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Modified mixed oxide perovskites
0.7Sr(AI1/ZB1/2) 03'0.3L3A|03 and

0.7Sr(Aly/2B1/2) 030.3NdGa0; (B=Ta®* or Nb°")
for high-T. superconductor substrate

applications
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Single-crystal fibres of madified strontium aluminium tantalum oxide (1 —x)Sr(Al,;Ta,,,)
05'xLaAlO; (SAT-LA) and (1 —x)Sr(Al,,Ta,,,)O5xNdGaO,; (SAT-NG), and modified strontium
aluminum niobium oxide (1 —x)Sr(Al, ,Nb,,,)O05;xNdGaO, (SAT-NG) and (1 —x)Sr

(Al 2Nb,,) 05 xLaAIO; (SAN-LA) were grown using a laser-heated pedestal growth
technique. 0.7SAT-0.3LA grows congruently and retains a twin free simple cubic perovskite
structure (as the SAT) when cooled down to room temperature. 0.7SAT-0.3LA crystals have a
moderate dielectric constant (x = 21.7) and low dielectric foss (tan3=7.5x107°) at 10 kHz
and 90 K. The reduction problem of Ta®" is eliminated (which is common in the case of SAT
growth). 0.7SAT-0.3NG and 0.7SAN-0.3NG have lower melting temperatures and crystal
growth is easier. NdGaQ, addition to the SAT and SAN enhances the potential of SAT and
SAN as large-area substrates for high- 7. superconductor growth. However, the dielectric
constants increased from k~12 to x~16(0.7SAT-0.3NG) and fromk ~ 18 to x ~ 23
(0.7SAN-0.3NG) as a result of NdGaO, incorporation.

1. Introduction

One of the recent interests in high- 7, superconductor
(HTSC) thin films has been to develop suitable sub-
strate materials for microwave device applications.
The ideal substrate for such application should satisfy
the following condition [1]: (i) the lattice constants (or
the atomic arrangement) of the substrate should be
closely matched to the HTSC thin films; (ii) the sub-
strates should have a low dielectric constant and
dielectric loss at low temperature; (iii) the substrates
should not have any phase transitions that create
micro-twins; and (iv) if possible, the substrates should
be readily prepared in large sections that often re-
quires materials of moderate melting points suitable
for Czochralski growth. Various single crystals such
as SrTiO,;, LaAlO,, LaGaO;, Al,0,, MgO and ytt-
rium-stabilized ZrO, (YSZ) have been used as sub-
strates for the HTSC thin films [2-4]. However, these
substrates satisfy only part of the above-mentioned
conditions.

We have been studying the crystal chemistry of
perovskite oxides for quite some time and we have
proposed many complex oxides for substrate appli-
cations [5, 6]. The results of our approaches presented
in this paper are basically two-fold: (i) to control the
twinning problem in LaAlO; by introducing chemical
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modification to stabilize the cubic phase at room
temperature, and (ii} to lower the melting tempera-
tures of the complex perovskite single crystals
Sr(Aly,Ta,; ,)O5(SAT) and Sr(Al;;;Nb,,,)O;(SAN)
as a follow-up of our previous work [7].

LaAlO; is a rhombohedrally distorted pero-
vskite (A3*B3*0, type) with a pseudo-cell of
a=0.3789 nm, y =90.12° and has a ferroic phase
transition at ~435°C [8] that results in highly twin-
ned crystals [9, 10]. Although the La** ion generally
prefers the 12-coordination site, there is a trend for the
9-coordination. The distortion in the LaO,, poly-
hedron is brought about by a slight displacement of
the oxygen atoms away from the ideal positions of the
cubic perovskite form, as is more clearly shown in
other [rare-earth]®*AlO, family members when the
A-site cation radius become even smaller, e.g. in the
case of PrAlO; [11, 12].

In fact, no ideal cubic perovskite structure has been
reported in ternary compounds of the [A]**[B]** O,
type [13]. Fig 1 presents a classification of [A]**
[B]3*O; type compounds according to the consti-
tuent ionic radii (8-coordination cation radii were
used for A-site cations) focusing on the pervoskite
region. The [LaAlO,] and [GdFeO,] are the only
perovskite-like regions in the figure. For aluminate
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Figure 1 Structure field map for A**B3* O, perovskites [12].

compounds, the largest A** cation, La®*", has rho-
mbohedral symmetry and the other [A]3*[AI]? 1O,
compounds have even lower symmetry.

It is therefore our approach in this study to intro-
duce “balanced” cation substitution simultaneously in
the A- and B-sites by forming crystalline solutions of
known end members to increase the average cation
size at the A-site to stabilize the 12-coordination of
that position and consequently the cubic perovskite
structure. Recently, Mateika and co-workers [4, 14]
reported mixed rarc-earth aluminium perovskites ob-
tained by coupled substitution of {[Sr, Ca], [Ta, Nb]}
and the crystal growth thereof by the Czochralski
method. Such mixed crystals are twin-free when the
cubic symmetry is obtained. One of the compositions
they studied, (Lag 259510.700)(Alg 646 120.356)03, may
be considered as a solid solution of two end members,
LaAlO; and Sr(Al,;,Ta,;;)O,(SAT). We have re-
ported the growth of single-crystal fibres of the latter
by the laser-heated pedestal growth technique [7].

SAT and SAN are potential substrates for HTSC
and have a near-ideal lattice fit to them, excellent
thermal expansion compatibility and desirable dielec-
tric properties. The dielectric constant k of SAT was
found to be ~12, one of the lowest reported in the
oxide perovskite family. However, both of them have
relatively high melting temperatures (SAT: 1900 [15]
or 1908 + 25 [7], SAN: 1790 [15] or 1739 + 10 [7))
so they cannot be grown using platinum crucibles by
the Czochralski growth technique. Reduction of Nb**

rg (nm)

or Ta’* was also found to be intrinsic in these
crystals grown in air. By forming crystalline solutions
with compounds of low melting temperatures, it was
hoped that the crystalline solution would result in
lower melting temperatures and consequently avoid
the reduction problem and permit growth in platinum.
We have measured the melting temperatures of vari-
ous oxide perovskites [6] and the refractory character
of this family is generally well known. NdGaO, pro-
ved to be an exception; it was found to have a melting
temperature of ~ 1484 + 24°C, and it was therefore
selected as an end member of the crystalline solution
series with SAT and/or SAN for the present studies.
NdGaO; has the [GdFeO,] structure with orthorho-
mbic symmetry, as do a majority of the [A]**
[B]?* O, type compounds (Fig. 1). No twinning prob-

lems were reported in this material. YBCO thin films

of superior quality were deposited on NdGaO, as
compared to the YBCO film deposited on an LaAlO,
substrate. However, the high dielectric loss in the
NdGaO; is a limiting factor for the YBCO film
applications in microwave devices and resonators.
This paper reports an approach in which by forming
the crystalline solutions between selected end members
the specific properties are modified to meet the re-
quirements of the HTSC thin films for microwave
device applications. The selected crystalline solution
phase 0.7Sr(Al, ,Ta;;,)05:0.3LaAl0,, 0.7Sr-
(Al;,Nb;,,)O5-0.3LaAl0;, 0.7S1(Aly ; Ta; ;)05 - 0.3Nd-
GaO; and 0.7Sr(Al, ,Nb, ,)05:0.3NdGaO, (referred
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to in their shorthand forms as SAT-LA, SAN-LA,
SAT-NG and SAN-NG, respectively, in the paper) and
their single-crystal growth, structure and properties
are reported in this paper.

2. Experimental procedure

2.1. Sample preparation

La(OH);, SrCO; and the respective oxides were used
as starting materials. The purity of the starting mater-
ials was about 99.9% or better. The starting materials
were weighed in the right stoichiometric ratio and
thoroughly mixed using a ball mill with a carrier
solvent such as ethanol. The resulting mixture was
dried at 100°C and fired at 1100°C for 12 h. The
sample was then reground and fired at 1400 °C for an
additional 12 h. X-ray powder diffraction (XRD) was
used to identify the products after each step of the
processing. Finally, the sample was reground and fired
at 1500°C for 6 h.

The calcined powders were sieved through 325
mesh screen. A 2 wt % polyvinyl dlcohol (PVA) aque-
ous solution was added as binder. The calcined pow-
ders containing PVA binder were then pressed as
pellets. The pellets were sintered at 1500 to 1625°C,
depending on the compositions, for 6 h.

2.2. Melting point determination

Melting points were determined using a strip furnace
and optical pyrometers. The heating element consisted
of a V-shaped ribbon of iridium metal clamped be-
tween two water-cooled brass electrical contacts. The
current through the strip was controlled by two vari-
able a.c. transformers connected with a vernier control
arrangement for better temperature control. The
notch of the V acts as a black-body cavity. This
extremely simple furnace, designed in 1930, was used
extensively in the early work on perovskites in the
1950s [16].

The samples, having been determined to be a single
phase by X-ray diffraction, were placed in the notch of
the strip in the form of a small amount (pinhead) of
granular powder. The temperatures of the sample and
the strip were monitored simultaneously using three
optical pyrometers through which the onset of melting
was observed. Each measurement was repeated three
times with fresh samples and refined temperature
scales. A total of nine readings were taken for each
sample by three independent operators and pyro-
meters. The average melting temperature was ob-
tained along with the estimation of the precision of
these measurements after rejecting the lowest and
highest points.

2.3. Laser-heated pedestal growth

technique
The laser-heated pedestal growth (LHPG) method
was used to grow single-crystal fibres of modified
compositions. The LHPG equipment used in this
investigation consisted of a power source (water-
cooled, tunable flowing gas CO, 55 W laser), an op-
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tical layout, and a growth section. The alignment,
seeding and growth were visually imaged outside the
growth chamber by a short focal-length telescope
which was in line with a CCD camera. Molten-zone
temperature during a stable growth was monitored
using an optical pyrometer focusing telescope with a
resolution of linear dimension 0.1 mm. Further de-
tailed description can be found elsewhere [17, 18].

3. Results and discussion

The X-ray powder diffraction patterns of the powder
calcined at 1500°C showed the presence of only a
single phase. All four modified compositions were
found to have the ideal simple cubic structure after
crystallization as determined by the X-ray powder
diffraction technique on the respective crystals. The
crystallographic structure and lattice parameters are
listed in Table I. Ceramic samples of SAT-NG (sin-
tered at 1625°C for 6h) showed an ordered
cubic structure that yielded a double cell with
a = 077732 nm. Similarly, the SAN-NG ceramic
sample (sintered at 1575°C for 6 h) also has the or-
dered structure with a double unit cell of a
= 0.77647 nm. The geometrical density of all the
sintered samples was more than 91% of the theoretical
density when the sintering temperature was 1600 °C.

Our results further confirmed the report of Mateika
et al. [4] that the ideal cubic phase can be formed in
(La, Sr) (AL, Ta)O; compounds. It is interesting to
notice that similar substitutions using [Ca, Ta] in-
stead of [Sr, Ta] did not produce a compound with
cubic structure. The average A-site cation radius of the
[Ca, Ta] substitution is smaller than that of LaAlO,
(ionic radii of Ca?*, La®*" and Sr?* are 0.114, 0.1185,
and 0.127 nm, respectively) [20, 21]; therefore no sta-
bilization effect on the 12-coordination A-site can be
expected.

The existence of cubic symmetry for the compound
of SAT-NG and SAN-NG may be due to the fact that
Ga** is of almost the same cation size as Ta’*/Nb>™.
Slight reduction in the A-site cation size is accom-
panied by a slight increase of the B-site cation size and
thus the cubic structure of SAN or SAT stays intact.

The melting temperatures as determined using the
strip furnace melting and the optical pyrometer, along

TABLE 1 Symmetry and lattice parameters of the modified com-
pounds determined by X-ray diffraction.

Composition Symmetry  Lattice constant (nm) Density
(gem™?)

SAT Cubic a = 0.38952 6.731
SAN Cubic a = 0.38995 5476
LaAlO, Rhomb. a=0.3789, y =90.12° 6532
NdGaO, Ortho. [19] a = 0.5426, b = 0.5502  7.561

[GdFeOQ,;] ¢ =0.7706

structure (pseudo cell a, = 0.3860)
SAT-LA Cubic a = 0.38727 6.628
SAN-LA Cubic a = 0.38634 5.798
SAT-NG Cubic a = 0.38866 6.965
SAN-NG Cubic a = 038750 6.130




with the observed stable growth zone temperature
during LHPG, are listed in Table IL. It is especially
interesting that NdGaO, addition to SAT and SAN
reduced the melting point as expected.

Single crystals of SAT-LA, SAT-NG, SAN-LA and
SAN-NG were grown by the LHPG technique using
the ceramic rods as both seed and feed materials. All
growth was performed in air. The temperatures re-
quired for the growth of SAT-LA was somewhat lower
(by ~100°C) than that for the growth of SAT; how-
ever, the crystals as grown were transparent and
colourless. The reduction problems found earlier in
SAT growth were eliminated. Crystal fibres of
~ 500 um diameter did not show any clear facet and
cleavage characteristics. Single crystals of SAT-NG
and SAN-NG were likewise easier to grow than their
unmodified forms, as their respective melting temper-
atures were considerably lower and the stable growth
melt zone during the LHPG growth was easier to
maintain. Crystal fibres of SAT-NG and SAN-NG of

~400-500 pm diameter and 40 mm length were
grown. The as-grown SAT-NG and SAN-NG both
had a dark colour, with the SAT-NG being lighter and
partially transparent. The colour of the crystals is
believed to be due to the Ga3* in the compound. As-
grown SAT-NG and SAN-NG single-crystal fibres are
shown in Fig. 2.

Dielectric properties of the ceramic samples were
measured using a General Radio 1621 capacitance
measurement system. A three-terminal measurement
was carried out using an environmental-controllable
sample holder. The stray capacitance, lead and con-

TABLE II Melting temperatures of modified complex per-
ovskites

LPHG molten zone
temp. (°C 4+ 0.5%)

Composition Mp (°C)

(strip furnace)

Sr(Al, ,Ta, ;)O, 1908 + 25 2049
Sr(Al,,Nb, ,)O, 1739 + 10 1862
LaAlO, 2040 + 9

NdGaO, 1484 + 24
0.7SAT-0.3LaAlO, 1830 + 22 1946
0.7SAT0.3NdGaO, 1767 + 31 1832
0.7SAN-0.3LaAlO, 1705 + 20
0.7SAN-0.3NdGaO, 1582 + 20 1775

Figure 2 Single-crystal fibres of (a) SAT-NG and (b) SAN-NG
grown by the laser heated pedestal growth technique.

tact resistance were corrected during the measure-
ments by taking into account the open-circuit meas-
urement. The edge corrections were made to the res-
ults by using an empirical equation obtained from a
family of fused silica samples.

The dielectric constant x and loss tangent of the
modified samples were examined as functions of tem-
perature and frequency. Table I summarizes the val-
ues obtained on ceramic samples at liquid nitrogen
temperature and at 10 kHz. The dielectric property of
the crystalline solution SAT-LA appeared to have
maintained the dielectric features of the LaAlO, alone,
though with the twin-free cubic structure resulting
from the SAT end member. All NdGaO; end-member
compounds have low dielectric loss (<35.1x107%);
however, the dielectric constants of modified com-
pounds appeared to be elevated by the addition of
NdGaO,;. In general, all the compounds studied have
comparable or lower dielectric constants and com-
parable dielectric loss to the rhombohedral LaAlO,
simple perovskite.

Thermal expansion coefficients of the crystalline
solution compounds were measured in comparison to
the thermal properties of the YBCO superconductor
and are listed in Table IV. Good thermal expansion
matching was found in all NG end-member com-
pounds. LaAlO; and modified SAT-LA samples,

TABLE 1 Dielectric properties of modified complex perovski-
tes

Material Value at 10 kHz, 90 K
K tand

LaAlO; 23 747 x 1073
NdGa0,(77 K, 10 GHz) [22] 23 324 x 1074
Sr(Al,,,Ta,,;)0; 11.8 424 x 1073
Sr(Al;,,Nb, ,)O, 18.7 220 x 1074
0.7SAT-0.3LaAlO, 21.7 747 x 1073
0.7SAN-0.3LaAlO, 25.7 279 x 1074
0.7SAT-0.3NdGaO, 16.0 425 x 1074
0.7SAN-0.3NdGaO, 23.0 515 x 1074

1/3SAN‘1/38AT-1/3NdGaO, 223 511 x107%

TABLE 1V Coefficient of thermal expansion measured by di-
latometry technique (RT ~ 800°C) [23): AL/Ly = Ay + oT + BT?

Material A x107%°  a(x107%°C™1),
cYy B( % 1078°C "2
at ~300K (300-1050 K)
YBCO [24]* 14 (a,)
9 (ay)
19 (a,)
42 (a,)
YBCO ceramic 10.9 9.5
LaAlO,//[110] 8.2
//001] 6.4
St(Al,,;Ta, ;)0 9.7 89, 1.1
St(Al,;,Nb, )0, 8.5 6.5,24
0.7Sr(Al,;Ta,;)0,03LaAlO; 7.7
0.7Sr(Al,,,Nb, ,)0,03NdGa0O, 10.8
0.7Sr(Al,, Ta, ;)0,0.3NdGaO, 838 63, 3.6

0.7Sr(Al,,,Nb,,,)0;0.3LaAlO, 9.5

?Untwinned single crystal at 300 K
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Figure 3 Thermal strains versus temperature as measured using the
push-rod linear voltage differential dilatometer [23].

however, showed thermal expansion coefficients
somewhat smaller than the ideal. There has been a
report on the thermal expansion coefficient of LaAlO,
as being 10x1079°C~! [25] and the discrepan-
cies between our results and the reported values may
be due to the different thermal annealing history of the
samples. In our measurements, the LaAlO, crystal
was annealed several times at temperature ~800°C
before thermal strain measurements were done, and
also our results were reproducible. No structural
phase transition was found in the measured temper-
ature region for all the compositions listed. Plots of
the thermal strains versus temperature as measured
are shown in Fig. 3.

4. Conclusions

The ideal cubic perovskite structure can be stabilized
in the case of LaAlO; by forming crystalline solution
compositions with cubic Sr(Al,,,Ta;;;)O; and
Sr(Al;;;Nb,,)O;. The mechanism of this type of sta-
bilization is perhaps through introducing compen-
sated cation substitution in the form of [2La3*]
+ [AP*] - [2A%*] + [B®*] with the A%" cation
having a radius larger than that of La®* and therefore
stabilizing the 12-coordinated A-site. Crystalline solu-
tions of SAT-LA maintained most of the dielectric and
thermal properties of LaAlO, and gained the advant-
age of forming a twin-free simple cubic structure and
improved lattice compatibility. NdGaQ; is shown to
be an effective end member to decrease the melting
temperature of SAN and SAT without disturbing their
simple cubic (twin-free) crystal structure. Dielectric
constants of SAN and SAT with an addition of
NdGaQ, were increased; however, the dielectric loss
factor still remained less than 5x 10™* The results
suggest that SAT-LA and SAN-LA are better candi-
dates as substrate materials than LaAlO; because they
have the twin-free cubic structure. Also the growth of
SAT-NG and SAN-NG is comparatively convenient
as they have relatively low melting temperatures to-
gether with relatively lower dielectric constants and
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tdeal lattice constants and thermal compatibility with
the YBCO superconducting material.
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