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1. Introduction

Recently, multiferroic materials with the magnetoelectric coupling of ferroelectric (or anti‐
ferroelectric) properties and ferromagnetic (or antiferromagnetic) properties have attracted a
lot of attention.[1-4] Among them, BiFeO3(BFO) and YMnO3has been intensively studied.
For such ABO3perovskite structured ferroelectric materials, they usually show antiferromag‐
netic order because the same B site magnetic element except BiMnO3 is ferromagnet. While
for the A2BB’O6 double perovskite oxides, the combination between B and B’ give rise to a
ferromagnetic coupling. They are also expected to be multiferroic materials. Several bis‐
muth-based double perovskite oxides (BiBB’O6) have aroused great interest like Bi2NiMnO6,
La2NiMnO6, BiFeO3-BiCrO3. But as we know, few researches are focused on Bi2FeMnO6. We
believe it is particular interesting to investigate Bi2FeMnO6 (BFM). The origin of the ferro‐
magnetism in these compounds has been discussed in many reports. According to Goode‐
nough-Kanamori’s (GK)rules, many ferromagnets have been designed through the coupling
of two B site ions with and without eg electrons.In BFM, the 180 degree -Fe3+-O-Mn3+- bonds
is quasistatic, partly because the strong Jahn-Teller uniaxial strain in an octahedral site.Be‐
cause the complication of the double perovskite system, there are still some questions about
the violation of GK rules in some cases and the origin of the ferromagnetism or antiferro‐
magnetism.The other problem is the bad ferroelectric properties. In order to characterization
of their ferroelectric/piezoelectric properties, scanning probe microscopy (SPM) techniques
were used.

Multiferroic materials can be classified into two categories: one is single-phase materials; the
other is multilayer or composite hetero-structures that contain more than one ferroic phases
[5]. The most desirable multiferroic material is the intrinsic single-phase material, which is
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still rarely produced although significant advancements had been made recently. Therefore,
it is essential to broaden the searching field for new candidates of multiferroics. This work
focuses on both typesmultiferroic materials: Single-phase Bi2FeMnO6 and multilayered YM‐
nO3/SnTiO3. Scanning probe microscopy (SPM) techniques were used for ferroelectric do‐
main imaging of these multiferroic materials.

As we know, most piezoelectric/ferroelectric materials with good performances are based on
the perovskite-type oxides of ABO3, among them, the most extensively studied ones should
be PbTiO3 and Pb(ZrTi)O3 based materials due to their high dielectric constants and good
piezoelectric/ferroelectric properties. However, these materials containing lead which leads
to environmental problems. Thus, it is desirable to develop new lead-free piezoelectric mate‐
rials to replace PZT based piezoelectrics for environmental protection. Through first princi‐
ple calculations, SnTiO3 containing Sn2+ ions was estimated to have excellent ferroelectric
properties [6, 7]. The calculated results indicated that the spontaneous polarization and pie‐
zoelectric coefficients of SnTiO3 is comparable with those of PbTiO3. Moreover, the most sta‐
ble structure is tetragonal perovskite with a=b=3.80Å and c=4.09Å [6, 7]. The metastable
SnTiO3 phase is very difficult to obtain, a good way to stabilize the SnTiO3 phase is to mix it
with other compounds. Several studies have been focused on the synthesis of Sn-doped ce‐
ramics in BaTiO3 system, such as (Ba0.6Sr0.4)(Ti1-xSnx)O3 [8], (Ba1-x-yCaxSny)TiO3 [9]. However,
it is difficult to obtain Sn2+ by traditional bulk synthesis techniques. On the other hand, it is
easier to fabricate SnTiO3 using pulsed laser deposition method (PLD). Our interest was to
find out whether the SnTiO3 phase can be stabilized through the layer-by-layer deposition
using PLD, and whether it is possible to obtain such metastable materials in non-equilibri‐
um conditions.

The hexagonal manganite YMnO3, which shows an antiferromagnetic transition at TN = 75 K,
and a ferroelectric transition TC = 913 K, is one of the rare existing multiferroics [10-12]. It
was chosen as the basic composition to sandwich SnTiO3+x phase and to form YST multilayer
film. In this work, we reported the effect of substrate orientation and layer numbers of YM‐
nO3 and SnTiO3+x on the piezoelectric/ferroelectric and magnetic properties in the designed
layered YST system. It was hoped that our method would serve as a model system to intro‐
duce the use of PLD techniques in the growth of multilayer multiferroic materials and meta‐
stable materials. Such techniques could be promising for device design and the searching in
fabricating new materials.

2. SPM system

SPM has emerged as a powerful tool for high-resolution characterization of ferroelectrics
for the first time providing an opportunity for non-destructive visualization of ferroelec‐
tric domain structures at the nanoscale. [13]These nanostructures can be used for studying
the intrinsic size effects in ferroelectrics as well as for addressing such technologically im‐
portant issues as processing damage, interfacial strain, grain size, aspect ratio effect, edge
effect, domain pinning and imprint. [14] The system composes of a conducting tip in con‐
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tact with the dielectric surface on a conductive substrate can be considered as a capacitor.
SPM is  a  well-established field  offering  multiple  opportunities  for  new discoveries  and
breakthroughs. [15-17]

Piezoelectric materials provide an additional response to the applied ac electric field due to
the converse piezoelectric effect: ∆l=d33V, whereΔl is the displacement, d33 is the effective
longitudinal piezoelectric coefficient. [18, 19] If follows that both electrostatic and piezoelec‐
tric signals are linear with the applied voltage and thus contribute to the measured PFM re‐
sponse. These measurements are referred to as out-of-plane (OP) measurement.
Measurements of local hysteresis loops are of great importance in inhomogeneous or poly‐
crystalline ferroelectrics because they are able to quantify polarization switching on a scale
significantly smaller than the grain size or inhomogeneity variation. Macroscopically, the
switching occurs via the nucleation and growth of a large number of reverse domains in the
situation where the applied electric field is uniform. Therefore, the d33 hysteresis reflects the
switching averaged over the entire sample under the electrode. [20, 21] In the PFM experi‐
mental conditions, the electric field is strongly localized and inhomogeneous; therefore, the
polarization switching starts with the nucleation of a single domain just under the tip.

3. Material designation and characterization

Multiferroic materials have been attracting considerable attention especially in the last ten
years. [22-25] One of the most appealing aspects of multiferroics is their magnetoelectric
coupling. Among them, the most studied is the provskite BiFeO3(BFO) with room tempera‐
ture multiferroic properties and YMnO3. Based on BFO and YMnO3, we designed new mul‐
tiferroics and fabricated the films using pulsed laser deposition (PLD) method. The material
system includes double perovskitemultiferroic Bi2FeMnO6 (BFM) and multilayered YMnO3/
SnTiO3+x (YST). Compared to BFO, the magnetic properties of BFM and YST were greatly
improved. However, until now there is no report about their ferroelectric properties because
the difficulty of obtaining well-shaped polarization hysteresis loops. It is important to study
ferroelectric properties because the possible coupling between ferroelectric and antiferro‐
magnetic domains and its lead-free nature. As is well known, the ferroelectric property is
mainly determined by the domain structures and domain wall motions. The most exciting
recent developments in the field of multiferroics and the most promise for future discoveries
are in interfacial phenomena. [26] The interfaces include those that emerge spontaneously
and those that are artificially engineered. Therefore, the domain structure and polarization
switching were studied in these three new multiferroic films using piezoresponse force mi‐
croscopy (PFM).

The emerging technique of PFM is proved to be a powerful tool to study piezoelectric and
ferroelectric  materials  in such cases  and extensive contributions have been published In
PFM, the tip contacts with the sample surface and the deformation (expansion or contrac‐
tion of the sample) is detected as a tip deflection. The local piezoresponse hysteresis loop
and information on local ferroelectric behavior can be obtained because the strong coupling
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between  polarization  and  electromechanical  response  in  ferroelectric  materials.  In  the
present study, we attempts to use PFM to study the ferroelectric/piezoelectric properties in
films of BFM and YST. PFM response was measured with a conducting tip (Rh-coated Si
cantilever,  k~1.6  N m-1)  by  an  SII  Nanotechnology E-sweep AFM.  PFM responses  were
measured as a function of applied DC bias (Vdc) with a small ac voltage applied to the bot‐
tom electrode (substrate) in the contact mode, and the resulting piezoelectric deformations
transmitted to the cantilever were detected from the global deflection signal using a lock-in
amplifier.

3.1. Characterization of BFM film

Magnetism and ferroelectricity exclude each other in single phase multiferroics. It is difficult
for designing multiferroics with good magnetic and ferroelectric properties. Our interest is
to design new candidate multiferroics based on BiFeO3. BiFeO3 is a well-known multiferroic
material with antiferromagntic Neel temperature of 643K, which can be synthesized in a
moderate condition. [22, 23, 25] In contrast, BiMnO3 is ferromagnetic with Tc = 110K and it
needs high-pressure synthesis. [27, 28] The possible magnetoelectric coupling has motivated
a lot of studies on the ferroelectric and antiferromagnetic domains. The ferroelectric domain
structures of BFO in the form of ceramics, single crystals and thin films have been intensive‐
ly studied using PFM, TEM and other techniques.

Single phase BFM ceramics could be synthesized by conventional solid state method as the
target. For BFM ceramics, the starting materials of Bi2O3, Fe3O4, MnCO3 were weighed ac‐
cording to the molecular mole ratio with 10 mol% extra Bi2O3. They were mixed, pressed in‐
to pellets and sintered at 800 °C for 3 h. Then the ceramics were crushed, ground, pressed
into pellets and sintered again at 880 °C for 1 h. BFM films were deposited on SrTiO3(STO)
substrate by pulsed laser deposition (PLD) method at 650°C with 500 ~ 600mTorr dynamic
oxygen. [29, 30]

The structure of BFM was calculated [31] and it is connected with the magnetic configura‐
tions as shown in Figure 1. It has three possible space groups of Pm3m, R3 and C2 and the
magnetic configurations were presumedfor each structure symmetry to be G-type antiferro‐
magnetic (G-AFM) and ferromagnetic (FM) structures. The most stable structure of BFM is
monoclinic with C2 space group. Mn tends to show 3+ valence which will induce a large dis‐
tortion because it is Jahn-Teller ion. The valence of Mn and Fe has been studied in the for‐
mer work. [30, 32]

Figure 2 shows the results of the PFM images of BFM film. Several features could be ob‐
served: firstly, the obvious contrast could be seen and the grains in PFM and topography are
correspondence; secondly, the existence of contrasts on both OP and IP indicates multiple
orientations of domains; thirdly, the IP contrast is not so clear as OP contrast, that is to say,
the suppression of the in-plane response for heterostructures suggesting a constrained ferro‐
electric domain-orientation along the OP direction. In the former paper, the ferroelectric do‐
main switching and typical butterfly loops were observed. [32]
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Figure 1. Calculated six structures of BFM.

The domains in BFO films have been analyzed in detail in Ref [19]: the bigger spontaneous
ferroelectric domains were observed in BFO than in other ferroelectrics without multiferroic
properties; the domains were irregular but the the model was predicted and consistent with
the experimental results. According to the present results of BFM, further study is needed to
obtain the domain morphology and do the calculation.
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Figure 2. PFM images of BFM film
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3.2. Characterization of YST film

Polycrystalline YMnO3 and TiO2 ceramics were synthesized by conventional solid state
method as the targets. On addition the SnO and SnO2 commercial targets were also used at
the same time in our process. The deposition of these films includes the following major
steps. YST films were deposited on (100) and (110) Nb: SrTiO3 (STO) substrate using a
pulsed laser deposition (PLD) system at 700°C with 10-1 ~10-5Torr dynamic oxygen. The tar‐
gets were alternately switched constantly and the films were obtained in a layer-by-layer
growth mode. After deposition, the films were annealed in the same condition for 15 mi‐
nutes at 700°C and then cooled to room temperature. [33]

In YST multilayered films, one layer is defined to be comprised of two sub-layers: (1) YM‐
nO3 and (2) SnTiO3+x. The films deposited on (100), (111) and (110) STO are expressed as
YST100, YST111 and YST110, respectively. The film YST110-4 denotes the films deposited on
(110) STO with four layers, as shown clearly in Figure 3. The total deposition time for YM‐
nO3 and SnTiO3+x is the same of 40 and 20 minutes, respectively.

XRD patterns for the five films of YST100-2, YST100-4 were shown in Figure 4. The peaks
were identified using the XRD results of SnTiO3 (◎), YMnO3 (Y) (shown in Figure 9, FeTiO3

(▽) [34, 35]. SnTiO3 is metastable and it showed two combined phases, one is FeTiO3, and
the other is the good ferroelectric phase which has tetragonal structure. XRD patterns of
SnTiO3 (◎) were shown in Figure 5 in supplementary materials, which is obtained using the
calculated data[6, 7]. The symbol of “?” represents the phase which we cannot identify so
far, it could be a peak from the (111) TiO2 phase.

Figure 3. Schematic explanation of films with two, four and eight layers, each layer contains two sublayers of YMnO3

and SnTiO3.
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Figure 4. XRD patterns for the five films of YST100-2, YST100-4. [31]

Figure 5. XRD patterns of calculated SnTiO3 and YMnO3 targets. [33]
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Many reports about the YMnO3 films can be found but most of them without ferroelectric
characterization provided. This is mainly ascribed to the difficulty in obtaining a satisfactory
ferroelectric measurement result. Figure 6 shows the electrical polarization hysteresis loops
(P-E loops) of YST110-4 film. The ferroelectric type hysteresis loop was observed. It is obvious
that the P-E loop is significantly different for different layer-number films, as well as for differ‐
ent substrate orientations. For the same STO orientation, the P-E loops were improved as the
layer number increase, and the film fabricated on (110) STO shows improved properties com‐
pared to the film on (100) STO with the same layer number. As for the same deposition time for
the four samples, it is found that more layers of SnTiO3 in the YST system shows much better
ferroelectric properties. It is suggested that the SnTiO3 phase can exist only in ultra-thin thick‐
ness and can be stabilized by YMnO3 sub-layers. That is to say, SnTiO3 is indeed a ferroelectric
materials but it is a great challenge [36] to obtain stable single phase SnTiO3 films that is with
good ferroelectric performance (it will be tried in our future works). Although the electric
charge in the interface may affect its  ferroelectric properties,  the improved properties of
YST110-4 proved that its effect was not significant. While the P-E loops were not improved in
YST111-4, all the observations showed the anisotropy of the films.

Figure 6. Ferroelectric polarization loop of YST films. [31]

Although well developed P-E loops were observed for YST100-8 and YST110-4, the loops
still show the rounded features, indicating that contributions to the hysteresis loop from
movable charges was significant. In addition, the P-E loops of the four films have revealed
that the polarization is rather small (just a few µC/cm2) and they do not exhibit saturation.
The fatigue properties were shown in Figure 7 for YST110-4. The polarization measurement
was at 21V, the switching voltage was 14V and the frequency was 5k Hz. The remnant po‐
larization decreased about 40% after 107 read/write cycles for YST110-4. From all the com‐
parisons, YST110-4 sample shows the comparable ferroelectric properties with YST100-8.
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Figure 7. Fatigue measurement of YST110-4 film. [31]

Figure 8 shows TEM results of the YST110-4 film. It clearly shows four layers and one layer
which is close to the substrate seems have some reaction with the substrate. The other three
layers are homogeneous and we could see the domain structures through this image. The
surface of the film was studied using AFM as shown in Figure 9. As expected, Figure 10
displays contrast over the polarized square after poled by positive and negative 10 V volt‐
age, due to the different phases of the PFM response for the up and down domains. The ob‐
vious change of the contrast in YST110-4 film confirms that the polarization reversal is
indeed possible and that the film is ferroelectric at room temperature.

Figure 8. TEM image of YST110-4 film.
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Figure 9. AFM topography image of YST110-4 film.

Figure 10. PFM image of YST110-4 film after poled using ± 10 V voltage
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As seen in Figure 11, when a direct current voltage up to 10 V was applied on the samples,
the sample exhibited ‘‘butterfly’’ loop. The loops were not symmetrical due to the asymme‐
try of the upper (tip) and bottom (substrate) electrodes. In addition, the substrate may also
affect the d33. According to the equation d33=Δl/V, where Δl is the displacement, the effective
d33 could be calculated. At the voltage of 10 V, both samples show the maximum effective
d33of about 6.21 pm/V for YST110-4 sample.

Figure 11. Butterfly and local piezoresponse hysteresis loops of YST110-4 film.

4. Conclusions

The novel multiferroic films of BFM and multilayered YST were successfully produced us‐
ing PLD method. Both of them were characterized using PFM method. The special or excel‐
lent properties can often be found in the metastable materials. Through calculation, s4ix
structures are presumed in BFM with two magnetic configurations of G-AFM and FM. In
YST films, the metastable SnTiO3 phase was obtained. The improved ferroelectric properties
were observed through increasing the layer numbers and more SnTiO3 phase was stabilized,
moreover, the change in contrast after bias is applied indicates a change in polarization di‐
rection and hence ferroelectric switching. Although it is a great challenge in obtaining the
SnTiO3 thin films, we believe that through the optimization of fabrication process and condi‐
tions, the single phase SnTiO3 or multilayer films, or composite materials containing SnTiO3

could become a new generation lead-free piezoelectric/ferroelectric material. For a thorough
understanding of the mechanisms of the films, knowledge of the domain structures is a pre‐
requisite, which is of crucial importance to increase and tune the functionality of multiferro‐
ic films.
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