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We determine the equation of state of stoichiometric FeO by employing the diffusion Monte Carlo

method. The fermionic nodes are fixed by a single Slater determinant of spin-unrestricted orbitals. The

calculated ambient-pressure properties (lattice constant, bulk modulus, and cohesive energy) agree very

well with available experimental data. At approximately 65 GPa, the atomic lattice changes from the

rocksalt B1 to the NiAs-type inverse B8 structure.
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Transition metal oxides are solids with strong electron-
electron correlations that lead to a rich variety of observed
structural and electronic phases. These materials pose dif-
ficulties for condensed matter theories due to competitive
interplay among correlation and exchange in d subshells,
crystal field effects, d-p hybridization, and charge transfer.
In particular, FeO represents one of the challenging simple
oxides due to the nominally open-shell occupation of the
3d levels. High-pressure properties of FeO are of interest
also in geophysics, since FeO is an end member of an
important constituent of Earth’s interior, Fe1�x MgxO.
Iron oxide proved to be problematic for the density func-
tional theory (DFT) in the local density and generalized
gradient approximations (LDA and GGA). For example,
both LDA and GGA predict an incorrect ground state
lattice structure [1–3].

At ambient conditions, FeO crystallizes in the B1 (NaCl-
type) structure. It is antiferromagnetically ordered at tem-
peratures below 198 K and this ordering is accompanied by
a small rhombohedral distortion denoted as rB1—the unit
cell is stretched along the [111] body diagonal. Shock-
wave studies showed that around 70 GPa the oxide trans-
forms to a different structure [4], which was inferred as B2
(CsCl type) in analogy with similar materials, but LDA
calculations hinted that much larger pressure, around
500 GPa, would be needed to stabilize B2 against the B1
phase [5]. Besides that, no such structural transition was
detected in static compression experiments [6], unless the
material was significantly heated up [7]. X-ray diffraction
performed along the high-temperature static compression
revealed that the high-pressure structure is actually B8
(NiAs type) [7].

There are two distinct ways of putting FeO on NiAs
lattice, the so-called normal B8, where iron occupies Ni
sites, and inverse B8 (iB8 for short), where iron sits on As
sites. It is the latter configuration that band-structure theo-
ries identify as the most stable one [1–3]. A reinterpreta-
tion of the data from Ref. [7] suggests that the high-
pressure phase is a mixture of the B8 and iB8 phases [1].
On the theoretical side, the iB8 structure proved to be
difficult for the LDA and GGA methods, since they predict

the iB8 phase more stable not only than B8 but also than B1
at all pressures, clearly contradicting experimental find-
ings. It has been demonstrated that inclusion of CoulombU
alleviates this problem [2,3].
In this Letter, we calculate the equation of state of

stoichiometric FeO using the fixed-node diffusion
Monte Carlo (DMC) method [8], a many-body computa-
tional approach that accurately treats even strongly corre-
lated systems. For the sake of comparison with the
aforementioned studies, we focus only on the two key
structures—B1 with the type-II antiferromagnetic (AFM)
ordering (space group R�3m) and iB8 also in the AFM state
(group P�6m2). We show that the DMC method, even in its
simplest version based on a single-determinant Slater-
Jastrow wave function, provides a very consistent picture
of this complicated system that closely follows experimen-
tal data.
The guiding wave function that determines the fermi-

onic nodes in our DMC simulations is of the Slater-Jastrow
type �G ¼ �S exp½J�, where

�Sðr1; . . . ; rNÞ ¼ detfc �g ¼ detf�"
�g detf�#

�g; (1a)

Jðr1; . . . ; rNÞ ¼
X
i;j

fðri � rjÞ þ
X
i;I

gðri �RIÞ: (1b)

The lowercase indices in Eq. (1b) run over electrons, the
uppercase index denotes ions. The Jastrow correlation
factor J contains one- and two-body terms, g and f, that
have the same form as in Ref. [9] and include 17 variational
parameters that were optimized within the variational
Monte Carlo framework. The single determinant of spin
orbitals c � becomes a product of spin-up and spin-down

determinants of spatial orbitals f�"
�;�

#
�g after fixing the

electron spins, N" ¼ N# ¼ N=2, while the overall state is a
spin-unrestricted antiferromagnet.
The large energy scale of core electrons poses a diffi-

culty for DMC calculations in an analogous way as it does
for plane-wave based electronic structure techniques.
Therefore, we replace the atomic cores by norm-
conserving pseudopotentials [10] within the so-called lo-
calization approximation [11]. We employ small-core
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pseudopotentials to minimize biases caused by elimination
of the core states. Recently, we have argued [12] that in
transition metal compounds even small-core pseudopoten-
tials could lead to imprecisions in describing phenomena
which involve spin-related transitions. However, this
should not affect the present calculations, since iron atoms
in FeO stay in a high-spin state in the whole range of
pressures we study in both B1 and iB8 phases. This applies
to the DMC results as well as to the flavors of DFTwe used
to construct the Slater determinants (see Ref. [10] for
details).

The quality of the fixed-node DMC total energy is
determined solely by the quality of fermionic nodes of
the guiding wave function. The fermionic nodes of a
wave function given by Eq. (1) are controlled by the one-
electron orbitals f��;��g. Currently, the direct variational
Monte Carlo optimization of such orbital sets is impracti-
cal for simulation sizes required for our study. Instead, we
use one-electron orbitals from spin-unrestricted calcula-
tions with the hybrid PBE0 functional given as [13]

EPBE0
xc ¼ aEHF

x þ ð1� aÞEPBE
x þ EPBE

c : (2)

Here EPBE
x and EPBE

c are exchange and correlation parts of
the PBE GGA [14], EHF

x is the exact exchange from
Hartree-Fock (HF) theory, and the weight a is in the range
0< a< 1. We have found that inclusion of the exact-
exchange term into the PBE GGA has similar effect as U
in the LDAþU method. The hybrid functional opens a
gap in the electronic spectrum of the AFM B1 phase and
stabilizes it relative to the iB8 structure. Both the gap and
the transition pressure increase with increasing a. The iB8
phase is still more stable than B1 at all pressures for the
mixing weight a ¼ 0:05, while the transition from B1 to
iB8 occurs at 5 GPa for a ¼ 0:1 and at 43 GPa for a ¼ 0:2.
Note that in MnO, which exhibits similar structural tran-
sition, the experimental range of transition pressures is
reached already for a � 0:1 [12], whereas in the present
case of FeO, the transition takes place much sooner than in
experiments (�70 GPa) even for twice as large exact-
exchange weight in the PBE0.

The exchange-correlation functional of Eq. (2) defines a

one-parametric class of single-particle orbitals f�ðaÞ
� ;�ðaÞ

� g,
which can be used to minimize the DMC fixed-node error
by varying the exact-exchange weight a. Although in
simple insulators, such as silicon, the differences between
fixed-node energies corresponding to various sets of one-
particle states were found to be rather marginal [15], more
pronounced differences have been observed for transition
metal systems. In isolated transition metal monoxide mole-
cules, the fixed-node DMC energies with orbitals from the
B3LYP (a hybrid functional similar to the PBE0) are
noticeably lower than with the HF or pure DFT orbitals
[9,16]. DMC optimization of the exact-exchange propor-
tion in the B3LYP was performed in Ref. [16] for MnO
molecule. The optimal value was reported as approxi-

mately 17%, but the minimum was rather broad and shal-
low and values between 5% and 30% were almost equiva-
lent. Therefore, we have chosen the weight a in the PBE0
to be a ¼ 0:2; i.e., 20% of the GGA exchange is replaced
with the exact exchange. In the following we abbreviate
this functional as PBE020. This choice is compatible with
findings of Ref. [16] and leads to reasonable ambient-
pressure properties of FeO already within the (hybrid)
DFT; i.e., the B1 structure is insulating and more stable
than iB8. We have also checked that at equilibrium the
PBE020 orbitals provide lower DMC energy than either
pure HF or pure PBE GGA. For example, the energy gain
associated with the PBE020 orbitals was �0:3 eV=FeO
when compared to the HF orbitals.
We represent the infinite crystal by a periodically re-

peated simulation cell containing 8 FeO units, i.e., 176
valence and semicore electrons. Although such a system is
certainly not small to deal with in an explicitly many-body
fashion, finite-size errors turn out to be significant if not
treated properly. The origin of these errors is twofold. One
part is related to incorrect momentum quantization due to
confinement of electrons into the simulation cell, the sec-
ond part comes from the artificial periodicity of the
exchange-correlation hole introduced by Ewald sum.
In order to eliminate the first part of the bias, we average

over the so-called twisted boundary conditions. This type
of average is closely related to momentum integration over
the first Brillouin zone in mean-field band theories [17]. In
this study we deal only with insulating states and we have
found that just 8 twists are enough for our simulation cell
size. We have verified that within the PBE020 the total
energy obtained in our simulation cell using 8 k points
differs only � 0:01 eV=FeO from fully converged integral
over the Brillouin zone.
The second part of the finite-size errors is accounted for

by the correction introduced in Ref. [18] where the energy
at infinite volume is written as

E ¼ EEwald þ 1

4�2

Z
D
d3k

SðkÞ
k2

: (3)

The static structure factor is defined as SðkÞ ¼
h�0j�̂k�̂�kj�0i=N with �̂k standing for a Fourier compo-
nent of the electron density. The integral in Eq. (3) runs
over a domain D centered around k ¼ 0 and having vol-
ume 8�3=�, where� is volume of the simulation cell. The
structure factor SðkÞ is evaluated within the DMC method
at a discrete set of points and then extrapolated towards
k ¼ 0. Performance of Eq. (3) applied to FeO is illustrated
in Fig. 1, where we plot the total energy at two different
electron densities as calculated in simulation cells of varied
size up to 16 FeO units, i.e., 352 valence and semicore
electrons. The correction eliminates more than 90% of the
finite-size bias and enables us to replace the expensive size
scaling analysis of Fig. 1 by a simple formula, Eq. (3).
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Results.—Let us first discuss equilibrium properties of
the B1 phase. For the cohesion energy, Ecoh ¼ EFe þ EO �
EFeO, our DMC simulations yield 9:66� 0:04 eV=FeO
that matches 9:7 eV=FeO deduced from experimental for-
mation enthalpies [19]. The electronic gap, estimated as a
difference between total energies of the ground and the first
excited states at the � point of our 8 FeO simulation cell,
comes out as 2:8� 0:3 eV. This value is not too far from
the optical absorption edge observed near 2.4 eV [20]. The
weak feature displayed between 1.0 and 1.5 eV in these
experiments is not reproduced in the theoretical picture of
FeO we present here. This feature is possibly related to
imperfections in structural or magnetic order, since essen-
tially the same absorption band was repeatedly observed in
other systems where Fe atoms act as impurities [21,22].

The DMC energy is plotted as a function of volume in
Fig. 2 together with fitted Murnaghan equation of state. An
alternative fit with Vinet equation of state provides virtu-
ally identical results (see Ref. [10]). The parameters of the
least-squares fit are compared with other electronic struc-
ture methods and with experiments in Table I. The DMC
estimate for the equilibrium lattice constant a0 is in ex-
cellent agreement with experimental value extrapolated to
the stoichiometric FeO and offers more consistent predic-
tion than the LDA or GGA. All methods shown in Table I
provide essentially the same value of the bulk modulus K0

that is noticeably larger than typical experimental results.
However, extrapolation to stoichiometry leads to values in
the vicinity of the theoretical data [23–25]. The isothermal
pressure derivative of the bulk modulus K0

0 turns out to be

larger in the DMC method than in the DFT. The DMC
prediction is compatible with elastic-wave experiments
[24].

We impose the cubic symmetry for the low-pressure B1
phase; i.e., the rhombohedral distortion is neglected. We

have checked the impact of this restriction by comparing
DMC total energies for different distortions at high com-
pression, where the distortion is enhanced. At the volume

of 15:3 �A3=FeO, the energy gain associated with the rhom-
bohedral distortion was of the order of statistical error bars
�0:02 eV=FeO, i.e., too small to affect the results (at least
within the DMCmethod with a single-determinant guiding
wave function).
In the high-pressure iB8 phase, the c=a ratio has been

optimized within the PBE020. We have found an increase

from 1.93 at volume 17 �A3=FeO to 2.03 at 14 �A3=FeO.
These ratios agree well with experimental c=a ¼ 2:01 at

14:83 �A3=FeO reported in Ref. [7].
The pressure Pc ¼ 65� 5 GPa of the structural transi-

tion from the B1 to the iB8 phase has been determined
from equality of Gibbs potentials, GB1ðPcÞ ¼ GiB8ðPcÞ;
see Fig. 2. The error bar is given by statistical uncertainties
of the Monte Carlo data. A correction for the residual

TABLE I. Equilibrium lattice constant a0, bulk modulus K0,
and its derivative K0

0 ¼ ð@K0=@PÞT calculated in this work

(DMC and PBE020, T ¼ 0 K) compared to selected theories
and room-temperature experiments. The experimental a0 is
extrapolated to the stoichiometric FeO, the experimental K0

and K0
0 correspond to Fe0:943O.

a0 (Å) K0 (GPa) K0
0

DMC 4.324(6) 170(10) 5.3(7)

PBE020 4.328 182 3.7

GGA [3] 4.28 180 3.6

LDA [5] 4.136 173 4.2

Experiment 4.334 [23] 152.3 [24] 4.92 [24]
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FIG. 2 (color online). Total energies of the B1 (red squares)
and the iB8 (blue circles) phases. Lines are fits with Murnaghan
equation of state. Inset: Difference between Gibbs potentials of
the two phases at T ¼ 0 K.
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FIG. 1 (color online). Finite-size errors of the twist aver-
aged DMC energy at volumes 15:9 �A3=FeO (left) and
20:4 �A3=FeO (right). Shown are Ewald energies (red squares)
and values corrected by Eq. (3) (blue circles). The finite-size
errors increase with increasing electron density. The residual
bias of the corrected data also grows, the rate is
�0:015 eV �A�3=FeO. The energy in the infinite cell E1 is
extrapolated from the data shown. Statistical error bars are
smaller than the symbol sizes (here, as well as in Fig. 2).
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finite-size error quoted in Fig. 1 would raise this pressure
by less than 3 GPa. Our estimate corresponds to low
temperatures, where experiments suggest considerably
higher transition pressure Pc. It was proposed that an
energy barrier requiring a thermal activation could cause
a seemingly elevated Pc [6,26]. In such a scenario, the iB8
phase should be stable at low temperatures once it is
produced. Recent experiments show that iB8 is quenchable
down to room temperatures, but instabilities occur under a
subsequent pressure decrease [27].

Another mechanism that could alter the relative stability
of the B1 and the iB8 phases is the presence of defects and
nonstoichiometry. A reduced stability of the iB8 phase
associated with departure from the ideal FeO lattice can
be deduced from experiments on closely related materials.
In Fe1�xO, iB8 is less stable than theory suggests for clean
FeO, and no iB8 is observed in Fe1�x MgxO even with as
little as 5% of Mg in the sample [27].

Additional means of comparison of our data with experi-
ments is the PðVÞ equation of state, Fig. 3. Agreement
between data for the B1 structure (after extrapolation to
stoichiometric FeO) is very good and reaffirms similarly
close correspondence of ambient-pressure parameters
shown in Table I. Our curve for the iB8 structure also
follows the x-ray data of Ref. [7] rather nicely (no stoichi-
ometry related correction was attempted in this case).

In summary, the equation of state and basic electronic
structure of FeO calculated with the diffusion Monte Carlo
method agrees very well with many aspects of available
experimental data. Considering that the DMC calculations

are essentially parameter-free and that the fixed-node con-
dition was enforced using a single Slater determinant wave
function, the degree of consistency of the provided picture
is quite remarkable.
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FIG. 3 (color online). PðVÞ curves of the B1 (red, low pres-
sure) and the iB8 (blue, high pressure) phases. Lines are our
DMC fits as in Fig. 2. Points are experimental data: filled circles
[6] (B1, Fe0:98O), empty circles [28] (B1, Fe0:94O), empty
squares [7] (iB8, Fe0:98O). All B1 data [6,28] were taken at
room temperature, the iB8 data [7] at 900 K. B1 data sets are
shown relative to the equilibrium volume to reduce the non-
stoichiometry effects.
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