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Abstract

Manganite compounds (La0.33Sm0.67)0.67Sr0.33-xBaxMnO3 with light Ba doping (x = 0.01, 0.03, 0.06, 0.09) have been investigated by EPR over the temperature range 110 – 450 K. It was found that the EPR linewidth behavior changed drastically in samples with these low Ba concentrations. For all the samples there was observed a transition from paramagnetic to ferromagnetic phase below the phase-transition temperature. EPR signals characteristic of Griffiths phase were observed in the samples with x = 0.03, 0.06, 0.09. The temperature dependence of the EPR linewidth in the paramagnetic phase was analyzed on the basis of variable-range-hoping model, which explained well the observed data. 
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1. Introduction

As reported previously [1-4], the magnetic properties and conductivity behavior of the manganite sample (La0.33Sm0.67)0.67Sr0.33-xBaxMnO3, with x = 0.0, containing no Ba2+ ions, characterized by the phase-transition temperature TC = 205 K, are significantly different from those of the samples containing rather large amount of Ba ions, with x = 0.13, 0.23, 0.33, characterized by TC = 127 K,112 K, and 96 K. respectively [1]. This indicates that TC decreases sharply from 205 to 127 K for a rather small Ba doping of x = 0.13, and then only to 96 K for Ba doping with the largest possible amount of x = 0.33. In addition, the resistivity changed from 10-1 Ω·cm for (La0.33Sm0.67)0.67Sr0.33MnO3 at 100 K to about 103 Ω·cm for all other samples (x = 0.13, 0.23, 0.33) [1]. Thus, significant differences in magnetic and charge-transfer properties were observed in samples with Ba doping of (La0.33Sm0.67)0.67Sr0.33-xBaxMnO3. Therefore, investigation of behavior of such samples with light doping of Ba ions (x < 0.10) is of special interest to develop further insight into the interactions among the various paramagnetic ions in these samples.  

This paper reports an investigation of four manganite samples, (La0.33Sm0.67)0.67Sr0.33-xBaxMnO3, x = 0.01, 0.03, 0.06, 0.09, by X-band (~9.45 GHz) electron paramagnetic resonance (EPR) in the temperature range 110 – 450 K. In particular, the effect of substitution of the Sr2+ ion, with the ionic radius of 1.12 Å by the Ba2+ ion with the larger ionic radius of 1.34 Å, on the EPR spectra are investigated here. This substitution affects the structure of these compounds leading to a deviation from the structure of stoichiometric LaMnO3, which is orthorhombic with space group Pnma (TN = 140 K) [5]. The degree of deviation depends on the ionic radius of the substituting divalent cation, leading to the rhombohedral structure with space group 
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 for both La0.67Ba0.33MnO3 (TC =343 K) [6,7] and La0.67Sr0.33MnO3 (TC = 376 K) [8,9]. 

2. Effect of ionic substitution in manganites

The amount of substituting ions governs the fractional contents of the Mn3+(3d4, L=2) and Mn4+ (3d3, L=3) ions present in the stoichiometric samples with the common formula La0.67B0.33(Mn3+)0.67(Mn4+)0.33O3. The change in the average size of the cation at the B site of these perovskites causes large changes in their transport and magnetic properties due to modification of the Mn-O-Mn bond angles and Mn–O distances, thereby influencing the eg electron hopping between the Mn3+ and Mn4+ states. In turn, such distortion of the bond angles and distances gives rise to competing superexchange and double-exchange interactions, causing electronic phase separation. Furthermore, increasing the Ba content in mixed Sr-Ba manganite leads to increasing disorder in the system, associated with an increasing spin-glass like behavior in these samples.  Since diamagnetic La ions are partly substituted by the paramagnetic Kramers Sm3+ ions (J = 5/2, L=5, (eff =1.5) in these compounds, their magnetic states are strongly affected below their phase transitions, so that there occurs a competition between their ferro- and antiferro-magnetic states, which, in turn, affects their magnetoresistance.

2.1 Influence of Sm. Since the ionic radius of Sm (0.964 Å) is smaller than that of La (1.016 Å), the TC decreases with increasing Sm concentration due to the magnetic interaction of Sm ions with  (other) Sm and Mn ions, modifying the magnetic state of mixed La-Sm manganite. With increasing Sm content, the structure of the compound transforms from long-range ferromagnetic order for La0.67Sr0.33MnO3 to spin-cluster glass state for mixed La-Sm/ Sr-Ba compound. The increase of Sm content leads also to distortion of Mn-O-Mn bonds and weakening of the double-exchange interaction in the Mn network, which governs ferromagnetic coupling, shifting the TC to lower temperatures. In addition, there manifests extra magnetic coupling due to interactions among Sm ions, leading to a colossal magnetoresistance effect. 

2.2 Influence of Ba. The ionic radius of Ba is larger than that of Sr, however the lattice constants are slightly smaller for La0.67Sr0.33MnO3 with a = 5.5013 Å, b = 13.36 Å [9], as compared to those for La0.67Ba0.33MnO3 with a = 5.5320 Å, b = 13.5273 Å [10]. Both La0.67Ba0.33MnO3 and La0.67Sr0.33MnO3 have rhombohedral structure with space group 
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.  Heavy Sm doping transforms its structure to orthorhombic with space group Pnma. It is noted that, the structure of the mixed compound (La0.33Sm0.67)0.67Sr0.33-xBaxMnO3  is orthorhombic[1,3]. The lattice parameters increase with Ba doping as follows: a = 5.5056 Å, b = 7.7801 Å, c = 5.5022 Å for (La0.33Sm0.67)0.67Ba0.33MnO3, and a = 5.4722 Å, b = 7.7063 Å, c = 5.4599 Å for(La0.33Sm0.67)0.67Sr0.33MnO3, as reported by Asthana et al. [1]. Doping with Ba ions leads to inhomogeneous distribution of Mn4+ ions, which exhibit EPR signal in the manganites, and cause clustering, as evidenced in diluted Ba and Sr manganites [11,12]. Therefore, the regions enriched with Mn4+ - O – Mn4+ bonds in the sample tend to become dielectric, not participating in the electron-transfer process. 

3. Synthesis: The samples were synthesized by citrate sol-gel method based on citrate gel formation with ethylene glycol: Stoichiometric amounts of initial compounds, such as Sm2O3, La2O3, SrCO3, BaCO3, MnO2, Mn2O3, were dissolved in a minimal amount of nitric acid by continuous heating. Calculated amounts of ethylene glycol and citric acid were added after complete dissolution of the initial compounds. Thermal decomposition of gel was carried out in a muffle furnace by slow heating from 100( C to 800( C.  The samples so obtained were sintered at 1450( C for 10 hours.  The completion of the reaction in the samples was verified by X-ray diffraction and chemical analysis. No second phase was detected in any samples by X-ray powder diffraction analysis.
4. EPR measurements:

A Bruker ESP-300 EPR X-band spectrometer (9.46 GHz), equipped with a nitrogen-gas flow cryostat for temperature variation in the temperature range 110 – 450 K was used to investigate the samples. The spectra were recorded both for heating and cooling. Some hysteresis, less than 2 K, was found in the two sets of measurements, which is not significant. Thus, only the spectra recorded during cooling are considered here. 

The EPR spectra for the various samples show paramagnetic EPR lines at higher temperatures, which gradually change to ferromagnetic resonance (FMR) lines below the respective transition temperatures (Tc) for the samples with x = 0.01, 0.03, 0.06. No such transition is observed for the sample with x = 0.09 over the temperature range of investigation, according to interpolation as discussed later it should be about 130 K, but it is masked by the line due to the Griffiths phase . The temperature variations of the EPR spectra for these samples are shown in Figs. 1- 4, respectively. 

The temperature variation of the EPR/FMR spectra of the samples with x = 0.01, 0.03, 0.06near and below the respective phase-transition temperatures are shown in Figs. 1a (110-196 K), 2 (113-198 K), 3 (100-210 K), and for the sample with x = 0.09 in Fig. 4 (110 – 230 K), respectively. These temperature ranges were chosen because only one Lorentzian line was observed at temperatures above 200 K, which is well above the phase-transition temperatures. The temperature dependences of the EPR linewidths for all four samples are shown in Fig. 5. The phase transition temperature, TC, was determined from the temperature dependence of the EPR spectra, to be the temperature at which the transition to FMR lines occurs as the temperature is lowered. The dependence of TC on Ba content is shown in Fig 6.

4.1. Sample with x = 0.01 (Figs. 1 (a) and (b)). Here the phase transition is clearly observed, similar to that for the sample (La1/3Sm2/3)2/3Sr0.33MnO3 [4], without any Ba doping. The phase-transition temperature is (178 ± 2 K).  The shape of the EPR line over the temperature interval where the paramagnetic and ferromagnetic phases coexist was analyzed as follows. There exist two lines, one, corresponding to the paramagnetic phase with g = 2.0, and the second, corresponding to the ferromagnetic phase, with g value increasing with decreasing temperature below the phase-transition temperature. The overall experimental EPR line over this temperature can be easily simulated to be a sum of these two lines as shown in Fig. 1 (b), the parameters of these two lines (g-values, lineshape, linewidth and relative intensity) are given in table 1. The line corresponding to the paramagnetic phase is assumed to be Lorentzian, caused by the motional effect due to the exchange interaction between electronic spins [13], whereas the line corresponding to the ferromagnetic state is assumed to be Gaussian in shape due to distribution of the directions of the moments of the various ferromagnetic clusters in the sample.  The transition temperature to ferromagnetic phase is Tc = 178± 2 K.

4.2. Sample with x = 0.03 (Fig. 2). The EPR line in the paramagnetic phase appears to be asymmetrical, due to overlap of the EPR line due to Griffiths phase. The phase transition from the paramagnetic to ferromagnetic phase occurs in a smooth, gradual manner. The EPR signal in this sample can be expressed as a sum of EPR and FMR signals in the temperature range 158- 168 K below the phase-transition temperature similar to that in the samples with x = 0 [4] and x = 0.01. The transition temperature to ferromagnetic phase is Tc = 163 ± 5 K.Along with the intense paramagnetic lines, there were observed EPR lines with rather low intensities at lower magnetic fields, similar to those observed in the samples with x = 0.13, 0.23 [4], which correspond to Griffiths phase [14,15,16]. The linewidth of these lines changes from 150 G at 218 K to 450 G at 168 K.

4.3. Sample with x = 0.06 (Fig. 3). There are observed similar lines here to those observed in samples with x = 0.01 and 0.03. The shape of the EPR lines is slightly asymmetrical, like that of a Dysonian line. The FMR line in addition to that due to Griffiths phase, was also observed here, as shown in Fig. 3. Its linewidth increases from 300 G at 210 K to 850 G at 160 K. The transition temperature to ferromagnetic phase is Tc = 142 ± 2 K.

4.4. Sample with x = 0.09 (Fig. 4). Intense lines, corresponding to Griffith’s phase similar to those observed in the samples with x = 0.03, 0.06, were observed along with the paramagnetic lines at lower fields over a wide temperature range,. up to room temperature. This behavior is similar to that, observed for EPR signal in the paramagnetic phase in Eu0.6La0.4-xSrxMnO3 [18] for samples with x from x = 0.13 to x = 0.2. Paramagnetic and ferromagnetic phase should co-exist in this sample  To this end, there is argued in [18] that possibly the magnetic Eu3+ ions favor a stabilization of ferromagnetic state in Eu0.6La0.4-xSrxMnO3, and thus increase the intensity of EPR signals due to Griffiths phase signals over a wide temperature region. The transition temperature to ferromagnetic phase is  difficult to determine as the ferromagnetic lines are presumably masked by the predominant lines due to Griffiths phase, but by extrapolation it appears to be about 125 K.  (See Fig. 6).

The TC values for the samples with x = 0.13, 0.23, 0.33 were determined from the temperature dependence of magnetic susceptibility [1]. These values are shown in Fig. 6.
4.5 Griffiths phase. As mentioned above, there were observed another set of EPR lines at low magnetic fields, attributed to nanosized ferromagnetic clusters (ferrons) [14-16]. These additional lines are clearly seen in the spectra shown in Fig. 2b (sample with x = 0.03), Fig. 3 (sample with x = 0.06), and Fig. 4  (sample with x = 0.09). These ferron structures occur due to disorder caused by displacements to Sr2+ ions by Ba2+ ions. This leads to creation of holes located at the positions of the Mn, or oxygen, ions, which migrate to the Mn3+ sites, causing polarization of the direction of spins, leading to the formation of ferromagnetically ordered nanostructures. 

The nature of the so-called Griffiths phase can be interpreted in terms of a Griffiths singularity arising due to the presence of quenched disorder (QD) in the orthorhombic phase of these manganites [14-16]. Griffiths phase is characterized by a random distribution of dilute magnetic entities subjected to slow spin dynamics [19]. In manganites, QD is due to the random distribution of the ions in the pervoskite A-site in Ln1–xAxMnO3 (Ln = La3+, Sm3+, etc. and A = Sr2+, Ba2+, etc.). The magnitude of the QD is related to the difference in the ionic radii of the cations Ln and A. The disorder within Ln and A sublattice can increase this effect. Thus, the formation of Griffiths phase in (La1/3Sm2/3)2/3Sr0.33-xBaxMnO3 system is due to Sr/Ba disorder, which leads in its turn to Mn3+/Mn4+ disorder. Therefore no Griffiths phase was observed in the samples with x = 0 (no Ba) and x = 0.33 (no Sr), which do not have simultaneous presence of Ba and Sr ions [4]. 

5. EPR linewidth

5.1 Temperature dependence of the EPR linewidth in the paramagnetic phase. The variable-range-hopping (VRH) model has been used here to explain the temperature dependence of the EPR linewidth in in the paramagnetic temperature range of lightly doped samples of the manganites (La033Sm0.67)0.67Sr0.33-xBaxMnO3 (x = 0.01, 0.03, 0.06, 0.09) based on their conductivity properties [3] as supported by experimental data. These compounds become disordered due to the introduction of Ba atoms to partially replace Sr atoms. With the increase of disorder in the system, the conductivity mechanism changes from small polaron hopping to variable range hopping [24]. 

Recently, a new approach has been proposed by Veklov and Malkovskii [25] to explain the conductivity in the manganites, based on VRH model. In this approach VRH in manganites is described by the model of metallic-like droplets embedded in a dielectric matrix. The VRH mechanism becomes effective due to the two-phase state of the system, comprised by metallic (ferromagnetic) and dielectric (paramagnetic) phases. When the density of the metallic droplets is less than the percolation limit, the sample is in the insulating (paramagnetic) state with VRH conductivity defined by inter-granular tunneling and electrostatic barriers. As the temperature increases the VRH regime is transformed into the hopping regime of small radius polarons. The VRH regime in manganites is not due to structural disorder; rather it is due to the size of metallic droplets, which define the magnetic nature of the sample. If it is sufficiently large, it results in the ferromagnetic state to produce an FMR signal. In the present data, it occurred in the samples with x = 0.01 and 0.03 near the respective phase-transition temperatures. The metallic droplets with nano-size in the paramagnetic phase can be considered as ferrons, which give rise to Griffiths phase. The density of such ferrons, distributed over the whole sample, determines the intensity of  the EPR signal due to Griffiths phase. In the present considerations, VRH model was used within the framework of Mott’s model [23], which has been used to explain the experimental data on manganite conductivity, and allows one to compare the data obtained from conductivity with those of EPR linewidth.


In previous investigations of EPR spectra of (La033Sm0.67)0.67Sr0.33-xBaxMnO3, (x =0.0, 0.13, 0.23, 0.33), there was found evidence of exchange narrowing of EPR lines near Tmin, where the linewidth exhibits the minimum. The well-known small-polaron hopping model for the interpretation of EPR linewidth in the paramagnetic region [26] was used to explain the linewidth behavior. In this model influence of small-polaron hopping conductivity in the paramagnetic state in highly doped manganitesamples (La033Sm0.67)0.67Sr0.33-xBaxMnO3, (x =0.0, 0.13, 0.23, 0.33), [4], accompanied by flip-flop of spins, during the transfer of electrons from Mn2+ to Mn3+, is considered to lead to broadening of EPR linewidth. 

As stated above, increasing disorder in the distribution of Mn4+ and Mn2+ ions due to doping with Ba ions requires the application of variable-range-hopping (VRH) model for the charge-transfer process in manganites. Accordingly, the temperature dependence of conductivity can be expressed as [23]: 

σ = σ0(exp(-(T0/T)1/4),                                                                          (1)

where T0 is the characteristic temperature; its value for manganites is around 106 K.

Assuming that the EPR linewidth is proportional to the conductivity in (La1/3Sm2/3)2/3Sr1/3-xBaxMnO3, whose behavior is governed by the VRH model, the EPR linewidth can be similarly expressed as:

(Bpp (T) = (Bpp,min + C (exp( -(T0/T)1/4),                                             (2)

 In Eq. (2), T0 = 18(3/kN(Ep), Ep is the electron density; L = 1/( is the localization length; it is of order of the distance between adjacent Mn ions. Its average value is 2.2 nm. As estimated for La0.7Sr0.3MnO3, kT0 = 220 eV (T0 = 2.55ּ106 K) [27,28]. T0 was estimated from Eq. (4), for (La033Sm0.67)0.67Sr0.33MnO3, to be 1.7ּ106 K, in reasonable agreement with those for La0.7Sr0.3MnO3 (T0 = 2.55ּ106 K), La0.35Pr0.15Ca0.16Sr0.34MnO3 (T0 = 1.5(106 K), and La0.31Sm0.19Sr0.5MnO3 (T0 = 2.8(106 K) manganites, characterized by disorder in rare-earth and alkaline-earth ions. VRH conductivity mechanism clearly applies for explanation of charge transfer in all these compounds[29]. It is noted that the VRH model was also used to explain the electrical properties of (La0.4Sm0.6)0.67Sr0.33MnO3, which is quite similar to (La033Sm0.67)0.67Sr0.33MnO3,  in the paramagnetic region [3]. 

Equation (2) was used to evaluate the VRH parameter T0. This parameter was estimated for the samples (La1/3Sm2/3)2/3Sr1/3-xBaxMnO3  (x = 0.0, 0.01, 0.03, 0.06,  and 0.13, 0.23, 0.33) from the dependence of EPR linewidth on temperature in the paramagnetic phase of these  samples. The required EPR data for x = 0.0, 0.13, 0.23, 0.33, not investigated here, are taken from [4], (The EPR data for x = 0.09 are not included due to the predominant EPR lines due to Griffiths phase for this sample as discussed above.) The various values are plotted in Fig. 7, which reveals that T0 decreases with increasing Ba content. This decrease is found to be quite sharp for the Ba-content x = 0.0 to 0.1. 

5.2 Behavior of transition temperature (TC). The transition temperatures to the ferromagnetic state of these samples gradually decreased from 178 K for the sample with x = 0.01 to 163 K for the sample with x = 0.03, and to 142 K for the sample with x = 0.06. It is noted that even 1% Ba doping shifts the ferromagnetic phase transition by more than 27 K down from its value in the sample without Ba doping, (La0.33Sm0.67)0.67Sr0.33MnO3 (TC = 205 K). This is due to significant structural changes effected by even very small amount of Ba2+ ions substituting for Sr2+ ions in the samples with x = 0.01, 0.03, 0.06. 0.09. 

5.3 Dependence of TC and T0 on Ba content (x). The VRH parameter T0 changes with temperature in the same way, as does Tc.  It is possible to fit both dependences, TC and T0 versus Ba content (x), with the following empirical expressions:

TC(x) = TC(0) · exp(- C1· x1/2),                      (3)

T0(x) = T0(0) · exp(- C2· x1/2);                       (4)

In Eqs. (3) and (4), best fitting provides the values of the parameters: C1  = 1.33±0.03, C2 = 0.89±0.06, TC(0) = 205 K, T0(0) =  1.64 ( 106 K. Using these, the dependences of TC and T0 on x are shown in Fig. 6 and 7, respectively.

These dependences can be explained as follows. Both charge transfer and magnetic-ordering processes depend strongly on Mn – O – Mn bonding in the structure of manganites. If the distance r between Mn and O ions changes, the value of the overlap integral between Mn and O electron density changes as exp (-C·r), where, C is a constant. This affects the values of charge transfer and magnetic-ordering parameters. Finally, expressions (3) and (4) reveal that both TC and T0 depend on Ba concentration in the same exponential manner.  

8. Concluding remarks


The salient features of the EPR study on the lightly Ba-doped manganite samples of (La1/3Sm2/3)2/3SrxBa0.33-xMnO3 (x = 0.01, 0.03, 0.06, 0.09) presented in this paper are as follows.

(i) The substitution of Sr2+ ions by Ba2+ ions in these lightly doped samples has a profound effect on TC, the ferromagnetic phase-transition temperature. TC decreases by a rather large amount, from 205 K for sample with x = 0 to 178 K for x = 0.01, by the change in x by only a small amount of 0.01. On the other hand, in heavily doped samples, when Ba content changes from x = 0.13 to x = 0.33, e. g., by 0.2, TC changes only by a small amount of 31 K, from 127 to 96 K.

(ii) The application of variable-range-hopping-mechanism correctly explains the dependence of the EPR linewidth on temperature in the paramagnetic region, which is consistent with the conductivity data.

(iii) Griffiths phase, characterized by the coexistence of ferron nanostructures and paramagnetic bulk state, was clearly observed in the sample with x = 0.03, 0.06, and 0.09. 
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Table 1. The parameters of FM (Gaussian)  and PM (Lorentzian) signals, used for the simulation of EPR line.

	Temperature (K)
	Linewidth (G)
	g-value
	Relative intensity

	174
	PM
	FM
	PM
	FM
	PM
	FM

	174
	2000
	1300
	2.10
	3.35
	0.34
	0.66

	176
	1400
	1200
	2.10
	3.1
	0.55
	0.45

	178
	1200
	1200
	2.11
	3.1
	0.67
	0.33

	180
	1000
	1200
	2.10
	2.9
	0.8
	0.2

	182
	810
	1200
	2.07
	2.8
	0.9
	0.1

	184
	670
	1200
	2.04
	2.7
	0.98
	0.02


	186
	560
	1100
	2.04
	2.7
	0.99
	0.01
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Fig. 1. A plot of EPR spectra of (La1/3Sm2/3)2/3Ba0.01Sr0.32MnO3 sample (x = 0.01) versus temperature: a). EPR spectra at temperatures from 110 to 196 K. The transition temperature to ferromagnetic phase is Tc = 178± 2 K. b). EPR spectra in vicinity of phase transition (174 – 186 K) with its simulation as a sum of EPR and FMR signals, shown by dashed lines. The fitting parameters characterizing the FM and PM signals are listed in Table 1.
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Fig. 2. Variation of the EPR spectra of (La1/3Sm2/3)2/3BaxSr1-xMnO3 (x = 0.03) sample versus temperature from 100 – 213 K. The signal from Griffiths phase in the temperature region 178 - 218 K is clearly seen, and indicated by arrows. The transition temperature to ferromagnetic phase is Tc = 163 ± 5 K.
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Fig. 3. Variation of the EPR spectra of (La1/3Sm2/3)2/3BaxSr1-xMnO3 (x = 0.06) sample versus temperature from 100 to 210 K. The signal from Griffiths phase in the region 150 - 200 K is clearly seen, and indicated by arrows. The transition temperature to ferromagnetic phase is Tc = 142 ± 2 K.
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Fig. 4. Variation of the EPR spectra of (La1/3Sm2/3)2/3BaxSr1-xMnO3 sample with x = 0.09 versus temperature from 110 to 210 K. The signals corresponding to Griffith’s phase in the region 100 - 200 K are clearly seen, and indicated by arrows. 
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Fig. 5. Peak-to-peak EPR linewidths exhibited by the manganite samples versus temperature. Here the EPR linewidths for the samples with x = 0.0, 0.01, 0.03, 0.06 and 0.09 are indicated by circles, squares, down triangles, up triangles, stars, respectively. The EPR linewidth for the sample with x = 0 and x = 0.13, taken from [4], are also shown for comparison. 
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Fig. 6. Phase-transition temperature (TC) versus Ba content; the continuous line represents fitting with the use of Eq. (3)

[image: image10.png]1.5+

0.0-

— 8 _ 5

' | ' | ' | ' | ' | ' | ' | ' |
000 005 010 015 020 025 030 035

X, concentration of Ba





Fig. 7. Plot of the parameter of the variable-range-hopping model, T0, versus Ba content, as estimated by the use of Eq. (2). The continuous line represents fitting with the use of Eq. (4).

PAGE  
20

_1401364120.unknown

_1401363834.unknown

