CONTRIBUTI SCIENTIFICI .

Functional nanostructures and interfaces of stron-
tium ruthenates SrsRu,0-/Sr,RuQ, eutectic crystals

R. Ciancio,"** H. Pettersson,? J. Bbrjesson,? S. Lopatin,® R. Fittipaldi,” A. Vecchione,' S. Kittaka,* Y. Maeno,*
S. Pace,’ E. Olsson?

'Department of Physics “E.R. Caianiello,” University of Salerno and CNR-INFM SuperMat Regional
Laboratory, Baronissi (SA), Italy; 2Department of Applied Physics, Microscopy and Microanalysis, Chalmers
University of Technology, Goteborg, Sweden, °FEI Company, Achtseweg Noord 5, Eindhoven, The
Netherlands, “‘Department of Physics, Graduate School of Science, Kyoto University, Japan

*Vincitrice del Premio Carla Milanesi 2009

Corresponding author: Regina Ciancio

IOM CNR, Laboratorio TASC, Area Science Park, Basovizza S.S. 14 Km 163.5 34149 Trieste, Italy
Tel.: +39.040.3756467 - Fax: +39.040.226767

E-mail: ciancio@tasc.infm.it

Summary

Ruddlesden Popper Sr,+1Ru,03,.¢ ruthenates exhibit a wide variety of exceptional properties providing an ideal playground to
study new forms of ordering effects such as superconductivity in Sr,RuQ,. A new normal metal SrsRu,0/superconducting
Sr,Ru0, eutectic system has been successfully grown. Transport and magnetic studies on the eutectic material revealed the pres-
ence of an unexpected superconducting behaviour in the SrsRu,0; domain. Several scenarios have been proposed to explain this
unusual behaviour addressing the crucial need of a detailed investigation by local probe techniques. We report the nanostructural
characterisation of the SrsRu,0,/Sr,RuQ, eutectic crystals by transmission electron microscopy and high angle annular dark field
scanning transmission electron microscopy. We compared the nanostructure of the SrsRu,0; region of the eutectic with that of
Sr3Ru,05 single-phase crystals in which no superconducting behaviour has ever been observed. We found that Sr;Ru,05 can be
grown with higher purity via eutectic solidification showing only a diluted amount of randomly dispersed Sr,Ru0, layers. We also
explored the SrsRu,0/Sr,Ru0, interfacial nanostructure. Two typologies of interfaces are observed within the eutectic: interfaces
parallel to the growth direction are sharp and defect-free whereas interfaces perpendicular to the growth direction appear wavy and
decorated with Ru precipitates. An exotic pairing between the Sr,Ru0Qy, layers finely dispersed in the SrsRu,0; matrix is suggested
as possible scenario for the unusual superconductivity of the SrsRu,0; domain of the eutectic.
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Introduction held by the Ruddlesden-Popper (R-P) series of
Sr,,,.1Ru,Os,,,1 strontium ruthenates, fascinating
example of nature’s engineer layered systems
whose properties can be dramatically tuned by
impurities and disorder. The typical structure of
this class of compounds (see Figure 1) is made up
of n consecutive perovskite layers (SrRuOs) alter-

One of the most exciting developments of mod-
ern condensed-matter physics has been the dis-
covery of new forms of order in materials with
strong electron-electron interactions. The past

decade has seen the observation of a whole range nating with rocksalt layers (SrO) so that the for-
of novel superconducting, magnetic and metallic 11,114 can be written as (SrO)(SrRu0y),. Since the
states. In many cases these new states are subtle discovery, nearly 40 years ago, of the distorted
and fragile, which means that they intrinsic prop- perovskite SrRuO; as a ferromagnetic metal with
erties can often only be observed in extremely T,,,..~160 K (Allen et al., 1996), many studies of
pure crystals. Under this respect, a great role is the R-P compounds have provided clear evidence
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Figure 1. Crystal structure of the Ruddlesden—Popper
series of Sr,+1Ru,03,+1 with n=1, 2, 3, and cc.

that one of the most striking features of these
oxides is that they display varying functionalities
as the number of Ru-O layers per unit cell, n,
increases (Cao et al., 1999). Besides the uncon-
ventional spin triplet superconductor SryRuO,
(n=1) (Mackenzie and Maeno, 2003), the R-P
series also includes the n=2 bilayered member,
SrsRu,07 (Perry et al., 2004), which is a metamag-
netic normal metal with a quantum critical point,
the nearly ferromagnetic Sr,RusO;, (n=3)
(Crawford et al., 2002; Cao et al., 2003b) and the
itinerant ferromagnet SrRuOs (n=«) (Mazin and
Singh, 1997). In general, all the strontium ruthen-
ates are metallic when they are grown in their sto-
ichiometric forms and inclined to be magnetically
ordered but small changes in either the crystal
structure or the phase purity can switch their
ground states all the way from correlated electron
insulators to high-conductivity metals (Mackenzie
and Y. Maeno, 2003; Nakatsuji and Y. Maeno, 2000;
Grigera et al., 2004). An outstanding example is
the unconventional superconductivity observed
in Sr,RuO,. This material, which is a close struc-
tural relative of high-temperature superconduct-
ing cuprates, is the first perovskite oxide super-
conductor with no copper. In contrast to most
conventional superconductors which are largely
immune to scattering from impurities or imper-
fections, the suppression of the superconducting
transition temperature by non magnetic and mag-
netic impurities in this compound is one of the
key signatures of its unconventional or non-s-
wave superconductivity (Mackenzie et al., 1998).
The achievement of high quality samples is there-
fore a necessary prerequisite for the new super-
conducting state in SryRuO, to be observed in the
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first place. Over the years, active investigations
have been carried out to establish unambiguously
the spin triplet superconductivity of SroRuO,. One
of the major obstacle for understanding the phys-
ical properties of this ruthenate has been the lack
of superconducting thin films. Tunnel experi-
ments performed with superconductor-insulator-
superconductor and superconductor-insulator-
normal metal junctions based on SryRuO, single
crystals raised the crucial problem of controlling
interfaces. The development of eutectic crystal
growth of these systems has been proved to be an
excellent route to merge together in a single com-
posite crystal individual constituents with distinct
physical properties thus offering the possibility to
engineer new heterostructures with ad hoc func-
tionalities. SrsRu,O;/SrsRuO, eutectic crystals
have been successfully grown by flux feeding
floating zone technique (Fittipaldi et al., 2004;
Fittipaldi et al, 2008; Ciancio et al., 2009). Such a
composite structure, consisting of significant vol-
ume fractions of both SrsRuO, and the SrsRu,O-,
provides natural junctions and allows the study of
tunnelling and proximity effect between the spin-
triplet superconductor Sr,RuO, and the nearly
ferromagnetic metal SrsRu,O;. The choice of
SrsRu,0; as normal metal was driven by the high
similarities in both the structural properties and
growth conditions with the homologue SroRuO,:
high purity single crystals of SrsRu,O; with a low
residual resistivity comparable to that of SryRuO,
have been obtained. Such features represent a
chance of a good crystalline matching at the inter-
faces with the possibility of good transport prop-
erties through the interfaces. Moreover it is worth
to note that SrsRuO; is a really interesting com-
pound in itself. SrsRu,O; was first found to be an
anti-ferromagnetic metal (Cava et al., 1997), then
claimed as an enhanced paramagnetic metal with
a changeover from paramagnetism to ferromag-
netism under uniaxal pressure applied along its c-
axis (Ikeda et al., 2000). Lately SrsRu,O; has been
reported as an itinerant metamagnet exhibiting
quantum critical phenomena (Perry et al., 2004).
It is remarkable that no sign of superconductivity
have been ever found even in the purest single
crystals of SrsRuy;O;. During the course of the
investigation of the functional properties of the
SrsRu,O,/SrsRuO, eutectics, an unexpected
superconducting behaviour has been measured in
the SrsRu,O; domain (Hooper et al., 2006;
Fittipaldi et al., 2008; Kittaka et al., 2008). Several
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pictures have been proposed to explain this
unusual behaviour such as a proximity effect
(Hooper et al., 2006) or, in analogy with the Ru-
Sr,RuO, eutectic system (Maeno et al., 1998;
Yaguchi et al., 2003; Sigrist and Monien, 2001), the
possible presence of an additional phase at the
SrsRuy0; /SroRuO, interfaces (Kittaka et al.,
2008). In this scenario, the investigation of the
nanostructure of the SrsRu,O; domain of the
SroRuOy4- SrsRuy,O; eutectic crystals is of crucial
importance to extract the intrinsic properties of
this ruthenate. This can be done by strictly com-
paring the nanostructure of the SrsRu,O; region
of the eutectic with that of SrsRuyO; when it is
grown as single phase crystal. Moreover, to verify
weather the unexpected superconducting behav-
iour measured in the SrsRu,O; domain might be
induced by the presence of an additional phase
forming at the SrsRu,0O; /SrsRuO, interfaces, it is
crucial to determine atomic structure of the
SrsRu,07 /SrsRuQy interfaces.

In this work, we provide a full characterisation
of the nanostructures of the SrsRusO/SrsRuO,
eutectic crystals by transmission electron
microscopy (TEM) and high angle annular dark
field (HAADF) scanning TEM (STEM). A special
emphasis is paid on the SrsRu,O; domain which is
compared to SrsRu,O; grown as single phase
material. A detailed characterisation of the atom-
ic structure of the SrsRu,0O,/Sro,RuO, interfaces is
also provided.

Materials and Methods

The SrsRu,07/Sr,RuO, eutectic crystals and the
SrsRu,0r; single phase crystals have been grown
by flux feeding floating-zone technique with Ru
self-flux, using a commercial image furnace
equipped with double-elliptical mirrors and two
2.0 kW halogen lamps (NEC Machinery, model
SC-K15HD-HP). An off-stoichiometric ratio kg,
ge=1.6 and Keyeciic=1.45, respectively (where
k=2N(Ru)/N(Sr), N(Ru) and N(Sr) being the mol
fraction for Sr and Ru) was used to compensate
the Ru evaporation during the crystal growth (R.
Fittipaldi et al., 2004). During the eutectic solidifi-
cation, the SrsRu,O; and Sr,RuO, phases solidify
along the b direction in an ordered pattern con-
sisting of alternating lamellae of thickness rang-
ing from 60 to 200 um piled up along the ¢ direc-
tion. X-ray analysis showed only the presence of
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the Sr,RuO, and SrsRu,O; phases which are fully
aligned in the crystallographic directions (R.
Fittipaldi et al., 2004). Rietveld analysis of pow-
dered eutectic crystals confirmed the previously
determined ratio between the two phases.
Although SrsRu,O; belongs to the orthorhombic
space group Bbcb (Huang et al., 1998; Shaked et
al., 2000), both SryRuO,4 and SrsRu,O; can be con-
sidered as having a tetragonal crystal structure
a=0.3862 nm and ¢=1.2722 nm, and a=0.38872 nm
and ¢=2.0732 nm, respectively (Huang et al., 1998;
Chmaissem et al.,1998).

The TEM studies were performed using a
Philips CM 200 field emission gun TEM with an
attached Link ISIS EDS system and a Gatan
Imaging Filter. HAADF analysis was carried out
using a Titan 80-300 TEM/STEM with a probe
spherical aberration corrector. Both instruments
were operated at 200 kV. The HAADF images
were recorded using a convergence semiangle of
24 mrad and a collection semiangle of 90 mrad
giving Z contrast.

TEM specimens were extracted using a FEI
Strata 235 DualBeam combined SEM and focused
ion beam (FIB) instrument. 100-nm-thick TEM
foils were thus obtained by a FIB-SEM liftout pro-
cedure and further thinned down to electron
transparency by a Gatan Precision Ion Polishing
System equipped with two Ar sources.

Results and Discussion

The image of Figure 2 taken by Polarized Light
Optical Microscope (PLOM) gives an overview of
the SrsRu,0,/SrosRuO, lamellar pattern in the a-c
plane. As further confirmed by Energy Dispersive
Spectroscopy analysis carried out by Scanning
Electron Microscopy (Ciancio et al., 2009a;
Ciancio et al., 2009b), the dark contrast stripes
are Sr,RuO, lamellae embedded in the brighter
contrast SrsRu;O; matrix. To explore the nanos-
tructure of the SrsRu,O; domain of the eutectic
thin membranes suitable for TEM analysis were
extracted from the bulk crystals by the above
mentioned lift-out technique. In Figure 3a a
HRTEM micrograph taken in the [010] zone axis
of the SrsRu,O; domain of the eutectic is dis-
played. As shown in the image, the crystal frag-
ment has a well ordered nanostructure with no
sizeable changes in the atom arrangement. The
typical atomic layer stacking of the SrsRu,O;
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phase constantly repeat all over the sample with a
2-nm-long periodicity corresponding to the c-axis
value of the SrsRu,O; phase. Occasionally in the
SrsRuy,O; matrix layered defects identified by
HAADF-STEM analysis as Sr,RuO, layers (see
Figure 3b) are observed which are distributed in a
extremely small volume fraction and over dis-
tances of more than 50 nm from each other. This
is confirmed by selected area electron diffraction
(SAED) carried out over several regions of the
sample. The SAED pattern in Figure 3a reveals
only the characteristic spots of the SrsRu,O;
phase thus confirming that the presence of
SroRuOy, is very diluted to give discernable spots
in the electron diffraction.

In contrast to SrsRu,O; grown via eutectic solid-
ification, the nanostructure of the SrsRu,0O single
phase crystal has a disorder typical of inter-
growths. The HRTEM micrograph of Figure 4a
taken with the electron beam parallel to the [010]

Growth
direction

b

direction, enlightens the presence of thin slabs
(indicated by arrows) with different atomic stack-
ing intercalating within the SrsRu,O; matrix. A
diffuse dark contrast is generally associated with
these areas as a result of the strain originating at
the slab edges because of the different atomic
stacking of the embedded region with the respect
to the surrounding matrix. As better emphasised
by Figure 4b, in which a zoom-in of the defective
region is displayed, such phases are planar faults
of SrRuO3 embedded in the SrsRu,O; matrix. In
addition, randomly distributed one unit-cell and
half unit-cell-thick layers of SryRus0;, are
observed. The presence of such intergrowths is
clearly visible in the SAED pattern in the inset of
Figure 4a which reveals the presence of addition-
al spots beyond the characteristic reflections of
the double-layered SrsRu,0O; structure, indexed as
those of the orthorhombic Sry;Ru30;, in the [010]
zone axis. The stronger intensity of the SrsRu,O;

Figure 2. On the left a schematic
drawing of the SryRuO,/SrsRusO;
eutectic crystal in which the
three-dimensional lamellar struc-
ture is represented. On the right,
an image taken by polarized light
optical microscope of the
SroRu0O,/SrsRuy,O; lamellar pat-
tern in the a-c plane is shown
(Ciancio et al., 2009b, Ciancio et
al., 2010).

1 nm

Figure 3. (a) HRTEM micrograph in the [010] zone axis showing the well-ordered atom arrangement of the
SrsRu,0O; region of the eutectic. (b) HAADF-STEM image showing the presence of SrsRuO, stacking faults (enlight-
en by the dash-edged box) in the SrsRu,O; matrix (Ciancio et al., 2009a).
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spots indicates a predominant contribution of
SrsRu,0; ordered volume in the sample. In addi-
tion, diffuse streaks running through the funda-
mental spots are also seen, indicating a two-
dimensional lattice defect on the a-b plane due to
the presence of the intergrowths. The above
remarks underscore the higher purity of the
SrsRu,O; grown via eutectic solidification in
which no atomically layered spurious phases are
seen except for intergrowths of SrysRuO, occur-
ring in very localized regions with poorly ordered
volume to yield detectable spots in either XRD or
electron diffraction. The statistics carried out on
several representative regions showed that the
total volume fraction of the SroRuO, intergrowths
is less than 5% of the imaged volume. The higher
purity of the SrsRu,O; domain of the eutectic
compared to SrsRu,0- single crystals, ascertained

Figure 4. HRTEM micrographs of a
SrsRu,O; single phase crystal taken in the
[010] zone axis. In a) intergrowths of
SrRuO; slabs intercalating within the
SrsRu,O; matrix and associated with a dif-
fuse dark contrast are indicated by arrows;
in b) the defective region enlighten in a) by
the dash-edged box is shown at higher mag-
nification. A SrRuOs3 slab and isolated half
unit-cell of Sr,Ruz0;, are displayed
(Ciancio et al., 2009a).

S]‘3 Ru 101

Sl‘; Ru 101

at atomic scale by TEM, is representative of the
bulk samples, as confirmed by the magnetic
measurements (Ciancio et al., 2009) which reveal
the presence of the magnetic transitions of the
SrRuOs and SryRu30; phase.

The determination of the SrsRu,O;/SroRuO,
interfacial nanostructure is another crucial point
to be addressed to shed light on the unusual super-
conductivity measured in the eutectic. In particu-
lar, one of the crucial question to be answered is
weather an additional phase might occur at the
SrsRu,07/SrsRuO, interfaces thus justifying the
insurgence of an additional superconductivity. As
clearly shown in the PLOM image of Figure 2, the
eutectic material provides two distinct typologies
of interfaces namely along the a and ¢ directions
of the crystal. To explore the interfacial nanostruc-
ture in the two different orientations, cross sec-
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tional samples were extracted by lift-out at the
two interfacial regions and then analysed by TEM
and HAADF-STEM (Ciancio et al., 2009b). Our
analysis revealed that the two interfacial regions
have different nanostructures depending on their
crystallographic orientation. As shown in the low
magnification HRTEM micrographs of Figure 5,
the interface parallel to the a-direction (Figure 5a)
linearly proceeds over large distances and no ele-
mental segregation can be seen across or in the
vicinity of this region. However, the interface par-
allel to the c-axis (Figure 5b) is wavy over all the
interfacial area with an amplitude of 50 nm.
Defects and precipitates are distributed on either
side of the interface over a 500 nm width region.
The elemental segregation is higher on the
Sro,RuO, side appearing as a quite ordered distri-
bution of nearly rectangular-shaped particles of
dark contrast of a size ranging from 20 to 50 nm.
EDS and HAADF analysis of the individual parti-
cles revealed that precipitates are Ru metal with
hexagonal crystal structure. To completely rule
out the possible presence of other phases at both
SrsRus0O7-SrsRuO, interfaces and to determine
how the lattice interfacial match is built up, a
more extensive characterisation was performed
by STEM-HAADF. As shown in the HAADF image
of Figure 6a taken in the [010] zone axis, the typi-
cal stacking of SroRuO, (upper part) and SrsRu,O;
(lower part) in the [010] direction can be dis-
cerned. The interface region is pointed by white
arrows in the image. The brighter Ru columns are
located in the center of the Sr-O columns with
lower intensity. The matching at the interface
between the two phases occurs with the sharing of
the Sr—O rock salt, as shown in Figure 6b in which
the white dash-edged region is shown aside the
image at higher magnification with the correspon-
ding labelling. The STEM-HAADF investigation
was successful only in the case of the interfaces
parallel to the a-axis. In the other case, the study
was thwarted by the pronounced wiggling of the
interface and by a consistent mismatch between
the two phases. This can be seen by comparing the
diffraction pattern taken in a defect-free area of
the SrsRu,O; region in the [010] zone axis with
that taken in a defect-free area of the Sr,RuO,
region keeping the tilt conditions of the SrsRu,0;
region The SAED pattern corresponding to the
SroRuO, phase result to be out from his own [010]
zone axis. Considering that the TEM sample hold-
er allows the tilt of the specimen around two inde-
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Figure 5. Overview of the two interfacial regions. In a)
a TEM image taken in the [010] zone axis of the SryRuO,
/SrsRu,O7 interfacial region with the interface along the
a direction is shown. In b) a TEM micrograph in the
[010] zone axis of the SryRuO,/SrsRu,O; interfacial
region in which the wavy interface parallel to the ¢
direction and the Ru precipitates (dark contrast parti-
cles) are seen (Ciancio et al., 2009b).

pendent directions which are parallel to the in-
plane crystallographic axis and a tilt of the speci-
men of 5° around the a-axis direction leads to the
zone axis condition for the SroRuO,, the b axes of
the two cells are tilted with respect to each other
of about 5° around the a-axis direction. Such a
misalignment only occurs in the a-c plane, where
the two SrsRuO,; and SrsRu;O; phase have to
match along the c-axes which are different for the
two cases. However, the lattice match along the a-
axis is in an energetically favoured configuration
because of the close values of the a-axis parame-
ters of the two phases. As a consequence of such
energy difference corresponding to the two inter-
facial orientations, it is understandable that ele-
mental segregation only occurs at the interface
parallel to the c-axis, where local change in chem-
ical composition most likely can take place. These
results are in a very good agreement with EBSD-
SEM analysis performed on the bulk crystals
(Ciancio et al., 2010). In both cases no other phas-
es are seen at the SrsRu,O-/SroRuQ, interfaces
thus ruling out the possibility of a superconductiv-
ity originated by the presence of additional phases
at the SrsRu,O-/Sr,RuQ, interfaces.

Conclusions

Eutectic solidification has been proved to be a
fruitful way to grow high quality crystals. In partic-
ular, we show that SrsRu,O; grown via eutectic
solidification has a significantly lower amount of
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layered spurious phase compared to SrsRu,O; sin-
gle phase crystals, where intergrowths of Sr,RusOq
and SrRuOs are found. The diluted presence of
Sr,RuQ, stacking faults in the SrsRusO; region of
the eutectic excludes a simple percolation via prox-
imity effect to justify the observed supercurrent
and points on the possibility of the achievement of
longer mean free paths in SrsRu,O; grown via
eutectic solidification which would enable a long
range communication via Kondo effect between the
finely dispersed Sr,RuQO, layers. The analysis of the
interfacial nanostructure in the three crystallo-
graphic orientations addressed crucial aspects on
both the crystal growth and the potential applica-
tion of this eutectic for the fabrication of spin-
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Figure 6. a) HAADF image taken in
the [010] zone axis of the
SrsRu0,4/SrsRuyO; interfacial region
with the interface along the a direc-
tion. The interface region is shown at
higher magnification in b) and
arrowed. The area of the image indi-
cated by the white rectangle, including
one unit cell of Sr,RuO, and SrsRu,0y,
is shown with higher resolution aside
the image with a schematic of the
atomic positions (Ciancio et al.,
2009Db).

4 unit cell

SrsRuO

Sr;Ru,05 unit cell

triplet tunnel junctions. Our studies revealed that
the interfaces have different nanostructure depend-
ing on their orientation with respect to the growth
direction of the crystal. The interfaces parallel to
the both a direction are straight and defect-free due
to the ‘easy-axis’ matching (the a axis parameters,
are the same for Sr,RuO, and SrsRu;0O;). On the
contrary, along the ‘hard-axis’ matching (c-axis,
which differs of about 0.8 nm in the two oxides),
the interfaces are wiggly and decorated with Ru
particles. Our investigations revealed that these last
interfaces are the best candidates for tunnel exper-
iments to study the order parameter symmetry of
Sr,RuQ,. The occurring of such elemental segrega-
tion in a specific crystallographic orientation opens
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the study of possible effects coming from the ther-
modynamic stability of this compound, such as the
favourite energy surfaces, the phase formation
dynamics, and the role of the active Ru evaporation
during the growth. More in general, because of the
high similarities between strontium ruthenates and
other polymorphic oxides, these findings can be
considered as representative of a wide class of
materials and therefore applicable to the eutectic
growth of other anisotropic oxide systems.
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