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Photoemission spectroscopy measurements in the photon-energy range 35-150 eV have been used to
determine the valence band of the stable icosahedral alloy Al,gPd,yMn,,. Resonant photoemission near
the Mn 3p — 3d transition has been employed to show that the feature in the valence band at about 1.0
eV below the Fermi level is predominantly due to the Mn 3d-derived states. The effect of the Cooper
minimum has been used to identify the feature at 3.6 eV below the Fermi level as being mainly due to
states of Pd 4d character. The strong decrease of intensity towards the Fermi level has been interpreted
as indicative of the presence of a pseudogap at the Fermi level. However, it is shown that the Fermi
cutoff also contributes to the observed intensity decrease. No unusual features in the valence band of
icosahedral Al;,Pd,;Mn;, which could be ascribed to its quasiperiodic nature have been observed within
the experimental resolution. A review of published experimental results on the electronic structure of
quasicrystals obtained with techniques directly probing the occupied and unoccupied electronic states is

also presented.
I. INTRODUCTION

The dramatic discovery of an icosahedral Al-Mn alloy
by Shechtman et al.! extended the dichotomous division
of solids into either crystalline or amorphous by intro-
ducing the notion of quasicrystals (QC’s). This new form
of matter has long-range quasiperiodic order and long-
range orientational order of crystallographically forbid-
den (fivefold, eightfold, tenfold, and 12-fold) symmetries.’
A central problem in solid-state physics is to determine
whether this quasiperiodic structure leads to physical
properties which are found neither in crystalline nor in
amorphous materials.

Prior to 1987, all known QC’s were thermodynamically
metastable. They exhibited significant structural disorder
as manifested in the broadening of the x-ray-diffraction
lines and it was argued that this disorder might inhibit
detecting possible intrinsic physical properties. Experi-
ments conducted on such QC’s showed that their physi-
cal properties are quite similar to those corresponding to
crystalline or amorphous alloys.>>

It was therefore of great importance when the first
thermodynamically stable icosahedral (i) alloys Al-Cu-M
(M =Fe, Ru, Os) were discovered* since they possess a
high degree of structural perfection comparable to that
found in the best periodic alloys. Indeed these i alloys ex-
hibit some unusual behavior.> Their most striking
characteristics, which are not expected for compounds
formed of normal metallic elements, are the very high
resistivities (up to 0.01 & cm in Al-Cu-Fe alloys at 4.2 K,}
up to 0.03 Qcm in Al-Cu-Ru alloys,® and up to the
record high value of 0.28 Qcm in Al-Pd-Re alloys™®),
and temperature coefficients which are generally nega-
tive. This puts them at the border of the metal-insulator
transition. It was suggested in a recent experimental
study® that i-Al-Pd-Re alloys are in fact quasiperiodic in-
sulators. The resistivity of these i alloys depends on the
structural quality of the sample used in a very peculiar

0163-1829/94/50(10)/6696(13)/3$06.00 50

way; it increases when the structural defects are re-
moved,’ which is at variance with the behavior of typical
metals. Furthermore, the resistivity is extremely sensi-
tive to sample composition,®’ which is reminiscent of
doping effects in semiconductors. Other anomalies in
transport properties of QC’s, such as low electronic con-
tribution to the specific heat, large and strongly
temperature-dependent Hall coefficients and thermoelec-
tric power, or a non-Drude-like optical conductivity,
have also been observed and are reviewed in Ref. 3.

The anomalously high resistivity has been attributed”®
to a very low density of states at the Fermi level,
DOS(E), rather than to a short mean free path. The
low DOS(Ep), in turn, may be a consequence of a
Hume-Rothery stabilization mechanism, which is be-
lieved to occur in QC’s, and which places the Fermi level
into a minimum of DOS. The existence of a pseudogap at
Ep was also predicted by theory based on the nearly
free-electron approximation’ and by the electronic struc-
ture calculations for the lowest-order crystalline approxi-
mants. '’

The low-temperature and magnetic-field dependencies
of this high resistivity have been analyzed”!'!? with
quantum interference theories (weak localization and
electron-electron interaction). Such theories, however,
were originally developed for highly disordered conduc-
tors. Thus, their apparent relevance to QC’s suggests
that QC’s are electronically disordered alloys. This, how-
ever, poses a question which has yet to be answered: how
can such electronic disorder be reconciled with the ap-
parent high degree of local atomic order, as determined
by diffraction and electron-microscopy experiments, in
stable QC’s?

Recently, a stable i phase has been found in the Al-Pd-
Mn system.!? It differs from other stable i phases in that
the samples are free of atomic disorder and phason
strains even in the rapidly solidified state.!* Further-
more, this phase forms in a wide composition range.
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Structural studies with different techniques show that this
phase forms in a perfect i state.!*”1® Therefore, this sys-
tem is ideal for studies of its possible unusual physical
properties.

Most of the studies performed so far are related to
various structural aspects of the i-Al-Pd-Mn alloys inves-
tigated by x-ray and neutron diffraction,'>!¢ extended x-
ray absorption fine-structure (EXAFS),!” and various
electron microscopy techniques.!® The recent investiga-
tions of their physical properties are briefly reviewed
below.

The first magnetic measurements'® indicated distinct
differences in the magnetic properties between i and cor-
responding amorphous alloys in the Al-Pd-Mn system.
Spin-glass behavior was observed in i-Al-Pd-Mn alloys
and the data were interpreted in terms of magnetic and
nonmagnetic Mn atoms.!® Furthermore, the concept of a
giant magnetic moment on the Mn atoms was invoked, '
which is also known to exist in crystalline alloys of transi-
tion metals in a Pd matrix. Recent magnetic studies of
the i-Al-Pd-Mn alloys?® show the presence of both di-
amagnetic and paramagnetic susceptibilities. The alloys
seem to become more diamagnetic as their resistivity in-
creases.”’ An anisotropy in the nonlinear region of the
magnetization versus magnetic field curve along the five-,
three-, and twofold axes was found recently?! in a single-
grained i-AlgPdy;Mng. In the very recent magnetic
study of the i-Al,,Pd,;Mn, alloy?? a spin-glass-like max-
imum at 0.5 K was observed and a very low concentra-
tion of Mn magnetic moments (1.2% of all Mn atoms) in-
volved in the spin-glass transition was found. It was indi-
cated that the frustration of magnetic moments plays an
important role in forming a spin-glass state in i-
Al Pd;;Mn,. It could be added that a high degree of
magnetic frustration is most probably the consequence of
an inherent disorder present even in the most perfect (as
determined by diffraction or electron-microscopy tech-
niques) i systems, and which can be clearly detected by
local probes, such as NMR or Mossbauer spectroscopy
(for a recent review of MoOssbauer studies, see Ref. 23).
Early theoretical calculations?* based on the multiple-
scattering X-a technique applied to small Al-Mn clusters
predicted that Mn sites in Al-Mn-based i alloys should
carry a magnetic moment, which was taken to imply?*?%’
that the i symmetry is responsible for the formation of a
magnetic moment at the Mn sites. It has been recently
shown in a convincing way?® that this conclusion®?* is
based on an artifact of the small cluster used to mimic the
solid®»?® and that, in reality, this moment is quenched for
a larger size of the cluster.’® One can thus argue?®’ that
the presence of the nonzero Mn moment observed experi-
mentally in thermodynamically stable and metastable i al-
loys is due, at least partially, to the inherent chemical dis-
order in the transition-metal sublattice present in all QC’s
with transition-metal elements.?

NMR measurements?® have been interpreted in terms
of two classes of Mn sites invoked earlier to explain mag-
netic measurements.'>?%?2 Inelastic neutron-scattering
experiments®® indicate the presence of some fine structure
in the generalized vibrational density of states which
were not found previously in other stable i alloys. How-
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ever, a conclusive interpretation of the experimental data
is hampered by the lack of theoretical calculations based
on realistic structural models. The self-diffusivity of Mn
in i-Al,,Pd,)Mng was found®® to be about 2 orders of
magnitude smaller than in crystalline AlgPd,sMn ;5 and
about 3-4 orders of magnitude smaller than in crystalline
Al this interesting experimental result has yet to find an
appropriate explanation. It is also interesting to notice
that the i-Al-Pd-Mn alloys have potential for practical
applications. It has been recently shown’! that the
room-temperature hardness of i-Al;,Pd,Mng is 86%
larger than that of crystalline cubic AlgPd)sMn,s.

Resistivities of up to 10000 u€ cm were found at low
temperatures in the i-Al-Pd-Mn alloys.'>2%32 It was also
noted that the resistivity strongly depends on the compo-
sition and on the structural quality of the samples used.”
An anisotropy of resistivity along the two-, three-, and
fivefold axes was demonstrated for a single-grained i-
Al,,Pd,oMn (.32 The high values of resistivity were inter-
preted as evidence for the presence of a pseudogap in the
electronic density of states at the Fermi level.'>?° The
presence of such a pseudogap has also been invoked in
the interpretation of the optical conductivity data.’® The
resistivity temperature dependence was interpreted with
the theory of the weak localization in a regime of strong
spin-orbit scattering.'>? However, the magnetoresistance
temperature dependence could not be explained by this
theory.!> A low value of DOS(Ej) is also expected from
the low value of the electronic specific heat of i-Al-Pd-
Mn alloys, which was found to be about three times
smaller than that of Al metal.'?

It thus seems that very high resistivities and diamagne-
tism are characteristic features of all stable i alloys of
high structural quality. This, in turn, implies very low
values of DOS(Ey), i.e., the possible presence of a pseu-
dogap at Ej, which is also predicted by theory®!° (a brief
review of different theoretical methods used to calculate
the electronic structure of QC’s is presented in Ref. 34).
The theory also suggests!® that the DOS has a dense and
very spiky structure.

To determine experimentally any possible unusual
features in the DOS of i alloys, and in particular the ex-
istence of a pseudogap around Ef, one needs information
not only on the DOS(E), which is inferred indirectly
from the specific heat and/or resistivity measure-
ments,3’34 but also on the DOS below and above Ep.
Therefore, studies using spectroscopic techniques which
probe DOS at energies in the vicinity of Ep are extremely
useful. The DOS below Ep was studied with the x-ray
photoelectron spectroscopy (XPS), photoemission spec-
troscopy (PES), and soft x-ray emission (SXE) spectrosco-
py, whereas the DOS above E, was probed with the in-
verse photoemission spectroscopy (IPES) and soft x-ray-
absorption (SXA) spectroscopy in Al-Mn-Si, Al-Li-Cu-
Mg, Al-Cu-Fe-Cr, Al-Pd-Mn, and Al-Cu-Mn QC’s.34~%7
These electronic structure studies lead to several con-
clusions, which will be discussed in detail in Sec. III in
relation to the present study, and which are summarized
below. First, the most important finding is the apparent
observation of the theoretically predicted pseudogap at



6698

Ey in some of the studied QC’s. However, an unambigu-
ous PES experimental verification of the existence of such
a pseudogap for QC’s containing the transition-metal
(TM) elements is very difficult because the experimentally
measured intensity in the vicinity of E is dominated by
the TM 3d states, as is well known from the similar stud-
ies of the structurally induced minimum in the DOS in
amorphous alloys.*® Second, chemical shifts of the Al 2p
lines are either zero or very small with respect to similar
crystalline compounds or pure elements. This is at odds
with the theoretical result?* predicting large shifts (0.8
eV), and thus confirms the conclusion of other theoretical
studies®® of the unreliability of the theoretical predic-
tions?#?° based on calculations performed on small clus-
ters. Third, a close structural similarity between the
valence-band spectra of QC’s and those of the corre-
sponding crystalline compounds was found. No dense
and sharp features in the DOS of QC’s predicted by the
theory were observed. Finally, various measured spectral
features were ascribed to particular electronic states of s,
D, and d character, and evidence of hybridization between
sp and d states was presented.

The present study of the high structural quality, stable
i-Al,oPd,oMn,, alloy by the synchrotron-radiation-based
PES technique was undertaken to determine its electronic
structure. In particular, an attempt was made to reliably
determine the origin of the features observed in the
valence band and verify the possible existence of a pseu-
dogap at the Fermi level.

II. EXPERIMENTAL PROCEDURE

An alloy of composition Al,,Pd,,Mn,, was produced
by arc melting high-purity elemental constituents in ar-
gon. It was annealed between 1123 and 1173 K for 10 h
in vacuum, and then cut into slices suitable for PES mea-
surements. The details of the sample preparation are de-
scribed elsewhere.’

X-ray-diffraction (XRD) measurements on powder ob-
tained from the slices of the Al,yPd,oMn,, alloy chosen
for PES studies were performed on a Philips X Pert scan-
ning diffractometer equipped with a PW3020 vertical
goniometer with a 173-mm radius. This goniometer uses
dc motors instead of conventional stepper motors and the
® and 20 angles are monitored via two optical encoder
disks mounted directly on a drive shaft. This allows the
2@ accuracy of about 0.003° to be achieved. Corrections
were made to the 2@ angles to allow for the possible in-
strumental abberation and specimen displacement from
the scan of the specimen mixed with 10 wt % of a Si stan-
dard reference material 640 b. The diffractometer was
equipped with a variable divergence slit which kept the il-
luminated length of the sample constant at 12.5 mm, and
a 0.1-mm receiving slit was used. With this setting the
instrumental resolution, as determined from the full
width at half maximum of the (111) peak of a Si standard,
was 0.007 A™'. A fine sample powder was mixed with
methanol and allowed to dry on a low-background sam-
ple holder cut from a single crystal of Si, resulting in a
thin flat sample. A sample spinner was used to further
minimize a possible preferred sample orientation. Cu Ka
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radiation was employed and the Kf3 line was eliminated
by using a Kevex PSi2 Peltier cooled Si detector.

Photoemission spectra were collected on beamline
U14A at the National Synchrotron Light Source at
Brookhaven National Laboratory. Photon energies be-
tween 35 and 150 eV were selected with a plane grating
monochromator. The normal to the sample was at an an-
gle of 45° to both the photon beam and the axis of a PHI
15-255 precision electron energy analyzer. The resulting
overall resolution was 0.4 eV. The sample was cleaned in
the experimental vacuum chamber either by Ar-ion bom-
bardment or by mechanical abrasion using an alumina
scraper. No differences between the PES spectra corre-
sponding to these two surface-treatment methods could
be detected. This is consistent with the observation that
no significant change of the composition of the surface
region, with respect to that of the bulk, occurs in Pd-
containing alloys during Ar-ion bombardment.*’ The sur-
face cleanliness of the sample was frequently checked by
monitoring the appearance of the oxide features in the Al
2p line and/or in the valence band.>* The base pressure
in the experimental chamber was in the high 10'-Torr
range. No effects due to charge build up were observed
during the PES experiments.

All the spectra presented in this work were obtained
from at least two different regions of the sample studied,
and turned out to be indistinguishable within the resolu-
tion of the experiment. The position of the Fermi level
was determined with an accuracy of 0.05 eV by measur-
ing the Fermi edge and/or the Al 2p line (for photon en-
ergies larger than 100 eV) of an adjacent Al sample. It
was additionally verified by a linear extrapolation of the
leading edge of the valence band of the measured spectra.

ITI1. RESULTS AND DISCUSSION

A. X-ray diffraction data

The XRD spectrum of the studied sample measured in
the 2@ range 6°-123° (Fig. 1) shows the presence of many
Bragg lines, the weaker of which are usually not observed
in the spectra obtained with a scintillation detector. This
increased sensitivity for weak lines is due to the solid-
state detector which has a higher counting efficiency (due
to the elimination of a monochromator in the diffracted
beam) and lower background count rate as compared to a
more conventional scintillation detector. The positions
of all the detected Bragg lines corresponding to Cu Ka,
radiation (A=1.5405981 A) in terms of the angle 20,
and the corresponding wave number Q.,,, =47 sin®, /A,
as well as their relative intensities and full widths at half
maximum Iy, were determined from the profile fitting
using the procedure described by Schreiner and Jenkins.*
These parameters corresponding to 61 detected i peaks,
whose positions are indicated by the vertical lines in Fig.
1, are presented in Table I together with the calculated
(taking the line number 17 as the reference line) line posi-
tions Q_,. and the corresponding indexes. Since there
are several schemes employed to index the i lines, we
present the indexes corresponding to most often used
schemes®! ™33 in order to enable the reader to make con-
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venient identification of the i lines.

Most of the observed Bragg lines can be indexed to the
i structure. It is noticeable that even the peaks with an
intensity as small as 0.2% of the most intense peak could
be detected and indexed to the i structure. There is excel-
lent agreement between the observed Q. and theoreti-
cal Q,. positions (Table I) of the peaks. Out of 61
detected i peaks, 60 are at the positions within *O0. 001
A" and only one (peak number 53) within +0.002 A
of the values calculated for the six-dimensional face-
centered i lattice. The peak widths (Table I) are found to
be limited by the instrumental resolution. The presence
of the superlattice lines (Fig. 1 and Table 1), for which N
in the N /M index’! is equal to 4n +3 (the strongest su-
perlattice line is the line number 7),>* confirms'>!® that i-
Al,,Pd,oMn,, has the six-dimensional face-centered-cubic
Bravais lattice. The value of the six-dimensional cubic
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lattice constant a¢p=6.461 Aisina good agreement
with values found in the literature.!>!

All other weak nonicosahedral Bragg peaks in Fig. 1,
except three, could be identified with the peaks due to the
presence of a small amount of the hexagonal Al;Pd,
(JCPDS file 6-0654) and decagonal Al,Mn (JCPDS file
40-1080) alloys as the second phases. The presence of
these alloys in the Al-Pd-Mn phase diagram has been ob-
served earlier by electron microscopy techniques by Beeli
et al. and Audier et al.'® It is thus concluded that the
studied sample is predominantly single phase i alloy.

B. Methodology of the correction
of the photoemission spectroscopy data

In order to compare the intensities of the synchrotron-
radiation-based PES spectra of a given sample, several
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FIG. 1. X-ray-diffraction spectrum of an Al;,Pd,oMn,, alloy. For clarity, only some of the detected i peaks are labeled with in-
tegers and the vertical lines above all detected i peaks correspond to the positions calculated for the Cu K a, radiation, as described in
the text. Notice the splitting of diffraction peaks for larger 2@ values due to Ka, radiation. The position, full width at half max-
imum, and relative intensity of each detected i peak determined from the fit (Ref. 50) are given in Table I together with the corre-
sponding index. The symbols (O) and (V) indicate the peak positions corresponding, respectively, to the strongest peaks of the hex-
agonal Al;Pd, and decagonal Al,Mn second phases. The inset shows a part of the spectrum with low-intensity peaks.
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TABLE I. Position in terms of 2@, (in degrees) corresponding to Cu K, radiation and Q. (in A ) full width at half maximum
I, (in A~ ) and relative intensity INT normalized to 100.0 of all detected i peaks, which are labeled with consecutlve integers in
column 1, as obtained from the fit (Ref. 50). The integers correspond to the vertical lines in Fig. 1. Q. (in A7) is the calculated Q
value by taking the line number 17 as the reference line. Il and I2 are the indexes (N /M) and (h /h',k /k',1/1') based on the index-
ing scheme of Cahn et al. (Ref. 51), whereas I3 and I4 are the indexes corresponding, respectively, to the indexing schemes of Elser
(Ref. 52) and Bancel et al. (Ref. 53). The symbol n,n,n;n,nsne/2 in the I3 and I4 schemes is an abbreviation for the index
(n,/2)ny/2)(n3/2)(ny/2)(ns/2)(ng/2). The fcc superlattice lines are those for which N =4n +3 in the I1 scheme and which have
the indexes in the form n;n,n3n,nsn¢/2 in the I3 and I4 schemes.

Label 20, Qe Quate T, INT Il 2 I3 I4
1 9.692 0.689 0.688 0.006 3.0 2/1 011000 100000 211111
2 14.269 1.013 1.013 0.010 0.6 3/3 101100 111117/2 3311312
3 15.688 1.113 1.113 0.009 0.5 3/4 011100 11111172 317111 /2
4 16.503 1.171 1.170 0.010 0.3 4/4 000200 110000 220011
5 22.818 1.614 1.614 0.008 1.6 7/8 112100 31111172 531133/2
6 23.172 1.638 1.639 0.007 6.9 6/9 011200 111000 110001
7 25.494 1.800 1.800 0.009 42.1 7/11 111200 31111172 11117172
8 26.840 1.893 1.893 0.008 10.5 8/12 002200 111100 111010
9 28.596 2014 2014 0.006 1.1 10/13 122100 111110 221020
10 30.514 2.146 2.147 0.015 0.9 11/15 101300 331171/2 531113/2
11 31.225 2.195 2.196 0.009 8.9 11/16 011300 331111/2 3311732
12 35.749 2.504 2.504 0.009 13.7 14/21 102300 211100 210011
13 37.359 2.612 2.612 0.009 1.8 15/23 121300 333111/2 331171/2
14 37.949 2.652 2.652 0.007 5.6 15/24 112300 3331712 11111172
15 38.312 2.677 2.677 0.008 1.6 16/24 222200 211110 210111
16 41.636 2.899 2.899 0.008 4.9 19/28 013300 333311/2 531131/2
17 41.845 2913 2.913 0.007 76.7 18/29 122300 211111 100000
18 44.107 3.063 3.063 0.007 100.0 20/32 002400 221001 110000
19 45.269 3.139 3.139 0.006 3.1 22/33 012410 221101 221011
20 47.090 3.258 3.259 0.006 2.6 23/36 132300 533111/2 331711 /2
21 50.227 3.462 3.462 0.006 0.6 27/40 103410 53331172 551113/2
22 50.402 3473 3.474 0.007 0.7 26/41 013400 222100 111101
23 51.641 3.553 3.553 0.007 8.3 27/43 113400 533311/2 3117112
24 52.403 3.601 3.600 0.003 0.3 28/44 222400 311111 210001
25 55.034 3.769 3.768 0.009 3.6 31/48 112500 553171/2 531111/2
26 58.025 3.956 3.956 0.009 1.7 34/53 122500 321111 220001
27 59.564 4,052 4.052 0.009 0.3 35/56 013500 553113/2 31117172
28 62.420 4227 4227 0.007 10.9 38/61 233400 322101 111000
29 63.492 4292 4292 0.007 8.6 39/63 123500 555111/2 111117/2
30 64.149 4.331 4331 0.007 6.4 40/64 242400 322111 111100
31 65.035 4.385 4.386 0.004 0.3 42/65 104500 322200 310111
32 66.091 4.448 4.448 0.006 0.2 43/67 333400 733331/2 531113/2
33 66.498 4472 4472 0.008 0.2 43/68 114500 555311/2 333111/2
34 69.197 4.632 4.631 0.008 2.9 46/73 013600 332001 211010
35 70.209 4.691 4.691 0.007 1.1 47/75 113600 753113/2 331711 /2
36 70.587 4.713 4.713 0.013 1.0 47/76 233500 733333/2 1117112
37 71.702 4.777 4.777 0.012 0.4 50/77 213600 332111 320002
38 73.071 4.856 4.856 0.008 1.4 51/80 134500 755111/2 531713/2
39 74.828 4.956 4.956 0.008 32.9 52/84 004600 332002 101000
40 75.654 5.002 5.003 0.005 0.9 54/85 253400 422111 221101
41 80.535 5272 5.273 0.007 3.1 59/95 343500 755313/2 31111172
42 81.144 5.305 5.305 0.003 0.3 60/96 224600 422211 210100
43 83.281 5.420 5.420 0.008 0.5 63/100 253500 755333/2 531171/2
44 85.802 5.553 5.552 0.009 0.8 66/105 104700 432002 211171
45 86.759 5.602 5.602 0.006 0.2 67/107 014701 775113/2 3331712
46 89.614 5.748 5.748 0.008 10.6 70/113 124700 432112 110010
47 91.157 5.826 5.826 0.007 8.5 72/116 244600 433101 200000
48 93.282 5.931 5.931 0.007 0.8 75/120 015700 955313/2 511711/2
49 95.797 6.052 6.052 0.010 0.5 78/125 344601 433201 211001
50 96.751 6.097 6.098 0.008 1.4 79/127 125700 955333/2 33171172
51 99.492 6.225 6.226 0.009 0.7 83/132 334700 975113/2 531113/2
52 102.036 6.341 6.341 0.009 0.5 86/137 364500 443101 310001

53 106.015 6.515 6.513 0.012 0.5 90/145 015800 522222 111110
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TABLE 1. (Continued).

Label 20, Qerpt Qeatc Ty INT I1 n I3 14
54 106.975 6.556 6.556 0.009 2.7 91/147 115800 975115/2 311111 /2
55 107.589 6.582 6.582 0.009 1.2 92/148 115801 443102 211000
56 109.452 6.659 6.659 0.016 0.4 95/151 355600 97731172 533131/2
57 109.836 6.675 6.675 0.009 0.7 95/152 125810 977311/2 53111172
58 112.517 6.783 6.783 0.008 0.5 98/157 225801 533211 221000
59 113.949 6.839 6.839 0.005 0.4 99/160 354700 977313/2 31111172
60 116.714 6.944 6.944 0.008 4.6 102/165 235800 444111 101010
61 118.464 7.009 7.008 0.008 7.8 104/168 464600 533212 111010

corrections have to be taken into account. All our PES
spectra presented here were corrected first for the energy
dependence of the electron transmission of the electron
energy analyzer. It was assumed that the transmission of
the analyzer, including the retarding lens system, is in-
versely proportional to the kinetic energy of the elec-
trons, as has been shown by Helmer et al.> Next, the
PES spectra were normalized for the photon flux, and the
secondary-electron contribution was subtracted in the
usual way>® by assuming that secondary-electron back-
ground intensity at each binding energy (BE) is propor-
tional to the total integrated signal at lower binding ener-
gies. The first two corrections slightly change the shape
of the original spectrum, whereas the third one produces
the largest changes. Their importance is illustrated in
Fig. 2. It can be seen that the corrections have no
significant influence on the shape of the spectrum close to
Ep, but change the spectrum substantially at higher bind-
ing energies (the negative value of BE in Fig. 2 indicates
the energy scale below E). The PES spectra corrected in
such a way can be compared not only with respect to
their shape but also in terms of their intensities.

INTENSITY (arb. units)

BINDING ENERGY (eV)

FIG. 2. Effect of the secondary-electron contribution on the
valence-band spectrum of i-Al,oPd,oMn;, measured with a pho-
ton energy hv=35 eV. (O) the analyzer- and flux-corrected
original spectrum; (V), secondary-electron contribution to the
analyzer- and flux-corrected original spectrum; (O ), resultant
spectrum after subtraction of the secondary-electron contribu-
tion.

C. Photoemission spectroscopy data

The structure of the valence band of i-Al,,Pd,oMn,,
(Fig. 2) consists of two broad features: a peak at
BE= —1.0 eV and another one at BE=—3.6 eV. The
BE=—3.6 eV feature has a shoulder on the higher BE
side. There is also some weak spectral weight below
BE=—6 eV. The features at BE=—1.0 and —3.6 eV
must be predominantly due to the Mn 3d and the Pd 4d
states because the Al sp spectral contribution is expected
to be much smaller due to the small photoionization
cross section for Al sp orbitals for the photon energies
used here.’” In order to identify unambiguously the ori-
gin of these two features, photoemission spectra were
measured at different photon energies.

1. Resonant photoemission data

To establish the main features in a valence band due to
the Mn 3d states, a resonant photoemission effect can be
employed.’® In this effect the ionization cross section of
an outer-shell electron is enhanced as the excitation ener-
gy exceeds the threshold of an inner excitation. For TM
elements the resonance occurs at excitation energies near
the 3p threshold, which for the Mn 3p —3d transition
occurs at about 47 eV. Resonance photoemission for
Mn-containing alloys involves two processes. One pro-
cess is the direct excitation

3p®3d°+hv—3p3de, . (1)
The other involves a 3p core excitation and a super-
Coster-Kronig decay

3p®3d>+hv—3p°3dS—3p3de, . )
The final states obtained via these two processes are in-
distinguishable, so that there is a quantum interference
between the two processes. As a result, the Mn 3d de-
rived features are enhanced or suppressed as the photon
energy is swept through the 3p-3d threshold. It can be
seen in Fig. 3 that, as the photon energy increases, the in-
tensity of the BE= —1.0 eV feature is slightly suppressed
at hv=47 eV. This indicates that this feature may be
predominantly due to the Mn 3d-derived states.

Additional and more convincing evidence for ascribing
the BE=—1.0 eV feature to the predominantly Mn 3d-
derived states can be obtained by performing a resonance
photoemission experiment in the so-called constant-
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FIG. 3. Valence-band spectra of i-Al;,Pd,oMn, for different
photon energies around the Mn 3p —3d transition. A4, B, and C
identify positions for which CIS spectra were measured (Fig. 4).

initial-state (CIS) mode.’®>® The photoemission intensity
in this mode is measured as a function of photon energies
for selected valence-band positions identified by their ini-
tial energy E;. Such CIS spectra for the E; values corre-
sponding to the positions denoted by 4, B, and C in Fig.
3 are shown in Fig. 4. One can clearly see the presence
of resonances for photon energies around 47 eV. The line
shape of the resonance resulting from the processes (1)
and (2), I(hv), can be characterized by the Fano
profile®®>°

2
I =Ty 9 4 o), 3)
1+e€
where I;(v) is the nonresonant Mn 3d emission, I (v) is
a noninterfering background contribution, g is Fano’s
asymmetry parameter, and e=2(hv—Eg)/T is the re-
duced energy expressed in terms of the energy, Eg, and
width, T' (FWHM), of the resonance. A linear back-
ground was assumed in the fit (dashed line in Fig. 4). The
parameters obtained from the fit are given in Table II.
The fitted parameters are strongly correlated and there-
fore caution is required in their physical interpretation.
The strongest resonance occurs for E; = —0.64 eV, but it
is also present for other two E; values, i.e., in the region
of the valence band farther away from the Ep. The fact
that the resonance takes place in a rather broad valence-
band region can be interpreted as evidence of hybridiza-
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FIG. 4. Constant-initial-state (CIS) spectra for the valence-
band positions 4, B, and C in Fig. 3 that are identified here by
the same letters and by their corresponding initial energies E;.
The solid line is a fit to the Fano profile and a linear background
(shown by a dashed line), as described in the text and with pa-
rameters given in Table II.

tion between the Mn 3d and the Al sp and Pd 4d states.
This seems to be consistent with the trend of g, which di-
minishes with E; (Table II). This trend, combined with
the fact that a Fano line shape for small-g values shows a
more pronounced dip at photon energies just below the
resonance maximum (antiresonance),”® and with the re-
sults of a theoretical model which predicts® that the
d" ! atomiclike final state in TM compounds tends to
exhibit Fano-like resonances whereas the d"L (L desig-
nates a ligand hole) final states corresponding to hybri-
dized states show a more pronounced antiresonance
behavior, seems to support the idea of hybridization be-
tween the Mn 3d and the Al sp and Pd 4d states.

The strong correlation mentioned above between the
fitted parameters in Table II makes it difficult to give
them a definite physical interpretation. This correlation
stems from the noninterfering background I, which was
assumed to be linear, but whose actual photon energy
dependence is not known. To avoid this problem, we
have generated CIS-type spectra directly from the
valence-band spectra in Fig. 3 by plotting the height at a
given binding energy versus the photon energy (Fig. 5).
The height was calculated as an average of five height
values around a given binding energy in order to remove

TABLE II. Parameters obtained by fitting the Fano line shape (3) to the CIS spectra in Fig. 4 for the
E; values corresponding to the positions 4, B, and C indicated in Fig. 3.

E; (eV) I, Ey (eV) q I (eV)
—0.64 22.5(1.8) 47.5(3) 0.24(10) 3.7(6)
—1.14 15.8(1.8) 48.5(3) 0.60(12) 4.5(8)
—1.64 11.5(2.5) 48.6(5) 0.72(21) 4.0(1.2)
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FIG. 5. CIS spectra for the indicated values of the initial en-
ergies which were calculated from the PES spectra of Fig. 3, as
described in the text. The solid lines are guides for the eye.

possible height fluctuations due to statistical uncertain-
ties in the measured intensity. Although there are much
fewer CIS points (limited only by the number of PES
spectra measured for different values of Av) in Fig. 5 as
compared to Fig. 4, one can nevertheless observe clearly
two effects. First, the background is nonlinear, especially
for low values of Av. Second, the resonance occurs even
at 2 eV below E and is strongest in the range 1.0-1.5
eV below E, which supports the earlier conclusion of the
peak in the PES spectra (Figs. 2 and 3) at about 1.0 eV as
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FIG. 6. Atomic subshell photoionization cross sections as a
function of photon energy for Mn 3d (a) and Pd 4d (b) orbitals.
Data are compiled from Ref. 57. Curve (c) is the weighted
average of curves (a) and (b) with the weights corresponding to
the Mn and Pd concentrations in Al,,Pd,yMn,,. Note the loga-
rithmic scale on the ordinate axis.

PHOTON ENERGY (eV)

FIG. 7. CIS spectra from Fig. 5 divided by curve (c¢) from
Fig. 6. An additional CIS spectrum for E;=—0.3 eV, which is
not shown in Fig. 5, has been added. The solid lines are guides
for the eye.

being due to the Mn 3d derived states, and of the hybridi-
zation between the Mn 3d and the Al sp and Pd 4d states.

The shape of the CIS background in Fig. 5 is deter-
mined mainly by the photon-energy dependence of the
Mn 3d and Pd 4d photoionization cross sections. To
show this, we calculated the photon-energy dependence
of the effective atomic Mn 3d and Pd 4d photoionization
cross section corresponding to the composition
Al;Pd,oMn,, [curve (c) in Fig. 6]. Although the solid-
state effects and many-body interactions may affect the
detail shape of the curve (c) in Fig. 6, it seems reasonable
to expect that its general shape will not change dramati-
cally in the studied alloy. One can notice the relatively
good agreement between the photon energy dependence
of curve (c) in Fig. 6 and the corresponding dependence
of the background of the generated CIS spectra in Fig. 5.

To correct the generated CIS spectra in Fig. 5 for the
effect of the photon-energy dependence of the effective
photoionization cross section, they were divided by curve
(c) in Fig. 6. The corrected CIS spectra are shown in
Fig. 7 (an additional CIS spectrum for E;=—0.3 eV,
which is not shown in Fig. 6, has been added). The
corrected CIS spectra in Fig. 7 show more clearly than
those in Fig. 5 the presence of resonances at hv corre-
sponding to the Mn 3p—3d transition. We interpret the
occurrence of the strongest resonance for E;=—1.0 eV
(Fig. 7) as evidence that the feature in the valence band at
1.0(3) eV below E is predominantly due to the Mn 3d-
derived states. The fact that the resonance takes place
for a wide range of the E; values (Fig. 7) indicates that
the Mn 3d and the Al sp and Pd 4d states are hybridized.
Additional experimental evidence in support of the
predominantly Mn 3d character of the BE=—1.0 eV
feature in the valence band of the i-Al,,Pd,(Mn,, alloy
will be presented in the next section.
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2. Photoemission data near the Cooper minimum

The features in the valence bands due to the 4d and/or
5d states in alloys containing the 4d and/or 5d elements
can be identified by taking advantage of the so-called
Cooper minimum effect®’ which is the occurrence of a
clear minimum in the photoionization cross section for
particular orbitals. This effect results from the presence
of a node or nodes in the radial part of the 4d and 5d (but
not 3d) atomic wave functions. The Cooper minimum in
the Pd 4d photoionization cross section is calculated to
be at hv=115 eV for pure Pd (Ref. 57) [curve (b) in Fig.
6], but occurs in Pd alloys at hv~=130 eV.**%! An inspec-
tion of curves (a) and (c¢) in Fig. 6 shows a weak decrease
of the Mn 3d and a dramatic decrease of the Pd 4d pho-
toionization cross sections near the Cooper minimum.
One can thus expect a strong suppression of the contribu-
tion of the Pd 4d character to the valence band of i-
Al;oPd,oMn,, for the values of i v close to about 130 eV.

Figure 8 shows that as hv increases from below the
Cooper minimum, the relative contribution of the
BE= —3.6 eV feature with respect to the BE=—1.0 eV
feature first decreases, reaches a minimum at hAv=130
eV, and then starts to increase. Note that the Cooper
minimum effect is much more dramatic (Fig. 8) than the
Mn 3p — 3d photoemission resonance effect (Fig. 3). It is
thus concluded that the BE=—3.6(2) eV feature is
predominantly due to the Pd 4d-derived states.

One can demonstrate the occurrence of the Cooper
minimum by presenting the PES spectra of Fig. 8 as
difference spectra, which are shown in Fig. 9. Apart
from the change of the sign of the amplitude of the broad
feature at around —3.6 eV of the difference spectra
caused by the Cooper minimum effect (Fig. 9), one can
also notice that the Mn 3d feature is more clearly
separated from the suppressed Pd 4d feature. The Mn 3d
character in the difference spectra (Fig. 9) spreads
throughout the valence band. It tends to vanish (Fig. 9)
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FIG. 8. Valence-band spectra of i-Al,,Pd,oMn,, for different
photon energies in the vicinity of the Pd 4d Cooper minimum.
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FIG. 9. Difference spectra obtained from the PES spectra in
Fig. 8 by subtracting from them the spectrum measured at
hv=150 eV. The numbers on the left side of each difference
spectrum indicates the photon energy of the spectrum from
which the hv=150 eV spectrum was subtracted.

as hv increases because the difference between the Mn 3d
photoionization cross section for a given A v and the cross
section at hv=150 eV decreases [Fig. 6, curve (a)] with
increasing hv. Therefore, we conclude that, within the
uncertainty of 0.3 eV, the position of the maximum of the
peak of the Mn 3d-derived states is at BE=—1.0 eV and
that these states extend deep below E due to the hybridi-
zation with the Al sp and/or Pd 4d states.

3. Al 2p chemical shift

The Al 2p core level lines in Al metal and in i-
Al,4Pd,oMn,, are compared in Fig. 10. It can be noticed
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FIG. 10. Al 2p photoemission spectra of the Al metal (@)
and i-Al,oPd,o0Mn,, alloy (O). The spectra were normalized to
give a constant height between the maximum and minimum
recorded count. The inset shows the fit of the Al 2p spectrum of
the Al metal with two component Voigt lines, which are also
shown, corresponding to Al 2p,,, and 2p,,, core levels.
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that the Al 2p, ,, and 2p; , are separated in the Al metal
(inset in Fig. 10), but they overlap in the i-Al,;Pd)yMn,,
alloy. The separation of the Al 2p,,, and 2p;,, com-
ponents in the Al metal found from the fit with the two
Voigt lines (inset in Fig. 10) is 0.40(13) eV, which is in a
good agreement with the value of 0.42 eV reported in the
literature.? The observation of the Al 2p,,, and 2p;,,
lines in the Al metal confirms that the overall energy
resolution of the recorded PES spectra is 0.4 eV. The
main result obtained from Fig. 10 is the observation of
the BE shift in i-Al,jPd,(Mn;, by 0.27(10) eV towards
higher absolute BE values with respect to Al metal.

D. Discussion of the photoemission results

Our result for the position of the maximum of the Pd
4d-derived states at —3.6(2) eV agrees well with the
value of —3.5 eV obtained in a recent SXE study* of i-
Al;Pd oMn, (Fig. 2 in Ref. 45). Also the peak position
of the Mn 3d-derived states at —1.3 eV (Fig. 2 in Ref. 45)
agrees well with our value of —1.0(3) eV. However, the
Mn 3d-derived states are spread wider (Fig. 9) than sug-
gested by the SXE results.* SXE studies of i-
Al, Pd;oMn, (Ref. 45) and i-Al,)Pd,;Mny (Ref. 47) show
the existence of the peak in the intensity associated with
the Al s states and the large intensity associated with the
Al p states at about 6 eV below E.. Therefore, we can as-
cribe the weak spectral weight below BE=—6 eV ob-
served in the valence band of the studied sample (Fig. 2)
to the Al sp-derived states. This spectral weight could be
also caused by surface oxidation,* but this possibility can
be excluded as the surface cleanliness was carefully moni-
tored in the course of the PES experiments.

It is well established from experiments in the XPS and
UPS photon-energy range that in pure Pd (Ref. 63) and
Mn (Ref. 64) there is a high DOS(Ez). Depending on the
photon energy used, the observed broad peak in the
valence band of Pd lies in the range 1.3-2.3 eV below E
(Ref. 63 and Fig. 11). For pure Mn, two features at about
0.5-1.0 and 3.0 eV below Ej are present in the valence
band.% The presence of the Pd 4d-derived peak at —3.6
eV in the valence band of i-Al,,Pd,,Mn,q, as compared to
the corresponding peak in a pure Pd metal (Fig. 11),
clearly indicates the shift of the Pd 4d-derived states in
the i alloy away from Ep. This shift should lead to the
decrease in the Pd 4d contribution to the DOS(Eg).
Such a shift is also observed in the valence bands of crys-
talline A1;Pd and AIPd alloys (Fig. 11) and it clearly leads
to a decrease in the Pd 4d contribution to the DOS(E)
(Fig. 11). A similar shift of the Mn 3d-derived states
cannot be seen in the recorded spectra (Figs. 2, 3, 8, and
9).

The depression of intensity as the energy approaches
E observed in the PES (Refs. 34 and 39) and SXE (Refs.
42, 43, and 45-47) spectra of the QC’s containing TM
elements has been interpreted as evidence for the opening
of a theoretically predicted®'® pseudogap at Ep. It
should be kept in mind, however, that there are at least
two effects which lead to the intensity decrease as the en-
ergy approaches Ep. The first one is a simple Fermi
cutoff, which would be especially important for the QC’s
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FIG. 11. Comparison of the PES valence band of i-

Al;oPdyyMn,, measured at Av=60 eV with that of a Pd metal
measured also at A1v=60 eV (the raw PES spectrum of Pd metal
was kindly provided by Nahm and Oh; the secondary-electron
contribution was subtracted from the original spectrum) and
with the XPS valence bands of Al;Pd and AIPd crystalline al-
loys from Fig. 12 of Ref. 65 (the secondary-electron contribu-
tion was subtracted from the original spectra). The spectra
were normalized to give a constant height between the max-
imum and minimum recorded count.

with TM elements whose d states significantly contribute
to the measured intensity around E. In the case of the
studied i-Al,oPd,oMn,y, the Mn 3d-derived states must
contribute to the measured intensity at E because of the
closeness of the feature due to the Mn 3d states to Ej.
The second effect leading to the decrease of intensity as
the energy approaches Ep could be associated with the
opening of a pseudogap at Ep. We are only able to con-
clude that our photoemission data are indicative of a pos-
sible opening of a pseudogap at E in i-Al,;,Pd,,Mn,,, but
they do not prove its existence.

If one compares the valence band of i-Al;,Pd,(Mn,,
measured at hv=100 eV with the corresponding band of
another thermodynamically stable i alloy containing a
transition metal, i-AlgsCu,oFe,s (Fig. 12), one can notice
two common characteristics: first, the Pd 4d- and Cu
3d-derived features are pushed away from E in compar-
ison to their positions in pure Pd and Cu elements;
second, the Mn and Fe 3d-derived states remain very
close to Ep. Furthermore, the rate of the intensity de-
crease towards E. is the same for both alloys (Fig. 12). It
has been argued based on SXE and SXA data®*~* that
there is a pseudogap at Ep in i-Al-Cu-Fe alloys. If one
assumes that this is indeed the case, then the observed

. similar intensity decrease as the energy approaches Ep

observed in i-AlgCu,oFe s and i-Al,,Pd,oMn,, (Fig. 12)
also suggests the presence of such a pseudogap in i-
AlyoPdyMn .

In order to resolve the problem of a possible pseudogap
around Ep in i-Al,Pdy,oMn,,, high-resolution PES and
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FIG. 12. Valence bands of i-Al,,Pd,)Mn,, (O) and i-
AlgsCuyFe s (@) measured at Av=100 eV. The raw spectrum
of i-AlgsCuyFe,s from Ref. 34 has been corrected for the energy
dependence of the electron transmission of the electron energy
analyzer, normalized for the photon flux, and corrected for the
secondary-electron background. The spectra were normalized
to give a constant height between the maximum and minimum
recorded count.

IPES experiments are required because only such experi-
ments can provide information on the total (i.e., due to s,
p, and d character) contribution to the, respectively, oc-
cupied and unoccupied DOS around E;. The IPES ex-
periments performed on i-AlssLijs gCug, (Ref. 40) re-
vealed the opening of a pseudogap just above E.. Elec-
tronic structure calculations performed for an approxi-
mant of i-Al,Pd,,Mn,; and/or a corresponding ternary
crystalline alloy would be very helpful in settling the
problem of a possible pseudogap around E in this alloy.

It is instructive to compare the valence band of the
studied alloy with the bands of some crystalline Al-Pd al-
loys (Fig. 11). One can notice that both the positions and
the widths of the Pd 4d-derived features are very similar
for i-Al,,Pd,oMn,, and crystalline AIPd. Based on the Al
and Pd content in i-Al,,Pd,(Mn,,; one would expect to
observe some similarity between the valence bands of i-
Al;)PdyoMn,, and of crystalline Al;Pd rather than of
crystalline AIPd. The comparison presented in Fig. 11
thus suggests that i-Al,)Pd,)Mn;, and crystalline AIPd
have similar electronic structures.

Theoretical calculations!'® suggest the presence of many
spikes of width less than 0.05 eV in the DOS of QC’s
which, along with a pseudogap at Ep, are believed to be
an electronic signature of quasiperiodicity. The existence
of such rapidly varying DOS has also been suggested®® in
order to explain the unusual temperature dependence of
resistivity and thermoelectric power in a-Al-Mn-Si ap-
proximant. The valence bands of i-Al,,Pd,,Mn,, present-
ed here show no evidence for the presence of such spikes
within the energy resolution of the experiment. These
spikes have also not been seen in PES, IPES, SXE, and
SXA experiments performed so far on other QC’s,“_47
which can be explained by the relatively low experimen-
tal energy resolution (typically 0.4 eV). However, theory
also predicts'” that the spikes are very dense. If one as-
sumes that individual narrow spikes in the DOS of QC’s
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cannot be observed experimentally due to the relatively
low experimental energy resolution, which was worse
than 0.14 eV in the experiments performed so far,*~*
then the predicted large density of these spikes, after
broadening produced by the finite resolution of the exper-
iment, should lead to the presence of additional features
in the valence bands of QC’s which should not be present
in the corresponding crystalline and/or amorphous coun-
terparts. No such additional features were observed in
this work and in other experiments.’* *® In fact, the
valence and conduction bands of QC’s studied experimen-
tally**~*8 are similar to the bands of the corresponding
crystalline alloys.

There are only a few reports of shifts of the core-level
lines in QC’s with respect to pure elements and/or to oth-
er crystalline alloys.’” Ederer et al.’” reported the chemi-
cal shifts of 0.2 eV between the Al-Mn alloys of different
crystal structure and pure Al, and of less than 0.1 eV be-
tween the Al-Mn alloys of crystalline and icosahedral
structure. Matsubara et al.*’ found a 0.4-eV shift of the
Al 2p and Li 1s lines towards higher absolute BE values
in i-AlssLizs gCug, with respect to the Frank-Kasper
crystalline alloy Aly Liyg gCug,. The absolute BE shift of
the Al 2p line with respect to a pure Al metal observed in
this paper is 0.27(10) eV (Fig. 10). The values of the ob-
served shifts are small and are comparable to those ob-
served in crystalline alloys.®® The interpretation of the BE
shift is complicated by the fact that it consists of contri-
butions due to chemical, configuration, and relaxation
shifts.” These contributions are difficult to evaluate
theoretically even for simple binary alloys.’” The
minimum statement that can be made on the basis of the
observed shift of the Al 2p lines in i-Al;,Pd,(Mn, is that
the Al environment in the studied i alloy is more stable
than that in pure Al. A similar conclusion was obtained
by Matsubara et al.*

IV. CONCLUSIONS

The structure of the valence band of i-Al,jPd,yMn,,
consist of two main features at about 1.0 and 3.6 eV
below E. The first feature was shown to be due to the
Mn 3d-derived states, whereas the other was shown to re-
sult from the predominantly Pd 4d-derived states. The
weak spectral weight at binding energies lower than 6 eV
was ascribed to the Al sp-derived states. The strong de-
crease of intensity as the energy approaches Ep was inter-
preted as indicative of the presence of the minimum of
the DOS at E;. It was indicated, however, that high-
resolution experiments probing the DOS below and above
Ep are required to unambiguously determine the possible
presence of such a pseudogap in a quasicrystal. The
unusual features predicted by theory in the valence band,
which could be associated with the quasiperiodic nature
of the sample studied, were not found within the energy
resolution of the experiment.
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