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Enhancement of Electrical Properties by 
Tailoring Nanoparticles in Holmium-doped 
YBa2Cu3O7-d Superconductors

R.L. Holtz,1 R. Goswami,2 and G. Spanos1

1Materials Science and Technology Division
2SAIC

Background: High-temperature superconducting 
(HTS) tape and wire are promising for high power 
density shipboard motor and generator applications. 
There is a need, however, for improving the perfor-
mance and stability of these materials in high magnetic 
fields in order to fully exploit this technology. The 
Naval Research Laboratory, with our extensive exper-
tise and sophisticated capabilities for microstructural 
analysis, has been approached by and is working closely 
with several HTS wire processing groups, including 
HTS manufacturers American Superconductor Cor-
poration and Metal Oxide Technologies Incorporated, 
as well as the U.S. Air Force Research Laboratory, to 
understand the basic relationships between microstruc-
ture and performance of HTS tapes. 

Flux Pinning in Superconductors: Magnetic flux 
penetrates a Type II superconductor in the form of 
“vortices,” which consist of circulating currents sur-
rounding the flux. If these vortices move, an effective 
resistance is created, which degrades the critical current 
density and the transition temperature of the supercon-
ductor. If the vortices are prevented from moving, by 
“pinning” them, this enhances the critical current. This 
mechanism is suggested in Fig. 4, which depicts a slab 
of superconductor under the actions of a current and 
a magnetic field. The presence of flux pinning centers, 
such as second phase particles, for example, results in 
a pinning force that inhibits vortex motion. Pinning 
centers are most effective when the size and spacing is 
comparable to that of the vortices, on the order of 10 
to 100 nm; hence, dense dispersions of nanoparticles in 
that size range provide very effective flux pinning. 

Nanoparticles in YBCO: Figure 5(a) shows a 
transmission electron microscopy (TEM) image of a 
distribution of nanoparticles in the size range of 10 to 
100 nm in an HTS coating of composition YBa2Cu3O7 
(YBCO) doped with holmium (Ho:Y ratio 1:1). This 
particular specimen was submitted to NRL for analysis 
by American Superconductor Corporation. The HTS 
coating is formed by high-rate metal-organic deposi-
tion and subsequent heat treatment. NRL determined 
that two types of nanoparticles, (YxHo1–x)2O3 and Cu-
Ba-Ho-Y (exact stoichiometry yet to be determined), 
are formed during the deposition process. Figure 5(b) 

shows one partially faceted (YxHo1–x)2O3 particle, and 
Fig. 5(c) is a high-resolution TEM image of the inter-
face between the matrix and a nanoparticle, showing 
that it is crystallographically not fully coherent. Figure 
5(d) shows a TEM image of several nanoparticles in 
another Ho-doped YBCO specimen. The dark lobes 
around the particles are due to strain fields. The results 
indicate that the nanoparticles are associated with 
relatively large strain fields, and it is these strain fields 
that likely provide the pinning force for the vortices. 
NRL also has found that nanoparticles formed in 
YBCO films also can stabilize other defects such as 
twin boundaries, antiphase boundaries, stacking faults, 
intergrowth, and plane buckling, all of which result in 
additional contributions to vortex pinning.1 

Crystallographic Twins: Crystallographic twin 
boundaries, i.e., grain boundaries of relatively good 
atomic fit between regions of different (but symmetri-
cal) crystallographic orientation, provide extra pinning, 
although they are less effective than nanoparticles. It 
is known that (110) twins (twins whose boundaries lie 
parallel to a (110) direction in the crystals) form during 
transformation from the tetragonal to the orthorhom-
bic phase, as the material is cooled from high process-
ing temperatures. Figure 6(a) shows a Ho-doped YBCO 
specimen with a large number of (110) transformation 
twins (the linear features), in addition to a high density 
of nanoparticles. By correlating the density and sizes 
of the nanoparticles and the twins with the critical 
current density of the HTS specimens, and studying 
these features as a function of excess holmium content, 
the optimum composition for tailoring critical current 
retention in magnetic fields is found. NRL also has 
identified an interesting interaction between nanopar-
ticles and twin boundaries. Figure 6(b) provides a 
high-resolution TEM image of twin boundaries that 
appear to be bent in the vicinity of a nanoparticle, pre-
sumably due to the presence of the strain field around 
the nanoparticle. Investigation of this observation is 
continuing.

Significance: Basic understanding of the effects 
of different kinds of flux-pinning features in super-
conducting coatings, such as nanoparticles and twins, 
allows the tailoring of the superconductor performance 
of HTS wire in magnetic fields. In particular, in super-
conducting motor and generator coils, there are sub-
stantial magnetic fields perpendicular to the supercon-
ducting tape, which produce a very large suppression 
of the critical current in the YBCO. With the controlled 
addition of flux-pinning nanoparticles, twin boundar-
ies, and other defects through holmium doping of 
YBCO, the critical current under perpendicular fields is 
substantially improved, reducing the amount of super-
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FIGURE 4
A schematic diagram illustrating the concept of pinning of the vortices by nanopar-
ticles embedded in the superconductor.

Direction of
magnetic field

Direction of
vortex motion

Direction of Current

Magnetic Vortices

Pinning Defect (e.g. Nanoparticle)

FIGURE 5
(a) A bright-field transmission electron 
microscopy (TEM) image showing the 
nanoparticles in the superconducting matrix 
in a Ho-doped YBCO sample. (b) A high-
resolution TEM (HRTEM) image showing a 
coarse (YxHo1-x)2O3 particle. (c) A higher 
magnification HRTEM image showing that 
the particle/matrix interface of the coarse 
particle, obtained from the rectangular 
box in (b), is not fully coherent. (d) A fine 
particle showing the dark lobes around 
the particle suggesting that the particle is 
associated with a strain field. 
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FIGURE 6
(a) A bright-field TEM image near the [001] zone of the superconducting 
matrix showing nanoparticles embedded in the matrix for a Ho-doped 
YBCO sample (lower Ho concentration than specimen of Fig. 5). Note 
the (110) twins. (b) HRTEM image showing the (110) twins. Note the ap-
parent bending of twins close to the particle. Such bending could result 
from the interaction of strain fields present close to the particle and the 
twins.
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conducting wire needed, and thus reducing both the 
size and the cost of the devices. 

[Sponsored by NRL and ONR]
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