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This study focuses on the effects of substitution of Bi** ions in bismuth ferrite (BiFeOs) nanocrystals by
dysprosium (Dy>*) ions with special emphasis on the role of defects on its physical properties. X-ray diffraction
studies showed a structural transformation from the distorted rhombohedra (R3c) to stable orthorhombic (Pnma)
phase at Dy>* concentration x = 0.15-0.20, although no strain was involved as the ionic radii of Dy** (0.92 A) is
smaller than that of Bi** (1.17 A). The crystallite sizes, unit cell volume and the band gap energies reduced with
increase in x whereas the dielectric constant drastically increased at x = 0.2. A strong magneto electric coupling

is also observed. Positron lifetime and coincidence Doppler broadening studies gave clear indications of the
transformation at x = 0.2 and further indicated that vacancy type defects can be used as tools to identify the
structural property changes during cationic substitution.

1. Introduction

Magnetoelectric multiferroics are the materials which exhibit two or
more ferroic order parameters like ferroelectricity, ferro-/antiferro-
magnetism and ferroelasticity in the same phase [1,2]. Apart from the
curiosity to explore the novelties of their crystal structure and electronic
properties, they also have attracted enormous research interest due to
their potential applications in the areas of technology such as in trans-
ducers, actuators, sensors and spintronics devices [3-6]. In all these
cases, their basic character as a system to handle high electrical current
and strong magnetic fields has been the most important factor of
consideration and the efforts to improve these aspects had been
continuously undertaken by researchers. The coupling between mag-
netic and ferroelectric degrees of freedom in multiferroics can produce a
number of attractive phenomena such as magnetoelectric (ME) effect in
which magnetization can be tuned by the applied electric field and vice
versa [7]. Among the most commonly investigated multiferroic com-
pounds, bismuth ferrite (BiFeO3) has been the most popular one due to

its favorable properties, a paradigm owing to its potential in the novel
functional devices. It has a high Curie temperature T¢c ~1103 K and a
high Neel temperature Ty ~643 K, both well above room temperature
[7,8]. It exhibits a rhombohedrally distorted perovskite (ABOs3) crystal
structure with space group R3c and lattice parameters a = b = 5.58 A
and ¢ = 13.87 A [7-9].

In addition to the magnetoelectric applications, BiFeO3 also has got
utilities in other areas of research interest like as a photocatalytic
compound due to its small band gap [10,11]. Despite the drawback of
suffering from high leakage current, BiFeOs has been a promising
candidate material for continued applications in these areas. However,
the suitability of undoped BiFeO3 in many cases becomes constrained as
a result of its spiral modulated spin structure (SMSS). Before being
considered for applications in multiferroic devices, it should be made
possible for BiFeOg to get rid of its demerits such as large dielectric loss,
high leakage current, small remnant polarization, inhomogeneous
magnetic spin structure and formation of different impurity phases. Still,
the most severe disadvantage in its utility for practical purposes is the
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high leakage current [12]. Thus, in order to overcome these hindrances,
achieve superior multiferroic properties, reduce leakage current and
modify its spatially inhomogeneous spin-modulated incommensurate
structure, substitution of anions in parts by those of foreign elements has
been considered as an efficient and viable method and the associated
physical phenomena had been carefully examined with deep interest.
Several attempts have been made by substituting Bi and Fe with
rare-earth and transition metal elements [13-15]. In fact, the potential
applications of multiferroic BiFeOs in the field of information storage
technology by manoeuvring the inherent magnetic and ferroelectric
properties using dopants have opened up new areas of research and
technological advancement. It is often realized that substitution is a very
effective method of molding the properties of a material for making it
better adoptable for various physical and practical applications.
Enhanced multiferroicity of the parent material had been achieved by
substituting Bi>* by ions such as Gd3*, Sc¢®*, La®", Eu®*, Nd* etc. or by
simultaneous substitution of Bi and Fe in BiFeO3 by ions of lanthanides
and transition elements [13-17].

Defects are inherent in solid systems due to a number of preparatory
and thermodynamic conditions as well as because of the non-
stoichiometric composition arising out of several key factors such as
the purity of the reagents and the temperature of synthesis. They play a
very influencing role on many of the properties even at the atomic scale.
Defects like vacancies and interstitials and clusters involving them can
result from factors such as charge imbalance, mismatch of ionic radii
and lattice parameter variations. Positron annihilation spectroscopy is
an indispensable tool in this context as its potential for defect charac-
terization is superior to any other investigatory probe and the success of
such investigations has been proved by the results reported in a number
of similar studies in the past [18,19]. This report presents the findings of
a study related to defects-related variations in the structure and prop-
erties of dysprosium (Dy>+)-doped BiFeOs through positron lifetime and
coincidence Doppler broadening spectroscopic (CDBS) measurements
and aided by complementary evidences from other related and available
techniques.

2. Experimental procedure

Dysprosium-doped BiFeO3 samples, of the common nomenclature
Bi;DyxFeOs (x =0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3), were synthesized by
the sol-gel method using high purity (>99.9%) reagents. Stoichiometric
amounts of bismuth nitrate Bi(NO3)3.5H2O dissolved in concentrated
HNOj acid and ferric nitrate Fe(NO3)2.9H50 and dysprosium nitrate Dy
(NO3)3.xH20 dissolved in double distilled water were mixed and soni-
cated. Poly vinyl alcohol (PVA) of weight equal to the weight of the
metal ions (Bi®*, Fe* and Dy>") was then added to the mixed solution
and stirred for 12 h until it got fully dissolved. Thereafter, the solution
was evaporated at 333K for 6-7 days till it gradually turned into a
viscous sol and then to a dark brown gel. The final dried gel was calcined
at 873K for 2 h. Similar procedure was repeated for the synthesis of the
other compounds, the difference being the change in the molarity of the
precursor solutions and the weight of the PVA to keep the stoichiometry
and nanocrystalline nature of the sample [18,20].

The crystal structures of the samples were studied by X - ray
diffraction (XRD) using a Miniflex — Rigaku diffractometer with Cu-Ko
radiation (1 = 1.54 A). The data used for the analysis were collected over
the range 20 = 20°-80° with a scan step of 0.5° s~1. The morphologies of
the samples were examined using a JEOL JEM2100 transmission elec-
tron microscope operated at 200 kV and the average particle sizes were
found by using the IMAGE J software. The elemental compositions of the
samples were investigated through energy dispersive X-ray spectroscopy
(EDS) using Oxford XMX N device coupled to a JEOL Model JSM-
6390LV scanning electron microscope. The UV-Vis absorption spectra
of all the samples were recorded by the diffuse reflection spectroscopic
method using a JASCO V-670 UV-Vis-NIR spectrophotometer. Dielec-
tric measurements were done on silver coated pellets using an
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impedance analyser (Agilent - E4980A). Conventional magneto-electric
measurements have been carried out using a lock-in amplifier method
using a MARINE INDIA M-E coupling coefficient measurement device.

Positron annihilation spectroscopic (PAS) studies were performed on
the powdered samples using the radioactive isotope 2>Na, which is a
positron source since it decays by p* emission. The source used in this
case had strength of approximately 10 pCi and it was deposited within a
folded Ni foil. The source was kept immersed within the powder taken in
a glass tube. To ensure the capture and annihilation of all the positrons
within the sample, the thickness of the powdered sample column had
been made sufficiently large and, to remove air and other atmospheric
gases getting trapped inside the powder, the glass tube along with the
source-sample arrangement had been evacuated to pressure ~107°
mbar during the experiments. The positron lifetime measurements were
carried out using two barium fluoride (BaFs) scintillators coupled with
XP2020Q photomultiplier tubes whereas, in CDBS measurements, high
purity germanium (HPGe) detectors were used to record the annihila-
tion gamma (y) rays emerging in opposite directions. The time resolu-
tion of the slow-fast gamma-gamma coincidence spectrometer
performing the positron lifetime measurements was approximately
~0.200 ns (full width at half maximum of the coincidence spectrum of
gamma rays from ®°Co source). The positron lifetime data were analyzed
using the well-known PALSfit program [21]. A three-component fit
produced satisfactory results for the spectra of all the samples, with the
reduced chi-square confined within 1.05 + 0.15 [21]. The HPGe de-
tectors used for CDBS measurements had energy resolutions of ~1.3
keV at the annihilation gamma ray energies and the details of analysis of
the spectra are discussed later.

3. Results and discussion
3.1. X-ray diffraction analysis

Fig. 1(a)-(g) show the XRD patterns of the Bi; ,Dy,FeOs (x = 0-0.30)
samples. For the precise identification and understanding of the peaks
and the phases concerned, we have carried out detailed Rietveld analysis
of the data and the results are displayed in the figures. (The goodness of
the fit (GOF), as shown in Table 1, differed in the different cases and, for
the patterns of the samples with x = 0.3, the best we could get was 9.9.)
For the pure BFO sample (x = 0, Fig. 1(a)), the diffraction planes are
indexed to the rhombohedral structure with R3c space group (ICDD card
no: 01-086-1518). No impurity phases are detected and the lattice pa-
rameters are obtained as a = b = 5.5717 A and ¢ = 13.8637 f\, which
agreed well with the BiFeO3 (R3c) structural details available with ICDD
card no. 01-086-1518. During the initial doping by Dy*", i.e., for x =
0.05 and 0.1, peaks corresponding to impurity phases of Bi- and Fe-rich
BisFe4Og (Pbam) (ICDD card no. 01-072-1832) and Bi;O3 (C-4b2) (ICDD
card no. 01-074-2351) are found. At x = 0.05, 0.1 and 0.15 only,
BisFe4Og9 (Pbam) phase is present and this non-perovskite phase
completely vanished in samples with concentration beyond this value
(see Fig. 1(e)—(g)). In fact, the percentage of these impurity phases
decreased with Dy** doping from x = 0.05 to 0.15. Interestingly, for x =
0.15, we obtained the best fit (GOF = 2.35) where the rhombohedral
structure with R3c space group was considered the most appropriate.
The various phases identified from the spectra of the different samples
are summarized in Table 1.

Further increase in Dy*>" concentration is found to result in the for-
mation of the Dy,03 (Ia-3) (ICDD card no: 00-043-1006) phase at x =
0.20, 0.25 and 0.3 as indicated in Fig. 1(e)—(g). Substitution of Bi®* jons
by larger concentrations of Dy>t ions also caused the formation of
DyFeO3 (Pnma) phase (ICDD card no: 01-089-6645) in samples of x =
0.25 and 0.3. It is also clear that the two separate peaks (104) and (110)
in the 20 range 31°-33° overlap and broaden with increase in Dy>*
content and it suggests the occurrence of transformation from the
rhombohedral (R3c) structure to orthorhombic (Pnma) one at x > 0.15
[22,23].
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Fig. 1. (a)-(g). XRD patterns including the Rietveld analysis of the Bi; ,Dy,FeO3 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3) samples. Fig. 1(h) shows the average
crystallite sizes of estimated from the X-ray diffraction peak widths.

The substitution of Bi>" ions by Dy>" ions with smaller radius results
in the decrease of the A-site radius and the tolerance factor (t), defined as

t=(<ra>+ro)/2(rg+ro)

@

is reduced to less than unity, where < r, > is the average radius of the
cation occupying the A-site and rgand ry are the radii of Fe>* and 0%~
ions respectively. Continued substitution by Dy>" ions causes further
decrease of the tolerance factor as < r4 > reduces to even lower values.
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Table 1
The different phases identified from the X-ray diffraction patterns of the
samples.

Sample Phases Number of peaks indexed GOF

BiFeO3 BiFeO3 (R3c) 21 3.78

Big.95Dyo.0sFe03 BiFeO3 (R3c) 16 3.98
BisFe4O9 (Pbam) 15
Biy03 (C-4b2) 1

Big.90Dyo.10Fe03 BiFeO3 (R3c) 16 3.94
BiyFe4O9 (Pbam) 13
Biy03 (C-4b2) 1

Big gsDyo.15FeO3 BiFeO3 (R3c) 16 2.35
BiyFe4O9 (Pbam) 2

Big.g0Dyo.20F€O03 BiFeO3 (R3c) 16 2.48
Dy,03 (Ia-3) 1

Bip.75Dy0.25Fe03 BiFeO3 (R3c) 15 4.38
Dy,03 (Ia-3) 2
DyFeO3 (Pnma) 4

Bip.70Dyo.30FeO3 BiFeO3 (R3c) 12 9.9
Dy203 (Ia-3) 3
DyFeO3 (Pnma) 5

More importantly, compression forces start to act upon the Fe — O bonds
and the Bi®**/Dy®" — O bonds too are subjected to tension. Under such
situations, cooperative rotation of oxygen octahedra takes place in order
to reduce the lattice stress [24]. Consequently, a lower symmetric
orthorhombic structural transformation is induced at x > 0.15 with
concomitant shrinkage in the lattice parameters and in the volume of the
unit cell [24,25].

The crystallite size of the Bi;.,Dy,FeO3 (x = 0 to 0.3) samples were
calculated using the Debye - Scherrer formula [26].

092
Y

(2)

where 4 is the wavelength of the X-ray used (CuKa radiation, 1 = 1.54 A)
and g (in radian) is the full width at half maximum (FWHM) of the peak
of maximum intensity in the corresponding spectrum. The latter has
been corrected for the contribution coming from the instrumental
broadening, which was measured on a pure single crystalline Si sample,
and then using the relation

ﬂ = ﬂfample - ﬂzgmtrum 3

The results are shown in Fig. 1(h). Non-deletion of the instrumental
broadening may underestimate the nanocrystallite sizes, especially for
relatively larger ones.

The average crystallite sizes of the samples estimated were in the
range 62-9 nm. The crystallite size decreased sharply with increasing
Dy3+ concentration due to the partial replacement of larger Bi®" ions
(ionic radius ~ 1.17 10\) by smaller Dy3+ ions (ionic radius ~ 0.92 A) and
also due to the suppression of the oxygen ion concentration [23,27].
Likewise, the variation of the unit cell volume with respect to Dy>* ion
concentration is shown in Fig. 2. The smaller Dy>" ions lead to a
contraction in unit cell volume when substituted in place of the larger
Bi*" ions [27].

3.2. TEM studies

Fig. 3(a)-(d) show the HRTEM images of the samples and 3(e)-(h)
indicate the lattice fringe widths (d-spacing), which correspond to the
planes (104), (110), (024), and (012). These values matched well with
the d-spacing calculated from the SAED patterns given in Fig. 3(i)—(1). It
confirms the formation of crystallites with high purity and phase sta-
bility in all the samples. The average particle sizes of the samples were
calculated using the IMAGE J software and Fig. 3(m)—(p) represent the
particle size histograms. The average particle sizes obtained for the Bi;.
+«DyxFeOs (x =0, 0.1, 0.2 and 0.3) samples are 66 nm, 23 nm, 17 nm and
13 nm respectively. The particles showed an inhomogeneous
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Fig. 2. Unit cell volume of the Bi;.,Dy,FeO3 (x = 0-0.3) samples versus the
Dy34r ion concentration (The errors are within the size of the points).

distribution with some of them also agglomerating into larger clusters. It
is obvious from this figure that, when the Dy®" concentration increases,
the particle sizes decreased and are well matched with the crystallite
sizes calculated from the XRD patterns of the same samples.

3.3. EDAX analysis

Elemental analysis in substitution studies is utmost essential to judge
the extent of success of the process and also holds clue to look for va-
cancy type defects within the crystallites. The EDAX spectra of Bi;.
+«DyxFeOs (x = 0, 0.1, 0.2 and 0.3) samples are illustrated in Fig. 4. The
spectra confirmed the presence of Bi, Dy, Fe, and O in each sample. The
EDAX analysis confirmed the success of substitution of Bi®* ions by Dy>*
ions in the Bi;_,Dy,FeOg samples. The calculated and the experimentally
measured atomic percentages of each element in the samples are given
in Table 2. While Bi** and Dy>" ions are found in excess, the concen-
trations of Fe>* and 0% are conspicuously less in the substituted sam-
ples. This is an indication to the presence of defects of both interstitial
and vacancy type in the samples. The latter are investigated by positron
annihilation, as discussed later, while the interstitial type defects are
insensitive to the technique due to the Coulomb repulsion experienced
by the positrons by virtue of the positive charge of the ion cores.

3.4. UV-Vis spectroscopy

The optical properties of Bi;,Dy,FeOs (x = 0-0.3) samples were
studied using diffuse reflectance spectroscopy. It is found that the
maximum absorption occurred in the wavelength range 450-550 nm.

The band gap energy of all the samples were calculated from the plot
of (f(R)hI/)2 versus hv and are given in Fig. 5, where f(R) indicates the
Kubelka - Munk function [28] of R, the reflectance and was calculated
using the relation

(1R’

R =t

4

The optical band gap energies of the nanocrystalline samples were
obtained from the tangents meeting (f(R)hl/)Z = 0 and the results are
given in Fig. 6. The band gap energies of the samples matched with the
reported values for pure and Dy>*-doped BiFeOs [27]. The gradual
decrease in the band gap energy with increasing Dy>* concentration is
due to the existence of additional energy levels between the valance
band and the conduction band (O -2p states to Fe -3d state) [27] because
of which radiation-less transition from the conduction band to these
energy levels are prompted before the final de-excitation of the electrons
to the valence band.
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3.5. Dielectric studies

In furtherance to the understanding of the electrical characteristics of
the systems under investigation, the variation of the dielectric constant
of the Bi; ,Dy,FeO3 samples (x = 0-0.3) at room temperature under
different frequencies (f) of the applied electric field has been studied in
the range f = 100 Hz to 2 MHz and the results are shown in Fig. 7. The
dielectric constant was calculated using the equation

€=C,d/e A (5)
where &is the permittivity of free space,C,is the parallel capacitance, d
is the thickness of the pellet used for the dielectric measurements and A
is the area of its cross section [29].

The dielectric constants of all the samples decrease with increasing
frequency of the field and remain constant at frequencies larger than 10
kHz. At lower frequencies, the space charge and the dipolar polariza-
tions are mainly responsible for the dielectric characteristics of a ma-
terial. In this case, the space charges are created by the vacancies of

oxygen (V2*) and bismuth (V) in the Dy>" doped Bi,Dy,FeO3 sam-
ples. These dipoles have sufficient time to

align with the applied electric field at lower frequencies. But at
higher frequencies, the electric dipoles cannot follow the rapidly alter-
nating applied field and this leads to incomplete polarization. These
observations are in agreement with the phenomenon of dipole relaxa-
tion as reported in literature [29-31]. The value of the dielectric con-
stant of each sample at frequency 1 kHz is presented in Fig. 8. It is noted
that the value of dielectric constant is found to increase with the increase
in DyaJr concentration [32,33]. This is due to the reduction in particle
size on Dy>" substitution, resulting in an increase in the dielectric
constant. The presence of smaller nanocrystallites at higher concentra-
tions of substitution as shown in Fig. 1(h) and obtained from Fig. 3(m)-
(p) acts as a large insulating barrier for mobile charge carriers [34].
When the Dy>* concentration increases up to x = 0.2, the dielectric
constant increases to 3.6 times the value of the pure sample due to the
presence of maximum concentration of the surface defects. With further
increase in Dy®>" concentration, the dielectric constant shows a tendency
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Fig. 6. Band gap energies of the Bi;.,Dy,FeO3 (x = 0-0.3) samples.

to increase at a reduced rate. It is due to the structural transformation
from rhombohedral (R3c) to orthorhombic (Pnma) phase at higher
concentrations (x > 0.2) and is explained in terms of the defect analysis
in section 3.7.

3.6. Magneto electric coupling

The magneto electric (ME) effect is defined as the dielectric polari-
zation of the material in the presence of an applied magnetic field. A
detailed description of the ME coupling experimental procedure can be
found in the previous works [35,36]. For performing the ME measure-
ments, the prepared powder samples were pelletized and the electrical
contacts on both sides were achieved using silver paint. The measure-
ments have been performed by placing the prepared pellets at the
middle of a Helmholtz coil, which is excited with an ac magnetic field
(Hyc). The reorientation of the electric dipoles within the sample in the
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presence of the applied ac magnetic field voltage in the upper and lower
surface area of the pellet and this voltage difference was monitored
using a lock-in amplifier within the differential setting. This arrange-
ment also helps to avoid the possible errors caused by the induction
effect. The measurements have been conducted by varying the ac
magnetic field (of frequency 850 Hz) from 0 to 80 Oe in the presence of a
constant dc bias magnetic field (Hy.) of strength 2 kOe [37].

The electric polarization of BijDy,FeOs (x = 0-0.3) samples at
room temperature was measured under ac magnetic fields using the
lock-in amplifier method. Magneto electric coupling gives information
on the coexistence of ferroelectric and magnetic phases of the samples. It
is defined by the magneto electric voltage coefficient (ag) [38,39].

ap =dE/dH (6)

Fig. 9 represents the dependence of the ME voltage with the strength
of the applied ac magnetic field Hy, at a fixed frequency of 650 Hz with
constant dc bias field of 3.5 kOe. The ME voltage coefficient ag shows a
linear dependence with the frequency and its value determined from the
slope of the ME voltage versus H,. curves of Fig. 9 for the different
samples are given in Fig. 10.

When the Dy>" ions are replaced by Bi®" ions, the value of ag is
increased and the maximum value of o is found to be 0.144 V/cm for
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function of the ac magnetic field frequencies at room temperature.
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the concentration x = 0.2, after which the coupling coefficient tends to
decrease. The maximum value of ag at x = 0.2 is associated with the
ferroelectric and magnetic interaction in the lattice due to the presence
of maximum concentration of defects and the structural transformation
from rhombohedral (R3c) to orthorhombic (Pnma) phase at x = 0.2,
which is corroborated by the findings of positron annihilation studies
discussed in the following section.

3.7. Positron annihilation studies

The significance of defects studies using positrons arises from the
above observed anomalies in properties when the structure undergoes a
transformation at or above x = 0.2 and also by virtue of the ability of
positron annihilation technique to vividly reflect these changes by
sensing the evolution and dynamics of the defects rather than the
structure itself as in the case of the other more conventional techniques.
Defects are inherent in solid systems due to a number of preparatory and
thermodynamic conditions as well as because of the non-stoichiometric
composition arising out of a number of factors such as charge imbalance
and mismatch in ionic radii. It is often realized that substitution is a very
effective method of molding the properties of a material for making it
better adoptable for various physical and technological applications.
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The rationale behind performing positron annihilation spectroscopy
(PAS) studies on Dy3+—doped BiFeOs is threefold, i.e., to understand a
mechanism based on defect-engineering and molding to reduce the
leakage current density, to explore the possibilities of improvement in
ferroelectric properties and to realize a spin-modulated incommensurate
structure [18-20]. Since samples are of nanocrystalline composition,
positrons can get annihilated at crystallite surfaces and interfaces also
[40-42].

Fig. 11 depicts the positron lifetime spectra of the samples where the
multi-exponential decay nature of the curves indicates the existence of
vacancy type defects in significant concentrations and the variation in
their sizes and concentrations with the increasing incorporation of Dy>".
All the data had been analyzed with the well-established software
PALSfit, which extracts the individual lifetimes and their corresponding
relative intensities after fitting the experimental data to the resolved
values with satisfactory reduced chi-square [21]. The three lifetimes 74,
79 and 73 are named in the ascending orders of magnitude of the lifetime
values and the corresponding relative intensities as I;, I and I3 irre-
spective of the values.

The intermediate positron lifetime 75 and its intensity I, are of utmost
importance here. It originates from the trapping of positrons in defects,
preferentially within the nanocrystallites. Due to the non-occupancy of a
number of lattice sites by the designated ions, the ideal stoichiometry is
lost after the Dy>t doping and a large number of lattice sites become
vacancies and they act as effective trapping centers for positrons. In
Fig. 12, which depicts the variation of the positron lifetimes and in-
tensities versus the doping concentration, an abrupt change in the trend
of the variation of 75 is observed at x = 0.2 and it is perceived as due to
the transformation of the structure from the distorted rhombohedra
(R3¢) to the orthorhombic (Pnma) one. This is consistent with the ob-
servations from the X-ray diffraction studies in the case of similar sub-
stitution studies reported for BiFeO3 by several authors [22,23,43]. In
the X-ray diffraction patterns of the present samples shown in Fig. 1, a
noticeable deviation in the position of the peaks is observed in the
samples with x > 0.2, which indicates this transformation. In the
intercrystallite regions, where the electron density is significantly low,
positronium formation is to be expected although in very small con-
centrations. Positronium (Ps) is the bound state of the positron with a
host electron and gets formed in two ground states, viz., the singlet
para-positronium (pPs) and the triplet ortho-positronium (oPs). In
condensed matter, the lifetime of oPs gets shortened by a pick-off pro-
cess involving an electron with opposite spin from the material [44]. The
third component 73 mainly corresponds to the oPs pick-off lifetime and it
is useful in obtaining the magnitudes of the intercrystallite separation
and radii of free volume defects, if present [44-46].

The shortest lifetime of 77 arises from free annihilation of positrons
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Fig. 11. Peak-normalized positron lifetime spectra of the Bi;,Dy,FeO3; (x =
0-0.3) samples.
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with the electrons in the bulk regions of the samples along with small
percentages (I3/3) of pPs. In this work, I3 itself is small (<0.3%) and the
values of 77 are higher than 0.125 ns, the intrinsic lifetime of pPs, and it
means Bloch-state diffusion and subsequent trapping of positrons are the
main contributors for this component [47].

In a defect-free crystalline solid, the bulk lifetime 7y, is the lifetimes of
positrons annihilating within homogeneous electron density region that
characterizes the bulk. Since the samples used in this experiment are
nanocrystalline in nature, with the average crystallite sizes less than 62
nm in any of the samples, a fraction of the positrons not trapped in
defects will diffuse out to the surfaces of the nanocrystallites before
annihilation. This happens when the sizes of the crystallites are less than
the thermal diffusion length of positrons in materials (~50-100 nm)
[48]. In coarse materials where 7; represents the admixture of the
Bloch-state residence time of the trapped positrons along with those not
trapped, t; must be less than 7p. It follows from the trapping-model
based equations wherein the measured positron lifetimes and in-
tensities of the sample containing the defects are related as [47].

1 1
—=—tr @)
T Tp
and
1 1 I I
1 _h b &L ®)

o T T2 T3

where kg4 is the positron trapping rate. We also have the mean positron
lifetime 7,,, defined as,

_ i+ b+l

Ty = 9
L+L+1 ©®

The variation of this parameter is given in Fig. 13 and it gives a
cumulative picture of the defect-interaction processes taking place in the
samples due to the different doping concentrations. The initial rise of the
positron lifetime t5 as well as that of T, and 7}, is attributable to the
replacement (or actual substitution) of Bi®* ions by Dy>" ions since the
latter have obvious deficiency of electrons owing to its lower atomic
number and the gradual rise of the intensity I depicts an increase in the
total defect volume within the samples. The remarkable decrease of
these parameters taking place in the samples with x > 0.2 is an indi-
cation to the closer proximity of the neighboring ions and their electrons
to the positron, which can result in this context from a reorientation of
the lattice structure and is therefore a confirmation to the rhombohedra
to orthorhombic transformation. This is also in conformity with the
decrease in average crystalline sizes, lattice parameters and the unit cell
volume as depicted earlier in Figs. 1(h) and 2.

Due to the difference in sizes between Bi*" (ionic radius ~ 1.17 A)
and Dy3+ (ionic radius ~ 0.92 1°\) ions, a change in the structural prop-
erties of the crystallites compared to the undoped BiFeOs can be ex-
pected since the reduced ionic radii would felicitate a decrease of strain
in the crystal lattice and more flexibility for the atoms to move and
position among themselves. The incorporation of Dy>* at the Bi®™ site is
expected to modify the ordering by filling in more vacancies and, in the
process, also reducing the number of oxygen vacancies for thermody-
namic equilibrium. The reduction in the concentration of oxygen va-
cancies is not directly reflected by any of the measured positron
annihilation parameters and can be only indirectly inferred. Above x =
0.2, a decrease in positron lifetimes owing to the structural trans-
formation is observed. It makes obvious of the fact that Dy>* ions effi-
ciently replace Bi®" ions from their occupied lattice sites during the
substitution process and cause structural transformation to take place in
the nanocrystallites.

The variations of the different positron lifetimes and intensities show
a deviation from the two-state trapping model too [47]. In the undoped
sample, large numbers of vacancy type defects of various sizes coexist.
The variations of all the three lifetimes justify this argument. In the
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region x = 0.0-0.2, an increase of 7, and decrease of I, are observed,
which signify the elimination of a number of existing vacancies by Dy>*
ions. This can be shown from the relation [47].

1 1 L1 1
_:_+_2<__ _> (10)
w1 L\t 0

The second term on the right hand side is the positron trapping rate
kq of eq. (7) and eq. (10) necessitates that the bulk lifetime 7}, is a

constant for the sample for the model to hold good. The estimation of Ty,
for the different samples by using eq. (8) and using the experimental
values of the positron lifetimes and intensities however provided vary-
ing values and proved the lack of validity of the two-state trapping
model and indirectly hinted at the trapping of positrons at the surfaces in
addition to the defects within the nanocrystallites. It is noted that there
is no significant change in the mean and bulk lifetime as shown up to x
= 0.15 but subsequently a sharp rise is observed followed by a decrease
at the largest doping concentrations. This is consistent with our previous
arguments that a complete redistribution of the ions of the crystallites
takes place due to the restructuring transformation. The variations of the
mean and bulk positron lifetimes can be thus used in principle to infer
qualitative information on the cumulative defect evolution process
taking place when the concentration x of substituted Dy>" ions is varied
through sequential steps. For example, just before the structural trans-
formation is effected, i.e., between x = 0.1 to 0.2, both the parameters
have shown sharp increases, which also coincided with increases in 5
and more importantly in I, and it indicates an increase in defect volume
before the transformation. The decreasing unit cell volume as shown in
Fig. 2 should have decreased the positron lifetimes and the above
observation is just on the contrary. The reducing sizes of the nano-
crystallites with increasing concentrations of substitution (Fig. 1(h))
holds the clue to the diffusion of a fraction of the thermalized positrons
to the surfaces of the smaller nanocrystallites. This normally happens
when the crystallite sizes reduce to below the thermal diffusion length
(lin) of positrons. For BiFeOs, a precise estimation of Iy, is still not re-
ported but it may be close to ~30 nm, as reported for SrTiOg [49], which
has got an identical perovskite structure. The sizes of the nano-
crystallites reduce to less than this limit at x = 0.1 to 0.2, which implies
significant number of annihilation events from the surfaces and in-
terfaces of the nanocrystallites. However, the defect-specific positron
lifetime is still part of 7 and the effects of transformation of the crys-
tallite structure dominate its influence on the absolute magnitudes of 2
at x > 0.2. A model analysis, the details of which we reported in our
previous works [18,50-53], in fact implied the reduction of the positron
lifetime t5 by about 0.030 ns but 75 has conspicuously increased at x =
0.1 to 0.2 signifying the annihilation of a considerable number of
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positrons at the nanocrystallite surfaces.

The CDBS data acquistion was carried out by recording the two
outgoing annihilation gamma ray energies using high resolution HPGe
detectors placed on either side of the source-sample assembly. A two
parameter spectrum is then generated by taking the sum and difference
of the energies in the two coplanar perpendicular axes and distributing
the number of events accordingly. A one dimensional projection on to
the energy-difference axis of a selected energy-sum window 1.022 +
0.00145 MeV from the distribution of coincidence events is then
generated [54,55]. This represents the actual distribution of Doppler
shifts in the annihilation gamma ray energies. Usually, the ratios with
respect to that of a reference sample are considered for physical inter-
pretation. The sample chosen as the reference in this case is a pair of
pure (99.999%) and well-annealed single crystalline aluminium samples
and the ratio curves generated are shown in Fig. 14.

Each ratio curve shows a peak, which develops around the mo-
mentum of the electrons predominantly annihilated by the positrons.
The peak at py (1072 mge) = 10.2 in this case arises from positron
annihilation with the 2p electrons of oxygen ions. This can be explained
as due to the trapping of positrons in vacancies created by the absence of
the cations, leaving effectively a virtual negative charge to the vacancy
region. On the contrary, all the oxygen vacancies which are positively
charged will repel positrons. However, very little variations are
observed, despite the structural transformation, in either the position or
the intensity of the peaks while Dy>* ion concentration is varied through
0.0 to 0.3 and this could be partially due to the insensitivity of positrons
to the oxygen ion vacacies. For, in order to sense the changes in cations,
positrons are to reside in the positions left vacant by the oxygen ions.
Due to the positive charge of the vacancies, positrons are repelled by
them and the cationic replacement and redistribution cannot be directly
monitored. In spite of these arguments, a well-defined change across x =
0.15 to 0.20 is observed in the variation of the values of the peak ratios
of the curves of the different samples when plotted against the content
() of Dy3+ ions in it (Fig. 15). The transformation to the orthorhombic
phase is thus once again indicated by this curve and is seen as a
reflection of the change in history and position (i.e., site) at which the
vacancy type defects are located. Yet another demonstration of the same
from the positron annihilation characteristics is to look at the variation
of the conventional lineshape parameters S and W of the CDB spectra (i.
e., the projected one-dimensional spectra before the ratio with reference
to Al is extrapolated), which are defined from the ratios of the counts
within the regions AE = E; — E; = + 0.00058 MeV for S and
+0.001885-0.003045 MeV for W to the total counts under the respec-
tive full spectra extending over AE = + 0.00725 MeV [43]. Although not
as conspicuous as in Fig. 15, the variations shown in Fig. 16 also reflect
changes at x = 0.2 that cannot be overlooked. One point to ponder upon
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Fig. 14. CDBS quotient spectra of the Bi;.,Dy,FeO3 samples with respect to the
spectrum of reference Al single crystalline samples.
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is the fact that the substitution should not result into strain in the lattice
as the Dy>" ionic radius is smaller than that of Bi** and yet the distorted
rhombohedral to orthorhombic transformation has occurred and that
points towards different mechanism responsible for such a trans-
formation. More studies in this direction are thus required for a deeper
insight into the mechanism and driving force behind these changes.

4. Conclusions

In this work, the consequences of doping BiFeOs with Dy>" are
investigated with a motive to infer whether the process may favor the
reduction of leakage current and improvement of the polarization and
magnetic properties of the multiferroic system. The structural charac-
terization done by X-ray diffraction and the Rietveld analysis of the
diffraction patterns showed mixed phases but overwhelmingly indicated
a dominant transformation of the main BiFeOs phase from the rhom-
bohedral (R3c) phase to orthorhombic (Pnma) phase due to the substi-
tution at x = 0.15-0.20. The deduced sizes of the nanocrystallites and
the lattice parameters showed remarkable decreases during the trans-
formation. Further characterization using TEM, HRTEM and EDAX
studies all confirmed the nanostructural formation and transformation
vividly and the UV-Vis absorption studies showed decreasing band gap
energies with increasing doping by Dy>' ions. The drastic increase in
dielectric constant (e¢’) and the maximum value of magneto electric
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coupling coefficient («g) are obtained at Dy>* concentration x = 0.2.
This gives a conclusive evidence for the transformation.

Positron annihilation studies confirmed the presence of vacancy type
defects in abundant concentrations as expected from the EDAX results,
which had indicated marginal deviations from the expected stoichiom-
etries. These defects are essentially the cationic vacancies but with
reducing concentrations as the Dy>* ions had radii smaller than that of
the Bi®>* ions and no strain was formed as a result of occupancy of the
sites. The CDBS results also turned out to be further informative as the
CDB peak ratio showed a sharp decrease across the structural trans-
formation from the rhombohedral to the orthorhombic phase. The re-
sults thus demonstrated that cationic substitution is an effective method
to tailor the defect properties of BiFeOs and can pave the way for the
improvement of the multiferroic properties of similar perovskite
systems.
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