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List of Figures

Figure-1.1: A rough comparison of number of
existing/reported ferromagnets, ferroelectrics, multiferroics,
MD/ME materials along with an interconnection between them.
The left side circle (light violet) represents ferromagnets, right
side circle (light green) includes ferroelectrics and the
intersection part (gray shaded) comprises the materials that are
multiferroic. The materials, exhibit MD/ME coupling belongs
to small red circle; a) MD/ME materials with only magnetic
ordering, b) MD/ME materials with only ferroelectric ordering,
c) MD/ME multiferroics and d) completely independent
MD/ME materials. Note-the shape, size and colors of depicted
hysteresis loops are chosen randomly and do not signify
anything.

Figure-1.2: Temperature variation of the dielectric constant (1
MHz) of NdysCapsMnO; in the absence and presence of a
magnetic field (H = 3.3 T). The inset shows data at 30 kHz
[36].

Figure-1.3: Magnetization of SeCuO; and TeCuO; versus
temperature in the 1 kOe field (upper) and dielectric constant of
SeCuO; and of TeCuOj3; versus temperature in the zero applied
field (lower). The inset shows the structure of SeCuQO;[67].

Figure-1.4: Magnetic field dependence of (a) magnetization
and (b) electric polarization measured for CoCr,0O, above
(27K) and below (18K) the ferroelectric transition temperature
(Ts=26K). For measurements of polarization, the magnetic field
was scanned between +H, and -H,, for each
magnetoelectrically cooled state prepared with (Ec,H:) and
(E.,—H.), as represented by closed and open circles. Ec
(=400kVm—1) and Hc (=0.5 T) stand for the cooling electric
and magnetic fields, respectively. The inset of (a), shows the
temperature dependence of spontaneous polarization in the
cases of the magnetoelectric cooling with positive and negative
Ec [87,88].

Figure-1.5: Promotion and suppression of electric polarization
by applying magnetic fields in NVO. Temperature and
magnetic-field dependence of electric polarization along the b
axis for H along the a [frames (2) and (b)] and c [frames (c) and
(d)] axes [89].

Figure-1.6: Polarization as a function of temperature under
pyro-electric current measurement for LuFe,O, [90].
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Figure-1.7: Temperature dependent dielectric response of
LuFe,O, for frequencies ranging from 1kHz to 1MHz [90].
Subramanian et al. [21] have also reported the similar dielectric
dispersion for LuFe,0y.

Figure-1.8: The P-E hysteresis loops were measured at 77K
(main panel) and 300K (inset) respectively; showing
polarization improvement at lower temperature [48].

Figure-1.9: Temperature dependent (a) magnetization and (b)
dielectric constant of (BiMn3)Mn,O;, perovskite measured at
different magnetic fields. The magnetic and dielectric
anomalies appeared at almost same temperature (indicated by
dashed vertical lines of red color) exhibits MD coupling in A-
site ordered (BiMns)Mn,0,, perovskite [95].

Figure-2.1: Diffraction of X-rays through lattice/atomic planes
of a crystal.

Figure-2.2: Schematic of XRD setup with different angles of
rotation.

Figure-2.3: Experimental arrangement for titration along with
a sequential picture display of different steps involved in the
titration process (like stepwise color changing of titrand
solution). Note- after adding the titrant solution, each time, a
gentle shaking of the titrand solution (in conical flask) is
required.

Figure-2.4: The photoelectric effect; an x-ray is absorbed and a
core level electron is promoted out of the atom. Inset shows
schematic for x-ray absorption measurements: An incident
beam of monochromatic x-rays of intensity I, passes through a
sample of thickness t, and the transmitted beam has intensity |.

Figure-2.5: Decay of the excited state: (a) x-ray fluorescence
and (b) the Auger effect. In both cases, the probability of
emission (x-ray or electron) is directly proportional to the
absorption probability.

Figure-2.6: Schematic of XAFS/XANES setup in fluorescence
mode; fluorescence detector at a right angle with the incident x-
ray beam.

Figure-2.7: Schematic of parallel plate capacitor geometry.

Figure-2.8: Experimental arrangement used for dielectric and
MD measurements. Description of each marked part/equipment
iS given in main text.
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Figure-2.9: Schematic illustration of LCR circuit (middle
panel) in association with the phase diagram between voltage
and current individually for L, C and R (top and bottom panel).

Figure-2.10: Examples of phase diagram between voltage and
current, drawn individually for an ideal (a) resistive element,
(b) inductive element and (c) for an unknown element/material.

Figure-2.11: Dielectric permittivity and impedance complex
planes; defining angle .

Figure-2.12: Response of dielectric parameters (a) &', (b) &"”
and (c) tano as function of frequency for an ideal material
(Debye relaxation) [110,114].

Figure-2.13: Impedance Nyquist plot for an ideal system with
only grains contribution. This Z'-Z" data can be fitted by using
a parallel R-C circuit, shown in the Figure. Since the
semicircular arc is not depressed and has only a single
curvature throughout, therefore a Debye type relaxation can be
expected for this material.

Figure-2.14: Cole-Cole plot of complex-impedance (Z*=2"-Z")
at 575 K in the frequency range of 100 Hz to 1 MHz. Symbols
are experimental data points, while the smooth semicircular
arcs are the fitted depressed semicircles [71].

Figure-2.15: Block diagram of the major components in a
micro-Raman spectrometer setup.

Figure-2.16: Principle of (a) VSM magnetometer and (b)
SQUID [125-127].

Figure-2.17: X-ray diffraction (XRD) data for LaGa;,Mn,O3
(LGMO) series recorded at the Indus-2 synchrotron radiation
source. Insets show the magnified view of selected peaks (20
ranges) suggesting a structural phase transition (orthorhombic
to rhombohedral) beyond x=0.9. Note- as representatives of
LGMO series, Rietveld refined XRD patterns of
LaGag gMng 03 and LaGag 4Mng O3 powder samples are shown
in Figure 3.1(chapter 3).

Figure 3.1: Rietveld refined X-ray diffraction data of (a)
LaGaggMny,0; and (b) LaGaygMng,0; powder samples
recorded at the Indus-2 synchrotron radiation source. Inset
shows magnified view of most intense peak; reflecting the
quality of fitting.
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Figure 3.2: Mn K-edge XANES spectra of LGM20 along with
Mn* and Mn** standards. To clearly visualise the position of
LGM20 absorption edge relative to 3+ and 4+ standards, the
XANES data of Mn metal foil (Mn0 ) and Mn? standard is not
shown. Inset shows oxidation states of Mn references (i.e., 0,
2+, 3+ and 4+) as a function of the corresponding K-edge
energies.

Figure 3.3: Estimation of absorption edge energy; first
derivative of Y(E)-E curve for LGM20O sample. The energy
coordinate of small circle represents corresponding K-edge
energy.

Figure 3.4: The change in Bader charge on Mn atom due to the
La-defect in LaGagsMngys03. Here, green, blue, purple and red
colour balls denote La, Ga, Mn and O atoms, respectively.

Figure 3.5: Room temperature dielectric constant (¢') as a
function of frequency, measured in the absence (H=0T) and
presence (upto H=0.4T) of magnetic field for LGM20. Inset (i)
and (ii) shows magnified view of data at corresponding
frequency ranges. In the inset (iii) MC% is plotted as a function
of frequency. The MC% been calculated by using the formula
shown in the Figures. Where, €' (0) and €' (0.4 T) are the values
of €', recorded correspondingly in the absence (H=0 T) and
presence of magnetic field (H=0.4 T). Inset (iv) shows the
magnified view of MC% versus frequency data for clarity.

Figure 3.6: Room temperature capacitance C as a function of
frequency, (measured in the absence (H=0T) and presence
(upto H=2.35T) of magnetic field) and magnetocapacitance
(MC%) as a function of frequency. Inset shows the magnified
view of data across 1IMHz. MC% has been calculated by using
the formula shown in the Figure. Where, C(0) and C(2.35 T)
are the values of C, recorded correspondingly in the absence
(H=0T) and presence of magnetic field (H=2.35 T).

Figure 3.7: Room temperature frequency dependence of loss
tangent (tand) recorded in the absence (H=0T) and presence
(H=0.4T) of magnetic field for LGM20O. Insets (i) to (iii) show
the magnified view of data across the corresponding range of
probing frequencies. Inset (iv) shows the fitting of two broad
peaks observed in zand to determine the shift of rand-peak(s)
under the influence of magnetic field. The observed shift is
summarized in the enclosed Table. Note- For clarity, data
corresponding to H=0.2T and H=0.3T is not shown in the
Figure, but it is in trend with presented data.

Figure 3.8: Room temperature frequency dependence of loss

tangent (tanod) recorded in the absence (H=0T) and presence
(upto H=2.35T) of magnetic field for LGM60O. Insets (i) and
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(ii) shows the magnified view of data across low and high
frequency range.

Figure 3.9: Schematic presentation of a pair of neighbouring
Mn* and Mn*" connected via oxygen ion forming ‘Mn**-Mn**’
dipole (net electric dipole moment p) as the chemical potential
(charge) and ionic radii of Mn®" and Mn** are different.

Figure 3.10: Schematic representation of main three possible
distributions of ‘Mn**/Mn*** dipoles within the material
(LGM20O/LGM60 sample) sandwiched between two electrodes
in parallel plate geometry. (a) There is only one local
‘Mn**/Mn*" dipole. (b) Dipoles are arranged randomly in such
a way that each diploe can oscillate (electron hopping between
Mn** and Mn**) locally. (c) and (d) shows two examples of the
possible arrangements of dipoles for electron transport; the
‘Mn**/Mn*" dipoles form a series of consecutive pairs of Mn**
and Mn* which allows electron transport between end
electrodes by means of electron hopping via Mn**-Mn**- Mn*"
...... path. The double arrow indicates a pair of Mn** and Mn**
whereas as single head arrow shows the direction of electron
transport. For simplicity lanthanum and oxygen ions are not
shown whereas Ga*", Mn*" and Mn** ions are represented by
blue, red and yellow circular spots respectively.

Figure 4.1: Room temperature current-voltage (I-V) graph of
LGM20 (a)/ LGM60O (b), plotted by measuring the voltage for
different currents in the absence (H=0T) and presence
(H=0.4T/H=1.2T) of magnetic field using the four-probe
method. This data reveals that there is no significant negative
dc magneto resistance (MR) is present in either LGMO sample.

Figure 4.2: Room temperature Cole-Cole diagram of
LaGap sMng 203015 (LGM20) plotted for frequencies ranging
from 20 Hz to 10 MHz. The data is measured in the absence
(A) and presence (®) of magnetic field. The inset shows that
the impedance does not change due to magnetic field at high
frequencies corresponding to grain contributions. Frequency
segments corresponding to different contributions like, space
charge polarization (SCP), grain boundary (GB) and grains are
identified by fitting and simulating this data with the displayed
circuit model. For clarity, data corresponding to H=0.2T and
H=0.3T is not shown. Note- For convenience, the data on y-
axis is multiplied by minus one.

Figure 4.3: Fit of Cole-Cole plot for LaGaggMng203015
(LGM20) by usng the circuit model shown in the figure. The
open blue symbols (circles) are representing experimental data
whereas solid red line and green balls are presenting fitted and
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simulated pattern respectively. The large semicircle (main
panel) is corresponding to SCP. Inset shows the magnified view
of first small semicircle consisting two curvatures. A further
smaller semicircle is also shown in the same inset which is
drawn for a high frequency segment corresponding to grains
contribution. The circuit components (C1-R1, C2-R2 and C3-
R3) are also positioned independently in their most suitable
semicircular arc according to frequency segments of their
dominance. Note- For convenience, the data on y-axis is
multiplied by minus one.

Figure 4.4: Room temperature Cole-Cole diagram of
LaGagp 4Mng 03042 (LGMBEO) plotted for frequencies ranging
from 30 Hz to 1 MHz. The data is recorded in the absence
(H=0T) and presence (upto H=2.35T) of magnetic field. Note-
For convenience, the data on y-axis is multiplied by minus one.

Figure 4.5: Room temperature Raman spectra of LGM20,
recorded in the absence (H=0T) and presence (upto H=0.6T) of
magnetic field. A vertical dotted line is drawn to show the
shifting of SS MnOg octahedral Raman mode due to the
application of magnetic field. The x-axis intersect of this dotted
line represents the peak position (656 cm™) of SS mode under
zero magnetic field. The peak position of this SS mode for
H=0T to H=0.6T, are tabulated in the Figure itself.

Figure 4.6: Room temperature Raman spectra of LGM60,
recorded in the absence (H=0T) and presence (upto H=0.6T) of
magnetic field. A vertical dotted line is drawn to show the
shifting of SS MnOg octahedral Raman mode due to the
application of magnetic field. The x-axis intersect of this dotted
line represents the peak position (634.7 cm™) of SS mode under
zero magnetic field. The peak position of this SS mode for
H=0T to H=0.6T, are tabulated in the Figure itself.

Figure 5.1: Rietveld refined X-ray diffraction data for
LaGaysFey303. The absence of any unaccounted peak confirms
the purity of the structural phase of the prepared sample. Insets
display the magnified view of selected peaks to show the
quality of fitting.

Figure 5.2: Fe K-edge XANES spectra of LaGag7Feo30s.,
(LGF30) with Fe*" and Fe®* standards. Since the absorption
edge of Fe-metal foil (Fe°) appears at a relatively low energy
side (7112 eV), therefore, to clearly visualise the relative shift
in the position of LGF30 absorption edge with (2+ and 3+), the
XANES data of Fe0 is not shown. Inset shows K-edge energies
as a function corresponding oxidation states of Fe standards
(i.e., 0, 2+ and 3+).
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Figure 5.3: Estimation of absorption K-edge energy. The first
derivative of p(E) versus E curve for standards and
LaGag;Feq30;5.,. For clarity the data of Fe metal foil is shown
separately in the inset. The energy coordinate of small circle
indicates corresponding K-edge energy.

Figure 5.4: Room temperature dielectric constant (¢') as a
function of frequency measured in the absence (H=0.0T) and
presence (H=0.2T to 1.2T) of magnetic field for
LaGag7Feg30;.,. Insets show magnified view of data at
corresponding frequency ranges.

Figure 5.5: Room temperature loss tangent (fand) as a function
of frequency measured in the absence (H=0.0T) and presence
(H=0.2T to 1.2T) of magnetic field for LaGay;Feq30;:,. The
data corresponding to entire range of probing frequencies is
shown in the inset (i) and high frequency data is magnified as
main panel for clarity. Inset (ii) displays magnified view of first
broad peak.

Figure 5.6: Room temperature loss tangent (tand) as a function
of frequency measured in the absence (H=0.0T) and presence
(H=0.2T to 1.2T) of magnetic field for LaGagsFeq30;:,. The
data is shown only for higher frequencies to demonstrate that
the value of tand increases with increasing magnetic field even
at the frequencies of > 1 MHz and its value remains <1 even at
such high frequencies.

Figure 5.7: Room Temperature dependent &' at a fixed
frequency (20 Hz) recorded in the absence (H=0.0 T) and
presence of magnetic field (H=1.2 T) for LaGao ;Feg30;.,. Inset
shows temperature dependent dielectric dispersion under zero
magnetic field.

Figure 5.8: The trends of room temperature (a) magneto-
capacitance (MC%) and (b) magneto-loss (ML%) as a function
of applied magnetic field for LaGay7Fey30;., measured at
selected frequencies from 100 Hz to 10 MHz. Both MC% and
ML% are increasing with magnetic field for probing frequency
of >10°Hz. On the other hand at frequencies <10° Hz, MC%
and ML% are changing oppositely due to increasing magnetic
field. Both MC% and ML% have been calculated by using the
formula shown in the corresponding Figure. Where,
€'(0)/tano(0) and &'(H)/tand(H) is the value of dielectric
constant/zano correspondingly in the absence (H=0.0T) and
presence of magnetic field (H=0.2T to1.2T).

Figure 5.9: Room temperature MC% of LaGag;Fe30;.,

plotted as a function of probing frequency for different
magnetic fields. Inset displays MC% data at higher frequencies
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(>10°Hz) to show that the observed MD effect is significant
even at such high frequencies. MC% has been calculated by
using the formula shown in Figure. Where, €'(0) and ¢'(H) are
the dielectric constant correspondingly in the absence (H=0.0T)
and presence of magnetic field (H=0.2T tol.2T).

Figure 5.10: Room temperature I-V plot drawn by measuring
the voltage for different values of current in the absence
(H=0.0T) and presence (H=0.2T tol1.2T) of magnetic field by
using standard four-probe method.

Figure 5.11: Room temperature Cole-Cole plot recorded for
LaGag;Feg 305, in the absence (H=0.0T) and presence (H=0.2T
to 1.2 T) of magnetic field. For clarity, the data corresponding
to entire range of probing frequencies is shown in the inset,
whereas mid-high range frequency data (enclosed by a
rectangular green box in the inset) is magnified as main panel.
To visualise the effect of magnetic field with more clarity, this
mid-high range frequency data is further magnified and shown
accordingly in Figure 5.12 and 5.13. Note- For convenience,
the data on y-axis is multiplied by minus one.

Figure 5.12: Room temperature Cole-Cole diagram of
LaGao;Feq305.,. For clarity, the data corresponding to entire
range of probing frequencies is shown separately in the inset of
Figure 5.11 and only mid-high range frequency data is
magnified here as main panel. The data is measured in the
absence (H=0T) and presence of magnetic field (0.2T to 1.27T).
Note- For convenience, the data on y-axis is multiplied by
minus one.

Figure 5.13: Fit of Cole-Cole plot for LaGagsFeq30;., (at
H=0.2T) by considering the circuit model shown in the figure.
The open red symbols (circles) are representing experimental
data whereas solid blue line and green balls are presenting
fitted and simulated pattern respectively. The frequency
segments corresponding to SCP (space charge polarization),
GB (grain boundary) and grains were identified by fitting and
simulating this data with the displayed circuit model. Note- For
convenience, the data on y-axis is multiplied by minus one.

Figure 5.14: The change in Bader charge on Fe atom due to the
La-defect in LaGag 75F€.2503. Here, green, blue, golden and red
color balls denote La, Ga, Fe and O atoms, respectively.

Figure 5.15: (a) Room temperature Raman spectra of
LaGay sFeq30s., recorded between 300cm™ to 3000 cm™ in the
absence (H=0.0T) and presence (H =0.5T) of magnetic field.
(b) Magnified view across the peaks corresponding to 441, 503
and 655 cm™. (c) Shifting of 441 peak towards lower frequency
side. In (b) and (c), the intensity is scaled by the intensity of
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peak corresponding to 655 cm™. Table enclosed in (b)
represents change in relative intensity under a magnetic field of
H=0.5T. This change is calculated by using the formula shown
in (b).

Figure 6.1: (a) X-ray diffraction data of LaGa;Mn,O3
(LGMO) powder samples collected by using indus-2
synchrotron radiation source. (b) Rietveld refined X-ray
diffraction data for LaGay;Mny30; as a representative of
studied LGMO samples. The absence of any unaccounted peak
confirms the purity of structural phase of prepared samples.

Figure 6.2: Room temperature XANES data carried out at Mn
k-edge for LaGa;Mn,O; samples and two references
corresponding to Mn®*" (Mn,0O, black dotted curve) and Mn**
(MnO,, green smooth curve) charge states. Mixed charge state
of Mn in all presently studied LGMO samples is observed as
the corresponding edge energies for all LGMO samples are
found to be situated between the edge energies of Mn** and
Mn*" references. Inset-1 shows oxidation states of Mn
references (i.e.,, 0, 2+, 3+ and 4+) as a function of
corresponding K-edge energies. In that inset, pink curve is
displaying 2nd order polynomial fit of this data. Inset-2
highlights pre-K-edge features for all LGMO samples.

Figure 6.3: Room temperature frequency response of dielectric
constant (¢”) for undoped LGO and LaGa;Mn,Os., samples
with x=0.05, 0.1, 0.15, 0.2 and 0.3.

Figure 6.4: Room temperature frequency dependence of loss
tangent (¢tano) for undoped LGO and LaGa;.Mn,Os,, samples
with x=0.05, 0.1, 0.15, 0.2 and 0.3samples. In order to keep the
Figure in a presentable format, the data corresponding to x=0.3
is displayed separately in two insets (also see Figure 6.5). The
bigger inset shows complete range of probing frequency
whereas small inset is showing magnified view of characteristic
tano-peak for corresponding composition.

Figure 6.5 Room temperature loss tangent (tano) of
LaGay;Mng 305, plotted as a function of probing frequencies
ranging from 20Hz to 10MHz. Inset-1 and 3 show that the
value of zand is <1 for corresponding low (2kHz to 20kHz) and
high (>1MHz) frequencies respectively. Inset-2 displays the
magnified view of characteristic fand-peak.

Figure 6.6: Room temperature impedance spectroscopy (Cole—
Cole plot) for LaGa; «Mn,Os., samples with x=0.05, 0.1, 0.15,
0.2 and 0.3. Inset (1) shows magnified view of the semicircles
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for LaGa,; \Mn,O;;, corresponding tox=0.1 and x=0.15
whereas insets (2) and (3) display a magnified view of
semicircles for LaGa; (Mn,O;,, withx=0.2 and x=0.3
respectively. Note- For convenience, the data on y-axis is
multiplied by minus one.

Figure 6.7: Room temperature P—E plot for undoped LGO and
LaGa; «Mn,O;., with x = 0.05.

Figure 6.8: Fitting of room temperature ¢’ versus frequency
data for LaGagsMng20;., (as a representative of the present
LaGa, «Mn,Os., series) using the Cole—Cole relation which is
expressed asequation 3.1. The variation of the fitting
parameters, a; the exponent term and t; the mean relaxation
time, are tabulated in the enclosed table for the
LaGa, «Mn,Os, samples with x = 0.05, 0.1, 0.15, 0.2 and 0.3.

Figure 6.9: Temperature dependent dielectric response of
LaGaggMng 05, (as a representative of the present
LaGa, «Mn,Os., series): shifting of characteristic- (a) anomaly
ing’ and (b) peak in tand with increasing temperature for
different probing frequencies ranging from 100Hz to 1MHz.
The inset of (a) displays the variation of ¢’ for undoped LGO
with increasing temperature over frequencies ranging from
100Hz to 1MHz. The structural phase transition around 418K is
indicated through an arrow in the same inset. The inset of (b)
shows linear fitting of frequency versus temperature values
corresponding to peaks observed in the fand-T curves for
different frequencies with the help of Arrhenius law.

Figure 6.10: (a) Temperature dependence of loss tangent
(tano) for undoped LaGaO; (LGO) recorded over a frequency
range of 100 Hz to 1 MHz. (b) Shifting of characteristic
tano peak frequency with increasing temperature for
LaGag sMng ;05 (tano-frequency form of the data shown in
Figure 6.9 (b)).

Figure 6.11: Room-temperature (RT) M-H plot for LaGa;.
«Mn,O;., samples with x=0.1 and 0.2. Inset (i) shows a narrow
RT hysteresis loop around the origin of the M—H curve for the
LaGagoMng,05,,. Insets (i) and (iii) display a normal
hysteresis loop showing saturated magnetization for the
LaGagsMng 05, at a low temperature of 5K. The M—H data
recorded at 80K are also shown in inset (iii).

Figure 6.12: Magnetization versus temperature (M-T) curves
for LaGapsgMng,0;., in FC and ZFC (field-cooled and zero-
field-cooled) modes and the first derivatives of both of
these M-T curves. In FC mode the sample was cooled by
applying a very low magnetic field of 100 Oe and the
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http://pubs.rsc.org/en/content/articlehtml/2016/ra/c5ra28074e#eqn1

measuring field was also kept at 100 Oe. Inset shows data for
the inverse dc susceptibility versus temperature and its fitting
using the Curie-Weiss law.

Figure 6.13: Room temperature P—E plots for selected LaGa;.
«Mn,O;,, compositions. The data for undoped LGO and
LaGagesMng es05:, samples is shown in Figure 6.7. Note-
LaGa;.xMn,0O;., samples with x>0.3 were too leaky, therefore
P-E loops were not observed in presentable form.

Figure A-1: Schematic of a hysteresis loop showing the
coercive field, remanent and saturation in polarization,
magnetization and strain for different order parameter [242].

Figure A-2: X-ray diffraction (XRD) data for LaGa;FeO3
(LGFO) series. As a representatives of LGFO series, Rietveld
refined XRD pattern of LaGag7Fep303 powder sample is
shown in Figure 5.1 (chapter 5).

Figure A-3: Rietveld refined X-ray diffraction data for
LaGaggsMng o505 fitted with Pna2; space group (as a
representative of Pna2; and Pnma space groups). The absence
of any unaccounted peak confirms the purity of the structural
phase of the prepared sample. Insets display the magnified view
of selected peaks to show the quality of fitting.

Figure B-1: Low temperature (5K) M-H plots for selected
LaGa;.xMn,0;., compositions. Inset shows magnified view of
M-H data for LaGag sMng ;05

Figure B-2: Magnetization versus temperature (M-T) curves
for selected representative LaGa;_Mn,O;., compositions in FC
and ZFC (field-cooled and zero-field-cooled) modes and the
first derivatives of both of these M—T curves. A sharp dip
marked as magnetic transition temperature.

Figure B-3: Magnetization versus magnetic field (M—H) curves
for selected representative LaGa; (Mn,O;., compositions at
three different temperatures.

Figure C-1: The optimized structures along with the calculated
total DOS and partial DOS (PDOS) for all three considered
systems; (a) LaGaO; (b) 50% Mn-doped LaGaOs;, (c) 25% La-
defected 50% Mn-doped LaGaO; (LaGagsMngs0s.,). Here,
green, blue, purple and red color balls denote La, Ga, Mn and O
atoms, respectively. The Fermi level is set to zero and indicated
by vertical dashed line. Note- the positive (negative) DOS
curves are showing the available states for spin up (down)
electrons whereas the positive (negative) energy window is
corresponding to conduction (valance) band region.
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Figure C-2: Schematic situation-I; octahedral arrangement of
Oxygen ions around a cation (say La). One of the two electrons
of each oxygen ion is bonded with the shown central cation and
remaining one is connected to other cation site. Situation -II;
shows that due to the removal of La ion (considered La-defect)
the up spin Oxygen electron becomes unbound (or the
corresponding Oxygen bond remains unsaturated/dangling).
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Chapter 1

Introduction

1.1 Preamble: magnetodielectric (MD)/magnetoelectric

(ME) materials and/or multiferroics

Magnetodielectric (MD)/magnetoelectric (ME) materials and/or
multiferroics are of very high research interest due to their potential
possible applications and interesting physics. Multiferroics are the
materials which exhibit coexistence of at least two primary ferroic
orders® (amongst ferroelectric, ferromagnetic and ferroelastic
orderings) in a single phase compound [1-19]. However, single-phase
multiferroic materials are rarely exist [1,11] and multiferroicity has
been reported also in composites or two-phase materials [1,16,20-23].
Similar to the work which reveals that magnetic order can create
superconductivity [1,24], it has also been reported that magnetic
ordering may also induce ferroelectricity [1,13] and vice versa.
Multiferroics can be expanded also to include non-ferroic magnetic
orderings such as ferrimagnetism and antiferromagnetism. Further,
multiferroics are divided into two groups [8]. The first group, which
can be categorized as type-l1 multiferroics, covers those materials in
which magnetism and ferroelectricity has different origin and appears
independently of one another, though there may be a little (weak)
coupling between them. Type-1 multiferroics usually exhibit relatively

a large spontaneous polarization P (of the order of 10 — 100 pC/cm?)

* Appendix A-1l



Chapter 1

and in these materials, ferroelectricity appears generally at higher
temperatures than that of the magnetic ordering. Examples include
YMnO; (P ~ 6uC/em? Ty = 76 K, Tee ~ 914 K) and BiFeO; (P ~
90uC/cm?, Ty = 643 K, Tre ~ 1100 K) [8]. The second category, which
can be named as type-1l multiferroics, comprises the materials
[8,13,25], which exhibit strong coupling between ferroelectric and
magnetic orders (e.g.; transition temperatures corresponding to
ferroelectric (Tre) and magnetic (Ty) orderings are same), as in these
materials, ferroelectricity is induced due to magnetic ordering itself

[8,13,25]. However, the polarization in these materials is usually much

[ Ferromagnetic Materials (|
[ Ferroelectric Materials MD/ME
1 Multiferroics Materials

Figure-1.1: A rough comparison of number of existing/reported
ferromagnets, ferroelectrics, multiferroics, MD/ME materials along with an
interconnection between them. The left side circle (light violet) represents
ferromagnets, right side circle (light green) includes ferroelectrics and the
intersection part (gray shaded) comprises the materials that are multiferroic.
The materials, exhibit MD/ME coupling belongs to small red circle; a)
MD/ME materials with only magnetic ordering, b) MD/ME materials with
only ferroelectric ordering, ¢c) MD/ME multiferroics and d) completely
independent MD materials [1]. Note-the shape, size and colors of depicted
hysteresis loops are chosen randomly and do not signify anything other than
hysteresis.

smaller (~1072uC/cm?) [8]. Ultimately, materials belonging to type-I
and type-11 categories can be recognized on the basis of the values of
transition temperature of ferroic orderings [8]. In type-1 multiferroics,

the transition temperature of ferroelectric ordering (Tgg) is generally

2
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higher as compared to that of the magnetic ordering (Ty) whereas Tre

and Ty are same in case of type-11 multiferroics [8].

Distinctly, the controlling of magnetization (electric
polarization) through external electric (magnetic) field i.e. coupling
between ferroelectric and magnetic ordering or in other words coupling
of external magnetic (electric) field with electric dipoles
(magnetization) is known as ME/MD effect. Materials showing such
an effect are formally called as magnetoelectrics/magnetodielectrics.
Moreover, MD/ME effect is an independent phenomenon though, it
may coexist along with multiferroicity in specific compounds [1,26] as
shown in the Venn diagram depicted in Figure 1.1. It is clear from this
logic diagram and its caption that the materials which display either
only magnetic or electric (polarization) ordering, or even neither of
them, can also exhibit MD/ME phenomenon [1,27-29].

1.2 Compatibility of polarization and magnetization in

a single phase compound

From the point of view of symmetry consideration it is difficult for a
single phase compound to offer coexistence (or/and coupling) of
spontaneous polarization and magnetization because ferroelectricity
(polarization) needs broken spatial inversion symmetry while the time
reverse symmetry can be invariant, on the contrary broken time-
reversal symmetry is the prerequisite for magnetization (spin ordering)
while invariant spatial-inverse symmetry applies for most conventional
magnetic materials in use (but this is not a prerequisite) [1,4,11,30].
Likewise, technologically important ferroelectrics such as BaTiO3 and
(Pb,Zr)TiO; are transition metal (TM) oxides with perovskite
/perovskite-like structure (ABO3). ABO3 usually constitutes a small B-
site cation at the center of an octahedral cage of oxygen ions and a
relatively large A-site cation at the unit cell corners [31,32]. In parallel,
several magnetic oxides are reported with a perovskite or a perovskite-
like structure. It is worth mentioning that attempts to search (or to
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synthesize) multiferroics have mainly concentrated on this class of
compounds. It is known that all conventional ferroelectric perovskite
oxides contain TM ions with a formal configuration d % such as Ti*,
Ta>*, W%, at B-sites (i.e. the TM ions with an empty d-shell). The
empty d-shell appears to be a prerequisite for generating
ferroelectricity, although this does not imply that all perovskite oxides
with empty d-shell TM are ferroelectric [5]. Magnetization, in contrast,
requires TM ions at the B-site with partially filled shells (always d- or
f-shells), such as Cr**, Mn®*", Fe*", because the spins of electrons
occupying the filled shell completely gives zero magnetic moment as
they do not participate in magnetic ordering. The different
prerequisites in filling the d-shells of TM ion at the B-site considering
polarization and magnetism, makes these two ordered states mutually
exclusive. As far as magnetic and crystallographic symmetry is
concern, amongst all 233 Shubnikov magnetic point groups, only 13
point groups (i.e. 1, 2, 2", m, m’, 3, 3m’, 4, 4m'm’, m'm2', m'm’'2’, 6 and
6m’'m’) allow the simultaneous appearance of spontaneous polarization
and magnetization [5,11]. This constrain in the crystallographic
symmetry is responsible for the fact that the coexistence of polarization
and magnetization is rare in nature [1,5,11,30]. It is noticeable that, in
practice, some compounds belonging to these 13 point groups do not
show any simultaneous appearance of polarization and magnetization.
Ultimately, in spite of there being hundreds of ferroelectric oxides and
magnetic oxides, there is practically very rare overlap between them
[1,5,11,30]. Therefore, an approach other than only symmetry
consideration may be helpful to achieve and understand such an
overlap in single phase compounds. As stated above, ferroelectric
perovskite oxides need B-site TM ions with an empty d-shell to form
ligand hybridization with the surrounding anions. This type of
electronic structure likely excludes magnetism. However, not all
experimental and theoretical results support the argument that
ferroelectricity and magnetism are absolutely incompatible, and an

integration of them seems to be possible. First, the well-known
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Maxwell equations which govern the dynamics of magnetic field,
electric field and electric charges, express that rather than being two
independent phenomena, electric and magnetic fields are intrinsically
and tightly coupled to each other. A varying magnetic field generates
an electric field, whereas motion of charge i.e. electric current,
produces a magnetic field. Second, the formal equivalence of the
equations governing the electrostatics and magnetostatics in
polarizable media; describes the similarities in the physics of
ferromagnetism and ferroelectricity, such as their hysteresis behaviour
in response to the external field and anomalies (thermal, structural,
mechanical, dielectric and magnetic) at the critical temperature. These
coupling phenomena or/and similarities in terms of the electric dipoles
and spins endorse the integration of ferroelectricity and magnetism into
single phase materials and hence the possibility of MD/ME effect. This
effect can be linear or/and non-linear with respect to the external fields,
and can be described in terms of ME coupling coefficients which are
given in the following equations. Thermodynamically, the ME effect
can be understood in terms of expansion of free energy within the

framework proposed in Landau-Devonshire theory;

1, 1
F(E,H)=F,-P°E, —M,°H, —580% E.E; —EyoluiniHj —a;EiH,;

—ﬁE.H.Hk—ﬂH.E.Ek+....
2 2 '

(1.1

here, Fy is the ground state free energy, P;® and M;® are the components
of spontaneous polarization P® and magnetization M °, subscripts (i, j,
k) stand for three components of a variable in spatial coordinates, E;
and H; are the components of electric field E and magnetic field H,
respectively, uo and &, are magnetic and dielectric susceptibilities in
vacuum, & and w;; are the second-order tensors of dielectric and
magnetic susceptibilities whereas e and uij are referred as the third-
order tensor coefficients. Importantly, ajj is the component of tensor a
which is designated as linear ME coupling coefficient (or simply linear
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ME effect) and corresponds to the induction of magnetization by an
electric field or polarization by a magnetic field. The rest of the other
such coupling coefficients in the preceding equation are corresponding
to the high-order ME effects parameterized by tensors y and $ [1,3].
The partial differentiation of equation 1.1, w.r.t. H; will lead to
magnetization

Mi(E,H)z—a%Fz M+ ot H + 0 B+ B EH, J‘%EJEk .

(1.2)

whereas the differentiation of F w.r.t. Ejleads to polarization

R(E,H):—S—E: is+g'og'ij E,+a;H; +%Hij+7iijiEj +..

(1.3)
These above equations 1.1 to 1.3, are treated as the theoretical
framework that describe ME coupling and provide correlation between

polarization (magnetization) and external magnetic (electric) field.

It is vital to note that observation of ME coupling needs
recording the effect of an electric field on magnetization or,
conversely, that of a magnetic field on ferroelectric polarization. A
difficulty arises in both of these situations as many of the candidates
for being magnetoelectrics are indeed poor insulators which makes it
difficult for them to sustain such a high electric field necessary (for
realizing the effect) to switch/align the polarization/dipoles [1,9,16,33—
35]. By keeping this in view, a relatively simple and widely accepted
alternative method is used; in which capacitance (C) or dielectric
constant (¢) is measured as a function of temperature (T) and/or
applied magnetic field (H). Examples of such MD response (from
literature) are shown in Figure 1.2 and 1.9. It is to be noted that the &'is
not measured directly, but, calculated from following formula (1.4) by

measuring the capacitance in parallel plate capacitor arrangement

£'=C/C, (1.4)
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here, Co is the capacitance measured when plates are separated by
vacuum, whereas, C is the capacitance of material measured by placing

it between same plates.
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Figure-1.2: Temperature variation of the dielectric constant (1 MHz) of
Ndo5CagsMnOs in the absence and presence of a magnetic field (H = 3.3 T).
The inset shows data at 30 kHz [36].

In a magnetoelectric material, the magnetic order is coupled to

polarization and hence also with &' by obeying the equation 1.5;
g‘=i+1
&,E (1.5)

Here, P is total polarization, E is applied electric field whereas ¢, =
8.8542 x 10 ** F/m is the permittivity of vacuum. Thus, appearance of
change in ¢’ (indirectly in P) due to the application of magnetic field is
called as MD effect. Ultimately, MD phenomenon/terminology is
observationally distinguishable from ME effect, as, it represents
magnetic field induced change in dielectric permittivity (¢”) whereas
ME effect shows electric (magnetic) field induced change in
magnetization (electric polarization). The intriguing MD/ME coupling
and/or multiferroicity and the underlying physics endorse the
suitability of these materials for different technological applications in
various multifunctional devices such as multistate memory devices,
non-volatile memories, spintronic devices, tunable filters, magnetic

sensors, etc. [1,7,16,37-42]. As an specific example, considering

7
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electrical power consumptions, multiferroics or MD/ME materials may
be useful in enhancing the storage density of a RAM (random access
memory) device with tremendously low power consumption
(comparing to DRAM i.e. dynamic RAM which uses a pair of one
capacitor and one transistor to read or write a single bit ‘0°/°1’) in
reading and writing cycle. Additionally, FeRAMs (ferroelectric
RAMS) represent a typical device for ferroelectric applications in
recent years, favored by 5 ns access speed and 64 MB memory density.
The disadvantage of these FeERAMs is their destructive read and reset
operation. On the other side, MRAMSs (Magnetoresistive RAMS) have
been lagging far behind FeERAMSs, mainly because of the slow and
high-power read/write operation though storage density is higher.
Multiferroics or ME/MD materials, in this regard, offer a possibility to
combine the advantages of FeERAMs and MRAM s in order to compete
with EEPROMSs (electrically erasable programmable read-only
memories). Owing to all these reasons, currently, MD/ME/multiferroic

systems are drawing enormous attention from scientific community.

1.3 Background and major challenges with existing

MD/ME materials and/or multiferroics

Since last decade, research activities in the field of multiferroics and
/for ME/MD materials have been invigorated for different materials
[1,3-5,7,8,13,17,18,25,30,37,43-52] after the first experimental
realization of ME coupling in Cr,0O3 [53] and subsequent low
temperature (LT) observations in DyPQO, [54], BaMnF, [55], YMnO3
[56] etc.. It is noticeable that MD effect can be observed also in some
magnetic materials which do not exhibit spontaneous polarization [27—
29]. In such systems, MD effect may appear due to the presence of
some kind of coupling between their dielectric properties and
magnetization [27-29]. Observation of MD effect has been reported in
different single phase materials [13,25,43,44,57-59]. But, there are

following major issues with existing/reported MD/ME materials-
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(a) The MD effect is generally witnessed with the application of high
magnetic field of the order of several tesla [13,25,43,44,58,59] and/or
below room temperature (RT) which inhibits low-field and RT
applications of these materials. For example — the observation of 13%
change in ¢’ at 0.5 T and 10 K in Y3Fes01, [60], 3% for H=02T
below 30 K in ThsFesO;, [61], 1% in CaMn;0; at 10 K [59], at 28 K
in ToMnO3 [13], at 230 K in CuO [62], at 25 K in EuMnO3 [63] and
also in other MD materials [42,64-66]. Two such examples from
literature are shown in Figure 1.2 and 1.3 respectively for
NdosCagsMnO3z (well below 200K with H=3.3T) and Se/TeCuOj3
(across 30K/10K with 1kOe) [67]. However, for MD effect to be used
in above-mentioned devices, only low magnetic field MD materials,

which exhibit this effect near/at RT are important.

100

Figure-1.3: Magnetization of SeCuO; and TeCuOs versus temperature in the
1 kOe field (upper) and dielectric constant of SeCuO; and of TeCuO; versus
temperature in the zero applied field (lower). The inset shows the structure of
SeCuOs [67].

(b) Intrinsicality (intrinsic nature) of the observed MD effect is also

important from basic physics as well as application point of view as the

MD effect may appear also due to extrinsic effects like
9
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magnetoresistive artifacts [9,29]. G. Catalan [9] provided a way
through theoretical calculations to judge the intrinsicality (basically
resistive origin) of observed MD effect. The approach has been widely
accepted and followed by others [1,10,46,68—76]. However, to the best
of our knowledge, the experimental studies for recognizing the
resistive and MR (magnetoresistance) free contributions present in MD

response have not been reported so far.

(c) Even though MD/ME materials and/or multiferroics exhibit
fascinating properties, the mechanism responsible for the appearance
of MD/ME phenomenon and/or multiferroicity is still not very clear
and no such generalized mechanism has been established till now. For
example-(i) the ME coupling in TbMnOs;, NisV,03, MnWOQO, and
BaNiF, [30,77-86] has been attributed to inverse Dzyaloshinskii-
Moriya (DM) effect, which works in systems with non-collinear spin
structures (usually spiral magnetic structures; in which spins rotate
around an axis perpendicular to the propagation vector of the spiral)
and needs the direct action of the spin-orbit interaction [3,4,30,77-86].
(if) Magnetostriction gives rise to ME phenomenon in HOMnO;3 via
periodic collinear ‘up-up-down-down’ type spin arrangement that can
induce electric polarization via exchangestriction mechanism [3,4].
The mechanism based on magneto-striction does not require the
presence of spin-orbit coupling as a compulsion and can occur in
collinear magnetic structures. (iii) Magnetic reversal of ferroelectric
polarization or dynamical and/or resonant coupling between magnetic
and electric dipoles is reported in CoCr,O4 [87,88]. Both ferroelectric
and magnetic order parameters were supposed to be changed
simultaneously across these multiferroic domain walls (MFDWSs). The
multiferroic nature of CoCr,0y is depicted in Figure 1.4 and it has been
understood in terms of the dynamics of MFDWs and the
electromagnon or electrically driven magnetic resonance. The

ferroelectricity in particular, has been attributed to conical spin

10
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modulation for CoCr,0,4 [87]. (iv) Simultaneous occurrence of long-

range ferroelectric and incommensurate magnetic order has been
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Figure-1.4: Magnetic field dependence of (a) magnetization and (b) electric
polarization measured for CoCr,O, above (27K) and below (18K) the
ferroelectric  transition temperature (Ts=26K). For measurements of
polarization, the magnetic field was scanned between +H. and —H, for each
magnetoelectrically cooled state prepared with (E.,H;) and (E.—H), as
represented by closed and open circles. Ec (=400kVm—1) and Hc (=0.5 T)
stand for the cooling electric and magnetic fields, respectively. The inset of
(@), shows the temperature dependence of spontaneous polarization in the
cases of the magnetoelectric cooling with positive and negative Ec [87,88].

a b
% [ i1 T=2
__ 50p ]H||a‘ 1‘ ]
< - !
g 0 b : k)
O A
3100 st ‘ P ‘
el r *
o \\\ ‘H I c‘ I’ ’.l T=5K
50} }
N\ {1
[ N—
4 6 8 0 1 2 3
T (K) H (T)

Figure-1.5: Promotion and suppression of electric polarization by applying
magnetic fields in NVO. Temperature and magnetic-field dependence of
electric polarization along the b axis for H along the a [frames (a) and (b)]
and c [frames (c) and (d)] axes [89].
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observed across phase transition in NizV,0g [89] as shown in Figure
1.5. The observed ferroelectricity was considered to be appeared only
in the phase for which magnetic ordering breaks inversion symmetry
and hence assigned as magnetically driven. (v) Order-disorder
ferroelectricity (ferroelectric domain boundary motion) and MD
response is reported in LuFe O, [21,90]. A para to ferroelectric
transition (under pyroelectric measurements) along with temperature
dependent dielectric dispersion has been observed in LuFe,O, as

depicted in Figure 1.6 and 1.7 respectively. The appearance of

30_""|""|""|""|""|""

N
Cooling fiald {+) %

mm"“%_,

I’

;@"”# |

Spontaneous polarization (WG cnr?)
(=]

Cooling field (<) fmw

0 e
50 100 150 200 280 300 380

Temperature (K)

Figure-1.6: Polarization as a function of temperature under pyro-electric
current measurement for LuFe204 [90].
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Figure-1.7: Temperature dependent dielectric response of LuFe,O4 for
frequencies ranging from 1kHz to 1MHz [90]. Subramanian et al. [21] have
also reported the similar dielectric dispersion for LuFe,0,.

ferroelectricity has been explained in terms of ordering of iron
multivalence (Fe** and Fe®") [90] whereas the observed dielectric

dispersion has been attributed to change in polarizability associated
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with the ordering of coexisting Fe charge sates and charge fluctuations
on Fe sites [21]. Similar to LuFe,O,4 (Figure 1.6) [90], YFeOs also
shows improved ferroelectric polarization at lower temperature [48] as
depicted in Figure 1.8 and its inset.
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Figure-1.8: The P-E hysteresis loops were measured at 77K (main panel)
and 300K (inset) respectively; showing polarization improvement at lower
temperature [48].

(vi) Additionally, in various multiferroic perovskite systems, the
appearance of magnetism or magnetic order has been attributed to the
presence of transition metal (TM) ions whereas the evolution of
ferroelectricity is accounted for different mechanisms in different
compounds like- lone pair (at Bi ions) driven in BiFeO; [15], BiIMnO3
[14] , and Bi;xNdyFeO3; [91]; geometrically driven in YMnO;3; [92]
whereas charge ordering (CO) driven in PrCaMnO3 [93]. Thus lacking
of a generalized mechanism makes it difficult to prepare the
multifunctional compounds which can exhibit desired MD/ME

properties without any extrinsic contribution.

1.4  Present research work

It is clear from above background that from application (e.g. RAM-
random access memory, capacitance based tuning circuit etc.)
perspective, in a MD material, it is extremely important that the MD
effect—
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Q) should appear at/around room temperature (RT),
(i) should appear due to a low magnetic field and

(iii) ~ should not be MR (magnetoresistance) originated.

The already existing/reported MD materials do not satisfy all these
three key requirements simultaneously and enormous efforts are being
made worldwide for searching a MD material with desired key
features. Therefore, we decided to prepare a MD material and to
analyze and explore its intinsicality and possible origin of MD

coupling.
1.4.1 Selection of material and a brief modus operandi

As far as intrinsic MD coupling is concern, ideally it can be realized in
a material with magnetically switchable net electric dipole moment and
such systems are barely formed [11] . Nonetheless, it can be achieved
by making a compound which expands/shrinks in response to an
externally applied magnetic field as the ¢’ or ultimately capacitance C,
is directly related to sample’s dimensions by the relation Cx A/d
(here, C is the capacitance of a dielectric material, A the area and d is

he thickness of dielectric).

By keeping this in view, LaGaO3 (LGO) was doped with Mn at
Ga site with an expectation of RT (near RT) MD coupling because, the
strain evolved due to significant difference in Ga-O (1.97 A) and Mn-
O (2.18A long bond/1.90A short bond) distances [94], is supposed to
be magnetically switchable as the magnetic field retransforms [94] or
rerotates [95] Mn spin moments and hence the Mn-orbitals [94,95]
(magnetic field induced re-rotation of spin coupled Mn-orbitals is
possible [94,95], as in such systems spin and orbital degrees of
freedoms are strongly coupled with each other). With similar approach
LGO is separately doped also with Fe at Ga site. This magnetically
switchable reorientation/retransformation of Mn/Fe-orbitals [94,95]
may result into shrinking/expanding of material and hence, may lead to

a change in capacitance (according to Cx A/d) i.e., occurrence of an

14
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intrinsic MD effect. There is an additional advantage of selecting the
said compound that is, for LaMn;.xGasO3, sufficient literature on- its
structure (neutron diffraction) [96], its lattice modes (Raman
spectroscopy) [97,98], local geometry around its MnOg octahedron
(extended X-ray absorption fine structure i.e., EXAFS measurements)
[99], arrangement of Mn orbitals (orbital ordering) and their
transformation on replacing Mn with Ga [94] etc., is already available
which can be helpful in identifying the structure and understanding the
mechanism of MD effect. However, this compound had not been
explored from dielectric or magnetodielectric purpose. Ultimately,
under present research work, two series namely LaGa;-xMnyOs
(LGMO) and LaGaj.xFexO; (LGFO) were prepared by solid state

reaction method.

Present research work mainly covers an observation of RTMD
effect in LGMO samples with x=0.2 (LGM20) and x=0.6 (LGM20)
and LGFO sample with x=0.3 (LGF30) along with a systematic study
on the intrinsicality of the observed MD coupling. It is noteworthy that
this MD coupling has been realized under a low or moderate magnetic
field (for LGM20O, at only 0.4 tesla). Further, a known technique —
‘impedance spectroscopy (I1S)’ has been used and emphasized first
time to identify and separate intrinsic and resistive contributions
present in the observed MD coupling. Our analysis reveals that in order
to estimate the resistive contributions, frequency dependent MR
(FDMR) measurements are more sensitive and useful than that of
measuring only dc MR, therefore, we have proposed ‘impedance
spectroscopy (IS)’ as a tool for recognizing and separating intrinsic and
resistive parts/factors contributing in MD effect. The intrinsicality of
observed MD phenomenon has been validated also through a non-
electrical technique. For this purpose, Raman measurements have been
performed at RT in the absence and presence of magnetic field. On the
basis of magnetic field dependent Raman data, presently observed MD
effect has been validated as an intrinsic property and attributed to

magnetostriction phenomenon. We proposed that the studied
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LG(M/F)O can be used as MD material as it satisfies all three core
criteria. The temperature dependent dielectric and magnetization
measurements have also been performed with an expectation of a
direct signature of MD coupling i.e., appearance of an anomaly in &"-T
and M-T curves at same temperature; an example from literature, is
shown in Figure 1.9. Additionally, the same set of LGMO samples has
been probed also for multiferroic properties by means of P-E, M-H and
M-T (in ZFC-zero field cooled and FC-field cooled modes)
measurements. The presently studied LGMO exhibit magnetic ordering
below RT (at low temperatures) with leaky P-E loops. The appearance
of magnetic ordering at different temperatures for different LGMO
compositions has been understood on the basis of average number of

Mn®* and Mn** (not on the relative percentage of Mn®** and Mn*).
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Figure-1.9: Temperature dependent (a) magnetization and (b) dielectric
constant of (BiMn3)Mn,O, perovskite measured at different magnetic fields.
The magnetic and dielectric anomalies appeared at almost same temperature
(indicated by dashed vertical lines of red color) exhibits MD coupling in A-
site ordered (BiMn3)Mn,O,, perovskite [95].

The research work reported in present thesis has been accomplished

systematically in following manner

Q) Sample preparation and analysis of structural phase purity
(i) Observation of RTMD effect and its understanding
16
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(iii)  Analysis of resistive and intrinsic contribution of MD effect
(iv)  Evidence and origin of intrinsic nature of MD coupling

(V) Large dielectric permittivity and dielectric dispersion

(vi)  Investigation for the possibility of multiferroicity

The remaining chapters of thesis are summarized as follows:

Chapter_2: Experimental Details; this chapter covers - procedure

used for the synthesis of LG(M/F)O samples, basic description of
characterization techniques, discussion on the formation of material’s
structural phase by analyzing XRD results and selection of specific
LG(M/F)O compositions for further studies. Presently used techniques
includes, Lab source and synchrotron based x-ray diffraction (XRD),
x-ray absorption near edge structure (XANES), dielectric and
impedance  spectroscopy, = Raman  spectroscopy,  magnetic
measurements etc.. The basic working principle along with the
schematic representation of used set-ups and attachments is discussed

in detail.

Chapter 3: Observation _and Analysis of Room Temperature
Magnetodielectric Effect in LaGa; «Mn,Os., (x=0.2 and 0.6); this
chapter presents an observation of RTMD effect in LaGaggMng 203,
(LGM20) and LaGagsMngeOs, (LGM6O). An initial analysis of

observed RTMD effect is presented in terms of trends of magnetic

field dependent change of dielectric constant (¢')/capacitance (C) and
loss tangent (zand). The oxygen excess (coexistence of Mn** and Mn*")
has been validated through titration and XANES analysis. The excess
of oxygen has been understood by means of density functional theory

(DFT) based first principles calculations.

Chapter 4: Analysis of Resistive and Intrinsic Contributions:
Magnetodielectric_Effect in_LaGa; xMnO;., (x=0.2 & 0.6);This

chapter provides an analysis of resistive contributions (of observed

MD effect) by means of dc (direct current) and frequency dependent

magnetoresistance (FDMR) measurements. In case of LGM60O, the
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observed MD effect is found to be intrinsic over the entire range of
probing frequencies. In case of LGM2O0, at frequencies corresponding
to bulk contribution (>10°Hz), the MD effect is intrinsic whereas at
lower frequencies (<10°Hz) it is dominated by magnetoresistive
artifacts. The intrinsic nature of MD effect has been validated by

analyzing the magnetic field dependent Raman spectra.

Chapter 5: Room Temperature Magnetodielectric Study on

LaGag7Fen30s3+y: Impact and Origin of Excess Oxygen; In this

chapter, an observation of room temperature magnetodielectric
(RTMD) behavior of LaGag7Fey303+, (LGF30) is presented. The
resistive contribution of observed MD effect is analyzed by means of
FDMR whereas the intrinsic nature of MD phenomenon is evidenced

in terms of magnetic field dependent Raman measurements.

Chapter 6: Large Dielectric Permittivity, Dielectric Dispersion and

Possibility of Multiferroicity in Mn doped LaGaOs3; The first part of

this chapter covers an observation of large dielectric permittivity and
temperature dependent dielectric dispersion in LGMO samples. The
second part covers RT and temperature dependent magnetic studies,
which includes M-H and M-T (in ZFC- FC modes) measurements,

along with RT P-E hysteresis loops for selected LGMO compositions.

Chapter-7: Conclusions and Future Research Scope; This chapter

summarizes the results of present research work with concluding
remarks. The possible future scope of present study has also been

discussed.
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Experimental Details

This chapter provides basic information about the synthesis procedure
(sample preparation) and characterization techniques used in present
research work. Additionally, discussion on the formation of material’s
structural phase by analyzing XRD results and selection of specific
LG(M/F)O compositions for further studies is also presented. All
presently studied samples have been prepared through sloid state
reaction method. As far as characterization techniques are concern, (i)
X-ray diffraction (XRD) is used to confirm the formation of structural
phase, (ii) dielectric/impedance spectroscopy is used to record the
dielectric and MD response, (iii) Raman spectroscopy (in the absence
and presence magnetic field) has been employed to check the
intinsicality of presently observed MD effect, (iv) XANES and
iodometric titration have been used to estimate the oxidation state of
Mn or to check the oxygen stoichiometry (v) SQUID-VSM
(superconducting quantum interference device-vibrating sample
magnetometer) has been employed for magnetic measurements. Further,
more specific details about synthesis of samples and characterization
techniques are discussed accordingly in the ‘experimental’ section of

each forthcoming chapter.
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2.1 Sample preparation

Polycrystalline samples of LaGa; xMnxO3 (LGMO) and LaGa;xFexO3
(LGFO); x=0 to x=1 with an increment of 0.1, have been prepared
through conventional solid-state reaction route. It is notable that some

intermediate LG(M/F)O compositions have also been prepared.

2.1.1 Solid state reaction method

Solid state reaction is a commonly used method for synthesis of
oxides [100]. In general, it is a solvent free reaction method in which
reactants are mixed in molar ratio homogeneously and allowed to react
in powder form. The reaction rate is determined by various parameters
such as temperature, surface area of reactants and rate of nucleation.
Large surface area of contact is obtained by making very fine grains and
homogeneous mixture of the constituents. The homogeneous mixture is
prepared by grinding the powder mixture either manually by using a
pestle mortar or mechanically by means of Ball milling. For present
research work, the constituent oxides are grinded manually by using
agate pestle-mortar. It is to be noted that in present work, propanol has
been added for homogeneous mixing of oxides. Moreover, it is known
that the solids do not react at room temperature; therefore, in order to
initialize the reaction the grinded powder is heated at high temperature
(well below the melting temperature of the compounds but above
calcination temperature) in air or gas. The rate of diffusion increases at
higher temperatures. This process is known as calcination, in which,
thermal decomposition of initial/constituent oxides takes place to form
the new desired phase. In order to improve the crystal quality of desired
phase, the powder mixture is heated at a further higher temperature
(generally preferred in steps and termed as intermediate heating) well
above the calcination temperature but lower to the melting temperature
of any of the constituent oxides. This post calcination heat treatment is
generally known as sintering. This solid state reaction procedure can be

summarized in the following steps:
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» Weighing and mixing of constituent oxides in stoichiometric
proportion.

» Grinding the powders to prepare a homogeneous mixture by
making larger area of contact between reactants.

» Calcinations and final sintering of grounded powder at high

temperature.
2.1.2 Preparation of circular pellets

First of all, the phase purity of as prepared powder samples has been
examined by means of XRD experiments. XRD data has then been
refined by using FullProf Rietveld refinement package [101]. It is to be
noted that particularly for dielectric measurements pellets with very
high density (i.e., low porosity) are needed. Hence, in order to further
enhancing the intimate bonding between crystallites (i.e. minimizing
the porosity), the pure phase powder is pressed in the form of a circular
pellet by means of a hydraulic press and a suitable die set. Then the
pellet is again heated/sintered at high temperature (well above to
calcination temperature), but, below the melting point. This post-
calcination sintering (below melting point), helps in (i) improving the
crystal quality by minimizing defects, (ii) enhancing grain growth by
reducing the total area of grain boundary (GB), and (iii) attaining the
maximum possible density. Moreover, as far as present research work
is concern, the pure phase LG(M/F)O powder samples have been
pelletized at a pressure of 15 ton to form 1 mm thick circular discs of
12 mm diameter. These pellets were sintered in air at 1400 °C for 24
hours. Further, after being coated with silver paint these pellets were
fired at 300° C for 30 min. These pellets are then used for, almost, rest

of all the measurements carried out under present research work.
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2.2 Characterization techniques

2.2.1 X-Ray Diffraction

X-rays diffraction (XRD) is one of the most suitable and reliable tool
to probe the structure of a material as the wavelength of X-rays (it is of
the order of A) is comparable to the interatomic distances. The non-
destructiveness is an additional advantage of XRD method. In XRD,
an X-ray falls on the material at some incidence angle, gets diffracted
through different set of atomic planes present in the crystal structure.
When, both, d (spacing between successive atomic planes; also called
as d-spacing) and @ (the angle of incidence of X-ray), satisfies the
Bragg relation 2dsin6=nA (here, d is the inter-planer distance, A is
wavelength of incident X-ray and n is an integer), a constructive
interference takes place between the diffracted waves. The Bragg
condition i.e., the basic of XRD can be understood with help of a

schematic ray diagram depicted in Figure 2.1.

A C
Incident X-rays Diffracted X-rays
A' C'
p a\BAe Q
XX
d N’ \ N
B’ ZABN'=90°
So, /PBN'=_ABN’-8 = 90°-0
d — Atomic planes Now, as /PBB'=90°= /PBN'+X
i.e., 90°=90°-0+X, Thus, X=60

Figure-2.1: Diffraction of X-rays through lattice/atomic planes of a crystal.

According to Figure 2.1, the geometrical path difference between ABC
and A’B'C’ (say A) = N'B’+B'N

=BB'Sin6+BB'Sin0

A=2BB'Sinf = 2dSinf (2.1)
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For the constructive interference, the path difference is always an

integer multiple of wavelength, i.e.,
A=n], (2.2)

Thus, from equations 2.1 and 2.2, the Bragg’s condition for
constructive interference of diffracted X-rays is 2dSin6=nA, where n is
an integer. The diffracted X-ray photons are then detected, processed
and counted. In this way, with the satisfaction of Bragg’s condition, a
peak, across the corresponding @ value appears in the intensity versus
angle (26) curve. Conversion of the diffraction peaks to d-spacing
enables the identification of the material under investigation. It is wort

mentioning

Figure-2.2: Schematic of XRD setup with different angles of rotation.

that the XRD pattern of each element/material is unique and can be
considered as a signature of its structural phase. This unigueness
enables the XRD to identify and validate the purity of a structural
phase for given a material. XRD pattern contains almost complete
information about the crystal structure, like-lattice parameters, bond
angles, grain size, strain etc... For structural studies, the samples in the
form of powder or pellet or film can be probed by means of XRD.
Schematic of a typical XRD set up is shown in Figure 2.2. Here, 26 is
the angle between incident beam and diffracted beam, ¢ is angle of
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rotation about a plane perpendicular to the surface, v is angle about the
line parallel to the surface, whereas, w is the angle between incident X-
ray beam and sample surface. In ‘6-26’ scanning, angle w is treated as
6. Depending upon the type of information to be extracted; XRD can

be operated in different scanning modes.
2.2.2 lodometric titration

In ABOs (B: transition metal=TM) perovskite systems, some specific
physical properties are evolved mainly due to the relative
concentration of multi-valent transition metal ions (e.g, Mn®*" and Mn**
in manganites) [102]. Thus, determination of average charge state of
TM ion/exact oxygen content (i.e., oxygen stoichiometry) becomes
essential for such systems. This is usually realized by redox volumetric
analysis, which is essentially an iodometric titration method [103,104].
In iodometric titration, the volume (say Vi; to be measured) of titrant
(known solution with known concentration N;), is required to react
with a measured volume of an unknown solution (titrand). By
measuring Vi, the value of y in ABOs., is calculated with the help of
normality relation N;V;=N,V;and
z = (N1Vixy)/ x (2.3)
here, z is the charge transfer in the reaction, y is the molecular weight
whereas, X is the weight of the sample. Note that the z is determined
through reaction balancing and can be different for different
samples/reactions. Gamma (y) is included well within the z, for
example (for LGM20 i.e. LaGagsMng203.,)
z2=2x(0.1+7) (2.4)
An example of z determination through reaction balancing (for
LGM20) is given here;
LaGa,,Mn,,0;,, +5.8HCI — LaCl, +0.8GaCl, +0.2MnCl, + 2.9H,0 + (0.1 + 7)O

(0.1+ y)O is the nascent oxygen which further reacts with Kl and HCI

in following manner

(0.1+ )[2KI +2HCI — 2KCI +1, +H,0]
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here, the multiple of I i.e., 2x(0.1+ ) represents total charge
transferred in the reaction (z). In this way by means of reaction
balancing, z can be determined for different samples. Titration method
is based on redox reaction. In a redox (reduction-oxidation) reaction,
one material (reducing agent which is oxidized in the reaction) donates
an electron whereas the other (oxidizing agent that is reduced in the
reaction) accepts one electron. In this way, the reactive species are
electrons which are transferred from reducing agent to oxidizing agent.
lodine is commonly used as an oxidizing agent in redox titrations
(despite, it is considerably less oxidizing than that of the other agents
like KMnQO4 or K,Cr,07). The process or reaction which involves the
inter-conversion of elemental iodine and | " ions [I,+2e” < 21 7] i.e,,
iodine liberated during oxidation, is known as iodometric titration or

simply iodometry. Since, the solution of sodium thiosulphate does not

adding titrant sol.

Keep on adding

> ‘ ;
nfe ore drops
of Ptitrant sol.
| T 2
. \

n ' . A

'4 g
on adding starch || End point confirmed

Figure-2.3: Experimental arrangement for titration along with a sequential
picture display of different steps involved in the titration process (like
stepwise color changing of titrand solution). Note- after adding the titrant
solution, each time, a gentle shaking of the titrand solution (in conical flask)
IS neccessary.

remain stable for a long period of time, it is usually standardized with
primary standards, e.g., solution of oxidizing agents like KMnO,4 and

K,Cr,07. The titration process involves following reactions-
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when potassium dichromate of known normality and volume reacts

with KI, iodine is liberated;

K,Cr,0, + 6Kl +14HCIl — 31, +8Kcl + 2CrCl, + 7H,0

the liberated iodine is titrated with thiosulphate via following reaction
2Na,S,0, + 1, = 2Nal + Na,S,0Oq

25,0, +1, > 21°S,0,~
i.e., when sodium thiosulphate reacts with iodine molecule, it gives
sodium tetrahionate (Na,S40g), where two S,05; ¥ ions, with four
excess electrons, are converted into a single $406 % ion with only two
excess electrons. It is to be noted that due to thiosulphate solution
(titrant), the entire iodine is used to make the solution
(sample+Hcl+KI) colorless at the endpoint. Freshly prepared 1% starch
solution is used as an indicator for an accurate determination of end
point, as its inclusion makes a dark blue complex on reacting with
iodine in the solution and makes end point detection easier. As far as
the titration procedure is concern, first of all, initial solutions of
thiosulphate, K,Cr,O7 KI and starch are prepared. The determination
of y in ABO3.,, is realized by dissolving the sample along with K1 in an
acidic solution (sample+Hcl+KI) and titrating it (adding thiosulphate
drop by drop) till the end point. In association with the experimental
arrangement, a sequential picture display of different steps involved in
the titration (like stepwise color changing of titrand solution) process

is shown in Figure 2.3.

2.2.2.1 Charge state determination via iodometric titration

The difference of initial and final reading (in Figure 2.3) gives the

volume V;. By substituting the values of V1, N1, x and y, the value of

z can be determined with the help of equation 2.3. Further, by equating

this value of z with the one obtained through reaction balancing (an

example shown in equation 2.4), y is determined. For A(TM)O;

perovskites having multivalence TM ions; with this value of vy, the
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average charge state of TM (like Mn/Fe) and individual percentage of
each among two valence (like Mn®*/Fe**and Mn*/Fe*” can be
calculated by using the charge neutrality condition . An example of
such a calculation by using the value of y and charge neutrality
condition is given here;

Example:-Calculation for determining charge state of Mn and
percentage of Mn** and Mn** in LaGaggMno 203+, by using the results
of iodometric titration (say y=0.015):-

(i) Mn Charge state (say x)

For the considered sample, by charge neutrality condition,

La3+Ga03_;|\/|n())(_2 ) = La%Gaoa.;Mnc))(.z (23_+0.015) =0

(3+7)
Here, x is the charge state of Mn in the considered sample and y =
0.015 (by titration),
Thus,

(3x1) +(3%0.8)+0.2x+(—2x3.015) =0
3+2.4+0.2x-6.030=0
5.4+0.2x-6.030=0
0.2x-0.63=0

0.63
X=——

0.2
x=3.15

Thus, through iodometric titration, the charge state of Mn in the
considered LaGaggMng 203, sample is found to be 3. 15.

(ii) Percentage of Mn*" and Mn**

For the presently considered sample, by charge neutrality condition,

I—aGao.s MnO.ZO(Siy) = La3+Gao3.§Mng.+2(1—x) Mng.;xoz_

(3%y)
Here, x is the amount of Mn*" in the total Mn present in the sample.
Since, through titration experiment the value of vy is taken as 0.015,
therefore, according to charge neutrality condition

27



Chapter 2

3+ 3+ 3+ 4+ 2—
La Ga0.8 M r]0.2(1—x) M r]O.Zx (3+y)

= Lag+Gag;Mng.;(l—x)mng;xo(zc),_+0015) =0
(3x2)+(3x0.8) +[3x0.2(1—x)]+ (4% 0.2x) + (-2x3.015) =0
3+2.4+0.6-0.6x+0.8x—-6.030=0

6+0.2x-6.030=0

0.2x-0.030=0
0.030
X=—o
0.2
x=0.15

Thus Mn** is 15% out of total Mn present in the considered sample

whereas remaining 85% is Mn®".

2.2.3 X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) is widely used to determine
local geometric and/or electronic structure of matter. The experiments
are usually performed at synchrotron radiation source, which provides
intense and tunable X-ray beam. X-rays are ionizing radiation with
energies ranging from ~ 500 eV to 500 keV or wavelengths ranging
from ~ 25° A to 0.25A ° and thus, have potential to eject an electron
from a core level of an atom. When a substance is scanned for X-ray
energies across the binding energy of a core shell, an abrupt increase in
absorption cross-section takes place. This gives rise to an absorption
edge in the absorption versus photon energy plot. The XAS study only
across absorption edge is termed as X-ray absorption near edge
structure (XANES) or as near edge X-ray absorption fine structure
(NEXAFS), whereas, with an additional extended range of X-ray
energy it is categorized as extended X-ray absorption fine structure
(EXAFS). The edges for an atom can be named according to the
principle qguantum number of the electron that is, K for n=1, L for n=2,
M for n=3, etc. The core—electron binding energy increases with
increasing atomic number, ranging from 284 eV for the C (carbon) K-

edge to 115606 eV for the U (uranium) K- edge, with the L-edges at
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significantly lower energies than that of the corresponding K-edge. In
XAS, an x-ray photon is absorbed by an electron in a tightly bound
quantum core level (such as the 1s or 2p level) of an atom (Fig 2.4). In
order for a particular electronic core level to participate in the
absorption, the binding energy of this core level must be less than the
energy of the incident x-ray. If the binding energy is greater than the
energy of the x-ray, the bound electron will not be perturbed from the
well-defined quantum state and will not absorb the x-ray. If the binding
energy of the electron is less than that of the x-ray, the electron may be
removed from its quantum level. In this case, the x-ray is destroyed
(i.e., absorbed) and any energy in excess of the electronic binding
energy is given to a photo-electron that is ejected from the atom. This

Continuum
A photo-electron
— - - - =
IJ'

' L

I

Energy

\
A

\
C—® K

Figure-2.4: The photoelectric effect; an x-ray is absorbed and a core level
electron is promoted out of the atom. Inset shows schematic for x-ray
absorption measurements: An incident beam of monochromatic x-rays of
intensity I, passes through a sample of thickness t, and the transmitted beam
has intensity I.

process has been well understood for nearly a century (Einstein
received the Nobel Prize for describing this effect). The full
implications of this process when applied to molecules, liquids, and
solids will give rise to XAFS. When discussing x-ray absorption, we
are primarily concerned with the absorption coefficient pu, which gives

the probability that x-rays will be absorbed according to Beer’s Law:
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=1, (2.4)

where, lp is the x-ray intensity incident on a sample, t is the sample
thickness, and 1 is the intensity transmitted through the sample, as
shown in the inset of Fig 2.4. The x-ray intensity is proportional to the
number of x-ray photons. The absorption coefficient x is a smooth
function of energy, with a value that depends on the sample density p ,
the atomic number Z, atomic mass A, and the x-ray energy E roughly
as

AE
The strong dependence of 1 on both Z and E is a fundamental property

(2.5)

of x-rays, and is the key to why x-ray absorption is useful for different
applications.

In XAS, when the incident x-ray has an energy equal to that of
the binding energy of a core-level electron, a sharp rise in absorption
takes place; an absorption edge in u versus E curve appears
corresponding to the promotion of this core level electron to the
continuum (Figure 2.4). An XAFS measurement is simply a measure
of the energy dependence of x at and above the binding energy of a
known core level of a known atomic species. Since every atom has
core-level electrons with well-defined binding energies, the Xx-ray
energy can be tuned according to the absorption edge of a selected
element. The edge energies vary with atomic number roughly as Z 2.
Following an absorption event, the atom is said to be in an excited
state, with one of the core electron levels left empty (a so-called core
hole) and a photo-electron comes out (Figure 2.4). The excited state
will eventually decay typically within a few femtoseconds of the
absorption event. Note that this decay does not affect the x-ray
absorption process. After an x-ray absorption event, there are two main
mechanisms for the decay of the excited atomic state. The first of these
is x-ray fluorescence (Fig 2.5 (a)), in which a higher energy core-level
electron fills the deeper core hole, ejecting an x-ray of well-defined

energy. The fluorescence energies emitted in this way are characteristic
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of the atom, and can be used to identify the atoms in a system, and to
quantify their concentrations. For example, an L or M shell electron
dropping into the K level gives the K fluorescence line (Figure 2.5
(a)).The second process for de-excitation of the core hole is the Auger
Effect (Figure 2.5 (b)), in which an electron drops from a higher
electron level and a second electron is emitted into the continuum (and
possibly even out of the sample). In the hard x-ray regime (> 2 keV),
x-ray fluorescence is more likely to occur than Auger emission, but for

lower energy x-ray absorption, Auger processes dominate. Either of

(a) , , (b)
Continuum or: Continuum
Auger,’glectron
U o-eobo000e |
L L
Fluorescent  :
K Dphoton
/\/\/—7( o
Fluorescent
photon N @ K @ K

Figure-2.5: Decay of the excited state: (a) x-ray fluorescence and (b) the
Auger effect. In both cases, the probability of emission (x-ray or electron) is
directly proportional to the absorption probability.

these processes can be used to measure the absorption coefficient g,
though the use of fluorescence is somewhat more common.
XAFS/XANES can be measured either in transmission or fluorescence
geometries as shown in the inset of Figure 2.4. The geometry for
Auger measurements is typically the same as for fluorescence, except
the position of detector, as in fluorescent mode it is at at a right angle
to the incident beam (Figure 2.6) unlike to transmission mode, where,
the detector is placed inline with the beam (inset of Figure 2.4). The
fluorescence is emitted isotropically, whereas the other scatter is
actually not emitted isotropically because the x-rays from a

synchrotron are polarized. The polarization means that elastic scatter is
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greatly suppressed at 90 degree, thus in fluorescence mode, detectors

are normally placed at a right angle to the incident beam to the

I 0 Fluorescent
photon

—

1
M —
g

&S

Figure-2.6: Schematic of XAFS/XANES setup in fluorescence mode;
fluorescence detector at a right angle with the incident x-ray beam.

incident beam, in the horizontal plane. Eventually, the energy
dependence of the absorption coefficient x(E) can be measured either

in transmission as

p(E) =log(l,/1) (2.6)
or in x-ray fluorescence mode as
ﬂ(E)OC(If/Io) (2.7)

where, It is the monitored intensity of a fluorescence line (or, again,
electron emission) associated with the absorption process. For present
research work, Mn/Fe K-edge XANES measurements were performed
in fluorescence geometry to determine the charge state of Mn/Fe as the
charge state determination by means of XANES is already being used
[105-108].

2.2.4 Dielectric and magnetodielectric (MD) measurements

The main objective of present research work is to study the coupling
between electrical polarization and magnetic ordering for the material
under investigation. This can be achieved by measuring the change in
electrical polarization upon the application of a magnetic field, or
alternatively indirectly by measuring the change in the capacitance
upon the application of a magnetic field. The dielectric susceptibility y,

of a material is related to the electrical polarization by dP/dE = &". y.
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Thus, the slope of a plot of P vs E is proportional to the dielectric
constant of the material, via ¢'=1+y, which is proportional to
capacitance. The capacitance of a dielectric in parallel-plate geometry
(Figure 2.7) is defined as

C =g &' (A/d) (2.8)

where &, is the permittivity of free space, ¢’ is the dielectric constant,

A is the area of the contact plates, and d is the thickness of the sample

(Figure 2.7). The dielectric constant is a unitless quantity.

A

& Flectrodes

Dielectric

Figure-2.7: Schematic of parallel plate capacitor geometry.
2.2.4.1 Experimental arrangement

For present research work, the experimental arrangement used to
record the dielectric and MD response is depicted in Figure 2.8.

LCR meter: All the dielectric and MD measurements were performed
by means of a precision impedance analyzer (LCR meter)-6500B of
Wayne Kerr company (marked as 1 in (a); Figure 2.8) with a
measurement accuracy of £0.05%.

Electromagnet: For MD measurements an electromagnet capable to
exert a maximum magnetic field of 2 tesla at a pole to pole separation
of 1 cm (shown in (c) and marked as 2 in (a); Figure 2.8) was used. A
regulated power supply (lower box in (d)) and a gauss meter (upper
box in (d)) are equipped to produce and measure the magnetic field.
The gauss meter is equipped with a Hall probe (a red brown strip
marked as 8 in (d)), which is used as a sensor to measure the strength
of magnetic field around its position. It is to be noted that a Hall probe

contains an indium compound semiconductor crystal such as indium
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antimonide, mounted on an aluminum backing plate, and encapsulated
in the probe head.

Temperature controller: A cryogenic temperature controller-
CTC100 (marked as 4 in (a); Figure 2.8) of SRS (stanford research
systems) company was used to record the temperature dependent
dielectric response under zero magnetic field (similar to Figure 1.7)

and temperature dependent MD response (similar to Figure 1.9).

Figure-2.8: Experimental arrangement used for dielectric and MD
measurements. Description of each marked part/equipment is given in main
text.

Sample holder: A homemade (designed in our own laboratory)
sample-holding assembly (marked as 3 in (a) and shown in (b) and (c);
Figure 2.8) with the provision of cooling upto cryogenic temperatures
and vacuum upto 10 mbar (or even lower), was used to place the
sample. In Figure 2.8, the inset of (b) shows the sample holder which is
kept inside a brass hollow rectangular box (marked as 5 in (b) and (c)).
The sample is mounted by using silver paint at a Cu strip shown by the
head of a dotted arrow in (b). The length of this sample holder is
chosen such that when inserted in the rectangular hollow box (brass),

the sample automatically finds its place (also marked by a dotted circle
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in (b)) exactly in between the two poles of the electromagnet as shown
in Figure 2.8 (c). The circular openings marked as 6 an7 in Figure 2.8
(b), are the pathways respectively for inserting the cooling agent
(liquid N, for present research work) and creating vacuum in sample

chamber.

In addition to above mentioned parts/equipments, a data acquisition
unit, a liquid N, (nitrogen) container and a turbo Vacuum pump
(Pfeiffer vacuum company), were also used for recording RT and

temperature dependent dielectric/MD response.
2.2.4.2 Working

When a dielectric material is placed in an alternating electric field and
its dielectric response is recorded through a LCR meter, a phase lag or
lead may appear between the applied field (voltage) and the response
(current) of the system depending upon the type of component
(capacitor or inductor). It is to be noted that unlike to capacitive or
inductive counterparts, a resistor, does not induce any phase shift
between the applied voltage and measured current as illustrated (for
ideal L, C, and R elements) in the top and bottom panel of Figure 2.9
and more elaborately in Figure 2.10 ((a) and (b) for ideal R and L).
However, when an unknown element/material is kept in an alternating
electric field, an arbitrary/unknown phase shift can be expected; an
example of which is illustrated in Figure 2.10 (c). For present research
work, sample is kept in parallel plate geometry as shown in Figure 2.7,
with a difference that all the sample were circular in shape and hence
the electrode plates on both the sides were also circular in shape as
they were just coating of silver paint on both the faces of circular
pellet. Note that in an impedance analyzer (LCR meter) the

capacitance (indirectly ¢")/impedance is recorded by measuring the
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Figure-2.9: Schematic illustration of LCR circuit (middle panel) in
association with the phase diagram between voltage and current individually
for L, C and R (top and bottom panel).

above discussed phase shift. The basic theoretical formulation for these
measurements is given below. The impedance in its standard
definition means quotient of vector voltage and vector current
calculated from small single sinusoidal measurement. When an ac
signal is applied to a system, the impedance of the system obeys Ohm's

law, as ratio of voltage to current in the time domain [109].

V() =V, exp(jat) (2.9)
I(t) =1,exp(jat—¢) (2.10)

The impedance is a complex quantity, having both magnitude |Z| &

phase angle (¢) and expressed as
Z(w) =|Z|exp(-j¢) (2.11)
Z(w)=|Z|cosg— j|Z|sing  (2.12)
7r=27 —jz" (2.13)
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Figure-2.10: Examples of phase diagram between voltage and current, drawn
individually for an ideal (a) resistive element, (b) inductive element and (c)

for an unknown element/material.

where Z' and Z" are the real and imaginary parts of complex

impedance whereas j=V-1. In impedance technique, the real and

imaginary parts of impedance for the sample under study are measured

simultaneously as a function of frequency. The measured impedance

data can be converted in the other three forms, using following

conversion relations
e=¢—je'" =1/jwCyZ"

Y=Y +jY =1/Z"
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M* =M + M =jwCyZ* (2.16)

where &*, Y* and M* are complex permittivity, complex admittance
and complex modulus respectively. &' is the real or relative permittivity
or dielectric constant, ¢" is the imaginary equivalent or dielectric loss.
Similarly remaining quantities with a single prime are real whereas
double primed ones are corresponding imaginary counterparts. Cop is
the vacuum capacitance (or capacitance of free space) and w= 2xf is

the angular frequency [109].

2.2.4.3 Dielectric response

As far as dielectric permittivity is concern, it is a characteristic of a
short-range electrical conduction of a material under the influence of
an applied electric field [109-112]. When a field (or voltage V) is
applied across a material, it displaces the charges within the material
and results in the accumulation of charge at the interface, creating
dipoles with a moment p = Q.dl, where Q is the charge and dl is the
separation distance between two charges. The capacitance C has

following relations with voltage and dielectric permittivity
Q=CV (2.17)

C = Cye’ (2.18)

Co, is the capacitance of free space (vacuum); measured when plates
are separated by vacuum, and C is the capacitance of material
measured by placing it between same plates. The capacitance C and

sample dimensions are related as follows given by
CxA/d (2.19)

In a material, if field (or voltage V) varies with time, then the induced
charge is given by
Q = €'Vyexp(jwt) (2.20)
The complex dielectric permittivity ¢* can be expressed also in terms
of impedance [110,113] i.e,
e =1/jwCyZ* (2.21)
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Now, by uing equations 2.8, 2.14, 2.18, 2.19 and 2.21, one can write
e =(t/wAg) [Z2")/(Z'* +Z"?)] (2.22)

£ = (t/wAg) [Z'/(Z"* +7"?)] (2.23)
tand = ¢" /€' (2.24)

Here, tano is called as loss tangent or sometimes dielectric loss. In
accordance to 2.24, tané is defined as the ratio of lossy permittivity "
and lossless permittivity ¢’ (i.e., Energy lost per cycle/Energy stored
per cycle) and is parametrized by an angle o (in the
permittivity/impedance complex plane) either between the permittivity
vector and lossless permittivity axis (Figure 2.11 (a)) or between the
capacitor's impedance vector and the negative reactane axis (Figure
2.11 (b)). It is obvious from above equations (2.22, 2.23 and 2.24) that

(a) (b)
& Ror2’
ey 774 6
-j€” . - i}
. V4
A / Vv -jXC

Figure-2.11: Dielectric permittivity and impedance complex planes; defining
angle o.

for a given material, the dielectric parameters &', ¢" and tand, are
determined by measuring impedance (or above discussed phase shift)
by means of a LCR meter (impedance analyzer). A graphical
comparison of frequency dependent response of &', ¢” and tano for a
given material is shown in Figure 2.12. Appearance of such an
anomaly (peak) in &' (¢" or tano) is a signature of dielectric relaxation
and it provides a hint that the material may exhibit temperature
dependent dielectric dispersion. Moreover, such a diffusiveness
(broadening) of &' -anomaly (¢" or tano peak) indicates distribution of

relaxation  time. This  frequency  dependent  dielectric
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behavior/relaxation is explained on the basis of following equations.
The frequency dependent dielectric function can be written as
following Cole-Cole relation [57,110,114]

£ 80 _0<g<l  (2.25)

o) =¢,, +m

where, &' and &', are the values of the dielectric constant in the low-
frequency (static) and high-frequency limit respectively, o is the
angular frequency, t is the mean relaxation time and &* is the complex
permittivity. The change &-e',=Ae’ is the strength of dielectric
relaxation and a is the exponent parameter which is a measure of
relaxation broadening (i.e., sharpness/diffusiveness in the step-like
feature in ¢’ or broadening in ¢” or tané peak (Figure 2.12). o varies
between 0 and 1; for a=0, Cole-Cole expression (2.25) reduces to
following Debye relation [110,114]

() =& 48578 2.26
? ltior (2.26)

In terms of real and imaginary parts,

- ©OsT%w
&=¢ +1+a)22_2 (2.27)
. (e'=¢g'))or
E =
1+ 0’12 (2.28)
and tns= £ - EazgL)er o,
g (e, 077)

These equations (4.27- 4.29) also, are known as Debye equations. In
Figure 2.12, the sudden increase in €’ with decreasing frequency can be
attributed to the contribution of charge accumulation at the sample--
electrode interface [110,114]. This leads to a net polarization of the
ionic medium, which contributes to €’. Whereas at high frequencies,
the periodic reversal of the field takes place so rapidly such a way that

no charge accumulation takes place at the sample electrode interface,
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resulting in almost constant ¢’ value [110,114-120] as depicted in
Figure 2.12 (a).

6 - (a)

1 (b)

1 (c)

0 —
0 2

1 M T v 1

4 6
log f

Figure-2.12: Response of dielectric parameters (a) ¢', (b) ¢ and (c) tand as
function of frequency for an ideal material (Debye relaxation) [110,114].

In Figure 2.12 (b), ¢" exhibits a maximum at o=2xnf = 1/t, where the
oscillating charges are coupled with the oscillating field and absorbs a
maximum electrical energy. In Figure 2.12 (c), tand as a function of
frequency exhibits symmetric Debye behavior with a loss tangent
maximum at its characteristic frequency fmax, Where ot = (es/e’)"?
[121]. In practice, many materials exhibit a non-Debye dielectric
behavior characterized by a broader asymmetric loss peak and by a
constant loss tangent at a frequency higher than the loss peak, where the
relaxation effects of the sample begin. Cole-Cole, Davidson-Cole and
empirical expression proposed by Havriliak-Negami, could describe the

non-Debye behavior of the material [122-124].
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2.2.4.4 Impedance complex plane

The complex plane analysis is a mathematical technique involving real
& imaginary parts of the complex electrical quantities like complex
impedance (Z*), complex admittance (Y*), complex permittivity (&*)
and complex modulus (M*). In present research work complex plane
(Nyquist plot or Cole-Cole plot) for only impedance has been analyzed
to detect the contribution of magnetoresistance (MR) in the observed
MD response. The complex impedance spectrum of a system in Figure
2.13 shows semicircle intersecting the real axis at a point R and origin.
This complex impedance spectrum can be fitted with an equivalent
circuit consisting of a parallel combination of R and C as shown in the
same Figure. It is to be noted that such a spectrum can be expected in a
systems having no effect/contribution of grain boundaries (GB) and
sample-electrode interface i.e., space charge polarization (SCP). In
practice, for a polycrystalline material, generally two or three

semicircular arcs are appeared in the Z'-Z" plot. If SCP contribution is

ZII
R .
For a R-C circuit
m 7=RC
C
ot=1
; ®
D Rgrains __________ > Z'

Figure-2.13: Impedance Nyquist plot for an ideal system with only grains
contribution. This Z'-Z" data can be fitted by using a parallel R-C circuit,
shown in the Figure. Since the semicircular arc is not depressed and has only
a single curvature throughout, therefore a Debye type relaxation can be
expected for this material.

completely absent and the polycrystalline sample has well defined
grain boundaries then only two semicircular arcs, each with a single
curvature, are expected; out of that higher frequency semicircle is

accounted for grain (bulk) contribution whereas the low frequency
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semicircle for GB contribution. If SCP is also contributing for the same
material then ideally three semicircular arcs, each with a single
curvature, should be appeared. In such a case, semicircle
corresponding to higher probing frequencies represents grains

contribution, semicircle corresponding to mid-range of probing

Z" (10° Ohm)

o

0I3I6I9I12I15
Z' (10° Ohm)

Figure-2.14: Cole-Cole plot of complex-impedance (Z*=Z"-Z") at 575 K in
the frequency range of 100 Hz to 1 MHz. Symbols are experimental data
points, while the smooth semicircular arcs are the fitted depressed semicircles
[71].

frequencies represents GB contribution whereas the semicircle
corresponding to lower range of probing is accounted for SCP
contribution. The difference of x-axis intersects of corresponding
semicircular arc gives the value of resistance associated with particular
contribution (grains, GB and SCP); in Figure 2.13, Ryrins represents the
resistance corresponding to bulk/grains. In Z'-Z" semicircle a depression
may also appear, which indicates a deviation from Debye relaxation
[110,114] for that case. In some cases depressed semicircles with two or
more curvatures are also appeared; an example of which is reported by
Singh et al. [71] as depicted in Figure 2.14. In such situations fitting or
even simulation of z'-Z" data becomes mandatory to identify the frequency

segments corresponding to specific contributions (i.e., grains, GB and SCP).

2.2.5 Micro Raman spectrometer

Jobin-Yvon Horiba micro Raman spectrometer was used for Raman
measurements. The micro-Raman spectrometer setup consists of - an
argon ion laser as light source, spatial filters, microscope and sample

compartment, a monochromator (to disperse the signal into its
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constituent wavelengths), CCD (charge coupled device) detector,
instrumental control and acquisitions unit as shown schematically in the
Figure 2.15. Details of the all these components used in the present

study are discussed in the following Sections.

Temperature controller
Concave M;
Scrumbler
Polerizer

"~ | Pinhole
5

L

| Vb

Jan1|ds weag

Ar * laser

Camera
M2 plate
Grating (Go)

Microscope

Sample

— 2

Neutral density filter

Figure-2.15: Block diagram of the major components in a micro-Raman
spectrometer setup.

2.2.5.1 Laser and spatial filters

An argon-ion laser (Coherent Innova 90-5 model) was used as an
excitation source for Raman scattering experiments. Laser emission
was accompanied by many false spontaneous emission lines
originating in the plasma discharge, known as plasma lines, which
must be eliminated to avoid interference with the Raman emissions.
Therefore, a laser-filter monochromator with a band pass of 1.0 nm
(and transmission of 75 %) was used to eliminate the undesired plasma
lines. This consists of grating (G0), mirror M1 and mirror M2 as

shown in Figure 2.15.

44



Chapter 2

2.2.5.2 Microscope and sample compartment

The Raman setup is equipped with BX40 microscope; three
planoachromatic objectives (10X, 50X and 100X) were provided.
Other objectives with lower magnification can be used without a
correct aperture adaptation which might introduce some vignetting
effect. With the microscope, incident and scattered optical axis are
identical i.e. back scattering geometry. The operator has just to place a
sample under the objective of the microscope and brings it to focus
with the help of the TV camera. In this manner, the elastic radiation
remains outside this range, in fact, that is the main purpose of the pre-
monochromators. The polychromatic radiation selected by the pre-
monochromators is dispersed by the grating of the spectrograph and is
directed by mirrors to the lateral exit of the spectrograph. The T64000
is equipped with three holographic 1800 grooves/mm gratings,

defining a mechanical range of 0-950 nm.

2.2.5.3 CCD detector and data acquisition

A charge-coupled device (CCD) detector, air cooled by Peltier effect
down to about 215K, is used to offer the highest performance to the
system. Spectrometer is controlled by LabSpec software. The computer
controlled scan range, integration time, scan speed and different scan

units are available with the software.

2.2.6 Magnetic measurements

For present research work, the temperature dependent magnetic state of
the sample i.e. magnetization versus temperature (M-T) data as well as
field dependent magnetic response (M-H) at a fixed temperature has
been recorded using superconducting quantum interference device
(SQUID) vibrating sample magnetometer (VSM) of Quantum Design.
Working principle of a SQUID VSM is briefly described below.

SQUID VSM: A conventional VSM is based on the Faraday’s laws of
induction to measure the magnetic moment of a sample. In VSM, a
magnetic sample vibrates inside a detection coil in the presence of
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magnetic field. Consequently, due to the change in flux through the coil
the voltage of coil changes. This change in voltage is proportional to the
magnetic moment of the sample. Schematic of VSM is shown in Figure
2.16. On the other hand, principle of SQUID is based on the change in
the persistence current in a superconducting detection circuit due to
change in flux in the detection coil by magnetic moment of the sample.
This change results in voltage variation in the SQUID output which is
proportional to the moment of the sample. The SQUID is a very

sensitive magnetometer and it can detect magnetic moments as low as

(a)

sample second- derivative coil

Vibration unit| (b)
A
\ super conducting —»
wire :) A

D " Magnetic field

Magnet

Figure 2.16: Principle of (a) VSM magnetometer and (b) SQUID [125-127].

107 emu [125-127]. Interestingly, a SQUID VSM combines the high
sensitivity of conventional SQUID magnetometer and fast scan speed of
a VSM. The major components of a SQIUD VSM are:

Superconducting Magnet: The magnet is in the form of a solenoid
and constructed in the form of a close superconductor loop. Once the
loop is charged up to a critical current the magnet can be used in a
persistent mode without the need of external power source [125-127].
Superconducting detection unit: This is the most important and
sensitive part of the magnetometer. It consists of a single
superconducting wire which is wound in a second order gradiometer
geometry containing three set of coils (Figure 2.16 (b)).

Sample space and Temperature controller: The sample space is a
tube of 9 mm inner diameter. The temperature is controlled precisely
by means of a temperature controller in association with a heater and
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two thermocouples placed at the bottom of the sample space. The
SQUID VSM can be operated from 2K to 450 K. However, high
temperature susceptibility measurements up to 1100 K can be
performed by using a VSM oven option [125-127]. In present research
work, following magnetic measurements were performed on the bulk
samples.

(a) Temperature dependent Magnetization (M-T measurements):
M-T measurements are important for observation of different magnetic
phase transitions and for finding the corresponding transition
temperature. These measurements can be performed in two modes. (i)
Zero Field Cooled (ZFC) measurement; in this mode, the sample is
cooled to the lowest available temperature and the magnetic moment is
measured in presence of a low magnetic field (like 100 Oe) while
heating the sample. (ii) Field Cooled (FC) measurement; in this mode,
the sample is cooled to the lowest temperature in the presence of a
fixed magnetic field and the moment is measured under heating cycle

again in the same field.

2) Magnetization Isotherm (M-H measurement): At a constant
temperature magnetization is measured as a function of applied
magnetic field. This measurement gives information about the
magnetic state and hysteresis behavior in high fields at that particular

temperature.

Important Note:- The basic information about all experimental details
related to present research work has been provided in this chapter.
Further and more specific details about synthesis of samples (synthesis
parameters like name and formula of reactants) and characterization
techniques are discussed accordingly in the ‘experimental’ section of

each forthcoming chapter.
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2.3 XRD data and selection of specific LG(M/F)O
compositions

For present research work, two series namely LaGa;.xMn,O3 (LGMO)
and LaGa;xFexO3 (LGFO); x=0 to x=1 with a step of 0.1, were
prepared by solid state reaction method. As a representative of both the
series (LGMO and LGFO), XRD data for LGMO series is shown in
Figure 2.17, whereas the corresponding representative refined powder
XRD patterns for polycrystalline samples of LaGaygMny.0; and
LaGap 4sMng 03 are depicted in Figure 3.1(chapter 3). Similar XRD

*17 x=1.00 LaMnO, Rhombohedral a=b=c a=B=y%90°
© x=0.00 LaGaO, Orthorhombic a#b#c o= B=Y=90°

x
I

0

oA
©o
¥

Intensity (a. u.)
%)

o
S o
cErr
?
X X X X X
nnnn
00855«
Ao N
[eleleleles]

=0.05
A JL | JL AL A " A A A . ))((_000

10 15 20 25 30 35 40 45 50 55 60 65
20 (degree)

Figure 2.17: X-ray diffraction (XRD) data for LaGa;-xMnxO3 (LGMO) series
recorded at the Indus-2 synchrotron radiation source. Insets show the
magnified view of selected peaks (26 ranges) indicating a structural phase
transition (orthorhombic to rhombohedral) at and beyond x=0.9. Note- as
representatives of LGMO series, Rietveld refined XRD patterns of
LaGaggMng 203 and LaGag4MngsO3 powder samples are shown in Figure
3.1(chapter 3).

data for LGFO series is shown in Figure A-2, as unpublished results
(Appendix A-I111), whereas the corresponding representative refined
powder XRD pattern for polycrystalline sample of LaGap7Fep303 is

depicted in Figure 5.1(chapter 5). The XRD patterns for all LG(M/F)O

samples were refined with the help of FullProf package by considering
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orthorhombic structure with Pnma space group. The absence of any
unaccounted peak in the refined XRD pattern (see the refined XRD
patterns for representative LG(M/F)O compositions in Figure 3.1 and
5.1), confirms the phase purity of all the samples. In LGMO, a
structural transition from orthorhombic to rhombohedral symmetry is
taking place for x>0.9, as can be seen from Figure 2.17 and its insets.
Note that Lawes et al. [67] pointed out that MD response may appear
significantly near structural transition. Thus for compositions x>0.9, a
significant MD effect can be expected. However, when the loss tangent
(tano) of all LG(M/F)O has been measured the lowest value of tand is
found for x=0.2 composition in case of LGMO samples whereas for
x=0.3 composition in case of LGFO samples. Since for MD effect to
be used at device level the loss (tano) of that material should be as low
as possible. Thus among all prepared LG(M/F)O samples only
LaGapsMno,03 and LaGagsFeg303 were mainly probed for MD
purpose as the value of rand for all other compositions is too high.
However, despite the large value of tand, a specific LGMO
composition i.e., LaGagsMnge¢O3, was also probed from MD
perspective, because, across Ga:Mn ratio of 60:40/40:60, in LaMn;.
xGax03, two different phases (orbitally, disordered O-phase and
ordered O’-phase) appears within the Pnma orthorhombic structure
[20,21]. Ultimately, only three samples namely, LaGaggMng,Os3,
LaGap4Mno 03 and LaGag 7Fep 303 were selected / probed for rest of

the other investigations.
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Chapter 3

Observation and Analysis of
Room Temperature
Magnetodielectric Effect in LaGa;.
xMn;03,, (x=0.2 and 0.6)

In this chapter, an observation of room temperature (RT)
magnetodielectric (MD) effect in LaGaggMno 203+, (LGM20) and
LaGag4Mng 03+, (LGM60) is presented. The observed MD effect has
been analyzed (by considering the pair of neighboring Mn** and Mn**
as a local dipole) in terms of trends of magnetic field dependent change
of dielectric constant (¢')/capacitance (C) and loss tangent (tand). The
coexistence of Mn®*" and Mn** (or oxygen excess) has been validated
through titration and XANES analysis. The excess of oxygen has been
understood by means of density functional theory (DFT) based first
principles calculations. Results presented in this chapter are published

in peer reviewed journals.™

"H.M. Rai et al., J. Mater. Chem. C 4 (2016) 10876-10886.
"H.M. Rai et al., Mater. Res. Express 2 (2015) 096105-096112.
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3.1 Introduction

As discussed in chapter 1, Magnetoelectric (ME)/ magnetodielectric
(MD) materials are of very high research interest due to their potential
possible applications and interesting physics [1,3-6,8,9,16,45,95,128—
131]. The ME effect i.e., intriguing coupling of magnetization (electric
polarization) with external electric field (magnetic field), opens new
possibilities in microelectronic storage systems. The intriguing MD
coupling and its underlying physics [1,9,27,48,67,132] endorse the
suitability of MD materials for different technological applications
such as multistate memory devices, non-volatile memories, spintronic
devices (magnetic read heads, tunnel junction spin-filtering etc),
magnetically modulated/spin-charge transducers, ultrafast
optoelectronic devices  tunable filters, magnetic sensors, etc.
[1,4,7,39]. Observation of MD effect has been reported in different
single phase materials [13,25,43,58,59]. But, this effect is witnessed
with the application of high magnetic field of the order of several tesla
[13,25,43,58,59] and/or below room temperature (RT). For example -
3% (change in &) with H = 0.2 T below 30 K in ThsFes0;, [61], 13%
at 0.5 T and 10 K in Y3FesOy, [60], 1% in CaMn;O;, at 10 K [59], at
25 K in EuMnO; [63], at 230 K in CuO [62], at 28 K in TbMnO3 [13],
and also in other MD materials [1,57,65,66]. However, for MD effect
to be used in above-mentioned devices, only low magnetic field MD
materials, which exhibit this effect near/at RT are important. Recently,
RTMD effect (~3% change in &' due to the application of magnetic
field of ~0.9 T) has been reported in ‘Z-type hexaferrite -
Sr3CozFe4041” which is a polycrystalline ceramic sintered in oxygen
[19]. This RTMD effect has been observed at a probing frequency of
100 kHz (as only grain contribution is expected at such high
frequencies) and its origin has been attributed to the cycloidal spiral

spin arrangement [19].

As far as intrinsic MD coupling is concern, ideally it can be
realized in a material with magnetically switchable net electric dipole
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moment and such systems are barely formed [11]. Nonetheless, it can
be achieved by making a compound which expands/shrinks in response
to an externally applied magnetic field as the &' or ultimately
capacitance C, is directly related to sample’s dimensions by following

relation-

C ocdﬁ 3.1)

where, C is the capacitance of a dielectric material, A the area and d is
he thickness of dielectric. By keeping this alternative in view, for
present work, LaGaO; (LGO) is doped with Mn at Ga site with an
expectation of RT (near RT) MD coupling because, the strain evolved
due to significant difference in Ga-O (1.97 A) and Mn-O (2.18A long
bond/(1.90A short bond) distances [94], is supposed to be magnetically
switchable as the field can retransform/rerotate Mn spin moments and
hence the Mn-orbitals (magnetic field induced re-rotation of spin
coupled Mn-orbitals is possible, as in such systems spin and orbital
degrees of freedoms are strongly coupled with each other). This
magnetically switchable rerotation/retransformation of Mn-orbitals
may result into shrinking/expanding of material (A/d, in relation (3.1))
and hence, may result in an intrinsic MD effect. For present research
work, LaGaO3; (LGO) compound has been chosen as a host matrix to

realize RTMD coupling by means of TM doping.
3.2 Experimental

Polycrystalline samples of LaGa; xMn,O3; (LGMO) with x=0.2, and 0.6
have been prepared through conventional solid-state reaction route by
following the process described in section 2.1.1 (chapter 2).
Specifically, La,O3 (99.999%), Ga,03 (99.999%), and MnO, (99.99%)
were used as starting materials. These starting reactants were mixed in
proper stoichiometric amount and grounded thoroughly with Propanol
as a mixing medium. The resulting homogenous mixture was calcined
in air ambient at 850 °C, 1050 °C, and 1200 °C each time for 24 hours
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and final sintering was carried out at 1400 °C in air for 24 hours with
intermediate grindings. It has already been mentioned (section 2.3) that
LGMO sample with x=0.2 and x=0.6 were selected purposefully,
because x=0.2 LGMO composition exhibits lowest loss tangent (tano)
among all Mn doped LGO samples, whereas, across Ga:Mn ratio of
60:40/40:60, in LaMny,GaxO3, two different phases (orbitally,
disordered O-phase and ordered O'-phase) appears within the Pnma
orthorhombic structure [97,98]. It may be interesting to check the MD
response across such a circumstance because in that situation
(transformation from O to O’ phase) the cell volume (or strain) is
supposed to be changed significantly. Thus, significant MD effect can
be expected in LGMO sample with x=0.6. Additionally, for LaMn;.
xGax0O3 the compositions with x=0.2 and x=0.6, have already been
reported as distinctly composed of symmetric (x=0.6) and asymmetric
(x=0.2) octahedral geometries respectively [97]. The purity of
structural phase for all the prepared samples is validated by using x-ray
diffraction (XRD) experiments carried out at BL-12 XRD beam line on
Indus-2 synchrotron radiation source using Huber 5020 diffractometer
in angle dispersive mode. XRD data is refined by using FullProf
Rietveld refinement package [101,133]. For further measurements
(using the methods and techniques described in chapter 2), these single
phase powdered samples were pelletized at a pressure of 15 ton to form
1 mm thick circular discs of 12 mm diameter. These pellets were
sintered in air at 1400 ‘C for 24 hours. After being coated with silver
paint these pellets were fired at 300° C for 30 min. For all as prepared
pellets, RT capacitance is measured in the absence and presence of
magnetic field by means of a precision impedance analyzer. These
measurements were performed by applying an oscillator voltage of £1
V and the data was recorded for probing frequencies ranging from 20
Hz to 10 MHz (1 MHz) for LGMO with x=0.2 (x=0.6). The direction
of applied field (H) was kept along the applied electric field to ensure
the complete absence of contributions, which, may arise in MD

measurements due to Hall-effect geometry. Further, to understand the
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observed MD response iodometric titration (section 2.2.2) and XANES
measurements (section 2.2.3) have been performed. Specifically, for
titration, sodium thio-sulphate (Na,S,03.5H,0) solution is used as
titrant whereas the analyte (LGMO) is dissolved in HCI solution and
Kl is added in that solution to get an end point as a result of redox. The
titrant (in Burette) is added drop by drop in the Analyte+HCL+KI
solution until it becomes colorless i.e., end point (Figure 2.3). The end
point is confirmed by using starch as an indicator. The volume of used
titrant is recorded and the value of y (amount of excess oxygen) is
determined by using normality relation, equation 2.3 and equation 2.4
(section 2.2.2). The Mn K-edge XANES spectra were carried out on ~1
mm thick circular pellets in the fluorescence mode using Vortex
energy dispersive detector (VORTEX-EX) at BL-9, Scanning EXAFS
Beamline of Indus-2 synchrotron radiation source at the RRCAT (Raja
Ramanna Centre for Advanced Technology) Indore, India[134]. The
beamline consists of Rh/Pt coated meridional cylindrical mirror for
collimation and Si (111) based double crystal monochromator (DCM)
to select excitation energy. The energy range of DCM was calibrated
using standard Fe foil. Fe K-edge XANES data normalization and self-
absorption correction were processed using ATHENA software[135]
Moreover, in order to understand the presence of mixed charge state of
Mn in present LGMO samples, DFT (density functional theory) based
first principles calculations have also been performed by using Vienna
Ab initio simulation package—VASP’ (computational methodology

along with results is discussed in detail in the forthcoming section 3.3).

3.3 Results and discussion

Here, before presenting the RTMD response, structural phase purity
along with the validation and understanding of coexistence of Mn**
and Mn*" (oxygen access) in LGMO samples is discussed to prepare

the background for describing the MD behavior.
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Figure 3.1 (a) and (b) shows the refined powder XRD pattern for

polycrystalline samples of LaGaggMng 03 and LaGag 4Mng 03
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Figure 3.1: Rietveld refined X-ray diffraction data of (a) LaGaggMng 203

and (b) LaGap gMng 203 powder samples recorded at the Indus-2 synchrotron
radiation source. Inset shows magnified view of most intense peak; reflecting

the quality of fitting.

respectively. These XRD patterns were refined with the help of

FullProf package by considering orthorhombic structure with Pnma

space group. The value for the goodness of fit (i.e., XZ) was found to be

~1.5 for both the samples. The absence of any unaccounted peak in the

refined XRD pattern, confirms the phase purity of these samples.
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3.3.2 lodometric titration

In order to check the oxygen stoichiometry of presently studied
LaGapsMno03 and LaGag4MnosO3 samples, iodometric titration
experiments [136] have been carried out. Presently studied both
LGMO compounds were found to be oxygen off-stoichiometric with
an excess of oxygen i.e., LaGaogMny,03:, and LaGagaMngeOs.y,
because gamma (y) has been found to be positive as calculated by
using the well-known equation of normality (N1V1=N,V,). The value
of y in LaGagsMno203+, (LaGagsMngeOs.y), has been estimated as
0.15 (0.042). By using the value of y in charge neutrality condition, the
charge state of Mn and percentage of Mn* and Mn* in
LaGapsMno 203015 (LGM20), has already been calculated in an
example under section 2.2.2.1. Whereas for LaGap4MnosO03042
(LGMG60), the same has been calculated as following

(i) Mn Charge state (say x)

For LGM60 sample, by charge neutrality condition,

LaS+Ga§;Mn())(.6O(231y) = LaS+Ga§;Mn())(.eo(23_+o.042) =0

Here, x is the charge state of Mn in LGM60 sample and y = 0.042 (by
titration),

Thus,

(3x1)+(3x0.4) +0.6x+(—2x3.042) =0

3+1.2+0.6x—-6.084=0

4.2+0.6x—-6.084=0

0.6x—-1.884=0
_1.884
S 06
x=3.14

Thus, through iodometric titration, the charge state of Mn in LGM60
sample is found to be 3. 14.

(ii) Percentage of Mn** and Mn**

For LGM60 sample, by charge neutrality condition,
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3+ 3+ 3+ 4+ 2—
LaGaOAMnO.GO(Siy) =La GaOAMnO.G(l—X)Mn0.6xo(3i;/)

Here, x is the amount of Mn*" in the total Mn present in the sample.

Since, through titration experiment the value of vy is found to be 0.042,
therefore, according to charge neutrality condition

La3+Ga§;Mn§;(1_x)Mn§_gx (23_+7) — La3+Ga§;Mn§g(l_x)Mn§gx (23_+o.o42) =0
(3x1) +(3x0.4) +[3x0.6(L—x)]+ (4x0.6x) + (—2x3.042) =0
3+1.2+1.8-1.8x+2.4x—6.084=0

6+0.6x—6.084 =0

0.6x—0.084=0
0.084
X= ———
0.6
x=0.14

Thus in LGM60, Mn*" is 14% out of total Mn present in the sample
whereas remaining 86% is Mn®". In this way, the charge state of Mn
along with percentage of Mn** and Mn** in LGM20 and LGM60 has
been calculated and summarized in Table 3.1.

Table 3.1: Charge state of Mn, amount of excess oxygen and percentage of
Mn*" and Mn*" in LaGaggMng,0s., and LaGay Mn¢0s.., estimated through
iodometric titration.

Sample Name Mn value | % of % of
charge state | ofy | Mn®* | Mn*
LaGag sMno 203+ 3.15 0.015 85 15
LaGag 4Mnp 603+ 3.14 0.042 86 14

The coexistence of Mn®* and Mn*" in LGM20 and LGM60 is evident
from above Table 3.1.

3.3.3 XANES

This coexistence of Mn®*" and Mn*" has been supported through
XANES measurements (as the charge state determination by means of
XANES is already being used [105-108]) carried out at Mn K-edge
energy of 6539 eV and the obtained data is plotted in Figure 3.2 for

LGM20 as a representative of LGMO samples. The energies
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corresponding to absorption edge of - pure Mn metal foil (Mn°) and
powders of MnO (Mn**), Mn,05; (Mn**) and MnO, (Mn*") have been

used as references/standards. The oxygen stoichiometry of powders
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Figure 3.2: Mn K-edge XANES spectra of LGM20 along with Mn** and
Mn** standards. To clearly visualise the position of LGM20 absorption edge
relative to 3+ and 4+ standards, the XANES data of Mn metal foil (MnO )
and Mn** standard is not shown. Inset shows oxidation states of Mn
references (i.e., 0, 2+, 3+ and 4+) as a function of the corresponding K-edge
energies.

(standards) has been validated through iodometric titration before
using them as standards. XANES measurements for all these standards
along with LGM20 and LGM60O samples are performed with same
experimental settings at RT. Figure 3.2 compares the normalized
XANES spectra of LGM20 with Mn** and Mn** references. With an
obviously noticeable chemical shift, absorption edge of LGM20
sample is found to be situated between Mn®*" and Mn** which points
towards the presence of mixed Mn charge states [105-107] in this
LGM20 sample. The absorption edge (K-edge) energies of Mn metal
foil (Mn°), MnO (Mn%*"), Mn;0; (Mn®*"), MnO, (Mn*") and LGM20
are determined by plotting the first derivative of the corresponding
absorption p(E) versus energy E curves [137] as shown in Figure 3.3

for LGM20O (as a representative). The value of energy corresponding
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to first maximum (exclude the one corresponding to pre-edge) on this
first derivative curve gives the position of the inflection point and

hence the position of the absorption edge [137].
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Figure 3.3: Estimation of absorption edge energy; first derivative of Y(E)-E
curve for LGM20O sample. The energy coordinate of small circle represents
corresponding K-edge energy.

The calculated K-edge energy of LGM20 is found to be greater (less)
than that of the Mn,03 i.e. 3+ (MnO;, i.e. 4+) indicating coexistence of
Mn®*" and Mn*" in LGM20 sample. In order to obtain a precise value
of oxidation setae of Mn in LGM20 the oxidation states of Mn
references (i.e., 0, 2+, 3+ and 4+) are plotted as a function of
corresponding K-edge energies as shown in the inset of Figure 3.2.
This data is fitted with a 2" order polynomial [105] and by using
fitting parameters, oxidation state of Mn in LGM20 is estimated
between +3 and +4 (i.e., 3.15), signifying the coexistence of Mn** and
Mn**. In the same manner, the oxidation state of Mn in LGM60 was
estimated as 3.14. By using this value of Mn oxidation state (e.g., 3.15
for LGM20) in the following charge neutrality condition —

La3+Ga§_gMn§‘j215+Oz’ 0

@)
(Bx1)+(3x0.8) +(3.15x0.2) —2x(3+y) =0
OR 3+24+0.63-6—-2y=0

OR  0.03-2y=0
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OR 5= % 0,015
the value of gamma (y) for LGM20 is found to be 0.015, which is
consistent with the titration results. Similar, consistency is found also
for LGM60O. Ultimately, the value of Mn charge state and
concentration of Mn**/Mn*" (for LGM20 and LGM60) determined
through titration, have been found closely consistent with XANES
results. The coexistence of Mn** and Mn** in present LGM20 and
LGM60O samples is appearing due to oxygen off-stoichiometry

(oxygen excess).
3.3.4 Origin of excess oxygen

We propose that the excess oxygen in LGM20 and LGM60O samples
can be attributed to (i) oxygen adsorption at the surface [138,139]
and/or (ii) vacancies at A (La) and/or B (Ga/Fe) cation sites
considering ABOj3 structure [139,140]. The first situation is discussed
in detail elsewhere for other ABO3 structures [138,139]. In order to
understand the second situation (vacancy at cation site) [139,140], we
have determined the Bader charge on La, Mn, Ga and Oxygen ions
using DFT (density functional theory) based first principles
calculations. For this purpose, we have investigated 50% Mn-doped
LaGaO; i.e., LaGapsMnys03 (as for present LGM20O and LGM60O
systems, 20% or 60% Mn doping involves large number of atoms
whereas doping of 50% Mn is achieved only with 20 atoms in a
supercell) system. We have used spin-polarized DFT calculations as
implemented in the Vienna Ab initio Simulation Package (VASP)
[141]. Projector augmented wave (PAW) method [142,143] is
employed using an energy cut-off of 470 eV to describe the electronic
wave functions. The local density approximation (LDA) + U method
[144] is used to account the strong on-site correlated electrons in the
partially filled d orbitals. We have employed correlation energy (U) of
4 eV and exchange energy (J) of 1 eV for Mn d-orbitals. These U and J
values have been well tested and used in similar systems [145,146]. A
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20 atom (2x2x1) supercell is considered to study pure and defected
LaGapsMnos03 system. The Monkhorst-pack [147] generated set of
7x7x7 (for 20 atoms supercell) K-points are used to optimize the
structures. The convergence criteria for energy and force are set at 10
eV and 10 eV/A respectively. We have calculated La, Ga and Mn
defect formation energy in LaGaysMnosO3 system to understand that
which cation-defect, among La, Ga and Mn, is most favorable. Figure
3.4 shows the structure with La-defect as a representative case.

' h
La-Defect
Kr’*"r':'f\ : 0.24 |e| increases s :
o= I{(C Q ¥ E i.+ = -
‘\(w ) on Mn (\,-,'

'
Caw

Figure 3.4: The change in Bader charge on Mn atom due to the La-defect in
LaGagsMnos0s. Here, green, blue, purple and red colour balls denote La, Ga,
Mn and O atoms, respectively.

The defect formation energy (Ef) is calculated using the following

equation:
E, =[E; + Eﬂ]— E,

where, Ep and Ep represent total energies of defected and pure
LaGagsMngs03 systems. E, represents chemical potential of lanthanum
(uLa), gallium (pga) and manganese (umn) in their respective bulk
structures. The chemical potential energy is calculated from their most
stable crystal structure [148,149]. Present defect formation energy
calculations reveal that La-defect (Ef = 1.02 eV) formation is
energetically favorable compared to Ga (7.85 eV) or Mn defects which
is consistent with the previous report [150]. Therefore, the La-defected
structure is considered for the Bader charge analysis. The Bader charge

analysis [150,151] is performed using the Henkelman programme
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[152] with near-grid algorithm refine-edge method. From our Bader
charge analysis, we find that Mn losses 0.24|e| (Table 3.2) due to the
La-defect (Figure 3.4), whereas charges on other atoms are almost

Table 3.2: Average Bader charges (total electrons) on La defected LaGay
sMny 505 structure. Net effective charges (average) are given in parenthesis.

Pure (No defect) Defect (cation vacancy)
La= 8.95 (+2.05) La=8.92 (+2.08)
Ga=1.31 (+1.69) Ga=1.32 (+1.68)
Mn = 6.51 (+1.48) Mn =5.28 (+1.72)
0=7.21(-1.21) 0 =7.09 (-1.09)

unchanged. Thus, Mn gains more positive charge due to the La-
vacancy. In this way, the La-defect formation appears to be responsible
for making the oxidation state of Mn more than 3+. Note that, this
cation vacancy based theoretical analysis of excess oxygen is
reasonable and neutron diffraction measurements will be very useful in
its experimental validation because the oxygen excess in LaMnOg 1
has already been studied by using neutron diffraction data [139,140]
and explained in terms of cation vacancies [139,140].

3.3.5 Room temperature magnetodielectric (RTMD) response

Figure 3.5 and 3.6 shows the RT frequency dependence of
¢'lcapacitance along with MC% (defined in Figure 3.5 and 3.6) for
LGM20 and LGM6O respectively. This data is recorded in the
absence (H=0T) and presence (uoto H=0.4T for LGM20O and upto
H=2.35T for LGMG60) of magnetic field. It is to be noted that the
magnetocapacitance (MC) can be calculated in terms of &' or simply
capacitance C and generally it is parameterized as MC% or MD%.
Here, we are using ¢’ for LGM20 whereas C for LGM60 and the used
formula for MC% is given in the corresponding Figure (Figure 3.5 and
3.6). Note that similar frequency dependent dielectric behavior under
zero magnetic field, is discussed in detail in the upcoming chapter 6 for
LaGa;.xMnxO3 (x=0, 0.05, 0.1, 0.2 and 0.3) samples (section 6.3.3). As
far as present magnetic field dependent data is concern, for LGM20
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(LGMG60), the &' (C) is found to be increased (decreased) over the
entire range of probing frequencies due to the application of magnetic
field as depicted in Figure 3.5 (3.6) and corresponding insets. Further,
the MD effect is expected to be magnetoresistance (MR) free
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Figure 3.5: Room temperature dielectric constant (¢) as a function of
frequency, measured in the absence (H=0T) and presence (upto H=0.4T) of
magnetic field for LGM20. Inset (i) and (ii) shows magnified view of data at
corresponding frequency ranges. In the inset (iii), MC% is plotted as a
function of frequency. The MC% been calculated by using the formula shown
in the Figures. Where, ¢’ (0) and ¢’ (0.4 T) are the values of ¢, recorded
correspondingly in the absence (H=0 T) and presence of magnetic field
(H=0.4 T). Inset (iv) shows the magnified view of MC% versus frequency
data for clarity.

or intrinsic when it is measured at probing frequencies corresponding
to grains contribution (generally at > 100 kHz) [9,115]. Since, at such
high probing frequencies, the hopping charge transport (common in
perovskites having TM i.e., transition metal, ions with mixed valence)
gets suppressed as the carriers have no chance to jump between
hopping cites [9,115] (presently Mn** and Mn**), therefore, only grain
contribution is expected over these high frequencies. This is the reason,
the MD data recorded around 100kHz or higher frequencies, is
generally emphasized [19,35,153,154] for MD analysis. In other
words, an intrinsic MC/MD effect appears at probing frequencies

64



Chapter 3

higher to characteristic/relaxation frequency (frequency range
corresponding to broad rano peak or anomaly in ¢"/C when plotted as a
function of frequency) because at such high probing frequencies
charge carriers do not have time to respond to applied ac electric field
[1,9,10,35,46,68,71,75]. Thus, as far as the intrinsic nature
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Figure 3.6: Room temperature capacitance C as a function of frequency
(measured in the absence (H=0T) and presence (upto H=2.35T) of magnetic
field) and magnetocapacitance (MC%) as a function of frequency. Inset
shows the magnified view of data across 1MHz. MC% has been calculated by
using the formula shown in the Figure. Where, C(0) and C(2.35 T) are the
values of C, recorded correspondingly in the absence (H=0 T) and presence
of magnetic field (H=2.35T).

(intrinsicality) of MD coupling is concern, MC should be measureable
at such high frequencies [9,35]. Presently, a significant RTMD effect
(i.e., MC%) of about 3%/-3% is observed in LGM20O/LGM60 sample
when measured at a probing frequency of 100kHz/1MHz (Figure
3.5/3.6 and corresponding insets). This MD behavior is consistent with
the trends of frequency dependent MC% reported for other systems
[29,35,71]. Presently observed MD effect is strong at low frequencies
and significant even at higher probing frequencies as the MC% is
~1.8% for LGM20 (inset (iv) of Figure 3.5) and -3% for LGM60O (red
curve in Figure 3.6) which is expected to be intrinsic as it has been
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measured at high frequency [9,35]. Since MC% is positive/negative for
LGM20/LGM60, presently observed MD effect can be MR affected
only with negative/positive MR [9,46,128]. The magnitude of MC%
(see insets (iii) and (iv) in Figure 3.5, and red curve in Figure 3.6) is
comparable with the MD effect reported by others at same/lower
probing frequency in different materials [19,46,47,59,155], but, with
the application of equivalent [155]/relatively higher magnetic fields
[19,46,47,59,155]. It should be noted that the presently observed MC%
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Figure 3.7: Room temperature frequency dependence of loss tangent (tand)
recorded in the absence (H=0T) and presence (H=0.4T) of magnetic field for
LGM20. Insets (i) to (iii) show the magnified view of data across the
corresponding range of probing frequencies. Inset (iv) shows the fitting of
two broad peaks observed in tano to determine the shift of zand-peak(s) under
the influence of magnetic field. The observed shift is summarized in the
enclosed Table. Note- For clarity, data corresponding to H=0.2T and H=0.3T
is not shown in the Figure, but it is in the trend with presented data.

is well above the sum of instrumental and statistical error bar, even at
the highest probing frequency. Figure 3.7/3.8 shows the RT frequency
dependence of loss tangent (tand) for LGM20/LGM60; the data was
recorded in the absence (H=0T) and presence (upto H=0.4T)/(upto
H=2.35T) of magnetic field. For clarity, data corresponding to H=0.2T
and H=0.3T is not shown in the Figure 3.7, but, that data also follow

the magnetic field dependent trend of increase in tand over the entire
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range of probing frequencies. Two broad tand-peaks were observed for
LGM20 as depicted in Figure 3.7 and indexed as peak-1 and peak-2.
These characteristic tano-peaks are corresponding to the diffusive
anomalies in ¢’ (indicated by A and B in the Figure-3.5) observed

across the same
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Figure 3.8: Room temperature frequency dependence of loss tangent (tand)
recorded in the absence (H=0T) and presence (upto H=2.35T) of magnetic
field for LGMG60. Insets (i) and (ii) shows the magnified view of data across
low and high frequency range.

range of probing frequencies. These two peaks (diffusive anomalies) in
tand (¢'), indicate the presence of two dielectric relaxation processes
which might be corresponding to grain (peak-2) and grain boundary
(peak-1) contributions as the similar peaks in Z" versus frequency data
have been assigned for such contributions by Kakarla et al. [156]. It
may be interesting to explore these peaks in future from relaxation
perspective. These relaxation loss peaks are possibly associated with
the oxygen off-stoichiometry (coexistence of Mn** and Mn**) observed
in LGM20 sample (section 3.3.2 and 3.3.3) as the appearance of
similar loss peaks has been attributed to oxygen vacancies in different
systems [29,46]. Similarly, corresponding to a diffusive anomaly in C
(Figure 3.6), an anomaly in tand is observed also for LGM60O (Figure
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3.8). This tano anomaly (LGM®60) or tand-peak (LGM20) is found to
be shifted towards higher frequency due to the application of magnetic
field. This effect is clearly visible for LGM60O (Figure 3.8 and its
insets), whereas, observed clearly after fitting (inset (iv) and enclosed
Table in Figure 3.7) for LGM20. Additionally, over the entire range of
probing frequencies, fano is found to be increased due to the
application of magnetic field for both the LGMO samples (Figure 3.7,
3.8 and corresponding insets). This effect of magnetic field on
frequency dependence of tand can be understood in the following
manner-

The loss tangent can be expressed by following relation (derived from

Maxwell’s 4™ equation of electromagnetism)

we"+o

tans = (3.2)

w&E

where, ® is the frequency of applied electric field and ¢” is the
imaginary component of permittivity attributed to bound charge and
dipole relaxation phenomena (associated with the dipolar oscillations),
which gives rise to energy loss and hence also known as dielectric loss.
This energy loss is indistinguishable from the loss due to the free
charge conduction quantified by c. The component &’ represents the
lossless permittivity (dielectric constant). In presently studied LGM20
and LGM60O samples, coexistence of Mn®*and Mn** has been
evidenced (section 3.3.2 and 3.3.3). A pair of neighbouring Mn**and
Mn** ions connected via an intermediate oxygen ion at 180° provides a
net localized dipole moment (p=charge x Mn-O distance) as the
chemical potential (or charge) of Mn** (ionic radius is 0.64 A)[157] is
different from Mn** (ionic radius is 0.53 A)[157] and hence ‘Mn**-O-
Mn*" (or simply ‘Mn**- Mn*) can be considered as a localized
dipole (as depicted schematically in Figure 3.9). This mismatch of
chemical potential facilitates, electron hopping between neighbouring
Mn** (say site X) and Mn** (say site Y) sites via Mn**-O- Mn** path.

Now, we imagine following three situations for the distribution of such
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dipoles — (i) There only one such pair of neighbouring Mn**and Mn**
is present in the sample kept between two electrodes as shown in
Figure 3.10 (a). In this case, after first jump from Mn®" to Mn**, “site

X’ becomes Mn** and “site Y’ becomes Mn**, therefore, electron hope

A
[ | |

Mn3* ol Mn4+

0.64 A ‘ @0.53 A

p
A

p=p,+p, %0

Figure 3.9: Schematic presentation of a pair of neighbouring Mn** and Mn**
connected via oxygen ion forming ‘Mn**-Mn*** dipole (net electric dipole
moment p) as the chemical potential (charge) and ionic radii of Mn** and
Mn*" are different.

back to ‘site X’ to make it ‘Mn*>" and again to ‘site Y’ to do the same
and so on ie., ‘Mn*- Mn*" dipole oscillates locally with some
characteristic frequency due to charge (chemical potential) imbalance.
When this frequency matches with the frequency of applied ac electric
field, a sharp resonance peak is expected to be appeared in tand versus
frequency plot. It is to be noted that in general, such a situation with
only one pair is not possible to attain practically. (ii) When many such
localized dipoles are present in the system (Figure 3.10 (b)) and each
of them oscillates with its own characteristic frequency (owing to
distinct local surrounding), a distribution of relaxation time t (1/f)
appears in the form of a broad tand peak as observed in case of
LGM20 (peak-1 and peak-2 in Figure 3.7). Note that in case of
LGMG60, such a broad rand peak is about to appear in the form of an
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anomaly (as can be seen in Figure 3.8) and expected to be appeared at
further low frequencies (<20 Hz). (iii) When there a complete chain of
such dipoles is present throughout the material (as shown in Figure
3.10 (c) or in any random manner to allow the electron transport

between electrodes; one such example is shown in Figure 3.10 (d)),

(@) mn**e Ga*e Mn*o (b)

0000000000000000 0009000000000000
0000000000000000 0000000000000 000
©000000000000000 0000000000000000
000000600000000 0000000000000000
000000000000000 0000000000000000
©00000000000000 0000000000000000

000000000000000 0000000000000000
0000000000000000 0000000W000000000

(d)

%ooggooooooggoor
0000000000000 00'0
0000000000000000
0000000000000 080
0000000000000000

— > —>—> —>—> —> «—>

0e00000000000000
oooooooooooroooo
0000005¢000:00000

Electrode
Electrode

@
°
0
=
o
2
w

@
°
<]
]
o
&
w

Electrode
Electrode

Figure 3.10: Schematic representation of main three possible distributions of
‘Mn*/Mn*>  dipoles within the material (LGM2O/LGM60O sample)
sandwiched between two electrodes in parallel plate geometry. (a) There is
only one local ‘Mn*/Mn*** dipole. (b) Dipoles are arranged randomly in such
a way that each diploe can oscillate (electron hopping between Mn*" and
Mn**) locally. (c) and (d) shows two examples of the possible arrangements
of dipoles for electron transport; the ‘Mn*/Mn*" dipoles form a series of
consecutive pairs of Mn** and Mn** which allows electron transport between
end electrodes by means of electron hopping via Mn*-Mn*"- Mn** ......
path. The double head arrow indicates a pair of Mn®** and Mn*" whereas as
single head arrow shows the direction of electron transport. For simplicity
lanthanum and oxygen ions are not shown whereas Ga>*, Mn** and Mn*" ions
are represented by blue, red and yellow circular spots respectively.

electron transport takes place between the electrodes via electron
hopping. Since, Mn®*" is a Jahn-Teller (JT) active/distorted ion [158]
this electron transport can be termed as JT polaron transport/hopping
because, when an electron hops from Mn** to Mn** ion, it carries JT
distortion i.e. the octahedron around the donor (acceptor) Mn ion only
shrinks (expands) as a whole, while its shape remains normal,
mimicking the movement of breathing. It is important to note here,
that, such electron transport is a matter of conduction percolation
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threshold as discussed in detail by Krishnan et al.[159] in terms of
double (Mn**-O-Mn*") and super exchange (Mn**-O-Mn*")
interactions for LaMn;.,AlOs+,. Now coming back to presently
observed results, the magnetic field (H) facilitates this electron
exchange further easier between Mn**and Mn** by making all the spins
parallel to H. Consequently ‘Mn**-Mn** dipoles oscillate faster under
H and hence the shifting of broad rano peaks or anomaly towards
higher frequency (Figure 3.7 and 3.8) appears reasonable. Moreover,
tano is also increasing due to H (Figure 3.7 and 3.8) which can be
understood in terms of increased leakage associated with the above

discussed charge (electron) transport (o in equation 3.2).
3.4 Summary

In summary, following four major observations are noticeable from

above discussed MD response (Figure 3.5 to 3.8)-

(i) A significant positive/negative RTMD effect is appearing even at
high frequencies in both LGM20O/LGM60O. Note that MC% is
positive/negative for LGM20O/LGM60, thus, presently observed MD
effect can be MR affected only with negative/positive MR [9,46,128].

(if) According to the trend convention considered by Mao et al. [46],
the same trend, i.e. both ¢"and zand are increasing over the entire range
of probing frequencies due to H, indicating that the observed low field
RTMD effect should be an intrinsic property of LGM20 sample as the
same is suggested [9]/pointed out [46]/shown [46,47,155] also by
others. Whereas, in case of LGM60O the opposite trends of C
(decreasing with H) and tand (increasing with H) indicate the
dominance resistive contribution according to the trends convention in
literature [9,46,47,155].

(ili) For LGM20O/LGM®60, the position of broad peak(s)/anomaly in
tand is found to be shifted towards higher frequency due to the
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application of magnetic field. Similar shifting is shown by G. Catalan
for negative MR (90%) affected MD effect [9]. And

(iv) For both LGM20O and LGMG6O, tano is increasing due to the
application of magnetic field over the entire range of probing
frequency, indicating a negative MR owing to increased leakage or

conductivity (see equation 3.2).

In case of LGM20O, both ¢" and tand are increasing with
magnetic field indicating a MR free RTMD coupling (according to
trends convention by Mao et al. [46]), but conversely, last two
observations indicates the MR origin. Similarly, in case of LGM60,
according to trends convention by Mao et al. [46], the opposite trends
of H dependent change in C and fand indicates MR affected MD
coupling, whereas, negative MC% and so called negative MR (due to
increased tand or conductivity c) suggest the appearance of an intrinsic
MD effect with the suppression of MR. Ultimately, as far as the
consideration of trend convention (considering ¢/C and tano) [9,46] is
concern, the observed trends are providing contradictory information.
On the basis of above analysis, we proposed that “the contribution of
MR in MD coupling should not be judged only on the basis of trends
of H dependent change in ¢/C and tand”. To further support our
argument, RTMD effect observed in Fe doped LaGaOj3 has also been
analyzed systematically and discussed in detail in chapter 5.
Nonetheless, for LGM20 and LGM60O samples, a systematic and
conclusive analysis to identify MR/intrinsic contribution is required for
commenting concretely about the actual origin or mechanism
responsible for the observed MD effect. Thus, to identify and validate
the resistive/intrinsic contributions and to understand the origin of
intrinsic MD coupling in LGM20 and LGMG60O, an in depth and

systematic analysis is given in chapter 4.
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Analysis of Resistive and
Intrinsic Contributions:
Magnetodielectric Effect in
LaGa; xMn,03,, (x=0.2 & 0.6)

An observation of room temperature (RT) magnetodielectric (MD)
effect in LaGaggMng 203+, (LGM20) and LaGag4Mng O3+, (LGMEO)
has been presented in previous chapter 3. Present chapter provides an
analysis of resistive contributions by means of dc (direct current) and
frequency dependent magnetoresistance (FDMR) measurements. Our
analysis reveals that at frequencies corresponding to bulk contribution
(>10°Hz), the MD effect is intrinsic for LGM20 whereas at lower
frequencies (<10°Hz) it is dominated by magnetoresistive artifacts. In
case of LGMG60, the observed MD coupling is found to be intrinsic
over the entire range of probing frequencies. The intrinsic nature of
MD coupling has been validated by analyzing the magnetic field
dependent Raman spectra. In LGM20O/LGMO60 sample, the observed
MD effect has been attributed to magneto-compression/expansion
associated with reorientation of spin coupled Mn-orbitals as evidenced
in the form of magnetic field mediated hardening of symmetric
stretching (SS) MnQOg octahedral Raman modes. Results presented in

this chapter are published (communicated).*®

*H.M. Rai et al., J. Mater. Chem. C 4 (2016) 10876-10886.
S H.M. Rai et al., Adv. Mater. (communicated).
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4.1 Introduction

Magnetoresistance (MR) is always a major suspect responsible for
magnetodielectric (MD) effect. Magnetoelectric (ME) coupling needs
recording the effect of an electric field on magnetization or,
conversely, that of a magnetic field on ferroelectric polarization. A
difficulty arises in both of these situations, as many of the contenders
(especially perovskites having transition metal (TM) ions with mixed
charge states) for being magnetoelectrics are indeed poor insulators,
which makes it difficult for them to sustain such a high electric field
necessary for realizing the effect i.e. to switch (align) the polarization
(dipoles) [1,9,16,33-35]. By keeping this in view, a relatively simple
and widely accepted alternative method is used; in which, capacitance
(C) or &' is measured as a function of applied magnetic field (H). The
intrinsicality of magnetocapacitance (MC)/MD effect observed through
this indirect approach, is always a major concern, because, in many
materials, it appears without any intrinsic ME coupling
[1,9,29,128,160-163]. Generally, in such systems, MC arises due to
extrinsic artifacts like- MR [1,9,29,128,160-163]. In this regard,
through some excellent theoretical modelling, G. Catalan [9] provided
away to judge the intrinsicality of MD effect which has been accepted
widely [1,4,10,29,35,46,68,71,75,128,154,160-164]. Catalan has
suggested that measuring MR (considering dc measurements), provides
sufficient information about resistive origin of MC [9]. Whereas,
others [46,128] have suggested that the trends of H dependent change
in ¢'/C and tand can provide the information about MR free (both ¢/C
and rand change in same trend) or MR affected (¢'/C and tand change
oppositely) [46] MD effect.

However, in practice, MC/MD measurements are performed by
applying an electric field with varying frequency upto MHz or even
higher range [1,4,10,29,35,46,68,71,75,128,154,160-164]. Thus,
measuring only dc MR is not an effective way to check and validate
MR contribution as the frequency of applied electric field is crucially
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important in MD measurements. Additionally, our analysis (Chapter 3)
on MD effect in LaGaygMny 203+, (LGM20) and LaGagsMngOs:y
(LGMG60), suggests that only trends of H dependent change in &'/C and
tano are not sufficient to judge the resistive origin of MD effect.
Therefore, the MD effect observed in these LGMO samples, has been
examined by systematically analyzing dc MR and frequency dependent
MR (FDMR). Our analysis reveals that the FDMR measurements are
more effective than that of measuring only dc MR or only analyzing
the trends of H dependent change in ¢/C and tand and hence should
necessarily be employed to check and validate the resistive
contribution of MC. Further, magnetic field dependent Raman spectra
have been analyzed to validate the intrinsic nature of MD effect.

4.2 Experimental

In addition to the experimental details discussed in section 3.2, MR
measurements (dc MR) were performed in the absence and presence of
magnetic field in standard four-probe geometry using nano voltmeter
and source meter. Frequency dependent MR (FDMR) measurements
(i.e., magnetic field dependent change in real and imaginary parts of
impedance), on circular pellets of LGM20O and LGMG60O, were
performed by means of a precision impedance analyzer. These
measurements were performed by applying an oscillator voltage of +1
V and the data was recorded for probing frequencies ranging from
20Hz to 10MHz for LGM20O and upto 1MHz for LGM60O. The
direction of applied magnetic field was kept along the applied electric
field to ensure the complete absence of contributions, which, may arise
in MD measurements due to Hall-effect geometry. The magnetic field
dependent RT Raman spectra on highly dense LGMO pellets were
recorded from 300 to 1200 cm™ by using a Horiba Lab RAM high-

resolution (~0.4 cm™) micro Raman spectrometer in confocal mode

equipped with 30 mW air cooled He-Ne laser (632.8nm) as the

excitation source and a charge-coupled device (CCD) detector. The
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spectra were recorded by using 50x standard objective with a spot size

of ~5 um whereas the laser power was kept at 15 mW.
4.3 Results and discussion

This section is divided into three parts; first part presents the analysis
of resistive origin (MR contribution) by means of dc and FDMR
studies. In second part an evidence of intrinsic nature of observed
RTMD effect (chapter 3), in the form of magnetic field dependent
Raman spectra, has been presented. In third part, the mechanism
responsible for intrinsic RTMD (for LGM20O and LGMG6O) is
discussed.

4.3.1 dc MR and impedance spectroscopy (FDMR):Analysis of
resistive (MR) contribution

In order to examine that whether the presently observed MD effect
(chapter 3) is MR dominated or it is completely MR free, firstly, RT dc
MR has been recorded for both LGMO samples by means of I-V

measurements as plotted in the Figure 4.1. According to the observed
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Figure 4.1: Room temperature current-voltage (I-V) graph of LGM20 (a)/
LGMG60 (b), plotted by measuring the voltage for different currents in the
absence (H=0T) and presence (H=0.4T/H=1.2T) of magnetic field using the
four-probe method. This data reveals that there is no significant negative dc
magneto resistance (MR) is present in either LGMO sample.

RTMD response, negative dc MR is expected in LGM20O whereas for
LGM60 the situation was contradictory (observations (i) to (iv)

discussed in section 3.4). However, it is clearly evident from Figure
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4.1 (a) and (b) that no significant dc MR is taking place either in
LGM20 or inLGM60. The absence of any significant dc MR indicates
that the observed MD effect for both the investigated LGMO
compositions is unaffected from dc MR. However, increase in fand and
shifting of tand-peak (LGM20) or tano-anomaly (LGM60O) due to
magnetic field (Figure 3.7 and 3.8) indicates resistive origin [9]. These

contradictory observations suggest that measuring only dc MR is not
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Figure 4.2: Room temperature Cole-Cole diagram of LaGaggMng 203015
(LGM20) plotted for frequencies ranging from 20 Hz to 10 MHz. The data is
measured in the absence (A) and presence (®) of magnetic field. The inset
shows that the impedance does not change due to magnetic field at high
frequencies corresponding to grain contributions. Frequency segments
corresponding to different contributions like, space charge polarization
(SCP), grain boundary (GB) and grains are identified by fitting and
simulating this data with the displayed circuit model. For clarity, data
corresponding to H=0.2T and H=0.3T is not shown. Note- For convenience,
the data on y-axis is multiplied by minus one.

sufficient to identify and validate the origin (resistive/intrinsic) of
observed MD coupling. As we have already mentioned that the MD
measurements are performed by applying an electric field with varying
frequency upto MHz or even higher range
[1,4,10,29,35,46,68,71,75,128,154,160-164], therefore, measuring

FDMR is expected to be more useful than that of the dc counterpart.
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Thus, to get a better insight about the contribution of MR in the
observed MD effect, FDMR has been analyzed by means of MRIS
(MR wvia impedance spectroscopy) measurements. These RT
measurements for LGM20/LGM60 were performed in the absence
(H=0.0T) and presence of magnetic field (upto H=0.4T/2.35T) to
record the real (Z') and imaginary (Z") part of impedance. For clarity,
present impedance analysis has been divided into following two
segments. First part covers the discussion on LGM20, whereas in later
part, results corresponding to LGM60O are discussed. The results of
MRIS measurements for LGM20 are shown as a Cole-Cole (Nyquist)
plot in Figure 4.2,

LGM20: It is clear from Figure 4.2 that at the frequencies
corresponding to space charge and grain boundary contributions i.e. at
low and mid-range of probing frequencies (<10° Hz for LGM20), the
value of Z' (resistance) is decreasing significantly due to the
application of magnetic field. This suggests that the large MD effect
observed at these frequencies (Figure 3.5 and its insets) is FDMR
affected/dominated in this range of probing frequency (20 Hz to <10°
Hz). This frequency dependent negative MR can be attributed to the
hopping of electrons between Mn** and Mn** via intermediate oxygen
by following the double exchange mechanism (as discussed in section
3.3.5). As the magnetic field makes this exchange further easier [29],
Z' and Z", both, decrease i.e., negative FDMR takes place, which,
appears to be responsible for presently observed large (significant) MD
effect at low (mid) frequencies in LGM20[9]. Moreover, as the
magnetic field makes the said exchange further easier, therefore, the
dynamic dipole of ‘Mn**/Mn**~ (section 3.3.5) starts oscillating with a
higher frequency and hence tand-peak(s) corresponding to this
characteristic frequency is (are) observed to be shifted towards higher
frequency side due to the application of magnetic field (Figure 3.7 and
its insets). Ultimately in case of LGM20O, the increase in fané and

shifting of tano-peak(s) due to magnetic field (Figure 3.7 and its
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insets), can be credited to negative FDMR. Nevertheless, as we have
already mentioned that the MD effect is expected to be MR free or
even intrinsic when it is measured at probing frequencies higher (for
LGM20, > 100 kHz) to characteristic frequency [9] (the frequency of
electron hopping between Mn®** and Mn*" sites) because at such high
probing frequencies the hopping charge transport (ultimately FDMR)
gets suppressed as the carriers have no chance to jump between
hopping cites [9,115] (Mn®** and Mn**), therefore, at these frequencies,

only grain contribution is expected [115]. Further, as shown in Figure
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Figure 4.3: Fit of Cole-Cole plot for LaGag gMng 203,015 (LGM20) by using
the circuit model shown in the figure. The open blue symbols (circles) are
representing experimental data whereas solid red line and green balls are
presenting fitted and simulated pattern respectively. The large semicircle
(main panel) is corresponding to SCP. Inset shows the magnified view of first
small semicircle consisting two curvatures. A further smaller semicircle is
also shown in the same inset which is drawn for a high frequency segment
corresponding to grains contribution. The circuit components (C1-R1, C2-R2
and C3-R3) are also positioned independently in their most suitable
semicircular arc according to frequency segments of their dominance. Note-
For convenience, the data on y-axis is multiplied by minus one.

4.2, at frequencies corresponding to grain contributions i.e., for >10°
Hz, neither part of impedance is changing due to the application of
magnetic field. This discards any contribution of any type of MR in the
observed MD effect (>3% at >100 kHz; Figure 3.5 and its insets) at
these high frequencies. Further, the different frequency segments
corresponding to SCP (space charge polarization), GB (grain
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boundary) and grains contribution are identified by fitting and
simulating Z' -Z" data for H=0T and H=0.4T with the circuit model
depicted in Figure 4.2. The data is fitted and simulated with the help of
EIS (Electrochemical Impedance Spectroscopy) Spectrum Analyzer
software by considering the circuit model shown in Figure 4.2. The
results of fitting are shown in Figure 4.3 only for the data (Z'-Z")
corresponding to H=0T as a representative. The data is fitted over the
entire range of probing frequency considering a series of three
capacitors (each having a resistance in parallel individually). The
contributions of grains, GB and bulk-electrode interface/SCP have
been separated with the help of this fitted and simulated data (Figure
4.3). It is known that SCP appears at low frequencies, therefore, the
first parallel combination (C1-R1) is representing SCP region as low
frequency (20 Hz to 1 kHz) semicircular arc (second and large
semicircle in main panel) is fitted and simulated by varying the values
of mainly C1 and R1. It appears that the first small semicircle (in main
panel) has only a single curvature but actually it consists of two
curvatures and it is alone fitted with a series combination of two
capacitors; each having a resistance in parallel individually (C2-R2 and
C3-R3). In this regard, a segment of this arc was fitted and simulated
separately for a parallel combination of a capacitor and a resistor (C3-
R3). Consequently, a new smaller semicircle, corresponding to ‘C3-
R3’, is observed as shown in the inset. Since, this small segment is
corresponding to higher range of probing frequency (100 kHz to 10
MHz) hence it has been recognized as the region corresponding to
grains contribution. The remaining segment corresponding to midrange
of probing frequency (1 kHz to 100 kHz), fitted mainly with the
variation in C2 and R2, has been assigned as the GB region. In this
way, in LGM20 sample, three different capacitance regions have been
identified. These were separated on the basis of corresponding
frequency range and hence recognized as SCP (C1-R1), GB (C2-R2)
and grains (C3-R3) contributions accordingly. It can be clearly seen

from Figure 4.3 that grains are less insulating (Note-the difference of
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x-axis intersects of corresponding semicircular arc gives the value of
resistance associated with particular contribution) as compare to GB.
In LGM20O compound, oxygen off-stoichiometry (i.e. coexistence of
Mn*" and Mn**) can be considered as one of the causes responsible for
low resistivity of grains (owing to already discussed hopping charge
transport; Figure 3.10 (c) and (d) demonstrate two examples probable
transporting paths) as the similar enhancement of grains conductivity
has been attributed to oxygen vacancies in different compounds >,
The grains of LGMO samples with better oxygen stoichiometry ((i.e.
with y=zero or very close to zero) are expected to be more insulating
with reduced leakage. Now, as far as the effect of magnetic field is
concern, the resistance corresponding to grain contribution (Rgrain) 1S
found to be almost equal in the absence (H=0 T) and presence (H=0.4
T) of magnetic field, suggesting that the MD coupling at frequencies
>10° Hz for LGM20 is unaffected from MR. Whereas, the resistance
corresponding to both SCP and GB is lower in the presence of
magnetic field which is clearly distinguishable also in Figure 4.2 and
its inset. Since, the comparison of resistance in the absence (H=0T)
and presence (H=0.4T) of magnetic field is the main concern of present
MRIS study, therefore, present EIS analysis is limited only upto the
identification of above mentioned regions (i.e. SCP (C1-R1), GB (C2-
R2) and grains (C3-R3)) which are contributing to observed magneto
capacitance at corresponding frequencies. Eventually for LGM20, at
frequencies corresponding to grains contribution (>10° Hz), the
observed MD effect is completely unaffected from any kind of MR,

whereas, it is MR (ac) dominated at lower frequencies (<10° Hz).
LGMG60O: The results of MRIS measurements for LGM60O are shown

as a Cole-Cole plot in Figure 4.4. It is clear from this Figure that at

frequencies <10°Hz, the resistance (Z') and reactance (Z"), both are
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Figure 4.4: Room temperature Cole-Cole diagram of LaGag4Mng 03042
(LGMGBO) plotted for frequencies ranging from 30 Hz to 1 MHz. The data is
recorded in the absence (H=0T) and presence (upto H=2.35T) of magnetic
field. Note- For convenience, the data on y-axis is multiplied by minus one.

decreasing significantly due to external magnetic field (upto H=2.35 T)
which signifies negative FDMR over these probing frequencies. This
frequency dependent negative MR can be attributed to the hopping of
electrons between Mn®** and Mn*" via intermediate oxygen by
following the double exchange mechanism (as discussed in section
3.3.5). As the magnetic field makes this exchange further easier [29],
the dynamic dipole of ‘Mn**/Mn**" (section 3.3.5) starts oscillating
with a higher frequency and hence tand-anomaly corresponding to this
characteristic frequency is observed to be shifted towards higher
frequency side due to the application of magnetic field (Figure 3.8 and
its insets). Moreover, as the magnetic field makes the said exchange
further easier, Z' and Z", both, decrease or conductivity ¢ increases
therefore, the increase in fano (Figure 3.8 and its insets) appears
reasonable in accordance to the equation 3.2. Nevertheless, at
frequencies >10°Hz, neither part of impedance is changing due to the
application of external magnetic field. It is important to note that the
observed negative FDMR (<10°Hz) is not affecting the negative MD
effect observed in LGM60 (Figure 3.6 and its insets), because, any
kind (dc or ac) of negative MR, leads to a positive MD response[9].

Thus, it seems that the MD coupling in LGM60O is completely MR
82



Chapter 4

unaffected and very strong too as it is appearing by suppressing the
effect of negative FDMR even at low frequencies. This is the reason,
the identification of different segments (SCP, GB and grains) in case of
LGM60 was not required and hence the corresponding Z'-Z" data has
not been fitted. Ultimately, LGM60 exhibits RTMD effect without any

resistive contribution over the entire range of probing frequencies.

This MRIS analysis reveals that for LGM20O the observe
RTMD effect is found to be MR free at frequencies corresponding to
grains contribution (>10° Hz) whereas, it is FDMR dominated at lower
frequencies (<10° Hz). On the other side, LGM®60 exhibits a negative
RTMD effect without any resistive contribution over the entire range
of probing frequencies. On the basis of this analysis, we propose that
instead of measuring only dc MR or analyzing only magnetic field
dependent trends of change in IS (FDMR) alone can be used as an
effective experimental technique to identify and analyze the intrinsic
and resistive parts contributing in MD effect. Further, in case of
LGM?20, there is a possibility that at lower frequencies (<10 Hz), the
intrinsic part of RTMD might have gone suppressed due the
dominance of negative FDMR because, MR (ac and dc both) and MD
response are recorded through electrical measurements, where, this
superposition of resistance (MR) and capacitance (MD) is possible.
Thus, magnetic field dependent measurements (even, also for LGM60O
sample) using non-electrical characterization techniques (where,
electrical resistance does not contribute in signal) may provide
additional and concrete information about the intrinsic nature and
mechanism of MD coupling in presently studied samples. For this
purpose magnetic field dependent Raman measurements were

performed and the obtained results are discussed below.

4.3.2 Magnetic field dependent Raman spectroscopy: Evidence and
origin of intrinsicality (intrinsic nature) of observed MD coupling
Magnetic field dependent Raman spectra for LGM20O/LGM60 were

recorded between 300 to 1200 cm™ and the results are shown in Figure
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4.5/4.6. Note that similar to most of the manganitelike ABO3 systems,
the observed Raman spectrum is basically dominated by the MnOg
[97,98,165,166].
conventions, the broad features observed around 500 cm™ and above

octahedral vibrational modes Using previous
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Figure 4.5: Room temperature Raman spectra of LGM20, recorded in the
absence (H=0T) and presence (upto H=0.6T) of magnetic field. A vertical
dotted line is drawn to show the shifting of SS MnOg octahedral Raman mode
due to the application of magnetic field. The x-axis intersect of this dotted
line represents the peak position (656 cm™) of SS mode under zero magnetic
field. The peak position of this SS mode for H=0T to H=0.6T, are tabulated in
the Figure itself.
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600 cm™ (Figure 4.5 and 4.6) were respectively assigned as bending
(B) or Jahn-teller asymmetric stretching (JT-AS) and symmetric
stretching (SS) MnOg octahedral Raman modes [97,98,167,168].
Interestingly, with the application of a very low magnetic field of <0.6
T, the peak position of SS mode is found to be significantly shifted
toward lower frequency side for LGM20O (Figure 4.5) whereas towards
higher frequency for LGM60O (Figure 4.6). For LGM20 (LGM60), a
shift of 4.2 cm™ (5.1 cm™) between the peak positions corresponding
to zero field and lowest applied field (i.e., H= 0.35) is clearly evident
from Figure 4.5 (4.6) and enclosed Table. For LGM60, this difference

is additionally marked with the help of a vertical line and two arrows
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(Figure 4.6). Further, For LGM20O/LGM®60, a backward/forward shift
of 9.2 cm™/7.2 cm™ is observed for highest available field of H=0.6T
as evident from Figure 4.5/4.6. This magnetic field dependent
backward/forward (LGM20O/LGMG60) shifting is a signature of
softening/hardening of SS MnQg octahedral Raman modes, indicating
expansion/compression of material [97] due to magnetic field. As a
result of this volume expansion/compression (considering uniform
expansion/compression for circular pellets), presently observed
increase (LGM20O)/decrease (LGM60O) in ¢'/capacitance i.e.,
positive/negative MC%, appears justified and intrinsic in accordance to
relation (3.1) as in case of a circular pellet sample, C (or &) scales with

A (for uniform magnetic expansion /compression).

Now, As far as the origin of presently observed significant
positive/negative  MC% in LGM20O/LGM60O (or magnetic
softening/hardening of Raman modes) is concern, it can be understood
as follows. In presently studied LGM20/LGMG60 system 85%/86% of
total Mn is in its 3+ state which is JT distorted [158] due to that Mn**
forms two long Mn-O bonds (2.18 A) [94] and four short Mn-O bonds
(1.90 A) [94] with octahedrally connected oxygens. Further, the ionic
radius of Ga®* (0.62 A) is a little smaller than that of the Mn®" (0.64A)
[94,96,157] whereas Ga-O distances (1.97 A) is slightly higher than
Mn-O short bond (1.90 A) and significantly smaller to Mn-O long
bond (2.18 A) [94]. The evolution of orthorhombic strain in LaMn;.
xGaxO3 is already predicted by Farrell et al. [94] in terms of
transformation/rotation of Mn - (3x* — r?)/( 3y? — r?) orbital into the
(32 — r?) state due to the replacement of Mn®*" with Ga**. The
evolution of such orthorhombic strain can be considered in present
LGMO samples, by means of alignment of Mn orbitals transforming
due to the replacement of non-JT Ga** ions with JT distorted Mn**
ions [94]. Further, as the application of magnetic field (upto H=0.4T
for LGM20O and H=2.35T for LGM®60) aligns/rotates magnetic

moments related to Mn ions, therefore, readjustment or reorientation
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Figure 4.6: Room temperature Raman spectra of LGMG60, recorded in the
absence (H=0T) and presence (upto H=0.6T) of magnetic field. A vertical
dotted line is drawn to show the shifting of SS MnOg octahedral Raman mode
due to the application of magnetic field. The x-axis intersect of this dotted
line represents the peak position (634.7 cm™) of SS mode under zero
magnetic field. The peak position of this SS mode for H=0T to H=0.6T, are
tabulated in the Figure itself.

[95] of such already transformed Mn orbitals appears possible (as for
such correlated systems, spin and orbital degrees of freedoms are
strongly coupled) which may lead to a change in the above discussed
orthorhombic strain (i.e., expansion or compression of material;
presently expansion for LGM2O whereas compression for LGM60)

and hence in capacitance (or ¢') according to relation 3.1.

4.4 Summary

In summary, resistive contribution/origin of room temperature MD
(RTMD) effect, observed in LGM20 and LGM60OO (chapter 3), has
been examined by analyzing the results of dc and FDMR
measurements. The intinsicality of the effect has been evidenced by
means of magnetic field dependent Raman spectroscopy. The MD
coupling in LGM20 found to be MR unaffected for frequencies > 10°
Hz as revealed through a systematic analysis of dc and FDMR.
However, at lower frequencies, the presently observed MD
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phenomenon for LGM20O was found MR dominated (due to which
intrinsic contribution might have gone suppressed at these lower
frequencies) which has been attributed to the electron hopping
between Mn®** and Mn** sites. As far as the observed RTMD coupling
in LGM60 (chapter 3) is concern, present analysis of dc and FDMR
reveals that the observed negative MD effect in LGM60 is completely
unaffected from any kind of MR over the entire range of probing
frequencies. The results of magnetic field dependent Raman
spectroscopy suggest that the observed MD coupling is intrinsic and
magnetostriction meditated in both LGM20 and LGM60O (magneto
expansion in LGM20 and compression in LGM60Q). This magnetic
expansion (LGM20)/compression (LGM60) has been attributed to the
reorientation/retransformation of spin-coupled Mn orbitals. Thus our
assumption (section 3.4) that in case of LGM20O, as for MD and MR
being electrical measurements the intrinsic part of observed MD
coupling at low frequencies might have gone suppressed due to the
dominance of FDMR appears correct. It is clear form present study
(chapter 3 and 4) that for analyzing resistive origin of MD coupling,
measuring only dc MR or investigating only trends of magnetic field
dependent change in ¢/C and tand, are not sufficient. FDMR
measurements in this regard provide better information and hence
should necessarily be employed to analyze the resistive contribution in
MD effect. The intrinsicality/mechanism of a genuine MD effect
should (can) be evidenced/understood by means of a non-electrical
characterization technique (where, electrical resistance does not
contribute in signal) like magnetic field dependent XRD, XANES or
Raman spectroscopy. Eventually, the Present in depth analysis (chapter
3 and 4) reveals that intrinsic MD coupling can be realized in a
compound which expands/shrinks in response to an externally applied
magnetic field. In order to further support our conclusive argument (s),
Fe doped LaGaOs; has also been prepared and probed from MD
perspective. A detailed MD study on this Fe doped LaGaO3 system is
provided in next chapter.
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Chapter 5
Room Temperature
Magnetodielectric Study on
LaGao sFeo303.y: Impact and

Origin of Excess Oxygen

To provide an additional support for our concluding arguments or
proposals given in chapter 3 and 4, an observation with a systematic
study on room temperature magnetodielectric (RTMD) behavior of
LaGag 7Feo 303+ is presented in this chapter. Results of this chapter are
published in the literature.”

" H.M. Rai et al., Inorg. Chem. 56 (2017) 3809-3819.
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5.1 Introduction

Similar to Mn doping in LaGaOs3 (LGO) at Ga site (section 3.1), doping
of other TM (transition metal) ion at Ga site in LGO may also lead to
magneto compression/magneto expansion mediated magnetodielectric
(MD) coupling. Keeping this in view, we have doped Fe at Ga site in
LGO with an expectation of RT (near RT) MD coupling because, the
strain evolved due to Fe doping (considering the difference in ionic
radii of Ga and Fe ions), is supposed to be magnetically switchable as
it is correlated with the arrangement of orbitals/moments of TM ions
[94] (since in such systems, spin and orbital degrees of freedoms are
strongly coupled). Here, we report an observation of RTMD effect in
LaGao 7Feo 305+, With the application of low magnetic field of about 1T
(maximum 1.2T) and < 1T. The observed results have been explained
using impedance spectroscopy (IS) by considering the pair of nearest
Fe**and Fe** jointly as a dynamic dipole (‘Fe**-Fe*") [29,155]. The
coexistence of Fe**and Fe** is validated through iodometric titration
and XANES experiments. The contribution of resistive sources in the
observed RTMD effect has been analyzed via systematic study of
magneto-capacitance (MC%), magneto-loss (ML%), dc MR
(magnetoresistance) in four probe geometry and frequency dependent
MR (FDMR) via impedance spectroscopy (MRIS). MRIS analysis
reveals that at frequencies corresponding to grain contribution (2106
Hz), the observed MD phenomenon, is MR-unaffected whereas at
lower probing frequencies, it appears to be MR dominated possibly
due to the coexistence of Fe** and Fe**. The origin of excess oxygen
or positive value of y (i.e, coexistence of Fe** and Fe*") and its impact
on RTMD properties of LaGag7Feo30s3+, has been investigated by
means of ‘bond-valance-sum’ analysis and DFT (density functional
theory) based first principles calculations. The cation vacancies at
La/Ga site (or at La and Ga both) have been proposed as one of the
possible reason for excess oxygen in LaGag7Feq30s+,. The intrinsic

nature of observed MD coupling in LaGag7Feq303+, has been
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evidenced by means of magnetic field dependent Raman spectroscopy
and explained in terms of modified volume strain governed by
magnetic field induced rerotation/retransformation of spin coupled Fe-
orbitals.

5.2 Experimental

Polycrystalline sample of LaGag7Feyo30; was prepared through
conventional solid-state reaction route by following the process
described in section 2.1.1. The phase purity of the prepared sample
has been examined by means of powder x-ray diffraction (XRD)
experiments carried out on Lab source diffractometer. XRD data has
been refined by using FullProf Rietveld refinement package [101]. For
dielectric measurements single phase powdered samples were
pelletized at a pressure of 15 ton to form 1 mm thick circular discs of
12 mm diameter. These pellets were sintered in air at 1400 ‘C for 24
hours. Further, after being coated with silver paint these pellets were
fired at 300° C for 30 min. For all as prepared pellets, RT capacitance
and frequency dependent MR (FDMR) i.e. magnetic field dependent
change in real and imaginary parts of impedance are measured in the
absence and presence of magnetic field by using a precision impedance
analyzer. These measurements were performed by applying an
oscillator voltage of +1 V and the data was recorded for probing
frequencies, ranging from 20 Hz to 10 MHz. The direction of applied
magnetic field was kept along the applied electric field to ensure the
complete absence of contributions which may arise in MD
measurements due to Hall-effect geometry. In order to find out the Fe
charge state in LaGag7Feo30s3+, compound, iodometric titration
experiment has been carried out. For this purpose sodium thio-sulphate
(NazS,03.5H,0) solution is used as titrant whereas the analyte
(LaGao 7Feo3034y) is dissolved in HCI solution and Kl is added in that
solution to get an end point as a result of redox. The titrant (in Burette)
is added drop by drop in the Analyte+tHCL+KI solution until it

becomes colorless (end point). The end point is confirmed by using
91



Chapter 5

starch as an indicator. The volume of used titrant is recorded and
ultimately gamma (y) in LaGagsFeg30s, is calculated by usng the
well-known equation of normality (N;V1=N,V;). The coexistence of
Fe**and Fe* in LaGagsFeo30s., as recognized through iodometric
titration method is further validated by XANES measurements
performed at Fe K-edge. The Fe K-edge XANES spectra were carried
out on ~1 mm thick circular pellets in the fluorescence mode using
Vortex energy dispersive detector (VORTEX-EX) at BL-9, Scanning
EXAFS Beamline of Indus-2 synchrotron radiation source at the
RRCAT (Raja Ramanna Centre for Advanced Technology) Indore,
India [134]. The beamline consists of Rh/Pt coated meridional
cylindrical mirror for collimation and Si (111) based double crystal
monochromator (DCM) to select excitation energy. The energy range
of DCM was calibrated using standard Fe foil. Fe K-edge XANES data
normalization and self-absorption correction were processed using
ATHENA software [135]. The resistivity and magneto-resistance
measurements (dc MR) were performed in the absence (0 T) and
presence of magnetic field (0.7 T and 1.2 T) in standard four-probe
geometry using nano voltmeter and source meter. Moreover, ‘bond-
valance-sum’ calculations have been carried out in FullProf suit to
estimate the average charge of Fe in presently studied LaGag 7Feg 303+,
sample. In order to understand the presence of mixed charge state of Fe
in LaGag 7Feq 303+, (i.e., stability of Fe*"), DFT based first principles
calculations have been performed by using Vienna Ab initio simulation
package—VASP’ (computational methodology is discussed in detail in
the ‘results and discussion’ section). The magnetic field dependent RT
Raman spectra on highly dense LaGag 7Fe30;3+, pellet were recorded
from 300 to 3000 cm™ by using a Horiba Lab RAM high-resolution
(~0.4 cm™) micro Raman spectrometer in confocal mode equipped
with 30 mW air cooled He-Ne laser (632.8nm) as the excitation source
and a charge-coupled device (CCD) detector. The spectra were
recorded by using 50x standard objective with a spot size of ~5 um

whereas the laser power was kept at 15 mW.
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5.3 Results and discussions

This section is divided into seven subsections; first three parts present
the analysis for structural phase purity by XRD, along with the
validation of oxygen access (coexistence of Mn** and Mn**) in the
sample by means of iodometric titration and XANES analysis. The
observed RTMD response and analysis for resistive contribution (by
means of dc MR and MRIS) are disused respectively in fourth and fifth
segment. In last two subsections, impact of excess oxygen along with
its origin and evidence of intrinsic nature of observed MD coupling
along with its understanding are discussed respectively.

531 XRD

Figure 5.1 shows the refined powder XRD pattern for polycrystalline
sample of LaGap 7Fe(303. This XRD pattern is refined with the help of
FullProf package by considering orthorhombic structure with Pnma
space group. The value for the goodness of fit (i.e., x°) was found to be

~1.4. The absence of any unaccounted peak in the refined XRD pattern

O Y Observed
Y Simulated
Difference

Bragg position ==

85>.8 ' 867.4 ' 87‘40
320 325 330 XRD dataat300K
LaGaOJFeo.aO3

Intensity (a.u.)

20 30 40 50 60 70 80 90 100
20 (°)

Figure 5.1: Rietveld refined X-ray diffraction data for LaGag;Fey303. The
absence of any unaccounted peak confirms the purity of the structural phase
of the prepared sample. Insets display the magnified view of selected peaks to
show the quality of fitting.
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confirms the phase purity of prepared sample. This pure phase

LaGap 7Fe.303 sample was used for rest of the other measurements.

5.3.2 lodometric titration

In order to check the oxygen stoichiometry of presently studied
LaGap 7Fep 303 sample, iodometric titration experiments [136] have
been carried out. The sample was found to be oxygen off-
stoichiometric with some excess oxygen (i.e., coexistence of Fe**and
Fe*) and hence named here and after as LaGag 7Feq 303+, (Or as
LGF30). In LaGag7Feo3034y, the value of y is found to be 0.044.
Further, with this value of vy, the charge state of Fe and percentage of
Fe**and Fe*" has been calculated in the following manner by using the

charge neutrality condition.
(i) Fe charge state (say x)

For the present sample, by charge neutrality condition,

La3+Gag.; Fe())(.aoz_ — La3+Ga§‘_; Fe(§3o(23,10.044) =0

(3+7)

Here, x is the charge state of Fe in present sample and y = 0.044 (by

titration), thus,

(3x1) +(3x0.7) +0.3x+(—2x3.044) =0
3+2.1+0.3x-6.088=0
5.1+ 0.3x-6.088 =0

0.3x-0.988=0

0.988
X=——
0.3

X=3.29

Thus, through iodometric titration, the charge state of Fe in present
sample is found 3. 29.

94



Chapter 5

(ii) Percentage of Fe** and Fe**
For the present sample, by charge neutrality condition,

3+ 3+ 3+ 4+ 2—
LaGan FeO.SO(Si;/) =La Gao.7 FeO.S(l—x) FeO.SXO(3i7/)
Here, x is the amount of Fe** in the total Fe present in the sample.
Since, through titration experiment the value of vy is found to be 0.044,

therefore, according to charge neutrality condition

La*>Ga’’ Feg’;(l_x) Fe;: 0%, =0

(3+7)
3+ 3+ 3+ 4+ 2—
La Gao.7 Fe0.3(1—><) Fe0.3x0(3+0.044) =0

(3%1) +(3x0.7) +[3x0.3(1— x)]+ (4x0.3x) + (—2x3.044) =0
3+2.1+0.9-0.9x+1.2x—-6.088 =0
6+0.3x—6.088=0

0.3x-0.088=0

0.088
X=—
0.3

x=0.29

Thus, Fe** is 29% out of total Fe present in the LaGag 7Feq 303+, Sample
whereas remaining 71% is Fe®* and the charge state of Fe has been

estimated as 3.29.

5.3.3 XANES

The coexistence of Fe** and Fe** has been further supported through
XANES measurements (as the charge state determination by means of
XANES is already being used [105-108]) carried out at Fe K-edge
energy of 7112 eV. The obtained XANES data is plotted in Figure 5.2.
The energies corresponding to absorption edge of - pure Fe metal foil
(Fe®) and powders of FeO (Fe?*) and Fe,Os (Fe**) have been used as
standards. The oxygen stoichiometry of powders (standards) has been

validated through iodometric titration before using them as standards.
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It is notable that XANES measurements for LaGao 7Feo 303+, and also
for all these standards are performed with same experimental settings
at RT. Figure 5.2 compare the normalized XANES spectra of LGF30

1.8 1 o
........ FeO (Fe*™)
1.5{~°—LaGa, ;Fe; ;04
=.1.2 4
o
N
= 0.9 4
€ Fe? .
g 0.6 - E — polynomial fi
> 7120,
0.3- 0:’ 7116/
W 7112]
........ o 1 2 3
0.0 oraanas=s Charge State of Fe
|| || 1 ] ||
7110 7120 7130 7140 7150

Energy (eV)
Figure 5.2: Fe K-edge XANES spectra of LaGag7Fey30;5., (LGF30) with

Fe?* and Fe® standards. Since the absorption edge of Fe-metal foil (Fe)
appears at a relatively low energy side (7112 eV), therefore, to clearly
visualise the relative shift in the position of LGF30 absorption edge with (2+
and 3+), the XANES data of Fe® is not shown. Inset shows K-edge energies
as a function corresponding oxidation states of Fe standards (i.e., 0, 2+ and
3+).

with Fe?* and Fe®" standards. The absorption edge (K-edge) energies of
FeO (Fe®*), Fe,03 (Fe**) and LaGay 7Feq 305, are determined with the
help of already reported convention [137], by plotting the first
derivative of the corresponding w(E) versus E curves as shown in
Figure 5.3 for LaGaosFeo30s3+, and used standards. The value of
energy corresponding to first maximum (exclude the one
corresponding to pre-edge) on this first derivative curve gives the
position of the inflection point and hence the position of the absorption
edge [137]. In this way, the calculated K-edge energy of

LaGao 7Feo 303+, is found to be greater than that of the Fe,O3; (3+),
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indicating coexistence of Fe** and Fe** in the sample. The estimated

K-edge energies of sample and standards are summarized in Table 5.1,

7127.45;

—  FeO (Fe*)

7123.40 S Fe203 (Fe3+)

—_ LaGaMFeOI303+y

deriv xu(E)

| : Fe metal foil |
7112

| - T1l10| 71'12 '1_'|]'14 711‘;6 1 1
7115 7120 7125 7130 7135 7140
Energy (eV)

deriv xu(E)

Figure 5.3: Estimation of absorption K-edge energy. The first derivative of
M(E) versus E curve for standards and LaGao ;Feq30s.,. For clarity the data of
Fe metal foil is shown separately in the inset. The energy coordinate of small
circle indicates corresponding K-edge energy.

Table 5.1: Fe K-edge absorption energies, for sample and standards i.e., Fe
metal foil (Fe%), FeO (Fe?*) and Fe,O; (Fe*"), estimated through first order
derivative of u(E) versus E curves by means of XANES data (Figure 5.3).

Sample/standard K-edge energy (eV)
Fe metal foil (Fe°) 7112.00
FeO (Fe*) 7123.40
Fe,03 (Fe™) 7126.76
LaGao,7F80,3O3+Y 7127.45

In order to obtain a precise value of oxidation setae of Fe in
LaGao 7Feo 303+, the calculated edge energies of FeO (Fe2+), Fe,O3
(Fe**) along with that of the Fe metal foil (Fe) are then plotted as a
function of corresponding charge states (i.e. 0, 2+ and 3+) as shown in
the inset of Figure 5.2. This data is then fitted with a 2" order
polynomial [105] of the following form

y = B,x* + B, X+ Intercept (5.1)

here, x represents Fe charge state whereas y is the corresponding K-

edge energy. Thus, to estimate the charge state of Fe in
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LaGao 7Feo 303+, the corresponding K-edge energy i.e., y=7127.45 eV
(see Figure 5.3 or Table 5.1) along with the values of B1 (-0.78), B2
(7.26) and intercept (7112) as obtained from the table of fitting
parameters, is  substituted in  above  polynomial i.e.,

7127.45=—-0.78x* +7.26x+7112. After solving this quadratic
equation, the oxidation state of Fe in LaGag7Feo30s+,, is estimated
between +3 and +4 (i.e. X = 3.29). This coexistence of Fe** and Fe** is
attributed to oxygen off-stoichiometry (oxygen excess) in the sample.
By using this value (3.29) in the following charge neutrality condition -

La*GajtFel" 07, , =0

(B+y)
(BxD) +(3x0.7)+(3.29%0.3) —2x(3+y) =0
OR 3+2.1+0.987-6-2y=0

OR  0.087-2y=0

OR y= @ =0.0435

the value of gamma (y) is found to be 0.0435 which is closely
consistent with that of the value (0.044) obtained through titration
experiments. Hence, the charge state of Fe and concentration of Fe®'/
Fe** in LaGao 7Feo 3034, sample calculated through both, XANES and
titration experiments, are consistent with each other. It is to be noted
that the oxygen excess has not been verified thorough present XRD
results because the data is recorded at Lab source and hence, refining
occupation factor for a low Z element like oxygen may lead to wrong
information. In this regard, neutron diffraction measurements will be
very useful as the oxygen excess in LaMnOsj, has already been
studied by using neutron diffraction data [139,140] and explained in

terms of cation vacancies [139,140].
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5.3.4 Room temperature magnetodielectric (RTMD) response

A significant RTMD effect of ~ 15% is observed for LaGag 7Fep 303,
sample when measured at a probing frequency of ~100 kHz with a
magnetic field (H) of 1 T (>20% with H=1.2 T). The RT frequency
dependence of ¢’ and loss tangent (tand) for LaGag 7Feg 303+, is shown

in Figure 5.4 and 5.5 respectively. These measurements were carried
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Figure 5.4: Room temperature dielectric constant (¢) as a function of
frequency measured in the absence (H=0.0T) and presence (H=0.2T to 1.2T)
of magnetic field for LaGag ;Feq30;.,. Insets show magnified view of data at
corresponding frequency ranges.

out in the absence (H=0 T) and presence of magnetic field (0.2 T to
1.2T) for a frequency range of 20 Hz to 10 MHz. A noticeable change
(upsurge) in the value of &’ due to the application of magnetic field
(0.2T to 1.2T) is clearly evident over the entire range of proving
frequencies as depicted in in Figure 5.4 and its insets. This observed
MD effect is strong at low frequencies and significant even at higher
probing frequencies. Interestingly, at ~100 kHz, this observed change
is found to be >20% for H=1.2, ~ 15% with H=1T and ~5% even at
H=0.5T (Figure 5.4 and its insets) which is comparable with the MD

effect reported by others at same/lower probing frequency in different
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materials [19,46,47,59,155] but, with the application of similar
[155]/relatively higher magnetic field [19,46,47,59] and at low
temperatures [47,59]. Inset (ii) of Figure 5.4, shows that the change is
~7% even at a high frequency of 1 MHz with H=1.2T (~5% with
H=1T; not marked). These changes in the value of RT ¢’ due to the
application of different magnetic fields are tabulated in Table 5.2 for
probing frequencies of 100 kHz and 1 MHz respectively. It should be

noted that this observed change in ¢’ is well above the sum of

Table 5.2: The Change observed in the value of room temperature &’ (in %)
due to the application of different magnetic fields ranging from 0.2T to 1.2T.

% Change observed in the value of room temperature
Frequency ¢’ due to the application of different magnetic fields
02T | 04T | 06T | 08T 1T 12T
100kHz | 1.74 | 3.71 | 568 | 9.13 | 14.97 21.21
1 MHz 059 | 1.20 | 1.82 | 2.99 4.99 7.42
0.53 (i) Data at 300K
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Figure 5.5: Room temperature loss tangent (tano) as a function of frequency
measured in the absence (H=0.0T) and presence (H=0.2T to 1.2T) of
magnetic field for LaGa, 7Fe305.,. The data corresponding to entire range of
probing frequencies is shown in the inset (i) and high frequency data is
magnified as main panel for clarity. Inset (ii) displays magnified view of first
broad peak.
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instrumental and statistical error bar, even at the highest probing
frequency of 10 MHz. Moreover, tand also increases over the entire
range of probing frequency due to the application of magnetic field as
shown in Figure 5.5, its inset (ii) and Figure 5.6 by magnifying the

corresponding frequency ranges. Further, two broad peaks, indicated as

0.98
Data at 300K —w=T
0.91 '.‘\-\ L8G30.7F300303+.Y -=-=- 02T
0.84 -+
o5 07T
[ o=
8o.70-
0.63-
0.56 -
0.49
8x10° 1.2x10°  1.6x10" 2x10’
Frequency (Hz)

Figure 5.6: Room temperature loss tangent (tand) as a function of frequency
measured in the absence (H=0.0T) and presence (H=0.2T to 1.2T) of
magnetic field for LaGag;Feo30;.,. The data is shown only for higher
frequencies to demonstrate that the value of zand increases with increasing
magnetic field even at the frequencies of > 1 MHz and its value remains <1
even at such high frequencies.

peak-1 and peak-2, have been observed in tand as shown in the inset (i)
of Figure 5.5. Peak-2 is prominent in height whereas peak-1 is
relatively much broader and smaller in height. These characteristic
tano-peaks are corresponding to the diffusive anomalies in ¢’ (indicated
by two dotted down arrows in the Figure 5.4) observed across the same
range of probing frequencies. These two peaks (diffusive anomalies) in
tano (¢') indicate the presence of two dielectric relaxation processes in
presently studied LGFO sample. It may be interesting to explore these
peaks in future from relaxation viewpoint. In addition to RTMD
response, temperature dependent &’ is also recorded with and without
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magnetic field for LaGao 7Feo 303+, Sample. Figure 5.7 shows ¢’ -T data
recorded in the absence (H=0 T) and presence of magnetic field

(H=1.2T). The value of &’ is increasing due
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Figure 5.7: Room Temperature dependent ¢’ at a fixed frequency (20 Hz)
recorded in the absence (H=0.0 T) and presence of magnetic field (H=1.2 T)
for LaGag7Feo305.,. Inset shows temperature dependent dielectric dispersion
under zero magnetic field.

to magnetic field even at the lowest temperature (132 K for present
case) and hence, the on-set of present temperature dependent MD
response can be expected at a temperature lower than 132K. The inset
of Figure 5.7 shows ¢’ of LaGag 7Feq 303+, as a function of temperature
under zero magnetic field for probing frequencies ranging from 20 Hz
to 1IMHz. Above 150 K, a large dielectric dispersion and frequency
dependence of &' is evident from the inset of Figure 5.7. The
appearance of similar temperature dependent MD response in LuFe,O4
has been attributed to change in polarizability associated with the
ordering of coexisting Fe charge sates and charge fluctuations on Fe
sites [21], whereas, similar large dielectric dispersion (Figure 1.7) was
attributed to order-disorder ferroelectricity (ferroelectric domain
boundary motion) generated due to ordering of mixed Fe valences
[21,90]. Ultimately, following four major observations (considering

MD phenomenon) are noticeable from Figure 5.4 to 5.7 — (i) a
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significant RTMD effect is appearing at a low magnetic field. (ii) Both
¢’ and tand are increasing with increasing magnetic field over entire
range of probing frequencies. This same trend indicates that the
observed low field RTMD effect should be an intrinsic property of
LaGag 7Feo 303+, sample as the same is suggested [9]/pointed out
[46]/shown [46,47,155] by others. (iii) The peak positions of both
broad rano-peaks are clearly visible to be shifted towards higher
frequency side with the application of magnetic field. (iv) fano
increases with increasing magnetic field even at the frequencies >10°
Hz (Figure 5.6). Since, contrary to Point (ii), the last two observations
point towards the magneto resistive origin (negative dc MR) [9] of
presently observed RTMD phenomenon [9], therefore, magneto-
capacitance (MC%) and magneto-loss (ML%) have also been analyzed
to get a better insight about the intinsicality of present MD response.
Besides the same trend of change observed in &' and tand due to
magnetic field (Figure 5.4 and 5.5), the trends observed in MC% and
ML% (both increase with increasing magnetic field at high frequencies

>1MHz as shown in Figure 5.8 (a) and (b)), suggest that the presently
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Figure 5.8: The trends of room temperature (a) magneto-capacitance (MC%)
and (b) magneto-loss (ML%) as a function of applied magnetic field for
LaGag7Feg 305, measured at selected frequencies from 100 Hz to 10 MHz.
Both MC% and ML% are increasing with magnetic field for probing
frequency of >10°Hz. On the other hand at frequencies <10° Hz, MC% and
ML% are changing oppositely due to increasing magnetic field. Both MC%
and ML% have been calculated by using the formula shown in the
corresponding Figure. Where, &(0)/tand(0) and &'(H)/tano(H) is the value of
dielectric constant/tano correspondingly in the absence (H=0.0T) and
presence of magnetic field (H=0.2T tol1.2T).

103



Chapter 5

observed low field RTMD effect should be MR unaffected and
possibly intrinsic nature of presently studied LaGao 7Feo 303+, sample
at frequencies >1MHz as the same is proposed by G. Catalan [9,46].
On the other hand, at frequencies < 1MHz the effect appears to be MR
dominated as the trends observed in MC% and ML% are opposite at
these frequencies (MC% is increasing and ML% is decreasing with
increasing magnetic field). Moreover, MC% has been plotted as
function of frequency under different magnetic fields as depicted in
Figure 5.9. Two broad

25 ;
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Figure 5.9: Room temperature MC% of LaGag;Feq30;., plotted as a
function of probing frequency for different magnetic fields. Inset displays
MC% data at higher frequencies (>10°Hz) to show that the observed MD
effect is significant even at such high frequencies. MC% has been calculated
by using the formula shown in Figure. Where, ¢'(0) and ¢'(H) are the
dielectric constant correspondingly in the absence (H=0.0T) and presence of
magnetic field (H=0.2T tol1.2T).

peaks in the MC% vs frequency plot are clearly visible across the
frequencies corresponding to peaks (diffusive anomalies) in tand (&)
for all values of applied magnetic field. The MC% is found to be
increased with increasing magnetic field even upto MHz frequencies
(inset of Figure 5.9) i.e. over the entire range of probing frequencies. It

is to be noted here, that the appearance of peak(s) in MC% versus
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frequency data (i.e. the value of MC% is high) at the frequencies
corresponding to relaxation peaks (inset (i) of Figure 5.5) indicate that
the MC% is not a monotonic function of frequency. Since, the
application of magnetic field makes the hopping of electron easier
between Fe®* and Fe** sites (as proposed in case of Mn doping; Figure
3.10), therefore, conductivity is increased which turns into the apparent
decrease in dielectric thickness. This results into magnetic field
induced apparently high value of &’ (considering the parallel plate
capacitor geometry) especially at these relaxation frequencies which
might be the possible reason for non-monotonic behavior of MC% as
function of frequency (Figure 5.9). Further, the position of both the
broad MC% peaks appears to be almost unaltered due to the
application of different magnetic fields ranging from 0.2 T to 1.2 T.
However, a careful analysis revealed that the frequency corresponding
to MC% maximum is changing with applied magnetic field; the same
is tabulated in Table 5.3. This behavior points toward the possibility of
field- induced dipoles as an origin of presently observed RTMD effect
in LaGag 7Feo 303+, as Chandrasekhar et al. [161] have suggested that -
to ruled out the possibility of field-induced dipolar relaxation, the said

Table 5.3: Frequencies corresponding to maximum value observed in broad
peak of MC% for different magnetic fields (Figure 5.9).

Broad Frequency (kHz) corresponding to MC% maximum

peak in for different magnetic fields (Figure 5.9)

MC% 02T 04T 06T | 08T | 1T | 12T

Peak-1 | 0.85 | 0.80 | 0.88 | 0.96 1.05 1.03

Peak-2 | 163 163 166 180 151 180

MC% peak position should not be changed with the application of
magnetic field. Eventually, similar to the trends of magnetic field
dependent change &' and tand, the analysis of MC% and ML% also,
provides mixed or contradictory information indicating intrinsic and

resistive origin together.
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5.3.5 dc MR and impedance spectroscopy (FDMR)

In order to further examine that whether the presently observed MD
effect is MR dominated or it is completely MR unaffected, firstly RT
dc MR has been recorded by means of 1-V measurements as plotted in
Figure 5.10. A small positive dc MR has been observed as the voltage
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Figure 5.10: Room temperature 1-V plot drawn by measuring the voltage for
different values of current in the absence (H=0.0T) and presence (H=0.2T
t01.2T) of magnetic field by using standard four-probe method.

across each value of current is found to be slightly increased due to
increasing magnetic field as shown in I-V plot (Figure 5.10). Since no
negative dc MR (which is expected as the MC% is increasing with
magnetic field) is observed, therefore, present MD effect appears to be
dc MR free. However, (i) as the observed shifting of rand-peak
position towards higher frequency due to applied field (H=0.2T to
1.2T) is indicating towards the presence of resistive component [9] and
(ii) since FDMR measurements are supposed to be more sensitive in
such a case, therefore, to get a better view about the contribution of
MR in observed effect, FDMR (20 Hz to 10 MHz) has also been
analyzed by means of MRIS (MR via impedance spectroscopy)
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measurements. These RT measurements are performed in the absence
(H=0.0T) and presence of magnetic field (H=0.2T to 1.2T) to record
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Figure 5.11: Room temperature Cole-Cole plot recorded for LaGag ;Feg 305,
in the absence (H=0.0T) and presence (H=0.2T to 1.2 T) of magnetic field.
For clarity, the data corresponding to entire range of probing frequencies is
shown in the inset, whereas mid-high range frequency data (enclosed by a
rectangular green box in the inset) is magnified as main panel. To visualise
the effect of magnetic field with more clarity, this mid-high range frequency
data is further magnified and shown accordingly in Figure 5.12 and 5.13.
Note- For convenience, the data on y-axis is multiplied by minus one.
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Figure 5.12: Room temperature Cole-Cole diagram of LaGag;Feq30;.,. For
clarity, the data corresponding to entire range of probing frequencies is
shown separately in the inset of Figure 5.11 and only mid-high range
frequency data is magnified here as main panel. The data is measured in the
absence (H=0T) and presence of magnetic field (0.2T to 1.2T). Note- For
convenience, the data on y-axis is multiplied by minus one.

107



Chapter 5

the real (Z’) and imaginary (Z") part of impedance. The data of these
MRIS measurements for LaGag 7Fe 305+, Sample is shown as a Cole-
Cole (Nyquist) plot in Figure 5.11. For clarity, entire range of probing
frequencies is depicted in the inset whereas mid to high range
frequency data is shown as main panel (Figure 5.11). To show the
effect of magnetic field clearly, this main panel data (Figure 5.11) is
further magnified in Figure 5.12. Whereas, Figure 5.13 shows fit of
Nyquist plot only for Z-Z" data corresponding to H=0.2T (for the data
range, shown in Figure 5.12). It is clear from Figure 5.11 and 5.12 that
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Figure 5.13: Fit of Cole-Cole plot for LaGag;Feo305., (at H=0.2T) by
considering the circuit model shown in the figure. The open red symbols
(circles) are representing experimental data whereas solid blue line and green
balls are presenting fitted and simulated pattern respectively. The frequency
segments corresponding to SCP (space charge polarization), GB (grain
boundary) and grains were identified by fitting and simulating this data with
the displayed circuit model. Note- For convenience, the data on y-axis is
multiplied by minus one.

at the frequencies corresponding to space charge and grain boundary
contributions i.e. at low and mid-range of probing frequencies (20 Hz
to <10° Hz), the value of Z’ (resistance) decreases significantly due to
increasing magnetic field as indicated by dotted arrow. This suggests
that the large MD effect observed at these frequencies (Figure 5.4) is

MR affected/dominated. This frequency dependent negative MR can
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be attributed to the hopping of electrons between Fe** and Fe*' via
intermediate oxygen by following the double exchange mechanism.
The magnetic field makes this exchange further easier [29] and
consequently Z' and Z", both, decrease i.e., negative MR takes place,
which (along with non-intrinsic interface effects; arises due to the
accumulation of free charges at interface between different grains
within the bulk itself and at the electrode-sample interface which are
recognized as Maxwell-Wagner and space charge polarizations
respectively), appears to be responsible for presently observed large
(significant) MD effect at low (mid) frequencies. Moreover, as the
magnetic field makes the said exchange further easier, therefore, the
dynamic dipole (Fe**/Fe*") starts oscillating with a higher frequency
and hence tand-peak(s) corresponding to this characteristic frequency
is (are) observed to be shifted towards higher frequency side due to the
increasing magnetic field (Figure 5.5). Ultimately, the magnetic field
dependent shifting of tand-peak position toward higher frequency can
be credited to negative FDMR. Nevertheless, the MD effect is
expected to be MR free or even intrinsic when it is measured at
probing frequencies higher (presently > 100 kHz) to characteristic
frequency [9] (the frequency of electron hopping between Fe** and
Fe™* sites) because at such high probing frequencies the hopping
charge transport (ultimately FDMR) gets suppressed as the carriers
have no chance to jump between hopping cites [9,115] (presently Fe**
and Fe*"), therefore, at these frequencies, only grain contribution is
expected with a low value of tano [115] (presently <1; as shown in
the Figure 5.6). Further, as shown in Figure 5.11, at frequencies
corresponding to grain contributions i.e., >10° Hz, neither part of
impedance is changing due to the application of magnetic field. This
discards any contribution of MR in the observed MD coupling at these
high frequencies (Figure 5.4 and Table 5.2). It is worth mentioning that
the different frequency segments corresponding to SCP (space charge
polarization), GB (grain boundary) and grains contribution are
identified by fitting Z' -Z"” data for H=0T to H=1.2T (for the data
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range, depicted in Figure 5.12) with the circuit model depicted in
Figure 5.13. The data is fitted with the help of EIS (Electrochemical
Impedance Spectroscopy) Spectrum Analyzer software. The results of
fitting are shown in Figure 5.13 only for the data (Z'-Z") corresponding
to H=0.2T as a representative. The data is fitted over the entire range
(the range shown in Figure 5.12) of probing frequency considering a
series of three capacitors (each having a resistance in parallel
individually). The first capacitor-CPE1 represents constant phase
element. The contributions of grains, GB and bulk-electrode interface/
SCP have been separated with the help of this fitted data (Figure 5.13).
It is known that SCP appears at low frequencies, therefore, the first
parallel combination (CPE1-R1) is representing SCP region as low
frequency (500 Hz to 1 kHz) data was fitted and simulated by varying
the values of mainly CPE1 and R1. It appears that the large
semicircular arc (10° Hz to 10° Hz) has only a single curvature but
actually it consists of two curvatures and it is alone fitted with a series
combination of two capacitors; each having a resistance in parallel
individually (i.e.,C1-R2 and C2-R3). In this regard, a segment of this
arc was fitted and simulated separately for a parallel combination of a
capacitor and a resistor (C2-R3). Consequently, a new simulated
smaller semicircle (green balls), corresponding to ‘C2-R3’, is observed
as shown in Figure 5.13. Since, this small segment is corresponding to
higher range of probing frequency (10° Hz to 10’ Hz), hence, it has
been recognized as the region corresponding to grains contribution.
The remaining segment corresponding to midrange of probing
frequency (10° Hz to 10° Hz), fitted mainly with the variation in C1
and R2, was assigned as the GB region. In this way, in
LaGao 7Feo 303+, sample, three different capacitance regions have been
identified. These were separated on the basis of corresponding
frequency range and hence recognized as SCP (CPE1-R1), GB (C1-
R2) and grains (C2-R3) contributions accordingly. Now, as far as the
effect of magnetic field is concern, FDMR analysis reveals that the

resistance corresponding to grain contribution (Rgrin) is found to be
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almost equal in the absence (H=0T) and presence (H=0.2T to H=1.2 T)
of magnetic field, suggesting that the MD coupling at frequencies >10°
Hz is MR-unaffected. Whereas, the resistance corresponding to both
SCP and GB is decreasing with increasing magnetic field which is
clearly distinguishable also in Figure 5.11 and 5.12. Since the
comparison of resistance in the absence (H=0T) and presence (H=0.2T
to H=1.2T) of magnetic field is the main concern of present MRIS
study,—therefore, present IS analysis is limited only upto the
identification of above mentioned regions (i.e. SCP (CPE1-R1), GB
(C1-R2) and grains (C2-R3)) which are contributing to observed
magneto capacitance at corresponding frequencies.

5.3.6 Impact and origin of excess oxygen

It can be clearly seen from Figure 5.13 that in present LaGagp 7Feg 303+,
compound, grains are less insulating (Note-the difference of x-axis
intersects of corresponding semicircular arc gives the value of
resistance associated with particular contribution) as compare to GB.
In presently studied LaGag7Feo303:, compound, oxygen excess (i.e.
presence of Fe*"along with Fe®") can be considered as one of the
causes responsible for low resistivity of grains (owing to hopping
charge transport facilitated through Fe®*-O-Fe** Fe***-O-Fe**....path)
as the similar enhancement of grains conductivity has been attributed
to oxygen vacancies in different compounds [29,169,170]. From
application point of view, this low resistivity or high dielectric loss of
LaGag 7Feo 303+, makes it difficult for this material to be used in
microelectronic devices because such devices require a material with
very low rano (low leakage). As the leakage is associated with the
coexistence of Fe** and Fe*" in LaGao 7Feo 303+, the value tand can be
further minimized by making the samples with better oxygen
stoichiometry (i.e. either with Fe** alone or with Fe*" alone) by means
of annealing of these samples in a proper gas environment under
precisely controlled and calibrated gas flow. As far as the origin of
present MD effect is concern (particularly MR free contribution, which
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may be present also at lower frequencies but might have gone
suppressed due to the dominance of extrinsic effects), the observed
increase in ¢’ under H=0.2T to 1.2T can be understood in terms of
change in orthorhombic strain which may appear in LGO due to the
doping of Fe at Ga site similar to that in LaMn;.xGasO3 [94]. The
evolution of such orthorhombic strain in LaMn;«GaxOs, is discussed
by Farrell et al. [94] in terms of transformation/rotation of Mn - (3x* —
r2)/( 3y* — r?) orbital into the (3z° — r?) state due to replacement of
Mn*" with Ga®* because Mn** is Jahn-Teller (JT) distorted [158] and
its long Mn-O (2.18 A) [94] distance is significantly larger than the
Ga-O (1.97 A) [94] or Mn-O short bond (1.90 A) [94]. In present
LaGao 7Feo 303+, sample, 29% of total Fe is in its 4+ state which is JT
distorted [171] (similar to JT active Mn** ion, Fe** also has 4 electrons
in its d orbital). Owing to that, Fe** forms two long (short) Fe-O bonds
and four short (long) Fe-O bonds with octahedrally connected oxygen
[171]. It is to be noted that the ionic radius of Ga** (0.62 A) [94,157] is
smaller than that of the Fe®* (0.645A) [157] whereas it is significantly
larger to that of Fe* (0.585 A) [157]. Thus by considering all these
parameters, the evolution of orthorhombic strain in present
LaGao 7Feo 303+, System appears reasonable by means of arrangement
of Fe orbitals, transforming due to the replacement of non-JT active
Ga>* ions with strongly (weakly) JT distorted Fe** (Fe**) ion in a
similar manner to that reported for LaMn;.xGaxO3 [94]. It is important
to mention that for such highly correlated electron systems, spin and
orbital degrees of freedoms are strongly coupled with each other. Thus,
as the application of magnetic field (H=0.2T to 1.2T), aligns magnetic
moments related to Fe ions in LaGag 7Feo 303+, therefore, readjustment
of already transformed Fe orbitals is quite possible which may lead to a
change in the above discussed orthorhombic strain and hence in ¢".
Ultimately, presently observed change in ¢’ under the influence of
external magnetic field can be considered as magnetostriction
(phenomenon [94,132,172] associated with the change in lattice
parameters and/or bond distances/bond angles due to the magnetic
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field) originated which needs to be explored in detail to confirm our
speculation. It is clear from above results and analysis that existence of
Fe** (oxygen excess) has a significant and mixed impact on dielectric
(tano or leakage) and MD properties of studied LaGag7Feq3Os.y
compound. The presence of Fe** is good as it is relatively a stronger
Jahn-Teller active ion [171] than that of the Fe®" i.e., octahedron
around Fe*" possess relatively lower symmetry and hence may
contribute in enhancing the magnitude of MD coupling whereas it is a
bad character because it provides path for leakage (i.e, Fe**-O-Fe*
Fe**"-0-Fe**..).

It is to be noted that the 4+ state of Fe ion is not observed so
often, but, has been observed and reported in specific compounds even
at ambient conditions [105,157,171,173,174] and interestingly also in
the same series of samples i.e., LGFO compound [175] as confirmed
through XPS (X-ray photoelectron spectroscopy). Even though the 4+
state of Fe is reported for LGFO series itself [175], the stability of Fe**
can be a matter of concern and we have tried to understand this
existence of Fe**on the basis of observed excess oxygen. We propose
that the excess oxygen in present LGFO sample can be attributed to (i)
it’s adsorption at the surface [138,139] and/or (ii) vacancies at A (La)
and/or B (Ga/Fe) cation sites considering ABO3 structure [139,140].
The first situation is discussed in detail elsewhere for other ABO3
structures [138,139]. In order to understand the second situation
(vacancy at cation site) [139,140], we have performed ‘bond-valance-
sum’ calculations in FullProf suit. In these calculations, in order to
account the oxygen excess, we deliberately created vacancy at cation
cite by assuming following three situations (considering a slightly
lower value of occupancy than its actual value for corresponding
element) —

(i) Deficiency of only La atom (s)
(i) Deficiency of only Ga atom (s)
(iii) Deficiency of only Fe atom (s).
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It is noticeable that the deficiency of a combination of either any two
or all three cations is supposed to further increase the oxygen excess,
therefore, these combinations have not been considered for
calculations. Present ‘bond-valance-sum’ analysis reveals (Table 5.4)
that amongst all present cations (La, Ga, Fe), the charge state of Fe ion
is affected most due to the vacancies at any cationic site. Moreover, the
oxidation state of Fe exceeds owing to the cation deficiency and
affected most for the La vacancy. In order to further confirm the

Table 5.4: Charge on cation/anion calculated (by considering cation vacancy)
through ‘bond-valance-sum’ calculations in FullProf suit.

Vacant cation site charge on cation/anion

La Ga Fe 01 O,
Ideal case (No vacancy) | 2.999 # 2.942 | 3.182 | 2.0048 | 1.998
Vacancies at only La site | 3.051 | 3.073 | 3.324 | 2.026 | 2.075
Vacancies at only Ga site | 2.961 | 3.033 | 3.281 | 1.998 | 2.021
Vacancies at only Fe site | 2.960 | 3.032 | 3.280 | 1.997 | 2.023

same, the Bader charge on La, Fe, Ga and Oxygen ions was
determined using DFT (density functional theory) based first principles
calculations. For this purpose, we have investigated 25% Fe-doped
LaGaOs i.e., LaGag7sFep2503 (as for LaGagzFep30s+, composition,
30% Fe doping involves large number of atoms whereas doping of
25% Fe is achieved only with 20 atoms in a supercell) system. We
have used spin-polarized DFT calculations as implemented in the
Vienna Ab initio Simulation Package (VASP) [141]. Projector
augmented wave (PAW) method [142,143] is employed using an
energy cut-off of 470 eV to describe the electronic wave functions. The
local density approximation (LDA) + U method [144] is used to
account the strong on-site correlated electrons in the partially filled d
orbitals. We have employed correlation energy (U) of 4 eV and
exchange energy (J) of 1 eV for Fe d-orbitals [144]. These U and J
values have been well tested and used in similar systems [145,146]. A
20 atom (2x2x1) supercell is used to study LaGag7sFep2503. The
Monkhorst-pack [147] generated set of 7x7x7 (for 20 atoms supercell)

K-points are used to optimize the structures. The convergence criteria
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for energy and force are set at 10° eV and 107 eV/A respectively. We
have calculated La, Ga and Fe defect formation energy in
LaGap 7sFep 2503 system to understand that which cation-defect,
amongst La, Ga and Fe, is most favorable. Figure 5.14 shows the
structure with La-defect as a representative case. The defect formation

energy (Es) is calculated using the following equation:

E,=[E, +E,]-E,
where, Ep and Ep represent total energies of defected and pure
LaGag 7sFe02503 systems. E, represents chemical potential of

lanthanum (p,), gallium (uga) and iron (pre) In their respective bulk

structures. The chemical potential energy is calculated from their most

La-Defect
—_
D 0.30fe| charge
increases on Fe

Figure 5.14: The change in Bader charge on Fe atom due to the La-defect in
LaGay 75Feq2503. Here, green, blue, golden and red color balls denote La, Ga,
Fe and O atoms, respectively.

stable crystal structure such as La in hexagonal close-packed (hcp) -,
Ga in orthorhombic [149], and Fe in body-centred cubic (bcc) [176]
respectively. Present defect formation energy calculations reveal that
La-defect (Ef= 1.02 eV) formation is energetically favorable compared
to Fe (5.61 eV) and Ga (7.85 eV) defects. Therefore, the La-defected
structure is considered for the Bader charge analysis. The Bader charge
analysis [150,151] is performed using the Henkelman program [152]
with near-grid algorithm refine-edge method. From our Bader charge
analysis, we find that Fe losses 0.30|e| (Table 5.5) due to the La-defect
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(Figure 5.14), whereas charges on other atoms are almost unchanged.
Thus, Fe gains more positive charge due to the La-

Table 5.5: Average Bader charges (total electrons) on La defected
LaGay 7sFeq 2505 structure. Net effective charges (average) are given in

parenthesis.

Pure (No defect) Defect (cation vacancy)
La= 8.95 (+2.05) La=8.92 (+2.08)
Ga=1.31 (+1.69) Ga=1.32 (+1.68)
Fe = 6.51 (+1.49) Fe =6.21 (+1.79)
0 =7.23(-1.23) 0 =7.09 (-1.09)

In this way, present ‘bond-valance-sum’ and Bader charge analysis
(DFT) are found to be consistent with each other and the La-defect
formation appears to be responsible for making the oxidation state of
Fe more than 3+,

5.3.7 Evidence of intrinsic nature of observed MD coupling:
Magnetic field dependent Raman spectroscopy

Magnetic field dependent Raman spectra for LaGag7Feo305+, were
recorded between 300 to 3000 cm™ and the results are shown in Figure
5.15. Note that similar to undoped/doped LaFeOs; and La(TM)O3;
systems [97,168,177,178], the observed Raman spectrum is basically
dominated by the FeOg octahedral vibrational modes. Using previous
conventions, the spectral structures between or around 400-500 and
600 cm™, (Figure 5.15) were respectively assigned as bending (B) or
Jahn-teller asymmetric stretching (JT-AS) and symmetric stretching
(SS) FeOg octahedral Raman modes [177,178]. Note that the SS FeOg
Raman mode appears around 625 cm™ in LaFeO; [177,178] and
becomes harder i.e., peaks shifts towards higher frequency with doping
[177,178], therefore, its appearance at 655 cm™ in LaGag 7Feo 3034y
sample is reasonable due to Ga substitution at Fe site (considering
LaFeO;3 as parent compound). Similarly features corresponding to 441
and 503 cm™ are also appearing at higher wavenumber relative to
LaFeOs (parent) i.e., 431 and 486 cm™[177,178]. It is to be noted that
at/around 440 and 500 cm* (Figure 5.15 (b)), the phonon peak of JT
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Figure 5.15: (a) Room temperature Raman spectra of LaGag;Fe30;.
recorded between 300cm™ to 3000 cm™ in the absence (H=0.0T) and
presence (H =0.5T) of magnetic field. (b) Magnified view across the peaks
corresponding to 441, 503 and 655 cm™. (c) Shifting of 441 peak towards
lower frequency side. In (b) and (c), the intensity is scaled by the intensity of
peak corresponding to 655 cm™. Table enclosed in (b) represents change in
relative intensity under a magnetic field of H=0.5T. This change is calculated
by using the formula shown in (b).
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(Jahn-Teller) active anti-symmetric stretching (AS) mode related to
TMOs tilting angle, also coexist along with the above mentioned
bending FeOs/TMOg octahedral modes [97,168,177]. Interestingly for
LaGao 7Feo 303+, due to the application of external magnetic field, the
relative intensity ratio I is changed significantly (Figure 5.15 (b) and
enclosed Table), indicating that the bending and/or JT-AS FeOg
octahedral modes are sensitive to externally applied magnetic field.
Figure 5.15 (c) shows the magnified view around the peaks
corresponding to 441 cm™. Interestingly, a significant red shift from
441 cm™ to 438cm™ due to the application of magnetic field is clearly
visible. This shifting of peak (B/JT-AS) to lower wave-number side
signifies softening of B/AS FeOg octahedral modes/frequencies,
indicates expansion of material [97] (i.e., magnetostriction) because, an
exactly opposite behavior i.e. hardening of SS modes has been reported
as signature of volume compression in LaMn;.xGaxO3; compound [97].
As a result of this volume expansion (considering uniform expansion
for a circular pellet), the observed increase in &’ i.e., positive MC%,
appears justified in accordance to relation (3.1) as in case of a circular
pellet sample, ¢’ scales with A (for uniform magnetic expansion
/compression). This analysis reveals that the observed MD coupling is
an intrinsic nature of LaGagsFeo30s5+, sample. This analysis supports
our prediction (section 5.3.6) as the spin-phonon coupling induced
magnetostriction mechanism appears responsible for intrinsic part of
observed RTMD effect in LaGag 7Feq30s4,. It is important to note that
FeOg is a centrosymmetric octahedron consisting of a weak JT active
Fe* ion at its center, but, in LaGao 7Feo 303+, sample, 29% of total Fe
is in its 4+ state which is strong JT active [171] and it forms relatively
a distorted/asymmetric FeOg octahedron. The magnetic field dependent
shifting of peak corresponding to AS (441 cm™) indicates softening of
frequency modes of an asymmetric FeOg octahedron consisting JT
active Fe*" ions. Which could be the possible reason of magnetic

expansion induced MD effect observed in LaGag7F€p303+,. This
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suggests that in the observed MD coupling, Fe*" is contributing

significantly.
5.4 Summary

Room temperature MD effect with a low magnetic field was observed
in LaGag7Fep30s+,. The trends of changes observed in dielectric
constant (¢'), tano, MC% and ML% due to the application of magnetic
field have been analyzed systematically. Similar to Mn doped LGO
(chapter 3 and 4), present trend analysis also provides contradictory
information about the resistive (MR) contributions in MD coupling. In
this regard, analysis of RT frequency dependent MRIS provided better
and conclusive information, suggesting that at frequencies >1MHz the
observed MD coupling is MR-unaffected. However, at lower
frequencies, the presently observed MD phenomenon appears MR
dominated which has been attributed to the electron hopping between
Fe** and Fe** sites along with space charge polarizations. The MR-
unaffected part of observed MD effect has been first speculated as
magnetostriction originated and then evidenced with magnetic field
dependent Raman spectroscopy. The excess of oxygen i.e., the
coexistence of Fe** and Fe** along with the charge state of Fe 3.29 (>
3) in the studied LaGagsFeo303+, sample was established through
iodometric titration and XANES. The stability of Fe*" ion (s) in
LaGag 7Feo 303+, sample is credited to the oxygen excess/excess of
charge (>3) on Fe ion. This oxygen excess/excess of charge (>3) on Fe
ion i.e., the stability of Fe*" ion (s) in the studied LaGap7Fey30s.,
system, has been understood in terms of cation vacancies by means of
‘bond-valance-sum’ and Bader charge analysis (DFT based first
principles calculations). In summary, a significant RTMD effect is
observed in LaGag 7Fe303+, and the origin of oxygen excess (presence
of Fe**), along with its impact upon dielectric and MD properties is
understood. We have considered a possibility that the low frequency
intrinsic part of observed RTMD coupling might have been suppressed
by dominating FDMR effect and could not be detected as the system
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was probed only with electrical measurement technique(s). Thus, in
this regard, in order to concretely justify the intrinsicality of present
MD coupling, magnetic field dependent measurements using a non-
electrical characterization technique (where, electrical resistance does
not contribute in signal; Raman spectroscopy) has been employed. The
results of magnetic field dependent Raman spectroscopy suggest that
the observed MD coupling is intrinsic and magnetostriction (magneto
expansion) meditated. This magnetic expansion in LaGag 7F€.303., has
been attributed to the reorientation/retransformation of spin-coupled Fe
orbitals. In this way, our assumption that for MD and MR being
electrical measurements, the intrinsic part of observed MD coupling at
low frequencies might have gone suppressed due to the dominance of
FDMR is found reasonable. Present in-depth MD study on Fe doped
LGO supports our proposal (s) or conclusive arguments given in
section 4.4. Ultimately, RTMD effect in terms of its observation,
evidence and origin has been systematically explored in Mn/Fe doped
LGO (chapter 3 to 5). Our analysis (chapter 3 to 5) reveals that- (i) for
analyzing resistive origin of MD coupling, measuring only dc MR or
investigating only trends of magnetic field dependent change in &’/C
and tano, are not sufficient. FDMR measurements in this regard
provide better information and hence should necessarily be employed
to analyze the resistive contribution in MD effect. (ii) The intrinsic MD
coupling can be realized also in a compound which expands/shrinks in
response to an externally applied magnetic field. (iii) Mn/Fe doped
LGO shows scope for MD applications especially in samples with
better stoichiometry. In addition to observed RTMD effect, the studied
Mn doped LGO samples have been probed also to check the possibility
of (i) multiferroicity (type-1 or type-Il [8]) by recording P-E and M-H
loops, and (ii) direct MD coupling i.e., direct correlation between &’
and magnetic moment M (by recording temperature dependent
dielectric and magnetic response with an expectation of coinciding
anomalies in &-T (under zero magnetic field) and M-T data; similar to

that shown in Figure 1.9).
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Large Dielectric Permittivity,
Dielectric Dispersion and
Possibility of Multiferroicity in
Mn doped LaGaO3

In the first half of this chapter, an observation of large dielectric
permittivity in Mn doped LaGaOj3; (LGO) and its analysis is presented.
The other half covers a study on temperature dependent dielectric
behavior (under zero magnetic field) of Mn doped LGO and possibility
of multiferroicity in these compounds. The results of this chapter are

published in peer reviewed journals’ "

" H.M. Rai et al., RSC Adv. 6 (2016) 26621-26629.
*H.M. Rai et al., J. Mater. Chem. C 4 (2016) 10876-10886.
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Chapter 6

6.1 Introduction

Recently the search for new multiferroic and/or magnetoelectric
materials triggered intense scientific research worldwide [179]. In this
connection the lead free and bismuth based materials are investigated
to a large extent [38,180] and the high k dielectric materials such as
BaTiOs, SrTiO; etc. were doped with magnetic impurities to achieve
the above said properties [181]. Further the effect of doping on the
occurrence of large (‘colossal’) dielectric permittivity (¢') has been
vastly investigated in single layer and double layered perovskite oxides
[182-188] due to their possible potential applications in electronic
industries [189] and also due to their interesting physics [182]. The
large value of ¢’ may be an intrinsic property of these materials which
is originated due to the dipolar effects (ferroelectricity) associated with
structural distortions (like presence of non-centro symmetric
octahedron in different perovskite oxides) [31,182,190] and also due
to order-disorder ferroelectricity (ferroelectric domain boundary
motion) associated with ordering of mixed TM (transition metal)
valences [21,90]. Additionally, this effect may appear also due to
extrinsic processes such as hopping charge transport mechanism and
inter-face effects associated with the Maxwell-Wagner (M-W) type
heterogeneous structures [9,182-184] which are discussed in detail
along with charge-density waves and metal-insulator transition, by
Lunkenheimer et al. [182], as existing possible mechanisms
responsible for the occurrence of high &’ in different materials. The
occurrence of large &' and temperature dependent &’ dispersion of
dielectric anomalies is reported also in various other systems like- rare-
earth tungstate CoEusW3016 [191] A/B co-substituted BigsNagsTiOs
perovskite [192], barium strontium titanate BaggsSro15TiO3 [193] etc..
The appearance of large ¢', in some compounds having unfilled and
unscreened subshells such as rare-earth metal tungstates, has been
attributed to the field induced polarization [191,194]. Under present
research work, in addition to RTMD effect (chapter 3 and 4), large &/,
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temperature dependent dielectric dispersion and possibility of
multiferroicity have also been explored in Mn doped lanthanum gallate
(LGO). The observed results have been examined by means of room
temperature (RT) impedance spectroscopy, XANES analysis, P-E
(polarization versus electric field) and M-H (magnetization versus
magnetic field) hysteresis loops, and temperature dependent

magnetization measurements in ZFC and FC modes.

6.2 Experimental

Polycrystalline samples of Mn doped LaGa;.xMnxO3 (LGMO), with
x=0, 0.05, 0.1, 15, 0.2 and 0.3 were prepared by conventional solid-
state reaction route by following the process described in section 2.1.1.
The starting materials were La,O3 (99.999%), Ga,03; (99.999%), and
MnO; (99.99%). In order to examine the phase purity of the prepared
samples the powder X-ray diffraction (XRD) experiments were carried
out in angle dispersive mode using Huber 5020 diffractometer at BL-
12 XRD beam line on Indus-2 synchrotron radiation source. The
energy of the incidence X-ray beam was kept at 15 keV. [105].
FullProf Rietveld refinement package was used for refining XRD data
[101,195]. For dielectric measurements single phase powdered samples
were pelletized at a high pressure of 15 ton to form 1 mm thick circular
discs of 12 mm diameter and these pellets were sintered in air at 1400
°C for 24 hours. Capacitance of prepared pellets has been measured at
RT for a frequency range of 20Hz to 10 MHz by using Wynne Kerr
65120B precision impedance analyzer. Moreover, in order to
demonstrate the effect of temperature on &’ and loss tangent (fand),
temperature dependent dielectric measurements were carried out in a
temperature range of 120-430 K with the frequencies ranging from 100
Hz to 1 MHz. Mn K-edge XANES measurements have been carried
out on the scanning extended X-ray absorption fine structure (EXAFS)
beamline [134] (BL-9) of Indus-2 synchrotron source, in transmission
mode. The beamline consists of Rh/Pt coated meridional cylindrical
mirror for collimation and Si (111) based double crystal
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monochromator (DCM) to select excitation energy. The second crystal
of the DCM is a sagittal (bent in the direction perpendicular to the
beam) cylinder with radius of curvature in the range 1.28-12.91 meters
which provides horizontal focusing to the beam. The energy range of
XANES was calibrated using Mn foil. The RT and low temperature
(LT) M-H measurements along with M-T measurements in FC-ZFC
mode were carried out on a quantum-design SQUID magnetometer.
RT ferroelectric hysteresis P-E loops were recorded by using precision

material analyzer (Radiant Technologies INC).
6.3 Results and discussions

This section is divided into five subsections; first two parts present the
analysis for structural phase purity by XRD along with the validation
of oxygen access (coexistence of Mn®*" and Mn**) in LGMO samples
by means of XANES analysis. The third and fourth subsections
respectively cover room temperature and temperature dependent
dielectric studies for selected LGMO compositions. In last subsection,
the status of magnetic and ferroelectric ordering is discussed for Mn
doped LGO samples and possibility of multiferroicity is predicted.

6.3.1 XRD

Figure 6.1 (a) shows the powder XRD pattern for LGMO samples
whereas Figure 6.1 (b) shows the refined XRD pattern for
LaGay7Mng 303 as a representative of prepared LGMO samples. XRD
patterns were refined considering orthorhombic structure with Pnma
space group. The value for the goodness of fit was found to be ~1.45
for all samples. It should be noted that the absence of any unaccounted
peak in the refined XRD patterns confirms the phase purity of LGMO
samples. Rest of the other measurements was performed on these

compounds by making circular pellets.
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Figure 6.1: (a) X-ray diffraction data of LaGa;,Mn,O; (LGMO) powder
samples collected by using indus-2 synchrotron radiation source. (b) Rietveld
refined X-ray diffraction data for LaGag;Mny30; as a representative of
studied LGMO samples. The absence of any unaccounted peak confirms the
purity of structural phase of prepared samples.
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6.3.2 XANES analysis

It is known for ABO; type oxides, that the presence of mixed charge
states of B site cation significantly contributes to the dielectric nature
(ie. €', tano and relaxation behavior [90,155,196-198]) of these
materials therefore, in order to explain dielectric response of studied
LGMO samples, charge states of Mn is estimated using XANES (X-
ray absorption near edge structure) measurements [105-107,199]
which were carried out with K-edge (Mn) energy of 6539 eV and the
observed results are shown in Figure 6.2. The energies corresponding

1.5

Mn,O, (Mn®") 300K 23
=p==x=0.05 4 ’_; —

¥=0.10 c \ e
—x=x=0.15 LaGa,_ Mn,O ‘
— 8 %=0.20 1-x" %3
—o=x=0.30

A+
MnO, (Mn™ )

d L(E)

Energy (eV)

Normalize
o
(@)}
]
Oxidation States of Mn

5
4
3
2
1
0
1
6

538 6545 6552 6559, .

S (2)

0.0 ewemaspichoaeess 6544 6546 6548 6550
| | | | |

6540 6545 6550 6555 6560 6565

Energy (eV)

Figure 6.2: Room temperature XANES data carried out at Mn k-edge for
LaGay.xMn,O; samples and two references corresponding to Mn®" (Mn,0,
black dotted curve) and Mn** (MnO,, green smooth curve) charge states.
Mixed charge state of Mn in all presently studied LGMO samples is observed
as the corresponding edge energies for all LGMO samples are found to be
situated between the edge energies of Mn®* and Mn*" references. Inset-1
shows oxidation states of Mn references (i.e., 0, 2+, 3+ and 4+) as a function
of corresponding K-edge energies. In that inset, pink curve is displaying 2nd
order polynomial fit of this data. Inset-2 highlights pre-K-edge features for all
LGMO samples.

to absorption edge of pure Mn metal foil (Mn°) and powders of MnO
(Mn?), Mn,03 (Mn**) and MnO, (Mn*) have been used as

references/standards. Figure 6.2 compares the normalized XANES
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spectra of LGMO (x=0.05 to x=0.3) samples with Mn*" and Mn**
references. With an obviously noticeable chemical shift, absorption
edge of all Mn doped LGO samples is found to be situated between
Mn®*" and Mn** which points towards the presence of mixed Mn charge
states in all the studied LGMO samples. Moreover, the oxidation states
of Mn references (i.e., 0, 2+, 3+ and 4+) are plotted as a function of
corresponding K-edge energies as shown in the inset (1) of Figure 6.2.
This data is fitted with a 2" order polynomial [105] and by using
fitting parameters oxidation states of Mn for all LGMO (x=0.05 to
x=0.3) samples were estimated to be ranging between +3 and +4.
These values of oxidation states suggest coexistence of Mn®** and Mn**
in all present LGMO samples (x=0.05 to x=0.3) which might be
appearing due to oxygen off-stoichiometry i.e., due to excess of
oxygen. This excess of oxygen and hence the coexistence of Mn** and
Mn*" in case of LGMO samples (x=0.2 to x=0.6) has been further
validated through iodometric titration method (section 3.3.2) and found
reasonably consistent with the XANES results. The amount of excess
oxygen, Mn charge state and relative percentage of Mn** and Mn**, for
selected LGMO compositions determined through XANES analysis
(determined in the same way as described in section 2.2.2.1, 3.3.2 and
3.3.3) are tabulated in Table B-1 of Appendix B. Except x=0.2 and
x=0.6, the tabulated values (Table B-1 of Appendix B) for all other
LGMO compositions are yet to be verified/supported through some
other technique like iodometric titration or XPS (X-ray photoelectron
spectroscopy). The observed multivalence of Mn may lead to Jahn —
Teller (JT) polaron hopping in these samples via Mn**- 0%~ Mn** path.
It is well known that Mn** is an JT active/distorted ion [158] therefore
it is noticeable that when an electron hop from Mn** to Mn*" ion; then
acceptor cation site becomes Mn®" and carries the JT distortion i.e. the
octahedron around donor (acceptor) Mn ion only shrinks (expands) as
a whole, while its shape remains normal, mimicking the movement of
breathing. This movement of electron by carrying JT distortion in

company suggests the manifestation of polaron hopping mechanism
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[196,200,201] in present LGMO system. In addition, since the
chemical potential of Mn®" is different to that of Mn**, therefore, a pair
of nearest Mn®* and Mn** can be treated jointly as an electric dipole (or
Mn®**/Mn** localized dipole; see Figure 3.9) with finite local
polarization similar to Fe**/Fe>* [29,155] and Mn**/Mn* dipoles [196].
Due to the application of an electric field , when an electron jumps
between Mn** and Mn** via O%; this polaron hopping is considered to
be analogous to the flipping of Mn*/Mn*" dipole which contributes

significantly to the dielectric behavior of the material [29].

6.3.3 Room temperature dielectric response and its analysis

The high purity samples in the form of circular pellets were used for
dielectric measurements. The RT frequency response of dielectric
constant/dielectric permittivity (¢") for undoped LGO and LaGa;-
xMnyOs., (x=0.05, 0.1, 0.15, 0.2, and 0.3) is shown in Figure 6.3. It
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Figure 6.3: Room temperature frequency response of dielectric constant (e
for undoped LGO and LaGa;.,Mn,O3., samples with x=0.05, 0.1, 0.15, 0.2
and 0.3.

can be clearly seen that the value of RT &’ (~24) for undoped LGO

remains almost unaffected over the entire range of probing frequency
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whereas for Mn doped samples (x>0.1) the value of &' decreases
rapidly with increasing frequency in lower frequency region and
decreases marginally in higher frequency region. Further; the value of
¢"at RT increases significantly with increasing Mn doping throughout
the frequency range. Interestingly a very large value of ¢’ (of the order
of 10% is observed for samples with x=0.2 and x=0.3. Moreover, a
diffused anomaly in &’ versus frequency data starts appearing with 5%
doping of Mn and it is clearly visible for samples with higher

percentage of Mn doping (>10%). The presence of such an anomaly,
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Figure 6.4: Room temperature frequency dependence of loss tangent (tano)
for undoped LGO and LaGa;.xMn,O3., samples with x=0.05, 0.1, 0.15, 0.2
and 0.3 samples. In order to keep the Figure in a presentable format, the data
corresponding to x=0.3 is displayed separately in two insets (also see Figure
6.5). The bigger inset shows complete range of probing frequency whereas
small inset is showing magnified view of characteristic rand-peak for
corresponding composition.

corresponding to the characteristic frequency, points towards the
existence of dielectric relaxation in the present system [110]. It is
noticeable that the frequency range, corresponding to this diffused
anomaly shifts towards higher frequency side with increasing Mn
doping. Figure 6.4 represents RT frequency dependence of loss tangent
(tano) for undoped LGO and LaGa;.x\Mn,O3., (x=0.05, 0.1, 0.15, 0.2,
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and 0.3). It is clear from this Figure that for undoped LGO sample no
obvious peak/anomaly in the zand curve is observed and its value is of
the order of 10”° which remains almost unchanged over the entire range
of probing frequencies and this is consistent with the stable nature of
its &' (Figure 6.3). Interestingly, a small peak starts emerging in tand
curve at 5% doping of Mn and it becomes prominent in appearance for
samples with higher percentage of Mn doping as depicted in Figure 6.4
and its corresponding insets. The loss spectra which is characterized by
a prominent peak appearing at characteristic frequency for Mn doped
samples is indicating towards the presence of dielectric relaxation in all
presently studied Mn doped LGO samples [110,114]. These broad
tano-peaks are equivalent to the diffusive anomaly observed in &’

(Figure 6.3) for corresponding LaGa;xMnyOs.+, compositions. It is

tand

I 1 |
10" 10* 10° 10* 10° 10° 107
Frequency (Hz)

Figure 6.5: Room temperature loss tangent (fand) of LaGag;Mng30sy
plotted as a function of probing frequencies ranging from 20Hz to 10MHz.
Inset-1 and 3 show that the value of fano is <1 for corresponding low (2kHz
to 20kHz) and high (>1MHz) frequencies respectively. Inset-2 displays the
magnified view of characteristic fand-peak.

noticeable that analogous to the shifting of this diffusive anomaly in &’
(Figure 6.3), the position of rano-peaks also shifts towards higher
frequency side with increasing percentage of Mn doping. This
observed consistency in the results of ¢’ and tand is well known for the
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compounds which exhibit dielectric relaxation phenomenon
[57,110,114,155,196,202,203]. Moreover, large ¢’ (10%), observed for
LGMO samples with x=0.2 and x=0.3, is comparable with compounds
which exhibit colossal dielectric constant (CDC) [182,184,204-207].
Interestingly, the corresponding loss (tand) for present samples is
found to be relatively small as compared with above cited other CDC
compounds [182,184,204-207]. In addition, at MHz frequencies
(>1MHz), the value of zand is found to be fairly small for all presently
studied LaGa;xMnyOs:, samples (tand <1 even in case of LaGa-
xMnyOs,, with x=0.3; can be seen also in the inset 3 of Figure 6.5)
which makes them useful for high-frequency applications [208],
especially LaGa;-«MnyOs., with x=0.3, as its ¢’ is ~ 90 to 100 at MHz
frequencies which is comparable with ¢’ of titanates [209,210]. It is
important to note that for LaGay7Mno 3034y, the value of tand is <I
even at low frequencies ranging from 2 kHz to 20 kHz (inset 1 of
Figure 6.5) and the value of its &' in this frequency range is as high as
10*.

Now, with the background of Mn mixed valence, Mn**/Mn*" as
a dipole and polaron hopping (section 6.3.2), the above dielectric
response (Figure 6.3 to 6.5) for undoped LGO and LaGa;.xMn,Oz4y
(x=0.05, 0.1, 0.15, 0.2, and 0.3) samples has been explained in the
following manner; the RT - (i) large ¢’ (i.e., frequency response of &),
(ii) frequency response of tand and then (iii) shifting of dielectric

anomaly.

(i) Large &’ i.e., frequency response of &’ (Figure-6.3): In order to
understand the reason for largely enhanced dielectric permittivity with
Mn doping, in addition to XANES analysis, the Cole-Cole diagram is
also plotted between the imaginary and real parts of the impedance for
all Mn doped LGO samples as shown in Figure 6.6. Depressed
semicircles have been observed for all LaGa;—«Mn,O;., samples (see
Figure 6.6 and its insets) as the centers of all these semicircles appears

to be located below the real axis which points towards the deviation

131



Chapter 6

from a single Debye relaxation process [110,114] in all these samples.
It is clearly visible from Figure 6.6 and its corresponding insets (see
the difference between x-axis intersects of corresponding semicircle
and maximum value of curvature along y-axis) that with increasing Mn
concentration from 5% to 30%, the maximum value of both real and
imaginary parts of impedance, by taking all three contributions i.e.
space-charge polarization (SCP), grain boundaries (GB) and grains
into account, decreases enormously by order of magnitude (i.e., from

MQ to kQ). Our analysis reveals that with higher percentage of Mn
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Figure 6.6: Room temperature impedance spectroscopy (Cole—Cole plot) for
LaGa, «Mn,Os,, samples with x=0.05, 0.1, 0.15, 0.2 and 0.3. Inset (1) shows
magnified view of the semicircles for LaGa, \Mn,Os;, corresponding
to x=0.1 and x=0.15 whereas insets (2) and (3) display a magnified view of
semicircles for LaGa, \Mn,Os,, with x=0.2 and x=0.3 respectively. Note- For
convenience, the data on y-axis is multiplied by minus one.

doping ac conductivity increases due to the increased concentration of
both Mn®* and Mn*" sites (or due to reduction in average distance
between Mn ions). As a consequence a large &' (or capacitance) is
observed due to apparently reduced thickness of the sample under
study as also discussed by G. Catalan and S. Krohns et al. [9,183] on
the basis of parallel plate capacitor model by considering the effective
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contributions from GB and electrode-sample interface due to the
electrical heterogeneity present in investigated samples especially at
low frequency range. Thus, the hopping charge transport mechanism
along with additional non-intrinsic interface effects (arises due to the
accumulation of free charges at interface between different grains
within the bulk itself and at the electrode-sample interface which are
recognized as Maxwell-Wagner and space charge polarizations
respectively) among five most prominent mechanisms associated with
the occurrence of colossal dielectric constant (CDC) (as reported by
Lunkenheimer et al. [182] for different transition-metal oxides
[183,207,211]), seems to be responsible for the observed large &’
specially in low frequency regime. Moreover, it has been already
reported in case of tungstates [191,194] that an applied electric field
polarizes the compound which contains ions having electrons in their
unfilled and unscreened subshells (e.g. Mn for present case), therefore,
there is a possibility that presently studied LaGa; «Mn,Os., samples
are turned out to be polarized due the application of electric field
which may be another possible reason for enormous increase observed
in &’ of LGO after Mn doping.

However, a pre-edge feature in the XANES data [99,212]
appearing for all Mn doped LGO samples (inset 2 of Figure 6.2),
indicates the presence of noncentro-symmetry (or breaking of
inversion symmetry [213]) around Mn considering MnQOg octahedron
[214-216] which points towards the possibility of ferroelectricity
associated with dipolar contribution; a mechanism which is
accountable for intrinsically enhanced &' [182]. Similar intrinsic effect
has been observed in an extensively explored compound - CCTO
(CaCusTis012) [217], where it’s intrinsic large ¢' was attributed to its
ferroelectric relaxor behavior associated with the correlated off-center
displacement of Ti ions along each single (001) orientation. Moreover,
it has been already reported by Y. Joly et al. [218] that pre-K-edge
features in A(TM)O3 (TM: transition metal ion) oxides are aroused

possibly due to the strong mixing of 3d-states of neighbouring TM
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atoms via hybridization with 2p-states of intermediate oxygen which is
supported well by other reports [99,212]. This strong mixing of 3d-
states probably causes local distortions which may lead to the
reduction in inversion symmetry around TM atom in (TM)Og
octahedron [212] and consequently gives rise to a net electric dipole
moment (Ferro-electricity). It is noticeable that the intensity of pre-K-
edge features signifies stronger reduction in centro-symmetry of
(TM)O¢ octahedron i.e., it is a measure of strongness of above
mentioned mixing of 3d-states via oxygen 2p-states [212,214]. For
studied LaGa;xMnxOs., systems, the observed pre-Kedge features
may be credited to 1s->3d dipolar (forbidden) and quadrupole
(allowed) transitions [99,212]. The contribution of latter transitions is
weaker whereas the former ones contribute strongly as they become
allowed probably due to the above discussed strong mixing of Mn 3d-
states via oxygen 2p-states [99,212,218]. Besides the pre-K-edge,
possibility of order-disorder ferroelectricity (ferroelectric domain
boundary motion) associated with ordering of mixed TM valences
(presently Mn** and Mn**) also may be responsible for dipolar
(ferroelectric) contributions [21,90]. In this way, the appearance of
large ¢', as observed for all LaGa; «\Mn,Os., samples especially at
MHz frequencies for x=0.3, can be accounted (as a speculation) for
intrinsic dipolar contributions. In order to investigate our speculation
of possibility of non-centrosymmetry in the sample we have measured
the electric polarization as a function of applied electric field (P-E) for
undoped and 5% Mn doped LGO samples using precision material
analyzer (Radiant Technologies INC). Figure 6.7 shows the P-E curve
for undoped and 5 % Mn doped LGO sample. It is clear that Mn doped
sample is showing a hysteresis loop (leaky), which is generally
possible for sample having non-centrosymmetric crystallographic
structure, hence we have refined the experimental diffraction data
obtain for this 5% Mn doped sample with a lower symmetry space
group Pna2;. The refined XRD pattern is shown as unpublished data in
Figure A-3 (Appendix A-111). It should be noted that the value of 4% is
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better as compared to that of orthorhombic structure. Thus, from our
analysis it appears that dipolar effect is also contributing in the
presently observed large &’ It is important to note that the dipolar
(ferroelectric) contribution may be a little only as the shape of
observed P-E loop is similar to that of originated due to leaky systems
[31,219]. However, corresponding pre-K-edge feature, observed in
XANES data (Figure 6.2), points towards the possibility of finite
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Figure 6.7: Room temperature P-E plot for wundoped LGO and
LaGa; (Mn,O;,, with x = 0.05.

dipolar contribution. Thus, further experimental and theoretical
investigations may be interesting and helpful in order to conclude that
which one, out of these possible mechanisms is dominatingly

responsible for the observed large ¢’ especially at high frequencies.

(i) Frequency response of tand (Figure-6.4 and 6.5): The small
values of tand observed (specifically for the compositions with x<0.3)
at low (<10 Hz) frequencies and also at very high (>10* Hz)
frequencies can be understood, in terms of electron/polaron hopping
between Mn** and Mn** ions (i.e., in terms of dipolar oscillations of

Mn**/Mn*" dipole), in following manner-
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Below characteristic frequency, the frequency of applied ac
field is low enough that hopping electron/polaron between Mn®** and
Mn** sites, follows the field, as a result loss tangent (tand) is found to
be small in the frequency range below to characteristic frequency
[115,220]. It is noticeable that this tano (¢) continuously increases
(decreases) till characteristic frequency with increasing o, after that,
tano (&) starts (continues) decreasing. When the frequency of applied
ac electric field is much larger as compared to the frequency of dipolar
oscillations of Mn**/Mn** dipole then the electrons/polarons have no
chance to jump at all thus the loss is found to be very small [115,220]
also at frequencies faster to characteristic/cut-off frequency. Further,
the emergence of relaxation peak (diffusive anomaly) in fano (&) takes
place when the frequency of polaron hopping between Mn®*" and Mn**
ions at B-sites (ABOs) matches with the frequency of applied ac
electric field [115,221]. It is already known that step-like sharp drop in
¢' across the characteristic relaxation frequency represents a single
relaxation time which is recognized as Debye single relaxation process
(Debye relaxation) whereas a diffusive feature exhibits a distribution of
relaxation time [110,114]. It is thus noticeable that none of the
investigated samples (which are showing relaxation like feature)
exhibits an ideal Debye relaxation character (single relaxation time) as
the drop in RT &’ across the characteristic relaxation frequency is
diffusive (Figure 6.3) in nature which points towards the distribution of

relaxation time.

(iii) Shifting of dielectric anomaly: In order to understand the shifting
of characteristic dielectric anomaly towards higher frequency with
increasing Mn doping and to address the type of relaxation process
present in these Mn doped LGO samples, the data obtained for
dielectric constant as a function of frequency (Figure 6.3) has been
fitted by using the following Cole-Cole relation [57,110,114]

(W) =g +—2 _0<a<1 (6.1)

1+(iwt)l-a’
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where, e(w)*= ¢'+ie"”, is the complex dielectric permittivity, w is the
angular frequency, 7 is the mean relaxation time, &' and &’ are the
values of the dielectric constant in the low-frequency (static) and high-
frequency limit respectively, the change &' =Ae’ is the strength of
dielectric relaxation and a is the exponent parameter which is a
measure of relaxation broadening (i.e., sharpness in the step-like
feature observed in ¢’ versus frequency plot) and it varies between 0
and 1; for a=0, Cole-Cole expression 6.1 reduces to Debye single
relaxation process [110,114]. Figure 6.8 shows the Cole-Cole fitting of
e’ versus probing frequency data for LaGagsMng20s3+, (as a
representative) by using equation 6.1. The data is fitted well over the
entire range of probing frequency with the fitting parameters (a and z),
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=
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Figure 6.8: Fitting of room temperature ¢’ versus frequency data for
LaGagsMng 05, (as a representative of the present LaGa, (Mn,Os., series)
using the Cole-Cole relation which is expressed as equation 6.1. The
variation of the fitting parameters, a; the exponent term and t; the mean
relaxation time, are tabulated in the enclosed table for the
LaGa; «Mn,O;,, samples with x = 0.05, 0.1, 0.15, 0.2 and 0.3.

tabulated in the Table enclosed in Figure 6.8. The perusal of Table
reveals that the value of « for Mn doped samples varies from 0.34 to
0.89 which points towards a distribution of relaxation time rather a
single relaxation process. Importantly, the value of z is decreasing with
increasing Mn, which suggests that average hopping frequency is
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increased possibly due to the presence of increased average number of
hopping sites (Mn®** and Mn*" ions). This may be the reason for
shifting of dielectric anomaly towards higher frequency side for LGO
samples with higher Mn doping. In addition, increased average number
of hopping sites leads to increase in conductivity which contributes to
the observed large ¢’ (especially at low-frequencies) by following the
hopping charge transport mechanism [182] and interfacial effects
[9,183] as discussed above.

6.3.4 Temperature dependent dielectric study

In order to investigate the effect of temperature on dielectric response
of samples under study (i.e. Mn doped LGO), temperature dependent
dielectric measurements were carried out for a temperature range of
120K to 430K, at selected frequencies between 100Hz to 1MHz. Since
the results of these temperature dependent measurements for all
studied LaGa; x\Mn,Os., samples with x>0.1 are found to be almost
similar in nature (from dielectric relaxation/dispersion perspective),
therefore, results (temperature dependent dielectric response) for only
LaGagsMng 203+, sample along with undoped LGO are discussed in
rest of the text and the same is presented in Figure 6.9. It has been
observed that undoped LGO undergoes a phase transition near 418K as
shown in the inset of Figure 6.9 (a). This phase transition is structural
in nature as it has been already reported by Dube et al. [222] that RT
orthorhombic symmetry of pure LGO changes to rhombohedral
symmetry above 418K. This transition temperature is independent of
frequency as no frequency dispersion is observed in ¢- T curve for
pure LGO sample (inset of Figure 6.9(a)). This non-dispersion
behavior is consistent with the temperature response of tand as it is
also found to be independent of probing frequency for the same sample
(Figure 6.10 (a)). Additionally, the value of tano for this undoped LGO
is of the order of 107 (i.e., <0.01) which remains almost unchanged
over the entire probing frequency range. Such a small value of tano
points towards the insulating nature of this sample [223] and hence
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Figure 6.9: Temperature dependent dielectric response of LaGaysMng O,
(as a representative of the present LaGa, (Mn,Os., series): shifting of
characteristic- (a) anomaly in¢’ and (b) peak in tand with increasing
temperature for different probing frequencies ranging from 100Hz to 1MHz.
The inset of (a) displays the variation of &’ for undoped LGO with increasing
temperature over frequencies ranging from 100Hz to 1MHz. The structural
phase transition around 418K is indicated through an arrow in the same inset.
The inset of (b) shows linear fitting of frequency versus temperature values
corresponding to peaks observed in the tano-T curves for different
frequencies with the help of Arrhenius law.
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makes this undoped LGO a good choice for the applications as a
dielectric material. On the other hand in case of Mn doped samples,
strong frequency dispersion in ¢’ and tand is observed at higher
temperature (for LaGagsMng 2034, at T>170 K) whereas both of these
(¢" and tano) are found to be nearly frequency and also temperature
independent at lower temperatures (<170K) as shown in figure 6.9 (a)
and (b) respectively. In low temperature range (<170K), the static
dielectric constant &’ and the high-frequency limit dielectric constant
&' reach a common limit value of ~24. It is clear from ¢’-T and tand -T
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Figure 6.10: (a) Temperature dependence of loss tangent (tano) for undoped
LaGaO; (LGO) recorded over a frequency range of 100 Hz to 1 MHz. (b)
Shifting of characteristic rand peak frequency with increasing temperature for
LaGagsMng ;05 (tand-frequency form of the data shown in Figure 6.9 (b)).

plots (of LaGagsMnp20s4,) that the anomaly observed in ¢’ coincides

with the peak observed in tand and it shifts to higher temperature side
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with increasing frequency which is characterized as dielectric
relaxation/dispersion. The shifting of ¢’ anomaly or tano-peak (Figure
6.9 (a) and (b)) to higher temperature side indicates a thermally
activated relaxation process. Moreover, the observed shifting of tano
peak position is credited to the increased Kkinetic energy of hopping
polarons due to the increasing temperature, as a result of which
Mn**/Mn** dipoles start oscillating at a higher frequency and thus the
anomaly (peak) in &' (tano) shifts towards higher temperature side with
increasing frequency (Figure 6.9 (a) and (b)) or tand peak shifts to
higher frequency with increasing temperature as depicted in Figure 10
(b). This temperature dependent behavior is found to be similar with
already reported results for other manganites [57,196,198,200,224—
226], ferrites [21,29,90,155] and different perovskite systems
[129,130,227-229] and thus attributed to localized hopping of polarons
between lattice sites (presently between Mn®** and Mn*") with a
characteristic timescale and also to order-disorder ferroelectricity
(ferroelectric domain boundary motion) generated due to ordering of
mixed TM valences [21,90]. Beside to this frequency dispersion of
dielectric anomalies, an increase in ¢’ by orders of magnitude is also
observed due to increasing temperature (Figure 6.9 (a)) which may be
attributed again to a speedy hopping charge transport [182] along
with the possibility of electric field induced polarization in LGMO
samples probably due to unfilled and unscreened subshells of Mn ions
as the same mechanism has already been discussed for tungstates
[191,194]. It is worth noticing that a 2™ peak in tand -T plot is also
appearing around 420K for different frequencies (Figure 6.9 (b)). Note
that the corresponding temperature is close to that of the structural
transition observed in undoped LGO (inset of Figure 6.9 (a)) [222]. It
will be interesting to explore these secondary peaks in future for Mn
doped LGO samples as the corresponding peak position appears to be
shifted with temperature for different probing frequencies. Moreover, it

is well established that the effect of temperature on dielectric
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relaxation frequency (1/2mnty) can be described on the basis of
following Arrhenius relation [29,115,129,155,196-198,202,206]

f = f,exp(—E, /kgT) (6.2)

Where, fj is the Debye relaxation frequency, E, the activation energy,
and kg is Boltzmann constant. Thus in order to confirm, our
speculation of presence of polaron (JT polaron) hopping as a driving
mechanism for observed dielectric relaxation in present system, In(f) is
plotted as a function of tans peak-temperature (10%/T) as shown in the
inset of Figure 6.9 (b). The data for relaxation frequency is fitted well
to the Arrhenius relation with fitting parameters zo (1/2nf5)=30 ns and
E.=0.36 eV; here, activation energy is calculated from the slope of
fitted straight line and o is determined from the value of intercept on
frequency-axis. This value of activation energy (E,=0.36 eV) is found
close to the earlier reported values of E, correspond to polaron hopping
mechanism e.g. 0.33 eVm [196], 0.4 eV [198], 0.30 eV [200] (for the
systems with coexistence of Mn®*" and Mn**) and 0.29 eV [90,206],
0.45 eV [129] (for the systems with coexistence of Fe?* and Fe®").
These comparative values of activation energies and co-existence of
Mn*® and Mn** in the present samples suggest that polaron hopping
mechanism is responsible for presently observed dielectric relaxation
in LaGag sMng2034,. Finally, in Mn doped lanthanum gallate, large RT
¢’ and dielectric relaxation (or dielectric dispersion) have been

observed and analyzed systematically [230].

6.3.5 Possibility of multiferroicity in Mn doped LaGaO3; (LGO)

Multiferroics are the materials which exhibit simultaneous occurrence
of at least two ferroic orders among ferroelectricity, ferromagnetism
(ferrimagnetic or antiferromagnetic ordering are also accounted) and
ferroelasticity. As a part of present research work, from multiferroicity
perspective, Mn doped LGO samples were probed to investigate the
status of electric and magnetic ordering in these samples. For this

purpose, M-H/P-E measurements have been carried out at RT and low
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temperature/at RT. The RT and LT M-H plots for LaGagsMng 103,
and LaGaggMng.0s., are displayed in Figure 6.11 and its insets. It has
been observed that the RT magnetization increases with magnetic field
and it does not saturate even upto a high magnetic field as can be seen
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Figure 6.11: Room-temperature (RT) M—H plot for LaGa;.\Mn,Os., samples

with x=0.1 and 0.2. Inset (i) shows a narrow RT hysteresis loop around the

origin of the M—H curve for the LaGagsMng10s.,. Insets (ii) and (iii) display

a normal hysteresis loop showing saturated magnetization for the

LaGagsMng 05, at a low temperature of 5K. The M—H data recorded at 80K
are also shown in inset (iii).

in the main panel of Figure 6.11 (even upto 14 T [231]). However, at
RT, the sample is attracted and sticked to the magnetic pole at a low
magnetic field of ~0.431T (4310 gauss) and when the field decreases it
detaches at a lower magnetic field of 0.305T (see the video at
http://www.rsc.org/suppdata/c6/tc/c6tc03641d/c6tc03641d2.mov). This
behavior points towards the RT magnetic hysteresis in Mn doped LGO
samples. The same is evidenced also by a narrow opening (hysteresis
loop) in RT M-H curve which is observed around the origin on
decreasing the magnetic field as shown in Figure 6.11 and its inset (i).
This RT narrow hysteresis M-H loop is appearing possibly due to the
presence of weak ferromagnetic ordering in LaGa; «\Mn,Os., samples
(x=0.1 and =0.2) as the similar loops were recognized by others for
weak/soft ferromagnetism [39,132,232,233] or due to the coexistence
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of para and ferromagnetic phases. Similar hysteresis (M-H) loops have
also been reported for other MD materials in which the MD effect has
been attributed to structural distortion [39]/magnetostriction
phenomenon [132,172,232] associated with the change in the lattice
parameters or bond angles due to the application of magnetic field. As
far as present research work is concern, the same has been evidenced
in terms of magnetic field dependent compression/expansion of
LaGa; «Mn,O3+, samples (x=0.2 and x=0.6) as confirmed through
magnetic field dependent Raman spectroscopy (chapter 3 and 4).
Nevertheless, at a very LT of 5K, a normal hysteresis loop along with
the saturated magnetization is observed for all Mn doped LGO samples
as shown in the insets (ii) and (iii) of Figure 6.11 for LaGaggMng 203+,
whereas along with other LaGa; «MnOs;., compositions in Figure B-1
(Appendix B). Further, in order to find out Tmem (transition
temperature for magnetic/ferromagnetic ordering) of LaGa;—«MnxOs.,
samples, M-T measurements are performed in FC (field cooled) and

ZFC (zero field cooled) modes and the observed results for
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Figure 6.12: Magnetization versus temperature (M-T) curves for
LaGagsMng,0;., in FC, ZFC (field-cooled and zero-field-cooled) modes and
the first derivatives of both of these M—T curves. In FC mode the sample was
cooled by applying a very low magnetic field of 100 Oe and the measuring
field was also kept at 100 Oe. Inset shows data for the inverse dc
susceptibility versus temperature and its fitting using the Curie-Weiss law.
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LaGaosMng 203+, (as a representative) are shown in Figure 6.12,
whereas for other selected LaGa,; «MnyOs., compositions in Figure B-
2 (Appendix B). A sharp increase appeared in magnetization at LT
warrants alignment of magnetic moments and the spin ordering
transition is taking place around 36K (Ty) as indicated by a dip
appeared in first derivative of both FC and ZFC (M-T) curves as
shown for LaGagsMno»03+, (as a representative) in Figure 6.12,
whereas for other selected LaGa,;-«Mn,Os., compositions in Figure B-
2 (Appendix B).

It is known that the fitting of inverse susceptibility (1/x) versus
T curve using Curie— Weiss law 1/y = (T-6/C), provides valuable basic
information about the magnetic ordering in the material and this
method [234] has already been used in the analysis of different other
systems [105,235,236]. Note that C is the curie constant and 0 is the
Curie temperature. Presently, the inverse of dc susceptibility is plotted
as a function of temperature as depicted in the inset of Figure 6.12 for
LaGaosMng 203+, (as a representative). By fitting the high temperature
region with the Curie-Weiss law (inset of Figure 6.12), the Curie-
temperature for LaGaygsMno 203+, was found 6=100 K (inset of Figure
6.12). This positive value of 6 indicates the presence of FM ordering
[234] in LaGaggMng20s+,. The value of 6 for other LaGa1,Mn,Os,
compositions have also been determined in the same way and tabulated
in the Table B-2 (Appendix B). It is clear from the table that the value
of 0 is positive for all studied LaGa;.xMnyOs., compounds and thus
ferromagnetism is the expected magnetic ordering in all these
compounds. It appears that presently studied LaGa;«MnyOs., samples
are showing coexistence of para and FM phases at temperatures higher
to Trw as evidenced in the form of M-H data recorded at RT and 80K
as depicted for selected LaGa;-«MnyOs., compositions in Figure 6.11,
its inset (iii) and Figure B-3 (Appendix B). Moreover, a bifurcation in
FC and ZFC curves appearing at LT (Figure 6.12) is representing the
point of irreversibility of magnetization which is characterized by a

parameter known as blocking temperature Tg (or irreversibility
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temperature Tiy) [237]. Tir is a temperature at which the condition
Mzec-Mec = minimum; but, # zero, is satisfied. It is a function of
measuring/cooling magnetic field (presently 100 Oe) and also of
material’s micr0 oOr nanostructural properties. With increasing
measuring field it shifts to further lower temperature and it is entirely
different from Tgm (Tm). Similar bifurcation in FC and ZFC curves has
been observed also for other LaGai.xMn,Os., compounds under
investigation as depicted in Figure B-2 (Appendix B) for selected
compositions (as representatives). At low temperatures (<Tg), the
appearance of bifurcation between FC and ZFC curves can be
attributed to the coexistence of FM and AFM phases [238-240] i.e.,
competing double (Mn**-O-Mn**) and super exchange (either Mn**-O-
Mn** or Mn**-O-Mn*") interactions [105,236,238-240]. As far as the
status of magnetic phase is concern, Goodenough [238] (Wollan et al.
[240]) has reported that in a ABO3; manganite system with coexisting
Mn®" and Mn**, if the percentage of Mn** is in the range of 10 to 25%
(0 to 25%), simultaneous occurrence of FM and AFM phases is most
favorable. Thus the occurrence of such magnetic-phase coexistence in
studied LaGa;xMnyOs:, compounds appears reasonable, as for these
samples the percentage of Mn** is found within the said range (Table
B-1 of Appendix B). Moreover, in FC mode, cooling of LaGa;.
«MnyOs., (especially below Tg) in a very low magnetic field of only
100 Oe, aligns and freezes the magnetic moments (which were frozen
randomly/oppositely in ZFC mode as the magnetic moment at lowest
temperature is close to zero or very low (ZFC data in Figure 6.12 and
Figure B-2 (Appendix B)) along the direction of applied magnetic field
and hence gives rise to a significant magnetic moment; clearly visible
at the lowest temperature as depicted in FC data (Figure 6.12 and
Figure B-2 (Appendix B)). As far as direct MD coupling (coinciding
temperature dependent dielectric and magnetic anomalies; similar to
that shown in Figure 1.9) is concern, the observed temperature
dependent dielectric abnormalities (step like features shown in Figure

6.9 (a)) cannot be assigned as coinciding with the magnetic anomaly
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(Figure 6.12; around 36K for representative LaGaggMng20s.y
compound) because all Mn doped LGO samples exhibit temperature
dependent dielectric dispersion (see Figure 6.9 for representative
LaGagsMng 203+, compound). Now, in order to investigate about the
correlation of ferroelectric and observed ferromagnetic ordering in

LaGa;xMnyOs., compounds, P-E measurements for selected Mn doped
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Figure 6.13: Room temperature P-E plots for selected LaGa;Mn,Os.,
compositions. The data for undoped LGO and LaGagesMng 505+, Samples is
shown in Figure 6.7. Note- LaGa;«Mn,Os., samples with x>0.3 were too
leaky, therefore P-E loops were not observed in presentable form.

LGO compositions were performed at RT and the observed results are
shown in Figure 6.7 for undoped and 5% Mn doped LGO whereas in
Figure 6.13 for LaGa;xMn,Os., samples with x=0.1, 0.15, 0.2 and 0.3.
It is clear from Figure 6.7 and 6.13, that the undoped LGO displays a
linear dielectric behavior whereas all Mn doped LGO samples exhibit a
RT hysteresis (P-E) loop. It is vital to note that the ferroelectric
contribution (intrinsic polarization) is negligible as the shape of the
observed P-E loops is similar to that appears due to leakage currents
[219,230]. Conversely, the corresponding pre-K-edge feature (a
signature of breaking of inversion symmetry around TM ion [213]),
observed in the XANES data (Figure 6.2), points towards the

possibility of a finite ferroelectric contribution associated with the
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breaking of inversion symmetry around TM ion [213] (Mn in present
case). Additionally, on the basis of available literature, following
facts/arguments indicate the possibility of ferroelectric contribution
and hence the multiferroicity in the studied LaGai.xMn,O3., systems.
(i) Similar RT P-E (even more leaky) and M-H loops observed for Ca
doped (at Bi site) BiFeO3; have been reported as the signature of
Multiferroicity [233]. (ii)) YFeOs; having Fe multivalence, has been
reported as a multiferroic compound because the similar RT P-E loop
(YFeO3) was modified with almost 10 times improved polarization
when recorded at low temperatures (see Figure 1.8) and assigned as the
signature of ferroelectricity [48]. (iii) For present LaGa;xMnxOs.,
compounds, the observed temperature dependent dielectric dispersion
(Figure 6.9) and coexistence of Mn** and Mn** also indicate the
possibility of multiferroicity because in the system with similar
features (i.e. dielectric dispersion and TM multivalence) para to
ferroelectric transition is observed on decreasing the temperature while
recording temperature dependent polarization under pyroelectric
measurements [21,90] (see Figure 1.6 and 1.7). The order-disorder
ferroelectricity (ferroelectric domain boundary motion) in such a
system has been attributed to ordering of mixed TM valences [21,90].
By considering these arguments, LT P-E measurements (but only upto
transition temperature of ferromagnetic ordering (Tem) (because below
Tem the ferromagnetic phase is generally supposed to be metallic) will
be helpful in order to quantify a genuine polarization as the leakage in
the studied Mn doped LGO samples (tand-peak maximum in Figure
6.10) is supposed to be decreased with decreasing temperatures i.e., for
semiconducting systems like LaGa;MncO;.,, evolution of insulating
phase can be expected with decreasing temperature. Further, at LT, it is
expected for pairs of neighboring Mn** and Mn** ions to form a stable
localized dipole (due to difference in their chemical potentials) as the
RT electron hopping between Mn** and Mn** sites [230] is expected to
be ceased at LT [241]. As a whole, since the studied LaGa;.\Mn,Os.,
compounds display FM ordering below Ty (for Ty, see Table B-2 of
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Appendix B) and may exhibit ferroelectric ordering either at the same
temperature i.e., type-1l1 multiferroicity or at a higher temperature i.e.,
type-1 multiferroicity (as below FM phase is generally metallic),
therefore, we predict the possibility of multiferroicity in studied
samples. Further, in order to comment strongly about the correlation
between electric and magnetic orders for studied LaGa;.\Mn,Os.,
systems, temperature dependent P-E experiments and/or temperature
dependent pyroelectric measurements are required as the transition
temperature related to ferromagnetic (Trv) and ferroelectric (Trg)
orders will be the deciding factor to classify the presently studied
LaGa; xMn,O;,, samples either as type-11 (Tm and Tg are same) [8] or
type-1 multiferroic (Te>Tw) [8].

6.4 Summary

In summary, a large ¢ at RT and dielectric relaxation or
dielectric dispersion is observed in Mn doped lanthanum gallate. Both
of these observed effects have been analyzed by considering inter-site
polaron hopping via Mn**- 0%~ Mn*" path and/or a flipping Mn**/Mn**
dipole under an ac electric field as the coexistence of Mn®** and Mn**
charge states is validated through XANES measurements. The
appearance of large &' is attributed to the increased conductivity
governed by hopping charge transport mechanism and interface effects
along with the possibility of dipolar contributions associated with off-
centrosymmetry of MnOg octahedron as it has been revealed through
systematic analysis of impedance spectroscopy, XANES (pre-K-edge)
and P-E measurements respectively. The latter effect; presence of
dielectric relaxation, is ascribed as a thermally activated relaxation
process with the activation energy found to be close to that of polaron
hopping 0.36 eV. Ferromagnetic ordering has been observed for all
studied Mn doped LGO compounds whereas the order-disorder
ferroelectricity (due to the ordering of multivalence of Mn ions) and
hence the possibility of multiferroicity has been predicted. Ultimately,
The effect of Mn doping on magnetic properties of selected LaGa;.
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«Mn, 05, compositions has been understood in terms of percentage of
coexisting Mn®** and Mn** ions that understanding can be considered
only as an initial analysis. In this regard an in-depth analysis is needed
to understand the observed magnetic response. For this purpose, as a
first attempt, density functional theory (DFT) based spin polarized first
principles calculations under local spin density approximation (LSDA)
were performed by using the Rietveld refined crystallographic
information file (cif) in Vienna ab initio simulation package (VASP).
Cation vacancies have been considered as the cause responsible for
excess oxygen (or for the presence of Mn*") and hence for the
observed magnetic behavior. Density of states (DOS), partial DOS
(PDOS) and magnetic ground state (like FM and AFM) have been
calculated for un-defected and cation defected LaGai;xMnyOs.y
systems. The observed results along with an initial analysis for
undoped LGO, un-defected LaGaysMnosOs and La-defected
LaGaosMngs0s+, Systems (as representatives) are presented and

discussed in Appendix C.
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Conclusions and

Future Scope

7.1 Conclusions

The major findings/conclusions of the research work reported in this

thesis are sequentially summarized as follows:

Magnetodielectric compounds (LGM20, LGM60 and LGF30)
have been prepared that exhibiting significant MD effect at
room temperature by applying a low or moderate magnetic
field.

The resistive contribution (MR) has been analyzed by means of
FDMR analysis. The analysis revealed that, at frequencies
corresponding to grain contribution the MD effect in LGM20
and LGF30, is MR-unaffected whereas at lower frequencies it
is MR dominated. On the other hand, the MD effect observed
in LGM60O is intrinsic over the entire range of probing

frequencies.

In case of LGM20 and LGF30, low field MD response was
also speculated to be intrinsic but suppressed due to the
dominance of negative FDMR and could not be extracted as
probed with electrical technique where the inclusion of
resistance is understandable.
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As a solution, magnetic field dependent Raman spectroscopy; a
non-electrical measurement technique (where electrical
resistance does not contribute to signals) has been employed to

analyze the above speculation.

The intrinsic nature of MD coupling in all three studied
LG(M/F)O compositions was evidenced in terms of magnetic
field dependent softening or hardening of (Mn/Fe)Og

octahedral Raman modes.

The magnetic field dependent Raman analysis suggests that
along with the LGM60O, the MD effect of LGM20 and LGF30
is also intrinsic and hence supports our speculation of
suppression of intrinsic MD nature due to dominating
magnetoresistive artifacts at low frequencies in case of LGM20
and LGF30.

The reorientation of spin coupled Mn/Fe-orbitals under the
influence of magnetic field was proposed as the mechanism
responsible for the compression or expansion of material (i.e.
magnetostriction) and ultimately for the observed intrinsic
RTMD effect.

Additionally, large dielectric permittivity (¢) and temperature
dependent dielectric dispersion has been observed and studied
in selected Mn doped LaGaO3 compounds.

The appearance of large &' is attributed to the increased
conductivity governed by hopping charge transport mechanism
and interface effects along with the possibility of dipolar
contributions associated with off-centrosymmetry of MnOg

octahedron.
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e The observed dielectric dispersion has been attributed to
localized hopping of polarons between lattice sites (between
Mn®* and Mn*") with a characteristic timescale and also to
order-disorder ferroelectricity (ferroelectric domain boundary
motion) generated due to ordering of mixed TM valences.

e Possibility of multiferroicity has been predicted in selected Mn
doped LaGaO3; compounds which needs further experimental

and/or theoretical confirmation.

Ultimately, a magnetodielectric material has been prepared which
shows MD effect at room temperature, with a low or moderate
magnetic field and the observed effect is MR-unaffected. The intrinsic
MD effect has been evidenced in terms of magnetic field dependent
shifting of SS/AS Raman modes and the mechanism for observed MD
phenomenon has been understood in terms of reorientation of spin-
coupled TM orbitals. We proposed that MR impedance spectroscopy
i.e. MRIS (FDMR measurements) should necessarily be used as an
effective experimental technique to detect MR affected and intrinsic
contributions of MD effect. Our analysis reveals that MD effect can be
realized in strongly correlated compounds that have scope to

shrink/expand in response to an externally applied magnetic field.

7.2 Future scope

Present research work is mainly focused on room temperature
magnetodielectric (RTMD) and multiferroic studies of bulk Mn doped
LaGaO; (LGO). A significant RTMD effect has been observed and
systematically analyzed, but, for recommending these LGM/FO
compounds to serve as future MD systems at device level more studies
are needed. This opens the possibilities of future research scope in
these MD materials. Some of the experiments/studies that can be
considered as steps of future research scope for these systems, are

mentioned below
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First of all, the intrinsic nature of observed MD effect can be
further verified through magnetic field dependent non-electrical
measurement techniques like XRD, XANES and DRS (diffuse

reflectance spectroscopy).

For studied LGM/FO materials to be used in microelectronic
devices the loss tangent (tand) should be as low as possible
because such devices require a material with very low leakage
(low tano). In the studied LGM/FO systems, tand is associated
with the coexistence of Mn®**/Fe®" and Mn**/Fe** and hence can
be minimized by making the samples with better oxygen
stoichiometry (i.e., samples with single TM valence or with y=0
close to zero) by means of annealing of these samples in a
proper gas environment under precisely controlled and
calibrated gas flow. Additionally, preparing of single crystals of
Mn doped LGO may be useful in this regard as the GB effects
are negligible (are completely vanished) in case of single

crystals.

Low temperature P-E measurements (similar to YFeOs [48];
see Figure 1.8) and temperature dependent pyroelectric
measurements (similar to LuFe,O,4 [21,90]; see Figure 1.6) may
provide better hysteresis with improved polarization [48] and
para to ferroelectric transition temperature [21,90] respectively.
In this way, prediction for the possibly of multiferroicity in Mn

doped LGO compounds can be examined.

As far as device level applications are concern, thin film MD
response may be better relative to bulk counterparts
(considering magnitude of MC% and the device

miniaturization). Thus, RT and temperature dependent MD
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response can be investigated by making thin films of Mn doped

LGO compounds.

Neutron diffraction experiments on Mn doped LGM/FO
samples will be helpful in order to investigate/confirm the
present DFT calculations based assumption of cation vacancies

as the source of excess oxygen.

7.3 Our contributions to the field of MDs

On the basis of overall present research work and its analysis-

We revealed that the existing trend convention (magnetic field
dependent change in ¢’ and tano) [46] does not provide correct
information every time about the resistive origin of MD effect
and hence we reported that it should not be used to interpret

MR effects of MD phenomenon.®

We proposed * MR impedance spectroscopy i.e. MRIS (FDMR
measurements) as an effective experimental technique to detect

MR affected and intrinsic contributions.

We reported that instead of measuring only dc MR, this
technique alone can be used as an effective experimental tool to
detect and analyze the resistive and intrinsic parts contributing
in MD phenomenon and hence should necessarily be used in
MD studies. ®

We predicted that the intrinsic MD coupling can be realized in
strongly correlated compounds that have scope to
shrink/expand in response to an externally applied magnetic
field. ®

$H.M. Rai et al., J. Appl. Phys. (under review).
® H.M. Rai et al., Adv. Mater. (communicated)
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Table A-1: Specification of oxides used for preparing LaGa;,Mn,Os.,

(LGMO) and LaGa;.xFes0;., (LGFO) compounds.

Oxide Physical | Product Company Purity
form Code/No. (%)

Lanthanum (111)

oxide (La;03) Powder 11265 Alfa Aesar | 99.999

Gallium (I11)

oxide (Ga,0s) Powder 32102 Alfa Aesar | 99.999

Manganese (1V) . .

oxide (MnOy) Powder 529664 | Sigma Aldrich | 99.99

Iron () oxide | opnks | 203513 | Sigma Aldrich | 99.98

(Fe203)

Note- More information about tabulated oxides can be found on the
company’s website by using the given product code/number.

Table A-2: Sample (pellet) dimensions used to calculate the dielectric
constant (¢) from measured capacitance (for LGM20 and LGF30).

Thickness Radius Area

Sample/Pellet (mm) (mm) (mm?)
LaGag sMnp 203+, 1.02 5.95 111.22
LaGag7Mng 303+, 1.03 5.97 111.97
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Table A-3: Instrument/set-up accuracy (resolution) for main measurements

Instrument/set-up

Measurement/quantity accuracy (resolution)

Capacitance (or &'), tand, +0.05%
MC%, ML%, Z' Z"
XANES
(Edge energy) +10* eV
Raman measurements +0.4 cm
M-T measurements +0.2 K

¢'as a function of

temperature (¢"-T) $0.2K

I-V measurements +1 nano Volt

Note- In all the measurements the claimed changes are well above to
the instrumental accuracy (resolution) and standard error.
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Appendix A-11

Primary Ferroics

A primary ferroic material is one which exhibits either a spontaneous
polarization, or a spontaneous magnetization, or a spontaneous stain
under zero switching force (i.e., electric field E, magnetic field H, or
mechanical stress ) and exhibits significant remanence even after the
compete removal of switching force [242]. Note that the present
research work focuses only on magnetic and electric ferroics. Further,
these spontaneous order parameters (i.e., polarization (P) or
magnetization (M) or strain (¢) can be reoriented by an external

switching force below a characteristic temperature called as Curie

temperature or sometimes as Néel temperature [242]. The domains are

MNP,M,E

Figure A-1: Schematic of a hysteresis loop showing the coercive field,
remanent and saturation in polarization, magnetization and strain for different
order parameter [242].

randomly oriented prior to the first application of a switching force (E
or H or o) thus; no net order parameter persists in the sample
(especially in non-polar systems). As field is applied and increased, the
domains aligned with the fields leading to a net order parameter. At
higher fields, the order parameter saturates (Ps, Ms, ¢s) and even if the
field is reduced to zero, still there exist a finite order parameter known

as remanent order parameter (Pr, Hr, er). Thus, the M-H/ e-o/ P-E
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response gives rise to a hysteresis behavior [31]. The primary ferroic
materials could be characterized by a hysteresis response in the

external switching force as shown in Figure A-1.
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Appendix A-111

1) Unpublished XRD Data of LaGa,..Fe.Os Series

LaGa, ,Fe,O; Dataat 300K
-
= A
f4e] Ar A Fe-0%
; A L_A.__L__,\_M__. — Fe-2%
A e A o Fea%
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Fe-8%
% J A A A ~  — Fe-10%
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A \ A ~ —— Fe-30%
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Figure A-2: X-ray diffraction
(LGFO) series. As a representatives of

T

70 80 90 100

60
20 (degree)

(XRD) data for LaGa;4Fe O3
LGFO series, Rietveld refined XRD

pattern of LaGag 7Fep 303 powder sample is shown in Figure 5.1 (chapter 5).
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2) Unpublished Rietveld refined XRD Data of
LaGa@Mn&Oz

0 LaGao_95Mno_0503(Pna21)

o Observed
—— Simulated
—— Difference
| Braggs position

%°=1.40 for Pna2,
x2=1 .45 for Pnama

Intensity(a.u)

] , . |
t Y

10 15 20 25 30 35 40 45 50 55 60
20 (dergree)

Figure A-3: Rietveld refined X-ray diffraction data for LaGaggsMngos03

fitted with Pna2; space group (as a representative of Pna2,and Pnma space

groups). The absence of any unaccounted peak confirms the purity of the

structural phase of the prepared sample. Inset displays the magnified view of

selected peak to show the quality of fitting.
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Appendix B

Magnetic Properties of Mn Doped LaGaO;: Unpublished Results

LaGaq.xMn,O3.,
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Figure B-1: Low temperature (5K) M—H plots for selected LaGa;.xMn,Os.,
compositions. Inset shows magnified view of M-H data for LaGag sMng 20;.,.
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Figure B-2: Magnetization versus temperature (M-T) curves for selected
representative LaGa, \Mn,Os,, compositions in FC, ZFC (field-cooled and
zero-field-cooled) modes and the first derivatives of both of these M-
T curves. A sharp dip marked as magnetic transition temperature.
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Figure B-3: Magnetization versus magnetic field (M-H) curves for selected
representative LaGa, «Mn,Os., compositions at three different temperatures.
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Table B-1: Charge state of Mn, amount of excess oxygen and percentage of
Mn** and Mn** for selected LaGa, ,Mn,Os,, compositions estimated through
XANES.

Sample Name Mn value | %of | % of
charge ofy | Mn* | Mn*
state

LaGao,gsMrlo_0503+Y 3.07 0.0017 93 07
LaGap.9Mno.1034 3.08 0.004 92 08
LaGao_85Mn0,1503+Y 3.11 0.008 89 11
LaGao,sMnoQOyy 3.15 0.015 85 15
LaGag 7Mnp 3034y 3.13 0.019 87 13
LaGag Mnp 4034y 3.15 0.030 85 15
LaGagsMng 503y 3.13 0.032 87 13
LaGag 4Mnp 603+ 3.14 0.042 86 14
LaGaolenogOgﬂ, 3.17 0.068 83 17

Table B-2: Curie temperature (6), Temperature corresponding to magnetic
ordering or magnetic transition (T or Ty), and saturated magnetic moment
for selected LaGa; ,Mn,Os., compositions.

Sample Name 0 (K) Tc(?(r)TM Iuesgt (Le/Mn)
LaGao.g5|\/|I’]o,o5O3+Y 41 - 0.36
LaGag 9Mng 1034y 46 06 0.41
LaGagsM I'lo,203+Y 100 36 1.80
LaGag 7Mng 303y 128 30 1.89
LaGagsMng 403y 111 46 3.52
LaGa0,5M n0,503+y 119 47 3.89
LaGag 4Mng 03y 141 89 4,94
LaGag ,M I'lo,303+Y 158 101 6.11
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Appendix C

First Principles Study to Understand Magnetic Behavior of Mn

Doped LaGaO; in Terms of Cation Vacancies: Unpublished

Results and Anlysis

We have investigated the spin dependent electronic and magnetic
properties of pure, Mn-doped and La-defected Mn-doped LaGaOj3
(LGO) systems by employing first-principles calculations to
understand the observed magnetic behaviour (section 6.3.5 and
Appendix B) in terms of cation vacancy (specifically La-defect). For
this purpose, along with undoped LGO, 50% Mn-doped LaGaOs i.e.,
LaGapsMng 503 system has been carefully chosen; as the study of other
systems like LaGaggMno 203+, and LaGagsMngeOs., involves large
number of atoms whereas doping of 50% Mn is achieved only with 20
atoms in a supercell. All the calculations were performed by means of
spin-polarized density functional theory (DFT) calculations as
implemented in the Vienna Ab initio Simulation Package (VASP)
[141]. Note that, all these calculations were performed by importing
the corresponding refined crystallographic information file (.cif) in
VASP. Further, projector augmented wave (PAW) method [142,143] is
employed using an energy cut-off of 470 eV to describe the electronic
wave functions. The local density approximation (LDA) + U method
[144] is used to account the strong on-site correlated electrons in the
partially filled d orbitals. We have employed correlation energy (U) of
4 eV and exchange energy (J) of 1 eV for Mn d-orbitals. These U and J
values have been well tested and used in similar systems [145,146]. A
20 atoms (2x2x1) supercell is considered to study pure (undoped), Mn
doped and cation defected Mn doped LGO systems to achieve 50%
Mn-doping and 25% La-defect concentrations. Our optimized
structural parameters are very much in agreement with the respective
crystal structures. The Monkhorst-pack [147] generated set of 7x7x7

(for 20 atoms supercell) K-points are used to optimize the structures.
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The convergence criteria for energy and force are set at 10° eV and 10°
% eV/A respectively. 15x15x15 Monkhorst-pack generated K-points
are used for the spin-polarized density of state calculations (DOS).
Following Figure C-1 shows the optimized structure with calculated
total DOS and partial DOS (PDOS) for all three considered systems.

Structures TDOS/PDOS

UVR T

Total

TDOS/PDOS (States/eV)

(© :
25% La-defected |
LaGaysMnysO; [

TDOS/PDOS (States/eV)

E-E, (eV)

Figure C-1: The optimized structures along with the calculated total DOS
and partial DOS (PDQS) for all three considered systems; (a) LaGaOs (b)
50% Mn-doped LaGaOj, (c) 25% La-defected 50% Mn-doped LaGaOs
(LaGagsMngs03.,). Here, green, blue, purple and red color balls denote La,
Ga, Mn and O atoms, respectively. The Fermi level is set to zero and
indicated by vertical dashed line. Note- the positive (negative) DOS curves
are showing the available states for spin up (down) electrons whereas the
positive (negative) energy window is corresponding to conduction (valance)
band region.

It can be clearly seen that undoped LGO exhibits a wide gap
semiconducting nature [243] as the DOS of corresponding spins are
well separated across the fermi level (Figure C-1(a)). The mirror
symmetry of spin up and down states (Figure C-1(a)) reflects

nonmagnetic nature of undoped LGO. As far as the doped system is
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concern, Mn states appearing across fermi level suggest the reduction
in band gap due to doping of Mn (Figure C-1(b)). This can be
attributed to higher energy of Mn 3d states than Ga 3d states as Ga
(1.81) is more electronegative than Mn (1.55) [244]. For Mn doped
LGO, anti-parallel arrangement of Mn spins is found energetically
more favourable relative to parallel arrangement hence promoting
AFM (antiferromagnetic ordering) phase as the magnetic ground state
of Mn doped LGO (Figure C-1(b)). However, the breaking of mirror
spin symmetry i.e., splitting of spin states across fermi level (Figure C-
1(b)) indicates the possibility net magnetic moment in Mn doped LGO.
Interestingly, the corresponding calculated magnetic moment (> 3
uB/Mn) supports the splitting of spin states across fermi level. It is
known that the magnetic moment for a magnetic system should be zero
in its AFM phase. Additionally, according to Goodenough [238] and
Wollan et al. [240], even though the magnetic moment is > 3 uB/Mn,
the investigated Mn doped LGO configuration cannot be treated as a
FM system (especially when two neighbouring Mn®" ions are at 180°
via intermediate oxygen ion means the magnetic ground state is an
anti-parallel arrangement of spins) as all the Mn ions were considered
in their 3+ state only. In such a situation, the observed DFT based
theoretical results shown in Figure C-1 (b) (magnetic moment is > 3
uB/Mn and anti-parallel arrangement of spin) can by justified by
considering the compound as ferrimagnetic where, a net magnetic
moment is obvious with antiparallel arrangement. The similar
explanation has been reported by P. Manimuthu et al. in the similar
situation for LusFesO1,-5 [27]. Ultimately, the initial conclusion is that
the Mn doping at Ga site in nom-magnetic (NM) LGO turns it into a

ferrimagnetic system.

As far as cation vacancies are concerned, La defect (La
vacancy) is found energetically most favourable among La, Ga, and
Mn cations (see the section 3.3.4). The optimized geometry, DOS and
PDOS for considered La-defected Mn doped LGO (LaGaosMno503:)
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are depicted in Figure C-1(c). It can be seen that the semiconducting
Mn doped LGO (Figure C-1(b)) is transformed into metallic system as
evident in the form of crossing of fermi level by total spin up DOS
(Figure C-1(c)). Interestingly, a finite separation (band gap) is
observed across fermi level for spin down state indicating possibility of
spin polarized electronic transport (i.e. half-metallicity) as only spin up
states are crossing the fermi level (Figure C-1(c)). It is to be noted that

the La vacancy results into excess oxygen and hence in into the

‘ Octahedral arrangement of Oxygen ions around a cation ‘

. Cation (say Lanthanum) . Oxygen ion

(D) Cation present | (I) Cation vacancy
Bonded Bonded

to cation to cation

tBon(:fed . Bonded Bondf’:d .o Bonded
0 catio 18 to cation | t© catio %, iz38 to cation
o, B s B b0, 12 % @
%y (E gt e 185
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ion So0®
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. XN 0’6‘\"\\‘\6 vacancy ¥°
S P 0T o O
- o X - NS
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ey S e ". """""
Bonded 1= Bonded Bonded =3 Bonded
to cation . to cation to cation . to cation
i i
Bonded Bonded
to cation to cation

Figure C-2: Schematic situation (I); octahedral arrangement of Oxygen ions
around a cation (say La). One of the two electrons of each oxygen ion is
bonded with the shown central cation and remaining one is connected to other
cation site. Situation (I1); shows that due to the removal of La ion (considered
La-defect) the up spin Oxygen electron becomes unbound (or the
corresponding Oxygen bond remains unsaturated/dangling).

appearance of Mn** (for better understanding, Table 3.1, Table 3.2 and
section 3.3.4 can be seen). Coming back to Figure C-1 ((c)), the
transport of only spin up electrons (each spin up oxygen electron,
which became unbound due to the missing La atom as shown in
schematic situation (1) of Figure C-2) is speculated to be double
exchange mediated via Mn**-0*-Mn**- Mn*-0%-Mn*"....path (two
examples of conduction channel formation are imagined in Figure 3.10

(c) and (d)). This assumed mechanism appears reasonable because the
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up spin PDOS corresponding to only Oxygen and Mn are crossing the
fermi level (are the only sites responsible for conduction) as depicted
in Figure C-1 (c). Similar dangling/unsaturated bond (or unbounded
electron) has been predicted as the reason for half-metallicity in
completely different systems; edge hydrogenated/fluorinated BN
(boron nitride) nanoribbons [245-248]. In case of present La defected
LGMO system, further experimental and theoretical studies are needed
to confirm present observations. Additionally, the spin mirror
symmetry between spin up and spin down DOS/PDOS is broken as
evidenced in the form of large splitting of these states across fermi
level (Figure C-1(c)). As far as the magnetic state of LaGagsMngs0s.,
is concern, FM (parallel arrangement of spins) is found as the magnetic
ground state with a magnetic moment of ~4pg/Mn. This value of
theoretically calculated magnetic moment is closely consistent with the
experimental value of saturated magnetic moment (Figure B-1 and
table B-2 of appendix B). We speculate that in all the studied LaGa;.-
xMn,Os., systems, the magnetic state (FM, AFM or ferrimagnet), value
of 8 (Curie temperature), Tc (critical temperature) and saturated
magnetization is associated with by the relative number (not the ratio
or percentage) of Mn®*" and Mn**. Till now, this analysis of observed
magnetic behavior of LaGa;.«Mn,Os., systems is only in its initial
phase and needs validation through systematic experimental and/or
theoretical studies.
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