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We have grown epitaxial thin films @faxis oriented metastable four-layered hexagonal BaRunO

a (111) SrTiO; substrate by 90° off-axis sputtering techniques. X-ray diffraction and transmission
electron microscopy reveal that the films are single domains-aXis four-layered hexagonal
structures with an in-plane epitaxial arrangement of BaRUZ110](ISrTiOy[110]. Surfaces with
smooth terraces having a step height of a half unit cel4.7 A) have been observed by scanning
tunneling microscopy. The in-plane electrical resistivity of the films is metallic, with a room
temperature value of 81@() cm and slightly curved temperature dependence. Their magnetic
susceptibility is Pauli paramagnetic. The metastable layered metallic oxide can be used for
understanding new solid-state phenomena and device application200@ American Institute of
Physics[S0003-695(00)00228-X]

The recent discovery of superconductivity in the been synthesized reproducibly under ordinary conditions ei-
Sr,RUO, compound without any copper and dopifimas led  ther, so it has been consideredrastastable The first bulk
to renewed interest in the physical properties, particularlyceramic 4 BaRuQ, was synthesized under high pressure
magnetism, and structural chemistry of the ruthenium basetbetween 15 and 30 kbaby Longo and Kafala$,and its
oxides ARuUO;:A=Ba, Sr, Ca). Among all ruthenates, only single crystal form was grown using a BaGlux.® More
BaRuQ;,, which has the largesA-site cation in the series, recently, the electrical and magnetic properties of bulk single
possesses a hexagonal structure in the bulk, while othersystal form have been measured|though its synthesis is
have a GdFe@type orthorhombic structure instead. not reproducible.

The structural chemistry gkBOs-type ruthenates can be In this letter, we report the synthesis, electrical transport,
described in terms of hexagonal- and cubic-close packing aind magnetic properties of epitaxial thin films of metastable
AOQ; layers. If all AO; layers are cubic-close packed, the 4H BaRuQ,. In order to match the in-plane symmetry and
RuG; octahedra form a cubic-like three-dimensional array bylattice of (0001 4H BaRuQ, the following substrates have
sharing only one oxygen to give rise to cubic, tetragonal, antheen chosen(0001) Al, O, (111) SrTiO;, (111) MgAl,O,,
orthorhombic structures. In contrast, AO; layers are en- and(111) MgO. The films were grown by 90° off-axis sput-
tirely hexagonal-close packed, the Ry@ctahedra are tering techniquésfrom a stoichiometric BaRu§ceramic
shared by three oxygens to form a hexagonal structure. Dugrget. The total pressure of the oxygen and argon mixture
to the two basic packing forms, it is recognized that the bulkyas maintained at 200 mTorr.,@artial pressures of 8 and
BaRUQ ceramic has three different Crystal structures. The)BO mTorr were used, but except for the resistivity no appar-
are (1) the nine-layered rhombohedral structureRj9with  ent effects on either the crystal structure or the growth mode
a=5.75A andc=21.6A° (2) the six-layered hexagonal ere observed. The substrate block temperature was held at
structure (61) with a=5.71A andc=14A" and (3) the  g50°C. After deposition, the samples were cooled down to
four-layered hexagonal structure 43 with a=5.73A and  room temperature in an oxygen pressure of 300 Torr. Results
c=9.5A% depending on the amount of hexagonal- andreported here are for films 4600 A thick.
cubic-close packing of the BaQayers. The ® phase has Their crystal structures and epitaxial arrangements were
been considered the most stable form in the Bullecently,  studied by x-ray diffraction and transmission electron mi-
the_synthesis of epitaxial thin films of BaRuQ with  croscopy (TEM). All films studied exhibit predominantly
(2025) texture has been reportédhe 6H phase has been c.axis texture normal to the substrates. The films grown on
found mainly as a result of high-pressure bulk synthesis(;17) MgAl,0, substrates exhibit two hexagonal domains,
Likewise, the 4 structure containing pure BaRy@as not  rotated by about 4° with respect to each other in the growth
plane, and they also contain a small amount of impurity
3Electronic mail: eom@acpub.duke.edu phases. It is considered that the spinel structure of the
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S E FIG. 2. Cross-sectional TEM of a 4600 A BaRyfiim grown on a(111)
E;- SrTiO; substratei(a) cross-sectional bright field imagéh) selected area
‘7 electron diffraction pattern, an) high resolution image taken from the
i i [2110] zone axis of the film. The four-layered stacking of BaRu®
8 shown clearly in(b) and (c).
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¢ (degree) The microstructure has been studied further by cross-

sectional TEM, including selected area electron diffraction
FIG. 1. X-ray diffraction patterns of a 4600 A BaRy@in film grown on  (SAED). Figure Za) is a low magnification bright field TEM
a(111) SrTiO; substrate(a) normal 6—2¢ scan(the inset shows a schematic image of a 4600 A thick BaRuQfilm grown on a(111)
diagram of the # BaRuq_structure and (b) azimuthal off-axis¢ scan for SrTiO; substrate. The dark bands indicate the presence of
}E?a(ble?ild)b?wq reflection. The bremsstrahiung peak from the substrate, yinhase houndaries and stress-induced dislocations. The

latter is typical for an epitaxial system with large lattice mis-

match. Figure @) and Zc) show a SAED pattern and a high
MgAl,O, substrate does not match structurally with theresolution image, respectively, taken from {i#110] zone
4H BaRuG, phase, even though the lattice spacing alongaxis of the film. These results further confirm that the
[220] of the (111) MgAl,O, plane matches well with the BaRuQ film consists of a single domainH} structure,
basal plane of B BaRuQ, (mismatch:+0.24%. The films  grown epitaxially along the axis on the(111) SrTiO; sub-
grown on (0001 Al,O; substrates(mismatch: +20.41% strate. The lattice constants determined by TEM are 5.72
also contain a considerable amount (@fL0) 4H texture. *0.08A in plane and 9.580.07 A out of plane, consistent
These films and their counterparts grown(afl) MgO with ~ With those obtained by x-ray diffraction. .
a mismatch of-3.91% and a Rochsalt structure also contain ~ 1he growth mechanism and surface morphologies have
impurity phases, which have not yet been determined. I/P€en studied by scanning tunneling microscégyMm). The
contrast, the films grown or(111) SrTiO; (mismatch: films grown on the(lll)_SrT|O3 substrate exhibit large con-
+3.73% consist of purely single domains ¢0001 4H centric “birthday cake-like” terraces about 1000—2500 A in

phase, as shown in Fig(d. This is consistent with the fact diameter, leading to a relatively small roughness, as illus-

that the(111) SrTiO; matches wit{0001) 4H BaRuQ, both trated in Fig. &). The root-mean-squarddns) roughn(_ess IS
. . - . . about 8—10 A over %5 um area. The observed uniformly
in terms of chemical compatibility, particularly for being a

erovskite also. and lattice parameters distributed three-dimensional surface morphology indicates a
P L att ' i fthpf'l d termined b wo-dimensional island growth. The measured step height

attice parameters ot tne fiims are determined by NOMayoyyeen the concentric terraces is about 4.7 A, as shown in
6#—260 scan and grazing incidence diffractiq®&ID) tech-

] ) i Fig. 3(b), which is one half of the-axis lattice parameter of
niques. For a 4600 A thick film grown od11) SrTiOs, the 4H BaRuQ,

values are 9.580.01A out of plane and 5.7280.002 A in Figure 4 shows the in-plane electrical resistivity as a

plane, both of which are the same as for the bulk. The infynction of temperature for a 4600 A film grown at a high O
plane epitaxial arrangement is determined by the azimuthadressurg80 mTory. The room temperature and residual re-
¢ scans of both BaRu91011 [Fig. 1(b)] and SrTiQ 002  sistivities are 810 and 220 cm, respectively, and they are
reflections(not shown here The observed sixfold intensities nearly twice the values of a bulk single crystal, i.e., 400 and
of the BaRuQ 1011 reflection confirm that the film contains 100 40 cm.” The higher values observed in the film can be
only a single hexagonal texture in the plane. The azimuthattributed to the presence of antiphase boundaries and misfit
scans also indicate that BaRyDZ 110] is parallel to SrTiQ  dislocations described abojgee Fig. 2a)]. The temperature

[110]. The measured full width at half maximutRWHM) dependence of the measured resistivity is metallic down to
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K2. The behavior is similar to that of the bulkH4single
crystal! but it is different from that of the R single crystal,
which exhibits a transition from metallic at high temperature
to a more resistive state at low temperatiréhe films
grown at a lower @ pressurd8 mTorr) exhibit higher resis-
tivites (p,g5 k=2100—2400w 2 cm), which might be due to
oxygen deficiency.

Magnetic properties of theH BaRuG, films have been
studied by superconducting quantum interference device
(SQUID) magnetometry. The susceptibility is paramagnetic
and nearly temperature independent, indicating that it is
dominated by Pauli paramagnetism. The measured suscepti-
bility is (8 +2)x 10~ ° emu/cni. These are also comparable
to those observed in the bufk.

() so In summary, we have synthesized metastable epitaxial
4H BaRug@, thin films, and have subsequently studied their
structural, electrical transport, and magnetic properties. The
(nm) 0 &w/lfv'\ﬂﬂ /\'L\%L BaRuGQ films grown on(111) SrTiO; exhibit a purelyc-axis
s single domain # structure with good crystalline qualities
and smooth surfaces. These metastable epitaxial thin films
i 2% o can help to understand new phenomena such as supercon-
(nm) ductivity in layered compounds without any copper oxide
layers®” They also show promise as metallic templates for
FIG. 3. (&) STM image of a (0001) A BaRuQ thin film grown on(111)  the synthesis and characterization of epitaxial heterostruc-
SrTiO; and (b section analysis of the image along the line drawianto tures for device applications, particularly for growth(@fl.1)
indicate the cross-sectional profile including the step height. . . ! . .
perovskites andc-axis hexagonal oxides. For instance, a
(0001 BaRuQ, electrode layer with a smooth surface may

4.2 K and it IS slightly curved at low temperatures with aallow the growth of(111) oriented ferroelectric heterostruc-
nearly quadratic dependence below 70 K. The nearly qua:

dratic behavior is illustrated in the Fig. 2 inset by the nearlyf:l:‘:e;S that require a high crystalline quality and sharp inter-
linear T2 dependence, with a slope of X80 2 uQ cm/ '
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