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The atomic structure and electronic properties of the (100) surface of the Au-Si-Ho Tsai-type
quasicrystalline approximant has been investigated under ultra-high vacuum conditions. After an-
nealing the sample between 853 K and 878 K, Au-Si-Ho(100) exhibits a (2x1) surface reconstruction
with a topography described by large terraces separated by a single step height equal to half the unit
cell parameter. The surface appears to terminate at specific bulk planes intercepting the Tsai-type
clusters at their center. The electronic density of states is dominated by the 5d states of Au below
the Fermi level and by the 5d states of Ho above the Fermi level with a metallic-like Fermi edge.

I. INTRODUCTION

Quasicrystals (QCs) are long-range ordered systems
that lack the translational periodicity of usual crystals
[1]. With no unit cell in 3-dimensional space, their struc-
ture is often best described in physical space by the as-
sembly of highly symmetric atomic clusters. The same
concept of cluster assembly also applies to the atomic
arrangement for the so-called quasicrystalline approxi-
mants, that are periodic crystals characterized by a large
unit cell and a local atomic order that is similar to that
of the parent quasicrystalline phase.

A precise knowledge of the surface crystalline structure
is a prerequisite for understanding the surface properties
of quasicrystals such as their low friction, low adhesion,
corrosion resistance, and catalytic activity [2–5]. Most
previous surface studies of aperiodic compounds have fo-
cussed on stable Al-based QCs whose atomic structure is
described in terms of pseudo-Mackay and Bergman clus-
ters [6, 7]. A general trend concluded from these studies
is that, surface phenomena present on crystals such as
facet formation, terrace formation, bulk truncated termi-
nation, and surface relaxation also appear in quasicrys-
tals [8–12].

The chemical disorder present in icosahedral (i) - QCs,
which are mostly ternary alloys, is a hindrance to a com-
plete description of their bulk structures. The discovery
of the first stable binary i-QC in the Cd-Yb system to-
gether with different quasicrystalline approximants was

an important step in determining their detailed atomic
structure [13]. The cluster building blocks of this new
class of QCs and their related periodic approximants con-
sist in concentric polyhedral shells, with an inner dis-
ordered tetrahedron at its center, followed by a dodec-
ahedron, an icosahedron, an icosidodecahedron, and a
rhombic triacontahedron [14]. These clusters are termed
Tsai-type clusters in the literature. Due to the high vapor
pressure of cadmium, the surface study of the Cd-Yb QC
is incompatible with an ultra-high vacuum (UHV) envi-
ronment. However, it has been shown that isoelectronic
substitutions lead to many different QC or approximant
compounds with composition (D(1−x)Px)y RE, y ranging
from 6 to 9, with D = Zn, Cd, Cu, Ag, Au or Pd, P =
Mg, Al, Ga, In, Sn, Ge, or Si and RE = rare-earth, Ca
or Sr [15]. Thus, by replacing Cd with Ag and In, the
resulting i-Ag-In-Yb QC is isostructural to Cd-Yb and is
suitable for UHV studies.

The structural study of the three high symmetry sur-
faces of Ag-In-Yb shows that after sputtering and an-
nealing under UHV, the surface consists of large terraces
separated by specific atomic steps [16–18], correspond-
ing to precise bulk truncation. The surface is found to
terminate at specific bulk planes that intersect the Tsai-
type cluster centers for all three high-symmetry surfaces
of Ag-In-Yb [16–18].

The Au-Si-RE (RE=Ho, Tb, Gd) approximants have a
structure close to the MCd5.7 (M=Ca, Yb) quasicrystal
built from Tsai-type clusters [19]. A detailed structural
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study of these systems has shown that the central tetra-
hedron of the Tsai-type cluster can be replaced by a sin-
gle RE atom upon small variations of the stoichiometry.
This new cluster is called a pseudo-Tsai cluster [20]. Due
to their complex structure, Au-Si-RE approximants have
unique thermoelectric and magnetic properties which can
be modulated according to the chemical decoration of the
cluster centers. It is possible to have both Tsai clusters
and pseudo-Tsai clusters randomly distributed in Au-Si-
RE compounds. The presence of pseudo-Tsai clusters
in the structure is accompanied by a decrease in both
the lattice parameter and the magnetic transition tem-
perature. The magnetic structure of the compound is
modified according to the rate occupancy of the pseudo-
Tsai cluster, inducing magnetic frustration and disorder
in the system [19–22].

Unlike the bulk, the surface atomic structure and prop-
erties of Au-Si-RE systems remain unexplored with the
exception of a recent study revealing Ho and Si co-
segregation at the Au-Si-Ho(100) surface upon O2 ad-
sorption [23]. Several key questions are awaiting answers
including the influence of the cluster center decoration on
the surface plane selection and on the structural stabil-
ity of surface layers. To this end, we report the charac-
terization of the (100) surface of the Au-Si-Ho Tsai-type
1/1 approximant using both experimental techniques and
Density Functional Theory (DFT)-based methods.

II. EXPERIMENTAL DETAILS

The single crystal Au-Si-Ho used in this study has been
synthesized using a self-flux technique [19]. Powder X-ray
diffraction (PXRD) was performed to determine the bulk
structure, the latter being published in [19]. The crys-
tal was oriented by back reflection Laue X-ray diffrac-
tion. The cut-out (100) surface has been mechanically
polished to a mirrorlike finish using diamond paste with
decreasing grain size down to 1/4 µm. After mounting
the sample on a tantalum plate, it is investigated un-
der a multi-chamber UHV system where the base pres-
sure was 6 × 10−11mbar. The surface preparation has
consisted of Ar+ ion sputtering at 2 kV for 30 min fol-
lowed by 90 min annealing between 761 K and 878 K.
The temperature was measured using an optical pyrom-
eter with an emissivity set to 0.1 which is close to that
of Au. The cleanliness, the evolution of the chemical
composition with the annealing temperature, as well as
a function of the photoelectron take-off angle measured
with respect to the surface normal were monitored by X-
ray photoelectron spectroscopy (XPS). The XPS spectra
have been measured using a non-monochromatized Mg
Kα X-ray source (1253.6 eV). The electronic structure
of the surface was measured by ultraviolet photoelec-
tron spectroscopy (UPS) using a monochromatized He
II photon source (40.8 eV). Low energy electron diffrac-
tion (LEED) was used to monitor the quality of the
long-range surface order and the surface crystal sym-

metry. The morphology and the local atomic arrange-
ment at the surface have been investigated by scanning
tunneling microscopy (STM) at room temperature. An
electron-transparent lamella has been extracted from the
sample by focus ion beam-scanning electron microscope
(FIB-SEM, Helios NanoLab 600i, FEI, Eindhoven, The
Netherlands) using Ga ions. The specimen was charac-
terized by transmission electron microscopy (TEM) us-
ing a Cs-aberration-corrected probe (JEM-ARM 200CF;
JEOL, Tokyo, Japan) operated at 200 keV, with a spa-
tial resolution in STEM mode of 0.08 nm. The structure
of the bulk has been investigated by high-angle annu-
lar dark-field scanning transmission electron microscopy
(HAADF-STEM) images, selected area electron diffrac-
tion (SAED) and compared with the results obtained
from PXRD.

III. COMPUTATIONAL DETAILS

Electronic structure calculations were performed with
the plane wave Vienna ab initio simulation package
(VASP), [24–27] using the projector augmented wave
(PAW) method [28, 29] and the generalized gradient ap-
proximation (GGA-PBE) [30, 31]. Eleven valence elec-
trons were explicitly treated for Au (5d106s1), 8 for Ho
(6s25p65d0) and 4 for Si (3s23p2). Total energies were
minimized until the energy differences became less than
10−4 eV between two electronic cycles.

The bulk structure of the compound was built starting
from the experimental structure, i.e. a cubic structure
(space group 204). The lattice parameter is equal to
14.56 Å, and the compound is iso-structural to the pro-
totype Tsai-type 1/1 approximant crystal Cd6Yb. The
chemical disorder related to the presence of partial oc-
cupancy and two types of clusters (Tsai and pseudo-
Tsai) present in the bulk structure (Fig 1(a)) are prob-
lematic for the first-principle calculations requiring pe-
riodic boundary conditions. Thus, due to calculations
requirements, all cluster centers have been filled with a
Ho atom (no tetrahedron has been implemented at the
cluster centers), departing from the experimentally de-
termined structure. We used the supercell code [32] to
generate typical structures accounting for the partial oc-
cupancies. One of these has been picked up randomly
and further used for the electronic structure calculations
based on the non-relaxed system.

The structural model of the (100) surface has been im-
plemented with 14.56 Å thick slabs separated by a 14.56
Å void thickness. We selected the flat plane, located at
z = 0, as the termination plane. The STM images have
been calculated using the slab built by numerical cleav-
age (without any structural optimization). We also op-
timized the structure with a criteria for the convergence
based on atomic forces below 0.35 eV/Å.
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IV. RESULTS AND DISCUSSION

A. Bulk structure

Figure 1(a) shows the bulk structure of Au-Si-Ho de-
rived from PXRD analysis, projected along the [100]
axis [19]. The atom positions are obtained from the
cif file determined from PXRD. The Au-Si-Ho sample
is a Tsai-type quasicrystalline approximant with a unit
cell containing 173 atoms, including 116 Au atoms, 32
Si atoms, and 25 Ho atoms. Its chemical formula is
Au67.2Si18.4Ho14.4 (at.%). It crystallizes in a body-
centered cubic structure (bcc) with a lattice parameter
of 14.56 Å, and its space group is Im3̄. At the cluster
center surrounded by red circles in Fig. 1(a), there are
both disordered tetrahedrons (made up of Au and Si)
and Ho. The partial occupancies reflect that there is ei-
ther a Ho or a disordered tetrahedron at these positions.
In total, 48% of the clusters are of Tsai-type and 52% are
of pseudo-Tsai type, and they are randomly distributed
in the structure [21]. The densest (100) planes are those
intercepting the cluster centers. The distance between
two such consecutive planes along the [100] direction is
half a unit cell, i.e. 7.28 Å.

To confirm the bulk structure given by PXRD,
HAADF-STEM and SAED were performed. Figure 1(c)
shows a SAED pattern obtained from the FIB lamella
with complete symmetry 2mm. The lattice parame-
ter obtained from this diffraction pattern is 14.55 Å. In
Fig. 1(b), the HAADF-STEM image has been recorded
in the [100] zone axis. It reveals atomic columns over the
whole FIB lamella thickness. As expected from PXRD
and the SAED pattern presented in Fig. 1(c), there is no
superstructure observed at the nanoscale and no partic-
ular ordering related to the chemical decoration of the
clusters. This has been further confirmed in a recent
HAADF-STEM study on the same crystal [33].

B. Surface structure

1. Chemical analysis

We now concentrate on the structural and chemical
characterisation of the Au-Si-Ho(100) surface. The near-
surface composition of the Au-Si-Ho(100) was estimated
from XPS analysis of the core-levels of Au 4f, Si 2s, Ho
4d, after several sputtering and annealing cycles at a tem-
perature of 878 K. Survey scan indicates that the surface
is free from C and O contamination. Figure 2 shows the
Ho 4d and Si 2s core-level XPS spectra of Au-Si-Ho(100).
The close vicinity in binding energies of these two ele-
ments impacts the Ho 4d background, leading to difficul-
ties in extracting the integrated intensity under the peak
or leading to difficult peak fitting. The XPS spectrum
of the Ho 4d extends over a region rich in features rang-
ing from 157 eV to 210 eV. This spectrum consists of 7

peaks. Two sharp peaks appear at 160 and 162.2 eV, two
other peaks with a lower intensity are observed at 165.65
and 168.4 eV, and three other broad peaks are present
at 175.8, 189.2 and 198.1 eV. This Ho 4d spectrum in
the Au-Si-Ho(100) sample is similar to the spectrum re-
ported for HoB4, HoRh3B, and HoNi compounds [34–36],
except that the broad peak at 198.10 eV is not as pro-
nounced. In the HoB4, the two peaks at 165.65 eV and
168.42 eV are attributed to satellite peaks coming from a
different level of screening of the core hole created during
the photoemission process. In HoNi, an atomic multiplet
calculation was performed for Ho3+ and compared to the
experimental spectrum. This calculation is in agreement
with the Ho spectrum in Au-Si-Ho(100) and allows us to
characterize this spectrum. It indicates that these peaks
correspond to the atomic multiplets of Ho 4d and that
inside the broad peak at 175.8 eV, there are plasmons.

The surface chemical composition has been esti-
mated after annealing the sample at different temper-
atures. Angle-resolved XPS (AR-XPS) spectra were also
recorded in order to vary the surface sensitivity of the
measurements. The chemical composition of the sur-
face is obtained from the Ho 4d, Si 2s, and Au 4f core
level spectra. To determine the area under each peak, a
Shirley background was subtracted and satellite peaks in-
duced by the MgKα source were removed. The elemental
concentrations are determined using the relationship:

PX0
=

AX0
NX0∑n

i=0
Ai

NXi

× 100

where PX0
is the atomic percentage ofX0, AX0

is the area
of X0 peak and NX0

is the normalisation factor associ-
ated to X0. The normalisation factor NXi

contains all
the corrections due to the element under study and due
to the experimental set-up. NXi

= λXi
× σXi

× ATFXi

with λXi
the electron mean free path ofXi, σXi

the cross-
section of Xi and ATFXi

the correction of the analyser’s
transmission function. Figure 3(a) shows that the near
surface concentration is nearly constant in the annealing
temperature range from 760 to 880 K, and close to the
bulk value (Au67.2Si18.4Ho14.4). The slight decrease in
the Ho content (from 18.5 to 17.2 at.%) and the corre-
sponding increase in Si (from 12.5 to 14.6 at.%) are below
the estimated error bars (± 10 at.%). The AR-XPS mea-
surements after annealing the sample at 878 K (Fig. 3
(b)) show a 3 at.% Si increase and a corresponding Ho
decrease as the surface sensitivity is increased while the
Au content remains constant. These variations are very
small and we conclude that there is no surface segrega-
tion taking place in this system. The AR-XPS measure-
ments also show that the core level line shape of Au 4f, Si
2s, and Ho 4d are identical as the electron emission an-
gle changes up to 60° indicating similar surface and bulk
electronic structures for the electronic states associated
with Au, Si, and Ho.
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FIG. 1. (a) Bulk structure of Au-Si-Ho given by PXRD along the [100] axis. The yellow, blue, and green spheres represent Au,
Si, and Ho atoms respectively. White refers to vacancy. Multicolor spheres indicate partial occupancy rates of atomic sites.
HAADF-STEM image (b) and SAED pattern (c) of the Au-Si-Ho lamellae recorded along the [001] zone axis, showing 2-fold
axis and two mirror planes across [010] and [001] directions.

FIG. 2. XPS measurements of the Ho 4d and Si 2s core-levels
region. The highest peaks for Si and Ho multiplets have been
highlighted in blue.

2. Electronic structure

The valence band electronic structure of the clean sur-
face has been investigated using UPS and ab initio meth-
ods. Figure 4(a) indicates that valence band structure is
dominated by two main peaks at 4.2 and 7 eV below the
Fermi level. This is in agreement with the partial elec-
tronic density of states (DOS) calculated for the Au-Si-
Ho bulk compound (Fig. 4(b)). The calculations reveal
that the valence band is dominated by Au 5d states be-
low the Fermi level and by Ho 5d states above the Fermi
level. The experimental bands are shifted by about 1
eV to lower binding energies compared to the calculated
ones. These differences could be due to final-state effects
in the photoemission process, to a surface effect, and/or
correlations in Ho that are not taken into account in the
calculations of the bulk DOS. The discrepancy between
the calculated (Fig. 4(b)) and the experimental (Fig.
4(a)) valence band structures at -5.8 eV (dip) could be
assigned to the surface reconstruction (He II is highly

FIG. 3. (a) Variation of the elemental composition at the Au-
Si-Ho(100) surface as a function of the annealing temperature.
(b) Variation of the elemental composition as a function of the
photoelectrons take-off angle for the sample annealed to 878
K. The dotted lines are linear fit to the data and are only
guides for the eyes. The errors are estimated at ± 10% on
the composition.

surface-sensitive), whereas the calculations are performed
for the bulk structure. We can conclude that contrary to
the case of Ag-In-Yb where there is a pseudo gap near
the Fermi level [37], no reduction in the DOS is identified
for the Au-Si-Ho system knowing that the calculation has
been performed within the GGA-PBE approximation.
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FIG. 4. (a) UPS valence band structure of the Au-Si-Ho surface recorded using the He II UV source. (b) Partial electronic
DOS calculated for the Au-Si-Ho bulk compound. As carried out, the calculation does not reveal any magnetization of the
compound.

3. LEED pattern measurements

The crystallographic structure of the surface has been
probed by LEED. After annealing the sample in the
range between 853 and 878 K, the diffraction patterns
exhibit sharp spots and a low background intensity as
shown in Fig. 5(a) indicating a long-range ordered sur-
face structure. The LEED pattern has been calibrated
using diffraction patterns of a known crystalline struc-
ture recorded under identical experimental conditions.
After calibration, the lattice parameters obtained are
bs = 29.1 ± 0.3 Å and cs = 14.4 ± 0.3 Å. The lattice
parameter obtained along the b axis is twice that ex-
pected from the bulk. Therefore the surface exhibits a
(2x1) reconstruction that is not expected from bulk sym-
metry. LEED patterns do not reveal the formation of
facets indicating the stability of the plan selected at the
surface.

4. High-resolution STM images

After annealing the Au-Si-Ho(100) at 853 K, the sur-
face has a step-terrace morphology with a single step
height (7.4 ± 0.2Å) approximately equal to half of the
unit cell parameter (Fig.5(b)); there is a selectivity of
specific bulk planes as surface terminations. The calcu-
lated fast Fourier transform (FFT) of the STM image
shown in Fig. 5(c) confirms the (2 × 1) reconstruction
observed in the LEED pattern. The same image exhibits
a shift of motifs or lines across consecutive terraces. In
Fig. 5(d), a model of consecutive terraces separated by
a 7.28 Å step height has been built from the bulk struc-
ture determined from PXRD analysis. As expected for
a bcc structure, a shift in the motifs is observed across
consecutive terraces separated by a height equal to a/2.
Depending on the bias and the tip quality, terraces

are imaged differently. As shown in Fig. 6(a), at posi-

tive bias, terraces can be described by lines of different
contrasts with various motifs.

At negative bias (Fig. 6(b)) the terraces consist of al-
ternating ordered lines with head to tail Y motifs (HTY)
and disordered lines where HTY motifs are missing. The
STM resolution and the fine structure shown in Fig. 6(b)
are routinely obtained.

In both cases, the contrast variation and the FFT of
the corresponding STM images are consistent with the
(2×1) reconstruction observed by LEED. The lattice pa-
rameters measured are bs = 28.9 ± 1.1 Å in the [010]
direction and cs = 14.5± 0.6 Å in the [001] direction, in
agreement with the parameter deduced from the LEED
analysis. On both sides of the HTY motifs, there are
charge density signatures that are not well resolved.

The bias dependency of the STM contrast should be a
consequence of the DOS which is dominated by the Au
5d states below the Fermi level but becomes compara-
ble between Ho 5d and Au 5d states above the Fermi
level. Therefore, Au sites are preferentially observed at
negative bias while Ho and Au sites are observed at pos-
itive bias. It is important to specify here that these two
elements are in the same plane (flat) and that the ge-
ometric effects are probably smaller than the electronic
effects. A similar effect has been reported in the case of
the Ag-In-Yb quasicrystalline surface [16, 18, 37–39].

The atomically resolved STM image in Fig. 6(c) ob-
tained after a change in the tip state gives more infor-
mation about the origin of the ordered and disordered
lines, and the charge density which was not resolved as
in Fig. 6(b). These atomically resolved STM images re-
veal a large variety of different local atomic arrangements
along the disordered lines. Among these arrangements,
complete (4 bright dots) and incomplete (2 bright dots)
rectangles (encircled in black on Fig. 6(c)) tilted away
from the [001] direction have been identified. In com-
parison, the ordered lines form a continuous profile with
alternating bright and dim contrasts. Between ordered
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FIG. 5. (a) LEED pattern recorded at 22 eV after annealing the sample at 858 K. (b) STM image (100x100 nm2, Vb = -1.55
V, It = 0.13 nA) presenting three successive terraces separated by a single-step height equal to 7.4 Å. (c) High-resolution STM
image (100x100 nm2, Vb = -1.20 V, It = 0.26 nA) showing a shift of motifs across consecutive terraces [Inset: FFT]. (d)
Model of two consecutive surface terminations separated by steps of height equal to 7.28 Å (blue lines). Across each step, the
structural motifs (head to tail Y motifs in white color) are shifted by half a unit cell along the [100] direction (as emphasized
by the white lines).

and disordered lines in Inset of Fig. 6(c), there are motifs
forming a centered rectangle of 4.45±0.2 Å and 10.1±0.2
Å dimensions.

The (2×1) surface reconstruction observed here is
a pure surface effect and not related to specific bulk
chemical decoration. Such superstructures do not ex-
ist in the bulk as demonstrated by HAADF-STEM and
PXRD analyses [33]. Surface reconstruction in Tsai-
type approximant has also been reported on the Au-
Al-Tb(111) surface where it was found that, depending
on the bias, terraces appear with a bright row structure
having twofold symmetry (negative bias) or with dimers
forming hexagons (at positive bias). These two structures
indicate the presence of surface reconstruction which has
been related to the desorption of Au/Al atoms from the
surface [40, 41].

5. Simulated STM images

From the structural investigation of all three high sym-
metry surfaces of the icosahedral Ag–In–Yb quasicrystal
[16–18], it has been shown that stable planes appearing at

the surface are Yb-rich planes and correspond to the bulk
planes intersecting the center of the Tsai-type clusters.
The stability of the surface planes depends on the atomic
density, the chemical composition and the strength of the
chemical bonds involved in the creation of the surface.
In the case of Ag-In-Yb QC, the selected surface planes
are characterized by a high atomic density and a high
Yb content. This rule of selection is valid for the Au-
Al-Tb(111) Tsai-type approximant surface where it was
found that step heights are 3 times larger than the separa-
tion between 2 consecutive planes intersecting the cluster
centers. This plane selection rule leads to a minimization
of the number of dissected bulk icosahedra exposed as
topmost surface terminations in the Au-Al-Tb(111) sur-
face [40, 41]. In Au-Si-Ho, the step height value derived
from STM data are compatible with the distance sepa-
rating consecutive planes intercepting the cluster centers.
These are dense planes with a high Au and Ho elemental
content. By analogy with the Ag-In-Yb case, these planes
could be the one selected as surface termination (planes
highlighted by dashed rectangles in Fig. 7). Figure 7
shows the atomic density and chemistry of all possible
planes perpendicular to the [100] direction. Such surface
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FIG. 6. High-resolution STM image (25x25 nm2) recorded at Vb = 1 V, It = 0.1 nA (a) and at Vb = -1.60 V, It = 0.2 nA
(b) showing the (2x1) surface reconstruction observed in the LEED pattern [Inset: Zoom on (b)]. (c) Atomic resolution STM
image (20x20 nm2, Vb = -1.85 V, It = 0.1 nA) [inset: Zoom on (c)] obtained after a change in the tip state. The region
delimited by the black and red dotted lines on (b) and (c) are the ordered and disordered lines respectively.

plane selection mechanism does not account for the ob-
served (2x1) reconstruction, which is unique with respect
to all previous reports on Tsai-type QC approximants.

FIG. 7. Atomic density and chemistry as a function of X along
the [100] direction. For the plot, the unit cell has been cut
into slices (∆X = 0.1 Å) perpendicular to the [100] direction
and the number of atoms of each species was counted for each
slice. The dashed rectangles indicate the most Ho-rich planes
which are planes intercepting the cluster center which are also
the densest.

Following this hypothesis, simulations of STM images
were performed for these highest atomic density planes
intercepting the clusters in their equatorial planes. The
structural model used for the calculations contains no
disorder as explained in section II.2 and all cluster cen-
ters are occupied by a Ho atom (no tetrahedron has been
taken into consideration). The full occupation of the clus-

ter center with Ho atoms departs from the bulk model
but a chemical variant has to be selected for the DFT
calculations. Thus, an agreement between the simulated
STM image with the experimental image recorded the
reconstructed surface is not expected. At most, the sim-
ulated images for the (1x1) surface structure could poten-
tially exhibit similarities with local motifs observed ex-
perimentally. Figure 8(a) shows the unrelaxed simulated
STM image along with the atomic surface model used
for the calculations. When superimposing these clus-
ter equatorial planes on experimental STM images (see
Fig. 8(b)), a decent agreement is obtained between the
model atomic position and the highest experimental con-
trasts. For instance, the brightest contrast in Fig. 8(a) is
related to the Ho atoms and to Si positions. In Fig. 8(b),
a similar agreement is found on the ordered line. How-
ever, the cluster center reveals experimentally a variety of
contrasts as expected from the mixed decoration (Ho or
distorted tetrahedron). At this stage, the image contrast
in the disordered lines differs from the unreconstructed
line. It is related to a different local density of states
which could be explained either by atomic desorptions
during the surface preparation and/or by local atomic
displacements, both phenomena resulting in a (2x1) re-
construction. Ho atoms at the center of Tsai-type cluster
correspond to the atoms encircled in white on the inset
of Fig. 6(c). They are located at the center of rectangles
(see inset in Fig. 6(c)) propagating along the [001] di-
rections and separating ordered and disordered lines in
the [010] directions in the experimental STM images. In-
terestingly, upon structural relaxation of the equatorial
plane, the calculations reveal an important layer rum-
pling along with drastic motifs distortions. Such effect
is evidenced when comparing the motifs in the insets 1
and 2 of Fig. 8(a). Moreover, the Ho atoms decorat-
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ing the cluster centers have shifted away from the mean
plane position, i.e. they do not contribute to the STM
contrast anymore. Such important atomic rearrange-
ments in- and out-of-plane between (un)relaxed simula-
tions demonstrate a strong tendency to depart from a
pure bulk truncated surface termination. This is highly
consistent with the local atomic displacements or/and
desorptions observed experimentally which explain the
(2x1) reconstruction. The crystallographic model of the
equatorial planes contains local configurations compati-
ble with the experimental images.

If the selected surface terminations intercept the
cluster centers in Au-Si-Ho, those planes contain the
disorder inherent to the mixed decoration of the cluster
centers (i.e. circa 52 % Ho and 48 % tetrahedron).
While a (2×1) instead of a (2×2) surface reconstruction
can be explained by the surface termination symmetry,
the propagating disorder along every other line along
the [001] direction may be related to a strain relief
mechanism involving local atomic displacements or/and
atomic desorption. A similar randomised disorder in the
local atomic decoration has already been encountered
in a previous work on Al-based approximant where a
surface reconstruction was also observed [42]. It would
be interesting to explore other index surfaces such as
(111) and (110) of Au-Si-Ho, to verify plane selections
and to check for surface reconstruction on denser
surfaces in order to compare it with the reconstructed
Au-Si-Ho(100) surface.

V. CONCLUSION

The surface characterisation of Au-Si-Ho(100) demon-
strates a bulk truncation at specific planes. These surface

terminations correspond to the planes identified as those
planes intercepting the Tsai-type clusters in their equa-
torial planes, consistent with previous reports on Ag-In-
Yb Tsai-type quasicrystalline surface [16–18]. In other
words, it implies that the Tsai-type cluster centers, deco-
rated either by distorted tetrahedron or RE atom, should
appear at the surface. The surface reconstruction (2x1)
is not related to the chemical decoration of the bulk. It
is a surface effect. Generally, the selection criterion of
the surface planes in Tsai/pseudo-Tsai type QCs or ACs
is such that it exposes the planes intercepting the cen-
ter of clusters containing RE. One could think about the
possibility of growing a quasicrystalline system with only
pseudo-Tsai clusters. This will expose naturally at the
surface, RE atoms distributed on an ordered subset of
lattice sites, hence potentially forming a complex mag-
netic structure.
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baja, S. Šturm, V. Fournée, and J. Ledieu, STEM Struc-
tural Investigation of RE-Au-Si 1/1 Approximants, Isr.
J. Chem. n/a, e202300117 (2023).

[34] D. Biswas, N. Sahadev, G. Adhikary, G. Balakrish-
nan, and K. Maiti, Evolution of the electronic structure



10

of HoB 4 with temperature, Phys. Rev. B 88, 134405
(2013).

[35] T. Shishido, M. Oku, T. Sasaki, H. Iwasaki, H. Kishi,
H. Horiuchi, and T. Fukuda, XPS and magnetic mea-
surements for perovskite-type HoRh3B, J. Alloys Compd.
283, 91 (1999).

[36] C. W. Chuang, F. M. F. de Groot, Y. F. Liao, Y. Y. Chin,
K. D. Tsuei, R. Nirmala, D. Malterre, and A. Chainani,
Hard x-ray photoemission spectroscopy of GdNi and
HoNi, Phys. Rev. B 102, 165127 (2020).

[37] H. R. Sharma, G. Simutis, V. R. Dhanak, P. J. Nu-
gent, C. Cui, M. Shimoda, R. McGrath, A. P. Tsai, and
Y. Ishii, Valence band structure of the icosahedral Ag-
In-Yb quasicrystal, Phys. Rev. B 81, 104205 (2010).

[38] D. Burnie, S. Coates, R. McGrath, and H. R. Sharma,
Bias-voltage dependent STM images from the 2–fold sur-
face of the icosahedral Ag-In-Yb quasicrystal, J. Phys.

Conf. 1458, 012017 (2020).
[39] Y. Ishii and T. Fujiwara, Hybridization Mechanism for

Cohesion of Cd-Based Quasicrystals, Phys. Rev. Lett. 87,
206408 (2001).

[40] S. Coates, D. Burnie, H. R. Sharma, and R. Mc-
Grath, Scanning Tunnelling Microscopy Studies of Tsai-
Type Quasicrystal Approximants, Isr. J. Chem. n/a,
e202300116.

[41] S. Coates, K. Nozawa, M. Fukami, K. Inagaki, M. Shi-
moda, R. McGrath, H. R. Sharma, and R. Tamura,
Atomic structure of the (111) surface of the antiferro-
magnetic 1/1 Au-Al-Tb approximant, Phys. Rev. B 102,
235419 (2020), publisher: American Physical Society.

[42] J. Ledieu, E. Gaudry, K. Pussi, T. Jarrin, P. Scheid,
P. Gille, and V. Fournée, Reconstruction of the
Al13Ru4(010) Approximant Surface Leading to
Anisotropic Molecular Adsorption, J. Phys. Chem.
121, 22067 (2017).


