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Abstract 
 
The set of Ho1-xBaxCrO3 with x= 0.0, 0.2, 0.3 was synthesized through sol – gel technique. 

Rietveld refinement of X-Ray Diffraction (XRD) patterns and Raman spectroscopy showed a 

single phase orthorhombic structure for all the samples. Raman analysis revealed the presence 

of the Ag phonon mode related to the existence of CrO6 octahedra. Thermal studies were 

performed to show a thermal stability of the compounds. Pl measurements exhibited not only 

visible light emission but also intense NIR emission under excitation of UV light. Impedance 

spectroscopy indicated that DC conductivity can be explained by Arrhenius-type thermally 

activated process for x=0.0 and 0.2 whereas for x=0.3, it obeyed to Mott’s law. The 

conduction mechanism was found to be referred to polaron hopping. The dielectric 

measurements revealed a polarization in the as-prepared samples  with  high values of 

dielectric constant and low dielectric loss in particular for x=0.3. Magnetic measurements 
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showed enhancement of magnetisation upon Ba substitution and the existence of a large 

magnetocaloric effect. 

Keywords:Perovskite, Sol-gel process, Nanopowder, Magneto-caloric effect 

1. Introduction 

      Perovskite rare-earth chromites with the general formula RCrO3 comprise an important 

class of multiferoic materials [1-4] that exhibit an astonishing variety of physical properties 

including electric, dielectric, magnetic, magneto-caloric, optic properties and so on. As a 

result, in the past several years, they have been fully investigated due to the promising 

potentials of applications such as insultor-metal transition [5], fuel cells (SOFC) [6], magneto-

caloric materials [7], oxygen sensors [8], dielectrics [9], optic-magneto devices [10]..... 

Several factors like the ionic size of the R3+ rare earth, the atomic valency of Cr- ions[11], 

Jahn Teller distortion [12] and the exchange between the d- orbitals of the B transition metal 

cation and the 2p-orbitals of oxygen anions [13-14] profoundly influence the electric, 

magnetic and other properties of these materials. Furthermore, these properties and the spin 

state of Cr ions can be controlled by a partial substitution either in R or/and Cr cation sites 

[13, 15, 16] which introduces a remarkable lattice distortion leading to various defects in the 

structure [17, 18]. The structural distortion plays a crucial role to explain several physical 

properties in these materials [12, 19-21]. So, these substitutions offer an exceptional research 

opportunity for condensed matter physics. 

Among various chromium oxides, HoCrO3 is the most fascinating compound that has 

attracted great attention due to its rich structural, magnetic and magneto-caloric 

properties[2,3,7,20,22], but to our knowledge, the crystalline structure and many physical 

phenomena are far from clearness. On the other hand, the possibility to improve the physical 

properties with a partial R-site ionic substitution has motivated us to study the mixed valence 

chromitesHo1-x BaxCrO3 
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To prepare these materials, a wide variety of chemical techniques has been developed such as 

solid-state reaction method [23], co-precipitation [24], hydro-thermal [25], the Pechini [26] 

and sol-gel progress [27]. In this paper, perovskite-type oxide Ho1-x BaxCrO3 was synthesized 

by sol-gel technique which is the simplest, most economical and less energy consuming route 

for nanoparticles synthesis. 

    The objective of this work is to present a detailed research of the effect of barium 

substitution on the structural, thermal, optical, electrical, dielectric and magnetic properties in 

order to get an overview of relaxation process and conduction mechanism as well as 

photoluminescence and magneto-caloric properties. 

2. Experimental methods 

      As already mentioned above, Ho1-xBaxCrO3nanoparticles with different Ba concentrations 

were prepared via the sol-gel route. The precursors used were hydrated nitrates. They were 

mixed together using magnetic stirrer to get a homogeneous solution. The chelating agents ( 

citric acid and ethylene glycol ) were added in the ratio of [( 1-x) (Ho3+)+x( Ba2+)+1 (cr3+) / 

1.5 ( citric acid ) / 2.25 ( ethylene glycol )]. The mixed solution was heated at 100°C and kept 

under sitting for 5 hours until the gel was formed. The gel obtained was put in the oven at 

200°C for 6 hours to be dried. Then , the obtained powder was ground and calcinated at 

400°C, 600°C and 800°C for 4h , 6h and 10h respectively. After each heat treatment 

temperature, the sample was again milled to get the intended nanoparticles powder. Then, the 

synthesized sample was pressed to get pellets of 1.5mm thickness and 3.5mm radius. The 

resulting powder was analyzed by X- Ray Diffraction using D5000 Siemens diffractometer 

(Cukα radiation source, λ = 1.5406 A°, 2ϴ range from a low angle to 70° with a step size of 

0.017) at room temperature in order to get information about phase formation, phase purity, 

lattice parameters and crystallite size. The Rietveld refinements were performed using 

Fullprof program [28]. FT-IR spectra were recorded with a Perkin-Elmer spectrophotometer 
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in a range of 400 to 1000 cm-1. The Raman spectrum of the samples was obtained using 

HORIBA LABRAM HR spectrometer with an excitation wavelength of 932.8 nm. Further, 

Mettler-Toledo instrument was used under air atmosphere with a heating rate 10 °C/min to 

collect TGA and DTA data. UV-VIS-NIR diffuse reflectance spectra were recorded at room 

temperature using a Shimadzu UV-2501PC spectrophotometer over the spectral range 150-

850 nm. The electrical and dielectric measurements were carried out using Agilent 4249 A 

impedance analyser over a wide range of frequencies ( 40Hz – 1MHz ) at several 

temperatures ( 100 °C- 600°C ).The experiment gave a real part Z’ and an imaginary part Z” 

of the impedance complex Z*.The magnetic properties of the samples were measured using a 

vibrating sample magnetometer (VSM). The magnetization was measured from 5 to 300 K 

under two protocols: (i) cooling the sample in zero field (ZFC) and (ii) cooling the sample 

with the magnetic field applied (FC). In the following, the samples will be noted by HBCO0, 

HBCO2 and HBCO3 for x= 0.0; 0.2 and 0.3 respectively. 

3. Results and discussion 

3.1 X-ray analysis  

      The X-Ray Diffraction pattern of the as-prepared samples measured at room temperature 

is shown in Fig.1.. The XRD pattern indicates the presence of a single phase. Rietveld 

refinements of the XRD data reveal that these compounds crystallise in orthorhombic 

distorted structure with a Pnma space group. Fig.2 shows the schematic representations of the 

perovskite structure, generated using VESTA program [29]. The structural cell parameters 

and refinement factors are listed in Table1. 

In order to examine the distortion degree after the increase of Ba amount, the Goldschmidt 

tolerance factor t was introduced: [13] 

                                                                     
( )
A O

B O

r +r
t=                (1)

2 r +r
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Where , and are the ionic radii of the A and B cations sites and oxygen site 

respectively. For the oxygen, there are two sites O1 and O2.  

This factor is equal to a unity for a compound presenting an ideal cubic structure. For 

distorted perovskite structures, the value of t becomes less or greater than 1[13, 32, 33]. In 

fact, if the A ion is smaller than the ideal value, we observe the tilting of BO6 ochtaedra in 

order to fill the space. 

In the presentwork, based on the ionic radius of Ba ( )2 0.134
Ba

r nm+ = [34]), Ho (

3 0.0901
Ho

r nm+ = [35]), Cr ( 3 0.063
Cr

r nm+ = [36]) and O ( 2 0.14
O

r nm− = [37]), and the following 

relation 3 2(1 )A Ho Ba
r x r xr+ += − + , the tolerance factor was calculated. The obtained t values are 

presented in Table1. From this table, one can see that Goldschmidt factor values, for all the 

products, verify the relation 0.707〈 t〈0.9[32], which proves again the orthorhombic structure of 

the materials. Moreover, the prepared samples are characterised by a structure in which c/a<

2 <b attesting that the lattice distortion can be also explained in terms of cooperative Jahn-

Teller effect [38, 39]. The slight increase of the ratio c/a and the increase of the Goldschmidt 

factor with the augmentation of Ba amount, as shown in Table, disfavour the cooperative 

octahedral tilting of the corner sharing CrO6 and consequent rising of symmetry by a 

progressive increase of the Cr-O2-Cr bond angle(Fig.2)[40-42]. Additionally, the unit cell 

volume V increases with increasing Barium content in A site (Table 1). This growth is 

attributed to the ionic radius of Ba2+ which is larger than that of Ho3+.  

As shown in the inset of Fig.1, the full width at half maximum (FWHM) of the most intensive 

peak for each composite was used to obtain the average crystallite size using Scherrer’s 

equation [43]: 
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0.9×λ
D=
β×Cosθ

                                            (2)  

 

where λ is the wavelength of light used for the diffraction, β is the “full width at half 

maximum” of the sharp peaks and θ is the angle measured. 

In addition, we have calculated the average particle size D uncertainties expressed by [44] 

                                                              

( )∆ cosθ∆β
∆D=D× +

β cosθ

 
 
 

                                 (3) 

 

where ∆β=±0.01°and ( )∆ cosθ =±0.001. 

The obtained results are summarized in Table1.Notably, D increases with increasing Ba 

concentration, which can be explained by the rise of the radius of A sites. 

3.2 FT-IR analysis  

      The experimental IR spectra of HBCO0, HBCO2 and HBCO3 samples recorded at room 

temperature are shown in Fig. 3. The bands at 460, 549, and 610 cm-1 are attributed to Cr3+–O 

bonds in the bending mode [45,46] while  the vibrational modes observed at 580, 630, 715, 

817 and 930 cm−1 are assigned to Cr4+–O in the bending mode [47]. The spectra show also a 

broad band at around 502 cm-1 which is attributed to Ho3+−O in the bending mode [48, 49]. 

3.3 Raman Analysis  

       In addition to the X-Ray Diffraction, Raman spectroscopy is used to perform the 

structural analysis of the materials. This technique is useful to detect the structural distortions 

caused by the octahedral rotations and/or displacement of A-cation. The Raman spectrum of 

the nanopowder Ho1-xBaxCrO3obtained at room temperature in the frequency range of 100 

cm-1
-600 cm-1 is plotted in Fig.4. Theoretical studies show that the orthorhombic Pnma 

perovskite structure has 24 Raman-active modes: g 1g 2g 3g7A +5B +7B +5B [22]. From Fig.4, it 

is observed that the Raman active modes are indicative of the phase purity of our materials. 

The most important modes are observed at around 140, 161, 220, 260, 313, 351, 416, 484 and 
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570 cm-1. Ag(7) is attributed to the vibrational motion of O1 and A along the x-axis, B2g(5) 

describes the vibration of A-cation along the x-axis, Ag(6) is associated with the in-phase 

rotational vibration of the CrO6 octahedra around the y-axis, B2g(6) corresponds to the 

vibration of A-cation and O1 along the z axis, B1g(3) is ascribed to the out of phase octahedral 

rotation around the x-axis, the Ag(4) phonon mode involves mixed vibrations of A-cation and 

O1 along the z-axis (A(z),O1(-z)), A3g(4) is associated with the out-of-phase O2 scissor-like 

vibration and finally, B3g(2) is related to the anti-stretching vibration mode of O1 and O2 

atoms  [2,22,50]. 

It is noted that the Raman modes between 250 cm-1 and 450 cm-1 become more intense and 

wider as the amount of Ba increases which is associated to the structural variation by 

changing the values of the angles between adjacent Cr3+O6- Cr4+O6octahedral clusters [51]. 

On the other hand, one can see that at this frequency range, the Raman active peaks shift 

slightly, which is associated to the radius of A sites and the large difference between the 

atomic masses of Ho (164.93 u) and Ba (137.32 u)[2]. 

3.4 Thermal analysis  

       Thermal decomposition of our products has been studied by measuring the TGA-DTA, 

which is shown in Fig.5. As shown in this figure, at a 25-1000 °C temperature range, it is seen 

that for all samples the endothermic peak appears at ~ 80 °C with a weight loss of 0.04%. 

This endothermic peak appeared due to the vaporisation of surface absorbed volatile water 

and solvent liquid in the as-prepared samples. The exothermic rise observed in the ATD 

curves may be due to a slight dilatation of the materials. Globally, the TGA curves show that 

for all the different samples the mass losses are too low in the range of the studied 

temperature. The result indicates that the synthesized powders were stable.  

3.5 Optical analysis  
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       In order to obtain optical band gap, the UV-VIS-NIR absorption spectra of the Ho1-

xBaxCrO3 nanoparticles were performed in UV-VIS-NIR regions using reflectance data 

according to the Kubelka-Munk relation [52] :  

                                                     

2(1 )
( )

2

R

R
α λ ∞

∞

−≡                                                       (4)                                  

 whereR∞ is the diffused reflectance of the powder. 

 
As shown in Fig .6, it is clear that all the samples exhibit strong absorption band in both UV 

and visible region and poor absorption in NIR region which is related to charge transfer 

transition.  

The direct band gap energy Eg was calculated using Tauc's equation given by[52] : 

                                                      (αhν)2= B(hν-Eg)                           (5) 

where α is the optical absorption coefficient, hυ the photon energy, Eg the band gap and B the 

constant. 

The Ho1-xBaxCrO3 samples showed two band gap energies, one of them was O(2p)-Cr(3d) 

charge transfer (CT) and the other was attributed to Cr 3d-d interaction 5(Mott gap) [53]. The 

Eg values listed in Table 2 were determined from the extrapolation of the two straight portions 

of the Tauc curves to zero as shown in Fig.7. From Table 2, one can see that the measured Eg 

values confirm the semiconductor behaviour of the compounds [54] and diminish with the 

increase of Ba content. The decrease in the band gap can be attributed to the increasing Cr-

O2-Cr bond angle leading to the increase of the overlap between Cr(3d) and O(2p) levels 

[55]. 

The absorption edge follows the Urbach's formula [56] : 

                                                                  
u

hν
E

0α=α e                                                        (6) 

where A0 is a constant and Eu is the Urbach energy which characterize the degree of disorder 

in the materials.  
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The obtained values of Eu are estimated from the inverse of the straight portion's slopes of 

Ln(α) vs. the incident photon energy (hν) as shown in Fig.8 and tabulated in Table 2. It is 

found that Urbach energy decrease with Ba substitution indicating a decrease of disorder in 

the samples [56]. This result is probably related to the fact that the structure is less distorted as 

Ba amount increases which is a consequence of the reduction of the effect Jahn Teller 

cooperative [42]. 

       In order to identify the electronic transition implicated in the absorption process, the room 

temperature emission spectra of all the samples obtained under the excitation wavelength 

λext=280nm were recorded in the UV, visible and near infrared ranges as shown in Fig.9. 

Four visible emission bands centred at 467 nm (blue emission), 567 nm (orange emission), 

619 nm(yellow emission) and 764 nm(red emission) due to the transitions 5 3 5
2 8 8F + K I→ ,

5 5 5
4 2 8F + S I→ , 5 5

5 8F I→  and 5 5
4 8I I→ respectively, can be observed. Two infrared emission 

bands appear at 824nm and 885 nm corresponding to 5 5
5 7S I→ and 5 5

5 8I I→  respectively, 

which can be explained by the appearance of oxygen vacancies. In these transitions, the 

infrared emission bands are the most intensive [57-59]. These results show a promise of new 

compounds used in light-emitting devices and optical communications.  

3.6 Impedance spectroscopy 

3.6.1 Electrical analysis 

       Fig.10 shows Nyquist Z’-Z’’ plot of HBCO0, HBCO2 (Fig.10a) at one representative 

temperature ( T=873K) and at different temperatures for HBCO3(Fig.10b). The complex 

impedance spectra display several semi-circular arcs. The measured impedance data are fitted 

using origin 6.0 software. An excellent agreement between the calculated and experimental 

curves was observed.                                                                         

       The diagrams consist of depressed semi-circular arcs whose center is located below the 

real axis, which suggests that the dielectric relaxation is of the a non-Debye type [60] in these 
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materials. Generally, the appearance of full or partial semicircles relies on the strength of 

relaxation and the experimentally available frequency domain. Furthermore, Non-Debye type 

of responses can be explained by the formation of the nanopolar clusters [61]. In order to 

analyze the experimental results, it is extremely important to have an equivalent circuit model 

that provides more information about electrical properties. The figure insets (Fig.10) present 

the equivalent circuits. According to Debye’s model, an equivalent circuit is assembled from 

resistors and capacitors in parallel but for Non-Debye type of relaxation , it is customary to 

introduce the concept of constant phase element (CPE) replacing the ideal capacitor. It has an 

impedance which is given by [62]:  

ZCPE=1/A(jω)n                                                                (7)                                                                                      

In the above relation, ω is the angular frequency, A (in F.cm-2.Sn-1[62]) and n (0<n<1) are 

frequency independent constants. The latter characterizes the deviation from the ideal 

behaviour. The case n=1 represents a pure capacitance, whereas n=0 represents a pure 

resistance. 

        In Fig.10a, the equivalent circuit is symbolized by a parallel composition of a resistor 

and constant phase element (CPE). In this case, the total impedance Z*(ω) of these samples 

can be described by the following equation: 

                                           Z*(ω) = Z’+jZ’’= (1/Rg+1/ ZCPE)
-1                                                                        (8) 

Where Z’ and Z’’ are attributed to real and imaginary parts of the complex impedance. The 

fitting of these semicircles is based on the following relationships:  

g

g g

n g
g g g

'

n ng 2
g g g g

n π
R (1+R A ω cos( )

2Z = (9)
n π

1+2R A ω cos( )+(R Aω )
2

        

 

g

g g

n g2
g g

''

n ng 2
g g g

n π
(R ) A ω sin( )

2-Z =
n π

1+2R Aω cos( )+(R A ω )
2

            (10)
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However in Fig.10b, as shown in the inset, the electrical response of the sample is modeled 

by an equivalent circuit containing two successively connected Resistor-CPE units put in 

parallel corresponding to grain and grain boundary, respectively. In the present case, Z*(ω) is 

given by:  

                        Z*(ω) = Z’+jZ’’=(1/R g+1/ ZCPEg)
-1+ (1/Rgb+1/ ZCPEgb)

-1                     (11)  

The real and imaginary part expressions for fitting are: 

g gb

g g gb gb

n ng gb
g g g gb gb gb

'

n n n ng gb2 2
g g g g gb gb gb gb

n π n π
R (1+R A ω cos( ) R (1+R A ω cos( )

2 2Z = + (12)
n π n π

1+2R A ω cos( )+(R Aω ) 1+2R A ω cos( )+(R A ω )
2 2

 
 

     
  
 

 

g gb

g g gb gb

n ng gb2 2
g g gb gb

''

n n n ng gb2 2
g g g g gb gb gb gb

n π n π
(R ) A ω sin( ) (R ) A ω sin( )

2 2-Z = +
n π n π

1+2R A ω cos( )+(R A ω ) 1+2R A ω cos( )+(R A ω )
2 2

 
 

    (13) 
  
   

Rg and Ag, respectively refer to the resistance and the capacitance of grain, while Rgb and Agb 

refer to the resistance and the capacitance of grain boundaries, which proves the existence of 

space charge polarisation. ng and ngb are associated to the exponential index of grain and grain 

boundaries. These fitting parameters are given in Table 3. As illustrated in Table 3, the values 

of the exponential index are relatively close to 1, which signifies that the deviation from 

Debye behaviour isn’t very strong. It is observed that the grains resistance decreases with the 

increase of the Ba substitution (Table 3) but also with increasing the temperature (Fig.10b). 

The decrease of grain resistance results in the increase of conductivity. 

       In order to understand the effect of substitution on the conduction process, the DC 

conductivity was measured as a function of the temperature as shown in Fig.10 using the 

following relation: 

                                                                   σDC= e/SZ0                                                                                       (14) 

where e is the sample thickness, S is the sample area and Z0 corresponds to the interception of 

the real axis with the lowest frequency curve. 
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It is clear that the increase in temperature increases the value of conductivity, denoting the 

semiconducting behaviour and a thermally activated conduction in our compounds. We have 

analysed our experimental data with the Arrhenius model for HBCO0 and HBCO2, whereas 

for HBCO3, the results obtained are interpreted according to Mott’s VRH model. The 

activation energies are calculated from the Arrhenius plots (Fig.11) in accordance with the 

relationship [61, 63]: 

                                                     σDC = σ0 exp(-Ea/KBT)                                                             (15) 

where σ0 the pre-exponential factor, Ea the activation energy, KB Boltzmann constant and T 

the absolute temperature. The Ea values were found to decrease with increasing the amount of 

Ba in the samples (Table 4). These values suggest that the conduction mechanism can be 

explained by the polaron hopping between the nearest neighbouring sites [61, 63, 64]. In this 

case of mixed-valence chromites, the formation of the polaron Cr4+-O-Cr3+ can be related to 

charge carriers localization [64] which is a direct consequence of cooperative Jahn Teller 

distortion [65]. As already mentioned, such an effect was found to decrease with the increase 

of the Ba content, leading to the increase of the electronic bandwidth W given by [6, 66, 32]: 

                                                         ( )3.5

Cr-O

π-γ
cos

2
W

d

 
 
 ≈                                                      (16) 

where γ is the Cr-O2-Cr bond angle and dCr-O is the Cr-O bond lengh. 

W is characterised by the spatial overlap between the Cr(3d) an O(2p) orbitals . Further, the 

rise of the width conduction band W (decrease of Ea), controlled by the decrease of dCr-O, can 

be confirmed not only by the increase of the tolerance factor value (Table 1)[32,13] but also 

by the decrease of  the direct band gap Eg as already mentionned. 

        In addition, the decrease of the activation energy can be justified by the increase of the 

cell volume of the samples (Table1) according to Wakamura’s relationship [67]: 

 

                                                             Ea=Av/V
2/3                                                                  (17) 
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where Av is a constant, and V is lattice volume. 

However, for HBCO3, the conduction mechanism was described by VRH model. In fact, at 

low temperatures, the thermal energy is not sufficient to allow the electron hopping between 

the nearest neighbour sites but is possible to hop further to find a localized state with a smaller 

potential difference. The conductivity data were fitted using Mott’s law [68]: 

                                                σDC = σ0 exp (-(T0/T) 1/4)                                                        (18) 

where σ0 and T0 are constant.  

According to the VRH mechanism, the Mott characteristic temperature T0 is given by [68, 

69]: 

T0= 24/πKB N(EF)ξ              (19) 

where N(EF) is the electronic density of states at the Fermi level and ξ is the radius of 

localization length . 

 The hopping distance Rhop and hopping energy Whop can be written at a given temperature 

as[68,69]: 

Rhop=ξ
1/4/ [8πN(EF)KBT]1/4 (20) 

Whop = 3/[4πRhop
3N(EF)]      (21) 

From the linear fitting to the experimental data, we found, by taking ξ= 1.729A° [70], that T0 

=1.107 107 K and N(EF)=1.547 1021 (eV)-1Cm-3 .The calculated values of Rhop and Whop are 

tabulated in Table 5. From this table, it can be seen that, as temperature increases, the hopping 

distance decreases and the energy hopping increases. The hopping distance Rhop and the 

bandwidth are correlated. In fact, the diminution of Rhop enlarges the bandwidth which in turn 

increases the electrical conductivity [13]. 

To identify the nature of conduction mechanism, the AC electrical conductivity was measured 

in accordance with the relationship [71]:  

σAC = e Z'/S(Z'2+Z"2)               (22) 
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Fig.12a shows the frequency dependence of AC conductivity σAC at 873 K for Ba 

concentration x=0.0 and at several temperatures for HBCO3 (Fig.12b). 

By analyzing these plots, it is observed that a low-frequency independent region 

corresponding to the DC conductivity is followed by a high frequency dependent region 

where conductivity increases with the increase in frequency. The frequency at which the 

transition between the two regions occurs is called the frequency hopping noted fhop. From fhop 

we can calculate the hopping time τhop (fhop=1/τhop). The origin of the frequency dependence 

of AC conductivity lies in the hopping of mobile charge carriers. At high frequencies, it is 

noticed that curves come closer to each other, revealing the presence of space charges [72]. 

Further, the curves exhibit an increase of the conductivity by raising the amount of 

Ba(Fig.12a) or the temperature(Fig.12b). 

        The phenomenon of conductivity dispersion can be explained using Jonscher’power law 

[60]: 

σAC= σDC+A1f 
S1+A2f 

S2(23) 

where σDC is DC conductivity, A1 and A2 are constant factors, f frequency, S1 and S2 the 

power law exponents varying between 0 and 1. S1 and S2 depend on frequency and 

temperature. 

In addition, the behavior of the power law exponent as a function of temperature is a powerful 

tool to identify the nature of conduction. That is why various theoretical models have been 

proposed to explain the conduction mechanism based on the S(T) relation. The temperature 

dependence of S1 and S2 for the samples under investigation as obtained from fitting the 

experimental data is shown in Fig.13. First, we can notice that the two parameters vary in the 

same way. For HBCO0, it is clear that S1 and S2 increase when increasing the temperature, 

suggesting that the non-overlapping small polaron tunneling (NSPT) modelis suitable for the 

present compounds. In this model, small polarons are formed when a charge carrier deforms 
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the surrounding lattice and a tunneling process is responsible for conductivity.According to 

this model, the exponent is given by[71,73]: 

                                                        S1,2=1-4/(ln(1/ωτ0)-WH/KBT)                                    (24) 

where WH is the polaron hopping energy, τ0 is a characteristic relaxation time , KB is the 

Boltzmann Constant and ω is the angular frequency. For HBCO2, the values of S1 and S2 

decrease with the increase in temperature. Such a behavior can be described by the correlated 

barrier model (CBH). In this model, the conduction happens via charge carriers hopping 

process over the Coulomb barrier separating the localized sites. In CBH model, the exponent 

is evaluated as follows [73]: 

                                               S1,2=1- 6KBT/WM-KBTLn(1/ωτ0)                                        (25) 

Here, WM is the binding energy and τ0 the atomic vibration period  

For HBCO3, the exponents are found to have two different trends. In the temperature range 

373 K to 473 K, it is noted that the exponent, firstly, decreases with increasing temperature till 

423 K and thereafter shows an increasing trend up to 473K. Here, the most suitable model for 

the present sample, to interpret the conduction mechanism, is the overlapping large polaron 

tunneling (OLPT). According to OLPT model, the large polaron wells of two sites overlap 

lowering the polaron hopping energy and the power law exponent follows [74]: 

                                S1,2 = 1-  (8αRω+6WHO r0/RωKBT)/(2αRω+WHO r0/RωKBT)2                   (26) 

where r0 is the large polaron radius, WHO is a constant for all sites, Rω hopping length at the 

angular frequency ω (tunneling distance) and α is inverse localization length. Whereas, for the 

range from 473 K to 573 K, it is clear that as the temperature increases, the S1 and S2 

decrease, suggesting that the conduction mechanism can be elucidated by CBH model. 

3.6.2 Dielectric analysis 

         The complex permittivity �* is expressed by [43]: 

                                                          �*=�'(ω)-j�"(ω)                                                                   (27) 
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where the real part �’ named dielectric constant and the imaginary part are given by : 

                                                           �'=- Z"/ωC0(Z'2+Z"2)                                             (28) 

                                                              �"=- Z'/ωC0(Z'2+Z"2)                                              (29) 

where C0=eS/�0( e and S are the pellets thickness and area respectively) is the capacitance of 

the empty cell. From the last expressions we can define the dielectric loss as [43,75]:  

                                                     tan�=�"/�'                                                  (30) 

Fig.14 and Fig.15 exhibit the dielectric constant �' and dielectric loss tan� vs. frequency 

respectively. As can be seen from these figures, for all the compounds, both �' and tan� 

decrease on increasing frequency, revealing dispersion behavior at low frequency range. Such 

a behavior is commonly observed in polar dielectric materials [76]. 

From the plots, it is visible that dielectric constant is higher at low frequencies. It is well-

known that the polarization of dielectric material results from the contributions of all 

polarization types (interfacial, dipolar, ionic and electronic) [77]. At low frequencies, �' is 

maximum because the space charge polarization and dipolar polarization are the most 

important [77], but as the frequency of the applied electric field increases, more and more 

space charges are unable to follow the rapid variations of the external applied field as well as 

dipoles leading to the diminishing of polarization[64,77] and hence �' decreases. Analogously, 

the dielectric loss decreases in the same way as dielectric constant. 

         On the other hand, on decreasing temperature, �' and tan� rise slightly, indicating that 

the dielectric relaxation in the samples is thermally activated [78]. Further, it must be noted 

that for x=0.3, the best values of �' were observed with the lowest dielectric loss as compared 

with the other prepared compounds. In fact, Table 6 summarizes the best results obtained in 

the case of x=0.3 and shows the comparison of our work with other compounds reported in 

the literature. These properties offer an excellent promise to this product for technologically 

important dielectric applications such as memory devices and capacitors. 
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3.6.3 Modulus analysis 

         Modulus formalism is another method to analyze the relaxation phenomenon. The 

complex electric modulus M* corresponds to the relaxation of the electric field in the system 

when the electric displacement is constant. M* was obtained from the complex dielectric 

permittivity using the following relation [77]: 

                                           M*=1/�*= 'M +j ''M                                                            (31) 

where 'M and ''M  are  respectively the real and imaginary parts of modulus. 

         Fig.16 shows the ''M vs. frequency at different temperatures for all the prepared samples. 

''M spectrum is characterized by the appearance of slightly asymmetrical peaks, suggesting 

non-Debye type dielectric relaxation [75] but close to ideal behavior. The peaks shift towards 

the higher frequency side with increase in temperature as well as Ba content hence time 

relaxation decreases. Such behavior is attributed to the correlation between motions of 

charges carriers and indicates that the dielectric relaxation process is thermally activated. The 

relaxation time τ associated to each peak is calculated from the frequency at which the 

maxima of ''M occurs. The frequency range below peak maximum is associated to the region 

in which charge carriers are mobile on long distances. However, at frequency above peak 

maximum, the carriers are cramped to potential wells, being mobile on short distances [64, 

75]. Further, an exception is observed in the case of HBCO3. In fact, two peaks are observed. 

One appears at low frequency region and the other at high frequency region which are 

essentially associated to the relaxation process of grains and grain boundaries [83]. 

In order to explain the asymmetric nature of peaks, the experimental data was fitted using the 

following modified KWW function suggested by Bergman [84] : 

                                                       

''M'' Max
M =                           (32)

β
fβ fp

(1-β)+ β +
1+β f fp
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where ''M max is the peak maximum of the imaginary part of the  modulus, fmax is the peak 

frequency ofthe imaginary part of the modulus and β (0< β<1) is the stretched exponent 

parameter indicating the deviation from Debye-type relaxation (β=1). This parameter is also 

related to the interaction between mobile charges carriers. 

The values of β are given in Table 7 and are found to be less than unity for all the compounds. 

This confirms the non-Debye type of the dielectric relaxation process. From Table7, one can 

see the slight increase of β with the rise of temperature and Ba amount indicating a decrease 

in the correlation between the charge carrier and its vicinity. 

3.7 Magnetization analysis 

         Fig .16 shows the hysteresis loops of Ho1−xBaxCrO3 (x = 0.0, 0.2, 0.3) samples 

measured at 5 K and HoCrO3 at room temperature. These measurements were collected using 

the magnetic field (H) range [-10, 10 T] for x=0.2 and x=0.3, and [-5,5T] for x=0.0. 

It is clear that all the samples exhibit a nonlinear magnetization dependence on the magnetic 

field at 5 K. In addition, they showed a weak ferromagnetic behaviour and the saturation 

phenomenon increases slightly with increasing Ba amount. The enhanced ferromagnetic 

magnetization in Ba-substituted HoCrO3 compounds can be correlated to the lattice structural 

change in Cr-O-Cr bond angle and Cr-O bond distance which induces a variation of the 

volume as shown in Table 1 inducing the formation of oxygen vacancies and a decrease in 

cooperative Jahn-Teller effect as already mentioned. In fact, the increase of Cr-O2-Cr bond 

angle (approaching to the ideal case of 180°) leads to the increase in the double exchange 

interaction and thus increases 3d (Cr)-2p (O) hybridation and the bandwidth in the material. 

Further, the increase of A-site ionic radii enlarges the bandwidth W via the variation of the 

Cr-O2-Cr bond angle and Cr-O bond length. The increase of W, as the Ba amount increases, 

leads to a narrowing of the band gap energy, suggesting the weak ferromagnetism 
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enhancement. Additionally, the presence of magnetic moment at the A site improves the 

magnetization owning to the polarisation of the rare earth Ho3+ by Cr3+ [85-87]. 

The enhancement of magnetization with Ba2+ concentration was previously observed by M.M. 

El-Desoky et al [88], S.K. Mandal et al. [89] and G. Dhir [90]. On the other hand, HBCO0 

remains in a linear paramagnetic phase at 300 K.  

The temperature dependence of magnetization with zero-field cooling (ZFC) and field cooling 

(FC) obtained at a field of 0.2T are shown in Fig .18. In all the samples, we can observe a 

bifurcation around 143K which is attributed to the magnetic ordering of Cr3+ sub-lattice [91]. 

At temperatures above TN=143K (Neel Temperature), the paramagnetic behavior is dominant, 

while below this temperature there is a weak ferromagnetic behavior for all the samples. The 

net magnetic moment is associated to the small canting angle of the Cr3+ spin moments 

followed by the tilting of two adjacent CrO6 corner-sharing octahedra, with a Cr-O2-Cr bond 

angle ≤180°. Just below TN, the magnetic properties are dominated by Cr3+magnetic moments 

which order antiferromagnetically  through the superexchange mechanism and the Ho3+- Ho3+ 

sublattice orders at very low temperatures ( 2 - 15 K) [92]. Moreover, ZFC measurements of 

HoCrO3 did not show negative magnetization. However, at very low temperatures, HBCO2 

and HBCO3 show negative magnetization which is assigned to diamagnetic phase due to the 

anti-parallel ordering of the paramagnetic Ho3+ and the Cr3+ magnetic moments [93,94].   

To obtain the magnetocaloric effect, the isothermal magnetization M (µ0H) curves measured 

at various temperatures around the Neel temperature for Ho1−xBaxCrO3 compounds are shown 

in Fig.19. As we can see, the isotherm plots exibit a linear rapid increase for all the samples. 

Such a behaviour seems to be similar to that of the compound La0.4Ca0.6MnO3 [95]. Further, 

the magnetization of the investigated samples does not saturate suggesting the presence of 

spin disorder in the system, with Cr3+ and Cr4+ ions in different spin states together with the 

ferrimagnetic Ho3+ and paramagnetic Ba2+ ions. 
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The magnetocaloric effect is determined in terms of isothermal magnetic entropy change ∆S 

using the magnetization isotherms around the transition temperature TN and by utilizing 

Maxwell’s relationship:    

 

                                               T H

S(H,T) M(H,T)

H T

∂ ∂   =   ∂ ∂                              (33) 

 

                           

0 0H H

0 0
T H

S(T,H) M(T,H)
∆S(T, H)= dH dH

H T

µ µ∂ ∂   ∆ =   ∂ ∂   ∫ ∫
        (34)                                              

Hence, ∆S can be numerically calculated using Eq (35) and the measured magnetization as a 

function of magnetic applied field and temperature [96]. 

                          

i+1 i+1 i i
ii

i+1 i

M (T ,H)-M (T ,H)
S(T,H)= H

T -T
∆ ∆∑

      (35) 

Where Mi and Mi+1 are the magnetization values measured under a magnetic field ∆Hi, at Ti  

and Ti+1, respectively. 

         Fig.20 shows the temperature dependence of the magnetic entropy change under the 

magnetic applied field changes of 5T for HBCO0, HBCO2 and HBCO3 samples. 

The (-∆S) exhibits a maximum near the Neel temperature (TN ≈143 K). It is noticed that it 

increases from 3.22 J /kg K for x = 0.0 to 5.79 J/Kg K for x = 0.3 under magnetic field 5T. 

The large magneto-caloric effect observed in these materials can be associated to its sharp 

magnetization change at the antiferromagnetic-paramagnetic transition as well as the presence 

of nano-crystallite field effects. Another important parameter of refrigerant materials is the 

relative cooling power (RCP) which is used to evaluate the cooling efficiency of a magnetic 

material for applications in magnetic refrigeration. The (RCP) is given by the following 

equation [96]: 

                                         
max
M FWHMRCP= S Tδ− ∆ ×                               (36) 
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where, FWHMTδ  is the full-width at half maximum peak and
max
MS−∆  is the maximum value of 

magnetic entropy change.  

In order to examine the usefulness of our samples, we made a comparative study of TN,

max
MS−∆  and RCP with other magneto-caloric materials found in literature with low 

temperature magnetic transitions. The results are summarized in Table 7.  

 

Conclusion  

The Ho1-xBaxCrO3(x=0.0, 0.2, 0.3) nanoparticles were prepared by sol-gel route. The Rietveld 

refinement of XDR data showed that all samples show a distorted orthorhombic structure with 

a Pnma space group which is confirmed by Raman spectroscopy. Raman analysis gives 

evidence for the formation of polarons whose origin is the Jahn-Teller distortion. This effect 

was found to decrease with the increase of Ba content. From thermal analysis, we can 

conclude that the products are thermally stable. The room temperature UV/VIS/NIR diffuse 

reflectance spectra indicate that the as-prepared samples are in a direct band gap materials 

with a strong UV-Visible absorption band indicating that these materials are good candidates 

for solar cells. Pl spectra exhibit a significant emission in both visible and Near-infrared 

regions. Such a result may be fruitful for future optoelectronic applications of these materials. 

The impedance spectroscopy showed that the dielectric relaxation is of non-Debye type. 

The variation of DC conductivity as a function of temperature exhibits that while the 

compounds HBCO0, HBCO2 obey the Arrhenius law with activation energies of  0.518, 

0.491, 0.452 respectively, the HBCO3 is found to obey Mott’s law. The values of activation 

energy lead us to conclude that conduction is due to polaron hopping based on the electron 

carriers. The AC conductivity was found to obey Jonscher’s law. As  a result, the conductivity 

mechanism in the materials was explained based on the temperature dependency of the 
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exponent S. The dielectric properties of the samples under investigation were studied and 

explained in view of interfacial polarization. Exceptionally, for x=0.3, high values of 

dielectric constant and low dielectric loss, especially in low frequency range, were observed. 

Such a finding makes this product an attractive candidate for several industrial applications. 

Modulus formalism showed similar behavior as impedance spectroscopy (non Debye 

behavior) and a short relaxation time. Here, again, HBCO3 presents the exception that it 

shows two peaks related to grains and grains boundaries contributions to electrical response. 

From magnetic measurements, we discover a large magnetocaloric effect which makes the 

present samples excellent candidate for magnetic refrigerators at low temperature. 
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Table 1.Space group,  lattice parameters, tolerance factor t, unit cell volume V,  orthorhombic 
deformation c/a, distortion bond angle O2-Cr-O1, tilt bond angle Cr-O2-Cr, average bond 
length Cr-O, bandwidth W, full width at half maximum fwhm, grain size D, refined fractional 
atomic coordinates and refinement parameters (χ2, Bragg R-Factor, Rwp) at room temperature 
of Ho1-xBaxCrO3 and compared with other results.   
 
Samples                 HBCO0       HBCO2        HBCO3            SmFeO3       Ba0.7Sb0.3MnO3     
Space groupe          Pnma             Pnma             Pnma                Pnma[30]          Pnma[31] 
a(Ǻ)                             5.5182          5.5223            5.5251                            
 
b(Ǻ)                             7.5347          7.5469            7.5563              
 
c(Ǻ)                             5.2465          5.2569              5.2658             
 
t                                   0.809            0.840              0.856         
 
V(Ǻ3)                        218.089          219.012          219.794               231.85                219.4  
 
c/a                               0.950            0.952              0.953                    1.424                  1.353 
 
O2-Cr-O1(°)               78.66            92.42              91.47                
 
Cr-O2-Cr(°)                150.6           151.12               152.05                 152.38 
 
Cr-O(Å)                       2.120              1.940                1.939 
 
W ~(1035)                     0.060           0.095              0.096           
 
fwhm(±0.01×10-3rd)    3.582           3.081              2.913  
 
D(±0.123nm)               40.502         47.006           49.717                   100.2                    49   
<RA>  (nm)                  0.0901         0.0988           0.1032 
 Ho position 4c (x,1/4,z)                        
x                                      0.07969        0.08587      0.10217 
z                                     -0.01702       -0.01582     -0.01698 
Ba position 4c (x,1/4,z) 
x                                      0.11126       0.08587      0.10217                                                 
z                                     -0.01694      -0.01582     -0.01698 
Cr position 4b (0,0,1/2) 
O1 position 4c (x,1/4,z)                        
x                                      0.42880        0.44528     0.45980 
z                                      0.10448        0.09448     0.09848 
O2 position 8d (x, y, z) 
x                                      0.30236        0.29236     0.29229 
y                                     -0.15403        0.05184      0.05194 
z                                       0.30308       0.28736    -0.29808           
χ2                                     1.133            1.331         2.041      
Bragg R-Factor               1.346            1.502         1.678 
Rwp                                  10                 12              13          
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Table 2.  Band gap energy Eg and Urbach energy Eu values. 
                               HBCO0     HBCO2     HBCO3       LaCrO3[53] 
Eg1(eV)             2.305          2.188        2.080            3.09 
 
Eg2(eV)                     1.778          1.743        1.605             2.3 
 
Eu  (eV)                    0.033           0.028       0.026                - 
 
 
 
 
Table 3. Values of electrical parameters obtained from the fitting of impedance spectra. 
 
                                         Rg                   Ag                  Rgb             Agb               ng               ngb 

HBCO0 (T=600K)             1.176 106       7.013 10 -12
            -                 -                0.997             -                                                                                                         

   
HBCO2 (T=600K)        7.380 104      4.340 10-11           -                 -                0.928             - 
 
HBCO3 ( T=373K)       9..301107      2.256 10-11       1.5  104        1 10-6          0.964         0.96 
 
      -       (T=423K)        1.685 107      1.983 10-11       1.55 104       1.102 10-6   0.98           0.9 
 
      -       (T=473K)        1.401 107     1.784 10-11        2 104            5 10-7          0.988         0.89 
 
      -       (T=523K)        8.624 106     1.780 10-11            4 104            6 10-8              0.988         0.85 
             
       -      (T=573K)        4.496 106     1.7736 10 -11    6.11 104           1.07 10-7     0.990          0.73 
 
 
 
 
 
 
 
Table4.  Activation energy values (eV) 
 
Samples         HBCO0             HBCO2           Ba0.85 Sb0.15MnO3 (Ba0.85Sb0.15)(Ti0.9Zr0.1)O3  

Reference           Our work          Our work                    [31]                             [75]                                                                                    

Ea(±0.007eV)    0.518            0.452                      0.494                  0.743 
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Table5. Hopping energy and hopping distance values at  several temperatures. 
 Samples      T(K)          Whop(eV)        Rhop (A°) 

  HBCO3        373              0.67               6.128     

        -              423              0.742              5.938             

        -              473              0.807            5.775      

        -              523              0.870            5.631      

        -              573              0.932                5.504                                                                                                

 
 
 
 
Table 6. Comparison of dielectric constant ε’, dielectric loss tanδδδδ, relaxation dipolar time τ, 
AC conductivity σAC and hopping time τhop values of HBCO3 with samples of other works at 
473 K  and 10 KHz.   

 
 Samples          ε’(F.m-1)   tanδδδδ     τ 1(ms)      τ 2(µs)        σAC (µS.m-1)   τhop (µs)            Ref          
HBCO3              85           0.7            0.9            4.6              8.8                 20             Our Work 
BaZrO3              15           0.02           -               -                  -                     -                         [79] 
SmCrO3                    80 0.25            -               -                  -                     -                         [80] 
SrZrO3                       25          0.8            0.2             -                  2                   20                        [81]    
YMnO3            150             -              10            50               1                   10-3                       [82] 
 
  
Table7. Stretched exponential parameter values at different temperature for HBCO0,  
HBCO2 and HBCO3 samples. 
 
     T(K)           β(HBCO0)               β(HBCO2)               β1(HBCO3)                   β2(HBCO3) 
 
     373                 -                                 -                           0.850                              0.876 
      
     473                  -                                 -                           0.862                             0.883 
 
     523                  -                                 -                           0.998                              0.993 
 
     673                0.735                       0.776                          -                                      - 
 
     723                0.745                       0.784                          -                                      - 
 
     873                0.769                       0.813                          -                                      -                 
 
 
 
 
Table 8. Magnetic ordering temperature (TN,), maximum values of ( max

MS−∆ ) and the relative 

cooling power (RCP) under the magnetic field change µ0∆H(T) of HBCO0, HBCO2 and 
HBCO3 compounds and some potential magnetic refrigerant materials. 
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Samples           µ0∆H(T)       TN (K)         max -1 -1
M-∆S (J.Kg .K )      RCP(J.Kg-1)             Reference   

HBCO0                   5             142                   3.22                       74.141                      our work 
HBCO2                   -              142                  4.59                       97.172                             - 
HBCO3                   -              143                  5.79                      115.479                            - 
HoMnO3                 7              12                    8                            152                                 [97] 
SmMnO3                 5              57                   7.5                           75                                  [98]   
YCr0.85Mn0.15O3      5              39                   0.186                        6.65                              [99]        
 
 
 
 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1.Rietveld fit of XRD patterns of  HBCO0,HBCO2 and HBCO3 at room temperature. The 
red dots represent the experimental data, the continuous black curve is the calculated pattern 
and the blue curve at the bottom represent the difference between the experimental and 
calculated profiles. The green bars show the position of Bragg reflections. Insets show the 
fitting of the main peaks at around 2θ= 33.4°. 
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Fig 2.The graphical representation of distorted orthorhombic (Pnma) perovskite crystal 
structure of Ho1-xBaxCrO3 (x=0.0, 0.2, 0.3) at room temperature. 
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Fig. 3. IR spectra of Ho1-xBaxCrO3 (x=0.0, 0.2, 0.3) at room temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

Fig 4. Raman Spectra of HBCO0, HBCO2 and HBCO3 samples at room 
temperature. 
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Fig 5. DTA-TGA curves of Ho1-xBaxCrO3 (x=0.0, 0.2,0.3) powder. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 6.  UV/VIS/NIR Absorption spectra of Ho1-xBaxCrO3 (x=0.0, 0.2, 0.3) powder  at room 
temperature. 
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Fig 7. Plot of (αhυ)2 vs. hυ for HBCO0, HBCO2 and HBCO3 samples at room 
temperature.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 8.Ln (α) vs photon energy for HBCO0, HBCO2 and HBCO3 samples at room 
temperature.  
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Fig 9.Emission spectra for Ho1-xBaxCrO3 (x=0.0, x=0.2 and x=0.3) powderat room 
temperature under the excitation wavelength  λext=280nm. 
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Fig 10.Nyquist (Z'-Z'')plots of (a) Ho1-xBaxCrO3(x=0.0) compounds atthe temperature 
T=873Kand (b) Ho1-x BaxCrO3(x=0.3) atdifferent temperatures with electrical equivalent 
circuits (inset). 
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Fig 11.Temperature dependence of Ln(σDC) HBCO0, HBCO2 and HBCO3 samples. 
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Fig12. Frequency dependence of the AC conductivity (σAC) for (a) Ho1-x BaxCrO3(x=0.0, 
x=0.2) compounds at the temperature T=873Kand (b) for Ho1-x BaxCrO3(x=0.3) at different 
temperatures. 
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Fig13.Temperature dependence of the exponent S for Ho1-x BaxCrO3(x=0.0, 0.2 and 0.3). 
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Fig 14. (a)Frequency dependence of the dielectric constant (ε') and (b) the dielectric loss 
(tanδ) for Ho1-x BaxCrO3(x=0.0, x=0.2) compounds at the temperature T=773K. 
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Fig 15.(a) Frequency dependence of the dielectric constant (ε') and (b) the dielectric loss 
(tanδ)for Ho1-xBaxCrO3(x=0.3) at different temperatures. 
 
 
 
 
 
 
 
 
 

(a) 

(b) 
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Fig 16.Frequency dependence of the electric modulus (imaginary part M") for (a) HBCO0, 
HBCO2 and (b) HBCO3 samples. 
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Fig 17.Hysteresis curves measured at T=5K for Ho1-x BaxCrO3(x=0.0, 0.2 and 0.3) and 
forHoCrO3 at 300K. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 18.Temperature dependence of magnetization for Ho1-x BaxCrO3(x=0.0, 0.2 and 0.3) 
measured at 0.2T. 
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Fig 19.Magnetization vs. applied magnetic field, measured at different temperatures, for 
HBCO0, HBCO2 and HBCO3 samples. 
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Fig 20.Temperature dependence of the magnetic entropy change ∆SM upon the field change 
of 5 T for HBCO0, HBCO2 and HBCO3 samples. 
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