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Abstract

:

Ferromagnetic phase in a two-dimensional system plays an important role not only in applications but also in studies of phase transition theory. Among numerous ferromagnetic materials,   Sr Ru  O 3    is famous for its half-metallicity, itinerant ferromagnetism and non-Fermi liquid metalicity. Single layer   Sr Ru  O 3    in   Sr Ru  O 3   /  Sr Ti  O 3    (SRO/STO) superlattice has been predicted as a two-dimensional half-metallic ferromagnetic system based on density functional theory (DFT). However, experiments show that metal–insulator transition associated with ferro–antiferromagnetism (FM–AFM) transition occurs when the thickness of SRO is less than 4 u.c. Combining DFT calculations with Monte Carlo simulations, we demonstrate in this work that the bulk ferromagnetic metallicity can be realized in single layer SRO in SRO/STO superlattice by manipulating the strain effect to trigger the metal–insulator transition, achieving two-dimensional (2D) half-metallic SRO thin film beyond the experimental observation of AFM insulator.Our results pave a new route to fulfill the ultrathin spin-polarized-2D electron gas (SP-2DEG).
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1. Introduction


Magnetic thin films and two-dimensional magnetic materials have attracted worldwide attention owing to the interesting physical phenomenon and various applications. For example, the spin current transport in a confined thin film implies the prospect to control the spin signal in the nano-scale. Several spintronic devices have been proposed or implemented, such as the magnetic tunnel junction [1,2,3], magnetic random access memory (MRAM) [4,5,6], and solid-state drive (SSD). To improve the efficiency of spin devices, magnetic materials or magnetic heterostructures, particularly magnetic thin films composed of transition metal oxide (TMO), have been proposed and caught many researcher’s eyes. Thanks to the huge family of TMO, many heterostructures, such as   La Al  O 3   /  SrTi  O 3    [7,8],   BaTi  O 3   /   La  1 − x    Sr x  Mn  O 3    [9,10,11],   BiFe  O 3   /   La  1 − x    Sr x  Mn  O 3    [12] and so on, provide diverse, unusual properties for different kinds of applications.



The   4 d   ferromagnetic metal   Sr Ru  O 3    (SRO) with Currie temperature    T C  ≃ 150   K   [13] has been studied in many heterostructures [14,15,16]. Unusual properties such as the half-metallicity [17,18,19,20], itinerant ferromagnetism [21,22] and non-Fermi liquid [23,24] in SRO have been well documented. In particular, monolayer SRO sandwiched by   Sr Ti  O 3    (STO) is predicted as a two-dimensional half-metallic electron gas based on DFT calculations [25]. However, experiments show that the SRO thin film exhibits a metal–insulator transition below 4 unit cell (u.c.) [26,27]. Several theoretical studies have tried to explain this metal–insulator transition. However, most of them provide only partially correct properties for SRO thin films, such as correct insulating behaviors for two and three layers only [28] or simply non-ferromagnetic phase [27]. One successful study combines density functional theory (DFT) with many body dynamical mean-field theory (DFT+DMFT), which can reproduce the metal–insulator transition in SRO thin film and the antiferromagnetic insulator property in SRO monolayer [29]. However, a successful route toward the desired ultrathin spin-polarized (SP) layer hosting the SP-2DEG based on SRO is still lacking.



In this paper, we study the electronic and magnetic properties of SRO through ab initio calculations using the LDA + U method. Based on the Heisenberg model, we simulate the Curie temperature of bulk SRO by the usual mean-field method, self-consistent Gaussian approximation (SCGA) [30] and Monte Carlo (MC) method [31]. We successfully reproduced the Curie temperature of bulk SRO from the intersite exchange parameters given by DFT + U calculations. Moreover, we show that, by taking the on-site energy of both Ru and Ti ions into consideration, the metal–insulator transition in single layer SRO associated with the transition from half-metallic ferromagnetism to insulating antiferromagnetism can be induced by tuning the lattice constant from the SRO to STO one. Therefore, the half-metallic phase of single layer SRO in SRO/STO superlattic can be achieved by manipulating the strain effect or applying an external lateral stress. Our work thus paves a new way toward the desired ultrathin SP-2DEG based on SRO.




2. Method


First-principles calculations are performed using the Vienna ab initio simulation package (VASP) [32,33,34] based on the density functional theory (DFT). The projector augmented wave (PAW) [35,36] pseudopotentials with the exchange correlation energy term from Ceperley–Alder [37] and Perdew–Zunger [38] (CA-PZ) type local density approximation (LDA) [39] are used in this work. To account for the strong-correlations in d-orbitals, we include the on-site Coulomb repulsion U (LDA + U) [40] with   U = 3.5   eV  ,   J = 0.6   eV   for Ru ions [20]. Different U and J values for Ru ions are also considered to see the effects. The reasonable U value of Ti ions ranges from 3.5 to 8.0 eV [41,42,43,44]. Because the lattice constants and the bulk modulus of bulk STO agree better with experimental results [42], we thus adopt the on-site   U = 5.0   eV  ,   J = 0.64   eV   for Ti ions [41,42]. Owing to the same ionicity of Ru(Ti) ions and the same local RuO   6  (TiO   6  ) octahedral structure, the same U and J values of Ru(Ti) ions are adopted for both bulk and monolayer systems. The k-mesh and energy cutoff are   12 × 12 × 8   (  8 × 8 × 1  ) and 400 eV for bulk SRO (SRO/STO superlattice). In all calculations, the lattice structure is optimized until the total energy converges within   10  − 3    eV. The Curie temperature (  T C  ) of the ferromagnetic phase are simulated through the Monte Carlo method based on the Heisenberg model using the VAMPIRE package [31]. A   50 × 50 × 50   (  50 × 50 × 1  ) supercell for bulk SRO (SRO/STO superlattice) is used in Monte Carlo simulations.




3. Results


3.1. Bulk Properties of SRO


Firstly, we discuss the electronic and magnetic properties of bulk SRO in this section. The counterpart for the single layer SRO in SRO/STO superlattice is discussed in the next section. SRO crystallizes in the perovskite structure similar to many transition metal oxides such as   Sr Ti  O 3    and   La Ru  O 3   . Each Ru ion is surrounded by six O ions forming an RuO   6   octahedron. At low temperature, SRO transits from space group   P m  3 ¯  m   of the original   1 × 1   perovskite unit cell into   P b n m   (#62,   D  2 h  16  ) with a lower symmetry and a larger    2  ×  2  × 2   supercell [13] by rotating the   Ru  O 6    octahedrons, as shown in Figure 1a.



The LDA + U band structures of SRO in Figure 1b show the half-metallic behavior, that is, the majority spin channel shows a Mott insulating energy band gap at the Fermi level (  E F  ), while the spin minority channel is metallic. Therefore, only the spin down electrons can conduct, resulting in 100% spin polarization at   E F   which is ideal for spintronics. The orbital projections of the band structure demonstrate that the band gap in the majority spin channel is between the Ru-  t  2 g   (  d  x y   ,   d  x z   ,   d  y z   ) and   e g  (  d   x 2  −  y 2    ,   d  z 2   ) bands. These half-metal characters are the same as those in previous experimental observations [17,18,19] as well as ab initio calculations including LDA + U [20], DMFT method [21], and   G W   method [45].



Based on these LDA + U results, we then simulate the Curie temperature   T C   by considering the Heisenberg model:


  H = −  1 2   ∑  i , j    J i   S j  ·  S i  .  



(1)




Here,   J i   is the intersite exchange parameter between different magnetic (Ru) ions and   S i   indicates the unit vector of the spin direction. These   J i   values can be calculated from the DFT total energies of different magnetic phases. Beside the above ferromagnetic (FM) phase, we have also calculated the DFT total energy of SRO in the G-type antiferromagnetic (AFM) phase, as shown in Figure 1c. The exchange parameter   J 1   between nearest-neighbor Ru ions is then calculated by


   J 1  =  (  E AFM  −  E FM  )  /  (  N nn  ·  N mag  )  .  



(2)




Here, the   E AFM  (  E FM  ) is the total energy of the AFM (FM) phase,   N mag   is the number of magnetic Ru ions in the unit cell and   N nn   is the number of nearest-neighbor Ru ions of each Ru ion. Since the Ru sublattice is of the simple cubic structure, the number    N nn  = 6  , while    N mag  = 4   because the SRO    2  ×  2  × 2   unit cell is composed of four simple perovskite   1 × 1 × 1   unit cells. Thus, we obtain    J 1  ≃ 7.455   meV  .



Several approaches can be used to estimate   T C   based on the Heisenberg model. The simplest one is the mean field (MF) method:


   T  C  MF  ≃  1 3   N nn   J 1  .  



(3)




This gives    T  C  MF  ≃ 173.0   K  , which is somewhat larger than the experimental    T  C , SRO   ≃ 150   K   [13]. As in the usual cases, the mean field method overestimates the   T C   value of SRO. Thus, we also adopt the self-consistent Gaussian approximation (SCGA) method [30].


   T  C  SCGA  ≃  θ C   T  C   M F   .  



(4)




Here,   θ C   is a structure dependent parameter. Because the Ru ions are arranged in the simple cubic structure, the parameter    θ C  ≃ 0.719   is used accordingly [30]. The Curie Temperature calculated by the SCGA method is    T  C  SCGA  ≃ 124.6   K  , which is 16% underestimated in comparison with the experiment result    T  C , SRO   ≃ 150   K   [13].



To see the influence of on-site Coulomb repulsion U and exchange J on   T C  , we have done DFT total energy calculations with U ranging from 2.0 eV to 3.5 eV and J ranging from 0.2 eV to 0.6 eV. The estimated   T C   values are presented in Figure 1d. As can be seen in the figure, the highly overestimated   T C   with   U = 2.0   eV decreases along with increasing U. With the U value of 3.5 eV, the estimated   T C   approaches the experimental   T C  . This behavior that the on-site U can lower the   T C   of SRO is compatible with the Goodenough–Kanamori superexchange rule that the Hubbard U can stabilize the AFM phase. On the other hand, the on-site exchange J plays a different role to enhance   T C  , as shown in Figure 1e. It should be noted that, in addition to Hubbard U,   T C   is also sensitive to the on-site exchange J in the opposite direction. These contrary trends imply that the Liechtenstein’s rotationally invariant LDA + U scheme [40] and the Dudarev’s simplified LDA + U scheme [46], which takes    U  e f f   ≡ U − J   as a single parameter, could lead to different behaivor of the Curie temperature.



Furthermore, we also perform the Monte Carlo simulations for the magnetizations of SRO as functions of temperature based on the Heisenberg model with   U , J = 3.5 , 0.6   eV   and   U , J = 3.0 , 0.6   eV  , as presented in Figure 1f. We then fit the Monte Carlo magnetizations by the formula   M  ( T )  = M  ( 0   K )    1 − T /  T  C  MC   β    to estimate   T  C  MC   with the fitted curves also depicted in Figure 1f. Here,   β = 0.3456 ( 0.3430 )   is the critical exponent for the   U = 3.5 ( 3.0 )   eV case. Surprisingly, for both cases with different U values of 3.0 and 3.5 eV, our Monte Carlo   T C   values agree well with our SCGA   T C   within 2%. Moreover, for   U , J = 3.5 , 0.6   eV  , the estimated    T  C  MC  ≃ 126   K   is close to the experimental    T C  ≃ 150   K  . Consequently our LDA + U calculations and Monte Carlo   T C   simulations for SRO are reliable.




3.2. Monolayer SRO in SRO/STO Superlattice


To study the phase transition of the single layer (1 u.c.) SRO, we consider the SRO/STO superlattice containing 1 u.c. SRO and 5 u.c. STO in the (001) direction. The distorted   Ti  O 6    oxide octahedron in bulk STO, which rotates in the antiferrodistortive structure [47], is used as the initial structure, as shown in Figure 2a,b. To take the strong correlation into account, we apply on-site   U = 3.5   eV   and   J = 0.6   eV   for Ru-4d orbital and   U = 5.0   eV   and   J = 0.64   eV   for Ti-3d orbital. To study the lateral strain induced metal–insulator transition, we tune the lattice constants   a , b   of the SRO/STO superlattice from the SRO    2  ×  2  × 2   lattice parameters   a = 5.5670 ,   b = 5.5304   (denoted as   λ = 0  ) to the STO lattice parameters   a = b = 5.5225   (or   a /  2  = 3.905   in 1 × 1 u.c.) (denoted as   λ = 1  ) with the parameter  λ  indicating the strain effect. We then optimize the c-axis as well as the ion positions with lattice   a , b   fixed at a given  λ . Three different magnetic phases, including paramagnetic, ferromagnetic (FM) and antiferromagnetic (AFM), of the SRO layer are considered as discussed below.



The electronic structures of three different magnetic phase of     ( SRO )  1  /   ( STO )  5    superlattice are shown in Figure 2c–h. For the paramagnetic phase (Figure 2c,d), the band structures of spin up and spin down channels degenerate owing to the time reversal symmetry and spin rotational symmetry. The orbitals near the Fermi level are dominated by Ru d orbitals. The Ru   t  2 g    and Ru   e g   bands cross each other showing metallic behaviors. The orbital decomposition also presents a spin-unpolarized two-dimensional electron gas (2DEG) conducted by Ru   t  2 g    orbitals. On the other hand, for the ferromagnetic phase shown in Figure 2e,f, the spin up Ru   e g   and   t  2 g    bands split with each other and hence open an energy gap of 0.52 eV at the Fermi level (  E F  ), whereas the spin down channel remains gapless. Therefore, the ferromagnetic phase shows the half-metallic character, in which one spin channel is conducting while the other is insulating, similar to the fully spin polarized metallic behavior in bulk SRO. More importantly, this half-metallic single u.c. SRO in     ( SRO )  1  /   ( STO )  5    superlattice demonstrates the desired ultrathin fully spin-polarized (SP) 2DEG within a single layer, same as previous studies. As for the antiferromagnetic phase shown in Figure 2g,h, there exists a small energy gap ∼  0.12   eV   between   e g   and   t  2 g    bands, leading to the antiferromagnetic insulator. Total energy analysis shows that the half-metallic FM phase is energetically most favorable and is thus the ground state among all the three phase, while the paramagnetic phase is of the highest total energy. However, the total energy of the AFM phase is only 0.47 meV higher than that of the FM phase, indicating that the insulating AFM phase could also be observed experimentally. Previous studies also show that the doping or interdiffusion of Ti ions may enhance the insulating phase [48,49,50] in real systems.



To study the strain effect originated from the lattice mismatch between SRO and STO in the SRO/STO superlattice, we tune the lattice parameters a and b with the order parameter   λ = 0   representing the bulk SRO lattice parameters a and b, and   λ = 1   corresponding to the bulk STO lattice parameters   a , b  . The c-axis and ion positions are optimized for all cases. Similar to the previous section, we perform electronic structure calculations and Monte Carlo simulations for AFM and FM phases. To determine the intersite exchange parameters, we use    N nn  = 4   for the nearest-neighbor Ru ions and    N mag  = 2   for the two magnetic ions in the superlattice in Equation (2). Figure 3a shows the calculated   T  C  MF   with different lattice constants (strains). For    U Ru  = 3.5   eV and    U Ti  = 5.0   eV (square), the   T  C  MF   decreases with increasing  λ , similar to previous conclusions of the lattice effect on the SRO magnetic phase (cf. [51,52]). Precisely for   λ = 0  , the    J 1  ≃ 2.53   meV   and    T  C  MF  ≃ 39.2   K  . However, with   λ = 1  , as described in the previous paragraph, the energy difference between FM and AFM phases becomes fairly small and the   T  C  MF   is only 0.5 K with    J 1  ≃ 0.059   meV .  



The strong correlations in Ti d orbitals also play an important role in this system. As also shown in Figure 3a, by tuning the order parameter  λ  with    U Ti  = 0   (circle), the energy difference between FM and AFM phases becomes larger and hence makes the   T  C  MF   much higher, strongly stabilizing the FM half-metallic phase. The    T  C  MF  ≃ 78   K   for   λ = 0   decreases to 59.7 K with   λ = 1  . In other words, the strong correlations in Ti ions help stabilize the AFM insulating phase and thus achieve the FM–AFM metal–insulator phase transition upon lateral strain.



The Monte Carlo calculations of Curie temperature are also accomplished for the     ( SRO )  1  /   ( STO )  5    superlattice, as presented in Figure 3c,d. Different from the zero magnetism at high temperature for the bulk systems (Figure 1f), the magnetism does not vanish at high temperatures for the superlattice cases. This is due to the Heisenberg model and the Mermin–Wagner theorem for two dimensional systems which conclude that there is no phase transition in a two-dimensional system. To simulate the Curie temperature, the magnetism of Monte Carlo results with   M ( T ) > 0.2   are fitted by   M  ( T )  = M  ( 0   K )    1 − T /  T  C  MC   p    with the critical exponents ranging from 0.42 to 0.50 (Figure 3c,d). As shown Figure 3a, the MC and MF results both show the same trend with more or less a constant ratio    T C MC  /  T C MF    by tuning  λ  and   U Ti  . The only difference is that the MF method always overestimates the Curie temperature for all the considered systems.





4. Discussion


Previous DFT studies on   Sr Ru  O 3    show different magnetic phases in 1 u.c. SRO including ferromagnetic and paramagnetic ones. Many-body simulations by dynamical mean-field theory (DMFT) show AFM insulator of 1 u.c. SRO in SRO/STO superlattice. Thus far, no insulating phases of 1 u.c. thickness SRO are reported by DFT calculations. Our study demonstrates that the antiferromagnetic insulating phase in 1 u.c. SRO can be obtained in the single particle picture. In addition, the lattice constant and on-site energy of Ti play an important role in this magnetic metal–insulator transition. More importantly, our results agree well with the experimental findings in which tensile strain can affect the Curie temperature in SRO thin film [51,52].



Note that the MIT of the SRO monolayer could have several sources such as the defect effect, inter-diffusion, layer thickness, as well as the strain effect and magnetic phase transition as studied in this work. Particularly, the SRO/STO interface exhibits intermixing on a length scale of 1∼1.5 unit cells [53]. Thus, the impurities and intermixing may also play an important role in MIT of SRO monolayer. However, among the aforementioned several effects that could cause MIT of SRO monolayer, we focus on the strain induced magnetic phase transition associated MIT of SRO monolayer. Our study offers a route to tuning the electric and magnetic properties of SRO monolayer, and could be generalized to SRO multilayers.



Our aforementioned conclusions are slightly different from those from previous study using DFT + DMFT [29]. In a previous DMFT study, Si et al. [29] claimed SRO thin films are always antiferromagnetic insulator even under the lattice stress of   ± 0.5 %  . Differences in computational methods between our work and previous studies are discussed below. Firstly, we use the experimental STO lattice constant of   5.5225   while the previous study [29] uses the optimized lattice constant of   3.95 ×  2  = 5.5861  , differing from the former by 1.2%. Secondly, the lattice structure is optimized using the PBE+mBJ method in the previous study [29], even though mBJ method actually does not contribute to atomic forces. We use LDA + U method to optimize our atomic positions. Thirdly, all calculations in the previous studies do not consider the on-site Hubbard energy of Ti d orbitals.



To realize the room temperature ultra-thin spin-polarized two-dimensional electron gas is an important issue [25,29]. From our calculations, the intersite exchange field   J 1   can be modified by lateral strain through tuning the lattice parameter a and b. Therefore, the FM half-metallic phase in monolayer SRO can be induced by applying the external tensile lateral strain. Experimentally, this can be achieved by growing SRO on another perovskite with similar lattice constants as SRO, i.e., larger lattice parameters than the STO ones. This pave a new route toward realizing the desirable ultra-thin spin-polarized 2DEG for future spintronics.



Owing to the inability of handling two-dimensional systems by the self-consistent Gaussian approximation (SCGA), the   T  C  SCGA   of the SRO layer in     ( SRO )  1  /   ( STO )  5    superlattice cannot be calculated. However, combining our MC and MF results, we can estimate the SCGA counterparts by    θ C  =  T  C  MC  /  T  C  MF   . As shown in Figure 3b and discussed previously,    θ C  ≃ 0.536  . This parameter also gives a convenient method to estimate the two-dimensional square lattice such as the other two-dimensional magnetic perovskite.




5. Conclusions


In this paper, we perform first-principles electronic calculations as well as Monte Carlo   T C   simulations for single layer SRO in SRO/STO superlattice. We discover a metal–insulator transition associated with FM–AFM transition of SRO single layer in SRO/STO superlattice. This combined transition is sensitive to the lattice mismatch, strong correlation, as well as the interlayer electronic interactions. We demonstrate that the bulk ferromagnetic metallicity can be restored in single layer SRO in SRO/STO superlattice by manipulating the strain effect, giving rise to spin polarized half-metallic 2D SRO layer beyond the experimental observation of AFM insulating thin films. Moreover, based on the Heisenberg model, the accurate Curie temperate is estimated by three different methods including the mean field, SCGA, and Monte Carlo simulations. The mean field method, as in usual cases, overestimates the   T C   in both bulk and thin film SRO. While the SCGA and Monte Carlo methods yield excellent   T C   consistent with the experimental   T C   for the bulk phase. For the single layer SRO in the SRO/STO superlattice, we predict the Curie temperature of the SRO layer ranging from ∼20 to ∼40 K. Furthermore, this   T C   can be increased by applying an external lateral stress. Our results present a new route to implement the ultrathin spin-polarized 2DEG.
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Figure 1. (a) The crystal structure of   Sr Ru  O 3   . (b) Calculated band structures of SRO from LDA + U. The colors indicate different orbital components. (c) The G-type antiferromagnetism spin configuration of SRO. (d) The mean field and SCGA. (e) Curie temperatures of bulk SRO with different U and J. The experimental Tc is shown in red dashed line. (f) The Monte Carlo simulations of Curie temperatures. The colors indicate different U and J. The lines are the fitted curves for the data points given from Monte Carlo simulations. The red dashed line indicate the experiment result. 
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Figure 2. Side (a) and top (b) view of the     ( SRO )  1  /   ( STO )  5    superlattice structure used in the calculations. (c,e,g) Band structures of three magnetic phases of     ( SRO )  1  /   ( STO )  5    superlattice. The red (blue) dots present the component of Ru   t  2 g    and   e g   orbitals. The orange circle and arrow highlight the band gap. (d,f,h) The total density of states of each magnetic phase. 
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Figure 3. (a) Mean field and Monte Carlo   T C   of different lattice constants and   U Ti   in SRO/STO superlattice.   λ = 0   indicates using the SRO lattice constants a, b, while   λ = 1   indicates that the STO lattice constants a, b are used. The solid (dashed) line indicates the Monte Carlo (mean field) result. The circle (square) symbol indicates the    U Ti  = 0.0   eV   (  5.0   eV  ) cases. (b) The ratio    T  C  MC  /  T  C  MF    of all considered cases. The dashed line represents the average ratio of 0.536. (c,d) The Monte Carlo and the fitting magnetization of SRO/STO superlattice. 
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