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Abstract Abstract 
SmBa2Cu3O7-δ /(ZnFe2O4)x superconducting composites with 0.00 ≤ x ≤ 0.20 wt% were prepared by the 
usual solid-state reaction method. The prepared samples were investigated using X-ray powder diffraction 
(XRD) at room temperature and electron paramagnetic resonance (EPR) measurements in the temperature 
range (100-295 K). It is found that EPR spectra are dominated by an anisotropic Cu2+ EPR pattern. 
Moreover, the EPR spectral intensity increases as the temperature decrease from room temperature 
down to 100 K. The number of spins (N) participating in EPR resonance, the activation energy (Ea), the 
paramagnetic susceptibility (c) and the effective magnetic moment (µeff) are calculated as a function of 
both nanosized ZnFe2O4 addition and temperature. The results are interpreted in terms of localized Cu2+ 
ions from non-superconducting impurity phases and confirmed by magnetization-field (M-H) hysteresis 
measurements. 
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1. INTRODUCTION 
SmBa2Cu3O7−δ (Sm-123) system is a perovskite-type ceramic superconductor.  Its structure 

is orthorhombic for high oxygen content (0.4 ≥ δ ≥ 0) and becomes tetragonal for δ > 0.4 (Song 

et.al, 2004, Xue et.al, 2013). This system possesses superior superconducting properties and is 

capable of trapping higher magnetic fields in comparison to conventional permanent magnets 

(Durrel at.al, 2014, Shi et.al, 2015). These favorable characteristics allowed the exploitation of the 

system in applications such as quasi-permanent magnets , coated conductors and current leads (Oh 

et.al, 2013, Nigro et.al, 2004). Sm-123, as most HTSCs, experience a decrease in critical current 

density at high magnetic fields and temperature. Several studies have shown that the addition of 

magnetic nanoparticles to (HTSCs) plays an important role in enhancing the flux pinning and 

critical current density (Abdeen et al., 2016, Mohammed et al., 2016, Qu et al., 2008). A large 

number of EPR investigations have already been devoted to studying HTSCs (Guskos et.al, 1990, 

Guskos etal., 1990, Punnoose etal., 1995). The EPR of Cu2+ ions in cuprates superconductors have 

g-factor ranging from g = 2 to 2.4 [Dhage et al., 1995, Hoffman et al., 1998, Khan etal., 1997]. 

Awad et al., 2012 studied the EPR spectra at different temperatures (120-290 K) for GdBa2Cu3-

xRuxO7-δ phase. All EPR spectra consisted an isotropic EPR line. This was attributed to Gd3+ ions 

with g=2.01. The temperature dependence of EPR spectra for Gd-123 superconductors was 

investigated by Calamiouto et al., 2012. Two signals corresponding toGd3+ ions with g = 1.999(2) 

and Cu2+ ions with gx = 2.074, gy = 2.015 and gz, = 2.202 were observed. Vier et al., 1987, recorded 

the EPR spectra of REBa2Cu3O9-δ (RE-123, RE= Y or rare earth ) superconductors at different 

temperatures and reported that the impurity phase BaCuO2 (dark phase) is the main source of EPR 

signals of Cu2+ ions in Y-123 at low ( < 40 K) temperature. Bowden et al., 1987 showed that any 

EPR signal in nominally pure Y-123 superconducting material is probably due to a small amount 

of impurity Y211 (green phase) compound. Koksharov et al.,1991 studied the EPR spectra for Sm-

123 single crystal at a temperature range (4-290 K). At room temperature the EPR spectrum is 

almost isotropic with g=2.10(2) which may be related to the Cu2+ Jahn-Teller (JT) centers. Awad 

et al., 2017 conducted EPR studies of Sm-123/ (MnFe2O4) x composites. The EPR signal showed 

a dominant Cu2+ anisotropic pattern described by anisotropic g-factor. This EPR spectra are mainly 

due to the impurity phases with no evident effect of MnFe2O4 addition. Isber et al., 2017 studied 

the effect of the addition of nano ZnFe2O4 addition on GdBaCu3O7-δ superconducting phase before 

and after irradiation by 3MeV H+ ions. The magnetic properties such as the activation energy and 

the number of spins and showed an increase with an addition up to 0.06wt%. The 

superparamagnetic behavior of ZnFe2O4 was evidenced by Raita et.al, 2015 through EPR 

measurements in both X and Q bands. The resonance field was found to shift to lower fields and 

the broadening of the lined showed an increase with the decrease of temperature. In our previous 

work (Abdeen et.al, 2016 ) ZnFe2O4 addition showed a good enhancement of the superconducting 

and mechanical properties of Sm-123 phase so we believe that the investigation of the contribution 

of super paramagnetic ZnFe2O4 in the magnetic behavior of Sm-123 might be quite interesting.  

In this work, the EPR studies of Sm-123/(ZnFe2O4)x composites is reported, with  0.00 ≤ x 

≤ 0.20 wt% prepared by the solid state reaction technique are investigated at different 

temperatures. The analysis of the EPR spectra for Sm-123/(ZnFe2O4)x composites allowed the 

determination  of several  EPR magnetic parameters. The variations of these parameters are 

discussed as a function of nanosized ZnFe2O4 addition and the temperature variation. 
 
 

2. EXPERIMENTAL TECHNIQUES 

The Nano ferrite (ZnFe2O4) was synthesized using the wet chemical coprecipitation 

method while Sm-123/ZnFe2O4 composite was synthesized suing the conventional solid-state 

reaction technique. The details of the preparation was reported previously (Abdeen et.al, 2016). 

The EPR measurements were performed using a Bruker microwave controller (ER 048 

spectrometer). The spectrometer was operated at the X-band frequency (9.24 GHz) and the 

microwave power of 15mW.  The magnetic field was scanned in the range 0–10,000 G, and 

recorded at a temperature range (100–295 K). 
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3. RESULTS AND DISCUSSION 
 

3.1  Phase Purity and Lattice Parameters 
The structural and electrical properties of Sm-123/ ZnFe2O4 was extensively 

investigated and reported in our previous publication (Abdeen et.al, 2016). XRD patterns 

of SmBa2Cu3O7−δ/(ZnFe2O4)x, (x = 0.00, 0.02 , 0.08, 0.15 and 0.20 wt%) are shown in 

Figure 1. The XRD patterns at room temperature of all samples reveal an orthorhombic 

perovskite structure with small amounts of non-superconducting phase BaCuO2 (as evident 

by additional peak at 2θ  29o).  

 

 
Fig.1: X-ray powder diffraction pattern for SmBa2Cu3O7-δ/(ZnFe2O4) x  

with x = 0.00, 0.02, 0.08, 0.15 and 0.20 wt%. 

 

By analyzing the XRD measurements, volume fractions of Sm-123 and BaCuO2 

phases are calculated and listed in Table 1. The results show that the relative volume fraction 

of Sm-123/(ZnFe2O4)x superconducting phase increases with x up to 0.08 wt% and then 

decreases with further addition. This means that the higher addition (x > 0.08 wt%) of 

nanosized ZnFe2O4 slightly retards the phase formation of Sm-123 and the 

superconducting parameters such as superconducting transition temperature (Tc) (Abdeen 

et.al, 2016). as shown in Table 1, whereas it enhances the BaCuO2 phase formation. The 

values of Tc determined from electric resistivity measurements are also reported in 

Table.1.The enhancement of Tc with x up to 0.08wt.% can be attributed to the increase in 

the superconducting volume fraction of Sm-123. Furthermore, nanosized ZnFe2O4 

particles heal up the voids and pores and hence improve the weak links among the 

superconducting grains. The decrease of Tc for x > 0.08 wt%, might be attributed to the 

non-homogeneous distribution of ZnFe2O4 nanoparticles causing agglomeration and 

segregation at the grain boundaries of Sm-123 superconductor. The magnetic nanoparticles 

at grain boundaries scatter the carriers during their transport and cause pair braking. The 

variation of Jc (Abdeen et.al, 2016). with x shows a similar trend as Tc. The increase in Jc 

is attributed to both increase in the volume fraction of Sm-123 phase and the diffusion of 

nanosized ZnFe2O4 over the pore surfaces, grain boundaries and twin boundaries. This can 

improve the inter-granular coupling between grains and increase the flux pinning centers 

leading to enhancement of Jc. 

The values of the lattice parameters a, b and c are listed in Table 1 for Sm-

123/(ZnFe2O4)x superconducting composites. The lattice parameters show no systematic 

variation with respect to the pure sample and the structure does not change from 

orthorhombic to tetragonal. This result indicates that the nanosized ZnFe2O4 does not enter 

the crystal structure and reside on the grain boundaries.   
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Table 1: The relative volume fraction and lattice parameters of SmBa2Cu3O7–δ/(ZnFe2O4)x, x = 0.00, 

0.02, 0.08, 0.15 and 0.20 wt%. 

 

x (wt%) Sm-123% BaCuO2%  a(Å) b(Å)  c(Å) Tc 

0.00 97.412 2.588 3.860 3.907 11.702 91.50 

0.02 97.698 2.302 3.856 3.906 11.699 93.09 

0.08 98.784 1.216 3.854 3.901 11.695 96.08 

0.15 97.683 2.317 3.860 3.903 11.701 91.72 

0.20 97.341 2.659 3.858 3.901 11.699 88.69 

 

 

3.2 Cu2+ EPR Measurements 
EPR studies of HTSCs above Tc give information on the local Cu2+ environments 

and their interaction with neighboring ions. The first-derivative of the EPR spectra of Sm-

123 superconductor sample at different temperatures T = 295, 260, 230, 190,160, 130 and 

100 K is shown in Figure.2. In the whole temperature range, the EPR spectrum comprises 

of a single asymmetric line described by rhombic g tensor with a slight temperature 

dependence. The principal g values are calculated and found in the range gx =2.073-2.077, 

gy =2.123-2.128 and gz= 2.194- 2.202, where the first value corresponds to (100K) and the 

second to (295K). The variation of the anisotropic g-values with temperature for Sm-123 

pure sample is shown in Figure 3. These signals correspond to the anisotropic powder-like 

EPR spectrum of divalent copper ion (3d9 , electron spin s = ½ ,  nuclear spin I = 3/2 ) in 

non-cubic site.  According to the crystal field theory the relation gz>gy>gx among the 

principal g-values indicates that the underlying Cu2+ centers have a dominant dx2-y2 and 

to a lesser extent a  𝑑𝑧
2  contribution in their ground state that corresponds to a rhombic 

distortion of the local symmetry (Likodimos et al., 1995). 

 
 

 
 

Fig.2: First-derivative absorption spectra for SmBa2Cu3O7−δ versus the magnetic field at different 

temperatures. 
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Fig.3: Variation of anisotropic g-factor with temperature for the SmBa2Cu3O7−δ. 

 

The EPR spectra of SmBa2Cu3O7−δ/(ZnFe2O4)x composites at 100 K are shown in 

Figure 4.  All the samples show the anisotropic EPR spectra for Cu2+ ion with different 

intensities. Actually, the impurity phases RE2BaCuO5 (RE-211) and BaCuO2 usually 

appear during the sintering of the REBa2Cu3O7-δ compounds (Bowden et al,. 1987) and 

both can be detected in the EPR measurements of samples (Kuang et al, 2017). 
 

 

Fig.4: First-derivative absorption spectra versus magnetic field for the SmBa2Cu3O7−δ / 

(ZnFe2O4)x , with x=0.00, 0.02, 0.08, 0.15 and 0.20 wt%. 
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However, this only enhances its importance as a tool for the detection of Cu2+ 

containing impurities (Likodimos et al.,1996). From XRD measurements the impurity 

phases, (especially BaCuO2) reported in table 1 are typically present in the X-ray spectra 

of the Sm-123/(ZnFe2O4)x composites. Although the X-ray spectra show no peaks for the 

Sm-211 impurity phase, the presence of < 1% of this phase could contribute to the EPR 

signals (Vier et al., 1987). The relative EPR intensity with respect to temperature for 

SmBa2Cu3O7−δ/(ZnFe2O4)x composites, with 0.00 ≤ x ≤ 0.20 wt% is shown in Figure 5.   
 

 
 

Fig.5: Variation of the EPR relative intensity with temperature for the SmBa2Cu3O7−δ / 

(ZnFe2O4)x , with x=0.00, 0.02, 0.08, 0.15 and 0.20 wt%. 

 

The EPR relative intensity shows a decrease up to x=0.08 wt%, consistent with the 

XRD results that show that the impurity phase BaCuO2 is suppressed. Based on this 

observation, we assume that this EPR spectrum originates mainly from Cu2+ ion in the 

disordered part of the BaCuO2 compound (Guskos et al., 1995). At higher nanosized 

addition x≥0.15 wt% the increase in the EPR line intensity could not be attributed only to 

the impurity phase BaCuO2 but also the partial contribution from nanosized ZnFe2O4 

cannot be excluded. It was reported by Jones et al., 1990  that the EPR spectra from the 

impurity phase BaCuO2 are easily observed. The relative EPR line intensity for 

SmBa2Cu3O7−δ/(ZnFe2O4)x samples decreases as the temperature increases from 100 K 

up to room temperature The EPR line intensity varied with temperature according to Curie–

Weiss law at temperature higher than Tc which is expected for a simple paramagnetic center 

with spin S=1/2 as Cu2+ ions (Genossar et al., 1989).  The EPR peaks shift towards low 

fields as the temperature decreases due to the modification in crystal field experienced by 

the ions. The linewidths turned out to be anisotropic, following the relation ΔHz>ΔHy>ΔHx 

which is consistent with spin-spin interaction contribution to ΔH predicted by the principal 

g-values. Figure 6 shows the temperature dependence of linewidths ΔHz, ΔHy and ΔHx for 

free added sample. The linewidths show slight linear increase with the increase of 

temperature. This behavior may be associated with very rapid spin-lattice relaxation 

(Bencini et al., 2012).  
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Fig.6: Variation of the linewidth ΔH with temperature for SmBa2Cu3O7−δ . 

 

Figure 7 shows the concentration dependence of linewidths ΔHz, ΔHy and ΔHx at 

100 K.  As the nanosized ZnFe2O4 addition increases, the width of the resonance lines 

decreases up to x= 0.08 wt%, indicating that the concentration of paramagnetic ions 

decreases and hence, the BaCuO2 concentrations. On further addition of nanosized 

ZnFe2O4, the width of the resonance lines increases which means the formation of large 

clusters Cu2+ ions (the broad profile arising from spin pairing due to the close proximity of 

the paramagnetic ions). 
 

 
 

Fig.7: The concentration dependence of the linewidth ΔH for SmBa2Cu3O7−δ/ (ZnFe2O4)x ,  

with x=0.00, 0.02, 0.08, 0.15 and 0.20 wt%. 

 

The number of spins N participating in the resonance was calculated using the area 

under the absorption curve (Weil et al., 2007). The plot between log(N) and 1/T for Sm-

123/(ZnFe2O4)x composites is shown in Figure 8. It shows a linear dependence which is 

compatible with Boltzmann's law.  It is found that N decreases as the nanosized ZnFe2O4 

addition increase up to x=0.08 wt%, and it decreases as the temperature increases. The 

activation energy Ea was calculated from the slope of lines, and the values of Ea are also 

listed in Table 2 as a function of nanosized ZnFe2O4 addition. Ea decreases as x increases 

up to x=0.08 wt%, and then increases with further additions. This enhancement is 

accordingly the consequence of increasing N with nanosized ZnFe2O4 addition for x > 0.08 

wt%, consistent with the variation of the impurity phase BaCuO2. 
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Fig.8: Relation between Log(N) and 1/T for SmBa2Cu3O7−δ / (ZnFe2O4)x , with x=0.00, 

0.02, 0.08, 0.15 and 0.20 wt% at 100 K. 

 

 

 

Table 2: Variation of  Ea, o, ϴ and µeff  for SmBa2Cu3O7−δ / (ZnFe2O4)x  

with x=0.00, 0.02, 0.08, 0.15 and 0.20 wt%. 

 

µeff (µB) ϴ ×10-5 

(emu.K/gm) 

o×10-8 

(emu/gm) 

Ea 

(eV) 

x  

wt% 

0.72 49.01 6.18 -6.19 0.0092 0.00 

0.61 45.35 5.18 -5.48 0.0091 0.02 

0.53 43.51 3.84 -4.26 0.0087 0.08 

0.73 51.68 7.44 -8.99 0.0105 0.15 

0.74 55.05 9.05 -11.92 0.0115 0.20 

 

 

3.3 Paramagnetic Susceptibility:  

The paramagnetic susceptibility  was determined as a function of temperature using     

Eq.[1]  (Ashcroft at al., 1976) 

 

                 Eq.(1)                    =
𝑁𝑔2µ𝛽

2 𝐽(𝐽+1)

3𝐾𝐵𝑇
                                                                      

 
where N is the number of spins per m3, µ𝛃 is Bohr magneton, kB is the Boltzmann 

constant and J=5/2. Figure 9 shows the temperature dependence of the paramagnetic 

susceptibility for the Sm-123/(ZnFe2O4)x composites.       The –T curves were well fitted 

according to Curie–Weiss law, using the following equation: 
     

 Eq. (2)                                                                                       

= 
𝑜

+
𝐶

𝑇 − 𝛳
                                                                      

where o is the temperature independent susceptibility, C is Curie constant and ϴ is 

Curie temperature, and their values are listed in Table 2.  
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Fig.9: Temperature dependence of paramagnetic susceptibility for SmBa2Cu3O7−δ / (ZnFe2O4)x ,  

with x= 0.00, 0.02, 0.08, 0.15 and 0.20 wt%. 

 

 

 

The quantity C can be expressed as an equivalent amount of magnetic ions and the 

positive sign of ϴ evidence for the ferromagnetic interactions between the copper 

paramagnetic centers whereas the negative sign of o is the diamagnetic contribution into 

the susceptibility caused by the core electrons of BaCuO2  (Troc et al., 1994)  

               The ceffective magnetic moment µeff  is calculated  using Eq.(3):              

Eq.(3)                  𝐶 =
  𝑁µ 𝑒𝑓𝑓

2

3𝐾𝐵
 

 

It should be noted that the calculated µeff represents a sum of the contributions from 

all the sample constituents. In all of the studied samples, EPr signals corresponding to Sm3+ 

ions (µeff = 0.84µ𝛃) are not observed. This can be attributed to very fast spin lattice in 

contrast with the other RE3+ Kramers ions whose EPR linewidth is mainly determined by 

their magnetic interactions (Likodimos et al., 1995).  On the other hand, Udomkan et al., 

2005 studied the EPR spectra of Gd-123 and found that the Cu2+(3d9) ions from the 

impurity phase BaCuO2 give rise to two-quartet absorption peaks centered at 310 mT (g 

 2.020) which are superposed by the broad ESR peak of Gd3+(4f7) at g  2.000.   The 

values of µeff are listed in Table 2 as a function of nanosized ZnFe2O4 addition after 

excluding the magnetic moment resonances only due to small amount of nanosized 

ZnFe2O4 addition.  The effective magnetic moment is found to be proportional to the 

amount of BaCuO2 present, which strongly suggests that BaCuO2 is the greatest contributor 

to the EPR signal and to the magnetic susceptibility for SmBa2Cu3O7−δ/(ZnFe2O4) x, 0.00 

≤ x ≤ 0.20 wt%  above Tc. Vier et al., 1987 obtained similar results for a number of 

REBa2Cu3O9-δ  HTSCs. Figure 10 shows the M–H curves of  SmBa2Cu3O7−δ  and  

SmBa2Cu3O7−δ/(ZnFe2O4)0.08 at 85 K.   
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Fig.10: M-H hysteresis loop for SmBa2Cu3O7−δ and SmBa2Cu3O7−δ /(ZnFe2O4)0.08 at 85 K. 

 

The M-H hysteris loop shows a paramagnetic behavior for both samples. 

Magnetization shows a linear increase with the magnetic field and even for a field of 

20,000)e it does not attain saturation. The M–H curves show small hysteresis at 85 K. This 

hysteresis is proportional to the critical current density Jc, and usually found in the M–H 

curves of typical ceramic superconductors. A possible reason for paramagnetism like 

behavior may be accounted for BaCuO2 impurity phase present in the samples (Topal, 

2010).   
 

4. CONCLUSION 

EPR measurements for a series of orthorhombic Sm-123/(ZnFe2O4)x  composite, with  

0.00 ≤ x ≤ 0.20 wt% prepared by the solid state reaction method were investigated at different 

temperatures. In the whole temperature range, the EPR spectrum comprises a dominant Cu2+ 

anisotropic pattern described by rhombic g-tensor. The EPR results displayed that the 

increase of the nanosized ZnFe2O4, decreased the number of unpaired electrons, activation 

energy, the paramagnetic susceptibility and the effective magnetic moment up to x= 0.08 wt% 

due to suppression of the impurity phases (most noticeably BaCuO2) as supported by XRD 

and M-H hysteresis measurements. Those results mean that all of the EPR measurements 

known to us are not intrinsic to the superconducting phase, but are rather due to small amounts 

of  BaCuO2 typically present in the samples. 
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