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Abstract 

In standard doping, adding charge carrier to a compound results in a shift of the Fermi level 

towards the conduction band for electron doping and towards the valence band for hole doping. 

We discuss the curious case of antidoping, where the direction of band movements in response to 

doping is reversed. Specifically, p-type antidoping moves the previously occupied bands to the 

principal conduction band resulting in an increase of band gap energy and reduction of electronic 

conductivity. We find that this is a generic behavior for a class of materials: early transition and rare 

earth metal (e.g., Ti, Ce) oxides where the sum of composition-weighed formal oxidation states is 

positive; such compounds tend to form the well-known electron-trapped intermediate bands 

localized on the reduced cation orbitals. What is less known is that doping by a hole annihilates a 

single trapped electron on a cation. The latter thus becomes electronically inequivalent with 

respect to the normal cation in the undoped lattice, thus representing a symmetry-breaking effect. 

We give specific theoretical predictions for target compounds where hole antidoping might be 

observed experimentally: Magnéli-like phases (i.e., CeO2-x and TiO2-x) and ternary compounds (i.e., 

Ba2Ti6O13
 and Ba4Ti12O27), and note that this unique behavior opens the possibility of 

unconventional control of materials conductivity by doping.  
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I. Introduction 

Unreactive vs reactive doping: Doping—the release of free carriers in response to chemical 

substitution—is widely used to convert insulators to metals, thereby instilling conductivity[1,2] to 

the benefit of designing carrier-transport devices. Doping is particularly useful when it is unreactive, 

i.e., when it just rigidly shifts the Fermi level (EF) within the doped energy band, which otherwise 

remains unmodified. In contrast, perturbative or reactive doping can involve crystal structural 

changes (as in the formation of ordered vacancy compounds[3,4] or phase transition upon 

doping[5,6]), creating doping-induced gap levels (as in Mott insulators[7]), or the formation of 

Anderson localized bands due to doping-induced disorder[8] all potentially defeating ideal doping 

action. 

Antidoping as a form of reactive doping: An interesting and different example of highly 

perturbative doping referred to as “antidoping” was recently noted experimentally[9-13] and 

theoretically [14,15]. For instance, as illustrated in Fig. 1a,b, electron antidoping shifts the doped 

band into the principal valence band, instead of the common case of extra electrons shifting EF 

towards the conduction band. The electron antidoping was characterized theoretically for 

LixFeSiO4[14], LixIrO3[14], and SmNiO3[9,10,12-15], where in the first two cases electron antidoping 

was enabled by Li insertion (lithiation) in these battery systems. Experimental observations also 

include H/Li doping of SmNiO3[9,10] and oxygen vacancy doping of SrCoO3[11]. Such doping (Fig. 

1a) increases the band gap and thus reduces the conductivity.  

This paper discusses electron antidoping[14](Sec. II) as a conceptual introduction, giving a new 

case of YTiO3, exhibiting band gap opening upon n-type doping. We then introduce hole antidoping 

(Sec. III) explaining the pertinent design principles (Sec. IV) and give specific theoretical predictions 

(Sec. V-VII) for target compounds where hole antidoping might be observed experimentally. For 

both electron and hole antidoping, we provide experimentally detectable fingerprints that could aid 

the identification of this novel form of reactive doping. 
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LixFeSiO4[14], LixIrO3[14], and SmNiO3[9,10,12-15]. Intermediate bands containing trapped holes are 

also not necessarily related to any special correlation effect, but exist even in main group s-p 

compounds such as Mg deficient MgO [14], and are obtainable from routine Density Functional 

Theory (DFT) calculations featuring exchange-correlation(XC) functionals that are reasonably self-

interaction free. While intermediate bands were discussed previously experimentally[20] and 

theoretically[21-25], here, we focus on the unexplored aspect of doping such intermediate bands. 

We have previously found that electron antidoping of pristine systems featuring isolated, trapped 

hole bands leads to the recombination of the resident, trapped hole with the doping electron[14]. 

This diminishes the intensity of the IB, shifting its intensity to the principal valence band (see the 

progression of the IB in Fig. 1b) while creating a spontaneously broken symmetry state.  

 

Prediction and experimental verification of electron antidoping: To test electron antidoping 

experimentally, one must first identify a system that has the h-trapped IB, as done here or in ref. 

[14], and then dope it n-type. n-type doping of metal oxides can often be done by chemical 

substitution (e.g., La on Sr[26]), or adding interstitial n-type dopants (e.g., Li or H[10,15]), or by the 

creation of intrinsic donors such as oxygen vacancy[11,13], or facilitating anti-site defects of high 

valent on lower valent cation, as has been demonstrated for a range of systems[27]. To verify 

electron antidoping once a compound is found one can (i) monitor the decrease in intensity of h-

trapped IBs (e.g., via X-ray absorption spectroscopy or resonant inelastic X-ray scattering) and/or (ii) 

increase of band gap energy and resistivity as the function of n-type doping.   

 

A new electron antidoping compound - YNiO3: Using the inverse-design principles for the search of 

compounds exhibiting electron antidoping[14], one can extend the set of compounds that satisfy 

the theoretically required conditions of existence empty, h-trapped IB, capable therefore of 

electron antidoping. For instance, we find here that YNiO3 has an h-trapped IB satisfying the 

electron antidoping principles described in Fig. 1a. Specifically, according to PBEsol+U calculations 

(see details on methods in Sec. IV), YNiO3 is S-type antiferromagnetic[28] with a DFT band gap 

energy of 0.59 eV (Fig. 2a). In the undoped case, the system has two h-trapped IBs made of by Ni-d 

orbitals with a partial contribution of O-p states. When doped by 0.5e/Ni, the population of h-

trapped IB decreases but no band gap opening is observed. Finally, for 1e/Ni, band gap opening is 

observed - the band gap increases from 0.59 to 1.89 eV. The changes in the electronic structure are 

also reflected in the evolution of partial charge density corresponding to the h-trapped IB. 

Specifically, we observe that the IB in the undoped system has charge localization on both Ni and O 

ligand states (Fig. 2b). Upon the doping by 1e/Ni (Fig. 2c), the electronically different Ni atoms 

become alike to each other, and no ligand holes are observed. This behavior is similar to that 

observed for electron antidoping in SmNiO3[14].  
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Design principles: We look for thermodynamically realizable pristine solids (say, with formation 

energies within less than 15 meV/atom above the convex hull) where the undoped intermediate 

bands are proper Bloch-periodic eigenstates of the defect- and surface-free compounds and have 

the following properties: (i) occupied IB, (ii) this IB contains trapped electrons (e-IB), i.e., made of 

cation orbitals with less positive FOS than the usual. This requires cations that can sustain multiple 

valences, for instance, Ce3+/Ce4+ or Ti3+/Ti4+. (iii) The IB is separated energetically from the principal 

bands. Indeed, e-IBs are generally composed of reduced cation orbitals and can thus be thought of 

as being split-off the principal, cation-based conduction band. Since generally the energy separation 

between localized cation state (such as electron trapped band) and the delocalized cation 

conduction band is expected to decrease with increasing atomic number in the periodic table 

column, herein, we focus on early transition metal or rare earth (e.g., Ti, Ce) oxides. One should 

note, however, that the selection of materials used in this work does not exclude the possibility for 

other compounds to satisfy the design principles described in Fig. 1c,d.  

We demonstrate that for a range of materials meeting criteria (i)-(iii), for example, the Magnéli-

like phases (i.e., CeO2-x and TiO2-x) and ternary compounds (i.e., Ba2Ti6O13
 and Ba4Ti12O27), hole 

antidoping is robust. Notably, for all considered systems, one hole oxidizes one reduced cation, and 

hence the full band gap opening is only observed when all reduced cations are fully oxidized. This 

process leads to symmetry breaking, in the sense that electronically equivalent cation sublattices in 

the undoped compound become electronically distinct after partial hole antidoping. This is the case 

when doping by a hole annihilates a trapped electron on just a single cation, making this cation now 

distinct from the other cations.  

Prediction and experimental verification of hole antidoping: We distinguish (a) a priori conditions 

for compounds likely to show hole antidoping from (b) a posteriori experimental fingerprints 

indicating that hole antidoping occurs. For (a), we note the inverse-design principles above. For (b), 

we list experimental hallmarks of hole antidoping as: (i) decrease of intensity of e-IB usually on the 

cation sublattice as a function of p-type doping which can be observed by photoemission 

spectroscopy; (ii) increase of resistivity and band gap as a function of p-type doping. From a 

fundamental perspective, the demonstrated results complement the textbook understanding of 

doping physics/chemistry, providing the inverse-design principles for developing a new class of 

materials able to accommodate a large concentration of excessive holes. From an applied point of 

view, the identification of antidoping could (i) direct future experiments towards studying such 

exotic doping, and (ii) opens the possibility for unconventional control of their electronic properties 

upon p-type doping.  

 

IV. Methodology 

First-principles calculations: For all systems, the spin-polarized calculations are carried out by the 

Vienna Ab Initio Simulation Package (VASP)[29-31]. The main calculations are performed using 

Perdew-Burke-Ernzerhof (PBE) functional[32] with U correction as implemented by Dudarev et 
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al.[33] and 4.5 eV U value for both Ce-f and Ti-d states. For electron antidoping, we utilize 

PBEsol[34] functional with U value of 2 eV applied for Ni-d states, which was suggested by Zunger 

et al.[28] to describe the band gap opening in YNiO3. The used U values are consistent with the 

available literature[25,28,35,36]. We, however, would like to note that the subject of this paper is 

on antidoping and not on identifying the U values for specific compounds. The antiferromagnetic 

magnetic ordering is only considered for primitive cells containing less than 8 metal atoms per 

primitive cell unless specified. For the selected systems, we also apply revised Heyd-Scuseria-

Ernzerhof (HSE) functional[37] calculations to ensure that the results are not affected by the 

selected methods. Atomic relaxations are carried out only at DFT+U level until the internal forces 

are smaller than 0.01 eV/Å. The computed results are analyzed using Vesta[38] and pymatgen[39].  

Doping calculations: Computationally, non-chemical electron/hole doping is simulated by initially 

placing the Fermi level at the energetic position that would produce the target doping level, and 

then nudging the atomic positions as well as charge density so that subsequent atomic force 

minimization and charge self-consistency lead to a new equilibrium structure. Specifically, for 

Ce2O3, the calculations are performed by doping of both primitive and 3×3×2 supercell sizes. For 

Ce11O20, TiO2-x, Ba2Ti6O13, and Ba4Ti12O27 polymorphs, the calculations are presented for primitive 

cells, but we also ensured that antidoping can be observed for the supercell systems. For electron 

doping of YNiO3, the calculations are performed for systems ranging from 20- to 80- atom supercell 

depending on magnetic order. The doping is made for each considered magnetic order; the results 

are demonstrated for the lowest energy system observed after the doping. One should note that 

non-chemical doping used in this work has one fundamental difference compared to the chemical 

doping: the latter involves automatic (chemical) local symmetry breaking (even at low 

concentration), whereas for non-chemical doping symmetry breaking becomes an option only 

subsequent to relaxation and self-consistent optimization of the charge density. Despite this, using 

non-chemical doping allows capturing the main trends for antidoping behavior, as has been 

illustrated in the example of SmNiO3[15].  

p-type dopability of oxides: Demonstration of hole antidoping requires realization of p-type 

doping, which is generally possible [2,40] when the highest occupied band of a compound is close 

to vacuum level so that the doped holes do not instigate spontaneous formation of hole killers 

(such as anion vacancies). It turns out that e-IB compounds are ideal candidatures for p-type doping 

satisfying the above doping principle. Specifically, it has been shown that for known e-IB 

compounds (GaTiO3, YTiO3, and LaTiO3) have the highest occupied level closer to vacuum level than 

the systems which do not have e-IBs [41]. Moreover, the compounds have been successfully doped 

p-type as has been demonstrated in GaTiO3:Sr[42], YTiO3:Ca[43], and LaTiO3:Sr[44] systems. In 

addition to the aforementioned chemical doping, one can consider non-chemical doping e.g., via 

gating. 

Search of candidate compounds for hole antidoping: solids with isolated, occupied, intermediate 

valence band associated with trapped electrons: Fig. 3a shows a typical density of states of a metal 
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We build on this systematic PBE error to identify candidate hole antidoping compounds. To identify 

insulator compounds whose band structures contain e-IBs, we first inspect potential cases of 

degenerate gapped metals available in Materials Project[48]. Here, we look for band structures of 

compounds with an odd number of electron/formula unit, that place EF inside the principal 

conduction band, making them metals with internal gaps below EF obtained with “soft” XC 

functionals (e.g., PBE). To find such degenerate gapped metals in the database, we seek compounds 

where the sum of composition-weighed FOS is larger than 0. For example, Ce in CeO2 has the 

normal FOS of Ce4+. In Ce2O3, assuming this conventional Ce4+ FOS, the weighted sum of FOS is 

positive +2. Similarly, Ti in TiO2 has the conventional FOS of +4, while LiTi2O4 has the weighted FOS 

sum of positive +1. We understand that the FOS does not describe the physical reality of how 

charge density is distributed around metal sites, simply because a change of charge on a metal site 

is generally counteracted by opposing changes in the ligands (the “self-regulating response”)[51]. 

We use the FOS strictly as a bookkeeping entity without assigning any physical significance to the 

charge distribution that they imply. Indeed, in hybridized systems, the physical charge density 

around metal sites with different FOS is similar to one another[52] as also demonstrated below.  

     Next, we test which of the found degenerate gapped metals are the false metals i.e., upon using 

a stronger XC functional they become true insulators with the split-off state being e-IBs localized on 

reduced cations. This is done by utilizing harder XC functional and analyzing the nature of in-gap 

states. As an illustration, HSE and PBE+U calculations applied for LiTi2O4 result in band gap opening 

(Fig. 4b,c) and electron localization (yellow contours) on part of Ti sublattice as depicted in Fig. 4d. 

This more proper treatment of LiTi2O4 shows an intermediate band in the gap area, resembling an 

impurity state, except that this band is a strict Bloch periodic state of the perfect host crystal. From 

the FOS perspective, the symmetry broken phase can be considered as Li1+Ti3+Ti4+O4
2- but, as 

indicated above, the physical charges around large “Ti3+“ and small “Ti4+“ sites are rather similar 

within the relevant ionic radius (~0.8 Å for “Ti3+”)[53]. The physical difference between the two Ti 

sublattices is reflected in bond length differences: the average Ti-O distances are 2.12 and 2.02 Å, 

respectively, for the two sublattices. We show below such wavefunction amplitude for all other 

intermediate band compounds studied here, proving localization and symmetry breaking. In this 

way, we find many stable insulators with occupied intermediate bands, which satisfy conditions 

hole antidoping (Fig. 1c,d). From the found compounds, e.g., CeO2-x, TiO2-x, AxCeO2-y, and AxTiO2-y 

(A=alkali and alkaline earth metals), we select a few experimentally synthesized representative 

structures for illustration of the hole antidoping physics.  
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V. Hole antidoping in CeO2-x localizes the carrier on one of the Ce sublattices and shifts the 

intermediate band into the principal conduction band 

In-gap trapped electron states in undoped Ce2O3: Ce2O3 (SG=164) is an anti-ferromagnetic 

insulator which attracted significant attention due to its role in catalysis[54,55]. Its properties (e.g., 

stability and band gap) have been a subject of detailed investigations by various groups [56-58]. 

Since the subject of this paper is antidoping, we briefly revisit the basic details on Ce2O3 electronic 

structure to demonstrate that it satisfies the inverse-design principles discussed in Fig. 1c,d. At the 

PBE level, the material is a false degenerate gapped metal with the Fermi level in the conduction 

band, while using the symmetry breaking XC functional results in band gap opening (the PBE+U 

band gap energy is 2.68 eV) with the formation of in-gap state containing 2e/f.u. trapped electrons 

localized on the two Ce atoms, as shown by the projected density of states (Fig. 5a) and 

wavefunction squared corresponding to the e-IB (Fig. 5b). It should be noted that the population of 

the in-gap state for Ce2O3 and all other undoped materials discussed below is equal to the 

composition weighed FOS. 

Hole doping of Ce2O3 can be unreactive at low concentration: Hole doping of an intermediate band 

can either (i) keep the carriers delocalized equally on all Ce atoms or (ii) break symmetry. Here, (ii) 

involves (a) energy lowering localization associated with placing wavefunction amplitude on a 

specific Сe ion, as well as (b) energy raising atomic displacements (i.e., compressing equilibrium 

bonds). For low hole doping concentration in Ce2O3, the energy reduction (a) is smaller than the 

energy needed for breaking local symmetry (b), so no localization occurs according to PBE+U 

calculations – the Fermi level crosses the e-IB, and the resulted system is the metal with the 

partially occupied intermediate band. This case corresponds to unreactive doping and is shown in 

the example of 3×3×2 Ce2O3 supercell doped by one hole (Fig. 5a).  

Concentrated hole doping of Ce2O3 moves the intermediate band towards the principal 

conduction band, resulting in symmetry breaking: While it is understood that, in reality, ultrahigh 

doping may not be thermodynamically stable (see next paragraph), we use this to illustrate the full 

trajectory of antidoping. This step is the key to understand if the increase of dopant concentration 

can make the energy reduction due to hole localization the determining factor and result in the 

antidoping behavior. This is verified by the hypothetical case of ultra-high doping of Ce2O3 – adding 

one hole per primitive cell moves part of the intermediate band to conduction band and makes the 

two Ce ions inequivalent (disproportionation[52]): one is Ce3+-O2- with larger bond length of 2.42 Å, 

while the corresponding value for the smaller Ce4+-O2- bond length is 2.32 Å. The resulting system 

still has the intermediate band occupied by 1e, which is mainly localized on the large Ce atom (Fig. 

5c). Further doping of the system makes the two Ce atoms structurally equivalent to each other and 

opens band gap – upon doping by 2h/f.u., the band gap energy of Ce2O3 increases from 2.68 to 2.82 

eV, as seen in Fig. 5a. 
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Hole doping of Ce11O20 shifts the intermediate band towards the principal conduction band, 

resulting in band gap opening: While the case of ultrahigh doping of Ce2O3 (Fig. 5) illustrates the 

full trajectory of antidoping, it may lead to structural instability. To further get the insight into the 

antidoping of CeO2-x, we examine Ce11O20 – the experimentally observed phase of reduced CeO2[59] 

consisting of structurally different Ce atoms. According to PBE+U calculations, Ce11O20 is an 

insulator with PBE+U band gap energy of 0.95 eV. Here, both the conduction band minimum and 

the intermediate band are composed of Ce-f states (Fig. 6a) – the large “Ce3+” ions determine the 

occupied intermediate band, while the contribution of small “Ce4+“ ions to the e-IB is negligible. 

This is also confirmed by the analysis of charge density corresponding to the e-IB suggesting 

localization of trapped electrons on four large Ce ions, as shown by yellow contours in Fig. 6b. 

These results further illustrate the electronically distinct Ce ions with the average Ce3+-O2- and Ce4+-

O2- bond lengths of ~2.49 and 2.36 Å. Upon the p-type hole doping, the hole is localized on the large 

“Ce3+” ions resulting in displacing a part the e-IB to the primary conduction band - each hole coverts 

a large Ce to a small Ce atom, reducing the population of the in-gap state (Fig. 6b,c). Finally, when 

all reduced Ce atoms are converted (doping by 4h/f.u.), the local environment for different Ce 

atoms become similar (the average Ce-O bond length is ~2.31 Å) and the band gap energy of the 

system increases from 0.95 to 2.52 eV. Thus, these results suggest that p-type doping of the Ce-O 

materials family opens the possibility for unconventional control of materials properties extending 

the textbook understanding of doping physics/chemistry. Moreover, since the antidoping scenario 

explains the mechanism of band-gap modulation independent on the specific chemical dopant, it 

allows developing a generic mechanism for modulation of electronic properties upon hole doping.  
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VII. Hole antidoping in Ba2Ti6O13 and Ba4Ti12O27 changes “Ti3+“ to “Ti4+“ and moves up the doped 

band into the principal conduction band 

Electron-trapped intermediate band in undoped Ba-Ti-O systems: While the CeO2-x and TiO2-x 

represent a form of reduced oxides, the existence of electronically distinct metal ions can also be 

observed in ternary compounds. To illustrate this behavior, we consider Ba2Ti6O13 and Ba4Ti12O27, 

which have been discussed[67,68] as examples of mixed-valence compounds. Both compounds 

have the same weighted sum of FOS equal to +2 and are predicted to be degenerate gapped metals 

at the PBE level. According to PBE+U calculations, Ba2Ti6O13 and Ba4Ti12O27 are insulators with e-IBs 

and band gap energies of 1.64 and 1.94 eV (Fig. 8a,d), respectively. For both systems, the e-IBs are 

occupied by 2e/f.u. and localized on part of Ti sublattice (Fig. 8b,e) suggesting the existence of 

electronically different Ti ions, which can be correlated with the literature discussion on the mixed-

valence states (i.e., “Ti3+” and “Ti4+”) in the compounds. This is also consistent with structural 

analysis - although each Ti has the same coordination number (each cation forms 6 bonds with 

neighboring O), structurally different Ti ions are observed. The average bond length for Ti4+-O2- is 

~2.02 Å, while the corresponding value for Ti3+-O2- bonds is ~2.12 Å.  

p-type hole doping moves the intermediate band associated with reduced atoms to the 

conduction band: Upon p-type doping of both Ba2Ti6O13 and Ba4Ti12O27, as shown in Fig. 8, holes 

localize on “Ti3+” ions moving the part of e-IB into the conduction band, thus clearly demonstrating 

hole antidoping. This is illustrated in the evolution of the projected density of states (Fig. 8a,d) and 

localization of wavefunction squared (Fig. 8b,c and 8e,f) corresponding to the in-gap states. 

Specifically, adding each hole reduces the population of in-gap states for both materials by 1e/f.u. 

However, the band gap opening is not observed until all reduced Ti atoms are converted. The fully 

doped Ba2Ti6O13 and Ba4Ti12O27 systems (doping concentration of 2h/f.u.) have the PBE+U band gap 

energies of 2.99 and 2.78 eV, respectively, which is noticeably larger than those for undoped 

systems. Hence, these results suggest that adding the holes to the materials instead of providing 

free carriers and improving the electronic conductivity provide the opposite effect, which is 

attributed to the change of oxidation states of the reduced cations. This unusual system’s response 

to doping is also accompanied by visible structural changes - for the fully doped system, the 

average bond length for all Ti ions is 1.99-2.02 Å, which is comparable to Ti4+-O2- bond length in the 

undoped Ba2Ti6O13 and Ba4Ti12O27 systems. From a materials science perspective, the found 

antidoping behavior indicates that controllable hole doping can be used to achieve a target 

population of the e-IB for reaching desired functionality.  
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SmNiO3[9,10] or/and monitoring the reduction of the population of e-trapped IB (e.g., via 

photoemission spectroscopy) upon p-type doping as it is done for doping of various materials[69] 

and analysis of in-gap occupied states[70,71] in general.  
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