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ABSTRACT

Artificially engineered superlattices were designed and fabricated to induce different growth mecha-
nisms and structural characteristics. DC sputtering was used to grow ferromagnetic (LaggBag>MnQO3)/
ferroelectric (Bag25Srg.75TiO3 or BaTiO3) superlattices. We systematically modified the thickness of the
ferromagnetic layer to analyze dimensional and structural disorder effects on the superlattices with
different structural characteristics. The crystalline structure was characterized by X-ray diffraction and
transmission electron microscopy. The magnetic and electronic properties were investigated by SQUID
magnetometry and resistance measurements. The results show that both strain and structural disorder
can significantly affect the physical properties of the systems. Bag25Srg.75TiO3 based superlattices with a
low thickness of the ferromagnetic layers (4 nm) present compressive strain that decreases the ferro-
magnetic transition temperature from 250 K corresponding to the unstressed samples to 230 K. In these
samples, the localization energy of the charge carrier through the electron-phonon interaction decreases
at low temperatures (~100 meV). Bag2s5Srp75TiO3 based superlattices with thicknesses of the ferro-
magnetic layers higher than 12 nm present tensile strain that reduces the charge carrier localization
energy at low temperatures (~1 meV), increasing the ferromagnetic transition temperature (Tc~265 K).
Structural defects in BaTiO3 based superlattices have a stronger influence on the magnetic properties
than on the transport properties. Nevertheless, disorder blocks the ferromagnetic transition for highly
disordered samples (thickness of the ferromagnetic layer < 3 nm). These results help to further under-
stand the role of strain and interface effects in the magnetic and transport properties of manganite based
multiferroic systems.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

systems. Their colossal magnetoresistance effect, high Curie tem-
perature (Tc) and half-metallic nature made them excellent can-

In 1988, Albert Fert and Peter Gruenberg discovered the giant
magnetoresistance effect [1,2], giving birth to spintronics, a new
research area in Physics. This started the search for new systems
and devices that could combine the electronic and the magnetic
properties of charge carriers renewing the interest in manganites
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didates for the fabrication of spintronics devices. Nevertheless,
earlier works showed in manganite tunnel junctions, a dramatic
loss of the magnetoresistive effect well below the Tc of the elec-
trodes, highlighting the influence of interface effects in these
compounds [3]. Indeed, the interplay between the structural,
magnetic and transport properties in manganites was the origin of
this and many other phenomena. This boosted research of strongly
correlated materials for surface engineering and system function-
alization. New properties and functionalities emerge from


mailto:sirena@cab.cnea.gov.ar
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2020.157820&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2020.157820
https://doi.org/10.1016/j.jallcom.2020.157820

J.G. Sutter, A.S. Chavez, S. Soria et al.

combining different oxide compounds in multilayered structures,
e.g. 2DEG [4,5], exchange bias [6—8], and superconductivity [9],
among others. In this context, multiferroic multilayered systems
combining ferromagnetic and ferroelectric oxides have being
studied to control the magnetization of spintronics devices using
electric fields [10,11] and searching for increased functionality
[12,13]. Manganite based multiferroic systems gave the opportunity
to study many interesting phenomena in fundamental physics, i.e.
magneto-electric coupling [14,15], ferroelectric effects [16—18] and
in applied physics, i.e. resistive switching and ferroelectric
tunneling [19,20]. Moreover, recent results indicate that multi-
ferroic multilayers can enhance the magnetic transition tempera-
ture through tensile strain, helping to overcome the temperature
limitation in manganite based spintronics devices [21].

In general, strain and interface effects in these systems are
critical for the development of new applications and relevant work
has been done regarding this issue [22—24]. Nevertheless, further
efforts are needed to understand the fundamentals behind the
complex relationship between structural, magnetic and transport
properties in these systems. Understanding and controlling con-
ducting—ferromagnetic/insulator—ferroelectric interfaces is crucial
to develop multiferroic heterostructures for new technological
applications.

We have studied the size effects on the magnetic and the
transport properties of artificially engineered manganite-based
multiferroic superlattices. We have fabricated multiferroic super-
lattices (SL) composed of ferromagnetic (FM) LaggBag2MnOs3
(LBMO), ferroelectric (FE) Bag25Srg.75TiO3 (BSTO) and BaTiO3 (BTO)
compounds. Baj_xSrkTiO3 compounds were chosen because by
changing the Sr concentration is possible to tune the lattice
parameter of the system, going from 0.309 nm (SrTiOs3) to ~ 0.4
(BaTiOs). In this way, by choosing the Sr concentration is possible to
play with the lattice mismatch of the composing layers, tuning the
structural growth of the hetero-structures, and choosing to
enhance the effects of strain or structural defects effects. LBMO
presents nominally the same lattice parameter than BSTO
(0.392 nm), while LBMO and BTO (~0.4 nm) present an important
lattice mismatch.

2. Experimental details

Coherently strained LBMO/BSTO and disordered LBMO/BTO
superlattices (SL) were fabricated by DC sputtering. Samples were
grown from stoichiometric ceramic targets over single crystalline
SrTiO3 (100) substrates and oxygenated to reduce the influence of
oxygen vacancies on the physical properties of the systems. Details
of the deposition procedure are given in Refs. [25]. Two series of
samples were grown varying the thickness of the ferromagnetic
layer (2 nm < tgy < 16 nm) while keeping the thickness of the
ferroelectric layer constant (5 nm). This was done in order to study
the dimensional effect, under different stress and disorder char-
acteristics, on the physical properties of the nanostructures. As the
thickness of the ferromagnetic layer is reduced, an increasing in-
fluence of the interface effects is expected. The number of bilayers
in the samples was chosen to keep the total thickness of the SL as
close to 120 nm as possible. This was done to reduce size effects in
the morphological properties of the samples.

Information of the superlattices concentration was extracted
indirectly through EDS analysis of the different targets and refer-
ence thin films. The structural and surface properties of the
superlattices were studied by standard 0-20 X-ray diffraction (XRD),
atomic force microscopy (AFM) and transmission electron micro-
scopy (TEM). Rocking curves were performed around the central
diffraction peak of the superlattices and full width at half maximum
(FWHM) values were analyzed to obtain information about the
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dispersion of the crystalline structure around the main diffraction
orientation, i.e. structural disorder. A commercial superconducting
quantum interference device magnetometer (SQUID) was used to
study the magnetic properties of the samples for magnetic fields
(H) up to 5 T and for temperatures (T) between 4 K and 400 K.
Standard four probe configuration was used to study the transport
properties of the superlattices using magnetic fields up to 1 T for
temperatures between 4.25 K and 300 K.

3. Results
3.1. Structural properties

Fig. 1 presents the X-ray patterns of the LBMO/BSTO and LBMO/
BTO superlattices with different thicknesses of the ferromagnetic
layers. The patterns show a textured growth of the samples in the ¢
direction perpendicular to the sample surface, with [00[] diffraction
peaks and satellite peaks due to the superstructure. This is a good
indicator of the quality of the superlattices structure. The thickness
of the composing FM/FE bilayers was obtained from the peak to
peak distances of the superlattices peaks around to the [002]
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Fig. 1. X-ray profiles for the BSTO (a) and BTO (b) superlattices with different thick-
nesses of the ferromagnetic layers. The arrows indicate the position of the satellite
peaks. The contribution of the SrTiO3 substrate is also indicated.
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reflection in the XRD patterns of the different samples [26]. Due to
the similarity of the LBMO and the BSTO lattice parameters, the
center peak of the SL diffraction pattern is a good indication of the
lattice parameter of the SL. From this value and its difference
respect to the bulk compound, the c axis stress can be estimated.

Table 1 shows the measured lattice parameter and calculated
stress, along the c axis, for the BSTO and BTO based SL. For the BSTO
based SL, a systematic shift of the central peak towards lower
diffraction angles is observed for decreasing ferromagnetic layer
thicknesses. Typically compressive and tensile stresses smaller than
0.3% of the bulk lattice parameter were obtained.

Being a and b the directions in the plane of the SL, and assuming
the stress £33 = epp, the stress component in the c direction can be
calculated as [27]:

gcc =-2V/[(1-v) aa. (1)

where v is the Poisson’s ratio. In a first-order approximation v can
be considered to be 0.5, corresponding to a unit cell structure
deformation, with volume conservation. From the c axis lattice
parameter obtained from the XRD patterns, and the c axis lattice
parameter of the LBMO target (bulk sample), the in-plane stress can
be calculated. Fig. 2 displays the stress in the BSTO based SL for
different thicknesses of the FM layer.

BSTO based SL with small values of tgy (tpy < 10 nm) present
little compressive stress. SrTiO3 substrates have a smaller lattice
parameter (0.3905 nm) than LBMO and BSTO, inducing the little
compressive strain observed for these samples. As the thickness of
the FM layer increases, strain in the sample relaxes and even a small
tensile strain is calculated for samples with a thicker LBMO layer
(tegm > 12 nm).

FWHM of the rocking curves for the BTO SL can go from 0.2° to
1.2°, while the FWHM of a crystalline SrTiO3 substrate is around
0.07°.

Fig. 3 shows a typical AFM image of the manganite based SL.
Surface roughness is around 2 u.c with a particle density, i.e.
outgrowth defects, of approximately 0.1 def/um?. These values are
in agreement with the values obtained in similar systems [18].
Since surface defects in manganite electrodes tend to shortcut
tunnel junctions like devices, a low density of surface defects is
desired in these systems. In this context, the cleanness of the
substrate is more relevant than the SL composition. On the other
hand, no systematic behavior of the SL roughness with the FM layer
was found.

Fig. 4 presents the TEM images of BSTO (a) and BTO (b) based
superlattices. The images show a multilayer structure in agreement
with the XRD patterns. TEM images of BSTO based superlattices
show clean and sharp interfaces, atoms in the structure and the
crystal growth direction are well defined with little deviations.
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Fig. 2. Stress in coherently grown superlattices (BSTO based SL) as a function of the
thickness of the ferromagnetic layer.
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Fig. 3. Typical AFM image of manganite base superlattices, shown for a BSTO SL with a
thickness of the FM layer of 10 nm.

Images are consistent with a coherent growth of the samples due to
the small lattice mismatch between the SrTiO3 substrate, the LBMO
layer and the BSTO layer. On the other hand, BTO based SL shows an
important presence of dark areas spatially correlated. These areas
could be originated in structural defects and strain fields in the
sample. Indeed, this is in agreement with the higher values of
FWHM obtained from the rocking curves of these samples
compared with the BSTO based SL. Higher FWHM values for the

Table 1
Measured lattice parameter and calculated stress, along the c axis, of the BSTO and BTO based SL. The measured reference c axis lattice parameter, for unstressed samples is
0,3935 nm.

Superlattices FM thickness (nm) cSL c strain (%) Rocking curves FWHM (°)

parameter (nm)

[Lag.sBag2MnO3 (16 nm)/Bag 55510 75TiO3 (5 nm)] 16 0,3925 —0,254 0.38

[LaO.gBAO.le’lO3 (13 nm)/Ba0,25Srg,75Ti03 (5 nm)] 13 0,3932 —0,076 0.25

[Lag_gBao_zMnO3 (10 nm)/Ba0_255r0_75T103 (5 nm)] 10 0,3934 —0,026 0.23

[Lag.gBag>2Mn0Os3 (7 nm)/Bag 25Sr0.75TiO3 (5 nm)] 7 0,3948 0,330 0.27

[Lag sBag2MnO3 (4 nm)/Bag 25510 75Ti03 (5 nm)] 4 0,3952 0,430 0.19

[Lag.sBag2MnOs3 (6,5 nm)/BaTiOs (5 nm)] 6,5 0,3953 —0,404 0.19

[Lag sBag2MnOs3 (5 nm)/BaTiO3 (5 nm)] 5 0,3948 —-0,532 0.32

[Lag gBap2MnOs3 (3,5 nm)/BaTiO3 (5 nm)] 35 0,3944 —-0,632 0.24

[Lag sBag2MnO3 (2 nm)/BaTiO3 (5 nm)] 2 0,3952 -0,4297 0.40
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Fig. 4. TEM images of BSTO based superlattices (a) and BTO based superlattices (b). The
bottom panels are a close in of the chosen area in each image.

rocking curve indicate a higher dispersion of the crystalline di-
rections around the main crystal orientation. These results indicate
a higher density of structural defects in the BTO based superlattices,
compared with BSTO multilayers.

3.2. Magnetic properties

Fig. 5 presents the temperature dependence of the magnetiza-
tion (M) of BSTO based SL (a) and BTO based SL (b). Magnetization in
the samples was normalized by the total FM volume in each sample.
LBMO layers in the SL present high Curie Temperatures (Tc) going
from a high temperature paramagnetic state to a low temperature
ferromagnetic regime, confirmed by magnetization vs. magnetic
field measurements (not shown). The magnetic ordering temper-
ature strongly depends on the thickness of the FM layer in the
structure.

The Tc decreases as the FM layer thickness decreases. This effect
is generally ascribed to an increasing competition between the
double exchange (ferromagnetic) interaction and the super-
exchange (antiferromagnetic) interaction. Both compressive strain
and structural disorder in the sample decrease the double exchange
interaction through changes in the Mn—O bond and increased
concentration of ion vacancies that localize the electrons in the
structure [23,24,28]. This effect is the origin of the magnetization
reduction also observed in the samples as the thickness of the FM
layer is reduced. Superlattices with a thickness of the FM layer
smaller than a critical value show no FM transition as a function of
temperature. This critical thickness seems to be around 2.5 nm for
the BSTO based SL and 2 nm for the BTO based ones. This is
consistent with the values in the literature [28—30] and it is related
to the presence of structural defects, chemical and charge inter-
diffusion at the interfaces. The BTO based multilayer with a FM
thickness of 3.5 nm seems to present an anomalous behavior
probably due to problems during the field cooling of the sample.

For BSTO SL with thicker FM layers (tgy > 10 nm), the magnetic
transition temperature is higher than the one observed for the
reference single layer film. This is consistent with the stress regime
calculated from the XRD patterns previously shown in Fig. 2. SL with
thin FM layers present a compressive strain that reduces the double
exchange mechanism. However, when the thickness of the ferro-
magnetic layer is higher than 10 nm a small tensile strain appears in
the sample. This tensile strain straightens the Mn—O bonds,
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Fig. 5. Temperature dependence of the magnetization of BSTO based SL (a) and BTO
based SL (b). Magnetization was measured with an applied field of 300 Oe and was
normalized by the total FM volume in each sample. The magnetization vs. temperature
of a single manganite layer film with a thickness of 96 nm is included as a reference.

increasing the orbital degeneracy and reducing the Jahn-Teller
distortion present in these systems [31]. All these effects increase
the charge delocalization and the double exchange mechanism,
increasing the ferromagnetism of the sample. For equivalent
thicknesses of the FM layer, BTO based SL present lower values of
magnetization and lower magnetic transition temperatures. This
seems to indicate that the structural disorder at the interface,
induced by the lattice mismatch between the BTO and LBMO has a
greater impact on the magnetic properties of the SL than the strain
induced in the BSTO multilayers.

Fig. 6 shows Tc, defined as the maximum of 1/M * dM/dT, as
function of the thickness of the FM layer in the BSTO and BTO based
SL. For an increasing thickness of the FM layer in the SL, Tc increases
and seems to become higher than the magnetic transition tem-
perature observed for the single layer reference film with a thick-
ness of 96 nm. The Tc is reduced for a thickness of the LBMO layer
lower than 6 nm. As mentioned before the Tc in BTO based SL seems
to be lower than the one observed for BSTO SL with equivalent
thickness of the FM layers.

For thicknesses of the FM layer lower than 4 nm, there is a rapid
drop of the magnetic transition temperature for decreasing thick-
ness of the FM layers. This is related with the increasing weight of
interface effects in these samples. Chemical, structural and mag-
netic disorder in the interface increase the competition between
the different magnetic interactions [32], favoring the formation of
antiferromagnetic zones [6,7].
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Fig. 6. Magnetic transition temperature as a function of the thickness of the ferro-
magnetic layer in the superlattices structure.

Millis et al. studied in 1998 the relationship between the mag-
netic transition temperature and strains (e) in manganite films,
considering the electron-phonon interaction and the double ex-
change hopping [33]. It was found that:

9%Tc
B (2)

&

Tc(e) =Tc(0) + 0.5 Are>  where Ar =

where 47 is a measure of the electron-phonon interaction in the
manganites. As indicated by Angeloni et al., this leads to an increase
of the transition temperature for tensile strains and a decrease of Tc
with compressive strains [30]. Fig. 7 shows the magnetic transition
temperature as a function of in-plane stress for the BSTO and BTO
based superlattices.

For BSTO SL, the dependence of Tc with in-plane stress seems to
be consistent with equation (2). A reduction of f with increasing
compressive strain is observed, while an increase of Tc can be seen
for increasing tensile strain. Higher magnetic transition tempera-
tures with increasing tensile strain are consistent with previous
results [21]. This effect could help to improve the operating tem-
perature range for manganite based spintronics devices. The value
of Tc, obtained for unstrained samples is the same than the value
measured for the reference single layer film, and to the saturation
value observed for BTO based SL. For these systems, the biaxial
strain is expected to relax through structural disorder at the
interface. From the fitting of the Tc as function of strain in the
samples, and using equation (2), a value of 1300 K is obtained for 4.

BTO .
260 260

Te (K)

compressive regime
220 220

tensile regime tensile regime
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Fig. 7. Magnetic transition temperature as a function of the biaxial strain in BSTO (left)
and BTO (right) based superlattices. The line is a fit using equation (2) (see text). The Tc
of a “thick” single layer film is included as a reference.
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This large value is consistent with the value obtained for a similar
system [34], and was ascribed to the strong interaction between the
charge carries and the localizing effect of a strong lattice coupling,
i.e. Jahn-Teller effect. The large value of 47 is an indication of the
strong effects of strain on the magnetic and transport properties of
manganite based systems.

BSTO and BTO based SL with very thin ferromagnetic layers
(tem < 3 nm) presented a paramagnetic behavior in all the measured
temperature range. Samples with thicker ferromagnetic layers,
presented the typical hysteresis loops for the M(H) curves, for
temperatures lower than the Tc of the samples.

Table 2 presents the magnetic transition temperature and the
saturation magnetization for the BSTO and BTO based superlattices.

Fig. 8 shows the coercive field (Hc) as a function of the FM
thickness in the BSTO and BTO based SL, measured at 5 K. For both
series of samples, with high values of the FM thickness (tgy > 5 nm),
the coercive field decreases with increasing LBMO thicknesses.
Indeed, the samples seem to present a linear dependence of the
coercive field with the inverse of the FM thickness. This is the ex-
pected behavior for a simple surface contribution and it was
observed before for single manganite films [35]. Nevertheless, it
should be noted that Monsen et al. reported a 1/tfy dependence of
the coercive field of single manganite films grown over SrTiO3
substrates, suggesting a more complex behavior than the one ex-
pected from a simple surface contribution.

BTO based SL present higher coercive fields than BSTO SL. This
indicates that structural disorder is more efficient as a pinning
mechanism in manganite films than coherent strain. Structural
defects probably increase the density of pinning centers at the
interface. Equivalent results were obtained for single
Lag Srg4MnOj3 single films grown over MgO and SrTiO3 substrates
[35].

For low thicknesses of the FM layer (tgy < 5 nm) the coercive
field decreases for decreasing thickness. This is probably related, as
mentioned before, with the decreasing ferromagnetism of the
samples due to an increasing competition between the different
magnetic interactions.

3.3. Transport properties

Fig. 9 shows the temperature dependence of the zero-field re-
sistivity for the BSTO and BTO based superlattices. The temperature
dependence of the resistivity for the SL is consistent with the
magnetic measurements. The samples present a high metal-
insulator transition temperature (Tp), with a high temperature
paramagnetic/insulator state and a low temperature ferromag-
netic/conducting state. Superlattices with a thickness of the ferro-
magnetic layer higher than a critical thickness show a high
temperature metal-insulating transition with low resistivity values,
close to the ones found for the single LBMO reference layer. This
critical thickness is around 7 nm for BSTO based SL and 5 nm for BTO
based multilayers. For decreasing thickness of the ferromagnetic
layer, the resistivity of the sample increases and the metal-insulator
transitions shifts to lower temperatures.

Manganite based SL with a thickness of the ferromagnetic layer
lower than the critical thickness show an increased resistivity and a
reentrant semiconductor like behavior at low temperatures (T « Tp).
SL with very thin ferromagnetic layer (tgpy < 4 nm) show a
semiconductor-like behavior in the entire temperature range.
Compressive strain in BSTO based SL and interface structural dis-
order in BTO based SL, strongly affect the transport properties of
these systems. According to the magnetization and resistivity
measurements, the strong electron-phonon interaction localizes
the charge carriers even in the ferromagnetic regime.

BTO based SL show a broad transition width, consistent with the
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Table 2
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The magnetic transition temperature and the saturation magnetization for the BSTO and BTO based superlattices.

Superlattices FM thickness (nm) Tc (K) Ms (emu/cm?®)
Lag gBag>Mn0O3 (16 nm)/Bag 55r0.75TiO3 (5 nm) 16 2654 + 2.7 670 + 15
Lag gBag>MnOs3 (13 nm)/Bag 55r075Ti03 (5 nm) 13 265.5 + 6.6 615 + 13
Lag gBag>MnOs3 (10 nm)/BaO_25$r0_75Ti03 (5 l'lITl) 10 2516 +5.2 540 + 10
Lag gBag>Mn0Os3 (7 nm)/Bag 25510 75TiO3 (5 nm) 7 240.0 + 7 645 + 12
Lag 3Bag,MnO; (4 nm)/Bag 255r075Ti03 (5 nm) 4 229.0+8 480 + 15
Lag.sBag>MnOs (8 nm)/BaTiOs (5 nm) 8 2489 + 13 370 + 47
LaggBag2MnOs (6.5 nm)/BaTiOs (5 nm) 6.5 233.2 + 20 500 + 74
Lag gBag>MnOs3 (5 nm)/BaTiO3 (5 nm) 5 1952 + 15 340 + 58
Lag gBag>MnO0s3 (3.5 nm)/BaTiOs (5 nm) 3.5 1286 +9.3 450 + 110
Lag gBag>Mn0O3 (2 nm)/BaTiO3 (5 nm) 2 — —
LBMO reference film 96 256 +5 650 + 30
a B 4 ™
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Fig. 8. Coercive field measured at 5 K as a function of the thickness of the ferro- 100 BTO (b) 4
magnetic layer in the BSTO and BTO based superlattices. Lines are guides for the eyes. X=2 ()
The inset shows the linear dependence of the coercive field as function of the inverse — <,Unm
of the ferromagnetic layer thickness. — 10 A
-~ -
~1 ‘b S
reduced homogeneity of the samples. The SL present higher re- e ] \ X=6,5nm o T B
sistivity values than the reference “thick” single layer sample. This —
is a consequence of the interface structural disorder. Vacancies and P X=5.0nm
dislocations break the Mn—O—Mn bonds weakening the double 0.1 .
exchange mechanism responsible for the ferromagnetism and
metallic behavior in these samples. Due to the stress relaxation at 0.01 X=8,0nm |
the interfaces, the middle of the LBMO layers is relatively free of
strain. However, at low temperatures the disorder tends to localize
the charge carriers. 0,001 - s s L s 4
. . . . 0 () 100 150 200 250 300
The band structure of manganites is characterized by a locali-
zation energy (known as the “mobility edge”) due to the charac- & T (K) i

teristics of the electrostatic potential within the sample. Electronic
states with energies lower than this mobility edge are localized
while the ones with higher energy are conducting states. The en-
ergy difference between the mobility edge and the Fermi energy of
the system determines the “pseudo gap” (4) and its magnitude
compared with the thermal energy, determines the conducting
mechanism in the sample. At high temperatures, the main trans-
port mechanism is a thermally activated process with the resistivity
given by Ref. [36]:

p = poexp(-4/KgT) (3)

being pp the expected resistivity of the system at very high

Fig. 9. Temperature dependence of the resistivity for the BSTO (a) and BTO (b)
superlattices, without an applied magnetic field.

temperatures. At low temperatures the main acting mechanism is
the variable range hopping:

p = prexp(-Q/KgT)"* 4)

where p; is a constant that depends on the electron-phonon in-
teractions and Q is the activation energy in the variable range
regime.
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Fig. 10. Metal insulator transition temperature as a function of the ferromagnetic T (1 0 K )
thickness for BSTO and BTO based superlattices. 0 T g T T T T
=azr P
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The strain field in manganite films modifies the band structure =18 ) 4
of the samples [31]. Transport measurements in BSTO SL seem to = "
show that for thin FM layers the samples present a relevant =4 =k H
compressive strain field that increases 4. This increases the local- CE: i L T
ization of the charge carriers, requiring higher temperatures to = ’ T‘”“A(10‘1 k-1/4)
delocalize them. A similar behavior was observed when decreasing | e S
the thickness of single layer manganite films [36]. = -8 EEDEED = ¢ =7nm i
2Fig. 10 shows the metal-insulator transition (Tp) as a function = M
of the ferromagnetic layer’s thickness for BSTO and BTO based SL. 5
Consistently with the magnetic measurements, the metal-
insulator transition decreases for decreasing thickness of the t.,, 16nm
ferromagnetic layer for the two series of samples. As mentioned 12 e IR BEETTH
before, decreasing the tgy has two effects: an increasing influence 26 5'0 5'3 5'6 59
of interfacial effects, but also an increasing influence of structural ’ ’ Aid ) 1 Ala ' :
defects in the BTO based SL and the presence of compressive i (100 K'™)
“ v,

biaxial strains in the BSTO SL. For the latter, thicker FM layers
(tev > 10 nm) induce a tensile strain in the sample that increases
the ferromagnetic transition temperature and the metal-insulator
transition is high. Indeed, Tp for the BSTO SL with a FM layer’s
thickness of 16 nm seems to be higher than the one measured for
the single layer reference film.

We have seen that the localization of the charge carriers plays a
fundamental role in the transport properties of the SL. In the
following, size effects on the localization of the charge carriers are
analyzed. Fig. 11 shows the typical temperature dependence of the
resistivity at high temperatures (T > Tp) (a) and at low tempera-
tures (T « Tp) (b), shown for BSTO based SL.

The high temperature regime seems to be consistent with a
thermally activated behavior, while the low temperature regime
seems to be consistent with a variable range hopping behavior. This
is in agreement with the results for single layer manganite films
[36] and for similar systems in the literature [23,24,34].

Fig. 12 presents the thermal activation energy as a function of
try for BSTO and BTO based superlattices. As the thickness of the
ferromagnetic layer decreases, the difference between the mobility
edge and the Fermi energy increases; indicating a greater locali-
zation of the charge carriers. This is consistent with an increase of
structural defects that increase the localization energy and higher
compressive strains that favor the localization of the charge carriers
through electron-phonon interaction. These results are in agree-
ment with the reduction of the ferromagnetism in these samples.
BTO based SL present a lower activation energy than BSTO based SL,

Fig. 11. Typical temperature dependence of the resistivity in the high temperature
regime (a) and the low temperature regime (b). Shown for the BSTO based super-
lattices. The insets show a close in of the data fitting.
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Fig. 12. Activation energy of the thermally activated regime for the BSTO and BTO
based superlattices. Lines are guides for the eyes. The data were obtained from linear
fits to high-temperature resistivity as those presented in Fig. 11.
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Fig. 13. Variable range hopping energy as a function of the ferromagnetic thickness for
BSTO and BTO superlattices. The data were obtained from linear fits to low-
temperature resistivity as those presented in Fig. 11.

indicating a lower localization of the charge carriers. This is
consistent with the idea that during the growth, strains relax by
structural defects in the first nanometers and then the FM layer
grows with a reduced influence of strain and defects. The activation
energy of superlattices with “thick” ferromagnetic layers (~80 meV)
is comparable with the values found for single layer manganite
films in the literature [36].

Fig. 13 shows the low temperature activation energy, corre-
sponding to the variable range hopping regime, as a function of tgy,
for both series of SL. Decreasing the thickness of the ferromagnetic
layer in the superlattices, increases the activation energy in the
variable range hopping regime. For BSTO based SL, below a critical
thickness (tgpy < 10 nm), the activation energy seems to increase
linearly with decreasing tg.

For the BTO based SL and for thicknesses of the ferromagnetic
layer higher than 4 nm, the charge carriers seem to be delocalized.
Below this critical thickness, the samples present a semiconductor-
like behavior in the entire temperature range. The low temperature
regime was not available due to the high resistivity of these sam-
ples. These results seem to validate the idea that an important
structural disorder is located at the layers interface. For thicknesses
of the FM layer higher than this critical thickness, transport is
mainly driven through the region relatively free of stress and dis-
order in the center of the layer. When the thickness is reduced, this
is not possible and a huge change in the localization of the charge
carriers is observed.

At low temperatures, the possibility for the charge carriers to
“jump” between different localization volumes effectively reduces
the energy required to delocalize the electrons. Indeed, the low
temperature activation energy, Q, is reduced in more than one or-
der of magnitude, compared with the high temperature activation
energy, 4.

4. Conclusions

Artificially engineered superlattices were grown to study the
size effects on the structural, magnetic and transport properties of
multiferroic multilayers under different growth conditions. We
have found that both strain and structural disorder can affect the
magnetic and transport properties of the system. Compressive
strain tends to increase the competition between the magnetic
interactions decreasing the ferromagnetism of the samples.

Journal of Alloys and Compounds 859 (2021) 157820

Compressive strains increase the localization of the charge carrier
through the electron-phonon interaction. On the other hand, ten-
sile strain reduces the charge carrier localization, increasing the
ferromagnetism in the sample. Structural defects at the interface
introduced to relax the biaxial strain during the growth of the
superlattices affect the magnetic and transport properties of the
superlattices in a similar way. This kind of structural defects was
found to strongly affect the magnetic properties while its influence
on the transport properties is reduced. These results help to further
understand the role of strain and interface effects in the magnetic
and transport properties of manganite based multiferroic systems.
A better understanding and control of interface effects is critical for
the development of devices with new functionalities.
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