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Comparison of the dielectric function of AlPd, Al;Pd, and Al;oPd,oMn 44
determined by electron-energy-loss measurements
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Electron-energy-loss measurements on crystalline AlPd angPdAlas well as on quasicrystalline
Al;Pd,oMny, are evaluated in terms of optical constants using the Kramers-Kronig analysis. Interband tran-
sitions in AIPd are identified, and found to be in agreement with those obtained from the theoretical density of
states, whereas spectra ofRH are dominated by plasmon excitations due to the quasifree electrons of Al. For
Al,Pd,Mn,,, the optical properties are strikingly similar to those of AlPd, except for an additional low-
energy transition due to the Md-derived states, manifesting a predominant Al-Pd interaction in the quasi-
crystal.[S0163-182@07)06040-3

After the discovery of quasicrystalQC’s) in 1984, most The experiments were performed in an ultrahigh-vacuum
of the theoretical and experimental investigations were fo{UHV) chamber with a total pressure in the lower 20Pa
cused on their very peculiar structural features. It was nofegion. The macroscopic-sized samples, i.e.x Z0and
before the development of thermodynamically stable QC's agx g mn? for the crystalline AlPd and APd, respectively,
the_end of the_1980’s thaF some effor'F was made to scrutinizgng ex 4 mn? for the quasicrystalline AlPdMn;o, were
their _electronlc and optical _propertles. Consequently,_ th%rown by conventional techniquésThe polycrystalline
question of the extent to which t_hes_e properties can disting pg sample was in its high-temperatygephase, that has a
guish between perlodlc and quasiperiodic struc;tures has be SClI structuré.For Al;Pd, a structural model has been sug-
a central topic in recent years. The electronic structure Ogested recently to be closely related to decagonal QC's with

Al-Pd,oMn has been investigated by means of .
phg)to%?nis;i%hz and soft-x-ray specgtlroscoﬁ)a); well as x- & Period of about 1.6 nhFor AlzgPdigMinyo, on the other
hand, at least 60% of the atoms in the unit formula are situ-

ray photoelectroXPS) and electron-energy-loss spectros- _
copy (EELS).* These studies have shown certain similaritiesated in clusters. These are the so-called Mackay clusters

between the valence bands of crystalline AIPd and those diomposed of two ghells: a small icosahedron and a larger
icosahedral AlPd,gMn;,.2* A more elaborate study has re- icosidodecahedroh? After inserting th(=T sam'ples into UHV,
vealed AIPd and AlPdMn,, to possess strikingly similar the surfaces were cleaned by sputtering with At500 eV,
electronic properties, i.e., almost identical shapes and enerd}1 «xA/mm?) until the contamination with oxygen and car-
shifts of valence bandsas well as of Pd core levelsThis bon was below the limits of detectability of XPS, i.e., for 15
indicates that it is not the long-range order but the shortmin typically. For the XPS measurements an unmonochro-
range properties that have a crucial impact on the electronimatized AlK ,-radiation source was used. The electron gun
structure of such alloys. Moreover, it was realized that noemployed for EELS delivered a beam focused on the speci-
features of the electronic structure can exclusively be relatethen to a spot size of 0.3 mm. For the measurements reported
to QC's. here, the primary-electron energl () was set to 1500 eV to
The aim of this paper is to present information on theensure that the inelastic cross section was comparable to that
electronic structure of quasicrystalline-4fd,Mn;4 as well  of the photoelectrons considered. The total energy resolu-
as crystalline AIPd and APd, derived from EELS measure- tions for XPS and EELS were 1.0 and 0.7 eV, respectively.
ments in an energy region of 1-50 eV using the KramersThe details of the apparatus can be found elsewhere.
Kronig (KK) analysis. It is found that the electronic proper-  After sputtering and annealing, the surface composition of
ties for AIPd and A}Pd,gMn,, are largely dictated by the the samples was determined by comparing the ratio of the Pd
4d bands of Pd and, hence, are very similar. In QC's, tran3d- and the Al Z-emission intensities in XPS for the pure
sitions due to Mn-derived states are identified. Although nametals with those in the alloys. It was found that the surfaces
evidence could be found for the quasifree behavior of theof AIPd and ALPd have nominal bulk compositions. For
Al-derived electrons, the shape of the dielectric constant ofAl,oPd,jMn;,, however, the concentration of Pd at the sur-
Al;oPd,Mn,, unambiguously suggests a metallic characterface was found to be higher than expected with respect to the
In Al;Pd, on the other hand, all features due to interbandbulk concentration. In fact, the composition was similar to
transitions are obscured by plasmon oscillations, thus indithat of AIPd. However, patterns of secondary-electron imag-
cating that the free-electron behavior of Al-Pd alloys de-ing obtained from this surface clearly display the existence
pends mainly on the composition and not on the crystallinef twofold-, threefold-, and fivefold-symmetry ax&sThis
structure. fact proves that as a consequence of the Pd enrichment the
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surface of AygPd,Mn,, does not revert to the CsCl structure
typical of AIPd, but remains quasicrystalline, displaying the
icosahedral symmetry elements of the bulk. The surface thus
prepared was recently compared with AlPd using XPS and
secondary-electron imagifg. However, at the surface of
Al;Pd,Mn, o we have observed a transition from quasicrys-
tal to CsCl structure upon prolonged sputtering for 2 h. The
composition did not change any further due to this treatment.
At this stage, the surface of the quasicrystal is covered with
a crystalline layer which is structurally and electronically
identical to AIPd. The quasicrystalline structure and the
nominal bulk composition can be restored by subsequent an-
nealing at 700 K for more than an hotfrSimilar phase
transitions from the quasicrystalline state to tB&-type
phase have already been observed upon irradiation with a
high-energy Ar-ion bearft:

In EELS, performed in reflection mode, the cross section
N(E) for inelastic scatteringabsorption is dominated by
those scattering processes for which the magnitude of the
momentum transferq) is minimal, i.e.,q= .. If, addi-
tionally, the momentum transfe,,, involved in the elec-
tronic transitions is negligibly small, then the dipole approxi-
mation generally applied in optics cdas a simplification
be extended to inelastic electron scattering. Due to the reflec-
tion geometry, however, the cross section for electron ab-
sorption has to be discussed in terms of surface and bulk
contributionst®1*
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e(w) FIG. 1. EELS resultgtop) for pure Pd acquired at a primary
o ) energy of 1500 eV. The dielectric constast (e,) is derived from
whereS andB are two weighting functions that depend on hjs experimental curve using the KK analysis.is compared with
the energy of the primary electrons and thereby on the meahe joint DOS(marked “theory”) obtained by the convolution of
free path of the secondary electrons emitted. Under thesg@eoretical band-structure datRef. 16. The abscissa represents
conditions a direct link between electron-energy-loss spectrehe loss energy for the experimental and the excitation/absorption
and the dielectric functione(w)=e;+ie, is provided energy for the other curves.
through the KK relatiot® For the present measurements,
considering thatg,*VE,— VE,— AE and E,=1500 eV, transitions'>*"*8Thus it can be assumed as a practical rule
we obtain for the energy losSE in the range of 5-30 eV, a that maxima ofe, coincide with minima of the loss function,
Omin iN the range of 0.04 and 0.18&. This value is negli- O, in other wordsN(E)>=—Im(1/e)=1/e,. In contrast, fea-
gibly small, and hence the applicability of the dipole ap-turesF andf are at the same position because they are gen-
proximation is justified. erated by an inner-shell transition from the Rgl; (4p) core

Figure 1 shows an EELS spectrum of pure Pd togethelevels. In fact, in this energy-loss regioAE=20 eV), ¢, is
with €, ande, derived from the experimental curve using the small ande; nearly constant. Hence the loss function mimics
KK analysis. The electronic properties of Pd have been stude,.
ied thoroughly, yet we show our data in order to illustrate the According to a recent studythe electronic structure of
procedure we applied for the investigation of the electronicAl,gPdeMny, is very close to that of AlPd. The energy po-
and optical properties of the alloys. The curve designated asition and the spectral shape of their valence bands are very
“theory” was obtained from a convolution of the occupied much alike, apart from a contribution from Mn &g. In
and unoccupied density of staté®OS) as calculated by order to shed more light on the electronic structure of these
Lasser and Smith? According to this work, features—d at  two alloys, EELS and, data are shown in Fig. 2. The most
4.6, 13.3, 19.5, and 30.7 eV, respectively, correspond to insalient features in EELS occur for both alloys at energies of
terband transitions from initial bands below the Fermi level2.8 eV (A andA’), 5.5 eV(B andB’), and at 19.5 and 18 eV
Er, to final states abov&g. The initial states have pre- (C andC’, respectively. The curves representirg, on the
dominantly d character and the final statep character. other hand, display absorption peaks at 2 @Vanda’), 4
Therefore, the structures observeckinreflect the enhanced eV (b andb’), and 8.5 eMc andc’). In the computed data,
values of the joint DOS at different critical pointsknspace. obtained from a convolution of tight-binding linear-muffin-
The main peaks in EELS, i.eA—D, which occur at energies tin-orbital (TB-LMTO) calculations for AlPd(Ref. 19 and
where the absorption is low, i.e., 6.4, 14.8, 24.0, and 31.8abeled “theory,” peaksh’ andc’ are satisfactorily repro-
eV, respectively, are interpreted as collective oscillationsduced. This, in combination with recent XPS measurentents,
which are in competition with the interband suggests that featurds (b’) andc (c’), present in both
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ENERGY (eV) FIG. 3. Direct comparison of the collective oscillations inyRdl

and pure Al by means of EELS measured at a primary energy of
1500 eV. The frequency of the bulk and the surface plasmons in Al
are marked withwg and wg, respectively. Also shown is the,
curve for ALPd obtained by the KK analysis and drawn on the same
energy scale.

FIG. 2. EELS data a,= 1500 eV obtained from A}Pd,jMn, o
(top) compared to those for AIPd. Also shown are theand e,
curves obtained by the KK analysis. The curve, labeled “theory,”
is a joint DOS for AIPd derived from TB-LMTO calculationfRef.
19). The abscissa represents the loss energy for the experimental
data and the excitation and/or absorption energy for the othetively. The surface plasmon at 10 eV, the bulk plasmon at
curves. 15.5 eV, and their higher harmonics dominate the loss data.

By comparison with the spectrum for pure Al, all loss fea-
alloys, are generated by interband transitions at the Pd siteures in ALPd can be identified as plasmon losses, except for
In addition to the overlap of the spectra for the two materialsthe low-energy peald, which represents an interband tran-
there is at least one main difference that deserves commenition. However, other features due to Pd interband transi-
namely, the absorption peakat 2 eV, which is much stron- tions, illustrated in Fig. 1, are completely masked. It is inter-
ger Al,oPd,Mnyg than for AIPd. As there are Mn states very esting to note that the energy values for plasmon losses in
close to theE ,13Sthis increase in intensity is certainly due Al sPd are very close to those in pure Al. In fact, the value for
to transitions of Mn electrons from bonding to antibondingthe bulk plasmon is shifted by approximately 0.5 eV to
states. Another point to emphasize is the correspondence bligher energy in AJPd. This change corresponds to an in-
tween the absorption peaka-{c) and the collective oscilla- crease of about 6% in the density of excitable quasifree elec-
tions (A—C) that follow them, confirming the validity of the trons in going from Al to the alloy.
interpretation scheme established for pure Pd. For In order to investigate the individual contributions of Al
Al;gPdMnyg, €7 is also shown in the same figure in order and Pd atoms in the APd alloy to the measured EELS spec-
to emphasize the metallic behavior of the quasicrystallingarum, XPS measurements are performed in an extended re-
sample. gion of core levels, and satellite structures are determined. A

Figure 3 shows EELS measurements obtained frogP@l core-level spectrum is a local probe at a particular atomic site
and pure Al in order to demonstrate that the electronic exciand is chemically sensitive. Figure 4 presents XPS spectra
tations in AkPd are dominated by Al plasmons. Also shown for the Al 2s core level and the valence band of;RtH. The
is the calculated loss functiasy for Al;Pd, derived from the latter consists predominantly of Pd-derived dlectrons. The
EELS data using the KK analysis. The most pronounced feaeentroids of both emission lines are set to zero energy, which
tures for ALPd are situated at distinctly different energy po- facilitates the observation of the different energy positions of
sitions, i.e., at 7, 10, 15.5, 30, and 46 eV in EELS, labeledhe satellites accompanying these lines. While the Al 2
A-E, and at 5, 8.5, 13.5, and 30.5 eV éq, labeleda—e. emission is followed by a feature at 15.5 eV, which appar-
The EELS spectrum for pure Al shows predominantly bulkently corresponds to a plasmon loss, the valence band has a
and surface plasmon excitations, markggdandwg, respec- satellite at 19 eV, the origin of which is an interband transi-
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and the alloys by inspecting the dielectric function Thus,
peaka for Pd corresponds to transitions of thd électrons

to states about 4.6 eV abof . This transition is shifted to
higher excitation energies in AIPd and-APd,)Mn, (peaks

c andc’ in Fig. 1 at 8.5 eV due to the energy shift of the
initial 4d states. Then, within the present assumptions, the
final states remain at the same energy in going from pure Pd
to these alloys. Similarly, peaksandb’ in Fig. 1 at 4.0 eV

are produced by transitions of thel dands to states &,

and peala by transitions at the Mn site.

In summary, the electronic excitations in,RH were ob-
served to be totally dominated by Al plasmons, which ob-
scure the single-particle interband transitions. A strong re-
semblance of the electronic properties in an extended region
could be verified for AIPd and A§Pd,gMn44. This similarity
indicates that the same average number of a particular atomic
species might be expected around a specific site, i.e., a very
similar short-range order. In quasicrystalline;dd,Mn,
there is possibly a strong interaction between Al and Mn
atoms, leading to a hybridization of Mnd3derived states
and Al sp states, giving rise to a band structure similar to
that of AIPd instead of APd. The lack of Al plasmons in

FIG. 4. XPS results from the valence baittom) and the Al A|Pd, which is a periodic structure, as well as in quasicrys-
2s core level(top) of AlsPd. The abscissa represents the relativetg|line Al;PdMn;,, implies that not so much the long-
energy, i.e., zero is placed at the centroid of the Bdtates for the range atomic arrangement, but the composition is respon-
valence-band emission and at the binding energy of thesAdldn-  ginje for the free-electron behavior in  Al-Pd alloys.
ponent for the curve at the top. Similarly, a recent low-energy electron-diffraction study on
Al;oPd,;Mng could reproduce the experimental data with cal-
culations assuming a layered structure for QC’s consisting of

top Al layer, mixed with about 10% Mn, and a second
Yayer containing one-to-one Al and Pd with only small

ounts of Mrf?

INTENSITY (arb. units)

RELATIVE ENERGY (eV)

tion involving the Pd 4l electrons. Hence, in the same alloy,
there is a coexistence of free-electron behavior associat
with Al and single-electron transitions at the Pd site. The los
process at the Pd site is neither observable as a feature
EELS, nor as a peak is,, because of the dominant occur- Finally, no energy gap could be found in AP, Mn;o.

rence of the Al plasmons. In AlPd and PdMny,, on the According toeq, it clearly has a metallic character. Recent

other han.d’ no satellites could be found accompanying the A}]]igh-resolution ultraviolet-photoemission measurements
2s emission lines due to the lack of plasmon excitations. have confirmed a possible gap to be smaller than 6 fie\/

Although very similar in their nominal compositions, a fur- . : : ;
. ; - is possible, however, that the existence of such a small gap in
ther difference between APdMnyoand AkPd is the bind- 0 g atEgr has no sizable impact on the optical con-

ing energy of their valence bands. Hence®hMnio has  gants In order to treat this phenomenon more accurately

electrqnic properties similar to _Alpd,’ but not t°3RU,' infrared measurements or high-resolution EELS would be
While the 4 band of palladium is located & in the required.

pure metal, it moves to higher binding energies in the alloys
due to hybridization with Alsp electrons. Thus, the cen- Special thanks go to R. Monnier for performing the TB-
troids of the valence band are found at 3.9 eV for both AIPALMTO calculations of the DOS of AlPd, and to D. D.
(Refs. 5 and 2D and ALgPdMnyo,° and at 4.8 eV for  Vvedensky for fruitful discussions. One of (.Z.) is grate-
Al;Pd 2’ Based on this information about the occupied statesful to the Eidgenesische Technische Hochschulérigh for
we can infer the character of the available final states in Pdinancial support.
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