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[:!1.40]. At least 150 papers have been published on (Y,RE)I23 flux pinning, however there 

tends to be limited systematic studies on (Y 1.xREx) 123 for the complete range of x = 0 - 1 

l tO]. 
Possible mechanisms by which RE substitutions can increase flux pinning include: (a) 

addition of second-phase defects by precipitation or composition changes, (b) formation of 

finely distributed lower Tc components from the mixed solubility of RE with Ba and 

intersolubility of RE or other mechanisms, (c) randomly distributed oxygen-deficient zones 

\\hich have lower Tcs [21 ,22], or (d) intrinsic stresses resulting from the lattice mismatched 

REI23 agglomerations [35,36]. The finely distributed lower Tc components are suggested as 

a cause of the so-called "fish-tail" effect, where as the magnetic field is increased, the Jc 

temporarily increases as the lower Tc components transition to normal behavior after which 

the Jc decreases at much higher applied magnetic fields [21,22,43]. The peak of the Jc 

maximum in these materials typically occurs at applied fields of about 2 T to 3 T, and the 

"fish-tail" peaks been observed in melt-processed (Y,Gd)123 [43). The distribution and size 

of the REI23 unit cell agglomerations is not precisely known, however presumably would 

\ariably affect the Tc and Jc(H) properties. 

The effect of RE substitution on the superconducting transition temperature (Tc) is 

re\ iewed in figure 1 for both thin films and bulk materials. In general T c increases with 

increasing RE substitution for (Y,RE)I23 especially for bulk materials, as expected for the 

trend of increasing Tc for RE123 with higher ionic radii [37-40]. The trend of increasing Tc 

\\as more consistently observed for bulk materials, however was also measured in thin films. 

Interestingly, there is a noticeable dip or lack of increase around RE = 0.2 reported by several 

authors in bulk materials for Gd and Eu [31,50,53,59], and discussed in detail by one author 

[50]. 
For thin films the substrate can have a large effect on the Tcs which presumably affects 

the results in figure 1 [54-56]. Recently this was confirmed for (Y,Eu)123 films deposited 

onto varying substrates including SrTi03, LaA103, LSAT and Ce02-YSZ films [57]. A flat 

dependence ofTc on Eu substitution was observed for films deposited onto LaAI~ SrTi~ or 

LSAT substrates similar to (Y,Dy)123 films deposited on LaA103 shown in figure 1. 

However for (Y,Eu)123 films deposited on Ce02-YSZ in figure 1, a nearly linear dependence 

o1 Tc with Eu substitution was measured which is markedly different [57]. 

The effect of RE substitution on critical current density (Jc) is reviewed in figure 2 for 

thin films and in figure 3 for bulk materials. The effect on Jc is plotted for different applied 

1ields from 0 T to 3 T. The relative increase of Jc depends specifically on the applied field; 

e.g. for (Y,Eu)123 films an increase of Jc for Eu substitution occurs for H < 1 T, however Jc 

decreases with Eu substitution for H > 1 T [57]. Especially for H appl = 0.1 T, a fairly consistent 

• trend is observed in figure 2 that Jc increases significantly about 2 times with increasing RE 

substation. Only for RE = Dy was a peak around RE = 0.3 observed in these studies, 

compared to the peak observed from various RE combinations observed by several groups 

[21.33,46-49,40]. The decrease of (Y,Dy)123 films with higher Hawi > 0.5 T compared to 

(Y.Eu)123 films is probably a consequence of different measuring magnetic measurement 

measurements: for (Y,Dy)l23 films SQUID was used which typically has a slow ramp rate 

[49]. whereas as for (Y,Eu)123 films VSM was used with a (generally) higher ramp rate of 

100 Oc/sec (7900 A/m•s) [57]. 
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Figure 1. Effect ofRE substitution on the transition temperature of(Y,RE)l23 superconductors: (top) thin films (Y,Dy)l23 on LaAl03 [49], (Y,Eu)123 on Ce02.burrcr·YSZ [57], (Y,Gd)l23 on STO or YSZ [46], and (Y,Nd)l23 on LaAl03 [58], and (bottom) bulk powders RE =(Y,Eu)123 dashed-lines [50], (Y,Eu) 123 solid­lines [53], (Y,Gd)l23 dashed-lines [53], (Y,Gd)123 solid-lines [59], and (Y,Nd) 123 [31 ,59]. 

The effect of RE substitution on J.c(77K) of bulk materials is shown in figure 3. 
Enhancements of Jc with RE substitution for low-fields H < 1 T were observed for RE = Gd 
and Eu, however at high fields H > 3 T improvements were also measured for RE = Nd in 
addition. A peak in Jc was measured for Eu = 0.3 and Eu = 0.7 in bulk powders, but could not 
be reproduced in thin films (figure 2). 
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Figure 3. Effect ofRE substitution on J0(H) properties of bulk samples for RE = Eu (50), Gd [59], and Nd 
[3 1) for Happl = 0.1 T to 5 T from top to bottom. Critical current density was measured by magnetic methods 
l!cm)· 

The difference in Jcm magnitudes comparing RE = Eu to Nd or Gd in figure 3 probably 
result from different interpretations of the particle size used for the Bean model [50,59]. Other 
differences in Jc(H) were measured at 65K for bulk powders [59], indicating that care must be 
used to exactly measure and compare flux pinning properties at specific temperatures. 

The effect of the RE variance and RE ion-size substitutions was studied recently by 
MacManus-Driscoll et. al. by ch;:mging the RE ion-size variance while holding the RE ion­
size constant [33], and reverse studies varying the RE ion-size holding the RE ion-size 
variance constant [34]. They found that for constant RE ion-size, a consistent trend was 
observed for low-field Jc(0.2T) decreasing with increasing RE ion-size variance [33]. 
However for constant RE ion-size variance, no trends were observed for varying RE ion-size 
[34]. The enhancements of Jc versus variance for constant RE ion-size are plotted in figure 4, 
and compared to recent results of (Y,Eu)l23 substitutions. Interestingly, the results are 
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different for Eu substitution, suggesting that microstructural issues are also affecting these results. In figure 4, the average RE ion size and variance were calculated using 

where i = ionic ion, x = RE mole fraction of normalized to 1, and r is ionic radii of VIII Coordination Number + 3 valence state. 
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Figure 4. The effect of low-field Jc enhancements as a function ofRE variance for (REI,R£2)123 mixtures with Jc measured by transport method (33], compared to similar studies with (Y,Eu)J23 measured by magnetic methods [57]. The difference of Jc measurements methods is not expected to have much effect on these studies, especially when Jc is normalized to self-field values [57]. 

3. NANOPARTICLE ADDITIONS 

The addition of nanoparticles is a relatively straightforward method for industry to consider because of the potential ease of compatibility with YBCO processing. Several groups have demonstrated improved flux pinning with nanoparticle additions at near-standard processing temperatures of ~ 775°C, rather than higher temperatures where the buffer layer architectures might be compromised: Y21l, Y20 3 or X nanoparticles or nanolayer additions by pulsed laser deposition (PLD) [60-72], BaZr03 (BZO) by PLD [72-74], (Y,X)xOy by MOCVD [75,76], and (Y,X)02 or BZO by MOD [77,78). 
The progress of Jc increases with nanoparticle additions by PLD is shown in figure 5, where Jc was measured only by magnetic methods CJcm). In figure 5 only a few materials systems could be compared, since many authors used different magnetic ramping methods or 
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only measured Jc properties by transport methods or at slightly different temperatures of 
75.5K [61-72]. In figure 5 significant improvements have been obtained, that vary depending 
on the field applied and temperature. At 77K O.IT several materials including Ce02, Y211 
and La211 in (X/123)xN structures provided large improvements, whereas other materials 
provided minor increases or decreased Jc. Also results from figure 2 indicate that mixed (Y 1• 
xEux)123 films provided strong enhancements at 77K 0. 1 T, even slightly increased compared to Cc0 2 and Y211 multilayer additions. However for those films, nanoparticle formation is 
small and may not be the controlling factor. 
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playing important roles in the pinning strengths obtained. Samples by AFRL for Y 20 3 or 211 
additions were obtained with exactly similar deposition conditions, except different layer 
parameters to optimize flux pinning [60,61,66,72]. 
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Figure 6. Comparison of(upper) magnetic Jc CJcm) and (lower) transport Jc (Jet) of thin films deposited on single crystal substrates for (21 L 1..,1123_20nm)xN multilayer [61, 72], (Y I 23o.98BZOo.o2) [72], (Y 20y'J23)xN 
multilayer [72], (Y 20 y' l23)xN multilayer [69], (Y20 3+ 123) by MOCVD [76), (lrZ0/123)xN multilayer (by 
reaction with Ir) [70], and 123 reference (72]. All films were deposited by PLD except as noted. Results from AFRL are representative and consistent for H < 5 T for 2 or 3 different samples; J,(H) results > 5 T are less 
consistent. 
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Figure 7 provides additional information about pinning mechanisms by comparing 
transport Jc (Jc,) results on (RABIT's or IBAD) buffered-metallic substrates. In figure 7 a 
number of different methods produce strong pinning, including BZO 5%, BZO 2%, 
(2111123)xN multilayer tapes, and (Yo.9Sillo.t)123 films made by MOCVD. Results measured 
at 75.5 K are expected to have flatter dependence because of the lower measurement 
temperature, however the results suggests that nearly comparable improvements were 
obtained for 2% and 5% BZO additions (for example). 1n figure 7, normalized Jc 
measurements were compared, since the self-field Jcs varied considerably depending on the 
processing conditions, sample thickness, etc ... 
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Figure 7. Comparison of transport J0 {101) achieved on buffered metallic substrates for (21 L 1 • .,/123_200m)xN 
multilayer tapes [67], (Y1230.98BZ00.02) composition films [73], (1230.95BZ0 005) [74], (Y0.9Sm0.1 )123 [75], 
and (1230.98BZ00.02) {73); the 123 reference is from Haugan et al. [67]. All films were deposited by PLD 
except for Sm-doped 123 which grown by MOCVD (75). Note several samples were thicker and measured at 
75.5K, which slightly affects the J0(H) comparisons. 

A comparison of Jc(77K,2T) pinning results on single crystal substrates are summarized 
as a function of lattice mismatch in figure 8 and 9, using data from figure 6 and additional 
samples analyzed [72]. In figures 8 and 9, Jc was measured by both magnetic and transport 
methods. For Y123 films, Jc1{77K,2T) - 0.2 MA/cm2 were achieved which agrees almost 
exactly with similar measurements by other references of Jc1(77K,2T)- (0.15-0.2) MA/cm2 

[61,69,70] and indicates these samples are good references to measure the effects of flux 
pinning additions. Figures 8 and 9 indicates that the strongest pinning improvements are 
obtained only for high lattice mismatch phases Y211 and BZO, and additionally only 'non­
reactive' materials providing effective pinning in experiments thus far. 'Reactive' materials 
may also pin, however the volume percentage would presumably have to be reduced quite 
low and has not been studied in great detail yet. Results for Balr03 may have been 
compromised slightly since Ir was used as the addition which reacted with Ba in Y123 and 
probably reduced the superconducting volume percentage to some degree and produced 
secondary Y 20 3 particles [70]. 
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In figure 9 a (2.5x-3x) improvement is obtained with Y211 multilayer additions [61 ,72] 

for a large range of magnetic field values - 0.5 T to 8T. At higher fields or other processing 

conditions (2%-5%) BZO also gives large increases, as shown in figures 6 and 7. Interestingly 



    14 
Approved for public release; distribution unlimited

72 T. J. Haugan 

in figure 6 and 8 the maximum increase for Jcm is about 2x which is slightly lower compared 
to the increase of Jc measured by transport methods of (2.5x-3x). This is a result of the more 
stringent criteria for 1cm measurements. The increase of critical current density with Y211 or 
BZO additions is a preferred method to increase the critical current of the tape, rather than 
other increasing the thickness of a lower current density tape [79]. It is difficult to maintain 
high Jc with increasing film thickness, and thicker films add to materials and processing costs 
(79]. 

The reason why high lattice mismatch phases are pinning more effectively is unknown at 
present, however it's suspected the effective volume of the nanoadditions is an important 
factor. A TEM micrograph shown in figure 10 indicates that stress regions surrounding the 
Y211-type nanoparticles especially in the c-axis direction are as large as I 0-15 nm, which 
presumably increases the effective flux pinning volume flux pinning. Stress regions around 
Y 20 3 nanoparticles are not as noticeable or smaller only extending ~ 2nm or so [76], which 
reduces their effective particle size apparently to the point where flux pinning is not improved 
as suggested by the non-pinning results in figure 8 for Y20 3 additions by AFRL. 

Figure I 0. TEM micrograph of a ((Y0.9Cao.1hBaCuOs.z-o.snm1123_10nm)XN multilayer film deposited at 825°C. 
Note the nanoparticles are typically - 2nm thickness and 'stressed' shaded regions surrounding the 
nanoparticJes extend almost I 0-15nm in the c-axis direction. This is similar to micrographs of a- same 
dimension multilayer film without Ca substitution deposited at 775°C [80], however the stressed regions 
shown herein extend slightly farther. 

SUMMARY 

Several methods of in-situ flux pinning were reviewed, including nanoparticle additions 
and rare-earth substitutions. The results were compiled using already published or publicly 
available data. Thus far, rare-earth substitutions have provided substantial Jc increases at low­
field H < 1 T, whereas nanoparticle pinning has provided enhancements in the full range 
however mostly in high-fields H > IT. For rare-earth substitution, a peak in Jc for RE = 0.3 
was not observed for every (Y,RE)l23 system reviewed, however there were some 
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enhancements observed with RE substitution. For nanoparticle pinning only large mismatch 
materials have provided consistent increases of Jc. For nanolayer materials such as Y20 3 additions with low mismatch - 2%, the results were seemingly dependent on processing 
conditions and most probably particle size; only large particles ~ 5 run to - 50 nm run in size 
gave enhancements [69,75,77,78] whereas other authors are reporting no increases of Jc1 with most-probably smaller nanoparticles as shown herein. 
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