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Abstract 

Polycrystalline YBa2Cu3Oy (YBCO) samples were synthesized by adding nanoparticles 

Zn0.95Fe0.05O (ZnFeO) (30 nm in diameter) up to 7 𝑤𝑡. %. By using X-ray diffraction (XRD), 

no orthorhombic-to-tetragonal phase transition detected up to 5 𝑤𝑡. % of ZnFeO and lattice 

parameters remain almost constant. We may conclude that the nano ZnFeO particles are well 

dispersed at the grain boundaries of the Y-123 matrix. TEM and EDS analyses show the 

presence of inhomogeneities embedded in the superconducting matrix. These defects can 

contribute to the scattering of the conduction electrons and increases the residual resistivity 

with ZnFeO addition. In fact, we note a slowly variation of residual resistivity ∆𝜌0 for 𝑥 ≤ 1 

then increases more rapidly as the amount of ZnFeO increases. Electrical resistivity 

measurements show a suppression of the superconductivity at the rate of 8.3K/at% for ZnFeO 

addition greater than1 𝑤𝑡. %.  

A nonmetallic upturn in normal state is observed for ZnFeO addition more than1 𝑤𝑡. %, 

hence, the temperature dependence electrical resistivity was discussed according to Mott 

variable range hopping (VRH). It is found that the normal state is governed by two and three 

variable range hopping (2D-VRH and 3D-VRH) conduction for ZnFeO addition 𝑥 ≥ 1 and 

Coulomb gap (CG) mechanism for𝑥 ≤ 0.5. 
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 The modification of the electrical behavior of YBCO added samples from Coulomb gap 

to hopping conduction lead to influence the localization length behavior. This result can be 

interpreted by disorder effect induced by the introduction of nano-size ZnFeO in the matrix. 

 

Key words: A. YBCO; B. Nanometer Zn0.95Fe0.05O; C. Structure; D. Electrical properties. 

 

 الملخص

O 0.05eF0.95Znالمتعددة البلورات عن طريق إضافة جسيمات نانوية  yO3Cu2YBa (YBCO)تم تحضير عينات 

(ZnFeO)   30) )7تصل إلى و بنسب وزنية نانومتر في القطر 𝑤𝑡. . من خلال فحص العينات باستخدام جهاز حيود %

)  tetragonal) تركيب معيني متعامد ( إلى  orthorhombic(، لم تظهر أي انتقالات طورية من XRDالأشعة السينية )

.𝑤𝑡 5 تركيب رباعي الزوايا ( لغاية تركيز وزني قدرة   , كما بقيت معاملات الشبكة البلورية  ثابتة تقريبا.  ZnFeOمن  %

. Y-123النانومترية قد تشتت على حدود الحبيبات المكونة للمركب  ZnFeO  يقودنا هذا الى استنتاج أن جسيمات 

 اهم في زيادة  تشتتوجود شوائب متأصلة في المركب الفائق التوصيل. و هذا من شأنه أن يس EDSو TEMتظهر تحليلات 

 للعينات . ZnFeOمع إضافة  𝜌0∆الإلكترونات الموصلة وبالتالي يزيد من المقاومية المتبقية 

, ومع زيادة كمية   x ≤ 1عندما تكون   𝜌0∆فى الواقع نلاحظ وجود تغير طفيف وبطيء في قيم المقاومية المتبقية 

ZnFeO. يع .تظهر قياسات المقاومية الكهربائية انحدار الموصلية الفائقة بمعدل تزداد المقاومية الكهربائية بشكل سر

8.3K/at%   في حال كانت النسبة الوزنية الضافة  لZnFeO  1أكثر من 𝑤𝑡. بتراكيز أكثر  ZnFeO. و عند إضافة  %

.𝑤𝑡 1من  مت مناقشة ارتباط المقاومة ، لذلك تفي الحالة العادية  ) nonmetallic upturn, لوحظ وجود ارتفاع لا فلزي )%

(. ووجد أن الحالة العادية يحكمها آلية  Mott variable range hopping (VRH))  الكهربائية بدرجة الحرارة وفقا ل

(  , بينا  1اكبر من او يساوي  ZnFeO.) اذا كان تركيز ZnFeO التوصيل ثنائي الابعاد او ثلاثي الابعاد وفقا لتركيز

من  YBCO. ان  تغير السلوك الكهربائي لعينات 0.5( لتراكيز اقل من او يساوي CG) Coulombة استخدمت آلية فجو

إلى التوصيل بالقفز اثر على سلوك التموضع الطولي. ويمكن تفسير هذه النتيجة من خلال تأثير التشتت و  Coulombفجوة 

 للمركب.  ZnFeOعدم الترتيب الناجم عن إضافة الجسيمات النانومترية 

 

 .ةيئابرهكلا صئاصخلا ،ءانبلا ،نانومتر ،  YBCO ، O0.05Fe0.95Zn: ةيحاتفملا تاملكلا
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1. Introduction  

Since their discovery, high-temperature superconductors (HTSC) have not revealed all 

their secrets despite the extensive research that have been conducted. To better understand the 

behavior of superconducting materials, a special interest of studies has been reported on the 

effect of doping as an effective tool to probe the superconducting properties of YBa2Cu3Oy 

(YBCO, or Y-123) compound. The superconducting transition temperature𝑇𝑐, normal state, 

residual resistivity, structure of the YBCO can be modified either by the substitution of 

elements, by additives or by oxygen disorder [1–15].   

Probably Zn impurity is the most widely investigated in d-wave superconductors. It is 

reported that the superconductivity is suppressed in Zn substituted (Y,Ca)-123 due to pair-

breaking processes [16, 17] and the reduction in the critical temperature 𝑇𝑐 is about 8-12 K/at%  

for divalent dopant Zn [18–20]. The dependence between superconducting transition 

temperature 𝑇𝑐 reduction and superfluid density decrease has been reported. In fact, to explain 

the observed decrease in the muon spin relaxation rate and therefore suppress of 

superconducting condensate 𝑛𝑠 in the presence of Zn impurity in Y-123, Swiss chess model 

was proposed [21]. Within the framework of this model, the charge carrier in a given area 

around each Zn impurity are assumed to be excluded from the superconductivity. Impurity can 

also affect spin fluctuations [22] and induces carrier’s localization by disorder in YBCO doped 

system [9, 23-25]. Pinglin Li et al. [12] reported that Zn ions in Y-123 make a change in the 

electron structure, resulting in the carrier localization. As a result, it interferes the pairing and 

transportation of superconducting carriers and then suppresses the superconductivity with the 

formation of Zn clusters. There is general consensus in the literature that Zn prefers the Cu (2) 

plane sites without alteration of the orthorhombic symmetry of the YBCO crystal [12, 26]. In 

the other hand, it has been suggested that the substitution at Cu (2) sites by Zn results in the 

formation of local magnetic moments at the four nearest neighbor of Cu (2) sites surrounding 

the Zn impurity [26, 27].  

Fe doping in the YBCO superconductor has taken place in the literature. The preferential 

sites for Fe atoms are at Cu (1) sites in CuO layer predicted in experiments [28] and the material 

evolves to tetragonal symmetry for the Fe-doped compounds [29]. It is reported that Fe 

substitution is less effective on Tc at comparable Zn concentration level [30].  
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The depression of superconductivity is largely attributable to Cu valence and structure 

change rather than any magnetic property change [31]. Dual doping with Fe and Zn 

simultaneously in the YBCO system was explored [32]. It’s reported that significant higher 𝑇𝑐 

suppression as compared to separate equivalent doping of either of these impurities. In fact, 

strains introduced by the two dopants disturbs the charge balance in the coupled chain and plane 

system and reduce the concentration of mobile holes in the CuO2 planes as well as the 

suppression of the order parameter between the CuO2 planes by the Fe atoms.   

Moreover, among the theoretical models of electronic conduction, the variable rang 

hopping (VRH) between localized states was used for describing the behavior of normal state 

of HTSC [24]. A crossover from Efros-Shklovskii (ES) to Mott variable rang hopping transport 

was observed in substituted superconducting materials [24, 33, 34]. 

Nano-sized particles added in polycrystalline superconductors have generated great 

interest because they represent an easily controlled and efficient tool for improving the 

superconducting properties by introducing pinning centers in the matrix [13, 35-39]. nano-sized 

ZnO additions in bulk Y-123 show significant pinning enhancement [40]. In our knowledge, a 

few studies have reported on nanoparticles effect on normal state in YBCO system [41, 42].   

In the present work, we present an investigation on the Zn0.95Fe0.05O nano-sized particles 

(30 nm in diameter) additions in YBCO bulk and their influence on the transport properties. 

For this purpose, a series of YBCO specimens with different amounts of Zn0.95Fe0.05O (0 –7 wt. 

%) were grown in air by the solid-state reaction. We focus on the analysis of the structure, 

microstructure and the electrical properties. Then, for the electrical resistivity analyses we 

applied the quantum percolation theory based on localized states to the normal state resistivity 

of these samples. This allows us to interpret the linear behavior of resistivity as a function of 

temperature for the metallic samples with a Coulomb gap (CG) regime and the semiconducting 

behavior as a function of temperature for the insulating samples using the variable range 

hopping (VRH) regime.  
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2. Experimental 

The pure and nanometer Zn0.95Fe0.05O (ZnFeO) added YBCO samples were prepared by 

the conventional solid-state reaction method under identical conditions. The single phase 

YBCO was synthesized by thoroughly mixing high purity Y2O3 (99.9%), Ba2CO3 (99.9%) and 

CuO (99.9%) according to the chemical formula of Y: Ba:Cu = 1:2:3. This mixture of powders 

was pelletized and then calcined at 950°C for 12 hrs in air with one intermediate grinding. X-

ray diffraction confirmed the YBCO structure. During the final processing stage, ZnFeO 

particles with an average 30 nm in diameter were added separately to the precursor powder 

YBCO by mixing and hand grinding both powders in an agate mortar. The additional amount, 

𝑥 𝑤𝑡. % , of ZnFeO in this case varied from 0.0 𝑤𝑡. % to 7.0 𝑤𝑡. % of the total mass of the 

sample. The non-added powder (0.0 𝑤𝑡. %) was basically the precursor but hand ground as the 

others to ensure identical physical conditions for all samples. The mixed powders were pressed 

into pellets 0.3 mm thick and 5 mm in diameter, under a uniaxial pressure of 900 MPa then 

sintered at 950°C for 8 hrs in air, thereafter cooled to room temperature at a rate of 4° C/min.  

The structure and phase purity were examined by powder XRD using a Philips 1710 

diffractometer with CuK𝛼 radiation. The microstructure of samples was characterized using a 

transmission electron microscope (TEM) (FEI Tecnai G2) operating at 200 kV with a LaB6 

filament. Local chemical analysis was performed using the energy dispersive X-ray 

spectroscopy (EDS) system attached to the TEM. The resistivity versus temperature variations 

were measured using the standard four probe technique in a CCS 450 cryostat system. Electrical 

contacts were made using silver paint and the contact resistance value was approximately 0.5 

Ω. The pellets were carefully cut into bars shaped samples with active cross sections for current 

flow of 0.3 mm2. 
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3. Results and discussion 

 The XRD patterns for some typical samples are shown in Fig.1. Characteristic peaks 

corresponding to different phases are marked on different patterns. The analysis of the data 

indicates a single-phase perovskite structure YBCO with orthorhombic Pmmm symmetry and 

small quantities of secondary phases, such as BaCuO2. A very small fraction of impurities for 

samples with 𝑥 = 5 of ZnFeO are also detected. There was no orthorhombic-to-tetragonal 

phase transition detected up to 𝑥 = 5 under the accuracy of XRD patterns.  

 

Fig. 1: X-ray powder diffraction patterns of non-added sample  

and with 5 𝑤𝑡. % of ZnFeO nanoparticles. 

+: BaCuO2 and *: impurity. 

 

The XRD patterns were analyzed by the Rietveld structure refinement method. The 

structural parameters for the samples were refined so that the calculated pattern fits the observed 

spectrum very well. The Rp and Rwp factors and the goodness of fitting 2, were used as the 

numerical criteria of fitting. Fig. 2a and b show an example of observed and fitted profiles for 

samples with 𝑥 = 0.0 and 𝑥 = 5 of ZnFeO. It may notice that a, b and c lattice parameters 

remain almost constant with both additions.  
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Fig. 2: Rietveld refinement profiles of YBCO samples with: (a) non added and (b) 5 𝑤𝑡. % 

 

 ZnFeO addition. The dots are the measured X-ray diffraction data, and the solid line is 

the calculated profile. The difference curve (observed results minus calculated ones) is plotted 

at the bottom. The tick marks below represent the positions of Bragg reflections.    

The measured lattice parameters are 𝑎 = 0.382 𝑛𝑚, 𝑏 = 0.388 𝑛𝑚, 𝑐 = 1.168 𝑛𝑚 with 

an estimated 0.0005nm precision. Samples sintered with different addition of nano ZnFeO 

remained orthorhombic, with the distortion (b–a)/ (a + b) close to that of pristine sample 

(8.10
-3

), such value is comparable with the previously reported [43]. In literature, it has been 

reported by many groups that the crystal structure remained almost unchanged by nanoparticles 

additions and the different types of nanoparticles occupy the inter-granular spaces in the bulk 

of different superconducting matrix [35, 44, 45]. We may conclude that the nano ZnFeO 

particles are well dispersed at the grain boundaries of the Y-123 matrix. 

From our lattice parameter c and the relation y = 75.25 - 5.856 c [46], the oxygen content 

was insignificantly changed and varied from 6.83 for 𝑥 = 0.0 𝑤𝑡. %  to 6.80 for 𝑥 = 5 𝑤𝑡. % 

of ZnFeO. Similar results were reported in the case of nano ZnO addition [41] and Zn-doped 

Y-123 [29, 47, 48]. In fact, the lattice parameters a, b and c change slightly with the doping of 

Zn, the oxygen content is independent of Zn doping and all samples are orthorhombic. Hence, 

any phenomenon that may occur in this study is assumed to be irrelevant to the structure change 

of these samples.  
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It is known that the sample preparation process and ultimately the microstructure of the 

resultant material have a direct effect on the transport properties. In order to obtain more 

detailed information on the microstructure of samples, we performed TEM observations 

coupled with EDS analyses. Fig. 3a and b illustrate a TEM images for ZnFeO added sample 

with different orientations of specimen. These figures corresponding to sample sintered with 

𝑥 = 5 𝑤𝑡. % . 

 

                    

Fig. 3: TEM micrographs of samples sintered with nanosized particles: (a) 5 𝑤𝑡. % ZnFeO 

and (b) 5 𝑤𝑡. % ZnFeO; image showing dislocations in the YBCO matrix. 

   

This micrograph reveals the presence of high density of nano-sized scale 

inhomogeneities, incorporated within the YBCO matrix. EDS analyses collected from these 

nanophases show the presence of Zn and Fe and from outside these inhomogeneities exist only 

the YBCO phase. In fact, Zn-Fe rich inhomogeneities generate high densities of twins and then 

increase the density of dislocations in the matrix. These defects can contribute to the scattering 

of the conduction electrons and work as flux pinning centers.    

Measurements of the resistivity dependence on the temperature 𝜌(𝑇) for free and doped 

samples with various amounts of ZnFeO are shown in Fig. 4. As can be seen from this figure, 

the samples sintered with 𝑥 ≤ 7 show a superconducting transition to zero resistance at T > 20 

K, except the case for ZnFeO with 𝑥 = 7. The normal state resistivity of samples sintered with 

an amount 𝑥 ≤ 1 of ZnFeO shows a linear function of temperature.  
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As the additives concentration increased, the normal state resistivity shows a transition 

from metallic to insulator behavior. Resistivity upturns have been observed for 𝑥 ≥ 3 of ZnFeO 

additions. W. Chen et al. [49] have explained the observed resistivity upturn of cuprates by 

considering the effects of disorder produced by Zn substitution or electronic irradiation 

associated with a strong electronic correlation. They find that correlation- induced magnetic 

droplets around impurities and give rise to an extra scattering which causes the resistivity 

upturns.  

 

Fig. 4: Resistivity dependences on the temperature for samples sintered  

with various amounts of ZnFeO nanoparticles. 

 

Fig. 5 shows the variation of the zero-resistance temperature 𝑇𝑐𝑜 and the onset transition 

temperature 𝑇𝑐
𝑜𝑛𝑠𝑒𝑡 for YBCO with different amounts of ZnFeO. It can be seen that 𝑇𝑐

onset and 

𝑇𝑐𝑜 decrease with increasing𝑥. Low concentration added nanoparticles leads to a relatively 

sharp superconducting transition and a broad transition take place for ZnFeO addition greater 

than1 𝑤𝑡. %. Variations of the 𝑇𝑐𝑜 versus 𝑥 𝑤𝑡. % have two different regions; a rapid decrease 

of 𝑇𝑐𝑜 for low concentration (up to 1 𝑤𝑡. % of ZnFeO) this behavior is attributed to the 

homogeneity of the samples and/or to the disruption of Cu-O weak links in chain [50 - 53].  
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A gradual decrease of 𝑇𝑐𝑜 up to 7 𝑤𝑡. % may be attributed to the formation of Fe-rich 

phase [52, 53], this result is in agreement with XRD and TEM analysis. Moreover, the 

superconductivity is more suppressed for ZnFeO addition greater than 1 𝑤𝑡. % at the rate of 

8.3K/at% compared to our previous study with ZnO nanoparticle addition where 𝑇𝑐𝑜 decreases 

at the rate of 5.3K/at% [41]. S. B. Ogale et al. [32] reported that Fe/Zn dual doped YBCO 

samples leads to a significantly higher Tc suppression as compared to the cases of separate 

equivalent total doping of Fe or Zn. It appears that the process of hole doping from chains to 

the CuO2 planes is partially obstructed leading to a reduction in the density of holes available 

in the plans. Others, reported that pair-breaking due to the spin scattering across magnetic 

nanoparticles dispersed in the inter-grain region of CuTl-1223 matrix may be responsible for 

the superconductivity suppression [35, 54, 55].     

 

 

Fig. 5: Zero-resistivity temperature 𝑇𝑐𝑜 and onset transition temperature 𝑇𝑐
𝑜𝑛𝑠𝑒𝑡 for YBCO 

with different amounts of ZnFeO. Solid lines are just guides to the eyes. 

 

In other hand, we can observe that the normal state resistivity increases with the addition 

of ZnFeO nanoparticles. As the normal state resistivity is regarded as the measure of disorder, 

it shows that the presence of ZnFeO in the matrix increases the amount of disorder.  
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This is evident from Fig. 6 which exhibits a variation of the increase in residual resistivity 

∆𝜌0 with  the amount 𝑥 of ZnFeO, where ∆𝜌0 = 𝜌(𝑥) − 𝜌(0), 𝜌(𝑥) is obtained by fitting a 

straight line in the linear portion of normal state resistivity of different samples 0 ≤ 𝑥 ≤ 7 from 

room temperature to 0 K. We note a slowly variation of ∆𝜌0 for 𝑥 ≤ 1 then the residual 

resistivity increases more rapidly as the amount of ZnFeO increases.  

 

Fig. 6: Evolution of the increase in residual resistivity ∆𝜌0 with 𝑥 𝑤𝑡. % (ZnFeO). 

 Solid lines are just guides to the eyes. In the inset, the linear relation of ∆𝜌0  

with the amount of ZnFeO for 𝑥 ≤ 3. 

 

If we assume as is usually done in cuprates, that the contribution of the s-wave impurity 

scattering follows the formula: ∆𝜌0 = 4(ℎ 2𝜋𝑒2⁄ )(𝑛𝑖 𝑛⁄ )𝑠𝑖𝑛2𝛿0                                           (1) 

 Where 𝑛𝑖 and 𝑛 are impurity and carrier concentrations respectively, and 𝛿0 is the 

scattering phase shift [8]. The fit of the experimental points of ∆𝜌0 with ZnFeO addition show 

a linear behavior for 𝑥 ≤ 3 (see inset fig 6). This result is predicted by the formula (1) as the 

charge carrier density 𝑛 is almost unchanged where the oxygen content y is independent of 

ZnFeO additions and consider the phase shift 𝛿0 not affected. We may conclude that for low 

ZnFeO additions the main cause of the residual resistivity is the impurity present in the matrix. 

For an amount of ZnFeO more than 3 𝑤𝑡. %, the dependence of ∆𝜌0 on x is not only controlled 

by the greater number of defects and heterogeneities in ZnFeO samples, but the impact of 

scattering phase shift may have an important role [56].    
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To more investigate the normal state resistivity 𝜌(𝑇), the change from a metallic to an 

insulating behavior allows one to argue that the quantum percolation theory, can interpret both 

the insulating and the metallic behaviors of different samples either by VRH and CG 

mechanisms. The temperature dependence of resistivity is described by the relation: 

𝜌(𝑇) = 𝜌𝑜 ( 
𝑇

𝑇𝑜
)

2𝑝

𝑒𝑥𝑝 (
 𝑇𝑜

𝑇
)

𝑝

     (2) 

Where 𝜌𝑜 and 𝑇𝑜 are constants characterizing a given material and p depends on both the 

dimensionality of the system and the shape of the density of states (DOS) at the Fermi level. 

For non-interacting charge carriers, VRH model predicts a value of p =  1/3 in 2D and p 

=  1/4 in 3D localization [57]. However, when localized carriers interact via the coulomb 

potential on localized states, a soft gap in the DOS near the Fermi level is created causing new 

temperature dependence of the hopping conductivity and p =  1/2 in both 2D and 3D [58]. 

 The resistivity data of ZnFeO added samples in the normal state was fitted by equation 

(2) leaving the exponent value p as variable are shown in Fig. 7 and the fitting parameters are 

listed in Table 1. We found that the resistivity behaviors of ZnFeO added samples with 𝑥 ≤ 0.5 

were best fitted with p = 1 2⁄  in a wide temperature rang up to 290 K, which corresponds to 

CG conduction mechanism.  Many groups indicated that CG mechanism is well established for 

low doped HTSC phases [34, 41]. The system is observed to undergo a crossover from CG to 

2D-VRH mechanism in the concentration range 0.5 < 𝑥 ≤ 3 that means probably the hopping 

occurs in CuO2 planes [59, 60] and from 2D-VRH to 3D-VRH mechanism for 3 < 𝑥 ≤ 7 . 

Similar results were reported where the three mechanisms occurred at different nanoparticle 

additions [41, 42]. In other hand, we suggest that the observed 3D hopping conductivity is 

mainly due to the presence of magnetic atom Fe in ZnO nanoparticle. In Fact, previous study 

[41] showed that only 2D-VRH mechanism is well established for nano ZnO addition greater 

than 3 𝑤𝑡. %. 



   
Multi-Knowledge Electronic Comprehensive Journal For Education And Science Publications (MECSJ) 

ISSUE (28), January (2020) 

ISSN: 2616-9185 

 

  

 

13 

www.mecsj.com     

 

Fig. 7: Fitting data of the resistivity with both the CG and the VRH models for samples 

sintered with various amounts of ZnFeO nanoparticles. 

 Lines are VRH and CG fits and symbols are experimental data. 

 

From the fitting parameter 𝑇𝑜 (see table 1), we calculate the localization length d which 

represents the decay length of localized carrier wave function. 

 

Table 1: The fitting parameters 𝜌𝑜 and 𝑇𝑜 of resistivity curves deduced from equation 

(2) for different amount of ZnFeO 
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Using the Mott parametrization [57], 𝑇𝑜
3𝐷 is expressed as: 𝑇𝑜

3𝐷 =
16

𝑘𝐵𝐷(𝐸𝐹)𝑑3
, where 𝐷(𝐸𝐹) 

is the density of state in the vicinity of the Fermi level and 𝑘𝐵 is the Boltzman constant. By 

using the current estimate of 𝐷(𝐸𝐹) ≈ 1021 𝑠𝑡𝑎𝑡𝑒𝑠/𝑒𝑉. 𝑐𝑚3 in 3D-VRH, the value of 𝑑 has 

been estimated. In 2D-VRH, the relation between the fitting parameter 𝑇𝑜
2𝐷 and the localization 

length d is given by:  𝑇𝑜
2𝐷 =

27

4𝜋𝑘𝐵𝐷(𝐸𝐹)𝑑2, where 𝐷(𝐸𝐹) ≈ 1014 𝑠𝑡𝑎𝑡𝑒𝑠/𝑒𝑉. 𝑐𝑚2. However, for 

the metallic samples, using the CG relation [58], 𝑑 is given by 𝑑 =
𝑒2

𝑘𝐵𝑇𝑜
𝐶𝐺𝜀

, where 𝜀 is the 

dielectric constant usually equal to 𝜀 = 10 for the metallic samples [61]. 

We reported in Fig. 8 the behavior of the localization length 𝑑 vs doping content of 

ZnFeO.  

 

Fig. 8: Localization length 𝑑 vs doping content of ZnFeO. 

 Solid lines are just guides to the eyes. 

 

By increasing the doping concentration, the localization length decreases, the hopping 

range decreases too and the non-added sample (𝑥 = 0) has the largest distance 𝑑. However, the 

localization length drops quickly for low concentration in ZnFeO system (up to 1 𝑤𝑡. % of 

ZnFeO), then the localization length shows a slow decrease for 𝑥 ≥ 3 in ZnFeO added samples. 

For low concentration content (𝑥 < 3), ZnFeO additions improves the carrier’s localization 

rapidly.  
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Nevertheless, as the localization length evolves in the same way that the wave-function 

overlap [62, 63], one may conclude that this overlapping is more effective with ZnFeO addition. 

This result can be interpreted by disorder effects induced in the structure and may be the 

presence of magnetic Fe atom in the inhomogeneities which need further investigation to 

conclude about their character. Moreover, the distribution of ZnFeO in the inter-grain region in 

the YBCO matrix provide weaker tunneling between superconducting grains and as 

consequence reduces the pathways for charge carriers leading to the observed localization 

length behavior [42].  

 

4. Conclusion 

The effect of nano-size ZnFeO (30 nm in diameter) addition on the microstructure and 

the normal state transport properties of polycrystalline YBCO was systematically studied. 

Samples were synthesized in air using a standard solid-state reaction technique by adding nano-

sized particles up to 7.0 𝑤𝑡. %. XRD experiments are performed and the results are refined by 

the Rietveld method. XRD analysis shows a predominantly single-phase perovskite structure 

with orthorhombic symmetry. TEM and EDS analyses show the presence of nanometer size 

inhomogeneities embedded in the superconducting matrix, generate high densities of 

dislocations in ZnFeO samples. Nano-sized particles addition modifies the electrical behavior 

from metallic to insulating with increasing ZnFeO concentration leading to increases of residual 

resistivity. In order to interpret the normal state electrical properties of the samples over a wide 

range of temperature, the quantum percolation theory based on localized states is applied. The 

fitting data with variable range hopping model shows a crossover between CG and VRH 

mechanisms as increasing the ZnFeO concentration. The localization length has been calculated 

for various 𝑥 which as expected decreases as the systems approaches the insulating region. The 

results of the localization length behavior and the suppression of  𝑇𝑐𝑜 can be interpreted by 

disorder effects induced by nano ZnFeO additions.   
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