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I. Introduction 

Comprising a simple oxygen deficient perovskite 
unit cell, the so-called "parent" or "infinite layer" 
ACuO2 structure (see inset of Fig. 3) is the simplest 
structure containing the CuO2 sheets essential for 
high-temperature superconductivity [ 1,2 ]. Basically 
all of the presently known superconducting cuprates 
may be structurally derived from the ACuO2 struc- 
ture by the insertion of chemically distinct metal ox- 
ide lattice planes parallel to the CuO2 sheets, giving 
rise to a structural and chemical modulation along 
the common tetragonal c-axis [3-6].  Although not 
active themselves as superconducting layers, the in- 
termediary oxide layers play a crucial role in estab- 
lishing the onset of superconductivity by injecting 
charge carriers into the CuO2 sheets. Depending on 
the lattice symmetry and insertion periodicity of the 
oxide "charge reservoir" layers, the Cu atoms are 
either four-, five-, or six-fold coordinated by oxygen, 
giving rise to a range of doping mechanisms as well 
as structure-superconductivity correlations. 

Sr,_x(AE)xCuO2 infinite layer compounds with 
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AE=Ca  or Ba can be synthesized over a wide range 
of alkaline-earth solid solutions, either by high-pres- 
sure, high-temperature sintering [7], or by epitaxy 
on a suitably lattice matched substrate (e.g. the ( 100 ) 
surface of SrTiO3) using optimized oxide film depo- 
sition techniques [ 8-13 ]. The resulting compounds 
generally are metastable and insulating at the stoichi- 
ometric composition. The structure can be chemi- 
cally doped, however, to become an electron-doped 
superconductor with T,. ~ 40 K by partial ( 10%- 15%) 
substitution of a large rare earth (RE) species such 
as La, Pr, Nd, Sm, or Gd for Sr [14-16]. Alterna- 
tively, vacancies may be incorporated on the A lat- 
tice site according to the structure formula 
(Sr~_,(AE)x)~_yCuO2_a and bulk superconductiv- 
ity with Tc~60-110 K has been observed for 
y~0.05-0.2 in Ca and Ba solid solutions, as well as 
the end member containing only Sr (x=  0) [ 17-20 ]. 

The much higher Tc values for the AE deficient 
materials suggest that the superconductivity results 
from hole doping, similar to the structurally related 
high-To phases of the Bi-, TI-, and Hg-based cuprate 
series. However, the detailed nature of the pertinent 
doping mechanism (s) has not yet been conclusively 
identified. A high density of planar defects parallel to 
the CuO2 sheets has been observed in the AE defi- 
cient materials by high-resolution electron micros- 
copy and their presence has been correlated with the 
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onset of superconductivity [ 19-22 ]. It seems proba- 
ble that the defect layers act as local charge reservoir 
layers for adjacent, unperturbed CuO2 sheets, possi- 
bly changing the four-fold Cu-O coordination to five- 
fold as well. Thus superconductivity may be confined 
to a structure which locally may be regarded as a new, 
hole-doped superconducting compound [23]. Iden- 
tification and isolation of these intergrowth phases is 
of great interest for a better understanding of the ba- 
sic charge transfer mechanisms involved, as well as 
identification of the intrinsic superconducting prop- 
erties of the parent ACuO2 structure. 

Based on this notion, this paper reports the growth 
and characterization of thin films of the simplest 
member of the potentially superconducting infinite 
layer cuprates, namely Sr1_~CuO2_6. The films were 
grown by atomic layer epitaxy using a hybrid laser 
ablation molecular beam epitaxy (laser-MBE) tech- 
nique, with the intent to produce layered defect 
structures by adjustment of the Sr-CuO deposition 
scheme. Subsequently, the electrical properties of the 
as-grown films were studied as a function of the low 
temperature oxygen non-stoichiometry 8. It was ob- 
served that the films could be reversibly oxidized or 
reduced by annealing in mixed gas ambients with 
p(O2) ~< 1.0 atm at temperatures below the growth 
temperature. Although the absolute value of ~ in these 
experiments remains uncertain, the accompanying 
changes in carrier density provide important infor- 
mation regarding the sign of the majority charge car- 
riers (holes or electrons) from the sense in which the 
electrical resistivity changes with p (O2). The present 
study may be considered a precursor to future at- 
tempts to synthesize new superconducting phases 
based on the infinite layer cuprate structure, focusing 
on correlations between growth, defect structures, and 
charge doping mechanisms. 

The laser-MBE system used in this study recently 
was developed at Osaka University and optimized for 
application to the cuprate superconductors [8,9]. 
Combining the versatility of excimer laser ablation, 
e.g. with respect to source material selection and op- 
eration in reactive ambients, with the atomic layer 
control achievable by molecular beam epitaxy, the 
laser-MBE technique appears optimally suited for the 
atomic layer engineering of interfaces or planar de- 
fect structures. Little is known, however, about the 
atomistic processes controlling formation of the neg- 

atively charged C u O  2 sheets and ordering of the infi- 
nite layer structure during a layer-by-layer growth 
process. In the case of Srl _xCuO2_6 films, for exam- 
ple, growth experiments using the simultaneous sup- 
ply of both metallic constituents (co-deposition) in- 
dicate the existence of a net thermodynamic or kinetic 
driving force for formation of the infinite layer struc- 
ture (on (100) SrTiO3) under optimized conditions 
[ 11,12 ]. In a layer-by-layer deposition process, using 
similar synthesis conditions except for the sequential 
rather than simultaneous supply of the metallic con- 
stituents, these "spontaneous" effects could have a 
significant effect and counteract artificially imposed 
deviations in the oxide stacking sequence. Evalua- 
tion of the structural and electrical (superconduct- 
ing) properties of films grown with different Sr-CuO 
deposition schemes, therefore, may provide useful 
information not only concerning the relation be- 
tween charge doping and defect layers, but also con- 
cerning the layer-by-layer growth process itself. 

This paper is organized as follows. Following a de- 
scription of the laser-MBE system and other experi- 
mental techniques in section 2, section 3 describes 
the basic layer-by-layer growth experiments and the 
resulting c-axis epitaxial structure. A correlation is 
observed between the value of the c-axis lattice pa- 
rameter and the X-ray diffraction intensity ratio 
(001 ) / (002) of the as-grown films. Results from the 
oxidation-reduction experiments will be presented in 
section 4. Remarkably, the oxygen exchange experi- 
ments indicate that the Sr~_xCuO2_~ films may be 
doped with either electrons or holes depending on the 
Sr-CuO deposition sequence employed, even with- 
out chemical substitutions. This qualitative differ- 
ence in doping characteristics provides strong evi- 
dence for the effectiveness of the atomic layer epitaxy 
technique for the control of planar defect structures. 
A simple defect model is proposed (section 5 ) to ex- 
plain this different behavior, in which we make the 
natural assumption that hole doping can occur only 
in the presence of apical Cu-O oxygen atoms, consis- 
tent with structure correlations for the presently 
known cuprate superconductors. The relation be- 
tween growth and defect formation is further illus- 
trated on the basis of this model. Conclusions are 
summarized in section 6. An Appendix describes our 
attempts to induce superconductivity in selected films 
that showed the strongest dependence of electrical 
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properties on the oxygen content, by either vacuum 
or high-pressure oxygen annealing. A discussion is 
presented of the small hysteretic magnetic signals that 
may be observed for these films on SrTiO3 substrates 
by high-sensitivity SQUID magnetometry. 

2. Experimental 

The Srl _xCuO2+a films were grown using the laser- 
MBE system developed at Osaka University by the 
sequential deposition of Sr(O) and CuOx epitaxial 
overlayers on a (100) SrTiO3 substrate (dimensions: 
10× 5 ×0.5 mm 3) with continuous supply of a NO2 
gas flow impinging on the substrate (flow rate ~ 6 
sccm). The NO2 background pressure in the cham- 
ber was 10-5 mbar and, for all films reported in this 
paper, the substrate temperature measured with a py- 
rometer was maintained at 500 + 10 ° C. Pulsed mo- 
lecular beams of the constituent species were gener- 
ated by ArF excimer laser ablation (193 nm) of a 
metallic Sr and sintered CuO target, respectively, 
mounted on a computer controlled carousel. The to- 
tal beam energy was 200 mJ per pulse and the laser 
was operated at 1.1-2.2 pps. Typically, 25-30 laser 
pulses were needed for a Sr(O) monolayer and about 
10-15 pulses for a CuOx monolayer. The target-sub- 
strate spacing was approximately 10 cm. 

The epitaxial overgrowth of the deposited layers 
was monitored by in situ reflection high-energy elec- 
tron diffraction (RHEED), using an electron accel- 
eration voltage of 15 kV. The RHEED patterns were 
collected on a phosphorous screen inside the vacuum 
chamber (base pressure 10 -8 mbar) and subse- 
quently recorded with a CCD camera for digitizing 
and computer-controlled spot analysis. A quartz 
crystal monitor adjacent to the substrate heater was 
available to monitor the instantaneous Sr or CuO de- 
position rates, however, as we will describe below, it 
was found more expedient to use the induced varia- 
tions in the RHEED patterns instead to control the 
layer-by-layer growth process. Typical film thick- 
nesses ranged from 70-400 A. Following deposition, 
the films were rapidly cooled by turning off the sub- 
strate heater, leaving the NO2 gas flow unchanged. 
Details of the laser-MBE and data collection systems 
have been described previously in refs. [8,24 ]. 

For several films, Sr~_xCuO2_6 film growth was 

initiated by the layer-by-layer deposition of a hom- 
oepitaxial SrTiO3 buffer layer on the SrTiO3 sub- 
strate. The targets used for this buffer layer com- 
prised the same metallic Sr target as used for the 
Sr~ _xCuO2_6 films and a sintered TiO2 target. Mon- 
itoring of the induced RHEED specular intensity os- 
cillations facilitated the preparation of a reproduci- 
ble starting surface for the infinite layer cuprate film, 
indexed by either the maximum (after Sr deposi- 
tion) or the minimum (after TiO2 deposition) of a 
RHEED oscillation. Moreover, the shared use of the 
same Sr target provided useful information concern- 
ing the Sr ablation rate under the prevailing laser 
conditions during the initial stages of Srl_xCuO2 ,~ 
film growth. 

The epitaxial structure of the films was routinely 
characterized by X-ray diffraction (0-20 geometry), 
using a Cu Kct source and slits to collimate the beam. 
The samples were oriented with respect to the dif- 
fractometer such that approximately equal peak in- 
tensities were observed for the SrTiO3 (001) reflec- 
tion for each specimen. In these experiments the 
entire film was exposed to the X-ray beam for all ori- 
entations with 20> 10 °. Thus, a semi-quantitative 
comparison of relative (001 ) and (002) peak inten- 
sities was facilitated, providing information concern- 
ing the Sr~ _xCuO2_a defect structure [ 25 ]. Clear sat- 
ellite peaks due to the finite film thickness were 
observed for most films near the principle diffraction 
peaks in the 0-20 patterns, which proved useful for 
the calibration and fine tuning of the layer-by-layer 
growth process [ 26 ]. 

A more extensive characterization of the epitaxial 
structure for selected samples was performed using 
high-resolution four-circle diffractometry. The mea- 
surements were performed either at ORNL, using a 
Cu Kct source, LiF monochromator, and Ge ( 1 l 1 ) 
analyzer, or at the National Synchrotron Light Source, 
Brookhaven (beamline X14), using a S i ( l l l )  
monochromator set to select 2= 1.5393 A X-rays, i.e. 
near the wavelength of Cu Ka. Two different modes 
were utilized at NSLS: a high-resolution mode with 
Si ( 111 ) analyzer after the sample and a low-resolu- 
tion, high-intensity mode with only a slit between the 
sample and the detector. 

The electrical transport properties were character- 
ized by standard four-probe resistance measure- 
ments. The measurements were performed using 
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spring loaded contact pins, pressed onto gold contact 
pads deposited on the film surface by sputtering 
through a shadow mask. In this way excessive con- 
tamination during subsequent low-temperature an- 
nealing could be avoided, while also a reproducible 
measurement geometry was provided by the gold 
contact pads. The reproducibility of the measured 
four-probe resistance between successive mounting- 
dismounting operations was better than _+ 3%. The 
temperature dependence of the resistance was mea- 
sured in a continuous helium flow cryostat. A con- 
stant DC measuring current of 0.1- l ~tA was used in 
combination with a high-impedance input range on 
the Keithley 181 nanovoltmeter. It was noted that 
measuring currents less than 0.1 ~tA for some films 
produced anomalous variations in the temperature 
dependent four-probe resistance, presumably be- 
cause of incomplete compensation of thermal volt- 
ages. With the exception of the data presented in the 
Appendix of this paper, no anomalies were observed 
in the four-probe resistance at the indicated higher 
measuring currents. 

The oxidation-reduction anneals were performed 
in a horizontal tubular furnace, fitted with a fused 
silica enclosure and equipped with an oxygen-argon 
mixing stage. The accessible oxygen partial pressure 
window with this annealing arrangement is 
1.0~>p(O2)>~3)<10 -5 atm, as monitored with an 
Ametek S-3A oxygen analyzer at the furnace exit. The 
same equipment had previously been used for the 
processing and oxygen control of YBa2Cu3OT_6 films 
[27 ]. A typical annealing cycle for the infinite layer 
Sr~ _xCuO2_a films consisted of: (i) rapid heating to 
300°C in l0 min, (ii) a 1 h anneal at 300°C, and 
(iii) furnace cooling to 100 o C in 30 min, after which 
the films were removed from the furnace. The resis- 
tance measurements usually were performed within 
hours of the low-temperature anneal. However, sig- 
nificant time dependent effects due to metastability 
or reaction with the ambient were not observed for 
any of the films, even after storage for days or weeks 
in a desiccator. 

3. Layer-by-layer film growth and epitaxy 

A sequence of characteristic RHEED patterns ob- 
served during the layer-by-layer growth of a 

Srl_xCuO2_ 6 film is shown in Figs. 1 ( a ) - ( c ) .  The 
patterns were obtained with the electron beam inci- 
dent at a glancing angle with respect to the substrate 
surface and parallel to one of the in-plane [ 100 ] azi- 
muths of the SrTiO3 (001) substrate. Pattern la typ- 
ically appeared after the deposition of approximately 
one monolayer of CuO (deposition sequence. .CuO- 
Sr-CuO). In addition to the principle [ 00 ], [ 01 ], and 
[02 ] diffraction rods coming from the SrTiO3 sub- 
strate and film with in-plane lattice spacing a =  3.91 
A, extra diffraction streaks are seen between the [ 01 ] 
and [ 02 ] diffraction rods. The intensity of these ex- 
tra streaks depends on the amount of CuO deposited 
and the streaks disappear after deposition ofa  Sr(O) 
overlayer (Fig. 1 (b), deposition sequence..CuO-Sr- 
CuO-Sr).  Simultaneous with the Sr and CuO depo- 
sitions, distinct intensity variations of the specularly 
reflected electron beam along the [00] rod may be 
observed, the intensity increasing after Sr deposition 
and decreasing after CuO deposition (under stan- 
dard conditions with substrate temperature 500°C 
andp(NO2) ~ 10 -5 mbar). 

Practically, the specular intensity variations and 
periodic appearances of the extra diffraction streaks 
provide a useful and accurate means for control of 
the layer-by-layer growth process. By monitoring 
both, it was found that the layer-by-layer growth pro- 
cess could be sustained over extended periods of time 
(up to 300 Sr-CuO deposition cycles) with appar- 
ently a stationary equilibrium between Sr and Cu at- 
oms deposited and atoms incorporated into the infi- 
nite layer structure. The real-space origin of the 
additional incommensurate diffraction streaks, how- 
ever, is presently unclear. The associated in-plane 
lattice spacing is d=0.77a (SrTiO3)~ 3.0 A, which 
corresponds remarkably well to the nearest neighbor 
Cu-Cu distance along the [ 110 ] direction in Cu20, 
dcu-cu = (x/~/2)  a (Cu20). The corresponding Cu- 
O coordination is V-shaped, with two copper atoms 
sharing one oxygen atom. This suggests that the top- 
most CuO~ overlayer has not yet converted into a 
CuO2 sheet as occurring in the infinite layer struc- 
ture, but rather that a loosely bonded Cu-rich over- 
layer has formed which may react with subsequently 
incident Sr atoms to produce epitaxial growth of the 
infinite layer structure. Further research is ongoing 
to investigate these interesting phenomena. 

A typical RHEED pattern after the deposition of a 
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Fig. 1. Reflection high-energy electron diffraction (RHEED) 
patterns observed during the atomic layer-by-layer growth of in- 
finite layer Srl _xCuO2_6 films on a (001 ) SrTiO3 substrate: (a) 
after deposition of a CuO monolayer; (b) after deposition of a 
Sr monolayer; (c) after deposition of two Sr monolayers. The 
incident electron beam is parallel to the SrTiO3 in-plane [ 100] 
direction. 

second Sr(O) monolayer is shown in Fig. 1 (c) (de- 
position sequence . .CuO-Sr-CuO-Sr-Sr) .  In this 
case the principle diffraction rods have become 
somewhat diffuse and diffuse diffraction spots have 
developed along the [01 ] rods. The diffuse spots in- 
dicate that the second Sr (O) overlayer does not com- 
pletely wet the underlying structure. The spots dis- 
appear, however, after the deposition of a next CuO 
monolayer (deposition sequence: . .CuO-Sr-CuO- 
Sr-Sr-CuO) to produce a RHEED pattern similar to 
Fig. 1 (b), indicating that the surface has once again 
become flat (free of SrO islands). Upon continua- 
tion with Sr deposition, periodic oscillations between 
patterns lb and lc may be initiated, similar to the 
previously described oscillations between patterns I a 
and lb, albeit with less pronounced variations of the 
specular intensity. The resulting structure in both 
cases is of the infinite layer cuprate type, as measured 
by X-ray diffraction. 

Upon continuation with a second CuO monolayer 
deposition instead of Sr (sequence: . .CuO-Sr-Sr-  
CuO-CuO),  the incommensurate diffraction streaks 
reappear, just as before deposition of the double Sr 
and CuO overlayers (Fig. l ( a ) ) .  This observation 
suggests that the variations between patterns 1 a and 
lb are not intrinsically bound to depositions of pre- 
cisely one monolayer of each of the constituents, but 
rather that different fractions of a monolayer may be 
deposited periodically, with constant Sr:CuO ratio. 
This remarkable property of the layer-by-layer growth 
process under the employed deposition conditions 
indicates a significant role of a spontaneous ordering 
mechanism for the infinite layer phase. In an extreme 
case of overlayer manipulation, it was observed that 
even when the Sr and CuO overlayer coverages re- 
peatedly approached 2 ML, i.e. similar to the stack- 
ing sequence of the orthorhombic SrCuOz phase 
(which is more stable at ambient conditions), the 
predominant phase observed by X-ray diffraction 
nevertheless corresponded the tetragonal infinite layer 
phase. The detailed effect of different overlayer cov- 
erages on the defect formation will be discussed in 
section 5, following evaluation of the charge doping 
mechanisms. 

It is interesting also to consider the effect of contin- 
ued CuO deposition, i.e. beyond the point where the 
extra streaks in the RHEED pattern of Fig. 1 (a) have 
become bright. In this case (with less than one extra 
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monolayer deposited) sharp diffraction spots sud- 
denly appear in the RHEED pattern, indicating the 
formation of CuOx islands. Contrary to the spots ob- 
served after extra Sr deposition (Fig. 1 (c) ) ,  which 
dissolve after the deposition of extra CuO, the CuO~ 
related spots (and arcs) do not dissolve after addi- 
tional Sr deposition. For this reason we assume that 
SrOx double layers are formed more readily than 
CUOx double layers during layer-by-layer growth, a 
result which we shall refer to later in this paper when 
discussing plausible defect structures in the 
Sr~_xCuO2_a films. 

X-ray diffraction confirmed formation of the infi- 
nite layer cuprate structure with the c-axis perpendic- 
ular to the substrate surface for  a l l f i lms ,  even if the 
Sr-CuO stacking sequence deviated markedly from 
the ideal 1 : 1 monolayer-by-monolayer sequence. As 
noted previously, we consider this observation strong 
evidence for the existence of a significant driving force 
for formation of the infinite layer structure under the 
employed deposition conditions. Weak extra diffrac- 
tion peaks belonging to either the Sr14Cu24041 phase 
[ 28 ] or Sr2CuO3 [ 29 ] appeared when deviations in 
the Sr: Cu stoichiometry apparently became too large. 
The tendency for formation of these additional phases 
increased with increasing substrate temperature or 
reduced NO2 supply. Overlayer coverages larger than 
one monolayer also promoted formation of second- 
ary phases, although the infinite layer phase invaria- 
bly constituted the dominant phase of the resulting 
epitaxial structure. For films grown at substrate tem- 
peratures lower than 480°C, the X-ray diffraction 
peaks weakened significantly, indicating that the 
processing range for the infinite layer structure is rel- 
atively narrow [ 9 ]. At these lower substrate temper- 
atures, the contrast in the RHEED pattern during de- 
position also diminished rapidly. 

• Results from a detailed X-ray analysis performed 
at the Brookhaven NSLS facility for a Sr~_xCuO2_~ 
film grown under standard deposition conditions 
(500°C, p (NO2)=  10 -5 mbar) are shown in Figs. 
2 ( a ) -  (d).  Composition control for this film was 
achieved by optimization of the periodic variations 
in the RHEED pattern between Figs. 1 (a) and 1 (b). 
The low-resolution 0-20 scan of Fig. 2 (a) confirms 
formation of the infinite layer cuprate structure with 
the c-axis perpendicular to the substrate surface. The 
c-axis length calculated from the (001) and (002) 

reflections is 3.463 ]~. A high-resolution 0-20 scan of 
the (002) reflection (Fig. 2 (b ) )  shows the typical 
interference pattern expected for a quasi-two-dimen- 
sional thin film [26 ]. The film thickness calculated 
from this interference pattern (297+ 12 A ~ 8 6 + 4  
unit-cell layers) corresponds well with the supplied 
number of Sr-CuO deposition cycles ( ~ 84). As a re- 
sult of the high synchrotron beam intensity, two weak 
additional diffraction peaks were resolved in the 0- 
20 diffraction scan, namely at 20= 13.14 ° and 31.13 °.' 
The relative sharpness of these peaks indicates that 
the corresponding secondary phases (possibly 
Sr14Cu2404~ in two orientations) are not intergrown 
along the c-axis of the infinite layer phase, but rather 
that small islands of these phases are present in the 
film. 

The t/~-scan of Fig. 2 (c) indicates that the infinite 
layer structure is in complete three-dimensional epi- 
taxial registry with the SrTiO3 substrate, and that es- 
sentially no other Srl _xCuO2_ ~ in-plane orientations 
have formed. The epitaxial relation is as expected: 
asco II [ 100 ] sro and Csco l[ [ 001 ] sro. The (H 0 2 ) scan 
of Fig. 2 (d) along the in-plane SrTiO3 [ 100 ] direc- 
tion confirms that the infinite layer structure is te- 
tragonal. Peaks are observed only at integer intervals 
commensurate with the SrTiO3 in-plane lattice spac- 
ing, from which it follows that asco = asro = 3.905 A. 
Thus the a-axis of the Sr~_xCuO2a film is slightly 
shorter than reported for (stoichiometric) SrCuO2 
bulk material (3.92 A), whereas the c-axis is slightly 
longer (3.43 A for bulk SrCuO2 [ 7 ] ). The close cor- 
respondence between the in-plane film and substrate 
spacings illustrates the important role of epitaxy in 
stabilizing the infinite layer structure in films, put- 
ting the SrCuO2 structure under considerable com- 
pressive stress along the film-substrate interface. Less 
interfacial stress is expected for Ca-doped 
Sr~_x(AE)~CuO2 compositions (x~0.25)  since both 
the a- and c-axes decrease with Ca concentration [ 7 ]. 

In contrast to the single-crystal-like crystallo- 
graphic properties described above, a closer exami- 
nation of the (001) and (002) diffraction peaks in 
Fig, 2(a)  suggests that the infinite layer structure, 
nevertheless, contains a high density of structural de- 
fects. This may be inferred from the ratio of the (001 ) 
and (002) peak intensities X-= (001) / (002) ,  which 
for a perfect, stoichiometric SrCuO2 infinite layer 
structure may be calculated as X~0.05-0.07 [25 ]. 
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Fig. 2. X-ray diffraction patterns o f a  Srl_xCuO2_6 film on (001) SrTiO3 substrate measured at the Brookhaven National Synchrotron 
Light Source (Beamline X14): (a) low-resolution 0-20 scan with diffraction vector parallel to the substrate [001 ] direction: (b) high- 
resolution 0-20 scan of  the film's (002) diffraction peak and finite size interference pattern; (c) ~-scan around substrate [001 ] direc- 
tion. 0 =  0 ° corresponds to substrate in-plane [ 100 ] direction; (d)  (H 0 2 )-scan along substrate [ 100 ] direction. Units  correspond to 
substrate reciprocal lattice constant a* = 2n (3.905) - ~ ( ~ )  - ~. 

For the film of Fig. 2 (a),  however, X ~  0.5 and a sim- 
ilar intensity ratio was observed in the standard, slit- 
collimated X-ray measurement. 

The much larger intensity ratio indicates a signifi- 
cant Sr deficiency (x~0.3 in Sq_xCuO2_a [25] ) or 
the presence of planar defects (e.g. stacking faults) 
perpendicular to the c-axis. In particular, inter- 
growths giving rise to local expansions of the inter- 
planar spacings by c / 4  ( ~0 .86 /~ )  or c / 2  ( ~ 1.7 A) 
could seriously affect the (001 ) / (002) intensity ra- 
tio through destructive interference of the diffracted 
X-ray beam, depending on density and distribution. 
On the other hand, since the Sr:Cu composition is 
not absolutely controlled in the present growth ex- 
periments, off-stoichiometry with respect to the 

Sr: Cu ratio could arise from natural tendencies to- 
wards Sr-vacancy incorporation [29]. Antisite dis- 
order between Sr and Cu atoms also may contribute 
to an enhanced (001) / (002)  intensity ratio; how- 
ever, the estimated contribution is too small to fully 
explain the enhancement [25 ]. 

A comparison of (001 ) / (002) peak intensity ra- 
tios and corresponding c lattice spacings for a num- 
ber of films is shown in Fig. 3. Films grown by peri- 
odic depositions of Sr and CuO overlayers as well as 
films containing "non-periodic" Sr and CuO deposi- 
tions are included in this figure. For the majority of 
the periodically grown films, 0.2 < X< 0.4, however, 
X-values as small as 0.1 and as large as 0.9 also were 
obtained. On the other hand, films containing delib- 
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erately inserted defect layers typically had X< 0.2. As 
we will describe below these latter films generally ex- 
hibited hole-doping characteristics, indicated by the 
filled symbols in Fig. 3. Independent of the precise 
deposition sequence, however, the data in Fig. 3 sug- 
gest a trend between the c-axis length and the (001) /  
(002) intensity ratio. With increasing X, the c-axis 
expands from ,,,3.45 ,~ for X~0.1 to c~3.48 ]~ for 
films with X~ .0.8. 

This c-axis expansion is qualitatively consistent 
with the introduction of vacancies on the Sr-site: Sr 
vacancies may enhance the repulsive electrostatic in- 
teraction between the negatively charged CuO2 sheets, 
giving rise to an expansion of the c-axis [ 19 ]. How- 
ever, the expansion could be (partially) counter- 
acted by oxygen vacancies in the CuO2 sheets to 
maintain charge neutrality. Defect layers in which the 
Sr vacancies are clustered also are expected to ex- 
pand the c-axis: Hiroi et al. [ 21 ] observed a local ex- 
pansion ofinterplanar spacings of ~ 0.8 ]~, surround- 
ing planar defects characterized as a combination of 
two Sr-deficient layers separated by an oxygen-defi- 
cient CUO2_6 sheet. The local expansions could con- 
tribute to a partial extinction of the (002) diffraction 
peak through destructive interference. It is interest- 
ing that both explanations, Sr point defects or Sr-de- 

ficient planar defects, entail a Sr-deficient composi- 
tion of the infinite layer phase. 

4. Oxidation-reduction experiments 

The as-grown films uniformly exhibited semicon- 
ducting behavior of the resistivity p for T< 300 K, 
with room-temperature values ranging between 
~ 0.1-10 f~ cm. Although anomalies in the tempera- 
ture dependence of the resistivity, indicative for the 
onset of superconductivity in part of the film, were 
reported in previous work [30], similar anomalies 
were not observed in the present study for any of the 
films investigated. To examine whether the resistiv- 
ity could be lowered by oxygen exchange, several films 
were annealed in oxygen ambients with p(O2) ~< 1.0 
atm at temperatures between 200°C and 700°C. An 
annealing temperature of 300 ° C emerged from these 
initial studies as a reasonably low processing temper- 
ature for reversible oxygen exchange, producing re- 
versible changes in p with increasing or decreasing 
p(O2). 

Temperature dependences of the resistivity for two 
films (films A and B) after annealing at oxygen pres- 
sures between 1.0 atm and p ( O 2 ) = 3 × 1 0  -5 atm 
("argon") are shown in Figs. 4(a) ,  (b). It is seen 
that, for both films, the resistivity varies significantly 
with the oxygen pressure, both in magnitude and 
temperature dependence. As expected, the resistivity 
curves at high temperatures become flatter with de- 
creasing p ( 300 K); however, a clear onset of super- 
conductivity is not observed even at the lowest resis- 
tivities reached. The most remarkable feature of Fig. 
4, however, is that the lowest resistivities for either 
film were not obtained with the same oxygen treat- 
ment, but rather at opposite ranges ofp  (O2). For t'dm 
B the resistivity decreased with increasing oxygen 
pressure (Fig. 4(b) ), whereas for film A the resistiv- 
ity increased (Fig. 4(a)  ). Thus, for film A the resis- 
tivity reached its lowest values after annealing in 
(undiluted) argon. This different behavior suggests 
the existence of distinct defect structures in either film, 
giving rise to dissimilar charge doping mechanisms. 
In particular, film B appears hole-doped, since addi- 
tion of holes by oxygen absorption increases the con- 
ductivity. On the other hand, film A appears elec- 
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t ron-doped,  since in this case oxygen absorpt ion 
decreases the conductivi ty.  

Support ing evidence for the oxygen related nature  
o f  the anneal ing induced resist ivi ty changes is pro-  
v ided  by the observat ion  of  reversible changes in the 
c-axis lat t ice parameter .  The c-axis var ia t ions  are il- 
lustrated in Figs. 5 ( a ) ,  (b )  for films A and B, respec- 
tively, in the form of  high-resolut ion 0-20 scans of  
the (002)  diffract ion peak. It is seen that  for both  
films, anneal ing shifted the entire (002)  diffract ion 
peak while leaving the shape unchanged. These par- 
allel shifts suggest a homogeneous  var ia t ion  o f  inter- 
p lanar  lat t ice spacings, consistent  with a homogene-  
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Fig. 5. Highiresolution scan of the (002) diffraction peak show- 
ing shift after annealing in different oxygen ambients: (a) film 
A, first anneal in argon, second anneal in oxygen; (b) film B, first 
anneal in oxygen, second anneal in argon. 

ous var ia t ion  of  the oxygen non-stoichiometry.  The 
shift in Fig. 5 (a )  corresponds to an expansion of  the 
c-axis from 3.461/k after annealing in argon, to 3.47 l 
/k after anneal ing in oxygen. An opposi te  sequence of  
anneals  was appl ied  to f i lm B in Fig. 5 (b )  to produce 
a contract ion from c =  3.460/k after annealing in ox- 
ygen to 3.453 /k after annealing in argon, respec- 
tively. Thus, for both films the c-axis after oxidat ion  
is longer than after reduction,  and the changes are re- 
versible. Similar  to the effect of  Sr point  defects, the 
c-axis expansion may be related to an enhanced elec- 
t rostat ic  repulsion between the const i tuent  latt ice 
planes. For  example,  incorpora t ion  of  oxygen be- 
tween the CuO2 sheets could enhance the repulsion 
between the sheets, whereas the filling o f  oxygen va- 
cancies in the CuO2 sheets would enhance the elec- 
trostatic repulsion between the intermediate  Sr layers. 

The reversibil i ty of  the anneal ing induced changes 
is further illustrated in Figs. 6 ( a ) -  (d ) ,  where we have 
plot ted the value of  the room-tempera ture  resist ivity 
p (300  K)  as a function o f p ( O 2 )  for films A and B 
and two other  Sq_xCuO2_~ films, both  upon in- 
creasing and decreasing oxygen par t ia l  pressure. Al- 
though a small hysteresis was observed for most films, 
the annealing induced var ia t ions in p (300  K)  were 
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essentially reversible in the oxygen pressure. We con- 
clude that the 300 °C anneals resulted primarily in re- 
versible oxygen exchange, and therefore provide use- 
ful information regarding the effect of hole addition 
or removal on the pre-existing charge distribution. 
Since the pre-existing charge distributions in the in- 
finite layer compound depend on the distribution of 
lattice defects, the oxygen induced variations in car- 
rier density indirectly probe this defect structure. 

The oxygen induced variations in p(300 K) with 
p(O2) for most films were monotonic with gradient 
Y=d ( logp) /d  (logp) either positive or negative, 
both upon oxygen absorption and desorption. Differ- 
ent gradients Ywere observed for films of either kind, 
hole-doped or electron-doped (e.g. Fig. 6 (c)) .  For a 
few films, however, the resistivity passed through a 
maximum as a function of p(O2), as illustrated in 
panel 6d. It is possible that for these latter films other 

structural changes also affect the resistivity. Alterna- 
tively, the peaked resistivity behavior could be the 
result of two opposing effects related to oxygen ex- 
change, becoming apparent at different oxygen 
occupancies. 

An overview of the different gradients Y for the se- 
ries of films introduced in Fig. 3 is presented in Fig. 
7. Here, Y is plotted against the room-temperature 
resistivity p ( 300 K), either after reduction in 0.0001 
atm of oxygen (Fig. 7(a) ), or after oxidation in 1.0 
atm of oxygen (Fig. 7 (b)) .  Note that in each of these 
panels the hole-doped films are located in the bottom 
part of the figure ( Y< 0) and the electron-doped t'dms 
( Y> 0) in the upper part. The films showing peaked 
behavior have been denoted by Y= 0. 

A clear correlation is observed in Fig. 7 (a), with 
the hole-doped films generally exhibiting higher re- 
sistivities after reduction than the electron-doped 
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films. The si tuat ion is reversed in Fig. 7 (b ) ,  after ox- 
idat ion,  although in this case it is remarkable  that  
nearly all resist ivit ies fall wi thin the narrow band  
~ 0.1-0.6 f~ cm. Consider ing the much larger resis- 
t ivi ty range after reduct ion,  this coalescence after ox- 
idat ion is probably  coincidental .  As indica ted  by the 
different  symbols,  the different  doping characteris-  
tics apparent ly  correlate with the (001 ) / (002)  in- 
tensity ratio.  In part icular ,  the closed circles in Fig. 7 
indicate  films for which X~< 0.2. I t  follows that  nearly 
all hole-doped fi lms belong to this category. Con- 
versely, not all f i lms with X~<0.2 were hole-doped:  
For  several f i lms with small  X the resist ivity was 
nearly independent  of  the oxygen pressure ( Y~ 0).  

The d is t inc t ion  between these two fi lm types cor- 
relates with a difference in the depos i t ion  history: In- 
variably the hole-doped films with X~< 0.2 were grown 

with S r -CuO deposi t ion  sequences which may be 
character ized as "non-per iod ic , "  whereas "pe r iod ic"  
deposi t ion  sequences were used for the films with 
Y~0.  Hole-doped behavior  also was observed for 
films with X >  0.6. On the other hand, nearly all fi lms 
exhibi t ing 0.2 < X <  0.6 (open circles) appeared  elec- 
t ron-doped with Y~ 0.1-0.2. A large majori ty  of  these 
e lec t ron-doped films were grown with "pe r iod ic"  S r -  
CuO deposi t ion  schemes. The systematic dis t inct ion 
with respect to doping characteristics,  X-ray diffrac- 
t ion peak intensity ratio, and deposi t ion history sug- 
gests a systematic correlat ion with different defect 
structures, which we shall discuss in the following 
section. 

5. Charge doping model and correlations with layer- 
by-layer growth process 

The gradients  Y have been plot ted against the 
( 0 0 1 ) / ( 0 0 2 )  intensity ratios X in Fig. 8, together 
with a plausible model  for the defect structures in- 
volved. In this model  we have made  the simplifying 
assumption that the observed doping phenomena can 
be described with essentially two defect types, namely 
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Fig. 8. Correlation between the gradient of resistivity change 
Y~- d log [p ( 300 K) ]/d log [p (O2) ] and the (001 ) / (002) X-ray 
diffraction intensity ratio X for infinite layer Sq _xCuO2_a films 
grown with periodic and non-periodic layering schemes. Closed 
circles: hole-doped films (Y~<-0.05). Open circles: electron- 
doped films (Y~>0.05) and films exhibiting weak variation of 
the resistivity with p (O2) ( J YI < 0.05 ). Diamond: co-deposited 
S r o . g f u O  2 _  ~ film. Areas indicate films with assumed correspond- 
ing defect structures. 
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point defects leaving the basic four-fold Cu-O coor- 
dination intact, and planar type intergrowths con- 
taining oxygen atoms with apical Cu-O coordination 
towards adjacent CuO2 sheets. Furthermore, in ac- 
cordance with structure relations for the known su- 
perconducting cuprates, we assume that four-fold co- 
ordinated CuO2 sheets can be doped with electrons 
and that at least a five-fold Cu-O coordination is re- 
quired for hole doping. Thus we infer that the hole- 
doped, "non-periodic" films contain planar defect 
layers (most likely SrOl_x), and that the wide range 
of diffraction intensity ratios observed for the elec- 
tron-doped, "periodic" films results primarily from 
Sr point defects. With this simple model all the trends 
presented in the previous section can be rationalized. 

The doping characteristics for the "periodic" films 
can be explained as follows: At low Sr defect densities 
(X< 0.2), limited oxygen vacancies are available for 
oxygen exchange, and the induced carrier density 
(resistivity) does not depend strongly on the oxygen 
pressure ( Y~ 0). At greater defect densities (X> 0.2 ) 
more oxygen vacancies are induced in the CuO2 
planes (to preserve local charge neutrality), giving 
rise to a stronger dependence of the resistivity on 
p(O2) and to electron doping. Takano et al. [ 17,31 ] 
argued that, in Sr~_xCuO2_~ and other (AE)CuO2 
compounds with large average AE ion radius, large 
interfacial stresses may be present as a result of (AE)-  
O and Cu-O bond length mismatch. Being tensile for 
the CuO2 sheets and compressive for the oxygen de- 
pleted AE layers, these interplanar stresses are con- 
sidered the main cause for metastability of the infi- 
nite layer structure. The stresses may be relaxed by 
the injection of electrons into the CuO2 sheets [ 3 ], 
or the introduction of Sr vacancies to reduce the av- 
erage ion size. It appears therefore that the observed 
tendencies towards electron doping and Sr deficiency 
in the same films represent natural tendencies of the 
infinite layer Srl_xCuO2_6 structure, both originat- 
ing from the same structural mismatch. 

The Sr vacancies, however, counteract the electron 
doping of the CuO2 sheets, which may ultimately be 
responsible for the absence of superconductivity in 
these Sr~ _xCuO2_6 thin films. The introduction of Sr 
vacancies provides a relief mechanism for the tensile 
stress on the CuO2 sheets, which would tend to re- 
duce the number of injected electrons. Moreover, the 
positive charge associated with each Sr point defect 

may reduce the mobile carrier density. Unlike the rare 
earth-doped bulk materials [ 14-16 ], which appar- 
ently contain a stoichiometric (Sr + RE) : Cu ratio 
[32], the net sheet electron density in the 
Sr~_xCuO2_6 films may be insufficient to induce su- 
perconductivity. Oxygen vacancies incorporated in 
the CuO2 sheets to neutralize the positive charge of 
the Sr vacancies may further reduce the volume frac- 
tion of material capable of becoming superconduct- 
ing. Possibly, the energy barrier for Sr point defect 
formation during layer-by-layer film growth is lower 
than that during high-pressure sintering. A variable 
Sr:Cu composition then may have resulted in the 
present work for the "periodic" films because of sub- 
tle differences in the Sr:Cu composition of atoms 
migrating on the film surface. 

Preliminary results from Hall measurements on one 
of the "periodic" films assumed to contain Sr vacan- 
cies confirm the negative carrier density. The nega- 
tive Hall carrier density increases with decreasing ox- 
ygen content (pressure), consistent with the positive 
sign of F. In addition to the tensile stress on the CuO2 
planes, therefore, oxygen vacancies also may contrib- 
ute to the negative sign of the majority charge car- 
riers. In the case of Sr~_xCuO2_a films on SrTiO3 
substrates, the tendencies towards Sr deficiency and 
electron doping may be further influenced by the 
slightly undersized substrate lattice parameter. A 
negative Hall carrier density also was measured for 
several of the co-deposited Sr~_xCuO2_a films re- 
cently reported by Norton et at. [25 ]. 

The sudden changeover from electron doping to 
hole doping for the "periodic" films with X> 0.7 sug- 
gests a drastic change in the defect structure. Possibly 
the Sr vacancies cluster into defect layers as de- 
scribed by Hiroi et al. [ 18 ]. Although the mechanism 
by which the hole doping emanates from the pro- 
posed Sr~_4-CuO2_a--Srt_a "charge reservoir" lay- 
ers has not been clarified, one may speculate that the 
oxygen substructure has rearranged such that apical 
oxygen atoms are present in the Sr~_a layers adjacent 
to unperturbed CuO2 sheets. An estimate of the Sr 
deficiency for the films with X> 0.7, without taking 
into account possible phase shifts from planar de- 
fects, yields x,w, 0.3-0.35, i.e. close to the stability limit 
for Sr~ _xCuO2_6 films [25 ]. 

In the case of the "non-periodic" films we consider 
SrOl-x intergrowth layers the most likely cause for 
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the observed hole-doping characteristics.  As noted in 
section 2, extra deposi t ions  o f  CuO during the layer- 
by-layer growth rapidly lead to the format ion  of  
phase-segregated, copper-r ich islands on the film sur- 
face, which apparent ly  do not  react with subse- 
quently deposi ted  Sr a toms to form S q _  xCuO2_ ~. By 
contrast,  extra Sr deposi t ion,  while not complete ly  
wett ing the underlying surface, "neutra l izes"  with 
subsequent  CuO supply to produce again a flat sur- 
face and, apparent ly ,  cont inued growth of  the infi- 
ni te layer structure. A reduced Sr de f c i ency  for the 
"non-per iod ic"  films also is indica ted  by the rela- 
t ively small  ( 0 0 1 ) / ( 0 0 2 )  intensi ty rat ios X<0 .2 .  
Therefore,  we assume that  the defect structure for 
films with extra S r ( O )  deposi t ions  is related to the 
superconduct ing "02 ( n -  1 ) n" phases recently pro- 
posed by Adachi  et al. [ 22 ], conta ining double  layers 
of  SrO~_~ between blocks of  the infini te  layer phase 
with varying numbers  n of  CuO2 sheets. Relat ively 
little effect on the (001 ) / (002)  intensi ty rat ios is ex- 
pected from this defect structure because the extra 
interplanar spacing associated with the double SrOL _x 
layers corresponds to ~6 .8  /k, i.e. approximate ly  
twice the infini te layer c-axis length. 

A deta i led examinat ion  of  the relat ion between de- 
posi t ion history and defect fo rmat ion  is faci l i ta ted by 
Table 1, which summarizes  the proper t ies  of  selected 

fi lms together with a br ief  descr ipt ion of  the em- 
ployed deposi t ion schemes. In addi t ion to films A and 
B featured earlier in this paper,  three other  layer-by- 
layer deposi ted  films are listed, as well as a co-depos- 
i ted Sr-deficient f i lm (fi lm F) .  Compar i son  with co- 
deposi t ion  growth techniques is interest ing because 
in the lat ter  case format ion  of  the epi taxial  structure 
is control led entirely by spontaneous ordering pro- 
cesses at the film surface. Thus, fi lm F was grown by 
laser abla t ion from a composi te  Sro.gCuO 2_6 target in 
the laser-MBE chamber,  using the same deposi t ion  
condi t ions  as for the layer-by-layer films. The ob- 
served intensity ratio X ~  0.14 for this fi lm agrees well 
with the calculated ratio for a 10% Sr-deficient lattice 
[25 ], suggesting that  the film composi t ion  is nearly 
the same as that  of  the target. Consistent  with the cor- 
relat ion of  Fig. 8 for "pe r iod ic"  films, fi lm F exhib- 
i ted moderate  electron-doped behavior  with Y~ 0.09. 

Compar i son  between films C, D, and E illustrates 
the effects of  deviat ions in the overlayer coverage and 
insert ion o f  extra SrOl_.~ defect layers. The extent of  
the overlayer  coverage during each deposi t ion cycle 
may be inferred from columns 3 and 4 indicating, re- 
spectively, the number  of  S r -CuO deposi t ion  cycles 
supplied,  and the number  of  Sq_xCuO2_6 unit-cell 
layers formed. The number  of  Sq _ xCuO2_ 6 unit-cell 
layers was der ived from the finite size interference 

Table 1 
Growth parameters and measured properties for selected infinite layer Sq _xCuO2_a films on (100) SrTiO3 substrates. Indicated are, 
respectively, a global description of the layer-by-layer deposition scheme, the number of Sr-CuO deposition cycles, the number of 
Srt _xCuO2_6 unit cell layers as inferred from X-ray diffraction, the ( 001 ) / (002) X-ray diffraction intensity ratio, the room-temperature 
resistivity p (300 K) after oxidation in 1.0 atm of oxygen and after reduction in 0.0001 atm oxygen, the gradient of the resistivity change 
after annealing at 300°C, and the c-axis lattice parameter after oxidation, reduction, or "as-grown" after cooling in 10 -5 mbar NO2 
(indicated by brackets). Film F was grown by laser ablation from a composite Sr0.9CuO2_ ~ target. The asterisk at the (001 )/(002 ) 
intensity ratio for film B indicates that the (001) peak for this film was split (see text) 

Sample General Number of cycles Thickness (001) p(300 K) (m~ cm) d(logp) c(~) 
description (layers) (002) d[logp(O2) ] 

oxidized reduced oxidized reduced 

A periodic 41 36 0.29 1990 35 +0.38 3.471 3.461 
B non-periodic 22+ 1 SrO 21 0.09 * 20 2500 -0.52 3.460 3.453 

+ 1 CuO 
C periodic 43 23 0.30 311 86 +0.16 (3.465) 

(<ML) 
D periodic 25 29 0.16 294 5400 -0.29 43.454) 

(>ML) 
E non-periodic 52+5 SrO 29 0.16 134 t835 -0.30 (3.458~ 
F co-deposition - 30 0.14 120 60 + 0.09 ( 3.446 ) 

[Sro.9CuO2_a] 
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peaks in the 0-20 X-ray diffraction pattern (see e.g. 
Fig. 5 for films A and B) taking into account the c- 
axis length [ 26 ]. Accordingly, Table 1 shows that the 
periodic overlayer coverage was less than 1 mono- 
layer (ML) for films C and E, larger than 1 ML for 
film D, and approximately equal to 1 ML for films A, 
B. It is of interest to note that, although systematic 
variations in the overall RHEED pattern are ob- 
served regardless of the overlayer coverage, there is a 
clear distinction with respect to the quality of the in- 
tensity oscillations of the specularly reflected elec- 
tron beam. While nearly undamped for overlayer 
coverages less than 1 ML (under optimized condi- 
tions), the oscillation amplitude decays rapidly for 
overlayer coverages larger than 1 ML. Practically this 
means that control of the growth process by monitor- 
ing of the induced variations in the RHEED pattern 
is more readily achieved for periodic sub-monolayer 
depositions than for overlayer depositions >t 1 ML. 

In the case of film C, the use of sub-monolayer de- 
positions was deliberately exaggerated (giving rise to 
slowly damped RHEED oscillations) and the film 
became electron-doped with Y~ 0.16, apparently ac- 
companied by a sizable Sr deficiency (x~  0.25 from 
X~ 0.30). Film C may be regarded as typical for the 
electron-doped "periodic" films of Fig. 8, except that 
for most of those films the overlayer coverage was 
chosen closer to 1 ML. On the other hand, film D, 
grown with Sr and CuO overlayer depositions pe- 
riodically larger than 1 ML, became hole-doped with 
Y,~ -0 .29.  The contrast between films C and D sug- 
gests that the defect structure depends on the sup- 
plied overlayer coverage, apparently superimposed on 
the spontaneous tendency for formation of a Sr-defi- 
cient infinite layer structure. Assuming that growth 
of the infinite layer structure proceeds cell-by-cell (to 
preserve charge neutrality), the difference between 
films C and D can be explained in terms of a reduced 
mixing of constituents at the growth front (s) in case 
of the larger than monolayer depositions. On the other 
hand, sub-monolayer Sr and CuO depositions may 
promote surface diffusion conditions similar to those 
achieved during co-deposition, suggesting that the 
defect structure and physical properties of such films 
also should be similar. The similarities between the 
co-deposited film F and the trend for the "periodic 
submonolayer" films seems to confirm this 
speculation. 

The effect of extra Sr depositions is illustrated by 
film E, grown in essentially the same "sub-mono- 
layer" fashion as film C, except for the insertion of 
five extra SrO monolayers at non-uniform intervals 
in the stacking sequence. As indicated in Table I, the 
extra Sr depositions rendered the film hole-doped 
with Y~ - 0.30, apparently overcompensating elec- 
tron-doping contributions from the intermediate, and 
presumably Sr-deficient, infinite layer blocks. It seems 
likely that the microstructures of the f lms  exhibiting 
a peaked resistivity dependence on p(O2) resemble 
that of film E, except for different distributions of the 
hole-doped and electron-doped areas in the film. On 
the other hand, the larger-than-average oxygen in- 
duced resistivity variations for films A and B indi- 
cate reduced compensating effects on the carrier den- 
sity, sUggesting that the electrical properties of these 
films are more closely dominated by only one defect 
type. As indicated in Table 1 the structural difference 
between these two films presumably resulted from the 
deposition of a single extra Sr (O) and a single extra 
CuOx overlayer in the case of film B. The extra de- 
positions produced a splitting of the (001) diffrac- 
tion peak (peak positions at 20~ 24.7 ° and 26.0 ° ), 
indicating the existence of a superstructure along the 
surface normal [ 13 ]. Together with the effect of ov- 
erlayer coverage, the widely different doping behav- 
ior for films A and B provides strong evidence for the 
different "infinite layer" microstructures which may 
result from adjustment of the layer-by-layer deposi- 
tion scheme. Further research focusing on a compar- 
ison between co-deposition and layer-by-layer depo- 
sition schemes for Srl _xCuO2_~ films is currently in 
progress to further delineate spontaneous and artifi- 
cially imposed growth events. 

6. Conclusions 

The ability to engineer the defect structure of su- 
perconducting cuprate films via a layer controlled 
deposition process has been demonstrated for infi- 
nite layer Sr, _xCuO2_6 thin films on (100) SrTiO3 
substrates. Using independently controlled sources for 
the alternate deposition of St(O) and CuOx mono- 
layers and in situ RHEED to monitor the epitaxial 
overgrowth, it was confirmed that distinct defect 
structures may be introduced into the infinite layer 
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cuprate structure by adjustment of the Sr-CuO de- 
position scheme. Films grown with different deposi- 
tion schemes exhibited distinct doping mechanisms, 
as inferred from the electrical response to low-tem- 
perature oxygen exchange. Thus, the present study 
provides a baseline for future research, with identifi- 
cation of conditions leading to nearly stoichiometric 
SrCuO2 films and conditions leading to the injection 
of electrons or holes into the Srj _xCuO2_~ structure. 

An interesting observation is the apparently natu- 
ral tendency towards electron doping and Sr defi- 
ciency in the infinite layer Srl_xCuO2 a films, even 
without rare earth substitution. The electron-doping 
characteristics are observed most clearly for films 
grown with periodic Sr-CuO deposition sequences 
and also for co-deposited Srl_xCuO2_~ films. Addi- 
tionally, interesting phenomena were observed in the 
RHEED patterns which indicate that growth of the 
infinite layer cuprate structure under the employed 
deposition conditions may proceed cell-by-cell rather 
than strictly atomic layer-by-layer. A cell-by-cell 
growth mode also would be expected based on the 
charged nature of the CuO2 and oxygen depleted AE 
lattice planes, neither of which is expected to be sta- 
ble as lattice terminations in contact with an oxidiz- 
ing gas ambient. It is plausible that the spontaneous 
Sr point defect incorporation is related to this cell- 
by-cell growth mode. In this scenario, statistical and 
kinetic effects at the crystalline growth front (s) may 
control the Sr defect incorporation. 

With respect to the onset of superconductivity the 
present study suggests that hole doping via the inter- 
growth of SrO~_x double layers forms a promising 
structural modification to introduce the necessary 
charge carriers into the infinite layer structure. Films 
containing extra Sr(O) depositions nearly always be- 
came hole-doped, despite the fact that the extra 
SrOj_ ~ overlayers did not optimally wet the under- 
lying structure. It is likely that improvements in the 
formation of contiguous SrOi -x defect layers may be 
realized by optimization of the growth conditions. 
Accordingly, it would be interesting to confirm the 
recent conclusions ofAdachi et al. [22 ] and Hiroi et 
al. [23 ] with respect to the relation between super- 
conductivity and the presence of SrOl _~ double lay- 
ers in the infinite layer structure for films. 

Finally, the present work indicates that the (defec- 
tive) infinite layer Sr~ _xCuO2_~ films exhibit a read- 

ily accessible processing range for reversible oxygen 
exchange. The possibility to study the properties of 
the infinite layer material at distinct oxygen contenls 
may prove of great interest for further evaluation of 
the origin of its superconducting properties. 

Appendix. Search for superconduetiviD" 

As indicated in Fig. 7 and Table 1, films A and B 
exhibited the strongest variations of the resistivit~ 
with oxygen pressure, the former being electron- 
doped, the latter hole-doped. The large gradients }' 
suggest that further lowering of the resistivity, per- 
haps leading to the onset of superconductivity, ma3 
be achieved for these films by further processing un- 
der the appropriate conditions. Accordingly, film A 
was repeatedly re-annealed in a vacuum chamber 
(base pressure ~ 10 6 mbar) with heater tempera- 
tures eventually reaching 550°C (lower tempera~ 
tures were used initially). However, the resistivit~ 
decreased by only a few percent and no significant 
changes were observed in the temperature depen- 
dence ofp. Other electron-doped films with smaller 
gradients Y produced similar results, suggesting thal 
either the surface temperature in vacuum remained 
too low or a saturation of the oxygen non- 
stoichiometry. 

On the other hand, film B after annealing at a high 
oxygen pressure of ~ 160 atm (300°C, 1 h), exhib- 
ited a modest resistivity decrease and a faint anom- 
aly in the temperature dependence of the four-probe 
resistance at 80-100 K (Fig. 9 ). The anomaly repro- 
duced after remounting of the film the next day. Ef  
fects from uncompensated thermal voltages may be 
considered negligible at the relatively high measuring 
currents employed ( 1 pA ~ 30 A/cm 2), which is also 
borne out by the fact that no anomaly was observed 
for any of the other films exhibiting comparably low 
resistance values and slopes dR/dT over the same 
temperature interval. We therefore assume that the 
resistive anomaly of Fig. 9 represents a true sample 
phenomenon. We note that for film B only two extra 
defect layers were deposited; if only one or two defect 
layers were present in the film, the possibility exists 
that all of the electrical current was confined to onb  
a few contributing CuQ, sheets. 

The hysteresis with respect to trapped magnetic flux 
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Fig. 9. Four-probe resistivity vs. temperature for film B after an- 
nealing at 300°C and the indicated oxygen pressures. The curve 
after annealing at p(O2)= 160 atm exhibits a weak anomaly at 
80-100 K. 

was measured for film B using a Quantum Design 
MPMS-7 superconducting-quantum-interference- 
device (SQUID)-based  magnetometer. The mea- 
surements were performed using an applied mag- 
netic field of  200 Oe in a direction 20 ° from the sur- 
face normal (c-axis). Following the usual procedures, 
the film was first cooled to 5 K in the absence of  a 
magnetic field. Then the field was turned on and the 
sample was heated to 200-250 K (ZFC-curve),  after 
which the film was cooled again, this time in the pres- 
ence of  a magnetic field (FC-curve).  The scan length 
in the SQUID magnetometer  was set at 4 cm. 

The results are shown in Fig. 10 for film B after 
high-pressure annealing (top curve),  together with 
repeated measurements after further processing. Al- 
though fully oxygenated SrTiO3 is diamagnetic [ 33 ], 
a clear paramagnetic moment  is observed for the 
film-substrate combination. Additional experiments 
indicate that this paramagnetic moment  does not  scale 

with the film thickness, but rather varies from sam- 
ple to sample and depends on the previous process- 
ing. A small but distinct hysteresis is observed in the 
temperature dependence of  this paramagnetic signal, 
dependent on the field history. Both the kink at ~ 120 
K (top curve) and the sign o f  the magnetic hysteresis 
are suggestive for the onset o f  superconductivity. 
However, as indicated by the other two curves o f  Fig. 
10, the hysteresis persisted after a 300°C anneal in 
argon (giving rise to a 100-fold increase o f  the resis- 
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Fig. 10. Magnetic moment of film B on (100) SrTiO3 substrate 
versus temperature in a magnetic field of 200 Oe applied in a 
direction 20 ° from the surface normal. The curves were obtained 
after annealing at 300 °C at the indicated oxygen pressures and 
after amorphization by ion irradiation (bottom curve), respec- 
tively. Arrows indicate the sense of temperature variation, in- 
creasing for the zero-field-cooled curve and decreasing for the 
field-cooled curve. 

tivity) and complete amorphization of  the 
Srl_xCuO2_ 6 film by ion irradiation (400 keY oxy- 
gen ions, dose 3 X 1015 cm-2) .  Also, the magnitude 
of  the paramagnetic background changed as a result 
of  the reduction anneal. 

The hysteresis remaining after amorphization ef- 
fectively rules out a correlation with superconductiv- 
ity for any of  the magnetization curves of  Fig. 10. 
Consequently, the information provided by the mag- 
netization data with respect to the resistive anomaly 
o f  Fig. 9 is inconclusive. Although a significantly 
smaller hysteresis was observed for a fresh SrTiO3 
substrate (that was diamagnetic),  it nevertheless 
seems likely that the hysteresis observed in Fig. 10 is 
related to the known ~ 100-K structural phase tran- 
sition of  the substrate. Observation supporting this 
view is the existence of  a correlation between the 
magnitude of  the ZFC-FC hysteresis and the magni- 
tude of  the paramagnetic background signal, as ob- 
served for different film-substrate combinations. 
Possibly, the paramagnetic background signal results 
from a variable oxygen deficiency of  the substrate 
[33],  however, little if anything has been published 
in recent years concerning a magnetic hysteresis for 
SrTiO3. We conclude that for sample geometries and 
masses similar to those employed here, a practical 
underlimit of  ~ 10-5 emu should be observed to in- 
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fer the existence of  superconductivity from hysteretic 
magnetization measurements for cuprate films on 
SrTiO3. 

Finally we note that several other (hole-doped) 
films decomposed as a result of  the high-pressure an- 
neal. Further research is desirable to establish the 
(kinetic) phase stability limits of  the Sr~_~CuO2_,~ 
infinite layer compound series under different tem- 
perature-oxygen pressure conditions. 
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