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CaRuQ thin films have been grown by on axis sputtering on varigii) SrTiO;, (110 LaAlO5, and
(100 NdGaG; substrates. The growth of high-quality twin free samples, havingathgis aligned with the
substrate normal, and theeandc axis aligned with the principal in-plane substrate directions, is demonstrated.
The mechanism of domain selection is addressed in terms of free energy minimization during the tetragonal to
orthorhombic transition, taking into account both strain and surface energy contributions. On the base of
experimental data, it is shown that minimization of surface energy plays a major role in determining film
orientation. Obtained samples are especially suited for the investigation of anisotropy in the macroscopic
properties of Ca/Sr ruthenates.
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INTRODUCTION since different bond distortions are present along the differ-
ent crystallographic directions, and a contribution of twin
Although several properties of Ru-based distorted perovsboundaries to resistivity cannot be ruled out, samples with
kites have been studied for many decades, a great surge wifultiple orientations are unsuitable to detect effects on trans-
interest has occurred in recent years. High-quality samplegort and electronic properties that could be possibly related
have been produced both in the form of epitaxial thin fiims to strain and to anisotropy. Nevertheless the growth of single
and single crystal, and analyzed from the viewpoint of theiroriented thin films does not take place on standdr@O)
structural and electronic properties. As a matter of fact, rucubic substrates. As discussed in the Appendix, six different
thenates share many fundamental solid-state issues with sorystallographic orientations, all presenting a very similar
perconducting cuprates and magnetic manganites, andttice matching with the cubic substrate, can in principle be
present in their phase diagram a unique interplay of magnesxpected in (Ca/Sr)Rulfilms. Four of them usually occur,
tism and unconventional superconductivity. Furthermore, eppresenting th€110 plane parallel to the substrate. Growth
itaxial films are employed in prototypes of integrated oxidedomains with such orientations would differ for the in-plane
devices, such as the ones based on superconducting cupragdignment of thec axis and for the possible exchange af
and/or ferroelectric titanates. andb axes*® Because of symmetry, these four domains are
Ru-based complex oxides such as (Ca,Sr)Rudd degenerate in energy and therefore nucleate with equal prob-
(Ca,SryRuO, compounds present structural transitionsability. As shown by Gafi,such degeneracy can be removed
which lower the symmetry with respect to their high- by resorting to a substrate with a vicind00) cut, opening
temperature phasghat is, simple perovskite and,KliF,, the way to the growth of twin-free films. A fully analogous
respectively. This is attributed to the size of €aand Sf* detwinning mechanism has been proved by some of the au-
ions, which are too small to “fill" the space in between thors for (110 oriented YBaCu,O, thin films.” Single-
RuQ; octahedra, and thus force Ru-O-Ru bonds to bend ilomain(110 CaRuQ films are nevertheless not optimal for
order to reduce the cell volume. Bonds bending, in turnstudying the effect of crystalline anisotropy on electronic
strongly affects electronic properties by reducing the widthfeatures(such as transport, magnetic, and optical propérties
of the conduction band. This is believed to determine thesince principal axes are not aligned in a simple way with
different electronic properties in compounds based on theespect to substrate. For example, the easy magnetization
isovalent Ca and Sr ions, since the distortion is greater foaxi$® of SrRuQ, has been found in such films to be close to
the smaller ion(Ca). The dramatic effect of ion size on trans- the b direction, which is at 45° to the substrate normal. Fur-
port has been also demonstrated by substitution the Ca sitéisermore, the vicinal cut might induce anisotropy in film
in insulating CaRuO, with small amounts of La ion5. properties which is not intrinsic, but rather related to the
In the CaRu@ and SrRuQ@ distorted perovskites, the defect structure of the film, as widely demonstrated in HTC
bucklingis related to the complex deformation of the struc-superconductors.
ture of RuQ octahedra. Upon sample cooling, the octahedra In the present work, we report on a systematic study on
are twisted around the axis during a first phase transition the structure of high-quality epitaxial CaRg@hin films
from a cubic perovskitégroup 22} to a tetragonal phase grown on(110) SrTiO;, (110 LaAlO3, and(100 NdGaG
(group 140, and then deformed during a second transition tosingle crystals. Twin free, purelg-axis oriented films are
an orthorhombic phaségroup 63.2 In order to investigate obtained on SrTiQ@and NdGaQ substrates, while films with
the relation between bond bending and transport propertiesyixed a-b axis orientation are grown 0{110 LaAlO5. The
the growth of twin free samples, exhibiting a single crystal-mechanism that leads to the selection of domain orientation
lographic orientation, would be highly desirable. In fact, is discussed in some detail.
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rhombic cells becomes 6, as discussed in the Appendix, if we
recognize that four inequivalent variants(@fLl2) orientation
° Ca exist.
As also shown in the Appendix,h(,k’,I") reflections
o Ru from the orthorhombic CaRugQattice can be divided in two
O o0 typgs:(a) those that correspond to lattice planes of the parent
cubic cell and(b) those that are generated by the symmetry
rupture due to the orthorhombic distortion, and do not exist
in the parent cubic structure. When choosing the reflection to
investigate in order to distinguish domains with different ori-
entation, both A- and B-type peaks can be chosen: A-peaks
generated by different domains, but deriving from the same
reflections of the parent cubic cell, fall close to each other in
reciprocal space, possibly posing a problem in terms of an-
gular resolution. B-peaks, on the other hand, are typically of
much weaker intensity, possibly posing a problem in terms of
signal to noise ratio. As an example, in Ref(Z21) B-type
peaks, possessing a very small intengapout 104, with
FIG. 1. Sketch showing the geometrical relation between arrespect to the strongest reflectipmeere chosen to assess the
orthorhombic cell and the parent cubic cell of CaRBun total, six  single-domain growth of SrRuQfilms. On the other hand,
equivalent orthorhombic cells can be build from the same cube. the distortion from the cubic structure in CaRy@ larger
than in STRuQ. Therefore, it is easier to resolve correspon-
SAMPLE GROWTH dent peaks of different film orientations from their position

This work is part of a wider investigation on CaRylO in reciprocal space. For this reason, we decided to investigate

deposited in different conditions on substrates of differenfc@RuQ film structure by RSM around peaks Aftype.
composition and orientation. The samples were grown by rf

magnetron sputtering from a CaRgiGtoichiometric target. DETERMINATION OF RECIPROCAL SPACE

Substrate temperature was typically 700 °C, and gas pres- REGIONS TO INVESTIGATE

suresP, andP g, were kept equal and fixed to 6.7 Pa for the

samples discussed in this wor.10) SrTiO; (STO), (110 The relevant regions of reciprocal space were determined

LaAlO; (LAO), (100 NdGaG, (NGO) single crystals were by calculation first. Three regions were considered for each
employed as substrates. The three perovskitic substraté@mple, in order to achieve a complete description of the unit
present similar in-plane rectangular lattice allowing for epi-cell. Two orthogonal cross sections of reciprocal space for
taxial growth of CaRug@. epitaxial CaRu@ films grown on LAO were evaluated and
The chemical composition of samples has been analyzesketched in Figs. (@), 2(b). Three possible film orientations,
by x-ray photoemission spectroscopy, and discussed in a dif-€., (100, (010), and(112), are taken into account, accord-
ferent papet® The films considered in this paper reproduceing to the above quoted consideratidsse also the Appen-
the [Cal)[Ru] 1:1 stoichiometry of the target, and possessdix). The very small in-plane misalignment between film and
excellent transport properties. This is not the case of filmsubstrate reciprocal space vectors¢(<0.3°) is neglected
grown in identical conditions on th€100) perovskite sur- in the analysis. This effect is in fact below experimental sen-
faces, which proved to be Ca-rich and highly resisfive.  sitivity of our x-ray setup, due to the beam angular width
perpendicular to the scattering plane. Accordingly, film and
substrate reflections are represented in the same reciprocal
space cross section. The cross section shown in Fa. 2
The structure of deposited samples was probed by x-raincludes the(110) and (100 reciprocal lattice vectors of
diffraction (XRD). In addition to performing scans in Bragg- LAO, while the cross section shown in Figl2 includes the
Brentano geometry, a very careful investigation on epitaxy(110 and(111) reciprocal lattice vectors of LAO. Only the
orientation, strain, and twinning of our CaRgi€amples was regions that have been considered in our investigation, that
performed, based on reciprocal space mappRgM). De- s, in the vicinity of the(330), (400, and (222 substrate
tails on our experimental apparatus have been reportecflections, are shown in detail. The presence in each region
elsewher€. of a substrate peak is a useful reference for checking the
(Ca,Sr)RuQ@ films are deposited in the cubic phase andaccuracy of measured interplane distances.
become tetragonal and then orthorhombic during codfing.  Reciprocal space cross sections have been drawn in a
The geometrical relation between the high-temperature cubisimilar way for samples deposited qil0 STO, (100
cell of the undistorted structure, and the low temperaturdNGO. The case of STO is very similar to LAO. The NGO,
orthorhombic cell of the distorted structure is shown in Fig.instead, is a distorted pervoskite with the same crystal struc-
1. The possible orientations of the orthorhombic cells thature as CaRu@ In particular, (1000 NGO substrates are
can be generated by(410) oriented cubic unit cell are three: characterized by &110) oriented parent cubic cell. Recipro-
(100), (010, and(112. The total number of possible ortho- cal space mapping was performed in the vicinity(600),

REMARKS ON DIFFRACTION ANALYSES
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FIG. 2. Sketch of two orthogonal cross sections of reciprocal space for epitaxial GdiRu®on LaAlO;.

(440), and (403 reflections, that correspond, according to Due to the 2 angular width of film peaks, an average wave-

the Appendix, to thé330), (400), and(222) reflections of the ~ length valuex=0.154187 nm for the Gl radiation was

cubic cell. employed to determine th€y, Q, values for CaRu@
The expected interplane distances relative to all substratg@ble 1) and to plot the reciprocal space maps. The

and film peaks considered in this work are reported in Tablé-UK @1-CUKa; splitting was instead properly taken into ac-

| The calculation is based on the bulk value of lattice Spac_count in the determination of substrate lattice parameters.

ing. For each substrate, the three orientations of the C@Rudrhe values of measured lattice parameters of films and sub-

cell discussed above are considered. The four possible VarT%_trates are §ummar|zed in Table |lI. .
ants of the(112) orientation result in different interplane dis- . .CTC‘RU% frlllms3gg S'IA'r(gosubsga;ezkz/lapsbperformed Iln t?e
tances in the asymmetric reflections. Comparison of experi\-/'c'mty 0 .t e.( ), ( .)’ and (222 substrate pea S, for
mental results with these calculated data allowed aCaRuQ thm f!lms deposited ofL10 STO are, respectl_vely,
straightforward determination of orientation and strain in ourrep.orted n .Flgs_. @-4(c). The value of the perper)dlcular
samples. Notice that symmetric peaks detection leads t tt|ce_ spacmgj—.0.0896 nm proves that CaRy@ single-
univocal identification of the CaRuQOdomains orientation, omam,a—ams_onentgd. . :
since the difference of interplane distances are large with '€ following epitaxial relations are observed00
CaRuQl(001) STO. Due to the parallelism of CaRyi@nd
substrate axes, th@,, Q, maps allow one to quickly corre-
late the experimental results to the interplane distances and
6-26 scans performed on three samples, respectively, ddattice parameters of the sample. The lattice spacing perpen-
posited on(110) STO, (110 LAO, and (1000 NGO are re- dicular to the substrate plandd,) is determined in symmet-
ported in Figs. 8)—3(c). Reported Miller indexes for the ric reflections, asl,,~= 27/Q,. Both the out-of-planed,,)
different reflections have been assigned according to the comand one of the in plane in-pland;{) film lattice spacing are
siderations reported above. Diffraction patterns are indicativeletermined in our asymmetric reflectiond,(=2#/Q,,d;,
of samples with high crystal quality. The width of symmetri- =2#/Q,). Therefore, the mapping of one symmetric and
cal rocking curves, typically ranging between 0.16° andtwo asymmetric peaks provides redundant data on lattice pa-
0.33°, are typical of high quality oxide films. rameters, which resulted to be consistent within experimental
RSM of films deposited o110 STO, (110) LAO, and  error. Similar considerations also apply to the other reported
(1000 NGO are, respectively, reported in Figs. 4, 5, and 6. measurements.

RESULTS

TABLE |. Expected interplane distances relative to the substrate and film reflections addressed in this work. Reported values are
calculated on the base of bulk lattice parameters.

. ) Symmetric reflection First asymmetric reflection Second asymmetric reflection

Crystal orientation
or growth domain d (pm) d (pm) d (pm)
LAO (110 (330 89.40 (400 94.83 (222 109.5
STO (110 (330 92.04 (400 97.63 (222 112.7
NGO (100 (600 90.43 (440 96.53 (404 110.9

(100 (600 89.33 (440 96.22 (404 109.8
CRO (010 (060 92.17 (440 96.22 (044 112.1

(112 (336 90.49 (008), (440 95.75, 96.22 (404 (044 109.8, 112.1
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FIG. 3. 6-26 scans for CRO films grown ofa) (110 SrTiO;, (b) (110 LaAlO3, and(c) (100 NdGaG; substrate. Au peaks ift) are
due to contacts deposited for transport measurements. Reflection peak label&dsnithe to unfilteredK 8 radiation.

CaRuQ films on LAO substrateét difference to the case purea-axis orientations. RS maps were substantially similar
of films deposited on the other substrates, the growth oriento those in Fig. 4, and are not reported here. The dependence
tation of CaRuQ on (110 LAO may differ from sample to of the orientation ratio among-axis andb-axis orientation
sample. RSM performed in the vicinity of thH&30), (400, on deposition conditions is not addressed in this work. We
and (222 LAO reflections for one of our samples are, re- just mention that no samples with high®eaxis content, with
spectively, reported in Figs.(&-5(c). The presence of two respect to the sample in Fig. 5, were obtained.
distinct film orientations is recognized in this case. The in- CaRuQ films on NGO substrate#aps performed in the
terplane distancesl=0.0896 nm,d’=0.0921 nm deduced vicinity of the (600, (440), and (404) substrate peaks, for
from the symmetric reflectiong=ig. 5@] allow one to un-  CaRuQ thin films deposited on100) NGO are, respec-
ambiguously single out the presence of batlaxis and tively, reported in Figs. @—6(c). From the value of the
b-axis oriented CaRu© An estimate of the relative amount perpendicular lattice parameter, the film is determined as
of the two domains can be obtained on the base of Rln. 5 a-axis oriented. The CaRuQrincipal axes are aligned with
Here peaks relative to different domains, but correspondinghe corresponding substrate directidd®0 CaRuQ [I(100)
to the same Miller indexegt40), are shown. On then base of NGO, (010 CaRuQl/(010) NGO, (001) CaRuQ(001)
the ratio of the integrated intensities, a relative amount ofNGO. Once again, the obtained values €@y, Q,, and the
a-axis orientationF,=0.51 can be inferred for the consid- Q modulus are reported in Table I, while values for the
ered sample. lattice parameters are reported in Table IlI.

The complete analysis of results from symmetric and  Film transport propertiesR(T) plots were obtained for a
asymmetric reflections is reported in Table Il. The epitaxialnumber of several single-domaia;axis samples grown on
relations are the following: a-axis domain: (100 different substrates. Room-temperature resistivities were de-
CaRuQl/(110) LAO, (010 CaRuQl(110) LAO, (001) termined on unpatterned films by the van der Pauw method.
CaRuQ1/(001) LAO; b-axis domain:(010) CaRuQ(110)  All samples showed similar plots, with room temperature
LAO, (100 CaRuQl(110) LAO, (001) CaRuQli(001) resistivities varying in the range 230-3p@) cm, and a re-
LAO. The corresponding in-plane lattice parameters are resistive ratioRzq0/Rp in between 2 and 3. ThR(T) plot for
ported in Table III. one of the samples, a single-domaraxis oriented CaRu

Other samples deposited ¢hl0) LAO grew instead with ~ film grown on (110 LAO, is shown in Fig. 7. The room-

155428-4



MECHANISM OF SINGLE-DOMAIN SELECTION IN . .. PHYSICAL REVIEW B65 155428

(a) 7 (b)
_ 70+ (600) CRO _ I (440) CRO
o < (400) STO

451
o 1s 43 ; 27

44_..1....|....l....|..

FIG. 4. Maps of different regions of the reciprocal space of a CRO film grown ofitbGy STO substrateia) map around th€330 STO
peak;(b) map around thé400) STO peak;(c) map around th€222) STO peak.

temperature resistivity igs0;= 3601 cm, and the resistiv- thermodynamics, that is, by free energy minimization. By
ity ratio is Rapo/Ro=2.18. The peculiar nonlinear low- assuming that entropy related terms are only weekly depen-
temperature and high-temperature behavior of CaRuoOdent on orientation, the energetic balance is mainly deter-
resistivity vs temperature, also evident in our sample, hagined by the potential energy. The energy balance of a
been interpreted by some authors as a signature of nofwo-dimensional crystal layer epitaxially grown on a single
Fermi-liquid behaviot? No clear correlation of the resistive Crystal substrate is reviewed in the following.

behavior with substrate type, within the class of substrates Let us writeU as

considered in this work, was found in our plots. We notice

that under the same deposition conditions, films grown on U= (ug+ug)V+ uL”SJr u;SS, (1)
(100 STO, (100 LAO, and (110 NGO are instead charac-

terized by higher values of resistivity and semiconductingwhereuy is the condensation energy per unit volume of the
behavior, as discussed in a separate pHper. CaRuQ crystal with respect to a conventional zero energy
state(e.g., the state where all atoms constituting the crystal
are at infinity, u, is the elastic energy related to the strain,
and hence to film-substrate lattice mismataff, is the sur-

Among the six possible variants of lattice matched growthface energy related to the film-vacuum interface on the upper
orientations that can be expected for CaRu®d (110 per-  side of the film, andJ;S is the surface energy related to the
ovskites, only two exhibiting either theeor theb axis along film-substrate interface on the lower side of the film. In ep-
the growth direction were found. In the following, the com- itaxial films u;”>u;5. In fact, the film-vapor interface is
petition between such growth orientations is discussed.  characterized by dangling bonds, which are instead mostly

The formation ofa-axis or ofb-axis domains takes place saturated at the film-substrate interface, if the two lattices are
during cooling!! rather than during the deposition stage. similar enough.

Therefore, this phenomenon is not related to the growth ki- The role of surface energy is very relevant when discuss-
netics of impinging atoms. Having ruled out kinetic effects, ing film growth issues, although often not properly taken into
we conclude that the domain orientation is determined byaccount. For example, some of the authors have shown that

DISCUSSION
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FIG. 5. Maps of different regions of the reciprocal space of CRO grown ofit&é@ LAO substrate(a) map around th€330) LAO peak;
(b) map around th€400 LAO peak;(c) map around th€222) LAO peak.

in YBa,Cu;O; anisotropy of surface energies, rather thanwith a lower mismatch(~0.6% with respect to thea axis
minimization of strain, is fundamental both in determining (~—2.5%. Furthermore NGO presents the same distorted
the unit cell orientation(in the high-temperature tetragonal structure of CaRu@ The (100) oriented CaRu@keeps the
phase and the relative orientation af-b axes(during the  same distortion of octahedra, and thus similar atomic posi-
cooling to the orthorhombic phase'® In the case of tions, across the film-substrate interface. This obviously al-
CaRuQ, the anisotropy of surface energies is expected to b&Wws one to minimize lattice disorder at the film-substrate
smaller with respect to YB&£u;O,. In fact, while (100), interface, and thus minimize truiS energy term. Data about
(010, and (001) YBa,Cu;O; lattice planes have different STO and NdGa@ alone would not be in contrast with a
chemical compositions(100), (010, and (001) CaRuQ picture in which orientation is only determined by strain
planes are only topologically different. Nevertheless, we arminimization.
gue that surface energy anisotropy is relevant to CaRuO On the other hand, the case of LAO is completely differ-
film orientation, and that the minimization of strajfand  ent. In fact, minimization of lattice mismatch would clearly
hence of lattice mismatgtcannot account for the phenom- tend to favorb-axis growth. Thea axis of bulk CaRu@
enology described in this work. In order to prove this state{mismatch below 0.1%fits the (1_10) LAO spacing well.
ment, simple misfit evaluations based on bulk CaRU#d- The CaRuQ@ b axis, on the other hand, has a large misfit
tice parameters are presented in the following to comment o(~3.2%). However, we did not succeed in growing pure
our experimental evidence. b-axis CaRu@ films on LAO. On the contrary, pura-axis

In the case 0f110) STO substrate, minimization of lattice films may be achieved. A comparable amount of both orien-
mismatch tends to fava-axis growth with respect tb-axis  tations has also been observed in some samples, proving that
growth. In fact, the in-plane lattice parameter in the @11 competing mechanisms act in this case.
STO direction fits theb axis of bulk CaRu@ with a much Looking at the values of the in-plane lattice parameters of
lower mismatch (~0.1%) with respect to thea axis aaxis CaRu@ domains grown on LAO, we notice that a
(~—2.9%. As a matter of fact, purelp-axis orientation is considerable strain relief takes place probably due to lattice
found. dislocations close to the substrate plane. Accordingly, we ex-

a-axis growth is favored by minimization of lattice mis- pect that the elastic energy contributiog is small in this
match also on th¢100 NGO substrates. The in-plaii@10  case. On the other hand, dislocations formation has an en-
NGO lattice parameter fits in fact theaxis of bulk CaRu@  ergy cost that increase th@S term in Eq.(1). Thus, we
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FIG. 6. Maps of different regions of the reciprocal space of CRO grown @@ NGO: (a) map around th¢600) NGO peak;(b) map
around the(440) NGO peak;(c) map around th€404) NGO peak.

realize that the energy gain that is obtained by selecting he surface energy of the film-vapor interface after the tran-
a-axis growth with respect tb-axis growth depends on the sition u’;” is related tou;U before the transition by the rela-
u;” term. In other terms, the surface energy of CaRt®0  tion
facets must be sensitively lower than the surface energy of
(010 facets. The difference must be large enough, to com- o o AS
pensate the energy spent in dislocation formation. u's =ug’| 1~ s/ ©)

The fact that CaRu® (100 facets have lower surface
energy can be qualitatively understood on the base of a reldzquation(3) proves that the lower surface energy per unit
tively crude argument. At high-temperature CaRu©cubic, area must correspond to the larger facet area, that ia an
and the directions corresponding to the orthorhonzbaxis  facet. A surface energy difference 3% may be inferred
andb axis are equivalent. Upon cooling, theaxis facets are by this model.
expanded, while thé-axis facets are compressed. Roughly,
we can imagine that the surface energy is related to the dan-
gling bonds that are obtained, when a surface is created by
breaking apart a crystal along a given crystallographic plane. We have grown high-quality CaRy@ilms on (110 STO,
Let us neglect the variation of bond energies due to the dif{100 NGO, and(110 LAO substrates by rf sputtering. The
ferent atomic rearrangements. As the same kind of danglingamples deposited on perovskitic substrates are epitaxial and
bonds are obtained along cuts parallel(1®0 or to (010 present excellent transport properties. Our attention has been
facets, the ratio of surface energies grossly corresponds focused on the study of the crystallographic orientation of
the ratio of bond densities. During the tetragonal to orthothe films and on the domain orientation selection. Our data
rhombic transition, the number of bonds remains constanglemonstrate that single-doma@axis CaRuQ films are ob-
but the surface density changes beca(is¥) surfaces ex- tained on(110 STO, (1000 NGO, and(110) LAO. Mixed
pand, and010) surfaces shrink. In general, if the surfae a-axis andb-axis domains can only develop in specific con-

CONCLUSIONS

varies by an amoumi S; ditions on(110) LAO.
o o f The possibility to achieve single-domain CaRu@sults
A(ug’S)=ug"AS+Aug’S=0. (2) in high-quality samples, with respect to both crystallographic
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TABLE II. Experimental values extracted from RS maps, per-
formed on CRO films deposited 0oii10 STO, (110 LAO, and
(1000 NGO substrates and, respectively, reported in Figs. 4, 5, and
6. For each analyzed diffraction peak, measured values faQihe
Q, components of the scattering vectors and interplane distances

PHYSICAL REVIEW B 65 155428

are reported. @
) Q. d ~
Substrate Peak mmYH  mbH  (pm
(330 STO 0.00 68.25 92.06
(600 CRO 0.0 70.2 89.6
(110 STO (400 STO 45,51 45.52 97.62 ' . . . '
(440 CRO a axis 45.7 46.7 96.2 0 >0 100 130" 200 250 300
(222 STO 3218 4552 11271 TX)
(404 CROa axis 32.7 46.8 110.2 FIG. 7. R(T) plot for a single domairg-axis oriented CRO film
(330 LAO 000 7036  89.30 9rownon(110 LAO.
(600 CRO 0.0 70.1 89.6
(060 CRO 0.0 68.2 92.1  and transport properties. Single-domain formation is the re-
(110 LAO 828; IC_:AF\Q(())a axis j%_fg i%%z %‘é‘_;‘l sult_of the grpwth process, that can be divided into two.parts.
(440) CRO b axis 46.5 45.4 96.6 Dur!ng the.fllm deposmpn at high tempera}ture, CaRu®
(222 LAO 33.08 46.99 109.34 Ccubic. During the cooling process, the film undergoes a
(404) CRO a axis 326 46.7 110.3 double structural transition, so that at room temperature it is
(044) CROb axis 325 45.4 112.5 in the orthorhombic form. In this work, we addressed the
(600 NGO 0.00 69.47 90.44 problem_of the orientation of the domains during this Ia§t
(600 CRO 0.0 70.0 89.7 step._ Tr_ns process takes pllace _close to the thermodyna!'n!cal
(100 NGO (440 NGO 45.72 46.31 06.55 €quilibrium, and therefore is driven by Gibbs energy mini-
(440) CRO a axis 45.6 46.7 96.2 mization. In this framework, we have shown that the selec-
(404 NGO 32.61 46.31  110.93 tion of thea-axis orientation can be understood on the basis
(404) CRO a axis 32.6 46.7 110.3 of simple considerations on the surface energy of orthorhom-

bic CaRuQ.

TABLE Ill. Experimental values extracted from RS maps, performed on CRO films depositéd@rsTO, (110 LAO, and(100 NGO
substrates and respectively, reported in Figs. 4, 5, and 6. Lattice paraa{etﬁrs 1,2,3) for the obtained growth orientations of the CRO
film are reported, and compared with bulk valueé’ {=1,2,3) and corresponding substrate in-plane lattice spating-or each case,
obtained values of strain, lattice mismatch with substrate and relative volume variation are reported.

Mismatch

] | Volume
Strain with substrate variation
f f
Growth CRO lattice &, a_, Vf_l
Substrate orientation parameteraif (nm) & & \P
LAO a 0.5377 0.3%
a axis b 0.5510 —0.4% 2.8% 0.5%
c 0.770 0.5% 1.6%
a 0.5528 0.8% 0.9%
b axis b 0.5405 0.0% 1.7%
c 0.773 0.9% 2%
a 0.5374 0.3%
STO a axis b 0.5505 —0.4% -0.3% 0.3%
c 0.770 0.5% -1.5%
a 0.5383 0.4%
NGO a axis b 0.5509 —0.4% 0.2% 0.6%
c 0.770 0.5% -0.1%
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APPENDIX TABLE IV. For any of the six possible orthorhombic cells gen-

. . . i erated by the same parent cubic cell, the transformation law be-
Ca/Sr ruthenate films are cubic during depositioand  ,een indicesii’,k’,1”) and(h, k, | is reported. In the upper part,

their epitaxy is “cube on cube” on usual perovskitic sub- ' k' |7} indices for a given plane are expressed in term of the
strates. In order to gain an intuitive understanding about theyilier indices (h, k, )) of the same plane in cubic notation. The
diﬁerent pOSSible Orientations Of the Orthorhombic Ce” thatinverse transformation is reported in the lower part_

can develop during cooling, it is important to stress out the

relation between the parent cubic cell and the orthorhombic h’ k' I’
one(Fig. 1). For diffraction analyses, it is also useful to find
the algebraic equations relating the indices of a given plan& rc h+k h—k 2l
in cubic notation, with the indices of the correspondingS'ic h—k h+k 2|
planes, in orthorhombic notation. This issue is briefly ad-S'ra k+1 k=1 2h
dressed in the following. S'ia k=1 k+1 2h
Consider a perovskite structure, representing the highS' I+h I—h 2k
temperature phase of Ca/Sr ruthenditeing orthorhombic at  S'ip I—h [+h 2k

room temperature, space group 82efine as usually a cubic

unit cell by assigning a right-handed tripl8tof Cartesian h K !

axes(a, b, g to its principal directions. As a possible nonunit s/ _ (h'+K')/2 (h' —k")/2 1'/2
elementary cell, with lower symmetry, we can define in thiss’, (W +K")/2 — (' +K")/2 1'/2
lattice a tetragonal unit cell with volumead, determined by S'ia (K +1")/2 (k' —1")/2 h'/2
a right-handed triplet of axeS'(a’,b’,c’) as shown in Fig. g (K —1")/2 —(k'+1")/2 h'/2
1. At room temperaturés no more represents a unit cell, g (I'+h")/2 ("—h")/2 K'[2
while S’ (thOUgh distorted to Orthorhombi(ﬁemains as the S,Ib (lr_hr)/z _(|r+hr)/2 K'[2

unit, highest symmetry, cell of the lattice.
Back to the cubic lattice, it is recognized that the number

of different S’ cells that can be defined is 6. Each of thementations are obtained instead00), (010), and(112). (112

can be characterized on the base of the following propertiegan occur with four different in-plane orientations.

(1) having thec’ axis parallel tca, b, or c and(2) being right Note that not all theff’,k’,1") triplets correspond to an

or left handed. Accordingly, they can be itemized3is,, integer(h,k,) triplet. For this to happer, needs to be even,

Sy Sy Sy S've, S'ie. For exampleS',, is a right-  and(h,k to have the same parityh(,k’,1") triplets not cor-

handed triplet having the’ axis parallel to thea axis of S responding to dh,k,) triplet in cubic notation, have associ-
Define the Miller indices of a given crystal plane relative ated no diffracted intensity in the high-temperature cubic

to the Striplet as(h, k, ) and (’,k’,1") its Miller indices phase. Under the transition_temperatures to the tetragpnal

relative to theS’ triplet. The algebraic relations that relate @nd then to the orthorhombic phase, some of them might

the Miller indices of theScell and of each of the sig; cells ~have associated a diffracted intensity, as a resuit of symmetry

are reported in Table IV. They are derived from the geo-"UPture. An example is given by th@21) peak, employed in

metrical relations between the cubic and orthorhombic celldiffraction analysis in Ref. 14. Other reflections are instead

and can be easily understood by inspection. still forbidden for symmetry reasons.
Equations in Table IV tell us that from a cubic film pre-
senting the(100) plane parallel to the substrate plane, the ACKNOWLEDGMENTS
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