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Abstract
Ferroelastic-nanomechanical behavior of BiMnO3 thinfilms on (100)Nb-doped SrTiO3 substrate is
studied at the nanoscale, for thefirst time using the theories of depth sensing indentation andfinite
element analysis. This was to understand the redirection of polarization in ferroelastic behavior using
piezoelectric direct effect and applying a controlled local force by nanoindentation. The values of the
nanomechanical properties Young’smodulus (E), hardness (H), and Stiffness (S)weremeasured to be
E= 142± 3GPa,H= 8± 0.2GPa, and S= 44072± 45Nm−1 respectively. Using the experimental
mechanical properties, a finite element analysis was carried out to understand the relationship
between the irreversible work versus depth curve and plastic-deformation evolution of the thinfilm-
interface-substrate system, associatedwith the pop-in observed. VonMises stressmaps are presented
to clearly illustrate the deformations,mechanical failures, and influences between the BiMnO3film
and the SrTiO3 Substrate. The ferroelastic range for BiMnO3material was observed between 0 to 12
nm, and the yield strengthwas Y= 2.6± 0.7GPa. The ferroelectric properties through hysteresis
curves were evaluated at two different temperatures of 200K and 300K in order to observe the effect of
polarizationwith temperature. Providing better polarization performance at lower temperatures; Ps
= 9.14± 0.01 (m C cm–2),Pr= 2.23± 0.02 (m C cm–2) andHc= 0.77 kV cm−1.

1. Introduction

Multiferroics thin film of BiMnO3, possess a strong intrinsic coupling between the strain and spontaneous
polarization. Its application is found in high-density non-volatilememories, actuators, spintronic devices, and
piezoelectric sensors [1–4]. The electromechanical coupling in thismaterial allows for the conversion efficiency
ofmechanical to electrical energy or vice versa. This switching behavior is crucial tomaterial properties,
including piezoelectric response in ferroelectrics, dielectric, andmagnetoelectric coupling inmultiferroic
[1, 5, 6]. Several reports onmultiferroic, basicallymentioned electric field, andmagnetic field, nullifying the role
of ferroelasticity. However, ferroelasticity and strain tend to proffermuch of the coupling between ferroelectric
and ferromagnetic properties [7–9]. Polycrystalline BiMnO3 at room-temperature is reported to show
interesting electrical andmagnetic properties [10, 11]. Thefirst crystallographic studies of BiMnO3, the
structure was refined in a non-centrosymmetric space group,C2, which allows ferroelectricity [12].
Furthermore, according to studies, ferroelectricity exists in systemswith one of two perovskite-based
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polymorphs, depending on sintering temperature, viz.:monoclinic, and hexagonal [13, 14]. First-principles
calculations suggested appropriate ferroelectricity associatedwith the highly polarized 6s2 character of Bi3+

(lone pairs), which is associatedwith the John-Teller (JT) structural distortion, with its parameter as stated

Δ= 1

6( ) n 1,6 xdn
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2 of 37.2× 10−4 and 51.3× 10−4.Where xd̄ is the average of the (Mn–Obond

length) [15].
In addition, Different space groups inmonoclinic BiMnO3 give diverse results from the optical studies of its

phonon spectrum inRaman spectroscopy. Ramanmodes predicted by group theory analysis give (ΓRaman,
C2= 29A+ 31B)= 57 phonons for theC2 structure of BiMnO3, oneA, and twoB vibrations are acoustic. Both
infrared (IR) andRaman active, Space groupC2/c, has a representation of 14Ag+ 14Au+ 16Bg+ 16Buwhere
this is due to the inversion symmetry, all of the Ag andBgmodes are Raman active, the 13Au and 14Bumodes
are infrared active, while the remaining ones are acoustic [12, 16].

In this work, it is reported only as a part of the research study ofGloryUmoh’s doctoral thesis [17], which is a
completely newwork. Thinfilmswere grown by radio-frequencymagnetron sputtering technique on (150 nm)
thickness, onNb-doped SrTiO3 substrate, andwas annealed at 973K for 7 h. P-E hysteresis loops (K= 200 and
300)were conducted. The P-E plot at K= 200 shows clear hysteresis, confirming the ferroelectric nature of the
polycrystallinemultiferroic thinfilm. It is accompanied by reduced remanent polarization (Pr≈ 4.0μC cm−2)
and an increased electricfield (E= 22.0 kV cm−1), which is advantageous for storage performance in electronic
devices. On the other hand, an analysis of the piezoresponse was carried out in thismultiferroicmaterial using
Piezoresponse ForceMicroscopy (PFM) in order to verify that it has ferroelectric-piezoelectric properties.

Ferroelastic behavior through force-penetration depth, based onOliver–Pharr’s indentationmethodwas
investigated. Ferroelastic behavior, elasticmodulus (E), stiffness (S), and hardness (H)weremeasured, and the
curves give a better understanding of the differentmechanical behaviors of BiMnO3. An interesting
phenomenon (‘pop-in’) in the load-displacement curvewas observed at a specific depth (14–40 nm) of the thin
film. Finite element (FE)modeling, alongwith the experimental characterizationmethods in the indentation
test, to analyze features that were not directly available during the experimental evaluation. Physical properties
of ferroelectric polarization at different temperatures were alsomeasured. This report is envisioned to facilitate
the application of BiMnO3 inmicroelectromechanical systems devices.

2. Experimental details

As previously reported, with details elsewhere [18], BiMnO3 thin filmswere obtained via radio-frequency
magnetron sputtering. Nb-doped SrTiO3 (100) single crystal was used as the substrate for the growth of BiMnO3

thinfilm, due to its smaller latticemismatchedwith BiMnO3. A (√2×√2)R45◦ fictitious cell of SrTiO3 (100)
with a lattice constant of 5.52Å. This being a reasonable value reflected on an induced deformation at the
interface along the bBMOdirection. The optimumparameters used for growing the BiMnO3filmswere: (1)
sputtering chamberwas evacuated to a base pressure of 5× 10− 8 Torr; (2) radio frequency power of 60W; (3),
deposition temperature of 873± 5K; (4)was found to be the optimized temperature to obtain the composition
of BiMnO3 at a deposition rate was of 1.1 nm/min. Substrate rotation speed of 3 RPM; (5)Arflow rate of 13
sccmproviding a chamber pressure, during film growth, of 3× 10− 3 Torr. After film growth, ex situ thermal
treatmentwas carried out using a tubular furnace with a richO2 atmosphere, flow rate 20 sccm, andArflow rate
of 200 sccm.

2.1.Microstructural characterization
X-ray diffraction (XRD) patterns in Bragg–Brentano geometry were collected in (XRD-Philips X’PertMPD) at
room temperature. The datawere acquired from15° to 75° using a step size of 0.02°, and a scan speed of 0.22 s
per step. Additionally, themicrostructure of BiMnO3was characterized by high-resolution transmission
electronmicroscopy (HR-TEM)with a JEOLTEM-2200FS+Csmicroscope operated at 200 kV.

The preparation of the sample forHRTEMwas by focused ion beam system (FIB) using amodel JEM-
9320FIB equipment, to have the appropriate dimensions and good effectiveness in the transmission of electrons.
Figure 1 shows a SEM image of the sample prepared forHRTEManalysis, showing the architecture and
dimensions of the sample device used. In the preparation of the sample, itmust be coatedwithAu to be able to
manipulate it in FIB and carbon to protect the sample.

On the other hand, Raman spectroscopywas performed usingMicro Raman LabramHRVIS-633Horiba
with anOlympusmicroscope. The spectra were acquired between 180 and 1050 cm−1 using aHe–Ne laser with a
632.8 nmwavelength. The power and spot diameter were 14mWand 15μm, respectively.
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2.2. Ferroelectrics and piezoelectric details characterization
Ferroelectric characterizationwas carried out at 200 and 300K, circular dots of platinum electrodes of about
50–100μmdiameter were painted in circular faces and annealed at 873K for 30 min for the ferroelectric
measurements. TheAC voltage was set at 0.5Vwith a drive frequency of 100Hz. The temperature controller and
cooling systemused for ferroelectricmeasurements was aCryodyne 22Cmodel with LTS series. The system
employed for the data collection during the P-E characterizationwas the precision LC analyzer with theVISION
5.6.0 software and anRT66 test system fromRadiant Technologies Inc.

2.3. Experimental details of the piezoresponse forcemicroscopy (PFM)method characterization
The electrical domains of BiMnO3 thinfilmwere investigated by piezoresponse forcemicroscopy (PFM), using
an atomic forcemicroscope (AFM)model AsylumResearch Infinity 3D, with 2 internal lock-ins and an
amplifier. The sample was placed in the AFMholder, andwasfixedwith silver paint, as shown infigure 2(a)).
This was to avoid electrostatic charges on the surface interferingwith themeasurement. The sample was placed
inside the PFMhigh voltage system and connected to the high voltage cable that interactedwith the sample
through the tip in the PFMmeasurement (figure 2(b))).

Themeasurement zone is determined, and a scan is carried out on the 2.5×2.5μmsample in contactmode
with the optimal parameters. TheAC voltage amplitude of 5Vpk-pk and a drive frequency of 275 kHz below the
resonance frequencyHz, of the cantilever were applied between the bottom electrodes (Pt substrate) and Pt/Ir
tip during the acquisition of the PFM image.

Figure 1. Sample prepared forHRTEManalysis prepared by FIB.

Figure 2. (a) Image of the sample on the holder and (b)PFMhigh voltage system.

3
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To obtain local polarizations frompiezo-hysteresis loops, voltages of− 20 to 20Vpk-pk were applied in dual
AC resonance tracking (DART) in the Switching Spectroscopy PFM (SS-PFM) technique. The PFMmeasures
the BiMnO3 thinfilm topography alongwith itsmechanical stress, in response to the application of electrical
voltage.

V V V sin t 1tip dc ac ( ) ( )w= +

WhereVdc andVac correspond to the dc and ac voltages, respectively, andω to the oscillation frequency. The
electric field yields piezoelectric stress in thematerial that causes displacement in the cantilever, as a consequence
of the indirect piezoelectric effect [19, 20].

z z A , V , V sin t 2dc ac dc( ) ( ) ( )w w j= + +

If the applied voltage is at a frequency below the contact resonance of the cantilever, the equation is given by:

z d V d V sin t , 333 dc 33 ac ( ) ( )w j= + +

2.4. Nanomechanical characterization by nanoindentation
Tomeasure the nanomechanical properties of the BiMnO3, a diamondBerkovich indenter was used for all
measurements. The hardness, elasticmodulus, and stiffness were evaluated using standard procedures of the
Oliver andPharrmethodwith controlled cycles [1, 2, 21]. The stiffness was calculated by the Sneddon equation
as follows:

E aS 2
A

1r ( )b
p

=

whereβ is a constant that depends on the geometry of the indenter (β= 1.034 for a Berkovich indenter),Er is the
reduced elasticmodulus, which accounts for the fact that elastic deformation occurs in both the sample and the
indenter, andA is the contact area that is a function of the penetration depth or displacement (h) [22]. The elastic
modulus, Ewas calculated by considering the compliance of the specimen and the indenter tip combined in
series, by the following equation:

E a
1
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E E
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WhereEi,E, υi, and υ are elasticmodulus and Poisson’s ratio of diamond indenter and specimen respectively.
For the diamond indenter Ei= 1140GPa and υi= 0.07 are used (G200Agilentmanual, Agilent technology
USA). The hardness (H)was calculated using the equation:

H
P

A h
a3max

( )
( )=

Furthermore, the analysis depthwas set between 5 to 10%of the total thickness of thefilm to avoid the influence
of the hardness of the substrate.

Themaximum load usedwas 5mN,with a time of 10 s for loading and 10 s for unloading during
nanoindentation. Peak hold time of 1 swas used before unloading. The Poisson’s coefficient of ν= 0.20was
employed before evaluation, the coatings of the nanoindenter were calibrated using a standard fused silica
sample. Tests parameters of the area functionwere:C0= 24.07,C1=−182.16,C2= 6831.20,C3=−25411.22,
andC5= 18732.10.

2.5.Modeling details
In the numericalmodeling for the understanding of plastic deformation of the BiMnO3 (110nm
thickness)/SrTiO3 (10μm) thin film system. The software usedwas Abaqus/standard 2021 to simulate nano-
mechanical behavior. Thefinite elementmodel of the contactmechanics is constructed considering the elastic-
plastic (elastic, perfectly plastic) behavior of the thinfilm. The Berkovich indenter wasmodelled like an elastic
material (E= 1000GPa). This is because the indenter is not permanently or plastically deformed. The in-plane
BiMnO3/SrTiO3 thin film dimensions are sufficiently large to eliminate any border effects on the indentation
stress/deformation fields. Linear, 3D, 8-noded brick elements with reduced integration, and hourglass control
were employed to discretize the system. The elasticmodulus (E)was obtained from the analysis of the BiMnO3

thinfilm nanoindentation test data. The yield stress (σy)was calculated from the hardness (H) obtained by
nanoindentation and theTabor relationship (σy=H/3).Ten finite elementmodels were constructedwith 10,
20, 30, 40, 50, 60, 70, 80, 90, and 100 elements at the contact radius (half of the contact). The element sizes were
0.406, 0.313, 0.230, 0.214, 0.210, 0.205, 0.198, 0.197, and 0.196μm.The contact area between the indenter and
the system surfacewas utilized as ameasure to establish the independence of the finite element predictionswith
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themesh size. An element size of 0.198 μmand 80 elements in contact represent a good balance between
accuracy and computational cost. The simulations discussed infigure 5were conducted utilizing thismesh size.

3. Results and discussion

The high-resolution transmission electronmicroscopy technique (HRTEM)was required to complement the
structural characterization and the integrity of the interface at nanometer resolution. Figure 3(a), is the
representative sample of the cross-section of the filmwith a scale of 113± 3nm, showing the BiMnO3 thinfilm,
single crystal SrTiO3 (001) substrate. From these images, thefilm thickness was determined to be approximately
113± 3nm, the Au-cappedwith thickness of 140± 4 nmand carbon layer of 170± 5 nm. The interface between
thefilm and substrate is well-defined, and the nanocrystals in the Raman spectra are verified, without any
appreciable interdiffusion between the film and the substrates.

Figure 3(b) shows the interface of the nanocrystal representedwith awhite square region, where the
interplanar distance of d(110)= 4.75Å, and d(−201)= 3.55Å of the BiMnO3 is observed. These planes and their
respective indexing arewith reference PDF card number: 01-089-4544. A comparison of the experimental
HRTEMpattern and digital diffractogram of the planeswere identified, as amonoclinic BiMnO3 structurewith
a space group,C2. These results correspondwell with the results obtained by Yokosawa et al [23]. Their
crystalline parts are randomly orientedwith respect to each other, which demonstrates their polycrystallinity
with no indication of epitaxial layer formed. Figures 3(c) and (d) show the fast Fourier transformpatterns in the
marked squares infigure 3(b) representing the thinfilm and the SrTiO3 substrate with planes along (−201) and
(100) zone axis respectively. Analyzing the substrate using electron diffraction patterns, it is determined that it is
a (100) planewith a cubic structure with spatial group Pm-3m according to the letter pdf 00-035-0734.

Figure 4 shows theXRDpattern of a thin film synthesized at 873± 5K and annealed at 973K for 7 h. The
diffraction peakswere indexed based onmonoclinic-typeC2, space group number 5with crystallographic
parameters; a: 9.5323Å, b : 5.6064Å, c : 9.8536Å agree to reference code: (PDF: 1-089-4544). All the peaks are
associatedwith pure BiMnO3, aswas previously reported [18].

Themost intense peak in the XRDpattern corresponds to the substrate SrTiO3. The obtained diffraction
pattern shows the formation of a pure structurewithout any secondary phase. Furthermore, BiMnO3was
investigated by using Raman spectroscopy, which is known as a sensitive technique for detectingmore subtle or
phase structural rearrangements due to coupling phenomena inABO3perovskites [19, 20]. Figure 5 presents
Raman spectrameasured at room-temperature spectra. The Raman spectrum (black dotted line) acquired in a
range of 180–1050 cm−1 is shown infigure 5.

Three prominent Raman bands emerged at 398.1, 620.8, and 1009.2 cm−1 on this polycrystalline BiMnO3

sample. Apart from the three intense bands, other strong peaks are located at 234.5, 374.1, 398.1, 620.8, 665.8,
729.3, and 1009.2 cm−1, their respective oscillationmodes (TO) and longitudinal (LO), are illustrated in table 1.
Themost intense band at 398.1 cm−1 belongs to Ag symmetry of transverse optical (TO) phononmode [Ag,
(TO)]. The second intense and broad band is located near 374.1 cm−1; this feature is associatedwith Bg (TO)
phonon [22, 24].

The sharp low intensity band near 620.8 cm−1 is associatedwith Bu symmetry of longitudinal optical (LO)
phononmode [Bu, (LO)], and high frequency band near 1009.2 cm−1 is related toAg, (LO) phonons. These

Figure 3. (a)Cross-section of the representative sample inHRTEMmode, (b) single nanocrystal of BiMnO3 thinfilm, (c) and (d) fast
Fourier transformpatterns of the nanocrystal.
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bands are characteristic for BiMnO3 ferroelectric phase withmonoclinic symmetry [12, 25]. The peaks at 260
and 1009.2 cm−1 can be attributed to the lattice and stretching vibrations of theMn–Obond. According to the
Lorentz equation inOriginPro software [26] the deconvolution peaks of BiMnO3 sumup to 52, close to that of

Figure 4. (a)XRDdiffraction pattern of BiMnO3films grown on (100)Nb-doped SrTiO3 by RFmagnetron sputtering, (b)Theoretical
XRDpattern of BiMnO3.

Figure 5.Measured Raman scattering spectra of the BiMnO3 thinfilm (red dotted line),fitting spectra (black doodling circles), and the
decomposed activemodes (gray solid line) performed in the Raman spectral shape to identify the vibrationmodes of BiMnO3 using
OriginPro software.

Table 1.Raman
frequencies of IR, and
raman activemodes in the
BiMnO3 thinfilm.

Type cm−1 IR

TO 234.5 Bg

TO 374.1 Ag

TO 398.1 Ag

LO 620.8 Bg

TO 665.8 Ag

TO 729.3 Bg

LO 1009.2 Ag

6
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the calculated 57 phonons [12, 16], for themonoclinic phase reported elsewherewith theC2 space group ( C2
3

No. 5) [18]. The factor group analysis of all phononswithΓ point in Brillouin-zone center predicts the
following: C2G = A z x y z xy B x y yz xz29 , , , , 31 , , ,2 2 2( ) ( )+ [12, 27], where A andBdenote acoustic vibrations.
In the bracket shows theRaman, and IR activity respectively. The Ramanmodeswere obtained by fitting the
experimental spectra (black doodling circles), peak fitting curve (red solid line), andfit peak (gray solid line)with
Gaussian–Lorentzian shape components according to the Raman activemodes [28, 29]. It is important to note
that, the observed bands corresponds to several phonons because frequencies of themodes are relatively close.
Raman activity can arise due to several reasons, such as: grain boundaries, intergrain stresses, and phonon
anomalies which are common for somemultiferroicsmaterials, BiMnO3,HoMnO3, LuMnO3, andYMnO3

[30]. To our knowledge there is no report onC2 space group of BiMnO3 to compare themodes and frequencies
to our experimental result.

Ferroelectric hysteresis loops of the BiMnO3 thinfilms at 300K and 200K are shown infigure 6(a)) and (b))
with different applied electric fields respectively. Thefigures establish the ferroelectric behaviour of the BiMnO3

thinfilms displaying nearly saturated at 300 K and saturated hysteresis loops at 200K.
Both representative samples showdistinct hysteresis characteristics with different applied electric fields, due

to the temperature difference. In Figure 6(a)) the value of polarization is high (Ps≈ 4.06μC cm–2 at≈ 5.3 kV
cm−1); with an elliptical P-E shape, this proves that the electric field is sufficient to switch the domains. Likewise,
the report ofMGrizalez at al [31]. At T= 200K, displays a typical ferroelectric hysteresis loop, the increase of
electric fieldmay be due to the long-rang interaction of structural dipoles on cooling, as shown infigure 6(b)). It
is difficult to have good ferroelectric behaviour in perovskitematerials at a temperature higher than 300K and
below 100K [32, 33].We suggest that this behaviourmay be due to change in the structural dipoles’ orientation
of the BiMnO3films. The other physical properties are presented in the table 2.

Moreover, in order to corroborate the ferroelectricity through the phase hysteresis and electrical
displacement curves, as well as the ferroelectric polarization orientation in themultiferroic samples, the PFM
results at room temperature are presented. Figure 7(a)) shows the contactmode topography of a 2.5μm× 2.5
μmscan of a representative sample of the BiMnO3 thin film, where the equiaxial grain structure with a size of
113± 22 nmcan be observed. Figure 7(b)) shows the PFMmode amplitude image of the ferroelectric domain
structure of the representative sample. Figure 7(c)) shows the phase signal, which shows the spontaneous
orientation of the polarization, that is, how the orientation of the ferroelectric polarization is found in the
sample.

The SS-PFM results of the ferroelectric phase and electrical displacement hysteresis curves are shown in
Figures 7(d) and (f) respectively. Infigure 7(d)) is clearly observed the redirection or switching of the
ferroelectric domains caused by the applied electric field or the applied bias that was applied from−20V to 20V.
A coercive voltage of 4Vwas obtained by using the relation (Vc+−Vc−)/2, where Vc+ andVc− are forward
and reverse coercive bias voltages, respectively. Figure 7(f)) shows how the ferroelastic displacement caused by
the applied electric field originates, reaching a displacement of 1.39 nm.

Therefore, we can conclude that the BiMnO3film exhibits ferroelectric behavior compared to other similar
BiMnO3materials that other researchers have investigated [34].

Figure 8 displays a characteristic load-depth penetration curve of a single crystal BiMnO3Thinfilmwith the
maximumpenetration load of 0.7mNand the loading/unloading rate of 0.58mN s−1. Afirst single sudden
discontinuity (Frist, pop-in) in the load–displacement curvewas observed at a specific depth (0–14 nm) of the
BiMnO3 thin film.

Figure 6.P–Ehysteresis loops of BiMnO3 thinfilm at 300K and 200K to different applied electricfields on (100)Nb-doped SrTiO3

substrate.
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Table 2. Ferroelectrics and nano-mechanical properties of BiMnO3Thin film.

Ferroelectrics properties Nano-mechanical properties

Temp. (K) AppliedVoltage (V) Ps (m C cm–2) Pr (m C/cm2) Hc (kV cm–1) hmax (nm) Stiffness, S[Nm–1] Youngmodulus, E [GPa] Hardness, H [GPa] Yield Strength, Y

200 5 9.14± 0.01 2.23± 0.02 0.77 48± 0.2 44072± 45 142± 3 8± 0.2 2.6± 0.7

300 5 4.06± 0.02 0.62± 0.03 1.02
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The physicalmechanism responsible for the ‘pop-in’ event in this thinfilmmay be due to the interaction
behavior of the threading dislocations during themechanical deformation. Also, it is directly related to the yield
point [35, 36]. Similarly, the second pop-in is normally attributed to failure of thematerial due to fractures
[37, 38], or in the case of coatings on a substrate it could be the failure due to adhesion between the substrate and
thefilm, this is clarified later in the simulation part. In other words, the elastoplastic transition is observed by a
sudden penetration effect called pop-in. This sliding effect is related to the onset of permanent or plastic
deformation due to the origin of the dislocations. Static indentation hardness tests usually imply the application
of load to a spherical or pyramidal indenter. Experiments show that the hardness between the indenter and the
sample is directly proportional to the yield of thematerial, and can be expressed as;H≈CY, whereY is the yield,
orflow stress, of thematerial andC is called the ‘constraint factor,’ the value of which depends upon the type of
sample and indenter geometry. Invoking the Tresca shear stress criterion, gives:H=Y (1+α), (takenα= 70° to
Berkovich indenter), thereforeC= (1+α), andwith the vonMises criterion givesC≈ 3 [36, 39]. Therefore, the

Figure 7. (a)Contactmode topography of the BiMnO3 thinfilm, (c) and (d) the amplitude and phase of the PFM signal, and (d) and (c)
the hysteresis curves of phase and amplitude versus applied bias.

Figure 8.P–h curves of thefirst and second pop-in events for BiMnO3 single crystal in the thinfilm, at nano-meter scales.
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yield point value for themonoclinic BiMnO3 films isY= 2.6± 0.7GPa. According to theOliver-Pharrmethod
[40], stiffness, hardness, and elasticmodulusmeasured for the BiMnO3Thinfilmswere, S= 44072± 45Nm−1,
H= 8± 0.2GPa and E= 142± 3GPa respectively. Themechanical properties are presented in table 2. The thin
filmwas subjected to an elastoplastic deformation. Thus, part of the total energy involved in the
nanoindentation test is recovered as elastic energy, while the other part associatedwith the plastic deformation
of thematerial during the indentation is dissipated as plastic energy.

The area below each of the loading curves (total energy applied) and unloading curves (elastic energy)make
it possible to determine the percentage of plastic energy dissipated for the sample [41–43].Moreover, another
way to visualize the interval of the ferroelastic behavior is through the load penetration curve offigure 8. In this
curve thefirst elastic behavior is delimited by the first penetration values and the yield limit Y, which is the
ferroelastic behaviorwhere the redirection of domains, either by the direct or indirect effect as some other
authors have visualized [44, 45]. Therefore, it is important to visualize this ferroelastic behavior to see the
performance of the piezoelectricity in an indirect way. In this case, the ferroelastic range for the BiMnO3material
in thinfilm form is between 0 to 14 nmof the curve depth penetration delimited by the yield strength,Y= 2.6±
0.7GPa.

Due to experimental limitations in creating different depths of penetration in the BiMnO3/SrTiO3 substrate,
a simulation of themechanical properties byfinite element is a key candidate for studying these systems, as
shown infigure 9, where the different behaviors of vonMises stressmap distribution at different depths of
penetration in the BiMnO3film are clearly observed. Figure 9(a) demonstrates the Berkovich-type residual area
image, whichwasmodeled by finite element, using the experimental load-displacement curve.

This figure shows that there is no crack around this residual area as in other report on similar ferroelectrics
material [37, 38]. Therefore, we can say that the second pop-in of themechanical load-penetration behavior of
figure 8, does not correspond to facture in the BiMnO3 thinfilm, but to the failure of the interaction between the
BiMnO3film and the SrTiO3 single crystal substrate or abrupt change frompassing to the substrate, called an
interference failure. Figure 9(b) displays the vonMises stressmap distribution at the first pop-in, where
propagation to the deformation has already started, bymeans of the dislocations or twins in the BiMnO3 thin
film.On the other hand, figure 9(c) illustrates the vonMisses stressmaps of the second pop-in, which
corresponds to the failurementioned above due to the delamination between the BiMnO3film and the SrTiO3

substrate. Figure 9(d) shows the curve of irreversible energy involved (Wirre) versus displacement or depth of
penetration normalizedwith the thickness of the thinfilm (h/t). A suddenmarked are seen in the curve segments
at 0.05 and 0.22Wirre (10

−5J) of about 0.03 and 0.9 h/t respectively. This irreversibility, is due to the strain
induced under pressure, and provides independent evidence for the onset of plastic deformation and interface
failure of the BiMnO3 thinfilm, and SrTiO3 substrate of the first and second pop-in respectively. In other words,

Figure 9.Modeling nanomechanical properties in BiMnO3 thin film; (a) residual Berkovich area, (b) and (c) von-Mises stressmap
distribution of BiMnO3 thinfilm atfirst and second pop-ins respectively, and (c)Total energy versus displacement.
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thermodynamically the energies involved in the irreversible changes caused by the plastic deformation and the
failures between thefilm and the substrate are clearly shown in this curve.

4. Conclusion

ThroughRaman analysis, it was possible to identify themonoclinic phasewith theC2 space group according to
the vibrationalmodes, identified by the transverse optical (TO) and longitudinal optical (LO) oscillationmodes
corresponding to polycrystalline BiMnO3 thinfilm. Clear interfaces between the thinfilm and substrate was
observed in theHRTEMresults, and there is no preferential orientation or epitaxy between the (100)Nb-doped
SrTiO3 substrate and the polycrystalline BiMnO3 thin film. This study for thefirst time systematically
investigated the ferroelastics behavior, and the low-temperature ferroelectricmanifestation between the
BiMnO3 thin film and the SrTiO3 substrate. The Ferroelectric properties of BiMnO3were found to improve at
200K. The pop-in characteristics andmechanical properties of BiMnO3weremethodically studied byOliver
and Pharrmethod in nanoindentation. The nanomechanical properties were evaluated, such as: elastic
modulus, hardness, and stiffness, with obtained values of S= 44072± 45Nm−1, E= 142± 3GPa, andH= 8±
0.2GPa respectively. The ferroelastic range for the BiMnO3material was observed between 0 to 12 nm, and the
yield strength, was found to be Y= 2.6± 0.7GPa.Using afinite element, the vonMises stressmaps distribution
of the BiMnO3 thinfilm and SrTiO3 substrate were determined. Therefore, the irreversibility is due to the strain
induced under pressure and provides independent evidence of beginning plastic deformation and interface
failure of the BiMnO3 thinfilm and (100)Nb-doped SrTiO3 substrate, of the first and second pop-in
respectively. Values deduced from themechanical and ferroelectricmeasurement of BiMnO3 thin film revealed
that BiMnO3 thinfilms are attractivematerials for energy harvesting, spintronics, spin valvess, sensor
applications, andmicroelectromechanical systems devices.
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