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Molecular beam epitaxy and microstructural study of La,_,Sr;,,Cu,0 ¢, thin films
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Thin films of La,SrCu,0¢., with varying Sr/La ratios have been grown by molecular beam epitaxy on
(00D SrTiOg; their structural as well as their transport properties are reported. Under appropriate conditions,
thin films with a metal-like resistivity downot8 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 displacemenﬁﬁemﬁé] occur
throughout the entire film thickness. Such interfaces, which possibly originate at substrate surface steps,
disconnect the Cu@layers and negatively influence eventual superconductivity. The films contain copper
oxide outgrowths and nano-sizedaxis grains at the surface. Locally a/iapx 2\/§ap modulation is ob-
served; we have determined its unit cell and compared it with other so-ca{@ipxzﬁap structures
occurring in other superconducting compounds such as,€BgO; 4 and Bi; gPbg ,Sr,Ca,Cuz04q. -
[S0163-18207)01426-4

[. INTRODUCTION we report on transmission electron microsc¢piM) obser-
vations of the local structure and defects in one of these films

The material LaSrCu,Og.., can be classified as belong- (of composition Lg gSr; ,Cu,06.,), and present a local
ing to the generic class 0212 and is the 2 member of the  212a,X2y2a, modulation found in some of the
Ruddlesden-Popper-type serigs, ;B 03,1 Of which the  La,;SrCu,04. thin films, discussing the structural modifi-
well-known La,_,Sr,Cu0O, is then=1 member. The pure cations which may be at the origin of such a modulation.
La,SrCu,0¢,y compound(containing only Sy has never
been made superconductihg, although a Ca-doped 0212 Il. EXPERIMENT

compound, L8 ¢5ro ££aC,0¢.y, has been found to super- La,SrCu,0g,, thin films were grown by molecular

: _ 4
conduct with aT =60 K (Cavaet al”). Subsequently, 0212 05" enitaxy(MBE), and the installation is equipped with

compounds with various mixtures of La, Ca, Sr, and Ba agoyr effusion cells(one for strontiuny two electron beam
their A element were rendered superconducting either by us-

ing high-pressure oxygen annealing or by synthesis routes
involving heating in the presence of KCIO

The room-temperature basic structure of,5aCu,0g
(Refs. 5,6 is body-centered tetragonal with space group
|4/mmmand lattice constant,=b,=0.386 nmc=2.0 nm
(Fig. 1). The unit cell comprises two 0.99-nm-thick unit
slabs with the stacking sequendka,SHO-CuO,-(La,Sp
-Cu0,-(La,SpO and a shift of;[110]p between them. The
distribution of La and Sr, however, is not completely statis-
tical. The single fluorite-typeR-type) layer (with low oxy-
gen fraction between the Cu@sheets is predominantly oc-
cupied by La &80%), whereas the distribution of La and Sr
in the double rocksalt-typéRS-type layer approaches 60%
and 40%, respectivel$®

We have grown a series @f-axis La,SrCu,0g thin
films on (001) SrTiO5; (STO) with varying Sr/La ratios, i.e.,
a deposited stoichiometry which varies approximately from
Lay gSr CU,064y 10 LAy 17SrpgdlU064y, and discuss

here the temperature-composition phase diagram relevant to ‘ ‘ I—a, Sr
the growth conditions, as well as the variation of the struc-
tural and normal-state transport properties. In addition, FIG. 1. Structure of the 0212 compound.
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evaporatorgcopper and lanthanumtwo quartz monitors, a ! 740
quadrupole mass spectrometer, a rf plasma souere] a
reflection high-energy electron-diffractigRHEED) system.
The base pressure of tHenbaked system is about 10
mbar, whereas during growth an oxygen background pres-
sure of approximately 106 mbar was applied. A sequen-
tial deposition process was used, whereby the molecular
beam flux is controlled by the mass spectrometer, which is
previously calibrated using quartz monitors.
The films were deposited onto SrTiGubstrates heated
to between 660 and 720 °C at an evaporation rate of three to
six monolayers per minute using the following deposition
sequence for each unit cell: two monolayers of La, one
monolayer of Sr, and two monolayers of Cu. This is fol-
lowed by a 10-s anneal under a continuous flow of atomic
oxygen. A more detailed account of this block-by-block paol— o
deposition method can be found in Ref. 10. The typical film 07 08 09 10 11 12 13
thicknesses were around 40 nm. During the “cool-down”
step, the heater power is turned off completely, and cooling Sr Content
takes place for more tiha2 h under the same flow of atomic
oxygen until the pyrometer reads below 100 °C. FIG. 2. Temperature-composition phase diagram at constant
The nominal composition of the thin films is within ap- oxygen background pressure.
proximately +10% of the values measured with the quartz
monitors. A more precise estimate was obtained for twq 5. Sy CugOy, (808,11 La,SrsCugO6s 5,12
samples using Rutht_—zrford bac_kscatter(ﬁ@S). The sqrface Lag 1651 8CU7 600,12 and La,_Sr,CuO, (214). For our
of the samples was imaged with an atomic force microscopgims 'the only other ternary oxide that appeared in the XRD
(AFM) (Digital Instruments Nanoscope)lIThe probe was & gpectra was the 214 phase. As the films are grown at a con-
microfabricated Si tip With a spring constant of 50 N/m. Thegiant “atomic” oxygen pressure, the appearance of this
image was processed using only a plane fit without low-pasgnase is controlled primarily by the composition and the sub-
filtering. The structural properties of the as-grown thin films g¢,4te temperature.
were analyzed using @26 Siemens D500 x-ray-diffraction Figure 2 shows a temperature-composition phase dia-
(XRD) system. o _ _ gram, indicating that the phase boundary of the pure Sr-
To study the oxidation behavior of the films, electro- gopeq “0212” phase shifts with increasing temperature to
chemical experiments were performed at 300 K, at ambieniyigher Sr values for a constant atomic oxygen pressure. At
in a 1-mol KOH-solution-filled cell equipped with three elec- higher temperatures it becomes increasingly difficult to sub-
trodes:(i) The reference electrode: Hg/HgO filled with 1 mol gjtte large numbers of Sr atoms by La atoms in the 0212
KOH [E,=0.098 V/SHE (standard hydrogen electrode |attice. Consequently thé-type layer between the two

All potentials quoted in this work refer to this electrodit) CuO, sheets disappears as the 214 structure forms.
The counterelectrode: a large-area platinum fGil) The

working electrode: the thin film fully immersed in the elec- )

trolyte except for the upper part, which is contacted with the B. Structural properties

electrical circuit .via a mechgnical clamp. The geometrical 1. X-ray diffraction

surface areagy) in contact with the solution is=0.8 cnr. o )

The transport properties were measured by pressing four 1he XRD spectra from the thin films reveal @axis
indium strips onto the film surface and creating a four-pointdr@Wth with very small impurity peaks, mainly CuO and
contact. TEM observations were made using both plan-viewg14- Samples with impurity peaks larger than 0.01% of those
(PV) and cross-sectiofCS) samples, which were prepared from the 0212c-axis material were considered as mixed-
from the thin films by polishing with diamond paste or by Phase samples and excluded from this series.
polishing on diamond lapping foils with water as the lubri- A typical XRD pattern is shown in Fig. 3. Besides the
cant, followed by ion milling until perforation. No difference Substrate peaks, indicated by asterisks, only(@t) peaks
was observed between samples prepared with or without w&f the c-axis 0212 phase are visible. The inset shows the
ter as the lubricant. High-resolution electron-microscopyloW-angle part of the diffraction pattern with a series of dif-
(HREM) and electron-diffractionf ED) investigations were fraction peaks due to the finite size of the thin film. The
performed with a JEOL 4000 EX and a Philips CM 20 mi- observation of “finite-size oscillations” indicates that the
croscope. Image simulations of the HREM results were carfilm roughness is no greater than 1 unit cell.

720

Mixed Phase
700

680 - Pure 0212 Phase .

Temperature (°C)

ried out using the Mac Tempas software. In Fig. 4, thec-axis lattice parameter has been plotted
against the Sr content of our films and of various bulk
. RESULTS samples. Depending on the annealing conditions used, such

as the magnitude of the Opressure, the lattice parameters

can be changed drastically. Here, values are reproduced for
Besides the LaSrCu,0O¢., phase, other ternary oxides bulk samples annealed at 0.4 (from Ref. 5 andO from

exist in the La-Sr-Cu-O phase diagram, such asRef. 15, 1 (@), and 100 ¥) atm O,.>'*°As the oxygen

A. Phase diagram
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FIG. 3. X-ray-diffraction pattern of a-axis 0212 thin film with FIG. 4. c-axis lattice parameter of 0212 films as a function of Sr

a Sr content of 1.0 on an STO substrate. The peaks marked byoping (@) the dashed line is a guide to the eye. Values obtained
asterisks are substrate peaks; the remainder drg,Q@eaks. The from bulk samples are also show®@( A V¥, O).
inset shows a portion of the low-angle diffraction pattern indicating

finite-size oscillations A residual in-plane epitaxial tensile strain has previously

been implicated for 214 on STO as playing a role in the

reduction of thec-axis lattice parameter by about 0.04(f&r
pressure increases, more oxygen is incorporated in the latticeunit cell withc = 13.2 A);*®'"this in turn produces a small
and thec-axis lattice parameter increases. Furthermore, fokertical displacement and a distortion of thexis versus Sr
bulk samples, the strontium-content dependence of theontent curve instead of the large lateral “shift” observed in
c-axis lattice parameter displays a maximum. The position ofthe 0212 case. A review of the critical role played by various
this maximum gradually shifts towards higher Sr contentstypes of defects and strain relaxation mechanisms in 214 thin
(= 1.1-1.2 as the oxygen pressure increases, while its curfilms can be found in Ref. 18.
vature decreases. For the thin films, however, the maximum Because the Sr content, the oxygen content, and any re-
appears to be broader as well as being shifted to a considegidual epitaxial strain do not adequately explain the differ-
ably lower Sr content of= 0.8. The origin of these changes ences in the curves, there must be some other microstructural
in the curves can be caused by one or a combination d@henom_enon. When the previous curve for the films is com-
several factors: the strontium content of the film, the oxygerP@red with that for the bulk material annealed at 1 atg) i©
content, residual epitaxial strain, or other microstructural¥ould appear that the crystal structure functions in a subtly

phenomena, e.g., cation exchange. Let us consider each p ifferent manner. One possible explanation is that the occu-
sibility in tur,n = | pancy of the cation lattice sites is altered by the Sr ions. In

RBS data were obtained for the specimens of highest an@e case of 214, substitution of Sr for La in the rocksalt layer,

. e F\t constant oxygen content, leads to an increase of the
0 L
lowest Sr contents showing the Sr content to be within 5% OL _axis lattice parameter, which tallies with the larger ionic

the values expected; hence the Sr content is not at the origiiy 4,5 of 519 Thus a reduction of the Sr occupancy of the
of the changes in the curves. The shift of the maximum g,y st Jayer in the 0212 compound and, hence, an increase
lower Sr contents might correlate_wﬂh a lower oxygen con-i, the occupancy in the fluorite-type laydthese sites being
tent(as for the bulk data although it might be expected that 4t g sfficient size to accommodate the larger catimight be
the curve would also display a higher curvature and a muclypected to reduce theaxis parameter. This shift of the Sr
lower value forc at the maximum. ions to the fluorite sites may be promoted by a lower appar-
A film of composition Lg ;/Srg gfCu,0¢,, demonstrated  ent oxygen pressure close to the conditions required to sta-
low-resistivity as-grown(lower than that reported for bulk bilize a CuQ, plane configuration. In these circumstances a
materia) and ac-axis lattice parameter of 20.02 A; after stable SrO-CuO-SrO stacking sequence could form first and
reduction under vacuum at 200 °C for 2 h, it had becomesubsequently be transformed to the “infinite layer” Sr-
insulating and thec-axis lattice parameter had decreased toCuO,-Sr sequence, the oxygen vacancies being in the
19.90 A. “Oxygen-rich 0212” bulk material has been found fluorite-type layer. The same transformation applies for the
to have a low resistivity, which increases with decreasingoulk SrCuQ, phase as pressure increa$em this way the
oxygen content. The behavior of both theaxis lattice pa- material behaves similarly to the Ca-doped 0212, in which
rameter and the resistivity indicates that the films do nothe Ca preferentially occupies the fluorite-type layer, prob-
suffer from a lack of oxygen. Furthermore, for films of ably allowing the material to become superconducting.
YBa,Cu;0; (YBCO) and 214, the cooling procedure we use
after film growth (under atomic oxygenproduces material
with an oxygen content at least as high as for bulk material The surface topography of the films was studied by means
reacted under comparable oxygen activities. of an AFM. The image in Fig. 5 displays a scan area of 1.3

2. Atomic force microscopy
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cation stoichiometry which in bulk materials would lead to
an insulating behavior and hascaaxis lattice parameter of
20.00 A, which is close to that of bulk samples. Therefore
we speculate again thahe metal-like resistivity might be
associated with a lattice site occupation different from that
eof the bulk compounds

In Fig. 7, the room-temperature resistivity of the series of

FIG. 5. A 1.3um X 1.3 um AFM image and a horizontal
profile of ac-axis 0212 thin film.

pum X 1.3 um with az scale of 3 nm of the film with the
largest Sr composition studied hefea, ¢Sr; ,Cu,04¢. ).
Below the image a horizontal profile across the film surfac

is shown. Clearly visible in the lower right-hand corner is a_ ) A
films is shown. The two data points indicated by arrows cor-

typical CuO precipitate with a diameter e200—400 nm . .
gr?d a height EfzSC?nm as will be shown below using TEM respond to films that have a thickness of 250 A, whereas the
The remainder of the ,surface is predominantly two dime'n_others have a thickness of 400 A; this difference is less rel-

sional (2D) with large flat terraces, typically 200 nm wide, evant for the \{alues of the Ia_tti(_:e_ parameters, but thicker
and steps of typically= 1 unit cell (2 nm) films have a slightly lower resistivity. As can be seen, de-

C. Normal-state properties

So far, it has not been possible to induce superconductiv- 3.0
ity in the pure Sr-doped 0212 compound, although the nor- )
mal transport properties can be influenced significantly by 25| LI .
either a change in Sr doping or annealing at different oxygen
pressures. Unfortunately, however, little systematic data for
the normal-state properties of the pure Sr-doped compound
are available in the literatureln Fig. 6, curve(a) shows the
temperature-dependent resistivity for a sample with the com-
position La gSr; ,Cu,0¢, . The observed semiconducting
behavior is typical for most of these samples. However, the
absolute values of the resistivity are lower than those ob-
tained for the comparable bulk samples in the literature; this 0.5 .
suggests a higher carrier density in the thin films. Therefore,
it seems that the oxygen content of the films must be close to 0.0 I T S R
that of bulk samples, and that the above-mentioned values of 0.8 0.9 1.0 1.1 1.2
the c-axis lattice parameters cannot be explained by a sig- Sr Content
nificant oxygen deficiency.

A totally different temperature dependence was found for
the sample having the composition L@Sr; oCU>0¢y, FIG. 7. Room-temperature resistivity of 0212 thin filmm)
curve (b) in Fig. 6, namely,a metal-like resistivitydown t0  and of a few bulk samples®) as a function of Sr content. The
about 8 K; this, to our knowledge, has not previously beenrarrows indicate films with a thickness of 25 nm. The dotted line is
observed in this composition range. This particular film has a guide to the eye.

Resistivity [mQcm]
o
L ]
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spite considerable scatter in the data, there is a trend towards
improved conductivity with an increased Sr content. Besides
the dependence on the Sr content, the value of the resistivity
also depends critically on the oxygen content. As will be
discussed below the actual amount of oxygen incorporated
into the lattice is also determined by the microstructure and
the availability of oxygen diffusion channels. At high Sr
doping levels, several films have a low room-temperature
resistivity, which is close to the value at which superconduc-
tivity generally appears in the high: cuprates €1
m{) cm), suggesting that it might be possible to induce su-
perconductivity in some of these films

A thin-film-specific site occupation in the 0212 compound
has not been reported so far. However, it is not unlikely that
this exists as was demonstrated by the partial substitution
and/or disordering of Ba by Y in YB&Cuz0- thin films —_—t
prepared under low-pressure conditiGhg?* 300 400 500 600 700

E (mV)

Intensity (LA)
S

D. Electrochemical oxidation

A feature which could explain the divergences between
bulk and thin-film samples might be related to the micro- FIG. 8.1(E) curves of(a) ac-axis 214 thin film andb) a 0212
structure of the films. In the case of 214 thin films, faultsfilm, both grown on STO.
lying on the{111} ;4 planes appear very oftéf.Their ap-
pearance and density depend mainly on the type of substr
but some variation is observed even among identical su

strates. We have recently shown that these defects are exc Iia;efr.'lal can be OX|d|zeSdL|n t|h|s Q_Toner. IS contrz(ijst, some
lent channels for oxidation both under electrochemical oxi- ims grown on a SrLaAlQ ( ) substrate do r_10t
dation condition¥2526 and during standard annealing have these planar faults, thé{iE) curve shows no oxidation

procedures. The presence of these defects generally leadsRi3t€au. and they cannot be oxidized to the same extent as
well-oxidized thin films, but the variation in planar fault den- films on STQ using the electrochemlpal oxidation methqd.
sity from sample to sample can cause significant quctuationéf'owe,VGr’ this is not true for aII.214 films on SLA,O and it

As this material can be doped with oxygen by annealindema'ns currently unknown which mechanism triggers the
under different oxygen pressures, we tried to insert oxygefiPPearance or absence of these planar faults.

using the electrochemical method developed recently for thire )FigtlrJ]r;ehStcofmpgzrisz ttrr]f f:{fé‘i)) Cltlwe (')cfj 8;.214 Ith:n film
films 252" To characterize the electrochemical activity of a '@ With that ol a In Timb). No oxidation plateau 1S

film, an I(E) cycle is performed: i.e., a voltage is applied observed for the latter film, suggesting that either this mate-

between the samplévorking electrodg and the reference riql cannot be oxidized electrochemically or that the.appro—
’flate defects such as planar faults are not present in a suf-

n diffusion from the surface and the planar faults into the
%g‘ﬁlk of the film is a slow process — and is proof that the

electrode, while the current between the counterelectrode and’ ; )
iciently high density. To our knowledge, such planar faults

the working electrode is measured. For a typical 214 thi . .
film grown on STO, the voltammogram of an areaNave not been reported for the 0212 compounds in the litera-

(S,=0.8 cn?) between 0.35 and 0.72 V exhibits three dif- ture. This experiment was repeated for films with different Sr
fergent 'regions[Fig 8 curve @] At low voltages €, contents but the same results were obtained. As this com-

E<0.4 V), the current rises linearly, which denotes thepound can take up oxygen under a high-oxygen-pressure,

charging of the double layer at the interface between thgigh—temperature annealing treatment, we speculate Fhat this
electrolyte and the electrode. At intermediate voltag®s, ( is due to the lack of adequate diffusion channels required for

0.55<E=<0.65 V), the current saturates corresponding to aelectrochemlcal oxidation.
diffusion-limited reaction. This diffusion plateau has previ- )
ously been ascribéd 2" to an oxidation process of the 214 E. Microstructure
compound at the surface and in the planar faults according to |n the following, we provide a detailed microstructural
the following general reaction: analysis of one of these films, that with the highest Sr con-
La,CuO,+2860H =La,CuQ,, s+ 286~ + SH,0. (1) tentin the series, L.e.. 1511 2CUz06+-
1. Stacking sequence
At the highest voltages of the curv®(, E>0.65 V), the . _ .
current increases again and the evolution of oxygen at the Figure 9 gives a large-area cross section of the 40-nm-

specimen surface takes place according to the reaction  thick c-axis-oriented 0212 film grown on €0DSrTiO;
substrate. The epitaxial relationship between film and sub-

40H =0,+2H,0+4e". (2) strate as derived from XRD and TEM is the following:
[100] 212 || [100] 5o, [001] 0212 || [001] srric, -
The oxidation(diffusion) plateau observed at550 mV The interface is atomically flat and contains no amor-

is only visible during the first(E) measurement — the oxy- phous layer or second phase layer. There are ten possible
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FIG. 9. Cross-sectional overview of tieaxis La,SrCu,0¢,
thin film on SrTiO; with an enlarged view in the left-hand-side
inset. The selected-area electron diffraction pattern in the right-
hand-side inset confirms theaxis orientation.

interface arrangements considering five inequival@xl]-
terminating planes in 0212 and two in SrTjOTaking into
account the work of Weet al. 2 and our previous work on
the interface YBCO/STO(Ref. 29 as well as other
reference®32suggesting that the surface layer of SrEi® FIG. 11.[100l-HREM micrograph showing two types of stack-
the TiO, layer, the possible interfacial structures are limiteding faults extending through the film.

to 5. The substrate/thin-film interface was completely deter-

mined on the basis of HREM recordings. An example is Line intensity scans along tH©01] axis or anng[OTl]

given in Fig. 10 for a defocus value ef27 nm. The image : : .

. : allow us to determine the 0212 ending plane. The line scan
averaged along the interface over a range of 15 nm is show L o .
in inset(a). For this defocus value and thickness, the catio along [0;1]’ mdma}ec_i as a Wh't(.':' I|_ne betweah and ¥ in
columns are imaged as black dots on a lighter backgroun 9. 1.0' is shown in inseb) and |nd|_cates the second-plane
The prominent, dotted white line in Fig. 10 is associated withcoUnting from the(La,Sp planes, which are marked with an
the (La,Si layer with preferential La occupation and O va- a_sterlsk, |.(_e.(La,S|?O as the ending plane on th.e basis of_the
cancies(fluorite-type layey. difference in spacing between La-La and Sr-Ti. Image simu-
lations of the five possible interface stackings were per-
formed. The best fit to the image in Fig. 10 is found for a
defocus of-27 nm and a thickness of 4 nm for the sequence
0212 —(La,Sp - CuO, - (La,SpO - TiO, - SrTiO3, of which
the simulated image is shown as inget

2. Out-of-phase boundaries

The structure of the film is generally very perfect, but
out-of-phase boundaries roughly perpendicular to the film-
substrate interface do occur regularly. TREOO], high-
resolution micrograph in Fig. 11 shows such defects. In this
example, the defects originate at a step in the SgT$0b-
strate surface and extend throughout the entire film thickness
with a defect planel{k0). Such planar defects may comprise
two types of stacking faults, the respective shifts being high-
lighted either by arrows or arrowheads in Fig. 11. The out-
of-phase boundaries or stacking faults, indicated by the ar-
rows, have a displacement vector @&=[00i]. This

FIG. 10. HREM micrograph of the interfacial region at a defo- displacement corresponds to the interplanar spacing between
cus value of—27 nm with an image averaged along the interface@ (La,Sp layer and the nearesta,SpO layer; this is clear
direction in inset(a). Inset(b): line scan along thg011] direction  from the shift of the brighter lines in Fig. 11, which corre-

indicated by the white line in the main image. Inget simulation ~ spond to theglLa,Sp layer in the stacking sequence.
(d=4 nm, 6=—27 nm of the interface model 021@-a,Sp- The stacking faults indicated by the arrowheads in Fig. 11

CuO,-(La,SnO-TiO,-SITiO;. have a smaller displacement vector. In this case the displace-
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61.3° (0.15 nm in the XRD spectrum(see also Fig. 3 the
identification of this Cu-rich phase as €D is based on pre-
vious work regarding the origin of Cu-rich precipitates and
the growth of CuO films*3°

At the surface of the 0212 film very smdB — 5 nm in
diametey “precipitates” occur (as seen in Fig. 12 The
computer diffractogram, which is shown as an inset in Fig.
12, allows their identification ag-axis domains. Theic axis
is oriented along 4100y axis of the surrounding 0212 struc-
ture. These 90° twin related domains do not nucleate from
the substrate interface @saxis regions, as is the case for
YBCO (e.g., Ref. 38 They occur at the film surface and
have a maximum thickness of 2 nm. They are purely a sur-
face phenomenon of which no traces can be found deeper
inside the film, possibly as a result of the film nucleation
process. This possible explanation is related to the partial
occupation of the oxygen sites in the fluorite layer. These
sites in LgSrCu,0¢,, are partially occupied, leaving an-

FIG. 12. [001-HREM micrograph showing two 0212-axis  jonic vacancies in the CuQplanes. This static disorder in
grains, mark_ed_by arrowht_aads. The inset shows a computer diffraq:aZSrCu206+y without correlation at long distances was in-
togram confirming th&-axis growth. terpreted by Caignaegt al” to be an isolated defect with
CuOs pyramids sharing corners alor@y Such an isolated
defect, in fact an incomplete unit cell in the
a-axis-orientation, could act as the nucleus foraaaxis ori-
oo . el 2 ented grain. Indeed, under our deposition conditions, a phase
dicating that the dlspIaC(lement vectar=[ 00z] s splitinto \\ith & lower Ca" content — such as the one associated
two component®R, =[uv i5] andRy=[—u—wv1g]. Such ex-  ih cyo, pyramids sharing corners — could be favored at
tended defects, which originate at substrate surface stepge onset of nucleation of the phase. Such a nucleation pro-
disconnect the Cu@ layers responsible for highz super-  oss occurs not only at the beginning of the film growth on
conductivity and thus negatively influence the superconducty,e sybstrate, but also during the deposition of the last block
ing properties in that region. L in every cycle of the block-by-block deposition process. Un-
_ Contrary to observations of 2;4 thin films on STO, theseyar the continuous bombardment of atomic oxygen, this
films do not show planar faults lying on the folrl 1} ortho- s s oxidized and subsequently reverts tasthgis 0212

rhombic planeﬁsésAs these faults are excellent oxygen diffuypaqe Hence, one only expects this phase at the film surface.
sion channel€®23 their absence in 0212 films is a possible

reason for the difficulty of electrochemically oxidizing the
0212 films. 4.2\[2a,% 2\2a, modulation

In plan-view sections of the L#rCu,0¢ thin films,
additional reflections appear locally, particularly in the

AFM measurementéFig. 5) of this film indicated that the [001]-zone diffraction patterfiFig. 13a)]. In addition to the
surface of the 0212 films contains surface outgrowths oftrong basic spots at the perovskite positigescircled
Cu-O. TEM combined with an energy-dispersive x-raywhich belong to LaSrCu,0O¢., and/or SrTiQ;, a mesh of
(EDX) analysis performed on the surface of the samples corweak but sharp spots can be observed. These additional spots
firmed the identity of Cu-rich precipitates at the surface withcan be indexed on the basis of a two-dimensional
a density of 2<10" cm~? and an average diameter of 400 2\/§ap><2\/§ap superlattice cell. Tilting experiments around
nm, in agreement with AFM measurements. T(&20 different axes, such afl10], or [100],, reveal that the
planes of CyO impurities produce a broad weak peak atmodulated structure has e* spacing (henceforth called

ment along[001] corresponds to a single layer shift from a
(La,Sn layer to a CuQ layer. This type of out-of-phase
boundary occurs pairwise in a narrow regi@-5 nnj, in-

3. Foreign phases and misoriented grains

FIG. 13. (a) [001]-diffraction pattern of the
film with the 2y2a, % 2\/2a, superstructure. The
basic perovskite reflectiorgncircled are due to
La,SrCu,0¢,y and SrTiG;. The weak but sharp
reflections are due to the superstructure.
(b) [112]-diffraction pattern, part of a tilting se-
ries around thg 110], axis. The rows of addi-
tional spots are shifted slightly with respect to the
perovskite spots.
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FIG. 15. [001]-HREM micrograph of an area of the thin film
showing only the superlattices due to thg2,x 2\/2a, modula-
tion. The perovskite mesh is indicated py

well as in Lag_,Sr,CugO, (1.28<x<1.92) 11

FIG. 14. X-ray-diffraction pattern of the-axis 0212 thin film In YBCO and in Bi-2212 the 22a,x 2/2a,, superstruc-
with a Sr content of 1.2 on an STO substrate. The peaks marked Hyre can be generated inside the electron microsGopstu)
an asterisk are substrate peaks. BesidegQtlé peaks of the 0212 at temperatures around 500 and 270 °C, respectively. The
film, two peaks corresponding to the modulated superstructure arerigin of this structure is still under debate, but careful TEM
indicated. experiments allow the tetragonal superstructure to be attrib-
uted to a displacive modulation in the CyQayers with a

c.*) approximately equal to the perovskite spacing, i.e., Ceryveak correlation between successive Gu@yers. However,

i . N : . in both YBCO and Bi-2212, the axis of the modulated
tri'(':;)l/ |2|tftfi?;(raent from the shore* spacing of the 0212 recip structure equals the axis of the unmodulated YBCO or

. . . = Bi-2212 structure.
The diffraction pattern of Fig. 18) shows the[112],
zone and reveals a misfit, indicated by arrows, of the super;: In some La-based compounds théiapxz\/iap modu-

structure reflections with respect to the perovskite spots of tion of the basic perovskite structure appears as the room-
. p . b P temperature phase. The CyQayers contain O vacancies
the substrate. From this misfit thef parameter of the

and shifted Cu atoms. For instance the oxygen-deficient
(2\2a,% 2\/2a,)-modulated structure was calculated to bela, ,Sr,CugO,, phaselie., (La; ,Sr)CuO,. has a te-
approximately 2.5% smaller than that of the SrtiGub-  tragonal structure with lattice parameteas=1.082 nm,
strate. This is confirmed by XRIFig. 14), where all peaks ¢=0.386 nm, and space groipt/mbni*! the stacking se-
can be indexed as-axis-oriented basic 0212 structures or aSquence in a unit slab i6.a/SHO-CuO; 5. The spacing be-
SITiO; substrates, except for the lines corresponding tqween two CuQ s planes in this structure is slightly larger
d=0.376 and 0.188 nm. These reflections can now be inter(-0_386 nnj than the spacing between the Cu@anes of the
preted as the 001 and 002 reflections of thep212 structurd0.366 nm.” Nevertheless, the modulation in
2\2a,x 21/2a,, superstructure. The intensity of these reflec-the 808 modulated structure is closely related to that in the
tions and the fact that the\2a,,x 2+/2a,, superstructure is YBCO structure because the displacement pattern for the Cu
only observed locally in plan-view sections allow an esti-atoms is similar in both structures.
mate of the amount of this phase in the sample, namely, One can only speculate about the formation mechanism or
=5%. the exact structure of the Iocal\/iapx 2\/§ap modulation

A high-resolution micrograph of the in the 0212 structure. Th.a,_,Sr,)CuO, 5 structure is an
(2\/§ap><2\/§ap)-modulated structure, taken along the oxygen-deficient layered perovskite structure which lacks
[001], zone, is presented in Fig. 15. This is a different areaone (La,;_,Sr,)O layer in the rocksalt-type lamella com-
of the sample than the one used for the micrograph in Figpared with the basic 0212 structure. In such a faulted struc-
12. The modulation with a mesh of 1.1 nm aldrig 0], and  ture a fraction of oxygen atoms would be displaced from the
[110], directions is observed locally, superimposed on theCuO,_, planes towards the sandwiched La/Sr plane, result-
pattern with a 0.39-nm spacing belonging to the basic latticéng in a -CuQ, s(La/SHO-CuO, s lamella which, when the
mesh indicated by white dots. The HREM image, howeveraccommodating displacements of the Cu and the remaining
does not allow conclusions to be drawn regarding the type o atoms take place, becomes identical to the 808 structure,
the modulation nor the plat®@ in which the modulation and thus can be responsible for the modulation. Hence for
takes place. this modulation to appear, it seems important to replace the

In the literature on superconducting compounds severala/Sr fluorite-type layer by a La/Sr-O layer. It is known that
(2 \/Eapx 2\/§ap)-modulated structures have been reporteda small fraction of excess oxygen is present at this site in the
the first one being in YBguzO;_4 (YBCO);*®  Sr-doped 0212 compound, contrary to the Ca-doped 0212
later ~a  similar  structure was  reported in compound, owing to the preferential ninefold oxygen
Bi 1 PPy 4Sr,Ca,Cu3044, (Bi-2212,*° in high-pressure- coordination of Sr compared to the eightfold oxygen
synthesized LaCa,CugO,0. 4,*° and La,Ca,CugO45,"°as  coordination for Ca. This O transfer was reported for the
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La,SrCu,Og. structure in contrast to the L&aCw,0q,,  specific site occupation of the La and Sr atoms in the lattice.
structure, as derived from neutron diffraction studiédn Hence, these results demonstrate an interesting feature of
addition, the very short-axis lattice parameter reported MBE thin-film growth, i.e., thepossibility to obtain a differ-
above for these films suggests a much higher Sr occupatiognt ionic site occupation of the various lattice sites from that
of the fluorite-type layer than what is found in bulk com- of bulk materials

pounds, which would strongly favor the appearance of the

2+2a,x 2+2a, modulation. ACKNOWLEDGMENTS
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