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 The electronic properties of the FeO and CoO single layer thin films on Pt(111) were 

examined by core level soft X-ray spectroscopy. These oxygen terminated films are bilayer-thick 

and isostructural, Pt, Fe-Co, and O atoms stacked with small lateral shifts due to incommensurate 

relation with Pt(111). Probing occupied and unoccupied states projected on the oxygen atoms 

revealed states at the Fermi level suggesting orbital mixing with the metal substrate and also 

indicated an anisotropy in transition metal-oxygen bonding geometry. The differences in the core 

level spectral features were attributed to the substrate induced modification of the charge transfer 

energy and with an additional valence electron on Co. 
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Introduction 

 The late transition metal (TM) monoxides are of great interest owing to their importance 

in catalysis, mineralogy, and device electronics. Particularly, the nature of the (111) terminations 

is characterized with the polarity that they possess. The alternating layers of 3d TM and oxygen 

atoms accumulating polarity perpendicular to the surface play an important role in material 

properties but also create stability problems. The free energy requirements of the polar system 

force the surfaces to compensate the charge built-up by structural and electronic modifications. 

The compensation channels include (i) the surface reconstructions involving charge 

redistribution, (ii) anion-cation vacancy generation leading to changes in surface stoichiometry, 

and (iii) adsorption of foreign species1. Theoretical treatments are also challenging, since 

correlated electron systems make simple approaches fail for estimating standard electronic 

properties.2,3 Interestingly, thin films with uncompensated polarity have been found stable if their 

thickness is below a critical value,4 there are however deviations from the bulk values in terms of 

interatomic distances and electronic band gaps. 

 FeO and CoO are within the 3d TM monoxide family, whose ground state electronic 

configurations for Fe2+ and Co2+ are d6 and d7, respectively. They have been classified as charge 

transfer insulators in the Zaanen-Sawatzky-Allen phase diagram5, since the band gaps of the late 

TM monoxide compounds are found to be smaller than a Mott insulator could have6. Recent 

reports show that the band gaps of the bulk FeO and CoO are 2.4 eV7 and 2.6 eV8, respectively. 

This is also contrary to the classical band theory estimations which dictate that the 3d TM 

monoxides with unfilled 3d states must be metallic. Hubbard theory describes this controversy 

by introducing the d-d Coulomb interaction energy (Udd). However, it is not fully successful to 

give a full electronic structure picture, especially of the late TMs. Better agreements (based on 

Anderson impurity model) have been achieved by introduction of the charge transfer energy (Δ), 

the energy required for transferring a charge from the oxygen ligand to the metal 3d states and by 

including the hybridization strength (T) between O 2p ligand and TM 3d states. These Coulomb 

electron correlation and ligand charge fluctuations have generally been denoted by dndn→dn-1dn+1
 

and dn,→dn+1L, respectively; where L is a hole in the oxygen ligand. The values of U and Δ 

relative to the bandwidths of the TM 3d (w) and O 2p (W) valence states determine if the 

electronic structure of the TM complex is a conductor, Mott or charge transfer insulator type5,9. 
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 Thin oxide films grown on metallic substrates have brought a unique concept for studies 

using surface science techniques utilizing primarily the analysis of low energy electrons since the 

charging issues can be circumvented10. The attractiveness of these systems owing to the 

resemblance of bulk materials in terms of electronic and geometric structures has been balanced 

with the discussion regarding the influence of the substrate to those properties10. The electronic 

structures modified by hybridizations with the substrates might deviate from the bulk however it 

has also been considered to be a design parameter of catalytic systems with superior 

performance11. In the present study our main interest is on the electronic structure of FeO and 

CoO thin films, which have been grown on several substrates. Early successful attempts include 

Mo(100)12, Fe(110)13, and Cu(110)14 for FeO and Co(0001)15, Au(111)16, and Ir(100)17 for CoO 

films. Among these Pt(111) is the unique substrate on which both films can be grown epitaxially 

with minor structural differences. 

 The structural characterizations of FeO(111) and CoO(111) epitaxial thin films grown on 

Pt(111) substrates have been performed in detail. Both TM monoxide films are single TM-O 

bilayer-thick and oxygen terminated, the metal atoms decorate the interface layer with the same 

periodicity. The findings of earlier photoelectron diffraction (PD)18, low energy electron 

diffraction (LEED), and scanning tunneling microscopy (STM)19 studies mostly agree with the 

recent ones20, that the FeO films grown on Pt(111) have a lattice mismatch which is revealed as a 

superstructure (Moiré patterns). X-ray photoelectron spectroscopy (XPS) studies show that the 

oxidation state of Fe is 2+; indicating the formal charges are close to the charges in FeO 

stoichiometry21,22. CoO grows on Pt(111) similarly23, with the Co possessing formal charges 

close to those in bulk CoO24 but much less is known about the electronic structure of this film. 

 As an alternative to the electronic structure understanding based on bulk materials, these 

films can also be viewed as oxygen atoms chemisorbed on three-fold sites of 3d TM monolayer 

films. The d-band model25,26 which correlates the width and the energy position of the valence 

electron states with the adsorbate states could in principle be adapted to describe the electronic 

structure and the bonding between TM and O atoms. The latter approach deals with the 

covalency of the chemical bond thus the strength of the hybridization between TM and oxygen 

valence states determines the electronic structure of the films. The nature of the chemical 

bonding between TM and O atoms can thus be defined by bonding and antibonding states of 

oxygen atoms. It is not clear if the electronic structures of these films are analogous to the bulk 
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properties which are described by a small band gap. Moreover, polarity is associated with 

Coulomb repulsion and band filling27, the anisotropy in TM-O bond distances and orbital 

symmetry are the factors defining overall stability of these films. Core level (CL) X-ray 

spectroscopy sheds light on the electronic properties since valence band (VB) and bonding 

configurations could be probed selectively on various atomic sites. 

 In this paper, we report on the differences in the electronic structures of FeO and CoO 

isostructural films grown on a Pt(111) substrate. We adopt CL spectroscopy techniques (X-ray 

absorption spectroscopy (XAS), X-ray emission spectroscopy (XES), and XPS) in order to 

identify the differences in an atom specific way. We show that valence electronic structures of 

these films differ from the bulk and the major factor that separates CoO from FeO is the 

additional valence electron on Co. 

Experimental 

 The experiments were performed at the elliptically polarized undulator (EPU) beamline 

13-2 at Stanford Synchrotron Radiation Lightsource (SSRL). The ultra-high vacuum (UHV) 

endstation with a base pressure better than 2×10-10 Torr is equipped with an electron energy 

spectrometer (Scienta R3000), high throughput slit-less X-ray emission spectrometer, LEED 

optics (SPECS), e-beam evaporator (EFM 3, Omicron), and standard tools for sample cleaning. 

X-ray emission spectrometer is a home-built grazing incidence grating spectrometer with a 

multichannel-plate detector. A nickel-coated spherical-elliptical grating with 1100 lines/mm 

groove density was used. The curvature of the grating was 5 m and the length was 10 cm giving 

an energy resolution of 0.6eV. Sample heating was performed by a standard electron 

bombardment method, by accelerating electrons emitted from a filament placed backside of the 

sample. Temperature was measured by a K-type thermocouple spot-welded onto the side of the 

sample. 

 Pt(111) single crystal was cleaned by repeated cycles of Ne+ ion bombardment and 

annealing to 1150 K. Segregated carbon impurities were burned off by exposing the surface to 

O2 while cooling down (from 800 K to 400 K). Long range order and surface cleanness were 

confirmed by the hexagonal (1×1) sharp LEED patterns and XPS, respectively. FeO and CoO 

films were prepared by depositing Fe and Co metals using an e-beam evaporator at room 

temperature and subsequent annealing in 1×10-6 Torr O2 for one minute. Annealing was 

performed at 950 K in the FeO case, at 840 K for CoO. Background O2 was pumped out as the 
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sample temperature went below 400 K. During metal deposition the sample was positively 

biased in order to prevent sputtering by small amount of ionized metal atoms. Deposition rate 

was controlled by monitoring the ion flux. Due to two dimensional growth nature of the films, 

the film completeness could be confirmed by titrating uncovered regions of Pt(111) surface by 

adsorbed CO. No CO adsorption was observed on both oxide surfaces at room temperature. 

Gases were dosed into the system by variable leak valves. 

 The electron binding energies reported here are referenced to the Fermi level of Pt(111). 

O K-edge XAS spectra were obtained by Auger electron yield method (AEY). Spectra were 

recorded by placing the kinetic energy window of the spectrometer on the O KVV Auger 

transition line. Fe and Co L-edge XAS measurements were performed similarly, using energy 

window of LMM Auger transition. In-plane and out of plane valence orbital components for 

O 1s→2p and Fe-Co 2p→3d excitations were probed by rotating the sample with respect to 

polarization E vector of the synchrotron radiation light. All XAS spectra were normalized to the 

incident photon flux and background from pure Pt(111) was subtracted. O K-edge XES spectra 

were recorded by adjusting the grazing incidence angle on the grating to 5°. The excitation 

energy was set to the first absorption resonance as determined by XAS. In O K-edge XE process 

the E vector of the emitted light is aligned with the O 2p-projected valence orbital. Emission 

from O 2px+2py and 2px+2py+2pz orbitals were achieved by recording in XES in normal and 

grazing emission geometry, respectively28. In all XPS, XAS, and XES measurements the grazing 

incidence angle of the incoming synchrotron light was 4°. 

Results 

 LEED patterns obtained from FeO and CoO bilayers are shown in Fig. 1(a). The analysis 

of the hexagonal diffraction spots gives rise to Fe-O and Co-O in-plane lattice parameters, 

3.08 Å and 3.13 Å, respectively; similar to the ones obtained in previous studies18,23. As better 

visualized on the model drawing of these systems in Fig. 1(a), Moiré superstructure is also well-

reproduced, 11 and 13 % planar and 0.6° rotational lattice mismatch with Pt(111) give rise to the 

Moiré periodicity of 26.3 Å in the FeO case, which is slightly shorter in the CoO case (23.9 Å). 

 TM 2p XPS spectra from FeO and CoO shown in Fig. 1(b) are characterized by spin-orbit 

splitting into 2p1/2 and 2p3/2 components, the energy difference between which increases from 

13.4 to 15.7 eV with increasing atomic number. The interference of the satellite components with 

the main lines complicates the spectral analysis of many 3d transition metal oxides9, however the 
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sharpness of Co 2p3/2 main line component is pronounced. The main component of Fe 2p3/2 

located at 709.2 eV is followed by two higher binding energy (BE) components, separated from 

the main line by 3.0 and 8.7 eV, respectively. Similarly, the sharp main line of the Co 2p3/2 

spectrum at 778.2 eV is broadened by a high BE shoulder centered at 3.2 eV and a higher BE 

third component is also seen at 8.0 eV. The BE of O 1s line of FeO is found to be higher than 

that of CoO as shown in Fig. 1(c). O 1s XPS spectrum of FeO has a main component at 529.4 eV 

with an asymmetric tail at low BE side. Full width half maximum (FWHM) is 0.9 eV. More 

asymmetry is observed in CoO, here FWHM is found to be 1.15 eV with the main line centered 

at 528.9 eV. 

 VB XPS spectra of FeO and CoO including pure Pt(111) surface are shown in Fig. 2. The 

measurements were performed by setting the excitation energy close to the Cooper minimum 

(~hν=200 eV) of Pt 5d states29 so that their contribution to the overall VB spectra is minimized. 

The combination of normal and grazing detection geometry along with low kinetic energy 

additionally provides identification of oxide related spectral features, which overlap with Pt 5d 

states of the underlying Pt substrate. In normal geometry, distinct spectral features from O 2p 

and Fe-Co 3d are observed however in grazing geometry the substrate contribution is nearly 

vanished. Both FeO and CoO VB contain three distinguishable spectral features, one of which is 

in close proximity to the Fermi edge. The intensity of this peak is rather pronounced in CoO. The 

second clearly identifiable peak resides at 5.3 eV in FeO and 4.9 eV in CoO. The region between 

these two can be realized by a third component. In the case of FeO, the peak at 3.4 eV seems to 

be sharper as compared to CoO. Nevertheless, a peak centered at 2.1 eV is seen in CoO. The 

intensity analysis30 performed by including the ionization cross-sections,29 electron inelastic 

mean free paths31, and electron emission geometry reveals that, in grazing geometry, the TM 3d 

contribution dominates the VB spectra. For FeO and CoO films the TM 3d/Pt 5d intensity ratios 

are estimated to be 16.2 and 21.6, respectively. The contribution of O 2p states is less 

pronounced, but should be detectable. 

 VB spectra shown in Fig. 2 involve information regarding the electronic properties of 

these films; however overlapping TM 3d and O 2p states makes the spectral characterization 

nontrivial. The atom specific approach to probe electronic structure of these films is to take 

advantage of the dipole transitions; 1s→2p and 2p→1s in the case of O K-edge absorption and 

emission measurements, respectively. Occupied and unoccupied p-states projected on oxygen 
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atoms of these films can then be identified. 2px+2py and 2pz symmetry resolved XES and XAS 

spectra from FeO and CoO films are shown in Fig. 3. Spectra were aligned with respect to each 

other in BE scale so that a direct comparison can be made32. The Fermi edge is determined by 

using peak maxima of O 1s XPS spectra from respective films28. Certain differences in spectral 

weights are apparent. XAS shows states above the Fermi level, a clear signature of covalent 

interaction of TM-O bonding complex. Another important finding to note here, unlike bulk oxide 

electronic structures, FeO and CoO films on Pt(111) surfaces have states tailing near the Fermi 

level. Main bonding components of O 2px+2py and O 2pz states are at 5.6-4.1 eV and 5.1-4.0 eV 

below the Fermi level for FeO and CoO films, respectively. All spectra have low BE shoulder 

spanning up to the Fermi level. Spectral weights of the shoulders of the O 2pz states are more 

pronounced, and CoO seems to have more states near the Fermi level compared to FeO. First 

sharp state with anti-bonding character above the Fermi level is attributed to O 2p-TM 3d 

hybridized states. FeO has intrinsically sharper peaks and the energy difference between resonant 

maxima of 2px+2py and 2pz is 0.4 eV. This difference becomes 0.3 eV in CoO, 2pz of which is 

also closer to the Fermi level. The energy window covering 4-16 eV above the Fermi level is 

dominated by O 2p-TM 4sp hybridized states; a clear distinction is that 2px+2py components are 

more intense as compared to 2pz. The main peak of FeO is at 10.5 eV, that of CoO is at slightly 

lower energy. Nevertheless; the broad widths of these peaks make the direct comparison 

difficult. 

 TM L-edge XAS spectra of these films are relatively less complex due to single cation 

valence structure. Fig. 4 shows the Fe-Co L-edge XAS spectra for respective oxide films with in 

plane and out of plane E vector to the projected TM 3d component. On the L3 edge, CoO spectra 

width is relatively narrower compared to FeO, which has a prominent shoulder tailing low 

energy side. This pre-edge component is almost absent in CoO. In both films, L3 edge can also be 

interpreted as a main peak with a shoulder on high photon energy side. On the L2 edge, peaks are 

broad and featureless however spectral width comparison reveals a sharper Co L2 edge. No 

strong polarization dependence is observed. 

Discussion 

 One of mutual structural properties of these films is the oxygen termination. Previous 

studies indicate that the main characteristic is the out of plane TM-O interatomic distance; that is 

approximately 50 % shorter relative to the bulk values. There are also other differences, the 
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electronic structures of these FeO and CoO films grown on Pt(111) surfaces can be separated 

from each other by the valence electronic properties of the TMs, Co having an additional valence 

electron than Fe. The Moiré periodicity of FeO is slightly longer but the differences in the in-

plane metal-oxygen bond lengths are too small, thus have a little impact on the overall electronic 

structure. The registry with the Pt(111) substrate, however, slightly modifies out of plane TM-O 

bond length. Interfacial metal atoms can be found on three-fold fcc, hcp, and top sites of Pt(111) 

surface and their effects are translated into Moiré superstructure observed on these films33. It has 

been shown by STM studies that the surface potential of FeO films becomes modulated due to 

corrugation of the Moiré superstructures20,34. Despite the lack of information that quantifies the 

variation of the surface potential of CoO films, a similar behavior is expected. 

 For bulk FeO and CoO, the charge transfer energy is moderate (W/2<Δ<Udd)9and O 2p 

valence states overlaps with the TM 3d states. It is therefore important to separate out the TM 

and ligand states in order to make electronic structure comparisons viable. We have shown that 

O K-edge XES selectively probes O 2p states and their contribution to the overall valence 

structure can be singled out by VB XPS. In the case of thin films a modified picture must be 

considered; valence states of the films will be overlapping with those of Pt. 

 These parameters can be approximated by the analysis of CL and VB XPS spectra. The 

satellite features observed in 2p XPS spectra of the late TM monoxide compounds have been 

attributed to charge transfer mechanism, from the ligand to the metal site, and to the multiplet 

effects35, however this approach has been challenged since it neglects the angular momentum 

coupling of the TM 3d electrons and ionized core levels36. The late 3d TM monoxides have 

shown complex behavior to sudden creation of a core hole, suggesting differences in their VB 

structures. The final state of the photoemission process contains core hole which is coupled with 

the partially filled TM 3d states, giving rise to mainline broadening and satellite features in XPS 

spectra depending on the particular overlap between core levels and the valence states. These 

multiplet effects are represented by Ucd, c being the core hole states (the change in the VB 

electronic configuration is alternatively illustrated by Z+1 approximation, where Z is the atomic 

number)37,38. The extent of the spatial interaction between orbitals can directly be reflected to the 

XPS spectra. Resonant and non-resonant photoemission studies have also shown 3s3p-3d overlap 

which leads to the satellites and resonant enhancements; however multiplet effects can be 

translated as spectral broadening in TM 2p XPS spectra due to smaller overlap between 2p hole 
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and 3d orbitals39. It must therefore be noted here that the analysis of CL 2p spectra does not 

directly provide Udd and Δ parameters which can be better described in ground state electronic 

structures. When a 2p core hole is created, two final state electronic configurations are described 

by cdn and cdn+1L, and the energy difference between these two final states, Ucd-Δ, determines 

the BE of the satellite peaks. The satellites of the TM 2p XPS spectra presented in Fig. 1(b) 

indicate similar mechanism, involvement of at least two different final states. Another point to 

note is the relative intensities, the satellite features of FeO seem to have more pronounced 

intensity (although smeared out) compared to the main well-screened line. These differences are 

attributed to the screening efficiency of the metallic substrate. Efficiency of the hole screening is 

evidenced by the sharpness of Co 2p XPS peaks, also suggesting metallic behavior. In addition, 

BE of Co 2p3/2 main line peak position appears to be slightly lower than BE of Co2+ of the bulk 

systems9. Despite the differences in the intensity ratios of the main lines to the satellite peaks, 

c(4×2) and (9×2) phases of the cobalt oxides grown on Pd(100) demonstrate similar BEs40. XPS 

spectrum of FeO films is identical to the previously published data21. 

 2p XPS spectra of FeO and CoO show two peaks separated by Ucd-Δ, the energy 

difference between unscreened and well-screened cd6 and cd7L final states in FeO, and the 

difference between cd7 and cd8L final states in CoO. The shoulders residing ~3 eV high BE side 

of the well-screened main lines are attributed to the multiplet effects which are stronger in 2p3/2 

states than 2p1/2
41. Comparing the relative intensities and the energy differences between main 

and satellite peaks presented in Fig. 1(b) with the previously reported spectra from bulk samples, 

one can notice certain differences39,42. The satellites of the thin films seem to be less pronounced 

and Ucd-Δ values are relatively larger. It is worthwhile to point out that structure mediated 

hybridization shifts are also involved in the energy separation. It has been reported that Ucd-Δ 

obtained from 2p XPS spectra of bulk FeO and CoO is 6.04 and 5.8 eV, lower than the energy 

differences that thin films display (8.7 and 8.0 eV). This would suggest that U and Δ are 

modified for the thin films due to their image dipoles on metal substrates. 

 Electronic and magnetic properties of the late TM oxides grown on metal substrates 

differ since the Coulomb and charge transfer energies in thin films have smaller values due to 

efficient image potential screening43. The reduction in Δ has been proposed to be the main 

contributor to the larger energy separation between the main and the satellite peaks (Ucd-Δ), 

mainly in connection to the possibly lower Madelung potential. Ucd remains larger than the d-
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band width w despite orbital overlap with the substrate and the effect of the core hole can be 

assumed to be unchanged since screening takes place from the VB of the same atom. The 

intensities of the satellite peaks are also expected to be more pronounced under the 

circumstances where Δ is reduced (in the presence of the core hole)44. The origin of the 

discrepancy of the ratio of satellite to main peaks between the thin films and the bulk samples is 

the effect of the hybridization strength45 between TM 3d and O 2p states, which is enhanced due 

to the shorter out of plane TM-O bond lengths and also due to the lateral strain in the film (the 

influence of the latter is expected to be weaker since the bond lengths of the former is more 

modified). The hybridization effect is also evident from the VB XPS and XES spectra, energies 

of O 2p and TM 3d states significantly overlap in the range below the Fermi level. Larger peak 

difference in FeO compared to bulk could thus reflect the different Fe-O bond lengths. 

Moreover, the contribution of the Pt 5d-TM 3d/O 2p spatial overlap is not insignificant, as it will 

be discussed below in the analysis of the VB structures. 

 The effect of the screening manifests itself in O 1s XPS spectra shown in Fig. 1(c). O 1s 

BE of CoO is found to be 0.5 eV lower than that of FeO which has not been the case for bulk 

monoxides. Lower O 1s BE has been observed in MnO, but FeO, CoO, and NiO have O 1s XPS 

spectra with rather similar binding energies42. This situation is unique for monolayer thin oxide 

films grown on metallic substrates, where increasing the layer thicknesses the electronic 

properties converge to the bulk behavior, thus XPS spectra of the films thicker than 5 atomic 

layers are expected to become identical to the bulk46,47. The energy of the oxygen ligand at the 

final state determines the O 1s BE, which are different in these two situations, and the evidence 

to difference is the O 2p electronic structure presented in O K-edge XES spectra. Although 

LEED pattern shows perfect long range order, CoO films could be slightly more defective at the 

atomic scale and it might give rise to the larger FWHM. However, the presence of the other 

species such as hydroxyl groups (–OH) must be ruled out since no XES-XAS spectral features 

that could point to their existence have been observed. 

 Charge transfer energy Δ can be approximated as the electron-hole pair excitation 

between the lowest unoccupied and the highest occupied states in the O 2p-TM 3d hybridized 

system. This can be obtained from O K-edge XES and XAS spectra by taking the energy 

difference between the lowest unoccupied and the highest occupied states. The highest lying 

occupied O 2p state can be directly obtained, however one needs to assume that O 2p-TM 3d 
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hybridized state in the absorption spectra determines the lowest unoccupied state of the metal 

site. Another important caution that one needs to take into account is the final state effects in X-

ray absorption and emission processes. In the absorption event the final state has an O 1s core 

hole whereas the core hole is filled in the emission event. Presence of the core hole in the final 

state generally shifts XAS spectra to lower BE and excitonic effects could potentially modify the 

intensity of XAS peaks48. Therefore, approximated Δ values are probably lower than the values 

reported in the literature and in present work. Nevertheless, following this approach the change 

in Δ in bulk samples has been found to be in the order along which the systems become more 

ionic: NiO<CoO<MnO; 5.4, 6.1, and 6.6 eV, respectively8. The examination of electronic 

structure shown in Fig. 3 reveals that the energy separation between the oxygen bonding and the 

antibonding states are much smaller compared to the bulk samples; 2.2 eV (FeO) and 1.6 eV 

(CoO) are the approximated Δ values of bilayer films. More importantly, density of states (DOS) 

near the Fermi level is non-vanishing, further suggesting a deviation from the bulk electronic 

structures. Larger Δ values with decreasing atomic number of 3d TM are consistent with the 

trend in the bulk TM monoxides8,39. This indicates that image dipole and hybridization causes 

reduction in Δ; the trend among 3d TM monoxide films is persistent provided that they are 

isostructural. 

 The distribution of O 2p and TM 3d DOS over the occupied part of the band structure can 

be identified by comparison of VB XPS (Fig. 2) with O K-edge XES (Fig. 3). The XES spectral 

signatures arise from hybridized TM-O chemical bond resulting in a bonding and antibonding 

orbitals of oxygen atoms. In bulk FeO and CoO, TM cations have the octahedral symmetry, 

surrounded by six oxygen anions. In this configuration TM 3d orbital split into two bond 

configurations: σ (eg: dx2-y2, dz2) and π (t2g: dxy, dxz, dyz), where the TM-O hybridization strength 

differs due to bond anisotropy. The energy differences between these two levels depend on the 

number of d electrons in the ground state and also TM-O chemical bond length. The orbital 

overlap on (111) plane of the thin films will have a similar interpretation. The interactions on the 

(111) plane induce a stronger overlap between the O 2p and TM 3d orbitals. One can also view 

this system as a monolayer of oxygen atoms bound to the three-fold sites of monolayer TM film. 

In an fcc-hollow site, O 2px-2py orbitals are involved more in the chemical bonding, where the 

largest orbital overlap with TM 3d orbitals occurs through the σ interaction between TM 3d (dx2-

y2, dxy) and O 2p orbitals. Whereas perpendicular to the (111) plane the π bonding interaction 



12 
 

between O 2pz and TM 3d (dxz, dyz, dz2) orbitals is realized49. Larger overlap for σ interaction in 

the (111) plane translate to a larger energy separation between bonding and antibonding states as 

observed in the XES and XAS spectra. The bond strength of TM-O can thus be estimated by 

comparing the energy difference, the stronger Fe-O interaction gives rise to an energy separation 

(6.9 eV), larger than Co-O (6.0 eV). As in both cases O 2p states spills over the Fermi level. 

 The broad peaks covering 5-8 eV energy range in VB spectra in grazing geometry shown 

in Fig. 2 are straightforwardly assigned to O 2p states but the region below 5 eV is more difficult 

to interpret due to the mixed TM 3d-O 2p states. VB spectra qualitatively agree with the previous 

studies21,40,50,51, in the present work the spectral features are much better resolved. Pt 5d states 

still contribute to the spectra taken in normal electron emission geometry whereas they nearly 

vanish in grazing geometry. As in XES spectra, O 2p derived states in FeO (5.3 eV) shifts to 

lower BE in CoO (4.9 eV). Previous resonant photoemission studies at the TM 3p→3d 

absorption threshold identified the resonant enhancements of 3d derived states in VB XPS 

spectra50,51. In the light of these studies, the sharp peak just 1 eV below the Fermi edge, broad 

peaks covering 1-4 eV and 8-14 eV energy region are assigned to TM 3d states, the former with 

strongly hybridized characteristics. The peak at ~1 eV is assigned to well screened dnL (n=6, 7 in 

FeO and CoO) level at the final state. Apparent intensity domination of this peak in CoO also 

puts forwards the effect of the hybridization with the oxygen states, an observation in line with 

XES spectra. The rather broad peaks ~10.8 eV (FeO) and 10.2 eV (CoO) below the Fermi edge 

are attributed to dn-1 final states. Despite their weak intensity observed here, their existence as a 

photoionized final state has been justified by the resonant and angle resolved photoemission 

studies 50–52. The energy difference between these high BE peaks and the first TM 3d absorption 

resonance peak above the Fermi level (presumably at the same energy as the first resonance in O 

XAS) corresponds to Udd and it is certainly higher than 11 eV. This value is in the range of 

Coulomb energies estimated and calculated for late TM monoxides51 and also quite larger than 

charge transfer energies. This result indicates that our initial assumption of U being unchanged 

due to image charge screening is reasonable. 

 O K-edge and TM L-edge XAS spectra presented in Fig. 3 and Fig. 4 highlight the 

anisotropy of the hybridization between orbitals. First resonant feature is larger in width 

compared to the pure metal L-edge spectra53 but π* and σ* antibonding states are not seen 

clearly. This indicates that the crystal field is not as strong as in the case of bulk TM monoxides. 
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FWHM of the first resonance peaks in FeO seems to be larger suggesting that the energy 

difference between σ* and π* orbitals is larger. This is indeed confirmed by O K-edge XAS, the 

first resonance in 2px+2py symmetry resides 0.3 eV higher energy than the one in 2pz. 2p-4sp 

hybridized peak at ~10 eV above the Fermi edge is more intense in FeO and thereby the bonding 

interaction on (111) plane is stronger. 

 Symmetry resolved intensity differences in XAS spectra also reveal that TM-O bond 

geometry is more anisotropic in CoO. This comparison is basically based on the similar bulk 

lattice parameters, on an ideal monoxide structure where TM is octahedrally coordinated to the 

oxygen anions. It can be attributed to the lateral strain, as a consequence that the Co-O lattice is 

extended more out of plane. The anisotropy in the bond symmetry can also be attributed to more 

pronounced O 2p states right below the Fermi level as shown by XES. Nevertheless, both films 

show structural resemblance but their electronic properties are slightly different with respect to 

each other. 

Conclusions 

 Core level spectroscopy has been utilized to characterize the electronic properties of polar 

FeO and CoO single TM-O bilayer-thick, isostructural films grown on Pt(111). The differences 

in the core level spectral features of these films scale well with the spectra obtained from bulk 

samples, but deviations between the TM monoxides of the same metals are related to the 

screening and bonding properties of substrate metal. In addition, TM-O interatomic distances 

contribute to the modified electronic structures of the FeO and CoO films and consequently their 

influence is reflected in the core level spectral features. Oxygen density of states below and 

above the Fermi level and overall valence band electronic structure give evidences that electronic 

states of these films are strongly coupled with the Pt substrate states. The conclusions drawn here 

may potentially play an important role in understanding magnetic, electronic, and surface 

chemical properties of TM monoxides on metallic substrates. These oxides are also active 

towards certain surface chemical reactions, such as oxygen evolution reaction of importance in 

water splitting and Fischer-Tropsch process for synthesis of hydrocarbons, modified bond 

lengths imply that these thins films are involved in oxidation reduction surface chemical cycles 

in different ways. 
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List of figures 

 Figure 1. (a) LEED pattern and structural model of FeO and CoO films grown on 

Pt(111). Patterns were obtained by setting the kinetic energy of the incident electrons to 95 eV. 

(b) Co and Fe 2p XPS spectra recorded using photon energy hν=880 eV and hν=940 eV, 

respectively. (c) O 1s XPS spectra of respective films. They are both recorded using the same 

photon energy, hν=700 eV. Red and blue represent pattern/atom/spectrum of FeO and CoO, 

respectively. 

 Figure 2.Valence band XPS spectra of FeO (red), CoO (blue) and pure Pt(111) (black) 

recorded at a photon energy hν=165 eV. Normal emission spectra (dotted) labeled separately 

from grazing emission spectra (solid) which was measured by setting electron take-off angle to 

79° from the surface normal. Final states are denoted on the respective spectra. 

 Figure 3. O K-edge absorption and emission spectra obtained from FeO and CoO films. 

The spectra were aligned in the BE scale using O 1s XPS presented in Fig. 1(c). Spectra 

representing 2px+2py (normal), 2pz (grazing) symmetry components are shown as solid and 

dotted lines, respectively.  

 Figure 4. Fe and Co L-edge XAS spectra obtained from FeO and CoO films. They were 

recorded in two geometries and shown spectra represent unoccupied 3d states hybridized with 

O 2px+2py (normal) and O 2pz (grazing) states. 
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