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Abstract

The results of the photoemission spectroscopy studies of the electronic structure of quasicrystals are reviewed. The presence &
location of the features in the measured valence bands are in accordance with those in the calculated density of states. The existence of
theoretically predicted pseudogap at the Fermi level is confirmed. No evidence of the theoretically predicted spikiness of the density c
states could be observed in the photoemission experiments of the highest energy resolution presently achievable. © 2000 Elsevier Scie
B.V. All rights reserved.
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1. Introduction which distinguishes QCs from other materials. Third, the
i-Al-Pd-Re alloy is distinguished from all QCs in that it has
The physical properties of quasicrystals (QCs) are very the highest electrical resistivity and might be in fact an insu-
unusual [1]. They are ultimately determined by the elec- lator [5]. A real gap in the DO%) is predicted for certain
tronic structure of QCs. Knowledge and understanding of approximants to this i alloy [6].
the electronic structure is thus essential if we are to under- We review here the results of the electronic structure stud-
stand the unexpected physical properties of QCs. ies of QCs obtained with the photoemission spectroscopy
There are three major theoretical predictions of the elec- (PES). They are discussed in relation to theoretical models
tronic structure of icosahedral (i) and decagonal (d) alloys of the electronic structure of QCs which attempt to explain
which are based on the calculations carried out for the corre-some of the unusual physical properties of these alloys.
sponding crystalline approximants [2,26]. First, for the com-
positions at which the QCs form, the Fermi surface-effective
Brillouin zone interaction results in the minimum of the elec-
tronic density of states (DOS) at the Fermi le\igt) (Fig. 1).
This means that a Hume—Rothery-type electronic mecha-
nism is mainly responsible for the stabilization of QCs. This
DOS minimum is enhanced by the hybridization of sp and d
states [4]. Second, the DOS of QCs is very unusual in that it
consists of many very fine spiked peaks with widths of about
10 meV (Fig. 1). This spikiness is believed to be responsible
for the observation that the electrical conductivity of QCs is
unusually sensitive to slight changes in their composition.
The predicted minimum of DOEE) (a pseudogap) is not

ni har ristic which distinguish he electroni . e ) .
a unique characteristic ch distinguishes the electro Csurface was oriented within 0.2%erpendicular to the five-

structure of QCs from that of crystalline and amorphous al- . . .

| . : . fold axis. An inspection of the sample for the presence of
oys since the structure induced pseudogap does occur Insecond hases using scanning electron and scanning Auger
both crystalline and amorphous systems. However, the pre- P 9 g g Aug

dicted DOS spikiness seems to be such a unique propertymlscrosc:opy indicated that, within a detection limit of 1%,

the sample is single phase. The surface of the fivefold

2. Experimental procedure

Thermodynamically stable polyquasicrystalline i and d al-
loys were prepared as described elsewhere [7]. All polyqua-
sicrystalline samples were characterized by X-ray diffrac-
tion and electron microscopy, both techniques showing the
samples to be single phase. Bragg-peak widths were resolu
tion limited.

The preparation of the single-grain i-gAsPdh1Mng 5 has
been described in [8]. The preparation of the single-grain
i-Al 70Pb15Mngs used in the ultraviolet photoelectron
spectroscopy (UPS) study [9] has been described in [10]. Its
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Fig. 1. Theoretical DOS for the 1/1 approximant of the i-Al-Pd-Mn alloy  Fig. 2. Comparison of the room-temperature valence band of the
(model M2, [3]). i-Al 70PhoMnyg alloy measured atv=100 eV with the energy resolution
of 0.4eV (open circles, [12]) with the broadened theoretical DOS for the
8/5 approximant of the i-Al-Pd-Mn alloy (solid line, [3]).
hours before the UPS experiments. Annealing was done
at 773K [11] which yielded a clear fivefold low-energy
electron diffraction pattern [9]. It can be concluded that theoretical calculations of the DOS
PES experiments at various temperatures were carried oufor approximant structure to i alloys account well for the
using an UPS spectrometer equipped with a high-intensity €xperimentally observed DOSs in these alloys [13]. This is
He discharge lamp producing a He I line at 21.2 eV and He also true for d alloys [13].
Il line at 40.8eV [7,9], and also the synchrotron radiation ~ The low-temperature He Il valence bands of some repre-
facilities with different photon energids [8,12]. sentative i and d alloys (Fig. 4) have a two-peak structure.
The feature at the binding energy of abeut.1 eV is mainly

due to the Pd 4d- or Cu 3d-derived states, whereas the fea-
3. Results and discussion ture close tder is predominantly due to the states of Mn, Co,
and Ni 3d or Re 5d character, in agreement with the theoret-
In order to make a meaningful comparison between the ical DOS calculations for the approximants to i-Al-Pd-Mn
theoretical DOS, which is calculated for a bulk QC, and [3], i-Al-Pd-Re [6], and d-Al-Co-Cu [14] alloys. There are
the valence band measured using the surface-sensitive PE#ree salient features of the valence bands of stable QCs
technique, the former has to be appropriately broadened to(Fig. 4). First, there is a clear decrease of the spectral inten-
account for the lifetime broadening effects inherent to the Sity asEr is approached. Second, the presence of the Fermi
PES technique and for the finite energy resolution of a PES €dge is indicated in all studied QCs. Third, as compared to
experiment [7]. Such a comparison for the izé®choMn1o that of other QCs, a significantly lower spectral intensity at

alloy shows a good agreement (Fig. 2). From the PES spec-Er is observed in the i-Al-Pd-Re alloy.
tra measured fohv values close to the Pd 4d Cooper min-  The decrease of the spectral intensityeass approached,

imum [12], the partial Mn 3d and Pd 4d DOSs can be de- which is clearly distinguishable from the Fermi-edge cutoff
termined. These experimental partial DOSs are compared(Fig. 4), can be shown to be compatible with the presence
with the appropriately broadened theoretical ones in Fig. 3. of a pseudogap, using a model proposed by Mori et al. [15].
A relatively good agreement between the experimental par-As conventional alloys of QC-forming elements do not
tial DOSs and the corresponding theoretical ones is evident.generally display a DOS minimum close Eg, the model
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Fig. 3. Comparison of the partial DOS in the i-Al-Pd-Mn alloy of the (a) Mn 3d; (b) Pd 4d character obtained from the PES spectra (open circles, [12])

with the corresponding broadened theoretical partial DOS (solid line, [3]).
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Fig. 4. Low-temperature He |l valence bands of (a) i alloys; (b) d alloys. The energy resolution is about 30 meV. The spectra have been normalized t
give a constant height between the maximum and minimum count.

assumes that a simple linear extrapolation of the spectra forcording to Fermi—Dirac statistics, in metallic systems these
the binding energy range directly before the peak of the va- states become populated at nonzero temperatures. At a tem-
lence band feature close tr represents the DOS of an perature of 570K, a region of several hundred meV above
alloy without a pseudogap (the normal DOS). The presenceEr becomes accessible. A spectral function, which is pro-
of the pseudogap would result in an intensity dip which is portional to the DOS, can be reconstructed from the 570K
assumed to be of Lorentzian shape. Thus the observed inwvalence band [8]. It clearly shows a minimum of DOS lo-
tensity close toEg is the convolution of the normal DOS cated at 90 meV above (Fig. 6). For binding energies higher
multiplied by the pseudogap Lorentzian function and by the than about 0.3 eV, a considerable scatter of the reconstructed
Fermi—Dirac distribution function, and the experimental res- spectral function, which is due to the small probability that
olution Gaussian function [7]. This model (Fig. 5) fits well the states are populated, prevents a meaningful evaluation
the nearkr region of the valence bands of i-APdboMn1g of the DOS.
and of other i and d alloys [7]. The high-resolution UPS data  The valence band region of QCs closeBp was exam-
are in support for the theoretically predicted presence of theined with the highest energy resolution presently available
pseudogap in QCs. [7,16]. As an example, a high energy resolution spectrum
An unambiguous experimental evidence for the presencefor the i-AlzgPdboMnyg alloy [16] is shown in Fig. 7(a). A
of the pseudogap was provided by an elegant PES experi-clearly developed Fermi edge, which can be perfectly fit-
ment at 570 K with an energy resolution of 70meV [8] on a ted using a Fermi—Dirac function convoluted with a Gaus-
single-grain i-AkgsPhi1Mng 5, whose surface was perpen- sian function representing the instrumental broadening, is
dicular to the fivefold axis. In this experiment, the states observed. Its temperature evolution follows exactly that of a
both below and abovEr were probed. The PES technique Fermi-Dirac function (Fig. 7(b)). Spectra as those in Fig. 7
can also probe the states ab&yeis they are populated. Ac-  were also observed [7] for other polyquasicrystalline sam-
ples of QCs. This constitutes a direct and convincing proof
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Fig. 5. (@) The model of the DOS at 0K which is used to fit the rigar- Z raw data '\
region of the valence band of i-AJPdoMnig at 15K from Fig. 4(a).
The solid line represents the normal DOS at 0K, whereas the broken T T T T T T T T

T
line represents the dip which must be subtracted from the normal DOS ~1:2 -0.8 -04 0.0 0.4
in order to fit the neaEg region of the valence band. (b) The né&&r- BINDING ENERGY (eV)
region of the valence band of i-AJPdhoMnyp at 15K from Fig. 4(a)
(open circles) fitted (solid line) to the model DOS shown in (a) which is Fig. 6. Valence band of the single-grain izAkPth1Mng s at 570 K mea-
multiplied by the Fermi-Dirac function at 15K and convoluted with the sured athv=32.3 eV (full circles) and the reconstructed spectral function
experimental resolution Gaussian function of FWHBR(3) meV. (open circles) neakEe [8].
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BINDING ENERGY (meV) Fig. 9. NearEr He | valence band of i-AbsPdhiRess (circles) and
Ag (triangles) evaporated on it. The solid lines are the fits to a linearly
Fig. 7. () NeaEg He | valence band of i-AbPchoMnso at 14K. The decreasing intensity multiplied by the Fermi-Dirac function at 45 and

solid line is the fit to a linearly decreasing intensity multiplied by the 9K (broken curve) and convoluted with a Gaussian whose FWHM is
Fermi-Dirac function at 14K (broken curve) and convoluted with a respectively, 6.0(5) and 9.2(3)meV for the spectra measured at 45 and

Gaussian whose FWHM5.8(2) meV. Note that the step between the data 9 K.
points is 1 meV. (b) NeaEr He | valence bands of i-AbsPdbiMngs
measured at different temperatures. The solid lines are the fits as described

in (a). Note that the different binding energy scales in (a) and (b). i-Al 70PchoMn1o sample (Fig. 4(a)) in that the main feature
at the binding energy of-4.1eV of the former has a clear
. . shoulder at about-5eV [9]. The decrease of the spectral

Recent low-temperature, high-energy-resolution UPS ex- intensity towardEg (Fig. 8(a)) can be successfully fitted [9]
pe”mems on aflve_fold smgle_—graln AP b1 sMng 5 allqy . to the model of Mori et al. [15], yielding similar pseudogap
[l co_nflrm the main conclusions rea_tched fr.om.the similar parameters as those obtained from a similar fit of a polyqua-
experiments carried out on polyqua3|c.rystgll|ne |-AI.-Pd-Mn sicrystalline i-AbgPchoMn1o (Fig. 5). As in the case of
alloys [16]. The valence band of this single-grain sam- polyquasicrystalline i-AloPoMn1o (Fig. 7(a)), a clearly
ple (Fig. 8(a)) differs from that of a polyquasicrystalline developed Fermi edge is observed for the single-grain
i-Al 70Pdb1 5Mng 5 alloy (Fig. 8(b)).

Even for the i-Al-Pd-Re alloys, which have the highest
values of the electrical resistivity among all QCs, the rigar-
spectra also exhibit a Fermi edge. This can be seen by com-
paring the neaEg spectrum at 45K of i-AlpsPdbh1Ress
with that of Ag evaporated onto the alloy (Fig. 9). This is
also evidenced by the fits of the spectra of this alloy mea-
sured at 45 and 9K (Fig. 9). It is concluded that in spite
of its high electrical resistivity, the i-Al-Pd-Re alloy is a
metal.

In order to assess the possible existence of the predicted
DOS spikiness, a meaningful comparison between the mea-
sured DOS spectra and the calculated DOS has to be made.
This involves modifying the theoretical DOS to account for
the finite energy resolution of an experiment, the lifetime
broadening effects inherent to a given spectroscopic tech-
nigue used to measure the DOS, and the sample tempera-
ture [7]. It is clear [7,13] that the possible DOS spikiness
Fig. 8. (a) He Il valence band of the single-grain iz§®ch15Mngs at can be observed in a QC sample at room and/or low tem-
12K measured with the resolution of 38(3) meV. (b) NEarHe | valence peratures with the PES technique with an energy resolution
band of the single-grain i-AbPc15sMnigs at 12K. The solid line is better than about 100 meV, and only in the vicinity Bf.

the fit to a linearly decreasing intensity multiplied by the Fermi-Dirac . .
function at 12K (broken curve) and convoluted with a Gaussian whose However, such splkes are not observed in the UPS valence

FWHM=8.6(1) meV. Note that the different binding energy scales in (a) Pands measured with high and ultra high energy resolution
and (b). (Figs. 4, 6-9).

units)

INTENSITY (arb.
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