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Figure 5.7. STM images ((a): 27 nm x 26.7 nm, 2.5 V, 0.2 nA, (b): 4.1 nm x 4.1 nm, 2.5 V, 
0.2 nA) and LEED patterns (c, d) obtained after annealing 0.92 MLE Mo/Au(111) in 50 mbar 
O2 at 400°C for 10 minutes. (e, f): Reproduction of the LEED patterns shown in (c, d) using a 
11.6 Å x 5 Å rectangular unit cell and taking into account the substrate 3-fold symmetry. 
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Mo3d and O1s XPS spectra representative of the c(4x2) oxide monolayer are presented 

in Figure 5.6. The Mo3d5/2 and O1s peaks appear at binding energies of 232 eV and 530 eV, 

respectively. In comparison to α-MoO3 (see ref. 139 and section 5.3.2), both spectra are shifted 

by about 0.7 eV toward lower binding energy. Like for the V2O5 monolayer structures de-

scribed in section 4.3.1, this shift can be attributed to a screening of the XPS final state core 

holes by the Au(111) electrons. Interestingly, about the same shift is observed for the 

monolayer of both oxides. 

A surface structure with a larger unit cell was observed for the oxidation of slightly 

higher Mo thicknesses (between 0.69 MLE and 1.15 MLE). STM images and LEED patterns 

obtained after the oxidation of 0.92 MLE Mo (400°C, 50 mbar O2, 10 minutes) are shown in 

Figure 5.7. Corrugation lines are observed in the large scale STM image shown in (a). Higher 

resolution images, although relatively noisy, also reveal a ~11.5 Å x 5 Å rectangular unit cell 

(see image (b)). Accordingly, the LEED patterns can be well reproduced by using a 11.6 Å x 

5 Å rectangular unit cell. The short unit cell vector of this surface structure has the same 

length as the one pertaining to the c(4x2) structure described above (5.77 Å x 5 Å unit cell), 

while the long unit cell vector has twice the length. As a result, the LEED patterns for the 

larger unit cell display the same reflexes as for the c(4x2) structure plus some extra spots. 

Comparing Figures 5.7 (c) and (e), it is obvious that not all the expected spots are present in 

the pattern recorded at 50 eV. Some of the spots appear and disappear as a function of the 

electron beam energy. As shown in Figures 5.7 (d) and (f), most of the expected spots can be 

observed at 30 eV. In Figure 5.7 (f), the spots that are also observed for the c(4x2) structure 

are identified with orange circles. 

The XPS Mo3d and O1s spectra corresponding to this film (oxidation of 0.92 MLE Mo) 

are displayed in Figure 5.8. The binding energy of both peaks (Mo3d5/2: 232.3 eV, O1s: 530.3 

eV) is about 0.4 eV lower than those obtained for α-MoO3. The difference between the XPS 

spectra obtained for this film and the c(4x2) monolayer is reminiscent of the observations 

made for the V2O5 thin films (Chapter 4). In this case, a shift to lower binding energy attrib-

uted to screening was observed for the monolayer while upon the formation of a second oxide 

layer the V2p3/2 and O1s peak maxima were found at positions much closer of those charac-

teristic of bulk V2O5. It was then concluded that the screening effects are rather limited to the 

first oxide layer. It seems that the same phenomenon occurs for the thin MoO3 layers, which 

is an indication that the observed 11.6 Å x 5 Å rectangular unit cell is related to the formation 

of a second layer of MoO3. This assumption is also motivated by the fact that 0.92 MLE is 

about twice the amount of Mo required to complete a full c(4x2) monolayer, see above. Aside 



from theses observations, the data presented here are not enough to determine more precisely 

and unambiguously the structure of this film. STM images with a better resolution, perhaps 

supported by some DFT calculations, would be required for this purpose. It is worth mention-

ing that a c(4x2) monolayer can be obtained if this thicker layer is annealed at substantially 

higher temperature in the high pressure cell. This is shown in Figure 5.9, where LEED and 

Mo3d XPS data are compared for 0.92 MLE Mo after a first oxidation step at 400°C (results 

taken from Figures 5.7 and 5.8) and a subsequent step at 500°C. The data obtained after the 

second annealing step correspond to a c(4x2) monolayer: the extra LEED spots corresponding 

to the 11.6 Å x 5 Å unit cell have disappeared and the Mo3d peaks are shifted towards lower 

binding energy. This observation is consistent with results of the initial oxidation experiments 

(section 5.2) and it can be interpreted by considering that during the oxidation at 500°C the 

MoO3 overlayers sublimate (including the “second layer”), leaving behind a c(4x2) 

monolayer which is stable at this annealing temperature. 
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Figure 5.8. Mo3d and O1s XPS spectra of a film obtained after annealing 0.92 MLE 
Mo/Au(111) in 50 mbar O2 at 400°C for 10 minutes. Mg Kα, θ = 0°. 
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Figure 5.9. Comparison between the films obtained after annealing 0.92 MLE Mo/Au(111) at 
400°C for 10 minutes in 50 mbar O2 and after a subsequent annealing step at 500°C for 25 
minutes in 50 mbar O2. (a) LEED patterns and (b) Mo3d XPS spectra (Mg Kα, θ = 0°, inten-
sity normalized to the background intensity at 215 eV). 
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O 1s NEXAFS data (O K-edge) were acquired for both the c(4x2) monolayer and the 

thicker film with a 11.6 Å x 5 Å rectangular surface unit cell. The spectra are displayed in 

Figure 5.10 as a function of the polar angle of the incident linearly polarized X-ray beam (0° 

is defined as parallel to the surface normal). The films were both prepared by the oxidation of 

0.92 MLE Mo in 50 mbar O2, at a temperature of 400°C for the thicker film and at 500°C for 

the c(4x2) monolayer. The spectra were acquired by monitoring the electrons emitted from 

the sample surface with a partial yield detector as a function of the beam energy. The most 

interesting part of the spectra is the energy region between 529 eV and 537 eV, which is 



dominated by two peaks that arise from the excitation of O1s core electrons into unoccupied 

orbitals with antibonding O2p + Mo4d character 143. The peak at lower energy (maximum at 

530.2 eV) can be ascribed to the antibonding orbitals where the O2p admixture points per-

pendicular to the corresponding O-Mo bond. The other peak appears at about 534 eV and 

refers to orbitals with O2p admixture pointing along the O-Mo bond. The higher antibonding 

character of this orbital explains the occurrence of the corresponding peak at a higher energy. 

The spectra are similar for both thin films to some extent. Particularly, the angular depend-

ence of the various features is well comparable. This is indicative of rather similar bonding 

geometry around the Mo centers and analogous orientation of the coordination units for both 

films. 
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Figure 5.10. Angle-resolved O1s NEXAFS spectra (O K-edge) for - (a) a film with a 11.6 Å x 
5 Å rectangular surface unit cell and (b) a c(4x2) monolayer - obtained by the oxidation of 
0.92 MLE Mo/Au(111) in 50 mbar O2 at 400 °C and 500 °C, respectively. In both cases the 
polar incidence angle of the photon beam was varied between 0° and 80°, 0° being along the 
surface normal. Spectra recorded using partial yield detection. 

 

The angular dependence of the high energy peak intensity is particularly interesting, as it 

roughly follows the trend observed for MoO3(010) (see Figure 5.17 and ref. 144). The contri-

bution of the O1s core excitation at the various oxygen sites in MoO3(010) as a function of 

the photon incidence angle was investigated in details with DFT by Cavalleri et al 143. Ac-

cording to the results of this study, the electronic excitation at the molybdenyl oxygen atoms 
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(O1 in Figure 5.1) is mainly responsible for the observed angular intensity dependence of the 

high energy peak (534 eV). Since the Mo=O bond is aligned with only a small angle from the 

MoO3(010) surface normal, the intensity of the high energy peak (corresponding to final state 

orbitals pointing along the bond) will be highest when the photon incidence angle is close to 

90°, i.e. when the electric field vector of the X-rays is almost parallel to the surface normal. 

Likewise, the high energy peak loses intensity when the photon incidence angle decreases. 

These considerations would therefore support the idea that both the c(4x2) monolayer and the 

11.6 Å x 5 Å surface unit cell film contain molybdenyl groups that are oriented at an angle 

close to the surface normal. Nevertheless, the support of calculations would be necessary to 

ascertain this assignment. 

 

5.3.2 Thicker films: MoO3(010) 
 

The oxidation of thicker Mo layers leads to the growth of (010)-oriented α-MoO3 crys-

tallites, which eventually coalesce to some extent as they get larger. The formation of these 

crystallites was observed to start after the oxidation of a Mo thickness between 0.92 MLE and 

1.15 MLE. Figure 5.11 shows STM images and LEED patterns of a film formed by the oxida-

tion of 1.15 MLE Mo. The LEED patterns correspond well to the ones presented in Figure 5.7 

for a film with a 11.6 Å x 5 Å rectangular unit cell, with the addition of faint rings. Depending 

of the electron beam energy, two rings with a very slightly different diameter can be observed. 

The larger is observed in (c) (appearing at the outer side of the nearby 11.6 Å x 5 Å spots), 

while the smaller can be seen in (d) (appearing at the inner side of the nearby 11.6 Å x 5 Å 

spots). The radiuses of the two rings correspond very well to the lengths of the two unit cell 

vectors of MoO3(010), as depicted in (c). The (010) surface of α-MoO3 does not relax signifi-

cantly with respect to the bulk structure and it has a 3.7 Å x 3.96 Å rectangular unit cell 1,145 

(see Figure 5.12). Similar to V2O5(001), this surface is terminated by molybdenyl O atoms 

and it exposes three differently coordinated oxygen ions. However, molybdenum ions as such 

are not exposed on the MoO3(010) surface. As mentioned in Chapter 4, the existence of rings 

in the LEED patterns can be attributed to azimuthal disorder. The LEED patterns therefore 

indicate the coexistence of domains of the 11.6 Å x 5 Å structure and of MoO3(010), the latter 

having random azimuthal orientations. The STM results complement this observation. Large 

scale images display a flat film and some crystallites having an apparent height of about 0.7-

1.3 nm (Figure 5.11 (a)). Higher resolution images acquired on the top of these crystallites 

reveal a MoO3(010) unit cell (see (b)). Altogether, these results indicate that MoO3(010) crys-

tallites start growing after the completion of the film with a 11.6 Å x 5 Å rectangular surface 















Therefore, the spectra can be more directly related to the delocalized band structure as ex-

pressed in the partial density of unoccupied states and they are more easily compared to the 

results of DFT-based calculations. Angle-resolved O1s NEXAFS spectra were calculated by 

Cavelleri and Hermann for the MoO3(010) surface and they were found to correspond rather 

well to our results 143. As mentioned in section 5.3.1, the peaks below the ionization threshold 

(< 537 eV) arise from O1s → O2p + Mo4d transitions. The features found at photon energy 

between 529 eV and 533 eV correspond to transitions to hybridized O2pπ and Mo4dt2g states 

(π* orbitals, pointing perpendicular to the Mo-O bond). Accordingly, the peaks at higher pho-

ton energy, between 533 eV and 536 eV correspond to hybridized O2pπσ and Mo4de1g states 

(σ* orbitals, pointing along the Mo-O bond) 143,144. The intensity variation of the various 

peaks as a function of the photon polar angle is predicted to be substantially different for the 

three types of oxygen centers contained in α-MoO3. Therefore, the comparison between 

measured and calculated angle resolved O1s NEXAFS spectra for reduced/defective MoO3 

could give valuable information about the nature of the oxygen vacancies 143. 
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Figure 5.17. Angle-resolved Mo3p (Mo M2,3 edges) and O1s (O K-edge) NEXAFS spectra 
for a film formed by the oxidation of 2.3 MLE Mo/Au(111) (50 mbar O2 at 400°C for 10 
minutes). Photon beam polar incidence angles of 0° and 70°, 0° being along the surface nor-
mal. Spectra recorded using total electron yield detection. 

 

The fact that the MoO3 thin films grow with a [010] orientation is not very surprising 

and it is due to the fact that (010) is the plane of lowest free energy in α-MoO3. The growth of 
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crystallites exposing preferentially their (010) face was also reported by Julien et al 127 and 

Gaigneaux et al 132 for the deposition of MoO3 on other substrates. 

 

5.3.3 Thermal stability 
 

Like for vanadium pentoxide thin films (c.f. section 4.3.3), the thermal stability of the 

MoO3 layers under UHV conditions is a very important factor in regard to eventual reactivity 

studies. The possible occurrence of thermal reduction or sublimation of the oxide film itself in 

the temperature range relevant to catalytic reactions would have a strong influence on the ob-

servation of adsorbing and desorbing molecules. For that reason, the MoO3(010)/Au(111) thin 

films were investigated with temperature programmed desorption (TPD). A reduction of the 

film is expected to be accompanied by the emission of O2 (due to the formation of oxygen 

vacancies followed by the recombination of O atoms to form O2 at the surface). Figures 5.18 

and 5.19 show the TPD curves obtained for MoO3(010) films formed by the oxidation of a 

total of 3.45 MLE Mo and 2.3 MLE Mo, respectively. In both figures, the evolution of the 

chamber pressure and the O2 QMS signal (m/z = 32) are shown in the lower graph. The upper 

graphs display the most intense MoOx mass spectrometer signals, which correspond to MoO2, 

MoO and MoO3 fragments. One should note that these species most probably arise from the 

fragmentation of larger MoxOy clusters in the electron impact ionization cell of the quadrupole 

mass spectrometer. Indeed, detailed mass spectrometric studies revealed that MoxO3x (with 3 

≤ x ≤ 5) are the primary products of the volatilization of MoO3 in vacuum 146. 

The MoOx desorption curves contain three features between 400°C and 500°C: a rather 

broad peak centered at about 447°C, a sharp peak at 460°C and some very faint intensity be-

tween 470°C and 500°C. The feature centered at 447°C might be attributed to the sublimation 

of the MoO3(010) crystallites, while the other peaks observed at higher temperature are 

probably related to the interface layer. Compared to the VxOy TPD signals obtained for the 

V2O5(001) films (c.f. section 4.3.3), the MoOx curves are qualitatively similar and they also 

show a broad feature, a sharp peak and finally a broad signal with less intensity as a function 

of the increasing temperature. Since both films have an analogous structure consisting of 

bulk-like crystallites lying on top of an interface-specific, two oxide layers-thick film, it is 

tempting to draw parallels between the sublimation of the two oxides. For the two oxide 

films, the occurrence of desorption peaks at higher temperature for the interface layer with 

respect to the bulk-like overlayers could be explained by structural and interlayer adhesion 

energy differences: the layers (bilayers for MoO3) in the bulk-like crystals are bound by week 

forces (~ van der Waals), whereas the interface layer might be bound more strongly to the 
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substrate. For instance, the model proposed by Quek et al 94 for the first MoO3 layer (c.f. sec-

tion 5.3.1.) describes a polar O-Mo-O oxide film (three atomic layers) that has electronic in-

teraction with the surface atoms of the Au(111) substrate. As postulated for other systems, 

this oxygen-metal-oxygen interface structure can lead to a relatively high adhesion energy 

(orders of magnitude higher than nonpolar interfaces), mainly due to the macroscopic Cou-

lomb interaction between the ions in the oxide and the image charges in the metal 137. Like for 

V2O5, the sharp MoOx desorption peak observed at 460°C is probably related to the decompo-

sition/sublimation of the second oxide layer. This observation is supported to some extent by 

the fact that the relative intensity of this peak with respect to the lower temperature 

“MoO3(010) overlayers” broad desorption feature increases for thinner films (comparing Fig-

ures 5.18 and 5.19). As for the V2O5 thin films, the contribution of reduced species to the 

MoOx desorption features at higher temperature should not be completely neglected. Never-

theless, the O2 TPD curve does not show any defined desorption peak that could be related to 

the film reduction at temperatures up to about 470°C. The broad O2 desorption peak between 

300°C and 420°C is assigned to oxygen desorption from the platinum sample holder (see sec-

tion 4.3.3). The fact that the same peak is observed for all V2O5 and MoO3 films further sup-

ports this assignment. On the other hand, an O2 desorption peak is clearly observed at 470°C 

in both Figure 5.18 and 5.19. In the MoOx desorption curves, the position of this O2 peak co-

incides approximately with the beginning of the broad feature that follows the sharp peak. 

This O2 desorption peak probably corresponds to the reduction of a remaining MoO3 

monolayer. The thermal reduction of a MoO3 monolayer on Au(111) in UHV has been inves-

tigated by Deng and coworkers 147. The authors found that the reduction of the oxide c(4x2) 

overlayer occurs through the formation of extended one-dimensional shear plane defects. Al-

though they reported that the reduction occurs at about 375°C, they acknowledged that the 

actual temperature during their annealing experiment was probably higher since they also 

observed a partial oxide loss due to sublimation. It is therefore possible that for the films in-

vestigated here, a remaining MoO3 monolayer sublimates and undergoes partial reduction in 

the temperature range between ~ 470°C and 500°C. No additional desorption features are ob-

served above 500°C, and no traces of molybdenum or oxygen could be detected at the surface 

of the Au(111) substrate with XPS after the TPD annealing ramp up to 700°C. These observa-

tions apparently point toward the fact that most of the film is evaporated after annealing up to 

500°C in UHV. It is interesting to note that the c(4x2) MoO3 monolayer subsists on the sub-

strate even after an extended period of annealing at 500°C in 50 mbar O2. 
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Figure 5.18. TPD of a MoO3(010) film formed by three successive steps of 1.15 MLE Mo 
deposition and oxidation in 50 mbar O2 at 400°C for 10 minutes (total of 3.45 MLE Mo). The 
evolution of the main chamber pressure during the TPD run is displayed in the lower graph. 
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Figure 5.19. TPD of a MoO3(010) film formed by the oxidation of 2.3 MLE Mo/Au(111) (50 
mbar O2 at 400°C for 10 minutes). The evolution of the main chamber pressure during the 
TPD run is displayed in the lower graph. 
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5.4 Summary 
 

The results presented in this chapter show that well-ordered MoO3 films can be formed 

on Au(111) by the oxidation of molybdenum in 50 mbar O2. At very low Mo coverage, the 

oxidation leads to a spreading of the material on the Au(111) substrate and to the formation of 

a c(4x2) MoO3 monolayer structure. The oxidation of slightly higher Mo coverage apparently 

results in a 2 layers-thick MoO3 film with a 11.6 Å x 5 Å rectangular unit cell. These films are 

interface-specific and they cannot be related to any known bulk structures. These findings are 

similar to the observations made for V2O5 (c.f. Chapter 4) and they highlight the influence of 

the Au(111) surface on the growth of the thin film. The formation of such interface-specific 

structures is also most probably facilitated by the easy rearrangement of coordination units in 

Mo6+ oxides, and different interface structures are expected to form on other substrates under 

similar preparation conditions. 

Well-ordered MoO3(010) films containing very few point defects could be prepared for 

higher thicknesses. Due to the insulating nature of MoO3, the possibility of investigating the 

films with STM is rather limited, especially for thicker layers. In that respect, it would be ad-

vantageous to use atomic force microscopy (AFM) instead of STM to investigate the surface 

structure of the films 145. 

The films are apparently stable in UHV up to a temperature of about 400°C, above 

which MoO3(010) starts sublimating. Also, the TDS data strongly suggest that no substantial 

reduction occurs until about 470°C. However, this conclusion should be confirmed by post-

annealing XPS analysis. The morphological stability of the film under UHV annealing also 

still needs to be carefully investigated. 

It would be quite interesting to study the partial reduction of the MoO3(010)/Au(111) 

films with electron irradiation (similar to the investigation done for V2O3(0001), presented in 

Chapter 3). This could shed more light on the open questions regarding the formation of oxy-

gen vacancies at the surface of molybdenum trioxide. Angle-resolved NEXAFS spectra of 

partially reduced surfaces could be compared to the spectra calculated by Cavalleri et al for 

vacancies at specific oxygen sites 143. According to their calculations, the creation of oxygen 

vacancies is most favourable at O1 and O2 oxygen sites (see Figure 5.1 (b)). Their models 

also predict that after relaxation, the formation of either O1 or O2 vacancies results in an 

equivalent O1* specie (with a bond orientation tilted in between the original O1 and O2 posi-

tions). The calculations of Coquet and Willock 10 lead to a different conclusion, and experi-

ments could be helpful in resolving this discrepancy. 
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6 Conclusions and outlook 
 

In the path towards the understanding of the complex reaction mechanisms occurring at 

the surface of heterogeneous catalysts, the use of model systems is of great advantage and it is 

often even necessary. These systems are simpler, better defined and allow the investigation of 

elementary reaction steps. Some suitable models are the surfaces of single crystals and of epi-

taxial thin films. Such surfaces can be studied at the molecular level using the range of surface 

science techniques that are nowadays available. Preparing and characterizing model surfaces 

is a very important step preceding the execution of model reactivity studies. In the present 

study, the growth and the surface structure of well-ordered V2O3, V2O5 and MoO3 thin films 

have been investigated. 

It is shown that well-ordered V2O3(0001) thin films can be prepared on Au(111). The 

surface structure of the films and the presence of point defects were carefully investigated. 

The results indicate that oxygen-rich point defects are invariably present on the as-prepared 

vanadyl-terminated surface. These defects are thermodynamically stable and their quantity 

can only be limited by careful surface reduction and reoxidation at low temperature and low 

oxygen partial pressure. 

The surface reduction of the vanadyl-terminated V2O3(0001)/Au(111) thin films has 

been investigated with XPS and STM. The assumption made in the previously reported work 
22,23,26 is confirmed: electron irradiation specifically removes the oxygen atoms of the vanadyl 

groups and results in a V-terminated surface consisting of 3-fold O coordinated V ions. It is 

possible to control the quantity of removed vanadyl oxygen atoms by using an appropriate 

electron irradiation dose. This allows the preparation of V2O3(0001) surfaces exposing de-

fined densities of vanadyl groups (4-fold coordinated V ions) and 3-fold coordinated V ions. 

Such surfaces are very interesting, as they potentially constitute suitable models to probe the 

relative role of both the vanadyl groups and the undercoordinated V ions at the surface of the 

vanadia catalysts. Reactivity studies using these surfaces are currently in progress 58,148. 

The preparation of well-ordered V2O5(001) and MoO3(010) thin films is reported here 

for the first time. These films were grown on Au(111) with a relatively simple method, which 

consists in oxidizing deposited V or Mo layers under 50 mbar O2 in a dedicated high pressure 

cell. Both the simplicity of the preparation method and the fact that the films are well-ordered 

and contain a low quantity of point defects provide a considerable advantage for the undertak-

ing of model reactivity studies. The thermal stability of these films in UHV has been investi-

gated. The V2O5(001) and MoO3(010) films were found to start sublimating at temperatures 
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of 500°C and 400°C, respectively. In both cases, no thermal reduction could be observed be-

low the sublimation temperature. A detailed comparison of the results with the published re-

ports on the thermal reduction of V2O5 highlights the influence of radiation (photons, elec-

trons) and, more importantly, surface contamination on the observed reduction behavior. This 

stresses the importance of preparing the surfaces under controlled conditions. At this point, 

examining the reduction of the V2O5(001) and MoO3(010) films with electron irradiation 

would be quite interesting. 

The formation of interface-specific V2O5 and MoO3 monolayer structures on the 

Au(111) substrate was observed after the oxidation of low coverages of V and Mo. These 

layers are found to form coincidence lattices with the Au(111) surface, and they do not corre-

spond to any bulk structure known for vanadium and molybdenum oxides. They are most 

probably stabilized by the interface with the metal, which perturbs the electronic structure of 

the oxide 18. The formation of these interface-mediated structures is also made possible due to 

the fact that both oxides can easily adopt different structures (and oxidation states) through 

the rearrangement of their coordination units. The growth of V2O5 and MoO3 single layers on 

other substrates, including other surface planes of Au or crystalline thin films of other oxides 

for instance, would surely be worth investigating. 

It is interesting to note that for both oxides, the formation of a second layer apparently 

precedes the growth of bulk-like crystallites. In the case of vanadia, this is particularly inter-

esting since it is commonly assumed that V2O5 crystals start to grow as soon as a monolayer 

is completed during the preparation of the so-called “supported monolayer catalysts” 4. 

The high pressure oxidation preparation method used in the present study could poten-

tially be applied to other high oxygen content oxide systems, including TiO2, WO3, Fe2O3, 

etc. The preparation of mixed oxides like iron molybdates 3 or V2O5-MoO3 (vanadia-

molybdena catalyst 149) could also be of great interest. Nevertheless, one must note that the 

growth of well-ordered V2O5(001) and MoO3(010) films was facilitated here by the fact that 

both oxides have a structure consisting of weakly interacting layers and therefore have a 

strong tendency to expose the low energy surface of these planes. For other oxides, finding a 

suitable substrate for a defined (epitaxial) crystalline growth direction of the film might be 

more critical. 
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XPS: X-ray photoelectron spectroscopy 

UPS: ultraviolet photoelectron spectroscopy 

PES: photoelectron spectroscopy 

STM: scanning tunneling microscopy 

LEED: low energy electron diffraction 

NEXAFS: near-edge X-ray absorption fine structure 

TPD: temperature programmed desorption 

UHV: ultrahigh vacuum 

LDOS: local density of states 

MLE: monolayer equivalent 

QMS: quadrupole mass spectrometer 
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