
Vol. 126 (2014) ACTA PHYSICA POLONICA A No. 2

Proceedings of the 12th International Conference on Quasicrystals (ICQ12)

Inhomogeneous Electronic Localization

in Icosahedral Quasicrystals

A. Prekula,∗, N. Schegolikhinaa and E. Shalaevab

aInstitute of Metal Physics, Ural Department of the RAS, Ekaterinburg, Russia
bInstitute of Solid State Chemistry, Ural Department of the RAS, Ekaterinburg, Russia

Experimental results indicating that the electronic inhomogeneity may be a fundamental property of icosahe-
dral quasicrystals and their approximants are presented.

DOI: 10.12693/APhysPolA.126.556

PACS: 61.44.Br

1. Introduction

The lattice structure of i-phases opened in 1984 by
Shechtman [1] is based on an icosahedron � a polyhe-
dron having symmetry of the �fth order, which cannot
serve as a unit cell of a periodic crystal. It was evident
from the very start that in the course of formation of
thermodynamically stable i-phases, a minimum of free
energy is possible to achieve only owing to a gain in the
kinetic energy of free carriers. To this end, two mech-
anisms were proposed: structure-induced pseudogap in
the density of states of the conduction band, which is
traceable to the presence of a long aperiodic order, and
electron localization, connected with either short-range
order or a peculiar type of disorder.

The hypothesis of pseudogap has experimentally been
shown to agree well with the estimates of electronic pa-
rameters of i-phases in the limit of low temperatures.
These phases possess an anomalously low (≈ 1020 cm−3)
concentration of conductive electrons and, consequently,
anomalously low values of the metal-like conductivity,
Pauli susceptibility and electronic heat capacity. The ex-
perimentally observed powerful thermal e�ects, namely,
thermally induced charge carriers, conductivity (nega-
tive TCR), and paramagnetism, were noticed long ago to
badly agree with the hypothesis of pseudogap. The width
of a pseudogap (≈ 1 eV) is too large to be the source of
these e�ects, which meanwhile may well originate from
the localized electron states with characteristic energies
of excitation on the order of ≈ 10÷ 50 meV. Yet, no di-
rect experimental evidence of such states was obtained
either by high-resolution photoelectron spectroscopy or
via analysis of transport properties [2]. Finally, the hy-
pothesis of structure-induced pseudogap seemed to be a
single option.

In the next years, however, several experimental ob-
servations served to revive the idea of localized states
as an essential factor of the thermodynamic stability of
aperiodic structures.
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First of all, these are experiments that manifested a
metal-covalent nature of quasicrystals. In Refs. [3, 4], a
direct evidence of covalent bonds has been proved in the
electron density distribution of AlMnSi and AlReSi icosa-
hedral quasicrystalline 1/1 cubic approximants by a com-
bination of the maximum-entropy method with the Ri-
etveld method. In Ref. [5] a sign of covalence in AlPdRe
i-quasicrystals has been obtained experimentally from
atomic density and quasilattice constant. Based on the
data obtained, a conclusion was made that localization
via exchange pairing is a dominant factor of formation
of the electronic structure of phases with the icosahedral
short-range order and that pseudogap is a consequence
of such localization.
In a number of other experiments [6�8] the electronic

structure of icosahedral quasicrystals AlCuFe, AlPdMn,
AlPdRe and decagonal quasicrystals d�Al�Ni�Co and
their approximants was studied by means of scanning
tunnel microscopy and spectroscopy. These experiments
have revealed signs of a spiky local density of states near
the Fermi energy with a typical energy width of 20�100
meV. It is remarkable that spectroscopic features were
shown to be of much localized nature, with a spatial ex-
tent of 0.5 nm and the speci�c electronic states to be
localized on topographic features regardless of the pres-
ence of periodic or quasiperiodic long-range order [7, 8].
These results led to a conclusion that the dI/dV spec-
tra are composed of two contributions: (i) a large pseu-
dogap and (ii) a superimposed modulation consisting of
small peaks and pseudogaps [8]. For the �rst time it
was questioned [9]: What is the in�uence of this second
characteristic of QC and approximants on the electronic
transport?
Finally, in the experiments [10, 11 and refs. there]

elementary electronic excitations of the i-phases AlCuFe
were studied using calorimetric measurements in the tem-
perature range 1.5�1650 K covering solid and liquid ag-
gregate states of the substance. The �nal result for the
i-phase Al63Cu25Fe12 is shown in Fig. 1. It turned out
that, along with the linear-in-temperature contribution
γT (γ is the Somer�eld coe�cient), which characterizes
the density of states in the pseudogap, the electronic heat
capacity contains a singular oscillating-in-temperature
contribution whose behavior is easily traceable to two
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Schottky-like heat anomalies in the form of
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Such behavior is shown in Fig. 1 by solid lines. This con-
tribution is insensitive to changes in the aggregate state
of the substance [11]. Hence, it can be ascribed either to
short-range order or disorder.

Fig. 1. Singular electronic speci�c heat (◦) and its ap-
proximation by two Schottky-like contributions (solid
lines).

Thermal Schottky anomalies, in the frame of their tra-
ditional interpretation [12], are related to two-level exci-
tations. In such case, the above results of calorimetric
experiments testify to two types/generations of localized
states, each of which possesses a duplet structure with a
characteristic energy of splitting of discrete/quasidiscrete
levels δE1 and δE2, respectively.

2. The two-component model of electronic

structure and mechanism of localization

Based on the calorimetric data described, the elec-
tronic structure of the i-phase Al63Cu25Fe12 can also be
represented as consisting of two components: a) large
pseudogap and b) two types of localized states each of
which possesses a duplet structure with the Fermi level
�xed in the center of each duplet. This is a signi�cant
re�nement of the details of the second component, com-
pared to [9]. In addition, it is by no means excluded
that in reality there exist other generations as well, but
they are not e�ective enough to manifest themselves in
the frame of the given experiment. The picture of a for-
mal superimposition of the components is schematically
shown in Fig. 2. The presence of other possible genera-
tions is shown here by dash-and-dot line. Similarly to [9],
it is reasonable to pose a question: How does each com-
ponent a�ect physical properties of icosahedral phases?
The e�ect of the �rst component on the electronic

properties of quasicrystals is studied rather well. Owing

Fig. 2. Model of electron structure. The superimposi-
tion of two types of spectra � continual with pseudogap
and discrete/quasidiscrete with a few types of two-level
states � are shown. The Fermi level is �xed in the
center of each duplet.

to this component, i-phases poorly di�er from strongly
reduced bad metals in the low-temperature limit. Gen-
erally, to pick out properties of the quasicrystals that
should be ascribed to the second �discrete� spectral com-
ponent is not di�cult. As was already noted, the width
of the pseudogap is too large to be the source of powerful
thermal e�ects in the conductivity, magnetic suscepti-
bility, and Hall constant. It is these e�ects that are of
interest from the point of view of their possible depen-
dence on the two-level excitation density, the behavior of
which is determined by a sum of two contributions in the
form of
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An analysis showed that to separate temperature-
dependent components of the conductivity (σt), magnetic
susceptibility (χt, and Hall e�ect (RHt) into individual
activation contributions, similarly to the case of heat ca-
pacity, is extremely di�cult, if possible at all. We had
been searching for a means to show, without parceling the
summed curves, that the curves contain the activation-
type contributions. Let us exemplify the above with heat
capacity.
The curve Csing(T ) after integration yields the change

of the internal energy of a substance U(T ) that comes
from two-level excitations and that is a measure of the
density of these excitations by de�nition. The curve is
shown in Fig. 3. It is no di�culty to see that if the U(T )
curve is gained via direct measurements, it is impossi-
ble to guess that it is a sum of two contributions in the
form (2). Meanwhile, an inference is easily drawn that
the sign-alternating curvature of this plot is traceable
to the interchange of the activation regimes. To ground
this, it is su�cient to present the total curve U(T ) in
coordinates ln(U) vs. 1/T as is done in Fig. 4a. The
interchange of activation regimes manifests itself in the
presence of two linear portions.
Using the above approach, we analyzed the experimen-

tal curves σ(T ), χ(T ), and RH(T ) obtained earlier [13]
for the i-phase Al63Cu25Fe12. The only �tting param-
eter is the value of σ(0), χ(0), and RH(0), respectively.
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Fig. 3. Temperature dependence of the internal energy
U(T ) that comes from two-level excitations.

Fig. 4. Interchange of modes of thermal activation is
a character feature of a two-level excitation density (a),
conductivity (b), magnetic susceptibility (c) and inverse
Hall e�ect (d) in Al63Cu25Fe12 i-phase.

The results of analysis shown in Fig. 4b,c,d, hardly need
explanation. All properties demonstrate behavior simi-
lar to that in Fig. 4a. The alternation of modes is quite
clearly seen. Hence, all properties contain contributions
that are conditioned by the temperature dependence of
concentration of two-level excitations described by for-
mula (2), and the more, are connected with the discrete
component of the electronic structure.

As for the nature of the second component, judging
from the above described X-ray and tunnel experiments,
it is conditioned by the short-range order, which is sup-
ported by the fact that manifestations of the second com-
ponent are the same both in the i-phases and approxi-
mants. It is interesting to verify this fact if to take the
alternation of modes of thermal activation as a manifes-
tation of the second component.

The objects of X-ray investigations in [3, 4], where di-
rect proofs of the role of short-range order were obtained,
were i-phases Al�Pd�Re and cubic approximants of the
systems AlMnSi and AlReSi. We performed the relevant
analysis of data, both ours [13] and available in litera-
ture [14, 15], on the electronic properties of these objects
and in Figs. 5 and 6 the results are shown. The alter-
nation of modes is quite distinct. (For the approximant
AlReSi there are no data on conductivity at T > 300 K
in the graph, therefore, the picture of changes in the ac-

tivation modes is not complete.)

Fig. 5. Interchange of modes of thermal activation in
electric, magnetic and galvanomagnetic properties of
Al70Pd20Re10 i-phase.

Fig. 6. Interchange of modes of thermal activation
in electric properties of the cubic 1/1 approximants
Al72.4Mn17.5Si10.1 and Al72.5Re17.2Si10.1.

3. Principal inference and discussion

The latest experimental investigations have served to
revive the idea of electron localization as an essential
factor of the thermodynamic stability of quasicrystalline
compounds. An empiric two-component model of elec-
tronic structure has arisen that includes elements of both
continuous and discrete spectrum. The aim of this work
was to ascertain how the discrete spectral component
manifests itself in physical properties of quasicrystals.
Given the detailed structure of this component, which
has been obtained from the calorimetric measurements,
we show that this component is responsible for the pres-
ence in quasicrystals of thermally induced charge car-
riers, their conductivity (negative TCR) and their para-
magnetism. All these e�ects arise as a result of activation
of electrons from the localized states possessing a duplet
structure. The mechanism of localization has become
clear.
Based on the above-said, it is quite easy to conclude

that the discrete component of the electronic structure
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in Fig. 2 is connected with the short-range order and
with localization via covalent binding. Accordingly, the
two-level excitations may be transitions between sym-
metric/bonding and antisymmetric/antibonding states.
The only question arises why the ordinary covalent bonds
with so small bonding energy survive.
In conclusion we would like to draw attention of the

researchers to quite unusual capabilities of the two-
component model of electronic structure in the approxi-
mation of autonomy of its component. It is easy to notice
that the localized states, if exist, coincide in energy with
the continuum of residual carriers. In the frame of models
of homogeneous localization such a coincidence is impos-
sible [16]. Hence, in quasicrystals we deal with a vari-
ant of inhomogeneous electronic systems in which some
types of initial valence electrons are localized whereas
others are not. On the other hand, if this is the case
when the localized states rather than pseudogap are elec-
tronically stabilizing factor, then thermal excitation of
localized electrons into the reduced conductivity band
(large pseudogap) is energetically unfavorable. It desta-
bilizes quasilattice. Consequently, electrons come into
empty/excited states of the duplet structure. Singular
heat capacity and singular paramagnetism are trivial con-
sequence of such �intra-duplet� transitions. Another case
is thermally induced conductivity. We are not sure that
theoretical substantiation of this fact is available in lit-
erature, so the question remains open. Take a risk on an
opinion that each of the singular conductivity contribu-
tions is associated with a �thermally-induced tunneling�
through the excited states of equivalent covalent bonds as
shown schematically in Fig. 7.

Fig. 7. Thermally-induced tunneling through the ex-
cited states of equivalent covalent bonds.

From the experimental point of view, there are no dif-
�culties in the validity of such conductivity. If conduc-
tivity of such kind exists, it should manifest itself as an
additive component to the conductivity of residual car-
riers σ0. This model implication is supported by an em-
pirical regularity, which has been known since the early
90ties but yet, has not been either called for or given a
satisfactory explanation. We mean the so-called �Inverse
Matthiessen Rule� [17]. According to this rule, the elec-
tron transport in quasicrystals is controlled by additive
contributions to conductivity rather than resistivity, as
in metals.
Finally, in the approximation of autonomy of compo-

nents, a curious situation arises in the case of total lo-

calization of initial valence electrons. The system turns
out a narrow-gap semiconductor that shows up the whole
bulk of the above-considered singular thermal e�ects. By
the way, this takes place in Kondo-insulators [18, 19]. It
is quite possible that the role of covalent binding in lo-
calization is not restricted to only icosahedral phases or
approximants with quasicrystalline short-range order.
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