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Modeling the thermopower of icosahedral Aj;Cu,sFe;, quasicrystals: Spectral fine structure
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On the basis of a realistic model for the spectral conductivity, obtained from a proper combination of
tunneling spectroscopyR. Escuderet al, J. Phys.: Condens. Mattéd, 383(1999] and transport measure-
ments, we derive a closed analytical expression for the Seebeck coefficient, satisfactorily describing its tem-
perature dependence over a wide temperature range. The relative importance of thermal broadening effects and
the temperature dependence of chemical potential in the thermopower curve is quantitatively discussed. By
comparing the obtained analytical results with the experime{fg) curve evidence for band structure effects
in the thermopower is reported.
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Attending to their transport properties thermodynamicallywheref(E, ., T) is the Fermi-Dirac distribution function and
stable icosahedral quasicryst&3C’s) occupy an odd posi- u(T) is the chemical potential. Our study will focus on the
tion among the well-ordered condensed-matter phases. Imlationship between the conductivity spectraiE) and the
fact, by comparing the temperature and composition depenransport properties. Hiasler and collaborators showed that
dences of electrical conductivity, thermal conductivity, ther-the main qualitative features of the(T), S(T), andRy(T)
moelectric power, and Hall coefficient of quasicrystalline al-curves for both QC’s and their crystalline approximants, can
loys with those corresponding to both crystalline andbe accounted for by considering an asymmetr{&) curve
amorphous alloys of similar composition, several anomalougharacterized by a broad minimum exhibiting a pronounced
behaviors have been reported. These anomalies clearly re- dip within it.!'® Landauro and Solbrig have shown that a
semble a more semiconductorlike than metallic chardcter, spectral conductivity model including just a wide and a nar-
although typical metallic fingerprints, like the presence of arow Lorentzian peaks suffices to properly fit the experimen-
well-defined Fermi eddeor an ideal Ohmic behavior over a tal o(T) andS(T) curves ofi-Alg, CusFe;, 5 over a broad
broad voltage rang¥, have been observed in high-quality temperature rang€.Accordingly, we shall consider the fol-
icosahedral samples. Therefore, neither the notion of metabwing expression for the spectral conductivify*’+8
nor that of a conventional semiconductor seem to be suitable
for QC's. B Y1 Y2 o

Following a systematic theoretical study, aimed to ascer-o(E)=— > ta 7 2
tain the influence of the electronic structure on the transport (Emu=0)" 71 (E-p=05)"ty; 3
coefficients of icosahedral QC’s, we have introduced a phe- &)
nomenological approach relating the sample’s electronidhis model consists of just two main spectral features and it
structure to the temperature dependence of several transpamizolves six parametersB,«,y1,72,81,8,}, determining
coefficients™~**The main aim of this work is to relate some the Lorentzians’ half-widths ;) and heightsh,=(7y;) %,
key topological features in the experimental thermopowetheir positions §;) with respect to the Fermi level, and their
curve to a few characteristic features in the electronic strucrelative weight in the overall electronic structura)( The
ture. To this end, we shall consider thermal broadening efparameterB is a scale factor expressed b ‘cm ev?!
fects and the variation of the chemical potential with theunits.
temperature in order to derive closed analytical expressions Making use of Eq.(3), assumingu=Er and keeping
for the thermopower in terms of a set of phenomenologicaterms up toO(T#), we have previously obtain&d"?
coefficients and compare them with suitable experimental
data. £+ EDT?

The temperature dependence of the thermoelectric power S(T)=—2[e[L,T > o
S(T) can be obtained by means of the Chester-Thellung- 1+ &b T &,07T
Kubo-Greenwood version of the linear-response theory fromyhere Lo= 772k§/3e2 is the Lorenz numberb=e’L,

the expressio =2.44x10"8 (eV)? K~2, and the phenomenological coeffi-
cients were defined in Ref. 12. The coefficiénts related to

4

S(T)= 1 L4fT) (1) topology of the spectral conductivity around the Fermi level
[T L11(T)" through the expressidh®®
wheree is the electron chargd; is the temperature, and the 1/dIno(E)
kinetic coefficients are given by §1=§<T , (5)

E=un

E__(T):(_l)i+jj+ocho_(E)(E_lu)i+j2( _ ﬁ) (2) so that its precise value is very sensitive to the relative po-
4 —o = sition of the Fermi level with respect to the dip minimum.
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Similarly, the temperature dependence of the chemical poten- 5 ke [ 3,
tial is also sensitive to possible fine structures in the density S(M=—F|z12w|, 7
of states(DOS) through the expressidh u(T)=Egr— 7T?, lel 13,
where N -
where 20=m28"1¢,/3, and the reduced kinetic coefficients
b( 1 dN(E)) be © are given by
n=5\Nney ae | ~Psn
2\N(E) dE £,

J(B)=] x B(x/2+
andN(E) is the DOS. In obtaining Eq6) we have assumed In(B) f Xl (x)sec(x/2+w)dx, ®

an almost constant spectral diffusivip,(E)=D,, close to . .

the Fermi level, so thatN(E)=o(E)/e?D, in a first Wherex=pB(E—Eg) andB=(kgT) ". Following the proce-
approximatiort’ This simplifying assumption is experimen- dureslntrodqced in Refs. 12 and 14, keeping terms up to
tally supported by diffusivity estimations from specific-heat ©(T"), we finally obtain,

data?! and by angle-resolved photoelectron spectra showing

flat narrow bandlike features indicating quite small group S(T)=—2|e|Lo&, TD(T), 9
velocities for the charge carrietéThen, Eq.(1) can be ex-

pressed as where

1—EbT2— 3 £, £3b2T4— 3 £3£5b°TO

D(T)= .
™ L+ (£&-28)bT? 4 (616~ ¥ &) £,07T4— 32 £1£,b°TO

(10

According to Egs.(10) and (5) in the low-temperature tjcular, at high enough temperaturgd (T—)=1/2] Eq.
limit [D(T—0)=1] we recover the usual Mott's expression. (10) prescribes a linear temperature dependence of the ther-
Then making use of the experimentally measured slope ahopower given byS(T)=|e|Ly,éT=m,T. Between both
the S(T) curve in the low-temperature regimmy, the phe- linear regimes, which are characterized by different slopes
nomenological coefficientt; can be obtained & ¢  (my/m.=2), the thermoelectric power exhibits a nonlinear
=—20.5my [uVK™?], (eV) L. By comparing Eqs(4) and  behavior, characterized by the presence of well-defined ex-
(9) we see that the chemical-potential temperature deperirema and sign changes.
dence, rather than describing a minor correction, has a sig- As an illustrative example we will consider the quasicrys-

nificant influence on the thermoelectric power curve. In partalline sampléd-Alg:CusFe,. Tunneling spectroscopy mea-
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surements for this sampfeare shown in Fig. 1. These mea-
surements reveal a broad pseudogap extending over a
energy scale of about 0.6 ghown in the insgtalong with
some fine structure close to the Fermi letlabeled 1 and 2
in the main framg Consequently, we havgo dipsembed-
ded within a broader pseudogap. This pseudogap stems frorx
a Fermi surface pseudo-Jones zone interaction, while thé
dips may be related to hybridization effects betwekhe o
states andsp-states. In this sense, a reasonable explanatior
for the observation of fine structure at certain locations of the
sample is that in those tunneling areas there may be portion
of material with a better structural quasicrystalline quality
than other parts Qf the same samﬁeenfe favoring energy 0 50 100 130 200 250 300 350 400 450
resonant effects in the iron subsyst&i?

However, data obtained from low-temperature tunnel fits T (K)
are to be used carefully when extrapolated to describe the

temp(.erature.dependence of ransport qumc'ents' I.n .f‘.%t’ tr‘geebeck coefficient of ACu,sFe;, quasicrystal in the temperature
stability of finer spectral features obtained fraab initio range 1-300 K as determined from experiméopien circles and

calculation_s was discussed _by Landauro and Solbrig showing,, analytical expressions given by E4) (dashed lingand Eq.(9)
that half-width values obtained for narrowest spectral fea-(sond line). Experimental data, courtesy of R. Escudero.

tures become meaningless as they progressively broaden as
the temperature increasEs*?°Indeed, a thermal broaden-
ing of the dip around the Fermi level has been experimen- g _ ﬂ
tally reported by Escudero and co-workers for different qua- ™
sicrystalline sample®’ In order to properly account for these
effects, the width of the narrowest spectral feature will beTaking the low-temperature electrical conductivity value
determined from the expression definigg(Ref. 12 by tak- (4.2 K)=1880 "1 cm ! measured for an-Alg;CusFe;,
ing into account physical information contained in the ther-sample?® we getB=1180+900 " cm™* eV~ 1.
mopower curve, which is extremely sensitive to the finer In Fig. 2 we compare the thermopower curve measured by
details in the electronic structure, through the expression Morales and Escudefb (open circley with the analytical
. 5 expressions given by Eq$4) (dashed ling and (9) (solid
Ay;tCy;+D=0, (1D line). At low temperature$(T) follows a linear behavior up
Where A= 7?5#5?%5(7%“\8%)1 0552[27§5152+)\s‘l‘ to about‘l"1:|7(2i K._ At higher tgmpgratures the thermopovyer_
expt. 2 5 2 _ 7 expt. 2 progressively deviates from linearity, showing a broad mini
+ér 8152(27#)?8.1)]' D_7153(51+§1 €1 an_d N mum. Finally, as the temperature is further increased the
=h,/h,. From afitting analysis of the data shown in Fig. 1 g1y ¢\rve steadily increases, suggesting the probable exis-
we have y,=587+1meV, §,=-5.2L0.5meV, once of 4 crossing point where the thermoelectric power will
5_2: —16.1£0.5 meV, and)\=11.41j: 0'92' Frpm a linear change its sign. The experimental data do not allow for an
fit to the thermopower data shown in Fig. 2, in the temperazqc rate estimate of this crossing temperature. By extrapo-
ture range -, G_Zxot_ K, we Obta'f'lmoz —0.219  |ating theS(T) data reported by Billis and co-worker& for
+0.002uV K 2= £7%= +4:49i 0.03 (eV) -, so that W€ a sample with the same stoichiometry over a wider tempera-
get »=1.1x10 " eVK™? 'in close agreement with the e range we geT §**'=398 K. The crossing temperature
value7=1.0x10"" eV K™ previously reported’ Plugging  gptained from Eq.(10) is T,=408 K, in good agreement
the obtainedy;, 8;, &, and & values into Eq(11) we  yith the extrapolated figure. ’
finally get y,=55+1 meV. This value is about eight times By comparing Figs. 1 and 2, we can gain some physical
larger than the value directly obtained from tunneling meaijnsignht into the relationship between the electronic structure
surements, namely=7 meV at 2 K, hence confirming the and transport properties. First, we note that the deviation
importance of thermal broadening effects. From the knowlfrom the linear behavior starts when the thermal window
edge ofy,, the relative weight of both Lorentzian peaks is reaches a half-width of aboutE=kgT;=6.0 meV. This
then determined from the expressitiso derived from the value is close to the spectral peak positidr= —5.2 meV,

FIG. 2. Comparison between the temperature dependence of the

(y1e1°+aye,?) (@ tcmtevl). (13

expression defining;) hence suggesting that as far as the thermal window remains
locatedinsidethe pseudogap’s dip feature, the thermopower
y1 (82| 01+ E7Pe] exhibits a metalliclike behavior. Then, as temperature in-

a=- yoleq m (120 creases and charge carriers located at the little bump between

both dip features start to play a more significant role in the
giving a=1.07=0.03, in agreement with the value obtained transport properties, th§(T) curve progressively deviates
for i-Alg, ClpsFer, s by Landauro and Solbrity. Finally, the  from linear behavior, attaining a broad minimum. This mini-
conductivity scale paramet®& can be determined from the mum expands from abodi=175 (AE=15 meV) up toT
knowledge of the residual conductivity valug0) as! =275 (AE=24 meV). TheS(T) minimum position can be
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related to the different phenomenological coefficients by im-thermopower signatures as the Fermi level shifts through
posing the extreme conditiodS(T)/dT=0. From Eq.(9)  both spectral features due to a progressive temperature in-
we obtainT,=196 K, in reasonable agreement with the ex-crease. In this way, we gurther substantiate some ideas earlier
perimental valueT®'=216 K (determined from a 4th de- discussed by Piercet al*® and Fujiwarzet al,?® who quali-

gree polynomial fitting The thermal window half-width for Fatwelyexplamed some experimental _trends_ of thermopower
this temperature iAE=kgT,=16.9 meV. This value is in terms of band structure effects. Finally, in this work we

very close to the spectral resistivity peak positiop= illustrate the potential of our phenomenological framework

~16.1 meV, hence suggesting that the minimum of the therin Order to gain information about the electronic structure

i oy of quasicrystalline samples from the study of the experimen-
mopower occurs when the charge carriers locatéin the tal S(T) curves over a broad temperature range. Within
second dip spectral featufbox 2 in Fig. 2 are playing a )

. lein th ies. Af q h our approach further refinement of the electronic structure
major role in the transport properties. Afterwards, as the teMg,,qe| ‘can be obtained from the experimental knowledge
perature is further increased and the states belonging to t

. i 2 additional phenomenological coefficients. To this end,
broad pseudogap component begin to contribute significantly o reas0nably expects then that a sharper view about
to transport the thermoelectric curve progressively rises t0g,o main electronic features of the considered QC samples

wards.positivc_a valges. , would ultimately emerge from a combined study of the
By inspecting Fig. 2 we see that the overall behavior of

. . . different transport coefficientsg(T), S(T), and Ry(T),
the theoretically derivec(T) curve given by EQ(9) pro-  oer gifferent temperature ranges. The physical information
vides an acceptable description of the thermoelectric pow:

for the i h | eéained in this way may help to clarify the possible existence
temperature curve for the icosahedrab8lu,sFe;, sample, ¢ finer details in the electronic structure of quasicrystalline
although we cannot obtain a precise match with the eXPerisgamples, like the much debated spiky features, which

mental one. Then we conclude that, for temperatures highgtmain a fundamental open question in the science of
thanT=125 K, the temperature dependence of chemical pogcrg.

tential, u(T) must be explicitly included in the calculations
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