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    Abstract- The effect of submicron-sized Al2O3 particle 

addition on the crystal structure and superconducting properties 

of YBa2Cu3O7-δ ceramics was systematically studied. Series of 

YBa2Cu3O7−δ + x Al2O3 samples (x = 0.0, 0.1, 0.2, 0.3, 0.4, 

0.5,0.6 wt.% ) were prepared using the solid state reaction 

method. The lattice parameters and the orthorhombicity were 

decreased slightly with Al2O3 addition. No change in the 

structural symmetry state was obtained. SEM micrographs revels 

the decreasing trend in the grain size of the composite samples. 

The superconducting transition temperatures (Tc) determined by 

standard four-probe method was decreased and dropped sharply 

with higher alumina content. Excess conductivity fluctuation 

analysis using Aslamazov-Larkin model fitting reveals transition 

of two dominant regions (2D and 3D) above Tc. The decrease in 

2D-3D crossover temperature i.e. Lawerence-Doniach 

temperature in the mean field region has been observed as a 

consequent dominance of 3D region to increase in wt. % of 

Al2O3 in the composite. 

 

 

    Index Terms- YBCO, Al2O3, nanoparticle, X-ray diffraction,    

 Electrical properties  

 

I. INTRODUCTION 

he high temperature superconductor (HTSC) YBa2Cu3O7-δ 

(YBCO) is one of the material being considered as potential 

candidates for applications such as microwave devices, power 

transmission tape, and delay lines. This is the most useful 

material for conductor applications because of its high 

irreversibility field.Superconductivity in YBCO triple perovskite 

structure resides in the Cu-O planes. It has crystallographically 

two distinct Cu sites i.e Cu (1) site in CuO chains and Cu (2) in 

CuO2 planes . It is known that CuO2 layers play an important role 

in transferring of the charge carriers, whereas CuO chains are 

non-superconducting and acts as „charge reservoir‟. From the 

structural point of view, substitution at the Cu (1) site can cause 

an increase in the oxygen content in the basal plane, inducing 

orthorhombic to tetragonal (O-T) transition with increasing 

dopant concentration. If the substitution takes place on Cu (2) 

site, there is no observed structural O-T transition, the structure 

remains orthorhombic even for higher dopant concentrations and 

oxygen order in the CuO chains remains intact [1]. The oxygen 

in the basal plane acts as a charge reservoir introducing holes 

into CuO2 plane copper atoms. The theoretical developments 

have indicated that the antiferromagnetic spin fluctuations in 

HTSC favors d-wave pairing. But due to disorder in the structure 

of the orthorhombic HTSC, distortion of the pairing interaction 

takes places, giving rise to s-wave pairing component in the 

original d-wave pairing. Many experiments have shown that, the 

CuO2 sheet in the YBCO structure is a superconducting layer (S) 

where as the CuO chain layer is a non-superconductor (N) [2]. 

The hopping interaction between these S-N layers leads to the 

suppression of Tc [3,4]. Chemical doping in high TC 

superconducting cuprates has generated a great interest because it 

represents an easily controlled, non-destructive and efficient tool 

for improving the mechanical, structural and superconducting 

properties of these compounds. Some of the impurities and 

doping elements suppress superconductivity and may locally 

modify the crystalline structure and generate defects such as 

twins, tweed, and inhomogeneous micro-defects, and can act as 

additional pinning centers, resulting in an increase in the critical 

current at higher magnetic fields [5-9]. The doping element 

effects on structural and superconducting properties depend on 

the dopant material nature and the substitution site. Heterovalent 

ion substitution in YBCO is of considerable interest, as it can 

change the lattice constants, the carrier concentration and may 

influence the charge transfer from the reservoir layers to the 

conducting layers. The divalent cations substitute at the Cu (2) 

site but whereas trivalent cations substitute preferentially at the 

Cu (1) site. The substitution of Cu by non-magnetic ions such as 

Zn, Al, Ca and Ga or magnetic ions (Cr, Co, Fe) in the high-

temperature superconductor is a useful tool for probing 

superconductivity parameters [10]. XRD analysis reveals that Al 

substitution does not lead to changes in the structural symmetry 

of YBCO but decreases the orthorhombicity of the system with 

an increasing doping level of Al [11]. The value of Tc also 

decreases with increasing concentration of Al.This indicates that 

Al exclusively substitutes for the Cu lattice site in YBCO. As Y 

and Al are isovalent and the ionic radius of Y
3+

 (0.90 A° ) is 

higher than the ionic radius of Al
3+

 (0.56A°), there is a good 

possibility for Al to occupy Y sites when YBCO ceramic is 

doped with alumina. Thus in this paper we report the results of 

the structural properties, the electrical resistivity of YBCO 

ceramics, when Al2O3 submicron sized particles are added to 

them. 

 

II. EXPERIMENTAL PROCEDURE 

       YBCO powder is prepared by the solid state reaction route 

by mixing stochiometric amount of Y2O3, BaCO3, CuO followed 

by grinding, calcination at 880
0
 C , sintering at 920

0
C and 

annealing at 500
0
C for 8 hrs for oxygen uptake respectively. A 

series of polycrystalline composite samples of  (1-x) YBCO+x 

Al2O3 (x=0.0,0.1,0.2,0.3,0.4,0.5,0.6 ) were ground and pressed 

into pellets. The composite pellets were sintered at 920
0
 C for 12 

T 
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hrs and then cooled to 500
0
 C where they were kept for 5hrs in an 

oxygen atmosphere for oxygen annealing. XRD was done for 

phase conformation and structural analysis. SEM was done for 

microstructural analysis. Temperature dependent resistivity ρ(T) 

was measured using the standard four-probe techniques with a 

Nanovoltmeter (Keithley- 2182A) and constant current source 

(Keithley 6221), with the voltage resolution of 10
-8 

V of the 

Nanovoltmeter, a constant current source of 1 mA flowing 

through the samples. A closed cycle helium refrigerator 

(JANIS) and a temperature controller (Lakeshore 332) having a 

temperature resolution of ±0. 1 K was used for temperature 

variation. Computer controlled data-acquisition system was 

used with a Lab view program. 

 

III. RESULTS AND DISCUSSION 

 

A. XRD analysis 

       Figure 1 shows the powder X-ray diffraction patterns of the 

samples of YBCO with Al2O3 added and not added. The analysis 

of the data indicates a predominantly single phase perovskite 

structure YBCO with orthorhombic Pmmm  symmetry and small 

quantities of secondary phases. The lattice parameters were 

calculated using check cell software. We found that the pure 

sample has an orthorhombic structure with a = 3.8175 Å , b = 

3.8877 Å, and c = 11.644 Å. It should be mentioned that no 

peaks corresponding to the Al2O3 or Al-based compounds were 

detected by X-ray diffraction. However the EDX result shows 

that element Al exists in the bulk samples as shown in figure 2 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: XRD Patterns of YBCO+ x Al2O3  Samples (x = 0.0, 

0.1 , 0.2,0.3,0.4,0.5 wt.% ) . 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: The EDX analysis results taken on the pure YBCO 

shown in (a) and 0.4 wt.% Al2O3 added sample as in (b). 

 

       The lattice parameters and unit cell volumes of these 

samples are presented in table1. 

 

Table I: Parameters calculated from XRD graphs 

 

 

        It may be noticed that the lattice constants „a‟ and „c‟ 

increase with the Al2O3 addition while lattice constant „b‟ 

remains almost constant as shown from table 1. The addition of 

Al2O3 slightly decreases the difference between a and b 

parameters and thus reduces the orthorhombicity(δ). The high 

value of orthorhombicity of the pristine sample is the result of a 

high oxygen content of the pristine sample with fully occupied 

O(1) sites in the CuO chains along the b-axis as shown from the 

O7-δ value as calculated from the relation 7- δ = 75.250-5.856c  . 

With increasing Al2O3 content indicates that the orthorhombicity 

of the system decreases. The slow variation in the a-axis and the 

changes in the unit cell volume with increasing Al2O3 doping 

level most probably indicate that Al is incorporated into the 

crystal structure. 

 

B. Microstructural study 

       The microstructure characterization i.e. grain size 

distribution of the composites is shown in figure 3. It shows that 

the pristine YBCO sample exhibits large grains randomly 

oriented in all directions. The grain size becomes reduced with 

Al2O3 addition. Decrease in grain size indicates that the strength 

and hardness of the sample increases in Al2O3 doped samples.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: SEM micrographs of YBCO + x Al2O3 composites 

(x = 0.0,0.2,0.4,0.6 wt.%) marked as a, b, c, d,  respectively 

Al2O3 

(wt.%) 

a(A
0
) b(A

0
) c (A

0
) V(A

03
) δ=b-

a/b+a 

O7-

δ 

 

0.0 3.824(3) 3.884(3) 11.641(6) 172.89 0.007 7.0 

0.1 3.822(2) 3.880(1) 11.705(4) 173.57 0.007 6.7 

0.2 3.819(4) 3.882(2) 11.697(9) 173.41 0.008 6.7 

0.3 3.832(2) 3.881(2) 11.675(6) 173.63 0.006 6.8 

0.4 3.813(5) 3.882(3) 11.68(2) 172.88 0.008 6.8 

0.5 3.844(3) 3.865(2) 11.709(6) 173.96 0.002 6.6 

0.6 3.817(8) 3.884(3) 11.684(7) 173.21 0.008 6.8 

a b 

a b 

c d 
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        The Al2O3 grains contribute in the creation of SNS junctions 

in the sample microstructure that will improve the current path 

and thus the conductivity of the samples in the normal state . 

However in granular HTSCs in the superconducting state(below 

Tc), transport properties are mainly controlled by the grain 

boundary microstructure, unlike Tc which is determined by the 

crystal structure and oxygen content. 

 

C. Temperature derivative of resistivity 

        Measurements of the resistivity dependence of temperature 

for different samples with various amounts of Al2O3 are shown in 

figure 4. All samples show metallic behavior in the normal state 

(dρ/dT>0) and as superconducting transition to zero resistance. 

At higher temperature, all samples exhibited linear temperature 

dependence. The resistive transition exhibits two different 

regimes. The first is characterized by the normal state that shows 

a metallic behavior (above 2Tc). The normal state resistivity is 

found to be linear from room temperature to a certain 

temperature, and follows Anderson and Zou relation ρn (T ) = A 

+ BT. Where ρn (T) is calculated by using the values of A and B 

parameters, which are obtained from the linear fitting of 

resistivity in the temperature range 2Tc to 300 K and extrapolated 

to 0 K gives resistivity slope (dρ/dT) and residual resistivity ρ0 as 

seen from figure 4  .  
         The second is the region characterized by the contribution 

of Cooper pairs fluctuation to the conductivity below Tc, where ρ 

(T) is deviating from linearity. This is mainly due to the 

increasing rate of cooper pair formation on decreasing the 

temperature. Therefore, the fluctuation induced conductivity in 

this region follows the AL model to yield the dimensional 

exponent appropriately to fluctuation-induced conductivity. The 

normal state resistivity of the composite samples is higher than 

that of pure sample which is tabulated in table 2. At the 

temperature value Tc0 the electrical resistivity vanishes and the 

phase of the order parameter acquired long range order between 

the grains of the system. This critical temperature signifies the 

coherence transition. A finite tailing is observed in the 

superconducting transition for all the YBCO + x Al2O3 

composites before the resistance attains  zero value. It indicates 

that the superconducting grains get progressively coupled to each 

other by Josephson tunneling across the grain boundary weak 

links. The zero-resistance at the temperature Tc0, characterizes 

the onset of global superconductivity in the samples where the 

long range superconducting order is achieved. The onset of 

global resistivity decreases with the addition of Al2O3 indicating 

that it adheres to grain boundary forming weak links . The 

transition temperature from normal to superconducting state is 

severely damaged by the addition of Al2O3 (shown in table 2) . 

The depression of Tc with Al2O3 addition may be either due to a 

decrease in oxygen content in the CuO chains [12] or due to 

trapping of mobile holes or some mechanism connected with the 

oxygen vacancy disorder . The decrease in Tc by further addition 

of Al2O3 may be caused by over doping of these particles in the 

YBCO system, and thus a pair-breaking mechanism may occur at 

a certain doping level. In this regard, small amount of submicron-

sized particle addition improved flux pinning by creating 

effective pinning centers, while excessive Al
+3

 ions doping 

degraded the superconductivity of the YBCO  system. The 

transition width (ΔTc) increases with doping concentration. This 

may be due to the gradual occurrence of non-superconducting 

additional phases and the effect of microscopic inhomogeneity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Resistivity dependences on the temperature for 

YBCO+ x Al2O3(x=0.0,0.1,0.2,0.3,0.4,0.5 wt.%) composites. 

 

         The percolation factor „α‟ ( shown in table 2) arising due to 

current frustration caused by misalignment of anisotropic grains 

and sample defects such as voids and cracks are estimated from 

the temperature coefficient of resistivity dρ/dT.  

 

Table II: Variation of normal state and superconducting 

parameters in the Composites with different Al2O3 wt. %. 

 

 

         This factor contributes to percolate conduction in granular 

copper oxides. The increasing value of α indicates that the 

intergranular contribution to the total resistivity decreases. The 

increasing value of ρ0 and the decreasing trend in the value of 

zero-resistance critical temperature (Tc0) indicates that the 

connectivity between grains decreases gradually with the 

addition of composite . All these effects are due to increased 

inhomogeneities in the intergranular regions. Point defects and 

chemical dopants may occupy various positions in a real crystal 

forming substituent or interstitial impurities. Because of the grain 

boundary is a structurally distorted region in crystals, an extra 

energy form in the grain boundary region due to the distortion. 

As a result of the existence of grain boundary energy as well as 

the Coulomb interaction between the boundaries and the impurity 

atoms, they tend to attract impurity atoms in order to decrease the 

Al2O3 

(wt.%) 

Tc0(K) Tc(K) ∆Tc(K) α ρ0(µὨ.cm) 

0.0 83.60 89.29 5.69 0.106 892.247 

0.1 73.42 81.46 8.04 0.128 7970 

0.2 71.33 73.00 1.67 0.511 8820 

0.3 64.47 71.40 6.93 0.055 5640 

0.4 65.34 66.67 1.33 0.132 8020 

0.5 51.57 52.26 0.69 - 9140 
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grain boundary energy. Therefore, the chemical dopant has a 

higher  probability to stay in the grain boundary region than to 

stay inside the crystal. 

 

D. Excess conductivity 

Theoretical Background 

         The Aslamazov-Larkin (AL) theory provides the following 

expression for the excess-conductivity above Tc generated by the 

thermodynamic fluctuations. The fluctuation conductivity Δζ  

can be defined as a power-law given by [13] 

 

Δζ = Aε
λ    

(1) 

∆ζ is defined by  

∆ζ= (1/ρ−1/ρR) = ζ−ζR   (2) 

 

         Where ρ and ρR are the measured and normal resistivities, ζ 

(T) is the measured conductivity and ζR (T) is the extrapolated 

conductivity under the assumption of a linear behavior of 

temperature dependent resistivity. The reduced temperature ε = 

(T-Tc)/Tc, defined with respect to the mean field critical 

temperature (Tc) of the normal to superconducting transition. λ is 

the Gaussian critical exponent depending on the dimensionality 

of the HTSC system. The dimensionality D of the fluctuation 

system is related through the expression, 

 

λ = 2- D/2.    (3) 

 

         The effective value of the critical exponent for 3D and 2D 

are λ = -0.5 and λ= -1 respectively [14]. A is a temperature 

dependent parameter and its values for 3D and 2D are A = 

e
2
/32ћξ(0) and e

2
/16ћd respectively. „ξ(0)‟ is the zero-

temperature coherence length or GL correlation length and „d‟ is 

the effective separation of CuO2 layers. These relations are based 

on GL theory and are valid only for the mean field temperature 

region (1.01Tc to 1.1Tc). Lawrence and Doniach (LD) [15] 

extended the AL model for layer superconductors, where 

conduction occurs mainly in 2D CuO2 planes and these planes 

are coupled by Josephson tunneling. The excess conductivity 

parallel to the layers in the LD Model is given by 

 

Δζ (T)LD = e
2
/16ћdε{1+(2ξ(0)/d)

2
 ε

-1
}

-1/2 
(4) 

 

         From equation (4) at Temperature close to Tc, 2ξ (0)/d >>1 

and Δζ(T) diverges as ε 
-1/2

 which corresponds to 3D behavior. 

Where as at T >>Tc, 2ξ(0)/d <<1 and Δζ(T) diverges as ε
 -1

 

which corresponds to 2D behaviour. 

 

         Figure 5 displays the logarithmic Plot of excess 

conductivity as a function of reduced temperature (ε). In order to 

explain the experimental data with theoretical predicted ones, the 

different regions of the plot were linearly fitted and the exponent 

values were determined from the slopes. The plot reveals three 

distinct regimes i.e. mean-field region or the Gaussian 

fluctuations , critical fluctuations and short wave fluctuation 

region. 

 

1. Gaussian Fluctuations 

         In the mean-field region we represent two fits, one with 

slope value 1.0 and the other with value 0.5. The different 

exponents corresponding to crossover temperatures are as 

follows, the first exponent is in the normal region at log ε (− 0.6 

≥ log ε ≥ − 1) and its values are close to 1, which indicate that the 

order parameter dimensionalities (OPD) are two dimensional 

(2D). The second exponent is in the critical field region at log ε 

(− 1 ≥ log ε ≥ − 2) and its values are close to 0.5, which signifies 

that the OPD are three dimensional (3D). 3D and 2D behavior of 

superconducting order parameter fluctuation dominates in YBCO 

composite. The temperature at which dimensionality fluctuation 

occurs from 3D to 2D is denoted by Lawerence-Doniach 

temperature (TLD).  TLD values are higher than the Tc values. It 

reveals that the thermodynamically activated Cooper pairs are 

generated within the grain at comparatively higher temperatures 

but due to the intragranular disturbances the mean field critical 

temperature comes down to lower value. It is possible to infer 

that this 3D Gaussian regime, determines the spatial limit for the 

obtainment of long range order of the superconductivity in the 

material bulk. When the temperature is diminished near Tc , first 

superconductivity is established in the CuO2 planes, as a 2D 

regime, and crosses up to a well defined 3D regime [16]. 

 

2. Critical Fluctuations 

         In superconducting grains Josephson coupling occurs 

between them. In the absence of magnetic field, their interaction 

is two dimensional. Considering the Drude like formula for 

excess conductivity and dynamical scaling theory for coherence 

length, the critical exponent of excess conductivity is obtained as 

[17,18] 

 

λcr = ν ( 2-D- η+z )  (5) 

 

         Where z is the dynamical exponent, η is the exponent of the 

order parameter correlation function, D is the dimensionality of 

the fluctuations and ν is the critical exponent for the coherence 

length. Using this relation for the fluctuation conductivity data in 

the critical region, one can estimate the dynamical exponent z, 

[19]. The CuO2 planes as a common structural element of 

HTSC‟s are responsible for their dimensionality and their 

anisotropic properties [20,21]. According to renormalization 

group calculations, ν = 0.67 and μ = 0.03 are expected and z = 

0.32 being predicted by the theory of dynamical critical scaling 

[22]. Using these values with D = 3 yields λcr= 0.33 which is 

called as the 3D-XY-E because of the model-E dynamics. The 

critical fluctuation and 3D fluctuation regions intersect at 

temperature TG ( shown in table 3). Still closer to TG, a critical 

scaling regime beyond 3D-XY is observed, labeled by the 

exponent λcr = 0.16 [23,24]. The regime beyond 3D-XY with λcr 

= 0.17 was first observed in the YBCO single crystal . This 

exponent is known to characterize the critical resistive transition 

in classical granular arrays formed by metallic superconducting 

particles embedded in a poorly conducting matrix. 

 

 

3. Shortwave fluctuations 

         The excess conductivity varies sharply with exponent value 

3 with log ε (− 0.5 ≥ log ε ≥ − 0.1) which highlights the presence 

of short wave fluctuations. The crossover temperature from 2D to 

short wave fluctuations (T2D-SW) is indicated in table 3. Short-

wavelength fluctuations (SWF) effects appear when the 
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characteristic wavelength of the order parameter becomes of the 

order of coherence length [25] . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Log–Log plot of excess conductivity 1/ρ−1/ρR as a 

function of reduced Temperature ϵ=(T-Tc) /Tc  in YBCO+x 

Al2O3 composite. 

 

Table III :  Al2O3 content dependence of different cross over 

temperatures (Ginzburg-Landau, Lawrence–Doniach and 

Shortwave fluctuation). 

 

 

         From the above data it is clear that the different regions 

observed are the critical region at T < Tc, the mean field region at 

T close to Tc and the short wave fluctuations at T >Tc. The 

different crossover temperatures TG, TLD, T2D-SW  decrease with 

increase in wt.% . 

 

IV. CONCLUSION 

         Substitution of aluminum to both copper in chains Cu(1) 

and yttrium (Y) atoms, does not alter the structural symmetry of 

YBa2Cu3OY but the orthorhombicity of the system is decreased 

by increasing the Al2O3 content. It may also affect the oxygen 

content of crystals  and the superconducting transition 

temperature has been shown to be sensitive to the oxygen 

content. Aslamazov–Larkin (AL) and Lawrence–Doniach (LD) 

revealed the occurrence of two fluctuation regimes characterized 

by the critical exponents λ3D = 0.5 and λ2D =1.0 respectively. 

These regions were interpreted corresponding to 3D and 2D 

Gaussian regimes respectively, where a crossover from 2D to 3D 

fluctuations is observed in the mean-field region. 
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