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ABSTRACT

The changes in crystal and magnetic structure of BiFeOs produced by partial substitution of Bi ions by Ho ions has been studied
with powder X-ray diffraction, neutron powder diffraction, dielectric and magnetization techniques. The present study demon-
strates that Bi;.xHoxFeOs(x = 0.05, 0.10, 0.15, & 0.2) multiferroics shows change in crystal structure at x > 0.05. The sample with
x = 0.05 exhibits rhombohedral structure (space group R3c), while the other three samples (x > 0.05) exhibit mixed phase with
coexisting rhombohedral (R3c) and Orthorhombic (Pnma) structure. This change in the crystal structure is attributed to the dis-
tortion of FeOg octahedra via substitution of Ho at phase boundaries. The magnetization studies indicate that doping of Ho in
pristine BiFeOs leads to enhancement in the ferromagnetic moment. We find that doping of Ho breaks the spin cycloid phase
of BiFeOs and creates a canted G-type antiferromagnetic structure in the hexagonal phase whereas the orthorhombic phase
exhibits a collinear G-type AFM structure. The canting angle increases with increase in doping with Ho, leading to an enhance-
ment in the ferromagnetic component in magnetization. Dielectric constant (¢') and loss factor (tand) are measured in frequency
range 1 kHz to 7 MHz and ¢ and tand show dispersion behaviour at low frequencies. The significant improvement in magneti-
zation and dielectric properties is achieved by Ho substitution which in turn enhances the potential of BiFeO3 for multiferroics
applications.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http: //creativecommons.org/licenses /by /4.0/). https://doi.org/10.1063/1.5082386

I. INTRODUCTION temperature (T¢ ~1103 K)*> and the G-type antiferromag-

netic parameters ordering of the Fe magnetic moments below

Multiferroic compounds have been paid a lot of atten-
tion due to their attractive basic physics and industrial
applications in magnetic/ferroelectric systems used as data
storage devices, sensor devices, electromagnets, quantum
and spintronics.’* BiFeO3 (BFO) is one of the most widely
studied room temperature (RT) single phase multiferroic
ceramic, because it has ferroelectric order below a high Curie

a high Néel temperature (Ty = 643 K).> The G-type mag-
netic structure has been modified by a long-wavelength (A~
620 A) spiral modulation associated with a canting of mag-
netic moments.>” In this compound, the ferroelectricity is
induced by a stereo-chemically active 6s® lone pair of the
Bi®* ions. The pure BiFeO; is described with a polar rhom-
bohedrally distorted perovskite ABO3 structure with space
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group R3c.® It has been reported that the space group R3c
allows the appearance of the linear magneto-electric effect
in BiFeOs although, the spin modulated spin structure (SMSS)
excludes it, and only the quadratic magneto-electric effect
was found in BiFeO3 219 The SMSS also exists at temperatures
near the Neel temperature.’’ Near the transition tempera-
tures the magnetic long-period modulated structures usually
become collinear.’? It has been shown by Sosnowska et al.,'*
that the SMSS in BiFeO3 can be described by anisotropic rel-
ativistic interactions. The >’Fe NMR investigation of BiFeO3'#
confirmed the model calculations of the SMSS arrangement
as confirmed by Sosnowska et al.’* Along with SMSS arrange-
ment, existence of the secondary phases such as Bi;Fe4Og and
BiysFe,O39 in BFO which causes high current leakage and low
resistivity are also the hindrance in practical use of BFO.!#15
To overcome these problems many solutions have been tried
by several groups but substitution method are found to be
the best to change specific physical properties of a mate-
rial. Substitution can be done at Bi site by rare earth diva-
lent ion and Fe site by transition metal ion.'®'® There are
many reports on the rare earth doped BFO, such as La, Gd,
Sm, which are found to be helpful in the formation of single
phase BiFeOs, suppresses the secondary phases and reduce
the leakage current. Due to the maximum magnetic moment
(10.6pp) of Holmium (Ho) among rare earth elements its sub-
stitution will play very interesting role. Partially replacing
Bi ions in BiFeOs by Ho ions lead to a first order magne-
toelectric effect in BiFeOs.'® Previous studies on Ho doped
BiFeO32° show a structural transformation from Rhombohe-
dral to Orthorhombic and enhancement in the magnetiza-
tion. However, the role of Ho on the disappearance of cycloid
magnetic ordering and appearance of improved magnetiza-
tion has not been addressed. Similar structural phase trans-
formation from rhombohedral to orthorhombic has also been
observed in the Bij-4CaxFeO3 compound?'?? and enhance-
ment in the magnetization with Y doping and La doping?®
leading to change in multiferroics characteristics has been
reported. In this manuscript we investigate the changes in
the chemical and magnetic structure using neutron diffraction
and other techniques and show the appearance of canted anti-
ferromagnetic structure with Ho doping. The canting angle
progressively increases with Ho doping. The results are com-
pared with existing doping studies with trivalent ions and the
effect of external pressure on BiFeQOs.

Il. EXPERIMENTAL

Polycrystalline samples of Bij.xHoxFeOs(x = 0.05, 0.10, 0.15
and 0.20 and henceforth designated as HOS5, H10, H15, and
H20 respectively) were synthesized by solid state reaction
route using high purity oxide powders of Bi,Os3, Ho,O3 and
Fe,O3 from Sigma Aldrich. All the chemicals were weighed
in stoichiometric amounts, mixed thoroughly and homoge-
nized using agate mortar with pestle till a uniform mixture
was obtained and sintered for 30 minutes at 820°C in an alu-
mina crucible. X-ray diffraction (XRD) spectra were recorded
at room temperature using Rigaku Miniflex-1I diffractometer
with Cu K.x-ray with the scanning rate of 2°/minute and

scitation.org/journal/adv

20 ranged from 20° to 80°.Si powder was used as the stan-
dard sample for calibration and correcting the zero-point shift
in the measured X-ray diffraction patterns. Neutron diffrac-
tion (ND) patterns at several temperatures below 300Kwere
recorded on the PD2 powder diffractometer (A=1.2443 &) in
Dhruva reactor Mumbai. The micro-Raman spectra were mea-
sured using Raman spectrometer (Enspectr Enhanced spec-
troscopy, USA) with a green excitation light source of 532nm.
Rietveld refinement of the data were analysed using FullProf
program.?“ Structural properties have been obtained from the
analysis of both X-ray and neutron diffraction pattern. Micro-
graphs of samples were recorded using JEOL scanning micro-
scope (SEM). Magnetic properties of the multiferroic samples
were measured at room temperature with Vibrating Sample
Magnetometer and SQUID magnetometer (Quantum design,
MPMSS5) at low temperature (5K-300K). For dielectric mea-
surements the solid discs of the samples were made by apply-
ing a pressure using a pellet press at room temperature. For
proper shaping, poly vinyl alcohol (PVA) was used as a binder
agent. The prepared pellets are of about 10 mm diameter and
1 mm thickness. For making electrodes two surfaces of the
sintered discs were coated with silver paste. Dielectric mea-
surements were performed with an impedance/gain phase
analyser (Newton’s 4th Ltd) in frequency range 100Hz - 7MHz
at different temperature.

Ill. RESULTS AND DISCUSSION

A. X-ray diffraction

The crystal structure of HO5, H10, H15 and H20 com-
pounds was analysed using X-ray and neutron diffraction
techniques. The absence of the impurity phases in the XRD
pattern means that doping Ho restricts the impurity phases to
grow that exist in pristine BiFeO3 solid solution. As the con-
centration of Ho is enhanced, splitting of main peak at ~ 32°
is reduced and an extra peak grows at around 25° indicating
a coexistence of hexagonal and orthorhombic structure. The
analysis of the room temperature XRD patterns taking into
account both the hexagonal and orthorhombic phases were
carried out using FullProf software. Rietveld refined XRD pat-
terns of HO5, H10, H15 & H20 are shown in Figure 1 Good
agreement between the observed and calculated pattern is
obtained in all the samples. Pure BiFeOs crystallizes with a
rhombohedral structure (space group R3c).?> For the sample
HOS5, refinement of XRD pattern is performed assuming R3c
space group as an initial model. The background parameters
were fitted using Fourier cosine series and peak shapes were
fitted by pseudo-Voigt function. All the peaks were repro-
duced in the refinement, which confirms that no change in
structure occurs for HO5 substitution of Ho. As the concen-
tration of Ho is increased for H10, all the peaks were not
reproduced by symmetry R3c which points towards the mix
phase. The XRD pattern of H10 sample, was found to fit best
by 2 phase refinement including rhombohedral (R3c) struc-
ture and orthorhombic (Pnma) structure. The cause of the
structural transition for H10, may be attributed to mismatch
in ionic radii of host Bi and doped Ho ion. The smaller size
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of Ho®" ion (0.901 A) as compared to Bi**ion (1.03A) produces
strain in the lattice. This disturbs the FeOg octahedral lead-
ing to transformation in crystal structure.’> For H15 & H20
samples, refinement was done by the combination of hexag-
onal and orthorhombic structures which reproduces all the

observed peaks. The lattice parameters and volume decrease
with increasing Ho content is due to the smaller size of Ho
than Bi. The structural parameters obtained from this analy-
sis are used as the starting model for the analysis of neutron
diffraction patterns discussed next.
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B. Neutron diffraction

The neutron powder diffraction (ND) patterns were
recorded at several temperatures below 300K for all the sam-
ples in the series Bij_yHoxFeO3 with HO5, H10, H15& H20. At
all temperatures 300K and below, strong super lattice reflec-
tion (003) (101) is observed (indicated in Figure 2) establish-
ing the antiferromagnetic nature of the sample. The parame-
ters obtained from XRD were used as the starting model for
refining the neutron diffraction patterns. In hexagonal struc-
ture (R3c, space group No. 161) Bi and Fe occupies 6(a) (0,0,z)
Wyckoff position and O occupies 18(b) (x,y,z) position. Here
the position of the atoms, occupancy, and thermal parame-
ters are varied. Rietveld refined ND pattern of all sample at 6K
is shown in Figure 2. The crystal structure of the compound
HOS5 has been refined in a single phase polar R3c space group.
The best fit for samples with x > 0.05 is obtained by consid-
ering two phases with rhombohedral (R3c) and orthorhombic
(Pnma) structures. The unit cell volume of both the hexagonal
and orthorhombic phases decrease with increase in x. For low
Ho concentration the orthorhombic phase fraction is very low
and therefore the parameters are subject to greater error. The
variation of the unit cell volume with x is shown in Figure 3.
The volume fraction of the orthorhombic phase increases with
increase in Ho doping. Our results differ from the earlier pub-
lished result?? on the same series, where it is shown that
the compound undergoes a complete transformation to the
orthorhombic phase for H20, whereas we observe coexis-
tence of the two phases. The neutron diffraction data confirm

10000
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that at low temperature there is no further change in crystal
structure which shows its structural stability with tempera-
ture. The crystal structure parameters obtained from Rietveld
refinement of powder XRD and powder neutron diffrac-
tion patterns are in good agreement and are summarised in
Table I.

C. Magnetic properties

Figure 4 shows the temperature variation of magnetiza-
tion (M) in both ZFC and (FC) state at H=1kOe for all the sam-
ples. The magnetization decreases with lowering of temper-
ature from RT to 105K and below ~100K it sharply increases.
Similar anomalous behaviour in M (T) has also been reported
earlier in Ho doped?° and Gd doped BiFeO3.?¢ In the latter
reference the rapid rise below ~100K has been attributed to
magnetic ordering of Gd** ions. The anomalous behaviour is
observed only in H10 and H15 samples in our case. However, in
our neutron diffraction experiments, discussed later, we are
unable to find a signature for this behaviour. As observed from
our neutron diffraction studies there are neither evidences of
spin reorientation of the Fe moments, as suggested in sin-
gle crystal studies of BiFeO3?7 at this temperature nor the
Ho moments magnetically order below this temperature. We
attribute this behaviour to the interplay between Ho param-
agnetic moments and antiferromagnetic behaviour of BiFOs.
The lowering of the M(T) on reduction of temperature arises
from the antiferromagnetic nature of the sample. We attribute
the observed minimum in M(T) to the interplay between Ho

T
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paramagnetic moments and antiferromagnetic behaviour of
BiFOs3. There appears a small hysteresis between ZFC and FC
curves below 25K in all the doped samples. This coincides
with the spin glass temperature ~ 29K reported in BiFeO3.2”
Similarly, spin glass behaviour has also been observed in
0.3NiFe;04-0.7BiFeO3 nanocomposites.?®

The variation of magnetization with field for all the sam-
ples at 5K and 300K is shown in Figure 5. The samples do
not show any hysteresis or H¢ at 300K and 5K confirming its
antiferromagnetic nature. For samples with x>0.05 ferromag-
netic like hysteresis behaviour is observed at 5K. Though a
clear square hysteresis loop is observed only for the sample
H10 indicating a ferromagnetic behaviour. The large slope in
the M(H) curves at high fields and hysteresis loops in the low
fields indicates a canted antiferromagnetic behaviour which
we establish from the neutron diffraction experiments. Due to
increase in Ho concentration, there are new additional mag-
netic interactions such as Ho-Ho and Ho-Fe in addition to the
regular Fe-Fe interaction.?®

From the Figure 5(a) we can see a small residual mag-
netism is observed. There is a gradual increase in curvature

scitation.org/journal/adv

of M-H loops approaching towards saturation with increase
the Ho part at A- site in BFO. The magnetization at 50 kOe
increases from 5.07 emu/g for HO5 to 9.60 emu/g for H10
at 5K. Further, it is increases systematically with increase
of Ho part and reaches a maximum value of 15.9emu/g
which are also confirmed by the neutron diffraction magnetic
parameters.

Figure 5(b) Represent the room temperature behaviour of
M-H loop with a maximum field of +60 kOe.

The neutron diffraction pattern shown in Figure 2 indi-
cates strong super lattice reflection (003) (101) in addition to
nuclear reflections at 6K. On heating to 300K, the intensity of
this reflection reduces marginally, which is in agreement with
Ty for this compound is at a much higher temperature than
300K. The reflections were indexed in R-1 space group with
propagation vector k = 0. The basis vectors were obtained
using Sarah program.>° The magnetic structure is modelled
with moment on Fe site alone. No signature of magnetic order-
ing of Ho was evident in our analysis. In HO5 and H10 samples,
collinear G-type antiferromagnetic structure is observed. The
magnetic moment is oriented along the hexagonal c axis and
its value ~4.3uy is close to the value of 5up expected for Fe3* (S
=5/2) ion. In H10 sample, the orthorhombic phase is found to
be paramagnetic. It is also possible that the signature of mag-
netic ordering of the orthorhombic phase is not detectable in
our neutron diffraction experiment due to small phase fraction
of the orthorhombic phase. With increase in Ho, for samples
with 15% and 20% Ho, a further enhancement in the intensity
of (101) reflection is observed. This could not be accounted for
by taking moment on Fe in the hexagonal phase alone. This
was modelled taking into consideration the magnetic ordering
of Fe in both the hexagonal and orthorhombic phases. In H15
and H20 samples, magnetic structure of the hexagonal phase
shows canted G- type AFM structure while the orthorhombic
phase is found to be collinear G-type AFM. These magnetic
structures are shown in inset to Figure 2. The value of FM and
AFM moments are summarized in Table 1. The values of fer-
romagnetic moment (FM) in hexagonal phase increases from
zero to 1.3 ug with increase in the Ho concentration at A site
and the resulting orthorhombic structure. The canting angle
of the Fe moments (FM moment) in hexagonal phase increases
with increase in the orthorhombic phase. The increase in the
canting of the moments in hexagonal phase with increase in
volume fraction of the orthorhombic phase could be due to
the strain induced in the lattice. The effect of the external
pressure on BiFeO3 shows the sample undergoes a structural
transition from hexagonal to orthorhombic via an interme-
diate monoclinic phase at 10GPa.>' Similarly, an increase in
the magnetic susceptibility y under pressure is observed and
has been ascribed to increased hybridization between Fe(d)
and O(2p) states.>? Thus the emergence of the orthorhombic
phase and spin canting behaviour in our sample plausibly indi-
cates the effect of doping Ho plays a role similar to the external
pressure. However, the pressures reached by doping are much
smaller than the external pressure as indicated by the value
of ¢/a/6 is only 1.012 in our H20 sample as against reported
value of 1.0048 at 3.4GPa external pressure.>! The enhanced
magnetization in Ho doped BiFeOs reported earlier?® and
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TABLE I. Refined structural parameters, Bond Length and Bond Angle of H05, H10, H15 & H20 samples obtained from analysis of Neutron Diffraction Patterns at 6K.

© Author(s) 2019

0.05 0.10 0.15 0.20

R3c R3c Pnma R3c Pnma R3c Pnma
a(A) 5.56087(15) 5.5580(2) 5.588(4) 5.5574(3) 5.553(19) 5.5531(4) 5.5436(15)
b(A) 5.56087(15) 5.5580(2) 7.816(3) 5.5574(3) 7.821(3) 5.5531(4) 7.805(2)
cd) 13.807(8) 13.801(10) 5.377(3) 13.788(12) 5.417(19) 13.767(17) 5.4042(15)
V/Z (A3) 61.62 61.54 58.71 61.46 58.82 61.28 58.46
Volume Fraction (%) 93 07 84 16 77 23
Bi/Ho
X 0.0000 0.0000 0.011(6) 0.0000 -0.001(3) 0.0000 -0.006(3)
y 0.0000 0.0000 0.2500 0.0000 0.2500 0.0000 0.2500
z 0.2209(14) 0.2212(14) -0.033(5) 0.2216(16) -0.036(2) 0.2220(2) -0.0380(18)
Biso (A2) -0.01 0.01 05 0.01 0.5000 0.01 0.5
Fe
X 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
y 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
z 0.0000 0.0000 0.5000 0.0000 0.5000 0.0000 0.5000
Biso (A2) 0.17 0.14 05 0.19 05 0.25 05
o)
X 0.8888(5) 0.8886(5) - 0.8891(6) - 0.8880(9) -
y 0.6466(5) 0.6472(5) - 0.6482(6) - 0.6493(9) -
z 0.4354(2) 0.4352(2) - 0.4354(2) - 0.4369(4) -
Biso (A2) 0.50 0.55 - 0.50 - 0.59 -
o1
X - - 0.629(9) - 0.624(4) - 0.628(3)
y - - 0.2500 - 0.2500 - 0.2500
z - - 0.066(8) - 0.054(4) - 0.069(3)
Biso (A2) - - 0.5000 - 0.5000 - 0.5000
02
X - - 0.304(6) - 0.294(3) - 0.2949(19)
y - - 0.044(4) - 0.025(2) - 0.0292(15)
z - - -0.320(6) - -0.307(2) - -0.2983(18)
Biso (A2) - - 0.5 - 0.5 - 0.5
M (up) (AFM) 4.1(1) 4.3(1) - 4.25(2) 47(2) 47(2) 47(2)
M (up) (FM) - - - 1.0(2) - 1.3(2) -
Bi/Ho-O(A) 2.507 2.506 - 2.505 - 2515 -
Bi/Ho-O1(A) - - 2.94 - 2.89 - 2.964
Bi/Ho-02(A) - - 2.77 - 2.81 - 2.792
0-Bi/Ho-O(deg) 145 144.8 - 144.8 - 145.2 -
O1-Bi/Ho-Ol(deg) - - 152 - 151.2 - 149.2
02-Bi/Ho-02(deg) - - 124 - 125.7 - 174.2
01-Bi/Ho-02(deg) - - 135 - 133.1 - 135.7
Fe-O-Fe (deg,) 154.22 154.50 154.70 154.43
Fe-O (A) 1.956 1.953 1.949 1.927
Fe-O (A) 2.096 2.094 2.096 2.117
2 5.99 441 4.29 4.79
Rpraga(%) 3.13 3.07 9.02 2.36 6.21 3.55 7.23
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FIG. 4. Temperature variation of magnetization in FC state measured in H=1kOe,
for H05, H10, H15 & H20 samples. The inset shows the same in a magnified scale
for the sample H15 in ZFC and FC state.

which we too observe in our magnetization studies arises from
the increased canting of the G-type AFM spins as a result of Ho
doping.

D. Raman spectroscopy

Figure 6 shows the deconvoluted micro-Raman spectra
for all the samples at room temperature. The micro-Raman
scattering is responsive to vibrations of lattice in crystal struc-
ture and it can be used effectively for collecting information
about the micro structural description of lattice in present
samples. The peak of each component, i.e., the natural fre-
quencies of active modes of Raman spectrum, was observed in
all the samples. The deconvolution into individual Lorentzian
components was done using OriginPro (Table II). There can
be 13 optical-phonon active modes (4A; + 9E) present in pure
BiFeO3 for rhombohedral R3c symmetry as per group the-
ory. But the observed spectrums feature of BHFO give only
few fundamental Raman modes, broadening and shifting of
some Al and E modes. Due to significant difference in atomic
weights of Ho (164.93 g/mol) and Bi (208.98 g/mol) BHFO
shows sign of hardening Al modes at lower frequencies which
plays important role for covalent bonding of Bi-O.7¢ It is per-
tinent to mention that the doping of Ho in BFO may disturb
central symmetry of the compound, which is further respon-
sible for lowering the stability of compound, resulting from
the stereo chemical reduction process of Bi 6s? electrons
because of the spherical distribution of electron density in
Ho3* ion. The internal vibration of Fe in octahedral FeOg and
occupational level of Bi cause associated high and low fre-
quency modes respectively.?? Literature survey indicate that
the obtained results are similar to former reported results for
bulk BFO and Big ggHo0g 10FeO3 compounds.’>3334

scitation.org/journal/adv

E. Scanning electron microscope (SEM) analysis

Figure 7 depicts series of the scanning electron micro-
graph (SEM) of samples HO5, H10, H15 & H20. All micrographs
represent the dense and uniform morphology of the samples.
The microstructure analysis of these samples reveals the size
of grains reduces with increase of Ho doping. The reduction in
the grain size enhances the density of samples which causes
enhancement in resistivity of prepared ceramics. It signifies
that Ho doping suppress the growth of grains which result-
ing in small grain sizes of highly doped samples reflects in
the SEM micrographs of sample H10. Another possible rea-
son of decrease in grain sizes is the dissimilarity in the ionic
radius of Bi** and Ho%*. Kirkendall effect®>> might be the alter-
native reason for decrement in grain size with doping which
arose because of the difference in the diffusion rates of con-
stituent elements of the prepared compounds. Earlier studies
suggested that the reduction in the grain size is ascribed to the
suppression of oxygen vacancies with the Ho doping. Since the
motion of oxygen vacancies during the sintering mechanism
are responsible for grow with of grains.>¢

F. Dielectric study

The dielectric properties depend on frequency and oscil-
lation of dipole with the direction of the applied electric
field.37 Figure 8 represents the frequency dependence of real
part of dielectric constant (¢') and dielectric loss (tand) (inset)
for all the samples HO5, H10, H15 & H20 at various tempera-
tures. Figure 8 shows that for all the samples the behaviour
of dielectric constant is nearly same. The dielectric constant
(¢) and dielectric loss (tand) at lower frequency display a large
dispersion and become nearly constant at higher frequency.
This type of behaviour at low frequency may be attributed to
the interfacial dislocations, oxygen vacancies, grain boundary
effect etc. as at high frequency both applied external field and
charge carriers are not in same direction. It is explained on the
basis of Maxwell-Wagner model'>3¢3¢ and Koop’s theory.>?
According to Maxwell-Wagner model, polycrystalline mate-
rials possess well conducting layers of grains that are sepa-
rated by highly resistive grain boundaries. When an electric
current is passed through the dielectric material, then there
is a formation of space charge polarization around the grain
boundaries. The switching of electrons between ions of same
element?* is also involved in this polarization mechanism. In
the samples under study, switching of electrons takes place
between Fe3* and Fe?* ions. The electrons pass through grains
and grain boundaries during this exchange but due to high
resistance of grain boundaries, the electrons build up at grain
boundaries and which results in space charge polarization. In
low frequency region, the dielectric constant increases sud-
denly and becomes low in high frequency region, because of
high resistance offered by the grain boundaries in low fre-
quency region. Therefore, more energy is required for the
movement of charge carriers which leads to high dissipation of
energy in this region.*® Whereas, in high frequency region, low
resistance is applied by the grains and therefore, less energy
is needed for the movement of charge carriers and energy loss
is small.*

AIP Advances 9, 025110 (2019); doi: 10.1063/1.5082386
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Variation of dielectric loss (tand) with frequency is similar
to the variation in dielectric constant for all the prepared sam-
ples. The frequency dependent region of dielectric constant
reduces with increasing Ho percentage as shown in Figure 8
as Ho has a higher valence as compared to Fe and thus sub-
stitution of Ho restrains the oxygen vacancies due to charge
compensation phenomenon. As the concentration of Ho is
increased, the dielectric constant increases, which shows that
Ho®" substitution improves the dielectric properties of BiFeO3
ceramics.

Figure 9 shows the variations of dielectric constant
and dielectric loss (tand) of the BiggsHogosFeOs (repre-
sentative figure of the samples) ceramics as a function of
temperature at different frequencies. All the samples fol-
low similar behaviour. The value of permittivity is high at
high temperature this is in accordance to Maxwell-Wagner
polarization phenomenon.*?*** There are two permittivity
anonymous peaks (at 1 kHz) which also disappear with increase

1.0
0.5
T B R
2 H (kOe)
. T=5K
—=—HO05
084 - —=—H10
. —=—H15
—=—H20
-1.0 T T T T T T T T
-60 -40 -20 0 20 40 60
H (kOe) FIG. 5. (a) The variation of magnetization with magnetic
field for all the compounds at 5K (b) at 300K.
0.12
0.08
0.04
"= 0.00
=
-0.04 -
-0.08
-0.12 ; T T T T T
-60 -40 -20 o 20 40 60
H (kOe)

in frequency in the temperature range 450-650K. The peak
at 450K may be caused by formation defects (during sin-
tering), whereas the peak around 650K could be due to the
antiferromagnetic phase transition.*>#¢ The ferromagnetic
behaviour in the compound results in high value of permittiv-
ity. Inset in the Figure 9 displays the temperature dependent
dielectric loss in which the behaviour of spectrum is simi-
lar to dielectric constants. The dipole fatalities contribute to
loss in permittivity followed by conduction of smooth curve.
Numerous kind of loss phenomenon are further attributed
to dielectric loss. The contribution of dipole loss attains a
maximum value at certain temperature and start decreasing
with further increase in temperature. Due to constraints at
instrumentation part we are unable to extend the temper-
ature range. In the implemented temperature range we can
conclude that although the dielectric loss has low value in
the beginning but it increases significantly with increase in
temperature.
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TABLE IIl. Raman modes for deconvoluted Raman spectra.
Observed study
(Bij-xHoxFeOs) BFO Bulk Big.goHo(10FeO3 Literature
Raman Modes HO5 H10 H15 H20 32 33
Al-1 136.72 136.76 136.77 136.84 135.15 142
Al-2 178.03 177.84 177.73 178.37 167.08 173
Al-3 218.03 221.09 224.54 230.09 218.11 228
Al-4 - === 43425 0 ----- 43095  -----
E-1 84.52 84.64 84.27 84.38 739 -----
| 9836  -----
E-3 26097  ----- 25595  ----- 25538  -----
E-4 294.67 281.72 28551  ----- 283.00 270
E-5 319.93 31751 ----- 317.15 32147 -----
E-6 362.52 34181  ----- 371.15 351.55 367
E-7 468.01 474.81 491.91 486.99 467.60 47
E-8 === ----- ----- mmm e 526.22 523
E9  ----- 39030 @ ----- ----- 59884  -----

G. Impedance analysis

Material's electrical and structural properties can be
studied through Impedance spectroscopy (IS). In electrical
resistivity the assistance of grains and grain boundaries can
be investigated by this method. Nyquist plots for studied sam-
ples are shown in Fig. 10 (x = 0.05, 0.10, 0.15 & 0.20). In Nyquist
plots, presence of single semi-circular arcs appears due to
involvement of grains.*7“® The Negative Temperature Coeffi-
cient of Resistance (NTCR) have been represented by decreas-
ing radius of semi-circular arc with rise in temperature.
The non-Debye characteristics of prepared samples can be

concluded from the figures as the centre lie below real Z’ axis
of these semi-circular arcs.“%5% Suppression of oxygen vacan-
cies can be confirmed from the Nyquist plot taken at 563K of
all the samples (Fig. 11) which shows that impedance increases
with increase in Ho doping.

The variation of imaginary part of impedance (Z") with
frequency for all samples at different temperatures is shown
in Figure 12. With increase in temperature impedance Z" also
decreases followed by plots which justify the contribution
of electron hoping to the conduction characteristics of the
prepared samples. The broad peak for the all samples cor-
responds to relaxation frequency at respective temperature.
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FIG. 7. Surface morphologies of the Bis.xHoxFeO3 ceram-
ics: (a) HO5; (b) H10; (c) H15; (d) H20.
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FIG. 8. Variation of dielectric constant and dielectric losses (see inset) with frequency for all the prepared samples at different temperatures.
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It can be identified that with increase in temperature the
peak get shifted towards higher frequencies and this may be
attributed to increase rate of electron hoping. At higher fre-
quencies there is a decrease in polarization due to increase in
relaxation time of hoping electron.>":5? The Arrhenius relation
is also satisfied by reciprocal dependence of relaxation time
upon temperature.

T = 1oe Fa/ksT 1)

Where 7, is pre-exponential factor, E, is activation energy (in
eV), T is the temperature (in Kelvin), kg is Boltzmann con-
stant and 7 is evaluated by using relaxation frequency (fo)
corresponding to maximum value of Z" (from Figure 8) as:

1
TS, ()

The relaxation time (t) values calculated using equation (2)
are 0.000675s, 0.0008132s, 0.0010208s and 0.0012167s for
x=0.05, 0.10, 0.15 and 020 respectively. The calculated val-
ues of activation energy (E,) by using equation (1) are 0.154eV,
0.150eV, 0.145eV and 0.141eV for x = 0.05, 0.10, 0.15 and 0.20
respectively, which indicate that the value of activation energy
decreases with increasing doping of Ho.

IV. CONCLUSIONS

Solid state reaction method has been used to synthesize
the Ho doped BiFeO3; having composition Bij.xHoxFeOs with
x=0.05, 0.1, 0.15, and 0.20. The crystal structure, magnetic and
dielectric properties of these samples have been reported.
Powder XRD analysis along with neutron powder diffraction
show that samples with x = 0.05 crystallize in rhombohedral
structure as that of parent BiFeOs. With increase in concen-
tration of Ho, biphasic system develops, i.e., a combination of
rhombohedral and orthorhombic symmetries. The homogene-
ity of the grain size of different samples have been concluded
from SEM Micrographs. For the detailed analysis of magnetic
structure at low temperatures, neutron diffraction patterns
were recorded and it was observed that there is no change
with temperature. With Ho doping, cycloidal spin structure
is compressed and uncompensated spin are responsible for
ferromagnetic properties. The largest value of magnetization
was observed for sample H20, which can be understood by
mixed phase structure. Ho doping has improved the dielectric
and magnetic properties. Dielectric constant (¢') and dielec-
tric loss/loss factor (tan 8) show dispersion behaviour in low
frequency region. The negative temperature coefficient of
resistance in the compound is analysis through Impedance
spectroscopy. The structural behaviour indicated that grain
and grain boundaries have important role on electrical and
structural properties of the compound.
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