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Abstract

®

CrossMark

Two-dimensional (In, Au)/Si(100)c(2 x 2) compound was synthesized and its atomic
arrangement, electron band structure and low-temperature transport properties were
characterized using scanning tunneling microscopy, angle-resolved photoelectron spectroscopy
and four-point-probe resistivity measurements assisted with first-principles density-functional-
theory calculations. The present results are compared to those obtained earlier for the parent

(T1, Au)/Si(100)c(2 x 2) system.
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1. Introduction

Metal-induced reconstructions on silicon (i.e. crystalline
silicon substrates covered by extra-thin ordered metal films
of a thickness ranging from a fraction of a monolayer to a
few monolayers) have attracted considerable interest of
researchers due to abundance of fascinating structural and
electronic properties. A modern trend in this field resides in
the study of the multi-component systems (i.e. low-dimen-
sional atomic-layer compounds or alloys forming upon
coadsorption of two or more adsorbate species [1, 2]). This
approach has been proved to be very promising for synthesis
of the advanced low-dimensional materials. For example, a set
of such systems (e.g. (Bi, Na)/Si(111) [3], (T1, Sn)/Si(111)
[4], (Au, Al)/Si(111) [5], etc) have been found to demonstrate
a giant Rashba-type spin splitting of the metallic surface-state
bands. The (Tl, Pb)/Si(111) appears to be a system where
Rashba effect merges together with superconductivity [6].
The (Bi, Ag)/Si(111) [7], (In, Sb)/Si(111) [8], and (In, Bi)/
Si(111) [9] systems have been shown to possess the proper-
ties of the quantum spin Hall insulators. The (T1, Au)/Si(111)
has recently been reported to be the first system which demon-
strates the effect of weak antilocalization at the atomic-scale
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limit of film thickness [10]. It has to be admitted that most
of the investigated atomic-layer compounds have been grown
on the Si(111) surface. The next natural step is to expand
the researches to the multi-adsorbate layers on the Si(100)
substrate. Its essential difference from the Si(11 1) resides in
a greater anisotropy due to the C, symmetry instead of the
C,, one of Si(111). This peculiarity has indeed been proved
to affect the growth mode and properties of the grown com-
pounds. In particular, a specific anisotropic alloying has been
detected in (Ag, In)/Si(100) system [11], while an electron
band structure of the (T1, Au)/Si(100) system displays a spe-
cific spin texture with exclusively in-plane spin components
which stems from the system C,, symmetry [12]. Moreover,
the (TI, Au)/Si(100) compound has been reported to host
two types of incommensurate charge density waves (CDWs)
and exhibit the fingerprints of the one-dimensional supercon-
ductor [13].

Following this promising trend, we have addressed the (In,
Au)/Si(100) system and characterized its atomic arrange-
ment, electronic band structure and transport properties,
using low-energy electron diffraction (LEED) and scanning
tunneling microscopy (STM) observations, angle-resolved
photoelectron spectroscopy (ARPES) and four-point-probe
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(4PP) conductivity measurements, as well as density-func-
tional-theory (DFT) calculations. The obtained data are com-
pared with those for the parent (T1, Au)/Si(100) system. It
has been found that both systems have the same c(2 x 2) (i.e.
V2 x v/2-R45°) periodicity and very similar atomic arrange-
ment. Their electronic band structures have also common fea-
tures. However, they differ greatly in the displayed electron
transport properties at low temperatures.

2. Experimental and calculation details

The experiments on the characterization of the structural
and electronic properties the samples were conducted in the
UHV Omicron MULTIPROBE system equipped with LEED,
STM and ARPES facilities. The electron transport measure-
ments and low-temperature STM/STS characterization of the
samples at low temperature were performed in the UNISOKU
USM 1500 LT STM system, equipped with superconducting
magnet and 4PP technique, which provides the lowest temper-
ature of 1.7 K and magnetic field up to 8 T perpendicular to
the sample. The base pressure in both UHV systems was on
the order of 1 x 107! Torr. Atomically-clean two-domain
Si(100)2 x 1 surface was prepared in situ by flashing to 1250
°C for 25 s after the sample was first annealed at 830 °C for
one hour. Indium was deposited from the Ta tube and gold
from the W filament. The (In, Au)/Si(100)c(2 x 2) surface
was prepared by sequential adsorption of 1.0 ML (monolayer,
6.8 x 107 cm™2) of In at 180 °C and 1.0 ML of Au at room
temperature (RT) onto Si(100)2 x 1 surface followed by
annealing at about 500 °C.

STM images were acquired in a constant-current mode
with a mechanically cut Ptlr tip after annealing in vacuum.
ARPES measurements were conducted using VG Scienta
R3000 electron analyzer and high-flux He discharge lamp
with toroidal-grating monochromator as a light source. The
4PP head mount on the STM stage instead of the tip holder
was used for the in situ transport measurements. Gold wires
of 0.1 mm in diameter equally spaced by 0.2mm were used
for the probes.

Our calculations were based on DFT as implemented in the
Vienna ab initio simulation package VASP [14, 15] using a
planewave basis set. The projector-augmented wave approach
[16] was used to describe the electron-ion interaction. The
local density approximation (LDA) [17] to exchange correla-
tion functional was employed for structure optimization and
the establishment of the surface reconstruction with using ab
initio random structure searching (AIRSS) approach [18]. To
simulate the (In, Au)/Si(100) reconstructions, we used a slab
consisting of forty single layers (SL) of silicon, at the LDA-
optimized bulk Si lattice constant. Hydrogen atoms were
used to passivate the Si dangling bonds at the bottom of the
slab. The atomic positions of adsorbed atoms and atoms of Si
layers within the six SLs of the slab were optimized. Silicon
atoms of the deeper layers were kept fixed at the bulk crys-
talline positions. The geometry optimization was performed
until the residual force on atoms was smaller than 10 meV
A" . For band structure calculations we used LDA functional

approach. Within LDA we applied an approximate quasi-
particle approach LDA-1/2 [19, 20] to improve the Si band
gap. The kinetic cutoff energy was 250eV, and a 12 x 12 x 1
k-point mesh was used to sample the surface Brillouin zone.

3. Results and discussion

3.1. Atomic arrangement

Morphological and structural arrangement of the (In, Au)/
Si(100)c(2 x 2) surface is illustrated in figure 1, where fig-
ures 1(a) and (b) show large-scale and high-resolution STM
images, respectively. One can see that the surface is prin-
cipally flat and homogeneous, but contains scarce surface
defects, bright features which are associated with minute
excess of Au atoms and dark trenches which origin remains
unclear and their formation might be caused by relieving the
surface stress in the adsorbate layer. Both types of defects
were always present at the sample surface. Minimal density
of the bright defects achieved by optimization of the growth
conditions was about 4 x 10'2 cm~2. Nevertheless, the surface
exhibited a well-defined long-range ordering as indicated by
observation of a sharp and bright c(2 x 2) LEED pattern (see
inset in figure 1(a)).

The first-principles DFT calculations were performed to
determine an atomic structure of the (In, Au)/Si(100)c(2 x 2)
surface. It was found that the lowest-energy (In, Au)/Si(100)
configuration contains 1.0 ML of In and 1.0 ML of Au and its
atomic structure is akin that established recently for the (TI,
Au)/Si(100)c(2 x 2) surface [12] (figure 1(c)), namely, this
is a double-atomic-layer In/Au/Si(100) structure where Au
atoms (shown by yellow balls in figure 1(c)) form the bottom
layer which resides on the bulk-like truncated Si(100) sur-
face, while the top layer is composed of In (TI) atoms (blue
balls in figure 1(c)). A close correspondence between exper-
imental and simulated STM images (figure 1(d)) provides a
strong support for the validity of the proposed model of the
(In, Au)/Si(100)c(2 x 2) structure.

The structures of (In, Au)/Si(100) and (TI, Au)/Si(100)
compounds are similar but differ quantitatively in the par-
ticular structural parameters (see table 1). As compared to
the TI-Au double layer, the In—Au layer is more compressed
in vertical direction (A™ A" = 1.04 A versus ATVAY = 1,54
10\) and is more distant from Si(100) substrate (hA" St equals
2.48 A for (In, Au)/Si(100) and 1.42 A for (TI, Au)/Si(100)).
Another essential difference resides in the extent of dimeriza-
tion within the atomic layers which is greatly expressed in
the (In, Au)/Si(100) compound. In the (T1, Au)/Si(100), the
Au layer exhibits only a motif for dimerization (the nearest
Au-Au distance of 3.30 A noticeably exceeds the bulk Au—Au
value of 2.88 A), while the T1 layer shows a more clear dimeri-
zation with TI-T1 distance of 3.44 A which is close to the bulk
value, 3.40 A. In contrast, the (In, Au)/Si(100) is dimerized
in the both, In and Au layers, as its nearest Au—Au distance
of 2.98 A almost coincides with the bulk value 2.88 A while
the In—In distance is even less than the bulk value (3.10 A
versus 3.34 z&).
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Figure 1. (a) Large-scale (100 x 100nm?) filled-state (—2.0V) and (b) high-resolution (11 x 11 nm?) empty-state (+-2.0V) STM images

of (In, Au)/Si(100)c(2 x 2) surface. Inset in (a) shows LEED pattern (E, =

83eV) from the surface. (c) Structural model of the (In, Au)/

Si(100)c(2 x 2) where yellow balls are for Au atoms, blue balls for In atoms and orange circles of different size and contrast for Si atoms
in various layers. (d) Comparison of experimental and simulated empty-state STM images for —0.5V, —1.0V and —2.0V sa\r/n_ple bias

voltages (upper panel) and filled-state STM images for +0.5V, +1.0V and +2.0V sample bias voltages (lower panel). The

2 x /2-R45°

primitive cell is outlined by red hatched square in (c) and by white hatched squares in (b) and (d).

3.2. Electronic band structure

Figure 2 shows electron band structure calculated for the pro-
posed (In, Au)/Si(100)c(2 x 2) model without and with spin
orbit coupling (SOC) contribution being included (figures 2(a)
and (b), respectively). Figure 3 shows the calculated Fermi-
contour map. Comparison of these data with those for the (TI,
Au)/Si(100)c(2 x 2) surface [12] reveals that electron band
structures of the two systems have much in common. In the
both systems, the main features are the two metallic surface-
state bands, denoted S; and S,. Both bands are spin-split and
their peculiar feature is a presence of only the in-plane spin
components that stems from the C,, symmetry of the systems
[12]. The S, has a vortical spin texture, hence a zero net spin
for the corresponding Fermi contours, while S; demonstrates
unusual nonvortical spin texture with a non-zero net spin for
the corresponding Fermi contours (indicated by solid red
and blue arrows in figure 3). Worth noting is that even the
shapes of the band dispersions in (In, Au)/Si(100) and (TI,
Au)/Si(100) systems are very similar and the main difference
resides in the different electron filling of the bands and posi-
tion of the Fermi level. In the (In, Au)/Si(100) the electron
density is slightly greater than that in the (T1, Au)/Si(100)
(7.44 - 10" cm™2 versus 6.93 - 10'* cm~?) and the Fermi level
is shifted upward. The latter is clearly seen if one compares
the Fermi-contour maps for the two systems (see figure 3,
where the sketch of the Fermi-contour map for the (T1, Au)/
Si(100) is shown in the inset in the right-up corner). In the
(TL, Au)/Si(100) system, the contours of the spin-split hole S;
band have a shape of elongated bean pods, but they change to

individual ‘beans’ in the Fermi-contour map of the (In, Au)/
Si(100), as a result of the upward shifting of the Fermi level.

As an additional check for the (In, Au)/Si(100)c(2 x 2)
surface model, the band structure calculations were compared
with the experimental ARPES data (figure 4). For a proper
comparison, one should bear in mind that the (T1, Au)/Si(100)
¢(2 x 2) compound occurs in the two domain orientations,
since the Si(100) surface structure is rotated by 90° when
crossing each atomic step. Therefore, the ARPES spectrum
reflects the superposition from the two rotational domains.
In the present work, the ARPES spectra were recorded along
the T'-X direction, where two domains contribute equally, and
along the T-M directions, where their contributions are dif-
ferent (see figures 2 and 3). In the resultant ARPES spectrum
the two inequivalent contributions along the T'-M and T - v
directions are superlmposed In the calculated band structure
the T-M and T-M directions were also overlayed. One can
see that coincidence between experimental and calculated
spectra is fairly good. Correspondence between characteristic
features in the experimental and calculated Fermi-contour
maps is also apparent (figure 5). All these together can serve
as solid arguments for a correctness of the present (In, Au)/
Si(100)c(2 x 2) structural model.

3.3. Low-temperature transport properties

Figure 6 shows the temperature dependence of the sheet
resistance of the (In, Au)/Si(100)c(2 x 2). The sample resist-
ance amounts to 2-3 times larger than the resistance quantum
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Figure 2. Calculated electron band structure of the (In, Au)/Si(100)c(2 x 2) surface (a) without and (b) with SOC contribution taken into
account. The metallic surface-state bands, S; and S,, are highlighted in (a) by the yellow and green circles, respectively. The bands with
opposite spin orientation are highlighted in (b) by the red and blue circles. The size of the circle corresponds to the strength of the surface
character. Hatched region shows the projected bulk bands. The right panel presents the v/2 x /2 SBZ with indicated high-symmetry points

together with the passes along which the dispersions were calculated.

Table 1. Structural parameters of the V2 x ﬁ—(ln, Au) and V2 X V/2-(Tl, Au) 2D compounds on Si(100) substrate. All values are in A
units. Bulk ™™ =334 A, d™ ™ = 3.40 A and d*""A" = 2.88 A. For the meaning of parameters see figure 1 (c).

n —Au u—Si u—Au u—Au In—In(TI—TI In—In(TI—TI
System JIn(T)—A JAuS dAvA A A d] (TH=TI) ds (TH=T1)
(In, Au) 1.04 2.48 2.98 4.65 3.10 4.53
(TL, Au) 1.57 1.42 3.30 4.43 3.44 4.28

(hle* = 25.813 kS2) at ~ 30 K and rapidly grows with decreasing
temperature indicating the strong localization. In the 2D case,
variable-range hopping of the form p o< exp[(1/T)'/3] was pre-
dicted by Mott [21] assuming that the DOS near the Fermi level is
constant. Lowering the temperature usually results in the Efros—
Shklovskii mechanism with p oc exp[(1/T)!/?] for a parabolic
gap [22]. More generally, Pollak [23] and Hamilton [24] showed
that for the DOS varying as |E — Er|™ the resistivity is given by
p = po - exp[(To/T)*] with an exponent x = (m + 1)/(m + 3)
in the 2D case. Though an exponent of 1/2 has been found for
many systems, at low temperatures a more stronger temper-
ature dependence of resistivity occurs with an exponent x larger
than 1/2 [25]. Fitting of our data yields the exponent values of

x=0.58 and x=0.95 for high and low temperature ranges,
respectively (figure 6), which are about twice greater than one
could expect for the Mott and Efros—Shklovskii regimes. To
resolve this discrepancy, a more sophisticated theoretical con-
siderations are believed to be required.

In general, the low-temperature transport properties of
the (In, Au)/Si(100)c(2 x 2) differ from those of the parent
(TL, Au)/Si(100)c(2 x 2) system. In case of the (TI, Au)/
Si(100)c(2 x 2), the results of the transport measurements are
strongly affected by the density of surface defects of vacancy
type, associated with T1 deficit [13]. With minimal density
of defects of ~10'2 cm~2, the (T, Au)/Si(100) sample has a
resistance of ~2 k€2 and upon cooling it exhibits fingerprints
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(In, Au)/Si(111) (T, Au)/Si(111)

Figure 3. Calculated Fermi-contour map of the (In, Au)/Si(100)c(2 x 2) surface where blue and red arrows adjacent to the contours and their
length denote the in-plane spin component. The net spin for each Fermi contour of S; band is shown by bold blue and red arrows. The v/2 x /2
SBZ is outlined. Inset in the right-up corner shows for comparison a sketch of the Fermi-contour map of the (T1, Au)/Si(100)c(2 x 2) surface.
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Figure 4. Comparison of the (a) experimental ARPES spectrum with (b) calculated band structure of the (In, Au)/Si(100)c(2 x 2) surface.
In (b) the contributions from the inequivalent I'-M and I'-M' directions are superposed and corresponding dispersions are shown by green
and blue circles. Orange circles denote the dispersion along the I'-X direction where the contributions from the two domains are identical.
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Figure 5. Experimental and calculated Fermi-contour maps of
the (In, Au)/Si(100)c(2 x 2) surface shown in the upper and
lower panels, respectively. Grey lines indicate the v/2 x /2 SBZs
boundaries. The calculated contours originated from the two
rotational domains are highlighted by yellow and green colors.
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Figure 6. (a) Temperature dependence of the sheet resistance of the
(In, Au)/Si(100)c(2 x 2) sample. Grey symbols are experimental
data, red and blue lines show the data fitting in the two temperature
ranges. The least-square fitting values are indicated.

of a one-dimensional superconductor with a critical temper-
ature T, = 1.33 K. When the density of defects is relatively
high, i.e. on the order of ~6 - 102 cm~2, the sample resistance

is ~15 k2 and upon cooling the sample transfers into the insu-
lator state. In the present case of (In, Au)/Si(100)c(2 x 2), the
defects are of the other types and we were unable to vary their
density, in particular to decrease the density of bright defects,
associated with excess Au, below the ~4 - 102 cm™2 level,
which is slightly lower than density of defects in the ‘defec-
tive’ (T1, Au)/Si(100)c(2 x 2) samples. Nevertheless, resist-
ance of the (In, Au)/Si(100)c(2 x 2) samples was essentially
greater, ~50 k{2, possibly due to a presence of linear defects
seen as dark trenches in the STM images.

4. Summary

In conclusion, using LEED, STM, ARPES and in situ 4PP
transport measurements in combination with the DFT calcul-
ations we characterized the structural and electronic properties
of the (In, Au)/Si(100)c(2 x 2) 2D compound and compared
them with those of the parent (Tl, Au)/Si(100)c(2 x 2)
system. Both (In, Au) and (TI, Au) compounds have a basi-
cally similar double-atomic-layer structure where 1.0 ML of
Au atoms constitutes the bottom layer which resides on the
bulk-like truncated Si(100) surface, while the top layer is built
of 1.0 ML of In (T1) atoms. The structural difference resides
in the extent of dimerization within the atomic layers which is
greatly expressed in the (In, Au)/Si(100) compound making
its structure more rigid. Electronic band structures of the two
systems have also much in common. They contain two metallic
spin-split surface-state bands. The characteristic feature of
their spin texture is occurrence of only in-plane spin compo-
nent. One of the two bands has a typical vortical spin texture,
while the other exhibits unusual nonvortical spin texture. The
difference in the electronic structures resides in the electron
filling of the surface-state bands which is slightly greater in
the (In, Au)/Si(100) as compared with the (T1, Au)/Si(100):
7.44 - 10" cm~2 versus 6.93 - 10'* cm™2. The greatest differ-
ence between the two systems concerns the low-temperature
transport properties. While the ‘perfect’” (T1, Au)/Si(100)
system demonstrates superconducting behavior, the (In, Au)/
Si(100) system always exhibits transition into insulator state.
This result indicates that occurrence of superconductivity in
the atomic-layer systems is highly sensitive to the minute
variations in their atomic and electronic properties, as well as
type and density of surface defects. We believe that the com-
prehensive information on the structural and electronic prop-
erties gained in our studies for the (In, Au)/Si(100) and (TI,
Au)/Si(100) systems might provide a useful basis for explicit
theoretical understanding of this and related phenomena.
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