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First-principles study on electronic structures and phase stability
of MnO and FeO under high pressure
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The electronic structures and the phase stability of MnO and FeO under ultrahigh pressure were studied by
the first-principles plane-wave basis pseudopotential calculations. Different crystal structures combined with
different spin structures were studied systematically for both MnO and FeO with full structure optimization.
The present calculations based on generalized gradient approximation~GGA! account well for the properties of
MnO and FeO especially in the high-pressure region. For the low pressure regime, where the electron corre-
lation is very strong, we performed the LDA1U calculations with the electron correlation and the spin-orbit
coupling taken into account to supplement the GGA results. Our results predict that the high-pressure phase of
MnO should take the metallic normal NiAs~nB8! structure rather than the B2 structure, and that a metastable
nonmagnetic B1 structure with stretched distortion along the@111# direction can be realized for MnO in the
intermediate pressure range. A unique antiferromagnetic inverse NiAs~iB8! structure as the high-pressure
phase of FeO was discussed in detail, and the uniqueness was made clearer by comparing with the FeS case.
The distortions and the magnetic moments for different phases were characterized. The largerc/a ratios for
both nB8 MnO and iB8 FeO can be explained based on our analysis of the cation-radius/anion-radius ratio
versusc/a for series of related materials.@S0163-1829~98!01246-6#
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I. INTRODUCTION

The transition-metal monoxides~TMMO!, with the rock
salt ~B1! structure at ambient condition, have occupied
special position in condensed-matter physics for decades
prototypical example of the Mott insulators.1 They served as
standard systems for the study of the basic natures of i
lating state, super-exchange and orbital magnetism. The
sic properties of TMMO are specified by the electron cor
lation whose strength is measured byU/W with U the
effective Coulomb interaction intergral betweend electrons
andW thed-band width. Another important quantity isD/W
with D the electron excitation energy from the oxyg
p-states to the transition metald states. As thed band width
is most directly controlled by pressure, the high-press
studies of TMMO have been regarded as a useful way
understand their basic properties. Insulator-metal transit
magnetic moment collapse and so on are possible transi
which may happen under high pressure. In addition to th
structural phase transitions induced by pressure are als
attractive subject. Particularly for FeO, its stable high pr
sure phase may have an important implication in the e
science because FeO is one of the basic oxide componen
the interior of the Earth.

For both MnO and FeO, antiferromagnetic~with type-II!
rhombohedrally distorted B1 phases, called AF rB1 here
ter, are observed experimentally under ambient press
when temperature is decreased below the Ne´el temperature.
However, there is a difference between MnO and FeO.
PRB 590163-1829/99/59~2!/762~13!/$15.00
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rocksalt cell is compressed along a body diagonal for Mn2

while stretched for FeO.3,4 The AF spin ordering is such tha
all transition-metal (TM21) ions in planes perpendicular t
the @111# direction of the rocksalt cell have the same sp
alignment, and the spins between nearest-neighboring pl
are antiparallel. With increasing pressure, the rhombohe
distortion for FeO in the AF state is enhanced~more
stretched!.4 However, a very recent experiment showed th
the rhombohedral distortion for MnO in the AF state will b
more compressed with increasing pressure.2

A recent shock compression experiment on MnO show
the existence of a possible high-pressure phase abov
GPa,5 though some earlier static high-pressure experime
on MnO indicated an absence of the high-pressure phas
to pressure of 90 GPa at room temperature.6,7 However, the
crystal structure of the high pressure phase of MnO has
been determined yet. Considering the fact that almost al
the alkaline-earth monoxides with the B1 structure at norm
pressure undergo structure phase transitions from the B
the CsCl type~B2! structure or distorted B2 structure at hig
pressure8–11 except MgO which remains in the B1 structu
up to 230 GPa,12 it was speculated that the high-pressu
phase of MnO may take the B2 structure. The specula
was based on the observation that in the plane of the crit
pressures versus cation ionic radius, alkaline-earth mon
ides except MgO are connected by a smooth line and
MnO is located at a smoothly extrapolated part of this li
~while FeO is clearly off the line!.5 More recently, a high
pressure experiment with static compression at room t
762 ©1999 The American Physical Society



-

.
nd
8

PRB 59 763FIRST-PRINCIPLES STUDY ON ELECTRONIC . . .
FIG. 1. Comparision of AF normal B8~nB8!
and inverse B8~iB8! structures. Oxygen is de
noted by a small black filled circle, Mn~or Fe!
with up spin by a large open circle, and Mn~or
Fe! with down spin by a large gray filled circle
These two structures are definitely different, a
there is no inversion symmetry for the AF iB
structure.
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perature was performed for MnO up to 137 GPa and x-
diffraction patterns were obtained for various pressures.2 In-
deed, this static compression experiment reproduced
phase transition. Moreover, the x-ray diffraction patterns
tained by this static compression experiment seem to sug
that there exist some intermediate-pressure phases withi
pressure range of 90–120 GPa. However, the x-ray diffr
tion cannot give us an unambiguous answer about the cry
structures of the high-pressure phase and also of
intermediate-pressure phases because of the limited ran
diffraction angle and moreover multiphase coexistence.

In the case of wu¨stite (Fe12xO), shock compression ex
periments indicated the existence of a pressure induced p
transition at about 70 GPa,13,14though the static compressio
experiment by the diamond-anvil cell at room temperat
did not detect this phase transition up to 120 GPa.4 Metallic
behavior of Fe12xO has been observed at static pressure
elevated temperatures15 and also in shock resistivity
measurements,16 around the pressure range at which t
phase change was observed under shock compression.
high-pressure phase of Fe12xO was recently assigned to b
the NiAs ~B8! type structure by the analysis of x-ray diffra
tion peak positions.17,18 On the analogy of most of the
transition-metal compounds with the B8 structure, a natu
idea for the B8 FeO may be such that Fe occupies the Ni
and O the As site. This structure is named normal B8~nB8
for short! hereafter. However, another structure, which
named inverse B8~iB8!, is possible by exchanging the F
and O positions. The comparison between nB8 and
structures is shown in Fig. 1. The two structures are differ
in general and moreover have different symmetries for
AF order case. To the best of our knowledge, no transiti
metal compounds have ever been known to take the
structure. Actually the intensity profile of the observed x-r
diffraction pattern for Fe12xO is not consistent with the nB8
structure, though both structures will give the same x-
diffration peak positions if the lattice parameters are
same. The iB8 structure was first mentioned in the work
Cohenet al.19 without any judgement on the relative stabili
between the nB8 and iB8 structures.

Recent progresses on the first-principles density fu
tional theory20 ~DFT! makes it a powerful tool to predict th
high-pressure behavior of many systems21–23 and make it
possible to provide us with valuable hints to the proble
mentioned above. Isaaket al.24 investigated the phase stab
ity and physical properties of stoichiometric wu¨stite ~FeO! at
high-pressure based on the local-density approximatio25

~LDA !. However, only B1 and B2 structures were studie
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and their calculation predicted that the phase transition fr
AF rB1 to B2 will happen at very high pressure~around 500
GPa! for FeO. The possible collapse of magnetic momen
TMMO under high-pressure was also predicted by Cohenet
al.19 based on the generalized gradient approximatio26

~GGA!. Recently, the possible pressure induced phase t
sition of FeO from B1 to nB8 structure was studied by Sh
man et al.27 based on the GGA. Only ferromagnetic~FM!
nB8 FeO was studied in this work, and the transition fro
B1 to FM nB8 was estimated to happen at about 130 GP
0 K. Based on the assumption that the high-pressure pha
FeO has the nB8 structure, the metallic nature of the F
~nB8 phase! was argued by Shermanet al.28 as a result of
breakdown of the Mott insulating condition. However, th
relative stability of iB8 struture with respect to nB8 remai
unsolved. Contrasting to the case of FeO, no calculations
the high-pressure behavior of MnO have been reported to
knowledge.

To extend our previous study29 which claimed that the
iB8 and nB8 should be the high-pressure phases of FeO
MnO, respectively, the detailed electronic structures and
phase stability of MnO and FeO under high-pressure, wh
reaches the range in the Earth’s lower mantle, are stud
systematically in the present work with the first-principl
calculations. Different crystal structures~B1, B2, nB8, iB8!
and spin structures@AF, FM, nonmagnetic~NM!# are studied
for both MnO and FeO with full structure optimization, s
that we can make systematic comparison. The GGA has b
used for all of the calculations. However, for the low pre
sure regime, where the electron correlation is very strong,
performed the LDA1U calculations to supplement the GG
results. Detailed analysis of effects of the electron correlat
and the spin-orbit coupling~SOC! on the ground state unde
normal pressure will be presented. In addition to providi
some additional supports to our previous claims about
high-pressure phases of MnO and FeO, it will be shown t
the almost nonmagnetic low-spin state of the rB1 struct
~NM rB1 state! is one of the intermediate phases of Mn
observed by the static compression experiment. In orde
understand the special features of the AF iB8 phase as
high-pressure phase of FeO, the electronic structures w
studied in detail. The uniqueness of this AF iB8 structure c
be made clearer by comparing with the FeS case.
changes of distortions and magnetic moments of differ
phases with increasing pressure are also presented.
larger c/a ratios for both nB8 MnO and iB8 FeO are ex
plained based on our analysis of the cation-radius/an
radius ratio versusc/a for series of related materials. Th
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paper is organized in the following way: first a detailed d
scription of our calculation method will be given in Sec.
the results and discussion will be given in Sec. III, and so
supplementary discussions will be presented in Sec. IV.
nally Sec. V will contribute to the summary of our results

II. CALCULATION METHODS

In the present work, the electron-electron interaction
basically treated by GGA like in other simila
calculations.19,27 For systems where the electronic sta
have localized natures, the GGA gives much better res
than the simpler approximation LDA. Moreover, if we co
centrate on the high-pressure region, where the electron
relation is weak because of the increase of screening, a
scription by the GGA will be very reliable. However, th
GGA is not yet powerful enough to treat the strong corre
tion system such as Mott insulators. Therefore in pres
work, the GGA calculations are supplemented by anot
technique called LDA1U method30 particularly for the low
pressure regime where MnO and FeO are regarded as
insulators. In this LDA1U method, the strong correlatio
between localizedd-electrons is explicitly taken into accoun
through the screened effective electron-electron interac
parameterUeff5U2J with U and J denoting the Coulomb
and exchange integral, respectively.

Except the LDA1U calculations, the calculations for th
electronic structures are performed by using the modi
Car-Parrinello method.31 The plane-wave basis pseudopote
tial method is used to perform the structural optimizati
efficiently. The 2p-states of oxygen and 3d-states of Mn and
Fe are treated by the Vanderbilt ultrasoft pseudopotentia32

For other states, we employ the optimized norm-conserv
pseudopotentials.33

The cutoff energies for the wave functionsEcut
WF and

charge density expansionEcut
CD are 36 Ry and 200 Ry, respec

tively, for all calculations. Under high-pressure, there is
very short TM-O distance. Therefore small core radii have
be adopted for both TM atoms and O atoms resulting i
large cutoff energy for the wave functions. Convergence
the band structure and total energy calculations with res
to cutoff energies was carefully checked for some syste
and only negligible differences@,1 mRy/fomular unit
(f.u.)# exist between the choice of 36 Ry and 30 Ry.
tetrahedron method is adopted for thek-space integration
The convergence ofk-point sampling was also well checke
and the sampling of irreduciblek points gives absolute tota
energy convergence to better than 1 mRy/f.u. Moreover, n
that the convergence in the relative energy between diffe
structures is generally order of magnitude better than
convergence in the absolute total energy. High credibility
the present approach based on the ultrasoft-pseudopote
has been well confirmed.34 However, we should emphasiz
that all of our calculations are for stoichiometric materials
zero temperature. Some other parameters which have
used in our calculations are listed in Table I.

The heaviest part of the present calculations is the st
ture optimization for each volume and each phase. Fo
acting on atoms, stress tensors35 on unit cells and the tota
energies are used as guides in the structural optimiza
process.
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III. RESULTS AND DISCUSSION

A. Low-pressure region

1. Results based on GGA

First let us pay attention to the low-pressure region wh
both MnO and FeO should take the AF rB1 structure bel
the Néel temperature. Figure 2 shows the calculated to
energies versus volume for various modifications of Mn
with the B1 structure, including distorted AF rB1, undi
torted AF B1, stretched NM rB1, compressed NM rB1, a
FM B1 phases. For the FM B1 phase, our calculations s

TABLE I. Parameters and conditions used for present calcu
tions. Ns, Nk , Ecut

WF and Ecut
CD mean the number of symmetry op

erations, the number ofk points in the irreducible Brillouin zone
the cutoff energy for wave function, and the cutoff energy f
charge density, respectively. ‘‘11’’ in the third column means an
additional symmetery operation used for the antiferromagnetic s
order.

Inversion
Space group Ns Nk symmetry? Ecut

WF Ecut
CD

AF rB1 D3d
5 (R3̄m) 1211 50 yes

FM rB1 D3d
5 (R3̄m) 12 50 yes

NM rB1 D3d
5 (R3̄m) 12 50 yes

AF B2 D3d
5 (R3̄m) 1211 33 yes

FM B2 D3d
5 (R3̄m) 12 33 yes

NM B2 D3d
5 (R3̄m) 12 33 yes 36 Ry 200 Ry

AF nB8 D3d
1 (P3̄1m) 1211 35 yes

FM nB8 D6h
4 (P63 /mmc) 24 30 yes

NM nB8 D6h
4 (P63 /mmc) 24 30 yes

AF iB8 C3h
1 (P6̄) 611 66 no

FM iB8 D6h
4 (P63 /mmc) 24 30 yes

NM iB8 D6h
4 (P63 /mmc) 24 30 yes

FIG. 2. The calculated total energies versus volumes for vari
modifications of MnO with the B1 structure. The least-squar
fitted curves to Murnaghan’s equation of state are shown.
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gest that there will be no rhombohedral distortion. First,
can see that around the equilibrium volume at normal p
sure the AF~either distorted or undistorted! state is definitely
more stable than the FM and the NM states: the total ene
of the NM state is much higher than that of AF state, wh
the FM state is energetically close to the AF state. The r
sons why under normal pressure AF~with type-II! transition-
metal monoxides with the B1 structure are more stable t
the NM, FM, and another kind of AF~with type-I! structures
have been explained in Terakuraet al.’s early work.36 Here
we just mention simply that this is mainly because of t
strong super-exchange path through oxygen. Figure 2
shows that the rhombohedral distortion is very essensia
the stability of the AF state. If the rhombohedral distortion
absent in the AF B1 phase, the FM B1 phase may be real
with pressure beyond about 50 GPa. With increasing p
sure, the difference in the total energy between the disto
and the undistorted AF B1 phases is enhanced because o
enhancement of the distortion. It can be also found that
total energy of the AF B1 phase even with rhombohed
distortion increases more rapidly than those of the FM a
NM phase with increasing pressure. This implies that the
and NM B1 phases will become more stable than the AF
phase at high-pressure due to the band broadening.19 The
possibility of FM and NM B1 phases as the high press
phases of MnO will be discussed in the following part. In t
case of FeO, the relative stability among different magne
states of the B1 structure was studied by Isaaket al.24 based
on LDA, and our calculations based on GGA give simi
results~not shown here!.

By fitting the calculated energies versus volume for d
ferent phases to Murnaghan’s equation of state,37 we can
determine the equation-of-state parameters~the zero pressure
lattice parametera0 , the bulk modulusB0 , and the pressure
derivative of the bulk modulusB8). Our GGA results for the
AF rB1 phases of both MnO and FeO are shown in Table
together with the experimental data. Although the expe
mental data scatter a bit, agreement between our theore
data and the experimental ones is fairly good.

TABLE II. Equation-of-state parameters and magnetic mome
of AF rB1 phases of MnO and FeO obtained by present calc
tions, and comparison to literatures.

MnO FeO
GGA Expt. GGA Expt.

B0 ~Gpa! 157 151,a162b 180 142,f 180g

B8 3.23 3.6,a4.8b 3.55 4.9g

a0 ~Å! 4.46 4.435c 4.28 4.334f

Moment(mB) 4.47 4.58,d 4.79e 3.46 4.2h

aY. Noguchiet al., Geophys. Res. Lett.23, 1469~1996!.
bR. Jeanlozet al., J. Geophys. Res.92, 11 433~1987!.
cL. F. Mattheisset al., Phys. Rev. B5, 290 ~1972!.
dA. K. Cheetham and D. A. O. Hope, Phys. Rev. B27, 6964~1983!.
eD. E. F. Fender, A. J. Jacobson, and F. A. Wegwood, J. Ch
Phys.48, 990 ~1968!.

fC. A. McCammonet al., Phys. Chem. Miner.10, 106 ~1984!.
gI. Jacksonet al., J. Geophys. Res.95, 21671~1990!.
hP. D. Battle and A. K. Cheetham, J. Phys. C12, 337 ~1979!.
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As we mentioned above, the lattice distortion is very im
portant for the AF rB1 phase. However, it is observed e
perimentally that for MnO and FeO the two distortions a
along the opposite directions of@111# diagonal line, com-
pressed for MnO and stretched for FeO. The present ca
lations based on GGA can predict the sign of this rhom
hedral distortion correctly. Figure 3 shows the calcula
total enengies versusc/a ratios for AF rB1 phases of MnO
and FeO with a fixed volume (518.97 Å3) in the low-
pressure region, wherec/a51.03A6 means no rhombohe
dral distortion~exactly the cubic cell!. We see clearly that
the compressed structure and the stretched structure are
stable for MnO and FeO, respectively. Our calculation a
shows that the two kinds of distortion will both be enhanc
with increasing pressure, more compressed for MnO
more stretched for FeO, being consistent with the experim
tal observation.2,4 Figure 4 shows the calculated distortion
for AF rB1 phases of MnO and FeO as a function of volum
It is shown clearly that the present calculations predict c
rectly the tendency of the change of distortions with incre
ing pressure, although the distortions are overestimated.
of the possible reasons for the overestimation may be du
the fact that our calculations give the distortions at zero te
perature while the experiments are performed at room t
perature. Another possible reason was pointed out by tw
us as originating from the overestimation of the exchan
coupling constants in the level of approximations like LD
and GGA.38

Another interesting feature is the distortions in the N
B1 states. The NM state of FeO with the B1 structure w
studied by Isaaket al.,24 who found that the rhombohedra
distortion exists whether the AF spin order is present or n
Similarly, our results in Fig. 5 show that the NM B1 phase
MnO is also rhombohedrally distorted. However, in contr
to the case of the AF rB1 phase~see Fig. 3! where only the

ts
-

.

FIG. 3. The calculated total enengies of AF rB1 phases of M
and FeO as a function ofc/a ratio, wherec/a51.03A6 means no
rhombohedral distortion~exactly the cubic cell!. A volume
(518.97 Å3) in the low-pressure region is chosen for all calcu
tions, and the calculated total energies are shifted so as to mak
energy minima the energy origin.
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compressed rhombohedral distortion is stable, both the c
pressed and stretched modes are locally stable in the NM
phase and moreover the stretched one is more stable. T
fore, if the magnetic phase transition from AF to NM sta
may be realized for MnO by pressure, the rhombohedral
tortion has to switch from the compressed mode to
stretched mode. On the other hand for FeO, the stretc
mode is more stable both in AF and NM B1 states.

In contrast to all the success of GGA shown above, th
exists a problem related to the AF rB1 phases of both M
and FeO: the GGA is not powerful enough to describe
band gaps of Mott inuslators correctly. The calculated DO
for MnO and FeO with the AF rB1 phase are shown in Fi
6~a! and 6~b!. A volume (518.97 Å3) close to the equilib-
rium value is chosen. For MnO, the states from20.7 to20.3
Ry are predominantly O 2p-states, and those from20.3 Ry

FIG. 4. The calculated rhombohedral distortion versus volu
for AF rB1 phases of MnO~a! and FeO~b!, and comparison with
experimental results. Exp.1, Exp. 2, and Exp. 3 come fr
Refs. 2–4, respectively.
-
1
re-

s-
e
ed

re

e
s
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to Fermi levelEF are mostly Mn 3d. Because of the half-
filled d band in MnO, the GGA can make it insulating@Fig.
6~a!# and the compressed rhombohedral distortion enhan
the band gap. Nevertheless, the obtained band gap is m
too small compared with the experimental value of 3.9 eV39

A possible problem of GGA in the relative stability amon
different phases of MnO will be discussed in the followin
part. In contrast to MnO, because of the additional elect
in the minority-spin Fe 3d band, GGA makes FeO metalli

e

FIG. 5. The calculated total energies versus rhombohedral
tortion c/a for different volumes of NM rB1 MnO. The energies fo
the lattices with no distortion are taken to the energy origin.

FIG. 6. The calculated total DOS curves for AF rB1 phases
MnO ~a! and FeO ~b! with different c/a ratios. A volume
(518.97 Å3) close to the equilibrium volume is chosen for th
calculations.
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@see Fig. 6~b!#. The GGA is not sufficient to split the Fet2g
bands, although the streched rhombohedral distortion
reduce the DOS at the Fermi levelEF . The failure of GGA
in describing the electronic structure of AF rB1 FeO cau
incorrectly stronger stability of the AF iB8 phase compar
with the AF rB1 phase at normal pressure.29 It was pointed
out that this inconvenient aspect can be removed by
LDA1U method with the SOC taken into account. As t
proper description of the ground state of FeO requires car
treatment of several ingredients such as electron correla
SOC and lattice distortion, we present detailed analysis
the electronic and magnetic properties of FeO in the n
subsection.

2. Ground state properties of FeO at normal pressure

In the ordinary band-structure calculation, the grou
state of FeO with the cubic crystal has one electron in
triply degeneratet2g orbitals in the minority spin band. In
order to make FeO insulating, population imbalance am
the minority-spint2g orbitals has to be induced. The type-
AF ordering and rhombohedral lattice distortion produc
trigonal symmetry to lift the triple degeneracy of thet2g
orbitals, leading to partial population imbalance. Howev
the present GGA calculation suggests that these origin
symmetry breaking are not strong enough to make FeO
sulating. Another important origin of population imbalan
is the Coulomb interaction amongt2g electrons. In addition
to these factors, we have to take into account the SOC w
is known to play an important role in thet2g manifold.40 The
SOC, can determine the easy axis for spin magnetic
ments and then determine a particulat linear combination
the t2g orbitals to be preferentially occupied, producing o
bital magnetic moment.

These problems were first discussed by Kanamori.40 The
magnetocrystalline anisotropy energy (EMA) in the rB1
phase consists of the cubic~K! and the trigonal~T! terms:40

EMA5K$ex
2ey

21ey
2ez

21ez
2ex

2%1T$exey1eyez1ezex%,
~1!

where $ei% are the direction cosines of the spin magne
moments referred to the ideal rock-salt cell. Even with t
simplified model one can expect~see Appendix! a rather rich
phase diagram for the directions$ei%. Combination of differ-
ent signs and the relative strength ofK and T can result in
various scenarios of the equilibrium such as the easy@111#
and @001# axes, the easy (111) plane as well as the w
spectrum of solutions where the magnetic moments can
the high symmetry directions~Fig. 7!.

The cubic anisotropyK is the fourth order effect with
respect to SOC, whereas the trigonal anisotropyT appears in
the ~lowest! second order. Since the majority-spin Fe 3d
states are almost fully occupied in the low-pressure AF
phase of FeO, the SOC affects mainly the minority-s
channel. Then, the trigonal anisotropy energy is directly
lated with the magnitude of the orbital angular momentu
and the easy magnetization direction should be such tha
orbital moment is least quenched when the magnetizatio
directed along the particular direction~see, e.g., discussion
by Bruno41!. The type-II AF spin order and the rhomboh
dral lattice distortion will split the atomic minority-spin F
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t2g states in two subgroups corresponding to the o
dimensionala1g representation

ua1g&5
1

A3
~ uxy&1uyz&1uzx&)

and the two-dimensionaleg representation

ueg
1&5

1

A6
~2uxy&2uyz&2uzx&),

ueg
2&5

1

A2
~ uyz&2uzx&).

If the degenerateeg representation corresponds to the low
energy, the largest (1mB) orbital moment can be obtained
it is aligned parallel to the@111# direction and the occupied
eg orbital is (1/A2)(ueg

1&1 i ueg
2&). In the case of reverse or

der of the atomic levels when thea1g representation is ener
getically more favorable, the Cartesian components of
angular momentum are given by the regular perturbat
theory expansion in the first order of the SOCj as

^L̂k&5(j/3D rh)(2ek2el2em), whereD rh is the energy split-
ting between thea1g and theeg representations, and (klm) is
an even permutation of (xyz). Thus, the orbital moment is
totally quenched along the@111# direction and unquenche
in the (111) plane. Thus, the stabilization of thea1g repre-
sentation would lead to an in-plane magnetic alignment.

Below we summarize results of our ASA-LMTO
LDA1U calculations42 performed in this context.

First, we consider the case without the rhombohedral d
tortion when the AF spin order is the only factor which cou
determine thea1g-eg splitting among thet2g states. Even
without the SOC, depending on the starting
3d-configuration, we were able to obtain two different typ
of self-consistent LDA1U solutions: the occupied minority

FIG. 7. ~Color! Left panel: angle between the magnetic ea

axis in the (11̄0) plane and@001# direction of the cube dependin
on the signs and relative strength of the cubic~K! and trigonal~T!
anisotropies.K,0 T,0 ~branches 3 and 8!; K,0 T.0 ~branches
1, 4, 7!; K.0 T,0 ~branches 2, 5!; K.0 T.0 ~a branch 6!. Parts
of the diagram corresponding to an unstable equilibrium are sh
by broken lines. The angles corresponding to the character
@111# and @001# directions of the cube as well as the plane (11
are marked by the labels. Right panel: corresponding magnetic
isotropy energy.
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spin t2g states were mainly of either~a! a1g character or
(b) eg character. Thus, the AF spin order alone does
define unambiguously the sign of the trigonal splitting a
the two obtained solutions correspond to the scenarios w
the symmetry of the triply-degeneratet2g shell is spontane-
ously broken byUeff . After including the SOC, the solution
~a! leads to the canted spin state belonging to the branch
Fig. 7 ~i.e., the situation effectively corresponds to K,0 and
T.0). Once the gap in the minority-spint2g band is opened
by Ueff , the solution~a! becomes rather insensitive to th
choice of the LDA1U parameters. For example, whenUeff
varies from 4.0 to 7.0 eV, the orbital moment at Fe s
varies only from 1.096 to 1.105mB , and the canting angle in
the (11̄0) planeu5arcsin(A2ex) varies only from246.7 to
247.4 degrees. Note that the confinement of the spin m
netic moments in the (110̄) plane does not destroy the ge
erality of the argument based on Eq.~1!. The solution~b!
leads to the easy@111# axis scenario, also accompanied
the large orbital magnetic moment (1.088mB for Ueff
57 eV).

The situation is however different when the rhombohed
distortionc/a5(11d)3A6 is taken into account. The cas
of d560.15 was considered in our previous work.43 Here
we just summarize the main results. Even for these mode
distortions~see the scale in Fig. 3!, the trigonal anisotropy
becomes dominatinguTu@uKu. The sign ofuTu is determined
by the direction of the distortion as sign(T)52sign(d).
Then, the stretchingd.0 and the compressiond,0 will
stabilize the magnetic moments parallel to the@111# axis and
the (111) plane, respectively. Thus, the rhombohedral dis
tion is a very important factor which determines the equil
rium magnetic structure in the rB1 AF phase of FeO. Ho
ever, the existence of the rhombohedral instability alread
the NM rB1 state24 suggests that the origin of the distortio
itself and its directiond.0 may not be directly related with
the magnetism of FeO. The stretching moded.0 in FeO
~Fig. 3! corresponds to the easy@111# axis scenario, which is
accompanied by the orbital magnetization of nearly 1mB .43

FIG. 8. Total DOS and projected DOS onto Fe 3d orbital of AF
rB1 FeO by using LDA1U method with SOC taken into accoun
The calculation is performed for a volume518.97 Å3 with opti-
mizedc/a.
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For the optimizedd and after includingUeff and SOC, the
DOS of AF rB1 FeO is shown in Fig. 8.

B. High-pressure phases

1. MnO

As already mentioned, the high-pressure phase of M
has been expected to be the B2 structure. For different m
netic states of B2 structure, our calculations show that
AF state always have definitely lower energies than the
and NM states within the whole volume range of our calc
lations. With increasing pressure, the AF B2 structure w
become more stable than the AF rB1 structure.29 However, it
is also shown by our calculations that at about 120 GPa
nB8 structures will be more than 10 mRy/f.u. more sta
than the AF B2 phases. Actually the nB8 structures are
most stable high-pressure phase of MnO rather than
structure.29 Detailed comparison of the total energies for t
FM and AF ordering nB8 structures predicts that the FM a
AF states of the nB8 structure are nearly degenerate in
ergy under high pressure. The calculated electronic dens
of states~DOS! for the FM and AF nB8 phases of MnO wit
volume 13.83 Å/f.u., which corresponds to about 120 G
are shown in Fig. 9, where the states from20.9 to
20.4 Ry are mostly O 2p states and those above20.4 Ry
are mostly Mn 3d states. Definitely these two DOSs a
almost the same except with some marginal differences. T
degeneracy is mostly because of the reduction of magn
moment under high-pressure~see Fig. 14!.

From our calculations, a first-order phase transition is
pected to occur from the insulating AF rB1 structure to t
metallic nB8 structure. This can be seen more clearly fr
Fig. 10, which gives the calculated enthalpy of differe
phases as a function of pressure. The cross points of t
enthalpy-pressure curves give the phase-transition crit

FIG. 9. The calculated total DOS curves for FM~a! and AF nB8
~b! phases of MnO for the volume~513.83 Å! corresponding to the
pressure about 120 GPa.



e

on
t
fi

-

on

n-
th
tio
em
ei
on
su
te
a
is

t

tia

ed
re

e-
ier
of

xis-
al

eri-
are
mple
in

ther
tatic
of
m-

d

the

en

if-
ults.

com-
pro-

PRB 59 769FIRST-PRINCIPLES STUDY ON ELECTRONIC . . .
pressures. This prediction can explain the recent experim2

on MnO in a high pressure range (.120 GPa) very well.
For example, if we assign the experimental x-ray diffracti
peaks at 137 GPa by the nB8 structure, almost an exact fi
peak positions and good agreement of the intensity pro
can be obtained except one peak ford exp51.844 Å which is
analyzed to originate from the metastable NM rB1 phase~as
discussed below!. The intensity of this peak is actually re
duced after annealing.

However, the critical pressure for the first-order transiti
from the AF rB1 structure to the nB8 structure~either FM or
AF state! is estimated to be about 60 GPa@see Figs. 10~a!
and 10~b!#, which is much lower than the experimental tra
sition pressure. We suggest two possibilities to interpret
discrepancy. First, as already discussed above, transi
metal monoxides are strongly correlated electron syst
and even GGA is not sufficient to describe properly th
electronic structure particularly in the low pressure regi
This implies that the real energy-volume curve of the in
lating AF rB1 structure should be lower than the calcula
one using GGA due to the underestimation of the band g
This will lead to a higher critical pressure. To check th
possibility, we performed supplementary LDA1U calcula-
tions, which have been regarded as one way to treat
system with strong correlation. By performing the LDA1U
calculation with the plane-wave basis pseudopoten
method for one fixed volume (517.58 Å3) in the low pres-
sure range with a reasonable choice of parameterU eff

FIG. 10. Calculated enthalpy against pressure for differ
phases of MnO. Transitions from AF rB1 to~a! FM nB8; ~b! AF
nB8; ~c! FM B1; ~d! AF B2; ~e! NM rB1 are shown.
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54.0 eV, we obtained the results shown in Table III. Inde
we see that the stability of the insulating AF rB1 structu
relative to all other phases~including FM B1, AF nB8, FM
nB8, and AF B2! is enhanced compared with the GGA r
sults. The second possibility is that the transition barr
from the rB1 to nB8 structure may be fairly high because
the significant rearrangement of the atom position. The e
tence of this transition barrier will generally make the actu
transition pressure higher than the calculated one.

Figure 11 shows the pressure-volume~P-V! relation for
MnO obtained by the present calculation and also by exp
ments. In order to avoid confusion, only important phases
presented here. Clearly, in the low pressure range, the sa
is in the AF rB1 phase, and the calculated P-V curve is
good agreement with the experimental results. On the o
hand, the highest pressure data point obtained by the s
compression followed by laser annealing is just on the line
the P-V curve for the nB8 structure. We estimated the te

TABLE III. Comparison of the results between GGA an
LDA1U calculations for MnO with a fixed volume (517.58 Å3)
in the low pressure region. The total energy differences between
AF rB1 phase and other phases are shown in units of mRy/f.u.

GGA LDA1U

E(FM B1)2E(AF rB1) 7.418 15.146
E(AF B2)2E(AF rB1) 22.254 31.234
E(AF nB8)2E(AF rB1) 3.836 14.304
E(FM nB8)2E(AF rB1) 13.410 46.722

t

FIG. 11. ~Color! The calculated pressure-volume curves for d
ferent phases of MnO, and comparison with experimental res
Two experimental results with shock compression~Ref. 5! and
static compression~Ref. 2! ~at room temperature! are shown, and
the experimental data for decompression process in the shock
pression experiment are also shown. The arrows indicate the
cess of the shock experiment.
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perature effect on the P-V relation by the experimental d
on the AF rB1 phase of MnO. We found that generally t
temperature around 1000 K will cause a pressure chang
about a few percent with respect to the pressure at 0 K.

Experimentally the high-pressure nB8 phase of M
seems not to be realized directly from the low-pressure
rB1 phase because of the high transition energy bar
There may exist some intermediate-pressure phases.2 The ex-
perimental x-ray diffraction pattern in the intermediate pr
sure range (90–120 GPa) cannot be explained simply b
single phase. The shock compression experimental data p
around 120 GPa for the pressure-volume relation is loca
just in between the curves corresponding to the AF rB1
FM or AF nB8 structures, suggesting that the sample is i
mixed phase. Even in the high-pressure reg
(.120 GPa), there is an additional x-ray peak not com
from the nB8 structure. All these situations suggest t
MnO may undergo some complicated phase transition p
in the intermediate pressure region between the norm
pressure insulating AF rB1 phase and the high-pressure
tallic nB8 phase.

The present results shown in Fig. 10 suggest three p
sible transitions from the AF rB1 phase:~1! to the FM B1
phase,~2! to the AF B2 phase, and~3! to the NM rB1 phase.
All these three transitions have similar critical transiti
pressure of about 80 GPa. We should note that the B2 st
ture is a special case of the rB1 structure withc/a50.5
3A6. Therefore the transition~1! and ~2! in the above may
be kinematically easy to occur because only the chang
thec/a is required. However, the x-ray diffraction pattern
the intermediate pressure range can be explained by ne
the FM B1 phase nor the AF B2 phase.

We would like to point out that the NM rB1 phase
actually realized in the intermediate pressure range and
it persists even at the highest pressure~137 GPa! attained by
the experiment. It was mentioned in the preceding sec
that the sharp peak corresponding todexp51.844 Å cannot
be assigned as originating from the AF or FM nB8 structu
The peak can be assigned as~102! reflection of the NM rB1
structure. We performed simulation of the x-ray diffractio
pattern corresponding to the NM rB1 structure at 137 G
Very interestingly, most of the other peaks of the NM rB
structure nearly overlap with the peaks coming from the
or FM nB8 structure. The observed broad peaks may
partly caused by the superposition of the peaks of two st
tures. However, as was mentioned earlier, the peaks orig
ing from the NM rB1 structure diminish by laser anneali
implying that the NM rB1 structure is metastable under pr
sure as high as 137 GPa. Some of the x-ray peaks in
intermediate-pressure range (90–120 GPa) can be ass
as originating from the NM rB1 structure too.

The shock compression experiment only reaches the p
sure of about 120 GPa. This suggests that the high pres
phase observed by the shock compression experiment
be more populated by the NM rB1 structure. This assignm
may be supported by an additional aspect. The press
volume curve in the decompression process obtained by
shock experiment~see Fig. 11! indicates that their high-
pressure phase has a very much reduced volume at the
sure as low as about 40 GPa. Further lowering of the p
sure cannot keep the sample in the high-pressure phase
ta
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present calculation suggests that only the NM rB1 struct
can have such a reduced volume and the calculated pres
volume curve seems to agree with the experimental data
the decompression process.

2. FeO

The calculations for FeO are similar. Surprisingly, we fi
that the iB8 structure with the AF ordering is the most sta
phase among several structures.29 Here we want to discuss in
more detail why the nB8 structure is realized for most of t
transition-metal compounds with the B8 structure, while t
iB8 structure is uniquely so stable as the high-pressure ph
of FeO.

In the nB8 structure, a transition metal ion is coordinat
by anions octahedarally, while anions around a transit
metal in the iB8 structure form a trigonal prism~see Fig. 1!.
Apparently, the TM site is an inversion center in the form
and not so in the latter. As to the oxygen site, it is not
inversion center in the nB8 structure irrespective of the m
netic order on the TM site. On the other hand, whether
oxygen site in the iB8 structure is an inversion center or
depends on the magnetic order on the TM site: the oxy
site is an inversion center in the FM order and not so in
AF order. Consequently, an inversion center does not exis
the AF iB8 structure and does exist in the AF nB8 structu
Absence of the inversion symmetry reduces the strength
the hybridization of the 3d-orbitals with the oxygen
2p-orbitals. Such a reduction in thep-d hybridization in the
iB8 structure compared with that in the nB8 structure w
confirmed in the present calculation by estimating the ene
separation between the centers of thep- and d-bands. For
example, for a significantly compressed volum
(514.84 Å3) with fixed c/a52.0 for both AF nB8 and AF
iB8 FeO, thep2d band-center energy separation of AF nB
phase is about 0.12 eV larger than that of AF iB8 phase.
thep-d hybridization contributes to the stability of the stru
ture, this aspect favors the nB8 structure and will explain
general feature that the nB8 structure is actually realized
most cases. In order to understand any reason for the sp
situation of FeO, we calculated the DOSs for both nB8 a
iB8 with different magnetic structures. It is found that th
combination of AF and iB8 is very unique in the sense th
the electronic structure is insulating. In order to make
situation clearer, Fig. 12 gives the calculated partial densi
of states for Fe 3d-orbitals in FeO with AF iB8 structure
We can see clearly that a well defined band gap exists at
Fermi level. For this AF iB8 structure the majority spin ban
is completely occupied and only one subband is occupie
the minority spin state to accommodate additional one e
tron because Fe21 has ad↑

5d↓
1 electron configuration. This

occupied subband of minority spin state has a mixed cha
ter of 3z22r 2, x22y2, andxy orbitals, all of which hybrid-
ize with the oxygen 2p-orbitals only weakly. Note that thez
axis is along the crystalc axis. Appearance of the band ga
at the Fermi level will contribute to special stability of th
AF iB8 structure. It should be noted that the AF iB8 FeO
a band insulator rather than a Mott insulator because i
insulating even in the high pressure range where the M
insulating condition breakes down.19,44 The calculated band
gap even increases slightly with pressure: 0.05 Ry at nor
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pressure and 0.07 Ry at 96 GPa. Such a behavior will no
expected for Mott insulators.

The uniqueness of FeO may become even clearer by c
paring FeS with FeO because S is right below O in the
riodic Table. Although the real crystal structure of FeS is n
exactly the B8 structure, it can be regarded as a supers
ture based on B8 and it is basically the nB8 structure ra
than the iB8 structure. The aim of these calculations is no
discuss the stability of the real crystal structure of FeS bu
study the relative stability of the nB8 and iB8 structures
FeS. In the calculation, the unit cell volume is fixed as
experimental equilibrium value45 under normal pressure an
thec/a ratio is optimized for each of the nB8 and iB8 stru
tures. The total energy calculations predict that the n
structure is more stable than the iB8 structure for FeS
11.7 mRy/f.u. The theoretical value of thec/a ratio for the
AF nB8 phase of FeS is 1.65 being in good agreement w
the experimental one~51.71!, while the optimizedc/a for
AF iB8 structure is 1.98. The DOS curves for FeS with n
and iB8 structures are shown in Fig 13, where the states f
20.6 to 20.24 Ry are mostly S 3p-states and those abov
20.24 Ry are mostly Fe 3d-states. The AF iB8 phase of Fe
also has a band gap. However, the band gap of only a
0.01 Ry is not large enough to stabilize the AF iB8 phas

IV. SUPPLEMENTARY DISCUSSIONS

A. Magnetic moment

The magnetic moment of the TMMO system is also ve
important especially for the study of high-pressure phas
because of the possible collapse of magnetic moment u
high-pressure. However, the magnitude of magnetic mom
in the AF compound cannot be determined unambiguou
It depends on the cutoff sphere radius around the magn
ion. In the present calculation the sphere around the
atom is chosen so as to make the magnetic moment max
with respect to the sphere radius. For example, at the e
librium volume of the AF rB1 structure, the sphere ra
determined this way are 2.4 Å and 2.2 Å for MnO and Fe

FIG. 12. The partial densities of states for Fed orbitals in FeO
with AF iB8 phase.
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respectively. The magnetic moment defined within t
sphere is given in Table II. The discrepancy between the
and experiment for MnO was discussed recently by two
the present authors.38 The experimental value for FeO wa
estimated from the neutron diffraction data by consider
the Fe deficiency problem in nonstoichiometric Fe12xO. A
qualitative agreement between the theory and and exp
ment can be found, if we consider about 1mB contribution of
orbital moment~see Sec. III A 2 and also Ref. 43!.

Moreover, our calculated magnetic moment at TM site
a function of volume for different phases of MnO and FeO
shown in Fig. 14. We can see clearly that for all of t
phases the magnetic moments will decrease with the incr
of pressure. For the AF rB1 phase of MnO, we can obt
definitely two stable states, the high-spin state and the l
spin state. As discussed above, the high-spin to low-s
transition for AF rB1 phase of MnO can be realized in t
intermediate-pressure range. Appearance of a kink for
FM nB8 phase of MnO also suggests the possible existe
of a high-spin to low-spin transition for the FM nB8 MnO a
about 120 GPa, consequently causing the sudden chang
the c/a ratio. However, for the AF nB8 phase of MnO an
for all of the phases of FeO, no sharp high-spin to low-s
transition has been found in the pressure range of our ca
lation.

B. c/a

We would like to make a brief comment on thec/a values
of the nB8 structure of MnO and the iB8 structure of FeO
shown in Fig. 15. In the high-pressure phases, thec/a value
of both systems exceeds 2.0, being unusually large comp
with the values for most of the other related systems, wh
generally have ac/a value close to the ideal value (c/a
5A8/3) for the close-packed structure. However, we ha
found that c/a is an increasing function ofr c /r a with

FIG. 13. The DOS curves for FeS with the optimized structu
of AF iB8 and AF nB8 phases, respectively.
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r c (r a) denoting the cation~anion! ionic radius. This can be
seen clearly from Fig. 16, which gives thec/a value of dif-
ferent materials under ambient condition as a function
cation/anion ratio. All of these materials take basically t
nB8 structure at normal pressure and room temperature.
calculations suggest that both the nB8 structure for MnO
the iB8 structure for FeO havec/a values less than 2.0 a
normal pressure. Thisc/a value is not so unusual, because
is well on the extrapolated line of the general trend. W
increase of pressure, ther c /r a ratio will increase due to the
decrease of charge-transfer. Consequently, thec/a value for
both nB8 MnO and iB8 FeO will increase to become larg
than 2.0 at high pressure.

V. SUMMARY OF RESULTS

The high-pressure electronic structures and the phase
bility of transition metal monoxides MnO and FeO und
high-pressure were studied systematically by performing
first-principles plane-wave basis pseudopotential calculat
based on DFT. Results of highly converged total energy
culations were presented for different crystal structures~B1,
B2, nB8, and iB8! with different spin structures~AF, FM and
NM!. The electron correlation was treated by the GGA a
supplemented by LDA1U method. The present calculation
account well for the properties of MnO and FeO especially
the high-pressure region. The calculated equation-of-s
parameters and the predicted structure distortions of diffe
phases are in good agreement with experimental results
cept the band gap problem. Our results predict that the h

FIG. 14. The calculated magnetic moments at TM sites a
function of volume for different phases of MnO~a! and FeO~b!.
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pressure phase of MnO should take the nB8 structure ra
than the B2 structure. In the intermediate-pressure range
MnO, the NM rB1 phase with streched distortion can
realized. A very unique AF iB8 structure rather than the n
structure is predicted as the high-pressure phase of FeO.
AF iB8 structure should be a band insulator even under hi
pressure. The uniqueness of AF iB8 structures as the h
pressure phase of FeO was further emphasized by compa

a
FIG. 15. The optimizedc/a ratios versus volumes for differen

phases of MnO~a! and FeO~b!.

FIG. 16. Thec/a value versus ionic radius ratior c /r a (r c :
cation radius;r a : anion radius! for different materials, which take
the nB8 structure, under ambient condition. The ionic radii
Shannon and Prewitt~Ref. 46! are used, and the data for thec/a

values come from Ref. 47. Thec/a5(A8
3 )'1.63 is the ideal value

for the close-packed structure. The vertical lines correspond
r c /r a values for FeO and MnO at zero pressure.
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it with the FeS case. Finally, the largec/a ratios for both
nB8 MnO and iB8 FeO can be explained based on the an
sis of the cation-radius/anion-radius ratio versusc/a for se-
ries of related materials.
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APPENDIX A: MODEL FOR MAGNETOCRYSTALLINE
ANISOTROPY ENERGY IN B1 PHASE

Let us turn to the new coordinate system in which thex
and y axes are rotated about thez axis by 45° in the ideal
rock-salt structure. The transformation for the direction c
sines is given by

S ex

eyD 5
1

A2S 2ex̃1eỹ

ex̃1eỹ
D . ~A1!

Then, taking into account thatez5(12ex
22ey

2)1/2, Eq. ~1!
can be transformed to

EMA5
K

4
$4ẽx

214ẽy
2210ẽx

2ẽy
223ẽx

423ẽy
4%

1
T

2
$ẽy

22ẽx
212A2~12ẽx

22ẽy
2!1/2%. ~A2!

Two equilibrium conditions]EMA /]ẽx50 and ]EMA /]ẽy
50 yield
n
s

-

.

i

n

y-

i,

-
.

-

-

K$225ẽy
223ẽx

2%ẽx2TH 11A2
ẽy

~12ẽx
22ẽy

2!1/2J ẽx50

~A3!

and

K$225ẽx
223ẽy

2%ẽy1TH ẽy1A2
12ẽx

222ẽy
2

~12ẽx
22ẽy

2!1/2J 50,

~A4!

respectively. Then, we consider only those solutions wh
the spin magnetic moments are confined within the (110̄)
plane and, therefore,ẽx50. Then, Eq.~A3! is fulfilled auto-
matically, and Eq.~A4! leads to the equilibrium condition for
ẽy :

ẽy1A2
122ẽy

2

~12ẽy
2!1/2

ẽy~223ẽy
2!

52
K

T
. ~A5!

The solution of Eq.~A5! corresponds to the minimum o
E MA if ]2EMA /]ẽx

2u ẽx50.0 and]2EMA /]ẽy
2u ẽx50.0, which

additionally lead to the requirements:

K$225ẽy
2%2TH 11

A2ẽy

~12ẽy
2!1/2J .0 ~A6!

and

K$229ẽy
2%1TH 12A2ẽy

322ẽy
2

~12ẽy
2!3/2J .0. ~A7!

If one of the conditions~A6!,~A7! is not fulfilled, the equi-
librium is unstable. The corresponding phase diagram
shown in Fig. 7.
.
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