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Abstract
The adsorption of oxygen on a Ba-covered Ni(110) surface has been investigated
mainly by Auger electron spectroscopy (AES) and work function (WF)
measurements. Low energy AES lines indicate that O interacts with Ba and
Ni as well. Both Ba–O and Ni–O interactions take place simultaneously on
the surface, progressively leading to BaO and NiO formation. Ba enhances
the oxidation of the substrate due to the higher sticking coefficient of O on
the Ba/Ni surface. The oxygen interacts with the nickel substrate even at high
adsorbate coverage, incorporating under the Ba layer. A part of the Ba adatoms
remains non-oxidized even at a high O exposure.

1. Introduction

The oxidation of alkaline and alkaline earth metals (AEM) on surfaces is of great importance
in surface physics and chemistry. This is because the oxidation of these metals plays a very
important role in general in many physical processes such as thermionic and photo-emission [1]
and thermionic energy conversion [2]. Also alkaline oxides provide surfaces with low work
function (WF) and negative electron affinity [3], as well as modifying the catalytic properties of
the substrates [4]. Very recently, it has been shown that a BaO thin film on the Si(100) surface,
after annealing at 900 K, exhibits WF as small as 0.5 eV [5]. Moreover, AEM oxides contribute
a rich variety of physical properties in magnetism, ferroelectricity, structural transformations,
metal–insulator transitions and superconductivity [6]. Concerning the latter, the presence of
highly ionic cations like Sr and Ba is a necessary requirement for superconductivity in the high-
Tc superconducting oxides [7]. The degree of ionicity in alkaline earth oxides (AEO) is of
fundamental importance but is still a controversial matter [8–10]. In many applications the AEO
exist as ultra-thin films supported on, for example, transition metal surfaces. The interaction
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of the oxide with the substrate can modify the ionicity (i.e. the extent of covalent bonding
between the metal and oxygen). Recently, it was found through ab initio calculations that the
bonding of BaO on W(100) involves strong hybridization of the W 5d and, intriguingly, the
Ba 5d orbitals which are empty in the free atom, thus explaining the large WF decrease [11].

In this work, we present our first experimental results on oxygen and Ba coadsorption
on Ni(110) at room temperature. The experimental process of coadsorption was realized by
oxygen adsorption on barium pre-covered nickel surfaces. The techniques mainly utilized in
this work were Auger electron spectroscopy (AES) and WF measurements.

2. Experimental procedures

All the measurements were carried out in a standard ultra-high vacuum system (UHV) equipped
with AES, low energy electron diffraction (LEED), a quadrupole mass spectrometer (QMS), a
Kelvin probe for WF measurements, Ar+ ion sputtering facilities and a heating control system
for crystal annealing. The base pressure, in the range of 3–8×10−10 mbar, was achieved by an
ion pump. The substrate was a Ni(110) single crystal with dimensions 1 cm×0.5 cm×0.1 cm,
polished by Metal Crystal and Oxides Ltd. The crystal was attached on an X–Y –Z manipulator.
The clean Ni(110) surface presented a sharp (1 × 1) LEED pattern. A sulfur impurity was
removed by argon sputtering, with energy E = 2 keV, partial pressure PAr � 5 × 10−5 mbar
and sputtering time t � 20 min. After the sputtering process a carbon impurity was detected
and removed by annealing at about 800 K. Ba deposition was done by means of a commercial
evaporation source purchased by SAES Getters. Oxygen adsorption took place by supplying
molecular oxygen into the experimental chamber through a leak valve. The oxygen purity was
99.998 vol%. The oxygen pressure during dosing was kept constant at about 5 × 10−8 mbar.
The oxygen exposure of the surface, l, is expressed in Langmuirs, L (1 L = 1.3×10−6 mbar s).

The AES measurements were performed with a primary beam energy E = 2 keV. The
electrons were collected and analysed by a Varian cylindrical mirror analyser (CMA), with a
measured accuracy of 0.1 eV for the O(KLL) peak. The AES signal was recorded in the first
derivative mode, dN(E)/dE , and the intensity was measured from the peak-to-peak height
(AP-PH). By convention the energy of the AES peaks was defined at the high energy wing
of the differentiated peaks. The WF measurements in the O adsorption experiments were
taken continuously at a constant pressure of about 5 × 10−8 mbar. The accuracy of the Kelvin
probe signal was 0.02 eV. The Ba coverage on Ni(110) was estimated in monolayers (ML) by
combining previous AES, LEED, TDS and WF results [12].

3. Results and discussion

3.1. Ba on Ni(110)

Before starting the coadsorption experiments on Ni(110), it was essential to study (1) Ba and
(2) O adsorption on Ni(110). The former was investigated in detail in a previous work [12].
That investigation showed that Ba develops successive homogeneous layers on the substrate,
with the first physical layer being equal to 0.75 monolayer (1 ML = 0.57×1015 atoms cm−2).
At coverage � � 1 ML, Ba adatoms are strongly bound to the surface (E = 2.9 eV/atom),
while for higher coverage the Ba atoms interact with each other so that the overlayer approaches
the properties of metallic Ba. The first layer consists of a mixture of random c(2 ×2) domains
and disordered atoms. Annealing of the substrate enhances the long-range c(2 × 2) structure,
while at the same time 0.35 ML turns into a stable subsurface phase.
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3.2. O on Ni(110)

Oxygen adsorption on Ni(110) was also investigated mainly for reference purposes. This
adsorption system has been intensively studied in recent decades with a large variety of
experimental techniques [13–18]. Although an extensive study of this system is outside the
scope of this work, we performed detailed AES, LEED and WF measurements. In figure 1
the AP-PHs of the O(KL23L23) and Ni(M23M45M45) transitions are shown versus oxygen
exposure, l. In the same figure, the WF variation, ��, and some LEED observations are also
shown. Similar results have been previously reported by Benndorf et al [13]. According to
the authors, three different phases of oxygen bonding are observed: (1) chemisorbed oxygen
for exposure, l � 0.6–0.8 L, (2) redistributed chemisorbed oxygen atoms with a tendency of
incorporation into the substrate for l � 5–10 L and (3) oxygen interacting with nickel atoms,
forming NiO islands for l � 10 L. The above-mentioned different oxygen phases are basically
characterized by the WF of the surface, �, and the O(KLL) signal variation. A close look at
figure 1 shows the exposure range of each oxygen phase on Ni(110). The first phase up to
l � 1.3 L is characterized by a drastic � and O(KLL) AES signal increase. The second phase
up to l � 10.5 L is marked by a slower rate of � increase, leading to a broad maximum and
also a slower O(KLL) signal increase, ending up in a small plateau. Finally, the third phase
takes place at l > 10.5 L, with � decreasing and the O(KLL) signal increasing. The above
description is in very good agreement with Benndorf et al [13]. The �� values corresponding
to the 2×1 and 3×1 LEED structures are pointed to by arrows in figure 1 at the corresponding
exposures. At room temperature only the diffused 2 × 1 appeared at 0.5 L, while at higher
exposures the structure disappeared. At temperature T � 600 K, both the 2 × 1 and 3 × 1
patterns were sharp, with the former shown up to 21 L. The 2 × 1 phase has been explained by
various models, such as the ‘missing-row’ [14] and ‘added-row’ models [16], while the 3 × 1
is explained by the ‘missing-row’ [19]. There are arguments in the literature concerning the
exact coverage of these phases, which seems to depend on the temperature and preparation
process of the substrate.

3.3. Ba and O on Ni(110)

Our next step was the study of the coadsorption of Ba and O on the Ni(110) surface. The
procedure we followed was oxygen adsorption on several Ba pre-covered nickel surfaces.
In general, the oxygen coverage is assumed proportional to the AES O(KLL) signal. The
intensity of this signal is shown in figure 2 for oxygen adsorption on Ba(� ML)/Ni(110),
where � = 0, 0.15, 0.4 and 1.8 ML. The O(KLL) peak grows faster for the bariated surfaces
than for the clean one. This implies that the quantity of pre-deposited Ba significantly increases
the sticking coefficient of O on the surface. An alternative explanation might be that O on
the bariated surfaces gives a stronger O(KLL) signal compared to that of O on the clean Ni,
because in the latter case the O atoms are incorporated into the nickel substrate. However,
as will be shown later, WF measurements indicate that the O atoms tend to be positioned
under the Ba overlayer. Thus, in both cases the O signal is attenuated, which makes the
proposition of increased sticking coefficient more likely. An additional indication favouring
the Ba-induced increase of the sticking coefficient can be provided by monitoring the O(KLL)
AP-PH at very low oxygen exposures (l � 1 L), as figure 3 shows. The initial slopes of the
uptake curves for the bariated nickel surfaces are larger than those of O adsorption on the clean
Ni. Taking into account that, for the very early stage of O adsorption on Ni (first phase), the
O atoms are relaxed at the outermost Ni plane, not resulting in any AES signal attenuation,
whereas for O on the bariated surfaces the O(KLL) signal is attenuated, the increase in sticking
coefficient is maintained.
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Figure 1. AES and WF measurements for oxygen adsorption on Ni(110). The observed LEED
patterns are also marked.
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Figure 2. The O(KLL) AP-PH for O adsorption on Ba(� ML)/Ni(110), where � = 0, 0.15, 0.4
and 1.8 ML. Two guidelines were drawn showing the difference between the clean and the bariated
surface.

3.3.1. Analysis of the low energy AES lines. The lineshape of the AES spectra provides
important information on the electronic changes taking place on the surface. Figure 4 shows
the low energy AES spectra of the (a) O/Ni(110) and (b) O/Ba(0.75 ML)/Ni(110) for several
O exposures. For the O/Ni(110) system we observe a decrease and a lineshape change of the
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Figure 3. The O(KLL) AP-PH signal for low coverage O adsorption on Ba(� ML)/Ni(110), where
� = 0, 0.15, 0.4, 0.75 and 1.8 ML.

Ni(M23M45M45) transition at about 61 eV in the course of O exposure. At l > 10 L, a relatively
weak and broad shoulder, s1, appears at about 38 eV. At this O exposure, the third phase of
the nickel oxidation starts, so s1 can be associated with NiO island formation. In figure 4(b),
a similar shoulder appears in the same energy region at about 35.5 eV. This shoulder differs in
energy and shape from s1 in the O/Ni(110) curves. However, we identify this shoulder with
s1 because these differences are probably due to the different Ni 61 eV pre-peak area between
the bariated and the clean nickel surface. We take s1 as the sign of NiO formation on the
surface, which seems to take place on the bariated surface too. A similar AES feature has
been observed by Weissmann et al [20] and was attributed to an interatomic Auger transition
with Ni 3p, O 2s and O 2p atomic orbital participation. It is worth noting that the feature s1

shows up at oxygen exposures, 1.2 < l < 6.9 L, for the bariated nickel (figure 4(b)). The
appearance of s1 at a much lower O exposure on the Ba/Ni surface compared to the clean
Ni is clearly shown in figure 5. The intensity of s1 was measured by subtracting from each
spectrum of the oxygenated surface that of the non-oxygenated surface. The difference spectra
(not shown) in the region of s1, look more like the standard differentiated AES peak rather
than like a shoulder, making possible the AP-PH measurement. The earlier appearance of
s1 in the case of the bariated nickel surfaces suggests that Ba enhances the oxidation of the
nickel surface. A plausible explanation for this is the higher sticking coefficient of O on the
Ba/Ni surface, already commented on previously. It is worth observing (in figure 5) that NiO
development takes place even at relatively high Ba coverage (1.8 ML). This means that a
fraction of O atoms incorporate under the Ba layer to react with the substrate. Similar oxygen
incorporation happens for O adsorption on cesiated Ni(100) [21].

Ba gives a characteristic AES peak at about 72 eV, which is related to the Ba adatoms
on the nickel surface. This peak is denoted by p1 in figure 4(b) and involves the Ba 4d, 5p
and 6s atomic levels. Oxygen adsorption on the bariated nickel causes the appearance of a
new AES peak at about 66.5 eV, which is labelled p2. The p2 peak evolves at relatively small



8200 D Vlachos et al

40 60 80

24

∆E1

∆E2

L

17.3 L

6.9 L

1.2 L

0 L

O/Ba(0.75 ML)/Ni(110)(a)

s1

24 L

17.3 L

13.5 L

10.4 L

3.5 L

0 L

O/Ni(110)

A
E

S
si

gn
al

,d
N

(E
)/

dE
(a

rb
.u

ni
ts

)

Energy (eV)
40 60 80

p2

p1

s1

  

0.6 L

(b)

Energy (eV)

Figure 4. AES spectra of (a) O/Ni(110) and (b) O/Ba(0.75 ML)/Ni(110) for several O exposures.

l (�0.6 L), i.e. much earlier than s1. AES peaks at similar energies have been reported by
Haas and Shih [22] in the study of BaO layers on various substrates. More specifically, in the
case of W and Nb substrates, the p2 peak develops at 67.5 eV, whilst for Ir and Rh substrates
it is at 69.5 eV. According to the authors, p2 is due to the Ba–O interaction leading to BaO
formation on the surface. The p2 peak is an interatomic transition involving the Ba 4d, Ba
5p and O 2p atomic levels [23]. The lower energy of this peak with respect to p1 has been
attributed to the valence electron O 2p in the Ba–O system having a lower energy than the 6s
in chemisorbed Ba. At the same time this explanation accounts for the differential shift of p2

for different substrates. When the O atom is weakly bound, as happens on Ir, the final valence
state in the AES transition, and hence the Auger electron kinetic energy, is higher than in a
more tightly bound state as, for example, on W. In other words, Haas et al [22, 23] assumed that
the O–substrate interaction plays an important role in the charge transfer between the Ba and
O atoms. More specifically, they claimed that the O 2p orbitals fill up not only with Ba 6s but
also with the substrate valence band. Nevertheless, they did not find any direct experimental
evidence of the O–substrate interaction. In our case the appearance of the s1 shoulder provides
such evidence.

As figure 4(b) shows, the p2 contribution progressively dominates in the AES spectrum,
becoming stronger while the p1 is weakening. The p1 peak diminishes, but never disappears.
This means that, even at high O coverages, a part of the Ba adatoms have not interacted with
O. The intensity variation of the p1 and p2 peaks is shown in detail in figures 6(a) and (b),
respectively. It is obvious that both the p1 and p2 peaks are stabilized in intensity within the
exposure range 2.5–5 L. The more Ba is pre-deposited on the surface, the more intense the
final p2 is, i.e. the more Ba adatoms interact with adsorbed O atoms on the surface.

Another important observation in figure 4(b) are the energy shifts �E1 and �E2 for the
p1 and p2 peaks, respectively, in the course of O exposure. These shifts are displayed in detail
in figures 7(a) and (b). To ascertain that the shifts are not artefacts, due to line overlapping,
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Figure 5. The intensity of the s1 AES feature versus O exposure on Ba(� ML)/Ni(110), where
� = 0, 0.15 and 1.8 ML.

we simulated each line with the first derivative of a Gaussian, varying the relative heights,
widths and peak separation in accord with the original spectra. Examining the sum of the
two simulated lines, we did not observe any significant energy shift. We also investigated the
possible influence of the intense and broad negative wing of the Ni 61 eV line on the p1 and
p2 peaks. Again no energy shift was detected. From the above results, we conclude that the
energy shifts in figure 7 are real and are probably due to the oxidation process on the surface.
This is also supported by the fact that no energy shift was observed for p1 in the case of Ba
adsorption on Ni(110) (not shown). Both the p1 and p2 peaks are shifted to higher energy, with
an energy change �E1 � 3 eV for the former and �E2 � 1.5–2 eV for the latter. In principle,
these positive energy shifts are not what someone would expect. The general trend of AES
peaks upon oxidation is a lowering of the measured peak energy [24]. This is to be expected,
as the electronegative oxygen atom will remove charge from the neighbouring cation atom,
increasing the binding energy (BE) of the remaining electrons. For this reason, the energy
shifts �E1 and �E2 for p1 and p2 peaks, respectively, need to be clarified.

In general, chemical effects or the influence of the chemical environment of an atom may
cause energy changes in AES lines. More specifically, chemical bonding implies a charge
transfer, causing a shift of the energy of a core level (chemical shift), which in turn shifts
the energy of an AES peak involving this level. The p2 peak is supposed to be related to
the BaO compound formation on the surface, where charge transfer should take place from
the Ba to the O atoms due to the ionic character of the bond. The participating O atoms
are electronegatively charged, with the O 2p level shifted to lower BE. This might reflect
the positive �E2 for p2. The intense energy change in �E2 is realized in the range 3–6 L
(figure 7(b)), where p2 is almost fully developed (figure 6(b)). In principle BaO is a stable
chemical compound which requires an atomic ratio of 1:1 between the Ba and O atoms. At
the very early oxygen adsorption stages, this requirement is probably not fulfilled. For this
reason we might have, instead of BaO, a precursor state with the Ba–O dipoles interacting
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Figure 6. The intensity of the (a) p1 and (b) p2 AES peak versus O exposure for
Ba(� ML)/Ni(110), where � = 0.4, 0.75 and 1.8 ML.

with each other. Progressively as the oxygen coverage increases, this precursor state possibly
leads to BaO formation, stabilizing the energy of the p2 peak. An additional factor in the BaO
formation delay might be the Ni–O interaction. Indeed, we have observed that NiO formation
(the s1 shoulder in figure 4(b)) starts to take place before the maximization of the p2 peak,
which means that Ba–O and Ni–O interactions coexist and probably compete with each other
on the surface.

Another AES peak which might also move to higher energy is the p1 peak. As was
mentioned before, this peak is related to the non-oxidized Ba adatoms on nickel. Haas and
Shih [22], while they observed a small energy increase of p2 for the BaO development on W,
they did not record any energy shift for p1. In our case, however, the recorded �E1 is even
bigger than �E2 (figure 7). This means that the Ba adatoms which do not participate in the
Ba–O interaction are somehow affected by O adsorption. Although a clear explanation of this
influence is not possible from our results, a plausible argument might be related to the effect
of local polarization of the Ba atoms due to the field of the Ba–O dipoles.

3.3.2. Analysis of the O(KLL) and Ba(MNN) AES lines. The O(KLL) AES peak at about
510 eV is also shifted in energy. The shift �E is shown in figure 8 for O adsorption on
Ba(� ML)/Ni(110), where � = 0, 0.15, 0.4, 0.75 and 1.8 ML. We observe that the final �E
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Figure 7. The energy shifts (a) �E1 and (b) �E2 for the p1 and p2 AES peaks, respectively,
versus O exposure on different bariated Ni(110) surfaces.

depends on the Ba coverage. For the O/Ni(110) system, the peak energy decreases linearly up
to �23 L and remains stable at �E � −1.8 eV. For Ba coverages � = 0.15 and 0.4 ML, the
energy decreases abruptly up to �3 L and stabilizes at �E � −1 eV. At � = 0.75 and 1.8 ML,
O adsorption causes a hardly detectable energy change �E � −0.15 eV, which is within the
experimental error (±0.1 eV). The O(KLL) involves core–valence–valence transitions and
represents all the adsorbed O atoms, those interacting with Ni as well as those interacting with
Ba. The energy shift of the O(KLL) peak to lower energy can be explained by the O 2p moving
to higher BE or by the O 1s moving to lower BE. Norton et al detected an energy shift of the
O 1s level to lower BE (�0.8 eV) during the oxidation of Ni(110) [25]. On the other hand, in
order to explain the energy shift �E2 of the peak p2 we have assumed an energy shift of O 2p to
lower BE. For � = 0.15 and 0.4 ML, where a greater part of the bare nickel surface is exposed
to oxygen, it seems reasonable to attribute the initial energy shift to the Ni–O interaction and
the chemisorbed O atoms. For � � 0.75 ML, where one or more physical layers of Ba are
deposited on nickel, the Ba–O interaction prevails, stabilizing the energy of the O(KLL) peak.
It is obvious that more experiments are needed, mostly using x-ray photoelectron spectroscopy
(XPS), in order to explain fully all the observed energy shifts of the AES peaks.

The Ba(MNN) double AES peak at about 590 eV was also measured. The peak shows a
shift to lower energy by �E = 1.5–2.5 eV (not shown), becoming gradually broader after O
adsorption.
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Figure 8. The energy shift �E of the O(KLL) AES peak for O adsorption on Ba(� ML)/Ni(110),
where � = 0, 0.15, 0.4, 0.75 and 1.8 ML.

3.3.3. WF measurements. Additional information about the O adsorption mechanism on the
Ba/Ni surface can be provided by WF measurements. Figure 9 shows the WF change, ��,
in the course of O adsorption on the Ba(� ML)/Ni(110), where � = 0, 0.15, 0.4, 0.75 and
1.8 ML. The diagram is known as a ��–�–l plot [26], where � is the WF, � is the metal
adsorbate coverage and l is the gas exposure in L. �� is first plotted in the base curve traced
by the empty squares as a function of �. According to our previous work [12], Ba deposition
on Ni(110) causes initially a large � reduction up to about 0.45 ML, reaching a WF minimum,
�Ba min. Further Ba deposition leads to a WF increase to a final value approaching that of the
metallic Ba. The added ��–l curves, outlined by the filled squares, show the variation of �

with exposure to oxygen, starting at different coverages of pre-adsorbed Ba. We note that the
O adsorption causes an initial � decrease down to a minimum �min, while further adsorption
increases � with a tendency to stabilize it. From figure 9, it seems that the larger the value of
� on the surface, the bigger the initial � lowering and the smaller the increase that follows.
For � = 0.75 and 1.8 ML, � decreases with l for up to 3 and 6 L, respectively. Going back
to figure 6(b), we see that the p2 peak is fully developed at about the same l. This coincidence
leads us to relate the initial � decrease to the BaO development on the surface, with the O
atoms probably occupying sites underneath, or at any rate lower, than the Ba adatoms. This is
in agreement with the experimental observation that 1 ML of BaO gives lower � than 1 ML
of Ba on W [27]. Similar behaviour of the ��–l curves has been observed for O adsorption
on the cesiated MoS2 surface [28], where the initial � decrease was attributed to caesium
oxide formation, while the subsequent increase was attributed to O adsorption above the Cs
layer. In our case, in contrast to MoS2, the substrate reacts with O, forming NiO. We can
plausibly attribute the � increase to NiO development since (a) the NiO Auger feature s1

still continues to rise after the maximization of the p2 peak and (b) the WF of this oxide is
4.8 eV [29], much larger than 2 eV of BaO. However, the increase of � cannot be explained
only by NiO formation, because this increase takes place even after s1 maximization. An
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Figure 9. The ��–�–l diagram for O adsorption on Ba/Ni(110). The �� variation caused by
oxygen adsorption is shown by the filled squares, while that with respect to that caused by Ba
deposition on Ni(110) is shown by empty squares. Note that the extra x axis, which measures the
oxygen exposure, refers to O adsorption on Ba(1.8 ML)/Ni. For the other curves, the zero of this
axis should be located at the respective Ba coverages.

additional contribution to this can be due to some of the oxygen atoms occupying sites on
top of the pre-deposited Ba adatoms, thus increasing the electric dipole moment towards the
surface. This is supported by the small O(KLL) increase after 10 L where the maximization
of s1 and p2 has occurred.

4. Conclusions

In this work, the O adsorption on bariated Ni(100) surfaces was studied mainly with AES and
WF measurements. The following summarizes the major conclusions:

(1) O first interacts with Ba in a precursor state Ba–O, which progressively leads to BaO
formation.

(2) O also interacts with Ni forming NiO. Ba pre-deposition enhances nickel oxidation by
increasing the sticking coefficient of oxygen on the surface. The O atoms interact with
the outermost Ni atoms of the bare substrate or even with those under the Ba layer.

(3) It seems that both Ba–O and Ni–O interactions take place simultaneously, probably
competing with each other.

(4) A significant part of the Ba adatoms remains on the surface without reacting with O.
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