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Superconductivity in SrCu0,-BaCuO, 
Superlattices: Formation of Artificially Layered 

Superconducting Materials 
D. P. Norton, B. C. Chakoumakos, J. D. Budai, D. H. Lowndes, 

B. C. Sales, J. R. Thompson, D. K. Christen 

Pulsed-laser deposition was used to synthesize artificially layered high-temperature su- 
perconductors. Thin-film compounds were formed when the constraint of epitaxy was used 
to stabilize SrCu0,-BaCuO, superlattices in the infinite layer structure. Using this approach, 
two new structural families, BqSrn-,Cu,,+,O,+,+, and Ba,Srn-,Cun+,O,n+,+,, 
have been synthesized; these families superconduct at temperatures as high as 70 kelvin. 

Since the discovery of high-temperature 
superconductivity (HTSc) ( I ), intensive ef- 
forts have revealed numerous families of 
layered crystal structures containing copper 
oxide layers (2), with superconducting tran- 
sition temperatures (T,) as high as 135 K 
for the Hg-containing cuprates (3). Typi- 
cally, bulk synthesis techniques have been 
the primary tool in the search for new 
HTSc materials. Recently, high-pressure 
svnthesis methods have been used to make 
metastable cuprate phases (4-7). However, 
thin-film growth methods offer unique ad- 
vantages for the atomic engineering of new 
HTSc materials because with this tech- 
nique it is possible to form artificially lay- 
ered crystal structures. Moreover, the sur- 
faces of single-crystal substrates provide an 
atomic template that can be used to stabi- 
lize epitaxial films in metastable crystal 
structures. 

Advances in the understanding of epi- 
taxial thin-film growth of the cuprates have 
heightened interest in the possibility of cre- 
ating artificially layered materials (8-10). 
The cuprate superconductors are ideal can- 
didates for study because their crystal struc- 
tures are composed of chemically distinct 
layer modules, the most important of which 
is the square CuO, layer. A prelude to this 
development has been the epitaxial stabili- 
zation of "infinite layer" (Ca,Sr)CuO, sin- 

Solid State Dlvls~on, Oak R~dge Nat~onal Laboratory, Post 
Office Box 2008, Oak Ridge, TN 37831-6056, USA. 

gle-crystal thin films (1 1-1 4). The infinite 
layer (Ca,Sr)Cu02 structure type, consist- 
ing of square Cu02  layers alternately 
stacked with square layers of alkaline-earth 
atoms, is the simplest cuprate with the es- 
sential structural features for HTSc (15). 
Indeed, the infinite layer structure can be 
viewed as a fundamental building unit of all 
of the HTSc cuprates. Already, by the ad- 
dition of infinite layer (Ca,Sr)Cu02 mod- 
ules, metastable thin-film structures of 
Bi2Sr2Ca,,-lCu,,02n+4 have been extended 
to n > 3 with the use of molecular beam 
epitaxy (MBE) and laser-MBE growth tech- 
niques ( 16, 1 7). In recent pioneering work, 
laser-MBE, in conjunction with reflection 
high-energy electron diffraction to monitor 
the film growth process, was used to grow 
the first artificially layered HTSc films, 
which were tentatively identified as 3 unit 
cells-1 unit cell BaCuOz-CaCu02 infinite 
layer superlattices (1 8). 

We report here the synthesis of two se- 
ries of artificially layered HTSc compounds, 
grown as SrCu02-BaCu02 crystalline su- 
perlattice structures. Although earlier ef- 
forts to grow artificially layered cuprate 
structures have been restricted to sophisti- 
cated MBE-like apparatus with in situ sur- 
face analysis techniques (8, 16-18), we 
have formed these materials using only 
pulsed-laser deposition (PLD). By sequen- 
tially depositing from BaCuO, and SrCuO, 
ablation targets in a PLD system, we con- 
structed artificially layered crystalline ma- 
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terials in which the layering sequence was 
controlled on nearly the atomic-layer scale. 
The SrCuO, and BaCuO, layers are epi- 
taxially stabilized in the infinite layer struc- 
ture and form the building blocks for the 
compounds. In the infinite layer structure, 
SrCuOz is an insulator, whereas BaCuO, 
normally does not form the infinite layer 
structure, even when high-pressure synthe- 
sis techniques are used. 

Using this approach, we synthesized two 
new HTSc series, Ba2Srn- ,Cu,,+ 102n+2+8 
and Ba4Srn- 1Cu,,+302n+6+8, with T,(on- 
set) as high as 70 K and T,(resistance R = 
0) as high as 50 K. 

The Ba2Sr,- ,Cu,,+ 102n+2+6 series, with n 
= 2,3, and 4, is structurally analogous to the 
recently discovered CuBa2Ca,- 1C~nOZn+2+8 
high-pressure HTSc phase (4-6) and is ob- 
tained by artificially layering two unit cells of 
BaCuO, and (n - 1) unit cells of SrCuOz in 
the infinite layer crystal structure. A 
schematic of the n = 3 member is shown 
in Fig. 1. The Ba4Srn - 1C~n+302n+6+S 
series, formed by layering four unit cells of 
BaCu02 and (n - 1) unit cells of SrCuOz 
in the infinite layer structure, exhibits 
superconductivity for the n = 3 member 
with T,(onset) = 70 K and T,(R = 0) = 
40 K. In addition, we have epitaxially 
stabilized 4.0-nm-thick layers of the n = 
1 member, infinite layer BaCuO,, in 
SrCu02-BaCu02 multilayer structures 
that show metallic conductivity and su- 
perconductivity at T,(onset) - 70 K. 

We prepared the films on (100) SrTiO, 

I 

.-. 
(2 unit cdk' 

1 

Fig. 1. Structural model of a 2 x 2 SrCu0,- 
BaCuO, superlattice compound, also designated 
as Ba$r,Cu,O,+,. The Ba, Sr, and Cu atoms are 
represented by the large, medium, and small 
spheres, respectively. The CuO, and CuO, units 
are shown as shaded polyhedra. 



substrates, using conventional multitarget 
PLD ( I  I ) .  Polycrystalline, orthorhombic 
SrCuO, and cubic BaCuO, ablation targets 
were mounted in a multitarget carousel. 
The SrCuO, target was made by solid-state 
reaction of a mixture of high-purity SrCO, 
and CuO, which was pressed and fired at 
1025°C. Powder x-ray diffraction confirmed 
complete decomposition of the carbonates. 
We prepared the BaCuO, target using high- 
purity BaCuO, powder. The (100) SrTiO, 
substrates were cleaned with solvents before 
beine mounted with silver ~ a i n t  on the - 
substrate heater. The ablation beam of the 
KrF excimer laser was focused to a 1-cm 
horizontal line and vertically scanned over 
the targets to improve the uniformity of the 

film thickness. The focused energy density 
of the laser was approximately 2 J/cm2, and 
the substrates, heated to 600°C, were 
placed 10 cm from the ablation targets. Film 
growth was carried out in an oxygen pres- 
sure of 200 mtorr. 

Before growing the layered structures, a 
9.0-nm-thick SrCuO, buffer layer was 
grown to initiate epitaxial growth of the 
infinite layer structure; The average film 
growth rates were 0.3 A/s for SrCuO, and 
0.43 A/s for BaCuO, in the infinite layer 
structure. The Ba2Srn- ,Gun+ 102n+2+S and 
Ba4Srn- lCun+ 302n+6+6 films were grown 
by alternate ablation from SrCuO, and 
BaCuO, targets for a predetermined num- 
ber of laser pulses. We controlled the 

Fig. 2. X-ray diffraction patterns (Cu Ka radiation) and structural models for the n = 4 (top), n = 3 
(middle), and n = 2 (bottom) members of the B~Srn-lCun+lO,n,,t, series. The vertical dashed lines 
indicate the nominal locations of the (00e) peaks, the solid arrows ~nd~cate diffraction peaks attributed to 
the artificially layered structures, and the asterisks designate peaks from the SrCuO, buffer layer. In the 
models, the Ba, Sr, and Cu atoms are represented by the large, medium, and small spheres, respectively, 
and the CuO, and CuO, units are shown as shaded polyhedra. 

SrCuO, and BaCuO, layer thicknesses by 
counting laser pulses, with the growth 
rate per laser pulse calibrated from thick- 
ness measurements of SrCuO, films and 
from the subsequent x-ray diffraction pat- 
terns of SrCu0,-BaCuO, superlattice struc- 
tures. The total film thickness varied from 
90 to 120 nm, corresponding to 60 or more 
unit cells of Ba2Srn- ,Gun+ ,0,n+2+, or 
Ba4Srn-IC~n+302n+6+6. After deposition, 
the films were cooled at -80°C/min in an 
oxygen pressure of 200 mtorr, with the pres- 
sure increased to 760 torr at 375°C. 

These materials, fabricated by alternate 
ablation of SrCuO, and BaCuO, targets, can 
be nominally described either as Ba2Srn- ,- 
Cun+ 1°Zn+2+S and Ba4Srn- lCun+ 3'2n+6+61 
or as M x N SrCu0,-BaCuO, superlat- 
tices, where M and N-are the number of 
infinite-layer SrCu02 and BaCuO, unit 
cells, respectively, per superlattice period, 
with N = 2 for Ba2Srn-lC~n+102n+2+S and 
N = 4 for Ba4Srn-1C~n+302n+6+6. The 
formation of any particular artificially lay- 
ered phase depends on the precision with 
which growth of the constituent BaCuO, 
and SrCuO, layers can be controlled. X-ray 
diffraction patterns give a direct measure of 
the accuracy of the artificially layered 
growth scheme in producing the intended 
structure. 

The x-ray diffraction patterns for the 
Ba2Srn-lCun+102n+2+6 films with n = 4,3, 
and 2 (Fig. 2) indicate the presence of 
multilayer modulation along the c axis. Al- 
though the diffraction peaks are close to the 
ideal (00t) locations, some of the peak 
intensities are weaker than that predicted 
from structure calculations, with slight de- 
viations or splitting of some of the peaks 
about the expected peak locations. The 
most consistent interpretation of these dif- 
fraction patterns is to view the peaks as 
originating either from the structural mod- 
ulation or from the superlattice chemical 
modulation. The structural modulation aris- 
es from the crystallinity of the compound. It 
represents, for instance, the average cation 
spacing along the c axis (the growth direc- 
tion), with some structure peaks present 
even with no Ba-Sr chemical modulation. 
For instance, the (003) and (006) peaks for 
Ba2SrCu,06+, would be present for an in- 
finite layer alloy film with no Ba-Sr order- 
ing along the c axis. Only as Ba-Sr ordering 
is realized are other (00t) structure peaks 
expected. If the Ba-Sr chemical modulation 
is slightly incommensurate with the struc- 
tural modulation, superlattice satellite peaks 
will be present on either side of strong 
structural peaks at positions that deviate 
from the ideal (00t)  locations. 

Peaks from the structural and chemical 
periodicities converge if the deposition pro- 
cess yields exactly integral numbers of 
SrCuO, and BaCuO* infinite layer unit 
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cells per multilayer period. The deviations 
observed in the ~ e a k  locations indicate that 
the chemical modulation is slightly incom- 
mensurate with the structural modulation 
for all three structures considered in Fig. 2. 
The fact that the peak intensities are some- 
what weaker than expected indicates the 
presence of some Ba-Sr disorder. Because 
these thin films were formed as artificially 
layered superlattices by the sequential dep- 
osition of SrCu02 and BaCuO, layers, such 
disorder is expected to arise from substrate 
surface roughness and slight inaccuracia in 
the deposition rates. The x-ray diffraction 
patterns give c-axis lattice constants of the 
structural periodicities for the n =o 2,3, and 
4 films of 12.1, 15.7, and 19.2 A, respec- 
tively; the chemical periodicities for tbe 
same structures are 14.0, 17.7, and 19.9 A, 
respectively. These values ~ i e l d  SrCu02 
and BaCuO, subunit cell spacings of 3.55 
and 4.28 A, respectively, which are 
within 5% of the bulk value for SrCu02 
and the assumed value for BaCuO, layers in 
the high-~ressure CuBazCan- lCunOzn+z+s 
phase (4-6). Four-circle x-ray diffraction 
data show these structures to be tetraeonal 
with in-plane lattice constants of 3% A, 
thus matching the lattice constant for the 
SrTiO, substrates. 

In these artificially layered structures, 
the SrCuO, and BaCuO, subunits could 
have the ideal infinite layer structure con- 
sisting of fourfold coordinated CuO, planes 
separated by oxygen-free alkaline-earth (Sr 
or Ba) layers, with no apical oxygen for any 
of the copper atoms. However, this struc- 
ture seems unlikely because all of the hole- 
doped superconductors have apical oxygen 
associated with at least some of the copper 
atoms. and thermoelectric Dower measure- 
ments indicate that these materials are hole 
conductors (1 9). The more reasonable pos- 
sibility is that the Ba planes contain some 
oxygen, thus creating apical oxygen and 
increasing the Cu coordination. The sche- 
matics of the Ba2Srn~lCun+102n+2+, struc- 
tures shown in Figs. 1 and 2 assume this to - 
be true. It is not clear, however, whether 
oxygen on the Ba planes resides there at the 

expense of oxygen on specific Cu planes. Be- 
cause of this uncertainty, we have designated 
the materials Ba2~rn~lCu,,+102n+2+6 and 
Ba4Srn-1Cu,,+202n+6+,, which makes no in- 
ference about whether inequivalent Cu sites 
are present, although this may occur. 

Figure 3 shows the normalized resist- 
ances for the n = 2, 3, and 4 members of 
Ba2Srn- ,Gun+ ,02,+ ,+, The room-temper- 
ature resistivities are 1 to 5 milliohm.cm. 
The n = 2 member has the highest T, with 
T,(onset) = 70 K and Tc(R = 0) = 50 K. 
The n = 3 member has Tc(onset) = 60 K 
and Tc(R = 0) = 40 K, and the n = 4 
member has Tc(onset) = 40 K and Tc(R = 
0) = 20 K. The current density used in the 
measurement was -50 A/cmZ. Thus far, 
only modest attempts have been made to 
optimize the superconducting properties of 
these materials. 

In addition to Ba2Srn~lCun+10zn+2+6, 
superconductivity is also observed in the 
series designated Ba4Srn-1C~n+302n+6+S. 
The x-ray diffraction pattern for the n = 3 
member of this series (Fig. 4A) indicates 
that the structural and chemical mpdula- 
tion periodicities are both -23.75 A. Su- 
perconductivity is observed with Tc(onset) 
= 70 K and Tc(R = 0) = 40 K (Fig. 4B). 
These films are stable over time if stored in 
a dry atmosphere. 

In addition to the n r 2 members, we 
have attempted to synthesize the n = 1 
member of both series, which would be 
BaCuO, in the infinite layer structure. If 

Fig. 3. Normalized resistance plotted as a func- 
tion of temperature for then = 2, 3, and 4 mem- 
bers of the Ba,Srn-lCu,+,O,n+,+s series. 

Fig. 4. The (A) x-ray diffraction pattern and (B) 
resistivity for the n = 3 member of the 
Ba,Srn-lCun+,O,+,+s series. Also shown in (B) 
is the resistivity for the 3.2 nm-4.0 nm SrCu0,- 
BaCuO, multilayer structure. 

this material exists and superconducts, tbe 
small c-axis lattice constant (4.2 or 8.4 A, 
depending on the oxygen ordering) should 
make it less anisotropic than other HTSc 
materials. Unfortunately, attempts to grow 
reasonably thick films of BaCu02 in the 
infinite layer structure have thus far been 
unsuccessful. Howevcr, we have stabilized 
BaCuO, layers -40 A t h i ~ k  in tbe infinite 
layer structure within 32 A-40 A SrCu0,- 
BaCuO, multilayers. This film has a strong- 
ly metallic resistivity with a Tc(onset) near 
70 K (Fig. 4B) that we attribute to the 
BaCuO, layer. The nonzero resistivity ob- 
served for T < 50 K is an artifact of the 
measurement caused by the electrically in- 
sulating SrCuO, cap layer (32 A thick) that 
was grown to protect the BaCuO, layers 
from degradation. Significant positive mag- 
netoresistance is observed for T 5 70 K, 
which is consistent with suwerconductivitv. 
We found that dc magnetometry revealed 
the presence of quasistatic persistent cur- 
rents with a magnetization that was hyster- 
etic in low magnetic fields. From the mag- 
nitude of the hysteresis for increasing ver- 
sus decreasing field history, we estimate, 
on the basis of the Bean critical state 
model (20), that the circulating critical 
current densitv is -2 X lo4 A/cm2 at 5 K. 
These classical superconductive features 
document the fact that this multila~er 
structure superconducts over large areas. 
The magnetic signal disappeared near 36 
K. somewhat below the R = 0 woint. as a 
result of the stringent criterionihat ;here 
be well-connected macroscouic uaths for - - 
circulating currents. Thus, it appears that 
BaCuO,, epitaxially stabilized in the in- 
finite layer structure, superconducts. Un- 
fortunately, we were not able to deter- 
mine if oxygen ordering occurred, allow- 
ing one to differentiate between BaCuO, 
or Ba2Cu204 (inequivalent Cu sites). 

The n = 1 member of the Ba2Srn-,- 
C U ~ + , O ~ ~ + ~ + ~  series apparently has a 
value of Tc that is as high or higher than 
the n > 1 members. This behavior dif- 
fers from that observed for other HTSc 
series, in which Tc increases as n increases. 
One possible explanation is that these 
Ba2Srn~lCun+102n+2+, films are not opti- 
mally doped, suggesting that Tc might in- 
crease with an increase or decrease in the 
hole carrier density. Another possibility is 
that the use of SrCu02 inhibits the transfer 
of charge from the BazCu2O4 layer into the 
CuO, layers adjacent to the Sr atoms. This 
latte; scenario suggests that the supercon- 
ducting transitions observed for all of 
these structures are attributable to the 
Ba2Cu204 layers, with little or no cou- 
pling into the C u 0 2  planes adjacent to 
the Sr atoms. This interpretation is con- 
sistent with the observed behavior for 
YBa2Cu307-PrBa, Cu307 superlattices, 
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where T, decreases as the layer thickness 
of the nonsuperconducting PrBa2Cu3O7 
increases (2 1-23 ). 
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The complete nucleotide sequence of Saccharomyces cerevisiae chromosome Vlll reveals 
that it contains 269 predicted or known genes (300 base pairs or larger). Fifty-nine of these 
genes (22 percent) were previously identified. Of the 210 novel genes, 65 are predicted to 
encode proteins that are similar to other proteins of known or predicted function. Sixteen 
genes appear to be relatively recently duplicated. On average, there is one gene approxi- 
mately every 2 kilobases. Although the coding density and base composition across the 
chromosome are not uniform, no regular pattern of variation is apparent. 

T o  identify all of the genes that constitute 

a simple eukaryotic cell, an international 
collaborative effort is under way to deter- 
mine,\the sequence of the Saccharomyces 
cereuisiat genome. This is an important goal 
because of the central importance of yeast 
as a model organism for the study of func- 
tions basic to all eukaryotic cells. The se- 
quences of the first two yeast chromosomes 
to be completed (1, 2) have revealed that 
more than two-thirds of yeast genes have 
not been previously recognized and are thus 
novel, and the functions of more than half 
of these cannot be predicted, because they 
are not similar to proteins of known func- 
tion. Here, we describe the D$A sequence 
of yeast chromosome VIII, which provides 
another 210 previously unrecognized genes 
and further illuminates features of yeast 
chromosome organization. 

The sequence was determined (3) from 
the set of 23 partially overlapping phage A 

and cosmid clones shown in Fig. 1 that 
were previously mapped by Riles e t  al. (4). 
The order of Hind I11 and Eco RI sites 
predicted from the sequence is consistent 
with the physical map of these sites de- 
termined independently by Riles et al. (4),  
which confirms that the sequence was 
assembled correctly. We estimate the ac- 
curacy of the sequence to be better than 
99.99% ( 5 ) .  The genes and other features 
of the chromosome VIII sequence are list- 
ed in Table 1. 

The sequence contains 269 nonoverlap- 
ping open reading frames (ORFs) greater 
than 300 base pairs (bp). On the basis of the 
analysis of Dujon et al. (2,6),  approximately 
7% of these are likely to be false genes. 
Thirteen of these ORFs (4.8%) are predict- 
ed to be interrupted by introns at the ex- 
treme 5' end of each gene. The average 
gene size is 482 codons; the longest ORF 
(YHR099w) spans 11,235 bp (3745 
codons). 
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Table 1. List of genes and features of chromo- 
some VIII. The number of the cosmid (as submit- 
ted to GenBank) and its accession number are 
listed above the elements included in that data- 
base entry. Column 1 : Nucleotide position of the 
start of each designated element (ATG for ORFs, 
the first nucleotide of all other elements). For the 
LTRs of the Ty elements, the beginning of the left 
LTR and the end of the right LTR is listed. Column 
2: Genes are named according to established 
convention: Y designates yeast; H designates 
chromosome VIII; L and R designate the left or 
right chromosomal arm, respectively; w and c 
designate that the gene is encoded on the top or 
bottom strand, respectively; and a superscript 
"s" denotes genes predicted to be spliced. 
Genes are numbered from the CEN toward each 
TEL (telomere). Transfer RNA names also follow 
convention: t designates tRNA; the next letter is 
the one-letter code for the amino acid inserted by 
the tRNA (abbreviations for the amino acid resi- 
dues are A, Ala; F, Phe; H, His; P, Pro; Q, Gln; S, 
Ser; T, Thr; and V, Val.); the letters in parentheses 
are the codon recognized by the tRNA; and w and 
c designate that the tRNA is on the top (w) or 
bottom (c) strand. Retrotransposon LTRs in 
brackets are partial elements. Column 3: Genetic 
names of genes previously identified. Note that 
one previously identified gene does not have a 
locus name (YHR042w) and that two genes 
(HXT5NHR096c and ACT5NHR129c) were 
named during the course of this work. Column 4: 
A description of the function of the genes. A de- 
scription of the protein most similar to the other 
genes is also listed. Genes with no listing in this 
column have no homologs (BLASTX score usually 
less than 70). Column 5: The BLASTX (18) score 
for the alignment of the encoded protein to its 
closest homolog. Note that BLASTX scores are 
not listed for prev~ously identified genes, because 
the two sequences are ~dent~cal. BLASTX scores 
greater than 100 are generally considered to indi- 
cate a significant relation between two proteins; 
scores between 70 and 100 are considered sug- 
gestive of a relation. Column 6: Database acces- 
sion number of the closest homolog. In the few 
cases where comparison of predicted protelns to 
the BLOCKS database (19) revealed potent~al 
similarities not found by BLAST, the number of the 
BLOCKS entry is given. 

teins that are similar to genes of known or 
predicted function (see Table 1 for a list). 
Thus, the function of only 46% of the 
encoded proteins is known or can be pre- 
dicted (in some cases, only the biological 
process that the protein is involved in is 
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