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Comparison of the dielectric function of AlPd, Al3Pd, and Al70Pd20Mn10
determined by electron-energy-loss measurements
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Electron-energy-loss measurements on crystalline AlPd and Al3Pd as well as on quasicrystalline
Al70Pd20Mn10 are evaluated in terms of optical constants using the Kramers-Kronig analysis. Interband tran-
sitions in AlPd are identified, and found to be in agreement with those obtained from the theoretical density of
states, whereas spectra of Al3Pd are dominated by plasmon excitations due to the quasifree electrons of Al. For
Al70Pd20Mn10, the optical properties are strikingly similar to those of AlPd, except for an additional low-
energy transition due to the Mnd-derived states, manifesting a predominant Al-Pd interaction in the quasi-
crystal.@S0163-1829~97!06040-2#
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After the discovery of quasicrystals~QC’s! in 1984, most
of the theoretical and experimental investigations were
cused on their very peculiar structural features. It was
before the development of thermodynamically stable QC’
the end of the 1980’s that some effort was made to scrutin
their electronic and optical properties. Consequently,
question of the extent to which these properties can dis
guish between periodic and quasiperiodic structures has
a central topic in recent years. The electronic structure
Al70Pd20Mn10 has been investigated by means
photoemission1,2 and soft-x-ray spectroscopy,3 as well as x-
ray photoelectron~XPS! and electron-energy-loss spectro
copy ~EELS!.4 These studies have shown certain similarit
between the valence bands of crystalline AlPd and thos
icosahedral Al70Pd20Mn10.

2,4 A more elaborate study has re
vealed AlPd and Al70Pd20Mn10 to possess strikingly simila
electronic properties, i.e., almost identical shapes and en
shifts of valence bands5 as well as of Pd core levels.4 This
indicates that it is not the long-range order but the sh
range properties that have a crucial impact on the electr
structure of such alloys. Moreover, it was realized that
features of the electronic structure can exclusively be rela
to QC’s.

The aim of this paper is to present information on t
electronic structure of quasicrystalline Al70Pd20Mn10 as well
as crystalline AlPd and Al3Pd, derived from EELS measure
ments in an energy region of 1–50 eV using the Krame
Kronig ~KK ! analysis. It is found that the electronic prope
ties for AlPd and Al70Pd20Mn10 are largely dictated by the
4d bands of Pd and, hence, are very similar. In QC’s, tr
sitions due to Mn-derived states are identified. Although
evidence could be found for the quasifree behavior of
Al-derived electrons, the shape of the dielectric constan
Al70Pd20Mn10 unambiguously suggests a metallic charac
In Al3Pd, on the other hand, all features due to interba
transitions are obscured by plasmon oscillations, thus in
cating that the free-electron behavior of Al-Pd alloys d
pends mainly on the composition and not on the crystal
structure.
560163-1829/97/56~16!/10651~5!/$10.00
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The experiments were performed in an ultrahigh-vacu
~UHV! chamber with a total pressure in the lower 1029-Pa
region. The macroscopic-sized samples, i.e., 1037 and
938 mm2 for the crystalline AlPd and Al3Pd, respectively,
and 634 mm2 for the quasicrystalline Al70Pd20Mn10, were
grown by conventional techniques.6 The polycrystalline
AlPd sample was in its high-temperatureb phase, that has a
CsCl structure.5 For Al3Pd, a structural model has been su
gested recently to be closely related to decagonal QC’s w
a period of about 1.6 nm.7 For Al70Pd20Mn10, on the other
hand, at least 60% of the atoms in the unit formula are s
ated in clusters. These are the so-called Mackay clus
composed of two shells: a small icosahedron and a la
icosidodecahedron.8,9 After inserting the samples into UHV
the surfaces were cleaned by sputtering with Ar1 ~1500 eV,
0.1mA/mm2! until the contamination with oxygen and ca
bon was below the limits of detectability of XPS, i.e., for 1
min typically. For the XPS measurements an unmonoch
matized AlKa-radiation source was used. The electron g
employed for EELS delivered a beam focused on the sp
men to a spot size of 0.3 mm. For the measurements repo
here, the primary-electron energy (Ep) was set to 1500 eV to
ensure that the inelastic cross section was comparable to
of the photoelectrons considered. The total energy res
tions for XPS and EELS were 1.0 and 0.7 eV, respective
The details of the apparatus can be found elsewhere.4

After sputtering and annealing, the surface composition
the samples was determined by comparing the ratio of the
3d- and the Al 2p-emission intensities in XPS for the pur
metals with those in the alloys. It was found that the surfa
of AlPd and Al3Pd have nominal bulk compositions. Fo
Al70Pd20Mn10, however, the concentration of Pd at the su
face was found to be higher than expected with respect to
bulk concentration. In fact, the composition was similar
that of AlPd. However, patterns of secondary-electron im
ing obtained from this surface clearly display the existen
of twofold-, threefold-, and fivefold-symmetry axes.8 This
fact proves that as a consequence of the Pd enrichmen
10 651 © 1997 The American Physical Society
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10 652 56ZURKIRCH, DeCRESCENZI, ERBUDAK, AND KORTAN
surface of Al70Pd20Mn10 does not revert to the CsCl structu
typical of AlPd, but remains quasicrystalline, displaying t
icosahedral symmetry elements of the bulk. The surface
prepared was recently compared with AlPd using XPS
secondary-electron imaging.4,5 However, at the surface o
Al70Pd20Mn10 we have observed a transition from quasicry
tal to CsCl structure upon prolonged sputtering for 2 h. T
composition did not change any further due to this treatm
At this stage, the surface of the quasicrystal is covered w
a crystalline layer which is structurally and electronica
identical to AlPd. The quasicrystalline structure and t
nominal bulk composition can be restored by subsequent
nealing at 700 K for more than an hour.10 Similar phase
transitions from the quasicrystalline state to theB2-type
phase have already been observed upon irradiation wi
high-energy Ar-ion beam.11

In EELS, performed in reflection mode, the cross sect
N(E) for inelastic scattering~absorption! is dominated by
those scattering processes for which the magnitude of
momentum transfer (q) is minimal, i.e.,q5qmin .12 If, addi-
tionally, the momentum transferqmin involved in the elec-
tronic transitions is negligibly small, then the dipole appro
mation generally applied in optics can~as a simplification!
be extended to inelastic electron scattering. Due to the re
tion geometry, however, the cross section for electron
sorption has to be discussed in terms of surface and
contributions:13,14

N~E!.SS 2Im
1

11e~v! D1BS 2Im
1

e~v! D ,

whereS andB are two weighting functions that depend o
the energy of the primary electrons and thereby on the m
free path of the secondary electrons emitted. Under th
conditions a direct link between electron-energy-loss spe
and the dielectric functione(v)5e11 i e2 is provided
through the KK relation.15 For the present measuremen
considering thatqmin}AEp2AEp2DE and Ep51500 eV,
we obtain for the energy lossDE in the range of 5–30 eV, a
qmin in the range of 0.04 and 0.18 Å21. This value is negli-
gibly small, and hence the applicability of the dipole a
proximation is justified.

Figure 1 shows an EELS spectrum of pure Pd toget
with e1 ande2 derived from the experimental curve using t
KK analysis. The electronic properties of Pd have been s
ied thoroughly, yet we show our data in order to illustrate
procedure we applied for the investigation of the electro
and optical properties of the alloys. The curve designate
‘‘theory’’ was obtained from a convolution of the occupie
and unoccupied density of states~DOS! as calculated by
Lässer and Smith.16 According to this work, featuresa–d at
4.6, 13.3, 19.5, and 30.7 eV, respectively, correspond to
terband transitions from initial bands below the Fermi le
EF , to final states aboveEF . The initial states have pre
dominantly d character and the final statessp character.
Therefore, the structures observed ine2 reflect the enhanced
values of the joint DOS at different critical points ink space.
The main peaks in EELS, i.e.,A–D, which occur at energies
where the absorption is low, i.e., 6.4, 14.8, 24.0, and 3
eV, respectively, are interpreted as collective oscillatio
which are in competition with the interban
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transitions.12,17,18Thus it can be assumed as a practical r
that maxima ofe2 coincide with minima of the loss function
or, in other words,N(E)}2Im(1/e)}1/e2 . In contrast, fea-
turesF and f are at the same position because they are g
erated by an inner-shell transition from the PdN2,3 (4p) core
levels. In fact, in this energy-loss region (DE>20 eV), e2 is
small ande1 nearly constant. Hence the loss function mimi
e2 .

According to a recent study,5 the electronic structure o
Al70Pd20Mn10 is very close to that of AlPd. The energy po
sition and the spectral shape of their valence bands are
much alike, apart from a contribution from Mn atEF . In
order to shed more light on the electronic structure of th
two alloys, EELS ande2 data are shown in Fig. 2. The mo
salient features in EELS occur for both alloys at energies
2.8 eV~A andA8!, 5.5 eV~B andB8!, and at 19.5 and 18 eV
~C andC8, respectively!. The curves representinge2 , on the
other hand, display absorption peaks at 2 eV~a and a8!, 4
eV ~b andb8!, and 8.5 eV~c andc8!. In the computed data
obtained from a convolution of tight-binding linear-muffin
tin-orbital ~TB-LMTO! calculations for AlPd~Ref. 19! and
labeled ‘‘theory,’’ peaksb8 and c8 are satisfactorily repro-
duced. This, in combination with recent XPS measuremen4

suggests that featuresb (b8) and c (c8), present in both

FIG. 1. EELS results~top! for pure Pd acquired at a primar
energy of 1500 eV. The dielectric constant (e1 ,e2) is derived from
this experimental curve using the KK analysis.e2 is compared with
the joint DOS~marked ‘‘theory’’! obtained by the convolution o
theoretical band-structure data~Ref. 16!. The abscissa represen
the loss energy for the experimental and the excitation/absorp
energy for the other curves.
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alloys, are generated by interband transitions at the Pd
In addition to the overlap of the spectra for the two materia
there is at least one main difference that deserves comm
namely, the absorption peaka at 2 eV, which is much stron
ger Al70Pd20Mn10 than for AlPd. As there are Mn states ve
close to theEF ,1,3,5 this increase in intensity is certainly du
to transitions of Mn electrons from bonding to antibondi
states. Another point to emphasize is the correspondence
tween the absorption peaks (a–c) and the collective oscilla-
tions (A–C) that follow them, confirming the validity of the
interpretation scheme established for pure Pd.
Al70Pd20Mn10, e1 is also shown in the same figure in ord
to emphasize the metallic behavior of the quasicrystal
sample.

Figure 3 shows EELS measurements obtained from Al3Pd
and pure Al in order to demonstrate that the electronic e
tations in Al3Pd are dominated by Al plasmons. Also show
is the calculated loss functione2 for Al3Pd, derived from the
EELS data using the KK analysis. The most pronounced
tures for Al3Pd are situated at distinctly different energy p
sitions, i.e., at 7, 10, 15.5, 30, and 46 eV in EELS, labe
A–E, and at 5, 8.5, 13.5, and 30.5 eV ine2 , labeleda–e.
The EELS spectrum for pure Al shows predominantly bu
and surface plasmon excitations, markedvB andvS , respec-

FIG. 2. EELS data atEp51500 eV obtained from Al70Pd20Mn10

~top! compared to those for AlPd. Also shown are thee1 and e2

curves obtained by the KK analysis. The curve, labeled ‘‘theor
is a joint DOS for AlPd derived from TB-LMTO calculations~Ref.
19!. The abscissa represents the loss energy for the experim
data and the excitation and/or absorption energy for the o
curves.
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tively. The surface plasmon at 10 eV, the bulk plasmon
15.5 eV, and their higher harmonics dominate the loss d
By comparison with the spectrum for pure Al, all loss fe
tures in Al3Pd can be identified as plasmon losses, except
the low-energy peakA, which represents an interband tra
sition. However, other features due to Pd interband tra
tions, illustrated in Fig. 1, are completely masked. It is int
esting to note that the energy values for plasmon losse
Al3Pd are very close to those in pure Al. In fact, the value
the bulk plasmon is shifted by approximately 0.5 eV
higher energy in Al3Pd. This change corresponds to an i
crease of about 6% in the density of excitable quasifree e
trons in going from Al to the alloy.

In order to investigate the individual contributions of A
and Pd atoms in the Al3Pd alloy to the measured EELS spe
trum, XPS measurements are performed in an extended
gion of core levels, and satellite structures are determined
core-level spectrum is a local probe at a particular atomic
and is chemically sensitive. Figure 4 presents XPS spe
for the Al 2s core level and the valence band of Al3Pd. The
latter consists predominantly of Pd-derived 4d electrons. The
centroids of both emission lines are set to zero energy, wh
facilitates the observation of the different energy positions
the satellites accompanying these lines. While the Als
emission is followed by a feature at 15.5 eV, which app
ently corresponds to a plasmon loss, the valence band h
satellite at 19 eV, the origin of which is an interband tran

’

tal
er

FIG. 3. Direct comparison of the collective oscillations in Al3Pd
and pure Al by means of EELS measured at a primary energ
1500 eV. The frequency of the bulk and the surface plasmons in
are marked withvB and vS , respectively. Also shown is thee2

curve for Al3Pd obtained by the KK analysis and drawn on the sa
energy scale.
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10 654 56ZURKIRCH, DeCRESCENZI, ERBUDAK, AND KORTAN
tion involving the Pd 4d electrons. Hence, in the same allo
there is a coexistence of free-electron behavior associ
with Al and single-electron transitions at the Pd site. The lo
process at the Pd site is neither observable as a featu
EELS, nor as a peak ine2 , because of the dominant occu
rence of the Al plasmons. In AlPd and Al70Pd20Mn10, on the
other hand, no satellites could be found accompanying the
2s emission lines due to the lack of plasmon excitations4,5

Although very similar in their nominal compositions, a fu
ther difference between Al70Pd20Mn10 and Al3Pd is the bind-
ing energy of their valence bands. Hence Al70Pd20Mn10 has
electronic properties similar to AlPd, but not to Al3Pd.

While the 4d band of palladium is located atEF in the
pure metal, it moves to higher binding energies in the allo
due to hybridization with Alsp electrons. Thus, the cen
troids of the valence band are found at 3.9 eV for both Al
~Refs. 5 and 20! and Al70Pd20Mn10,

5 and at 4.8 eV for
Al3Pd.20 Based on this information about the occupied stat
we can infer the character of the available final states in

FIG. 4. XPS results from the valence band~bottom! and the Al
2s core level~top! of Al3Pd. The abscissa represents the relat
energy, i.e., zero is placed at the centroid of the Pd 4d states for the
valence-band emission and at the binding energy of the Al 2s com-
ponent for the curve at the top.
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and the alloys by inspecting the dielectric functione2 . Thus,
peaka for Pd corresponds to transitions of the 4d electrons
to states about 4.6 eV aboveEF . This transition is shifted to
higher excitation energies in AlPd and Al70Pd20Mn10 ~peaks
c andc8 in Fig. 1 at 8.5 eV! due to the energy shift of the
initial 4d states. Then, within the present assumptions,
final states remain at the same energy in going from pure
to these alloys. Similarly, peaksb andb8 in Fig. 1 at 4.0 eV
are produced by transitions of the 4d bands to states atEF ,
and peaka by transitions at the Mn site.

In summary, the electronic excitations in Al3Pd were ob-
served to be totally dominated by Al plasmons, which o
scure the single-particle interband transitions. A strong
semblance of the electronic properties in an extended reg
could be verified for AlPd and Al70Pd20Mn10. This similarity
indicates that the same average number of a particular ato
species might be expected around a specific site, i.e., a
similar short-range order. In quasicrystalline Al70Pd20Mn10
there is possibly a strong interaction between Al and M
atoms, leading to a hybridization of Mn 3d-derived states
and Al sp states, giving rise to a band structure similar
that of AlPd instead of Al3Pd. The lack of Al plasmons in
AlPd, which is a periodic structure, as well as in quasicry
talline Al70Pd20Mn10, implies that not so much the long
range atomic arrangement, but the composition is resp
sible for the free-electron behavior in Al-Pd alloy
Similarly, a recent low-energy electron-diffraction study o
Al70Pd21Mn9 could reproduce the experimental data with ca
culations assuming a layered structure for QC’s consisting
a top Al layer, mixed with about 10% Mn, and a secon
layer containing one-to-one Al and Pd with only sma
amounts of Mn.21

Finally, no energy gap could be found in Al70Pd20Mn10.
According toe1 , it clearly has a metallic character. Rece
high-resolution ultraviolet-photoemission measureme
have confirmed a possible gap to be smaller than 6 meV.22 It
is possible, however, that the existence of such a small ga
the DOS atEF has no sizable impact on the optical co
stants. In order to treat this phenomenon more accura
infrared measurements or high-resolution EELS would
required.
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ful to the Eidgeno¨ssische Technische Hochschule Zu¨rich for
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