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Abstract. We present the results of an electron energy loss spectroscopy (EELS) investigation of the
icosahedral quasicrystals i-Al-Cu-Fe, i-Al-Pd-Mn and i-Al-Pd-Re. The spectra of the three systems studied
are very similar. Their main contribution comes from a broad plasmon like peak, which can be interpreted
as an “s—p” electron plasmon damped by “d” electron interband transitions. We show that it is similar to
those found in other simple crystalline aluminum-transition metal alloys, so that no specificity related to

the quasicrystalline order of the alloys dominates.

PACS. 71.23.Ft Quasicrystals — 71.45.Gm Exchange, correlations, dielectric and magnetic functions,

plasmons

1 Introduction

Quasicrystals display surprising electronic properties,
mostly exemplified by their electrical transport [1]. Icosa-
hedral alloys such as i-Al-Cu-Fe or i-Al-Pd-Re have very
high resistivities. The latter, in spite of displaying a rela-
tively high density of states at the Fermi level (according
to low temperature specific heat data), is believed to cross
a metal to insulator transition, which is unique for highly
ordered alloys of metals.

There are still few studies of the conductivity (or di-
electric constant) of quasicrystals as a function of fre-
quency. Reflectivity measurements were performed, which
give access to o(w) in the infrared to close ultraviolet
range [2]. The main result for the icosahedral quasicrys-
tals and the decagonal ones along the quasiperiodic axis,
is the absence of Drude peak at low energy, and a broad
absorption at around 1-2 eV, which was interpreted as a
signature of interband transitions across a pseudogap.

Electron energy loss spectroscopy (EELS) can give ac-
cess to the dielectric constant at higher energy and is
thus complementary to optical studies. EELS measure-
ments were performed in icosahedral i-Al-Mn-(Si) [3-5],
i-Al-Pd-Mn [6,7], i-Al-Cu-Ru [8] alloys and recently in
decagonal d-Al-Ni-Co and d-Al-Ni-Rh alloys [9]. All the
spectra display an intense peak around 16-19 eV. While it
was interpreted as a free electron like plasmon excitation
in [4,8,9], it was suggested by other authors that such
a plasmon should be anomalously damped or even ab-
sent in quasicrystals, and experimental data on icosahe-
dral i-Al-Mn and i-Al-Pd-Mn were discussed within this
framework [3,6,7], based on the peculiar band structure
and electronic properties of icosahedral quasicrystals.
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In this paper we present EELS measurements in the
0-50 eV range performed on the stable icosahedral al-
loys i-Al-Cu-Fe, i-Al-Pd-Mn and i-Al-Pd-Re. We discuss
the nature of the strong signal observed and argue that
it corresponds to a s—p electron volume plasmon excita-
tion. Data and interpretations given in the literature men-
tioned above about i-Al-Pd-Mn are discussed. We com-
pare the experimental data on quasicrystals to the ones
on some simple crystalline aluminium-transition metal al-
loys, and conclude that, according to the existing experi-
mental data, plasmon excitations in quasicrystals do not
exhibit clear features related to quasiperiodicity.

2 Experimental procedure

Samples of nominal compositions Algs 5sCuosFeiss and
Al;g.5Pds1Res s were prepared as melt spun ribbons
and annealed at high temperature [10], and a piece of
i-AlggPdo3sMng was cut from a single grain grown by the
Czochralski method. For the EELS measurements, the
samples were ground into fine particles and deposited on
copper grids covered with holed carbon films. Only the
particles with a thickness ¢ < 50 nm for which the thin
parts were located over an hole were analyzed. The mea-
surements were performed using either a Vacuum Gener-
ator HB501 and a Philips CM20 FEG scanning transmis-
sion electron microscopes, fitted with a [310] tungsten tip
and a LaB6 filament respectively, and operating at 100 kV
for the HB 501 and 200 kV for the CM20. The HB 501
is connected to a serial detector (EL80-VG), whereas the
CM20 is connected to a parallel one (Gatan 666), corre-
sponding to instrumental resolutions respectively equal to
0.4 £0.05 eV and to 0.8 + 0.1 eV. Because the inelastic
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scattering signal is concentrated into a small scattering
angle, a — the illumination angle of the specimen — and
8 — the collection angle of the spectrometer — had to be
selected so as to collect the signal in a scattering angle
as small as possible [11,12], the conditions chosen were
9.33 mrad for a and 0.7 mrad for 3, corresponding to
a 2 nm probe diameter and a maximum scattering vec-

tor ¢max = 0.331 A_l. In the case of the i-Al-Cu-Fe alloy,

(qmax Was increased up to 2.24 A" without any significant
alteration of the spectra. Thus when extracting the width
of the loss peaks, no correction for dispersion effects was
performed. The spectra were recorded on a 50 eV energy
width corresponding to an energy dispersion of 0.05 eV
per channel. The acquisition duration at the same place
was fixed to 20 seconds to limit contamination and ir-
radiation damages induced by the electron probe. Each
analyzed particle was imaged and its structure checked by
electron diffraction before its spectrum was recorded. Pure
Al particles were used to calibrate the spectrometer, the
Al plasmon peak position was then fixed equal to 15.1 eV.
For each icosahedral system tens of spectra were recorded
under the same experimental conditions and treated to
extract the results reported and discussed below.

The FWHM and the energy of the plasmon peaks
were determined according to the following procedure: the
FWHM of the experimental elastic peak was first mea-
sured, then the single scattering signal was extracted from
the experimental spectrum using the Fourier-Log decon-
volution routine of EL/P software [12], and the FWHM of
the main peak was deduced from a fitting of this spectrum
with a Lorentzian curve using the ABFfit software [13].
The FWHM of the plasmon peak was then defined as the
FWHM of the single scattering peak minus the FWHM of
the zero-loss peak of the experimental spectrum.

The real part Re(e) and the imaginary part Im(e) of
the dielectric function were derived from a Kramer-Kronig
analysis of the loss function normalized to match the con-
dition Re(1/e(E = 0)) = 0, using a subroutine-package
attached to the Mathematica-software [14]. The loss func-
tions were obtained from the experimental spectra after
substraction of the zero-loss peak and deconvolution of the
plural scattering effects. The deconvolution of the elastic
scattering is a rather difficult operation [15] because the
zero-loss peak is never perfectly symetric and can have
a “high energy tail” (imperfect focusing of the spectrum
onto the detector or slight shifts of the data during the
collection may contribute). A discontinuity then results
when the zero loss peak is substracted. In this work the
discontinuity located around 4 eV, was smoothed out with
a Az~" function applied between about 4 eV to 0 eV. In
addition the loss function was extended on the high energy
side using a Lorentzian tail to improve the FFT calcula-
tions involved in the single loss spectra calculations.

3 Experimental results

In Figure 1 we show a typical experimental spectrum
recorded from the i-Al-Cu-Fe sample and the correspond-
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Fig. 1. (a) Electron energy loss spectrum and (b) loss function
Im[—l/e(E)] of i-Alg2.5CussFeias.

Table 1. Energy and full width at half maximum of the
main loss peaks of the i-Alg2.5CuasFeia. 5, i-AlsgPd23Mng and
i-A170_5Pd21R68,5 alloys.

i-Al-Cu-Fe i-Al-Pd-Mn i-Al-Pd-Re
E, (eV) 16.9+£0.3 16.8 £0.3 17.2+0.5
0E1 /2 (eV) 53+04 6.1+0.5 6.3+ 0.6

ing loss function. The spectra of i-Al-Pd-Mn and i-Al-Pd-
Re are very similar. Among the tens of spectra measured,
special care was taken to identify and eliminate those con-
taining signs of high carbon or oxygen contamination prior
to any other processing. On the low-loss spectrum, these
contaminants may cause spurious signals located around
6-7 eV and 23-24 eV [16,17].

Apart from the elastic peak, a typical spectrum mainly
consists of an intense broad and asymmetric signal, which
maximum is located around 17 =1 eV. Double losses are
also sometimes observed with intensities depending on the
particles thickness. In Table 1, we give the main peak en-
ergy (Ep) and the full width at half maximum (6F; /)
corresponding to each system evaluated as described in
the preceding section. It has to be noted that for all the
i-Al-Fe-Cu spectra and for i-Al-Pd-Mn or i-Al-Pd-Re spec-
tra, but with a weaker intensity, a bump located at around
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Fig. 2. Real and imaginary parts of the dielectric con-
stant of: (a) i-Aleg,5CU25F€12,5, (b) i-AlggPd23sMng and (C) i-
Al70.5Pd21Res 5, calculated using the Kramers-Kronig analysis
of the loss functions.

7 eV appears clearly even when the shoulder at 23-24 eV is
invisible, suggesting it does not come from contamination
but is intrinsic to the material.

It is interesting to evaluate the dielectric constants,
since the different contributions to it (intra/interband
transitions) are additive and can be more conveniently dis-
cussed. In Figure 2 we show the real and imaginary parts
of the dielectric functions evaluated using the Kramer-
Kronig transformation as described in Section 2. We ob-
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serve an essentially metallic like behaviour, with Im(e(E))
decreasing and Re(e(F)) increasing and changing sign
at the large peak position. Superimposed is a structure
around 7 eV related to the bump seen in the spectra,
which presumably corresponds to interband transitions.
The sharp dip seen in Im(e(E)) for i-AlIPdRe around 3 eV
should be considered with caution, since it depends signif-
icantly on the low energy extrapolation of the loss spec-
trum.

4 Discussion
4.1 Plasmons in icosahedral quasicrystals

As indicated above, the curves shown in Figure 2 may
naturally be interpreted in a simple manner. They cor-
respond to a typical metallic behaviour (Re(¢(E)) and
Im(e(F)) monotonously increasing (respectively decreas-
ing) when the energy is increased) on which a contribu-
tion coming from interband transitions is superimposed.
The main peak observed in the loss spectra corresponds to
the excitation of a volume plasmon, occurring as expected
near the frequency where Re(e(E)) ~ 0 and Im(e(FE)) is
small. These behaviours are very similar to the ones ob-
tained in i-Al-Cu-Ru by Terauchi et al. [8] as well as on
decagonal phases [9]. We can compare our data on i-Al-
Pd-Mn with those of Zurkirch et al. who measured re-
flection EELS spectra on i-Al-Pd-Mn surfaces [7]. Their
spectra are similar to ours but in their case the main loss
peak is situated around 19 eV, instead of 16.8 eV in our
case. In other measurements performed in similar condi-
tions (reflection EELS measurements on UHV prepared
single grain i-Al-Pd-Mn surfaces), results identical to ours
were obtained [18], so the cause of the discrepancy in the
loss energies is not clear. In [7] the contributions from the
interband transitions to the dielectric constants are also
much more pronounced, especially the initial rise of Im(¢)
above 1 eV. These features strongly depend on the sub-
straction of the zero loss peak from the loss spectrum and
on the extrapolations performed at low energy. In our case,
we could not identify three distinct low energy structures
in i-Al-Pd-Mn.

The values observed for the plasmon energies (position
of the loss function maximum) are in the range expected
for these alloys, treating the valence electrons as free elec-
trons. Only counting the “sp” electrons of the elements
the free electron formula gives hw,~ 14.5 eV. The differ-
ence with the actual value may be ascribed to the effect
of the other electrons: contribution of the “d” electrons
of the transition elements and polarization effects of the
core electrons. It is indeed well-known that the position
of a free electron plasmon can be significantly shifted by
the presence of a nearby interband transition.

In [7] a different interpretation of the spectrum of i-
Al-Pd-Mn was given. It was argued that the main loss
observed there at 19 eV is related to an interband transi-
tion involving the Pd “d” states, and not to a “quasi free
electron plasmon”, as opposed to the case of the Al3Pd
alloy to which the quasicrystal was compared. Before



704

discussing in more details the interpretations of the spec-
tra, we first recall a general point for clarity.

An intense loss peak as the ones we observe in the al-
loys corresponds to a high value of Im(—1/¢(E)), so to
low values of Re(e(F)) and Im(e(F)), which is precisely
the conditions for the existence of a free plasma oscilla-
tion. The oscillation may mainly involve free electrons in
a metal or “bound” electrons (plasmons so called “asso-
ciated” to interband transitions). A semiconductor (like
pure silicon) may have a well defined free electron like plas-
mon involving its valence electrons as long as their den-
sity is sufficient for the relation hwy, > Egap, to hold [11].
Thus the very low DC electrical conductivity and den-
sity of states at the Fermi energy of the stable icosahedral
quasicrystals by no means imply that no free electron like
plasmon excitation can exist. While the DC conductivity
is related to the zero frequency dielectric constant, plas-
mon oscillations are due to the behaviour of €(E) at rather
high energies (typically 15 eV) related to the high electron
density of the alloys. Thus no marked difference between
simple crystalline alloys and decagonal and icosahedral
quasicrystals can a priori be expected on these grounds.

Coming back to the case of i-Al-Pd-Mn and AlPd al-
loys, Zurkirch et al. relate the main loss peak at 19 eV C
and C’ (Fig. 2 of [7]) to the interband transitions ¢ and
¢’ seen in Im(e(F)). In our case, considering sum rules, it
does not seem plausible to assign the main loss peak only
to one of the structures seen at low energy in Im(e). Sum
rules state that the integrals I} = fIm(e(E))E dE and
I, = fIm(—1/e(E))E dE evaluated on the whole energy
range are equal and proportional to the total number of
electrons participating in the spectra. We can evaluate the
contribution of the bump seen in the Im(e(F)) spectrum
of i-Al-Pd-Mn between 5 eV and 15 eV. The value cannot
be computed precisely since it depends on the low energy
extrapolations performed on the experimental loss spec-
trum, but it is found to be smaller than 100 eV2. When
calculating the contribution of the main loss peak (be-
tween 10 eV and 25 eV) to Iz one gets a value of 300 eVZ2,
Although one should be cautious when using sum rules in
limited energy ranges, this difference in magnitude is sig-
nificant, and it is quite improbable that only (a part of)
the bump seen in Im(e(E)) at low energy gives rise to the
main loss peak. We rather suggest that the metallic like
background of Im(e(F)) mainly contributes to it. Apply-
ing the sum rules to the entire experimental energy range
(0-38 eV) gives I} =~ Iy = 450 eV?2. These facts are con-
sistent with a “s—p electron” plasmon interpretation of
the EELS curves of i-Al-Pd-Mn. The same discussion also
applies to the other alloys, which spectra are very similar,
irrespective of the nature of the transition metals present.

We may also apply the same comments to the case of
Al3Pd (Fig. 3 of [7]) with the difference that the energies of
the interband transitions are higher and closer to the “free
electron like” plasmon, causing its asymetry. Note that
in that case, the peak B cannot correspond to a surface
plasmon (as suggested by the comparison with pure Al),
since if this was true it should not appear in Im(¢(E)) (no
peak b).
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Fig. 3. Plasmon peak width at half maximum of: i)
crystalline binary Al-Transition Metal alloys, from [4,19],
(0); ii) icosahedral and decagonal quasicrystals from this
paper and [3-5,8,9] (4). Data are plotted as a function
of the “d” electron density. In order of increasing “d”
electron density: orth.Al¢Mn, TiAl, VsAls, CozAls, NizAls,
COAI7 NiAl7 Ni3A1 (0); i-AleMn, i-A1741\/[I120Si57 i-A175 Cu15V10,
d—A1700015N115, d—z&l'ml\ﬁgo];{h107 i—A170,5Pd21R68_5, i-
AlgsPd23Mng, i-Algs CuzoRuis, i-Ale2.5CuzsFera.s (+).

4.2 Plasmon width

The full width at half maximum (FWHM) §E;/; of the
plasmon peaks we observe is quite large (see Tab. 1). It
is much higher than what is observed for simple metals
(aluminum, alcalines) for which one typically has 6 E; /o <
1 eV, and is also higher than for semiconductors (Si,...)
where 0Fy /5 ~ 4 eV. It is well-known that the main con-
tribution to plasmon broadening at low wave vector is its
decay into interband transitions. Broad interband transi-
tions situated in the vicinity of the plasmon energy re-
sult in a strong damping of it. This situation is expected
with aluminum-transition metals alloys due to the inter-
band transitions involving the “d” electrons. It was shown
in binary alloys [19] that the plasmon width §FE;/; in-
creases with the concentration of the transition metals.
In the case of Al-Co, Al-Ni and Al-Cu alloys containing
from 60% to 70% of aluminum, plasmon width ranging
from 4 eV to 6 eV were observed. In Figure 3 we plot
the plasmon FWHM of crystalline binary alloys, together
with those of icosahedral and decagonal quasicrystals, as
a function of the density of “d” electrons ng. For i-Al-
Pd-Re, the “f” electrons of the Re atoms were neglected,
their binding energy being much higher than the plasmon
energy. The plasmon width is seen to correlate remark-
ably and increases linearly with n4. A similar trend was
already noted for i-Al-Cu-Ru and decagonal quasicrys-
tals [9]. In a phenomenological description, dE; /5 is pro-
portional to Im(e(E})). Supposing that the “d” electron
interband transitions give contributions to Im(e(Ep)) that
depend mainly on their intensities, and not much on their
energy position, then the observed linear increase of 4 E; /o
with ng is expected. The scattering of the points may be
attributed to the different conditions in which the FWHM
values where extracted from the experimental data, as
well as to deviations from that simple hypothesis. But
the observation of the correlation gives a good indication
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that the main loss peak in quasicrystals is a s—p plas-
mon damped via the excitation of the “d” electrons of the
transition metals.

5 Conclusion

We have studied the electron energy loss spectra of icosa-
hedral quasicrystals in the 0-40 eV range. These are dom-
inated by a plasmon loss, which energy and line shape do
not depend much on the alloy studied. The data are consis-
tent with a “s—p electron plasmon”, its broadening being
due to interband transitions involving the “d” electrons of
the transition elements. It increases with their density, and
is of the same order as in other non quasicrystalline Al-
transition metal systems. No strong feature related to the
quasicrystalline order thus appears. The determination of
the loss function of the quasicrystals down to a few eV
should be helpful to improve the numerical treatment of
the optical data of these alloys.

We are very grateful to M. de Boissieu for providing the
i-AlPdMn sample, and to A. Filhol and T. Stockli for pro-
viding us with the “ABFfit” and Kramers-Kronig softwares
respectively.
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