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We present a first-principles study of multiferroic BiFeO3 at high pressures. Our work reveals the main
structural �change in Bi’s coordination and suppression of the ferroelectric distortion�, electronic �spin cross-
over and metallization�, and magnetic �loss of order� effects favored by compression and how they are con-
nected. Our results are consistent with the striking manifold transition observed experimentally by Gavriliuk
et al. �Phys. Rev. B 77, 155112 �2008�� and provide an explanation for it.
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I. INTRODUCTION

Room-temperature multiferroic BiFeO3 �BFO� is one of
the most intensively studied materials of the moment. BFO is
among the most promising multiferroics from the applica-
tions perspective, and the latest results regarding its funda-
mental properties1 and the engineering possibilities it
offers2,3 continue to fuel the interest in it.

Indeed, recent works suggest the correlations between the
structural, electronic, and magnetic properties of BiFeO3 are
not understood yet. We have evidence for a large sensitivity
of BFO’s conductivity to magnetic order,1,4 a metal-insulator
�MI� transition driven by structural changes at high
temperatures,5 high conductivity at ferroelectric domain
walls,6 and even a spin-glass phase below 150 K.7 Yet, the
results most revealing of the complex interactions in BFO
may be those of Gavriliuk et al.8,9 These authors observed a
pressure-driven diffuse transition, occurring at room tem-
perature in the 40–50 GPa range, that involves a structural
change, loss of magnetic order, and metallization. The driv-
ing force behind such transformations, tentatively attributed
to a spin crossover of Fe3+, remains to be clarified.

Here we report on a first-principles study of the high-
pressure behavior of BFO in the limit of very low tempera-
tures �nominally, 0 K�. Our results reproduce the essential
observations of Gavriliuk et al., thus revealing the mecha-
nisms that can lead to a manifold �structural/electronic/
magnetic� transition in this material.

II. METHODOLOGY

We used the local-density approximation �LDA� �Ref. 10�
to density-functional theory as implemented in the Vienna
ab-initio simulation package �VASP�,11 including the so-called
LDA+U correction of Dudarev et al.12 for a better treatment
of iron’s 3d electrons. We used the projector-augmented
wave �PAW� scheme,13 solving for the following electrons:
Fe’s 3d and 4s, Bi’s 6s and 6p, and O’s 2s and 2p. The
electronic wave functions were described with a plane-wave
basis truncated at 400 eV, and we used a �-centered 7�7
�7 k-point grid for Brillouin-zone integrations. These calcu-
lation conditions were checked to render converged results
and to reproduce published first-principles data for BFO at 0
GPa.4,14 The technicalities of our calculations are thus stan-
dard, but our use of the LDA+U asks for a comment: In this

work we compared the energies of different electronic phases
�insulating/metallic� in which the Fe3+ ions display different
spin states. Doing this accurately constitutes a challenge for
any ab-initio approach; in particular, while commonly used
to study such problems, the computationally efficient LDA
+U should be employed with caution in this context. For this
reason, we repeated all our calculations for different values
of the U parameter in the 0–4 eV range, and thus made sure
our qualitative conclusions are reliable. �Unless otherwise
indicated, the reported results are for U=3 eV.�

Phase transitions in BFO under moderately high pressures
have already been studied theoretically.4 In this work, how-
ever, we were not interested in the relatively mild effects so
far investigated. Rather, we wanted to determine whether
pressure may induce profound changes in the electronic
structure of the compound. Thus, we restricted our simula-
tions to the 10-atom cell of the R3c phase of BFO stable at
ambient conditions �see inset in Fig. 1�, assuming this is
representative enough to capture the phenomena of interest.
Then, as a function of volume �i.e., pressure�, we performed
structural relaxations for a variety of atomic, electronic, and
magnetic configurations. That allowed us to identify a large
number of possible phases and determine their relative sta-
bility and properties. All the structural relaxations were
started from a nonsymmetric atomic configuration �corre-
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FIG. 1. �Color online�. E�V� curves for the BFO phases here
considered �see text�. Inset: structure of the ferroelectric R3c phase
of BFO stable at ambient conditions.
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sponding to the P1 space group� so that the material is al-
lowed to find its lowest-energy state. Further, noting that the
structures obtained from our structural relaxations were usu-

ally highly symmetric �with R3c and R3̄c space groups, typi-
cally�, we ran structural stability checks in a few selected
cases �e.g., for the “LS phase” discussed below at about 36
GPa and about 65 GPa� and ratified that the obtained solu-
tions are stable against symmetry-lowering distortions. Dif-
ferent electronic configurations �e.g., high- and low-spin
states of the Fe3+ cations� were achieved in the calculations
by appropriately choosing the starting spin state. As done in
other first-principles studies,14,15 we neglected the long-
period spin cycloid in BFO.

Hence, the adopted methodology relies on substantial
simplifications as regards the treatment of the strong corre-
lation effects �described at the LDA+U level� and the pos-
sible atomic and magnetic structures that BiFeO3 can adopt
under compression �since we only considered a particular
10-atom cell�. Accordingly, this work should be considered
as a first step in the study of a very complex problem on
which our experimental knowledge is currently limited. Our
conclusions are thus qualitative in nature, and pertain only to
the main most drastic electronic and structural effects fa-
vored by pressure.

III. RESULTS

A. Structural and spin transitions

Figure 1 displays our results for the equation of state of
the BFO phases we found to be stable in some pressure
range. The obtained pressure-driven transitions are better vi-
sualized in Fig. 2, which shows the pressure dependence of
the key properties. At ambient and moderately high pressures
we obtained the usual ferroelectric R3c phase of BFO, with
G-type antiferromagnetic �AFM� order and Fe3+ in a high-
spin �HS� state. Then, we found that at about 36 GPa BFO
undergoes a first-order phase transition to a phase with the
Fe3+ ions in a low-spin �LS� configuration. The concurrent
drops in volume and iron’s magnetic moment across the
HS-LS transition can be seen, respectively, in Figs. 2�b� and
2�c�. �The magnetic moments are nearly pressure-
independent within both the HS and LS phases.� Finally, a
metallic phase with no localized magnetic moments, denoted
as “NS phase,” where NS stands for “no spin,” becomes
stable above 72 GPa. Such a paramagnetic metallic phase is
typical of transition-metal oxides at high pressures.16

The atomic structure of the obtained stable phases is fully
specified in Fig. 3, which shows the pressure dependence of
the unit cell and the structural parameters associated to the
occupied Wyckoff orbits as defined in Table I. �All the stable
phases found present a rather high symmetry—i.e., R3c or

R3̄c space groups—which allows us to use the unified struc-
tural description indicated in Table I.� For all the phases, we
found oxygen-octahedron rotations �quantified by the g-type
parameter z defined in Table I� as those occurring in the
ferroelectric R3c phase of BFO at ambient pressure; our cal-
culations show such rotations remain present under compres-
sion. The inversion-symmetry-breaking displacements in the

HS phase �quantified by the u-type parameters w, x, and y
defined in Table I� correspond to the usual ferroelectric dis-
tortion of BFO, which is dominated by the stereochemical
activity of bismuth: in essence, the Bi atoms move along the
�111� direction to approach the three O atoms forming a face
of the neighboring oxygen octahedron. In the LS phase,
though, we find that inversion symmetry is not broken �i.e.,

w=x=y=0, corresponding to the R3̄c space group�, which
reflects a change in bismuth’s coordination. As shown in Fig.
4, the LS phase presents BiO3 planar groups in which the
three oxygen atoms binding with one Bi atom belong to three
different O6 octahedra. Such planar groups are also present
in the NS phase, but there they co-exist with a small u-type
distortion �R3c space group�.

These results clearly indicate that Bi coordination is the
main factor controlling the occurrence of a u-type distortion
in BFO under compression, in accordance with what is
known about ferroelectricity in this material. Yet, one might
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FIG. 2. �Color online�. Pressure dependence of the �a� enthalpy,
�b� volume, �c� Fe’s magnetic moment, �d� and electronic band gap
of the HS, LS, and NS phases of BFO �see text�. We give the results
for all three phases in the whole pressure range, but note that each
phase is stable only within one particular interval and metastable at
other pressures. Dashed vertical lines mark the computed transition
pressures. Panel �a�: We take as the zero of enthalpy the pressure-
dependent result for the HS phase. Panel �d�: The highlighted area
is suggestive of the subtleties pertaining to the value of Egap in the
LS phase �see text�.
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wonder why the Fe3+ cations present an off-centering u-type
distortion in the HS and NS phases �at high pressures in the
latter case�, while such an off-centering is not observed in
the LS case. We have not been able to find a simple expla-
nation for this; as a matter of fact, it seems to us that the
usual arguments from crystal-field theory might suggest to
the contrary. We take this as an indication that one should be
cautious when trying to interpret effects occurring at high
pressures in terms of simple pictures that are known to apply
essentially to materials at ambient conditions.

Thus, we found pressure favors two main modifications of
the usual R3c phase, namely, a change in Bi coordination and
a low- or null-spin configuration of the Fe3+ ions. We also

checked such variations can exist independently �e.g., LS
Fe3+ can occur in absence of planar BiO3 groups�, which
gives rise to various metastable phases. Indeed, we obtained
many metastable phases �not shown here� with different
atomic and electronic structures, including the occurrence of
intermediate-spin Fe3+. We even found a mixed-spin phase,
with one HS iron and one LS iron in our ten-atom cell, that
becomes stable in the 35–37 GPa pressure range.

B. Metallization at the HS-LS transition

As expected, for the HS phase we obtained an AFM in-
sulating ground state. The energy difference between the
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FIG. 3. �Color online�. Pressure dependence of the structure of
the HS, LS, and NS phases of BFO �see text�. Shown are �a� the
lattice parameter of the ten-atom unit cell, �b� the rhombohedral
angle, and �c–e� the parameters associated to the occupied Wyckoff
orbits as defined in Table I. We give the results for all three phases
in the whole pressure range, but note that each phase is stable only
within one particular interval and metastable at other pressures.
Dashed vertical lines mark the computed transition pressures.

TABLE I. Structural parametrization for a unified description of
all the phases here discussed �Ref. 17�. Listed are the occupied
Wyckoff orbits according to the rhombohedral setting of the R3c
space group. The locations of the representative atoms are given as
the sum of a reference position plus u-type �from ungerade or odd
under inversion� and g-type �from gerade or even under inversion�
distortions. The representative Bi is chosen to be at the origin.
Whenever both u- and g-type distortions occur, we get the R3c
space group; when only g-type �u-type� distortions exist, we obtain

R3̄c �R3m�; and when both g- and u-type displacements are null, we

recover the ideal Pm3̄m perovskite structure. In all cases, the ten-
atom unit cell is fully specified by a single lattice parameter �a=b
=c� and the rhombohedral angle ��=�=��.

Atom Reference position

Distortions

u type g type

Bi �2a� �0,0,0� +�0,0 ,0�
Fe �2a� �1/4,1/4,1/4� +�w ,w ,w�
O �6b� �1/2,0,1/2� +�x ,y ,x� +�z ,0 ,−z�
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FIG. 4. �Color online�. Left: surroundings of Bi in the BFO
structure. The six nearest-neighboring oxygen atoms are split in two
groups, denoted O�1� and O�2� and colored differently, each of
which is composed of three symmetry-related atoms that form a
plane perpendicular to the �111� direction. Right: Structural param-
eters relevant to the HS-LS transition.
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AFM and ferromagnetic �FM� configurations varies from
about 0.27 eV/f.u. at 0 GPa to about 0.65 eV/f.u. at 36 GPa,
which is compatible with the experimentally observed high
transition temperature �TNeel�643 K at 0 GPa� and its in-
crease with pressure.1 As shown in Fig. 2�d�, the HS phase is
an insulator throughout its stability range, and its energy gap
decreases with pressure.

According to our results, the properties of the LS phase
are more complex. Throughout its stability range, the AFM
and FM magnetic arrangements are nearly degenerate, never
differing by more than 0.03 eV/f.u. �Moreover, the ground
state shifts from AFM to FM as pressure increases.� This
implies that the magnetic ordering temperature for the LS
phase will be much �about ten times� smaller than that of the
HS phase. We also found the electronic structure of the LS
phase depends strongly on the magnetic order. Figure 5
shows illustrative results at 50 GPa: The AFM case presents
a gap of about 0.8 eV, while for the FM order we get a
half-metallic solution.

These results imply that if we were able to heat the LS
phase up to room temperature �Troom�, we would obtain a
paramagnetic state. Further, this magnetically disordered
phase will probably appear as being metallic since the ther-
mally averaged equilibrium state should present a significant
electronic density of states at the Fermi level. Thus, our cal-
culations suggest that, at Troom, BFO might undergo a
pressure-driven HS-LS transition that brings about simulta-
neous structural, magnetic, and electronic �insulator-to-
metal� transformations.

IV. DISCUSSION

The picture of the HS-LS transition that emerges from our
simulations is essentially identical to the one suggested by
Gavriliuk et al.8 to explain their observed pressure-driven
transition. One should keep in mind, though, that the experi-

ments of Ref. 8 were performed at Troom; thus, the identifi-
cation between the experimental transition and our HS-LS
transition relies on the assumption that our LS phase is the
equilibrium state at Troom.

To resolve this issue, one would need to compute the
temperature-pressure �T-P� phase diagram of BFO ab initio,
which falls beyond the scope of this work. Yet, we can esti-
mate the temperature stability range of the low-T phases by
calculating their enthalpy difference with the cubic phase, as
such a quantity should be roughly proportional to the tem-
perature at which the transition to the cubic phase occurs. At
0 GPa we obtained 0.88 eV/f.u. for the difference between
the R3c HS phase and the lowest-lying cubic phase �which
presents Fe3+ in a HS state�, a large value consistent with the
experimentally observed high transition temperature �1200
K�.5,18 This enthalpy difference decreases gently with pres-

sure: For example, at 50 GPa, the R3̄c LS phase and the
lowest-lying cubic phase �which presents Fe3+ in a LS state�
differ by about 0.60 eV/f.u. Hence, our calculations suggest
that, within the stability range of the LS phase, the transition
into a LS cubic phase will occur at temperatures well above
Troom �roughly, in the 700–800 K range�. Our results thus
support the hypothesis of Gavriliuk et al. that the metallic
phase observed experimentally at high pressures and Troom
contains LS Fe3+.

We found additional support for this identification. The
computed HS-LS transition pressure �about 36 GPa� agrees
reasonably well with the observed one �40–50 GPa�, and the
wealth of competing �meta�stable phases that we found is
consistent with the diffuseness of the experimental transition.
Further, the results for V�P� in Fig. 2�b� are in good qualita-
tive agreement with the experimental data, and the computed
bulk modulus of the HS and LS phases are markedly
different—the HS phase being significantly softer—as ob-
served experimentally for the low- and high-pressure
phases.19 Finally, the pressure dependence of the enthalpy
difference between the low- and high-pressure phases was
experimentally determined to be 12 meV/GPa at the transi-
tion region, and we obtain about 15 meV/GPa.

It is not our purpose here to give a detailed electronic
picture of the HS-LS transition that we found. Let us just
note our results for BFO strongly resemble what occurs in
hematite �Fe2O3�, which undergoes a HS-LS transition with
accompanying metallization at 50 GPa.20–22 Indeed, the con-
clusion of Ref. 22 that there is an enhancement of the metal-
lic character of hematite’s LS phase under pressure, driven
by the broadening of the not-fully-occupied t2g bands of
Fe3+, seems consistent with our findings. We should also note
Gavriliuk et al. recently described the pressure-induced met-
allization in BFO in terms of a Mott-Hubbard picture.9 We
have doubts about this interpretation: First-principles calcu-
lations show that BFO displays broad significantly hybrid-
ized valence bands �see Refs. 14 and 23 for the usual HS
phase of BFO and Fig. 5 for our LS phase�, which suggests
it may not be adequate to place this material on the Mott-
Hubbard side of the usual Zaanen-Sawatzky-Allen
diagram.24

Our results allow us to discuss currently debated features
of the T-P phase diagram of BFO. Following the discovery
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FIG. 5. �Color online�. Electronic density of states of the FM
and AFM configurations of the LS phase of BFO at 50 GPa. The
shaded area indicates the result for one Fe3+ ion with its local mag-
netic moment pointing up.
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of the high-temperature metallic phase mentioned above,5

which has the ideal cubic perovskite structure with a five-

atom unit cell and Pm3̄m space group, it has been proposed
this phase might extend its stability range down to low tem-
peratures and high pressures.1,25 Our results suggest to the
contrary. While restricted to a ten-atom cell, our simulations
do include the ideal cubic perovskite as a possible solution,
and show this phase does not become the ground state under
compression. For pressures extending up to 100 GPa, we
always observe symmetry-lowering distortions, associated to
oxygen-octahedron tiltings and the stereochemical activity of
Bi. This prediction is consistent with the experimental results
of Gravriliuk et al.8 and Haumont et al.,26 who observed a
noncubic phase at high pressures and room temperature.

Finally, let us comment on the status of our quantitative
results. As mentioned above, we repeated all our calculations
for different values of the U parameter that defines the
LDA+U functional. For the U values typically used in stud-
ies of BFO �Refs. 14, 15, and 27� and other oxides with Fe3+

cations at the center of O6 octahedra28 �i.e., in the 3–4 eV
range�, the obtained qualitative results are identical. At the
quantitative level, the main difference is a positive shift of
the transition pressures as U increases. For example, for U
=4 eV the HS-LS transition occurs at 42 GPa, as compared
with 36 GPa for U=3 eV. The differences are greater for the
LS-NS transition, which occurs at about 130 GPa for U
=4 eV. This is not surprising, as a bigger value of U will
tend to favor more insulating solutions. Hence, we think we
can take our quantitative results as quite approximate in what
regards the HS-LS transition and the properties of the HS
and LS phases. The LS-NS transition pressure is, obviously,
not well determined. We did not pursue a more detailed study
of how our results depend on the type of LDA+U scheme or
on the inclusion of a correction for the intra-atomic exchange
�J�. Given the drastic simplifications made in this work as
regards the simulated system �i.e., we restricted to a ten-atom
unit cell�, we thought it was not reasonable to insist further
in the quantitative accuracy of the LDA+U scheme em-
ployed.

V. SUMMARY AND CONCLUSIONS

We have identified the main structural, electronic, and
magnetic effects that occur in BiFeO3 under compression

and how they are connected. More precisely, our results re-
veal that pressure favors two main effects: �i� a change in the
coordination of the Bi atoms, which tend to form planar
BiO3 groups, and �ii� a HS-LS crossover transition for Fe3+

at pressures around 40 GPa. These are drastic transforma-
tions that involve relatively large energy scales. Thus, these
predictions seem perfectly reliable, in spite of the approxi-
mations made in our theoretical study.

As regards the main magnetic and electronic properties of
the LS phase, we find that �i� the magnetic interactions are
relatively weak in that phase, which should result in a rela-
tively low ordering temperature, and �ii� the electronic struc-
ture strongly depends on the magnetic order, which suggests
that a �room-temperature� paramagnetic LS phase will be
metallic. Our predicted HS-LS transition is thus consistent
with the manifold �structural/magnetic/electronic� transfor-
mation observed experimentally by Gavriliuk et al.,8 and
provides an explanation for it. In addition, we found a sec-
ond transition, to a metallic phase with no localized magnetic
moments, at very high pressures �above 70 GPa�.

To conclude, let us stress that our investigation was by no
means exhaustive and many issues remain open. For ex-
ample, while our results strongly suggest that BFO will not

present a cubic Pm3̄m phase at high pressures, we cannot
deduce from our calculations the space group of the high-
pressure phases, as many possibilities �e.g., involving unit
cells larger than the ten-atom one used in our simulations�
have not been considered in this work. Similarly, the possi-
bility that complex magnetic orders occur at high pressures
has not been explored. Finally, quantitatively more accurate
calculations of the transition pressures, and the properties of
the high-pressure phases, would require the use of sophisti-
cated first-principles techniques that can improve on our
LDA+U results.
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