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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
thermoel ectric 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
Bi,Te,{ (Bi Sb), (Te, Se )l and Si Ge have
been extensvely ‘studied and & optimized for their use
as thermoelectric materials both for cooling (Bi,Te,)
and power generation (SiGe) applications. 123
Improvement over the past decade in Bi,Te,, in
particular, has been relatively minor with the
thermoelectric figure of merit ZT relatively constant
at ZT=1. Due to this slow progress, recent research
has focused on the investigation of new classes of
materials as advanced thermoelectric systems.*
Material classes currently under investigation include
skutterudites, >+ uantum-well  materialg,'°
superlattlce structures’t'?  and low-dimensional
systems.'?

This recent activity has also been driven by
advanced military and civilian applications that
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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  cooling 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.”’* 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 =(a’c/A)T,
where a is the Seebeck coefficient, ¢ the electrical
conductivity, A the total thermal conductivity(A =AL

+ Ag; the lattice and electronic contributions
respectively) and T the temperature.  In most

materials, a increases while ¢ decreases as the
carrier concentration is lowered. This results in the

ability to tune the power factor(o’s) through control
of the carrier concentration. In most materias the
power factor is a maximum near a carrier
concentration of 10'/cm?®, 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, ill retain a low carrier
concentration.

Whilea’c can be maximized through chemical
doping, A, is not so easily tuned. The electronic
thermal conductivity, Ag istied to ¢ through the

Wiedemann-Franz Law (A/c =L,T,L,=Lorentz
number ~2.3x10° WQ/K?). Therefore Whl|e doping

may increase ¢, and hence A, doping is also known

to lower A, leading to unknown changes in A,
State-of-the-art thermoelectric materials have aZT =
1. This value has been a practical upper limit for
more than 30 vyears, yet no theoretica or
i[hermodynamic reason exists for why it can not be
arger.
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In 1995, Glen Slack published a paper
describing the chemical characteristics of materials
which might be candidates for good thermoelectric
materials. ¥1¢ The candidate material needstobea
narrow bandgap semiconductor with high mobility
carriers.  Typically this requires strong covalent
bonding between elements with asmall differencein
electronegativity. This has lead to athorough 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 gboth
inthe numerator of ZT) are strong functions of the
doping level and chemical composition, which must
therefore be optimized for good thermoelectric
performance.

Thethermal propertiesof complex materials
can often be modified by chemical doping.
Understanding these various effectsand 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
tranglational 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 befilled. Quasicrystals break thisrulein
that they display a“forbidden” structura symmetry,
typically 5-,8-, 10- or 12-fold symmetry.'” '3
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 al atoms in the lattice is uniquely
determined, yet no repeating pattern exists. This
positional order gives rise to observation of sharpx-
ray diffraction lines similar to those of conventional
singlecrystals.?®!

|cosahedral (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(~1 mm?)
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 atomsin 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
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quasicrystalline approximant. Most of the
understanding of electronic and phonon structure,
and precision knowledge of atomic positionsin
quasicrystallinematerialsareactually determined

from measurements on and cal culations of stable
approximantphases. One such approximant
Al5Cul.i3 is abec lattice of Pauling triacontahedra

containing atotal of 180 atoms per unit cell. Thisis
actually asmall approximant lattice, phases with

lattice constants of up to 100 A, containing over
50,000 atoms per unit cell, areknown.?

For the best thermoel ectric 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.,”* seem to possess
properties usually associated with both crystalline
and amorphous materials.*** Single-domain
quasicrystals exhibit the low thermal conductivity of
amorphous materials in al the cases that have been
studied and yet have electrical propertiesranging
from*“dirty” metals to semiconductors. The
advantage of quasicrystalsis 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  materids “for  thermoelectric
aoplications; and possibly the phonon-glass,
ectron-crystal suggested by Slack.

Published data on the thermopower of
quasicrystalsisrather scarce with values ranging
from -30 uv/K to +50 uV/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 asingle quasicrystalline system,
AlCuFe. This may allow for both the n- and p-type
legs in athermoelectric device to be fabricated from
the same system. For example, at 300K iron-rich

Al, Cu,, [Fe,, hasa =+45uV/K, while iron-poor

Al,, (Cu, Fe,, has o = -30 pV/K.?® This variance
iN stoichiometry IS intrinsic to quasicrystals since
they do not require arigid chemical formulafor
stability. The elementsin the crystal can typically be
changed by afew 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. 62.524.5 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
Alg, ,Cu,Fe,, s, Al Pd,Re,q, TisZrgNi,, and
Al PdyMn,,.

Experimental:

In determining the thermoelectric-figure-of-
merit, several properties of the material must be
quantified; thermal conductivity, elect&|
conductivity, and thermopower. Of these quantities,
the thermal conductivity is one of the most difficult
to control. Thermal conductivity isthe sum of the
lattice (phonon) and el ectronic contribution of the
thermal conductivity.  The electronic thermal
conductivity is essentially the lower limit for the total
thermal 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 aslow aspossible.

The thermoelectric figure of merit isinversely

proportional to A. Hence, low values of A 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 A, . below about 2 W/m K at
temperatures bel ow 150 K.

Thermal conductivity datafor three multi-
domain quasicrystalline materials; Alg, sCuysFe , ,
ALePdyRe, 30d AlyPd,Mn, are L eentod
Flgure 1. "AlPdRe and uFe d|splay nearly
indistinguishable measurements of A, yet, aswill be
discussed below, their electrical conductivities
differed by more than a factor of 2, [Figure 2].
These thermal conductivity values resemble those of

amorphous glasses which typicaly have A ~1
W/m-K.Y

1.5
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Figure 1:  Thermal conductivity for AIPdRe,

AlPdMn, and AlCuFe quasicrystals.
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Estimations of the electronic thermal
conductivity using the Wiedemann-Franz law yields

Ag =0.03 W/m-K, assuming L, is~2.3x10® WU/K?
at 150 K. This corroborates the idea that the
majority of thetotal thermal conductivity inthese
samples is from lattice contributions.

The electrical properties of these materials are
also related to their. unique structure.  Nearly all
stable  singledomain  quasicrystals  display

semimetallic resistive behavior  with p(300K)

between 0.1 and 10 mQ-cm. At low temperatures,
the resistivity increases by a factor from 1 to 20
times the room temperature resistivity. These data
imply that some quasicrystal's have aband gap of
less than 0.2eV. 2 Previous studies have related this
observed band ap to a pseudogap formed
localization at the Fermi level. Thus, conduction at
low temperaturesis best described using models of
weak localization and strong electron-electron
scattering.  Localization in these materials is
enhanced b?/ improved cr stallinity of the sample.
Consequentg as crystal - quality is improved
evidenced by sharper x-ray or election diffraction

spots) the resi st|V|ty increasessignificantly. % 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 atuned 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  Al,Cu,/Fe,,, Al Cu,Ru,, and
Al,,Cu,Os , quasicrystals.”® Consequently, many
avenues exist by which the conductivity of a
quasicrystal can be tuned.

AIPdRe has a large room temperature
resistivity (approximately 10 mQcm) which
increases rapidly as the temperature is lowered

—_—

00 —°—Al Pd Re

o 20 10 f
== AL, Cu Fe .
—‘—TIMZruNlm

M

Resistivity (mQcm)
=3

—_—
4

0 50 100 150 200 250 300 350
Temperature (K)

Figure 2: Resistivity vs. temperature for AlPdRe,
AlCuFe, and TiZrNi quasicrystals.
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AlPdRe has a large room temperature
resistivity(approximately 10 mQcm) which
increases rapidly as the temperature is lowered
[FIGURE?2]. AlICuFe, however, has a room
temperature resistivity of abouts mQcem which only
increases by afactor of two at 10K. 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
thisisauniversal property of these systems? While
the conductivity of the AIPdRe 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
(mQcm).

For AlCuFe quasicrystals we find a
thermopower of +12 uV/K which isin the range of
the previoudly published data (Figure 3). AIPdRe on
the other hand, is found to have avery large
. thermopower for a quasicrystal +55 wv/K and to be
fairly constant near room temperature. This high
thermopower over a broad temperature range is
desirable for a widely useful low temperature
thermoelectric cooling system. TiZrNi, while having
the best conductive properties of the three systems
studied has the |lowest thermopower. AIPdMn also
has a very large thermopower at room temperature,

o =+61 uV/K

The variability and sensitivity of the
thermopower to slight changes in the structure are
also borne out through band  Structure
calculations’*? and photoemission measurements.**

Summary:
At least a few of the challenges that are
evident in relation to the potential of the quasicrystal

60 A
S
=2 40t
g
2 2}
E e
FE ’ \\-o—-—“""__
3
-20
0 50 100 150 200 250 300 350
Temperature (K)

class of materialsfor utilizationin thermoelectric
applications lie in achieving a higher thermoelectric
power and ahigher carrier mobility. ~ One 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. Theintrinsic 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
materidls.  Known quasicrystals have thermal
conductivities approaching that of an amorphous
glass, yet their electrical conductivity is more akin to
asmall gap semimetal. These characteristics broadly
meet Slack’s “phonon-glass, electron-crystal”
model.  The sensitivity of the sign of the
thermopower to elemental concentration raises hope
that n- and p-type thermoelectrics could be found in
the same material. Although the quasicrystalsform a
rather large class of compounds, for each
quasicrystal, there also typically exists at least one
conventionally ordered quasicrystal line approximant
?hase. These approximants will also be investigated

or their potential as thermoelectric 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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