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Raman spectra, supplemented by powder x-ray diffraction and magnetization data of isovalently A- and B-site
substituted BiFeOs; in the Bi;_,La,FeO3; (0 < x < 1), Bi;_Tb,FeO3 (0 < x < 0.2), and Big¢Smg ;Fe;_,Mn, O3
(0 < x < 0.3) series, are presented. A good agreement between the structural transitions observed by x-ray
diffraction and the vibrational modes observed in the Raman spectra is found over the whole substitutional
ranges, and in particular we find spectroscopic signatures of a PbZrOs-type structure for BiygLay,FeO3;. Mode
assignments in the substituted materials are made based on Raman spectra of the end-members BiFeO; and
LaFeO;. Moreover, by comparing spectra from all samples with R3c structure, the phonon assignment in
BiFeO; is revisited. A close connection between the degree of octahedral tilt and the Raman shift of the A,
oxygen a"a a~
Bi,_,La,FeO; and Bi;_,Tb,FeOs; is suggested, including the assignment of the previously mysterious BiFeO;
mode at 620 cm™!. Finally, the magnetization data indicates a transition from a cycloidal modulated state towards
a canted antiferromagnet with increasing A-site substitution, while Biy ¢Smg ;Fe;_,Mn,O; with x = 0 and 0.15
exhibit an anomalous closing of the hysteresis loop at low temperatures. For low A-site substitution levels
(x < 0.1) the decreasing Raman intensity of the Fe derived modes correlates with the partial destruction of the

tilt mode is established. An explanation for the strong second-order scattering observed in
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spin cycloid as the substitution level increases.
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I. INTRODUCTION

The discovery of the unusual coincidence of ordered
magnetic and electric phases, that is, multiferroicity, at room
temperature in the perovskite compound BiFeOs, together
with an observed magnetoelectric coupling in thin films,'
have garnered plenty of scientific interest.>~* However, despite
the promising properties BiFeO; is often associated with
problematic impurities and compositional instabilities.> A
potential route for alleviating these problems is isovalent
atomic substitution on the Bi and/or Fe sites. This has the
possibility to induce an increase in both the compositional
stability as well as reducing the relatively large leakage
current in BiFeO3.>® In addition, isovalent substitution can
destroy the spin cycloid that prohibits a macroscopic first-order
magnetoelectric coupling.’

The parent compound BiFeO; crystallizes in a perovskite
R3c structure that differs from the ideal cubic structure by
a translational offset along [111] of the Bi cation and an
antiphase tilt of the oxygen octahedra along all three directions
(a"a~a~ in Glazer notation®). Concurrent with the Bi offset
is an activation of the Bi lone pair along the [111] direction
and the resulting polarization gives rise to the ferroelectric
properties of BiFeO3.° The magnetic moments of the Fe’*
ions are arranged in a cycloidal fashion of periodicity 620 A
along [110], superimposed on a slightly canted G-type antifer-
romagnetic order.'” In the absence of cycloidal spin order, as is
achieved both in BiFeOjs thin films' and isovalently substituted
BiFe;_,Mn,03,” linear magnetoelectric effects in the non-
centrosymmetric phases of BiFeOj; related ceramics become
symmetry allowed and activate by a coupling between the
A-site ferroelectric translation and the B-site magnetization
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via the antiferrodistortive a~a"a~ tilt of the oxygen
octahedra.!! Although the linear magnetoelectric effect is sym-
metry forbidden on a macroscopic scale, the Dzyaloshinskii-
Moriya mechanism can still be used locally in bulk BiFeO3 to
achieve an electric switching of the spin cycloid.'?

Upon isovalent substitution on the A site, disorder is
introduced which eventually leads to a decoherence of the Bi
lone pair and a concurrent change in space group from the polar
R3c to anonpolar space group. The route from the polar to the
nonpolar symmetries depends greatly on which substituting
element is used, both in relation to its concentration and ionic
size. La substitution is a particularly interesting case as the
small change in ionic size from 116 to 117 pm between La’"
and Bi** (Refs. 2,13, and 14) makes dilution of the lone pair the
main effect of substitution. Increasing the ionic size difference,
as for example with Tb*" (ionic radius 104 pm) or Sm**
(ionic radius 108 pm), will also introduce significant lattice
distortions as a direct consequence. The effects of isovalent
A-site substitution has recently been investigated in several
reports, both with neutron and x-ray diffraction (XRD) as well
as electron microscopy investigations. Upon substituting the
A site with the significantly smaller Tb, neutron diffraction
shows a single transition from R3c to the GdFeOs;-type Pnma
structure (tilt system atbh~b~) starting at 15% Tb content,
including a two-phase region between x = 0.15 and 0.175."
A similar transition, albeit more complicated, is reported in the
intensely studied Bi;_,La,FeOs3 series.>1"1 Here the similar
ionic radii between Bi and La makes it possible to stabilize
several intermediate structures before the final Pnma structure
is reached at 50% La content.'® XRD and electron diffraction
(ED) data indicated a stabilized R3c structure up to 20%
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La content where a transition towards a Pnma structure of
the GdFeOj3 type occurred.!” However, a more recent study,
also employing a combination of synchrotron XRD and ED,
reported a total of four structural phases.'® A single phase R3¢
structure was reported up to x = 0.1, followed by a mixed
phase region for x < 0.18. At this point, a single phase Pnam
structure of the PbZrO; type was observed. A very slight
increase in substitution to x = 0.19 resulted in a possibly
incommensurate structure that was retained up to x = 0.3.
Finally, the GdFeOs; type Pnma structure was reached above
x = 0.5.'% These subtle structural transitions were further
corroborated by neutron diffraction experiments where the
PbZrO; structure with Pbam symmetry was observed for
Big.gLag 13FeOs. Signs of an incommensurate structure with
diffraction peaks very similar to Pbam was, however, not
observed until x = 0.25." The Pnam and Pbam structures
appear very similar from x-ray and neutron diffraction and the
Pram structure has only been identified by spatially local
electron diffraction measurements.'® Even though PbZrO;
crystallizes in the Pbam structure,”® we will use PbZrOs type
to denote either Pnam or Pbam; this point will be discussed
further in Sec. V C.

Apart from isovalent substitution on the A site, there is
also the possibility of isovalent substitution on the B site. This
introduces yet another source of structural distortion as well
as the possibility of stabilizing enhanced ferromagnetic and
magnetoelectric couplings.” Recent high resolution neutron
diffraction data on the Biy9Smg Fe;_,Mn,O;3 series show a
transition towards the centrosymmetric orthorhombic Imma
symmetry (tilt system a®h~bh~) starting at x = 0.15 and
complete for x = 0.3.>! However, Khomchenko et al. have
shown a more complicated transition from a R3c structure to
an incommensurate structure via Pnam of the PbZrOs type.?

Motivated by the discrepancies in reported structural
data as well as a general lack of detailed Raman
studies, we present here Raman, powder x-ray diffrac-
tion (PXRD), and magnetization data on Bi;_,La,FeO;
(Lax) (0<x < 1), Bij_,Tb,FeO; (Tbx) (0 < x <0.2),
and Bip9Smg Fe;_,Mn, O3 (Sm10Mnx) (0 < x < 0.3). The
Raman spectra of the end-members BiFeO3>*3* (BFO) and
LaFe0;**% (LFO) have been investigated previously in great
detail and are used here as starting points when analyzing the
spectra of the A-site substituted materials. To our knowledge,
Raman spectra on Bi;_, Tb, FeO3; and Bip ¢Smg ;Fe;_,Mn, O3
have not been published before, while Bi;_,La,FeO3 has only
been investigated to some extent with this technique.!”-3®

The reported Raman spectra of Bi;_,La,FeOs are in fact
difficult to reconcile with the aforementioned diffraction data,
as they have been interpreted as showing R3¢ symmetry up to
20% La content and broadened Pnma spectra above.'”-** Here
we alleviate the discrepancies between Raman and diffraction
experiments and show Raman spectra corresponding to a
single R3c phase for x < 0.1, Pnma for x > 0.5, a PbZrO3-
type structure for 0.175 < x < 0.4, and a mixed R3c-PbZrO;
phase for x = 0.15.

Similarly, both the Bi;_,Tb,FeO; and
BipoSmg Fe;_,Mn,O3 spectra show a gradual transition
from R3c to Pnma and Imma, respectively, in excellent
agreement with the neutron diffraction studies.'>?! For
Bi;_,Tb,FeOs3, the transition is complete at x = 0.2, with a
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gradual nature at intermediate substitution levels being a sign
of micron-scale substitution inhomogeneities.

Comparisons across the substitutional series are made
which facilitates mode assignments and a detailed analysis of
both the first- and second-order scattering. In particular, such
a comparison within the R3c phase gives us unique insights
into the controversial phonon assignment of BiFeOs.

The paper is structured as follows: In Sec. III the x-ray
diffraction data are presented. This is followed by a de-
tailed presentation of the Raman spectroscopy results of
each individual substitution series in Sec. IV. Furthermore,
Sec. V contains a discussion of the Raman results, where
the different series are compared to each other. In addition,
this section contains an extensive discussion on the strong
second-order Raman scattering. Finally, the magnetization
results are presented in Sec. VI.

II. EXPERIMENT

Samples for the Raman investigations of Bi;_,Tb,FeOs,
0<x<0.2) and Bi;_,La,FeO3; (0 < x < 0.5) families
were synthesized utilizing a coprecipitation solution route
starting from the nitrates of bismuth, the lanthanides, and iron
to provide a precursor that revealed signs of perovskite forma-
tion after the initial 500 °C heat treatment. Further heatings of
2 h duration at increments of 50 °C up to the final sintering
temperature of 850°C were utilized with accompanying
regrinds after each step. For the Biy 9Smg ;Fe;_,Mn, O3 series
x = 0.0, 0.15, and 0.30, and the Bi;_, Tb,FeO3; samples x =
0.05, 0.10, 0.15, and 0.20 used in the present magnetization
investigations, the samples were those of the original neutron
diffraction studies and these were prepared via conventional
solid state synthesis route as detailed elsewhere.'>?! Raman
spectra collected on equivalent samples prepared by the
different synthesis routes showed good agreement, however,
the solution route samples showed greater phase purity and
larger particle size and were therefore preferred for the detailed
Raman studies.

Powder x-ray diffraction (PXRD) measurements were
carried out RT using a Bruker AXS D8 ADVANCE VARIO
powder diffractometer (CuK oy = 1.5406 A). The data were
analyzed by the Rietveld method’” using the GSAS program’®
to assess phase purity and the crystal structures of the materials.
Scans presented herein (see Fig. 1) were collected in the 26
range 15°-100°, with a step size of 0.0092° and 3.9 s collection
time per step.

Raman spectra were collected with an DILOR XY-800
spectrometer. A single grating 300 mm focal distance con-
figuration was used for low resolution spectra in the 130-
1700 cm~! range. For higher resolutions and spectral range
50-700 cm~! a double subtractive 800 mm focal distance
configuration was used instead. Different dispersion in the
two grating configurations give rise to apparent differences in
relative intensities when comparing the two kinds of spectra.
The 514 nm line of an Ar™ laser, focused through a long work-
ing distance 40 x microscope objective, was used as excitation
source. The laser power was held below 1 mW distributed over
alaser spot with radius 2 um. All spectra were taken with linear
polarized light impinging on the sample and unpolarized light
collected at the CCD. Due to substitution induced broadening
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FIG. 1. PXRD data for (a) Bi;_,La,FeOj series and (b) Big sLag sFeOs, Big s Tbo ,FeO; (both Pnma symmetry), and Biy9Smg ; Fey ;Mny30;
(Imma) from bottom to top. Peaks from the impurity phase Bi,Fe,Oy are indicated by * for the BiFeO; (x = 0) sample in (a).

of the recorded spectra, all Raman measurements were
recorded at 80 K to minimize additional thermal broadening.
The samples were mounted on a cold finger inside a KONTI
cryostat type micro from CryoVac and cooled with liquid
nitrogen. Additional measurements were recorded at room
temperature (not shown) to ensure that no thermally induced
phase transition took place at lower temperatures. Plasma
lines, as deduced from measurements on a mirror, at 80, and
233 cm~! were manually removed after collecting the spectra.
All Raman selection rules presented herein were obtained from
the Wyckoff positions in the respective space groups by the
SAM tool on the Bilbao Crystallographic Server.>

Magnetization versus field and temperature measurements
were performed using two Quantum Design systems, a
MPMS-XL and a PPMS system. Magnetization (M) vs
field (H) measurements were performed at 10 and 300 K
between £50 kOe (MPMS-XL) and/or between £90 kOe
(PPMS). Magnetization versus temperature measurements
were performed between 350 and 10 K using an applied field
of 500 Oe.

III. X-RAY DIFFRACTION RESULTS

The purity and crystal structure of the Bi;_, Tb,FeO3 (0 <
x £ 0.2) and Bi;_,La,FeO3 (0 < x < 0.5) samples prepared
for the Raman measurements were assessed on the basis of the
long scan PXRD data. For the former series the x = 0.05
sample adopted the R3c structure with a trace amount of
BiyFe,Oyg detectable. The x = 0.1 diffraction pattern was also
characteristic of R3c, however, very weak signature peaks
of the emerging Pnma structure could be discerned. The x =
0.125 sample was biphasic containing an approximately 50:50
mixture of R3¢ and Pnma phases. The x = 0.15 sample was
predominantly (>90%) Pnma, and x = 0.175 and 0.2 were
phase pure Pnma phases, see Fig. 1(b). These results differ

somewhat from those reported in Ref. 15 in that the region of
R3c/Pnma phase coexistence is smaller here, and the presence
of a minor Tb3Fes;0, garnet impurity observed previously
for x > 0.15 was avoided. This reflects the advantageous
use of a solution based synthesis route. The evolving crystal
structures observed for Bi;_,La,FeOs samples are apparent
from Fig. 1(a). For x = 0.1 a R3c phase is obtained with
contracted cell parameters compared to BiFeO3. The x = 0.15
sample is predominantly R3c but signs of a new structure
appear, and these get stronger for the x = 0.175 sample
where a Rietveld analysis gives 70 wt.% R3c. At x = 0.2 the
structural transformation is complete and the diffraction peaks
are well accounted for by the orthorhombic Pbam structure
of PbZrO3.?° This basic structure persists for x = 0.3 and
0.4 before the collapse of previously split diffraction lines
and the appearance of new peaks, for example, at 26 ~ 25°,
indicate the formation of a Pnma phase isostructural with
LaFeOs. The general structural dependence on La content
is apparently similar to that reported by Rusakov et al.'®
and Troyanchuk ef al.'® despite the significantly lower final
sintering temperature employed here.

The observation of biphasic substitution regions is often
seen in similar perovskite series'>?! and reflects a small
energy difference between the two structures that might drive
a separation into dopant rich and dopant deficient regions. For
this reason, the clearly biphasic samples are excluded from the
detailed Raman analysis that follows below.

Globally, then both series of A-site substituted materials
display transitions from the ferroelectric R3c structure of
BiFeO; to the orthorhombic and centrosymmetric Prnma
structure of GdFeOs. In the process an antiphase tilt along one
of the primitive perovskite cell directions is transformed into an
in-phase tilt, that is, a“a~a~ — a™b~b~. The final series in-
vestigated here, the B-site substituted Bip 9Smg Fe;_,Mn, O3,
was found to transform to orthorhombic and centrosymmetric
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Imma symmetry for x = 0.3 via a two-phase region for
x = 0.15.2" This transition is consistent with the loss of an
antiphase tilt, that is, a"a”a~ — a®b~b~, and as such the
I'mma structure appears as a natural intermediate between the
R3c and Pnma tilts schemes.?!

IV. RAMAN RESULTS

In this section we present unpolarized Raman spectra on
Bil_xLaxFeOg, Bil_bexFeO3, and Bio'gsmo.lFel_le’le_g.
Raman spectroscopy offers a powerful tool to distinguish
between different space group symmetries. In particular,
the number of Raman allowed modes depends strongly
on the space group in question and a group theoretical
treatment gives the number of Raman active modes in
the relevant space groups as follows: I'g3, = 4A; +9E =
13, Fana = 7Ag + SB]g + 7Bzg + SB3g = 24, and Flmma =
3A; + 2By + 3By, +4B3, = 12 modes where the different
phonon symmetries can in principle be separated by their
polarization dependencies. Unfortunately the crystallites used
in this study were very small and twinned, precluding the
identification of the crystal axis and a distinction between
the different phonon symmetries could not be made. How-
ever, it has previously been shown that Pnma perovskites
primarily grow with faces in the pseudocubic ac plane*
With T pumg-ac = TAg + 7B, = 14. The Imma phase exhibits
a drastic reduction in the number of observable modes as
compared to the Pnma phase, to 3A, + 2By, in the ab plane,
3Ag + 3By, in the ac plane, and 3A, + 4By, in the bc plane,
while the R3c phase always exhibits at least 13 vibrational
modes regardless of crystal face.

A. BiFeO3-R3c

Figure 2 shows 80 K BiFeOs spectra from two different
micron spots. Comparison between spectra taken at different

BiFeO,, 80K
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spots is complicated by the presence of the polarity of the R3¢
structure that splits the 44, + 9E = 13 I'-point phonons into
longitudinal (LO) and transverse (TO) branches that vary in
both intensity and position as a function of the angle « between
the incoming laser light and the [111] pseudocubic crystalline
direction [cf. inset Fig. 2(b)]. In total one then finds 22 distinct
Raman active phonons, 9 E(TO) with frequencies independent
on « and 9E(LO) + 4A(LO) that gradually transforms into
9E(TO) + 4A(TO) as « goes to zero. The allowed number
of modes are thus 9E(TO) 4+ 4A,(TO) = 13 when o = 0 and
9E(TO) + 9E(LO) + 4A(LO) = 22 when & # 0.%*

With the small crystallites (~1 pum) used in this study,
two spectra typically vary in this regard and each represent
different values of « according to the exact orientation of the
crystallite face under investigation. Comparing our spectra in
Fig. 2 to the extensive study in Ref. 33, we are able to identify
the two spectra as arising from « close to 90° (top spectrum)
and 54.7° (bottom spectrum)—the latter value is by far the
most commonly occurring on our samples and signifies a
surface normal to one of the [100], [010], or [001] pseudocubic
directions. Similar orientations were observed previously on
a polycrystalline BiFeO3; sample.*! Looking at the spectra
in Fig. 2(a), the first-order phonons are confined to below
600 cm~! with the most characteristic feature being three sharp
peaks at approximately 140, 170, and 220 cm™'. One addi-
tional pair appears at even lower frequencies, as can be seen in
Fig. 2(b). Even though BiFeOs has been extensively studied
with Raman spectroscopy, the symmetry assignment of the
phonon spectrum is still controversial.>**? As will be discussed
in Sec. VA, we will adopt the assignments from Refs. 33
and 42 (see Fig. 2) as our starting point. Thus, we attribute the
three lowest modes to a E(1) doublet at 75 cm™!, a E(LO2)
mode at 140 cm™!, and the lowest A (TO1) mode, overlapping
with the A-site displacement caused by the activation of the
Bi lone pair, at 170 cm™!, and they correspond predominantly
to Bi motions.*? Additionally, the atomic motions of the mode

Bi Fe

a=90°

Intensity (arb. units)

Intensity (arb. units)

200 400 600 800 1000 1200 1400 1600
Raman shift (cm™)

100 200

300 400
Raman shift (cm™)

500

FIG. 2. Raman spectra of BiFeQ; in the spectral range (a) 130-1700 cm™! and (b) 50-700 cm™! at two different spots. The first-order
I"-point phonons are visible in (a) below 620 cm™!. A strong two-phonon spectrum can be seen at higher wave numbers. A closer look at
the first-order phonon is given in (b), together with mode symmetries taken from Ref. 33 and predominantly involved atomic species taken
from the first-principle study in Ref. 42. The modes are numbered according to ascending frequency. In addition, as they overlap closely with
the polar Bi offset and antiphase oxygen-octahedra distortion respectively,* the two lowest A; modes are labeled according the main atomic
species involved in the vibration. The mode within square brackets was not observed in our spectra, but is included for completeness.** The
additional modes in the upper spectrum arises as a consequence of the LO-TO splitting of the oblique phonons when the laser light impinges

at an angle with the [111] pseudocubic direction.
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at 220 cm~! was calculated to originate from an relatively
soft oxygen mode with A; symmetry that overlap with the
a~a”a~ oxygen displacement vector. The A (1) and A;(2)
modes are thus related to the structural distortions away from
the ideal cubic Pm3m structure and we will hence refer to
these modes as A1(1)(Bi) and A{(2)(O) to indicate the atomic
motions present. The phonon assignment in BiFeO3; will be
discussed and analyzed in more detail in Secs. V A and V D.

Looking at Fig. 2(a) we also observe strong second-order
spectra above 900 cm~!. The origin of the two-phonon
scattering is not well understood, but it is clear that it is
of a resonant nature®® and a full description requires the
complicated interplay between electron, spin, and lattice
degrees of freedom to be taken into account.”’ Additionally,
the mode observed at ~620 cm™! is mysterious in that it does
not fit in the I'-point Raman active vibrations. The assignment
of the second-order scattering is discussed in Sec. V D.

B. LaFeOs;-Pnma

Comprehensive phonon assignments in the Pnma struc-
tured compound LaFeO; are already available in the scientific
literature.**3> In Fig. 3(a) we present LaFeO; spectra at
80 K that together with the phonon assignments helps us
interpret the Raman spectra of the intermediate substituted
Bi;_,La,FeOs and Bi;_, Tb,FeO; samples.

In the Pnma structure, 24 Raman active I"-point phonons
are predicted from group theory. Out of these 24 Raman active
modes, the 14 A, + B>, modes are active in the ac plane that
we expect most of the crystallite surfaces being aligned with.
Following Ref. 34 we divide these 14 modes into four groups
according to those involving A-site vibrations (A), oxygen tilt
(T), oxygen bending (B), and oxygen stretch (S), distributed
as 6A + 3T + 3B + 28S. The four groups are conveniently sep-
arated in energy as indicated in the high-resolution spectrum
in Fig. 3(b), where 13 of the 14 modes can be seen; the missing
mode is one of the two oxygen stretch modes.

Besides the I'-point phonons, very strong second-order
phonons are observed above 900 cm™!, see Fig. 3(a). Oxygen

LaFeO,, 80K
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isotope substitution have conclusively proved that these
predominantly involve oxygen vibrations.** The appearance
of strong second-order scattering is peculiar considering that
the strong first-order phonon, ascribed to an antisymmetric
stretching motion of the oxygen octahedra, at 625 cm™'
has been ruled out as being the source of the second-order
scattering.** Pronounced second-order scattering without a
corresponding Raman active first-order mode have been
encountered in a host of perovskites and related oxides and
there seems to be several underlying mechanisms responsible
for this phenomena.34’35'43‘45 In the case of LaFeOs5, a Frolich
interaction induced activation of otherwise forbidden LO
modes can be used to explain the appearance and position
of the second-order scattering.3*#¢

C. Bi;,_,Th,FeO;

Figure 4 shows the Raman spectra of Bi;_, Tb, FeO3 in (a)
the 130-1700 cm™! and in (b) the 50-375 cm™! frequency
range for a Tb content x between x = 0 and 0.2. Spectra
consistent with the R3c structure are visible up to x = 0.1 and
the observed features are discussed for BiFeO3 in Sec. IV A.
There is however a sudden appearance of a strong mode at
620 cm ™! as soon as Tb is introduced at the A site. This mode
is formally Raman inactive and resonant in nature; a further
discussion is found in Sec. VD.

At the other extreme, a clearly different spectrum for x =
0.2 can be seen, corresponding to the Pnma space group.
Comparing the spectra from the two phases, a loss of the low
frequency A-site vibrations below 200 cm~! and a loss of
structure in the oxygen modes between 300 and 600 cm™' is
observed, see Fig. 4(a). Looking at the A-site vibrations, the
two R3c signature peaks between 100 and 200 cm~! disappear
and instead a strong band at 320 cm~! appears [Fig. 4(b)]. As
will be explained in Sec. V B, this band contains the Pnma
A-site vibrations as well as the oxygen tilt modes.

From a group theoretical perspective, we would expect a
similar number of phonons in the two structures, 14 in the
Pnma ac plane compared to 13 in the R3c structure. Thus,

L L L L L L L L L L

(a)

Intensity (arb. units)

t

ca v b b v b b b v P Ly

Intensity (arb. units)

o Lo b o b e o b e b e 1w

200 400 600 800 1000 1200 1400 1600
Raman shift (cm™)

100 200 300 400 500 600
Raman shift (cm™)

FIG. 3. Raman spectra of LaFeOs in the spectral range (a) 130-1700 cm ™" and (b) 50~700 cm~". The Raman allowed first-order A, + B,
phonons in the ac plane can be labeled according to the respective atomic motions as either A-site modes (A), oxygen tilt (T), oxygen bending
(B), or oxygen stretch (S) modes as indicated in (b). Besides the first-order scattering, strong second-order scattering can be observed above
900 cm™! in (a). Notice the broad background beneath the B and T modes arising from IR-active LO vibrations.*****> These bands becomes
Raman active via the Frohlich interaction and their respective overtones and combinations are the origin of the strong second-order scattering.>*
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FIG. 4. Raman spectra for Bi;_,Tb,FeOs in the spectral range (a) 150-1700 cm™! and (b) 50-375 cm™'. The R3c structure is clearly
observed up until x = 0.1, while a Pnma structure is seen for x > 0.175. A mixed phase region is found for the intermediate substitution
range, indicating phase coexistence on the micron scale. To the right of (b) we indicate the structural phases that each spectrum belongs to. To
improve viewing, the individual spectra have been scaled and translated along the y axis.

we attribute the loss of structure to broadening from the Bi-Tb
A-site disorder and the concurrent lattice distortion induced
by the ionic size mismatch, preventing us from discerning
more than the A, T, B, and S regions (in ascending frequency)
discussed in Secs. IV B and V B.

In the intermediate Tb range, 0.1 < x < 0.175, the Pnma
structure peaks appear gradually alongside the disappearance
of R3c signatures as the Tb content is increased. The gradual
appearance is especially clear in the 320 cm ™! peak that starts
to appear at x = 0.125, indicating a coexistence between the
two phases on a micron scale. For x = 0.15, the 320 cm™!
peak becomes even more apparent, but a close look at the
spectra reveals that a weak trace of the three R3c signature
peaks between 140 and 240 cm™! can also be observed here,
see Fig. 4 (b). Our observations shows a biphasic composition
atx = 0.125 and x = 0.15, in reasonable agreement with high
resolution neutron diffraction data that shows a two-phase
region in the Tb range 0.1 < x < 0.175.1

D. Bi;_.La,FeO;

In Fig. 5 we show Raman spectra for Bi;_,La,FeO; with
x ranging between 0 and 1. From their appearances we divide
the spectra into four categories. First, we have 0 < x < 0.15
which exhibit typical R3c spectra, similar what was observed

in the Tb series (see Sec. IV C), including the appearance
of the strong resonant mode at ~600 cm~' and signs of a
phase coexistence at x = 0.15. This phase coexistence, most
prominently seen in the downshift of the low frequency mode
below 100 cm™! and in the appearance of the broad band
centered around 280 cm™!, is seen also in the XRD data as
discussed in Sec. III.

Atslightly higher substitutions we have the second category
for x between 0.175 and 0.2. In this substitution range, the
two sharp R3c A-site modes below 200 cm™! gives way to
two overlapping phonons positioned at approximately 160
and 180 cm™!, respectively. The A-site mode at 75 cm™!
downshifts 15 cm™! at the same time as it increases in intensity
and undergoes a drastic change in line shape, see Fig. 5(b).
Above these frequencies an increase in the observed spectral
structure can be observed in the whole frequency range. This
is most apparent in a strong peak at 290 cm~! together with
a pronounced two-peak structure in the 1200 cm~! band, see
Fig. 5(a). This two-peak structure is mirrored in the oxygen
breathing region slightly above 600 cm™~!, hinting at the origin
of the second-order scattering, see Sec. VD for additional
comments. We note an apparent discrepancy between the
Raman and x-ray diffraction results for the x = 0.175 sample.
The Raman spectra displays clear signatures of a PbZrOs-type
structure while the phase fractions estimated from the x-ray
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FIG. 5. Raman spectra for Bi;_,La,FeO; in the spectral range (a) 150-1700 cm™! and (b) 50-375 cm™'. The spectra indicates a R3c
structure below x < 0.15. From the high resolution spectra in (b), a centrosymmetric Pnma structure can be deduced for x > 0.5, while the

low frequency mode at 60 cm™!

indicates an antiferroelectric structure between x = 0.175 and x = 0.4, see Sec. V. To the right of (b) we

indicate the structural phases that each spectrum belongs to. Stars are used in the biphasic x = 0.15 sample to highlight the Raman active
modes characteristic of the PbZrO;-type phase. To improve viewing, the individual spectra have been scaled and translated along the y axis.

diffraction indicate the sample is predominantly (~70 wt.%)
R3c. We attribute this to domain sampling in the Raman
measurements. Only a small portion of the sample surface,
as viewed under the microscope, exhibited smooth crystal
surfaces of a sufficient size to focus onto. Even though
several spectra were taken at individual crystallites for every
substitution level, there is a bias towards sampling of the larger
crystallites. Consequently, it is possible that the dominant
R3c phase forms smaller crystallites than the relatively minor
PbZrO;-type phase in the Bag gpsLag 175FeO3 compound under
the synthesis condition used.

Increasing the substitution level further, a third spectral
category is reached for 0.3 < x < 0.4. In many ways, the
x = 0.3 spectrum has features akin to a broadened version
of the category two spectra, while still keeping the sharp
low frequency mode at 60 cm™!. Approaching x = 0.5, the
60 cm~! mode disappears and the spectrum broadens further,
keeping only four broad bands at 170, 280, 500, and 625 cm™!
and one sharper peak at 420 cm™!. The strong low frequency
tail in Fig. 5(b) has its origin in elastically scattered laser
light and the increase of this tail with increased substitution
level can, at least partly, be attributed to a decreased particle
size with increased A-site substitution as observed under the
microscope. As stated above, the spectral features in LaFeO3

can be clearly divided into four well defined clusters, see Fig. 3
and the accompanying discussion. A clear correspondence
between the features at 170, 280, 420, and 625 cm™! in the
x = 0.5 spectrum visible in Fig. 5(a) and the four clusters in
the LaFeO; spectrum can be made. Judging from previously
published spectra of the x = 0.6 and x = 0.8 compounds,>®
we attribute the fifth band, located at 500 cm™', as of the
same origin as the broad LO background that overlaps with
the 450 cm™! mode group in LaFeQs, see the discussion in
Sec. VB.

E. BiMSmo,lFel_x Mnx 03

Raman spectra of Biyp 9Smy ; Fe;_,Mn, O3 for0 < x < 0.30
together with BiFeOs is shown in Fig. 6. Incorporation of 10%
Sm on the A-site produces a R3c-type Raman spectrum very
similar to what is observed in the case of small levels of La
and Tb substitution. As soon as Mn is introduced at the B site,
the spectral features become fewer, broaden, and decrease in
intensity. The decrease in the observed number of peaks is
consistent with the R3¢ to Imma transition,2! which should be
accompanied by a decrease in the number of allowed Raman
active modes from 13 in R3c¢ to between five and seven in
I'mma, depending on the surface orientation.
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FIG. 6. Raman spectra for BigoSmgFe;_,Mn,O; and BiFeO;
in the spectral range 150-1700 cm~!. The transition from R3c to
Imma symmetry is clearly visible in the decrease in spectral features
above x = 0.15. To the right we indicate the structural phases that
each spectrum belongs to, although a phase coexistence in the x =
0.15 sample, in accord with results from neutron diffraction,?! can
be deduced from the observable, but weak, second-order scattering.
To improve viewing, the individual spectra have been scaled and
translated along the y axis.

However, the more recently reported Prnam and incommen-
surate structures’” for the same series with larger unit cells
and lower symmetries are not compatible with the decrease
in observed spectral features. We interpret the discrepancy
between the diffraction studies as a manifestation of a large
structural sensitivity in these materials to the exact conditions
during sample synthesis.

It is also interesting to note the huge decrease in the
resonant second-order scattering when Mn is introduced, see
Fig. 6. Neutron diffraction data on the x = 0.15 sample have
previously shown a mixed R3c-Imma phase.”! Although
weak, the second-order scattering in the x = 0.15 sample can
thus be assigned to the R3c phase, while the second-order
scattering is absent in the /mma phase. Consistent with this,
the much more pure /mma phase in the x = 0.3 sample shows
almost no signs of any second-order scattering.

V. RAMAN DISCUSSION

A. Structural effects and phonon assignments in the R3¢ phases

A collection of high resolution spectra in the range 50—
300 cm~! of the R3c structure samples BiFeOs, Lal0, Lals5,
Tb5, Tb10, and Sm10, focusing on the low frequency modes,
whose positions in BiFeO3 are marked by dashed lines, can be
found in Fig. 7. Several differing assignments of the phonon
spectrum in this region can be found in the literature. In Ref. 42,
first-principle calculations*? were used to assign these modes
to the E(1) doublet at 80 cm™!, the E(2) doublet at 140 cm™!,
the A{(LO1) at 175 cm™!, and the A;(LO2) at 220 cm~". The

PHYSICAL REVIEW B 86, 184422 (2012)
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FIG. 7. Comparison of the low frequency spectrain the R3¢ struc-
tures of BiF€:03, BilfbexFeO:;, Bil,xLaxFeO3, and Bi0.9Sm0‘1F603
collected at 80 K. Dashed lines shows phonon positions in BiFeO;
and are used to facilitate comparison between samples. The LO-TO
splitting is visible as a two peak structure in the E(1) mode and
as the shoulder of the A;(1) mode for the E(2) mode. To improve
viewing, the individual spectra have been scaled and translated along
the y axis.

same assignment was obtained in the experimental study by
Hlinka et al.’* However, Beekman et al.?? found a differing
assignment where all four modes were attributed to E(TO)
modes, and the lowest A; mode was instead assigned to the
weak 260 cm™~! vibration seen in Fig. 7.

A general feature of perovskites in the Pnma and R3c
structures is a strong frequency dependence on the octahedral
tilt angle, resulting in shifts of more than 20 cm™! per deg,
of the pseudosoft octahedral A; tilt mode around the [111]
direction,*’ and indeed a strong shift/angle correlation for
the A; [111] tilt mode was found also in the closely related
R3c structure of BiFeOj by first-principle calculations.*® The
a~a~a~ oxygen tilt angle along [111] changes from ~12.1°
in BFO* to 13.1° in Tb10,'® and a corresponding ~20 cm™!
shift of the A; [111] tilt mode is thus expected between these
samples.

By collecting all R3c spectra from the substitution series,
we obtain in this way new input for the phonon assignments
in BiFeOj; related materials. Indeed, the most noticeable effect
upon substitution on the A site is the drastic shift in frequency
of the 220 cm~! mode, which we consequently assign as the
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FIG. 8. (a) Position of the A;(2)(O) mode as a function of A-site substitution for the BFO, Tb5, Tb10, Lal0, Lal5, and Sm10 samples.
The shift due to Tb substitution is significantly larger than that from La substitution as is expected from the increased octahedral distortion
in Bi;_, Tb,FeOs3. (b) Shows the same Raman shifts, now as a function of the octahedral tilt angle. The near linear dependence, with a slope
of 18 cm™!/deg, indicates a close connection between the frequency of the A(2)(O) mode and the octahedral distortion in the R3¢ structure.
The tilt angles were extracted from room temperature neutron diffraction studies,'>?! however, no reliable data on the La containing materials

could be found.

A; [111] tilt mode, while all other peak frequencies exhibit
relatively small shifts. This mode is clearly observed in all
R3c samples, and it shifts from 220 cm ™! in BFO to 238 cm™!
in Tb10, see Fig. 8(a). Furthermore, the expected correlation
between the [111] tilt angle and A;(2)(O) frequency is
highlighted in Fig. 8(b), where also a linear fit with slope
18 cm™!/tilt deg is shown.

As can be expected from a simple ionic size argument,
where the octahedral distortion, including the octahedral tilt,
increases when the size difference between A-site cations
increases, the largest shift is observed in Bi;_,Tb,FeO3
followed by BigoSmg FeOs and Bi;_,La,FeO; displays the
smallest shift, see Fig. 8(a). While explaining the relative
changes in Raman shift of the A{(2)(O) mode, this simple
argument does not explain the shift induced by the very
similarly sized La** cation compared to the Bi** cation. Here
we must remember that the activation of the Bi lone pair and
the corresponding [111] displacement of the Bi atoms depends
on aBis-O p/s hybridization® that in itself affects the unit cell
parameters. Dilution of the lone pair with A-site substitution
will thus alter the octahedral arrangement even in the absence
of direct lattice deformations through a contraction of the unit
cell, resulting in the observed shift of the A;(2)(0) mode even
when lattice distortions from ionic size mismatch at the A site
are expected to be small.

We believe that our independent assignment of A; symme-
try to the 220 cm™! mode strengthens the assignments by
Hlinka et al.,> while at the same time, at least partially,
falsifying the assignments by Beekman et al?® It should
be noted that the assignments in Ref. 23 rests on fitting
the angular dependence on the phonon intensities to the
R3¢ Raman tensors. However, the Raman tensors used in
Ref. 23 contains a large antisymmetric component, while
vibrational Raman tensors should be completely symmetric,>
putting further doubts about the validity of the assignment
provided there. Indeed, phonon assignments in BiFeOs using
nearly the same technique but symmetric Raman tensors

gives an assignment in line with the one adopted in this
article.*!

Turning our attention towards the E(1) mode at 75 cm™!,
we clearly see the LO-TO splitting in BiFeOs in Fig. 7. With
Tb substitution, the splitting becomes less pronounced at 5%
substitution and at 10% Tb content the intensity becomes too
low for an eventual splitting to be observed, but it is clear
that the E(1) mode does not shift significantly in frequency
as a consequence of Tb substitution. This still holds true for
10% La substitution, whereas the mode suddenly disappears
at 15% La. At this substitution level the E(1) at 75 cm™! is
instead replaced by a mode belonging to the antiferroelectric
PbZrOj3-type phase at 60 cm~! due to the phase coexistence
discussed in Sec. IV D. Overall, the intensity of the 75 cm™!
E(1) mode, whose atomic motions can be described as an
antiphase vibration between the A site and FeOg sublattices,?®
decreases with substitution level. A similar intensity decrease
is found for the weak B-site mode at 260 cm~!. The concurrent
intensity decrease of the B-site involving modes could be
due to a decoherence of the long range noncentrosymmetric
displacement of the B-site ion as the Bi lone pair is diluted—
the B-site vibrations are Raman silent in a centrosymmetric
octahedral coordination. The partial destruction of the spin
cycloid indicated by the magnetization data of Bip oSmg ;FeO3
(Sec. VI) could be related to this effect and points towards a
connection between the spin cycloid and the B-site atomic
position through the nonuniform ferroelectric polarization
induced by A-site substitution.

B. Band assignments in the Pnma phases

In this section we analyze and make mode assignments of
the Raman spectra from the different Pnma phases, based on
the LaFeOj3 spectrum that was discussed in detail in Sec. IV B.

High frequency Raman spectra of the Pnma phases
LaFeO3, BipgTbg,FeOs, and BigsLaysFeO5 are collected in
Fig. 9. The first-order LaFeOs spectrum is divided in the
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FIG. 9. Band assignments in the Pnma phases of LaFeO;,
Biy s Tby ,FeOs3, and Big sL.ag sFeO; collected at 80 K. The labeling of
A, T, B, and S is explained in Fig. 3. LO denotes the Raman-inactive
longitudinal phonons whose overtones and combination bands are
the source of the second-order scattering,’*4® see text for details.
To improve viewing, the individual spectra have been scaled and
translated along the y axis.

four mode groups A (A-site), T (oxygen tilt), B (oxygen
bending), and S (oxygen stretch) as discussed in Sec. IV B. In
addition,the Frolich activated Raman forbidden longitudinal
modes LO1 and LO2, and the corresponding second-order
modes 2L.O1, LO1 + LO2, and 2L.O2 can be seen in Fig. 9.
The mode assignment in the substituted compounds is
summarized in Fig. 9 and uses the second-order scattering
above 900 cm™! to first assign the formally Raman inactive
LO modes, whereafter the A, T, B, and S bands can be assigned.
The simultaneous downshift of the S+LO2 and 2LO2
mode in BipgTbg,FeO; implies that the S+ LO2 band is
mainly of LO2 character. Furthermore, the similar shapes of
the S + LO2 bands and the 2L.O2 bands in both Big §Tby ,FeO3
and Big sLag sFeO3 provides additional support for this view.
The position of the 2LO1 and LO1 4+ LO2 bands implies
that the strong ~500 cm™! band in BiggTbg,FeO; and
BigsLagsFeOs is the LO1 mode. For BigslagsFeOs, the
remaining three bands below 500 cm~! coincides in frequency
with the A, T, and B bands in LaFeO3 and are thus assigned
accordingly. The situation for BiggTbg,FeO; is different as
there are only two observed bands, at 310 and 400 cm~!,
respectively, that could be assigned to the A, T and B mode
groups. As it lies very close in position to the B mode group
observed in both LaFeO; and Big sLag sFeOs, the 400 cm™!
band is assigned to the B modes. The remaining strong band
at 310 cm~! must therefore be assigned to overlapping A and
T bands, see Fig. 9.
As the Bi lone pair should be long-range inactive in the
centrosymmetric Pnma structure it is not surprising that
LaFeOs3 and the mixed La-Bi sample, with very similar ionic
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radii, exhibit correspondingly similar spectral positions in their
respective Raman spectrum. We consequently interpret the
upshift of the A band and the downshift of the 2LO2 band in
Bip §Tby,FeOs as a sign of the lattice distortions induced by
the differences in the Bi** and Tb>* ionic radii.

C. The La20 structure

The structural phase transition away from the R3¢ sym-
metry, when increasing the La content, has recently been a
matter of discussion in the literature. From electron diffraction,
Rusakov et al.'® observed a PbZrOs-type Pnam structure
at 18% La content while a incommensurately modulated
structure based on Imma was claimed between 19% and
30%. On the other hand, Troyanchuk et al.'® observed a
similar antipolar, probably incommensurate, structure all the
way between 20% and 45% La. A PbZrOs-type structure was
also observed by Karimi et al.!” when 20% Nd and 15% Sm
was introduced at the A site.

Here we would like to clarify the notion of the PbZrO3 type
structure, which can be used to denote both the Pbam and
Pnam structures. Both structures shares antipolar cation dis-
placements along the pseudocubic [110/110] directions. How-
ever, the Pnam structure has a combined a~a~ct/a~a"c™
tilt system of the oxygen octahedra and a unit cell quadrupled
along ¢ of dimension v/2a x 2+/2a x 4a. Pbam has a simpler
a~a~c? tilt system and a correspondingly smaller unit cell
doubled along ¢, of dimension V2a x 2+/2a x 2a. PbZrO;
crystallizes in the Pbam structure,’! but because of the similar
cation displacements and octahedral tilts, the Prnam structure
is also referred to as being of “PbZrOstype.”

Motivated by the clues from diffraction data, we decided
to directly compare the Raman spectrum of BiggLay,FeOs
with that from PbZrO;.>> As can be seen in Fig. 10, there
are striking similarities between the two spectra. In the region
above 100 cm™! it is possible to map the spectral features in

Intensity (arb. units)

0 100 200 300 400 500 600
Raman shift (cm™)

FIG. 10. Comparison between PbZrO; at 273 K (top) and
BipsLag,FeO; at 80 K (bottom). Notice the similarity in spectral
features shared between the two compounds as indicated by the
arrows and dashed lines, including the presence of low-frequency
antiferroelectric modes below 100 cm~!. The Raman spectrum of
PbZrO; was reproduced from the spectrum found by Pasto and
Condrate.>?
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PbZrOj; to those in Bigglag,FeOs as is illustrated with the
arrows in Fig. 10. The large relative downshift in PbZrO3 can
be explained by different magnitudes of the lattice distortions
as well as the close to twice as heavy Zr atom compared
to Fe. Indeed, shifts of this magnitude is observed in many
isostructural perovskites along with near constant frequencies
of the oxygen stretch modes between 500 and 600 cm™! 3354
Also, the A-site disorder in BigglLag,FeOs accounts for the
more diffuse peaks compared to those in PbZrO;.

Below 100 cm™' PbZrO; shows a large number of peaks
speculated to originate from antiferroelectric displacements.>”
A single low frequency peak positioned at 80 cm™! of anti-
ferroelectric origin was also observed in the antiferroelectric
perovskite Sro70Can30Ti03.%> Consistent with these related
compounds, we assign the 60 c¢cm~! mode in Big gsLag ,FeOs to
an antiferroelectric displacement of the A site.

Taken together, the Raman spectra indicates a large simi-
larity between the Pbam and Big glag,FeOs structures. The
doubling of the unit cell as we go from Pbam to Pnam
should be accompanied by an increase in the number of
normal modes. The lack of additional Raman modes in the
Bij gsLag ,FeOs spectrum as compared to the PbZrO; spectrum
can in this context be interpreted as an indication that any
eventual ¢t /¢~ octahedral tilt is too small or incoherent to
generate strong additional Raman allowed modes. However, as
the Raman spectrum is also sensitive to the local environment,
even incoherent tilts should give rise to additional Raman
modes. Thus, we claim that Biggl.ag,FeO3; has a structure
of the PbZrOj; type, with any ¢ /c™ oxygen tilts in Pnam
being too small to detect with the methods employed here.

On increasing the La content, it becomes difficult to tell
from the first-order spectra in Fig. 5(a) if the broadened Raman
spectra in the range between 30% and 50% La belongs to the
centrosymmetric Pnma or the antipolar PbZrOj3-like structure.
From the perseverance of the antiferroelectric mode at 60 cm™!
[see Fig. 5(b)] it is clear however that an antipolar structure
is retained at least until 40% La, while the broadening of
the spectra implies a disordered crystal structure with Raman
signature very similar to the Pnma phase at 50% La content.
The lack of spectral differences at high frequencies between
the 40% and 50% La spectra makes it possible to extend the
band assignment for the Pnma structure to the PbZrOs-type
structure discussed here. It is however not clear whether any
of the LO1 and LO2 bands are still Raman forbidden LO
modes activated by the Frolich interaction or if they are Raman
allowed LO phonons in the antipolar PbZrOj3-like structure.

Comparing to Bi;_,Tb,FeOs, the lack of the 60 cm™'
feature in the Tb substitutes samples is a a sign of the complete
transition to the centrosymmetric Pnma structure as soon as
the R3c structure becomes destabilized by the large ionic size
difference.

D. Second-order scattering

As can be seen in Figs. 4(a), 5(a), and 6, strong second-order
scattering was observed above 900 cm~!' in all samples
except the Mn-containing Bip¢Smg ;Fe;_,Mn,O3. From this
straightforward observation it is clear that the B-site cation
has a major impact on the appearance of the second-order
scattering. Likewise, suitable B-site substitution in related
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perovskites can greatly enhance both second- and higher order
scattering.>*3343 Furthermore, the second-order scattering has
been shown, in both BiFeO5 and LaFeOs3, to be of a local and
resonant character, indicating a charge-transfer driven resonant
activation of local oxygen breathing modes and their second
harmonics and combinations.?%3* Nevertheless, a detailed
mode assignment is lacking>® for BiFeOs and in particular the
vibrational mode at ~620 cm™! requires an explanation as it
does not fit in the expected Raman allowed I'-point phonons.>?

Figure 11 highlights the second-order scattering as well as
the corresponding first-order spectra from the noncentrosym-
metric BiFeOs3, BiggsTbg ¢sFeO3; (both with R3¢ structure),
BipgLag,FeO3 of PbZrOs-type structure, and LaFeO; of the
centrosymmetric Pnma structure. The observed first-order
modes, M1, M2, and M3 in ascending frequency, and the
second-order modes, denoted with suitable combinations of
the first-order modes, are shown. For LaFeO; the already
reported mode assignment is used as as a reference.’*

In LaFeOs, the vibrations responsible for the second-order
scattering are the IR active longitudinal optical LO1 and
LO2 breathing modes***> that are formally Raman inactive
but become Raman active as a consequence of the Frolich
interaction.*® The LO1 and LO2 modes can be seen as the
broad bands, partially overlapping with Raman active I"-point
phonons, centered at ~470 and 620 cm™!, respectively, in
Fig. 11. In the polar R3c structure on the other hand, all
IR active vibrations are also Raman active due to the loss
of inversion center but in addition there also exists the
completely silent A, modes. Thus, even though a similar
explanation of the second-order scattering might be valid for
both the centrosymmetric and noncentrosymmetric cases, the
LO modes giving rise to the strong second-order scattering are
not necessarily Raman forbidden in the noncentrosymmetric
R3c and PbZrO;s-type structures.

The second-order scattering in BiFeO3; shows five clearly
visible modes above 900 cm~! and a sixth one can be deduced
from the line shape at 1100 cm™'. We attribute the six second-
order modes to the combination modes and overtones produced
by three first-order modes positioned approximately at 470,
550, and 620 cm™!, respectively, labeled M1, M2, and M3 in
Fig. 11, where the dashed lines shows the positions of the first-
and second-order scattering in BiFeO;. Notice also the little
to no change in the second-order scattering when going from
o & 54.7° (broken line) to o & 90° (solid line), even though
M2 increases drastically in intensity when o ~ 90°.

Substituting 5% Tb on the A site produces no qualitative
changes in the second-order spectrum as can be seen in the
Tb5 spectrum in Fig. 11. There are however two noticeable
differences in the first-order modes. First, we observe a
~10 cm~! upshift of the M1 mode that occurs together with
an upshift of the corresponding overtones and combination
bands 2M1, M1 + M2, and M1 + M3, while the M2 and M3
modes are constant in frequency. This validates our attribution
of the second-order 2M1 mode to the correct first-order M1
mode. Second, a resonant enhancement of the M3 mode takes
place. This resonant enhancement can be seen in all substituted
spectra and has also been observed in B-site substituted
LaFeOj3.** Comparing with LaFeOs, the LO1 and LO2 modes
roughly coincide with the M1 and M3 modes in frequency,
while M2 seems to be absent.
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FIG. 11. Raman spectra in the region of second-order scattering in BiFeOs, Bij 95 Tbg 0sFeO3, Big sLag ,FeO3, and LaFeO3. The second-order
scattering is attributed to overtones and combination modes of the first-order modes M1, M2, and M3. In total there are six expected peaks in
the second-order scattering: 2M1, 2M2, 2M3, M1 4+ M2, M1 + M3, and M2 + M3. The dashed lines indicates the position of the first and five
of the expected second-order modes in BiFeOs, while the sixth 2M2 peak is hinted in the line shape between the M1 + M3 and M2 + M3
modes. The BiggsTbgosFeO; spectrum is very similar to the BiFeO; spectrum except from a shift in the M1 related modes and resonant
enhancement of the M3 mode. Bij gLaj ,FeO3 shows a distinct double peak structure in the first-order M3 mode and the overtone 2M3, denoted
by M3'. The M1 and 2M1 peaks are also visible, while the decrease in spectral features indicates the absence of the M2 mode. The M1 4+ M3
and M1 + M3’ peaks forms a featureless band with just one visible peak, marked with a star. The resonant enhancement of the M3 mode in
Big.95Tb 0sFeO3 and BipgLag ,FeO; is very similar to what is observed in B-site substituted LaFeQ3,>* and leads us to assign the M3 mode to
a formally Raman-silent A, LO mode. A common mechanism behind the different second-order peak suggests a LO assignment of all of the

M1, M2, and M3 modes.

A clear two-peak structure is apparent when inspecting
the second-order spectrum of the PbZrO;-type structured
Big gLag ,FeOs. The two-peak structure is mirrored exactly in
the first-order M3 mode, leaving no doubt that the resonantly
enhanced M3 mode is responsible for the strong second-order
scattering between 1200 and 1400 cm~'. The M1 mode and
its overtone 2M1 are again at nearly the same positions
as in BiFeOj3, while their combination mode M3 + M1 and
M3’ 4+ M1 forms a featureless band as indicated by a star in
Fig. 11. From the decrease in structure in the second-order
spectrum, we deduce that the M2 mode is not present here,
similar to what is observed for the Pnma structure.

The M2 mode at 550 cm ™" in BiFeO; has previously been
assigned to either the A;(4) TO mode®® or to the E(9) LO
mode.*>>” The M3 mode at 618 cm~! was found to not fit in
the I'-point allowed modes for BiFeOs.>* From previous mode
assignments for BiFeO; it is therefore probable that the M3
mode is a Frohlich activated mode, while the symmetry of the
M2 mode is ambiguous. Furthermore, no conclusions about
the M2 mode can be drawn from the second-order scattering
in the centrosymmetric Pnma structure as it is not visible
there, see Fig. 11. However, the M1 mode has previously

been assigned to the E(8) LO mode in BiFeO3.3* This is
further supported by the LO assignment of the broad band at
similar energy in the Pnma structured LaFeOs. Analogously,
the similar energy of the LO2 mode in LaFeOs; and the
M3 modes suggests a Frohlich interaction activated A, LO
assignment of the M3 mode. This last assertion is supported by
first-principles calculations that predicts the highest A, mode
to lie between 620 and 700 cm~!, depending on the functional
used. Hence, the common Frohlich mechanism responsible for
the second-order scattering over the whole substitution range
imply the E£(9) LO assignment of the 550 cm~! M2 mode.

To summarize, the concurrent upshift of the Raman active
E(8) LO mode at 470 cm™~' and the second-order M1 modes
in the Tb5 sample implies that the M1 mode should be
assigned to the E(8) LO mode in the R3c structure. The close
connection between the shape of the resonantly activated LO
mode at ~620 cm~! and the M3 second-order modes suggests
that the M3 mode is indeed a Raman inactive A, LO mode
in the noncentrosymmetric R3¢ and PbZrO;-type structures.
Finally, a common mechanism behind the whole second-order
spectra supports the E(9) LO assignment of the 550 cm~! M2
mode.
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FIG. 12. Magnetization versus field at 300 K for Bi;_, Tb,FeO;
with x = 0.05, 0.1, and 0.2. The lower right inset shows field cooled
magnetization versus temperature curves for the x = 0.05, 0.1, 0.15,
and 0.2 samples using an applied field of 500 Oe. The inset in the
upper left corner shows magnetization versus field at 10 K for the
x = 0.05 and 0.2 samples.

VI. MAGNETIC PROPERTIES

Figure 12 shows magnetization versus field curves mea-
sured at 300 K for Bi;_,Tb,FeO; with x = 0.05, 0.1, and
0.2. The x = 0.05 sample crystallizes in the R3¢ structure and
exhibits an almost linear field dependence of the magnetization
in the field interval plotted in the figure. The linear dependence
is expected for a sample with a cycloidally modulated antifer-
romagnetic structure. Measurements that were performed in
the PPMS included fields up to 90 kOe and here deviation
from linearity was observed for fields larger than 50 kOe
(data not shown). The deviation from linearity marks the
onset of a field-induced transition to a homogeneous weak
ferromagnetic state. The x = 0.1 sample shows in comparison
a larger remanent magnetization (~0.1 emu/g) and also a
larger coercive field (~5 kOe), behavior typical of a material
with a canted antiferromagnetic spin order. This is attributed to
the presence of ~30 wt.% of the orthorhombic Prnma structure
in the sample. We note, once more, that the magnetization for
the Bi;_,Tb,FeOjs series was recorded on samples prepared
using a solid state sintering route and this lead to a wider
region of phase coexistence for the R3c-Pmna structures'’
in comparison to the samples for which Raman results are
presented. The x = 0.2, Pnma sample shows a two step
switching of the magnetization and similar results were also
observed for the x = 0.15 sample that is an approximate
50:50 mixture of R3c and Pnma phases.!> These results
are interpreted in terms of contributions from both the canted

PHYSICAL REVIEW B 86, 184422 (2012)
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FIG. 13. Magnetization versus field at 10 and 300 K for
Bi;_,La,FeO3; with x = 0.1 and 0.2. The inset shows field cooled
magnetization versus temperature curves for the same samples using
an applied field of 500 Oe.

antiferromagnetic spin structure of the Pnma nuclear phase,
and the presence of a minor terbium iron garnet (TbIG)
impurity phase.!'> The existence of the TbIG impurity is hinted
at by the magnetization versus temperature results shown in
the lower right corner inset of Fig. 12, and was previously
confirmed by XRD and neutron diffraction results.!> The
compensation temperatures, indicated in the inset by the
temperature where the magnetization shows a minimum, are
lower than expected for pure TbIG and comply better with
results obtained for Bi substituted TbIG.>® The magnetization
versus field curve at 10 K for the x = 0.2 sample shows a,
in comparison, strong magnetization with contributions from
both the magnetism of the Pnma phase where the Tb>* ion
couples ferromagnetically to the Fe magnetic moments via
a f-d exchange,” and the ferrimagnetically ordered garnet
impurity (cf. Fig. 12, inset upper left corner).

Magnetization versus field results measured at 300 and 10 K
for Bi;_,La,FeO; with x = 0.1 and 0.2 are shown in Fig. 13.
The inset shows the low field magnetization versus temperature
results for the same samples. The x = 0.1 sample crystallizes
in the R3c structure and exhibits characteristics, including
deviation from a linear field dependence at high fields (data not
shown), typical of cycloidally modulated antiferromagnetic
spin order. Our results are consistent with previous findings
for BipglagpFeOs that show that a weak ferromagnetic
state is stabilized for fields larger than ~100 kQe.'8:6061
The x = 0.2 sample, with a structure resembling that of
the antipolar PbZrOs-type Pnam structure, exhibits a field-
dependent magnetization typical of a material with a canted
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FIG. 14. Magnetization versus field at 10 and 300 K for
BipoSmg Fe;_,Mn, O3 with x = 0 and 0.15. The lower right inset
shows field cooled magnetization versus temperature curves for the
x =0, 0.15, and 0.3 samples using an applied field of 500 Oe. The
inset in the upper left corner shows magnetization versus field at 10 K
for the x = 0.3 sample.

antiferromagnetic spin order; assuming a room temperature
Fe3t magnetic moment of 3.9 i 5,52 the observed remanent
magnetization corresponds to a canting angle of ~0.2°. The
coercive field is close to 9 kOe at 300 K, but decreases
slightly with decreasing temperature; at 10 K the coercive
field has decreased to ~6.5 kOe. The temperature dependence
of the remanent magnetizations is the opposite; the remanent
magnetization increases slightly with decreasing temperature.
The evolution of the magnetic state with increasing La content
observed here is similar to that reported by Rusakov et al.'®
Figure 14 shows magnetization versus field curves mea-
sured at 300 and 10 K for Big¢Smg ;Fe;_,Mn, O3 with x =0
and 0.15. Both samples show similar field dependence of
the magnetization at 300 K; the remanent magnetization
is approximately 0.05 and 0.10 emu/g for the x =0 and
0.15 samples, respectively, and both samples exhibit sizable
coercive fields. Thus, even if the x = 0 sample remains in
the R3c structure, it seems that the cycloidally modulated
antiferromagnetic structure has at least partly been destroyed
by substituting the A site with the smaller Sm>* ion. Similar
results for the magnetization were obtained by Khomchenko
et al.,”* who described the magnetic state at room temperature
as a mixed antiferromagnetic/weak ferromagnetic state. The
magnetization versus field measured at 10 K is even more
unexpected since for both samples the hysteresis curve closes.
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A close to linear field dependence is observed, which is
particularly striking for the biphasic (approximately 70 wt.%
R3c: 30 wt.% Imma®") x = 0.15 sample, indicating a more
clean, less canted, antiferromagnetic spin order and maybe
even arestored cycloidally modulated antiferromagnetic struc-
ture. Additionally, this possibly suggests a low temperature
structural phase transition (7" < 80 K) of the minority /mma
portion of the x = 0.15 sample to R3c symmetry, however,
further measurements are required to confirm this. The inset
in the lower right corner of Fig. 14 shows the temperature
dependence of the low field magnetization of these two
samples together with the result for the x = 0.3 sample.
The temperature-dependent magnetization for the x = 0.3
sample is typical of a ferrimagnetically spin ordered sample
with a compensation temperature close to the temperature
where the magnetization shows a minimum. This suspicion
was corroborated by close examination of the previously
published neutron diffraction data’' that showed traces of a
SmzFesO;, garnet impurity phase. The magnetization versus
field curve measured at 10 K (cf. Fig. 14, inset upper left
corner) is also dominated by the strong magnetization of
the ferrimagnetically ordered impurity similar to the results
obtained for the Bi;_, Tb,FeO3, x = 0.15 and 0.20 samples.

VII. SUMMARY

In summary, we have presented Raman spectra on
Bil_bexFeO3, Bil_xLaxFeO3, and Bio_gsmo'lFel_anxO3
over a wide range of substitutions x. The structural transitions
observed in the Raman spectra are in good agreement with
the XRD data and previously published neutron diffrac-
tion data!>!%2! and the observed structures are collected in
Table 1.

The large ionic radii mismatch on the A site in
Bi;_,Tb,FeOj3 induces a single transition from R3c to Pnma
of the GdFeO; type atx = 0.175, although a phase coexistence
is observed already at x = 0.125. Bi;_,La,FeO; is found to
undergo a more complicated transition from ferroelectric R3¢
to an antiferroelectric PbZrOj3 structure at x = 0.2, with signs
of phase mixture at x = 0.15 and 0.175. The antiferroelectric
structure is maintained up to x = 0.4, after which the final

TABLE 1. Summary of the observed space groups based on
a combination of the Raman and XRD results. The PbZrO;-type
structure is discussed in Sec. V C.

Bi;_xTbyFeO;

0<x<0.1 R3c

0.125 < x <0.15 R3¢ + Pnma
0.175<x <1 Pnma
Bil,xLaxFeO3

0<x<0.1 R3c

0.15 < x <0.175 R3c + PbZrO; type
02<x<04 PbZrO5 type
05<x<1 Pnma
Big9Sm, Fe;_,Mn,O;

x=0 R3c

x =0.15 R3c + Imma
x=0.3 Imma

184422-14
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Pnma structure of the end-member LaFeO; is obtained.
The A- and B-site substituted Biy9Smg Fe;_,Mn,O; series
transforms instead from R3c to Imma, starting at x = 0.15.
We interpret the conflicting results between our results and
those in Ref. 22 as a sign of a large sensitivity in these materials
to the exact condition during the synthesis.

The spectra of the R3¢ phase samples reveals a pseudosoft
behavior of the 220 cm™' mode, thus implying an A;
assignment of this mode that correlates the Raman shift with
the degree of octahedral tilt due to a combination of lone-pair
dilution and ionic-size differences on the A site. This lends
support to the first-principle calculations by Hermet et al.*?
and the phonon assignments by Hlinka et al.>* Away from
the R3c phase, a comparison between the Pnma structures in
La and Tb substituted samples allows us to assign the broad
bands observed in the Raman spectra in these substitution
series.

With the help of Raman spectra of both the Bi;_, Tb,FeO3
and Bi,_,La,FeOs series as well as the end-members BiFeO5
and LaFeOs;, a detailed analysis of the strong second-order
Raman scattering is presented, where the first- and second-
order modes are assigned to LO modes and their Frohlich-
interaction enhanced second-order scattering, respectively. In
the R3c structures, the LO mode at ~620 cm™! is found to be a
Raman inactive A, mode with a strong resonant enhancement

PHYSICAL REVIEW B 86, 184422 (2012)

in all A-site substituted samples, while the 470 and 550 cm™!
modes belong to the dipole-allowed Raman active LO modes.

The recorded magnetization is consistent with a cycloidally
modulated antiferromagnetic arrangement of the Fe spins in
the R3c structures. Upon increasing A-site substitution a
transition towards a canted antiferromagnetic spin structure is
observed, coincident with the structural transition away from
R3c. In contrast, the BigoSmg (Fe;_,Mn, O3 series shows an
anomalous closing of the hysteresis loop at 10 K, indicating
a reversal to a noncanted, perhaps cycloidally modulated,
antiferromagnetic state at low temperatures. The transition
from cycloidally modulated spins to a canted collinear an-
tiferromagnetic ordering is possibly seen also in the intensity
decrease of the Fe derived vibrational modes as the degree of
substitution is increased.

Further investigations are needed to understand the anoma-
lous low temperature behavior of Bip 9Smg ;Fe;_,Mn, O3, x =
0-0.15, as well as the connection between A-site substitution
and spin structure in the ferroelectric R3¢ phases.
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