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Abstract Bismuth iron oxide is amongst the class of
materials that exhibit simultaneous presence of ferromag-
netic and ferroelectric properties with potential applications
in spintronic devices. However, there are some problems
associated with BiFeO; including large leakage current,
volatile nature of Bi,O5; along with weak ferromagnetic/
antiferromagnetic behavior. In order to overcome these dif-
ficulties we here report the effect of manganese (Mn) doping
on BiFeOj; (BiFe;_,Mn,O3 where x = 0.0-0.3, with inter-
val of 0.05) thin films prepared using sol—gel and spin coating
method. X-ray diffractometer (XRD) results show formation
of phase pure rhombohedrally distorted perovskite structure.
However, with the increase in Mn content, XRD peak posi-
tions shift to higher angle indicating reduction in lattice
parameters and consequently the unit cell volume. Crystal-
lite size in un-doped and Mn-doped BiFeO; films is below
cycloidal spin arrangement of BiFeOg3, i.e. 62 nm. This along
with charge compensation mechanism, arising due to
replacement of trivalent cation with divalent ion, enhances
the magnetic properties of BiFe; ,Mn,O; thin films. Fer-
romagnetic behavior instead of antiferromagnetic nature of
BiFeOs; is observed in these BiFe;_,Mn,O5 thin films for all
Mn concentrations. High saturation magnetization of
102 emu/cm® was observed for Mn content of 0.2. Dielectric
constant increases and the dielectric loss decreases as the
dopant concentration is increased resulting in high dielectric
constant and low dielectric loss at x = 0.25. The surface
work function (wf) has been calculated using Scanning
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Kelvin Probe technique. The wf results are correlated to the
structural and then dielectric properties.
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1 Introduction

Amongst the new generation memory devices, Ferroelec-
tric Random Access Memories (FERAMs) have advantages
over other non-volatile memories including low power
consumption and high read-write capacity [1, 2]. For future
FeRAMs the area of each cell must be reduced to increase
the integration density. However, the polarization reversal
current is reduced if the area of the capacitor is reduced
thus making it difficult to store information using electric
current. To overcome this difficulty development of new
ferroelectric materials with high value of remnant polari-
zation has become an essential part of today’s research.
Bismuth iron oxide (BiFeO;; BFO) is a promising candi-
date because of its high remnant polarization. Bismuth iron
oxide has rhombohedrally distorted perovskite structure
with high antiferromagnetic Neel temperature and high
ferroelectric Curie temperature. However, difficulties
associated with bismuth iron oxide are: (1) large leakage
current and (2) antiferromagnetic behavior of BiFeO;. The
large leakage current results in stability issues of BiFeO5;
whereas antiferromagnetic domains are rather difficult to
read [1, 2]. In order to overcome these difficulties both
A-site  (Bi-substitution) and B-site (Fe-substitution)
dopants have been reported in the literature including Ba
[3], Ca [4], Co [5], Er [6] and Ni [7] etc. B-site doping is
given special attention as the magnetic properties are much
enhanced due to the replacement of Fe with transition
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metal due to the difference in magnetic moment of the two
cations along with homogeneity in spin structure that arises
as the consequence of doping. However, the extent of
improvement is different in each study even if the dopant
atom is the same. So, it is rather difficult to decide which
dopant is the best for improvement of magnetic and elec-
trical properties [4-9]. Moreover, magnetic properties
reported in the case of even doped BiFeO; are still far
beyond the industrial applications [§—10].

Mn has an oxidation states of 2+ to 4+, however, 2+ state
is most stable state [11]. Manganese (Mn>") is a potential
doping candidate with ionic radius of 0.067 nm indicating an
easy replacement with Fe’™ cations (ionic radius of
0.087 nm). In literature there are various reports regarding
the replacement of Fe** with Mn>" in BiFeO; but the dopant
concentration range studied is rather limited [12, 13]. To
date, various methods have been reported for synthesis of un-
doped and doped bismuth iron oxide thin films including
radio frequency (RF) sputtering [1], solid state precursor
method [14], spray pyrolysis deposition [15], sol-gel method
[3, 5], chemical combustion route [4], pulsed laser deposition
[16] etc. Amongst these techniques sol-gel synthesis offers
the advantages of being simple, low cost and vacuum free
technique [17]. Kim et al. [1] prepared Bi; 1Feq9sMng o503
thin films using RF sputtering and studied the ferroelectric
properties. Reddy et al. [15] prepared Bi(Fey 9Mng )O3 thin
films using spray pyrolysis technique and obtained saturation
magnetization of 0.14 pg per formula unit. Sharma et al. [8]
prepared Mn doped BiFeOj thin films using sol-gel method
for 10-30 % dopant concentration and studied the optical
properties of thin films. Gheorghiu et al. [9] prepared
BiFe;_,Mn,O; ceramics for x = 0-0.3 by solid state reac-
tion method and studied the dielectric properties. Tang et al.
[10] prepared BiFe95sMng ¢sO3 thin films using chemical
solution method and studied dielectric and magnetic prop-
erties. It has been previously reported by our research group
that careful choice of solvent in sol-gel synthesis of bismuth
iron oxide thin films helps in not only achieving pure phase of
bismuth iron oxide at low temperature of 300 °C but also can
lead to ferromagnetic behavior [18-20].

In the present study un-doped and Mn-doped
(BiFe; _xMn,0;, x = 0.0-0.3) sols were synthesized by fol-
lowing the sol—gel route. Spin coated thin films were annealed
in vacuum at 300 °C for 60 min in the presence of 500 Oe
applied magnetic field (MF). Structural, magnetic, dielectric
and surface work function (wf) properties have been corre-
lated with the variation in Mn-doping concentrations.

2 Experimental details

Research grade iron nitrate (Fe(NO;5);-6H,0, 99.9 % pur-
ity), bismuth nitrate (Bi(NO3)-5H,0, 99.5 % purity) and
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manganese nitrate (Mn(NO3)3-6H,0, 99.9 % purity) were
used as precursors without further purification. For sol—gel
process metal alkoxides are mostly used as precursors that
have some downsides like high cost, toxic nature and high
hydrolysis rate which makes it difficult to control the
composition. Nitrates, as precursors, are cost effective due
to their low decomposition temperatures as compared to
other salts [21, 22]. The precursor solutions of bismuth and
iron were prepared by dissolving Fe(NOs3);-6H,O and
10 wt% excess of Bi(NOs3)3-5H,O separately in ethylene
glycol. Bismuth and iron have different electronegativities
(Fe ~ 1.83 and Bi ~ 2.03) that lead to different hydrolysis
rates. Bismuth has a high hydrolysis rate as compared to iron
so it becomes difficult to synthesize high quality sol. Excess
10 wt% bismuth was added to compensate the loss of bis-
muth oxide upon annealing. Ethylene glycol (OHC,H,OH)
is a linearly structured molecule with two hydroxyl groups
which helps to compensate for the difference in hydrolysis
rates of bismuth and iron thus leading to the synthesis of a
stable sol. Furthermore, it has been reported previously that
choice of ethylene glycol as a solvent helps in not only
achieving phase pure bismuth iron oxide at a lower tem-
perature of 300 °C but also helps in achieving ferromagnetic
behaviour [18-20]. Two solutions were prepared prior to the
final sol synthesis as can be seen in Fig. 1. Solution 1 was
prepared by dissolving iron nitrate in 30 ml ethylene glycol
and stirred at room temperature for 30 min. Another solu-
tion (solution 2) was prepared by dissolving bismuth nitrate
in ethylene glycol and stirred at room temperature for
30 min. Acidic nature, with pH 1, was observed for both of
the solutions. The two solutions were mixed together and
stirred at 60 °C for several hours to obtain BiFeO; sol. pH of
the final sol was preserved to be 1. Solution 3 was prepared
for doping purposes by dissolving Mn(NO3)3-6H,O in eth-
ylene glycol and stirred at room temperature for 30 min.
Appropriate amounts of bismuth iron oxide sol and solution
3 were mixed together to obtain BiFe;_,Mn,O3 sol with
x = 0.0-0.3 with intervals of 0.05. Details of this sol-gel
process can be seen in Fig. 1. The overall reactions are
proposed in Eqs. 1-4. Shelf life of more than 1 year, without
any precipitation or gelation, was observed for un-doped and
Mn-doped sols. BiFe,;_,Mn,O3 sols were spin coated onto
copper substrates at 3,000 rpm for 30 s using Delta 6RC
spin coater. Before spin coating copper substrates were
etched with diluted HCI followed by repeated rinsing in DI
water. Substrates were then placed in ultrasonic bath in
acetone and then IPA for 10 min each. Spin coated films
were dried at room temperature and then annealed in vac-
uum in the presence of 500 Oe MF at 300 °C for 60 min.

Bi(NOs); + 30HCH,CH,0H
— Bi(OCH,CH,OH); + 3HNO3 — Bi(OH); — Biy0;

(1)
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Fig. 1 Flow chart for the
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Fe(NOs), + 30HCH,CH,OH
— Fe(OCH,CH,0H), + 3HNO; — Fe(OH),
— F€203 (2)

Fe>03 + BinO3 — 2BiFeO; (3)

1 1
EBZ'203 + xMnO + 3 (1 - X)F€203 — BiFe|_Mn, 03

(4)

BiFe;_,Mn,O; thin films were characterized structur-
ally using Bruker D8 Advance XRD with Ni filtered CuK,,
(A = 1.5406 A) radiations. Magnetic properties were
studied using Lakeshore’s 7407 Vibrating Sample Mag-
netometer (VSM). Data was taken with a time constant of
0.3 s for 60 data points resulting in data acquisition time of
approximately 10 min. Dielectric properties were studied
using 6500B Precision Impedance Analyzer in parallel
plate configuration. Surface wf measurements were per-
formed using KP Technology’s Scanning Kelvin Probe
system.

3 Results and discussion

Figure 2 shows XRD patterns of un-doped and Mn-doped
BiFeOj3 thin films. Presence of diffraction peaks corre-
sponding to (104), (110), (024) and (122) planes indicate
the formation of phase pure rhombohedrally distorted
perovskite structure (JCPDS card no. 86-1518). No peaks
corresponding to non-perovskite bismuth rich BizsFeOq
and bismuth deficient Bi,Fe,Oq are observed even in case
of un-doped BiFeOj thin films (x = 0.0). Non perovskite
phases are suppressed by using 10 wt% excess of bismuth

le— Mixing and stiring at rcom
temperature

BiFeQ; solution

[€——— Mixing and stirring at 60°C

|Mn(N03)z.6H20| | OHC,H.OH |

BiFeOj3 Sol

Drop wise addition at

room temperature :
< pe Solution 3

BiFe .xMn,O3 sol

that helps in compensating for the volatile nature of Bi,O3
during heat treatment. It is worth mentioning here that
these films are annealed at rather low temperature of
300 °C. In the literature to the best of our knowledge there
are so far no reports on crystallinity of BiFeO; films at
300 °C. Huang and Shannigrahi [23] reported pure BiFeO5
films on Pt/Ti/Si/SiO, substrate in the temperature range of
400-500 °C using chemical solution deposition method.
Sharma et al. [8] prepared nanostructured BiFeOj; thin
films on glass substrate via sol-gel and obtained crystalline
BiFeOj3 phase upon annealing at 450 °C. Huang et al. [24]
obtained crystalline phase on Si and LaNiOs/Si after
crystallizing the films at 600 °C. Das et al. [25] used wet
chemical route and obtained the required phase after
annealing the films at 400 and 500 °C. Zhang et al. [26]
obtained polycrystalline BiFeO; thin films, prepared via
chemical solution deposition method, upon annealing at
500 °C.

In the XRD patterns of Fig. 2, no peaks corresponding
to manganese oxide are observed even at high dopant
concentration of 0.3 indicating that the dopant has been
successfully incorporated into the host lattice. The ratio of
ionic radii of Mn?* and Bi’" is 0.8. This value is higher
than 0.59 that is the criterion for synthesis of interstitial
solid solution [27]. Therefore, it is difficult for manganese
ions to occupy interstitial sites rather it will replace Fe "
ions on the substitutional sites. Shift in the peak positions
to relatively higher diffraction angles was observed with
the increase in dopant concentration. This shift might have
been observed because of the slightly lower ionic radii of
Mn*" as compared to Fe’".

Crystallite size, strain induced, and texture coefficient
were calculated using Eqgs. 5-7 [27-29]. Crystallite size
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Fig. 2 XRD patterns of BiFe;_,Mn,O; thin films by varying Mn
content ‘x’ as a 0.0, b 0.05, ¢ 0.1, d 0.15, ¢ 0.2, £ 0.25 and g 0.3

and crystallinity of thin films is plotted as a function of
dopant (Mn) concentration in Fig. 3a. Decrease in crys-
tallite size from 23 to 17 nm was observed with the
increase in Mn content from 0.0 to 0.3. During sol-gel
synthesis, the crystallite size strongly depends on the rate
of nucleation. Addition of Mn content in bismuth iron
oxide sol generates localized heating around the ions that
take part in substitution mechanism of smaller Mn*" ionic

@ Springer

radius with larger Fe" cations [11]. As a result of which a
temperature gradient is established in the solution and the
intrinsic temperature is localized around the ions. This
temperature gradient and localized heating delays the
Ostwald ripening mechanism [30-32] thus decreasing the
crystallite size with increase in Mn dopant concentration.
Furthermore, grain growth in thin films depends on: (1)
neighboring grains with different energies due to the cur-
vature of energetic grain boundaries and (2) different
amounts of accumulated strain energies [29]. Variation in
strain produced and texture coefficient, as a function of
dopant concentrations, is shown in Fig. 3b, c.

kA

t= 5
Bcost )
. Ad dexp —dp

Strain =~ ==l (6)

Liay/Lo(hia)
Tc(hkl) . (7)
(ILV) Zl(hkl)/lo(hkl)

where, k is the shape factor taken as 0.9, A is the wave-
length, B is Full Width at Half Maximum (FWHM) and 0 is
the diffraction angle. Iy, is the measured relative intensity
of (hkl) plane, I,k is the standard intensity of plane (hkl)
taken from JCPDS card no. 86-1518, N is the number of
diffraction peaks.

The lattice parameters and unit cell volume of the films
were determined and then refined using Powder Cell
Software, and are shown in Fig. 4a. Refined data obtained
using “Powder Cell” software is given in Table 1. Lattice
parameters (a and c) decrease with the increase in Mn
concentration that is in accordance with Vegard’s law [27].
The decrease of lattice parameter with increasing manga-
nese concentration in host BiFeO; lattice is due to small
jonic radii of Mn>" (0.067 nm) as compared to Fe’™
(0.087 nm) thus leading to contraction of unit cell as can be
seen in Fig. 4b. Decreased unit cell volume consequently
increases the density of films (Fig. 4b). High density values
(7.79-8.136 g cm ™) of the films for the entire concentra-
tion range indicates a compact structure. The increase in
X-ray density is because of the increase in packing density
of the films with replacement of Mn>" with Fe’". Results
presented in Figs. 2, 3, 4 show that Mn doping did not alter
the crystal structure. However, generating an impact on cell
parameters that in turns can affect the dielectric and
magnetic properties of BiFe;_,Mn,O; thin films.

Dielectric properties of un-doped and Mn-doped BiFeO3
thin films were studied using impedance analyzer in par-
allel plate configuration. Parallel capacitance and resis-
tance were measured and then dielectric constant ‘¢’ and
dielectric loss (tangent loss) ‘tan 0’ were calculated using
Egs. 8, 9.
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Cxd
8_soxA (8)
tano = 9
an 271ee, p ®)

where, C is the capacitance, d is thickness of the specimen,
A the area of the device, ¢, is the permittivity of free space
and p is the resistivity of thin films. The dielectric constant
and tangent loss, plotted in Fig. 5 as a function of fre-
quency, decreases as the frequency increases and becomes
constant at high frequencies showing normal dispersion
behavior for all concentrations (i.e. x = 0.0-0.3). The
dispersion in dielectric constant occurs due to the time
required by the carriers to get align in the direction of field.
At high frequencies the field reversal is so high that the
carriers do not get enough time to get aligned in the
direction of field [33]. Variation of dielectric tangent loss
with frequency can be explained on the basis of Maxwell—
Wagner two-layered model according to which the speci-
men is comprised of two layers, i.e. grains and grain

boundaries. Grains have low resistivity whereas the grain
boundaries are more resistive [34]. The grains are more
active at high frequencies whereas the grain boundaries
become active at low frequencies resulting in decreased
dielectric loss with the increase in frequency. Bhushan
et al. [33] observed decrease in dielectric constant with
increase in frequency and have reported dielectric constant
values of 45.5, 31.4, 18.8 and 4.5 for un-doped and Ba-, Sr-
and Ca-doped BiFeOs;. Verma et al. [34] also observed
decrease in dielectric constant with increase in frequency
from 50 to 1,000 Hz.

The dielectric constant and tangent loss are plotted as a
function of dopant concentration in Fig. 6. For higher
frequencies of 5-50 kHz, dielectric constant (¢) increases
with the increase in dopant concentration up to x = 0.2
along with slight variation in € from 0.1 to 0.2 particularly
for 5 and 10 kHz. However, magnified effect of such
variation was observed at lower frequencies of 1-2 kHz.
These variations might have appeared because of the pro-
nounced effect of electrode polarization along with the

@ Springer



J Sol-Gel Sci Technol (2015) 74:329-339

334
(a) T T T T T T T 16.0
568+ o 4
= c
5.64 - L4sa
oL 5.60 - oL
© o
por F152 o=
C 556 o =
2 i}
g 552 * . 5
8 . . > pe ® L1as O
@ ®
S 548 L
© ©
~ 544 L 14a =
5.40 -
T T T T T T T 14.0
000 005 010 015 020 025 030
x in BiFe, Mn O
X x 3
(b) 415 — : ; . ; : ;
e Unit cell volume - 8.4
410 4 = X-ray density
405 4 *° 82 _
Q . - ] - "‘E
> L L
2 400 4 / Lso 2
3 3
Q 305 1 . £
% -~ 78 :
= 390 - k4 . S @
f= 4 . >
= L 7.6
385 4
380 T T T 7.4

T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30
xin BiFe, Mn O

o x 3

Fig. 4 a Lattice parameters a (A) and ¢ (A) and b unit cell volume
and X-ray density as a function of dopant concentration

sample at lower frequencies [35, 36]. For dopant concen-
tration of 0.25, a remarkable increase in ¢ was observed at
all frequencies and afterwards a decreasing trend was
observed with further increase in dopant concentration to
0.3 (Fig. 6a).

At 10 and 50 kHz, un-doped sample showed dielectric
constant (¢) value of ~4 and 2, respectively. However, a
remarkable increase in € (~84 at 10 kHz and ~80 at
50 kHz) was observed with the increase in Mn dopant
concentration to 0.25. With further increase in Mn content
to 0.3 ¢ reduced to ~40 at 10 and 50 kHz. Dielectric
constant of thin films comes from both intrinsic and
extrinsic parameters including (1) film orientation, (2)
crystallite/grain size, (3) grain boundaries, (4) stresses, (5)
crystal field and (6) domain wall pinning etc. Crystal field
associated with surface bonds changes with the decrease in
crystallite/grain size thus changing the dielectric constant
[34]. Moreover, domain wall mobility also contributes
towards the changes in dielectric properties. In the present
study, increase in ¢ from 4 to 84, with the increase in
dopant concentration to 0.25, might be attributed to
decrease in crystallite size from 23 to 16 nm. Decrease in
crystallite size increases the grain boundaries hindering the
hopping process between the different states and grains
[33, 34]. This results in accumulation of Mn>" ions at the
grain boundaries. This accumulation of cations increases
the resistance and ultimately the dielectric constant values.
Similar electronic behavior has been observed in the results

Table 1 Refined cell parameters of Mn doped BiFeOj; thin films obtained using Powder Cell software

Mn content in
BiFe,_,Mn,0;3

Input parameters .
X-ray wavelength = 1.5406 A
Symmetry: hexagonal

Output parameters

h k 1 20° d-spacing (A)  Standard deviation in 20  RMS error  a (A) c (A)

0.0 0 2 4 44.560 2.0317 0 2x107% 5556195  15.17401
1 2 2 51.640 1.7686

0.05 0 2 4 44.940 2.0154 6 x 107° 1 x 1078 5.52976 14.93115
1 2 2 51.940 1.7591

0.1 0 2 4 45.10 2.0087 8 x 107¢ 2x 1078 5.521923  14.81096
1 2 2 52.040 1.7559

0.15 0 2 4 45.150 2.0066 6 x 107° 1 x107% 5517206  14.78854
1 2 2 52.090 1.7544

0.2 0 2 4 45.170 2.0057 2x10° 1 x107% 551743 14.76791
1 2 2 52.095 1.7542

0.25 0 2 4 45.18 2.0053 8 x 107° 5% 1078 5516202  14.76343
1 2 2 52.105 1.7539

0.3 0 2 4 45.19 2.0049 8 x 107° 1 x 1078 5.515864  14.75551
1 2 2 52.110 1.7537
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Fig. 5 a Dielectric constant, b tangent loss for BiFe;_,Mn,O; thin
films

obtained using surface work function (wf) measurements.
Minimum amount of energy required to remove an electron
from the surface, with zero kinetic energy (K.E.), to a point
just outside the material is known as wf of that material [37].
The required energy depends on optical, chemical,
mechanical and electric characteristics of the region through
which electron has to move. Therefore, wf is characteristic
of any material and indicator of surface condition. The sur-
face potential or wf of a sample can be measured with dif-
ferent techniques such as (1) Kelvin Probe, (2) photoelectron
spectroscopy (PES) and (3) scanning electron microscopy
(SEM) with electron beam induced current (EBIC) [38].
Kelvin probe method is an indirect technique, i.e.,
electrons are not extracted directly from the surface,
instead using a reference surface (a vibrating tip) as the
counter electrode the surface under study forms one plate
of a parallel plate capacitor. The wf difference is deter-
mined by the addition of an external voltage termed as the
backing potential (V) [38]. Figure 7 shows scanning
Kelvin measurements showing wf of un-doped (x = 0) and

180
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Fig. 6 a Dielectric constant, b tangent loss for as a function of
dopant concentration

Mn-doped (x = 0.3) in (a) and (b) respectively. The
average wf comparison of the 2 films shows that Mn-doped
material has higher wf (5.12-5.14 eV) as compared to the
un-doped one (5.08-5.1 eV). This clearly strengthens the
postulate of increased dielectric strength due to reduced
carrier concentration. Although, detailed research into use
of Scanning Kelvin Probe Microscopy for investigating the
effect of various sample preparation steps on the surface
properties is underway, further deliberation into these fig-
ures indicates that grains and grain boundaries have dif-
ferent wf values. This strengthens our previous discussion
of replacements and effects of Mn*" and Fe*".

Increase in dielectric loss (fan &) was observed at fre-
quencies of 5-50 kHz up to dopant concentration of 0.05.
A remarkable decrease in dielectric loss was observed with
the increase in dopant concentration to 0.15 at all the fre-
quencies (Fig. 6b). The dielectric loss remained almost
constant at higher frequencies (5-50 kHz) with further
increase in dopant concentration to 0.3 along with small
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Fig. 7 Work function of a un- (a)

doped (x = 0.0) and b Mn- i

doped (x = 0.3) BiFeO; thin
films

Work Function (eV)

(b)

Work Function (eV)

variations at 5 and 10 kHz. Such variations have been
magnified at lower frequencies of 1-2 kHz. Doping of Mn
in BiFeO; introduces oxygen vacancies due to charge
compensation mechanism and increases the probability of
electron hopping which results in dielectric loss [39, 40].
These increased dielectric values have been correlated to
structural changes that are indicative of large number of
grain boundaries and Mn doping effects.

Figure 8 shows M-H curves for un-doped and Mn-
doped BiFeO; thin films. Un-doped BiFeO; films show
ferromagnetic behavior as opposed to antiferromagnetic
nature of the bulk BiFeO;. Presence of open hysteresis
(Fig. 8a) in un-doped BiFeO; films indicates the formation
of ferromagnetic domains. As a result, spin orbit coupling
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canting between two adjacent planes produces uncompen-
sated magnetic moment of Fe®>" cations which is the cause
of ferromagnetic behavior [41]. The uncompensated mag-
netic moment seems to have appeared during sol’s syn-
thesis [42] since in our case even un-doped films show
ferromagnetic behaviour. It can be seen in Fig. 8b that Mn
addition strongly affects the magnetic properties of BiFeO;
films with the increase in saturation magnetization (M) up
to 102 emu/cm’. Origin of ferromagnetic properties in
otherwise antiferromagnetic BiFeO; lies in nanorange
crystallite size of BiFeO; as observed in Fig. 3 i.e. crys-
tallite size of 23-17 nm of BiFe;_,Mn,O5; thin films.
Helical spin structure of BiFeO;, responsible for antifer-
romagnetic behavior, is suppressed with the decrease in
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Fig. 8 Room temperature M-H curves for a un-doped and b Mn-
doped BiFeOj; thin films

crystallite size. The helical spin structure of BiFeOj; has a
periodicity of 62 nm with canting spin structure between
the two consecutive ferromagnetic planes. The short-range
magnetic ordering of un-doped bismuth iron oxide is
G-type antiferromagnetic [2]. In this case each Fe®" spin is
enclosed by six neighboring spins that are antiparallel [2].
However, the alignment is not perfectly antiparallel. There
is a canting moment that arises due to magnetoelectric
coupling. However, there is also a long range structure that
is composed of unequal spins of antiferromagnetically
ordered sublattice. This cycloid has a repeat distance of
62 nm [2]. As manganese content is increased the distor-
tion is created in the spiral spin structure with the decrease
in crystallite size. Such distortion leads to conversion of
helical arrangement to linear structure thus increasing the
magnetic properties [12, 13]. In addition, by replacing
a trivalent cation with divalent cation requires charge
compensation mechanism that results in the formation of
oxygen vacancies and/or conversion of Fe’' cations to

stant. Variation in saturation magnetization (M) and
coercivity (H,) as a function of Mn dopant concentration is
shown in Fig. 9.

The ferromagnetic behavior reported here is much
enhanced as compared to that reported in the literature.
Huang et al. [12] did not achieve considerable enhance-
ment in magnetic properties (i.e. 2 emu/cm® for x = 0.1)
with Mn doping in BiFeOj thin films prepared by chemical
solution deposition method and annealed at 600 °C. Basu
et al. [13] observed considerable enhancement in magne-
tization (i.e. 2.75 emu/g) in Mn-doped BFO at low tem-
perature of 10 K. Tang et al. [10] obtained ferromagnetic
behavior in 5 % Mn doped BiFeO; with saturation mag-
netization of ~ 1 emu/cm>. Ahmed et al. [44] obtained
antiferromagnetic behavior of un-doped bismuth iron oxide
films and observed enhancement of magnetization with
increase in lanthanum content to 0.3. Jangid et al. [45]
observed antiferromagnetic behavior in undoped BiFeO;
specimen and observed ferromagnetic hysteresis at dopant
concentration of 50 %. Antiferromagnetic behavior in un-
doped bismuth iron oxide thin films is also reported by
Chaudhuri and Mandal [46]. Liu et al. [47] obtained satu-
ration magnetization of 22.86 emu/cm® with 0.5 % doping
of titania in BiFeO3. Habouti et al. [48] reported saturation
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Table 2 Saturation magnetization of Mn doped BiFeO; thin films

Present work Literature

BiFe;_,Mn, O3

X M, M
(emu/cmS) (emu/cm3)

0.0 187 BiFeg0sMng,0s0; [13] ~1

0.05 61.95

0.1 73.86 Mn doped (5 %) BiFeO; [14] 6.5

0.15 91.99 BiFeq 9oMng 1903 [12] 2

0.2 102.461

0.25 36.838

0.3 25.686

magnetization of 30 emu/cm® for un-doped BFO films. A
comparison of the saturation magnetization observed in the
present work with the previously reported values for Mn-
doped BiFeO; is given in Table 2.

4 Summary

Un-doped and Mn-doped BiFeO; (BiFe;_,Mn,0Os3;
x = 0.0-0.3 with intervals of 0.05) thin films were pre-
pared using sol-gel method. Ethylene glycol was used as a
solvent. Films were annealed in vacuum at 300 °C for
60 min with 500 Oe applied MF. XRD patterns showed the
formation of phase pure rhombohedrally distorted perov-
skite structure. It has been shown that incorporation of
dopant causes changes in unit cell due to the smaller ionic
radii as compared to that of iron. However, no peaks cor-
responding to MnO were observed indicating that dopant
has been successfully incorporated into the host lattice.
Dielectric constant of 84 at 10 kHz was observed for 0.25
Mn concentration. The high dielectric constant values have
been correlated to large number of grain boundaries and
due to Fe’' replacement with Mn>*. These facts were
consolidated with the variations in wf. BiFe;_,Mn,O3
films showed ferromagnetic behavior, even in the un-doped
sample as opposed to the antiferromagnetic nature of
BiFeOj;. High value of saturation magnetization (102 emu/
cm3) was observed for Mn content of 0.2.
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