
RESEARCH Revista Mexicana de Fı́sica64 (2018) 381–391 JULY-AUGUST 2018
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Rare earth nano sized pollycrystalline orthoferrites and orthocromitesReTmO3 (Re = La, Nd, Gd, Dy, Y andTm = Fe, Cr) have been
synthesized by sol-gel auto combustion citrate method. The samples have been characterized by means of X-ray diffraction (XRD), scanning
electron microscope (SEM), energy dispersive X-ray spectroscopy (EDX), and UV-visible spectroscopy. The samples are single phase, as
confirmed by XRD analysis, and correspond to the orthorhombic crystal symmetry with space grouppbnm. Debye Scherer formula and
Williamson Hall analysis have been used to calculate the average grain size, which is consistent with that of determined from SEM analysis
and varied between 25-75 nm. The elemental compositions of all samples have been checked by EDX analysis. Different crystallographic
parameters are calculated with strong structural correlation amongReandTm sites. The optical energy band gap has been calculated by
using Tauc relation estimated to be in the range of 1.77 - 1.87 eV and 2.77 - 3.14 eV, forReFeO3 andReCrO3, respectively.
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PACS: 61.05.cp; 73.63.Bd

1. Introduction

ReTmO3 perovskite-type oxides (withRe = rare earth and
Tm = transition metal) are much promising materials be-
cause they exhibit strong interactions among the partially
filled f -shells electrons ord-shells ofReandTm ions with
oxygen ions (O) giving many interesting properties such as
colossal magnetoresistance, high temperature superconduc-
tivity, charge/orbital ordering, metal-insulator transition [1-3]
and can also be used in recent technologies such as solid ox-
ide fuel cell [4], catalysts [5], electrodes materials [6] and
chemical sensors [7]. An interesting feature ofReTmO3 is
related to the variation inRe-O andTm-O interactions that
can be observed by varyingRe ionic size as well as distor-
tions inTmO6 octahedra due to variation in ionic radius of
transition metal (Tm). The positions of ions in the unit cell
of ReTmO3 are shown in Fig. 1. The rare earth mangan-
itesReMnO3 exhibit semiconducting behavior at room tem-
perature, as well as strong magnetoelectric coupling below
Neel transition temperature (TN ). Different compounds of
the ReMnO3 have been synthesized by sol-gel method re-
sulting in remarkable physical properties [8–13]. Nanoparti-
cles of rare earth cobaltate perovskiteReCoO3 were also syn-
thesized by many researchers with sol-gel method and these
compounds also exhibiting orthorhombic crystal symmetry
with some interesting physical properties [14-18]. Synthe-
sis of nano-scaled materials are getting much interest, since
fine powder usually shows superior properties such as higher
chemical reactivity, better sinterability and large surface

FIGURE 1. Orthorhombic perovskite structure ofReTmO3.

area [19,20]. Recently, preparation and magnetic properties
were discussed of perovskiteReFeO3 nanocrystalline pow-
ders by combustion of nitrate-citrate gel [21, 22], and mag-
netic and electrical properties ofReCrO3 synthesize by hy-
drothermal and sol-gel method [23, 24] highlighted the ma-
jor role of synthesis technique on the physical properties of
the compounds. However, there have been no reports on the
comprehensive analysis of their structural correlation with
respect to differentRe and Tm sites. In this study, we fo-
cus on the morphology, structural and optical properties of
ReTmO3 (Re = La, Nd, Gd, Dy, Y andTm = Fe, Cr). It is
expected thatRe-site cation affects the symmetry of crystal
structure due to large ionic radius and coordination number
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andTm-site affect the octahedral distortion. Generally, the
crystal symmetry ofReTmO3 can be controlled by variation
of ReandTmcations, giving the materials with some promis-
ing physical properties.

2. Experiment

ReTmO3 (Re = La, Nd, Gd, Dy, Y andTm = Fe, Cr)
were synthesized by using sol-gel method. In synthesis
process, 100 ml of one mole rare earth nitrate hexahydrate
Re(NO3)3.6H2O (whereRe= La, Ce, Nd, Gd, Dy, Y) so-
lution was added to 100 ml of one mole transition metal
nitrate nonahydrateTm(NO3)3.9H2O (Tm = Fe, Cr). One
mole monohydrate citric acid C6H8O7.H2O in 100 ml deion-
ized water was also mixed in above raw materials as a fuel
or chelating agent. Metal nitrates to citrate ratio were kept
at 1.5:1. The solution pH was set at 7 by adding proper
amount of solution of ammonia (NH4OH) (85% deionized
water and 15% ammonia) drop wise during stirring process.
The resulting aqueous solution was continuously stirred and
heated at constant temperature of about 80◦C, till viscous gel
was formed after 2 hours. Afterwards, the gel was kept at a
temperature of about 200◦C. Later on, the gel started burn-
ing in a self propagated combustion manner, and voluminous
porous powder were obtained. Finally, the fine powders of
ReFeO3 andReCrO3 were obtained and sintered at 800◦C
and 1000◦C respectively for 3 h in a box furnace. Normal
atmospheric conditions were used for synthesis and sintering
process. The atmospheric pressure was used during sintering
process in the environment of air. The resultant samples were
obtained, the chemical equation explains the whole process,

Re(NO3)3.6H2O + Tm(NO3)3.9H2O + C6H8O7.H2O

+ NH4OH→ ReTmO3 + 6CO2

+ 3.5N2(g) + nH2O(g) (1)

where (Re= La, Ce, Nd, Gd, Dy, Y) and (Tm= Fe, Cr). Nu-
cleation is responsible for the formation of grains. In our case
transition metal ions act as seed crystal and responsible of nu-
cleation during the sol-gel process. The stoichiometric ratio
of rare earth and transition metal ions is equal, so more nucle-
ation was observed in synthesis process that is responsible to
nanocrystals formation. The phase identification was carried
out using Bruker D8 advance X-ray diffractometer equipped
with Cu-Kα source of X-rays of wavelength 1.54056Å. Av-
erage grain size was estimated by Scherrer’s formula consid-
ering the position and broadening of the most intense diffrac-
tion peak in XRD spectra and by Williamson Hall analysis.
Morphology and elemental composition of the samples were
observed using FEI NOVA 450 scanning electron microscope
(SEM) equipped with Oxford energy dispersive X-rays spec-
troscopy (EDS) detector. The UV-visible measurements were
taken by using Perkin Elmer Lambda 950 UV/VIS/NIR spec-
trophotometer.

3. Results and discussion

3.1. Structural and morphological Properties

Figure 2 shows the X-ray diffraction pattern of a representa-
tive sample LaFeO3 among the prepared samples analyzed

FIGURE 2. (color online) Rietveld refinement of the XRD pattern by using the JANA2006 program of representative sample LaFeO3. Inset
shows zoom region of the fit of calculated curve on observed curve.
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TABLE I. Summary of XRD refined data ofReTmO3 (Re = La, Nd, Gd, Dy, Y andTm = Fe, Cr). Where S.C (Sample Code), C.F
(Chemical Formula), F.W (Formula Weight), C.S (Crystal Structure), S.G (Space Group), D.C (Data Collected).

S.C LF(C)O NF(C)O GF(C)O DF(C)O YF(C)O

C.F LaFe(Cr)O3 NdFe(Cr)O3 GdFe(Cr)O3 DyFe(Cr)O3 YFe(Cr)O3

a (Å) 5.55 (5.48) 5.45 (5.42) 5.35 (5.31) 5.30 (5.262) 5.28 (5.24)

b (Å) 5.56 (5.51) 5.58 (5.48) 5.62 (5.52) 5.60 (5.50) 5.59 (5.51)

c (Å) 7.87 (7.76) 7.77 (7.69) 7.67 (7.60) 7.62 (7.55) 7.60 (7.53)

V (Å3) 243.0 (234.3) 236.5 (228.6) 230.2 (222.6) 226.3 (262.5) 224.8 (217.4)

F.W 242.7 (238.9) 248.1 (244.2) 261.1 (257.2) 266.3 (262.5) 192.7 (188.9)

Z 4 4 4 4 4

C.S Orthorhombic Orthorhombic Orthorhombic Orthorhombic Orthorhombic

S.G Pbnm Pbnm Pbnm Pbnm Pbnm

S.G No. 62 62 62 62 62

D.C 0≤ h≤ 4 0≤ h≤ 4 0≤ h≤ 4 0≤ h≤ 4 0≤ h≤ 4

0≤ k ≤ 4 0≤ k ≤ 5(4) 0≤ k ≤ 5(4) 0≤ k ≤ 5(4) 0≤ k ≤ 5(4)

0≤ l ≤ 6 0≤ l ≤ 6 0≤ l ≤ 6 0≤ l ≤ 6 0≤ l ≤ 6

by using Rietveld refinement technique considering or-
thorhombic structure withPbnmspace group. The pseudo-
Voigt function was used to perform fitting of diffraction peaks
by using the JANA2006 software. A good fitting has been
clearly seen between observed and refined XRD data, as all
the peaks are well overlapped with fitted data, which confirm
single phase has been successfully formed and no impurity
peak has been observed. All samples ofReTmO3 (Re = La,
Nd, Gd, Dy, Y andTm = Fe, Cr) were fitted by JANA2006
(not shown here). Figure 3(a) shows the XRD spectra of
polycrystallineReTmO3. The diffraction peaks are narrow
and sharp, which reflects the high crystalline nature of the
prepared samples. The diffraction pattern ofReTmO3 (Re =
La, Nd, Gd, Dy, Y andTm = Fe, Cr), suggest orthorhombic
perovskite structure with space grouppbnm(No. 62). The
XRD pattern of polycrystalline Ce(Fe,Cr)O3, where a couple
of secondary phases are present as shown in Fig. 3(b). Thus
single phase Ce(Fe,Cr)O3 could not be obtained by sol-gel
combustion method. The calculated lattice parameters (a, b,
c), unit cell volume (V), and data collected about miller in-
dices (hkl) of lattice planes of as preparedReTmO3 (Re =
La, Nd, Gd, Dy, Y andTm = Fe, Cr), are tabulated in Table I.
It is clearly shown that, in all cases,c/

√
2 lies betweena and

b (b > c/
√

2 > a) (see Table I), this is the characteristic of
the O-type orthorhombicaly distorted perovskite oxides [25],
where the distortion occurs due to the steric effect and Jahn
Teller effect [9].

The values of average grain size ofReTmO3, which
was calculated by using the well known Scherrer’s formula
[D = 0.89λ/β cos θ, whereλ is the wavelength of X-ray ra-
diation (1.54056Å), θ is the diffraction angle andβ is the
full width at half maximum (FWHM) of diffracted peaks],
are shown in Table II and Table III. It is obvious to identify

that the grain size decreases as ionic radius ofRe and Tm
decreases.

In nanomaterials lattice strain and grain size both have
their self contribution to peak broadening of X-ray diffrac-
tion and lattice strain is to be contributed in peak broadening
due to large volume of grain boundaries [26, 27]. In order to
measure the grain size precisely, the lattice strain calculations
are very important [28]. Hence, the Williamson-Hall (W-H)
method was used for estimating the lattice strain and grain
size [29, 30]. In addition, lattice strain and grain size inde-
pendently contribute to the total peak broadening. The peak
broadening induced by strain (βS) is given by the relationβS

= 4ε tan θhkl. Assuming that the strain present in the material
is uniform, the W-H equation for the total peak broadening is
given by [31],

βhkl = βS + βD, (2)

βhkl = 4ε tan θhkl +
(

kλ

Dcosθhkl

)
, (3)

Rearranging Eq. (3) gives:

βhkl cos θhkl = 4ε sin θhkl +
(

kλ

D

)
, (4)

wherek is the shape factor andD is the grain size. A graph is
plotted by taking4 sin θhkl along X-axis andβ cos θhkl along
Y-axis as shown in Fig. 4. In W-H analysis, the strain present
in the material is extracted from the slope and the grain size
is estimated from the Y-intercept of the linear fit made to the
plot. The estimated values of grain size and lattice strain are
(60.52 nm) and (1.32 × 10−3) for NdFeO3 and (67.60 nm)
and (2.57 × 10−3) for NdCrO3 respectively. The small val-
ues of lattice strain indicate that the volume of grain bound-
ries should be small for prepared samples. The values of
grain
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FIGURE 3. XRD pattern of (a)ReTmO3 (Re = La, Nd, Gd, Dy, Y
andTm = Fe, Cr) and (b) Ce(Fe,Cr)O3. The asterisks on the peaks
show the cerium dioxide (CeO2) phase and circles on the peaks
show. Iron(III) oxide or ferric oxide (Fe2O3) and Chromium(III)
oxide (Cr2O3).

size estimated by W-H analysis forReFeO3 andReCrO3 are
shown in Table II and Table III, respectively. The SEM mi-
crographs of all samples of the polycrystallineReTmO3 (Re
= La, Nd, Gd, Dy, Y andTm = Fe, Cr) which were taken at
accelerating voltage of 10 KV and magnification of 80 K are
shown in Fig. 5(a) to (l). Large grains with less grain bound-
aries can easily be seen from micrographs. However, grains
show no perfect alignment, which is a typical characteristic
of polycrystalline sample. The individual grains shown in the

FIGURE 4. Williamson Hall analysis of (a) NdFeO3 and (b)
NdCrO3.

Fig. 5(a) to (l), are of the round shape with an average grain
size 25-75 nm, which is consistent with XRD results. More-
over, from Fig. 5(f) and 5(l), which show the SEM images
of CeCrO3 and CeFeO3 respectively, it is clear there is no
formation of grains were observed as in other SEM images.
These results also consistant with XRD analysis, the two
phase formation in CeCeO3 and CeFeO3. In Fig. 6(a) to (l),
EDX spectra show the chemical composition of the synthe-
sized samples ofReTmO3 (Re = La, Nd, Gd, Dy, Y andTm
= Fe, Cr). It can be seen that there are clear peaks of rare earth
elements (Re = La, Nd, Gd, Dy, Y), Iron (Fe), Chromium
(Cr), and oxygen (O) elements present with the molar ratio of
about 1:1:3 (Re:Fe(Cr):O), giving a stoichiometric formula
for ReFe(Cr)O3, confirmed with analysis of atomic % of all
elements present in a sample shown in Fig. 6(a) to (l). There
is no peak of any impurity elements which confirms the sin-
gle phase formation of the samples. However, single peak of
carbon appeared which is due to the carbon tape on which
samples were mounted with holder. The value of average
grain size calculated from XRD pattern is consistent with the
one obtained from SEM analysis.

The variation in lattice parameters (a, b, c/
√

2) and cell
volume (V) with ionic radii of rare earth cations onResite in
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TABLE II. Crystallographic characteristics ofReFeO3 (Re= La, Nd, Gd, Dy, Y).

Sample Code LFO NFO GFO DFO YFO

Chemical formula LaFeO3 NdFeO3 GdFeO3 DyFeO3 YFeO3

Orthorhombic distortion (D) 0.4150 0.4102 0.4056 0.4057 0.4056

Cell distortion (d)×10−6 3 386 1673 2005 2252

Orthorhombic strain (S) 0.0018 0.0237 0.0493 0.0543 0.0577

Elastic strain (E) 0.0552 0.0600 0.0656 0.0693 0.0723

Grain size (nm)(Scherrer formula) 52.38 39.00 31.62 27.78 25.48

Grain size (nm)(W-H analysis) 67.56 60.52 47.38 40.29 35.77

BET surface area (m2/g) 17.26 22.08 25.18 27.61 41.32

X-ray density (dx−ray) (g/cm3) 6.64 6.97 7.54 7.82 5.70

Bulk density (dbulk) (g/cm3) 5.20 5.43 5.92 6.11 3.32

Porosity(P) 0.2163 0.2212 0.2147 0.2193 0.4178

TABLE III. Crystallographic characteristics ofReCrO3 (Re= La, Nd, Gd, Dy, Y).

Sample Code LCO NCO GCO DCO YCO

Chemical formula LaCrO3 NdCrO3 GdCrO3 DyCrO3 YCrO3

Orthorhombic distortion (D) 0.0047 0.0071 0.0272 0.0323 0.0358

Cell distortion (d)×10−6 30 60 940 1320 1620

Orthorhombic strain (S) 0.0062 0.0097 0.0375 0.0446 0.0493

Elastic strain (E) 0.0599 0.0653 0.0708 0.0749 0.0766

Grain size (nm)(Scherrer formula) 55.00 41.62 38.82 36.89 33.79

Grain size (nm)(W-H analysis) 72.30 67.60 53.52 44.29 41.47

BET surface area (m2/g) 16.05 20.32 20.14 20.38 30.77

X-ray density (dx−ray) (g/cm3) 6.78 7.09 7.68 7.98 5.77

Bulk density (dbulk) (g/cm3) 5.05 5.28 5.77 5.96 3.17

Porosity(P) 0.2545 0.2565 0.2488 0.2537 0.4514

the preparedReFeO3 (Re= La, Nd, Gd, Dy, Y) is shown in
Fig. 7(a). It is obvious from the graph thata, c/

√
2 andV in-

creases with the increase in the ionic radius ofResite ioni.e.
[from Y3+ (1.04Å) to La3+ (1.172Å)], but lattice parameter
b remains almost unaltered. The similar variations were ob-
served in lattice parameters and cell volume forReCrO3 (Re
= La, Nd, Gd, Dy, Y), not shown in the graph, but values for
this system are given in Table I.

The orthorhombic factor (b/a) sharply increases, with de-
creasing ionic radius ofResite inReFeO3, as shown in the
Fig. 7(b). Similar trend is also obtained forReCrO3, not
shown here. To study the structural distortion, cell distortion
(d) [32] was calculated as,

d=

[
(a/

√
2−ap)2+(b/

√
2− ap)2+(c/2−ap)2

]

3ap
×104, (5)

whereap = (a/
√

2 + b/
√

2 + c/2)/3. The value of cell dis-
tortion increases for bothReFe(Cr)O3 by the replacement of
large ionic radius La3+ to small ionic radius Y3+ are given
in Table II and Table III. It is worth mentioning that the de-

crease in cell distortion has been observed when we replace
biggerRe3+ cation inReFeO3 as indicated in Fig. 7(c), sim-
ilar results were obtained forReCrO3. According to the anal-
ysis mentioned above, the variance of lattice parameters with
coupled substitution onResite and onTmsite is the result of
distortion inTmO6 octahedra for matchingResizes. That is
why distortion at octahedral site increases with replacement
of the small ionic radius onResite, because the cations rear-
range themselves in such a way that they fit in the unit cell
and results in decreasing the unit cell volume.

Orthorhombic distortion (D), which is defined as the ra-
tio of standard deviation to average of the lattice parameters
is calculated as [33],

D =

√∑
(ai − ā)2

ā
, (6)

whereai = a, b andc/
√

2 and ā is the average ofai. The
orthorhombic distortion remains almost constant in region of
ionic radii ofRe3+ ≤ 1.078Å, in this region lattice parame-
terb increases slightly. After further increase in ionic radii
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FIGURE 5. SEM images of perovskite (a) LaCrO3 (b) NdCrO3 (c) GdCrO3 (d) DyCrO3 (e) YCrO3 (f) CeCrO3 (g) LaFeO3 (h) NdFeO3 (i)
GdFeO3 (j) DyFeO3 (k) YFeO3 and (l) CeFeO3.

of Re3+ a linear increase has been observed in orthorhom-
bic distortion, in this region lattice parameterb slightly de-
creases. The variation in orthorhombic distortion withRe3+

ionic radii is shown in Fig. 7(c). The elastic strain of the pre-
pared compounds can be calculated by using the formula E =
β/2 cot θ [34]. The value of elastic strain increases with the

decrease in the grain size both forReFeO3 andReCrO3 as
obvious from Table II and Table III. The observed variation
in the calculated elastic strain inReFe(Cr)O3 elaborate the
broadening of the XRD pattern. The elastic strain decreases
with the increase inResite ionic radii forReFeO3 as shown
in Fig. 7(d). The spontaneous orthorhombic strain, defined as

Rev. Mex. F́ıs. 64 (2018) 381–391
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FIGURE 6. EDX images of perovskite (a) LaCrO3 (b) NdCrO3 (c) GdCrO3 (d) DyCrO3 (e) YCrO3 (f) CeCrO3 (g) LaFeO3 (h) NdFeO3 (i)
GdFeO3 (j) DyFeO3 (k) YFeO3 and (l) CeFeO3.

S = 2(a - b)/(a + b), is tabulated in Table II. The value of S
decreases from 0.0577 to 0.0118 for YFO to LFO. The vari-
ation in orthorhombic strain with ionic radius of rare earth
cations is shown in Fig. 7(d). The reason for decrease of this
parameter may be the substitution onResite of smaller ionic
radius cation Y3+ to bigger La3+. The similar results also
obtained for YCO to LCOi.e. 0.0493 to 0.0062. It is obvious
from the results that replacement of small radius transition
metal cation Fe3+ to big radius Cr3+ onTm-site ofReTmO3

also gives the similar trendi.e. decrease in the orthorhombic
strain. The X-ray density, bulk density and porosity for all
samples were determined using the following relations [35]

dx−ray =
ZM

NAVcell
, (7)

whereM the molar mass,Z is the number of molecules per
formula unit (4 for the orthorhombic structure),NA Avo-
gadro s number (6.02× 1023 /mole) and Vcell is the unit cell

Rev. Mex. F́ıs. 64 (2018) 381–391
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FIGURE 7. Variation of (a) lattice parameters(a, b, c/
√

2) and cell volume V. (b) Orthorhombicity factor (b/a). (c) Orthorhombic distortion
(D) and cell distortion (d). (d) Orthorhombic strain (S) and Elastic strain (E) with ionic radius ofRe-site.

volume. The bulk density was calculated by the following
relation,

dbulk =
m

V
, (8)

wherem is the mass andV = πr2h (where r is the radius and
h is the height/thickness of pellet) is the volume of the pellet.
The porosity (P) of all the samples was calculated using the
equation,

P = 1− db

dx
, (9)

wheredb is the bulk density anddx is the X-ray density. The
measured values ofdx, db, andP of ReFeO3 for variousRe
(Re = La, Nd, Gd, Dy, Y) site replacement are tabulated
in Table II. Figure 8 shows that thedx and thedb increase
with increase in the formula weight of the preparedReFeO3

for variousRe (Re = La, Nd, Gd, Dy, Y) compounds. The
increase in thedx is considered to be due to the fact that
the atomic mass of variousRe [Re= Y (89 amu), La (139
amu), Nd (144 amu), Gd (157 amu), Dy (162.5 amu)] in-
creases due to which formula weight or mass of the com-
pound increases [36]. While the increase in thedb is due
to the fact that increase in value of densities ofRe [Re = Y
(4.472 g/cm3 ), La (6.162 g/cm3 ), Nd (7.400 g/cm3 ), Gd
(7.900 g/cm3 ), Dy (8.536 g/cm3 )]. The magnitude of thedb

is smaller than that of thedx as can be seen from the graph.
These results indicate that the experimentaldb is less than the
theoreticaldx due to the presence of pores created during

FIGURE 8. Variation in x-ray density (dx), bulk density (db) and
porosity (P ) with variation of the formula weight ofReFeO3 (Re
= Y, La, Nd, Gd, Dy).

preparation or sintering process of the samples [37]. Figure
8 shows theP decreases with the increase of formula weight
of the sample from YFO to LFO, but remains almost con-
stant for further increase in the formula weight of prepared
compounds. The increase in thedb confirms that samples be-
come denser with the increase in density of individualResite
element, due to which the porosity of the samples decreases.
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FIGURE 9. UV-visible reflectance spectra of (a)ReFeO3 and (b)
ReCrO3.

The Brunauer-Emmett-Teller (BET) specific surface areas of
ReTmO3 (Re = La, Nd, Gd, Dy, Y andTm = Fe, Cr)
nanoparticles are measured by the BET relation of the form,

BET =
6

(dx−ray)D
, (10)

whereD is the orthorhombic distortion anddx−ray is the X-
ray density. The values of the specific surface area are given
in Table II and III forReFeO3 andReCrO3, respectively.

3.2. Optical Properties

The obtained UV-visible diffuse reflectance spectra (DRS) of
ReFeO3 andReCrO3 (Re = La, Ce, Nd, Gd, Dy, Y) were
measured by using UV/VIS/NIR spectrophotometer and are
shown in Fig. 9(a) and (b), respectively. The absorbance
spectrum ofReFeO3 and ReCrO3 is obtained from their
reflectance spectrum according to the Kubelka-Munk the-
ory [38]. Moreover, optical energy band gap ofReFeO3 and
ReCrO3 (Re = La, Ce, Nd, Gd, Dy, Y) is estimated by using
the Tauc relation [39].

FIGURE 10. Tauc plot of (a)ReFeO3 and (b)ReCrO3.

αhν = A(hν − Eg)n, (11)

wherehv is the energy of the incident photon,α is the ab-
sorption coefficient, A is a characteristic parameter,Eg is the
band gap. Exponentn specify the type of transition and it
may be 1/2 or 2 for the allowed direct or allowed indirect tran-
sition, respectively. Here, we assume a direct band gap sys-
tem and from the plot of(αhν)1/2 versushν by extrapolating
the linear portion to thehν (i.e. α = 0) determine theEg. The
obtained value ofEg for ReFeO3 andReCrO3 is found to be
in the range 1.77 - 1.87 eV and 2.77 - 3.14 eV, respectively
as shown in Fig. 10(a) and (b). It is noted that inReFeO3

only single band gap is observed due to the transition from O
2p valence band to Fe 3d conduction band. This constitues
a charge transfer energy gap. Interestingly, three edges are
observed forReCrO3 at 1.58 eV, 2.20 eV and 3.14 eV val-
ues for YCrO3. Khuong P Onget al. have also observed
three types of energy gap in LaCrO3 theoretically [40]. In-
terestingly similar trend of energy gaps were also observed
experimentally in our prepared compounds of family of or-
thochromites. The energy gap at 1.58 eV (value for YCrO3),
which is the energy band gap among the occupied t2g (Cr

Rev. Mex. F́ıs. 64 (2018) 381–391



390 M. TUFIQ JAMIL, J. AHMAD, S. HAMAD BUKHARI, AND MURTAZA SALEEM

dx2−y2 , dxz, anddyz) and unoccupiedeg (Cr dz2 anddxy)
states, has been observed. This type of energy gap is Mott-
type insulating gap. The second edge at 2.20 eV (value for
YCrO3) reveals the optical transitions between the Crt2g and
Cr eg bands which are, of course, partly hybridized with Op.
These transitions are in visible range and indicate the color
of various orthocromitesReCrO3. The theoretical calcula-
tion reveals that the green color of these prepared compounds
have its origin from the transition between Crt2g bands cen-
tered at (-0.23 eV) and Creg bands at (2.15 eV) [40]. Another
important transition at 3.14 ev (value for YCrO3), shows the
transition between the top of O p bands and the bottom of the
Cr eg conduction bands, this constitues a charge transfer gap.
T. Arima et al. estimatedEg for LaCrO3 and YCrO3 exper-
imentally [41,42], which is consistent with the observed val-
ues of optical band gap ofReCrO3. So far, the experimental
optical gap at higher energy edge forReCrO3 was consid-
ered as the energy band gap between the transition to the top
of the valance band and the bottom of the conduction band
by previous theoretical works [43–45]. The minimumEg for
Fe-based system (i.e. 1.77 eV) than that of Cr-based system
(i.e. 2.77 eV) may be attributed to lower energy of 3d orbital
of Fe than that of Cr.

4. Conclusion

The sol-gel auto combustion citrate method is successfully
used for the synthesis of polycrystallineReTmO3 (Re = La,
Nd, Gd, Dy, Y andTm = Fe, Cr) and single phase charac-
ter has been confirmed by XRD patterns. A systematic in-
crease in grain size with increasing rRe and rTm has been ob-
served and found to vary from 25-75 nm for bothReFeO3

and ReCrO3, which is consistant with SEM results. The
various crystallographic parameters have been calculated and
found to be affected by changingReandTmsites as described
earlier. The allowed directEg estimated to be 1.77 - 1.87 eV
and 2.77 - 3.14 eV forReFeO3 andReCrO3, respectively.
Three edges are observed forReCrO3 at 1.58 eV which is a
Mott-type insulating gap, at 2.20 eV are in visible range cor-
responds to light green color of orthocromates and at 3.14 eV
this is due to charge transfer gap (Eg) between O 2p valance
and Cr 3d conduction band. Moreover, theEg has larger
value (∼ 1 eV) in ReCrO3 as compared toReFeO3 which
may be attributed to the Jahn Teller distortion.
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