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We present a systematic study of the structural, magnetic, electrical and magnetoresistive properties of
Lag7Cap3MnOs3 thin films epitaxially grown on LaAlOs single crystalline substrates using metal organic
deposition process. The evolutions of the lattice parameters and the corresponding strain as a function of
the film thickness (20—80 nm) have been investigated using X-ray diffraction measurements. The films
were found to be totally relaxed for a thickness around 60 nm. Magnetization and resistance mea-
surements as a function of temperature revealed a direct correlation of the transition temperature from a
ferromagnetic state to the paramagnetic state with the film thickness. The temperature dependence of

K ds: . . . . ..
Lgﬂmgr s the resistivity (p (T)) has been fitted using various theoretical approaches. Below the transition tem-
Strain perature (Tp) the p (T) graphs were well fitted using the p(T) = pg + AT* formula, in which the fitting

parameters pg and « have been used to clarify the conduction mechanism. Above Tp, the p (T) graphs were
found to be well fitted using different models including the VRH model and the small polaron model. A
magnetoresistance of 91% was measured at 248 K for the for 60 nm thick film under an applied magnetic
field of 7 T. As well as a non-volatile resistive switching capacity of 15% on Ag contacts deposited on top

Transport properties
Colossal magnetoresistance

of this film.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The perovskite manganite La;_xAxMnOs (A = Alkaline earth)
have attracted considerable attention because of their unusual
magnetic and transport behaviors such as colossal magnetoresis-
tance (CMR) [1,2]. These materials are characterized by a rich and
complex phase diagram caused by the competition among spin,
charge, orbital and lattice degree of freedom [3,4]. The Laj_x.
CaxMnOs in the doping levels 0.25 < x < 0.33 shows a CMR char-
acteristics combining simultaneous metal-insulator (MI) and
ferromagnetic—paramagnetic (FP) transition [5,6] in temperature
200 K < Tp < 300 K. Also, these materials are known by a large
coefficient temperature (TCR) [7]. This makes them key materials
for magnetic random access memories, magnetic sensors, and
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various spintronics devices [8]. Moreover, interfaces made of these
materials (as well as other perovskite oxides) with a metal have
shown non-volatile and reversible resistance properties, making
them suitable to perform resistive random access memories
(RRAM) [9,10].

In bulk material, physical properties are correlated to alkaline
site which modify the Mn>* to Mn** and in turn will affect the
structure of the coupled system MnOg octahedra [11]. Furthermore,
in thin film form, these intrinsic physical properties can be affected
by the growth method, the deposition parameters and also the
substrate-induced strain [12,13].

We recently investigated the transport properties dependence
on the substrate material [14]. The LCMO having a thickness of
40 nm have been epitaxially grown on single crystalline LaAlO3
(LAO), SrTiO3 (STO) and (LaAlO3)g3—(SrAITaOg)o.7 (LSAT) substrates
imposing various strain states. The conduction mechanism is found
to be strongly dependent on the lattice mismatch between the film
and the used substrate.
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In this paper we extended our investigation on the effect of the
film thickness on the structural, magnetic and electrical transport
properties of the LCMO films grown on LAO substrates. The strain is
systematically varied by increasing the film thickness from 20 to
80 nm. The structural parameters of the LCMO films have been
extracted from the XRD measurements and used to quantitatively
determine the evolution of the strain as a function of the film
thickness. We present also the correlations between the structural
properties and the corresponding, magnetic, electrical transport
and magneto-resistance as a function of the induced strain in
the films. Additionally, we show the capacity of our films to act as
a RRAM memory device based on the resistive switching
mechanism.

2. Experimental details

LCMO films were deposited on LAO (001) single crystal substrate
using the metal organic deposition (MOD) process [15]. The starting
solution was prepared by a mixing constituent metal-naphthenate
solution (Nihon Kagaku Sangyo) and diluting with toluene to
obtain the required concentration and viscosity. The molar ratios of
La, Ca and Mn in the coating solution were 0.7, 0.3 and 1.0, respec-
tively. This solution was spin-coated onto LAO (001) substrate
at 4000 rpm for 10 s. To eliminate the toluene, the metal-organic
(MO) film was then dried in air at 100 °C for 10 min. Before
the final annealing, a preheating step at 500 °C for 30 min is
necessary to decompose the organic part. This preheating step is
also required to prevent the formation of fissures on the film surface
during the final annealing at a high temperature. To obtain a satis-
factory film thickness, the above procedure (coating, drying, and
preheating) was repeated several times giving rise to a corre-
sponding number of superimposed layers in the LCMO product film.
The final annealing was carried out in a conventional furnace at
900 °C for 60 min in air.

Phase purity and film crystallinity were examined by X-ray
diffraction (XRD) in Bragg—Brentano geometry using a BRUKER D8
advance diffractometer with monochromatic CuK,; radiation
(A = 0.154060 nm) and LynxEye 1 dimension detector. Reciprocal
space mappings (RSM) were collected with a RIGAKU Smartlab
equipped with a Cu rotating anode (9 kW). An incident high reso-
lution setting was used (1D parabolic mirror and a two-crystal Ge
monochromator in the 400 setting) leading to a monochromatic
parallel x-ray beam (CuKa). Optics used after the sample, were two
1.0 mm cross 10.0 mm slits, 2.5° sollers slits and a punctual scin-
tillation counter detector.

Electrical transport measurements were performed using a
four-probe technique. Magnetic characterization was performed
using a commercial SQUID magnetometer (Quantum Design, 5T)
with an applied magnetic field of 500 Oe in both the field cooled
(FC) and zero field cooled (ZFC) measurements in the 5—300 K
temperature range. We also performed resistive switching hyster-
esis loop measurements (RSHL), which is a way to test the capacity
of a device to act as a memory device. This protocol is useful to
characterize the response of the remnant resistance of a device to
the amplitude of the applied pulses. The resistance of the LCMO/Ag
interface is measured (read operation) after applying current pulses
(write operation) of 10 ms following a loop sequence:
lini - Imax — Imin — lini.

3. Results and discussion
3.1. Structural properties

Fig. 1 shows the 6—-26 XRD patterns around the 002 Bragg re-
flections of the LCMO films, with different thicknesses ranging from
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Fig. 1. 6260 XRD scans of the LCMO films grown on LAO substrates for different
thicknesses.

20 to 80 nm (measured using transmission electron microscopy
observations on cross-sections in our previous studies [15]). The
LCMO crystallizes into an orthorhombic structure with Pnma
symmetry. It is often represented by a pseudo-cubic lattice
parameter of 3.858 A. The lattice parameter of the LAO in the cubic
structure is 3.789 A imposing therefore, an in-plane compressive
strain and an out-of-plane compressive strain of 1.84%. The LCMO
films grow epitaxially on top of the LAO substrate with common
(ool) planes orientations (parallels to the surface) i.e. with
[001].cmo//[001] a0 orientation relationship. The splitting of the
002 Bragg peaks of the LAO is due to twinning. By increasing the
film thickness from 20 to 80 nm we notice in Fig. 1 some obvious
changes in the intensity, the position and the width of the 002
peaks of the LCMO film. The increase in the peak intensity is ex-
pected since we increased the quantity of the diffracting material
by increasing the film thickness. The 002 LCMO peak is shifted to-
ward lower angles and this correspond to an increase in the out-of-
plane parameter “c”. The out-of-plane lattice parameters have been
determined from the 6—26 XRD scans. Using the “c” parameter, we
can extracted the out-of-plane epitaxial strain which can be
calculated by the following relation: ¢, = (c—cp)/cp, where c is the
out-of-plane lattice parameter of the film and ¢y is the bulk pseudo-
cubic lattice parameter of LCMO. These parameters are listed in
Table 1.

The 20 nm thick film has an out-of-plane lattice parameter
slightly superior to that one of the bulk LCMO. This small value of
the lattice parameter is probably due to the large strain, the poor
film crystallinity and the oxygen stoichiometry. By increasing the
film thickness for 20 to 40 then 60 nm, the lattice parameter is
relatively increased. On reaching the 80 nm thick film, the lattice
parameter decreases from 3.863 to 3.860 A. Considering the cell
parameter for bulk LCMO c, = 3.858 A, the obtained values for ¢
indicate that the LCMO is under compressive strain. Furthermore,

Table 1
Out-of-plane lattice parameter (c) and the corresponding epitaxial strain (e,,) of the
LCMO films grown on LAO substrates for different thicknesses.

LCMO/LAO 20 nm 40 nm 60 nm 80 nm
c(A) 3859+ 10% 3861+10% 3863+10* 3.860+10°*
e27 (%) 0.026 0.078 0.129 0.052
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from the evolution of the out-of-plane lattice parameter ¢ and the
epitaxial strain gz, we can estimate the critical thickness (d.) of
strain relaxation to be around 60 nm. Our results are similar to
those obtained by L. T. Serenkov et al. [13] on LCMO films prepared
by pulsed laser deposition (PLD) process on LAO showing a critical
thickness around 80 nm for the strain relaxation. A significant peak
broadening for the 20 nm thick film is easily observed in compar-
ison with the relatively thick films (Fig. 1). This broadening has been
reported previously in epitaxial LCMO and La;_xSrxCoOs thin films
and has been attributed to the finite-size effect [16]. By increasing
the film thickness from 40 to 80 nm, the peak broadening disap-
pears, indicating an improvement of the crystalline quality of the
film. The epitaxial quality of our film is well evidenced in the
reciprocal space maps (RSM) around the 002 and 013 reflections
shown in Fig. 2 for the films having 20, 60 and 80 nm in thicknesses.

Twinned

In the c-plane RSM figure (left panel), the 002 LCMO reflections are
well aligned with those of the LAO substrate. On the other hand, the
film's reflection changes from an elliptic to a circular shape by
increasing the film thickness from 20 to 80 nm, indicating an
evolution of the strain along the out-of-plane direction. Similar
evolution of strain can also be deduced from the 013 reflection of
the film with an increase of the thickness. The 20 nm thick film is
well strained in the symmetric direction 002 and also in asym-
metric direction 013. In general, coherently strained films in which
the film and substrate in-plane lattice parameters are identical can
be maintained only up to a critical layer thickness, depending on
the amount of the misfit. Above, the critical thickness, the strain
energy becomes so large that it is then energetically favorable to
nucleate interfacial misfit dislocations [15]. The 60 nm thick film is
relaxed, but still containing probably some strained zones. The fully
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Fig. 2. Reciprocal space mapping for 002(left panel) and 013 (right panel) in pseudocubic type reflections for LCMO/LAO film with different thicknesses (20, 60 and 80 nm).
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relaxed film is obtained for a film thickness equal to 80 nm. In these
RSM images we can easily distinguish the apparition of twins,
especially for the 60 nm thick film.

3.2. Magnetic properties

The temperature dependence of the magnetization (M (T)) for
the LCMO films grown on LAO substrates having 20, 40 and 60 nm
in thicknesses are shown in Fig. 3. As can be seen, the films of 40
(resp. 60) nm in thicknesses have a saturation magnetization
almost two (resp. three) times higher than that of the 20 nm thick
film. The 80 nm thick film shows similar magnetization curve (not
shown here) to that one exhibited by the 60 nm thick film. All films
exhibit a ferromagnetic to paramagnetic transition as T increases.
The Curie temperature “T¢” is obtained from the peak in the dM/dT
via temperature curve that is shown in inset Fig. 3.

The T¢ value increases slightly from 249 K to 253 K by increasing
the film thickness from 20 to 40 nm. For the 60 nm thick film, the T¢
value decreases and is found to be the same as that for the 20 nm
thick film. The decrease in T¢ value is due probably to the strain
relaxation induced by increasing the film thickness. Bibes et al. [17]
studied the effect of the film thickness on the T¢ of the LCMO films
grown by rf sputtering on STO substrates and found that T¢ in-
creases from 100 K to 250 K by increasing the film thickness from
10 nm to 100 nm. Debnath et al. [18] reported almost the same
values of T¢ in comparison to our LCMO films for a 200 nm thick
Lag.gCap2MnOj3 thin film grown by PLD process on LAO substrate.
The 60 nm thick film, which is more relaxed compared to the 40 nm
thick film, but do not reach that one of the bulk material
(Tcpuik = 270 K) [8]. Regardless the film thickness, all films are still
under a biaxial strain which induces an increase in the Jahn—Teller
distortion will lead to a localization of electrons and reduce Tc [19].

3.3. Electrical transport properties

The electrical transport properties of the LCMO films were
investigated as a function of the film thickness and temperature.
Fig. 4 (a) shows the zero-field resistivity vs. temperature curves for
the LCMO films grown on LAO substrates with various thicknesses
(20,40 and 60 nm). All films exhibit a ferromagnetic —metallic (FM)
to paramagnetic-insulator (PI) transitions at the temperature Tp
The electrical resistivity plots of the 20 and 40 nm thick are almost
the same throughout the temperature range [5—300 K] with a very
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Fig. 3. Temperature dependence of the Magnetization (M —T curves) for the LCMO thin
films having different thicknesses (20—40 and 60 nm). The inset shows the dM/dT
versus T used for the determination of Tc.
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Fig. 4. Temperature dependence of resistivity (a) and TCR (b) for the LCMO films
grown on LAO substrates with different thickness 20, 40, and 60 nm.

small variation in the transition temperature (Tp). We notice also
that the resistivity curve (p (T)) becomes sharper for 60 nm thick-
ness and is accompanied with a smallest transition width which Tp
decreases. The 80 nm thick film exhibit electrical transport prop-
erties (not shown here) similar to those of the 60 nm thick film.

The Tp and T¢ values are shown in Table 2. We notice that the
transition temperature Tp values are larger than the T¢. Also the Tc
values which increases slightly and then decreases with increasing
film thickness from 40 to 60 nm, but the Tp values decrease slightly
by increasing the film thickness. This dependence of Tp values with
the evolution of the film thickness is in a good agreement with
several works [20,21].

The lanthanum manganite films have been considered as
promising candidates for bolometric applications [22]. High value
of the temperature coefficients of resistance defined as TCR(%) = 1/

Table 2

Tc, Tp, Tyy and TCR parameters for LCMO/LAO films.
LCMO/LAO 20 nm 40 nm 60 nm
Te (K) 249 253 249
Tp (K) 264 263 254
T (K) 2465 247 239
TCR (%/K) 9.6 17 27
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p (dp/dT) x 100 gives high sensitivity of the bolometric device. In
this study, we show in Fig. 4 (b) the TCR as a function of temper-
ature of the LCMO films for different thickness (20, 40 and 60 nm).
As can be seen the temperature dependence of the TCR is similar to
the p (T) dependence exhibiting a FM to PI transition at a critical
temperature (Ty,). The TCR values are summarized in Table 2. The
maximum values of TCR are 9.6%K™ ! at T,, = 246.5 K, 17%K ™! at
T = 247 K and 27%K! at T,, = 239 K for 20, 40 and 60 nm thick
film, respectively. We note that the maximum TCR value increases
by increasing the film thickness from 20 to 60 nm. These TCR values
are indeed encouraging for further integration in bolometric
application. Our TCR values are much larger than those exhibited by
LCMO films grown on LAO substrates using PLD process [22]. This is
probably due to the annealing temperature which is higher in our
case leading to a better film crystallinity and oxygen stoichiometry.

3.3.1. Low temperature behavior (T < Tp)

To explain the specific mechanisms of the electrical transport at
low temperature in the LCMO films, the resistivity can be fitted
using the following formula:

p(T) = po + AT* (1)

where py is the residual resistivity, A is a free fitting parameter
and T* is a generic T-power law which can simulate different
scattering processes such as electron—electron (T?) [23,24],
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| o Exp40nm =p +AT?2
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’g ——Fit 20 nm
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g
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Fig. 5. Temperature dependence of the resistivity for LCMO films (20, 40 and 60 nm) in
the metallic zone-I (a) and zone-II (b). The solid lines are the best fit to Equation (1).

anomalous single magnon (T%) [25,26] and spin-wave (T7/2) [27].

Fig. 5 shows the temperature dependence of resistivity and the
corresponding fits of the LCMO films grown for different thicknesses
in two different range of temperature (5—60 K and 60—200 K). For all
films, the fit provides an excellent approximation of the experi-
mental data (R? very close to 1 where R? is the reliability factor). In
the first range of temperature (5—60 K) the resistivity (p (T) - p0) is
well described by T2 which corresponds to an electron—electron (e —
e) scattering process (Fig. 5(a)). Therefore, in this temperature in-
terval, the diffusion process of electron—electron is independent of
the film thickness, as well of the strain induced by substrate. These
results are in agreement with several previous works [26,28]. For the
second interval of temperature (60—200 K), the p(T) graph (Fig. 5 (b))
have been fitted using equation (1). The fitting parameters p0, A and
o for different thicknesses of the LCMO films are summarized in
Table 3. In the low temperature interval (zone II) the thinnest LCMO
film (20 nm) is characterized by the largest value of « = 3.34 which
does not correspond exactly to any one from of the specific scat-
tering mechanisms cited above. In fact, this value is found between 3
and 3.5 corresponding probably to the diffusion process of anoma-
lous single magnon [25,26] and spin-wave scattering process [27],
respectively. Therefore, the conduction mechanism probably cor-
responds to an increase in the anomalous single magnon scattering
involving the spin-wave scattering. As the film thickness increase to
40 then 60 nm, we noted an obvious decrease in the value of
a = 3.05—3 to 2.95-3, respectively. For both LCMO films (40 and
60 nm), « is nearly equal to 3, therefore the transport mechanism is
likely dominated by the diffusion process of anomalous single
magnon [25,26]. The tiny decrease in the value of « for the 60 nm
thick can be correlated to the small degree of strain relaxation as has
been previously discussed in structural properties section. In
conclusion, the coefficient « appear to be strongly related to the
strain-induced by the lattice mismatch between LCMO and LAO
substrate.

3.3.2. High temperature behavior (T > Tp)

In the T > Tp, we will explain the transport properties by two
models:

* The small polaron model in adiabatic limit: according to the
following formula

p(T) = ATe ke 2)

where A is a free parameter, EA is the thermal activation energy and
Kp is the Boltzmann constant. This model characterize the polaron
hopping process in uniform system (same energy for all sites,
equivalent coupling strength for electron-lattice or hole lattice)
[29,30].

* Although, the variable Range hopping (VRH) model is
described as follows:

p(T) = poexp (%) b (3)

where, p0 is the residual resistivity and Ty is the characteristic VRH
temperature. This model is considered to understand the electron

Table 3
Fitting parameters of the p (T) at low temperature [60—200 K] for the LCMO films
deposited on LAO substrates.

Thickness 20 nm 40 nm 60 nm
po*10~4 (Q cm) 5.1 41 47
A*10710 0.402 13 3

o 3.34 + 0.01 3.05 + 0.01 2.95 + 0.01
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Fig. 6. Ln (p/T) versus 1/T and the corresponding fits using the Arrhenius equation at
high temperature (T > TP) for the LCMO films grown on LAO substrates.

conduction in transport properties [30].
a) Small -polaron Model

The dependence on inverse temperature of Ln(p/T) and the
corresponding fit using equation (2) at high temperature (T > TP)
are shown in Fig. 6. For all films, the fit provides an excellent
approximation of the experimental data (R? very close to 1). The
fitting parameters deduced from this simulation are summarized in
Table 4. The activation energy EA of the 20 nm thin film is EA~
71 meV. The EA value decreases with increasing the film thickness
to 40 nm (EA~ 64.5 meV). This reduce has been explained in terms
of the magnetic disorder caused by interfacial phase separation,
localized chemical non-stoichiometry and oxygen vacancies [20].
As discussed earlier, the 40 nm thin film has undergone partial
relaxation caused by increasing the thickness. The strain relaxation
in the LCMO film generates interfacial misfit dislocations as has
been previously reported by means of high resolution transmission
electron microscopy observations for the 40 nm thick film grown
on LAO substrate [15]. By increasing the film thickness to 60 nm, we
note that the activation energy remarkably increases to reach
80 meV. This increase in the value of EA is mainly due to the strain
relaxation. In fact the 60 nm thick film is more relaxed, in com-
parison with the 40 nm thick film, however its activation energy is
still relatively small in comparison with that of the bulk LCMO
(EA,bulk ~ 115 meV) [31,32].

b) Variable range hopping (VRH) Model

Fig. 7 shows the experimental T-1/4-dependence of Ln(p) above
TP and the corresponding best linear fit using the Mott's model
(equation (3)). In Table 5 was summarized the parameters Tp and
p0 deduced from the fits. The Ty values were found to be
9.81 x 105, 5.61 x 105 and 27.8 x 105 K for the 20, 40 and 60 nm
thick LCMO films, respectively. Hence, with increased film

Table 4
Fitting parameters of the p(T) at high temperatures using the small polarons model
for the LCMO films deposited on LAO substrates.

Thickness 20 nm 40 nm 60 nm
A*10°¢ 6.28 8.21 6.14
Ex (meV) 70.69 + 0.55 64.35 + 0.40 79.63 + 047

28+ = Exp20nm
o Exp 40 nm
29 Exp 60 nm
— Fit 20 nm
30 Fit 40 nm
—— Fit 60 nm
. 31t
S
c 32r
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3,4+
.315 -
_3'6 1 1 1 1 1 1 1

0,240 0,242 0,244 0,246 0,248 0,250 0,252
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Fig. 7. Ln(p) versus T~ and the corresponding linear fit for the 20, 40 and 60 nm

thick LCMO films above the Tn

thickness from 20 to 40 nm, the characteristic of variable range
hopping (VRH), temperature (Tp), decreases. This decrease is
probably due to the appearance of interfacial phase separation
and oxygen vacancies. Then Ty value drastically increases from
5.61 x 105 K for the 40 nm thick films to reach 27.8 x 105 K for the
60 nm thick film. It can be concluded here that the small degree of
strain relaxation induces a notable increase in the characteristic
VRH temperature (Tp).

To calculate the localization length (1/a), we used the modified
formula proposed by Viret et al. [30]. They have proposed that in
case of manganites with x = 0.3 divalent cation doping at the rare
earth site, the random potential of magnetic origin causes the
carrier localization above T¢. This potential is due to the Hund's rule

coupling —JH§,~>‘§} between localized Mn t2g ion cores (S = 3/2)
and spins of eg electrons in the conduction band. The localization

1/3
length (1/a) expression is given by 1= <%) . Where

Un = 3J7“ is the splitting between the spin-up and spin-down eg
bands. In this case (x = 0.3), Um = 2 eV was extracted from optical
spectra [33]. V is the unit cell volume per Mn ion, Ty is the char-
acteristic VRH temperature and KB is the Boltzmann constant.
Substituting the value of Um and KB, the above formula becomes:

1/3
1_ (3.96510° V
o To

Hence, the average nearest-neighbour hopping distance (R) is
given by:

9 1/4
R= (STcN(E)kBT>

Where N(E) is the density of available states in the random po-
tential regime of Viret et al. [30] and the value estimated by them

Table 5
Fitting parameters of the p (T) at high temperatures using VRH model for the LCMO
films deposited on LAO substrates.

LCMO/LAO 20 nm 40 nm 60 nm
Tp*105(K) 9.81 + 0.001 5.61 + 0.002 21.79 + 0.003
p0*107% (Q cm) 15.11 + 0.01 17.56 + 0.01 3.88 + 0.01
1/a. (A) 6.14 + 0.43 7.41 £ 0.17 4.71 +0.10
R(A)for H = 3T 17.61 + 0.02 18.42 + 0.02 16.61 + 0.02
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for LCMO is N(E) = 9 x 10%® m™3 eV, the above expression
becomes:

1/4
(4.6112x1024> /
R= (222277
oT

The calculated values of the localization length (1/a) are found
to be 6.14, 7.41 and 4.71 A for the 20, 40 and 60 nm thick LCMO
films, respectively. Furthermore the calculated values of the
average hopping distance (R) are 17.61, 18.42 and 16.61 A for 20, 40
and 60 nm LCMO thin film, respectively. From these results, we can
obviously conclude that the magnetic disorder causes an increase in
the value of (1/a) so a decrease in the value of Tp namely the carriers
becomes unconfined which comes in turn raises of the R value. As
well, the small degree of strain relaxation (from 40 to 60 nm) is the
reason of reducing the localization length (1/a) value therefore the
evolution of T, that is the carriers becomes more localized so the
decrease of R value.

3.3.3. Magnetoresistive properties

The temperature dependence of resistivity graphs for 20, 40 and
60 nm films at different applied magnetic field (1,2, 3,5and 7 T) are
shown in Fig. 8. All films exhibit paramagnetic to ferromagnetic
transition for various applied magnetic fields. By increasing the
magnetic field, the electrical resistivity drops quite sharply. In the
presence of an external applied magnetic field, the magnetic
polaron becomes fluctuating and then the decrease in the re-
sistivity. Which also can be explain by the coexistence of FM and PI
phase in short range of paramagnetic region [34].

The magnetoresistance (MR) was calculated from the relation:
MR = [[p(0)-p(H)]/p(0)] x 100, where p(0) and p(H) are the values
of resistivity in the absence and in presence of a magnetic field,

respectively. For different applied magnetic field (1, 2, 3, 5 and
7 T), the MR of the LCMO/LAO thin films was measured in the
different temperature range (5—300 K) for 1 and 7 T, and
(150—300 K) for 2, 3 and 5 T. The corresponding data are plotted
in Fig 9 (not all shown), showing obviously an increase in the MR
(%) by increasing the magnetic field and the film thickness.
The maximum values of the MR (%) values are obtained at a
temperature close the Curie temperature (T¢). The best MR (~91%)
was observed for 60 nm thick at H =7 Tand T = 248 K, and the
lowest MR (39%) was found for the 20 nm thick at H =1 T and
T=251K.

3.3.4. Resistive switching properties

The measured resistive switching hysteresis loop (RSHL) on the
80 nm LCMO film with Ag electrodes are shown in Fig. 10. Two
distinctive states of resistance can be observed, that could be
exploited as two distinct states for a memory device. Repeatable
values were obtained after two loops, which remain stable at least
for several hours. A change of resistance between these two states
of approximately 15% was found. The fact that the resistance of the
junction is reduced by applying positive pulses and recovered by
applying negative pulses of different amplitude indicates a resistive
switching of the bipolar type, in accordance to what is expected for
devices based on metal/complex oxides, where the resistive
switching mechanism is associated with the electromigration of
oxygen vacancies [35].

4. Conclusion

In summary, the film thickness and the induced strain effects on
the structural and physical properties of the epitaxial LCMO films
grown on LAO substrates have been investigated. The evolution of
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Fig. 8. Resistivity variation as a function of temperature of the 20, 40 and 60 nm thick LCMO films at different magnetic field.



334

S. El Helali et al. / Journal of Alloys and Compounds 655 (2016) 327—335

70
L —=—20 nm
60 —e— 40 nm
[+ 60 nm

50

40+

30 -

MR (%)

20 -

63%—

uH=1T

! !
0 50 100 150

! ! !
200 250 300

Temperature (K)

Or _a—20nm p,H=3T

60 |-

30

MR (%)

30 1 1 1 1
150 200 250 300

Temperature (K)

100

—=~20nm 91% =, PoH=TT

—e—40 nm a

—4-60nm e

87% /‘f\‘s
o
50 - h| e
‘o s
= PO 3
z ;T
E | ]
()
0
(IJ 5‘0 1[‘)0 1;0 2(‘)0 2;0 3(‘)0

Temperature (K)

Fig. 9. The temperature dependence of MR for Lag;Cag3MnOs films at different magnetic field: 1, 3and 7 T.

the structural properties such as the cell parameters and lattice
strain have been studied using XRD analysis. We observe that an
increase of the thickness from 20 to 60 nm induces an important
strain relaxation which in turn influences the transport and
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Fig. 10. RSHL measurements showing the remnant resistance of the LCMO/Ag junction
as a function of the voltage amplitude of a previously applied 10 ms electric pulse. The
measurement was performed using a bias current Ib = 0.5 mA. The inset shows the
contact configuration used for the remnant resistance measurement.

magnetic behavior of the LCMO film. The Curie temperature (T¢)
and the transport mechanisms in different temperature ranges for
different film thicknesses have been correlated to the structural
properties. The LCMO films exhibit good physical properties such
high TCR, large MR and RSHL making them excellent candidate for
bolometric, magnetic and memory devices.
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