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ABSTRACT

Fe doping into BaTiOj; stabilizes the paraelectric hexagonal phase in place of the ferroelectric tetragonal one. We show that simultaneous
doping of Bi along with Fe into BaTiO; effectively enhances the magnetoelectric (ME) multiferroic response (both ferromagnetism and
ferroelectricity) at room temperature, through careful tuning of Fe valency along with the controlled recovery of the ferroelectric-tetragonal
phase. We also report a systematic increase in large dielectric constant values as well as reduction in loss tangent values with relatively mod-
erate temperature variation of the dielectric constant around room temperature with increasing Bi doping content in Ba;_,Bi, Tij 90 Fep 1003
(0 <x<0.10), which makes the higher Bi-Fe codoped sample (x = 0.08) promising for use as a room-temperature high-x dielectric material.
Interestingly, the x =0.08 (Bi-Fe codoped) sample is not only found to be ferroelectrically (~20 times) and ferromagnetically (~6 times)
stronger than x =0 (only Fe-doped) at room temperature, but also observed to be better insulating (larger bandgap) with indirect signatures
of larger ME coupling as indicated from anomalous reduction of the magnetic coercive field with decreasing temperature. Thus, room-
temperature ME multiferroicity has been engineered in Bi and Fe codoped BTO (BaTiO3) compounds.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0004785

Room-temperature magnetoelectric (ME) multiferroic materials both ferroelectricity and ferromagnetism can emerge from the same

are extremely promising for future technological applications."” In this
regard, efforts toward turning BaTiO; (a strong proper ferroelectric’)
into a multiferroic material by Fe*” (or other transition metals like
Mn,” Co,” etc.) doping has attracted a lot of attention. However, the
observed multiferroicity in Fe-doped BTO is seen to be of mixed phase
kind where the ferromagnetism arises from the majority paraelectric-
hexagonal phase and weak ferroelectricity due to a minority tetragonal
phase.” Thus, in such a case, the ME coupling is naturally supposed to
be weak due to the independent origin of two ferroic orders at two dif-
ferent structural units. So, the necessity is to stabilize the tetragonal
phase, even in this magnetically Fe-doped BTO compound, such that

tetragonal phase, which may lead to better ME coupling along with
pronounced ferroelectricity. It is important to note that for a material
to be a potential room-temperature multiferroic, it is desirable to have
(a) a strong ferroelectric polarization, (b) a high ferromagnetic rema-
nent moment, and (c) a low leakage-current density (i.e., highly insulat-
ing) along with (d) ME coupling between the two ferroic-orders.”

With these goals, we examine polycrystalline Ba;_, Bi, TipooFen1003
compounds (0 <x < 0.10) and show that with increasing Bi doping
content not only the paraelectric-hexagonal phase of x=0 (only
Fe-doped BTO) gets destabilized (with concomitant recovery of the
ferroelectric-tetragonal phase), but also there is a surprising and
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significant enhancement of room-temperature ferromagnetism.
Interestingly, we find that the observed ferroelectricity is strongest
around x=0.02 and ferromagnetism around x=0.08, while the
intermediate x=0.05 shows an indirect signature of most robust
ME-coupling (see Fig. 1).

All phase pure (related to BTO hexagonal and tetragonal phases
only) polycrystalline samples which were prepared via solid state reac-
tions (for details refer to Ref. 5) were characterized using XRD and
Raman measurements. Dielectric and magnetic measurements were
performed using a Keysight E4980A LCR meter and SQUID-VSM,
respectively. Electron Paramagnetic Resonance (EPR) measurements
were carried out using a Bruker spectrometer. Intrinsic ferroelectric
properties have been investigated using ferroelectric PUND (Positive
Up Negative Down) and temperature dependent pyroelectric mea-
surements.” XANES (X-ray absorption near edge spectroscopy) and
XPS (X-ray photoelectron spectroscopy) measurements were carried
out at the P-65 beamline in a PETRA-III synchrotron source, DESY,
Hamburg, Germany and using an in-house PHI 5000 Versaprobe-II spec-
trometer, respectively, while the diffused reflectance spectra were acquired
using a Cary 5000 UV-Visible near-infrared spectrophotometer.

Figure 2(a) covers the 20 range in the XRD spectrum which
includes the strongest diffraction peaks from the hexagonal [H(110)]
and the tetragonal [T(101)] BTO phases (also see Fig. S1 of the
supplementary material). While x=0 crystallizes in the hexagonal
phase, with increasing x, the tetragonal phase gets fully recovered as
observed from the systematic increase in tetragonal T(101) peak inten-
sity and concomitant decrease in hexagonal H(110) peak intensity.”
The XRD observations of tetragonal phase recovery are further
validated by Raman spectroscopy as shown in Fig. 2(b), where clear
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FIG. 1. Schematic representation of the multiferroic response from Baj_y
Bi, Tip.s0F€0.1003 compounds. The best ferroelectric and magnetic responses are
obtained around x=0.02 and x = 0.08 regions, respectively, while the indicative
signature of ME coupling becomes the strongest for the intermediate x = 0.05 com-
position (bar height represents the relative strength of the observed physical

property).
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FIG. 2. (a) Room temperature XRD spectra of Baj_ BiyTig.90F€0.1003, (b) corre-
sponding room-temperature Raman spectra, and (c) variation of the hexagonal
phase fraction (%). The inset to (c) shows Rietveld refinement for x=0.02 and (d)
Raman shifting of the tetragonal A4(TO3) mode and hexagonal A1, mode, respec-
tively, while its inset shows the variation of interplannar spacings of hexagonal
H(110) and tetragonal T(101) planes, respectively.

evolution of tetragonal Raman modes from the majority hexagonal
phase with increasing Bi concentration has been observed.'”'" The
amount of hexagonal [shown in Fig. 2(c)] and tetragonal phase
[shown in Fig. 3(b)] fractions present in each of these samples is deter-
mined from Rietveld refinement of their room-temperature XRD
spectra incorporating both hexagonal (P6s/mmc) and tetragonal
(P4mm) phases [an example is shown in the inset of Fig. 2(c) for
x=0.02, see also Fig. S2 of the supplementary material]. It is interest-
ing to note that there is strong shifting of the tetragonal T(101) XRD
peak to higher angles with Bi doping; however, such is not the case for
the hexagonal H(110) as shown in Fig. 2(a). Similarly, no significant
change in dj(110) [spacing between H(110) planes] is observed beyond
x=0.02, whereas dr(jo;) systematically gets reduced with increasing
Bi doping concentration, as shown in the inset to Fig. 2(d). The reduc-
tion of dr(jq;) is driven by the substitution of Ba’" ions by relatively
smaller Bi’* ions. Furthermore, we note the monotonic shifting of
the tetragonal Raman A;(TO;) mode toward higher energy with Bi
doping, which is, however, not quite prominent in the case of the
hexagonal Raman A;; mode as shown in Fig. 2(d). Thus, both XRD
and Raman analyses suggest a maximum doping percentage of Bi at
the Ba site of the hexagonal BTO.

Next, to study the intrinsic ferroelectric properties, we have
employed the PUND'*"” technique (for details see Ref. 5). In Fig. 3(a),
we see that from x =0 there is a sudden increase in the ferroelectric
polarization value for x =0.02 and then it continues to decrease up to
x=0.10 (also see Fig. S3 of the supplementary material). However,
such a nonmonotonic trend of polarization-change cannot be
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FIG. 3. (a) Variation of remanent-ferroelectric polarization at room temperature,
obtained from PUND measurements, (b) and (c) show the variation of tetragonal
phase fraction (%) and sample tetragonality (c/a), respectively. (d) Variation of rem-
anent polarization with the sample tolerance factor, and (e) variation of the dielectric
constant and loss tangent values at room temperature with Bi doping amount.

understood from the monotonic evolution of the tetragonal phase
fraction (%) as seen in Fig. 3(b). To investigate such a behavior, we
have calculated the sample tetragonality (c/a), which is shown in
Fig. 3(c). Here, we note that the tetragonality, which is found to be
maximum for x = 0.02, exhibits the same trend as observed for polari-
zation change in Fig. 3(a). Therefore, the tetragonality, measure of the
amount of Ti-off centric distortion in the corresponding TiOs cage’
(see Fig. S7 of the supplementary material), overrides the amount of
tetragonal phase percentage present in regard to the observed ferro-
electricity in these systems.” Such observations were further validated
from temperature dependent pyrocurrent measurements (see Fig. S4
of the supplementary material).

Now, to have a holistic view, we have plotted the remanent polar-
ization value (dPr) vs sample tolerance factor (which can strongly
influence structural instabilities of such perovskite oxides'”) as shown
in Fig. 3(d), using Fe and Ti valencies determined from the Fe-K edge
XANES and XPS spectroscopic studies” (for details see Secs. V-VII of
the supplementary material). Interestingly, there is a window of toler-
ance factor around which ferroelectric response is optimum in these
systems, useful for achieving an optimized multiferroic response.

Interestingly, we find a systematic increase in large dielectric con-
stant values as well as reduction in loss tangent values with increasing
Bi doping content [see Fig. 3(e)], which makes the higher Bi-Fe
codoped system (x=0.08) promising for use as a room-temperature
high-x dielectric material since it exhibits a unique combination of
often contradictory physical properties, i.e., very large dielectric con-
stant, extremely low dielectric loss, and moderate temperature depen-
dence of dielectric constant values around room temperature
[TC. = (1/€,)x (D€, /O T)] (see Table 1)."*'° While undoped BaTiO;

ARTICLE scitation.org/journal/apl

TABLE . Dielectric constant (e,), dielectric loss (D), and the temperature coefficient
of dielectric constant TC, (which is averaged from 275K to 325K temperature win-
dow) measured at a frequency of ~100 kHz. Here, only values of SiO, and SrTiO3
are taken from previous reports. Reproduced with permission from Choudhury et al.
Appl. Phys. Lett. 96, 162903 (2010). Copyright 2010 AIP Publishing.

Dielectric Avg. TC,

constant (e,) Loss (D) (ppm/K) at
Sample 300K 300K (300 = 25) K
Sio, 37 0.0015
SrTiO5 285 0.006 —2400
BaTiO; 1626 0.015 —799 * 408%
x=0 37 0.027 —541 * 8%
x = 0.05 177 0.019 2358 £ 17%
x=0.08 785 0.008 2262 £ 14%

also exhibits a very high dielectric constant and low loss values, but the
corresponding |TC,| value changes a lot within the 50 K temperature
window around room temperature rendering it unsuitable as a high-x
dielectric material. Interestingly, the dielectric response of x=0.08
(ie., higher dielectric constant value, comparable loss, and |TC|
values) seems better compared to SrTiOs, very well-known as a high-x
dielectric material.'”
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FIG. 4. (a) Room temperature MH plots. (b) Variation of remanent magnetization
(Mg). The inset to it shows the corresponding change in coercive field (Hg). (c)
Temperature dependent magnetization behavior for applied field of 0.5T, where
bottom and top insets, respectively, show the dM/dT vs T plot and the change in fer-
romagnetic T¢ with Bi doping concentration. (d) and its top inset show variation of
resonance magnetic field and Hpp (peak to peak linewidth) as determined from EPR
spectra, while its bottom inset shows the corresponding change in the Lande g-factor.
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To investigate the magnetic properties, first we discuss the room-
temperature MH data as shown in Fig. 4(a), which exhibit finite ferro-
magnetic loops; however, they do not saturate, indicating the presence
of some paramagnetic contributions.'® Thus, we consider the intrinsic
ferromagnetic remanent moment (M) which is seen to monotonically
increase from x = 0 up to x = 0.08 (having ~6 times enhanced magne-
tization) and then decreases for x = 0.10 as shown in Fig. 4(b). Such a
non-monotonic trend is also reflected even in the case of coercive field
[see the inset to Fig. 4(b)]. Temperature dependent magnetization
measurements display clear ferromagnetic to paramagnetic phase
transition and the Curie temperature (T¢) [as estimated from dM/dT
vs T plot, shown in the bottom inset to Fig. 4(c)] is found to increase
systematically with Bi doping concentration as shown in Fig. 4(c) and
its top inset. To further investigate the above trend of magnetization in
the microscopic scale, we employ EPR spectroscopy, which is shown
in Fig. S10 of the supplementary material, where we see marked
changes in line shape with Bi doping. First, we have determined the
peak-to-peak linewidth (AHpp) [see the top inset of Fig. 4(d)], which
increases monotonically with Bi doping, indicating increasing Fe-Fe
exchange interaction.'””’ Subsequently, we see that the resonance
magnetic field monotonically decreases up to x=0.08 and then
slightly increases for x = 0.10. Such observations strongly indicate that
the strength of ferromagnetic interaction gets enhanced up to x = 0.08,
followed by a reduction for x = 0.10, possibly due to some antiferro-
magnetic interaction.”””" Even, the Lande g-factor for all these com-
pounds, as shown in the bottom inset of Fig. 4(d), shows a similar
trend to the remanent magnetization value. Such enhancement of fer-
romagnetism, however, cannot be understood from the framework of
increasing oxygen vacancy content'’ or increasing hexagonal phase
fractions, as both are simultaneously and monotonically reduced with
increasing Bi doping concentration.” Such trends of magnetic response
cannot be understood from the possible presence of any extrinsic con-
tributions, like from BiFeO3, Fe,O;, or Fe;O, related impurity phases,
which, however, could not be detected through detailed XRD analyses,
as discussed in the last section of the supplementary material (also,
note Refs. 22-25). These results suggest an alternative source of ferro-
magnetism for higher x members beyond the hexagonal BTO phase
that can likely be the tetragonal BTO phase (Fe'*~O-Fe*", FM super-
exchange interaction), as beyond some doping limit both Bi and Fe
tend to go into the tetragonal phase (for schematic visualization, see
Sec. IX of the supplementary material).

The x=0.08 compound, in addition to possessing ~20 times
enhanced ferroelectric remanent polarization value compared to that
of x=0 (also, evident from their room-temperature PE loops, shown
in Fig. S11 of the supplementary material), is also more insulating
than x=0 (the optical bandgap of x=0.08 is greater than that of
x=0 as determined from diffused reflectance spectroscopy measure-
ments) as shown in Fig. 5(a). Therefore, x=0.08 (Bi-Fe codoped
BTO), which is found to have much enhanced ferroelectric, ferromag-
netic, and insulating properties at room-temperature compared to
x=0 (only Fe-doped BTO), is more suitable as a better multiferroic.
Figure 5(b) and its inset show isothermal MH plots of x=0.08 and
x=0, respectively. The difference in 300K and 10K MH curves is
more prominent in the former than the latter. Variations of their
extracted coercive fields (H¢) and remanent magnetizations (M) are
shown in Fig. 5(c) and its inset. Here, we note that though My
increases on decreasing temperature like an usual ferromagnet;”* **
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FIG. 5. (a) Kubelka—Munk plots calculated from diffused reflectance spectroscopy,
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MH plots of x=0. (c) and its inset show variations of coercive field (Hc) and rema-
nent magnetization (Mg) with temperature for x=0.08 and x = 0, respectively. (d)
Variation of the ratio of coercive field (Hc) at 300 and 10 K with Bi doping.

however, the coercive field shows opposite trend. Even, such surprising
behavior is stronger in x = 0.08 than x = 0. It is important to note that
such an unusual trend of coercive field with temperature has been
used as an indicative (indirect) measure of the ME coupling strength
in many related ME multiferroic systems.”” ' The presence of
ME coupling in these compounds also becomes evident from the
correlation of the ferroelectric polarization and the spontaneous
magnetization at various temperatures, as shown in Fig. S12 of the
supplementary material, similar to that observed in the ME multifer-
roic 0.9BiFeO5-0.1BaTiO; system.” Thus, such anomalous tempera-
ture dependent variations of magnetic coercivity in our Bi-Fe codoped
compounds are likely governed by the competition between magneto-
crystalline anisotropy and ME coupling.”' > The ratio of Hc at 300 K
to H¢ at 10K (the factor of reduction of coercive field) can, thus, be
used as an indicative marker for the strength of ME coupling [which is
plotted in Fig. 5(d)], which, for this series, becomes the strongest for
x=0.05 composition, possibly driven by the right appropriate mix of
simultaneously large ferroelectric polarization and ferromagnetic
moment value, likely within the same tetragonal phase.

In summary, we have investigated room-temperature multifer-
roic properties of Ba;_, Bi, TiggoFep 1003 (0 < x < 0.10) compounds.
By codoping Bi and Fe into BaTiO3, we completely recover the ferro-
electric tetragonal phase in the magnetically doped BTO compounds.
However, the role of sample tetragonality in the recovered ferroelec-
tricity is found to be stronger. Both macro- and microscopic measure-
ments reveal that the intrinsic ferromagnetic property gets enhanced
up to x = 0.08 with Bi doping, which is followed up by a reduction for
x=10.10 due to increased antiferromagnetic interaction. Interestingly,
in this series of compounds, though x=0.02 shows the highest
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ferroelectric polarization and x=0.08 shows the largest magnetic
moment, however, the signature of ME coupling, as indicated from
the anomalous change of magnetic coercive field with temperature,
seems to be strongest in the intermediate x = 0.05 due to the simulta-
neous presence of both ferroelectricity and ferromagnetism in signifi-
cant amounts and likely within the same tetragonal phase. However, it
would be interesting to further probe such ME coupling present in
these compounds by some direct measurement techniques. Thus,
simultaneous Bi-Fe codoped BTO compounds around the composi-
tions x=0.05 to x=0.08 are found to exhibit better room-
temperature ME multiferroic properties compared to only Fe doped
BTO as shown in Fig. 1.

See the supplementary material for additional supporting data
like XRD refinements, XANES, XPS, EPR, and related discussions.
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