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Abstract

:

The dielectric properties of non-stoichiometric SrMnO3 (SMO) thin films grown by molecular beam epitaxy were systematically investigated. Especially, the effects of cation stoichiometry-induced diverse types and densities of defects on the dielectric properties of SMO films were revealed. Two anomalous dielectric relaxation behaviors were observed at different temperatures in both Sr-rich and Mn-rich samples. High-temperature dielectric relaxation, resulting from a short-range Mn-related Jahn–Teller (JT) polaron hopping motion, was reinforced by an enhancement of JT polaron density in the Sr-rich film, which contained abundant SrO Ruddlesden–Popper (R-P) stacking faults. However, an excessive number of disordered Sr vacancy clusters in Mn-rich thin film suppressed the hopping path of JT polarons and enormously weakened this dielectric relaxation. Thus, The Sr-rich film demonstrated a higher dielectric constant and dielectric loss than the Mn-rich film. In addition, low-temperature dielectric relaxation may be attributed to the polarization/charge glass state.
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1. Introduction


The strong electronic correlation properties of transition metal oxides are considered a focal point in condensed matter physics and solid-state electronic device applications. There exists a delicate equilibrium of competition among diverse phase structures and strong coupling between spin, charge, orbit, and lattice in these electronic correlation systems [1]. Such balance is easily disrupted by minute external factors, such as stress, electric fields, temperature fields, and chemical doping, resulting in significant alterations in physical properties [2]. These changes give rise to distinctive quantum effects including the metal–insulator transition, giant magneto-resistance, charge-ordering disorder, and multiferroicity, etc. [3,4,5]. The aforementioned novel features are anticipated to be applied in the next generation of multifunctional microelectronics, energy applications, optoelectronics, and quantum security applications [6,7,8,9].



In addition to the inherent physical mechanism of strong electronic correlation, related defects, which are observed in perovskite oxides, including Ruddlesden–Popper (R-P) stacking faults, A-vacancy clusters, oxygen vacancies, and stress-induced array defects, also play a primary role in achieving or enhancing the unique physical properties of perovskite oxides. Particularly, defects can significantly enhance the perturbation effects of the external multi-fields (such as electric field, magnetic field, and strain) in the oxides, providing a route to control new functionalities [10]. Generally, the chemical compositions, modified slightly, can provoke the formation of defects, which subsequently lead to alterations in physical properties. For example, carrier concentration and bandgap can be directly impacted by inducing lattice distortions through defects in non-stoichiometric conditions [11]. Anionic vacancies can induce a transition from the non-magnetic state to the magnetic state [12,13,14], or the metal–insulator phase transition [15]. Malyi et al. [11] have highlighted that cationic vacancies can create new sublattices and ordered vacancy compounds spontaneously when a significant deviation from the normal stoichiometric ratio is present in the A1−δB1−γO3 system (δ and/or γ > 1%). For the stable degenerate Ba-Nb-O gapped compounds, the increase in Ba or Nb vacancy concentration and formation of order vacancy compounds noticeably alter the optoelectronic properties via modifying the material band structure. The compounds containing these cationic vacancies exhibit the lowest average absorption coefficients in the visible range [16]. The in-plane phase separation in LixCoO2 (0.5 < x < 1) results in a kinetically arrested state, while defects such as interstitials and Co4+ vacancies can induce reorientation of the phase boundary to achieve the theoretical minimum-energy configuration, leading to a metal–Mott insulator transition to achieve multiple conductivity states, which could be efficient memristors [17]. Li et al. [18] manipulated the local Sr/Ti molar ratio of SrTiO3-based films via pulsed-laser deposition to induce Ti/O defects, so that coexisting spin and dipole reentrant glass states were realized. Moreover, the occurrence of oxygen vacancies, the most common defects in perovskite oxides, is also inevitable in the process of material preparation. The macroscopic properties can be affected by oxygen vacancies, such as catalytic [19], electrical [20,21], magnetic [22,23], and transport [24,25] properties of the film.



Strained SrMnO3 (SMO) film as a typical perovskite manganese oxide, has been verified to be multiferroic through the first-principles calculations (coexistence of magnetic and ferroelectric orders) [26] and experimental investigation [13,27]. In addition to the strain factor, the non-stoichiometric ratio of cations and oxygen deficiency induce the generation of various defect states, and defect-driven multivalent ion states play a crucial role in polarization and spin ordering [28]. The responses of electrical/spin polarizations in multiferroics to various external fields are central topics in basic physics and potential technological applications. Especially, dielectric responses/properties in the multiferroic materials reveal the dynamic responses of electrical polarization to a small AC electric field. Dielectric spectroscopy measurement of dielectric response is indispensable in investigating multiferroic materials and serves as a powerful tool for elucidating the underlying physical mechanisms governing diverse enigmatic phenomena and properties, such as ferric domain wall motion, heterogeneous interface effects, the transport mechanisms of localized charged carriers and polarons, and so on. Considering the distinct electrical behaviors exhibited in non-stoichiometric films, various peculiar phenomena often coincide with anomalous behavior in dielectric responses. Therefore, investigating variations in the dielectric constant and loss can offer profound insights into the characteristics of defects induced by different stoichiometries and their effects on electrical characteristics in perovskite oxides. However, the charge transport and dielectric mechanisms in non-stoichiometric SMO systems have not yet been established. In this work, we present the temperature-dependent and frequency-dependent dielectrics of SMO (001) non-stoichiometric ultra-thin films. A detailed quantitative analysis was conducted on the multiple dielectric relaxations (DRs) and local charged carrier/defect migration behavior below room temperature to reveal the correlation between cation stoichiometry-induced defects and dielectric behavior. It is imperative to systematically analyze dielectric anomalies in non-stoichiometric films. This analysis not only provides some insights to elucidate strongly correlated complex interactions and relevancies between defects, localized charge carriers, and multivalent Mn ions, but also serves as a versatile platform for observing localized charge carrier motion and charge transfer, which can provide experimental support for the determination of carrier transport behavior and guide for the functional applications of non-stoichiometric oxides in electrocatalysis, energy storage, resistive switching, and memory devices, etc.




2. Results and Discussion


2.1. Structure Characterization


Figure 1 shows the θ-2θ X-ray diffraction scans of SMO thin films under different Sr/Mn ratios. Overall, the X-ray diffraction (XRD) patterns of all three samples reveal distinct Kiessig oscillations on the edges of the peaks, indicating the excellent crystal quality of the samples and high quality at the SMO/Nb: SrTiO3 (NSTO) interface. The (002) peak of SMO film with a stoichiometric ratio (Sr/Mn = 1:1) can be observed at 48.34° in Figure 1b, indicating an out-of-plane lattice constant of 3.763 Å, and suggests a higher tensile strain in the in-plane direction. The (002) XRD peak sites of SMO film shift towards lower angles in non-stoichiometric samples compared to those of stoichiometric ones. The out-of-plane lattice constant is 3.773 Å in Sr-rich film (Figure 1a), which indicates a significant strain relaxation accompanied by increased interplanar spacing and the occurrence of lattice expansion [10,29,30]. The Mn-rich sample exhibits a relatively maximum lattice constant, which is calculated to be 3.778 Å, as shown in Figure 1c. In general, the variation in the lattice constants in oxide thin films is generally attributed to the oxygen vacancies (OVs) and cation stoichiometry [31,32]. In the present case, it is inevitable that many OVs within the SMO film will be created in the growth process of oxide films. Consequently, it gives rise to a certain extent of lattice expansion and induces chemical valence alterations in Mn ions [12,33,34]. Moreover, different cation stoichiometry may also result in a certain amount of defects, such as rock salt planes (R-P planar faults) or cation vacancy defect clusters, to whom the deviations in lattice constants among SMO thin films can be also attributed.



The lattice expansion implied by the XRD peak shifts of non-stoichiometric SMO films was then investigated through a comprehensive microstructural analysis using high-resolution transmission electron microscopy (TEM). It can be observed that numerous line dislocations in horizontal or vertical directions occurred in the Sr-rich SMO film (Figure 2a). These horizontal or vertical dislocations may originate from excess Sr-site ions. Since the formation energy of Mn-site vacancies is higher, excess Sr-site ions prefer to be incorporated by binding with O ions, forming SrO rock salt planes, namely Ruddlesden–Popper (R-P) stacking faults, which is consistent with related reports on A-site-rich perovskite oxides [32,35]. During the initial stages of thin film growth, SrO R-P stacking faults tend to grow in the vertical direction, because the large lattice size of SrO R-P stacking faults can compensate for the in-plane lattice mismatch between SMO films and STO substrates and, therefore, relax tensile strain. Following that, the horizontal SrO R-P stacking faults begin to form. Undoubtedly, either horizontal or vertical SrO R-P stacking faults can result in lattice expansion in Sr-rich SMO films. In addition, it can be inferred that the appearance of SrO R-P stacking faults consumes O ions too much for binding with rich Sr ions, which brings about more oxygen deficiency in perovskite SMO lattices and produces a higher density of OVs. The generation of excess OVs further aggravates lattice expansion. Figure 2b shows the clear TEM image contrast in the Mn-rich film. Generally, perovskite oxides with excess B-site elements existing during growth tend to exhibit a propensity for the formation of A-site vacancies [36]. This may be interpreted as the formation of Sr vacancies (VSrs) and accompanying large-scale disordered structural defects. The accumulation of Sr vacancies expands the lattice locally with the help of Coulomb repulsion and results in large-scale disordered structural defects [32,37]. Similar phenomena have also been reported in Ti-rich SrTiO3 films. Tsuyoshi et al. propose that the preferential formation of Sr vacancies is the most plausible scenario in cases of excess B-site Ti, as the generation of interstitial Ti contradicts the principle of energy minimization and the formation of Sr vacancies conductive to the stabilization of such B-site-rich perovskite oxides systems [32]. Tokuda et al. found that an excess of B-site elements leads to a decrease in the intensity and an increase in the width of the characteristic peaks of the O-K electronic energy loss near-edge structure in SrTiO3, confirming that VSr are introduced into SrTiO3 thin film containing an excess of Ti and form clusters [36]. Therefore, Sr vacancy clusters and large-scale disordered structural defects may lead to lattice expansion in Mn-rich SMO films, which is consistent with earlier reports [38].




2.2. Dielectric Characterization


It is well known that the presence and migration of these defects have a prominent impact on the electrical properties of the films. Investigating the electrical properties of the non-stoichiometric SMO films mentioned above not only can further validate the defect types, but also reveal how cation ratios impact electrical characteristics. Thus, analyses of the frequency and temperature dependence of the dielectric properties of the Sr-rich and Mn-rich films were performed. The temperature dependences of the real dielectric constant (ε’) in non-stoichiometric SMO films at various frequencies are shown in Figure 3a,c. Overall, the dielectric constant exhibited a pronounced decrease with the decreases in the temperature and significant dispersion (ε’ underwent a decrease with increasing frequency). The Sr-rich film exhibits two distinct plateau regions at low and high temperatures in Figure 3a, corresponding to two sets of abnormal dielectric loss (tanδ) peaks in the same temperature (Figure 3b) region. The temperature of the loss peak shifted to higher temperatures with increasing frequency, demonstrating typical thermal activation characteristics. The above-mentioned dielectric phenomena are representative features of dielectric relaxation [39]. Here, the dielectric relaxation at a low temperature is designated as DR1, while dielectric relaxation at a high temperature is designated as DR2. As for the Mn-rich SMO sample, the ε’ and tanδ vs. temperature curves also present a prominent DR1, but a very weak DR2 (Figure 3d), and both relaxation dynamics are similar to the counterparts of the Sr-rich sample. Comparing non-stoichiometric SMO films, the values of the ε’ and tanδ of the Mn-rich sample were significantly reduced by half compared with the Sr-rich SMO film. And the relaxation strength of DR2 in the Mn-rich sample was extremely suppressed; however, the relaxation strength of DR1 remained unchanged.



Figure 4a shows the frequency-dependent dielectric constant (ε’) and loss (tanδ) of the Sr-rich SMO film at various temperatures from 50 to 300 K. As the temperature approaches room temperature, the variation in the dielectric constant with the frequency becomes more pronounced, and the dielectric dispersion becomes increasingly apparent. A similar trend is also evident in the dielectric spectroscopy of the Mn-rich sample, as shown in Figure 4b. The frequency-dependent dielectric loss also shows two distinct dielectric loss peaks. Furthermore, the relaxation frequencies corresponding to the loss peaks increase when the temperature rises, fully demonstrating that the low-frequency dielectric dispersion and dielectric loss peak in non-stoichiometric SMO thin films originate from dielectric relaxation, as shown in Figure 3. To further obtain the relaxation parameters, the frequency-dependent dielectric spectroscopy was fitted utilizing the Cole–Cole function [40,41],


    ε   *   =   ε   ∞   + ∆ ε /   1 +     j ω τ     1 − α     ,  



(1)




where   ∆ ε =   ε   s   −   ε   ∞     is the dielectric relaxation strength εs and ε∞ are static and high-frequency dielectric constants. j is the square root of −1, ω is the angular frequency, and α is the degree of distribution of relaxation time (τ). Colorful solid lines represent good fitting results of the Cole–Cole function. Dielectric relaxation strength Δε values obtained based on the frequency spectrum, shown in Figure 4, are 414.8 for the Sr-rich sample and 150.9 for the Mn-rich film at room temperature, respectively, which shows that the dielectric constant, loss, and DR2 relaxation strength of Mn-rich film are indeed restrained and are much smaller than those of Sr-rich film. Based on the above-mentioned experimental evidence, some reliable conclusions can be drawn, as follows. Cation stoichiometry plays a significant role in the dielectric properties of SMO films. DR2 may be rooted in the motions of defect-related relaxation entities, whereas DR1 may result from an intrinsic physical process free from the effects of related defects in SMO films.




2.3. Relaxation Mechanism Analysis


Generally, dielectric relaxation mechanisms can be broadly classified into two categories. The first type originates from Maxwell–Wagner (MW) interfacial relaxation at heterogeneous interfaces [42], such as the interfaces between grains and grain boundaries. The other type is associated with localized polarization entities within the films, such as localized carrier migration, charged defects and defect complex motion, the movement of ferroelectric domain walls, nano-scale polarization/polarized glass state, etc. [43,44,45,46,47,48]. Generally, MW relaxation can be discriminated by successively observing several distinct arcs of heterogeneous components in Nyquist diagrams of complex-plane impedance with the change in measured frequency [49,50]. The complex impedance spectroscopy of the samples at DR-occurring temperatures and frequencies was examined to probe the MW effect, as shown as Figure 5. The Sr-rich sample shows only a 1/4 arc at high temperatures, and exhibits a large oblique line with one incomplete semi-circular arc at low temperatures, while the Mn-rich film exhibited one incomplete semicircle at both high and low temperatures. This suggests that the dielectric response in the current temperature and frequency predominantly arises from film bulk effects, rather than being influenced by heterogeneous structures. Consequently, the contribution of the Maxwell–Wagner mechanism to dielectric relaxation can be ruled out.



In addition, the dielectric relaxation induced by the movement of ferroelectric domain walls often occurs at high frequencies (above MHz), and also should be removed from the list of possible causes of the present relaxation mechanism. And given the above-mentioned experimental evidence, localized carrier migration, charged defects/defect complex motion and nanoscale polarization/polarized glass state may be the possible origins for DR1 and DR2. To confirm the mechanisms of DR1 and DR2, the relaxation thermodynamics of the two relaxations were fitted using the Arrhenius relation and the glass-type critical power law, respectively.



The Arrhenius relation is utilized to examine relaxation thermodynamics of the films, with the following formula:


    f   r   =   f   0   e x p ⁡ ( −     E   a       k   B   T   )  



(2)




where fr is the relaxation frequency, Ea is the activation energy, f0 is the factor, and kB is the Boltzmann constant [48,49]. The ln (fr)−1000/T curves corresponding to non-stoichiometric SMO films were extracted in the frequency–dielectric spectrum, and a linear fitting was performed. The activation energy of the Sr-rich SMO film was ~0.12 eV, while that of the Mn-rich SMO film was ~0.14 eV (Figure 6), which closely resembles the relaxation activation energy associated with the Jahn–Teller (JT) polaron hopping related to Mn3+ ions in manganese oxide systems, as has been reported [51,52,53]. The JT polaron in manganese compounds is commonly associated with the Jahn–Teller distortion often observed in the Mn3+-O octahedron. Due to Jahn–Teller distortion, the decrease in crystal symmetry leads to the degeneration of electron orbitals and a reduction in the energy of electron-occupied states. The electron–phonon coupling at this stage is induced by the Coulomb effect of lattice vibrations on the eg orbital electrons, which are captured by Jahn–Teller distortion. The captured electrons and Jahn–Teller distortion collectively consist of the JT polaron, which exhibits a short-range hopping behavior akin to the reorientation motion of electrical dipoles in an applied AC electric field. When the frequency of the increased AC electric field approaches or exceeds the hopping frequency of the JT polaron, the hopping motion of the JT polaron fails to follow the field, resulting in a dielectric relaxation [54]. During this process, the contribution of JT polaron short-range hopping to dielectric properties becomes weak, resulting in a gradual reduction in the dielectric constant. Because of the fact that the interaction between the reorientation dipoles (namely, JT polaron short-range hopping here) and the surrounding medium is dynamically frictional in nature, dielectric relaxation is accompanied by an energy dissipation process and can be observed in the peaks in the dielectric loss. As usual, SMO contains only Mn4+ ions. However, positively charged oxygen vacancies, which cannot be unavoidable in oxide SMO, can induce the transition from Mn4+ to Mn3+ ions to maintain the electrical neutrality of the system. X-ray photoelectron spectroscopy investigation [33] and the weak ferromagnetic phase induced by the Mn3+-O-Mn4+ double exchange of the SMO thin films [12] provide the evidence for the rationality behind the existence of Mn3+-related JT polarons. The origin of DR2 can be attributed to the short-range hopping motion of the JT polaron. According to the aforementioned defect analysis, excess Sr ions in Sr-rich film prefer to be incorporated by binding with O ions because of the low formation energy of Sr-O; therefore, horizontal or vertical SrO R-P stacking faults appear. The formation of SrO R-P stacking faults undoubtedly consumes O ions excessively, resulting in the generation of additional oxygen vacancies in SMO lattices. More oxygen vacancies would bring about more Mn3+-related JT polarons. Therefore, Jahn–Teller polaron hopping-induced dielectric relaxation in Sr-rich SMO films is more pronounced at a low frequency, which leads to increases in the dielectric constant and loss. In the Mn-rich SMO film, the hopping path of JT polarons was limited by large-scale disordered structural defects and Sr vacancy clusters, resulting in a certain inhibition of dielectric relaxation at the low frequency [32]. Consequently, there was a decrease observed in both the dielectric constant and dielectric loss of the film. This is the reason why the Mn-rich film had a relatively small dielectric constant and loss compared to the Sr-rich SMO, as can be observed in Figure 4.



Relaxation thermodynamics of DR1 can be described by the function of the glass-type critical power law as


    f   r   = a   ( T −   T   0   )   n    



(3)




where a is a factor, T0 is the zero-frequency freezing temperature, and n depends on the particular system and is related to the standard spatial correlation length critical exponent [47,55]. The parameters T0 of the Sr-rich and Mn-rich films calculated by fitting are ~29 K and 25 K (Figure 7) in DR1, which is consistent with the result of the stoichiometry sample (~28 K) [33]. The fitting parameters n are 2.16 (Sr-rich) and 2.55 (Mn-rich), in accordance with previous findings [47]. The displacement of Mn ions from the center of the Mn-O octahedron induces electrical polarization in SMO films under stress, while a robust spin-lattice interaction is exhibited. The spin glass state at low temperatures decelerates the fluctuations of local polarization, leading to the possibility of multiple glass states in SMO films. Consequently, it can be inferred that DR1 originates from the relaxation of the polarized glass state.





3. Experimental Procedure


SrMnO3 (SMO) films were grown at 750 °C by a molecular beam epitaxy (MBE) system (Riber, Bezons, France) on the Nb: SrTiO3 (NSTO) (001) substrates. In an oxygen atmosphere, the Sr source and Mn source opened in turn to form SMO (001) thin films. The pressure of Sr and Mn evaporation sources remained constant throughout the growth process at values of 5 × 10−8 and 3 × 10−8 Torr, respectively. We use atomic alternating-layer shuttered MBE to achieve precise cation stoichiometry [26]. The cation stoichiometric ratio was adjusted by controlling the opening/closing time of the shutters and the real-time growth was observed in situ by reflection high-energy electron diffraction (RHEED) oscillations, which depend on the chemical mean inner potential energy divergence between different cation sub-monolayers/terminations. The Mn cation ratios [Mn/(Sr + Mn)] of the Sr-rich and Mn-rich samples were 48.22% and 51.67%, respectively. The structure quality of the SMO thin films was characterized using XRD (Bruker, Beijing, China) with Cu Kα radiation. High-resolution TEM was carried out using a JEOL (Tokyo, Japan) electron microscope operated at 200 kV. Utilizing masks and ion sputtering, Pt electrodes were deposited on the surface of SMO thin films, forming a planar capacitance device structure for dielectric testing. Dielectric properties were measured using an impedance analyzer (Agilent, Penang, Malaysia) combined with a physical property measurement system (PPMS-9, Quantum Design), San Diego, CA, America) from 3 K to 300 K.




4. Conclusions


Atomic alternating-layer shuttered molecular beam epitaxy was employed to achieve precise stoichiometry. There were SrO R-P stacking faults in the Sr-rich thin film, and disordered Sr vacancy clusters occurred in the Mn-rich SMO. The dielectric properties of SMO films are significantly influenced by varying cation stoichiometric ratios. Although both Sr-rich and Mn-rich films exhibited two types of anomalous dielectric relaxation peaks in temperature- and frequency-dependent dielectric responses, the Sr-rich film demonstrated a higher dielectric constant and dielectric loss than those of the Mn-rich film. Although the dielectric relaxation at high temperature, which derived from short-range Mn-related Jahn–Teller (JT) polaron hopping, was more pronounced in Sr-rich film, the counterpart in Mn-rich film was significantly suppressed. These stoichiometry-dependent results are closely associated with the diverse types and densities of defects. SrO R-P stacking faults in the Sr-rich film resulted in an increased number of oxygen vacancies and, thereby, the density of Mn3+ ions, reinforcing the short-range Mn-related JT polaron hopping and high-temperature dielectric relaxation. Thus, The Sr-rich film demonstrated a higher dielectric constant and dielectric loss. However, an excessive number of disordered Sr vacancy clusters in Mn-rich thin film suppressed the hopping path of JT polarons and enormously weakened the dielectric relaxation, giving rise to the decreases in the dielectric constant and loss. In addition, low-temperature dielectric relaxation may be attributed to the polarization/charge glass state.
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Figure 1. X-ray diffraction θ-2θ scans for (a) Sr-rich, (b) stoichiometric, and (c) Mn-rich SMO thin films with out-of-plane (002) reflection. The dotted line indicates the position of the peak, while the arrow denotes its movement. 
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Figure 2. Cross-sectional high-resolution TEM images of (a) Sr-rich, (b) Mn-rich SMO films. The orange dashed lines highlight the interface, while the yellow dashed lines emphasize the defects. 
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Figure 3. Temperature dependence of (a) ε’ and (b) tanδ in Sr-rich SMO/NSTO film at various frequencies. Temperature dependence of (c) ε’ and (d) tanδ in Mn-rich SMO/NSTO film at various frequencies. 
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Figure 4. Frequency dependence of ε’ and tanδ in (a) Sr-rich SMO/NSTO film and (b) Mn-rich SMO/NSTO film at various temperatures. Colored lines are the fitting curves of the Cole–Cole function. 
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Figure 5. Nyquist diagrams of the complex-plane impedance of the (a) Sr-rich thin film and (b) Mn-rich thin film. 
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Figure 6. (a) and (b) show the Arrhenius plots of DR2 for the Sr-rich and Mn-rich samples. 
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Figure 7. The fr–T curves of DR1 in (a) Sr-rich SMO/NSTO film and (b) Mn-rich SMO/NSTO film are fit using the critical power law, respectively. 
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