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The thermoelectric poweB(T) and thermal conductivity(T) were systematically studied for a series of
Algs 6 xRe7 Siy (7<x<12) 1/1-cubic approximants. We found th&({T) of these approximants is character-
ized by large magnitude, sign reversal with varying composition, and nonlinear temperature dependence, all of
which are also known as characteristics of the corresponding quasicrystals. The cals(lateu the basis of
the Boltzmann transport formula with accurately determined electronic structure showed extremely good
agreement with the measured ones not only in their magnitude but also in the temperature and composition
dependence. These results strongly indicate that these characteristic behaS{@ysiithe approximants and
the corresponding quasicrystals are brought about by their characteristic electronic structure, i.e., the presence
of a pseudogap across the Fermi level.
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I. INTRODUCTION proper understanding of the thermal conductiwtgnd elec-

. , trical resistivityp, both of which are necessary for estimation
The Al-based Mackay-type icosahedral quasicrystal hagg ie notential of thermoelectric materials in the dimension-

attracted a great deal of interest as a potential candidate forl@ss figure of merit defined a&T=ST/(xp). The electrical

new thermoelectric materfabecause it possesses large ther- L : o :
X conduction in the approximants can be well investigated b

moelectric powe(S), more than 5QuV/K,%>and low ther- P 9 y

o using the Boltzmann transport equation on the basis of Bloch
5 n«?,5—9 _ ) .
mal conductivity(«), as low as 1 W/Km:>""These char- a4 With the great help of the accurately determined elec-

acteristic properties are often discussed in relation 1o thgnic structure of rational approximants, the role of elec-
quasiperiodicity unique to the quasicrystals. However, thgronic structure including the influence of the pseudogap

mechanism leading to the large magnitudesoh and small - 5crossE. on the electrical resistivity should be clearly re-
thermal conductivity |n.qua5|crystals is not fully U”_der_StOPq-vealed. Thermal conductivity is generally determined by
One of the most plausible factors other than quasiperiodicity.ontributions not only of the conduction electrons but also of
leading to these characteristics3(T) would be the presence the phonons, and the former can be roughly estimated from
of a pseudogap across the Fermi le{g}). the electrical conductivity by using the Wiedemann-Franz
S(T) of quasicrystals is characterized not only by largejaw. The latter is closely related to the atomic structure and is
magnitude but also by strong temperature and compositiogften discussed in terms of the quasiperiodigfty? By using
dependencé:* The behavior o(T) is generally determined rational approximants rather than the corresponding quasic-
by the energy dependence of the electrical conductivityystals, one can clearly reveal the local atomic arrangements
[o(e)]. Unfortunately, the electronic structure and atomic ar-and their influence on the thermal conductivity can be unam-
rangements, which greatly affeete), have hardly been ana- biguously discussed.
lyzed for quasicrystals because quasiperiodicity in quasicrys- In this study we have systematically measured thermo-
tals prevents us from applying ordinary band calculations oelectric power and thermal conductivity for a series of
structure analyses well developed for crystalline materialsAlg, ¢ xR€17.Siy (7<x<12) 1/1-cubic approximants. The
Here we notice that if the characteristicsH(l) of quasic- measured thermoelectric power and thermal conductivity to-
rystals are brought about by the presence of a pseudoga@ther with previously reported electrical resisti¥ityare
across Eg, the corresponding approximants having aused to evaluate the performance of the approximant as a
pseudogap dEg also possess similar behaviors in thg(f),  thermoelectric material. By comparing the measugd),
and that one can gain deep insight into the nature of theik(T), and p(T) of quasicrystals with those of the approxi-
S(T) by employing approximants rather than quasicrystalsmants, the influence of quasiperiodicity upon these thermo-
because their electronic structure and local atomic arrangelectric properties is also discussed. We also discuss the ori-
ments can be accurately determined by ordinary bandin of the characteristic behaviors of the thermoelectric
calculation$®-*3and structure analysé$:*’ power in the A}, ¢ Re7.Sik (7<x<12) 1/1-cubic ap-
Investigation of the electronic structure and the localproximants in terms of the electronic structure and local
atomic arrangements also plays an important role in thatomic arrangements. It will be demonstrated, as a conse-
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quence of the present analysis, that the behaviors in the ther- I
moelectric power of these 1/1-cubic approximants are quan- _(b) A _
titatively simulated from the accurately determined °
electronic structure, and that the characteristic behavior in ‘2 7
S(T) in the approximants and perhaps in the quasicrystals is S ]
accounted for by simply considering the presence of a | -
seudogap acrodfs:. ® 100K
P gap & | & 200x| 2_
[ anest + 300K
Il. EXPERIMENTAL PROCEDURE -60 -60
0 100 200 300 400 6 8 10 12
We employed in this study a series of gAkRe; Siy Temperature (K) Si concentration (at. %)

(7=x=<12) 1/1-cubic approximants without any precipita-
tion of secondary phases. Ribbon samples were prepared by
the single-role melt-quenching technique and used for the

measurement of the thermoelectric power. Bulk samples g 20 M N O Al Cu,, Fe,,
were used for the thermal conductivity measurement. The % Of—-----o > — ® Al Cu,,Fe,,
details of sample preparation and phase determination were = 20 M . ®  Alg, sCuyFey;
reported previously? ok A # AlgCuy sFepy s
The thermoelectric power was measured at temperatures R X Alg, Cus sFey,
from 90 to 400 K with a Seebeck Coefficient Measurement O X AlgCuysFer
System(MMR). We also used the Physical Properties Mea- 0 100 200 300 400
surement SysterfQuantum Designwith the thermal trans- Temperature (K)

port option to simultaneously measure the thermoelectric

power and thermal conductivity for samples efl1x1 FIG. 1. (8) Thermoelectric power of &b Re17.4Sl 1/1-cubic

approximants as a function of temperature. Solid lines represent the

X 1_|E)hmrr? '3 dlme_nS||?n ct)vglr S T<300K. AlClb E calculatedS(T) on the basis of accurately determined electronic
ermodynamically stable §J Clps 5613 AlgiCliiFers, structure. Details of the calculation are described in Sec.(by.

Al 62-5CUZ5Fe12;5 Al 63CU24-5Fe12-,5 Algp §Clps €1, ar!d Thermoelectric power measured at 100, 200, and 300 K as a func-
Al 63Cu25!:e12 |cosghedral quasicrystals and;AMni7.Sls  ion of Si concentration(c) Thermoelectric power of the Al-Cu-Fe
1/1-cubic approximants were also prepared by the sam@qsahedral quasicrystals. Strong temperature and composition de-
method as that for the As Re7Sk (7<X<12  pendence is observed for theghk Re; Si, 1/1-cubic approxi-
1/1-cubic approximants. Th&T)’s of the Al-Cu-Fe icosa- mants. These behaviors are similar to those in the Al-Cu-Fe icosa-
hedral quasicrystals and«(T) of the AlL,dMn;;Sig  hedral quasicrystals and other pseudogap systems includinégFe
1/1-cubic approximants were measured and used for comRef. 21).
parison with those of the the Alg Re7 Sk (T=x<12)
1/1-cubic approximants. 2I2_[ 6 1Inole)
For the analysis o§(T) in the Alg, ssRe;7 Si, 1/1-cubic S(T) = ——BT[—} , (1
approximants, we employed the electronic density of states 3e e e=p
of the Al,3 Rej7 Sy 1/1-cubic approximant calculated by
the linear muffin-tin orbital LMTO atomic-sphere approxi- Whereo(e) and u represent the electrical conductivity at
mation ASA method with atomic structure determined by aand the chemical potential, respectively. Equatibnis use-
synchrotron radiation Rietveld analysis. Details of the bandul to understand the Si concentration dependenc&df in
calculation and the Rietveld analysis were also reported iithe Alg; s xRej7 Siy 1/1-cubic approximants. Since electrical
our previous papéef conductivity in the metallic phase is known to be directly
proportional to the electronic density of stafé&:), Eq. (1)
IIl. RESULTS indicates thatS becomes positive or negative when the sign
of dN(e)/ 9= at u is negative or positive, respectively. Note
Figure Xa) shows the measuredS(T) of the pere thaeis negative in sign and lincreases with increas-
Algs 6«Re17.Sk (7<x<12) 1/1-cubic approximants. The ing x. If u is located at an energy lower than that of the
S(T) observed for these &d sxRe17.4Six 1/1-cubic approxi- bottom of pseudogagepoiom, S(T) becomes positive be-
mants is characterized by a large value |8f exceeding cause of the negative value @fl(¢)/de at u, and vice versa.
S0 uV/K and a strong composition dependence. The com- The pseudogap across: in the present 1/1-cubic ap-
position dependence &100 K), S(200 K), andS(300 K) is  proximants, as well as that in other quasicrystals and
plotted in Fig. 1b). Notably, the compositions at which the approximant$®-1220was already confirmed experimentally
maximum and minimum values i8(T) were observed are and reported previoush. At low Si concentrations less than
not at the center of the formation range of these approxi8 at. % Si, the sign of the thermoelectric power of these ap-
mants but near the lowest and highest limits of the Si conproximants stays positive over a whole temperature range of

centrations, respectively. the present measurement, while it turns out to be negative at
S(T) in metallic alloys is often discussed using the well- higher Si concentrations larger than 10 at. % Si. By consid-
known formula?® ering that an increase of Si increases electron concentration
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in the system, one may naturally notice that the composition 20
dependence 0f5(100 K), S(200 K), and S(300 K) can be
gualitatively accounted for by the presence of a pseudogap
and u moving across it from the lower to the higher energy
side with increasing carrier concentration. Similar behavior
in S(T) was reported fotFe, 3V 1/3),Al; -y, Which is known as

one of the well-known pseudogap systeths.

The S(T) of these 1/1-cubic approximants is also charac-
terized by a nonlinear temperature dependence, in sharp con-
trast to theT-linear dependence expected from Et). The
Nonlinear temperature dependencesiii) suggests that Eq.

(1) is not appropriate for the quantitative evaluation of the 6 T T T T I
temperature dependence $fT) for the present 1/1-cubic ®) --- Al, Mn,,,Si,
approximants. We noticed that this inconsistency between o~ — Al Rey; Sy

Eqg. (1) and the measuref(T) is caused by an inappropriate 4r N K of Aly,gRe,;,Sig]
assumption used when Ed.) is deduced. We shall return to
this point later and discuss it in more detgke Sec. IY.

We described above the characteristic behaviorS(in,
which are(a) large magnitudeib) strong composition depen- .
dence, andc) nonlinear temperature dependence, for the 0
Alg, s xRe7 Siy 1/1-cubic approximants. It is particularly 0 %0 1¥2m eiast(t)lre (f(o)o 250300
important to stress here that the corresponding icosahedral P
quasicrystals show similar behaviors in their thermoelectric FIG. 2. (a) Thermal conductivity k of Alg, s Re;7 Si
power?~* For example S(T) of Al-Cu-Fe icosahedral quasi- 1/1-cubic approximants measured at room temperatsmid
crystals of six different compositions is shown in Figc)l  circles as a function of Si concentration. Contribution of the con-
Obviously (a) large magnitude(b) strong composition de- duction electrons, deduced from the electrical resistivity by using
pendence, anct) nonlinear temperature dependence can béhe Wiedemann-Franz law and that of the lattice definedqas
confirmed in theS(T) of the Al-Cu-Fe icosahedral quasicrys- =x—xe are also plotted as open circles and solid triangles, respec-
tals. It is, thus, strongly argued that the dominant factordively. The magnitude of the thermal conductivity of the
leading to the large magnitude and strong composition defls26xR€ 7.4k 1/1-cubic approximants is surprisingly small re-
pendence irS(T) should be essentially the same in quasic_gardless of_ their (_:omposmon. waously, the composition depen-
rystals and approximants, and that the quasiperiodicity exis@€nCe Of« is dominantly determined byq.. (D) Temperature de-
ing only in the quasicrystals has a less important role irpendence of thermal conductivity observed foMny7 sSig and
causing the large magnitude 8(T). Precise analyses of the Al Rej7 Sig 1/1-cubic approximants. Although the structures of

T of th . ts. theref Id i these two compounds are essentially the same, the magnitude of the
S(T) of the approximants, therefore, would provide us PrOP€hhermoelectric power is fairly different. The important role of the

understanding o8(T) not only in the approximants but also peayy Re atoms in reducing their thermal conductivity is strongly
in their corresponding quasicrystals. suggested.

The thermal conductivity at room temperat{irg¢300 K)]
of the Alg, Re7 Siy 1/1-cubic approximants is plotted as maximum. The lattice contribution of thermal conductivity
a function of Si concentratiorin Fig. 2(a). Surprisingly, the deduced a% 4=~ kg at room temperature obviously shows
«(300 K) of the Alg, s\Rej7 Si, 1/1-cubic approximants is a maximum value at=9 where the disordering in the struc-
always kept below 1.6 W/K m regardless of the Si concenture was reported to disappéérand drastically decreases
tration. The temperature dependence a&f for the  with both increasing and decreasing Si concentration from
Al,, Re; Sig 1/1-cubic approximant is also depicted in x=9. By considering similar composition dependence be-
Fig. 2b) together with that of Al, Mn;- Sig which is pre-  tween (300 K) and k(300 K), we can safely argue that
pared by substituting Mn for Re in the AlRe;Sig the composition dependence @300 K) is dominantly
1/1-cubic approximant. The lowet in Al,, Re7 Sig than  brought about by the Si concentration dependence of disor-
that of Al,, ¢Mn4- Sig indicates the strong effect of heavy Re dering in the structure. Note here that the magnitude of
in reducing the thermal conductivity of the approximants as«(300 K) observed for the AbsyRe7.Si 1/1-cubic ap-
it is well known that heavy atoms in an array of light ele- proximants is comparable with that of the corresponding
ments greatly contribute to reducing the thermal conductivicosahedral quasicrystdls® This experimental fact strongly
ity, most likely due to their role as a strong scatterer for theindicates that the quasiperiodicity has a less important con-
phonons and to the localization of phonons about the heavyribution to the reduction in the thermal conductivity, and
atoms. that short-range atomic arrangements have a much stronger

We roughly estimated the contribution of conduction elec-influence on it.
trons (ke) using the Wiedemann-Franz law and superim-  Although we mentioned above that the magnitudex arfi
posed the resulting, in Figs. 2a) and 2b). Since . is  the present approximants is strongly influenced by the pres-
directly proportional to the electrical conductivity, it shows a ence of disordering in the structure, the most dominant fac-
minimum atx~9-10 where electrical resistivity possesses aors providing such a very smak<1.6 W/Km, are not
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TABLE |. Thermoelectric properties of the #lgRej7 Siy 1/1-1/1-1/1 approximant.

p(300 K) (Ref. 1§ 1y (Ref. 1§ S(100K) S(200K) S(300K) (300 K) ke(300 K)  kia(300 K)

Composition (uQ cm) (mJ/molK)  (uV/K)  (uVIK)  (uVIK)  (W/mK) (W/mK) (WImK)  ZTz0
Al;s Rej7 Siy 1500 0.6 8.7£0.9 18+2 24+3 0.9+£0.1 0.49 0.41 0.013
Al;4 Rey7 Sig 1800 0.45 30+3 43+5 52+6 1.1+0.1 0.36 0.74 0.04
Al;3 Rep7 Sig 3500 0.3 1.6+0.2 0.22 1.38
Al;, Rey7 Siyg 3300 0.28 -4.6+x0.5 -59%0.6 -9+1 1.3+0.1 0.23 1.07 0.001
Al71 Rep7 Sig 1800 0.31 -22+3 -9+1 -36+5 1.1+0.1 0.41 0.69 0.02
Al4 gRe7.Siio 1400 0.42 0.53

obvious now because the disorder-free,s4Re; Sig also  but rather at lower or higher energies, where the electrical
possesses very smadl*® The disordering in the present ap- resistivity fortunately shows lower magnitude because of the
proximants occurs only in the glue sites which are connectrelatively large electrical density of states. As a consequence
ing the Mackay clusters existing at the body center and veref the simultaneous achievement of large thermoelectric
tices of the cubic lattice. If the Mackay clusters behave as apower, low electrical resistivity, and small thermal conduc-
extremely heavy hypothetical atom most likely due to thetivity, ZT of the 1/1-cubic approximants is enhanced up to
strong bonds between atoms inside the clu@tand if these  0.04 at room temperature. The larg&dtvalues with a posi-
heavy hypothetical atoms are connected with weak links ofive S (p type) and negativeS (n type) at room temperature
the glue atoms, the group velocity of the acoustic phonorare 0.04 in A}, Re7 Sig and 0.02 in A}y Mny7 Siyq, re-
will be greatly reduced. This will cause a small magnitude inspectively. These values are slightly smaller than the maxi-
the thermal conductivity. Moreover, one may easily considemum ZT reported for icosahedral quasicryst&g* How-
from this scenario that the disordering in the glue sitesever, sinceS(T) increases and(T) decreases with increasing
strongly scatters the acoustic phonons. This mechanisnemperature, we may observe much largdrat high tem-
would be equally applicable to the corresponding quasicrysperatures above 300 K. In addition, we already confirmed
tals. This consideration, however, is no more than a speculahat a partial substitution of Re for Mn in the
tion because we have only limited information about the re-Alg, s.Re;; Si, 1/1-cubic approximants enhancgs. Ther-
lation between structure and thermal conductivity in themoelectrical properties of quaternary Al-Mn-Re-Si 1/1-cubic
approximant. To gain real insight into the origin for the small approximants will be reported elsewhere in the near future.
thermal conductivity in the quasicrystals and approximants,
investigation of the relation between the atomic arrange- IV. DISCUSSION
ments and thermal conductivity should be performed not
only for the present approximants but also for other approxi- In this section, we concentrate on discussing the mecha-
mants. Thus we decided to leave this problem still open. nism leading to the nonlinear temperature dependence, large
Electrical resistivity, as well as the thermoelectric powermagnitude, and strong concentration dependen&Tofob-
and thermal conductivity, is one of the factors that deterserved for the present MlgRej;7 Sk 1/1-cubic approxi-
mines the performance of thermoelectric materials. Wemants in terms of the electronic structure ngar
should comment here on our previous data for room tem- Maci&>?® reported an analytical calculation of the tem-
perature electrical  resistivity [p(300 K)] of the perature dependence of thermoelectric power for icosahedral
Alg, s Re; Si, 1/1-cubic approximant® We reported in  quasicrystals. He used a hypothetio&k) consisting of two
our previous papé? that p(300 K) of the Alg, sRe7Siy  Lorenzian-type pseudogaps, which was originally proposed
1/1-cubic approximants possesses a maximum value at by Landauro and Solbrigf. They had to employ this hypo-
=9-10, where the electronic specific heat coefficient theticalo(e) because information about a realistits) is, at
value) takes its minimum. This unique Si concentration de-this moment, neither experimentally nor theoretically avail-
pendence of they value andp(300 K) definitely indicates able for icosahedral quasicrystals due to their lack of period-
that the Si concentration dependencep800 K) is domi- icity. We emphasize here that if we employ the rational ap-
nated by the shape of the pseudogap existing agross ~ Proximants instead of their corresponding quasicrysgB)
smallerp(300 K), which is preferable for thermoelectric ma- can be quantitatively evaluated without using a hypothetical
terials, is obtained whem is located not atep.m, but at  o(e), because information about(e) is obtained using the
rather lower or higher energies, where lai€T)| is also accurately determined electronic structure and local atomic
observed. arrangements. Sinc&T) observed for icosahedral quasicrys-
By using the measured thermoelectric power, electricatals shows essentially the same behaviors as those of the
resistivity, and thermal conductivity, we calculated the di-corresponding approximants, the present analysiS(f of
mensionless figure of meriizT=S/(p«)] for the present the approximants might reveal the mechanism leading to the
1/1-cubic approximants. The resulti@d are summarized in unusual behaviors &(T) not only in approximants but also
Table I. A large magnitude of thermoelectric power is notin quasicrystals.
obtained wheru is located at the bottom of the pseudogap We introduce here a rigorous equation to calcul@®:°
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The function 9f(e)/de is an even function aboyi and
its integrated intensity f=,.(9f/ de)de gives rise to unity re-
gardless of the temperature. Thus[”Hdf/de)o(e)de re-
sults simply in a mean value af(¢) averaged over the en-
ergy range of a fewkgT centered aju. On the other hand,
(e=w)df(e)/de is an odd function and its maximum and
minimum, both of which are temperature independent, occur
at e=-1.%gT and ate=1.3gT, respectively. The values
deduced fromf* (e—u)(df/de)de and fﬁ(s—u)(&f/&s)ds
are positive and negative with the same magnitude. Thus
JZ . (e—u) (9t 9e)o(e)de possesses a positive value when the
intensity of o(g) at aboute=-1.3%gT is larger than that at
about e=1.%gT, and vice versa. These considerations on
-df(e)/ de and (e—u)df(e)/ = encourage us to argue that a
large thermoelectric power is obtainedsifs) averaged over
a fewkgT in width aboutu is kept small and if the magni-
tude of o(e) at e=1.3gT is much smaller or much larger
than that att ~-1.%gT.
-02 -0.1 0.0 01 02 Absolute values of[“ (s—u)(3f/de)de and [}(e—w)

Energy (eV) X (dfl9e)de always linearly increase with increasing tem-

perature. If we assume an electrical conductivity) to vary
linearly with energy acrosg, one may naturally realize that
IZ (e=w)(dfl9e)o(e)de possessesT? dependence. Since
JZ.(0f 1 9g)o(e)de is constant and equal t@(w) in the case
of the e-linear o(g), Eq. (2) involving T in its denominator

®

S
(=}
|

-ofe)/ de
|

5 (&) 6{(8)/ e

FIG. 3. Functions in the integrands in E@). The solid line,
dashed line, and dotted line indicate those calculated Wit0,
150, and 300 K, respectively.

J a(e)(e — w)df(e)lde]de possesse$-linear temperature dependence as it is suggested
- by Eqg.(1). The thermoelectric power, therefore, is more en-
S = eT o ' (2 hanced if the slope of the linearly varyinge) is larger and
J o(e)[df(e)/de]de o(w) is smaller under the assumption of a linearly varying
- o(g) with energy. These conditions for a lar§eare exactly

the same as those discussed on the basis of1&q.

) ] _ _ Analytical treatment of Eq(2) is far from being straight-
Equation(1) is deduced from Eq(2) by using techniques - forward. However, we showed above that, if we separately
used in the Sommerfeld expansion, in which some factors ifeat the three functionso(s), -df(e)/de, and (e
the integrands in both. the_numerator and denominator vanisbmaf(s)/a& the temperature dependence of the thermoelec-
at e~ . The approximation employed to deduce Ef)  yic power can be calculated numerically from E@) even
causes essentially the same result as that caused by an ﬂ?@ugh o(s) has a nonlinear energy dependence, provided

sumption of a linearly varying _electrical f:onductivit_y with that information aboutr(e) is precisely determined. There-
energy. One may naturally realize that this is unsatlsfactor¥

especially at high temperatures, because the energy width ??re, we consider it most important to gain precise informa-
a fewkgT centered at=u, wheredf(e)/de has meaningful lon aboutete) for the determination o8(T).

) . L : Here we employ the Boltzmann-type electron conduction
mag_mtudes, increases with Increasing temperature and thn"?echanism to evaluaig(e) of the approximants. This must
nonlinear energy dependencedf) is no longer trivial. '

. be appropriate because the temperature range we consider is
. In order to calculat&(T) of the pres‘?m 1_/1—appr_OX|mants not very low but rather high, where the weak localization and
with Eq. (2), we employed a numerical integration rather

) the electron-electron correlation effects would be less impor-
than an analytical treatment. Mclntosh and K&i&eeported tant and the Boltzmann-type equation can be used to inter-

a method in which the integrands in E@) were divided - -
) . - N pret the temperature dependence of the electrical conductiv-
into three functionsu(e), —df(e)/de, and (e-pn)df(e)!de, ity as was suggested by the Mott-Kaveh formtfi&° The

and separately treated. Two of these functiongi(s)/de  poj;mann-type electrical conductivity in an isotropic sys-
and(e-pu)df(e)/de, can be easily calculated at a given tem-iam is described as

perature and are shown in FiggaBand 3b) for three dif-

ferent temperatures, respectively. Both functions serve as

windows that define the energy range of integration as a ‘T(S)ZEN(S)U(S){(S)' 3
result of a negligibly small contribution outside the energy

range of a fewkgT in width centered ajt. Since the electri- whereN(e), v(e), and{(e) represent the electron density of
cal conductivityo(e) exists in the integrals with these two states, group velocity, and mean free path, respectively. We
window-functions, one has to takge) into account only in  assume here an isotropic electronic structure because icosa-
a narrow energy range of a felgT centered aju. hedral quasicrystals and their rational cubic approximants are
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06— T T T T pseudogapepoom F€Mains outside the narrow energy range
0.5 of a fewkgT in width centered aj, but it starts to decrease
when the temperature is increased high enough at which the
energy range Covers,iom It is argued, in other words, that
the peak temperature whe®ST)/dT becomes zero is
roughly determined by the energy difference betwaeand
epottom THIS is closely related to the fact that the high8&t)
is obtained not at the condition @f=gpqom but whenw is
located at an energy below or abowg,,, These features
must be characteristic not only of the present approximants
but also of all pseudogap systems that include icosahedral
FIG. 4. The electronic density of states for the;ARe;;Siy  quasicrystals. The present analysis of tB€T) of the
1/1-cubic approximants calculated by the LMTO ASA method Al,3 Re; sSig 1/1-cubic approximants lets us conclude that
(Ref. 18. Those calculated from the electronic specific heat coeffi-the characteristic behavior &T) in these approximants and
cient are superimposed. Thefor each Si concentratior used to perhaps that in the Corresponding quasicrysta|s is brought
calculateS(T) is shown with dashed lines with about simply by the presence of a pseudogap of a few hun-
dreds of meV in width.
nearly isotropic. If we additionally assume energy indepen- We discuss next the reliability of the assumptions, the
dentv and ¢, these energy independent terms can be pulleénergy independerftand energy independent that we em-
out of the integrals in both denominator and numerator anghloyed to calculateS(T) in this study. A weak temperature
cancel out. As a consequenasg) in Eq. (2) is simply re- dependence of the electrical resistivity of the
placed byN(e). The resulting equation we used in our analy- Alg, ¢ xRe7 sSix 1/1-cubic approximants allows us to believe
sis is that the mean free path of the conduction electfas fairly
shortened nearly to interatomic distané& such a case/,
can be safely assumed to be energy independent.
. N(e)(e = w)Jf(e)/de]de On the other hand, it is very difficult to judge if the as-
ST)=— — . (4) sumption of energy independent group velocity is appropri-
f N(e)[9f(e)/de]de ate or not f_or the present _&I.G*RelmSix 1_/1-cubic approxi-
o mants. It is confirmed in our analysis th&T) in the
. . Alg, eRe7 Siy 1/1-cubic approximants can be quantita-
We introduce here the density of statdlie) of the a1y veproduced from Eqe4) with the assumption of an
Al73.Re17..5ig 1/1-cubic approximant calculated on the ba- gnergy independent velocity. Perhaps information about the
sis of the LMTO ASA method using the reliable crystal \y4ye humber and the group velocity has already been lost in
structu.re determln'ed by synchrotron rad|at|qn Rietveltyage approximants, most likely because the mean freefpath
analysis'® The details of the LMTO ASA calculation and of s <5 shortened as to satisfy the condition % \¢ (the
the Rietveld analysis were reported elsewheré. The oy, wavelengthknown as the Mott limit, where the wave
LMTO ASA density of states of the /d eR€17.s5lp 1/1-cubic  nacet is no longer well defined. One may think that this
approximant is depicted in Fig. 4, and that deduced frontgngigeration is inconsistent with the use of the Boltzmann
electronic specific heat coefficients is superimposed on 'tformula[Eq. (3)]. However, we believe that the Boltzmann
The carrier concentration dependence of the density of stateg,mula is still useful even under the Mott limit, because
deduced from the electronic specific heat coefficients fol;ott and Davig? gave a proof that the Kubo-Greenwood
these two series of 1/1-approximants showed extremely, i, which is used to interpret the electrical conductivity
good agreement with the theoretically calculated density Ofy onperiodic materials, reduced to the Boltzmann formula,
states. This means that the substitution of Si for Al does not 4 pecause the Boltzmann conductivityis used as one of
significantly affect the shape f(¢) but simply increases the  {he tactors in the Mott-Kaveh formiAwhich interprets the
number of valence electrons in the system. Thus we calCygmperature dependence of electrical conductivity under the
lated S(T) for different Si concentrations using E@) and  \yeak-localization effect. It is also very important to note
N(S) Of the 1/1—CubiC apprOXimantS W|th a pI‘Oper Choice Ofbefore going on that the group Ve|ocityd'fh is replaced by

0.4
0.3
0.2
0.1

N(E) (states/eV-atom)

0.0

Energy (eV)

[

Er, which is shown in Fig. ) with dashed lines. the energy-independent Matfactor in Mott’s formulation
_ The calculatedX(T) on the basis of the LMTO ASA den- for the electrical conductivity in disordered materi#s.
sity of states were superimposed on Fig) Iith solid lines. It is easily seen that th&T) calculation we employed in

The calculatedS(T) is in surprisingly good agreement with this paper cannot be directly applied to quasicrystals because
the measured ones not only in its sign reversal with increashe electronic structure in quasicrystals is hard to evaluate by
ing Si concentration but also the nonlinear temperature dethe ordinary band calculation developed for crystalline ma-
pendence. We have to stress here that we did not use amyrials. However, we have already developed a method to
parameter fitting to calculat&(T), but just employed a pre- calculateS(T) on the basis of the experimentally determined
cisely determinedN(e) and properly selected. electronic structure by using high-resolution photoemission
We noticed that the magnitude 8(T) monotonically in-  spectroscopy? We are now in progress to experimentally
creases with increasing temperature when the bottom of theeveal the mechanism leading to the characteristic behavior
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of S(T) in icosahedral quasicrystals by applying the presenthe dimensionless figure of meiT for the thermoelectric
method to photoemission spectra of high energy resolutionmaterials is evaluated using the measured electron transport

In summary, the temperature dependenc&@) in these properties. These approximants possess large thermoelectric
phases was quantitatively reproduced by using precisely dgower ranging from -40 to 5@V/K and small thermal
termined electronic structure. We conclude that the larggonductivity less than 1.6 W/K m. In combination with the
thermoelectric power in Ab s.Re;; Si, 1/1-cubic approxi- relatively low electrical resistivity, the dimensionless figure
mants and the corresponding quasicrystals is simply brougt@f merit reaches 0.04 at AlRe;Sig and 0.02 at
about by the presence of a pseudogap ackpss Al;; Rej7 Sipq with positive and negative sign & respec-
tively. S(T) of these approximants was analyzed on the basis
of the Boltzmann transport equation. We found that the large
magnitude and the characteristic temperature dependence of

In this study, the temperature dependence of the therm&¥(T) in the approximants and the corresponding quasicrystals
conductivity and thermoelectric power of AlkRe; Sl  are caused by the presence of a pseudogap across the Fermi
1/1-cubic approximants was systematically investigated antevel.

V. CONCLUSION
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