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Abstract Samarium substituted lanthanum orthoferrite
La.sSm.sFeO; thin film has been prepared by soft chemi-
cal method. A single perovskite phase with orthorhombic
crystallographic structure was attained. Magnetic and fer-
roelectric orderings of the film is observed at room temper-
ature (RT). The magnetization of the sample measured at
room temperature increases non-linearly with the increase
of magnetic field, which suggests the presence of dipole—
dipole/exchange interaction in the sample. The resistivity
measured in the temperature range 25-375 °C showed that
the film is a semiconducting material with low resistivity.
The Cole—Cole model reveals different grain boundaries
electrical resistance caused by the equilibrium concentra-
tion of oxygen vacancies in orthoferrite and that the addi-
tion of samarium results in loss of oxygen during sinter-
ing. The ferroelectric behaviour of Laj.sSm,.sFeO; at RT
is also confirmed by its capacitance—voltage (C-V) charac-
teristic suggesting a weak ferroelectric behaviour at room
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temperature. The variation of dielectric constant as a func-
tion of frequency predicts the presence of spontaneous
polarization in the sample. The semiconductor electrical
behavior of the La.;Sm,.sFeO; is mainly composed of tun-
neling current.

1 Introduction

Most of the ferroelectrics and multiferroic materials are the
oxide perovskites with general stoichiometry ABO;, which
normally applies to the mineral CaTiO;. In the materials
with perovskite structure, the small cations ‘B’ are at the
centre of an octahedron of oxygen anions and the large cati-
ons ‘A’ are at the unit cell corners [1, 2]. The high value
of the local internal electric field produces the spontaneous
polarization leading to the on-set of ferroelectric order-
ing and the angles between the connecting lines made by
cation B oxygen cation B are nearly 180, which induces
superexchange interaction leading to the on-set of magnetic
ordering in the same system. Many compounds having the
structure similar to ABO; crystallize with the orthorhom-
bic distortion in the perovskite structure and LaFeO; (LFO)
is the prototype of this series [1]. The crystal structures of
these materials are derived from the standard cubic struc-
ture through the distortion of the BO, octahedral [3]. The
perovskites are of particular interest for their relatively
simple crystal structure with many diverse properties viz.,
magnetic, piezoelectric, optical, catalytic and dielectric.
In our recent work [4], we have shown that LFO exhibited
p-type conduction (i.e., the holes were the dominant charge
carriers). But the room temperature magnetization of this
material is not high enough. To overcome this limitation,
we have prepared thin films of La,sSm,sFeO; on plati-
num coated silicon substrates. Magnetization of the film
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has been measured and has been considerably enhanced
in the LajsSm,sFeO;. Electric and dielectric properties
have been investigated which indicates that the present
sample is ferroelectric. Interestingly, the antiferromagnetic
insulator (LFO) becomes a semiconducting material with
substantially enhanced magnetic properties after the 50%
replacements of La by Sm ion. High-quality nanocrystal-
line rare earth orthoferrites, especially LnFeO; (Ln=a
lanthanide element), have drawn much attention because
of their unique physical and chemical properties for vari-
ous applications [5]. Most ferroelectrics and multiferroic
materials are oxide perovskites with a general stoichiom-
etry ABO;. In perovskite structured materials, the small
cations (B) are at the centre of an octahedron of oxygen
anions and the large cations (A) are at the unit cell corners.
The high local internal electric field produces spontaneous
polarization, leading to the onset of ferroelectric order-
ing. Further, the cation B-oxygen-cation-B angle is nearly
180°, which induces superexchange interaction, leading to
the onset of magnetic ordering in the same system. Many
compounds with the ABO; stoichiometry crystallize with
an orthorhombic distortion in the perovskite structure and
LFO is a prototype of this series. The crystal structures of
these materials are derived from the standard cubic struc-
ture by the distortion of the BO4 octahedral. These perovs-
kites are of particular interest because of their relatively
simple crystal structure in combination with excellent mag-
netic, piezoelectric, optical, catalytic, and dielectric proper-
ties [6].

LaFeO; is a perovskite oxide [7, 8], which has been
extensively studied because of its potential applicability in
gas sensors, electrodes of solid-state fuel cells, spin valves,
and other exchange bias applications in magnetic memory,
or for oxygen sensing [4, 7-15]. LFO with antiferromag-
netic characteristics [9, 10] crystallizes in an orthorhombi-
cally distorted perovskite structure with lattice parameters
a=5.557 A, b=5.5652 A, and ¢ =7.8542 A [14]. The Néel
temperatures of thin film and bulk LFO are as high as 670
and 740 K, respectively [10]. The antiferromagnetism and
an extremely high ordering temperature (Ty) of LFO are
very promising for its application in the storage industry,
spin valves, exchange bias applications, and heterostruc-
tures of magnetic/magnetic and magnetic/electric films
[11]. In this work, we have used a solution-based method
widely used to prepare thin oxide films for the preparation
of LaysSmgsFeO; thin films. Solution-based preparation
methodologies involve either sol—gel processing or decom-
position of organometallics. Various types of sol-gel pro-
cessing include colloidal sol-gel processing, synthesizing
inorganic polymeric gels from organometallic compounds,
and formation of an organic polymeric complex which orig-
inates the polymeric precursor method (PPM). PPM can
involve [16-18] in situ polymerization of organometallic

@ Springer

monomers or the preparation of a viscous solution contain-
ing metal ions, polymers, and a solvent. This viscous solu-
tion can be easily converted into a thermoplastic gel at high
polymer concentrations. In situ PPM has been used exten-
sively to obtain ceramic powders with small particles and a
single phase [19].

This method was originally developed by Pechini [20]
and is based on the chelation of a metallic cation by a car-
boxylic acid (such as citric acid) and further polymeriza-
tion, which is promoted by the addition of ethylene glycol,
leading to polyesterification. To obtain crack-free films,
process parameters, including solution viscosity and ionic
concentration, substrate-film adhesion, heating conditions,
preparation atmosphere, substrate, and withdrawal speed
need optimization. Differences between the thermal expan-
sion coefficients of the film and the substrate also influence
PPM [21, 22]. In this work, a single-phase film is prepared
by the soft chemical method and its structural, dielectric,
magnetic and multiferroic properties are investigated. Sm>*
ion is chosen a new candidate for the improvement of the
multiferroic behaviour of LFO: (i) the enhancement of the
magnetization and (ii) the increment of the dielectrical
properties by increasing the value of the dielectric constant
and decreasing the dielectric loss. To the best of our knowl-
edge, no report on the structure, magnetic and dielectric
properties and/or the multiferroic properties of samarium
substituted LFO is found in the literature.

2 Experimental procedure

The LaysSm,.sFeO; (LFO:Sm) thin film were prepared
by the PPM, as described elsewhere [23]. The precur-
sor solutions of lanthanum and iron were prepared by
adding and stirring the raw materials (La,O; -J.T.Baker
99.5%, FeC¢Hs;0,-(NH,),H CgHs0,)—Vetec 99.9%,
CcH3O0,-H,0—Merck  99.5%, HNO;—Merck 99.5%,
C,HqO,—Aldrich 99.5%. Sm,05 (99.9% purity, Aldrich)
in to ethylene glycol and concentrated aqueous citric acid
under heating. Appropriate quantities of the solutions of La
and Fe were mixed and homogenized by stirring at 90 °C.
The molar ratio of metal: citric acid: ethylene glycol was
1:4:16. The viscosity of the resulting solution was set to
20 cP by adjusting the water content using a Brookfield
viscometer. The films were spin-coated from the deposi-
tion solution onto a Pt (111)/Ti/SiO,/Si substrate. The
typical Platinum coated Silicon wafers have the following
characteristics. (100) orientated Si substrate with a size
of 100 mmx~500 u thick has a SiO, 0.5 p deposited on
both sides of wafer and TiO, 400+ 50 A (Polished side)
and Pt1500+ 100 A (Polished side) (Typical Pt resistivity:
15 p Ohm-cm). Figure 1 illustrates the schematic repre-
sentation of the substrate-film-top-electrode. The LFO:Sm
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Au electrodes

LFTO Film

Fig.1 Schematic representation of the substrate-film-top-electrode
employed in this work

films completely crystallized after annealing for 2 h at
500°C. Multilayered films were obtained by spin-coating
the deposition solution 10X on the surface of the substrate
at 5000 rpm. The films were annealed at 300°C for 1 h at a
heating rate of 3 °C/min in a conventional furnace and later
crystallized at 500 °C for 2 h in static air environment. The
number of layers was set as a function of the desired thick-
ness to achieve the desired electrical properties. The films
were analyzed by X-ray diffraction (XRD) at room tem-
perature (using a Rigaku-DMax 2000PC diffractometer)
with Cu-Ka radiation in the 20 range 20°-60° at 0.3 °/min.
The crystallite size (d) of the films was calculated using the
Scherrer equation d=kA/p cos 0, where k is a constant, A is
the X- ray wavelength, and f is the full width at half maxi-
mum (FWHM) of the maximum reflection measured from
a slow scan, and 0 is the diffraction angle of the main peak.
The thickness of the annealed films was measured using
scanning electron microscopy (SEM, Topcom SM-300) by
imaging the transverse section using backscattered elec-
trons. Three measurements were acquired to obtain the
average thickness, which was ~260 nm. The microstruc-
tural characterization of the films was carried out using
transmission electron microscopy (TEM, Philips CM-20).
For the TEM study the electron-transparent thin foils were
prepared by mechanical thinning of the sintered samples
followed by ion milling using argon ions at 3.5 kV which
are inserted onto 300 mesh Cu grids. The surface morphol-
ogy of the thin films was characterized by atomic force
microscopy (AFM) in the tapping mode (Nanoscope Illa-
Bruker). For electrical measurements, a top Au electrode
(0.5 mm in diameter) was sputtered through a shadow mask
at room temperature. After the deposition of the top elec-
trode, the film was annealed in a tube furnace under oxy-
gen at 300 °C for 1 h to decrease the oxygen vacancies. The
electrical properties of the capacitor (Au/LFO:Sm/Pt/Ti/
Si0,/Si) were measured on a Radiant Technology RT6000
A tester equipped with a micrometer probe station in a
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Fig. 2 X-ray diffraction patterns of the LFO:Sm thin films deposited
on Pt/Ti/SiO,/Si(100) substrates annealed at 500 °C for 2 h

virtual ground mode at 60 Hz. The dielectric properties of
the capacitor were measured with an HP4192A impedance/
gain phase analyzer under zero bias at room temperature as
a function of frequency in the range from 1 kHz to 1 MHz.
The capacitance—voltage characteristic was measured in
the metal-ferroelectric-metal (MFM) configuration using a
small AC signal of 10 mV at 100 kHz. The AC signal was
applied across the sample, while the DC was swept from
positive to negative bias. Ferroelectricity was investigated
using a Sawyer—Tower circuit attached to a computer con-
trolled standardized ferroelectric test system (Radiant Tech-
nology 6000 A). Also, impedance measurements were per-
formed with a frequency response analyser (HP 4192) with
amplitude of 100 mV. The resistivity measurements were
carried out from 150 to 300°C by four probe technique
PC-controlled four-probe direct current (DC). The mag-
netization measurements were carried out using a vibrat-
ing sample magnetometer (VSM, Quantum Design'"). The
electrical current density J) measurements were obtained
in air using a PC-controlled four-probe direct current (DC)
equipment. The thermopower was evaluated using K-ther-
mocouples (which measured the applied temperature gradi-
ent) and platinum electrodes (which measured the resulting
voltages).

3 Results and discussion
Figure 2 shows the XRD pattern of the LFO:Sm thin films
deposited on Pt/Ti/Si0,/Si(100) substrates annealed at

500°C for 2 h. The film is fully crystallized since intense
peaks are evident. Furthermore, with the exception of the Pt
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(111) peaks, peaks corresponding to impurity phases, such
as FeO and Fe,0;, were absent, indicating that single phase
films were obtained by the chemical preparation used here.
In addition, thermodynamically stable garnet (Ln;FesO,,)
phases were absent in the XRD patterns, confirming the
high purity of the products. This suggests that the annealing
temperature can eliminate compositional fluctuations and
the conversion of Fe** to Fe**, which influence the appear-
ance of secondary phases. The most intense peak (100%) of
LFO:Sm is observed at 20=46.4° for (004) plane with pre-
ferred orientation as a consequence of favorable matching
of the atomic arrangements in LFO:Sm, and the underlying
Pt planes. The diffraction peaks reveal a single perovskite
phase with orthorhombic crystallographic structure match-
ing with the indexed database (JCPDS file No. 74-2203)
with lattice parameters (calculated from the XRD patterns)
a=0.535 + 0.006 nm, »=0.734 + 0.002 nm, and ¢=0.512
+ 0.008 nm.

To confirm the thickness and surface morphology, sur-
face and cross section FEG-SEM and TEM were carried
out. Figure 3a shows that the film was composed of uni-
form fine grains, several tens of nm in dimensions. Dis-
tinct grain boundaries were absent, which may be related
with the low leakage current density because the opening
of grain boundaries is suggested to lead to an increase of
such parameter (Fig. 3a). Low annealing temperatures may
also contribute to the low leakage current density because
annealing at high temperatures can produce many defects,
which can result in high leakage. TEM analyses observa-
tion shows the formation of dense, uniform film. TEM
clearly demonstrated the polycrystallinity of the grains in
the plane of the films. The grains were uniformly shaped
and the grain size estimated from the dark-field images
was about 70 nm, Fig. 3a. Small pores (less than 10 nm
in size) were present within the grains and along the grain
boundaries. The small grains suggest suppression of oxy-
gen vacancy concentration, which results in slower oxy-
gen ion motion and consequently, lower grain growth rate.
However, the grain boundaries were clearly distinguish-
able. Hence, the smaller grain size obtained can result from
low crystallization temperatures because of the differences
in the chemical bond strength between the Fe-O, La-O
and Sm—O atoms. Further, the electron diffraction pat-
terns indicated strong randomness in the atomic positions,
as previously observed in the XRD results. Field emission
scanning electron microscopy (FEG-SEM) image is also
shown (Fig. 3b). Grains of about 35-45 nm are observed,
which are similar in size to those reported from X-ray and
FEG-SEM investigations (~47 nm). The method is suit-
able for the production of films up to ~700 nm thickness.
An increase of the film thickness above 700 nm can cause
cracking at the following thermal treatment. Preparation
of thicker films requires a more complicated deposition
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Fig. 3 a Transmission electron micrograph, b field emission scan-
ning electron microscopy (FEG-SEM) and ¢ cross section scanning
electron microscopy images of the LFO:Sm thin films deposited on
Pt/Ti/Si0,/Si(100) substrates annealed at 500 °C for 2 h
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procedure. Moreover, the surface was compact and smooth
and Fig. 3c indicates the film thickness to be about 256 nm.
Figure 4 depicts the surface morphology of the LFO:Sm
films deposited on platinum coated silicon substrate. As
show, the film surface has a homogeneous surface, with a
rms surface roughness of 2.62 nm. Additionally, a uniform
distribution of the flat surface was clearly observed, imply-
ing that the film grew by 2D nucleation process. Hence,
the PPM allows for the preparation of LFO:Sm films with
controlled morphology. The average grain size of 45 nm
was measured. The PPM used in this study was found to be
effective in improving the surface morphology of the film
because the precursor film underwent optimized nucleation
and growth process, resulting in films with a homogeneous
and dense microstructure. In addition, the homogeneous
microstructure of such films allowed for the application of
a uniform voltage, which significantly affected the meas-
ured electrical properties can be applied uniformly onto it.
The dielectric permittivity and the dissipation factor
of the films are presented in Fig. 5a. The dielectric meas-
urements were carried out at room temperature as a func-
tion of frequency and the respective values were deter-
mined at 1 MHz by applying a small ac signal of 50 mV
amplitude. The amplitude of applied signal was kept low
to minimize the domain contribution so that the dielectric
constant obtained does not regard polarization state in the
material. As it can be seen, the film possess small dielec-
tric dispersion at low frequency since at which the dielec-
tric constants decrease slightly with the frequency. It means
that the films has good interface between the LFO:Sm film
and Pt bottom electrode. As shown, the dielectric constant
shows very little dispersion with frequency indicating that
our films possess low defect concentrations at the inter-
face film-substrate. The low dispersion of the dielectric

Fig. 4 Atomic force micros-
copy images of the LFO:Sm
thin films deposited on Pt/
Ti/Si0,/Si(100) substrates
annealed at 500 °C for 2 h
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constant and the absence of any relaxation peak in tan &
indicate that both, interfacial polarization of the Maxwell
Wagner type and a polarization produced by the electrode
barrier can be neglected in the film. The dielectric con-
stant and dissipation factor, at 1 MHz, were found to be
358 and 0.036, respectively. The LFO:Sm film had higher
relative dielectric permittivity when compared with those
previously reported films [4]. The observed behaviour of
dielectric permittivity may be associated with significant
effect on the overall microstructure of the system [24] and
due to the ability to switch the electric dipoles with the
frequency of the applied field. Figure 5b shows the leak-
age current density as a function of the voltage measured
at room temperature. The curve was recorded with a volt-
age step width of 0.1 V and elapsed time of 1.0 s for each
voltage. The measured logarithmic current density (log J)
versus the voltage (V) is symmetric and shows two clearly
different regions. The lower leakage current density of the
LFO:Sm film may be attributed to the reduced number of
electrons injected from the cathode at a rate faster than they
can travel through the film. A low voltage was applied to
overcome the larger repulsion forces caused by an increase
in the amount of non-neutralized charges in the traps of the
film. Since the conductivity is strongly affected by the char-
acteristics of the film-electrode interface, the lower leakage
current observed here may be probably attributed to differ-
ences in grain size, density, and lower stress in the plane
of the film because of differences in the antiferromagnetic
material and the interface. The current density increased
linearly with the external voltage at low applied voltage,
suggesting ohmic conduction. At higher field strengths, the
current density increased exponentially, implying that at
least a part of the conductivity originated from the Schottky
or Poole-Frenkel mechanism. The leakage current density
of the LFO:Sm films at 5.0 V was 10~/ A cm™.

It well known that currents in this materials depends on
the barrier height and the depletion layer. By solving the
Poisson’s equation under the ‘depletion approximation’, or
resorting to the Gauss theorem, the maximum grain-bound-
ary barrier height for a spherical grain is given by

gNpR?
= 1)
where R is radius of the grain and N, is the donor density.
Based on reported experiments, for typical oxides semicon-
ductors, Schottky barrier heights are around 1 eV and the
donor density is in the order of 10* m=3 [25, 26).

With these values, the critical grain size (diameter)
for which the grains are completely depleted is ~110 nm.
For LFO:Sm film, we will focus in studying if grains pre-
sented an overlapping of the depletion regions (with grains
completely depleted). If so, the capacitances would be
very small and the complex impedance analysis becomes

Vs
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with no sense. Then, in what follows we will focus in
calculate the Schottky barrier heights and the donor den-
sity. Particularly, in our case, using the value of permit-
tivity, we can estimate that complete depletion occurs for
N;<7x10% m=.

In order to study the electrical dependence with tem-
perature, Impedance Spectroscopy (IS) measurements dur-
ing cooling (from 200 to 150°C) process were carried
out (Fig. 6a). It is known that the electrical behavior of the
semiconductors oxides films was analyzed using impedance
plots in which the impedance Z is shown in a complex plane
with the reactance, imaginary part of Z, plotted against the
resistance, real part of Z [25]. The resulting circular forms
suggest a parallel RC equivalent circuit. Figure 6b shows
the equivalent circuit generally used to describe the imped-
ance of polycrystalline semiconductors [27]. The proposed
model consider the electrode, grain boundary, traps, and bulk
equivalent elements. Deep bulk traps are represented with the
incorporation of a R, element in series with a typical CPE
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Fig. 6 a Cole—Cole plot of complex-impedance diagram in the tem-
perature range 150-200°C and b equivalent circuit of the LFO:Sm
thin films deposited on Pt/Ti/SiO,/Si(100) substrates annealed at
500°C for 2 h film with temperature
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circuit element. The capacitance C,, and the resistance Ry,
are associated with the intergrains and R, with the bulk. The
impedance of a resistance R, in parallel with a capacitance C
is given by.
1
8bjwC

Zy, = P 2

0 ¥ jac
that can be expressed as

R, — joR,*C

Z., =
" 14+ R, C?

8

3

From this equation the real part, Z,,', and the imaginary
part, Z,,", can be easily extracted and they are connected as

Zgb,2 + Zgb”2 = Rgbng/ (4‘)

Equation (4) can be written as

(Zgb, - Rgb/2)2 + Zgb”z = (Rgb/2)2 (5)

This is a circumference of radius R,,/2 centered at R/2.
The addition of a series resistance R), only shifts the result-
ing circle. Thus, R, and Ry, are derived from the low- and
high-frequency resistance, respectively, and the capacity can
be found from the maximum value of the reactance.

The results illustrated in Fig. 6a reveal that the semi-cir-
cumferences become smaller as a function of temperature
which indicates that R, is a monotonically decreasing func-
tion of temperature, effect that is expected since current trans-
port mechanisms in semiconductor oxides are all temperature
dependent. Also, the electrical behavior of the film at low
frequencies can be better described with the electrical model
shown in Fig. 6b, where, for the sake of simplicity, R, is
neglected. In this circuit, the resistance R, and the capacitance
C, mimic the effect of deep traps. For the proposed equivalent
circuit, Fig. 6b, the total conductivity (G,) and total capaci-
tance (Cp) can be expressed as follows:

_ 1 2 T
G, = IE + C,o TS o2 (6)
and
c =C C !
=S O e 2

where, 7 = C,R, is the mean lifetime of the traps.

Based on the model of Fig. 6a, R, and C,, can be deter-
mined from the conductance and capacitance values in the
limits of very low and very high frequencies, respectively, i.e.

1

Go w—0 = 5

ot 00 R, 8)
and

Ctotlw—»oo = Cgb (9)

Here, C,, was measured at frequencies above 100 kHz
and R,;, between 1 and 1072 Hz (or also can be determinate
using a DC multimeter).

The grain boundary capacitance can be also expressed
as

1 2¢n? 172
— o = 10
Cgb <q£OErNdS2 > (10)

where A and k are the Richardson and Boltzmann con-
stants, respectively, T the absolute temperature, n the aver-
age number of grains across the specimen thickness, g the
electron charge, g, the vacuum permittivity, e, the relative
permittivity of the metal oxide and S is the area of the elec-
trodes [28].

Figure 7a presents the total electrical capacitance
dependence with frequency for different temperatures.
This result was extracted from the results shown in Fig. 6a.
The capacitance is not very affected by temperature in
this range which are consistent with previously reported
results in polycrystalline semiconductors [29]. As it was
predicted for Eq. 9, for future calculations, we will used
the C,,;, obtained at high frequencies values. In Fig. 7b, the
total parallel resistance (Rp) for different temperatures as
frequency function is shown. A great electrical resistance
dependence with frequency can be observed for all tem-
peratures. This phenomenon was previously explained by
Ponce et at [27]. From Fig. 7b we will focus in obtaining
the Ry, resistance that corresponds to the Rp value when
frequencies tend to zero (Eq. 8). The possible origin of
different resistivities of grains can be caused by the equi-
librium concentration of oxygen vacancies in ABO; type
perovskites and addition of samarium which results in loss
of oxygen during sintering. This loss can be written in the
Kroger-Vink notation as follows:

O0p=1/20,+V'g+2¢".

The electrons released in the above reaction may be cap-
tured by Fe’* leading to the formation of Fe?*. This leads
to hopping of electrons among the two different valence
states, which increases conductivity of the grains. Dur-
ing cooling down period after sintering, the reverse reac-
tion occurs. However due to insufficient time available
during cooling, the reoxidation occurs preferentially at
grain boundaries only. Thus, grain boundaries regain their
insulating character, while the grains remain more or less
semiconducting. The grain boundaries thus act as barriers
against the hopping electrons, which pile up against them
leading to space charge polarization. A similar space charge
polarization occurs at the electrode-grain interface. These
space charge polarization processes are responsible for the
extremely large value of dielectric permittivity at very low
and medium frequencies. However, at high frequencies the
space charge polarizations are not able to contribute.
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Fig. 7 a Total electrical capacitance and b total parallel resistance
dependence with frequency for different temperatures of the LFO:Sm
thin films deposited on Pt/Ti/SiO,/Si(100) substrates annealed at
500°C for 2 h film with temperature

From IS studies we deduce that the grain boundary resist-
ance (Rgb) decreases as a function of temperature in the
range between 150 and 200°C. In order to study the elec-
trical behavior versus temperature, further measurements
were realized from 150 to 300°C using four points method.
In Fig. 8a the total current density is plotted as a function of
temperature. The total current density over and through a bar-
rier can be calculated as:

v,
J= % / F(E)P(E)AE + AT? exp ( — edp/kT) an
0
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Fig. 8 a Arrhenius curve and b tunneling and thermionic behaviors
for the LFO:Sm thin films deposited on Pt/Ti/SiO,/Si(100) substrates
annealed at 500 °C for 2 h film with temperature

The first term corresponds to the tunnelling current
and the second to the thermionic current, A and k are the
Richardson and Boltzmann constants, and f(E) is the
Fermi—Dirac distribution. P(E), the transmission probabil-
ity for a reverse-biased Schottky barrier (which is the limit-
ing step, as was explained by Castro et al. [16]), is given by

P(E) =

4V, <m8> » 1-pn

exp — — Infl - ———

gh \ N, ﬁl h

(12)

where m is the electron effective mass, ¢ the electrical per-

mittivity (¢,_356 for our film [Fig. 4a]), & the Planck con-
stant and B is E/¢ ..
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The experimental current density (J,,,) can be obtained
from the grain boundary resistance (Fig. 8(a)) with the fol-
lowing relationship:

J= V/SRgb(f—m) (13)

where V is the applied voltage during impedance spectros-
copy measurements, S the block area (6.5x 107> m?) and
R, the grain boundary resistance measured at low frequen-
cies (f—0). Then, a pair of N, and ¢ values was used for
fitting experimental values with Eqs. 10—13. The first term
corresponds to the thermionic contribution while the second
term to the tunneling contribution. F(E) is the Fermi—Dirac
distribution, P(E) is the transmission probability that can
be calculated by means of the Wentzel-Kramer-Brilloin
(WKB) approximation, and ¢ the difference between the
bottom of the conduction band and the Fermi level. The
filled line in Fig. 8a shows the fitting using only thermionic
conduction and dot line using thermionic plus tunneling
conduction Eq. (11). As we mentioned, for the sake of sim-
plicity, we adopted a simple single parabolic Schottky bar-
rier with singly ionized donors and with the obtained Nd
value, the tunneling conduction cannot be neglected in this
material. Interestingly, the tunneling current is dominant
along the whole temperature range measured and presents a
characteristic concavity as a function of 1/T as experiments
show (Fig. 8a, b). Then, assuming an Arrhenius relation
with tunneling currents incorporation the effective activa-
tion energy could be determined to be E;=0.88 eV. It was
observed that electrical resistance of the sample exponen-
tially decreases with the rise of temperature which estab-
lished that the present sample is a semiconducting type
of material. Thus, the antiferromagnetic insulator (LFO)
is converted into a semiconductor after the substitution of
Sm in LFO. The calculated value of the mobility activa-
tion energy of the LFO:Sm film could be also provided in
Fig. 8a. The presence of two linear regions with different
slopes in the Arrhenius plot could suggest that the activa-
tion energy for low temperatures is influenced by the more
resistive grain boundary (Ryp) than the grain itself (R;) and
as the higher the grain the more conductive is the film. In
the temperature range studied no changes in the grain size
or Nd (dopant concentration can occur). We suggest that
the increasing of Nd concentration, promoted by Sm addi-
tion, play a crucial role in the tunneling conduction mecha-
nism of orthofferites. The film exhibited a mobility activa-
tion energy of 1.06 and 0.44 eV, which was much higher
than the value (of 0.20 eV) reported by Sarma et al. [30]
for nanostructured LFO thin films prepared by solid state
reaction. It is largely accepted in the literature [31-33] that
the charge transfer occurs via the M—O-M bonds due to
the exchange of the electronic state of the transition metal
between M** and M*3. It is worth noting that the transi-
tion metal (M) in LaMO; perovskites is present in the M3

oxidation state. The increase in p with T demonstrated the
semiconducting nature of the LFO films, while the linearity
between log (p) and 1000/T indicated that the mobility was
thermally activated, as expected for small polaron hopping.
Therefore, the conduction occurred by thermally activated
jumping of holes from M** to nearby M>* via the interme-
diate oxide ions. It has also been reported [34] that the suc-
cessive jump of the hole along the (M**—0?"-M>*) chain
is slightly influenced by the Coulomb repulsion interaction
because of the presence of La’*.

Magnetization (M) versus field (H) loops were recorded
at 27°C (Fig. 9). The magnetization of the film was
observed with a remnant magnetization of 7.7 emu g~ .
Thus, the magnetization of film has been substantially
enhanced which can be attributed to the modified antifer-
romagnetic (AFM) interaction due to samarium substituted
orthoferrites. The spins of Fe** ions are aligned antiferro-
magnetically through a strong superexchange interaction
as the angle Fe**—~0% —Fe* is 180°. In LFO:Sm, Fe** ions
have a distorted octahedral local environment and the dis-
tortion causes a tilting of the octahedron from the direction
of c-axis. The angle of tilting depends on the ionic diameter
of the A-cation. Thus, any change of size normally modi-
fies the Fe>*—0>"—Fe* superexchange angle and when we
substituted Sm** in place of La**, the effective size of the
A-cation decreases as the ionic radius of Sm** (0.96 A)
is smaller than that of La3+(1.06 A). For this, superex-
change angle is changed and consequently, the strength of
the superexchange interaction is also modified, this would
lead to an enhancement of magnetization. In this study, the
magnetization of the LFO:Sm films non-linearly increased
with the applied magnetic field, which is typical of ferri/
ferromagnetic behavior where the magnetization slowly

Magnetization (emu/g)

—T 7T T T T T T T T T T T T T T T T T T T
-10000 -5000 0 5000 10000

Applied Magnetic Field (G)

Fig. 9 Field dependencies of the magnetization obtained for the
LFO:Sm thin films deposited on Pt/Ti/SiO,/Si(100) substrates
annealed at 500°C for 2 h
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approaches saturation. This behavior ruled out the presence
of any dominating paramagnetic particles in the sample.
The ferroelectric hysteresis loop observed at 50 Hz
of the sample is shown in Fig. 10a. The loop tracer can
observe the ferroelectric loop for sample having resist-
ance more than 200 kQ. The resistivity of the LFO:Sm
films is moderate behaving as a wide-gap semiconduc-
tor. For this it is possible to observe the ferroelectric loop
by the tracer with maximum value of applied electric
field (~5 kV cm™). At RT, the sample shows typical fer-
roelectric loop with the values of saturation polarization
(Ps), remnant polarization (Pr) and the electric coercivity
(Ec) are 2.55, 0.8504 pC cm~2 and 8.2 kV cm™!, respec-
tively. The observed loop clearly indicate the ferroelectric
ordering of dipole moment configuration due to spon-
taneous polarization of the sample. Thus it is established
that the present sample is in a state where both types of
electric and magnetic orderings are present. The ferro-
electric behaviour of our film at RT is also confirmed by

Pr (C/cm?)
N

E (KV/cm)

0,7

0,6 -

05 -

Capacitance (F)

0,2 -

o f———7—F——7——7—
0 8 6 -4 2 0

N
S
=]
©
-
o

Voltage (V)

(b)

Fig. 10 a P-E hysteresis loops and b C-V characteristics for the
LFO:Sm thin films deposited on Pt/Ti/SiO,/Si(100) substrates
annealed at 500°C for 2 h

@ Springer

its capacitance- voltage (C-V) characteristic as shown in
Fig. 10b. The ‘‘butterfly’’ nature of the C-V curve sug-
gests a weak ferroelectric behaviour at room temperature.
This nature is also observed for other multiferroic mate-
rial [35-38]. The capacitance dependence on the voltage is
strongly nonlinear, confirming the ferroelectric properties
of the film resulting from the domain switching. The lack
of symmetry in the maximum capacitance values around
the zero bias axes, indicating that the films contain few
movable ions or charge accumulation at the film-electrode
interface.

4 Conclusions

Pure perovskite Sm substituted LFO films were chemi-
cally synthesized by solution-based PPM. The non-linear
magnetization curve and the ac hysteresis loops reveal the
presence of dipole—dipole and/or exchange interaction in
the sample suggesting a possible magnetoelectric coupling
at room temperature. At room temperature the film shows
typical ferroelectric loop with the values of saturation
polarization (Ps), remnant polarization (Pr) and the electric
coercivity (Ec) are 2.55, 0.8504 pC cm™ and 8.2 kV cm™!,
respectively. A weak ferroelectric behaviour at room tem-
perature is noted from C-V curve suggesting a new mul-
tiferroic system. The thermal variation of the resistivity
shows that the sample is in a semiconducting state. The
possibility to determine the magnetoelectric coupling along
with the semiconducting behavior and enhanced magnetic
property of the Sm substituted LFO may be useful in vari-
ous applications. This finding is of particular importance to
spintronic devices relying on exchange-biased nanostruc-
tures, where the possibility of domain control in antiferro-
magnets could open up new opportunities.
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