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Quasiperiodic gallium adlayer on i-Al-Pd-Mn
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Using scanning tunneling microscopy (STM), low-energy electron diffraction (LEED), and density functional
theory (DFT), we demonstrate the formation of quasicrystalline gallium adlayer on icosahedral (i)-Al-Pd-Mn.
Quasiperiodic motifs are evident in the STM topography images, including the Ga white flower (GaWF) and
τ inflated GaWF (τ -GaWF), where τ is the golden mean. A larger and more complicated ring motif is also
identified, comprised of a bright center and an outer ring of pentagons. The fast Fourier transform of the STM
images exhibits distinct quasiperiodic spots, thereby establishing quasiperiodicity on a length scale of ∼350 nm.
Based on our DFT calculations, the preferred adsorption sites of Ga on i-Al-Pd-Mn are determined to be either
the Mn atoms at the center of the Penrose P1 tile or the vertices of the P1 tile containing Pd atoms at the
center of a cluster of five Al atoms (5-Al). The GaWF motif is modeled by an inner six-atom Ga cluster (6-Ga)
around the central Mn atom and an outer ring of five Ga atoms adsorbed at the centers of the 5-Al clusters, both
having pentagonal symmetry. The τ -GaWF motif is modeled by the 6-Ga arranged on the τ -P1 tiling, while the
ring motif is modeled by Ga atoms adsorbed at the center of 5-Al clusters above a Pd atom. The side lengths
and diameters of the GaWF, τ -GaWF, and the ring motifs are τ scaled and show excellent agreement with the
DFT-based models. An additional indication of the quasiperiodic characteristics of the Ga monolayer is the
fivefold LEED patterns that were detected throughout the entire range of beam energy that was measured.

DOI: 10.1103/PhysRevB.109.045427

I. INTRODUCTION

Quasicrystals are a distinct type of material that display
aperiodic order with rotational symmetries, including fivefold,
eightfold, tenfold, and twelvefold, which are forbidden in
crystals with translational order [1,2]. The quasicrystalline
phase was first identified in a binary alloy of Al6Mn with
icosahedral symmetry [3], and since then it has been observed
in a variety of systems, which include ternary and binary
intermetallic compounds [4], nanoparticle superlattices [5],
colloidal systems [6], Ba-Ti-O oxide monolayer on Pt(111)
[7], molecular assemblies [8,9], twisted bilayer graphene
[10–12], chalcogenides [13], elemental films [14–17], and
even in naturally occurring minerals [18,19]. Inorganic qua-
sicrystals exhibit unusual properties such as low thermal
and electrical conductivity, low specific heat, low frictional
coefficient, and large hardness [20–24]. Their stability has
been related to the pseudogap, i.e., a reduced density of
states (DOS) around the Fermi level [25–28]. The possibility
of higher-order topological states occurring in quasiperiodic
systems has been predicted by theory [29–31]. Our recent
research utilizing hard x-ray photoemission spectroscopy and
density functional theory (DFT) has established the occur-
rence of Anderson localization in icosahedral (i)-Al-Pd-Re
[32].
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Since more than two decades, researchers have studied
elemental quasicrystalline films to investigate the impact
of aperiodic order on the physical and electronic proper-
ties that are independent of the chemical complexity of the
ternary quasicrystals. But to date, only a few elements have
demonstrated quasiperiodicity [14–17,33–40]. Franke et al.
discovered that Bi and Sb are quasiperiodic on i-Al-Pd-
Mn and decagonal Al-Ni-Co quasicrystalline substrates up
to one monolayer (ML) coverage using low-energy electron
diffraction (LEED) and He atom scattering [14]. Shukla et al.
[39] showed that Na forms a regular fivefold quasiperiodic bi-
layer on i-Al-Pd-Mn. Pb/i-Ag-In-Yb was reported to exhibit
fivefold growth isostructural with the i-Ag-In-Yb substrate to
a maximum height of 0.7 nm [15]. Recent research utiliz-
ing scanning tunneling microscopy (STM), LEED, and DFT
has demonstrated that a 4 nm thick Sn adlayer deposited
on the fivefold surface of an i-Al-Pd-Mn substrate exhibits
long-range quasiperiodic order as a metastable realization of
an elemental, clathrate family quasicrystal [16]. Long-range
decagonal clathrate quasiperiodic ordering of Sn thin films on
d-Al-Ni-Co has also been observed up to 0.9 nm, with partial
retention of decagonal structural correlations up to 10 nm film
thickness [17].

Gallium is an interesting element due to its relatively low
melting point (303 K) and its complex solid-state structure.
The latter produces a notable dip at the Fermi level (EF ),
which is believed to be the consequence of partial cova-
lent bonding [41,42]. Recently, gallanene, i.e., a honeycomb
monolayer of Ga that is analogous to graphene, has been re-
ported [43–47]. However, Ga deposition on single-crystalline
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metal surfaces has been scarcely studied [48], and there has
been no study on any quasicrystalline substrates to date.
Ga could possibly exhibit quasiperiodicity since its surface
energy (0.55 J/m2) [49] is less than that reported for the i-
Al-Pd-Mn surface (0.82 J/m2) [50], indicating the possibility
of layered growth. In this work, we use STM, LEED, and
density functional theory (DFT) to reveal the occurrence of
long-range quasiperiodicity in a gallium monolayer deposited
at room temperature (RT) on i-Al-Pd-Mn. The quasiperiodic
motifs such as Ga white flower (GaWF), τ scaled GaWF (τ -
GaWF), and the ring observed from STM have been modeled
by our DFT calculations. The fast Fourier transform of the
large area STM images exhibits distinct quasiperiodic spots.

II. METHODS

The STM measurements were carried out using a vari-
able temperature STM from Scientaomicron GmbH at a base
pressure of 5 × 10−11 mbar. All the STM measurements were
performed at RT in the constant current mode using a tungsten
tip that was prepared by sputtering and the voltage pulse
method. The tip was biased, and the sample was kept at the
ground potential. STM images were recorded for varying bias
voltages. The fast Fourier transform (FFT) was averaged for
2–4 STM images, as in our previous work [17]. The STM
images are shown after low-pass Fourier transform filtering
(Fig. S1 of the Supplemental Material (SM) [51]). The zero
in the z scale of the STM image corresponds to the most fre-
quently occurring height (bearing height) based on the height
histogram. In a height profile, the difference of the average z
corrugation on the Ga adlayer and the substrate provides the
height of the former [52]. The average height for a particular
deposition is determined by fitting a Gaussian curve to the
height distribution obtained from more than 50 height profiles
derived from various parts of the STM images. LEED and
AES were performed using a four-grid rear view optics and
a hemispherical retarding field analyzer, respectively. The I-V
curves were extracted using the EasyLEED software [53].

The fivefold surface of the monocrystalline i-Al-Pd-Mn
was polished using a 0.25 µm diamond paste before inserting
it into the ultrahigh vacuum chamber. The polished i-Al-Pd-
Mn surface was treated in situ by repeated cycles of Ar+ ion
sputtering at 1–2 keV for 30–60 min and annealing to 970 K
for 2–2.5 hr to produce an atomically clean surface with a
composition similar to the bulk [54,55]. Gallium of 99.99%
purity was evaporated using a water-cooled Knudsen cell [56]
operating at 1050 K at a pressure better than 2 × 10−10 mbar.
The substrate surface was freshly prepared for each deposi-
tion.

The DFT calculations to probe the interaction of Ga
atoms with the i-Al-Pd-Mn surface were performed using the
method of the Vienna ab initio Simulation Package (VASP)
[57–59]. The models of the surface have been derived from the
Katz-Gratias-Boudard model [60] of bulk i-Al-Pd-Mn. The
atomic structure of the fivefold surface is derived from the
icosahedral approximants by cleaving at a plane perpendicular
to one of the fivefold axes. Details of construction of the sur-
face models can be found in our previous papers [40,61–63].
The adsorption energy EA[Ga] of Ga adatom is defined with
respect to the energy in the crystalline structure as EA[Ga] =

Etot[Ga] − Esurf + NA × μ[Ga], where Etot is the energy of the
i-Al-Pd-Mn surface model [40,60] with the adsorbed adatoms.
Esurf is the energy of the model i-Al-Pd-Mn surface represent-
ing the atomic structure of the clean quasicrystalline fivefold
surface. NA is the number of adatoms in the cluster on the
surface. μ[Ga] is the chemical potential of Ga in the crys-
talline structure, μ[Ga] = −Ecryst[Ga.oP8] = 2.934 eV. The
adsorption energy per atom Ea is Ea[Ga] = EA[Ga]/NA.

III. RESULTS AND DISCUSSION

A. Nucleation of Ga on i-Al-Pd-Mn

A STM topography image for a deposition time (td ) of
2 min results in a coverage of 0.1 ML Ga on i-Al-Pd-Mn.
The coverage is determined by the fraction of the total area
covered by the Ga clusters that are identified by the bright
regions in Fig. 1(a). The clusters have pentagonal symmetry
that resembles flowers with five petals and are highlighted
by white circles and ovals. We refer to these as Ga white
flowers (GaWFs). The height of the GaWFs is determined by
subtracting the average z corrugation of the substrate from that
of the GaWF, as illustrated in Fig. 1(b). In Fig. S2(a) of the
SM [51], a distribution of the heights obtained from several
height profiles is fitted with a Gaussian function. The position
of its maximum gives the average height of the GaWF to be
0.18 ± 0.03 nm. A zoomed view of a GaWF motif is shown
in Fig. 1(c). The length of the sides of the pentagon (white
dashed lines) joining its petals has been determined for several
motifs. Its average length turns out to be 0.79 ± 0.1 nm, and
the corresponding distribution is shown in Fig. S2(b) of SM
[51].

To understand the origin of the GaWF, we have performed
DFT calculation for the adsorption of Ga atoms on the fivefold
i-Al-Pd-Mn surface that was modeled as the 2/1 approximant
[Fig. 1(d)]. The fivefold i-Al-Pd-Mn surface is superposed
with the Penrose P1 tiling (black lines) [61]. The P1 tiling has
an edge length (a0) of 0.776 nm. The Mn atoms (red circles)
appear at the centers of the pseudo-Mackay clusters (pMC).
The vertices of the P1 pentagon are occupied by five Pd atoms
(magenta circles). This figure shows that the surface Mn atoms
are in the center of the P1 tiling, around which the well-known
white flower motifs of the substrate form [64,65].

Quasicrystalline surfaces offer a greater number of in-
equivalent adsorption sites compared to ordinary crystals,
allowing for the formation of various adatom configurations.
On the fivefold i-Al-Pd-Mn surface, there are two kinds of
regular sites that preferably adsorb Ga atoms. The first site
is the center of the surface 5-Al cluster that has a Pd atom.
These Pd atoms can be 0.048 nm or 0.126 nm below the
surface plane. Therefore, there are two kinds of the Pd sites
and only one can adsorb the adatoms. The Ga atoms are
adsorbed preferably only at the centers of the 5-Al cluster with
the deeper Pd atom. These deeper Pd atoms are the centers of
the Bergman clusters [60]. In Fig. 1(d), these sites are at the
vertices of the P1 tiles and are also marked by white dots in
Fig. 4(f) and Fig. S3(b) of SM [51]. The binding energy of
a single Ga atom in such sites is −1.357 eV (see Table I).
The second preferable adsorption site for a Ga adatom is the
central Mn atom at the surface. The main reason for the higher
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FIG. 1. (a) STM topography image of 0.1 ML Ga/i-Al-Pd-Mn (IT = 0.9 nA, UT = −0.7 V) showing the Ga white flower (GaWF) motifs
encircled by white circles and ovals, dashed circles show the incomplete motifs. The color scale representing the height is shown on the
left, zero corresponds to the bearing height. (b) A height profile across the GaWF along the orange dashed line in (a). (c) Zoomed view of
a GaWF motif with a white dashed pentagon overlaid on it. (d) The atomic structure of the surface plane (2.3 nm × 2.4 nm) of the fivefold
i-Al-Pd-Mn derived from the 2/1 approximant to the bulk. The white, magenta, and red colored circles represent the Al, Pd, and Mn atoms,
respectively. The Penrose P1 tiling is shown by black lines. (e) An 11 Ga atom DFT based model of the GaWF centered on the Mn site of the
fivefold i-Al-Pd-Mn. The green colored circles represent the Ga atoms.

reactivity of these Mn atoms is their low coordination: In the
bulk pMC cluster, in the first shell around the Mn atom, there
are only seven nearest neighbors [60,66]. The binding energy
of Ga atoms at the surface Mn atoms is between −1.2 eV and
−1.4 eV.

It has been reported in literature [16,37,40,55,63,66] that
Bi, Pb, and Sn adatoms form WF clusters around the sur-
face Mn atoms. Our DFT calculations show that Ga atoms
adsorbed on the fivefold i-Al-Pd-Mn surface also form
clusters similar to the previously observed WFs, but the in-
ternal structure is distinct because of the notably different
electronic structure of Ga [41,42]. In the previous studies
[16,37,40,55,63,66], the adatoms form the WF cluster, in
which the outer and inner rings are oriented in the same di-
rection and are therefore interconnected to form a starfish-like
configuration. The GaWF cluster also consists of the outer
ring of five Ga atoms, each adsorbed at the vertices of the
P1 pentagon that are the centers of the reactive 5-Al clusters
[Fig. 1(e)] that is the same as in the previous WFs. However, in
contrast, the central pentagon of Ga adatoms has an opposite
orientation compared to the pentagon of the atoms in the outer

TABLE I. Adsorption energies per atom Ea [eV] of Ga clusters
consisting of NA adatoms on the fivefold i-Al-Pd-Mn surface.

Single Ga Outer 5-Ga WF cluster Inner 6-Ga

NA 1 5 11 6
Ea −1.357 −0.451 −0.354 −0.515

ring. Moreover, to stabilize this central pentagon, there must
be an additional Ga atom at the center, making it a six-atom
Ga cluster (6-Ga), while retaining the pentagonal symmetry.
The energies calculated for different Ga clusters are discussed
later and compared in Table I. The opposite orientation of
the pentagonal rings reflects the lower attractive interaction
of adatoms between the outer ring and central 6-Ga cluster.
In the case of the Ga adatoms, the outer and inner rings can
also exist independently. The formation of the central 6-Ga
cluster is slightly (−0.16 eV/Ga atom) preferred over the
formation of both rings simultaneously. The central Ga atom
in the 6-Ga cluster is elevated by 0.1 nm compared to the
five Ga neighbors. Therefore, the center of the GaWF cluster
may appear brighter in the STM images than the outer ring.
Also, on the 6-Ga cluster at the center, additional Ga atoms
can be adsorbed, which can lead to a brighter center and an
irregular shape. We also note that, due to stochastic reasons,
some GaWF motifs have a dark center, which could be caused
by the absence of the 6-Ga cluster at the center.

It should be noted that the edge length of the P1 tiling a0

(=0.776 nm) is in excellent agreement with the side length
of the GaWF from STM (0.79 ± 0.1 nm). Additionally, the
typical distance between two neighboring Mn atoms on which
the 6-Ga clusters are centered is 1.255 nm (=τ × a0, where
τ = 1.618). This distance also agrees well with the distance
between the nearest-neighbor GaWFs, as shown by the white
ovals in Fig. 1(a), where the distance between their centers
is ∼1.25 nm. This confirms that the 6-Ga clusters nucleate
on the Mn atoms, i.e., on the white flower motifs of the
substrate.
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FIG. 2. (a) STM topography image of 0.4 ML Ga/i-Al-Pd-Mn (IT = 0.5 nA, UT = 1.0 V), where white, yellow, and red circles highlight
the Ga white flower (GaWF), τ -GaWF, and ring motifs, respectively. (b) Fast Fourier transform (FFT) calculated for (a) by selecting only the
Ga islands and masking the substrate using the height threshold procedure, the spots are numbered as 1–10. (c) STM topography image of 0.7
ML Ga (IT = 0.7 nA, UT = 0.9 V), the motifs are highlighted as in (a). (d) FFT of the Ga islands in (c) after masking the substrate with the
spots numbered. (e) The height profile along the red and orange dashed lines in (c).

A comparison of the adsorption energies of Ga adatoms
on the fivefold i-Al-Pd-Mn surface are presented in Table I.
As mentioned above, the adsorption energy of −1.357 eV
corresponds to a single Ga adatom adsorbing at the reactive
center of the 5-Al surface cluster above the Pd atom. The
adsorption energy per atom (Ea) of the pentagonal 5-Ga outer
ring of adatoms adsorbed in the five reactive 5-Al surface sites
is −0.451 eV. The GaWF cluster with an Ea of −0.354 eV
consists of the outer 5-Ga ring and the inner 6-Ga cluster.
The Ea of the central 6-Ga cluster formed alone around the
surface Mn atom is the strongest (−0.515 eV). The adsorption
of adatoms in the clusters is weaker compared to the adsorp-
tion of a single adatom because, in the cluster, in addition to
bonding of adatoms to the surface, there are also interactions
between the adatoms.

For comparison, in Discussion I of the SM [51], we also
present the adsorption energies of the previously studied
Sn white flower (SnWF) cluster [16] on the same fivefold
i-Al-Pd-Mn surface. Ea of the complete SnWF cluster is
−0.795 eV (see Table S1 of the SM [51]), which is signifi-
cantly larger than Ea = −0.354 eV of the GaWF cluster. This
could be a possible reason for the somewhat worse quality of

the GaWF motifs [Fig. 1(a)] compared to the SnWF motifs on
i-Al-Pd-Mn (see Fig. 10(a) and Fig. S8 of Ref. [16]). Another
possible reason is that the STM in the present work has been
performed at room temperature, which is close to the melting
point of Ga, resulting in enhanced thermal effects.

The fivefold surface of i-Al-Pd-Mn is primarily composed
of Al atoms, with the top two atomic planes of the 5/3 ap-
proximant consisting of 75.9% Al, 19.6% Pd, and 4.5% Mn
[66]. So, it can be interesting to compare the adsorption of Ga
adatoms on the crystalline Al(111) surface with the results for
the quasicrystalline surface in Table I. Discussion II and Fig.
S10 of SM [51] shows that the reactivity of the adsorption sites
on i-Al-Pd-Mn is significantly higher compared to Al(111).

B. Submonolayer Ga on i-Al-Pd-Mn

In Fig. 2(a), the deposition of Ga for td = 4 minutes results
in the formation of condensed islands with a lateral size of
∼20 nm. The coverage turns out to be 0.4 ML. The height
profiles show that their height is similar to the GaWFs, indi-
cating that islands constitute monolayer Ga (the distribution
is shown in Fig. S2(c) of SM [51]). The formation of such
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islands—in contrast to a dispersed phase reported for alkali
metals on i-Al-Pd-Mn [36]—shows that the interaction be-
tween the adatoms is considerable.

It is interesting to note here that besides the GaWF motifs
(white circles), larger sized white flower motifs [yellow circles
in Fig. 2(a)] are observed. We refer to these as τ -inflated
GaWF or τ -GaWF as their size scales with τ compared to
the GaWF motif. In addition, red circles highlight a larger,
more complicated motif with a bright center and an outer ring
of pentagons. We refer to it as the ring motif. In Sec. III D,
we elaborate on the origin of these motifs based on our DFT
calculation.

To establish the quasiperiodic nature of the Ga adlayer at
0.4 ML coverage, in Fig. 2(b) we show the FFT of the Ga
island regions of the STM image by masking the substrate
using the height threshold procedure. The quasiperiodic na-
ture of the islands is confirmed by the tenfold FFT spots, with
the angle subtended by two adjacent spots at the center being
36◦ ± 2◦. In Fig. S4(a) of SM [51], the presence of all the
spots is confirmed by the intensity profiles that show a peak
that represents each spot.

The STM topography image in Fig. 2(c) shows that for
0.7 ML Ga coverage (td = 8 min), the condensed islands
grow larger in size and merge together. The τ -inflated GaWF
motifs (yellow circles) are more prevalent at this coverage.
Additionally, their orientation is found to vary, as indicated
by the yellow dashed pentagons that are rotated by 36◦.

The FFT in Fig. 2(d) (see also Fig. S4(b) of SM [51]) for
the Ga adlayer region displays tenfold spots with the angle
subtended at the center by the adjacent spots being 36◦ ± 2◦.
Thus, the FFT shows that the quasiperiodicity is retained
up to this coverage. The height profiles taken along the red
and orange dashed lines shown in Fig. 2(c) are plotted in
Fig. 2(e). Considering several such height profiles, the average
height turns out to be 0.18 ± 0.03 nm, in agreement with
that determined for 0.1–0.4 ML. Note that the thickness of
the Ga monolayer is somewhat smaller compared to other
quasiperiodic layers of elemental metals on i-Al-Pd-Mn, such
as Sn (0.2 nm) [16] and Pb (0.23 nm) [38,40]. A possible
reason is the smaller size of the Ga atom (empirical atomic
diameter being 0.26 nm [67]) compared to Sn (0.29 nm) and
Pb (0.36 nm).

C. Quasiperiodicity of monolayer gallium

Figure 3(a) illustrates the STM topography image for td =
16 min, in which the substrate is uniformly covered by the
Ga monolayer. Note that the characteristic quasiperiodic mo-
tifs such as τ -GaWF and ring—similar to those observed in
Fig. 2—are also observed on the Ga monolayer, these are
highlighted by similar colored circles in Fig. 3(a).

Curiously, in this figure, isolated bright condensed islands
are observed. In Fig. 3(d), the height profiles along the red and
yellow dashed lines in Fig. 3(a) show that the average height
of these islands relative to the monolayer is 0.19 ± 0.02 nm.
This is nearly similar to the monolayer’s height discussed
in the previous section, and thus the bright islands can be
related to Ga bilayer regions. This is further supported by
the height histogram in Fig. 3(e), which displays two peaks
corresponding to the mono- and bilayer, the separation be-

tween which yields a similar height of the latter (horizontal
double-sided arrow). From the area under the two peaks of
the height histogram, we find that the bilayer forms over an
area that is ≈20% of the total area. Thus, the coverage for this
deposition turns out to be 1.2 ML.

Figure 3(b) displays the FFT of only the monolayer (i.e.,
excluding the bilayer regions), while Fig. 3(c) displays the
FFT of the entire image. Tenfold spots are observed in
both. Notably, from a comparison of their intensity profiles in
Fig. S5 of SM [51], it is apparent that the intensity of the spots
is larger with the inclusion of the bilayer regions, indicating
an improvement in the quality of the FFT. In addition, close
scrutiny reveals the characteristic quasiperiodic motifs such
as τ -GaWF and an incomplete ring on the bilayer islands
[dashed circles in Fig. 3(a)], indicating the possible existence
of quasiperiodic structural correlations in some regions of the
bilayer.

In Fig. 3(f), the Ga MNN Auger electron spectroscopy
signal at 55 eV increases with a concomitant decrease of the
substrate Al LMM signal at 68 eV as a function of td . This
shows that the Ga atoms are deposited incrementally on the
i-Al-Pd-Mn surface. No change in the position of either of
the peaks is observed over the whole td range (see the vertical
dashed arrows), indicating the absence of any surface alloying
or chemical bonding with the substrate.

A STM topography image in Fig. 3(i) for 1.2 mono-
layer coverage (td = 16 min) that spans a larger length scale
(250 nm × 250 nm) shows three adjacent terraces of the sub-
strate. The bottom terrace is marked as t1 (blue), while the
other terraces that exhibit step heights of 0.4 ± 0.02 nm(= L)
and 1.05 ± 0.02 nm (= 2L + S, L and S are the basic heights
related by L = τ × S) are referred to as t2 (light blue) and
t3 (whitish blue), respectively; see the inset for the height
profile along the white dashed line. L and (2L + S) are the
characteristic step heights of the substrate [68–70]; their pres-
ence indicates that these terraces are uniformly covered by
the Ga monolayer (the small bright isolated islands are the
bilayer regions). The quasiperiodicity of Ga on these terraces
is established by the presence of sharp tenfold spots in the
FFT, as shown in Fig. 3(g) for an overlapping area of t2 and
t3 terraces (black square). In Fig. 3(h), FFT is shown for
an overlapping area of all the three terraces (green square),
while Fig. 3(k) shows it for t1 and t2 (gray square). The
whole image also shows FFT spots [Fig. 3(j)]. Thus, the Ga
monolayer is quasiperiodic over t1, t2, and t3 terraces, whose
combined area is 0.0525 μm2. The largest length scale over
which quasiperiodicity is observed here is ∼350 nm, which is
the diagonal of the image in Fig. 3(i). The signature of long-
range quasiperiodicity of the Ga monolayer is thus obtained
over a range larger than the previous reports in the literature
for other elements [15–17,34,37,38].

D. DFT-based models for the τ-GaWF and ring motifs

The STM images in Figs. 2–3 show that the τ -GaWF motif
with a dark center is most frequently observed, whose zoomed
views are shown in Figs. 4(a) and 4(b). Some of these motifs
are also observed with a bright center [Fig. 4(c)]. To show that
these motifs are τ inflated compared to the GaWF motifs, we
determine the edge length of the pentagon shown by yellow
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FIG. 3. (a) STM topography image of 1.2 ML Ga/i-Al-Pd-Mn (IT = 0.8 nA, UT = 0.5 V) showing formation of a uniform Ga monolayer.
The motifs of the monolayer are highlighted by circles of similar color, as shown in Fig. 2. The motifs in the bright condensed islands that
represent Ga bilayer regions are shown by dashed circles. FFT of (b) the monolayer region by masking the bilayer regions and (c) the whole
image in (a). (d) The height profile along the red and yellow dashed lines in (a). (e) Height histogram of (a). The double-sided black arrows in
(d) and (e) indicate the thickness of the second Ga layer. (f) Auger electron spectra as a function of deposition time (td ) show an increase in the
Ga MNN signal (red arrow) and a decrease in the Al LMM (blue arrow) signal. (i) A large area (250 nm × 250 nm) STM topography image
of 1.2 ML Ga/i-Al-Pd-Mn (IT = 0.6 nA, UT = −1.9 V) and its (j) FFT. The inset of (i) shows the height profile along the white dashed line.
FFT of the different regions of (i), as indicated by the (g) black, (h) green, and (k) gray squares.

dashed lines in Figs. 4(a)–4(c). Its average value is 1.26 ±
0.1 nm, the corresponding distribution is shown in Fig. S6
of SM [51]. The experimental ratio of the side length of τ -
GaWF and the GaWF motifs is 1.26

0.79 = 1.59, which is close to
τ (= 1.618). Thus, STM shows that the τ -GaWF motif is
indeed τ inflated with respect to the GaWF motif.

The size of this motif can be approximately estimated by
the diameter of a circle circumscribing it drawn such that the
τ -GaWF motif is contained in it. The distribution of the diam-
eter, considering several such motifs, is plotted as a histogram
in Fig. S7(a) of SM [51]. The average diameter of the τ -GaWF
motif turns out to be 3.2 ± 0.2 nm. This is approximately τ

scaled with respect to the diameter of the GaWF (2 ± 0.1 nm),
thus justifying the name “τ -GaWF.”

Figure 4(d) shows the atomic structure of the surface
plane of the fivefold i-Al-Pd-Mn derived from the 5/3
approximant. To model larger sized motifs by DFT, the τ -
P1 tiling is more appropriate (blue lines), where the size
of the tiles is τ times larger with the edge length a1 =
1.255 nm (=τ × a0, a0 = 0.776 nm) compared to the P1
tiling (black lines). Here, all the surface Mn atoms are at
the vertices of the τ -P1 tiling, but not all vertices of the
τ -P1 tiling are occupied by Mn atoms. In the central P1
pentagon, all five vertices are occupied by Mn atoms. At
the center of this τ -P1 pentagon, a dip can be observed.
In previous studies, such a surface dip was also character-
ized also by a charge density minimum (see, e.g., Fig. 3
in Ref. [63]).
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FIG. 4. Zoomed STM images of the τ -GaWF motif with a dark center observed for the Ga (a) monolayer and (b) bilayer. (c) A τ -GaWF
motif with a bright center. The color scale representing the height in nm is shown on the left side of (a)–(c) and (f), zero corresponds to the
bearing height. (d) The atomic structure of the surface plane of fivefold i-Al-Pd-Mn derived from the 5/3 approximant (5.32 nm × 6.25 nm),
the thick blue (black) lines show the τ -P1 (P1) tiling. The white, magenta, and red colored circles represent the Al, Pd, and Mn atoms,
respectively. (e) Same as (d) with DFT based 30-Ga atom (green circles) model representing the τ -GaWF motif on the i-Al-Pd-Mn surface.
(f) A model for the ring motif, the white dots show all possible adsorption sites on the Pd atoms at the center of the 5-Al cluster. The blue
arrow shows a vertex of the outer pentagon that is not a favorable site. The black lines show the P1 tiling that is shifted compared to (d). (g)
The green circles show the adsorbed Ga atoms of the model connected by green dashed lines overlaid on the zoomed ring motif from STM.
Both (f) and (g) have same length scale.

If around the Mn atoms of the τ -P1 pentagon the 6-Ga
clusters grow, a new Ga superstructure can be observed that
would represent τ -GaWF, as shown in Fig. 4(e). This model
is supported by the excellent agreement of a1 estimated from
the side length of the τ -GaWF motifs from STM (1.26 ±
0.1 nm) with the theoretical value (1.255 nm). Also, this
model accurately reflects the distinct petals in the τ -GaWF
motif observed from STM. On i-Al-Pd-Mn surfaces, the dips
could be filled by Ga adatoms, and the dark center of the τ -

GaWF could disappear. This could explain the bright centered
τ -GaWF motif in Figs. 2(c) and 4(c). On the i-Al-Pd-Mn sur-
face, τ -P1 pentagons with Mn atoms at all five vertices exist
in varying orientations. This explains why τ -GaWF clusters
could be rotated relative to one another, as seen in Figs. 4(a),
4(b), and Fig. 2(c).

A zoomed view of the ring motif (red circles in Figs. 2–
3), which comprises of a nearly circular arrangement of outer
pentagons, is shown in Fig. 4(g). The center of the ring motif
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FIG. 5. LEED patterns at a beam energy (Ep) of 81 eV for (a) 0, (b) 0.7, and (c) 1.2 ML Ga/i-Al-Pd-Mn in an inverted gray scale, the
coverage is indicated at the bottom right corner of each panel.

is bright and is surrounded by a relatively darker region. An
estimate of the average diameter of this motif is 5.2 ± 0.4 nm,
indicating that it is approximately τ inflated with respect to the
τ -GaWF motif (3.2 nm). The distribution of the diameters is
shown in Fig. S7 of SM [51].

In Fig. 4(f), we present a DFT-based model of the ring
motif that consists of an outer ring of pentagons formed by
Ga atoms that occupy the favorable Pd sites at the middle
of the 5-Al cluster that occur at the vertices of the pentagons
of the P1 tiling shown by black lines. All possible favorable
sites for Ga adsorption are shown by white dots in Fig. 4(f),
while the green circles in Fig. S3 of SM [51] represent a
complete ring motif. The bright center of the ring motif also
arises from a Ga adatom adsorbed at the center Pd atom
surrounded by the 5-Al cluster. This is the common vertex
of three inner P1 pentagons, however, two vertices of each of
these pentagons are not energetically favorable. To be noted
is that 6-Ga clusters on the Mn atoms at the center of the
alternate pentagons could form a GaWF, but it is somewhat
energetically less favored compared to only the outer 5-Ga
considered in the model (Table I). A satisfactory agreement
can be noticed in both the atomic positions and motif size
when this model is superimposed on the ring motif depicted in
Fig. 4(g) subsequent to a 120◦ rotation. It is worth noting that
the majority of the vertices comprising the outer ring of ten
pentagons are energetically favorable (as indicated by white
dots). However, there is one unfavorable vertex, denoted by a
blue arrow in Figs. 4(f) and 4(g) which lacks both the Pd atom
and the 5-Al cluster. Additionally, a neighboring vertex of the
ring motif in Fig. 4(g) is unoccupied for stochastic reasons.

E. Low-energy electron diffraction study of Ga/i-Al-Pd-Mn

Figure 5(a) displays the LEED pattern of i-Al-Pd-Mn that
has different sets of sharp fivefold spots in agreement with the
literature [16,39,71]. The most intense inner and outer sets
of spots are indicated by blue and black arrows, respectively.
These spots with similar relative intensities between the five-
fold sets are clearly visible for 1.2 ML coverage in Fig. 5(c)
(also Fig. S8 of SM [51] for other Ep values) where the surface
is uniformly covered by Ga (Fig. 3). The spots are also visible
for the submonolayer coverage of 0.7 ML [Fig. 5(b)]. The
intensity profiles of the inner and outer sets of spots for 1.2
ML LEED pattern in Fig. S9(a) of SM [51] show that the an-

gular position (separation between spots being 36◦ ± 1◦) and
the width of the spots remain nearly unchanged with respect
to the substrate. The profiles along three radial directions in
Figs. S9(b)– S9(d) of SM [51] show similar k‖ for both sets of
spots, indicating an unchanged quasilattice parameter of the
Ga adlayer compared to the substrate. There is no evidence
of splitting or broadening of the spots indicating the absence
of surface defects or steps of multiple heights [72]. It may
be noted that rotational epitaxy instead of quasiperiodicity
has been reported for several metals deposited on i-Al-Pd-
Mn such as Al [73], Ag [74], Fe [75], and Ni [76]. In these
cases, the adlayer manifests as five crystalline domains that
mirror the symmetry of the substrate, and these domains add
extra spots to the LEED pattern. Such extra spots are absent
for the Ga monolayer for the whole Ep range, as shown by
a series of patterns from 30 eV < Ep < 180 eV at a step
of 2 eV in video files named “Ga0.7ML” and “Ga1.2ML”
for 0.7 and 1.2 ML, respectively of the SM [51]. This rules
out the possibility of the formation of Ga domains with a
particular orientational relationship with the substrate. Thus,
our electron diffraction study shows that the Ga monolayer
exhibits quasiperiodic order within the coherence length scale
of the LEED optics, which is 10–20 nm [77].

Although the LEED patterns of the Ga adlayer resemble
the substrate in Fig. 5, for some Ep, the relative intensities of
the two sets of fivefold spots are different [Figs. 6(a)–6(f)].
For example, at Ep = 55 eV in Fig. 6(d), the outer ring has
nearly equal intensities of the two sets (thus appearing like a
decagon, red lines), while for the substrate in Fig. 6(a) one set
is more intense compared to the other (thus appearing as two
36◦ rotated pentagons, shown by solid and dashed red lines).
This is also observed at 86 eV. Moreover, at 55 eV, the inner
pentagon highlighted by blue lines is 36◦ rotated between the
two. At 63 eV, the inner (outer) set of spots of the Ga layer
portrays a blue (solid and dashed red) pentagon, while for the
substrate, the spots are of equal intensity.

To understand these differences, the intensity (I) of a
LEED spot as a function of Ep, called I-V curve [72,78], has
been shown in Figs. 6(g)–6(j). The I-V curves of the substrate
for different spots, such as (10000), (11000), (00010), and
(00110) are in agreement with the earlier reports [16,79].
Although a comparison with the substrate shows a fair qual-
itative closeness in the positions of the main peaks, there are
perceptible differences in particular for (00010) and (11000)
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FIG. 6. LEED patterns of (a)–(c) i-Al-Pd-Mn, and (d)–(f) 1.2
ML Ga/i-Al-Pd-Mn for three different Ep values are shown at the
bottom right corner in eV. The differences are highlighted by blue
and red lines. Experimental I-V curves for 0.7 and 1.2 ML Ga/i-
Al-Pd-Mn compared with i-Al-Pd-Mn (0 ML) for different spots
(g) (10000), (h) (11000), (i) (00010), and (j) (00110). These spots
are marked in Fig. 5(a) by green, blue, yellow, and red circles,
respectively. The insets compare the 1.2 ML I-V with the substrate
after normalizing the most intense peak to the same height.

spots, which are apparent in the insets where their most
intense peak has been normalized to the same height. The
difference in the shapes of the I-V curves could arise from the
structural difference caused by preferred adsorption positions
of Ga on i-Al-Pd-Mn as shown by DFT as well as nonstruc-
tural parameters such as change in the surface potential [72].
The differences in the LEED patterns between the Ga adlayer
and the substrate in Figs. 6(a)–6(f) can be explained by the
difference in the shapes of the I-V curves [dashed lines in
Figs. 6(g)–6(j)].

IV. CONCLUSIONS

In conclusion, our present study utilizing scanning tun-
neling microscopy (STM), low-energy electron diffraction
(LEED), and density functional theory (DFT) demonstrates
that Ga monolayer on i-Al-Pd-Mn exhibits quasiperiodic or-
der at room temperature. The FFTs of the STM images exhibit
the characteristic quasiperiodic spots, while the real-space
images reveal motifs such as Ga white flower (GaWF) and
τ -inflated GaWF (τ -GaWF), where τ is the golden mean.
A larger sized ring motif made up of pentagons in a circu-
lar congregation with a bright center is also observed. STM
shows that the quasiperiodic order persists over a length scale
of ∼350 nm. The quasiperiodic nature of the Ga monolayer
is further supported by the fivefold LEED patterns observed
across the entire range of the beam energy. Auger electron
spectroscopy provides additional evidence that the Ga adlayer
does not exhibit any surface alloying or chemical reactions
with the substrate.

Our DFT calculations indicate that Ga prefers to adsorb on
i-Al-Pd-Mn at two specific sites: (i) the vertices of the Penrose
P1 tile located at the center of a cluster consisting of five Al
atoms that has a Pd atom at the center but positioned below the
surface plane, and (ii) the Mn atom positioned at the center of
the P1 tile. The GaWF motif is represented by a pentagonal
outer ring comprising 5 Ga atoms adsorbed at the center of
5-Al clusters and a pentagonal inner cluster consisting of 6
Ga atoms (6-Ga) surrounding the central Mn atom. The 6-Ga
clusters arranged on the τ -P1 tiling serve as a model for the
τ -GaWF motif, while the ring motif is represented by Ga
atoms that adsorb at the reactive centers of 5-Al clusters above
the marked Pd sites. Excellent agreement is observed between
the side length and the diameter of the motifs between the
experiment and the DFT-based models. Our research reveals
a previously unknown characteristic of gallium, i.e., its qua-
sicrystallinity. It is intriguing that Ga exhibits quasiperiodic
order despite the substrate temperature being near its melting
point; this characteristic sets it apart from other systems.
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