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ABSTRACT 

Mixed-oxide nanostructures of the type xSm2O3-(1-x) a-Fe2O3 (x=0.1 and 0.5) were 
synthesized by mechanochemical activation for ball milling times of 0, 2, 4, 8 and 12 
hours.  The 0-h Mӧssbauer spectrum was analyzed with a sextet characteristic to 
hematite.  A second sextet with a lower value of the hyperfine magnetic field was 
assigned to samarium-doped hematite.  An additional quadrupole-split doublet, 
whose abundance showed a general trend to increase with the ball milling time, was 
attributed to superparamagnetic samarium iron perovskite (samarium 
orthoferrite) phase.  The X-ray diffraction (XRD) patterns for the equimolar 
composition were dominated by the diffraction peaks of SmFeO3 after 12 h of 
milling. The hysteresis loops recorded at 5 K and an applied magnetic field of 5 T 
exhibited higher values of the magnetization than the similar ones measured at 300 
K, but did not saturate at this field strength.  The coercive field values showed a 
decrease with decreasing the particle size after prolonged milling.  The zero-field-



 
 

  
 
 

694 Services for Science and Education – United Kingdom 

Vol. 12, Issue 06, December-2024 European Journal of Applied Sciences (EJAS) 

cooling-field-cooling (ZFC-FC) measurements performed at 200 Oe and 5-300 K 
were consistent with an increase in magnetization with ball milling time.  The Tauc 
plots derived from the optical diffuse reflectance spectra showed that the samples 
were semiconductors with a band gap of ~2.1 eV.  

 
Keywords: oxides, Mössbauer spectroscopy, magnetic properties. 

 
INTRODUCTION 

Samarium ion Sm3+ is a paramagnetic light rare earth ion with extremely interesting properties 
when introduced in various materials systems [1-19].  Thus, Sm doped Ba-Co hexaferrites were 
found to exhibit decreased specific saturation magnetization, coercivity and retentivity values 
with increasing concentration of Sm ions in the Ba-Co lattice, along with excellent values of the 
squareness ratio [1].  Enhanced ferromagnetic nature was evidenced in Ce-Sm doped Co-Ni 
ferrite nanoparticles and the presence of superparamagnetic relaxation with a blocking 
temperature (TB) higher than room temperature was inferred from Mӧssbauer spectra [2].  
Samarium doped magnetite nanoparticles synthesized using the polyol method were found to 
present superparamagnetism at room temperature and anhysteretic behavior [3].  The crystal 
structure, microstructure and magnetic properties of cobalt ferrite could be tailored by 
introducing small amounts of gadolinium or samarium [4].  XRD and Mӧssbauer measurements 
confirmed the presence of hematite and samarium iron perovskite (samarium orthoferrite, 
SmFeO3) in calcined nickel-copper-zinc mixed ferrite nanoparticles [5].  The semiconductive 
nature of SmFeO3 was confirmed in [15] by electric conductivity measurements and its weak 
ferromagnetic behavior at room temperature was evidenced by magnetic and Mӧssbauer 
studies.  This was due to Dzyaloshinsky-Moriya antisymmetric exchange interaction 
mechanism, but it should be emphasized that these results were obtained for particles 0.55 mm 
in size. 
 
Hematite (a-Fe2O3) has been the subject of intense theoretical and experimental investigations, 
due to its use as a magnetic, semiconductor and catalytic material.  Doping hematite with 
various transition metal and rare earth elements was found to result in an improvement of its 
electrochemical and photocatalytical properties [20-26]. Mechanochemical activation by high-
energy ball milling played a significant role in the synthesis of various Sm-doped systems [6, 
12, 17-19].  Recently, the ball milling technique was key to obtaining garnet-graphene 
nanocomposites [27] and crucial to determine the formation of skyrmion phase in the Fe-Co-Si 
system [28].  Moreover, mechanochemical activation was used to synthesize mixed-oxide 
nanostructures of the type xGd2O3-(1-x) a-Fe2O3 [29] and xNd2O3-(1-x) a-Fe2O3 [30] with the 
presence of solid solutions in the former and absence of solid solutions in the latter system. 
 
In the present study we investigate the structural, magnetic and optical properties of the 
xSm2O3-(1-x) a-Fe2O3 system with molar concentration x=0.1 and 0.5, obtained by 
mechanochemical activation at different ball-milling times.  Our investigation aims at 
determining the phase sequence and mutual solubility of the mixed oxides as a function of 
processing parameters and is conducted by Mӧssbauer spectroscopy, X-ray diffraction (XRD), 
magnetic measurements (hysteresis loops and zero-field-cooling-field-cooling, ZFC-FC) and 
optical diffuse reflectance spectroscopy.  Mixed oxides have potential applications in sensing, 
catalysis and flexible electronics. 
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MATERIALS AND METHODS 
Nanoparticles of xSm2O3-(1-x) a-Fe2O3 (x=0.1 and 0.5) were obtained by mechanochemical 
activation of precursor powders of hematite and samarium oxide with particle sizes of 50 and 
90 nm, respectively (Alfa Aesar).  The powders were mixed manually using a mortar and pestle 
and introduced in a SPEX 8000 mixer mill and ground for time periods ranging from 0 to 12 
hours. The powder to ball mass ratio was 1:5.  
 
The room-temperature transmission Mössbauer spectra were recorded using a SeeCo constant 
accelerator spectrometer equipped with a 25 mCi 57Co gamma ray source in a Rh matrix.  All 
spectra were analyzed by least-squares fitting using the WINORMOS package of programs in 
the assumption of Lorentzian lineshapes. 
 
The microcrystalline sample was ground well and deposited onto a zero-background silicon 
wafer. Powder X-ray diffraction data were collected using a Malvern Panalytical Empyrean 3 
multipurpose powder X-ray diffractometer with an X’cellerator detector operating in Bragg–
Brentano geometry and using Cu Kα radiation, λ = 1.541871 Å. The tube was energized using 
45 kV and 40 mA. Data were collected from 5 to 100° 2ϴ in steps of 0.0167° at a scan speed of 
0.023537° s-1. A 0.04 rad soller slit and a 2° anti-scatter slit were used on the incident side of 
the beam, while the diffracted beam optics consisted of a 0.04 rad soller slit, a programmable 
anti-scatter slit, and a nickel filter. Phase identification of crystalline components was carried 
out using the X’Pert HighScore Plus software package and the International Centre for 
Diffraction Data (ICDD) powder diffraction file (PDF) database. 
 
Magnetic property measurements were performed using a superconductor quantum 
interference device (SQUID) magnetometer with a 5 T magnetic field for recording the 
hysteresis loops at 300 and 5 K and a 200 Oe magnetic field for the zero-field-cooling-field-
cooling (ZFC-FC) measurements in the 5-300 K temperature range. 
 
A Varian Cary 5000 UV–Vis–NIR spectrophotometer coupled with a diffuse reflectance 
accessory was used to collect data from 2500 to 200 nm at a rate of 600 nm min-1. The 100% 
reflectance standard was BaSO4 (Fisher Scientific, 99.92%). The sample was ground and 
pressed on top of the reference that was preloaded in the sample cup. Reflectance data were 
converted to absorption by employing the Kubelka–Munk equation.  
 

RESULTS AND DISCUSSION 
Mӧssbauer Spectroscopy 
In order to obtain local-probe information on the structural and magnetic properties of 
samarium oxide-hematite ceramic nanostructures, Mӧssbauer spectroscopy was employed. 
 
Figures 1-2 (a)-(e) show the room-temperature transmission Mӧssbauer spectra of the 
xSm2O3-(1-x) a-Fe2O3 nanoparticles system for molar concentration x=0.1 and 0.5 and ball 
milling times (BMT) of 0, 2, 4, 8 and 12 hours, respectively.  The refined values of the hyperfine 
parameters extracted from these spectra by nonlinear least-squares fitting are listed in Table 
1.  The spectra in Figures 1-2 (a) were analyzed considering one six-line pattern, with the 
magnetic hyperfine field (Bhf) of 50.7 T, characteristic to hematite.   
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Analysis of the Mӧssbauer spectra in Figures 1-2 (b)-(e) required the consideration of a second 
sextet, with a magnetic hyperfine field smaller than that of hematite.  This sextet occurs due to 
substitutions of Fe atoms by Sm atoms and can be understood in terms of the model of local 
atomic environment.  Indeed, it is known that the substitution of Fe atoms by nonmagnetic ions 
lowers the magnetic hyperfine field at the Fe sites.  Consequently, this sextet was assigned to 
samarium-doped hematite. 
 
The dependance of the magnetic hyperfine field values of the two sextets on the ball milling 
time is consistent with the formation of a limited solid solution in the studied samples.  The 
ionic radius of the Sm3+ ions with six coordination numbers is 0.958 Å, while that of the Fe3+ 
ions is 0.645 Å.   Due to this difference in the ionic radii, a higher level of substitution cannot 
occur and only a limited solid solution is obtained. 
 
The Mӧssbauer spectra in Figures 1 (b)-(e) and 2 (b)-(e) were analyzed by considering an 
additional quadrupole-split doublet, with the quadrupole splitting in the range 0.5-0.8 mm/s, 
which could be assigned to superparamagnetic samarium iron perovskite (samarium 
orthoferrite), SmFeO3.  Samarium orthoferrite is known to exhibit two antiferromagnetically-
coupled sublattices for particles of the order of a few micrometers [15], but in the present study 
the nanoparticles of samarium orthoferrite are too small to be magnetic at room temperature, 
such that superparamagnetism occurs.  The reduced particle size due to prolonged milling is 
translated into a quadrupole-split doublet in the Mӧssbauer spectra.   
 

Table 1:  Mӧssbauer parameters of the xSm2O3*(1-x) a-Fe2O3 system: isomer shift d 
(relative to Fe), quadrupole splitting D, quadrupole shift 2e, magnetic hyperfine field 

Bhf, relative areas and assignment of sites. 
Sample 

(x) 
BMT 
(h) 

δ 
(mm/s) 

Δ 
(mm/s) 

2ε 
(mm/s) 

Bhf 
(T) 

Relative areas 
(%) 

Assignment of 
sites 

0.1 0 0.36  -0.21 50.7 100 Fe2O3  
2 0.36  -0.19 51.2 43.83 Fe2O3   

0.36  -0.22 49.8 55.37 Sm: Fe2O3   
0.16 0.53   0.8 SmFeO3  

4 0.37  -0.2 51 48.12 Fe2O3   
0.34  -0.2 48.6 50.08 Sm: Fe2O3   
0.16 0.64   1.8 SmFeO3  

8 0.36  -0.21 51.2 54.04 Fe2O3   
0.36  -0.21 50 44.93 Sm: Fe2O3   
0.24 0.30   1.03 SmFeO3  

12 0.36  -0.2 51.1 66.8 Fe2O3 

  0.35  -0.21 48.6 30.80 Sm: Fe2O3   
0.27 0.49   2.4 SmFeO3 

0.5 0 0.36  -0.32 50.9 100 Fe2O3  
2 0.37  -0.2 51.4 35.83 Fe2O3   

0.35  -0.21 50.3 61.71 Sm: Fe2O3   
0.18 0.48   2.46 SmFeO3  

4 0.36  -0.2 50.8 33.11 Fe2O3 
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0.26  -0.26 45.9 42.29 Sm: Fe2O3 

  0.40          0.97                                                        2.46                                                      SmFeO3  
8 0.36  -0.19 51.1 20.76 Fe2O3   

0.35  -0.19 49.4 37.99 Sm: Fe2O3 

  0.29 0.98   41.25 SmFeO3  
12 0.35  -0.22 50.8 16.41 Fe2O3 

  0.37  -0.16 49.8 47.69 Sm: Fe2O3 

  0.37 0.77   35.90 SmFeO3 

Errors:                      ±0.1                ±0.1                ±0.1                ±0.5                ±0.1                 

        
Table 1 also presents the dependence of the relative abundance of the quadrupole-split doublet 
as a function of the ball milling time for both values of the molarities used.  It can be inferred 
that the doublet abundance increases with increasing the milling time and reaches 41.25% for 
the sample with x=0.5 ball-milled for 8 hours.  The occurrence of the samarium iron perovskite 
during the mechanochemical activation process can be modeled by considering the reaction 
Sm2O3+Fe2O3→2SmFeO3, which is assumed to be induced by the high-energy ball milling 
performed. 
 
X-ray Diffraction (XRD) 
To complement the Mӧssbauer spectroscopy investigations on the phase composition of the 
milled samples, X-ray diffraction (XRD) measurements have also been performed.  The XRD 
patterns of the xSm2O3-(1-x) a-Fe2O3 nanoparticles system for x=0.5 and ball milling times of 0, 
2, 4, 8 and 12 hours, respectively are presented in Figure 3 (a)-(e).  The diffractogram in Figure 
3 (a) is consistent with diffraction peaks from a-Fe2O3 (PDF card 01-089-0597) and Sm2O3 (PDF 
card 01-076-3181) oxides, which correspond to the original starting material before ball 
milling.  It can be inferred that the peaks of the samarium perovskite appear (PDF card 01-074-
1474) after exposure to mechanochemical activation.  The pattern of SmFeO3 peaks dominates 
the XRD diffractogram after 12 h of exposure to high-energy ball milling.  These results are in 
good, qualitative agreement with the Mӧssbauer findings presented in the previous section. 
 
Magnetic Measurements 
In order to complement the local-probe information obtained by Mӧssbauer spectroscopy, 
magnetic measurements were also performed.  Figures 4 and 5 (a)-(e) show the hysteresis 
loops recorded at 5 K and respectively, 300 K with an applied magnetic field of 5 T (1T=10,000 
Oe) for the equimolar composition samples (x=0.5), ball-milled for 0-12 h.  It can be seen that 
saturation is not reached even in the magnetic field of 5 T.  This is due to the paramagnetic 
contribution from the samarium orthoferrite phase and a weak ferromagnetic component due 
to hematite.  The magnetic state of hematite is antiferromagnetic with the Neel temperature 
TN=960 K [20-25].  Specific to hematite is the fact that its two magnetic sublattices have equal 
moment and antiparallel orientation below the Morin temperature, TM=262 K, for pure 
hematite [25].  At temperatures higher than the Morin temperature, the two sublattices are 
slightly canted, leading to weak ferromagnetism.   
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Fig. 1: Mӧssbauer spectra for x=0.1 and BMT of 0-12 h. 
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Fig. 2: Mӧssbauer spectra for x=0.5 and BMT of 0-12 h. 
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Fig. 3: XRD patterns for x=0.5 and BMT of 0-12 h. 
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At 300 K, the values of the magnetization increase slightly from 1 to 1.5 emu/g, with the 
maximum value corresponding to the sample ball-milled for 8 h.  At 5 K, the values of the 
magnetization are higher than those at 300 K, ranging from 2-3 emu/g, with the maximum 
corresponding to the 8 h milled sample.  The coercive field values are in the range of 180-482 
Oe at 5 K and 140-390 Oe at 300 K, showing a decrease with decreasing the particle size after 
prolonged milling. 
 
Figure 6 (a)-(e) shows the zero-field-cooling-field-cooling (ZFC-FC) curves recorded for the 
samarium oxide-hematite system (x=0.5) with an applied magnetic field of 200 Oe in the 
temperature interval 5-300 K, after having been exposed to milling for times of 0-12 h.  As the 
milling time increases, the average crystallite size decreases and the hematite Morin 
temperature takes lower values, which are spread over a temperature interval.  For these 
reasons the transformation resembles an incline instead of a step.  It can be seen that the values 
of the magnetization on the FC curve (upper curve) increase steadily with ball milling time, 
from 0.035 emu/g for the 0-h sample to 0.08 emu/g for the 12-h milled sample.  These results 
show that the values of the magnetic parameters can be controlled by the ball milling time 
employed. 
 
Optical Diffuse Reflectance Spectroscopy 
Optical diffuse reflectance spectroscopy measurements were performed in order to 
characterize the optical property changes induced by mechanochemical activation in the 
samarium oxide-hematite system.  Figure 7 (a) shows the optical absorption spectra of the 
samarium oxide-hematite equimolar mixture as a function of energy over the UV-VIS-NIR 
spectral range for all milling times employed.  For the starting material, hematite has a band 
gap of 1.9-2.2 eV in the visible region, while samarium oxide has absorption bands at 4.47 and 
3.03 eV in the ultraviolet-visible region [31-33].  For the ball-milled material, it can be seen that 
the absorbance is considerably enhanced and broadened, an effect we believe to result from 
the substitution of Sm ions for Fe.  Since the 2.2 eV transition in hematite is indirect, a plot of 
(aE)2 as function of energy (eV) is able to yield the band gap of the compound, according to the 
Tauc plots [32].  Indeed, it can be observed in Figure 7 (b) that the intercepts give a value of 
~2.1 eV for the band gap; moreover, this value is independent of the milling time employed.  
Indeed, it can be seen in this figure that there is no absorption below 2.1 eV for all milling times, 
while above the band gap there is a broad absorption that depends on the milling time 
employed.  These results show that the samarium oxide-hematite mixed-oxide nanostructures 
have semiconductor properties. 
 

CONCLUSIONS 
In this study we successfully synthesized the compositional series xSm2O3-(1-x)a-Fe2O3 at two 
different molarities (x=0.1 and 0.5) by mechanochemical activation and characterized its 
structural, magnetic and optical properties as function of molarity and ball milling time by 
Mӧssbauer spectroscopy, X-ray diffraction, magnetic measurements and optical diffuse 
reflectance spectroscopy.  Both hysteresis loops and zero-field-cooling-field-cooling 
determinations were employed.  It was found that a limited solid solution of samarium-doped 
hematite was formed and the samarium iron perovskite was the end product of the milling 
performed.  The compounds were semiconductors with a band gap of ~2.1 eV. 
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Fig. 4: Hysteresis loops at 5 K and 5 T. 
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Fig. 5: Hysteresis loops at 300 K and 5 T. 
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Fig. 6: ZFC-FC curves at 200 Oe and 5-300 K. 
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Fig. 7: Optical diffuse reflectance spectra for x=0.5 and BMT of 0-12 h. 
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