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Self-texturizing electronic properties of a

2-dimensional GdAu, layer on Au(111): the
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Here, we show that the electronic properties of a surface-supported 2-dimensional (2D) layer structure
can self-texturize at nanoscale. The local electronic properties are determined by structural relax-
ation processes through variable adsorption stacking configurations. We demonstrate that the spatially
modulated layer-buckling, which arises from the lattice mismatch and the layer/substrate coupling at the
GdAu,/Au(111) interface, is sufficient to locally open an energy gap of ~0.5 eV at the Fermi level in an
otherwise metallic layer. Additionally, this out-of-plane displacement of the Gd atoms patterns the char-
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Tuning the electronic properties of two-dimensional (2D)
layers is a current focus of interdisciplinary investigation fields
dealing with fundamental aspects of science at the nanoscale
and aiming to promote nanotechnological applications."? At
present, one of the most promising expectations arises from
the departure of the 2D layer from the perfect crystallographic
flatness, typical of graphene. The emergence of new physical
and chemical properties is expected from the out-of-plane dis-
placement of the atoms in the layer and its modified orbital
hybridization.* ® Atomic-buckling is, therefore, the funda-
mental parameter to tailor the electronic layer properties. In
this contest, an elegant solution to template the electronic
structure at nanoscale is the formation of interfaces with
variable atomic stacking registry, as those observed in lattice
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acter of the hybridized Gd-d states and shifts the center of mass of the Gd 4f multiplet proportionally to
the lattice distortion. These findings demonstrate the close correlation between the electronic properties
of the 2D-layer and its planarity. We demonstrate that the resulting template shows different chemical
reactivities which may find important applications.

mismatched layers leading to Moiré superstructures.
Notwithstanding that these Moiré superstructures are quite
commonly observed at the interface of 2D-materials, little
attention has been paid on the buckling-induced texturization
of their electronic properties. In this work, we address the role
of the out-of-plane displacement characterizing the electronic
properties of a lattice-mismatched 2D-layer. We consider a 2D
layer forming a Moiré superstructure and demonstrate the
spontaneous patterning of the electronic properties upon the
formation of the interface. We will rationalize in terms of layer
buckling and structural relaxations, the observed spatially-peri-
odic energy shifts of the electronic structures. We will show
that this variable interface coupling paves an ideal and viable
route to engineer the characteristics of the 2D-layer at the
nanoscale leading to space modulated electronic properties
and to a chemical-reaction template.

Specifically, we characterize a bi-metallic monolayer alloy,
namely GdAu,, obtained upon evaporation of gadolinium
atoms on the annealed Au(111) surface™'* (see also ESI S17),
which results in a weakly interacting Moiré superstructure.
Previous studies have focused on the occupied band structure
of the alloy layer, characterized by photoemission experiments
and Density Functional Theory (DFT) calculations.'® In those
studies, the GdAu, monolayer on Au(111) was approximated as
a coherent interface, neglecting the lattice-mismatch with the
supporting substrate and its spatially-dependent structural
relaxations. Recently, we have shown that in a similar struc-
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ture, the GdAg,/Ag(111), this assumption underestimates the
role of the stacking geometry and that interesting electronic
and magnetic effects emerge when the interface coupling is
taken into account."

Here, we combine spectroscopic techniques as scanning
tunneling spectroscopy (STS), ultraviolet and inverse photo-
emission (UPS and IPES), with DFT calculations to achieve a
precise characterization of the interface between GdAu, layers
supported on Au(111), both in the occupied and unoccupied
density of states. We will show that the density of states of the
alloy layer is modulated on the whole energy range with the
nanoscale periodicity of the Moiré superstructure. We observe:
(i) the opening of a gap at the Fermi level at well-defined
surface positions, (ii) a change in the energetic ordering of the
hybridized Gd d electrons, and (iii) a space-dependent energy
shift of the Gd 4f multiplet-states linearly proportional to the
out-of-plane lattice distortions. The DFT simulations support
these findings and assist the interpretation of the measured
spectroscopic features.

In Fig. 1, we report a topographic STM image of the GdAu,/
Au(111) surface showing a Moiré superlattice superposed on
the atomically-resolved alloy structure. The apparent sequence
of minima and maxima of the Moiré pattern reflects the vari-
ation of the vertical stacking sequence characteristics of the
superposition of layers with different lattice constants. The
GdAu, structure, its adsorption configurations and electronic
features of the adsorbed layer have been calculated using DFT
calculations. In particular, we used periodic spin-orbit coup-
ling applied to the Au atoms and a Hubbard U correction (U =
6 eV) to the Gd f states (computational details are given in the
ESI{).>® Note that the large periodicity of the superlattice pre-
vents its direct DFT simulation because this would require
exceedingly large periodic supercells. Following previous
studies, to keep the cost of the DFT simulations tractable, we
modelled the GdAu,/Au(111) system as a coherent interface
[lattice parameter 5.1 A, surface periodicity (v/3 x /3)R30°]
and considered three different stacking registries of the
GdAu, layer with respect to the underlying Au surface. The
latter was modelled with five atomic layers. These models
provide realistic representations of specific Moiré regions,
namely the one in which the Gd atom is on top of a Au atom
(denoted as TOP), and in the high symmetry hpc/fcc hollow
sites of the Au(111) surface (denoted as HPC and FCC,
respectively).

In Fig. 1b, two of the possible adsorption configurations,
namely the TOP and FCC, are reported. The latter is almost
indistinguishable from the HCP one (see ESI-4f). These
results, obtained by relaxing the coordinates of the outermost
three layers, predict that in the region of the superlattice in
which the Gd atoms are on top of the substrate Au atoms, the
interface structure undergoes significant buckling and defor-
mations involving both the Gd atoms in the alloy and Au(111)
surface atoms. In this configuration, the Gd atom displaces
inward with respect to the alloy Au atoms by 0.9 A.
Consequently, this pushes the underlying surface Au atoms
towards the bulk shifting them by 0.6 A. Instead, in the hollow
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Fig. 1 Structural characterization of GdAu,/Au(111). (a) Topographic
image of GdAu,/Au(111l) (12 nm X 12 nm). (b) Calculated equilibrium
geometries of the GdAu,/Au(111) interfaces in the FCC and TOP regions.
Gd and Au atoms are represented by cyan and yellow colors. Only the
two outermost Au(111) layers are displayed. The numbers report selected
vertical distances (in A) that characterize the interface distortions. The
dots indicated in panel (a) refer to 3 different regions TOP, hollow FCC
and HCP stacking positions of the Moiré superstructure (see the text).

configurations, the structural distortions are minor and the
planarity of the GdAu, layer is largely preserved with the Gd
atoms being higher than the Au atoms of the layer by only
0.2 A (Fig. 1b). Further details are given in the ESL¥

The inward displacement of the Gd and of the underlying
Au atoms suggests that the TOP position corresponds to the
“dark” areas of the topographic images in analogy to the
GdAg,/Ag(111) case."” This assignment will be further corrobo-
rated by the spectroscopic characterization of the Moiré super-
structure described below. As predicted by theory, the two
hollow positions are, instead, very similar topographically and
spectroscopically and do not allow a clear identification in the
topographic image.

The atomic structural relaxation of the TOP regions are
reflected in the interfacial binding energy, which our DFT

Nanoscale, 2017, 9, 17342-17348 | 17343
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simulations predict to be larger (i.e. more bound) in the
hollow regions than in the top regions by ~11% (0.087, 0.097,
0.096 eV A™? for the TOP, FCC, and HCP, respectively).
Topographic images, showing a partial coverage of the
GdAu, on Au(111), support this theoretical prediction (see also
the ESIf). Indeed, the borders of GdAu, islands are always
formed exclusively by an alloy in a hollow configuration, i.e.
the dark regions of the Moiré superstructure are never
observed at the domain border, confirming their structural
unfavorable energetics. Despite the small energy difference
between the TOP and the hollow configurations, an extended
continuous alloy layer leading to a Moiré superlattice forms,
where TOP, FCC, and HCP regions coexist.

In Fig. 2, the local density of states, measured at the TOP
and hollow positions of the Moiré superstructure, as indicated
by the color-coded circles in Fig. 1a, is shown. The spectra
present a similar number of electronic features, although local
energy shifts and intensity variations, observable in the whole
energy range, suggest that the density of states is position-
dependent. The localization of the density of states at specific
surface positions is confirmed by surface energy maps shown
in the ESL. A remarkable difference that clearly distinguishes
the TOP configuration (black line) from the two hollow geome-
tries (green and red lines) is visible at a low energy.
Specifically, the TOP regions are characterized by a decrease in
the density of states at the Fermi level, which appears depopu-
lated over an energy range of ~0.5 eV (see also the inset in
panel a). The opening of this gap characterizes the TOP
regions, as a finite density of states can be observed at the
hollow positions. A peak in the unoccupied energy range is
observed at ~700 meV in all Moiré regions although it broad-
ens and splits into two small maxima only in the TOP case.

—TOP b
= Hollow 1
Hollow 2

dI/dV [arb.units]

09 12 18 24 30 36
Sample bias (eV)

Fig. 2 Local spectroscopy at different positions on the Moiré super-
structure. The spectra have been measured at the 3 characteristic posi-
tions of the Moiré pattern according to the colour coded circles indi-
cated in Fig. 1a. These are shown in separated windows to highlight the
low energy contributions, which have a small intensity. The inset in
panel a shows the density of states at the Fermi energy level.
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Although comparable in energy, the peak measured at the
hollow and TOP position has a different orbital nature as
suggested by their distinct temperature behavior (shown in
ESI-12%) and substantiated in the following by theoretical cal-
culations demonstrating the mutual dependence of the elec-
tronic structure and the stacking-registry. This highlights that
the substrate-induced layer buckling induces a reordering of
the orbital character along the Moiré superlattice as well as a
band-gap opening in the TOP regions.

In order to provide insight into the measured local elec-
tronic structure and to understand its dependence on the
crystalline environment, we plot in Fig. 3 the calculated total
and atom-projected density of states (DOS and PDOS) for the
FCC (panel a-c) and TOP (d-f) interface geometries.
Furthermore, we calculate the DOS components at the I” point
(I-DOS) of the Brillouin zone for the two configurations to
reproduce the electron density of states probed by STS. In
panel b and e of Fig. 3, the gray area marks the total DOS,
while the yellow, cyan, and red colors mark the Au, Gd, and
Gd-f I-PDOS components, respectively.

The most evident difference in these calculated DOS of the
TOP and FCC configurations occurs at the Fermi level, where a
gap of ~0.5 eV opens in the TOP configuration (Fig. 3f), and
reaches zero in the FCC configuration (Fig. 3c). This is in
agreement with the STS measurements, where a gap is
observed only in the “dark” areas of the Moiré superstructure,
which are therefore associated with the TOP configuration.
Furthermore, we observe that in the low energy window
[-1.5 eV, 1.5 eV], the electron states at I" have dominant
Gd-pd and Au-p orbital components (see S7.1-31), despite the
orbital ordering and character differs in the TOP and FCC
interfaces.

We relate the gap opening and these differences in the local
electronic structure to the out-of-plane displacement of the Gd
atoms induced by the adsorption position along the Moiré
superlattice. To support this claim we have calculated the elec-
tronic structure of free standing GdAu, layers having the exact
distorted structure taken from the TOP and FCC GdAu,/
Au(111) calculations. The corresponding /-PDOS are displayed
in Fig. 4. When compared to the I-PDOS and DOS of a free-
standing perfectly-flat GdAu, layer (see ESI-7.17), it is evident
that the buckled TOP geometry opens a gap of ~0.25 eV
around the Fermi energy level, while the gap is not present in
the almost flat FCC configuration. This demonstrates that
although the gap size decreases by a factor of two, the gap per-
sists in the distorted TOP geometry even in the absence of the
Au(111) substrate. The same analysis also demonstrates that
the out-of-plane Gd buckling changes the hybridization of the
Gd-pd and Au-sp orbitals having energy close to the Fermi
level. In the FCC geometry, the occupied states between —1 eV
and the Fermi level are dominated by Gd-pd orbitals while the
first two wunoccupied states are primarily Au-p states
(see ESI-71). The buckled geometry of the TOP configuration
leads to a totally different ordering and character of the elec-
tron states between —0.5 eV and 0.5 eV, involving the Au-sp
and Gd-pd orbital hybridization (see Fig. 4b, d and ESI¥).

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 DFT electronic structure of GdAu,/Au(111) in FCC (left) and TOP (right) configurations. (a, d) Total and atom-projected density of states (DOS
and PDOS). (b, e) DOS components at the I" point of the Brillouin zone (I"'-DOS). (c, f) Orbital analysis and charge density (insets) corresponding to

the states labelled with numbers.

This different orbital ordering near the Fermi level, which
is clearly controlled by the out-of-plane position of the Gd
atom (as confirmed by the free standing calculations), is
observed also in the surface-supported TOP and FCC GdAu,
layers. We report in the insets above Fig. 3(c) and (f) the inte-
grated electron density of states labeled with numbers in the
I-PDOS plots. In the FCC configuration (Fig. 3c), the Gd-d
state 1 is occupied and state 2 is partly occupied. Both of them
have clear planar orbital character, which persist up to state 3.
The first electron state with a substantial out-of-plane orbital
component is state 4. Instead, in the TOP configuration, the
corresponding Gd-d states are all unoccupied. State 1', the ana-
logue of the occupied state 1 in the FCC configuration, is
shifted above the Fermi level at 0.25 eV. In the TOP configur-
ation, states 2’ and 3’ have a marked out-of-plane orbital com-
ponent. This reordering of the orbital-sequence results from
the different valence Gd-pd and Au-sp hybridization that occur
when the Gd atoms displace out of the layer plane.

This journal is © The Royal Society of Chemistry 2017

Quite interestingly, the layer buckling also controls the
energy of the occupied and unoccupied Gd-f states (see the
PDOS of Fig. 3 and Table SI-5.2 in the ESIf). In the supported
GdAu, layer, the occupied Gd-f band center of mass lowers by
~0.25 eV going from the FCC to the TOP geometry.
This results in a dependence of the energy of the f multiplet
according to the adsorption configurations as highlighted in
Fig. 5. Here, we plot the energy E; of the Gd-f states, calculated
as a weighted average from the PDOS, as a function of the
structural parameter 8z, ie. the out-of-plane position of the
Gd atoms. Values of |8z| equal to 0, 0.2 A and 0.9 A correspond
to the geometry of a perfectly flat, and of the buckled FCC
and TOP GdAu, layers. To further corroborate our claim, for
the free-standing case we calculated an additional geometry
displacing the Gd atom by |8z] = 1.5 A. The data for the
supported layer (black symbols and lines) demonstrate that
the energy shift E¢ is proportional to |8z| and therefore it is
controlled by the layer buckling. It is worth noting that the

Nanoscale, 2017, 9, 17342-17348 | 17345
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Fig. 4 Effects of buckling on the electronic structure. Calculated DOS and I'-PDOS for free-standing GdAu, layers with structural distortions as in

the FCC (left) and TOP (right) supported configurations.

FCC TOP
T T T T T ] 3‘8
1343
N =
1 32 G
8
I: a
128 7
1 26
1 24
-8.2
1 22
-8.4 |
12
-8.6
-8.8
— -9
>
Q2 -9.2
S 9.4
=)
o -9.6
-9.8
-10
—10.2 | —— GdAu, supporte
— GdAug free—standin
_10_4 1 1 L L 1 L
0 02040608 1 121416
15,1 [A]
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layers. Filled and empty symbols represent occupied states (left energy
scale) and unoccupied states (right energy scale).
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data for the corresponding free-standing distorted configur-
ations (red symbols and lines) follow the same trend.
Moreover, this also demonstrates that the relative energy differ-
ence of the Gd-f states between the TOP and FCC configur-
ations is induced by the layer buckling while the coupling to
the supporting Au crystal induces an almost rigid shift of
0.6-0.8 eV of the Gd-f states in both the TOP and FCC
configurations.

The spatial modulation of the f states can indeed be clearly
observed in the experimental measurements. In Fig. 6, we
compare the density of states of the monolayer GdAu, on

= GdAu,/Au(111) [—Gaauy/auaiy[ " F—Hollow1]" ) c
Au(111) Au(111) b -
Au(111)
— 1
7 e )
= = =
g =] l
2 | |3 2
=]
£ ‘“l | |E g
= | S
7] 5]
4 e z
o) .\ =] =
V‘
-16 -12 -8 -4 0 012 3 456 7 36 40 44 48

Binding energy (eV) Energy (eV) Sample bias (eV)

Fig. 6 Spectroscopic measurements of the Gd 4f multiplet on the
GdAu,/Au(111) interface. (a) Occupied density of states (Hell) and cover-
age 0.6 ML; (b) unoccupied density of states (IPES) and coverage 0.9 ML;
(c) local spectroscopic measurements of the unoccupied 4f density of
states at the indicated position on the Moiré superstructure. The spectra
are displaced for better visualization. The arrows indicate the onset of
the 4f multiplet and the onset of the Au(111) bulk band (ref. 21),

respectively.

This journal is © The Royal Society of Chemistry 2017
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Au(111) measured with space averaging techniques, as Ultra-
Violet Spectroscopy (UPS) and Photoemission
Spectroscopy (IPES), with local spectroscopic measurements.
The most distinguishing feature that characterizes the occu-
pied electron states of the supported GdAu, from the Au(111)
electronic density of states (panel a, blue and yellow lines,
respectively) is a peak visible at about 10 eV below the Fermi
level, which corresponds to the Gd 4f electron state.'*'® The
features of the IPES spectrum measured on the GdAu,/Au(111)
interface are clearly distinguishable from the ones measured
on the clean Au(111) substrate (panel b) and closely resemble
the one observed in the dI7/dV curves (Fig. 2). In Fig. 6b, the
arrow highlights the highest energy feature of the IPES spec-
trum, which corresponds to the photon emission from the
unoccupied Gd 4f multiplet states (see also the ESIf).
Summarizing, both occupied and unoccupied Gd 4f states
are observed at comparable energies to the ones reported for
the Gd and GdAu, bulk materials. These features are,
however, considerably broadened.'*'*" In a previous work,
we have reported that the formation of the GdAu, alloy does
not change the occupancy of the 4f multiplet with respect to
the Gd bulk, which remains half occupied.’” This confirms
the expected low reactivity of the 4f electrons, which do
not participate directly in chemical bonding and are
shielded by the more delocalized s and d electrons. Despite
this, the structural changes and re-hybridisation of the d
orbitals previously described can cause small perturbations
to the 4f multiplet even if their occupation number is
unaffected.

In order to clarify this we have probed locally the energy
region of the unoccupied 4f electrons, which is energetically
accessible by scanning tunneling spectroscopy (STS). The
highly localized nature and the small radial expansion of the
4f electrons result, however, in a rather weak dr/dV signal.>®
The spectra recorded at the various positions of the Moiré
superstructure are reported in Fig. 6¢. For the sake of comple-
teness, in panel ¢, we also report the STS spectrum measured
on the Au(111) surface. The small feature measured on this
surface coincides with the reported onset of the Au bulk empty
states,”’ which is not visible on the alloy overlayer. The onset
of the f states, indicated by arrows, shifts of about 0.2-0.3 eV
from the TOP to the hollow position, being the first the lowest
in energy. This result, which is in full agreement with the pre-
dictions shown in Fig. 3 and 5, suggests that energy-shifted
contributions sum up in the UPS-IPES spectra leading to their
broadening.

The shift of the 4f states of Gd should not be surprising.
Indeed, although these states do not participate directly in
chemical bonding, they are sensitive to the chemical environ-
ment through the screening effect of the valence band elec-
trons as observed in pure Gd in PES and IPES spectra,'®*¢71822
In DFT+U calculations, the chemical composition and the crys-
talline environment are accounted by the parameter U, whose
value influences the computed energy of the f states. In our
calculations, in order to disentangle the effect of the layer
buckling on the Gd-f energy shift, we followed previous studies

Inverse
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and set the value of U for the GdAu, alloy equal to that
suggested for the Gd bulk.>*** The value of U, reflects the on-
site Coulomb interaction of the localized f electrons, which is
likely to be different in the GdAu, alloy and in Gd bulk. As a
consequence, comparing the absolute position of the f
states in Gd bulk and in the alloy is not meaningful in our
DFT+U approach. The relative Gd-f energy shifts arising
from the out-of-plane GdAu, distortions should instead be
well captured by the calculations. As shown in ESI-6,1 using
larger values of this on-site parameter (Ues ~7 eV), corres-
ponding to higher Gd-f electron Coulomb repulsion in the
GdAu, layer than in Gd bulk, would shift the energy of the
Gd-f states to lower energies, in better agreement with the
measured absolute energies of the occupied states ~—10 eV
(see below).

We can discard the contribution of charge-transfer effects
from the observed energy shift according to the results of the
Bader charge analysis (see ESI-8f). This shows that, with
respect to isolated atoms, the charge rearrangement occurs
almost exclusively between the Gd atom and the Au atoms of
the alloy layer, reducing the 28e in the elemental bulk Gd, to
26.9e and to 26.8¢ in the free standing and supported GdAu,
monolayers, respectively. The supported GdAu, layer is slightly
positive but its overall charge is basically preserved with
respect to the free-standing value while the alloy layer has a
partial ionic character. Therefore, we conclude that the physi-
cal origin of the predicted and experimentally observed energy
shift of the 4f-states across the Moiré lattice is not induced by
charge transfer effects but by the structural layer buckling
experienced by the Gd atoms at the different adsorption
positions.

The present work provides valuable insights into the corre-
lation between the electronic properties of 2D layers and their
planarity. The stacking configuration and the structural relax-
ation prompt, despite their relatively weak interaction, a con-
siderable local atomic buckling in the GdAu, superstructure
on the Au(111) surface and consequently a clear patterning of
the electronic density of states with a nanoscale spatial
periodicity.

Given the described modulation of the electronic pro-
perties, it can be expected that this layer acts as a chemical
template. To test this hypothesis, we have performed a set of
preliminary calculations by adsorbing a probe H atom on the
top of Au and Gd atoms of the TOP and FCC configurations of
the Au(111)-supported GdAu, system. Indeed, these calcu-
lations demonstrate the patterning of the surface reactivity,
with a preferential binding of H to the Au atoms of the FCC
superlattice regions with respect to the Au atoms of the TOP
regions. Despite the high H coverage used in these model
simulations, the difference in the calculated adsorption
energies for the different supercell regions is larger than
0.3 eV per atom. These findings therefore provide valuable
insights into the correlation between the electronic properties
of 2D layers and their planarity and a perspective for control-
ling the electronic, magnetic and reactivity properties in atom-
ically-thin layers.
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