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Impact of co-doping of Gadolinium (Gd) and Manganese (Mn) ions on the structural, electrical, 

optical and magnetic properties of SmCrO3 (SCO) orthochromite compound has been 

systematically investigated for the first time. The lattice volume expanded with only Mn 

substitution whereas it shrinks in the co-doped compounds. The tolerance factor decreased while 

the orthorhombic distortion was found to increase with co-doping. Tilt angle, θ[101] (
ο) increased 

in the co-doped compounds. On the contrary, ∅[010] (ο) initially decreased and then increased. 

The increased orthorhombic distortion with co-doping also influenced the Raman modes. The 

electrical resistivity got enhanced in the co-doped samples and its behavior was explained based 
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on Mott’s variable range hopping model. Hopping energy and mean hopping distance have also 

been estimated for the co-doped compounds. The optical bandgap of pristine SCO compound 

was observed to vary with co-doping, signifying the potential applications of these compounds as 

photocatalyst. Two compensation temperatures (defined as a temperature where the 

magnetization changes polarity) were noticed in co-doped compounds. The magnetization 

reversal was observed in all the co-doped compounds under lower applied magnetic field. The 

low temperature magnetocaloric effect got enhanced significantly with increasing co-doping 

content implying the usefulness of these compounds as low temperature refrigerant materials. 
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1. Introduction  

Multiferroics, with more than one ferroic order, are one of the most important class of 

materials being investigated widely due to the presence of strong correlations between their 

structural, magnetic and electric properties [1-2]. Orthochromites, with the general chemical 

formula RCrO3 (R = Y or trivalent rare-earth ion) and a distorted orthorhombic structure, belong 

to the family of multiferroics. Due to the competition of magnetic exchange interactions between 

Cr3+ and R3+ ions, they exhibit very exciting phenomena such as: field and temperature induced 

magnetization reversal (TIMR), spin reorientation (SR) and exchange bias (EB) [3-11]. These 

properties are useful in magnetic data storage, thermally assisted magnetic read heads, thermo-

magnetic switches, and  thermally assisted magnetic random access memories [8, 12-15]. 

Moreover, they demonstrate canted antiferromagnetism (CAFM) in G-type configuration below 

the Néel temperature (TN) in the range of 110 - 290 K, which depends upon the ionic size of the 

tri-valent rare-earth ion(s) present [3-5, 9, 16]. The canted AFM arises due to the antisymmetric 

Dzyaloshinskii-Moriya (DM) interaction and is responsible for the appearance of weak 

ferromagnetism in these materials [17-18]. The semiconducting nature of orthochromites may 

also play a significant role in the future ultra-violet photonic and spin-photonic devices such as 

solid-oxide fuel cells, magneto-optical properties, catalytic converters, solar blind UV 

photodetectors, light-emitting diodes and gas sensors etc. [19-25]. 

Orthochromites are also useful in low temperature magnetic refrigeration [5, 26-28]. The 

research towards the development of a new magnetic refrigeration technology has increased in 

the last two decades. This technology is based on magnetocaloric effect (MCE). It has an 

attractive perspective related to materials utilization as cheaper, safer, more efficient, and 

environment friendly in comparison to the standard gas-based cooling techniques. The magnetic 
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entropy change (∆S) and the relative cooling power (RCP) parameters decide the MCE. For 

example, Yin et al. observed giant MCE at 2 K in GdCrO3 single crystal due to the ordering of 

Gd3+ ions. The value of  – ∆S was equal to 31.6 J/kg K for a field change (∆H) of 44 kOe [29]. In 

another rare-earth compound, HoCrO3, a value of – ∆S = 4.2 J/kg K at 20 K for a ∆H of 40 kOe 

has been reported. It was observed that by Gd doping at Ho-site, MCE can further be enhanced, 

and the  value of – ∆S ~ 8.5 J/kg K was observed in Ho0.67Gd0.33CrO3 under the same (∆H, T) 

conditions [26]. McDannald et al. demonstrated – ∆S = 4.6 J/kg K and RCP = 217 J/kg for the 

DyCrO3 system in  5 - 30 K temperature range at 40 kOe of ∆H magnetic field variation [30]. 

Among all the chromite compounds, SmCrO3 (SCO) has gained significant attention 

recently. It depicts paramagnetic to canted AFM transition ~192 K due to the ordering of Cr3+ 

spins. Further, with lowering temperature, the spontaneous change in magnetic structure, known 

as spin reorientation transition, occurs ~ 34 K due to the rotation of  Cr3+ spins from one easy 

direction to the other [31-32]. The controversy of magnetization reversal in SCO is yet to settle 

down. For example, Gupta et al. reported giant temperature dependent magnetization reversal 

along with a large exchange bias and coercivity in SCO compound [31]. The magnetization 

reversal occurred due to the internal field generated by the canted Cr3+ spins on the rare-earth 

site. This internal field causes the rotation of Sm3+ spins opposite to the canted Cr3+ AFM 

component. On the contrary, Wu et al. and Dash et al. could not detect any signature of 

magnetization reversal in this compound [32-33]. Dielectric studies on SCO compound showed 

colossal dielectric constant on the order of ~ 104 at room temperature which was associated to 

the grain boundary effects [34]. SCO also exhibits signature of ferroelectricity confirmed 

through dielectric and Raman spectroscopic techniques [34-35]. These properties make SCO a 

multiferroic material. As far as its magnetocaloric properties are concerned, Gupta and Poddar 
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observed inverse and direct magnetic entropy change at and above spin reorientation transition 

(TSR) with – ∆Smax values ~ –24×10-2& 13×10-2 J/kg-K, respectively [36]. Kumar et al. induced 

magnetization reversal in SCO compound with manganese substitution at chromium sites and 

observed an enhancement in MCE at low temperatures in comparison to the pristine one [6]. 

Recently, we have studied Sm0.9Gd0.1Cr0.85Mn0.15O3 compound and reported magnetization 

reversal and the enhanced MCE [37].  

In this article, we have investigated structural, optical, electrical properties of the 

SmCrO3 and Sm1-xGdxCr0.85Mn0.15O3 (‘x’ = 0, 0.10, 0.20 and 0.50) orthochromites. Additionally, 

the magnetic and magnetocaloric properties of co-doped compounds have also been explored. 

Such studies have been scarcely carried out in co-doped orthochromite compounds. Therefore, 

through this work we report them in Sm1-xGdxCr0.85Mn0.15O3 orthochromites. 

2. Experimental details  

SmCrO3 and Sm1-xGdxCr0.85Mn0.15O3 (with ‘x’ = 0, 0.10, 0.20 and 0.50) compounds were 

prepared by solid-state reaction method using high purity Sm2O3 (99.9%), Gd2O3 (99.99%), 

Cr2O3 (99.9%) and MnO2 (99.99%) as starting materials. Details of the samples synthesis 

procedure and x-ray diffraction measurements are given in ref. [37]. In this article, we have 

coined the abbreviations as SCO, SCMO, 10SGCMO, 20SGCMO and 50SGCMO for SmCrO3, 

SmCr0.85Mn0.15O3, Sm0.9Gd0.1Cr0.85Mn0.15O3, Sm0.8Gd0.2Cr0.85Mn0.15O3 and 

Sm0.5Gd0.5Cr0.85Mn0.15O3 compounds, respectively and henceforth only these abbreviations will 

be used. The field emission scanning electron microscopy (FESEM) images were acquired using 

a Mira3 TESCAN instrument. Raman spectra were recorded at room temperature in the 

frequency range 100 - 800 cm-1 using a Raman spectrometer (Thermo fisher scientific) with an 

excitation source of 532 nm wavelength. Temperature dependent electrical resistivity �(�) 
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measurements were performed using standard four-probe technique in the temperature range of 

220 - 310 K. Optical absorbance measurement of the samples was carried out at room 

temperature using the Perkin Elmer Lambda 750 UV - Vis - NIR spectrophotometer in the 

wavelength range of 300 - 1000 nm. Magnetization was measured using a vibrating sample 

magnetometer attached to a physical property measurement system (Quantum Design Inc., 

USA).  

3. Result and discussion  

3.1 Structural and morphology study 

Fig. 1 (a-c) displays the XRD patterns of few compounds viz. SCO, 20SCMO and 

50SGCMO along with Rietveld refinement using Fullprof software. The best refinement was 

completed by choosing Pnma space group with orthorhombic structure. The lattice parameters of 

all the compounds were calculated from the refinement and summarized in table 1. The lattice 

parameters of the SCO and SCMO samples are found to be comparable to the reported data [6, 

37]. It is noticed that the lattice volume of the SCMO compound is larger than that of SCO. This 

is attributed to the larger size of Mn3+ ion (rMn
3+ = 0.645 Å) when compared with Cr3+ ion (rCr

3+ 

= 0.615 Å). As we substitute Gd3+ ions at Sm-site, the lattice volume decreases with the 

increasing Gd substitution, owing to the smaller ionic radius of Gd3+ ion (rGd
3+ = 1.053 Å) in 

comparison to Sm3+ ion (rSm
3+ = 1.079 Å) [38]. The average rare-earth ionic radius		��	
. =

(��� × ���
� ) + ((1 − �)�� × ���� ) of the compounds is tabulated in table 1. The Goldschmidt 

tolerance factor (t) has a great role in deciding the stability of the perovskite structure. We have 

calculated the tolerance factor for all the compounds (summarized in table 1) using the formula, 

� = 	 (�� + ��)/√2(�� + ��); where RA and RB are the average ionic radii of rare-earth and 
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chromium site cations, and RO is the ionic radius of anion (O2-). These values are in accordance 

with the proposed range of ‘t’ in between, 0.75 < t < 0.9, for an orthorhombic distorted structure 

[39 - 40]. The orthorhombic distortion of the unit cell from the ideal cubic structure, defined by 

the orthorhombic strain factor	 = 2(! − ")/(! + "), was calculated and shown in table 1. From 

there, it can be noticed that ‘t’ decreases but ‘S’ increases with decreasing 		��	
. Further, to 

quantify the octahedral distortion, the octahedral bond length (# − $) and tilt angles were 

calculated from the lattice parameters according to the Zhao formalism [41];	# − O = !&/4", 

([*+*] = cos0*( "/!) and  ∅[+*+] = cos0*(√2"/&)	[table 1]. It can be seen that # − O bond 

length increases in the co-doped samples because of larger ionic size of Mn3+ ions than Cr3+ ions. 

The tilt angles of the SCO compound are found to be comparable to the reported data [40]. The 

BO6 octahedron rotates around both planes i.e. in-plane (along a and c axis) and out-of-plane 

(along b axis). The in-plane tilt ([*+*] is more than the out-of-plane tilt ∅[+*+] [table 1]. Here, one 

can notice that with only Mn doping i.e. in SCMO compound,  ([*+*] value increases whereas 

∅[+*+] decreases with respect to the pristine compound. Effect of Gd doping is opposite as the 

values for both the angles increase with increasing Gd content indicating an increase in the 

orthorhombic distortion. The Ø[101] value in the 50SGCMO is near to undoped SCO compound 

because with increasing Gd content two rotations occur about the ∅[010] axes and with increasing 

the doping concentration of Gd ions the rotation angles cancel each other (please refer to 3D 

crystal cell structure for SCO, 20SGCMO, and 50SGCMO compounds in Fig. 1). 
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Figure 1: (a-c) Rietveld analysis results of the powder XRD patterns along with the 3D crystal 

cell structure for SCO, 20SGCMO, and 50SGCMO compounds.  

 

Table 1: Lattice parameters, tolerance factor (t), orthorhombic strain (S), average A-site ionic 

radius (Ravg), bond length (<B-O>), octahedral tilt angles, crystallite size and average grain size 

(G) of the compounds. 

 

Samples SCO SCMO 10SGCMO 20SGCMO 50SGCMO 
a (Å) 5.5013(2) 5.5176(1) 5.5203(2) 5.5250(3) 5.5411(2) 
b (Å) 7.6451(2) 7.6345(3) 7.6292(3) 7.6257(1) 7.6138(1) 
c (Å) 5.3676(1) 5.3689(2) 5.3631(2) 5.3589(1) 5.3437(2) 
V (Å3) 225.7504 226.1601 225.8694 225.7811 225.4444 

t 0.871 0.869 0.868 0.867 0.865 
S 0.0246 0.0273 0.0288 0.0305 0.0362 

Ravg (Å) 1.079 1.079 1.076 1.073 1.066 
<B-O> (Å) 1.9588 1.9614 1.9632 1.9655 1.9737 
θ[101] ( ο) 12.66 13.35 13.69 14.09 15.34 
∅[010] (

ο) 6.81 6.02 6.17 6.37 6.99 
Crystallite	
size	(nm)	

94.78 
 

87.56 
 

119.05 
 

166.11 
 

219.29 

G (µm)	 0.73 1.34 1.41 1.51 2.19 

 

 

The Raman spectroscopy is a useful technique to investigate the local structure change of a 

material as a result of doping. The orthorhombic space group Pnma (!0&:!0 in Glazer’s 
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notation) [42], results from the distortion of an ideal cubic ;<3>< perovskite structure. There are 

three types of distortions in CrO6 octahedron including tilt, octahedron rotation, and R-cation 

displacement. The cubic symmetry is broken due to these distortions. According to group theory, 

24 Raman-active modes belong to the following irreducible representation [43]: ?Г = 7A
 +

5#*
 + 8#*D + 7#�
 + 5#E
F in Pnma structure. Here, we identified 11 Raman active modes in 

SCO sample at room temperature as shown in Fig. 2 (a). The other modes of the RCrO3 system, 

being too weak in intensity or have energies below the experimental cut-off, are obscured. The 

rare-earth ions being heavier than the transition metal ions will cause the bonds to vibrate at 

lower wave numbers. Therefore, A
	(2) and B2g (1) modes result from the rare-earth ion 

vibrations. Moreover, these modes shift to lower wavenumber side on Gd substitution because of 

the heavier mass of Gd3+ ion than Sm3+ ion. A
	(4) singlet is associated to Sm-O vibration. This 

mode gets broader and becomes diffused in co-doped compounds owing to the increase in 

disorder at the rare-earth site. The A
	(5), B1g (2) and A
	(6) modes, corresponding to the 

bending of O-Cr-O bonds inside the octahedron, get distorted with co-doping due to the change 

in tilt angles. The wavenumber related to the A
	(6) mode follows the trend of ∅[010] angle (table 

1) as its value decreases with Mn doping and thereafter its value increases with increase in Gd 

content (dashed line in Fig. 2). The phonon hardening (blue shift) of B3g (1) mode indicated the 

possible displacement of rare-earth ions induced by spin-phonon coupling that results from the 

rare-earth and Cr3+/Mn3+ ions interactions. The B3g modes above 500 cm-1 are assigned  to the 

antisymmetric stretching of O1and O2 atoms in CrO6 octahedron [28, 44] and are related to tilt 

angle θ[101]. The mixing of B3g (4) and B2g (4) modes is observed along with an increase in the 

intensity of the peak around ~ 673 cm-1, ~ 672 cm-1, ~ 670 cm-1 and ~ 661 cm-1 for SCMO, 

10SGCMO, 20SGCMO and 50SGCMO compounds in comparison to pure SCO sample. This is 
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related an increase in the value of θ[101] tilt angle with doping as can be seen from table 1. Thus, 

Raman results are consistent with the XRD analysis. 
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Figure 2: Room temperature Raman spectra of (a) SCO, (b) SCMO, (c) 10SGCMO, (d) 

20SGCMO and 50SGCMO compounds. The horizontal axis shows a break from 593 to 600 cm-

1, because the B2g (4) and B3g (4) modes are much stronger than other modes in case of (b), (c), 
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(d) and (e). The curves in the range of 100 - 593 cm-1 were amplified by two times for clarity. 

Vertical dashed lines are guide to the eyes. 

 

The FESEM images illuminating the surface morphology of SCO, SCMO, and 20SGCMO 

compounds are shown in Fig. 3 (a-c). The grain growth takes place during the sintering process 

and micrographs reveal the polyhedral shape grains of varying size. The average grain size (G) 

of all the compounds was estimated with the help of Microsoft Visio-2013 software. The grain 

size distribution histograms are shown in Fig. 3 (right side). The average grain size increased 

from SCO to 50SGCMO (listed in table1). The growth in orthorhombic distortion with 

increasing Gd-content may lead to the development of the stress and mass will flow. This will 

result in the observed grain growth in the co-doped compounds. Table 1 also depicts the values 

of crystallite size obtained from the modified Debye-Scherrer formulation (i.e. Williamson - Hall 

relation). It can be noticed for the co-doped compounds that the average grain size and the 

crystallite size follow the similar trend, however, the former shows larger value than the latter 

because an average grain consists of several crystallites.  
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Figure 3: (a-d) FESEM images of the sintered pellets, and grain size distribution histograms for 

SCO, SCMO, 20SGCMO, and 50SGCMO compounds. 

3.2 Electrical and Optical study 

The temperature dependent electrical resistivity (ρ) was measured in the temperature 

range of 220 - 300 K. The variation of electrical resistivity ρ (Ω.m) against T (K) is plotted in 

Fig. 4 (a). As can be seen, the resistivity increases exponentially with decreasing temperature. 

Such kind of variation suggests that all compounds exhibit semiconducting-like nature. The 
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resistivity (ρ) at ~ 220 K for SCO and SCMO compounds is ~ 102 
Ω.m. Further, adding Gd ions 

at Sm-site, resistivity order increases upto ~105 
Ω.m which can be ascribed to the increased 

disorder due to the presence of varying size ions. The other reason may the increase in the tilt 

angles in the co-doped compounds which causes a deviation of the Cr-O-Cr bond angle from 

ideal 180ο and the decrease in the conduction bandwidth. From the temperature dependent 

resistivity data, a ln (ρ) versus 1/T plot [Fig. 4(b)] was made using the Arrhenius equation: 

�(�) = �+exp	( JK
LMN

). The activation energy (Ea) was estimated from the Arrhenius plots. The Ea 

values were found to be in the range of 0.193 - 0.225 eV (table 2). These values are consistent 

with those reported for others orthochromite materials [45 - 46]. Moreover, one can notice that 

Ea values of the present orthochromites are larger than those reported for CMR manganites. It 

indicates that hopping of eg electrons is tougher in orthochromites than manganites [47 - 49]. The 

energy levels for Mn4+ (3d3) and Cr3+ (3d3) ions are different even with the same electronic state. 

The eg electron can straightforwardly move between Mn4+/Mn3+ through double-exchange (DE) 

interaction via O2- ion, but in the Mn3+/Cr3+ system it should meet an additional energy barrier 

because of the absence of DE interaction [49]. The larger activation energy value indicated the 

reduction of the hopping probability for eg electrons. 

To understand the electrical behavior of these compounds, the electrical resistivity data 

were fitted by Mott’s variable-range hopping (VRH) model, the fitted data for all samples are 

shown in the inset of Fig. 4 (b). According to this model, the electrical resistivity versus 

temperature obeys the following expression [50]: 

�(�) = �+exp ONPN Q
*/R

, with �+ = *S
LMT(JU)VW

     (1) 
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 where �+is the residual resistivity, �+ is the Mott characteristic temperature, kB is the Boltzmann 

constant, X(YZ) is the density of states near the Fermi level and ‘ l’ is the localization length 

equal to lattice parameter. The hopping energy and mean hopping distancecan be written at a 

given temperature, as	�[ = OESQ \ O
NP
N Q

]
^	and		_[ = *

R`��
E/R�+*/R. The resistivity data fit very well 

with the Mott’s VRH model for the entire temperature range of measurement, suggesting the 

conduction being governed by the disorder induced localization of charge carriers. The estimated 

values of	X(YZ), �[	and	_[ at 300 K by using the Mott characteristic temperature (T0) are 

summarized in table 2. The X(YZ) slightly decreases with the Mn doping from 11.6×1018 eV-1 

cm-3 for SCO to 11.4×1018 eV-1 cm-3 for SCMO whereas it significantly decreases with the 

substitution of Gd ions at Sm-site. On further enhancement of the doping concentration of Gd 

ions,	X(YZ) decreases from 8.78×1018 eV-1 cm-3 for 10SGCMO to 6.83×1018 eV-1 cm-3 for 

50SGCMO compound. This is due to the increase in the resistivity with Mn and Gd substitution. 

The hopping distance and hopping energy increase with Mn doping from SCO to SCMO 

compound and it also increases with increase in Gd-content from 10 at. wt. % to 50 at. wt. %. 

These values are consistent with the earlier reports on other semiconductor manganites or 

orthochromites [51-52]. 
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Figure 4. (a) Temperature variation of resistivity between 220-300 K, (b) Arrhenius plots, and 

(c-g) Tauc’s plots of the SCO, SCMO, 10SGCMO, 20SGCMO and 50SGCMO samples. 

 

The optical band gap of the all compounds was estimated with the help of Tauc’s equation [53] 

given by,  

aℎc = A(ℎc − Y
)d      (2) 

here hν being the energy of the incident photon, α stands for the absorption coefficient and A is a 

characteristic parameter.	Y
	denotes the optical band gap whereas e = 1/2	(2)  for direct 

(indirect) transitions. The orthochromite materials shows directly allowed transitions [24, 54] . 

Using the above equation, the graph was plotted between (aℎc)� and ℎc	and shown in Fig. 4 (c-
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g). The linear absorption-edge curve was fitted with a straight line the intersection of that with 

the horizontal axis provided the value of	Y
, as summarized in table 2. In SCO compound, we 

observed two prominent peaks around 466 nm and 690 nm which are attributed to the transitions 

of O2p - Cr3d (t2g) and Cr3d (t2g) - Cr3d (eg) due to octahedral crystal field splitting of d-orbitals. 

These transitions correspond to the band gap energy of 2.7 eV and 1.9 eV, respectively. These 

values are comparable to the previously reported results [55]. With 15% Mn substitution at Cr-

site, the band gap energy decreases to 0.83 eV, due to a super-exchange interaction between the 

Cr3+ and Mn3+ electronic levels through O2- ion. The Cr3+ and Mn3+ ions induce a spin disorder at 

oxygen ion which can reduce the broadening of oxygen p-orbitals and valance band edges of 

Cr3+ and Mn3+ ions, intimating a smaller band gap [24, 56]. Furthermore, as we substitute Gd3+ 

ions at Sm-site, the band gap energy increases up to 1.51 eV with increasing Gd concentration 

which can be attributed to the creation of mid gap states as reported in Y1-xGdxCrO3 

nanoparticles [57]. The other reason for the increase in band-gap with Gd-doping is 

understood in terms of the decrease in Ravg and the corresponding increase in tilt angles. 

Finally, the optical band gap of SCO may be tuned by the co-doping of Mn and Gd ions at Cr-

site and Sm-site, respectively, and signifies its potential application as a photocatalyst. 

Table 2: Activation energy (Ea), Mott characteristic temperature (�+), density of states at Fermi 

level X(YZ), mean hopping distance (�[), hopping energy (	_[) and optical band gap (Eg) of 

orthochromite samples. 

Compound SCO SCMO 10SGCMO 20SGCMO 50SGCMO 
Ea (eV) 0.193 0.194 0.210 0.225 0.227 

�+  × 106 (K) 403 410 539 685 693 
         N (EF)  
       ×1018 (eV-1cm-3) 

11.6 11.4 8.72 6.87 6.83 

Rh (Å) 97.6 97.9 105 111.1 111.2 
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Wh (meV) 220 221 236 251 252 
Eg (eV) 2.66 0.83 0.92 1.19 1.51 

 

3.3 Magnetic properties 

The SCO compound exhibits canted AFM below TN (~192 K). In our previous study, we 

observed that TN  of SCO compound decreased to 168 K  with 15% Mn doping [6]. This SCMO 

compound also exhibited magnetization reversal below TN and change in spin structure from Γ4 

to Γ2 at spin reorientation temperature (TSR). In this article, we investigated the magnetic 

properties of all the co-doped compounds.  

3.3.1 Magnetization reversal  

Fig. 5 demonstrates the magnetization (M) versus temperature (T) plots for 10SGCMO, 

20SGCMO and 50SGCMO compounds under the field-cooled (FC) and zero field-cooled (ZFC) 

modes at different applied magnetic field values. The AFM transition at TN was calculated from 

the minimum of the first derivative of magnetization versus temperature plot. The observed 

values of TN are ~162 K, ~157 K and ~150 K, respectively for these compounds. TN follows a 

typical behavior with decreasing Ravg [26].  

Fig. 5 (a) - (c) illustrates that ZFC and FC magnetization curves, measured under 1000 

Oe field, are bifurcated below TN. The MFC magnetization value increases with decreasing 

temperature and attains a maximum value of magnetization (MMax) with positive polarity at the 

peak temperature. After that, the magnetization starts decreasing monotonously and crosses zero 

magnetization (M = 0) at the compensation temperature (Tcomp1). Finally, it approaches a 

minimum value MMin at TSR (defined as spin reorientation transition). The negative value of 

magnetization indicates the opposite direction of the net magnetic moment with respect to the 
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applied magnetic field. The moments of Sm3+, Gd3+ and Mn3+ ions get aligned antiparallel to 

weak ferromagnetic (WFM) components of the Cr3+ spins causing magnetization reversal 

phenomenon in these compounds [37]. Further below TSR, the magnetization again crosses zero 

at temperature Tcomp2 and becomes positive. On the other hand, magnetization remains positive 

below Tcomp1 in case of ZFC mode. The values of Tcomp1, Tcomp2 and TSR are listed in table 3. The 

Tcomp1 decreased with increasing doping concentration of Gd ions (excluding 20SGCMO 

compound) following the trend of TN. The magnitude of magnetization reversal is usually 

measured from the ratio of MMin and MMax. Here, one can notice that the ratio MMin/MMax 

decreased with increasing doping concentration of Gd ions excluding 20SGCMO compound 

(table 3). The maximum value of MMin/MMax was found to be −	6.2 for 20SGCMO compound, 

that is lower than that for the SCMO compound. Therefore, these compounds clearly 

demonstrate the effect of co-doping (Gd & Mn magnetic ions) in tailoring the magnetic behavior 

of SmCrO3 compound. Such tuning of magnetization with co-doping may be suitable for 

thermomagnetic devices utilizing the flipping magnetization with temperature.  

At higher applied field values (i.e. 2500 Oe), similar behavior was observed in the 

magnetization curves. The magnetic irreversibility (i.e. bifurcation between the ZFC and FC 

curves below TN) decreases in comparison to low field values for 10SGCMO and 20SGCMO 

compounds [Fig. 5(d) - (e)]. On the contrary, magnetization reversal completely disappeared in 

the case of 50SGCMO compound at 2500 Oe magnetic field [Fig. 5 (f)]. Furthermore, the 

magnetization becomes positive in the entire temperature range of measurement under an applied 

field of 5000 Oe [Fig. 5(g) - (i)] in both ZFC and FC modes for all the studied compounds 

because of the rotation of the moments of Mn3+ and Sm3+/Gd3+ ions along the field as the applied 

field dominates the internal field. 
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Table 3: The parameters are MMin/MMax, Tcomp1, Tcomp2, TSR, MCr, HI and (	for co-doped SCO 

orthochromites 

  SCMO ref[6]  10SGCMO  20SGCMO  50SGCMO 
H (Oe)  1000  1000 2500  1000 2500  1000 

MMin/MMax  −12.09  −6.43 −1.49  −6.82 −0.56  −0.38 
Tcomp1 (K)  103 

8 
17 

0.865 
−1104 
−86 

 93 75  97 65  65 
23 
30 

0.668 
−1086 
−163 

Tcomp2 (K)   11 21  8 19  
TSR (K)   22 27  17 32  

MCr (emu/g)   0.703 0.813  0.879 0.994  
HI (Oe)   −1068 −2546  −1084 -2581  
( (K)   −34 −81  −60 −163  

 

Further, the FC magnetization curves were fitted (from peak temperature to TSR) using 

the following equation [3]; 

f = fgh + g(ij:i)
N0k       (3) 

Where MCr is the weak FM component of canted Cr3+ ions, C is the Curie constant, HI is the 

internal field, H is the applied field and θ is the Weiss temperature. The fitting is shown by solid 

line in Fig. 5 (a - e). The obtained fitting parameters are listed in table 3. The values of internal 

field (HI) for all co-doping compounds are negative, confirming the assumption that it isopposite 

to the applied field because of its value being larger than the applied magnetic field. This allows 

the magnetization of ions to get aligned antiparallel to that of Cr3+ ions when the applied field is 

smaller. Furthermore, the magnitude of HI decreases with increase of applied field for all the co-

doped compounds, as shown in the table 3. 
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Figure 5: Temperature dependent magnetization curves; (a, d, g) for 10SGCMO, (b, e, h) for 

20SGCMO, and (c, f, i) for 50SGCMO measured under different applied field. The solid blue 

line shows the Curie - Weiss fit of the FC data. 

 

3.3.2 M-H loops 

In order to better understand about the magnetic behavior of these compounds, we 

measured isothermal magnetization (M) loops as a function of applied field (H) (in the range ± 

90 kOe) at different temperatures. Fig. 6 (a - c) displays the typical M - H loops at selected 
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temperatures of 2, 20 and 80 K for 10SGCMO, 20SGCMO and 50SGCMO compounds. For all 

these compounds, loops are well symmetrically closed without any saturation. A weak magnetic 

hysteresis is observed at lower field as shown in the insets of Fig. 6 (a - c). Such behavior is 

reminiscent of the coexistence of high field AFM and low field weak ferromagnetic (FM) 

components. The antisymmetric DM interaction is responsible for the weak FM component. 

Thus, the present M-H curves evolution can be represented as	f(l) = m�Znl +fo. Here 

m�Znl is the AFM contribution and Ms is the saturation magnetization of the weak FM phase. 

The saturation magnetization of weak FM component (Ms) can be calculated by subtracting the 

high field linear AFM contribution from the total magnetization. Fig. 6 (d) shows coercive field 

(Hc) and Ms plotted against doping concentration of Gd ions at 2 K and 20 K. The fo values 

increased with increasing doping concentration of Gd ions at both the temperatures [Fig. 6 (d) 

lower panel]. The Hc values increased at 2 K (near the magnetic ordering temperature of Gd3+ 

ions) and decreased at 20 K (near TSR) with increasing doping concentration of Gd ions [Fig. 6 

(d) upper panel]. 
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Figure 6: M-H curves measured at 2K,20K and 80K; (a) 10SGCMO, (b) 20SGCMO and (c) 

50SGCMO (insets show zoomed views of M-H curves at lower fields). (d) coercive field and 

saturation magnetization against doping concentration of Gd ions at 2 K and 20 K. 

 

3.4 Magnetocaloric effect  

To study the impact of co-doping on the MCE, we measured M-H curves in first quadrant 

with appliedfield up to 90 kOe, at different temperature for the 10SGCMO, 20SGCMO and 

50SGCMO compounds. The plots are shown in Fig. 7 (a-c).The evaluated MCE behavior of the 

compounds can be extracted from the isothermal magnetization curves and magnetic entropy 

change defined as [58] 

∆ (�)∆i = 	q (rn(N,i)
rN )itliU

ij
     (4) 
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Numerical integration of the above Eq. by trapezoidal rule results [59] 

		∆ (��	)∆i = δi
�δN (δf* + 2∑ δfv + δfd

d0*
vw� )    (5) 

where average temperature  ��		[ = (Tj+ Tj+1)/2] is taken from the two magnetization isotherms 

measured at Tj and Tj+1temperatures in a magnetic field changing by ∆l= HF  – HI at a constant 

step of δH, while δ� = Tj+1 – Tj is the temperature difference between the two isotherms, n is the 

number of points measured for each of the two isotherms with the magnetic field changing from 

H1 = HI to Hn = HF at δH = ∆l/(e − 1). Further, δfv = [f?�x:*Fv −	f?�xFv] is the difference 

in the magnetization at Tj+1 and Tj for each magnetic-field step from 1 to n. Fig. 7 (d) shows the 

temperature dependent −	∆ 	at 50 kOe magnetic field and −	∆ Max under other field values are 

summarized in table 4. The value of −	∆   increases sharply with decreasing temperature and 

reaches a maximum value of 3.25, 6.23 and 14.01 J kg-1 K-1 at 4.5 K, respectively for 

10SGCMO, 20SGCMO and 50SGCMO compounds on a 0 - 50 kOe field variation. One notices 

here that the MCE got enhanced with increasing Gd doping concentration. On comparing the 

−	∆  values of the present study with that for the SCMO compound reported by Kumar et al. 

[6], we observed that the compounds 10SGCMO, 20SGCMO and 50SGCMO yielded almost two 

times, six times and fourteen times higher than SCMO compound. As compared to the reported 

values of −	∆ 	in the literature for some orthochromites and orthoferrites are 13.08 J/kg K (at 5 

K),19.02 J/kg K (at 4.5 K) under applied field of 70 kOe and 11.3 J/kg K (at 5 K) under applied 

field of 45 kOe for the DyCr0.7Fe0.3O3 [60], HoFeO3 (single crystal) [61] and DyCr0.5Fe0.5O3 [44], 

respectively. The 50SGCMO of the present study yielded 14.10 J/kg K value under 50 kOe 

applied field, which is much higher than that reported for the undoped SCO compound [36] and 

comparable to the above-mentioned reported compounds exhibiting significant magnetocaloric 

effect. Several factors contributed to the enhancement of the MCE of the present co-doped 
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compounds. Firstly, these compounds exhibit higher magnetization and lower coercive field 

therefore less energy would be lost in thermal process resulting in the increase of −	∆ 	values. 

Secondly, −∆  values not only depend on the magnetic moments but also on (dM/dT) according 

to Eq. (4). Thirdly, the Gd3+- Gd3+ magnetic interactions near the magnetic ordering temperature 

of Gd3+ (at 2.3 K) will also contribute in enhancing	−	∆  values of the co-doped compounds. 

The increase in tilt angles in the co-doped compounds may result in the increase of magnetic 

entropy and its contribution to the enhancement of the magnetic entropy change. We further 

calculated another parameter for the estimation of MCE of the compounds. It is the relative 

cooling power (RCP) obtained from the integration method: 

�y;	 = q ∆ (�)∆i	t�Nz
N]         (6) 

where T1 and T2 are the low and high temperature limits in the refrigeration cycle (T1 = 4.5 K and 

T2 = 25 K in the present study) at different magnetic field values. The RCP values of 10SGCMO, 

20SGCMO and 50SGCMO compounds were 33.11, 62.69, and 152.31 J/kg, respectively (table 

4) at 50 kOe. The RCP values also increased with increasing Gd substitution. Based on the 

calculations of two parameters for MCE viz. −	∆  and RCP, we conclude that co-doping is a 

powerful methodology for enhancing the magnetocaloric properties of orthochromites at low 

temperatures and the studied compounds could be potential candidates as refrigerant at low 

temperatures.  
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Table 4: Magnetic entropy change and relative cooling power at various applied magnetic fields 

of co-doped SCO compounds 

 

HMax 
(kOe) 

10SGCMO  20SGCMO  50SGCMO 
−	∆SMax  

(J kg-1 K -1) 
RCP  

 (J kg-1) 
 −	∆SMax  

(J kg-1 K -1) 
RCP  
(J kg-1) 

 −	∆SMax  
(J kg-1 K -1) 

RCP  
(J kg-1) 

10 0.39 2.19  0.75 4.41  1.59 9.39 
30 1.99 15.71  3.79 30.42  8.25 62.59 
50 3.25 33.11  6.23 62.69  14.10 152.31 
70 4.16 50.22  7.93 94.05  18.11 201.24 
90 4.91 66.40  9.13 122.27  20.84 262.51 

 

Figure 7: (a-c) Isothermal M-H curve (in first quadrant) at selected temperatures, (d) 

temperature dependent magnetic entropy change (− ∆ ) under 50 kOe applied field for 

10SGCMO, 20SGCMO, and 50SGCMO compounds. 
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4 Conclusions 

For the first time; structural, electrical, optical and magnetic properties of Gd and Mn ions 

co-doped SmCrO3 compound have been carried out. The lattice volume decreased whereas the 

orthorhombic distortion increased in the co-doped samples. The average grain size increased 

from 0.73 µm (SCO) to 2.19 µm (50SGCMO). The activation energy calculated from the 

electrical resistivity data using the Arrhenius equation got enhanced in the co-doped samples. 

Further, the Mott’s variable range hopping model was used to explain the electrical resistivity 

behavior and the hopping energy and mean hopping distance were found to increase whereas the 

density of states decreased in the co-doped compounds. The optical bandgap reduced with Mn 

doping from 2.66 eV for SCO to 0.83 eV for SCMO compound and then increased 

monotonously upto 1.51 eV for 50SGCMO compound. The paramagnetic-antiferromagnetic 

transition shifted to lower temperatures with increasing co-doping level. The overall 

magnetization increased with co-doping. Two compensation temperatures were identified in the 

co-doped compounds. While the higher temperature compensation temperature decreased, the 

lower temperature compensation temperature increased with co-doping. The observed 

magnetization reversal was explained based on the existing model. The low temperature 

magnetocaloric effect got enhanced with increasing co-doping content and its values are 

significantly larger than the undoped SCO compound. These studies prove the usefulness of the 

present co-doped compounds as photocatalyst and low temperature refrigerant materials.  
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Highlights (for review) 

 

• Effect of Gd and Mn co-substitution in SmCrO3 investigated for the first time 

• Three orders of magnitude increase in electrical resistivity with co-doping 

• Optical bandgap tailoring with co-doping 

• Two magnetization reversal temperatures in co-doped compounds 

• Two orders of magnitude surge in magnetocaloric properties with co-doping 


