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The results of low-temperature, ultrahigh-resolution ultraviolet photoemission studies of the electronic
structure of stable icosahedral Al65Cu20Fe15, Al 64Cu24Fe12, Al 65Cu20Ru15, Al 65Cu20Ru7.5Fe7.5,
Al 65Cu20Os15, Al 70Pd20Mn10, Al 70Pd20Cr5Fe5, Al 70.5Pd21Re8.5, and Zn60Mg32Y 8, decagonal
Al 65Co15C20 and Al70Co15Ni 15, and crystalline Al7Cu2Ru and Ni2MnAl 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 presented.@S0163-1829~97!07815-6#
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I. INTRODUCTION

Quasicrystals~QC’s!, which were discovered in 1984,1

are an interesting form of the solid state which differs fro
the other two known forms, crystalline and amorphous,
possessing a new type of long-range translational or
quasi-periodicity, and a noncrystallographic orientational o
der associated with the classically forbidden symme
axes.2–5 The majority of known QC’s are either icosahedr
( i ) or decagonal (d) alloys. A few known octagonal3,6 and
dodecagonal3,7 alloys cannot be produced in sufficient qua
tities to allow studies of their physical properties. A cent
problem in condensed-matter physics is to determ
whether quasiperiodicity leads to physical properties wh
are significantly different from those of crystalline and am
phous materials.

The first few years of studies of QC’s revealed that th
physical properties are disappointingly similar to those of
corresponding crystalline or the amorphous counterparts3,4,8
550163-1829/97/55~16!/10938~14!/$10.00
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It was only realized later that the first QC’s, which we
thermodynamicallymetastable, possessed significant struc
tural disorder, as manifested in the broadening of x-r
and/or electron-diffraction lines. In addition, they contain
non-negligible amounts of second phases. These poor qu
samples impeded the detection of those properties wh
could be intrinsic to quasiperiodicity.

A significant development in the studies of both structu
and physical properties of QC’s occurred at the end of
1980s, when thermodynamicallystable QC’s were
discovered.3–5,8 These QC’s possess a high degree of str
tural perfection comparable to that found in the best perio
alloys, as evidenced by resolution-limited width of the Bra
peaks9 and/or the observation of dynamical diffraction.10

Several unusual physical properties have been found in
most intensively studiedi alloys.2–5,8First, their most salient
feature, which is completely unexpected for alloys consist
of normal metallic elements, is the very high value of t
electrical resistivityr ~or the very low value of the electrica
10 938 © 1997 The American Physical Society
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55 10 939ELECTRONIC STRUCTURE OF QUASICRYSTALS . . .
conductivity s). For example, the low-temperaturer(s)
values can reach about 100˙00 mV cm ~100V21 cm21) in
the Al-Cu-Fe i alloys,11–16 about 25 000mV cm ~40
V21 cm21) in the Al-Pd-Mn i alloys,17–20 about 60 000
mV cm ~17V21 cm21) in the Al-Cu-Rui alloys,21–23about
100000mV cm ~10V21 cm21) in the Al-Cu-Osi alloys,24

and extraordinary high~low! values of the order of 107

mV cm ~0.1 V21 cm21) in the Al-Pd-Re i alloys.20,25–29

Theser(s) values are several orders of magnitude lar
~smaller! than those of the constituent metals and of
amorphous alloys, and are comparable to those of do
semiconductors. The above experimentals values are
smaller than the Mott’s ‘‘minimum metallic conductivity’’ o
200 V21 cm21 for the metal-insulator transition.30 It was
even suggested that the Al-Pd-Rei alloys are insulators a
low temperatures.26,27Second, the temperature coefficient
r(s) of these i alloys is generally negative
~positive!,2–4,8,12,13,15–29which is inconsistent with the ex
pected behavior for metals. Third, ther(s) values are ex-
tremely sensitive to the sample composition,15,20,21,25,26,28

which is reminiscent of doping effects in semiconducto
Even for the same nominal composition, they can change
more than an order of magnitude for samples produced f
the same batch.25,29 This means the composition inhomog
neities of a fraction of an at. % can significantly influence t
electronic properties of thei alloys. Fourth, the resistivity o
thesei alloys increases as their structural quality improv
~by annealing which removes the defects!,8,20,25,27in contrast
to the behavior of typical metals. Other unexpected ano
lies in the transport properties ofi alloys involve2–4,8 a very
low electronic contribution to the specific heatg,15,21,26,27

large and strongly temperature-dependent Hall coeffic
and thermoelectric power,14,21,27,31 the unusual linear fre-
quency dependence of the optical conductivity and an
sence of the usual Drude contribution characteristic
metals,32,33 or the very small values of the therm
conductivity.34,35 From a magnetic point of view, stablei
alloys of high structural quality are unusual in that they a
diamagnetic19,36 in spite of containing significant concentra
tions of transition-metal~TM! atoms.

QC’s of decagonal symmetry exhibit anisotropic physi
properties: the electrical resistivity has metallic characte
tics along the periodic direction, and shows a nonmeta
behavior in the quasiperiodic plane.37 Anisotropies in the
Hall effect, thermopower, and thermal and optical cond
tivities were also observed.37–39Thed alloys Al-Co-Cu and
Al-Co-Ni were also shown to be diamagnetic over a wi
temperature range.40

A fundamental question in the physics of QC’s is t
origin of the unusually low values of the electrical condu
tivity. The interpretation suggested first, which is still pr
vailing, is based upon a Hume-Rothery mechanism,41 which
implies the existence of a pseudogap in the electronic den
of states~DOS! in the vicinity of the Fermi levelEF .

42 Ini-
tially, the Hume-Rothery mechanism was invoked, both fr
experimental43 and theoretical analyses,44 in relation to the
problem of stability of QC’s. It was later linked45 to the
observed small-s values through the Einstein equation30

s5e2DN(EF), in which D is the electron diffusion coeffi-
cient ~diffusivity! andN(EF) designates DOS(EF). The cor-
relation between the lows and the lowN(EF) was based
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upon the experimental observation of the very small value
g,8,15,21,26,27,45which is directly proportional toN(EF). The
support for the Hume-Rothery mechanism ini alloys also
comes from the results of the NMR~Ref. 46! and optical
conductivity experiments.33,47 However, the optical conduc
tivity data39 for d alloys could not be reconciled with th
existence of a pseudogap in the DOS(EF). The reduced
N(EF) is also consistent with the observe
diamagnetism.19,36,40 Furthermore, almost all low-energy
resolution soft-x-ray emission~SXE!, soft-x-ray absorption
~SXA!, photoemission spectroscopy~PES!, x-ray photoelec-
tron spectroscopy~XPS!, and inverse photoemission spe
troscopy~IPES! experiments which, as opposed to the e
perimental techniques mentioned earlier, probe DOSdirectly
at energies in the vicinity ofEF , have been interpreted48–50

in terms of the presence of the pseudogap in the DOS aro
EF in i alloys. However, low-energy-resolution PES expe
ments ond alloys could not find evidence of the existence
such a pseudogap.51,52 The notion of a structure-induce
pseudogap in the DOS aroundEF results not only from a
theoretical analysis based on the nearly-free-elect
approximation44,53 but is also supported by the electron
structure calculations for the lowest-order crystalline a
proximants ofi alloys,54–59 including the approximants con
taining the TM atoms.54,56,58,59However, the electronic struc
ture calculations ford alloys are contradictory: while the
calculations based on a model approximant Al66Co14Cu30
predict60 the existence of a well-pronounced and wi
pseudogap in the DOS aroundEF , those based on severa
variants of the Burkov model61 predict that no pseudoga
exists for the most stabled structures.62

Apart from its seeming simplicity expressed in the re
tion Q52kF (Q is the magnitude of the reciprocal-lattic
vector, andkF is the radius of the Fermi sphere!, which
corresponds to the Fermi sphere touching a Brillouin-zo
plane, the Hume-Rothery mechanism is particularly appe
ing because it can explain qualitatively why stable QC
have both the lowest values ofs andg. It can also be used
to rationalize qualitatively why stable QC’s exist only in
rather narrow composition range~a small composition
change can shift theEF away from the DOS minimum!. It
was argued that the pseudogap enhancement of the coh
energy is more efficient in QC’s than in the crystalline a
proximants because the pseudo-Brillouin-zone is nea
spherical in the latter33,44,54,55due to the high multiplicity of
the Bragg planes resulting from the high symmetry of t
icosahedral point group.

On the experimental side, one observes the dram
changes ofs ~up to two orders of magnitude! with
composition15,20,21,25,26,28and structural quality16,27,63 for i
samples whose values ofg differ only by up to about 10%.
For example, the values ofs ~at 2 K! and g for
i -Al 69Pd19Re12 are respectively 1000V21 cm21 and 0.28
mJ/mol K2 ~Ref. 28!. The corresponding values fo
i -Al 67Pd23Re10 are 100V21 cm21 and 0.25 mJ/mol K2

~Ref. 28!. This is at variance with the expected proportio
ality betweens andg, and indicates that the small values
s in i alloys cannot be associated only with the Hum
Rothery-type mechanism. This mechanism also cannot
plain the increase ofs with temperature and with the re
moval of defects~in fact, it predicts just the opposite
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10 940 55Z. M. STADNIK et al.
behavior!. The majority of stablei alloys contain TM atoms
whose 3d states dominate theN(EF).

49 Sinces in the Ein-
stein equation is proportional to the productDN(EF), the
unusually small values ofs may originate from the unusu
ally small values of the electron diffusivity. The argumen
presented above indicate that the possible pseudogap in
DOS(EF) may not be the main reason for the very smalls
values observed in QC’s and for their unusual transport pr
erties.

The temperature and defect dependencies ofs, as well as
the temperature dependencies of other transport parame
are even more difficult to understand. Within the semiqu
titative band-structure model, which is based on the ca
lated electronic structure for a given approximant and on
Boltzmann theory on the two-dimensional Penro
lattice,56,58,60 the observed temperature dependence ofs is
argued to be explained by considering the interband tra
tions resulting from electron-phonon and electron-elect
inelastic scattering, whereas the dependence ofs on the
structural quality is suggested to result from interband tr
sitions due to elastic scattering by the random phason st
Essential to this model is the predicted very fine sha
peaked structure of the DOS. This predicted DOS spikin
is associated with a large number of nondegenerate flatb
in QC’s, and is believed to be amplified by the presence
TM atoms.56,58,60Two energy scales are thus involved in t
band-structure approach: one associated with the width
pseudogap~about 500–1000 meV!, and the other related to
the width of the spiky peaks~about 10–20 meV!. Within the
spirit of the band-structure approach, a recent model ba
on phonon and impurity scattering in real, ‘‘dirty’’ QC’s ha
been proposed.64 It introduced a fractional multicomponen
Fermi surface consisting of many electron and hole vall
which lead to the intravalley and intervalley scattering p
cesses. These processes are claimed to provide a natur
planation for a number of unusual transport properties
QC’s.64

In the last few years, some more exotic mechanis
which invoke the concepts of tunneling, localization, critic
states, and fractons, were proposed to explain the unu
transport properties of QC’s. The first such mechanis
which is completely qualitative in nature and which claims
explain many of the physical properties of QC’s, is bas
upon an internal structural model.65,66 It advocates that ani
alloy consists of two building units: a conductivei block
enveloped by an insulating layered-structure network. T
electrical conduction would occur via tunneling through t
insulating network, which should lead to deviations fro
Ohm’s law. However, the law was shown67 to be obeyed
perfectly in thei -Al-Cu-Fe film for bias voltages varying by
seven orders of magnitude. Another unconventional qua
tive model16,68 to explain the unusual transport properties
QC’s is based upon the idea of electron localization, wh
was first suggested by Kimuraet al. ~Ref. 69!. The
model16,68 assumes that the conduction occurs by hopp
between states which tend to be localized around some s
tural units~clusters! separated by about a few nm. Within
band-structure picture, this hopping mechanism correspo
to the interband transitions. A model which is similar
spirit is a recent hierarchically variable-range hoppi
model70 in which QC’s are presented as a hierarchy
the
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clusters.70,71The model claims to explain qualitatively som
of the unusual transport properties of QC’s. A recent mod72

based on an electron-fracton scattering explains qualitativ
some of the transport and acoustic dependencies observ
QC’s. It even predicts the possibility of superconductiv
resulting from a fracton-mediated electron pairing.

It is clear from the above review that no well-establish
theory which would account for the observed unusual pr
erties of QC’s is available at present. However, there ar
few features common to some of the theoretical models m
tioned above. One of them is the predicted pseudogap in
DOS(EF), which is believed to be responsible, at least p
tially, for the stability of QC’s and for the observed low
values ofs. The other feature is the predicted presence o
spiky structure of the DOS. Although the pseudogap see
to be agenericproperty of QC’s, it is not aspecificproperty
distinguishing the quasiperiodic from the periodic or ape
odic phases because such a pseudogap is also believed
present in some amorphous73 and crystalline74,75alloys. This
is consistent with the fact that a pseudogap is due to a sh
range order. A property specific to a quasicrystalline or
seems to be the predicted DOS spikiness, which does
occur in crystalline or amorphous systems.

As mentioned earlier, the main support for the concep
a pseudogap in the DOS aroundEF comes from the experi-
ments which probe the DOS(EF) indirectly. Although all
low energy-resolution~0.2–0.7 eV! SXE and SXA experi-
ments conducted on both stable and metastable QC’s w
interpreted as a definite spectroscopic evidence of the p
ence of a pseudogap,48 such an interpretation is open to crit
cism. This interpretation is based upon three apparent ob
vations: a shift~of about a few tenth of eV! of the edge of the
Al 3p valence-state spectrum toward higher binding en
gies, a reduction of the Al 3p intensity atEF , and a ‘‘bend-
ing’’ of the Al p conduction-state spectrum as compared
the corresponding features of the Al metal and of crystall
alloys.48 The first observation is not convincing in view o
the large uncertainty in determining the position ofEF ,
which must be determined from separate XPS measurem
~as will be demonstrated in Sec. III, the claimed uncertai
of 0.1–0.2 eV for the Alp spectra seems to be underes
mated!. The other two observations rely on the intens
scale and its rather arbitrary normalization for different sp
tra. Even more surprising is the claim76 of the experimental
evidence based on the SXA technique for the presence o
DOS spikes in the conduction Alp band. This claim is based
on the apparent observation of the low intensity of the
p band as compared to that of other Al-based alloys and
the Al metal. This low intensity is not related to the DO
spikiness because the SXA technique cannot detect
spiky features in the DOS due to the severe lifetime bro
ening effects inherent to this technique.49

PES measurements with ultrahigh energy resolution
essential49,52 in order to verify the hypothesis of the DO
spikiness in QC’s unambiguously. So far, no direct eviden
of the presence of this spikiness has been found as mo
the previously published PES investigations were limited
resolutions larger than 230 meV~Refs. 49, 52, and 77!.
Based on the claim of the absence of a sharp Fermi edge,
PES studies concluded that there is a pseudogap in
DOS(EF) in i -Al-Cu-Fe ~Ref. 77! and in i -Al-Pd-Mn.78



u
rri

-
w
te
e
fo
t-
es
m
ni
n

th
t i
n
th

ns

-
d
h
pe
y
ic
f

ed
a

f
e

ion
c-

es
ce
ro
p
re
on
rr

fe
e
h-

-
i

rm
d
u

ro-

r in
on.

cor-

axi-

ight

55 10 941ELECTRONIC STRUCTURE OF QUASICRYSTALS . . .
However, the conclusion common to these two previo
studies must be questioned, given that they were both ca
out at room temperature.77,78 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 allo
the background contribution to the spectrum to be estima
The background contribution can severely alter the shap
the photoemission spectrum. Consequently, the unusual
of the DOS close toEF observed in Ref. 78 is not incompa
ible with a simple Fermi edge. In order to establish the pr
ence or absence of a Fermi edge reliably, measurements
be performed at low temperatures, where thermal broade
of the Fermi-Dirac function is small, and with an instrume
tal contribution of the same order of magnitude askBT.

79 In
this paper we report the results of an extensive study of
electronic structure of most known stable QC’s, where i
demonstrated that only through use of these stringent co
tions can firm conclusions regarding the detailed form of
near-EF DOS be drawn.

II. EXPERIMENT

Thermodynamically stable QC’s of nominal compositio
i -Al65Cu20Fe15, i -Al 64Cu24Fe12, i -Al 65Cu20Ru15,
i -Al 65Cu20Ru7.5Fe7.5, i -Al 65Cu20Os15, i -Al 70Pd20Mn10,
i -Al 70Pd20Cr5Fe5, i -Al 70.5Pd21Re8.5, i -Zn60Mg32Y 8,
d-Al 65Co15Cu20, andd-Al 70Co15Ni 15 were prepared as de
scribed elsewhere.24,25,80–85All samples were characterize
by x-ray diffraction and electron microscopy, both tec
niques showing the samples to be single phase. Bragg-
widths were resolution limited. To characterize the allo
studied further, electrical conductivity and magnet
susceptibility measurements were carried out respectively
Al-Cu-Fe, Al-Cu-Ru, Al-Pd-Re, and Al-Cu-Rui alloys.
The results are in agreement with publish
data.11–16,19–23,25–29,36For comparison purposes, a tetragon
Al 7Cu2Ru ~Ref. 86! and a Heusler alloy Ni2MnAl of the
L21 structure were also used.

The samples were mounted on the cold finger o
liquid-He cryostat and, while held at the lowest measurem
temperature, were cleanedin situ (;10210 Torr! by repeated
scraping with a diamond file until no surface contaminat
could be detected.87 The low temperature prevents any stru
tural reorganization of the sample upon scraping, and
therefore seems reasonable to assume that this process r
in samples which maintain quasicrystallinity at the surfa
Moreover, given the statistical distribution of surfaces p
duced, the photoemission data correspond, as closely as
sible, to a realistic estimate of the DOS of the measu
alloys. Valence-band spectra obtained from different regi
of a given sample, as well as from several samples co
sponding to a given composition, were reproducible. W
therefore believe that the spectra represent the intrinsic
tures of the QC’s studied. The ultraviolet photoelectron sp
troscopy ~UPS! spectrometer was equipped with a hig
intensity He discharge lamp~Gammadata! producing a HeI
line at 21.2 eV and a HeII line at 40.8 eV, and a high
resolution Scienta SES200 hemispherical analyzer. The
strumental resolution was determined by fitting the Fe
edge of Ag, evaporatedin situ onto the previously measure
samples, with the convolution of a Gaussian and the prod
s
ed
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of a linear DOS and the Fermi-Dirac function at the app
priate temperature.79 The full width at half-maximum
~FWHM! of the Gaussian is the only adjustable paramete
this procedure and gives directly the instrumental resoluti
For high-resolution spectra this was determined to be<10
meV. The uncertainty in the determination ofEF is less than
0.5 meV. The UPS valence bands presented here are
rected for the secondary-electron background.52

III. RESULTS AND DISCUSSION

A. Structure of valence bands

1. Icosahedral alloys

The low-temperature HeII valence bands ofi alloys of the
Al-Cu-TM series~Figs. 1 and 2! have a similar two-peak

FIG. 1. Low-temperature HeII valence bands of Al-Cu-TM~TM
5Fe,Os! i alloys. The energy resolution is;30 meV. The spectra
have been normalized to give a constant height between the m
mum and minimum count.

FIG. 2. Low-temperature HeII valence bands of Al-Cu-~Ru,Fe!
i alloys and crystalline Al7Cu2Ru. The energy resolution is;30
meV. The spectra have been normalized to give a constant he
between the maximum and minimum count.
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10 942 55Z. M. STADNIK et al.
structure. The feature at a binding energy (EB) of about
24.1 eV is mainly due to the Cu 3d-derived states, wherea
the feature close toEF is predominantly due to states of F
3d, Os 5d, or Ru 4d character, as appropriate. This assig
ment is based on previous resonance PES studies ofi
alloys of this series.49,87 The contribution of the Alsp-like
states is not observed in the presented valence bands d
significantly smaller photoionization cross sections for
sp orbitals as compared to those for TMd orbitals for the
He II and HeI photon energies used here.88 The intensity
difference between the Fe 3d features of thei alloys
Al 64Cu24Fe12 and Al65Cu20Fe15 ~Fig. 1! is consistent with
the compositions of these alloys, confirming the validity
the surface preparation procedure. A close similarity betw
the valence bands ofi -Al 65Cu20Ru15 and crystalline
Al 7Cu2Ru ~Fig. 2! can be noticed.

The low-temperature HeII valence bands ofi alloys of the
Al-Pd-TM series~Fig. 3! also have a two-peak structure. Th
feature at EB'24.2 eV is mainly due to the Pd
4d-like states, and the feature close toEF is predominantly
due to states of Mn, Fe, Cr 3d and Re 5d character, as
appropriate.89–92

The HeII valence band ofi -Zn60Mg32Y 8 at 14 K ~Fig. 4!
has the most prominent feature due to Zn 3d-like states. The
use of high energy resolution enables a clear detection o
Zn 3d5/2 and 3d3/2 components located atEB’s of
29.942~3! and29.457~1! eV. TheseEB’s should be com-
pared with the values of29.77~10! and 29.23~10! eV in
pure Zn at room temperature.93 The states of the Zn 3d char-
acter are thus shifted away fromEF as compared to the state
in Zn metal. The Zn 3d5/2-d3/2 splitting of 0.485~4! eV is
smaller than the corresponding splitting of 0.54~2! eV in Zn
metal.93 The weak satellite HeII * line at 48.4 eV produced
in the He lamp94 is responsible for the ‘‘ghost’’ Zn 3d fea-
ture atEB'22 eV ~Fig. 4!.

There are two salient features of the valence bands
Figs. 1–4. First, the presence of a Fermi edge is indicate

FIG. 3. Low-temperature HeII valence bands of Al-Pd-TMi
alloys. The energy resolution is;30 meV. The spectra have bee
normalized to give a constant height between the maximum
minimum counts.
-
e

to
l

f
n

he

in
in

all the i alloys studied. Second, as compared to that
Al-Cu-TM and Al-Pd-TM alloys, a significantly lower spec
tral intensity atEF is observed in thei -Al 70.5Pd21Re8.5 alloy.

2. Decagonal alloys

The low-temperature HeII valence bands of twod alloys
~Fig. 5! have a similar structure to that observe
previously.51,52 As shown earlier with the resonance PE
technique,52 the feature close toEF is predominantly due to
states of Co 3d character ind-Al 65Co15Cu20, and of Co and
Ni 3d character in d-Al 70Co15Ni 15. The feature at
EB'24.2 eV in the valence band ofd-Al 65Co15Cu20 is
principally due to the Cu 3d-derived states.52 The feature
close toEF in the metallic Ni2MnAl is principally due to
states of Ni and Mn 3d character. The two clear characteri
tics of the spectra in Fig. 5 are the presence of a Fermi e

d

FIG. 4. Low-temperature HeII valence band ofi -Zn60Mg32Y 8

measured with an energy resolution of 28 meV.

FIG. 5. Low-temperature HeII valence bands of twod alloys
Al 65Co15Cu20 and Al70Co15Ni15 and of a Heusler alloy Ni2MnAl.
The energy resolution is;30 meV. The spectra have been norma
ized to give a constant height between the maximum and minim
count.
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55 10 943ELECTRONIC STRUCTURE OF QUASICRYSTALS . . .
in thed alloys studied, and, as compared to that in the cr
talline Ni2MnAl, the shift of the features due to the TM 3d
states away fromEF .

B. Valence bands in the vicinity ofEF

To investigate the electronic structure of QC’s very clo
to EF , the near-EF valence-band region was examined w
the highest-energy resolution presently available to us.

1. Icosahedral alloys

A high-energy-resolution spectrum for th
i -Al 65Cu20Fe15 alloy is shown in Fig. 6~a!. A clearly devel-
oped Fermi edge, which can be perfectly fitted using
Fermi-Dirac function convoluted with a Gaussian functi
representing the instrumental broadening@Fig. 6~a!#, is ob-
served. The temperature evolution of the Fermi edge
i -Al 65Cu20Fe15 follows exactly that of a Fermi-Dirac func
tion @Fig. 6~b!#. Similar near-EF spectra were also found fo
i -Al 65Cu20Ru7.5Fe7.5 ~Fig. 7! and i -Al 70Pd20Mn10.

95

Figure 8 presents the near-EF spectra of i -Al 65Cu20Os15
and i -Zn60Mg32Y 8 and of Ag evaporated onto them. Agai
a perfectly developed Fermi edge is observed.

The behavior of thei -Al 70.5Pd21Re8.5 alloy was found to
be different from the other QC’s studied in that we we
unable to cool it down as far as all the other samples. T
may be related to the fact that the low-temperature ther
conductivity of thei -Al-Pd-Re alloys35 is the lowest among
known QC’s~it is about an order of magnitude lower35 than
in i -Al-Pd-Mn alloys34!. The lowest temperature achieve
was 45 K.96 However, all samples of this alloy displayed
clear Fermi edge. This can be seen by comparing a n
EF spectrum ofi -Al 70.5Pd21Re8.5 with that of Ag evaporated

FIG. 6. ~a! Near-EF He I valence band ofi -Al 65Cu20Fe15 at 13
K. The solid line is a fit to a linearly decreasing intensity multiplie
by the Fermi-Dirac function at 13 K~broken curve! and convoluted
with a Gaussian whose FWHM is equal to 6.2~2! meV. Note that
the step between the data points is 1 meV.~b! Near-EF He I valence
bands ofi -Al 65Cu20Fe15 measured at different temperatures. T
solid lines are the fits as described in~a!. Note the differentEB

scales in~a! and ~b!.
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onto the alloy~Fig. 9!. The temperature dependence of t
near-EF spectra of this alloy was found to follow that of th
Fermi-Dirac function.

The presence of a clearly developed Fermi edge~Figs.
6–9 and Ref. 95! and its expected evolution with temper
ture ~Figs. 6 and 7 and Ref. 95! in high-quality, stablei

FIG. 7. ~a! Near-EF He I valence band of
i -Al 65Cu20Ru7.5Fe7.5 at 15 K. The solid line is a fit to a linearly
decreasing intensity multiplied by the Fermi-Dirac function at 15
~broken curve! and convoluted with a Gaussian whose FWHM
equal to 9.8~2! meV. Note that the step between the data points i
meV. ~b! Near-EF He I valence bands ofi -Al 65Cu20Ru7.5Fe7.5mea-
sured at different temperatures. The solid lines are the fits as
scribed in~a!. Note the differentEB scales in~a! and ~b!.

FIG. 8. Near-EF low-temperature HeI valence bands of~a!
i -Al 65Cu20Os15 and Ag evaporated onto it and~b! i -Zn60Mg32Y 8

and Ag evaporated onto it. The solid curves are the fits to a line
decreasing intensity multiplied by the Fermi-Dirac function at
appropriate temperature and convoluted with a Gaussian wh
FWHM is 5.4~2! in ~a! and 5.2~2! meV in ~b!.
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alloys constitute a direct and convincing proof that the
alloys, in spite of their unusually high values ofr, are me-
tallic down to the temperature of measurement~12–45 K!. In
a recent study ofi -Al 65Cu20Ru15 with electron-energy-loss
spectroscopy~an energy resolution of 120 meV! a sharp
Fermi edge was also observed.97 Labeling suchi alloys
‘‘marginally metallic’’ ~Al-Cu-Fe and Al-Pd-Mn, Ref. 98!,
‘‘semiconducting’’ ~Al-Cu-Ru, Ref. 31!, or ‘‘insulating’’
~Al-Pd-Re, Refs. 26, 27, and 98! is not, therefore, justified.

2. Decagonal alloys

The high-energy-resolution near-EF spectra of
d-Al 65Co15Cu20 and d-Al 70Co15Ni 15, and of Ag evapo-
rated onto them, are shown in Fig. 10. A clearly develop
Fermi edge, which can be fitted using a Fermi-Dirac funct
convoluted with a Gaussian function representing the ins
mental broadening, can be seen~Fig. 10!. As shown in Fig.
11~b! for thed-Al 65Co15Cu20 alloy, the temperature depen
dence of the Fermi edge follows exactly that of a Ferm
Dirac function. It is thus concluded that, similarly toi alloys,
thed alloys are metals.

C. Pseudogap in DOS aroundEF

As mentioned in Sec. I, almost all electronic structu
calculations predict the existence of a pseudogap in the D
aroundEF . Two relevant examples are given below. T
total DOS of a hypothetical 1/1 cubic approxima
Al80Cu32Fe16 to thei -Al-Cu-Fe phase, which was kindly pro
vided by Fujiwara,58 is shown in Fig. 12. One can notice th
presence of a pseudogap with the width of about 0.5 eV
whose center is located atEB'0.3 eV. Figure 13 present
the total DOS of a hypothetical approximant Al60Co14Cu30
to the d-Al-Co-Cu phase, which was kindly provided b
Fujiwara.60 A well-developed pseudogap centered appro
mately atEF and of the width of about 1.0 eV is clearl
visible.

In order to verify convincingly the hypothesis of
pseudogap aroundEF with an experimental technique whic
probes the occupied electronic states directly, it is esse

FIG. 9. Near-EF He I valence bands ofi -Al 70.5Pd21Re8.5 and Ag
evaporated onto it measured at 45 K with an experimental res
tion of 6 meV. The solid curves are the fits to a linearly decreas
intensity multiplied by the Fermi-Dirac function at 45 K~the con-
volution with the instrumental broadening function produces a n
ligible effect at this temperature!.
e
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-
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to distinguish between the decrease of the spectral inten
toward EF , which results from the presence of th
pseudogap, and the Fermi-edge cutoff. Such a distinc
could not be achieved with previous low-energy resolut
~233–500 meV!, room-temperature PES studies.49–52,77,87,89

The spectral intensity decrease towardEF is clearly sepa-

u-
g

-

FIG. 10. Near-EF low-temperature HeI valence bands of~a!
d-Al 65Co15Cu20 and Ag evaporated onto it and~b!
d-Al 70Co15Ni15 and Ag evaporated onto it. The solid curves are t
fits to a linearly decreasing intensity multiplied by the Fermi-Dir
function at an appropriate temperature and convoluted with
Gaussian whose FWHM is 11.8~2! in ~a! and 7.0~2! meV in ~b!.

FIG. 11. ~a! Near-EF He I valence band ofd-Al 65Co15Cu20 at 13
K. The solid line is a fit to a linearly decreasing intensity multiplie
by the Fermi-Dirac function at 13 K~broken curve! and convoluted
with a Gaussian whose FWHM is equal to 5.7~3! meV. Note that
the step between the data points is 1 meV.~b! Near-EF He I valence
bands ofd-Al65Co15Cu20 measured at different temperatures. T
solid lines are the fits as described in~a!. Note the differentEB

scales in~a! and ~b!.
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rated from the Fermi-edge cutoff in the present high-ene
resolution, low-temperature UPS spectra~Figs. 1–11!.

With the aim of obtaining simple parameters to charac
ize the pseudogap, one can simulate the observed stru
close toEF in the valence bands of the studied QC’s~Figs.
1–3 and 5! using the model proposed by Moriet al. ~Ref.
77!. As conventional alloys of the quasicrystal-forming e
ments do not display a DOS minimum close toEF , it is
assumed that a simple linear extrapolation of the spectra
EB range directly before the peak of the valence band fea
close toEF accounts for the DOS without the pseudogap~the
normal DOS!. The presence of the pseudogap would resul
an intensity dip which is assumed to be of Lorentzian sh
centered atEF , characterized by the half-widthGL , and the

FIG. 12. Total DOS for the 1/1i approximant Al80Cu32Fe16
from Ref. 58. The inset shows a part of the DOS aroundEF . The
energy mesh used to calculate the DOS in the figure and in the
was 0.001 and 0.0001 Ry~Ref. 58!, respectively. The two ticks on
the ordinate axis of the inset correspond, respectively, to 0 and
states/~eV unit cell!.

FIG. 13. Total DOS for thed-approximant Al60Co14Cu30 from
Ref. 60. The inset shows a part of the DOS aroundEF . The energy
meshes used to calculate the DOS in the figure and in the inset
0.001 and 0.000 03 Ry~Ref. 60!, respectively. The two ticks on th
ordinate axis of the inset correspond, respectively, to 35 and
states/~eV unit cell!.
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dip depth relative to the normal DOS,C. Thus the observed
intensityI (EB) is the convolution of the normal DOS multi
plied by the pseudogap Lorentzian function and by
Fermi-Dirac functionf (EB ,T), and the experimental resolu
tion Gaussian function

I ~EB!5E N~ax1b!S 12
CGL

2

x21GL
2D f ~x,T!

3expF2
~x2EB!2

2s2 Gdx, ~1!

whereN is a normalization factor, the experimental Gauss
FWHM is related tos through a FWHM of 2A2 ln2s, and the
constantsa and b are determined from a linear fit of th
spectra forEB range directly before the peak of the valenc
band feature close toEF . The C values of 0 and 100%
correspond, respectively, to the normal DOS~no pseudogap!
and no DOS(EF).

1. Icosahedral alloys

We first apply the dip model described above to t
valence-band regions ofi -Al 65Cu20Fe15 measured at 14 and
283 K for theEB range encompassing the feature predom
nantly due to Fe 3d-like states@Figs. 14~a! and 14~b!#. Note
that for the temperature of 283 K@Fig. 14~a!#, even with the
high-energy resolution of 31.6~1.8! meV, the Fermi edge is
hardly distinguishable from the spectral intensity decre
toward EF . One obtains good fits of the valence-band
gions close toEF at 14 and 283 K@Figs. 14~a! and 14~b!# for
values ofC and GL equal to 60.5~3!%, 0.36~2! eV and
58.0~6!%, 0.33~1! eV, respectively. Although the dip mode
used is purely phenomenological, the values arrived at
the width of the pseudogap are in good agreement with
order of magnitude expected from calculations~Fig. 12!.58

et

00

re

0

FIG. 14. HeII valence-band regions~open circles! of
i -Al65Cu20Fe15 measured at~a! 14 K and~b! 283 K with the energy
resolution of 31.6~1.8! meV fitted ~solid line! with Eq. ~1! to the
corresponding model DOS’s in~a8! and~b8!. The solid lines in~a8!
and ~b8! represent the normal DOS at 0 K, and the broken lin
show the Lorentzian dip which must be subtracted from the nor
DOS in order to fit the valence-band regions in~a! and ~b!.



p

ll

m
h
p

e

es

t
f
e
s of

ea
nnot

y is

f

by
e to
a
lec-
as
gap
ld
ch,
un-
he

n
of

of

ent

o

on
of

u

10 946 55Z. M. STADNIK et al.
The application of the dip model to account for the sha
of the valence-band regions close toEF for
i -Al65Cu20Ru7.5Fe7.5, i -Al70Pd20Cr5Fe5, and
i -Al70.5Pd21Re8.5 is presented in Fig. 15. The model fits we
the experimental data close toEF . The values ofC andGL
obtained from the fits, together with theEB range for which
the data were fitted to a lineaEB1b representing the normal
DOS in order to determinea and b, are given in Table I.
Although there is some arbitrariness in selecting thisEB
range~which leads to different values ofa andb), it does not
change the values ofC andGL significantly.

Based on the fits in Figs. 14 and 15, and on the para
eters in Table I, two observations can be made. First, t
two available electronic structure calculations for the a
proximants of thei -Al-Cu-Fe ~Ref. 58! and i -Al-Pd-Mn
~Ref. 59! phases relevant to the present study predict valu

FIG. 15. The model of the DOS at 0 K which is used to fit the
region of the valence band close toEF for ~a!
i -Al65Cu20Ru7.5Fe7.5, ~b! i -Al70Pd20Cr5Fe5, and ~c!
i -Al70.5Pd21Re8.5. The solid lines represent the normal DOS at 0 K
whereas the broken lines represent the Lorentzian dip which m
be subtracted from the normal DOS in order to fit@solid lines in
~a8!, ~b8!, and~c8!#, with Eq. ~1!, the corresponding regions of the
valence bands close toEF @open circles in~a8!, ~b8!, and~c8! are the
experimental points from Figs. 2 (i -Al 65Cu20Ru7.5Fe7.5), and 3
( i -Al 70Pd20Cr5Fe5 and i -Al 70.5Pd21Re8.5), respectively#.
e

-
e
-

s

of GL of a few tenths of an eV. This agrees with the valu
determined for i -Al 65Cu20Fe15, i -Al 64Cu24Fe12, and
i -Al 70Pd20Mn10 alloys ~Table I!. Second, one would expec
to observe a correlation betweenC, which is a measure o
1/DOS(EF), ands, assuming that the Hume-Rothery typ
mechanism is the main reason for the observed low value
s in i alloys. Such a correlation is not observed~Table I!.
Similar values ofC are found for i alloys ~for example,
Al-Cu-Fe and Al-Pd-Re alloys, Table I! whose values ofs
differ by several orders of magnitude. This supports the id
discussed in Sec. I that the Hume-Rothery mechanism ca
be the major cause of the low values ofs.

The dip model described by Eq.~1! has a limitation, as it
cannot be applied to cases where the spectral intensit
changing linearly over the wideEB range~a few eV! below
EF . Such cases correspond to the valence bands oi
Al 65Cu20Os15 ~Fig. 1!, i -Al 65Cu20Ru15 and crystalline
Al 7Cu2Ru ~Fig. 2!, and i -Zn60Mg32Y 8 ~Fig. 4!. One can
only postulate that a pseudogap must be very wide (GL>2
eV! in these alloys.

It can be concluded that the simple model expressed
Eq. ~1! accounts well for the shapes of valence bands clos
EF of many i alloys, and provides values for the width of
pseudogap in agreement with those predicted by the e
tronic structure calculations. This can thus be regarded
direct experimental evidence of the existence of a pseudo
in stablei alloys. High-resolution IPES experiments wou
be desirable to provide additional experimental data whi
when combined with the present UPS results, would
equivocally determine the total width and depth of t
pseudogap aroundEF in i alloys.

An apparent observation of a shift away fromEF of the
leading edge of the Al 3p spectra of almost all studiedi
alloys obtained with the Al Kb SXE technique has bee
claimed to represent an experimental proof for an opening
a pseudogap in these alloys.48,76,91A comparison of the Al
3p spectra of thei phase from two such studies,28,91 both of
which cite the uncertainty in determining the position
EF ~determined from separate XPS measurements! as 0.2
eV, is shown in Fig. 16. Whereas there is good agreem
between the spectra of an Al metal@Fig. 16~a!#, the leading
edges of the spectra of thei alloys are shifted with respect t
each other by about 1.0 eV@Fig. 16~b!#, which is far beyond
the claimed uncertainty of 0.2 eV in determining the positi
of EF . Significant discrepancies in locating the position

,
st
to
TABLE I. Pseudogap parameters from the fits with Eq.~1! of the regions of the valence bands close
EF , as described in the text. The parameters fori -Al 70Pd20Mn10 are from Ref. 95.

Alloy T ~K! EB range for linear extrapolation~eV! C ~%! GL ~eV!

i -Al 65Cu20Fe15 14 21.2–20.9 60.5~3! 0.36~2!

i -Al 65Cu20Fe15 283 21.2–20.9 58.0~6! 0.33~1!

i -Al 64Cu24Fe12 20 21.2–20.7 55.5~6! 0.32~1!

i -Al 65Cu20Ru7.5Fe7.5 15 21.4–20.9 52.4~9! 0.35~1!

i -Al 70Pd20Mn10 15 21.2–20.7 28.1~1.0! 0.22~2!

i -Al 70Pd20Cr5Fe5 14 21.5–21.0 45.1~1.1! 0.34~2!

i -Al 70.5Pd21Re8.5 45 21.2–20.7 50.1~1.6! 0.21~1!

d-Al 65Co15Cu20 14 22.0–21.5 80.1~4! 0.92~2!

d-Al 70Co15Ni15 15 22.2–21.8 84.9~1! 1.12~1!
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EF were also noticed by comparing the SXA spectra w
those calculated for thei -Al-Pd-Mn phase.59 One therefore
has to be cautious in interpreting the shifts of a few tenths
an eV of the leading edges associated with various orb
from the SXE and SXA spectra.

2. Decagonal alloys

In order to apply the dip model described by Eq.~1! to the
d-Al 65Co15Cu20 and d-Al 70Co15Ni 15 alloys, their valence
bands were measured in a narrowerEB range which encom-
passes only the features due to TM 3d states@Figs. 17~a! and
17~a8!#. The near-EF regions of these valence bands can
well fitted @Figs. 17~c! and 17~c8!# with the dip model@Figs.
17~b! and 17~b8!#. The parameters obtained from the fits a
listed in Table I. The value of GL obtained for
d-Al 65Co15Cu20 agrees well with that predicted by the ele
tronic structure calculations for the approximant of thed
phase~Ref. 60 and Fig. 13!. The dip model could not fit the
near-EF region of the valence band of the Heusler all
Ni 2MnAl ~Fig. 5!. This is consistent with the fact that the
is no pseudogap in this metallic alloy.

A comparison of theC andGL parameters for thei and
d alloys ~Table I! shows that they are significantly larger fo
the latter than for the former. In other words, the pseudo
is deeper and wider ind than in i alloys. This is in a good
agreement with the predictions of the electronic structure
culations~Figs. 12 and 13!. This finding can be also taken a
further evidence of the Hume-Rothery mechanism not be
the major reason for the observed high values ofr in QC’s
because ther values ind alloys are significantly smaller tha
those ini alloys ~the largerC values for thed alloys than for
the i alloys imply that the opposite should be true if th
Hume-Rothery mechanism were the dominant one!.

The analysis presented above leads to the conclusion
in agreement with theoretical predictions, the observed in
sity depression close toEF in the valence bands of the stab
QC’s can be accounted for by the existence of the Hum
Rothery pseudogap in the DOS aroundEF . This pseudogap

FIG. 16. A comparison of the SXE Al 3p spectra for~a! an Al
metal and~b! the i phase from Refs. 93~broken line! and 94~solid
line!. The compositions of thei phase arei -Al 70.5Pd21Re8.5 ~broken
line! and i -Al 70Pd2Re10 ~solid line!.
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is thus an important factor which determines the stability
QC’s. However, it is not the major source of the observ
high-r values in QC’s.

D. Fine structure of DOS

As discussed in Sec. I, a property specific to a quasicr
talline state seems to be the predicted fine structure~spiki-
ness! of the DOS ~Figs. 12 and 13!. In order to check
whether the predicted DOS spikiness can be detected w
the low-temperature, high-energy-resolution UPS techniq
used in the present study, the theoretical valence band
Figs. 12 and 13 have to be modified to account for the li
time broadening effects inherent to the UPS technique,49,52,89

the finite resolution of an experiment, and the sample te
perature. The lifetime broadening effects are represented
the Lorentzian whose FWHM is in the formGL

0EB
2 , where

the GL
0 parameter fixes the scale of the broadening.49,52,89

Figure 18 shows the occupied part of the DOS for the a
proximant to thei phase from Fig. 12 multiplied by the
Fermi-Dirac function at 14 K, then convoluted with
Lorentzian to account for the lifetime broadening effects, a
with a Gaussian to account for the experimental resoluti
The GL

0 parameter was chosen to be equal to 0.02 eV21,
which is a typical value used for metallic systems.49,89 The
chosen temperature of 14 K and the Gaussian FWHM
31.6 meV correspond to the parameters of the experime
spectrum ofi -Al 65Cu20Fe15 in Fig. 14~a!. The occupied part
of the DOS for the approximant to thed phase from Fig. 13,
which was multiplied by the Fermi-Dirac function at 14 K

FIG. 17. Low-temperature HeII valence bands of
d-Al 65Co15Cu20 ~a! andd-Al 70Co15Ni15 ~a’! measured with energy
resolutions of 31.8~2.2! and 26.5~1.7! meV, respectively. The mod-
els of the DOS at 0 K@~b! and~b8!# are used, respectively, to fit the
near-EF regions of the valence bands from~a! and ~a8!. The solid
lines in ~b! and ~b8! represent a normal DOS. The broken line
represent the dip which must be subtracted from the normal DO
order to fit the near-EF region of the valence bands. The near-EF

regions@~c! and ~c8!# of the valence bands from~a! and ~a8! fitted
~solid line! to the models of the DOS’s shown in~b! and~b8! which
are multiplied by the Fermi-Dirac function at 14 and 15 K, an
convoluted with the respective experimental resolution Gauss
functions.
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10 948 55Z. M. STADNIK et al.
and then convoluted with a Lorentzian withGL
050.02

eV21 and with a Gaussian with a FWHM equal to 31
meV, is shown in Fig. 19. The values of the temperature
the Gaussian FWHM correspond to the experimental sp
trum in Fig. 17~a!.

It is clear from Figs. 18 and 19 that the predicted DO
spikiness should be observed forEB’s up to a few eV below
EF in the experimental valence bands of both thei and d
alloys measured with the high resolution of a few tens
meV. Obviously, they should be observed even more rea
for the ultrahigh-energy resolution (,10 meV!. An inspec-

FIG. 18. Occupied part of the DOS from Fig. 12 multiplied b
the Fermi-Dirac function and convoluted with a Lorentzian, to a
count for the lifetime broadening effects, and with a Gaussian
account for the experimental resolution as described in the text.
value ofGL

0 is 0.02 eV21, whereas the temperature of 14 K and t
Gaussian FWHM of 31.6 meV correspond to the experimental sp
trum in Fig. 14~a!. The two ticks on the ordinate axis of the ins
correspond, respectively, to 0 and 100 states/~eV unit cell!.

FIG. 19. Occupied part of the DOS from Fig. 13 multiplied b
the Fermi-Dirac function and convoluted with a Lorentzian, to a
count for the lifetime broadening effects, and with a Gaussian
account for the experimental resolution, as described in the
The value ofGL

0 is 0.02 eV21, whereas the temperature of 14 K an
the Gaussian FWHM of 31.8 meV correspond to the experime
spectrum in Fig. 17~a!. The two ticks on the ordinate axis of th
inset correspond, respectively, to 0 and 30 states/~eV unit cell!.
d
c-

f
ly

tion of the valence bands measured with high-~Figs. 1–5,
14, and 17! and ultrahigh-~Figs. 6–11! energy resolution
shows the lack of any fine structure. It must be then c
cluded that the predicted spikiness is not observed in
UPS spectra measured with the highest-energy resolu
presently attainable.

The predicted DOS spikiness was also not observed in
recent high-energy-resolution PES study78 of the
i -Al 70Pd21.5Mn8.5 alloy. No DOS spikiness could be de
tected in a NMR pressure study of thei -Al 65Cu20Ru15
alloy.99 Using the tunneling spectroscopy technique, wh
may have an energy resolution better than perhaps 0.1 m
Klein et al.100 could not observe any DOS spikiness for t
i -Al-Cu-Fe film samples.

Assuming that the predicted spikiness is not an artifac
the electronic structure calculations, the failure to detec
experimentally suggests the presence of some disorder~ran-
domness! even in the structurally ‘‘perfect’’~phason free!
QC’s. Such disorder is expected101 to smear out the fine
structure of DOS. There are some experimental facts wh
support this suggestion. First, local probes, such as Mo¨ss-
bauer spectroscopy,23 NMR,102 and nuclear quadrupole
resonance,102,103clearly show the presence of distributions
the hyperfine parameters in the structurally perfect QC
Such distributions can only occur if there is chemical and
topological disorder in the samples. Second, diffuse sca
ing is often observed in x-ray-, electron-, and neutro
diffraction patterns of high-quality, both polyquasicrystallin
and single-grain QC’s.104,105Its presence indicates that som
disorder must be present in the diffracting structure. Third
recent study106 on the propagation of acoustic shear waves
a single-graini -Al-Pd-Mn shows similarities between th
acoustic properties of this alloy and those of amorphous m
als. Fourth, the success of quantum interference theories2–4,8

which were originally developed for disordered conducto
in accounting for the temperature and field dependencie
the electrical conductivity and magnetoresistance of sev
stable i alloys indicates that these alloys are electronica
disordered.107From a structural point of view, QC’s could b
considered intrinsically random if they are stabilized
entropy,108 and thus if their structure could be described by
random tiling model. A recent random tiling model109 for the
i -Al-Cu-Fe and i -Al-Pd-Mn phases indicates that parti
chemical disorder is an inevitable part of the quasicrystall
structure. Thus the presence of disorder, which may be
intrinsic feature of the quasiperiodic systems, would wa
out the predicted spikiness in the DOS, and could expl
why this spikiness cannot be detected experimentally.

E. Quasiperiodicity and unusual physical properties

The main effort in the physics of QC’s has been to est
lish whether quasiperiodicity leads to physical propert
which are distinct from those in the crystalline and/or am
phous alloys of similar compositions. The electronic stru
ture results presented here show no unusual features
could be the consequence of the quasiperiodic order.
though the pseudogap aroundEF seems to be a generic prop
erty of QC’s, it is also present in both the amorphous73 and
crystalline74,75systems. The predicted DOS spikiness, wh
could be a distinct feature associated only with QC’s, co
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not be detected in the PES spectra measured with
highest-energy resolution presently available. One also
serves close similarity between the PES and SXE spectr
QC’s and crystalline alloys of similar compositions~Fig. 2
and Refs. 48, 87, 89, and 110!.

Perhaps the most dramatic realization that quasiperio
ity is not essential for the observation of unusual physi
properties came with the observation that such properties
also occur in the approximants of QC’s. For example, l
values ofs, and its increase with temperature were found
the approximants to thei -Mg-Ga-Al-Zn, i -Al-Cu-Fe, and
i -Al-Mn ~Si! phases8,15,16,68,111,112and in severald approxi-
mants along the pseudoquasiperiodic planes.113 Similarities
were also observed between the values and/or temper
and/or magnetic field dependencies of the H
coefficient,15,112 thermoelectric power,15 magnetoresis-
tance,112 optical conductivity,33 g,15,112,114and local hyper-
fine parameters23,46,115in the i alloys and their approximants

The experimental results described above lead to the
clusion that it is the complex local atomic order rather th
long-range quasiperiodic order which determines the unu
properties of alloys. In retrospect, this is perhaps not surp
ing since there is no physical basis to expect that classic
forbidden symmetries occurring in QC’s should lead
physical properties distinctly different from those in cryst
line systems.
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IV. SUMMARY

We have performed low-temperature UPS experime
with high- and ultrahigh-energy resolution on a series
stablei andd alloys. We have shown that, contrary to th
claims made in the literature, all studied QC’s have a clea
developed Fermi edge, and are therefore metallic down
the temperature of measurement~12–45 K!. The decrease o
the spectral intensity towardEF has been shown to be com
patible with the presence of the theoretically predict
pseudogap in the DOS aroundEF . This gap has been foun
to be much wider ind alloys than ini alloys. The presence o
the theoretically predicted fine structure of the DOS has
been observed even with a resolution of 5 meV. The sim
values and dependencies of various physical parameter
QC’s and of their approximants indicates that it is the co
plex local atomic order, rather than the long-range quasip
odic order, which determines their unusual behavior. A
view of the electronic properties of QC’s has also be
presented.
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57M. Windisch, M. Krajčı́, and J. Hafner, J. Phys. Condens. Mat

6, 6977~1994!, and references therein.
58G. Trambly de Laissardie`re and T. Fujiwara, Phys. Rev. B50,

5999 ~1994!, and references therein.
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