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Introduction

Control of magnetic properties is important for the realiza-
tion of spintronic devices such as magnetic tunnel junctions. 
Central to the realization of such devices is the possibility to 
tune the magnetic anisotropy [1]. Epitaxial thin film synthesis 
allows tuning the magnetic properties by inducing tensile or 
compressive strain in thin films through suitable choice of 
substrate. Especially, the magnetic anisotropy has been shown 
to be susceptible to both strain and symmetry, controllable in 
thin films through the choice of substrate [2–6]. Connected 
to strain engineering is understanding the effect of octahedral 
rotations on thin film properties. Oxygen octahedral rotations 

are responsible for a thickness driven change in anisotropy 
direction for La0.7Sr0.3MnO3 (LSMO) films on (0 0 1)pc-
oriented substrates [7] (We use the subscripts c, pc, rh, h, o, m, 
and t for cubic, pseudocubic, rhombohedral, hexagonal, ortho-
rhombic, monoclinic and triclinic, respectively.). In LSMO/
Eu0.7Sr0.3MnO3 superlattices the creation of octahedral super-
structures enables spatial control of the ferromagnetism and 
electronic bandwidth [8].

An intriguing material to study in this regard is LSMO, 
a room temperature ferromagnetic perovskite oxide with a 
near 100% spin-polarization, and a strong coupling between 
atomic structure on the one hand and electronic and magn
etic properties on the other hand [9, 10]. In bulk, LSMO is 
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Abstract
Using strain, i.e. subtle changes in lattice constant in a thin film induced by the underlying 
substrate, opens up intriguing new ways to control material properties. We present a study 
of the effects of strain on structural and ferromagnetic properties of (1 1 1)pc-oriented 
La0.7Sr0.3MnO3 epitaxial thin films grown on NdGaO3, SrTiO3, and DyScO3 substrates. (The 
subscript pc denotes the pseudo-cubic symmetry.) The results show that La0.7Sr0.3MnO3 
assumes a monoclinic unit cell on NdGaO3 and DyScO3 and a rhombohedral unit cell on 
SrTiO3. For La0.7Sr0.3MnO3 on NdGaO3 and DyScO3 a uniaxial magnetic anisotropy is 
found, while La0.7Sr0.3MnO3 on SrTiO3 is magnetically isotropic. The Néel model is used to 
explain the anisotropy of the thin films on NdGaO3 and SrTiO3, however, for La0.7Sr0.3MnO3 
on DyScO3 the effect of octahedral rotations needs to be included through the single ion 
model. Through examination of the Curie temperature of the strained films we suggest that 
(1 1 1)-strain has a different effect on the Jahn–Teller splitting of eg and t2g electron levels than 
what is seen in (0 0 1)pc-oriented La0.7Sr0.3MnO3 thin films.
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twinned rhombohedral and reported to have either an (1 1 1)pc 
easy plane of magnetization [11, 12], or (1 1 1)pc easy direc-
tion [13]. Extensive research has focused on tuning the 
magnetic anisotropy by strain in thin films with a (0 0 1)pc 
surface orientation [12]. For thin films of LSMO on cubic 
substrates, tetragonal and monoclinic unit cell structures have 
been reported under tensile strain on (0 0 1)c-oriented SrTiO3 
(STO), while under compressive strain on (0 0 1)c-oriented  
(LaAlO3)0.3-(Sr2AlTaO6)0.7 (LSAT) only monoclinic unit 
cell structures are reported [14, 15]. In both cases a biaxial 
anisotropy with magnetically easy axes along the 〈1 1 0〉pc 
directions are reported, with an additional uniaxial contrib
ution in the case of LSAT [2, 6]. For orthorhombic sub-
strates a monoclinic structure is found for both LSMO 
under tensile strain on (1 1 0)o-oriented DyScO3 (DSO) 
and under compressive strain on (0 0 1)pc-oriented  
NdGaO3 (NGO) [15]. The anisotropy of tensile strained 
LSMO on orthorhombic substrates is uniaxial, with the easy 
axis aligned along the direction of the largest strain, except 
for (1 1   −2)o oriented NGO where the easy axis has been 
reported to change with film thickness [4, 5, 16]. In addition 
to tuning the magnetic properties with strain, changing the 
crystallographic orientation opens further avenues for prop-
erty engineering. For LSMO on STO it has been found that 
the interfaces of (1 1 0)c and (1 1 1)c-oriented LSMO are more 
bulk-like as a function of thickness than (0 0 1)c-oriented inter-
faces [17], while differences in switching mechanisms and 
anisotropy are observed between films of LSMO on (0 0 1)o 
and (1 0 0)o-oriented NGO [18].

Recently, the interest in (1 1 1)pc-oriented films has grown 
considerably due to the possibilities offered by symmetry 
engineering on such facets by strain. The three-fold sym-
metry has been shown to result in emerging properties like 
polar metals [19], exchange bias at the interface between a 
ferromagnetic and a paramagnetic material [20], switchable 
ferrimagnetic moments as result of interface oxygen octa
hedral rotations [21], and predicted Goldstone-like behavior 
of compressively strained LaAlO3 (LAO) [22]. The magnetic 
anisotropy of LSMO on (1 1 1)c-oriented STO has been found 
to have a weak in-plane anisotropy following the high sym-
metry directions of the substrate [23], different from when 
deposited on (0 0 1)-oriented STO.

In order to address how (1 1 1)-strain affects the structural 
symmetry and magnetic anisotropy of LSMO thin films we 
synthesized LSMO thin film on a range of different substrates 
and determined material properties using x-ray diffraction and 
magnetic characterization techniques. The results point towards 
a distinct response to strain as compared to (0 0 1)-strain, and 
the possibility to employ strain in (1 1 1)-oriented thin films to 
tailor the magnetic anisotropy of LMSO.

Experimental

Epitaxial LSMO films of 19 nm to 26 nm thickness were 
grown on (0 1 1)o-oriented NGO, (1 1 1)c-oriented STO, and 
(1 0 1)o-oriented DyScO3 (DSO) substrates (all corresponding 
to (1 1 1)pc facets) by pulsed laser deposition. The STO 

substrates were prepared by etching in buffered hydrofluoric 
acid for 45 s following annealing at 1050 °C in oxygen flow. 
The NGO and DSO substrates was annealed for two hours at 
1000 °C in oxygen flow. A KrF excimer laser (λ  =  248 nm) 
with a fluence of ~2 J cm−2 and a repetition rate of 1 Hz was 
employed to ablate material from a stoichiometric LSMO 
target. The substrates were heated to 540 °C in a 0.35 mbar 
oxygen atmosphere during deposition with a target to sub-
strate distance of 45 mm, in order to ensure 2D growth [24]. 
During deposition, the growth was monitored with reflec-
tion high-energy electron diffraction (RHEED). The samples 
were cooled in a 100 mbar oxygen atmosphere after deposi-
tion. After deposition the film topography was characterized 
with atomic force microscopy (AFM, Veeco Nanoscope V). 
Micrographs of the surfaces of the films grown on NGO, STO 
and DSO are shown in figures  1(a)–(c), respectively, with 
well-defined steps and terraces, indicating high film quality.

Bulk LSMO has a rhombohedral unit cell (space group 
R-3c) with ar  =  5.471 Å and αr  =  60.43° [25]. Both NGO and 
DSO have an orthorhombic unit cell (space group Pbnm) with 
lattice parameters ao  =  5.427 Å, bo  =  5.500 Å, co  =  7.705 Å 
[26], and ao  =  5.44 Å, bo  =  5.71 Å, co  =  7.89 Å [27], respec-
tively. STO is cubic (space group Pm-3m) with lattice con-
stant a  =  3.905 Å [28]. The strain along an [h k l] direction is 
defined as εhkl = (dhkl,sub − dhkl,bulk)/dhkl,bulk , with dhkl,sub 
and dhkl,bulk being the lattice parameter of the substrate and 
bulk LSMO, respectively. The calculated strain values along 
the primary in-plane directions ([1   −1 0]pc and [1 1  −2]pc) can 
be found in table 1.

The crystalline structure of the LSMO thin films was char-
acterized using a four-circle, high-resolution x-ray diffractom-
eter (XRD, Bruker D8). Rocking curves around the LSMO 
(1 1 1)pc reflection reveal full width at half maximum values 
between 0.035° and 0.04°, on the same order as for the sub-
strates, indicating high quality films. Reciprocal space maps 
were recorded around asymmetrical reflections. For the thin 
film on STO, the (3 3 0)c, (1 1 4)c, (3 1 2)c and (1 3 2)c reflec-
tions (in this work we use parenthesis to denote reflections 

Figure 1.  AFM micrographs of the surfaces of LSMO grown on  
(a) (0 1 1)o-oriented NGO, (b) (1 1 1)c-oriented STO, and (c) (1 0 1)o-
oriented DSO.
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to ease inclusion of crystal symmetry subscript) were used 
to determine the film’s unit cell. The same reflections (corre
sponding to (0 2 8)o, (0 6 0)o, (2 4 4)o and (−2 4 4)o) were used 
for the film on NGO. However, for the film deposited on DSO 
the (2 0 8)o, (6 0 0)o, (3 1 6)o, and (3   −1 6)o reflections (corre
sponding to (3 3 0)pc, (1 1 4)pc, (2 3 1)pc and (3 2 1)pc) were uti-
lized, as substrate reflections overlap the film reflections for 
the (4 2 4)o and (4   −2 4)o peaks. In addition, the symmetrical 
(1 1 1)pc reflection was used for all structures.

Magnetic measurements were performed using a vibrating 
sample magnetometer (VSM). Due to a strong paramagnetic 
signal from both NGO and DSO substrates, hysteresis meas-
urements were also performed by MOKE at room temperature. 
Magnetic anisotropy was investigated using the magneto-
optical Kerr effect in the longitudinal configuration (L-MOKE) 
at room temperature. Hysteresis curves were measured at dif-
ferent angles by rotating the samples in a sinusoidal H-field 
(in the plane of the film). An alternating magnetic field with 
an amplitude of 100 Oe and a frequency of 10 Hz was used to 
achieve full saturation of the samples. Each hysteresis curve 
was calculated as average of 1000 individual loops.

To ensure that the observed MOKE signal does not origi-
nate from the NGO and DSO substrates, element specific 
x-ray magnetic circular dichroism (XMCD) spectroscopy 
at beamline 4.0.2 at the advanced light source (ALS) has 
been performed (see supplementary materials figures S1 and 
S2 available online at stacks.iop.org/JPhysCM/30/255702/
mmedia).

Results and discussion

Figure 2 depicts θ-2θ scans of the (1 1 1)pc peaks for LSMO 
deposited on DSO, STO, and NGO respectively. The position 
of the (1 1 1)pc reflection of LSMO shifts due to strain from the 
substrates, the average strain being  −0.70%, 0.64%, and 2.44% 
for NGO, STO, and DSO, respectively. In figures  3(a)–(c)  
reciprocal space maps (RSM) of LSMO on the three substrates 
are shown. For all films the in-plane component of the film 
peak is coinciding with the value of the substrate, confirming 
coherent film growth. The features (Q⊥) indicating the out of 
plane lattice constant in figure 3(a) for LSMO on STO does 
not depend on the choice of reflection. On (0 0 1)-oriented 
STO this would correspond to a tetragonal unit cell. However, 
due to the trigonal symmetry of the (1 1 1)pc STO surface, the 

constant Q⊥ value indicates a rhombohedral/hexagonal unit 
cell. Similarly, the RSM data for LSMO on DSO reveal a con-
stant value for the out-of-plane parameter for the reflections 
investigated (figure 3(b)). Due to the orthorhombic symmetry 
of the DSO substrate, this is consistent with a monoclinic 
unit cell of LSMO. We note that the data for LSMO on DSO 
also can be represented by a strained hexagonal unit cell. To 
establish a hexagonal unit cell on a (1 1 1)pc-oriented surface 
the relation between the primary in-plane directions needs 
to be 1/

√
3. This is not the case for an orthorhombic unit 

cell, though due to the out-of-plane symmetry found in the 
RSM data, a strained hexagonal unit cell can be inferred with 
γ  =  118.2°, smaller than γ  =  120° in a proper hexagonal unit 
cell. Figure  3(c) shows the reflections for LSMO on NGO. 
Here the out-of-plane peak positions vary, revealing a triclinic 
unit cell. The refined unit cell parameters are listed in table 2, 
while figures 4(a)–(c) depicts the resulting unit cells and their 
relationship to the substrate. Here, LSMO under compressive 
strain (NGO) is found to be triclinic while it is monoclinic 
when deposited on (0 0 1)pc-oriented NGO. However, it is 
possible to obtain a monoclinic unit cell for compressively 
strained (1 1 1)pc LSMO on NGO by tuning the laser-fluence 
during deposition (see supplementary materials, figure  S3). 
The triclinic LSMO film on NGO presented here has been 
grown using the same laser-fluence as the rhombohedral and 
monoclinic films on STO and DSO, respectively.

The structure of rhombohedral LSMO can be expressed 
using a monoclinic unit cell, enabling a more detailed compar-
ison between the different systems. In figure 4(d) the evolution 
of the lattice parameters and distortion angle as a function of 
average in-plane strain, ε‖,avg = (ε‖,1−10pc + ε‖,11−2pc)/2 is 
shown. The values for bulk unstrained LSMO are plotted as 
open circles. For all films, the b-parameter is chosen as the 
parameter locked to the substrate. This corresponds to the 
[1 0 0]o [1–10],c, and [0 1 0]o directions for the NGO, STO and 
DSO substrates, respectively. All free parameters, am, cm, β, 
vary to accommodate the strain.

The β angle increases from β  <  90° for compressive strain 
to β  >  90° for tensile strain (β  =  90.5° for bulk LSMO). 

Table 1.  In-plane lattice parameters and strain values for 
LSMO(1 1 1)pc on NGO(0 1 1)o, STO(1 1 1)c, and DSO(1 0 1)o 
substrates. The in-plane directions is in pseudocubic notation 
with [1 –1 0] pseudocubic corresponding to [2 0 0] and [0 2 0] 
orthorhombic in-plane directions for NGO and DSO, respectively, 
and [1 1   −2] pseudocubic corresponding to [0 2   −4] and [2 0   −4] 
orthorhombic. εavg  =  (ε1−10  +  ε11−2)/2.

Substrate
d1−10 
(Å)

d11−2 
(Å)

ε1−10 
(%)

ε11−2 
(%)

εavg  
(%)

NGO 2.72 1.58 −1.04 −0.35 −0.70
STO 2.76 1.59 0.64 0.64 0.64
DSO 2.86 1.60 4.06 0.81 2.44

38 39 40 41 42
2  [deg]
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 [a
rb
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ni

t] DSO(101)o

STO(111)c

NGO(011)o

Figure 2.  Linear θ/2θ scans of the (1 1 1)pc peaks of LSMO on 
DSO, STO and NGO substrates.
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Under tensile strain, only a change in β is found to accommo-
date the strain as cm and am, are found to be constant between 
the films on STO and DSO. This is not the case moving in to 
the compressive regime, where all lattice parameters change 
as compared to the tensile strained films. In (0 0 1)pc-oriented 
films the same trend is reported [15]. For both (0 0 1)pc and 
(1 1 1)pc-oriented LSMO under tensile strain, this results in a 
twofold symmetry, and that tensile strained LSMO, regardless 
of orientation, has a higher symmetry as compared to com-
pressive strained LSMO.

Figure 4(e) shows the unit cell volume and out of plane 
distortion, ε⊥, versus average in-plane strain, ε‖,avg. A close 
to linear relationship is found for the unit cell volume, 
with the unit cell volume increasing with increasing ten-
sile strain. Both the behavior and magnitude matches 

results found for (0 0 1)-oriented LSMO-films [15]. 
From the linear θ-2θ scans, see figure  2, the out of plane  
lattice spacing of the films can be found. From the average 
in-plane strain, ε‖,avg, versus the out of plane distortion  
ε⊥ (ε⊥ = ε111pc = (d111pc,film − d111pc,bulk)/d111pc,bulk) the  
effective Poissons ratios can then be calculated using 
ν = 1/(1 − 2ε‖,avg/ε⊥)  [29]. The obtained Poissons ratio for 
LSMO on NGO and STO is 0.41, slightly larger than found for 
(0 0 1)-oriented LSMO films of 0.37 [30]. For LSMO on DSO 
a substantially lower Poissons ratio is found, 0.16, implying a 
non-linear response between in-plane strain and out-of-plane 
distortion for (1 1 1)-oriented LSMO films.

The film strain affects the magnetic properties of the thin 
films. The magnetization of (1 1 1) oriented LSMO on STO 
is macroscopically isotropic, as seen in figure 5(a). This is in 
full agreement with previously reported results [23] of a weak 
microscopic anisotropy with a six-fold symmetry, resulting in 
a macroscopically isotropic response. By utilizing the Néel 
model of magnetic anisotropy [31], which has been used to 
explain the magnetic anisotropy of (0 0 1)pc and (1 1 0)pc-oriented  
LSMO thin films, an analytical expression for the anisotropy 
energy of a rhombohedral unit cell can been found [32]:

E = − 6δL(r0)

(
cos2 (θ)− 1

2

)

where the largest angle on each side face of the rhombohe-
dral unit cell is modeled as 90

◦
+ 2δ, L(r0) is the dipolar 

Néel parameter at the equilibrium value r0, which for LSMO 
is found to be negative, and θ is the angle of the magnetization 
with the [1 1 1]c direction. This results in an easy (1 1 1)c plane, 
corroborating the experimental results. A surface plot of the 
anisotropy energy can be seen in the insert of figure 5(a).

Figures 5(b) and (c) show MOKE data for LSMO on NGO 
and DSO, respectively, exhibiting a strong in-plane aniso
tropy. LSMO on NGO shows a clear difference between 
the [1 0 0]o and [0 1   −1]o in-plane directions (figure 5(b)), 
with [1 0 0]o as magnetically hard axis with a close to linear 
response to the applied field, while the response to the applied 
magnetic field along the [0 1   −1]o easy axis leads to nearly 
square hysteresis curve. The Néel model predicts an easy axis 
along the most tensile strained direction, which in this case 
is [0 1   −1]o. Solving the Néel model for a triclinic unit cell 
numerically (supplementary material figure  S4) a two-fold 
magnetic anisotropy is found with easy axis and hard axis 
along [0 1   −1]o and [1 0 0]o, respectively.

From the Néel model it is expected that LSMO films on 
DSO will have an easy axis along the direction of largest ten-
sile strain, i.e. [0 1 0]o. However, the data reveals a hard axis 
along the [0 1 0]o direction and an easy axis along [1 0   −  1]o 
as shown in figure 5(c). Hence, applying the Néel model does 
not replicate the observed effective magnetic anisotropy (sup-
plementary material figure S5). We note that the Néel model 
only considers bond length and angle between the Mn atoms. 
As the source of the magnetization in LSMO is the double 
exchange mechanism, the angle and length of the Mn–O–Mn 
bonds are important for the magnetic characteristics, and 
can be incorporated in a single ion model [33]. This model 

Figure 3.  Reciprocal space maps of the LSMO films on (a) 
STO ((1 3 2)c, (3 1 2)c, (3 3 0)c, and (1 1 4)c reflections), (b) DSO 
((4 -2 4)o, (4 2 4)o, (2 0 8)o, and (6 0 0)o reflections), (c) NGO 
((-2 4 4)o, (2 4 4)o, (0 2 8)o, and (0 6 0)o reflections). The out-of-
plane reciprocal space vector is defined as Q⊥ = 4π/λsin(θ) with 
λ = 1.540 598  Å.

J. Phys.: Condens. Matter 30 (2018) 255702
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Table 2.  The refined unit cell parameters for LSMO films deposited on NGO(0 1 1)o, STO(1 1 1)c, and DSO(1 0 1)o.

Substrate Structure a (Å) b (Å) c (Å) α (°) β (°) γ (°)

NGO Triclinic 5.51 5.43 7.75 90.1 89.5 90.1
STO Rhombohedral 5.47 60.7
DSO Monoclinic 5.47 5.73 7.78 90 90.9 90

Figure 4.  Sketches of the resulting unit cells obtained from the RSM data. (a) Triclinic (t) LSMO on (0 1 1)o-oriented NGO.  
(b) Rhombohedral (rh, black) or hexagonal (h, blue) LSMO on (1 1 1)c-oriented STO. (c) Monoclinic (m, black) or distorted hexagonal 
(h*, blue) LSMO on (1 0 1)o-oriented DSO. (d) Normalized lattice parameters and angle α as a function of average in-plane strain. The unit 
cell volumes for bulk LSMO and LSMO on STO are found by expressing their rhombohedral unit cells as monoclinic. The values for bulk 
LSMO are shown as open circles. (e) Measured out-of-plane strain and volume versus average in-plane strain. Bulk values are marked at 
open circles.

Figure 5.  (a) Magnetization data for LSMO on STO. 0° corresponds to the [1 –1 0]c direction. The insert shows a surface plot of the 
magnetic anisotropy energy of LSMO on STO. (b) Magnetization data for LSMO on NGO. 0° corresponds to the [1 0 0]o ([1   −1 0]pc) 
direction. (c) Magnetization data for LSMO on DSO. 0◦ corresponds to the [0  1 0]o ([1   −1 0]pc) direction.

J. Phys.: Condens. Matter 30 (2018) 255702
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assumes that the crystal field is a sum of the atomic crystal 
fields and a strong spin–orbit coupling. The anisotropy energy 
from a single Mn–O bond is given by:

Ei = − eQQ2

16πε0R3
i
(3cos2θi − 1)

where e is the electron charge, Q is the effective charge of the 
ligand, Q2 is the quadrupole moment of the magnetic ion, ε0 is 
the vacuum permittivity, Ri is the Mn–O bond length, and θi is 
the angle between the magnetization direction and the Mn–O 
bond. Ei is summed over all bonds in a two by two by two 
structure of pseudo-cubic unit cells to find the total anisotropy 
energy E. By applying the single ion model, without octa
hedral rotations, the same result as for the Neel model must 
be obtained. This results in QQ2 being negative for LSMO on 
DSO and NGO.

Using the single ion model, the magnetic anisotropy of 
LSMO films on DSO and NGO can be expressed as a function 
of octahedral rotations. For LSMO on DSO the monoclinic 
unit cell can have three possible rotation patterns in the Glazer 
tilt system [34], a−b−c0 (#12), a−a−c− (#15), or a−b−c+ 
(#11). As the apc and bpc are mirror symmetrical across the 
(0 1 0)o plane, the rotations need to be symmetrical across that 
plane and consequently a−a−c0, a−a−c−, or a−a−c+ are pos-
sible. For LMSO on NGO the triclinic unit cell can only have 
the rotation system a−b−c− (#2). Since triclinic distortion in 
this case is small (α = 90.1◦, γ = 90.1◦), the difference in 
rotation magnitudes around apc and bpc will be small, and are 
therefore here treated as equal. The resulting anisotropy phase 
diagram can be seen in figure 6, with the shaded regions indi-
cating the intervals of rotation magnitudes that recreate the 
observed anisotropy for LSMO on DSO and NGO.

With regards to LSMO on DSO, rotations of at least 3.3° 
around cpc is needed, ruling out a−a−c0 as a possible rotation 

pattern. Both a−a−c− and a−a−c+ can result in a hard axis 
along [0 1 0]o for a certain range of rotation angles. The rota-
tion pattern a−a−c+ requires, for a given rotation around apc 
and bpc, a larger rotation around cpc, than is the case for the 
rotation pattern a−a−c−. The rotation angle of bulk LSMO 
is 4.48° [25], while rotations of 6° with a rotation pattern of 
a−a−a− been found for LSMO on (1 1 1)-oriented STO by 
DFT calculations [35]. LSMO on DSO has a larger average 
tensile strain then for LSMO on STO. We note that rotations 
in (1 1 1)-oriented LAO are found by DFT to increase close to 
linear with amount of tensile strain [22], allowing us to extrap-
olate an expected 10.3° rotational angle for LSMO on DSO. 
In (0 0 1)-oriented thin films, the effective rotations are larger 
around the most tensile strained direction [36]. Assuming this 
is also true for (1 1 1)-oriented LSMO, the rotations should 
be largest around the apc and bpc directions (apc = bpc = 3.96 
whilst cpc = 3.89). However, from the single ion model 
calculations, (shown in figure 6) we note that both for a−a−c+ 
and a−a−c− the rotation around cpc is expected to be largest. 
For a 10.3° rotational angle around apc and bpc, a minimum of 

cpc = 13
◦
 and cpc = 10.7

◦
 is needed to establish the observed 

anisotropy for a−a−c+ and a−a−c− respectively. For the tri-
clinic structure of LSMO on NGO the results from the single 
ion model calculation in figure 6 indicates that the observed 
anisotropy is energetically favorable for a range of rotations 
including no octahedral rotations. DFT studies of (1 1 1)-strain 
indicate that compressive strain results in smaller than bulk 
rotations around the pseudo-cubic axes [36], consistent with 
the phase diagram in figure 6.

The remanent magnetization close to the Curie temperature 
(TC) for strained LSMO is shown in figure 7. The data were 
taken while increasing the temperature. The Curie temper
ature is determined by taking the lowest temperature at which 
the remanent magnetization vanishes, a method that provides 
a reliable measure of TC, though often lower values than when 
the saturation magnetization is used [37]. The Curie temper
atures are found at 328 K, 334 K, and 338 K for the films on 

Figure 6.  Octahedral rotation angle dependence of the hard 
axis direction for LSMO on DSO for a−a−c− and a−a−c+ 
rotation patterns and LSMO on NGO for a−a−c− rotation 
pattern are calculated using the single ion model. The octahedral 
rotation combinations that result in an anisotropy matching the 
experimentally found anisotropy are shown as striped areas for the 
film on DSO and as shaded blue for the film on NGO.
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Figure 7.  Remanent magnetization of the LSMO films on 
NGO, STO and DSO for the temperature range around the Curie 
temperatures.
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GSO, STO and NGO, respectively. Millis, Darling [38] has 
proposed a model to describe the effects of strain on the Curie 
temperature of manganites.

TC(εB, ε∗) = TC(0, 0)
[
1 − αεB − bε∗2] .

With εB = 1/2(2ε111pc + ε1−10pc + ε11−2pc), a measure of the 
bulk compression and ε∗ = 1/4(2ε111pc − ε1−10pc − ε11−2pc), 
a measure of the biaxial distortion. An increase in compres-
sive strain and therefore an increased εB tends to increase 
the electron hopping probability, decreasing the effect of the 
electron lattice coupling and therefore the Curie temperature. 
The biaxial distortion, ε∗, is related to the Jahn–Teller split-
ting of the eg and t2g electron levels. A deviation from ε∗ = 0 
will increase the localization of the electrons and therefore 
lower the Curie temperature. Corresponding to εB and ε∗ are 

the experimental quantities α = 1
TC

[
dTC
dεB

]
 and b = 1

TC

[
d2TC
dε∗2

]
, 

predicted to be approximately 6 and 1400, respectively, for 
La1.83Sr0.17MnO3 [38]. For (0 0 1)-oriented LSMO, there are 
several reports of the values of TC (0, 0), α, and b. Adamo 
[30] found TC (0, 0) = 345 K, α = 1.55, b = 1460, Tsui 
[2] reported TC (0, 0), α, and b values of 334 K, 2, and 187, 
respectively, Angeloni [39] found b ≈ 1000, and Ranno [40] 
reported a b value of 1400. From the measured Curie temper
atures we find TC (0, 0) = 333 K, α = 3.9, and b = −125. 
The values of TC (0, 0) and α obtained for LSMO from our set 
of strain data are in good agreement with the predictions and 
reported values for (0 0 1)pc-oriented films, while b is an order 
of magnitude lower than most values obtained from (0 0 1)pc-
oriented films and have opposite sign. From the results of 
Adamo [30], both the LSMO film on NGO and the LSMO 
film on DSO are predicted to have a lower TC than the LSMO 
film on STO due to the biaxial strain from the orthorhombic 
substrates. However, here the Curie temperature of the LSMO 
film on NGO is larger than for LSMO on STO, suggesting that 
TC in (1 1 1)pc-oriented LSMO thin films is to a smaller degree 
affected by biaxial strain. This can possibly indicate a smaller 
degree of Jahn–Teller splitting of the eg energy levels when 
applying strain to (1 1 1)pc-oriented LSMO films, consistent 
with that the eg energy levels do not split due to (1 1 1)pc-
oriented strain contrary to what is found for (0 0 1)pc-oriented  
strain [41].

Conclusions

In conclusion, (1 1 1)pc-oriented LSMO thin films have been 
grown on NGO, STO, and DSO substrates in order to investi-
gate the effects of strain on structural and magnetic properties. 
Compressively strained films on NGO are found to be triclinic 
or monoclinic, while films with tensile strain are found to 
be rhombohedral on STO and monoclinic on DSO, different 
from that obtained by (0 0 1)pc-oriented strain. A uniaxial 
magnetic anisotropy is found for the LSMO films on both 
NGO and DSO with the hard axes along [1 0 0]o and [0 1 0]o, 
respectively. For LSMO on STO, no macroscopic anisotropy 
is observed. The anisotropy of the LSMO films on STO and 
NGO is well described by the Néel model of magnetic aniso
tropy, while for LSMO on DSO, incorporation of octahedral 

rotations through the single ion model is needed to explain 
the uniaxial anisotropy. Lastly, it was found through looking 
at the Curie temperatures as a function of strain that (1 1 1)pc-
oriented biaxial strain has a different effect on the Jahn–Teller 
splitting of eg and t2g electron levels than observed in (0 0 1)pc-
oriented LSMO films.
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