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Chapter 4

IN-SITU APPROACH TO INTRODUCE
FLUX PINNING IN YBCO

T. J. Haugan*

Air Force Research Laboratory, Wright-Patterson AFB,
OH 45433-7251 U.S.A.

ABSTRACT

Several in-situ methods to introduce ultra-high densities of defects into YBCO to
enhance flux pinning are reviewed, including rare-earth or chemical substitution or
additions, and nanoparticle additions by various processing methods. The results were
compiled using studies published recently or that are publicly available. Superconducting
and microstructural properties are compared for different nanoparticle additions including
Y211, Y,0;, CeO, Sml23, MgO, La21l, IrZO;, BaZrO;, and mixed (Y,RE)I123
compositions. Results are included for thin films deposited on single crystals and metallic
substrates, and for bulk powders. Of the methods reviewed, only processing conditions
that produced nanoparticle additions have demonstrated significant J.(H) enhancements
for high fields Hyyy > 0.3 T, whereas rare-earth-only substitutions have increased J.(H) at
low-fields Hgp < 1T in the case when secondary nanoparticles formations were not
observed. For nanoparticle additions high-lattice mismatch materials have given
consistently large increase of J,(H). Results with small-lattice mismatched materials are
less consistent thus far; several groups are reporting increases of J.(H) with large
(Y,X),0s-type nanoparticle size about ~15 nm to ~40 nm, whereas other groups are
reporting minimal results with smaller (Y,X),0s-type nanoparticle sizes ~5 nm. In this
work, very-small lattice mismatches degraded flux pinning presumably by making Y123
more uniform and with less pinning defects. TEM of high-lattice mismatch nanoparticles
additions indicates stress regions surrounding the nanoparticles can extend out to 10-15
nm size. The combined studies strongly suggest that stress-related defect zones and/or
large nanoparticles size > 10 nm are critically important to achieve significant increases
of flux pinning for high-field H > 1T, whereas smaller nanoparticles sizes are not as
effective for these field strengths.

kT ] Haugan: E-mail: timothy haugan@wpafb.af.mil
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60 T. J. Haugan

1. INTRODUCTION

Since the discovery of high temperature superconductors (HTS) in 1986 and 1987 [1,2],
there has been continual interest in increasing the critical current density (J.) of these
materials in practical forms including wires, thin films and bulk materials. To increase the J,
of HTS type-II superconductors in applied magnetic fields, it is well-understood method that
non-superconducting defects must be incorporated into the superconducting materials to act
as extended pinning centers for the magnetic fluxons that penetrate the superconductor [3-5].
The size of the pinning defects is preferred to be of the order of the coherence length, which
is ~ (2-4) nm for YBa,Cu307.5 (YBCO) in the temperature range (4-77) K. A small size of
defect is sufficient to pin the vortices and also allows a higher pinning defect density to be
reached. An areal density of about H/2x10" defects/cm?” is desired to pin every fluxon in an
applied field of H in units of Tesla [3-5].

Methods of defect addition can be classified as in-situ methods which directly add defects
into the superconductor during processing, or ex-situ methods which incorporate the defects
after processing. Ex-situ methods can include irradiation [5] or mechanical methods such as
stressing which can influence twin-defect densities [6]. Herein focuses on in-situ methods of
defect addition by selected approaches. The in-situ method is arguably the most practical
method to consider for industrial applications, since estimates for ex-situ irradiation processes
are generally high because of expensive in-line beam-use costs. The YBa,Cu305. (YBCO or
Y123) superconductor is reviewed in this chapter since it is the primary conductor being
developed presently for coated conductor applications [7-14].

2. RARE-EARTH OR CHEMICAL SUBSTITUTIONS OR ADDITIONS

A conceptually simple and cost-effective method of adding nanosize pinning centers is to
dope or partially introduce different elements directly into the lattice structure, which changes
the properties of the localized areas in and around such doped crystal structures. Chemical
substitution into RE123 with rare-earth cations has been studied by many groups recently [15-
59]. The substitution of chemical elements into the YBayCuiOys (YBCO or 123)
superconductor has been studied extensively and summarized for crystal growth [37], doping
and physical properties [38], and materials chemistry and thermodynamics [39]. Recently the
effects on flux pinning and J.(H) properties were reviewed [40], however more specific
results are summarized and updated herein. A potential difficulty with rare-earth substitutions
is that the higher ionic radii RE123 materials have significantly higher melting points than
YBCO, which may require higher processing temperatures that may not be compatible with
the present CeO,/YSZ/Y,0s/RABIT’s Ni structure optimized for YBCO commercial
production [7-11].

Different variations of RE doping have been studied, including substitution in (Y ,RE)123
with RE = Ho, Dy, Gd, Eu, Nd, and Pr, and various other combinations of rare-earths such as
mixed (RE;,RE;)123 or (RE;,RE,,RE;)123 compositions such as (Nd,Eu,Gd)123 [15-59].
Recent studies have demonstrated that significant increases of J.(H) can be achieved in mixed
REI23 materials and particularly for RE ~ 0.33 or ~0.66 in (Y,RE)123 compositions; e.g. for
RE = Ho, Gd, Dy, Sm, and Eu [33,46-49,40], and for mixed (Ndop333,E00.333,Gdg 333)123
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In-Situ Approach to Introduce Flux Pinning in YBCO 61

[21.40]. At least 150 papers have been published on (Y,RE)123 flux pinning, however there
tends to be limited systematic studies on (Y1.xREy)123 for the complete range of x =0 — 1
[40].

Possible mechanisms by which RE substitutions can increase flux pinning include: ()
addition of second-phase defects by precipitation or composition changes, (b) formation of
finely distributed lower T, components from the mixed solubility of RE with Ba and
intersolubility of RE or other mechanisms, (c) randomly distributed oxygen-deficient zones
which have lower Tes [21,22), or (d) intrinsic stresses resulting from the lattice mismatched
RE123 agglomerations [35,36]. The finely distributed lower T, components are suggested as
4 cause of the so-called “fish-tail” effect, where as the magnetic field is increased, the J;
temporarily increases as the lower T, components transition to normal behavior after which
the J, decreases at much higher applied magnetic fields [21,22,43]. The peak of the J;
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 RE123 unit cell agglomerations is not precisely known, however presumably would
variably affect the T, and Jo(H) properties.

The effect of RE substitution on the superconducting transition temperature (T¢) is
teviewed in figure 1 for both thin films and bulk materials. In general Tc increases with
increasing RE substitution for (Y,RE)123 especially for bulk materials, as expected for the
trend of increasing T, for RE123 with higher ionic radii [37-40]. The trend of increasing T
was 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 SrTiO;, LaAlO;, LSAT and CeO0,-YSZ films [57]. A flat
dependence of T, on Eu substitution was observed for films deposited onto LaAlO; SrTiO; or
| SAT substrates similar to (Y,Dy)123 films deposited on LaAlO; shown in figure 1.
However for (Y,Eu)123 films deposited on CeO,-YSZ in figure 1, a nearly linear dependence
of T, with Eu substitution was measured which is markedly different [57].

The effect of RE substitution on critical current density (J.) is reviewed in figure 2 for
thin films and in figure 3 for bulk materials. The effect on J; is plotted for different applied
fields from O T to 3 T. The relative increase of J. depends specifically on the applied field;
¢.g. for (Y,Eu)123 films an increase of J for Eu substitution occurs for H < 1 T, however J;
decreases with Eu substitution for H> 1T [57]. Especially for Happ = 0.1 T, a fairly consistent
trend is observed in figure 2 that J; 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 Hpp > 0.5 T compared to
(Y.Eu)123 films is probably a consequence of different measuring magnetic measurement
measurements: for (Y,Dy)123 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 Oe/sec (7900 A/mes) [57].
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Figure 1. Effect of RE substitution on the transition temperature of (Y,RE)123 superconductors: (top) thin
films (Y,Dy)123 on LaAlO; [49], (Y.Eu)123 on CeO,.pe-YSZ [57], (Y,Gd)123 on STO or YSZ [46], and
(Y,Nd)123 on LaAlO; [58], and (bottom) bulk powders RE =(Y,Eu)123 dashed-lines [50]. (Y,Eu)123 solid-
lines [53], (Y,Gd)123 dashed-lines [53], (Y,Gd)123 solid-lines [59], and (Y.Nd)123 [31,59].

The effect of RE substitution on J(77K) of bulk materials is shown in figure 3.
Enhancements of J. with RE substitution for low-fields H < 1T 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 J; was measured for Fu = 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. Continued on next page.

6
Approved for public release; distribution unlimited



In-Situ Approach to Introduce Flux Pinning in YBCO 65
10° ¢ : . . ; . ;
77K
H=3T (Y,Gd)123 powder
5
hg 10° L :
-..:2.. {Y,Nd)123 powder
_JE ,,,,, e
10* L o; I S -
d ° (Y,Eu)123 peliet
Y
(r,Nd), Ba, Cu .0 powder s
1000 ! ] L] 1 i I
02 0 02 04 06 08 1 1.2
RE content of (Y 1-XREIM 23
10% gy . . :
77K (Y,Gd)123 powder |
10° L H=5T RN E
& ‘
(_E) 1
\i:; 104 . (¥,Nd)123 powder 4
E i T ¢ ]
= » - &, 8
1 S ]
wana L " e (¥,Eu)123 pellet|
. * 5
i {‘{;Nc&}g'ﬁ»amCaaﬂx powder
100 '

02 o 02 04 a:s 08 1 1.2
RE content of (Y, RE )123

Figure 3. Effect of RE substitution on J.(H) properties of bulk samples for RE = Eu [50], Gd [59], and Nd
[31] for Hypu = 0.1 T to 5 T from top to bottom. Critical current density was measured by magnetic methods
(Jem)-

The difference in J., 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 J.(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 changing 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 J(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 J; versus variance for constant RE ion-size are plotted in figure 4,
and compared to recent results of (Y,Eu)123 substitutions. Interestingly, the results are
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66 T. J. Haugan

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

RE ave = X x;*r; and
=3 Xi(r;)> — (RE ave)’

where i = jonic ion, x = RE mole fraction of normalized to 1, and r is ionic radii of VIII
Coordination Number +3 valence state.

0‘55 i T T T T T i T —_1
r ®
05 °L . (RE1,RE2)123 mixtures, 75.5K 2
1 . ]
[ RE ave = 1.02 A° 1
045 C MacManus-Driscoll et al, APL 84, 5329 (2004)
¥ - Y .
5 04°F W ]
:-:“’ C ]
- E ]
l:'- 035 = L] ® =
N i
Pl i
=, 03 - J
= X i
025 & o ]
(Y,Eu)123 mixtures, 77K
02 _ RE ave = (1.02 - 1.04) A° 7
0.15 : L L 1 |

-5 0 5 10 15 20 25 30 35
o® (x10™ A°2)

Figure 4. The effect of low-field J; enhancements as a function of RE variance for (REI1,LRE2)123 mixtures
with J measured by transport method [33], compared to similar studies with (Y.Eu)123 measured by
magnetic methods [57]. The difference of J. measurements methods is not expected to have much effect on
these studies, especially when J, 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: Y21 1, Y,0; or X nanoparticles or nanolayer additions
by pulsed laser deposition (PLD) [60-72], BaZrO, (BZO) by PLD [72-74], (Y,X)x0y by
MOCVD [75,76], and (Y,X)O, or BZO by MOD [77,78].

The progress of J, increases with nanoparticle additions by PLD is shown in figure 5,
where J; was measured only by magnetic methods (J.y). In figure 5 only a few materials
systems could be compared, since many authors used different magnetic ramping methods or
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In-Situ Approach to Introduce Flux Pinning in YBCO 67

only measured J, 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 0.1T several materials including CeO,, Y211
and La211 in (X/123)xN structures provided large improvements, whereas other materials
provided minor increases or decreased J,. Also results from figure 2 indicate that mixed (Y.
«H11,)123 films provided strong enhancements at 77K 0.1 T, even slightly increased compared
to CeO, and Y211 multilayer additions. However for those films, nanoparticle formation is
small and may not be the controlling factor.
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Figure 5. Continued on next page.
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210° —— ; |
65K Y211
3T
1.510° | 1
- BZO
o™
E
é‘) 110°% - 4 Y211-pie |
=
_3 [ O L -
La211
sigt | 123 K
® CeO,
s MgO
0 | | |

Jan 2004 Jan 2005 Jan 2006
Date

Figure 5. Progress in magnetic J; achieved in (X_;;/123 04m)XN multilayer films deposited on single crystal
substrates at 77K 0.1 T, 77K 1 T and 65K 3T as function of publication date [61-72]; BZO film is 2% volume
fraction addition in a mixed single composition target [72]; the angular J(H,1T) of this film lacked a c-axis
peak suggesting the PLD conditions (775°C and 4 hz, 248 nm laser, 6 cm target-to-substrate distance) were
not optimized for columnar growth obtained by other authors [73]. In figure 5 Y211-pie is pulsed laser
deposition of a pie-shaped target [68). Data of Sm123 is for a (Sm123_; g;/123.14 m)x 18 multilayer film.

At 77K, the results at 1T are significantly different from 0.1T, with Y211 and Y,0;
multilayers and (Y123(3BZ0q,2) films providing strong enhancements. Other multilayer
additions significantly reduced the J. as much as 2x or more; in some cases as a consequence
of severe degradation of T, [65]. At 65K 3T, the J, enhancements again are different again,
with the Y211 pie method also providing J. enhancement in addition to materials that
provided strong pinning at 77K 1T.

The increase of J. for films deposited only onto single crystal substrates are compared in
figure 6. Both 211-multilayer and BZO additions provided strong enhancements on these
substrates, however 211 had stronger increases at H < 4 T, while BZO provided larger
enhancements for H > 4T. In figure 6 the films were in the range of 0.2-.0.3 microns. Results
in the literature with larger film thickness ~ 1.0 pm were not compared in figure 6 since the
intrinsic J. is lower for these films typically by almost one half [74]. Results with Y,0;
additions were different depending on the experimental conditions; films deposited at ORNL
showed obtained stronger improvement with 130 nm film thickness and probably larger Y,0;
nanoparticle size ~5-15 nm (width) and ~6nm (height) than results from AFRL with possible
2nm height [66,69,72]. The results by AFRL for Y,0; additions are similar to earlier results
with Y;0s-rich films made by MOCVD with small Y,O; nanoparticle size ~ 5 nm [76].
Results by AFRL for (Y,03/123)xN multilayer films were not significantly different from
123 films (and were consistently obtained), in strong contrast to results for (211/123)xN
additions which showed consistently strong increases [60,61,66,72]. These combined results
suggest that either the Y,0; nanoparticle size, film thickness, and or deposition conditions are
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In-Situ Approach to Introduce Flux Pinning in YBCO 69

playing important roles in the pinning strengths obtained. Samples by AFRL for Y,0; 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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H /I c-axis
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Figure 6. Comparison of (upper) magnetic J, (J.,,) and (lower) transport J; () of thin films deposited on
single crystal substrates for (211_;pm/1 23 _30nm)XN multilayer [61,72], (Y 1234,96BZ0g 02) [72], (Y,03/123)xN
multilayer [72], (Y,05/123)xN multilayer [69], (Y205+123) by MOCVD [76], (IrZ0O/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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70 T. J. Haugan

Figure 7 provides additional information about pinning mechanisms by comparing
transport J¢ (Ji) 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%,
(211/123)xN multilayer tapes, and (Y,9Smy,)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). In figure 7, normalized J,
measurements were compared, since the self-field J.s varied considerably depending on the
processing conditions, sample thickness, etc...

(Y0_98m0_1]123

~1.1 um on IBAD
(75.5K)

0.1

e Ny, BZO 2%

Y ~
© \ . v,
‘\\ \‘ i
o001 b T7TK kY o
) § H /I c-axis 123 211 rimhilayers ;'
- 0.3 pm films ' ‘\ ]
L on Metallic Substrates T
0.0001 : ! d
0 2 4 6 8

_—

Figure 7. Comparison of transport J, (J.;) achieved on buffered metallic substrates for (211_15/123 200m)XN
multilayer tapes [67], (Y123sBZOy ) composition films [73], (12305sBZ O s) [74], (Y0.9Sm0.1)123 [75],
and (123 9sBZ0y ) [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 J.(H) comparisons.

A comparison of Jo(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, J. was measured by both magnetic and transport
methods. For Y123 films, Jo(77K,2T) ~ 0.2 MA/cm® were achieved which agrees almost
exactly with similar measurements by other references of Jo(77K,2T) ~ (0.15-0.2) MA/cm®
[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 BalrO; 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 Y05 particles [70].
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Figure 8. Iy, of films deposited on single crystal substrates; data is from samples in Figure 6 and additional
samples [72]. Samples were all made at AFRL by PLD [61,72]. Films were (My.nm/123y.nm)xN multilayers
with x = (0.3 nm to 1.8 nm) for the insulating ‘pseudo-layer’ and y = 3-20 nm for the 123 layer, except BZO
which was from a (BZ0Og 21230 .ss) single target. The curve fit is for ‘non-reactive’ phases indicating minimal
reaction for (750°C-780°C) reaction temperatures.
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0.3 um film
= o o 211
& L _
&
3 TR 1 P NS /SUIPRI... —
. 130am,
2 ORNL
- & A |rZO,
i 123% YO, 8 MOCVD Rutgers J
-2 0 2 4 6 8 10

Nanoaddition Lattice Mismatch (+-%)

Figure 9. J.; of films deposited on single crystal substrates; data is from figure 6, additional samples [72], and
includes reference values for 123 from ORNL [69] and IFW-Dresden [70] marked as with solid-diamond +
X. Samples not extra-marked were made at AFRL [61,72], and the curve fit is for these samples. All films
were deposited by PLD except as noted in the figure and in the figure 6 caption.

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 ini:geases, as shown in figures 6 and 7. Interestingly
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in figure 6 and 8 the maximum increase for Jo, is about 2x which is slightly lower compared
to the increase of J. measured by transport methods of (2.5x-3x). This is a result of the more
stringent criteria for J.;, 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 J; 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 10-15 nm, which
presumably increases the effective flux pinning volume flux pinning. Stress regions around
Y03 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 Y,0; additions by AFRL.

Figure 10, TEM micrograph of a ((Ys5Cag1):BaCu0Os., o spm/123_1000)XN multilayer film deposited at 825°C.
Note the nanoparticles are typically ~ 2nm thickness and ‘stressed’ shaded regions surrounding the
nanoparticles extend almost 10-15nm 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 J, increases at low-
field H < 1T, whereas nanoparticle pinning has provided enhancements in the full range
however mostly in high-fields H > 1T. For rare-earth substitution, a peak in J, for RE = 0.3
was not observed for every (Y,RE)123 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 Je. For nanolayer materials such as Y-0;
additions with low mismatch ~ 2%, the results were seemingly dependent on processing
conditions and most probably particle size; only large particles ~ 5 nm to ~ 50 nm nm in size
gave enhancements [69,75,77,78] whereas other authors are reporting no increases of J,, with
most-probably smaller nanoparticles as shown herein.
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