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1. Introduction

The novel spintronic applications for future information tech-
nology need high quality thin films of multifunctional mate-
rials that possess required features at room temperature. In 
addition to the manganites and magnetic semiconductors, 
one of the potential materials is the A2BB’O6-type double 
perovskite Sr2FeMoO6 (SFMO), which has a large magneto-
resistance as an intrinsic property and 100% spin polarized 
charge carriers. The Curie temperature, TC, of SFMO is around 
410–450 K [1], which is exceptionally high among half metals 
and enables room temperature applications.

High quality SFMO thin films have been mostly grown with 
pulsed laser deposition (PLD) on single crystal substrates, but 
several other fabrication methods have also been used [2–8]. 
The most common substrate for the growth of SFMO is the 
SrTiO3 [9–13]. However, the structural and magnetic proper-
ties of SFMO films on several different substrates including 
LaAlO3 and MgO have been reported [14–18]. The x-ray dif-
fraction (XRD) and atomic force microscopy (AFM) studies 
of the pulsed laser deposited SFMO thin films by Jalili et al 
have suggested different growth mechanisms for the SFMO 
films grown on SrTiO3, MgO and LaAlO3 substrates at 800 °C  
[16]. The surface morphology indicated a layer-by-layer 
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growth on SrTiO3 and MgO, whereas three-dimensional pro-
gressive growth is observed on LaAlO3 [16]. A layer-by-layer 
growth of SFMO on SrTiO3 and MgO has also seen by Borges 
et al with corresponding deposition temperatures, but the 
reported magnetic and transport properties are very poor com-
pared to the films grown at higher temperatures [15]. In addi-
tion to the growth mechanism, the choice of the substrate has 
been seen to affect the magnetic and magnetotransport prop-
erties of SFMO [14, 15, 17]. The saturation magnetization 
has been observed to decrease with larger lattice mismatch 
between the substrate and the SFMO, but it is also affected by 
the changes in deposition parameters [14, 15, 17]. The amount 
of antisite disorder (ASD), in which the B-site cations Fe and 
Mo transpose in the structure, is also affected by the choice of 
the substrate [17]. Various studies have connected the ASD to 
the saturation magnetization, Curie temperature and magne-
toresistivity of SFMO thin films [14, 15, 17, 19–21].

The previous transmission electron microscopy (TEM) 
studies of SFMO thin films on SrTiO3 have shown a sharp 
substrate/film interface, epitaxial growth and coherent atomic 
arrangements across the interface [8, 22–24]. The TEM images 
have also indicated that the relaxation of the SFMO thin 
films on SrTiO3 occurs through the stacking fault formation  
[22, 25]. The formation of impurity phases observed by the 
XRD and parasitic outgrowths seen in TEM images have also 
suggested those as strain relief mechanisms in SFMO films 
[11, 16]. However, the relaxation mechanisms and interface 
effects have been reported only for SFMO on SrTiO3 and they 
are still unclarified for other substrates.

Despite the numerous studies of the substrate dependent 
properties of SFMO thin films, the substrate induced growth 
and relaxation mechanisms have not been thoroughly clari-
fied. Most of the investigations have been done with SFMO 
films grown at fairly low temperatures, which rarely results 
in optimal magnetic and magnetotransport properties. Also, 
the earlier TEM studies have only be carried out with SFMO 
films on SrTiO3. In the present report, the substrate and lat-
tice mismatch dependent growth and relaxation mechanism, 
substrate/film interface effects and the correlation between 
structural defects and magnetic properties are reported for the 
first time in SFMO thin films on different single-crystalline 
oxide substrates.

2. Experimental details

The SFMO films were made on SrTiO3 (STO), (LaAlO3)0.3

(Sr2AlTaO6)0.7 (LSAT), SrLaAlO4 (SLAO) and MgO single 
crystal substrates using pulsed laser deposition (PLD). These 
four samples were denoted as A-STO, B-LSAT, C-SLAO and 
D-MgO, respectively. The deposition was carried out in 9 Pa 
pressure Ar atmosphere and the deposition temperature was 
1050 °C. The details of the film deposition are described in 
[18, 26] and the target preparation with sol-gel method in 
[27, 28]. The SFMO grows diagonally on all of these sub-
strates. Therefore, the lattice parameter, =a 5.575b  Å [29], 
of the bulk SFMO is compared with the diagonals of the sub-
strate basal planes, a2 s, to obtain the lattice mismatches, 

( )ε = −a a a2 /M s b b. This is shown schematically in 
figure 1(a). The lattice parameters, the diagonals of the sub-
strates basal planes and the lattice mismatches are presented 
in table 1.

The structural characterization was carried out with x-ray 
diffraction (XRD) and transmission electron microscopy 
(TEM). The XRD measurements were conducted using 
a Philips X’pert Pro MPD diffractometer in the Bragg–
Brentano θ θ− 2  configuration. Also, Cu Kα radiation, Schulz 
texture goniometer, incident beam x-ray mirror and PIXcel 
detector were used in the measurements. The texture and the 
θ φ−2  scans were measured from the SFMO (2 0 4) peak 

( θ = °2 57.106 ) and they were used together with the θ θ− 2  
scans to determine the phase purity, orientation and texturing 
of the films. The detailed θ θ− 2  scans of the (2 0 6), (3 3 6) 
and (4 0 4) peaks, using different φ and ψ angles than for 
the overall θ θ− 2  scan, were used in the determination of the 
lattice parameters. The reciprocal space maps of all the four  

Figure 1. Schematic picture of (a) the diagonal growth of the 
SFMO on the substrates and (b)–(d) the strain relaxation with 
different lattice mismatches. The (b) demonstrates the compressive 
lattice mismatch resulting in compressive strain (A-STO), the 
(c) demonstrates the compressive mismatch resulting in tensile 
strain (B-LSAT and C-SLAO) and the (d) demonstrates the tensile 
mismatch resulting in tensile strain (D-MgO). The blue color and 
dotted lines represents the SFMO and the green color represents the 
substrate in all the figures.
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Table 1. The lattice constants of the substrates and the lattice 
mismatches between the SFMO and the substrates.

Substrate as (Å) cs (Å) a2 s (Å) εM (%)

STO 3.901 5.517 −1.05
LSAT 3.868 5.470 −1.88
SLAO 3.756 12.636 5.312 −4.71
MgO 4.214 5.964 6.97
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(1 0 1) and (4 0 4) peaks were also measured to obtain the ASD 
of the samples. In order to determine the microstructure of the 
films with transmission electron microscopy (TEM), focused 
ion beam (FIB) lamellas were prepared from all the samples. 
High resolution TEM (HRTEM) imaging was performed with 
a JEOL JEM-4010 electron microscope at an accelerating 
voltage of 400 kV. Also, a probe-corrected scanning TEM 
using high-angle annular dark field imaging (HAADF STEM) 
were performed with TITAN 80–300 at the voltage of 300 kV. 
The TEM images were also used to determine the film thick-
nesses, which varied between 135–145 nm for B-LSAT and 
160–170 nm for A-STO, C-SLAO and D-MgO.

Quantum Design MPMS SQUID magnetometer was used 
in magnetic measurements. The zero field cooled (ZFC) and 
field cooled (FC) magnetization curves were measured up to 
400 K in 0.1 T and 0.5 T fields. The Curie temperatures were 
determined from the M(T )-curves as the minimum of the tem-
perature derivative. The hysteresis loops from  −0.5 T to 0.5 
T were measured at 10 K, 100 K, 300 K and 400 K as well 
as between  −2 T and 2 T at 10 K and 100 K. In all magnetic 
measurements, the external magnetic field was parallel to the 
plane of the film, i.e. along the SFMO (0 0 1) plane.

3. Results and discussion

3.1. X-ray diffraction

The good quality of the films was confirmed with the XRD 
measurements. The overall θ θ− 2 -scans of all the films 
(figure 2(a)) revealed only (0 0 l) peaks of the SFMO and 
the substrates as well as small peak from the sample holder 

( θ = °2 50 ). No impurity phase peaks were observed in any of 
the films. The pole figures of the texture scans from the SFMO 
(2 0 4) peak, showed sharp peaks at the positions expected for 
fully textured c-axis oriented film.

The SFMO peaks in the overall θ θ− 2  scans (figure 2(a)) 
were fitted with an asymmetric gaussian function to gain the 
peak positions and the full width at half maxima (FWHM). 
Same function was also fitted to the peaks in detailed θ θ− 2  
scans (not shown) to obtain the peak positions. The substrate 
peaks were used as an internal standard. The lattice param-
eters were determined with the Nelson–Riley method [30]. 
The (0 0 l) peaks were used to determine the c parameter and 
the a parameter was determined using (2 0 6), (3 3 6) and  
(4 0 4) peaks together with the obtained c parameter. The 
determined lattice parameters and the lattice parameters of the 
bulk SFMO ( =a 5.575b  Å and =c 7.893b  Å [29]) were used 
to calculate the change in the unit cell volume, ∆V , and the 
substrate induced strain, ( )ε = −a a a/a b b, in a and in c direc-
tions (εc), respectively. These values are shown in table 2.

The in-plane strain, εa, is compressive only in the A-STO 
film and tensile in D-MgO film as expected from the lattice 
mismatches. In the B-LSAT and C-SLAO samples the εa is 
tensile even though the lattice mismatches are compressive. 
The growth of the film with compressive mismatch resulting 
in compressive strain (A-STO), with compressive mismatch 
resulting in tensile strain (B-LSAT and C-SLAO) and with 
tensile mismatch resulting in tensile strain (D-MgO) are sche-
matically shown in figures 1(b)–(d). Similar behavior has been 
earlier observed in SFMO on LaAlO and in La0.8Ca0.2MnO3 
[16, 31], where the in-plane lattice parameters indicate that the 
large enough compressive mismatch leads to tensile strained 

Figure 2. (a) The overall θ θ− 2  scans of the films on logarithmic scale. The open dots indicate the substrate (0 0 l) peaks and the full dots 
indicate the SFMO (0 0 l) peaks, which are the only visible peaks in this direction due to the epitaxial growth. The SFMO (0 0 l) peaks are 
indexed in the figure. The small peak observed near θ = °2 50  comes from the sample holder. (b)–(e) The θ φ−2  scans of the SFMO (2 0 4) 
peak in logarithmic scale for A-STO, B-LSAT, C-SLAO and D-MgO, respectively. The substrate peak of STO and LSAT are also visible in 
the (b) and (c), because they are close to the SFMO peaks.
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films. The structure of SFMO is quite closely packed, thus it 
is possible that the increasing compressive mismatch cannot 
compress the structure further. Instead, some interface defects 
or re-organization could occur, which over-relaxes the struc-
ture that should be compressively strained and leads to a ten-
sile strained film. The interface defects will be discussed more 
detailed in the following analysis of the φ-FWHM values and 
the TEM images. The compressive mismatch, around  −1%, 
from the STO is not large enough to result in tensile strained 
SFMO films. However, the  −2% mismatch from the LSAT 
induces as large tensile strain to the SFMO film as the 7% 
tensile mismatch from the MgO. Thus, it can be concluded 
that the compressive mismatch between the SFMO and the 
substrate can be up to 1–2% before major structural changes 
occur at the interface.

The magnitudes of the in-plane strains are quite close to 
each other, but the sign in A-STO film is naturally opposite. 
The out-of-plane strain, εc, shows larger variation. The change 
in c is largest in the A-STO film, which is also seen as the 
smallest change in the unit cell volume. In other films, the εc is 
small and the change in the unit cell volumes are almost equal, 
but clearly larger. Moreover, the εc have an opposite sign to the 
corresponding in-plane strain. Thus, the decrease (increase) 
in a leads to increase (decrease) in c, which means that the 
Poisson’s ratio is positive in all the films. Similar results 
for SFMO on STO have been reported earlier [16, 25, 32]. 
However, an increase in both a and c have observed in SFMO 
on STO by Westerburg et al as well as in SFMO on LaAlO3 
and on MgO by Jalili et al [16, 33]. It has also been observed, 
that the length of the c lattice parameter in SFMO films is 
affected by the deposition parameters and structural defects 
[16, 25, 34]. Hence, the substrate induced strain cannot alone 
explain the differences observed in the ∆V  and the c lattice 
parameter.

The microstrains, εWH, of the films are shown in table 2 and 
they were determined from the SFMO (0 0 l ) peaks with the 
Williamson–Hall method [35]. When the microstrain is deter-
mined from the SFMO (0 0 l ) peaks, it describes the varia-
tion of the c parameter throughout the whole film thickness. 
In the A-STO film, the εWH is one order of magnitude larger 
compared to other films, which means a larger variation in 
the c parameter. This variation can be caused by horizontal 
defects like stacking faults. On the other hand, the out-of-
plane strains and the change in the unit cell volumes suggest 
that the c parameter is elongated easier under compressive 
in-plane strain than compressed under tensile in-plane strain. 
Then the variation of the c parameter due to the relaxation is 
larger in compressively strained films. The observed valence 
fluctuation in SFMO [36, 37] together with the possible ASD 

and oxygen vacancies [20] could also cause variation of the 
lattice parameters due to the changes in ionic radii and bond 
lenghts and increase the microstrain, but their effect is not 
experimentally investigated in SFMO films. Altogether, the 
larger microstrain in A-STO film is more likely contributed by 
the larger density of stacking faults together with the c param-
eter variation due to the relaxation.

The φ-FWHMs of the SFMO (2 0 4) peaks were deter-
mined from the θ φ−2  scans and they are shown in table 2. 
In both A-STO and B-LSAT samples, the φ-FWHM is 0.5°, 
which corresponds very well with the earlier results of the 
SFMO films grown on STO substrate [14]. In C-SLAO and 
D-MgO samples, the φ-FWHM is notably larger and the value 
for the D-MgO also corresponds well with the earlier results 
[14]. The difference between the films can also be seen in the 
θ φ−2  scans shown in figures 2(b)–(e). The φ broadening is 

caused by the small variations in the in-plane crystal orienta-
tion due to the low angle grain boundaries, which result from 
the vertical dislocations in the film. When the instrumental 
width of φ determined from the substrate peak is 0.2°, the 
greater φ-FWHM values indicate that all the samples have 
some low angle grain boundaries. The highest low angle grain 
boundary density i.e. the largest amount of low angle grain 
boundaries is in the C-SLAO sample, in which the largest 
compressive mismatch results in tensile strained film. When 
compared to the A-STO and B-LSAT samples, the low angle 
grain boundary density in D-MgO film is also larger.

The ASD of the SFMO can be determined with the XRD, 
because the Bragg peak intensities of the superstructure 
depends on the ordering of the B-site atoms. The (1 0 1) of 
SFMO is the superstructure peak, intensity of which increases 
with higher B-site ordering of the SFMO [38, 39], whereas 
the intensity of the (4 0 4) peak does not depend on the Fe/
Mo ordering. The (1 0 1)/(4 0 4) intensity ratio dependence 
on the B-site ordering was simulated with Fullprof Rietveld 
refinement program [40, 41] and is shown in figure  3(a). 
The antisite disorder (ASD) was determined from recip-
rocal space maps of all the four (1 0 1) and (4 0 4) peaks 
for each sample. The integrated intensities of the peaks were 
measured by fitting a Lorentzian peak into the ω-projection 
of the peaks, which includes the data of whole θ2  range (see 
figure 3(b)). This was done in order to be able to separate the 
SFMO peaks from the substrate peaks, which is a problem 
specially with the films on STO. After obtaining the inte-
grated intensities of the peaks, the B-site ordering, Bord, was 
determined from intensity ratio of (1 0 1)/(4 0 4) using a 
function ( ) ( )= +B I I a b1 0 1 / 4 0 4 /ord , where I is the inte-
grated intensity of the peak and = ±a 0.5583 0.0005 and 
= ±b 0.4775 0.0002 are constants obtained from simulation 

Table 2. The main structural properties of the films grown on different substrates.

Film a (Å) c (Å) ∆V  (%) εa (%) εc (%) εWH (%)
φ-FWHM 
(°) Bord ASD (%)

A-STO 5.554 7.941 −0.15 −0.38 0.61 0.18 0.50 0.89 11
B-LSAT 5.592 7.885 0.52 0.31 −0.10 0.02 0.51 0.96 4
C-SLAO 5.596 7.870 0.46 0.37 −0.29 0.02 0.93 0.94 6
D-MgO 5.592 7.884 0.50 0.30 −0.11 0.01 0.79 0.80 20

J. Phys.: Condens. Matter 27 (2015) 386001
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of the XRD intensities. It is important to measure the intensity 
ratios from peaks at the same tilt angle ψ so that one does 
not have to determine geometric corrections related to ψ in 
the Schulz goniometer. The geometric corrections due to dif-
ferent θ are taken into account in the simulation. The errors 
of B-site ordering were determined from the errors of the 
fits to the peaks and represent 99% confidence level. These 
errors were below 0.03 in all the samples. The level of B-site 
ordering and the ASD percentage are shown in table 2. The 
highest B-site ordering is observed in B-LSAT and C-SLAO 
samples in which the compressive mismatch results in ten-
sile strained samples. In A-STO sample the ASD percentage 
is only slightly larger, but in D-MgO the ASD is considerably 
larger. However, no clear connection between other structural 
properties like strain or FWHM in φ with ASD is seen in these 
results.

3.2. Transmission electron microscopy

The HRTEM images of all the samples in [1 0 0] viewing 
direction are shown in figure 4. According to these images, 
all the films have sharp interface with the substrates as also 
seen in several previous TEM images of SFMO films grown 
on STO (0 0 1) or (1 1 1) substrates [8, 11, 22, 23]. Vertical 
defects were seen in all the samples and they are pointed 
out with the orange arrows in figures  4(a)–(d). In addition 
to the possible antiphase boundaries, it seems that at least 
some of these defects are threading dislocations related to 
the misfit dislocations at the interface. Higher magnifica-
tion HAADF STEM images of the A-STO and D-MgO films 
showing the threading dislocation are shown as an example 
in figure 5(a). A Fast Fourier Transform (FFT) filtered image 
of the SFMO/MgO interface, obtained using (2 0 0) reflec-
tions corresponding to the in-plane direction, shows several 
misfit dislocations at the interface, but only some of them 
result in these vertical defects. As an example, close-up of 
the interface region in the D-MgO, together with the details 
of the FFT filtered image showing the misfit dislocations, 
are shown in figure  5(b). The misfit dislocations are rather 

common as a strain relaxation mechanism in these kind of 
heteroepitaxial systems, where a mismatch between the film 
and the substrate occurs. In general, a larger mismatch cause 
more misfit dislocations, which lead to observed threading 
dislocations. On the other hand, the threading dislocations 
are related to the low angle grain boundries, which were 
confirmed by the XRD studies. In the A-STO (figure 4(a)) 
and the B-LSAT (figure 4(b)) samples, only few these kind 
of vertical defects were observed. The C-SLAO (figure 4(c)) 
and D-MgO (figure 4(d)) samples have clearly more misfit 
dislocations at the interface due to larger amount of vertical 
defects. Hence, the density of low angle grain boundaries 
in these films is also higher than in the A-STO and B-LSAT 
films, which corresponds very well with the observed  
φ-FWHM values. According to TEM images of Ji et al and 
Fix et al, the strain relaxation in SFMO films occurs through 
defect formation. The XRD and TEM results presented here 
show that the defect concentration is higher in the films, 
which have a larger lattice mismatch. Thus, it is clear that the 
SFMO lattice parameters relax through defect formation at 
least in the films, which have large lattice mismatch between 
the substrate and the film.

The higher magnification HRTEM image of the D-MgO 
film in figure 4(e) show also sharp vertical defects in 90° angle 
with respect to the interface and their origin is either at the 
interface or close to it. These were found in all the samples as 
shown in figures 6(a) and (b) for the C-SLAO and D-MgO at 
the higher thicknesses. Figure 6(a) shows horizontal stacking 
fault type defects together with vertical anti-phase bounda-
ries or dislocations, which were observed in both A-STO and 
C-SLAO samples. However, these horizontal defects were 
not observed in the B-LSAT and D-MgO films, only vertical 
defects were seen in the TEM images (figure 6(b)) of both 
samples. These horizontal defects could increase the micro-
strain and cause larger variation of the c parameter through the 
film. However, the XRD results are averages of the whole film 
and the amount of horizontal defects observed only locally is 
not high enough to explain the differences in microstrain and 
c parameter variation.

Figure 3. (a) The curve used for obtaining the antisite disorder from intensity ratio of (1 0 1)/(4 0 4) peak intensities. The inset shows the 
simulation at different disorder levels. The (4 0 4) peak intensity does not depend on ordering of the Fe/Mo atoms. (b) Reciprocal space 
maps of (1 0 1) and (4 0 4) peaks of the A-STO film on logarithmic scale. The large peaks and the background features in the (4 0 4) image 
arise from the substrate. Above the images are shown the ω-projections of the images from where the intensities were determined.

J. Phys.: Condens. Matter 27 (2015) 386001



M Saloaro et al

6

The HRTEM images shown in figure 4 were also used to deter-
mine the film thicknesses. It seems that the growth rate of SFMO 
is similar on all the other substrates excluding the LSAT. The used 
2000 pulses lead to a film thickness of 160–170 nm, which is very 
close to the earlier observed value of 150 nm [42]. However, the 
growth rate of SFMO on LSAT is lower and the film thickness 
of 135–145 nm is achieved with 2000 pulses. One could expect, 
that deposition parameters and the strain affect the film thickness. 
However, the lattice mismatch of LSAT is between the values for 
STO and SLAO and the deposition parameters were not changed 
between the samples. On the other hand, the results of the man-
ganite thin films have shown that the growth rate is dependent on 
the orientation of the substrate and the growth mode is related to 

the surface instabilities of the substrate [43, 44]. This suggests 
that the growth rate could be related to the other properties of 
substrate’s surface like the adhesion or the termination, which 
strongly affect the growth of initial layers i.e. first few unit cells) 
and therefore the growth mode of the film.

The HAADF STEM image of the D-MgO film in [1 1 0] 
direction is displayed in figure 6(c). The figure  shows a par-
ticle of parasitic phase in SFMO matrix. Such particles were not 
observed in any other films. A higher magnification HAADF 
STEM images of the particle revealed its single crystalline like 
structure and a coherent interface with the surrounding SFMO 
matrix. An Energy Dispersive x-ray (EDX) spectroscopic anal-
ysis was carried out across the interface between the particle and 

Figure 4. The HRTEM images of the (a) A-STO, (b) B-LSAT, (c) C-SLAO and (d)–(e) D-MgO in [1 0 0] viewing direction. The 
dotted white lines indicate the substrate/SFMO interfaces. The orange (a)–(d) and black (e) arrows point out the vertical defects such as 
dislocations, low angle grain boundaries and anti-phase boundaries.
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SFMO matrix. Elemental analysis revealed that the particle is 
almost completely deficient of Fe. It most likely belongs to the 
SrMoO4 phase, which is the most commonly observed parasitic 
phase in SFMO thin films [45]. However, parasitic phases were 
not observed with XRD, which means that the amount of impu-
rity is below the XRD detection limit. This kind of parasitic 
phase has been earlier observed in the TEM images of SFMO 
on STO [45]. Also, evidence for an iron based outgrowths has 
been reported [11]. The coherent interface between the SFMO 
matrix and the parasitic particle together with the largest lattice 
mismatch in D-MgO suggest that the formation of the parasitic 
particle is not related to the laser-target interaction originated 
droplet, but could be connected to the growth process of the 
vaporized species induced by the large tensile strain.

3.3. Magnetic properties

The effect of lattice mismatch induced structural defects on the 
magnetic properties of the films on different substrates were 

investigated using field and temperature dependent magneti-
zation measurements. Magnetic hysteresis loops measured at 
10 K are shown in figure 7(a) for all the samples. The dia- and 
paramagnetic effects from the substrate and the sample holder 
have been eliminated from the results. The saturation magne-
tization, Ms, the remanence, Mr, and the coercivity field, Bc,  
at 10 K were determined from the hysteresis loops and they 
are shown in table 3. The shape of the M(B)-hysteresis curve at 
10 K for A-STO is as expected for a typical ferromagnet with 
a high remanence of 63% of saturation magnetization and a 
coercivity field of 34 mT. The hysteresis loops of B-LSAT 
and D-MgO are slightly skewed with remanence 28% of Ms 
and in the C-SLAO the skeweness of the hysteresis loop is 
significant with remanence being only 15% of the Ms. The 
field required for saturation of the magnetization in A-STO, 
B-LSAT and D-MgO is visible in figure  7(a) and remains 
fairly constant. However, the hysteresis loops measured up 
to 2 T revealed that magnetization of C-SLAO saturates in 
considerably larger fields. These changes are most likely 

Figure 5. (a) The HAADF STEM images of the SFMO/STO and SFMO/MgO interfaces showing the threading dislocation type defects, 
which are caused by vertical misfit dislocations at the interface. (b) The close-up of the SFMO/MgO interface with the details from the 
corresponding FFT filtered image showing the misfit dislocations.

Figure 6. The higher magnification HRTEM images of (a) C-SLAO and (b) D-MgO showing the vertical anti-phase boundaries or 
dislocations, which were observed in all the samples. The (a) also shows the horizontal stacking fault type defects, which were observed 
in A-STO and C-SLAO. The both (a) and (b) images were taken at same angle relative to the substrate. (c) HAADF STEM image of the 
D-MgO film, which reveals the particle of parasitic phase.
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due to the difference in the defect concentration in the films, 
since the defects cause domain wall formation and pinning. 
Thereby, the field required to modify and align the domains 
is different depending on the density of defects. According 
to the observed φ-FWHM and the TEM images, the C-SLAO 
contains most low-angle grain boundaries and other defects 
such as dislocations and stacking faults, which cause the 
skeweness of the hysteresis loop. Similar defect and grain 
boundary induced broadness of para-ferromagnetic transition 
and domain wall pinning was previously seen in half-metallic 
oxide La0.7Sr0.3MnO3 [46, 47].

Major differences in Ms and Bc were not observed between 
the SFMO films on different substrates. However, the abso-
lute Ms values are affected by the accuracy of the film thick-
ness determination. The largest saturation magnetization of 
2.54 µB f.u.−1and the highest coercivity field of 34 mT were 
observed in A-STO film. Also, both the Ms and Bc are almost 
equal in B-LSAT and D-MgO samples. In C-SLAO the coer-
civity field is slightly larger compared to the B-LSAT and 
D-MgO, but it has the lowest saturation magnetization of 
2 µB f.u.−1. The observed saturation magnetization values 
are almost half of the theoretical value of 4 µB f.u.−1, but 
similar values for SFMO thin films have been reported 
earlier [9, 14]. The low Ms value has been previously con-
nected to the ASD in SFMO thin films [15, 19, 20, 48]. The 
antisite occupancy of Mo at Fe positions modify the mag-
netic exchange interaction. Sánchez et al showed that due 
to changed positions of Fe and Mo atoms, strong Fe–O–Fe 
superexchange interactions take place that give rise to the 
antiferromagnetic (AFM) ordering of the Fe spins reducing 
the saturation moment [49]. Since the XRD measurements 
confirmed that all the films have some ASD, it is clear that 
the saturation magnetization values are not as high as the 
theoretical value. If increasing ASD is considered as the 
main factor for reduced magnetization, our Ms values sug-
gest that the best B-site ordering is achieved with SFMO 
on STO and the largest ASD on the samples on SLAO. 
However, this is inconsistent with the measured ASD values 
presented in table 2. Earlier, Ms has shown linear dependence 
of the ASD [20, 48, 50], whereas our results presented at the 
inset of figure 8 do not show clear correlation between the 
ASD and Ms. Thus, it is clear that the ASD is not the only 
reason for decreased saturation moment in SFMO. The Ms 
dependence on the φ-FWHM (figure 8) shows that the Ms 
has a decreasing overall tendency with increasing φ-FWHM, 
which suggests that the saturation magnetization is more 
dependent on the other structural defects like low angle grain 

Figure 7. (a) The magnetization hysteresis loops at 10 K for all the 
samples. The curves for B-LSAT and D-MgO are on top of each 
other. (b) The temperature dependence of the magnetization in 500 
mT field. The bottom left inset shows the low temperature close-up 
of the irreversibility between ZFC and FC magnetization curves 
measured in 100 mT field. The top right inset shows the temperature 
derivative of the magnetization in 500 mT. The effect of substrate 
and the sample holder are subtracted from all the curves.

Table 3. The main magnetic properties of the films grown on 
different substrates.

Film TC (K)
Ms 10 K  
( µB f.u.−1)

Bc 10 
K (mT)

Mr 10 K 
( µB f.u.−1)

A-STO 324 2.54 34 1.61
B-LSAT 340 2.34 17 0.66
C-SLAO 335 2.00 21 0.30
D-MgO 337 2.33 15 0.65

Figure 8. The Curie temperature (left hand scale) and the saturation 
magnetization (right hand scale) as a function of φ-FWHM, which 
describes the amount of low angle grain boundaries in the samples. 
The absolute value of the lattice mismatch increases as the φ-FWHM. 
The inset shows the Curie temperature (left hand scale) and the 
saturation magnetization (right hand scale) as a function of ASD. The 
samples are labelled in the figure, because the φ-FWHM and the ASD 
do not correspond in the films.
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boundaries, dislocations and stacking faults. However, the Ms 
values for B-LSAT and D-MgO are similar, despite the quite 
large change in the φ-FWHM. On this basis, the possible 
contribution of the tensile lattice mismatch and other defects 
like oxygen vacancies cannot be totally neglected. Several 
theoretical studies have indicated that the oxygen vacan-
cies in SFMO reduce the saturation magnetization [51–54]. 
It was experimentally shown before that oxygen deficiency 
can lead to longer Fe/Mo–O bonds due to the displacement 
of Fe/Mo atoms from the oxygen vacancy and also reduced 
Fe/Mo–O–Fe/Mo bond angle compared to the ideal value 
of 180° [55]. These together with the observed dislocations 
can lead to the modified exchange interaction, which would 
affect the magnetic ordering and can lead to a reduced Ms. 
It is also possible that the low angle grain boundaries and 
dislocations promote the formation of oxygen vacancies in 
SFMO thin films.

The temperature dependence of magnetization in 500 mT 
is shown in figure  7(b) and the bottom left inset shows the 
low temperature part of the ZFC and FC magnetization curves 
measured in 100 mT. The shape of the ferro-paramagnetic 
transition in 500 mT field, which is high enough for satura-
tion, is similar in all the samples. The ZFC and FC curves 
for the A-STO, B-LSAT and D-MgO do not show any devia-
tion unlike earlier observed for SFMO films on STO [26]. 
However, the 100 mT magnetization curve of C-SLAO differs 
strongly from the others as already expected from the shape of 
the hysteresis loops. The ZFC and FC curves deviate at around 
250 K, whereas earlier the irreversibility in films grown on 
STO has been observed only below 100 K [26]. The irrevers-
ibility of C-SLAO is caused by the domain wall pinning in 
SFMO thin film defects, which was also seen as a skeweness 
of the M(B) hysteresis. It is also possible that defects cause 
some distortions in atomic bond geometry, which could con-
tribute the observed irreversibility.

The temperature dependence of magnetization in 500 
mT was also used to determine the Curie temperatures, 
TC’s, of the films. The onset Curie tempertures, which are 
determined from the point where the magnetization devi-
ates from the minimum, are almost equal around 390 K in 
all the films. Therefore, the TC values were obtained as the 
minimum of the temperature derivative of magnetization, 
which are presented at the top right inset of figure 7(b) and 
the values are listed in table 3. In tensile strained films, the 
TC is approximately 340 K and in A-STO the TC is 324 K, 
which suggests that the Curie temperature depends on the 
direction of the strain. However, the nature of the ferro-
paramagnetic transition is also affected by the low angle 
grain boundaries and other defects observed in the XRD 
and TEM results. The Curie temperature as a function of 
φ-FWHM in figure  8 shows a slight decrease in TC with 
increased amount of these defects in tensile strained sam-
ples, but it cannot explain the lower TC in compressively 
strained A-STO. However, the Curie temperature is also 
affected by the ASD and oxygen vacancies. Monte Carlo 
simulation study of SFMO by Ogale et al [20] has proposed 
a decrease in TC with increasing ASD, but they did not study 

the effect of oxygen vacancies. This connection between 
the ASD and TC would mean that the A-STO, which has 
the lowest TC, has the largest ASD. If the D-MgO sample is 
ignored, this is also the case in our samples as seen from the 
inset of figure 8. The A-STO film has higher ASD and lower 
TC than the B-LSAT and C-SLAO films in which both the 
ASD and TC are almost equal. When the TC of the D-MgO 
sample is taken into account, the ASD alone cannot explain 
the differences between tensile strained and compressively 
strained samples. In manganites, the TC has been seen to 
decrease with the oxygen vacancies due to the decrease in 
number of Mn3+ –Mn4+ pairs, which cause a reduction of 
the transfer interaction of eg electrons [56, 57]. However, 
theoretical calculations have shown that the TC of SFMO is 
increased with oxygen vacancies [51]. Due to the absence of 
oxygen, the antiferromagnetic coupling between Fe–Mo is 
increased. This strengthens the Fe–Mo mediated ferromag-
netic coupling between the Fe–Fe and leads to an increase 
in TC. Unfortunately, previous experimental investigations 
about the effect of oxygen vacncies on the TC of SFMO 
was not found, which is most likely due to the sensitivity 
of SFMO on deposition atmosphere and the easily formed 
impurities with additional oxygen [11, 26, 33, 58]. On the 
other hand, the Curie temperature of SFMO has been seen 
to decrease with elongation of the c-axis [34], which hap-
pens in the A-STO. Thus, it is possible that the tensile strain 
and the observed defects promote the formation of oxygen 
vacancies and cause the higher TC compared to compres-
sively strained A-STO. The higher oxygen vacancy concen-
tration in tensile strained samples is also in good agreement 
with the observed changes in the saturation magnetization. 
Altogether, the magnetic properties of the SFMO films are 
highly dependent on the choice of the substrate through lat-
tice mismatch induced structural defects observed with the 
XRD and TEM. The low angle grain boundaries and dis-
locations promote the pinning sites for the domain motion 
and rotation as well as could advance the formation of the 
oxygen vacancies.

4. Conclusions

To conclude, epitaxial SFMO thin films on different sub-
strates show lattice mismatch induced growth defects that 
have significant impact on the magnetic properties of the 
films. It was found that the choice of the substrate has a cru-
cial role in the growth, microstructure and magnetic proper-
ties of SFMO thin films through lattice mismatch induced 
defects. The high enough compressive mismatch was seen to 
result in tensile strained films and the limit for compressive 
mismatch without major structural changes at the interface 
is between 1–2%. In all the samples, indications of the low 
angle grain boundaries, dislocations and stacking faults were 
found and their amount increased with larger lattice mis-
match. This indicates that the lattice parameters of SFMO 
relax through defect formation at least when the lattice mis-
match is high enough. The films with compressive mismatch 
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were found to be phase pure, fully textured and c-axis ori-
ented, but a small SrMoO4 parasitic particle was found in the 
film on MgO.

The magnetic properties of the films are highly dependent 
on the choice of the substrate through the interface defects. 
The M(B) hysteresis curves were skewed and the rema-
nence was reduced by increasing the amount of defects, 
which act as a pinning sites for domain motion and rota-
tion. Even though the observed ASD reduces the TC and the 
Ms, it was found to be outshined by the larger effect of the 
lattice mismatch induced defects. The higher TC in tensile 
strained films and the differences in saturation magnetiza-
tion suggest that the tensile strain and the interface defects 
promote the formation of oxygen vacancies, which increase 
the TC and reduce the Ms. According to these results, the 
interface defects have larger role in the magnetic properties 
of SFMO than the ASD. The low angle grain boundaries, 
dislocations and stacking faults together with the tensile 
strain can promote the formation of oxygen vacancies as 
well as dramatically change the M(B) hysteresis behavior, 
the Curie temparature and the saturation magnetization. 
Therefore, the choice of substrate needs to be considered 
when fabricating SFMO thin films to be used in novel spin-
tronic applications.
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