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Abstract 

We have measured high-resolution core-level and valence band x-ray photoemission spectra 

(XPS) for single-crystal Ti2O3 cleaved anoxically. The Ti(III) spectra for this lattice are 

considerably more complex than those measured for Ti(IV)-based oxides due to the presence of a 

single unpaired electron in the conduction band. This open-shell electron configuration leads to 

ligand-field split and frequently unresolved multiplets. The Ti 2p and 3p spectra have been 

calculated using relativistic Dirac-Hartree-Fock (DHF) theory with the sudden approximation for 

the intensities. Agreement between theory and experiment is excellent for the 3p spectrum, and 

very good for the 2p spectrum, the primary deficiency being a pair of features not captured by 

theory for the latter. The spectral line shapes are driven by final-state effects associated with 

angular momentum coupling of the unpaired valence electron with the core hole, one- and two-

electron ligand-to-metal charge transfer (shake) processes accompanying core photoionization, 

and core-hole screening by conduction band electrons. The first two of these are accurately 

predicted by DHF theory with a small embedded cluster containing a single Ti cation and six 

oxygen ligands. The third effect is not predicted using this cluster in which screening of the core-

hole from electrons associated with more distant atoms is not possible.   
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I. Introduction 

Transition metal (TM) cations are exceedingly important in the design and synthesis of 

binary and complex oxides in all forms. The range of stable valences exhibited by TM cations 

allows for the tailoring of electronic, optical and magnetic properties. Ti is especially important 

because of sustained, high interest in the various polymorphs of TiO2, as well as complex oxides, 

such as SrTiO3, LaTiO3, GdTiO3 and NdTiO3. Polycrystals, nanoscale powders, disordered films, 

epitaxial heterostructures and bulk single crystals of Ti-containing oxides have been vigorously 

investigated in recent years, and the level of scientific and technological interest remains strong 

and diversified. While Ti(IV) is the most stable and ubiquitous cationic form, many important 

processes result in the reduction of structural Ti(IV) to Ti(III). In contrast, Ti(II) is quite rare. 

The ability to accurately detect the presence of Ti(III), and not mistaking Ti(III) for a mixture of 

Ti(III) and Ti(II), is crucial to rigorously characterizing these processes and quantifying the 

amount of Ti(III) that is present. The latter mistake is easy to make because, as we show below, 

both the Ti 2p3/2 and Ti 2p1/2 manifolds for structural Ti(III) cations contain intense features on 

the low binding energy sides that could be taken as being due to the presence of Ti(II) if the line 

shape of Ti(III) is not well understood. We note that the notation Ti(N) and is used to describe 

nominal oxidation states. Herein, the validity of this approximation is investigated. From our 

analysis of ab initio wavefunctions (WF), we show that there is substantial covalent character in 

the Ti – O bonds, and that nominal oxidation states only reflect the stoichiometry of the material, 

but not the actual charge states. One reason for the complex character of the Ti 2p and 3p spectra 

for Ti(III) compared to Ti(IV) is that Ti(III) has an open-shell electron configuration derived 

from the Ti 3d orbital and the angular momentum coupling of the 2p hole with the open shell 

leads to multiplets that complicate the spectra. In addition, the influence of covalency on the 

complex features of core-level x-ray photoelectron spectra (XPS) is revealed.  

Since XPS is a widely used spectroscopy for determining the properties of solids, specifically 

TM cation valences in the near-surface region of oxides, the correct interpretation of TM cation 

core-level XPS is a major focus of this paper. Furthermore, the depth sensitivity of XPS can be 

increased using hard x-ray XPS (HAXPES), which allows the probe depth to be extended from a 

few nm, as is common in the use of soft x-ray synchrotrons and lab-based x-ray sources, to a few 

tens of nm by increasing the accessible kinetic energy range. For XPS at any energy, 

understanding the complex lines shapes that result from coupling the core hole to unpaired 
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valence d electrons, as well as many-body charge transfer effects, is essential for accurate 

interpretation of TM cation spectra. For many elements and compounds, the shifts in XPS 

binding energies (BE) can be directly related to properties of the initial state charge distributions. 

For example, core binding energies typically increase with increasing valence, a well-known 

example being the different valences of Si in thin, amorphous SiO2 films on Si single crystals 

[1]. Furthermore, the changes in interatomic distances between small metal particles and bulk 

metal contributes significantly to the BE shifts in these particles, since these changes in distance 

directly affect the charge distribution [2-3]. However, for ionic compounds, especially TM 

oxides and halides, multiplet splitting and charge transfer (shake) processes can redistribute 

intensity over ranges of binding energy comparable to those spanned by changes in valence, 

making it difficult to disentangle these three effects. Some form of theoretical modeling of core-

level line shapes is essential. Due to the complexity of these interactions, first-principles 

calculations without adjustable parameters are often best for the most rigorous and accurate 

simulation of core-level spectra; see, for example, comparisons between ab initio and Anderson 

model semi-empirical studies of the core-level spectra [4]. 

Ti2O3 is a simple binary oxide containing Ti(III). It exhibits a corundum-like crystal structure 

of space group 𝑅3𝑐 [5].  It is also a small-gap (Eg = 0.13 eV), antiferromagnetic Mott-Peierls 

insulator that undergoes a broad transition to a metallic state between 400K and 500K, which is 

below the Néel temperature (660K) [6-7]. The experimental gap is well reproduced theoretically 

using the modified Becke-Johnson exchange correlation potential [8]. Atom projected densities 

of states show that the deeply bound portion of the valence band (VB) is an admixture of O 2p 

and Ti 3d, with the majority being O 2p. These calculations also reveal a high-lying VB feature 

just below the Fermi level that is primarily Ti 3dZ2 in character in which the single unpaired 

electron formally associated with Ti(III) resides. There is relatively little in the literature on core-

level photoelectron spectra from phase-pure Ti(III)-containing materials. Yan et al. [7] measured 

Ti 2p spectra for Ti2O3 nanopowders. Kurtz and Henrich [9] published core-level spectra for 

UHV-cleaved single-crystal Ti2O3. In both cases, the spectra were measured with relatively low 

energy resolution. As a result, the Ti 2p spin-orbit manifold is exceedingly broad and contains 

many unresolved features, precluding accurate measurement and assignment of the various 

peaks. It is therefore of scientific and technological interest to measure high-energy resolution 

core-level spectra for phase-pure single crystal Ti2O3 under conditions that preclude surface 
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oxidation. Such spectra can be used to positively identify Ti(III) when it is formed in, for 

example, charge transfer or unintentional doping processes at interfaces of oxides containing Ti. 

A well-known example is the onset of conductivity and two-dimensional electron gas (2DEG) 

formation in undoped SrTiO3(001) when thin layers of incompletely oxidized γ-Al2O3 are 

deposited [10]. Unreacted Al atoms in the film steal oxygen from the STO due to the large 

thermodynamic drive to form Al2O3. A broad shoulder appears on the low binding energy side of 

the normally sharp Ti 2p3/2 peak that is suspected to be due to the presence of Ti(III). Another 

example is what occurs when epitaxial films of NdTiO3(001) (NTO) are exposed to air [11]. XPS 

data and first-principles calculations reveal that oxygen is absorbed, leading to a transfer of Ti 3d 

valence electrons from structural Ti(III) cations to interstitial O2 in the lattice. This in turns leads 

to the presence of both Ti(III) and Ti(IV) in the near-surface region. 

In this paper, we describe a joint experimental and theoretical investigation of XPS for 

single-crystal Ti2O3 where our focus is on the Ti 2p and 3p core-level spectra. We present high-

energy resolution XPS and HAXPES spectra for specimens cleaved in an oxygen-free 

environment, along with ab initio relativistic cluster calculations of core-level line shapes which 

include the relevant many-body physics with no adjustable parameters; a general description of 

our theoretical and computational approach is published elsewhere [4, 12-13]. Our analysis 

shows the importance of two different kinds of many body effects for the complex Ti 2p and 3p 

spectra. These are angular momentum coupling (AMC) of the core hole to the unpaired valence d 

electron associated with Ti(III), and excitations from fully occupied predominantly O 2p orbitals 

that have covalent bonding character with Ti 3d into partially occupied predominantly Ti 3d 

orbitals that have covalent anti-bonding character with O 2p. These excitations can be described 

as shake processes since they involve ionization of a core level and excitation from a bonding 

valence to an anti-bonding level; they have also been described as charge transfer (CT) satellites 

[4]. In this connection, we also provide quantitative evidence for the covalent character of the Ti-

O bonds in Ti2O3 and how covalency is involved in screening the core hole. Finally, we suggest 

that limitations in our modelling of the Ti 2p spectrum may be due to a type of nonlocal 

screening that involves the free carriers in the conduction band (CB) of Ti2O3.  
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II. Experimental and Modeling Details 

The single crystals of Ti2O3 used in this experiment were synthesized by T. Reed at MIT 

Lincoln Lab decades ago by first combining high-purity TiO2 and TiH4, then calcining the 

mixture at 1000oC in vacuum, and finally melting and crystalizing in a crucible [14-15]. X-ray 

diffraction data were collected at PNNL using a Rigaku D/Max Rapid II micro diffraction system 

with a rotating Cr target (λ = 2.2910 Å) operated at 35 kV and 25 mA. A parallel X-ray beam 

collimated to 300 µm diameter was directed onto the specimen that was inclined at 45o about the 

beam axis and 25o about an axis vertically perpendicular to the beam. Diffracted intensities were 

recorded on a large 2D image plate and the instrument software used to obtain the direction of 

the scattering vector relative to the sample surface for any (x,y) coordinate of the image plate. A 

series of measurements were taken with the sample rotated at 2o increments about an axis 

perpendicular to its surface so that pole figures of any observable diffraction peak could be 

constructed from the direction and intensity of the scattering vector. 

Electrical transport data were measured at PNNL using a Quantum Design Physical 

Properties Measurement System (PPMS). Prior to applying In contacts for resistivity and Hall 

measurements, the surface was scraped on the bench to remove the surface layer of TiO2 that 

results from oxidation of Ti2O3 in air. 

Photoemission measurements utilized monochromatic AlKα x-rays at PNNL, as well as hard 

x-rays at the Diamond Light Source (UK). The use of x-ray energies ranging from 1.5 keV to 6 

keV enabled probing the near-surface as well as deeper regions to determine the depth to which 

oxidation occurs when anoxically cleaved Ti2O3 is exposed to oxygen. Spectra measured at 

PNNL utilized a PHI Quantera Scanning X-ray Microprobe with an energy resolution of ~0.5 

eV. The binding energy scale was calibrated using the Cu 2p3/2 (932.62 eV) and Au 4f7/2 (83.96 

eV) peaks from clean metal foils. HAXPES measurements were performed at the I09 Surface 

and Interface Structural Analysis beamline of the Diamond Light Source in the UK. The 

beamline makes use of two canted undulators that enable photon energies ranging from 100 eV 

to 20 keV. The hard x-ray branch used for HAXPES measurements enables a photon energy 

range from 2.1 to 20 keV. The photon beam was monochromated using a channel-cut Si(004) 

crystal following a Si(111) double-crystal monochromator. Photoelectron spectra were energy 

resolved and measured using a VG Scienta EW4000 high-energy analyzer with a 30° acceptance 

angle. Measurements were performed at hν = ~6 keV with an overall energy resolution of < 250 
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meV. The binding energy scale was calibrated using the Au 4f and Au 4p peak positions, along 

with the Fermi edge of a gold foil.  

Specimens were cleaved either under vacuum in an antechamber appended to the XPS 

system at PNNL or in a anoxic glovebox, immediately followed by transfer to a vacuum suitcase 

which could then be connected to the HAXPES end station at Diamond. There was no attempt to 

cleave along any particular orientation as the bulk crystals were irregularly shaped. However, the 

cleaved surfaces were mirror-like under an optical microscope, suggesting that cleavage occurred 

along a single orientation. Avoiding air exposure for the freshly cleaved surfaces was essential 

because of the extreme instability of structural Ti(III) in the presence of oxygen. Indeed, it was 

found that Ti(III) in the near-surface region of a freshly cleaved specimen underwent extensive 

oxidation to Ti(IV) in a matter of minutes in air. Spectra collected at Diamond were taken at 

room temperature and at ~600K after several hours of outgassing at lower temperatures, allowing 

the effects of the metal-to-insulator transition (MIT) on the spectra to be determined. 

A cluster with a central Ti atom and six nearest O neighbors was used to model the spectra 

for Ti2O3; a schematic representation of the cluster is shown in Fig. 1 The cluster was embedded 

in several shells of point charges with the nominal ionicities of Ti and O to represent the 

Madelung potential. The rhombohedral geometry of the Ti2O3 crystal was used for the 

coordinates of the atoms and point charges.  

Fully relativistic ab initio calculations were carried out using the Dirac-Coulomb 

Hamiltonian where standard approximations for the Hamiltonian, including approximations for 

the class of integrals connecting the small components of the relativistic spinors were used [16]. 

We follow standard usage and describe our theoretical methodology as ligand field theory to 

distinguish it from crystal field theory. The essential element of this distinction is that the 

covalent mixing, or hybridization, of metal and oxygen orbitals is explicitly taken into account in 

ligand field theory, but not in crystal field theory. An excellent description of the distinction of 

ligand and crystal field theories is given in Ref. [17]  where a discussion of the historical 

development of these methods is also given. 

 From our extensive prior work with the ligand field wavefunctions for minimal clusters like 

the embedded TiO6 cluster used here, it is known that the cluster can represent several important 

features that contribute to the spectra; see, for example, Ref. [4] and references therein. In 

particular, the multiplets arising from the AMC of the open shell electrons and the ligand field 
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and spin-orbit splittings are reasonably well described. This conclusion is supported by studies 

with larger clusters where some of the embedding point charges were replaced with extended 

ions [18-21]. However, there are physical effects related to the interaction between Ti cations 

that are not included in the embedded TiO6 cluster model; see the example, Refs. [22-23]. 

Indeed, features that are missing from comparison of the theoretically predicted Ti 2p XPS with 

experiment are discussed in terms of possible limitations of the cluster model that was used. 

However, investigation of extended cluster models is outside the scope of the present paper.  

The solution of the many-electron Hamiltonian was carried out in two stages; first 

variationally optimized spinors, four component spin orbitals, were determined and the many-

electron WFs were calculated. This division is essential for open shell systems where the AMC 

of the open shell electrons normally precludes the use of single determinant WFs [4, 16].The 

variationally optimized four component spin orbitals were determined by solving the Dirac-

Hartree-Fock (DHF) equations for the average of initial and final core-ionized 

configurations.[16]. Within the formalism used, there are two different sets of orbitals; one set is 

for the initial-state configuration with filled core shells, denoted 𝜑! 𝐼 , and a second set for the 

final-state configurations with a core hole, denoted 𝜑! 𝐹 . While the two orbital sets are 

orthogonal within themselves, they are not orthogonal to each other; specifically, 

< 𝜑! 𝐼 |𝜑!(𝐹) >≠ 𝛿!" (1) 

The different orbitals for the initial and final core hole configurations are needed to properly take 

into account the screening in response to the presence of the core hole [4]. N-electron Slater 

determinants [24] were then formed as anti-symmetrized products of N of these spinors where 

the Kth determinant is denoted ΦK. Total N-electron WFs, denoted ΨJ, are obtained by 

diagonalizing the Hamiltonian connecting the various determinants, 

Ψ! = 𝐶!"Φ!!   (2) 

where ΨJ is described as a configuration interaction (CI) WF; see, for example Refs. [16, 24]. 

The Hamiltonian is solved for the full set of states possible for the number of determinants used. 

For the final states, it is essential to solve for a large set of states since these represent main and 

satellite peaks in the spectra [4]. The active orbital spaces are chosen so that the determinants 

included in Eq.(2) are sufficient to provide many-body solutions, ΨJ, that include AMC and 

other many-body effects. The details of the choices of orbital and determinantal active spaces are 

given later when we describe the theoretical analysis of specific core-level spectra. The active 
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orbital spaces are chosen so that the determinants included in Eq. (2) are sufficient to provide 

many-body solutions, ΨJ, that include AMC and other many-body effects. The details of the 

choices of orbital and determinantal active spaces are given later when we describe the 

theoretical analysis of specific core-level spectra. These CI WFs treat scalar relativistic effects, 

spin-orbit splittings, ligand-field splittings, and open-shell AMC on an equal footing [4]. We 

have also used new methods of analysis of the orbitals and the CI WFs, especially to characterize 

the extent and importance of the covalent interactions between the Ti 3d and O 2p [12, 25]. 

These methods are discussed in Sec. IIID where the covalent character of the initial and final 

core-hole states is presented. 

The XPS intensities were obtained using the sudden approximation [4, 26] where full account 

was taken of the fact that different sets of spinors are used for the initial and final states. The fact 

that different orbitals are used for the initial- and final-state WFs means that determinants over 

these orbitals must be evaluated [27]. This is done using a cofactor analysis [28-29]. In order to 

make a meaningful comparison with experiment, the calculated core-level intensities were 

broadened with a Voigt convolution of Gaussian and Lorentzian functions [30]. The Gaussian 

broadening represents instrumental resolution and excitation to vibrationally excited states [4, 

31] while the Lorentzian broadening represents the core-hole lifetime.  

The intent behind this brief description of the theoretical methodology is to provide a 

background for the physical basis of the approximations used to describe the many-body effects 

included in the theoretical description of the Ti2O3 XPS presented in Sec. III below. Further 

details of the methods are described elsewhere; see Refs. [4, 12-13] and references therein. The 

spinors and total N-electron WFs were determined using the Dirac08 program system [32]. The 

XPS intensities were determined with programs in the CLIPS program system [33] interfaced to 

accept orbital and WF information from the Dirac08 calculations. 

 

III. Results and Discussion 

A. Physical Characterization of Ti2O3 

X-ray diffraction shows that the specimens consist of single-crystal Ti2O3 corundum with the 

expected bulk lattice parameters. Pole figures of the Ti2O3 (1126) and 0224  diffraction peaks 

are shown in Fig. 2. The figure shows the expected six-fold and three-fold symmetries for these 

Bragg reflections, confirming that the sample is a single-crystal. The radial inclinations of ca. 
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41° and 57° for the (1126) and 0224  peaks also show that the sample surface is 

approximately parallel to (0001).  

Resistivity and Hall measurements are shown in Figs. 3a&b, respectively. The ρ(T) data 

indicate semiconducting behavior, with an activation of conduction of 0.027 eV in the vicinity of 

room temperature, as extracted from an Arrhenius plot. The down-tick in ρ as T approaches 

400K is presumably the start of the broad MIT between 400K and 500K [6-7]. The majority 

carriers are electrons, and the carrier concentration at 300K is 1.28×1020 cm-3, as determined 

from the slope of the Hall plot. 

B. Core and valence band spectra 

We first demonstrate the extreme sensitivity of Ti2O3 to oxygen by showing in Fig. 4 Ti 2p 

spectra measured at room temperature with AlKα x-rays for a anoxically cleaved crystals of 

Ti2O3 and TiO2 rutile single crystals, along with the effects of air exposure of the former.  

The primary spin-orbit (SO) features are centered at 455-459 eV (j = 3/2) and 461- 465 eV (j = 

½). Shake-up satellites are seen at 471-473 eV and ~477 eV. The SO features are sharp singlets 

in TiO2 and complex multiplets in Ti2O3. These substantial differences are due to AMC between 

the 2p hole and the single, unpaired 3d electron present in the valence band of Ti2O3, as 

discussed in more detail below. The TiO2 line shape does not change upon air exposure whereas 

the Ti2O3 line shape changes substantially. As little as 60 seconds of air exposure significantly 

reduces the intensities of the lower binding energy features uniquely found in the Ti2O3 

spectrum. Additional days of air exposure result in only a modest diminution of the Ti(III) 

features. These results are consistent with rapid oxidation of Ti(III) in the near-surface region to 

Ti(IV), followed by kinetically limited oxidation of Ti(III) deeper below the surface, but still 

within the XPS probe depth.  

Next we show in Figs. 5 & 6 the valence band (VB) and several core-level spectra for Ti2O3 

measured with hard x-rays above and below the MIT. The electronic phase transition results in a 

~0.5 eV decrease in binding energy for both major VB components (Fig. 5). Additionally, the 

density of states at the Fermi level increases approximately five-fold at the higher temperature. 

Although our PPMS cannot operate above 400K, precluding measurement at 600K, we estimate 

the carrier density at 600K to be ~6×1020 cm-3 based on this five-fold increase. This higher 

carrier density has a marked effect on the Ti core-level line shapes, as seen in Fig. 6. 
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Fig. 6 reveals that there are clear intensity increases and binding energy decreases on the 

low-energy sides of all Ti core-level peaks in going through the MIT, but not so for the O 2s 

peak. These results are suggestive of strong screening of the various core holes on Ti by free 

carriers in the largely Ti 3d-derived CB, the extent of which increases with carrier density. 

However, both AMC and CT satellites are also expected to add to the complexity of the core-

level spectra, and our goal is to disentangle these three effects. The AMC between a core hole in 

either the Ti 2p or 3p orbital and an unpaired electron in the Ti 3d-derived CB leads to 60 

possible final states. This follows because there are 6 ways to remove a 2p or 3p electron from 

the closed shell and 10 ways to place an electron in the 3d shell which results in 60 determinants 

corresponding to the np5nd1 configuration.  Since the final states are linear combinations of these 

60 determinants, they may have non-zero spectral weight. As we show below, these states lead to 

unresolved multiplets in the measured spectrum. When other many body effects are taken into 

account the number of final states increases dramatically and can be more than two orders of 

magnitude larger. An important consequence is that many individual final states can, and do, 

contribute to the overall spectrum and, hence, must be taken into account to obtain an accurate 

description. However, the covalent character of the orbitals used to generate the determinants 

that represent different many-body effects is, in fact, a good indicator of whether a given 

determinant will have significant spectral weight. The covalent character of the Ti-O bond is also 

a major contributor to the screening of the various core holes. This topic is discussed in relation 

to possible limitations of the embedded TiO6 cluster model which has been used, in section IIID.  

C. Analysis of the Ti 2p and 3p spectra 

In using XPS to characterize oxides containing Ti, the Ti 2p and 3p core levels are most 

commonly utilized. The 2p is arguably more useful because it has a higher cross section than the 

3p, and because it is readily accessible using lab x-ray sources, unlike the Ti 1s. For Ti(IV), the 

line shape is rather simple because there are no open-shell electrons and, hence, there is only a 

single multiplet arising from ionization of each of the Ti 2p electrons. CT satellites occur, but 

there is no AMC. As a result, the Ti 2p spectrum consists of four well-separated features: j = 3/2 

main peak and satellite, and  j = 1/2 main peak and satellite. In contrast, the Ti 2p manifold for 

Ti(III) is considerably more complex. It consists of a single unresolved doublet and a shake-up 

satellite ~14 eV to higher binding energy. In what follows, we show that solution of the DHF 

equation accurately reproduces all features, with the exception of what we tentatively assign as 
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well-screened final states by CB electrons in the Ti 2p spectrum. For the Ti 3p manifold of 

Ti(III), the splittings of the final-state multiplets are smaller in magnitude, especially those for 

spin-orbit interaction. This results in a very broad leading peak due to many unresolved 

multiplets and a low-intensity feature at a binding energy of ~13 eV above the main peak, the 

latter having contributions from AMC and shake excitations. 

As briefly described in the section on Experimental and Modeling details, we used a TiO6 

cluster embedded within an array of point charges in a corundum lattice with structural 

parameters corresponding to bulk Ti2O3. Configuration interaction (CI) wavefunctions were used 

to treat several distinct sets of many-body effects. The first kind of these is the AMC of the open 

core shell (Ti 2p or 3p) with the dominantly Ti 3d open valence shell. We describe this as a 

many-body effect because the AMC multiplets cannot in general be represented by a single 

determinant [24]. In this treatment, we allow the Ti np hole to be placed in any of the six p shell 

orbitals, and the open-shell electron to be placed in any of the 10 dominantly 3d open-shell 

orbitals (see Tables I and II), leading to a CI which involves the mixing of 60 determinants. The 

second kind involves redistribution of the electrons that occupy the Ti 3s, 3p, and 3d shells in 

different ways over the 18 3s, 3p, and 3d orbitals. For example for the Ti 2p-hole, there will be 9 

electrons, from 3s23p63d1 distributed over the 3s, 3p, and 3d orbitals. This choice is made 

because there are atomic many body effects that have the potential to lead to a strong mixing of 

these excitations with the 60 determinants from AMC coupling [4]. The kinds of excitations 

made are restricted based on considerations of the atomic parity of these shells such that the odd 

“atomic” parity of the AMC determinants is maintained. Although parity is broken in the 

rhombohedral geometry of Ti2O3, it is a reasonable approximation for these shallow core 

orbitals. The third kind is the excitation of a single electron from the dominantly O 2p orbitals, 

especially those that have significant covalent mixing with Ti 3d, into the dominantly 3d open-

shell orbitals. Finally, the fourth kind is excitation of two electrons from the dominantly O 2p 

orbitals into the dominantly 3d open-shell orbitals. The determinants in sets associated with 

effects three and four represent shake excitations where one or two valence electrons are 

promoted from the closed-shell orbitals that can have bonding character between O 2p and Ti 3d 

into the open-shell orbitals that have anti-bonding character [4]. For these two classes of 

excitations, the orbitals from which excitations were made and into which the excited electrons 

were placed were restricted to those orbitals with the largest extent of covalent character, since 
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these are expected to lead to final states with the largest intensities. This was done to maintain a 

computationally manageable number of determinants in the CI calculations.  

In order to determine theoretical core-level spectra, we used the sudden approximation. [4, 

26] The spin-orbit and rhombohedral crystal field splittings lead to 6 low lying electronic initial 

states for the 3d5 open shell of Ti; these splittings are discussed in detail when the electronic 

structure of Ti2O3 is considered in section III.D. We assume that the initial states are well 

described with a Boltzmann distribution at room temperature over the ligand and spin-orbit split 

initial states (see Table I). The calculated intensities were Voigt broadened with a Lorentzian to 

represent core-hole lifetime and a Gaussian to represent experimental resolution and other 

broadening effects, including Franck-Condon vibrational excitations [30-31]. Dual Voigt 

broadening was carried out incorporating the difference in core-hole life times for the j = 3/2 and 

j = 1/2 spin-orbit states due to the Coster-Kronig decay channel available only to the j = 1/2 state. 

The associated widths are 3.0 eV full width at half-maximum (FWHM) for the Gaussian 

components and 0.75 eV and 0.25 eV FWHM for the Lorentzian components of 2p1/2 and 2p3/2, 

respectively. The Lorentzian lifetime broadenings were based on our analysis of the Ti(IV) XPS 

spectra [34] and the Gaussian broadenings were selected to provide the best fit to the 

experimental XPS. The analogous numbers for the Ti 3p XPS are 2.5 eV for the Gaussian and 

1.0 eV (0.5 eV) for Lorentzian on 3p1/2 (3p3/2).  

In Fig. 7, we show the progression of the predicted Ti 3p spectrum as different many body 

effects are included. For each case, the number of determinants in the CI Hamiltonian is shown. 

In addition to the total spectra shown as a solid line where all theoretical contributions are 

summed, the contributions from individual final states with the largest intensities are also shown.  

The zero of the relative binding energies (Erel) is taken as the lowest energy state for the np 

hole configuration. The experimental spectra are shown as dotted lines in the figure and are 

shifted so that the theoretical and experimental maxima are at the same Erel. As seen in Fig. 7a, 

when only AMC many-body effects are included, the theoretical spectrum is too broad in the 

first peak and does not have sufficient intensity for the peak at Erel = ~15 eV. All of these peaks 

arise entirely from AMC, including the intensity at Erel = ~15 eV, which is due to the low-spin 

coupling of the open Ti 3p and 3d shells [35-36]. From the underlying curves in Fig. 7 it is clear 

that many individual final states contribute to the total spectrum. In particular, the broad leading 

peak contains intensity from several unresolved multiplets. When the intra-atomic many body 
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effects of the second kind are added (Fig. 7b), intensity is shifted from the main peak to the 

feature at Erel = ~15 eV. Although agreement with experiment is slightly better, this feature still 

has significantly lower intensity than that measured. When single and double inter-atomic shake  

excitations are included (Figs. 7c & d), the main changes are in the peak at Erel = ~15 eV peak; 

the leading peak is not significantly affected. Indeed, at this point, agreement between theory and 

experiment is excellent. The broad leading edge feature is dominated by AMC with perturbation 

from atomic near degeneracy many-body effects due to moving electrons within the Ti 3s, 3p, 

and 3d shells. The feature at Erel = ~15 eV has some contribution from AMC and other atomic 

many-body effects. It also has important contributions from inter-atomic shake in which 

electrons are excited from closed-shell O 2p + Ti 3d bonding orbitals into open-shell Ti 3d + O 

2p anti-bonding orbitals.  

In Fig. 8, we show a similar progression for the predicted Ti 2p spectra as different sets of 

many body effects are included. When only AMC effects are considered (Fig. 8a), the theory 

predicts a spin-orbit split doublet with a splitting of ~ 5 eV and broadened with many, 

unresolved contributions from individual multiplets. The features at Erel = ~15 and ~20 eV are 

not present. The two lower BE features predicted by the AMC theory are present with the correct 

Erel and intensity. However, the smaller peak at Erel = ~4 eV and the shoulder at Erel = ~-1 eV are 

not accounted for.  

In Fig. 8b, we include intra-atomic many-body effects as well as the AMC determinants. This 

inclusion leads to a small transfer of intensity from the lower Erel portion of the spin-orbit split 

doublet to the higher Erel part. The features missing from the AMC treatment are still missing 

when these additional many-body terms are included. In order to keep the size of the CI 

Hamiltonian matrix from growing too large, we do not consider these atomic many-body effects 

further. In Figs. 8c and 8d, we show the effect of adding the single and double shake kind of 

excitations to the AMC many-body effects. From Fig. 8d, where both single and double shake 

excitations are included, the features at Erel = ~15 and ~20 eV are now well described and these 

features are clearly shake satellites. However, the features at lower BE, Erel ≲ 10 eV, are 

essentially unchanged for all levels of many-body theory we have considered thus far. Moreover, 

the features at Erel = ~+4 and -1 eV are missing in all cases. Clearly, something is missing from 

our theoretical model.  
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The missing physics could be screening of the 2p core-hole by electrons in the Ti2O3 CB. 

Since Ti2O3 is a semiconductor at room temperature with a rather high carrier concentration as 

measured by the Hall effect (~1020 cm-3), it is possible that this CB screening could interact with 

the localized open-shell multiplets for the ionized Ti center. This effect, clearly not considered  

with our embedded TiO6 cluster model because only one Ti cation is treated quantum 

mechanically, might lead to a redistribution of intensity within the main doublet which could 

introduce the features missing in theory. This proposal can be regarded as an extension to the 

nonlocal screening proposed by Sawatzky et al. [22-23, 37] where the CB, “nonlocal” screening 

may be especially important for Ti2O3 because of the higher carrier concentration compared to 

the systems considered in their work. It is appropriate to ask why this CB nonlocal screening 

should be important for the 2p but not for the 3p core level. In section III.D, the screening of the 

core-hole for the Ti 2p and 3p configurations is considered and shown to be quite different. 

Indeed, the 2p hole is “over-screened” by a major increase in covalent mixing between the Fe 3d 

and O 2p when a core-hole is present. If the CB nonlocal screening reduces the covalent 

character for the 2p hole, and leads to more nearly pure 3d character in the local open-shell 

orbitals, this effect might account for the missing intensity in theory. More specifically, this 

effect could broaden and redistribute intensity for the AMC multiplets [35] and, possibly, lead to 

the missing features. This effect may be less important for the 3p spectrum since local screening 

did not over-screen the 3p core hole. This idea can be tested by including next-nearest Ti 

neighbors in the cluster model to form an embedded TiO6Ti18 cluster [18]. Here nonlocal 

screening might naturally be included. Calculations with larger cluster models where the 

nonlocal screening can be taken into account constitute an entirely new set of calculations and 

are outside the scope of the present paper. 

D. Electronic Structure of Ti2O3: Covalency and Screening 

The covalent character of metal-ligand bonds is useful for understanding the properties of 

nominally ionic systems such as halides and oxides [38-39]. However, commonly used methods 

to characterize occupations of orbitals, especially Mulliken population analyses [40], have 

uncertainties. We have thus developed alternative methods to obtain quantitative estimates of 

covalent character [12, 25]. In particular, for the contracted 3d orbitals of first-row transition 

metal oxides, methods based on the projection of the atomic 3d orbitals onto cluster model 

wavefunctions, provide reliable estimates of their occupations. We denote these occupations in 
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the orbital and total wavefunctions as NP(3d) [4, 25]. In Table I, we give information on the 

projected occupations and the open-shell 3d orbital energies for our cluster model of the ground 

state configuration of Ti2O3 with all core levels filled. For the closed-shell orbitals, we give the 

total 3d projection; in the absence of covalency this quantity is identically zero. The relative 

orbital energies (Δε) as well as the 3d projections are also given in Table 1 for the ligand field 

and spin-orbit split open-shell orbitals. In the absence of covalency, the projection for these 

orbitals is unity. We also give the orbital size,[12, 25] denoted <r>avg = [<r2>]1/2, as a further 

indication of covalent character. As the extent of mixing between O 2p and Ti 3d orbitals 

increases, the value of <r>avg becomes larger.  

Several important features are clear from Table I. First, the rhombohedral symmetry of Ti2O3 

breaks the degeneracies of the three low-lying, dominantly t2g, orbitals and the two higher, 

dominantly eg, orbitals. This degeneracy breaking is driven primarily by ligand field splitting, 

with spin-orbit splitting making only a minor contribution. The t2g derived orbitals have a small 

amount of covalent character, having only lost 6-7% of their pure 3d character. On the other 

hand, the two eg derived orbitals have considerably more covalent character, being only 60% and 

80% pure 3d, respectively. This difference is a direct consequence of the orientation of the 3d 

orbitals. The t2g orbitals are oriented between the ligands, resulting in low covalency, whereas 

the eg orbitals are oriented toward the ligands which favors covalent mixing [4]. The associated 

sizes of these open-shell orbitals (<r>avg) are fully consistent with the indications of covalent 

mixing given by the projections. The t2g orbitals with <r>avg = ~0.95Å are ~25% larger than the 

3d orbitals of the isolated the Ti(III) cation for which <r>avg = 0.74Å. On the other hand, the two 

eg derived, higher-lying, open-shell orbitals have considerably larger <r>avg values since they 

have much larger covalent mixing with O 2p. The closed-shell orbitals, which are largely 

centered on the O ligands, have significant amounts of Ti 3d character. Rather than consider the 

projection of the Ti 3d on individual closed shell orbitals, the total projection over all closed 

shell orbitals is taken. This approach is physically correct since the electron density and the total 

WF are invariant for a unitary transformation of the closed shell orbitals. The total 3d character 

in the closed shell space is NP(3d) = 1.02. This shows that the fully occupied closed-shell orbitals 

that have dominantly O 2p character have significant covalent bonding character. Using the 

method of constrained variations [12], it is estimated that this covalent bonding contributes 2.0 

eV to the stability of Ti2O3. The open-shell orbitals correspond to the ground and d-d excitation 
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excited states of Ti2O3 [39], where only the lowest excited state formed with the t2g orbital at 

Δε = 0.2 eV will have significant Boltzmann occupation at room temperature.  

Analogous information on the covalent character of the open-shell and closed-shell orbitals is 

given in Table II for  configurations for which there is a hole in either the Ti 2p or 3p shell,. As 

for the ground-state configuration, the open-shell orbitals are in t2g and eg groups for which the 

degeneracies are perturbed by ligand field and spin-orbit splittings. The projections for Np(3d) 

show that the open-shell t2g derived orbitals continue to have only limited covalent mixing with 

the ligands whereas the eg derived orbitals have significantly larger covalent character. However, 

the most striking change comes for the covalent character of the closed-shell orbitals. While 

there was ~1 e- of 3d character for the ground state configuration when the core shells were 

filled, the covalent character increases the electron count by almost 1 e- such that NP(3d) = 1.97 

for a 3p hole. Likewise, covalency increases the electron count by more than 1 e- such that 

NP(3d) = 2.24 for a 2p hole. In physical terms, the increase in covalency acts to screen the core 

hole. Indeed, based on the measure of the closed-shell NP value, the 2p hole is actually over-

screened by the change in covalency. The large change in the closed-shell covalency and core 

hole screening have significant consequences for the intensities of the shake satellites [4]. The 

intensity lost by the multiplets of the Koopmans’ configuration for the hole states to shake 

satellites depends directly on the overlap of the initial state and hole state orbitals. Since the 

covalency is significantly different between the closed-shell orbitals of the ground and hole 

states, one would expect much larger losses from the main peaks to shake satellites for Ti2O3 

than for an isolated Ti(III) cation. Furthermore, based on the larger closed-shell covalent 

character of the 2p hole configuration relative to the 3p hole configuration (see the NP in Table 

II), the loss to satellites is expected to be larger for the Ti 2p spectrum than for the 3p spectrum. 

In this context, it is worth noting that the relationship of covalent mixing to the energies and 

intensities of shake-up satellites depends on the difference between the covalent character of the 

initial ground-state configuration and the final core-hole configuration [13]. Furthermore, details 

of the contributions of individual shake-up excitations, especially into either the t2g or eg orbitals, 

is complex; this can easily be seen from the plots in Figs. 7 and 8 where it is clearly shown that 

many individual final states contribute to the Ti 2p and 3p spectra. Our objective here is to 

establish that the covalent contribution to the Ti-O interaction, especially for screening of the 
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core-hole, is responsible for the satellite intensity; further details are beyond the scope of the 

present paper.  

Using the sudden approximation for the core-level intensities, it is straightforward to 

calculate the intensity gain in the satellites and the associated intensity loss from the main 

multiplet peak manifold [4, 26]. The direct connection between covalent screening of the core 

hole discussed above is made by considering the losses from the main (i.e. Koopmans’ theorem) 

configurations to CT satellites [4, 13]. In Table III, the intensity “losses” from the main peaks to 

the shake satellites for the 2p and 3p spectra are compared for the isolated Ti(III) cation and 

Ti2O3. The losses to satellites are much larger for Ti2O3 than for isolated Ti(III) since for the 

latter, the only contribution to shake intensity comes from contraction of the outer Ti orbitals due 

to the core hole. In contrast, the covalent screening of the core hole in Ti2O3 allows much more 

intensity to be lost to the satellites. Moreover, the losses to satellites are much larger for the 2p 

hole than for the 3p hole. This result is fully consistent with the larger closed-shell covalency for 

the 2p hole configuration as indicated by the projected 3d occupations (see Tables I and II). A 

consequence of the greater losses to shake satellites is that it may be more difficult to model the 

2p than the 3p spectra. 

 

IV. Conclusions 

The core-level photoelectron spectra associated with structural Ti(III) in single-crystal Ti2O3 

are rather complex. This complexity is due to final-state effects associated with angular 

momentum coupling, intra-atomic many-body effects, and core-hole screening including shake, 

or charge transfer, processes accompanying core photoionization. The core-hole screening may 

also include screening by conduction band electrons which are not included in our present local 

cluster model of Ti2O3. However, first-principles modeling without any adjustable parameters 

can capture much of this physics, depending on the size of the embedded cluster treated quantum 

mechanically. 
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Fig. 1. Schematic view of the rhombohedral, embedded TiO6 cluster to model Ti2O3. The central 
Ti atom and the 6 nearest neighbor O atoms are shown as large spheres. The embedding point 
charges, placed at lattice positions, are shown as small spheres. 

 

 

	

Fig. 2. Intensities of the (1126) and 0224  x-ray diffraction peaks plotted in polar coordinates. 
The radial axis indicates the angle of the scattering vector from a normal to the sample surface, 
while the circumferential axis indicates the angle of the in-plane component of the scattering 
vector relative to an arbitrary direction. 
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Fig. 3. ρ vs T (a) and Hall effect data measured at ambient temperature (b) for single crystal 
Ti2O3. 

	

	

Fig. 4.  Normal emission Ti 2p spectra for anoxically cleaved crystals of Ti2O3 (top) and TiO2 
rutile (bottom), along with spectra for cleaved Ti2O3 after controlled exposures to air (middle 
two), excited with AlKα x-rays (hν = 1487 eV). The spectrum for TiO2 rutile after air exposure 
(not shown) is identical to that for the anoxically cleaved crystal. 
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Fig. 5. Valence band spectra for anoxically cleaved Ti2O3 above and below the MIT excited with 
hard x-rays.  

	

Fig. 6. Core-level spectra for anoxically cleaved Ti2O3 above and below the MIT excited with 
hard x-rays. 
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	Fig. 7. Progression of DHF theory, along with experiment, for Ti 3p as different kinds of many-
body interactions are included: (a) AMC only -- 60 determinants, (b) AMC plus intra-atomic 
many body -- 3720 determinants, (c) AMC plus intra-atomic and single-electron inter-atomic CT 
-- 5340 determinants, (d) AMC plus intra-atomic and single- and double-electron inter-atomic 
CT -- 8940 determinants. The light curves below the total solid curve for theory are for the most 
intense individual contributions. In addition to these, there are many other weaker contributions 
that, although not shown, constitute in aggregate a significant fraction of the total intensity. 



25	
	

 

 

Fig. 8. Progression of DHF theory for Ti 2p, along with experiment, as different kinds of many-
body interactions are included: (a) AMC only -- 60 determinants, (b) AMC plus intra-atomic 
many body – 12,120 determinants, (c) AMC plus intra-atomic and single-electron inter-atomic 
CT – 5,280 determinants, (d) AMC plus intra-atomic and single- and double-electron inter-
atomic CT – 18,060 determinants. See caption to fig. 7 and text for a discussion of the individual 
contributions to the total theoretical XPS shown with light lines. 

  



26	
	

Table I. Changes in orbital energy with respect to the lowest orbital energy (Δε),projected Ti 3d 
characters on the open t2g and eg orbitals as well as on the closed shell orbitals (Np(3d)), and 
orbital sizes (<r>avg) for the embedded TiO6 cluster model of Ti2O3. The ligand field and spin-
orbit split open-shell orbitals are described as being derived from the cubic (Oh), t2g and eg 
symmetries. For the closed-shell orbitals, the 3d character is summed over all closed orbitals, but 
the largest contribution is from orbitals that are dominantly O 2p. 

 Δε (eV) NP(3d) <r>avg (Å) 

Open “t2g” 0.00 0.93 0.97 

Open “t2g” 0.02 0.94 0.92 

Open “t2g” 0.28 0.93 0.95 

Open “eg” 1.48 0.59 1.86 

Open “eg” 1.77 0.78 1.22 

Closed ------- 1.02 ------- 

  

Table II.  Δε and NP(3d), of the closed and open-shell orbitals for the 2p and 3p core hole 
configurations of Ti2O3; see caption to Table I. 

 3p hole 2p hole 

 Δε (eV) NP(3d) Δε (eV) NP(3d) 

Open “t2g” 0.00 0.93 0.00 0.91 

Open “t2g” 0.02 0.93 0.03 0.92 

Open “t2g” 0.27 0.91 0.25 0.89 

Open “eg” 1.98 0.73 1.94 0.67 

Open “eg” 2.11 0.71 2.08 0.65 

Closed ------- 1.97 ------- 2.24 
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Table III. Losses to shake satellites as a fraction of the total XPS intensity for the 2p and 3p 
spectra of Ti2O3; the losses are given separately for the j = 3/2 and j = 1/2 components. 

 Ti 3p Ti 2p 

 Ti3+ Ti2O3 Ti 3+ Ti2O3 

2p3/2 losses 2.1% 14.3% 8.7% 25.3% 

2p1/2 losses 2.1% 14.1% 8.7% 25.3% 

	


