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Abstract: In this work, we report a series of undoped and 1% Ga or Y doped lanthanum manganite compounds 
which have been synthesized via sol-gel technique. The obtained materials were characterized by X-ray 
diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), and scanning electron microscopy 
(SEM/EDX). The XRD results confirmed a good crystallinity for all the studied samples and a change in the 
crystal structure of Ga or Y doped lanthanum manganite (Pm-3m space group) is observed compared to 
pristine sample (R-3c space group). Thermal analysis highlighted a different behavior of the doped samples 
compared to the undoped sample observed by the different mass loss in the analyzed temperature range. For 
these materials, it is shown for the first time that the static electrical conductivity, σDC of Ga or Y doped LaMnO3 
compounds increases compared to the σDC pristine sample, and the thermal activation energy of the conduction 
EA,cond increases linearly with the temperature, for all three studied sample. 

Keywords: doping; sol-gel technique; structural analysis; electrical properties 
 

1. Introduction 

Manganese oxides, that have perovskite-type structure with the chemical formula AMnO3 
(where A = Ca, La, Sr, or Ba) were studied for more than seven decades [1] and Jonker and Van Santen 
in 1950, were the first to synthesize manganite of mixed valence (La1-xCaxMnO3) [2]. 

Mixed oxides of manganese and rare earth have been the objects of a investigation in 
interplaying among orbital, lattice, magnetism and transport properties in various R1-xAxMn1-yByO3 
compounds (where R = rare earth; A = divalent cation; B = transition metal). Mn ions in the LaMnO3 
system are trivalent and super exchange interaction exists through Mn+3–O–Mn+3 pathways [3]. 
Lanthanum manganese’s materials presents interesting electric, magnetic and structural properties 
[4–6] and furthermore the doped LaMnO3 have attracted considerable attention due to their 
improved properties required for different applications domains. These compounds have also been 
known as suitable cathode materials for fuel cells because of their good electrical conductivity, or 
chemical stability at high temperature [7]. 

Many techniques could be applied to synthesize undoped and doped LaMnO3 materials such 
as: sol-gel, hydrothermal, solid state reaction, the combustion method, or ultrasonically method with 
immersed sonotrode in the reaction medium [8–12]. 

By doping, the improving of semiconductors properties is enhanced, while it does not change 
the host crystal basic characteristics and structure by adding heteroatom’s into a target lattice. For 
example, in the case of Ga-doped LaMnO3 perovskite materials synthesized by conventional ceramic 
procedure, the Ga content increase determine a decrease of the transition pressure to the higher 
symmetry phases [13]. 
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Previous reports on the perovskitic materials doped with various rare earths and transition 
metals, indicates the the influence of dopants on the materials properties. For example, the electrical 
conductivity is influenced by both the ionic radius of the dopant and its concentration as shown in 
[14] where for the studied perovskite materials, the electrical conductivity increases as the ionic 
radius of the used dopants decrease [14]. In this context, a detailed study carried out in the work 
herein, is based on the structural, thermal and electrical properties of undoped and Ga or Y doped 
lanthanum manganite synthesized by sol-gel technique. The dopant influence on the structural 
properties of LaMnO3 perovskite materials was investigated and for the first time their effect on the 
electric properties was shown through DC electrical conductivity measurements where Ga or Y ions 
in the LMO perovskite sample leads to an decrease of the EA,cond. Moreover, the VRH (variable-range-
hopping) model of Mott was applied for explained the mechanism of conduction in these samples 
and comparative the Mott parameters were computed. 

2. Materials and Methods 

2.1. Materials and reagents 

Ga/Y doped LaMnO3 and pure was prepared by sol-gel method [4], followed by heat treatment 
at low temperature. The chemical reagents used as starting materials are: La(NO3)3�6H2O, 
Mn(NO3)2�4H2O, Ga(NO3)3�x H2O / Y(NO3)3�6H2O and 2M NaOH solution. All reagents were of 
analytical grade and used as received without further purification. 

For these precursors, the stoichiometric concentrations were initially calculated for each material 
and then were dissolved in a mixture of distilled water - ethyl alcohol (1:1). Finally, 1% gallium or 
yttrium dopant was added and the stirring was continued for another 30 minutes at 60 °C, after which 
the temperature was raised to 140 °C until the gels were obtained. The obtained powders were 
subjected to thermal treatment at a temperature of 600 °C, for 6h. 

2.2. Characterization of materials 

The X-ray powder diffraction (XRD) measurements were performed using a PANalytical 
diffractometer, with Cu-Kα radiations (λ = 0.15406 nm) in a 2θ range from 15° to 80°, with a scan rate 
of 2°/min in order to confirm the crystal structure of the ceramics. 

Thermal behavior was conducted under a dynamic air atmosphere (synthetic air 5.0 Linde Gas 
with flow 100 mL min−1) to highlight possible thermal-oxidative degradation stability of samples. The 
measurements were determined using a Diamond TG/DTA PerkinElmer, in the temperature range 
25–900 °C, at a heating rate of 10 °C min−1, using open alumina crucibles. 

FT-IR studies were performed with a Shimadzu Prestige FT-IR spectrometer, in KBr pellets, in 
the range 500 - 4000 cm-1. Qualitative analysis of the surface was investigated by scanning electron 
microscopy, using an Inspect S PANalytical Scanning electron microscopy (SEM/EDX). The real (Zʹ) 
and imaginary (Zʺ) components of the complex impedance of the samples (where 1−=i ), at a 
constant frequency, f=1 kHz and different temperatures situated between (28-120) 0C, were performed 
using a LCR-meter GW-INSTEK LCR-6020 type, in conjunction with an oven, in which a capacitor 
containing the sample is inserted [15], the experimental setup being similar to ASTM D150-98 [16]. 

3. Results and discussion 

3.1. XRD analysis 

The crystal structure analysis through XRD powder diffraction has been performed for all 3 
compounds and as observed in Figure 1, the samples present a very good crystallinity as the peaks 
are sharp and well defined. The perovskite type structure is characteristic for the undoped LaMnO3 
sample indexed in the R-3c space group (corresponding to JCPDS card file no. 01-089-0678). This 
structure has been reported also for other LaMnO3 materials obtained by sol-gel method [17,18]. The 
1% Y3+ and Ga3+ doped LaMnO3 structure is inducing changing in the crystal structure as some of the 
peaks on the observed diffractograms are not splitted compared to the pristine compound (marked 
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with symbols in Figure 1). Therefore, the 1% Ga and Y doped LaMnO3 samples are indexed with Pm-
3m space group (JCPDS card file no. 01-075-0440). The refined unit cell parameters extracted for the 
perovskite samples by using R-3c space group (undoped LaMnO3 sample) and the Pm-3m space 
group (Ga/Y LaMnO3 samples) are indicated in Table 1. 

Table 1. The refined unit cell parameters for undoped LaMnO3 (R-3c space group) and Ga/Y doped 
LaMnO3 (in Pm-3m space group) samples. 

Sample 
Space group 

Lattice parameter 
Unit Cell 

Volume 
Crystallite size 

 [Å] [Å3] [nm] 

LaMnO3 R-3c 
a= b= 5.4749(5) 

c = 13.327 
345.9341 25.8 

LaMnO3ːGa Pm-3m a=b=c=3.8677(7) 57.8584 17.3 
LaMnO3ːY Pm-3m a=b=c=3.8687(4) 57.9007 26.8 

 

 
 

  
(a) (b) 

Figure 1. (a) X-ray patterns for undoped and Ga or Y doped LaMnO3 materials synthesized by sol-gel 
technique. The hkl planes for the cubic structure with Pm-3m space group in the case of Ga or Y doped 
in LMO according to JCPDS card no. 01-4075 -0440 and for R-3c space group in the case of pristine 
LaMnO3 according to JCPDS:01-089-0678 are marked on the graph; (b) The X-Ray patterns in the 
2θ=57-70 ° range. 

3.2. Thermal analysis 

The thermal analysis performed in the atmosphere of synthetic air in the range 25-900 ℃ 
revealed a different behavior of the samples, namely in the case of the undoped sample there is a 
mass loss of 2.13% of the sample mass in the range 25-689 ℃ and then a mass loss of 0.2% in the range 
690-820 ℃. Also in this last interval, an exothermic process with an ΔH = -29.48 J ∙ g-1 is observed on 
the HF curve. In the case of the Ga doped LaMnO3 material, a mass loss of 5.11% of the sample mass 
is observed in the range of 25-600 ℃ and a mass loss of 2.8% over 600 ℃. This last decomposition 
process is accompanied by an exothermic process visible on the Heat Flow curve with a ΔH = -22.59 
J ∙g-1. The Y doped LaMnO3 shows a higher mass loss than in the undoped and Ga-doped samples. 
In this case, the mass loss is 7.02% in the range of 25-600 ℃. Over 600 ℃ an exothermic process takes 
place with a ΔH = -27.15 J ∙g-1 and with a mass loss of 3.01% of the sample mass (Figure 2). 
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Figure 2. TG/DTG curves for undoped and Ga or Y doped LaMnO3 materials. 

3.3. FT-IR spectroscopy 

Figure 3 shows the FT-IR spectra for powder samples of undoped LaMnO3 and doped with Ga3+ 
or Y3+. The spectra were recorded in the of 400-4000 cm-1 wavenumber ranges. FT-IR spectra for 
LaMnO3 doped with Ga3+ or Y3+ ions have the same profile compared to the pristine sample and it 
was found that there are no new bonds for the two dopants transition elements. Thus, the most 
significant absorption bands are: 600, 850, 980, 1368, 1480 and 3400 cm−1. The absorption bands 
recorded around at 600 cm-1 for all samples can be attributed to vibrational modes for the bonds Mn-
O-Mn bending and Mn-O stretching of the octahedral MeO6 group, associated to the length change 
of the metal-oxygen bonds, characteristic of perovskite compounds [19]. 

The two bands located at 1368 and 1480 cm-1 can be attributed to the presence of the CO2 
molecule absorbed on the materials surface. The broad low-intensity peak with the maximum around 
3400 cm-1 can be attributed for two kinds of OH- groups, such as O-H bonds assigned of the stretching 
modes of surface adsorbed water and an OH-group corresponding to the lattice connections [20]. 

  

Figure 3. (a) FT-IR spectra for undoped and Ga or Y doped LaMnO3 synthesized by sol-gel technique, 
where the significant absorption bands are marked on the graph. (b) The zoom for the FT-IR spectra 
in the 400-1500 cm-1 range. 

3.4. Scanning electron microscopy 
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Surface morphology obtained by scanning electron microscopy for Ga or Y doped perovskite 
materials is presented in Figure 4. In order to highlight the shape and size of the particles, the studied 
materials were analyzed in the low vacuum mode. Thus, from the presented images it can be 
observed that in both cases the particles have a spherical shape, with dimensions of hundreds of nm, 
being strongly agglomerated. Furthermore, from the images presented in Figure 4, it can be seen that 
the nature of the dopant did not influence the shape of the particles. 

Moreover, it has to be mentioned that quantitative analysis by EDX demonstrates that the 
samples are with the expected/determined elemental composition. The stoichiometry of the obtained 
samples was confirmed by the quantification of the elemental atomic ratio La:Mn:O i.e., 1:1:3. Thus, 
a homogeneous distribution of the corresponding La, Mn, O, Ga/Y elements in the synthesized 
samples was observed. 

 

Figure 4. SEM images and EDX/ element mapping of LMO:Ga and LMO:Y perovskite materials. 

3.5. Electrical properties 

Based on the obtained Z′  and Z′′  values, the electrical conductivity σ, can be computed for 
each temperature T, with the following equation: 
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A

d

Z

Z
⋅

′
= 2*

σ  (1) 

where d and A represent the length and the transversal sectional area of the sample, respectively, and 
* 2 2Z Z Z′ ′′= +  is the complex impedance module of the sample. It is known that [21] in the low 

frequency range, ( kHzf 1≤ ) the value σ determined by the relation (1) represents the DC-

component of the electrical conductivity, )(TDCσ , independent on frequency but dependent on the 

temperature. Using the values obtained for the static conductivity, σDC, at all the measurement 
temperatures T and at the frequency f=1 kHz, we plotted the temperature dependence of static 
conductivity, σDC(T), shown in Figure 5, for all samples. 

 

Figure 5. Temperature dependence of static conductivity, σDC(T) at the frequency.of 1 kHz for the 
investigated samples. 

As can be seen in Figure 5, the static conductivity, σDC(T) increases with the temperature for all 
samples, indicating that the conduction process is thermally activated in the measurement 
temperature range (28–120) °C, at low frequency. The electrical conductivity of LMO:Ga and LMO:Y, 
respectively, is higher than that of LMO sample, which shows that the presence of rare earth ions of 
Ga3+ or Y3+ type in the LaMnO3 perovskite sample leads to an increase in the electrical conductivity 
of these samples, comparative with pristine sample (LMO). On the other hand, the substituted Ga3+ 
ions in the LaMnO3 perovskite crystal lattice behave as an acceptor dopant replacing the Mn3+ ions in 
the octahedral B-site [22], which leads to the compensation of the charge imbalance by their oxidation. 
As a result, gallium doping slightly reduces the octahedral distortion and weakens the Jahn-Teller 
effect by highlighting electronic correlations [23,24], which will determine a higher increase in the 
electrical conductivity [25] of the LMO system doped with Ga ions, as can be observed in Figure 5. 
The Yttrium ions replace the lanthanum ions in the tetrahedral A-site of LMO perovskite crystal 
lattice [26] as a result the Yttrium substitution decreases the average ionic size at La-site, which has 
an effect the distortion of the MnO6 octahedra. Thus, the Mn3+–O–Mn4+ bond angle deviates from the 
ideal 180°, which leads to a reduction of the hopping probability of the electron between Mn3+/Mn4+ 
ions [27], which will determine a smaller increase in the electrical conductivity of the LMO system 
doped with Y ions, as was obtained experimentally (see Figure 5). 

Also, the increase with temperature of the σDC, is due to the increase of drift mobility of the 
charge carriers from the sample, in accordance with Mott’s model VRH (variable-range-hopping) [28]. 
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Such a behavior with temperature of the conductivity σDC(T), has also been observed for other 
perovskite materials, such as NaTaO3 undoped [29] or doped with metallic ions (Ag, Fe, Cu) 
[11,30,31], which shows the fact as the most suitable electrical conduction mechanism in these 
materials is the VRH mechanism. Consequently, the σDC(T) conductivity based on the VRH model is 
given by the equation: 









−= 4/10 )(

exp
T

B
DC σσ  (2) 

 
where σ0 is the pre-exponential factor and, 

4/3
,4

kT

E
B

condA
=  (3) 

In Eq. (3) k is the Boltzmann constant and EA,cond is the thermal activation energy of electrical 
conduction [28]. Using Eq. (2) and the σDC(T) conductivity values from Figure 5, we plotted the 
experimental dependence, lnσDC (T-1/4), which is shown in Figure 6. 

 

Figure 6. Plot of ln σDC(T−1∕4) for investigated samples at frequency f=1kHz. 

By fitting with a straight line of the experimental dependence, ln σDC (T−1∕4) from Figure 6, we 
have determined the slope B corresponding to each sample. Knowing the slope B, the thermal 
activation energy of electrical conduction, EA,cond, on the investigated temperature range, was 
determined with Eq. (3). The temperature dependence of the EA,condn (T), is shown in Figure 7. 
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Figure 7. The temperature dependence of the thermal activation energy of.the electrical conduction 
corresponding to all samples. 

As can be observed from Figure 7, EA,cond increases linearly with the temperature, in all the 
investigated range, from 0.177 eV to 0.218 eV for sample 1 (LMO), from 0.175 eV to 0.213 eV for 
LMO:Ga sample and from 0.172 eV to 0.210 eV for LMO:Y sample. As a result, the presence of rare 
earth ions Ga3+ or Y3+ type in the LMO perovskite sample leads to a decrease of the thermal activation 
energy of electrical conduction, corresponding to these samples (LMO:Ga and LMO:Y), compared to 
LMO sample, thus determining the increase in conductivity in doped materials, in relation to the 
electrical conductivity of the undoped sample, as to obtained experimentally (see Figure 5). The 
mechanism of electrical conduction in the investigated samples can be explained by a hopping 
process of the charge carriers between the localized states [28,32] on the temperature range, through 
which σDC(T), with another relationship can be expressed: 

[ ]4/1
00 )/(exp)( TTTDC −=σσ  (4) 

Here, T0 is characteristic temperature coefficient, which represents a measure of the degree of 
disorder [28], being given by the relation: 

)(

3

0
FEkN

a
T

λ
=  (5) 

 
where, λ ≅16.6, is a dimensionless constant [28]; α ≅109 m-1 represents the degree of localization and 
N(EF) is the density of the localized states at the Fermi level EF [22,33]. From Eqs. (2–5), after some 
calculations the following relation for the N(EF), result: 

4
,

3

)4(
)()(

condA

F
E

akT
EN

λ
=  (6) 

Using the values obtained for EA,cond (T) from Figure 7 and Eq. (6), we computed N(EF) from the 
temperature range (28-120) °C at a low frequency (f = 1 kHz), for all three samples, obtaining the 
following values: N(EF)S1=1.158͘˴1018 cm-3˴eV-1, N(EF)S2=1.288͘˴1018 cm-3˴eV-1 and N(EF)S3=1.231˴1018 cm-

3˴eV-1. The obtained result shows that the density of states at the Fermi level N(EF), does not depend 
on the temperature remaining constant on the whole investigated domain, as to shown recently in 
the papers [34,35], for other oxide materials (Fe-P or Cu-Mn type). Also, it is observed that the value 
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of N(EF) for LMO is lower than the values N(EF), obtained for LMO:Ga and LMO:Y which contain 
rare earth ions (Ga and Y, respectively), in the investigated temperature range. This result is in 
agreement with the fact that the thermal activation energy of electrical conduction, EA,cond of doped 
materials is smaller than EA,cond of LMO sample (see Figure 7). As a result we advance the statement 
that the decreasing of EA,cond leads to an increase of the density of states at Fermi level N(EF) and to 
explain this statement, it is necessary to determine two other Mott parameters corresponding to the 
VRH model: the hopping distance, R and the hopping energy W, with the relations [28,33]: 

4/1

)(8
9









=

FEkTN
R

α
 (7) 

)(4
3

3
FENR

W
π

=  (8) 

From equation (7), using the values of , we have determined the hopping distance, R, 

corresponding to the samples, at each temperature within the range (28 – 120) 0C. Knowing the 
hopping distance R and using equation (8) we have determined the hopping energy W, for studied 
samples. The temperature dependencies of the Mott parameters R and W, corresponding to the 
investigate samples, are shown in Figure 8. 

 

Figure 8. The temperature dependence of the hopping distance R (a) and of the.hopping energy W (b) 
corresponding to all samples. 

From Figure 8, it is observed that by increasing of temperature, the hopping distance R decreases 
with (Figure 8 a)) and the hopping energy W increases (Figure 8 b)), for all the investigated samples. 
Also, both R and W for the LMO sample, are higher than for the LMO:Ga and LMO:Y, at all the 
temperatures. This result is in agreement with our previous statement on the increase of density of 
states at Fermi level N(EF) of the modified samples which contain rare earth ions (Ga and Y, 
respectively) due to the decrease of R and W, in these samples compared to R and W of LMO material, 
thus causing a decrease in the thermal activation energy of conduction EA,cond of Ga or Y doped 
LaMnO3 relative to EA,cond, of undoped LaMnO3. 

Following these promising results observed for the lanthanum manganite compounds it can be 
assessed that more studies are needed to determine their potential as candidates for energy 
conversion, metal–air battery or fuel cell electrodes owing to their unique physical and electronic 
properties.  

Taking into account the obtained results namely that the electrical and structural properties of 
the synthesized Ga or Y doped LaMnO3 ceramics powders can be changed by design and of the 
temperature variation, demonstrate the potential of these materials can be used in thermo-electric 
devices and sensors applications. 

4. Conclusions 

( )FN E
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In this paper, we have studied the structural, thermal and electrical properties of undoped and 
Ga or Y doped lanthanum manganite, synthesized through sol-gel technique, in its R-3c space group 
(pristine LaMNO3) and Pm-3m space group (1% Y and Ga doped in LaMnO3). The results of the DC 
electrical conductivity show that in the presence of the Ga or Y ions of in the LMO perovskite material, 
the static electrical conductivity, σDC of these samples, increases compared to the σDC of the LMO 
perovskite sample, due increasing of the drift mobility of the charge carriers from the samples, in 
accordance with Mott’s VRH model. Moreover, the thermal activation energy of the conduction 
EA,cond, increases linearly with the temperature, for all three samples, but the presence of Ga or Y 
dopants in the LMO perovskite sample leads to an decrease of the EA,cond, corresponding to these 
samples (LMO:Ga and LMO:Y), compared to pristine sample (LMO). Based on the VRH model, the 
following parameters were determined: the density of localized states near the Fermi level N(EF), the 
hopping distance, R and the hopping energy W, for all samples. The results show that, N(EF) remains 
constant over the entire temperature range investigated, but the presence of rare earth Ga or Y ions 
in LMO material, leads to the decrease of N(EF), in these sample in raport with N(EF), from the LMO 
sample. At the same time, by increasing the temperature, R decreases and W increases for all samples, 
and at a constant temperature, both R and W decreases, in the presence of Ga or Y ions in LMO 
material, being in correlation with the decrease of the EA,cond, of doped samples in raport to EA,cond, of 
the undoped sample.  
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