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Chemical pressure effect in Sm and La substituted ferroelectric BiFeO;
thin films: Insights from infrared spectroscopy
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We investigate the effects of Sm and La substitution in ferroelectric BiFeOj; thin films on the lattice
dynamics by infrared reflection measurements at room temperature. The frequencies of the infrared-
active phonon modes are studied as a function of Sm and La content in Bi;_(Sm,La),FeO3; composi-
tion spread films in the range from x =0 up to x =0.25, grown on SrTiOj; substrates by pulsed laser
deposition. Substitution of the Bi*" ions with small Sm>" ions leads to the appearance of a new
phase above x =~ 0.09 coexisting with the ferroelectric BiFeO5 phase up to x ~0.19. In contrast, for
the substitution of Bi*" ions with La>" ions of similar size a continuous transition from the original
BiFeO; phase to a new phase takes place. In both cases, we assign the new phase to the paraelectric,
orthorhombic phase. These findings are discussed in terms of the morphotropic phase boundary in
Sm-doped BiFeO; around x = 0.14 with a phase coexistence, which was suggested as the origin for
enhanced piezoelectric properties. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4980105]

I. INTRODUCTION

The perovskite BiFeOs is a well-known magnetoelectric
multiferroic with a rhombohedral structure with space group
R3¢ at room temperature.'> BiFeO; shows both ferroelec-
tricity,’ caused by the Bi 6s* lone pair electrons,*> and anti-
ferromagnetism.® The material has attracted a lot of attention
due to its high antiferromagnetic (T ~ 645 K) and ferroelec-
tric (Tc~1114K) transition temperatures,l’7 which make
BiFeOj; one of the very few examples for a single-phase mul-
tiferroic material above room temperature.® BiFeO; further-
more raised tremendous interest as an interesting lead-free
piezoelectric,g_11 however, with piezoelectric coefficients
much smaller than Pb-based piezoelectrics. It is known that
the material properties of piezoelectric oxides can be
improved by doping. Some phase boundaries induced by
composition changes, so-called morphotropic phase bound-
aries (MPBs), for example show enhanced piezoelectric and
dielectric responses,'? as demonstrated in ferroelectric
Pb(Zr,Ti)O5. Here, the competition between two structural
phases at the MPB leads to enhanced piezoelectric and
dielectric properties.'>!*

Chemical substitution has therefore been applied also to
BiFeOs in order to improve its electromechanical properties,
namely by replacing Bi*" by rare-earth ions. Indeed, an
enhanced piezoelectric response was observed for substitu-
tion by small rare-earth ions (Sm3 -, Gd”, and Dy3+),15
which induce a large chemical pressure in the system. For
example, in case of Sm-doped Bi,_,Sm,FeO; a structural
phase transition is induced with increasing doping level x
from the ferroelectric thombohedral phase to a paraelectric
orthorhombic phase, leading to an enhancement of the
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piezoelectric coefficient with a maximum at x=0.14." "

A nano-scale phase coexistence of the rhombohedral ferro-
electric phase, an antipolar PbZrOj3-like phase, and an ortho-
rhombic paraelectric phase at the structural phase boundary
was suggested as the driving mechanism for the enhance-
ment.'”"® A nanodomain structure at the MPB was also
found in the ferroelectric solid solution PbZr,Ti; ,05.2% %

In contrast, substitution of Bi* " by La>" with a compara-
ble ionic size has a negligible weak chemical pressure effect.
In La-doped BiFeOs, no enhancement of the piezoelectric
properties was found, despite the fact that a structural phase
transition from the rhombohedral ferroelectric phase to an
orthorhombic paraelectric phase is also induced by La dop-
ing.'® But the transition region was found to be broader
compared to Sm-doped BiFeO5 and no nanoscale phase coex-
istence was observed in case of La doping.'®'**?7 A recent
Raman study on Bi;_LaFeO5; suggested a structural phase
transition from ferroelectric rhombohedral to an antiferro-
electric PbZrOs-like structure with signs of phase mixture,
and finally to the LaFeOs-type orthorhombic structure with
further increasing La content.”” However, these findings are
inconsistent with the earlier results on the structural evolution
in Bi;_JLaFeO; with increasing doping level x,'® which
might be due to the different type of studied sample (namely
bulk sample in the former case, while thin film in the latter
case). Furthermore, a corresponding detailed spectroscopic
investigation of the structural phase transition in Sm-doped
BiFeO5; as a function of doping concentration is lacking
so far.

In this work, we present a detailed investigation of the
lattice dynamical properties in Sm- and La-substituted
BiFeO; thin films during the doping-induced structural phase
transition by means of infrared spectroscopy. The analysis of

Published by AIP Publishing.
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the phonon mode spectrum as a function of Sm- and La-
doping gives an insight into the structural changes in the
material when driven towards the structural phase boundary
in both cases, and allows a conclusion about the chemical
pressure effects in BiFeO3 caused by rare-earth substitution.

Il. METHODS

The investigated BiFeO3; composition spread films with
a thickness of about 100 nm on ~1mm thick (100) SrTiO;
(STO) substrates were fabricated by combinatorial pulsed
laser deposition under epitaxial synthesis conditions with an
automated moving shutter.'"'® The films were doped with
Sm and La, respectively. The dopant concentration increased
from 0% to 25% along both samples. Twelve measurement
positions were defined on each sample (see Fig. 1).

The reflectivity measurements were performed with a
Bruker IRScopell infrared microscope, coupled to a Bruker
IFS66v/S Fourier transform infrared spectrometer in the fre-
quency range 100-700cm ' with a resolution of 1cm™'. A
bolometer attached to the microscope was used as a detector.
As reference, we used the intensity reflected by an aluminum
coated mirror. The samples were placed and aligned on a
motorized stage of the infrared microscope, so that the mea-
surement positions could be approached precisely and repro-
ducibly. The size of the probing spot amounts to 250 ym.

lll. RESULTS AND DISCUSSION

The reflectance spectra in the frequency range between
100cm ™" and 700cm™"' were measured for both Sm- and
La-doped BiFeO5; composition spread films at the given posi-
tions. We observe a noticeable change of the reflectivity
between the undoped (x = 0) and maximum doped (x =0.25)
positions on each film (see Fig. 2), especially in the range
between 200cm ' and 475 cm ", The reflectivity spectra are
similar for both films at the undoped positions and are

x=0 Sm, La content x=0.25

~10 mm
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FIG. 1. Sketch of the sample geometry. The red circles indicate the measur-
ing spots (marked spot size not in scale). Note that the spots lie closer to
each other around the expected position of the MPB in Sm-doped BiFeOs;.
The graph below shows the corresponding dopant concentration gradient.
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FIG. 2. Reflectivity of undoped (x=0) and maximum doped (x=0.25)
BiFeO; films. The strongest modes of BiFeOj3 are labeled according to the
literature.”® The strong features around 172cm ' and 481cm ™' marked
with asterisks are due to excitations in the STO substrate.>*?

consistent with earlier reports on pure BiFeO5.2%*° However,
the phonon mode spectra of Sm- and La-doped BiFeO;
clearly differ at the maximum doped positions for frequen-
cies between 200cm ' and 350cm ! (see Fig. 2). Above
350cm ™', the changes in reflectivity seem to be independent
of the kind of dopant. The detailed enlargement in Fig. 3
shows the continuous change in the reflectivity spectrum
with increasing dopant content for both films.

The reflectivity spectra were fitted using a two-layer
model to represent the sample geometry. The STO substrate
layer contribution was simulated by a four-parameter model
according to literature data.*’** For fitting the BiFeOs;
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FIG. 3. Evolution of the reflectivity with increasing dopant content for (a)
Bi;_.Sm,FeO5 and (b) Bi;_,La,FeOs;. The ticks mark the three strongest
modes for maximum doping x = 0.25 in both cases.
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sample layer, we used a Lorentz model as described in
Equations (1)—(3). The data given by Lobo et al., who report
nine optical phonon modes in the ab plane, were used as a
guideline for the fitting parameters A¢;, w;, and yjzs

N
(@) =€+ Y €1 +icr, (1)
=1
eLi(@) = Aoy (0 — o) )
A 2)2 2,2
(0 — )" +y70
Aeiw? (y,0
e,j(w) = 7 (%) 3)

(07 = ?)’ +7p07

The phonon mode frequencies extracted from the fittings
are listed in Table I for the undoped and maximum doped
positions for both Sm- and La-doped BiFeOs; films. The
labeling of phonon modes was done according to Ref. 28.
According to group theory, nine £ modes are expected for
pure BiFeO;.%®

The phonon modes belong to three groups located in
the frequency ranges 100-200cm™', 200-400cm ™', and
400-850cm™'. Based on a comparison with other
perovskite-type materials,**> they can be assigned to exter-
nal vibrational modes of the FeOg octahedra against the
Bi*-ions and the FeOq octahedral bending and stretching
modes, respectively.

In our reflectivity spectra, mode E2 and mode E9 are
covered by noise or SrTiO; excitations, respectively, never-
theless we keep them for improving the fitting. Furthermore,
modes E3 and E6 have a very low oscillator strength. There
is a discrepancy of up to 5cm ™! in the mode frequencies in
our films compared to the single-crystal results. The larger
discrepancy for the E3 mode frequency is attributed to the
rather large error bar, since this phonon mode appears in our
reflectivity spectra as a very weak feature. We will concen-
trate in our discussion of the doping-induced changes on the
evolution of the strong phonon modes in the obtained reflec-
tivity spectra, namely the modes E4, E5, E7, and ES.

TABLE 1. Oscillator frequencies from the fitting (in cm ™).

Bil_XSm,\.Feog Bil_ La\.FeO3

x=0.00 x=0.25 x=0.00 x=0.25
Mode E2* 126.0 126.0 126.0 126.0
Mode E3 229.5 229.5 229.5 229.5°
Mode E* 248.2
Mode E4 259.0 259.0
Mode E5 278.9 278.9 262.0
Mode E** 290.9 290.9
Mode E*#%* 320.5 320.5
Mode E6° 340.0 340.0 340.0 340.0
Mode E7 376.5 376.5° 376.5 376.5°
Mode E8 437.9 439.7
Mode E9° 521.0 521.0 521.0 521.0

“Covered by noise.
"Very weak.
“Covered by SrTiO; feature.
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With increasing Sm-doping, the main changes in the
phonon mode spectrum are the following [Fig. 3(a)]: First,
three new phonon modes appear with frequencies at around
248cm™', 291cm ™, and 321cm ™', which are labelled E’,
E**, and E™. All three modes start to appear at x~0.09,
continuously gain oscillator strength with increasing doping,
and reach maximum oscillator strength for x=0.19.
Simultaneously, the modes E4, ES, and E8 of the rhombohe-
dral ferroelectric phase start to lose intensity from x~0.09
and have disappeared above x~0.19. Hence, according to
the phonon spectrum of (Bi,Sm)FeO; there is a phase mix-
ture of the rhombohedral ferroelectric phase and a new phase
in the Sm doping range 0.09 <x <0.19. The evolution of the
relative oscillator strength (Ae/e,,,,) with doping concentra-
tion is illustrated in Fig. 4(a) for selected modes. The transi-
tion region with a phase mixture in case of Sm doping has a
width of Ax=0.10 and a center at x =0.14, which is in very
good agreement with literature data about the critical stoichi-
ometry that leads to the rhombohedral-orthorhombic phase
transition,'''%16-26

The changes in the La-doped BiFeO; film are markedly
different, as illustrated by the evolution of the relative oscil-
lator strength Ag/e,,, with doping concentration [see Fig.
4(b)]. The new mode E" is not observed for La doping. The
new modes E™* and E™ appear at higher dopant concentra-
tions, namely E™ at x=0.14 and E™" at x=0.13. The oscil-
lator strength of mode E4 starts to decrease noticeably
between x =0.13 and x = 0.14, accompanied by a continuous
frequency shift of mode E5 starting at x=0.12 to lower fre-
quencies. Mode E4 finally vanishes above x =0.22. As the
frequency shift of mode ES5 is presumably not yet finished at

x (Dopant content)
0 5 10 15 20 25 30 35

350 : S : : :
Bi. Sm FeO center of transition (a)
X=X 3 area atx = 0.14
. 325 "E*O O O (y/ ‘ -
§ 300} .
; E*O O O
2 o75lE50 @ @ 00 |
% 0.1
5 E4@®@ @ @ 0.2
r 250rer o0 o o 03] ]
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225 t t 0.5
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325 -E**’O O O 0.7 7
‘T’\ 0.8
§ 300} 09 1
g E**O O O 1.0
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225 L - v

0 5 10 15 20 25 30 35
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FIG. 4. Frequency of selected modes for (a) Bi;_,Sm,FeO; and (b)
Bi;_,La,FeO; as a function of dopant content x. The relative oscillator
strength Aé/e,,,. is given as a gray scale of the circle filling. The hatched
areas indicate the phase transition regions.
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the last measurement position at x=0.25, the width of the
transition region can only be given as Ax > 0.13. The center
of the broad transition region is located at x>0.185.
Literature data about the stoichiometry at the phase transition
vary. Although some publications report the phase transition
to occur at or even slightly below x = 0.20,>>%7 other reports
locate the phase transition at x=0.30."*'%?* This discrep-
ancy may be explained by the broad transition range in
(Bi,La)FeOs;.

In both doping cases, the phonon mode spectrum in the
transition region does not clearly show the fingerprints of the
predicted PbZrOs-type minority phase. The phonon mode
spectrum of PbZrOj3 was characterized in Ref. 36 by infrared
spectroscopy. Single crystalline PbZrO; exhibits eight trans-
verse optical phonon modes, which should be observable in
the room-temperature reflectivity spectrum. Since we
observe only three strong modes in the doping-induced new
phase, the occurrence of a PbZrOs-type phase cannot be con-
firmed based on our data. However, we cannot exclude the
occurrence of this phase either, since part of the measured
frequency range is masked by the strong STO substrate
features.

The phases in Bi;_.SmFeO3 and Bi,_,La,FeO5 for the
maximum doping level x =0.25 are very similar regarding
their phonon mode spectrum (see Fig. 2): In both cases, the
spectrum consists of three strong modes. Two of these modes
have the same frequencies (mode E™* at 291 cm™' and mode
E™" at 321cm ™). For Big-5Smg,sFeOs, the third mode
(mode E* at 248cm™") is shifted to lower frequency com-
pared to Big7sLag,sFeO5 (mode E5 at 262cm ™). This sug-
gests that in both cases the paraelectric orthorhombic phase
(space group Pnma) has been reached for the doping concen-
tration x =0.25, consistent with results from x-ray diffrac-
tion.'® The difference in the frequency position of one mode
could be attributed to the different sizes of Sm>" and La®"
ions. Based on our results, we could conclude that the phase
reached for the maximum doping level is similar in both Sm
and La doping cases. For SmFeO3, no reports on the phonon
mode spectrum exist until now. Therefore, we will compare
the obtained phonon mode spectrum of Big7sLlag,sFeO;
with that of LaFeOs reported in the literature.?” Since the lat-
tice parameter still changes for doping levels above x = 0.25,
as demonstrated for the out-of-plane lattice parameter,'® this
comparison can only be carried out on a qualitative level.
Monocrystalline LaFeO; (orthorhombic phase with space
group Pnma) shows six transverse optical phonon modes
with frequencies 164, 256, 278, 316, 399, and 534 cm ™!, For
Bigy7sLag,sFeOs, we measured three strong phonon modes
at 262, 291, and 321 cm ™!, which are close in frequency to
the modes reported for LaFeO;. The missing modes at 164,
399, and 534cm™' might be covered by the pronounced
STO substrate features or too weak.

Importantly, the evolution of the structure from rhombo-
hedral, ferroelectric BiFeO5 phase to the orthorhombic, para-
electric phase at high doping concentration is markedly
different for Sm and La substitution. This dopant-dependent
evolution of the phonon mode spectrum during the structural
phase transition in BiFeO; can be explained in terms of the
different ionic sizes of the substitution elements. For a

J. Appl. Phys. 121, 144103 (2017)

coordination number of twelve, the ionic radius of La>"
(1.36 A) is similar to the one of Bi** (1.36 A), while the Sm>"
ion is significantly smaller (radius 1.28 AL Accordingly, the
La’" substitution constitutes a negligible weak chemical pres-
sure case. Hence, La®" gradually substitutes the similar-sized
Bi® " ions within the rhombohedral, ferroelectric phase, leading
to a single Bi;_,La,FeO; phase and a continuous phase transi-
tion from the rhombohedral BiFeO; phase towards the ortho-
rhombic, paraelectric LaFeO3; phase with space group Pnma.
The structural changes due to La substitution are caused by the
dilution of the stereochemically active Bi 6s* lone-pair elec-
trons, which are considered responsible for the ferroelectric
displacements in BiFeOs.*” The gradual substitution of Bi by
La also causes the continuous frequency shift of the mode ES5,
which is an FeOq octahedral bending mode.***> Such a sce-
nario of the structural evolution with increasing La-doping
would be consistent with the continuous evolution of the out-
of-plane lattice parameter for La-doped BiFeO; as reported in
Ref. 16.

However, the Sm™" ions are too small to fit into the origi-
nal Bi*" phase and therefore constitute a strong chemical pres-
sure case. In contrast to La doping, the Sm>" ions build up a
new paraelectric, orthorhombic phase starting from x = 0.09,
which coexists with the original Bi*" phase. With increasing
Sm content, the fraction of the orthorhombic, paraelectric
phase increases at the expense of the ferroelectric BiFeO;
phase fraction, which has disappeared completely for x =0.19.
Accordingly, the oscillator strength of the phonon modes of
the BFO phase decreases in the transition region 0.09 <x
<0.19, while the oscillator strength of the new modes
increases. As expected under this condition, the phonon mode
frequencies are stable. The proposed scenario is consistent
with the observed phase coexistence at the structural phase
boundary, which was suggested as the driving mechanism for
the enhancement of the piezoelectric coefficient expected at a
MPB.'®!? Please note that we do not observe the signatures of
the antipolar PbZrO3-like phase in the phonon mode spectra of
Bi;_Sm FeO;. As this phase is a minority phase on a nanome-
ter scale,'® the corresponding fingerprints in the phonon mode
spectrum might be too weak to be observable as we average
over a relatively large area of the film with a probing spot size
of 250 um. Also, it needs to be mentioned that strong STO sub-
strate features cover part of the measured frequency range,
which could mask the fingerprints of the PbZrOj3-like minority
phase.

IV. CONCLUSION

We have studied the phonon mode spectrum of
Bi;_.Sm,FeO; and Bi,_.La,FeO; composition spread films
up to a doping level of x = 0.25 by reflectivity measurements
at room temperature. With increasing dopant content, we
observe significant changes like appearance, vanishing, and
shifting of phonon modes during the phase transition from
the ferroelectric rhombohedral phase to the paraelectric
orthorhombic phase, which significantly depends on the dop-
ant element. This behaviour can be explained by the different
sizes of the dopant ions. In case of Sm-doping, which causes
a strong chemical pressure, our findings are consistent with

9%:20:LL ¥20Z AeN 80
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the proposed phase coexistence of the rhombohedral, ferro-
electric BiFeO; phase with the paraelectric, orthorhombic
phase at the structural phase boundary, which was suggested
to cause an enhancement of the piezoelectric coefficient typi-
cally observed in piezoelectrics at the morphotropic phase
boundary. The phonon mode spectrum for Bi;_La,FeOj5 is
interpreted in terms of a continuous phase transition from the
rhombohedral BiFeO; phase towards the orthorhombic, para-
electric LaFeO; phase. Neither for Sm doping nor for La
doping we find the fingerprints of the predicted PbZrOs-like
minority phase in the reflectivity spectra. They might be too
weak or masked by the strong features related to the STO
substrate.
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