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Simultaneous coexistence of room-temperature ferromagnetism and ferroelectricity in Fe-doped BaTiO3

(BTO) is intriguing, as such Fe doping into tetragonal BTO, a room-temperature ferroelectric, results in the
stabilization of its hexagonal polymorph which is ferroelectric only below ∼80 K. Here, we investigate its origin
and show that Fe-doped BTO has a mixed-phase room-temperature multiferroicity, where the ferromagnetism
comes from the majority hexagonal phase and a minority tetragonal phase gives rise to the observed weak
ferroelectricity. In order to achieve majority tetragonal phase (responsible for room-temperature ferroelectricity)
in Fe-doped BTO, we investigate the role of different parameters which primarily control the paraelectric
hexagonal phase stability over the ferroelectric tetragonal one and identify three major factors, namely the
effect of ionic size, Jahn-Teller (JT) distortions, and oxygen-vacancies, to be primarily responsible. The effect
of ionic size which can be qualitatively represented using the Goldschmidt’s tolerance factor seems to be the
major dictating factor for the hexagonal phase stability. The understanding of these factors not only enables
us to control them but also to achieve a suitable codoped BTO compound with enhanced room-temperature
multiferroic properties.

DOI: 10.1103/PhysRevB.101.064409

I. INTRODUCTION

The realization of room-temperature magnetoelectric-
multiferroic materials which are simultaneously ferromag-
netic and ferroelectric is extremely important due to their
potential applicability in logic and information storage de-
vices. However, it is extremely challenging to achieve so
and there exist very few such examples [1–3]. Recently,
turning BaTiO3, a room-temperature proper ferroelectric, into
a potential multiferroic material has been intensively studied
[4–6]. Interestingly, it has been found that multiferroicity
can emerge in BaTiO3 (BTO) nanoparticles in which fer-
romagnetism comes from the surface states due to oxygen
vacancies and the ferroelectricity from the core [4,5]. Later,
it was also shown that in addition to oxygen, Ti or Ba
vacancies can also induce ferromagnetism in BTO [6]. But
as the induced magnetism by such vacancies is very small
(few memu/gm) at room temperature [4], there were efforts
towards the realization of multiferroicity in BTO by other
routes like transition-metal ion (Mn, Fe, or Co) doping at Ti
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sites [7–10]. In this regard, Fe-doped BTO, which exhibits
the simultaneous coexistence of room-temperature ferromag-
netism and ferroelectricity [11,12], attracted a lot of attention.
However, such Fe doping induced transformation of the ferro-
electric tetragonal BTO (t-BTO) into its hexagonal polymorph
(h-BTO), which is paraelectric at room temperature [13,14].
The origin of ferromagnetism, which likely arises due to the
90◦ superexchange interaction between two Fe ions at Ti2
sites in the BTO hexagonal matrix [13], can be enhanced
with increasing oxygen-vacancy content [15]. However, the
tunability of ferromagnetism by creating oxygen vacancies
can be detrimental to the insulating ferroelectric properties of
BTO [16]. Thus, it is important to find other possible ways
to tune the ferromagnetic properties of such an Fe-doped
BTO system. In this regard, another major issue is to recover
the ferroelectric tetragonal phase from paraelectric hexagonal
Fe-doped BTO, such that we can have an optimized multi-
ferroic response from such system. Therefore, it is important
to identify the key controlling parameters that facilitate the
hexagonal phase formation, such that hexagonal-to-tetragonal
structural phase tuning becomes possible.

The magnetic ground state of Fe-doped BTO, which is
ferromagnetic at room temperature, remains contentious, as
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both paramagnetism [17] and ferromagnetism [13] have been
proposed to exist at low temperature. Interestingly, a recent
experimental result suggests a high-temperature ferromag-
netic to low-temperature paramagnetic phase transition in
Fe-doped BTO [17]. Like magnetism, the origin of room-
temperature ferroelectric polarization of Fe-doped BTO is
also intriguing, since undoped h-BTO is paraelectric at room-
temperature [14]. Also, both simultaneous ferromagnetic-
paraelectric [13] and ferromagnetic-ferroelectric [11,12] be-
haviors have been observed in Fe-doped BTO, thus raising
the question of the origin of the observed ferroelectricity and
its reproducibility. It is interesting to note that ferroelectric
instability can also be triggered due to the pseudo-Jahn-Teller
effect (PJTE) of the doped-Fe3+ (d5) ions in the hexagonal Fe-
doped BTO, as recently shown in LaFeO3 [18]. Therefore, it
is very critical to understand the origin of ferroelectricity and
magnetic state such that the tuning of its room-temperature
multiferroic properties becomes feasible.

With these goals in mind, we examine high quality poly-
crystalline BTO and various Ba1−xAxTi0.9Fe0.1O3 (where A
is Bi, Sr, or Ca and x denotes the atomic concentration of
doped ion at the dopant site) and Ba0.9Bi0.1Ti0.9Mn0.1O3 com-
pounds. Here, in this paper, we show that only Fe-doped BTO
is actually a mixed phase room-temperature multiferroics,
where a majority hexagonal phase is ferromagnetic and a
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FIG. 1. Schematic representation of room-temperature mixed
phase multiferroicity in Fe-doped BTO. Majority hexagonal phase,
which can be controlled by tuning either Goldschmidt’s tolerance
factor, Jahn-Teller (JT) distortion of dopant ion, or oxygen-vacancy
content, contributes to the ferromagnetism (M ↑) of Fe-doped BTO.
The observed weak ferroelectricity (P ↑) of Fe-doped BTO arises
from trace quantity of minority tetragonal phase. Identification and
tuning of the control parameters which stabilize the paraelectric
hexagonal phase over ferroelectric tetragonal phase in Fe-doped
BTO lead to optimized mixed-phase multiferroic response from this
system.

minority tetragonal phase gives rise to the observed weak
ferroelectricity (see Fig. 1). Subsequently, we show that along
with JT distortions and oxygen vacancies, the contribution
of Goldschmidt’s tolerance factor on the hexagonal phase
stabilization is extremely important and by manipulating these
parameters, we are able to enhance the room-temperature
multiferroicity.

II. EXPERIMENTAL METHODS

All samples are prepared in phase-pure polycrystalline
form via solid-state reactions. The properly ground mixture
of individual oxide elements taken in stoichiometric amounts
is first annealed at 1050 ◦C for 12 h and then at 1250 ◦C for
12 h to get the final product. Room-temperature powder x-ray
diffraction (XRD) and Raman spectroscopic measurements
are carried out using Cu-Kα source and a 514-nm line of
Ar+ laser as an excitation source, respectively. The adopted
nomenclatures for all samples are listed in Table I. The
ferroelectric PUND (positive up–negative down) measure-
ments [19] are conducted in a Radiant P-E loop tracer and
the dc magnetization measurements are carried out using a
Quantum Design superconducting quantum interference de-
vice magnetometer. The temperature-dependent pyroelectric
current measurements are carried out using a Keithley 6517B
electrometer. The sample is first cooled down to 10 K from
room temperature under the presence of applied electric field
of 400 V/mm. Then, the electric field is switched off and
the electrodes are short-circuited for sufficient time to get
rid of any residual surface charge effects. The sample is
then heated to room temperature at a rate of 10 K/min and
we record temperature-dependent pyroelectric current. X-ray
photoelectron spectroscopy (XPS) studies were carried out
using an in-house PHI 5000 Versaprobe-II spectrometer and
x-ray-absorption near-edge spectroscopy (XANES) investiga-
tions are performed at the P-65 beamline in the PETRA-III
synchrotron source, DESY, Hamburg, Germany. The piezore-
sponse force microscopy (PFM) technique was also employed

TABLE I. All sample notations and chemical formulas along
with their respective hexagonal volume phase fractions (num-
ber within brackets represents the corresponding error), as ob-
tained from Rietveld refinement of their room-temperature pow-
der XRD patterns. The sample notation, for example, BB05TFO
(Ba0.95Bi0.05Ti0.9Fe0.1O3), means Bi and Fe are simultaneously doped
at Ba and Ti sites of BTO by 5 and 10 at. % respectively, where the
notation “05” denotes the at. % of Bi doping at Ba sites.

Sample Desired chemical Hexagonal phase
notations formula fraction (%)

BTFO BaTi0.9Fe0.1O3 98.8 (0.5)
BTFO_Q BTFO quenched in LN2 99.3 (0.5)
BB02TFO Ba0.98Bi0.02Ti0.9Fe0.1O3 38.2 (0.3)
BB05TFO Ba0.95Bi0.05Ti0.9Fe0.1O3 18.6 (0.2)
BB10TFO Ba0.9Bi0.1Ti0.9Fe0.1O3 0
BS05TFO Ba0.95Sr0.05Ti0.9Fe0.1O3 24.6 (0.3)
BC05TFO Ba0.95Ca0.05Ti0.9Fe0.1O3 23.2 (0.3)
BB10TMO Ba0.9Bi0.1Ti0.9Mn0.1O3 13.3 (0.2)
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to visualize the ferroelectric domains in Fe-doped BTO, as
detailed in the Supplemental Material [20].

III. RESULTS AND DISCUSSIONS

A. Fe-doped BaTiO3: A mixed phase multiferroics

The room-temperature powder XRD pattern of BTFO,
shown in Fig. S1 of the Supplemental Material [20], nicely
matches to that of BTO hexagonal polymorph with the space
group P63/mmc [21]. Though, h-BTO is paraelectric at room-
temperature [14], surprisingly, we find some finite ferroelec-
tric polarization in hexagonal BTFO from P-E loop measure-
ments, as shown in Fig. 2(a). However, such a cigar-shaped
P-E loop which does not get saturated possibly indicates
the lossy nature of the sample. However, the true ferro-
electric character of BTFO could be confirmed employing
room-temperature PUND (positive up and negative down)
measurements (as discussed in the following), which is a
well established method to extract out the intrinsic ferroelec-
tric part (remanent contribution) from other nonferroelectric
(nonremanent) contributions such as leakage current or stray
capacitances [22–25]. Besides, to have direct microscopic
evidence of the presence of ferroelectricity we have carried
out piezoforce microscopy (PFM) as shown in Fig. S2 of
the Supplemental Material [20], where we clearly see the
presence of ferroelectric domains in the BTFO sample [26].
Importantly, the detailed XRD spectrum of BTFO exhibits
a small but broad shoulder just after the hexagonal (110)
peak, which can be accounted for by considering an additional

FIG. 2. (a) Comparison of room-temperature P-E loops of BTFO
and BTFO_Q, (b) signature of tetragonal phase from both raw
XRD pattern and Rietveld refinement, (c) Room-temperature Ra-
man spectra of BTFO, BTFO_Q and pure BTO (star marks show
the presence of tetragonal phase), and (d) Temperature-dependence
of pyroelectric-current for BTFO which shows ferroelectric-
orthorhombic (O) to ferroelectric-tetragonal (T) phase transition at
218 K during heating.

t-BTO phase [shown in the inset to Fig. 2(b)]. The corre-
sponding Rietveld refinement, taking mixed hexagonal and
tetragonal phases, is shown in Fig. 2(b) (for full refinement
see Fig. S7 [20]). Raman spectroscopy on BTFO supports
this observation of a mixed phase, where the clear signature
of tetragonal Raman modes A1(TO3) and A1(LO3) (shown by
star marks) [27], along with the majority hexagonal A1g mode
[28] are observed, as shown in Fig. 2(c). These observations
thus clearly indicate that BTFO is actually a mixed phase
compound in which the majority is hexagonal (∼98.8%,
obtained from Rietveld refinement) and the rest is weak tetrag-
onal. Further, we employ pyroelectric measurement which
is very sensitive to the ferroelectric phase transition [29].
Figure 2(d) clearly shows a phase transition at ∼218 K for
BTFO. As BTFO has both hexagonal and tetragonal phases,
with the hexagonal phase being ferroelectric only below
∼80 K, such a transition in the pyrocurrent is an indication
of a ferroelectric phase transition in the minority tetragonal
phase from Ti off-centric displacements [30]. For such a sce-
nario, tuning of the tetragonal phase fraction should also lead
to changes in the observed room-temperature ferroelectric
polarization value. BTFO_Q, which expectedly contains more
oxygen vacancies than BTFO, as engineered through quench-
ing in liquid N2 during synthesis [31] is found to contain a
lower tetragonal phase fraction, as is clearly seen through the
weaker tetragonal Raman peaks in Fig. 2(c). Following the
above conjecture, BTFO_Q indeed possesses a lower room-
temperature polarization value when compared to BTFO, as
shown in Fig. 2(a). This is further highlighted using a com-
parison of the true remanent ferroelectric polarization values
between BTFO and BTFO_Q, as extracted using the PUND
technique. Figure 3(a) displays room-temperature PUND po-
larization data of BTFO, where the preset, switching, and non-
switching applied voltage pulses are schematically shown (see
also Fig. S3 for a detailed PUND mechanism [20]). The nega-
tive pulse-1 is necessary to preset the material. The application
of the positive switching pulse 2 thereby induces switching
of both the ferroelectric component along with switching of
the linear nonferroelectric (nonremanent) contributions. As
the ferroelectric dipoles are already aligned and do not relax
during the intermittent delay time, the following positive pulse
3 cannot induce any further switching of the ferroelectric
component and only induces further polarization of the non-
ferroelectric (nonremanent) components. Thus, the intrinsic
ferroelectric remanent polarization (dPr) can be readily ob-
tained by subtracting the polarization (P∧r) value, obtained
after application of pulse 3, from the polarization value (P�r),
obtained after the application of pulse 2. A comparison of the
dPr values for BTFO and BTFO_Q, obtained using the above
method, are shown in Fig. 3(b). We indeed see the presence
and switching of remanent polarization (dPr) for both BTFO
and BTFO_Q as shown in Fig. 3(b) (for detailed discussions
of ferroelectric PUND data of these two compounds see Fig.
S4 [20]). The PUND data clearly show a smaller remanent po-
larization value for BTFO_Q in comparison to BTFO [a simi-
lar trend as observed in Fig. 2(a)], which can be expected only
if the ferroelectric polarization originates from the tetragonal
phase. Now, to understand the presence of oxygen vacancies,
we have carried out room-temperature XPS measurements.
It is well known that the higher binding-energy shoulder of

064409-3



PRATAP PAL et al. PHYSICAL REVIEW B 101, 064409 (2020)

FIG. 3. (a) Room-temperature PUND data (red line) of BTFO,
where the applied voltage pulses (green ones) are schematically
shown, (b) variation and switching of the room-temperature rema-
nent polarization of BTFO and BTFO_Q as obtained from PUND
measurement; (c) shows corresponding room-temperature O-1s XPS
spectra and (d) shows their room-temperature C-1s XPS spectra.

O-1s peak arises from defect sites, like oxygen vacancies
and adsorbed hydrocarbons [32]. The presence of identical
weightages of C-1s spectra for both BTFO and BTFO_Q,
as seen in Fig. 3(d), shows the presence of similar amounts
of adsorbed hydrocarbons on the surface of these samples.
However, the higher binding-energy shoulder of O-1s peak
for BTFO_Q has significantly larger intensity as compared to
BTFO, as shown in Fig. 3(c), thereby, clearly bringing out the
presence of more oxygen vacancies in the BTFO_Q sample
[32,33]. This is also supported by the movement of the O-1s
peak to higher binding energy in BTFO_Q as compared to
BTFO [see Fig. 3(c)] [34]. Interestingly, while stoichiometric
BTFO should contain only nominal Fe4+ (the ground state
in this case is primarily a mixture of d4 and d5L states
with L representing an O 2p hole [35]) ions, the presence of
oxygen vacancies is correlated with the conversion of some
nominal Fe4+ ions into Fe3+ state due to charge neutrality
[21,36]. Thus, the presence of a smaller room-temperature
ferroelectric polarization value in BTFO_Q, which contains
more Fe3+ ion content than BTFO, also rules out PJTE as
the mechanism for the observed ferroelectric polarization
of BTFO.

B. Coexistence of ferromagnetism and paramagnetism
in Fe-doped BaTiO3

To understand the magnetic ground state, we have per-
formed isothermal M-H measurements from room tempera-
ture down to 10 K, as shown in Fig. 4(a). At room temperature,
there is a clear ferromagnetic M-H loop for BTFO, which is
understood to arise from ferromagnetic exchange interactions

FIG. 4. (a) Isothermal M-H loops of BTFO and (b) variation
of magnetization (M) with temperature (T ). Inset to (b) shows the
heat-capacity vs T plot, both in absence and presence of magnetic
field of 5 T. (c) Decomposition of room-temperature M-H plot into
paramagnetic and ferromagnetic parts and (d) displays the linear
behavior of the paramagnetic inverse susceptibility with tempera-
ture. Inset to (d) shows the existence of ferromagnetic loops at all
temperatures.

in the hexagonal phase [13,37]. At 10 K, the M-H loop,
however, looks like a Brillouin function, as expected for
paramagnetic order, as shown in Fig. 4(a). Such a behavior has
previously been attributed to a room-temperature ferromag-
netic to low-temperature paramagnetic phase transition for
BTFO [17], which is quite unusual, and, thus, we investigated
it further. On carefully analyzing the 10-K M-H loop near the
low-field region, we do find the existence of a clear hysteresis
loop, also suggesting the presence of ferromagnetic order
at low temperature. Also, although a clear M-H hysteresis
loop is observed at 300 K, unlike a ferromagnet, it does
not saturate and continues to rise linearly in the high-field
region. Further, no clear ferromagnetic to low-temperature
paramagnetic phase transition is observed in the M vs T plot,
as shown in Fig. 4(b) or even in the dM/dT vs T plot. The
absence of any magnetic transition is also supported by the
heat-capacity data, which do not show any significant changes
in the presence of magnetic field (H = 5 T) [as shown in
the inset to Fig. 4(b)], thereby suggesting that the transi-
tions observed in the intermediate temperature window are
of structural origin. The structural origin of the heat-capacity
anomalies are also evident from the temperature-dependent
dielectric constant data as shown in Fig. S5 of the Supplemen-
tal Material [20] (see also Refs. [13,38] therein). A structural
transition can indeed be expected from the high-temperature
hexagonal to low-temperature orthorhombic phase around
similar temperature [13]. It is also important to note that
often such dilute magnetic semiconductor (DMS) systems are
associated with both paramagnetic and ferromagnetic signals
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[13,39], as seems to be the case for BTFO. We thus fit the
high-field magnetization data at 300 K with a linear equation
and the obtained slope gives us the estimate of the paramag-
netic contribution (M = χH). On performing similar analyses
at all temperatures, we find the expected linear (1/χ − T )
dependence of the extracted paramagnetic contributions, as
shown in Fig. 4(d). Simultaneously, the presence of clear
M-H loops [obtained by subtracting the paramagnetic linear
contribution, as shown by an illustrative example in Fig. 4(c)]
at all temperatures from 300 K down to 10 K suggest that fer-
romagnetic order exists down to the lowest temperature. Thus,
our data clearly suggest coexistence of both ferromagnetic and
paramagnetic regions in BTFO at all temperatures.

C. Role of controlling parameters behind hexagonal
phase stability in Fe-doped BaTiO3

We have thus elucidated that mixed phase multiferroic-
ity exists in Fe-doped BTO, with weak ferroelectricity
arising from the minority tetragonal phase. To enhance fer-
roelectricity in doped BTO, it is important to investigate
the role of different parameters that play a crucial part in
the hexagonal phase stability in BTFO. For this purpose,
we examine the BTFO, BTFO_Q, BB02TFO, BB05TFO,
BS05TFO, BC05TFO, BB10TFO, and BB10TMO samples.
Room-temperature XRD spectra are shown in Fig. 5(a) (for
full spectra see Fig. S6 [20]), where we can clearly see
variations of hexagonal first-order peak intensity for different

FIG. 5. (a) Room-temperature XRD spectra (only h-BTO refer-
ence XRD is taken from ICSD database) of the samples. (b) Variation
of hexagonal phase (left y axis) and tetragonal phase (right y axis)
fractions (%) for different sample [(Hexa. + Tetra) phase fractions =
100%]. (c) Room-temperature Fe K-edge XANES spectra of BTFO,
BB05TFO, and BB10TFO. The top and bottom insets show the
evolution of main edge and pre-edge regions with doping. (d) Quan-
tification of nominal Fe4+ to Fe3+ ratio, through background (BG)
subtraction (top inset) and deconvolution of the pre-edge region into
Fe3+ and nominal Fe4+ contributions (bottom inset).

samples. The percentage of hexagonal and tetragonal phases
present in these samples are determined from Rietveld re-
finement [40–43] using the FULLPROF suite (for refinement
details see Secs. VII–IX of the Supplemental Material [20])
and are tabulated in Table I and also shown in Fig. 5(b). The
hexagonality which is here found to be maximum for only
Fe-doped BTO (BTFO), gets further enhanced in BTFO_Q
due to the presence of more oxygen vacancies compared
to BTFO. Such strong hexagonal phase stabilization over
tetragonal BTO on Fe doping is known to be primarily dic-
tated by Jahn-Teller distortion of nominally Fe4+ ions and a
further secondary contribution comes from oxygen vacancies
[21,44,45]. As Ba is gradually replaced by Bi, Sr, or Ca, the
hexagonal phase fraction is found to get strongly suppressed
along with a concomitant tetragonal BTO phase recovery, as
shown in Fig. 5(b) (see also Table I). To understand the role
of different controlling parameters on the hexagonal phase
stability, we first consider the three compounds BB05TFO
(Bi doped at the Ba site), BS05TFO (Sr doped at the Ba
site), and BC05TFO (Ca doped at the Ba site). The reduction
of hexagonal phase fraction in BB05TFO can be understood
using the framework of previous studies, as stated earlier,
since Bi3+ substitution in the place of Ba2+ reduces oxygen
vacancies as well as JT active nominally Fe4+ content to Fe3+

(3d5) to maintain charge neutrality. Such observations are
further validated from the systematic trend of hexagonal phase
tuning from ∼98.8% in the case of BTFO (where only Fe is
doped) to ∼0% for BB10TFO (where Bi and Fe are doped in
equal amounts) through ∼38.2% in BB02TFO and ∼18.6%
in BB05TFO [see Fig. 5(b) and Table I]. However, the sharp
reduction of the hexagonal phase by significant amounts on
Sr2+ or Ca2+ substitutions in BS05TFO and BC05TFO is
quite surprising and cannot be understood using the earlier
framework, as doping with Sr2+ and Ca2+, being isovalent to
Ba2+ (only difference is their ionic sizes), is neither expected
to vary the oxygen vacancies nor the JT active ion content.
Thus, a holistic understanding of the role of ionic size effects,
quantified through the Goldschmidt tolerance factor, which
provides an effective way of investigating phase stabilities
of perovskite oxides [46], along with oxygen vacancies and
JT distortions to the hexagonal phase stabilization, becomes
crucial.

Since the ionic sizes depend on the ion valency, we have
carried out XANES measurements to investigate the Fe-ion
valency. Ti was found to remain in the 4+ state in all these
samples, as seen by our XPS studies (see Fig. S8 [20]; also,
note Ref. [47] therein). The normalized Fe K-edge XANES
spectra of BTFO, BB05TFO, and BB10TFO are shown in
Fig. 5(c). We can subdivide the spectra into two regions:
The pre-edge region (A: 1s → 3d excitation) and the main
edge region (B: 1s → 4p excitation) [48]. Here, features
A and B are observed to shift towards lower energy with
increasing Bi(+3) doping, which is expected if the oxidation
state of Fe steadily decreases from nominal Fe4+ to Fe3+

[49]. For BB10TFO with equal amounts of Bi3+ and Fe
doping, Fe is expected to be in the Fe3+ state. Hence, these
XANES observations indicate the presence of nominal Fe4+

to some extent in BTFO, which gets decreased in amount
with Bi doping. To quantify a nominal Fe4+ to Fe3+ ratio,
we investigate the pre-edge peak region [49]. The tentative
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FIG. 6. Variation of hexagonal phase fractions (%) [100, tetrag-
onal phase fraction (%)] of the samples with their corresponding
(a) Goldschmidt’s tolerance factor, (b) the nominal JT active Fe4+

content present, (c) O-1s higher binding-energy peak (peak 2) area
divided by the total area, which corresponds to the oxygen vacancy
in the system. The inset to (c) displays their C-1s spectra. (d) Room-
temperature XRD spectra of BB10TFO and BB10TMO, where clear
presence of significant amount of hexagonal phase in BB10TMO in-
dicates the role of JT distortion due to Mn3+ (3d4) towards hexagonal
phase stabilization and (e) shows variation of sample color, dictating
the change in oxygen vacancy.

amounts of nominal Fe4+ in these samples, as calculated from
background subtraction and subsequent deconvolution of the
pre-edge peak into Fe3+ and nominal Fe4+ contributions, are
shown in Fig. 5(d). From this calibration, now, we calculate
the Goldschmidt tolerance factor for all samples.

Figure 6(a) shows the variation of hexagonal phase fraction
with the corresponding tolerance factor for various samples:
The correspondence seems near direct; an increase in the
tolerance factor generally leads to an increase in the hexagonal
phase fraction. It is interesting to note that hexagonality,
which gets suppressed in BS05TFO (Ba2+ is partially re-
placed by Sr2+) compared to BTFO (Ba is not replaced), gets
further suppressed in BC05TFO where Ba2+ is replaced by
Ca2+ (having smaller ionic radii than Sr2+) due to a smaller
tolerance factor of BC05TFO as compared to BS05TFO [as
shown in the inset to Fig. 6(a)]. Such observations strongly
indicate that the Goldschmidt tolerance factor or the ionic size
effect play a crucial role behind the hexagonal phase stabil-
ity. Against the above general trend, BB05TFO has smaller

hexagonal phase fraction when compared to BC05TFO,
though the tolerance factor of the former is more than that
of the latter [as shown in the inset to Fig. 6(a)]. To understand
this, we need to also consider the effect of the other controlling
parameters like oxygen vacancies or JT distortions, associated
with nominal Fe4+ ions, on the hexagonal phase stability.

In Fig. 6(b) we note that as JT active nominal
Fe4+ content (as obtained from room-temperature Fe-
K edge XANES measurements) increases, the hexag-
onal phase gets more stabilized. To elucidate it fur-
ther, we have compared room-temperature XRD spec-
tra of BB10TFO (Ba0.9Bi0.1Ti0.9Fe0.1O3) with BB10TMO
(Ba0.9Bi0.1Ti0.9Mn0.1O3) in Fig. 6(d), where the former
(BB10TFO) contains only the Jahn-Teller inactive Fe3+ (3d5)
ion, and the latter (BB10TMO) contains the Jahn-Teller active
Mn3+ (3d4) ion. In agreement with the trend of increasing
hexagonality with increasing content of the Jahn-Teller active
ion, it is found that while BB10TFO is completely tetragonal,
BB10TMO has a significant amount of hexagonal phase,
though both of them have an identical tolerance factor (Fe3+

and Mn3+ have the same ionic radii).
Next, to understand the role of oxygen vacancies to-

wards hexagonal phase stability, we have carried out room-
temperature XPS studies on O-1s spectra (see Fig. S9 of
[20]). As discussed earlier, the higher binding-energy shoul-
der (peak 2) of O-1s spectra corresponds to oxygen vacancies
and adsorbed hydrocarbons [32]. Upon fitting the O-1s spectra
with two peaks, we plot the change in the hexagonal phase
with the corresponding O-1s peak-2 area (normalized by the
total area under the O-1s peak region after Shirley back-
ground subtraction), as shown in Fig. 6(c) (the inset shows
the corresponding C-1s spectra which measures the relative
adsorbed hydrocarbon content). The results show that there is
a strong reduction of oxygen vacancies on Bi3+ doping for
Ba2+, which can be expected since increased Bi3+ ion content
naturally promotes the more stable Fe3+ ion content without
the need for any oxygen vacancies. Surprisingly, we also
notice a reduction of oxygen vacancies in isovalent substituted
BC05TFO and BS05TFO compounds. This observation can
only be understood by considering the suppression of the
hexagonal phase in the Sr- and Ca-doped samples as it has
been argued that oxygen vacancies tend to be hosted in the
hexagonal phase [50,51] rather than the tetragonal phase.
Further, such reduction of oxygen-vacancy content in the
samples where the A site Ba ion is replaced by other ions
(Bi, Sr, or Ca) can also be visualized from the sample color
change as shown in Fig. 6(e), where it seems that the darker
the sample is, the more is the oxygen-vacancy content. A
comparison between Figs. 6(a) and 6(c) shows that though
BC05TFO has more oxygen vacancies than BS05TFO, it has
a lesser hexagonal phase fraction, which seems primarily due
to the smaller tolerance factor of the former compared to the
latter. Similarly, since BB05TFO has a lower oxygen vacancy
and Jahn-Teller active ion content compared to BC05TFO,
the former has a slightly smaller hexagonal phase fraction
compared to the latter, as seen in the inset to Fig. 6(a).

Therefore, from these discussions it is clear that along with
oxygen vacancy and JT distortions, there is a significant role
of ionic size towards hexagonal phase stabilization in such
transition-metal-doped BaTiO3. It is also extremely important
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to understand which of these controlling parameters plays
a more dominant role to destabilize the hexagonal phase,
because then by controllably manipulating that parameter
we can more effectively control the hexagonal to tetragonal
structural phase ratio, which is critical for achieving bet-
ter optimized room-temperature multiferroicity in such an
Fe-doped BTO system. To highlight this, we consider two
compounds, BTFO and BB05TFO, for which we see that the
hexagonal phase fraction is reduced by ∼80% in the latter
compound compared to the former due to only a ∼0.3%
change in tolerance factor, whereas the respective change in
other controlling parameters (namely oxygen vacancy content
and Jahn-Teller active ion content) is quite large. Such an
observation clearly indicates that the Goldschmidt tolerance
factor plays the dictating role behind the hexagonal phase
stability.

D. Tuning of room-temperature multiferroicity
of Fe-doped BaTiO3

For the study of multiferroic properties, we have car-
ried out room-temperature M-H measurements on BTFO,
BB02TFO, BS05TFO, and BB10TFO. The saturated mag-
netization (MS) of the extracted ferromagnetic part for these
samples along with the corresponding hexagonal phase frac-
tion (%) present in the samples are shown in Fig. 7(a). Here,

FIG. 7. (a) Variation of room-temperature saturation magnetiza-
tion (MS) of the extracted ferromagnetic part with the corresponding
sample hexagonal phase fraction; (b) variation as well as switching
of the room-temperature remanent polarization (dPr) as obtained
from PUND measurements with the corresponding tetragonal phase
fraction (%); (c) variation of remanent polarization per unit tetrago-
nal phase fraction (%) with the corresponding sample tetragonality
(c/a); (d) change in remanent polarization for samples with their
corresponding Goldschmidt’s tolerance factor, where its inset shows
how tetragonal phase fraction (%) varies with their respective toler-
ance factor.

TABLE II. All samples with their corresponding tetragonal vol-
ume phase fractions, room-temperature tetragonality (c/a) as ob-
tained from Rietveld refinement, and room temperature intrinsic
remanent ferroelectric polarization as observed in PUND measure-
ments. Number within brackets in the second column represents the
error in the corresponding tetragonal phase percentage.

Tetragonal Remanent
Sample phase fraction Tetragonality polarization
notations (%) (c/a) dPr (μC/cm2)

BTFO 1.2 (0.1) 1.0018(1) 0.07 ± 0.01
BTFO_Q 0.7 (0.2) 1.0016(1) 0.04 ± 0.01
BB02TFO 61.8 (0.4) 1.0040(1) 5.2 ± 0.4
BB05TFO 81.4 (0.3) 1.0037(1) 4.3 ± 0.3
BB10TFO 100 (0.5) 1.0002(1) 0.33 ± 0.03
BS05TFO 75.4 (0.5) 1.0029(1) 3.7 ± 0.4
BC05TFO 76.8 (0.6) 1.0018(1) 3.2 ± 0.3

the change in MS closely reflects the change in the respective
hexagonal volume phase fraction. It is already known that the
ferromagnetism in Fe-doped BTO arises due to 90◦ superex-
change between two Fe2 ions at Ti2 sites in the hexagonal unit
[13], hence the tuning of such hexagonal phase also leads to
the tuning of corresponding ferromagnetic properties, as seen
in Fig. 7(a).

Subsequently, we have studied the intrinsic ferroelectric
properties of these samples employing the PUND technique.
Figure 7(b) shows the variation as well as ferroelectric
switching of remanent polarization (dPr) with the corre-
sponding sample tetragonal phase fraction (%). Here, we see
that BB02TFO has a maximum polarization (∼5.2 μC/cm2)
which is ∼74 times more than that of BTFO, which is quite
remarkable, as the recovery of ferroelectricity in such an
Fe-doped BTO system by such a margin can be extremely
helpful in the engineering of room-temperature multiferroic-
ity. Surprisingly, though BC05TFO has more tetragonal phase
fractions than BS05TFO and BB02TFO, it shows lesser fer-
roelectric polarization, as seen in Fig. 7(b). To understand
this, we have plotted ferroelectric polarization normalized
to the tetragonal phase percentage present in the sample
along with the corresponding tetragonality (c/a) as shown
in Fig. 7(c), where we find that the order of sample tetrago-
nality is BB02TFO > BS05TFO > BC05TFO, which clearly
reflects the origin of smaller polarization in BC05TFO. Thus,
the sample tetragonality, evidently, seems to play a dominant
role in the ferroelectric properties (see also Table II). The
strong dependency of the recovered ferroelectricity of all these
compounds on the tetragonal phase fraction and tetragonal-
ity (c/a) indicates that the ferroelectricity originates from
the Ti off-centric distortions [30]. We further note that all
the investigated compounds have the Goldschmidt tolerance
factor �1.054, which is larger than the limit necessary to
cause octahedral tilting [52,53], as observed in orthorhombic
CaMnO3 [54], thus any role of such octahedral tilting in the
observed ferroelectricity in our samples can be ruled out.

It is interesting to note that there is a range of Goldschmidt
tolerance factor for which the sample shows optimized ferro-
electric polarization, as seen in Fig. 7(d). Such an optimized
range of tolerance factor for the best ferroelectric Fe-doped
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BTO compound arises because for a higher tolerance factor
the sample tends to have more hexagonality, whereas for
smaller tolerance factors, the sample goes to the cubic limit.
Thus, the understanding of the origin of ferroelectricity and
the controlling parameters for the hexagonal phase stability
in Fe-doped BTO enables us to controllably tune the room-
temperature mixed phase multiferroicity, where magnetism is
attributed to the hexagonal phase and the ferroelectricity to the
tetragonal phase.

IV. CONCLUSIONS

In summary, we have investigated the room-temperature
multiferroicity in Fe-doped BTO and have shown that it is
of mixed phase origin, where the ferromagnetism is associ-
ated with the majority hexagonal phase and ferroelectricity
to the minority tetragonal phase. We have also elucidated
that ferromagnetic and paramagnetic phases coexist at all
temperatures in BTFO. By examining various codoped BTO

compounds, we show that compared to JT distortions and
oxygen vacancies, the Goldschmidt tolerance factor or the
ionic size effect has a more decisive role on the stabilization of
paraelectric hexagonal phase over the ferroelectric tetragonal
one. By controlling these parameters, we successfully achieve
tuning of the room-temperature mixed phase multiferroicity
in engineered codoped BTO compounds.
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