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NdBa

 

2

 

Cu

 

3

 

O

 

x

 

 (NBCO) is a metal-oxide high-tem-
perature superconductor (HTSC) with a ReBa

 

2

 

Cu

 

3

 

O

 

x

 

structure (ReBCO), where Re stands for a rare-earth
element. This material has recently become a subject of
intensive studies as a substitute for the most-wide-
spread compound of this structure, YBa

 

2

 

Cu

 

3

 

O

 

x

 

(YBCO). The critical temperature of NBCO is the
highest recorded among materials of the ReBCO struc-
ture and is 98 K [1], with a value of 94 K having been
reached in thin films [2].

An essential role in the formation of the structure in
ReBCO materials is played by the ionic radius of the
rare-earth element, whose magnitude determines the
probability of Ba being replaced (ionic radius 0.142
nm) by a rare-earth element with the formation of a
Re

 

1 + 

 

x

 

Ba

 

2 – 

 

x

 

Cu

 

3

 

O

 

y

 

 solid solution or the exchange of Ba
and Re atoms giving rise to disorder in the Re/Ba cation
subsystem [3]. The yttrium ion, which has a relatively
small ionic radius (0.089 nm), does not form a solid
solution, and disorder in the cation subsystem becomes
manifest only at high temperatures [4]. The neody-
mium ion has the largest ionic radius among the rare-
earth elements forming ReBCO superconducting com-
pounds (0.0995 nm), which makes possible the solid-
solution formation up to 

 

x

 

 = 0.7 [3].

Substitutions in the Nd/Ba cation subsystem have
been intensively studied from the time of the report on
the NBCO preparation [5–10]. Incorporation of a Nd

 

3+

 

ion into the Ba

 

2+

 

 site results in the appearance in the
Cu–O chain plane of an additional oxygen ion, the
destruction of the chain order around it, and the forma-
tion of the tetragonal modification with the attendant
increase in the lattice constant 

 

c

 

. The increase in the

number of oxygen ions per unit cell reduces the hole
concentration and lowers the critical temperature.
These phenomena were observed to occur both in Nd
substitution for Ba [5–8] and in mutual rearrangement
(disorder) in the Nd/Ba cation subsystem [8–10]. Opti-
mization of the conditions of preparation of Nd-rich
films (

 

x

 

 > 0) permitted, however, reaching a critical
temperature close to that obtained in films with 

 

x

 

 = 0
[11]. The NBCO films had a remarkably smooth sur-
face, which is accounted for by the smaller effect of
deviations from stoichiometry, with the excess material
becoming incorporated in the solid solution rather than
precipitating in the form of foreign-phase particles. The
crystal structure of the films obtained also revealed an
extremely high quality, which is due to the layer-by-
layer growth persisting up to thicknesses above 200 nm
[11]. The effect of increasing the barium content in
NBCO thin films was studied [6–8], but the results
obtained were contradictory. This can apparently be
attributed to these studies not having been systematic
enough; in particular, no independent optimization of
the deposition parameters for films of different elemen-
tal composition was carried out.

The purpose of this work was to investigate the
effect of substitutions in the Nd/Ba cation subsystem on
the properties of films with different neodymium and
barium contents obtained by laser ablation sputtering.

1. TECHNIQUES
Thin Nd

 

1 + 

 

x

 

Ba

 

2 – 

 

x

 

Cu

 

3

 

O

 

y

 

 films (

 

x

 

 = –0.15,…, 0.15)
were prepared by pulsed laser ablation cosputtering (a
KrF excimer laser, the energy density at the target
1.7 J/cm

 

2

 

) of two ceramic targets of different elemental
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Abstract

 

—Thin films of the Nd

 

1 + 

 

x

 

Ba

 

2 – 

 

x

 

Cu

 

3

 

O

 

y

 

 high-

 

T

 

c

 

 superconductor (NBCO) with different neody-
mium/barium ratios have been obtained by laser ablative cosputtering of targets with different elemental com-
positions. The films with excess neodymium (

 

x

 

 > 0) had a low surface particle density and were rough, but their
critical temperature decreased with increasing 

 

x

 

. On the contrary, barium-rich films (

 

x

 

 < 0) exhibited indepen-
dence of the superconducting properties of the film composition, with an appreciable amount of particles
observed on the surface. Substitution of Ba for Nd in NBCO thin films is apparently impeded, so that excess
barium precipitates in the form of (Ba,Cu)O

 

z

 

 particles. The structure and superconducting properties of NBCO
reveal a strong dependence on the conditions of film saturation by oxygen. 
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composition [12]. The targets were mounted on a rotat-
ing holder, and a laser pulse was directed on the target
to be sputtered by a computer-controlled synchronizing
system. The numbers of sputtering pulses directed on
each target were in an integer ratio. The relative
amounts of the elements in the films thus prepared were
found from the compositions of the sputtered targets
using the measurements made with an x-ray micro-
probe analyzer.

The material was sputtered on LaAlO

 

3

 

(001) and
SrTiO

 

3

 

(001) substrates, and on sapphire(1102) with a
250-Å thick CeO

 

2

 

(001) buffer layer, which were heated
to a high temperature 

 

T

 

D

 

 (about 800

 

°

 

C) [13]. Silver
paste was used to improve the thermal contact of the
substrate with the heater. The pressure during the dep-
osition was 0.3–1.0 mbar. After the deposition, the
films were saturated by oxygen, a procedure including
rapid cooling to a temperature 

 

T

 

a

 

, admission of oxygen
to atmospheric pressure, and cooling at a rate 

 

r

 

a

 

 during
a time 

 

t

 

a

 

 (inset in Fig. 2). Some samples were main-
tained after the completion of deposition at the deposi-
tion temperature and pressure for a time 

 

t

 

h

 

. The param-
eters of this procedure were typically 

 

t

 

h

 

 = 0, 

 

T

 

a

 

 = 450

 

°

 

C,

 

r

 

a

 

 = 0

 

°

 

C/min, and 

 

t

 

a

 

 = 1 h.
The superconducting properties (the critical transi-

tion temperature 

 

T

 

c

 

 and the transition width 

 

∆

 

T

 

c

 

) were
derived from the measured dependences of the mag-
netic susceptibility of films on temperature. The crystal
structure parameters of the films were determined by x-
ray 

 

θ

 

/2

 

θ

 

scanning. The lattice parameters were calcu-
lated with due account of all diffraction peaks of the
(

 

h

 

00), (0

 

k

 

0), and (00

 

l

 

) families observed [14], and the
stresses in the films were estimated from the depen-
dence of peak broadening on diffraction angle [15]. The
volume ratios of the domains with 

 

a

 

, 

 

b

 

, and 

 

c

 

 orienta-
tion were estimated from integrated-intensity ratios of
the (200), (020), and (006) peaks, respectively, taking
into account the standard intensities obtained by 

 

θ

 

/2

 

θ

 

scanning of powder samples and available from the lit-
erature. The particle density on the surface was deter-
mined from photomicrographs made with an optical
microscope, which permitted one to take into account
particles greater than 0.3 

 

µ

 

m in size. The surface rough-
ness 

 

R

 

a

 

 was calculated automatically during surface
profile measurements with an AlfaStep profilometer as
the arithmetic mean of the deviation from the mean
height of the relief. The needle advance velocity was
2 

 

µ

 

m/s, the measurement frequency 50 Hz, the vertical
resolution better than 5 Å, and the measured trace
length 50 

 

µ

 

m. The substrate surface roughness mea-
sured in these conditions before the film deposition was
10–15 Å.

2. RESULTS AND DISCUSSION
The superconducting properties of the NBCO films

with 

 

x

 

 

 

≈

 

 0 depended strongly on the deposition regime,
and for films obtained on LaAlO

 

3

 

 substrates were 

 

T

 

c

 

 =

85–86 K and 

 

∆

 

T

 

c

 

 was less than 2 K. Such films were
oriented with the 

 

c

 

 axis perpendicular to the substrate
plane (

 

c

 

-oriented films), the lattice parameter 

 

c

 

 varied
from 11.74 to 11.755 Å and the stresses in the films did
not exceed 0.15%. The lattice parameters of the films
saturated by oxygen by the standard procedure are
listed in Table 1, and typical diffraction patterns of the
NBCO films are presented in Fig. 1. In some films,
besides the 

 

c

 

-oriented, 

 

a

 

- and 

 

b

 

-oriented domains were
also present (Figs. 1a and 1b). The lattice constants 

 

a

 

and 

 

b

 

 estimated from the 

 

θ

 

/2

 

θ

 

 x-ray scans of such films
were 3.864–3.876 and 3.905–3.907 Å, respectively.
The 

 

a

 

 or 

 

b

 

 domain orientation perpendicular to the sub-
strate plane depended on the material of the substrate.
On LaAlO

 

3

 

 and the CeO2 buffer layer, one observed the
formation of a-oriented parts of NBCO films; however,
the films on SrTiO3 always contained domains oriented
with the b axis perpendicular to the substrate plane,
irrespective of the deposition conditions. This orienta-
tion is not typical of the ReBCO-family materials,
although when NBCO films were deposited by laser
sputtering on a SrTiO3 film, one also observed [16] the
growth of a b-oriented film (peak 3 in the inset to Fig. 2
in [16]). This could be due to the parameter of the
SrTiO3 cubic lattice (3.905 Å) being close to the b
parameter of the NBCO films. The x-ray diffraction
peaks of a b-oriented NBCO film and of a SrTiO3 film
practically coincide, which required the deconvolution
of the observed diffraction peak into the constituent
peaks (see inset to Fig. 1b). Lowering the deposition
temperature to 740°C produced films predominantly of
the a orientation with the lattice constants c* = 11.83–
11.85 Å, and a* = 3.91 ± 0.001 Å. Such films were not
superconducting, which, besides the lattice constants,
implies the formation of a tetragonal NBCO structure.

The oxygen saturation regime strongly affected the
structure and properties of NdBa2Cu3Oy films. Increas-
ing Ta and ta compared to the standard procedure
resulted in an increase of the lattice constant c to 11.77–
11.81 Å and a decrease of Tc (Fig. 2). These phenomena
are probably associated with the disorder in the Nd/Ba
cation subsystem which sets in during oxygen satura-
tion at a high temperature [9, 10]. It was shown [9, 17]
that maintaining NBCO at a high temperature (800–
900°C) and low oxygen pressure favors ordering in the
Nd/Ba subsystem. Subsequent saturation with oxygen
at a low temperature (340°C) does not bring about a
substantial disorder and degradation of the supercon-
ducting properties [17]. The saturation of NBCO films
with oxygen in accordance with these recommenda-
tions allowed us to reach Tc and ∆Tc on the level of the
best parameters attained with the standard oxygen-sat-
uration procedure (curve 1 in Fig. 2).

In order to systematically investigate the effect of
the composition of films on their properties, the oxygen
pressure during the sputtering, in accordance with the
literature data [2], was chosen equal to 0.3 mbar, and
the films were deposited on LaAlO3(001) substrates.
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Fig. 1. X-ray θ/2θ diffractograms of Nd1Ba2Cu3Oy films (a) of the mixed a and c orientations on (001)//Al2O3(1102) substrate, (b)
of the mixed b and c orientations on SrTiO3(001) substrate, and (c) of the c orientation on LaAlO3(001) substrate. Inset to (b):
decomposition of the x-ray diffraction peak into the constituent peaks due to SrTiO3(002) (46.457°, half-width 0.058°) and
NBCO(020) (46.44°, half-width 0.235°); dashed lines show calculated peaks and the solid line is their sum.
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For each elemental composition of NBCO films, the
deposition temperature providing the highest Tc was
determined. The film parameters obtained at these tem-
peratures are listed in Table 2. The dependence of Tc on
the relative content of barium and neodymium is plot-
ted in Fig. 3. A decrease of the barium content below
two atoms per unit cell reduces the attainable critical
temperature, which agrees with the literature. At the
same time, an increase in the barium content does not
entail a further increase or decrease of Tc within the
range covered. The film surface morphology also
underwent changes as one crossed over from barium-
deficient to barium-rich films (Fig. 3). The former had
a smooth surface with a low particle density (less than
106 cm–2) and a roughness comparable with that of the
original substrates (10–20 Å). An increase in the bar-
ium content above the stoichiometric level produced a
fast growth of both the particle density on the film sur-
face and the film roughness (Table 2). A similar effect
was observed in [6–8] for x < –0.10. X-ray diffracto-
metric measurements allowed one to identify the form-

ing particles as BaO and Ba2CuO3 [6, 7]. In contrast to
the dependences of Tc on the composition of the films
under study obtained by us, a maximum in Tc was
observed at x = –0.03 in [6, 7] and at x = 0 in [8]. This
is possibly due to the fact that in none of the works cited
above did one optimize the deposition conditions for
each elemental composition studied.

The observed behavior of Tc and of the film mor-
phology under variation of the elemental composition
can be attributed to a different character of substitutions
in the Ba/Nd subsystem. The neodymium ion appar-
ently enters the barium site quite easily, and the defi-
ciency of barium in a film is compensated by neody-
mium. This results in the formation of a smooth film
with a high lattice perfection, but Tc of such a film
decreases with an increasing Nd content. The corre-
sponding chemical reaction can be written as (1 +
x)NdO1.5 + (2 – x)BaO + 3CuO  Nd1 + xCu3Oy for
x > 0. By contrast, the excess barium is only incorpo-
rated into the lattice in small amounts and precipitates

Table 1.  Lattice parameters of NdBa2Cu3Oy films deposited by laser ablation sputtering

 Substrate p02, mbar TD, °C

c orientation a(b) orientation

Fraction, 
% Lattice constant, Å Stresses, % Fraction, 

% Lattice constant, Å Stresses, 
%

LaAlO3
CeO2//Al2O3

0.6–1.0 770–790 100 c = 11.74 – 11.755 0.13–0.5 0 Not 
determined

Not 
determined

SrTiO3 0.75–1.0 760–830 37–54 c = 11.74 – 11.77 0.11–0.17 46–63 b = 3.906  Same

CeO2//Al2O3 0.4–0.6 780 17–50 c = 11.725 – 11.76 0.4–0.9 50–83 a = 3.867 – 3.876 0.5–1.0

SrTiO3 0.3–0.6 750–770 2–6 c = 11.76 – 11.765 Not 
determined

94–98 b = 3.906 0.34–0.74

LaAlO3, SrTiO3 0.4–0.75 680–730 <1 c = 11.83 – 11.85  Same 100 a = 3.91 0.36–0.42

1.0 750–790 65–100 c = 11.77 – 11.78 0.47–0.6 0–38 a = 3.872; b = 3.907 2.7–3.0

0.3–1.0 780 1–2 c = 11.80 – 11.805 0.8 98–99 a = 3.89 – 3.91 0.55

Notes: * oxygen admitted at a high temperature.
** prolonged oxidation.

LaAlO3
*

LaAlO3
**

Table 2.  Properties of Nd1 + xBa2 – xCu3Oy films with different elemental compositions deposited on LaAlO3(001) substrates
at a pressure of 0.3 mbar

x Deposition temperature 
providing the highest Tc, °C Critical temperature Tc, K Surface roughness, Å Surface particle density, 

106 cm–2

0.14 795 73 14 2

0.06 800 81 12 3

0 810 85.95 11 2

–0.06 No optimization 16 2.5

–0.08 810 85.5 52 20

–0.13 810 86.2 360 30

–0.14 No optimization 600 70
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in the form of foreign phases. Therefore, the NBCO
film has a close-to-stoichiometric composition (x = 0)
and exhibits the corresponding superconducting prop-
erties, but particles appear on its surface. The reaction
of NBCO formation assumes the form (1 + x)NdO1.5 +
(2 – x)BaO + 3CuO  (1 + x)Nd1Ba2Cu3Cu3Oy +
(−3x)(Ba,Cu)Oz for x < 0. The proposed mechanism
finds support in the observation that the optimum film
deposition temperature remains constant with increas-
ing barium content, whereas when x decreases, the
optimum deposition temperature decreases (Table 2).

The optimum temperatures of the formation of phases
with excess neodymium are known to decrease with an
increasing Nd content [11].

The relatively low critical temperature of 86 K,
reached in the optimization of the deposition process,
may be due to one of two possible reasons. First, the
critical temperature of the films thus prepared can
decrease as a result of the destruction of the chain order
in the Cu–O sheets due to the disorder in the Nd/Ba
subsystem. However, an increase of disorder results in
an increase of the lattice parameter c, while the values
measured by us agree with those for standard films with
Tc > 90 K. A more probable reason is the presence of
impurities in the sputtered target; indeed, the high sen-
sitivity of NBCO to impurities [18, 19] can bring about
a sharp drop of Tc even at a very low impurity concen-
tration.

It should be pointed out that some of the authors
([16, 20–23]), despite a comprehensive optimization of
the deposition conditions, did not succeed in reaching
critical temperatures in NBCO films above 86–88.5 K,
whereas others ([6–8, 11]) report repeatedly obtaining
critical temperatures above 91 K. In both groups, the
same techniques and similar deposition parameters
were used. This discrepancy suggests the existence of
some overlooked factor, which results in a Tc drop by 5–
8 K. There is a report [20] of the formation of a “high-
temperature” NBCO phase with Tc = 95 K, which the
authors did not, however, succeed in isolating from the
“low-temperature” (Tc < 90 K) one.

Thus, we have studied the effect of substitutions in
the Nd/Ba cation subsystem on the properties of
Nd1 + xBa2 – xCuOy films obtained by laser ablation sput-
tering. NBCO films prepared on SrTiO3(001) sub-
strates exhibited the orientation of a substantial part of
the film with the b axis perpendicular to the substrate
plane. The structure and superconducting properties of
Nd1 + xBa2 – xCu3Oy reveal a strong dependence on the
conditions of film saturation with oxygen, which is
probably associated with disorder setting in the Nd/Ba
subsystem during the film saturation with oxygen. The
investigation of the deposition of NBCO films with dif-
ferent barium and neodymium contents indicates the
incorporation of the excess neodymium into the barium
sites on the superconductor lattice, whereas excess bar-
ium precipitates in the form of particles observed on the
film surface.

ACKNOWLEDGMENTS

The authors are grateful to Prof. T. Claeson and
V. B. Kravchenko for fruitful discussions.

Partial support of the ESPRIT program (Contract
no. 23429 HTS-RSFQ), Swedish Materials Consor-
tium, of the RF State Program “Modern Problems in
the Physics of Condensed State” (Superconductivity
section), of the Russian Foundation for Basic Research,

60 65 70 75 80 85 90 95 100

th

TD

Ta ra

ta
123

4

M
ag

ne
tic

 s
uc

ce
pt

ib
ili

ty
, a

rb
. u

ni
ts

Nd1 + xBa2 – xCu3Oy

–0.15–0.10–0.05 0 0.05 0.10 0.15
105

106

107

108 90

85

80

75

70

x

Pa
rt

ic
le

 d
en

si
ty

 o
n 

th
e 

su
rf

ac
e,

 c
m

–
2

C
ri

tic
al

 te
m

pe
ra

tu
re

, K

oxygen
inlet

Fig. 2. Dependence of the magnetic susceptibility on tem-
perature for NdBa2Cu3Oy films deposited on a
LaAlO3(001) substrate at 780°C and subjected to various
oxygen saturation procedures: (1) th = 15 min, Ta = 350°C,
ra = 0, ta = 1 h; (2) th = 0, Ta = 450°C, ra = 0, ta = 1 h; (3) th
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= 450°C, ra = 0, ta = 25 h. The critical temperatures are iden-
tified by arrows. Inset: schematic of oxygen saturation pro-
cedure. See text for explanation of the notation.

Fig. 3. Dependence of the critical temperature and particle
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deposition temperature was optimized for each elemental
composition (see Table 2). The lines are drawn to aid the
eye.
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