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Abstract. The e�ect of in situ annealing is investigated in Gd0.1Ca0.9MnO3

(GCMO) thin �lms in oxygen and vacuum atmospheres. We show that the reduction of

oxygen content in GCMO lattice by vacuum annealing induced more oxygen complex

vacancies in both subsurface and interface regions and larger grain domains when

compared with the pristine one. Consequently, the double exchange interaction is

suppressed and the metallic-ferromagnetic state below Curie temperature turned into

spin�glass insulating state. In contrast, the magnetic and resistivity measurements

show that the oxygen treatment increases ferromagnetic phase volume, resulting in

greater magnetization (MS) and improved magnetoresistivity properties below Curie

temperature by improving the double exchange interaction. The threshold �eld to

observe the training e�ect is decreased in oxygen treated �lm. In addition, the positron

annihilation spectroscopy analysis exhibits fewer open volume defects in the subsurface

region for oxygen treated �lm when compared with the pristine sample. These results

unambiguously demonstrate that the oxygen treated �lm with signi�cant spin memory

and greater magnetoresistance can be a potential candidate for the future memristor

applications.

1. Introduction

Rare earth perovskite manganites of RE1−xAxMnO3, where RE and A are trivalent

lanthanide and divalent alkaline earth ions, are widely studied due to their colossal

magnetoresistance, metal-insulator transition and high Curie temperature [1, 2, 3, 4].

During these years, the conducted research have pointed out that the properties of the

complex perovskite manganites are mainly due to the ratio of di�erent oxidation states
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Manipulating magnetic and magnetoresistive properties in GCMO 2

of manganese ions [5, 6, 7]. Usually, the ratio of Mn3+/Mn4+ is tuned by substitution of

RE by divalent alkaline elements [6, 8, 9]. Another way to change this ratio in thin �lms

is controlling the oxygen content by applying partial oxygen/vacuum pressure during

the annealing process [10, 11, 12]. The e�ect of oxygen content variation has a di�erent

nature with respect to cation doping. Doping cannot only be considered as a hole or

electron source, but it can also create crystallographic defects in the perovskite lattice

[13]. Engineering the oxygen or oxygen vacancies in the surface, �lm bulk or in the

substrate interface region in manganites, can help us to obtain the optimal correlated

behaviour and properties, which are appropriate for various technological applications.

We chose Gd0.1Ca0.9MnO3 (GCMO) system for investigation of the e�ect of oxygen

vacancy (VO) or oxygen vacancy complex (VO-VA,B) concentrations on the structural,

magnetic and transport properties. Our previous paper indicated that this system shows

ferromagnetic-paramagnetic transition near 110K and high electrical conductivity in a

form of bulk material or thin �lm. The reported colossal magnetoresitivity properties

[14] and memory e�ect on hysteresis loops below Curie temperature make this compound

a good candidate in future memristor applications. All the interesting properties of the

GCMO motivated us to explore the e�ect of oxygen content 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 0.9 Ca concentration grown by pulsed laser deposition. The

structural, electrical and magnetic characterizations were done by the detailed x-ray

di�raction (XRD), x-ray photoelectron spectroscopy (XPS) and SQUID magnetometry.

We also investigate how the treatments a�ect on the defect types and vacancy

concentration by positron annihilation spectroscopy (PAS).

2. Experimental methods

Gd0.1Ca0.9MnO3 (GCMO) were deposited on Nb-doped SrTiO3 (001)(STO) at 700◦C

with 1.75 torr oxygen pressure, by applying 1500 pulses of XeCl laser (λ = 308 nm)

with the energy density of 1.3 J/cm2. After the deposition, the �lms were kept at the

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

temperature (pristine �lm). In order to investigate the e�ect of oxygen content variation

on the GCMO �lm properties, the di�erent in situ annealing treatments were done for

the pristine �lm. For oxygen treatment, after deposition, the �lms were kept at the

atmospheric pressure of oxygen for 60min at 700◦C and for vacuum treatment, the

�lms were kept in a vacuum of 10−4 torr for 10min at 600◦C, before cooling them down

to room temperature.

The XRD measurements were done using a Philips Empyrean di�ractometer with 5-

axis goniometer and PIXcel 3D detector. The lattice parameters and FWHM data were

determined from θ−2θ scans over (00l), (0hl) and (khl) peaks and 2-dimensional φ−2θ

scans of (224) peak. The x-ray photoelectron spectroscopy (XPS) spectra were obtained

with Thermo Scienti�c Nexsa system. The spectra were collected using monochromated
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Manipulating magnetic and magnetoresistive properties in GCMO 3

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 (PAS). The details of the experiments

are given in the supplementary �le of Ref. [15]. The temperature dependence of the

magnetization was measured between temperatures of 10 and 400K with a Quantum

Design SQUID magnetometer in 50mT external magnetic �eld with zero-�eld-cooled

(ZFC) and the �eld-cooled (FC) cycles. The magnetic hysteresis curves were recorded

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

B was always oriented along the (110) direction of the �lms. The ZFC and FC curves of

resistivity were measured in a standard four-probe method with the constant current of

0.5µA at temperature range from 10 to 400K and magnetoresistance measurements at

10, 50 and 300K in the magnetic �elds up to 9T were made with the Quantum Design

Physical Property Measurement System (PPMS).

3. Results and discussion

3.1. E�ect of annealings on crystallographic properties

The overall scan of θ − 2θ for GCMO �lms showed only (00l) and substrate peaks, no

impurities were detected (Figs. 1a and 1b). The Gaussian function was �tted to obtain

GCMO peak positions and the widths as the full width at half maxima (FWHM). The

lattice parameters were determined with the Nelson-Riley method [16] from 2θ scan of

(004), (024) and (224) peaks. The values are listed in Table 1. The FWHM values

extracted from 2θ scans of (004) peak for oxygen treated �lm are slightly lower than

those in the pristine �lm, indicating a more uniform c lattice parameter. However, the

FWHM values in both 2θ and φ directions increase for vacuum treated sample. Thus,

we can say that the vacuum treatment induces more variation in both the in-plane and

out-of-plane directions (see Table 1). In comparison with the pristine �lm, the broad

(224) peak in ∆φ direction (Fig. 1b) and splitting of (002) GCMO peaks in 2θ scan

(Fig. 1) could be signs of twin boundaries in the vacuum annealed �lm. The existence

of twin boundaries in this sample, probably due to great number of oxygen vacancies

and other defects, which increase the lattice distortion resulting in structural disorder

has also been observed in other manganites [17]. The concentration of oxygen vacancies

and other defects in this set of �lms will be discussed in the following section.

The unit cell volume, V , decreases slightly with oxygen annealing, while it increases

with vacuum annealing in comparison with the pristine one. This change can be

explained by the increased number of Mn3+ ions with ionic radius of 0.07 nm, when

compared with the Mn4+ ions with ionic radius of 0.05 nm, leading to increased unit

cell size. On the other hand, removing oxygen atoms with atomic radius of 0.12 from

MnO6 octahedron could lead to shrinkage of the unit cell. It seems that, in this set of

GCMO �lms, the former explanation dominates and the vacuum treated sample with

greater number of Mn3+ ions has larger unit cell, whereas the oxygen treated sample
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Manipulating magnetic and magnetoresistive properties in GCMO 4

has smaller unit cell, when compared with the pristine sample.

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

in the in-plane direction, cell volume, 2θ peak width from (004) peak and φ peak

width from (224) calculated from the room temperature XRD data. The thickness

(D) and the roughness (r) of the surface and interface regions of all the �lms are

extracted from XRR measurements implemented at room temperature. Dinter and

rinter stand for thickness and roughness of the interface, respectively. Dsurf and rsurf
are the thicknesses and roughnesses of the surface layer.

Films a b c Vcell FWHM FWHM
(Å) (Å) (Å) (%) ∆θ(◦) ∆φ(◦)

Pristine 5.30 5.28 7.45 208.65 0.26 2.16
O2-treated 5.30 5.27 7.44 208.51 0.23 2.18
Vacuum-treated 5.41 5.29 7.48 214.01 0.46 7.18
Films D Dinter rinter Dsurf rsurf

(nm) (nm) (nm) (nm) (nm)
Pristine 89 5 0.6 1 0.5
O2-treated 90 4 1.4 2 0.6
Vacuum-treated 88 11 3.8 3 0.6
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Figure 1. (a) The room temperature XRD patterns of GCMO �lms grown on STO

substrate with di�erent annealing treatments measured in (00l) direction. The inset

exhibits the closer view of (002) peaks to show the splitting of the peak for vacuum

annealed sample. The curves are shifted for clarity. (b) 2D 2θ-φ scan of (224) peak for

all the �lms.

The lattice parameters in both in-plane and out-of-plane directions increase in the

vacuum annealed sample in comparison with those of pristine one. This change is most

pronounced in the a direction. In addition, introducing more oxygen vacancies in the

GCMO lattice decreases the symmetry of the structure and turns the tetragonal pristine

�lm to the orthorhombic [17, 18, 19]. The orthorhombic lattice relaxes by forming twins,
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Manipulating magnetic and magnetoresistive properties in GCMO 5

as can be seen in the (224) scans (see Fig 1b) and large ∆Φ (Table 1) for this sample.

This suggests that the oxygen vacancies form chains in the a-direction, similarly as

observed for other perovskites [20, 21].

The thickness of the �lm, interface and surface layer, as well as roughness of

the interface and surface of all the �lms were determined from the x-ray re�ectivity

measurements, where the �tting is made by using the GenX software [22] (Table 1). The

e�ect of vacuum and oxygen annealings on thickness is insigni�cant and the thickness

for all the �lms is around 90 nm. However, the thickness of the surface layer increases

with oxygen and vacuum treatments, but the roughness of this layer does not change

signi�cantly (see Table 1). From previous literature, introducing/removing oxygen

vacancies in perovskites' lattice resulting in thicker/thinner and rougher/smoother

surface [23, 24]. In this case, it seems that even though upon oxygen annealing, the

oxygen ions can �ll the oxygen vacancies in the GCMO lattice, the �lm surface is

also oxidized. Thus, the surface roughness increases. In order to con�rm this the

surface roughness of the pristine and annealed samples was measured by atomic force

microscopy. The measurements showed that the roughness is almost the same for all the

�lms, but the oxygen treated sample contains higher density of the nanosized particles

on the surface. The oxygen treatment can increase the collisions among the evaporated

atoms reducing the kinetic energy, thus lowering surface di�usion of the adatoms, which

again favours the particle growth on the surface [25].

The thickness of the interface layer decreases slightly with oxygen treatment and

the layer is much rougher than that of the pristine one. The roughness increases from

0.6 nm for pristine sample to 1.4 nm for oxygen annealed �lm. This can be explained by

reoxidization of the substrate surface in the oxygen annealing process. As shown in Ref.

[26], under typical conditions for perovskite �lm growth, the STO substrate exhibits

Ti clustering and TiO2 double layer on the surface, which results in rougher interface.

Also, the vacuum treatment increased the thickness and roughness of the both interface

and surface regions in comparison with the pristine sample, indicating more oxygen

vacancies in both regions. The details of the oxygen vacancy and open volume defect

concentrations will be discussed in the section of positron annihilation spectroscopy.

3.2. Electronic structure

In order to evaluate the oxidation states of the constituent elements, especially Mn

present in the GCMO samples, XPS measurements were performed for all the �lms

(see Fig. 2). All binding energies of the samples were calibrated by C 1s binding

energy to compensate the surface charging e�ect. The full survey scans of pristine and

annealed �lms con�rm the existence of Gd, Ca, Mn, O and C on the surface of the

�lms. The XPS spectrum of Mn 2p shows two peaks around 642 and 652 eV of binding

energy, corresponding to Mn 2p3/2 and Mn 2p1/2, respectively. According to previous

literature [27, 28, 29], a shoulder located at high energy side and the broadness of the

peaks of Mn 2p3/2 and Mn2p1/2 can be contributed to the mixed valence state of Mn
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Manipulating magnetic and magnetoresistive properties in GCMO 6

ions. The Mn 2p peaks in Fig. 2a shows a clear shift (0.96 eV) toward lower binding

energy side for vacuum treated �lm and a small shift (0.14 eV) to higher energy side

of binding energy for oxygen treated �lm, when compared with the pristine sample.

This can be due to increase of the number of Mn3+/Mn4+ ions with vacuum/oxygen

treatments. To con�rm the change of Mn3+/Mn4+ ratio with the vacuum and oxygen

annealings, the Mn 3s core level spectra have been measured (Fig. 2b). The spectrum is

split into two peaks due to the coupling of non-ionized 3s electron with 3d valence-band

electrons [30]. The magnitude of the peak splitting indicates the oxidation state of Mn,

meaning that ∆E for MnO (Mn2+) is 6.0 eV, for Mn2O3 (Mn3+) 5.3 eV and for MnO2

(Mn4+) 4.7 eV. In our samples, ∆E is 4.81 eV for the pristine one, indicating mixture of

Mn3+ and Mn4+ valences in the sample. By vacuum annealing, this value increases to

5.1 eV, while it decreases to 4.6 eV in oxygen annealed �lm. Thus, the larger splitting

indicates the greater number of Mn3+ ions in the vacuum treated sample. Similarly, the

opposite change, slightly decreased in ∆E, can be attributed to the greater number of

Mn4+ ions in the oxygen annealed sample in comparison with the pristine one.
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Figure 2. (a) The Mn 2p 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 of Mn 2p3/2 peak in order to reveal the detailed

di�erences of Mn valencies. (b) The Mn 3s core level XPS spectra of the all �lms to

show the magnitude of the splitting between 3s and 3d valence-band electrons of Mn

ions.

3.3. Role of oxygen vacancies

Positron annihilation spectroscopy has been used to study the types of the defects in

GCMO �lms. Positrons enable probing of open volumes in crystals, e.g., dislocations,

vacancies and their agglomerations, as well as larger voids. Positrons are attracted to the

empty spaces within the crystal with reduced Coulomb repulsive forces due to missing

nuclei. There, the positron lifetime is increased and annihilation energy distribution

is sharpened because of totally reduced electron density and larger probability of

annihilation with valence electrons. This is evidenced by an increase of the annihilation
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Manipulating magnetic and magnetoresistive properties in GCMO 7

speci�c S-parameter, which scales with the defect density. The S-parameter represents

a fraction of positron annihilated low momentum valence electrons normalized by the

total number of events. The S − Ep curve, which illustrates the depth distribution of

S, hence changes with defect concentration across �lm thickness.

The S−Ep curves for pristine, as well as for oxygen and vacuum annealed �lms are

shown in Fig. 3. The relationship between S and Ep was analysed by using VEPFIT

software providing as an output the so-called positron di�usion length L+, a parameter

inversely proportional to defect concentration [31]. The application of the software for

the multilayer structures is described elsewhere [32]. Except for the substrate, two-layer

model including the subsurface layer (GCMO �lm) and the interface layer should be

considered.

The extracted di�usion length (L+) for all the �lms is smaller than that for defect

free materials with l = 150 − 200 nm [33, 34, 35]. Thus, the di�usion of positrons is

suppressed by the trapping or scattering of defects in the GCMO �lms. In the �lm

region, which according to the �t ranges down to at least 63 nm, the vacuum annealed

sample has slightly larger S value and shorter di�usion length (∼ 11 nm) compared

with the oxygen treated sample. On the other hand, the latter one has the smaller S

value and longer di�usion length (∼18 nm) when compared with that of pristine one

(see Table 2). The increase of L+ in the �lm region for the oxygen treated sample can

be attributed to lower defect density, e.g., lower concentration of oxygen vacancies and

their complexes with the vacant sites of other elements.

In the interface region, the e�ect of vacuum treatment on vacancy concentration

is more signi�cant. The L+ value decreases from 0.6 nm for pristine �lm to 0.1 nm for

vacuum treated �lm, indicating the introduction of more vacancies in this region by

vacuum annealing. As published earlier [36, 33, 32], when some complex perovskites

epitaxially grown on STO in low pressure oxygen, the oxygen of the �lms can be

automatically fed from the substrate. This can lead to the increase of oxygen vacancy

concentration in the interface. Interestingly, the �t of beyond the interface region shows

a large deviation, which suggests a necessity of additional layer representing emerging

defects in the substrate due vacuum treatment. The oxygen annealed �lm has the same

di�usion length in the interface as the pristine one, however, the thickness of the interface

layer is signi�cantly smaller. It seems that even though the oxygen annealing decreases

the number of oxygen vacancies in the GCMO �lms, the reoxidazation of the substrate

surface in the high pressure of oxygen can lead to increased density of vacancies in the

interface. This is in agreement with the XRR data.

The positrons' lifetime spectrum measurement at room temperature was

decomposed in three components for all the �lms. Based on free �tting with 3 or 4

lifetime components a reduced positron lifetime emerges, τ0 ≈ 50 ps, which is a signature

of partial bulk (interstitial) annihilation and annihilation in vacancy like defects. Besides

bulk annihilation, two additional defect types have been found (τ1 and τ2), �tting with

4 lifetime components and �xing τ0 to 50 ps for all the samples (Fig. 4). The derived

lifetime values ( τ1 and τ2) and their intensities are shown in Table 2. The �rst lifetime

Page 7 of 16 AUTHOR SUBMITTED MANUSCRIPT - JPCM-119698

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



Manipulating magnetic and magnetoresistive properties in GCMO 8

0 2 4 6 8 10

0,50

0,52

0,54

0,56

0,58

e+ implantation energy, Ep (keV)

lo
w

 e
-
m

o
m

e
n
tu

m
 f
ra

c
ti
o
n
, 
S

x=0.9

pristine

O2

vacuum

0 23 69 134 213 306

mean e+ implantation depth, 〈z〉 (nm)

GCMO films Substrate

Figure 3. The 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.

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

the pristine and annealed GCMO �lms. S1, T1 and L1 are S parameter, thickness

and di�usion length of the subsurface layer, respectively. For the interface layer, the S

parameter, thickness and the di�usion length are shown by S2, T2 and L2, respectively.

Sample S1 T1 L1 S2 T2 L2

(nm) (nm) (nm) (nm)
Pristine 0.502(4) 65(2) 10(4) 0.517(1) 21 0.6
O2-annealed 0.496(6) 81(2) 17.7(5) 0.524(1) 9 0.5
Vacuum-annealed 0.505(3) 63(1) 11 0.531(9) 27 0.1
Sample τ1 (ps) I1 (%) τ2 (ps) I2 (%)
Pristine 152�174 48�72 250�281 28�51
O2-annealed 116�141 29 ∼223 ∼73
Vacuum-annealed 156�175 55�80 252�290 23�45

τ1 is about 175 ps with 72% intensity for the pristine �lm. The τ1 value is close to the

calculated value for lifetime positrons trapped by cation vacancies in B-site, VB, (Mn

or oxygen vacancies in the GCMO samples) [37]. The intensity increases to ∼80 % by

vacuum treatment. This can be attributed to the formation of vacancy complex between

VB and oxygen vacancy (VO) by removing oxygen from the �lm.

The derived second component of positron lifetime, τ2, for pristine sample is

approximately 280 ps. This value is slightly higher than the theoretical positron lifetime

value for cation monovacancy in A-site (Gd or Ca in the GCMO cases) with 257�259 ps

[37]. We can say that, τ2 for the GCMO pristine �lm is probably a combination of cation
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Manipulating magnetic and magnetoresistive properties in GCMO 9

Figure 4. Positron lifetimes and their intensities as a function of Ep measured at

room temperature.

vacancies at A-site with oxygen vacancies. Such complexes are often neutrally charged

(Schottky defects), hence less attractive to positrons, which explains a slightly smaller

intensity I2 when compared with the pristine sample.

Both τ1 and τ2 decrease slightly to ∼140 ps and ∼220 ps, respectively, by oxygen

annealing and this can be due to the smaller amount of oxygen vacancies. The intensity

of the �rst component lifetime, τ1, is below 30% for the oxygen treated �lm, which

indicates the overall reduction of defect density, since the lifetime component close

to the bulk value was detected. However, the A-site related lifetime vanishes, while

the intensity increases, which can be explained by ionic migration to these particular

crystal sites. It should be noted that the A-sites are large enough to accommodate all

the possible elements in the system.

Thus, we can say that, the oxygen treatment likely re�lls single oxygen vacancies,

but at the same time the VTi − −nVO, where n ≥1, can be generated due to ionic

migration as can be seen in La:STO system [37]. This is con�rmed by XRR data, which

showed the rougher interface region when compared with the pristine sample.

3.4. Oxygen vacancy de�ned magnetic and magnetoresistive properties

The magnetization measurements as a function of temperature were performed with

zero-�eld-cooled (ZFC) and �eld-cooled (FC) cycles in wide range of temperature, 10�

400K, for all the �lms. For pristine and oxygen treated �lms, the FC magnetization

increases signi�cantly as the temperature decreases and ZFC curves show a large peak

below Curie temperature. This λ shape behaviour has also been observed in the electron

doped region of other manganites [38, 39]. It is assumed that the peak in ZFC curves can
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be attributed to cluster glass arising from competition between FM phase arrested in

AFM phase (Fig. 5). However, the amplitude of this peak increases slightly for oxygen

treated �lm when compared with the pristine sample. As schematically illustrated in

Fig. 5b, the Mn ions magnetically interact each other through oxygen, which means

that oxygen can share its electrons with the nearest Mn ions. When the Mn ions have

di�erent valence, the interaction is called as double exchange interaction that favours the

FM con�guration, while the interaction between Mn ions with the same valence is called

as superexchange interaction, which favours the AFM con�guration. It seems that the

oxygen treatment could improve the double exchange interaction between Mn3+�Mn4+

ions, thus increasing ferromagnetism.

To introduce more oxygen vacancies or vacancy complexes by vacuum treatment,

the ferromagnetic part collapses (see Fig. 5a). This type of magnetic response to

reduction of oxygen content has been reported for other manganites [17, 40]. In the

vacuum-annealed �lm, the high concentration of VO/VOB in the GCMO lattice could

destroy the double-exchange interaction between the Mn-O-Mn bonds and introduce

a frustration into the magnetically coupled network that presumably leads to a spin-

glass magnetic state. This is in agreement with the positron annihilation spectroscopy

results, where VO/VOB concentration has been observed to increase/decrease with

vacuum/oxygen treatments.

The Curie temperature (TC) has been calculated from �rst derivative of

magnetization vs. temperature (dM/dT ), which is shown in the inset of Fig. 5a.

The e�ect of oxygen annealing on TC is insigni�cant, but TC decreases for vacuum

annealed sample (to ≈ 17K). According to the previous publications, oxygen vacancies

and defects in the crystalline structures of manganites as well as the tensile strain

decrease the magnetic ordering temperature [41, 12, 42]. In this case, the positron

annihilation spectroscopy results and XRD data show that the vacuum treated �lm have

more oxygen vacancies or oxygen complex vacancies when compared with the pristine

and oxygen annealed �lms. On the other hand, the unit cell in the in-plane direction is

elongated in comparison with the pristine one. Therefore, these could lead to lowered

TC in the vacuum annealed �lm.

Table 3. The magnetic parameters of the �lms: TC is the Curie temperature,

M(5T) is the magnetization at 50K and 5T and HC is the coercive �eld at 50 K.

R(peak)/R(300) is the ratio of resistivity at metal-insulator transition temperature

and room temperature.

Sample M(5T) M(r) HC TC R(peak)/R(300)
(108 A/m) (108 A/m) (Oe) (K)

Pristine 5 0.3 120 105 3.13
O2-annealed 15 0.6 60 110 3.6
Vacuum-annealed 0.5 0.1 - 17 -

Fig. 5c�d show hysteresis loop curves for all the samples measured at 10 and

50K. At 10K, the pristine and the oxygen annealed samples show typical ferromagnetic
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Figure 5. (a) The temperature dependences of ZFC and FC magnetization curves

measured in 50mT. 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)

Schematic illustration of the interaction of Mn through oxygen in double exchange and

superexchange interactions. (c) and (d) Part of the magnetic hysteresis loops together

with virgin curves for pristine and for oxygen and vacuum treated �lms measured

at 10 and 50K, respectively, indicating the memory e�ect in the pristine and oxygen

annealed �lms. The hysteresis loops are given with �lled symbols and the virgin curves

with open circles.

hysteresis loops. The magnetization increases rapidly in low magnetic �eld but it does

not saturate below magnetic �eld of 5T. This is due to AFM ordering of Mn3+�Mn3+

and Mn4+�Mn4+ pairs.

The magnitude of the magnetization at 5T and the remanent magnetization (Mr)

for oxygen treated �lm are higher than those of pristine one (see Table 3). The di�erence

can be explained by increasing improvement of DE mechanism in the oxygen treated

sample. Furthermore, as reported previously [14, 43], the pristine �lm displays the

signature of the training e�ect above H = 50mT, which means that by applying the

external magnetic �eld from +5 to -5T and back to +5T, the magnetization retraces

a di�erent path from that of virgin curves. This spin memory e�ect is also observed

in the oxygen treated �lm, being more signi�cant with lower threshold �eld, 20mT, in

comparison with pristine one. The decrease of threshold �eld for spin memory e�ect
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can be attributed to the increase of FM phase volume in the oxygen treated �lm.

At 50K, the magnetization is saturated at 60mT for pristine sample, however, the

magnetization increases linearly by external magnetic �eld for oxygen treated sample

(Fig. 6). It seems that the oxygen treatment not only makes the DE interaction strong

but it also improves the superexchange interaction between Mn3+�Mn3+ and Mn4+�

Mn4+ ions. Thus, the linear increase of magnetization vs. applied magnetic �led can be

attributed to the stronger AFM-FM coupling for oxygen annealed �lm when compared

with the pristine sample. As can be seen from data in Table 3, Hc for pristine sample

is greater than that of oxygen treated one. As shown in other publications [44], greater

number of oxygen vacancies result in larger coercive �eld, due to the magnetic domain

wall pinning by oxygen vacancies. The vacuum treated �lm exhibits a typical spin glass

loop, which can also be con�rmed by M(T ) measurements.

The temperature dependence of resistance, R(T ), of GCMO �lms was measured

without (�lled symbol) and with (open circle) applied magnetic �eld. The pristine �lm

shows insulating-metal transition around 100K (Fig. 6), which could be attributed

to the ferromagnetic cluster glass phase in this sample. Similar R(T ) curve with

larger magnitude of resistivity in ZFC curve is observed for the oxygen annealed

�lm. Both resistivity and resistivity ratio R(peak)/R(300) increase slightly by oxygen

treatment (Table 3). This result was observed in multiple �lms with di�erent histories.

Interestingly, both the magnetic and PAS results would predict lower resistivity due to

the increase of the FM phase volume and decrease of the amount of oxygen-manganese

complex vacancies. On the other hand, the PAS results (Fig. 4b) show larger amount of

Gd vacancies in oxygen annealed �lm and, based on XRR and AFM results, the sample

has thicker dead layer at the surface with greater number of nanoscale particles when

compared with the pristine �lm. It is suggested that the surface acts as an insulating

barrier due to the breakage of crystal symmetry of the �lm, resulting in weakening

of electron hopping in the lattice. These could explain the increased resistivity. For

deeper understanding of the results, the density functional theory (DFT) calculations

are required but they are out of the scope of this paper. The ZFC and FC curves

bifurcate above the metal-insulator transition. The bifurcation is larger in the oxygen

treated sample when compared with the pristine one, indicating stronger memory e�ect,

which is in agreement with M(H) measurements.

The magnetoresistance property (CMR), extracted from R(H) were measured at

10 and 50K for both pristine and oxygen samples. As can be seen from Fig. 6b,

the resistivity decreases while the magnetic �eld increases (path(1)), meaning that

the transition occurs from AFM-insulating (AFMI) state to FM-metallic (FMM) state.

When the �eld is reversed, the resistivity changes in di�erent path (2), and the �lms show

smaller zero �eld resistance when compared with the virgin curve. This can be attributed

to the partial recovery of the �lms to the original AFMI phase, as the magnetic �eld

is reversed. This behaviour was reported also in previous publication [45, 46]. As

temperature increases, the di�erence between the virgin curve and the subsequent cycles

of R(H) curves decreases (see Fig. 6c). This can be due to the thermal energy, which

Page 12 of 16AUTHOR SUBMITTED MANUSCRIPT - JPCM-119698

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



Manipulating magnetic and magnetoresistive properties in GCMO 13

 200

 400

 600

 800

 1000

 1200

 1400

 1600

 1800

 2000

 0  50  100  150  200  250  300

(a)

R
 (

Ω
)

T (K)

 pristine
 O2

10
4

10
5

10
6

 0  100  200  300
lo

g
 R

 (
Ω

) vacuum

-50

-30

-10

-10 -8 -6 -4 -2  0  2  4  6  8  10

T=50 K

(c)

(1)
(2)

(3)

(4) C
M

R
 (

%
)

 H (T)

pristine
O2

-70

-50

-30

-10

T=10 K

(b)

(1)

(2)(3)

(4) C
M

R
 (

%
)

pristine
O2

Figure 6. (a) Temperature dependences of the resistivity measured in 0T (dots) and

9T (open circles) �elds for pristine as well as for oxygen and vacuum (inset) treated

samples. (b) and (c) show the magnetic �eld dependence of the resistivity for pristine

and oxygen annealed �lms measured at 10 and 50K, respectively.

competes with the energy barriers between the FMM and AFMI phases, resulting in

weakened FMM phase. The irreversible resistivity change with magnetic �eld is more

signi�cant in the oxygen annealed �lm when compared with the pristine �lm, indicating

larger non-volatile CMR property in this sample. As shown in the schematic illustration

of Fig. 7, FM phase volume could increase/decrease by introducing/removing oxygen

ions in the �lm lattice, which again leads to improved/destroyed negative CMR property

in the GCMO �lms.

4. Conclusion

The in�uence of oxygen content on low bandwidth manganite Gd0.1Ca0.9MnO3 (GCMO)

thin �lms was explored. Vacuum annealing turned the ferromagnetic-metallic GCMO

�lm into the non-magnetic insulator, which was attributed to increase the content of

Mn3+ ions, as observed from x-ray photoelectron spectroscopy (XPS) measurements

and, on the other hand, the greater number of grain boundaries. In addition, the

vacuum treatment decreased the Curie temperature TC down to 17K from the 105K of

the pristine one. The results were explained by a model suggested by the positron

annihilation studies, where the number of oxygen vacancies and oxygen vacancy

complexes in the A and B sites increases in both subsurface and interface regions.

In contrast to these results, the structural and magnetic measurements revealed that

the ferromagnetic and magnetoresistance properties were modi�ed below TC by oxygen

treatment, which can be explained by the double exchange mechanism. Furthermore, the

spin memory e�ect was more signi�cant and occurred at lower magnetic �elds in oxygen

annealed �lm when compared with the pristine �lm. However, the oxygen treated

sample showed the larger magnitude of resistivity when compared with the pristine

sample. These results were in good agreement with the positron annihilation results,
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Figure 7. The schematic illustration how the oxygen and vacuum treatments a�ect the

GCMO �lm. The arrows display the magnetic moments of the Mn ions and the domain

structure. The oxygen treated �lm with thinner interface layer shows larger FM phase

volume when compared with the pristine �lm. The vacuum treated �lm shows greater

number of oxygen vacancies and oxygen vacancy complexes in the interface region,

which leads to magnetic frustration in the GCMO lattice. In the panel on top, the

collection how the treatments a�ect on the various magnetic and resistive properties

are presented.

which demonstrated that the concentration of open volume defects was decreased by

applying oxygen in the subsurface region of the �lm. The study suggested that one can

manipulate magnetoresistance properties in the certain perovskite-like oxides by merely

varying the oxygen content and hence design the modi�ed oxides with great potential

in the future memristor applications.
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