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Angular dispersion of oblique phonon modes in BiFeO; from micro-Raman scattering
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The angular dispersion of oblique phonon modes in a multiferroic BiFeO; has been obtained from a
micro-Raman spectroscopic investigation of a coarse grain ceramic sample. Continuity of the measured angular

dispersion curves allows conclusive identification of all pure zone-center polar modes. The method employed here
to reconstruct the anisotropic crystal property from a large set of independent local measurements on a macro-
scopically isotropic ceramic sample profits from the considerable dispersion of the oblique modes in ferroelectric
perovskites and it can be in principle conveniently applied to any other optically uniaxial ferroelectric material.
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The discovery of ferroelectric polarization (100 C/cm?)
coexisting with robust magnetic order in BiFeO3 has prompted
the recent revival of research into magnetoelectric multifer-
roics and has led to new ideas for their potential applica-
tions. BiFeO; has become the archetype multiferroic model
system.!”> With several hundreds of new publications in the
past few years, understanding of its physical properties has
been considerably improved.' It is now well established that
bulk BiFeO; is ferroelectric up to ~1100 K (7¢) and that
it possesses an incommensurately modulated G-type canted
antiferromagnetic spin structure up to ~640 K (7). At room
temperature it has a rhombohedrally distorted structure with
R3c symmetry, which can be derived from a standard cubic
ABOj; perovskite by simultaneous polar cation displacement,
anticlockwise rotations of neighboring oxygen octahedra, and
an elongation of the unit cell along common [111]. direction
of the parent cubic phase.

The Brillouin zone center normal modes of such a crystal
structure can be classified into 4A; @ 5A, @ 9E irreducible
representations. The simultaneously IR and Raman active A
and E modes are polarized along and perpendicularly to the
polar axis ([111]. pseudocubic direction) while A, modes
are nonpolar and silent. Information about the frequencies
of polar phonon modes is one of the basic ingredients
for quantitative insight in dielectric and electromechanical
properties of BiFeOs;.

In principle, when working with single-domain crystals,
polarized light spectroscopies allow probing of optic modes
of separate irreducible representations. Recently, a number
of BiFeO; samples have been intensively investigated by
IR reflectivity*® and Raman scattering®?> techniques. Most
notably, the authors of Ref. 5 showed that a BiFeO3; (BFO)
single crystal with a large (100), surface allowed the probing of
near-normal reflectivity for IR light polarized perpendicular to
the spontaneous polarization. The low-temperature spectra of
Ref. 5 showed exactly the nine expected polar modes belonging
to the E symmetry. However, the available crystal surface did
not allow measurements of reflectivity of IR light parallel
to the spontaneous polarization and there is no convincing
evidence for the set of all four transversal optic (TO) and four
longitudinal optic (LO) frequencies of A; modes of BiFeOs.
The assignments of the published (mostly Raman) spectra are
mutually conflicting and sometimes even disagree with the
results of IR reflectivity from Ref. 5.
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The major difficulty in the assignment of individual Raman
spectra of BiFeO; and other ferroelectric crystals is the
existence of the so-called obligue phonon modes, which,
as a rule, do not transform according to the zone-center
mode irreducible representations and for which the mode
frequency continuously varies with the direction of the phonon
propagation vector with respect to the crystallographic axes in
the probed volume of the crystal. To clarify this point, we
have experimentally determined the angular dependence of
long-wavelength polar phonon mode frequencies in BiFeO3
as a function of the phonon propagation vector orientation,
hereafter called angular dispersion. Simultaneously, our ex-
periments provide a complete list of the pure zone-center polar
modes of BiFeO3, which may serve as consistent experimental
reference for comparison with density functional theory (DFT)
based computations.?*?*

Angular dispersions can be obtained as square roots of the
eigenvalues of the dynamical matrix

Mij = i 8 + Qi%2(pi - Q(p; - @), (1)

where wrp; is the TO mode frequency, q is the unit vector
parallel to the phonon propagation wave vector, and p; is a
unit vector directed along the polarization of the mode i. The
screened plasma frequency vectors £2; of the ith TO mode can
be obtained from the full set of TO and LO mode frequencies
as, for example, in Ref. 27. The index i should go through all
independent components of all zone center polar optic modes
in the crystal, but for optically uniaxial crystals the equation
has rotational symmetry so that it is convenient to exclude the
purely transverse components of E(TO) modes.

In optically uniaxial crystals like BiFeOj3, only the angle ¢ is
relevant, which lies between the phonon propagation vector q
and the optical axis z,, parallel to the spontaneous ferroelectric
polarization. The angular dispersion calculated with the help of
TO and LO frequencies taken from the DFT data from Ref. 23
is shown in Fig. 1(a). There are 9 pure E(TO) modes, which
can propagate at any angle ¢ at the same frequency (dashed
lines). In addition, there are 13 branches of dispersive oblique
modes, connecting 9E(TO) @ 4A(LO) modes at ¢ = 0 to the
9E(LO) & 4A(TO)modes at ¢ = 7 /2 (full lines). As aresult,
at ¢ = 0, the 22 distinct polar mode branches merge to only
13 distinct frequencies at ¢ = 0.

Measurements of such angular dispersions normally require
demanding Raman scattering experiments and de-twinned
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FIG. 1. (Color online) Angular phonon dispersion curves of
BiFeO;. Continuous lines are evaluated by diagonalization of the
matrix defined in Eq. (1) with TO and LO frequencies (a) taken from
DFT data of Ref. 23 and (b) adjusted to present Raman data (as
explained in the text). Full lines stand for dispersive oblique modes,
dashed lines for the purely transverse E(TO) branches. Open circles
are values of the fitted DHO frequencies from individual Raman
spectra as a function of the angle ¢ determined from Eq. (2). Full
and open triangles stand for the Raman frequencies from Fig. 1. of
Refs. 9 and, 10 respectively (1 cm~! = 29.979 245 8 GHz).

single crystals. So far they have been completed for a few
materials only (e.g., BaTiO3;, PbTiO3, SnyP,S¢).>">’ The
growing of BiFeO; crystals is difficult, but the angular dis-
persions may be also obtained with the help of a conventional
micro-Raman spectrometer and a coarse-grain ceramic pellet.
In particular, the present experiment was catried out with an
air-sintered (3h, 1100 K) BiFeO; ceramic sample prepared
from high-purity chemicals as described previously in Ref. 32.
A Renishaw InVia micro-Raman spectrometer was operated
with a 514-nm Ar laser beam focused on an ~2-pm spot in
a usual backscattering geometry. The spectra were collected
from an unpolished surface of an as-sintered pellet at ~80 K
to reduce thermal broadening of the phonon lines.
Measurements were taken from 70 randomly selected
individual grains having a well-developed (5-20 pm) regular
facet oriented perpendicular to the incident laser beam. Typical
spectra are shown in Fig. 2 and are similar to those published
earlier. Apart from the first-order Raman lines, they also show
a broad band near 620 cm~! which we shall discuss separately.
All spectra were fitted according to a standard procedure to a
sum of individual damped harmonic oscillator (DHO) response
functions multiplied by the Bose—Einstein thermal factor. The
DHO frequencies of certain phonon lines were drifting when
going from grain to grain, suggesting directly that these are
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FIG. 2. (Color online) Raman spectra from selected grains of the
investigated BiFeO; ceramics. Top and bottom spectra correspond to
grains with their optical axes almost parallel and almost perpendicular
to the incident laser beam, respectively. Point symbols indicate
positions of the TO and LO frequencies of the pure A; and E
modes.

associated with the dispersive, oblique modes (e.g, the mode
near the dashed vertical line in Fig. 2). The individual spectra
were then sorted according to the decreasing frequency of
the oblique mode near the dashed vertical line (~220 cm™ ).
Since the dispersion curves of oblique modes are monotonous
functions of the (0—r/2) interval of the angle ¢, the first and
the last spectrum should correspond to the angle ¢ ~ 0 and
/2 or vice versa.”

Since the first spectrum in the ordered series (shown as
the top one in Fig. 2) has only 13 phonon lines, it must be
the ¢ ~ 0 spectrum, where only 9E(TO) & 4A(LO) modes
contribute. Nine of the modes correspond to the 9E(TO)
frequencies identified” in the IR reflectivity spectra. Therefore,
we can safely conclude that the 4 remaining modes are the
A (LO) singlets. The subsequent spectra should correspond
to higher and higher values of ¢. The E(TO) modes are
split into one (nondispersive) purely TO branch and one
(dispersive) branch of oblique modes, as clearly observed for
the lowest frequency doublet shown in Fig. 2. Therefore, the
last spectrum (bottom of Fig. 2) should correspond to the
¢ ~ /2 where 9E(TO) @ 9E(LO) & 4A(LO) contribute.
After the elimination of the E-symmetry modes by comparison
with the frequencies determined by the IR experiment in
Ref. 5, there are only 4 bands left corresponding to the 4
expected A{(TO) modes. The list of the 26 LO and TO
mode frequencies obtained from our experiment is given in
Table 1.

The angular dispersion calculated from the set of 13 TO +
13 LO mode frequencies determined in our experiment is
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ANGULAR DISPERSION OF OBLIQUE PHONON MODESIN . ..

TABLEI The list of the 26 TO and LO polar mode frequencies of
BiFeO; (in cm™', at 80 K) as obtained in the present work. Numbers

in parentheses are plasma frequencies 2; = |€2;|.

Mode E(TO) E(LO) A(TO) A(LO)
1 74 (291) 81 149 (574) 178
2 132 (717) 175 223 (268) 229
3 240 (309) 242 310 (1177) 502
4 265 (970) 276 557 (304) 591
5 278 (421) 346

6 351 (228) 368

7 374 (269) 430

8 441 (205) 468

9 523 (537) 616

shown by the continuous lines in Fig. 1(b). Since certain
oblique phonon branches have a considerable dispersion,
comparison of the measured phonon frequencies with the
calculated dispersion may be used to determine the angle ¢. To
facilitate this task, we have determined numerically a formula
approximating the inverse function to the 4th lowest oblique
dispersion curve®® w4(¢) in the form

2 2 B
_ Wy — Wi
o= |:arccos <—A )] , 2)

where @i, = 223 cm~!, A = 2250 cm~2, and B =2/3.The
angle ¢ was assigned to a given spectrum by inserting the fitted
value of the phonon frequency wy in this spectrum (the oblique
mode near 220 cm™!) into Eq. (2). Finally, by plotting all mode
frequencies as a function of the angle ¢ (open circles in the
right part of the figure), the full angular phonon dispersion was
reconstructed. The agreement between the calculated branches
and the full set of recorded data visibly confirms the internal
consistency of our approach.

In the adopted backscattering geometry, the angle ¢
discussed previously is between the rhombohedral axis of
the studied grain and the incident laser beam. It is known
that the angle 1 between the laser beam polarization and the
projection of the rhombohedral axis in the plane perpendicular
to incident laser beam may be determined from the Raman
intensity variations, as shown in, for example, Ref. 11. Thus,
in principle, a single Raman spectrum may allow the complete
determination of the orientation of the rhombohedral axis of
the investigated grain.

The oblique mode dispersion curves determined in this
work also allow understanding of the inconsistencies between
assignments of the recently reported BiFeO3; Raman spectra.
For example, the Raman spectra of a single-domain crystal
investigated in Ref. 9 were taken from the (100). surface,
so that the angle ¢ was close to 54°. Indeed, the mode
frequencies from Table I of Ref. 9 coincide with our calculation
for this particular angle (data of Ref. 9 are shown in
Fig. 1(b) by full triangle symbols.) It thus becomes apparent
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that the frequencies of 553, 473, and 295.2 cm™! originally
assigned as E(TO) modes are actually oblique modes that
do not match any pure TO or LO mode frequency. The
same new explanation holds for the 550, 471, and 295 cm™!
modes, assigned originally'® as E(TO), A;(LO), and E(TO)
modes, respectively. Interestingly, the assignment of the
single-domain Raman spectra of Ref. 12, taken in the “proper”
geometry allowing nominally only scattering by phonons
propagating along the optical axis, appears also to be misled
by oblique modes: the frequency at 147 cm™!, assigned to the
lowest A} mode, is probably an oblique mode with ¢ of 71°,
arising due to ferroelastic twinning.

The disregarded Raman band near 620 cm™! is anomalous
not only by its considerable broadness, but also by the
independence of its frequency and intensity on the angle ¢.
In agreement with the previous works, it was not included
among the regular zone center phonon modes. Interestingly, its
frequency is about one-half of the strong band near 1250 cm ™',
earlier assigned as a two-phonon band.”!* Therefore, its
assignment deserves broader discussion in the context of the
other magnon and two-phonon Raman scattering bands®*3!
but this is beyond the scope of this work.

Surprisingly, the experimental results are only in qualitative
agreement with the predictions of recent DFT calculations.>>**
For example, we confirm that the third A;(TO) mode has
the largest plasma frequency. On the other hand, the lowest
frequency A;(TO) mode has larger frequency than the second
A1(TO) mode in the experiment but in the calculations of
Ref. 23 it is not like that. Also, the plasma frequencies of
E(TO) modes suggest that our 4th E(TO) mode actually
corresponds to the 5th E(TO) mode in the DFT spectrum.??
Interestingly, phonon frequencies predicted for BiFeO3; have
been found to be highly sensitive to the differences among
the currently used DFT implementations,”>>* implying that
comparison with experiment is needed.?*

In conclusion, we have been able to unambiguously identify
frequencies of all polar phonon modes of BiFeO3; by micro-
Raman scattering from a coarse-grain ceramic sample. To
achieve this goal, we have taken advantage of the focusing
possibilities and enhanced signal throughput of current micro-
Raman spectrometers and employed a strategy in which the
lack of single-domain single crystals is compensated by the
possibility to collect a large number of spectra from randomly
oriented crystalline grains. In addition, we have indicated how
the obtained information can be used to find orientation of the
rhombohedral axis in individual grains or ferroelastic domains
of BiFeOs. The experimental protocol and analysis employed
here is quite general and it can be applied to other optically
uniaxial crystals. The agreement between the experiment and
the state-of-the-art DFT calculations for polar mode spectrum
in BiFeOj; is only qualitative and calls for further investigation.
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