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Abstract:
The focus of our research revolves around a

search for new thermoelectric materials with
improved perFormance over present materials. We
have performed preliminary experiments to assess
the potential of quasicrystalline materials for
thermoelectric applications. The investigation of
known classes of quasicrystals and quasicrystal
approximants is important for potential
thermoelectric materials as well as a search for
entirely new phases of these materials. The
advantage of quasicrystals is that their electrical
conductivity (and possibly their thermoelectric
power) can be manipulated through variation of their
composition, synthesis or annealing conditions
without sacrificing their usually low thermal
conductivity. Quasicrystalline materials exhibit
characteristics which are suggestive of Slack’s idea
of a phonon-glass, electron-crystal material for
thermoelectric applications. We will present some of
our results of resistivity, thermopower, and thermal
conductivity on measurements to show the potential
of these materials. A more thorough investigation of
this class of materials and a systematic search for
new quasicrystaline and related compounds might
very well yield new materials for thermoelectric
devices

Introduction:
Over the past 30 years, alloys based on the

Bi2Te3 { (Bi 1x2 Ue-
,died

-XSexI 1 and S i Ge have
I - X

been extensi StU and ODtimized for their use
as thermoelectik materials both for cooling (Bi Te )
and power generation (SiGe) 2L2v3applications.
Improvement over the past decade in Bi2Te3, &
particular, has been relatively minor with the
thermoelectric figure of merit ZT relatively constant
at ZT=l. Due to this slow progress, recent research
has focused on the investigation of new classes of
materials as advanced thermoelectric systems.4
Material classes currently under investigation include
skutterudites,5p6*7*8
superlattice q

uantum-well materials,‘*”
structures ’ *’ ‘9 and low-dimensional

systems.13
This recent activity has also been driven by

advanced militzuy and civilian applications that

demand higher performance thermoelectric materials
and systems operating at temperatures down to -100
K In particular, cryoelectronics and “cold
computing” are emerging fields requiring reliable
low-maintenance cool ing  and refrigeration
technology. Sloan states that “speed gains of 30% -
200% are achievable in some CMOS computer
processors” where “cooling is the fundamental limit
to electronic system performance.“14 In addition, a
limitation to cellular phone technology using
superconducting narrow-band spectrum dividers is
the lack of reliable refrigeration.

The potential of a material for thermoelectric
applications is determined by the material’s
dimensionless figure of merit, ZT = (a20/X)T,

where a is the Seebeck coefficient, 0 the electrical

conductivity, h the total thermal conductivity (X = LL

+ &z; the lattice and electronic contributions
respectively) and T the temperature. In most
materials, a increases while 0 decreases as the
carrier concentration is lowered. This results in the
ability to tune the power factor (~~0) through control
of the ctier concentration. In most materials the
power factor is a maximum near a caxrier
concentration of 101g/cm3, resulting in the feature
that most thermoelectric materials are heavily doped
semiconductors. High mobility carriers are most
desirable, so as to have the highest possible electrical
conductivity yet, still retain a low carrier
concentration.

While a20 can be maximized through chemical

doping, &,t is not so easily tuned. The electronic

thermal conductivity, LE is tied to 0 through the

Wiedemann-Franz Law (h/o = LOT, Lo = Lorenti
number -2.3~10~~ WwK2). Therefore, while doping
may increase 0, and hence &, doping is also known

to lower XL, leading to unknown changes in &.
State-of-the-art thermoelectric materials have a ZT =
1. This value has been a practical upper limit for
more than 30 years, yet no theoretical or
thermodynamic reason exists for why it can not be
larger.

o-xwm7497 $10.00 01997 IEEE 4 5 4 16th International Conference on Themoelectrics (I 997)



In 1995, Glen Slack published a paper
describing the chemical characteristics of materials
which mi t be candidates for good thermoelectric
materials.P‘9 l6 The candidate material needs to be a
narrow bandgap semiconductor with high mobility
carriers. Typically this requires strong covalent
bonding between elements with a small difference in
electronegativity. This has lead to a thorough search
of materials containing at least one element from the
lower right section of the periodic table.
Additionally, at lower thermal conductivity, the
Seebeck coefficient and electrical conductivity (both
in the numerator of ZT) are strong tinctions of the
doping level and chemical composition, which must
therefore be optimized for good thermoelectric
performance.

The thermal properties of complex materials
can often be modified by chemical doping.
Understanding these various effects and selecting
optimization strategies, however, can be an
exceedingly difficult problem. In complex materials
there are often many possible degrees of freedom.

Quasicrystals as thermoelectric materials:
Prior to 1983, single-crystals were defined as

solids composed of a unit-cell repeated
translationally throughout the crystal. This
translational order required that the crystal contain
either 2-, 3-, 4-, or 6-fold rotational symmetry so a
unit cell can be repeated throughout space and have
all space be fdled. Quasicrystals break this rule in
that they display a “forbidden” structural symmev,
typically 5, 8-, 10. o r  12ifold symrnetry.“~‘*~ ’
Rather than typical translational order evident in
crystals, quasicrystals exhibit long-range positional
order. Quasicrystals are argued to grow by means of
local matching rules governing the orientation of new
atoms, by which single-domain crystals can be
formed. In these single-domain crystals, the
position of all atoms in the lattice is uniquely
determined, yet no repeating pattern exists. This
positional order gives rise to observation of sharp x-
ray diEaction lines similar to those of conventional
single crystals.20*21

Icosahedral (S-fold symmetric) quasicrystals
form the largest family of quasicrystalline materials
with over 60 members known.‘* Of these systems
12 can be grown as stable, single-domain,
macroscopic crystals of large enough size (ml mm3)
to perform ‘intrinsic’ transport measurements. Most
icosahedral quasicrystals are composed of
icosahedral metal clusters known as Pauling
triacontahedra (containing 44 atoms) or MacKay
icosahedra (containing 54 atoms). These clusters are
then arranged with additional linking atoms in a non-
repeating pattern to form a quasicrystal. In some
cases these clusters are arranged in a repeating
pattern, resulting in a material known as a

quasicrystalline approximant. Most of the
understanding of electronic and phonon structure,
and precision knowledge of atomic positions in
quasicrystalline materials are actually determined
from measurements on and calculations of stable
approximant phases. Qne such approximant
Al5CuLi3 is a bee lattice of Pauling triacontahedra
containing a total of 180 atoms per unit cell. This is
actually a small approximant lattice, phases with
lattice constants of up to 100 A, containing over
50,000 atoms per unit cell, are known.22

For the best thermoelectric material, Slack
suggested it should behave as a “phonon-glass,
electron-crystal”. It would have the thermal
properties of a glass and the electronic properties of a
crystal. Quasicrystals, which were discovered in
1984 by Shechtmann et. al.,23 seem to possess
properties usually associated with both crystalline
and amorphous materials.24*25 Single-domain
quasicrystals exhibit the low thermal conductivity of
amorphous materials in all the cases that have been
studied and yet have electrical properties ranging
from “dirty” metals to semiconductors. The
advantage of quasicrystals is that one can vary the
electrical conductivity (and possibly tune this
thermoelectric power) by varying the composition or
defect concentration without sacrificing the low
lattice thermal conductivity. For these reasons, a
systematic search through the different classes of
existing and proposed quasicrystals is underway to
develop new materials for thermoelectric
applications; and possibly the phonon-glass,
electron-crystal suggested by Slack.

Published data on the thermopower of
quasicrystals is rather scarce with values ranging
from -30 pV/K to +50 pV/K. While moderately
large, these values are currently not large enough for
thermoelectric application. However, we take
interest in the fact that nearly this entire variability
can be found in a single quasicrystalline system,
AlCuFe. This may allow for both the n- and p-type
legs in a thermoelectric device to be fabricated from
the same system. For example, at 300 K iron-rich
Ale2 sC~24 5Fe13 has a = +45 @UK, while iron-poor. .

A162Ju265Fe,1 has a = -30 PV/K.~~ This variance
in stoichi~metry is intrinsic to quasicrystals since
they do not require a rigid chemical formula for
stability. The elements in the crystal can typically be
changed by a few atomic percent without changing
the structure of the crystal. Lacking a unique
empirical chemical ratio makes these crystals easy to
dope, resulting in high tunability of the thermal and
electrical properties. 62.5 24.5 13 26.5 11

In the search for new thermoelectric materials,
we are investigating the resistance and thermopower
of multi-domain stable icosahedral phase
quasicrystals. Of the twelve stable icosahedral
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quasicrystals, data will be presented for
A&&u*jFe**.j, &)pd**Re~@ T&&NJ,, a n d
~~2d&%*

Experimental:
In determining the thermoelectric-figure-of-

merit, several properties of the material must be
quantified; thermal conductivity, elect&l
conductivity, and thermopower. Of these quantities,
the thermal conductivity is one of the most diGcult
to control. Thermal conductivity is the sum of the
lattice (phonon) and electronic contribution of the
thermal conductivity. The electronic thermal
conductivity is essentially the lower limit for the total
the& conductivity of an electrically conducting
system. Consequently, it is always desirable to
search for a system possessing a low lattice thermal
conductivity in order for the total thermal
conductivity to be as low as possible.

The thermoelectric figure of merit is inversely
proportional to X. Hence, low values of h greatly
enhance the potential of a material for thermoelectric
application. While few studies of the thermal
conductivity have been made on stable icosahedral
quasicrystalline compounds, most materials
examined have XphOnOn below about 2 W/mK at
temperatures below 150 K.

Thermal conductivity data for three multi-
domain quasicrystalline materials; A&* Ju=Fe Iz 59
Al70PdZ0R%~ and Al,0Pd&4n10 are presented b
Figure 1. AlPdRe and Al&Fe display nearly
indistinguishable measurements of &,t yet, as will be
discussed below, their electical conductivities
differed by more than a factor of 2, Figure 21.
These thermal conductivity values resemble those of
amorphous glasses which typically have k&
WlmeK.2’

Estimations of the electronic thermal
conductivity using the Wiedemann-Franz law yields
& ~0.03 W/m-K, assuming L0 is ~2.3~10~~ WQ/K2
at 150 K. This corroborates the idea that the
majority of the total thermal conductivity in these
samples is from lattice contributions.

The electrical properties of these materials are
also related to their. unique structure.
stable single-domain

Nearly ti
quasicrystals display

semimetallic resistive behavior wi th  p(3OOK)
between 0.1 and 10 mkm. At low temperatures,
the resistivity increases by a factor fkom 1 to 20
times the room temperature resistivity. These data
imply that some quasicrystals have a band gap of
less than 0.2 eV. ’ Previous studies have related this
obsemed band gap to a pseudogap formed
localization at the Fermi level. Thus, conduction at
low temperatures is best described using models of
weak localization and strong electron-electron
scattering. Localization in these materials is
enhanced by improved crystallinity of the sample.
Consequently, as crystal - quality is improved
(evidenced by sharper x-ray or election diffkaction
spots) the resistivity increases significantly.28*29 This
is contrary to typical observations for a metallic
crystal. Consequently, the resistivities measured on
high-quality single-domain samples provide a
maximum limit to the resistivity in a tuned material.

Resistivity in quasicrystals is also reported to
increases as the atomic number of the alloy
increases. This is described in studies of single
domain 40~~20%*9 A~&u~~Ru~~ &d
A&,CU~~OS I0 quaslcrystals.3o Consequently, many
avenues exist by which the conductivity of a
quasicrystal can be tuned.

AlPdRe has a large room temperature
resistivity (approximately 10 m&m) w h i c h
increases rapidly as the temperature is lowered

100 150 200 250 300 350
Tempemture (K)

Figure 1: Thermal conductivity for A.lPdRe, Figure 2: Resistivity vs. temperature for AlPdEb
APdhh, and AlCuFe quasicrystals. AlCuFe, and TiZrNi quasicA~sta.ls.
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AlPdRe has a large room temperature
resistivity (approximately 10 em) w h i c h
increases rapidly as the temperature is lowered
[FIGURE z]. AlCuFe, however, has a room
temperature resistivity of about 5 m&m which only
increases by a factor of two at 10 K. TiZrNi which
displays the lowest resistivity, is virtually
temperature independent for the range studied. This
trend of lower overall resistivity correlating with a
smaller temperature dependence of the resistivity is
commonly found in quasicrystals, and some argue
this is a universal property of these systems? While
the conductivity of the AlPdRe and AlCuFe samples
appear to be too small for good thermoelectric
materials, the TiZrNi sample does have a large
enough conductivity to be of interest being -3.4
@&cm)-‘.

For Al&Fe quasicrystals we find a
thermopower of +12 pV/K which is in the range of
the previously published data (Figure 3). AlPdRe on
the other hand, is found to have a very large

, thermopower for a quasicrystal +55 /_LV/K and to be
fairly constant near room temperature. This high
thermopower over a broad temperature range is
desirable for a widely usem low temperature
thermoelectric cooling system. TiZrNi, while having
the best conductive properties of the three systems
studied has the lowest thermopower. AlPdMn also
has a very large thermopower at room temperature,
a=+61 pV/K.

The variability and sensitivity of the
thermopower to slight changes in the structure are
also borne out through band structure
calculations3 ’ *32 and photoemission measurements.33

Summary:
At least a few of the challenges that are

evident in relatibn to the potential of the quasicrystal

0 50 ml 150 200 250 300 350
Temperature (K)

Figure 3: Thermoelectric power vs. temperature for
AlPdRe (Cl), AlCuFe (o), TiZrNi (A), and
AlPdMn (0).

class of materials for utilization in thermoelectric
applications lie in achieving a higher thermoelectric
power and a higher carrier mobility. Qne very
important point should be made. Researchers are
just beginning to thoroughly investigate the coupled
thermal and electronic transport properties of these
materials. Very little thermopower, thermal
conductivity and carrier mobility data exist for any
particular class of quasicrystals. Most of the
research performed on these systems to date has
been related to the structure, which is of course very
reasonable given their complex nature.

Quasicrystals show potential as a new class
of thermoelectric materials. The intrinsic chemical
variability of these crystals allows for a high degree
of tunability of their thermal and electrical properties.
This should lead to a broad range within this class of
materials. tiown quasicrystals have thermal
conductivities approaching that of an amorphous
glass, yet their electrical conductivity is more akin to
a small gap semimetal. These characteristics broadly
meet Slack’s “phonon-glass, electron-crystal”
model. The sensitivity of the sign of the
themopower to elemental concentration raises hope
that n- and p-type thermoelectrics could be found in
the same material. Although the quasicrystals form a
rather large class of compounds, for each
quasicrystal, there also typically exists at least one
conventionally ordered quasicrystalline approximant
phase. These approximants will also be investigated
for their potential as themoelectric materials since
they are known to have similar electrical and thermal
properties to their related quasicrystals.’

Much more research must be done and an
extensive data base must be established on the
electrical and thermal properties of this large group
of materials. Then, possibly, a much clearer
indication of the potential of these materials can be
established.
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