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Molecular beam epitaxy and microstructural study of La 22xSr 11xCu 2O 61y thin films
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Thin films of La2SrCu2O61y with varying Sr/La ratios have been grown by molecular beam epitaxy on
~001! SrTiO3; their structural as well as their transport properties are reported. Under appropriate conditions,
thin films with a metal-like resistivity down to 8 K are obtained; i.e., these films are closer to the onset of
superconductivity than previous results indicate for bulk samples. This observation might be explained by a
thin-film-specific alteration in site occupation of the La and Sr atoms in the lattice. In addition, the defect
structures of a typical sample have been studied by transmission electron microscopy and the thin-film/

substrate interface structure is determined. Out-of-phase boundaries with displacement vectorsR5@0015# occur
throughout the entire film thickness. Such interfaces, which possibly originate at substrate surface steps,
disconnect the CuO2 layers and negatively influence eventual superconductivity. The films contain copper
oxide outgrowths and nano-sizeda-axis grains at the surface. Locally a 2A2ap32A2ap modulation is ob-
served; we have determined its unit cell and compared it with other so-called 2A2ap32A2ap structures
occurring in other superconducting compounds such as YBa2Cu3O72d and Bi1.8Pb0.4Sr2Ca2Cu3O101x .
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I. INTRODUCTION

The material La2SrCu2O61y can be classified as belong
ing to the generic class 0212 and is then52 member of the
Ruddlesden-Popper-type seriesAn11B nO3n11 of which the
well-known La22xSrxCuO4 is then51 member. The pure
La2SrCu2O61y compound~containing only Sr! has never
been made superconducting,1–3 although a Ca-doped 021
compound, La1.6Sr0.4CaCu2O61y , has been found to supe
conduct with aTc560 K ~Cavaet al.4!. Subsequently, 0212
compounds with various mixtures of La, Ca, Sr, and Ba
theirA element were rendered superconducting either by
ing high-pressure oxygen annealing or by synthesis ro
involving heating in the presence of KClO3.

The room-temperature basic structure of La2SrCu2O61y

~Refs. 5,6! is body-centered tetragonal with space gro
I4/mmmand lattice constantsap5bp50.386 nm,c.2.0 nm
~Fig. 1!. The unit cell comprises two 0.99-nm-thick un
slabs with the stacking sequence~La,Sr!O-CuO2-~La,Sr!
-CuO2-~La,Sr!O and a shift of12 @110#p between them. The
distribution of La and Sr, however, is not completely stat
tical. The single fluorite-type (F-type! layer ~with low oxy-
gen fraction! between the CuO2 sheets is predominantly oc
cupied by La (.80%!, whereas the distribution of La and S
in the double rocksalt-type~RS-type! layer approaches 60%
and 40%, respectively.7,8

We have grown a series ofc-axis La2SrCu2O61y thin
films on ~001! SrTiO3 ~STO! with varying Sr/La ratios, i.e.,
a deposited stoichiometry which varies approximately fr
La1.8Sr1.2Cu2O61y to La2.17Sr0.83Cu2O61y , and discuss
here the temperature-composition phase diagram releva
the growth conditions, as well as the variation of the str
tural and normal-state transport properties. In additi
560163-1829/97/56~2!/853~9!/$10.00
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we report on transmission electron microscopy~TEM! obser-
vations of the local structure and defects in one of these fi
~of composition La1.8Sr1.2Cu2O61y), and present a loca
2A2ap32A2ap modulation found in some of the
La2SrCu2O61y thin films, discussing the structural modifi
cations which may be at the origin of such a modulation.

II. EXPERIMENT

La2SrCu2O61y thin films were grown by molecula
beam epitaxy~MBE!, and the installation is equipped wit
four effusion cells~one for strontium!, two electron beam

FIG. 1. Structure of the 0212 compound.
853 © 1997 The American Physical Society
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854 56K. VERBIST et al.
evaporators~copper and lanthanum!, two quartz monitors, a
quadrupole mass spectrometer, a rf plasma source,9 and a
reflection high-energy electron-diffraction~RHEED! system.
The base pressure of the~unbaked! system is about 1029

mbar, whereas during growth an oxygen background p
sure of approximately 231026 mbar was applied. A sequen
tial deposition process was used, whereby the molec
beam flux is controlled by the mass spectrometer, which
previously calibrated using quartz monitors.

The films were deposited onto SrTiO3 substrates heate
to between 660 and 720 °C at an evaporation rate of thre
six monolayers per minute using the following depositi
sequence for each unit cell: two monolayers of La, o
monolayer of Sr, and two monolayers of Cu. This is fo
lowed by a 10-s anneal under a continuous flow of atom
oxygen. A more detailed account of this block-by-blo
deposition method can be found in Ref. 10. The typical fi
thicknesses were around 40 nm. During the ‘‘cool-dow
step, the heater power is turned off completely, and coo
takes place for more than 2 h under the same flow of atom
oxygen until the pyrometer reads below 100 °C.

The nominal composition of the thin films is within ap
proximately610% of the values measured with the qua
monitors. A more precise estimate was obtained for t
samples using Rutherford backscattering~RBS!. The surface
of the samples was imaged with an atomic force microsc
~AFM! ~Digital Instruments Nanoscope II!. The probe was a
microfabricated Si tip with a spring constant of 50 N/m. T
image was processed using only a plane fit without low-p
filtering. The structural properties of the as-grown thin film
were analyzed using au-2u Siemens D500 x-ray-diffraction
~XRD! system.

To study the oxidation behavior of the films, electr
chemical experiments were performed at 300 K, at ambi
in a 1-mol KOH-solution-filled cell equipped with three ele
trodes:~i! The reference electrode: Hg/HgO filled with 1 m
KOH @Eth50.098 V/SHE ~standard hydrogen electrode!#.
All potentials quoted in this work refer to this electrode.~ii !
The counterelectrode: a large-area platinum foil.~iii ! The
working electrode: the thin film fully immersed in the ele
trolyte except for the upper part, which is contacted with
electrical circuit via a mechanical clamp. The geometri
surface area (Sg) in contact with the solution is.0.8 cm2.

The transport properties were measured by pressing
indium strips onto the film surface and creating a four-po
contact. TEM observations were made using both plan-v
~PV! and cross-section~CS! samples, which were prepare
from the thin films by polishing with diamond paste or b
polishing on diamond lapping foils with water as the lub
cant, followed by ion milling until perforation. No differenc
was observed between samples prepared with or without
ter as the lubricant. High-resolution electron-microsco
~HREM! and electron-diffraction~ED! investigations were
performed with a JEOL 4000 EX and a Philips CM 20 m
croscope. Image simulations of the HREM results were c
ried out using the Mac Tempas software.

III. RESULTS

A. Phase diagram

Besides the La2SrCu2O61y phase, other ternary oxide
exist in the La-Sr-Cu-O phase diagram, such
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La82xSrxCu8O20 ~808!,11 La2Sr6Cu8O161d ,
12

La6.16Sr1.84Cu7.66O20,
13 and La22xSrxCuO4 ~214!. For our

films, the only other ternary oxide that appeared in the XR
spectra was the 214 phase. As the films are grown at a
stant ‘‘atomic’’ oxygen pressure, the appearance of t
phase is controlled primarily by the composition and the s
strate temperature.

Figure 2 shows a temperature-composition phase
gram, indicating that the phase boundary of the pure
doped ‘‘0212’’ phase shifts with increasing temperature
higher Sr values for a constant atomic oxygen pressure
higher temperatures it becomes increasingly difficult to s
stitute large numbers of Sr atoms by La atoms in the 02
lattice. Consequently theF-type layer between the two
CuO2 sheets disappears as the 214 structure forms.

B. Structural properties

1. X-ray diffraction

The XRD spectra from the thin films reveal ac-axis
growth with very small impurity peaks, mainly CuO an
214. Samples with impurity peaks larger than 0.01% of th
from the 0212c-axis material were considered as mixe
phase samples and excluded from this series.

A typical XRD pattern is shown in Fig. 3. Besides th
substrate peaks, indicated by asterisks, only the~00l ! peaks
of the c-axis 0212 phase are visible. The inset shows
low-angle part of the diffraction pattern with a series of d
fraction peaks due to the finite size of the thin film. Th
observation of ‘‘finite-size oscillations’’ indicates that th
film roughness is no greater than6 1 unit cell.

In Fig. 4, thec-axis lattice parameter has been plott
against the Sr content of our films and of various bu
samples. Depending on the annealing conditions used,
as the magnitude of the O2 pressure, the lattice paramete
can be changed drastically. Here, values are reproduced
bulk samples annealed at 0.2 (m from Ref. 5 ands from
Ref. 15!, 1 (d), and 100 (.) atm O2.

5,14,15As the oxygen

FIG. 2. Temperature-composition phase diagram at cons
oxygen background pressure.
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56 855MOLECULAR BEAM EPITAXY AND MICROSTRUCTURAL . . .
pressure increases, more oxygen is incorporated in the la
and thec-axis lattice parameter increases. Furthermore,
bulk samples, the strontium-content dependence of
c-axis lattice parameter displays a maximum. The position
this maximum gradually shifts towards higher Sr conte
(. 1.1–1.2! as the oxygen pressure increases, while its c
vature decreases. For the thin films, however, the maxim
appears to be broader as well as being shifted to a cons
ably lower Sr content of. 0.8. The origin of these change
in the curves can be caused by one or a combination
several factors: the strontium content of the film, the oxyg
content, residual epitaxial strain, or other microstructu
phenomena, e.g., cation exchange. Let us consider each
sibility in turn.

RBS data were obtained for the specimens of highest
lowest Sr contents showing the Sr content to be within 5%
the values expected; hence the Sr content is not at the o
of the changes in the curves. The shift of the maximum
lower Sr contents might correlate with a lower oxygen co
tent ~as for the bulk data!, although it might be expected tha
the curve would also display a higher curvature and a m
lower value forc at the maximum.

A film of composition La2.17Sr0.83Cu2O61y demonstrated
low-resistivity as-grown~lower than that reported for bulk
material! and ac-axis lattice parameter of 20.02 Å; afte
reduction under vacuum at 200 °C for 2 h, it had beco
insulating and thec-axis lattice parameter had decreased
19.90 Å. ‘‘Oxygen-rich 0212’’ bulk material has been foun
to have a low resistivity, which increases with decreas
oxygen content. The behavior of both thec-axis lattice pa-
rameter and the resistivity indicates that the films do
suffer from a lack of oxygen. Furthermore, for films
YBa2Cu3O7 ~YBCO! and 214, the cooling procedure we u
after film growth ~under atomic oxygen! produces materia
with an oxygen content at least as high as for bulk mate
reacted under comparable oxygen activities.

FIG. 3. X-ray-diffraction pattern of ac-axis 0212 thin film with
a Sr content of 1.0 on an STO substrate. The peaks marke
asterisks are substrate peaks; the remainder are 00l 0212 peaks. The
inset shows a portion of the low-angle diffraction pattern indicat
finite-size oscillations.
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A residual in-plane epitaxial tensile strain has previou
been implicated for 214 on STO as playing a role in t
reduction of thec-axis lattice parameter by about 0.04 Å~for
a unit cell withc 5 13.2 Å!;16,17this in turn produces a sma
vertical displacement and a distortion of thec-axis versus Sr
content curve instead of the large lateral ‘‘shift’’ observed
the 0212 case. A review of the critical role played by vario
types of defects and strain relaxation mechanisms in 214
films can be found in Ref. 18.

Because the Sr content, the oxygen content, and any
sidual epitaxial strain do not adequately explain the diff
ences in the curves, there must be some other microstruc
phenomenon. When the previous curve for the films is co
pared with that for the bulk material annealed at 1 atm O2, it
would appear that the crystal structure functions in a sub
different manner. One possible explanation is that the oc
pancy of the cation lattice sites is altered by the Sr ions
the case of 214, substitution of Sr for La in the rocksalt lay
at constant oxygen content, leads to an increase of
c-axis lattice parameter, which tallies with the larger ion
radius of Sr.19 Thus a reduction of the Sr occupancy of th
rocksalt layer in the 0212 compound and, hence, an incre
in the occupancy in the fluorite-type layers~these sites being
of sufficient size to accommodate the larger cation! might be
expected to reduce thec-axis parameter. This shift of the S
ions to the fluorite sites may be promoted by a lower app
ent oxygen pressure close to the conditions required to
bilize a CuO2 plane configuration. In these circumstances
stable SrO-CuO-SrO stacking sequence could form first
subsequently be transformed to the ‘‘infinite layer’’ S
CuO2-Sr sequence, the oxygen vacancies being in
fluorite-type layer. The same transformation applies for
bulk SrCuO2 phase as pressure increases.20 In this way the
material behaves similarly to the Ca-doped 0212, in wh
the Ca preferentially occupies the fluorite-type layer, pro
ably allowing the material to become superconducting.

2. Atomic force microscopy

The surface topography of the films was studied by me
of an AFM. The image in Fig. 5 displays a scan area of

by
FIG. 4. c-axis lattice parameter of 0212 films as a function of

doping (j) the dashed line is a guide to the eye. Values obtain
from bulk samples are also shown (d, m ., s).
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856 56K. VERBIST et al.
mm 3 1.3 mm with a z scale of 3 nm of the film with the
largest Sr composition studied here~La1.8Sr1.2Cu2O61y).
Below the image a horizontal profile across the film surfa
is shown. Clearly visible in the lower right-hand corner is
typical CuO precipitate with a diameter of.200–400 nm
and a height of.30 nm, as will be shown below using TEM
The remainder of the surface is predominantly two dim
sional ~2D! with large flat terraces, typically 200 nm wide
and steps of typically61 unit cell ~2 nm!.

C. Normal-state properties

So far, it has not been possible to induce superconduc
ity in the pure Sr-doped 0212 compound, although the n
mal transport properties can be influenced significantly
either a change in Sr doping or annealing at different oxy
pressures. Unfortunately, however, little systematic data
the normal-state properties of the pure Sr-doped compo
are available in the literature.2 In Fig. 6, curve~a! shows the
temperature-dependent resistivity for a sample with the c
position La1.8Sr1.2Cu2O61y . The observed semiconductin
behavior is typical for most of these samples. However,
absolute values of the resistivity are lower than those
tained for the comparable bulk samples in the literature;
suggests a higher carrier density in the thin films. Therefo
it seems that the oxygen content of the films must be clos
that of bulk samples, and that the above-mentioned value
the c-axis lattice parameters cannot be explained by a
nificant oxygen deficiency.

A totally different temperature dependence was found
the sample having the composition La1.98Sr1.02Cu2O61y ,
curve ~b! in Fig. 6, namely,a metal-like resistivitydown to
about 8 K; this, to our knowledge, has not previously be
observed in this composition range. This particular film ha

FIG. 5. A 1.3 mm 3 1.3 mm AFM image and a horizonta
profile of ac-axis 0212 thin film.
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cation stoichiometry which in bulk materials would lead t
an insulating behavior and has ac-axis lattice parameter of
20.00 Å, which is close to that of bulk samples. Therefo
we speculate again thatthe metal-like resistivity might be
associated with a lattice site occupation different from th
of the bulk compounds.

In Fig. 7, the room-temperature resistivity of the series
films is shown. The two data points indicated by arrows co
respond to films that have a thickness of 250 Å, whereas
others have a thickness of 400 Å; this difference is less r
evant for the values of the lattice parameters, but thick
films have a slightly lower resistivity. As can be seen, d

FIG. 6. Temperature dependence of the resistivity of a typic
semiconducting@curve ~a!# and a metallic@curve ~b!# c-axis 0212
thin film.

FIG. 7. Room-temperature resistivity of 0212 thin films (j)
and of a few bulk samples (d) as a function of Sr content. The
arrows indicate films with a thickness of 25 nm. The dotted line
a guide to the eye.
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56 857MOLECULAR BEAM EPITAXY AND MICROSTRUCTURAL . . .
spite considerable scatter in the data, there is a trend tow
improved conductivity with an increased Sr content. Besi
the dependence on the Sr content, the value of the resist
also depends critically on the oxygen content. As will
discussed below the actual amount of oxygen incorpora
into the lattice is also determined by the microstructure a
the availability of oxygen diffusion channels. At high S
doping levels, several films have a low room-temperat
resistivity, which is close to the value at which supercond
tivity generally appears in the high-Tc cuprates (.1
mV cm!, suggesting that it might be possible to induce s
perconductivity in some of these films.

A thin-film-specific site occupation in the 0212 compou
has not been reported so far. However, it is not unlikely t
this exists as was demonstrated by the partial substitu
and/or disordering of Ba by Y in YBa2Cu3O7 thin films
prepared under low-pressure conditions.21–24

D. Electrochemical oxidation

A feature which could explain the divergences betwe
bulk and thin-film samples might be related to the mic
structure of the films. In the case of 214 thin films, fau
lying on the$111% ortho planes appear very often.

16 Their ap-
pearance and density depend mainly on the type of subs
but some variation is observed even among identical s
strates. We have recently shown that these defects are e
lent channels for oxidation both under electrochemical o
dation conditions18,25,26 and during standard annealin
procedures. The presence of these defects generally lea
well-oxidized thin films, but the variation in planar fault de
sity from sample to sample can cause significant fluctuatio

As this material can be doped with oxygen by anneal
under different oxygen pressures, we tried to insert oxy
using the electrochemical method developed recently for
films.25–27 To characterize the electrochemical activity of
film, an I (E) cycle is performed; i.e., a voltage is applie
between the sample~working electrode! and the reference
electrode, while the current between the counterelectrode
the working electrode is measured. For a typical 214 t
film grown on STO, the voltammogram of an are
(Sg50.8 cm2) between 0.35 and 0.72 V exhibits three d
ferent regions@Fig. 8, curve ~a!#. At low voltages (CI ,
E,0.4 V!, the current rises linearly, which denotes t
charging of the double layer at the interface between
electrolyte and the electrode. At intermediate voltages (OI ,
0.55<E<0.65 V!, the current saturates corresponding to
diffusion-limited reaction. This diffusion plateau has prev
ously been ascribed25–27 to an oxidation process of the 21
compound at the surface and in the planar faults accordin
the following general reaction:

La2CuO412dOH2
La2CuO41d12de21dH2O. ~1!

At the highest voltages of the curve (OII , E.0.65 V!, the
current increases again and the evolution of oxygen at
specimen surface takes place according to the reaction

4OH2
O212H2O14e2. ~2!

The oxidation~diffusion! plateau observed at.550 mV
is only visible during the firstI (E) measurement — the oxy
rds
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gen diffusion from the surface and the planar faults into
bulk of the film is a slow process — and is proof that t
material can be oxidized in this manner. In contrast, so
214 films grown on a SrLaAlO4 ~SLAO! substrate do not
have these planar faults, theirI (E) curve shows no oxidation
plateau, and they cannot be oxidized to the same exten
films on STO using the electrochemical oxidation metho
However, this is not true for all 214 films on SLAO and
remains currently unknown which mechanism triggers
appearance or absence of these planar faults.

Figure 8 compares the firstI (E) curve of a 214 thin film
~a! with that of a 0212 thin film~b!. No oxidation plateau is
observed for the latter film, suggesting that either this ma
rial cannot be oxidized electrochemically or that the app
priate defects such as planar faults are not present in a
ficiently high density. To our knowledge, such planar fau
have not been reported for the 0212 compounds in the lit
ture. This experiment was repeated for films with different
contents but the same results were obtained. As this c
pound can take up oxygen under a high-oxygen-press
high-temperature annealing treatment, we speculate that
is due to the lack of adequate diffusion channels required
electrochemical oxidation.

E. Microstructure

In the following, we provide a detailed microstructur
analysis of one of these films, that with the highest Sr c
tent in the series, i.e., La1.8Sr1.2Cu2O61y .

1. Stacking sequence

Figure 9 gives a large-area cross section of the 40-n
thick c-axis-oriented 0212 film grown on a~001!SrTiO3
substrate. The epitaxial relationship between film and s
strate as derived from XRD and TEM is the following
@100# 0212 i @100#SrTiO3 , @001# 0212 i @001#SrTiO3 .

The interface is atomically flat and contains no am
phous layer or second phase layer. There are ten pos

FIG. 8. I (E) curves of~a! a c-axis 214 thin film and~b! a 0212
film, both grown on STO.
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interface arrangements considering five inequivalent@001#-
terminating planes in 0212 and two in SrTiO3. Taking into
account the work of Wenet al. 28 and our previous work on
the interface YBCO/STO~Ref. 29! as well as other
references30–32suggesting that the surface layer of SrTiO3 is
the TiO2 layer, the possible interfacial structures are limit
to 5. The substrate/thin-film interface was completely de
mined on the basis of HREM recordings. An example
given in Fig. 10 for a defocus value of227 nm. The image
averaged along the interface over a range of 15 nm is sh
in inset ~a!. For this defocus value and thickness, the cat
columns are imaged as black dots on a lighter backgrou
The prominent, dotted white line in Fig. 10 is associated w
the ~La,Sr! layer with preferential La occupation and O v
cancies~fluorite-type layer!.

FIG. 9. Cross-sectional overview of thec-axis La2SrCu2O61y

thin film on SrTiO3 with an enlarged view in the left-hand-sid
inset. The selected-area electron diffraction pattern in the rig
hand-side inset confirms thec-axis orientation.

FIG. 10. HREM micrograph of the interfacial region at a def
cus value of227 nm with an image averaged along the interfa
direction in inset~a!. Inset ~b!: line scan along the@01̄1# direction
indicated by the white line in the main image. Inset~c!: simulation
(d54 nm, d5227 nm! of the interface model 0212-~La,Sr!-
CuO2-~La,Sr!O-TiO2-SrTiO3.
r-
s

n
n
d.
h

Line intensity scans along the@001# axis or along@01̄1#
allow us to determine the 0212 ending plane. The line s
along @01̄1#, indicated as a white line betweenX andY in
Fig. 10, is shown in inset~b! and indicates the second plan
counting from the~La,Sr! planes, which are marked with a
asterisk, i.e.,~La,Sr!O as the ending plane on the basis of t
difference in spacing between La-La and Sr-Ti. Image sim
lations of the five possible interface stackings were p
formed. The best fit to the image in Fig. 10 is found for
defocus of227 nm and a thickness of 4 nm for the sequen
0212 –~La,Sr! - CuO2 - ~La,Sr!O - TiO2 - SrTiO3, of which
the simulated image is shown as inset~c!.

2. Out-of-phase boundaries

The structure of the film is generally very perfect, b
out-of-phase boundaries roughly perpendicular to the fi
substrate interface do occur regularly. The@100# p high-
resolution micrograph in Fig. 11 shows such defects. In t
example, the defects originate at a step in the SrTiO3 sub-
strate surface and extend throughout the entire film thickn
with a defect plane (hk0). Such planar defects may compris
two types of stacking faults, the respective shifts being hi
lighted either by arrows or arrowheads in Fig. 11. The o
of-phase boundaries or stacking faults, indicated by the
rows, have a displacement vector ofR5@0015]. This
displacement corresponds to the interplanar spacing betw
a ~La,Sr! layer and the nearest~La,Sr!O layer; this is clear
from the shift of the brighter lines in Fig. 11, which corre
spond to the~La,Sr! layer in the stacking sequence.

The stacking faults indicated by the arrowheads in Fig.
have a smaller displacement vector. In this case the displ

t-

FIG. 11. @100#-HREM micrograph showing two types of stack
ing faults extending through the film.
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56 859MOLECULAR BEAM EPITAXY AND MICROSTRUCTURAL . . .
ment along@001# corresponds to a single layer shift from
~La,Sr! layer to a CuO2 layer. This type of out-of-phase
boundary occurs pairwise in a narrow region~4–5 nm!, in-
dicating that the displacement vectorR5@0015] is split into
two componentsR15@uv 1

10] andR25@2u2v 1
10]. Such ex-

tended defects, which originate at substrate surface s
disconnect the CuO2 layers responsible for high-Tc super-
conductivity and thus negatively influence the supercond
ing properties in that region.

Contrary to observations of 214 thin films on STO, the
films do not show planar faults lying on the four$111% ortho-
rhombic planes. As these faults are excellent oxygen di
sion channels,26,33 their absence in 0212 films is a possib
reason for the difficulty of electrochemically oxidizing th
0212 films.

3. Foreign phases and misoriented grains

AFM measurements~Fig. 5! of this film indicated that the
surface of the 0212 films contains surface outgrowths
Cu-O. TEM combined with an energy-dispersive x-r
~EDX! analysis performed on the surface of the samples c
firmed the identity of Cu-rich precipitates at the surface w
a density of 23107 cm22 and an average diameter of 40
nm, in agreement with AFM measurements. The~220!
planes of Cu2O impurities produce a broad weak peak

FIG. 12. @001#-HREM micrograph showing two 0212a-axis
grains, marked by arrowheads. The inset shows a computer dif
togram confirming thea-axis growth.
ps,

t-

e

-

f

n-

t

61.3° ~0.15 nm! in the XRD spectrum~see also Fig. 3!; the
identification of this Cu-rich phase as Cu2O is based on pre-
vious work regarding the origin of Cu-rich precipitates a
the growth of CuO films.34,35

At the surface of the 0212 film very small~3 – 5 nm in
diameter! ‘‘precipitates’’ occur ~as seen in Fig. 12!. The
computer diffractogram, which is shown as an inset in F
12, allows their identification asa-axis domains. Theirc axis
is oriented along â100& axis of the surrounding 0212 struc
ture. These 90° twin related domains do not nucleate fr
the substrate interface asa-axis regions, as is the case fo
YBCO ~e.g., Ref. 36!. They occur at the film surface an
have a maximum thickness of 2 nm. They are purely a s
face phenomenon of which no traces can be found dee
inside the film, possibly as a result of the film nucleati
process. This possible explanation is related to the pa
occupation of the oxygen sites in the fluorite layer. The
sites in La2SrCu2O61y are partially occupied, leaving an
ionic vacancies in the CuO2 planes. This static disorder in
La2SrCu2O61y without correlation at long distances was i
terpreted by Caignaertet al.7 to be an isolated defect with
CuO5 pyramids sharing corners alongc. Such an isolated
defect, in fact an incomplete unit cell in th
a-axis-orientation, could act as the nucleus for ana-axis ori-
ented grain. Indeed, under our deposition conditions, a ph
with a lower Cu1II content — such as the one associat
with CuO5 pyramids sharing corners — could be favored
the onset of nucleation of the phase. Such a nucleation
cess occurs not only at the beginning of the film growth
the substrate, but also during the deposition of the last bl
in every cycle of the block-by-block deposition process. U
der the continuous bombardment of atomic oxygen, t
phase is oxidized and subsequently reverts to thec-axis 0212
phase. Hence, one only expects this phase at the film sur

4. 2A2ap32A2ap modulation

In plan-view sections of the La2SrCu2O61y thin films,
additional reflections appear locally, particularly in th
@001#-zone diffraction pattern@Fig. 13~a!#. In addition to the
strong basic spots at the perovskite positions~encircled!
which belong to La2SrCu2O61y and/or SrTiO3, a mesh of
weak but sharp spots can be observed. These additional s
can be indexed on the basis of a two-dimensio
2A2ap32A2ap superlattice cell. Tilting experiments aroun
different axes, such as@110# p or @100# p , reveal that the
modulated structure has ac* spacing ~henceforth called

c-
re.

e

FIG. 13. ~a! @001#-diffraction pattern of the
film with the 2A2ap32A2ap superstructure. The
basic perovskite reflections~encircled! are due to
La2SrCu2O61y and SrTiO3. The weak but sharp
reflections are due to the superstructu
~b! @11̄2#-diffraction pattern, part of a tilting se-
ries around the@110#p axis. The rows of addi-
tional spots are shifted slightly with respect to th
perovskite spots.
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cs* ! approximately equal to the perovskite spacing, i.e., c
tainly different from the shortc* spacing of the 0212 recip
rocal lattice.

The diffraction pattern of Fig. 13~b! shows the@11̄2#p
zone and reveals a misfit, indicated by arrows, of the su
structure reflections with respect to the perovskite spots
the substrate. From this misfit thecs* parameter of the
(2A2ap32A2ap)-modulated structure was calculated to
approximately 2.5% smaller than that of the SrTiO3 sub-
strate. This is confirmed by XRD~Fig. 14!, where all peaks
can be indexed asc-axis-oriented basic 0212 structures or
SrTiO3 substrates, except for the lines corresponding
d50.376 and 0.188 nm. These reflections can now be in
preted as the 001 and 002 reflections of t
2A2ap32A2ap superstructure. The intensity of these refle
tions and the fact that the 2A2ap32A2ap superstructure is
only observed locally in plan-view sections allow an es
mate of the amount of this phase in the sample, nam
.5%.

A high-resolution micrograph of the
(2A2ap32A2ap)-modulated structure, taken along th
@001#p zone, is presented in Fig. 15. This is a different a
of the sample than the one used for the micrograph in F
12. The modulation with a mesh of 1.1 nm along@110#p and
@11̄0#p directions is observed locally, superimposed on
pattern with a 0.39-nm spacing belonging to the basic lat
mesh indicated by white dots. The HREM image, howev
does not allow conclusions to be drawn regarding the typ
the modulation nor the plane~s! in which the modulation
takes place.

In the literature on superconducting compounds sev
(2A2ap32A2ap)-modulated structures have been report
the first one being in YBa2Cu3O72d ~YBCO!;37,38

later a similar structure was reported
Bi 1.8Pb0.4Sr2Ca2Cu3O101x ~Bi-2212!,39 in high-pressure-
synthesized La4Ca4Cu8O201d ,

40 and La4Ca4Cu8O18,
40 as

FIG. 14. X-ray-diffraction pattern of thec-axis 0212 thin film
with a Sr content of 1.2 on an STO substrate. The peaks marke
an asterisk are substrate peaks. Besides the~00l ! peaks of the 0212
film, two peaks corresponding to the modulated superstructure
indicated.
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well as in La82xSrxCu8O20 (1.28,x,1.92).11

In YBCO and in Bi-2212 the 2A2ap32A2ap superstruc-
ture can be generated inside the electron microscope~in situ!
at temperatures around 500 and 270 °C, respectively.
origin of this structure is still under debate, but careful TE
experiments allow the tetragonal superstructure to be at
uted to a displacive modulation in the CuO2 layers with a
weak correlation between successive CuO2 layers. However,
in both YBCO and Bi-2212, thec axis of the modulated
structure equals thec axis of the unmodulated YBCO o
Bi-2212 structure.

In some La-based compounds the 2A2ap32A2ap modu-
lation of the basic perovskite structure appears as the ro
temperature phase. The CuO2 layers contain O vacancie
and shifted Cu atoms. For instance the oxygen-defic
La82xSrxCu8O20 phase@i.e., ~La12xSrx)CuO2.5# has a te-
tragonal structure with lattice parametersa51.082 nm,
c50.386 nm, and space groupP4/mbm;11 the stacking se-
quence in a unit slab is~La/Sr!O-CuO1.5. The spacing be-
tween two CuO1.5 planes in this structure is slightly large
~0.386 nm! than the spacing between the CuO2 planes of the
0212 structure~0.366 nm!.7 Nevertheless, the modulation i
the 808 modulated structure is closely related to that in
YBCO structure because the displacement pattern for the
atoms is similar in both structures.

One can only speculate about the formation mechanism
the exact structure of the local 2A2ap32A2ap modulation
in the 0212 structure. The~La12xSrx)CuO2.5 structure is an
oxygen-deficient layered perovskite structure which lac
one ~La12xSrx)O layer in the rocksalt-type lamella com
pared with the basic 0212 structure. In such a faulted str
ture a fraction of oxygen atoms would be displaced from
CuO22x planes towards the sandwiched La/Sr plane, res
ing in a -CuO1.5-~La/Sr!O-CuO1.5- lamella which, when the
accommodating displacements of the Cu and the remain
O atoms take place, becomes identical to the 808 struct
and thus can be responsible for the modulation. Hence
this modulation to appear, it seems important to replace
La/Sr fluorite-type layer by a La/Sr-O layer. It is known th
a small fraction of excess oxygen is present at this site in
Sr-doped 0212 compound, contrary to the Ca-doped 0
compound, owing to the preferential ninefold oxyge
coordination of Sr compared to the eightfold oxyg
coordination for Ca. This O transfer was reported for t

by

re

FIG. 15. @001#-HREM micrograph of an area of the thin film
showing only the superlattices due to the 2A2ap32A2ap modula-
tion. The perovskite mesh is indicated byp.
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La2SrCu2O61y structure in contrast to the La2CaCu2O61y
structure, as derived from neutron diffraction studies.7,8 In
addition, the very shortc-axis lattice parameter reporte
above for these films suggests a much higher Sr occupa
of the fluorite-type layer than what is found in bulk com
pounds, which would strongly favor the appearance of
2A2ap32A2ap modulation.

IV. CONCLUSION

Thin films of La26xSr17xCu2O66y were grown by MBE
and characterized with emphasis on the normal transport
the structural~microstructural! properties. These propertie
are very different from those of bulk compounds with a sim
lar composition, but they may be explained by a thin-fil
u

,

s

d

r

on

e

nd

-
-

specific site occupation of the La and Sr atoms in the lattic
Hence, these results demonstrate an interesting feature
MBE thin-film growth, i.e., thepossibility to obtain a differ-
ent ionic site occupation of the various lattice sites from th
of bulk materials.
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