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Abstract

Room temperature magnetoelectric (ME) compounds are rare and high-quality
artificially multilayered ones are in general difficult and costly to produce. In this respect,
Naturally Layered structures (NLP), such as the Ruddlesden-Popper phases or A/B-site
ordered Double perovskites, where noncentrosymmetric arises from oxygen octahedra
rotations and cation site order, offer an alternative route to achieve non-expensive and
high-performance room temperature MEs. Moreover, due to their high sensitivity to
lattice-distortions, their preparation in thin film form over crystalline substrates allows
the manipulation of acentricity and adjusting of lattice, electric and magnetic interactions.
As such, this work aims to produce novel NLP thin films on crystalline substrates, and
they can also be guided by ab-initio calculations. Strain mediated control of their
magnetic/electric response as well as its relevance for future energy-efficient electronic
applications is the focus of this work. The planned study will lead to the development and
exploration of new multiferroic magnetoelectric naturally layered perovskites with

enhanced room temperature ME responses.
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1. Research plan

The project aims to produce Naturally Layered Perovskite (NLP) nanostructured thin
films, based on cation doped Ruddlesden-Popper CazMn,TixO7 or double-perovskite
AA NiIMnOg, prepared over crystalline substrates. The main objective is to explore
octahedral rotations and lattice distortions in these naturally layered oxides to obtain
combined enhanced magnetization and polarization at room temperature. By using film-
on-substrate geometries, the strain tuning and control of these distortions through
interface engineering offers prospects for manipulation of acentricity and adjusting of
lattice, electric and magnetic interactions. We thus aim to explore the role of strain as a
parameter for tuning ferroelectricity and magnetization in NLP. Thin films will be
prepared by Pulsed-Laser Deposition (PLD) in different substrates (YAIOs, SrTiOs,
LaAlOz3) and substrate orientations to induce tensile/compressive strain. To further attain
strain tuned control of the films magnetic and electric properties, piezoelectric crystalline
(e.g., PMN-PT) substrates will be used. Specific objectives are:

e Synthesis of laser-ablated nanoscopic (10-200nm) thin films composed by
Naturally Layered Perovskites over crystalline substrates. Systematic
characterization of their structural, chemical and morphological properties
towards building epitaxial films-on-substrate NLP nanostructures.

e Systematic characterization of the magnetic properties as a function of
temperature and magnetic field. Study of the influence of strain on the magnetic
ordering temperatures induced by varying the layer thicknesses and the
substrates involved.

e  Systematic characterization of the electric properties (impedance spectroscopy,
P-E hysteresis cycles) of the films. Determination of the influence strain on NLP
octahedral rotations and onset of polarization in these nanostructures.

e  Studies of strain-induced/magnetic field-induced coupled multiferroic behavior.
Develop new multiferroic magnetoelectric naturally layered perovskites

nanostructures, towards enhanced room temperature ME responses.



The research timeline starts with the deposition and processing of the thin film
nanostructures. They are followed by their structural, chemical and spectroscopic analysis
to determine the optimal deposition conditions in light of their electric, magnetic and

magnetoelectric characteristics.

At this moment, the proposed work was carried out, specifically the deposition by
PLD and structural, electric and magnetic characterization of the CasMn,Oy thin films on
crystalline substrates. Also, there are samples selected for the magnetoelectric
measurements. Based on the knowledge obtained, deposition conditions of CasTi»O7and

Caz.9Sro4Ti2Oy7 thin films are being studied.

The work developed in CasMn,0; systems was orally presented at the following

conferences:

e 222 Conferéncia Nacional de Fisica (2020);

JEMS 2020 - Joint European Magnetic Symposia (2020);

e  4th Doctoral Congress in Engineering (2021);

o INTERMAG 2021 Conference (2021);

e 2021 Joint ISAF-ISIF-PFM Virtual Conference (2021);

e Annual MAP-fis Conference (2021);

e Nanotech France 2021 International Conference and Exhibition (2021);

e Smart Materials and Surfaces - SMS 2021 Conference and Exhibition
(2021).

Also, a poster was prepared for the Workshop of the Laboratory for Physics of
Materials and Emerging Technologies (2021). Finally, a scientific paper with the most

relevant results obtained so far is currently being finalized.



2. Activities developed and results

Initially, the system chosen to start the work was the Ruddlesden-Popper CazMn,0y
system over SrTiOs; and SrTiOs'Nb substrates. The PLD system was used to produce the
thin films and deposition conditions were studied. The structural, dielectric and magnetic
properties of the produced CasMn;O; thin films were also studied. Based on the
knowledge obtained previously, systems of CasTi,O; and CazoSro1TioO7 are being
studied to obtain the PLD conditions for thin films production. This section presents the

results obtained so far for CasMn,Oy thin films.

2.1. Tricalcium dimanganese heptaoxide

The tricalcium dimanganese heptaoxide (CasMn.07) hybrid improper ferroelectric
compound has a crystal structure that presents layers of corner-sharing MnQOg octahedra,
with two layers of CaMnOs; for every sheet of CaO. At high temperatures CasMn,0Oy7 is
paraelectric, presenting the centrosymmetric 14/mmm structure [1]. As the temperature
decreases, the CazsMn,O7 paraelectric state can change to a ferroelectric A2;am structure,
due to the combination of the rotations and tilt distortions of the oxygen octahedra [2].
That same lattice tilt distortions can modify the magnetic structure and the same rotations
can produce a linear magnetoelectric coupling [2,3]. Nevertheless, the magnetic order
develops at low temperatures, Ty ~115 K [4], making it difficult to incorporate NLP in
devices [3]. Therefore, for practical applications of these NLP, a set of pathways to raising
the multiferroic properties towards room temperature is needed. In this respect, the high
sensitivity of complex oxides to lattice-distortions [1,5] combined with interface and
strain engineering [6-10] leads to new functionalities. For example, theoretical
calculations predict that a strain-induced nonpolar-to-polar transition, with a critical
tensile strain beyond which the polar nature suddenly emerges, might be observed in
CazsMn;07 and SraZr,0y thin films through epitaxial strain [9]. Then, the formation of
film-on-substrate structures allows to control and enhance the films magnetization and

polarization [9,10] and, due to its simple structural characteristics (well-defined strain
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states and well-defined interfaces), this geometry is particularly suited for device
implementation. Nevertheless, so far, the production of thin films of CasMn,O7 has not
been properly explored. Thus, the preparation conditions to obtain the envisaged
CazMn;0y thin films need to be studied and optimized and their electrical properties need

to be characterized.

Thin films of calcium manganese oxide have been prepared by laser ablation over
SrTiOz substrates. The conditions for the stabilization of the CazMn,0O7 n = 2 Ruddlesden-
Popper phase, with improper ferroelectricity and magnetic order, were studied,
specifically, the oxygen pressures (from 10 to 10" mbar), laser fluences (1.4 - 3.4 J/cm?),
substrate temperatures (from room temperature to 730 °C), and influence of post-
deposition annealing. The corresponding structural, morphological and spectroscopic
properties were correlated with their stabilized phases and preparation conditions. To
further understand cooperative polar behaviour, polar order/disorder and onset of
multiferroic correlations in the CazsMn,0Oy films, their dielectric properties were measured

through impedance spectroscopy.

2.1.1. Results and Discussion

To obtain high-quality CasMn,0- thin films and study the influence of the deposition
conditions on the structure, a set of thin films was deposited on strontium titanate
substrates (SrTiOg) by pulsed laser deposition changing the deposition parameters, such
as deposition temperature, oxygen pressure, laser fluence, target-substrate distance and
influence of post-annealing. Table 1 presents the deposition conditions used to produce

the samples.



Table 1: Deposition conditions of the produced thin films and respective conditions of post-

annealing treatments at atmospheric pressure.

Pulsed lased deposition anlr::g;ﬁng
sample | T (°C) Oz(rPnrtfzsrl)Jre Las(e\:lr/ (frI:Ze;nce dtz(iégre;l—)sub TeC) | t(h)
CMO2 700 0.05 2.3 45
CMO4 700 0.1 1.1 45
CMO5 725 0.1 1.1 4.5
CMO6 700 0.05 2.3 4.5 N/A | N/A
CMO7 732 0.01 2.3 45
CMO8 731 0.01 2.3 6
CMO9 728 0.01 3.4 6
CMO10 | RT 0.01 3.4 6 730 2
CMO11 RT 0.01 3.4 6 730 10
CMO12 | RT 0.01 3.4 3 730 2
CMO14 | 700 0.01 3.4 6 900 2
CMO15 | 700 0.01 3.4 6 800 2

Figure 1a and 1b show SEM micrographs obtained on samples CMO10 and CMO14
respectively. Both samples were produced under the same conditions, except for the
deposition and post-annealing temperatures. Whereas sample CMO10 (Figure 1a) was
deposited with the substrate at room temperature and subsequently annealed at 730 °C.
The sample CMO14 (Figure 1b) was deposited with the substrate at 730 °C and annealed
at 900 °C for 2 h. As depicted in figure 1a, the film deposited and annealed at lower
temperatures present a granular surface with an average grain size of 81 nm, determined
from the SEM micrographs. However, for higher deposition and annealing temperatures
the surface becomes progressively smoother, as seen in Figure 1b. Figure 2c shows the
SEM cross-section for the CMO14 sample prepared with 50 minutes deposition time
(sample shown in Figure 1b)). The thickness of the film is uniform along the samples

area, showing some slight local variation attributable to roughness, giving an average
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thickness of approximately 305 nm. This gives ~6.1 nm/min deposition rate. The sample
presents a columnar growth morphology with column widths between 65 and 120 nm as

shown in Figure 1d.

a) Annealed at 730 °C b) Annealed at 900 °C

Figure 1: Scanning electron microscopy (SEM) micrographs of the surface of the samples: a)
CMO10 deposited at room temperature and annealed at 730 °C and b) CMO14 deposited at 700°C
and annealed at 900 °C. c-d) Corresponding SEM cross-section micrograph of sample CMO14,
presented in b) for a 50-minutes-deposition.

Figure 2 shows the X-ray diffraction measurements performed on the CMO films
prepared with different deposition temperatures, laser fluences, oxygen pressures and
target-substrate distances. No annealing was done in these samples. The vertical black
and green lines indicate the peak positions of the SrTiO3 substrate, with the cubic Pm3m
structure (ICDD card number 35-734), and CaMnOs; with the Pnma orthorhombic
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structure [11]. Similarly, Figure 3 shows the X-ray diffraction measurements performed
on the CMO films prepared with different deposition temperatures, oxygen pressures and
target substrate distances, but with high pulse energies (high fluences) and with an
annealing step after deposition. In Figure 2 and Figure 3, the vertical black lines indicate
the peak positions of the SrTiOj3 substrate, with the cubic Pm3m structure and the vertical
red and blue lines indicate the peak positions of CazMn,0; with the Acaa orthorhombic

structure [12] and of the ferroelectric A2;:am orthorhombic structure [13], respectively.

Noticeably, in the parameter region that was used without annealing (Figure 2),
namely, temperatures 700 — 730 °C, oxygen pressures 0.01 — 0.1 mbar, laser fluences 1.4
— 2.3 J/cm? and target substrate distances 3 — 6 cm, the observed X-ray diffraction peaks
are consistent with the stabilization of the CaMnQOj3; orthorhombic Pnma phase in all the
films. These films have also grown oriented, presenting the CaMnO; [001] direction

perpendicular to the substrate plane.
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Figure 2: X-ray diffraction measured in the samples prepared with different oxygen pressures and
deposition temperatures. The peaks marked with “S” are from the substrate. The green lines mark

the reference diffraction peaks from the CaMnOz Phma phase.

On the other hand, by decreasing the oxygen pressure, increasing the deposition
temperature, increasing the laser fluence and increasing the post-deposition annealing
temperature, the XRD indicates the stabilization of CasMn,O; with the Acaa
orthorhombic structure along with the ferroelectric A2;am phase of CazMn,0O7 as shown
in Figure 3. The decrease of the target-substrate distance was also observed to promote
the formation of the CasMn,0O; phase, due to exposure of the film to more energetic
species of the incident plume, for smaller distances.
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Figure 3: X-ray diffraction measured in the samples prepared with different oxygen pressures and
deposition temperatures, but with higher laser pulse energies (high fluences) and with an
annealing step after deposition. The peaks marked with “S” are from the substrate. The red and
blue curves were obtained on bulk CasMn2O7 powder samples with Acaa or A2:am phases,

respectively. The blue arrows mark the corresponding peaks observed in the films.

To further access the chemical and stoichiometric properties of the films and
understand the conditions for the phases stabilization, energy dispersion X-ray
spectroscopy measurements (EDX) were performed in the prepared films. The EDX
spectra of the CMO10 and CMO14 samples are depicted in Figure 4. In the EDX of Figure
4, besides oxygen, the spectra present Sr and Ti due to the SrTiO3 substrate, as expected.
Additionally, peaks corresponding to Ca and Mn are also observed, due to the deposited

thin films. No other elements were found indicating a high purity level of the samples.
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Figure 4: Energy-dispersive X-ray spectroscopy (EDS) spectrum measured in the samples a)
CMO10 and b) CMO14.

Combining the XRD results obtained in the samples with different deposition
conditions (Figures 2 and 3) and the chemical information obtained from the EDX

characterization (Figure 4), the regions of values of the preparation parameters and the

corresponding stabilized phases were determined. In this respect, the Ca/Mn atomic
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percentages, determined from the EDX results for the samples with higher laser fluences
(2.3 and 3.4 J/cm?) are shown in Figure 5a. For CaMnOj3 the Ca/Mn ratio is expected to
be 1 (1:1 Ca:Mn) and for CazMn,0Oy the ratio is 1.5 (3:2 Ca:Mn). The evolution of the
Ca/Mn relative concentration was observed to be strongly dependent on the laser fluence
and post-annealing temperatures, as shown in Figure 5a. For low oxygen pressures,
without annealing, as the laser fluence increases the Ca/Mn relative percentage starts to
increase from approximately 1:1, in CaMnQg, towards the 3:2 proportion as expected
from the stabilization of phases with CasMn,O;. Nevertheless, the obtained XRD and
EDX results indicate the coexistence of the CaMnO3; and CazMn,O3 phases in these non-
annealed samples at high fluence. The further evolution towards 3:2 is due to the post-
deposition annealing step. In this respect, Figure 5b shows the obtained phases, identified
from the XRD observed structures and EDS relative Ca/Mn percentage compositions,
indicating that, as the annealing temperature increases the CasMn;O; becomes
progressively the majority phase, so that for Tamea = 900 °C only the CazMn,0O- phases
are present in the films (CMO14 sample).
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Figure 5: depicted in a) is Ca/Mn atomic ratio represented as a function of the laser fluence
applied during the film deposition. In b) are the stabilized phases, depending on the laser fluence

and annealing temperature, as obtained from the XRD and EDS results.

As such, considering the results presented above, by using a 700 °C deposition
temperature, 0.01 mbar oxygen pressure and laser fluence of 3.4 J/cm?, and performing
post-deposition annealing in air, at 900 °C, for 2 hours, allows preparing laser-ablated
CMO thin films over SrTiOs substrates, with the CasMn,O- stoichiometry.

In the X-ray diffraction results of Figure 3, two main CasMn;O7; XRD peaks are

observed corresponding to the (111), (222) atomic planes. This indicates that the
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CasMn;0y films have grown oriented, presenting the [111] direction perpendicular to the
substrate plane. Nevertheless, the presence of the small (206) peak in the XRD curves of
Figure 3, at 20 ~ 44.5°, indicates a slight degree of polycrystallinity. Since the Acaa phase
of CasMn,0y is pseudo-tetragonal [1,5] the observed peaks were used to calculate the
lattice parameters using this phase as reference (for the A2;am an extra peak with a
different orientation would be needed). The lattice parameters obtained from the X-ray
diffraction peaks observed in the CMO14 film are presented in Table 2 along with the
reference Acaa room temperature phase, for comparison. A distortion is observed to occur
along the c-axis where a contraction strain was observed, as compared to the reference.
On the other hand, the a and b axis tend to be expanded relative to the bulk. As the
polarization of the ferroelectric phase of CasMn,Oy7 is along the a-axis [5], the observed
distortions indicate that the interfacial substrate/film strain induced on the deposited
CasMn,0y films over SrTiO3 substrates promotes the formation of the polar distortion,

enhancing the stabilization of the CazMn,Oy ferroelectric phase.

Table 2: Lattice parameters of the CMO14 thin film with the CasMn207 phase.

Lattice parameters
Deformation
Phase Acaa strain along A2lam
Obtained (A) | reference (A) growth reference (A)
[1] direction [1]
(Acaa)
a 531 5.21189 2.0% 5.23954
CasMnz07 | b 5.31 5.21189 2.0% 5.23840
c 19.0 19.59600 -3.0% 19.42711

To further understand the structure and phases of the deposited films Raman
spectroscopy was measured in the prepared CasMn,O7 samples, at room temperature (Trr
= 290 K). Raman spectroscopy yields phonon parameters reflecting the local crystal
symmetry, allowing the detection of the presence of structural distortions of the unit cell.

Figure 6 shows the Raman spectra measured in the sample CMO14. The observed Raman
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modes are identified by B and P symbols according to the notation in reference [14]. The
B modes are attributed to the Acaa structure, normally stabilized in CasMn,O; at
intermediate temperatures, while the P modes are due to the polar A2;am low-temperature
CazMn,0y phase. There is some degree of overlap between the modes of Acaa and A2;am
structures as the phonon energies anticipated for the A2;am and Acaa symmetries are
nearly degenerate [14]. Nevertheless, in Figure 6, visible modes are due the A2;am
structure were put in the graphic along with the ones for the Acaa structure. Figure 6
indicates the coexistence of the ferroelectric A2;am and the orthorhombic Acaa phases at
room temperature, which has also been observed in bulk CazMn,O7 crystals/ceramics
[1,15,16].

B13,B14

Intensity (a. u.)

T T T v T T T T T T T T T
100 200 300 400 500 600 700

Raman shift (cm™)

Figure 6: Raman spectrum of CMO14 sample showing A2:am (marked with P) and Acaa

(marked with B) modes.

To further understand the influence of the substrate strain on electric polarization and
on coupled magnetic-electric behaviour, the electrical properties of the CasMn,0Oy7 films
were measured between 30 K and 295 K, region of the stabilization of the ferroelectric

phase [1]. In this respect, the dielectric properties are sensitive to polar order/disorder and
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cooperative polar behaviour present in a material. Figure 7a shows the temperature-
dependent real part of the electrical permittivity at different frequencies. A sharp
frequency-dependent step-like change is noted, with decreasing temperature, due to
increased polar interactions in the ferroelectric phase, at low temperatures. Figure 7b
shows the temperature-dependent imaginary permittivity at the same frequencies
measured in CMO14 sample. Here, a peak that shifts to the high temperature with
increasing frequency is visible, suggesting a thermally activated behaviour. The peak
maximum coincides with the inflection point in the corresponding &'(T) curves indicating
an intrinsic polar relaxation behaviour [5] In addition, the low values of the loss tangent,
with tan § < 1, indicate a small contribution of conductivity, due to free charge carriers
[17] to the permittivity of the films.
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Figure 7: a) Temperature-dependent real permittivity at 500 Hz (red curve), 5 kHz (green curve)
and 10 kHz (blue curve). b) Temperature-dependent imaginary permittivity at the same
frequencies for CMO14 sample.

Figure 8 presents the real (Figure 8a) and imaginary (Figure 8b) permittivity as a
function of frequency at temperatures between 68 K and 242 K measured in the CMO14
film. Two distinct regimes, corresponding to two relaxations, are visible at low and high
frequencies marked by a change of slope at low frequencies in the real and in the

imaginary parts of the permittivity. The observed relaxations are broad indicating a

17



distribution of relaxation times and the presence of correlated dipole behaviour. Thus, in
order to fit the electrical permittivity curves, the Havriliak-Negami (HN) model function
[18,19], with two relaxations was considered:

)=t Z [1 + (la)r])

where Ag; is the relaxations intensity, &, is the high-frequency dielectric constant, w is

Bj]yj ey

the angular frequency, 7; are the relaxations times and ; and y; are coefficients of each
HN function, with the constraints 0 < ; < 1 and 0 < B;y; < 1. For p =y =1 the HN
model reduces to the Debye function, with only one relaxation time. Equation 1 was fitted
to the curves of the real and imaginary permittivity as a function of frequency as shown
in Figure 8a and b respectively, to find the function parameters. The corresponding
Nyquist plot data with the HN equation fitted is presented in Figure 9. Here, the two
distinct regimes corresponding to two relaxations can be seen more clearly.
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Figure 8: a) Real (a) and imaginary (b) permittivity as a function of frequency at temperatures
between 68 K and 242 K with HN equation fit. for CMO14 sample.
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Figure 9: Nyquist plot of the imaginary part as a function of the real part of the complex

permittivity at temperatures between 68 K and 242 K with HN equation fit.

The relaxation times obtained from the HN fits for the main relaxation process,
occurring at higher frequencies, show a thermally activated temperature-dependent
behaviour. As such, to determine the activation energies (E,), the Arrhenius equation was

considered:
E

(T) = Toe(kTaT) (2)

Figure 10 shows the logarithm of relaxation times as a function of the inverse of
temperature. The graph shows two different regimes, one for temperatures below 121 K
in the region where the films become antiferromagnetic (AFM) and the other for
temperatures above 148 K. The activation energies were calculated for each regime

temperature-dependent, obtaining E; <151 = 0.08 eV and E, 5145 = 0.05 eV.
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Figure 10: Logarithm of relaxation times as a function of the inverse of temperature with linear
fits to the two different regimes, for temperatures below 121 K (blue fit) and temperatures above
148 K (red fit).

Figure 11a shows the temperature dependence of the g and y parameters, obtained
from the fits with the HN function, for the main relaxation in equation 1. The g and y
parameters describe the symmetric and asymmetric broadening of the complex dielectric
HN function, respectively. The parameter g increases with increasing temperature, while

y shows the opposite behavior.

The dielectric behavior in the frequency domain is related to that in the time domain
by a Fourier transformation. For independent dipoles, with relaxation time tp, an
exponential decay of the dipole correlation function ¢(t) = ¢(0)e~t/*™> is obtained,
giving the Debye behavior e(w) = Ae/(1 + iwTp) in the frequency domain [19]. For a
non-Debye relaxation, dipole correlations develop giving a stretched exponential
behavior in the time domain described by the Kohlrausch-Williams-Watts (KWW)

function:
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Brww
¢<t)=¢(0)exp<—(TK;W) ) @

where Bkww is the stretched exponential parameter. By w Can be connected to the
parameters S and y of the HN function by the relation By = B X y [20,21]. Figure
11b shows the temperature dependence of the stretched exponential parameter. An abrupt
decrease of Byww is observed at ~110 K, close to the antiferromagnetic transition
temperature of CazMn,0s Tn ~ 112 K [4,5]. The abrupt drop in Sxy, across the AFM
transition thus indicates the presence of magneto-electric interactions and magnetically

induced enhancement of dipolar-correlations with decreasing temperature.
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Figure 11: a) Parameter  and y values obtained for the main relaxation and the product obtained
between B and y parameters. b) Temperature dependence of the stretched exponential parameter,
Bkww marked with an abrupt decrease of observed bellow ~110 K.

Compared to CasMn;O7 in bulk [22], the thin films analysed here have higher
permittivity. This is due to the influence of the Maxwell-Wagner-Sillars polarization that
occurs on a nanoscale, where the charge carriers can be blocked at the inner dielectric
boundary layers or the interfaces of this films-on-substrate geometry [19].

The magnetic properties of the CMO11, CMO12 and CMO14 samples were measured
using a SQUID magnetometer. Figure 12 presents the temperature dependence
magnetization (M(T)) under 2500 Oe field. The M(T) curves show that CMO11 and

22



CMO12 samples have a large paramagnetic component (seen by the Curie type curve,
C/T, at low temperatures), added to a diamagnetic background attributed to the substrate.
In CMO14 sample, an AFM transition with Ty = 112 K was found, in accordance with

what was observed in the dielectric measurements.
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Figure 12: Temperature-dependent magnetization under 25000e of CMO11, CMO12 and
CMO14 samples, showing an AFM transition with Ty = 110 K in CMO14 sample.
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