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Symmetry mismatch controlled ferroelastic domains 
ordering and functional properties of manganite films on 
cubic miscut substrates
 Binod paudel a,b Kyeong Tae Kang,a Yogesh Sharma,a Heinrich Nakotte,b Dmitry Yarotski,a and 

Aiping Chen*,a

We have studied the magnetotransport properties and strain release mechanisms in ferroelastic 

La0.9Sr0.1MnO3 (LSMO) epitaxial thin films on SrTiO3 (STO) (001) substrates with different miscut angles. The 

substrate miscut angle plays a critical role in releasing shear strain and has huge impact on films’ properties. 

The strain relaxes by monoclinic distortion for films on low miscut substrates and for higher miscut 

substrates, the strain relaxation causes the formation of periodic twin domains with larger periodicities. We 

observe that the Curie temperature (TC) decreases systematically, and magnetoresistance (MR) increases 

with increasing the miscut angle. Such changes in magnetic and transport properties could be due to the 

increased density of phase boundaries (PBs) with the increase of miscut angle. This work provides a way to 

tailor film microstructures and subsequent functional properties of other complex oxide films on miscut 

substrates with symmetry mismatch. 

1. Introduction
Complex oxides have gained tremendous research interest as 
they exhibit intriguing functionalities such as 
ferromagnetism, ferroelectricity, piezoelectricity, 
multiferroicity, and superconductivity due to the dynamics of 
strongly correlated electrons present in their d- and f-
orbitals.1,2 Such functionalities in thin films, heterostructures, 
and nanocomposites of complex oxides can be controlled via 
defect engineering, strain engineering, and interface 
engineering.2,3 For ABO3 perovskite oxide thin films, strain 
engineering have been widely used to tailor the functional 

properties by deliberately controlling the corner sharing 
oxygen octahedral units, which modifies the B-O-B bond 
angles and bond lengths.4,5 Therefore, lattice mismatch has 
been considered as one of the most critical parameters in 
the epitaxial growth of complex oxides. Different 
substrate/buffer layers constraint to the films result in 
(semi)coherent growth, thereby generating desired epitaxial 
strain and tunable functional properties.1,2,6–8

Besides lattice mismatch, symmetry mismatch is another 
critical parameter in epitaxial film growth, which could exist 
if the symmetry of the film and the substrate is different. The 
structural modifications by symmetry mismatch greatly 
influence the growth and consequent properties of the 
overlying films. One scenario that has been discussed is the 
growth of oxide films with the rhombohedral or 
orthorhombic structure on cubic substrates.9–12 Near the 
interface of rhombohedral/orthorhombic film and cubic 
substrate, the interfacial octahedral proximity effect plays a 
key role in controlling functional properties via imprinting 
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substrate BO6 octahedra rotations into the film.13,14 For 
example, orthorhombic SrRuO3 films on SrTiO3 (STO) show 
tetragonal symmetry up to a thickness of 18 uc due to 
suppression of tilt angle of RuO6 at the interface and 
changed to orthorhombic symmetry above this thickness 
limit.15 Interfacial octahedral tilting of RuO6 and TiO6 on 
highly strained SRO/STO superlattices results in 
antiferromagnetic (AFM) transitions from the ferromagnetic 
(FM) phase.16  Such an octahedral proximity effect is only 
confined in a few nanometers ranges near the interface of 
the heterostructure. In the region beyond 10 nm away from 
the substrate/film interface, along with lattice mismatch 
strain, the shear strain also comes into play. Shear strain 
relaxation often modulates film microstructures and 
functional properties significantly.17 Periodical micro-twining 
has been reported to accommodate the shear strain in 
ferroelastic materials.17 Growths of rhombohedral ferroic 
films such as La0.7Sr0.3MnO3 on cubic STO (001) revealed four 
and BiFeO3 (BFO) on STO(110), STO(111) revealed two and 
single domain variants, respectively.18,19  Such control of 
domains is attributed to the symmetry mismatches and the 
substrate orientation. Furthermore, formation of structural 
twin domains in ferromagnetic films can be controlled by 
breaking symmetry at the substrate surfaces which requires 
miscut substrates.

Substrate miscut angle and direction are another critical 
factor in the epitaxial growth with symmetry mismatches. 
Single crystal substrates with large miscut angle and small 
terrace width offer preferential growth sites with control on 
growth mode, microstructure, and property that might not 
be achieved from other approaches. By changing the 
substrate miscut angle and directions, domain variants of the 
rhombohedral BFO films on cubic miscut STO substrates 
have been successfully reduced into two and mono-
domains.20,21  Such films with controlled domains have 
reduced leakage current in BFO. The growth of orthorhombic 
films on miscut STO substrates has also reduced six 
orthorhombic domain variants into a single one attributing 
to minimum surface energy.22 Therefore, substrate miscut 
angle plays a critical role in determining the domain 
microstructure in ferroelastic systems. Although symmetry 
mismatch and substrate miscut angle are critical parameters 
in epitaxial growth, the correlation among miscut angle, 
microstructure modulation, and functional properties in 
ferroelastic oxides, especially manganites have not been well 
understood.23,24 Here, we studied how substrate miscut 
angle modifies film microstructure via the shear strain 
relaxation and how microstructure modulates the 
magnetotransport properties of La0.9Sr0.1MnO3 (LSMO) 
epitaxial films. We observed the systematic suppression on 
TC and enhanced CMR with the increase in miscut angles, 
which is due to the increased phase boundaries (PBs) near 
the step edges on the substrate.  

2. Results and Discussion 
It is reported that La0.9Sr0.1MnO3 (LSMO, hereafter) doping 
resides at the boundary between orthorhombic and 
rhombohedral phases.25 Growth of LSMO on cubic STO 
stabilizes with orthorhombic at room temperature but shows 
rhombohedral phase for higher temperatures.26 The static 
Jahn-Teller (J-T) distortion of MnO6 octahedra deforms LSMO 
into orthorhombic, giving lattice parameters a = 5.586 Å, b = 
7.715 Å, c = 5.540 Å.27 The pseudocubic lattice parameters of 
LSMO are given by a = 3.922 Å, b = 3.932 Å and c = 3.868 Å,28 
with lattice misfit of -0.43% and -0.69% along a- and b-
directions to STO substrate, respectively. Another strain 
called shear strain appears on the films due to the angle 
change between [100] and [010] axes, and this is what makes 
the film distorted orthorhombic.29 Orthorhombic LSMO with 
10% Sr doping is a paramagnetic insulator and it becomes 
rhombohedral ferromagnetic metal with 16% Sr doping.30

When orthorhombic LSMO is grown on cubic STO substrate, 
LSMO [110]o out of plane and [1-10]o, [001]o in-plane 
directions correspond to [001], [010], and [100] directions of 
cubic STO respectively,29 as shown in Figure 1 (a). To simplify 
the discussion, we will use pseudocubic notion to describe 
orthorhombic LSMO. The substrate miscut angles (β) and 
directions (α) are major parameters to achieve different 
growth modes and domain orientations. Substrates with β≠0 
and α=0 have unidirectional steps either along STO [100] or 
[010] that allow films to grow with the formation of 
preferable domains, as shown in Figure 1(b). The growth 
modes will be completely different on the substrates with 
β≠0 and α ≠ 0°. For α< 45°, the films will have two growth 
modes (domains) due to the steps along STO [100] and [010] 
directions, as shown in Figure 1 (c).31 For example, length of 
the steps along [100] direction is larger than that of along 
[010] implies that the more domains will form along [100]. 
However, the formation of isotropic domains towards A and 
B directions are equally probable if the two steps have the 
same lengths, i.e., α = 45°. This saw tooth-like substrate 
structure with α = 45° also corresponds to miscut angle along 
[110] direction. 

Figure 1: (a) Growth of orthorhombic LSMO on cubic substrate STO. 
The indices 'o' and 'c' in the crystal directions correspond to LSMO 
and STO. (b) Miscut substrates with zero miscut direction (α = 0°) with 
different miscut angles β and β1. (c) Miscut substrate with non-zero 
miscut direction (α ≠ 0°). Steps along [100] and [010] directions show 
two preferred growth direction as shown as A and B. 
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To study the film quality and structural evolution of films, 
XRD 2θ-ω scans and rocking curves (RCs) are performed. 
Figure 2(a) shows 2θ - ω scans of the films on 0.1°, 2°, 4° 
miscut substrates, which are epitaxial, c-axis oriented with 
only peaks along (00l) directions, without the presence of 
any other phases. The out-of-plane lattice parameter for all 
films is around 3.87Å, indicating almost negligible (-0.051%) 
strain for films on different miscut substrates. The film 
quality is also confirmed from the FWHM of the RCs (ω002) 
and are found to be 0.0672⁰, 0.087⁰, and 0.0785⁰, 
respectively. The presence of well-defined thickness Laue 
fringes indicates the sharp substrate-film interface. Figure 
2(b) shows the film RCs around (002) reflections exhibiting 
the satellite peaks around the main peaks. The growth of 
orthorhombic LSMO films on cubic STO substrates imposes 
the film substrate symmetry mismatch, where the strain 
energy is released via the formation of periodic twin 
domains.17 The existence of periodic twining is confirmed by 
the symmetric satellites around the main peak.32 Nucleation 
of the majority of longer and anisotropic domains along 
[100] for larger miscut angles as confirmed from TEM.33 
Moreover, smaller splitting of ω-ω00l around LSMO 00l (l =1, 
2, 3, 4) with increasing diffraction order l also indicates the 
presence of in-plane periodic twining, Figure S1. The first 
order RC gives the in-plane tilt angles between two twin 
domains, which are calculated as 0.35⁰, 0.9⁰ and 0.8⁰ for 
0.1°, 2° and 4° films, respectively indicating that film planes 
are more tilted for larger miscut angles, Figure S1. The 
spacing of the first satellite peaks (∆qx) from the central peak 
also gives the minimum domain periodicity (d) which 
increases when the satellite peaks move closer to the central 
peaks with the increase of miscut angles.34,35 Such minimum 
periodicities are determined by using the formula d = 
1/(2Δqx). 
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Figure 2. (a) XRD 2θ - ω scans of films show all the peaks are 
out of plane oriented. Not having any other peaks indicates the 
films are of a single phase. (b) Scans of the films around (002) 
show the same film peak positions regardless of miscut angles 
showing miscut angles do not affect biaxial film strains. (c) RCs 
(ω-scans) of the films around (002) peaks show the periodic 
twining of the films.     

To observe the shear strain relaxation and visualize domain 
formation, reciprocal space maps (RSMs) are measured 

around (103) reflections by rotating samples with an 
increment of 90⁰ with respect to the surface normal. All the 
films are coherently grown on the substrates amid the 
formation of ferroelastic twin domains on higher miscut 
films. Since the terrace widths are larger for 0.1⁰ miscut 
substrate, this acts like a nominally flat substrate without 
formation of well-defined domains illustrated by the diffuse 
RSM peaks, as shown in Figure 3 (a). This film lowers the 
symmetry from orthorhombic to monoclinic due to 
difference in out-of-plane lattice parameters of (013) as 
compared to that of the rest of the other planes. This is also 
consistent with the results from RSMs around (h03) (h = 0, 1, 
2, and 3), where the splitting along l-direction is not the 
same in each reflection as shown in Figure S2. Different qz 
values around (203) and (303) compared to (003) and (103) 
and unequal in-plane lattice parameters around all (h03) (h = 
0, 1, 2, and 3) implies in-plane and out-of-plane tilting of twin 
domains in 0.1⁰ film. For 2⁰ film, satellites are clearly formed 
with domains variants decreased from four (in 0.1⁰) to two,33 

Figure 3(b).  Majority of the domains align towards [100], 
which confirms the domain anisotropy in higher miscut 
substrates. Long-range ordered and nearly [100] oriented 1D 
domains in 4⁰ films has shown by the second-order satellite 
peaks in Figure 3(c). Furthermore, RSMs around all (h03) (h = 
0, 1, 2 and 3) in higher miscut films (2° and 4°) demonstrate 
that there is also in-plane tilting of the twin domains as all 
reflections have different qx values and similar qz around 
(103) reflections, which does not indicate monoclinic 
distortion of films. Interestingly, the increase of miscut angle 
has promoted the growth of only 1D twinned domains along 
[100] in 2⁰ and 4⁰ films, whereas 2D domains are prominent 
along [100] and [010] in low miscut (0.1°) films.33 For 2⁰ and 
4⁰ films, the domains along [100] are the majority, and their 
presence generates anisotropic domains and thereby 
stabilizes uniaxial magnetic anisotropy.33 

The release of the shear strain between film and substrate 
results into the formation of twin domains whose ordering 
depends on the miscut angles.17,33 The twin domains become 
more ordered and anisotropic, producing the satellite peaks 
owing to the decrease in terrace widths with increase of 
miscut angles, as shown in Figures 3 (b, c). The occurrence of 
broad peaks in 0.1° film shows the short range ordering of 
domains. However, first-order satellite peaks in 2° and the 
satellite peaks up to second order in 4° films have indicated 
that the domain correlation lengths are further increased 
with increasing the miscut angles from 2° to 4°.33 
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Figure 3: (a) RSMs near STO (013) of (a) 0.1⁰ film, (b) 2⁰ film 
and (c) 4⁰ film. Film grows coherently but strain releases with 
(a) due to monoclinic distortion, (b) and (c) due to formation of 
periodic twin domains as illustrated by satellite peaks.    

To study the effect of film microstructures and strains on the 
magnetic properties, we performed the field cooled (FC) and 
zero field cooled (ZFC) M-T measurements at 100 Oe 
magnetic field, applied along film in-plane direction. The TC 
values obtained from the measurements are 283 K, 267 K, 
and 253 K respectively for 0.1⁰, 2⁰, and 4⁰ films, as shown in 
Figure 4. Firstly, the Curie temperatures (TC) enhancement 
compared to the bulk LSMO (145 K) is consistent with the 
role of compressive strains that shortens the Mn-O bond 
lengths triggering Jahn-Teller distortion that lifts orbital 
degeneracy of eg orbitals,  cation off-stoichiometry, and film 
microstructures.36,37 Interestingly, TC gradually decreases 
with the increase of miscut angle. Since the films have similar 
thickness and epitaxial strain, substrate miscut angle induced 
film microstructure should be the main driving force for such 

TC modulations. Film-substrate symmetry mismatch alters 
the 

Figure 4: FC and ZFC M-T measurements for films on different 
miscut substrates with a magnetic field of 100 Oe. Suppression of 
the Curie temperature is obvious from the figure.  

Figure 5. (a) ρ-T of the films in the magnetic field of 0 T and 3 T. (b) 
Temperature dependent CMR and temperature coefficient of 
resistances TCR for these films on different miscut substrates. 

film microstructure from domain nucleation and orientation 
which directly modify magnetic properties. For example, the 
magnetization anomaly near 105K controlled by the 
competition between microstructure controlled magnetic 
anisotropy and  STO antiferrodistortive phase transition.33

To examine the transport properties, we performed the four-
probe ρ-T measurements on these samples. Figure 5a shows 
ρ-T curves at 0T and 3T for films on 0.1°, 2° and 4° miscut 
substrates. All the films show conducting behavior even 
though bulk LSMO is an insulator. It is often believed that the 
biaxial compressive strain increases the out-of-plane Mn-O 
bonds angles and makes them straight, which increases the 
eg electron hopping on manganite.37,38  The CMR [= (ρ(0)- 
ρ(H))/ρ(0)] and TCR [=(1/ρ(dρ/dT))], where ρ(0) and ρ(H) are 
the resistivities at zero and applied field, are shown in Figure 
5b. Table 1 summarizes the TC, TMI, peak MR and TCR values 
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for these three samples. Consistent with the enhanced TC, 
the enhancement in TMI compared to their bulk counterparts 
are also observed. In addition, both TC and TMI decrease 
while the peak MR and peak TCR increase with increasing 
substrate miscut angles.

Table 1: Summary of the magnetic and transport properties of the 
films on different STO miscut substrates

    Sample  0.1⁰  2⁰  4⁰

TC (K)   283 267 253

     TMI @0T (K)   302 287 275

     TMI @3T (K)   329 315 303

Peak MR  60% 66% 69%

Peak TCR  4.2 4.4 4.5

Since film unit cells from two substrate terraces never have a 
complete registry due to symmetry breaking at the steps, 
formation of PBs is expected near the step terraces.39,40 
Miscut angles depend on the heights and widths of terraces 
as given by the formula, tanβ = naSTO /d, where n is the 
number of unit cells on step height, aSTO is the lattice 
parameter of STO, and d is the width of the substrate 
terraces. As the PBs are formed at the substrate step edges, 
the increase in the miscut angle results into smaller terrace 
widths thereby increasing the density of PBs. At the PB 
regions, the disruption of Mn-O-Mn bonds, and the 
modulation of such bond angles/lengths produce strong 
magnetic disorders that weakens the FM spin ordering.41,42 
Larger substrate miscut angle indicates the higher PB density 
and therefore suppressed TC and TMI. On the other hand, MR 
and TCR will be enhanced because applied magnetic field 
aligns disordered spins at PB regions.43 

3. Conclusion 
In summary, orthorhombic epitaxial La0.9Sr0.1MnO3 films are 
deposited on STO substrates with different miscut angles. 
The evolution of film microstructures depends on strain 
release mechanisms as the films on 0.1⁰ miscut substrates 
undergoes the monoclinic distortion, whereas on 2⁰ and 4⁰ 
miscut substrates, it releases forming periodic twin domains. 
A systematic modification of magnetic and transport 
properties should be attributed to the modified Mn-O-Mn 
bonds length and angle near the PB, induced by substrate 
miscut. These results can be applied to understand the 
driving forces that tailor magneto transport properties of 
various oxide thin films on miscut substrates.       

4. Experimental section

Pulsed laser deposition (PLD) using a KrF excimer laser (λ = 
248 nm) has been utilized to synthesize La0.9Sr0.1MnO3 films 
on STO substrates with miscut angles of 0.1°, 2°, and 4° and 
terraces are parallel to STO [100]. The samples are named 
0.1° film, 2° film, and 4° film, respectively. Films were 
deposited at 725 °C with 100 mTorr of O2 pressure. The laser 
fluence of 1.5 J/cm2 and laser repetition rate of 1 Hz with a 
substrate-target distance of 6.0 cm has resulted in a growth 
of ~1 nm/min. After deposition, an oxygen pressure of 500 
Torr was introduced into the chamber. The films were post-
annealed for 30 minutes at 500°C followed by cooling down 
to room temperature at a rate of 5°C/min. High-resolution 
XRD was performed to reveal the textures, epitaxy, and 
strains of the samples. The thickness of these films is 
estimated to be 25~30 nm from Laue fringes. Reciprocal 
space maps (RSM) were measured to examine in-plane 
lattice modulations and satellite peaks resulting from tilting 
of the films. In order to visualize the structural modulation 
from domain formations, the tilt angles were measured from 
ω-scans for different diffraction orders. Magnetic and 
transport properties were measured using a physical 
property measurement system (PPMS, Quantum Design). 
The in-plane M-H curves were measured at 10 K, and in-
plane field cooled (FC) M-T curves were measured in 100 Oe 
field from 10 K to 360 K at a scan rate of 2 K/min. The R-T 
measurements are performed with a four-probe method 
with four Au bars sputtered on the film surface.
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