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Enhanced magnetism in lightly doped manganite heterostructures: strain or 

stoichiometry? 

Richard Mbatang,†,a,b Deqing Xue,†,c,d Erik Enriquez,a Ruihao Yuan,e Hyungkyu Han,a,e Paul 
Dowden,a Qiang Wang,f Edwin Fohtung,b Dezhen Xue,c Truab Lookman,e Stephen J. Pennycook,*,d 

and Aiping Chen*,a

Lattice mismatch induced epitaxial strain has been widely used to tune functional properties in complex oxide 

heterostructures. Apart from the epitaxial strain, a large lattice mismatch also produces other effects including modulations 

in microstructure and stoichiometry. However, it is challenging to distinguish the impact of these effects from the strain 

contribution to thin film properties. Here, we use La0.9Sr0.1MnO3 (LSMO), a lightly doped manganite close to the vertical 

phase boundary, as a model system to demonstrate that both epitaxial strain and cation stoichiometry induced by strain 

relaxation contribute to functionality tuning. The thinner LSMO films are metallic with a greatly enhanced TC which is 97 K 

higher than the bulk value. Such anomalies in TC and transport cannot be fully explained by the epitaxial strain alone. 
Detailed microstructure analysis indicates La deficiency in thinner films and twin domains formation in thicker films. Our 

results have revealed that both epitaxial strain and strain relaxation induced stoichiometry/microstructure modulations 

contribute to the modified functional properties in lightly doped manganite perovskite thin films.

1. Introduction
Epitaxial strain induced by lattice mismatch is one of the most 
fascinating approaches to control functional properties in complex 
oxide heterostructures. A variety of physical properties such as 
magnetoresistance, magnetic anisotropy, superconductivity, ionic 
conduction and electric polarization have been manipulated by strain 
engineering.1-3 Among these materials, doped manganite 
perovskites have attracted much interest due to the various 
structural, magnetic and transport properties observed at different 
temperatures with change in the dopant concentration.4, 5 Strain 
engineering has been applied in different manganite perovskites for 
tuning physical properties in both lateral heterostructures 6-9 and 

vertical nanocomposites.10 Strain tunes physical properties via 
modifying the Mn-O-Mn bond length and angle and MnO6 octahedral 
rotation. It has been shown that compressive strain tends to enhance 
the magnetic and transport properties of manganite thin films while 
tensile strain suppresses ferromagnetism by reducing TC due to the 
distortion of the MnO6 octahedra.

In a metal system, the strain-stress curve follows an elastic 
deformation before the plastic deformation and fracture. The upper 
limiting strain of the elastic deformation varies significantly in 
different metals (0.5%~2%). In ceramic oxide thin films, such an 
upper limit threshold for the elastic deformation has not been 
adequately explored. In epitaxial heterostructures, the lattice 
parameter change has often been defined as the strain, which has 
been used as the main parameter for physical properties tuning. 
However, there are two critical questions: 1) does the lattice 
parameter difference reflect a true elastic strain and 2) does the 
epitaxial strain alone modify the physical properties or other factors 
induced by strain relaxation also contribute to modified 
functionalities? First of all, the lattice parameter of perovskite oxide 
films is strongly tied to the cation and anion stoichiometry. A strong 
dependence of out-of-plane lattice parameter on oxygen pressure 
and laser energy density is reported in a variety of complex oxides 
confirms that such a lattice parameter variation may not be fully 
induced by the elastic deformation.11, 12 In addition, when the misfit 
strain is larger than the elastic strain upper limit, strain tends to relax 
which induces a variety of other effects that could impact the 
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physical properties. Besides misfit dislocations, other mechanisms 
including microstructure modulation, cation stoichiometry 
modulation and defect modulation have been reported for strain 
relaxation. For example, oxygen vacancy formation/ordering and La 
accumulation have been reported in oxide heterostructures and 
vertical nanocomposites for strain relaxation.13, 14 Owing to the 
complex strain relaxation mechanisms, how these factors contribute 
to modified physical properties is not clear.  

In optimum doped manganite thin films, TC is not extremely sensitive 
to doping concentration as evidenced by the plateau in the phase 
diagram. Therefore, the effect of a small composition variation in 
optimum doped manganite thin films can be easily shadowed by 
strain effects. To explore the roles of other factors such as strain 
relaxation induced microstructure and stoichiometry modulations, 
we chose lightly doped La0.9Sr0.1MnO3. This compound is close to the 
vertical phase boundary and exhibits interesting magnetic phase 
transition and structural transition which are extremely sensitive to 
both strain and stoichiometry. The lightly doped manganites have 
been widely studied in bulk form due to coupling among lattice, spin 
and orbital degrees of freedom.15-18 For example, two ferromagnetic 
phases have been predicted in lightly doped La1-xSrxMnO3.19 Static 
pressure modifies charge ordering, metal insulator transition (MIT) 
temperature (TMI), and Curie temperature (TC).20-22 The effects in 
these lightly doped manganite thin films are often controversial,23-26 
largely because the film growth of lightly doped manganite is 
sensitive to growth conditions.27 For example, high temperature 
growth and long annealing could promote strong interdiffusion 
which makes the modified properties ambiguous. In addition, the 
impact of cation stoichiometry, depending on growth conditions, is 
rarely discussed in lightly doped manganite films. Therefore, the 
enhanced magnetism and transport properties in lightly doped La1-

xSrxMnO3 manganite thin films is still not clear. In fact, the anomalies 
of magnetism and transport are not limited to Sr doped LaMnO3, it 
has been observed in LaMnO3 and Ba doped LaMnO3.28, 29  In this 
study, we investigated why the magnetism and transport of the 
lightly doped manganite La0.9Sr0.1MnO3 thin films are completely 
different from the bulk counterpart. By changing the film thickness, 
strain relaxation mechanisms were observed including La off-
stoichiometry, twin domain tilting and misfit dislocation formation. 
We found out that epitaxial strain and strain relaxation modulated 
cation off-stoichiometry and microstructure are responsible for the 
modified TC, TMI and electron transport, compared to the bulk 
counterpart.

2. Results and Discussion 
La0.9Sr0.1MnO3 (LSMO) bulk is orthorhombic with room temperature 
lattice parameters of a = 5.5469 Å, b = 5.5603 Å, and c = 7.7362 Å.30 
The pseudocubic lattice parameters are given by a0  = 3.922 Å, b0  = 
3.932 Å, c0  = 3.868 Å. Bulk La0.9Sr0.1MnO3 is a ferromagnetic insulator 
with a Curie temperature (TC) of 145 K, a charge ordering 
temperature (TCO) of 127 K and a saturation magnetization of 3.6 
µB/Mn.4 A lattice mismatch of -3.4% exists between LSMO and LaAlO3 
(3.789 Å) substrate. Figure 1(a) shows a local 2θ-ω scan of LSMO films 
with different thicknesses. No extra peaks were observed on the 2θ-

ω full scan (not shown here). Only the (00l) peaks of the film and the 
substrate were observed indicating the growth of highly oriented 
LSMO films on LAO substrates. With decreasing film thickness, the 
out-of-plane lattice parameter increases from 3.885 Å (95 nm film) 
to 3.929 Å (15 nm film). To understand the in-plane strain states, 
reciprocal space mapping (RSM) of these three films was conducted 
at LAO (103) peak region. Figures 1(b)-1(d) show RSM (103) of 15 nm, 
30 nm and 95 nm, respectively. An in-plane lattice parameter of 
3.865 Å and 3.876 Å was found for the 15 nm and 30 nm films, 
respectively. The 95 nm film shows Bragg peak splitting which is 
related to the formation of large twin domains driven by shear strain 
relaxation.31-33 An in-plane lattice parameter of 3.910 Å (square 
yellow box in Figure 1d) was found for the 95 nm film. The in-plane 
strain, out-of-plane strain and Poisson’s ratio are shown in Table 1. 
Poisson’s ratio of thinner films is ~0.33 which is in agreement with 
perovskite manganites.34, 35 Similar twin formation has been 
observed in compressively strained BiFeO3 and La0.7Sr0.3MnO3 films 
which in bulk have monoclinic and distorted rhombohedral 
structures, when grown on cubic substrates.33, 36-38 
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Figure 1. (a) Local 2θ-ω scans of La0.9Sr0.1MnO3 thin films with 

different thicknesses. (b) Reciprocal space maps of (b) 15 nm, (c) 30 

nm and (d) 95 nm LSMO thin films. The color map shows X-ray 

intensity from high to low (redgreenblue). The circle represents 

the peak position.

a (Å) c (Å) ε
xx

 (%) ε
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 (%) ε
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 (%) ν
V (cm
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T
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 (K) T
MI

(K) T
co

(K)

15 nm 3.865 3.929 -1.453 -1.704 1.577 0.329 58.692 242 250 112

30 nm 3.876 3.920 -1.173 -1.424 1.344 0.337 58.892 200 204 90

95 nm 3.910 3.885 -0.306 -0.559 0.439 0.333 59.394 95 - -

Table 1: Summary of the 15 nm, 30 nm and 95 nm samples. εxx = (a – 

a0) / a0,   εyy = (a –b0) / b0, εzz  = (c – c0) / c0, ν = 1 / (1 – (εxx + εyy) / εzz)). 

a and c are the in-plane and out-of-plane lattice parameters of LSMO 

films. The unit cell volume of bulk LSMO is 59.650 cm3.

To confirm the microstructure evolution and strain relaxation with 
film thickness, high-angle annular dark-field (HAADF) scanning 
transmission electron microscopy (STEM) images were collected for 
two films. Figure 2(a) shows a high resolution HADDF-STEM image of 
the 15 nm LSMO on LAO substrate. Misfit dislocations are visible near 
to the film-substrate interface as highlighted by the red circles, due 
to the large lattice mismatch (-3.4%). Figures 2(b)-2(f) show the local 
electron energy loss spectroscopy (EELS) mappings, which show that 
the film/substrate interface is reasonably sharp without significant 
interdiffusion. Figure 2(g) shows a cross-sectional TEM image of the 
95 nm film. The vertical contrast indicates the formation of twin 
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domains as suggested by the XRD results. The domain widths roughly 
agree with the above estimates from the domain matching epitaxy. 
Misfit dislocations are also visible at the film-substrate interface of 
this film as shown in Figure 2(h). To explore the misfit dislocation 
distribution and the strain relaxation at the interface, we applied 
geometric phase analysis (GPA). Figures 2(i) and 2(j) show the in-
plane lattice strain map εxx for the 15 nm film and the 95 nm film, 
respectively. This strain map provides the local lattice displacement 
with respect to a reference LAO substrate.39 Misfit dislocations are 
marked in circles. Their spacing is measured to be about 22 nm in 
Figure 2(i) and also in fast Fourier transform images (Figure S1a-b) 
for the 15 nm film. The misfit dislocation spacing is estimated to be 
~5.5 nm by considering  for complete strain relaxation. 𝑑𝑠 =

(𝑎0 ×  𝑎𝑠)
2(𝑎0 ―  𝑎𝑠)

Such a significantly increased dislocation spacing indicates that the 
strain is only partially relaxed. Misfit dislocations in the 95 nm film, 
as shown in Figure 2(k), have an average spacing of about 23 nm, 
which is similar with the spacing in the thinner film. In the LSMO/STO 
system, it was reported that periodic twinning was formed in thinner 
films while twin domain tilting occurred in thicker films.31 For these 
LSMO films on LAO substrates, except misfit dislocations, the strain 
is mainly relaxed by tilted twin domains formation in thick films. 

Figure 2. (a) High resolution HAADF STEM image of the 15 nm LSMO 

film on LAO substrate. (b) HAADF and corresponding EELS mapping 

of (c) O, (d) La, (e) Mn, and (f) Al. (g) TEM image of the 95 nm 

LSMO/LAO heterostructure. (h) HAADF STEM image at the 

film/substrate interface of the 95 nm sample. (h) In-plane lattice 

strain map εxx by GPA in (i) 15 nm and (j) 95 nm LSMO/LAO 

heterostructures. The circles highlight misfit dislocations at the film-

substrate interface.

To understand the strain effect on magnetic properties, AC 
susceptibility was measured in a 10 Oe AC magnetic field at a 

frequency of 5 kHz to probe the magnetic phase transition. The peak 
of the real part of the magnetic susceptibility in Figure 3(a) shows TC 
of 240 K, 200 K and 82 K for 15 nm, 30 nm and 95 nm samples 
respectively. The reduced Tc could be related to the complex strain 
effect from the twin domains as observed in TEM. A reference 
sample grown on STO with fully relaxed strain show a Tc of 145K (not 
shown here). The imaginary part of the magnetic susceptibility shows 
two different peaks in Figure 3(b). A cusp is observed at higher 
temperatures which coincides with the TC. The peak at about 40 K is 
observed at all samples which is attributed to the ‘domain’ freezing 
of the tweed structure in the LAO substrate.40 The enhancement in 
TC in thinner films can be related to the large in-plane compressive 
strain, which elongates the MnO6 octahedron in the out-of-plane 
direction and modifies Jahn-Teller distortions. Compressing the 
MnO6 in the in-plane direction reduced the bond length that leads to 
an increase in the in-plane transfer integral or hoping probability. TC 
is strain dependent with TC (εB, ε*) = TC (0, 0) (1 – αεB – βε*2).32  The 
bulk compression εB = (εxx + εyy + εzz)/3 and the biaxial (Jahn-Teller) 
distortion ε* = (2εzz – εxx – εyy)/4.41 α = (1/TC)dTC/dεB is related to the 
unit cell volume variations under strain εB = (1/3) ΔV/V and β 
accounts for the Jahn-Teller energy splitting.42 For substrate induced 
biaxial distortion, tensile strain tends to reduce TC while compressive 
strain can increase it. It predicts that ~1% biaxial strain produces ~10% 
shift in TC in La0.83Sr0.17MnO3.41 The biaxial distortion induced TC 
reduction in optimized doped perovskite manganites also follows the 
Millis’ equation.35 Interestingly, the biaxial strain in 15 (30) nm films 
is 1.6% (1.3%) while TC increases by 66% (37%), respectively. If Millis’ 
equation holds in our samples, the TC enhancement is far larger than 
the prediction. La0.9Sr0.1MnO3 is located at the vertical phase 
boundary region and TC of these lightly doped manganites is 
extremely sensitive to the stoichiometry. As shown in the TC vs Sr 
composition plot,4 the TC of La0.9Sr0.1MnO3 is 145 K while the TC of 
La0.85Sr0.15MnO3 is 240 K. A simple linear projection indicates that 1% 
of La or Sr composition change shifts TC by 19 K. We suspect that 
other factors such as cation off-stoichiometry along with the biaxial 
strain contribute to the TC enhancement. 
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Figure 3. (a) AC χ’-T and (b) χ”-T curves measured in a 10 Oe AC 

magnetic field at a frequency of 5 kHz for 15 nm, 30 nm and 95 nm 

LSMO films. 

Besides TC, the electron transport properties have also been 
significantly modified. The ρ-T curves for films of different 
thicknesses are shown in Figure 4(a). Strikingly, the 15 nm and 30 nm 
films show a MIT at 250 K and 204 K respectively, which is consistent 
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with TC. However, the 95 nm film shows a semiconducting-like 
behaviour. For x=0.1, bulk La0.9Sr0.1MnO3 is a FM insulator. One of the 
striking result is that thinner La0.9Sr0.1MnO3 films with in-plane 
compressive strain show FM coupling with clear MIT. Density 
functional theory has shown that that in-plane compressive strain 
induces oxygen octahedrons tilt and straightens the out-of-plane O-
Mn-O chain which promote MIT.43 Figure 4(b) shows ρ-T curves 
measured in magnetic fields. A resistivity upturn was observed at 
lower temperatures of 112 K and 90 K for the 15 nm and 30 nm films, 
respectively (Figure S2). A similar transition in bulk at 127 K was 
attributed to charge/orbital ordering effect.21 In bulk La0.9Sr0.1MnO3, 
it was found that pressure reduces the resistivity and enhances TCO.44 
This is consistent with our results that the thinner films with larger 
stain exhibit higher TCO and lower resistivity. Figure 4(c) shows the 
magnetoresistance (MR) of the 15 nm film at different magnetic 
fields, defined as MR (%) = (ρH - ρ0)/ρ0 ×100, where ρ0 and ρH are the 
film’s resistivities at zero and applied magnetic field (H). The MR 
curves show a peak value at TMI, which is consistent with manganite 
films close to the optimum doping. In the 15 nm film, the peak MR 
were 38%, 70% and 81% for applied fields of 1 T, 3 T and 5 T, 
respectively. The difference is that thinner La0.9Sr0.1MnO3 films show 
a second MR peak near TCO, which is absent in optimum doped 
manganite films. Therefore, tuning MR near TCO is a feasible 
approach to broaden the MR temperature range. The MR curves for 
films with different thicknesses are shown in Figure 4(d). The 
maximum MR increases with decreasing thickness. The peak MR (1 
T) values are 38%, 34%, and 19% for 15 nm, 30 nm and 95 nm films, 
respectively. 
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Figure 4. (a) ρ-T curves for LSMO thin films with different thicknesses. 

(b) ρ-T curves for the 30 nm film at a magnetic field of 0 T and 1 T. (c) 

MR for the 15 nm film at different magnetic fields. (d) 

Magnetoresistance measured at 1 T magnetic field for 15 nm, 30 nm 

and 95 nm films. 

Figure 5. Position dependent La/Mn ratio from EELS results for (a) the 

15 nm films and (b) the 95 nm film. (c) Position dependent Mn L3/L2 

ratio for the 15 nm (red) and 95 nm LSMO films.

To investigate the cation stoichiometry and Mn valence states, EELS 
measurements of La, Mn and O were collected as shown in Figure 
S3a. The position dependent La, Mn and O atomic ratios are plotted 
in Figures S3b-S3d. The position dependent La/Mn ratios for 15 nm 
and 95 nm films on LAO are summarized in Figures 5a and 5b. The 
average La/Mn ratio is 0.83±0.06 for the 15 nm film and the average 
La/Mn ratio is 0.93±0.03 for the 95 nm film in both the interface and 
the bulk film part. The calculated Mn L3/L2 ratio in 15 nm film (~2.7) 
is slightly smaller than that in the 95 nm film (~2.8). It was reported 
that the Mn L3/L2 ratio is dependent on the Mn valence state and 
local coordination.45 The larger Mn L3/L2 ratio indicates smaller Mn 
valence state. This is consistent with the La/Mn ratio in Figures 5a 
and 5b. It should be noted that such La/Mn ratios estimated from 
EELS (Figures 5a and 5b) are not absolute values as the electron 
channeling effects produce a nonlinear relation between signal 
intensity and composition, but the ratio still provides relative 
comparison. For example, the relative smaller La/Mn value and 
higher Mn valence states in the 15 nm film indicates cation off-
stoichiometry, e.g., La deficiency. As discussed, a tiny change of 
cation composition in lightly doped manganite perovskites 
significantly modifies the Mn valence states and TC. The cation 
stoichiometry modulation in the thinner LSMO thin films could be 
related to strain relaxation including both shear strain and misfit 
strain. For the thinner (15 nm) film, strain relaxation is 
accommodated by both misfit dislocations and La deficiency.  During 
the thin film synthesis, materials often change cation stoichiometry 
to accommodate strain effect. For example, strain modulated 
stoichiometry has been also reported in vertical nanocomposites.46, 

47 Since the magnetism and transport properties in lightly doped 
manganites are extremely sensitive to the cation stoichiometry as 
discussed above, the significantly enhanced functional properties in 
these thinner films should be attributed to both epitaxial strain and 
cation off-stoichiometry effects. For thick films, strain is relaxed via 
misfit dislocations and microstructure modulation (e.g., tilted twin 
domains formation). Interfacial octahedral rotation and tilt have also 
been widely considered in perovskite oxide heterostructures.48-51 
Although interfacial octahedral coupling length is related to the 
rigidity of the octahedral network, such an interfacial effect is often 
believed to be effective within the first 8 unit cells or so. Therefore, 
such interfacial is not the dominating factor for the TC enhancement 
in these 15-30 nm films. 

3. Conclusion 
In summary, epitaxial La0.9Sr0.1MnO3 films of different thicknesses 
have been synthesized on LaAlO3 substrates. Misfit dislocations at 
film/substrate interface are observed in thinner films while both 
misfit dislocations and twin domain formation are found in thicker 
films. The biaxial strain alone in thinner films cannot explain the 
greatly enhanced magnetic and transport properties. EELS results 
have confirmed stronger cation off-stoichiometry in the 15 nm LSMO 
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than that of the 95 nm film. Our results have demonstrated that both 
biaxial epitaxial strain and cation stoichiometry play critical roles in 
controlling magnetism and transport of lightly doped manganite 
films at the vertical phase boundary region.

4. Experimental section
The ceramic La0.9Sr0.1MnO3 target was fabricated by conventional 
solid-state reaction method using La2O3 (99.99%), Mn2O3 (98%), and 
SrCO3 (99%). The resulting compound was calcined at 1200 C for 3 
hours and sintered at 1450 C for 3 hours in air. La0.9Sr0.1MnO3 thin 
films were deposited on LaAlO3 (001) substrates via pulsed laser 
deposition (PLD). Throughout all depositions, substrate temperature 
and oxygen pressure were maintained at 725 °C and 100 mTorr, 
respectively. A KrF Excimer laser (λ = 248 nm) with an energy density 
of 1.5 J/cm2 and a frequency of 1 Hz was incident on the ceramic 
target. The substrate-target distance is 5.0 cm and the growth rate is 
0.475 Å/pulse. Immediately following thin film deposition, the 
oxygen pressure was increased to 550 Torr, then cooled at 5 °C/min 
to 500 °C. The films were held for 30 minutes at this temperature to 
reduce oxygen deficiency. The films were then cooled to room 
temperature at 5 °C/min. Microstructure characterization was 
carried out via 2θ-ω measurements and Reciprocal Space Mapping 
in a Panalytical X’Pert Pro MRD diffractometer. AC Magnetization 
and resistivity data was measured in a Physical Property 
Measurement System (PPMS, Quantum Design). AC Magnetization 
data was measured by applying magnetic field parallel to film surface 
(in-plane). χ’-T curves were collected during cooling down from 300 
K to 10 K with an AC field of 10 Oe at 5 kHz. Resistivity-temperature 
(ρ-T) measurements were conducted in PPMS with four Au bars 
sputtered onto film surface with different magnetic fields. ρ-T curves 
were measured as temperature was scanned from 350 K to 10 K with 
a scan rate of 2 K/min. A transport current of 10 mA was used. The 
cross-sectional TEM specimens were prepared using focused ion 
beam milling with a Ga ion beam at 30 kV beam energy on an FEI 
versa 3D workstation, followed by thinning with Ar ion milling in a 
Bal-Tec Res-120 ion beam milling system. The HAADF-STEM imaging 
and STEM-EELS elemental mapping experiments were carried out at 
200 kV with an ARM200CF microscope equipped with a cold field 
emission electron gun, a probe Cs corrector and quantum EELS 
system. The chemical composition analysis and GPA are conducted 
by the plugin scripts in Digital Micrography software.
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