February, 2002

Conferences and symposia 225

14.  Nother E Gottingen Nachr. Math.-Phys. Klasse 235 (1918) [Trans-
lated into Russian, in Variatsionnye Printsipy Mekhaniki (Variation
Principles of Mechanics) (Ed. L S Polak) (Moscow: GIFML, 1959)
p. 611]

15.  Stogrin M 1, Thesis for Doctorate of Physicomathematical Sciences
(Moscow: MIAN, 2000)

16. Danzer L, in Tezisy Mezhd. Fedorovskoi Konf. Posvyashchennoi
100-letiyu Vyvoda Fedorovskikh Grupp (Theses of Intern. Federov
Conf. Celebrating 100th Anniversary of Discovery of Fedorov
Groups) (Leningrad: Gornyi Institut, 1991) p. 47

17.  Antonyuk P N, Galiulin R V, Makarov V S Priroda (7) 28 (1993)

18.  Fedorov E S Izv. St.-Peterb. Biol. Labor. 7 (1) 25 (1906); 7 (2) 9
(1906)

19. Stogrin M I Mat. Zametki 44 262 (1988)

20. Shubnikov A V Izv. Imp. Akad. Nauk Ser. 6 10 (9) 755 (1916)

21. Delone B N Izv. Akad. Nauk SSSR Ser. Mat. 23 365 (1959)

22.  Nikulin V V, Shafarevich I R Geometrii i Gruppy (Geometries and
Groups) (Moscow: Nauka, 1983) [Translated into English (Berlin:
Springer-Verlag, 1987)]

23. Fomenko A T Naglyadnaya Geometriya i Topologiya (Visual
Geometry and Topology) (Moscow: Izd. Mosk. Gos. Univ., 1998)
[Translated into English (Berlin: Springer-Verlag, 1994)]

24.  Akchurin M Sh, Regel V R Chem. Rev. XXX 1 (1998)

25.  Poznyak E G, Popov A G Uravnenie Sinus-Gordona: Geometriya i
Fizika. Matematika i Kibernetika (Sine-Gordon Equation: Geome-
try and Physics. Mathematics and Cybernetics) (Moscow: Znanie,
1991)

26. Galiulin R V Materialovedenie 6 2 (1999)

27. Kuz'menkov L S, in Protsessy Real’nogo Kristalloobrazovaniya
(Processes of Real Crystal Formation) (Exec. Ed. N V Belov)
(Moscow: Nauka, 1977) p. 221

28.  Rudnev SV, in Computing Math. Appl. Vol. 16 (5—-8) (1988) p. 597

29. Ivanova V S et al. Sinergetika i Fraktaly v Materialovedenii
(Synergetics and Fractals in Materials Science) (Moscow: Nauka,
1994)

30. Antonyuk P N, Galiulin R V Dokl. Ross. Akad. Nauk 341 610 (1995)
[Phys. Dokl. 40 163 (1995)]

31. Galiulin R V Nauka i Zhizn’ (8) 59 (1995)

32.  Efremov Yu N Ochagi Zvezdoobrazovaniya v Galaktikakh (Sites of
Star Formation in Galaxies) (Moscow: Nauka, 1989)

33.  Ivanenko D D, Galiulin R V, in Problems on High-Energy Physics
and Field Theory: Proc. XVII Workshop Dedicated to the 140th Birth
Anniversary of Henri Poincare, Protvino, 1994 (Eds A P Samokhin,
G L Rcheulishvili) (Protvino: State Research Centre of Russia,
Institute of High-Energy Physics, 1995) p. 180

34. Einasto J et al. Narure 385 139 (1997)

35.  Sharov A S, Novikov I D Chelovek, Otkryvshii Vzryv Vselennoi:
Zhizn' i Trud Edvina Khabbla (The Man Who Discovered the
Exploding Universe: Life and Work of Edwin Hubble) (Moscow:
Nauka, 1989) [Translated into English: Edwin Hubble, the Disco-
verer of the Big Bang Universe (Cambridge: Cambridge Univ. Press,
1993)]

PACS numbers: 61.44.Br, 71.23.Ft, 72.15.Rn
DOI: 10.1070/PU2002v045n02ABEH001113

Electronic conductivity
of icosahedral quasi-crystals

Yu Kh Vekilov

Quasi-crystals are characterized by aperiodical atomic long-
range order and the rotation symmetry that is forbidden
for periodical structures (the existence of the 5-, 8-, 10-, and
12-fold axes of rotation). The former feature distinguishes
quasi-crystals from amorphous objects (glasses), while the
latter distinguishes them from crystals and incommensurate
structures. Quasi-crystals are usually alloys of metallic
elements, but their properties are different from those of

crystalline and amorphous metallic phases. Like metals,
quasi-crystals bear a finite electron contribution to their
heat capacity, but this contribution is approximately one
order of magnitude smaller than that defined in the nearly free
electron approximation (pseudogap and, accordingly, low
density of states N(EF) at the Fermi level).

However, the low density of states at the Fermi level does
not explain the abnormally small low-temperature electric
conductivity of quasi-crystals. The electrical resistivity of
quasi-crystals decreases with increasing temperature, and it
increases with increasing structural order and annealing of
defects. The resistivity ratio R = p(4.2 K)/p(300 K) for the
majority of stable quasi-crystals is several units, but for the
icosahedral alloy i-Al—-Pd — Re, whose perfect samples have
p(4.2K) =1 Q cm, the ratio R may be as high as 200 and
even higher, depending on the perfectness of the specimen.

The conductivity of quasi-crystals is represented as
0 =a(0) 4+ Aa(T), where o(0) is the conductivity at zero
temperature, which depends on structural disorder, and
Ao (T) is the temperature-dependent component which may
also depend on structural disorder. Almost all quasi-crystals
exhibit a power-law temperature dependence Ac(T) ~ T,
where the exponent f usually varies within the interval
1/v/3 < p < 1.5 in the range from ultralow temperatures to
700-1000 K. Linear dependence is usually observed at high
temperatures. A reasonable explanation of the power-law
temperature dependence of conductivity and its value at
T =0 K was proposed by Burkov et al. [1], who used the
model of a Fermi surface with a large number of electron and
hole pockets.

Recent experiments with perfect quasi-crystals of i-Al-—
Pd—Re have shown that at T'< 10 K the conductivity can
obey the Mott law

-(7)]
g =qgpexp|— T ,

which describes hopping conduction with variable jump
length. This implies that the sample occurs in the insulator
state (Fermi glass), when the density of states at the Fermi
level is finite, but the electron states are localized. Electron
localization plays an important role in the low-temperature
electron transport in amorphous alloys, granulated metallic
films, and doped semiconductors. For these systems, electron
localization is the consequence of disorder in the system (the
Anderson localization).

Localization of electrons in a quasi-crystal differs in its
nature from appropriate localization in standard disordered
systems. The alloy i-Al-Pd—Re is a well-ordered quasi-
crystal, and the improvement of structural order leads to an
increase in its resistivity. Localization in quasi-crystal is a
consequence of interference (phase coherence) of the electron
states, and thus is associated with the symmetry and structure
of the object: the more perfect the material, the more localized
its electrons. While in the case of conventional Anderson
localization the electron states are localized because the phase
coherence of extended wave functions is destroyed by
disorder, the main cause of localization in quasi-crystals is
the phase coherence of wave functions.

This can be proved by treating the quasi-crystal as the
structural limit of the sequential of rational periodical
approximants (crystal analogs) with increasing lattice per-
iod. The volume of the Brillouin zone decreases with
increasing order of the approximant, because the lattice
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period increases. Accordingly, in the quasi-crystalline limit
the volume of the Brillouin zone becomes infinitesimal. Using
the conventional method of the construction of Fermi surface
[2], we see that the Fermi surface in the quasi-crystalline limit
becomes multiply connected, and has many electron and hole
pockets (valleys). Accordingly, in the atomically ordered pure
quasi-crystal the electron states become localized, since the
condition of strong localization: k[~ 1 is satisfied for the
electron in each ith valley. Therefore, each pocket (valley) is
the counterpart of the center of localization in the conven-
tional disordered system. This analogy gives a straightfor-
ward explanation of the variable hopping conductivity in a
perfect quasi-crystal at low temperatures, and allows it to be
described in the context of the model of a multivalley Fermi
surface.

In the model of a multicomponent Fermi surface with a
practically infinite number of valleys, all the electrons in the
pure ordered quasi-crystal must be localized at zero tempera-
ture. At a finite temperature, the electron scattering from one
valley to the next one is possible not only through thermal
excitation, but also through tunneling. At low temperatures,
the processes with a low transfer of momentum are more
likely: in real space this corresponds to jumps to long
distances (the feasibility of conduction with a variable jump
length). Following the Mott procedure, one can find the
optimal jump length R by calculating the maximum prob-
ability of the jump: exp(—2uR)exp(—AE/kgT), where
1/o = ¢ is the localization length of the wave function, and
the excitation energy is AE ~ 1/R3N(Eg). Whence directly
follows the Mott law o = ggexp L—(T/To)l/“] with the
characteristic temperature 7y ~ 1/¢°N(Eg). The Mott law
does not hold when R < £ and Ty < T. In the case of a quasi-
crystal, however, it is always possible to find a state for which
To < T, although R > ¢. Indeed, the object with a multi-
component Fermi surface has a hierarchy of localization
lengths ¢. Therefore, Ty may change from one specimen to
another depending on the previous history of the specimen.

Such a mesoscopic situation is typical for both quasi-
crystals and for conventional disordered systems near the
metal —insulator transition. In the regime of localization the
wave functions are exponentially damped, and they are
extended from the ‘metal’ side of the transition. Near the
transition point the localization length shows a power-law
increase (diverges), and becomes greater than any of the
characteristic dimensions of the system, and so the calculated
eigenstates do not directly reflect any kind of localization. At
the metal—dielectric transition point itself there is no
characteristic length scale, the eigenvalues exhibit fractal
features, and the wave functions are ‘critical’ (showing a
power-law decrease with the distance).

For the 3D Anderson model it was found that the strong
fluctuations of the amplitude of the wave function exhibit the
multifractal features at all length scales, and the singularity of
the spectrum does not depend on the size of the system [3, 4].
The same is typical of the quasi-crystal. The analysis
performed in Refs [5, 6] in the tight-binding approximation
using the method of level statistics revealed that the electron
spectrum of the 3D icosahedral crystal contains a singular
part, has a nonzero measure of allowed gaps, and the majority
of wave functions are critical. In contrast to the Anderson
localization, the localization of electrons in quasi-crystals is
unstable with respect to small perturbations: phasons,
substitution disorder, magnetic field; moreover, the states
are more strongly localized in the middle of the band rather

than on its edges, as is the case with the Anderson localization
[6]. Because of this, increasing temperature and introducing
defects may induce the transition of a quasi-crystal into
metallic state, the object occurs on the ‘metallic’ side of the
metal —insulator transition, the electron states are smeared
out due to the inelastic scattering, and the number of pockets
on the Fermi surface is effectively reduced. The Fermi surface
will contain a finite number of pockets (whose size is
determined by the uncertainty relation), and tunneling
becomes unlikely. The conductivity with variable hopping
conductivity mechanism no longer works, and dominating
are the processes of the intervalley and intravalley scattering,
which determine the power-law temperature dependence of
conductivity, and the value of residual conductivity. At
T > u/a ~ Op, where u is the sound velocity, and a is the
interatomic distance, the intervalley electron—phonon scat-
tering becomes efficient and leads to the linear temperature
dependence of conductivity at high temperatures [7].

In this way, even though the Bloch theorem does not
apply to quasi-crystals, it is possible to explain their
conductivity in the framework of conventional electronic
theory of solids using the multivalley Fermi surface mode.
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