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Abstract. The e�ect of in situ oxygen and vacuum annealings on the low bandwidth

manganite Gd1−xCaxMnO3 (GCMO) thin �lm with x = 0.4 was investigated. Based

on the magnetic measurements, the AFM�FM coupling is suppressed by the vacuum

annealing treatment via destroying the double exchange interaction and increasing

the unit cell volume by converting the Mn4+ to the Mn3+. Consequently, resistance

increases signi�cantly compared to pristine �lm. The results are explained by a model

obtained from the positron annihilation studies, where the vacuum annealing increased

the annihilation lifetime in A and B sites due to the formation of vacancy complexes

VA,B − VO, which was not the case in the pristine sample. The positron annihilation

analysis indicated that most of the open volume defects have been detected in the

interface region rather than on the subsurface layer and this result is con�rmed by

detailed x-ray re�ection analysis. On the other hand, the e�ect of oxygen annealing

on the unit cell volume and magnetization was insigni�cant. This is in agreement with

positron annihilation results which demonstrated that the introduction of oxygen does

not change the number of cation vacancies signi�cantly. This work demonstrates that

the modi�cation of oxygen vacancies and vacancy complexes can tune magnetic and

electronic structure of the epitaxial thin �lms to provide new functionalities in future

applications.

1. Introduction

The doped perovskite oxide manganites (L1−xAxMnO3, where L and A are trivalent

lanthanide and divalent alkaline earth ions, respectively) have become the focus of

extensive research because they can readily show the di�erent electronic phases by

proper substitution of cations [1, 2, 3, 4, 5]. Manganites contain di�erent types of
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Tuned AFM�FM coupling by the formation of vacancy complex... 2

interactions that are comparable in strength. As a result, they can have distinct phases

like ferromagnetic (FM) metal, a charge-ordered (CO) insulator or a paramagnetic

(PM) insulator depending on which of the interactions are won over [6]. Robustness

or suppression of the interactions in the manganite thin �lms can be a�ected by

di�erent factors such as �lm thickness [7, 8, 9], lattice and substrate induced strain

[10, 11, 12] and oxygen variation [13, 14, 15]. Oxygen concentration plays a key role in

variation of Mn�O�Mn bond angle and in Mn4+/Mn3+ ratio, which both can a�ect on

the electronic and manganite phase diagram [15, 16, 17]. The double-exchange (DE)

interaction between Mn3+ and Mn4+ ions via the intermediate oxygen ion [18] leads

to ferromagnetic (FM) metallic or insulating phase, whereas the superexchange [19]

interaction between Mn3+�Mn3+ and Mn4+�Mn4+ leads to antiferromagnetic (AFM)

insulating phase. Furthermore, the existence of oxygen vacancies, VO, on the surface,

interface and the bulk of various oxide materials can give rise to intriguing insights for

potential opportunities of practical applications [20]. In order to achieve the integration

of oxide based electronic devices, there is a strong stimulus to control of oxygen content

during the growth of high-quality oxide thin �lms. The in situ procedure is a technique

to control the oxygen content. For example, an oxygen de�ciency can be produced by

annealing in the vacuum while an oxygen excess in oxygen atmosphere.

Among the perovskite manganites, the low-bandwidth manganites are especially

interesting due to their stable CO state in the large doping range and resistive switching

feature [21]. The earlier investigation of Gd1−xCaxMnO3 (GCMO) phase diagram as

a bulk and as a �lm in the whole range of Ca concentrations [22, 23] demonstrated

that the GCMO �lms not only show the CO/OO state near room temperature in the

middle range of Ca substitution, but also metallic conductivity appeared in high Ca

concentrations. These properties motivated us to explore the e�ect of oxygen variation

on structural, electrical and magnetic properties. In the present paper, we report the

e�ect of in situ oxygen and vacuum treatments on GCMO �lms with x = 0.4 Ca

concentration grown by pulsed laser deposition technique through structural, electrical

and magnetic characterization. We also investigate how the treatments a�ect the defect

types and on the vacancy concentrations in these �lms.

2. Experimental methods

The epitaxial GCMO �lms were grown on SrTiO3 (STO) substrates by pulsed laser

deposition (PLD). 2000 pulses of XeCl-laser (λ = 308 nm) with the energy density of 1.3

J/cm2 and frequency of 5 Hz were used for the depositions of all samples. The deposition

temperature was 700 ◦C and after the deposition the �lms were kept at the atmospheric

pressure of oxygen for 10 min at 700 ◦C, before cooling them down to room temperature

(pristine �lm). Details of the target preparation and the �lm deposition parameters

have been reported elsewhere [22, 21]. In order to control the oxygen content of the

�lms and to a�ect the valency of Mn ions, the di�erent in situ annealing treatments

were done for the pristine �lms. For oxygen treatment, after deposition, the �lms were
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Tuned AFM�FM coupling by the formation of vacancy complex... 3

kept at the atmospheric pressure of oxygen for 60 min at 700 ◦C, before cooling them

down to room temperature. For vacuum treatment, after the deposition, the �lms were

kept in vacuum of 10−4 Torr for 10 min at 600 ◦C before cooling them down to room

temperature. All the GCMO �lms grow diagonally on STO substrate.

The structural properties of the thin �lms were explored using a Philips Empyrean

di�ractometer with a 5-axis goniometer and Pixcel 3D detector. θ − 2θ scans over

(00l), (0hl) and (khl) peaks and 2-dimensional φ − 2θ scan of (224) peak were

done to determine the lattice parameters with the Nelson�Riley method [24]. The

thickness of the GCMO layer and interface layer were determined by performing x-ray

re�ectivity measurements (XRR). The x-ray photoelectron spectroscopy (XPS) spectra

were obtained with Thermo Scienti�c Nexsa system. The spectra were collected using

monochromated Al Kα radiation and dual beam charge compensation. 50 eV pass

energy was used to scan the core-level spectra. Vacancy like defects and their relative

concentrations were determined by positron annihilation spectroscopy. The details of

the experiment is given in the supplementary �le. The temperature dependence of

the zero-�eld-cooled (ZFC) and the �eld-cooled (FC) magnetizations were measured

between temperatures of 10 and 400 K with a Quantum Design SQUID magnetometer

in 50 mT external magnetic �eld. The magnetic hysteresis curves were recorded in

magnetic �elds up to 5 T at temperatures of 10, 50, 100 and 400 K. The external �eld B

was always oriented along the GCMO (110) axis in the plane of the �lms. The resistivity

measurements were done with the constant current of 0.5 µA at temperature range from

10 to 400 K and magnetoresistance measurement at 10 K in magnetic �elds up to 9 T

were made with the Physical Property Measurement System (PPMS, Quantum Design)

3. Results and discussion

3.1. Structural and electronic properties

The θ−2θ scans of all �lms showed only GCMO (00l) and substrate peaks. No di�raction

peaks from secondary phases are observed, which means that all the �lms are single

phase and have a preferential orientation (Fig 1). It is clearly seen that the vacuum

annealing treatment causes the peaks to shift in (00l), (0hl) and (khl) directions to

the lower 2θ values, which results in larger lattice parameters compared to the pristine

sample. However, the shift is not signi�cant for the oxygen treated �lm. Similarly to

the pristine �lm, the oxygen treated �lm shows a shoulder in (002) and (004) peaks

(see the inset of Fig. 1a). In order to understand this splitting, the 2θ − φ scans of

GCMO(224) peak were measured (not shown here). The sharp peaks of (224) at the

positions expected and the narrow peaks in (004) directions displayed that the �lms are

fully textured and c-axis orientated, without evidence of twin boundaries. Therefore, we

can conclude that the shoulders could be related to the relaxation of the strained layer

next to the �lm-substrate interface, which has earlier been observed in other perovskite

�lms [25, 26, 27].
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Figure 1. The room temperature XRD patterns of GCMO �lms grown on STO

substrate with di�erent annealing treatments in a) (00l) and b) (0hl) and c) (khl)

directions. The insets are the closer views of (002) and (004) peaks and the curves are

shifted for clarity. The shoulders marked with an asterisk (*) arise from the strain.

The lattice parameters and the peak widths (FWHM) were determined from the 2θ

scans of (004), (024) and (224) peaks. The values are listed in Table 1. The 2θ FHWM

values for (004) peak and the peak width in φ direction for (224) peak decrease for

vacuum treated �lm, while they are the same for oxygen treated as in the pristine �lm.

This indicates that the vacuum treated �lm has lower variation in the lattice parameter

in the c direction and smaller number of low-angle grain boundaries in comparison with

pristine �lm.

Table 1. Lattice parameters, lattice mismatch between GCMO �lms and substrate

along the a and b directions, unit cell volume, 2θ peak width measured from (004) peak

and φ peak width from (224). The thickness of the GCMO �lm (Dfilm), interface

(Dint) and surface (Dsur) and the roughness of the surface (r) of all the �lms are

extracted from XRR measurements at room temprature

x = 0.4
XRD data XRR data

pristine O2-annealed vacuum-annealed pristine O2-annealed vacuum-annealed

a (Å) 5.43 5.38 5.45 Dfilm (nm) 57 55 35
b (Å) 5.40 5.40 5.42 Dint(nm) 7 4 23
c (Å) 7.5 7.50 7.55 Dsur(nm) <1 1 12
εa (%) 0.018 0.026 0.013 r (nm) 2.8 0.8 3.7
εb (%) 0.021 0.022 0.02

Vcell (Å3) 219.84 218.06 223.02
FWHM θ(◦) 0.56 0.51 0.33
FWHM φ(◦) 2.89 2.7 2.15

In comparison with the pristine �lm, it can be seen that the out-of-plane lattice

parameter remains almost unchanged within experimental errors while the in-plane

lattice parameters shrink in a direction with oxygen annealing, slightly decreasing the

unit cell volume (see Table 1). This is well explained by the replacement of Mn3+ with

Page 4 of 14AUTHOR SUBMITTED MANUSCRIPT - JPCM-118012

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Tuned AFM�FM coupling by the formation of vacancy complex... 5

larger ionic radius (0.07 nm) by Mn4+ with smaller ionic radius (0.05 nm), causing a

shorter cation-oxygen-cation bond length compared with the cation-cation bond [18].

On the other hand, adding oxygen atoms in MnO6 octahedron increases 1/6 of the

oxygen atomic radius in the unit cell volume. In the competition between two processes,

the former one is prominent and therefore the increase of oxygen content leads to the

decrease of the unit cell volume. However, lattice parameters are elongated in both

the out-of-plane and in-plane directions with vacuum annealing, which is followed by

the increase of unit cell volume. The increase of the unit cell size is probably due to

conversion of the smaller Mn4+ ions to the larger Mn3+ ions, as has been reported earlier

in literature [16, 28, 17].

Fig. 2 plots the measured XRR patterns for GCMO/STO �lms with di�erent

annealings and the corresponding �t by using GenX software [29]. A four-layer model

composed substrate (STO), interface, GCMO �lm and a surface layer provided the best

�tting for the all �lms. The thickness of the �lms, as well as the roughness of the

surface and interface are extracted from the �tting and shown in Table 1. According

to previous reports [30, 31, 32], existence of interface between substrate and �lms in

addition to the lattice mismatch between �lm and the substrate can be due to defects.

Shimoyama et al. [33, 31] reported that, when BaTiO3, PbTiO3 and SrTiO3 doped with

RE components are epitaxially grown on STO substrate in low pressure of oxygen, the

oxygen of the �lms automatically fed from the substrate during the deposition (shows

schematic in Fig. 2b). Therefore, we can say that, in the GCMO pristine �lm, the

interface probably attributed to the mismatch and oxygen vacancies accumulated in the

STO substrate surface. In the vacuum annealed �lm, although the �lm has the smallest

lattice mismatch, the thickness of the interface layer increases signi�cantly compared to

the pristine �lm. It seems that the role of defect concentration in the interface thickness

dominate and the vacuum treatment introduces more oxygen vacancies in both GCMO

�lm and the substrate (STO), when compared to the pristine one. However, decreasing

the concentration of oxygen vacancies with oxygen annealing leads to a thinner interface

layer. The details of the open volume defect concentration in the interface will be

discussed in the following section.

The thickness and the roughness of the surface layer are <1 nm and 2.8 nm

respectively for the pristine �lm and these values change to 1 nm and 0.8 nm respectively

for the oxygen treated �lm. It seems that the annealing process partially increases

the oxygen concentration at the �lm surface resulting also in smoother surface in

comparison with pristine one. In contrast, the thicker and rougher surface layer have

been obtained from XRR measurement for vacuum annealed �lm (12 nm thickness and

3.7 nm roughness). As published earlier [34, 35], removing oxygen from the surface by

the vacuum treatment could increase roughness in the �lm surface.

XPS measurements were performed for the all the �lms. The survey spectra and

the core levels of Mn 2p, Mn 3s, O 1s, Gd 3d, Ca 2p and C 1s were obtained. The

binding energy of C 1s was used to calibrate the binding energy scale of all core level

spectra. No satellite peaks in the Mn 2p spectra were detected for any of the samples,
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Figure 2. The experimental (�lled symbols) and simulated (solid lines) XRR data

from GCMO �lms with oxygen and vacuum annealing as well as pristine sample. The

data and simulated curves are arti�cially shifted upwards for clarity. b) The schematic

view of travelling oxygen from substrate to �lm and accumulating oxygen vacancies in

the interface and surface.

which means that Mn2+ is not present in these �lms. The binding energies and the

shapes of the core levels in the pristine and the oxygen treated �lms were similar. No

signi�cant di�erences were observed in all the core level spectra. In the mixed valence

manganites, a broad Mn 2p3/2 peak around 642 eV binding energy and missing Mn2+

satellite feature at around 648 eV indicates an overlap of Mn3+ 2p3/2 and Mn4+ 2p3/2

peaks, which can be attributed to the coexistence of Mn3+ and Mn4+ ions [36, 37, 38].

Therefore, in our measurements, we can interpret that Mn 2p3/2 peak forms from both

Mn3+ and Mn4+ ions. A closer view of this peak shows a narrower peak with slight

shift to the lower binding energy side for vacuum annealed sample when compared with

pristine and oxygen treated samples, indicating an increase in the number of Mn3+ ions

with vacuum treatment (Fig. 3). As expected from the increase of oxygen vacancies.
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Figure 3. The Mn 2p3/2 core level XPS spectra of pristine, O2-treated and vacuum-

treated GCMO �lms. The main panel displays the peaks at binding energy around

642 eV. The inset shows closer view from the higher binding energy side of the peaks

in order to reveal the detailed di�erences of Mn valencies.
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Tuned AFM�FM coupling by the formation of vacancy complex... 7

3.2. Defect formation by positron annihilation spectroscopy

In order to study the defect types in GCMO �lms, positron annihilation spectroscopy

(PAS) and positron annihilation lifetime spectroscopy (PALS) techniques have been

used. In PAS measurement, S (low electron momentum fraction) scales proportionally

with concentration and/or defect size. This is shown as a function of positron

annihilation energy, EP in Fig. 4. The mean implantation depth of positron is shown by

the upper horizontal axis. The S values are constant at EP>6 keV, indicating that in this

energy range, almost all positrons are implanted into the substrate and annihilated with

bulk states. For the GCMO vacuum annealed �lm, the strong increase of S for EP<5

keV suggests higher defect concentration and likely larger defects size compared to the

pristine and oxygen annealed �lms. The possible candidate can be the oxygen vacancies

(VO) in the reduced oxygen atmosphere. The similar results have been published earlier

for PAS studies of other perovskite materials [32, 39] where vacuum annealing was used

as a redox factor. The S values for pristine and oxygen treated �lms are the same within

the experimental errors, which means that the oxygen treatment does not have e�ect on

VO concentration. The proper interpretation is that the single VO is positively charged

or at best neutral, hence repelling positrons or of low a�nity to positrons, respectively.

It is known that if oxygen vacancies are positively charged in the pristine �lm, the

concentration of vacancies remains the same after oxygen annealing [40].
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Figure 4. S parameter (low electron momentum fraction) as a function of positron

implantation energy Ep and mean positron implantation depth zmean. The solid curves

show the results of �tting under assumption that the density and overall thickness of

the �lm layer and substrate are constant.

For the analysis of positron di�usion length, L+, which is inversely proportional to

the defect concentration, the VEPFit code has been utilized [41]. The method permits to

�t S(Ep) curves for multilayered systems and to acquire thickness Ti, e�ective positron

di�usion length L+,i, and speci�c Si-parameters for layer i within a stack. The calculated
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Tuned AFM�FM coupling by the formation of vacancy complex... 8

Si, Ti, and L+,i are presented in Table 2. The overall thickness of the �lms were obtained

from XRR measurements. The material densities for GCMO have been theoretically

calculated for the perfect unit cell. The density ρ and the positron di�usion length, L+,

of STO substrate were determined from the uncoated substrate (ρSTO=5.11 g.cm
−3 and

L+=11 nm) and they were considered constant during the �t for all samples. S(Ep)

curves for pristine and O2 treated samples exhibit a rather pronounced maximum at the

Ep range of about 3�5 keV and show a broader maximum for vacuum annealed �lm. It

is usually an indication of additional defect state in the interface region [42] and hence

a �tting procedure requires an additional layer to explain the maximum. It will be

shown that such a layer is strongly defected when compared to the upper part of the

�lm (see Table 2). The �tting procedure allows the precise estimation of the both layer

thicknesses, T , as well as their di�usion lengths, L. Two characteristic regions were found

across the �lm thickness for all the samples, revealing a di�erent defect microstructure:

(i) the sub-surface region with relatively low defect concentration and (ii) interface

region showing greater number of open volume defects. For the GCMO �lms, the defect

concentration decreases (L+ increases) in the subsurface region in case of O2 and vacuum

treated samples, whereas in the interface region the opposite behaviour is observed.

From the data in Table 2, in the interface region not only the defect concentration is

strongly increased in the vacuum treated �lm, but the calculated thickness is doubled

when compared to the pristine one (increasing from 12 nm for the pristine to approx.

23 nm for the vacuum treated �lm).

Table 2. The parameters calculated from the positron lifetime measurements for

di�erently treated GCMO thin �lms.

Sample S1 T1 L+,1 S2 T2 L+,2

(nm) (nm) (nm) (nm)
pristine 0.498(5) 43(1) 5.4(4) 0.517(1) 12 1
O2-annealed 0.495(6) 43.4(9) 6.9(4) 0.521(1) 8.6 0.4
vacuum-annealed 0.485(3) 25(1) 11.8(5) 0.539(3) 23 0.1�0.2
Sample τ1 (ps) I1 (%) τ2 (ps) I2 (%)
pristine 185 78 320 22
O2-annealed 180 77 300 20
vacuum-annealed 210 88 360 10

To obtain more straightforward explanation for di�erent defect types, the positron

lifetime measurements have been done. The lifetime spectrum measured at room

temperature was decomposed into two components, τ1 and τ2. The lifetime values

and their intensities for all samples are listed in Table 2. The short lifetime component

τ1 represents vacancy annihilation in B-site (VB) and a longer lifetime component τ2,

re�ects the vacancies in the A-site or grain boundaries. In the GCMO case, VB could

be vacancy in Mn site and VA could be related to Gd or Ca vacancies. The DFT

calculations exhibit that the lifetime spectroscopy in the range of 150�160 ps is for

perfect lattice, 190�200 ps for the six-coordinated B-site monovacancy and 280�290 ps

for 12-coordinated A-site monovacancy. Typical values of positron lifetimes in perovskite

oxides can be found in [43, 44, 45]. The values for GCMO materials could be similar
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Tuned AFM�FM coupling by the formation of vacancy complex... 9

to that of complex perovskites such as BaTiO3, PbTiO3 and SrTiO3 doped with RE

components [46, 43, 32]. For the GCMO system with 0.4 Ca concentration τ1≈ 164�

180 ps with 78 % intensity, which could be related to the vacancy in the Mn site. The

lifetime increases to 210 ps with 88 % intensity after vacuum annealing in both the �lm

and substrate regions. It is probably due to the formation of vacancy complex VO�VB
in GCMO and the substrate. The e�ect of oxygen treatment is insigni�cant on size and

the concentration of Mn vacancies in the GCMO. Hence, it can be attributed to the

positively charged single oxygen vacancies, however it cannot be directly shown with the

PAS. The positron annihilation lifetime measurement shows the second decomposition,

τ2 = 300�320 ps with about 20 % intensity, for pristine sample which is close to the

lifetime values in the A-site vacancies (Gd or Ca vacancies in the present work). This

value is somewhat larger than the theoretical value for A-site monovacancy [44, 46]. One

possible interpretation is that the observed lifetime is not only due to the isolate Gd

or Ca vacancies but also other open volume defects should be considered. τ2 increases

as the oxygen content is decreased by vacuum annealing treatment. This could be

attributed to the formation of VO�VGd,Ca complex. However, in the vacuum annealed

�lm, the intensity I2 decreases 10 % in comparison with the pristine sample, which

means that the defect concentration is likely smaller in this �lm. This is in agreement

with the narrower XRD peaks in φ direction for vacuum treated �lm when compared to

the pristine and oxygen annealed �lms. It means that the vacuum annealed sample has

lower concentration of low-angle grain boundaries compared to the pristine and oxygen

annealed samples. As discussed above, τ2 positron lifetime is due to mixed of VGd,Ca
and other defects like low-angle grain boundaries. Hence, the lower concentration of

low-angle grain boundaries can lead to lower intensity I2.

3.3. Magnetic and electrical properties

The e�ect of annealing treatments on the magnetic and electrical properties

of GCMO (x = 0.4) �lms was investigated using the �eld and temperature

dependent magnetization and resistance measurements. Magnetization and resistance

measurements as a function of temperature of all the �lms were performed in zero-�eld-

cooled (ZFC) and �eld-cooled (FC) mode by applying a static magnetic �eld of 50 mT

and 9 T ,respectively, in a wide range of temperature from 10 to 400 K (Fig. 5). From

ZFC curves, all the �lms show a ferromagnetic background at low temperature. The

net magnetic moment at low temperature in GCMO samples is mainly due to magnetic

momentum of Gd, which is oriented along the external magnetic �eld and antiparallel

to Mn moments. In the warming process, the Mn magnetic moments dominate and

maximum around 50 K. Such a behaviour has been reported in previous literature

[23, 47, 48]. This transition exhibits ferromagnetic (FM) alignment in competition

with antiferromagnetic alignment of Mn ions. The transition shows lower values of

magnetization in vacuum annealed sample in comparison with the pristine one, but the

e�ect of oxygen annealing on the transition is insigni�cant. Based on the XPS results, it
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could be suggested that the oxygen/vacuum treatment increases/decreases the content

of Mn4+ leading to improved/suppressed FM double-exchange interaction compared to

the case of as-grown �lm.

The magnetic interaction between the Mn ions in mixed valence perovskites can

be explained by double exchange (DE) and superexchange (SE) mechanisms. Both

mechanisms need oxygen as an intermediate, meaning that the spins of the Mn ions

interact with each other indirectly through the oxygen ion [18]. Apparently, the increase

of VO/VO�VB vacancy concentration can lead to rotation and tilting of the oxygen

octahedra [49], which undoubtedly in�uences the hybridization between Mn 3d and

O 2p orbitals via the variations of the Mn�O�Mn bond lengths and angles (see Fig.

5b). Furthermore, one oxygen ion can share two electrons and change the valence of

Mn ions, which means that some Mn3+ cations transform into Mn4+. As shown in the

simpli�ed illustration in Fig. 5c, the neighboring Mn cations with di�erent valences

(Mn3+ and Mn4+) favor the FM con�guration via double exchange interaction, while

the Mn cations neighboring with the same valence, favor the AFM con�guration via

the superexchange interaction. Therefore, a relatively high concentration of oxygen or

oxygen complex (VB�VO) vacancies could stabilize the AFM state over FM state, thus

decreasing the magnetic moment. This is in agreement with the positron annihilation

results, which showed higher concentration of oxygen and oxygen complex vacancies in

vacuum annealed �lm in comparison with pristine one.

In FC curves, the ferromagnetic to paramagnetic transition has been observed at

Curie temperature (TC) for all samples and the TC determined from the �rst derivative

of FC magnetization dM/dT is around 63 K for all �lms. Based on the previous reports

[17, 11, 50], we expected that the vacuum annealed sample with greater number of

oxygen vacancies should show lower TC when compared with the pristine sample, but in

this set of samples, TC is roughly the same for all of them. According to the literature,

introduction of oxygen vacancies and tensile strain decreases TC . This discrepancy can

be explained so that the vacuum treated sample has the narrowest φ peak, indicating

smaller number of low-angle grain boundaries. In addition, it has the smallest expansive

in-plane lattice mismatch between the �lm and the substrate among the �lms (see Table

1). These two features could explain the increase of TC , as also reported earlier [7, 51].

The hysteresis loops of all the �lms were measured up to 5 T at 10 and 50 K.

The saturation magnetization Ms is slightly higher for the oxygen treated �lm and it

is the lowest for the vacuum annealed �lm when compared to the pristine sample,

indicating more/lower FM volume fraction due to oxygen vacancy concentration in

oxygen/vacuum annealed samples (Table 3). Similar to the typical AFM M(H) curves,

the magnetization increases linearly with �eld and it does not saturate below 5 T for

any of the �lms. This con�rms the appearance of FM state within the AFM matrix in

these �lms. The coercive �eld, HC , calculated from hysteresis loops at 50 K, for pristine

and oxygen annealed �lms is roughly the same ≈12.5 mT, but for vacuum treated �lm

HC is greater ≈25 mT. As reported before, the defects such as oxygen vacancies and,

on the other hand, AFM�FM coupling can pin the domain wall movement, resulting
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Figure 5. a) The temperature dependences of ZFC and FC magnetization curves

measured in 50 mT. ZFC curves are shown with �lled symbols and FC curves with

open symbols. The inset shows the temperature dependence of the �rst derivative

dM/dT of the FC magnetization, where the peak position corresponds to TC . b) The

simple schematic of the perovskite structure unit cell, before and after treatment, where

the red dotted circles denote oxygen vacancies and green dotted circles Mn vacancies.

c) Schematic illustration of the mechanism, showing that the oxygen has a signi�cant

in�uence on the Mn�O�Mn orbital hybridization through the double exchange and

superexchange interactions.

in increased HC in manganites [52, 53]. In GCMO (x = 0.4) case, it seems that the

oxygen vacancies or other defects has greater impact on coercive �eld than to the AFM�

FM coupling. Therefore, the vacuum treated sample with more oxygen vacancies shows

broader hysteresis loop when compared with oxygen treated and pristine samples, having

stronger AFM�FM coupling and greater number of grain boundaries.

Table 3. The magnetic parameters of the �lms: TC is the Curie temperature, M(5T )

is the magnetization at 50 K and 5 T and HC is the coercive �eld at 50 K. R300 is

resistivity at room temperature.

Sample M(5T ) HC TC R300

(108 A/m) (Oe) (K) (kΩ)
pristine 1.5 125 63 3
O2-annealed 1.7 124 63 2
vacuum-annealed 0.65 250 64 35

In addition to the magnetization, the transport properties of GCMO �lms are

investigated. Fig. ?? shows the temperature dependence of resistivity (R(T )) of

pristine and annealed �lms. For the all samples, the resistivity increases gradually as

temperature decreases indicating insulating behaviour. R(T ) curves for the pristine and

oxygen samples are similar. However, the resistivity increases signi�cantly by vacuum

annealing treatment and the magnitude in room temperature is about 10 times larger

than that of the pristine sample (Table 3). In such a complex manganites, the resistivity

depends on Mn3+/ Mn4+ ratio and oxygen content which makes a bridge moves electron
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between Mn ions [17, 11]. Hence, decreasing this ratio and oxygen content by vacuum

treatment lead to increase resistivity. The resistivity results are in agreement with the

interpretation made based on the magnetic measurements.

10
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R300(O2)=2 kΩ

R300(vacuum)=35 kΩ
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Figure 6. The R(T ) curves of pristine, O2-treated and vacuum-treated GCMO �lms.

R300 is resistivity in room temperature. The data below 100 K is cut due to the large

noise of the device

4. Conclusion

We investigated the e�ect of oxygen content in GCMO thin �lms grown on STO

substrate by in situ annealing in oxygen and vacuum atmospheres. We show that

by introducing more oxygen vacancies to the GCMO lattice, the AFM�FM coupling is

suppressed by reduction of the ferromagnetic DE interaction. This also increases the in-

plane lattice parameters, resulting in smaller lattice mismatch between the GCMO �lm

and the substrate. The positron annihilation studies indicate that both the oxygen and

vacuum treatments decrease the defect concentration in sub�surface layer but increase it

in the interface layer. In addition, the lifetime of annihilation is longer in A and B sites

for the vacuum annealed sample, which can be explained, together with X-ray re�ection

measurements, by the formation of vacancy complexes in the GCMO thin �lms lattice.

Our results present valuable insights and non-trivial pro�le of oxygen vacancies and

vacancy complex contributions in these components which may provide a guidance in

material choice for the actual memory devices.
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