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We present a many-body diffusion quantum Monte Carlo (DMC) study on the ground- and excited state prop-
erties of crystalline CoO polymorphs. To our knowledge, DMC is the only electronic structure method available
to provide correct energetic ordering within experimental error bars between the three CoO polymorphs: rocksalt,
wurtzite, and zinc blende. We compare these results to density functional theory (DFT) using state-of-the-art
functionals such as SCAN. For the structural properties, such as the lattice parameters and bulk moduli, our
results are comparable to HSE and SCAN. Using DMC, we calculated the indirect and direct optical gaps as
3.8(2) and 5.2(2) eV. Our indirect optical gap compares well with the conductivity measurements of 3.6(5) eV
and GW calculations with 3.4 eV. Similarly, we obtained the DMC indirect and direct quasiparticle gaps as
3.9(2) and 5.5(2) eV. DMC direct quasiparticle gaps compare well with the direct band gap of 5.53 eV obtained
from ellipsometry studies.

DOI: 10.1103/PhysRevB.98.155130

I. INTRODUCTION

Cobalt (II) monoxide is a late transition metal oxide that
exists in three polymorphic crystalline structures: slightly
distorted rocksalt (RS), cubic zinc blende (ZB), and hexagonal
wurtzite (WZ). RS phase is known to be the most stable phase,
while ZB phase is the least stable [1–6]. In contrast to the
experiments, ab initio theoretical modeling of these materials,
with density functional theory (DFT), has met with mixed
success [7–9]. Recently developed DFT functionals, such as
SCAN [10,11], have improved the predictions on the ground
and excited states of CoO [8]. Yet, to our knowledge, no DFT
functional yields the qualitatively correct ordering between all
CoO polymorphs. This polymorphism problem has also been
observed in transition metal oxides such as MnO [12] and
less dramatically in MgO and ZnO [13]. Accurate modeling
of these polymorphs is of interest to a greater scientific and
technical community, due to their implications in the stability
of related complex materials [8,11].

Accurate theoretical modeling of strong many-body
electron-electron interactions in the valence d shells of tran-
sition metal atoms is challenging for the approximate den-
sity functionals [7,14,15]. Local density approximation [16]
(LDA), generalized gradient approximation [17] (GGA), and
SCAN predict ZB ground state for CoO [8]. Hubbard U

and J corrections [18–20] are commonly used to model
repulsive Coulomb interactions on the strongly correlated
d electrons. LDA+U+J [21] and PBE+U+J [22] predict
the correct energetic ordering between CoO polymorphs.
However, PBE+U [22] and SCAN+U [8] still predict an
incorrect ZB ground state for CoO. In Table I, we show
that our DFT and DFT+U calculations also agree with these
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findings. U parameter can be determined self-consistently
using linear response theory [23]. However, suitable U and J

parameters are often chosen based on their agreement with the
experimental results which compromise the ab initio character
of such calculations. Various U parameters were used on
CoO polymorphs ranging from 3.3 to 8 eV depending on
the properties studied, such as magnetic moments, electronic
band gaps, and magnetic transitions [9,21,22,24,25]. It is
well known that local and semilocal density functionals can
drastically underestimate the band gap, and more advanced
methods typically increase the band gap to near below and at
the experimental range [7]. Different experimental techniques
yield RS-CoO as an insulator with a band gap of 2.5–6 eV
[26–30]. It has been argued that an accurate measurement
of the band gap of CoO is challenging due to d-d intraband
transitions [27]. SIC-LDA predicts a band gap of 2.81 eV
[31]. Green’s function [32] (G0W0) method predicts a band
gap of 2.47 eV [33] and 3.4 eV [34] demonstrating a strong
dependence on the input orbitals. Therefore, it can be of great
scientific interest to explore the ground- and excited state
properties of CoO, using a many-body theoretical method
which is more robust with respect to starting conditions, such
as diffusion quantum Monte Carlo (DMC) [35,36].

In this paper, we investigate structural, ground-, and ex-
cited state properties of CoO polymorphs using DMC. DMC
can explicitly account for the antisymmetry of the many-body
wave function and electron correlation, without using any
empirical parameters [35]. DMC is capable of near chemical
accuracy for both ground and excited states [36–40], while
achieving a scaling of O(N3) with constant statistical er-
ror bar [41,42]. Here, N is the number of electrons in the
simulation. With recent advances in computational capabil-
ities, DMC has already been applied to various properties
in binary transition metal oxides such as FeO [39], NiO
[43,44], MnO [12], TiO2 [37,45,46], Ti4O7 [47], VO2 [48,49],
and ZnO [37,50,51]. While Co dimers and Co-containing
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TABLE I. Equilibrium volume (V0, in Å3/f.u.), bulk modulus (B0, in GPa), cohesive energy (Ecoh, in eV/f.u.) of rocksalt (RS) CoO, and
total energies of the wurtzite (WZ) and zinc-blende (ZB) phases with respect to the RS phase (�EWZ/RS and �EZB/RS respectively, in units of
eV/f.u.).

RS WZ ZB

V0 B0 Ecoh V0 B0 �EWZ/RS V0 B0 �EZB/RS

(Å3) (GPa) (eV/f.u.) (Å3) (GPa) (eV/f.u.) (Å3) (GPa) (eV/f.u.)

PBE 18.86 189 9.70 23.16 131 −0.188 22.70 127 −0.260
PBE+U 19.61 171 9.50 24.47 128 −0.037 24.18 128 −0.061
PBE+U+vdWa 19.12 183 9.92 24.30 136 −0.010 24.08 135 0.041
SCAN 18.94 204 10.47 23.22 152 −0.038 22.93 146 −0.091
SCAN+U 19.18 189 10.45 23.86 145 0.071 23.68 147 0.063
SCAN+U+vdWb 19.06 192 10.59 23.72 148 0.110 23.53 149 0.102
HSE 19.23 200 8.93 23.71 143 −0.030 23.96 146 −0.043
DMC 19.23(3) 179(12) 9.5(1) 23.58(7) 143(8) 0.28(5)c 23.67(6) 144(6) 0.37(5)
Experiment 19.25 [76] 180 [54] 9.45 [55,56] 23.71 [6] N/A 0.27 [2],0.26 [4] 23.55 [77] N/A ∼0.4(1) [1,2]

aTS vdW correction [83].
brvv10 vdW correction [84].
cSemiempirical calculations.

molecular complexes have been studied previously, to our
knowledge, DMC has not yet been applied to study bulk Co
oxides [52,53].

II. METHODS

A. Diffusion Monte Carlo

Here, we only provide a brief overview of the diffusion
Monte Carlo approach. Additional details can be found in
Refs. [35,36,38]. Diffusion Monte Carlo estimates the ground-
state energy of the many-body problem by simulating the
evolution of the wave function in imaginary time, τ :

∂

∂τ
�(R, τ ) =

(
−1

2
∇2 + V − E

)
�(R, τ ). (1)

Here ∇2 and V are the kinetic and potential energy operators,
�(R, τ ) is the wave function, and E is the ground-state energy
offset. By adjusting the ground-state energy offset, higher
energy states are exponentially damped in the equilibration
phase of the DMC calculations. Once the steady state is
reached, the ground state is projected out statistically.

To solve Eq. (1), an initial or trial wave function �T (R, t )
is provided, which is then projected through importance sam-
pling [57]. The trial wave function is typically obtained as
a product of Slater determinants from DFT calculations and
variational Monte Carlo (VMC) optimized Jastrow factors:

�(R, τ ) = D↑(R)D↓(R)e−(J1+J2+J3 ). (2)

Here D↑ and D↓ are the spin up and spin down Slater
determinants obtained from DFT calculations in our work,
while J1, J2, and J3 terms refer to the one-body, two-body, and
three-body Jastrow terms, respectively. VMC calculations can
typically recover 60%–90% of the total valence correlation
energy [58]. Therefore, they are mainly used to optimize
the Jastrow parameters. DMC calculations are then used to
recover the remaining correlation energy.

B. Computational details

Practical DMC calculations on realistic materials require
several approximations. A detailed explanation of these ap-
proximations and test calculations are given in the Supple-
mental Material [59]. QMC calculations were performed us-
ing QMCPACK [60], while DFT-QMC calculation workflows
were generated using Nexus [61] software suite. We used
the locality approximation to reduce localization error in
DMC calculations [62–64]. Model periodic-Coulomb (MPC)
[65,66] interaction was used to eliminate spurious two-body
interactions on the potential energy [65,66]. We have included
up to three-body Jastrow [58] parameters to optimize the trial
wave function, using variance and energy minimization [67]
consecutively. Various sophisticated methods can be used to
optimize the nodal surface of the trial wave function [68–71].
However, we generated single particle Slater determinants
within the LDA+U [18,24] approach, using QUANTUM

ESPRESSO [72] code. These DFT orbitals were then used as
trial wave functions for the DMC calculations. Here, the U

parameter was only used as a variational parameter in DMC
to optimize the nodal surface of the trial wave function. For all
three CoO phases, the minimum total energies were obtained
at U = 5 eV. Charge densities optimized at different U values
are cross-checked as the starting charge densities to ensure
correct orbital ordering in each LDA+U calculation [73]. For
Co and O atoms, we used hard LDA RRKJ pseudopotentials
that had been generated using OPIUM [74] code and tested
for use in QMC [75]. Here, we used a kinetic energy cutoff
of 350 Ry. A time step of 0.01 Ha−1 and 3 × 3 × 3 reciprocal
twist were used in all DMC calculations. Finite size extrapo-
lations were made using up to 64 atom simulation cells for the
energy differences between the polymorphs (Fig. 1), whereas
32 atom cells were used for the equation of states calculations.

Experimental coordinates [6,76,77] were scaled isotropi-
cally to obtain energy versus volume curves. We used Mur-
naghan’s equation of state [78] fits to obtain bulk moduli.
For the excited state DMC calculations, we identified the
conduction band (CBM) and valence band maxima (VBM)
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FIG. 1. DMC energies of rocksalt (RS), wurtzite (WZ), and zinc-
blende (ZB) phases of CoO. Energies on the y axis are shifted
by −161.43905 Ha, which is the DMC energy of the RS phase
extrapolated at infinity. Extrapolations are performed using jackknife
sampling. Experimental energy difference between the RS and ZB
phases, �ERS/ZB , is shown with the green shaded area. If not shown,
error bars on the DMC energies are smaller than the marker size.

using PBE+U . We calculated zero-point energies at the DFT-
PBE level using PHONOPY [79]. For benchmark DFT and
DFT+U calculations, we used the Vienna ab initio simula-
tion package [80,81] (VASP) code. Projector-augmented wave
pseudopotentials [82] were used to replace the core electrons
and a kinetic energy cutoff is chosen as 520 eV. We used
self-consistently determined +U values of 3.4 and 2.9 eV
for PBE+U and SCAN+U calculations [8]. Complementary
vdW corrections [83,84] for the DFT+U functionals in this
study were obtained from Ref. [8].

III. RESULTS

A. Ground-state energies and phase stability

Below the Néel temperature (TN = 287 K) RS-CoO is
a type-II antiferromagnet (AFM-II) [76,85–87]. Unlike RS-
CoO, there is no experimental information regarding the
magnetic configuration of WZ and ZB-CoO. DFT calculations
shows that, for WZ and ZB, AFM-I and AFM-III magnetic
configurations are the ground states with only 2–3 meV en-
ergy difference [22,88]. Therefore, in our DMC calculations,
we used the AFM-I magnetic configuration for both WZ
and ZB. Detailed illustrations of the crystal structures and
the magnetic configurations are given in the Supplemental
Material [59].

Finite size extrapolations of DMC ground state energies
are shown for RS, WZ, and ZB phases in Fig. 1. In Fig. 1,
the x axis represents the inverse number of atoms given in
each simulation cell, while the y axis is the DMC energy
per formula unit. Our results are summarized in Table I and
energetic quantities are plotted in Figs. 2(a) and 2(b). DMC
energy difference between ZB and RS CoO, �EZB/RS , is
0.37(5) eV, which is in excellent agreement with the experi-
mental value: �E

Expt

ZB/RS ≈ 0.4 ± 0.1 eV (37 ± 10 kcal/mol)
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FIG. 2. Stability of the (a) WZ and (b) ZB phases compared
to the RS phase. (c) Cohesive energy of the RS phase. Seven
DFT functionals and DMC results are compared with respect to
experiments. All values in y axes are given in eV.

[1]. �EDMC
WZ/RS is equal to 0.28(5) eV, which contains the

semiempirical [2] and indirect estimates [4] of �EWZ/RS with
0.26–0.27 eV within statistical errors. None of the standalone
DFT approaches we investigated are successful at predicting
the correct energy differences between the ZB and RS phases.
Figure 2 shows that +U correction on SCAN functional yields
the qualitatively correct �EZB/RS and the results are slightly
improved with the addition of the van der Waals (vdW)
corrections. However, SCAN+U predicts WZ energetically
more favorable than to ZB, which is incorrect with respect to
experiments.

Table I and Fig. 2(c) show that the best agreement with
the experimental cohesive energy of RS-CoO is obtained with
PBE+U and DMC. PBE+U cohesive energy is 9.50 eV/f.u.,
while DMC cohesive energy is 9.5(1) eV/f.u. Experimental
cohesive energy, 9.45 eV/f.u., is within the 1-σ error of
the DMC cohesive energy. Significant overestimation of the
cohesive energies, larger than 10 eV, with SCAN might be
related to pseudopotential error in the gas phase calculation.
Figure 2(c) shows that +U corrections decrease the cohesive
energy, while vdW corrections lead to an increase. When +U

or vdW corrections are applied on SCAN functional, similar
but less dramatic changes are observed compared to PBE.

B. Structural properties

DFT functionals can typically yield reasonable bulk mod-
uli due to the cancellation of errors between the isotropically
scaled structures [89]. In addition to the numerical values in
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and ZB results are shown using squares, circles, and triangles,
respectively. DMC bulk moduli is used as the reference for WZ and
ZB phases, while experiments in Table I are used for RS. Error bars
on DMC results are smaller than marker size, when not visible.

Table I, relative errors in equilibrium volume V0 and bulk
moduli B are given in Fig. 3 for better visual representation.
Energy versus volume curves for all phases can be found in the
Supplemental Material [59]. In Fig. 3, each DFT functional
is shown in different colors, while the RS phase is shown
with squares; WZ and ZB phases are shown in circles and
triangle, respectively. Experimental equilibrium volumes and
bulk moduli are used as the reference whenever possible.
Experimental bulk moduli of WZ and ZB phases are not
available to our knowledge; therefore, DMC bulk moduli are
used as the reference. In Fig. 3, SCAN+U , SCAN+U+vdW,
and PBE+U+vdW bulk moduli are within or near the 1-σ
uncertainties of the DMC bulk moduli for all phases. DMC
bulk moduli are rather sensitive to the uncertainties in energy
vs volume curves, but a comparison among DFT bulk moduli
can also be useful. SCAN functional yields larger bulk moduli
compared to PBE. In RS and WZ-CoO, +U interactions
decreases the bulk moduli, while bulk modulus of ZB-CoO
is only slightly increased with +U interactions. The bulk
moduli are increased with vdW and +U interactions. VdW
interactions are more attractive in the short range and they
increase the curvature of the energy versus volume curve.
This effect is more pronounced in RS CoO, due to its larger
coordination number and ionicity.

In Fig. 3, SCAN+U yields the most accurate equilibrium
volumes compared to all DFT functionals investigated. Gen-
eral improvement of the standalone DFT functionals follows
“Jacob’s ladder”: SCAN and SCAN+U perform better than
PBE and PBE+U , respectively. While PBE and SCAN un-
derestimate the equilibrium volume, PBE+U largely overes-
timates. It is well known that +U interactions yield larger
equilibrium volumes compared to standalone DFT functionals
due to enhanced repulsive interactions between the electrons
[90]. We find that vdW corrections yield smaller equilibrium
volumes in both PBE and SCAN, due to the additional
attractive interactions in the short range [38]. Except for

TABLE II. Excited state properties of RS CoO. Indirect and di-
rect band gaps from DFT calculations correspond to the generalized
Kohn-Sham eigenvalue differences from band-structure calculations.
DMCQP is the quasiparticle gap calculated using DMC. All quanti-
ties are given in eV.

Indirect gap (K → �) Direct gap (� → �)

PBE 0
SCAN 0.94 1.50
PBE+U 2.22 2.61
SCAN+U 1.65 2.94
HSE [34] 3.2 4.0
HSE-G0W0 [34] 2.47 [33], 3.4 4.5
DMC 3.8(2) 5.2(2)
DMCQP 3.9(2) 5.5(2)
Expt. 2.5(3) [26], 5.43 [27], 2.8 [28], 6 [30], 3.6(5) [91]

RS-CoO, SCAN+U+vdW achieves perfect agreement with
experimental equilibrium volumes. The DMC equilibrium
volumes of all polymorphs are in good agreement with the
experimental values, within the statistical error bars.

C. Excited state properties

In Table II, we show DMC and DFT study of excited states
in RS-CoO. For RS-CoO, photoemission studies find a gap of
2.5 ± 0.3 eV [26] and 6.0 eV [30], optical absorption yields a
gap of 2.8 eV [28], and conductivity studies report a band gap
of 3.6 ± 0.5 eV [91]. However, ellipsometry studies showed
that these smaller band gaps can be intraband transitions
within the d band and the direct band gap of the material is
5.43 eV [27]. Powell and Spicer [92] compared the optical
absorption spectra of NiO and CoO, and show that their
absorption spectrum is very similar in character. Since CoO
absorption edge occurs at a higher energy than in NiO, the
band gap of Co must be larger than the band gap of NiO
[26,30]. In comparison, the band gap of NiO is well studied to
be between 3.7 and 4.3 eV [27,29,92,93]. With this survey of
experimental studies, we conclude that the band gap of CoO
is controversial; however, the ellipsometry studies have been
able to explain the lower energy transitions that are measured
in other studies.

Our DMC results on the excited states of RS-CoO agree
with several experimental and computational studies. DMC
indirect quasiparticle gap is 3.9(2) eV, while the direct quasi-
particle gap is 5.5(2) eV. Our DMC direct gap quasiparticle
gap is in close agreement with the ellipsometry studies in
Ref. [27]. We present the quasiparticle gap value here along
with the DFT Kohn-Sham band gaps and DMC optical gaps
in Table II. Our DMC indirect and direct optical band gap
results are 3.8(2) and 5.3(2) eV, respectively. These results
are in close agreement with the conductivity measurements
[91] and GW calculations [33]. These results also imply an
exciton binding energy of nearly 0.3(2) eV, which is within
the statistical errors of zero.

IV. CONCLUSIONS

We studied the three known polymorphs of CoO using
DMC. Although molecules and clusters involving Co have
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been studied using DMC, our work was an attempt involv-
ing a bulk Co system. We showed that DMC is able to
provide excellent agreement with the experimental data on
the energy differences between the polymorphs and the bulk
moduli. Our study shows the deficiencies of DFT methods in
such properties of cobalt oxides, which can only be partially
corrected using empirical interaction terms. We showed that
none of the studied DFT functionals are able to provide
correct energetic ordering between the three polymorphs of
CoO. The success of DMC in these properties will facil-
itate more accurate theoretical results in other properties

such as phase diagrams and magnetic transitions in cobaltite
phases.
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