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This paper presents our results regarding oxygen incorporation effects in epitaxial Lað1�xÞSrxMnO3

thin films, deposited on SrTiO3 (001) single crystal substrates, by annealing in different gas

mixtures of argon and oxygen. A particular emphasis is placed on the correlation of structural

properties with the magnetic properties of the films, Curie temperature, and coercive field. In this

sense, we demonstrate that the evolution of the diffuse part of the x-scans performed on the films

are due to oxygen excess in the film lattice, which creates cationic vacancies within the films. Also,

we show that two regimes of oxygen incorporation in the films exist, one in which the films evolve

toward a single phase and oxygen stoichiometry is recovered, and a second one dominated by

oxygen over-doping effects. In order to support our study, XPS measurements were performed,

from which we have evaluated the Mn3þ/Mn4þ ionic ratio. VC 2011 American Institute of Physics.

[doi:10.1063/1.3596807]

I. INTRODUCTION

Doped rare earth manganite thin films have attracted a

lot of attention from the scientific community over the last

two decades due to the advent of spintronics and the search

for new materials with properties suited for spintronic de-

vice fabrication.1 High spin polarization and the colossal

magnetoresistive (CMR) effect2 recommend these systems

as worthy candidates for applications in the field of mag-

netic sensing. As has been established since their discovery

in the 1950s, the ferromagnetic phase is stabilized by means

of the “double-exchange” mechanism,3 which consists of

an electronic transfer between Mn3þ and Mn4þ ions via an

O2� ion in Mn3þ- O2�- Mn4þ bonds. It can readily be seen

that this mechanism is conditioned by the presence in the

lattice of the 4þ valance state of the Mn ion, which is pri-

marily achieved by means of divalent ion doping. Urushi-

bara et al.4 have constructed a magnetic phase diagram of

Lað1�xÞSrxMnO3 as a function of Sr doping. They have

shown that the wealth of magnetic properties that this mate-

rial exhibits is governed by the x/1�x, Mn4þ/Mn3þ ion

ratio. Besides doping, this ratio can be finely tuned by

means of excess oxygen incorporation in the lattice. Roos-

malen et al.5 have constructed a defect model for the end

member, LaMnO3, when it is subjected to an oxygen over-

doping, d. Their model, applied to Lað1�xÞSrxMnO3

(LSMO), is summarized, using the Kröger-Vink notation,

by the following equation:
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3
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O2ðgÞ ! V
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Mn þ V
0000

Mn þ V
000
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00
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þ 6Mn�Mn þ Lað1�xÞSrxMnO3

(1)

Thus, an excess d of oxygen produces an equal amount of

cationic La, Sr, and Mn vacancies, denoted by V and the

appropriate negative charge, (0), while also increasing the

number of Mn4þ ions and changing the Mn4þ/Mn3þ ionic ra-

tio accordingly, to ðxþ 2dÞ=ð1� x� 2dÞ. In the above

equation the Mn3þ state was considered to be neutral, which

resulted in Mn4þ having only one extra positive charge,

denoted by (�). There have been a quite a number of papers

dealing with the effects of oxygen excess in doped lantha-

num manganites, usually attained by means of high tempera-

ture annealing in oxygen atmosphere, on the structural,

magnetic, and electric properties of epitaxial manganite thin

films.6–8 These studies show that upon oxygen annealing the

out-of-plane lattice parameter shows a decrease as the Mn4þ

ionic radius is lower than the Mn3þ one,6 accompanied by a

decrease of the magnetic moment/Mn ion,7 and, especially

for cationic under-doped samples, an increase of the Curie

and metal-insulator transition temperatures.8

In the present paper we have set out to study the effects of

excess oxygen incorporation in the lattice of epitaxial

Lað1�xÞSrxMnO3 thin films deposited on (001) SrTiO3 sub-

strates, focusing mainly on the vacancy, i.e., defect, creation

and their characterization by means of x-ray diffraction techni-

ques. In order to validate that the defect formation arises from

the cationic vacancies produced by oxygen over-doping we

have also performed magnetic measurements of the quantities

strongly affected by oxygen stoichiometry, Curie temperature,
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and coercive field, and interpreted the results within the frame-

work set by the aforementioned studies. X-ray photoelectron

spectroscopy (XPS) measurements have also been employed

for the evaluation of the Mn3þ/Mn4þ ion ratio.

II. EXPERIMENTAL

The LSMO epitaxial thin films were deposited by means

of dc sputtering on (001) SrTiO3 (STO) single crystal substrate

in a mixture of Ar and O2, with a 3:1 ratio at a total pressure of

40 mTorr, from a stoichiometric, 2 in La0:66Sr0:33MnO3 target.

The deposition was performed at a substrate temperature of

650 oC. During cooling, at a rate of 10 oC/min, an additional

annealing sequence was performed at 550 oC for 30 min in

520 Torr of oxygen atmosphere. In order to study the oxygen

incorporation effects in LSMO, the film was cut into pieces of

about 5� 5 mm2 which were subsequently annealed at 900 oC

for 1 h in flowing annealing gas comprised of an Ar and O2

mixture in a (100%-x):x ratio, with x taking the values 0%, 3%,

10%, 25%, and 100%. The structural, x-ray characterization of

the films was carried out using a Bruker AXS D8 Discover dif-

fractometer in a high resolution x-ray diffraction (HRXRD)

configuration. The magnetic characterization was performed

using a Quantum Design SQUID magnetometer. The Mn3þ/

Mn4þ of the samples was determined by x-ray photoelectron

spectroscopy of the Mn 2p core level lines. Arþ ion etching

was performed in order to remove contamination layers. The

samples were subjected to consecutive etchings until, by per-

forming an additional milling, the measured spectra remained

unchanged in shape and intensity.

III. RESULTS AND DISCUSSION

A. HRXRD characterization

Figure 1 shows the evolution of the 2h=x scans of the

(002) LSMO peak for the different compositions of the

annealing gas. All curves could be fitted with a simple semi-

kinematical film/substrate model.9 The film and substrate

diffract coherently, indicating a high structural quality of the

films. The film thicknesses are in the 29–31 nm range and

the film’s roughness is less than 1.2 nm. As the oxygen con-

tent of the annealing gas increases one can observe a tend-

ency of the (002) LSMO peak to shift toward higher 2h
values, indication of a decrease of the out-of-plane LSMO

lattice parameter, c. The decrease of c is generally regarded

as an indication of oxygen incorporation in the LSMO lat-

tice, as the Mn3þ valence state changes to Mn4þ, which has a

lower ionic radius.6 Dabrowski et al.10 suggested that the

decrease in the lattice parameter can be also ascribed to the

creation of vacancies in the lattice due to the excess of oxy-

gen. On the other hand, the observed evolution of the c pa-

rameter might also be due to an evolution of the state of

strain of the film. In order to discriminate between both con-

tributions we recorded reciprocal space maps around the

(103) LSMO and STO reflections. In Fig. 2 is shown the re-

ciprocal space map for the films annealed in pure argon and

pure oxygen. As it can be seen, the peaks of the film and sub-

strate have the same value of h, namely 1, indicating that the

two lattices are perfectly matched in the in-plane direction,

having the lattice constant of the STO substrate, 3.905 Å. In

all cases the films are fully strained and the corresponding

in-plane strain is exx ¼ ðaSTO � abulk
LSMOÞ=abulk

LSMO. The strain

free parameter of LSMO is denoted abulk
LSMO, so as to distin-

guish it from the measured (strained) values a and c. Since

the same result was found to be true for all the annealed sam-

ples, this is a clear indication that the observed evolution of

the c parameter is solely related to compositional changes,

namely oxygen content.

The influence of the oxygen content on the in-plane

and out-of-plane lattice parameter is presented in Fig. 3.

We deduce the influence of the oxygen incorporation only,

i.e., without the effect of strain, according to abulk
LSMO

¼ ðcþ �2aSTOÞ=ð1þ �2Þ, where �2 is the biaxial Poisson’s

ratio which is related to the uniaxial Poisson’s ratio through

�2 ¼ 2�=ð1� �Þ. In the case of LSMO we have � ¼ 0:4,11

and the parameter c is obtained either from the reciprocal

space map (Fig. 2) or from the 2h=x scan (Fig. 1). It can be

seen that the strain free lattice parameter decreases as a func-

tion of the oxygen content in the treatment gas, following

two regimes. The first, up to 10%, is characterized by strong

decrease of the lattice parameter, indicating a pronounced

oxygen incorporation effect in the film lattice. In the second

FIG. 1. (Color online) 2h=x scans around the (002) peaks of the LSMO

films and STO substrate for different values of x¼ 0%, 3%, 10%, 25%, and

100% (circles) and the corresponding simulated curves (lines).

FIG. 2. (Color online) Reciprocal space map around the (103) peaks of the

LSMO thin film annealed in (a) 0% and (b) 100% oxygen and of the STO

substrate.
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regime, from 10% to 100% oxygen content, the lattice pa-

rameter exhibits only a slight decrease. The overall behavior

is similar to the random-defect model in LSMO12 in which

the abrupt decrease corresponds to oxygen incorporation in

the oxygen deficient phase, while the mild decrease is due to

oxygen over-doping.

The x-scans around the (002) LSMO peaks of the

annealed samples are presented in Fig. 4. All peaks exhibit a

profile comprised of a narrow, high intensity component cor-

responding to the coherent scattering part, and a broad, low

intensity component, corresponding to the diffuse scattering

part. The two component rocking curves of epitaxial thin

films have been observed in a wide variety of thin film sys-

tems.13–15 The presence of the diffuse scattering component

stems from the existence of distorted regions (of limited spa-

tial extension) in the film. These regions are situated around

defects such as dislocations, grain boundaries, chemical

inhomogeneities, etc. The coherent part originates from the

long-range order inherent in high-quality crystalline struc-

tures. Quantitative information regarding the spatial and sta-

tistical properties of the strain field, as well as regarding the

in-plane coherence length (“crystallite” size) can be deduced

from the numerical simulation of such x-scans.16 In the pres-

ent case a good agreement between the calculated and the

observed curves could be obtained assuming a Gaussian dis-

tribution of strain and crystallites having a parallelepipedic

shape. The strain field is characterized by an in-plane corre-

lation length n, below which the lattice displacements are

correlated, which in the case of a symmetrical reflection, cor-

respond to the root-mean-squared (r.m.s) rotations, i.e., the

mosaicity. This mosaicity gives rise to the diffuse peak.

Above the correlation length n, the displacements are uncor-

related so that the mosacity drops down to zero, which gives

rise to the coherent peak. The correlation length n, hence,

corresponds to the spatial extension of the strain field which

can be often be regarded as a “mean distance” between

defects.17 It must be noted that the simulation of several

ð00lÞ reflections is necessary in order to determine the differ-

ent parameters entering the model. We here used the (001)

and (002) reflections. Finally, it is to be noticed that the x-

scan of the film annealed in 10% oxygen could not be simu-

lated properly with the described model, as it exhibited an

additional signal, giving rise to two shoulders, indicated by

the arrows in Fig. 4. The presence of such distinct features in

epitaxial LSMO thin films has been attributed to the presence

of periodic microtwinning.18 The evolution of the mosaicity

and the correlation length as a function of oxygen content

are presented in Fig. 5. Starting from x ¼ 3%, the correlation

length of the defects decreases, while the mosaicity

increases. This evolution can be interpreted as follows: as

oxygen incorporation in the film lattice increases, due to

higher oxygen concentration in the annealing gas, a greater

number of cationic vacancies form, according to the defect

model, (1). These vacancies act as defects, locally distorting

the lattice, giving rise to the diffuse scattering component of

the rocking curves. As the defect density increases the

mosaicity increases, i.e., the strength of the defects increases.

Concomitantly, the distance between defects decreases, i.e.,

the extension of the distortion field of an individual defect is

reduced by the presence of adjacent distortions.

B. Magnetic properties and XPS characterization

In order to demonstrate the validity of our interpretation

we have conducted a series of magnetic measurements, as

well as a XPS investigation on our samples, from which we

have evaluated physical quantities that are dependent both

on oxygen and defect concentration, such as Curie tempera-

ture, TC; the coercive field; and the Mn3þ/Mn4þ ionic ratio.

The temperature dependence of the magnetization, M(T),

for the annealed films is presented in Fig. 6. From the

FIG. 3. LSMO thin films lattice parameters evolution as a function of the

oxygen content in the annealing gas.

FIG. 4. (Color online) Rocking curves around the (002) peak of the

annealed LSMO thin films (circles) and the simulated curves (lines).

FIG. 5. (Color online) Evolution of the mosaicity and correlation length of

the defects, as obtained by fitting the rocking curves around the (002) and

(001) peaks of the LSMO films.
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derivative of the M(T) curves, the ferromagnetic-paramagnetic

transition width was investigated, taking as a parameter the

full width at half maximum (FWHM) of the dM/dT peak

around the inflection point of the M(T) curves, Fig. 7. The

behavior of the FWHM also suggests the existence of the two

oxygen incorporation regimes, in agreement with the structural

studies. Thus, for the films annealed in up to 10% oxygen

concentration, the FWHM decreases, i.e., the ferromagnetic-

paramagnetic transition becomes narrower as a function of

temperature. This behavior can be ascribed to an evolution of

the films toward a low defect density and possibly oxygen stoi-

chiometric phase. The large FWHM value of the 0% oxygen

content annealed sample is an indication that the film exhibits

multiple magnetic phases, having different Curie temperatures.

These phases could in turn come from the existence of slight

local compositional and/or structural variations within the

film. It is to be noted that such local inhomogenities can hardly

be evidenced by the HRXRD measurement, which might

explain the contradiction between the high value of the coher-

ence length, determined from the x-scan, and the value of

FWHM of the dM/dT peak, in the case of the film annealed in

pure argon. On the other hand, for oxygen concentrations

above 10%, a slight increase of the FWHM is noted. This trend

can be interpreted as the effect of oxygen over-doping which

creates cationic vacancies in the film crystal structures. Taking

into account the above considerations, we can conclude that in

the first regime oxygen annealing acts to homogenize the films

into a single phase with recovered oxygen stoichiometry, while

the second regime is governed by uniform oxygen incorpora-

tion in the single phase films, leading to oxygen over-doped,

Lað1�xÞSrxMnO3þd films.

The Curie temperatures were determined by linear

extrapolation of the M(T) curves around the inflection points

and are presented in the inset of Fig. 6. A pronounced

increase of TC is observed from 278 K, corresponding to the

film annealed in Ar, to 307 K, for the film annealed in 10%

oxygen, as the structure evolves to a single phase possibly

having stoichiometric oxygen content. Above 10% oxygen

content the increase is slower, reaching a maximum value,

for 100% oxygen annealed film, of 309 K. The slight

increase observed above 10% oxygen content suggests a

hole doping effect of oxygen excess in a sub-optimum

(x < 0:33) cationic, i.e., strontium, doped phase. A similar

effect was also observed by Murugavel et al.,8 in their stud-

ies of oxygen annealing effects on cationic under-doped

Lað1�xÞCaxMnO3 films, where the dramatic increase of the

metal-insulator transition temperature, TMI, from 240 K for

the as-deposited to 270 K for oxygen annealed film was

ascribed to the effective hole doping originating from oxy-

gen excess in the film lattice. The lack of the exact Sr con-

centration value of our films prevents us from making any

quantitative evaluation of the amount of excess oxygen in

the annealed films based on the TC value. There have also

been results10 on oxygen incorporation effects in LSMO, in

which above a certain oxygen doping level, due to the

induced structural defects, the Curie temperature experi-

enced a decrease. It seems that in our case, the only slight

increase of the Curie temperature is the result of two compet-

ing mechanisms. The first, the creation of excess Mn4þ ions,

would lead to a dramatic increase of the TC, according to the

phase diagram presented by Urushibara et al.,4 while the sec-

ond, the simultaneous creation of cationic vacancies, would

lead to a decrease of TC, as pointed out by Dabrowski

et al.,10 Thus, the overall behavior of the Curie temperature

as a function of the oxygen concentration of the annealing

gas, above 10% oxygen content, results only in a slight

increase.

As far as the coercive field of the LSMO films is con-

cerned, Sirena et al.19 studied the effect of oxygen incorpora-

tion in LSMO thin films, which were initially oxygen

deficient, on the coercive field. They concluded that upon ox-

ygen annealing, the coercive field of the films decreases.

Considering domain wall pinning on structural defects as the

main mechanism of coercivity, they attributed their result to

the fact that oxygen incorporation in oxygen deficient sam-

ples results in a reduction of the number of oxygen vacan-

cies, i.e., structural defects, thus leading to a reduction of

coercive field. The evolution of the coercive field as a func-

tion of the annealing conditions is given in Fig. 8, evaluated

from hysteresis loops performed at 5 K. The coercive field

decreases from a value of 80 Oe for the argon annealed sam-

ple, to 35 Oe for the film annealed in 3% oxygen. The coer-

cive field in the case of the 10% film is close to this value,

FIG. 6. (Color online) M(T) curves for the annealed samples (some data

points were removed for clarity); Curie temperature evolution as a function

of the oxygen content in the annealing gas (inset).

FIG. 7. Full width at half maximum (FWHM) of the dM/dT peak around the

inflection point of the M(T) curves; dM/dT curve for the 10% oxygen

annealed film (inset).
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36 Oe. For the 25% and 100% oxygen annealed films the

value of the coercive field increases to 55 Oe and 64 Oe,

respectively. Following the arguments used by Sirena

et al.,19 we can explain the decrease of the coercive field by

the structural evolution of the LSMO thin films toward a sin-

gle, low defect phase, up to 10%. For the 25% and 100%

films the increase of the coercive field is related to the

increase of the defect density due to oxygen over-doping, as

revealed by the decrease of the coherence length, seen in

Fig. 5. The existence of the oxygen over-doping regime is

also confirmed by the XPS measurements that we have per-

formed on the annealed samples. From the fitting of the

obtained XPS spectra the Mn3þ/Mn4þ ionic ratio in the films

was determined (Fig. 8). A decrease of the ionic ratio is

observed starting from the 10% oxygen annealed film. This

is in good agreement with the previous findings, in the sense

that the increase of the Mn4þ ionic fraction is due to the pres-

ence of excess oxygen in the film lattice.5 The origin of the

increase of the ionic ratio for the films annealed in 0% and

3% oxygen remains unclear, even though the high concentra-

tion of Mn4þ in the 0% film can be attributed to the fact that

the film is a mixture of LSMO phases, and therefore Mn4þ

rich regions may exist within the film.

IV. CONCLUSION

This paper presents the influence of oxygen incorpora-

tion on thin epitaxial LSMO films grown on STO (001) sub-

strates by annealing in mixtures of argon and oxygen

atmosphere with different O2/Ar ratios. Our studies show

that two regimes of oxygen incorporation in the film lattice

exist. The first, for low concentration of oxygen in the

annealing gas, up to 10%, is characterized by the evolution

of the films toward a single phase and a rather high rate of

oxygen incorporation, as evidenced by the large variation of

the measured physical quantities. The second one, for high

oxygen concentration in the annealing gas, is a regime in

which oxygen is present in excess in the film lattice, leading

to the creation of cationic vacancies with specific effects on

the physical properties of the films. We have shown that the

cationic vacancies created by the presence of excess oxygen

in the lattice are correlated with the existence and the evolu-

tion of the diffuse scattering part of the x-scan around the

ð00lÞ peaks of the films. Finally, we have shown that the

physical properties of LSMO thin films can be modulated by

post-deposition annealing in different oxygen concentration

of the annealing gas, which is important for future applica-

tions of the LSMO thin films.
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