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Abstract Pure orthorhombic phase of La;_,Sm,FeO;
(x=0, 0.1, 0.2, and 0.3) nanoparticles can be obtained by
sol—gel method after calcination at 800 °C for 3 h in air. X-
ray diffraction, scanning electron microscopy, transmission
electron microscopy, X-ray photoelectron spectroscopy,
Fourier transform infrared spectroscopy, X-ray absorption
near edge spectroscopy, ultraviolet-visible spectroscopy,
and vibrating sample magnetometry were used to study the
crystal structure, morphology, oxidation state, functional
group, optical, and magnetic properties of samples. Pure
orthorhombic phase of perovskite structure is confirmed by
X-ray diffraction results. Decreasing lattice parameters,
crystallite sizes, and cell volumes with increasing micro-
strains indicate structure distortion due to the substitution of
Sm ions with small ionic radius on the La sites in the
orthorhombic structure. Scanning electron microscopy and
transmission electron microscopy images show a homo-
geneous distribution of almost spherical nanoparticles with
decreasing average particle sizes ranging from 56.48 + 3.22
to 23.21 + 4.40 nm for samples of high Sm content. Fourier
transform infrared spectroscopy spectra confirm the Fe—-O
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stretching mode in octahedral FeOg unit of a perovskite
structure. X-ray photoelectron spectroscopy and X-ray
absorption near edge spectroscopy results indicate the oxi-
dation states +3 of La and Fe ions. The optical band gaps
are found to decrease from 2.218 to 1.880eV with
increasing Sm content. vibrating sample magnetometry
results show the antiferromagnetic behavior of undoped
sample and ferromagnetic behavior for doped samples,
affecting by structure distortion and particle size reduction.
Interestingly, the coercive field is significantly enhanced
from 95.07 Oe (x=0.1) to 13,062.79 Oe (x=0.3). Curie
temperature (7.) is suggested to be above 400 K.

Graphical Abstract The magnetization curves of
La;  Sm,FeO; (x=0.0, 0.1, 0.2, and 0.3) nanoparticles
prepared by the sol-gel method with the inset show the
comparing coercive forces (Hc) of the present work and the
previous works, Lag;sMg3FeO; MM =Al and Ga). Sm-
doped LaFeO; nanoparticles can exhibit ferromagnetic
behavior with the significant enhancement of He from 95.07
to 13,062.79 Oe.
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1 Introduction

Pure and doped lanthanide orthorhombic perovskites, such as
LaFeO;, BiFeOs;, GdFeO3;, NdFeO3;, SmFeO3, and etc. [1-3]
continue to attract significant attention as a promising material
for applications in solid oxide fuel cells [4], catalysts [5],
chemical sensors [6], thermoelectric [7], and magnetic mate-
rials [8-10]. Among these materials, lanthanum orthoferrite
(LaFeOs) is the common one that has been widely studied
because it can exhibit ferroelectric and ferromagnetic proper-
ties [11] similar to those observe in BiFeO5 [12, 13]. However,
bulk LaFeO; is known to be an antiferromagnetic material
with a very high Néel temperature (Ty) of 738 K [14] owing to
the stability of a magnetic structure of the collinear arrange-
ment of FeOg octahedral units in the two interpenetrating
pseudo cubic face-centered sublattices [15-19]. Therefore,
many researchers attempt to improve its magnetic property by
replacement of La and/or Fe sites with various metal ions.
For instance, ferromagnetic behavior can be obtained in
La;_ Al FeOs [20], La,_Ga,FeO; [21], LaFe, Mg,O3 [2],
La,_,Ca,FeO; [22], La,_,Ce,FeO; [23], La,_,Cu,FeO5 [24],
La;_Pb,FeO5; [25], and LaFe; ,Ti,O5; [26]. These substitu-
tions induced the distortion of the structure and the reduction
of particle size, resulting in uncompensated surface spins [25,
27]. Normally, pure and doped LaFeO; can be prepared by
various techniques, such as electrospinning [28], hydrothermal
[29], microwave-assisted method [30], sonochemical method
[31], modified solution combustion method [32], sol-gel [33—
35] and polymerization complex method [20, 21]. From these
synthesis methods, sol-gel method is widely employed for the
synthesis of nanoparticles because of the simplicity, low cost,
homogeneous dispersion of nanoparticles and most of all,
products of pure phase can be obtained. Sm of smaller ionic
radius (0.958 A) than that of La (1.27 A), but with the same
oxidation state +3 is another interesting lanthanide metal that
expect to replace the La site to effect the structure distorsion
and improve the magnetic property of LaFeO; similar to those
observe in our previous works [20, 21].

In this work, La;_,Sm,FeO; (x=0.0, 0.1, 0.2, and 0.3)
nanoparticles were prepared by sol-gel method. The struc-
tural, morphological, optical, and magnetic properties of the
obtained products were studied by X-ray diffraction (XRD),
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), Fourier transform infrared spectro-
photometry (FTIR), Ultraviolet-visible spectrophotometry
(UV-vis), X-ray photoelectron spectroscopy (XPS), X-ray
absorption near edge spectroscopy (XANES) and vibrating
sample magnetometry (VSM). Interestingly, very high coer-
cive force (H.) can be obtained, comparing with those of our
previous works [20, 21].
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2 Experimental

In the synthesis of La;_,Sm,FeO; (x=0.0, 0.1, 0.2, and
0.3) nanoparticles by sol-gel method, the stoichiometric
amounts of Fe(NO3)3.0H,O (Kento chemical Co., 99.9 %),
LaN3;04.6H,0, (Fluka, 99.0 %), and Sm(NO;);-6H,0
(Aldrich, 99.9 %) by a ratio of 1:1 (Fe:La,Sm) with 40 g of
C¢HgO7,.H,O (VWR International Ltd., 99.7 %), were firstly
dissolved in a mixture of 60 ml deionized water and 120 ml
of ethylene glycol under a mechanical stirring at room
temperature using a magnetic bar. Secondly, this solution
was heated at 80 °C under a constant stirring until a gel was
formed and dried. The final products were pre-calcined at
400 °C for 3h in air and ground to fine powders. These
powders were further calcined at 800 °C for 3 h in air to
obtain the perovskite phase of LaFeOs.

Phase and structure of the products were investigated by
XRD (SHIMADZU, XRD-6100) with CuKea; radiation
(A=1.5405 A). The XRD peaks were indexed according to
the standard data of LaFeO3; (JCPDS no. 37-1493). Scan-
ning electron microscope (SEM, 1450VP, LEO UK) and
TEM (TECNAI G2 20, FEI) were employed to observe the
morphology, particle size determination, and the dispersion
of particles. The FTIR spectra of all samples were obtained
by FTIR (spectrum one FTIR, Perkin Elmer Instrument,
USA) in the wavenumber range from 400 to 4000 cm !,
using the KBr pellet technique. UV—vis (Shimadzu UV-
3101PC) was employed for the optical properties study of
the products in the wavelength from 200 to 800 nm. X-ray
photoelectron spectroscopy (XPS, AXIS Ultra DLD, Kratos
Analytical Ltd. Manchester UK) was used to investigate the
oxidation state of La, Fe and O ions in the structure of
Lag7;Smg 3FeO5 nanoparticles. Fe K-edge XANES spectra
of standard metals and samples of x=0.0 and 0.3 were
obtained in a transmission mode at the BL5.2 of Synchro-
tron Light Research Institute in Nakhon Ratchasima,
Thailand. Room temperature magnetizations of all samples
were measured by the vibrating sample magnetometer (VSM,
Versa Lab™ free, Quantum Design USA) in the magnetic
field range of +30kOe. Temperature variation of the mag-
netization for sample of x=0.3 was performed in the field
cooling (FC) and zero field cooling (ZFC) modes from 50—
390 K under an external magnetic field (H) of 10 kOe.

3 Results and discussion

XRD patterns of La;_,Sm,FeO3 (x=0.0, 0.1, 0.2, and 0.3)
nanoparticles are shown in Fig. 1. It is obvious that all
samples have the perovskite structure of orthorhombic
phase as indexed in the standard data of LaFeO3; (JCPDS
no. 37-1493). The average crystallite sizes of samples were
calculated from the dominant peaks of X-ray line
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broadening of the (101), (121), (220), (202), and (123)
planes using Scherrer equation,

Ds., = (kA)/(Bcos ) (1)

where Dg.p, is the average crystallite size, 6 is the Bragg
angle, 4 is the wavelength of the X-ray, f is the full width at
half maximum, the constant k is taken as 0.9 [36]. The
obtained results as summarized in Table 1 show that the
average crystallite sizes decrease with increasing Sm
content as shown in the inset of Fig. 1 and found to be
58.45 +5.90, 30.22 +6.32, 23.25 + 3.64, and 16.96 +4.23
nm for samples of x=0.0, 0.1, 0.2, and 0.3, respectively.
The lattice parameters (a, b, and c¢) and cell volumes of
samples were calculated by Rietveld refinement method
with the GOF, Ry, and R, in the range of 1.97-2.87 %,
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Fig. 1 XRD patterns of La,_,Sm,FeO; (x=0.0, 0.1, 0.2, and 0.3)
nanoparticles

6.09-8.19 %, and 4.53-6.29 %, respectively. All of these
parameters are summarized in Table 1. It can be seen that
the calculated lattice parameters are in good agreement with
those of the orthorhombic phase of LaFeO; and found to
decrease in samples of high Sm content due to the
replacement of a larger ionic radius La** ion by a smaller
ionic radius Sm>* ion. Similarly, the cell volumes are
decreased in the same manner as well. In addition, the
crystallite size and the microstrain of samples were also
calculated for the comparison by using the Williamson-Hall
equation [37],

pcosd = (kA)/Dse, + 2€ sin6 (2)

where Dywy is the average crystallite size, 8 is the Bragg
angle, 4 is the X-ray wavelength, k= 0.9, § is the full width
at half maximum of XRD peaks and ¢ is the microstrain of
the lattice. The plots of fcosO as a function of sinO are
shown in Fig. 2. Dywy and € of samples are determined from
the linear extrapolation and slope of these plots, respec-
tively. All of these values are summarized in Table 1 and it
is found that Dwy decrease from 60.31 to 28.95 with
increasing Sm content, while those of & increase from
0.0005 to 0.0033 due to the shrinkage of the lattice
parameters. These results are in good agreement with the
decrease of cell volumes of the La;_,Sm,FeO3 (x=0.0, 0.1,
0.2, and 0.3) crystals.

TEM images with selected area electron diffraction
(SAED) patterns of La;_,Sm,FeO; (x=0.0, 0.1, 0.2 and
0.3) nanoparticles are shown in Fig. 3. It can be seen that all
samples compose of almost spherical nanoparticles with the
estimated average sizes (Drgvm) using Image J program
decrease from 56.48 +3.22 to 23.21 +4.40 nm due to the
increase of Sm ion in the structure, as summarized in
Table 2. SAED patterns of these samples (insets of Fig. 3)
show ring patterns, indicating a polycrystalline of doped
samples and they can be indexed to a certain crystalline

Table 1 Lattice parameters (a,

b, and c), cell volume (V), R, Parameters La;Sm,FeOs

(profile), R,,, (weighted profile), x=00 x=0.1 x=02 x=0.3

GOF (goodness of fit), crystallite

sizes by Scherrer (Dg.p), Lattice parameters (/&.)

and Williamson-Hall (Dwx) a 5563 5571 5571 5577

with microstrain (&) of

La,_.SmFeOs (x=0.0, 0.1, 0.2, b 7.852 7.840 7.827 7.810

and 0.3) nanoparticles c 5.553 5.543 5.530 5.510
V(/10° pm?) 242.60 242.11 241.15 240.06
R, (profile) % 6.29 5.62 4.79 4.53
Ry, (weighted profile) % 8.19 7.73 6.43 6.09
GOF (goodness of fit) 2.87 2.66 1.97 2.02
Crystallite size (nm)
Dgen 53.03 +£2.53 27.64 +2.03 25.99 +1.96 19.39 +2.28
Dwy 60.31 34.36 32.16 28.95
Microstrain (¢) 0.0005 0.0014 0.0015 0.0033
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Fig. 2 Williamson-Hall plots of
La;_,Sm,FeOj; nanopatrticles. a 0.0029 4
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Table 2 Particle sizes by SEM -
(Dsgay) and TEM (Do) of La;_,SmFeO; Dgsgym (nm) Dtgyp (nm) Element, weight (%)
La;_,Sm,FeO3 (x=0.0, 0.1, 0.2, 0-K C-K Fe-K La-K
and 0.3) nanoparticles with the
weight (%) of elements in x=0.0 57.87 +4.88 56.48 +3.22 29.12 10.91 33.34 34.63
samples x=0.1 42.56 +2.84 42.86 +3.19 31.96 12.62 14.98 16.42
x=0.2 29.76 +5.89 35.25+243 33.34 28.07 28.61 28.01
x=0.3 19.84 +6.27 23.21 +4.40 34.63 27.35 23.07 20.94

plane consistent with those of the XRD results. The EDX
results in Fig. 3 clearly show that all doped samples contain
La, Fe, Sm, and O atoms with high Sm peak intensity in
samples of high Sm content. The weight (%) of La, Fe, O,
and C atoms, as summarized in Table 2, are quantitatively
calculated from the EDX spectra and it is found that La
atom decreases in samples of high Sm content, resulting
from the substitution of Sm atom on the La site. According
to the limitation of our instrument, the weight (%) of Sm
can be qualitatively determined, which is found to increase
in a proper amount correspond with the doping level of Sm
in La;_Sm,FeO; (x=0.0, 0.1, 0.2, and 0.3) samples. It can
be seen in Table 2 that the weight (%) of Fe atom is
insignificantly vary, while those of O and C atoms increase
in samples with high amount of Sm atom. The appeared Cu
peaks come from the copper grid. Homogeneous distribu-
tion of La;_,Sm,FeO3; (x=0.0, 0.1, 0.2, and 0.3) nano-
particles can be observed by SEM images in Fig. 4. The
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calculated average particle sizes (Dggy) of samples using
Image J program are summarized in Table 2. Similarly,
Dsgv are found to decrease from 57.87 +4.88 to 19.84 +
6.27 nm, which are comparable to Drgy.

FTIR spectra of La,_,Sm,FeO3; (x=0.0, 0.1, 0.2, and
0.3) nanoparticles are shown in Fig. 5. All peaks at
~1492.85 cm™! are assigned to C=0 stretching mode, cor-
responding to the vibration of a carbonization group. In
addition, the absorption peak at ~1635.61 cm™" is attributed
to C—O-C stretching mode, corresponding to the surface-
adsorbed oxygen species and organic substances, whereas
that at ~3449.94cm™" is assigned for the stretching and
bending modes of the O-H bond [34, 38]. From these
results, it is suggested that heat treatment can promote the
carbonization of organic substances as well as the crystal-
lization of nanoparticles. Moreover, the strong absorption
peaks at ~563.42cm™' and a lower one are attributed to
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Fig. 3 TEM bright field images
with inset of the corresponding
SAED patterns of La;_,Sm,
FeO; nanoparticles. a x=0.0,

b x=0.1, ¢ x=0.2, and
dx=03
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Fig. 4 SEM images of La;_,SmFeO; nanoparticles. a x=0.0, b x=0.1, ¢ x=0.2, and d x=0.3
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Fig. 5 FTIR spectra of La;_,Sm,FeO3; (x=0.0, 0.1, 0.2, and 0.3)
nanoparticles

Fe—O stretching vibration, being characteristics of the
octahedral FeOg groups in the perovskite compounds.

The XPS spectra of Lay ;Smg 3FeO5; sample measured for
a chemical analysis of surface and the oxidation state of
various ions are shown in Fig. 6. The binding energies of La
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3ds/, at 833.726 and 837.943 eV, and La 3d;, at 850.431
and 854.843 eV corresponds to La** ion, whereas those of
Fe 2ps,, at 710.027 eV and Fe 2p,, at 724.051 eV corre-
sponds to Fe** ion [21, 35, 38, 39]. The O (/s) main peak at
529.212 eV corresponds to oxygen ion in the perovskite.
The O (Is) peaks at 530.304 and 531.471 eV are probably
due to an absorbed oxygen (O*7) of water molecule or
hydroxyl group (OH"), since the O (Is) binding energy of
O* or OH™ ion is generally 2.1-2.5 eV higher than that of
lattice oxygen [21, 35, 38]. However, these samples are
easily hygroscopic when they are exposed to air, thus the
peak at 531.471 eV is considered probably due to a water
molecule associated with the surface.

The normalized Fe K-edge XANES spectra of La;_,
SmFeO; (x=0.0 and 0.3) nanoparticles and those of
Fe-standard metals with different oxidation states are
shown in Fig. 7. All XANES spectra at Fe K-edge were
measured in a transmission mode at room temperature.
It is clearly seen in Fig. 7 that the edge positions of FeO
(Fe®™), Fe;04 (Fe?*, Fe’"), and Fe,O; (Fe’™) standards
appear at approximately 7120, 7122, and 7124 eV, respec-
tively. Clearly, the shift of the edge positions appear at
approximately 7126 and 7127 eV for samples of x =0.0 and
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Fig. 6 XPS spectra of a La(3d), b Fe(2p), and ¢ O(ls) of
Lag 7Sm 3FeO3 nanoparticles

0.3, which close to that of the Fe** standard, indicating the
valence state of +3 for Fe ion in these samples [2, 21, 26].

The UV-vis spectra of La;_,Sm,FeO3; (x=10.0, 0.1, 0.2,
and 0.3) nanoparticles are shown in Fig. 8 with an
obviously broad-absorption peak centered at approximately
285 nm. From the plot of (ozhz/)2 vs. hv, shown by an inset in
Fig. 8, the optical band gaps (Eg) of these samples can be
determined by extrapolating the slope to the zero value of
(ahv)* and the Eg values are found to be 2.218, 2.198,
1.959, and 1.880eV for samples of x=0.0, 0.1, 0.2, and

Fe;0, (Fe?*, Fe**) and Fe,05 (Fe**) with those of the La,_,Sm,FeO;
(x=0.0 and 0.3) nanoparticles

204
< 164
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Fig. 8 UV-vis spectra of La;_,SmyFeO3 (x=0.0, 0.1, 0.2 and 0.3)
nanoparticles with the inset of (ahv)* plots as a function of photon
energy

Table 3 Optical band gap (E,), magnetization (M), remanent magne-
tization (M,), and coercive field (H,.) of La;_,Sm,FeO; (x=0.0, 0.1,
0.2, and 0.3) nanoparticles

La;_,Sm,FeO; E, (¢V) M at 30kOe M, (emu/ H. (Oe)
(emu/g) g)

x=0.0 2.218 0.382 - -

x=0.1 2.198 0.580 0.003 95.07

x=0.2 1.959 0.776 0.160 4387.79

x=03 1.880 1.135 0.467 13,062.79

0.3, respectively. These values are monotonically decreased
with the increase of Sm content as summarized in Table 3. It
is obvious that Sm doping can significantly decrease the
particle sizes and band gaps of LaFeOj;. This confirms that
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Fig. 9 Magnetization at room 04 1
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2.6 1 value of 95.07 Oe for a sample of x=0.05. Moreover, this
i'; ] value of 13,062.79 Oe is approximately 2.46 and 2.78 times
50 i FC higher than those obtained values of 5308.4 and 4702.326
3 18] Oe in our previous works of Lay-;Aly;FeO3; [20] and
SE,‘, 1.6 Lay ;Gag 3FeOj3 [21], respectively. The enhancements of M,
£ 14 H., and M, are suggested to originate from the structure
g 121 distortion and size reduction due to the decrease of lattice
gﬂ (1)‘(; : ZFC parameters as a result of Sm doping. These results confirm
§ 0:6 ] the important of size effect on ferromagnetic behavior in
0.4 4 perovskite oxides [20-26, 40, 41]. The temperature
0.2 dependence of magnetization behavior of Lag;Smg;FeO3
0.0 1 : : : : : : sample under ZFC and FC modes measured in an external
50 100 150 200 250 300 350 magnetic field of 10kOe from 50 to 380 K are shown in
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Fig. 10 Temperature dependence of magnetization of Lay ;Smg 3FeO3
nanoparticles in zero field-cooled (ZFC) and field-cooled (FC) modes
at a constant external field H of 10 kOe

Sm>" ion can affect the optical transition in La;_,Sm,FeO3
(x=0.0, 0.1, 0.2 and 0.3) nanoparticles.

The room temperature magnetizations of La;_,Sm,FeO;
(x=0.0, 0.1, 0.2, and 0.3) samples measured by VSM are
shown in Fig. 9. The M-H curve of undoped sample is very
narrow, indicating the antiferromagnetic behavior of sam-
ple, whereas those of the Sm-doped LaFeO5; samples with x
=0.1, 0.2, and 0.3 show larger loops of magnetizations
belong to those of ferromagnetic behavior with increasing
magnetizations (M), H., and remanent magnetizations (M,)
as summarized in Table 3. However, the coercive field are
significantly increased to 13,062.79 Oe for Laj;Smg 3FeO;
sample, which is approximately 137 times higher than the

@ Springer

Fig. 10. In Fig. 10, the magnetizations of this sample in both
FC and ZFC measurements gradually decrease with the
increase of temperature due to the thermal fluctuations
causing the randomization of polarization direction of
magnetic moment [8, 20]. It can be seen in Fig. 10 that the
zero value of both magnetizations cannot be observed in the
temperature range of measurement, implying that the Curie
temperature (7,) is above 400 K [2, 20, 26].

4 Conclusions

La;_Sm,FeO5; (x=0.0, 0.1, 0.2, and 0.3) nanoparticles can
be successfully prepared by sol-gel method. XRD results
indicate the orthorhombic phase of nanoparticles with the
decrease of lattice parameters, crystallite sizes, and cell
volumes due to the substitution of small ionic radius of
Sm™ ion on the La®* site in the orthorhombic perovskite
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structure, resulting in the distortion of the crystal structure
and particle sizes reduction. The calculated crystallite
sizes of samples by Scherrer equation are consistent with
those obtained by Williamson-Hall equation. Williamson-
Hall plots show the increase of microstrain in samples of
high Sm content as a result of the decrease in lattice para-
meters. SEM and TEM images show nanoparticles of
almost spherical shape in high Sm-doped samples with the
decrease of average particle sizes ranging from 57.87 + 4.88
to 19.84 +6.27nm. The determined optical band gaps
decrease from 2.218 to 1.880 eV with increasing Sm con-
tent. XPS and XANES results indicate the oxidation state
3+ for La and Fe ions in the perovskite structure. Undoped
sample exhibits antiferromagnetic behavior, whereas doped
samples exhibit ferromagnetic behavior as confirmed by
VSM results. The coercive field can be enhanced to a very
high value of 13,062.79 Oe for a sample of x = 0.3 with the
estimated Curie temperature (7;) above 400 K.
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