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The entire zone-center phonon spectrum of the R3c ferroelectric antiferromagnetic phase of bismuth ferrite
is computed using a first-principles approach based on density functional theory. Two phonon modes exhibiting
eigendisplacement vectors that strongly overlap with the atomic distortions taking place at the ferroelectric
structural phase transition are identified and give support to a transition with displacive character. Both Raman
and infrared reflectivity spectra are also computed, providing benchmark theoretical results for the assignment
of experimental spectra.
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Magnetoelectrics �ME� are, by definition, materials which
exhibit a coupling between their magnetic and electric
properties.1,2 Such materials are currently the subject of in-
tensive investigations because they potentially open the way
to totally new applications for multistate memories or within
the emerging field of spintronics. Among compounds that are
intrinsically ME, multiferroics which combine ferromagnetic
�or another kind of magnetic order� and ferroelectric �FE�
orderings are considered as a very important class of
materials,1 particularly attractive for thin-film applications.3

Bismuth ferrite �BiFeO3� is a paradigmatic multiferroic
and currently the most studied single-phase ME. The broad
interest in this compound can be attributed to some of its
intrinsic properties �large polarization, high Curie tempera-
ture�, but also to its simple distorted perovskite structure,
well suited for the combination of experimental and theoret-
ical studies and well adapted for epitaxial growth on a per-
ovskite substrate. Many recent works have considered thin-
film configurations.3,4

It is worth realizing that, in spite of such an intensive
research activity, very little is known about the basic prop-
erties of BiFeO3, even at the bulk level. The exact amplitude
of its spontaneous polarization was the subject of recent
debates.5 The mechanism of its FE phase transition is not yet
clearly understood.6 Relatively little experimental informa-
tion concerning its dynamical properties is available: Raman
and infrared �IR� spectra were measured recently on bulk,6–8

thin films,9–11 and ceramics,12 but these spectra do not always
agree and mode assignments remain difficult due to the lack
of relevant theoretical support.

In this paper, we investigate the zone-center phonon
modes in the FE antiferromagnetic �AFM� R3c phase of
BiFeO3 using density functional theory �DFT�. We identify
two phonon modes that strongly overlap with the atomic
distortions taking place at the FE structural phase transition,
giving support to a displacive character of this transition. We
also report theoretical Raman and IR reflectivity spectra, pro-
viding benchmark theoretical data directly useful for the as-
signments of experimental spectra and clarifying the previ-
ously proposed assignments.

DFT calculations were performed within the local spin
density approximation �LSDA� as implemented in the ABINIT

package.13 We used plane waves and optimized

pseudopotentials.14 Bismuth 5d, 6s, and 6p electrons, iron
3s, 3p, 3d, and 4s electrons, and oxygen 2s and 2p electrons
were considered as valence states. Convergence was reached
for a 50-hartree plane-wave kinetic energy cutoff and a 6
�6�6 mesh of special k points. Phonon frequencies, IR
reflectivity, and Raman intensities were obtained as de-
scribed in Refs. 15 and 16. Dynamical matrix, Born effective
charge tensors �Z*�, and linear optical susceptibility were
computed within a variational approach to density functional
perturbation theory.15 Derivatives of the linear optical sus-
ceptibility with respect to atomic displacements were calcu-
lated from finite differences.

From the crystallographic point of view, the FE phase of
BiFeO3 �stable below Tc�1100 K� has a ten-atom rhombo-
hedral unit cell that belongs to the space group R3c.17 This
structure is usually described as arising from a distortion of a

reference Pm3̄m cubic perovskite structure, also considered

as the most probable paraelectric state.6 Linking the Pm3̄m
phase to the R3c phase requires combining two independent
atomic distortions: �i� an antiferrodistortive motion of the
oxygens, �AFD, responsible for the unit cell doubling and that
alone would bring the cubic system into an intermediate

paraelectric phase of R3̄c symmetry and �ii� a polar distor-
tion, �FE, along the pseudocubic �111� direction that alone
would lead to a phase of R3m symmetry.

From the magnetic point of view, BiFeO3 is classified as a
G-type antiferromagnet below TN�640 K.17 Superimposed
on a perfect AFM ordering, there is in fact at the bulk level a
spiral spin structure in which the AFM axis rotates through
the crystal with an incommensurate wavelength period of
620 Å.18 However, as in previous DFT studies,5,19 this addi-
tional feature was neglected in our calculations.

Structural relaxations of the FE-AFM R3c phase and of a

hypothetical paraelectric-AFM R3̄c phase were performed
until the maximum residual forces �stresses� were less than
8�10−6 hartree/bohr �3�10−5 hartree/bohr3�. The relaxed
parameters and magnetic moment on iron atoms are a
=5.50 Å, �=60.13°, xFe=0.231, xO=0.541, yO=0.946, zO
=0.399, and �Fe=3.65�B for the R3c phase and a=5.38 Å,

�=61.85°, x=0.671, and �Fe=3.70�B for the R3̄c phase, in
close agreement with previous LSDA calculations5 and ex-
perimental data.17 From the reduced atomic positions in
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these two phases, we deduced �AFD and �FE atomic distor-
tions. The following phonon calculations have been per-
formed in the theoretically optimized FE-AFM R3c phase,
considering Cartesian coordinates with the z axis aligned
along the polar axis of BiFeO3 ��111� pseudocubic direction�.

The zone-center optical phonon modes of the R3c phase
can be classified, according to its irreducible representations,
into 4A1 � 5A2 � 9E. The A1 modes polarized along z and the
doubly degenerate E modes polarized in the x-y plane are
both Raman and IR active while the A2 modes are silent. The
computed frequencies of the A2 modes are, respectively, 109,
261, 308, 446, and 579 cm−1. These frequencies, however,
cannot be compared to experimental values since no experi-
mental inelastic neutron scattering data are presently avail-
able.

Table I summarizes the computed frequencies of the
transverse �TO� and longitudinal �LO� optic modes of A1 and
E symmetry. Bi atoms only participate in low-frequency
modes up to 167 cm−1 while oxygen motion strongly domi-
nates in modes above 262 cm−1. Fe atoms are mainly in-
volved in modes between 152 and 261 cm−1 but also contrib-
ute to some higher-frequency modes. Contrary to what was
assumed by Singh et al.,9,10 we notice that the LO-TO split-
ting is not negligible for all modes in BiFeO3 and can be as
large as 100 cm−1.

Interestingly, inspection of the phonon eigendisplacement
vectors24 allows one to point out that the A1�TO1� mode at
167 cm−1 has an overlap of 0.85 with the distortion pattern
�FE while the A1�TO2� mode at 266 cm−1 has an overlap of
0.93 with �AFD. The complete overlap matrix is summarized
in Table II. The survival into the FE phase of a low-

frequency TO mode that strongly overlaps with the FE dis-
tortion was previously highlighted in the R3c phase of
LiNbO3.20 It gives strong support to a displacive phase tran-

sition mechanism from the Pm3̄m to R3c phase, with a pos-

sible intermediate phase of R3̄c or R3m symmetry depending
on which instability freezes in first. Moreover, our calcula-
tions indicate which modes should a priori exhibit the stron-
gest anomaly around Tc.

Panels �A� and �B� of Fig. 1 display the calculated IR
reflectivity spectra �without damping� at normal incidence,
respectively, on the �001� and �100� surfaces of a BiFeO3
monocrystal. Moreover, since the only presently available
experimental IR data concern a ceramic,12 we report in panel
�C� the corresponding average reflectivity spectrum, assum-
ing a quasicontinuous and random distribution of crystallite
orientations.21 An overall good agreement between theory
and experiment is observed both for frequency positions and
peak intensities, although the lowest and highest modes
present systematic upshifts and downshifts in frequency, re-
spectively. This can be at least partly attributed to the strong
anharmonicity of these modes, experimentally evidenced by
their temperature dependence.12 In spite of the similar shape
of calculated and experimental IR reflectivity spectra, we
notice that the assignment of the experimental modes, further
discussed below, remains difficult because 17 TO modes are
obtained by Kamba et al.12 from the fit of the experimental

TABLE I. Frequencies �cm−1� and assignment of the TO and LO
modes of BiFeO3. Experimental IR and Raman �Ra� data concern a
ceramic �20 K� �Ref. 12� and a monocrystal �4 K� �Ref. 8�,
respectively.

TO modes Calc. IR Ra LO modes Calc. IR Ra

E�TO1� 102 75 77 E�LO1� 104 81

96 103

E�TO2� 152 132 136 143 147

145 E�LO2� 175 153

A1�TO1� 167 167 A1�LO1� 180 176 176

228 E�LO3� 237 230

E�TO3� 237 240 243

E�TO4� 263 264 265 E�LO4� 264 272

A1�TO2� 266 A1�LO2� 277 292 227

E�TO5� 274 288 279 E�LO5� 332 344

A1�TO3� 318 304 E�LO6� 377 367

E�TO6� 335 347 351 E�LO7� 386 400

E�TO7� 378 369 375

400 A1�LO3� 428 430

E�TO8� 409 437 437 E�LO8� 436 467

471 473 A1�LO4� 535 501 490

E�TO9� 509 523 525 E�LO9� 547 546

A1�TO4� 517 557 601

TABLE II. Overlap �Ref. 24� between the eigendisplacement
vectors of A1�TO� modes of the R3c phase of BiFeO3 and the
atomic distortions �FE and �AFD.

Modes A1�TO1� A1�TO2� A1�TO3� A1�TO4�

�FE 0.85 0.17 0.49 0.10

�AFD 0.13 0.93 0.34 0.08

0

0.4

0.8

0

0.4

0.8

R
ef

le
ct

iv
ity

0 100 200 300 400 500 600

Wavenumber (cm
-1

)

0

0.4

0.8

[001]

[100]

Ceramics

E modes

A
1

modes

Exp.

A

B

C

FIG. 1. �Color online� Calculated IR reflectivity spectra �blue�
of a BiFeO3 monocrystal �A�, �B� and ceramics �C�. Experimental
data �20 K� from Ref. 12 �red�.
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spectrum �see Table I� while only 13 TO modes are theoreti-
cally permitted. Computed IR oscillator strengths of the
A1�TO� and E�TO� modes are reported in Table III and might
be valuable for the interpretation of IR transmission spectra.
We observe that the A1�TO1� mode, related to the FE distor-
tion �FE, is not the mode with the highest polarity as often
observed in typical FE.20 Also, the A1�TO2� mode has a quite
large oscillator strength. This is surprising in view of its
strong overlap with �AFD �a nonpolar AFD oxygen motion in

the Pm3̄m reference phase� but it is made possible by both
the decrease of symmetry of the Z* in the R3c phase and
additional other polar contributions to A1�TO2�.

Within the previously defined system of coordinates, the
Raman susceptibility tensors of A1 and E modes can be writ-
ten as

A1�z� = �a · ·

· a ·

· · b
�, E�x� = �c · d

· − c ·

d · ·
�,

E�y� = � · − c ·

− c · d

· d ·
� .

Theoretical absolute values of the Raman coefficients are
reported in Table III. Figures 2�a� and 2�b� display the cal-
culated Raman spectra of a BiFeO3 monocrystal in the x�zz�y
and z�xy�z̄ configurations for which, in principle, only pure
A1�TO� and E�TO� modes can respectively be detected. The
Raman line shape is assumed to be Lorentzian, and the line-
width is fixed at 4 cm−1. Configurations like x�zz�y restricted
to pure A1�TO� modes might be considered as the most ap-
propriate to follow the potential soft-mode behavior of
A1�TO1� and A1�TO2� modes around Tc. Unfortunately, the

modes of interest have weak intensities in those configura-
tions, suggesting that IR measurements might be preferred
instead for the purpose of identifying a potential softening of
A1 modes. Interpretation of the experimental Raman spectra
of BiFeO3 is presently subject to controversy. Measurements
on monocrystal with parallel z�xx�z̄ configuration �yielding
lines for both E�TO� and A1�LO� modes� and crossed z�xy�z̄
configuration �yielding lines for E�TO� modes only� reported
independently by Haumont et al.7 and by Fukumura et al.8

differ significantly. In Fig. 2, good agreement is observed
between our calculations and the experimental spectrum of
Fukumura et al. for both frequency positions and relative
intensities. Our theoretical data are also compatible with the
measurements on film by Singh et al.10 Unfortunately, such
an agreement cannot be achieved with the results of Hau-
mont et al.,7 suggesting the presence of additional effects in
their case and asking for better characterization of their
sample. For instance, stoichiometry problems can potentially
affect the spectrum, as previously reported for LiNbO3.22

Our calculations can now be used to propose a coherent
assignment of experimental Raman and IR spectra as de-
tailed in Table I. We notice that direct measurements on
monocrystal have only been reported for A1�LO� and E�TO�
modes,8 which will be discussed in further detail below,
while the positions of A1�TO� and E�LO� were only esti-
mated from a fit of IR reflectivity on ceramics.12

First, concerning the E�TO� modes, IR and Raman data
are in agreement with our calculations �frequencies and in-
tensities� for the eight experimental modes centered around

TABLE III. Theoretical main values of the IR oscillator strength

tensor S̃ ��10−5a.u.� and Raman intensities ��10−5 bohr3� of the
TO modes in a BiFeO3 monocrystal.

Modes

Infrared Raman

Sxx=Syy Szz Powder a2�c2� b2�d2�

E�TO1� 2.43 0 1.62 �1.52� �0.68�
E�TO2� 45.48 0 30.32 �4.84� �1.04�
A1�TO1� 0 19.15 6.38 5.03 1.81

E�TO3� 1.24 0 0.83 �0.02� �31.09�
E�TO4� 19.16 0 12.77 �7.04� �2.62�
A1�TO2� 0 35.55 11.85 0.00 1.86

E�TO5� 156.46 0 104.31 �1.60� �103.41�
A1�TO3� 0 110.43 36.81 2.12 161.39

E�TO6� 5.62 0 3.75 �2.58� �12.62�
E�TO7� 0.26 0 0.17 �39.37� �1.95�
E�TO8� 12.56 0 8.37 �0.17� �6.24�
E�TO9� 34.03 0 22.69 �27.12� �3.76�
A1�TO4� 0 14.46 4.82 5.97 109.87
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FIG. 2. �Color online� Calculated �blue� Raman spectrum of
BiFeO3 in comparison to experimental �red� data at 4 K �Ref. 8�.
Asterisks in the experimental spectrum locate A1 modes which do
not completely disappear in crossed polarization.
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76, 134, 264, 283, 349, 372, 437, and 524 cm−1. For the last
mode, analysis of the experimental Raman spectrum sug-
gests a frequency at 473 cm−1, in agreement with an IR peak
at 471 cm−1, while the calculation predicts an E�TO3� mode
at 237 cm−1 in agreement with another IR peak measured at
240 cm−1. Further inspection of the experimental Raman
spectra supports the E symmetry assignment to the line at
240 cm−1 with a weak intensity in agreement with our cal-
culation, rather than at 473 cm−1 because �i� a weak line
centered at 240 cm−1 is clearly observed in the experimental
Raman spectrum for crossed polarization and is still likely
present for parallel polarization, although hidden in the foot
of the line at 227 cm−1, and �ii� the mode at 473 cm−1 mea-
sured for parallel polarization completely disappears for
crossed polarization, suggesting that it is rather an A1 mode
than an E mode. This assignment is also supported by the
Raman detection of an A1 mode at 425 cm−1 in films.10

Concerning now the A1�LO� modes, the theoretical pre-
diction might be less accurate than for TO modes due to
typical LDA inaccuracy in the prediction of the LO-TO
splitting23 so that the assignment is less obvious. Fukumura
et al.8 report four frequencies at 147, 176, 227, and 490 cm−1

while our previous discussion suggests an additional A1
mode at 473 cm−1. The modes at 176 and 490 cm−1 can be
unambiguously associated with theoretical frequencies at
180 and 535 cm−1. Theoretical frequencies at 277 and
428 cm−1 can also be convincingly related to the experimen-
tal modes at 227 and 473 cm−1. This assignment therefore
leaves the line at 147 cm−1 as the only unassigned experi-
mental one. This is surprising since this line neatly appears

and is reported in Raman for bulk and thin films, and also in
IR. However, an error in the theoretical prediction is rela-
tively unlikely in view of the overall good agreement ob-
tained. We checked that working at the experimental volume
or using generalized gradient approximation �GGA� or
GGA+U functionals does not affect the present discussion.
The neglect of spin-orbit coupling for Bi might slightly shift
the position of the lowest A1 mode dominated by Bi motion
but not the whole set of A1 frequencies. It seems also un-
likely to have three of the four A1 modes below 230 cm−1 in
view of the disparity of masses of the three types of atom.
Our calculations therefore directly question the origin of the
line at 147 cm−1 and request further experimental investiga-
tion on monocrystals.

In this Rapid Communication, we have reported first-
principles calculations of the IR reflectivity and Raman spec-
tra of BiFeO3, providing valuable information about the lat-
tice dynamics of this compound. It has also allowed a
coherent assignment of experimental IR and Raman spectra.
We hope that this work will motivate complementary experi-
mental investigations of monocrystals to confirm our assign-
ments and the displacive character of the FE phase transition.
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