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ABSTRACT: An epitaxial pseudocubic SmFeOj thin film on
(100) Nb-SrTiO; was studied based on ferroelectric (FE)
characterization and magnetic measurements. High-resolution
transmission electron microscopy images clarify the nature of
the epitaxial growth, the stress-induced structural distortion at
the film/substrate interface, and the existence of two different
orientation lattices. Clear grain boundaries can be seen, which
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could introduce an extra local distortion. Rectangular FE loops can be observed at room temperature, even by just applying a
small voltage ranging from —1 to +1 V, indicative of the presence of FE polarization. Piezoelectric force microscopy images
confirm the existence of FE domains and the switchable polarization. A strong ferromagnetic-like transition occurs around 185 K,
which is much lower than the transition observed in the bulk sample. It is believed that the pseudocubic structure enhances FE
polarization and decreases the magnetic ordering temperature, which is confirmed by the first-principles theoretical calculations.
Meanwhile, the ferroelectricity in this thin film should originate from distortion and modification in the structural modules rather
than from the exchange striction interaction that is found in the bulk SmFeO,.
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B INTRODUCTION

The wide application of traditional data storage is attributed to
the giant magnetoresistance effect."”> Because of increasing
demands for more computing power and data storage, a new
type of unit cell with higher data density and lower power
consumption is required. Ferroelectric (FE) random access
memory seems to be a good choice, in which vertical
polarization can be easily achieved, meaning that high density
could be obtained. Meanwhile, the stability of FE domains
ensures that information can be well saved for a long time. On
the other hand, one special type of material in which magnetic
ordering and FE ordering can coexist, the so-called multiferroic
materials, also shows great potential for the next generation of
data storage applications and other kinds of spintronic devices
because spin freedom can be operated beyond charge freedom.
Therefore, exploring new functional materials having multi-
ferroic properties has been a highly topical research field in
recent years.””

BiFeO; has shown its priority because of its room
temperature multiferroic property.® Bi** is not friendly to the
environment or to human health, however, and obtaining a
single phase on a large scale is still a problem, which could
increase the cost of production. Furthermore, the weak
magnetization at room temperature, weak magnetoelectric
coupling, and large electrical coercive field strongly limit its
practical application. Rare-earth manganites, such as
DyMnO;”""" and TbMnO;"(space group Pnma), are of
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great interest because electric polarization is induced by spiral
magnetic ordering because of the simultaneously broken spatial
inversion and time-reversal symmetries.'> In addition, the FE
property can also be found in antiferromagnetic (AFM)
hexagonal HoMnO; and YMnO; (space group P6ycm).">'*
The FE property of these two materials originates from the
buckling of layered MnOj polyhedral units, driven by the size
effect and electrostatic interaction as well. In these manganites,
the spiral magnetic ordering temperatures are very low and far
away from room temperature, which restricts their application
at common ambient temperatures. Most traditional FE
materials, such as lead zirconate titanate (PZT) and BaTiO;,
are not magnetic. Therefore, finding new multiferroic materials
with strong ferroelectricity and a high magnetic transition
temperature seems to be the unavoidable way to achieve real
applications.

Up to now, there have been few reports on FE studies of the
orthoferrites, except for DyFeO; and SmFeO, (SFO)."”~"
From the point of view of symmetry, it is nearly impossible to
achieve a FE phase in orthorhombic ferrite. In the case of
DyFeO;, the FE transition takes place below the magnetic
transition temperature of the Dy’ lattice around 3.5 K, which
can be explained by the exchange—striction interaction. As for
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SFO, a small polarization is supposed to occur because of the
symmetric exchange—striction interaction among canted AFM
spins,"®'? so it shares FE origins similar to those of DyFeO,'
and CaMn,0,,.2°"%* Strain engineering has been employed to
produce low-dimensional materials such as functional thin
films, and this method has introduced many unique properties
that are not possessed by their corresponding bulk forms.
Recently, ferroelectricity has been reported in an artificial
hexagonal YbFeOj thin film on a hexagonal substrate.”?

In this work, however, we study epitaxial pseudocubic SFO
on a (001) SrTiO; (STO):Nb substrate prepared by pulsed
laser deposition (PLD). Assuming that the mismatch between
the two sets of lattices could introduce strain and lead to local
structural distortion at the film/substrate interface, the structure
and physical properties of the thin film may consequently be
modified. Our characterization shows that a FE loop is present
at room temperature, and piezoresponse force microscopy
(PFM) images confirm the switchable FE domain structure.
Meanwhile, magnetic measurement results show that SFO
experiences a ferromagnetic (FM)-like (canted AFM) transition
around 185 K, quite different from bulk SFO, which is
indicative of the multiferroic property in this material.
Transmission electron microscopy (TEM) confirms the local
structural distortion induced by the strain effect and
consequent symmetry change at the film/substrate interface.
First-principles calculations confirm FE polarization in the
pseudocubic distorted SFO film.

B EXPERIMENTAL SECTION

SmFeO; (SFO) thin films were deposited at 830 °C on (001) Nb-
SrTiO; (STO) in a dynamic flowing oxygen atmosphere of 200
mTorr, using a PLD system. The SFO target was prepared by the
solid-state reaction method, and X-ray diffraction (XRD; model GBC
MMA, Cu Ka radiation) shows that it is a single phase with an
orthorhombic structure. A Nd:YAG laser source was used with 355 nm
wavelength. During the deposition process, the laser was stabilized at
6—7 J/cm? and pulses were repeated at 10 cycles/s. The crystal
structures of the films were examined by XRD at room temperature.
The thickness of the films was determined by scanning electron
microscopy (SEM; model JEOL JSM-6460A) and is around 450 nm.
High-resolution TEM (HRTEM; model JEOL JEM-4000EX) clarified
the epitaxial growth of the thin film at the interface and the existence
of boundaries that separate the majority [010], and minority [101],
lattices. The magnetic properties were measured by a superconducting
quantum interference device (SQUID) magnetometer. Platinum
electrodes were deposited on the film for FE measurements by
magnetron sputtering with a standard shadow mask. A FE analyzer
(TF2000, aixACCT) was employed to characterize the FE properties
(FE hysteresis loops and fatigue). Meanwhile, PUND mode
measurements were performed to reveal the real switching process.
Nanoscale FE measurements of an as-grown SFO film were carried out
via PFM (model MFP-3D Asylum Research). The typical scan size and
rate were 500 nm and 0.1 Hz, respectively. Positive and negative
direct-current bias of S V was applied to the tip to produce a switched
domain structure, and subsequent scanning was done at 370 kHz in
dual alternating-current resonance tracking (DART) PFM mode.
For first-principles calculations, an initial distorted structure was
used. The redefined crystal axes of the SFO film were set as a//[101],,
b//[010],, and ¢//[101], of the orthorhombic structure of bulk SFO.
The lattice parameters a and b of the film were setasa =b=7.81 A =
2¢ for the STO, while the out-of-plane lattice parameter ¢ and angle
were relaxed. During this process, other parameters, a and b and the
angles a and y, were fixed. The relaxed and distorted SFO crystal
structure is a = b = 7.81 A, c = 7.44 A, & = 90°, f = 92.09°, and y =
90°. The calculations were performed using the project-augmented-
wave method implemented in the Vienna ab initio simulation package.
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Bl RESULTS AND DISCUSSION

The SFO thin film was prepared by PLD on a (001) STO:Nb
single-crystal substrate. The basic structure was examined by
XRD, as shown in Figure 1. The XRD pattern reveals that the
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Figure 1. XRD pattern of a pseudocubic SFO film deposited on a
(001) STO:NbD single-crystal substrate.

SFO is epitaxially grown and three satellite peaks are found
near the (001), (002), and (003) STO:Nb peaks. This is similar
to the case of the LuFeO; and BiFeO; films on a (001) STO
substrate, which are both “cube-on-cube”, grown epitaxially
with a pseudocubic structure. Considering the similarity
between epitaxial BiFeO,”*** and SFO, it is reasonable to
tentatively assign the SFO film to the rhombohedral or
hexagonal structure. A structural study based on diffraction
peak calculations shows that the three peaks of the pseudocubic
structure can successfully be assigned to the (012), (024), and
(217) peaks of the rhombohedral structure (R3¢, a, = 5.638 A,
and a, = 52.64°) or to the (102), (204), and (217) peaks of the
hexagonal structure (P6ycm, ay, = b, = 5.00 A, ¢, = 14.53 A, a =
B =90° and y = 120°).

Compared with the sharp diffraction peaks from the
substrate, the three peaks from the thin film are relatively
broad, which may originate from two sets of reflections from
close sets of lattice parameters. To find out how the thin film
really grows, HRTEM was employed to determine the interface
structure, as shown in Figure 2. The cross section of the thin
film was imaged in bright-field mode, in which a clear interface
between the thin film and substrate can be seen. In Figure 2, a
specifically selected film/substrate interface highlighted in the
dotted rectangular frame is magnified in the upper left corner.

Considering the lattice mismatch between the orthorhombic
SFO and the cubic STO, stress-induced distortion should exist
at the film/substrate interface. The TEM image of the film/
substrate interface clearly shows the atomic rearrangement in
an exactly cubic structure that is gradually relaxed to
orthorhombic. In addition, two types of growth along different
crystallographic directions of orthorhombic SFO were found. A
structural transition boundary is clearly shown in the TEM
image. According to the TEM image and the selected-area
electron diffraction (SAED) pattern, the growth direction of the
SFO film in relation to the substrate orientation can be
determined, which is shown in Figure 2b,c. The out-of-plane
directions of the SFO film on a (100) STO substrate are (101),
and (010),, respectively. Therefore, the three satellite
diffraction peaks in the XRD patterns from low to high angles
can be assigned to 1/2(101),, (101), + (010),, and 3/2(101),.
This also explains why the diffraction peak of the film at around
20 = 48° is broad, because it contains two sets of diffraction
peaks in very close positions. The estimated lattice spacing dg,
is 3.79 A, which is significantly reduced in comparison with the
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Figure 2. (a) Interface between the SFO thin film and the STO substrate, on which the grain boundary of [010], and [101], grains is also shown.
The inset in the upper left corner is the HRTEM image of the film/substrate interface, magnified from the selected [010], growth area shown in the
dotted rectangular frame. The inset in the lower left corner is the SAED pattern, where the high-level diffraction spot shows a splitting, indicating the
different structures existing in the film. Parts b and ¢ contain the schematic structures of the two different growth orientations of the film, (101), and
(010),, respectively. In this figure, the crystallographic directions of an orthorhombic structure of a bulk phase were used in order to show the
correspondence between the film growth direction and bulk structure.
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Figure 3. (a) Electrical hysteresis loop of the SFO film on STO:Nb at room temperature. (b) Time dependence of the applied voltage and
corresponding current. (c) Fatigue test results after 10° cycles (10 data points every decade).

bulk value of 3.89 A. Such a reduction is caused by elongation boundary between the [010] and [101] lattices should also
of the b axis due to the fact that bgzo = 7.706 A, which is less introduce extra stress and local structural distortion in this
than 2a = 7.806 A of STO. This estimation is based on the part system. The epitaxial growth of the film will gradually relax, and
of the film with (101), growth, although the part of the film therefore the structural distortion will be released when the film

with (010), growth may not exhibit a significant change in the grows thicker. The boundaries between lattices with two
lattice parameter because the in-plane dj,, lattice spacing different orientations always exist, however, which is beyond
matches well with d,q, of the STO substrate. Therefore, the so- the scale of the stress on the interface.
called epitaxial growth actually includes two sets of growth Electric hysteresis loops of SFO films on STO:Nb were
directions. The part of the film with (101), growth shows collected at room temperature. When the applied voltage
significant distortion with reduced a and ¢ and elongated b. exceeds 1.2 V (electric field ~22 kV/cm), a quasi-rectangular
Such a structural distortion will cause orbital and spin loop can be observed, as shown in Figure 3a, indicating a strong
reconstruction and result in novel properties. FE property. A higher applied voltage will increase the leakage
The existence of the two sets of growth will introduce grain current, and a relatively round FE loop will be present (not
boundaries with disorder or rearrangement of the atoms, which shown). The time dependence of the applied voltage and
can be clearly observed in the TEM image in Figure 2. The consequent current are given in Figure 3b, in which an obvious
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switching current can be seen, which is quite different from the
typical resistor or capacitor behavior. The small difference in
the current behavior between opposite voltages is probably due
to the electrode effect (Au and Nb-STO). To check the fatigue
properties, P—E loops were measured 10° times, and the
remanent polarizations are presented in Figure 3c. The
remanent polarization is about 0.08 xC/cm? There was no
significant change in the remanent polarization after the fatigue
test, indicating the good stability of this FE material.
Considering the leakage effect, which can also contribute to
P—E loops, we used the positive-up negative-down (PUND)
method to confirm the real polarization. The PUND method
uses an up—up—down—down wave to exclude the leakage
effect. The standard PUND wave form is presented in Figure 4.
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Figure 4. Time dependence (left) of the applied voltage (ranging from
—2 to +2 V) and consequent current (right) measured in the PUND
mode.

At the beginning, the system uses a negative writing pulse to
polarize the film. After that, a positive pulse V1 is applied to the
film, and a current will be produced as a result of leakage and
domain flipping. Then, another positive pulse V2 is applied, and
a current will be produced but only as a result of leakage.
Therefore, the integrity of the current difference produced
between up—up or down—down processes is in accordance
with 3 times the remanent polarization, 2P,. This also applies to
the down—down process. A V3 pulse will switch the FE
domains to the opposite direction, and V4 just measures the
leakage current contribution. In Figure 4, a clear difference in
the current between I1 and I2 or between I3 and I4 can be
observed (because the pure leakage current peak is lower and
narrower than that when it is combined with the switching
current), indicating that polarization in the P—E loop is real.
The real current contribution from FE switching is reduced to
half, however, meaning that the remanent polarization is about
0.04 uC/cm® This value is very close to that found in
orthorhombic HoMnO5,***” in which Mn** spins are in E-type
AFM ordering. To some extent, considering the different
magnetic states involved in the orthorhombic HoMnO; and the
orthorhombic SFO, this similarity suggests that the mechanism
in the orthorhombic bulk SFO may not apply to the SFO thin
film.

The PFM image presented in Figure 5 shows the presence of
FE domains, which are mainly dominated by two types with
opposite vectors. This means that the domain walls in this film
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Figure S. Nanoscale FE domain structure characterized by PFM: (a) phase image; (b) morphology. (c) PFM lithography pattern. Inset: preset
pattern. (d) Amplitude distribution along the red line across the lithography pattern in part c.

7359

dx.doi.org/10.1021/am500762c | ACS Appl. Mater. Interfaces 2014, 6, 7356—7362



ACS Applied Materials & Interfaces

Research Article

(a) 200107 —FC (b) 1.0x10%F experiment -
= 15x10°f ﬁ f] goxio’p ~ ~ fitting

iE"/ = 0001) 1 100K perien % 6.0x10"}

g Lox10° é 0.000 ,.i S ;

g P £ o001 w“*wwplm 2 4.0x10°F intercept: 2.42
= 5.0x10° 10000 010000 2.0x10}

Field (O¢)
0.0~

Temperature (K)

0 50 100 150 200 250 300

200 250 300

Temperature (K)

0.0 .
100 150

Figure 6. (a) Temperature dependence of a magnetic moment from 10 to 300 K and a magnetic hysteresis loop measured at 100 K (inset). (b) AFM
interaction of a Fe*" sublattice confirmed by Curie—Weiss law fitting with a temperature range from 100 to 300 K.

are mostly 180° domain walls. Meanwhile, information on the
surface morphology was also obtained, and the results show an
average roughness of about 1.8 nm, indicative of a good quality
film. Upon comparison of the morphology with the phase
pattern, it is not difficult to see that there is more than one
domain in some single grains. The average domain size is
around 0.1 ym, much smaller than the domain size in the
BiFeO; film.*® One important characteristic of the ferroelec-
tricity is that the FE domains can be controlled and reversed by
an external electric field, the so-called “write”. To do it, we
carried out PFM lithography on the SFO film. A square-in-
square pattern is obtained, as shown in Figure Sc, in which the
inset is the preset pattern. The amplitude distribution along the
red line across the pattern is presented in Figure Sd. It is clear
that these two cubic boxes show opposite amplitude values,
suggesting that they are truly two types of domains with
opposite polarization directions.

To investigate the magnetic properties of this “pseudocubic”
SFO film, we carried out measurements using a magnetic
properties measurement system. The field-cooling temperature
dependence of the magnetic moment was measured from 10 to
300 K, as shown in Figure 6a. A sharp FM-like transition can be
found around 185 K. The FM behavior can be confirmed by the
magnetic hysteresis loop at 100 K. Curie—Weiss law fitting
gives a positive intercept, which corresponds to a negative
Curie—Weiss temperature, indicating an AFM interaction
starting below 240 K> as can been seen in Figure 6b.
Hence, the FM-like behavior should originate from a canted
AFM ordering. This is quite different from what happens in
bulk SFO, in which a spin-reorientation transition, from a
canted AFM ordering to a collinear AFM ordering, takes place
around 433 K. Such a big change may be attributed to Fe®* spin
frustration, which weakens the interaction between Fe®* ions
compared with that in the orthorhombic lattice. The stress-
induced distortion on the interface and boundaries should be
responsible for the significant change in the magnetic
properties. This result indicates that the ferroelectricity in the
SFO at room temperature may not arise from the magnetic
exchange striction interaction but from structural distortion.

Bulk SFO has been reported to show spin-driven FE
polarization at room temperature based on experimental
measurements; however, the theoretical calculations deny
such a possibility. Therefore, the multiferroic property in
SFO is still controversial. Our SFO thin film, however, shows
strong structural distortion at both the film/substrate interface
and grain boundaries. Such structural distortion will cause
reconstruction of the crystal lattice and rearrangement of the
spin, and thus electrical polarization, driven by both displace-
ment of the ions and spin. When a distorted structure of SFO
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was adopted at the film/substrate interface, the different
magnetic states were calculated based on first-principles
calculations in the framework of density functional theory
(DFT), and the results are presented in Table 1. The energies

Table 1. Calculated Total Energies of the Distorted SFO
System with Different Magnetic Structures”

G-type  A-type  C-type AP [100]
energy  AFM AFM AFM FM PM (uC/cm?)
U= 0 1.09 0739 3.599 5.045 15.32

0
U= 0 1.66 0723 5372 12274 15.31
2

“The Hubbard U values of 0 and 2 were considered in the calculation
and compared. The FE polarization was calculated for G-type AFM.
bTotal energy (relative to the G-type AFM state in electronvolts/
formula unit).

of those magnetic states were compared with G-type AFM
ordering of iron for both Hubbard U = 0 and 2, which shows
that G-type AFM is the most stable state in comparison to A-
type AFM, C-type AFM, FM, and paramagnetic (PM) states.
The polarization is calculated as ~15.3 uC/cm?® for both U
values. The value of U does not show any significant effect on
the magnetic state and polarization. Although the calculated
polarization value is much larger than the measured value, this
result indicates that the observed polarization might be caused
by structural distortion at the film/substrate interface. The
discrepancy might be caused by relaxation of the distorted SFO
film structure to a bulk one in a relatively thick film, which has
been confirmed in HRTEM images. In addition, G-type AFM
easily forms a canted magnetic structure®** and causes the
appearance of net moment and spin-driven polarization
induced by the exchange striction interaction. Although we
cannot distinguish the two contributions to the polarization,
ie., ionic-displacement-driven polarization and spin-driven
polarization, studying the possibility for the existence of large
magnetoelectric coupling will be the aim of the next step in our
research program.

Finally, we compare the calculated electron density isosurface
with the value of 0.45 for undistorted and distorted SFO
systems obtained from DFT calculations, which is shown in
Figure 7. The electron density contour is known to be an
informative tool to distingush different bonding interactions in
solids. It is obversious that, in the distorted system, the electron
density between oxygen and iron is strong enough to form a
three-dimensional network, indicating a strong asymmetric
covalent bonding interaction, while in the undistorted sytstem,
the electron density between oxygen and iron is weak. For both
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Figure 7. Calculated electron density isosurface with a value of 0.4S for undistorted (a) and distorted (b) SFO systems.

distorted and undistorted SFO, it is hard to see any bonding
between samarium and oxygen ions. Therefore, the observed
and calculated polarization has nothing obvious to do with the
bonding between oxygen and samarium. In typical FE materials,
like BaTiO3, the asymmetric covalent bonding between Ti 3d
and O 2p orbitals is the driving force for the structure
distortion and thus for the appearance of the dipole.*
However, in a strained SFO film, structural distortion is a
result of the substrate clamping effect, which works as a driving
force for formation of the dipole in the materials, and Fe 3d and
O 2p orbital hybridization is a result of structural distortion.
Therefore, the strong asymmetric covalent bonding is related to
the observed polarization in the distorted SFO thin film but not
a reason for the appearance of polarization.

Bl CONCLUSIONS

In summary, the structure and FE and magnetic properties were
studied in an epitaxial pseudocubic SFO on a STO:Nb
substrate. Clear structural distortion can be identified on the
[010]4-grown film/substrate interface, as well as boundaries of
[010], and a small fraction of [101], grains. A strong FM-like
transition is observed around 185 K, which is likely to be due to
canted AFM ordering. The PFM images clarify the existence of
ferroelectricity and the switchable domain structure. There is
also a saturating hysteresis loop in the FE measurements, and
the loops are very stable, even after 10° cycles. The PUND
method was used to determine the intrinsic FE polarization,
and the remanent polarization is about 0.04 #C/cm?, which is
comparable to that in orthorhombic HoMnO;. The structural
distortion in this system is probably responsible for the
significant change in the magnetic properties and the small
polarization as well. The theoretical calculations of the highly
distorted SFO structure have theoretically confirmed the
existence of the ferroelectic polarization and net magnetic
moment in the thin-film form of SFO.
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