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GRAPHICAL ABSTRACT

Optical limiters based on multiferroic bismuth ferrite to limit high intensity laser pulses
to protect optical sensors.
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Abstract

Bismuth ferrite (BFO) nanoparticles were synthegizia sol-gel route with malic acid as
a chelating agent. Structural characterization WDXreveals the formation of single phase
rhombohedral BFO and FTIR (433, 546 tneonfirms the molecular structure. FESEM exhibits
an agglomerated spherical morphology with an aegzayticle size of 119 nm. The first and
second order structural transitions have been wetet 821 (rhombohedral — orthorhombic) and
932 C (orthorhombic — cubic) by DTA. Strong visiblghit absorption with a band gap of 1.92
eV and defect related emissions at blue (417,45p amd green (521 nm) regions have been
observed. Multiferroic properties at room tempemathow weak ferromagnetism with remnant
magnetizationNl;) 0.179 emu/gm and ferroelectric behavior with rantrpolarization®;) 0.08
uClent. Dielectric measurements as a function of frequef60 Hz - 5 MHz) and temperature
(30 - 450C) illustrate an evidence for magnetoelectric diogpwith a peak at 35C indicating
the magnetic phase transition. Third order nonlirogaical property studied by the open aperture
Z-scan technique (Nd: YAG, 532 nm, 5 ns) showsréverse saturable absorption (RSA) based
optical limiting behavior.

Keywords: Bismuth ferrite, Multiferroic, Ferromadisen, Ferroelectricity, Z-scan, Optical

limiting



1. Introduction

Bismuth ferrite, BiFe@ one of the very few multiferroics has attractegr@at interest in
recent years through the co-existence and interpéyween ferroelectricity, ferroelasticity and
ferromagnetism. The outstanding feature of BFOh&t it is the only multiferroic compound
known so far which undergoes phase transitionso@éctric to paraelectric 8ic =825 C and
antiferromagnetic to paramagnetic Bf = 370 C) [1]. Its ferroelectricity is driven by the
steriochemically active lone pairs of*Bions causing a large relative displacement ofrigi @
atoms along the pseudo-cubic [111] axis. The magoedering is due to the spin canting which
results in a small net magnetization leading to kviEgiromagnetism in the antiferromagnetic
substance. The control over the electric and magmetiering in BFO by the application of
magnetic and electric fields respectively finds legggions in spintronics [2] (as tunnel barriers
in magnetic tunnel junctions and as exchange biger$), nonvolatile memory devices [3] (with
a 1.7V memory window of metal — ferroelectric —ulaor — silicon structure) etdvany
potential and exciting properties such as gas sgréj (ethanol gas sensing with higher oxygen
vacancy concentration) and photovoltaic [5] (pekatesintrinsic semiconductor sandwiched
between p and n type layers forming p-i-n hetercijion) are observed in BFO depending upon
the synthetic routes. Thus, most of the previoudiss on BFO were focused on its multiferroic
and linear optical properties. In this work, thenlveear optical properties and optical limiting

behavior of BFO is reported.

Recently, there is a growing interest for matsriaith second and third order
nonlinearities as they found copious applicationspto-electronics. Second and third harmonic
generation (SHG/THG) responses o0tBiOB,0s single crystal studied by the Maker fringes
technique show comparable efficiency with that &@and KDP [6]. A novel composite of
same crystal with Ag nanoparticles embedded in PMMdélymer is also proposed for
optoelectronic devices which is operated by SHG Ar] organic- inorganic compound Bi(ll$)!
lodobismuthate networks is found to be potentiaidodates for application in temperature
controlled SHG switches like sensitive optical temgture detectors [8]. Nonlinearity arises
when the material interacts with intense radiama the nonlinear absorption i.e. change in
transmittance of a material as a function of intgner fluence can be saturable or reverse

saturable one [9]. In the former, there will beiacrease in transmittance with the increasing



incident intensity while in the latter the reversecurs. Different effects resulting from this
nonlinear absorption is employed in diverse area®iing large fields of photonic applications.
Saturable absorbers are useful in mode lockingsepa@ompression and Q-switching while
reverse saturable absorbers find applications fita@pulse processing like optical limiting and
optical pulse shorteners [10]. Optical limiting anmaterial can be caused by the effects like
excited state absorption (ESA), two or three photdsorption (2PA/3PA), free carrier
absorption, etc. The open aperture (OA) Z-scannigcie devised by Sheik-Bahae et al. [11] has
been widely used for characterizing the third omgical nonlinearity. Following this technique,
many reports are available for the nonlinear optbaracteristics of metal oxide nanopatrticles,
nanocomposites and thin films. Lakshmi Reddy e1&l} have described the 2PA with saturable
absorption and optical limiting property of copanc aluminium ferrite by solid state reaction
route. Reverse saturable absorption (RSA) basedirnignbehavior with 3PA in NiF&,
nanoparticles has been reported with nanosecondfemtbsecond laser pulses [13]. Shiji
Krishnan et al. [14] have investigated the two phoassisted exited state absorption in YErO
multiferroic. The present work reports RSA baseticaplimiting in BFO when excited with Nd:
YAG (532 nm, 5 ns) laser.

2. Experimental Procedure

BFO nanoparticles were synthesized by metal ionsptexing with malic acid (gH¢Os)
by sol-gel method [15]. Nitrates of bismuth (Bi(}5H,0) and iron (Fe(Ng)s9H,0)
precursors in 1:1 molar ratio (0.015M) were disedluin distilled water and the solution was
adjusted to a pH 1 by adding few drops of nitricdg&iNOs). Malic acid solution with a molar
ratio of 1:2 to the metal nitrates was preparedistilled water by holding a hot plate of
magnetic stirrer at 5@. Metal nitrate precursor solution was pouredvBfoto this and the
solution displayed yellow to orange colour aftez #tddition of nitrates and turned brown upon
further heating. Continuous heating at@0ded to the evaporation of solvents and autctigmi
of the xerogel with the evolution of large quasmettiof brown fumes. The dark brownish powder
obtained was ground well and calcined for two hoatss50 C to obtain well crystallized

nanoparticles.

XRD was performed (RIGAKUCuU Ka, 1=1.5406A) to determine the crystalline phase
and crystallite size. FTIR was recorded (JASCO BBUS) by KBr pellet method. FESEM (FEI
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QUANTUM FEG 200) along with EDS was employed tadfiout the morphology, particle size
and elemental composition of the sample. The thegragimetric and differential analysis were
carried out by TG/DTA (NETZSCH STA 449F3, upto 100D UV-Visible (PERKIN ELMER
LAMBDA 35) and emission (FLUOROMAX 4) spectra werecorded. Room temperature
magnetic hysteresis loop was studied in a 7404 LBKBRE vibrating sample magnetometer.
Electrical properties were evaluated with a fereotic loop tracer (Radiant Technologies, USA)
and an impedance phase analyzer (HIOKI 3535-50 HCRESTER) respectively. These were
performed on 1 mm thick pellet of BFO nanopartictemted with silver paste to serve as
electrodes. To perform the Z-scan experiment, #uorsd harmonic output from a Q-switched
Nd: YAG laser (Minilite, Continuum, 532nm, 5ns) wased. Energy transmitted by the sample

was measured using a pyroelectric energy probes@®j/Laser Probe Inc.).

3. Results and Discussion
3.1 Structural Analysis

Fig.1 shows the XRD pattern of BFO calcined & 65for 2 hrs. Heating the powder at
high temperature yields phase pure BFO with a skity structure and the pattern is in
excellent accord with JCPDS file 86-1518 [15]. Stunal analysis did not reveal any other
parasitic phase related to the formation of imguphases of bismuth ferric oxide such as
BioFe,0g, BixsFeQy or BiO; or FeOs. Sharp diffraction peaks are observed reflecting t
greater crystallization of BFO. All the diffractigmeaks are indexed to rhombohedral structure
with lattice parametera= 5.580 and= 13.865 A where as the standard valuesaafe578 and

c= 13.862 A. The average crystallite siz¢35 nm) is evaluated by Debye-Scherrer equation

0.944
[ cost (1)

where 1 is the wavelength of X-ray} is the full width at the half maximum ar#lis the
diffraction angle.
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Fig.1 XRD pattern of BFO nanoparticles calcined at &00

The absorption features at 546 and @83 are attributed to Fe-O stretching and
bending vibrations respectively being the charasties of the Fe® octahedral group in the
perovskites (fig.2). Manisha Arora et al. [16] hapecified that the peaks at 550 and 440 cm
are due to the overlapping of Fe-O and Bi-O vilrai BiQ octahedral structure possesses
peaks at 525 and 450 €ndue to the bending vibration of Bi-O. The smalsatption bands at
3436 and 1620 cthare assigned to O-H stretching and bending vitmatrespectively. Also the
weak bands at 880 and 1360 tare due to the existence of trapped nitrates erstinface [17,
18]. The morphology of BFO shows the sphericalipi@d aggregated as clusters (fig.3) and the
average patrticle size is found to be 119 nm. FrloenBDS spectrum given in fig.S1, the molar

ratio of Bi: Fe is found to be ~1:1 in confirmatiaith the experimental procedure.
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Fig.2 FTIR spectrum of BFO nanoparticles



Fig.3 FESEM image of BFO nanopatrticles
3.2 UV-Vis absorption and fluorescence spectra

Linear absorption spectrum taken for the conceptratf 10 mg/ml of BFO is given in
fig.4(a) and it reveals an absorption maximum a#l 46n. By calculating the absorption
coefficient, the bandgap is found from thdn()? vshy plot as ~1.92 eV consistent with literature
[18], where as the reported values are 2.12 eVroubes) [19] or 2.75 eV (thin films)[20].
Fluorescence (FL) spectrum of BFO for an excitati@velength of 330 nm at room temperature
is given in fig.4(b). Xuelian Yu et al. have poidteut that the FL spectrum of pure BFO shows
only a blue emission at 454 nm (2.7 eV) due to aefivated centers arising from lattice defects
like vacancies and after Mn doping, a weak greersgon at 518 nm is obtained [21]. Three
principal emissions, one near band edge emissiof8atnm, a weak emission at 529 nm
originated by defects at grain boundaries and @mgremission at 545 nm due to oxygen
vacancies are discussed for BFO nanotubes for ailaggn wavelength of 400 nm [22]. A
band-to-band transition at 460 nm and an oxygeman@&c related weak hump at 508 nm are
observed for BFO ceramics [23]. But in the prewglirial, a weak green emission at 521 nm
(2.38 eV) along with two blue emissions at 417 72¢%/) and 450 nm (2.76 eV) are defect

related ones, disclosing a new freedom in hanosxleal applications.
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Fig.4(a) Tauc’s plot and absorption spectrum (inset) @)dluorescence emission spectrum of

BFO nanopatrticles

3.3 Thermal Analysis

To investigate the thermal behavior of the calcisaohple, TG-DTA has been carried out
(fig.5). The TGA curve shows only a small weightdq1.7 %) and there is no extra impurities
present for further decomposition. From the cuitvis, confirmed that the crystallization of BFO
occurs at 45@ which is a criterion for selecting the temperatior calcination (55C). A small
weight loss in the temperature range from 0 td @08 due to dehydration of the precursors and
the decomposition of nitrates. In the phase diagddnBFO, the first order ferroelectric to
paraelectric transition (rhombohedral — orthorharplait 825C and the second order transition
(orthorhombic — cubic) at 93¢ have been reported [1]. In the present obsemvatineTc is 821
C and an exothermic peak at 982corresponding to the second order transitiomse found.
The first order transition is also accompanied byolime contraction as evidenced from the
TGA curve. Above 94@@, BFO is very unstable and it quickly disintegginto parasitic phases
such as BFeOy and liquid BpOs. The weight loss after second order transitionceigs the

loss of BpOsthrough sublimation process.
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Fig.5 TGA curve of BFO nanoparticles calcined at®8D@nd inset shows the DTA pattern

3.4 Multiferroism

To investigate the room temperature magnetic ptigseof BFO nanoparticles, magnetic
measurements were performed. Magnetic hysteresis iltustrated in fig.6 confirms a net
magnetization at 300K and as expected for G-typdearomagnetic materials, saturation in
hysteresis loop is not attained. Though bulk BF@nsferromagnetic, a ferromagnetic ordering
is found in nanosized BFO resulting from the cardpith arrangement followed by suppression
of helical structure [24]. The origin of magnetissnmputed to two possible reasons: 1) due to
incomplete antiferromagnetic spin spiral or 2) doeincompensated surface spins. Incomplete
spin spiral is recounted to the particle size whileompensated surface spins are related to the
presence of defects. For a particle size of 50 nmoh @ applied field of 22 kOe, magnetic
ordering has been reported because of the presaihncesidual magnetic moment by the
uncompensated spins on the surface and thus bgetilércycloid spin structure [25]. Enhanced
antiferromagnetic properties of BFO prepared byreopitation method have been reported
with particle size in 50-100 nm range [26]. The amtement oM, is conferred by Rajasree Das
et al. for Pr and Cr codoped BFO nanotubes havingraliameter of 250 nm and wall thickness
of 50 nm [27]. Apart from this, an increase in s@aeamagnetism aroused from the statistical
distribution of F&" and N#*in the octahedra or due to the creation of lattiefects is found in
BiFe;xNixOs3 [28]. As evidenced from XRD and FL, the ferromagné&ehavior exhibited by
present BFO is featured to the collective effedidowver particle size thus interrupting the

antiferromagnetic order and presence of vacaneiaged to the uncompensated surface spins.
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Fig.6 M - H hysteresis curve of BFO nanoparticles at raemperature

Polarization — electric field hysteresis loop of @&t room temperature is depicted in
fig.7. Because of the repulsion of Bi®6®ne pair of electrons, there arises a relative
displacements of Bi and O ions resulting in netapetion. Even though the high leakage
current is an implicit problem in BFO, the P-E lodplayed under an external ac field of
frequency 10 Hz and strength £10 kV/cm is an irdiiadication of reduction in it. It is also
observed that for the given field, the P — E lospnot fully saturated though there is a
minimization of leakage current. A breakdown figlds observed above 3500 V and the sample
did not provide any signal for further increasevivitage. In the present investigation, the
obtained values oP, and E; are low, but reliable with existing literature [2However,
comparatively low values d¥; (~ 9 and 7uC/cnt) have been discussed forgB&d, oBFO and
Bay.0sGdh 1BFO ceramics respectively [30].A well saturatedtégesis loop with very large;,
has been reported for undopedP(2168 uC/cnt) [31] and co-doped @ ~235 uClent) [32]
BFO thin films. Also, P-E values, very comparahtesingle crystals but almost half of the
reported values for ceramics have been gained liny state reaction [33], but the particle size is
in micrometer (5-10um). The obtained magnetic and ferroelectric parametlong with

available literature are listed in table 1.
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Table 1: Comparison of room temperature ferromagnetic anwélectric parameters of BFO

nanoparticles

Magnetic Parameters Ferroelectric Parameters
M; (emu/gm) Hc (Oe) Ref. P; (uCl/cm?) Ec (kV/cm) Ref.
0.90 78 [21] 0.4 25 [25]
0.07 185 [25] 0.17 10 [29]
0.11 147 [26] 2.5 40 [33]
0.18 150 Present 0.08 5 Present

Frequency dependent (100 Hz — 5 MHz) dielectricsusament of BFO is carried out in
the temperature range 30 to 46(Qfig.S2 (a and b)). Both dielectric constat)) @nd dielectric
loss €”) increase with increasing temperature and a qooreting exponential decrease with
increasing frequency is observed. This behaviowx@ained on the basis of dipole relaxation
indicating a large dispersion due to the Maxwellgivar type of interfacial polarization [16]. As
oxygen deficiency is an inherent problem in BFO,vasified from the FL spectrum, space
charge polarization is always present in it. Vasiguolarizations such as electronic, atomic and

ionic, dipolar and space charge or interfacial hawaributions to the total polarization. Here, in
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the low frequency range (~1(Hz) the interfacial polarization has much conttiba thus
inducing high values of in that region. Dipolar polarization has effecitdyan the sub-infra red
region (16 — 1 Hz) and it does not follow the electric field imetmicrowave region (faLo'

Hz) [30]. So, these participating mechanisms griylaiecrease as the frequency increases and
subsequently’ decreases. This high frequency independence esplaie incompetence of
electric dipoles to be in pace with the applieddfieequency. Frequency dependence ofdtas
interpreted with Koop’s phenomenological theory][34igh values of ta@ in the low frequency
region are featured to the low leakage current iizaf the large insulating boundaries between
the nanosize grains. Also there is a relaxatiogueacy accompanied by each polarization
mechanism causing maximum dielectric loss. Nyqpiists of imaginary versus real impedance
data as a function of temperature are shown i8 fig). At low temperature and frequency, the
impedance plot shows a straight line almost pdréflemaginary axis but at high values, it
exhibits a semicircle. The semi circle is relatedhe grain interior resistance and the spike is
attributed to the effect of blocking electrode [3Big.8 (b) depicts the temperature dependence
of ¢ for different frequencies. A sudden jumpeénat 350C signifying the ferromagnetic to
paramagnetic phase transition is observed at theximity of Ty. In the case of
magnetoelectrically ordered systems, this typerdgularity is predicted by the Landau —
Devonshire theory of phase transition and it sigsifthe polarization-magnetization coupling
[36].

(b)..| =
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1l ——roxn
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Fig.8 (a)Nyquist plot at 125 - 45C (30 - 100C in inset) andb) Temperature dependent
dielectric constant for BFO nanoparticles at vagitrequencies
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3.5 Nonlinear absorption and optical limiting beioav

The sample for the Z-scan experiment was prepayedidpersing the nanoparticles in
0.03 g/ml concentration in ethylene glycol. To legith, the experiment was performed for the
solvent alone and it shows only a negligible absonp The prepared nanopatrticle solution taken
in a 1 mm cuvette was irradiated by the second baicroutput of the Nd: YAG laser (532 nm,
5 ns, 10 Hz). The sample had a linear transmissigi®% and the direction of the laser beain (
= 3 mm) was fixed as Z-axis. By focusing the bearhich was spatially Gaussian, using a
converging lensf(= 10 cm) and by translating the sample in thearegiear the focal poinz£0),
the optical intensity seen by the sample can biedarhe transmittance as a function of sample
position was measured for two input laser pulserggeg of 50 and 1QQ). The nonlinear
transmittance plotted against the sample positioesgthe open aperture Z-scan curve, from
which the nonlinear absorption coefficient and aogiti limiting threshold are obtained.

Considering the nonlinear optical properties, ¢hisra crucial distinction associated with
the nonlinear absorption properties whether theghenergy of the laser field is greater than or
smaller the band gap energy [37]. In the presemkwtbe energy of the laser is greater than the
bandgap of the materiajd (2.33 eV) > ((1.92 eV)). For this case, nonlinear response rsccu
as the result of band to band transitions resulim@n increase in conduction band electron
density. The change in this electron concentrdgads to several mechanisms like free-electron
response, excited state absorption, plasma scigeeffects, band filling effects etc. resulting in a
change in optical properties.

In general, the depth of the valley in the Z-seaperiment is a direct indication of the
large excited state absorption compared to thergf@tate absorption, indicating the optical
limiting efficiency of the materials [38]. Increage the excited state population is an evidence
for the increase in absorption with input fluenoe #he corresponding transmittance shows RSA
characteristics. Since RSA involving two photons namerically similar to two-photon
absorption, the measured Z-scan data is numeribaky-fitted to two-photon type absorption,
given by the equation

T(z)=(1- R)z%zln[H 0 exp— %2 |dx )

12



where T(z) is the normalized energy transmittance. Hér@and R are the sample length and
surface reflectivity, respectively. It is known thahen excited with nanosecond pulses, both
excited singlet and/or triplet states have sigaificcontribution to nonlinear absorption and is
anticipated as saturable absorption along withcéffe two photon absorption. 2PA described by
fourth rank polar tensors is related to the imaginpart of the third order nonlinear
susceptibilityy® and hence does not require non-centrosymmetryn fireenonlinear absorption
coefficienta is given by

a(l)=m+ﬁl P

where | is the laser intensityls is the saturation intensity and is the unsaturated linear

absorption coefficient of the samptg.(z,) is given by
0o = 81— R) lpLeg (4)

where |y is the peak on-axis intensity incident on the malteand f is the effective 2PA

coefficient, which characterizes the strength aflmear absorptiorLesis given by

_1- exptal)

Lett po (5)

The corresponding nonlinear propagation equati@ivisn by
—j +4 |l (6)

wherez’ is the distance of propagation within the samplg.9 shows the measured Z-scan
curves. Open circles denote the data points and sotves are the best numerical fits. Limiting
threshold is the input fluence at which the tramssmoin decreases to 50 % of the linear
transmission due to nonlinearity. The sample trassion versus input fluence plot for 1Q0
(which is the optical limiting curve, extracted finoZ-scan data) is given in fig.10. Limiting

13



behavior for 5QuJ is provided in fig.S3. The obtained values oflim@ar absorption coefficient
f, saturation intensitys and optical limiting threshold for 50 and 100 and reported values of
some spinel ferrites (532 nm, 5 ns, 0.2 Hz) arevshim table 2. It is known that thermally
induced scattering reduces the transmitted enelggnwhe sample is close to the beam focus. In

the present case, this effect is not studied.

In the case of Bi doped ZnO thin films, RSA basgdical limiting with # increasing
from 1.02 to 5.76 x1®&" m/W for a Bi concentration of 1 to 5 at.% is dttried to the increased
number of thermally agitated particles due to Bhamntration [39]. Dependence of surface
roughness of these thin films on second and thidgrononlinear susceptibilities is also studied
by Abed et al.[40]. A switching from RSA to SAfeund in EDT — TTF - Terpy ligand with Ru
and Fe metal complexes using Nd: YM@ser (532 nm, 30 ps, 10 Hz) due to the introductf
metal cations which change the energy levels obtistem. The observetis 0.64 x 13° m/W
[41] which is comparable to the present study Ox8.0™ m/W). In perovskites, multiferroic
YCrOs shows nonlinearity with a 3PA coefficient of 4.5.8%* m*W? under the irradiation of
nanosecond pulses [14]. The observed fifth ordatimearity is considered as 2PA followed by
ESA. El-Bey et al. [42] have observed 2PA and ahaanement of THG in multiferroic
Bi-Fe,Og near antiferromagnetic phase transition by theiegipbn of an external magnetic field

(0.3 T) and photoinduced power density (0.9 m3jaue to magneto-electric coupling.
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Fig.9 Z — scan curves of BFO nanopatrticles for 50 andi100
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Table 2: Effective 2PA coefficient, saturation intensityddimiting threshold for some ferrites.

Sample E'E'er“ B l's -|-Lhimiti|,r: g|d Ref.
u J)gy (x10° m/W)  (x10"Wim?) ( gfcsm%

ZnFe;04 12 5 5 2.23 [38]
NiZnFe,O, 12 5.8 5 1.60 [38]
CuznFe,0, 12 7.9 5.2 1.49 [38]

BiFeO; 50 0.87 9.5 2.09 Present
BiFeO; 100 0.89 22 1.94 Present

4. Conclusion

Using malic acid as chelating agent, BFO nanopagiibave been prepared by sol-gel
method and TGA reveals the formation of BFO at 85®owder XRD verifies the single phase
rhombohedral structure with average crystallitee £ 35 nm. FTIR reveals the overlapping of
stretching (546 ci and bending (433 ¢ vibrations of Bi-O and Fe-O bonds in Bi@nd
FeQ; octahedral groups. The UV — Vis absorption spactsignifies a much higher utilization of
visible light with a direct band gap of 1.92 eV .flaorescence spectrum, blue (417, 450 nm) and
green (521 nm) defect related emissions indicatepdtential applications in light emitting

diodes. Ferroelectric to paraelectric transition82f C and orthorhombic to cubic structural
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transition at 932 are noticed in DTA. M-H loop shows ferromagnetiéM;, = 0.18 emu/gm)
compared to the antiferromagnetic bulk resultimgrfrthe suppression of helical structure and
the uncompensated surface spins due to defectsloBgEspecifies the ferroelectric behavior
with incomplete hysteresis due to leakage curr@ntincrease in both dielectric constant and
loss with temperature lead to capacitor applicatbBFO and a ferromagnetic to paramagnetic
phase transition at 35Q at the vicinity of T is observed. From the open aperture Z-scan
measurements, BFO is found to exhibit nonlinearogiion (0.8%10™° m/W) with a low
limiting threshold (1.94 J/cfj, making BFO an efficient optical limiter for theotection of

optical sensors.
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Resear ch Highlights
» Single phase BiFeO3; nanoparticles by sol-gel method.

* Room temperature multiferroic properties.

* Vaerification of magnetic transition from dielectric analysis.

* Reverse saturable absorption (RSA) based optical limiting behavior with low limiting
threshold.





