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We report on the crystal structure and electronic bands of LaAu, and CeAu, surface intermetallic compounds
grown by high-temperature deposition on Au(111). By scanning-tunneling microscopy we study the formation
of different alloy phases as a function of growth temperature and lanthanide coverage. We determine the specific

growth conditions to achieve monolayers and bilayers of LaAu, and CeAu, with high crystalline quality. Due
to lattice mismatch with the underlying Au substrate, both LaAu, and CeAu, exhibit long-range moiré patterns,
which can serve as templates for further nanostructure growth. By angle-resolved photoemission we map the
two-dimensional band structure of these surface alloys, discussing the nature of the different spectral features in

the light of first-principles calculations.
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I. INTRODUCTION

The ability to control and modify the structure and
electronic properties of surfaces is of key importance in de-
veloping technologically relevant materials. Surface alloying
is a straightforward route to tuning surface electronic states
and geometric structure. From the electronic point of view,
the tunable chemical composition of the surface layer is of
great importance, e.g., to optimizing catalytic processes,'*> and
in general to tailoring exotic nanoscale electronic properties.
Structurally, surface-confined alloying can be exploited, e.g.,
to tune moiré patterns and dislocation networks, which char-
acterize many metal overlayer systems with lattice mismatch.
Such periodically modulated surfaces have great potential as
nanotemplates for self-organized growth of nanostructures.>-°

The GdAu, intermetallic compound is a good example
of a periodically modulated metallic surface induced by
alloying.>”® High-temperature deposition of Gd on Au(111)
gives rise to stable GdAu, mono and bilayers with a high
crystalline quality that present long-range moiré patterns.
This system has been shown to behave as a very effective
nanoscale template for highly dense Co nanodot arrays.’
The full structural and electronic characterization of both
monolayers and bilayers demonstrates that such a GdAu,
surface alloy is actually a novel phase, with distinct layer
stacking compared to the bulk GdAu, crystal.” Additionally,
exotic magnetic properties are predicted, which may have
strong influence on the magnetic anisotropy of Co nanodots
that nucleate in the moiré lattice.’

In this work we apply the same high-temperature growth
procedure to lanthanum and cerium, on Au(111). These two
elements are particularly attractive to investigate the role of
the substrate in the magnetic properties of nanodot arrays.
Compared to Gd, La and Ce have similar valence electronic
states but different numbers of 4 f electrons, i.e., those that
determine the special magnetism of rare-earth (RE) metals.'*!!
La does not have 4 f ¢~ and hence is not magnetic, whereas
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Ce metal possesses two 4 f e~ and is known to behave mag-
netically in a very peculiar way.!?"!> We demonstrate that both
La and Ce form surface-confined intermetallic compounds on
Au(111), in a similar way to GdAu,.? In light of angle-resolved
photoemission spectroscopy (ARPES), scanning-tunneling
microscopy (STM) experiments, and first-principles theory
we discuss the nature, analogies, and differences in electronic
states and structure among these three surface alloys.

II. EXPERIMENT AND THEORY DETAILS

Scanning-tunneling microscopy experiments were per-
formed in an Omicron variable-temperature STM setup op-
erating at 300 K. ARPES experiments were carried out at
the plane grating monochromator (PGM) beamline of the
Synchrotron Radiation Center (SRC) in Stoughton, Wisconsin.
We used a hemispherical Scienta SES200 spectrometer with
energy and angular resolution set to 25 meV and 0.2°,
respectively and p-polarized light. La and Ce were deposited
from electron-beam evaporators at a base pressure below p =
5 x 107 mbar, and with the Au(111) single-crystal sample
held at different temperatures. The substrate temperature
during the evaporation of La and Ce is crucial to optimizing the
homogeneity and extension of the moiré structure. Substrate
temperatures used for evaporation varied around 780 K for La
and between 650 and 750 K for Ce. Below these temperatures
the moiré is not well formed or other phases dominate,
and above them, the RE metal fades away into the bulk or
re-evaporates to vacuum. The optimal substrate temperature
in each case was fixed in the ARPES measurements, where
we could track the evolution of the electronic structure as
a function of the thickness by evaporating RE-metal films as
linear wedges. These could be accurately scanned thanks to the
small size of the synchrotron beam (100 wm). The lanthanide
coverage in STM experiments is expressed in evaporation
minutes, whereas in ARPES experiments we refer to alloy
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FIG. 1. (Color online) STM images of the LaAu, surface inter-
metallic compound taken at different length scales. (a) At a large
scale, the hexagonal moiré superstructure is characterized by slightly
undulated rows of triangles. (b) The wavy appearance of the moiré is
linked to a variable misalignment of the atomic lattice with respect
to the moiré structure, with a maximum of 4°, as shown in the
overlaid drawing. The LaAu, unit cell is sketched in the inset. (c) and
(d) Atomically resolved STM images of the LaAu, surface alloy
revealing one protrusion (La) per unit cell (marked black) in (c) and
two protrusions (Au atoms) in a honeycomb arrangement (marked
red) in (d). Image parameters: (a, b) =2 V, 0.1 nA, (c) —2 V, 1 nA,
and (d) =2 V, 0.1 nA.

monolayers (ML), as determined from the sharpness of the
band features on the evaporated wedges.

Calculations for the surface intermetallic compounds are
carried out within the framework of density functional theory,
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using the ABINIT package.'® We adopt the local density

approximation and the projector augmented-wave method,'”
with a plane-wave cutoff energy of 20 hartree (Ha). The
potentials of La, Ce, and Au are constructed with 11, 12, and
11 valence electrons, and with cutoff radii of 3.02, 2.51, and
2.69 bohr, respectively. For each angular momentum channel,
two projectors are used. A v/3 x +/3 unit cell (d i3 =

4.99 A) is used for the alloy, with seven layers of Au substrate
and a minimum of 8.3 A of vacuum between periodic slab
images. Good convergence for the bulk Au states is achieved
with the k-point sampling in the Brillouin zone on an unshifted
12 x 12 grid. To include the strong correlation of f electrons,
the LDA + U method is used. The Hubbard parameters are
U=80¢eV and J =0.7 eV for La, and U = 6.1 eV and
J = 0.7 eV for Ce.'® The Ce calculations are performed with
collinear spin polarization, which allows the description of the
magnetic states.

Three different surface structures have been consid-
ered for the alloy layers, one on-top (primitive hexag-
onal stacking ---ABCABCAA) and two hollow configu-
rations (fcc ---ABCABCAB and hexagonal close packed

--ABCABCACQ), relative to the atomic positions of the Au
sublayer below the monolayer (ML). After fixing the in-plane
lattice constant to the theoretically relaxed Au bulk value,
the structures were optimized, allowing the ML and two Au
sublayers to relax, until the forces on atoms were less than
1 x 107 Ha/bohr. The ground state is given by the fcc hollow
configuration. In the La case the hcp hollow surface structure is
slightly unfavorable, but the hexagonal on-top configuration is
significantly higher than the ground state (583 meV /unit cell
for LaAu,). For CeAu,, consistent with LaAu,, the ground
state is the fcc hollow structure, which is lower in energy
than the on-top configuration by 289 meV /unit cell. These
energies are not dependent on the chemical potential. The
moiré structure will yield different alloy alignments in different
regions of the substrate, but we proceed using the most stable
hollow structure as a reference. All three configurations yield
ferromagnetic states for Ce, with magnetizations of about 1 up
that arise from the 4 f electrons.

III. RESULTS

A. Growth of LaAu, and CeAu, surface intermetallic
compounds

Figures 1-3 show characteristic STM images taken after
the high-temperature deposition of La (Fig. 1) and Ce (Figs. 2
and 3) on Au(111) at different length scales. We observe a
complete analogy with the case of GdAu,.® It is possible
to tune the deposition parameters to obtain the pure LaAu,
surface phase with its characteristic moiré pattern. In fact,
homogeneous LaAu, moiré patterns with the highest crystal
quality, and extending over the whole surface are achieved
with the substrate held at 780 K. The lattice periodicity of
the moiré is (32 4 2) A, as determined from the large-scale
view in Fig. 1(a). The nearest neighbor distance (5.3 =+
0.3) A measured in the atomically resolved image in Fig. 1(b)
corresponds to the size of the unit cell of the LaAu, overlayer,
which is depicted in the inset of Fig. 1(b). Figures 1(c) and
1(d) reveal a variable atomic contrast within the unit cell,
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FIG. 2. (Color online) (a) Large-scale STM view obtained after evaporation of Ce on Au(111) at 750 K. Around 70% of the surface is
covered by CeAu, moiré phase. (b) Atomically resolved STM images of the CeAu, moiré phase. The inset shows the CeAu, unit cell. In the
image, the large unit cell marks the moiré superstructure while the small hexagonal unit cell refers to the CeAu, atomic lattice. (¢) Morphology
of the Ce-Au alloy at triangular cluster areas away from the CeAu, moiré lattice. The three lobes that form a single cluster are arranged forming
a triangle. The circles in the bottom part of the image denote the quasihexagonal arrangement, where each circle represents a cluster. The
surface unit cell is marked in black. The triangular clusters with a double-chain structure display an overall rectangular surface unit cell that is
represented by the small circles in the top part of the image. Image parameters: (a) —1.5 V, 0.5 nA, (b) 0.05 V, 2 nA, and (c) 1 V, 1 nA.

which exclusively depends on the tunneling current /,, i.e., the
tip sample distance. At bias voltages (U, = —2 V), far from
the Fermi level (Ef), and I, = 1 nA the unit cell is featured
as a single protrusion, while for I, = 0.1 nA we clearly define
a honeycomb arrangement. A straightforward interpretation
assigns the protrusions to La atoms in the former image, and
to the pair of Au atoms in the latter one.

As in GdAu,, the moiré arises due to the superposition
of the different LaAu, and Au(111) lattices. Both STM and
low-energy electron diffraction (LEED) measurements reveal
that the LaAu, atomic lattice is rotated by 30° with respect to
the Au(111) substrate. The La-Au in-plane distance dy,-oy =
(3.1 £0.2) A deduced from Figs. 1(b)—1(d) is larger than the
Au(111) substrate lattice constant (nominally, 2.88 A), giving
rise to a coincidence of the hexagonal (10.4 x 10.4) LaAu,
lattice with the (11.4 x 11.4) Au(111) lattice, which explains
the moiré. The LaAu, overlayer is thus incommensurate
with respect to the Au(111) substrate, which is reflected
by local deviations in the moiré periodicity. Random atom
vacancies and defects, visible in Fig. 1(a), are more frequent
than in GdAu, and may be partly triggered by such lattice
incommensurability. On the other hand, the hexagonal moiré
lattice in Fig. 1(b) appears rotated by ~30° with respect to the
LaAu, atomic lattice, in agreement with LEED measurements.
In reality, the azimuthal misalignment of the moiré and the
atomic lattices varies smoothly within —4° to 4° across
the surface. This variation explains the wavy aspect of the
superlattice in large-scale images, such as that of Fig. 1(a),
and reflects again the incommensurability of the LaAu, and
Au(111) atomic lattices.

The high-temperature growth of a pure CeAu, compound
with optimum morphology and crystallinity is more difficult
than in the case of LaAu, or GdAu,. The evaporation of
Ce on Au(111) at temperatures between 650 and 750 K
gives rise to the formation of different reacted phases that
coexist with the CeAu, moiré. The best results have been
obtained by holding the substrate temperature at 750 K. In
this case, a 1 ML thick CeAu, moiré phase homogeneously
extends to about 70% of the surface, coexisting with (CeAu)-
triangular clusters distributed in small areas. The characteristic

morphology at a large scale is shown in Fig. 2(a), whereas
Fig. 2(b) shows the atomically resolved STM image of the
CeAu, moiré phase. The latter exhibits a superperiodic unit
cell with (33 & 2) A lattice constant, and a nearest neighbor
distance of (5.4 & 0.3) A, which corresponds to the CeAu,
surface unit cell dimensions. As in Fig. 1(d) for LaAu,, at
these particular tunneling conditions the unit cell protrusions
define the honeycomb-like structure expected for the Au atom
sublattice. Similar to that for Gd and La, the moiré pattern
reflects the mismatch between the in-plane Ce-Au atomic
distance [dce-ay = (3.1 £0.2) A] in the alloy and the atomic
distance in the Au(111) surface. In the same way as Gd and
La, the CeAus, is 30° rotated with respect to the Au(111) plane.
This results in a coincidence lattice of (10.6 x 10.6) CeAu,
ontop ofa (11.6 x 11.6) Au(111), suggesting that the CeAu,
overlayer is incommensurate with the Au(111) substrate, as in
the case of La. The moiré pattern also exhibits an average 30°
rotation with respect to the surface unit cell of CeAu,, with a
smoothly varying misalignment analogous to that of LaAuy,
as indicated in Fig. 2(b).

Figure 2(c) examines the (Ce-Au)-triangular clusters that
coexist with the CeAu, moiré structure. The clusters are
apparently formed by three spherical lobes arranged in a
triangle-like geometry and can be found forming hexagons
(bottom part of the image) or double chains (top part of the
image). Those arranged as double chains present an ordered
phase with a rectangular surface unit cell of 17.2 x 14.5 A,
while the hexagonal clusters lack long-range order. We can
refer in this case to a quasihexagonal arrangement with a
nearest neighbor distance around 14.5 A. There are similarities
between both structures, and it seems that the quasihexagonal
phase is a precursor of the double chain. In the latter case the
three lobes are ordered forming well-defined, close-packed
triangles that give place to chains, as marked in Fig. 2(c).

The triangular cluster phase can only be eliminated by
lowering the substrate temperature to 650 K. In such a case, the
CeAu, phase is the only one observed, but the surface becomes
rougher, i.e., three-dimensional CeAu, islands develop on
top of a CeAu, interface layer (Fig. 3). The CeAu, islands
exhibit both monolayer and bilayer heights, i.e., 2.2 and 4.5 A,
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FIG. 3. (Color online) STM pictures for Ce evaporated on
Au(111) at 650 K. The growth conditions permit the nucleation
of a pure CeAu, moiré phase, eliminating the triangular clusters
of Fig. 2(c). However, the lower substrate temperature leads to a
rougher morphology with coexisting monolayer and bilayer islands.
(a) Topography and line profile. (b) Current image enhancing the
moiré corrugation, which is attenuated in 2 ML thick islands with
respect to the 1 ML structure.

respectively. These values equal the interlayer distance of 2.2 A
for GdAu,, as determined by x-ray photoelectron diffraction.’
The tunneling current image in Fig. 3(b) shows the evolution
of the moiré pattern with the number of layers. The moiré
pattern on top of the islands becomes weaker and eventually
disappears as the interface stress is released [see Fig. 3(b)].
On the other hand, a further reduction of the evaporation
temperature down to 300 K leads to another family of alloys
with reduced Au content,'® as also observed in the case of Gd.?
In this case, the CeAu, stoichiometry and its characteristic
moiré can be recovered after post-annealing to 750 K, but its
relative proportion with respect to other Ce-Au reacted phases
is much lower than the 70% maximum obtained by direct
growth at 750 K.

B. Electronic states

The two-dimensional (2D) electronic band structure of
LaAu; and CeAu, surface compounds are obtained by angle-
resolved photoemission. These experiments were performed
on wedge-evaporated samples, which allows one to accurately
define 1 and 2 ML coverages. The 1 ML point in the wedge
is determined by the complete quenching of the Shockley
surface state of the Au(111) substrate, whereas the thickness
beyond 1 ML is controlled with the Au 4 f core-level intensity.
However, due to the inherent difficulties of mimicking the
STM growth conditions (temperature, flux) to obtain the purest
LaAu; and CeAu, phases, a general consistency is sought
with all, surface state and core-level intensity analysis, quartz
microbalance reading, and valence band spectral features
(discussed below), and comparing with the already studied
GdAuj, alloy.® For the sake of comparison, GdAu, data are
included in valence-band spectra in Figs. 6 and 7.
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FIG. 4. (Color online) 4f Au core-level spectra for Au(111)
compared to one and two monolayers of LaAu, and one monolayer
of CeAu,, both grown by high-temperature deposition. Surface
core-level shifts are marked as peaks 2 and 4. The 4 f component
related to the surface alloy appears slightly shifted with respect to
bulk Au metal (peaks 1 and 3). The insets show the intensity (peak
height) variation of the Shockley surface state of Au(111) and the
Au 4 f intermetallic compound core-level line (peak 3) across the
evaporated wedges of La and Ce. The surface state quenching marks
the 1 ML coverage.

Figure 4 illustrates the transformation of Au 4f core
levels after LaAu, and CeAu, growth, presenting a completely
analogous behavior compared to the synthesis of the GdAu,
surface alloy.”® The spectrum spans the entire Au 4 f core-
level region, including the two spin-split components 4 f3/2
and 4 f7/2. Peaks labeled 2 and 4 correspond to the surface
core-level shift of Au, whereas peaks 1 and 3 correspond to
Au atoms in both the alloy and the bulk crystal. These cannot be
resolved, although a smooth shiftof AE = 70meV (60 meV in
Ce) to higher binding energies is observed from the pure bulk
component to the alloy. As shown in the corresponding insets,
the intensity of the Au surface state goes to zero across the
wedge at the same rate at which the alloy/bulk peak intensity
increases and reaches its maximum. For La, the core-level
intensity decreases for 2 ML, as expected from the attenuation
effect of La atoms in thicker alloy films. For Ce, the bulk/alloy
Au 4 f signal remains constant beyond 1 ML, indicating that
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FIG. 5. (Color online) Top: Two-dimensional bands measured along the TK symmetry direction of (a) 1 ML CeAu,, (b) 1 ML LaAu,,
and (c) 2 ML LaAu, surface intermetallic compounds. The different bands are labeled as in GdAu,,® due to the clear analogy among the three
different lanthanide intermetallic compounds. All the data correspond to the second derivative of the photoemission spectra, and have been
measured with hv = 44 eV for CeAu,, and hv = 33 eV for LaAu,. The corresponding bands for GdAu, have been published elsewhere.®
Bottom: corresponding theoretical band structures. The ' K MT" symmetry directions refer to those of the LaAu, 2D crystal. The width of the
bands gives the relative weight of orbital projections on the m = 0 channel for all angular momenta. Relative shifts (in particular for 2 ML
LaAu,) are due to the imposition of commensurability with the substrate and the large resulting strain. The spin-up polarization is shown for

the CeAu,.

the second layer of CeAu, is not actually being formed in
the ARPES experiments, probably due to an excess annealing
temperature.

The top panels in Fig. 5 show the band structure measured
along the TK symmetry direction’®® of the CeAu, ML
[panel (a)], the LaAu, ML [panel (b)], and the LaAu, bilayer
[panel (c)]. The data correspond to the second derivative of
the photoemission intensity, which allows us to enhance band
features over the intense steep background (see Fig. 7). For
1 ML, very similar A, B, C, and C’ bands are identified in
both CeAu, and LaAu,, which are also analogous to those
found for GdAu,.” Band energies are listed in Table I for the
three different REAu, compounds. Close to Er, the A band
has an electron-like parabolic dispersion around ', whereas C
disperses downward from the center of the zone T, which is
reached close to Er. There is a sharp transition between 1 ML
and 2 ML in LaAu, [see Figs. 5(b) and 5(c)], which involves
the appearance of new bands near the Fermi level. In fact, the
C band disappears and two new bands dispersing downward
appear, E and F, with energy maxima at E-Er = 0.44 and
0.77 eV. There is an additional flat band D very close to the
Fermi level, which exhibits a small dispersion. An analogous
transformation from 1 to 2 ML is also observed in GdAu,.® We
note that bands A and C for 1 ML cross each other at 0.74 eV
and k = 0.11 A~'. This point coincides with the M point
of the small and 30° rotated moiré Brillouin zone (BZ). The
interaction with the moiré superlattice will be analyzed in more
detail through constant energy surfaces in Fig. 6. Moreover,
bands A and E in the 2 ML LaAu,; band structure also appear to

cross each other at the same k point. p-polarized light in normal
emission ARPES geometry preferentially probes states with a
nodal plane parallel to the surface, and hence band crossings
such as those of Fig. 5 are expected to feature hybridization
gaps. However, the hybridization gap is seen in the 2 ML A-E
crossing of Fig. 5(c), but it is not detected in the corresponding
A-C crossing of Figs. 5(a) and 5(b) for 1 ML alloys.

To understand the physical nature of the ARPES bands,
we perform first-principles calculations in CeAu, and LaAu,
monolayer and bilayer. The calculated bands are shown in the
lower panels of Fig. 5. Here, high symmetry directions refer
to the REAu, atomic lattice, and shaded areas mark the region
explored with ARPES on top panels. To make an appropriate
correspondence between theory and experiment, the thickness
of the bands in the bottom part of Fig. 5 reflects the relative
weight of the orbital projection along the m = 0 component
of each channel. This corresponds to the largest contribution
to the probability density probed in ARPES with p-polarized
light and under near-normal emission. We must note the limits
of the calculation, which is performed for strained alloy lattices
which are forced to be commensurate with the underlying Au
substrate, and also omit many-body and moiré effects. In these
conditions the Fermi level (due to charge transfers) and bands
(due to strain) will shift relative to each other, and relative to
the substrate Au bands. We use the topological resemblance of
the calculated bands with the data to identify and deduce the
character of the ARPES bands.

The band labeled B is of pure Au-d character, having a
significant probability at the substrate side of the interface.
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FIG. 6. (Color online) Constant energy surfaces at various ener-
gies for (a) 1 ML LaAu,, (b) CeAu,, and (c) GdAu,, all measured
with hv = 44 eV. Maps correspond to the second derivative of the
photoemission intensity. Several hexagonal moiré Brillouin zones
are indicated and the labels correspond to the ones used in Fig. 5.
Some features appear replicated due to the moiré superlattice. At the
Fermi level, the dominant intensity corresponds to the star-like band
C’, which is brought to the zone center through moiré umklapps. At
—0.65 eV in (a) and (b) and at —0.6 eV in (c), A and C merge into a
single moiré-nested band.

Closer to Ep, the A band has La (Ce) d character with a
contribution of Au-p electrons from the substrate and the
intermetallic compound. The C band has a dominant Au-s
nature, but it is also found to have a significant contribution
from Au-d states of substrate Au atoms, which in turn dominate
in C". The C and C’ bands significantly couple to bulk Au states,
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FIG. 7. (Color online) Energy distribution curves for (a) 1 ML
and (b) 2 ML, as measured at T (k; = 0) for the different REAu,
surface alloys, including GdAu, from Ref. 7. Peak energies are listed
in Table 1.

explaining the slight dispersive behavior when changing the
photon energy. None of these bands appear in the Au(111)
bare substrate,”! and hence all are spectroscopic signatures of
the LaAu, (CeAu,) surface intermetallic compound.

The analysis of the atomic orbital projections also gives
some hints to understand the hybridization gap observed for
A and E bands in the 2 ML, which is not visible in the
corresponding 1 ML A-C crossing. In the 2 ML case the C
band splits into E and F which have more weight localized
in the substrate and in the ML, respectively. The F band
character (Au-s in the ML) is orthogonal to A, whereas E
has contributions from substrate orbitals, and interacts more
strongly with A. One remarkable feature of the 2 ML LaAu,
band structure in Fig. 5(c) is the strong, flat D band emission
close to Er. The D band corresponds to a mix of Au-p and
La-d orbitals and is confined to the alloy. It appears unoccupied
for 1 ML, and shifts below Ef in the 2 ML alloy.

In Fig. 6 we further investigate the topology of the 2D band
structure of 1 ML alloys through constant energy surfaces.
We represent again second-derivative image plots to enhance
the visibility of the relatively weak features, particularly those
arising from moiré lattice scattering. In Fig. 6(a) we show
the maps for the LaAu, monolayer, whereas in Figs. 6(b)
and 6(c) we select two characteristic surfaces for CeAu, and
GdAu,, measured at a photon energy of 44 eV. A, C, and C’
stand for the corresponding bands in Fig. 5. We have added
the zone boundaries of the moiré network (hexagons) to the
maps, whose periodicity can be otherwise determined from the
replicas in almost all panels. Data in Fig. 6 in fact define moiré
unit cells of (32 +2) A for LaAu, and CeAu,, and (354 2) A
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TABLE 1. Electronic band eergies at T' (kj = 0) for 1 and 2 ML REAu, alloys, as measured with 44 eV photon energy and with respect
to Ep. Labels refer to the distinct bands in Fig. 5. The C band energy is zero, since it crosses Er at I' in all cases. For the latter, we show the

Fermi velocity measured at E with hv = 44 eV.

Coverage A (eV) B (eV) D (eV) E (eV) F (eV) C [vr(m/s)]
La IML —1.02 —1.84 0.85 x 108
La 2ML —1.02 —1.84 —0.30 —0.44 —0.77
Ce IML —1.00 —1.83 0.80 x 10°
Gd IML —1.78 0.74 x 108
Gd 2ML —1.04 —1.77 —-0.24 —0.39 —0.69

for GdAu,, values that agree well with the STM and LEED
measurements and with previous results.®

At the Fermi level, the dominant star-like feature corre-
sponds to the C’ band in all LaAu,, CeAu,, and GdAu,. This is
a Au-d-like state, which is nominally brought to the zone center
through moiré umklapps, leading to mixing with the emerging
C band of Au-s character. At 0.53 eV, C adopts a hexagonal
shape that is tilted 30° with respect to the moiré Wigner-Seitz
hexagon. This effect reflects the 30° rotation of the atomic
lattice of the alloy with respect to that of the moiré. The
most interesting moiré-driven hybridization scenario occurs
at 0.65 eV in Figs. 6(a) and 6(b), and 0.6 eV in Fig. 6(c). At
that point, A and C bands merge, leading to an A-C hybrid
that is nested in the M point of the moiré BZ. Due to the 30°
rotation of the hexagonally shaped bands, such nesting leads
to a triangle-like hole-pocket at K, which is particularly clear
for CeAu, and GdAu,.

The small spectral variations among the different lanthanide
intermetallic compounds are better accounted for in energy
distribution curves (EDCs) at a fixed k| value. EDCs at T
for the whole series of 1 ML and 2 ML alloys are shown in
Fig. 7. Energies for the different transitions are summarized
in Table I. C is absent in these EDCs. The C band appears cut
off by the Fermi level, and hence a comparative analysis of its
Fermi velocity (measured at similar photon energies for the
three alloys) is included in Table I. The lanthanide d-like A
band has its minimum binding energy at 1.02 eV for LaAu,,
although it shifts only 20 meV from La to Ce or Gd and
from 1 ML to 2 ML, i.e., a small variation that falls within
the experimental accuracy. Also for C, Fermi velocity values
around 0.8 x 10° m/s are found in all cases. We conclude that
in 1 ML thick intermetallic compounds there are no major
differences among the lanthanides [Fig. 7(a)]. In contrast in
2 ML alloys, A, B, D, E, and F bands exhibit a large variation
of 50-80 meV from Gd to La. We note that A, which has a

larger probability on lanthanide atoms, shifts in the opposite
direction than B, D, E, and F, which have more weight in
Au atoms. This strongly suggests that the shift in Fig. 7(b)
is probably of chemical nature, i.e., it depends on the type of
lanthanide that makes up the surface alloy.

IV. CONCLUSION

We have investigated the structure and electronic properties
of two novel intermetallic compounds, LaAu, and CeAuy,
comparing them with the already studied GdAu, case.”®
By STM we observe a complete structural analogy with
similar moiré and atomic lattice periodicity that vary slightly
depending on the lanthanide atom. The electronic structure
has been analyzed by ARPES through two-dimensional band
dispersion, constant energy surfaces, and energy distribution
curves spectra, also offering an overall resemblance over
the different alloys. The physical-chemical nature of each
electronic band has been clarified by direct comparison with
first-principles calculations performed for monolayers and
bilayers. Beyond the pure identification of the measured bands,
the calculation has allowed us to understand the nature of
electronic states that mix through scattering with the moiré
superlattice.
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