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Previous studies had indicated promising use
of lanthanide gallate perovskite-type
substrates for the deposition of epitaxial, high-
T, superconducting Ba,YCu,0,_, (BYCO) films.
They were also found to have moderate
dielectric constants (~25 compared to ~277
for SrTiO,). This study was undertaken to
further explore the use of LaGaO,, NdGaO,,
SrTiO,, MgO, and Y-stabilized ZrO, substrates,
prepared from single-crystal boules grown by
several suppliers using the Czochralski
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method. Films were prepared by cylindrical
magnetron sputtering and laser ablation.
Substrate evaluations included measurement
of dielectric constant and loss, thermal
expansion, and mechanical hardness and
toughness. In addition to their moderate
dielectric constants, they were found to have
satisfactory mechanical properties, except for
the twinning tendency of LaGaO,. Lattice
mismatch strains were calculated for
orthorhombic BYCO films on a number of
substrates. NdGaO, was found to have the
best lattice match with BYCO, and is now
available twin-free.

Iintroduction
Recently, Sandstrom et al. [1] reported the first use of
LaGaO, substrates to produce good-quality epitaxial, high-
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T, superconducting films. It was noted that the LaGaO,
perovskite-type crystal structure provides a good lattice
match for epitaxial Ba,YCu,O,_; (BYCO) film growth, and
furthermore that the lanthanide gallates have lower
dielectric constants (¢ ~ 25) than SrTiO, (¢ ~ 277).
Previously, in connection with the growth of magnetic
ferrite garnet epitaxial films on nonmagnetic gallate garnet
substrates, it had been observed that film and substrate
lattice parameters had to match within 0.1% to obtain
pseudomorphic dislocation-free films about one um thick
[2]. Otherwise, the films cracked when in tension, or
slipped to form low-angle grain boundaries when in
compression. One might reasonably expect BYCO films to
suffer similar constraints.

Superconductivity is highly anisotropic in orthorhombic
BYCO. The highest critical current densities J_ are realized
in a-b-plane single-crystal epitaxial films [3, 4]. However,
even ‘‘epiaxed’’ polycrystalline films, which have (single-
crystal) grains oriented with their c-axes all perpendicular
to the film plane and with their a- and b-axes randomly
oriented, can display relatively high J values [5, 6]. Both
grain boundaries and intragranular twins in BYCO
influence J_ [7, 8]. Twins form in BYCO crystals when
they are cooled through the first-order tetragonal-to-
orthorhombic phase transition at ~680°C in an oxidizing
atmosphere. A larger first-order phase transition has been
observed at ~150°C by dilatometry in Czochralski-grown
LaGaO, crystals [1, 9]; the high-temperature phase is
rhombohedral [10].

With the laser ablation technique [11], Koren et al. [12]
have deposited BYCO films on commonly used SrTiO,
substrates, and on NdGaO, as well as LaGaO, substrates.
NdGaO, was chosen because it has an even better lattice
match with BYCO than does LaGaO,. The J, values
obtained for films deposited onto NdGaO, were only
slightly less than those deposited onto StTiO,; the use of
LaGaO, resulted in lower J_ values.

More recently, Miyazawa [13] has used a mechanical
profilometer to measure the degradation in the surface
morphology of LaGaO, that is heat-cycled through its
150°C phase transition. He suggested that the relatively
low J_ for BYCO films on LaGaO, results from the
associated surface roughening.

While Simon et al. [14] have shown that LaAlO, single
crystals can also be used as substrates for BYCO films,
Feenstra et al. [15] found that the use of such substrates
typically results in a reduction of 7, by 6-8 K, compared
to that which results when SrTiO,, KTaO,, and LaGaO,
are used; their films were produced by co-evaporation of
Y, Cu, and BaF, followed by annealing at 850°C in wet O,.
Although this film preparation method can produce more
film reactivity with substrates than the lower-temperature
laser ablation method, it should be noted that whatever
deposition method is used, LaAlQ, is rhombohedral rather
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than orthorhombic [10] and contains microtwins.
Nevertheless, other investigators [16] using LaAlO, have
reported favorable results, and have indicated a preference
for it.

This paper reports experimental data for several types of
single-crystal boules and substrates prepared to our
specifications by several suppliers, and for BYCO films
deposited onto the substrates in our laboratory, using laser
ablation sputtering [11, 12] and cylindrical magnetron
sputtering [17]. Taking into account previous, relevant
crystallographic and phase equilibria investigations [9,
18-29], we examined the following substrate properties: (1)
fracture and deformation behavior (examined by using
mechanical indentation techniques); (2) the effects of film
processing and use conditions (superconducting device
configurations formed on the substrates would need to
survive repeated stress-inducing heating and cooling
cycles); and (3) dielectric constants and thermal expansion
coefficients.

Crystallography and crystal chemistry

The primitive perovskite structure is cubic. The
designation *‘perovskite’’ originates from the mineral
CaTiO,, which has a unit cell of Ti atoms located at the
eight corners of a cube, O atoms centered on the twelve
edges of the cube, and one Ca atom at the center of the
cube. In LaGaO,, for example, La replaces the Ca, and Ga
replaces the Ti. All of the larger lanthanides can replace
the Ca at the cube center, and, for example, Cu or Al can
replace the Ti.

The unit cell of BYCO is composed of two primitive
“BaCuQ,_ " cells having a primitive cell of “YCuOS_y”
sandwiched between them. Thus, the unit cell of BYCO is
tripled in the ¢ direction; its lattice parameters are a =
3.827 A, b = 3.877 A, and ¢ = 11.708 A [30]. Because the
cell has a [100]-type orthorhombic distortion, a # b.

The lanthanide gallate substrates of interest are those
that contain the larger rare earths and La; the structure of
these gallates is orthorhombic (see [110] in Figure 1) at
room temperature and rhombohedral ([111] in Figure 1)
near their melting (growth) temperatures. Note that BYCO
has a [100] distortion from the primitive cubic perovskite-
type structure, whereas the orthorhombic lanthanide
gallate substrates have a [110] distortion; hence their a-
and b-axes are V2 larger than and are rotated about 45°
from the primitive cubic structure values. As Geller [10]
has observed, the orthorhombic gallates actually have a
pseudocubic cell distorted into the form of a rhombus with
parameters a = b = 3.9 and nonorthogonal (@ # 90°) a-
and b-axes.

This notwithstanding, the simplest way of lattice-
matching the two related, but different, ABO, perovskite-
type orthorhombic space groups is to consider how unit

cell areas must meet at the film—substrate interface. 917
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Figure 1

Perovskite-type crystal systems: [100] cubic, {110] orthorhombic,
and [111] rhombohedral.

Although the substrate and film lattices are distorted
differently from the simple pseudocubic cell, a direct
comparison of their ab planes can be made by dividing the
a, and b, of the substrate by \/5, because the film unit cell
contains only half as many atoms in the plane. This
normalization gives a test for the condition in which the
same number of atoms per unit area exist for both sides of
the film-substrate interface (a low-strain condition). Thus,
it is used in Table 3 (shown later) to estimate misfit strains
for BYCO films on gallate substrates. '

Lanthanide gallate perovskites

In 1957, Roth [31] published a comprehensive paper on the
crystallography of perovskite and other ABO,-type
compounds. The radii, valences, and polarizabilities of the
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A and B ions are important in structural relationships.
Geller [10] studied perovskite-like compounds with A =
the lanthanides and B = Sc, V, Al, Ga, Cr, showing many
to be isostructural with GdFeO,. He later [20] grew
Czochralski crystals of NdGaO, to serve as substrates for
ferrite films. Furthermore, he found the orthorhombic-
rhombohedral-cubic phase transition sequence for these
gallate perovskite compounds. Geller et al. [19] measured
the orthorhombic lattice parameters for the lanthanide
gallate series from La to Er, which are 5.52 = a; = 5.24 A,
5.49 < b, = 5.52 A (but with a maximum of 5.54 for Gd),
and 7.77 = ¢, = 7.53 A, respectively. They found

a, = b, for CeGaO,, which indicates that it is
pseudotetragonal. The heavier (smaller) rare-earth gallates
were found not to form stable perovskites. Marezio et al.
[21] grew La, Pr, and Nd gallate crystals from melts fluxed
with lead borate, and measured lattice parameters
essentially in agreement with those of Geller and his co-
workers.

Recently, the Czochralski method has been used by Belt
and Uhrin [32] and by Berkstresser et al. [33] to produce
>25-mm-diameter single-crystal boules of LaGaO, and
NdGaO,, as well as LaAlO,. The boules were oriented,
sliced, and polished into substrate wafers for epitaxial film
studies in their laboratory and ours.

Thermal expansion behavior

The present trend in the deposition of BYCO films is to
maintain substrate temperature in the range 650-800°C
during deposition. Because the thermal expansion
mismatch strains introduced during cooling to room
temperature and subsequent annealing runs can lead to
microcracking or the generation of defects in the films,
resulting in degradation of their critical current densities,
thermal expansion behavior and potentially disruptive
substrate phase transitions that may occur in the applicable
temperature range should be taken into consideration.

Figure 2 shows the thermal expansion behavior of three
different lanthanide gallate single crystals, examined from
25-900°C using a Dilatronic Model 1200C dilatometer
(Theta Industries, Port Washington, NY). Measurements
were made along the [001] growth directions. The LaGaO,
single crystals were heavily twinned and showed a sharp
(first-order) phase transition at 147°C. The dilatation
associated with this transition was about 0.3%. The
coefficient of thermal expansion (CTE) above the transition
was determined to be 10.3 X 107°C ™, which differs only
slightly from that found for BYCO (12.0 x 107%C™).
However, the presence of a disruptive transition at 147°C
makes LaGaO, a less desirable substrate.

We have also studied the effects of substitutions on the
La site in the crystal structure on the transition
temperature and CTE; Nd substitution on a third of all La
sites shifted the transition to about 710°C. The transition
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was no longer sharp (710-715°C) and exhibited some
hysteresis, and the CTE dropped to 8.72 x 107%C™".
Finally, pure NdGaO,, in which Nd atoms replace La
atoms, showed no transition up to the highest measured
temperature (900°C). The NdGaO, crystals were found to
be almost twin-free, and the CTE lower (8.02 X 10°°C™).

The overall dilatation of the three lanthanide gallates
examined differed by only a few percent at 900°C. On the
basis of the absence of any transitions in the temperature
range of BYCO thin-film processing, NdGaO, was found to
be the best of the three. Furthermore, the CTE mismatch
is slight. Thus, internal strains that develop after film
growth upon cooling to room temperature should be
minimal.

The La,NdGa,0, crystals were grown to ascertain
whether an ordered and tripled perovskite cell isostructural
with Ba,YCu,0,_, would form; however, no tripled cell
was detected (using X-ray diffraction). Kokta and Grasso
[34], for example, found La and Lu atoms ordered in
La,Lu,Ga,0,, garnets. Because the atomic radii of La and
Lu differ by so much more than do those of La and Nd,
there is a greater tendency toward the formation of
ordered structures.

Hardness and toughness

The fracture and deformation properties of several types of
substrates were examined by using indentation techniques.
Hardness and toughness values obtained are shown in
Table 1. To obtain the values, a Vickers diamond pyramid
was loaded onto the polished surfaces of the indicated
types of single-crystal substrates at peak loads between 0.1
and 10 N. The resulting contact impression dimensions and
radial crack lengths were measured by optical microscopy.
The tendency for the cracks to follow cleavage planes in
the crystals was noted in all cases, and the indentations
aligned to yield cracks propagating colinearly with the
contact impression diagonals.

The impression diagonal dimensions varied with contact
load with a power law dependence of 1/2, indicating
constant hardness. The crack lengths varied with contact
load with a power law dependence of 2/3, indicating
constant toughness. Although toughness values are model-
dependent, they could be estimated to an accuracy of
+20% [35).

The low toughness of LaGaO, may not relate to the
twinning tendency it exhibits. NdGaO,, which does not
twin so badly because it has crystallographic transition
temperature greater than 1000°C, displayed the same
toughness as LaGaO,. It is interesting to note that
“ferroics,”’ which are ferroelectric solid solutions that
have smeared- instead of sharp-transition temperatures,
have finer-scale domain structures. La,,Gd, ,GaO, crystals
exhibit finer-scale twin spacings. LaAlO, is rhombohedral
at room temperature, and it has a twinned structure that
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Table 1 Mechanical properties of substrates.

Hardness
(GPa)

Toughness
(MPa - m'?)

9.4
9.4
5.0
7.6
17.8

results from a ~470°C phase transition [9], above which
the structure is cubic up to the melting point [10]. Thus,
the phase transitions producing twins in LaAlO, and
LaGaO, are different. Indeed, L.aGaO, also may have a
rhombohedral-to-cubic phase transition near its melting
point.

Although the hardness of LaGaO, is greater than that of
SrTiO,, its toughness is lower; hence, neither appears to
be clearly superior. Generally, the gallate perovskites show
properties comparable to those of other oxides. On the
other hand, Y-ZrO, seems to be the best of the four with
regard to these mechanical properties.

Dielectric properties

Dielectric measurements were made on ~1-mm-thick disks
with their parallel flat surfaces coated with a flexible silver
paint (Englehard Co., Newark, NJ). Samples were vacuum
dried at 110°C for 1 h before measurement. Capacitances
were measured using a 4275A Multi-Frequency LCR Meter
(Hewlett Packard Co., Cupertino, CA), at 0.1 V and frequencies
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Table 2 Dielectric constant (¢) and loss (tan 8) values at
1 MHz, measured at room temperature. The indicated (hkl)
values are for pseudocubic perovskite.

(hkl) € tan & Supplier

LaAlO;,
LaGaO,
NdGaO,
Y-ZrO,
MgO
SrTiO,
SrTiO,
Nd-YAIO,

(100) 23
(001) 25.0*
(001) 20.2
(100) 27.5
(100) 9.62
(100) 277
(110) 170
(001) 16.0

0.007

0.0018
0.002

0.0054
0.0091
0.0125
0.0130
0.0010

AT&T

Airtron, AT&T
Airtron, AT&T
Ceres
Atomergic
Commercial
Commercial
Airtron

*From Reference {11.

Airtron: Airtron Div. Litton, Morris Plains, NJ
AT&T: AT&T Nassau Metals, Irmo, SC

Ceres: Ceres Corp., No. Billerica, MA
Commercial: Commercial Crystals Lab, Naples, FL
Atomergic: Atomergic Chemetals, Farmingdale, NY

of 10 kHz, 100 kHz, 1 MHz, and 10 MHz. Samples were
shielded by an aluminum cage during measurement.

The results obtained are shown in Table 2. As can be
seen, the ¢ values of the perovskite aluminates and gallates
are lower by an order of magnitude than that of SrTiO,,
and therefore should be superior with regard to signal
propagation. Their tan 3 values are also lower. Use of the
larger lanthanide ions La and Nd resuits in higher ¢ values
than when use is made of smaller ions such as Y. Although
the value of ¢ is lowest for the MgO, that material is less
desirable from the standpoint of lattice mismatch with the
cuprates (discussed later).

Epitaxial films
In order to fabricate useful, high-T, superconducting
devices, it would be desirable to have the ability to
produce single-crystal, single-domain, untwinned epitaxial
films that could be patterned. It would be preferable if
such films could be grown on the surface of bulk single
crystals having an appropriate crystallographic plane
matching the arrangement and the spacing of atoms in the
desired film. Most often the substrate crystal has a
different chemical composition, so that it is passive and
does not interfere with device phenomena. Ideal
film-substrate combinations result in ‘‘pseudormorphic”
films with perfect physical matching of the substrate.
Although this has not been achieved for BYCO films,
such matching should be possible if the substrate were
orthorhombic from room temperature to film processing
temperatures, which generally exceed that of the BYCO
orthorhombic-to-tetragonal phase transition. This condition
should facilitate formation of the desired superconducting
orthorhombic phase in cases in which the substrate does
not form twins, and thus should make it possible to
produce a single-domain (untwinned) orthorhombic
epitaxial BYCO film. NdGaO, appears to be the best
substrate candidate for this purpose.

Epitaxial strains

Matthews and Klokholm [36] have defined the elastic
(misfit) strain in a ‘‘pseudormorphic’’ film in perfect
registration at the interface with its substrate at room
temperature as

Table 3 Epitaxial misfit and thermal strains for BYCO films on various substrates.

Lattice parameters

a b
A) A)

Mismatch Thermal

& CTE &
(ppt) (ppm/°C) (ppt)

YAIO,
LaAlO,

3.660
3.793

YGaO

LaGa(‘])3
LNGaO,
NdGaO,

3.717
3.885
3.864
3.837
3.829

LaSrGaO,’

3.843

3.905
3.607
4.213

SrTiO,
YZrO,
MgO
BYCO film

3.827 3.877

—54
-22

10
7

1

3
-2

-9

7
=75

*Grown by Czochralski method
tRepom:d by B. H. T. Chai
‘Average for a ceramic

LNGaO3 = L:«lo_7Nd0_3G:-103
ppt = parts per thousand
ppm = parts per million
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where a,_and a_, _are the lattice parameters of the film
and substrate. They showed the importance of the
associated strain energy in determining how much
mismatch films can sustain before undergoing physical
deterioration. Thinner films would thus be expected to
tolerate a greater mismatch. For example, they predicted
that a 3-nm-thick garnet film should be able to
accommodate a 1% mismatch, whereas a 1-um-thick film
should only be able to accommodate a 0.02% mismatch.

IBM J. RES. DEVELOP. VOL. 34 NO. 6 NOVEMBER 1990

(a) A 6-26 double-crystal X-ray diffraction pattern from a Ba,YCu,0,_, film deposited onto NdGaO, [001], recorded in the symmet-
ric Bragg mode. S and F designate substrate and film reflections, respectively. (b) A grazing-incidence X-ray diffraction pattern from the

Table 3 compares lattice parameters of BYCO with
normalized values of some potential substrates. The
normalized values were calculated for a simple perovskite
unit cell. This is an approximation, since the space groups
are usually not the same. Specifically, as mentioned
earlier, the BYCO is distorted in the [100] direction, while
the gallates are distorted along the [110] direction in the
case of orthorhombic distortion, and along the [111]
direction in the case of rhombohedral distortion.

Thermal expansion must be taken into account if the
lattice parameters have been measured at room

E. A, GIESS ET AL.

921




922

2 pm
(@)

2 pum

(b)

temperature and film growth is to occur at an elevated
temperature (as discussed earlier). The thermal expansion
mismatch is

&, = 600°C X (CTE,, — CTE,

substr) *

The magnitude of the strain &, (due to thermal expansion)
is less than that of ¢, (due to lattice mismatch). Of all the
substrate types listed, NdGaO, produces the lowest &,.
Since it can now be grown twin-free [33], the possibility
exists of using it to produce twin-free epitaxial films of
BYCO.

X-ray diffraction of films

For structural characterization of the BYCO film deposited
by laser ablation, X-ray diffraction was performed in the
grazing incidence (GID) and symmetric Bragg modes, for
which the probing directions are parallel and perpendicular
to the interface, respectively [37]. The symmetric Bragg-
mode pattern from a BYCO film grown on a NdGaO,
substrate is shown in Figure 3(a), where peaks from the
film and substrate are designated by an F or S,
respectively. Those from the film were its (001) reflections,
indicating that it was preferentially oriented with its c-axis
normal to the substrate. Figure 3(b) shows the GID pattern
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Scanning electron micrographs of the surfaces of Ba,YCu,0,_; films deposited (a) by sputtering; (b) by laser ablation.

that was obtained, with primarily the (h00) and (0k0)
reflections present, suggesting that the film was epitaxial in
the plane of the substrate, with two domains. The X-ray
results suggest that the film was a twinned single crystal in
the a-b plane, having its c-axis perpendicular to the
surface of the substrate.

Scanning electron microscopy films

Figure 4 shows scanning electron micrographs of two
BYCO films, prepared by different deposition methods, on
NdGaO,[001] substrates. Because of the recent success by
Xi et al. [17] in using cylindrical magnetron sputtering, we
chose to make use of that method to grow our epitaxial
BYCO films. The sputtered film depicted in (a) showed a
unique growth morphology compared to that depicted in
(b), fabricated by laser ablation. High-resolution
secondary-electron images of the film in (a) indicated the
existence of both g-axis (perpendicular to the substrate
plane) and c-axis epitaxy. Specifically, the film of (a)
appeared to be oriented mostly with c-axis portions in the
plane of the film (leading to a lower critical current
density), in accordance with Bragg X-ray diffraction data
(not shown). A block-like surface texture dominated; the
blocks were highly oriented 90°, 200-500-nm block-like
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regions that were interpreted as being oblong as a result of
the difference in crystal growth velocities along the a- or
b- and the c-axis. (Growth along the [001] direction is
significantly slower [38].)

By comparison, the film depicted in (b) contained large,
continuous flat-plate regions and was oriented with its
c¢-axis normal to the plane of the film (characteristic of a
film capable of supporting a high critical current density).
The “‘boulders,” especially in the film of (b), were
probably vapor-transported aggregates rather than being a
result of coalescence fed by surface diffusion. R. Ramesh
et al. [39] have conducted an HREM lattice image analysis
of sections of BYCO films grown on MgO, SrTiO,,
LaAlO3, and other substrates. They have found that
although MgO has essentially no lattice match with BYCO,
it nucleates films having a coincident site lattice and their
c-axes normal to the substrate plane. There are multiples
of [110] BYCO and [100] MgO spacings that promote
ordering. Nevertheless, it is reported [39] that BYCO films
on MgO display a critical current density which is an order
of magnitude smaller than that of BYCO films on SrTiO,.
Growth in the BYCO [001] ¢-axis direction is significantly
slower than in the {010} or [100] direction. Thus, when
films having their c-axes normal to the substrate surface
grow, they tend to follow a lateral step/ledge motion
(Frank-van der Merwe mechanism) which often results in
c-axis stacking faults. Interestingly, at low growth
temperatures (700°C), normal growth in the direction of the
a-axis (the rapid-growth direction) occurs, and there is
atomic registration in columns perpendicular to the
substrate. At higher growth temperatures and in film layers
nearest to the substrates, the c-axis is normal to the
substrate plane.

Film resistivity and critical current

A typical plot of resistance versus temperature for a 200-
nm-thick BYCO film deposited by laser ablation onto a
NdGaO, substrate is shown in Figure 5. The film exhibited
good metallic behavior in the normal state, with its
resistivity extrapolating to zero with temperature. The
superconducting transition upon cooling was sharp, with
onset and zero-resistance temperatures at 92.5 K and

90.7 K, respectively. The critical current density of the
fitm in zero magnetic field was measured using a patterned
25-um-wide, 200-um-long microstrip of the film, using a
threshold criterion of 1 wV/mm. The critical current
density was found to be 1 x 10° A/cm” at 86 K, and

2 x 10° A/cm?® at 82 K, values as high as those measured
for the best BYCO films grown on SrTiO, substrates.

Summary

Among the single-crystal lanthanide substrates examined in
this study, NdGaO, was found to be the most suitable of
the group for the deposition of epitaxial Ba,YCu,0,_,
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superconducting films, primarily because of the absence of
any substrate twin-generating transitions in the
temperature range of interest. Also, calculations of
substrate—film mismatch strains indicated that NdGaO, had
the best lattice match of the group—better than that of
LaGaQ,. The mechanical hardness and toughness of the
NdGaO, substrates were found to be similar to those of
commonly used SrTiO, substrates. Measurements of their
dielectric properties indicated low loss and a dielectric
constant that was an order of magnitude less than that of
SrTiO, substrates. Given the attractive possibility of
forming twin-free NdGaO,, it would therefore appear to be
worthwhile to attempt to produce twin-free Ba,YCu,0,_;
films on such a substrate, thus potentially leading to a
substrate-film combination having favorable mechanical,
dielectric, and superconducting properties.

Acknowledgments

The authors thank R. F. Boehme, P. Chaudhari, C. F.
Guerci, B. Hussey, K. Kelleher, G. Koren, R. B.
Laibowitz, L. M. Litz, A. Moldovan, B. L. Olson, L. T.

E. A. GIESS ET AL.

923




924

Romankiw, C. J. Sambucetti, G. Scilla, and M. W. Shafer
for help and advice throughout the course of this work.
We are indebted to R. F. Belt and R. Uhrin of the Airtron
Division of Litton Industries, and to G. W. Berkstresser,
C. D. Brandle, and A. J. Valentino of AT&T Bell
Laboratories, who grew the lanthanide gallate crystals that
were used. The work was partially conducted under the
auspices of the Consortium for Superconducting
Electronics.

References

1. R. L. Sandstrom, E. A. Giess, W. J. Gallagher, A
Segmiiller, E. 1. Cooper, M. F. Chisholm, A. Gupta, S.
Shinde, and R, B. Laibowitz, ‘‘Lanthanum Gallate
Substrates for Epitaxial High-Temperature
Superconducting Thin Films,”” Appl. Phys. Lett. 53, 1874—
1876 (1988).

2. E. A. Giess, ‘‘Magnetic Bubble Materials,”’ Science 208,
938-943 (1980).

3. Y. Iye, T. Tamegai, H. Takeya, and H. Takei, ‘‘“The
Anisotropic Upper Critical Field of Single Crystal
Ba,YCu,0,,” Jpn. J. Appl. Phys. Lert. 26, 1.1057-L1059
(1987).

4. T. R. Dinger, T. K. Worthington, W. J. Gallagher, and
R. L. Sandstrom, ‘‘Direct Observation of Electronic
Anisotropy in Single-Crystal Ba,YCu,0,_,,”” Phys. Rev.
Lett. 58, 26872690 (1987).

5. P. Chaudhari, R. H. Koch, R. B. Laibowitz, T. R.
McGuire, and R. J. Gambino, *‘Critical-Current
Measurements in Epitaxial Films of YBa,Cu,O,
Compound,” Phys. Rev. Lett. 58, 2684-2686 (1987)

6. P. Chaudhari, F. K. LeGoues, and A. Segmiiller, ‘“The
Microstructure of High Critical-Current Superconducting
Films,’* Science 238, 342-344 (1987).

7. P. Chaudhari, J. Mannhart, D. Dimos, C. C. Tsuei, J. Chi,
M. M. Oprysko, and M. Scheuermann, ‘‘Direct
Measurement of the Superconducting Properties of Single
Grain Boundaries in Y, Ba,Cu,0,_,,”” Phys. Rev. Lett. 60,
1653-1656 (1988).

8. D. Dimos, P. Chaudhari, J. Mannhart, and F. K.
LeGoues, ‘‘Orientation Dependence of Grain-Boundary
Critical Currents in YBa,Cu,0,_, Bicrystals,”” Phys. Rev.
Lent. 61, 219-222 (1988).

9. H. M. O’Bryan, P. K. Gallagher, G. W. Berkstresser, and
C. D. Brandle, ‘“Thermal Analysis of Rare Earth Gallates
and Aluminates,”” J. Mater. Res. 5, 183~189 (1990).

10. S. Geller, “‘Crystallographic Studies of Perovskite-Like
Compounds, IV. Rare Earth Scandates, Vanadites,
Galliates, Orthochromites,’’” Acta Cryst. 10, 243-251
(1957).

11. D. Dijkkamp, T. Venkatesan, X. D. Wu, S. A. Shaheen,
N. Jirsrawi, Y. H. Min-Lee, W. L. McLean, and M.
Croft, “‘Preparation of Y-Ba-Cu Oxide Superconductor
Thin Films Using Pulsed Laser Evaporation from High T,
Bulk Material,”” Appl. Phys. Lett. 51, 619—-621 (1987).

78

12. G. Koren, A. Gupta, E. A. Giess, A. Segmiiller, and R. B.

Laibowitz, *‘Epitaxial Films of YBa,Cu,0,_, on NdGaO,,
LaGaO, and SrTiO, Substrates Deposited by Laser
Ablation,”” Appl. Phys. Lett. 54, 1054 (1988).

13. S. Miyazawa, ‘‘Surface Roughening Associated with
~140°C Transition of a LaGaO, Substrate for High T
Superconducting Films,”’ Appl Phys. Lett. 58, 2230-2232
(1989).

14. R. W. Simon, C. E. Platt, A. E. Lee, G. S. Lee, K. P.
Daly, M. S. Wire, J. A. Luine, and M. Urbanik, ‘‘Low-
loss Substrate for Epitaxial Growth of High-Temperature
Superconductor Thin Films,”” Appl. Phys. Lett. 53, 2677~
2679 (1989).

E. A. GIESS ET AL.

17.

18.

19.

20.

21.
22.

23.

24,

25.

26.

27.

28.

29,

30.

31.
32.

33.

34,

. R. Feenstra, J. D. Budai, M. D. Galloway, and L.

Boatner, ‘“‘Comparison Between LaGaO,, LaAlO,, KTaO,,
SrTiO, Substrates for the Epitaxial Growth of

YBaZCu O,_, Thin Films by a BaF, Process,” Physica C
162-164, 655—656 (1989).

. M. C. Nuss, P. M. Mankiewich, R. E. Howard, B. L.

Straughn, T. E. Harvey, C. D. Brandle, G. W.
Berkstresser, K. W. Goosen, and P. R. Smith,
‘“‘Propagation of Teraherz Bandwidth Electrical Pulses on
YBa,Cu,0,_, Transmission Lines on Lanthanum
Alumlnate, Appl Phys. Lett. 54, 2265-2267 (1989).

X. X. Xi, H. C. Li, J. Geerk, G. Linker, O. Meyer, B.
Obst, F. Ratzel, R. Smithey, and F. Weschenfelder,
“Growth and Properties of YBaCu~Oxide
Superconducting Thin Films Prepared by Magnetron
Sputtering,”” Physica C 153-155, 794 (1988).

H. Brusset, H. Gillier-Pandraud, and J.-L. Berdot,
“Structure Cristalline du Gallate de Néodyme (NdGaO,),"”’
Bull. Soc. Chim. Fr. 8, 2886-2890 (1967).

S. Geller, P. J. Curlander, and G. F. Ruse, ‘‘Perovskite-
Like Rare Earth Gallium Oxides Prepared at Atmospheric
Pressure,”” Mater. Res. Bull. 9, 637-644 (1974).

G. F. Ruse and S. Geller, ‘‘Growth of Neodymium
Gallium Oxide Crystals,”” J. Cryst. Growth 29, 305-308
(1975).

M. Marezio, J. P. Remeika, and P. D. Dernier, ‘‘Rare
Earth Orthogallates,”” Inorg. Chem. 1, 1337-1340 (1968).
I. Nicolas, J. Coutures, and J. P. Coutures, ‘‘Etude du
Diagramme de Phase Nd,0,-Ga,0,,”" Rev. Int. Hautes
Temp. Refract. Fr. 20, 129-—133 (1983).

J. Nicolas, J. Coutures, J. P. Coutures, and B. Boudot,
*“8m,0,-Ga,0, and Gd,0,~Ga,O, Phase Diagrams,”

J. Solid State Chem. 52, 101-113 (1984).

M. A. D1G1useppe and S. Soled, ‘‘Garnet-Perovskite
Transformations in the Sm,0,-Ga,0, and Gd,0,~Ga,0,
Systems,”’ J. Solid State Chem. 30, 203-208 (1979).

M. A. DiGiuseppe, S. L. Soled, W. M. Wenner, and J. E.
Macur, ‘‘Phase Diagram Relationships of the
Garnet-Perovskite Transformation in the Gd,0,-Ga,0, and
Sm,0,-Ga,0, Systems,”” J. Cryst. Growth 49, T46-748
(1980).

M. Allibert, C. Chatillon, J. Mareschal, and F. Lissalde,
“Etude du Diagramme de Phase dans le Systéme Gd,0,—
GaZOS,” J. Cryst. Growth 23, 289-294 (1974).

M. Mizuno, T. Yamada, and T. Ohtake, ‘‘Phase Dlagram
of the System Ga,0,-La,0, at High Temperatures,”’
Yogyo-Kyokai-Shi 93, 295—300 (1985).

M. Mizuno and T. Yamada, ‘‘Formation and Solidification
Points of Binary Compounds in the Ln,0,-Ga,0,
System,”’ Yogyo-Kyokai-Shi 93, 686—691 (1985).

M. Mizuno and T. Yamada, ‘‘Phase Diagram of the
System Ga,0,-Nd,0, at High Temperatures,” Nippon
Seramtkkusu Kyokat Gakujutsu Ronbunshi 96, 54-58 (1988).
R. Beyers and T. M. Shaw, “‘The Structure of
YBa,Cu,0,_; and Its Derivatives,” Solid State Physics,
Vol. 42, H. Ehrenreich and D. Turnbull, Eds., Academic
Press, New York, 1989, pp. 135-212.

R. S. Roth, *‘Classification of Perovskite and Other ABO;
Type Compounds,” J. Res. NBS 58, 75-88 (1957).

R. F. Belt and R. Uhrin, “‘Perovskite-Related Substrates
for Superconducting Films—Rare Earth Orthogaliates,”
Science and Technology of Thin Film Superconductors,
R. D. McConnell and S. Wolf, Eds., Plenum Publishing
Co., New York, 1989, pp. 353-362.

G. W. Berkstresser, A. J. Valentino, and C. D. Brandle,
“Growth of Single Crystals of Rare Earth Gallates,”
presented at the American Association for Crystal Growth
Meeting, ACCG-8, Vail, CO, July 1990.

M. Kokta and M. Grasso, ‘“New Substituted Gallium
Garnets Containing Trivalent Lanthanum on Dodecahedral
Crystallographic Sites,”” J. Solid State Chem. 8, 357-359
(1973).

IBM J. RES. DEVELOP. VOL. 34 NO. 6 NOVEMBER 19%0




35. R. F. Cook, ““Crack Propagation Thresholds: A Measure
of Surface Energy,”’ J. Mater. Res. 1, 852-862 (1986).

36. J. W. Matthews and E. Klokholm, ‘‘Fracture of Brittle
Epitaxial Films Under the Influence of Misfit Stress,”
Mater. Res. Bull. 7, 213-222 (1972).

37. A. Segmiiller, “‘Characterization of Epitaxial Films by X-
Ray Diffraction,”’ Adv. X-Ray Anal. 29, 353-366 (1986);
and *‘Characterization of Epitaxial Films by Grazing-
Incidence X-Ray Diffraction,”’ Thin Solid Films 154, 33-42
(1987).

38. D. S. Yee, R. J. Gambino, M. F. Chisholm, J. J. Cuomo,
P. Madakson, and J. Karasinski, ‘‘Critical Current and
Texture Relationships in BYCO Thin Films,”* AIP Conf.
Proc. 165, 133-140 (1988).

39. R. Ramesh, D. M. Hwang, T. Vekatesan, T. S. Ravi, L.
Nazar, A. Inam, X. D. Wu, B, Dutta, G. Thomas, A. F.
Marshall, and T. H. Geballe, ‘‘Direct Observations of
Structural Defects in Laser-Deposited Superconducting
Y-Ba-Cu-O Thin Films,”” Science 247, 57-59 (1990).

Received April 16, 1989, accepted for publication
August 14, 1990

Edward A. Giess IBM Research Division, Thomas J.
Watson Research Center, P.O. Box 218, Yorktown Heights,
New York 10598. Dr. Giess is a Research Staff Member in the
Manufacturing Research Department at the Thomas J. Watson
Research Center. He received his B.S., M.S., and Ph.D.
degrees in ceramics from the SUNY College of Ceramics at
Alfred University in 1951, 1952, and 1958, respectively. He
subsequently joined IBM at the Thomas J. Watson Research
Center, where he has worked on crystal growth and ceramics.
In 1972 and 1975, Dr. Giess received IBM QOutstanding
Contribution Awards for his work on garnet materials and
liquid phase epitaxy, respectively. He organized and chaired
the 1982 Gordon Research Conference on Crystal Growth, and
from 1981 to 1984 was Vice-President of the American
Association for Crystal Growth. Dr. Giess is a member of the
American Association for the Advancement of Science, the
American Association for Crystal Growth, the American
Physical Society, and the Materials Research Society; he is a
Fellow of the American Ceramics Society and the American
Institute of Chemists.

Robert L. Sandstrom [BM Research Division, Thomas J.
Watson Research Center, P.O. Box 218, Yorktown Heights,
New York 10598. Mr. Sandstrom is a Staff Engineer in the
System Technology and Science Department at the Thomas J.
Watson Resecarch Center. He received his B.S. degree in
industrial technology from the University of Wisconsin at
Menomonie in 1975. He joined IBM in 1984 after working at
the Amoco Research Center and at the Materials Research
Corporation. Mr. Sandstrom is responsible for Josephson
integrated circuit fabrication for scientific applications, and
fabrication of high-temperature superconducting oxide thin
films on lanthanide gallate substrates using an off-axis
sputtering process. In 1989, he received a Research Division
Award for work which led to the direct observation of
electronic anisotropy in Y ,Ba,Cu,O,_; single crystals. Mr.
Sandstrom has coauthored 40 papers and is a member of the
American Association for Crystal Growth, the American
Physical Society, the American Vacuum Society, and the
Institute of Electrical and Electronics Engineers.

IBM J. RES. DEVELOP. VOL. 34 NO. 6 NOVEMBER 1990

William J. Gallagher IBM Research Division, Thomas J.
Watson Research Center, P.O. Box 218, Yorktown Heights,
New York 10598. Dr. Gallagher is a Research Staff Member at
the IBM Thomas J. Watson Research Center. He joined IBM
in 1978 after receiving his B.S. in physics (summa cum laude)
from Creighton University, Omaha, Nebraska, in 1974 and his
Ph.D. in physics from MIT. He is Manager of the Exploratory
Cryogenics research group and an Associate Director of the
AT&T-IBM-MIT-founded Consortium for Superconducting
Electronics. Dr. Gallagher’s research activities are primarily in
the physics and applications of superconducting electronic
devices. In 1989, he received an IBM Outstanding Technical
Achievement Award for elucidating the anisotropic nature of
high-temperature superconductivity in YBa,Cu,0,. Dr.
Gallagher is a member of the American Physical Society and
the Institute of Electrical and Electronics Engineers. He has
served as Assistant to the Chairman of the APS Panel on
Public Affairs and on the Executive Committee of the APS
Forum on Physics and Society. He is currently on the Board
of Directors of the Applied Superconductivity Corporation.
Dr. Gallagher has also served on study panels convened by the
National Research Council, the National Science Foundation,
the Office of Naval Research, and the Office of Technology
Assessment.

Arunava Gupta IBM Research Division, Thomas J.
Watson Research Center, P.O. Box 218, Yorktown Heights,
New York 10598. Dr. Gupta attended the Indian Institute of
Technology, Kanpur, where he received his M.S. degree in
chemistry in 1976. He received his Ph.D. degree in chemical
physics in 1980 from Stanford University. He then joined
Allied Chemical (Allied-Signals) in Morristown, New Jersey,
where he worked on catalysis and the laser processing of
materials. In 1985 Dr. Gupta joined the Thomas J. Watson
Research Center to work on various photothermal and
photochemical laser techniques for processing and patterning
of materials. At present, he is primarily involved in the
preparation and characterization of high-temperature
superconducting oxide thin films.

Subhash L. Shinde IBM Research Division, Thomas J.
Watson Research Center, P.O. Box 218, Yorktown Heights,
New York 10598. Dr. Shinde is a Research Staff Member in
the System Technology and Science Department at the
Thomas J. Watson Research Center. He received his B.Tech.
and M.Tech. degrees in physical metallurgy from the Indian
Institute of Technology, Bombay, in 1977, and his Ph.D. in
materials science from Stanford University in 1983. He
subsequently conducted postdoctoral research on
metal/ceramic interfaces using high-resolution and analytical
electron microscopy at the Lawrence Berkeley Laboratory.
Since joining the Thomas J. Watson Research Center in 1986,
Dr. Shinde has been working on the flux-pinning behavior of
doped and pure high-temperature superconductors as well as
on ways of controlling microstructures in those materials. He
is a member of the American Ceramic Society, the American
Physical Society, and the Materials Research Society.

Robert F. Cook IBM Research Division, Thomas J.
Watson Research Center, P.O. Box 218, Yorktown Heights,
New York 10598. Dr. Cook is a Research Staff Member in the
Physical Sciences Department at the Thomas J. Watson
Research Center. He received a B.Sc. (first-class honors) in
physics from Monash University, Australia, in 1981, and a
Ph.D. in physics from the University of New South Wales,
Australia, in 1985. Dr. Cook subsequently joined IBM at the
Thomas J. Watson Research Center, where he has worked on
the physics of fracture. He is a member of the American
Ceramic Society and the American Physical Society.

925

E. A. GIESS ET AL.




Emanuel I. Cooper IBM Research Division, Thomas J.
Watson Research Center, P.O. Box 218, Yorktown Heights,
New York 10598. Dr. Cooper received a B.S. in chemistry in
1975 and a Ph.D. in chemistry in 1981, both from the
Technion~Israel Institute of Technology. After being a
Postdoctoral Fellow at Purdue University, he joined the IBM
Thomas J. Watson Research Center in 1984, first as a
Postdoctoral Fellow in the Physical Sciences Department, to
study macro-defect-free cements, and then as a Research Staff
Member in the Manufacturing Research Department, where he
has worked on various materials science aspects of ceramics,
polymers, and superconducting oxide films. Dr, Cooper is a
member of the American Ceramic Society, the American
Chemical Society, and the Materials Research Society.

Eugene J. M. O’Sullivan IBM Research Division,
Thomas J. Watson Research Center, P.O. Box 218, Yorktown
Heights, New York 10598. Dr. O’Sullivan is a Research Staff
Member in the Manufacturing Research Department at the
Thomas J. Watson Research Center. He joined the Research
Division in 1984. Dr. O’Sullivan received his Ph.D. in
electrochemistry from University College, Cork, Ireland, in
1981. From 1980 to 1983, he was a Postdoctoral Fellow at
Case Western Reserve University, and a Senior Research
Associate at Case from 1983 to 1984. At IBM, Dr. O’Sullivan
has worked on aspects of the catalysis of electroless metal
deposition, the oxidation of organic molecules at oxide
electrodes, and the application of electrochemical techniques
(for example, solid state) to the characterization of high-T,
superconducting oxides. Dr. O’Sullivan is a member of the
Electrochemical Society.

Judith M. Roldan [BM Research Division, Thomas J.
Watson Research Center, P.O. Box 218, Yorktown Heights,
New York 10598. Mrs. Roldan is a member of the
Manufacturing Research Department at the Thomas J. Watson
Research Center. She received a B.A. in chemistry from
Manhattanville College, Purchase, New York, in 1981 and an
M.S. in chemistry from Long Island University in 1985. In
1981, Mrs. Roldan joined IBM, where she has worked on
electrochemistry, materials, and polymer—ceramic composites.
She is a member of the American Chemical Society.

Armin P. Segmiiller IBM Research Division, Thomas J.
Watson Research Center, P.O. Box 218, Yorktown Heights,
New York 10598. Dr. Segmiiller is a Research Staff Member in
the Physical Sciences Department at the Thomas J. Watson
Research Center. He received his M.S. degree in physics and
his Ph.D. degree in crystallography from the University of
Erlangen, Federal Republic of Germany, in 1950 and 1954,
respectively. He joined IBM at the Zurich Research
Laboratory in 1959. Since 1966 he has been at the Thomas J.
Watson Research Center, where he has worked on X-ray
diffraction and, most recently, on characterization of thin
films. Dr. Segmiiller is a member of the American
Crystallographic Association.

Joseph Angilello IBM Research Division, Thomas J.
Watson Research Center, P.O. Box 218, Yorktown Heights,
New York 10598. Mr. Angilello joined the Physical Sciences
Department at the Thomas J. Watson Research Center in 1963.
His principal interests are in the area of X-ray diffraction. Mr.
Angilello is a member of the American Crystallographic
Association and the Materials Research Society.

926

E. A. GIESS ET AL. IBM J. RES. DEVELOP. VOL. 34 NO. 6 NOVEMBER 19%0




