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Inverse versus Normal NiAs Structures as High-Pressure Phases of FeO and MnO
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The phase stability of FeO and MnO under high pressure was studied with the first-principles
calculations. Our results predict that the high-pressure phase of MnO is a metallic normal NiAs (B8)
structure, while that of FeO is the inverse B8 structure (iB8). No materials have ever been known to
take the iB8 structure. The novel feature of the iB8 FeO is that the system should be a band insulato
in the antiferromagnetic state. Analysis of x-ray diffraction experiments provides further support to the
present theoretical prediction for both FeO and MnO. [S0031-9007(98)06813-6]
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FeO and MnO have occupied a special position
condensed-matter physics for decades as prototypical
amples of the Mott insulator [1]. Their basic properties ar
governed by electron correlation, whose strength is me
sured byUyW with U the effective Coulomb interaction
integral betweend electrons, andW thed-band width. As
the d-band width is directly controlled by pressure, high
pressure studies have been regarded as a useful way to
derstand the basic properties of Mott insulators.

Under normal pressure, when temperature is decreas
below the Néel temperature, FeO and MnO both take t
rock-salt (B1) structure with a rhombohedral distortio
along thek111l direction of cubic cell. This distorted
B1 structure is called rB1 hereafter. Intensive high
pressure experiments on the transition-metal monoxid
have revealed that FeO [2–6] and MnO [7–9] underg
a pressure-induced first-order phase transition at arou
70 and 90 GPa, respectively. The high-pressure phase
FeO was identified as the NiAs (B8) type [5,6]. Base
upon all the known examples of the B8 (NiAs) structur
compounds, one expects Fe to occupy the Ni site a
O the As site. This structure is named nB8. Howeve
another structure, which is named inverse B8 (iB8),
possible by exchanging the Fe and O positions [10
The high-pressure phase of MnO is yet unclear [8,9
An empirical analysis suggested that its high-pressu
phase would be the B2 structure [8]. However, a rece
x-ray diffraction experiment [9] is inconsistent with this
suggestion, although this experiment cannot give us
unambiguous answer because of multiphase coexistenc

In the present work, we have performed first-principle
density functional calculations to analyze the high
pressure phases of FeO and MnO. The plane-wave ba
pseudopotential method is used to perform the structu
optimization. The2p states of oxygen and3d states
of Mn and Fe are treated by the Vanderbilt ultraso
pseudopotential [11,12]. The electron-electron intera
tion is treated by the generalized gradient approximatio
(GGA) [13] as employed in similar calculations [10,14]
0031-9007y98y81(5)y1027(4)$15.00
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The GGA calculation is supplemented by the LDA1 U
method [15], particularly in the low-pressure regim
where MnO and FeO are regarded as Mott insulators.

Highly converged total energy calculations were pe
formed for different crystal structures (B1, B2, nB8, iB8
and spin structures [ferromagnetic(FM) and antiferroma
netic(AF)] for different volumes (shown in Fig. 1). The
equation-of-state parameters obtained in the present
culations [16] agree well with those obtained in simila
calculations [14,17]. First we pay attention to the com
pressed volume range, over which the GGA calculati
will be reliable because of the reducedUyW . Surpris-
ingly for FeO [Fig. 1(a)], the AF-iB8 structure is the mos
stable high-pressure phase rather than the nB8 struct
At this stage, two fundamental questions are to be a
swered: (1) Why is the nB8 structure realized rather th
iB8 for most of the transition-metal compounds with th
B8 structure? (2) What is special about FeO, leading
such a strong stability of iB8?

Anions around a transition metal ion form an octah
dron in nB8, and a trigonal prism in iB8. In the latte
case, absence of the local inversion symmetry not o
about the transition metal site but also about the oxyg
site in the AF state reduces the strength of the hybridiz
tion of the 3d orbitals with the oxygen2p orbitals [18].
As the p-d hybridization contributes to the stability o
the structure, this aspect favors the nB8 structure and w
explain the general feature that the nB8 structure is ac
ally realized in most cases. However, the calculated el
tronic density of states (DOS) (shown in Fig. 2) clear
demonstrates the existence of a well defined band gap
the AF-iB8 structure of FeO in the whole volume rang
shown in Fig. 1(a), which contributes to special stabili
of this structure. It should be noted that the AF-iB8 Fe
is a band insulatorrather than a Mott insulator becaus
it is insulating even in the high-pressure range where
Mott insulating condition breaks down [10,19]. The ca
culated band gap even increases slightly with pressu
0.7 eV at normal pressure and 1.0 eV at 96 GPa.
© 1998 The American Physical Society 1027
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FIG. 1(color). The total energies of FeO (a) and MnO (b) a
a function of the volume. The least-squares-fitted curves
Murnaghan’s equation of state [26] are shown. For FeO, t
results based on the LDA1 U calculation withUeff  4 eV
are shown as an inset.

Puzzling features are that the iB8 structure is predict
to be significantly more stable than the rB1 structure, ev
at zero pressure, and that the nB8 structure is nearly
generate in energy with the rB1 structure in a wide vo
ume range. These reflect the fact that the GGA cann
describe the electronic structure of Mott insulators pro
erly: the GGA incorrectly predicts that FeO is metallic a
normal pressure. In order to reproduce the correct grou
state of FeO, we have to take account of the local electr
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FIG. 2. The calculated electronic density of states (DOS
for AF-iB8 and AF-nB8 FeO with the use of experimentally
determined lattice parameters at 96 GPa and 800 K [6].

correlation and the spin-orbit interaction as well. We ado
the LDA 1 U method with the LMTO (linear-muffin-tin
orbital) basis [20] to estimate the corrections caused
these ingredients [21]. This method, with the effectiv
Coulomb interaction parameterUeff of 4 eV, can repro-
duce a band gap of AF-rB1 FeO in good agreement with t
result of an elaborate theoretical analysis [22], and at t
same time predicts that the AF-rB1 structure is more stab
than the AF-iB8 and AF-nB8 structures at normal pressur
On the other hand, for a compressed volume [6], the sam
calculation still predicts that the AF-iB8 structure is mos
stable. After including theUeff correction, the total ener-
gies of the AF-rB1 and AF-nB8 phases relative to those
the AF-iB8 phase are shown as an inset of Fig. 1(a).

According to the present calculation, the high-pressu
phase of FeO with the iB8 structure should be insulatin
in contrast to the experimental observation of metall
behavior [23,24]. There are two possible origins of thi
disagreement. Our calculation assumes stoichiomet
FeO, while real samples contain about 5% Fe deficienc
As the AF-iB8 FeO is a band insulator, itinerant carrier
will be introduced via Fe deficiency. Another possibility
is the mixture of other NiAs type metallic phases in
the temperature range of the observed metallic behav
(above 1000 K). According to the present calculation
even if the crystal structure is the iB8 type, FM orde
makes the system metallic, and moreover, the AF- a
FM-nB8 phases are also metallic. Nevertheless, the mo
than 19 kJymole enthalpy gain of the AF-iB8 phase
relative to other phases at 100 GPa is large enough
make the AF-iB8 phase dominant even at 1000 K. Th
statement is based on the following analysis. As the A
and FM states are energetically very close in the nB
structure [Fig. 1(a)], magnetic order around 1000 K ma
be totally random, while in the iB8 structure the large
energy difference of about 50 kJymole between the AF
and FM states suggests the existence of at least stro
short range AF order. Therefore as an extreme ca
the magnetic entropy is taken into account only for th
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nB8 structure. This contributes about29 kJymole to
the Gibbs free energy at 1000 K. Another contributio
of 25 kJymole at 1000 K from the electronic entropy
through the metallic behavior of the AF- and FM-nB
phases has to be added. Note that the above estima
of the entropy contribution to the Gibbs free energy wa
made so as to be favorable to the nB8 structure, and
the estimated enthalpy gains still support the stability
the AF-iB8 phase.

There are other pieces of strong evidence for the iB
structure as the high-pressure phase of FeO. First,
intensity profile of the observed x-ray diffraction patter
[6] can be reproduced only by the iB8 type, but not b
the nB8 type. We consider the relative intensity betwe
(100) and (101) peaks as an example. Experimenta
the latter is stronger than the former. This feature
correctly reproduced only by the iB8 structure. Secon
the experimental pressure-volume (P-V) relation for FeO
agree best with the theoretical curve for the AF-iB
structure as shown in Fig. 3(a).

To the best of our knowledge, no materials have ev
been known to take the iB8 structure. The uniqueness
FeO in this sense may become even clearer by compar
FeO with FeS which, at normal pressure, takes a struct
whose basic building block is the nB8 structure rath
than the iB8 structure. The present calculation correc
predicts stronger stability of nB8 compared with iB8 fo
FeS. This is because the AF-iB8 phase of FeS has a b
gap of only 0.18 eV, which is too small to stabilize th
iB8 structure.

As for MnO, the present calculation shown in Fig. 1(b
suggests that the most stable high-pressure phase wil
the nB8 structure rather than the B2 [8] or iB8 structur
Detailed comparison of the total energies predicts that t
FM-nB8 structure has the lowest energy rather than t
AF-nB8 structure, though the energy difference is rath
marginal.

This theoretical prediction can explain a recent expe
ment [9] on MnO in a high-pressure range (.120 GPa)
very well. The consistency of the assignment of the e
perimental x-ray diffraction peaks at 137 GPa by the nB
structure is demonstrated in Table I. Almost an exact
of peak position and good agreement of the intensity pr
file can be obtained, with the exception of one peak f
dexp  1.844 Å, which is explained as originating from
the metastable nonmagnetic (NM) rB1 phase. This NM
rB1 phase will take a “stretched” rather than “compresse
rB1 structure [25]. The intensity of this peak is actuall
reduced after annealing. The volumes 7.89 cm3ymoled
and thecya s 2.08d estimated by fitting the peak posi-
tions are in good agreement with the present calculated
sults, which give a volume 7.92 cm3ymole andcya 
2.2 for the FM-nB8 state, and volume 7.94 cm3ymole
andcya  2.1 for the AF-nB8 state (at 137 GPa).

The P-V relation for MnO [shown in Fig. 3(b)]
is clearly consistent with the AF-rB1 phase in th
n
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FIG. 3(color). The pressure-volume curves for differen
phases of FeO (a) and MnO (b). For FeO, the data from
Ref. [6] on the isothermally (900 K) decompressed high
pressure phase of FeO are shown for comparison to the pres
theoretical calculations. For MnO, two experimental result
with shock compression [8] and static compression [9] (a
room temperature) are shown.

low-pressure range. The experimental data point ne
120 GPa by shock compression is located just in betwee
the curves corresponding to the rB1 and nB8 structure
suggesting that the sample is in a mixed phase. On t
other hand, the highest pressure data point obtained
the static compression followed by laser annealing is ju
on the line of theP-V curve for the nB8 structure.

For both of the iB8 FeO and nB8 MnO under high-
pressure, thecya values exceed 2.0, being unusually large
1029
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TABLE I. Observed [9] and fitted x-ray diffraction pattern o
MnO at 137 GPa after laser annealing.

dexp
a Iexp

b Ifit
b dfit

a (nB8) h k l dexp-dfit

2.534 w m 2.538 0 0 2 20.004
2.110 s s 2.114 1 0 0 20.004
1.955 w w 1.952 1 0 1 0.003
1.844 s Coming from NM rB1
1.628 s s 1.624 1 0 2 0.004
1.218 m m 1.220 1 1 0 20.002
1.099 m w 1.100 1 1 2 20.001
adexp anddfit are experimental and fittedd spacings, respec-
tively, in units of Å.
bThe relative intensities of the peaks are described as stron
(s), medium (m) and weak (w).

compared with the values for most other related system
However, we have found thatcya is an increasing
function of rcyra with rc srad denoting the cation (anion)
ionic radius, and that thecya values of the MnO and
FeO are on the extrapolated line of this general trend.
anions are more compressible than cations,rcyra becomes
larger, andcya increases under pressure.

In conclusion, iB8 versus nB8 structures have be
predicted as the high-pressure phases of FeO and M
by the present first-principles calculations. Analysis
x-ray diffraction experiments provides a further suppo
to the present theoretical prediction for both FeO an
MnO. The predicted high-pressure phase of FeO will
the first example of a transition-metal compound with th
iB8 structure. It has a unique insulating state, i.e., a ba
insulator rather than a Mott insulator.
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