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Oxidation of Al-Pd-Mn quasicrystal surfaces
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Abstract

The oxidation of both, quasicrystalline and crystalline surfaces of an icosahedral AI-Pd—Mn quasicrystal cut per-
pendicular to its five-fold axis and of Al(111) has been studied by means of X-ray photoelectron spectroscopy,
ultraviolet photoemission spectroscopy, low-energy electron diffraction and X-ray photoelectron diffraction. The oxi-
dation of the elements of the alloy is quantified and compared for the different phases and Al(1 1 1). The quasicrystalline
surface is found to react less with oxygen than the crystalline surface and more rapidly compared to Al(111). The
observed behaviour is discussed in terms of the termination of the corresponding surfaces.
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1. Introduction

Quasicrystals are well-ordered metal alloys with
no translational symmetry. This unusual property
attracts the attention of fundamental research. On
the other hand, quasicrystals offer some interesting
features for applications, such as low coefficient of
friction, low surface energy, high electrical resis-
tivity and hardness, but low thermal conductivity
[1-3]. The possibilities for applications have initi-
ated the investigation of the oxidation of quasi-
crystal surfaces.

Both, crystalline (c-) and quasicrystalline (qc-)
surfaces can be prepared on the bulk icosahedral
(i-) AI-Pd-Mn quasicrystal by specific sputtering
and annealing treatment [4,6]. From previous
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work [7-9] it is known that the qc-Al-Pd-Mn
surfaces oxidise in a two-step process (chemisorp-
tion of oxygen followed by oxide formation),
forming a thin, passivating and spatially inhomo-
geneous oxide layer. The oxidation resembles
that of elemental Al. Thin oxide layers (5 A)
form under ultra-high vacuum (UHV) conditions.
Thicker layers grow (up to 100 A) if the oxygen
exposure is performed in a more aggressive envi-
ronment [8,9]. Previous work [7-9] also reported
that Al is the only element to oxidise and segregate
at the surface whereas the other elements of the
alloy appear to oxidise only in the presence of
water [8—10]. Saturation of the oxidation process is
reported at exposures around 50 L [7] or 80 L
[8,10,11] (1 Langmuir (L) = 10~® Torrs) and oxi-
dation is pressure dependent [12]. Low-energy
electron diffraction (LEED) spots disappear at 20—
25 L [7], indicating the destruction of the long-
range order. The surface energy and the friction



coefficient of the oxidised quasicrystalline surface
are lower than for Al-oxide and make quasicrys-
tals attractive for surface coating applications [2].

In the c-surface, oxidation of Mn [11] and Pd
[10] occurs as well. It is reported that Al enrich-
ment of the surface is weaker in the c-phase than in
the gc-phase [10], but that the oxidation is stronger
[3]. Larger amounts of aluminium and almost all
manganese at the surface are oxidised and thicker
oxides are formed [3,10].

The study of oxidation has also been performed
on other quasicrystals, such as Al-Cu-Fe [10,11,
13-15].

Upon exposure to oxygen, elemental Al forms
a protective, passivating, amorphous oxide layer
[16,17]. The LEED pattern disappears at exposures
of the order of 1000 L for the close-packed (111)
face and at one order of magnitude smaller expo-
sures for (110) and (001) faces [16,18,19]. The
latter immediately develop bulk-like oxide films,
because of their more open geometry, whereas
the (111) face goes through a two-step oxidation
(chemisorption of oxygen followed by oxide for-
mation) [16,20,21]. In a high-resolution synchro-
tron-radiation study five different peaks appear in
the Al2p X-ray photoelectron spectroscopy (XPS)
line of the Al(1 1 1) surface exposed to oxygen [16].
The substrate core levels shift due to the charge
transfer between oxygen atoms and the substrate
[22]. Two peaks in the valence band of Al(111)
appear at 7.1 and 9.8 eV below the Fermi edge,
related to the O 2p orbitals perpendicular () and
parallel (m) to the surface, respectively [19]. The
transformation of the second peak into a contin-
uum of states signalises the formation of the oxide
[23]. The oxidation of Al(111) is a pressure-
dependent process [24] and differences exist be-
tween oxidation in pure oxygen or water [20,25].

The aim of this work is to quantify the differ-
ences between the oxidation of quasicrystalline
and crystalline surfaces of i-Al-Pd-Mn in pure
oxygen and to characterise the changes upon ex-
posures to oxygen using different techniques,
i.e., XPS, X-ray photoelectron diffraction (XPD),
ultraviolet photoemission spectroscopy (UPS) and
LEED. The Al-Pd-Mn qc-surface is Al-rich
[26,27] and, in order to examine the similarities
with the oxidation of Al, an Al(111) crystal

was used in the oxidation experiments for com-
parison.

2. Experimental

The i-Al-Pd-Mn quasicrystal ingot has been
grown using the Czochralsky method in CECM-
CNRS, Vitry-sur-Seine, France. It has been pol-
ished with diamond paste and oriented with its
five-fold axis normal (£3°) to the surface. Its stoi-
chiometry was determined to be Aly3Pd,; 4Mng ;.
The shape of the sample is a half disk, 2 mm thick
and more than 10 mm in diameter. The qc-surface
is a bulk-terminated icosahedral surface prepared
by sputtering and annealing [6]. The c-surface can
be interpreted as five domains of a cubic bce Al-Pd
crystalline alloy oriented perpendicularly to its
[11 3] direction [5] and is prepared on the i-Al-Pd—
Mn by Art sputtering without annealing [6].

Contamination-free surfaces were obtained by
successive cycles of Ar™ sputtering at 0.5-1.5 kV
and annealing during approximately 15 min. The
annealing temperature was controlled with a py-
rometer. For the qc-Al-Pd-Mn surface the an-
nealing temperature was 620°C and for Al(111)
500 °C. For c-Al-Pd—Mn the surface was not
annealed [6]. The cleanliness of the surface was
checked with UPS [22] and cleaning cycles were
repeated until no features on the position of O 2p
derived states were observed. LEED was used to
check the surface ordering for the qc-surface and
Al(111). Compositions were determined with
cross-section corrected XPS core-level peak areas.
The XPD patterns served for near-surface geo-
metrical structure analysis. | Oxidations have been
performed at 1 x 1078 mbar for exposures smaller
than 10 L; 5 x 1078 mbar for medium exposures
and 7 x 10~8 mbar for exposures larger than 100 L.

! The emitted photoelectron wave from a chosen core-level
scatters at the surrounding atoms and interferes with the directly
emitted wave to give an interference pattern as a function of
emission angle. This strongly anisotropic angular distribution
of photoelectrons then gives the possibility to obtain a basic
picture of the local, real-space environment of the emitter, due
to the “forward focusing” phenomenon. (For a detailed review
on XPD, see e.g., Ref. [28].)



Oxygen was supplied by back-filling the prepara-
tion chamber through a leak valve. The exposure
values in units of Langmuirs are not calibrated to
the sensitivity of the pressure gauge.

The experimental set-up represents an extended
version of the Vacuum Generators ESCALAB Mk
I spectrometer, operating with a base pressure
in the low 107! mbar region. XPS, XPD and
UPS have been performed in the analysis chamber,
equipped with a twin-anode X-rays source, an ul-
traviolet (UV) lamp with monochromator [29] and
a hemispherical electron-energy analyser with a
three-channeltron detection system. A motorised
manipulator allows sample rotation with two de-
grees of freedom. All the measurements were car-
ried out at room temperature. XPS and XPD (not
shown) were performed with Mg Ko (hv = 1253.6
eV) radiation. The spectra have been measured
with a pass energy of 50 eV corresponding to an
energy resolution (Mg Ka source and analyser) of
approximately 1 eV. Normal emission or 45° off-
normal emission was used for the X-ray spectra, as
will be indicated. The 45° off-normal geometry is
more surface sensitive. For technical reasons the
Al(111) surface has only been measured at normal
emission. In order to have a quantitative com-
parison, some of the experiments on Al-Pd-Mn
have been performed at normal and 45° off-normal
emission. Monochromatised He I radiation (hv =
21.2 eV) was used in UPS. All UPS measurements
were performed at normal emission. LEED pat-
terns (not shown) were recorded with normal in-
cidence and electron energies of 60 eV.

3. Results and discussion
3.1 XPS

The compositions for the clean surfaces of the
qc- and the c-phase are determined by XPS to be
68.5% Al, 27% Pd and 4.5% Mn and 58.8% Al,
36.7% Pd and 4.5% Mn, respectively. The qc-phase
displays the characteristic features of the quasi-
crystals: five-fold symmetry (as seen from XPD)
and a pseudogapped Fermi edge (as seen from
UPS), while the crystalline surface has a metallic
character (as seen from UPS) [4,6]. The core-level

lines of Al and Mn in the qc-phase lie close to their
positions in the elemental samples, while the
Pd lines are 2 eV shifted towards higher binding
energies compared with the ones of elemental Pd
[8,9]. The lines of Al and Mn are at the same po-
sitions for the qc- and the c-surface of Al-Pd-Mn,
while the positions of Pd lines at the c-surface are
less shifted towards higher binding energies (<1 eV
shift) than in the qc-phase. This is consistent with
the reported changes from pure elements to the
alloy [8,9]. In the valence band of the alloy, the Pd
4d derived feature is at 4.3 eV below the Fermi
edge for the qc-surface, but at 3.7 eV binding
energy in the crystalline phase, and the shift is in
the same direction as described for the core-levels.

Changes of the core-level spectral lines upon
exposure to oxygen are presented in Fig. 1a—d. The
vertical arrows indicate oxygen exposure values, A
corresponding to 0, 10, 35, 75, 110 L at 45° off-
normal emission and B to 0, 20, 75, 150, 225, 300,
375 L at normal emission (sequences from bottom
to top). For graphs with results of the gc-phase,
exposure to 8400 L at 45° off-normal emission
is presented by spectra in grey. The results of a
quantitative analysis are shown in Fig. 2.

In Fig. la oxidation-induced changes charac-
teristic for the Al 2p emission appear in the spectra
of ¢-, qc-Al-Pd-Mn and Al(111) surfaces. A sec-
ond peak appears and grows as a shoulder on the
higher binding-energy side of the initial Al2p peak,
which decreases in intensity due to oxygen cover-
age. The Al 2s peak shows the same behaviour (not
shown). As can be seen from the growth in intensity
of the shoulder with oxygen exposure, Al oxidises
lessin Al(1 1 1) (Fig. 1a, bottom) than in qc-Al-Pd-
Mn (Fig. la, middle), but less in qc-Al-Pd-Mn
than in ¢c-Al-Pd-Mn (Fig. la, top). Spectra pre-
sented in Fig. la are taken at 45° off normal for
c-Al-Pd-Mn, where the measurement is more
surface sensitive and at normal emission for qc-Al-
Pd-Mn and Al(111), but the same conclusions
follow from the examination of spectra taken at
45° off-normal emission (not shown) for both
Al-Pd—-Mn surfaces. In addition, exposures B con-
sist of significantly higher doses than exposures A.

The Al2p line has been fitted by a linear com-
bination of the metallic emission peak, a Gaussian
representing the appearing oxygen-related peak



(b)

(a)
\ Al2p
\
. y A
c-AlIPdMn
Pd 3p I\ O1s
) z
£ £
S =
g £
8 S,
Fn 2
= £
c o
2 2
£ £
qc-AlPdMn
Al 2p O1s
B
B
-Al(111) ) A|(11.1) ’
75 70 540 535 530
Binding energy [eV] Binding energy [eV]
© [pd3d c-APdMn (d) [c-alpamn | Mn 2p
A
z z
£ =
= =}
g g
3, s,
> |Pd3d gc-AlPdMn > |gc-AIPdMn { Mn 2p
3 .g
£ 2 B
345 340 335 645 640
Binding energy [eV] Binding energy [eV]

Fig. 1. XPS spectra of (a) Al 2p, (b) Pd 3p3,; and O 1s, (c) Pd 3d and (d) Mn 2ps, core-level emission from qc-, c-Al-Pd-Mn and
Al(111). The arrows are indicating oxygen exposure values: A: 0, 10, 35, 75, 110 L at 45° off-normal emission and B: 0, 20, 75, 150,
225, 300, 375 L at normal emission (sequences from bottom to top). Exposure of 8400 L is performed at 45° off-normal emission and
presented in grey. The inset shows a typical fitting in the case of Al 2p (c-Al-Pd-Mn at 110 L of O, exposure).
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Fig. 2. Percentages of oxidised Al (Mn) in total amount of Al
(Mn) atoms. Surfaces as indicated. The Al(111) surface has
only been measured at normal emission and results on Al-Pd—
Mn at both normal and 45° off-normal emission are presented
in order to have a quantitative comparison with both c-Al-Pd—
Mn and Al(111).

and a linear function, representing the linear back-
ground of the fitted spectrum (the inset in Fig. la
presents a result for oxidised c-Al-Pd—Mn). The
Al2p peak of the clean surface has an asymmet-
rically-broadened form, characteristic for metals
[22,30]. The linear-background subtracted spec-
trum of the clean surface was used to represent the
metallic substrate emission. The underlying idea
that its shape remains unchanged during the oxi-
dation, has been also applied in other fitting pro-
cedures [25,31].

For the estimation of the growth of the oxygen/
oxide layer the investigation of the O 1s peak was
performed (Fig. 1b). Ols and Pd 3p;), are ener-
getically very close (Fig. 1b, top and middle) and
each spectrum was fitted with the metallic Pd 3ps/»
peak, a Gaussian shape for O 1s and a linear back-
ground. The linear-background subtracted spec-
trum of the clean surface was used as Pd 3ps, peak
in the fitting. O 1s spectra on the Al(111) surface
(Fig. 1b, bottom) were fitted with a Gaussian func-
tion and a linear background. All parameters used
in the fitting procedures throughout this work were
variable.

Concerning the Pd3d lines, it is known from
previous work [8] that, upon oxidation, elemental
palladium 3d lines broaden and shift towards

higher binding energies. The position of the palla-
dium lines in the qc-surface is already shifted by 2
eV towards higher binding energies with respect to
the position of elemental palladium, and according
to Ref. [9] the expected oxidation-induced shift is
towards lower binding energies for the qc-surface.

In Fig. 1c we observe a decrease of the to-
tal intensity of the Pd3d line of the Al-Pd-Mn
surfaces with increasing exposures to oxygen. This
signalises that, due to the growing coverage of the
oxygen/oxide, the Pd signal from the alloy de-
clines. A shift, smaller than 0.2 eV, towards lower
binding energies can be noticed, more pronounced
in the crystalline phase. According to Ref. [9], this
is expected for the oxidised surface, but is not in
agreement with reported results [8], where a shift
of 0.1 eV towards higher binding energies is mea-
sured. We observe no changes of the spectral-line
widths or asymmetries. The latter indicates that
the palladium density of states near the Fermi level
does not change significantly and that there is
consequently no change of the environment re-
lated to oxygen bonding [32]. The Pd 3d shift could
also indicate a change of environment due to the
oxidation of other elements in the alloy. If pal-
ladium oxidises, the proportions of this effect
are quite weak: a small shift is observed, but no
spectral-line broadening. This is in agreement with
the previously found inertness of pure metallic
palladium [8]. The changes of Pd lines in qc- and c-
Al-Pd—Mn surfaces are comparable and the claim
of oxidation in one case would have to apply to the
other as well, contrary to the reported oxidation of
Pd only in the c-phase [10].

Mn in qc-Al-Pd-Mn does not oxidise for ex-
posures up to 375 L, the metallic emission simply
decreases, like in the case of Pd (Fig. 1d, bottom).
The spectra along the B arrow all show absence
of features on the higher binding-energy side of
the metallic peak (Fig. 1d, bottom). Line shifts or
changes in the line shape have not been noticed. In
c-Al-Pd-Mn Mn oxidises to a very high extent: the
metallic Mn line declines in intensity and another
peak grows on its high binding-energy side from
the lowest exposures (Fig. 1d, top, arrow points at
the oxygen-induced peak). The same analysis
procedure as described for Al2p (Fig. 2) was ap-
plied in this situation.



Spectra in grey (Fig. 1) show that upon ex-
posure of qc-Al-Pd-Mn to 8400 L of oxygen, Al
oxidises to a great extent (Fig. la, middle), O 1s
peak grows correspondingly (Fig. 1b middle),
signs of oxidation of Mn are visible (Fig. 1d,
bottom) and Pd 3d shifts more than for the mod-
erate exposures (Fig. lc, bottom). Mn has been
considered not to oxidise at all under UHV at
room temperature and not even after exposure to
air (if not very humid) [8-10]. We show unam-
biguously that oxidation of Mn happens even in
UHV at room temperature, for extremely large
exposures (Fig. 1d, bottom, spectrum in grey). The
arrow points at the oxygen-related feature ap-
pearing in the same way as for the c-surface (Fig.
1d, top). Note, that the spectral shape in the region
of the arrow changes from a downward to an
upward curvature upon oxidation.

In Fig. 2 we present how the percentage of the
element which is oxidised, within the probing
depth, changes with exposure. The percentage of
the element which is oxidised is calculated as the
ratio of the oxidation-induced shoulder area and
the total peak area. Quantitative analysis (Fig. 2)
confirms our observations of the changes visible
in the raw spectra (Fig. 1). More than 50% of Mn
oxidises in the c-Al-Pd—Mn, exceeding percentages
of oxidised Al in both Al-Pd-Mn phases. Al also
oxidises more in the crystalline than in the quasi-
crystalline phase. Finally, Al oxidises more in the
alloy than in Al(111), a fact that is not merely a
consequence of our probing depth. The Al density
in the volume probed with XPS of the Al(111)
surface is homogeneous. The structure of the qc-
surface of Al-Pd-Mn is described in the model by
Gierer et al. [26,27], which is based on the bulk
structure proposed by Boudard et al. [33] and de
Boissieu [34]. In the profile of the qc-surface in this
model, there are four different types of layers and
three of them contain aluminium. Within the first
5 A there are eight layers and only one of them
without aluminium. This distribution continues
down to 20 A depth, which means that the distri-
bution of Al is also homogeneous at this scale, as
in the bulk of the quasicrystal. The same holds for
the c-Al-Pd-Mn, since its periodic structure
guarantees uniform distribution of atoms of dif-
ferent elements on the scale of the order of 10 A

(mean free path of XPS) or more. The fact that we
do not probe only the topmost Al-rich layer of the
gc-surface and that all the surfaces have a uniform
composition at the relevant depth scale, enables
the comparison of the quantity of oxidised Al
among the different surfaces examined.

The XPD pattern taken at the oxygen KLy;L,;
Auger transition line (not shown) does not display
any anisotropy. This confirms the formation of a
disordered oxide. XPD patterns of the clean c-
surface show anisotropy characteristic for its spe-
cific structure [6]. Upon exposure to oxygen, these
patterns become blurred for the Al and Pd emis-
sion, but visible up to the highest exposures. No
image anisotropy is seen for the Mn emission on
the crystalline surface after 110 L oxygen expo-
sure, which is consistent with the high degree of
oxidation of this element in the crystalline phase.

The alloy composition (Fig. 3) has been calcu-
lated to yield 100% for Al, Pd and Mn, while the
percentage of O adds to that. Surface segregation
of Al occurs in both Al-Pd-Mn phases (Fig. 3a)
and segregation of Mn occurs in c-Al-Pd-Mn
(Fig. 3b). The contribution of Pd is decreasing in
both phases (Fig. 3c), as well as Mn in the quasi-
crystalline phase (Fig. 3b). The compositions of
the clean qc-Al-Pd-Mn and c-Al-Pd-Mn are dif-
ferent, but relative changes are stronger in the
crystalline phase (Fig. 3). The percentage of Pd
(Fig. 3c), for instance, changes by less than 10% in
the quasicrystalline phase subjected to exposures
up to 375 L; for the crystalline phase this change is
15% for exposure of 110 L. It is known that the
diffusivity of specific elements in the quasicrystals
is at least one order of magnitude smaller than the
diffusivities of elemental samples of its components
[35]. The diffusivity in the crystalline phase is also
larger than the one of the quasicrystalline phase
[36]. This is consistent with the noticed line-posi-
tion changes in these phases from the beginning
of Section 3.1, suggesting that the properties of
the crystalline phase are between the ones of the
quasicrystal and the elemental crystals. Thus we
observe stronger segregation in the c-Al-Pd-Mn
than in the qc-Al-Pd—Mn. Both percentages of Al
and Mn have increased in the crystalline surface
during the oxidation process, but the relative in-
crease of Mn is larger. The heats of formation of
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the saturation points: 40 L for the qc-Al-Pd-Mn and 75 L for the c-Al-Pd-Mn. Surfaces as indicated.

the bulk oxides of Al and Mn are —1676 to —1657
kJ/mol for AlLO; and —1388 kJ/mol for Mn;0,,
respectively, much larger than —85 kJ/mol for PdO
[37]. This explains why both Al and Mn strongly
oxidise and segregate at the surface, contrary
to the behaviour observed in the quasicrystalline
phase.

It is important to notice that a layer-by-layer
compositional structure as in the case of the qc-
surface, with the exponential decay of XPS sensi-
tivity with depth in the substrate, would not show
any significant surface segregation effect if only a
coverage of oxygen (lower than 15 A, which is the
case in our experiment) is added on top. This goes
along with the discussed homogeneous distribution
of the elements on the scales of the order of 20 A
and the XPS mean free paths that are certainly
above 5 A. The observed XPS intensity changes can
only be explained by significant segregation, i.e.
diffusion of Al, which is confirmed by the observed
Al-oxide formation. It is difficult to conclude

whether diffusion of Al only from the topmost two
layers of the qc-surface into the oxygen overlayer is
sufficient to give the observed rate of Al-segrega-
tion, or whether the diffusion of atoms from deeper
layers in the qc-surface is needed.

The increasing percentage of oxygen, added to
exceed the 100% of the clean-sample composition,
is shown in Fig. 3d. The amount of oxygen in
the crystalline phase is the largest. The oxygen
percentage in Al(111) grows slower and remains
below the one in qc-Al-Pd-Mn, approaching the
value at which the quasicrystal has saturated. A
calculation of the sticking coefficient for the clean
surface 2 gives a six times larger value for the
quasicrystal than for Al(111).

The composition changes in Al-Pd-Mn satu-
rate approximately around 75 L in the crystalline

2 The determination of the sticking coefficient is described in
Ref. [38].



and around 40 L in the quasicrystalline phase (Fig.
3), consistent with the previous results [7-9]. The
saturation values are marked in Fig. 3a, where it is
best seen.

The positions of oxygen-related peaks are
shifting towards higher binding energies with in-
creasing exposures, as determined from the fit-
ting procedure. The Pd 3d doublet shifts towards
lower binding energies. In both, qc-Al-Pd—Mn and
Al(1 11) the final position of O 1sis 532 ¢V and that
of the Al 2p shoulder is 75.2 eV, in agreement with
the literature values for Al,O3 on Al(111) [20,25].
Shifts of the Al and Mn oxygen-induced shoulders
are more pronounced in the crystalline phase, con-
sistent with the larger oxygen uptake in this phase.

3.2. UPS

Upon exposure to oxygen O 2p derived features
appear in the valence band region of Al(111) and
the Al-Pd-Mn surfaces (Fig. 4a—c). They consist
of one main peak, around 7 eV binding energy,
and a shoulder on the higher binding-energy side,
at approximately 9 eV below the Fermi edge, in
agreement with the literature values for oxygen on
Al(111)[19]. The palladium feature in the valence
band of Al-Pd-Mn surfaces (~4 ¢V binding en-
ergy) becomes attenuated with increasing exposure
(Fig. 4a and b). Fig. 4 shows that the structure of
the O2p peak is slightly different for different

(a) (b)

(©

surfaces: it grows narrower on Al(111) (Fig. 4c),
broader on qc-Al-Pd-Mn (Fig. 4b) and even
broader on c-Al-Pd-Mn (Fig. 4a). This is proba-
bly related to the number of peaks involved in the
oxygen structure and their corresponding para-
meters. The Fermi level intensity of the surfaces
investigated decreases with the exposure.

For a quantitative analysis, the clean-surface
valence band was subtracted from every valence
band spectrum and the area of the oxygen feature
(peak 1, positive) and the area which is taken away
from the palladium feature (peak 2, negative) were
calculated (Fig. 4d). Oxygen grows more and pal-
ladium declines more in the crystalline than in the
quasicrystalline phase (Fig. 4d). The changes of
the peak areas with exposure are monotonic and
consistent for both peaks. Therefore the conclu-
sion about the more pronounced oxygen-induced
changes in the crystalline phase is feasible, re-
gardless of possible photon intensity variations for
spectra taken at different exposures. Furthermore,
the changes in the valence band approach satura-
tion at the same exposures, as in XPS.

3.3. Sensitivity to photon irradiation

Another important point to notice is that X-
rays and UV light promote the oxidation of the
surfaces studied in this work. This has been tested
by exposing the given surface to X-rays, UV light
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Fig. 4. UPS spectra of (a) c-, (b) qc-Al-Pd-Mn and (c) Al(1 1 1). The arrows are indicating oxygen exposure values, A: 0, 10, 35, 75,
110 L and B: 0, 20, 75, 150, 225, 300, 375 L (sequences from bottom to top, measured at normal emission). Peak area analysis is

presented in (d).



or just by leaving it in UHV for approximately 1 h.
Tests have been performed on the clean surfaces,
on the surfaces oxidised with 15 L of oxygen and
on the highly oxidised quasicrystalline surface ex-
posed to 8400 L of oxygen. UPS was used to detect
the quantity of oxygen present on the surface be-
fore and after the treatment, since it is more sen-
sitive than XPS.

All surfaces examined show stronger changes
after photon irradiation than by merely keeping
them in UHV. A similar result for Al(111) has
already been reported [39]. On the qc-surface
all these changes are stronger than on both the
c-Al-Pd-Mn and the Al(1 1 1) surfaces.

The described effects are more pronounced
at the surfaces previously exposed to oxygen. This
is illustrated in Fig. 5 for the qc-surface. Upon
exposure to UV light during 1 h the valence band
spectrum of the clean qc-surface (bottom) changes
less than the one of the oxidised surface (top). In
the extreme case of 8400 L exposure the effects are
of the same magnitude as for the ones oxidised
with 15 L of oxygen.

It has been suggested by Cabrera and Mott [39]
that an increased oxidation in the presence of the
UV light can be associated with the ejection of the
electrons from the metal to the adsorbed oxygen
which increases the field across the oxide film.
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Fig. 5. UPS valence band spectra of the qc-Al-Pd-Mn before
(black) and after (grey) 1 h of exposure to UV light. Full lines
stand for clean, dashed for surfaces exposed to 15 L of oxygen.

They conclude that it is necessary that the thick-
ness of the oxide layer is larger than 10 A for this
effect to prevail the tunnelling of the electrons back
to the metal. In the case of the quasicrystalline
surface, this thickness is certainly not exceeded
[7,8]. The observed phenomenon could be ex-
plained by an increase of diffusivity induced by
photon irradiation. On the other hand, the stron-
ger reaction of the previously oxidised surfaces, by
comparison to the clean ones, is along the con-
clusions from Cabrera and Mott [39], where photo-
electrons promote the reaction with oxygen across
the existing oxide layer.

3.4. LEED

The LEED pattern of Al(1 1 1) consists of three
stronger and three weaker spots in hexagonal sym-
metry. LEED images of qc-Al-Pd-Mn are five-
fold symmetric. The clean-surface diffraction spots
decline in intensity upon exposure to oxygen until
they disappear completely (not shown). No new
structure is observed. The disappearance of the
diffraction pattern occurs between 7 and 25 L ex-
posure on qc-Al-Pd-Mn, consistent with the
results of others [7]. At 75 L exposure only three
spots of the six-dots pattern on Al(111) remain
visible. The obliteration of the pattern was not
achieved with exposures up to 375 L, but the de-
velopment of the intensities suggests that it may be
expected around 1000 L.

4. Conclusion

Our results can be interpreted in terms of
the layer-by-layer surface composition of quasi-
crystalline Al-Pd-Mn proposed by Gierer et al.
[26,27]. The topmost layer of the quasicrystalline
Al-Pd—Mn is Al-rich and therefore Al oxidises
first. A passivating layer of Al-oxide forms on top
and acts as a barrier between oxygen and other
elements of the alloy. Mn is present at the surface
only in traces, and together with the passivating
Al-oxide, this is the reason why we do not ob-
serve oxidation of Mn up to very high exposures.
Perhaps better statistics, i.e., higher photon flux,
would reveal that Mn is slightly oxidised even at



low exposures. Pd appears deeper below the sur-
face and the measurements imply that it is either
slightly oxidised or that it reacts to the changes of
the environment which is oxidising. The quasi-
crystalline surface termination plays an important
role in the oxidation process. The diffusivities of
the elements in the quasicrystal are much smaller
than in the elemental samples [35], and so the
topmost layer composition determines which ele-
ments are oxidising. Some previous works [40,41]
suggested that a reduced density of states near the
Fermi level might be responsible for less available
electrons and thus limited reactivity of quasicrys-
tals. We observe stronger oxidation of the quasi-
crystal, than of elemental aluminium, which does
not relate to their respective densities of states near
the Fermi level.

The crystalline phase of the Al-Pd—Mn alloy
reacts more with oxygen than the quasicrystalline.
The oxidation process saturates at approximately
40 L on the quasicrystalline surface and at 75 L on
the crystalline, in both XPS and UPS. There are
several factors influencing the observed behav-
iour. The structure of the crystalline phase is pe-
riodic and there is no Al-dense surface layer, which
makes all elements available at the surface for
oxidation. The morphology of the surface created
in the sputtering treatment is rough, favouring
rapid and penetrating oxidation. Finally, the dif-
fusivities of the elements are larger than in the
quasicrystalline phase. The weak reaction of Pd
here can be attributed to its inherent inertness [8].
However, the crystalline phase is less sensitive to
UV light or X-rays than the quasicrystalline. This
could be the consequence of the photon-induced
increase of diffusivities in the quasicrystalline sur-
face.

The quasicrystalline surface is more reactive
and more sensitive than Al(111). The saturation
of the oxidation seems to be the same for both
surfaces, but the highly reactive Al-Pd-Mn sur-
face achieves this state almost immediately, while
the process lasts longer for Al(1 1 1). This suggests
that the quasicrystal, in the reactivity, is situated
between the Al(111) surface and other, more re-
active, low-index Al faces. Thus, the geometry of
the quasicrystalline surface appears more open
than the densely packed Al(111) surface, consis-
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tent with the results for the i-Al-Pd—Mn surface by
Gierer et al. [26,27] and less open than other low-
index Al faces.

Upon oxidation the quasicrystals show a par-
ticular behaviour such as selective oxidation of
their components and formation of a passivating
layer, desirable for applications. Furthermore, the
observations of the oxidation process allow us to
draw conclusions about the quasicrystals surface
properties, and to compare them with other ma-
terials which are well known.
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