aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Interfacially engineered oxygen octahedral rotations and
their impact on strain relief in coherently grown SrRuO_{3}

films
Daisuke Kan, Yusuke Wakabayashi, Hiroo Tajiri, and Yuichi Shimakawa
Phys. Rev. B 94, 024112 — Published 15 July 2016
DOI: 10.1103/PhysRevB.94.024112


http://dx.doi.org/10.1103/PhysRevB.94.024112

Interfacially engineered oxygen octahedral rotations and their impact on strain relief in coherently

grown SrRuQ; films

Daisuke Kan'", Yusuke Wakabayashiz, Hiroo Taj iri* and Yuichi Shimakawa'*

'Institute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan

’Division of Materials Physics, Graduate School of Engineering Science, Osaka University,
Toyonaka 560-8531, Japan

3Japan Synchrotron Radiation Research Institute, SPring-8, Sayo, Hyogo 679-5198, Japan

4Japan Science and Technology Agency, CREST, Uji, Kyoto 611-0011, Japan

*E-mail: dkan@scl.kyoto-u.ac.jp



Abstract

We report synchrotron X-ray diffraction investigations of interfacially engineered oxygen octahedral

rotations and their impact on strain relief in perovskite SrRuQOj; films. We show that octahedral

rotations with distinct patterns and magnitudes can be accommodated into coherently-grown films.

The SrRuO; film grown directly on the GdScO; substrate has the RuOg octahedral rotation with the

a b'c pattern in the Glazer notation and the rotation angles of 0oy = 6.6 = 0.2°, By =5.5 £ 0.2°

and Yyt = 3.6 £ 0.2°. On the other hand, when a 1-nm-thick BaTiO; layer without TiOg rotations is

inserted between the SrRuO; and GdScOs;, the SrRuO; has the RuOg rotation with a b’c" and Oyt =

5.6 £ 0.8°and Vs = 3.6 = 0.8°. These results indicate that there are some degrees of freedom in

the octahedral rotations accommodated in SrRuO; depending on the interface structure and that the

Yrot Totations play the important roles in the film’s structural properties when the rotation about the

[010],. axis is blocked. We also found that the strain relief in the film is influenced by the

interfacially engineered octahedral rotations. The interfacial BaTiO; layer results in the in-plane

periodic lattice modulation in the t-SRO film, allowing for the anisotropic relief of the

substrate-induced strain. The results highlight the importance of the interface structure as a factor

determining not only octahedral rotations in coherently-grown SRO films but also the strain reliefs

in them.



1. Introduction

The various structural and physical properties of transition metal oxides are due in part to
the flexibility of the oxygen coordination environments surrounding transition metals. Perovskite
oxides consist of three-dimensional networks of corner-shared oxygen octahedra, and various
patterns of octahedral rotations (or tilts) characterizing the oxygen coordination environment can be
accommodated into the lattice"™’. Because the octahedral rotations lead to some changes in the
M-O-M (M: transition metal) bond lengths and angles, and thus modifications in hybridizations
between transition metal 3d and oxygen 2p orbitals, they are expected to influence structural and
physical properties. Recently it has been shown that oxygen octahedral rotations (or oxygen
coordination environments) in heterostructured oxides differ from those in bulk oxides, leading to

L . 456789
fascinating properties™""

. It is thus indispensable to understand how the octahedral rotations are
accommodated and how they influence structural and physical properties of oxide heterostructures,
although the small scattering amplitude of the oxygen atom make it difficult to determine the atomic
position precisely.

Our previous studies based on lab-source X-ray diffraction and annular-bright-field (ABF)

10,11,12

scanning transmission electron microscopy (STEM) observations showed that perovskite

strontium ruthenate SrRuO; (SRO) thin films epitaxially grown on GdScO; (GSO) substrates have



two different structures with distinct oxygen coordination environments surrounding the Ru: one is a
monoclinic structure (referred hereafter to as m-SRO) with RuOs oxygen octahedra tilted in the
out-of-plane direction, and the other is a tetragonal structure (t-SRO) with the tilts strongly
suppressed. The SRO film structure can be engineered by changing the heterointerface structure
without changing the film thickness (so-called interface engineering) 1314 The m-SRO is obtained
by depositing SRO directly on the GSO substrate, which forms the interfacial connection between
the tilted RuOg and ScOg octahedra. On the other hand, the t-SRO film is obtained by inserting a
few-unit-cells-thick layer of a different oxide (Caoero.sTiO312 and BaTiO313’14 for example) between
SRO and GSO. An inserted CaO,SSro_sTiO312 or BaTiO; (BTO) layerl3’14 leads to the formation of the
octahedral connection between the non-tilted RuOg and TiOg and, as a result, stabilizes the t-SRO
films. It is also worthwhile mentioning that the RuQOg tilts have a close correlation with a magnetic
anisotropy of SRO, highlighting the importance of the octahedral tilt (or rotation) as a parameter
controlling both structural and physical properties. It is thus important to fully identify the pattern
and the magnitude of the octahedral rotations in the SRO films in three dimension and to see how
they are modified by the interface engineering. Because the octahedral rotations are in principle
characterized by three-dimensional displacements of oxygen from the cubic face-centered position,
obtaining two-dimensional oxygen positions projected on a given lattice plane from (S)TEM

observations, which basically provides information on the octahedral rotations about only the



observing direction, is not enough to fully identify octahedral rotations accommodated in
filmg! 1215161718

In this study we used synchrotron X-ray diffraction to fully identify oxygen octahedral
rotations in m- and t-SRO films grown on GSO substrates and to see how they are influenced by the
heterointerface structures. Quantitative analysis of the diffraction intensity enables one to determine
three-dimensional atomic positions of all constituent elements including oxygen, and obtain
information about the octahedral rotations in the films™"'*-*%2":2>23242326 "By orthorhombic SRO
and GSO both have the rotation pattern described as @ '~ in the Glazer notation'” while SRO has
the smaller rotation angles (Ol ~ 6.6° and By ~ 6.2°) than GSO (0Ol ~ 14° and B, ~ 12°). The
letters ‘a’, *b’ and ‘¢’ in the rotation pattern represent the rotation angles about the [100],c (Oto),
[010]pc (Bror), and [001],c (Vo) axes, respectively (The subscript pc denotes the pseudocubic
perovskite cell). The ‘“+’ and ‘-’ signs denote the in-phase and out-of-phase rotations along the axis,
respectively, and ‘0’ indicates no rotation. Our quantitative analysis of synchrotron X-ray diffraction
measurements revealed that octahedral rotations with distinct patterns and magnitudes, depending on
the heterointerface structure, can be accommodated into the coherently-grown SrRuO; thin films.

We also show that the interfacially engineered octahedral rotation affects the relief of the

substrate-induced strain in the SRO films.



2. Experimental details

We used pulsed laser deposition to grow m- and t-SRO films ~10 nm thick on (110)gno
GdScOs (GSO, dgrno = 5474 A | borno = 5.738 A, cormo = 7.925 A) single crystal substrates (The
subscript ortho denotes for the orthorhombic perovskite unit cell). The SRO film’s structure was

controlled through the interface structure between SRO and GSO"

. The m-SRO film was grown
by depositing SRO directly on the substrate (referred to as m-SRO/GSO). The t-SRO, on the other
hand, was grown by depositing SRO on the substrate buffered with the 1-nm-thick BaTiO; (BTO)
layer (referred to as t-SRO/BTO/GSO). Lab-source X-ray diffraction including reciprocal space
mapping measurements confirmed that there were no secondary phases and that both m- and t-SRO
layers were coherently grown on the GSO substrates. We also note that the m- and t-SRO films
investigated in this study exhibit metallic conductions down to low temperatureslo’13 .

Synchrotron X-ray diffraction measurements of the m-SRO/GSO and t-SRO/BTO/GSO
heterostructures at room temperature were carried out at BL13XU in SPring-827. The 20 keV X-ray
incident beam with a 0.3 mm X 0.1 mm cross section was used. We recorded and used a total of 39
crystal truncation rods (CTRs) in our structural analysis of the m- and t-SRO films. The diffracted

X-rays were collected with a PILATUS detector. The intensity data were obtained by integrating a

region of the PILATUS image where the entire signal was detected. The integrated signals were



corrected by subtracting the integrated background signals and by multiplying the remainders by
factors based on the footprint, the polarization of the incident beam, and the Lorentz factor™. We
used the reciprocal lattice unit based on pseudocubic perovskite lattice constants ap. by, and ¢y
along the [100],, [010],c and [001],. directions, the calculation of which was based on the primitive
cell of the orthorhombic GSO substrate (approximately v 2ap. *v 2ap. X 2ap). The lattice
parameters of the nonprimitive cell of the substrate are ap, = 3.965 (= 7.93/2) A , by, = 3.964 (=
7.925/2) A, Cpe = 3.965 (=ap.) A and Bpe = 92.7°. The axes for ap, by and, ¢ are parallel to the

[1=10]ortho> [001 ]ortho, and [110]on, directions of the orthorhombic cell of GSO, respectively.

3. Results and discussion

Figure 1 shows (00L) profiles for the m-SRO/GSO and t-SRO/BTO/GSO heterostructures.
In addition to the Bragg reflections from the SRO layers seen around L ~ integers, thickness fringes
are clearly seen in the entire measuring region up to L ~ 2.5, which ensures high uniformity and
sharp interfaces of the fabricated heterostructures.

To evaluate RuO¢ octahedral rotations in the m- and t-SRO films, we focused on half-order
Bragg reflections which are originated from the doubling of the pseudocubic cell due to the

octahedral rotations. It is known'” that the in-phase rotations (‘+* rotations) result in the doubling of



the pseudocubic unit cell along the direction normal to the rotation axis, therefore giving rise to
half-order reflections that are indexed with one of A, K and L integers and the rests half-integers. On
the other hand, the out-of-phase rotations (‘—’ rotations) double the pseudocubic unit cell along the
all axes and thus produce reflections whose indices consist only of half-integers. Figure 2 shows the
(172372 L), (-1/23/2 L) (-1/2 1 L) and (=1 1/2 L) profiles for the m-SRO/GSO heterostructures. We
note that because the reciprocal lattice unit was determined based on the GSO’s orthorhombic
structure, the (1/2 3/2 L) and (—1/2 3/2 L) profiles are not equivalent each other. Half-order
reflections associated with the RuOg rotations in the m-SRO layer appear when one of the following
conditions is satisfied: (1) H, K and L are half-integers, and K#L, and (2) H, K and L are
half-integers, and H # K, and (3) H and L are half-integers, K is integers and H # L. We note that
these behaviors are confirmed for all profiles measured in this study. The (—1 1/2 1) and (=1 1/2 2)
m-SRO reflections observed in Fig. 2c are related to Sr displacementslg. These observations indicate
that the RuOg octahedral rotations in the m-SRO layer are described either as a b'a” or a b'c .
Importantly, the (—1/2 3/2 1/2) m-SRO reflection, which would be extinguished when Oty = Yot (OF
the a b'a” rotation pattern), is clearly seen, leading to a conclusion that the m-SRO layer has the
a b'c rotations (Olrot 7 Yrot)- The observed in-phase rotation about the [010], axis is consistent with
the results of our previous cross-sectional STEM observations of the m-SRO/GSO

heterostructure'""*. Given that the SRO layer suffers from the 1% tensile strain from the GSO



substrate, this rotation pattern can be regarded as a strain-induced derivation from the octahedral
rotation in the bulk orthorhombic SRO (a b'a). It is also important to point out that the GSO
substrate has the ScOg rotation with the a b a pattern, which is the same as that of the bulk
orthorhombic SRO. In fact, all m-SRO reflections except the (—1/2 3/2 1/2) one are seen associated
with those from the GSO substrate (see Fig. 2 for example). This provides experimental evidence
that the ¢ b'c rotations in the m-SRO film are primarily stabilized by the propagation of the
octahedral rotation about the in-plane directions from the substrate.

We observed a different set of half-order reflections for the t-SRO/BTO/GSO
heterostructure whose (1/2 3/2 L), (—=1/2 3/2 L), (-1/2 1 L), and (-1 1/2 L) profiles are shown in
Figure 3. The conditions for the half-order reflections due to the RuOg rotations are (1) H, K and L
are half-integers and K # L, and (2) H and K are half-integers, H # K, and L is integers. The
observations indicate that the t-SRO layer has the out-of-phase and in-phase rotations about the
[100],c and [001],. axes, respectively. There are no reflections resulting from neither in-phase nor
out-of-phase rotations about the [010],, axis (Fig. 3b). The rotations in the t-SRO films can therefore
be described as a b’c". No rotations about the [010],. axis for t-SRO are in close agreements with
the results of our cross-sectional ABF-STEM observations of the t-SRO layer that the RuOg rotation
about the [010], axis is negligibly small and the Ru-O-Ru bond angle projected on the (010),. plane

is 178° ', These results imply that the insertion of the BTO layer at the interface results in the



change in the SRO’s unit cell from v 2a,. % v 2ap x 2a,. for m-SRO to 2ap * 2ape % 2ap for
t-SRO™.

10,13,14
It has been shown

that the SRO films grown on the GSO substrates have the uniaxial
magnetic anisotropy and that the direction of the magnetic easy axis depends on the films’ structure.
The magnetic moment for the m-SRO layer points in the direction tilted by 45° with respect to the
out-of-plane direction while the t-SRO layer has the in-plane magnetization pointing in the [100],.
direction (parallel to the [1-10]uqn, direction of the substrate). Based on the obtained unit cells of the
SRO layers, the magnetic moments of the m- and t-SRO layers are found to be parallel to the a axis
of their unit cells, which explains the strong influence of the interface structure on the

magnetocrystalline effect of the SRO film'®'>!*

It is also noted that although the BTO layer inserted
at SRO/GSO interface'>'* blocks the substrate-induced propagation of the octahedral rotation and
consequently the rotation about the [010],. axis disappears, the rotation about the [100], axis is still
seen. This implies that the presence of the in-phase (‘+’) rotation about the [010],. axis is strongly
dependent on the heterointerface structure including the inserted BTO layer. On the other hand, the
out-of-phase (‘=) rotation along the [100],. axis is intrinsically present in the SRO coherently grown
on the GSO substrate, regardless of the BTO layer insertion (or the interface structure). Given that in

SRO the 4d t,, orbitals are partially occupied and their electron occupations influence orbital

magnetic moments®’, which affects the magnetic anisotropy through the spin-orbit interaction, the

10



octahedral rotation about the [010],. axis plays a crucial role in electron occupations in the t,

orbitals. For m-SRO whose easy axis pointes in the direction at 45° from the surface normal, the

orbital magnetic moments should have a component along the surface normal, which is contributed

from the dy, and d,, orbitals. Therefore the ‘+’ rotation about the [010],. axis probably results in

preferential occupations of dy, and d orbitals, stabilizing the m-SRO’s uniaxial magnetic anisotropy.

For t-SRO with in-plane magnetization, the orbital magnetic moment should have only an in-plane

component and should result from the dy, orbital. This suggests that no rotation about the [010],

axis due to the interfacial BTO layer lead to preferential occupations in the dy, orbital, which results

in the in-plane uniaxial magnetic anisotropy of t-SRO.

To determine detailed structural parameters including rotation angles in the m- and t-SRO

films, we calculated half-order reflection intensities from hypothetical heterostructure models and

compared them to the observed values. Because of the ScOg rotations in GSO, the substrate has

non-negligible contributions to the observed half-order reflection intensity. Reflection intensities

from the hypothetical models consisting of SRO and GSO were calculated. Details of our

calculations are given in Ref. 30. It should be also mentioned that as seen from the observed

diffraction profiles (Fig. 2c), the A-site Sr displacements associated with the RuOg rotations were

taken into account in our calculations. Relevant structural parameters for the m- and t-SRO films,

determined from the model calculations, are summarized in Table I, and the calculated diffraction

11



profiles are presented in Figs 1, 2 and 3, where one sees that the observed diffraction profiles are
well reproduced. In Figure 4 are shown schematic drawings of the RuOg octahedra in the m- and
t-SRO films based on the determined parameters. For the m-SRO film with the a’d'¢ rotations, the
rotation angles are determined to be O = 6.6 £ 0.2°, By = 5.5 £ 0.2° and Y, = 3.6 = 0.2°,
and the corresponding Ru-O-Ru bond angle projected on the (010),. plane is 169.2°, which is in
close agreement with the bond angle obtained from the cross-sectional ABF-STEM observations
(168°). The results reveal that the 7, rotations, which are not detectable by ABF-STEM, are largely
reduced while the oy and B rotations are comparable to those in the bulk SRO. The reduction in
the Yo« rotation can be attributed to the substrate-induced tensile strain, which elongates the in-plane
bond length between the Ru and the oxygen and consequently suppresses in the rotation about the
out-of-plane direction. Similar tensile-strain-induced reduction in the 7, rotations was observed for
other perovskite oxides®. The out-of-plane bond length, in contrast, is little influenced by the strain.
This explains why the RuOg rotations about the in-plane [100],. and [010],. axes are comparable to
the bulk. Consequently Sr displacements comparable to that in the bulk SRO is also present in the
m-SRO film™.

For the t-SRO film with the a 5°c" rotations (no rotation about the [010],. axis), we obtain
Ot = 5.6 + 0.8° and Yot = 3.6 = 0.8°. The rotation angle about the [100], axis (Ok) is close to

that of the bulk SRO, which provides experimental support that the accommodation of the

12



out-of-phase rotation is not a result of the insertion of the BTO layer and is intrinsically introduced
in the SRO under the tensile strain from the GSO substrate. It is worthwhile mentioning that the
high-temperature tetragonal phase of SRO has the out-of-phase rotation with the dd’c pattern and
that the in-phase rotations are introduced upon the structural phase transition from the tetragonal
structure to the low-temperature orthorhombic one in the bulk SRO®'. In the t-SRO film, the inserted
BTO layer prohibits the in-phase rotations about the in-plane axes. This is why the in-phase rotation
of t-SRO is introduced about the out-of-plane axis while its magnitude is small (Yo ~ 3.5°) due to the
substrate-induced tensile strain. In fact, the ¥ rotation angle of the t-SRO (3.6 = 0.8°) is comparable
that of m-SRO (3.6 £ 0.2°). This in-phase 7; rotation plays an important role in releasing the lattice
energy accumulated because of the substrate-induced strain.

We also found that the t-SRO film has periodic lattice modulation along the in-plane
direction. Figures 5a and 5b present results of K and H scans around various t-SRO reflections. The
diffraction intensities for these scans were collected by a YAP scintillation detector. Besides Bragg
reflections from the film layer at AK = 0, satellite reflections appear at AK ~ £0.023 reciprocal
lattice units (r.1.u.). The positions of the satellite reflections are independent of the indexes of the
measured Bragg reflections (Fig. 5a). As shown in Fig. 5b, on the other hand, no satellite reflections
are evident in the H scans. These observations indicate that the t-SRO film lattice is periodically

modulated along the [010],. direction and the period of the modulation is calculated to be 17 nm,

13



approximately corresponds to 22 t-SRO unit cells (in terms of the 2ap. X 2ap. X 2ay. cell). It should
be pointed out that the observed in-plane lattice modulations in t-SRO is unlikely to arise from
possible ferroelectricity in the inserted thin BTO layer because depolarization-induced stripe
domains of BTO films under compressive strain would form along the [110],, direction®***, which
cannot explain the observed lattice modulation along the [010], direction of the t-SRO film. Instead,
the lattice modulation in SRO is attributed to anisotropic relief of the substrate-induced strain.
Similar in-plane lattice modulations were observed for epitaxial thin films of perovskite oxides***>~.
In the t-SRO film, the in-phase rotation about the [010],. axis is blocked by the interfacial BTO layer
and the 7y rotation is suppressed due to the substrate-induced tensile strain, implying that the strain
relief due to the octahedral rotation is not large enough to stabilize the t-SRO structural phase
without the additional strain relief introduced by the anisotropic lattice modulation. Although our
calculation for the hypothetical t-SRO/GSO heterostructure in which Sr displacements expected
from the rotation pattern are included does not reproduce the observed half-order reflections, such as
(2 0 3/2) and (-2 0 3/2) with the satellite reflections, additional cation displacements along either the
[100],c or [001], directions (or along both directions) are the plausible origin of these half-order
reflections. We also note that such satellite reflections are not seen in the m-SRO films, highlighting

the strong influence of the interfacially engineered octahedral rotation on the strain relief in the SRO

films.
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4. Summary

We quantitatively evaluated interfacially engineered oxygen octahedral rotations in SRO
epitaxial thin films by synchrotron X-ray diffraction. We showed that the monoclinic SRO film
directly grown on the GSO substrate has the @ b'c” pattern of RuOs rotations with rotation angles of
Ot = 6.6 £ 0.2° Bt =5.5 £ 0.2° and Yot = 3.6 = 0.2°. On the other hand, the tetragonal SRO
film grown on the BTO-buffered GSO substrate has the rotations with the a b’ pattern and Ot =
5.6 £ 0.8°and Y, = 3.6 = 0.8°. These results indicate that there are some degrees of freedom in
the octahedral rotations accommodated in SRO, which strongly depend on the interface structure
between SRO and GSO. We also showed that when the rotation about the [010],, axis is blocked by
inserting the BTO layer, the v, rotations, which is not observed by the STEM-based technique, play
the important roles in film’s structural properties and that the interfacial BTO layer leads to
anisotropic strain relaxation associated with the in-plane periodic lattice modulation in the tetragonal
SRO film. The results highlight the strong influence of the interfacially engineered octahedral

rotation on the strain relief in the coherently-grown SRO films.
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Table I: Structural parameters for the m- and t-SRO films determined from the synchrotron x-ray

diffraction profiles and their analysis based on the model calculations. (Details of the analysis are

given in Ref. 30). Note that the SRO films are coherently grown on the GSO substrate and the

in-plane lattice constants of SRO are fixed to be identical to those of the substrate. For SRO and

GSO, the axes for ap, by and, ¢, are parallel to the [1-10]or0,[001 ]orno, and [110]4rno directions of

the orthorhombic cell, respectively.

Lattice param. Symmetry | Rotation | Rotation angle | # of unit cell
pattern (Thickness)
m-SRO film | ape = aGso pe P2y/m abc | ty=66+02°22uc.
(on GSO sub.) | by =3.964 +0.002 A Brot=5.5+0.2° | (~9 nm)
Cpe = CGSO_pe Yot = 3.6 £ 0.2°
By =89.5£0.1°
t-SRO film pe = 4GSO pe Cemm a b’ | O =5.6+0.8° | 26 u.c.
(on GSO sub.) | by =3.964 +0.002 A Yeot=3.6+0.8° | (~10 nm)
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Cpc = CGSO pc

Boe =90°

Bulk SRO ape =3.930 A Pbnm aba | Ouy~6.6°
(ortho.) bpe =3.922 A Brot ~ 6.2°
Cpe =3.930 A
By =89.8°

Bulk GSO ape = 3.965 A Pbnm ab'a | O~ 14°
(ortho.) bpe =3.964 A Brot ~ 12°
Cpe =3.965 A
Bpe=92.7°

Figure captions

Figure 1: Measured and calculated (00L) profiles of the m-SRO/GSO (red) and t-SRO/BTO/GSO

heterostructures (blue). The calculated profile is colored in green (For details of the calculations, see

the main text and Ref. 30). The peaks marked with the asterisk (¥) in the profiles are due to multiple

scatterings from the GSO substrate.

Figure 2: Measured (red) and calculated (green) (a) (1/2 3/2 L) and (—1/2 3/2 L), (b) (-1/2 1 L) and

(c) (-1 1/2 L) profiles of the m-SRO/GSO heterostructure.

Figure 3: Measured (blue) and calculated (green) (a) (1/2 3/2 L) and (—1/2 3/2 L), (b) (=1/2 1 L) and

(c) (-1 1/2 L) profiles (blue) of the t-SRO/BTO/GSO heterostructures.

Figure 4: Schematic drawings of the RuOg octahedra in (a) m- and (b) t-SRO films. Sr atoms are

omitted for clarity.

Figure 5: (a) K and (b) H scans taken around various Bragg reflections of the t-SRO films. The
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diffraction intensities were measured with a YAP (yttrium aluminum perovskite) scintillation

detector.
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