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Abstract. The influence of separately added 0.3 wt%, CdO, Bi2O3, BeO and 

SiO2 on the phase formation, microstructure, magnetic and transport properties of 

Y1Ba2Cu3O7-δ (Y-123 or YBCO) fabricated by conventional solid state reaction 

method has been analyzed. The results reveal a very low solubility limit for bismuth 

and silicon in the Y-123 phase, leading to precipitation phases located within 

intergranular regions. BeO addition suppresses the granular nature of the structure 

by probably incorporating into the host matrix. CdO does not have a remarkable 

effect both on structural and superconducting properties of the Y-123 at this doping 

ratio. Attractive infield transition behavior was obtained in the Bi2O3 added sample 

with a narrower transition width and an increase of transition temperatures 

approximately 1 K. The activation energy (𝑈0), a potential energy barrier to prevent 

flux flow, of the samples was estimated by taking into account Arrhenius law. The 

best 𝑈0 value was computed to be 1.11 eV belonging to the Bi2O3 added sample 

which implies the contribution of 3-5 µm sized Bi containing precipitation regions 

on the flux pinning capability of the Y-123.  

 

 

1. Introduction 
 

Y1Ba2Cu3O7-δ (Y-123) superconductors are considered as one of the most promising 

candidates for engineering applications of bulk superconductors [1,2]. Examples of 

such applications include magnetic bearings, flywheel energy storage systems, 

trapped flux magnets and levitation, requiring large-grain materials in various shapes 

[3,4]. However, there are still some limitations for technological applications of Y-

123 caused by the rapid decay of the critical current density (Jc) in a magnetic field, 

which is strictly related with the lack of effective flux pinning centers and the 

magnitude of the activation energies. Many attempts on applications of Y-123 have 
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showed that the exposure of high magnetic fields and temperatures causes flux creep, 

which is responsible for energy dissipation and subsequent loss of superconductivity 

[5-8].  

 

In order to introduce artificial pinning centers and enhance the flux pinning strength 

further, various approaches have been adopted previously including substitution of 

constitutional elements and creating defects through electron, x-ray, neutron or 

heavy ion irradiation [9-12]. Among these methods, chemical doping is considered 

to be the most effective way of enhancing Jc, because of the relative simplicity of 

fabrication, low-cost and flexibility. The literature contains many papers concerning 

the chemical doping with additions and substitutions of graphene, Ca, Zn, Sr, Ti, La, 

Al, Gd, Ag, Ce, Co, Fe, Sb, Nb, C, Ni, Yb, Cu, Au, Lu, Pr, Sm and Ba, as examples 

[13-23].  

 

The aim of this work is to comparatively investigate the effect of 0.3 wt%, CdO, 

Bi2O3, BeO and SiO2 additions on the phase formation, microstructure, electrical and 

magnetic properties of the bulk Y1Ba2Cu3O7-δ superconductors. Activation energy of 

flux motion or pinning potential (U0) and upper critical magnetic field (Hc2) values 

are deduced from the magneto-resistivity curves by means of thermally activated 

flux flow (TAFF) theory [24, 25]. It has been found that four different additions give 

rise to various influences easily detectable both on microstructure and critical 

superconducting parameters of the Y-123. 

  

The literature contains a number of papers concerning the additions and substitutions 

of CdO, Bi2O3, BeO and SiO2 compositions to the various formations and 

stoichiometries of YBCO [26-29]. Our principal motivation in studying these 

additions is to elucidate the effects of the dopants having different atomic diameters 

and metallic character on the structural, electrical and magnetic properties of the Y-

123 fabricated under the same conditions and to optimize the size and density of 

pinning centers. One can see that our results are generally consistent with the 

previously published data on YBCO. Acetate-tartrate and biopolymer-mediated sol-

gel techniques and melt-texturing are frequently applied synthesizing routes in these 

studies. Y1Ba2Cu4O8 elemental composition is the one used as an alternative of the 

Y1Ba2Cu3O7-δ to investigate the variations of superconductivity in one of these 

researches [26].   
 

2. Experimental 
 

The Y1Ba2Cu3O7-δ (Y-123 or YBCO) samples with additions of 0.3 wt%, CdO 

(Sigma-Aldrich, 99.5%), Bi2O3 (Sigma-Aldrich, 99.5%), BeO (Alfa Aesar, 99%) 

and SiO2 (Alfa Aesar, 99.5%) were prepared by a solid state reaction method. 
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Stoichiometric proportions of thoroughly mixed Y2O3 (Reacton, 99.9%), BaCO3 

(Aldrich, 99+%), CuO (Alfa Aesar, 99.7%) and separately added CdO, Bi2O3, BeO 

and SiO2 were calcinated for 24 h at 800 oC and 850 oC with two intermediate 

grindings. After calcination, the powders were pressed into pellets of 2 mm thickness 

and 13 mm diameter at 400 MPa. The final pellets were annealed at 980 oC for 24 h 

and then cooled to 500 oC where these were kept for 4 h, in a flowing oxygen 

atmosphere, before slowly cooling to room temperature. 

 

All samples were characterized by X-ray powder diffraction (XRD) using a Rigaku 

Miniflex 600 diffractometer with Cu-Kα (40 kV, 15 mA, λ=1.54050 Å) radiation 

over the range 2θ=10-80o at room temperature at a scan rate of 3◦/min. The 

microstructure and elemental distribution of the samples were investigated using 

LEO EVO-40 scanning electron microscope (SEM) attached with a Bruker energy 

dispersive X-ray spectrometer (EDX) with an accelerating voltage of 20 kV in the 

secondary electron image mode. Transport and DC magnetic measurements (R-T, 

MR-T, M-T and M-H) were performed with Quantum Design Physical Property 

Measurement System (PPMS), 9 T. The electrical resistivity measurements, from 30 

to 150 K, (R-T) were conducted by means of conventional four-probe configuraton 

in self-field and under DC magnetic fields of 2, 4, 6 and 8 T with an applied current 

of 1 mA AC (17 Hz). Superconducting transition temperatures (Tc), which were used 

for the calculation of the U0 and Hc2, were derived from the magneto-resistivity (MR-

T) curves. The magnetic hysteresis cycles (M-H) were measured at 10, 20 and 30 K 

up to 8 T. The transition behavior of the samples were also evaluated through 

magnetization-temperature (M-T) measurements performed in both field-cooled 

(FC) and zero-field-cooled (ZFC) modes under 100 Oe.   

 
3. Results and discussion   

 

Figure 1 shows the powder X-ray diffraction patterns of the both undoped and 

slightly doped YBCO samples together with corresponding (hkl) Miller indices. It is 

evident in the figure that all the main XRD peaks of the samples belong to 

orthorhombic phase of Y-123. The Miller indices show the characteristic 

polycrystalline structure of the Y-123 compound without any alignment, as 

expected. The absence of secondary phases in the pattern, such as Y2O3, BaCO3, 

BaCuO2 and Y2BaCuO5 confirms that the annealing procedure in the flowing oxygen 

atmosphere is adequate to obtain highly pure samples. In all the obtained patterns, it 

could not be observed an appreciable shift of the peaks upon CdO, Bi2O3, BeO and 

SiO2 additions, which might be ascribed to the minor amount of inclusions in the 

samples. It should be noted that it is hard to detect small concentrations in x-ray 

measurements. The relative intensity, sharpness and width of the peaks also remain 
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almost unchanged irrespective of the added compositions. However, comparative 

analysis of the XRD patterns reveals a weakness in the intensity and sharpness of the 

peaks of the BeO added sample, indicative of a decrement of the crystal quality. 

  

Surface morphologies of the samples are shown in Figures 2a to 2e. All of the 

samples fabricated, except for the BeO-doped one, show clear characteristic granular 

structure of the Y-123. The micrographs exhibit a layered growth nature of the grains 

in some regions. The grains are disordered with irregular shapes, as expected. 

Spherical plate-like grains along with rectangular-like grains can also be easily 

identified in the samples. There is also a small amount of circular pores between the 

closely packed grains. CdO addition does not lead to a distinguishable change on the 

surface morphology of the sample, while Bi2O3 addition gives rise to some 

heterogeneous precipitation regions. It is easily noticed in the Figure 2d that the 

introduction of BeO to the Y-123 disrupts the granular structure of the Y-123 and 

the grains become more joined due to the reduction of intergranular space. In this 

way, the interconnection regions between the grains partially vanish, which supports 

the associated XRD result. It is evaluated that the Be atoms, because of their small 

atomic diameter, easily incorporate into the host matrix and partially prevents the 

formation of the Y-123 phase. SiO2 addition gives rise to a similar effect on the 

structure with that of Bi2O3 addition by leading to formation of macroscale non-

superconducting precipitates at some grain boundaries. However, it is observed that 

the diameter of these regions increases from the 3-5 µm, in the Bi2O3-added sample, 

to the 8-12 µm, in the SiO2-added one. This shows that solid solubilities of the Bi 

and Si atoms in the Y-123 are even lower than the 0.3 wt%, which may be attributed 

to their large atomic diameter along with low metallic character. 

 

Analysis of the elemental compositions on the main matrix based on the EDX spectra 

shows that in all the samples the elemental ratios correspond to the nominal chemical 

formula of the Y-123. The signal stemming from the Cd could not be detected on the 

EDX spectra, which is attributed to the amount of doping that is below EDX 

detection limit and uniform distribution of the Cd atoms over the grains. Be could 

not be quantified in the EDX software because of the limitations of the EDX 

instrument. The precipitation regions observed on the Bi2O3-added sample include 

only Bi and O atoms, while on the SiO2-added one, consist of both Si and Ba in 

addition to the O (see Figures 3a-3d) with a stoichiometry appropriate to the BaSiO3. 

This shows that Si and Ba atoms positively react with each other to form a new 

phase. From this observation, we can conclude that the presence of SiO2 in the 

structure arises a small degree of Y-Ba disorder in the crystal and liberates some Ba 

from the Y-123 phase. 
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Figure 4 displays the temperature behavior of the magnetization for the samples both 

at field-cooled (FC) and zero-field-cooled (ZFC) modes. The diamagnetic transition 

temperatures, 𝑇𝑐
𝑚𝑎𝑔

, were found to be between 89.8-90.3 K and 90.9-91.5 K in FC 

and ZFC modes, respectively. This shows that introduction of various compositions 

does not have a significant influence on 𝑇𝑐
𝑚𝑎𝑔

 for the 0.3 wt% doping amount in Y-

123. However, saturation magnetization levels show differences depending on added 

compositions and measurement conditions. It is worth mentioning that the strongest 

diamagnetism was obtained in the CdO added sample, while the weakest 

diamagnetism in the BeO added sample in the FC mode. This is in good agreement 

with the expected behavior from the above-mentioned XRD and SEM results, i.e., 

as the crystal quality decreases, diamagnetic shielding attenuates.  

 

The magnetic hysteresis loops (M–H) for the studied samples were obtained in the 

applied field range of ±8 Tesla in the temperatures of the 10, 20, and 30 K, see 

Figures 5a-5c. All samples show similar symmetrical behavior which is a 

characteristic of high temperature superconductors (HTSCs). The difference of 

magnetic moments between descending and ascending field branches of the 

magnetic hysteresis loops is partially proportional with the magnitude of the critical 

current densities (𝐽𝑐
𝑚𝑎𝑔

) of the superconducting samples. Since this difference is 

larger for the BeO and SiO2 added samples, a higher 𝐽𝑐
𝑚𝑎𝑔

 is expected for these 

samples, compared to that of undoped one. This enlargement may be caused by the 

enhancement of pinning capability of the samples through a possible increase in 

extended point-like defects and crystal distortions, as partially observed in SEM and 

XRD measurements. It seems that the addition of Bi2O3 has also the potential to 

enhance the 𝐽𝑐
𝑚𝑎𝑔

 because of the enlargement of the corresponding M-H loop, while 

for the CdO addition, there is no evidence of the improvement of the 𝐽𝑐
𝑚𝑎𝑔

. 

 

The temperature-dependent resistivity (MR-T) measurements of the samples were 

performed under applied magnetic fields of 0, 2, 4, 6 and 8 T. Representative 

measurements and Tcs deduced from the MR-T curves are shown in Figures 6a-6c 

and Table 1, respectively. The figures show that the transition takes place within a 

narrow temperature range, i.e. ΔT ≤ 4 K, implying the high degree of inter-grain 

connectivity and compact crystal structure of the samples. All samples show metallic 

behavior in the normal state because of the almost linear decrease of the resistivity 

down to onset of superconductivity (𝑇𝑐
𝑜𝑛𝑠𝑒𝑡) with decreasing temperature. The 

figures show that zero resistance state temperature (𝑇𝑐
𝑧𝑒𝑟𝑜) of the samples seriously 

shifts to lower temperatures with increasing magnetic field while 𝑇𝑐
𝑜𝑛𝑠𝑒𝑡 values are 

weakly affected from the increased magnetic field. The decrease of the 𝑇𝑐
𝑧𝑒𝑟𝑜 values 

is originated by the appearance of resistive tails on the lower temperature end of R-

T curves. The tailing behavior is known to be correlated with the high thermal energy 
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of vortices and flux flow by Lorentz force which is known as TAFF [30,31]. The 

disorders in the percolation path owing to the randomly oriented grains of 

polycrystalline samples also contribute this behavior.  

 

The presence of the inclusions does not have a serious influence on the Tcs and ΔTs 

in the absence of field. The most significant effect of increasing applied magnetic 

field is observed on the BeO and SiO2 added samples with an increase of ΔT from 

14.1 K, for the undoped sample, to the ΔT=20.2 and 18.8 K for the BeO and SiO2 

added samples, respectively. These results are in good agreement with the results 

obtained by XRD and SEM analysis. It is evaluated that the additions of BeO and 

SiO2 distort the atomic structural arrangement and phase formation of Y-123 through 

two different mechanisms: Be atoms incorporate into the crystal structure and create 

considerable distortions in the lattice and Si atoms react with the Ba atoms to form 

a new non-superconducting secondary phase. In this way, optimal carrier 

concentration of the structure is being damaged and thus the emergence of zero 

resistance state shifts to lower temperatures. On the other hand, we notice an increase 

(~1 K) in Tcs of the Bi2O3 added sample which could be ascribed to the formation of 

precipitation regions. Since the added Bi2O3 is not completely dissolved in Y-123, 

as observed in SEM images, it is suggested that Bi atoms do not substitute the major 

components of the Y-123 and create conductive paths by adhering to grain boundary 

forming weak links. This behavior can improve inter-grain connectivity and allows 

for higher oxygen coordination by leading optimal porosity. 

 

We have calculated the activation energy, 𝑈0, of the superconducting samples by 

using the well-known Arrhenius equation, 𝜌 (𝐵, 𝑇) =  𝜌0 exp(− 𝑈0 𝑘𝐵𝑇⁄ ), where 𝜌0 

is the pre-exponential factor, 𝑘𝐵 is Boltzmann constant and 𝑈0 is the activation 

energy, which is a potential energy barrier to keep the magnetic flux in pinning center 

and gives the magnitude of the effective pinning energy [32, 33]. Figures 7a through 

7e show Arrhenius plots, Inρ/ρ0 versus 1/T, of the studied samples. In the figure, the 

activation energies are extracted from the slope of linear part of the low resistivity 

region, which are indicated by the linear fitting lines for the undoped sample in 

Figure 7a as representative of the series. It is clear in the figure that the flux creep 

activation energy is higher for Bi2O3 added sample. This increase in 𝑈0 shows that 

the flux lines are better pinned in the Bi2O3 added sample which, in turn, would 

improve its superconducting behavior in a magnetic environment. Additions of BeO 

and SiO2 result in a decrease of flux pinning while addition of CdO does not give 

rise to a significant change in comparing with pure Y-123 as demonstrated in the 

Figure 7f.  

 

For the estimation of temperature dependence of the upper critical magnetic field, 

𝐻𝑐2(0), of the samples, simplified Werthamer-Helfand-Hohenberg (WHH) model 
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was used, where 𝐻𝑐2(0) is formulated as 𝐻𝑐2(0) = −0.693𝑇𝑐 (
𝑑𝐻𝑐2

𝑑𝑇
)

𝑇𝑐

and 𝑑𝐻𝑐2 𝑑𝑇⁄  

is the slope of 𝐻𝑐2(𝑇) near 𝑇𝑐 and derived from the plots given in Figure 6 [34]. 

Here, we used the  𝑇c
midpoint

 data, where the resistivity becomes 50% of its normal 

state value (ρn), given in Table 1 in the equation. The calculated 𝐻𝑐2(0) values are 

48.2, 45.7, 45.8, 47.1 and 45.4 T for the pure, CdO, Bi2O3, BeO and SiO2 added 

samples, respectively, which are below the single crystal Y-123 counterparts and 

comparable with the polycrystalline samples reported in different studies [35-37]. It 

is concluded from these results that the 𝐻𝑐2(0) values of polycrystalline Y123 

samples are weakly affected from the studied amounts of doping. 

 
4. Conclusions 

 

The effects promoted by additions of 0.3 wt% CdO, Bi2O3, BeO and SiO2 on phase 

formation, crystal structure, magnetic and electrical properties of the polycrystalline 

Y-123 samples have been studied. The XRD results show single phase orthorhombic 

Y-123 for the whole range of impurities. It has been found that BeO inclusions 

slightly degrade the intensity and sharpness of the XRD peaks. SEM/EDX 

investigations reveal that BeO addition causes a disruption on the granular structure. 

CdO addition does not lead to a remarkable change on the surface morphology of 

the Y-123, while SiO2 and Bi2O3 additions form some heterogeneous precipitation 

phases within the intergranular regions. It has been observed that Bi atoms does not 

react with the constitutional elements in contrast to the Si atoms, which generate a 

phase conforming well to the BaSiO3 stoichiometry on the precipitation regions. 

𝑇𝑐
𝑚𝑎𝑔

 values are not seriously affected from the additions and found to be around 91 

K. Magneto-resistivity measurements show that BeO and SiO2 added samples are 

more sensitive to the external magnetic field than the other samples, as a probable 

consequence of the modification of the hole carrier concentration from the optimal 

values and the disorder in the CuO2 planes. CdO was found to be completely 

dissolved in the matrix and no evidence of variation in the magnetic and electrical 

properties of the Y-123 was obtained. It is concluded that the Bi2O3 addition, among 

the studied compositions, produces the most favorable superconducting performance 

in regard to the transition behavior under magnetic field and the activation energy. 

Induction in overall oxygen content by leading optimal porosity and depression of 

grain boundary effect are considered to be the possible mechanisms occurring in the 

Bi2O3 added sample responsible for promising performance in high field 

applications. 
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Table 1. Superconducting transition temperatures (in kelvin) of the samples derived from 

both MR-T and M-T measurements. 𝑇𝑐
𝑚𝑖𝑑𝑝𝑜𝑖𝑛𝑡

 values were inferred from the peak points of 

the dρ/dT curves. 

 

 

 

 

 
 

Figure 1.  Powder XRD patterns of the pure and 0.30 wt.% added Y1Ba2Cu3O7-δ samples. 

 M-T MR-T  

  0 T 4 T 8 T 

Composition 

𝑻𝒄
𝒎𝒂𝒈

 𝑻𝒄
𝒐𝒏𝒔𝒆𝒕 𝑻𝒄

𝒛𝒆𝒓𝒐 ΔT 𝑻𝒄
𝒎𝒊𝒅𝒑𝒐𝒊𝒏𝒕

 𝑻𝒄
𝒐𝒏𝒔𝒆𝒕 𝑻𝒄

𝒛𝒆𝒓𝒐 ΔT 𝑻𝒄
𝒎𝒊𝒅𝒑𝒐𝒊𝒏𝒕

 𝑻𝒄
𝒐𝒏𝒔𝒆𝒕 𝑻𝒄

𝒛𝒆𝒓𝒐 ΔT 𝑻𝒄
𝒎𝒊𝒅𝒑𝒐𝒊𝒏𝒕

 

FC ZF

C 

Undoped 89.8 90.9 91.0 87.0 4.0 90.4 90.0 77.8 12.2 87.2 89.0 74.9 14.1 85.7 

CdO 89.8 91.0 91.0 87.0 4.0 90.3 89.8 77.5 12.3 86.8 89.1 74.4 14.7 85.9 

Bi2O3 90.1 91.3 91.3 88.0 3.3 90.2 90.2 79.1 11.1 87.8 90.5 75.8 14.7 86.4 

BeO 90.3 91.3 91.6 88.0 3.6 90.7 92.1 75.8 16.3 88.6 92.2 72.0 20.2 87.5 

SiO2 90.2 91.5 91.3 87.7 3.6 90.1 91.0 76.0 15.0 87.8 91.3 72.5 18.8 86.7 
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Figure 2.  SEM images of the Y1Ba2Cu3O7-δ bulk samples at x5000 magnification and a 

scale of 10 µm with 0.30 wt. % additives: a) Undoped, b) CdO, c) Bi2O3, Bi-precipitation 

regions are enclosed by the red ellipses, d) BeO and e) SiO2, Ba and Si rich heterogeneous 

regions are indicated by the red ellipses. 
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Figure 3.  EDX elemental mapping and SEM images of the samples having heterogeneous 

precipitation regions: a-b) Bi2O3 added Y1Ba2Cu3O7-δ, c-d) SiO2 added Y1Ba2Cu3O7-δ. Color 

images at the bottom show the elemental distribution of the Si-doped sample for each element 

in the structure.   

 

 

Figure 4.  Low-field magnetization vs. temperature curves of the studied samples in a) FC 

and b) ZFC modes.   
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Figure 5.  Magnetization vs. magnetic field curves of the studied samples at a) 10 K, b) 

20 K and c) 30 K. 
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Figure 6.  Effect of applied magnetic fields, a) 0 T, b) 4 T and c) 8 T, on the resistivity-

temperature curves of the samples.   
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Figure 7.  a-e) Arrhenius plots of the normalized electrical resistivity of the samples with 

different additives, f) magnetic field dependent activation energy of the samples. The dashed 

lines in (a) represent the linear fittings in the low resistivity region used to calculate activation 

energies. The dash-dotted lines connecting the points in (f) are guides to the eye.     
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