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A new ordered perovskite phase, Sm,SryCugO;7.5, has been
synthesized by reflection high-energy electron diffraction moni-
tored pulsed laser _deposition technique. It exhibits a supercell
witha ~ b ~ 22,V2 = 10.89 A and ¢ = 3.66 A. A novel structure
whose framework is buitt up from the intergrowth of {CuQ,]. and
[CusO4]s chains running along [010], and a Sm/Sr ordering is
proposed from the electron microscopy observations, The analyses
of the structure and the extended defects which arise in the matrix
suggest that it should be possible to stabilize new intergrowths of
S5rCu0; and SmSr;Cu 0y structures. © 1995 Academic Press, Inc.

INTRODUCTION

Besides its success in the growth of high quality thin
{ilms of high-T, superconductors, the pulsed laser deposi-
tion (PL.D) technique has also been gaining popularity as
a synthetic tool for the preparation of new metastable
phases. In particular, the epitaxial stabilization provided
by the substrate can be exploited to enforce growth of
phases which are thermodynamically unfavorable. For
growth at low pressures, the ability to monitor and con-
trol the growth of layers using reflection high-energy
electron diffraction (RHEED) is an additional attractive
feature of the technique which can be utilized for the
synthesis of new materials. In this perspective, the inves-
tigation of the Ln—Sr—Cu-0 system is of interest since it
offers the possibility of stabilizing novel oxygen-deficient
perovskites which may be difficutt or impossible to syn-
thesize in the bulk; the formation of metastable phases
with the substitution of rare earth for strontium in the
infinite-layer structure is especially attractive.

Recently, the systematic investigation of the sama-
rium-based system, of the formulation Sm..Sr,
CuOy 5405045 corresponding to a perovskite, was carried
out (1). It allowed a large homogeneity range of
perovskite-type phases to be stabilized for 0.4 <x < 1. A
preliminary electron diffraction (ED) study showed the
existence of extra spots and diffuse streaks in most of the
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ED patterns suggesting that complex ordering and non-
stoichiometric phenomena are prevalent. In particular,
for thin films corresponding to x = 0.75, a supercell was
observed with “ZaP\/E X ZaP\/i X a,.”" This paper deals
with the structural and microstructural characterization
of thin films of a new ordered oxygen-deficient
perovskite, SmzSrgCugQyr+s (x = 0.75).

FILM GROWTH AND EXPERIMENTAL: BRIEF RECALLS

The details for the RHEED-monitored pulsed laser
deposition system have been described previously (2, 3).
The films are grown using a KrF excimer laser (A = 248
nm), at a low deposition rate (0.05-0.1 A/pulse), with a
pulse repetition frequency of 4 Hz and a fluence of 2-3 J/
cm? at the target. The films are deposited on high-quality,
optically polished (100)-oriented SrTiO; substrates. A
high oxygen activity is provided during growth, while a
low background pressure is maintained using a combina-
tion of atomic oxygen and pulsed molecular oxygen, as
previously described (I).

The films have been deposited from one Sm/Cu/Q tar-
get and one Sr/Cu/O target; the number of laser pulses on
cach target was calculated to obtain the desired theoreti-
cal composition. All the films, 500-700 A thick, have
grown at a substrate temperature of 600°C; following the
deposition, the filins were slowly cooled to room temper-
ature after the chamber was backfilled with 760 Torr O,.

The cation stoichiometry has been checked using
EDAX and has been found to be within 5% of the ex-
pected values based on the programmed number of
pulses used for ablation from each target. Standard four
probe dc transport measurements have been used for
electrical characterization of the films and have been de- |
scribed elsewhere (1). X-ray diffraction study was per-
formed with a Siemens diffractometer in the normal
Bragg reflection geometry. Transmission elec¢tron mi-
croscopy was carried out with a Philips EM420 (120 kV)
electron microscope and high-resolution microscopy
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FlG. 1. [001] ED patter\n/'JJ refers to the perovskite subcell and s to
the supercell with a = 2a,V2,

(HREM) wiluh a TOPCON 002B, having a resolution
point of 1.8 A.

RESULTS

The New Oxygen-Deficient Perovskite SmaSrsCugOyrss

For the molar ratio Sr/Sm = 3, the ED investigation of
the thin films shows that most of the crystals exhibit a
superstructure with respect to the **a, X a, X ¢;”* SrCuQ;,
infinite layer structure. The examination of the films
along the direction perpendicular to the substrate dis-
plays (001)* ED patterns (Fig. 1) with a = b = 2 a,V2.
From the reconstruction of the reciprocal space, one ob-
serves that there are no conditions limiting the reflections
and that the ¢ parameter directed perpendicular fo the
substrate plane is close to that of the SrCuQ, infinite layer
structure. The c-axis value determined from the X-ray
diffraction pattern of 3.66 A is intermediate between that
of the tetragonal SrCu0Q; (3.4 A) and that of a classical
stoichiometric perovskite (3.8-3.9 A).

The EM st\u/d_y confirms that in a large part of the crys-
tals the “*2a,V2 x Zap\/i” superstructure, parallel to the
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planc of the substrate, is well established. Similar **2q,

2 X 2a, Va2 superstructures have previously been ob-
served for Las,Sr¢CugOy (4) and YBa,Cu;Og s (5).
However, in the present cuprate, a very different con-
trast (Fig. 2} is observed in the HREM images, suggesting
that this new phase exhibits an original structure. In [001]
images of the thinnest parts of the film, one indeed ob-
serves two bright dots spaced by about 3.85 A along the
{100], direction; they alternate along that direction with
two smaller spots. On the other hand, along the [010],
direction, every bright dot alternates with three smail
white spots. In the thicker parts of the film, the main
characteristic of the contrast, i.e., the arrangement of
two adjacent 3.8 A-spaced bright dots in an array of gray
dots, is retained (Fig. 3). Assuming that these dots are
correlated to the positions of strontium and samarium
atoms, respectively, a structural mode! (Fig. 4a) can be
proposed for the cationic framework which involves an
ordered distribution of Sr and Sm, characterized by two
kinds of mixed rows according to the following se-
quences:

[Sm—Sm-Sr-Sr]. along [100],,
[Sm—Sr—Sr-Srj. along [010],.

In fact the entire cationic array can be described by the
stacking along [100], of identical [Sm—Sr—Sr-Sr]. rows;
two successive double rows are shifted by 25, with re-
spect to each other, leading to the stacking sequence
(Sm-Sm-Sr-8r).. In addition to the [Sm-Sm-Sr-Srl.
rows parallel to [I00],, one observes pure [Sr). rows.
Note that this cationic distribution, which is in perfect
agreement with the film composition deduced from the
EDX analysis, does not imply a tetragonal symmetry in
spite of the similarity of the two “2ap\/5” parameters.,
To confirm the ordered distribution of Sm and Sr in the
framework, focus series of simulated images have been
calculated for different ¢rystal thicknesses (¢) (¢ ranging

FIG. 2. [001] image of a thin edge of the film; one of the main characteristics of the contrast is the existence of two very bright dots spaced by
3.8 A when the cation positions are highlighted; they were correlated to the samarium positions. An enlarged simulated image, calculated on the
bases of the ideal mode! in Fig. 4d is shown in insert.
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FIG. 3. [001) image recorded in the thicker part of the film: the main
characters of the contrast are retained.

from 3 to 9 nm). Starting from the assumed theoretical
positional parameters that implies a monoclinic symme-
try (P2/m space group, according to the conditions of
reflection}; the images have been initially calculated with
a statistical distribution of the oxygens, according to the
infinite layer structure (6, 7) in which each [Cu0,].. layer
parallel to the substrate consists of corner-sharing CuO,
groups. One observes that, for the focus values where the
cation positions are highlighted, the two samarium posi-
tions appear as very bright dots, compared to the stron-
tium ones. An example is shown in Fig. 4b for t ~ 5 nm
and Af ~ 0. This first series allows to confirm our hypoth-
esis of correlation and of ordering of the Sm/Sr atoms.
The next point is to propose a distribution for the anionic
framework.

Starting from the infinite layer SrCuQ; structure (6, 7),
one can easily propose a distribution of the oxygen atoms
in the (001), layer. For this purpose, one has to take into
consideration that Sm will introduce excess oxygen with
respect to SrCu0,, because of its higher valence as com-
pared to Sr. Thus, a model can be proposed: considering
that samarium ions form pairs, they may be located in the
sites (labeled A) of six-sided tunnels built up from two
CuQs pyramids and four CuQ, square planar groups (Fig.
4c). In this arrangement, the strontium atoms, in the sites
labeled A’, exhibit either a pseudo-cubic eightfold coordi-
nation similar to that observed in SrCuQ,, or a ninefold
coordination. The structure of this new phase (Fig. 4d) is
deduced from the SrCuQ; structure, by replacing one
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[Cu0,]. row of Cu0y group out of two by one [CuyOsle
row built up from strings of four polyhedra (two CuO,
square groups + two CuQs) groups. The simulated im-
ages, calculated from the ideal positional parameters of
model 3d, do not exhibit drastic differences with those of
the first series; as an example, an enlarged calculated
image is shown in insert in Fig. 2, where the two bright
dots and six gray dots correlated to Sm and Sr positions,
respectively, are clearly observed. It shouid be noted that
it is only an idealized model. Images recorded in the
thicker parts of the film (Fig. 3) show that, in fact, the
framework is slightly distorted. Such a distortion would

a

Sm Sr Sr Sm-Sm Sr Sr Sm

Sr Sr Sr r Sr Sr 3,

Sr Sm Sm Sr ]

Sr Sr r Sr Sr b,

Sm Sr Sr Sm8m Sr SrSm

m
S
b St
e A oA
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CuQ, square group

CuQ, pyramid

s Cu

e Sr ¢ Sm

FIG. 4. Structural model proposed for Sm,Sr¢CugQ;;. (a) Distribu-
tion of Sr and Sm atoms in the matrix. (b) Simulated [001] image calcu-
lated on the bases of such a catienic framework. (¢) Formation of a six-
sided tunnel through the presence of additional oxvgens in the infinite
layer structure. (d) Idealized model viewed along [001]; the supercell is
drawn with dotted lines.



HREM STUDY OF S$m,SreCusOyr.s FILMS

A" =Ba

YBa,Cu,0,
SmSr, Cy, G,

FIG. 5. {(a) Idealized drawing of the SmSr;Cu,0, chains, built up
from fwo CuO; pyramids and two CuQ, square groups compared to the
123" structure (b).

be induced both by the ordering of Sm and Sr atoms and
also by the ordering of oxygen atoms and vacancies. The
formation of six-sided tunnels in which two rare earth or
strontium atoms are located would in particular involve a
framework distortion as previously shown in other ox-
ides where similar configurations are observed; LasBa
CusO1345 (14) or Lay_Sry, Cuz04_, (15-17) with Lr = Sm,
Nd, or La. '

The structure can also be viewed as the intergrowth of
two kinds of chains, [Cu0;].. and [Cw40q].. running along
[010], with two successive [Cny0q].. chains being shifted
by 2b, with respect to cach other. Then the entire
- structure can be represented by the formulation
[S13Sm];[CuyOs)ICuyOs), i.e., SmySrsCuzQ,z. Note that
this assumed composition is in perfect agreement with
the cationic ratio (EDX analysis) and leads, for Cu(ID),
rigorously to the **O;”’ content. _

This structural model, which implies introduction of
some oxygen atoms between the (001), layers in an or-
dered way, is also supported by the larger value of the ¢
parameter (3.66 A instead of 3.4 A), as compared to Sr
Cu(,. Moreover it suggests that, depending on the ex-
perimental conditions (especially the oxygen pressure),
additional oxygen can be intercalated in the structure be-
tween the (001) layers, leading to the possible formula-
tion SmaSr¢CugOy7,5 characterized by the mixed valence
Cu(Ill)~Cu(IiI}. This viewpoint is strongly supported by
conductivity measurements, the highest conductivity be-
ing obtained for this composition, after oxygenation (1).

Considering the [CuyOg). chains, clear relationships
with the 123" structure of YBa,Cu;0; can be observed.
The assemblage of such identical chains leads indeed to
the theoretical oxygen-deficient perovskite “‘SmSr;
Cuy0,”” (Fig. 5a) whose structure is deduced from the
*“123" (Fig. 5b) by introducing an additional [SrCuQs].
layer between the pyramidal copper plane. Though it
could not be prepared as a bulk compound, such a phase
(A,A"),CusOg was observed as extended defects in thin
films (®) and in textured ceramics (9, 10),
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From this analysis, it appears that it shonld be possible
to stabilize new intergrowths of the SrCuO, and
SmSr:CuyQq type structures, with the generic formula-
tion [A4{CusOslm[A ASCusO6)n. The oxide SmuSreCugrO;7
represents the members m = 1 = | of the series, in which
the SrCuQ; type and SmSr;Cus0q type layers are one
CuOy (or one CuOs) group wide and where samarium
atoms occupy entirely the A sites and partly the A’ sites.

Extended Defects: the SmySr;Cu, Oy and
(SmSr,Cuys Q) SrCuOn Members

Besides the major structure described above, extended
defects are systematically observed for the Sr/Sm = 3
ratio. This is illustrated in Fig. 6 where three kinds of
defects are observed.

In the area labeled (D the bright and small dots are
distributed in a different way and the contrast evolves
from the top to the bottom parts of the domain. In the top
part (curved arrow), one observes double rows of stag-
gered white dots running along the [110], direction, sepa-
rated by two rows of gray spots, leading to a new “ap\/i
X 2ap\/§” periodicity in the (001), plane of the substrate.
This new local superstructure can be interpreted on the
basis of a different cationic distribution of Sr and Sm,
corresponding to the Sm/Sr ratio equal to 1. The double
rows of staggered white dots correspond to Sm, whereas
the double rows of gray spots correspond to Sr. Thus the
cationic array can be described by the sequences [Sm—
Sm-Sr-Sr].. along both directions, [100], and [010],.
Then considering that the Sm ions consist of pairs located
in similar six-sided tunnels, one obtains the structural
model depicted in Fig. 7a. Similar to SmySr¢Cug(;, the
structure consists of [CuyOg). rows built up of strings of

FIG. 6. Enlarged [001] image exhibiting three types of extended
domains, in the 2ap\6 b 2a,,\/5 matrix. The local periodicities are
domain Q); a,,\/i b 2ap\/§; domain @, 4, X a,; and domain 3, a, X
Ry,
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FIG.7. ldealized models proposed for the a, V2 X 2a,VZ supercell:
{a) Sm8r,Cu,05; (1) SmSrCuyOss; and (o) caiculated image corre-
sponding to such a distribution (to be compared with the bottom part of
area (1) in Fig. 6).
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b¥e YBaFeCuO,

h,,l (110]
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two CuQs pyramids and two CuQy square planar groups
running along [010],, but the {CuO:]. rows have now
disappeared. In this structure, the successive [CusQOgl.
rows are shifted by a, with respect to each other. As a
result, the chemical composition corresponding to this
framework can be formulated as Sm;St2CusQs . Note that
this phase derives from the hypothetica! structure SmSrs
CuyOy by a translation of one [Cu,Os).. row out of two
along by, resulting in a different Sm/Sr ratio that induces
the formation of six-sided tunnels. Such a model implies
a valence (II) for copper, but a local variation of the Sm/
Sr ratio around 1, i.e., involving an excess of Sr which
are located on the Sm sites, is also possible so that it
could induce the Cu(II)-Cu(llI) mixed vatence. The sub-
stitution of Sr for Sm sometimes occurs in an ordered
way as observed in the bottom part of area (0). One ob-
serves then that double rows of staggered white dots are
replaced by the new sequence: a single row where one
bright dot alternates with one gray dot (involving an
ap\/i periodicity) and three rows of gray dots, involving
a 2a,V2 periodicity in the perpendicular direction. On
the basis of the previous correlation, the contrast can be
interpreted as an ordered substitution of one Sm atom out
of two by Sr in the six-sided tunnels, as shown in the
structural model of Fig. 7b. Images (Fig. 7¢) have been
calculated for this ideal model (Fig. 7b); they confirm that
the experimental contrast is consistent with such a distri-
bution. The brightest dots, correlated to the samarium
positions, are separated by gray dots associated with the
copper ones; the three rows of gray dots are correlated to
the strontium and ccopper atoms., Such a substitu-
tion involves a Sm/Sr ratio which matches exactly
with that of the mnominal composition, i.e.,
SmSr; Cu,0. Thus, for Sm/Sr ratio of 0.75, two
orthorhombic perovskites are observed, with Zap\/i X
2a, V2 x ap and ap\/z X 2ap\/5 X ap superstructures,
respectively. The first one Sm,SreCugQ,; is stabilized

b 4
A
A {$rCu0,),
A
YBaFeCuO,

member n=4

FIG. 8. 1dealized models of (a) the Y BaFeCuOs-type structure and (b) the intergrowth of (SmSrCu05X5rCu0,); structure built up from “SmSrs

Cu,Qy"" chains {Fig. 5a).
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FIG. 9. [001} ED pattern exhibiting streaks along a*. The maxima
are marked by white arrows.

throughout the whole matrix of the thin films whercas the
second SmSr;CuyOs (ap\/i X Zap\/i) is less stable and
only observed in the form of small domains; this could be
due to the oxygen content which would involve a rather
high Cu(lll) content.

The areas labeled & correspond to the well-known
contrast of the SrCuO,-type structure “‘a, X a,.”” They
are often associated with small areas where the contrast
is highly disturbed.

In the area labeled 3 “*a, X na,” superstructures are
observed with n = 2 and 4. The n = 2 member can be
interpreted as the phasoid SmSrCu,QO; which would have
the YBaFeCuQ;s structure (11), built up from layers of
corner-sharing CuQ; pyramids (Fig. 8a). The n = 4 mem-
ber can be interpreted as the phasoid SmSr;Cu,0s built
up from “‘SmSryCusOy”’ chains (Fig. 5a) and that corre-
sponds to the intergrowth of one YBaFeCuOs-type layer
with two SrCuQs-type layers {see Fig. 10b). In general,
such intergrowths with the generic formulation (SmSr-
Cu;05).(8rCuy,_5) can be observed in different crystals.
Such defects are sometimes observed in more extended
areas; in which case, the SAED patterns exhibit diffuse
streaks, but with maxima for (04 0): {04 0): (03 0) (Fig. 9,
white arrowheads).

The images of Fig. 6 (arca 3) and Fig. 10a show that
the systems of white dots of the two structures “ZaP\/}._’ X
2a,V2" and “‘q, X na,”’ are aligned without any signifi-
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FIG. 10. (a) [001] image of a defective zone where an “‘a, X na,”’
domain is coherently connected to a Za,,\/f X 2ap\/5 domain; (b) ideal-
ized model of the connection (n = 2 and n = 4 are taken as examples).

cant distortion. This suggests that the ordering of the Sm
and Sr cations is coherent from one structure to the
other. As an example, a model of such a transition be-
tween the SmySreCugO; (“2ap\/§ X Za},\@“) structure
and the SmSrsCu,Os (“‘a, X 4a,”) structure is displayed
in Fig. 10b.

Besides the above extended defects, isolated defects
corresponding to the absence of a copper layer are some-
times observed in the small areas where the SrCuQs-type
structure is established. The double [AO].. layer which
results from this mechanism is perpendicular to the sub-
strate.

CONCLUDING REMARKS

The synthesis of a new ordered phase Sm;SrsCus04745
in the Sm-Sr—Cu-0 system further demonstrates the ca-
pacity of the laser ablation method in stabilizing new
metastable phases in the form of thin films. This is in
agreement with our previous results of the Y-Ba-Cu-0
(12), La~Ba-Cu-0 (13), and La-Sr—Cu-0 (2) systems
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that have allowed several new perovskites to be ob-
tained. In the Sm—Sr—Cu-0 system, with Sm/Sr = 0.75,
three different ordered perovskites have been character-
ized. The first one (2a,V2 X 2a,V2) is stable and estab-
lished throughout the whole film, whereas the two others,
ap\/i x 2a,V2 and a, X 4a,, arise in the form of ex-
tended defects.

It appears quite likely that other ordered structures can
be stabilized in the Sm-Sr—Cu-0 system by varying the
Sm/Sr ratio and the deposition conditions, The HREM
study of the various thin films of the system ‘*Sm;_,Sr,
CuO3;5,05:+5" corresponding to different nonimal x val-
ues is in progress.
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