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We apply the recently developed nonempirical Wannier-localized, optimally tuned, screened range-separated
hybrid (WOT-SRSH) functional to prototypical bulk antiferromagnetic insulators—MnO, NiO, hematite
(Fe2O3), and chromia (Cr2O3). Comparison to calculations based on well-established functionals, namely
PBE0 and HSE06, as well as to self-consistent quasiparticle GW, dynamic mean-field theory calculations, and
experiment, shows that the WOT-SRSH functional provides a good quantitative description of fundamental band
gaps, spin magnetic moments, and photoemission and optical absorption spectra. Our calculations establish
WOT-SRSH as an effective framework for predictive calculations of electronic, magnetic, and optical properties
of magnetic insulators, as well as establishing it as an attractive starting point for subsequent many-body
calculations.
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I. INTRODUCTION

Transition-metal oxides (TMOs) have attracted significant
interest as they often present unusual physical properties
with diverse potential applications, including supercon-
ductivity, colossal magnetoresistance, ferroelectricity, and
metal-insulator transitions [1–6]. However, their fundamen-
tal understanding is challenging because they simultaneously
exhibit both localized and itinerant electronic behavior.

Density-functional theory (DFT) [7] is a workhorse
method for describing the electronic structure of both
molecules and solids. Standard DFT encounters well-known
difficulties in TMOs, arising mainly from the self-interaction
error associated with localized orbitals [8], the lack of the
derivative discontinuity in standard approximate exchange-
correlation expressions [9], and possible strong correlation
effects [10]. To address these issues, extensions of DFT are
commonly employed, ranging from the DFT + U method
[11] to the more advanced and computationally demanding
DFT + dynamical mean-field theory (DMFT) approach [12].
These approaches provide improved agreement with exper-
imental photoemission spectra (PES) of antiferromagnetic
(AFM) binary metal oxides, but achieve only semiquantitative
agreement with experimental band-gap values and inverse
photoemission spectroscopy (IPES) data [12].
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Recently, a screened range-separated hybrid (SRSH) func-
tional based on a Wannier-localization-based optimal-tuning
(WOT) approach was proposed as a systematic method for ob-
taining quantitatively accurate band gaps entirely within DFT,
for a wide range of semiconductors and insulators [13–16].
Within time-dependent DFT (TDDFT), the same approach
has also been shown to predict optical spectra with high
accuracy in a variety of closed-shell TMOs [15]. However,
these methods have not been applied previously to open-shell
solids.

In this work, we explore the application of the WOT-SRSH
functional to TMOs in the antiferromagnetically ordered
phase. Prototypical examples of such materials include the
monoxides MnO and NiO, the structure of which consists
of planes of alternating spin orthogonal to the [111] crys-
tallographic direction (type-II AFM) [17]. These have long
served as testbeds for theories of strongly correlated electron
systems (see, e.g., Refs. [12,18–20]) and have also attracted
interest due to their potential applications in antiferromag-
netic spintronics [21,22]. A different prototypical system is
hematite, Fe2O3, extensively studied and widely applied in
diverse areas of physics and chemistry [23]. In particular, it
is an established photoanode material [24]. Chromia, Cr2O3,
has attracted considerable attention because of its unique
combination of electronic, optical, and magnetic properties
[25]. Specifically, the presence of a linear magnetoelectric
effect has established Cr2O3 as a model material for antifer-
romagnetic spintronics, including exchange-bias devices and
voltage-controlled magnetic switching [26,27].

Here, we compute band gaps, photoemission spectra, and
optical absorption spectra for the aforementioned materials,
and compare our results with those obtained from many-body
perturbation theory, from DMFT, and from experiment.
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The article is organized as follows. In Sec. II, we briefly
describe the WOT-SRSH method. In Sec. III, we present its
application to key electronic and optical properties of the
aforementioned AFM TMOs and compare results with those
obtained from other computational methods and from ex-
perimental measurements. Finally, conclusions are given in
Sec. IV.

II. METHODS

Our approach is based on the screened range-separated
hybrid (SRSH) class of functionals [28], rigorously defined
within the generalized KS (GKS) framework [29–32]. The
SRSH approach mixes exact exchange and semilocal ex-
change, making use of different fractions in the short range
(SR) and long range (LR). Specifically, it expresses the
exchange-correlation (xc) energy as

ESRSH
xc (α, γ , ε∞) = αESR

xx + (1 − α)ESR
KSx + 1

ε∞
ELR

xx

+
(

1 − 1

ε∞

)
ELR

KSx + EKSc, (1)

where xx denotes exact (Fock) exchange, and SR and LR de-
note short-range and long-range exact exchange contributions,
given by

ESR
xx = − 1

2

∑
i j

∫
dr dr′ψ∗

i (r)ψ j (r)
erfc(γ |r − r′|)

|r − r′|
× ψ∗

j (r′)ψi(r′), (2)

ELR
xx = − 1

2

∑
i j

∫
dr dr′ψ∗

i (r)ψ j (r)
erf(γ |r − r′|)

|r − r′|
× ψ∗

j (r′)ψi(r′), (3)

with KSx and KSc denoting semilocal KS exchange and cor-
relation, respectively.

In the above, α, γ , and ε∞ are parameters to be determined.
The latter is the scalar high-frequency dielectric constant and
its inverse ε−1

∞ determines the fraction of LR exact exchange,
which is a common ingredient in the construction of advanced
dielectrically screened hybrid functionals, see, e.g., Refs.
[28,33–39]. The parameter α determines the fraction of SR
exact exchange, and γ is the range-separation parameter, the
inverse of which determines an effective crossover distance
between SR and LR contributions. We note that commonly
used hybrid functionals can be easily obtained as special cases
of Eq. (1). Assuming the Perdew-Burke-Ernzerhof (PBE) [40]
functional is used for the KS contributions, When α = ε−1

∞ =
0.25, the PBE0 functional [41] is recovered, and when ε−1

∞ =
0, α = 0.25, and γ = 0.20 Å−1, the Heyd-Scuseria-Ernzerhof
(HSE06) [42] short-range hybrid functional is obtained.

In the optimally tuned (OT) SRSH approach, γ is chosen
to satisfy the ionization potential (IP) theorem

E (N − 1) − E (N ) + εHO = 0, (4)

where εHO is the highest occupied KS eigenvalue, E (N ) is the
ground-state energy of the N-electron system, and E (N − 1)
is the energy of the system with one electron removed.

FIG. 1. Flow chart of the WOT-SRSH procedure [13]. Steps I to
III of this scheme are repeated iteratively: ε∞ in step I is initially
calculated using HSE06, and after performing steps II and III, ε∞ is
calculated again using the optimally tuned parameters found in step
III. These steps are repeated until convergence of ε∞ and γ . After
parameter convergence, step IV is performed once with the optimized
parameters.

The OT-(S)RSH method has been proven to be success-
ful for determining fundamental gaps in molecules [30,43–
50] and molecular solids [28,33,51–56]. However, in cova-
lent/ionic solids, it cannot be applied as is, because in the bulk
limit, the IP theorem of Eq. (4) is trivially satisfied for any
SRSH parameters [57–60]. This is because in this limit the
IP theorem reduces to Janak’s theorem [61], which is obeyed
by any functional, exact or approximate. Instead, an IP ansatz
[62,63], which relies on the constrained removal of an electron
in a state that corresponds to a maximally localized Wan-
nier function, is used to select the range-separation parameter
γ , a procedure known as Wannier-localization-based optimal
tuning of an SRSH functional (WOT-SRSH). This ansatz is
expressed as [13]

�Iγ = Eγ
constr[φ](N − 1) − Eγ (N ) + 〈φ|Ĥγ

SRSH|φ〉 = 0. (5)

Here, Eγ
constr[φ](N − 1) is the total energy of the (N − 1)-

electron system (including an image charge correction [64]),
under the constraint that the state corresponding to the Wan-
nier function is not occupied. φ is the Wannier function
for which the expectation energy with respect to the SRSH
Hamiltonian of the N-electron system, 〈φ|Ĥγ

SRSH|φ〉, is the
largest, although the results are generally insensitive to the
precise Wannier-function choice [15].

The main steps involved in a practical WOT-SRSH cal-
culation are summarized as a flow chart in Fig. 1, which
emphasizes the self-consistent nature of the procedure for
parameter determination. Further methodological details, in-
cluding convergence tests, can be found in Refs. [13,15]. We
note, however, three issues that are directly relevant to this
work.

First, typically it is sufficient to calculate the Wannier func-
tions from the eigenstates obtained from a PBE calculation, as
done in some of our prior work [13–16], because the (G)KS
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bands obtained from PBE and from a hybrid functional are
qualitatively similar as far as the orbital character is con-
cerned. Here, we find that for, e.g., hematite, a significant band
reordering is obtained with a hybrid functional compared to
PBE, as previously observed, e.g., in copper phthalocyanine
[65,66]. We therefore employ the HSE06 functional for con-
structing the Wannier functions throughout.

Second, to date, the WOT-SRSH approach has only been
applied to closed-shell systems. For the open-shell systems
studied here, we construct the Wannier function from the
generalized KS orbitals of a given spin channel and re-
move the localized electron from this spin channel. Here
we study AFM systems, where the two spin channels are
degenerate in energy, and the localized electron can be re-
moved from either one. For ferro- or ferrimagnetic systems,
the electron is typically removed from the majority spin
channel—see Refs. [66–68] for analogous examples in OT-
RSH of molecules.

Third, once the optimal parameters are determined, the cost
of an SRSH calculation is the same as the cost of other hybrid
functionals. The WOT procedure requires some extra cost
because of the need for a supercell calculation and because
of the need to compute the dielectric constant. This is still
significantly less expensive than a GW calculation, which
requires computation of the full dielectric response function.

All calculations reported below have been performed using
a modified version of the Vienna ab initio simulation package
(VASP) [69,70]. All calculations employ experimental lattice
constants [71,72] and an AFM-II magnetic order along the
[111] direction for MnO and NiO. For hematite [73] and
chromia [74], we use the crystallographic structure with the
equilibrium AFM magnetic configurations, i.e., spins alter-
nating along the [0001] direction. Note that the AFM ground
states of Fe2O3 (↑,↓,↓,↑) and Cr2O3 (↓,↑,↓,↑) differ in
to the ordering of Fe and Cr spins along the z axis of the
rhombohedral unit cell. Complete computational details can
be found in Sec. S.I of the Supplemental Material (SM) [75].

III. RESULTS

A. MnO and NiO

We start by employing Eq. (5) to optimally tune the
exchange-correlation functional ESRSH

xc in Eq. (1), i.e., to select
the optimal parameters (α, ε∞, γ ). As a starting point, we
use the inverse of the orientationally averaged clamped-ion
dielectric constant ε−1

∞ obtained from HSE06 calculations:
ε−1
∞ = 0.294 for MnO and ε−1

∞ = 0.286 for NiO. We then
evaluate the deviation from the IP ansatz of Eq. (5), as a
function of the range separation parameter γ , for different
values of the parameter α. Note that ε∞ is recalculated with
WOT-SRSH after the initial determination of γ , followed by
retuning of γ and so on until convergence. Following these
steps, as shown in Fig. 1, convergence of the dielectric con-
stant ε∞ is achieved after two self-consistent iterations. The
resulting dependence of �Iγ of Eq. (5) on γ , for various α

values in a range encompassing values for which the condition
�Iγ = 0 can be fulfilled, is shown in Fig. 2.

Several trends can be observed in Fig. 2. First, not every
choice of α necessarily results in a value of γ that satisfies the

FIG. 2. Deviation from the IP ansatz �Iγ of Eq. (5), for different
choices of α, as a function of the range-separation parameter γ for (a)
MnO and (b) NiO, both in the AFM-II configuration. Curves denoted
by I and II are those for which an optimal value for γ can be found.

IP ansatz (see, for example, the red curves in the figure). At
the same time, and as discussed in Refs. [13,76], there exist
multiple (α, γ ) pairs that satisfy Eq. (5) (see, for example,
the black and blue curves in the figure). We find, however
(see below for details), that use of different optimal (α, γ )
pairs changes the resulting band gaps by less than 0.1 eV
and the resulting magnetic moments by less than 0.05 μB.
Optical spectra and exchange interactions also remain almost
unaffected (see Sec. S.II of the SM [75]). Given the weak
sensitivity of the results to the choice of optimal parameters, in
the following we use the WOT-SRSH solutions corresponding
to the smaller value of γ in Fig. 2, namely, we use the blue
curves denoted by ’I’. This finally leads to optimal parame-
ters of (α = 0.23, ε−1

∞ = 0.29, γ = 0.25 Å−1) for MnO and
(α = 0.14, ε−1

∞ = 0.26, γ = 0.17 Å−1) for NiO.
In Table I, we summarize WOT-SRSH results for the fun-

damental band gap and atomic magnetic moment, compared
to those obtained using standard hybrid functionals (HSE06,
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TABLE I. Fundamental band gap Eg of MnO and NiO, along
with Mn or Ni magnetic moment M, calculated with PBE + U ,
HSE06, PBE0, WOT-SRSH, and QSGŴ , compared to experimental
data.

MnO NiO

Eg (eV) M (μB) Eg (eV) M (μB)

PBE + U a 2.19 4.68 3.16 1.68
HSE06 2.93 4.53 4.56 1.68
PBE0b 3.80 4.52 5.29 1.69

WOT-SRSH 3.63 4.53 3.58 1.58
QSGŴ c 4.02 4.58 3.89 1.67

Experimentd 4.1, 3.9 ± 0.4, 3.9 4.58 4.0, 4.3, 4.3 1.64, 1.90

aCoulomb-U and exchange-J values were taken from Ref. [77] and
are 6.9 (6.3) eV and 0.86 (1.0) eV, respectively, for MnO (NiO).
bTaken from Ref. [78] for MnO and from Ref. [19] for NiO.
cTaken from Ref. [20].
dValues, from left to right, were taken from Refs. [79,80,81], and Ref.
[82] for MnO and from Refs. [79,81,83,84], and Ref. [82] for NiO.

PBE0), as well as the computationally less expensive PBE +
U approach [19,78,85], and the computationally more expen-
sive quasiparticle self-consistent GW with vertex corrections
(QSGŴ ) approach [20], all at the experimental lattice con-
stant, and to available experimental data. We omit PBE values
as they are well known to be inaccurate for magnetic systems,
but include them in Sec. S.III of the SM [75] for complete-
ness. In the absence of further information, our discussion
below is based on the as-reported experimental values. We
note, however, that these were obtained from the combination
of x-ray absorption and emission or from the combination
of photoemission and inverse photoemission. The extraction
of insulator band gaps from either approach is well known
to be affected by several uncertainties, amounting to at least
several tenths of an eV—see, e,g., Refs. [86,87]. Furthermore,
zero-point renormalization effects lower the experimental
band gap with respect to the purely electronic one, in this case
likely by ∼0.2 eV [15].

Several conclusions can be drawn immediately from
Table I. First, we see that PBE + U substantially underesti-
mates the experimental fundamental band gaps for both MnO
and NiO. The PBE0 functional reproduces the MnO band gap
quite well, but significantly overestimates the band gap of
NiO, suggesting fortuitous agreement for MnO. The HSE06
band gaps are smaller than those obtained with PBE0, due
to the absence of long-range Fock exchange in HSE06. This
brings the NiO band gap closer to experiment but pushes the
MnO band gap away from experiment, again indicating fortu-
itous agreement. Thus, neither PBE0 nor HSE06 can be relied
on for a consistently accurate description of the band gaps
of both compounds. In contrast, recent sophisticated QSGŴ
calculations [20], also reported in Table I, yield band gaps in
good agreement with experimental data for both systems.

WOT-SRSH band gaps are much improved with respect
to the above-discussed conventional DFT values, and the
agreement with experiment is similar for both materials.
The WOT-SRSH gaps are smaller than those obtained from
QSGŴ , by ∼0.4 eV for MnO and ∼0.3 eV for NiO, and are

less accurate than QSGŴ in both cases. It remains unknown at
this point whether this reflects an actual advantage of QSGŴ
calculations, or is simply a by product of the general tendency
of self-consistent GW for slight overestimation of band gaps
[88–91]. We do note, however, that the QSGŴ calculations
are somewhat more accurate also with respect to the magnetic
moments, especially for NiO where the WOT-SRSH result is
smaller by ∼0.1 μB, not only with respect to GW , but also
with respect to the other DFT methods [92]. Likewise, WOT-
SRSH produces converged inverse dielectric constant ε−1

∞
values of 0.29 and 0.26 for MnO and NiO, respectively, which
overestimate QSGŴ (0.24 and 0.16) and experimental values
(0.20 [93] and 0.18 [94]). In summary, then, WOT-SRSH
results appear to offer a consistent improvement of standard
DFT and are quantitatively close to benchmark calculations
and to experiment.

Beyond the band gap, a comparison of the full density of
states (DOS) to experimental PES data is of great interest. Al-
though WOT-SRSH (and OT-RSH in general) is constructed
to predict accurate band gaps, in practice such calculations
have often been found to agree well with GW calculations
for quasiparticle excitation energies away from the band edge
[14,16,33,66,76,88], an issue that has been rationalized in
terms of ensemble DFT [63]. A comparison between WOT-
SRSH, HSE06, QSGŴ [20], and DMFT [12] calculated DOS
curves, compared with PES and IPES data [80,83], is pre-
sented in Figs. 3(a) and 3(b) for MnO and NiO, respectively.
To facilitate comparison between theory and experiment, the
DFT-calculated DOS curves are broadened by a Gaussian with
a 0.3 eV half-width.

For both MnO and NiO, the valence DOS obtained from
WOT-SRSH is almost identical to the one obtained from
HSE06. The WOT-SRSH conduction DOS, on the other hand,
is slightly blueshifted (redshifted) compared to that of HSE06
for MnO (NiO), consistent with the band-gap difference.
Additionally, for both materials, WOT-SRSH results agree
reasonably well with those obtained from QSGŴ and DMFT.
Finally, the WOT-SRSH DOS exhibits a similar level of
agreement as QSGŴ and DMFT when compared with ex-
perimental (I)PES data. Agreement with experimental data is
generally better in the valence band than in the conduction
band.

As shown in Fig. 3(c), the WOT-SRSH band structure of
NiO shows good overall agreement with QSGŴ , especially
closer to the valence-band maximum. This result is in line
with previous comparisons between SRSH- and GW -based
band structures [14,88,96]. Both methods agree semiquali-
tatively with angle-resolved photoemission spectra (ARPES)
measurements [95]. Additional comparison of MnO and NiO
band structures obtained with the different computational ap-
proaches is given in Sec. S.IV of the the SM [75].

Next, we turn our attention to optical absorption spectra
(i.e., the imaginary part of the dielectric function, ε2), calcu-
lated using linear-response time-dependent DFT (TDDFT) by
solving the Casida equation [97] within the Tamm-Dancoff
approximation [98,99]. Comparing theory and experiment
based on optical spectra is typically considered more reli-
able relative to comparison of electronic band gaps, because
the latter are harder to measure and typically exhibit large
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FIG. 3. Density of states (DOS) curves for (a) MnO and (b) NiO,
calculated using WOT-SRSH and HSE06, compared to QSGŴ [20],
DMFT [12], and experimental PES/IPES data (Ref. [80] for MnO,
Ref. [83] for NiO). (c) Comparison of WOT-SRSH and QSGŴ
computed band structures with experimental angle-resolved PES
(ARPES, shown in dots) data [95], presented upon alignment of the
valence-band maximum.

FIG. 4. Imaginary part of the dielectric function, as calculated
using WOT-SRSH (this work) and BSE@QSGŴ (Ref. [20]), com-
pared with experimental data (Ref. [101] for MnO and Ref. [102] for
NiO) for (a) MnO, (b) NiO.

experimental uncertainties [81,100]. Furthermore, optical ab-
sorption spectra can be calculated directly by using the
WOT-SRSH parameters in the hybrid TDDFT kernel, and
have been shown to be highly accurate when compared with
the single-shot GW plus Bethe-Salpeter equation (BSE) ap-
proach for closed-shell metal oxides [15].

In Fig. 4(a), we present TDDFT optical absorption spectra
of MnO obtained with the WOT-SRSH and HSE06 func-
tionals (this work), compared with the ones obtained from
QSGŴ plus BSE (denoted BSE@QSGŴ , from Ref. [20])
and experimental measurements [101]. The absorption spec-
tra predicted by WOT-SRSH and HSE06 are overall very
similar and are in good agreement with experimental peak
positions. Specifically, the principal experimental peak at
≈7 eV is well reproduced by WOT-SRSH, while HSE06
yields a slightly blueshifted value. In contrast, BSE@QSGŴ
places the principal peak at ≈8 eV, noticeably blueshifted
relative to both WOT-SRSH and experiment. An additional
intermediate structure appears between 4 and 7 eV in the
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FIG. 5. Exchange interactions in the (100) plane of the rock-salt
structure of a TMO. The green and grey sites indicate the up and
down spins of the TM, and the red sites indicate oxygen atoms.
Coupling to the oxygen atoms was neglected in the calculations and
is shown for completeness.

calculated spectra, without a clear experimental counterpart,
possibly due to spectral broadening in the measurements.
Vibrational effects, present in experiment but absent from
calculations, may also affect this.

The optical spectra of NiO calculated with the WOT-
SRSH and HSE06 functionals are shown in Fig. 4(b),
compared to BSE@QSGŴ results [20] and experimental data
[102]. The principal peak in the WOT-SRSH spectrum ap-
pears at ≈3.5 eV, below the experimental peak at ≈4.1 eV.
BSE@QSGŴ places this feature at ≈4.6 eV, while HSE06
shifts it further to ≈5.1 eV. Overall, WOT-SRSH yields an
optical spectrum in closer agreement with experiment com-
pared to HSE06 and a similar level of accuracy compared to
BSE@QSGŴ , in absolute value.

Finally, we turn to the analysis of magnetic exchange
parameters. These are typically described in terms of the
Heisenberg model H = −∑

i> j Ji jsis j [103], where the pa-
rameters Ji j represent the interatomic exchange interactions
between spins si and s j at sites i and j. These parameters
can be obtained by evaluating the total energies of a set
of distinct magnetic configurations (all with the same previ-
ously determined optimal parameters, to ensure consistency).
Here, we considered three magnetic configurations: ferromag-
netic (FM) order, antiferromagnetic order along [001] (AF-I),
and antiferromagnetic order along [111] (AF-II). We then
used these to extract nearest-neighbor J1, and next-nearest-
neighbor J2 exchange interactions per pair [77], using the
relations

J1 = 1
16 (EAFI − EFM),

J2 = 1
48 (4EAFII − EFM − 3EAFI), (6)

where EFM, EAFI, and EAFII are the total energies of the cor-
responding magnetic configurations. These interactions are
illustrated schematically in Fig. 5, where possible coupling
to the oxygen atoms, not considered explicitly here, is shown

for completeness. Computed values for J1 and J2 are com-
pared to experimentally deduced values in Table II. For MnO,
PBE + U yields an incorrect ordering of J1 and J2, whereas
both HSE06 and WOT-SRSH recover the correct order but
overestimate their magnitudes. In the case of NiO, the exper-
imental sign and magnitude of J1 remain uncertain. HSE06
produces values consistent with PBE + U , while WOT-SRSH
slightly overestimates J1 by about 0.4 meV. For J2, both
PBE + U and HSE06 yield results close to experiment,
whereas WOT-SRSH predicts a somewhat larger magnitude.

We note that in the conventional Heisenberg model for
antiferromagnetic oxides, oxygen atoms are not considered
explicitly, but rather are considered to mediate the magnetic
interactions through superexchange or double exchange [6].
In the calculated FM state, however, magnetic moments of
approximately 0.2–0.3 μB are induced on the oxygen atoms
due to O-p-TM-d hybridization, as shown in Table II. As a
consequence, the exchange interaction JTM−O, illustrated in
Fig. 5, can contribute directly to the total energy of the FM
configuration, EFM. As demonstrated in Ref. [77], inclusion of
JTM−O leads to a renormalization of the exchange interactions
J1 and J2, which can improve agreement with the experimental
data. For simplicity and for facilitating the comparison to prior
work, this was not considered explicitly here.

B. Fe2O3 and Cr2O3

We now consider the iron oxide α–Fe2O3, known as
hematite. Hematite crystallizes in a centrosymmetric trigonal
corundum structure [108] with a primitive unit cell containing
two formula units. Below the Morin transition temperature
(TM ≈ 260 K), the magnetic moments of the Fe ions align
collinearly along the trigonal c axis, forming an antiferro-
magnetic (AFM) configuration [109]. Above TM and up to
the Néel temperature TN ≈ 950 K, the spins reorient into the
basal plane and develop a small canting, giving rise to weak
ferromagnetism [110]. This canting originates from spin-orbit
coupling-induced Dzyaloshinskii-Moriya (DM) interactions
[111]. We also note that hematite has recently been identified
as an altermagnet [112], namely, a compensated collinear
magnet in which time-reversal symmetry is broken in mo-
mentum space, resulting in spin-split electronic states and
the absence of Kramers degeneracy. In the present work,
spin-orbit coupling and noncollinearity are neglected, and
the low-temperature collinear AFM phase is adopted for all
calculations.

As in the previous section, we tuned the parameters of
ESRSH

xc (α, γ , ε∞) [Eq. (1)] for the antiferromagnetic α–Fe2O3

using Eq. (5). Starting from ε−1
∞ = 0.21 obtained with HSE06,

we evaluate �Iγ using a 2 × 2 × 1 supercell, as a function
of the range-separation parameter γ , for various values of α.
In Fig. 6(a) we show the deviation from the IP condition,
�Iγ , for different values of α. As for MnO and NiO, several
(α, γ ) pairs satisfy Eq. (5), but the resulting band gaps and
magnetic moments vary by less than 0.1 eV and 0.05 μB,
respectively, indicating the robustness of the approach. In
the following, we adopt the WOT-SRSH solutions with the
smaller γ values. Two self-consistent iterations (see Fig. 1)
are sufficient to achieve a converged value of ε−1

∞ = 0.19.
This value is only slightly lower than the HSE06 value (0.21)
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TABLE II. Exchange interactions J1 and J2 for MnO and NiO, calculated with HSE06 and WOT-SRSH hybrid functionals, compared with
PBE + U and experimental data. The oxygen atom magnetic moment Mo, calculated in the FM configuration, is also provided.

MnO NiO

J1 (meV) J2 (meV) Mo (μB) J1 (meV) J2 (meV) Mo (μB)

PBE + U a −2.80 −1.40 0.28 1.10 −11.90 0.30
HSE06 −3.33 −3.68 0.20 1.10 −10.75 0.20
WOT-SRSH −3.47 −3.86 0.23 1.53 −15.71 0.28
Experimentb −2.4, −2.7 −2.8, −2.95 0.7, −0.7 −9.5, −8.65

aFrom Ref. [77]
bValues, from left to right, were taken from Refs. [104–107], and Ref. [107].

and marginally higher than experimental estimates (0.13–0.18
[113–115]). We then find that the final WOT-SRSH parame-
ters for hematite are (α = 0.22, ε−1

∞ = 0.19, γ = 0.30 Å−1).
WOT-SRSH results for the band gap and Fe magnetic mo-

ment in the AFM α–Fe2O3 are given in Table III, where they

FIG. 6. Deviation from the IP condition �Iγ for the SRSH func-
tional, as a function of the range separation parameter γ , shown for
different values of α for AFM (a) Fe2O3, with ε−1

∞ = 0.19, (b) Cr2O3,
with ε−1

∞ = 0.24.

are compared to results from other computational methods.
Both WOT-SRSH and HSE06 predict Fe magnetic moments
near experimental values [116,117], in good quantitative
agreement with recent PBE + U calculations [118]. However,
they predict a larger band gap compared to experiment. Recent
PBE0 calculations [119] reported a strongly overestimated
band gap of 4.30 eV, obtained with the effective α = ε−1

∞ =
0.25 of the default PBE0 parameters. Reducing α to 0.14

TABLE III. Fundamental band gap Eg and magnetic moment of
Fe or Cr atoms M, calculated with PBE + U , PBE0, PBE0 with a
modified α value of 0.14, HSE06, and WOT-SRSH, in comparison
with experimental data. For Fe2O3, PBE + U calculations [118]
employ Coulomb-U and exchange-J values of 5.5 eV and 0.5 eV,
respectively. For Cr2O3, GGA + U calculations employ U=5 eV and
J= 1 eV [121] and LSDA + U calculations use U=4 eV and J=
0.58 eV [122].

Fe2O3

Method Eg (eV) M (μB)

PBE + U a 2.19 4.01
PBE0b 4.30 −
PBE0 (α = 0.14)c 2.70 −
HSE06 3.35 4.16
WOT-SRSH 3.22 4.11
Experimentd 2.6, 2.2 4.2, 4.1

Cr2O3

Method Eg (eV) M (μB)

GGA + U e 2.6 3.01
LSDA + U f 2.83 2.89
HSE06 (α = 0.17)g 3.4 2.85
HSE06 4.21 2.87
WOT-SRSH 3.56 2.83
Experimenth 3.4 2.48, 2.76

aValue is taken from Ref. [118].
bValue is taken from Ref. [119].
cValue is taken from Ref. [119].
dValues, from left to right, were taken from Refs. [81,120,117], and
Ref. [116].
eValue is taken from Ref. [121].
fValue is taken from Ref. [122].
gValue is taken from Ref. [123].
hValues, from left to right, were taken from Refs. [124,125], and Ref.
[126].
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FIG. 7. Computed DOS, based on HSE06 and on WOT-SRSH,
compared with experimental PES and IPES measurements [81,128]
for (a) Fe2O3 and (b) Cr2O3.

decreases the gap to 2.70 eV, which is more in line with
experimental observations [81,120].

Figure 7(a) presents a comparison of the WOT-SRSH and
HSE06 calculated densities of states with experimental PES
and IPES spectra for Fe2O3 [81]. The topmost peaks in the va-
lence band are well reproduced by both functionals, showing
good agreement with the experimental PES. In the conduction
region, the WOT-SRSH and HSE06 DOS exhibit a blueshift
relative to the experimental IPES, consistent with the overes-
timation of the band gap discussed above.

Figure 8(a) shows the TDDFT-calculated optical spectra of
Fe2O3 obtained with the WOT-SRSH and HSE06 functionals,
compared with experimental data [127]. The onsets of the
calculated spectra, appearing near 2 eV, are consistent with
experiment. The principal experimental peak at approximately
3 eV is well reproduced by WOT-SRSH, while HSE06 places
it at a slightly higher energy. Both functionals also capture
additional structure between 4.5 and 6 eV, possibly corre-
sponding to the experimental feature observed between 4 and
5 eV. Interestingly, the predicted position of the principal
optical absorption peak agrees very well with experiment
despite the overestimate of the band gap. This may reflect
cancellation of errors, but may also reflect difficulties in the

FIG. 8. HSE06 and WOT-SRSH computed imaginary part of
the dielectric function, compared with corresponding experimental
measurements [127,129] for (a) Fe2O3 and (b) Cr2O3.

experimental determination of accurate fundamental gaps for
large gap insulators [15].

Next, we consider the corundum-type α–Cr2O3 (chromia).
We tuned the parameters of ESRSH

xc (α, γ , ε∞) [Eq. (1)] for the
antiferromagnetic α–Cr2O3 phase using Eq. (5). Starting from
ε−1
∞ = 0.26 obtained with HSE06, we evaluated �Iγ using

a 2 × 2 × 1 supercell, as a function of the range-separation
parameter γ , for various values of α. In Fig. 6(b) we show
the deviation from the IP condition �Iγ for different values
of α. As above, various (α, γ ) pairs satisfy Eq. (5) and we
adopt the WOT-SRSH solutions with the smaller γ values.
Two self-consistent iterations (see Fig. 1) are sufficient to
achieve a converged value of ε−1

∞ = 0.24. We then find that
the final WOT-SRSH parameters for chromia are (α = 0.15,
ε−1
∞ = 0.24, γ = 0.14 Å−1).

WOT-SRSH results for the band gap and Cr magnetic mo-
ment for the AFM Cr2O3 are given in Table III, where they
are compared to results from other computational methods.
Both WOT-SRSH and HSE06 predict Cr magnetic moments
near experimental values [125,126]. Recent DFT + U calcu-
lations [121,122] yield a Cr magnetic moments in reasonable
agreement with hybrid functional results, but underesti-
mate the band gap relative to experiment, whereas HSE06
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overestimates it. Empirical tuning of the fraction of short-
range exact exchange in HSE06 [123], which reduces α to
0.17, brings the calculated band gap in agreement with exper-
iment, obviously in a nonpredictive manner. The WOT-SRSH
calculations, using the optimized set of parameters, predict
nonempirically a band gap that is in good quantitative agree-
ment with experiment.

In Fig. 7(b) we show a comparison of the WOT-SRSH
and HSE06 calculated DOS with experimental PES and IPES
spectra for Cr2O3 [128]. The peaks in the valence band
are reasonably well reproduced by both functionals, show-
ing good agreement with the experimental PES, but still the
agreement of WOT-SRSH with experiment is somewhat bet-
ter. In the conduction region, the WOT-SRSH DOS agrees
with experimental IPES, while the HSE06 DOS exhibits a
blueshift relative to the experimental IPES, consistent with the
overestimation of the band gap discussed above.

Figure 8(b) shows the TDDFT-calculated optical spectra
of Cr2O3, obtained with the WOT-SRSH and HSE06 func-
tionals, compared with experimental data [129]. The onset of
the calculated spectrum, as well as the principal experimental
peak at approximately 4 eV, are well reproduced by WOT-
SRSH, while HSE06 places the principal peak, as well as the
subsequent peak around 6 eV, at somewhat higher energies.

IV. CONCLUSIONS

In summary, we have assessed the applicability of the
WOT-SRSH method to selected antiferromagnetic insulators.
For MnO and NiO, our results demonstrate that WOT-SRSH
provides a consistent framework for describing the correlated
electronic, magnetic, and optical properties of these materi-
als. The material-specific WOT-SRSH functional yields more
accurate band-gap predictions than both PBE + U and the
global HSE06 hybrid functional. Moreover, WOT-SRSH re-
sults are in reasonable agreement with recent quasiparticle

GW calculations [20], at a substantially lower computational
cost.

We further tested the applicability of the WOT-SRSH func-
tional to Fe2O3 and to Cr2O3 in the compensated collinear
configurations. Our results demonstrate that WOT-SRSH ac-
curately captures the electronic and magnetic properties of
hematite and chromia. Furthermore, the TDDFT-calculated
optical spectra obtained with WOT-SRSH closely match ex-
periment, indicating that this approach can reliably predict
optical properties in other magnetic materials.

Taken together, the above results expand the reach of the
WOT-SRSH method from nonmagnetic materials to gapped
magnetic insulators.
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