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Semiconducting transition-metal oxides based on d5 cations: Theory for MnO and Fe2O3
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Transition-metal oxides with partially filled d shells are typically Mott or charge-transfer insulators with
notoriously poor transport properties due to large effective electron/hole masses or due to carrier self-trapping.
Employing band-structure calculations and ab initio small-polaron theory for MnO and Fe2O3, we explore the
potential of d5 oxides for achieving desirable semiconducting properties, e.g., in solar energy applications. The
quantification of self-trapping energies and the trends with the coordination symmetry suggest strategies to
overcome the main bottlenecks, i.e., the tendency for self-trapping of holes due to Mn(II) and of electrons due to
Fe(III).

DOI: 10.1103/PhysRevB.85.201202 PACS number(s): 72.20.−i, 71.38.−k, 71.20.Nr

Most transition-metal (TM) oxides have a semiconducting
band gap and strong optical absorption in the visible range,
which would make them interesting materials for solar energy
conversion, either as photovoltaic or as photoelectrocatalytic
absorber materials,1,2 for the latter of which oxides are
particularly attractive due to their better chemical stability in an
aqueous environment.3 However, efficient charge separation in
solar absorbers requires also good carrier transport properties,3

which are often deteriorated in TM oxides either by carrier self-
trapping that leads to an unfavorable small-polaron transport
mechanism,4–7 or by high effective masses resulting from nar-
row d bands.8 Hematite Fe2O3 has specifically been considered
as absorber material for photoelectrocatalytic water splitting,3

but its poor majority carrier (electron) mobility resulting from
a small-polaron transport mechanism,9 as well as the very short
minority carrier (hole) lifetime, remain barriers for a desirable
performance as a photoanode for water splitting.

Achieving a good hole mobility and conductivity is gener-
ally difficult in TM oxides, or even in main group oxides.7,10

The prototypical p-type oxides are Cu2O11 and CuAlO2,10,12

where p-type conductivity is facilitated by the p-d repulsion
between the O-p and Cu-d10 shells.10,11 We explore here the
prospects of achieving desirable carrier transport properties by
means of a d5 high-spin configuration in TM oxides, where a
similar p-d interaction occurs in the occupied spin channel,
considering the prototypical Mn(II) and Fe(III) oxides, MnO
and Fe2O3. In order to determine band-structure properties, we
performed many-body quasiparticle energy calculations in the
GW approximation13 (GW denotes the Green’s function G and
the screened Coulomb interaction W). In order to determine
whether carrier transport occurs in a band or in a small-
polaron mechanism, we performed generalized Koopmans
calculations,14,15 which allow a quantitative evaluation of the
carrier self-trapping energy. In addition to the octahedrally
coordinated rocksalt (RS) ground-state structure of MnO with
an antiferromagnetic ordering along the [111] direction, we
are considering also the tetrahedrally coordinated zinc-blende
(ZB) polymorph16 with magnetic ordering along the [001]
direction. In hematite Fe2O3, which has an antiferromagnetic
double-layer sequence along the c axis of the hexagonal unit
cell,17 the Fe ion is approximately octahedrally coordinated.

As a reference for the following discussion, Fig. 1(a)
shows schematically the molecular orbital interactions of a
d5 cation. In octahedral or tetrahedral coordination, the TM

FIG. 1. (Color online) (a) Schematic illustration of the molecular
orbital interactions of a d5 TM cation (occupied orbital levels are
shown bold). (b) Illustration of the formation of a hole state (hs) or
an electron state (es) inside the band gap due to the formation of a
small polaron.

d orbitals split into t2 (dxy,dyz,dxz) and eg (dx2−y2 ,dz2 ) crystal
field symmetries. In the case of the octahedral coordination
illustrated in Fig. 1(a), the eg crystal field state interacts
with the same-symmetry state of the oxygen ligands to form
bonding and antibonding states, whereas the t2 symmetry is a
nonbonding state.18 In tetrahedral coordination (not shown),
the coupling scheme is similar, only that the t2 symmetry is
interacting and eg is nonbonding. Figure 1(b) illustrates the
formation of a hole state or an electron state inside the gap
following the trapping of a carrier into the molecular orbital
level that lies closest to the band edge as shown in Fig. 1(a)
(see the discussion below).

All electronic structure calculations presented here were
performed using the VASP code,19,20 and for the computational
details we refer to the Supplemental Material21 (see also
Refs. 22–27 therein). As a baseline for subsequent GW13

and generalized Koopmans14,15 calculations, we perform
density-functional calculations using the exchange correlation
functional of Ref. 28 in the generalized gradient approximation
(GGA) and an on-site Coulomb term25 with U = 3 eV for
Mn-d and Fe-d. Keeping the GGA + U wave functions, the
GW energies were iterated to self-consistency, where local field
effects derived from the local density functional were taken
into account. This procedure yields rather reliable predictions
for a range of II-VI and III-V main group compounds.29 Metal
d states, however, lie often too high in energy in GW, in both
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FIG. 2. (Color online) Local density of states and absorption
spectrum obtained from many-body GW calculations for (a) MnO
in the ground-state rocksalt structure, (b) MnO in the zinc-blende
polymorph, and (c) hematite Fe2O3. The inset in (a) shows the total
density of states in the vicinity of the VBM.

cases of occupied shells, such as in ZnO,30 and unoccupied
shells, such as in TiO2 or in V2O5.31 This problem also
accounts for the tendency of common GW approaches to
overestimate the band gap of Fe2O3 that is formed between
occupied O-p and unoccupied Fe-d states.32 As a remedy, we
use here an attractive on-site potential for d states in the form
of the nonlocal external potentials.33 By comparison with the
experimental band gap energies for MnO (3.4 eV), Mn3O4

(2.5 eV), FeO (2.1 eV), and Fe2O3 (2.1 eV),34 we find that
no such correction is necessary for Mn, but a potential of
Vd = −2.0 eV is needed for Fe to reconcile experiment and
the GW prediction. Our results for RS-MnO are very similar
to that of previous GW calculations.35

Figure 2 shows the local density of states (LDOS) and the
respective absorption spectra for the two polymorphs of MnO
and for Fe2O3 based on the GW quasiparticle energies. The
band-structure features (i.e., the t2/eg splitting) anticipated
in Fig. 1 are clearly discernible in Fig. 2. Table I gives the
GW band gaps and the carrier effective masses. The usual
band effective mass is given for electrons in MnO. Due to
nonparabolicity and/or anisotropy of the hole masses, and the
electron mass in Fe2O3, in these cases we give the equivalent
effective mass31 obtained from the integration of the density
of states weighted with a Boltzmann distribution at 300 K.

TABLE I. Fundamental band gaps (Eg), electron effective masses
(m∗

e/me), and hole effective masses (m∗
h/me) for the two polymorphs

of MnO and in Fe2O3 from GW calculations (Ref. 21).

Eg (eV) m∗
e/me m∗

h/me

RS-MnO 3.36 0.3 1.2
ZB-MnO 2.13 0.3 4.8
Fe2O3 2.01 1.5 2.1

Interestingly, MnO has a highly dispersive s-like conduc-
tion band, similar to, say, ZnO, where the unoccupied Mn-d
orbitals lie rather far above the conduction band minimum
(CBM) [cf. Figs. 2(a) and 2(b)]. The resulting light effective
electron mass suggests excellent electron transport properties
in both polymorphs of MnO. The band gap of 2.1 eV in the ZB
structure is significantly smaller than the indirect gap of the
RS phase, and the overlap of the absorption spectrum with the
solar spectrum suggests that MnO could be an interesting solar
material if the ZB phase can be stabilized. In Fe2O3, the CBM is
formed by the unoccupied t2 symmetries of Fe-d [cf. Fig. 2(c)],
whose high density of states leads to a very sharp onset of
strong optical absorption above the (slightly indirect) band gap,
but also causes a relatively heavy electron mass (Table I). Thus,
improving the electron transport properties of Fe2O3 would
require increasing the conduction band dispersion, thereby
reducing the large effective mass. This strategy would be also
beneficial in view of self-trapping and small-polaron transport
for electrons (see below).

Returning to the concept of p-d repulsion as a means to
improve hole transport, we now discuss the hole effective
masses. The smallest effective hole mass of m∗

h/me = 1.2 is
found for RS-MnO. In this structure, the Mn-dz2 and dx2−y2

sublevels of the eg manifold have lobes pointing directly
toward the O ligands, causing a strong p-d interaction [cf.
Fig. 1(a)], which leads to a strong valence band dispersion and
low DOS in the vicinity of the valence band maximum (VBM)
[cf. Fig. 2(a) inset]. In the tetrahedral coordination of Mn in the
ZB polymorph, the p-d interaction occurs in the t2 symmetry.
Here, however, the respective Mn-dxy , dyz, and dxz orbitals do
not point directly toward the O neighbors (see also below in
the context of polarons), leading to a weaker interaction and,
hence, to a larger effective mass of m∗

h/me = 4.8. Similar to
Mn in RS-MnO, Fe in Fe2O3 is approximately octahedrally
coordinated, but the energy of the Fe-d5 shell lies significantly
lower in energy [see Fig. 2(c)], again leading to a weaker p-d
interaction than in RS-MnO and a higher mass of m∗

h/me = 2.1
(see Table I). Nevertheless, all hole masses obtained here are
comparable to that of the prototypical p-type oxide Cu2O
(m∗

h/me = 3.7),31 and still much lower than in many other
binary or ternary TM oxides (the respective calculated values
for m∗

h/me are 17.0, 10.0 and 18.0 in FeO, CuAlO2
31 and

Co2ZnO4,36 respectively). Thus, the p-d5 interaction is a
promising concept for TM oxides with good hole transport
properties.

Besides having suitable band-structure properties such as
band gap, absorption, and effective masses, a solar absorber
material needs further to be robust against carrier self-trapping,
which not only leads to a small-polaron transport mechanism
with notoriously low carrier mobilities,37 but also causes
deep defect states inside the band gap that can act as
effective recombination centers leading to short minority
carrier lifetimes. Carrier self-trapping is the result of the
localization of an electron or hole at a specific lattice location,
forming an electron state (es) or hole state (hs) inside the band
gap [cf. Fig. 1(b)]. Formally, this process can be described
as a change of the oxidation state of the ion at which the
electron or hole state is localized, e.g., Fe+III + e− → Fe+II,9

or Mn+II + h+ → Mn+III,7 and O−II + h+ → O−I.38
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FIG. 3. (Color online) The schematic configuration coordinate
energy diagram for self-trapping of an excess hole in MnO and an
excess electron in Fe2O3. h+ (e−) denotes a hole (an electron) at
the VBM (CBM), whereas Mn+III (Fe+II) denotes the respective self-
trapped state.

For an illustration of the self-trapping process, we plot in
Fig. 3 a schematic configuration coordinate diagram. The self-
trapping energy

EST = Eloc + Erel, (1)

can be decomposed39 into a localization energy Eloc > 0 for
exciting a carrier from the delocalized bandlike state (e− or h+)
into the respective resonant molecular orbital level [cf. Eloc in
Fig. 1(b)], and a relaxation energy Erel < 0 which stabilizes
the localized polaronic state (e.g., Mn+III or Fe+II).

Theoretical predictions of the self-trapping energy within
a first-principles framework have been hampered by the
bias of local density (LD) calculations to favor delocalized
solutions and the bias of the Hartree-Fock (HF) approach to
favor localized solutions.40 Thus, even though the electron
transfer involved in small-polaron hopping in Fe2O3 has been
studied in great detail using quantum chemical methods,9 few
quantitative predictions for EST are presently available.41,42 We
here employ the density-functional based approach of Refs. 14
and 15 where the delocalization bias is removed by enforcing
a generalized Koopmans condition that restores the correct
linear variation of the energy with respect to the fractional
electron number.40

In the context of the present polaron calculations, the
generalized Koopmans condition states that for a self-trapped
hole, the electron addition energy Eadd should equal the Kohn-
Sham single-particle energy of the initially unoccupied hole
state, i.e., E(N + 1) − E(N ) = ehs(N ). In order to make this
condition satisfied, we introduced in Ref. 14 a parametrized
on-site potential

Vhs = λhs(1 − nm,σ /nhost) (2)

for O-p-like hole states (O−I polarons), where nm,σ is the
partial charge of the m sublevel of spin σ , nhost is the O-p
partial charge of the unperturbed host material, and λhs is a
parameter that is adjusted to match the generalized Koopmans
condition. For TM-d derived hole states, such as Mn+III in
MnO, we apply Vhs of the same form as Eq. (2). Since we
aim to recover the true quasiparticle energy of the unoccupied
hole state relative to the spectrum of the occupied valence
band states, we define the reference occupation nhost = 0.94
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FIG. 4. (Color online) Left: The calculated self-trapping energy
EST as a function of the non-Koopmans energy �nK, for (a) RS-MnO,
(b) ZB-MnO, and (c) Fe2O3. Right: Isosurface plot43 of the squared
wave functions of the Mn+III hole states in (a) RS-MnO, and in (b)
ZB-MnO, and for the Fe+II electron state in (c) Fe2O3.

by the average Mn-d partial charge of the occupied majority
spin direction (“arrow up” in Fig. 2).

To describe correctly the energy of occupied electron states
relative to the spectrum of unoccupied conduction band states,
we now define a reference phost that measures the degree to
which the d symmetries that form the CBM are empty, using
the definition pm,σ = 1 − nm,σ . The electron state potential
analogous to Eq. (2) is then given by

Ves = λes(pm,σ /phost − 1). (3)

For the Fe2O3, we determine phost = 0.90 from the partial
charge of the Fe d-t2 states of the unoccupied minority
spin direction which form the CBM [cf. Fig. 2(c)]. The
corresponding generalized Koopmans condition for a self-
trapped electron is that the electron removal energy Erem

should equal the negative single-particle energy of the initially
occupied electron state, E(N − 1) − E(N ) = −ees(N ).

The generalized Koopmans calculations were performed
using a supercell approach, where the appropriate finite-size
corrections for total energies26 and single-particle energies27

ehs and ees of charged cells have been taken into account (see
Supplemental Material21). Figure 4 shows the self-trapping
energy EST as a function of the non-Koopmans energy
�nK = Eadd − ehs or �nK = ees − Erem, which measures the
bias toward delocalization (�nK > 0 as in LD) or localization
(�nK < 0 as in HF). We find that under the correct condition
�nK = 0, holes self-trap as Mn+III in RS-MnO with a negative
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TABLE II. The calculated self-trapping energy EST for the Mn+III

hole states and the Fe+II electron state in MnO and Fe2O3, and the
decomposition of EST into E′

loc and E′
rel [cf. Eqs. (1) and (4)].

Polaron in system EST (eV) E′
rel (eV) E′

loc (eV)

Mn+III (hs) in RS-MnO −0.24 −0.88 +0.64
Mn+III (hs) in ZB-MnO +0.23 −0.64 +0.87
Fe+II (es) in Fe2O3 −0.23 −0.29 +0.06

EST = −0.24 eV, but not in ZB-MnO where EST = +0.23 eV
is positive. Electrons self-trap as Fe+II in Fe2O3 with EST =
−0.23 eV. The respective parameters in Eqs. (2) and (3) are
λhs = 5.6 eV, λhs = 6.5 eV, and λes = 0.1 eV in RS-MnO, ZB-
MnO, and Fe2O3, respectively [in Fe2O3, GGA + U already
satisfies Eq. (3) in good approximation].

We now discuss the physical origin of the carrier self-
trapping phenomenology in terms of the decomposition of
the self-trapping energy into Eloc and Erel [Eq. (1)]. The direct
calculation of Eloc, which is always positive for self-trapped
states,5 is, however, difficult due to the resonant character of the
state inside the continuum of host bands [cf. Fig. 1(b)]. Thus,
we determine instead an approximated localization energy
E′

loc,

E′
loc = EST − E′

rel, (4)

which equals Eloc if the energy gain Erel upon lattice distortion
following carrier trapping equals the energy gain E′

rel upon
restoration of the perfect lattice following the carrier release
into the respective band edge (see Fig. 3). (Note that in case of
defect bound polarons, where Eloc can be negative, it was in-
deed observed that the two atomic relaxation energies involved
in the carrier capture/release cycle are comparable.14,15,44) The
result of this analysis is given in Table II.

Addressing the question why self-trapping of Mn+III holes
is avoided in ZB-MnO, we observe the following: First, E′

loc
in the RS structure is smaller than in the ZB structure, because
the Mn-eg resonance in RS-MnO peaks closer to VBM [cf.
Fig. 2(a)] than the Mn-t2 resonance in ZB-MnO [cf. Fig. 2(b)];
second, the relaxation energy E′

rel stabilizes the polaronic state
in the RS structure more than in the ZB structure, which is
related to the fact that the Mn-eg derived hole state of dx2−y2

symmetry points directly toward the O ligands [cf. Fig. 4(a)],
whereas the Mn-t2 derived hole state of dxy symmetry does
not [cf. Fig. 4(b)] and therefore interacts less strongly with
the ligands. In Fe2O3, the Fe+II electron state shows a much
smaller relaxation energy compared to the Mn+III hole state,
mainly due to the nonbonding t2 character of the electron state
[cf. Fig. 1(a)]; the very small localization energy results from

the high Fe-t2 LDOS at energies just above the CBM [cf.
Fig. 2(c)].

We further calculated the O−I polarons which were found
to be important in TiO2,8,42 but we found that EST is positive
in ZB-MnO and Fe2O3, and that the O−I state decays into the
Mn+III state in RS-MnO, as denoted by the arrow in Fig. 4(a).
Considering Mn+I electron states in MnO and Fe+IV hole states
in Fe2O3, we could not identify configurations that could lead
to negative self-trapping energies. In view of the fact that
the main resonances of the unoccupied Mn-d states in the
conduction band and of the occupied Fe-d states in the valence
band are separated from the band edge energies by several eV
(cf. Fig. 2), we expect rather large localization energies for
Mn+I electron states and Fe+IV hole states, which are unlikely
to be overcome by the relaxation energy.

Summarizing the results of our calculations, we find that
both MnO and Fe2O3 have strongly hybridized valence bands
due to the p-d5 coupling, which leads to an increased
valence band dispersion and—for a transition-metal (TM)
oxide—relatively small effective hole masses. The d5 cations
Mn+II and Fe+III exhibit an interesting asymmetry in regard
of their carrier trapping behavior: Mn+II tends to trap holes
but not electrons, whereas Fe+III tends to trap electrons but
not holes. Thus, electrons in MnO and holes in Fe2O3 are
expected to show bandlike transport, but RS-MnO and Fe2O3

are predicted to be small-polaron conductors for holes and
electrons, respectively. In ZB-MnO, self-trapping is inhibited
due to the tetrahedral coordination of Mn. Thus, our study
provides specific directions for avoiding the detrimental effects
of poor carrier mobility and short minority carrier lifetimes
due to self-trapping. In Mn oxides, hole self-trapping could
be avoided by stabilizing the tetrahedral coordination of Mn
in ternary oxides or in alloys. In Fe2O3, the quantitative
prediction of the self-trapping energy enables approaches for
band-structure design aiming to lower the CBM energy below
the Fe+II electron-trap level whose energy position we have
determined here quantitatively. The experimental realization
of such d5 TM oxides with improved transport properties is in
progress.
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