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Reduced ferroelectric coercivity in multiferroic Big gosNdg 175F€O5 thin film
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Bij 3,5sNd; ;75FeO5; (BNFO) thin film is grown on Pt/TiO,/SiO,/Si substrate by pulsed laser
deposition, and its multiferroic properties are compared with those of BiFeO; (BFO) thin film. With
limited Fe>* ions and its twinborn oxygen vacancies, both samples show low dielectric losses of
<0.026 at 100 Hz and high maximum ferroelectric polarizations of ~34 uC/cm?. The ferroelectric
coercive field of BNFO is reduced by ~40%, reaching a low value of 235 kV/cm, compared to that
of BFO due to the increased ratio of 180° and curved ferroelectric domains to total ferroelectric
domains and better nucleation of the ferroelectric domains at the BNFO/Pt interface. The Raman
scattering spectra confirm that the ferroelectric polarizations of both samples originate in the
stereochemical activity of the Bi lone electron pair. Weak ferromagnetism is observed in both
samples as a result of the limited amount of Fe?* ions and y-Fe,O5 impurity. © 2007 American

Institute of Physics. [DOI: 10.1063/1.2423228]
. INTRODUCTION

BiFeO; (BFO) ceramics and single crystal show space-
commensurate ferroelectricity below the Curie temperature
of 1103 K and space-incommensurate antiferromagnetism
below the Néel temperature of 643 K. The form of its spin is
not collinear; it is essentially a spin cycloid with a wave-
length of ~62 nm instead.! As a result, its remnant magne-
tization (M,) and potential magnetoelectric effect both van-
ish on a macroscopic scale, giving rise to a quadratic
ferromagnetoelectric behavior rather than a linear ferromag-
netoelectric behavior.” By introducing thin-film epitaxial
constraints,” by applying sufficiently large magnetic fields of
20 T,5 or by chemical substitutions.,é_8 it is possible to de-
stroy the spin cycloid and hence to release the nonzero mac-
roscopic M, and potential magnetoelectric effect. It has been
demonstrated that A-site substituted BFO multiferroics (i.e.,
Bi;_,A,FeO;, where A represents a nonmagnetic ion such as
La’*, Nd**, Sm**, or Ba’* ion) accompany their nonzero
macroscopic M, with destroyed spin cycloids.6’10

However, the following three issues, which have been
puzzling the community in recent years, need to be solved in
order to release and measure simultaneous effects of ferro-
electricity, piezoelectricity, and weak ferromagnetism. First,
serious leakage current is a usual problem in Bi;_ A FeO;
multiferroics due to the presence of Fe’* ions, oxygen vacan-
cies (V02+), low-resistive impurity phase, porosity, chemical
fluctuation, interfacial charged defects, and interfacial
roughness.9’”715 Second, in contrast with the generally low
coercive field (E.<100kV/cm) in common ferroelectric
thin films, the inherently large E. (>300 kV/cm) in BFO
thin film always imposes tremendous difficulties on achiev-
ing a full polarization state even in relatively high-resistive
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samples.g’11 Third, the high-resistive Bi;_,A ,FeO; only al-
lows weak ferromagnetism (with very small M,),°™® although
improved M, (>10 emu/cm®) can be achieved in low-
resistive and deoxygenated Bi;_,A FeOj; thin films through
the increased contributions of Fe?* ions and v-Fe,04
impurity.3 31510 this paper, we aim to analyze the origins of
the three issues in Bij ¢,sNd, ;75Fe05 (BNFO) and BFO thin
films by comparing their crystal structures, leakage current
densities, ferroelectricity, Raman scattering spectra, and
weak ferromagnetism.

Il. EXPERIMENTAL DETAILS

BNFO and BFO thin films were grown on
Pt/TiO,/Ti/SiO,/Si substrates for 25 min using a pulsed la-
ser deposition (PLD) technique and Bi-rich targets of
Bi gy5%1.1Ndg 175FeO5 and Bix; FeO5 prepared by a rapid
liquid-phase sintering method.%® During the deposition, the
substrate temperature was maintained at 580 °C with oxygen
pressure of 20 Pa. The crystal structure and phase formation
of the thin films were examined by an x-ray diffractometer
(Brucker D8 advance system). The surface and sectional
morphologies of the films were studied using a scanning
electron microscope (Jeol JSM-6335F). Pt top electrodes of
diameter of 200 um were deposited on the films using the
PLD technique. The electroded films were then annealed us-
ing a rapid thermal annealing (RTA) at 550 °C in air for
6 min. The dc electric field dependence of leakage current
density (J-E) of the annealed films was measured using an
electroceramic analyzer (aixACCT TF Analyzer 2000) with a
voltage step of 0.1 V and a delay time of 0.2 s. The relative
dielectric constant (¢) and loss tangent (tan &) of the films
were evaluated from 100 Hz to 1 MHz using an impedance
analyzer (Agilent 4294A) with an oscillating voltage of
0.5 V peak. The polarization hysteresis (P-E) loops were
acquired using the electroceramic analyzer operating in a vir-
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FIG. 1. (Color online) XRD patterns of BNFO and BFO thin films grown on
Pt/TiO,/Si0,/Si substrates, where the hollow circles indicate the diffrac-
tion peaks of Bi,O3 or Bi,(BijsFes5)O,9 5 impurities and the solid circles
show the peaks of Pt/TiO,/SiO,/Si substrate.

tual ground mode at 15 kHz. The magnetization hysteresis
(M-H) loops were measured using a superconducting quan-
tum interference device (Quantum Design XL7d) with an
in-plane magnetic field of 12 kOe peak.

lll. RESULTS AND DISCUSSION

The x-ray diffraction (XRD) patterns of BNFO and BFO
thin films are shown in Fig. 1. Besides the peaks associated
with the perovskite structure of BNFO and BFO thin films,
an additional (small) peak at 26 of ~28° is detected in both
samples. This peak may result from the presence of Bi,O;
and/or Bi,(BiysFes5)0,95 impurities since the deposition
conditions used in the present study, including the Bi-rich
targets, 580 °C substrate temperature, and 20 Pa oxygen
pressure, are favorable for producing Bi-rich impurities and
avoiding ferromagnetic y-Fe,O4 impurity.m’15 Like BFO ce-
ramics and single crystal, the polycrystalline BFO thin film
also exhibits a rhombohedrally distorted perovskite
structure.>® For our BNFO thin film, a shift of peak as mani-
fested in the inset suggests a structural change from rhom-
bohedral lattice to triclinic lattice owing to the A-site substi-
tution effect of Nd3* ion for Bi** ion,6’8 while an increase in
the full width at half maximum (FWHM) indicates a de-
crease in grain size. By observing their surface and sectional
morphologies (not shown) using a scanning electron micros-
copy technique, it was found that our BNFO and BFO thin
films have almost the same thickness of ~600 nm in addi-
tion to grain sizes of 100-200 and 200-300 nm, respec-
tively.

The dc leakage current density (/) is one of the most
vital characteristics of ferroelectric thin films. The polarity-
reversal of dc electric field (E) produces an asymmetric
J-E curve as heating process of an interfacial layer near the
bottom electrode is different from that near the top electrode.
This asymmetric trait, together with a high work function of
Pt metal, suggests that the most possible conduction mecha-
nism for the high-E region should be governed by either the
Schottky emission (SE) or the charge limited Schottky emis-
sion (CLSE).'®!” Concerning CLSE, the mean free path of
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FIG. 2. (Color online) The characteristics of dc leakage current density (J),
i.e., the dependence of J on E'? for the Schottky emission (SE) conduction
mechanism, and the dependence of J/E on E'? for charge limited Schottky
emission (CLSE) conduction mechanism, where the solid and dotted lines
are obtained from the measurement and the fitting, respectively.

electrons injected from the cathode is less than the width of
the Schottky barrier due to the low-density charged defects.
Therefore, the other possibilities are excluded in our thin
films even though the expression of Poole-Frenkel conduc-
tion mechanism is similar to that of CLSE. As the J-E char-
acteristics of the SE and CLSE conduction mechanisms are
characterized by the linear relationships of In(J)-E"? and
In(J/E)-E'?, respectively,l(”17 these two relationships are
plotted in Fig. 2 along with the measured data. It is found
that the In(J)-E"? and In(J/E)-E"? plots provide the most
satisfactory descriptions to our BNFO and BFO thin films,
respectively. This satisfaction suggests that the electrical
conduction above the Ohmic region is mainly attributed to
the SE conduction mechanism for BNFO thin film and the
CLSE conduction mechanism for BFO thin film. In BFO thin
film, a rather low J of ~5.7 X 107% A/cm? occurs at a super-
high E of 418 kV/cm. In BNFO thin film, J is almost two
orders of magnitude higher than that of BFO thin film as a
result of the increased charged defects and/or the increased
roughness at the BNFO/Pt interface. Nevertheless, J of
~1.9% 10 A/cm? at E~200 kV/cm is still smaller than
the data reported elsewhere,'®"? reflecting the existence of
relatively fewer Fe?* ions and its twinborn V,** vacancies in
our BNFO thin film.

In Fig. 3, BNFO and BFO thin films have relative di-
electric constant (g) of ~144 and ~73, respectively, at
100 Hz. Their dielectric traits, such as low dielectric loss
tangent (tan 6) of 0.026 at 100 Hz and the weak dependence
of & on frequency, indicate that dipoles with small effective
masses (e.g., electrons and ferroelectric domain walls)
mainly contribute to € instead of charged defects with large
effective masses (e.g., Vo> vacancy). Since large tan & at
low frequencies and significant dependence of & on fre-
quency commonly reflect low electrical resistivity in BFO-
based thin ﬂims,g’lo’18 the observed dielectric traits should
indicate the presence of high electrical resistivity in our
BFNO and BFO thin films.

The polarization hysteresis (P-E) loops of BNFO and
BFO thin films are shown in Fig. 4. It is clear that the P-E
loops are well saturated. A left shift of P-E loops along the E
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FIG. 3. (Color online) The relative dielectric constant (¢) and loss tangent
(tan 5) of BNFO and BFO thin films in the frequency range of
100 Hz—1 MHz.

axis is due to the different heat processes for the top and
bottom electrodes and the Schottky traits of SE and CLSE
conduction mechanisms presented in our thin films. For
BNFO thin film, the remnant polarization (P,) of
273 uC/cm? and the maximum polarization (P,) of
34.7 uC/cm? at the maximum electric field (E,) of
665 kV/cm are obtained. BFO thin film has comparative P,
of 26.5 uC/cm?> and P, of 33.6 uC/cm?> at E, of
1000 kV/cm. However, it should be noted that the coercive
field (E,) of BNFO is ~235 kV/cm, which is ~40% smaller
than the BFO’s E. of ~398 kV/cm. Besides the cause of
lower E,, due to higher leakage current density in BNFO, the
significant reduction in E, should also originate from the
following two facts."” First, the ratio of 180° and curved
ferroelectric domains to total ferroelectric domains should be
higher in BNFO thin film. For rhombohedral BFO thin film,
there exists 71°, 109°, 180°, and curved ferroelectric domain
switching.20 As the switching of 71° and 109° ferroelectric
domains is more difficult, 71° and 109° ferroelectric domains
should play the main role in the high-E region. The switch-
ing of 180° and curved ferroelectric domains is relatively
easy so that they should have the dominant effect in the low-
E region. In fully oxygenated BFO thin film, the lower ratio
of 180° and curved ferroelectric domains to total ferroelec-
tric domains is one of the vital factors in producing super-
high E.. The crystal modulation as a result of the A-site
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FIG. 4. (Color online) The polarization hysteresis (P-E) loops of BNFO and
BFO thin films at 15 kHz.
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FIG. 5. (Color online) Measured Raman scattering spectra (open circles),
together with their fitted spectra (thick solid line) and the decomposed active
modes (thin solid lines and arrows), for BNFO and BFO thin films. The ten
normal modes of the (111) -oriented BiFeOj epitaxial thin film with rhom-
bohedral R3¢ symmetry (open triangles and labels) are extracted from Ref.
22 for comparison with the samples.

substitution of Nd** ion (or La®* ion in other reported works)
for Bi** ion mainly enhances the ratio of 180° and curved
ferroelectric domains to total ferroelectric domains in BFO-
based thin films, leading to more difficulty in ferroelectric
domain switching and hence a decrease in EC.19’21 It is inter-
esting to note that the 71° and 109° ferroelectric domain
switchings are generally unobservable in tetragonal ferro-
electric thin films.* Second, an increase in charged defects
and/or roughness at the BNFO/Pt interface not only increases
the dc leakage current density upon field'? but also favors the
nucleation at the BNFO/Pt interface during the switching of
ferroelectric domains, resulting in a reduction in E..

Figure 5 shows the measured Raman scattering spectra
of BNFO and BFO thin films. By fitting the measured spec-
tra and decomposing the fitted curves into individual Lorent-
zian components, the exact peaks, which represent the pres-
ence of Raman active modes, are obtained in both samples. It
has been reported that the Raman active modes of BFO with
rhombohedral R3¢ symmetry can be summarized using the
following irreducible representation: I'=4A4, +9E.* For
(111).-oriented BiFeO; epitaxial films with rhombohedral
R3¢ symmetry, there are ten normal modes, including A;
-1, A;-2, and A;—3 modes at 136, 168, and 211 cm™, re-
spectively, with strong scattering intensity, A;—4 mode at
425 cm™! with quite weak scattering intensity, and six E
modes at 275, 335, 365, 456, 549, and 597 cm™! with me-
dium scattering intens.ity.22 These ten normal modes are also
included in Fig. 5 for comparison with the decomposed ac-
tive modes of our BNFO and BFO samples. On the basis of
these normal modes, the first three peaks of our BNFO thin
film at 144.3, 165.5, and 229.2 cm™' are assigned as A,
modes, while the later six peaks at 271.9, 306.0, 369.2,
473.7, 523.8, and 620.5 cm™! are denoted as E modes. For
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FIG. 6. (Color online) The magnetization hysteresis (M-H) loops of BNFO
and BFO thin films.

BFO, similarly, the first three peaks at 152.6, 177.5, and
2242 cm™ are A; modes, and the subsequent six peaks at
270.0, 298.8, 354.9, 473.3, 554.3, and 618.3 cm™! are E
modes. Among these modes, the observed three A; modes as
well as the E mode at ~270 cm™! should be governed by the
Bi-O covalent bonds which, in turn, are the origin of ferro-
electric distortion.” The normal modes of BNFO, especially
the A; mode at 144.3 cm™' and the E mode at 271.9 cm™!,
exhibit much weaker scattering intensities than those of
BFO. The phenomenon indicates less stable ferroelectric dis-
tortion of BNFO, which can be explained according to the
change of Bi—O covalent bonds as a result of the decline in
the stereochemical activity of the Bi lone electron pair.z’23
Figure 6 shows the magnetization hysteresis (M-H)
loops of BNFO and BFO thin films. The two films exhibit
weak ferromagnetism even though they have slight differ-
ence in saturation magnetization (M,;=7.2 emu/cm? for BFO
and 9.5 emu/cm? for BNFO). Through analyzing our data
and the results reported carlier,”"""*" the experimental re-
sults of BFO and Bi;_A,FeO; thin films can generally be
classified into two main types. For the first type, the fully
oxygenated samples show high electrical resistivity so that
the fully saturated P-E loops are achieved at E,
>500 kV/cm. However, only small M, (eg.,
<10 emu/cm?) is permitted by the small canting angle of
canted antiferromagnetism due to the absence of Fe?* ion
and y-Fe,04 impurity.S’lS*15 The slightly enhanced M, and
M, (<10 emu/cm?®) are commonly realized by crystal modu-
lation as a result of either substituting nonmagnetic Nd**,
La**, Sm**, or Ba®* ion or applying an external stress to
epitaxial thin films.>'01314 Although crystal modulation can
destroy spin cycloids and release macroscopic nonzero rem-
nant magnetization, it cannot inhibit antiferromagnetic ex-
change interactions between occupied 3d orbits of Fe3* ions
or induce a prominent rise in canting angle.3 ‘3 For the sec-
ond type, numerous Fe’* ions in deoxygenated Bi,_ A FeO,
samples increase M, to above 10 emu/cm’ by destroying
spin cycloids, increasing canting angle, and/or forming a net
magnetic moment between Fe’* and Fe’* ions.>'"!* Since
M, is smaller than 9.5 emu/cm?® in our BNFO and BFO
samples, the magnetization contributions from Fe?* ions and
v-Fe,O5 impurity are quite small.>""131% The small increase
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in M, in BNFO should mainly result from the collapse of
spin cycloids. While the coexistence of large P, and M| has
not been reported in high-resistive Bi;_,A,FeO; thin films,
Fe?* ions have shown to increase significantly in M, at the
expense of increasing Voz_ vacancy and decreasing electrical
resistivity.z’S’15

IV. CONCLUSION

We confirm the multiferroic properties of BNFO and
compare them with these of BFO films. The ferroelectric
coercive field of BNFO is smaller since 180° and curved
ferroelectric domains increase and ferroelectric domains
nucleate easier at the BNFO/Pt interface. The Raman spec-
tra suggest that the ferroelectric distortion of BNFO is less
stable than that of BFO due to the weakening of the stere-
ochemical activity of the Bi lone electron pair and the
change of the corresponding Bi—O bonds. As expected, weak
ferromagnetism is achieved in fully oxygenated BNFO thin
film.
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