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Stability of charge ordering in La0.5-xHoxCa0.5MnO3 polycrystalline manganites
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Magnetotransport properties of La0.5-xHoxCa0.5MnO3 (x=0.05 and 0.1) polycrystalline samples were investigated in order to study the effect of magnetic Ho 3+ ions on the stability of the charge ordering (CO) and magnetic phase coexistence in pristine La0.5Ca0.5MnO3. Our samples were synthesized by using sol-gel method. Temperature dependence of resistivity shows an insulating behavior with high resistivity values, confirming the presence of long-range CO. The application of 7 T magnetic field slightly reduces resistivity values and demonstrates relatively small magnetoresistance (MR) values (-MR(T) did not exceed 14 % under 7 T applied field). This observation indicates that the CO in the Ho-based specimens is strong, which indicates that Ho-substitution for La in La0.5Ca0.5MnO3 gives more strength to the CO.

Introduction

Half-doped manganites generally exhibit outstanding properties like magnetoresistance (MR), charge ordering (CO) and magnetic phase separation. Such phenomena can give birth to potential technological applications like spintronics, high density data storage and spin valves [1-5]. These materials with the general formula R0.5A0.5MnO3 (where R is a lanthanide and A is an alkaline earth) are still investigated due to their remarkable physical behavior [1-10].

La0.5Ca0.5MnO3 is one of the most studied half-doped manganites [2-6, 11, 12]. This sample is characterized by a CE-type antiferromagnetic (AFM) configuration with the presence of CO state at low temperatures. When heated, this compound exhibits a first magnetic phase transition from a CO-AFM to a ferromagnetic state around CO temperature TCO = 150 K, followed by a transformation to the paramagnetic (PM) phase around curie temperature TC =220 K [11,12].

Below TCO, the system is defined as a mixture of both CO-AFM and ferromagnetic domains, testifying the magnetic phase separation phenomenon. The CO state is generally observed phenomenon in half-doped manganites such as La0.5Ca0.5MnO3 

Experimental Procedure

La0.5-xHoxCa0.5MnO3 (x = 0.05 and 0.1) specimens were prepared by sol-gel technique using high-purity (99.9%) La2O3, Ho2O3, CaCO3 and MnO2. The synthesis process was previously described elsewhere [6]. Purity and homogeneity of the samples were confirmed by X-ray powder diffraction (XRD). The structural analysis was carried out by using Fullprof program. The morphology of our samples was studied using a JEOL 840 A Scanning electron microscope (SEM). The average grain size was calculated by the ImageJ software. Resistivity measurements were realized using physical property measurement system (PPMS, Quantum Design), based on a standard four-probe method in the temperature range 115-300 K with applied magnetic field values up to 7T.

Results and discussions

Fig. 1 displays the Rietveld refined XRD patterns for La0.5-xHoxCa0.5MnO3 (x = 0.05 and 0.1) samples. Refinement results reveal that all our samples crystallize in the orthorhombic structure with Pnma space group and all the structural parameters are listed in table 1 [6]. In order to take into account the intrinsic strain, the Williamson-Hall method can be used to find the crystallite size DWH and the microstrain ε as follows [26]:

𝛽𝛽 ℎ𝑘𝑘𝑘𝑘 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐾𝐾 𝜆𝜆 𝐷𝐷 𝑊𝑊𝑊𝑊 + 4 𝜖𝜖 𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐 (1)
where βhkl is the full width at half of the maximum intensity for hkl planes. From Williamson-Hall plots present on fig. 2, the DWH were found to be 89 nm and 134 nm for x = 0.05 and 0.1, respectively and the strain distribution values are 2.18 10 -3 and 1.96 10 -3 for x = 0.05 and 0.1, respectively. One can notice that the microstrain slightly decreases with increasing Ho concentration, due to the important particle size of x = 0.1 sample, compared to that of x = 0.05 sample. For a better understanding of holmium contribution on the morphology, we have represented in fig. 3 the SEM micrographs of La0.5-xHoxCa0.5MnO3 (x = 0.05, 0.10 and 0.15) samples. It is clear that fig. 3 reveals a heterogeneous morphology characterized by various grain sizes and shapes. The average grains size values are found to be 261 nm, 300 nm and 306 nm for x = 0.05, 0.1 and 0.15 [6], respectively. Porosity seems to be reduced by Ho substitution.

Large particles may support the establishment of long-range CO, which promotes its stability.

In order to investigate the CO and the magnetotransport properties of the studied samples, the evolution of resistivity as a function of temperature for several values of applied magnetic field for La0.45Ho0.05Ca0.5MnO3 sample is plotted in fig. 4 This fact can be due to the contribution of Ho ions, which generate a great disorder due to their small size (rHo 3+ = 1.072 Å) (compared to La 3+ (rLa 3+ = 1.216 Å)) and important magnetic moment ( ≈ 10.6 µB). The higher inset of fig. 4 shows the evolution of MR as a function of temperature for La0.45Ho0.05Ca0.5MnO3 sample. MR can be evaluated by following formula:

𝑀𝑀𝑀𝑀(%) = 𝜌𝜌(𝐻𝐻)-𝜌𝜌(0) 𝜌𝜌(0) × 100 (2)
where ρ(H) is the resistivity measured under μ0H applied field and ρ(0) is the resistivity recorded in the absence of magnetic field. Below 225 K, it is clear that the MR is nearly stable, suggesting the presence of spin-dependent scattering process of charge carries at the grain boundaries. In fact, the magnetic field application reduces spin disorder at grain boundaries, which promotes the hopping of eg electrons between grains according to the double exchange mechanism. In addition, the MR decreases faster above 225 K, which can be linked to the paramagnetic nature of this sample in this temperature range (the Weiss temperature θp = 224 K for x = 0.05 sample [6]). It is noteworthy that -MR values did not exceed 14 % under an applied magnetic field of 7 T, which suggests that the long-range CO is very strong and requires higher field values to get annihilated.

To get a better understanding of the conduction mechanism, the resistivity behavior can be explained by various theoretical models, like the thermal activation (TA) model, the small polaron hopping (SPH) model and the variable-range hopping (VRH) model. For TA model, the mechanism is given by the following equation:

𝜌𝜌 = 𝜌𝜌 0 𝑒𝑒𝑒𝑒𝑒𝑒 � 𝐸𝐸 𝑎𝑎 𝑘𝑘 𝐵𝐵 𝑇𝑇 � (3)
with ρ0: residual resistivity, Ea: activation energy, kB: Boltzmann constant (kB = 8.617x10 -5 eV. K -1 ) and T: absolute temperature. The hopping activation energy can be estimated from fig. 5.

The values of ρ0, Ea and adjusted R-squared factor (𝑀𝑀 � 2 ) are given in table 2. For SPH model, the electrical transport is governed by the polarons hopping to the nearest neighbors due to the strong electron-phonon coupling. This mechanism is described by the following relation:

𝜌𝜌 = 𝜌𝜌 0 𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 � 𝐸𝐸 𝑎𝑎 𝑘𝑘 𝐵𝐵 𝑇𝑇 � (4)
The curves related to SPH model are displayed in fig. 5. The phonon frequency according to SPH model can be written as follows: ℎ𝜈𝜈 𝑝𝑝ℎ = 𝑘𝑘 𝐵𝐵 𝑐𝑐 𝐷𝐷 (5) where h is the Planck constant (h = 6.62.10 -34 J.s) and θD is the Debye temperature (the SPH model deviates from linearity at θD/2). All the fitting parameters for this model are gathered in table 2. It can be seen that the hopping energy, for both TA and SPH models, increases with increasing Ho content. This behavior can indicate an enhancement of the charge carriers localization by Ho substitution, which suggests the stabilization of the CO state. The observed behavior can be also attributed to the reduction of eg electron bandwidth [6]. Besides, the increase in activation energy can be linked to structural and morphological properties of studied samples, i.e., the x = 0.1 sample presents higher activation energy compared to x = 0.05 one due to the important grain size, shorter bond angle <θMn-O-Mn> and longer bond length. This fact will reduce double exchange mechanism, leading to higher activation energy values. The VRH model explains the hopping of a charge carrier from a localized state another which is not necessarily the nearest neighbor. The expression for this model can be written as: (6) where T0 is the Mott temperature related to the carrier localization lengthens given by:

𝜌𝜌 = 𝜌𝜌 0 𝑒𝑒𝑒𝑒𝑒𝑒 � 𝑇𝑇 0 𝑇𝑇 � 0.25
𝑇𝑇 0 = 16 𝛼𝛼 3 𝑘𝑘 𝐵𝐵 𝑁𝑁(𝐸𝐸 𝐹𝐹 ) (7) 
with N(EF): density of states at the Fermi level and α: inverse of the localization length (α = 2.22 nm -1 [29]). The T0 values were calculated from the curves plotted in fig. 5. The fitting results were listed in table 2. According to fig. 5, the VRH model gives the best fit due to the perfect match between experimental and simulated curves. This result suggests that this mechanism seems to be the most suitable to describe magnetotransport. The x = 0.1 sample presents the largest density of states at the Fermi level, which suggests that hopping distance gets slightly enhanced by increasing Ho content from x = 0.05 to x = 0.1. For La0.45Ho0.05Ca0.5MnO3 sample, we have tried to evaluate the values of T0 as a function of different applied magnetic field, the obtained results were gathered in fig. 6. One can notice that T0 decreases in a parabolic shape with increasing magnetic field, which is more significant for µ0H ≥ 5 T. This suggest that the application of 7 T field starts to affect the CO state. In the case of Dy 3+ ions, 8 T field was enough to collapse the CO-AFM state at 5 K in the case of 

where K is the amplitude of low-field MR, p and q are critical exponents characterizing the low-field and high-field MR, respectively and μ0HL and μ0HH are critical field values characterizing the low-field and high-field MR, respectively. We have indicated the absence of low-field MR for our sample in the studied temperature range, which means that K parameter should be fixed to zero. Thus, relation (8) can be written as:

-𝑀𝑀𝑀𝑀 = 100 ×𝐻𝐻 𝑞𝑞 𝐻𝐻 𝑊𝑊 𝑞𝑞 + 𝐻𝐻 𝑞𝑞 (9) 
The fitted curves are gathered in fig . 8 and the fitting parameters for our sample by using relation ( 9) are summarized in table 3. According to the results of table 3, one can observe that q values are close to 2. The values of µ0HH (theoretical field value required to achieve -MR = 50 %) increase with increasing temperature due to the temperature induced reduction of magnetic ordering.

Conclusion

In this paper, the electrical and magnetotransport response of La0. 
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 14 11-15]. This phenomenon is characterized by a real space ordering of the Mn 3+ and Mn 4+ species, which is accompanied by the orbital ordering, originating from Jahn-Teller distortion. The establishment of the CEtype CO state at low temperature changes the structure of orthorhombic to monoclinic symmetry which gives rise to an insulating ground state. The insulating CO can be significantly affected by the application of an external magnetic field, temperature, substituent nature and strain [2, 4, 10, 12-15]. The partial substitution of lanthanum by other rare earths elements (Ho, Dy, Eu, Sm...) in half-doped La0.5Ca0.5MnO3 gives birth to fascinating and unusual dielectric, magnetic and electrical properties like colossal magnetodielectric effect, colossal magnetoresistance, Griffiths phase, magnetic phase separation, training effect and kinetic arrest [6, 12, 16-25]. In a previous work, we have investigated the effect of A-site holmium substitution on the structural and magnetic properties of La0.5-xHoxCa0.5MnO3 (0 ≤ x ≤ 0.15) samples [6]. The study revealed that the increasing of the holmium content results in a drastic change in the structural and magnetic properties, leading to the weakening of ferromagnetic interactions. The Ho substitution for La strengthens CO state and converts its nature from AFM to PM. In this communication, we have tried to study the magnetotransport properties in La0.5-xHoxCa0.5MnO3 samples with x=0.05 and 0.1. Such study can highlight the effect of holmium substitution on the CO stability and magnetic phase coexistence in the studied system.

.

  The lower inset of fig.4shows the electrical resistivity for x = 0.1 sample as a function of temperature in absence of external magnetic field. The studied samples clearly exhibit an insulating behavior in the whole studied temperature range. The electrical behavior of the two samples is nearly the same. It is believed that further increase of holmium concentration x will not affect the electrical properties of La0.5-xHoxCa0.5MnO3 system since Ho0.5Ca0.5MnO3 sample exhibits an identical electrical behavior to that of x = 0.05 sample (insulating behavior in the whole studied temperature range with important resistivity values (around 10 7 Ω.cm) at low temperatures)[27]. Near 125K, resistivity is very high (≈ 10 7 Ω.cm), testifying the presence of long-range CO. Based on magnetic study and in the absence of applied magnetic field, CO transition is recorded at TCO = 164 K and 240 K for x = 0.05 and 0.1, respectively [6]. For the x = 0.15 samples, TCO was found to be 245 K [6] and it increases up to 280 K for x = 0.5 sample [27]. This fact demonstrates that enhancing Ho concentration favors the development of CO. The application of 7 T magnetic field slightly reduces resistivity values, which suggests that the long-range CO is very stable. In the case of Tb 3+ doped La0.5Ca0.5MnO3, the 0 T resistivity exhibited an insulating behavior[24]. With further increase in field up to 5 T, the authors observed the occurrence of a metal-insulator transition [24], which is not the case for our studied samples.In the case of Ca1-xHoxMnO3-δ nanocrystalline powders, small holmium concentration (x = 0.1) reduces resistivity values and induces the appearance of metal-insulator transition for the doped samples[28]. In the present work, one can note the absence of metallicity for the doped samples.

  La0.4Dy0.1Ca0.5MnO3 [23]. The evolution of MR isotherms as a function of the applied magnetic field for La0.45Ho0.05Ca0.5MnO3 sample is shown in fig. 7. The MR values below 1 T are close to 0 %, which indicates the absence of low-field MR. For higher field values, MR increases and the increase is more important for lower temperature values due to the presence of magnetic ordering. The existence of long-range CO is responsible for the low MR values (-MR ≈ 20 % at 130 K under 7 T field). The evolution of MR(H) curves can be described by the following relation [30]: -𝑀𝑀𝑀𝑀(𝜇𝜇 0 𝐻𝐻) = 𝐾𝐾 × 𝐻𝐻 𝑝𝑝 𝐻𝐻 𝐿𝐿 𝑝𝑝 + 𝐻𝐻 𝑝𝑝 + (100-𝐾𝐾) × 𝐻𝐻 𝑞𝑞 𝐻𝐻 𝑊𝑊 𝑞𝑞 + 𝐻𝐻 𝑞𝑞

  5-xHoxCa0.5MnO3 (x = 0.05 and 0.1) samples have been investigated. All Ho doped samples exhibit an insulating behavior in the whole studied temperature range, with high resistivity values, confirming the establishment of long-range CO state. The temperature dependent resistivity follows VRH model. With increasing magnetic field up to 7 T, no remarkable change can be detected, which gives an idea about the strength of CO state. This fact indicates that Ho substitution stabilizes the CO state charactering the parent compound La0.5Ca0.5MnO3.
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 1 Fig. 1: Rietveld refinement of the XRD patterns for the La0.5-xHoxCa0.5MnO3 (x = 0.05 and 0.1) samples.

Fig. 2 :

 2 Fig. 2: Williamson-Hall plots of La0.5-xHoxCa0.5MnO3 (x = 0.05 and 0.1) samples.

Fig. 3 :

 3 Fig. 3: SEM images of La0.5-xHoxCa0.5MnO3 (x = 0.05, 0.1 and 0.15) samples.

Fig. 4 :

 4 Fig. 4: Temperature dependence of electrical resistivity under several values of applied magnetic field for La0.5-xHoxCa0.5MnO3 (x = 0.05 and 0.1) samples.

Fig. 5 :

 5 Fig. 5: Fit of high-temperature electrical resistivity data using TA, SPH and VRH models for La0.5-xHoxCa0.5MnO3 (x = 0.05 and 0.1) samples.

Fig. 6 :

 6 Fig. 6: Evolution of Mott temperature as a function of applied magnetic field for La0.45Ho0.05Ca0.5MnO3 sample. The solid line shows the parabolic fit.

Fig. 7 :

 7 Fig. 7: Magnetic field dependence of isothermal MR for La0.45Ho0.05Ca0.5MnO3 sample.

Fig. 8 :

 8 Fig. 8: Magnetic field dependence of MR for several values of temperature for La0.45Ho0.05Ca0.5MnO3 sample. The solid line represent the fitting curves.

Table captions Table 1 :

 captions1 Structural parameters of La0.5-xHoxCa0.5MnO3 (x=0.05 and 0.1) samples.

Table 2 :

 2 Fitting parameters of 0 T field resistivity for La0.5-xHoxCa0.5MnO3 (x=0.05 and 0.1) samples.

Table 3 :

 3 Fitting parameters of the magnetic field dependence of MR by using relation(9) for La0.45Ho0.05Ca0.5MnO3 sample.
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