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Growth mode of epitaxial superlattices†BaCuO2¿x‡2 Õ†CaCuO2‡3
on vicinal „001… SrTiO3 substrates studied by x-ray diffraction
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Structural and morphological properties of@BaCuO21x#2 /@CaCuO2#3 superlattices with different thick-
nesses, grown on specially prepared vicinal~001! SrTiO3 substrates, are investigated. Using undulator radia-
tion from a third-generation synchrotron we have performed x-ray-diffraction and diffuse scattering measure-
ments, both in conventional and grazing-incidence geometries. We obtain detailed information about the role of
the miscut of the substrate on the growth process of these superlattices. The critical thickness for pseudomor-
phic growth is found to depend on the miscut angle and, to a lesser extent on the film thickness. Thus the
miscut of the substrate surprisingly influences the phase transition from the pseudomorphic, pseudotetragonal
state to the orthorhombic state. Our results show that the interface morphology depends on the specific miscut
of the substrate. Isotropic ripples, anisotropic ripples, and a fractal structure are formed upon slightly increas-
ing the miscut angle from about 0.15° up to angles less than 1°. The ripples accompany the two-dimensional,
layer-by-layer growth mode, which prevails for thin layers of the superlattices on well-oriented surfaces.

DOI: 10.1103/PhysRevB.65.195408 PACS number~s!: 68.35.Ct, 74.80.Dm, 81.15.Fg
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I. INTRODUCTION

The challenge of integrating complex oxide materials in
heterostructures and multilayers with interesting functio
properties, such as superconducting,1–3 magnetic,4–6 and di-
electric properties,7,8 has stimulated the development
layer-by-layer epitaxial growth techniques. Nevertheless,
growth of oxide thin films is not yet well enough establishe
because of the particular features related to their comp
often anisotropic structure, with a relatively large number
chemical elements.9–11 However, understanding the growt
process, and consequently being able to control the inter
morphology and microstructure, is of fundamental inter
and importance for the fabrication of devices made of th
materials.

Employing vicinal substrates for the growth of thin film
is a well-known technique to control or improve interfa
and surface properties. Vicinal substrates were, in fact,
tematically employed to study the growth process of hig
temperature superconducting materials~HTS’s!,12–14 and to
control the structural defects, thereby influencing the tra
port properties at those compounds.15–18 Moreover, even
substrate surfaces, which are nominally oriented exac
may have miscut angles, which can influence the struc
and the defect ordering in the film, leading to anisotro
properties even for an otherwise isotropic material. We h
already observed this effect in superconduct
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@BaCuO21x#2 /@CaCuO2#3 superlattices grown on~nomi-
nally well oriented! ~001! SrTiO3 ~STO! substrates.19

The surface morphology of vicinal substrates can be
scribed in terms of the arrangement of atomic steps on
surface. For example, a vicinal~001! STO surface typically
consists of terraces of~001! crystal faces separated by atom
steps that accommodate the misorientation. During p
longed annealing in an oxygen atmosphere, single-atom
height steps can aggregate to form bunches on the sur
separated by large terraces of the~001! face.20,21 These step
bunches can eventually form~100! and~010! faces. Thermal
roughening and/or faceting has not been observed on
STO~001! face but on the STO~110! surface.20 Such faceting
transitions have been extensively studied for both semic
ductor and metal surfaces and interfaces,22,23 and the role of
surface step structure in the formation of nanostructure
well understood,24,25 e.g., for cases such as fractional lay
superlattices~SL’s!.26

In the case of SL’s based on III–V compounds, reciproc
space mapping by x-ray diffraction was successfully used
investigate how the growth process can be controlled by
miscut of the substrate.27–31 Moreover, such measuremen
were employed to study the correlation between the mis
of STO substrates and the microstructure of YBa2Cu3O72d
~YBCO! thin films.32,33

Here we employ x-ray-diffraction and diffuse scatterin
©2002 The American Physical Society08-1
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measurements, using synchrotron radiation from a undul
source, to study the effect of the substrate miscut angle
the structure of the@BaCuO21x#2 /@CaCuO2#3 superlattices.
These superlattices, when optimally doped, show interes
superconducting properties, such as a zero-resistance cr
temperatureTc,0.80 K, a critical current densityj c(T
50 K)'107 A/cm2, and a quite low in-plane anisotropy.34

Furthermore in Ref. 35 it was shown thatin situ reflection
high energy electron diffraction~RHEED! exhibits reproduc-
ible intensity oscillations, during the growth of not superco
ducting BaCuO2 /CaCuO2 SL’s, which is a demonstration o
two-dimensional growth mechanism even for superlattice
such complex oxides. With this article we provide furth
insight into the growth mode and the strain relief process
@BaCuO21x#2 /@CaCuO2#3 superlattices on STO substrat
with different vicinal orientations. The knowledge of th
nanostructure and microstructure of these superlattice
crucial in order to understand their electronic transport pr
erties.

The superlattices were grown under the conditions s
cifically optimized for the best structural properties. We us
substrates with carefully chosen miscut parameters, wh
were experimentally confirmed. The high brilliance of x ra
from a third, generation synchrotron source allows us to
serve the very weak diffuse intensity features coming fr
the interfaces structures. The experimental data obtained
the investigated samples reveal different interface morph
gies, suggesting a transition from an isotropic ripple via
anisotropic ripple to a fractal structure upon increasing
miscut of the substrate. Moreover, upon enhancing the h
surface sensitivity with the grazing-incidence configuratio
we were able to distinguish faint asymmetrical Bragg pe
associated with different domains in the very thin layers
@BaCuO21x#2 /@CaCuO2#3 superlattices. In this way we wer
able to observe that the relaxation from the tetragonal to
orthorombic phase, in contrast to the structural parent h
temperature superconducting compounds, does not sim
scale with the film thickness but depends strongly on
value of the miscut angle.

II. EXPERIMENTAL DETAILS

Diffraction experiments were carried out at the ID3
beamline at the European Synchrotron Radiation Facility
Grenoble. The incoming x-ray beam from two undulato
was monochromatized with a Si~111! double-crystal mono-
chromator, with the first crystal cryogenically cooled and t
second crystal which provides sagittally focused, selec
an energy of 18 keV. The incident beam was defined by s
of 0.530.5-mm2 size, and the momentum resolution w
determined by slits of 0.530.5-mm2 size in front of the de-
tector, at a distance of 75 cm from the sample, leading to
oblique resolution element in reciprocal space with a ma
mum in-plane and out-of-plane projection of less than 0
nm21.

The deposition of c axis-oriented @BaCuO21x#2 /
@CaCuO2#3 superlattices on STO substrates were perform
using a KrF excimer laser, as already described in de
previously.36 Prior to the deposition, the substrate was p
19540
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pared by chemical etching following the procedure repor
in Ref. 37, and annealed in an oxygen atmosphere for
hour at 700 °C. This produces a clean surface, mainly T2
terminated,37 providing a well-defined surface for the growt
of superlattices.38

For the present investigation, superlattices were depos
at relatively low molecular oxygen pressure~< 0.2 mbar!
compared with the oxygen pressure usually employed
optimum superconducting properties~'1 mbar!.36 Under
these conditions the superlattices are not superconduc
However the plasma plume, which depends on quite a n
ber of not so easy to control parameters~target surface qual-
ity, laser fluence, laser spot focalization, . . . !, is by far more
stable, resulting in a much better control of the structu
properties and higher reproducibilty from sample to samp

@BaCuO21x#2 /@CaCuO2#3 superlattices were deposite
on specially prepared miscut STO~001! substrates,39 with
the surface normal principally tilted toward the@010# direc-
tion. This was verified measuring the~002! substrate reflec-
tion for different azimuthal angles40 both for the film and the
substrate.

After alignment of the sample surface, the primitive ve
tors of reciprocal space were defined with respect to the
tice parameters of the STO substrate (a5b5c53.905 Å)
and all theHKL data, given in reciprocal-lattice units~r.l.u.!,
were normalized relative to these lattice parameters.

In order to investigate the periodicity and structural fe
tures of the superlattices in the direction normal to surfa
i.e., along the@001# direction of the substrate,~001! and
~002! reciprocal-space mapping in symmetrical configurat
was performed in two orthogonal azimuthal directions, p
cisely along the in-plane@100# and@010# directions, with the
crystallographic directions defined by the substrate latt
Furthermore, to determine the interface morphology, the
fuse scattering was measured by transversal and longitud
scans through the average lattice peakSL0 @zeroth-order
(00L) peak# and the first satellite peaksSL61 . Indeed,H
andK scans~transversal scans! were performed to determin
the in-plane correlation properties, andL scans~longitudinal
scans! were performed to obtain the out-of-plane correlati
properties.

Reciprocal-space mapping in grazing-incidence confi
ration around (02L) and (20L) reflections withL51, 2 was
then performed to study the influence of the vicinality of t
substrate on the strain relief process of the superlattices
der investigation. During these measurements, the incide
angle of the x rays with the surface was kept constant at 0
i.e., slightly higher than the critical angle. The low inciden
angle was selected in order to enhance the scattering co
bution from the film relative to the substrate. In this wa
in-plane crystallographic reflections could be easily m
sured.

III. RESULTS

A. Symmetrical diffraction measurements

X-ray diffraction in a symmetrical configuration was fir
used to measure the vicinality of the lattice of our samp
with the optical surface defined by using a laser beam. T
vicinality degree was defined by the angle which the surf
8-2
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GROWTH MODE OF EPITAXIAL SUPERLATTICES . . . PHYSICAL REVIEW B 65 195408
normal forms with the@001# crystallographic direction~aSTO

for STO andaSL for SL’s!, while the vicinality direction was
defined by the angle between the projection in the~001!
plane of the surface normal and the@010# direction ~named
FSTO for STO andFSL for SL’s!. These values were ob
tained by measuring the angular positions of the~002! Bragg
reflection as a function of the azimuthal rotation of t
sample surface.40 The vicinal angles are reported in Table
Slight differences betweenFSTO andFSL for sample No. 2
and betweenaSTO and aSL for sample No. 3 can be ob
served. These different vicinal angles can be explained
considering misfit dislocations at the STO/SL interface.
deed, the in-plane lattice mismatch~21.1% for CaCuO2 and
larger than 0.5% for BaCuO21x relative to the STO sub
strate! is accommodated in the first layers by an elastic d
tortion of the crystallographic cell. Increasing the thickne
the next layers relax the accumulated strain by a disloca
network. The miscut favors dislocations with components
the Burgers vector parallel to the interface and, therefo
misorientations between STO and SL planes can arise.
effect was already observed in SrCuO2 /CaCuO2 SL’s.41

Moreover, no significant discrepancies in the vicinal ang
between the substrate and SL appear in the case of sa
No. 1, due to the very low miscut angle.

K-L reciprocal-space maps in symmetrical configurat
are reported in Fig. 1 for the three samples. In these maps
in-plane scattering vector is along the@010# crystallographic
direction~the principal miscut direction!. H-L maps recorded
with the in-plane scattering vector rotated by 90°~along the
@100# direction! are shown in Fig. 2.

The K-L maps of Fig. 1 show that the crystal truncatio
rods~CTR’s! from the~001! and~002! reflections, indicated
by straight white lines in the maps, do not coincide, and th
distanceDK increases with the miscut angle of the substra
as expected. No splitting of the CTR’s is observed in
maps of Fig. 2. These results are a signature of the v
regular alignment of the step arrays along the miscut dir
tion for all the investigated samples.

In both Figs. 1 and 2 we can see that the diffusely sc
tered intensity is concentrated into periodic sheets perp
dicular to the out-of-plane scattering vector~L direction!.
This feature indicates that the interface profiles are stron
replicated in the growth direction.42

TABLE I. Number of periodsN of the investigated samples an
vicinal angles of the surface of substrates and thin films:aSTO and
aSL are the angles between the surface normal and the@001# crys-
tallographic directions,FSTO and FSL are the azimuthal angles i
the ~001! plane measured with respect to the@010# direction.

Sample N

STO vicinal angles SL vicinal angles

aSTO

~60.005°!
FSTO

~60.005°!
aSL

~60.005°!
FSL

~60.005°!

1 30 0.154° 28.567° 0.146° 29.715°
2 25 0.690° 0.053° 0.702° 3.000°
3 15 0.928° 4.358° 0.854° 4.557°
19540
y
-

-
,
n
f

e,
is

s
ple

n
he

ir
,

e
ry
c-

t-
n-

ly

In Fig. 1 the@001# crystallographic directions of the sub
strate and the SL’s are indicated by straight black lines. Fr
the difference between the out-of-plane scattering vectorQ'

at the first-order satellite peaks~SL21 and SL11! it is pos-
sible to obtain a rough estimation of the vertical periodic
L of the superlattice by

L5
4p

uQ'~SL11!2Q'~SL21!u

FIG. 1. Isointensity contour plot on a logarithmic scale of t
~001! and ~002! reciprocal-space maps in a symmetrical configu
tion with the samples oriented along the principal miscut direct
@010#. The three samples are grown on STO substrates with dif
ent miscut angles:~a! sample No. 1,~b! sample No. 2, and~c!
sample No. 3. The black straight lines are along the@001# crystal-
lographic directions, and the white straight lines highlight the~001!
and ~002! CTRs.
8-3
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C. ARUTA et al. PHYSICAL REVIEW B 65 195408
whereQ'(SL11) andQ'(SL21) represent theQ' values of
the first-order satellite peaks. The values ofL are reported in
Table II, together with the perpendicular average lattice
rameter of the SL’s,c̄SL52p/DQ'(SL0), whereDQ'(SL0)
is the difference between theQ' values of the zeroth-orde
SL0(001) andSL0(002) peaks.

FIG. 2. Isointensity contour plot on a logarithmic scale of t
~001! and ~002! reciprocal-space maps in a symmetrical configu
tion with the samples oriented along the in-plane crystallograp
direction @100#. The three samples are the same as in Fig. 1.

TABLE II. Out-of-plane crystallographic characteristics e
tracted by symmetrical scans:c̄SL is the average lattice paramet
andL is the periodicity obtained as described in the text.

Sample c̄SL ~Å! L ~A!

1 3.74460.002 17.3960.12
2 3.72460.002 17.5360.12
3 3.70560.002 18.0360.18
19540
-

B. Diffuse scattering

Vicinality can give rise to asymmetrical in-plane and ou
of-plane coherence lengths, which can be investigated
measuring the diffuse scattering in transversal and longitu
nal scans, respectively, at different azimuthal directio
When the distribution of the diffusely scattered intensity e
hibits lateral shoulders, theoretical calculations and exp
ments demonstrate~see, for example, Refs. 43–45! that the
interface structure can be described by a sequence of
similar motives, called ripples. A particular case is given
a regular alignment of steps. The spacing between the sh
ders is inversely proportional to the real-space separation
tween the ripples and eventually to the mean width of t
races and steps.46 The absence of pronounced shoulders
due to the dispersion of the statistical distribution of t
ripple width, and it can be explained using a conventio
fractal model of the interface roughness.47

Transversal scans through several superstructure p
were carried out for two orthogonal azimuthal directions
each sample, to obtain information about the correlation
tween the interface morphology and the miscut directi
Measurements of the first-order satellite peakSL21 of the
~002! reflection are shown in Fig. 3. Lateral shoulders a
clearly visible in the diffuse scattering of samples Nos. 1 a
2, indicating a ripple structure with a characteristic late
length. They disappear in the case of sample No. 3, wh
the miscut is even larger.

The diffuse scattering of sample No. 1, having the low
miscut angle, shows symmetrical shoulders in both the@010#
and @100# crystallographic directions@see Fig. 3~a!#, which
can be assigned to a symmetric ripple structure at the in
face in both the crystallographic directions. Due to the sha
ness of the lateral shoulders, we can estimate the ave
distance l i between the ripples froml i'4p/dQi , where
dQi is the separation between lateral shoulders46 in Å21

units ~Qi is the in-plane scattering vector!. The values ofl i ,
reported in Table III, are almost independent from the a
muthal angle, in agreement with a circular shape of islan
as already reported in the literature for the growth of per
skite oxide materials~see, for example Ref. 48!.

Conversely, asymmetrical shoulders are observed in
diffuse scattering of sample No. 2 along the@010# crystallo-
graphic direction@see Fig. 3~b!#. However, the shoulders dis
appear when the sample is azimuthally rotated by 90°~i.e.,
along the@100# direction!. The asymmetry of the shoulders
due to the asymmetry of the shape of the ripples, which
elongated along the@010# crystallographic direction~the
principal miscut direction!. The presence of unidirectiona
ripples can be attributed to a stepped interface. In this fra
work the values ofl i , reported in Table III for the@010#
direction, can be regarded as the step sizes. For the@100#
direction, where no lateral shoulders are observed, the a
age coherence lengths is estimated by 2p/FWHM, where
FWHM is the full width at half maximum of the peaks i
Å21 units. The additional lateral peak observed in theK scan
of Fig. 3~b! has a completely different origin. It arises from
the CTR of the~001! reflection of the STO.

-
ic
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FIG. 3. Diffuse scattering
measured by transversal sca
through the first-order satellite
SL21 of the~002! reflection of the
three samples grown on STO wit
different miscut angles:~a! sample
No. 1, ~b! sample No. 2, and~c!
sample No. 3. For all samples th
scans were performed alon
the two orthogonal in-plane
crystallographic directions@010#
~top graphs! and @100# ~bottom
graphs!.
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With further increasing of the miscut angle no late
shoulders can be observed in the case of sample No. 3@see
Fig. 3~c!#. This can be explained by assuming that ripp
exhibit a very large dispersion of their widths. Thus it m
be more appropriate to describe this by a fractal structur
the interface.49 For this sample the in-plane coheren
lengths reported in Table III are deduced by the FWHM~in
Å21 units! of the transversal scans, and they are not rela
to the ripple sizes at the interface.

In Table III the approximate terrace widths of the ST
which are calculated assuming monolayer high steps,
also reported. Furthermore, longitudinal scans of sample
1 in both the@010# and@100# crystallographic directions, an
of sample No. 2 along the@010# direction, clearly showed
size effects. In these cases the out-of-plane coherence len
l' can be regarded as the coherent thicknesses, obtaine
the size simulation using

I 5I 0F sin~ tQ'/2!

sin~dQ'/2!G
2

,

where I 0 represents a scale factor,t the coherent thickness
and d the lattice spacing. This equation is based on the
sumption of the existence of crystalline coherence in
film, without any surface and interface roughness. Theref
the agreement between theoretical and experimental da
only approximate. AnL scan through the first-order satelli
SL11 of sample No. 2 is shown in Fig. 4, where the ve
pronounced size effect can be observed. However, in lo

TABLE III. Average values of the in-plane coherence lengthsl i

obtained by 2p/FWHM, where the FWHM is the full width at half
maximum in Å21 units of the transversalscans through severa
reflections of SL’s. The values indicated with* are calculated by
4p/dQi , wheredQi is the difference between the in-plane scatt
ing vector values at the lateral shoulders.l STO is the approximate
size of the steps of the substrate calculated assuming mono
height steps bya/tan(aSTO) whereaSTO is the miscut angle anda is
the lattice constant of the STO.

Sample l i ~Å! @010# l i ~Å! @010# l STO ~Å!

1 465610* 449610* 1450
2 14465 16165* 324
3 186610 8865 241
19540
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tudinal scans of sample No. 2 along the@100# direction and
of sample No. 1 in both the@010# and@100# crystallographic
directions, size effects are not present. In these cases
out-of-plane coherence lengthsl' are obtained from the
FWHM in Å21 units of the longitudinal scans by 2p/FWHM.
l' values are reported in Table IV.

C. Grazing-incidence diffraction measurements

Grazing-incidence diffraction~GID! is a valuable tool for
studying in-plane structural properties of epitaxial thin film
With a sufficiently small angle of incidence, this diffractio
geometry allows us to obtain information mainly associa
with the thin overlayer and in particular with its in-plan
properties because of the very small vertical componen
the scattering vector.

We collected several maps in GID configuration to inve
tigate the in-plane structure in detail and to determine theaSL
and bSL lattice parameters of the SL. We performedH-K
mapping for each sample around four reflections, i.e., aro
the @021#, @022#, @201#, and@202# reciprocal-lattice points of
the SL’s. The in-plane lattice parameters were then calcula
by aSL5aH(STO)/H(SL) andbSL5bK(STO)/K(SL), i.e.,
by the ratio of theH andK values in r.l.u. of the STO and SL
reflections. The results are reported in Table V. It can

FIG. 4. Longitudinal scan through theSL11 satellite of the
~002! reflection of sample No. 2 where the size effect can be clea
observed: experimental data~dotted line! and simulation~continu-
ous line! are as described in the text.
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C. ARUTA et al. PHYSICAL REVIEW B 65 195408
observed that the miscut angle of the substrate strongly
fluences the in-plane lattice constants of the film. Larger m
cut angles, and thus the presence of steps with shorter
races on the substrate, reduce the film strain by a trans
from its lattice-matched, tetragonal structure to an ort
rhombic phase.

Sample No. 1, having a lower miscut angle, is perfec
tetragonal and fully strained, as demonstrated by the lat
parameters shown in Table V. However, in the case
sample No. 2, having the intermediate miscut angle, we
detect the presence of different domains. Indeed the~022!
and~202! maps reported in Fig. 5 show four different peak
two more intense,P1 andP2, and two weaker,P3 andP4.
The stronger peaksP1 andP2 correspond to an orthorhom
bic structure with theaSL and bSL in-plane axes aligned
along the in-plane crystallographic directions of the su
strate. The two peaks are due to the scattering from two
of crystallographic planes characterized by the exchang
the directions of theaSL andbSL axis of the film. This pro-
vides clear evidence of twinning as a result of the latt
relaxation of the film beyond the critical thickness f
pseudomorphic growth, which, in turn, appears to be in
enced by the miscut of the substrate. The sketch of the
plane cell of the film on the substrate for the orthorhom
domain is shown in Fig. 6~a! in the case of theaSL axis
perpendicular to the step edge. The lattice parameters o
orthorhombic structure reported in Table V are calculated
using the positions of the peaksP1 and P2. However, the
weaker peaksP3 andP4 can be tentatively associated wi
another kind of domain in which the structure is tetragon
but with a slight rotation of the axes of the film with respe
to those of the substrate, which is illustrated by the sketc
Fig. 6~b!. The peak positions ofP3 andP4 give the value of
the tetragonal lattice parameter, which is almost equal to
average betweenaSL andbSL of the orthorhombic structure

TABLE IV. Average values of the out-of-plane coheren
lengthsl' obtained by 2p/FWHM where FWHM is the full width
at half maximum in Å21 units of the longitudinal scans through
several reflections of SL’s. The values indicated with* correspond
to the coherent thickness obtained by simulation of the s
effect.

Sample l' ~Å! @100# l' ~Å! @010#

1 27465* 30065*
2 12265 31865*
3 205610 8065

TABLE V. In-plane lattice parameters measured by grazin
incidence diffraction and the calculated in-plane area of the crys
lographic cell of the SL’s.

Sample aSL ~Å! bSL ~Å! In-plane area~Å2!

1 3.90360.002 3.90560.001 15.2460.01
2 3.88960.001 3.92960.001 15.2860.01
3 3.89860.002 3.92060.001 15.2860.01
19540
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practically equal to the lattice parameter of STO. From
map around the~202! reflection@see Fig. 5~b!# in which the
P3 andP4 peaks are more intense, the rotation of the tetr
onal cell of the film has been calculated by arct
(DKP3,P4 /Hcenter). This gives 0.042°. In this formula
DKP3,P4 is the difference between theK values of theP3
andP4 peaks andHcenteris theH value in the center betwee
the peaks.

Moreover, for sample No. 3, having the largest misc
angle, we observe that the structure is orthorhombic with
tetragonal domains. Values of the in-plane axes are repo
in Table V. No twin domains are observed: the shorter a
~indicated asaSL! is aligned normal to the step edges,
shown in Fig. 6~a!. The same observation was previous
made for the growth of YBCO on STO~001!, where the
longerb axis was found to be aligned with the step edges a
the shorter axis was aligned normal to the step edges,
the result of an almost twin-free film.33 The driving force
responsible for the alignment of the axes is probably ass
ated with a slight compressibility of the terraces normal
the step edges, thus accommodating the shorter axis o
film more easily, as discussed earlier.33 The alignment of the
film axes may also be associated with different values
surface energy of the step edge at the interface between

e

-
l-

FIG. 5. Isointensity contour plot on a logarithmic scale
reciprocal-space maps in grazing-incidence configurations
sample No. 2 around the~022! ~a! and ~202! ~b! reflections of the
SL.
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and substrate. The tetragonal-orthorhombic transition,
duced by the asymmetry of the substrate with increasing m
cut angle, is accompanied by a slight increase of the in-pl
unit cell area relative to that of the substrate~15.25 Å2!, as
reported in Table V.

IV. DISCUSSION

Two parameters influence the crystallographic struct
and the morphology of the investigated samples: thickn
and miscut angle.

A. Crystallographic structure

In HTS thin films, when the bulk structure of the mater
is orthorhombic ~for example in YBCO!, a tetragonal-
orthorhombic transition is observed when the film thickne
is larger than a critical value.50 An opposite trend is observe
in our samples: grazing-incidence diffraction measureme
showed a tetragonal-orthorhombic transition in thinner fil
driven by the misorientation of the substrate. Moreover
thickness can be responsible for the development of a d
cation network at the interface between the SL and the S

FIG. 6. Top view of the in-plane lattice of the substrate and
film in real space. In~a! the gray squares are the STO cells and
different gray levels correspond to different heights of the terrac
dark gray cells are one unit cell higher than the light gray cells.
the edge of the terrace the orthorombic cell of the SL~hatched
rectangle! is oriented with theaSL axis perpendicular to the ste
edge. In~b! the in-plane lattice square of the STO~without consid-
ering different terraces! and the slightly rotated tetragonal cell o
the SL are shown. The rotation of the cell is notably magnified w
respect to the obtained value of 0.042°.
19540
-
s-
e

e
ss

l

s

ts
s
e
o-

.

In the case of a very low miscut angle, sample No.
(aSL'0.15° andN530!, which is the thickest of the three
samples, is still not thick enough to relax the strain, since
in-plane lattice constants of film and substrate are the s
within the error, in agreement with a coherent epitax
growth of this SL. When the miscut is larger~see sample
Nos. 2 and 3! the SL’s tend to become orthorhombic, even
the difference between theaSL andbSL lattice parameters is
very small. In sample No. 3~aSL'0.85° andN515! the cell
is orthorhombic without any indication of twin domain
which means that the critical thickness is not yet reach
Sample No. 2~aSL'0.70° andN525!, despite being thinner
than sample No. 1, the thickness exceeds the critical va
for pseudomorphic and untwinned growth due to the hig
miscut angle. Therefore, a network of misfit dislocations o
curs to relax the strain. This is confirmed by the difference
F angle values between the film and substrate, i.e., the s
rotation of in-plane vicinality direction, and the presence
different domains.

The elastic distortion of the SL crystallographic structu
can be seen from the values of the lattice parameters repo
in Tables II and V. The in-plane unit cell increases togeth
with a decrease of theāSL axis.

Furthermore, in the case of the twin-free, orthorhom
SL ~sample No. 3! the alignment of the shorteraSL axis
perpendicular to the step edge@see Fig. 6~a!# will be stimu-
lated by the attempt of the film to minimize the interfa
energy. This is suggested to be the general thermodyna
driving force inducing the alignment during the growth pr
cess of HTS film.51

B. Interface morphology

The results of the diffuse scattering measurements
lowed us to study the interface ordering. A very regu
alignment of the step arrays along the miscut direction for
the investigated samples was deduced from the symmet
reciprocal space maps, where the (00L) CTR’s from both
~001! and ~002! reflections split the superlattice reflection
into two peaks separated byDK values proportional to the
tilt. A different ordering of steps could be deduced from t
results of the diffuse scattering measurements. The sm
miscut angle ofaSL'0.70° in sample No. 2 is enough t
induce a higher degree of ordering in the steps distributi
The absolute value of the step size in sample No. 2 is sma
relative to sample No. 1 (aSL'0.15°). However, comparing
the coherence lengthl i with the dimensionl STO of the ter-
races of the substrate~Table III!, sample No. 2 appears to be
on average, more ordered. Further increasing the misorie
tion, the disorder increases and when the miscut angl
about 0.85°~sample No. 3!, disorder in the spacing of the
steps gives rise to a broadening of the two CTR’s.

The presence of ripples at interfaces of SL’s with low
miscut angles, sample No. 1 withaSL'0.15° and sample
No. 2 with aSL'0.70°, indicates a layer-by-layer growt
mode. This is in agreement with previous RHEED stud
performed on these superlattices.35 In particular, in the case
of sample No. 1, the symmetry of the ripples and its inva
ance under 90° rotation, indicate an isotropic interface str

e
e
s:
t
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ture. This can be associated to a two-dimensional~2D!
growth mode with coalescence of isotropic, two-dimensio
islands or to some tendency towards 2D/3D Strans
Krastanov growth, induced by occasional defects during
growth process. This isotropy can be attributed to the co
bination of the lowest miscut angle and the largest thickn
of the sample and is in agreement with scanning tunne
microscopy studies of YBCO thin films on STO substrates52

However, in the case of sample No. 3 no ripples are pres
and the larger miscut angle introduces a high degree of
terface disorder.

The relaxation of the stress, which is induced by the
plane lattice mismatch, was proposed to be one of the
sons for the transition from a 2D to a 3D growth mode
YBCO films grown by various techniques, but other mech
nisms were also proposed to explain this phenomenon.53,54In
the case of SL’s the strain may be responsible for the
growth mode, while the vicinality is responsible for the im
provement of the interface quality only for low miscu
angles. No ordered steps and low coherence lengths are
served for the miscut angle of almost 0.85°, and step bun
ing is not observed. These values of the misorientation
quite small in comparison with results reported in the lite
ture on III–V compounds superlattices, where macrost
are observed at larger miscut angles.28

V. CONCLUSION

In summary, in the present study we investigat
structural and morphological properties of@BaCuO21x#2 /
@CaCuO2#3 superlattices grown by pulsed-laser depositi
on vicinal ~001! SrTiO3 substrates with different miscut va
ues. X-ray-diffraction and diffuse scattering measureme
both in conventional and in grazing-incidence geometr
provided detailed information about the role of the miscut
structure and morphology of the films. During the grow
ta
e

n

m

u,

p
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process even a small miscut of the substrate influences
orientation and the isotropy of the ripples at the interfa
Three types of interface structure have been observed
function of miscut angle below 1°, namely, a symmet
ripple structure for the smallest angle, an asymmetric rip
structure for the intermediate angle, and an isotropic fra
structure for the largest misorientation. The results h
shown that a miscut angle of about 0.70° improves the
dering at the interfaces of@BaCuO21x#2 /@CaCuO2#3 super-
lattices, but a further increase leads to a worsening of
interface properties at a degree of misorientation which
much smaller than normally employed for the growth
semiconductor superlattices. The tetragonal-to-orthorhom
transition is also favored by the vicinality of the substra
and depends less on the thickness of the films. Theref
defining a unique value for the critical thickness for t
strain relaxation, which is accompanied by the tetragonal
orthorhombic transition, as in the case of other HTS’s t
films, is questionable in the case of@BaCuO21x#2 /
@CaCuO2#3 superlattices. However, a larger thickness m
favor the transition from the 2D to 3D growth mode,
already observed in other HTS’s thin films. To the best of o
knowledge this is the first study of the effect of the misc
angle in the growth mode of artificial superlattices with
such complex oxide structure. Since rather small mis
angles already strongly influence the morphology and st
ture of these superlattices, the knowledge and choice of
miscut of the substrate is crucial in order to gro
@BaCuO21x#2 /@CaCuO2#3 superlattices with well-defined
structural properties.
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