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The oxidation of the high-symmetry surfaces of a single grain icosahedral �i� Ag-In-Yb quasicrystal has
been studied using x-ray photoemission spectroscopy. The oxidation was carried out in vacuum, air, and water.
It is found that air exposure results in the same degree of oxidation as exposure to oxygen in vacuum. The
oxidation in water is more effective. Among the three constituent elements, the core levels of Yb are most
affected by oxidation, Ag core levels are unchanged, and In shows moderate effects as expected from heats of
formation of bulk oxides of the three elements. The comparison of the results with pure elements also reveals
that the oxidation of Ag, In, and Yb in the quasicrystal is very similar to that of pure elements in all three
environments. Scanning tunneling microscopy and low-energy electron diffraction reveal that oxidation de-
stroys the quasicrystalline order of the clean surface.
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I. INTRODUCTION

Since their discovery quasicrystals have attracted much
attention because of their aperiodic long-range order with
forbidden rotational symmetries.1 It is of great interest to
understand how the aperiodic order influences the physical
properties and characteristics of a material. The unusual tri-
bological and transport properties of quasicrystals2 such as
low coefficient of friction and high electrical and thermal
resistivity, which are important for technological applica-
tions, are found to be affected by the surface oxide layer
formed due to ambient atmosphere.3,4 Hence it is crucial to
understand the oxidation process in order to explain the
variations in these properties. Several studies have been car-
ried out on the oxidation of Al-based quasicrystals.5–7 How-
ever, up to now there have been no reports concerning the
oxidation behavior of i-Ag-In-Yb, which belongs to the
i-Cd-Yb family of quasicrystals.

The discovery of the binary i-Cd-Yb quasicrystal8 was a
major advance in the field as its structure could be fully
determined using x-ray diffraction.9 Moreover, theoretical
and experimental work on this phase has provided insight on
the stability of icosahedral quasicrystals10,11 and on the origin
of their transport properties.12–14 The i-Cd-Yb phase is un-
suitable for studies in ultrahigh vacuum �UHV� due to the
high vapor pressure of Cd which evaporates upon heat treat-
ments. However, it is possible to grow a quasicrystal with the
same structure as i-Cd-Yb by replacing Cd by other elements
such that the valence electron to atom ratio remains the same
as that of i-Cd-Yb,15 i.e., e /a=2.0. One such quasicrystal is
i-Ag-In-Yb, which is the subject of this study.

The first UHV surface study of i-Ag-In-Yb �Ref. 16� was
followed by a structure determination of the fivefold surface
using scanning tunneling microscopy �STM� and the bulk
model of i-Cd-Yb,17 which showed that the surface termina-
tion is characteristic of bulk truncation.17 The study of this
material with a wider range of surface science techniques
was hampered by the limited size of the available samples.18

However, recent success in the growth of large, high-quality

samples has permitted the employment of such techniques,
for example, ultraviolet photoemission spectroscopy
�UPS�.19 UPS results combined with electronic-structure cal-
culations have revealed that the valence band of i-Ag-In-Yb
near to the Fermi level is dominated by the Yb 4f-derived
states. The calculation reveals that the pseudogap in the den-
sity of states is due to a hybridization of the Yb 5d band with
the Ag 5p and In 5p bands �p-d hybridization�,19 as in the
case of i-Cd-Yb.11 Originally, it was thought that the
pseudogap of an icosahedral quasicrystal is due to the Hume-
Rothery mechanism combined with sp-d hybridization.20

The valence band of i-Ag-In-Yb shows features similar to
those of pure Yb.19

The aim of this work is to analyze the core-level elec-
tronic structure of i-Ag-In-Yb and to study the surface oxi-
dation process in three different environments: vacuum, air,
and water and compare the oxidation behavior with that of
the pure elements Ag, In, and Yb in similar conditions, using
x-ray photoemission spectroscopy �XPS�. We also employed
STM and low-energy electron diffraction �LEED� to investi-
gate surface ordering after oxidation. The oxidation was car-
ried out on three high-symmetry surfaces: fivefold, threefold,
and twofold.

II. EXPERIMENTAL DETAILS

An ingot of a single grain i-Ag42In42Yb16 grown by the
Bridgman method15 was cut perpendicular to the fivefold
�5f�, threefold �3f�, and twofold �2f� axes. Each sample was
then mechanically polished with successively finer grades of
diamond paste down to 0.25 �m prior to introduction into
the UHV chamber. In UHV the samples were degassed for
about 12 h at a temperature of about 350 °C while keeping
the pressure to 1�10−9 mbar or lower. The samples were
then cleaned by several cycles of Ar+ sputtering �2 keV, 30
min� and annealing �420–440 °C, 2 h�. The surface compo-
sition and cleanness were monitored by XPS with un-
monocromatized Al K� radiation �h�=1486.6 eV� using a
PSP Vacuum Technology hemispherical electron-energy ana-
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lyzer. It was generally found that after this initial condition-
ing of the samples, subsequent cleaning by sputtering for 15
min followed by annealing for an hour was sufficient to pro-
duce clean surfaces with composition similar to the bulk as
determined by XPS.

For studies of pure elements, 99.9% pure In and Yb foils
and a Ag�111� single crystal were used. Each sample was
cleaned by Ar+ sputtering and as in the case of the quasic-
rystal samples XPS was used to assess the cleanness. The Yb
sample was difficult to prepare: a trace of oxygen was de-
tectable by XPS even after many cycles of sputtering. These
reference samples were used to calibrate the XPS core-level
binding energies �BEs� while oxygen adsorption on these
surfaces was useful in identifying oxidation states on the
quasicrystal surfaces.

Oxidation in vacuum was carried out by introducing
99.6% pure oxygen gas through a leak valve into the UHV
chamber at different exposures ranging from sub-Langmuir
�L� to 103 L or higher. Oxygen pressure was 1
�10−8 mbar for exposures �10 L, 5�10−7 mbar for 10–
100 L, and 1�10−6 mbar for higher exposures. For air oxi-
dation of the quasicrystals, the samples were exposed to the
atmosphere in the fast entry load-lock chamber for 15 h. The
samples were cleaned before the exposure to air. The Yb and
In foils were exposed to the atmosphere for longer than 15 h.
For oxidation in water, the samples were dipped into distilled
water. The water exposure time was 24 h for the quasicrys-
tals and the Yb foil and 15 h for the In foil. Prior to water
exposure, the quasicrystals were sputter annealed in UHV
but they were briefly exposed to the atmosphere while trans-
ferring to water.

All XPS measurements and oxygen exposures were per-
formed at room temperature. XPS measurements were made
at an angle of 15° to the normal emission, except for polar
angle-dependent measurements for which angle is varied
from 15° to 75°.

III. RESULTS AND DISCUSSION

A. Characterization of clean surfaces

The structure of the fivefold,17 threefold,21 and twofold21

surfaces of i-Ag-In-Yb were characterized by STM and
LEED. LEED pattern from the fivefold surface after anneal-
ing reveal quasicrystalline long-range order with the symme-
try expected from the bulk. The surfaces exhibit large ter-
races in STM. The comparison of the STM results with the
bulk structure of the isostructural i-Cd-Yb suggests that the
surfaces are formed at bulk positions which are dense and
intersect the center of rhombic triacontahedral clusters,9 the
building blocks of the system. The topmost surface layer in
the fivefold surface, for example, is composed of up to 50%
Yb. The exact distribution of In and Ag atoms is not yet
known. However, based on the structure of the Ag-In-Yb
approximant,22 it can be inferred that the topmost layer of the
fivefold surface contains more In than Ag. This is reflected in
oxidation studies �Sec. III B�.

The change in surface composition upon sputtering and
annealing was previously analyzed for the fivefold surface.16

It was found that the sputtering preferentially removes In and

Yb resulting in Ag enrichment in the surface region. Anneal-
ing restores a surface composition close to the bulk. We re-
analyze the surface composition because the samples used in
the current study were grown under different conditions than
the previous samples and showed different structural
qualities.18 The previous samples,23 which were grown at a
slower rate,15 exhibited different domains and impurity
phases.18 In contrast, the current samples are structurally per-
fect and the structure is uniform all over the sample. We
determine that the composition of all three �fivefold, three-
fold, and twofold� surfaces, which ranges between 62–63 %
Ag, 27–28 % In, and 9–10 % Yb after sputtering, is consis-
tent with the previous results.16 The composition after an-
nealing is 35–38 % Ag, 43–45 % In, and 19–20 % Yb,
which is close to the bulk composition. We note that these
values refer to the compositions of several surface layers.

Figures 1�a�–1�i� shows the Ag 3d, In 3d, and Yb 4d core
levels for the fivefold, threefold, and twofold surfaces after
annealing. Spectra for the pure In and Yb foils and Ag�111�
are given in Figs. 1�j�–1�l� for comparison. The correspond-
ing spectra for the quasicrystal samples and for the pure el-
ements after in-vacuum oxidation are also presented. These

FIG. 1. XPS Ag 3d �first column�, In 3d �second column�, and
Yb 4d �third column� spectra from the clean ��a�–�c�� fivefold, ��d�–
�f�� threefold, and ��g�–�i�� twofold i-Ag-In-Yb surfaces and �j�
Ag�111�, �k� pure In, and �l� Yb foils �black curves� and the corre-
sponding spectra after oxidation in vacuum �gray curve�. Oxygen
exposure was 1000 L for all surfaces except for the Yb foil which
was exposed to 10 L. The vertical dotted line marks the peak posi-
tion for pure elements. Spectra were taken with 50 eV pass energy
of the analyzer.
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spectra will be discussed in Sec. III B. The full width at half
maxima �FWHM� and positions of the core-level peaks for
each clean and oxidized sample are given in Table I. These
values were determined by fitting the XPS spectra using the
CASA XPS program.24 The peaks were fitted with a combina-
tion of a Gaussian and a Lorentzian function.25,26 A combi-
nation of 60% Gaussian and 40% Lorentzian contributions
provided the best fit. The background is considered to be
linear. We used the same method of fitting for other spectra
discussed in this report. The uncertainty in peak positions is
��0.1–0.2� eV. For the analysis of peak intensity, which
will be discussed in Sec. III B, we recorded the area of the
measured peaks �not of the fits� after a linear background
subtraction.

The binding energies for Ag and Yb in the quasicrystal are
different from those of the pure elements. For instance, the
Ag 3d peaks are shifted to higher binding energies by about
0.5 eV while the Yb 4d peaks are shifted by about 0.7 eV to
lower binding energies. However, the binding energies for In
in the quasicrystal are same as for pure In. This suggests that
charge is transferred from Ag to Yb in the alloy. The ob-
served line shape of Yb 4d in the quasicrystal is characteris-
tic of divalent Yb as observed in other Yb compounds27 and
as expected for this class of quasicrystal.11

The XPS spectra for all three quasicrystal surfaces after
annealing are identical in position and width. This may not
be so surprising because with the selected experimental pa-
rameters, especially the angle of detection, XPS detects sev-
eral surface layers. This combined with the relatively low-
energy resolution of the system means that any differences in
the top layers if there are any will hardly be detected. This is
evidenced by the XPS spectra from the surfaces after sput-
tering. As mentioned earlier sputtering depletes Yb and In in
the surface region. However, the core-level spectra from the
sputtered surfaces were found to be identical to those ob-
tained after annealing. In contrast, the valence-band spectra

were affected by sputtering, as discussed in Ref. 19.

B. Oxidation in vacuum

Oxidation in vacuum was carried out on all three
i-Ag-In-Yb surfaces �after annealing� at different exposures
successively up to 103 L. The evolution of the Ag 3d, In 3d,
Yb 4d, and O 1s spectra from the fivefold surface with oxy-
gen exposure is given in Figs. 2�a�–2�d�. The spectra from
the In and Yb foils after oxygen exposure are presented in
Figs. 2�e� and 2�f�. After oxygen exposure, the In 3d peaks
are shifted to higher binding energies and their FWHM in-
creases and the Yb 4d spectra develop new features at higher
binding energies, while the Ag peaks remain unchanged in
position and width. The increase in the FWHM, the peak

TABLE I. BE and FWHM of the core-level peaks for pure elements and the fivefold, threefold, and
twofold i-Ag-In-Yb surfaces after annealing �upper panel� and the respective values after oxidation in
vacuum �lower panel�. The values are in the units of electron volt with uncertainty of ��0.1–0.2� eV. The
FWHM were determined from spectra taken with 10 eV pass energy. FWHM of the Yb peaks are not given
because of complex nature of the spectra after oxidation �see text�.

Ag 3d5/2 In 3d5/2

Yb 4dBE FWHM BE FWHM

Pure element 368.1 1.0 443.6 1.1 182.3, 191.3

5f 368.5 1.1 443.6 1.1 181.5, 190.6

3f 368.5 1.1 443.6 1.2 181.7, 190.6

2f 368.6 1.2 443.5 1.2 181.6, 190.6

After oxidation

Pure element 368.1 1.0 444.0 1.5

5f 368.5 1.1 443.9 1.4 181.6, 185.0

189.5, 199.0

3f 368.6 1.1 443.9 1.7

2f 368.6 1.2 443.9 1.5

FIG. 2. XPS spectra from the fivefold i-Ag-In-Yb surface ��a�–
�d�� and In �e� and Yb �f� foils with increasing exposures �bottom to
top�. The exposure was from 0.25 ML to 103 L for all samples
except Yb foil which was exposed from 0.25 ML to 10 L.
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shift and the modification in the core levels manifest the
oxidation of In and Yb. We note that the binding-energy shift
in XPS contains contributions from both initial- and final-
state effects.28 Initial-state effects originate from the local
Madelung potential and the ground-state valence levels, re-
flecting the ground-state chemistry. On the other hand, final-
state effects arise from the charge redistribution or relaxation
of the core hole following the photoemission process. In
XPS analysis of oxides, the final-state and Madelung poten-
tial contributions to the binding energies are often neglected
and it is assumed that the shift predominantly reflects the
initial-state chemistry. In our measurements, it is not possible
to separate the initial- and final-state contributions to the
shift in binding energies, but consider the shift to be domi-
nated by initial-state effects which is not unreasonable.

The results of quantitative analysis of oxidation in terms
of FWHM, peak shift, and intensity are presented in Fig. 3.
Because of the complex nature of the peaks after oxidation, it
is difficult to reliably analyze the FWHM and peak shift for
Yb 4d. The Yb 4d levels are influenced at exposures less
than 1 L. At these exposures, the spin-orbit doublets of the
clean surface at 181.5 and 190.6 eV are accompanied by

oxide peaks at around 185 and 199 eV �Fig. 2�c��. The in-
tensity of these peaks increases with oxygen exposure. A
trace of the metallic peaks is still detectable even after 103 L
exposure. From previous studies on oxidation of Yb thin film
produced by evaporation,29 we expect to observe five peaks
related to the oxide states, in addition to the two metallic
peaks in the given range of binding energies. With the reso-
lution of our system, it is not possible to resolve all of these
features and thus to quantify the metallic and oxide contri-
bution. This creates difficulties in determining the thickness
of oxide layer using the intensity of oxide and metallic
peaks, in contrast to the Al-based alloys where metallic and
oxide peaks for the Al 2p level are clearly separated.30 The
estimation of the oxide thickness is, however, possible from
polar angle-dependent XPS measurements, which will be
discussed later in this section. For the Yb peak, the total
intensity due to metallic and oxide contributions is almost
invariant for all exposures, indicating that there is no segre-
gation of Yb on to the surface, unlike in the Al-based quasi-
crystals where oxidation induces segregation of Al to the
surface which forms a passivating aluminum oxide layer.5,6

The oxidation behavior of Yb in the quasicrystal is very
similar to that of pure Yb. As shown in Fig. 2�f�, pure Yb
also oxidizes at very low exposure yielding additional peaks
at higher binding energies. The separation of these peaks
from the metallic peaks is the same as in the quasicrystal.
High exposure produces a complex structure with a remnant
of metallic peaks as in the quasicrystal.

Figures 3�a�–3�c� shows the variation in the FWHM, po-
sition, and intensity of the In 3d5/2 peak as a function of
oxygen exposure for the quasicrystal surfaces. The peak shift
as well as the FWHM gradually increases as exposure in-
creases and almost saturates at around 100 L �note log scale
in x axis�. The chemical shift after 103 L of oxygen exposure
is about 0.3 eV. This degree of chemical shift is expected if
In2O3 is formed.26 Figures 3�d� and 3�f� shows variations in
the FWHM, position, and intensity of the 3d5/2 peak for the
pure In foil. As in the quasicrystal, the FWHM shows a
gradual increase with exposure. The peak grows asymmetri-
cally at higher binding-energy side as exposure increases,
resulting in an increase in the width. The FWHM remain
almost same at higher exposure. This indicates that the oxi-
dation begins at low exposure and saturates at certain expo-
sure. We observed few differences between the quasicrystal
and the pure foil. First, the energy shift in the pure foil seems
to occur only after a certain coverage in contrast to a gradual
increase in the quasicrystal. Second, the FWHM and energy
shift at maximum exposure are slightly larger in the foil than
in the quasicrystal. However, because of experimental uncer-
tainly, we cannot confirm whether these differences are in-
trinsic.

The quantitative analysis of the Ag 3d levels for the qua-
sicrystal surfaces is given in Figs. 3�g�–3�i�. The FWHM and
the position of the Ag 3d peaks remain unchanged for all
exposures. We also studied the exposure of a Ag �111� sur-
face to the same amount of oxygen and found no changes in
the core-level peaks. This indicates that Ag in the quasicrys-
tal is as inert as pure Ag for the given conditions. The stick-
ing coefficient of the Ag �111� for oxygen at pressures and
temperature employed is almost negligible.31 It was previ-

FIG. 3. Change in the FWHM, position, and intensity of core-
level peaks as a function of oxygen exposure for the fivefold, three-
fold, and twofold i-Ag-In-Yb surfaces and pure elements. ��a�–�c��
In 3d for quasicrystal surfaces, ��d�–�f�� In 3d for In foil, and ��g�–
�i�� Ag 3d for quasicrystal surfaces. ��j� and �l�� O 1s intensity for
the fivefold and twofold surfaces. �k� Yb 4d intensity for quasicrys-
tal surfaces. The intensity of the In 3d, Ag 3d, and Yb 4d peaks is
normalized with respect to the value for the clean surface �0 L
exposure� whereas the intensity of the O 1s peak is normalized by
the value obtained after 103 L exposure.

NUGENT et al. PHYSICAL REVIEW B 82, 014201 �2010�

014201-4



ously found that the Ag �111� surface may be oxidized if the
oxidation is carried out at temperature higher than room
temperature32 or if exposure is very high.31

Figure 2�d� shows the change in the O 1s level with oxy-
gen exposure. At very low exposure, the O 1s spectra exhibit
only one peak at 529.6 eV. Increasing exposure develops an
additional peak at higher binding energy. By comparing
these spectra with the O 1s spectra from the Yb and In foils
after oxidation �Fig. 4�, we ascribe the peak at 529.6 eV to
oxide species of indium oxide and the other peak to oxide
species of ytterbium oxide. The peak position at 529.6 eV is
in good agreement with O 1s species of In2O3 reported
previously.26,33 Because of the overlap with the oxide peak of
In, it is difficult to determine the precise position of the O 1s
peak for ytterbium oxide from this spectrum. This is, how-
ever, possible after desorbing oxygen bound to In. Annealing
the oxidized surface at 250 °C causes a desorption of oxy-
gen bound to In, yielding a well-defined peak of ytterbium
oxide �see below�. The position of the peak is determined to
be 530.8 eV, which is close to the value expected for
Yb2O3.29 The intensity of the O 1s peak is larger for indium
oxide than ytterbium oxide as expected from the composition
of the sample.

We now compare the oxidation behavior of the fivefold,
threefold, and twofold surfaces. The variation in the FWHM
and chemical shift of Ag 3d, In 3d, and Yb 4d with oxygen
exposure is almost identical for all surfaces �Fig. 3�. The
variation in the O 1s intensity is also similar for the three
surfaces. This, as well as the fact that experiments were car-
ried out under the same oxygen pressure and substrate tem-
perature, suggests that the sticking coefficient �intake of oxy-
gen� is very similar for three orientations. The intensity of
the In 3d peaks decreases faster for the fivefold surface than
for the other two surfaces. This could be due to different
roughness: if a surface is flat and oxygen is adsorbed atop, a
uniform layer of oxide species would be formed. Photoelec-
trons would have to pass through the layer and thus intensity
would decrease. At this point, we note that the threefold
surface is difficult to clean, becoming contaminated by the
residual gases in the UHV chamber within a few minutes
following the preparation. The contamination was evidenced

by the change in the line shape of the Yb 4d level �not
shown� and also in the valence-band structure studied using
ultraviolet photoemission spectroscopy.19 This indicates that
the threefold surface is more active than other surfaces at
early stage of oxidation.

Stability of the oxide layer

The stability of the oxide states was investigated by an-
nealing the oxidized surface at different temperatures up to
400 °C, close to the temperature used for surface prepara-
tion. The annealing time for each temperature was about 15
min. Figure 5 shows the O 1s, In 3d, and Yb 4d peaks re-
corded after the sample is oxidized and subsequently an-
nealed at 250 and 400 °C. The O 1s peak of indium oxide
disappears at 250 °C, indicating that oxygen bound to In is
desorbed at this temperature. Interestingly, the O 1s peak for
ytterbium oxide increases in intensity when the O 1s peak of
indium oxide disappears. This can be explained if oxygen
bound to In transfers to Yb at this temperature. The desorp-
tion of oxygen from In sites is confirmed also by the change
in the In 3d spectra. After annealing, the position and the
FWHM of the In 3d level are identical to those obtained for
the clean surface �Fig. 5�b��.

The O 1s peak of ytterbium oxide is still detectable after
annealing at 400 °C, suggesting that oxygen is more
strongly bound to Yb than In. This is expected from the heats
of formation of bulk oxides which are −1815 kJ mol−1 for
Yb2O3 and −926 kJ mol−1 for In2O3 at room temperature.34

Since the heat of formation for Ag2O is −31 kJ mol−1, which
is much less than that for ytterbium and indium oxides, Ag is
expected to be inert.34 This is consistent with our observa-
tions.

Thickness of the oxide layer

We performed polar angle-dependent XPS measurements
in order to estimate the thickness of the oxide layer formed
in UHV under the maximum exposure used of 103 L. Figure
6 shows the intensity of the O 1s �IO 1s� and Ag 3d �IAg 3d�
peaks as a function of polar angles ��� taken from the five-
fold surface. The intensity was calculated after normalizing
the spectra for each angle with respect to the background
intensity. The O 1s intensity increases and the Ag 3d inten-

FIG. 4. O 1s spectra from the fivefold i-Ag-In-Yb surface
�black�, In foil �dark gray�, and Yb foil �light gray� after oxygen
exposure. Exposure was 103 L for the fivefold surface and In foil
and 10 L for Yb foil.

FIG. 5. �a� O 1s, �b� In 3d, and �c� Yb 4d spectra from the
fivefold i-Ag-In-Yb surface after 103 L oxygen exposure and an-
nealing at different temperatures �given in inset�. The vertical dotted
line marks the peak position for the clean surface.
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sity decreases exponentially with increasing grazing angles.
The exponential decay of the Ag 3d intensity is expected
from the Beer-Lambert formula: IAg 3d	e−d/
Ag 3d cos �, where

Ag 3d is the inelastic mean-free path of the Ag 3d photoelec-
trons and d is the thickness of the oxide layer, if a uniform
oxide layer is formed. Similarly, increase in the O 1s inten-
sity is expected to be IO 1s	 �1−e−d/
O 1s cos ��. The observed
intensity variation fits very well with the Beer-Lambert for-
mula �see results of fit in Fig. 6�. The thickness calculated
from the fit is 1.1��0.10� nm. The value of 
 used in the
calculation was determined using the Tanuma-Powell-Penn
equation35 assuming that the photoelectrons travel through
the layer of indium oxide and ytterbium oxide. The density
of the oxide layer was calculated using the composition of
Yb and In determined from XPS analysis discussed in Sec.
III A. We cross checked the value of d determined as above
by comparing the XPS intensity from the clean and oxidized
surface at a given polar. For this, the intensity of the Ag 3d
peaks from the clean surface �IAg 3d

° � and from the oxidized
surface �IAg 3d� was measured for two different polar angles
15° and 45°. The value of d calculated again using the
Beer-Lambert formula, IAg 3d= IAg 3d

° e−d/
Ag 3d cos � is
1.3��0.3� nm, which is close to the value obtained above.

Ordering of the oxide layer

We employed STM and LEED to study surface ordering
after oxidation. Our experimental setup allowed us to mea-
sure STM images on the same area of the surface after dif-
ferent oxygen exposures. The tenfold Fourier transform of
the clean surface STM images disappear soon after oxygen
exposure starts ��1 L� suggesting that the oxidation de-
stroys the quasicrystalline order in the surface. However, the
step-terrace structure of the surface could be observed even
after exposure 104 L, maximum employed exposure. The
terraces were found to be very rough after oxidation. No
LEED patterns could be observed from the surface after oxi-
dation, revealing disorder oxide layer, consistent with STM
results.

C. Oxidation in air and water

The O 1s, In 3d, and Yb 4d spectra from the fivefold
i-Ag-In-Yb surface after air and water exposure are given in

Figs. 7�a�–7�c�. The corresponding spectra from the clean
surface and after in-vacuum oxidation are also presented in
the same figure for comparison. The same core levels for the
In and Yb foils are presented in Figs. 7�d�–7�g�. The peak
positions for each spectrum are compared in Table II. The Ag
core levels remained unchanged after exposing to air and
water, as in the case of in-vacuum oxidation. Therefore, these
are not shown here.

FIG. 6. XPS intensity of the O 1s and Ag 3d peaks as a function
of polar angles ��� taken from the fivefold i-Ag-In-Yb surface after
103 L oxygen exposure. The O 1s intensity is the total of indium
oxide and ytterbium oxide. Solid curves are results of the fit with
exponential functions �see text�.

FIG. 7. O 1s, In 3d, and Yb 4d spectra from the clean surface
�solid gray� and after exposure to oxygen in vacuum �dotted black�,
air �solid black�, and water �dashed black� ���a�–�c��: fivefold
i-Ag-In-Yb; ��d� and �g��: Yb foil, and ��e� and �f��: In foil�. The
vertical dotted line marks the peak position for the clean surface.

TABLE II. Binding energies of the In 3d and O 1s core levels
for the fivefold i-Ag-In-Yb surface, In foil and Yb foil after oxida-
tion in vacuum, air, and water. The data for clean samples are also
given. The values are in the units of electron volt. Uncertainty in the
peak position is ��0.1–0.2� eV except the values marked by �

which have a large degree of uncertainty because of the low inten-
sity and the overlap with the other oxide peak.

In 3d5/2

O 1s �oxide�

O 1s �hydroxide�In Yb

5f i-Ag-In-Yb

Clean 443.6

O2 exposed 443.9 529.6 530.8

Air exposed 444.0 �529.7 531.9

Water exposed 444.9 �530.0 532.4

In foil

Clean 443.6

O2 exposed 444.0 530.2

Air exposed 444.1 530.4 �532.6

Water exposed 445.9 533.0

Yb foil

Clean

O2 exposed 530.7

Air exposed 531.0 533.7
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The In 3d peaks for the quasicrystal are identical in posi-
tion and width when oxidized in vacuum and in atmosphere.
Similarly, features observed in the Yb 4d spectra after air
exposure are almost identical to those after in-vacuum oxi-
dation, suggesting that the exposure of the sample to these
two environments results in the same degree of oxidation. As
shown in Fig. 7�f�, the In foil also exhibits similar oxidation
behavior in air and in oxygen in vacuum. The same is true
for the Yb foil �Fig. 7�g��.

The O 1s spectra from the quasicrystal after air exposure
still exhibit two peaks as after in-vacuum oxidation. How-
ever, the peak at higher binding energy is larger �Fig. 7�a��,
in contrast to the result after in-vacuum oxidation where the
peak at lower binding energy is dominant. The increase in
intensity at higher binding energy is due to hydroxide species
and physisorbed oxygen. This is expected because the
sample is contaminated by hydroxide species in addition to
oxygen, carbon, and other elements after exposing to air. The
O 1s spectra from the In and Yb foils after air exposure also
exhibit hydroxide species at higher binding energies �Figs.
7�d� and 7�e� consistent with the results from the quasicrys-
tal.

After the quasicrystal was exposed to water, the Yb 4d
peaks showed no remnant of metallic peaks whereas the me-
tallic contribution was still detected after in-vacuum and air
oxidation. This indicates that the oxidation of the quasicrys-
tal is much more effective or complete in water than in-
vacuum or air oxidation. The In 3d peaks are shifted to
higher binding energies by an additional 1.3 eV. The shift is
comparable �within experimental uncertainty� with that for
pure In after water exposure,26 which is due to the formation
of hydroxide species. Here we note that the Ag core levels
after water exposure remain same as of the clean surface.
This confirms that there is no change in the position of the
Fermi level after water exposure. As expected the O 1s spec-
tra is also dominated by hydroxide species in the quasicrystal
but also in the In foil �Fig. 7�e�� after water exposure. The
Yb 4d and O 1s spectra from the Yb foil after water expo-

sure are also shifted to higher binding energies �the O 1s
peak is at 535.5 eV� but the shift is larger than expected. This
is probably due to charging of the insulating oxide layer. The
Yb foil was found to be highly corroded and discolored after
water exposure.

IV. CONCLUSIONS

Employing XPS, we have characterized the core levels of
the clean fivefold, threefold, and twofold surfaces of the
i-Ag-In-Yb quasicrystal. Compared to pure elements, the
core levels of Ag in the quasicrystal are shifted to higher
binding energies and the Yb core levels to lower binding
energies, whereas the In core are unchanged. This indicates a
charge transfer from Ag to Yb in the quasicrystal alloy. The
observed Yb core levels are the characteristic of divalent Yb.

We have also used XPS to study oxidation of these sur-
faces in three environments: vacuum, air, and water. The
results are compared with those from the pure elements Ag,
In, and Yb oxidized under the same conditions. Ytterbium is
highly reactive, Ag is very inert and In shows moderate re-
activity. This is expected from the heats of formation of the
bulk oxide of the elements. Exposure to oxygen in vacuum
and air results in the same degree of oxidation. However, the
oxidation in water is more effective. STM and LEED results
suggest that oxidation destroys the quasicrystalline order of
the clean surface. To conclude, it is found that elements in
the quasicrystal show oxidation behavior similar to that of
the pure elements Ag, In, and Yb.
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