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Introduction:-

Rare earth orthoferrites of the chemical formula RFeO3; (where R is the rare earth ion) show diverse magnetic and
electrical properties due to interaction of R*" and Fe®*" ions. These materials are important candidate for several
applications due to possibility of ultrafast control of spins [1-8]. This property makes these orthoferrites as potential
materials for the spintronics devices. GdFeO; is one of the important members of rare earth orthoferrites that
crystallizes in orthorhombic distorted perovskite phase, with Gd®* ions at the corners of the cube and Fe**ions at the
body center positions [2, 3].The magnetic sub-structure is composed of two interpenetrating pseudo-cubic face-
centred sub-lattices of Fe** ions, where each Fe*" ion is surrounded by six O® ions, forming FeOg octahedron. The
doping at Fe site produces distortion in the FeOg octahedron and hence the strain in the lattice. This lattice strain
plays the pivotal role in governing the properties of GdFeOs. In the literature we do not find any study on the
determination of lattice strain and stress produced in the GdFeO; on doping at Fe site. Moreover, GdFeOs; is
typically used for terahertz sensor, frequency tunable terahertz lasers, and magneto-optical data storage [9, 10]. In
view of above we have synthesized GdFe;,Mn,O3 (x=0.0, 0.10, 0.20, and 0.30) and studied their structural,
morphological and dielectric properties.
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Experimental:-

We have employed the standard solid state reaction route to prepared nano-crystalline samples of GdFe;.
xMn,05(x=0.0, 0.1, 0.2, and 0.3). The stoichiometric amounts of high purity MnCO3, Fe,03, and Gd,O3, powders are
mixed together thoroughly and preheated at 1000 ‘C for 20 hours. After first heat treatment, these samples are
ground again and sintered at 1150 ‘C, with two intermediate grindings. Finally, the mixtures are pressed into pellets
and followed by sintering in air at 1200 ‘C and cooled down to room temperature slowly at the rate of 5°C/min. The
crystal structure of the sample is analyzed by x-ray diffraction (XRD) using Shimadzu LabX XRD-6100 advance
diffractometer (Cu-K, radiation) at room temperature in the 20 range of 20°-80°. The dielectric properties were
measured using Agilent 6300A precision LCR meter (Accuracy of set frequency £0.005% with Frequency step size:
<ImHz) as a function of frequency of the applied ac field in the range of 75 KHz to 5 MHz.

Results and Discussion:-

Structural Analysis:-

X-ray powder diffraction (XRD) patterns for GdFe; Mn,O; (0< x <0.3) recorded at room temperature show that all
the samples are in single phase with no detectable secondary phases as shown in Fig. 1. Further, these samples have
orthorhombic crystal symmetry with Pbnm space group. The lattice parameters are determined using PowderX
software and crystallite sizes are calculated using Sherrer equation. Since ionic radii of Fe*" is 0.067 nm and that of
Mn®" is 0.064nm therefore it is obvious that lattice parameters and unit cell volume would decrease with the increase
in Mn concentration as shown in Fig. 2. The crystallite sizes are found to lie in the range of 34 to 37 nm. The lattice
parameters and crystallites sizes for all the samples are tabulated in Table 1. We believe that introducing Mn at Fe
site will cause a distortion in FeOg octahedron. Consequently, Mn—O-Mn and Fe-O-Fe bond angles decrease with
the increase in Mn concentration while Fe-O and Mn-O bond length increases as displayed in Table 1. Further, the
distortion of FeOg octahedron induces strain in the lattice. That is reflected in the shift of the most intense peak
towards higher value of 20 with the increase in Mn doping (x=0.10 and 0.20) but further doping (x=0.30) shifts the
peak towards lower value as shown in Fig. 3.
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Fig 1:- X-ray diffraction patterns of GdFe;.4Mn,O3(x=0.0, 0.1, 0.2 and 0.3).The experimental data points are
indicated by red circles, and the calculated profile by black solid circles. The lowest curve shows the differences
between the experimental and the calculated data. The vertical bars indicate the expected reflection positions for

orthorhombic structure.
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Fig 2:- Effect of Mn doping (x) on volume of the unit cell volume and lattice constants.

1852



ISSN: 2320-5407 Int. J. Adv, Res. 4(9), 1850-1859
120 —
o x=0.10
1000 | 4 x=0.20
v— x=0,30
I 4
. 800 7'
= vv |\
% [w® [ &
3. 600 | / ' " -
= vy :\ .
& Y P\
= 400 | X Iy
£ b4 S v
) J A w R A\
200 - 7 B e "-,
| ™ | {?/ 4 u""\l R"a
0 haan¥l od & .l‘ " 1 A 1 ,“ ey 1
325 326 327 328 329 33.0 33.1
20 ( degree)

Fig 3:- Shift of most intense peak as Mn concentration.

Tablel:-Refined structural parameters of GdFe; ,Mn,O; (x = 0.0, 0.1, 0.2 and 0.3) at room temperature.

Parameter x=0.0 x=0.1 x=0.2 x=0.3

a (A) 5.3465+0.0077 5.3460+0.0077 5.3457+0.0077 5.3455+0.0077
b (A) 5.6058+0.0080 5.6064+0.0080 5.6063+0.0080 5.6059+0.0080
¢ (A) 7.6653+0.0110 7.6649+0.0110 | 7.6648+0.0110 7.6646+:0.0110
V (A)° 229.74 229.73 229.71 229.68
Crystallite size (nm) 34.11 34.11 37.22 37.22
Fe-0 (A) 2.006 2.061 2.138 2.143
Gd-01 (A) 2.202 2.176 1.953 1.8929
Gd-02 (A) 2.494 2.474 2.309 2.430
Mn-O (A) - 2.0610 2.1382 2.1434
(Mn-O-Mn) (0) - 136.2 126.4 125.9
(Fe-O-Fe) (0) 145.6 136.2 126.4 125.9

R, (%) 16.3 15.8 14.8 13.2

Rup 12.4 14.3 13.6 14.7

Rexp 10.6 12.9 12.8 11.7

x 1.37 1.23 1.13 1.58

Williamson-Hall-analysis:-

Uniform deformation model (UDM)

The significance of the broadening of peaks indicates grain refinement along with the strain associated with the
samples. The instrumental broadening (Bnq) Was corrected, corresponding to each diffraction peak using the relation
[11]:

1
o Bri = [(ﬁhkl)zmeasured - (ﬁhkz)z_mmumenml ]2 1)
The average crystallite size was calculated using Scherrer equation:
KA
" Bhklcos8 @

where D represents crystallite size, K is the shape factor (0.89), and A represents wavelength of Cu-K, radiation.
The strain induced in samples due to crystal imperfection and distortion was calculated using the formula:
— Pri
E= = @)

" 4tano
From equations (2) and (3), it is evident that the crystallite size and strain varies as 1/cosf and tanf. Assuming that
the crystallite size and strain contributions to line broadening are independent to each other and both have a Cauchy-
like profile, the observed line width is simply the sum of equations (2) and (3).
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KX
ﬁhkl =Dcos b +4¢etan 0 (4)

On rearranging the above equation we get,

Brricos6 = % + 4 esinb )
The above equation is Williamson-Hall equation under the uniform deformation model. The strain is assumed to be
uniform in all crystallographic directions, thus considering the isotropic nature of the crystal, where the material
properties are independent of the direction along which they are measured. The full width at half maximum
(FWHM) (B) and the angle 6 for a particular peak are determined from XRD patterns. The Bcos(0) versus 4sin(0)

graphs are plotted and fitted linearly to estimate crystallite size and strain for different Mn concentrations as shown
in Fig. 4. These parameters are tabulated in Table 2.
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Fig 4:-Bcos(0) versus 4sin(0) plots with linear fit of GdFe; ,Mn,O3(x=0.0, 0.1, 0.2 & 0.3).

Table2:-Crystallite size and strain for GdFe;,Mn,O3 (x=0, 0.10, 0.20, 0.30) as estimated using Williamson-Hall
plots under UDM model.

Composition Intercept (Bcos(0)) Slope Crystallite Size Strain
(nm)

GdFeO, 3.88 x 1073 F 4.07 1.01 x 1077 ¥ 2.33 35.3 1.01 x 1077 ¥ 2.33
x 107> x 10~° x 1079

GdMno1 Feps Oz | 3.70 x 1073 F 1.29 1.20 x 1077 ¥ 1.05 37.0 1.20 x 1077 ¥ 1.05
x 1074 x 1078 x 1078

GdMno, Feps Oz | 3.68 x 1073 F 4.05 1.48 x 1077 ¥ 3.28 37.2 1.48 x 1077 ¥ 3.28
x 1074 x 1078 x 1078

GdMnos Fep7 O3 | 3.36 X 1073 F5.15 1.56 x 1077 F 2.09 40.8 1.56 x 1077 F 2.09
x 1074 x 1078 x 1078

Uniform deformation stress model (UDSM):-

In this model uniform deformation stress and uniform deformation energy density were taken into account assuming
the anisotropic nature of Young’s modulus of the crystal which is more realistic [12-14]. The generalized Hook’s
law referred to the strain, keeping only the linear proportionality between the stress and strain, i.e., (c = Eg). Here,
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the stress is proportional to the strain, with the constant of proportionality being the modulus of elasticity or Young’s
modulus, denoted by E. In this approach, the Williamson-Hall equation is modified by substituting the value of € in
equation 5; we get

K2 4 osinf
ﬁhleOSQ = F + 7 (6)
hkl

Enw is Young’s modulus in the direction perpendicular to the set of the crystal lattice planes (hkl). The uniform
stress and crystallite size can be calculated from the slope and intercept of the linear fit of the graph plotted between
4sinB/Epq and Pricosd, as shown in Fig. 5. The strain can be measured if Engis related to their elastic compliances Sj;
.The expression for the reciprocal of Young‘s modulus E in the direction of the unit vector 1; in the orthorhombic

crystal symmetry with Pbnm space group is given by [15-17]

L = 1S+ 202028 + 21,2128 + 1S,y + 20,2152S,5 + L3 Ses + ©)

Enn
L1 Say + 12157 Sss + 1P 1,7 Se6

The angle between two different crystal directions [hikil;] and [hykl;] for an orthorhombic system is [18]

Zhihg+b%kqky+c?lyl
COS((p) :\/ a“hihy+ 1hka+c”lylp (8)
(a

2p2+b2kF+c21%)(a2h3+b2kG+c213)
By taking l;crystal direction between [100] and [hkl], I,crystal direction between [010] and [hkI], and Iscrystal
direction between [001] and [hKI], and using equations (7) and (8) we find,
%}d = [(a*h*S;; + 2a’h?b?k?S;, + 2a’h?c?12S,5 + b*k*S,, + 2b%k?c?12S,5 + c*1*Sy5 +
b?k?c?1?S,4 + a’h?c?12Scs + a’h?b%k?See)/(a®h? + b?k? + ¢212)?](9)
In a perovskite type of orthorhombic crystal systems Sj; are obtained with all the ions relaxed in the cell. The

calculated values are 272.0, 263.8, 323.2, 73.0, 67.4, 94.3, 162.9, 130.5, and 110.0 GPa for S11, Sy, Szs, Saa, Sss, Ses,
S12, S13, and Sy, respectively [19].

We have found that crystallite size and stress increase with the increase in Mn concentrations as tabulated in Table
3. Strain versus stress plot also shows an increasing trend with the increase in Mn concentration as shown in Fig. 6.
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Fig 5:-Bcos(0) versus 4sin(0)/Engplots with linear fit of GdFe; ,Mn,O5(x=0.0, 0.1, 0.2 and 0.3).
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Table 3:-Crystallite size and stress of GdFe; xMn,O3 (x=0, 0.10, 0.20, 0.30) as estimated using Williamson Hall plot
under UDSM model.

Composition Intercept (Bcos(0)) Slope Crystallite o (MPa)
Size (nm)

GdFeO, 3.89x10° 1.42x10™ 35.23 142.25
GdMng; Fepg O 3.77x10° 1.46x10™ 36.35 146.68
GdMng, Feps O3 3.55x10° 1.52x10™ 38.60 152.12
GdMng 3 Fep; O 3.22x10° 1.56x10™ 42.56 156.24

0.0016 |- x=0.30 .
0.0015 650 _/

0.0014
0.0013

0.0012

strain x10°*

0.0011

0.0010

140 142 144 146 148 150 152 154 156 158 160

stress (MPa)
Fig 6:- Strain versus stress plot of GdFe;.,Mn,Os (x=0, 0.10, 0.20, 0.30).

Uniform deformation energy density model (UDEDM):-

In equation (5), we have considered the homogeneous isotropic nature of the crystal. However, in many cases, the
assumption of homogeneity and isotropy is not fulfilled. Moreover, all the constants of proportionality associated
with the stress—strain relation are no longer independent when the strain energy density u is considered. According
to Hooke’s law, the energy density u (energy per unit volume) as a function of strain is u = &°Epq/2. Therefore,
equation (5) can be modified to the form:

1
Brricosd = Mo4s sine(z—u)? (10)
D Ent

where u is the energy density (energy per unit volume)

The uniform deformation energy density can be calculated from the slope of the graph plotted between Bpycosf and
4sin0 (2/Ehk|)1’2. The lattice strain can be calculated by knowing the Enq values of the sample. W-H equations
modified assuming UDEDM and the corresponding plots are shown in Fig. 7. Using equations (6) and (8), the
deformation stress and deformation energy density are related as u = 6%/Epyq. The estimated value of crystallite size
and energy density value are found to increase with the increase in the Mn concentrations.
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Fig 7:-Bcos(0) versus 4sin(0)(2/Enq)"?plots with linear fit for GdFe;.,Mn,03(x=0.0, 0.1, 0.2 & 0.3).

Table 4:-Crystallite size and energy density of GdFe;.,Mn,O5 (x=0, 0.10, 0.20, 0.30) as estimated using Williamson
Hall plot under UDSEM model

Composition Intercept (Bcos(0)) Slope Crystallite | Energy density (u) (kJm?)
Size (hm)
GdFeOs 3.97x10° 4.16x10™ 34.52 173.25
GdMng 1 Feyg Os 3.70x 10° 4.32x10™ 37.04 186.92
GdMng, Feys Os 3.53x10° 4.41x10™ 38.82 194.56
GdMng 3 Fey7 O, 3.29x10° 4.48x10™ 41.65 200.90

Dielectric properties:-

We have measured the dielectric constant of GdFe;.,Mn,O3 (0 <x < 0.3) as a function of frequency in the range of
75 kHz to 5 MHz at room temperature as shown in Fig. 8. It is evident from these plots that real part of dielectric
constant (£) decreases with the increase in frequency. The parent system, GdFeOs, shows relatively lower value of £
but its value increases with the increase in Mn concentration. The low value of dielectric constant is attributed to
nano-crystalline nature of our samples. As smaller grains contain large surface boundaries and are regions of high
resistance. This reduces the interfacial polarization and hence the dielectric constant is found to be smaller than
those reported for bulk materials [20]. But as the crystallite size increases with the increase in Mn concentration,
dielectric constant also exhibits an increase. Alternatively, A chemical pressure is created in the GdFeO; lattice on
doping with Mn®', a Jahn-Teller ion. This may result in conversion of Mn®" to Mn** ion. In order to preserve charge
neutrality in the system Fe** ions convert into Fe®* ions in proportionate amount. It employs that Mn doping give
rise to formation of Fe?* ions on the octahedral sites. Consequently, electron hopping starts between Fe** and Fe®*
ions. Therefore, polarization increases and hence the dielectric constant also increases. The decrease of dielectric
constant at higher frequency can be explained on the basis of space charge polarization model of Maxwell [21] and
is also in agreement with the Koop’s phenomenological theory [22]. The decrease of dielectric constant at higher
frequency can be explained on the basis that the solid is assumed as composed of well conducting grains separated
by poorly conducting grain boundaries. The electrons reach the grain boundary through hopping and if the resistance
of the grain boundary is high enough, electrons pile up at the grain boundaries and produce polarization. However,
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as the frequency of the applied field is increased beyond a certain value, the electrons cannot follow the alternating
field. This decreases the probability of electrons reaching the grain boundary and as a result polarization
decreases. This behavior is consistent with other orthoferrites [23, 24].

10 +

0 1 1 1 1
1x10° 2x10° 3x10° 4x10° 5x10°

f (Hz)
Fig 8:- Real part of dielectric constant as a function of frequency for GdFe; Mn,O3(x=0.0, 0.1, 0.2 and 0.3).

In order to understand the nature of the dielectric response of the samples, the frequency dependent data at room
temperature was analyzed in the light of universal dielectric response (UDR) model [25].According to this model,
localized charge carriers hopping between spatially fluctuating lattice potentials not only produce the conductivity
but may give rise to the dipolar effects. To verify this behavior, we have plotted log(e" X f)as a function of log (f)as
shown in Fig. 9. The plots should show a linear behavior and we have found the best linear fit for the host GdFeO,
in the whole frequency range and for the x=0.30 sample the linear behavior deviates slightly at lower frequencies.
Therefore, we conclude that UDR phenomenon is responsible for dielectric response in these samples in the whole
frequency range except for x=0.30 that too at lower frequencies.
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Fig 9:- Plots of log (' x f) versus log(f)with linear fit for GdFe;.,Mn,05(x=0.0, 0.10, 0.20 and 0.03).
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Conclusions:-

We have synthesized nano-crystalline samples of GdMn,Fe;.O3 (x=0, 0.10, 0.20 and 0.30) by solid state reaction
route and studied their structural, morphological and dielectric properties. X-ray diffraction (XRD) patterns confirm
single phase nature with orthorhombic Pbnm symmetry. The lattice parameter determined from the refinement
program and unit cell volume decrease with increase in Mn content. The most intense peak shifts with the increase
in Mn content, indicating the development of strain in the crystal structure. All relevant physical parameters such as
strain, stress, and energy density values were also calculated using W-H analysis with different models, viz. uniform
deformation model (UDM), uniform deformation stress model (UDSM) and uniform deformation energy density
model (UDEDM). We have found that as the concentration of Mn increases the strain, stress, energy density and
size of particle increase for all models. Dielectric responses of studied systems have been analyzed in the light of
"universal dielectric response (UDR)" model. We have found that all the samples follow the linear behavior in
whole frequency range. It means that UDR phenomenon is responsible for dielectric response of these samples at all
frequency regimes. The value of dielectric constant (¢") shows increase with increase in Mn concentrations. The
observed higher values of dielectric constant reveal that there is hopping between Mn*® to Mn** and Fe* to Fe*? at
the octahedral sites of the system.
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