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Polar magnetic metallic state in few-layer BiFeO3
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Recently, few-layer suspended stoichiometric BiFeO3 flakes were synthesized and found to display large
tetragonality and giant dipole moments per unit surface. Little is known, however, about the ground state
properties of this compound in the two-dimensional (2D) limit. By performing first-principles electronic structure
calculations, we determine the ground state structural, magnetic, and electronic properties of suspended stoichio-
metric BiFeO3 flakes with number of layers (n) ranging from 1 to 4. We show that, even if the orthorhombic flakes
with G-type antiferromagnetic order are the most stable ones for n � 4, the metastable cubic BiFeO3 multilayers
have physical properties in excellent agreement with experimental data, including enhanced tetragonality and
large dipole moments per unit surface in the 2D limit. In these cubic multilayers, the broken inversion symmetry,
determined by the different top and bottom terminations, results in a strong Fe offset along the z direction
coexisting with metallicity. Our work shows that the cubic phase, nonmagnetic and stable only above 927 K in
bulk and in thin films, is a “polar” magnetic metal and a type I “multiferroic” in the 2D limit at room temperature.
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I. INTRODUCTION

Recently, it has been shown that few-atoms-thick two-
dimensional freestanding stoichiometric BiFeO3 and SrTiO3

perovskites can be isolated down to the monolayer limit
[1] by using experimental exfoliation techniques based on
water-soluble Sr3Al2O6 as sacrificial buffer layer [1–3]. Fur-
thermore, freestanding single-crystalline multiferroic BiFeO3

membranes for application in flexible electronics have been
developed [4]. These findings open new perspectives in the
exploration of correlated phases such as magnetism, high-Tc

superconductivity [5], ferroelectricity [6], and multiferroicity
[7] in low dimensional oxydes.

Little is known, however, about the ground state properties
of freestanding few-layer BiFeO3. Experiments show that, as
the thickness of the thin film decreases, the in-plane lattice
parameter (a) shrinks and the out-of-plane Bi-Bi distance
(c) expands, resulting in an abnormal c/a ratio (≈ 1.22). A
giant dipole moment per unit surface (140 μC/cm2) along
the out-of-plane direction is observed via piezoresponse force
microscopy. Thus, surprisingly, BiFeO3 displays giant tetrag-
onality (c/a > 1) and large dipole moments per unit surface
in the 2D limit, at odd with what happens in the case of
thicker films supported on SrTiO3 (showing no tetragonality)
and with the bulk case showing the occurrence of a tetragonal
structure only at very high temperatures, above 977°C (see
Fig. 1). The theoretical calculations in Ref. [1] claimed that
the most stable stoichiometric BiFeO3 multilayer has a tetrag-
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onal symmetry (space group 99) with G-type spin polarization
[8]. Thus, the ground state of few-layer BiFeO3 seems to be
hard to infer from the data available on the bulk or on thicker
films. Furthermore, the ground state magnetic properties for
these BiFeO3 two-dimensional (2D) samples are unknown, no
transport data are available, and calculations of the electronic
structure and “polar” properties are missing in the literature.

In this work we perform an extensive study of all possible
polytypes and magnetic orders of stoichiometric BiFeO3 n-
layers with n � 4. We show that in the absence of strain, the
most stable polytype is the orthorhombic one with G-type an-
tiferromagnetic order. This system displays a transition from
an indirect to a direct gap insulating state by reducing thick-
ness. Most importantly, we demonstrate that the metastable
cubic ferromagnetic multilayers have structural parameters,
enhanced tetragonality, and large dipole moments per unit
surface, in excellent agreement with the experimentally syn-
thesized suspended stoichiometric BiFeO3 multilayers in
Ref. [1] but in disagreement with the theoretical claim in
Ref. [1]. Finally, we show that these flakes are metals hosting
a large dipole moment per unit surface and are type I mul-
tiferroic in the 2D limit at room temperature (following the
classification of Refs. [9,10]).

Bulk BiFeO3 is a multiferroic [11–17] with coexistence
of both antiferromagnetism (Néel temperature TN = 377 ◦C)
[18,19] and ferroelectricity (ferroelectric critical temperature,
TF = 810–830 ◦C) [20,21]. As ferroelectricity sets in above
the Néel temperature, it is usually considered a type I mul-
tiferroic [9,10]. The BiFeO3 bulk phase diagram reveals the
presence of four different phases, as shown in the top panel
of Fig. 1. At room temperature the most stable polytype has
rhombohedral (R) symmetry and crystallizes in the R3c space
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FIG. 1. Top panel: Finite temperature phase diagram of bulk BiFeO3. The space groups of the different bulk phases as a function of
increasing temperature are R3c, Pbnm, I4/mcm, and Pm3m. The Bi atoms are reported in gray, the O atoms in dark red, the Fe atoms in red.
The Néel temperature and Curie temperature are also reported (from Ref. [25]). Bottom panel: The same but for BiFeO3 grown by pulsed laser
deposition on SrTiO3(001) (from Ref. [20]).

group. At about 827 °C (well above TN) a phase transition oc-
curs to an orthorhombic (O) structure with space group Pbnm
and no magnetic order. A second phase transition to a tetrago-
nal (T) phase with space group I4/mcm follows at 977 °C.
Finally a metallic cubic (C) phase (space group Pm3m) is
the most stable one in the 1077–1127 ◦C temperature range
[20,22–25]. All phases, except the cubic one, are insulating.

The phase diagram of thin films (thickness of 70–200 Å)
grown on SrTiO3 has been very well characterized both exper-
imentally and theoretically and is shown in the bottom panel
of Fig. 1. It is similar to the bulk case, except for the fact that
the tetragonal phase has disappeared and the cubic metallic
phase is stable at much lower temperatures. The thin-film
phase diagram can be further modified by applying epitaxial
strain via substrate. Epitaxial strain can stabilize BiFeO3 into
two main crystal structures, the so-called T and R phases,
while the cubic metallic remains the most stable one at very
high temperatures.

The T phase refers to a parent tetragonal phase with P4mm
symmetry that has a c axis lattice parameter of ∼4.65 Å
(tetragonality c/a ratio ∼ 1.2) and encompasses small mono-
clinic distortions from this tetragonal symmetry. The R phase
refers to a distorted form of the R3c phase of the bulk, as-
sociated with its pseudocubic (PC) unit cell (a = 3.96 Å, α

= 89.4°); see Fig. 2 that has a c axis lattice parameter of ∼
4.01 (no tetragonality, i.e., c/a ratio ∼ 1.0) [26,27]. Hence,
this phase is obtained by a cut of bulk rhombohedral struc-
ture perpendicular to [012]hex that corresponds to the [010]pc

direction of the new pseudocubic phase [28,29]. To better ex-
plain the relation between the hexagonal and the pseudocubic
phases Fig. S5 has been added in the Supplemental Material

(SM) [30] We will see now that the ground state of few-layer
BiFeO3 can hardly be inferred from the knowledge of Fig. 1.

II. COMPUTATIONAL DETAILS

We perform density functional theory calculations with
the gradient corrected Perdew-Burke-Ernzerhof (PBE) [31]
functional by using the QUANTUM ESPRESSO (QE) package
[32,33]. Hybrid functional electronic structure calculations
(PBE0 functional [34]) are performed using the CRYSTAL code
[35]. We have verified that the two codes lead to perfectly
consistent results. In the case of multilayers, we use a trun-
cated Coulomb interaction in the direction perpendicular to
the layers, following the work of [36] or, for the CRYSTAL

FIG. 2. Comparison between cubic and pseudocubic multilayer
systems (1L and 2L).
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FIG. 3. Magnetic states considered in the calculation. A-type
AFM has ferromagnetic couplings within each Fe layer and antifer-
romagnetic interlayer couplings, C-type AFM has antiferromagnetic
couplings within each iron layer and ferromagnetic interlayer cou-
plings, and finally G-type AFM has both intralayer and interlayer
antiferromagnetic couplings.

code, we use open boundary conditions perpendicular to the
flakes. More technical details are given in the Computational
details section of SM [30] (see, also, Refs. [5–9] therein).

III. RESULTS

We first validate the reliability of our geometrical opti-
mization on the bulk phase of BiFeO3. We consider the four
possible structures (rhombohedral, cubic, orthorhombic, and
tetragonal) with ferromagnetic (FM) and with the three anti-
ferromagnetic (AFM) orders shown schematically in Fig. 3.
For the rhombohedral structure, only FM and G-type AFM
spin orders were considered. The energetics is reported in
Table A of SM [30]. The most stable bulk phase is rhom-
bohedral with G-type AFM spin order and the PBE lattice
parameters are in excellent agreement with experiments—see
the Bulk phase section of SM [30] (see, also, Refs. [11–13]
therein)—and with previous calculations [16].

Having demonstrated the reliability of the geometrical op-
timization for the bulk phases, we now focus on the multilayer
system. We build the multilayers along the [001] direction and
perform complete structural optimization for all the possible

magnetic structures in the one-layer (1L) and two-layer (2L)
cases, while for the three- and four-unit-cell flakes only the
most stable spin orders have been taken into account. In the
case of the cubic phase, we also study the energy difference
between the ferromagnetic and antiferromagnetic state at all
thicknesses. The results regarding the relative stabilities of all
of the multilayers systems are reported in Table I.

The most stable phase at T = 0 K in the 2D limit for
freestanding BiFeO3 is the orthorhombic G-type AFM, in
stark contrast with bulk and supported thin films where the
most stable phase is the G-type rhombohedral, while the or-
thorhombic structure is nonmagnetic and stable only above
820–827 K. The electronic structure of the orthorhombic G
phase as a function of thickness is shown in Fig. 5, where
we also include the hypothetical electronic structure of a bulk
G-type AFM orthorhombic structure for comparison. In the
single-layer case, the direct gap in PBE is ≈0.4 eV at the
Y point. The gap increases with n, and for n > 4 there is a
transition to an indirect gap, as can be seen by comparing
with the bulk electronic structure. As it is well known that
semilocal functionals tend to underestimate the gap value,
we have optimized the structure and computed the electronic
bands of the orthorhombic AFM G-type phase, both for the
bulk and fr the ultrathin films of up to four layers by using
the PBE0 functional [37]. The results are reported in Fig. 4.
Even in this case all systems are insulators, as expected, but
the band gap is substantially larger: Eg is 3.59 eV for the bulk,
while the multilayers exhibit band gaps of 4.14, 3.96, and
3.79 eV for 1, 2, and 3 layers, respectively. Nevertheless, the
gap nature is preserved: in the bulk we have an indirect band
gap, while multilayers show a direct band gap for thickness
below 4 layers.

The second most stable phase is the cubic ferromagnetic
phase having a metallic ground state, in the case of monolayer
and bilayers, while for thicker multilayers the most stable spin
polarization is AFM G. However, the energy difference is very
small (see Table I), making them almost degenerate. We also

TABLE I. Relative energies and magnetic moments per formula unit of BiFeO3 for all possible stoichiometric BiFeO3 single- and bilayers
calculated with the PBE functional. The energies are given with respect to the orthorhombic AFM G structure. C = cubic, PC = pseudocubic,
O = orthorhombic, and T = tetragonal.

Structure �E 1L (eV) 〈μ〉 1L �E 2L (eV) 〈μ〉 2L �E 3L (eV) 〈μ〉 3L �E 4L (eV) 〈μ〉 4L

C FM 0.386 2.57 0.447 2.51 0.411 2.74 0.511 2.64
C AFM A – – 0.498 2.55 – – –
C AFM C – – 0.526 2.48 – – –
C AFM G 0.469 3.28 0.489 2.90 0.359 2.76 0.485 2.90
PC Fer 0.871 3.31 0.980 2.07 – – –
PC AFM A – – 0.988 2.20 – – –
PC AFM C – – 0.843 2.65 0.510 2.75 0.650 2.98
PC AFM G 0.512 2.87 0.951 2.66 – – –
O FM 0.088 2.70 0.171 2.79 – – –
O AFM A – – 0.189 3.18 – – –
O AFM C – – 0.091 3.35 – – –
O AFM G 0.000 3.39 0.000 3.36 0.000 3.35 0.000 3.36
T FM 0.432 2.56 0.762 2.81 – – –
T AFM A – – 0.705 2.57 – – –
T AFM C – – 0.771 2.61 – – –
T AFM G 0.387 3.43 0.491 2.71 0.792 2.87 0.660 2.87
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FIG. 4. Electronic structure of orthorhombic multilayers with G-
type antiferromagnetic order computed at PBE0 level of theory.

stabilize another polytype that we label pseudocubic as it is
a variant of the cubic phase but with a substantial distortion
(see Fig. 2) and an in-plane crystallographic angle slightly
different from 90◦. However, its energy is substantially larger,
but it becomes more stable by increasing the number of mul-
tilayers (see Fig. 2). The pseudocubic phase arises from the
pseudocubic lattice formed by Bi atoms in bulk rhombohedral
structure, hence it is related to the R3c phase [38].

Our findings show that the orthorhombic G phase is the
most stable at low temperature. This result is very promising
as it shows that the 2D limit can then be used to synthe-
size freestanding ultrathin perovskites with unexpected crystal
properties and magnetic orders. Indeed, the orthorhombic
polytype is nonmagnetic in bulk as it is only stable at very
high temperatures (see Fig. 1), while it is an antiferromagnetic
ferroelectric in few-layer form.

Our results disagree with a very recent experimental paper
[1] detecting enhanced tetragonality in few-atom-thick flakes,
as the orthorhombic G phase does not show enhanced tetrag-
onality in the 2D limit. Furthermore structural parameters
disagree with experimental data (see Fig. 6 for behavior of c/a
as a function of thickness and comparison to experiments from
Ref. [1]). This could stem from the fact that in experiments
thick films have been grown on a SrTiO3 substrate and have
been prepared at low T from the rhombohedral AFM G-type
structure. When the film is released from the substrate in its
freestanding form, the resulting structure could be metastable
and is not necessarily the most stable one. This thesis is
validated by similar behaviors occurring in thicker films.

FIG. 5. Electronic structure and density of states of orthorhombic
multilayers with G-type antiferromagnetic order computed at PBE
level.

In an effort to clarify the possible BiFeO3 polytypes
detected in experiments, we consider all the most stable
structures of all BiFeO3 multilayers and plot in Fig. 6 the
structural parameters as a function of layer thickness against
experimental data from Ref. [1]. In our analysis, we define c
as the distance of the Bi atoms along the z direction while
a is the Bi-Bi distance along the xy plane. In the case of
tetragonal and cubic structures, because of symmetry, there
is only one possible value for c. In the absence of symmetries
(pseudocubic case), we defined c as the averaged distance of
the Bi atoms along z. Finally, we plot the distortion parameter
�Fe that is the offset long the c axis of the Fe atoms from
the center of the four neighboring Bi atoms and is shown in
Fig. 6.
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(a)

(b)

(c)

(d)

FIG. 6. (a) Structure of the four-unit cell for bulk and 2L. Off
center (�Fe) is defined as the distance along the the out-of-plane
direction between the center of the neighboring Bi ions (red dotted
line) and the Fe ions (black dotted line). The Bi atoms are reported in
green, the O atoms in dark red, the Fe atoms in cyan. (b) Offset of the
Fe atoms along z from the plane formed by the four neighboring Bi
ions. (c) The lattice c. (d) c/a ratio. All of the quantities are reported
as a function of the number of layers, N .

As can be seen from Fig. 6, the most stable AFM G or-
thorhombic phase exhibits a maximum value of c/a ratio of
1.08 and thus an insufficient tetragonal distortion. Moreover
both the in-plane lattice parameter and the distortion are too
small and practically independent of the number of layers, in

disagreement with experimental data. This excludes the result
that the freestanding films in Ref. [1] are orthorhombic. In
contrast, both cubic FM and AFM G (the structural data for
the former is reported in Fig. 6; for the latter see Table B of
SM [30]) pseudocubic and tetragonal lattices show a T-like
distortion. The latter has, as expected, the biggest c/a value
of 1.33 for the trilayer case; however the behavior of c/a
and of the Fe offset as a function of thickness are in stark
disagreement with experiments, as shown in Figs. 6(a) and
6(c). A similar trend has been found for the cubic lattice
with AFM G spin polarization. This confirms that neither the
tetragonal phase nor the cubic AFM G phase are detected in
experiments. In contrast, both the cubic FM and pseudocubic
AFM C structures exhibit dependence of the structural param-
eters in agreement with experimental data, the cubic phase
being the closer to the experiments. It is worth noting that the
cubic structure is the second most favorite in absolute terms,
even in the absence of external strain (see Table I).

Even if our results explain the experimental structural data
in Ref. [1], they disagree with the claim that the most stable
structure is the tetragonal one. The paucity of technical details
in Ref. [1] does not allow for an explanation of the disagree-
ment. However, we point out that starting from the structure
in Fig. 4 of Ref. [1] we were unable to obtain the same results
as a function of layer thickness. Reference [1] claimed that
a BiFeO3 multilayer has tetragonal symmetry (see Fig. 4),
but in our results we found that multilayers BiFeO3 with
tetragonal symmetry are not able to reproduce experimental
data.

Finally, we remark that the distortion in few-layer BiFeO3

is present (and is practically identical) even if we artificially
suppress the magnetic order (i.e., perform a spinless electron
calculation). This suggests that few-layer BiFeO3 is a type I
multiferroic [9,10]. In Ref. [1] it is claimed that the freestand-
ing films with enhanced tetragonality host a gigantic dipole
moment per unit surface. The claim is based on out-of-plane
piezoresponse force microscopy of BiFeO3 thin films grown
on top of SrTiO3, showing the occurrence of a hysteresis loop.
However, some care is needed, as also SrTiO3(100) is a polar
surface (sometimes labeled weakly polar [39,40]) and it could
contribute to the measured polarization in a non-negligible
way. In order to verify the possible occurrence of a surprising
“polar” metallic state, we first calculate the electronic struc-
ture of both cubic and pseudocubic phases as a function of
thickness. We find that the system is metallic at all thicknesses
(see Figs. S4, S5, and 7), in agreement with what happens also
in the bulk case, namely a transition to a metallic state at high
temperature when the cubic phase is stabilized (see Fig. 1)
[20]. However, the lack of periodicity in cubic or pseudocu-
bic multilayers and the different terminations of the top and
bottom faces leads to broken inversion symmetry along the z
axis. This allows for nonzero c-axis component of the forces
acting on the Fe atoms. As a result the Fe atoms undergo a
distortion along z. In the bulk the distortion is frozen by the
symmetry, while in a very thick film it would be confined on
the outer layers. In the case n � 4 the distortion is sizable
on all the Fe atoms throughout the full flake. We have then
the case of a cubic metallic phase with a distortion of Fe
atoms along the z axis. It is natural to investigate if a finite
dipole moment per unit surface occurs due to the distortion.
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FIG. 7. Electronic structure and density of states (including their
projections onto each atom) of cubic FM monolayer and bilayers
systems. The solid lines refer to the majority spin channel (denoted
as spin up), while the dotted lines refer to the minority spin channel
(denoted as spin down).

We then compute the dipole moment in the z direction where
no periodicity occurs (see SM [30] for more information). In
the case of 2D material the polarization is obtained by mul-
tiplying the charge by the distance, as reported in Ref. [41],
while in a 3D system this quantity is divided by the cell unit
volume in order to obtain a surface density polarization. For
completeness we report the volume of the layered systems
beside the polarization. The dipole moment for the cubic FM
metallic multilayers is approximately Pz ≈ 23 × 10−3 (V =
14.53 Å3) e Å/f.u. and Pz ≈ 40 × 10−3 e Å/f.u. (V = 43.44
Å3) for the monolayer and bilayers respectively. These values
are of the same order as those found in LiOsO3 multilayers
[41]. For completeness, we also performed the same calcula-
tion for the pseudocubic phases, obtaining values a factor of
about 10 bigger: Pz ≈ 243 × 10−3 e Å/Bi (V = 21.82 Å3) and
Pz ≈ 415 × 10−3 e Å/Bi (V = 62.74 Å3). Hence, a large po-
larization is predicted, consistent with a recent experimental
report [1].

Thus, both structural parameters and the large dipole mo-
ment per unit surface of the cubic and pseudocubic phases are
in excellent agreement with experiments, with the structural
parameters of the cubic phase in slightly better agreement.
This demonstrates that BiFeO3 multilayers are metals under-
going a distortion and hosting a finite dipole moment per unit
surface, i.e., Anderson-Blount [42] metals.

IV. OUTLOOK

In this paper we studied the structural, magnetic, and elec-
tronic properties of BiFeO3 multilayers with n � 4. These
multilayers were recently synthesized in freestanding form
[1–3], but little is known about their physical properties. We
obtained two crucial results. The first is that in the absence
of external strain the most stable polytype is orthorhombic
with AFM G magnetic order. The orthorhombic phase is nor-
mally called the β phase in bulk form and is a nonmagnetic
paraelectric phase stable only at high temperatures, largely
above the magnetic ordering transition. Our work shows that
in ultrathin films it can be stabilized in “antiferromagnetic”
and “ferroelectric” forms, where the emergence of a dipole
moment along the z axis is due to the stoichiometricity of the
multilayers that, having different top and bottom terminations,
allows for a finite force on the Fe atoms, an effect not possible
in bulk form. Furthermore, these multilayers undergo a direct
to indirect gap transition by increasing thickness, that could
lead to remarkable optical properties. The optimization of
synthesis conditions could open the perspective to investigate
this yet experimentally undetected BiFeO3 phase.

The second important result is that we have identified the
crystal structure of the exfoliated BiFeO3 flakes as being the
cubic FM polytype, in contrast with previous claims [1]. It
is noteworthy that even if the energy difference between the
orthorhombic and cubic phases is quite sizable, we have to
consider that the experimental freestanding BiFeO3 films re-
ported in Ref. [1] have been obtained by deposition of BiFeO3

on SrTiO3. Probably, starting from a different substrate, it
is possible to obtain BiFeO3 films with different symmetry.
This could make the cubic phase metastable despite the large
energy difference. In these multilayers, the broken inversion
symmetry with respect to the plane generates a distortion
coexisting with metallicity. Moreover, the calculated dipole
moment along the z axis is in agreement with the measure-
ments from piezoresponse force microscopy. Thus, few-layer
cubic BiFeO3 could be a physical realization of the “polar”
metallic state proposed many years ago by Anderson and
Blount [42] and detected only in few materials up to now
[41,43–48].
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