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We review scanning tunnelling microscopy (STM) studies of the surfaces of periodic Tsai-type
approximants. Although they are useful analogues to the Tsai-type quasicrystals, the surfaces of
these periodic approximants behave in subtly different and often more complex ways when compared
to their quasiperiodic cousins. We present a summary of STM studies conducted upon Tsai-type
approximants; we discuss the various differences and similarities between phases and surface direc-
tions, and compare these to the surfaces of the related quasicrystalline phases. We also present open
questions which have been raised by these studies, and offer potential routes to answer them.

I. INTRODUCTION

Periodic approximants have been a vital tool for un-
derstanding quasiperiodic intermetallic alloys. Their pe-
riodicity allows for efficient theoretical exploration, with
findings which have been applied to quasiperiodic sys-
tems without any loss of validity (e.g. [1–5]). Similarly,
as they often share identical building blocks, deep un-
derstanding of the structural intricacies of approximants
can lead to better comprehension of the quasiperiodic
phases [6–8]. Periodic approximants have been deter-
mined for every quasicrystal (QC) alloy system, whether
icosahedral (e.g. [7, 9–14]) or decagonal (e.g. [15–20]),
and are routinely found in soft matter/2D systems [21–
24]. From a high-level perspective, approximants can be
consistently relied on as a simple (yet complex them-
selves) analogue to QCs across a wide range of systems
and phases of matter.

However, when it comes to exploring the surfaces of ap-
proximants with scanning tunnelling microscopy (STM),
we are dealing with a very local chemical and electronic
environment, and changes to the underlying structure of
the material/phase can have a significant impact on these
environments. A wide array of periodic approximant sur-
faces and interfaces have been explored by STM; there
comprehensive studies exploring approximants to icosa-
hedral [25–29] and decagonal [30–35] QC phases, with
an extensive series on 2D dodecagonal oxide QCs [22–
24, 36–39]. While these studies have demonstrated that
there are similarities between periodic approximant and
QC surfaces (or interfaces), there are also enough differ-
ences that we can and should often treat these as separate
classes of materials/surfaces.

In this review, we will focus on the results obtained
from one family of approximants - the icosahedral Tsai-
types. Tsai-type approximants are a broad class of in-
termetallic alloys that share the same building block:
Tsai-type clusters [40]. These hierarchical clusters con-
sist of a nesting structure of successively larger atomic
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shells, starting with a tetrahedron (or single atom de-
pending on the phase [41]), which is contained succes-
sively within a dodecahedron, an icosahedron, an icosi-
dodecahedron, and a rhombic triacontahedron, respec-
tively. A schematic diagram is shown in Figure 1, where
arrows indicate how the shells are nested, with the 2nd

shell in yellow, 3rd in green, 4th in blue, and 5th in red.
The tetrahedron is not shown as these atoms are most
commonly not observed during surface studies; their dy-
namic motion leads to an ill–defined surface contribution
[42–44].

The Tsai-type clusters can then decorate either a
periodic or icosahedral quasiperiodic three-dimensional
tiling, depending on whether we are exploring an approx-
imant or quasicrystalline phase. There are a range of ap-
proximant types, which can be classified in order of their
structural complexity, or, how close they approximate the
QC phase. This classification depends on the ratio of two
integers, q and p, which describe the orientation of the
projection matrix used to obtain structural models from
6D [45]. q and p are successive numbers in the Fibonacci
sequence, so that as q/p approaches τ , the golden ratio

( 1+
√
5

2 ), we get closer to the icosahedral QC phase. The
periodic phases can therefore be referred to as 1/1, 2/1,
3/2 etc. Figures 1(b, c) show arbitrarily-sized, cubic unit
cells of a 1/1 Tsai-type approximant, viewed along the
[100] and [111] directions, respectively. The 1/1 phase
can be considered as interpenetrating Tsai-type clusters
which decorate the body-centre and vertices of such a
cubic unit cell.

The binary quasicrystalline Cd-Yb alloy was the first
Tsai-type discovered [46] – and there has since been a
proliferation of ternary (and higher) periodic approxi-
mant and QC phases obtained by swapping out either
Cd and Yb (or both) for other constituents, such that
we have seen a rapid discovery of a range of phases.
In tandem with these discoveries has been a concerted
effort to refine our structural models of these systems,
with chemical and structural disorder a common theme
for exploration (e.g. [47–54]). Such a deep under-
standing of the structure of Tsai–type materials has al-
lowed for in–depth interpretations of phase–specific and
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stoichiometric–specific exotic behaviours, including mag-
netic transitions [55–58], novel electronic properties [59–
61], and superconductivity [52, 62, 63].

The broad range of properties which are observed (or
not) are therefore affected by the subtle structural, chem-
ical, and electronic changes in different phases of the
same family of materials. It is not unreasonable to sug-
gest that we should expect to see an equally broad range
of phase-dependent properties at the surfaces of these
phases. However, the range of explored phases is very
limited compared to the broad range of Tsai-type ap-
proximant phases which exist. While we are restricted by
requiring low-vapour pressures for all constituents (i.e.
to be compatible for ultra-high vacuum [UHV] study),
we have yet to explore anything higher-order in com-
plexity than 1/1 Tsai-type approximants (aside from the
QC phase). In fact, despite their relative structural sim-
plicity, there has been less work dedicated to exploring
Tsai-type approximant surfaces when compared to the
QC phase surfaces. It appears that we actually seem to
have a better understanding of the aperiodic analogue
compared to the periodic, as the lessons we have learnt
from QC surfaces are often applied in our exploration of
approximants [26–29, 31]. Similarly, there are still some
unanswered questions on the behaviour of approximant
surfaces.

In this review we will summarise results obtained from
periodic Tsai-type approximant surfaces using STM, dis-
cuss the challenges and open questions that are faced
with these systems, and present results from a new sur-
face facet and phase. In section II we will discuss the
basic recipe required to produce a surface for STM inves-
tigations. In section III we will summarize experimental
STM results on Tsai-type approximants, before finally
discussing open questions and concluding our review.

II. EXPERIMENTAL DETAILS

Each of the crystals we discuss were grown as single-
grain samples using the self-flux method, with specifics
on size and quality discussed in each section. Here, we
describe the general methods that we use to clean the
samples for investigation under STM.

Once the desired surface facet is obtained (either
through machine-cut or coarse-grain abrasion) samples
are hand-polished with diamond paste of successively
finer grades, typically going from: 6 µm, to 1 µm, and
0.25 µm. After ∼20 minutes of polishing in a figure-8
pattern at each grade, samples are placed in a beaker
with solvent (typically methanol) and placed in an ultra-
sonic bath for ∼5 minutes, before repeating this process
at the next finest grade. The figure-8 pattern is chosen
to reduce preferential polishing along a specific direction,
which may induce surface mis-cuts. Upon insertion into
an ultra-high vacuum chamber, the surface of the sample
is then further cleaned with sputter-anneal cycles. For
all types of approximants (and indeed QCs), 30 min Ar+

FIG. 1: (a) The Tsai type cluster, a hierarchical system
of nested atomic shells. The 1st shell, not shown, is
either a tetrahedron or a single atom. The 2nd shell, in
yellow, is a dodecahedron, the 3rd, in green, an
icosahedron, the 4th, in blue, an icosidodecahedron, and
the 5th, in red, a rhombic triacontahedron. The spheres
represent their atomic decoration. (b) The 1/1
Tsai-type approximant unit cell, as viewed
perpendicular to the [100] direction. (c) The unit cell
viewed perpendicular to the [111] direction.

sputters are sufficient, with a typical drain current of
∼5-8µA, before annealing for ∼2–3 hours. For Tsai-type
approximants, this is typically ∼450 ◦C. Surface temper-
atures are measured using a pyrometer with emissivity
set to 0.35. Substrate cleanliness and ordering is then
monitored with low-energy electron diffraction (LEED)
or STM.

III. STM STUDIES OF TSAI-TYPE
APPROXIMANTS

In this section we discuss results for the 1/1 Ag-In-
Yb approximant, and then the 1/1 Au-Al-Gd/Tb sys-
tems. Before discussing these specific systems, we can
first summarize the various properties which appear to be
loosely consistent across the different Tsai-type approxi-
mant phases and surface terminations that have been ex-
plored. Table I summarizes the Tsai-type approximant
and QC surfaces that have been explored, alongside spe-
cific remarks on these investigations. Results from the
1/1 Au-Al-Gd (110) surface will be published elsewhere,
but a summary of initial findings are also shown in Table
I.
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Summary of STM studies on Tsai-type approximants

Phase Surface References Experimental remarks

1/1 Ag-In-Yb (100)
Cui et. al [25]

Nozawa et. al [64]

Large terraces (> 100 nm)

Poor resolution of finer atomic features

Impurity phase observed

1/1 Ag-In-Gd (100)
Hars et. al[26]

Hars et. al [27]

Small terraces (< 100 nm)

Heavily facetted

Resolution dependent on facets

1/1 Ag-In-Tb (100) Hars et. al [27] Same as Ag-In-Gd

1/1 Ag-In-Ca (001) Nozawa et. al [65] n/a

1/1 Au-Al-Tb (111) Coates et. al [28]
Bias dependency (Tb at positive bias, Au/Al at negative)

Reconstructed Au/Al atoms form a linear structure

1/1 Au-Al-Gd (110) Alofi, A. [66]

Small terraces (< 100 nm) formed by puckered planes containing Gd

Heavily facetted

Bias dependency (Gd at positive bias, Au/Al at negative)

QC Ag-In-Yb 2-fold
Cui et. al[67]

Burnie et. al [68]

Large terraces (> 100 nm)

Sub-cluster resolution of finer atomic features

Bias dependency (Yb at positive bias, Ag/In at negative)

QC Ag-In-Yb 3-fold Cui et. al [69]

Large, often incomplete terraces (> 100 nm),

Sub-cluster resolution of finer atomic features

Bias dependency (higher resolution at positive bias)

QC Ag-In-Yb 5-fold Sharma et. al [70]

Large terraces (> 100 nm)

Sub-cluster resolution of finer atomic features

Bias dependency (Yb at positive bias, Ag/In at negative)

TABLE I: A summary of the work exploring the surfaces of different approximant and QC phases in the Tsai-type
family.

A. 1/1 Ag-In-Yb (100)

The 1/1 Ag-In-Yb approximant can be grown as a mm-
sized single grain, allowing the surface to be machine-cut
and polished along a desired crystallographic direction.
However, currently, only the (100) surface of this system
has been investigated.

The 1/1 Ag-In-Yb(100) surface can be prepared with
large terraces, comparable to those of simple periodic
metals or quasicrystals. However, the surface termi-
nation depends on the method of surface preparation.
There are two distinct types of atomic planes perpendic-
ular to [100]: puckered layers with low atomic density
and flat layers with high atomic density. Annealing the
surface at lower temperatures results in terraces on both
layers. However, at higher annealing temperatures, the
puckered layers disappear, indicating their lower stability
[71].

Despite the presence of large and flat terraces, achiev-
ing atomic resolution using STM on this surface is not

attainable. The smallest features observed in STM have
a diameter of approximately 1 nm for all tunnelling pa-
rameters, representing a group of atoms rather than indi-
vidual atomic resolution, which we discuss further below.

B. 1/1 Ag-In-Gd/Tb (100)

The 1/1 Ag-In-Gd and 1/1 Ag-In-Tb approximant
samples cannot be grown to the same size as the 1/1 Ag-
In-Yb sample, despite using the same growth method, the
self-flux method, for all the samples. Due to their small
size, it is not practical to machine-cut these samples along
desired planes. However, the flux method does yield sam-
ples with naturally developed facets along high symmetry
directions. Therefore, these samples were hand-polished
along the naturally occurring surfaces before undergoing
surface preparation under UHV conditions.
Unlike machine-cut surfaces, hand polishing may in-

troduce surface mis-cuts that induce surface faceting.
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FIG. 2: (a) An STM image (Vb = 1 V, It = 0.18 nA) of the 1/1 Ag-In-Tb (100) surface showing cluster resolution.
Two protrusions are marked, which are competing models for explaining the bright protrusions observed at the
surface. The circle inside the square refers to a collection of 5th shell atoms arranged in a diamond. The dashed
rectangle refers to a square of 3rd shell atoms. Scale bar is 2 nm. (b) An STM image (Vb = -2 V, It = 0.21 nA) of
the (310) facet of 1/1 Ag-In-Tb showing sub-cluster resolution. A unit cell, bright protrusions, and chevron features
are marked in white. The bright and chevron features are formed by 4th and 5th shell atoms. (c) The 5th shell atom
model used to explain the protrusions in (a). (d) The competing 3rd shell atom model used to explain the
protrusions in (a). (e) The 4th and 5th shell model used to explain the features observed in (b). A circle and
chevron match with the corresponding features in (b). Scale bar is 2 nm.

Such surface mis-cut-induced faceting has been observed
on the (100) surface of both of these approximants [26].
STM and LEED studies revealed the presence of facets
along various crystallographic directions such as (100),
(310), (31̄0), (301), (301̄), (411), (41̄1̄), (501), and (710).
The development of these facets appears to be driven
by the atomic density, chemistry, and bonding between
atoms in these planes. The facet planes are enriched
with In atoms, which are bonded with Gd/Tb atoms.
While these planes exhibit a relatively high atomic den-
sity, it is still lower than that of the close-packed (111)
planes. Consequently, the nearest-neighbour distance be-
tween atoms in the topmost layer is typically larger than
their atomic diameters. Therefore, these atoms must be
bonded with subsurface atoms, which highlights the role
of subsurface atoms in surface stability in these facets.

The different chemical/electronic environments pro-
duced through these facets also appear to have an effect
on the resolution we can obtain via STM. Rather than
recap each facet, we can quickly compare the structures
observed from the (100) and (310) facets of the 1/1 Ag-
In-Tb approximant.

Figure 2(a) shows an STM image of the 1/1 Ag-In-Tb
(100) surface, which only shows features with a diameter
of 1 nm arranged in a square lattice, similar to those ob-
served on the 1/1 Ag-In-Yb(100) surface. Again, these
are the only features observed for all tunnelling parame-
ters. Knowing that the step–terrace morphology of this
surface forms at planes which intersect the cluster-centre
of the Tsai-type clusters, there are two models which can
explain these features. The first case is that a diamond
arising from the 5th shell contributes to the tunneling
current producing the protrusions, shown with reference
to the unit cell in Figure 2(c). The second is that the
atoms of two neighbouring unit cells form a square of 3rd

shell atoms such as in Figure 2(d). Both of these ex-
amples are overlaid on Figure 2(a) with reference to the
position of the protrusion in terms of the unit cell.

In contrast, we observe sub-cluster resolution on the
1/1 Ag-In-Tb (310) facet, as shown in the STM image
in Figure 2(b). Here, a row-like structure is observed,
where bright rows can be decomposed into two smaller
rows which consist of two different types of protrusions.
These are highlighted in Figure 2(b) as a white circle and
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FIG. 3: (a) An STM image (Vb = 1 V, It = 0.175 nA) of the 1/1 Au-Al-Tb (111) surface at positive bias, showing
the Tb-resolved surface. Bright dimer–like protrusions form a hexagonal structure. Scale bar is 3 nm. (b) STM
image (Vb = -1 V, It = 0.140 nA) of the surface under negative bias. A rhombohedral unit cell is marked, linking
v–shaped protrusions, one of which is circled in black. Scale bar is 3 nm. (c) Model schematic of (a). Red, blue,
yellow, and grey circles indicate 5th, 4th, 2nd, and 1st shell positions of Au/Al atoms. The hexagon from (a),
rhombohedral unit cell and v–shaped protrusions of (b) are marked. Scale bar is 3 nm.

white chevrons. These features are ascribed to a collec-
tion of 4th and 5th shell atoms, with the unit cell over-
laid on Figure 2(b) and shown in detail in Figure 2(e).
Here, two 5th shell atoms and two atoms from a 4th shell
hexagon form the circle feature, while the remaining 4th

shell atoms in the hexagon form the chevron structure.
Similar sub-cluster resolution was also observed on the
(31̄0), (301), (301̄), and (501) facets, but not the (411),
(41̄1̄), (710) planes. These results suggest that the likeli-
hood of obtaining sub-cluster resolution in these systems
depends very strongly on the local chemical environment
of specific atoms.

C. Au-Al-Tb (111)

The investigation of the 1/1 Au-Al-Tb (111) surface
represented the first surface exploration on a non-Ag/In
containing Tsai-type phase, and was instigated after the
exhibition of an antiferromagnetic phase transition [56]
– with a long-term view to explore its magnetic surface
structure via spin-polarized STM. Similarly, it was the
first Tsai-type (111) surface to be explored, and was cho-
sen as it is an analogue to the 3-fold surface of an icosa-
hedral Tsai-type QC.

Under STM, the morphology of the surface showed a
Tb–terminated step–terrace structure, with step heights
appearing to minimize the number of ‘broken’ bulk icosa-
hedra. Here, we mean that terraces were formed by slabs
of atoms that were separated by step heights of∼1.22 nm,
despite there being geometrically and chemically equiv-
alent surface planes in-between the slabs separated by
this large step. To be specific, the separation between

equivalent atomic planes or slabs, d = 0.85 nm, where:

d(hkl) =
a√

h2 + k2 + l2
(1)

is the separation between planes in the bulk, and a is the
lattice constant. The observation of step heights 1.5× d
suggested, then, that there was another driving force for
these step heights beyond the terrace constituents and
their arrangement. In brief, we calculated the number of
whole icosahedra in a section of the bulk for small and
large step heights, for 5 step heights each. Atoms were
then removed to simulate a step–terrace structure with 5
steps, and the number of whole icosahedra was counted
- where the larger step height value gave 2.5 times as
many unbroken icosahedra in the bulk. Therefore, we
suggested that minimizing broken icosahedra was impor-
tant for surface stability.
Investigation of the finer structure of terraces showed

the first surface reconstruction in a Tsai-type approx-
imant. In general, the observed atomic structure of
the terraces was bias dependent, with Tb atoms im-
aged under positive bias and Au/Al atoms under neg-
ative bias. Figures 3(a,b) show STM images of the sur-
face under positive and negative bias, respectively. At
positive bias, we resolved a hexagonal structure which
was found to arise from triangles of Tb atoms, formed
either by the tops or bottoms of the (111)-aligned icosa-
hedra - these features are highlighted in Figures 3(a,c) by
black hexagons, where the model structure links triangles
of Tb atoms coloured in green. Under negative bias we
observed a linear row structure, such that we consider
the surface to be reconstructed. Here, v-shaped protru-
sions which consist of 4th and 5th shell atoms formed a
rhombohedral unit cell which can be related back to the
hexagonal nature of the surface plane. An example of
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one such protrusion is highlighted by a circle in Figure
3(b,c) (blue circles are 4th shell atoms, red circles are
5th), as well as the rhombohedral unit cell it forms. The
reconstruction was explained by the removal of certain
4th and 5th shell atoms which was supported by density
functional theory (DFT) calculations [28], which repro-
duced a stable reconstructed surface and simulated STM
images at positive and negative bias.

IV. DISCUSSION AND SUMMARY

We have presented the current state of STM studies
of Tsai-type approximants, which we hope can act as
a consolidated guidebook for further explorations into
these systems, in particular, the summary of studies in
Table I. In summary, across a range of surface symme-
tries and chemistries we find three common features in
STM studies of Tsai-type approximants: first, each high-
symmetry surface which has been explored terminates at
dense planes which contain RE atoms, including the QC
phase. This phenomenon has been attributed to the low
surface free energy and low-lying unoccupied 3d states of
rare-earth (RE) atoms, which contribute to surface sta-
bilisation [65, 67, 72]. Similarly, STM bias-dependency
is observed more often than not, where RE atoms typi-
cally dominate the density of states when probing with
positive bias (and vice versa).

Second, and with one exception (the 1/1 Au-Al-Gd
(110) surface [66]), all surface planes intersect directly
with the centre of the Tsai-type cluster, which is also
true for the QC phase. However, this is a slightly obvious
point, as there are only a limited number of planes where
RE-dense planes and cluster-centres lie perpendicular to
the surface direction under investigation.

Third, in general, the quality of these approximant sur-
faces is poor in comparison to the QC phase, that is, ter-
races are smaller, there are more incomplete terraces, and

defect sites within the terraces are more prevalent. Ex-
actly why this is the case is unclear at this point. While
it may be tempting to describe the approximant surfaces
as less stable than those of the QC phase (and perhaps as
a direct consequence of their structure), it is important
to note that each of the approximant phases we have dis-
cussed in this review have been grown using the self-flux
method, whereas the QC phase which has been used for
surface studies was grown using the Bridgman method
[70, 73]. Previous work has showed little difference be-
tween the surfaces of approximants grown using these
two methods [29], but it is a key parameter which differ-
entiates the samples under question. However, the clear
route to at least establishing whether there is a trend
with structural complexity and surface quality is to ex-
plore higher-order approximants. Likewise, changing the
constituents of the phase is another parameter which may
be key.
As we have demonstrated, there is still a rich envi-

ronment to explore, as changes in chemistry and surface
orientation can often bring about different surface be-
haviour in these systems. The specific driving force be-
hind these changes, and how (or if) these changes can be
related to the quasicrystalline Tsai-type phase are still
open questions. As we can easily control these parame-
ters, it is likely these questions can, in fact, be answered.
Looking forward, is natural to suggest that a system-
atic approach to investigating different phase, orienta-
tion, and approximant complexity (2/1 etc.) is the route
to a full understanding of the surfaces of these materials.
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