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Abstract

:

Anti-site disorder, arising due to the similar size of Fe and Mo ions in Sr2FeMoO6 (SFMO) double perovskites, hampers spintronic applicability by deteriorating the magnetic response of this double perovskite system. A higher degree of anti-site disorder can also completely destroy the half-metallicity of the SFMO system. To study the effects of different process gas conditions on the anti-site disorder, we have prepared a series of SFMO thin films on SrTiO3 (001) single-crystal substrate using a pulsed laser deposition (PLD) technique. The films are grown either under vacuum or under N2/O2 partial gas pressures. The vacuum-grown SFMO film shows the maximum value of saturation magnetization (MS) and Curie temperature (TC), signaling the lowest anti-site disorder in this series. In other words, there is a long-range Fe/Mo-O-Mo/Fe ferrimagnetic exchange in the vacuum-grown thin film, thereby enhancing the magnetization. Further, all the SFMO films show a semiconducting state with a systematic increase in overall resistivity with the increased anti-site disorder. The electrical conduction mechanism is defined by the variable-range hopping model at low temperatures. Raman spectra show a weak Fano peak, suggesting the presence of electron–phonon coupling in SFMO thin films. These results show the significance of the process gas in causing anti-site disorder, tuning the degree of this disorder and therefore its influence on the structural, magnetic, electrical, and vibrational properties of SFMO thin films.
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1. Introduction


Double perovskites with the chemical formula A2BB′O6 have has gained tremendous attention from the scientific community worldwide due to the flexibility of using various elemental compositions of A (i.e., rare earth or alkaline earth metal), B, and B′ ions (i.e., 3d/4d/5d elements), which drastically modify their properties [1,2]. These double perovskites exhibit fascinating fundamental properties and also have a wide range of applications in spin valves, data storage, tunnel junctions, etc., that can work at or above room temperature (RT) [3,4]. Among various double perovskites, Sr2FeMoO6 (SFMO) is one of the most promising conducting ferrimagnet double perovskites which has a high Curie temperature (TC) ~415 K [3]. The discovery of low-field magnetoresistance (LFMR) at room temperature in sintered SFMO by Kobayashi et al. in 1998 opened up a new avenue for progressive research in spintronics [5,6]. SFMO consists of a half-metallic ground state with 100% spin polarization at the Fermi level [7,8]. The low-field magnetoresistance, high TC and high spin-polarization make SFMO a promising potential candidate for spintronic devices, which can work well above RT as compared to low TC-doped manganites [8].



SFMO exhibits an ordered double perovskite structure which crystallizes in the I4/mmm space group [9]. It consists of a regular arrangement of corner-sharing FeO6 and MoO6 octahedra which are three-dimensionally connected in an alternate pattern, and a Sr ion sits in the octahedral cavity. The ferrimagnetic coupling between alternately distributed Fe and Mo ions gives rise to a theoretically calculated saturation magnetization (MS) of 4 µB/f.u. [10,11]. However, the experimentally observed value of MS is smaller due to the presence of intrinsic anti-site defects [11]. These defects arise due to the possibility of the misoccupancy of Fe and Mo cations in the crystal due to a small difference in their ionic radii. The anti-site disorder destroys the long-range Fe-O-Mo arrangement in SFMO, thereby hampering the magnetic response and spintronic applicability of the system. Therefore, the fabrication of single-phase, chemically homogenous, epitaxial and B-site-ordered SFMO thin film is required in order to achieve the RT applications [10,12,13].



It is important to mention here that anti-site disorder and the physical properties of SFMO thin films are highly dependent on the synthesis conditions [10,14]. During the last few years, a lot of effort has been made to improve cation ordering in SFMO films. Amongst various thin-film deposition techniques, the pulsed laser deposition (PLD) method has been extensively used for synthesizing SFMO films at high deposition rates [11,15,16,17,18]. However, synthesizing high-quality stoichiometric SFMO thin films by PLD is still difficult due to various constraints in the deposition parameters [14]. A high substrate temperature is required to obtain sufficient atomic mobility for achieving a highly ordered double perovskite structure [16]. Moreover, very low oxygen partial pressure (<10−4 mbar) is required, and a little oversupply of oxygen gives rise to undesirable phases such as SrMoO4 and SrFeO3 [10,11,14,18]. In some cases, vacuum and a reducing deposition environment (N2 or H2+Ar) can also be used to prepare phase-pure SFMO thin films [10,11,17]. However, achieving B-site ordering in SFMO films at ambient conditions is still under research.



In the present study, we have prepared a series of SFMO thin films in different deposition conditions on a SrTiO3-STO (001) single-crystal substrate. The films are deposited either under vacuum, or under oxygen (O2) and nitrogen (N2) partial pressures. A substantial effect of background conditions (vacuum, N2 and O2) on cation-ordering is presented here, which eventually affects the structural, magnetic, vibrational, and electrical properties of SFMO thin films.




2. Experiment


A series of SFMO thin films was prepared on STO (001) single-crystal substrates using pulsed laser deposition (PLD) technique. Bulk polycrystalline pellet of SFMO was synthesized using standard solid-state reaction method. Stoichiometric amounts of high-purity (~99.99%) powders of SrCO3, Fe2O3, and MoO3 were ground and calcined at 900 °C for 12 h. The resulting mixture was reground and pressed into pellets using hydraulic press and then sintered at 1150 °C for 12 h in Ar +5% H2 atmosphere. This pellet was used as target for thin film deposition in PLD. KrF excimer laser (λ = 248 nm, Coherent Compex Pro) with laser energy of 350 mJ and pulse repetition rate of 5 Hz was used for the depositions. The substrate temperature was 770 °C, and the target-to-substrate distance was 4 cm in the deposition chamber (Excel Instruments, Mumbai, India). The substrates were sequentially cleaned in acetone and propanol prior to the deposition. The films were grown under vacuum, under nitrogen (0.1 Pa, 0.5 Pa) and under oxygen (0.05 Pa) process gases. Just after deposition, the samples were cooled down to room temperature at 10 °C/minute.



To determine the phase purity and growth orientation, X-ray diffraction (XRD) measurements were performed using Bruker D2 Phaser Diffractometer (Karlsruhe, Germany) in Bragg–Brantano geometry with Cu kα radiation. The magnetization measurements were performed using SQUID-VSM (Quantum Design, San Diego, CA, USA) magnetometer in the temperature range of 300 to 500 K and in a magnetic field ranging from −5T to 5T. The electrical properties were investigated by temperature-dependent resistivity measurements using a closed-cycle cryostat made by Janis Research, USA with a four-point probe method. Keithley (2612A), (Cleveland, OH, USA) source and measurements meters were used for the same. The vibrational properties were explored using Raman spectroscopy carried out using a Horiba LabRAM Raman microscope (Kyoto, Japan) equipped with charge coupled device (CCD) detector. A HeNe laser with excitation light 633 nm was used with a laser power of 1 mW. All the micro-Raman scattered signals were collected in the back-scattering mode.




3. Results and Discussion


3.1. Structural Properties


To check the phase purity and growth orientation of the prepared SFMO films, XRD measurements were carried out as shown in Figure 1. It is clear from Figure 1a that the SFMO films grown under vacuum, 0.1 Pa N2, 0.5 Pa N2 and 0.05 Pa O2 are in single phase and are highly oriented towards the c-axis. Since SFMO has a tetragonal crystal structure while STO is cubic, we considered the pseudocubic lattice parameter of SFMO for comparison. The pseudocubic lattice parameter of SFMO is 7.879 Å, corresponding to twice the lattice parameter equal to 7.81 Å for cubic STO. The lattice parameter of the STO substrate is less than that of the film material; therefore, the film experiences an in-plane compressive strain, which can be quantified as


  s t r a i n    %  =    a s  −  a f     a s    × 100  



(1)




where as and af are the lattice parameters of the substrate and film, respectively. Here, the lattice-mismatch-induced strain is −1.14%. While the material experiences an in-plane compression due to substrate-induced strain, an expansion of film material occurs towards the out-of-plane direction in order to accommodate the unit cell volume on the substrate. As a result, the film’s XRD peak lies towards a lower 2θ value, which is evident from the enlarged view of (004) Bragg’s reflection of the SFMO films shown in Figure 1b. It can be seen that the lattice parameter of the SFMO films grown does not vary much with the process gas and remains 8.09 ± 0.01 Å. On the Y-axis of the XRD plots, we show the intensity on a log-scale with an arbitrary unit. If we compare the ratio of the material’s (004) peak intensity to the substrate’s (002) peak intensity, for all the films, the ratio is very similar (0.26 ± 0.002). It can be observed from the plots that the FWHM of the vacuum-grown film is minimum This suggests the high crystallinity of the vacuum-grown film. With the increase in the background gas pressure, the FWHM of XRD peaks increases systematically, indicating decreased crystallinity. This could be attributed to the increased amount of anti-site disorder in SFMO films after the incorporation of a process gas, as suggested by previous reports [19].




3.2. Magnetic Properties


The effect of background conditions on the magnetic properties of SFMO thin films has been investigated using magnetic field and temperature-dependent magnetization measurements. Figure 2 shows the magnetic hysteresis (MH) loops collected at 300 K for the SFMO films grown under vacuum, with 0.1 Pa N2 and 0.05 Pa O2 pressures. The diamagnetic contribution from the STO substrate was eliminated from the data to present the actual magnetization of the SFMO films. The MH curves indicate the presence of macroscopic ferromagnetism in the SFMO thin films at room temperature. The SFMO film grown under vacuum shows the highest saturation magnetization (MS), i.e., 2.5 μB/f.u., while the SFMO film grown under oxygen pressure shows the lowest MS value, i.e., 1.25 μB/f.u. The MS for nitrogen-grown SFMO film is 1.79 μB/f.u. It is clear from the data that the MS of the SFMO films is lower than the theoretical predicted value, i.e., 4 μB/f.u. This could be attributed to several factors, such as oxygen vacancies, anti-site disorder, and non-stoichiometry in the Fe:Mo ratio which affects the magnetization [20]. Here, the SFMO film grown in oxygen has the lowest magnetization; the possibility of a reduction in magnetization due to oxygen vacancies can be ruled out. So, the decrement in saturation magnetization of the SFMO thin films could be attributed to the finite amount of anti-site disorder. Anti-site disorder reduces the net magnetization of the sample by destroying the specific spin arrangement of Fe and Mo sub-lattices without creating any significant effect on the individual magnetic moments at these sites.



The strength of anti-site disorder present in these A2FeMoO6 compounds can be quantified as [20]:


   M  S     =   4 − 8 χ    μ B   



(2)




where χ is the concentration of anti-site disorder and MS is the saturation magnetization. The calculated value of anti-site disorder is 18.75%, and 27.6% and 34.3% for the SFMO films grown under vacuum, under 0.1 Pa N2 and 0.05 Pa O2 pressures, respectively. The present results suggest that vacuum-grown SFMO films exhibit the highest cation ordering, and the ordering decreases for nitrogen- and oxygen-grown films. The oxygen-grown SFMO film is highly disordered. The inset of Figure 2 shows the enlarged MH hysteresis loops to display the coercive field. The coercive field for all the SFMO thin films is around 50–60 Oe. As the data density is low near zero field to see exact coercivity, we can say these are close by values.



The temperature-dependent magnetization (M vs. T) measurements were carried out for the SFMO films from 300 K to 550 K, as shown in Figure 3. The measurements were performed after field cooling the sample from 500 K down to 300 K with a magnetic field H = 100 Oe parallel to the film surface. It is clear from the figure that all the SFMO films display a ferromagnetic to paramagnetic (i.e., a Curie) transition, although the magnitude of the transition differs. The inset figures display the dM/dT plots, which show that the TC of vacuum-, nitrogen-, and oxygen-grown SFMO films is about 420 K, 400 K, and 375 K, respectively. This decreased TC value is also associated with increased anti-site disorder and antiferromagnetic regions that contribute to reducing the net magnetization. M versus T curves also suggest that the oxygen-grown SFMO film is highly disordered, and therefore it shows a very weak Curie transition of ~375 K.




3.3. Surface Morphology


The surface morphology of the prepared series of thin films was investigated using atomic force microscopy (AFM) measurements. Figure 4a–c shows the 3D AFM images of SFMO films grown under vacuum, 0.1 Pa N2, and 0.05 Pa O2 pressures, respectively. It can be seen that all the films show similar surface morphology. The surface roughness of vacuum-, nitrogen- and oxygen-grown SFMO films is about 2 nm and the particle size is about 70 nm.




3.4. Electrical Properties


It is reported that SFMO may exhibit a metallic, semiconducting, or insulating state depending on the synthesis methods, annealing temperature, and time, etc. [10,21]. To check the electrical properties, temperature-dependent resistivity measurements were carried out for all the SFMO films from 300 to 10 K. Figure 5 shows the resistivity vs. temperature plots for the SFMO films. All the SFMO films show semiconducting behavior (dρ/dT < 0) with the room-temperature resistivity values in the order of several milliohm centimeters. Moreover, the SFMO film synthesized under vacuum exhibits lowest resistivity, and the overall resistivity of the films increases systematically with the increase in background gas pressure. The highest resistivity of oxygen-grown film is consistent with earlier observed results and is attributed to the increased anti-site defects [22].



In order to obtain a deeper insight in the semiconducting behavior, temperature-dependent resistivity data have been fitted with the variable-range hopping (VRH) model, in the temperature range 10–80 K, as described below [23]:


  ρ  T  =  ρ  0     e x p        T 0   T       1 4     



(3)




where ρ0 is the pre-exponential factor and T0 stands for characteristic Mott temperature. This model applies at a lower temperature where conduction takes place only by the hopping of charge carriers. The value of the characteristic Mott temperature T0 can be calculated by performing a linear fit on the ln(ρ) vs. 1/(T)1/4 plot. Furthermore, the characteristic Mott temperature can be defined as


   T 0  =   18    k B  N    E F      ( α )  3     



(4)




where N(EF) represents the density of states near the Fermi level and α is the localization length for the hopping of charge carriers. The temperature-dependent resistivity plots fitted with the VRH model are shown in Figure 6. The value of T0 is shown in Table 1, which shows that T0 increases with an increase in the background pressure. Earlier reports suggest that T0 can be considered as an effective energy barrier between the localized states and the extent of disorder in the disordered region [24]. A large value of T0 implies higher disorder and/or large tilting of the BO6 octahedra. Here, the SFMO film grown under vacuum has the lowest T0, while the oxygen-grown SFMO film has the highest T0 value. These results suggest the minimum disorder in vacuum-grown and the highest disorder in oxygen-grown SFMO films. These resistivity results corroborate well with the magnetization results.




3.5. Vibrational Properties


Micro-Raman spectroscopy gives insightful details about local structure, phase purity, and electron–phonon interactions in a material [25,26]. It can be noted that Raman spectroscopy of SFMO is less explored regardless of the extensive research carried out on this system. For the very first time, Son et al. carried out Raman spectroscopy on bulk SFMO in 2001 to show the phase decomposition of this double perovskite system [27]. In 2004, the Raman spectra of highly aligned SFMO thin films grown on a LaAlO3 single-crystal substrate were shown by Zhang et al. [28]. Raman spectroscopy of bulk SFMO was also carried out by Marrocchelli et al. in 2007 [29]. Both Zhang et al. and Marrocchelli et al. observed a phonon mode with asymmetric lineshape, known as the Fano feature, in the Raman spectra of SFMO. The Fano feature occurs due to a resonance between discrete phononic states with an electronic continuum, suggesting electron–phonon coupling in the system [28].



In the present case, Raman spectroscopy measurements were carried out on SFMO thin films grown on STO, as shown in Figure 7, with varying anti-site disorder. It is worth mentioning here that the STO substrate provides a huge background contribution; therefore, it is difficult to record Raman spectra of perovskite films grown on STO. As a result, only one Bg Raman mode around 455 cm−1 is observed in the Raman spectra of SFMO films, as shown in Figure 7. This Bg Raman mode results from the vibrations of strontium–oxygen bonds of SFMO [28]. The asymmetric lineshape of the Bg Raman mode (Fano feature) indicates a strong coupling between the phononic and electronic states in SFMO films. From Figure 7, it is clear that the Fano peak is highly asymmetric, well-defined, and sharp in the Raman spectrum of vacuum-grown SFMO film, implying stronger electron–phonon coupling in the film. With an increase in the anti-site disorder, the asymmetry of the Fano peak decreases systematically for the SFMO films grown in different process gases, which indicates that electron–phonon interaction decreases. This gradual change with anti-site disorder is also indirectly observed by magnetization measurements, as also mentioned earlier. The Fano feature is very weak in the oxygen-grown SFMO film which has a high anti-site disorder and less electron–phonon coupling. Thus, a sharp Fano feature of SFMO materials indicates a reduced anti-site disorder in this system.





4. Conclusions


A series of SFMO thin films were deposited on an STO (001) single-crystal substrate in different process gasses or under vacuum. The phase purity and crystallinity of SFMO films is affected by these different background conditions. The vacuum-grown SFMO film displays good crystallinity and the highest value of saturation magnetization and Curie temperature amongst these films. These features confirm a higher degree of B-site cation ordering and long-range Fe-O-Mo ferrimagnetic interactions in vacuum-grown SFMO. On the other hand, the reduced MS and TC values for other SFMO films grown under oxygen and nitrogen gases indicate increased anti-site defects, which destroy the ferromagnetic interactions in the system. A systematic variation in MS with increased anti-site disorder in these films clearly indicates that the process gas has a defining role in changing this disorder in SFMO double perovskites. Further, the overall resistivity of the SFMO films increases systematically with the degree of anti-site disorder. The parameters obtained using the VRH model also indicate an increased disorder in the films grown under background gas pressure, as compared to that grown under vacuum. A Fano feature is observed in the Raman spectra, indicating the presence of electron–phonon interactions in SFMO films. A stronger Fano feature appears for the vacuum-grown film, clearly suggesting stronger electron–phonon interactions because of reduced anti-site disorder. These results present the gradually changing anti-site disorder in SFMO films and its systematically varied effects on the physical properties of SFMO thin films.
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Figure 1. (a) XRD patterns of SFMO films deposited on STO (001) substrate using PLD under vacuum or under 0.1 Pa N2, 0.5 Pa N2, and 0.05 Pa O2 partial pressure. The label “s” represents peaks from substrate having reflections other than (00l). (b) Magnified view of the (004) Bragg’s reflection of the SFMO films deposited on STO (001) substrate. 
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Figure 2. Magnetization versus magnetic field (MH) plots of SFMO films grown under vacuum, 0.1 Pa N2, and 0.05 Pa O2 partial pressure on STO (001). Inset shows the enlarged M versus H plots. 
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Figure 3. Magnetization versus temperature (MT) plots of SFMO thin films grown under vacuum, 0.1 Pa N2, and 0.05 Pa O2 partial pressure on STO (001). The inset figures show dM/dT versus T plots for SFMO films grown under vacuum, 0.1 Pa N2, and 0.05 Pa O2 partial pressures. 
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Figure 4. (a–c): AFM images of SFMO films grown under vacuum, 0.1 Pa N2, and 0.05 Pa O2 pressures. 
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Figure 5. Temperature-dependent resistivity plots of SFMO films deposited under vacuum, 0.1 Pa N2, 0.5 Pa N2, and 0.05 Pa O2 partial pressure. 
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Figure 6. (a–d): Variable-range hopping (VRH) model fitting to the resistivity plots of SFMO films. The symbols represent the experimental data and the red line shows the fits. 






Figure 6. (a–d): Variable-range hopping (VRH) model fitting to the resistivity plots of SFMO films. The symbols represent the experimental data and the red line shows the fits.



[image: Magnetochemistry 09 00167 g006]







[image: Magnetochemistry 09 00167 g007 550] 





Figure 7. Raman spectra of SFMO films deposited on STO under vacuum, 0.1 Pa N2, 0.5 Pa N2, and 0.05 Pa O2 partial pressures. The label “s” denotes the Raman modes originating from STO substrate. 
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Table 1. Mott temperature derived from the VRH fits on the temperature-dependent resistivity of Sr2FeMoO6 thin films.
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	Background Pressure

(Pa)
	Mott Temperature

(104 K)





	Vacuum (10−4)

0.1 N2

0.5 N2

0.05 O2
	2.20

2.75

3.45

3.77
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