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 Perovskite manganites are viewed as one of the key building blocks of 
oxide spintronics devices due to their attractive physical properties. How-
ever, cation off-stoichiometry at epitaxial interfaces between manganites 
and other materials can lead to interfacial dead layers, severely reducing 
the device performance. Here, transmission electron microscopy and 
synchrotron-based spectroscopy are used to demonstrate that oxygen 
vacancies during growth serve as a critical factor for modifying the cation 
stoichiometry in pulsed laser deposited La 0.8 Sr 0.2 MnO 3  fi lms. Near the 
fi lm/substrate (SrTiO 3 ) interface, A-site cations (La/Sr) are in excess when 
oxygen vacancies are induced during fi lm growth, partially substituting Mn. 
Simultaneously, Sr cations migrate towards the fi lm surface and form a SrO 
rock-salt monolayer. Consequentially, a gradient of the Mn nominal valence 
is observed along the fi lm growth direction, leading to anomalous magnetic 
properties. The results narrow the selection range of useful oxygen pres-
sures during deposition and demonstrate that accurate cation stoichiometry 
can only be achieved after oxygen vacancies are eliminated during growth. 
This fi nding suggests that the oxygen pressure serves as a tuning parameter 
for the interfacial dead layers and, hence, for control over device properties. 
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  1. Introduction 

 Strontium-doped lanthanum manganites 
(La 1- x  Sr  x  MnO 3 ) exhibit desirable tunable 
properties such as colossal magnetore-
sistance (CMR) and half metallicity, that 
provide rich opportunities for multifunc-
tional devices. [  1  ]  With a Curie temperature 
of 370 K, they are one of the most prom-
ising candidate materials to serve as elec-
trodes in multiferroic tunnel junctions by 
combining their tunneling magnetoresist-
ance (TMR) with electroresistance (ER) 
effects, [  2,3  ]  as spin injectors in polymers, [  4  ]  
and in solid oxide fuel cells, [  5  ]  due to their 
chemical stability and near-lattice match 
with other functional oxides. However, the 
TMR of manganites decreases rapidly with 
increasing temperatures to low values at 
room temperature. One possible reason 
for this unwanted effect is the suppressed 
ferromagnetic ordering near the interface 
due to interface reconstruction, resulting 
in an electrical dead layer. [  6,7  ]  Since the 
physical properties of manganites strongly 
depend on their local chemical composition, [  8  ]  extrinsic effects 
such as the cation off-stoichiometry and the resulting interfa-
cial crystalline imperfections could also lead to insulating and 
nonmagnetic layers. Thin manganite fi lms with well-controlled 
chemical stoichiometry down to nanometer length scales are 
therefore required to improve performance of oxide spintronics 
devices. 

 Similar to other perovskite materials, [  9–11  ]  the stoichiometry 
of manganite fi lms can be varied greatly, depending on the thin 
fi lm growth conditions. Although oxygen nonstoichiometry can 
be removed by post-deposition annealing, cation mobility is very 
limited in close packed perovskite structures, which restricts 
their recovery to stoichiometric composition. [  12  ]  Hence, the pre-
cise control of fi lm growth conditions and the analysis of the cor-
responding cation stoichiometry in fi lms ought to receive close 
attention so as to achieve the desired properties. As revealed by 
Muller et al. [  13  ]  and Kourkoutis et al. [  14  ]  using advanced atomic-
resolution electron energy-loss spectroscopy (EELS), [  15  ]  the laser 
fl uence on ceramic targets will be decisive for the local stoichi-
ometry of pulsed laser deposition (PLD) -grown (La,Sr)MnO 3 /
SrTiO 3  multilayers. The quality of multilayers will deteriorate 
with increasing laser fl uence, resulting in non-stoichiometric 
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     Figure  1 .     Morphology of the annealed LSMO thin fi lm. a) An overview 
at low magnifi cation. b) Selected-area electron diffraction pattern of 
the LSMO fi lm at the [100] zone axis. c) HRTEM image of the interface 
of LSMO with the SrTiO 3  substrate. d) HRTEM image of the LSMO 
surface.  
A-site (La and Sr) and B-site (Mn) cations, which leads to the 
suppression of interface magnetism. The question then arises, 
how can the cation stoichiometry be modifi ed, if we tune 
another main fi lm growth parameter, oxygen pressure? In the 
vast available literature, the accepted selection of oxygen pres-
sure during manganite fi lm growth can be divided into two 
groups: fi lms grown with oxygen pressure above 26 Pa, with or 
without post-annealing, [  16  ]  and fi lms grown with oxygen pres-
sure around 1 Pa, resulting in fi lms with oxygen vacancies, fol-
lowed by post-annealing to recover the oxygen stoichiometry. [  17  ]  
It is worth considering that the tendency to neutralize the posi-
tive charges brought by oxygen vacancies during fi lm growth 
may serve as a driving force for local cation nonstoichiometry 
which is diffi cult to recover by annealing. Fister et al. observed 
that the strontium surface segregation in La 0.7 Sr 0.3 MnO 3  thin 
fi lms increases as oxygen partial pressure decreases, implying 
that oxygen vacancies are somehow involved in the cation non-
stoichiometry. [  18  ]  In this study, detailed investigation is carried 
out to form a complete picture of the effects of oxygen vacan-
cies during fi lm growth, on the local cation stoichiometry, the 
variation of the Mn valence in the epitaixal fi lms, and their 
impact on the electrical and magnetic properties.   

 2. Results and Discussion 

  2.1. Microstructure Analysis 

 Details on the growth conditions of the studied fi lms are speci-
fi ed in the Experimental section. The two-dimensional layer-by-
layer growth mode was monitored by intensity oscillations of 
the refl ected high energy electron diffraction (RHEED) during 
pulsed laser deposition of La 0.8 Sr 0.2 MnO 3  (LSMO) fi lm, as 
described earlier. [  19  ]  High-resolution X-ray diffraction (HRXRD) 
reciprocal space mapping (RSM) directly measures the in-plane 
and out-of-plane lattice parameters, strain, as well as the mosai-
city of the grown fi lm. The reciprocal space mapping around 
the (103) plane of the as-grown fi lm indicates its fully strained 
state. Additionally, an exceptionally low full-width at half max-
imum of 0.02 °  was measured by the thin fi lm rocking curve, 
showing that the fi lm is of high quality and low mosaicity. 
Based on the HRXRD measurements, the in-plane and out-
of-plane spacing of the thin fi lm are a  =  0.3905 nm and c  =  
0.393 nm respectively. 

 Here, we present transmission electron microscopy (TEM) 
studies of the annealed thin fi lm, demonstrating its monocrys-
tallinity with high epitaxial quality and excluding the presence 
of grains/domains that can contribute to degradation in elec-
trical and magnetic properties.  Figure    1  a shows a low magni-
fi cation cross-sectional TEM image of the LSMO/STO couple. 
The micrograph was imaged with the specimen tilted to the 
[100] zone axis of STO. From the TEM images, there is no evi-
dence for the formation of lamellae structures or domains, such 
as those discussed by Lebedev et al. [  20  ]  and Zhang et al. [  21  ] . This 
point is further confi rmed by the SAED pattern in Figure  1 b, 
taken from the LSMO fi lm. The diffraction spots of LSMO are 
sharp spots rather than curved, implying that the pseudocubic 
structures are not domain-oriented. High resolution TEM in 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 4312–4321
Figure  1 c reveals that the interface between LSMO and STO 
substrate is atomically sharp, and nearly free of misfi t disloca-
tions, in agreement with RSM. Figure  1 d shows that the high 
epitaxial quality is maintained throughout the fi lm until the 
surface; no grain boundaries were found.    

 2.2. EELS Analysis of the Local Mn Valence and Chemical 
Composition 

 According to the phase diagram of La 1-x Sr x MnO 3 , its electrical 
and magnetic properties are strongly dependent on the Mn 
nominal valence, which is strongly correlated with the stoi-
chiometry of each element. [  1  ]  Therefore, to study the effect of 
oxygen vacancies during fi lm growth on the local cation stoi-
chiometry, EELS line scans were used to characterize not only 
the cations content profi les but also the local Mn valence along 
the thickness of two LSMO fi lms. Firstly, there is a reference 
sample, grown under high oxygen pressure (26 Pa). After high 
temperature oxygen annealing, there is no change in its elec-
trical and magnetic properties, thus we can conclude that most 
of the oxygen vacancies were eliminated during growth. This 
sample shows bulk single crystal properties, and it is believed 
to have nearly ideal stoichiometry. [  22  ]  The second sample is a 
LSMO fi lm grown under low oxygen pressure (1 Pa). The as-
grown fi lm and the one after oxygen annealing show com-
pletely different physical properties, suggesting the formation 
of oxygen vacancies during the fi lm growth (more details in 
Section 2.4). To directly relate its Mn valence to the cation stoi-
chiometry, the oxygen nonstoichiometry in the second sample 
4313wileyonlinelibrary.combH & Co. KGaA, Weinheim
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was fi rstly removed by high temperature oxygen annealing. 
Note that after this initial annealing step, further annealing 
had no effect on the transport and magnetic properties of the 
manganite fi lm, indicating that the oxygen content has quickly 
reached saturation in a chemical equilibrium state. The TEM 
specimen of the reference and annealed samples had relatively 
uniform cross-sectional thickness of about 40 nm in the studied 
area, as calculated with low-loss EELS. Here, we analyze the 
core loss EELS of the different elements. 

 The Mn L 2,3  edge represents the electron transition from Mn 
2p 1/2  and 2p 3/2  to unfi lled 3d states. A well-established technique 
to study the Mn valence is the use of the L 3 /L 2  peak ratio in the 
EELS spectrum. This ratio has been shown to decrease mono-
tonically when the oxidation state changes from  + 2 to  + 7. [  23,24  ]  
Chemical shifts also occur upon varying the Mn oxidation state, 
however, given the experimental diffi culty of accurately cali-
brating the energy scale, we will not use the Mn L 2,3  peak shift 
to study the oxidation state.  Figure    2   displays the Mn L 2,3  edges 
of the annealed and the reference samples after power-law 
background subtraction, recorded along fi lm growth direction. 
By normalizing the L 2  peaks in Figure  2 b,d, a direct visual com-
parison can be made of the L 3 /L 2  ratio at different locations. It 
is clear that the L 3  peak intensity remains constant from the 
interface to the middle of the annealed fi lm and then gradually 
increases towards the surface. However, the variation of the Mn 
L 3  peak intensity in the reference sample is negligible, as indi-
cated by the two parallel red lines in Figure  2 d. To quantitatively 
analyze the Mn valence, the Hartree-Slater cross section func-
tion (which is available in Gatan’s Digital Micrograph software) 
is used as a step function to remove the continuum contribu-
tion. A 10 eV wide energy window after the L 2  edge is used for 
scaling purposes. Then, the remaining signals under the L 2  and 
L 3  lines are integrated within two 11 eV wide windows. Finally, 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 

     Figure  2 .     EELS spectrum line scans of the Mn L 2,3  edges. a,c) Raw EELS p
annealed sample and the reference sample, respectively. b,d) The same li
with the L 2  peak intensity normalized. The red line shows the variation of 
the resulting integrated intensity values are used to calculate 
the L 2,3  (L 3 /L 2 ) area ratio for a quantitative analysis of the Mn 
valence. The reference data we use is from Varela et al. who use 
the same analysis method. [  24  ]  Our calculated L 2,3  values and the 
corresponding Mn valence of the annealed and reference sam-
ples are plotted in  Figure    3  a,b as a function of distance from 
interface. The Mn valence in the annealed sample remains 
about 3.6 from the fi lm-substrate interface to the middle of 
the fi lm and then decreases to 3.2 closer to the surface, while 
the reference sample has a uniform Mn valence of 3.2 from 
interface to surface. To calibrate the EELS Mn nominal valence 
V Mn  at the surface, we use XPS, measuring the Mn 3s splitting 
energy  Δ E 3s  of the top 5 nm surface of the annealed LSMO fi lm 
using the equation [  25,26  ] 

  
VMn = 9.67 − 1.27�E3s

eV
.
    

 The XPS result in Figure  3 c shows that  Δ E 3s  is 5.1 eV, giving a 
V Mn  of 3.2, which is consistent with the EELS results. 

 Another method to study the Mn oxidation states is by ana-
lyzing the fi ne structure of the EELS oxygen K-edge. In the dipole 
approximation, the oxygen K-edge fi ne structure contains infor-
mation on excitations from O 1s electrons to 2p bands. Three 
main features are found in the EELS fi ne structure: a pre-peak 
at about 530 eV, the fi rst main peak around 535 eV which arises 
from the oxygen hybridization with La 5d and Sr 3d bands, and 
the second main peak at about 540 eV, where the Mn 4sp bands 
contribute. [  27  ]  The pre-peak has a strong contribution from the 
Mn 3d bands and is sensitive to Mn 3d e g  state occupancies, 
since the Mn 3d t 2g  state is fully occupied. Hence, information 
about Mn 3d band occupancy (i.e., Mn valence) will be exacted 
by pre-peak analysis. As was demonstrated by Varela et al., the 
energy separation between pre-peak and adjacent main peak, 
GmbH & Co. KGaA, Weinheim

rofi les of the Mn L 2,3  edges in the 
ne scans of the Mn L 2,3  edge, now 
the L 3 /L 2  peak intensity ratio.  
 Δ E, linearly increases with the 
Mn valence. [  24  ]  This effect is 
attributed to the difference in 
chemical potential between the 
initial core and fi nal states of 
the ejected electrons. [  28  ]  The 
oxygen K edge EELS images in 
 Figure    4  a show that  Δ E stays 
constant from the interface to 
the middle part of the annealed 
fi lm and then decreases linearly 
until the surface, showing the 
same trend for the Mn valence 
as we observed earlier with the 
Mn L 2,3 -edge.  Δ E in the refer-
ence sample does not change 
signifi cantly. The exacted  Δ E 
values are shown in Figure  4 b, 
the whole reference sample 
and the surface region of the 
annealed sample have similar 
 Δ E values located around 5.3 eV. 
Thus we can tell that these two 
parts have almost the same Mn 
valence. Since oxygen ions bond 
with La, Sr and Mn, the overall 
Adv. Funct. Mater. 2012, 22, 4312–4321
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     Figure  4 .     Variations in the oxygen bonding in the annealed and reference 
samples. a) EELS spectrum line scans of the oxygen K-edge, the dotted 
lines indicate the intensity maxima. b) The extracted energy separation 
between the pre-peak and the fi rst main peak.  

     Figure  3 .     Variation of the Mn nominal valence in LSMO fi lms. a,b) The 
extracted L 2,3  ratio (black) and corresponding Mn valence (red) vs. the 
distance from the interface for a) the annealed sample and b) the refer-
ence sample. c) The XPS peak of the Mn 3s band in the annealed sample. 
The energy separation between two peaks indicates  Δ E 3s .  
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oxygen bonding is quite complicated in LSMO, so the change 
of oxygen K-edge fi ne structure is presented here merely to 
verify the concurrent Mn valence change.  
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 4312–4321
 Mn ions with high oxidation states are supposed to be quite 
sensitive to electron beam degradation. Riedl  et al.  studied 
the La 0.7 Sr 0.3 MnO 3  fi lms in which they acquired EELS with 
increasing electron dose. [  29  ]  They found that, with the dose 
beyond the threshold for damage, the EELS O K pre-peak nearly 
disappears and the intensity of the third peak is only 10% greater 
than the minimum following the second peak. Correspondingly, 
the ratio of the maximum intensity of Mn L 2  peak to L 3  peak 
falls from 0.6 to 0.4. Compared with the results of Riedl et al., 
the oxygen pre-peaks in our spectra presented in Figure  4 a,c are 
strong and the intensity of the third peak is around 60% greater 
than the minimum following second peak for the whole LSMO 
layer. Accordingly, the ratio of maximum of Mn L 2  to L 3  peaks 
is around 0.6. As such, we observed no evidence for electron 
beam induced damage. Additionally, the high-angle annular 
dark-fi eld (HAADF) scanning TEM (STEM) image taken after 
the EELS line scans showed no sample damage. Therefore, we 
rule out electron beam damage as cause for the observed EELS 
fi ne structure modulations in our experiment. 

 To investigate the local cation stoichiometry, we analyze the 
EELS signal of the La M 4,5 , Sr M 4,5 , Mn L 2,3 , and O K-edges and 
use the normalized EELS intensity to exact the elemental pro-
fi les across the LSMO fi lms, shown in  Figure    5  . By normalizing 
the intensities, we obtain relative profi les for each element. As 
the sample is fully oxygen annealed at high temperature for 
5 hours, the oxygen nonstoichiometry is removed; further 
details are shown in the Supporting Information (see Sup-
porting Information). Figure  5 a shows that the annealed sample 
has excess La near the fi lm-substrate interface, after which its 
content reduces towards the surface. From the relative content 
of La and Sr in Figure  5 b, there can be no segregation between 
4315wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  5 .     Relative distribution of the chemical elements in the annealed 
LSMO fi lms. Intensity difference from normalized EELS line scans 
a) between the elements La and O, b) between Sr and La, c) between Mn 
and O, and d) between Mn and La.  
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A-site cations near the interface, but the Sr content decreases 
somewhat near the surface. Combined with the experimental 
results in the next section, this observation can be explained 
by the migration of Sr cations towards the surface during 
growth, with the tendency of forming a SrO monolayer. Figure 
 5 c,d show that Mn is defi cient compared with La and O near 
the interface, and then increases towards the surface in the 
annealed sample. However, as demonstrated in the Supporting 
Information, the cation gradient mentioned above is absent in 
the reference sample, as its relative profi les of each element are 
all around zero (see Supporting Information).  

 In analytical TEM, one needs to be careful with the quanti-
tative interpretation of the EELS signal. As was shown earlier, 
the limited collection angle of EELS can lead to quantifi cation 
artifacts when the thickness or density of the specimen locally 
varies. [  30  ]  To give a complete chemical picture of our specimen, 
energy-dispersive X-ray spectroscopy (EDX), a technique that 
is much less sensitive to such artifacts, is employed to provide 
additional information on the elemental distribution. Details 
about the EDX results are given in the Supporting Informa-
tion. The uniform distribution of oxygen throughout the two 
samples, and the manganese defi ciency near the fi lm/substrate 
interface in the annealed sample are demonstrated. The results 
confi rm our EELS results, supporting the validity of the con-
clusions that were drawn from Figure  5 a–d. It can therefore 
be concluded that near the interface, the A-site cations (La 
and Sr) are in excess, while the Mn cations are defi cient in the 
annealed sample. Thus, proportional A-site cations have moved 
to the B-sites during growth to substitute Mn cations. [  16  ,  31  ]  As 
the fi lm becomes thicker, the A-site/B-site cation ratio recovers 
to the nearly nominal value. As the oxygen content is uniform 
throughout the fi lm, the cation stoichiometry is suggested to 
dominate the observed gradient of Mn valence. With excess of 
A-site cations and defi ciency of Mn cation near the manganite/
substrate interface, the Mn valence should be higher to main-
tain the charge neutrality, which was confi rmed in Figure  3 . As 
a comparison, the mentioned cation nonstoichiometry disap-
pears in the reference sample grown under high oxygen pres-
sure, thus we can conclude that the oxygen vacancies during 
growth play a dominant role in modifying the cation stoichiom-
etry. The discussion section will propose a mechanism that can 
explain the local chemical variations.   

 2.3. The Strontium Surface Segregation 

 The second type of cation nonstoichiometry that occurs during 
growth is the off-stoichiometric ratio between La and Sr near 
the fi lm surface. This modifi cation of the surface chemical 
composition might severely affect the interface properties of 
manganite-based tunnel junction devices. As observed by other 
research groups, Sr surface segregation is the most likely sur-
face cation nonstoichiometry. [  18  ,  32  ]  Utilizing the surface-sensi-
tive angle-dependent X-ray photoelectron spectroscopy (XPS) 
and element-sensitive Z-contrast STEM imaging with atomic 
resolution, we here investigate the relationship between Sr 
surface segregation and oxygen vacancies.  Figure    6  a,b show 
the XPS Sr 3d peaks of the annealed with normal and grazing 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4312–4321
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     Figure  6 .     Surface analysis of the annealed LSMO fi lm. a) Angle-dependent XPS of the annealed sample, collected with normal emission of photoelectrons, 
showing the Sr 3d band. b) Angle-dependent XPS, collected with grazing emission of photoelectrons. As grazing emission of photoelectrons are more sen-
sitive to the surface content, we can see the surface of LSMO is covered with SrO in rock-salt phase. c) HAADF-STEM image (Z-contrast image) from the 
surface region of LSMO. d) Integrated intensity profi le of the HAADF-STEM image near the surface, integrated from a 10 nm wide area of the top 3 nm.  
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emission of photoelectrons respectively, the latter being more 
sensitive to surface composition due to the fi nite escape depth 
of photoelectrons. After the deconvolution of Sr 3d peaks, 
two peak doublets are found in the spectrum of the annealed 
sample. Based on the literature, [  32  ]  we assign the peaks with 
higher binding energy (around 135 eV) to Sr 3d in SrO rock-
salt phase, and the lower binding energy (133.5 eV) to Sr 3d 
in perovskite. The XPS results show that the annealed sample 
has both surface segregated SrO phase and perovskite under-
neath. The increased signal for the SrO rock-salt structure in 
the grazing emission spectrum suggests that SrO is located at 
the topmost 1 nm, as the X-ray detection depth here is less than 
1 nm for the used photon energy of 220.8 eV. The Z-contrast 
STEM image in Figure  6 c shows that the topmost monolayer, 
indicated by the arrow, has lower intensity in comparison with 
the more uniform intensity of the layers below. The integrated 
Z-contrast intensity profi le in Figure  6 d shows this effect in 
more detail. As the contrast in the HAADF-STEM image is pro-
portional to approximately Z 1.7  (with Z as the atomic number) 
and La has larger atomic number than Sr, it can be concluded 
that the outermost atomic layer has more Sr cations. Combined 
with the EELS chemical profi le from Figure  5 b, it is concluded 
that the Sr atoms diffuse to the top surface to neutralize the sur-
face charge, [  33  ]  resulting in slightly decreased Sr content in the 
perovskite underneath, and a monolayer of SrO at the surface.  

 However, the thermal annealing effect might also induce 
Sr diffusion towards the surface, and needs to be considered 
as well. To verify this, the surface of the as grown LSMO fi lm 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 4312–4321
deposited under low oxygen pressure was also characterized by 
angle-dependent XPS.  Figure    7  a,b show the XPS Sr 3d band of 
the as-grown LSMO fi lm with induced oxygen vacancies. Sim-
ilar to the annealed sample, two peak doublets are observed, 
demonstrating that the SrO rock-salt phase is not developed 
by post-deposition annealing. Figure  7 c,d present the XPS Sr 
3d band of the reference sample. There is only one doublet, 
assigned to the pure perovskite phase. [  32  ]  As mentioned earlier, 
the cation mobility is strongly limited by the high activation bar-
rier in the close-packed perovskite structure, [  12  ]  thus, although 
the XPS experiments were not done in-situ in the fi lm growth 
chamber, just the exposure of the sample to the atmosphere 
cannot supply enough thermal energy to jump the activation 
barrier for cation diffusion, to modify the surface cation stoichi-
ometry. From the clear difference in the XPS of all three sam-
ples, it is therefore concluded that the oxygen vacancies during 
growth determine the observed Sr surface segregation.    

 2.4. Magnetic and Transport Properties 

 In order to understand the interplay of the observed cation 
stoichiometry and the properties of LSMO fi lms, transport 
and magnetic measurements were performed. The electrical 
and ferromagnetic properties of LSMO are dominated by the 
double-exchange mechanism, [  34  ]  where the Mn e g  electrons hop 
between Mn 3 +   and Mn 4 +   cations when their spins are parallel. 
Therefore, the Mn nominal valence which represents the Mn 3 +  /
4317wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  7 .     Surfaces of LSMO fi lm grown under low oxygen pressure before annealing and the reference sample, grown under high oxygen partial pres-
sure. a) Angle-dependent XPS of the Sr 3d bands, with normal emission and b) with grazing emission of photoelectrons from the as grown sample 
under low oxygen pressure. c) With normal emission, and d) grazing emission of photoelectrons from the reference sample grown under high oxygen 
pressure.  
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Mn 4 +   ratio, plays a crucial role in determining these properties. 
 Figure    8  a shows the magnetic hysteresis loops of an annealed 
sample and of a reference sample, measured at 5 K. The coer-
civity of the annealed sample is 526 Oe, while that of the refer-
ence sample is only 98 Oe. The saturation magnetization of the 
annealed sample is 50% lower than that of reference sample 
which exhibits bulk values around 550 emu cm  − 3 . [  22  ]  This shows 
that the Mn valence and composition of the manganite fi lms 
grown under high oxygen pressure give nearly nominal values, 
while the annealed sample maybe severely off chemical stoi-
chiometry. Interestingly, pronounced multistep magnetization 
reversal processes are observed in the magnetic hysteresis loop 
of the annealed sample, while the reference sample displays a 
square-like loop. This difference may result from the inhomoge-
neity of the magnetic phases in the annealed sample. According 
to the magnetic phase diagram, LSMO is expected to be nonfer-
romagnetic when the Mn valence is at least  +  3.6 (60% Mn 4 +  , 
40% Mn 3 +  ), and ferromagnetic when the Mn valence is below 
 +  3.5. [  35  ]  Therefore, it is reasonable to assume that the annealed 
LSMO layer near the interface is nonferromagnetic while it 
becomes ferromagnetic closer to the free surface. This assump-
tion is supported by Infante et al., [  36  ]  who observed the nonfer-
romagnetic phase at the La-enriched interface and Sr-enriched 
surface of (La,Ca)MnO 3  fi lms. The existence of a nonferromag-
netic phase explains the suppression of magnetization in the 
annealed sample, while the enhanced coercivity could then be 
8 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
attributed to the pinning of magnetic domains by the nonfer-
romagnetic phase near the interface. Figures  8 b-d show that the 
Curie temperature ( T c) of the annealed sample is around 130 K 
and the magnetoresistance is 400% at 7 Tesla, while respective 
values of 290 K and 180% are found for the reference sample. 
Additionally, there is a magnetic transition around 25 K in the 
magnetization vs .  temperature ( M - T ) curve of the annealed 
sample, suggesting the existence of a supplementary magnetic 
phase at low temperature. The differences in the resistivity vs. 
temperature ( R - T ) curves between the as-grown (with oxygen 
pressure of 1 Pa) and the post-annealed samples are quite dra-
matic, due to the existence of oxygen vacancies during fi lm 
growth. Further oxygen annealing has no effect on the mag-
netic and electrical properties, which shows that the oxygen 
content achieves a chemical equilibrium state. This observation 
confi rms the EDX results in Supporting Information. As the 
Curie temperature of the annealed sample remains suppressed, 
nonstoichiometry of the cations in the fi lm is suggested.    

 2.5. Discussion 

 We will now discuss the underlying mechanism for the tunable 
cation nonstoichiometry by oxygen vacancies. As mentioned by 
Muller et al. and Kourkoutis et al., [  13,14  ]  A-site cation excess can 
be induced by high laser fl uence during PLD growth. However, 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4312–4321
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     Figure  8 .     Magnetic properties of LSMO. a) Magnetic hysteresis loop at 5 K. The inserted graph is a magnifi cation of the magnetic hysteresis loop from 
the annealed sample, showing the multistep magnetization reversal processes. b)  M - T  curves. c)  R - T  curve. d) Magnetoresistance plot with applied 
magnetic fi eld along the (001) plane.  
they did not observe signifi cant changes in the Mn or Ti valence 
states in very thin stacks of epitaxial layers. Estradé et al. on the 
other hand, demonstrated that the Ca/La ratio and Mn valence 
gradually decreased from La 0.7 Ca 0.3 MnO 3 /STO interface to the 
free surface, which was solely dominated by stress accommo-
dation. [  37  ]  In our experiments on epitaxial LSMO fi lms, the 
variation of Mn valence with opposite trend across the fi lm 
is evidently demonstrated, in support of the model that the 
oxygen vacancies during fi lm growth are indeed another impor-
tant source of local cation nonstoichiometry. 

 The existence of oxygen vacancies during growth will locally 
generate extra positive charges. Together with the strain tensor 
towards the oxygen vacancy, the oxygen octahedron can be elon-
gated and rotated. [  38  ]  As a result, the available space increases 
for B-site cations nearest to the oxygen vacancies, which will 
allow accommodation of larger cations such as La and Sr in 
B-sites. 

 At the initial growth period, the substitution of Mn cations 
(with oxidation states of  + 3 or  + 4) by La and Sr cations (with 
oxidation states of  + 3 and  + 2, respectively) in B-sites can gen-
erate negative charge to neutralize the positive charge induced 
by oxygen vacancies. Meanwhile, the accommodation of large 
La and Sr cations in B-sites can increase the lattice constant 
and relieve some of the tensile strain induced by the SrTiO 3  
substrate. As the growing fi lm gets thicker, the epitaxial ten-
sile strain is abated and becomes insuffi cient to accommodate 
the large A-site cations in the B-sites. Thus, the proportion of 
Mn substitution by La/Sr cations reduces. The Sr migration 
towards the fi lm surface becomes the dominate mechanism of 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 4312–4321
cation nonstoichiometry instead. The positive charge induced 
by oxygen vacancies near the growing surface may favor Sr seg-
regation for electroneutrality. [  33  ]  Based on the fact that there is a 
depletion of Mn content near the interface region, the refi lling 
of oxygen vacancies after annealing can in fact increase the 
amount of negative charge and then result in larger variation 
of the Mn valence (to maintain local charge neutrality). As one 
intriguing consequence, high Mn nominal valence ( + 3.6) exists 
in the strained fi lm near the substrate, and remains constant 
within a thickness of about 45 nm, beyond which it decays 
monotonically to 3.2 until the free surface. Therefore it is con-
cluded that the oxygen vacancies can induce the cation nonstoi-
chiometry, resulting in a nonmagnetic and insulating layer near 
the interface, which will hinder the device application of such 
a fi lm. 

 Furthermore, as the magnetic properties are determined 
by the Mn nominal valence, [  34  ,  39  ]  the observed inhomogeneity 
of Mn valence in the annealed sample is expected to enhance 
magnetic phase separation. Earlier published results show that 
Mn 4 +   is in excess near the interface in La 2/3 Ca 1/3 MnO 3  fi lms 
due to interface reconstruction, leading to insulating and non-
magnetic phases within a thickness of less than 5 nm. [  40,41  ]  
However, our work shows a nonmagnetic region with excess 
Mn 4 +   (with Mn nominal valence of 3.6) with a thickness around 
45 nm, which in this case is 50% of the whole sample volume. 
The comparison confi rms that there is more than one source of 
the observed excess Mn 4 +   near interface. As an extrinsic mecha-
nism, oxygen vacancies during growth can also induce cation 
nonstoichiometry, generate interfacial dead layers, and cover 
4319wileyonlinelibrary.combH & Co. KGaA, Weinheim
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the intrinsic effect from interface reconstruction. Only by care-
fully selecting the appropriate oxygen pressure and minimizing 
the oxygen vacancies to the lowest degree, will the interfacial 
dead layer be reduced. 

 Finally, the second cation nonstoichiometry that forms 
the SrO rock-salt surface monolayer might in fact provide a 
new prospect for the fabrication of high performance tunnel 
devices. As an insulating material, SrO can serve as an extra 
tunnel barrier when LSMO is integrated into tunnel junctions. 
Meanwhile, the cation ratio in the underlying perovskite phase 
is also off-stoichiometric. These will account for the reduction 
of the Curie temperature and spin transport properties near 
the LSMO-barrier interface. Therefore, this observed surface 
cation off-stoichiometry might explain a previous report dem-
onstrating that the transport and magnetic properties of a 
LSMO/STO multilayer can be improved by adding a LaMnO 3  
layer between LSMO and STO. [  42  ]  This present work suggests 
that the LaMnO 3  layer in that work played the role of compen-
sating the cation off-stoichiometry that was induced by stron-
tium segregation.    

 3. Conclusion 

 In summary, our fi ndings establish two types of cation non-
stoichiometry, modifi ed by oxygen vacancies during LSMO fi lm 
growth. At the initial growth stages near the SrTiO 3  substrate, 
the A-site cations (La/Sr) partially substitute Mn. At a later stage 
after most lattice strain is relieved, Sr migrates towards the fi lm 
surface, and produces a SrO rock-salt monolayer. The resulting 
long-range inhomogeneity of the Mn valence in the annealed 
La 0.8 Sr 0.2 MnO 3  fi lms along the fi lm growth direction was dem-
onstrated here with EELS. It was found that high Mn nominal 
valence ( + 3.6) exists in the strained fi lm near its substrate, and 
remains constant within a thickness of about 40−45 nm, beyond 
which it decays monotonically until the free surface. The sup-
pressed magnetization and increased magnetoresistance in this 
epitaxial fi lm is attributed to the nonferromagnetic phase near 
the SrTiO 3  - La 0.8 Sr 0.2 MnO 3  interface due to this cation non-
stiochiometry. The magnetic hysteresis loop of the annealed 
sample presents multistep magnetization reversal processes, 
indicating enhanced inhomogeneity of the magnetic phase. 
These results demonstrate the importance of oxygen vacancies 
during growth as a source of cation nonstoichiometry near the 
interface and surface of epitaxial thin fi lms. With regard to tun-
neling devices, the oxygen vacancies in LSMO during growth 
can generate an extra insulating and nonmagnetic layer near 
LSMO-barrier interfaces, leading to the reduction of the Curie 
temperature and conductivity.   

 4. Experimental Section 
 An 80 nm thick La 0.8 Sr 0.2 MnO 3  (LSMO) fi lm was grown epitaxially on 
SrTiO 3  (001) (STO) substrate by pulsed laser deposition (PLD) with an 
energy density of 1.5 J cm  − 2  and repetition of 1 Hz. The target material 
was made by the conventional solid state route using stoichiometric 
amounts of La 2 O 3 , Mn 2 O 3  and SrCO 3  as initial reagents. Powder X-ray 
diffraction analysis showed that the fi nal target was single phase without 
any impurity peaks. For the annealed sample, the oxygen partial pressure 
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was set to 1 Pa, in order to induce large amount of oxygen vacancies 
during growth. It was grown at a temperature of 780 °C and then post-
annealed in a tube furnace at 900  ° C for 5 h under oxygen fl ux twice. 
Transport properties measurements as a function of temperature were 
conducted after each annealing. As there were no differences in the 
resistivity and metal to insulator transition temperature, the elimination 
of oxygen nonstoichiometry can be recognized. The details of both 
in situ refl ected high energy electron diffraction (RHEED) and ex situ 
high resolution X-ray diffraction (HRXRD) analysis of the as-grown 
sample are described elsewhere. [  17  ]  In order to verify the effect of 
oxygen vacancies, the reference LSMO fi lm with the same composition 
was grown under the much higher oxygen pressure of 26 Pa, while the 
other growth parameters were kept the same. TEM specimens were 
prepared by grinding, dimpling, and ion milling in a Gatan Precision 
ion polishing system. The specimens were briefl y cleaned in oxygen 
plasma, and transferred directly into the microscope for observation. 
High resolution transmission electron microscopy (TEM) and selected 
area electron diffraction (SAED) were performed on a JEOL-2100F 
microscope, operated with an electron acceleration voltage of 200 kV. 
An FEI Titan TEM with Schottky emitter, also operated at 200 kV, with an 
attached EDAX EDX detector and a Gatan Tridiem ER EELS detector was 
employed for EDX and EELS line scans with probe size of 0.5 nm and 
2.6 nm steps, in scanning TEM (STEM) mode. 

 The surface Mn 3s electron band analysis was carried out by X-ray 
photoelectron spectroscopy (XPS) using a VG ESCALAB 220i-XL 
spectrometer with an Al  K  α  monochromatic X-ray source (1486.6 eV). 
The XPS characterization of Sr 3d was performed at beam line SINS, 
located in the Singapore Synchrotron Light Source. The incoming X-ray 
energy was 220.79 eV and the energy resolution 0.2 eV. The Sr 3d spectra 
with both normal incidence and grazing X-ray incidence were compared 
to measure the surface Sr content. A Quantum Design physical 
properties measurement system (PPMS) was used to characterize the 
magnetic and transport properties. The  M - H  curve was measured at 
5 K with the magnetic fi eld applied in-plane, while the magnetoresistance 
was measured at their metal-to-insulator transition temperatures, 140 K 
and 290 K for annealed and reference samples, respectively.   
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