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Abstract—Incorporating nano-scale insulating phases to
YBay Cug Oy _s (YBCO) superconductor thin films enhances flux
pinning by combining different pinning mechanisms, which in turn
increases the current density. This research explores the effects of
addition of the non-reactive phases of barium hafnate (BHO) and
yttrium oxide Y, Og. Pulsed laser deposition (PLD) produces thin
films on SrTiOs (STO) substrates at various deposition temper-
atures ranging from 790 °C to 840 °C. PLD target compositions
vary the volume percent of BHO from 2 to 6 vol% while main-
taining 3 vol% Y, O3 and the remaining vol% YBCO. Examining
the microstructure through SEM, TEM, and XRD analyses pro-
vides insight into the impact of the additions of BHO and Y504
on the YBCO thin films’ magnetic and transport current densities
measured with an applied field parallel to the ¢ and ab directions,
and on the films’ critical temperature measurements. The Y2 O3
additions decrease the variability in the current density between
the ¢ and ab directions, which is an important aspect to consider
in applications, such as for HTS wires for motors.

Index Terms—Critical current density, Flux pinning, Super-
conducting thin films, Type II superconductors, Yttrium barium
copper oxide.
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I. INTRODUCTION

DDING nano-scale size insulating phases to YBasCus
A Oy;_; (YBCO) thin films improves flux pinning, which in
turn improves current densities. These phases may be incorpo-
rated by various means and as different morphologies; each of
which provides pinning benefits for different operating condi-
tions [1]. From Matsumoto’s work, it is known that these mor-
phologies can be categorized as one, two, and three dimensional
artificial pinning centers (1D - APC, 2D - APC, 3D -APC). 1D -
APC’s display linear defects, from addition of BaSnO3 (BSO),
BaZrO; (BZ0O), and Ba; Y(Nb,Ta)Og (BYNTO) nanorods for
example. 2D — APC’s display planar defects that result from
low angle grain boundaries and large precipitate surfaces. Yo O3
and Y211 nanoparticles are examples of 3D — APC’s [2]-{[7]. In
reference to the periodic table, Hafnium lies below Zirconium,
prompting interest to explore the addition of BaHafO3 (BHO)
nano-rods to YBCO thin films. BHO also possesses a smaller
lattice mismatch with YBCO, in comparison to BZO, which
is an important consideration in the epitaxial growth of super-
conducting thin films [8]. At the time, our research group was
aware of four published papers that investigated the addition of
BHO to YBCO films: S. Sato researched 1.5 and 3.0 wt.% BHO
additions in June 2013, and from the same research group, M.
Watanebe in 2014 researched 0.5,1.0,.and 2.0 wt.% BHO addi-
tions [9], [10]. M. Sieger in June 2015 studied 2, 4, and 6 mol%
BHO additions on both Ni9W buffered tapes and STO substrates
[11]. T. Matsushita compared with 3.5 mol% BHO to 3.5 mol%
BZO doped GdBCO on IBAD substrates [12].

This paper explores the addition of 2, 4, and 6 vol.% BHO
in conjunction with 3 vol.% Y20j3. This paper then goes on
to directly compare the 2 vol.% BHO + 3 vol.% Y203 dou-
ble doped film to a film doped only with 2 vol.9% BHO. Our
collected research shows the effect of double doping with two
non-reacting insulated phases on the current density and flux
pinning landscape through current density measurements, XRD
analysis, and SEM and TEM imaging. A theoretical tempera-
ture dependence model of the isotropic weak and anisotropic
strong pinning contributions developed by Blatter and Nelson
was used to isolate the two different pinning mechanisms for
the current density data measured with a field H // ¢ direction of
3 Tesla at 77, 65, 60, 50, 30, 20, 10, and 5 K with the vsm-ppms
(8], [13]-{16].
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TABLEI
PLD TARGET COMPOSITIONS

Target YBCO BHO Y20,

(vol. %) (vol. %) (vol. %)
TS204 95 2 3
TS205 93 4 3
TS206 91 6 3
TS208 98 2

II. EXPERIMENTAL

A. Target Preparation

A solid state processing method was used to produce targets
from dried commercial powders of YBCO, BaCOs, HfO», and
Y2 03. BaHfO3 powder was synthesized in a two -step process in
a box furnace, by reacting barium carbonate and hafnium oxide
(1)—(3). Initially the temperature was ramped at 150 °C/hr to
1000 °C and held for 2 hours. This converts the barium carbonate
to barium oxide. This is followed by ramping at 150 °C/hr to
1400 °C, which is held for 8 hours, during which time the
barium oxide reacts with the hafnium oxide to form barium
hafnate (BHO) [17].

BaCOg3 (s) — BaO (s) + COs (g) (1)
BaO (s) + HfOq (s) — BaHfOs3 (s) (2)
BaCOj (s) + HfO4 (s) — BaHfO3 (s) + CO5 (g)  (3)

The dried powders were then pressed and sintered until the fi-
nal percent densities of the four targets ranged between 87.40%
and 92.10%. For additional processing details the reader is re-
ferred to reference [8]. Compositions of the targets can be found
in Table L.

B. Thin Film Production via Pulsed Laser Deposition (PLD)

Pulsed laser deposition (PLD) with the previously mentioned
targets was utilized to produce the thin films on SrTiOs (STO)
substrates. Details of the PLD procedure can be found in refer-
ence [8].

C. Film Characterization

Films were characterized by measuring film thickness, imag-
ing the films’ surfaces with a scanning electron microscope,
imaging the films’ cross sections with a transmission electron
microscope, determining lattice parameters with x-ray diffrac-
tion analysis, and measuring magnetic current densities (Jor, ),
angular transport current densities (J..; ), and corresponding pin-
ning forces, along with respective critical temperatures. Specific
details in regards to the type of equipment utilized and pertinent
procedures can be found in references [8] and [18]-[21].

ITI. RESULTS AND DISCUSSION

Thin films on STO substrates were deposited via PLD uti-
lizing the 4 vol.% BHO + 3 vol.% Y303 target, at deposition
temperatures ranging from 790 °C to 840 °C. From Fig. 1(a),
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Fig. 1. Current density vs applied field at 65K and 5K for (a), (b) 4 vol.%
BHO + 3 vol.% Y205 doped YBCO films deposited at various deposition
temperatures, (c) 2, 4, and 6 vol.% BHO+ 3 vol.% Y203 doped YBCO films
deposited at 810 °C, (d) 2 vol.% BHO+ 3 vol.% Y203 doped YBCO film
measured at 5 K-65 K with corresponding pinning force inset graph. The black
curves represent YBCO film current density measurements for reference.

(b) which show the magnetic current density measurements at
65 K and 5 K with applied magnetic field up to 9 T, the optimum
deposition temperature occurs at 790-810 °C. In Fig. 1(c), the
magnetic current density at 65 K and 5 K with applied mag-
netic field up to 9 T was measured comparing films deposited
from targets varying the vol.% of BHO from 2, 4, and 6% and
maintaining Y»0O3 at 3 vol.%, and shows the optimum current
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Fig. 2. Comparison of J.;;, vs applied field at 65K and 5K for (a) 2 vol.%
BHO and 2 vol.% BHO + 3 vol.% Y203 doped YBCO films. (b) Angular J¢;
vs. applied field for single and double doped 2 vol.% BHO YBCO films.

density is attained for the 2 vol.% double doped BHO film. For
reference, the measured film thicknesses were 158, 162, and
196 nm for the 2, 4, and 6 vol.% double doped BHO + Y504
respectively. The single doped 2 vol.% BHO film was 168 nm
thick. Fig. 1(d) shows magnetic current densities measured at
65, 50 20, and 5 K for the optimized composition of 2 vol.%
BHO double doped film, and the corresponding pinning force
curves. The magnetic current densities at 65 K and 5 K and
the angular transport current densities at 65 K for the optimized
double doped (DD) 2 vol.% BHO film compared to the single
doped (SD) 2 vol.% film are shown in Fig. 2(a). This compari-
son shows that the addition of 3 vol.% Y2 O3 provides additional
pinning force and higher current density at 65 K, whereas at 5 K,
the SD 2 vol.% BHO doped YBCO film gives the highest attain-
able current densities. An important aspect to consider is also
the response of current density measured to the direction of the
applied field. Thus far, results discussed pertained to the field
being parallel to the c-direction. In Fig. 2(b), the angle of the
field is changed from being parallel to the c direction, to paral-
lel to the ab direction, with measurements taken at 65 K, 1 T
and 5 T. The pinning effect of the BHO nanorods is evidenced
by the higher current density at H//c for the 2 vol.% SD BHO
film at 65 K, 5 T, when compared to H//ab. Also, at 65 K and
5 T, the addition of Y2 O3 resulted in films with a more uniform
response to the angle of applied field, with the current density
at H//c similar in magnitude to the current density at H//ab. This
illustrates two competing figure of merits, such that in order to
achieve less variation in current density with varying direction
of the applied field the highest current density attainable needs
to be sacrificed.

Table II lists the critical temperatures which were also mea-
sured with the vsm-ppms, for the doped films and for a YBCO
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TABLEII
T: s OF SINGLE AND DOUBLE BHO DoPED YBCO FILMS

YBCO 2%DD 4% DD 6%DD 2%SD
BHO BHO BHO BHO
T (K) 89.2 88.4 87.1 85.8 88.9

un-doped film. As expected, T, did decrease as the amount of
dopants increased, due to the dopants effects on the film mi-
crostructure. The greatest decrease occurred for the 6 vol.%
BHO + 3 vol.% Y305 doped YBCO film.

While each of the various dopant level films studied grew
epitaxially, as evidenced from the xrd 26— omega scans shown
in Fig. 3(a), the effect on the microstructure of the increased
dopant concentration is evidenced in the FWHM results from
the xrd rocking curves on the YBCO (005) peak (Table III), and
also in the SEM imaging and in the TEM analysis in Fig. 3(b)—
(c). Increased doping resulted in more surface pores and defects,
when compared to the undoped YBCO film. Also, whereas the
2% BHO SD film contained BHO nano-rods which are clearly
seen in the TEM imaging, and which were responsible for the
high J. with the field parallel to the ¢ direction, the addition of
Y ;05 in the 2% BHO DD film affected the film microstructure.
This is evidenced in the TEM imaging as the BHO nano-rods
are shorter, and interspersed with Y03 nanoparticles.

The decrease in the anisotropic current density contribu-
tion resulting from the additional Y203 dopants affecting the
BHO nano-rods can also be illustrated by employing the the-
oretical temperature dependence of the current density model
developed by Blatter & Nelson, which distinguishes between
anisotropic strong and isotropic weak flux pinning (Equation
1). The anisotropic strong contribution is based on columnar
pin line disorder, modeled as a cylindrical well and solving the
Ginzburg-Landau equations. The isotropic weak contribution’s
exponential decrease is due to the inefficiency of point like de-
fects (due to oxygen vacancies) to respond to and pin vortex
motion due to thermal activation. It manifests as small bundle
pinning. Current density data was measured with a field H // ¢
direction of 3 Tesla at 77, 65, 60, 50, 30, 20, 10, and 5 K with
the vsm-ppms. The gnuplot fitting program was utilized to de-
termine the fitting parameters J, 5™¢%(0), J.4510"2((), Ty, and
T, . (Table IV) [13]-[16]. As seen in Fig. 3(d), the contribution
of the strong flux pinning in the 2% BHO SD film, is decreased
in the 2% BHO DD film. The third graph shows that the exper-
imentally measured current density data agrees with the model
developed.

Je (T) = J;*~** (0) exp(—T/To)

Isotropic Contribution
Weak Flux Pinning

+ I 0) exp (<3(T/T)) @)

’

v

Anisotropic Contribution
Strong Flux Pinning

J:(0) = current density at 0 K (extrapolated)
T = temperature (K)
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Fig. 3. Microstructure characterization of BHO SD and DD YBCO films (a)
XRD analysis, (b) SEM imaging 20kX, (c) TEM imaging, (d) mathematical
modeling strong anisotropic flux pinning (-) vs. weak isotropic flux pinning (—)
H//c,65K, 3T.

Ty, T = curve fitting parameters associated with the energy
of the defects.

In conclusion, addition of BaHfO5 to YBCO films, results
in epitaxial thin films with nano-rods that contribute to flux
pinning and increased current density. The addition of Y203

TABLE III
XRD ANALYSIS
Composition FWHM c-lattice parameter
YBCO (005) YBCO (005) (A)
2 % BHO DD 0.353 11.7779
4 % BHO DD 0.759 11.7571
6 % BHO DD 0.567 11.7336
2 % BHO SD 0.418 11.7779
TABLE IV

GNUPLOT FITTING PARAMETERS

JEewek(0) JEETEO) Ty (K) T-(K)
(Afem®) (Afem?)
2 vol. % BHO 0.790E+07 0.757E+07 17.29 74.38
+
3 vol. % YzO;
2 vol. % BHO 1.211E+07 1.305E+07 23.48 51.20

also contributes to flux pinning, but interrupts the BHO nano-
rod growth. While the Y303 additions with BHO decrease the
highest current density with the field applied in the ¢ direction, it
decreases the variability in the current density between the ¢ and
ab directions. This attribute is an important aspect to consider
in applications, such as for HTS wires for motors.
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