'” effects.

Bi surfaces and thin layers are also regarded as prototypical
systems for the study of the peculiar electronic structure stemming

from a strong spin-orbit coupling (SOC). Thanks to the high
atomic number, bulk Bi states show a SOC splitting in the electron-
volt range,'® which, however, does not lead to any spin-polarized
bands due to the presence of lattice structure inversion symmetry.
Conversely, electron localization at surfaces or interfaces can
develop spin-split electronic states due to the breaking of such sym-
metry (the so-called Rashba effect).'” Noteworthy examples are the
electronic states of the Bi/Ag(111) surface alloy20 and the
B-Bi/Si(111)-v/3 x+/3 surface.”’ In addition, a complicated “spin
texture” is found at the surfaces of either bulk Bi'®***’ or Bi
alloys.”>”> In semi-metallic Bi, spin-related effects involving elec-
tron transport are enhanced due to the limited contribution to the
electrical conductivity coming from bulk electronic states, making
these systems very attractive for applications in the field of
spintronics.”®

Spin-resolved photoemission spectroscopy (SR-PES) is the
technique of choice to map the electronic structure of Bi surfa-
ces and thin films, being also sensitive to the peculiar spin
texture stemming from the presence of SOC effects.
Complementary to SR-PES are spin-resolved inverse photoemis-
sion spectroscopy (SR-IPES),”” and scanning tunneling
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spectroscopy (STS),”® providing information also on empty elec-
tronic states. Both techniques have been synergistically employed
in the past for the characterization of Bi growth on III-V semi-
conductors such as, for instance, GaAs””" and also found applica-
tion in the study of a variety of homo- and hetero-structures
showing SOC related effects.”'

In the present contribution, we focus on the morphological
and electronic evolution of the Bi/Ge(111) system. For increasing
Bi coverage, a wetting layer is first formed where the Bi atoms are
arranged in a (\/5 X \/§)R30° superstructure, characterized by the
presence of spin-polarized Rashba electronic states at specific high-
symmetry points of the Surface Brillouin Zone (SBZ).”"*> At larger
Bi coverages, pseudo-cubic Bi islands are formed, showing a meta-
stable pseudo-square surface lattice. Bi islands eventually merge
into a continuous film with the same hexagonal symmetry of the
substrate.”””” We have previously investigated the spin texture of
this particular system with SR-PES’>" and SR-IPES (the latter
exploited only for the wetting layer).” In this work, we investigate
the empty states of the metastable Bi layers for which no informa-
tion can be found in the literature.

ARTICLE scitation.org/journalljap

EXPERIMENTAL

Bi was grown on a Sb-doped Ge(111) substrate (resistivity
p=0.18Qcm) cleaned by cycles of sputtering with 1kV Ar" ions
followed by thermal annealing at 900 °C. The quality of the substrate
was addressed by photoemission, confirming the absence of any
detectable amount of surface contaminants, and low-energy electron
diffraction (LEED), showing the characteristic c(2 x 8) pattern typical
of the vacuum-cleaned Ge(111) surface.”® Bi was thermally evapo-
rated at a rate of about 1Amin™' from a BN crucible. The
(v/3 x v/3)R30° Bi superstructure was produced by annealing at
450°C a film of a nominal thickness slightly in excess of 2.6 A, eval-
uated by means of a quartz microbalance, corresponding to the
amount of atoms required to completely cover (assuming a perfect
epitaxy) the Ge(111) surface.”>”” Subsequent layers were grown
keeping the sample at room temperature (RT) without any further
post-growth treatment. Photoemission spectroscopy data were col-
lected on a system equipped with a 150 mm hemispherical analyzer
and an unpolarized Hel source. In situ SR-IPES spectra were
acquired in the isochromatic mode (by detecting 9.6 eV photons)

[110]Ge

[11§]Ge

FIG. 1. (a) STM image (hunnet = 5 NA; Vhias = 0.6 V), (b) LEED pattern, and (c) schematic top view of the (\/5 X \/3) R30° Bi/Ge(111) system. Blue (red) lines in (b) and

(c) mark the Ge (Bi) unit cells in the reciprocal and real space, respectively. (d) STM image (hunnel = 1 NA; Vhias = 1V) acquired at a nominal Bi thickness of about 20 A In
the top-left inset: atomic resolution on top of a Bi island (hunei =5 NA and Viias =0.1V). (e) LEED pattern acquired on the thick Bi film. A close up of a selected diffraction
spot, acquired at a slightly lower beam energy, is printed together with its intensity profile along the [112]g, direction. (f) Schematic of a pseudo-cubic (PC) domain with
the diagonal rotated by 4° with respect to the [110]g, axis.
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with a home-built apparatus characterized by a Full Width at Half
Maximum (FWHM) energy and angular resolution of 0.7 eV and 3°,
respectively.”’ The source of spin-polarized electrons was a GaAs
(100) photocathode excited with circularly polarized light."" All pho-
toemission measurements were acquired with the sample kept at
100 K. The STM and STS measurements have been collected at RT
by using an Omicron variable temperature microscope with home-
made electrochemically etched W tips. STM topographic images
have been acquired in constant-current mode. STS spectra for the
characterization of the sample density of states have been obtained
by using a lock-in amplifier by modulating the sample bias with a
sinusoidal signal with an amplitude of 40 mV.

RESULTS AND DISCUSSION

The results of our structural characterization of the system
under study are shown in Fig. 1 for the (/3 x v/3)R30° Bi surface
[panels (a)-(c)] and a thick (about 20 A) Bi film [panels (d) and (e)].

ARTICLE scitation.org/journalljap

The STM image of panel (a) shows that Bi atoms, ideally
filling all the adsorption sites of the (111) surface at monolayer cov-
erage, are organized in trimers forming a larger hexagonal lattice: it
is the so-called T4 or “milkstool” arrangement.“ Panel (b) shows
the LEED pattern of the reconstructed Bi surface: the unit cell of
the Bi layer reconstruction (red parallelogram) is smaller but still
commensurate with the one of the Ge(111) substrate (blue parallel-
ogram). In real space [panel (c)] the arrangement of Bi trimers can

be obtained by rescaling (u s=V3: aGe(m)), and rotating by

30° the Ge lattice unit cell, hence the (\/3 X \/5) R30° label.
Subsequent Bi layers were grown step-by-step on top of the
(\/3 X \/§)R30O wetting layer. The STM image of Fig. 1(d) shows
that Bi islands are formed, contributing to the LEED diffraction
pattern of panel (e). The LEED result is linked to the establishment
of a metastable pseudo-cubic (PC) phase,3 where Bi atoms form a
pseudo-square lattice at the surface, similar to that of the (110) face
of bulk bismuth (note that Miller indices for bulk Bi are given
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FIG. 2. (a) Angle-resolved PES spectra for the /3 x /3 reconstruction. The region featuring Bi states with a Rashba-like dispersion (see the text for more details) is
enclosed by red dotted lines. (b) PC-Bi at a nominal thickness of about 20 A. On the right (c), the red box in (b) is expanded in order to better resolve the Fermi region.
Blue (red) symbols, associated to Ge (Bi) spectral features, are added as a guide to the eye.
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according to the rhombohedral lattice notation™). Since there is

one mirror plane in the PC unit cell, two mirror domains are
formed along each equivalent (112), direction, for a total of six
equivalent PC domains [one of those is shown with red lines in
panel (e)]. The PC lattice is not fully commensurate with the sub-
strate, as shown in the magnified detail of Fig. 1(e), where the
selected diffraction spot appears to be split along the [112], direc-
tion with kge = (0.96 + 0.04)kp;.

Starting from the LEED image, it is possible to picture a real
space schematic of a pseudo-square Bi domain [Fig. 1(f)]. Following
Ref. 43, we detect a rotation by 4+ 1° of the pseudo-square lattice
with respect to one of the three equivalent (112), directions. The
tilting angle is determined on LEED images acquired at a lower beam
energy (data not shown). The observed splitting of the diffraction

a) V3x+V3 b) t=8A

ARTICLE scitation.org/journalljap

spots accounts for the relaxation of the PC-Bi surface toward the ideal
bulk-like Bi(110) lattice, considering that a perfect coincidence of the
Ge(111) and PC-Bi lattices along the [112]¢, direction would instead
result in a large strain of about 5.5% along the PC unit cell diagonal
[(dgine — bk )/ dBulk, with dhuk = 6.57 A and dSo™ = ag./3=6.93 A ].
According to Fig. 1(f), Bi atoms are displaced in a “zig-zag’
fashion,”™"* consistent with the STM image shown in the inset of
panel (d), where atomic resolution is achieved on top of one island.
Our photoemission characterization of the Bi/Ge(111)
system is shown in Fig. 2. Angle-resolved spectra are acquired by
rotating the sample around the [112]g, direction, in order to
probe the momentum dispersion along the T'K direction of the Ge
(111) SBZ. Panel (a) shows the angle-resolved spectra from the
wetting layer. Bulk Ge states, marked in blue, disperse toward

t=30A
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FIG. 3. (a)—(d) Spin- and angle-resolved IPES spectra for (\/5 x \/5) R30° Bi and Bi layer with nominal thicknesses t=8 A, t=20 A, and =30 A. Black (red) lines refer
to spectra acquired with electrons spin-polarized parallel (antiparallel) to the [112],, direction.
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higher binding energy (BE) with increasing emission angle. Bi
surface bands related to the g\/g X \/§)R30° reconstruction are
marked in red. Close to the T point, Bi bands are located in a
region of not nil density of bulk Ge states and, therefore, have a
resonant character.”**> Around the M’ point (~16°) of the
(\/5 X \/§)R30° SBZ [red box in Fig. 2(a)], a Rashba-like disper-
sion of Bi states is instead observed, as we reported by means of
spin- and angle-resolved photoemission spectroscopy in our pre-
vious work.”

In the ultrathin limit of the wetting layer, the Bi/Ge(111)
system is not metallic, as also confirmed by STS measurements (see
below). Conversely, a metallic character characterizes the electronic
structure of Bi in the metastable PC phase [Fig. 3(b)], as suggested
by the presence of a clearly visible Fermi edge at all angles. Bi states
are observed at ~3 and 1 eV and show a small energy dispersion.

PC-Bi

-1 0 1
E-E. (eV)
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We attribute them mainly to bulk Bi emission by comparison with
previous literature works on Bi thick films.*>** The electronic states
dispersion for the metastable PC phase is clearly different from the
one characteristic of the two-dimensional Bi limit (i.e., the wetting
layer). Some differences are also noted with the stable hexagonal
phase observed in the case of thicker Bi films (see, e.g., Refs. 37
and 47) whose discussion falls, however, outside the scope of the
present work. Other states characterized by a smaller photoemission
intensity are found within approximately 0.5 eV from the Fermi level
(Eg). A close up of the spectra in this energy region is reported in
panel (c). According to the literature, we attribute the observed pho-
toemission signal to surface states.”””*” As demonstrated by means of
spin-resolved PES,” such surface states are spin polarized.

Empty states are studied by means of SR-IPES for increasing
Bi thickness, as shown in Figs. 3(a)-3(d). As for the previous

— (V3 xV3)R30°
— PC-Bi

-1.0 -0.5 0.0 0.5 1.0
E-E_ (eV)

FIG. 4. (a) Spin-integrated IPES contour map as a function of the surface wave vector, ky, along the TK direction at a nominal thickness of ¢ =30 A. (b) Schematic of six
PC SBZs (red) on top of the hexagonal substrate SBZ (light blue). (c) Representative STS spectrum of the electronic structure of PC-Bi islands. (d) Close up of the spec-

trum in (c) in a region close to E (red line), plotted together with the STS spectrum acquired on the (\/5 X \/ﬁ) R30° Bi wetting layer (black line). Tunnel parameters in

both cases are hynnet =400 pA and Vpas = 1.3 V.
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photoemission results, IPES spectra are acquired by scanning the
electron momentum along the 'K direction of the substrate SBZ
and with an electron spin polarization parallel to the [112]g, direc-
tion. The spectra coming from the (\/5 x V/3)R30° system [see
panel (a)] are largely dominated by photoemission from the Ge
(111) substrate. A faint Rashba-like spectral asymmetry is detected
at about 2eV in the momentum region corresponding to the M’
point of the (\/3 X \/§)R30° SBZ (between 16° and 28°, see Ref. 37
for further information). At larger Bi coverages, a new photoemis-
sion feature develops between 8° and 24°, peaking at an energy of
0.8 eV. The intensity of such a feature increases for increasing Bi
thickness. It is interesting to note an analogy between the present
IPES results and a number of studies in the literature on the
Bi/GaAs(110) system. Its structural evolution also bears some
resemblance to the Bi/Ge(111) one: after the formation of a (1x1)
wetting layer, islands develop with a metastable pseudo-square
surface lattice compatible with the (101) surface of bulk Bi*. In the
Bi/GaAs(110) system, the appearance of a peak close to Ep is
reported for Bi thicknesses above the first (wetting) layer,””"® i.e.,
concomitant to the development of a PC-Bi phase. At variance with
previous IPES works and thanks to the spin resolution, however, our
results highlight a strong spin polarization of such a feature, reaching
a value of (15 + 4)% at a nominal thickness of 30 A.

In order to describe the momentum dispersion of the Bi states
observed on thick layers, the second derivative of the spectra of
Fig. 3(d) is plotted as a spin-integrated contour map in Fig. 4(a).
The white dashed line marks the lower limit of the surface-
projected bulk band structure of Bi(110) along the PC-Bi TM
direction, taken from Ref. 49. As explained in the Experimental
section, the sample surface is populated by 6 PC-Bi domains ori-
ented in different directions. Each domain contributes to the mea-
sured electronic dispersion and is characterized by its own SBZ, as
reported in panel (b) (red parallelograms), where the blue hexagon
is related to the Ge(111) substrate SBZ. The IPES signal recorded
along the Ge(111) 'K direction is, therefore, made up of different
contributions coming from electronic states characteristic of the
high symmetry ['X;, and I'M PC-Bi directions. Following photo-
emission studies on the same or similar systems featuring PC-Bi
islands,””""” we expect a dominant contribution to the measured
spectra coming from the Bi I'M direction also for IPES. By inspect-
ing the 2D map of Fig. 4(a), we recognize the presence of three
states (o, B, v). o is the spin-polarized state at an energy of 0.8 eV
reported in Fig. 3(d), while B and y are spin degenerate Bi states
visible at all incidence angles and showing a slight upward energy
dispersion towards the K point of the Ge(111) SBZ.

A STS spectrum representative of PC-Bi islands is shown in
Fig. 4(c). The position of feature o is highlighted with a vertical
dotted line. As explained in Ref. 50, due to geometrical consider-
ations related to the position of the STM probe (normal to the
surface), STS spectra are much more sensitive to_electronic states
close to the T point of the SBZ with k;, <0.1 A . This explains
the lower visibility of state o. with respect to the results of Fig. 3(d).
The intensity and energy dispersion of such a feature is neverthe-
less compatible with the IPES result obtained at normal electron
incidence. In Fig. 4(d), we plot a close up of the STS spectra
acquired in an energy region around Ep for the (\/3 X \/§)R30°
wetting layer (black line) together with the result related to PC-Bi

ARTICLE scitation.org/journalljap

islands (red line). The different curvature of the two spectra is con-
sistent with the different electrical behaviors of the two surfaces
retrieved from our photoemission characterization: insulating that
of the (\/?_> X \/§)R30° layer and semi-metallic the one of the
PC-Bi islands. The momentum dispersion of feature o, overlapping
with the lower limit of the surface-projected bulk band structure, is
compatible with the expected behavior of Bi(110) surface states
which, according to simulations, depart from Ep away from high-
symmetry points of the PC-Bi SBZ.**”' Considering also the
extreme surface sensitivity of the STS technique, we predict for
state o a large spectral contribution in the surface region, character-
istic of surface resonances.

We now turn our attention to the large spin polarization
observed in IPES spectra. Thanks to a proper choice of the experi-
mental geometry, with the photoemission reaction plane (i.e., the
plane identified by the momenta of the impinging electrons and
the detected photons) orthogonal to the direction of the electron
spin polarization, we are sensitive to (i) the intrinsic polarization of
the investigated states and (ii) dichroic effects related to photoemis-
sion transition matrix elements.”””” For what concerns point (i),
the chosen spin polarization direction is indeed consistent with the
momentum-locking condition characteristic of Rashba states. In all
cases, given the centrosymmetric nature of bulk Bi, the observation
of a spectral spin asymmetry relies on the presence of strong SOC
effects involving the o state (final state of the inverse photoemis-
sion process), in turn related to details such as its spatial localiza-
tion and orbital symmetry.”*”” In general, such an interplay of
different contributions makes the interpretation of spin-resolved
results in the presence of strong SOC effects particularly challeng-
ing but nevertheless worth of being investigated, given the rich
physics involved and the technological importance of such systems
(see, e.g., Refs. 56 and 57 and Refs. 55 and 58 for recent results
obtained with SR-PES and SR-IPES, respectively). Our contribution
therefore represents a first step toward a more complete under-
standing of the spin texture of Bi empty states in metastable films
and at the Bi/semiconductor interface.

CONCLUSIONS

We investigated the electronic structure and morphology of
ultrathin Bi layers grown onto a Ge(111) substrate with a
(v/3 x v/3)R30° Bi wetting layer interposed at the semiconductor
interface. In agreement with previous studies, we report on the for-
mation of Bi islands showing a well-defined orientation and a
metastable pseudo-cubic structure, showing a pseudo-square
surface. Clear signatures of the metastable phase are detected by
means of photoemission and inverse photoemission spectroscopy.
In particular, an intense feature with a clearly detectable spin polar-
ization reaching its maximum intensity at slightly off-normal elec-
tron incidence characterizes the inverse photoemission signal from
empty states. Such a feature, located slightly above the Fermi level,
is observed also by scanning tunneling spectroscopy performed on
top of the Bi islands. The detection of spin asymmetry in the pho-
toemission spectra results from the strong spin-orbit coupling
shaping the Bi band structure. For empty states, it appears confined
in a specific energy and momentum region, an important finding
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in view of improving the effectiveness of spin manipulation in
metastable Bi films and Bi/Ge(111) hetero-structures.
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