http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Structures and local ferroelectric polarization switching properties of orthorhombic YFeOs thin

film prepared by a sol-gel method

Runlan Zhang(5kiid22), Shuaishuai Li(Z= i 1), Changle Chen([%:: %), Li-An Han(#37.42), Shanxin Xiong(8&3 5r)
Citation:Chin. Phys. B . 2019, 28(3): 037701. doi: 10.1088/1674-1056/28/3/037701
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Enhanced magneto-electric effect in manganite tricolor superlattice with artificially broken
symmetry

Huanyu Pei(3£3£5%), Shujin Guo(¥ %)), Hong Yan(J=iL), Changle Chen(F:K: %), Bingcheng Luo(F'J#iik), Kexin Jin(4:
SLHT)
Chin. Phys. B . 2018, 27(9): 097701. doi: 10.1088/1674-1056/27/9/097701

Nanoscale domain switching mechanism of Bis1sEuggsTizO15 thin film under the different
mechanical forces

Zhu Zhe, Chen Yu-Bo, Zheng Xue-Jun
Chin. Phys. B . 2015, 24(10): 107702. doi: 10.1088/1674-1056/24/10/107702

Ferroelectricity in hexagonal YFeOs film at room temperature

Zhang Run-Lan, Chen Chang-Le, Zhang Yun-Jie, Xing Hui, Dong Xiang-Lei, Jin Ke-Xin
Chin. Phys. B . 2015, 24(1): 017701. doi: 10.1088/1674-1056/24/1/017701

Bipolar resistive switching in BiFep.95Zn0.0503 films

Yuan Xue-Yong, Luo Li-Rong, Wu Di, Xu Qing-Yu
Chin. Phys. B . 2013, 22(10): 107702. doi: 10.1088/1674-1056/22/10/107702

Dielectric loss of half-doped manganite LagsCagsMnO;

Cao Xian-Sheng, Ji Gao-Feng, Luo Bing-Cheng, Li Feng
Chin. Phys. B . 2013, 22(8): 087702. d0i: 10.1088/1674-1056/22/8/087702


http://cpb.iphy.ac.cn/EN/abstract/abstract73658.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract73658.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract72672.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72672.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract65462.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract65462.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract62592.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract55900.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract55011.shtml

Chin. Phys. B Vol. 28, No. 3 (2019) 037701

Structures and local ferroelectric polarization switching properties of
orthorhombic YFeQ; thin film prepared by a sol-gel method”

Runlan Zhang(7Ki[E %)%, Shuaishuai Li(ZEJfil)!, Changle Chen(FfK: 5%)2,
Li-An Han(#37.%)3, and Shanxin Xiong(f&##7)!

1 College of Chemistry and Chemical Engineering, Xi’an University of Science and Technology, Xi’an 710054, China

2Shaanx1' Key Laboratory of Condensed Matter Structures and Properties, Northwestern Polytechnical University, Xi’an 710072, China

3 College of Science, Xi’an University of Science and Technology, Xi’an 710054, China

(Received 12 September 2018; revised manuscript received 26 November 2018; published online 22 February 2019)

Orthorhombic YFeOs thin film was prepared on Lag ¢7Srg33MnO3/LaAlO3 substrate by a sol-gel spin-coating
method. The structures of the YFeO3/Lag ¢7Sr933Mn0O3/LaAlO; (YFO/LSMO/LAO) sample were detected by x-ray
diffraction pattern, Raman spectrometer, scanning electron microscopy, and atomic force microscope. The local ferroelec-
tric polarization switching properties of the orthorhombic YFO film were confirmed by piezoresponse force microscopy
(PEM) for the first time. The results show that the YFO film deposited on LSMO/LAO possesses orthorhombic structure,
with ultra-fine crystal grains and flat surface. The leakage current of the YFO film is 8.39x10~% A-cm~2 at 2 V, with its
leakage mechanism found to be an ohmic behavior. PFM measurements indicate that the YFO film reveals weak ferroelec-
tricity at room temperature and the local switching behavior of ferroelectric domains has been identified. By local poling
experiment, polarization reversal in the orthorhombic YFO film at room temperature was further observed.

Keywords: multiferroics, YFeOs thin film, orthorhombic structure, piezoresponse force microscopy
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1. Introduction

Multiferroics providing both ferroelectric and ferromag-
netic (or antiferromagnetic) properties are well known for their
intriguing physical origin and potential applications in sensor,
actuation, and ferroelectric memory.!'! Meanwhile, they are
promising materials in multiple-state memories, electric-field-
controlled ferromagnetic resonance devices, and transducers
with magnetically modulated piezoelectricity due to the mag-
netoelectric effect.[*%1 However, this kind of material is very
rare as its two contrasting order parameters of ferroelectricity
and magnetism turn out to be mutually exclusive.* Therefore,
seeking new functional materials having multiferroic proper-
ties and exploring physical mechanism have been hot topics in
the field of physics and material sciences.

Recently, RFeOs system was considered as a new type
of multiferroics, regardless of the orthorhombic perovskite
structure!®! or the hexagonal structure.®"!°1 Orthoferrites
(RFeO3 with an orthorhombic perovskite structure) have been
studied on the good magnetic, optical, and thermal properties
for decades. There was hardly any report on the electric prop-
erties until the existence of ferroelectricity in the orthoferrites
was testified. As a member of RFeO3 system, YFeO3 presents
an orthorhombically distorted perovskite structure, with the
iron ion surrounded by six oxygen atoms forming an octa-
hedron. The presence of a Dzyaloshinskii—-Moriya (DM) in-
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teraction can lead to a canting of the spin-lattice, resulting a
weak ferromagnetic ordering in YFeO3.!! ! It is confirmed that
YFeO; displays a transition from antiferromagnetic to para-
magnetic at 655 K.[!! Although recent reports have shown
the possibility of ferroelectricity in orthorhombic YFeOj,[!?]
it has still been a controversial topic.m’m] Furthermore, there
are few studies so far about the ferroelectric properties of or-
thorhombic YFeOs film, especially for the microscopic do-
main structures.

In our previous work,[!3] the hexagonal YFeOj3 film was
prepared by the sol-gel method combined with spin coating
technique and its characteristics were analyzed. Here, we ob-
tain the orthorhombic YFeOs film successfully, only by chang-
ing the lattice-matched substrate. This work is a short report
on the electrical properties of the orthorhombic YFeOs thin
film on Lag ¢7Srg33MnO3/LaAlO3 substrate, where we con-
sider the Lag 7Sr0 33MnO3 film as bottom electrode. In par-
ticular, its domain structure and polarization reversal behavior
are studied.

2. Experimental details

The Lag ¢751933MnO3 (LSMO) layer was successively
deposited on LaAlO3(111) (ALO) substrate by a pulsed laser
deposition (PLD) method using a KrF excimer laser, with
laser wavelength of 248 nm, laser repetition rate of 4 Hz, and

*Project supported by the National Natural Science Foundation of China (Grant No. 61471301), Natural Science Basic Research Program of Shaanxi, China
(Grant No. 2017JQ5083), and PhD Research Startup Foundation of Xi’an University of Science and Technology, China (Grant No. 2017QDJ044).
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pulse energy density of 1.5 J/cm?. The LSMO layer was de-
posited and annealed in situ at 1073 K in 10.0 Pa oxygen pres-
sure. Subsequently, YFeO3 (YFO) thin film was prepared by
a conventional sol—gel spin-coating method. Details about the
preparation of precursor solution can be found in Ref. [15].
The precursor solution was coated on LSMO/ALO by spin-
coating process at 1500 rpm. The as-deposited film was dried
in air at 453 K and the coating process was repeated to the de-
sired thickness. The film was pyrolyzed at 723 K to remove
organic residuals. Finally, the film was subject to annealing at
1223 K in air to improve its crystallinity.

The crystal structures were performed by x-ray diffrac-
tion (XRD, D/Max2550VB+/PC, Rigaku) with Cu K« radia-
tion, and laser Raman microscope (inVia, Renishaw, England)
with the exciting source of 533 nm laser. The thicknesses were
characterized by a scanning electron microscope (SEM, JSM-
5800, JEOL) operated at 20 keV. The surface morphology
and piezoelectric response were investigated by atomic force
microscope (AFM, MFP-3D-SA, Asylum Research) equipped
with dual alternating current (AC) resonance tracking Piezore-
sponse force microscopy (DART-PFM). All the procedures
were conducted under atmosphere condition at room temper-
ature. Conductive cantilevers AC240TM with Pt-coated tips
were used. The nominal spring constants were 2 N/m with
a fundamental resonance frequency of the free tip-vibration
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of approximately 70 kHz. Detailed description of the PFM
analysis is shown below. The leakage current and ferroelec-
tric hysteresis-loop measurements were tested with ferroelec-
tric test systems (Precision LC, Radiant Technologies Inc) at
room temperature. Here, Pt electrode was used to form ohmic
contacts with LSMO and YFO, respectively.

3. Results and discussions

Figures 1(a) and 1(b) present the surface topographies of
LSMO and YFO deposited on LaAlO3(111) substrate tested
by atomic force microscope. It can be seen that the morpholo-
gies of LSMO and YFO are different, resulting from different
preparation methods. Both layers exhibit preferable compact-
ness without obvious defects. The root-mean-square (RMS)
roughness for LSMO and YFO is about 2.94 nm and 1.985 nm,
respectively. The grain size of LSMO is about 63 nm. Com-
pared with LSMO, YFO layer possesses finer crystal grains
and flatter surface. The ultra-fine grained structure of YFO
layer owes to the good controlling on conditions during sol—
gel process. Figure 1(c) shows the cross-sectional SEM im-
age of the YFO/LSMO/ALO(111) sample. It can be seen that
two distinct layers of YFO and LSMO exist. Additionally, the
thicknesses of LSMO and YFO layers determined are about
130 nm and 125 nm, respectively.

20.nm Pt

125 nm YFO

130 nm LSMO

Fig. 1. (a) AFM image of the LSMO layer, (b) AFM image of the YFO layer, and (c) the cross-sectional SEM micrograph of the sample.

The XRD pattern of YFO film deposited on LSMO/LAO
substrate is presented in Fig. 2(a). It reveals that XRD peaks
can be disassembled to two sets of well-defined peaks, one
belonging to the LSMO phase and the other belonging to the
YFO phase. The diffraction peaks of LSMO phase are indexed
with reference to the polycrystalline thombohedra perovskite
structure. The YFO thin film is well crystallized, with almost
all of the diffraction peaks corresponding to Joint Committee
on Powder Diffraction Standards (JCPDS) 39-1489. There is
no diffraction of hexagonal ferrites, suggesting that the YFO
thin film exists in the form of polycrystalline orthorhombic
phase. It is different from the film deposited on Si substrates
as discussed before.!1>101 Although the YFO film shows a dif-
ferent crystal structure with LSMO, but they both belong to

the distortion structure of the ideal cubic perovskite ABOs.

Besides, according to the JCPDS cards of the x-ray powder
diffraction patterns, the lattice constants of orthorhombic YFO
(a=5.59, b =17.61, and ¢ = 5.28) are close to the lattice
constants of rhombohedra LSMO (a = 5.53, b = 5.74, and
¢ =17.69). The formation of orthorhombic perovskite struc-
ture can be attributed to the better matching possibilities be-
tween the YFO and LSMO lattices. From the viewpoint of the
intensity of the diffraction peaks, both LSMO and YFO are
evidently polycrystalline structure with random orientations.
Besides, XRD results show that there is no diffraction peak re-
lated to prominent secondary and impurity phases (e.g. Fe; O3,
Y,03, etc).

Figure 2(b) shows the Raman spectrum of the
YFO/LSMO/ALO sample.
for the main vibration modes of the orthoferrites is below

As expected, the active region
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600 cm~!, in good agreement with the already published
results.!!7] The vibration modes associated with the elements
in “A” site of perovskite are located below 240 cm™! for YFO.
The vibration modes associated to the oxygen atoms and the
octahedrons are observed between 240 cm™! and 600 cm™.
Compared with the results of YFO powder, a shift of the vi-
bration modes to the left indicates an increase of the lattice
parameter of YFO film, which comes from the lattice distor-
tion induced by interfacial stress. A sharp peak positioned at
636 cm~! can be ascribed to the in-plane oxygen stretching
(B2g(1) mode) in the LSMO lattice.[!8] Other characteristic
peaks of LSMO, such as Ag(2), B3g(4), and Ay (3), are invis-
ible. Note that the observed Raman signals only come from
the layers of YFO and LSMO. It indicates that the penetration
depth of the incited laser is lower than the thickness of the
multilayer.
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Fig. 2. (a) XRD pattern and (b) Raman spectrum of as-grown
YFO/LSMO film.

Figure 3 shows the leakage current behavior and hystere-
sis loop of the YFO film measured from the Pt/YFO/LSMO
capacitor at room temperature. The measurement configu-
ration is displayed in the inset on the left of Fig. 3(a). We
can clearly see that the experimentally observed curve is al-
most symmetric between negative and positive applied volt-
ages, indicating the good conductivity of LSMO as a bottom
electrode. Obviously, as the applied voltage increases, the
leakage current increases. Although the leakage current den-

sity of the YFO film is lower than that of the BiFeO3 film

prepared by sol-gel method,'”! the value calculated about
8.39 x 10~* A-cm~? is relative large at an applied electric field
of 2 V (~ 148 kV/cm). The current density is attributed to
many associated defects at the interface and oxygen vacan-
cies. High leakage current prevents the charge carries from
being preserved under high electric field. So it is difficult to
get a saturated hysteresis loop at room temperature. Com-
monly, several conduction mechanisms are considered on the
leakage behaviors in ferroelectric oxide thin films, such as the
space-charge-limited current (SCLC), the Schottky emission,
etc.!?%l By plotting the data in various manners as a function
of voltage, we find that the thermal electric conduction is the
dominant mechanism for the YFO film. The inset on the right
of Fig. 3(a) shows the double logarithm plots of current ver-
sus voltage dependence for the sample and its fitting curve.
The slope of around 1 indicates the ohmic contact behavior be-
tween YFO with electrodes. That is to say, the leakage current
could be accounted by the electron density produced by ther-
mal excitation, while interfacial conductance is less dominant
at the voltage range measured. Other conduction mechanisms
are not observed in the film, probably because the applied elec-
tric field might not be sufficiently high.
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Fig. 3. (a) I-V characteristics of the YFO thin film on LSMO layer at
room temperature; the inset on the left is the measurement chart and the
inset on the right is /-V curve with logarithmic plots at positive bias and
its fitting curve. (b) P—E characteristics of the YFO thin film at different
frequencies.

Figure 3(b) presents the electric hysteresis loops of the
YFO film at different frequencies. The P—E hysteresis loops
exhibit ferroelectric behaviors of the YFO film with the
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comparatively small polarization values comparing with the
BiFeOj3 film.!"”! We can see that the YFO film has the largest
double polarization 2P, of 0.5 uC/cm? and the coercive field
E. of 118 kV/cm at 150 kV/cm and 2 kHz. The polarization
measured at 2 kHz is lower than that at 1 kHz. It reveals that
the large frequency can weaken the influence of the interfacial
inject charges. Note that we have used the frequency as high
as possible (2 kHz) to eliminate the inject charges, which was
also different with lossy dielectrics.[?!! The unsaturated loops
also appeared in some classical ferroelectric thin films.[>?]
The nanoscopic ferroelectric characteristics of the YFO
film are characterized by piezoelectric force microscopy. The

capacitive layer of YFO formed between the bottom electrode
of LSMO and the conducting scanning probe has been mea-
sured. Figure 4 shows the vertical piezoresponse amplitude
and phase images as well as the topography image. As ob-
served in Fig. 4(c), the dark and bright contrasts represent
different polarization directions of the ferroelectric domains.
Although the phase image contrast is weak, domain related
response could still be detected. Due to the scanning range
scale, the grain structure and morphology cannot be clearly
detected. As the domain structure of thin films is related to the
grain size,>3) we cannot conclude whether there is a single
domain structure of grains in the YFO film.

pm

1.5 2.0 0 0.5 1.0

Fig. 4. PFM images of YFO film over 2 umx2 pum: (a) topography, (b) amplitude, and (c) phase.
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Fig. 5. PFM amplitude (black) and phase (red) loops proving the ferro-
electric nature of the YFO layer sandwiched between the tip and LSMO:
(a) on-field mode and (b) off-field mode.

In order to get a better insight into the local switching
behavior of ferroelectric domains, piezoresponse loops are
recorded by placing the tip over the center of the grains and in
the on-field and off-field modes, respectively. As can be seen
in Fig. 5, the butterfly-like amplitude response with the cor-
responding phase hysteresis has been successfully acquired in

the two field modes. It provides an evidence for polarization
rotation or “switching” behavior in the orthorhombic YFO thin
film. Due to the asymmetry of the tip/film/bottom electrode
and/or the presence of an internal electric field inside the film,
there is a shift of the loops to the positive voltage. These re-
sults are in concordance with results reported before.!”*! Com-
pared with the loops in the off-field mode, the shift in the on-
field mode is relatively large, indicating a higher internal elec-
tric field, which is mainly caused by the movement of oxygen

vacancies under the action of the electric field.[2]
p.rn
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Fig. 6. DART-PFM phase image without DC voltage after the “box-in-
box” writing processes.

Further, local poling experiment has been performed so
as to testify successful polarization switching. The sample
was poled under direct current (DC) voltages with “box-in-
box” writing processes. In the “box-in-box” writing processes,
—8 V was applied on a 2 x 2 um? area, and +8 V was ap-
plied on a 1 x 1 um? square inside simultaneously. Figure 6
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shows the DART-PFM image without DC voltage after the
writing processes. It can be seen that the polarizations are ro-
tated to downward direction with the bias of —8 V (dark color)
and the polarizations are rotated to upward direction with the
bias of 48 V (bright color). Phase image contrast was quite
weak. However, polarized response could still be detected.
It confirms that polarization reversal is indeed possible in or-
thorhombic YFO film at room temperature.

4. Conclusions

In summary, YFeOs thin film with another crystal struc-
ture is prepared on LSMO/LAO substrate by a sol—gel spin-
coating method. X-ray diffraction pattern and Raman spec-
trum reveal that the YFO film is polycrystalline orthorhom-
bic structure. The leakage current density of the YFO film
is 8.39 x 107* A.cm~?2 at an applied electric field of about
148 kV/cm. Due to the large leakage current, the unsaturated
P—E loop is obtained at the room temperature. PFM phase im-
age of the YFO film reveals weak ferroelectric domain struc-
ture and its polarization can be rotated under the external field.
The present work promotes the understanding of the multifer-
roic properties in orthorhombic YFO.
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