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Abstract—Addition of second-phase nanosize defects to 

YBa₂Cu₃O₇-δ (YBCO) superconductor thin films is known to 

enhance flux pinning and increase current densities (Jc).  The 

addition of Y2BaCuO5 (Y211) was studied previously in 

(Y211/YBCO)N multilayer structures, and in Y211+YBCO films 

deposited from pie-shaped targets.  This research systematically 

studies the effect of Y211 addition in thin films deposited by 

pulsed laser deposition from YBCO1-xY211x (x = 0-20 vol. %) 

single targets, at temperatures of 785 - 840 °C.  Interestingly, the 

resulting size of Y211 particles is 20 to 40 nm, in contrast to 10 to 

15 nm in previous studies of Y211 and 5-10 nm for other 2nd-

phase defect additions; and the number density is reduced.   A 

slight increase of Jc(H,T) was achieved, compared to previous 

optimization studies.  Results and comparisons of flux pinning, 

intrinsic stresses imaged by TEM, current densities, critical 

temperatures, and microstructures will be presented.   The 

overall low intrinsic stress on YBCO from Y211 lattice mismatch 

is smaller than previously studied 2nd-phase defect additions 

known, which is hypothesized to be the driving force in achieving 

the unusually large 2nd-phase nanoparticle size and volume 

fraction thus-far in YBCO thin films.       

 

Index Terms— Critical current density, Flux pinning, High-

temperature superconductors, Yttrium barium copper oxide   

 

I. INTRODUCTION 

ddition of nano-sized second-phase inclusions to 

YBa2Cu3O7 (YBCO) superconducting thin films enhances 

flux pinning, resulting in an increase in current densities (Jc) 

[1]-[24]. Previous studies conducted have focused on single 
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phase additions of many materials including: Y211 

nanoparticles, Y2O3 nanoparticles, BaSnO3 (BSO) nanorods, 

Ba2YNbO6 (BYNO) nanorods, and BaZrO3 (BZO) 

nanoparticles or nanorods [2]-[9].  Research has also focused 

on combining the artificial pinning centers resulting from 

BZO nanorods and Y2O3 nanoparticles [11],[12] and BSO 

nanorods and Y2O3 nanoparticles [13], [14]. These nano-sized 

additions are accomplished through various pulsed laser 

deposition (PLD) techniques: including the use of a mixed 

target composition, the use of individual targets with a 

multilayer PLD technique, and the use of a mixed YBCO and 

2
nd

 phase target with the addition of a pie sector incorporating 

Y2O3,,  and incorporating decorated substrates [1]-[24]. 

 Nanophase additions can also be classified as one, two, and 

three dimensional artificial pinning centers (1D - APC, 2D - 

APC, 3D - APC), with 1D - APC’s displaying linear defects 

such as BSO and BZO nanorods.   Nanosize 2D – APC’s 

display planar defects, and include “... small angle grain 

boundaries, anti-phase boundaries, and surfaces of large 

precipitates.”  Nanosize 3D – APC’s  result from 

nanoparticles, such as Y2O3   and Y211 [6]. 

In particular, the 3D-APC of Y211 exhibits a smaller 

overall average lattice mismatch with YBCO, when compared 

to other inclusions, such as Y2O3, BSO, and BZO, as 

evidenced in Table 1.  The low degree of mismatch lends to 

sharper interfaces between the Y211 nanoparticles and the 

epitaxial YBCO film. 

Past research showed that doping targets of YBCO with 1.6 

wt. % Y211 nanoparticles resulted in thin films with slightly 

higher current Jc at higher fields than pure YBCO films [17].  

Previous research also confirmed that Y211 nanoparticles at 5 

vol. % prove to be efficient and strong 3D pinning centers 

throughout the film thickness [18], [19]. Y211 nanoparticles 

have been included in thin films by pulsed laser deposition of 

single targets consisting of YBCO and Y211, and as 

multilayer films by alternating targets of YBCO and Y211 

during the deposition [20] - [24]. While the Y211 multilayer 

films produced better pinning at fields less than 3 – 4 T, the 

simplicity of Y211 doping of a single target in PLD thin films 

for enhancing pinning is attractive [21]. It is of interest to 

investigate and optimize the addition of various volume 

percent of Y211 on flux pinning, current densities, and 

induced strain in YBCO thin films.  
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 Lattice 

Parameter Å 

Lattice 

Mismatch 

to YBCO 

wrt  

ab-avg 

Lattice 

Mismatch 

to YBCO 

wrt 

c-axis 

Overall 

Avg. 

Mismatch 

YBCO a = 3.825 

b = 3.886 

c = 11.66 

   

Y211
a 

a = 7.132 

b = 12.18 

c = 5.659 

Y211a / 

YBCOab-avg  

= -7.5% 

Y211c / 

YBCOab-avg 

= -2.1% 

Y211b / 

YBCOc = 

4.5% 

-0.15% 

Y2O3 10.604 -2.8% -9.1% -5.6% 

BZO 4.193 8.8% 7.9% 8.3% 
a.  Nanosize Y211  orientation Y211b-axis/YBCOc-axis in 

[Y211/YBCO]N multilayer films [23]. 

 

I. EXPERIMENTAL 

Targets were produced via solid state processing of 

commercial powders of YBa₂Cu₃O₇- δ (YBCO) and Y2BaCuO5 

(Y211). Powders were dried in a furnace for 8 hours at 450 

°C.  The dried powders were measured and mixed with an 

agate mortar and pestle to comprise compositions of 5, 7.5, 10, 

12.5, 15, and 20 vol.% Y211, with the remaining volume 

percent YBCO. The mixtures were then individually pressed 

utilizing a 1.25 inch die and a pressure of 1000 psi. The targets 

were then sintered at 850 °C for 60 hours and 920 °C for 156 

hours. Final densities of the targets ranged between 87% and 

93%.   Thin films were produced using pulsed laser deposition 

on   LaAlO3 (LAO) and SrTiO3 (STO) single crystal 

substrates. A Lambda Physik LPX 300 KrF excimer laser 

(λ=248nm) with a fluence of approximately 3 J/cm
2
, was 

utilized for the depositions.  Laser deposition parameters 

utilized were laser energy of 450 mJ, repetition rates of 2, 4, 

and 6 hz, and a chamber atmosphere of 300 mTorr oxygen.  

Deposition temperature was varied between 785 °C and 840 

°C to determine optimal conditions. After deposition, the films 

were annealed at 500 °C in an oxygen atmosphere for a 30 

minute dwell time.  Deposition time of 18 minutes produced 

film thicknesses of 250-325 nm. Current density and critical 

transition temperature were measured with a Quantum Design 

Physical Properties Measurement System (PPMS) with a 

vibrating sample magnetometer (VSM) probe. The VSM data 

was attained for conditions of 77 K, 65 K, 20 K, and 5 K with 

an applied field varied from 0-9 T for H // c-axis of the films.  

A FEI Sirion Scanning Electron Microscope (SEM) with ultra-

high resolution at 5 kV and a spot size of 3 was used to obtain 

images of the films’ surface. Cross-sectional Transmission 

Electron Microscopy (XTEM) images and Scanning 

Transmission Electron Microscopy image (STEM) were 

obtained using a FEI Tecnai F20 analytical microscope under 

the acceleration voltage of 200 kV.  Lattice parameters were 

determined by x-ray diffraction analysis utilizing a Rigaku 

DMAX 2500. 

 

II. RESULTS 

From Fig. 1(a), (b): experimental data shows optimized 

Jc(H)  for  H < 6 T at 65 K for a deposition temperature of 

835-840 ˚C and a repetition rate of 4 hz respectively, for the  

optimal composition of 10 vol. % Y211.   Fig. 1(c) depicts 

current density as a function of applied field for 5 K and 65 K, 

and illustrates that the pinning advantage and increased 

current densities resulting from the addition of 10 vol. % Y211 

is maintained regardless of the applied field ranging from H = 

0-8 T, and regardless of the temperature ranging from 5 K to 

65 K.   The log-log plot shown in Fig. 1(d) results in an α = 

0.40 and 0.27 for YBCO and 10% Y211 respectively at 65K 

with an applied field between  H = 0.1 - 1 T; where  α is the 

factor from Jc ∞ H
-α

 [17].  As illustrated in Fig. 2, a Tc-onset 

temperature of 89.7 K for the optimized films was attained 

from zero-field-cooled measurements via the VSM-PPMS, 

and is comparable to that of pure YBCO films.  
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Fig. 1(a),(b).  Current density as a function of applied field for YBCO with 10 
vol. % Y211 measured at 65K for: (a) films deposited at deposition 

temperatures ranging from 775 – 840 °C, (b) films deposited at repetition rates 

of 2, 4, and 6 hz. 

(a) 

(b) 

TABLE I 

LATTICE PARAMETERS AND CORRESPONDING 

LATTICE MISMATCH OF YBCO, Y211, Y2O3, AND BZO 

[25,26]. 
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Fig. 1(c),(d). Current density as a function of applied field at 65K and 5K:   

(c) for various vol. % Y211 additions. (d) log-log plot of current density 
verses applied field at 65K for YBCO and 10 vol. % Y211 doped YBCO. 

                

 

Fig. 2.  Tc-onset (K) verses deposition  temperature (˚C) for YBCO and various 
vol. % Y211 additions.  

 

     Microstructure studies included both SEM and TEM 

analysis.  Referring to Fig. 3, comparisons of SEM images at 

20K and 50K magnification produced from targets composed 

of composition 5, 7.5, 10, and 12.5 vol. % Y211addition, show 

the corresponding larger grain sizes, increased pores, and 

defects changing due to Y211 addition.  TEM analysis in Fig. 

4 provides comparison of the microstructure of 5 vol. % and 

10 vol. % Y211 doped YBCO.  TEM micrographs illustrate   

    

    

    

    

    

Fig. 3 (a)-(j).  SEM images of YBCO and various volume % Y211 doped 

films on STO substrates at magnifications of 20K and 50K respectively:  

(a),(b) YBCO deposited at 790˚C. (c), (d) 5 vol.% Y211 deposited at 835 ˚C. 
(e),(f) 7.5 vol. % Y211 deposited at 835 ˚C.  (g), (h) 10 vol.% Y211 deposited 

at 835 ˚C. (i), (j) 10 vol. % Y211 deposited at 825 ˚C. 

 

 

remarkable  large particle size of 30 to 40 nm.  Analysis 

suggests that the Y211 dopants introduce compressive stress 

in the YBCO lattice.  While misfit dislocations are present in 

the YBCO lattice, the dislocations predominate in the Y211 

phases.  Plane buckling and tilting in the YBCO lattice around 

the Y211 phases may provide additional flux pinning.  YBCO 

lattices appear less stressed as the distance from Y211 

particles increases.  

      Results of x-ray diffraction analysis provide information 

on the d spacing for the YBCO planes (002), (003), (005), and 

(006) based on the Bragg equation [26].  The chief source of 

error with the Hull Debye-Scherrer camera is off centering of 

the specimen. The Cohen method of extrapolation takes into 

account the error resulting from displacement of the specimen 

from the diffraction axis.  Graphing the c lattice length for  
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Fig. 4(a)-(f).  TEM images of vol.% Y211 doped YBCO films: (a)-(d) 5 vol.% 
Y211 doped YBCO. (e)-(f) 10 vol. % Y211 doped YBCO. 
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doped YBCO. 

 

 

each plane versus the cos
2
ϴ/sinϴ and extrapolating to zero 

gives the c values [26].  XRD analysis presented in Fig. 5.  

shows that the c- lattice parameter decreases as the vol. % 

Y211 increases in the doped YBCO films. This reaffirms the 

TEM analysis suggesting compressive stresses in the YBCO 

lattice, which causes the c – lattice parameter to shorten.  
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Fig. 6.  Comparison of current density verses various volume % of BZO and 

Y211 doped YBCO films. 

III. CONCLUSION 

Experimental results illustrate that a significantly higher 

percentage of 10 vol. % Y211 can be incorporated into YBCO 

films without degradation of Jcm, in contrast to previous 

research results from additions of Y2O3 and BZO (Fig. 6),  

[24]. Referring to Fig. 4, TEM analysis illustrates the 

extraordinary large particle size of 30-40 nm, and that a 

remarkable clean interface exists between Y211 and YBCO, 

resulting in less stress in the structure. Future work will 

measure Jct(H,T, θ) for θ = 0 to 90°, and explore further TEM 

analysis to qualitatively and quantitatively determine the 

effects of Y211 additions on YBCO lattice stresses.  The 

experimental data presented  should be helpful for a 

theoretical investigation of a possible new-regime of collective 

pinning responsible for the increased pinning of the vortex 

lattice. 
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