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La-doped BiFeO3: Synthesis and multiferroic property study
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A new sol-foam-gel method was developed to fabricate La-doped BiFeO3 multiferroic materials. It was demonstrated
that a gradual increase in the content of La-doped into BiFeO3 results in its structure changing from rhombohedral to
orthorhombic. A study of other property changes indicates that La-doping in BiFeO3 enhances its ferromagnetism and
ferroelectricity. A temperature-dependent magnetization study suggests that the magnetic property of La-doped BiFeOs
samples varied from antiferromagnetic to ferromagnetic as the content of La-doped into BiFeO3 increased from 0 to 20%.
Unique temperature-dependent zero field cooling (ZFC) and field cooling (FC) magnetization behaviors were observed
in 15% La-doped BiFeO3 — its ZFC temperature-dependent magnetization being ferromagnetic and its FC temperature-
dependent magnetization being antiferromagnetic. A possible mechanism of such an interesting M—T behavior is discussed.
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1. Introduction

Multiferroic materials, in which ferromagnetic, ferroelec-
tric, and/or ferroelastic orderings coexist, have attracted much
attention in recent years.!!®! The unique property of multi-
ferroic materials supplies them with a magneto—electric (ME)
effect in which the magnetization can be tuned by an applied
electric field and vice versa. Hence, multiferroic materials of-
fer wide applications, such as spintronics, new data storage
media, and ferroelectric random-access memories. 78]

BiFeOs (BFO), one of the single-phase multiferroic ma-
terials at room temperature (RT), exhibits the coexistence of
ferroelectric ordering with Curie temperature (7¢) of 850 °C
and antiferromagnetic (AFM) ordering with a Neel tempera-
ture (7Ty) of 370 °C.°! At room temperature, bulk BFO has
the rhombohedral, distorted perovskite structure with space
group R3C (a = 5.63 A and o = 59.35°). The magnetic struc-
ture of BFO is G-type antiferromagnetism with a superim-
posed incommensurate cycloid spin structure, and the period-
icity of the cycloid spin structure is 62 nm. Such a unique
spin structure inhibits the observation of the linear magneto-
electric effect in BFO ceramics.>!°! Much effort has been
made to improve the magnetic properties of BFO by substi-
tuting rare-earth ions!!'~1°! or alkaline-earth ions[?*?!1 for the
A-site ions and by substituting transition metal ions for the B-
site ions.[?27231 The achieved results demonstrate that A-site or
B-site doping in BFO is an effective way to enhance its mag-
netic properties and to reduce its leakage current. The reduc-
tion of leakage current is critical to switching the ferroelectric
polarization in the doped BFO.
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Despite extensive study, the origin of the enhanced mag-
netization in doped BFO is still an issue of debate: both the
chemical valence fluctuation of Fe ions and the broken cycloid
spin structure in the doped BFO are supposed to be the reason
for such a magnetization increase.

In this paper, a modified sol-foam-gel method, namely,
the sol-foam-gel route, was developed to fabricate La-doped
BFO with a nominal composition of Bi;_,La,FeO3; (BL,FO)
(x =10.05, 0.10, 0.15, 0.20). The structure, ferromagnetism,
and ferroelectricity of the produced samples were studied.

2. Experiment

Ceramic samples of BL,FO (x =0, 0.05, 0.10, 0.15, 0.20)
were synthesized by the sol-foam-gel route. Stoichiometric
Bi(NO3)3-5H20, La(NO3)3-6H20, and FC(NO3)3~9H20 were
selected as precursors and dissolved in acetic acid and distilled
water. A 5-mol% excess bismuth nitrate was added to com-
pensate for the Bi loss during the thermal treatment. Citric
acid (molar ratio of metal to tartaric acid=2:1) was added to
obtain a clear yellow-colored solution. The mixture solution
was stirred for several hours at 80 °C. Thereafter, the precur-
sor solution was evaporated and dried in an oven at 130 °C to
obtain the foam gel. Then the gel was ground into powder and
calcined at 500 °C for 4 h. The calcined powders were fine
milled and pressed into 1-mm-thick disks 10 mm in diameter.
Finally, all the samples were sintered at 800 °C for 6 h. For
electrical measurement, the ceramic samples were polished to
0.2-mm thickness and painted with silver as electrode on both
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surfaces.

The structural characterization was done by powder X-
ray diffraction (XRD) using 6286 scans with Cu Ko radia-
tion. The magnetic properties were measured using a vibrating
sample magnetometer. The ferroelectric hysteretic loops and
the leakage current density—time (J-T') characteristics were
obtained using a ferroelectric Analyzer. X-ray photoelectron
spectroscopy (XPS) was used to examine the chemical state of
Fe ions in the samples.

3. Result and discussion

Figure 1 shows the XRD patterns of Bi;_,La,FeO3; (x =
0, 0.05, 0.1, 0.15, 0.2) ceramic samples sintered at 800 °C.
As shown in Fig. 1, for BFO samples, all the detectable XRD
patterns match to the distorted rhombohedral R3C structure.
However, a small amount of impurity phase was observed,
which can be identified as BiFe;O9.!'!! The impurity phase
disappeared rapidly in the Bij_,La,FeOs samples as the La
content gradually increases. This result suggests that La doped
into BFO suppresses the impurity phase effectively. Com-
pared with the XRD patterns of Bi;_,La,FeO3; (x =0~ 0.2)
in Fig. 1, the structures of the substituted samples changed sig-
nificantly. In detail, for Bi;_,La,FeO3 (x=0.1,0.15,and 0.2),
the diffraction peaks (021) and (024) are split; while the (104)
and (110) peaks merge into one peak. These results suggest
that the structure of the Bi;_,La,FeO3 changes from rhom-
bohedral to orthorhombic, in which the corresponding space
group changed from R3C to C222, agreeing with previous
reports on rare-earth-doped BiFeO3; materials.[!3-16:1925] The
structural study indicates that the sol-foam-gel route is an ef-
fective way to synthesize La-doped BiFeO3 bulk materials.
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Fig. 1. XRD patterns of Bi;_,La,FeO3 (x =0, 0.05, 0.10, 0.15,
0.20) sintered at 800 °C.

Figure 2 illustrates RT applied magnetic field-dependent
magnetization (M—H) loops of Bij_yLa,FeOs; (x = 0, 0.05,
0.10, 0.15, 0.20) ceramics sintered at 800 °C. For the x =
0 sample, no M—H loop was observed, which reveals that
this sample is antiferromagnetic, agreeing with the previous

[26.27] However, for Bi;_,La,FeO3 ceramics, their M—

reports.
H loops become more and more prominent as the doped
La content increases from x = 0.05 to x = 0.20. The re-
manent magnetization (M) is 0.0158, 0.0053, 0.0335 emu/g
for x = 0.05, 0.10, and 0.15, respectively. Compared with
BiFeOs and BiggsLagosFO3, one sees that the magnetiza-
tion of BiggsLag osFOs3 is a little smaller than that of BFO.
Considering the different characteristic of the XRD patterns
of Bigg5Lag ¢5FeO3; and BFO, it is reasonable to believe that
the reduced magnetization of BiggsLagosFO3; could result
from a suppression of the paramagnetic Bi;Fe4Og in La-doped
BFO.[131 Another characteristic of M—H for Bi;_,La,FeO;
(x = 0.05-0.15) is that no saturation magnetization was ob-
served, demonstrating that large portions of an antiferro-
magnetic or paramagnetic phase exist in the Bij_,La,FeO3
samples.?®]
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Fig. 2. Magnetization as a function of applied field (M—H) at room
temperature of Bij_,La,FeO3 (x =0, 0.05, 0.1, 0.15, and 0.20)
sintered at 800 °C.

Interestingly, for Big gLag 2FeOs3, a large M—H loop is ob-
served with M; of 0.3167 emu/g and coercivity of 7421 Oe
(1 Oe = 79.5775 A-m™1).
served in the M—H loop of Bigglag,FeOs, which suggests

Furthermore, a kink was ob-

that two coupled magnetic phases exist in this sample, as
indicated in the previous study on double phase permanent
magnets.>”) The significant increase of the magnetization in
the Big gLapFeO3 sample could result from the breaking of
its spin cycloid structure and the latent magnetization locked
within the cycloid released. [®!

Previous studies on solid phase reaction-synthesized
BiggLag,FeO3; by Zhang S T et al.!'?! and Das S R et al.!3!
suggested that its M, is 0.0042 emu/g and 0.075 emu/g re-
spectively, much smaller than our findings. This implies
that our sol-foam-gel method is effective in the synthesis of
La-doped BiFeOs with a sufficiently enhanced ferromagnetic
property. With detailed analysis, we found that the M—H loops
of Big gsLag.;5FeO3 and Big gLag,FeOs (shown in Fig. 2) are
shifted in the horizontal and vertical directions, revealing that
an AFM-FM coupling exists in these samples, with exchange
fields of —133 Oe and —110 Oe, respectively.
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Figures 3(a)-3(d) show the temperature-dependent mag-
netization (M-T) of Bi;_,La,FeO3; (x = 0, 0.05, 0.15, and
0.2) samples, after field cooling (FC) and zero field cooling
(ZFC). The measured temperature is in the range of 400 K to
60 K, the cooling field is 10 kOe and the measurement field is
100 Oe. Compared with the M—T characteristics of different
samples, the magnetization of BFO is little larger than that of
Big.gsLag gsFeO3, while the magnetizations of Big gsLag 1503
and Big gLap 03 are much larger than that of BFO. These re-
sults agree well with the results of our M-H study shown in

Fig. 2.
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Fig. 3. Temperature-dependent field-cooling and zero-field cooling magne-
tizations of Bij_,La,FOj3 sintered at 800 °C: (a) x = 0; (b) x = 0.05; (¢)
x=0.15; (d) x =0.20.

Figure 3(a) reveals that the magnetization of the BFO
sample decreased as the temperature decreased down to 100 K,
as shown on both ZFC and FC M-T curves, suggesting a typ-
ical AFM property. A drastic decrease of magnetization ob-
served in the M-T curve near 260 K could be induced by
the impurity Bi;Fe4Og, since Bi;Fe4O9 has a magnetic phase
transition from high temperature paramagnetism to low tem-
perature antiferromagnetism near 260 K.13!! However, when
the temperature decreases from 100 K to 60 K, the magne-
tization of BFO shows a little increase, which could result
from the fractional ferromagnetic phase existing in the BFO
sample at this temperature range, agreeing with the reported
studies. [1422:32]

Figure 3(b) shows the ZFC and FC M-T curves of
Big.gsLag gsFeOs, similar to those of BFO. However, some
different characteristics are prominent. First, the drastic de-
crease of magnetization that is observed on the ZFC curve
near 260 K in the BFO sample disappears on that of the
Big.gsLag osFeO3; sample, demonstrating the suppression of
BioFeqO9 in this sample. Second, the transition temper-
ature between the antiferromagnetic and ferromagnetic in
Big gsLaggsFeO3 is observed near 150 K, while a similar
antiferromagnetic—ferromagnetic transition in BFO was ob-
served near 100 K, suggesting that doping of La into BFO
induces this rise in transition temperature.

Figure 3(c) shows the ZFC and FC M-T curves of
BiggsLag.1sFeO3. The ZFC M-T indicates that the mag-
netization increases as the temperature decreases, a typical
ferromagnetic property. Surprisingly, the FC M-T curve of
Big gsLag.15FeO3 reveals that the magnetization of this sample
decreases as the temperature decreases down to 250 K, very
slowly increases in the range of 250 K to 150 K, and then
quickly increases as the temperature decreases further. Such a
characteristic indicates that after 10-kOe field cooling, a phase
transition happens from antiferromagnetic to ferromagnetic in
the range of 250 K ~ 150 K in this sample. The unique char-
acteristic of the FC M-T of the Bij gsLag ;5FeO3 sample sug-
gests that a competition between the ferromagnetism and an-
tiferromagnetism could exist in this sample, as indicated in
the previous reports on NdFeOj3.!'3] Another characteristic of
the FC M-T of this sample is that the transition temperature
between ferromagnetic to antiferromagnetic is located near
200 K, much higher than that in BFO and Big ¢5Lag o5FeOs.
Furthermore, the magnetization of the low temperature fer-
romagnetic phase is enhanced significantly compared with
that of the BFO and Big ¢sLag o5FeOs samples. Figure 3(d)
shows the ZFC and FC M-T curves of Big glLag,FeO3, which
demonstrate that this sample is ferromagnetic. As suggested
previously, the spin cycloid structure can be destroyed by La-
doping, the latent magnetization locked within the cycloid
structure is released and the samples become ferromagneti-
cally ordered.l®! Compared with different characteristics of
ZFC and FC M-T in Fig. 3, one sees that the transition temper-
ature of antiferromagnetic to ferromagnetic in La-doped sam-
ples increases as the doped La content increases, and finally,
the sample is ferromagnetic at RT, as indicated in Fig. 3(d).

To further understand the unexpected characteristic FC
M-T of the Big gsLag 15FeO3 sample, one should keep in mind
that a weak exchange bias field of —140 Oe and —118 Oe is
observed in the Big gsLag 15FeO3 and Big gLag 2FeO3 samples,
as indicated in Fig. 2, while a small vertical shift of M—H loops
with AM; = (My4 — M,_) of 0.0048 emu/g and 0.013 emu/g is
also observed in these samples. Such results suggest that AFM
and FM phases co-exist in both samples. As is known, the ex-
istence of the exchange bias field and the small vertical shift of
M-H loops together imply that uncompensated spins exist in
the interfaces between AFM and FM phases and that the uni-
directional magnetism formed in the samples.33] Therefore,
the unique FC M-T behavior in Big gsLag.15FeO3 can be un-
derstood in the view presented below. In the ZFC M-T, the
spin directions of AFM domains in the sample are distributed
randomly. In this case, the coefficient of the temperature-

341 Therefore,

dependent magnetic susceptibility is very small.
the AFM phase in the studied sample contributes nearly noth-

ing to its temperature-dependent magnetization. Accordingly,
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the M-T behavior in ZFC is due to the increase in the mag-
netization of the ferromagnetic phase in the studied sample.
However, in FC, the spin direction of the AFM domains in the
sample turns to the direction of an applied field. Consequently,
AFM domains in the FC processing have a much larger coeffi-
cient of temperature-dependent magnetic susceptibility, result-
ing in the drastic magnetization decrease as the temperature
decreases. Thus, the antiferromagnetic M—T behavior of the
FC processing (Fig. 3(c) in the range of 300 K ~ 250 K) is in-
duced by the contribution of the AFM and FM phases, consid-
ering the larger coefficient of the temperature-dependent mag-
netic susceptibility of the AFM phase and the small coeffi-
cient of the temperature-dependent magnetic susceptibility of
the FM phase. With temperature decreasing much more, fer-
romagnetic coupling in the ferromagnetic phase increases and
results in ferromagnetism dominating in Big gsLag ;5FeO3.34]

Based upon the RT M-H loop measurements as well as
ZFC M-T and FC M-T study results, we find that the ferro-
magnetic phase becomes more and more dominant as the con-
tent of La doped in the studied samples increases. The increase
of the ferromagnetic phase in the studied sample will induce an
increase of the interfacial interaction between AFM and FM;
thus, the spin direction of the FM phase will be pinned by the
AFM domains, resulting in the observation of exchange bias

fields. The spin pinning effects in the interfaces of AFM and
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FM phase will also effectively modify the ZFC and ZF M—
T behaviors of the studied samples, i.e., the AFM domains’
distribution will modulate the spin direction of the FM phase,
finally resulting in the distinctly different ZFC M-T and FC
M-T behaviors.

Figure 4 illustrates RT applied electrical field-dependent
ferroelectric hysteretic (P-E) loops of Bij_,La,FeO3; (x =
0.00, 0.05, 0.10, 0.15, 0.20) ceramics sintered at 800 °C. Fig-
ure 4 indicates that for BiFeO3 and BiggsLag o503 samples,
the P-E loops are shaped elliptically, which indicates that
these samples have much high leakage current, resulting in
the failure of the applied electrical field-stimulated ferroelec-
tric polarization rotation. With the doped La amounting to
more than x = 0.1 in the samples, the prominent P—E loops
obtained under the applied electrical field have different fre-
quencies. The remnant polarization values and the coercive
fields are 3.42, 6.95, 3.32,2.97 uC/cm2 and 14.01, 8.95, 17.33,
28.67 kV/cm for Bi;_,La,FeO3; with x = 0.05, 0.1, 0.15, and
0.20, respectively. These results reveal that increasing the con-
tent of doped La less than x = 0.1 in BFO induces a remnant
polarization increase; nevertheless, the remnant polarization
decreases when the doped La content is larger than x = 0.1 for
the corresponding samples. Furthermore, with increasing the
La content in BFO, the coercive fields of the corresponding

sample increase.
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Fig. 4. Ferroelectric hysteretic loops of La-doped BiFeOj3 sintered at 800 °C.
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Figure 5 shows the Fe 2p XPS spectra of Bi;_,La,FeO3
(x =0, 0.05, 0.1, 0.15, 0.2) samples sintered at 800 °C, in
which the binding energy of Fe 2p;/; increases from 709 eV
to 711.4 eV as the content of the doped La increases from
x =0 to 0.15. It has been known that the binding ener-
gies of Fe’ 2p3; and Fe?* 2p; are 711 eV and 709.5 eV,
respectively.[?633] Therefore, XPS results confirm that Fe>*
ions exist in the BFO sample; however, Fe?t concentration is
suppressed as the content of the doped La in the studied sam-
ples increases. It is especially interesting that nearly no trace
of Fe?t is observed for x = 0.10, 0.15 samples, consistent with
the Simdes et al. report. [36] Nevertheless, with the concentra-
tion of doped La increased to x = 0.2, the binding energy of
Fe 2p;, decreases to 711 eV, which could result from a com-
plete structure transition from rhombohedral to orthorhombic,
as indicated in the XRD characterization shown in Fig. 1. The

of the leakage current. Previous studies demonstrated that the
leakage current in BFO originates from the oxygen vacancies
or the chemical valence fluctuation of iron between Fe3* and
Fe”*. Thus, figure 6 confirms that a small amount of La doped
in BFO induces less fluctuation in the Fe chemical valences,
reduced drastically in the corresponding samples, consistent
with previous reports. 303831 While an increase of the con-
tent of the doped La in BFO induces the leakage current to
increase a little, but still much smaller than that of BFO. Such
a small increase in leakage current could be induced by the
change of bond lengths and angles of BLFO. In the highly La-
doped BFO, the structural transition releases the distortion or
strains of the bonds, which could result in reducing its leakage
current. This supposition is confirmed by the XRD and XPS
studies, as shown in Fig. 2 and Fig. 5.
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Fig. 5. XPS spectra of Bij_,La,FeO3 (x =0, 0.05, 0.1, 0.15, 0.2)
sintered at 800 °C.

Figure 6 shows the time-dependent leakage current of
Bi;_,La,FeOs3; (x =0, 0.05, 0.15, 0.20) ceramics samples sin-
tered at 800 °C. Figure 6(a) is the measured leakage current
curves as a function of time, and figure 6(b) is the normal-
ized curves for the corresponding samples. From Fig. 6, one
can see that the leakage current of all the samples decayed
exponentially. A careful analysis indicates that the leakage
current of BiggsLagosFeO3 is drastically reduced by a few
orders as compared with that of BFO. However, the leak-
age current of BiggsLag 15sFeO3 is much larger than that of
Big 95Lag osFeO3 but smaller than that of BFO, while the leak-
age current of Big goLag20FeO3 is markedly smaller than that
of BiggsLaggsFeOs. Therefore, it is particularly interesting
that the leakage current does not decrease monotonically with
an increase of the doped La in BFO, although it is believed
that doping of lanthanides can suppress the formation of oxy-
gen vacancies in doped samples, consistent with the previous
studies on Gd-doped BFO films.”! Figure 6(b) suggests that
the doping of La in BFO not only reduces the leakage current
of the corresponding sample, but also enhances the decay rate

The origin of the ferromagnetism in BFO is a subject of
debate. The interaction between Fe>* and Fe** [0 or the spin
canting in the unit cell of BFO contribute to the magnetism
of BFO or doped BFO samples.['*! In this work, we demon-
strated that a very small amount of La doped in BFO reduces
its Fe2* concentration, while no prominent reduction of the
ferromagnetism is observed in the corresponding samples, as
indicated in Fig. 2. Whereas in highly La-doped samples, the
density of Fe?t is much lower than that in BFO, as indicated
by our XPS study (Fig. 5), and distinctive ferromagnetism is
observed, as confirmed by the M—H loop shown in Fig. 2.
Therefore, we deduce that the prominent ferromagnetism in
La-doped BFO is due not to the interaction between Fe3* and
FeZ* but to its structure distortion or transition, which breaks
its spin cycloid structure and releases the latent magnetization
locked within BFO.

The Landau—Ginzburg theory indicates that the destruc-
tion of the spin cycloid of BiFeOj3 leads to enhanced magnetic-
electric (ME) coupling and improves the material’s multifer-
roicity effectively.[*!:#?! Thus, the abrupt increase in magne-
tization and polarization, as shown in Fig. 4(b) and Fig. 2,
should be attributed directly to the enhancement of ME cou-
pling by the destruction of the spin cycloid. The intrinsic rea-
sons for the enhancement of the magnetization in La-doped
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BiFeO3 could be understood as follows: first, La-doping of
BFO leads to lattice distortion and a variation of the canting
angle of the Fe-O—Fe bond. Consequently, the latent spins
are blocked in La-doped BFO releases. Second, La-doping
of BFO will induce La- and Fe-related magnetic sublattices,
and these two sublattices could have some magnetic coupling
that enhances BFO’s ferromagnetic property, as indicated by
the ZFC and FC M-T measurement results shown in Fig. 3,
consistent with the reports by Zhang et al.!'4l

4. Conclusion

We demonstrated that La-doped BFO (BLFO) synthe-
sized by our sol-foam-gel related method is a distinctive mul-
tiferroic material. La-doping of BFO suppresses the impurity
phases. However, ferromagnetic and antiferromagnetic phases
were found to exist in the studied samples even though the
XRD results demonstrate no trace of impurity phase struc-
tures. The ferromagnetic and ferroelectric characteristics co-
exist in Bij_,La,FeOs (x = 0.15, 0.2) at room temperature.
The enhanced ferromagnetism in La-doped BFO results from
the breaking of its spin cycloid structure by the La-doping-
induced structural distortion or phase transition.
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