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ABSTRACT

The coupling of dielectric and magnetic order is highly nontrivial and seldom
observed in rare-earth iron garnets. Careful investigations on polycrystalline LusFesO,.,
prepared by the solid state route, establish a direct correlation between the magnetic and
dielectric order parameters. A dielectric anomaly at the magnetic ordering temperature
supports this correlation. The dielectric permittivity at various magnetic fields is measured
using an indigenously developed connector setup. LusFesO;,; exhibits a magneto-
dielectric coupling of ~ 6 % at room temperature, which is significant in case of a single-
phase magneto-dielectric material at low fields. Rietveld refinement of the X-ray

diffraction pattern, Bond valence sum method, Mossbauer spectroscopy, and X-ray
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photoelectron spectroscopy indicate two different oxidation states of Fe. Complete
structural optimizations performed using density functional theory establishes
ferrimagnetic ground state and provides structural parameters in agreement with
experimental values. Electronic structure analysis shows that LusFesO1, exhibits insulating
behavior both in ferromagnetic and ferrimagnetic configurations. The capability of
LusFesOj,.5 to exhibit room temperature magneto-dielectric response is a key factor in

designing and fabricating various electronic devices and sensors.

Keywords: Rare-earth iron garnets, Oxygen vacancy, Multiferroic, Mossbauer

spectroscopy, X-ray photoelectron spectroscopy, Density functional theory

1. Introduction

Multiferroic materials have been attracting much interest recently because of the
coexistence of ferroelectric, ferromagnetic and ferroelastic orders."” The coupling between
ferroelectric and ferromagnetic orders have attracted renewed interest due to the spectacular
discoveries of giant magneto-electric (ME) [inducement of electric polarization by magnetic
field (H) or vice versa] and magneto-dielectric (MD) effects [H-induced change in dielectric
permittivity] in these materials.*'® The MD effect has recently been introduced to classify
certain magnetic materials that possess neither spontaneous polarization nor satisfy the
symmetry constraints, for linear magneto-electric effect, but still show some kind of coupling
between the dielectric properties and magnetization.'' The MD phenomenon itself is
attractive for practical applications without ME coupling. A number of device applications
have been suggested based on the MD effect, including multiple state memory elements,
electric field controlled ferromagnetic resonance device, and variable transducers with either

magnetically modulated piezoelectricity or electrically modulated piezomagnetism.12 Studies
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on MD effect were mainly carried out on single phase materials, which show dielectric
change under an external magnetic field.">""* The possibility of tuning the dielectric
permittivity by an external magnetic field opens up new prospects for the basic understanding
of multiferroic materials and for the design of devices based on them. But the magnetic field
required for producing this effect is quite high, of the order of several tesla.'>"*!* However,
for the utilization of this effect in the above-mentioned devices, materials exhibiting MD
effect at low magnetic field (< 1 T) are essential. The realization of the MD effect with a
small external magnetic field is highly nontrivial and such MD materials are still rare."”"®
Rare-earth Iron Garnets (RIG) with their amazingly interesting properties attract significant
attention at this juncture. The materials belonging to this class were found to exhibit
relatively good magneto-dielectric effect even for a low applied magnetic field. At low
magnetic fields, induced MD effect have been reported with values reaching 13 % at 0.5 T
and 10 K in Y3FesO1," and 3 % for H < 0.2 T below 30 K in TbsFesOy,'". However, most of
the practical applications demand MD effect at room temperature.

LusFesO, is one such compound which exhibits low field MD response at room
temperature.20 LusFesOj,, which belongs to the RIG family, has cubic symmetry with the
space group, la-3d. The unit cell of LusFesOj, is composed of lutetium-oxygen and iron-
oxygen clusters forming three dodecahedral (LuOsg), three tetrahedral (FeO,) and two
octahedral (FeOg) sites. The Fe®* ions occupy the 16a Wyckoff position in the octahedral
(0 0 0) site and 24d Wyckoff position in the tetrahedral (0.375 0 0.25) site. The Fe** ions in
the octahedral and tetrahedral sites are denoted as Fel® and Fe2', respectively. The Lu ions
are distributed over the 24¢ (0.125 0 0.25) Wyckoff position in the dodecahedral site and O is
in the (-0.0255 0.0592 0.1514) 96h site. Fe ions in the tetrahedral and octahedral sites
contribute to the magnetic properties which are coupled antiparallel with each other (Fig. 1).

The Lu in the dodecahedral site does not possess magnetic moment due to the absence of
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unpaired electrons as Lu has 4f1 4 configuration. In general, the material is recognized and
evidenced as a single phase MD material and therefore should have a dielectric anomaly at
the magnetic ordering temperature (irrespective of the type of magnetic 01rdering).16’21'23 As
of now, there is no experimental evidence showing the direct coupling between magnetic and
dielectric properties of LusFesO;,. But such a behaviour is possible in Lus;FesO;, which has a
significant range of non-stoichiometry compared to other RIGs.”*** The non-stoichiometry
is accommodated in LusFesO;, by the formation of oxygen vacancies. The formal oxidation
state of Fe ions in LusFes0,; is 3+ but during the high temperature process the oxidation state
changes to 2+ owing to the loss in oxygen content.'”?*?**’ It is well known that the varying
oxidation state of transition metal ions greatly affects the physical properties.'”*****° Hence,
this material is of particular interest, as both the dielectric and magnetic order parameters
have a common origin i.e., Fe ions facilitating good coupling in LusFesO;,. This paper

reports the magnetic, dielectric, and MD properties of polycrystalline LusFesO;, and explores

the possible presence of Fe in mixed valence states, based on the observed results.
2. Materials and Method of Synthesis

LusFesO, ceramics were prepared employing a standard, solid-state reaction method.
Raw Lu03 (99.9 %) and Fe,03 (99.95 %) powders, weighed in stoichiometric proportions,
were directly mixed together using an agate mortar and pestle for 5 hours. The resulting
powder was calcined at 1173 K for 2 hours in air. The standard free energy formation
temperature for LuzFesO;, compound is reported to be 1473 K. Hence; LusFesO, ceramics
were obtained by sintering at 1473 K for 5 hours in air. High temperature sintering is a
diffusion controlled process by which bonding of particles in a mass of powder in the solid
state occurs by atomic or molecular attraction through the application of heat. The
densification is due to the decrease in the surface area and therefore a reduction in the free

energy of the system during sintering is occurred. High temperature sintering creates low
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oxygen pressure inside the furnace under normal atmospheric conditions. Lu-Fe-O system
belongs to the D-type of lanthanoid-Fe-O compound. The phase diagram of Lu-Fe-O shows
four stable phases: LuFe,O4 (spinel), LuFeOs (perovskite), Lu,Fe;O; and LusFesO;, (garnet)
at elevated temperatures under controlled oxygen partial pressures.3 % Lu-Fe-O compounds are
very sensitive to the atmosphere as reported elsewhere.’** Due to the low oxygen pressure

generated by high-temperature sintering, oxygen vacancies are formed in LusFesO, lattice.
3. Experimental Techniques

The purity and crystallinity of the sintered sample were confirmed from the X-ray
diffractometer measurements (Bruker D2 PHASER) using Cu-Ka radiation and the pattern
was refined according to the Rietveld method using the General Structure Analysis System
(GSAS) program.’'* Bond valence sum method has been used to determine the oxidation
state of Fe ions, based on crystallographically determined Fe-O bond distances. The oxidation
state and site occupancy of Fe ions were identified through Mdssbauer spectroscopy
(Nucleonix, India). Field dependent (Lakeshore VSM 7410) and temperature dependent (EG
& G PARC 4500) magnetic properties were determined using a vibrating sample
magnetometer (VSM). The combination states of Fe 2p electrons were analyzed through X-
ray photoelectron spectroscopy (XPS) (Omicron Nanotechnology, Germany). The dielectric
properties were measured as a function of temperature (353 K to 723 K) using an impedance
analyzer (Solatron SI 1260 impedance/gain phase analyzer) in the frequency range of 1 kHz
to 1 MHz. The magneto-dielectric measurements were done with the help of an indigenously
designed connector setup.”® The salient feature of this setup is that, it is incorporated with the
already existing instruments like VSM and impedance analyzer used in this study.

3.1. Computational Methodology
First principles DFT calculations were performed using the Vienna Ab-initio simulation

package (VASP)* within the projector augmented wave (PAW) method™ as implemented by
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Kresse and Joubert.®® The Kohn-Sham equations37 were solved self-consistently using an
iterative matrix diagonalization method. This is based on a band-by-band preconditioned
conjugate gradient method™ with an improved Pulay mixing3 ? to efficiently obtain the
ground-state electronic structure. The forces on the atoms were calculated using the
Hellmann-Feynman theorem and they are used to perform a conjugate gradient relaxation.
Structural optimizations were continued until the forces on the atoms had converged to less
than 1 meV/A and the pressure on the cell had minimized within the constraint of constant
volume and the total energy convergence. We have used an energy tolerance of 10° eV for
SCF calculations. The calculations were performed within periodic boundary conditions
allowing the expansion of the crystal wave functions in terms of a plane-wave basis set. The
Generalized Gradient Approximation (GGA)" includes the effects of local gradients in the
charge density for each point which generally gives better equilibrium structural parameters.
In order to include strong correlation effects GGA+U calculations have been done as
implemented in VASP-PAW method using the Dudarev scheme.”!

In this basis, we treated explicitly 3 valence electrons for Lu (5d16s2), 8 for Fe (3d64s2),
and 6 for oxygen (2s°2p"). Brillouin zone integrations are performed with a Gaussian
broadening® of 0.1 eV during all structural optimizations. We have performed a series of test
calculations by gradually increasing energy cut-off from 275 eV. Though we found that the
total-energy converges to an energy cut-off value of 450 eV, we used 550 eV cut-off in an
effort to obtain more accurate results with an optimum usage of computational resources.
These calculations are performed with a 4x4x4 Monkhorst-Pack k-point mesh. The structures
were fully relaxed for all volumes considered in the present calculations using force as well
as stress minimization. Experimentally established structural data were used as input for the
calculations. We have carried out calculations on non-magnetic, ferromagnetic and anti-

ferromagnetic configurations.
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4. Results and Discussion

4.1. Structural Characterization

Structural characterization of the prepared sample was carried out using X-ray
diffractometer. Sharp reflection peaks are observed, indicating that the sample is properly
sintered to good crystallinity. The pattern has then been refined according to the Rietveld
method using the GSAS program (Fig. 2). The refinement parameters such as atomic
coordination factor, multiplicity factor, occupancy, B-factor, and cell parameters are listed in
Table 1. The reliability factors (;(2 =198, R, = 2.1, Ry, = 2.8, Ry, = 3.4) obtained from
Rietveld refinement of XRD pattern indicate a better fit between the experimental and
calculated patterns of cubic (la-3d) system. From the refinement, three different
crystallographic Fe-O bond distances are obtained, i.e., 1.828 A corresponds to tetrahedral
site, 2.038 A and 2.045 A correspond to octahedral site. In general, only two Fe-O bond
lengths are obtained which means, Fe ion coordinated with four oxygen atoms in the
tetrahedral site with a bond distance of 1.88 A and in octahedral site by six oxygen atoms
with a bond distance of 2.02 A.*4° Therefore, the existence of another bond length in the
octahedral site may be due to two different oxidation states of Fe ion. Using the value of ionic
radii of 1.38 A and 1.4 A of oxygen in tetrahedral and octahedral sites, we obtain the ionic
radii value of 0.45 10\, 0.638 A and 0.645 A for Fe ion with respect to the calculated Fe-O
bond distances. According to Shannon’s theory,”’ the ionic radius value of 0.45 A
corresponds to Fe®* in tetrahedral site. The other two ionic radii 0.638 A and 0.645 A
correspond to two different oxidation states of Fe ion in the octahedral site, which is due to

the formation of oxygen vacancies as reported elsewhere.”**’

In a widely accepted view of
the microscopic description of oxygen vacancy formation, some of the Fe®* ions are reduced

to Fe** in the octahedral site for charge neutrality in the crystal structure.**! Since, the ionic

radii of Fe* is slightly greater than that of Fe®* ion, two different Fe-O bond distances are
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found to vary accordingly, corresponding to octahedral site. Hence in this crystal system,
tetrahedral sublattice is completely occupied by Fe®* ions while the octahedral sublattice is
shared by the Fe®* and Fe®* ions. Though the material has a significant range of non-
stoichiometry due to oxygen vacancy, no major variation in cell parameters (@ = b = ¢ =
12.279(2) A and Volume = 1851.1(1) A’ ) are observed, indicating that the oxygen vacancies
could be isolated defect centers instead of vacancy clusters.
4.2. Bond valence sum method

Bond length values calculated from crystallographic distances are used to predict the
correct oxidation state of the Fe ion using bond valence sum method.”*>® Bond valences (s)

are calculated according to the following equation,

(ro—7)
S = exp[ ) (1)

where r is the observed bond distance and r, and By are empirically determined parameters.52
From the Rietveld refinement of XRD pattern, the obtained bond distance values are 2.038 A
and 2.045 A for octahedral site (Fel®°-01) and 1.828 A for tetrahedral site (Fe2'-01). The two
bond distances corresponding to octahedral site are due to two different oxidation states of Fe
ion as discussed previously and therefore are classified for convenience as Fe;1°-O1 = 2.038
A and Fe,1°-02 = 2.045 A. Bond valences for each Fe-O bond are calculated from the above
equation (1) using the value of r, = 1.759 A for Fe*-O, r, = 1.734 A for Fe**-O and
By = 0.37 A% The calculated bond valences are 2.83, 2.58, and 3.25 corresponding to
Fe,1°, Fe,1°, and Fe2', which could be approximated to the known oxidation states of 3+,

2.5+, and 3.5+, respectively.
4.3. Magnetic studies

4.3.1. Mossbauer Measurements
Fig. 3 shows the Mossbauer spectrum of LusFesO,5 at room temperature arising due

to Fe in octahedral and tetrahedral sites. The dots represent the experimental data and the
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continuous curves represent the fitting of the experimental data. The Fe ions are magnetically
ordered and are present in three different environments as evidenced from the observation of
three sextets in the spectrum corresponding to tetrahedral and octahedral sites. The hyperfine
magnetic fields (HF) give a clear insight into the site occupancy by providing information on
which site a particular Fe ion occupies. The hyperfine magnetic fields were found to be in the
order of HF (octahedral) > HF (tetrahedral).®*® The obtained hyperfine magnetic field values
of 48 T and 51 T correspond to the octahedral site and 38 T corresponds to the tetrahedral
site.** Based on the previous reports, the sextet of smallest isomer shift (IS) of 0.19 mm/s
with a HF of 38 T is a characteristic feature of Fe®" ions in the tetrahedral site (Fe2'). The
other two sextets with relatively larger isomer shifts i.e., 0.42 mm/s and 0.45 mm/s with the
HF of 51 T and 48 T correspond to Fe;1° and Fe,1°, respectively.®®
4.3.2. Vibrating Sample Magnetometer (VSM) Measurements
(a) Field dependent magnetization (M-H) curve

Fig. 4(a) shows M-H curves of LusFes;O;,5 ceramics at 30 K and 300 K, exhibiting
clear ferrimagnetic behaviour. Magnetization starts saturating at a relatively low field of ~0.2
T with a saturation magnetization (Ms) of 23 emu/g (32.8 up/unit cell) and 18 emu/g (25.6
up/unit cell) at 30 K and 300 K, respectively. Also, it is found that the temperature effect on
My is smaller than those of other garnets due to the diamagnetism of Lu’*. The loop at 30 K
shows a larger hysteresis compared to the loop at 300 K, which is due to the changes in the
magnetic domain wall motion (or) domain rotation."”
(b) Temperature dependent magnetization (M-T) plot

The Curie temperature, T, was determined from the temperature dependent
magnetization decay of the sample as depicted in Fig. 4(b). This was done by heating the
sample from 303 K to 573 K in regular steps with a constant applied field of 100 Oe. From

Fig. 4(b), it is seen that, the orientation of the magnetic moments decrease with increasing
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temperature and finally vanishes around 550 K which is a characteristic feature of the
material undergoing a Curie transition or phase transition. Curie transition i.e., a transition

from paramagnetic to ferrimagnetic state occurs when the magnetic moment changes from
. . . am .
zero to a non-zero value. The Kink-Point method (plotting — —5 asa function of temperature)

also shows that T to be around 550 K (inset of Fig. 4(b)). Below T¢, the magnetic moment of
Fe ions in both the tetrahedral and octahedral sites are aligned anti-parallel to each other with
different magnitudes causing a resultant magnetic moment making the material to be
ferrimagnetic. Above T, the long range magnetic ordering in the material disappears.
4.3.3. Discussion on the Mossbauer and VSM results

From the Modssbauer spectrum, it becomes difficult to accurately determine the
oxidation state of Fe ions in the octahedral site whether it is Fe>* or Fez+, based on the
obtained isomer shift values (i.e., 0.42 mm/s and 0.45 mm/s). The isomer shift value is easily
influenced by parameters like temperature, pressure and other factors like the coordination
number, bond length, spin state, and nature of bonding interaction with neighbors, etc.”’ If the
Fe ions were to exist only in the oxidation state of 3+, the resulting magnetic moment as per
the calculations (from the relative area fraction of Fe ions in the Mossbauer spectrum) should
have the value of 16 ug/unit cell. But M-H results clearly show the magnitude of magnetic
moment to be 25.6 ug/unit cell. This proves the existence of two different isomer shift values
corresponding to two different oxidation states of Fe ions in the octahedral site. From the
Mossbauer spectrum of the two sextets, the one with the isomer shift of 0.42 mm/s with the
HF of 51 T corresponds to Fe** jons (Fe;1°) while the other one with the isomer shift of
0.45 mm/s with the HF of 48 T corresponds to Fe®* ion (Fe,1°). The loss of oxygen during
sintering might have reduced some of the Fe®* ions to Fe** ions giving rise to higher values
for the isomer shift and smaller values for the hyperfine fields. Hence, the Fe** ions occupy

the octahedral site (24 %) while the Fe®" ions exist both in the tetrahedral 54 %) and

10
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octahedral (22 %) sites. The relative area of Fe’* and Fe’* ions are 24 % and 76 %,
respectively.

Considering the relative area fraction of each Fe ion in the Mdssbauer spectrum, the
contribution from the number of Fe ions to a unit cell is calculated. The contribution from
Fe** is 21.6 (54 %) at the tetrahedral site and 8.8 (22 %) at the octahedral site, whereas the
contribution from Fe** ions is 9.6 (24 %) at the octahedral site. The general expression for
one formula unit is,

(Lus*) [FesTe (Fe, )% 0y

Based on the above results, the formula unit can be obtained as,

{Lus™*} [Fez7™*1""™ (Fer1**. Fei2™) * Opps

The magnetic moments of Fe ions within each site are coupled parallel to each other,
whereas in tetrahedral and octahedral sites the moments are antiparallel to each other. This
antiparallel coupling of two unequal sites gives ferrimagnetic ordering. The direction of total
magnetic moment is the same as that of moment of Fe® ions at the tetrahedral site. The
derived magnetic moment as per the calculation (using Mossbauer result) for a unit cell is
25.6 up/unit cell, which is in good agreement with the observed My value of M-H results
(25.6 ug/unit cell). Considering the number of Fe* ions resulting from the oxygen vacancies,
the calculated oxygen vacancies per formula unit is 6 = 0.6 (single oxygen vacancy should
create two Fe®* jons) and hence the general expression of the compound in the defect state
can be written as,

{Lus™"} [Fez7™*1""™ (Fey1**. Fe12™) *® O114 (2)
4.4. X-ray photoelectron spectroscopy (XPS) study
X-ray photoelectron spectroscopy, a highly used surface-sensitive technique68’69 has
been employed to identify the overall oxidation or chemical state of Fe ions in the prepared

LusFesO,.5 sample. The high resolution XPS peaks of Fe 2p;» and Fe 2p;, are shown in

11
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Fig. 5. The area of Fe 2ps/, peak is greater than that of Fe 2p,,, because of its spin-orbit (j-j)
coupling; Fe 2ps;, has degeneracy of four states whilst Fe 2p;,, has only two.”” In addition to
that, the peaks have broad envelope with shoulder on the low binding energy side. The peaks
have been fitted using Gaussian-Lorentzian curve fitting method. When fitted with a single
peak, the overall fit does not match with the experimental data. The best fit was obtained
when each broad peak has been deconvoluted into two distinct peaks and is clearly shown in
Fig. 5. This confirms the existence of Fe ion in two different oxidation states. Charge
correction was carried out using the Cls peak with a fixed value of 284.6 eV. The reported
binding energies of Fe 2ps, and Fe 2p;,, have been investigated by many researchers and the
values are between 710.6 eV - 711.2 eV for Fe 2p;3, and 724 eV - 724.6 eV for Fe 2p1/2.71'73
The Fe spectrum has associated satellite peaks which are located approximately 8 eV higher
than the main Fe 2ps» peak. The fitted peak positions correspond to the binding energy
values of 709.1 eV and 710.8 eV for Fe 2ps, peak, and 722.7 eV and 724.4 eV for Fe 2p
peak. It is well known that 709.1 eV and 722.7 eV are characteristics of Fez+, and 710.8 eV
and 724.4 eV of Fe’*. By evaluating the peak area, the estimated ratio of Fe** and Fe’* is
found to be 29 % and 71 %, respectively.
4.4.1. Combined XPS and VSM results

The XPS Fe 2ps/; spectrum of the two peaks, the one with the binding energy of
710.8 eV corresponds to Fe®* ion while the other with the binding energy value of 709.1 eV
corresponds to Fe** ion. The loss of oxygen during sintering might have reduced some of the
Fe’* ions to Fe’* ions. Considering the relative area fraction of each Fe ion in the XPS
spectrum, the contribution from the number of Fe ions to a unit cell is calculated. The
contribution from Fe** is 21.4 (53.5 %) at the tetrahedral site and 7 (17.5 %) at the octahedral
site, whereas the contribution from Fe** ions is 11.6 (29 %) at the octahedral site.

Based on the above results, the formula unit can be obtained as,

12
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{Lu33+} [Fez.6753+]tem (FCO.8753+~ 13631.452+)0Cta Oz
The derived magnetic moment as per the calculation (using XPS result) for a unit cell is
25.6 pp/unit cell, which is in good agreement with the observed Mg value of M-H result
18 emu/g (25.6 ug/unit cell). Considering the number of Fe’* ions resulting from the defect,
the calculated oxygen vacancies is 5.8 per unit cell (single oxygen vacancy should create two
Fe?*ions).
The general expression of the compound in the defect state can be written as,
{Lus™} [Feze75” 1™ (Feosrs . Feras™ )™ Or1.275 (3)

4.5. Iodometric titration

The overall oxygen stoichiometry was estimated to be 11.5 = 0.02 from the
iodometric titration by the standardization of sodium thiosulfate using potassium dichromate
with starch as the indicator.” Though there is a discrepancy in the determined oxygen content
from Maossbauer (egn. 2), XPS (egn. 3) and iodometric titration results, the presence of off-
stoichiometry is clearly evidenced from these results.
4.6. Density functional theory (DFT) calculations

We have performed complete structural optimization (including stress and force
minimizations) on LusFesOj, for non-magnetic, ferromagnetic, and anti-ferromagnetic
configurations, by including GGA+U functionals. It may be noted that for simple GGA
calculation, the system did not converge in a magnetic configuration. However inclusion of
GGA+U functional (with a U value of 6.0 eV and J = 1.0 eV) lead to significant exchange
splitting, indicating that LusFesO,, is a strongly-correlated oxide. The antiferromagnetic
configuration is lower in energy by 3.7 eV and 5.1 eV than ferromagnetic and non-magnetic
configurations, respectively. However, as determined by experimental observations, Fel®
magnetic moments are not completely cancelled by Fe2' moments, resulting in ferrimagnetic

state. The optimized lattice constant and atom positions are given in Table II. It can be seen
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that theoretically calculated lattice constant (12.390 A) is over-estimated by 2.75 % than
experimentally determined lattice constant. DFT calculations using GGA functionals
normally tend to overestimate volume by ~3 %. The calculated Fe1°-O1 and Fe2-O1 bond
lengths are 2.03 and 1.88 A, respectively, in good agreement with the experimental values.

The magnetic moments calculated at ferromagnetic and ferrimagnetic configurations
for various U values are given in Table III. In ferromagnetic configuration, Fel® and Fe2'
sites have magnetic moments of 4.43 up and 4.29 ug, respectively and total magnetic moment
is 24.49 up/f.u for U=6 eV & J=1 eV. Owing to shorter Fe-O bond-lengths, significant
covalent bonding occurs between Fe-O, leading to a finite magnetic moment of 0.2 up at
oxygen sites. In the ground-state antiferromagnetic configuration, magnetic moments at
octahedral Fe sublattice and tetrahedral Fe sublattice are oppositely aligned. As there are two
tetrahedral Fe atoms for every octahedral atom, the moments are not cancelling each other
resulting in a finite total magnetic moment and hence resulting in a ferrimagnetic
configuration. The magnetic moments at Fe1° and Fe2' are 4.29 up and 4.23 usg, respectively,
and a total moment of 4.79 ug/f.u in the ferrimagnetic state. The oxygen atoms also have a
moment of 0.16 up, due to covalent contribution. The magnitude of magnetic moments
increases with increase in U values. It may be noted that the ferrimagnetic configuration is
lower in energy (by ~ 3 eV) than ferromagnetic configuration implying that ferrimagnetic
state is energetically more favorable, for different U values. As we obtained insulating
ground state for a similar oxide” for U=6 eV and J=1 eV, we used the same values to study
electronic structure of LusFesO; also.

The calculated total density of states (DOS) is shown in Fig. 6 to obtain more insight
on electronic structure of LusFesO; in ferro and ferrimagnetic configurations. Interestingly, a
finite energy gap of 1.39 eV can be seen between valence band (below Fermi level; Er) and

conduction band (above Ep) in ferromagnetic configuration. It may be noted that

14
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ferromagnetic insulators are seldom observed and receive wide attention for potential
applications in spintronic devices. Hence, if LusFesO,, could be stabilized in ferromagnetic
configuration, it would be useful for technological applications. The system remains in
insulating state in ferrimagnetic configuration as well, with an increased band gap of 1.66 eV.
The atom-projected DOS in ferrimagnetic state is shown in Fig. 7. The valence band in top-
most panel showing Lu states is almost empty, indicating that Lu has donated its valence
electrons and hence forms ionic bond with its neighbors. The Fe DOS are prominently seen
between -8 to 0 eV. As O p-states are visible between -4 to 0 eV, strong covalent bond
between Fe and O can occur in this energy range. It may be noted that electronic states either
participate in bonding or magnetic interaction. The presence of Fe DOS at ~-6 eV is
significant and strongly localized, indicating their significant contribution to magnetic-
moment of Fe atoms. As the calculated magnetic moments and DOS features are almost
similar for Fe1°® and Fe2', it can be inferred that both Fe atoms could be in 3+ valence states.
However, it may be noted that perfectly stoichiometric composition is considered in our
theoretical calculation because including oxygen vacancies will require formation of larger
supercells and hence computations become intensive. On the other hand experimental
samples have significant oxygen vacancies. The presence of Fe* ions can be confirmed
theoretically only when oxygen vacancies are included in the calculation.
4.7. Dielectric analysis

The existence of Fe** and Fe** ions renders the material dipoles and their arrangement in
the direction of applied electric field produces electric polarization. The change in dielectric
permittivity (g') i.e., deciding factor of polarization as a function of temperature (353 K -
723 K) for different frequencies (1 kHz — 1 MHz) is seen in Fig. 8. The dielectric permittivity
linearly increases with increase in temperature upto 550 K, above which starts to increase

anomalously. This anomalous behavior is due to the fact that the temperature effect on Fe®*
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and Fe’* ions produces a large shift in the electric dipole moment corresponding to
polarization. The increase in €& shows a maximum with a peak around 625 K and then
decreases with further increase in temperature. This type of behaviour is usually seen in

ferroelectric materials that undergo a phase transition from ferroelectric to non-ferroelectric

(paraelectric) phase. The aforesaid phase transition can be confirmed using the d(1/e )/ dT

versus temperature plot (inset of Fig. 8). From the plot, it is observed that there is no variation
corresponding to the peak at 625 K. This clearly shows that, the peak appeared in the
dielectric plot (Fig. 8) is not due to ferroelectric phase transition. The P-E loop recorded at
room temperature with an applied field of 10 Vem™ also confirms the non-ferroelectric
nature of the compound (Fig. 9). Therefore, the observed behaviour is completely consistent

76,77
"' Hence,

with linear capacitor behaviour, which is the characteristic of a lossy capacitor.
the peak in the dielectric permittivity plot may be due to space charge polarization associated
with oxygen vacancies.

Coming back to the dielectric plot, the dielectric anomaly starts in the vicinity of 550 K
above which the magnetic ordering disappears. This is an effect of vanishing magnetic order
around this temperature, which was predicted by Landau-Devonshire theory of phase
transition.” This is ascertained from the inset of Fig. 8, where a sharp fall is clearly observed
around 550 K. The possible appearance of dielectric anomalies around the magnetic ordering
temperature result from the strong competition and interplay among the charge, orbital and
spin degrees of freedom.”””™ Therefore, the dielectric anomaly starts at the vicinity of

magnetic ordering temperature due to the coupling effect of dielectric and magnetic order

parameters and this also explains the material’s intrinsic MD property.
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4.8. Magnetic and dielectric order coupling

To further demonstrate the coupling between magnetic and dielectric order parameters, the

variation in €' as a function of the magnetic field i.e., (e'(H) € (0))/5' 0) is used,81 where

e'(H) and ¢€'(0) are dielectric permittivity with the applied field H and without field,
respectively. The changes in €' in the presence of magnetic field (up to 0.7 T) at various
frequencies (1 kHz - 1 MHz) at room temperature is shown in Fig. 10. The temperature
dependent €' shows an anomaly around its magnetic transition point, which was often taken

as an evidence for MD couplinggz'84

and is clearly shown in the inset of Fig. 10. As
aforementioned, Fe** and Fe™* ions could produce local dipoles. When a magnetic field is
applied, the spins of Fe’* and Fe’* ions are altered causing redistribution of charges and
dipoles leading to change in polarization, resulting in the observed MD effect. Thus, the
coupling between magnetic and dielectric order is evident. The change in €' observed with a
change in the applied magnetic field indicates strong coupling. The magnitude of MD

coupling reaches a maximum of 6 % at 10° Hz for 0.2 T, which is among the higher values

reported for single-phase materials at room temperature and low field.
5. Conclusions

LusFesO;,.5 ceramics were prepared using the conventional solid state reaction
method. Rietveld refinement of X-ray diffraction pattern and Mossbauer spectrum suggest the
possibility of Fe ion in two different oxygen environments in octahedra. The magnetic
moment calculation combined with vibrating sample magnetometer and Mossbauer results
indicate the presence of oxygen vacancies and also the existence of Fe’* and Fe™ in the
octahedral position. Moreover, the X-ray photoelectron spectrum of Fe 2p peak clearly
matches with Fe** and Fe®* states. The combined results of XPS and VSM clearly support the

presence of oxygen vacancies and the existence of Fe ions in mixed valence state. The crystal
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structure and its parameters obtained from complete structural optimization using density
functional theory-based calculations are consistent with the experimentally observed
structural parameters. Furthermore, the calculations correctly reproduce the ferrimagnetic
ground state on comparing total energies of paramagnetic, ferromagnetic, and
antiferromagnetic configurations. Electronic structure analysis provides more insight into the
bonding characteristics and indicates mixed iono-covalent bonding between various
constituents. The calculated magnetic moments at octahedral and tetrahedral sites for ideal
LusFesOy; are not significantly different because the magnitude of exchange splitting in these
sites is almost same. A non-negligible magnetic moment of 0.16 up at oxygen sites indicates
significant covalent interaction between Fe and O atoms. However, theoretical calculations
were carried out for perfectly stoichiometric composition and the oxygen vacancies present in
the synthesized sample were not included in the calculations. Dielectric anomaly at the
vicinity of magnetic ordering temperature indicates coupling between the magnetic and
dielectric order parameters. Using an indigenously developed experimental setup, a low field
magneto-dielectric response of about 6 % is observed at room temperature. The considerable
magneto-dielectric response of LuszFesOj,5 even for a small applied field, makes it a

candidate material for application in magneto-dielectric devices.
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List of Figure captions

Fig. 1. (a) Magnetic structure of LusFesOj;. View of (b) octahedra and
(c) tetrahedra.

Fig. 2. Rietveld refinement of LusFesO, 5 X-ray diffraction pattern.

Fig. 3. Mossbauer spectrum indicating three sextets of Fe ions in the tetrahedral and
octahedral sites. Open circle represents the experimental data and continuous line indicates
overall fit. The symbols (.), (*), and (+) indicates Fe;1°, Fe,1°, and Fe2', respectively.

Fig. 4. (a) Magnetization vs magnetic field showing clear ferrimagnetic behavior at 30 K and
300 K, inset shows the enlarged view. (b). Temperature dependent magnetization curve of
LusFesOj,5, inset shows the first derivative plot indicating paramagnetic to ferrimagnetic
transition at 550 K.

Fig. 5. High resolution X-ray photoelectron spectrum of the Fe 2p peak.

Fig. 6. Total density of states calculated with LDA+U method for ferromagnetic and
ferrimagnetic configurations.

Fig. 7. Atom-specific density of states in ferrimagnetic configuration. The vertical dashed
line at ‘0’ indicates Fermi level.

Fig. 8. Temperature dependent €' for different frequency values shows the dielectric anomaly
starts around 550 K. Inset shows the first derivative plot of 1/¢'.

Fig. 9. Room temperature P-E loop showing linear capacitor behaviour.

Fig. 10. Magneto-dielectric measurement showing coupling between magnetic and dielectric
orders at room temperature. Inset shows clearly the anomaly of dielectric permittivity present

at the magnetic ordering temperature.
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Table I. Optimized structural parameters and atom positions derived from Rietveld

refinement of XRD pattern.

Oxidation

Position coordinates

Cell parameter

Wyckoff Occup
Atom X y B-factor ‘a’ Volume
State z position ancy
in A in A3

Lul Lu™ 0.1250 | 0.0000 0.2500 24c¢ 0.02669 1
Fel?® Fe’*/Fe”" 0.0000 0.0000 | 0.0000 16a 0.03366 1

: T 12.279(2) | 1851.1(1)
Fe2 Fe 0.3750 0.0000 | 0.2500 24d 0.02417 1
Ol o~ -0.02743 | 0.0575 | 0.15218 96h 0.03815 1

36




Page 37 of 38 Physical Chemistry Chemical Physics

Table II. Optimized structural parameters and atom positions derived from DFT calculation.

Position coordinates Cell parameter
Oxidation Wyckoff
Atom X y . Occupancy ‘q’ Volume
State z position
in A in A’
Lul Lu™* 0.1250 0.0000 0.2500 24c¢ 1
Fel® Fe'* 0.0000 0.0000 0.0000 16a 1
. 12.3901 1902
Fe2' Fe™ 0.3750 0.0000 0.2500 24d 1
Ol o~ -0.02588 0.0548 0.15125 96h 1
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The magnetic moments

configurations for various U values.

calculated at ferromagnetic and ferrimagnetic

Ferromagnetic configuration Ferrimagnetic configuration

T ety | R gy | T8 e gy | Fedtu | T
3eV 4.20 4.05 24.05 4.0 391 4.64
4 eV 4.29 4.13 24.19 4.11 4.01 4.69
5eV 4.36 4.21 24.33 4.20 4.11 4.74
6eV 4.43 4.29 24.49 4.29 4.23 4.79
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