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Abstract 

Defects play an important role for understanding the properties of oxide surfaces. However, a 

detailed atomistic characterization of the properties of defects in particular of point defects is still 

a challenging task. On polycrystalline material it is large variety of different species in terms of 

local environment as well as electronic properties as well as the metastable nature of most of 

these species, which complicates matters. EPR spectroscopy has proven to be a versatile tool to 

characterize a electronic properties as well as the local environment of paramagnetic point defects 

on oxide surfaces. In this study we elucidate the properties of O--centers on MgO surfaces under 

ultrahigh vacuum (UHV) conditions using a single-crystalline MgO(001) surface as a well-

defined model system. The O--centers were produced by reaction of N2O with previously 

prepared F+-centers, which were shown to be located at step edges of the MgO islands in a 

previous study.  The experimental efforts are combined with ab-inito quantum chemistry 

calculations to gain a more detailed understanding of the electronic properties of the defects 

under consideration. The experimental and theoretical values of the g-tensor components are 

almost in quantitative agreement, a degree of correlation not regularly found for the g-tensor 



components of oxygen based radicals on MgO surfaces. In addition to the discussion of the 

properties of O--centers the paper will shed some light on the impact that doping of the surface in 

this case with Mo(V)-species present on the pristine surface has. In particular, we are able to 

provide evidence for the fact that there is redox chemistry between the O--centers and Mo-

centers. The crosstalk between different redox active sites on the surface is an important 

phenomenon that is not limited to model systems as discussed here, but should also be taken in to 

consideration if discussing the properties of high performance catalysts.  
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1. Introduction  

The interface between oxides with gases or liquids plays an important role not only for 

heterogeneous catalysis but also for other various branches of technology such as sensor 

technology, corrosion protection, or semiconductor devices. This has served as a driving force for 

substantial efforts in the last decades aiming at an atomic level understanding of the properties of 

oxide surfaces and interfaces.  It turned out that the properties of oxides depend strongly on the 

presence of defects, both extended and point defects, the latter including low-coordinated sites, 

impurity atoms, vacancies as well as electron or hole centers. Different experimental as well as 

theoretical methods have been used to characterize their properties in detail. However, even for 

simple systems such as magnesium oxide, which can be considered the prototype of an ionic 

oxide with a simple rock-salt structure, a detailed characterization of defects still poses a 

significant challenge. The difficulties arise not only by the fact that even a presumably simple 

defect such as an anion vacancy in MgO may be found in different local environments (e.g. 

located at steps, edge, kinks or terrace sites) or different charge states, but also that most of the 

defects are metastable minority species. To reduce the complexity encountered for polycrystalline 

material typically used in applications such as heterogeneous catalysis, single crystalline metal 

oxide surfaces –either bulk single crystals or single crystalline oxide films grown epitaxially on 

various conductive single crystal substrates- have been successfully used to gain insight into the 

atomistic details of defects on oxide surfaces [1-3]. The approach allows to apply the toolbox of 

surface science methods developed over the last decades as well as the investigation of the 

systems under well-defined ultrahigh vacuum conditions, which ensures a controllable interaction 

of the defect sites with the environment. An important subset of defects present on oxide surfaces 

is paramagnetic, which makes these centers susceptible to studies by electron paramagnetic 

resonance (EPR) [4]. In comparison with other spectroscopic techniques available to characterize 



surface defects, EPR spectroscopy provides a very high energetic resolution. If applied to single 

crystalline material as done in this study, the anisotropic nature of the interaction between the 

unpaired electron and its environment as well as the magnetic field provides means to determine 

the surface sites of the species under consideration [5,6].  It has been shown that, in particular, a 

combination of EPR spectroscopic investigations with high level quantum chemical calculations 

can give additional important insight into the microscopic properties of the system [7-9].    

MgO is an ideal solid to study the properties of paramagnetic defects. Apart from morphological 

surface defects such as edges, kinks, steps, or dislocation lines, intrinsic point defects such as 

cation or anion vacancies, may be present. Anion vacancies also called color centers or F-centers 

in the bulk of MgO and other alkaline earth oxides have been studied comprehensively in the past 

using EPR as well as optical spectroscopy, see e.g. [10-12,3]. A variety of studies has been 

published on the nature and properties of their surface analogs often called Fs-centers on 

powdered material [13-23]. Color centers were investigated on single crystalline MgO(100) films 

under ultrahigh vacuum conditions, which allows to study the centers in the absence of 

interaction with adsorbates from the gas-phase. Electron energy loss spectroscopy (EELS), 

electron paramagnetic resonance (EPR) spectroscopy as well as scanning probe microscopy 

(STM/AFM) and spectroscopy (STS) have been used to characterize Fs centers of single-

crystalline MgO(001) thin films namely (F0-, F+- and F2+- centers), which were found to be 

preferably located on edges and corners of the MgO(001) islands [24,25,6,26]. Apart from anion 

vacancies also electron deficient anion centers (O--center) are considered to play a role in 

catalytic reactions. While there are numerous examples in the field of heterogeneous catalysis 

and in particular in photocatalytic applications, a prominent example with respect to MgO is the 

oxidative coupling of methane. The latter reaction was studied in detail using Li-doped MgO as a 

catalyst system and from these investigations a general reaction pathway was deduced, which 



involves O--centers to be responsible for the primary abstraction of a hydrogen atom from the 

methane molecule [27]. The O--centers are stabilized by the introduction of low-valent Li ions 

into the alkaline earth lattice. Theoretical studies have shown that this low-valent doping indeed 

reduces the activation energy of the OCM process [28-30]. However, the applicability of this 

mechanism was challenged in literature, not the least by the observation that even pure MgO 

works as a catalyst [31-33]. Even though the stabilization of O--centers in MgO by Li-doping is 

not sustainable over longer time scales under the harsh experimental conditions, the use of redox 

active dopants to alter and in the best case to control the reactivity of the system is an important 

concept. While the concept is very well known, studies that utilize this approach for high 

performance catalysts, with sufficient control of the system to prove the importance of the doping 

for the observed properties, are rather scarce. Notably, this concept has recently been shown to 

work nicely for the OCM process [34]. However, an atomic level characterization of the different 

species, as well as their interaction, is challenging on a high performance catalyst, in particular if 

reactive species are involved. To this end studies using model systems under well-defined 

conditions provide means to address such aspects. In this paper we use EPR spectroscopy under 

ultrahigh vacuum (UHV) conditions to characterize O--centers on single-crystalline MgO(001)-

films and elucidate their interactions with molybdenum dopants present in these films. 

O--centers on MgO surfaces have been investigated in detail using EPR spectroscopy as well as 

other spectroscopic techniques on high surface area, polycrystalline material [35-38,23,22,39]. 

Different preparation techniques were employed to produce the centers. Among those the 

reaction of singly charged color centers with an atomic oxygen source such as N2O according to 

F+(s) + N2O(ad) → O-(s) + N2(g)      (1) 



was shown to be a versatile strategy. A variety of different O--centers have been identified, whose 

relative abundance depend on the details of the preparation techniques. All centers described in 

literature on MgO are characterized by an axial g-tensor indicating a rather high local symmetry 

of the corresponding sites. Even though all centers exhibit an axial symmetric g-tensor, the 

perpendicular components of the tensor differ considerably between the centers. In a simple 

ligand field picture this behavior can be understood by assuming that in a ligand field of high 

enough symmetry the two doubly occupied p-orbitals of the O--centers are degenerate and 

energetically separated from the single occupied orbital usually denoted as the pz-orbital. Within 

the ligand field model this situation leads to an axial symmetric g-tensor with tensor components 

given by 

  𝑔|| ≈ 𝑔!                 (2) 

 𝑔|| ≈ 𝑔! +
!!
!"

    (3)  

where λ denotes the spin-orbit coupling constant and δE is the energy difference between the 

ground state and the first excited state of the system. In case of a lower symmetry the degeneracy 

of the two doubly occupied p-orbitals is lifted resulting in an orthorhombic g-tensor whose value 

depend additionally on the energy difference between the split px and py orbitals [40].  

EPR investigations on F+-centers on single crystalline MgO(001)-films have shown these centers 

to be predominately located at step sites of the MgO islands [6]. If using these sites as the starting 

point to create O- -centers according to equation (1), hence creating suboxide anions at step edges 

a lifting of the typically observed axial g-tensor into an orthorhombic one is expected. Since the 

spin-orbit coupling of an unpaired electron located in a p-orbital of an oxygen ion is much larger 

than that of the electron being located in the Madelung potential of the surrounding cations the 



spectral resolution of the angular dependent spectra is expected to significantly enhanced for the 

O--centers, which may allow to confirm the previous assignment based on the analysis of the F+-

centers.   

The paper is organized as follows: after giving some details on the experimental and theoretical 

methods we will start by briefly reviewing the main properties of F+- as well as Mo(V)-centers on 

MgO(001) films grown on Mo(001). The discussion of the Mo-centers, which at first glance 

seems to be unrelated to the main topic of the paper, will turn out to be important to understand 

the chemical properties of the system. The body of the result part will be devoted to the reactivity 

of the F+-centers with N2O, which is considered to fill oxygen vacancies as schematically 

indicated in scheme 1 above. In case of a singly occupied vacancy (F+-center) this reaction 

should result in an O--center, whose properties will be characterized by EPR spectroscopy. 

However, the EPR results also show that additional chemical processes involving Mo-centers 

take place on the surface. The advantage of using a single crystalline sample is the ability to 

determine not only information on the principal components of the g-tensor but also on the 

orientation of the g-tensor with respect to the surface from angular dependent measurements. In 

particular, in light of the large body of data available from MgO powders it is important to 

compare the observed experimental results with theoretical calculations to validate the analysis of 

the experimental results and to benchmark the accuracy of current theory on a well-defined 

model system.    

 
2. Experimental and theoretical methods 
 

Experimental methods 



Experiments were carried out in an UHV chamber equipped with standard facilities for thin film 

preparation and characterization, which has been described in detail elsewhere [41]. The base 

pressure of the system was 2x10-10 mbar and well below 1x10-10 mbar during the EPR 

measurements. The preparation of the substrate and the films follows recipes described in 

literature [42]. In short the Mo(100) substrate was cleaned by oxidation at 1500 K in 1x10-6 mbar 

O2 and subsequent annealing to 2300 K. For the preparation of the MgO films Mg was 

evaporated onto the clean Mo single crystal surface in an oxygen background pressure of 2x10-6 

mbar at a rate of approximately 1ML/min and a substrate temperature of 600 K. The formation of 

a crystalline MgO(100) film was verified using low energy electron diffraction (LEED). EPR 

measurements were performed at 30 K (unless otherwise stated) and a microwave frequency of ~ 

9.67 GHz (X-band) using a TE102 resonator. A microwave power of 2 mW and a modulation 

amplitude of 0.4 mT were used, which avoids saturation or overmodulation effects. The spectra 

presented here were carefully background corrected. The g-values given here were calibrated 

against DPPH (g = 2.0036). Surface color centers were electrons from a filament with a fixed 

energy of 100 eV. The electron dose was in the range of 200 – 500 e-/surface O2- ion, which is 

range of does to create the maximal number paramagnetic F+-centers on the surface [43]. 

Simulations of the EPR spectra were done using the easyspin package [44]. 

 

Theoretical methods 

The spin properties of single trapped holes at low coordinated sites of the MgO surface have been 

computed by electronic structure calculations on quantum chemical embedded cluster models 

with the Gaussian09 code [45]. The calculations have been performed at the DFT level using the 

gradient corrected Becke's three parameters hybrid exchange functional [46]	  in combination with 



the correlation functional of Lee, Yang and Parr [47]. The quantum chemical (QM) part of the 

clusters is embedded in an array of about 8000 point charges. The interface between the QM 

cluster and the point charges includes Mg ions which are represented by semi-local effective core 

potential (ECP) [48] to prevent an artificial polarization of the oxygen anions in the QM cluster. 

QM atoms have been fully relaxed. Three clusters have been used to model the corner 

[Mg10O10]corner, the edge [Mg10O10]edge and the step edge [Mg11O11]steo on the MgO surface. A 6-

31 G basis set on all Mg and O ions [49,50] has been used for geometry optimization, while the 

g-tensor components have been obtained performing single point calculations on the optimized 

geometries using a more flexible basis set, with 6-311+G* on Mg and EPR-II on O [51]. For the 

determination of the g-tensors we used the spin-orbit perturbation strategy in the scheme 

proposed by Neese [52] and implemented in the Gaussian09 code.   

 
3. Results and Discussion 

 
Figure 1a-c shows the angular dependent EPR spectra taken at 90°, 30° , and 0° with respect to 

the surface normal which were observed after bombarding a pristine, 20 ML thick MgO(001) 

film[6]. The spectra were recorded at 300 K using a modulation amplitude of 0.1 mT to avoid 

broadening of the lines. The spectra are found at g-values very close to the g-value of the free 

electron, hence, the centers can be assigned to paramagnetic color centers (F+-centers) of the 

MgO(001) film, which in contrast to paramagnetic oxygen centers of MgO show only very small 

deviations from the g-value of the free electron (e.g. [53,11,54,55,18,56,57]). As EPR 

spectroscopy is not a surface sensitive technique it is important to investigate if the centers are 

located on the surface of the film or in its bulk. This information is readily available by 

interacting the color centers e.g. with gases or other adsorbates. To this end it has been shown 

using Au as an exploratory example that the EPR signal of the paramagnetic color centers is 



readily quenched by deposition of metal atoms or particles. The deposition of Au particles onto 

the color centers results in a charge transfer of the electron residing in the color center to the Au 

atoms and particles [5,58]. The location on the surface of the MgO(001) film is in line with the 

observation that the measured spectra show a small but significant angular dependence, which 

would not be expected in the bulk of MgO because of the high symmetry of the sock salt lattice. 

The angular dependence of the line shape is due to the g-tensor anisotropy of the surface color 

centers. Understanding the line shape requires knowledge not only on the g-tensor components 

but also on the orientation of the tensor with respect to the surface. An analysis of the angular 

	  
	  
Figure	  1:	  a-‐c)	  EPR	  spectra	  taken	  at	  300	  K	  of	  a	  20	  ML	  thick	  MgO-‐film	  after	  electron	  
bombardment	  	  spectra	  are	  taken	  at	  an	  angle	  of	  90°	  (a),	  30°	  (b)	  and	  0°	  (c)	  with	  respect	  to	  
the	  surface	  normal.	  d)	  geometric	  relation	  between	  the	  edges	  of	  the	  MgO	  islands	  
(oriented	  along	  <100>equivalent	  directions)	  and	  the	  orientation	  of	  the	  plane	  in	  which	  
the	  magnetic	  field	  can	  be	  rotated.	  a,	  b,	  c,	  d	  indicate	  symmetry	  equivalent	  sites	  on	  the	  
MgO	  surface.	  e)	  schematic	  view	  of	  the	  g-‐tensor	  orientation	  for	  a	  F+-‐center	  located	  at	  the	  
edge	  of	  a	  MgO	  island.	  	  	  



dependent line shape allows to assign the spectra to color centers located at edge sites of the MgO 

islands. More precisely speaking it is possible to discriminate between sites having two principal 

tensor components in the (110)-plane (such as corner sites) and sites, which have the g-tensor 

components in (100) equivalent planes. The latter is expected for color centers located at edges of 

the MgO islands. Figure 1e shows schematically the orientation of the g-tensor expected for a 

color center located at a step edge of the MgO islands. While symmetry arguments require one 

principal tensor component to be oriented along the step edge, the orientation of the other two 

tensor components is not determined by symmetry in contrast to the situation on a MgO cube 

found in high quality MgO powder, where the color center at the edge of the cube exhibits a C2v-

axis inclined 45° to both adjacent (100)-type faces of the cube. For this situation one of the g-

tensor components has to be aligned with the C2v-axis. It is important to realize that on a MgO 

island, having edges running along <100> equivalent directions [59,60], four symmetry 

equivalent edges exist as indicated in Figure 1d). Applying a magnetic field lifts the degeneracy 

of the edges. If the magnetic field is rotated in a plane containing the surface normal and a <100> 

equivalent direction it is expected that two different signals are observed for the magnetic field 

aligned in the surface, only one signal contributes to the spectrum in normal incidence, and three 

signals are present for all other orientations of the magnetic field given the second tensor 

component is not oriented along the surface normal as indicated in Figure 1e. This is exactly what 

is found in the spectra showing the smallest line width at normal incidence and the broadest 

signals for orientations between 0° and 90°. From these arguments it is possible to assign the 

observed signal to color centers located at the edges of the MgO islands. It is important to note, 

that the resolution of the data is insufficient to exclude the presence of a minority of color centers 

located at corners of the MgO islands. The latter have been observed by combined STM/STS 

studies and are expected to be present based on the relative formation energy of color centers on 



edge as compared to corner sites [25,61-64].  Information on g-tensor components as well as the 

orientation of the g-tensor with respect to the site of interest comes from theoretical 

investigations. To this end theory shows that going from the edge of a cube with one principal 

component of the g-tensor aligned with the C2v-axis to a monoatomic step results in a rotation of 

the g-tensor around the axis defined by the step edge by about 20° [65].  With this constrain 

slightly different g-tensor components are found after fitting the experimental data to yield: gxx = 

1.999 95 gyy = 2.000 09 gzz = 2.000 24. While the anisotropy of the values can be determined 

quite accurately, the absolute value of the isotropic part of the g-tensor is to the best as good as 

the DPPH reference (g = 2.0036) used to calibrate the field. It may be noted in passing that the 

theoretical calculations clearly show that the g-tensors of the color centers are probing only a 

very small area around the center namely the nearest neighbor O and Mg ions. The location of 

more distant ions as well as the details of the Madelung potential are playing only a minor role. 

An important question that remains unaddressed when discussing the properties of 

paramagnetic color centers created by electron bombardment concerns the stability of these 

centers as they represent charge imbalances as compared to the stoichiometric lattice. To account 

for the Coulomb repulsion of the centers it is necessary to compensate the charge imbalance in 

the film. The question arises how this charge compensation takes place in the single crystalline 

MgO(001)-film discussed here. To this end it is important to note that the MgO-film grown under 

the given conditions exhibits Mo(V)-centers. These centers are located at the surface of the 

MgO(001) film as was shown by the reversible shift of the line upon adsorption and desorption of 

weakly adsorbing molecules such as methane. The detailed EPR characterization of these centers 

has been published elsewhere [66]. Figure 2a shows the spectrum of a pristine, 20 ML thick 

MgO(001)-film. The Mo(V)-centers found at high magnetic field is characterized by a g-value in 

the surface plane of g⊥ = 1.9296. Symmetric to the central line six additional lines are found, 



which are due to hyperfine coupling (A⊥ = 108 MHz) of the unpaired electron with the nuclear 

spin of the two isotopes 95Mo and 97Mo with a natural abundance of 15.9% and 9.5%, 

respectively, both having a nuclear spin of 5/2 [66]. In Figure 2a the two high field components 

of the expected six hyperfine lines are clipped due to an improper choice of the field range.  

Further below we want to discuss the properties of O--centers being created by the 

reaction of paramagnetic color centers with N2O as an oxygen source. To allow for conclusive 

statements it is important to ensure that N2O does not react with the pristine MgO(001) surface to 

create paramagnetic species. Figure 2b shows the EPR spectrum obtained after adsorption of N2O 

at 30 K onto the pristine MgO surface. Upon adsorption of N2O the entire Mo(V)-signal is shifted 

to higher fields by about 2 mT. Concomitantly, the line width of the signal increases significantly 

	  
	  
Figure	  2:	  a)	  EPR	  spectrum	  of	  a	  20	  ML	  thick,	  pristine	  MgO-‐film.	  b)	  EPR	  spectrum	  after	  
adsorption	  of	  1.8	  L	  N2O	  (1	  L	  =	  1	  torr	  s).	  c)	  spectrum	  after	  heating	  the	  sample	  of	  b)	  to	  
160	  K.	  The	  red	  trace	  is	  the	  spectrum	  a)	  overlaid.	  d)	  after	  heating	  the	  sample	  of	  c)	  to	  300	  
K.	  All	  spectra	  are	  taken	  with	  the	  magnetic	  field	  oriented	  in	  the	  film	  surface	  and	  at	  a	  
temperature	  of	  30	  K.	  	  	  



resulting in a decrease of the signal amplitude. It is important verify that the observed shift is not 

due to a reaction of Mo(V)-centers with N2O, but rather due to adsorption of N2O molecules on 

the MgO surface. It is known from temperature programmed desorption (TPD) and infrared (IR) 

studies, that N2O desorbs molecularly from the pristine MgO(001) surface below 160 K, which 

correspond to adsorption energies below 0.4 eV [67]. The EPR spectrum obtained after heating to 

160 K as well as one obtained after subsequent heating to 300 K are shown in Figure 2c and d, 

respectively. The Mo(V)-signal of the pristine film is restored already after heating to 160 K as 

seen by the spectrum of the pristine film overlaid in red on top of the signal measured after 

annealing to 160 K (black trace) and is not changing if the system is annealed to 300 K. The 

result shows that N2O interacts reversibly with the Mo(V)-centers present on the MgO(001) 

surface. From the desorption temperature the interaction of N2O with the Mo(V)-centers would 

characterized as physisorption. This is in contrast to observations on molybdenum doped silica 

powder. For these systems a stable adsorption complex was found at 300 K assigned to N2O 

coordinated to tetracoordinated Mo(V)-species [68]. The latter complex decomposes at 373 K to 

create an O--center, a diamagnetic Mo(VI)-center and a nitrogen molecule desorbing from the 

surface. Apart from the strongly different stability of the adsorption complex and the different 

chemistry the corresponding complexes differ in terms of their EPR characteristics. While the 

EPR lines are shifted to higher g-values on the silica material, a shift to lower g-values is 

observed for the present case, which is in line with the conclusion based on the thermal stability, 

that the binding situation of the N2O molecules is very different in both cases. Please note that 

small adsorption energies do not necessarily imply negligible impact on the electronic structure. 

To this end the sizable shift of the g-value observed upon N2O adsorption indicates that the 

electronic structure of the Mo ions is altered.  



Figure 3 shows the influence of electron bombardment on the EPR spectra of two 

different preparations of pristine, 20 ML thick MgO films (Figure 3a). Upon exposure of the film 

to about 200 e-/surface O2- ion, the well-known signal of surface color centers close to the g-value 

of the free electron is found (Figure 3b). Concomitantly the signal of the Mo(V)-centers vanishes 

indicating that electron bombardment not only creates surface F+-centers, but does also invoke 

redox chemistry of the Mo(V)-centers. From the signals in Figure 3a is seen that the absolute 

amount of Mo(V) signals on the surface is very reproducible for different preparations. For the 

same crystal the absolute intensity is found to vary by about 10 % between preparations. 

However, much larger variations are found if different crystals are compared to each other. The 

same holds for the number of color centers produced by electron bombardment. As seen from the 

spectra in Figure 3b also the intensity of the color center signal is very similar and within the 

	  
	  
Figure	  3:	  a)	  EPR	  spectra	  taken	  at	  30	  K	  of	  two	  20	  ML	  thick,	  pristine	  MgO(001)	  films.	  b)	  EPR	  
spectra	  after	  exposing	  both	  films	  to	  about	  200	  e-‐/O	  ion.	  



accuracy of the measurement no difference can be found for the two preparations shown in 

Figure 3b). It should be noted that the accuracy of the latter intensity determination is more 

complicated because of background signals present in the quartz finger used to seal the sample in 

UHV from the environment during an EPR experiment.  

Electron bombardment is typically associated with a reductive environment, which would result 

in Mo-centers of lower formal oxidation state such as Mo(IV) or even lower. The ability of the 

Mo-centers to accept at least one electron can be verified by exposing the pristine surface to 

electron donors such as alkaline metal atoms (e.g. Li) or hydrogen atoms (data not shown). In 

both cases exposure of the surface to the electron donors results in a loss of the Mo(V) signal 

indicating the ability of the Mo(V) species to be reduced by an electron source. In turn, it is 

	  
	  
Figure	  4:	  a)	  EPR	  spectrum	  of	  a	  20	  ML	  MgO(001)-‐film	  after	  electron	  bombardment	  taken	  
at	  30	  K.	  b)	  EPR	  spectrum	  after	  adsorption	  of	  20	  L	  N2O	  at	  30	  K	  and	  subsequent	  annealing	  
to	  160	  K.	  Top:	  schematic	  view	  of	  the	  reaction	  between	  surface	  F-‐centers	  and	  N2O	  	  	  



expected that electron bombardment leads to a reduction of the Mo(V) species presumably to 

Mo(IV) or even M(III)-species. The ability of the Mo centers to become reduced upon electron 

exposure provides an explanation for the abovementioned issue of the charge balance within the 

MgO film associated to the formation of F+-centers. To this end it is, however, important to note 

that the signal intensity of the Mo(V)-species found on the pristine film is about 5 times higher 

than that of the paramagnetic color centers after electron bombardment. Even though the precise 

value of the ratio has a large error, because of the ambiguities in the determination of the doubly 

integrated spectra associated with its background correction, the considerably larger intensity of 

the Mo(V) species is directly seen by inspecting the spectra. This observation directly implies 

that the electron bombardment of the surface induces a significant amount of additional redox 

chemistry in the surface and the bulk of the film, which results in species not susceptible to EPR 

spectroscopy. 

Figure 4a shows the EPR spectrum of the electron-bombarded sample (preparation shown in 

Figure 3b (red trace)) as well as the spectrum after dosing 20 L N2O at 30 K and subsequent 

desorption of the weakly adsorbing molecules by annealing the system to 160 K (Figure 4b).  In 

comparison to the single line of the electron-bombarded sample, N2O admission to these centers 

creates a new signal at a g-value of 2.045. In addition, the signal at around the free electron g-

value decreases significantly in intensity and shifts slightly to higher g-values by Δg ≈ 0.0025. 

Furthermore a signal is observed at the position of the Mo(V) centers observed on the pristine 

film. The transformation of the color center signal already takes place at temperatures around 50 

K indicating that the corresponding process does not have a significant activation barrier. As 

depicted at the top of Figure 4 it is expected that surface color centers react with N2O molecules 

by transferring an oxygen atom to the color center. The N2 molecule resulting as a side product of 

this reaction is not shown in Figure 4 for sake of clarity. The energy gain involved in the transfer 



of an oxygen atom into an F+-center through the reaction (1) was calculated to be -254 kJ/mol for 

an F+-center located at a step edge [39]. The exothermicity of the reaction shows that the energy 

gain of filling the color center largely overcompensates the dissociation energy of the N2O 

molecule being 167 kJ/mol [69]. Please note that the corresponding reaction of N2O with 

diamagnetic F0-centers containing two electrons in the oxygen vacancy, which were shown by 

STM/STS to be produced by the electron bombardment too, restores the stoichiometric surface. 

Suboxide anions on the surface of MgO have been extensively studied for powder materials (e.g. 

[35-38,23,22,39]). In these studies axially symmetric g-tensors with a parallel component slightly 

below the free electron value and two degenerate perpendicular components at higher g-values 

were found as listed on Table 1. In particular the perpendicular component of the g-tensor shows 

a strong dependence on the adsorption site of the radical and a variety of species with distinctly 

different values of the perpendicular component were identified. The dependence of the 

perpendicular component on the geometric position of the O--center can be understood by its 

dependence on the energetic splitting between ground and first excited state as described in the 

introduction (s. equation 1). While the picture provided by ligand field theory is useful for 

qualitative arguments a more quantitative comparison of different sites with similar local 

environments is challenging. To this end a combination of experiments with ab-initio theoretical 

calculations has proven to be very useful to assign the observed spectroscopic fingerprints to 

morphological sites of the MgO surface [70,39,71]. 

 

MgO powder g|| g⊥ 

[38,23] 2.0016 2.046 

[38,23,39] 2.0016 2.0350 



[23] 2.0016 2.0234 

[37,38] 2.0013 2.042 

 

Table 1: g-tensor components observed for O- -center on the surface of MgO powder. The signals 

are consistently characterized by an axial g-tensor. 

 

From the data compiled in Table 1 is can be concluded that the resonance positions 

corresponding to g-values above g = 2 observed for the single crystalline films are consistent 

with O--centers on MgO surfaces. It is important to further substantiate the interpretation that the 

signals found at g > 2 belong to the same species. To provide experimental evidence for this 

interpretation, the thermal behavior of these signals have been studied. Figure 5 a) shows the 

spectrum for a 20 ML MgO film after electron bombardment and reaction with N2O and 

subsequent annealing to 160 K corresponding to the spectrum observed in Figure 4b). The red 

trace is a fit to the data whose details will be discussed below. At present it is only used to 

determine the relative intensity of the signal throughout the temperature series. Figure 5b) shows 

the system after annealing to 300 K. The most prominent difference between the two spectra is 

the occurrence of a new signal at g = 1.985. The intensity of this signal is about 4 times higher 

than that of the two signals with g > 2. For the preceding discussion it is important to note that 

the signal intensity of the two signals above g = 2 drops by approximately 20 % as compared to 

the situation in a). More importantly, both signals decrease equally. If the system is annealed to 

450 K as shown in trace c) of Figure 5 the signal at g = 1.985 is unchanged both in position and 

intensity. The low field signals drop in intensity to about half the value found at 300 K. Again, 

within experimental accuracy both signals with g > 2 behave the same. Hence, it is concluded 



that these signals belong to the same species and are assigned to O--centers located on the step 

edges of the MgO islands.   

The intensity of the signals assigned to O--centers is always found to be smaller than the intensity 

of the color center signal observed prior to the adsorption of N2O indicating that the reaction of 

the paramagnetic color centers with N2O does not quantitatively result in the formation of O--

centers. For the preparation shown in Figure 4 the reduction is 30-40 % being a typical value. It is 

interesting to note that within experimental uncertainty the difference between the signal intensity 

of the color centers and the signals with g >2 after reaction with N2O is equal to the signal 

intensity of the Mo(V) species formed concomitant to the reaction of the color centers with N2O. 

The correlation between the observed intensities suggests that filling the color centers with an 

oxygen atom is followed by a second process that restores the Mo(V) signal and decreases the 

	  
	  
Figure	  5:	  a)	  EPR	  spectrum	  of	  a	  20	  ML	  MgO(001)-‐film	  after	  electron	  bombardment	  and	  
subsequent	  adsorption	  of	  N2O	  at	  30	  K	  and	  annealing	  to	  160	  K.	  b)	  annealing	  of	  the	  sample	  
in	  a	  to	  300	  K.	  c)	  annealing	  to	  450	  K.	  All	  spectra	  are	  taken	  at	  30	  K.	  	  	  	  



signal of O--centers. A likely explanation is the possibility that an electron is transferred from a 

closed by Mo ion. Formally this reaction may be written as: 

  

This reaction would restore the stoichiometric edge site present prior to the electron 

bombardment as well as the Mo(V) signal and assumes that the electron bombardment creates 

Mo(IV)-centers out of the observed Mo(V)-centers present on the pristine film, which is a 

reasonable assumption as discussed above. Please note that the color center signal without 

adsorption of N2O is stable beyond 300 K, which is the temperature of the sample during the 

preparation of the color centers. Hence, a thermally activated charge transfer process of an 

electron from a reduced Mo-center to the F+-center can be excluded. The observed reaction 

provides yet another example for the impact of transition metal doping on the surface chemistry. 

To this end the use of single crystalline model systems under well-defined conditions allows us to 

reveal information on the participating species at the atomic level. The recent literature provides 

numerous examples, which illustrate the importance of doping for different aspects of the surface 

chemistry of oxides both from a theoretical as well as an experimental point of view (e.g. 

[72,34,73,74]).  

The prominent signal found at g = 1.985 after annealing to 300 K has an intensity which is more 

than 3 times larger than the intensity of the initial color center signal. In turn, this signal accounts 

for more than 60 % of the Mo(V) signal on the pristine film. It is important to note that this signal 

is only observed if the electron-bombarded surface is exposed to an oxygen atom source such as 

N2O. The signal is stable up to about 600 K. However, the signal disappears after annealing to 

higher temperatures and the original Mo(V) signal at g = 1.9296 is largely restored (data not 

shown). Based on its g-value, which is well below the g-value of the free electron this signal is 

assigned to a Mo(V)-species, whose local coordination is, however, different than the one found 



for Mo(V)-species on the pristine film. The latter interpretation is further corroborated by the 

observation that the Mo(V)-signal of the pristine film can be restored at the expense of the 

species at elevated temperature. This behavior underpins the abovementioned statement that 

complex redox chemistry involving Mo ions is taking place during bombardment with electrons 

and subsequent chemical and thermal treatment of the MgO surface. The details of these 

	  
	  
Figure	  6:	  angular	  dependent	  	  EPR	  spectra	  of	  O-‐-‐centers	  taken	  at	  30	  K.	  The	  spectra	  were	  
taken	  with	  polar	  angle	  between	  surface	  normal	  and	  magnetic	  field	  at	  90°,	  80°,	  70°,	  and	  
60°	  for	  trace	  a),	  b),	  c)	  and	  d),	  respectively.	  The	  magnetic	  field	  is	  found	  in	  a	  plane	  spanned	  
by	  the	  surface	  normal	  and	  a	  <100>equivalent	  direction	  of	  the	  MgO(001)	  film.	  	  	  



processes are, however, beyond the scope of this article and will be discussed in a separate 

publication.   

A comparison of the signals assigned to O--centers with corresponding species on MgO powder 

requires a detailed analysis of the spectra in terms of the principal g-tensor components. For a 

single crystalline sample the analysis of the data also requires knowledge of the orientation of the 

tensor with respect to the species at hand. The latter can be deduced from angular dependent 

measurements. Figure 6 shows EPR spectra taken with a polar orientation of the magnetic field of 

90°, 80°, 70° and 60° with respect to the surface normal and an azimuthal orientation in the 

surface plane aligned along a <100> equivalent direction. The O--centers discussed here are 

expected to be located on the edges of the MgO islands due to the location of the color centers 

used to create them. As these edges were shown to run along <100> equivalent directions of the 

MgO lattice, it is possible to restrict the orientation of g-tensor [59,60]. The situation is 

equivalent to the one discussed for the color centers above and visualized in Figure 1. In brief, 

one of the principal tensor components has to be oriented along the step edge, while the other 

two, have to be oriented in the plane perpendicular to it, however, nothing else can be said about 

their orientation based on symmetry arguments. For the analysis of the data it is important to keep 

in mind, that MgO islands exhibit four, structurally symmetry equivalent step edges (s. Figure 

1d). Applying a magnetic field lifts this degeneracy and three different situations have to be 

discriminated. As long as one of the principal components is not oriented along the surface 

normal and all components have different values, two signals with equal intensity are expected 

for the magnetic field oriented in the surface, while only one is expected for normal orientation of 

the magnetic field. For all other orientations of the magnetic field three different components are 

expected, which have an intensity ratio of 1:1:2 due to the fact that the two step edges parallel to 



the plane in which the magnetic field can be rotated are equivalent. In addition to the measured 

spectra (black lines) Figure 6 also contains fits to spectra assuming the model described above.  

As seen in Figure 6, an O- -center located at step edges of the MgO islands is capable to describe 

the measured spectra nicely. The fits presented in Figure 6 assume a g-tensor with principal 

components listed in Table 2. The largest g-value of 2.045 (gzz) was oriented along the step edge 

while the smallest one (gxx) close to the free electron value was rotated 15° out of the surface 

plane. Correspondingly, the third component is rotated by 15° away from the surface normal. In 

order to fit the broad low field component associated with the gzz component of the g-tensor 

properly it is necessary to assume a distribution of gzz values.  

For the present fit so-called g-strain implemented in the easyspin package, which assumes a 

Gaussian distribution of g-values around the central value, was used to account for this 

broadening and a full width at half maximum value of the Gaussian distribution of 0.005 was 

used for the gstrain of gzz component. The rotation of the g-tensor in the plane perpendicular to 

the step edge can be determined to a few degrees, because of the observed broadening (70°) and 

splitting (60°) of the high field line.  

It should be noted that the spectrum taken at an angle of 90° with respect to the surface normal 

has an additional line at a g-value of 2.027. This signal cannot be described by O-centers located 

at the step edges of the MgO islands. The intensity of this signal is found to vary for different 

preparations. In particular, higher electron dose tends to increase the intensity of this line with 

respect to the signals of the O--centers located at the edges of the islands. The position of the line 

is consistent with O--centers for which two components of the tensor are lying in a plane spanned 

by the surface normal and a <110> equivalent direction, which is expected for corner sites or its 

reversed counterpart.  In turn only one signal is expected for the magnetic field oriented in the 

surface plane. The signal intensity of this line is between 15 – 20% of the O--center signals 



located on the edges and hence well in line with the results of structural investigations as well as 

the analysis of the F+-centers [6]. A more detailed analysis of the data is hampered by the low 

signal to noise ratio of the spectra measured at higher angles rendering an identification of 

corresponding signal impossible. 

In comparison to the g-tensor components observed on MgO powder (s. Table 1) the values 

deduced on the thin film show a significant deviation from axial symmetry. From the lack of 

species with non-axial symmetry it is concluded that color centers located at step edges are not 

found on the surface of MgO powder in larger quantities. The large deviation from the axial 

symmetry also implies that the reduced symmetry of the site has significant impact on the 

electronic structure. In particular, the degeneracy of the px and py orbitals expected for a high 

symmetry environment is lifted, which in turn lifts the axial symmetry of the g-tensor. While the 

qualitative impact of this change of local environment is readily clear, a more quantitative 

evaluation is difficult. To this end it is interesting to compare the experimental values with the 

results from theoretical calculations.    

 
 gxx gyy gzz 

20 ML 

MgO(001) film 
2.0035 2.025 2.045 

theory    

Corner of a cube 2.0033 2.0235 

Edge on a cube 2.0050 2.0338 2.0597 

Edge on a 

monoatomic step 
2.0050 2.0236 2.0460 

 



Table 2: g-tensor components observed for O- -centers on a 20 ML MgO(001)-films as well as 

theoretical predictions of the g-tensor for different morphological sites. 

 
Table 2 contains the principal components of the g-tensor calculated for different local 

geometries of O--centers. In line with expectations, an O--center located at the corner of a MgO 

cube exhibits an axially symmetric tensor with the g-tensor component close to the free electron 

value being oriented along the C3v-axis (the diagonal of the cube, see right side of Figure 7). 

When going from a corner site of the cube to an edge site, the degeneracy of the two large g-

tensor components is lifted resulting in a large value being oriented along the step edge (gzz), the 

principal component close to the free electron value being along the C2v-axis of the edge (gxx) and 

an intermediate value perpendicular to the other two (gyy), see the middle panel of Figure 7. It is 

important to note that both the gyy and the gzz component of the edge center of a cube are larger 

than the perpendicular component found for the corner site, which is in line with qualitative 

arguments concerning the electronic structure, which would suggest that a lowering of the 

coordination of the paramagnetic site will increase the energy gap between ground state and the 

first excited state as compared to higher coordinated sites, hence leading to a smaller deviation of 

the g⊥ value from the free electron value according to equation (1). When going from the edge 

center on a cube to an O--center at a monoatomic step, the gyy and the gzz component of the g-

tensor show smaller values, while the value of the third component found close to the one of the 

free electron is unchanged (gxx). In this case the increase of the energy gap between ground state 

and first excited state qualitatively expected based on the experimental results is not readily 

explained by the change in the local coordination of the O--center. To gain some insight into the 

origin of the observed changes in the g-tensor components, it is interesting to look at the 

orientation of the g-tensor shown in the right side of Figure 7 for an O--center located at a step 

edge. The gxx-component of the tensor is no longer found to be oriented close to the C2v-axis of 



the edge site of the cube. It is rotated by 81° and exhibits an angle of 36° with respect to the 

upper terrace of the monoatomic step. As expected the spin density (shown in yellow) of the 

unpaired electron is found in a p-type orbital, which is oriented in the direction of the gxx-

component. A small fraction of the spin density is delocalized onto the adjacent oxygen anion on 

the lower terrace, which further stabilizes the trapped hole. The theoretically determined principal 

components of the g-tensor are in excellent agreement with the experimentally deduced ones. 

This is particularly worth noting as the deviations found for the description of g-tensor 

components of oxygen centered radicals on MgO surfaces are typically significantly larger. In 

particular, the high g-value component, which crucially depends on the proper description of the 

electronic structure (see introduction), is oftentimes described only semi-quantitatively (e.g. [9]). 

In addition, to the very good match of the principal components theory the rotation of the gxx-

component of the g-tensor towards the surface plane is found in the calculations, however, the 

orientation deduced from the experiment finds the gxx-component closer to the surface (15°). 

Despite of the deviation in the orientation of the g-tensor between the experiment and theory, the 

	  
	  
Figure	  7:	  side	  view	  of	  a	  corner	  (left),	  an	  edge	  (center)	  and	  of	  a	  step	  edge	  (right)	  on	  a	  
MgO(001)	  surface.	  Orientation	  of	  the	  three	  g-‐tensor	  components	  for	  the	  corner	  and	  of	  
two	  g-‐tensor	  components	  in	  the	  plane	  perpendicular	  to	  the	  edge	  and	  step	  edge	  are	  
shown	  with	  respect	  to	  the	  surface	  normal.	  	  



theoretical description of the O--center is very close to the experimentally observed results 

showing the level of agreement that can be reached if theory addresses well-defined model 

systems. 

 

Conclusions 

In this study we have investigated the properties of O--centers on single-crystalline MgO(001) 

surfaces being created by the reaction of N2O molecules with F+-centers and discuss the coupling 

of these centers to Mo(V)-centers being located at the surface of these films. The F+-centers were 

produced by electron bombardment of the MgO(001) films and were reported previously to be 

located  predominantly the edges of the MgO islands. From angular dependent measurements it is 

possible to determine the orientation of the g-tensor for O--centers located at the edges of the 

MgO islands, which further confirms the assignment made for the F+-centers. The g-tensor 

components calculated by ab-inito quantum chemistry of these centers are in quantitative 

agreement with the experiment. In addition, the theoretical treatment also reproduces the 

significant reorientation of the g-tensor with respect to the surface as compared to centers located 

on edges of MgO-cubes, which can be understood in terms of a different orientation of the O p-

type orbital hosting the electron hole, pointing towards the closest lower terrace O anion for some 

electron delocalization. In addition to O--centers located on step edges the EPR results provide 

evidence for the presence of a minority species, which can be assigned to O--centers located at 

sites with a local symmetry plane expected for corner sites, which are known to be present as 

judged from the results of scanning probe experiments.  

The analysis of the spectra obtained after filling the F+-centers with atomic oxygen from N2O at 

low temperature indicates that a fraction of about 30 % of the sites are subject to a subsequent 

electron transfer process from a reduced Mo(IV)-center. The latter reaction restores a 



stoichiometric step edge and concomitantly oxidizes the Mo-center into an EPR active +V 

oxidation state, which is concluded from the reappearance of the signal already found on the 

pristine surface. Further annealing of such a sample to 300 K produces a new Mo-related signal at 

g = 1.985. This species can be assigned to Mo(V)-signals with a different coordination 

environment as compared to the pristine surface, which upon thermal treatment can be 

retransformed into the Mo(V)-centers found on the pristine film. This discussion provide some 

insight into the complex redox chemistry that is taking place on this well-defined single 

crystalline MgO(001) surface. It should be stressed at this point that transition metal doping is 

almost unavoidable for powdered oxide material and very serious efforts have to be taken to 

avoid doping on the tenth of ppm level. Hence, these effects may also be present in powdered 

materials used for high performance catalysis. In case the transition metal ion present as a dopant 

of the oxide can adopt different oxidation states a coupling of the redox chemistry of the doping 

centers with the intrinsic redox chemistry of the surface has to be taken into account to 

understand the properties of the system at hand.  
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