8. Spectroscopic Studies
of the Electronic Structure

Zbigniew M. Stadnik

8.1 Introduction

The discovery of an icosahedral Al-Mn alloy by Shechtman et al. (1984) ex-
tended the dichotomous division of solids into either crystalline or amorphous
by introducing the notion of quasiperiodic crystals, or quasicrystals (QCs).
This new form of matter has a long-range quasiperiodic order and long-range
orientational order associated with the classically forbidden fivefold (icosahe-
dral), eightfold (octagonal), tenfold (decagonal), and 12-fold (dodecagonal)
symmetry axes. The majority of known QCs are either icosahedral (i) or
decagonal (d) alloys. A few known octagonal and dodecagonal alloys can-
not be produced yet in sufficient quantity to allow studies of their physical
properties. A central problem in condensed matter physics is to determine
whether quasiperiodicity leads to physical properties significantly different
from those of crystalline and amorphous materials.

The electronic structure of solids determines many of their fundamen-
tal physical properties. Therefore, experimental techniques which probe this
structure directly are among the most important tools for understanding
the microscopic properties of solids. Among these techniques, photoemis-
sion spectroscopy (PES) (Cardona and Ley 1978, Ley and Cardona 1979,
Mahlhorn 1982, Hiifner 1996), which probes the density of states (DOS)
below the Fermi level Ep, and inverse photoemission spectroscopy (IPES)
and electron energy-loss spectroscopy (EELS) (Fuggle and Inglesfield 1992),
which probe the DOS above Ey, are the most powerful in studies of the
electronic structure of solids. These electronic states can be also probed, re-
spectively, with soft-x-ray-emission (SXE) and soft-x-ray-absorption (SXA)
spectroscopies (Agarwal 1991, Fuggle and Inglesfield 1992). Both the occupied
and unoccupied DOS can also be investigated with tunneling spectroscopy
(TS) (Wolf 1985, Stroscio and Kaiser 1993). The spectroscopies mentioned
above were mainly used in studies of the DOS in QCs. In this chapter, the
results based on these spectroscopies are critically reviewed and compared
with the theoretical predicitions.

This chapter is organized as follows. The main theoretical predictions
of the electronic structure of QCs are briefly reviewed in Sect.8.2. These
predictions are discussed in detail in Chaps. 6 and 7. Spectroscopic results
on the electronic structure of ¢ and d QCs are presented in Sect. 8.3. Possible
reasons for some discrepancies between theory and spectroscopic data are
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also discussed. Possible unique features of the electronic structure of QCs
are discussed in Sect.8.4. Section 8.5 attempts to assess the influence of
quasiperiodicity on the physical properties of QCs. Concluding remarks and
some suggestions for future work are made in Sect. 8.6.

8.2 Theoretical Predictions

8.2.1 Pseudogap in the Density of States

One of the first questions posed after the discovery of QCs was the following:
why nature would prefer quasiperiodic to periodic order in some alloys? It
was soon pointed out, based on the observation that ¢ alloys form at com-
positions with a specific electron-per-atom ratio, e/a, for which the relation
Q = 2kp (Q is the magnitude of the reciprocal lattice vector and kg is
the radius of the Fermi sphere) is satisfied, that these alloys are the Hume-
Rothery phases (Bancel and Heiney 1986, Tsai et al. 1989a, 1989b, Inoue et
al. 1990). This was supported by the results of calculations within the nearly-
free-electron approximation for models of 7 alloys (Friedel and Dénoyer 1987,
Smith and Ashcroft 1987, Vaks et al. 1988, Friedel 1988, 1992). For the com-
positions at which the ¢ alloys form, the Fermi surface—effective Brillouin zone
interaction results in a minimum of the DOS(E¥) (a “pseudogap”). Modern
band-structure calculations carried out for approximants (complex crystalline
alloys close in composition and with a local structural similarity to QCs) to i
alloys do indeed predict the existence of a structure-induced pseudogap at Ep
(see Figs. 6.6-6.11 in Chap. 6 and Figs.7.13, 7.14, and 7.16 in Chap. 7) in a
number of 3 alloys (Fujiwara 1989, Fujiwara and Yokokawa 1991, Hafner and
Krajéf 1992, 1993, Windisch et al. 1994, Trambly de Laissardiere and Fujiwara
1994a, Krajéf et al. 1995, Dell’Acqua et al. 1997, Hennig and Teichler 1997,
Krajéi and Hafner 1998). Theory thus predicts that a Hume-Rothery-type
electronic mechanism is mainly responsible for the stabilization of ¢ alloys.
Fewer approximants to d alloys are known. Therefore electronic struc-
ture calculations are available only for Al-Co-Cu, Al-Pd-Mn, Al-Fe, and Al-
Mn d alloys. The first such band-structure calculations (Trambly de Lais-
sardiére and Fujiwara 1994b) made for the d approximant AlgoCoi4Cuso,
which was based on the Burkov model (Burkov 1991), predicted a broad
Hume-Rothery-like pseudogap at Er (see Fig.6.11 in Chap. 6 and Fig. 7.14
in Chap. 7). However, calculations for several variants of the Burkov model
showed (Sabiryanov and Bose 1994, Sabiryanov et al. 1995) that there is no
pseudogap, and consequently that the d-Al-Co-Cu alloys are not stabilized
by the Hume-Rothery mechanism. In another theoretical study Haerle and
Kramer (1998) showed that the location of the transition metal (TM) atoms
is crucial for the presence or absence of the pseudogap in the d-Al-Co-Cu sys-
tem. The presence of a pseudogap was predicted in detailed band-structure
calculations by Krajci et al. (1997a) who argued that the Co and Cu d-band
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shifts are important for the stabilization of the d-Al-Co-Cu phase. These con-
tradictory theoretical predictions with regard to the presence of a pseudogap
in the d-Al-Co-Cu system probably result from many possible variants of the
Burkov model.

Band-structure calculations for approximants to the d-Al-Pd-Mn system
predict (Krajéf et al. 1996, Krajéf et al. 1997b) that a structure-induced
pseudogap exists only in the Al band and stress the importance of the sp-d
hybridization in its formation. The DOS calculated for approximants to the
Al-Fe (Fujiwara and Yokokawa 1991) and Al-Mn (Fujiwara 1997) d phases
predict, respectively, the presence of a pseudogap and a very deep pseudogap.

8.2.2 Fine Strucure of the Density of States

The DOS of ¢ alloys is very unusual in that it consists of many very fine
spiked peaks with a width of about 10 meV. This DOS spikiness results from
the multiplicity of dispersionless bands. Based on band-structure calculations
performed for approximants to ¢ alloys, such a fine structure has been pre-
dicted for Al-Cu-Li (Fujiwara and Yokokawa 1991), Al-Mg-Li (Dell’Acqua et
al. 1997), Al-Zn-Mg (Hafner and Krajéi 1992, Windish et al. 1994), Al-Mn
(Fujiwara 1989), Al-Cu-Fe (Trambly de Laissardiere and Fujiwara 1994a),
Al-Pd-Mn (Krajéi’ et al. 1995), Al-Pd-Re (Krajéi and Hafner 1998), and Ti-
TM (Kraj¢i and Hafner 1994, Hennig and Teichler 1997) ¢ alloys. It has been
argued (Trambly de Laissardiere and Fujiwara 1994a) that the DOS spiki-
ness is augmented by the presence of the TM atoms in the i alloys. The DOS
spikiness is predicted even for simple models in which quasiperiodic order is
introduced (Roche et al. 1997).

The presence of the DOS spikiness may explain the unusual sensitivity of
the electrical conductivity o of i alloys to slight changes in their composition.
Such changes shift the position of Er, which results in a dramatic change
of the DOS(EF), and consequently of the value of o (Fujiwara et al. 1993).
The unusual composition and temperature dependences of other transport
properties, such as the Hall conductivity and the thermoelectric power, can
be also qualitatively explained (Fujiwara et al. 1993) by the presence of the
DOS fine structure.

The DOS spikiness is predicted to be also present in d alloys (Fujiwara
and Yokokawa 1991, ’I‘rambly de Laissardiere and Fujiwara 1994b, Sabiryanov
and Bose 1994, Kraj&i et al. 1997a, Haerle and Kramer 1998). However, it
is attenuated, in comparison to that in 7 alloys, by the effect of the periodic
direction (Trambly de Laissardiére and Fujiwara, 1994bj. It thus appears that
the predicted fine structure of the DOS is important for explaining unugual
dependences on the composition and temperature of some electronic trans-
port properties of QCs.

The fine structure of the DOS has been calculated with different tech-
niques for various approximant systems and is therefore regarded as an in-
trinsic characterisic of the electronic structure of QCs. However, a concern
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has been expressed that it may be an artifact resulting from the insufficient
computational precision used in the calculations (Haerle and Kramer 1998).

8.3 Experimental Results

In this section an overview of the spectroscopic data on the DOS below and
above Ep is presented. An experimental evidence for the presence of the
predicted pseudogap and of the DOS spikiness in ¢ and d QCs is discussed.

8.3.1 s, p-Bonded Icosahedral Alloys

The first stable i alloy was discovered in the Al-Cu-Li system (Dubost et al.
1986). There is an intermetallic compund in this system, called the R phase,
which is the 1/1 approximant to the +Al-Cu-Li alloy. The electronic structure
calculations carried out for this approximant (Fujiwara and Yokokawa 1991)
revealed the presence of a pseudogap in the DOS at Er. This was confirmed
later by Windisch et al. (1994) who found that the DOS minimum occurs just
30 meV below Ep. Calculations for higher-order approximants, up to a 8/5
approximant (Windisch et al. 1994), confirmed that a deep, structure-induced
pseudogap slightly below Er (Fig.7.13 in Chap. 7) is a generic property of
the +Al-Cu-Li alloys.

PES spectra of the ~Al-Cu-Li alloy and the R phase measured at photon
energies hv = 100 and 40 eV, with an energy resolution respectively of 0.7 and
0.3 eV, are shown in Fig.8.1a. The measured PES intensity is the weighted
average of the local partial DOS, with the weight proportional to the hv-
dependent photoionization cross section, opy (Stadnik et al. 1995a). A strong
feature at the binding energy (BE) of about —4.1 eV (the minus sign indicates
the energies below Ex which is assigned the value of 0.0 €V) is predominantly
due to the Cu 3d-derived states. This conclusion is based on the fact that
oph of Cu 3d orbitals is about two orders of magnitude larger than opy of
Al and Li sp orbitals and on its weak dependence on hv in the hv range 40—
100 eV (Yeh 1993). Since the values of opn of Al and Li sp orbitals decrease
by a factor of about three in the the hv range 40-100 eV (Yeh 1993), an
enhancement of the broad feature in the BE region between 0 and —3 €V in
the PES spectrum measured at hv = 40 eV (Fig.8.1a) as compared to the
feature in the hv = 100 eV spectrum shows that this feature is mainly of the
Al and Li sp character.

A comparison between the PES spectra calculated (Windisch et al. 1994)
on the basis of the DOS for the 5/3 (Fig.7.13 in Chap. 7) and 1/1 ap-
proximants, and the experimental PES spectra from Fig. 8.1a, is presented
in Fig.8.1b. The position of the DOS peak due to the Cu 3d-like states
at BE ~ —3.2 eV (Fig.7.13 in Chap. 7) is different than the correspond-
ing position in the experimental spectrum (Fig.8.1a). This is due to the
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Fig. 8.1. (a) Valence bands of 1 QC AlssLi3z5.8Cus.2 and R phase Als4Lizs.sCug.2
measured at hv = 100 and 40 eV. After Matsubara et al. (1991). (b) Comparison
between the hv = 100 eV valence bands of i QC AlssLizs.8Cug2 and R phase
Als4Lige.8Cug.2 (broken lines) from (a) with the calculated PES spectra for a 5/3
approximant and R phase (solid lines). After Windisch et al. (1994).

fact that PES spectra involve excited-state eigenvalues, whereas calculated
DOS involves ground-state energies (Knapp et al. 1979, Fuggle and Ingles-
field 1992). For narrow d-band systems, a comparison between the theoretical
and experimental PES spectra requires an inclusion of the self-energy correc-
tion in theoretical calculations. This correction was simulated (Windisch et
al. 1994) by shifting the calculated Cu d DOS so as to match the position
of the experimental Cu-3d peak (Fig.8.1b). There is reasonable agreement
between theory and experiment with respect to the positions and intensi-
ties of the main features of the total DOS. The discrepancies at the BE’s
lower (more negative) than about —5 eV (Fig. 8.1b) are due to the fact that
the experimental PES spectra were not corrected for the secondary-electron
contribution (Stadnik et al. 1995a).

The experimental PES spectra of the +Al-Cu-Li and its 1/1 approximant
(Fig. 8.1a) are virtually the same, although after normalization of the Cu 3d
intensity Matsubara et al. (1991) found that the PES intensity at Er of the
i phase is slightly smaller than that of the R phase. This agrees with the ob-
servation that the electronic specific heat coeflicient -y, which is proportional
to DOS(EF), is slightly smaller for the i-Al-Cu-Li phase than for the R phase
(Mizutani et al. 1991).

The decrease of the experimental PES intensity towards Er (Fig. 8.1a) is
often interpreted as evidence for the existence of a pseudogap in the DOS at
Er. This is an overinterpretation of the experimental data. The PES tech-
nique probes the electronic states below Er, but the pseudogap involves both
occupied and unoccupied states. Thus, conclusive evidence for the existence
of a pseudogap requires probing the electronic states both below and above
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Er. The only relaible conclusion that can be drawn from the PES intensity
decrease towards Ep (Fig.8.1a) is that it is indicative of the presence of a
pseudogap around Eg. Similarly, interpreting the small value of v found in
many QCs as evidence for the existence of a DOS pseudogap at Er is not
justified as -y is a measure of the DOS at only one particular energy (Er).
A small value of v for a given QC as compared, e.g., to that of Al metal is
merely suggestive of the presence of a pseudogap at Er in that QC, but does
not prove its existence.
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Fig. 8.2. IPES spectra of 1 QC AlssLias,gCUg,z and R phase A154Li36430119,2. The
relative intensities have been normalized at the high-BFE region. The insert shows
the spectra close to Ep. After Matsubara et al. (1991).

A comparison between the IPES spectra of the i-Al-Cu-Li and R phases
(Fig.8.2) shows that the pseudogap is opening slightly above, rather than
below Ef, and that it is shallower in the latter than in the former. A combi-
nation of PES and IPES spectra thus establishes that, as predicted by theory,
there is a pseudogap in the DOS in the +Al-Cu-Li alloy and the R phase,
but slightly above, rather than below Ep. The difference between theory and
experiment as to location of the minimum of the DOS is most probably due
to the difference between the composition of the samples used in the exper-
iment and that used in the calculations. This is based on the observation
(Fujiwara and Yokokawa 1991) that the position of Ep in the Al-Cu-Li alloys
shifts with the change of the Cu concentration.

Electronic structure calculations predict the presence of a pseudogap
in the DOS at Ep for the stable Frank-Kasper phase Al;3ZnggMgss (the
1/1 approximant to the i phase) and for higher-order approximants to the
i phase in the Al-Zn-Mg system (Hafner and Krajci 1992, 1993). Such a
pseudgap is also predicted (Fig.6.9 in Chap. 6) for the 1/1 approximants
in'the AlyZngo_-Mgyo (z = 15-22.5) series (Mizutani et al. 1998). A slight
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apparent decrease of the intensity in the x-ray photoelectron spectroscopy
(XPS) valence bands of the 1/1 approximants Al,Zngps_Mgsgs (z = 20.5—
45.5) and the ¢ QCs Al;Znsg_ Mgy (z = 13-25) as compared to the intensity
of the band of pure Al (Takeuchi and Mizutani 1995) was taken as evidence
for the presence of the pseudogap in these alloys. As mentioned earlier, a
conclusive evidence requires probing the states above Ep. XPS valence bands
of the (Al Gaj_z)20.5Zn40Mgsg 5 (z = 0.0-0.8) alloys (Mizutani et al. 1993)
show a decrease of the XPS intensity towards Eg -which is indicative of the
presence of a pseudogap in this system.

It can be concluded that there is a strong spectroscopic evidence for the
presence of a pseudogap in the #-Al-Cu-Li system and an indication of its
presence in the Al-Zn-Mg and Al-Ga-Zn-Mg i QCs.

8.3.2 Al-Cu-Transition Metal Icosahedral Alloys

Three stable i alloys of high structural quality exist in the Al-Cu-TM
(TM=Fe,Ru,0s) system. Electronic structure calculations were carried out
for the 1/1 approximant to the i-Al-Cu-Fe phase by Trambly de Laissardiére
and Fujiwara (1994a). They predict the presence of a pseudogap with a width
of ~ 0.5 eV whose center is located at ~ 0.3 eV above Er (Fig. 6.8 in Chap. 6).

In order to establish the origin of the main features in the measured va-
lence bands of i-Algs CuzgTM;5 alloys, the resonant-PES and PES-near-the-
Cooper-minimum methods were employed (Mori et al. 1991, 1992, Stadnik
and Stroink 1993, Stadnik et al. 1995a-1995c, Zhang et al. 1995). As an ex-
ample, these methods are illustrated for i-AlgsCuz90sy5. For TM elements
the resonance occurs at excitation energies near the np and nf thresholds.
For Os one would expect the stronger 5p — 5d transition at about 44.5 eV
(5p3/2 — 5d) and the weaker 4f — 5d transition to take place at about 50.7
eV (4f7/2 — 5d) (Zhang et al. 1995). The Os 5d-derived features should be
enhanced or suppressed as hv is swept through the 5p-5d and 4 f-5d thresh-
olds. It can be seen in Fig.8.3a that, as hv increases, the relative intensity
of the peak at BE =~ —1.5 eV with respect to the peak at BE ~ —3.7 eV
decreases first and reaches its minimum at hv = 44.5 eV. Then it increases
slightly between hv = 50 and 60 eV. This corresponds to the stronger 5p —
5d resonance (the 4f — 5d resonance was too weak to be observed in the
measured valence band) and indicates that the feature at BE ~ —1.5 eV is
predominantly due to the Os 5d-derived states (Zhang et al. 1995).

The features in the valence bands originating from the 4d and/or 5d el-
ements can be also identified by making use of the Cooper-minimum effect,
which is the minimum in the opy values for particular orbitals at a specific
value of hv (Stadnik et al. 1995a, 1995b, Zhang et al. 1995). Since the decrease
in the oL (Os 5d) in the hv range 50-200 eV is expected to be two orders of
magnitue (Yeh 1993), a strong suppresion of the contribution of the Os 5d-
like states to the valence band of i-AlgsCuggOsi5 is anticipated. Figure 8.3b
shows that as hv increases from 80 eV, the relative contribution of the feature
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Fig. 8.3. Room-temperature valence bands of -Algs Cuz00s15 measured for differ-
ent photon energies (a) around the Os 5p — 5d transition and (b) around the Os 5d
Cooper minimum. After Stadnik et al. 1995b and Zhang et al. (1995).

at BE = —1.5 eV with respect to the other feature at BE ~ —3.7 ¢V, which
originates from the Cu 3d-derived states, decreases steadily and at hv = 130
eV is almost completely suppressed. In other words, since opn(Cu 3d) de-
creases much slower with the increase of hv than opn(Os 5d), and since
opn(Cu 3d) for hv = 130 eV is expected to be almost two orders of mag-
nitude larger than opn(Os 5d) (Yeh 1993), the hv = 130 eV valence band in
Fig. 8.3b must be almost entirely due to the Cu 3d emission. :
As the bands for the hr values around the Os 5d Cooper minimum exhibit
much more dramatic changes in the intensity then those for the hv values
around the Os 5p — 5d resonance (Fig. 8.3), the former can be used to derive
the partial DOS due to Cu 3d-like and Os 5d-like states either by a direct
subtraction method or by a method described below (Zhang et al. 1995).
Assuming a negligible influence of the matrix-element effects, the intensity
I{hv, BE) of the valence band of -AlgsCug90Os5 can be represented by

I(Eg) = C(hw)[0cu(hv) Dou(BE)/Zcy + 00s(hv) Dos(BE) /Zos], (8.1)

where D; (i = Cu,Os) is the partial DOS of the ith element. The instrumental
factor is represented by C(hv). The partial DOS is assumed to fulfill the
normalization condition,

> D.ABE = N;Z;, (8.2)
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Fig. 8.4. Partial DOS of the Os 5d (trangles) and the Cu 3d (open circles) character
obtained from the hv = 80 and 130 eV valence bands in Fig. 8.3b and by using the
linear relation between the measured intensity and the parial DOS and opn (Zhang
et al. 1995). Their sum (full circles) represents the total DOS of the d character in
+-AlgsCuz00s15. After Stadnik et al. (1995b) and Zhang et al. (1995).

where N; and Z; are respectively the concentration and the number of d
electrons of the ith element. For #-AlgsCuggOs15, Nou = 20, Nos = 15, and
Zcy =10, Zps = 6 (Zhang et al. 1995). By using Eq. (8.1) for two different
hv values, the partial DOS of the Cu 3d-derived and Os 5d-derived states
can be obtained (Fig. 8.4).

Using Eq. (8.1), one should be able to reproduce the experimental valence
bands measured for all hv values provided that the Cu 3d and Os 5d partial
DOS in Fig.8.4 are a good measure of the true Cu 3d and Os 5d DOS in
AlgsCugpOsis. A good agreement (Fig. 8.5) between the valence bands cal-
culated for all hv values with the corresponding experimental valence bands
confirms the reliability of the derived partial Cu 3d and Os 5d DOS (Fig. 8.4).

The results based on the resonant-PES and PES-near-the-Cooper-minim-
um studies of the #AlgsCuyTM1s QCs established (Mori et al. 1991, 1992,
Stadnik and Stroink 1993, Stadnik et al. 1995a-1995¢, Zhang et al. 1995) the
origin of the two main features in the valence bands of these QCs. Also the
partial d-like DOS for the QCs with TM=Ru,Os were derived. For these two
QCs, the experimental total and partial DOS could not be compared with
theoretical DOS as these have not been calculated yet. A small measured
intensity at Er (Figs. 8.3-8.5) is indicative of a small values of DOS(EF) in
these QCs. However, due to the medium energy resolution used (~ 0.4 eV)
and the fact that the PES experiments were carried out at room tempera-
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Fig. 8.5. Comparison of the valence bands generated from Eq. (8.1) using the em-
pirical partial Cu 3d and Os 5d DOS of Fig. 8.4 (full circles) with the experimental
valence bands from Fig. 8.3b (open circles). After Stadnik et al. (1995b) and Zhang
et al. (1995).

ture, it was not possible to make a meaningful conclusion about the possible
pseudogap as the intensity decrease toward Ey could not be separated from
the Fermi edge cutoff.

The low-temperature ultraviolet photoelectron spectroscopy (UPS) He II
(hv = 40.8 eV) valence bands of the i series Al-Cu-TM (TM=Fe,Ru,Os)
have a similar two-peak structure (Fig. 8.6a). The feature at BE ~ —4.1 ¢V
is mainly due to the Cu 3d-derived states. The resonant and the Cooper-
minimum PES experiments, together with the PES experiments carried out
in the constant-initial-state mode, have established (Mori et al. 1991, 1992,
Stadnik and Stroink 1993, Stadnik et al. 1995a-1995¢, Zhang et al. 1995)
that the broad feature close to Ex is predominantly due to states of Fe 3d,
Ru 4d, and Os 5d character, as appropriate. The positions and intensities
of the Cu and Fe 3d features in the valence band of Al-Cu-Fe (Fig. 8.6a)
agree relatively well with those obtained from the theoretical DOS (Fig. 6.8
in Chap. 6) appropriately broadened to account for the lifetime broadening
effects inherent to the PES technique and the finite energy resolution of a
PES experiment (Stadnik et al. 1995c).

The decrease of the spectral intensity toward Eg, which is clearly dis-
tinguishable from the Fermi-edge cutoff in the high-energy-resolution, low-
temperature UPS spectra (Figs.8.6a—-8.6¢), can be shown to be compatible
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Fig. 8.6. (a) Low-temperature He II valence bands of ¢ QCs AlgsCu20TM;s
(TM=Fe,Ru,0s). The energy resolution is ~ 30 meV. He II valence band regions
close to Er (open circles) of +-AlgsCugoFeys measured at (b) 14 K and (c) 283 K
with an energy resolution of 31.6(1.8) meV fitted (solid lines) with Eq. (8.1) to the
corresponding model DOS in (b’) and (c’). The solid lines in (b’) and (¢’) represent
the normal DOS at 0 K, and the broken lines show the Lorentzian dip which must
be subtracted from the normal DOS in order to fit the valence-band regions in (b)
and (c). After Stadnik et al. (1997).

with the presence of a pseudogap using the model proposed by Mori et al.
(1991). As conventional alloys of QC-forming elements do not generally dis-
play a DOS minimum close to Er, the model assumes that a simple linear
extrapolation of the spectra for the BE range directly before the peak of
the valence band feature close to EF represents the DOS of an alloy with-
out a pseudogap (the normal DOS). The presence of the pseudogap would
result in an intensity dip which is assumed to be of Lorentzian shape cen-
tered at Ef, characterized by the half-width I'y, and the dip depth C relative
to the normal DOS. Thus, the observed intensity I{(Eg) is the convolution
of the normal DOS multiplied by the pseudogap Lorentzian function and by
the Fermi-Dirac function f(Eg,T), and the experimental resolution Gaussian
function
Cr?
I{Eg) = /N(aa:+b) (1 - W%Z) f(z,T)exp [—

where N is a normalization factor, the experimental Gaussian full width at
half maximum (FWHM) is related to s through FWHM = 2¥/21n2s, and
the constants a and b are determined from a linear fit of the spectra for the
BE range directly before the peak of the valence band feature close to EF.
The C values of 0 and 100% correspond respectively to the normal DOS (no
pseudogap) and no DOS(EFr) (full gap). This model (Figs.8.6b’ and 8.6¢)
fits well the near-Fp region of the valence bands of AlgsCugoFe;s at 14

(ZIJ — EB)2

= ] dz, (8.3)
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and 283 K (Figs. 8.6b and 8.6¢) for values of C' and I equal to 60.5(3)%,
0.36(2) eV and 58.0(6)%, 0.33(1) eV, respectively. The width of the pseudo-
gap is comparable to that predicted by theory. The near-Er region of valence
bands of other i-Al-Cu-TM alloys can be successfully fitted with this model
(Stadnik et al. 1996, 1997, Kirihara et al. 1998), thus providing support for
the existence of a pseudogap in these 7 alloys. It should be stressed, however,
that the model does not prove the existence of the pseudogap since the PES
technique probes only the occupied states.

The TS technique has the unique capability of probing the electronic
states below and above Er (Wolf 1985, Stroscio and Kaiser 1993). It is thus
especially sensitive to any gap in the quasiparticle excitation spectrum at
Er which shows up directly as a characteristic feature near zero bias in the
raw data conductance curves. The conductance G = dI/dV, where I and V
are the tunnel current and the dc bias voltage [at negative (positive) sample
bias, occupied (unoccupied) electron states are probed]. The G vs V depen-
dencies are proportional to the DOS (Wolf 1985, Stroscio and Kaiser 1993).
Compared to other techniques, TS has a very high energy resolution (~kgT),
which is less than 1 meV for spectra measured at liquid helium temperatures.
The DOS of the i-Algz5CussFeiss alloy in the form of a film 3000 A thick,
which was obtained from the tunneling spectrum after the subtraction of the
E'/%2 (E = eV) background, exhibits a pseudogap 60 meV wide which is
centered at Er (Fig.8.7a). A similar narrow pseudogap was observed in the
tunneling spectra of i-AlgzCugzsFe;2 in the ribbon form (Fig. 8.7b).
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Fig. 8.7. (a) Density of states obtained from the tunneling conductance spectrum
of the #Alg2 5CuzsFe12.5 3000 A-thick film. After Klein et al. (1995). (b) Tunneling
spectra of Al single crystal, crystalline w-Al;CusFe and a-Aly2.4Mn;7.5Si10.1 phases,
and i-AlgsCuzsFei2 and i-Al7g sPda1Res s at 4.2 K. After Davydov et al. (1996).

The observed width of a pseudogap in the TS spectra of i-Al-Cu-Fe is an
order of magnitude smaller than that predicted by theory. Also its location at
Eg is at variance with the predicted location at ~ 0.3 eV above Er (Fig.6.8
in Chap. 6). It was suggested (Klein et al. 1995, Davydov et al. 1996) that
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the observed narrow pseudogap corresponds to one of the spiky structures
predicted by theory rather than to a wide Hume-Rothery-like pseudogap. If
this is true, then one would expect to observe at least several such structures
in the tunneling spectra, which is clearly not the case (Fig. 8.7). The possible
reasons for this disagreement are discussed in Sect. 8.3.7.

A crystalline alloy Al;CusFe (w phase), which has a composition very
close to that of -~Al-Cu-Fe alloys but which is not an approximant to the
i-Al-Cu-Fe phase, is often used as a reference material in studies of the phys-
ical properties of i-Al-Cu-Fe QCs. It is a metallic alloy with an electrical
resistivity p of 22 uQ cm at 4.2 K and a positive temperature coefficient of p
(Davydov et al. 1996). Electronic structure calculations predict the presence
of a pseudogap in this crystalline alloy (Belin and Mayou 1993, Trambly de
Laissardiere et al. 1995a, 1995b). However, the V'1/2 dependence of dI/dV
observed in this alloy (Fig.8.7b) indicates the lack of a pseudogap around
Er (Davydov et al. 1996). On the other hand, the SXE and SXA spectra
were interpreted as evidence for the presence of a pseudogap in this alloy
(Sadoc et al. 1993, Belin and Mayou 1993, Belin et al. 1993, Trambly de
Laissardiére et al. 1995a). The problem with this interpretation, which has
been also used in numerous papers on the SXE and SXA studies of QCs, is
related to the method of combining the SXE and SXA spectra at Er which
secures the occurence of a pseudogap in any alloy. The measured intensity
in the SXE/SXA or PES/IPES depends not only on the respective DOS but
also on other factors intrinsic to the technique which are notoriously diffi-
cult to evaluate (Agrawal 1991, Fuggle and Inglesfield 1992, Kortboyer et al.
1989). This, together with a large uncertainty in the determination of the
position of Ep in typical SXE/SXA measurements, makes it challenging to
have a reliable combination of the SXE/SXA spectra on the same energy and
intensity scale. The problem of whether there is a minimum in the DOS(Er)
in crystalline Al;Cu,Fe remains an open question.

The Al s- and d-like unoccupied DOS in #-Algs CuzgRu;s was probed with
the EELS L-edge measurements with an energy resolution of 0.12 eV (Ter-
auchi et al. 1996). As in the UPS spectrum of this alloy (Fig.8.6a), a clear
Fermi edge was observed (Fig. 8.8) which proves that this alloy, in spite of
its very high value of p, is metallic. As compared to the Al L-edge spectrum
of Al metal measured with a resolution of 0.2 eV, the L3 edge is shifted by
0.2 eV to 73.1 eV (Fig.8.8). The key features of the Al L-edge spectrum of
+AlgsCugoRuys is a small rise of intensity at the L3 edge as compared to
that of Al metal and ”scooping out” of the DOS near the edge onset. This
indicates the occurence of the pseudogap of the estimated half width at half
maximum of ~ 0.9 €V in the Al s and d states at Er (Terauchi 1996, 1998a).

In summary, spectroscopic data reviewed above (Davydov et al. 1996, Kir-
ihara et al. 1998, Klein et al. 1995, Mori et al. 1991, Stadnik et al. 1996, 1997,
Terauchi 1996, 1998a) are compatible with the presence of the pseudogap in
the DOS around EF in the #Al-Cu-TM (TM=Fe,Ru,0Os) alloys.
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Fig. 8.9. (a) Low-temperature He II valence bands of Al-Pd-based i QCs. The
energy resolution is ~ 30 meV. (b) Near-Er He I valence band of i-Alz;oPd20Mnig
at 14 K. The solid line is the fit to a linearly decreasing intensity multiplied by the
Fermi-Dirac function at 14 K (broken curve) and convoluted with a Gaussian whose
FWHM = 5.8(2) meV. The step between the data points is 1 meV. (¢) Near-Er He
I valence band of #Al;gPd20Mnio measured at different temperatures. The solid
lines are the fits as described in (b). Note the different BE scales in (b) and (c).
After Stadnik et al. (1996, 1997) and Stadnik and Purdie (1997).
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8.3.3 Al-Pd-Mn Icosahedral Alloys

The electronic structure calculations carried out for approximants to the ¢
phase (Krajéf et al. 1995) predict a structure-induced minimum slightly above
Ep in the DOS (Fig. 7.14 in Chap. 7). This minimum is strongly pronounced
in the Al band and rather weakly formed in the Pd and Mn bands.

The low-temperature UPS He II valence band of i-Al;gPdzoMnyg (Fig. 8.9a)
has a two-peak structure. As is shown below, the feature at BE ~ —4.2 eV
is mainly due to the Pd 4d-like states, and the broad feature close to Ey is
predominantly due to the states of the Mn 3d character. A clear presence
of the Fermi edge in the near-Er UPS He I (hv = 21.2 €V) valence band
(Fig.8.9b) and its temperature evolution following the Fermi-Dirac function
(Fig. 8.9c) show that -AlzgPdagMn;, in spite of its large p, is metallic.
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Fig. 8.10. Comparison of the partial DOS of the Mn 3d (a) and Pd 4d (b) character
in #~Al-Pd-Mn obtained from the PES spectra (open circles, Zhang et al. 1994) and
from the SXE measurements (dashed line, Belin et al. 1994a) with the corresponding

broadened theoretical partial DOS (solid line, Krajéi et al. 1995). After Zhang and
Stadnik (1995).

The occupied partial d-like and total DOS predicted by theory (Krajéf
et al. 1995) for -Al-Pd-Mn compare well with those determined from the
room-temperature PES measurements on i-AlygPdagMnjg (Zhang et al. 1994,
Zhang and Stadnik 1995). This is illustrated in Fig.8.10 where the partial
DOS of the Mn-3d and Pd-4d character, which were derived from the PES
spectra measured with an energy resolution of ~ 0.4 eV for hv values close to
the Pd 4d Cooper minimum (Zhang et al. 1994), are compared with the corre-
sponding calculated DOS of the 8/5 approximant to the i phase (Fig.7.14 in
Chap. 7) which were appropriately broadened (Zhang and Stadnik 1995) to
account for the lifetime broadening effects inherent to the PES technique and
for the finite resolution of a PES experiment. There is a notable agreement
with respect to the overall structure of the partial Mn 3d and Pd 4d DOS
This structure is not present in the SXE spectra (Fig.8.10) due to severe
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lifetime broadening effects inherent to the SXE transitions probing the Mn
and Pd d states (Zhang and Stadnik 1995).

In order to compare the theoretical total DOS calculated for the 8/5
approximant to the ¢ phase (Fig.7.14 in Chap. 7) with the valence band
of i-Al7gPdoMn;y measured at a given hv, the theoretical Al, Pd, and Mn
partial DOS have to be first multipled by the corresponding opp, at that hv.
The sum of the products of the theoretical partial DOS and the corresponding
oph, which was broadened in the same way as described above, compares well
with the experimental valence band measured at hv = 100 eV (Fig. 8.11). It is
thus concluded that the theoretical occupied DOS (Krajéi et al. 1995) agrees
well with the measured PES spectra (Stadnik et al. 1996, 1997, Zhang et al.
1994, Zhang and Stadnik 1995).

Fig. 8.11. Comparison of the va-
lence band of #Al7;pPd2oMnig mea-
sured at hv = 100 eV (open circles,
Zhang et al. 1994) with the broad-
ened theoretical DOS for the 8/5 ap-
proximant to the ¢ phase (solid line,

Krajéi et al. 1995). After Zhang and
BINDING ENERGY (eV) Stadnik (1995).
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The existence of a pseudogap in the DOS at Er cannot be determined
unambiguously from the PES spectra measured at room temperature with a
medium resolution of 0.4 eV (Fig.8.11) in which the decrease of the spectral
intensity due to the possible presence of the pseudogap cannot be distin-
guished from the Fermi cutoff. The near-Fr region of the low-temperature
UPS spectrum of #Al7gPd2oMn;o (Fig.8.9a) can be fitted well to Eq. (8.3)
and this can be interpreted as being compatible with the presence of the
pseudogap at Er with I'y, = 0.22(2) eV (Stadnik et al. 1996, 1997).

The lack of the Fermi edge in the angle-resolved, high-energy-resolution
(50 meV), room-temperature PES valence band of a single-grain i alloy
Al7qPdy; sMng 5 was interpreted (Wu et al. 1995) as direct evidence of a
pseudogap in the DOS near Er. However, this is in contradiction to the pres-
ence of the Fermi edge in the high-energy-resolution low-temperature spectra
of both polyquasicrystalline (Fig.8.9) and single-grain (Purdie et al. 1998)
i~Al-Pd-Mn alloys.

An unambigous experimental evidence for the presence of the pseudogap
was provided by a PES experiment with an energy resolution of 70 meV
(Neuhold et al. 1998) on a single grain #-Alzg5Pd21Mng 5 at 570 K. In this
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Fig. 8.12. Valence band of #Al79.5Pd21Mng s at 570 K measured at hv = 32.3 eV
(full circles) and the reconstructed spectral function (open circles) near Er. After
Neuhold et al. (1998).

experiment, the states both below and above Er were probed. The PES
technique can probe the states also above Ex u?l they are populated. According
to Fermi-Dirac statistics, in metallic systems these states become populated
at nonzero temperatures (Fig.8.9¢c). At a temperature of 570 K, a region
of several hundred meV above Er becomes accessible (Fig. 8.12). A spectral
function, which is proportional to the DOS, can be reconstructed from the
570 K valence band (Neuhold et al. 1998). It clearly shows a minimum of
DOS located at 90 meV above Er (Fig.8.12). For BE’s higher than ~ 0.3
eV (6.1kpT), a considerable scatter of the reconstructed spectral function,
which is due to the small probability that the states are populated, prevents
a meaningful evaluation of the DOS. It should be noted (Neuhold et al. 1998)
that accessing states slightly above Er through the method described above
is superior to IPES or SXA because of the much higher energy resolution.

The optical conductivity studies in the energy range 0.001-12 eV of ¢
Al7oPd2; Mng showed the presence of a large absorption in the conductivity
spectrum at ~ 1.2 eV (Bianchi et al. 1993, 1998). This absorption was inter-
preted to result from excitations across a pseudogap in the DOS.

The PES core-line asymmetry, whose measure is the asymmetry param-
eter o in the Doniach-Sunjié¢ formula describing the shape of the PES core-
level lines (Cardona and Ley 1978, Mehlhorn 1982), is proportional to the
local DOS(Er): the larger « indicates the larger local DOS(Er). (Mehlhorn
1982). An increase of a determined from the fits of the Al 2p linds measured
with the resolution of 180 meV for different values of hv (Fig. 8.13a), and thus
different electron kinetic energies, Eyi,, as a function of Ey;, was observed for
the single-grain #Alzp 5Pd21Mng 5 alloy (Fig. 8.13b). No such increase could
be observed for a fcc Al metal (Fig. 8.13b). The value of Ey, is a measure of
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Fig. 8.13. (a) Al 2p core-level spectra of #Al7g.5Pd21Mng 5 measured at different
photon energies. The solid lines for each spectrum represent the fits of the back-
ground and the Doniach—Sunji¢ doublet. The residuals to the fits are also shown
with the upper and lower bounds at +v/N (N is the number of counts) deter-
mined from the Poisson statistics. (b) Lower part: Asymmetry parameter of the
Al 2p core-level lines of #Alyg 5Pd21Mng s (full symbols) and fcc Al (crosses) as a
function of the electron kinetic energy. Upper part: Surface to bulk intensity ratio
determined from the Al 2p core-level lines of a single-crystal Al(100). The solid line
is calculated from theory. Inset: Al 2p core-level lines of a single-crystal Al(111).
After Neuhold et al. (1998).

the sampling depth of a PES experiment by virtue of inelastic electron scat-
tering in a sample: the larger Ey;,, the smaller the sampling depth, i.e., the
more surface contribution to the measured PES intensity (Cardona and Ley
1978, Mehlhorn 1982, Hiifner 1996). The sampling depth dependence upon
Eyin was measured through the relative intensity of the surface to bulk Al
2p core-level lines (Fig.8.13b) for a single crystal Al(100) for which surface
and bulk signals can be separated. A similar dependence upon Ej;, of « and
of the surface to bulk ratio (Fig. 8.13b) was interpreted as indicating that @
for atoms near the surface of -Al;g 5Pda; Mng 5 is larger than o for those in
the bulk. Since « is proportional to DOS(EF), this observation was claimed
to provide evidence for the higher DOS(EF) at the surface than in the bulk
in i—Al70.5Pd21Mns.5 (Neuhold et al. 1998)
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This interpretation is valid provided that the values of a derived from the
fits is meaningful. As it can be seen from the Al 2p PES spectrum of Al(111)
(inset in Fig.8.13b), the Al 2p; /2 and 2p3/; components are clearly separated
and consequently the value of a can be precisely determined. However, this
separation is absent in the corresponding spectra of the -Al-Pd-Mn alloy
(Fig.8.13a). This is due the multiplicity of Al sites, and thus the multiplic-
ity of the local chemical surroundings (see Sect.8.4) around Al atoms in a
quasicrystalline structure, as demonstrated experimentally by various local
probes (Stadnik 1996). One would thus expect that the measured Al 2p spec-
trum results from a superposition of the Doniach-Sunjié¢ lines corresponding
to these sites, which naturally leads to the distribution of the parameters
characterizing a Doniach-Sunji¢ profile. It is therefore not obvious whether
fitting the measured Al 2p line with one Doniach-Sunji¢ line profile provides
a meaningful average value of o corresponding to a given Eyi,. Since differ-
ent core levels should have the same a (Hifner 1996), it would be important
to carry out similar measurements for other TM core-level lines in order to
establish the validity of the observation that « is smaller at the surface than
in the bulk of ¢ alloys.

The availability of high-quality #-Al-Pd-Mn samples made it possible to
observe the de Haas—van Alphen effect (Shoenberg 1984) in a single grain -
AlyoPd2; sMng s (Haanappel et al. 1996). Two well-defined frequencies were
observed for the magnetic field along the fivefold direction and two other
frequencies were detected for the field parallel to the two fold direction. These
observations are indicative of the reality of the Fermi surface in QCs, which
has probably a very complex shape (Fujiwara 1998). The first attempts to
calculate the shape of the Fermi surface in QCs indicate that it has a complex
shape. It would be an experimental challenge to determine its size and shape
using the the de Haas—van Alphen effect and other spectroscopic techniques.

The spectroscopic results presented above confirm the presence of the pre-
dicted minimum of the DOS slighly above Er and are in good agreement with
the predicted overall structure of the occupied DOS in Al-Pd-Mn (Kraj(:i'
et al. 1995).

8.3.4 Al)-Pd-Re Icosahedral Alloys

Among all QCs, the -Al-Pd-Re alloys distinguish themselves in exhibiting the
highest p and the extreme sensitivity of their physical properties to minute
changes in their composition (see Chap. 5). It was even suggested that the
+-Al-Pd-Re alloys are insulators at low temperatures (Pierce et al. 1993a,
1994), but this claim was recently disputed (Ahlgren et al. 1997, Bianchi
et al. 1997). The recent electronic structure calculations (Krajéi and Hafner
1998) predict that a minute change of stoichiometry of the 1/1 approximant
to the i-Al-Pd-Re phase may change it from being a metal with a pseudogap
to a narrow-gap semiconductor with a real gap of the width ~ 0.15 eV located



276 Zbigniew M. Stadnik

just below Er. For higher-order approximants, no real gaps, but a series of
pseudogaps around Ef is predicted (Fig.7.16 in Chap. 7).

The low-temperature UPS He II valence band of #AlzgsPdy;Regs (see
Fig. 8.9a) exhibits a feature at BE =~ —4.1 eV mainly due to the Pd 4d-like
states and a very broad feature close to Er predominantly due to the states of
the Re 5d character (Stadnik et al. 1996, 1997). The positions and intensities
of these features are in good agreement with the calculated DOS (Fig. 7.16 in
Chap. 7). There is a noticeable smaller spectral intensity at Fr in the valence
band of +Alyg.sPdy; Reg s in comparison to that of other Al-Pd-based i alloys
(Fig.8.9a), which is indicative of a smaller DOS(Er) in this alloy than in
other i alloys. The near-EF region of the valence band of Al;gsPds;Ress
can be well fitted to Eq. (8.3), which can be interpreted as indicative of
the presence of a pseudogap at Er of the FWHM (2I7.) of ~ 200-400 meV
(Purdie and Stadnik 1997, Stadnik et al. 1996, 1997). This width is several
times wider than that of ~ 60 meV found in the TS spectrum (Fig. 8.7b).

Fig. 8.14. Near-Er He I valence bands of
t-Al7o 5Pda1Reg s (circles) and Ag (trian-
gles) evaporated on it. The solid lines are
the fits to a linearly decreasing intensity
multiplied by the Fermi-Dirac function at
45 and 9 K (broken curve) and convoluted
with a Gaussian whose FWHM is respec-
—40 =20 O 20 tively 6.0(5) and 9.2(3) meV for the spectra

BINDING ENERGY (m eV) fo’?ﬁggé%,at 45 and 9 K. After Stadnik et
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The optical conductivity studies carried out in the energy range 0.001-
12 eV on two ¢ samples, AlygPdggRe;o and AlygPd2; 4Res g, showed a large
absorption in the conductivity spectra at ~ 2.6 eV (Bianchi et al. 1997). This
absorption was interpreted as resulting from excitations across a pseudogap
in the DOS.

The low-temperature near-Er UPS He I spectra of -Alyg 5sPdo; Reg s mea-
sured with the highest energy resolution presently available (Fig. 8.14) clearly
show the presence of a Fermi edge. This can be seen by comparing a near-Ep
spectrum at 45 K of +Alyg sPdg; Reg s with that of Ag evaporated onto the
alloy. Additional evidence comes from the perfect fits of the spectra of this
alloy measured at 45 and 9 K (Fig. 8.14). This constitutes a direct proof that
the i-Alyp.5Pd21Reg 5 alloy, in spite of its very high p, is metallic, supporting
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the same conclusion based on low-temperature p measurements by Ahlgren et
al. (1997) and Bianchi et al. (1997). The finite value of G for the zero sample
bias (Fig.8.7b) indicates a finite DOS(EF), and thus a metallic character of
the +-Al-Pd-Re QC.

The above analysis of the spectroscopic data on the occupied and unoccu-
pied DOS provides conclusive evidence for the presence of the theoretically
predicted pseudogap in the Al-Cu-Li and Al-Pd-Mn i alloys. For other in-
vestigated ¢ QCs, the data are compatible with the presence of the pseudo-
gap. A generally good agreement between the calculated and measured DOS
is observed, which indicates that the essential ingredients of the electronic
structure of QCs can be obtained from the calculations carried out for their
approximants.

8.3.5 Al-Co-Cu Decagonal Alloys

The low-temperature He II valence band of d-AlgsCo15Cusg exhibits two fea-
tures (Fig. 8.15). As shown earlier with the resonance PES technique (Stadnik
et al. 1995d), the feature close to Ey is predominantly due to states of Co
3d character and the feature at BE =~ —4.2 €V is mainly due to the Cu 3d-
derived states. The resonance PES data enabled the derivation of the partial
DOS of the Co and Cu 3d character and a significant discrepancy between
the theoretical (Trambly de Laissardiére and Fujiwara 1994b, 1994c) and ex-
perimental Co 3d DOS was found (Stadnik et al. 1995d). This is illustrated
in Fig. 8.16 where a much larger experimental intensity at Er due to the Co
3d states as compared to that expected from the presence of a pseudogap can
be seen. This was taken as evidence for the absence of a pseudogap in the
d-AlgsCo15Cugg alloy (Stadnik et al. 1995d).

The electronic structure calculations (Krajéi et al. 1997a) based upon
several variants of the original Burkov model for the atomic structure of d-Al-
Co-Cu show the best agreement with the PES data from Fig. 8.16 (Fig.7.15
in Chap. 7) for the variant B2Cu. There is no pseudogap in the DOS(EF) for
this variant of the atomic structure of d-Al-Co-Cu.

The successful fit of the near-Er UPS He II valence band of the d-
Alg5Co15Cuyg alloy with Eq. (8.3) led to the conclusion (Stadnik et al. 1997)
of the presence of the pseudogap in this alloy, which is in contradiction to
the conclusion based on the analysis of the PES data (Stadnik et al. 1995d,
Krajéf et al. 1997a). There is some arbitrariness in the model expressed by
Eq. (8.3) regarding the choice of the BE range for which the data are fit-
ted to a line aBE + b representing a normal DOS. This range was chosen
much farther away from Ep for d alloys (leading to the normal bOS with
a positive slope) than for ¢ alloys (Stadnik et al. 1997). In view of the DOS
calculated for the structural variant B2Cu [Fig.8 in Krajci et al. (1997a)],
the assumption of the normal DOS with the positive slope may be unwar-
ranted; the choice of the BE range closer to Er would lead to no pseudogap
in the fit of the near-Er UPS He II valence band of d-AlgsCo15Cugg. Clearly,
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further spectroscopic data, especially those probing the unoccupied DOS, are
needed to unambiguously determine the presence or lack of the pseudogap in
the d-Al-Co-Cu system.

8.3.6 Al-Ni-Co and Al-Ni-Rh Decagonal Alloys

No electronic structure calculations have been carried out yet for the two
d systems, Al-Ni-Co and Al-Ni-Rh, which would allow a comparison to be
made with the spectroscopic data on the occupied and unoccupied DOS. The
valence band of d-Al7gCo15Niy5 (Depero and Parmigiani 1993, Stadnik et al.
1995d, 1997) consists of a broad feature (Fig. 8.15) resulting from the overlap
of the Co and Ni 3d states (Stadnik et al. 1995d).

The Al Ko XPS valence band of d-Al7¢Co15Nii5, which was measured
at room temperature with an energy resolution of 0.3 eV, was interpreted
as showing no presence of the pseudogap (Depero and Parmigiani 1993);
no justification of this interpretation was given. The presence of significant
intensity at the Er due to Co and Ni 3d-like states in the PES bands, which
were measured at room temperature for different values of hv and with an
energy resolution of ~ 0.4 eV, was taken as an indication for the lack of
a pseudogap (Stadnik et al. 1995d). On the other hand, the successful fit
of the near-Ex UPS He II valence band of d-Al7gCoy5Niys with Eq. (8.3)
led to the conclusion (Stadnik et al. 1997) that there is a pseudogap of the
width 2I'7 =~ 2.2 eV in this alloy. As indicated above, the assumption of
the normal DOS with the positive slope, which leads to the pseudogap, may
be not justified for d alloys. However, a combination of the PES and IPES
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Fig. 8.16. Comparison between the room-temperature valence band of d-
Ale5Co15Cuz0 measured at hv = 100 eV with an energy resolution of ~ 0.4 eV
(open circles) and the appropriately broadened theoretical DOS (solid line) calcu-
lated by Trambly de Laissardiere and Fujiwara (1994b, 1994c). After Stadnik et al.
(19954). ‘

techniques shows the presence of the pseudogap of the width of ~ 1.7 eV in
the total DOS of d-Al72Co;6Nijg (Fig. 8.17).

The presence of a step structure above a Fermi edge in the EELS Al
L-edge spectrum of d-AlgsCo15Niy5 (Fig. 8.8), which was measured with an
energy resolution of 0.15 eV, was interpreted as evidence for the presence of
a pseudogap in the DOS of the Al s- and d-like states (Terauchi et al. 1998a,
1998b). A similar conclusion was reached by Soda et al. (1998a) based on the
Al Ly 3 SXE and SXA spectra of d-Al72Co16Nij2 (Fig. 8.18).

The optical conductivity studies in the energy range 0.001-12 eV of a
single grain d-Al;1Co16Niy3 (Bianchi et al. 1998) revealed absorptions for the
periodic direction at ~ 1 eV, and for a direction in the quasiperiodic plane
at ~ 2 eV. These absorptions were interpreted as evidence for the electronic
excitations across a pseudogap.

The EELS Al L-edge spectrum of d-Al;gNigoRhjo (Fig.8.8), which was
measured with an energy resolution of 0.12 eV (Terauchi et al. 1998¢c), ex-
hibits a step structure above the Fermi edge. This was interpreted as gvidence
for the presence of a pseudogap in the DOS of the Al s- and d-like states (Ter-
auchi et al. 1998c). No other spectroscopic data are available for this alloy
system.
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Thus it can be concluded that there is strong spectroscopic evidence for
the existence of the pseudogap in the DOS in the d-Al-Co-Ni system and
some indication for its existence in the d-Al-Ni-Rh system.

8.3.7 Fine Structure of the Density of States

In order to assess the possible existence of the predicted DOS spikiness, a
meaningful comparison between the measured DOS spectra and the calcu-
lated DOS has to be made. This involves modifying the theoretical DOS to
account for the finite energy resolution of an experiment, the lifetime broadl-
ening effects inherent to a given spectroscopic technique used to measure the
DOS, and the sample temperature (Stadnik et al. 1995a). The instrumental
broadening is usually represented by a Gaussian with the FWHM, I, equal
to the energy resolution of an experiment. The lifetime broadening effects
are usually described by a Lorentzian whose FWHM is in the form FEBE2,
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Fig. 8.19. Left panel: DOS from Fig. 6.8 in Chap. 6 convoluted with a Gaussian
with I'c equal to (a) 0.4 eV, (b) 0.2 eV, (c) 0.1 eV, and (d) 0.025 eV, and multiplied
by the Fermi-Dirac function at room temperature. Right panel: DOS from Fig. 6.8
in Chap. 6 convoluted with a Lorentzian with I'Y = 0.05 eV ™! and a Gaussian with
I'c equal to (a’) 0.4 eV, (b') 0.2 eV, (') 0.1 eV, and (d’) 0.025 eV, and multiplied
by the Fermi-Dirac function at room temperature. The separation between the two
neighboring ticks on the ordinate scale corresponds to 380 states/(eV unit cell) and
the DOS values in plot (d) were divided by the factor 1.47. After Stadnik et al.
(1995a).

DOS (states/(eV unit cell))

where the I'? parameter fixes the scale of broadening. Assuming a hypothet-
ical case of a PES experiment on a QC at room temperature with no lifetime
broadening effects (left panel in Fig.8.19), an energy resolution better than
~ 0.2 eV would be required to detect the spikes. The inclusion of the lifetime
braodening effects (right panel in Fig. 8.19) smears the sharp features of the
DOS in proportion to the square of their distance from Ep. It is clear that the
possible DOS spikiness can be observed in a QC sample at room temperature
with the spectroscopic techniques with an energy resolution better than ~
100 meV, and only in the vicinity of Er.

In view of the analysis presented above, it is not surprising that go spik-
iness was observed in PES/IPES experiments carried out with a resolution
> 0.1 eV (Matsubara et al. 1991, Mori et al. 1992, 1993, Stadnik and Stroink
1993, Stadnik et al. 1995, Takeuchi and Mizutani 1995, Zhang and Stadnik
1995, Zhang et al. 1994, 1995). The claim (Belin et al. 1994b) of experi-
mental evidence of the presence of DOS spikiness in the Al p-like DOS in
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t-Alg2.5Cuge sFe 1, which was based on the observation of a low-intensity
structurless SXA Al p conduction band, is unfounded in view of the poor
energy resolution and severe lifetime broadening effects inherent to the SXA
technique. However, no DOS spikiness could be observed also in high-energy-
resolution PES spectra of QCs at room temperature. Wu et al. (1995) ob-
served no fine structure in the near-Er valence band of a single grain ¢
Al7gPds; sMng 5 measured at hv = 13 eV with an energy resolution of 50
meV. No DOS spikiness was observed in the UPS He II near-Ep valence
band of «AlgsCuzoFe;s at 283 K measured with an energy resolution of 32
meV (Fig. 8.6¢).

FrJvrrrrroror 1t

100

DOS [states/(eV unit cell)]

~10 -5 0
BINDING ENERGY (eV)

Fig. 8.20. Occupied part of the DOS from Fig. 6.8 in Chap. 6 multiplied by the
Fermi-Dirac function at 14 K and convoluted with a Lorentzian with I'? = 0.02
eV~! and a Gaussian with I'¢ = 31.6 meV. The values of temperature and I'g
correspond the the experimental spectrum in Figs.8.6(a) and 8.6(b). The inset
shows the DOS in the vicinity of Er. The two ticks on on the ordinate axis of the
inset correspond, respectively, to 0 and 100 states/(eV unit cell). After Stadnik et
al. (1995a).

Figure 8.20 shows the expected low-temperature He II valence band of
+~Al-Cu-Fe. It was calculated based on the DOS from Fig.6.8 in Chap. 6
which was broadened using the values of temperature and I'; corresponding
to the experimental spectra of #AlgsCuggFe;s in Figs. 8.6a and 8.6b. The
I'? value used is a typical value employed for metallic systems (Stadnik et
al. 1997). It is clear that the predicted DOS spikiness should be observed
for BE’s up to a few eV below Ef in low-temperature UPS valence bands
of QCs measured with the high energy resolution of a few tens of meV.
Obviously, the DOS spikes should be observed even more readily for the
ultrahigh energy resolution (< 10 meV). However, no spikes could be found
in the low-temperature valence bands of i alloys measured with high (Figs. 8.6
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and 8.9a) or ultrahigh (Figs. 8.9b, 8.9¢, and 8.14) energy resolution (Stadnik
et al. 1996, 1997, Kirihara et al. 1998, Neuhold et al. 1998). Such spikes were
also not detected in the high- and ultrahigh-enery-resolution UPS valence
bands of d QCs (Stadnik et al. 1997).

TS experiments, which have an energy resolution perhaps better than
1 meV, showed no evidence of spiky features in the occupied and unoccupied
DOS for energies up to 300 meV around Er (Klein et al. 1995, Davydov et
al. 1996). Contradictory conclusions concerning DOS spikiness were reported
based on the indirect studies of the DOS with a NMR technique. In a NMR
pressure study of i-AlgsCuzoRu;s, DOS fine structure was expected to be
probed on the 10 meV energy scale through the pressure dependence of the
Knight shift K, and the spin-lattice relaxation rate R; (Shastri et al. 1995).
Since no such dependence of K; and R; upon pressure up to ~ 2 kbar was
observed, it was concluded that no fine structure in the DOS of s character
exist in the studied i alloy. In another NMR study of Al-Cu-Fe, Al-Cu-Ru,
and Al-Pd-Re i QCs (Tang et al. 1997), the 72 dependence of R; between
93 and 400 K, which was established on the basis of a fit of fewer than 10
experimental points, was interpreted as a signature of a sharp feature in the
DQOS at Er whose width was estimated to be ~ 20 meV. However, another
NMR study on #+Al-Pd-Re (Gavilano et al. 1997) in the temperature range
18-300 K found a T° dependence of R;.

The coefficient 8 of the T2 term of the electronic contribution to the
specific heat (Wilti et al. 1998) and the coefficient A of the T2 contribution
to the magnetic susceptibility (Kobayashi et al. 1997) are a function of the
first and the second derivatives of DOS(Er). Large values of these derivatives
are expected if the DOS has a spiky structure, which would lead to large
values of 8 and A. This has not been observed experimentally (Kobayashi et
al. 1997, Wilti et al. 1998).

A universal linear relation between 1/p(300 K) and ¥2 for many i QCs
has been found independently by Rapp (Fig.5.10 in Chap. 5) and Mizutani
(1998). This relation indicates that 1/p is proportional to the square of the
DOS(Er). The fact that the experimental data on the p-vy diagram lie on
a straight line with a slope of -2 was interpreted as evidence that the DOS
around Er must be smooth. If this was not the case, i.e., if the DOS exhibited
a fine spiky structure, the data on this diagram would be scattered and no
universal relation could be observed (Mizutani 1998).

It can be concluded that there is no experimental evidence based on the
the high-enery-resolution PES and TS experiments which probe the DOS
directly, as well as on the experiments which probe the DOS indirectly [except
the claim by Tang et al. (1997)], for the presence of the predicted DOS
spikiness in QCs. The possible reasons for this are discussed in Sect. 8.4.

\
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8.4 Uniqueness of the Electronic Structure
of Quasicrystals

The major effort in the theoretical and experimental investigations of the
physical properties of QCs has been directed to finding the properties arising
from the quasiperiodicity itself. They were expected to be different from the
corresponding properties of crystalline and amorphous solids, and thus unique
to QCs. Have such properties been found?

A pseudogap in the DOS around Ef predicted by theory for many non-
magnetic QCs was found experimentally in some of them. It thus seems to be
a generic property of the electronic structure of nonmagnetic QCs. In mag-
netically ordered QCs (see Chap. 9), such a pseudogap probably does not
occur as a local Stoner criterion, which seems to be valid in QCs (Hafner
and Krajéi 1998), requires a high DOS(EF) for magnetic moment formation.
The minimum of DOS in the vicinity of Ff is not, however, a unique char-
acteristics -which distingunishes the electronic structure of QCs from that of
crystalline and amorphous alloys since the structure-induced pseudogap is
believed to exist in both crystalline (Carlsson and Meschter 1995, Trambly
de Laissardiére et al. 1995b) and amorphous (Haussler 1994) systerns.

The predicted DOS spikiness would seem to be such a unique property dis-
tinguishing QCs from other materials. The only crystalline material for which
such a fine DOS structure was predicted is the cubic Al;oV alloy (Trambly de
Laissardiére et al. 1995b), but no experimental attempts have been reported
yet to verify this prediction. In the discussion below several possible reasons
are suggested to explain the failure to detect the DOS spikiness in QCs in
various experiments probing the DOS directly and indirectly.

It has been argued (Tang et al. 1998, see also Chap. 7) that PES and TS, as
surface-sensitive techniques, probe the surface electronic states of QCs rather
than those of the bulk, and therefore may be not representative of the bulk
DOS. Since TS probes the top-most atomic layer of a studied material, the
conductance spectra reflect the surface DOS (Wolf 1985, Lang 1986, Stroscio
and Kaiser 1993) which, depending on the material, may substantially differ
from the bulk DOS. It is thus conceivable that the narrow (~ 60 meV wide)
pseudogap observed in the TS spectra of ¢ alloys (Fig. 8.7) is the gap of the
surface DOS. This would be consistent with the recent theoretical results
indicating that the pseudogap persists also on the surface of a QC (Janssen
and Fasolino 1998). The failure to detect the predicted bulk DOS spikes ~
10 meV wide in the vicinity of Er in TS experiments could indicate that the
DOS spikiness does not extend to the surface of a QC.

PES, on the other hand, probes deeper into the surface. The so—calleii
“universal curve” of the electron mean-free path, A, as a function of electron
Eyin, which defines the surface sensitivity of the technique, has a minimum
at a Egn of ~ 100 eV corresponding to a A of ~ 5-10 A ; the value of A
increases to ~ 20 A for lower (~ 10 eV) and higher (~ 1000 eV) electron
Eyin’s (Cardona and Ley 1978, Mehlhorn 1982, Hiifner 1996). This should be
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compared with the diameter ~ 8-10 A of the elementary clusters observed
in a single-grain #-Al-Pd-Mn alloy by scanning tunneling microscopy (Ebert
et al. 1996). By changing the value of hv, one can thus vary the weight of
the surface and bulk DOS contributions to the measured PES spectrum. The
small A makes thus PES a surface-sensitive technique, but not to the exclusion
of the bulk response. A pseudogap an order of magnitude wider than that
found in TS experiments was observed in PES experiments carried out for
different values of hr, as well as by IPES, SXE, SXA, and EELS experiments
(see Sect. 8.3). It thus seems that these PES experiments probe deeply enough
so that they reflect mainly the bulk DOS. Additional experimental support for
this statement comes from good agreement between the shape and position
of different features of the PES DOS and those of the DOS predicted by
theory. It should be mentioned that differences between more surface-like
DOS obtained from TS experiments and more bulk-like DOS determined
from PES experiments were observed for other materials (Shih et al. 1989,
Takahashi 1989).

Another possible reason to explain the failure of detecting DOS spikiness
in high- and ultrahigh-energy-resolution PES experiments is related to the
quality of the surfaces of QCs studied. In the preparation of surfaces for
these experiments by using a standard procedure of scraping or fracturing
(carried out at low temperatures to prevent any structural reorganization of
the sample) the polyquasicrystalline samples could, in principle, lead to a
destruction of their quasicrystalline order, and thus the disappearance of the
fine strucure of the DOS. However, the valence bands of well-characterized
single-grain ¢-Al-Pd-Mn alloys (Wu et al. 1995, Neuhold et al. 1998, Purdie
et al. 1998) are virtually indistinguishable from those of polyquasicrystalline
alloys (Stadnik et al. 1996, 1997), which indicates that the employed surface
preparation procedures maintained the sample surface quasicrystallinity.

It may not be possible to detect the predicted DOS spikiness even with
the PES experiments of the highest energy resolution because of the exis-
tence of chemical and topological disorder in QCs of high structural quality.
Such disorder, which is not taken into account in the electronic structure
calculations, may wash out the DOS spikiness induced by quasiperiodicity.
Furthermore, the concept of quasiperiodicity implies that no two crystallo-
graphic positions of a given atom are exactly the same, which can be viewed as
a sort of topological disorder. There is growing experimental evidence which
shows that the chemical and topological disorder are present in these struc-
turally “perfect” QCs. Diffuse scattering is often observed in x-ray-, electron-,
and neutron-diffraction patterns of high-quality QCs (de Boissieu et al.;1995,
Frey 1997, Frey et al. 1998, Mori et al. 1998). Its presence indicates that
some disorder must exist in the diffracting structure. Local probes, such as
Mossaber spectroscopy (Stadnik 1996), NMR. (Shastri et al. 1994b, Gavilano
et al. 1997), and nuclear quadrupole resonance (Shastri et al. 1994a, 1994b),
clearly detect the distribution of the electric quadrupole splittings, P(A4),
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Fig. 8.21. 5"Fe room-temperature Méssbauer spectrum of -Al7g sPd2; Res.45Feq. 05
(a). The solid line is the fit with a distribution of quadrupole splittings P(A) (b).
The residuals, multiplied by a factor of three, are shown above the spectrum. After
Stadnik (1996).

in high-quality stable QCs. This is illustrated in Fig.8.21a which shows a
Moéssbauer spectrum of the #Al;g.5Pd2;Reg 45Fep.05 alloy of high structural
quality which consists of two broad lines. These broad lines result from the
presence of the distribution P(A) (Fig. 8.21b). Such a distribution can be de-
tected only if there is a chemical and/or topological order in the investigated
samples (Stadnik 1996). The apparent success of quantum interference the-
ories (the electron-electron interaction and weak-localization effects), which
were originally developed for highly disordered conductors, in accounting for
the temperature and field dependencies of o and magnetoresistance of high-
quality QCs (see Chap. 5) also indicates the importance of chemical disorder.
The experiments mentioned above demonstrate that chemical and/or topo-
logical disorder is present in the high-quality phason-free stable QCs and
therefore may smear out the DOS spikiness predicted for disorder-free QCs.

And finally, it is conceivable that the predicted DOS spikiness is an ar-
tifact of the calculations. It has been recently demonstrated (Haerle and
Kramer 1998) that unphysical spikes do appear in the calculated DOS of a
toy model with an assumed a prior: smooth DOS as a result of insufficient
computational precision necessary for analyzing structures with large unit
cells. It was concluded that the predicted fine structure at the level of ~ 100
meV may be an artifact. This is rather an alarming possibility and it is im-
portant to investigate it in more detail. The prediction of the DOS spikiness
for a cubic AljV (Trambly de Laissardiere et al. 1995b) with a large lattice
constant of 14.492 A, but not for other Al-based crystalline alloys of smaller
lattice constants, would seem to be in line with the conclusion that DOS
spikiness is an artifact (Haerle and Kramer 1998).

The third novel electronic property intrinsic to quasiperiodicity is the
concept of critical eigenstates. Whereas in periodic and random systems the
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eigenstates are respectively extended and localized, they are critical in the
quasiperiodic systems (see Chaps. 6 and 7), i.e., neither extended nor local-
ized. It is not clear how these novel eigenstates reflect upon various measured
physical properties. In an 27Al NMR study of -AlzgPdz; 4Res ¢ (Gavilano et
al. 1997), a gradual localization of the itinerant electrons, which was deduced
from an unusual increase of R;/T with decreasing T below 20 K, was sug-
gested to give, for the first time, direct evidence for the presence of critical
electronic states in a QC. Futher experimental studies are needed to conclu-
sively establish the reality of the critical states in QCs.

8.5 Quasiperiodicity and Unusual Physical Properties

The electronic structure results discussed above show no unusual features that
could be the consequence of the quasiperiodic order. Many unusual physical
properties of QCs were also found in the approximants to QCs. For example,
very high values of p, and its increase with temperature, were found in the
approximants to the +Mg-Ga-Al-Zn, i-Al-Cu-Fe, and i-Al-Mn-Si phases (Eda-
gawa et al. 1992, Poon 1992, Mayou et al. 1993, Pierce et al. 1993b, Takeuchi
1994, Berger et al. 1995a, 1995b) and in several d approximants along the
pseudoquasiperiodic planes (Volkov and Poon 1995). Similarities were also
observed between the values and/or temperature and/or magnetic field de-
pendencies of the Hall coefficient (Berger et al. 1995b, Pierce et al. 199,5b)
thermoelectric power (Pierce et al. 1998b), magnetoresistance (Berger ef al.
1995b), optical conductivity (Wu et al. ‘1993), (Mizutani et al. 1991, Pierce
et al. 1993b, Berger et al. 1995b), and local hyperfine parameters (Hippert
et al. 1992, 1994, Stadnik 1996).

The unexpectedly high value of p of many i alloys, which consist of normal
metallic elements (see Chap. 5), was thought to be indicative of their unique
properties induced by their quasiperiodic structure. But as mentioned above,
similarly high values of p were observed in approximants to QCs. Further-
more, high p and its negative temperature coefficient were also observed in
some crystalline alloys consisting of normal metallic elements whose structure
is unrelated to the structure of QCs. For example, the Heusler-type Fe; VAl
alloy exhibits a semiconductor-like behavior of p (Fig. 8.22a), yet its valence
band (Fig.8.22b) clearly shows the presence of the Fermi edge. Electronic
structure calculations predict a narrow pseudogap in the DOS around Ep
(Guo et al. 1998, Singh and Mazin 1998).

It has to be concluded that, as yet, no conclusive experimental evidence
has been found to support the claim of the unusual physical propdrties of
QCs which are due to their quasiperiodic nature and which therefore do not
occur in crystalline or amorphous systems. This is perhaps not surprising
since there is no solid physical basis to expect that quasiperiodicity should
lead to physical properties distinctly different from those found in periodic
systems.
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Fig. 8.22. (a) Temperature dependence of electrical resistivity in (Fei_oVz)sAl
with 0.20 < z < 0.35. The arrow indicates the Curie temperature. Note a
semiconductor-like behavior of Fe; VAl (z = 0.33). (b) Near-Er PES spectra of
Fe; VALl (full circles) and Au (open circles). The inset shows the valence band of
Fea VAL The spectra were measured at 40 K and with hy = 63 V. After Nishino
et al. (1997).

8.6 Conclusions and Outlook

Experimental results obtained with main spectroscopic methods on the elec-
tronic structure of QCs were reviewed. Generally good agreement was ob-
served between the overall structure of the calculated DOS for approximants
to QCs and that determined experimentally. The presence of a pseudogap in
the DOS was conclusively shown to exist in a few i alloys. Some evidence
for its presence exists for d alloys. The theoretically predicted DOS spikiness
was not observed experimentally. Various possible reasons for this were con-
sidered, including the possibility that the fine structure of DOS is an artifact
of calculations. No physical properties of QCs could be identified as result-
ing directly from their quasiperiodic nature; similar properties are found in
crystalline alloys.

The issue of DOS spikiness in QCs is an outstanding problem. On a the-
oretical side, an effort should be made to establish that DOS spikiness is not
an artifact. On the experimental side, near-Er spectroscopic studies with
high energy resolution probing bulk electronic states are necessary to resolve
the issue of the DOS spikiness. As more QCs in a single-grain form become
available, their surface DOS becomes of interest and theoretical calculations
are needed to establish how it differs from the bulk DOS. With single-grain



8. Spectroscopic Studies of the Electronic Structure 289

QCs of high purity, the de Haas—van Alphen effect experiments become feasi-
ble; they could conclusively verify the existence and the details of the Fermi
surface in QCs.
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