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The results of low-temperature, ultrahigh-resolution ultraviolet photoemission studies of the electronic
structure of stable icosahedral @ACu,gFe;s, AlgCusFes, AlgCuygRuUis, AlgsCuygRuUs sFe; s,
Al gsCUy0815, Al ;gPdyoMn o,  Al,oPdyCrsFes,  Al,oPdRegs, and  ZmygMgs,Yg, decagonal
Al g5C045C50 and Al;Co4gNi 5, and crystalline AJCu,Ru and NpMnAl alloys are presented. It is shown that
these alloys have a clearly developed Fermi edge, and are thus metallic down to the temperature of measure-
ment (12-45 K. A marked decrease of the spectral intensity toward the Fermi level in quasicrystals is
demonstrated to be consistent with the existence of the theoretically predicted pseudogap. With an experimen-
tal resolution of 5 meV, no evidence of the theoretically predicted spikiness of the density of states could be
observed. A close similarity between the values and unusual dependencies of various physical parameters
observed in quasicrystals and in their approximants suggests that they are not the consequence of the long-
range quasiperiodicity, but rather result from a complex local atomic order. A review of the electronic prop-
erties of quasicrystals is also presente0163-18207)07815-9

I. INTRODUCTION It was only realized later that the first QC’s, which were
thermodynamicallymetastable possessed significant struc-
Quasicrystals(QC’s), which were discovered in 1984, tural disorder, as manifested in the broadening of x-ray-
are an interesting form of the solid state which differs fromand/or electron-diffraction lines. In addition, they contained
the other two known forms, crystalline and amorphous, bynon-negligible amounts of second phases. These poor quality
possessing a new type of long-range translational ordesamples impeded the detection of those properties which
guasi-periodicity and a noncrystallographic orientational or- could be intrinsic to quasiperiodicity.
der associated with the classically forbidden symmetry A significant development in the studies of both structural
axes’™® The majority of known QC's are either icosahedral and physical properties of QC’s occurred at the end of the
(i) or decagonalq) alloys. A few known octagon#f and  1980s, when thermodynamicallystable QC's were
dodecagondf’ alloys cannot be produced in sufficient quan- discovered—>® These QC’s possess a high degree of struc-
tities to allow studies of their physical properties. A centraltural perfection comparable to that found in the best periodic
problem in condensed-matter physics is to determinglloys, as evidenced by resolution-limited width of the Bragg
whether quasiperiodicity leads to physical properties whictpeak$ and/or the observation of dynamical diffractith.
are significantly different from those of crystalline and amor-Several unusual physical properties have been found in the
phous materials. most intensively studiedalloys?~>®First, their most salient
The first few years of studies of QC's revealed that theirfeature, which is completely unexpected for alloys consisting
physical properties are disappointingly similar to those of theof normal metallic elements, is the very high value of the
corresponding crystalline or the amorphous counterpéris. electrical resistivityp (or the very low value of the electrical
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conductivity o). For example, the low-temperatugg o) upon the experimental observation of the very small value of
values can reach about 10@xQ cm (100Q " tem 1) in  ,81521262743yhich is directly proportional tN(Eg). The
the Al-Cu-Fe i alloys!~® about 25000 xQ cm (40  support for the Hume-Rothery mechanismiiralloys also
Q tcm™Y) in the Al-Pd-Mni alloys!’=2° about 60 000 comes from the results of the NMMRef. 46 and optical
2Q cm (170 L em™Y) in the Al-Cu-Rui alloys?:~2about  conductivity experiment®>*” However, the optical conduc-
10000002 cm (10 @~ ecm™1) in the Al-Cu-Osi aIons,24 tivity data® for d alloys could not be reconciled with the
and extraordinary highllow) values of the order of 10 existence of a pseudogap in the D@&g). The reduced
wQcm (0.1 O tem™Y) in the Al-Pd-Rei alloys?%?®-2° N(Eg) is also consistent with the observed
Thesep(o) values are several orders of magnitude largediamagnetismi?**4° Furthermore, almost all low-energy-
(smalley than those of the constituent metals and of theresolution soft-x-ray emissiofSXE), soft-x-ray absorption
amorphous alloys, and are comparable to those of dope®XA), photoemission spectroscoffES, x-ray photoelec-
semiconductors. The above experimental values are tron spectroscopyXPS), and inverse photoemission spec-
smaller than the Mott’s “minimum metallic conductivity” of troscopy (IPES experiments which, as opposed to the ex-
200 O~ 1cm™! for the metal-insulator transitiofl. It was  perimental techniques mentioned earlier, probe DD&ctly
even suggested that the Al-Pd-Ralloys are insulators at at energies in the vicinity oEg, have been interpret&t>
low temperature$®?’ Second, the temperature coefficient of in terms of the presence of the pseudogap in the DOS around
p(o) of these i alloys is generally negative Eg ini alloys. However, low-energy-resolution PES experi-
(positive), 24812131529y hich s inconsistent with the ex- ments ord alloys could not find evidence of the existence of
pected behavior for metals. Third, théo) values are ex- such a pseudogap® The notion of a structure-induced
tremely sensitive to the sample compositfdR%?1252628  pseudogap in the DOS arourtgk results not only from a
which is reminiscent of doping effects in semiconductors.theoretical analysis based on the nearly-free-electron
Even for the same nominal composition, they can change bgpproximatiofi*> but is also supported by the electronic
more than an order of magnitude for samples produced frortructure calculations for the lowest-order crystalline ap-
the same batc2° This means the composition inhomoge- proximants ofi alloys>*~>?including the approximants con-
neities of a fraction of an at. % can significantly influence thetaining the TM atoms*°*°3**However, the electronic struc-
electronic properties of thiealloys. Fourth, the resistivity of ture calculations ford alloys are contradictory: while the
thesei alloys increases as their structural quality improvescalculations based on a model approximantg8o;,Cus
(by annealing which removes the defe@&%2>2%in contrast  predicf® the existence of a well-pronounced and wide
to the behavior of typical metals. Other unexpected anomapseudogap in the DOS arouitt}, those based on several
lies in the transport properties dfalloys involvé48a very  variants of the Burkov mod®} predict that no pseudogap
low electronic contribution to the specific hegt'®212627  exists for the most stablé structures?
large and strongly temperature-dependent Hall coefficient Apart from its seeming simplicity expressed in the rela-
and thermoelectric powéf;?2"3 the unusual linear fre- tion Q=2kg (Q is the magnitude of the reciprocal-lattice
quency dependence of the optical conductivity and an abvector, andkg is the radius of the Fermi sphgrewhich
sence of the usual Drude contribution characteristic ofcorresponds to the Fermi sphere touching a Brillouin-zone
metals®?®3 or the very small values of the thermal plane, the Hume-Rothery mechanism is particularly appeal-
conductivity3*3® From a magnetic point of view, stable ing because it can explain qualitatively why stable QC's
alloys of high structural quality are unusual in that they arehave both the lowest values of and y. It can also be used
diamagneti®>*®in spite of containing significant concentra- to rationalize qualitatively why stable QC’s exist only in a
tions of transition-meta{TM) atoms. rather narrow composition rangéa small composition
QC's of decagonal symmetry exhibit anisotropic physicalchange can shift th&g away from the DOS minimuin It
properties: the electrical resistivity has metallic characteriswas argued that the pseudogap enhancement of the cohesive
tics along the periodic direction, and shows a nonmetallicenergy is more efficient in QC’s than in the crystalline ap-
behavior in the quasiperiodic plafgAnisotropies in the proximants because the pseudo-Brillouin-zone is nearly
Hall effect, thermopower, and thermal and optical conduc-spherical in the lattéf***>*due to the high multiplicity of
tivities were also observeti=**Thed alloys Al-Co-Cu and the Bragg planes resulting from the high symmetry of the
Al-Co-Ni were also shown to be diamagnetic over a wideicosahedral point group.
temperature rang®. On the experimental side, one observes the dramatic
A fundamental question in the physics of QC’s is thechanges ofo (up to two orders of magnituglewith
origin of the unusually low values of the electrical conduc-compositiod®29-212526283nd structural qualityf"® for i
tivity. The interpretation suggested first, which is still pre- samples whose values ¢fdiffer only by up to about 10%.
vailing, is based upon a Hume-Rothery mecharftSmhich ~ For example, the values ofr (at 2 K) and y for
implies the existence of a pseudogap in the electronic densitiyAl 4gPd;oRe;, are respectively 10000 1 cm~! and 0.28
of states(DOY) in the vicinity of the Fermi leveEg .*? Ini- mJ/mol K> (Ref. 28. The corresponding values for
tially, the Hume-Rothery mechanism was invoked, both fromi-Al ¢/Pd,sRe;, are 100Q tcm™! and 0.25 mJ/mol R
experimentdf and theoretical analysé$,in relation to the (Ref. 28. This is at variance with the expected proportion-
problem of stability of QC’s. It was later linkédto the  ality betweens andy, and indicates that the small values of
observed smalt= values through the Einstein equafiBn o in i alloys cannot be associated only with the Hume-
o=e’DN(E), in which D is the electron diffusion coeffi- Rothery-type mechanism. This mechanism also cannot ex-
cient (diffusivity) andN(Eg) designates DO%). The cor- plain the increase ofr with temperature and with the re-
relation between the lowr and the lowN(Eg) was based moval of defects(in fact, it predicts just the opposite
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behavioj. The majority of stablé alloys contain TM atoms  clusters’”"* The model claims to explain qualitatively some
whose 8 states dominate the(Eg).*° Sinceo in the Ein-  of the unusual transport properties of QC’s. A recent mcdel
stein equation is proportional to the produ2N(Eg), the based on an electron-fracton scattering explains qualitatively
unusually small values of may originate from the unusu- some of the transport and acoustic dependencies observed in
ally small values of the electron diffusivity. The argumentsQC’s. It even predicts the possibility of superconductivity
presented above indicate that the possible pseudogap in thesulting from a fracton-mediated electron pairing.

DOS(Eg) may not be the main reason for the very small It is clear from the above review that no well-established
values observed in QC’s and for their unusual transport proptheory which would account for the observed unusual prop-
erties. erties of QC’s is available at present. However, there are a

The temperature and defect dependencies,afs well as  few features common to some of the theoretical models men-
the temperature dependencies of other transport parameteti©ned above. One of them is the predicted pseudogap in the
are even more difficult to understand. Within the semiquanDOS(Eg), which is believed to be responsible, at least par-
titative band-structure model, which is based on the calcutially, for the stability of QC’s and for the observed low
lated electronic structure for a given approximant and on th&alues ofo. The other feature is the predicted presence of a
Boltzmann theory on the two-dimensional Penrosespiky structure of the DOS. Although the pseudogap seems
lattice 6°80the observed temperature dependencerd§  to be agenericproperty of QC's, it is not apecificproperty
argued to be explained by considering the interband transidistinguishing the quasiperiodic from the periodic or aperi-
tions resulting from electron-phonon and electron-electrorpdic phases because such a pseudogap is also believed to be
inelastic scattering, whereas the dependencer aén the  present in some amorphddsnd crystalliné*"*alloys. This
structural quality is suggested to result from interband tranis consistent with the fact that a pseudogap is due to a short-
sitions due to elastic scattering by the random phason straifiange order. A property specific to a quasicrystalline order
Essential to this model is the predicted very fine sharpseems to be the predicted DOS spikiness, which does not
peaked structure of the DOS. This predicted DOS spikinesg§ccur in crystalline or amorphous systems.
is associated with a large number of nondegenerate flatbands As mentioned earlier, the main support for the concept of
in QC’s, and is believed to be amplified by the presence oft pseudogap in the DOS aroubd comes from the experi-
TM atoms>®58€0Two energy scales are thus involved in the ments which probe the DOE() indirectly. Although all
band-structure approach: one associated with the width of w energy-resolution(0.2—0.7 eV SXE and SXA experi-
pseudogagabout 500—1000 mey and the other related to ments conducted on both stable and metastable QC's were
the width of the spiky peak&@bout 10—20 me)/ Within the  interpreted as a definite spectroscopic evidence of the pres-
spirit of the band-structure approach, a recent model baseghce of a pseudogdpsuch an interpretation is open to criti-
on phonon and impurity scattering in real, “dirty” QC’s has cism. This interpretation is based upon three apparent obser-
been proposeff. It introduced a fractional multicomponent Vations: a shif(of about a few tenth of eMof the edge of the
Fermi surface consisting of many electron and hole valley@l 3p valence-state spectrum toward higher binding ener-
which lead to the intravalley and intervalley scattering pro-gies, a reduction of the AlBintensity atEg, and a “bend-
cesses. These processes are claimed to provide a natural éxg” of the Al p conduction-state spectrum as compared to
planation for a number of unusual transport properties ofhe corresponding features of the Al metal and of crystalline
QC's# alloys*® The first observation is not convincing in view of

In the last few years, some more exotic mechanismsthe large uncertainty in determining the position Bf,
which invoke the concepts of tunneling, localization, critical which must be determined from separate XPS measurements
states, and fractons, were proposed to explain the unusués will be demonstrated in Sec. Ill, the claimed uncertainty
transport properties of QC's. The first such mechanismpf 0.1-0.2 eV for the Alp spectra seems to be underesti-
which is completely qualitative in nature and which claims tomated. The other two observations rely on the intensity
explain many of the physical properties of QC's, is basedscale and its rather arbitrary normalization for different spec-
upon an internal structural mod®® It advocates that an  tra. Even more surprising is the cldifrof the experimental
alloy consists of two building units: a conductiveblock  evidence based on the SXA technique for the presence of the
enveloped by an insulating layered-structure network. ThéOS spikes in the conduction Al band. This claim is based
electrical conduction would occur via tunneling through theon the apparent observation of the low intensity of the Al
insulating network, which should lead to deviations fromp band as compared to that of other Al-based alloys and of
Ohm’s law. However, the law was shof¥rto be obeyed the Al metal. This low intensity is not related to the DOS
perfectly in thei-Al-Cu-Fe film for bias voltages varying by spikiness because the SXA technique cannot detect any
seven orders of magnitude. Another unconventional qualitaspiky features in the DOS due to the severe lifetime broad-
tive modet®®®to explain the unusual transport properties ofening effects inherent to this technigtfe.

QC'’s is based upon the idea of electron localization, which PES measurements with ultrahigh energy resolution are
was first suggested by Kimur@tal. (Ref. 69. The essentid’® in order to verify the hypothesis of the DOS
model®% assumes that the conduction occurs by hoppingpikiness in QC’s unambiguously. So far, no direct evidence
between states which tend to be localized around some struof the presence of this spikiness has been found as most of
tural units(clusters separated by about a few nm. Within a the previously published PES investigations were limited to
band-structure picture, this hopping mechanism correspondssolutions larger than 230 meWRefs. 49, 52, and 77

to the interband transitions. A model which is similar in Based on the claim of the absence of a sharp Fermi edge, two
spirit is a recent hierarchically variable-range hoppingPES studies concluded that there is a pseudogap in the
model® in which QC’s are presented as a hierarchy ofDOS(E) in i-Al-Cu-Fe (Ref. 79 and in i-Al-Pd-Mn."



55 ELECTRONIC STRUCTURE OF QUASICRYSTAR. .. 10941

However, the conclusion common to these two previous
studies must be questioned, given that they were both carried
out at room temperaturé:’® In addition, the data of Wu

et al. (Fig. 3 in Ref. 78 do not continue sufficiently far be-
yond the Fermi level into the positive-energy region to allow
the background contribution to the spectrum to be estimated.
The background contribution can severely alter the shape of
the photoemission spectrum. Consequently, the unusual form
of the DOS close td&r observed in Ref. 78 is not incompat-
ible with a simple Fermi edge. In order to establish the pres-
ence or absence of a Fermi edge reliably, measurements must
be performed at low temperatures, where thermal broadening
of the Fermi-Dirac function is small, and with an instrumen-
tal contribution of the same order of magnitudeka3.”® In

this paper we report the results of an extensive study of the
electronic structure of most known stable QC's, where it is
demonstrated that only through use of these stringent condi-

tions can firm conclusions regarding the detailed form of the
nearEr DOS be drawn. FIG. 1. Low-temperature He valence bands of Al-Cu-TMTM

=Fe,03 i alloys. The energy resolution is 30 meV. The spectra
have been normalized to give a constant height between the maxi-
Il. EXPERIMENT mum and minimum count.

INTENSITY (arb. units)

BINDING ENERGY (eV)

Thermodynamically stable QC'’s of nominal compositionsof g linear DOS and the Fermi-Dirac function at the appro-

I-AlesCUsgFers,  I-AleCusFery,  i-AlesCUsRUis,  priate temperatur® The full width at half-maximum
I-Al 6sCUp0RU7 sF€75, 1-Al 5CU200S15, 1-Al 70PdoMN 10, (FWHM) of the Gaussian is the only adjustable parameter in
i-Al 70PdyCrsFes,  i-Al 70PdRegs,  1-ZngMgs,Y s, this procedure and gives directly the instrumental resolution.

d-Al 65C015CU50, andd-Al ;:Co,5Ni ;5 were prepared as de- For high-resolution spectra this was determined to<ti0
scribed elsewher&:?>#-%°All samples were characterized meyv. The uncertainty in the determination is less than
by x-ray diffraction and electron microscopy, both tech-g5 mev. The UPS valence bands presented here are cor-

niques showing the samples to be single phase. Bragg-peg&cted for the secondary-electron backgrotfhd.
widths were resolution limited. To characterize the alloys

studied further, electrical conductivity and magnetic-
susceptibility measurements were carried out respectively for
Al-Cu-Fe, Al-Cu-Ru, Al-Pd-Re, and AI-Cu-Ru alloys. A. Structure of valence bands
The results are in agreement with published
datall-16:19-2325-293¢q; comparison purposes, a tetragonal
Al ,Cu,Ru (Ref. 8§ and a Heusler alloy NMnAI of the The low-temperature He valence bands afalloys of the
L2, structure were also used. Al-Cu-TM series(Figs. 1 and 2 have a similar two-peak
The samples were mounted on the cold finger of a
liquid-He cryostat and, while held at the lowest measurement
temperature, were cleanausitu (~10~1° Torr) by repeated
scraping with a diamond file until no surface contamination
could be detectef. The low temperature prevents any struc-
tural reorganization of the sample upon scraping, and it
therefore seems reasonable to assume that this process results
in samples which maintain quasicrystallinity at the surface.
Moreover, given the statistical distribution of surfaces pro-
duced, the photoemission data correspond, as closely as pos-
sible, to a realistic estimate of the DOS of the measured
alloys. Valence-band spectra obtained from different regions
of a given sample, as well as from several samples corre-
sponding to a given composition, were reproducible. We
therefore believe that the spectra represent the intrinsic fea-
tures of the QC'’s studied. The ultraviolet photoelectron spec-
troscopy (UPS spectrometer was equipped with a high-
intensity He discharge lamfisammadataproducing a He BINDING ENERGY (eV)
line at 21.2 eV and a He line at 40.8 eV, and a high-
resolution Scienta SES200 hemispherical analyzer. The in- FIG. 2. Low-temperature He valence bands of Al-C(Ru,Fe
strumental resolution was determined by fitting the Fermi alloys and crystalline AICu,Ru. The energy resolution is 30
edge of Ag, evaporatei situ onto the previously measured meV. The spectra have been normalized to give a constant height
samples, with the convolution of a Gaussian and the produdietween the maximum and minimum count.

IIl. RESULTS AND DISCUSSION

1. Icosahedral alloys

units)

INTENSITY (arb.
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FIG. 3. Low-temperature He valence bands of Al-Pd-TM FIG. 4. Low-temperature He valence band of-ZnggMgs,Y g
alloys. The energy resolution is30 meV. The spectra have been measured with an energy resolution of 28 meV.
normalized to give a constant height between the maximum and
minimum counts. all the i alloys studied. Second, as compared to that of
Al-Cu-TM and Al-Pd-TM alloys, a significantly lower spec-
tral intensity atEg is observed in the-Al ;o d,;Reg s alloy.

structure. The feature at a binding enerdyg] of about

—4.1 eV is mainly due to the Cud3derived states, whereas 2. Decagonal alloys

the feature close t&r is predominantly due to states of Fe  The low-temperature He valence bands of twd alloys
3d, Os 4, or Ru 4 character, as appropriate. This assign-(Fig. 5 have a similar structure to that observed
ment is based on previous resonance PES studies af thepreviously’>®? As shown earlier with the resonance PES
alloys of this serie&®®’ The contribution of the Ak p-like technique’? the feature close t&f is predominantly due to
states is not observed in the presented valence bands dued@ites of Co 8 character ird-Al ¢zC0,5Cu,,, and of Co and
significantly smaller photoionization cross sections for AINi 3d character in d-Al,Co,sNijs. The feature at
sp orbitals as compared to those for Télorbitals for the Eg~—4.2 eV in the valence band af-Al 4zC0;:Cuyg iS
Heul and Her photon energies used héfeThe intensity principally due to the Cu @&derived state8? The feature
difference between the Fed3features of thei alloys close toEg in the metallic NL,MnAl is principally due to
Al g4,CuzqFe;, and AlgsCusgFe;s (Fig. 1) is consistent with  states of Ni and Mn @ character. The two clear characteris-

the compositions of these alloys, confirming the validity oftics of the spectra in Fig. 5 are the presence of a Fermi edge
the surface preparation procedure. A close similarity between
the valence bands ofi-Al zCu,gRuU;5 and crystalline
Al ;Cu,Ru (Fig. 2) can be noticed. Fal

The low-temperature He valence bands afalloys of the S
Al-Pd-TM series(Fig. 3) also have a two-peak structure. The
feature at Eg~—4.2 eV is mainly due to the Pd
4d-like states, and the feature closeHg is predominantly
due to states of Mn, Fe, Crd3and Re 8 character, as
appropriaté®-92

The Hen valence band of-ZnggMg 3,Y g at 14 K(Fig. 4)
has the most prominent feature due to Zhlike states. The
use of high energy resolution enables a clear detection of the
Zn 3dg, and 33, components located aEg’'s of . .
—9.9423) and —9.4571) eV. TheseEg’s should be com- NosCoysCuzy 4 S \:

’ [

|||||

Ni,MnAl 4 %

15 K § K\

Y

Al Co, Ni, |
P——
|
|
n
|

A
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g,

INTENSITY (arb. units)

pared with the values of-9.7710) and —9.2310) eV in

pure Zn at room temperatuféThe states of the Znd3char-

acter are thus shifted away froft as compared to the states -0 -8 -6 -4 -2 0

in Zn metal. The Zn 8g,-ds;, splitting of 0.48%4) eV is BINDING ENERGY (eV)

smaller than the corresponding splitting of A&4eV in Zn

metal?® The weak satellite He* line at 48.4 eV produced  FiG. 5. Low-temperature He valence bands of twal alloys

in the He lamp* is responsible for the “ghost” Zn@fea- Al . Co,Cuy, and Al CogNiss and of a Heusler alloy NMnALL

ture atEg~—2 eV (Fig. 4. The energy resolution is-30 meV. The spectra have been normal-
There are two salient features of the valence bands iixed to give a constant height between the maximum and minimum

Figs. 1-4. First, the presence of a Fermi edge is indicated inount.
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INTENSITY (arb. units)
INTENSITY {arb. units)

—-100 0] 100

BINDING ENERGY (meV) BINDING ENERGY (meV)
FIG. 6. (@ NearEr He! valence band of-Al gsCu,gFeys at 13 FIG. 7. (@ NearEg Her wvalence band of

K. The solid line is a fit to a linearly decreasing intensity multiplied i-Al gsCU,0RU; sFe; 5 at 15 K. The solid line is a fit to a linearly

by the Fermi-Dirac function at 13 Kbroken curv@and convoluted — decreasing intensity multiplied by the Fermi-Dirac function at 15 K
with a Gaussian whose FWHM is equal to @2meV. Note that  (broken curvg and convoluted with a Gaussian whose FWHM is
the step between the data points is 1 m@y NearEr Hel valence  equal to 9.82) meV. Note that the step between the data points is 1
bands ofi-Al gsCu,gFes measured at different temperatures. The meV. (b) NearEg He1 valence bands GfAl gsCu,RU; sFe; s mea-
solid lines are the fits as described (@. Note the differentEg sured at different temperatures. The solid lines are the fits as de-
scales in(@) and(b). scribed in(a). Note the differenEg scales in(a) and (b).

in the d alloys studied, and, as compared to that in the crysonto the alloy(Fig. 9. The temperature dependence of the
talline Ni,MnAl, the shift of the features due to the TMI3 nearEr spectra of this alloy was found to follow that of the

states away froneg . Fermi-Dirac function.
The presence of a clearly developed Fermi edgegs.

6-9 and Ref. 9band its expected evolution with tempera-
ture (Figs. 6 and 7 and Ref. 95n high-quality, stablei

To investigate the electronic structure of QC'’s very close
to Eg, the nearEr valence-band region was examined with
the highest-energy resolution presently available to us.

B. Valence bands in the vicinity ofE¢

1. Icosahedral alloys

A high-energy-resolution spectrum for  the
i-Al ggCu,gFe;s alloy is shown in Fig. €). A clearly devel-
oped Fermi edge, which can be perfectly fitted using a
Fermi-Dirac function convoluted with a Gaussian function
representing the instrumental broadenjigg. 6(@)], is ob-
served. The temperature evolution of the Fermi edge of
i-Al ggCu,gFe;s follows exactly that of a Fermi-Dirac func-
tion [Fig. 6(b)]. Similar nearEj spectra were also found for
i-Al g=Cu,oRU; sFe; 5 (Fig. 7)) and i-Al ,gPdyMn 10.%°
Figure 8 presents the neBg spectra ofi-Al ggCuyqOSq5
andi-ZnggMg 3,Y g and of Ag evaporated onto them. Again,
a perfectly developed Fermi edge is observed.

INTENSITY (arb. units)

The behavior of thé-Al ;o £d,,Reg 5 alloy was found to L
be different from the other QC's studied in that we were -60 —40 -20 0 20
unable to cool it down as far as all the other samples. This BINDING ENERGY (meV)
may be related to the fact that the low-temperature thermal
conductivity of thei-Al-Pd-Re alloys® is the lowest among FIG. 8. NearEr low-temperature He valence bands ofa)

known QC’s(it is about an order of magnitude lowethan _a 65CU,0s;5 and Ag evaporated onto it ar®) i-ZngMga;Y g

in i-Al-Pd-Mn alloys*). The lowest temperature achieved and Ag evaporated onto it. The solid curves are the fits to a linearly
was 45 K2 However, all samples of this alloy displayed a decreasing intensity multiplied by the Fermi-Dirac function at an
clear Fermi edge. This can be seen by comparing a neasppropriate temperature and convoluted with a Gaussian whose
Er spectrum of -Al ;o 2d,1Reg 5 with that of Ag evaporated FWHM is 5.42) in (a) and 5.22) meV in (b).
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FIG. 9. NearEg He 1 valence bands dfAl ;o £d,;Reg sand Ag :
evaporated onto it measured at 45 K with an experimental resolu- T T L |
tion of 6 meV. The solid curves are the fits to a linearly decreasing —-60 —40 =20 0 20
intensity multiplied by the Fermi-Dirac function at 45 (he con-
volution with the instrumental broadening function produces a neg- BINDING ENERGY (meV)
ligible effect at this temperature

FIG. 10. NearEg low-temperature He valence bands ofa)

alloys constitute a direct and convincing proof that these?AlesC0sCUy and Ag evaporated onto it and(b)
alloys, in spite of their unusually high values pf are me-  d-Al dC0sNizs and Ag evaporated onto it. The solid curves are the
tallic down to the temperature of measurem@—45 K). In fits tq a linearly decreaS{ng intensity multiplied by the Ferml-D.lrac
a recent study of-Al gsCU,oRU;s With electron-energy-loss functlo_n at an approprla}te tem_perature and convol_uted with a
spectroscopy(an energy resolution of 120 me\a sharp Gaussian whose FWHM is 113 in (3 and 7.02) meV in (b).

Fermi edge was also observ¥dLabeling suchi alloys
“marginally metallic” (Al-Cu-Fe and Al-Pd-Mn, Ref. 98
“semiconducting” (Al-Cu-Ru, Ref. 3}, or “insulating”
(Al-Pd-Re, Refs. 26, 27, and 9& not, therefore, justified.

to distinguish between the decrease of the spectral intensity
toward Eg, which results from the presence of the
pseudogap, and the Fermi-edge cutoff. Such a distinction
could not be achieved with previous low-energy resolution
(233-500 meY, room-temperature PES studfs>77:87:89

2. Decagonal alloys ) : :
The spectral intensity decrease towdtd is clearly sepa-

The high-energy-resolution neBg spectra of
d-Al ¢zCo45Cu, and d-Al ;Co4sNi 5, and of Ag evapo-
rated onto them, are shown in Fig. 10. A clearly developed
Fermi edge, which can be fitted using a Fermi-Dirac function
convoluted with a Gaussian function representing the instru-
mental broadening, can be seig. 10. As shown in Fig.
11(b) for the d-Al ¢zCo45Cu,q alloy, the temperature depen-
dence of the Fermi edge follows exactly that of a Fermi-
Dirac function. It is thus concluded that, similarlyitalloys,
thed alloys are metals.

|
N
o

|
N
o
o
N
o
N
[}

C. Pseudogap in DOS arouncE¢

As mentioned in Sec. |, almost all electronic structure
calculations predict the existence of a pseudogap in the DOS
aroundEg. Two relevant examples are given below. The
total DOS of a hypothetical 1/1 cubic approximant
Al gCusFe 6 to thei-Al-Cu-Fe phase, which was kindly pro-
vided by Fujiwara® is shown in Fig. 12. One can notice the

INTENSITY (arb. units)

presence of a pseudogap with the width of about 0.5 eV and BINDING ENERGY (meV)
whose center is located &z~0.3 eV. Figure 13 presents
the total DOS of a hypothetical approximantgCo,,Cus, FIG. 11. (a) NearE, He 1 valence band o-Al gCo,Cuyg at 13

to _Fhe d-é%\I-CO-Cu phase, which was kindly provided by. K. The solid line is a fit to a linearly decreasing intensity multiplied
Fujiwara’™ A well-developed pseudogap centered approxi-yy the Fermi-Dirac function at 13 Koroken curvieand convoluted
mately atEr and of the width of about 1.0 eV is clearly with a Gaussian whose FWHM is equal to @7meV. Note that
visible. the step between the data points is 1 m@y NearEr He1 valence

In order to verify convincingly the hypothesis of a pands ofd-AlgCo,sCu,, measured at different temperatures. The
pseudogap arounl: with an experimental technique which solid lines are the fits as described (@. Note the differentEg
probes the occupied electronic states directly, it is essentiakales in(a) and (b).
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FIG. 12. Total DOS for the 1/1 approximant ACusFe s BINDING ENERGY (eV)

from Ref. 58. The inset shows a part of the DOS arolprd The
energy mesh used to calculate the DOS in the figure and in the inset FIG. 14. Hen valence-band regions(open circles of
was 0.001 and 0.0001 RyRef. 58, respectively. The two ticks on - Al Cu,oFes measured ata) 14 K and(b) 283 K with the energy
the ordinate axis of the inset correspond, respectively, to 0 and 20fsolution of 31.6(1.8) meV fitted (solid line) with Eq. (1) to the
statesfeV unit cel). corresponding model DOS’s @) and(b’). The solid lines in@&’)

and (b’) represent the normal DOS at 0 K, and the broken lines
rated from the Fermi-edge cutoff in the present high-energ)%hOW the Lorentzian dip which must be subtracted from the normal
resolution, low-temperature UPS speoffigs. 1-1). DOS in order to fit the valence-band regions(a and (b).

With the aim of obtaining simple parameters to character- )

ize the pseudogap, one can simulate the observed structuféP depth relative to the normal DOS, Thus the observed
close toEg in the valence bands of the studied QCrigs.  intensityl(Eg) is the convolution of the normal DOS multi-
1-3 and 5 using the model proposed by Moet al. (Ref. ~ plied by the pseudogap Lorentzian function and by the
77). As conventional alloys of the quasicrystal-forming ele- Fermi-Dirac functionf(Eg,T), and the experimental resolu-
ments do not display a DOS minimum close Eg, it is  tion Gaussian function

assumed that a simple linear extrapolation of the spectra for 2

Eg range directly before the peak of the valence band feature |(Eg) = f N(ax+b)| 1- Lz) Fx.T)

close toEg accounts for the DOS without the pseudogtye X“+I'f

normal DOS. The presence of the pseudogap would result in )

an intensity dip which is assumed to be of Lorentzian shape Xex;{ _ (x—Eg) }dx 0
centered aEg, characterized by the half-widfh, , and the 2s? '

whereN is a normalization factor, the experimental Gaussian
L S S S B S B B B FWHM is related tcs through a FWHM of 2/2 In2s, and the
R ERRE L A RASEARRRRRRRERY constantsa and b are determined from a linear fit of the
I 7 spectra forlEg range directly before the peak of the valence-
band feature close t&r. The C values of 0 and 100%
correspond, respectively, to the normal D@® pseudogap
i = 41 and no DOSEy).

W

(@)

(@)
T

1. Icosahedral alloys

We first apply the dip model described above to the
valence-band regions ©fAl gsCu,oFe s measured at 14 and
283 K for theEg range encompassing the feature predomi-
nantly due to Fe &-like stateJFigs. 14a) and 14b)]. Note

AEENEEERER NI RARNRNEERANREENI

-1 0 1

DOS [states/(eV unit cell)]

R e N R R that for the temperature of 283 [icig. 14@)], even with the
-10 -5 0 5 high-energy resolution of 31(6.8) meV, the Fermi edge is
BINDING ENERGY (eV) hardly distinguishable from the spectral intensity decrease

toward Er. One obtains good fits of the valence-band re-

FIG. 13. Total DOS for thel-approximant AkCo,,Cus, from  9ions close tdEg at 14 and 283 KFigs. 14a) and 14b)] for
Ref. 60. The inset shows a part of the DOS arolad The energy ~ Values of C and I'. equal to 60.83)%, 0.362) eV and
meshes used to calculate the DOS in the figure and in the inset weR8.06)%, 0.331) eV, respectively. Although the dip model
0.001 and 0.000 03 R§Ref. 60, respectively. The two ticks on the used is purely phenomenological, the values arrived at for
ordinate axis of the inset correspond, respectively, to 35 and 7¢he width of the pseudogap are in good agreement with the
statesfeV unit cel). order of magnitude expected from calculatiqfig. 12).5®
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of I of a few tenths of an eV. This agrees with the values
determined for i-Al gsCuygFe s, 1-AlgCusFe,, and
i-Al ;oPd,gMn 44 alloys (Table ). Second, one would expect
to observe a correlation betwe€h which is a measure of
1/DOSEg), and o, assuming that the Hume-Rothery type
mechanism is the main reason for the observed low values of
o in i alloys. Such a correlation is not observi@dble ).
Similar values ofC are found fori alloys (for example,
Al-Cu-Fe and Al-Pd-Re alloys, Table) Whose values ofr
differ by several orders of magnitude. This supports the idea
discussed in Sec. | that the Hume-Rothery mechanism cannot
be the major cause of the low values®f
The dip model described by Efl) has a limitation, as it
cannot be applied to cases where the spectral intensity is
changing linearly over the widEg range(a few e\) below
Er. Such cases correspond to the valence bands of
BINDING ENERGY (e\/> Al gsCuyOsys (Fig. 1), i-AlgCuygRuqs and crystalline
Al ;CusRu (Fig. 2), andi-ZnggMg3,Y g (Fig. 4). One can
FIG. 15. The model of the DOS & K which is used to fit the only postulate that a pseudogap must be very widgx2
region of the valence band close toEx for (a) eV) in these alloys.
i-AlgsCloRU; sF€E; 5, (b) i-Al;Pd,CrsFes, and (¢ It can be concluded that the simple model expressed by
i-Al7 PdiRe 5. The solid lines represent the normal DOS at 0 K, Eq. (1) accounts well for the shapes of valence bands close to
whereas the broken lines represent the Lorentzian dip which must. of manyi alloys, and provides values for the width of a
be subtracted from the normal DOS in order to[§iblid lines in  pseudogap in agreement with those predicted by the elec-
(@), (b"), and(c")], with Eq. (1), the corresponding regions of the tronic structure calculations. This can thus be regarded as
valence bands close & [open circles in@’), (b'), and(c’) are the  gjrect experimental evidence of the existence of a pseudogap
experimental points from Figs. 2i-fl eCuxRu7sFe7s), and 3 i stablei alloys. High-resolution IPES experiments would
(i-Al 70PdyCrsFes andi-Al 7o PdReg ), respectively. be desirable to provide additional experimental data which,
when combined with the present UPS results, would un-
The application of the dip model to account for the shapeequivocally determine the total width and depth of the
of the valence-band regions close tdEr for pseudogap around ini alloys.
i-AlgsCpoRU; s 5, i-Al;gPdCrsFes, and An apparent observation of a shift away frdeg of the
i-Al;oPhRe 5 is presented in Fig. 15. The model fits well leading edge of the Al 3 spectra of almost all studied
the experimental data close E:. The values ofC andI’| alloys obtained with the Al I8 SXE technique has been
obtained from the fits, together with tit&g; range for which  claimed to represent an experimental proof for an opening of
the data were fitted to a lir@Eg + b representing the normal a pseudogap in these allofs’®°* A comparison of the Al
DOS in order to determina andb, are given in Table I. 3p spectra of thé phase from two such studié$®* both of
Although there is some arbitrariness in selecting tBjg  which cite the uncertainty in determining the position of
range(which leads to different values afandb), it does not Eg (determined from separate XPS measuremeass0.2
change the values & andI' significantly. eV, is shown in Fig. 16. Whereas there is good agreement
Based on the fits in Figs. 14 and 15, and on the parambetween the spectra of an Al mef#lig. 16a)], the leading
eters in Table I, two observations can be made. First, thedges of the spectra of thalloys are shifted with respect to
two available electronic structure calculations for the ap-each other by about 1.0 €W¥ig. 16b)], which is far beyond
proximants of thei-Al-Cu-Fe (Ref. 58 and i-Al-Pd-Mn the claimed uncertainty of 0.2 eV in determining the position
(Ref. 59 phases relevant to the present study predict valuesf Er. Significant discrepancies in locating the position of

AlggCu Ru ; Fe ) AlggPd,oCrgFeg

T T T T IRasanm s IBARARRRRA IRERARN
- -

O
L L 1

DOS (arb. units)

©
)]
T
]
T
I

INTENSITY
(arb. units)

TABLE I. Pseudogap parameters from the fits with EL. of the regions of the valence bands close to
Er, as described in the text. The parametersi {8t ;,QPd,oMn o are from Ref. 95.

Alloy T (K) Eg range for linear extrapolatio(eV) C (%) r.(ev)
i-Al gsCUygFe; 5 14 -1.2—0.9 60.%3) 0.362)
i-Al gsCUyFe; s 283 -1.2—0.9 58.36) 0.331)
i-Al g,CU,sFer, 20 -1.2—0.7 55.56) 0.321)
i-Al g=CUoRU, e 15 -1.4—0.9 52.49) 0.351)
i-Al 70PdygMny g 15 -1.2—0.7 28.11.0) 0.222)
i-Al 7Py CrsFe 14 -15—1.0 45.11.1) 0.342)
i-Al 70 PR 5 45 -1.2—0.7 50.11.6) 0.21(1)
d-Al 4C0,Cliyg 14 -2.0—15 80.14) 0.922)

d-Al 76CoyNizs 15 -22—18 84.91) 1.121)
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FIG. 16. A comparison of the SXE AlBspectra for(a) an Al FIG. 17. Low-temperature He valence bands of
metal and(b) thei phase from Refs. 9@roken ling and 94(solid d-Al g5C0,:Cuy, (3) andd-Al ,(Co;sNiy (@') measured with energy
line). The compositions of thephase are-Al 7o PdyReg s (broken  yesolutions of 31.8.2) and 26.51.7) meV, respectively. The mod-
line) andi-Al 7gPd,Rey, (solid ling). els of the DOS at 0 K(b) and(b’)] are used, respectively, to fit the

nearEg regions of the valence bands fro@ and (a’). The solid
Er were also noticed by comparing the SXA spectra withlines in (b) and (b’) represent a normal DOS. The broken lines
those calculated for the-Al-Pd-Mn phase?® One therefore represent the dip which must be subtracted from the normal DOS in
has to be cautious in interpreting the shifts of a few tenths obrder to fit the neaEr region of the valence bands. The néxs-
an eV of the leading edges associated with various orbitalgegions[(c) and(c’)] of the valence bands froifa) and (&) fitted

from the SXE and SXA spectra. (solid line) to the models of the DOS'’s shown {h) and(b’) which
are multiplied by the Fermi-Dirac function at 14 and 15 K, and
2. Decagonal alloys convoluted with the respective experimental resolution Gaussian

functions.
In order to apply the dip model described by EL.to the
d-Al 65C015CU0 and d-Al 7gCo45Ni ;5 alloys, their valence s thys an important factor which determines the stability of

bands were measured in a narrowy range which encom-  oc's, However, it is not the major source of the observed
passes only the features due to TM tatedFigs. 17a) and  high values in QC’s.

17(a')]. The nearEg regions of these valence bands can be
well fitted [Figs. 17c) and 17c’)] with the dip mode[Figs.
17(b) and 17b’)]. The parameters obtained from the fits are
listed in Table I. The value ofI'| obtained for As discussed in Sec. |, a property specific to a quasicrys-
d-Al ¢sCo,:Cu,, agrees well with that predicted by the elec- talline state seems to be the predicted fine structsiki-
tronic structure calculations for the approximant of tthe nes$ of the DOS (Figs. 12 and 1B In order to check
phase(Ref. 60 and Fig. 18 The dip model could not fit the Whether the predicted DOS spikiness can be detected with
nearEr region of the valence band of the Heusler alloythe low-temperature, high-energy-resolution UPS technique
Ni,MnAl (Fig. 5. This is consistent with the fact that there Used in the present study, the theoretical valence bands in
is no pseudogap in this metallic alloy. Figs. 12 and 13 have to be modified to account for the life-

A comparison of theC andT', parameters for thé and  time broadening effects inherent to the UPS technf7é8°
d alloys(Table ) shows that they are significantly larger for the finite resolution of an experiment, and the sample tem-
the latter than for the former. In other words, the pseudogaperature. The lifetime broadening effects are represented by
is deeper and wider id than ini alloys. This is in a good the Lorentzian whose FWHM is in the forii’Eg, where
agreement with the predictions of the electronic structure calthe ') parameter fixes the scale of the broaderitf:%
culations(Figs. 12 and 1B This finding can be also taken as Figure 18 shows the occupied part of the DOS for the ap-
further evidence of the Hume-Rothery mechanism not beingproximant to thei phase from Fig. 12 multiplied by the
the major reason for the observed high valuep @i QC's  Fermi-Dirac function at 14 K, then convoluted with a
because thp values ind alloys are significantly smaller than Lorentzian to account for the lifetime broadening effects, and
those ini alloys (the largerC values for thed alloys than for ~ with a Gaussian to account for the experimental resolution.
the i alloys imply that the opposite should be true if the The FE parameter was chosen to be equal to 0.02 &V
Hume-Rothery mechanism were the dominant)one which is a typical value used for metallic systeff€® The

The analysis presented above leads to the conclusion thathosen temperature of 14 K and the Gaussian FWHM of
in agreement with theoretical predictions, the observed inten31.6 meV correspond to the parameters of the experimental
sity depression close 8¢ in the valence bands of the stable spectrum ofi-Al gsCu,gFe 5 in Fig. 14a). The occupied part
QC'’s can be accounted for by the existence of the Humeef the DOS for the approximant to tliephase from Fig. 13,
Rothery pseudogap in the DOS arouBgd. This pseudogap which was multiplied by the Fermi-Dirac function at 14 K

D. Fine structure of DOS
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T T LA B tion of the valence bands measured with highigs. 1-5,
14, and 17 and ultrahigh-(Figs. 6—1) energy resolution
shows the lack of any fine structure. It must be then con-
cluded that the predicted spikiness is not observed in the
UPS spectra measured with the highest-energy resolution
presently attainable.

The predicted DOS spikiness was also not observed in the
recent high-energy-resoluton PES stlily of the
i-Al 70Pd,; sMng 5 alloy. No DOS spikiness could be de-
tected in a NMR pressure study of theAl gsCu,gRU45
alloy.®® Using the tunneling spectroscopy technique, which
may have an energy resolution better than perhaps 0.1 meV,

100

DOS [states/(eV unit cell}]

o T Klein et al!%° could not observe any DOS spikiness for the
-10 -5 0 i-Al-Cu-Fe film samples.
BINDING ENERGY (eV) Assuming that the predicted spikiness is not an artifact of

the electronic structure calculations, the failure to detect it
FIG. 18. Occupied part of the DOS from Fig. 12 multiplied by experimentally suggests the presence of some dis¢rder
the Fermi-Dirac function and convoluted with a Lorentzian, to ac-domnes} even in the structurally “perfect’(phason frep
count for the lifetime broadening effects, and with a Gaussian, taQQC’s. Such disorder is expecﬁ% to smear out the fine
account for the experimental resolution as described in the text. Thgtrycture of DOS. There are some experimental facts which
value of '} is 0.02 eV, whereas the temperature of 14 K and the support this suggestion. First, local probes, such assvio
Gaussian FWHM of 31.6 meV correspond to the experimental spegy,er spectroscoﬁﬁ, NMR,192 and nuclear quadrupole
trum in Fig. 14a). The two ticks on the ordinate _axis of the inset resonancé?z'm?’clearly show the presence of distributions of
correspond, respectively, to 0 and 100 stggshinit cel). the hyperfine parameters in the structurally perfect QC's.
Such distributions can only occur if there is chemical and/or
and then convoluted with a Lorentzian withi{=0.02  topological disorder in the samples. Second, diffuse scatter-
eV ™! and with a Gaussian with a FWHM equal to 31.8ing is often observed in x-ray-, electron-, and neutron-
meV, is shown in Fig. 19. The values of the temperature andiiffraction patterns of high-quality, both polyquasicrystalline
the Gaussian FWHM correspond to the experimental speand single-grain QC'$2*1%®|ts presence indicates that some
trum in Fig. 17a). disorder must be present in the diffracting structure. Third, a
It is clear from Figs. 18 and 19 that the predicted DOSrecent stud}® on the propagation of acoustic shear waves in
spikiness should be observed t6g’s up to a few eV below a single-graini-Al-Pd-Mn shows similarities between the
Er in the experimental valence bands of both thand d acoustic properties of this alloy and those of amorphous met-
alloys measured with the high resolution of a few tens ofals. Fourth, the success of quantum interference thetrds,
meV. Obviously, they should be observed even more readilyvhich were originally developed for disordered conductors,
for the ultrahigh-energy resolution<(10 me\). An inspec- in accounting for the temperature and field dependencies of
the electrical conductivity and magnetoresistance of several
stablei alloys indicates that these alloys are electronically
disordered®’ From a structural point of view, QC’s could be
| considered intrinsically random if they are stabilized by
entropy'®® and thus if their structure could be described by a
random tiling model. A recent random tiling mod&for the
i-Al-Cu-Fe andi-Al-Pd-Mn phases indicates that partial
chemical disorder is an inevitable part of the quasicrystalline
structure. Thus the presence of disorder, which may be an
intrinsic feature of the quasiperiodic systems, would wash
out the predicted spikiness in the DOS, and could explain
why this spikiness cannot be detected experimentally.

100 -

TRV T TN VNN T S T A

DOS [states/(eV unit cell)]

T E. Quasiperiodicity and unusual physical properties

The main effort in the physics of QC’s has been to estab-
lish whether quasiperiodicity leads to physical properties

FIG. 19. Occupied part of the DOS from Fig. 13 multiplied by which are distinct_frqm those in Fhe crystalline and/c_)r amor-
the Fermi-Dirac function and convoluted with a Lorentzian, to ac-Phous alloys of similar compositions. The electronic struc-
count for the lifetime broadening effects, and with a Gaussian, tduré results presented here show no unusual features that
account for the experimental resolution, as described in the tex¢ould be the consequence of the quasiperiodic qrder. Al-
The value of'{ is 0.02 eV, whereas the temperature of 14 K and though the pseudogap aroubgd seems to be a generic prop-
the Gaussian FWHM of 31.8 meV correspond to the experimenta@rty of QC's, it is also present in both the amorphGund
spectrum in Fig. 1@&). The two ticks on the ordinate axis of the crystallind*® systems. The predicted DOS spikiness, which
inset correspond, respectively, to 0 and 30 sté®slnit cel). could be a distinct feature associated only with QC'’s, could

BINDING ENERGY (eV)
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not be detected in the PES spectra measured with the IV. SUMMARY
highest-energy resolution presently available. One also ob- .
serves close similarity between the PES and SXE spectra of We have performed low-temperature UPS experiments

; ; oo P with high- and ultrahigh-energy resolution on a series of
grijSRirf]sd ‘clgysgtglllré% azlilrc])é/slﬁ){) similar compositiofig. 2 stablei andd alloys. We have shown that, contrary to the

Perhaps the most dramatic realization that quasiperiodic(Elalms made in the literature, all studied QC's havg a clearly
eveloped Fermi edge, and are therefore metallic down to

ity is not essential for the observation of unusual physmafﬁe temperature of measureméhe—45 K). The decrease of

properties came with the observation that such properties cat e spectral intensity towarBe has been shown to be com
also occur in the approximants of QC's. For example, low atibIF()a withI the IElesevl\’nlce Fof tshe theéret\ilr\iall redict(;d
values ofo, and its increase with temperature were found inP . P . y P
the approximants to thé-Mg-Ga-Al-Zn, i-Al-Cu-Fe, and pseudogap n the.DOS aroufg : Th's gap has been found

' ! to be much wider ird alloys than in alloys. The presence of

i-Al-Mn (Si) phase$1®16:6811111%nq in severad approxi- : ) :
mants along the pseudoquasiperiodic plai@sSimilarities the theoretically predicted fine structure of the DOS has not

were also observed between the values and/or temperatulr-’(gen observed even W'.th a resolgﬂon of 5 mev. The similar
andlor magnetic field dependencies of the Ha”values and dependencies of various physical parameters of

coefficient’112 thermoelectric powel® magnetoresis- QC's and of thgir approximants indicates that it is the com-
tancel!2 o;')tical conductivity33 y 15'“2'“4,and local hyper- plex local atomic order, rather than the long-range quasiperi-
j P346.115) the ’allo’ys and their approximants odic order, which determines their unusual behavior. A re-

fine paramete view of the electronic properties of QC’'s has also been
The experimental results described above lead to the con- prop

clusion that it is the complex local atomic order rather thanpresented.
long-range quasiperiodic order which determines the unusual
properties of alloys. In retrospect, this is perhaps not surpris-
ing since there is no physical basis to expect that classically This work was supported by the Natural Sciences and
forbidden symmetries occurring in QC’'s should lead toEngineering Research Council of Canada, the Fonds Na-
physical properties distinctly different from those in crystal-tional Suisse de la Recherche Scientifique, and the Ministry
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