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The surface structural study of an icosahedral �i� quasicrystal of the Cd-Yb family is presented. Comparison
of bias-dependent scanning tunneling microscopy data from the fivefold surface of i-Ag-In-Yb with the refined
bulk model of isostructural i-Cd-Yb indicates that surfaces are formed at bulk planes intersecting the center of
the rhombic triacontahedral clusters, the building blocks of the Cd-Yb family quasicrystals. These observations
open up the possibility of the use of this material as a template for epitaxial structures.
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Icosahedral quasicrystals are three-dimensional solids
which differ from conventional crystals in that they possess
long-range order without periodicity. Studies of their sur-
faces have been restricted to Al-based systems whose struc-
ture can be described in terms of pseudo-Mackay and Berg-
man clusters.1 Here, we present the surface structural studies
of an icosahedral �i� quasicrystal of the Cd-Yb family, whose
basic building block is the rhombic triacontahedral �RTH�
cluster.2 We compare scanning tunneling microscopy �STM�
measurements of the fivefold i-Ag-In-Yb surface with the
bulk structure model of isostructural i-Cd-Yb.

The unusual physical properties of icosahedral
quasicrystals3 have led to a quest for detailed structural in-
formation on these aperiodic materials. Although significant
progress has been made in applying diffraction techniques to
trimetallic icosahedral quasicrystals, particularly in the case
of i-Al-Pd-Mn,4 a full structural determination has proved
elusive. The discovery of the binary i-Cd5.7Yb quasicrystal in
2000 �Ref. 2� was immediately recognized as a major
advance.5 The chemical order and structural perfection of
i-Cd5.7Yb, together with the existence of the 1/1 cubic ap-
proximant crystal YbCd6 and the 2/1 cubic approximant
YbCd5.8 led to full structural solution of an icosahedral
quasicrystal.6 The structure can be described as an aperiodic
arrangement of RTH clusters. Atoms belonging to the RTH
units constitute 93.8% of the total.6 Cd and Yb atoms in the
interstices �glue atoms� can be precisely specified using the
acute rhombohedron �AR� and obtuse rhombohedron �OR�
units in the proposed model.6

A consensus has developed that surfaces of the Al-Mn
class of quasicrystals prepared under suitable conditions cor-
respond to terminations of the bulk structure with minimal
structural relaxation.7–10 This in turn has led to their applica-
tion as templates for growth studies and hence to the discov-
ery of several phenomena which have extended our under-
standing of epitaxy. These include quasiperiodically
modulated multilayer Cu structures,11,12 pseudomorphic
monolayers of Pb,13,14 Bi,15,16 and Sb �Ref. 17� and island
growth influenced by quantum size effects.18

The surfaces of the binary i-Cd5.7Yb would undoubtedly
provide possibilities for the discovery of further new phe-
nomena in epitaxial growth. Truncations of the rather differ-

ent structure of the RTH cluster would give rise to geometri-
cal and chemical surface patterns. A major difficulty exists in
realizing this objective: the i-Cd5.7Yb quasicrystal is not suit-
able for surface preparation in ultrahigh-vacuum �UHV� con-
ditions because the high vapor pressure of Cd leads to evapo-
ration upon heat treatment. A resolution of this dilemma has
been provided by the discovery of i-Ag-In-Yb
quasicrystal19,20 which is isostructural to i-Cd5.7Yb. Replace-
ment of Cd by equal percentages of Ag and In was found to
maintain the valence electron to atom ratio of 2.0,19,20 which
is necessary condition for the formation of this type of qua-
sicrystals. As Ag and In are both stable in UHV, surface
studies of this icosahedral quasicrystal are therefore feasible.

The Bridgman method was employed to grow the single
grain sample with resulting composition of
i-Ag42In42Yb16.

19,20 The sample was then cut perpendicular
to the fivefold axis determined by Laue backscattering and
polished using diamond paste down to 0.25 �m. Subse-
quently, the surface was cleaned using repeated cycles of Ar+

sputtering �1–3 keV, 30–60 min� and annealing �at 715 K for
2–3 h� under UHV �base pressure 2�10−10 mbar�. After
sputtering the surface shows a depletion of In and Yb. An-
nealing recovers the bulk composition at the surface.21 STM
measurements were performed on the annealed surface using
an Omicron STM operating at room temperature as well as a
Unisoku low-temperature STM operating at 78 K. No differ-
ence was observed in STM contrast at room temperature and
low temperature.

After annealing, the surface displays terraces and steps of
different heights as shown in Figs. 1�a� and 1�b�. Low-energy
electron diffraction �LEED� patterns from the surface show
discrete spots distributed with fivefold symmetry and with
successive spots located at �-scaling distances, �=1.618. . .
being the golden mean: a characteristic number related to
pentagonal symmetry �Fig. 1�c��. This is indicative of quasi-
crystalline long-range order of the surface.

The steps are of different heights. In order to determine
the height distribution we selected about 400 steps from
STM images taken from different parts of the surface and
obtained in different cleaning cycles. Average heights of in-
dividual steps were calculated from the height histogram of
the measured z values �Fig. 1�d��. The step heights are close
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to three values: S=0.28��0.04� nm, M =0.58��0.03� nm
�2 S, and L�M +S=0.85��0.05� nm. Occasionally, these
steps bunch together to form higher steps, which are not
considered in Fig. 1�d�. The L and S steps frequently show a
local configuration of LSLSS as seen in Fig. 1�a�. The occur-
rence of the S, M, and L steps is, respectively, 66%, 12%,
and 22%. The low occurrence of the M steps as well as the
fact that the terraces with these steps are very narrow �see
Fig. 1�b�� suggests that surface termination arising from the
presence of the M steps is less preferred.

STM images of the terraces are found to be dependent on
the applied bias voltage �VB�. Figures 2�a�–2�d� shows STM
images taken from the same portion of a terrace with the
same tip at positive and negative sample bias. The stability
of the tip was confirmed by reproducing the original images
after the measurements. At VB�0 electrons tunnel from oc-
cupied sample states to unoccupied tip states and thus the
occupied states of the sample are probed, while at VB�0 the
unoccupied states of the sample are detected.

The images at VB�0 are characterized by large protru-
sions, which are locally arranged in pentagons �circled in
Figs. 2�a� and 2�c��. The pentagons have an edge length of
2.40��0.15� nm and have two different orientations rotated
by 36° from each other. The diameter of the protrusions es-
timated from the full width at half maxima of height profiles
is 1.30��0.04� nm.

For VB�0, the protrusions do not appear: instead, rings
are observed at the vertices of the pentagons. The diameter
of the rings is 1.80��0.05� nm. The Fourier transforms of
the STM images at both positive and negative bias show a
tenfold pattern with maxima located at �-scaling distances
�not shown� confirming quasicrystalline long-range order in
agreement with the LEED results described above.

After Fourier transform pass filtering of images in Figs.
2�a� and 2�b�, the protrusions and rings appear enhanced
�Figs. 2�e� and 2�f��. The STM image at VB�0 can be over-
laid by pentagonal tiles whose vertices are located at the
center of the protrusions �Fig. 2�e��. The edge length of the
tiles is 2.40��0.15� nm. The same tiling can be superim-
posed on the image at VB�0, where the vertices of the tiling
now fall in the center of rings, rather than protrusions �Fig.
2�f��.

We next compare the experimental observations described
above to the model of the bulk structure of i-Cd-Yb. The
RTH units consist of five successive atomic shells.6 The fifth
�outermost�, fourth, and second shells are, respectively, a
rhombic triacontahedron �diameter 1.56 nm, 92 Cd atoms�,
an icosidodecahedron �diameter 1.3 nm, 30 Cd atoms�, and a
dodecahedron �diameter 0.92 nm, 20 Cd atoms�. The inner-
most shell is composed of four Cd atoms which form a tet-
rahedron. The third shell, which is an icosahedron �diameter
1.12 nm�, is occupied by 12 Yb atoms. Figure 3 shows the
three-dimensional atomic structure in the model normal to
the fivefold axis �z axis�6 after structural refinement using
x-ray diffraction data. The variation in atomic density along
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FIG. 1. ��a� and �b�� Large scale STM images of the fivefold
i-Ag42In42Yb16 surface taken at room temperature �a� 3D view, area
�A�=250 nm�250 nm, bias voltage �VB�=−0.8 V, tunneling cur-
rent �IT�=0.40 nA and �b� A=300 nm�300 nm, VB=+1.1 V, IT

=0.35 nA�. Steps of different heights are marked
�S=0.28��0.04� nm, M =0.58��0.03� nm, and L�M +S
=0.85��0.05� nm�. �c� LEED pattern from the same surface �elec-
tron energy: 23 eV�. �d� The distribution of step heights determined
from measurements of 400 steps.
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FIG. 2. High-resolution STM images of the fivefold
i-Ag42In42Yb16 surface. ��a� and �c�� Images taken at negative bias.
��b� and �d�� Images taken at positive bias ��a� and �b�: 49 nm
�49 nm; �c� and �d�: 23 nm�23 nm; IT=1.3 nA, tunneling tem-
perature: 78 K�. The full and dotted circles mark pentagonal fea-
tures of two different orientations. ��e� and �f�� Area marked by a
frame in �a� and �b� after Fourier transform pass filtering and with a
pentagonal tiling overlaid.
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the fivefold axis calculated from a slab of 10 nm�10 nm
�5 nm is also given in Fig. 3. The high-density regions are
clearly separated by gaps �lower density regions�, which is
consistent with the electron density analysis of the same sys-
tem reported by de Boissieu at el.22 The Yb layers are always
associated with high-density regions and they are separated
by 0.25 nm. The majority of these Yb layers intersect the
RTH cluster centers.

The experimental evidence indicates that the terraces ob-
served in STM are formed at the high-density regions which
intersect the cluster centers. The separation of the selected
high-density layers in the model �marked in Fig. 3 by yellow
rectangles� is close to the observed step heights
S�=0.28�0.04 nm� and L�=0.85�0.05 nm�. The frequency
of occurrence of the S steps estimated from a slab of the
model of 10 nm�10 nm�10 nm is about 60%, which is
in reasonable agreement with the value of 66% deduced from
the measurements. The selected terminations do not produce
M steps, which is consistent with the low preference of the
M steps observed by STM. The sequence of LSLSS observed
by STM can be identified in the model terminations shown in
Fig. 3. Finally and crucially, surface termination at every
high-density layer �not just those corresponding to cluster
centers� would yield only S steps. This would not agree with
the observation of L steps in STM.

The formation of the terraces at selected regions is further
evidenced by comparing the atomic structure of the cluster-
center terminations in the model with the bias-dependent
STM images of the terraces. A tiling of 2.53 nm edge length
can be superimposed in these terminations �Fig. 4�a�� which
is consistent with the 2.40��0.15� nm pentagonal tiling of

the STM images. Almost all of the vertices of the tiling su-
perimposed on the model coincide with the cluster centers.
The vertices are decorated by concentric rings of atoms. The
first ring from the center �red� corresponds to the cross-
section of the Cd icosidodecahedron �the fourth shell of the
RTH cluster� and has diameter 1.30 nm. This ring contains
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FIG. 3. �Color� Top: atomic structure of i-Cd-Yb projected normal to the fivefold axis �red: Cd and green: Yb, y axis is compressed�.
Atomic positions were obtained after structural refinement using x-ray diffraction data. The refinement results in shifts of a group of atoms
from their idealized positions and atomically flat layers of the ideal structure are modified into puckered layers. High-density regions
intersecting the cluster centers are marked by yellow rectangles. Bottom: variation in atomic density in layers perpendicular to the fivefold
axis �red: Cd, green: Yb, black: total, blue: cluster centers, density of which is not in scale�. For the plot, we considered a step of �z
=0.05 nm. The maximum projected atomic density in this region is comparable to that of the closed-packed Yb surface. The position of the
cluster centers is marked by dotted lines. The high-density peaks are separated by 0.27 nm��0.01� nm.

FIG. 4. �Color� �a� The projected in-plane structure of the re-
gions marked by a yellow rectangles in Fig. 3 �area: 10 nm
�10 nm, �z=0.05 nm�. �b� Pentagonal motifs from the in-plane
structure with edge length of 2.53 nm and from STM images at �c�
negative and �d� positive biases with edge length of
2.40��0.15� nm.
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both Ag and In; the exact distribution of Ag and In atoms in
the ring is not known. The diameter of the protrusions ob-
served in STM �1.30�0.04 nm� matches that of the Ag/In
ring in the model. This indicates that the tunneling current at
VB�0 is enhanced at the Ag or In sites and suppressed at the
Yb sites. The lack of atomic resolution in the protrusions
may be due to electronic coupling of the Ag and In atoms.

The second ring from the center of the RHT cluster center
�green� has a diameter of 1.94 nm and contains Yb atoms.
The ring is incomplete at some of the vertices. These Yb
atoms belong to different RTH units or linkages between the
RTH units. The diameter of the ring is close to the diameter
of the ring observed in STM at VB�0�1.80�0.05 nm�. This
indicates that the tunneling current at VB�0 is enhanced at
the Yb sites. This is consistent with ab initio studies of

i-Cd-Yb which show that the unoccupied states just above
the Fermi level are dominated by Yb-5d levels.23

In summary, based on STM measurements from the five-
fold i-Ag-In-Yb surface and the bulk model structure of
i-Cd-Yb, we find that the surface forms preferentially at bulk
positions which are dense and intersect the cluster centers.
The truncated RTH clusters are arranged in a dense quasip-
eriodic array which is chemically well defined. These find-
ings open up the possibility of the use of these surfaces as
templates for epitaxial meta structures.
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