PHYSICAL REVIEW B 81, 064110 (2010)

Raman spectroscopy of single-domain multiferroic BiFeOj3
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We report the investigation of polarized Raman spectroscopy of multiferroic bismuth ferrite (BiFeO3) from
81-273 K, using a ferroelectric/ferroelastic single-domain crystal with an as-grown pseudocubic (pc)
(100),,c-oriented surface, compared with (001), thin film, grown by pulsed laser deposition. The polarized
Raman spectra of the single crystal taken at different crystallographic orientations agree with the rhombohedral
crystal structure with Cs, point group, whereas the (001)PC thin film shows monoclinic structure, contrary to the
bulklike rhombohedral and tetragonal structures reported earlier, but consistent with the recent synchrotron
radiation studies. Earlier Raman scattering measurements on single crystals violated theoretical predictions.
This may be due to mechanical polishing, which allows forbidden E (LO) scattering [J. F. Scott, J. Chem. Phys.
48, 874 (1968); 49, 98 (1968)]. All of the different phonon vibrations (A; and E modes) in the single crystal

have unambiguously been assigned.
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I. INTRODUCTION

BiFeO; (BFO) has been hailed as an important multifer-
roic material for magnetoelectric devices. Understanding of
its symmetry is very crucial for device applications. The
symmetry of BFO in thin-film form has been controversial:
there have been several probably incorrect reports claiming
tetragonal? or rhombohedral crystal class,> until synchro-
tron studies showed definitively monoclinic® structure of
(001) BFO films on SrTiO; (STO) substrates. There are sev-
eral reports’!> on Raman scattering measurements on pol-
ished single crystals but there is no agreement on phonon
vibrations and none of them satisfies Raman selection rules.
Our aim in the present work is to examine an as-grown
single-domain single crystal to exclude the effect of me-
chanical polishing and an epitaxial thin film to test the syn-
chrotron x-ray results spectroscopically, and to compare with
good single-domain single-crystal results. Since conven-
tional x-ray diffraction (XRD) is not very sensitive to detect
the crystal structure of thin films, giving uncertain position-
ing of the oxygen ions, we used micro-Raman spectroscopy
to explore the structural insights of the epitaxial thin films
and single-domain single crystal.

II. EXPERIMENTAL DETAILS

The growth of our dendritic BFO single crystals with
pseudocubic (pc) (100),, facets and exhibiting both a ferro-
electric and ferroelastic as-grown single-domain state is
described in Ref. 16.

BFO thin films of 300 nm thickness were grown by
pulsed laser deposition (PLD) using a 248 nm KrF Lambda
Physik laser. Films were grown on STO(100) substrates of
area (5 mm)? with a ~25-nm-thick SrRuO; (SRO) bottom
electrode. The orientation of the films was examined using a
Siemens D5000 X-ray diffractometer. The Jobin Yvon
T64000 micro-Raman microprobe system with Ar ion laser
(A=514.5 nm) in backscattering geometry was used for po-
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larized and temperature-dependant Raman scattering. The la-
ser excitation power was 2.5 mW and the acquisition time
was 10 min per spectrum.

III. RESULTS AND DISCUSSION
A. Brief review on BiFeOj; single-crystal Raman studies

In the present section we will briefly review polarized
Raman scattering measurements on BiFeO; single crystal.
BiFeO; crystallizes in a distorted perovskite structure, rhom-
bohedral with space group R3c. The rhombohedral structure

can be represented as a cubic Pm3m structure by antiphase
tilt of the adjacent FeOg octahedra (@ @ a in Glazer’s
notation'”) and a displacement of both the Fe** and Bi**
cations from their centrosymmetric position along the
pseudocubic [111], direction. The rhombohedral (R3c), te-
tragonal (P4mm)," and monoclinic (Bb) (Ref. 18) structures
of BFO give rise to 13, 8, and 27 distinct Raman-active
modes, respectively

l-‘Rhombohedral, R3c(Cy,) = 4'Al +9E, (1)
l-‘Tetmgonal, P4mm(Cy,) = 3A1 + Bl + 4E’ (2)
1—‘M{moclinic, Bb(C,) =13A" + 14A". (3)

The Raman selection rules for the different crystal classes
are given in Table I in Ref. 19. Bulk BFO has a rhombohe-
dral crystal structure up to 820 °C with space group
R3¢(C3,). According to the Raman selection rules (provided
Z is the polar axis of the trigonal system) in Z(XX)Z scat-
tering configuration there should be only 13 Raman active
modes (four A; modes and nine E modes). Whereas there
will be only nine E modes in Z(XY)Z and Y(ZX)Y scatter-
ing directions. Although the BFO single crystal has been
studied by several groups’~!? for better understanding of the
phonon modes, none of the reports has reported the observa-
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(Color online) Polarized Raman spectra of single-domain BiFeOs single crystal; (a) scattering along Z(XX)Z and Z(XY)Z

polarization configurations at 81 K. The insets show magnification of 70-100 wave numbers and 250-325 wave numbers; (b) along Z(XY)Z
and Y(ZX)Y configurations at room temperature. Inset shows a multiphonon peak observed at ~1250 cm™' in Z(XX)Z and Z(XY)Z

configurations.

tion of 13 and 9 Raman modes in Z(XX)Z and Z(XY)Z
scattering directions, respectively, and the mode assignments
remain controversial due to the lack of consensus among
different reports. The phonon modes assigned in the earlier
reports’~'? do not obey the selection rules and are therefore
incorrect. Let us point out some of the discrepancies in the
original polarizing Raman scattering reports, for example, in
the cross-polarization, Z(XY)Z, there should be no A,
modes, but the polarized Raman scattering study by Fuku-
mura et al.>'® shows the presence of all A; modes with
higher intensities (not polarized) compared to the E modes,
which is rather unexpected. Haumont et al.® reported obser-
vation of 11 modes in Z(XX)Z scattering configuration, but
13 modes in Z(XY)Z scattering direction, which violets the
Raman selection rules. The Raman scattering experiments by
Cazayous et al.'' showed fewer phonon modes in Z(XX)Z
direction compared to the Z(XY)Z direction and all the A,
modes are not polarized in Z(XY)Z scattering direction,
which does not follow the selection rules.

Hermet et al.'* have calculated the Raman and infrared
active modes in BFO using a first-principles approach based
on density-functional theory. The calculated modes are sig-
nificantly different from the experimental observations, for
example, no modes has been obtained below 90 c¢cm™, con-
trary to the experimental observation of two Raman actives
modes.>'%!” We will discuss our results and will explain why
all the previous measurements gave incorrect phonon modes
in the following sections.

B. Polarized Raman spectroscopy of single-domain BiFeOj;
single crystal

Figure 1 shows the polarized Raman spectra of as-grown
BFO single-domain single crystal (100),. cut in Z(XX)Z,
Z(XY)Z, and Y(ZX)Y scattering configurations at 81 K and
room temperature. The structural properties of this single
crystal have been studied using x-ray diffraction and reported
in Refs. 20 and 21. As can be seen from Fig. 1(a), we ob-

served 13 sharp and well-defined peaks in Z(XX)Z and only
nine peaks in Z(XY)Z polarization configurations as theo-
retically calculated (cf. Table T in Ref. 19). The spectra in
Z(XY)Z and Y(ZX)Y scattering configurations at room tem-
perature [Fig. 1(b)] show only 9E modes, as allowed by Ra-
man selection rules for the rhombohedral structure with R3¢
symmetry.'” A multiphonon peak has been observed at
around 1250 cm™' [inset Fig. 1(b)] in both the scattering
configurations because these peaks are usually depolarized.
The A; modes were unambiguously isolated from doubly de-
generate E modes by comparing the spectra along Z(XX)Z
scattering configuration with Z(XY)Z and Y(ZX)Y polariza-
tion configurations; the latter ones allow only E modes
(cf. Table I in Ref. 19).

In order to differentiate between the transverse optical
(TO) and longitudinal optical (LO) phonon modes, we ana-
lyzed Raman-active vibrational symmetries and Raman ten-
sor components with different phonon directions.?? Since the
direction of the phonon propagation in Z(XX)Z, Z(XY)Z,
and Y(ZX)Y scattering configurations is perpendicular to the
direction of polarization, all of the observed doubly degen-
erate £ modes are purely TO phonon modes.

The A; modes observed in Z(XX)Z scattering configura-
tion are only LO phonons as the eigenvector is parallel to the
Z direction. The A; (TO) modes are observed only in
Y(Z2)Y scatting configuration (cf. Table I in Ref. 19). The
scattering direction of the A; (TO) modes in Y(ZZ)Y could
not extracted very precisely because the scattering along this
direction is heavily dominated by Rayleigh scattering. How-
ever, in this geometry we observed (Fig. 2) the signature of
all the four A; modes at about 57, 127, 168, and 212 (very
weak) cm™! at 300 K.

In order to get more accurate phonon vibrational energies,
we analyzed the spectra using a phonon fitting function. The
peaks observed at 74.2, 265.4, 350.4, and 523.1 cm™! were
assigned as A; modes, contrary to all prior reports on single
crystals.””'> Haumont et al. in Ref. 7 have reported the ob-
servation of a total of 11 peaks in BFO single crystal and of
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FIG. 2. (Color online) Polarized Raman spectra of single-
domain BiFeOj; single crystal in Y(ZZ)Y scattering configuration at
300 K. The spectrum along Z(XX)Z direction at 81 K is given to
distinguish between A, (LO) and A; (TO) modes.

which four peaks, at 127.1, 141.4, 162.9, and 204.6 cm™!
were assigned as A, modes.!> The same authors in their re-
cent paper (in Ref. 8, Fig. 3) reported a total of ten peaks in
Z(XX)Z and 11 peaks in Z(XY)Z configurations but with
some new peaks (65 and 255 cm™!), and they assigned six
peaks 84, 141, 162, 255, 314, and 530 cm™! as A, mode (see
results marked superscript “ in Table I). A significant differ-
ence has been observed in comparison with the spectra of the
single crystal reported by Haumont et al.® and of our work
on single crystals, for example, we observed the strongest
peak at 145 cm™!, in agreement with,>"!! while they ob-
served the strongest peak around 530 c¢cm™'. In addition, their
Raman spectra show a rhombohedral to cubic phase transi-
tion around 820 °C,”'2 which is at variance with the BFO
phase diagram in Ref. 23, and its more recent revised
versions,'??* showing that BFO possesses a noncubic
phase between 820 to 933 °C below the y phase and the 8
phase recently was recognized as orthorhombic using high-
temperature x-ray diffraction, domain structure, Raman
studies,'” and neutron diffraction.?> This clearly tells that the
single crystal investigated by the authors of Refs. 7, 8, and
12 could have had mixed phases or distortion caused by
mechanical polishing.

BFO single crystal
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Although the existence of the strongest peak at around
145 cm™! in our spectra agrees well with the works by Fu-
kumura et al.>'* and Cazayous et al.,'' some of our assign-
ments are different. Note that the assignment of modes E
(LO) and A, (TO) in Z(XX)Z and Z(XY)Z scattering direc-
tions by Cazayous et al.!' is forbidden in rhombohedral
structure with R3¢ symmetry and the reported A; (TO) mode
at 553 cm™! above all A; (LO) modes is rather unexpected.
The existence of additional and forbidden Raman active
modes in Fukumura et al.®'? and Cazayous et al.'! spectra
could be due to the polishing mechanical pressure which
might have distorted the direction of polarization as ex-
plained in the following section.

C. Polishing effect on single-crystal preparation

Fukumura et al.®'® used the same growth method as
ours'® for obtaining BFO single crystals and prepared a
pseudocubic (111) cut perpendicular to the polar axis for
Raman effect studies. Some remarks on the sample prepara-
tion may therefore be timely. The single-domain state of our
specific crystal was determined by transmission polarized
light microscopy, which showed a homogeneous extinction
over the whole crystal plate surface with the crossed polar-
izers aligned along the in-plane pseudocubic [110] direc-
tions. In order to maintain the brilliant surface for the Raman
measurements, the crystal had not been etched. In such plates
with (100),, surface, the spontaneous polarization is inclined
by an angle of ~35° to the surface. It was not possible to
determine which of the two mutually perpendicular (110),,
planes was containing the spontaneous polarization vector.
This was almost impossible by determining the orientation of
the spontaneous birefringence with a compensator, due to the
“giant” spontaneous birefringence of rhombohedral
BiFe05,2® combined with a large thickness (~30 wm), not
permitting to identify the addition or substraction position
due to too high order in the Michel-Lévy interference color
chart. Fukumura et al.>'? reported that their pseudocubic as-
grown (100) and polished (111) surfaces were not in an en-
tirely single-domain state. Therefore they had to conceive a
method of line illumination with a resolution of 2.5 wm, in
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FIG. 3. (Color online) Temperature-dependent polarized Raman spectra of as-grown single-domain BiFeOj; single crystal from 81-273 K
at different scattering configurations; (a) along Z(XX)Z and (b) Z(XY)Z.
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TABLE I. Comparison of Raman active modes and symmetry assignment of BiFeO; single crystal: earlier reported results with the

present work.

Earlier reports

Present work

Frequency? Symmetry® Frequency® Symmetry® Frequency® Symmetry® Frequency! Symmetry? Frequency

(em™)  assignment  (cm™')  assignment  (cm™!)  assignment (cm™')  assignment (cm™')  Symmetry assignment
56 56.1 E 57.0 A, (TO)
65 77 E 75 E (TO) 74.2 A, (LO)
84 A4 84.1 E 81 E (LO) 79.6 E (TO)
95 95.3 E
127 127.1 Ay 136 E 132 E (TO) 127.0 A, (TO)
141 A 141.4 A 147 A 145 A, (LO) 1450 E (TO)
162 A, 162.9 A 168.0 A, (TO)
162 A 162.9 A 176 A 1755 A, (LO) 1759 E (TO)

205 204.6 A 212.0 A, (TO)
227 A 2227 A, (LO) 2242 E (TO)
255 A,
261.3 E 265 E 263 E (TO) 265.4 A, (LO)
279 E 276 E (TO) 277.7 E (TO)
314 Ay 316.6 E 295 E (TO) 295.2 E (TO)
351 E 348 E (TO) 350.4 A, (LO)
383.6 E 375 E 370 E (TO) 371.5 E (TO)
437 E 441 E (TO)
473 E 471 A, (LO) 4730 E (TO)
490 A
531 A, 530.9 E 525 E 523 E (TO) 523.1 A, (LO)
550 A, (TO) 553.0 E (TO)

4Reference 8.
bReferences 7 and 12.
‘References 9 and 10.
dReference 11.

order to penetrate into individual domains. Their polydomain
state was probably caused by mechanical manipulations, be-
cause the ferroelastic domains of BiFeO; can be easily
moved by applying stress, whereas the as-grown crystals
proved always to be both ferroelectric and ferroelastic single
domains because it was as grown below the a/S3-phase tran-
sition temperature.!®?0 In preparing a polished pseudocubic
(111) cut perpendicular to the polar axis, a further difficulty
resides in the fact that the [111] space diagonal of the
pseudocubic rhombohedral cell is longer than the three other
space diagonals. Therefore, for a sample with the polar axis
perpendicular to the plate, the polishing pressure leads to a
switching of the correctly oriented domain into one or all of
the three domain states having the spontaneous polarization
inclined to the surface. This polishing effect was noted on a
transparent (111),. wafer both by means of conoscopy and
orthoscopy (H. Schmid, unpublished, 1986). The black cross
obtained with crossed polars of the uniaxial conoscopic fig-
ure (see Fig. 7b in Ref. 19) did not stay immobile by rotating
the crystal by 360°, but opened very slightly at 60° (120)°
intervals, mimicking optically biaxial domains. Subsequent
orthoscopic observation revealed in fact a very thin layer of
polishing-stress-induced domains with inclined rhombohe-

dral principal axis. Thanks to the “giant” spontaneous bire-
fringence of the rhombohedral phase.?® These domains have
been identified with faint gray contrast, corresponding to a
path differences of the first-order Michel-Lévy interference
color chart and permitting an estimation of the layer thick-
ness to about 150-200 nm (!!). The interpretation of Raman
spectra and other surface-sensitive measurements of BiFeO;
requires therefore a careful examination of the ferroelastic
domain state close to the surface.

Lebeugle et al.?’ have shown by neutron scattering, that a
ferroelectric single domain in the antiferromagnetic phase is
characterized by a cycloidal modulation vector along a single
pseudocubic (110) direction. This means that the symmetry
is lowered to an average monoclinic structure. Similar results
have been obtained by Lee et al.,”® but the decreased sym-
metry is not pointed out explicitly. The situation has been
explained in detail by Schmid.? Although it is probable that
the ferroelectric single domain used in this work was also
magnetically a single domain, i.e., with a cycloidal modula-
tion vector along a single pseudocubic (110) direction (par-
allel to monoclinic principal axis), we have no prove since
the sample was not tested by neutron diffraction.

The fact that Raman spectra and selection rules may be
less compatible with theory in single crystals than in films
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may seem very surprising, but the reason is that single crys-
tals are often mechanically polished. As first shown by
Scott*® this produces large inhomogeneous strain. Inhomoge-
neous strain is far more effective in breaking selection rules
than is the homogeneous strain that may be present in thin
films from substrate lattice mismatch; in particular, it can
permit odd-parity phonon lines to show up in the Raman
spectra of centric crystals.

Opaque materials such as BiFeOj; are usually studied us-
ing micro-Raman spectroscopy. Such apparatus requires a
180° backscattering geometry. As shown by Scott and
Porto®! these geometries cannot differentiate among certain
phonon symmetries in twinned crystals; single-domain speci-
mens, as in the present work, are required. This particular
Raman selection-rule violation was first interpreted quantita-
tively by Scott?® in terms of inhomogeneous strain born and
brought up by mechanical polishing of scheelite. Note, in
particular, that it cannot arise from homogeneous shear
strain.

A comparison of all prior reports with the present work
has been made in Table I. Our assignments are based on the
polarized Raman spectra taken along different scattering ori-
entations as reported in Fig. 1.

D. Low-temperature Raman spectroscopy
of single-domain BiFeOj3

Figure 3 shows the temperature dependence (from 81 K to
room temperature) of polarized Raman spectra of single-
domain BiFeO; in Z(XX)Z and Z(XY)Z scattering configu-
rations. The spectra were recorded during controlled warm-
ing and the temperature was stabilized for 10 min after
reaching the set temperature with 10 min spectrum acquisi-
tion time. No significant change in the vibrational phonon
frequencies has been observed with increasing temperature
indicating that the R3¢ symmetry remains unchanged. How-
ever, a very slight shift in the phonon frequency bands to-
ward lower wave number and the associated broadening have
been observed, which can be explained by thermal expansion
and disorder. Several second-order phonon vibrations (not
shown) at around 605 (very weak), 720, 807, 930, 948, 1091,
and 1149 cm™' have been observed in Z(XX)Z scattering
direction and almost the same number were observed in the
Z(XY)Z scattering configuration, which can be explained by
the fact that almost all the second-order peaks are mostly
(>80%) depolarized.

E. Raman spectroscopy of BiFeOj3 single crystal and thin film:
A comparative study

In order to understand the crystallographic correlation be-
tween BFO single crystal and thin film, we investigated 300-
nm-thick BFO films grown on SRO/STO(100) substrates.
The presence of sharp and distinct peaks on the XRD pattern
(Fig. 4) of the BFO film confirms single phase and c-axis
(pseudocubic (001) direction, perpendicular to the substrate)
orientation. The c-axis length of the BFO films was calcu-
lated and found to be 3.95 A, which is very close to the
reported c-axis length (c=3.997 A).5 Comparing the full
width at half maxima of (003) peak (Fig. 4) with the reported

PHYSICAL REVIEW B 81, 064110 (2010)

— SRO/STO(100)
- BFO/SRO/STO

Int. (arb.units)

Int. (arb. units)
(003) BFO

20 30 40 50 60 70 80
20 (degree)
FIG. 4. (Color online) XRD pattern of BiFeO; thin film on
STO(100) substrate with SRO (25 nm) bottom electrode. SRO

peaks are not seen, as they are very weak and lie in the proximity of
STO peaks. Inset shows (003) peak of BiFeOj; thin film.

results in Ref. 1, it was found that our films are highly crys-
talline in nature.

The polarized Raman spectra (Fig. 5) for 300-nm-thick
(001)BFO thin film on the (100)STO substrate at 81 K in the
parallel Z(XX)Z and perpendicular Z(XY)Z scattering con-
figurations reveal peaks at 74.2, 79.3, 147.0, 176.1, 224.0,
363.6, 273.3, 294.1, 348.7, 374.3, 411.0, 472.8, 521.7, and
547.7 (very weak), with few broad second-order peaks (not
shown) at 610, 710, 806, 926, 948, 1092, and 1152 cm™". All
of these peaks are due to the BFO normal modes of vibra-
tions and none of them is arising from the substrate (cf. Fig.
2 in Ref. 19). We verified our results using target materials,
single crystal, and also growing (001)BFO films on different
substrates.

The existence of 13 (excluding one weak peak) sharp and
well-defined peaks [Fig. 5(a)] in both the Z(XX)Z and
7Z(XY)Z polarization configurations of (001)BFO thin film
does not follow the Raman selection rules for the tetragonal
or thombohedral symmetry (cf. Table I in Ref. 19) as re-
ported earlier'™ rather it confirms the monoclinic structure.
This observation agrees with the very recent report of mono-
clinic structure for the (001) BFO films grown on STO sub-
strates by Xu et al.® studied via synchrotron radiation. We
also investigated (001)BFO thin films grown using different
deposition techniques (PLD) and chemical solution deposi-
tion on different single crystal and textured substrates and we
found that films show monoclinic structure at room tempera-
ture down to 50 nm thick. The comparison of single crystal
[Fig. 3(a)] and thin-film spectra [Fig. 5(a)] at 81 K in
Z(XX)Z and Z(XY)Z scattering configurations clearly shows
that the thin film has a different crystallographic symmetry
compared to the single crystal.

Figure 5(b) shows the comparison of unpolarized Raman
spectra of single-domain BFO single crystal and (001)BFO
thin film. As can be seen, thin film shows only one additional
first-order Raman mode (indicated with arrow at
411.0 cm™"), except that all other signatures of the single
crystal including small leakage component because the crys-
tallographic axes are not exactly orthogonal (&#=89.5°), have
been observed in thin film reflecting the good quality. There
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FIG. 5. (Color online) (a) Polarized Raman spectra of (001)BiFeO; thin film on SRO/STO in Z(XX)Z and Z(XY)Z scattering configu-
rations at 81 K. The inset shows the magnification 50—100 ¢cm™!. (b) Comparison of unpolarized Raman spectra of as-grown single-domain

BFO single crystal with (001)BFO thin film at 81 K.

are two nominal possibilities for considering unique axis in
the monoclinic structure. When c¢ axis consider as the unique
axis 134’ modes are allowed in both the Z(XX)Z and
Z(XY)Z scattering configurations. Thus this geometry does
not permit strict determination of symmetry. However, if the
b axis is considered (more correctly) as the unique axis the
Raman tensors for point group (C,) can be written as>?

a d e
b e f
d c f
A'(X,Zz) A"(Y).

This implies 13A" and 14A” modes are allowed in Z(XX)Z
and Z(XY)Z scattering configurations, respectively.

Since there is uncertainty in assigning the polar axis in
monoclinic phases, the transverse and longitudinal optical
phonons cannot be assigned unambiguously. This would re-
quired geometries different from backscattering, as explained
in Ref. 31. Such geometries are generally impossible for
opaque samples or for micro-Raman setups. The polar axis
parallel to the Z axis (¢ axis as unique axis) allows only A’
(TO) modes in both Z(XX)Z and Z(XY)Z scattering con-
figurations, while the unique axis parallel to the Y axis (b
axis as_unique axis) allows A’ (TO) and A’ (LO) modes in
Z(XX)Z scattering configuration and 14 A” (TO) modes in
Z(XY)Z scattering configurations. No significant splitting
has been observed between A’ (TO) and A" (LO) phonons in
thin films, as in single crystals. As the spectra along Y(ZZ)Y
and Y(ZX)Y were heavily dominated by the scattering from
the STO substrate, the contribution from the BFO film could
not be separated. More detailed studies on dynamics of pho-
non modes in BFO(001) films by Raman spectroscopy is
given in Ref. 32. Since the earlier assignment of Raman
active modes in BFO(001) thin films were made by incor-

rectly suggesting tetragonal or rhombohedral structure,>> the
comparison of old thin-film assignment with the present re-
sult is irrelevant.

The higher dimensional incommensurate magnetic space
group in BFO single crystal, so far not known, should not
allow the linear magnetoelectric effect. However, it does al-
low the quadratic magnetoelectric effect, as has been dem-
onstrated on single crystals.>® Since the film has different
symmetry from bulk, the linear magnetoelectric effect might
be possible in thin film, provided the incommensurability
would be suppressed. The observation of such a linear mag-
netoelectric effect has been claimed in Ref. 1 for a ferromag-
netic film of BFO. However, a careful magnetoelectric cou-
pling experiment and neutron diffraction of (001)BFO films
would be interesting to verify the potential suppression of
cycloidal spin structure in epitaxial thin film.

IV. CONCLUSION

In conclusion, the polarized Raman spectra of single-
domain BFO single crystal in different scattering configura-
tions clearly follow the rhombohedral symmetry with R3¢
space group. All the phonon vibrations have been assigned
unequivocally contrary to all prior reports. Epitaxial
(001)BFO films grown on (100)STO substrates using PLD
showed that the films are ¢ axis oriented with high degree of
crystallinity. The room-temperature-polarized Raman scatter-
ing of (001)BFO films showed monoclinic symmetry, in
agreement with the synchrotron studies.

The impact of this work on the general application of
BiFeO;/SrTiO5 heterojunction films for magnetoelectric de-
vices is that the magnetoelectric tensor at room temperature
must be that for monoclinic crystal class, contrary to that
inferred in Refs. 1-4 and 33. Moreover, in nonepitaxial films
monoclinic domain walls may therefore be expected and
could complicate performance.
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