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L. E. Hueso and J. Rivas Departamento de Fı´sica Aplicada, Facultade de Fı´sica, Universidade de Santiago de Compostela, 15782 Santiago de Compostela, Spain



共Received 20 September 2002; accepted 25 February 2003兲 We study the nonlinear current–voltage (I – V) characteristics and analyze the voltage-dependent tunneling conductance in nanoparticles of La2/3A1/3MnO3 (A⫽Ca, Sr兲. The powders were prepared by different wet-chemical routes and low calcination temperatures were used to obtain an average particle size D⬇30 nm. The data are comprehensively explained in terms of the tunneling picture, which allows one to estimate the height of the grain boundary insulating barrier 共兲 for each sample. For constant D, our results show that the sample preparation route is mainly responsible for the value of  in nanoparticles, while the Coulomb gap in the Coulomb blockade regime is ⬃3 times higher for Sr- than for Ca-doping. We also show that a small fraction of the barriers contribute to the nonlinear transport, and the current is mainly carried through low-resistive percolated paths. In addition, despite the different barrier strengths, the low-field magnetoresistance 共LFMR兲 is similar for all samples, implying that  is not the fundamental parameter determining the LFMR. © 2003 American Institute of Physics. 关DOI: 10.1063/1.1568156兴



I. INTRODUCTION



by an electrostatic charging energy (E c ) required to fully generate a pair of positively and negatively charged grains.15 In the case of manganites, at low temperatures (T⭐50 K) an increase of resistivity 共兲 is found, which has been attributed to the Coulomb blockade 共CB兲 in small particles.16 In this T range, associated with the presence of a tunneling barrier, a nonlinear response of  is also expected. The fact that current–voltage (I – V) curves are highly nonlinear in the presence of tunneling barriers is well known, and it was widely studied in 共artificial兲 single tunnel junctions.17–20 However, in the case of nanocrystalline manganites the I – V curves have not been explored enough. In this work we present results of the influence of the height of the tunneling barrier on the electrical properties of La2/3A1/3MnO3 nanoparticles 共grain size ⬇30 nm) with A ⫽Ca, Sr. The height of the barrier is changed by using different wet-chemical methods for the sample preparation: gel combustion 共GC兲, urea sol-gel 共USG兲, and liquid mix 共LM兲. In particular, we analyze the I – V characteristics of these samples at low temperature in the frame of the electron tunneling through the grain boundary 共gb兲 insulating barriers. We show that the height of the gb barrier is intimately related to the synthesis route, while the Coulomb gap obtained from the resistivity in the CB regime depends on the doping cation A. We also found that a small fraction of 共weak兲 links determine the low-temperature transport properties.



The search for magnetoresistance in different materials is one of the most important topics of investigation in solidstate physics at the present time. For this reason, both the intrinsic and extrinsic properties of several compounds are being investigated in detail. Clear examples of this search are the intrinsic magnetoresistance 共MR兲 effect in single crystals of manganites1 and pyrochlores2 and the extrinsic MR in metallic multilayers3 and nanoparticles.4 Focusing on a particular issue, the low-field magnetoresistive effects in halfmetallic materials, has raised interest due to its potential technological applications. This effect has been discovered in mixed-valence manganites,5 CrO2 , 6 and Sr2 FeMoO6 , 7,8 and was ascribed to spin-polarized tunneling of the mobile electrons across natural or artificial interfaces. Consequently, the control of interfaces is a main problem in magnetoresistive materials. Several experiments in bycrystals,9 artificial arrays,10,11 and ceramic materials8,12 tried to manipulate the tunneling barriers, achieving large magnetoresistance values at low temperatures. What is clear from recent experiments13,14 is that weak links rather than strong connected paths are mainly responsible for the low-field MR. Simultaneous to the investigation boost for increasing MR ratios, charging effects started to appear in nanocrystalline systems as a consequence of the energy barriers between particles. Charge transport in granular metals is influenced



II. EXPERIMENTAL RESULTS
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We used three synthesis methods which start from nitrates of the desired cations, and a precursor gel is formed by adding organic compounds: citric acid and ammonium hy6305
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FIG. 2. ln  vs 1/冑T plot for the samples with D⫽30 nm. The linear response is attributed to a Coulomb blockade behavior in the tunneling regime.



FIG. 1. Resistivity vs temperature curves for 共a兲 La2/3Sr1/3MnO3 (D ⫽30 nm) synthesized by the GC method, 共b兲 La2/3Ca1/3MnO3 by USG 共IT s ⫽700 °C, D⫽30 nm, and II- T s ⫽800 °C, D⫽95 nm), 共c兲 La2/3Sr1/3MnO3 and La2/3Ca1/3MnO3 (D⫽30 nm) by LM.



droxide for GC,21 urea for USG,22 and citric acid and ethylene glycol for LM.23 While in the USG and LM routes this gel is slowly decomposed by heating at low temperature (250– 450 °C), in the GC process it burns due to an intense exothermic redox reaction between nitrate and citrate ions.21 The powders were finally calcined at a synthesis temperature T s of 600– 700 °C in order to form the perovskite structure. The phase formation was checked by means of x-ray diffraction 共XRD兲. The particle size was determined by the x-ray line broadening method and by transmission electron microscopy 共TEM兲 observations. The particles are single magnetic domain with an average size D⬇30 nm, lower than the critical size D c ⫽70 nm for the appearance of multidomain grains.24 For the  measurements, the powders were pressed and fired at T s for 10 min to weld the grains and form a pellet. The electrical measurements were performed with a standard four-probe configuration, between 4.2 K and room temperature and with applied magnetic fields (H) up to 9 T. As shown in Fig. 1, all our samples present a semiconducting behavior for T above T m , where a maximum of  is observed. Below T m , due to the double exchange interaction25 in the ferromagnetic phase the samples are metallic. However, when T CB⬃50 K is reached an insulating behavior is manifested again, associated with the onset of the tunneling regime. In this regime, the T dependence of  has been explained in terms of the Coulomb blockade. The CB



occurs when a charge carrier has to move from a neutral grain to a neighboring one, thus the charging energy hinders the carrier motion. Note that for the same D⬇30 nm, the  of samples prepared by the different methods follow the order  GC⬎  USG⬎  LM , implying that the strength of the gb insulating barriers decreases in the same direction. The USGLa–Ca-II sample, with D⬇95 nm has the minimum , and the low-T increase of  is almost not observed. In the CB picture,15 the resistivity should follow a  (T)⬀exp冑⌬/T law. In order to quantify the Coulomb gap 共⌬兲, in Fig. 2 we show a ln  vs T ⫺1/2 plot for the samples with D⬇30 nm, where a linear behavior is obtained for T⬍T CB . The obtained values of ⌬ are presented in Table I. There seems to be a correlation between these results and the A-site dopant. The ⌬ for the Sr-doped samples are ⬃3 times larger than those for the Ca-doped ones. However, the values of the resistivity do not follow this order. Indeed, the LM-La–Sr sample exhibits the maximum ⌬⫽0.68 meV, and the GC-La-Sr sample, with a slightly lower ⌬⫽0.58 meV, exhibits a resistivity two orders of magnitude higher. This unexpected behavior indicates that the resistivity is determined by other parameters different from ⌬, i.e., the gb barrier. This fact motivated us to explore the I – V characteristics of the samples, where the effects of the intergrain tunneling barrier are put in evidence. We measured the I – V response of the different samples at several T. In Fig. 3共a兲 we show the results at T⫽4.2 K for the GC-La–Sr sample. In this figure, an important change of slope is observed as the voltage increases. This is an expected behavior for electrical transport through insulating TABLE I. Coulomb gap 共⌬兲, strength of the grain boundary barrier 共␤兲, and the height  assuming s⫽30 Å. All the studied samples have an average particle size D⬇30 nm. Sample LM-La–Ca LM-La–Sr USG-La–Ca-I GC-La–Sr



⌬共eV兲



␤



共eV兲



0.25⫻10⫺3 0.68⫻10⫺3 0.12⫻10⫺3 0.58⫻10⫺3



18.0共3兲 18.4共3兲 19.5共3兲 21.6共3兲



0.34 0.36 0.40 0.49
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FIG. 4. G vs V at 4.2 K and various H for La2/3Ca1/3MnO3 prepared by USG. The curve at H⫽0 was displaced in a factor 1.3 for clarity. The line is a fit with a power law (G⬃V 0.75).



FIG. 3. 共a兲 Current–voltage curves at T⫽4.2 K and two different fields 共as labeled兲 for La2/3Sr1/3MnO3 prepared by GC. Inset: R vs H at zero voltage. 共b兲 Conductance vs V for the same sample at several applied magnetic fields and T⫽4.2 K. The lines are low-voltage fits with the V 2 law characteristic of the tunneling transport.



barriers; at low V the transmission and reflection tunneling processes are present in the charge transport, but at high V the narrowing of the effective barrier thickness enhances the transmission process against the reflection one, thus reducing the sample resistance. In Fig. 3共b兲 we show the tunneling conductance per unit area defined as G⫽J/V as a function of V at several H, where J⫽I/w is the current density and w the cross area of the sample. We use this expression instead of the differential conductance dJ/dV in order to directly apply the tunneling model of Simmons.26 The nonlinear tunneling response is now well evidenced as a voltagedependent conductance. With the application of a magnetic field R⫽1/G decreases. In the inset of Fig. 3共a兲 we show the R(V⫽0) vs H curve at 4.2 K, whose behavior is the well-known response of granular materials, usually associated with the spinpolarized tunneling of carriers across the gb barriers. In the USG-La–Ca-I sample the nonlinear behavior is also observed. However, some differences were found. The G vs V curves of this sample at 4.2 K and various H are shown in Fig. 4. It is clear that the nonlinear conductance is also present, but a remarkable shoulder appears at V ⬇0.5 V and the peak-like shape of the curves at V⫽0 differs from the smooth variation exhibited by the Sr-doped GC sample and by the LM ones 共see Fig. 5兲. The appearance of this break is surprising to us; however this kind of G(V) curve was also observed in other very different systems like the Bechgaard salts.27 In La2/3Ca1/3MnO3 – Pb tunnel junctions, Hudspeth et al.17 have observed at low temperatures a peak-like shape in their G(V) curves. They assigned this behavior to the specific density of states of the surface of the



grains, which could be very different for different samples. Consequently with the lower , the conductance of the USG-La-Ca-I sample is ⬃10 times higher than that of the GC one. The USG-La–Ca-II sample with D⫽95 nm was also studied, and contrary to the USG-La–Ca-I results it exhibits good linear I – V curves. Finally, in La2/3Sr1/3MnO3 and La2/3Ca1/3MnO3 prepared by LM, the nonlinearity is also appreciable and both compounds show a very enlarged conductance, as seen in Fig. 5. It is remarkable that for all the samples with D ⬇30 nm, the nonlinear response is totally absent for temperatures above T CB . This behavior indicates that the nonlinearities are related to the low temperature insulating response, as expected. This agrees with the fact that the USGLa–Ca-II sample exhibits neither nonlinearities nor the insulating regime. With the application of a magnetic field, the G(V) curves are shifted to higher values and continue showing the V 2 dependence of the tunneling mechanism 关solid lines in Fig. 3共b兲兴. It is well accepted that the presence of the gb insulating barriers is responsible for the appearance of the rapid decrease of the resistivity with the application of relatively low magnetic fields, i.e., the low-field magnetoresistance 共LFMR兲.5 This behavior is related to the increase of the hopping probability with the applied field, due to the align-



FIG. 5. G(V) data at H⫽0 T and 4.2 K for La2/3Ca1/3MnO3 and La2/3Sr1/3MnO3 prepared by the liquid-mix technique. The data are fitted with a tunneling model 共solid lines兲.



Downloaded 05 Apr 2006 to 192.167.164.69. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



6308



Niebieskikwiat et al.



J. Appl. Phys., Vol. 93, No. 10, 15 May 2003



where ␤ ⫽1.025s 冑 . In these formulas G 0 is expressed in S/cm2 , G 1 in S/(cm2 V2 ), s in Å, and  in eV. The parameter ␤ determines the tunneling probability through the insulating barrier. Therefore, from now on we call ␤ the strength of the barrier. In the case of polycrystalline materials an additional parameter should be included: the number of barriers which effectively contribute to the resistance between the electrodes. This is related to a distribution of conductances in the sample. Considering that a fraction  of the gb contacts aligned between electrodes 共separated a distance l) contribute to the voltage drop, the single barrier conductance of Eq. 共1兲 is corrected as FIG. 6. Zero-voltage magnetoresistance as a function of applied field. Despite the different values of  all samples exhibit similar LFMR.



ment of the magnetic moments of neighboring grains. However, the precise mechanism for this phenomenon is still under discussion. Experimentally, an increase of the resistivity in half-metallic polycrystalline materials is usually accompanied by an improvement of the LFMR.8,13,16 In Fig. 6 we plot the zero-voltage MR 关 R(H)/R(H⫽0) 兴 as a function of the applied field. The LFMR is represented by the important fall of R between H⫽0 and 1 T. It can be observed that, despite the different values of , the LFMR is the same for all samples: approximately 32% at 1 T. III. MODEL



The single junction tunneling conductance G s is usually analyzed in terms of two basic models. On one hand, some authors18,28 describe their results in terms of the Glazman and Matveev 共GM兲 theory.29 In this model, the gb transport takes place through inelastic tunneling via localized states in the insulating barrier, and the G s (V) curves can be described with a power law with noninteger exponents like G s (V) ⫽b 0 ⫹b 1 V 4/3⫹b 2 V 5/2⫹¯ . On the other hand, nonlinear I – V characteristics have also been described by other authors19,20,31 with the quantum tunneling model of Simmons.26 In this frame, the low-voltage expansion of G s for a square barrier can be written as G s 共 V 兲 ⫽cos2 共  /2兲关 G 0 ⫹G 1 V 2 兴 ,



共1兲



where the angle  represents the relative missalignment of the magnetization of the contiguous grains. We included this factor to take into account the hopping probability given by the double exchange interaction25 in our half-metallic grains, which is not considered in the Simmons’ model. In our low voltage G(V) curves, we observe a parabolic behavior 共except for the USG-La–Ca-I sample兲; thus in the following we analyze our results in the quantum tunneling picture of Simmons. The constants G 0 and G 1 are related to the barrier height  and thickness s through26 G 0 共 ␤ ,s 兲 ⫽ G 1 共 ␤ ,s 兲 ⫽



3.1⫻1010 ⫺ ␤ ␤e , s2



冉



共2兲



冊



1 1 1 ⫺ ⫺ 6.84⫻1010s 2 e ⫺ ␤ , 192␤ 64␤ 2 64␤ 3



共3兲



G 共 V 兲 ⫽ 具 cos2 共  /2兲 典



冋



册



G0 G1 ⫹ V2 . 共 l/D 兲 共 l/D 兲 3



共4兲



In Eq. 共4兲, G and V stand for the conductance and voltage drop of the whole sample and the prefactor of the hopping probability was replaced by its average value. As the magnetic anisotropy axis of the different grains are expected to be randomly oriented, at zero magnetic field we use 具 cos2(/2) 典 ⫽0.5. In ferromagnetic nanoparticles, s can be associated with the thickness t of the magnetic dead layer around the grains.16 From magnetization measurements, our samples with D⫽30 nm have the same t⬇1.5 nm, 21 very close to other estimations.16 This value is also in agreement with estimations of the thickness of the structural disordered region around the grains, obtained from TEM observations in La2/3Sr1/3MnO3 polycrystalline films.30 Then, assuming s ⬇2t we estimate the width of the barrier as s⬇30 Å. Anyway, an extremely precise value of s is not necessary when a G(V) curve is fitted. The obtained value of ␤ does not change significantly when varying s considerably, which is due to the exponential dependence of G 0 and G 1 with ␤. For example, a rough estimation using typical values  ⬃0.3– 0.5 eV and s⬇30 Å, indicates that ␤ ⬃20. Considering an overestimated error of 20% for s, the error in ␤ would be lower than 0.4, i.e., ␦ ␤ / ␤ ⬍2%. Thus, in Eqs. 共2兲 and 共3兲 in the following we use s⫽30 Å. After fitting the low V region of our experimental curves with Eq. 共4兲 关solid lines in Figs. 3共b兲 and 5兴, both  and ␤ can be self-consistently obtained. This procedure yields for the GC-La–Sr sample ⬇4.4⫻10⫺4 and ␤ ⫽21.6 (  ⫽0.49 eV for s⫽30 Å), in agreement with the expected values. Such a small value of  is somewhat surprising. However, in the case of CrO2 共Ref. 6兲 and magnetite31 powder compacts, it has been argued that the voltage drop could occur in a small fraction of the gb contacts. For the LM samples we also obtained a value of  slightly below 10⫺4 . The results for the strength of the tunneling barrier are shown in Table I. For the USG-La–Ca-I sample, it is clear that the tunneling model cannot be applied in the same way as in the other samples. The GM theory cannot be applied either; in this model the exponents of the G(V) curve are all greater than 1.33, and in the curve of the USG sample 共see Fig. 4兲 a fitting indicates that it can be adjusted with an exponent ⬃0.75. Nevertheless, we roughly
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FIG. 7. Zero-voltage conductance as a function of barrier strength. The values of ␤ are those obtained from the parabolic fits of the G(V) curves. Top axis: corresponding values of barrier height assuming s⫽30 Å. Solid line is a guide to the eye.



estimate the strength of the tunneling barrier by the value of the zero-voltage conductance and fixing ⫽10⫺4 . It can be observed that, contrary to the case of the Coulomb gap ⌬ (Ⰶ  ), there is no appreciable cation dependence of , at least for the LM samples. On the other hand, it is now absolutely clear that the values of  follow the order  GC⬎  USG⬎  LM , exactly in the same way as the resistivities shown in Fig. 1. The close correspondence between  and  gives us now a consistent scenario. In Fig. 7 we present the zero-voltage conductance as a function of ␤ as obtained from the fits 共the top axis shows the corresponding barrier height  for a barrier width s⫽30 Å). In this plot, the nearly exponential law G⬃e ⫺ ␤ can be appreciated. This allows us to clearly distinguish the different barrier strengths for the three sample preparation methods. IV. DISCUSSION



We found that the A-site dopant 共Sr or Ca兲 only plays a minor role in the nonlinear I – V curves, while these are highly influenced by the microstructure of the gbs. In this frame it is expected that disorder, different oxygen stoichiometry, or even a minor amount of a secondary phase8 at the gbs could generate an increase of the insulating barrier. Therefore, the GC synthesis method would be the most appropriate to create gb insulating barriers. The simple model used to describe the experimental data, explained in the precedent section, imposes several limitations to the description of real systems. For one, our model does not take into account the microscopic geometrical configuration for the current path. It is likely that the electrical current does not flow in a straightforward manner, but it could percolate through relatively intricate electrical paths. Strict models should consider a random resistor network with a distribution of voltage-dependent conductances, a different number of neighbors for each grain, etc. This extremely large complexity makes the polycrystalline systems hard to manage from the microscopic point of view. For another, the use of a square barrier and the assumption that its width is given by the magnetic dead layer give us an effective model. Notwithstanding this, based on the fact that
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all the studied samples exhibit similar magnetization values and the same particle size, it is reasonable to assume that all samples have the same value of s. Apart from the limitations of our very simple model, it keeps the fundamental ingredients allowing one to understand several aspects of the transport behavior of nanoparticles. From the analysis of the data we show that the main ingredient in the G(V), the barrier strength, depends on the preparation method. Another result of our analysis is that only a minor fraction of the barriers play a role in the transport properties of our nanoparticles. Our present results are consistent with previous works of Gre´vin et al.32 and Versluijs et al.,33 where they perform simultaneous imaging of surface topography and local potential distribution in La0.7Sr0.3MnO3 thin films. In those works, the authors clearly demonstrated that the voltage drops only occur at the gb positions. However, some of the gbs show no voltage drop, thus implying that these boundaries correspond to well connected grains. Gre´vin et al.32 suggested that the low-resistive metallic state of their films is related to percolative transport through electrically well connected crystallites. For increasing grain size, it is well known that the resistivity decreases. Therefore, it is expected that the fraction of well-coupled grains will increase with increasing D, also helped by the higher synthesis temperatures. In this sense, the probability of crossing ‘‘bad contacts’’ in the USG-La– Ca-II sample with D⫽95 nm should be much lower, thus the resistivity is not insulating and the I – V curves are linear. In general, in materials with grain sizes bigger than ⬃50 nm the low temperature insulating state does not appear, so it would be necessary to greatly disturb the gbs structure in order to induce a nonlinear conduction. This is the case of the Sr2 FeMoO6 double perovskite,8 where the appearance of a nonmagnetic SrMoO4 impurity phase at the gbs gives rise to non-ohmic V(I) curves. Finally, another interesting result that we found is that the LFMR is not influenced by the strength of the gb barrier. By other means, LFMR could be optimized by the value of s. Hueso et al.34 and Gupta et al.35 have performed magnetotransport measurements in La2/3A1/3MnO3 /insulator composites, and they showed that by increasing the amount of the insulating phase the resistivity increases and the LFMR is substantially enhanced. In these experiments, since the height of the tunneling barrier is kept constant as the insulating phase is always the same, only the value of s is changed. The initial increase in the insulator content produces an enlargement of the width of the barrier. Of course at very large insulator contents the conductivity and MR are deteriorated due to the total disconnection between halfmetallic grains. V. CONCLUSIONS



We studied the electronic transport properties of La2/3A1/3MnO3 nanoparticles (⬇30 nm of average grain size兲 synthesized by different methods. The clear nonlinearities observed in the current–voltage characteristics are a fingerprint of the electron transport through the grain boundary insulating barriers. By using a tunneling model, from the
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I – V curves we extracted the height of the tunneling barrier 共兲 for each sample. We observed that  is mainly determined by the synthesis route, being larger for the gelcombustion method, while the A2⫹ cation only plays a minor role. We found that an enhancement of the height of the insulating barrier does not produce an appreciable increase of the low-field magnetoresistance. On the contrary, it is likely that an increase of the width of the barriers produces the desired effect. On the other hand, we showed that a distribution of grain boundary conductances is a fundamental ingredient, and that a small fraction of poor contacts determine the transport properties. In light of the present results a deeper understanding of the precise microstructure of the grain boundaries in ferromagnetic half-metallic compounds becomes necessary. ACKNOWLEDGMENTS
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