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Abstract Three types of superconducting GdBa2Cu3O7-x

(GdBCO) layers containing rods of either BaHfO3 (BHO),

BaZrO3 (BZO), or BaSnO3 (BSO) were fabricated by

pulsed laser deposition on Hastelloy substrates with a CeO2

based textured buffer layer. The critical currents (Jc) values

of the GdBCO layers containing those nano-rods are

enhanced compared with those of pristine GdBCO layer in

high magnetic fields. In order to investigate the relation-

ships between their superconductive properties and their

nanostructures, they were characterized in detail by trans-

mission electron microscopy (TEM). TEM is the only

method for direct observation of these nano-rods in the

GdBCO grains. The GdBCO layers were mainly composed

of c-axis oriented GdBCO grains containing numerous

nano-sized rods. The crystal orientation relationships

between the GdBCO and the nano-rods were as follows;

(001)GdBCO//(001)nano-rods and (100)GdBCO//(100)

nano-rods. The average diameters of the BHO and the

BZO nano-rods were 4.5 and 5.6 nm, respectively. The

BSO nano-rods were thicker than other rods. These nano-

rods in the central region of the c-axis oriented GdBCO

grains were aligned parallel to the c-axis of the GdBCO,

while nano-rods in the outer region of the c-axis oriented

grains were tilted away from the c-axis. With increase in

the thickness of the GdBCO layers, the ratio of the BZO or

the BSO nano-rods aligned parallel to the c-axis to those

tilted away from the c-axis decreased, so that the Jc-B-h
profiles of the thicker GdBCO layers containing the BZO

or the BSO nano-rods became flatter. The BHO nano-rods

were homogeneously distributed throughout the GdBCO,

and their average length of was less than that of the other

nano-rods. The homogeneous distribution and short length

of the BHO nano-rods enhanced the Jc values of the

GdBCO layers containing them in high magnetic fields.

The Jc-B-h profiles of the GdBCO layers containing the

BHO were independent of the layer thickness. From these

results, we will discuss about the morphologies and dis-

tributions of suitable vortex pinning for applications of

GdBCO coated conductor in high magnetic fields.

Introduction

The second-generation yttrium-based superconductive

coated conductors with high critical current (Ic) values

have been developed. They can be as much as 0.5–1 km

long, and their Ic values at 77 K and 0 T can be more than

500 A/cm. However, their Ic values still degrade in high

magnetic fields and strongly depend on the angle applied

magnetic fields, because of its anisotropic crystal structure

and short coherence length. In order to develop supercon-

ductive instruments, such as superconducting magnetic

energy storage (SMES), superconductive transformers,

cables, and motors, using the coated conductors, it is

necessary to enhance the Ic values of the coated conductors

in high magnetic fields. This suggests the importance of

formation of strong vortex pinning centers in the super-

conductive layer, so many researchers have tried to form

high density defects or distribute nano-sized particles

[1–12] to act as the pinning centers in the superconductive
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layer. In particular, nano-sized rods perpendicular to the

substrate can be formed in superconductive layers fabri-

cated by pulsed laser deposition (PLD) [1, 3–10]. The Ic

values of such superconductive layers increase more under

a high magnetic field perpendicular to the substrate than

those of superconductive layers without such nano-rods

[4, 5]. In addition, it was confirmed that the field angle

dependence of GdBa2Cu3O7-x (GdBCO) layers containing

the nano-rods fabricated by PLD could be reduced and the

Ic values of the GdBCO enhanced in high magnetic fields

compared with those of YBa2Cu3O7-x containing the

nano-rods [5].

In this study, three types of GdBCO layers containing

nano-rods of either BaHfO3 (BHO), BaZrO3 (BZO), or

BaSnO3 (BSO) were fabricated by PLD on Hastelloy sub-

strate with a CeO2 based textured buffer layer. We charac-

terized the nanostructures of these GdBCO layers in detail

using transmission electron microscopy (TEM). In particu-

lar, to clarify the relationships between the superconductive

properties and the nanostructures of the GdBCO layers

containing the nano-rods, the orientations, sizes, and dis-

tribution of the rods were examined using selected area

diffraction pattern and moiré fringes.

Experimental procedure

The three types of sintered materials used as target materials

were synthesized, in which either 3.5 mol% BHO,

5.0 mol% BZO, or 7.5 mol% BSO particles had been added

to the GdBCO matrix, which were the particle contents

yielding GdBCO layer with the highest critical current

density (Jc) values at 77 K and a magnetic field of 3 T [13].

Hastelloy tapes with a textured CeO2/LaMnO3/MgO/Gd–

Zr–O layer were transmitted during the PLD process using

reel-to-reel transfer system [14]. In order to investigate the

thickness dependence of the Jc in high magnetic fields, we

prepared 1 lm-thick and more than 2.5 lm-thick GdBCO

layers containing each nano-rods.

These GdBCO layers were thinned at Ga-ion acceler-

ating voltage ranging from 1 to 40 kV in a Hitachi NB5000

focused ion beam-scanning electron microscopy dual-beam

system equipped with a micro-sampling system to prepare

cross-sectional and plan-view TEM specimens. In the plan-

view specimen, the membranes from the surface region of

the GdBCO layers to the CeO2 interface were prepared so

that the GdBCO layers could be observed continuously, as

shown in Fig. 1 [15]. The specimens were examined in a

TOPCON EM-002B and EM-002BF TEM at an acceler-

ating voltage of 200 kV. Energy dispersive X-ray spec-

troscopy (EDS) elemental maps were acquired by a Noran

System Seven with twin EDS detectors in the TOPCON

EM002BF.

Results and discussion

Figure 2 shows the field angle dependence of Jc of the

GdBCO layers containing (a) 3.5 mol% BHO, (b) 5.0 mol%

BZO, and (c) 7.5 mol% BSO nano-rods at 77 K under a

magnetic field of 3 T [13], where the open symbols corre-

spond to 1 lm-thick GdBCO layers and the solid symbols to

more than 2.5 lm-thick. The Jc-B-h profiles of both the thin

and the thick layer with BHO nano-rods are almost the same,

whereas the Jc-B-h profiles of the thicker layers with BZO or

BSO are both lower and flatter. It is well known that the Jc

values of yttrium-based superconductive layers decrease

with increasing layer thickness. In the case of GdBCO layers

fabricated by PLD, outer growth grains, which are misa-

ligned GdBCO crystals compared with matrix c-axis ori-

ented GdBCO grains, are formed in the layers [16]. In

addition, since the outer growth GdBCO grains prevent

superconductor current, grain growth of the grains is one of

the reasons for the Jc reduction [16]. Numerous outer growth

grains were formed in all GdBCO layers, so that the Jc

reductions of the thicker GdBCO layers containing the BZO

or the BSO nano-rods occurred at 77 K and a magnetic field

of 3T. In contrast, the Jc reduction of the thicker GdBCO

layer containing BHO nano-rods is quite low at 77 K and a

magnetic field of 3 T, in spite of the formation of the outer

growth grains, as shown in Fig. 2a.

Figure 3 shows low magnification cross-sectional elec-

tron micrographs of the thicker GdBCO layers containing

(a) 3.5 mol% BHO, (b) 5.0 mol% BZO, and (c) 7.5 mol%

BSO nano-rods on a CeO2 buffer layer under the g
* ¼ 006 of

GdBCO condition. The thicknesses of the GdBCO con-

taining the BHO, the BZO, and the BSO nano-rods are 2.9,

2.8, and 2.6 lm, respectively. These GdBCO layers are

mainly composed of c-axis oriented GdBCO grains. In this

condition, screw dislocations in the c-axis oriented GdBCO

grains were found to appear as thick dark lines perpendicular

to the substrate [15]. Multilayered GdBCO structures along

Fig. 1 Schematic illustration of a plan-view specimen of GdBCO

layer containing nano-rods on Hastelloy with a textured CeO2/

LaMnO3(LMO)/MgO/Gd-Zr–O(GZO)
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the interface between the GdBCO and the CeO2 are seen in

Fig 2a–c. These boundaries, indicated by arrows, corre-

spond to the multiple PLD deposition using the reel-to-reel

tape transfer system to fabricate the thicker GdBCO layer.

Figure 4 shows selected area diffraction patterns from the

GdBCO layers containing (a) 3.5 mol% BHO, (b) 5.0 mol%

BZO, and (c) 7.5 mol% BSO and plane indexes. The nano-

rods are coherent to the matrix GdBCO grains. According to

the diffraction patterns in Fig. 3, the crystal orientation

relationships between the GdBCO and the nano-rods are as

follows: (001)GdBCO//(001)nano-rods and (100)GdBCO//

(100)nano-rods.

Figure 5 shows higher magnified cross-sectional TEM

images of (a) the BHO, (b) the BZO, and (c) the BSO

nano-rods in the GdBCO layers under the g
* ¼ 006 of

GdBCO condition. These nano-rods in GdBCO layers

appear as moiré fringes because of the orientation rela-

tionships between the nano-rods and the GdBCO described

above [7]. The relationships between spacing (D) of moiré

fringes and lattice spacing (d1, d2) is written as follows:

D = [d1d2/ d1 � d2j j]cosh. Here, cosh is 1 because of the

cube on cube crystal orientation relationship mentioned

above. The moiré fringes D spacing, shown in Fig. 5a–c,

were measured as 2.9, 2.8, and 3.6 nm, respectively. Since

Fig. 5a–c are taken under the g
* ¼ 006 of GdBCO condition,

these D values would be caused by d1 of the (006)GdBCO

plane of 0.1949 nm and d2 of the (002)nano-rods plane of

0.2085 nm (BHO), 0.2091 nm (BZO), or 0.2058 nm (BSO),

respectively.

According to this cross-sectional observation shown in

Fig. 5, the average diameters of the BHO, the BZO, and the

BSO nano-rods are 4.5, 5.6, and 9.4 nm, respectively.

Figure 6 shows EDS elemental maps of (a) Hf of the

BHO nano-rods, (b) Zr of the BZO nano-rods and (c) Sn of

the BSO nano-rods in GdBCO, and (d–f) TEM image of

the corresponding region of (a–c), respectively. These

nano-rods formed along the substrate normal. These cross-

sectional observations confirm that the BHO nano-rods are

thinner and shorter than the other nano-rods.

A low magnification plan-view image of the 2.9 lm-thick

GdBCO layer containing the BHO nano-rods is shown in

Fig. 7; where the entire GdBCO layer from the CeO2

interface, indicated by a straight broken line, to surface

region can be observed. Left hand side corresponds to the

CeO2 interface side and the opposite side to the surface

region of the GdBCO layer in Fig. 7. Since incident electron

beam is along the h001i of the c-axis oriented GdBCO grains

in Fig. 7, twin boundaries along {110} are found in the

c-axis oriented GdBCO grains as shown in Fig. 7 [15]. Some

outer growth GdBCO grains indicated by arrows in Fig. 7

have different orientation compared with that of the matrix

c-axis oriented GdBCO grains; nevertheless, BHO nano-

rods form in such outer growth grains surrounded by a

broken line, as shown in Fig. 8. Figure 9a–c show higher

magnification plan-view images of the regions labeled A–C

in Fig. 7. In order to emphasize the BHO nano-rods, plan-

view specimen was slightly tilted along the h100i of the

c-axis oriented GdBCO grains in Fig. 9a–c. White lines

indicate the grain boundaries of the c-axis oriented grains in

Fig. 9. The GdBCO grains grow larger with increasing

thickness of the GdBCO layer. The BHO nano-rods are seen

as dots in the central part of the c-axis oriented grains. In

other words, BHO nano-rods in that part are clearly aligned

in the c-axis of the GdBCO grains. On the contrary, the

nano-rods in the region around the grain boundaries are

observed as linear shape. In other words, BHO nano-rods in

Fig. 2 Field angle dependence of Jc of a GdBCO layers containing

a 3.5 mol% BHO, b 5.0 mol% BZO, and c 7.5 mol% BSO nano-rods at

77 K under a magnetic field of 3 T. Open symbols correspond to 1 lm-

thick GdBCO layers and solid symbols to more than 2.5 lm-thick
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outer region of the c-axis oriented grains are tilted away

from the c-axis. However, the dots contrast in the central part

and linear shape contrast in the outer region of the GdBCO

grains are similar from the vicinity of the CeO2 region to the

surface region, due to the shorter length of the BHO nano-

rods, as shown in Fig. 9a–c. Therefore, there is no significant

difference of the distribution and the densities of the BHO

nano-rods in the GdBCO grains from the CeO2 interface to

the surface region. Using this plan-view observation, inner

and outer of GdBCO grains can be observed at the same

time. Therefore, the orientation and the distribution of the

nano-rods in the grains can accurately be recognized com-

pared to the cross-sectional observation.

Plan-view specimens of a 2.8 lm-thick GdBCO layer

containing the BZO nano-rods and a 2.6 lm-thick GdBCO

with BZO nano-rods were prepared using the same procedure.

Fig. 3 Low magnification cross-sectional electron micrographs of thicker GdBCO layers containing a 3.5 mol% BHO, b 5.0 mol% BZO, and

c 7.5 mol% BSO nano-rods on a CeO2 buffer layer under the g
* ¼ 006 of GdBCO condition

Fig. 4 Selected area diffraction patterns from GdBCO layers containing a 3.5 mol% BHO, b 5.0 mol% BZO, and c 7.5 mol% BSO and plane

indexes

Fig. 5 Cross-sectional TEM images of a BHO, b BZO, and c BSO nano-rods in GdBCO layers under the g
* ¼ 006 of GdBCO condition
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Figure 10 shows plan-view images of the GdBCO layers

containing (a) the BZO nano-rods and (b) the BSO nano-rods

near the CeO2 interface, and grain boundaries of c-axis ori-

ented grains are indicated by white lines. Both kinds of the

nano-rods appear as dots so that they are aligned in the c-axis

of the GdBCO grains. Figure 11 shows plan-view images of

the surface regions of the GdBCO layers containing (a) the

BZO rods and (b) the BSO rods, and white lines indicate the

grain boundaries of c-axis oriented grains. The GdBCO

grains, containing the BZO or the BZO nano-rods, grew larger

with increasing GdBCO layer thickness as well as the

GdBCO layer with the BHO. In the central region of c-axis

oriented GdBCO grain, both the BZO and the BSO nano-rods

are seen as dots, while these rods are observed as longer linear

contrast in the outer region of the same GdBCO grains,

compared to the BHO nano-rods as shown in Fig. 9. There-

fore, the BZO and the BSO nano-rods are aligned in the c-axis

of the GdBCO grains in the central part, though these nano-

rods are tilted away from the c-axis in the outer region of the

same GdBCO grain. Since the BZO and the BSO nano-rods

are longer than that of BHO, fire-works structures [8–10] of

the BZO and the BSO nano-rods is more prominent than those

of the BHO nano-rods. In addition, thick BSO nano-rods with

more than 20 nm in diameter, which has not been observed in

the cross-sectional specimen, are seen in the surface region of

the GdBCO layer as shown in Fig. 11b.

Fig. 6 EDS elemental maps of a Hf of BHO nano-rods, b Zr of BZO, and c Sn of BZO in GdBCO. d–f Corresponding BF images to regions

(a–c), respectively

Fig. 7 Low magnification plan-view image of 2.9 lm-thick GdBCO layer containing BHO nano-rods. Left hand side corresponds to CeO2

interface side and the opposite side to surface region

Fig. 8 Plan-view image of an outer growth GdBCO grain with BHO

nano-rods
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These plan-view observations indicate that the ratio of

the BZO and the BSO nano-rods aligned in the c-axis of the

GdBCO grains, which act as c-axis correlated pinning

centers, to those tilted away from the c-axis decreases with

increasing thickness of the GdBCO layers. As a result, the

Jc-B-h profiles of GdBCO layer containing the BZO or the

BZO nano-rods become flatter in thicker layers due to

reduction of the peak around magnetic field angle of 180�
(B//c), as shown in Fig. 2b, c. In contrast, the BHO nano-

rods are homogeneously distributed throughout the GdBCO

layer and are shorter than the BZO and the BSO nano-rods.

These distributions, orientations, and short length of the BHO

Fig. 9 Plan-view images of GdBCO containing BHO nano-rods. a–c Corresponds the region of A–C in Fig. 7. White lines indicate grain

boundaries of c-axis oriented grains

Fig. 10 Plan-view images of

GdBCO layers containing

a BZO nano-rods and b BSO

nano-rods near the CeO2

interface

Fig. 11 Plan-view images of

surface regions of the GdBCO

layers containing a BZO nano-

rods and b BSO nano-rods.

Broken lines indicate grain

boundaries of c-axis oriented

grains
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nano-rods should be strongly correlated with the Jc-B-h
profiles at 77 K and a magnetic field of 3 T, as shown in

Fig. 2a.

High density and homogeneous distribution of nano-

sized non-superconductive particles in the GdBCO layer is

the ideal state for vortex pinning centers in high magnetic

fields. In addition, small volume percentage of the particles

in the layers should be better such that it does not decrease

the superconductor current. Since these particles can trap

high dense vortex applying from all magnetic fields angles,

it is possible to reduce field angular dependence of Jc

values of the GdBCO layers. For these reasons, both the

short length and the small diameter of the BHO nano-rods

is better morphology for the vortex pinning center, and the

small amount of the addition (3.5 mol%) has advantage

compared with those of the BZO (5.0 mol%) and BSO

(7.5 mol%) nano-rods.

Summary

Three types of GdBCO layers containing nano-sized rods of

either BHO, BZO, or BSO were deposited by PLD on

Hastelloy substrates with a textured CeO2/LaMnO3/MgO/

Gd–Zr–O buffer layer. The nanostructures of these GdBCO

layers containing each nano-rods were characterized in

detail by TEM. The GdBCO layers were mainly composed of

c-axis oriented GdBCO grains containing numerous nano-

sized BHO, BZO, or BSO rods. Selected area diffraction

patterns revealed that the crystal orientation relationships

between the GdBCO and the nano-rods were (001)GdBCO//

(001)nano-rods and (100)GdBCO//(100)nano-rods. The

average diameters of the BHO and the BZO were 4.5 and

5.6 nm, respectively. The BSO nano-rods were thicker than

other rods. These nano-rods in the central region of the c-axis

oriented GdBCO grains were aligned in the c-axis of the

GdBCO, while the nano-rods in the outer region of the c-axis

oriented grains were tilted away from its c-axis. With

increasing thickness of the GdBCO layers, the ratio of the

BZO or the BSO nano-rods aligned in the c-axis of the

GdBCO grains to those tilted away from the c-axis reduced,

so that the Jc-B-h profiles of the thicker GdBCO layers

containing the BZO or the BZO nano-rods became flatter at

77 K and a magnetic field of 3 T. The average length of the

BHO nano-rods was shorter than that of the other rods and

they were homogeneously distributed throughout the

GdBCO layer. Therefore, the Jc-B-h profiles of the GdBCO

layers containing the BHO nano-rods do not depend on the

layer thickness at 77 K and a magnetic field of 3 T.
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