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This paper reports that La-doped BiFeOs (Bii—sLazFeOs, z = 0, 0.1, 0.2, 0.3, 0.6, 0.8 and 1.0) were studied
by using micro-Raman spectroscopy and x-ray diffraction (XRD). The XRD patterns indicate that the structure of

Bij_zLazFeO3s changes from rhombohedral BiFeO3s to orthorhombic LaFeO3s. The results of Raman spectroscopy show

good agreement with the XRD results. Strikingly, the phonon peak at around 610 cm~—! and the two-phonon peaks in

the high frequency range exist in all compounds and enhance with increasing La substitution. The increasing intensity
of the 610 cm~! peak is attributed to the changes in the FeOg octahedron during the rhombohedral-orthorhombic
phase transition. The enhancements of the two-phonon peaks are associated with the breakdown of the cycloid spin

configuration with the appearance of the orthorhombic structure. These results indicate the existence of strong spin—

phonon coupling in Bij_zLazFeOgs, which may provide useful information for understanding the effects of La content

on the structural and magnetic properties of Bij_,La,FeOs.
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1. Introduction

Magnetoelectric (ME) multiferroics have at-
tracted much attention in past years because of
their basic physical properties and potential appli-
cations in data storage, spintronics and quantum
electomagnets.!'=3 Bismuth ferrite (BiFeOs) is one
of the most intensively studied multiferroic materi-
als since it exhibits simultaneously antiferromagnetic
(Tx = 643 K) and ferroelectric (Tc = 1103 K) proper-

[4] The ferroelectric state is

ties at room temperature.
realized by a large displacement of the Bi ions relative
to the FeOg octahedra. The ferroelectric polarization
lies along the pseudocubic (111) direction, leading to
the formation of eight possible polarization variants.
On the other hand, BiFeOj3 exhibits G-type antiferro-
magnetic ordering, in which the Fe magnetic moments
are aligned ferromagnetically within the (111) plane
and antiferromagnetically between the adjacent (111)
planes. Additionally, the spin configuration is modu-
lated by a long-range cycloid structure (620 A period-
icity, 1 A=0.1 nm) in the bulk, and the preferred ori-
entation of the antiferromagnetically aligned spins is

in the (111) plane, which is perpendicular to the ferro-
electric polarization direction with six equivalent easy

axes within that plane.[

Various experimental and
theoretical methods have been carried out for study-
ing the coupling between these two orderings of this
material for basic physical and applied reasons.[6—13!
It has been evidenced that the multiferroic properties
of BiFeO3 have been significantly enhanced by substi-
tution with non-ferroelectric end member LaFeOs or
by the strain in the film form.''='% By La-doping,
BiFeO3; has achieved the properties necessary for
fatigue-free ferroelectric switching, excellent dielectric
loss, enhanced remanent polarization and magnetiza-
tion. In recent years, increasing attention has been
paid to La-doped BiFeOg films because of their future
applications in nonvolatile ferroelectric random access
memories (FeERAMs) and spintronic devices. However,
most of those works focused on Bi;_,La,FeO3 materi-
als with low La substitution (x < 0.2). Moreover, the
strain arising from the lattice mismatch between the
film and the substrate inhibits us from understand-
ing precisely the effect of La content on the electrical
and magnetic properties of Bi;_,La,FeOs materials
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as well as their structure. Therefore, it is crucial to
further investigate the structure of Bi;_,La,FeO3 to
gain more information about the origin of the superior
properties as well as the applications in the future.
Raman spectroscopy has been proved to be a con-
venient method to study the elementary excitations
and their interaction in solid state materials.[16—30 Al-
though BiFeO3 materials in various forms have been
extensively studied by Raman scattering extensively
in recent years,'=22 reports on the Raman studies of
Bi;_,La,FeOg, especially for those with high La con-
tent, are limited. In this paper, we report a systematic
Raman study of Bi;_,La,FeO3 with z ranging from 0
to 1.0. Both XRD and Raman results indicated that
the structure of Bi;_,La,FeO3 changes from rhom-
bohedral BiFeOg3 to orthorhombic LaFeO3z. The Ra-
man mode at around 610 cm~! and the two-phonon
modes show obvious enhancement with increasing La
content, indicating the strong spin—phonon coupling
in Bi;_,La,FeOs.
spectroscopy would be a useful tool for investigating

Our results suggest that Raman

the structural and magnetic properties of iron oxides.

2. Experimental details

The Bi;_,La,FeOs (x =0, 0.1, 0.2, 0.3, 0.6, 0.8
and 1.0) powders are prepared by a molten salt synthe-
sis (MSS) method, which has been reported in detail
in another article recently.[®!] The crystal structure of
the samples was examined by an x-ray diffractometer
with a Cu Ko radiation source. The Raman spectra
were measured in backscattering configuration by us-

ing a micro-Raman spectrometer (Horiba/Jobin Yvon
HR800). A 50x microscope objective lens was used in
order to focus the laser beam and collect the scat-
tered light. A laser line with 532 nm wavelength was
used as the excitation source, and the laser power was
kept at < 0.5 mW to prevent laser-induced damage to
the sample. All the measurements were carried out at

room temperature.

3. Results and discussions

Figure 1 displays the XRD patterns for the
Bi;_,La,FeO3; samples. As shown from the mea-
sured XRD patterns, all samples exhibit a single-
phase perovskite structure with no trace of other im-
purity phases (e.g. FesOs, BisO3, LasO3, BisFeyOo,
BigsFeOsg, etc) detected. As shown in Fig. 1, the
structure of Bij_,La,FeO3 evolves from the rhom-
bohedral (R3c¢) phase to the orthorhombic (Pnma)
phase, which is revealed clearly from further detailed
analysis of some diffraction peaks. For example, the
(006) diffraction peak, which is assigned as the index
of the rhombohedral structure in BiFeOjs, becomes
weak with increasing La content and disappears at
x = 0.60, as shown in Fig. 1(b). The disappearance of
the (006) peak indicates the structural transition from
the rhombohedral phase to the orthorhombic phase
at z = 0.60. In addition, broadening and merging of
diffraction peaks are observed when increasing La con-
tent from = = 0 to 0.3, especially in the XRD curve
for z = 0.3.
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Fig. 1. (a) The XRD patterns of Bij_zLa,FeO3 with z = 0, 0.1, 0.2, 0.3, 0.6, 0.8 and 1.0. (b) The magnified

view of the peak in the 26 range 38.5°-40.5°.
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Such a phenomenon suggests that the largest lat-
tice distortion and defects exist in Big yLag 3FeOs,
resulting from the drastic competition between the
rhombohedral and orthorhombic symmetries. How-
ever, from then on, the bandwidths of diffraction
peaks decrease gradually with further increase of the
La content, indicating that the structure has been im-
proved greatly. This is attributed to the case that the
orthorhombic structure becomes dominant in these
compounds. When x = 0.8 and 1.0, Bi;_,La,FeOs3 is
completely in the orthorhombic phase, as illustrated
by the XRD patterns.

According to group theory, pure BiFeOj3 with
rhombohedral R3c structure has 13 Raman-active
modes: 4A4,+9F, while pure LaFeO3 with orthorhom-
bic Pnma structure has 21 Raman-active modes:
TAg+2B13+7B2g+583,.
in Bi;_,La,FeO3 samples would be easily detected

The structural transition

through Raman spectroscopy because of the large
discrepancy between the numbers of Raman-active
modes of these two structures.

Figure 2 presents the Raman spectra of
Bi;_,La,FeO3 powders with x = 0, 0.1, 0.2, 0.3, 0.6,
0.8 and 1.0, which show obvious changes with increas-
ing La content. According to the variations of the first
order Raman peaks below 800 cm ™!, these spectra can
be separated into three groups. One group with the
La concentration of up to 20% resembles the vibration
modes of the nondoped BiFeOgs. Three strong peaks
at 140, 172, and 217 cm ™! and nine weak peaks at 262,
275, 307, 345, 369, 429, 470, 521, and 610 cm ™! can
be seen in these three spectra, which are consistent
with previous work.l'7=29 In accordance with stud-
ies on structurally related compounds, the 610 cm™!
peak is assigned as a symmetric oxygen breathing
mode. In addition, three broad bands in the range
of 900-1300 cm ™! are observed clearly, which are at-
tributed to the two-phonon peaks.(?! It is notewor-
thy that the intensities of the two-phonon peaks are
much lower than those of their corresponding first or-
der phonons, which has been attributed to the strong
spin-two-phonon coupling in BiFeOs.[2122l Moreover,
the frequency shifts of the second order peaks are
slightly lower than twice the frequency shifts of the
corresponding first order peaks. Such downshifts are
associated with the asymmetry of the anharmonic po-
tential of the system.(?4 All these spectral features
suggest that the low-doped Bi;_,La,FeO3 (x < 0.2)
is still in the rhombohedral phase. Comparing these
three spectra, we can see clearly that both the first-

order phonon modes and the two-phonon modes ex-
hibit blueshift and broadening with increasing La con-
tent.
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Fig. 2. Raman spectra for Bi;_,La,FeO3 with z = 0,
0.1, 0.2, 0.3, 0.6, 0.8 and 1.0.

The second group includes the spectra with z =
0.3 and 0.6. The most notable feature is the promi-
nent decline of the intensities of the modes below
200 cm ™! and disappearance of the mode at around
250 cm~!. Such a phenomenon suggests that the lat-
tice structure for these two compounds undergoes dra-
matic changes. From a vibrational point of view, low
frequency modes can be attributed as external modes
due to the relative motion of A-site cations against
the oxygen octahedrons. In the case of BiFeOs, the
A; modes in the low frequency range are closely as-
sociated with the Bi-O band.'”) It is natural that
the intensity of the A; modes below 250 cm™! de-
clines due to the decrease in the percentage of the
Bi-O band with large La substitution. Moreover, the
overlapping of these modes reveals the increasing dis-
tortion and defects in the lattice due to the La sub-
stitution, which would also be responsible for the de-
crease of intensity.[?3 In addition, the modes between
300 and 600 cm~! merge into several broad bands.
The increased structural disorder caused by the in-
creasing substitution rate of La takes responsibility
for this observation. Such a phenomenon also reveals
the occurrence of the ferroelectric—paraelectric phase
transition in this compound.'”! It is striking to find
that the two modes at around 400 cm~! appear and
enhance gradually. These two peaks belong to the fin-
gerprint peaks of the orthorhombic LaFeOs.[24:25] The
appearance of these two peaks indicates that the or-
thorhombic structure begins to emerge when the La
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content increases to 0.3. The last group of spectra
with x = 0.8 and 1.0 shows obvious spectral features
of orthorhombic LaFeOs. The broad bands below
400 cm~! split into several sharp peaks, and a broad
band appears in the spectral range of 400-500 cm™?.
It is noteworthy that the peak around 610 cm~! shows
enhancement, and the intensities of the two-phonon
modes in the high frequency range increase simulta-
neously, especially the peak around 1300 cm~!. The
Raman results shown in Fig. 2 show good agreement
with the XRD results (Fig. 1): the lattice structure for
Bi;_,La,FeO3 with x < 0.2 has rhombohedral sym-
metry, while the orthorhombic structure begins to ap-
pear in the range 0.2 < x < 0.6. When = > 0.8, the
orthorhombic structure is dominant and the lattice
structure of Bi;_,La,FeO3 is improved dramatically.

Compared with the spectra presented in Fig. 2,
we find that the mode at around 610 cm~! (Pg10) and
the two-phonon modes in the range of 900-1300 cm ™!
exist in all Bi;_,La,FeO3 compounds, although the
other first-order Raman modes have changed signifi-
cantly when the structure transforms from the rhom-
bohedral to the orthorhombic phase. In order to anal-
yse quantitatively the dependence of the Raman spec-
tra for Bi;_,La,FeO3 on the concentration of La, the
Raman spectra are decomposed. Figure 3 presents
the frequency shift and bandwidth of mode Ps1¢ as a
function of the La doping concentration (z). It can be
seen clearly that Pgip shifts gradually to higher fre-
quency positions with increasing La content. It is at
609.3 cm~! for BiFeO3 and at 627.9 cm~*! for LaFeOs.
However, on the other hand, the bandwidth of Py be-
haves in a different way. It increases firstly and reaches
the peak value of 56.8 cm™! with 2 = 0.3. Then, it
drops to 17.8 ecm™! with 2=1.0.
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Fig. 3. Dependences of the frequency shifts and band-
width of the peak at around 610 cm~! on the La content.

The frequency shift and bandwidth of the two-
phonon mode around 1250 cm~! (Pja50) for all

Bi;_,La,FeO3 samples were plotted as a function of
the La-doping concentration in Fig. 4. As shown in
Fig. 4, the peak position of this band shifts continu-
ously to higher frequency with increasing La content.
It is at 1260.5 cm~! for BiFeO3 and 1309.4 cm™!
for LaFeOs. On the other hand, the bandwidth of
Pjo50 increases to the maximum value of 178.1 cm™!
at £ = 0.3. From then on, the bandwidth decreases
quickly with further increase of the La content, and
reaches 118.7 cm~! at x = 1.0, which is even smaller
than that of pure BiFeOgs. It is noteworthy that the
frequency shift and bandwidth of the fundamental
mode Fgip and its corresponding two-phonon mode
Pi350 behave in the same way (Figs. 3 and 4). The
frequencies of the principal mode and corresponding
higher order excitations increase with increasing La
content in the x = 0.1, 0.2, 0.3 0.6 and 0.8 com-
pounds. This hardening is likely to be attributed to
the contraction of the unit cell, reflecting the increase
in bond strength as Bi37T is replaced by La3*. In ad-
dition, a modulation in the system potential caused
by the mass difference between Bi (208.98 g/mol) and
La (138.9 g/mol) may also contribute to the energy
shift.[?6] The broadening of the Raman peaks with La
content x < 0.3 is attributed to the increased lattice
distortion arising from the competition between the
rhombohedral and orthorhombic structure. When the
orthorhombic structure becomes dominant (z > 0.6),
the bandwidths of these peaks decline due to the im-
proved lattice structure.
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Fig. 4. Dependences of the frequency shifts and band-
width of the peak near 1250 cm~! on the La content.

Figure 5 displays the ratio of the integral intensity
of peak Pjs50 to that of the whole spectra versus z.
It can be seen clearly that the intensity proportion of
peak P55, gradually increases from 15% for BiFeOs
to 38% for LaFeO3. This is consistent with that shown
in Fig. 2. With increasing La content, the two-phonon
modes enhance, whereas the intensities of the first or-
der phonons decrease simultaneously. The inset of
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Fig. 5 presents the intensity ratio of peaks Pja50 to
Ps10(I1250/I610) as a function of the La-doping con-
centration. The ratio I1250/Ig10 drops quickly from
98.3 at z = 0 to 2.94 at x = 0.3. Then, it increases
towards 7.85 when x = 1. As presented in Fig. 2,
peak Pgs1p enhances obviously with increasing La con-
tent. The ratio I1250/Is10 reaching the minimum value
at © = 0.3 suggests the largest lattice distortion that
arises from the appearance of the orthorhombic struc-
ture. From this point, the increase of I1250/I610 indi-
cates that the intensity of the peak Pjo50 undergoes a
significant increase because of the increased spin-two-
phonon coupling. The results presented in Fig. 5 are
parallel with those shown in Figs. 3 and 4, indicating
that the lattice structure of Bi;_,La,FeOgs prefers the
orthorhombic phase when x > 0.3. Although the lat-
tice symmetry has transferred from the rhombohedral
to the orthorhombic structure, the two-phonon peaks
still exist and become even more intensive (Fig. 5).
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Fig. 5. Dependence of the integral intensity ratio of the
peak at around 1250 cm~! to the whole spectra on the La
content. The inset shows the intensity ratio of the peak
at 1250 cm~! to the peak at 610 cm—1.

This phenomenon reminds us that the intensive
two-phonon peaks are widely observed in perovskite
transition metal oxides.[2425:27:28] Moreover, the in-
tensive two-phonon peak is also observed in a-Fe;Os3,

which only contains FeOg octahedra.l?93% The en-
hanced two-phonon peaks observed in Bi;_,La,FeOgs
may be tentatively associated with the strong spin-
lattice coupling arising from the interaction between
the adjacent magnetic sublattices. It is well known
that La-doping will destroy the cycloidal spiral struc-
ture in Bi;_,La,FeOs.

netism at room temperature because of a residual mo-

BiFeOgs exhibits weak mag-

ment from the canted spin structure, which can be re-
leased with La doping. When the substitution of La
is increasing, the special magnetic properties disap-
pear gradually, and the normal G-type antiferromag-
netic ordering becomes the sole form. However, the
coupling between the adjacent magnetic ions on the
adjacent B-sites is increased as a result. Therefore,
the enhanced two-phonon modes could be associated
with the enhanced spin—lattice coupling owing to the
La-doping. Our results suggest that the two-phonon
modes are sensitive to the local structure, especially
the sublattice of the magnetic ions on the B-sites, but
insensitive to the macro-structure of the crystal.

4. Conclusion

In summary, XRD and Raman spectra for
Bi;_,La,FeOs (z = 0, 0.1, 0.2, 0.3, 0.6, 0.8 and 1.0)
are systematically studied. We find that the structure
of Bi;_,La,FeO3 changes from rhombohedral BiFeO3
to orthorhombic LaFeOs3. The increase of the intensi-
ties of the peak around 610 cm ™! and the two-phonon
modes in the range of 900-1300 cm™! suggest that
strong spin—lattice coupling exists in Bi;_,La,FeOs.
Moreover, the spin-two-phonon coupling seems to be
enhanced with increasing La content, which is associ-
ated with the breakdown of the space modulated spin
structure. All these results will be useful for under-
standing the correlation between the structural and
magnetic properties of Bi;_,La,FeOs.
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